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ABSTRACT 

In California the shortages and resulting economics of 
new oil has intensified the search for new sources. 
With casing and drilling costs increasing, this s,earch 
has resulted in a renewed interest and re-evaluation of 
many existing wells. 

A knowledge of the condition of the existing casing is 
necessary for repairs, workovers, and possible 
developement of additional zones. 

The Vertilog is a casing inspection service which is 
now available to the oil and gas industry to determine 
the condition of the casing in existing wells. It is a 
quantitative measurement of corrosive damage, 
indicating if the metal loss is internal or external, and 
if it is isolated or circumferential. Holes in the casing 
can be identified as well as parted casing. This survey 
in conjunction with other measurements, can be used 
to detect, monitor, and establish preventive 
techniques for corrosive problems. 

This paper is intended to familiarize the industry with 
tool specifications, theory of operations, calibrations, 
applications, interpretation principles, and field 
examples. 

INTRODUCTION 

The Vertilog is a downhole casing inspection 
service. The recordings produced allow identification 
of damaged intervals and severity of corrosion. 
Measurements taken determine if corrosion or 
damage is internal or external and if it is isolated or 

, circumferential. 

Due to instrument design, casing inspection covers 
the full circumference and minor elongation does not 
effect the reliability of the measurements. Anomalies 
as small as 1/8" in diameter with as little as 20% 
penetration of the nominal bodywal1 of the casing 
can be detected. 

All casing sizes, weights, and grades from 4-1/2" O.D. 
through 8-5/8" O.D., except 6-5/8" O.D., can be 
inspected at the present time. 

The tools are temperature rated at 250° F and 
pressure rated at 10,000 PSI. 

The logging speed is 125 feet per minute and no 
special borehole fluids are required for the survey. It 
is recommended that the casing be scraped just prior 
to the survey for the most definitive measurements. 

PRESENTATION 

The data is presented in a standard log format, 
however, the usual depth scale is 1 0" per 100 feet of 
borehole for improved definition. The measurements 
are presented on a four track log grid as illustrated in 
Figure 1. 

Track one and two are designated as Flux Leakage-1 
(FL-1) and Flux Leakage-2 (FL-2)andcorrespondto 
the two rings of shoes on the Vertilog instrument. 
Recorder deflections in these tracks indicate the 
severity of corrosion that has taken place and also the 
location of the collars. 

The third track is designated the Disciminator Track 
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with recorder. deflections allowing interpretation of 
whether the damage is internal or external. 

The fourth track is referred to as the Average Track. 
The ratio of the height of the signal recorded by a 
casing collar (360°) to one within a joint determines 
if the damage is isolated or circumferential. 

Figure 2 is a comparison of an Electrolog recorded on 
a well in California in 1945 and casing set through the 
interval and the well completed below. On the right is 
a Vertilog recorded in 1976 showing the condition of 
the casing. It shows a correlative of severe damage, 
with holes in the casing, in the string which is next to 
the permeable, fluid bearing intervals. It is the 
condition of the casing, in intervals such as these, 
which has to be known to enable the engineer to 
properly evaluate future potentials and cost estimates 
of the well. 

Figure 3 is a section of the log from this well 
illustrating the magnitude of the outside 
circumferencial daniage and indicating areas where 
this has resulted in holes in the casing. 

This survey has proven to be the most accurate 
method of locating perforated intervals, determining 
effectiveness, as well as indicating shot density. This 
is illustrated in Figure 4. 

Well completion equipment is detected with the 
Vertilog as illustrated in Figure 5 showing scratchers 
and centralizers. 

THEORY OF OPERATION 

The Vertilog® instrument is designed for maximum 
resolution for each size of casing. Because of this a 
different tool is required for each size of casing. 
Figure 6 gives tool specifications for the availqble 
sizes. The instrument designed to survey 8-5/8" O.D. 
casing is shown in Figure 7. 

A basic block diagram of the Vertilog system 
incorporating the shoes, electronics, wireline, and 
recorder is shown in Figure 8. 

The downhole instrument consists of six or twelve 
shoes (depending on size casing being surveyed), an 
electromagnet and two electronic packages. Figure 9 
illustrates the shoe section of the tool. Each shoe has 
four transducers, two connected to each electronic 
package. The Flux Leakage (F L) electronic package 
processes the signal relating to the severity of the 
corrosion. The Eddy Current ( EC) electonic package 
discriminates between internal and external 
corrosion. 

The two electronic packages relate directly to the two 
principles used in the Vertilog system. 

The magnetic flux leakage detection theory is used in 
the F L package and eddy current sensing is .used in 
the EC package. 

Since the recorded log, the magnetic principles, and 
electronic packages are all inter-related they will be 
discussed together. 

Flux Leakage 

The Flux Leakage electronic package will be 
discussed first. The signals processed through this 
package are recorded in tracks one and two on the 
log. 

If a DC current is sent through a coil of wire, a 
magnetic field will be generated along the axis of the 
coil. The magnitude of the magnetic field will be 
determined by the amount of current sent through 
the coil and the number of turns in the coil of wire. 

This magnetic field consistes of lines of force called 
magnetic flux lines. These magnetic flux lines have 
two basic properties that the Vertilog system uses. 

1.Magnetic flux lines will travel through casing 
much easier than they will through air or 
fluids. 

2. One magnetic flux line will not cross another 
flux line. · 

The Vertilog instrument has a coil of wire in its 
center. A regulated DC current is sent through the 
coil of wire. The magnitude of the current is made 
great enough to saturate the bodywall of the casing 
with magnetic lines of flux. As long as the bodywall 
of the casing is consistent then most of the magnetic 
flux lines will travel through the bodywall of the 
casing. This is illustrated in Figure 10. When corrosive 
pits appear, then flux leakage will occur. The amount 
of flux leakage that occurs will be proportional to the 
percentage of metal loss in the bodywall of the 
casing. When a coil of wire is passed through an area 
of flux leakage a small voltage will be generated. 

The magnitude of the voltage will be determined by 
the design of the coil, the speed of the coil as it passes 
through the area of flux leakage, and the amount of 
flux leakage that the coil passes through. 

Each shoe on the Vertilog tool has two coils of wire, 
called transducers, for flux leakage detection. The 
size of the coils are constant. The logging speed is 
constant at 125' /min. These conditions make the 
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recorded signal of the flux leakage proportional to 
the percentage of metal loss in the bodywall of the 
casing. A visualization of the magnetic flux lines 
flowing around a pit in the casing bodywall is 
illustrated in Figure 11a. The resultant signal as the 
Vertilog® shoes pass the anomaly is illustrated in 
Figure 11b, 11c, and 11d. 

The F L electronic package is divided into two 
sections and corresponds to the two rings of shoes on 
the instrument. The top ring of shoes is recorded in 
the F L-1 track and the bottom ring of shoes is 
recorded in the F L-2 track. 

Since circumferential corrosion will produce a higher 
signal than an isolated pit of the same casing 
bodywall penetration, a method to distinguish 
between the two is necessary. 

All the transducers in the top ring of shoes are 
connected to the circuit that produces the Average 
signal. The averaging circuit takes a portion of the 
signal that is produced by each transducer and adds 
them. A casing collar will produce a signal equal to 
360 degrees in circumference. If we take the height of 
a signal produced by a casing collar on the average 
track and divide this height by the number of 
transducers in the top ring of shoes, then it can be 
determined what percentage of the signal each 
transducer contributed. Experimentation has shown 
that a signal recorded in the Average track that is 
equal to or greater than the percentage produced by 
2% transducers · indicates an anomaly that is 
circumferential in nature. 

The Average Track will also confirm that the Vertilog 
instrument is functioning properly. Anytime a signal 
is recorded in Flux leakage track one there should be 
a corresponding signal in the Average track. 

Eddy Current 

The amount of Flux leakage detected has been found 
to be related to the location of the leakage with 
respect to the transducers. Relative to the Vertilog 
instrument this means that internal corrosion will 
produce a greater signal on the log than external 
corrosion of the same casing bodywall penetration. 
The causes of internal and external corrosion are 
different so the interpretation of internal and 
external corrosion of F L-1 and F L-2 on the log will 
be different. The Discriminator circuit differentiates 
between the two--using an eddy current sensing 
technique. 

By varying the amplitude and polarity of a current 
flowing through a coil of wire, a corresponding 

variance in the amplitude and polarity of the 
magnetic field produced by the coil will occur. If an 
electrical conductor is placed in this varying magnetic 
field, small varying eddy currents will be in the 
electrical conductor due to the relative movement of 
the magnetic field with respect to the electrical 
conductor. These eddy currents will produce small 
magnetic fields of their own. The small magnetic 
fields will have a polarity opposite that of the original 
field and will resist the original field. 

This magnetic ''resistance" is reflected back to the 
coil and causes a small change in amplitude of the 
current passing through it. The amplitude of the 
current passing through this eddy current coil is 
affected by the distance of the coi I from the 
conductor, the electrical conductivity of the 
conductor, the permeability of the conductor, the 
design of the coil, the frequency of the current, and 
the amount of the conductor present. A change in 
any of these factors will produce a corresponding 
change in the amplitude of the coil's current. 

Each shoe on the Vertilog instrument has two eddy 
current coils. The two coils are located so that the 
area of the casing that affects them is also the area 
that affects the flux leakage transducers. 

It has been shown that an increase in the frequency 
of the current through the eddy current coil will 
reduce the depth of the metal which affects the 
amplitude of the current. The frequency of the eddy 
current used in the Vertilog instrument was selected 
high enough so that less than .040" of metal on the 
inside wall of the casing is affecting the eddy current 
coil. Any change in this metal thickness will cause a 
change in the amplitude of the current flowing 
through the coi I. 

It is this change in the current amplitude that the 
eddy current electronics sense. This change is 
recorded on the Discriminator track on the log. If the. 
signal on the Discriminator track has a corresponding 
signal on F L-1 or F L-2 then the corrosion that has 
taken place is considered to be internal. If there is no 
corresponding signal on F L-1 or F L-2 then the signal 
is interpreted as poor pad contact. 

CALl BRAT IONS 

Rigid calibration standards are required to insure 
accuracy of measurements. 

Prior to logging a well the tool is calibrated. A 
magnetic signal of a known level is induced into each 
transducer. Each transducer has its own amplifier 
located within the instrument. Each amplifier is 
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adjusted so that the magnetic signal induced in each 
transducer gives the same response on the log. This 
calibration procedure is necessary so that all 
transducers will react identically to the same 
anomaly. 

The standard for the tool calibration is responses 
observed in casings of known weights with machined 
defects. Figure 12 shows the Horizontal Tester used 
to record the measurements. Casing with known 
defects, 15, 30, 40, 50, 60, 75, 90 percent metal loss, 
(as shown in Figure 13) is placed on stands at the end 
of the horizontal tester and the Vertilog® tool is 
mounted in the tester. The responses of the machined 
defects are recorded. Then an auxiliary calibrator is 
used in the field for calibration purposes. 

INTERPRETATION 

Before an interpretation of the log can be made 
certain information is helpful if available. This is the 
size, weight, and grade of the casing being inspected. 
It is also beneficial to know the size and length of the 
surface casing and the size and length of any 
intermediate string of casing that may be present. 

Other. information that is helpful if available is the 
location of centralizers, scratches, D-V collars, 
perforations or any other equipment that would alter 
the string of casing. This information should be made 
available to the engineer at the well site. The logging 
engineer will include this information when the log is 
submitted for interpretation. 

When the log is received for interpretation, each joint 
of casing is numbered starting at the surface. The 
depth of the surface casing is marked on the log along 
with all other available information. 

The casing will be inspected on a joint by joint basis. 
The F L-1 and F L-2 tracks in each joint of casing are 
examined for indications of the most severe damage. 
The full joint of casing will be graded from its 
weakest point~ After it has been determined which is 
the most severe damage the Discriminator is used to 
determine if the corrosion is internal or external. 
Next the Average track is checked to determine 
whether corrosion is isolated or circumferential. The 
above damages are identified and marked on the log. 

A unique advantage with the Vertilog system is that 
the inner strings or multiple strings can be surveyed 
for corrosion or other damages. This condition causes 
a decrease in amplitude of the signal, however, if 
casing configurations are known it does not cause 
interpretation problems. This decrease in amplitude is 
also true for isolated corrosion over circumferential 

corrosion, and external corrosion over internal 
corrosion. 

After all four tracks have been checked the 
interpretation is made using charts. Charts relating 
the flux leakage responses to percentage metal loss 
are designed for each casing size, weight, and grade. 
Other parameters such as internal or external, isolated 
or circumferential corrosion, single or multiple strings 
are also considered in the interpretation. These charts 
are derived in the laboratory using machined defects 
as references and cross-checked with measured 
damages in recovered casings. 

The joint of casing will then be classified either Class 
One, Class Two, Class Three, or Class Four. This 
classification will be stamped on the log to indicate 
the amount of damage. The four classes represent 
percentage of metal loss in the casing. Class One 
indicates less than 20% metal loss, Class Two 
indicates 20% to 40%, Class Three indicates 40% to 
60%, and Class Four indicates over 60%. After all 
joints of casing have been evaluated and recorded, a 
final report is prepared. Figures 14, 15, and 16 are 
representative of the three reports included in the 
interpretation. Figure 14 is a brief casing record as 
supplied from the well history. The report 
summarizes the interpretation of the log with the 
number of joints of each class of percentage of 
corrosion as illustrated by Figure 15. Any unusual 
signals or well completion equipment will be noted in 
the remark section. This report also includes a listing 
of all joints of casing that show evidence of corrosion 
exceeding 20% and the type of defect that has taken 
place. This is illustrated by Figure 16. This 
interpretation along with the recorded log wi II give a 
very complete record of the condition of the casing in 
the well at the time of the survey. 

The Vertilog alone cannot identify the cause or rate 
of progression of the corrosion. However, if a base log 
is established on a given well, subsequent inspections 
will evaluate the rate of progression. 

There are other surveys available which may help to 
evaluate the condition of a given well. Since each 
logging survey relates to different parameters of the 
well, a combination of surveys will help develop an 
understanding of the overall condition of a well. 

An Acoustic Cement Bond log wi II show the areas 
where the cement is protecting the external surface of 
the casing. It has been noted that external corrosion 
usually occurs in uncemented sections. 

A Magnelog will indicate different weights of pipe 
where this information is unavailable. It will also 
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locate severe damage in casing sizes for which no 
Vertilog tools are available. 

A Casing Potential Profile will help determine the 
effectiveness of a cathodic protection program. If the 
well is in its native state, this survey will help 
determine the area where electro-chemical corrosion 
might occur. 

A Sonan Survey in conjunction with a Differential 
Termperature survey will help locate casing leaks, and 

· help determine the magnitude and direction of fluid 
movement outside the casing. 

·FIELD EXAMPLES 

In determining the condition of casing in existing 
wells many examples have been ·documented 
illustrating measurements as indicated with the 
Vertilog®and defects confirmed after the casing was 
recovered. 

Figures 17 and 18 are illustrations of recorded 
damage as confirmed with photographs of the 
recovered casing. 

CONCLUSION 

The Vertilog can be successfully used to determine 
the condition of the casing at the time the log is run. 
The Vertilog is useful in detecting and monitoring 
casing corrosion. This survey is an improvement of 
existing methods of casing inspection because of its 
improved sensitivity and its ability to detect and 
evaluate smaller anomalies. Also its surveys the 
complete circumference of the casing. Another 
advantage is that this service does not require special 
fluids in the borehole. The Vertilog in conjunction 
with other measurements will help formulate 
techniques to solve corrosion problems. 

The Vertilog is helpful in resolving questions that 
might arise concerning perforated intervals or shot 
density. 
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Figure 4- Perforations As Shown By Vertilog Figure 5- Well Completion Equipment 
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~igure 7- 8-5/8" O.D. Vertilog Tool . 
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Block diogrom of the Vertilog 8 system. 

Figure 8- Block Diagram of the Vertilog System 

Figure 9- Shoe Section 
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Figure 10- Flux Lines 

VERTILOG 

Figure 11 - (A) A Visualization of.Magnetic Lines 
of Flux Flowing Around A Pit In Casing 
Bodywall, (B) The Signal Produced As 
AShoe Approaches The Pit, (C) As It 
Passes Over The Pit, and (D) As It Leaves 
The Pit 
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Figure 12- Horizontal Tester 
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VERTILDG(R) 

Wi I de at Oi I Company 

LEASE/WELL NO. Ho e I 

New Hope 

CASWG RECORD 

DRESSER ATLAS 
MEASUREMENTS 

lei 3/4" @ 225' 

7"@ 1100 1 

Figure 14 - Casing Record 

VERTILOG 

VERTILDG® 
DATE 2-14-77 Wildcat Oi I C~any WORK ORDER NO. 345 DATE 2-14-77 

LEASE/WELL NO. Hope 1 CUSTOMER ORDER NO. 123 
Kern STATE California FIELD New Hop_e COUNTY Kern California 

CASING D.O. 7" WEIGHTIS) 26# NOMINAL WALL THICKNESS .362 

TOTAl FOOTAGE INSPECTED 1100 1 Surface 1100 1 

at IBSt IFFACE CASING NSPEC I1CIN REPORT 

CUSTOMER 
CASING RECORDS 

SUMMARY 

__ 2_0 __ 
LENGTHS WERE FOUND TO SHOW NO EVIDENCE OF CORROSION EXCEEDING 
PERCENT OF THE NOMINAL BODY WALL. 

10 3/4"@ 225' __ s __ 
LENGTHS WERE FOUND TO SHOW EVIDENCE OF CORROSION EXCEEDING 
PERCENT BUT LESS THAN 41% PERCENT OF THE NOMINAL BODY WALL. 

__ 4 __ 
LENGTHS WERE FOUND TO SHOW EVIDENCE OF CORROSION EXCEEDING 
PERCENT BUT LESS THAN 61% PERCENT OF THE NOMINAL BODY WALL. 

711 @ 1102 1 ~ LENGTHS WERE FOUND TO SHOW EVIDENCE OF CORROSION EXCEEDING 
PERCENT OF THE NOMINAL BODY WALL. 

__ ,_o __ 
TOTAl LENGTHS 

1100 1 
TOTAL FOOTAGE 

REFERENCE FOR FOOTAOE MEASURE Surface 

LENOTHS ARE NUMBERED FROM Surface 

COMMENTS Length #26 and #28 appear to have centralizer• 

_present then Class 3 corrosion eJtfsts. 

SERVICED BV 

VELDG<llfigure 15-Su~· 
1111 ~ 

CUSTOMER Wildcat Oil C~any WORK ORDER NO. 345 D4TE 2-14-77 

Hope 1 CUSTOMER ORDEA ~0. 123 

FIELD New Ho~ COUNTY Kern STATE Cal ffornia 

CAll PiG O.D. ] 11 WEIOHTISI 26# NOAIIN4L WALL THICKNESS ,)62 GRADE J-S5 

TOTAL FOOTAGE INIPECTED II 00 1 FROM Surface 

B1 8B1 lfl'F•CE CASING DEFECT AEPCIAT 
LENGTH NO. PENETRATION lENGTH NO. 

Inside Surface Pipe 
o.o. I.P. 20-40 

o.o. f,P, 20-40 

Outside Surface Pipe 

1.0. f,P, 

o.o. c.c. 

10 0.0. f,P. 

1.0. f,P, 

o.o. I .P, 

o.o. f,P. 

IS 

18 

25 

26 o.o. c.c. 

29 o.o. 

MIRIVJAT10NI: 
0. D.- OUTIIDI DI~TIR 
I. D.- INIIDE DIAMITE .. 
0. I.- OOTIID£ IURFACI flfH: 

f,P, 

40-60 

40-60 

20-40 

20-40 

20-40 

40-60 

40-60 

over 60 

f. I. -INIIDIIUAFACE PIPE 
T. L.- THROUGHOUT UNOTH 
I. P.- IIOLATED PiniNG 

Figure 16- Casing Defect Report 

TO I 100 1 DEPTH 

TYPE DEFECT PENETRATION 

C. C,- CIRCUMPIRENT1AL CORROIION 
M. C.- MINOR CORAOIION 
I. C. -IIVI'RI CORROIION 

I ocated on them 

J-55 

DEPTH 

__..2Q',L_ 
CLASS 1 

2~ 
CLASS2 

4~ 
CLASS3 

~ 
CLASS4 

If nontt 
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he pipeline operator can make
an informed choice as to which
inspection technology to use —
UT or MFL — in part by using

assessment information provided in this
article. GE Power Systems, Oil and Gas,
PII Pipeline Solutions (PII) has more than
35 years experience in pipeline inspection
using high resolution techniques and, as
such, offers the industry an authoritative
view of both MFL and UT technologies.

Listed here are discussions about several
factors ranging from pipeline features and
typical defects to operating conditions of a
pipeline. The benefits of using each type of
technology are outlined. Both ultrasonic
(UT) and magnetic (MFL) are good inspec-
tion technologies and are available in the
full range of popular pipeline diameters.

Both MFL and UT techniques offer ben-
efits for pipeline inspection projects.
Taking pipeline features and defect types
into account, each technology has its
strong points, and the choice of tool
depends to a large extent on some knowl-
edge of the type of defects to be encoun-
tered. In some cases, operational factors
need to be balanced against performance
factors. In other cases, cleaning issues in
heavily waxed pipelines may make the
MFL technique the more robust choice.

Tool Technologies
Depth sizing accuracy. The MFL tool

measures magnetic leakage fields. The
measured field strength and field extension
are dependent on the depth and extension
of the defect, but they also depend on
other factors such as defect shape, wall
thickness, magnetization, magnetic proper-
ties, and speed. The algorithms to turn the
measured magnetic field into defect dimen-
sions are based on defect-sizing models
and experience and must take into account
many secondary influences.

Historically, the results of the first-gen-
eration MFL tools were not very satisfacto-
ry, but BG (British Gas) and then PII
developed advanced electronics and
analysis algorithms and software which
set new standards in the industry. Defect
depth sizing now has a typical accuracy of
(10 percent of wt with a confidence level
of 80 percent. For a typical wt of 8 mm
this would be ±0.8 mm.

The ultrasonic technique employed in
PII’s UT tool is used extensively in all parts
of industry. Given smooth steel surfaces,
this technology has a depth-sizing accuracy
of 0.1 mm. In the pipeline environment, the
accuracy very much depends on the sur-

Ultrasonic Or MFL Inspection: 
Which Technology Is Better For You?
by Hartmut Goedecke, GE Oil & Gas, United Kingdom

Figure 1: C-Span Comparison

Figure 2: Magnescan - 12-56", Manual Specification - Pipe Body

GENERAL  
METAL-LOSS PITTING AXIAL CIRCUMFERENTIAL

@4t * 4t @ 2t * 2t GROOVING GROOVING
SMLS SW SMLS SW SMLS SW SMLS SW

Depth At 9%Wt 5%WT 13%WT 8%WT 13%WT 8%WT 9%WT 5%WT
Pod=90% 

Depth Sizing 10%Wt +10%WT 10%WT +10%WT -15% / -15% / -10% / -10% /
Accuracy At 80% +10%WT +10%WT +15%WT +15%WT
Confidence

Width Sizing 20mm +20mm 20mm +20mm 20mm +20mm 20mm +20mm
Accuracy At 80%
Confidence

Length Sizing 20mm +20mm 20mm +10mm 20mm +20mm 20mm +20mm
Accuracy At 80%
Confidence

T

face roughness of the walls measured. The
unperturbed spool wall thickness is meas-
ured locally with an accuracy of ±0.2 mm,
whereas corrosion, which has usually quite
rough surfaces, is measured with an average
depth accuracy of ±0.5 mm at a confidence
level of 95 percent. Up to 22 mm wt this
accuracy is independent of wt. 

Figure 2 and Figure 3 display the defect
detection and sizing capability and accuracy
of both tool types. The principal difference
is that for MFL the accuracy is given as per-
cent of wt, whereas for UT the numbers are
in mm, independent of wt or pipe type.

This means that a performance compar-
ison is dependent on wall thickness.
Accuracy for both tools is identical at 5
mm wt, which also happens to be the
lower limit of the UT wt inspection range.
This means that for all wt >5 mm, UT is
the more accurate technology.

Defect surface area. In both technolo-
gies data are displayed in graphical form
as a multi-trace diagram or “C-Scan”.
Figure 1 displays the MFL and Ultrasonic
data of the same spool piece. This com-
parison shows how the ultrasonic data
relate directly to the defect surface area,
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In these circumstances, UT can be the
best-suited technology for seamless pipe.

Special Defects
There are some kinds of defects, which

can be detected by one technology but
not by the other. On one hand, MFL tools
do not see defects which cause no leak-
age field, and on the other hand, UT tools
do not detect defects which are smaller
than the ultrasonic beam.

Lamination and blisters. Lamination is
a classical case of a defect which cannot
be detected by MFL, but which shows up
clearly in the UT data. One particular
strength of UT is the detection of HIC-
related lamination and blistering. MFL
tools are capable of indicating sloping
lamination penetrating the inner or outer
pipe surface. 

Very small pittings. Pittings need to be
above 20 mm diameter (or above 10 mm
for the pitting tool) to be measured reli-
ably with the UT tool. For thin wall pipe
with 5 mm wt this relates to a threshold
size of 4t (or 2t respectively) (t=wt). The
MFL tool, on the other hand, can detect
and measure pittings down to 7 mm
diameter (or 0.4t for thick wall). This is
another reason why MFL tools are partic-
ularly suited for thin wall pipe or small
diameter pitting.

Channeling corrosion. MFL tools meas-
ure mainly the change of magnetic stray
flux. This means that for long and shallow
defects they see only the beginning and
end of the defect and it is difficult to deter-
mine the depth correctly. UT tools measure
the correct wt of longitudinal channeling
corrosion over the entire length. The
TranScan TFI tool, a magnetic tool with
transverse magnetization, also detects this
type of defect very well. This tool will find
very narrow channels and longitudinal
cracks which are open to the surface.

Cracks in girth welds. MFL tools are
capable of detecting radial cracks in the
circumferential girth welds. These often
arise as manufacturing defects due to
poor welding procedures. The UT tool
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percent for UT or 15 to 20 percent for MFL.
Although there are several dual-diameter
kits for these applications available for MFL
tools, the UT tool design still offers the
advantage that the dual-diameter capability
can be obtained relatively easy as a varia-
tion of an existing tool in any diameter,
thereby improving the availability and
economy for dual-diameter applications.

Stainless steel and cladded pipe. Stainless
steel has low magnetic permeability and
can therefore not be inspected with MFL
technology. In pipelines with stainless steel
cladding, the carbon steel wall can be
magnetized by the MFL tool, but the
cladding causes a sensor liftoff which
reduces the signal picked up by the sensor. 

For stainless steel and cladded
pipelines, the UT technology can be
employed without problems, as long as
the cladding is firmly bonded to the car-
bon steel, which is usually the case.

Seamless pipe. Two typical features of
seamless pipes are varying general wall
thickness and local wall thickness pat-
terns, which are typical for the production
process. In the MFL data analysis, the
recorded signals are set in relation to the
wall thickness of the pipe joint. The fact
that this wall thickness is only known as a
nominal value within a very wide toler-
ance band causes the MFL inspection
results to be less accurate for seamless
pipe than for seam-welded pipe.

Additionally, the local wt patterns cause
a background signal level, which tends to
hide shallow defects. Consequently, the
detection threshold is higher in seamless
pipe. The UT tool constantly records the
true wall thickness of the pipe.
Manufacturing patterns are displayed and
easily recognized.

Defects are measured accurately in
conjunction with the real local wt. This
means that during analysis, the depth can
be related to the true wt such that many
quite deep defects, which happen to be in
a portion of thicker wall, turn out to be
harmless, and shallow defects in thinner
wall are more dangerous than expected.

whereas the magnetic data
cover a much wider surface
area that require a complicated
sizing function to enable a pre-
diction of the surface area.

This demonstrates a basic dif-
ference in the technologies. For
MFL the data analysis has to take
many secondary effects includ-
ing defect shape into account,
whereas for ultrasonics the
defect dimensions can be
deduced directly from the data
because they are based on direct
wt measurement.

Confidence Level. The confi-
dence level for defect depth
sizing is higher for UT at 95
percent vs. 80 percent for the
MFL data. This means that in
addition to having a higher accuracy, the
UT results will be within this accuracy
more often.

Pipeline Features
Next, we should consider the features

of a pipeline, inasmuch as MFL and UT
technology operate better in different
types of pipeline.

Thick wall. To achieve the optimum
inspection results with the MFL technolo-
gy, the pipe wall must be fully saturated
with magnetic field. For thicker walls, the
magnets need to be stronger and take up
more volume. In smaller diameter tools,
only magnets up to a certain size can be
fitted, which limits the wt capability of
these MFL tools.

Typical wt capabilities range from 8 mm
for a 6-inch tool to 38 mm for a 42-inch
XHR tool. Ultrasonic tools, on the other
hand, can inspect wt up to 45 mm, inde-
pendent of tool diameter. For lines with
thick wall, especially in the small diameter
range, the UT tool is the right choice.

Thin wall. The direct wall thickness
measurement capability of the ultrasonic
system now only works for remaining wt
values of 2.5 mm and above, and thinner
wall can only be measured when the sec-
ond echo can be detected.

This means that external defects with
less than 2.5 mm wt remaining may only
be reported as “very deep with remaining
wt less than 2.5mm.” For internal defects
the defect depth can always be measured
via the stand off, so this restriction does
not apply. Due to this restriction the
application of the UT tool for lines with
nominal wt below 5 mm is not feasible.
For thin-wall pipes with deep external
defects, the MFL tool is the right choice.

Diameter variations and dual diameter.
Based on their sensor carrier design, the UT
tools can cope with relatively large internal
diameter variations, such as ±10 to ±15 per-
cent for standard tool designs. For MFL tools,
this figure varies from ±5 to ±10 percent.

There are dual-diameter tool designs for
both tool technologies that cover large vari-
ations in nominal pipe diameter, like 25

Figure 3: General Inspection in 5 mm to 22 mm Wall Thickness Pipeline
- PII Standard -

Pitting with Pitting with Axial Circumferential Lamination
diameter diameter Grooving Grooving Fabricated 
10 mm 20 mm or HIC
(all pipe types) (all pipe types)

Min. Depth at 1.5 mm 1 mm 1 mm 1 mm 1 mm 1 mm 
POD = 90%

Depth Sizing Detection 0.5 mm ?0.5 mm 0.5 mm 0.5 mm 0.5 mm
Accuracy at only
95% Confidence

Width Sizing 12 mm 12 mm 12 mm 12 mm 12 mm 12 mm
Accuracy at 
85% Confidence

Length Sizing 6 mm 6 mm 6 mm 6 mm 6 mm 6 mm
Accuracy at at 1 m/sec at 1 m/sec or 1% of length or 1% of length at 1 m/sec at 1 m/sec
85% Confidence at 1 m/sec at 1 m/sec or 1% of length

Note: POD = Probability of detection;  POI  =  Probability of identification



pipeline are extreme-
ly important to find
the appropriate type
of technology.

Speed. MFL and UT
tools operate over
different speed
ranges.

This range is typi-
cally: 

• 0.3 to 5 m/sec
for MFL, and

• 0.1 to 1 m/sec
for UT, with 2 m/sec
as an option for
some UT sizes.

For gas lines,
where the speed is
considerably higher
than in liquid lines,
the MFL tools are
again more suitable. Additionally, a bypass
speed control unit is available for large
diameter MFL tools (>24 inches), thus
extending the applicable speed range for
that tool type up to 12 m/sec. 

Liquid lines operate at 1 to 2 m/sec, with
3 m/sec as exception. Lines are generally
slowed down to 1 m/sec for an UT inspec-
tion. When this is not possible, a MFL tool
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Figure 5

Figure 6 Figure 7: Influence of the degree of accuracy with respect to corro-
sion depth on actual and long term repair requirement. (BAsis:
Inspection results of a corroded pipeline)

should be run. The next generation of UT
tools will operate at higher speeds.

The very low speeds of some liquid
lines do not present a problem to UT
tools, but would at the moment for MFL
tools. The next generation of MFL tools
will operate at lower speeds.

Pressure. Gas lines operate at pressures

Figure 8

cannot see this kind of defect.
Grinding metal loss. Repair grindings

sometimes have considerable metal loss
associated and should be taken note of.
Grindings are difficult to detect or size with
MFL because the transitions are smooth, the
wt change is very gradual and the grinder
can significantly change the magnetic prop-
erties of the remaining steel. The UT direct
wt measurement is better suited for detect-
ing this type of defect.

Baseline surveys. Inspecting a brand new
pipeline with an intelligent tool can be very
advantageous for the pipeline owner
because any irregularities found can be cor-
rected under the guarantee clause.

Using a UT tool, the spool wt (special-
ly seamless) can be accurately checked
and defects like lamination or metal loss,
misalignments, repair grindings and oth-
ers reported. This is also an effective qual-
ity check of the manufacturing and con-
struction process.

Small irregularities, which do not
affect the structural strength and have
passed the hydro test, can be passed
over as save during later inspections.

Operating Conditions
The operating conditions within a

Figure 4
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B31 G is the lowest, whereas the DNV
RP F 101 code provides a much higher
safe operating pressure. Assuming the
line to operate at 110 bar would mean a
repair according to the B31 G and
RSTRENG codes, but no repair accord-
ing to the DNV code.

The RSTRENG and DNV codes need
more information on the defect than B31 G,
the most important being the profile of the
defect. The ultrasonic method provides an
accurate and detailed profile of the defects.
Therefore, UT data are very well- suited for
these advanced assessment codes.

Accounting for accuracy and confi-
dence level. Inspection data have toler-
ances and in order to provide safe FFP cal-
culations these tolerance levels must be
taken into account. The magnitude of the
tolerance affects the amount of rehabilita-
tion and repair work as shown in Figure 7.
The chart shows the immediate repairs and
the repairs within the next 10 years, using
the nominal depth values as a reference, as
shown in the left section of the chart. 

The middle and right sections show the
repairs required with the tolerances of differ-
ent tool types taken into account. The best
tolerances result in the least repairs, which
means money saved in the repair program.
In some cases, pipelines have been evaluat-
ed with over 1 million corrosion defects. In
these cases, statistical methods are used to
cope with the wealth of data.

It is customary to display defects in a
pressure-sentenced plot, as shown in
Figure 8. An acceptance curve, which is
generated according to the assessment
code used, separates the defects that can be
accepted without repair from those that
must be repaired at the given operating
pressure. The shown chart is based on
B31G with nominal defect dimensions
entered. To allow for tolerances caused by
accuracy and confidence level, one option
would be to recalculate all defect dimen-
sions accordingly, which is very tedious.

A better way is to calculate a designated
acceptance curve for each set of accuracy
and confidence values. DNV RP F 101
includes such a procedure — the accept-
ance curves for MFL and UT tools are shown
in Figure 9 for a pipe with 10 mm wt. The
curve corresponding to the tool with the
lower accuracy has the lower position on
the graph, which means a group of deeper
defects, which can be accepted when they
are measured by the more accurate tool,
cannot be accepted when measured by the
lower accuracy tool. Again the data set with
the smaller tolerances leads to fewer repairs.

Conclusions
For all defect assessment and growth cal-

culations the tool with the higher depth-sizing
accuracy — the UT tool — offers substantial
savings to the customer by reducing the num-
ber of necessary repairs and stretching repair
programs over longer time periods. 

The MFL tool, on the other hand, offers
big advantages from the operational point of
view for surveys in gas lines. Here, the UT
tool needs to be run in liquid batches, a
process which adds cost to a survey project.
The UT tool also generally needs a cleaner
line than the MFL tool, which could affect
the economy of the inspection project in
very difficult-to-clean crude oil pipelines. It
is therefore recommended to first consider
the MFL tool for all gas lines, and the UT tool
for all liquid line projects. P&GJ

as high as 200 bar, whereas liquid lines
usually are not run above 80 to 100 bar.
Consequently, MFL and UT tools are
designed for 220 bar and 120 bar respec-
tively. The 120 bar pressure rating of the
UT tool may restrict its use in some off-
shore high pressure gathering lines.

Advanced FFP
Fitness For Purpose (FFP) Calculations.

When an inspection shows that a
pipeline has areas of corrosion, the next
task is to determine the influence of the
corrosion on the safe operation of the
line. The general aim is to calculate the
safe operating pressure for each defect,
and then only repair those defects,
which are a safety hazard, and continue
operating the line with the presence of
the harmless defects. Repeat runs after
periods of time will provide data to
determine the corrosion growth, which
can then be used to design repair pro-
grams with the least repairs for future
years. At the point where annual repair
cost takes a sharp rise, it becomes eco-
nomical to carry out a re-inspection to
re-evaluate the remaining corrosion and
update the corrosion growth data,
Figure 4.

The accuracy and confidence level of
the inspection data have an important
influence on the economy of the repair
and rehabilitation programs.

Assessment codes. The most commonly
used code is ANSI/ASME B31 G.

However, this code provides overly
conservative answers, and in the case
of pipelines with many defects, the
number of repairs according to B31 G
can be substantial, and it is more eco-
nomical to use more advanced assess-
ment codes such as RSTRENG or DNV
RP F 101, which are less conservative.

Figure 6 provides a comparison of the
results: for a given defect (Figure 5) the
safe operating pressure according to

LNG Figures Into Future Plans

Figure 9 Figure 10: Choosing the right tool.
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ABSTRACT

A new version of the Vertilog flux leakage (DC Magnetic
Inspection) pipe evaluation tool has been developed. This
new system is called the Digital Vertilog (DV). This paper
presents an explanation of the DV tool theory, operating
system and its working components. The sensor system of
the standard Vertilog has been provided with an updated
data gathering system in order to increase the information
available to the log analyst. This new system transmits true
bi-polar representations of each flux leakage sensor and a
number of eddy current sensors to the surface recorder.
The multiple bi-polar flux leakage (FL) channels allow
easier interpretation by contrasting changes due to hardware
and corrosion. Some of the features more easily determined
include pitting, perforation (including the phase of gun
used), scratchers, and centralizers. Log examples generated
in the lab and their interpretation will be presented. These
examples successfully demonstrate the advantage of
recording full signature wave response and accurately
differentiating pipe hardware from corrosion.

INTRODUCTION

The Vertilog pipe evaluation tool utilizes flux leakage and
eddy current detectors to inspect both the inner and outer
wall of the primary pipe string. Previous experimentation1

prompted the development of a new generation of Vertilog
tool. These instruments utilize downhole digital processing
to provide a new element to the Vertilog survey. Switched
gain circuits controlled at the surface improves the signal
response. The downhole digitization of the data allows the

References and figures at end of paper.
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recording of each flux leakage channel and a number of
eddy current channels. This allows true circumferential
inspection of the pipe. The high data rate of the system
reproduces the true bi-polar characteristic of the flux
leakage signals. This allows easier interpretation between
hardware and corrosion. Figure 1 shows a typical casing
configuration. Notice that some of the collars of the
production string are surrounded by centralizers, which hold
the casing centered within the wellbore. Also note that
scratchers appear on the outside of some casing joints.
These are used to roughen the surface of the wellbore
before cementing. The Vertilog survey is recorded while
moving upward within the production string. In the earlier
Vertilog survey, casing hardware (e.g., scratchers and
centralizers) caused responses which are similar to corrosive
defect responses. Often casing records must be relied upon
for identifying the log responses due to scratchers and
centralizers, to insure that these responses are not
misinterpreted as casing defects. If the records are
accurate, casing hardware responses are not mistakenly
interpreted as defects. If the records are inaccurate, casing
hardware responses can be interpreted as corrosive defects.
The Digital Vertilog survey provides bi-polar data channels.
The additional log data permits identification of casing
hardware responses without reference to the casing records.
From the log data alone, corrosive defect responses can be
differentiated from casing hardware responses. Even if the
casing records are inaccurate, the additional log data
prevents the misinterpretation of casing hardware responses
as defect responses.

Digital Vertilog System Overview

The Digital Vertilog tool is composed of an electromagnet
and sensor assembly housed in the mandrel section and
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Flux Leakage (FL)

Removing the fixed reference point and applying Stoke's
theorem reduces the above equation to the point relation:

Data Flow

Foucault currents, are set up in a direction which resists the
change in the injected flux field. The circulating currents
generate their own magnetic fields of opposite polarity to
the original field. These opposing fields act as a load on the
coil, affecting the amplitude of the current passing through
the coil. As the frequency of the AC field increases, the EC
losses will increase. As the material moves further away
from the coil, the loading effect decreases and the amplitude
of the coil current will increase. Measuring the change in
the current injected into the coil will give an indication of
changes in the internal wall of the casing. As an EC coil
passes an internal defect the pit wall moves away from the
coil and the amplitude of the injected current increases. As
the coil passes the defect, the pit wall moves towards the
coil and the current returns to normal. By keeping the
frequency of the injected current high, a skin effect is
produced where the eddy currents set up in the casing will
be present near the inner surface only.

Figure 5 is a block diagram of data flow in the Digital
Vertilog. The diagram is broken up into three blocks, two
analog circuits and digital circuitry. Each analog circuit
processes up to twelve individual FL and EC circuits
depending upon the size of the mandrel. Each FL coil in
the mandrel is processed separately in a manner that
preserves the integrity of the coil's data. Each EC coil in
the mandrel is also processed separately. The individual
signals are feed into the two switching circuits. This allows
an analog to digital converter to access each signal
individually, converting each tool signal to a 2's compliment
value. The digitized signals are then accessed by a
microprocessor. The processor also controls the multiplexer
switching and ND conversion. Due to the amount of data
acquired and the high tool speed of the Vertilog, two
processors are used to reduce the overhead that
communication with the surface telemetry produces. Both
of the processor's circuits are housed in a flasked sub. The
control processor handles all data acquisition and data
processing. The communication processor handles all
telemetry operations including data transmission to the CLS
(Computerized Logging System). A high speed parallel
interface between the processors allows transfer of data and
instructions. Each processor has a ROM for programming.
The control processor also has RAM for data and
supplemental program downloading. The communication
processors retains data in its own internal RAM.

(3)

(2)

A, *In«V@E)*Az+1)

Figure 4 shows a representation of the flux field produced
by the tool's electromagnet. A DC current produced uphole
is injected into the electromagnet's coil. This produces a
static magnetic field in the core, which is coupled to the
casing across air gaps at the tool's poles. In the example,
flux lines that are not present in the casing have been
omitted for clarity. In a section of casing without defects,
the field is uniform. Around defects, the field is disturbed
and flux lines leak out of the casing wall. The tool's FL
coils respond to the flux leakage according to Maxwell's
equations:

Thus the amplitude of the coil's output is proportional to
the rate of change of the magnetic flux density. Since the
vector of the flux is determined by metal gain, or metal loss
in the field, the coil's output will also reflect loss or gain. It
has been empirically determined that an equation of the
form;

can be used to generate interpretation charts. The values
of the "A" factors are empirically determined from data
obtained from actual pipe samples.

three electronic sections. There are four different mandrel
sizes. The electronics are designed to be used with all four
mandrel sizes. Figure 2 shows a Vertilog tool mandrel. The
coil of the electromagnet is located under the shoes
containing the sensors. The poles of the electromagnet are
formed by the electronic housing of the mandrel. On the
sensor section shown in Figure 3 two separate rings of shoes
are mounted in an overlapping arrangement. This insures
certain detection of corrosive defects.

Eddy Current (EC)

An eddy current system is used to detect changes in the
internal wall of the casing being surveyed. Injecting an
alternating current into a coil of wire will produce an
alternating magnetic flux field around the coil. The coil is
then placed parallel to a conducting material (pipe). As a
magnetic field expands and collapses, small circulating
currents are set up in the material. These currents, eddy or

Sensor Configuration

Consider a Vertilog tool with six shoes, three in the upper
ring and three in the lower ring. Each shoe contains two FL
sensors to detect changes of magnetic flux and two EC
sensors which respond only to the defects on the inside pipe
wall. A vertilog shoe cross section is shown in Figure 6
where the configuration of the FL and EC sense coils
arrangement can easily be seen. To ensure that no defect
escapes detection, the shoes of the upper ring are in a

378



SPE 22101 G.W. ADAMS AND W.D. MOFFAT 3

staggered, overlapping relationship with the shoes of the
lower ring, as shown in Figure 3. The Digital Vertilog is
arranged to provide the signals from all twelve or twenty­
four of the flux leakage sensors. Channels 1-2,5-6 and 9-10
display the signals from the flux leakage sensors of the three
shoes ofthe upper ring. Channels 3-4, 7-S and 11-12 display
the signals from the flux leakage sensors of the lower rings.
In addition to the twelve bi-polar flux leakage signals, a
Digital Vertilog provides twelve or twenty-four EC signals.
The EC coil configuration is identical to the FL coil
configuration.

Lab Tests

To assure both the reliability and accuracy of the Digital
Vertilog, Atlas Wireline Services operates a surface
calibration facility2 at its center in Houston, Texas. This
facility is used to record tool response data for calibration
charts as well as all experimental data. To develop the test
data for the DV survey, two separate joints of test pipe
were individually positioned on the calibrator.

Log Examples

With regard to the Digital Vertilog presentation, mass
changes effect the signals from the flux leakage sensor as
follows:

Figure SB shows the response to a regular casing collar
surrounded by a casing centralizer. The response to the
centralizer shows metal gain just below ninety-six feet and
metal loss at ninety-four feet. The response to the collar is
characterized by five signatures. At the leading edge of the
collar, a large metal gain response is first encountered. A
smaller metal loss signature is shown at the edge of the
lower casing. Metal gain is encountered at the edge of the
upper casing. A large metal loss is encountered at the
trailing edge of the collar. The final signature is the EC
response to the gap between the two casings. The
characteristic responses are present on all channels, showing
the circumferential nature of the collar.

The tool's response to a flush joint collar is shown in Section
Se. The characteristic response of a series of three metal
gain signatures is evident. The circumferential nature of the
collar is also present in the tool's response.

Response to a scratcher is shown in Section SD. A
circumferential metal gain, followed by a circumferential
metal loss signature is evident on all of the tool's FL signals.

Figure 9 shows a log response to the same pipe as figure S.
In this example, the casing centralizer has been moved to a
location one foot above the scratcher.

The response to a regular collar is shown in Section 9A.
The signature of the casing centralizer is not present.

1)

2)

A mass increase causes a positive (left)
excursion of the flux leakage signal.

A mass decrease causes a negative (right)
excursion of the flux leakage signal.

The three sharp metal gain characteristics of a flush joint
collar are still evident in Section 9B.

The scratcher's characteristic signature is present in Figure
9e.

Figure 7 shows a pipe maintained as a calibration reference
standard in the surface calibration facility. Typical of a
reference standard, the pipe contains a series of machined
defects, a regular casing collar and a flush joint collar. In
addition, a casing 'centralizer has been placed around the
regular collar and a scratcher has been placed on the pipe
1.25 feet above the flush joint collar.

Figure S shows the log response to this pipe. Figure SA
shows the response of the tool to the machined defects. A
series of external defects are present on channels one and
two. These defects are spaced six inches apart. The defects
decrease in size from 90% to 20%. Six inches above the
20% defect is another 90% defect. Three inches above this
defect is a 100% defect. The EC response on these two
channels is to the 100% defect only. To machine internal
defects of varying depths, the pipe wall is drilled through
and an internal defect is machined on the opposite wall.
Channels four and five respond to the internal defects.
These defects exhibit the same pattern as the external
defects, with the exclusion of the 100% penetration.
Channels ten, eleven and twelve respond to the through
holes produced during the machining process. AIl of the
channels discussed exhibit EC response to the internal
machining.
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The response to an isolated casing centralizer is easily
identified in Section 9D. The response is the same as the
response to a centralizer around a collar.

Figure 10 shows the log response to general corrosion. This
pipe sample was pulled from a well in West Texas. A
standard Vertilog survey was run on this well. The survey
showed uncorroded pipe from the surface to 5572 feet.
From 5572 to 5670, three casing sections were interpreted
as class 4 with holes. This pipe sample was the casing
section from 5604 to 5637. Visual inspection of the casing
sample showed severe general corrosion on the exterior wall
with five holes at different locations on the pipe. Details of
the log are:

An isolated hole is present on channels one and two, shown
in Section lOA.

In Section lOB annular corrosion is present on 66% of the
circumference of the pipe. A hole is present on channel
ten.

Section 10C shows that general corrosion is present on 33%
to 66% of the external wall.
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Section 10D shows that annular corrosion is present on 50%
of the circumference of the pipe. A large hole is present on
channel two through five.

Section 10E shows that severe annular corrosion is present
on 100% of the circumference of the pipe, accompanied by
a large hole.

Section 10F shows that an isolated hole IS present on
channels one and two.

Log Presentation

While the Digital Vertilog is ideal for identifying log
responses due to corrosive defects, it is preferable to use a
Computerized Logging System (CLS) generated log
presentation to estimate the penetration of a defect. The
generated presentation which accompanies the DV
presentation, is shown in Figure 11. The ten chart division
of the left hand track are reserved for the flux leakage
average response, which is zero at the fifth division and
increases simultaneously to the left and right. A 360 degree
response is indicated by flux leakage average which covers
ten chart divisions. The first five chart divisions of the right
hand track are reserved for the eddy current response which
is zero at the fifth division and increases to the left. The
remaining fifteen chart divisions of the right hand track
display the maximum flux leakage response, which is zero at
the fifth division and increases to the right. For estimating
penetration depth, the generated log is preferred because it
offers more resolution than the DV presentation. To
estimate the penetration depth of a defect, first determine
the number of Vertilog units associated with the maximum
flux leakage response, then:

opportunity to better understand the condition of casing in
a well. Corrosion is readily differentiated from completion
equipment like scratchers and centralizers. Collars can be
studied; the physical size of the collar and the location of
the ends of the two joints of casing that are joined by the
collar can be examined. Detailed analysis of the sensor
signal itself (signal width, rise time, area, etc.) provides more
information regarding the physical parameters of the
anomaly. These types of studies which can be done have
previously be unavailable in the industry. It has been
demonstrated that analyzing the entire sensor signal
enhances the ability to interpret anomalies responses in a
pipe, whether they are equipment or corrosion.

NOMENCLATURE

partial derivative with respect to x
line integral around a closed curve
area integral over a specified surface
scalar product
vector product
gradient operator
natural logarithm to the base e
2.718281828...

I - linear displacement in meters
t - time in seconds
S = surface area in meters2

v - velocity in meters/second
E - electric field strength vector in volts/meter
13 - magnetic flux density vector in tesla
%Penetration == depth of a corrosive defect in percent of
total nominal wall thickness
A, ,~ == dimensionless correlation coefficients

Data charts are available for converting the maximum flux
leakage response to a corresponding percent penetration.
The value of the percent penetration depends on the
condition summarized above. Figure 12 is the chart which
is appropriate to the conditions enumerated in 1 - 4. The
chart shows the percent penetration which corresponds to
the number of Vertilog units of the maximum flux leakage.

1)

2)

3)

4)

Determine the casing O.D., weight and grade.

Determine whether the defect is inside or
outside (an inside defect is accompanied by
an EC response)

Is it an isolated pit or general corrosion.

Determine whether the defect is inside the
surface pipe logging interval. If so, determine
the O.D. of the outside casing.
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CONCLUSION

The ability of the tested Digital Vertilog to transmit the
entire signal as seen by the sensor coil provides an·
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Multi-Channel Casing Inspection Instrument 
STEPHAN A. MATO, JR., Senior Research Engineer, Atlas Oilfield Services 
Western Atlas International, Inc. 

ABSTRACT 

The present state of the art in casing corrosion 
analysis is represented by the Vertjlog survey. 
This tool provides accurate information regard­
ing the extent and depth of anomalies in cas­
ing in a well. Advances in instrumentation have 
been made that can increase the ability to define 
and interpret anomalous responses in this type 
of downhole measurement. Studies have been 
performed relative to these advances. An exper­
imental tool that incorporates these advances 
into its design has been built and commercially 
run. Independent research by Southwest Re­
search Institute, in studies sponsored by the 
A.G.A. (PRC Projects PR-15-411 and PR-15-
614), has also demonstrated these advances and 
further demonstrated the "next generation" of 
technology needed to exploit more fully these 
advances in defining the complete condition of 
the casing in a well. 

INTRODUCTION 

The Atlas Oilfield Services Vertilog~ casing 
inspection tool is designed to evaluate the con­
dition of casing in place in a well. Data that 
are provided by the tool are used to determine 
the depth and extent of corrosion or other 
defects, natural or man-made, in the casing. 
The tool responds to isolated pitting and gen­
eral casing body wall losses over small areas. 
Furthermore, the tool will also respond to com­
pletion equipment (centralizers, scratchers, etc.) 
that are placed within the well; however, it does 
not respond to gradual changes in the casing 
body wall, as in drill string wear. 

HARDWARE DESCRIPIION 

The mechanical assembly (Figure 1) consists of 
an iron core (A), pole pieces (8), and a sensor 
assembly (C). The core is made of a soft iron 
material wound with several layers of wire. A 
DC current is passed through the wire to gen­
erate a large DC magnetic field. The specially 
designed pole pieces are used to improve the 
coupling of the magnetic field to the casing. 
Sensors are placed around the core in two 
parallel rings (Figure 1-C, upper and lower shoe 
ring) so that the coverage by one sensor overlaps 
the coverage of another sensor. This sensor 
arrangement assures that the entire casing wall 
is inspected. The sensors are contained in 
"shoes" that are spring loaded to maintain con­
tact with the casing wall. 1\vo sets of sensors 
are contained in each shoe, which provide flux 
leakage or FL and eddy current or EC data 
(Figure 2). The FL sensors are oriented with 

(D) FL ELECTRONI CS 

!C) LOWER 
RING SHOE 

(FL-2) 

(E) EC ELECTRONICS 

Figure 1. Vertllog mechanical assembly. 
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their axis parallel to the casing axis and used 
to determine the depth and extent of defects. 
The EC sensors are oriented with their axis 
perpendicular to the casing axis and used to 
determine whether the defects are external or 
internal. Figure 3 shows a typical joint of cas­
ing under the influence of the magnetic field 
generated by the core. Note the lines of flux that 
leave the casing at the defect sites. These mag­
netic field lines are detected by the FL coils and 
then processed by the subsurface electronics. 

1\vo electronic packages are enclosed in the 
pole pieces (Figure 1-D and 1-E) to process and 
transmit the four different signals produced by 
the sensors. The upper electronics (Figure 1-D) 
processes the FL sensor signals and generates 
three output signals. One output is the largest 
signal from the upper row of shoes (Fl.rl) and 
a second output is the largest signal from the 
lower row of shoes (Fl.r2). These outputs are 
used to determine the depth of a defect. The 
third output (Fl.rAverage) is proportional to the 
number of Fl.r I sensors that are responding. 
This gives an indication of the circumferential 
extent of the corrosion. The lower electronics 
(Figure 1-E) processes the EC signal from all 
of the EC sensors. This output is used to iden­
tify an internal defect. All four of these signals 
are sent up a seven-conductor wireline cable to 
a surface recorder. Each of the signals is sent 
up a separate conductor, while the remaining 
three conductors are used to provide power and 
signal ground. 

DATA PRESENTATION 

1YPical examples of the tool response to various 
conditions in an example well (see Figure 5-A) 
are shown in Figures 4, 6, and 7. Figure 4 shows 
typical collar and corrosion response. Note that 
at the collars, the Average, Fl.r I, Fl.r2, and EC 
signals all have a large amplitude response. The 
smaller signal amplitude and unequal Fl.rl and 
Fl.r2 responses correspond to corrosion defects. 
Also note the absence of an EC signal response 
for the majority of the defects, which in this 
car~ indicates primarily external corrosion. 
There are several internal defects as indicated 
by the EC signals. Figure 6 shows typical cen­
tralizer, scratcher, and perforation responses. 
For the centralizers and the scratchers, the Fl.r 
Average, Fl.rl, and Fl.r2 signals respond, but 
not the EC. The perforations have a large 
amplitude signal response on Fl.rl, Fl.r2 and 
EC but only a small response on the Average. 
Figure 7 shows a response to the end of the 
surface casing (casing shoe). 

It should be noted that the above interpre­
tations are aided by well records. If a response 
that is similar to a scratcher occurs where it 
is not expected, it may not be recognized as a 
scratcher and therefore would be interpreted as 
a defect. Such interpretations occur primarily 
when the well records are incomplete or inaccu­
rate. One frequent inaccuracy is the determined 
depth of the end of the surface casing. The 
Vertilog tool will respond to the presence of 
the end of the surface casing (casing shoe), 
especially if the outer string is offset from the 
inner string (Figure 5-B). Large signal deflec­
tions indicate severe defects, but, when the 
depth of the end of the surface casing is not 
known, it cannot be determined if the surface 
casing shoe is responsible for the observed 

578 

Field Around Inside Defect J 

'------- Electromagnet 

Figure 3. Flux lines In defective casing. 

FL · I FL-2 OIS;:RI'-'IIN.O.TOR 

AMPLITUDE AMPLITUDE AMPLITUDE 
INCREASES INCREASES INCREASES 

AVERAGE (l 
> :;: <J> z ~ Cl r 
0 
~ 

--
~ 

., 
r-·· 

Figure 4. Vertllog examples. 

Figure SA. Typical well . 

Field Around Hole 

Casing Collar 

Internal 
Corrosion 

Internal 

1 Corrosion 

External Corrosion 
(except for the two 
internal corrosion 
intervals). 

Casing Collars 

SURFACE CASING 

I 
~ PRODUCTION ~STRING 

Figure 58. Offset casing. 



FL ·l 

Figure 6. Vertllog examples. 

--;-~ 

~ 
ri 

i·--H--

Fl ·AVEAAGE Fl ·1 

Figure 7. Surface casing response. 

response. It must therefore be assumed that the 
response is due to corrosion. Figures 8, 9, 10, 
and II show examples of typical surface cas­
ing shoe responses. 

EXPERIMENTAL TOOL 

In an effort to improve the identification of 
anomalous responses from the Vertilog tool, a 
decision was made to re-examine the informa­
tion obtained from the tool. The standard 
mechanical assembly was used in combination 
with an experimental electronics package. The 
output from a single sensor, without any signal 
processing other than amplification and noise 
reduction, was examined initially. Lab tests were 

FL·2 
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I . 
1 

Perforations 

Casing Collar 

-I-++ 
___;. . 
+ J.....+ 

:t~ 

I ; I COLLAR~ --=+=+= 
Fl-2 EC 

run on casing having defects milled into the 
body wall of the casing. These defects ranged 
from 10 percent penetration of the casing wall 
up to 90 percent penetration of the casing wall. 
A V. -inch ball mill was used to make the de­
fects . An example of the sensor response to 
these milled defects is shown in Figure 12. Note 
that unlike the standard Vertilog signals, the 
sensor signal is bipolar. Of immediate interest 
was the correlation of the width of the response 
to the physical width of the defect. The initial 
evaluation of the data implied that there existed 
a relationship between the defect width and the 
sensor response width (Figure 13), but further 
analysis is required in order to clarify the ex­
act nature of the relationship. An examination 

of the signals from the end of a surface casing 
was performed next. Tests using only one shoe 
as before, yielded some very interesting results 
(Figure 14). As can be seen, the amplitude and 
form of the surface casing shoe signal is differ­
ent from the defect signals. It was then decided 
to transmit the signals from all of the sensors 
in the 5 Vz -inch tool. The signals were elec­
tronically mixed and transmitted to the surface 
by wireline. At the surface, the signals were 
separated, and sent to a 12-channel analog 
recorder. Pitting in the casing was studied first. 
Later, the response to the surface casing shoe 
was examined. 

FIELD TEST RESULTS 

After having logged several wells, certain char­
acteristics of the sensor waveform became ap­
parent. The main observation was that a signal 
caused by added mass is opposite to that caused 
by a loss of mass (a fact that was confirmed 
in the lab). This brings about a unique inter­
pretation method of signals seen by the sensors. 
A basic sensor response for most casing condi­
tions can be predetermined by knowing its 
geometry, e.g., a pit (Figure 15). The sensors 
respond to changes in the magnetic flux leakage 
field. If the body wall of the casing is constant 
(A), the sensors would not be expected to gen­
erate any signal. When the sensors pass the first 
edge of the pit (B), the body wall of the casing 
is reduced (mass loss). This results in a change 
in the level of the magnetic flux leakage field 
at the sensor. The sensor output signal is pro­
portional to this change. When the sensor 
passes the trailing edge of the pit (C), the wall 
increases (mass gain), causing another change, 
opposite to the first change. Once the sensor 
passes the pit, it is again in casing with a con­
stant body wall (D), hence no signal is expected. 
A sensor output would be expected to appear 
similar to that shown in Figure 15, and the 
actual sensor response to a pit is shown in 
Figure 16. 

As the tool approaches a collar (Figure 17), 
the body wall suddenly increases (A) (mass 
gain). This causes a decrease of the magnetic 
field at the sensor and, hence, the sensor gen­
erates a signal proportional to the thickness of 
the collar. Further into the collar, we approach 
the end of the lower casing joint (B). At this 
point, it appears to the tool as if the wall is 
reduced in thickness (mass loss), causing the 
sensor to generate a signal opposite in ampli­
tude to the first response at the collar. A short 
distance later, the sensor enters the upper cas­
ing joint (C). Since it now appears to the tool 
that the wall is increased in thickness, the 
change in the magnetic field causes a corre­
sponding change in the sensor output signal. 
This signal is the same polarity as the signal 
received upon entering the collar. Finally, as the 
tool leaves the collar (D), the body wall of the 
casing becomes thinner and thus generates a 
signal proportional to the mass lost. This signal 
is opposite in polarity to the signal generated 
as the tool entered the casing. The final out­
put of the sensor will then be like that shown 
in Figure 17. As can be seen from Figure 18, 
the actual sensor signal is very similar to the 
predetermined sensor signal shown in Figure 17. 

Other well-completion equipment is de­
tected equally well. Since both scratchers and 
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centralizers are placed on the outside of the cas· 
ing, they, in effect, increase the casing wall at 
the point that they are attached. They should 
then appear on the log as a mass gain event 
(Figure 19). Other completion equipment will 
appear in a similar way and, if the geometry 
is known, its characteristic signal should be 
predictable. 

As the tool approaches the second string of 
casing, the effective wall thickness suddenly 
appears to increase. If the two strings were con· 
centric, a signal similar in polarity to that of 
entering the collar would be expected on all 
channels, only smaller in amplitude. However, 
since there is not a corresponding "thinning" 
of the wall, only one signal would be expected. 
Since the casings are rarely concentric, the 
possible geometries are centralized, offset, and 
contact (Figure 20). An example of each of 
these geometries is shown in Figures 21 to 24. 
Figure 21 shows the centralized condition, 
Figure 22 shows the offset condition when the 
two casings are near to being centralized, Figure 
23 shows the offset condition when the two 
casings are close to contact, and Figure 24 
shows contact. 
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The ultimate purpose of the Vertilog inspec­
tion is to identify both the depth and the ex­
tent of defects in the casing. When the pitting 
is isolated, this is a relatively simple task. When 
there is general corrosion, the situation becomes 
more complex. The extent of the corrosion is 
readily discerned from the response of the sen­
sor. One must be more careful when inter­
preting the depth in general corrosion since a 
significant portion of the body wall may be 
missing. This causes a· larger signal output from 
the sensor than would be expected from an 
isolated defect of a similar size and depth. It 
becomes more difficult to interpret corrosion 
that is underneath or just inside the casing shoe. 
A complex magnetic field pattern occurs with 
the casing shoe response generally much larger 
than for pitting. The closer the surface string 
is to touching the inner string, the more diffi­
cult the interpretation becomes. If the pitting 
is directly underneath the casing shoe, the situa­
tion is somewhat simplified, since the casing 
shoe enhances the effect of the corrosion signal 
and produces a much larger response than nor­
mal. The sensor that sets the corrosion detects 
both a mass loss and a mass gain, so the signal 
is bipolar. The ratio of the gained mass ampli­
tude to the lost mass amplitude yields an esti­
mate of the depth of penetration of the pitting. 
If the pitting is just inside (two inches or less) 
the surface casing, the signal is attenuated and 
the corrosion appears to be less than it is in 
reality. As the pitting gets further into the sur­
face string, the response returns to the expected 
values for two strings of casing. Figure 25 shows 
a typical interpretation curve for external (OD) 
defects. There is a single string curve and a 
curve for casing inside of 10~-inch surface 
pipe. A ratio curve is also used to determine 
the depth of corrosion that is directly under­
neath the casing shoe. There is another similar 
set of curves for internal (ID) defects. There 
are a series of curves for each weight and grade 
of casing. 

Figures 7, 8, 9, 10, and II can now be re­
evaluated by use of the 12-channel format in­
stead of the standard data format. Figure 26 
is the 12-channel equivalent of Figure 7. Note 
that the surface casing response appears cen­
tralized. Secondly, note the large pit approxi­
mately one foot below the end of the surface 
casing. In this case, there is a defect. Figure 27 
is the 12-channel equivalent of Figure 8. Once 
again, note that the surface casing response 
appears centralized and that there is pitting, 
although not as severe as the defect in Figure 
26. Figure 28 is the 12-channel form of Figure 
9. In this instance, the casing appears offset. 
Notice the pit response just inside the surface 
casing where the inner string is closest to the 
surface casing.' This corrosion is not severe. 
Figure 24 is the 12-channel form of Figure 10. 
Figure 24 was the example of contact, therefore 
the Vertilog response is due to the presence of 
the surface casing. If there is corrosion directly 
under the shoe, then another interpretation 
curve similar to the curve presented in Figure 
25 indicates it is less than 35 percent of the 
casing wall. Finally, Figure 29 is the 12-channel 
form of Figure II. Note that the casing shoe 
is 20 feet above the point indicated by the cas­
ing records. This changes the interpretation of 
all of the corrosion, since it is now located out­
side of the surface casing. With the standard 

system, the sens1Uv1ty of the recorder was 
doubled when the tool entered the surface 
casing. Severe corrosion on the standard log 
format becomes minor corrosion on the 12-
channel log format after the sensitivity is re­
duced to its proper single string value. In sum­
mary, what began as five casing joints with 
severe corrosion have now become only one 
joint that has a severe defect. Of the other four 
joints, one has a significant defect that needs 
monitoring and the remaining three joints have 
only minor corrosion. This represents a con­
siderable cost savings to the well operator. Only 
one well requires remedial work instead of five 
wells. 

Pk·Pk AMPLITUDE 
(mV) 

The one piece of missing information is 
determining whether a defect is internal or 
external. Up to this point, the EC coils had not 
been used on the 12-channel tool. Electronics 
have been added to utilize the EC sensors. 1\vo 
signals are produced by the electronics. One 
signal is from the upper ring of EC sensors and 
one signal is from the lower EC sensor ring. 
We can now formulate a complete picture of 
the casing. The FL channels show the depth 
and shape of a defect and the EC channels 
determine if the defect is internal or external. 
Figure 30 shows a "multichannel" format of the 
sensor information. This is best used to deter­
mine the nature (pit, scratcher, perforations, 
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Figure 29. Surface casing response. 

etc.) and the extent (how wide, how long) of 
a sensor response. This format does not, how­
ever, provide adequate resolution to determine 
the depths of defects. 

A presentation in which defect depths can 
be interpreted is shown in Figure 31. This for­
mat is called the "generated" presentation and 
is computer-derived from the multichannel 
presentation. The largest FL and the largest EC 
signal at a given depth in the well are scaled 
up and displayed for depth interpretation. 
In addition, another curve, FL-Average, is de­
rived from the total number of FL channels that 
are responding at any given instant to give an 
indication of the circumferential extent of the 
anomaly. This "generated" presentation is the 
same format that was originally used with the 
standard Vertilog presentation. Figure 32 is an 
example of the standard Vertilog run over the 
same section of well as previously shown in 
Figures 30 and 31. Note the similarity in Figures 
32 and 31. Also notice how well the perfora­
tions, scratchers and centralizers are shown 
on the multichannel presentation (Figure 30). 
Comparing the same depth intervals on Figures 
30, 31 and 32, the multichannel presentation 
enhances the interpretation of tool responses 
to conditions in the well. This type of log 
presentation and interpretation is unique to the 
Multichannel Vertilog system. 

CONCWSION 

The ability of the experimental Multichannel 
Vertilog to transmit the entire signal as seen by 
the sensor coils provides an opportunity to 
understand better the condition of casing in a 
well. Corrosion is readily differentiated from 
completion equipment like scratchers and cen­
tralizers. The exact depth of the surface cas­
ing shoe can be determined. Collars can be 
studied; the physical size of the collar and the 
location of the ends of the two joints of cas­
ing that are joined by the collar can be exam­
ined. Detailed analysis of the sensor signal itself 
(signal width, rise time, area, etc.) provides more 
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Figure 30. Multi-channel Vertllog. 

information regarding the physical parameters 
of the anomaly. These types of studies, which 
can be done in a well, have previously been 
unavailable to industry. 

It has been demonstrated that analyzing the 
entire sensor signal enhances the ability to inter-
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pret anomalous responses in a well. Using the 
experience gained from designing and building 
the experimental Multichannel Vertilog, an 
instrument is being designed to transmit infor­
mation from all of the FL sensors and from 
all of the EC sensors. 
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Abstract 

The North Kuwait (NK) Development Plan calls for rapid 

increase in NK production, mainly through the implementation 

of waterflooding in NK major reservoirs. The new production 

profile incorporates increased water production and, based on 

corrosion prediction models, results in elevated corrosion rates 

in down-hole completion equipment. This predicted increased 

corrosion has already become a reality in the past three years. 

Severe down-hole corrosion in production and injection wells 

has resulted in tubing and casing failures and severe 

casing/tubing corrosions. Remediation of these wells has 

resulted in problematic, high cost workovers, and in one case, 

the loss of the productive interval and the associated reserves.  
 

To manage current and future corrosion in NK, an extensive 

corrosion-monitoring program has been implemented to 

initially identify the extent of corrosion in the current well 

stock and then to adopt corrosion prevention strategies to 

mitigate the problem and reduce the associated cost and 
production impact. The down-hole internal corrosion 

monitoring effort is one of the first steps in implementing the 

NK Corrosion Management Plan. 

 

This paper discusses the results of the program to date and 

describes the diagnostic tools used to effectively monitor the 

extent of down-hole corrosion in North Kuwait. Different 

tools such as the caliper, MicroVertiLog tool (MVRT), and 

surface inspection methods have been utilized to quantify 

down-hole corrosion. The paper also compares MVRT tool 

response with caliper and surface inspection data in an effort 

to ensure down-hole corrosion detection corresponds with 

results measured at surface. This will allow immediate 

corrective action to be taken for the completions based on 

down-hole log results. 

Introduction  

First commercial oil production from North Kuwait started 

back in 1955. According to the Kuwait Oil Company (KOC) 

production database, production of crude oil with watercut in 

North Kuwait started in the mid 1980’s as water-handling 
facilities became available. However, the water production 

was in insignificant quantities. 

Down-hole corrosion was not a major issue up to late 1990’s 

due to low or no watercut in most of the wells. In addition, the 

corrosion problem was indirectly managed through the process 

of converting wet producers to dry production by applying 

down-hole water shut-off techniques. The water shut-off 

(mostly carried out by a rig workover operation) was 

necessary to allow maximum oil production through the then 

existing facilities with limited water handling capacity. 

However, lately, with the increasing water production and 

water handling capacity in North Kuwait, corrosion has 

become an important issue. With the implementation of the 

current development plan, which includes waterflooding of 

several major reservoirs, down-hole corrosion needs to be 

managed properly to avoid severe production and operating 

cost impacts. Corrosion in North Kuwait will impact the whole 

production and processing stream. This paper, however, only 

discusses the down-hole tubular corrosion issues. 

 

Causes of Down-hole Corrosion In North Kuwait 
Although this issue needs to be fully investigated and 

confirmed, the cause of current down-hole corrosion in North 

Kuwait fields is suspected to be mostly the CO2 in the 

formation water. The dissolved CO2 in the formation water is 

assumed to result in the formation of carbonic acid (H2 CO3), 

which reacts with metal and causes corrosion. The pH of most 

of the reservoir waters in North Kuwait is acidic (between 5.5-

6.5). In addition, the high salinity of the formation water 
reduces the formation/presence of the protective film on the 

tubing wall and exposes the tubing to corrosion. We note a 

strong correlation between cumulative water production and 

severity of corrosion in most of the wells. This leads to 

support the hypothesis of CO2-induced corrosion.  With the 

implementation of seawater injection in Mauddud, Upper 
Burgan, and Zubair reservoirs, the cause of future corrosion is 

expected to include other factors as well.  
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Completion Metallurgy 
All the existing tubing and casing in NK are low alloy carbon 

steel (N-80, L-80 or J-55). Trials of chrome steel tubing have 

been suggested in the past but have not yet been implemented. 
 

Logging Tools Used 
Briefly are described below the main corrosion logging tools 

that have been used to record down-hole corrosion in NK 

wells both in tubing and casing strings. The description of the 

MVRT tool however is extended, as it is currently the main 

tool being used to monitor tubing strings for corrosion in NK. 

It is worth mentioning that tubing visual surface inspection has 

recently been applied in some wells in NK as well. As for 

liners, no logs to specifically address liner corrosion have been 

ran in NK.  

 

1. Casing Corrosion Logging Tools Used 

Casing corrosion logs are usually recorded during rig 

workover operations when the tubing string is pulled out. In 

North Kuwait, casing is routinely pressure tested, and, unless 

corrosion is suspected, quite often a casing corrosion log is not 

acquired.  The main logging tools used so far are Ultrasonic 

Casing Imager (UCI), and Pipe Analysis Tool (PAT). 

Although not widely used in Kuwait yet, Circumferential 

Acoustic Scanning Tool (Cast-V) provided by Halliburton is 

an equivalent sonic imaging tool that could be used for casing 

corrosion monitoring.  The Baker Atlas MVRT tool can also 

be used to inspect casing, but have not been widely used in 

North Kuwait for casing corrosion monitoring. 

 

UCI (Ultrasonic Casing Imager) 

This tool has been marketed by Schlumberger as the UBI 

tool to provide borehole images, USI to evaluate cement bond 
and casing corrosion, and UCI to quantitatively measure both 

internal and external casing corrosion or damage (for casing 

diameter ranging mostly between 4 ½ to 13 3/8 in).  The sonde 

includes a rotating transducer subassembly. The transducer is 

both a transmitter and a receiver transmitting an ultrasonic 

pulse and receiving the reflected pulse.   

 

The tool is making radius and thickness measurements 
allowing the depth of the anomaly to be quantified. With 180 

focused measurement during each revolution of the ultrasonic 

sensor, and up to five rotations every inch of travel inside the 

casing, the UCI tool is claimed to have the resolution and 

sensitivity needed to measure pits and other anomalies down 

to diameters as small as 0.3 in. on either the inside or outside 

surface of the casing. The high resolution of the UCI tool is 

claimed to be due to the high transducer frequency of 2 MHz. 

The signal is, however, attenuated by the borehole fluid and 

therefore best results are obtained when brine, oil, or very light 

mud are used. 

Tool Operation: The tool works in the following way: 

first echo time gives internal radius measurement. The second 

echo time gives casing thickness. Internal and external surface 

echo amplitudes give a qualitative visual image of casing 

condition. Wellsite presentation is corrected for tool 

decentralization effects. 

The UCI logs have been used in several North Kuwait 

completions to assess the casing conditions and make well 

intervention decisions. However, in North Kuwait no efforts 

have been made to verify the UCI results through pulling the 

damaged casing out and performing surface inspection.   

 

PAT (Pipe Analysis Tool) 

This tool used to be marketed by Schlumberger. However, 

newer tools such as UCI have replaced it.  

Tool Operation: The PAT sonde has two sets of arrays. 

Each array has six pads, and each pad makes two 

measurements: the first one is an eddy current measurement 

where a high-frequency signal induces a flux on the inner wall 

of the casing. The presence of the inner wall corrosion causes 

a flux distortion that is measured by the tool. The second 

measurement is the flux leakage measurement where 

electromagnets generate a flux in the casing. The presence of 

inner and/or outer wall corrosion generates flux leakage that is 

measured by the tool. In NK, several casing strings have been 

surveyed by this tool in the past. 

 

CAST-V (Circumferential Acoustic Scanning Tool) 

This tool marketed by Halliburton, is the equivalent of 

Schlumberger’s UCI tool. CAST-V furnishes borehole images 

(when operated in image mode) and provides casing 

inspection and cement evaluation capabilities (when operated 

in cased-hole mode)1. It can cover casing diameters ranging 

between 5 ½ to 13 3/8 in. When ultrasonic CAST-V operates 

in cased-hole mode, full circumferential maps of casing 

thickness and acoustic amplitude are generated. These maps 

are used to reveal thinned casing as well as to distinguish 

between cement and fluid in the annular space behind casing. 

Tool Operation: CAST-V uses two ultrasonic transducers: 

a primary and a secondary transducer. The primary transducer 

is mounted in a rotating scanner head and is in direct contact 
with borehole fluid. The scanner head rotates continuously 

about the tool axis, transmitting ultrasonic signals and 

receiving reflections from the casing or formation. The 

secondary transducer is secured in a fixed position on the 

scanner assembly and is in direct contact with the  

borehole fluid. 
This tool is fairly new to Kuwait and has not been used to 

monitor casing corrosion in North Kuwait as much as UCI. 

2. Tubing Corrosion Logging Tools Used 

Tubing corrosion monitoring tools were not available in 

Kuwait Prior to 1998. In early 1998 efforts were made to 

evaluate the extent of corrosion in down-hole tubular. New 

tools were brought in Kuwait specifically for this purpose: 

multi-finger calipers, which can detect internal defects only, 

and MVRT, built to detect both internal and  

external corrosion. 

Multi-finger Caliper 

Historically, mechanical calipers have mostly performed 

inspection of production tubing. Mechanical arms serve to 

provide a profile of the tubing inner diameter (ID). Experience 

has shown however, that mechanical calipers have a number 

of limitations, including the inability to provide 100% 

coverage or identify external defects of the tubing. Internal 

deposits may also adversely affect mechanical calipers and 

their use may cause preferential caliper track corrosion unless 

the tubing is inhibited after logging. Results from the caliper 
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log might prove difficult to repeat due to incomplete 

coverage/tool rotation. 

Due to these limitations, calipers have not been widely 

used in NK for down-hole tubing inspection. Caliper was 
mainly used where there were no concerns about the tubing 

external corrosion. It was also used to validate  

MVRT response.  

 

Modified versions of mechanical calipers are available 

now providing better coverage of the tubing ID and better  

log presentation. 

 

MVRT (Micro VerRtilog Tool) 

MVRT tool marketed by Baker Atlas, applies magnetic 

flux leakage (FL) technology to determine the location, extent 

and severity of corrosion and other metal loss defect in carbon 

steel tubular. 

MicroVertilog tools employ a permanent magnet circuit 

designed to produce high levels of magnetic flux within the 

tubing or casing body wall.  Defects, such as internal or 

external corrosion pitting, cause flux perturbations (leakage) 

that are detected by a circumferential array of inductive coil 

(FL) sensors. 

The MicroVertilog tools also employ a circumferential 

array of discriminator (DIS) sensors, each aligned with a 

corresponding FL sensor that respond to flux anomalies 

occurring at the tubing inner surface.  The combination of FL 

and DIS data allow the MicroVertilog to differentiate between 

internal and external features (Fig. 1-2). 

The MicroVertilog system produces digital bipolar 

waveforms, allowing metal gain anomalies (centralizers, 

down-hole hardware) versus metal loss (corrosion, mill 

defects) to be determined from the log signatures (Fig. 3).   
The MicroVertilog tools are configured such that the FL 

sensors are all housed within a smooth cylindrical mandrel 

with dynamic wheeled centralizers located above and below 

the mandrel. The DIS sensors are conveyed to the tubing ID 

via spring loaded shoe assemblies to maintain close proximity 

to the tubing inner wall during logging. 

MVRT Applications: The MVRT tool can be used to: 

 Detects internal and external tubular corrosion and 
quantify extent and depth of penetration. 

 Monitor corrosion rates over time through the use of 

successive logging surveys. 

 Determine effectiveness of corrosion inhibition program. 

 Identify tubing string make-up and location of collars, 

pups, mandrels valves and crossovers. 

 Determine the appropriate timing and scope of workovers 

and tubing replacement. 

Tool Calibration: Calibration of the MVRT is based on 

observed correlation between defect size in tubular and the 

amplitude of a signal produced by measurement of the flux 

leakage field around such defects.  To provide the basis for 

interpretation each size of tool has to be logged in a controlled 

situation with a variety of artificial and natural defects. 

A series of man made defects is created in tubing/casing 

samples purchased from a typical oil field supply yard 

consisting of pit depths ranging from 20% to 90% of the pipe 

wall thickness.  Through holes are also produced. Three 

different diameters are drilled producing a 6:1, 4:1, and 2:1 

width to depth ratio.  Defects are produced both internal and 

external. The tools are pulled through the test tubing in a series 

of runs.  Care is taken to maintain a constant logging speed 

and adequate sampling.  The amplitude of the responses to 
each type of pit is recorded.  The responses are plotted on an 

x-y chart of amplitude versus percent penetration.  Curves are 

fit through the data points for each group and then as a whole.  

The result is a general best-fit curve to represent the range of 

defects available.  Each size, weight and grade of pipe that has 

been characterized has a corresponding chart and best-fit curve 

to represent the tool response to defects. Calibration charts are 

available for all weights and grades of pipe. 

MVRT Log Data Display: The MVRT log data is 

displayed on a continuous depth versus senors’ response 

format and includes several data tracks. In addition to raw 

data, maps of internal and external defects and a joint-by-joint 

classification of logged tubing string into four classes is 

presented (Fig. 4). If tubing joint has at one or more points (0 

–25)% wall loss, it is classified as class 1, (25-50)% class 2, 

(50 – 75)% class 3 and (75-100)% is class 4. Obviously class 4 

includes holes or 100% wall loss. Here the class is determined 

by the highest wall loss recorded in the joint. One has to use 

his/her own assessment of how one class 4 joint compares to 

another one and therefore, a review of the foot-by-foot data 

becomes necessary.  A summary plot showing wall loss versus 

depth is usually presented in a condensed format in a single 

page. This is a useful display to review the overall tubing 

conditions (Fig. 5). 

It is worth noting that the tool resolution is within +/- 10% 

wall loss. It is claimed that MVRT can quantatively measure 

defects as small as 0.25 in. diameter with only 25% wall loss.  

Data Gathered 

As of August 2001, in NK, 85 tubing strings have been logged 

with calipers and MVRT tools as shown in Fig. 6. The ramp 

up of corrosion surveys in NK in year 2000 was partially due 

to the recording of baseline corrosion surveys in the injectors 
of the waterflood reservoirs in NK. The baselines were 

deemed necessary to assist in time-lapse interpretation and 

corrosion rate determination.  

 

In addition to tubing monitoring logs, over 16 casing corrosion 

logs have also been recorded in NK wells since 1994 (Fig. 7). 

In light of the relatively large number of wells in NK, this 

number of casing corrosion logs is low. It is recommended to 
obtain more casing corrosion logs to cover casing and liners 

particularly in the wells that have produced and or producing 

wet crude through casing. Liners are exposed to production 

fluids and subject to corrosion. In some oil fields, to prevent 

liner corrosion, liners/casings below the production packer are 

completed with corrosion resistant material. 

 

Out of the 85 tubing corrosion logs recorded in NK, nine 

MVRT logs were recorded in NK Water Flood Pilot project 

(WFP) eight producers, as MVRT was repeated in one of the 

producers2. 22 baselines MVRT logs were recorded in NK Sea 

Water Injection (SWI) project injectors. Two caliper logs were 

recorded in Effluent Water Disposal wells (EWD). The rest of 

the tubing down-hole corrosion logs were recorded in NK 
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producers where reservoir pressure is naturally maintained 

through strong aquifer support. MVRT was also repeated in 

one of these producers. 

Data Analysis 

The analysis was done mainly for the tubing strings that have 

been logged with MVRT. Only a small number of caliper logs 

were included in the analysis. The reason behind this was that 
in caliper log display, the tubing wall loss is not classified 

numerically, while in MVRT data disply, results are displayed 

in four classes depending on the percentage wall loss of each 

joint. In addition, a summary chart showing tubing joint wall 

loss in percent versus depth is presented. This made it easy to 

use the data. The down-hole corrosion data of the SWI 

injectors are not included in the analysis. The gathered data 

was analyzed for the following relationships. 

 

1. Watercut vs. Corrosion Severity 

Fig. 8 shows a graph of the stable watercut in the 

producing string versus tubing wall loss. From the data the 

following observations can be made:  

 

 There is a general correlation between the stable watercut 

of the produced fluid from the tubing versus the tubing 

wall loss. It has been observed that class 3 corrosion (50-

75% wall loss) occurs mostly at watercuts above 25%. 

 Some of the tubing strings despite having low watercut 

showed higher corrosion (class 2 to 4) in few joints. 

However, the reason for this anomaly is believed to be 

poor quality control of tubing during running completion 

(Fig. 9). Mixing tubing of different grade and age in a 

well completion causes down-hole corrosion data 

interpretation problems and potentially reduces effective 

life of the completion. 

 For the wells that were producing at high watercut but 

showed relatively lower wall loss (corrosion classes of 1 

or 2), the reason was found to be shorter duration of  
wet production. 

 

2. Depth vs. Corrosion 

In about 15 wells a peculiar relationship between depth 

and corrosion severity was observed. However, it was not a 

linear depth versus corrosion relationship. The corrosion was 

observed to start almost abruptly after certain depth. A closer 

look at these wells revealed that these depths where corrosion 
abruptly increased correspond to reservoir fluid bubble point 

pressure in the tubing. It was interpreted that since corrosion 

in North Kuwait wells in the non-waterflooded reservoirs is 

mainly due to CO2 being dissolved in formation water, the 

bubble point pressure does play a role in changing corrosion 

pattern in the tubing.  Below the bubble point pressure the CO2 
is dissolved in the water, which consequently makes the water 

more acidic due to the formation of carbonic acid. The acidic 

water causes more corrosion. Above the bubble point pressure 

in the tubing, the CO2 is released and therefore, the water 

becomes relatively less corrosive (Fig. 10-11). 

 

3. Corrosion Rate Estimate 

MVRT was run twice in two tubing strings: WELL-0123 

and WELL-0030. Fig. 12 and Fig. 13 show depth versus 

penetration charts for each well with the time lapse logs.  In 
WELL-0123 the time lapse between the two MVRT logs was 

about seven months. The N-80 3 ½ tubing  (which has a tubing 

wall thickness of about 12.9 mm) shows 31% increase in wall 

loss/year in one of the corroded intervals. This suggests a 

corrosion rate of 4 mm/yr in N-80, 3 ½ in. tubing.  

 

The time lapse in WELL-0030 was about 20 months 

during most of which the well was not flowing. The 

preliminary investigations in WELL-0030 show that the 

corrosion rate of N-80, 3 ½ in. tubing is approximately 3 

mm/yr. However, if the well had not been shut-in, corrosion 

rate could have been higher.  Overall, these rates of corrosion 

are alarmingly high but broadly agree with corrosion rates 

predicted by corrosion models. 

MVRT Data Verification 

1. MVRT vs. Caliper 

Both, MVRT and Caliper have been run in three wells 

(WELL-0043, -0030, -0102) to provide a comparison between 

the two tools. Both logs were qualitatively comparable (Fig. 

14) with the exception of WELL-0043 where the caliper log 

covered the last four joints of the damaged tubing, which were 

not covered by the MVRT due to borehole restriction. As 

mentioned earlier, the MVRT tool measures both internal and 

external corrosion while the caliper measures only the internal 

corrosion. Therefore, the corrosion recorded by the caliper is 

less than corrosion reported by the MVRT tool as shown in 

Fig. 14. 

 

WELL-0043 was worked over and the retrieved tubing 

confirmed the observed corrosion on both logs. It is worth 

mentioning that due to severe corrosion, an expensive and 

lengthy fishing operation had to be performed to fish the 
corroded tubing out. Fig. 15 and Fig. 16 show caliper log 

summary chart of depth vs. corrosion data, and a picture of a 

piece of the pulled out tubing. It is clear that the caliper has 

correctly identified this badly corroded pipe. 

 

2. MVRT Data vs. Surface Inspection 

A detailed comparison of down-hole MVRT data and 

pulled-out tubing segments of corroded tubing have been 
carried out in at least one well, namely WELL-0057. The 

comparisons have validated the results of the MVRT for both 

internal and external defects. A visual inspection was 

conducted at site and samples of tubing, packers and 

completion assembly sent to the corrosion and inspection 

workshops for detailed examination. The samples have 
underdone both destructive and nondestructive testing to 

assess the type and the magnitude of the damage. Wall 

thickness, chemical composition, and visual inspection records 

have been made (Fig. 17-18). It is important to note that the 

rig workover recommendation in this well was solely based on 

the MVRT log data. The log data proved to have appropriately 

identified the badly corroded pipe. The decision to pull the 

tubing out was surely correct.  The workover, unlike WELL-
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0043 and WELL-0082 (which will be discussed later in the 

paper), was trouble free and less costly. 

 

The surface inspection study concluded that the damage 
observed was most severe at the bottom of the tubing as seen 

on the MVRT log. The tubing joints higher in the string have 

suffered significantly less damage; this was attributed to the 

presence of an adherent protective scale. Results again 

confirm the MVRT data. 

 

Based on observed corrosion data, down-hole corrosion 

inspection guidelines and tubing inspection/quality control 

during completion/workovers for NK well completions have 

been established. 

 

Impact-Economic Cost of Corrosion 
Severe down-hole corrosion in production and injection wells, 

have so far resulted in six tubing and three casing failures and 

severe casing/tubing corrosions. Remediation of these wells 

has resulted in problematic, high cost workovers and in one 

case the loss of the productive interval and the associated 

reserves. Due to problematic and lengthy workovers, corrosion 

also impacts the well availability for production. These 

lengthy workovers cause significant production deferral.   

Fig. 19 plots the cost of rig workover and time associated with 

each rig workover. It is obvious that Well-0043 and Well-0082 

(failed completions due to corrosion) stand out in both cost 

and workover time compared to the normal rig workover cost 

of other similar completions. In Well-0043, the cost was 3X 

the normal rig workover cost due to corrosion related 

fishing/milling jobs. While in Well-0082 it was decided to 

reduce the rig workover cost by not continuing the fishing 

operations. This however led to the abandonment of a major 
producing section of the reservoir. The reserves of the 

abandoned zone can only be recovered by drilling a new well 

in the area. 

 

From the experience learned from WELL-0043, which was a 

casing/tubing producer with both strings producing wet oil for 

some time, the economics of producing oil through casing 

versus corrosion risk should be evaluated, particularly if the 
casing production is expected to become wet. 

Conclusions 

 Corrosion is already a major issue in NK and will become 
more significant as water production increases. 

 Down-hole corrosion needs to be properly monitored and 

managed to reduce operating cost and well down time.  

 There is a fair correlation between water production and 

corrosion in NK. 

 It has been observed that class 3 corrosion (50-75% wall 
loss) occurs mostly at watercuts above 25%.  

 Corrosion has been seen in fairly low watercuts situations 

that may be partially related to mixing of tubing of 

different age and grade while re-completing the well.  

 The MVRT results recorded down-hole have been 

verified against caliper and surface inspection. The 

comparison has validated MVRT results. 

 In North Kuwait, MVRT has been used to monitor down-

hole corrosion and make timely decision to pull out 

completions and avoid costly/problematic rig workover’s. 

 Through time lapse logging, MVRT has been used to 
estimate corrosion rate in North Kuwait completions. 

These estimates broadly agree with corrosion rates 

predicted by corrosion models. 

 Based on observed corrosion data, down-hole corrosion 

inspection guidelines and tubing inspection/quality 

control during completion/workovers for North Kuwait 

well completions have been established. 

Recommendations 

 Along with monitoring, a comprehensive corrosion 

management plan such as “North Kuwait Corrosion 

Management Plan” need to be implemented in North 

Kuwait to manage corrosion cost and production impact. 

 Timely rig workovers, based on down-hole corrosion 

monitoring data, are recommended to pull tubing before 

becoming problematic and costly. 

 Mixing tubing of different grade and age in a well 

completion causes down-hole corrosion data 

interpretation problems and reduces effective life of the 

completion. It is recommended not to mix tubing of 

different grade and age. 

 Investigating preventive methods including field-testing 

of corrosion-resistant alloys and chemical treatments need 

to be carried out as soon as possible to provide input for 

future material selection. 

 Eliminating casing production to reduce the risk of casing 

corrosion should be considered particularly when the 

production is expected to become wet. 

 It is recommended to obtain casing corrosion logs during 

rig workovers to cover casings and liners of the wells that 

have produced wet crude particularly those with casing 

production.  In addition, it is recommended to monitor the 

liner of wet producers with through tubing calipers. 

 
Acknowledgements 
The authors are thankful to the management of Kuwait Oil 

Company and Ministry of Oil for their permission to publish 

this work. The authors would, also, like to thank the 

colleagues who reviewed the paper for their useful comments. 

 

References 
1. Graham, W.L., Silva, C.I., Leimkuhler, J.M., de Kock, A. 

J.: “Cement Evaluation and Casing Inspection With 

Advanced Ultrasonic Scanning Methods,” paper SPE 

38651 presented at the 1997 SPE Annual Technical 

Conference and Exhibition, San Antonio, Texas, Oct. 5-8. 

2. Al-Aqeel, Z. A., El-Shourbagi, S. M., and Mousawi, A. Z.: 

“Corrosion Monitoring in Mauddud Pilot Wells in North 

Kuwait Oil Fields: Data Analysis, LPR/pH and Downhole 

ESP Relationships, Problems and Solutions,” paper 

ADIPEC-0955 presented at the 2000 Abu Dhabi 

International Petroleum Exhibition and Conference, Abu 

Dhabi, U.A.E., Oct. 15-19. 

 



6  SPE 81442 

External Internal

FL 
DIS 

Log Format

MAX FL

MAX DIS

FL Channels

DIS Channels

FL Map

DIS Map

Joint Classification 
& Numbering

MAX FL

MAX DIS

FL Channels

DIS Channels

FL Map

DIS Map

Joint Classification 
& Numbering

Fig. 2: MVRT tool response: The combination
of FL and DIS sensors serves to identify the
type and origin of tubular defects. An FL
response alone indicates an external feature.  
An FL response in combination with a DIS 
response indicates an internal feature. 

Fig. 4:  MVRT log display format showing
depth versus senor response, maps of
internal and external defects, and a joint-
by-joint classification of logged tubing
string into four classes. 
 

Fig. 1: MVRT measurement theory: Flux
Leakage (FL) sensors alone cannot
differentiate internal from external defects. To
perform this function, Discriminator  (DIS)
sensors are deployed within a weak magnetic
field that is completed through the tubing’s
inner surface. 
External defects do not affect this flux path
and therefore cause no DIS response.
Internal defects, however, serve to alter the
flow of flux in their vicinity, producing a
characteristic DIS log response. 
 

External mechanical

defect identified at

594.3 feet.

Fig. 3 The MVRT system produces digital
bipolar waveforms, allowing metal gain
anomalies versus metal loss to be
determined from the log signatures. 
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Fig. 7: Number of corrosion logs recorded in 
North Kuwait wells (casing strings) vs. time 

Fig. 8: A plot of stable watercut (%) of the logged tubing string vs. tubing wall loss (%) and the
worst class of corrosion observed in the tubing. 

Fig. 6: Number of corrosion logs recorded in 
North Kuwait wells (tubing strings) vs. time 

Fig. 5:  MVRT log  plot of wall loss vs. depth displaying overall tubing string conditions 
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Fig. 10-11: Two examples of wells showing the depth vs. corrosion relationship. See 
increased corrosion after certain depth.  

Fig. 12: WELL-0123 tubing penetration chart using time-lapsed corrosion logs 
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Fig. 9: An example of MVRT log in which the tubing shows corrosion in some joints. This corrosion interpreted by 
the MVRT could be as a result of completing the tubing with joints of different grade or age. 
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Fig. 13: WELL-0030 tubing penetration chart using time-lapsed MVRT corrosion logs 

Fig. 15: Piece of WELL-0043 pulled out tubing  
showing severe damage 

Fig. 16: WELL-0043 tubing penetration chart of the caliper log.  
Class 4 damage  (100% wall loss in this case) is clearly identified 
 by the caliper log 

Fig. 14: WELL-0030 tubing penetration chart of the MVRT and caliper corrosion logs. Note that the caliper log is
showing less corrosion than the MVRT log. This is because the MVRT tool measures both internal and external
corrosion while the caliper measures only the internal corrosion. 
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Fig. 17: WELL-0057 Tubing joint pin end Fig. 18: WELL-0057 Tubing joint box end corroded section 

Fig. 19: Rig workover cost and the time associated with each rig workover for WELL-0043 and
WELL-0082 compared to the normal rig workover cost of other similar completions. 
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Abstract 
A quality assurance and quality control (QA/QC) plan is 
important to the success of a surveillance logging program. A 

QA/QC Plan for a surveillance logging program can provide 

adequate and accurate information in assessing the level of 

pipe defects reported from casing inspection logs and can be 

used to record possible trends regarding individual casing 
inspection tools1. Measurements taken from pulled well casing 

can be used to enhance the analysis of general corrosion in 

areas of large-diameter pits. Over time the accuracy in 
estimating depth of penetration in large-diameter corrosion 

pits can be improved. 

 

Introduction 
With increased pressure to control costs and decrease 

spending, most companies will at some time or another review 

operating budget practices. For storage operators, a 

surveillance logging program may represent a significant 

portion of the operating and maintenance budget. To help 
control costs for a surveillance logging program, an operator 

may decide to alter the traditional log sweep or look at more 

effective ways to obtain the information they require. Altering 

the traditional log sweep simply means being more selective in 

choosing what log information the operator requires. A 

QA/QC plan is another way for an operator to verify 
information, to effectively manage the data, and to justify 

operating costs.  

 

Quality Assurance / Quality Control Plan 
The main focus of a surveillance logging QA/QC plan is to 
acquire pipe samples that contain identified defects and to 

validate the log analysis provided by the vendor. For the 

purpose of this paper, pipe samples will be compared to 

magnetic flux leakage casing inspection logs and specifically 

to that of the MicroVertilog (MVRT). Most comments will 

apply to all magnetic flux leakage casing inspection logs.  

The key objective of a surveillance logging QA/QC plan is 
to ensure that the data being provided is adequate and 

accurate. A QA/QC plan can improve confidence in the data 

being generated, improve the data credibility with a 

contractor, and improve upon operational, product, or service 

efficiencies1. Information from the QA/QC plan can be used to 

better assess the level of pipe defects, recognize trends from 
the casing inspection logs, characterize possible errors in 

measuring tubular thickness, and monitor tool accuracy and 

data interpretation.  

 

Casing Inspection Logs 
A flux leakage casing inspection log such as the MVRT or 

Pipe Analysis Log (PAL) uses a computer software program 

to compare statistical data with the average depth of 

penetration over a specific area of investigation. Essentially, 

the software program compares recorded images with fixed 

images or examples of pipe defects as shown in Figures 1  
and 2.  

 

 

 

 

 
 

 

 

 

 

 
 

Figure 1 – Manufactured defects used for calibration. 

 

 

 
 

 

 

 

 
 

 

 

 
Figure 2 - Manufactured defects used for calibration. 
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Tool Calibration. Calibration is important to quantifying 
measurements observed by the tool. Tool calibration is based 

on observed correlation between known defects in the pipe 

wall and the amplitude of a signal produced. Defects used for 
calibration are typically smooth, flat, or round uniform 

surfaces unlike the surfaces found when corrosion is present. 

Holes with three different diameters are drilled into the 

internal and external walls of the pipe, and are intended to 

represent typical defects found on pipe. The width-to-depth 

ratios used to drill the defects are typically 6:1, 4:1, and 2:1. 
The amplitude response for each of the calibrated defects is 

then plotted on an x-y chart of amplitude versus percent 

penetration. Curves are then fitted through the data points. The 

best-fit curve is in the form of y=axb. Calibration results in a 

general best-fit curve to represent the range of defects 

observed in the pipe samples. 
To improve the curve fit, data points from corrosion 

samples can be collected and measured. With sufficient data 

points a new flux leakage amplitude curve (as shown in Figure 

3) can be generated. The new amplitude curve can only be 

used to verify log analysis from the population that it was 
collected from. For example, data collected from general 

corrosion found on 5 ½”, 17 ppf, J-55 casing can only be used 

to verify general corrosion on 5 ½”, 17 ppf, J-55 casing.  

 

 

 
 

 

 

 

 

 
 

 

 

 

 
Figure 3 – Flux leakage amplitude curve developed for large- 
diameter corrosion. 
 

Large-diameter Pit Corrosion. Most vendors would agree 

that large-diameter pit corrosion typically found in areas of 

general corrosion are the hardest to estimate and are generally 

overstated. The following are examples of large-diameter pit 

corrosion with a length and width greater than 1” and with an 

average depth of penetration greater than 60%. In each of the 
following examples the original log data was re-analyzed 

using a large-diameter pit corrosion model. 

 

Example 1 

Well A 

Joint # 14 
Pipe size – 5.5 in. 

Pipe weight and grade – 17 ppf, J-55 

Nominal pipe wall – 0.304 in. 

Measured pipe wall – 0.304 in.  

 

Log Measurements (Figure 4) 
Location – external 

Corrosion model - general 

Length – 1.7 in. 
% penetration – 100% 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 
Figure 4 – Snapshot of Example 1 MicroVertilog taken from  
Pit Pro. 

 

Physical Measurements (Figures 5 and 6) 

Defect location – external 
Defect depth – 0.21 in. 

Defect width – 3.00 in. 

Defect length – 1.75 in. 

% penetration – 69.1% 

 

 
 

 

 

 

 

 
 

 

 

 

 
 
Figure 5 – Digital image showing the defect where Example 1 
physical measurements were taken. 
 

 

 
 

 

 
 

 

 

 

 

 
 

 
Figure 6 - Digital image showing the defect where Example 1 
physical measurements were taken. 

Pit 
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Comments 
Using the preliminary large-diameter corrosion model, the 

predicted depth of penetration from the MVRT data would 

be 75.2%. 
 

Example 2 

Well B 

Joint # 2 

Pipe size – 5.5 in. 

Pipe weight and grade – 17 ppf, J-55 
Nominal pipe wall – 0.304 in. 

Measured pipe wall – 0.301 in.  

 

Log Measurements (Figure 7) 

Location – external 

Corrosion model - general 
Length – 0.7 in. 

% penetration – 83.5% 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 
Figure 7 – Snapshot of Example 2 MicroVertilog taken from  
Pit Pro. 

 

Physical Measurements (Figures 8 and 9) 
Defect location – external 

Defect depth – 0.162 in. 

Defect width – 1.5 in. 

Defect length – 1.0 in. 

% penetration – 53.8% 
 

 

 

 

 

 
 

 

 

 

 

 
 

 
Figure 8 - Digital image showing the defect where Example 2 
physical measurements were taken. 
 
 
 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
Figure 9 - Digital image showing the defect where Example 2 
physical measurements were taken. 
 

Comments 
Using the preliminary large-diameter corrosion model, the 

predicted depth of penetration from the MVRT data would 

be 56.6%. 

 

Example 3 

Well C 

Joint # 7 

Pipe size – 5.5 in. 

Pipe weight and grade – 17 ppf, J-55 

Nominal pipe wall – 0.304 in. 

Measured pipe wall – 0.356 in.  
 

Log Measurements (Figure 10) 

Location – external 
Corrosion model - isolated 

Length – 1.4 in. 

% penetration – 42.9% 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 
Figure 10 – Snapshot of Example 3 MicroVertilog taken from 
Pit Pro. 

 
Physical Measurements (Figures 11 and 12) 

Defect Location – external 

Defect depth – 0.064 in. 
Defect width – 1.5 in. 

Defect length – 1.5 in. 

% penetration – 18.0% 

 

 

Pit  

Pit  
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Figure 11 - Digital image showing the defect where Example 3 
physical measurements were taken. 
 

 
 

 

 
 

 

 

 

 
 

 

 

 
Figure 12 - Digital image showing the defect where Example 3 
physical measurements were taken. 

 
Comments 

Using the preliminary large-diameter corrosion model, the 

predicted depth of penetration from the MVRT data would 
be 22.6%. 

 

Example 4 

Well D 

Joint # 1 

Pipe size – 5.5 in. 
Pipe weight and grade – 17 ppf, J-55 

Nominal pipe wall – 0.304 in. 

Measured pipe wall – 0.282 in.  

 

Log Measurements (Figure 13) 
Location – external 

Corrosion model - isolated 

Length – 1.4 in. 

% penetration – 44.1% 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

 
Figure 13 - Snapshot of Example 4 MircoVertilog taken from 
Pit Pro. 
 

Physical Measurements (Figure 14 and 15) 
Defect location – external 

Defect depth – 0.07 in. 

Defect width – 3.00 in. 
Defect length – 2.00 in. 

% penetration – 24.5% 

 

 

 
 

 

 

 

 

 
 

 

 

 
Figure 14 - Digital image showing the defect where Example 4 
physical measurements were taken. 
 

 

 
 

 

 

 

 
 

 

 

 

 

 
 
Figure 15 - Digital image showing the defect where Example 4 
physical measurements were taken. 

 
Comments 

Using the preliminary large-diameter corrosion model, the 

predicted depth of penetration from the MVRT data would 

be 23.9%. 

 

Pit  
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Validation Measurements. Measurements taken from pipe 
samples with various types of corrosion, pipe defects, and 

mechanical defects should be used to validate log data. 

Validation is essential for verifying tool calibration and for 
monitoring the tool accuracy. Validations similar to the 

following examples are important and necessary functions for 

a QA/QC plan. 

 

Example 5 

Well B 
Joint # 2 

Pipe size – 5.5 in. 

Pipe weight and grade – 17 ppf, J-55 

Nominal pipe wall – 0.304 in. 

Measured pipe wall – 0.301in.  

 
Log Measurements (Figure 16) 

Location – external 

Corrosion model - general 
Length – 0.5 in. 

% penetration – 43.4% 
 

 

 

 

 

 
 

 

 

 

 

 
 

 

 
Figure 16 - Snapshot of Example 5 MircoVertilog taken from 
Pit Pro. 
 

Physical Measurements(Figures 17 and 18) 

Defect location – external 
Defect depth – 0.135 in. 

Defect width – 0.5 in. 

Defect length – 0.5 in. 

% penetration – 44.9% 

 

 
 

 

 

 

 

 
 

 

 

 

 
Figure 17 - Digital image showing the defect where Example 5 
physical measurements were taken. 

 
 

 

 
 

 

 

 

 

 
 

 
Figure 18 - Digital image showing the defect where Example 5 
physical measurements were taken. 

 

Comments 

This defect is an external pit located in close proximity to 
general corrosion. Notice how the pit is very symmetrical 

and resembles a calibration pit. Corrosion may have been 

produced by the presence of hydrogen sulfide.  
 

Example 6 

Well C 

Joint # 7 

Pipe size – 5.5 in. 
Pipe weight and grade – 17 ppf, J-55 

Nominal pipe wall – 0.304 in. 

Measured pipe wall – 0.356in.  

 

Log Measurements (Figure 19) 

Location – external 
Corrosion model - general 

Length – 1.4 in. 

% penetration – 33.7% 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 
Figure 19 - Snapshot of Example 6 MircoVertilog taken from 
Pit Pro. 

 
Physical Measurements (Figures 20 and 21) 

Defect location – external 

Defect depth – 0.092 in. 
Defect width – 1.0 in. 

Defect length – 1.5 in. 

% penetration – 25.8% 
 

 

Pit 

Pit 
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Figure 20 - Digital image showing the defect where Example 6 
physical measurements were taken. 
 
 
 
 

 
 

 
 

 

 

 

 

 
 

 

 
Figure 21 - Digital image showing the defect where Example 6 
physical measurements were taken. 

 

Comments 
This defect is an external pit located in a one-foot section 

of pipe with generalized corrosion.  

 

Example 7 

Well A 

Joint # 27 

Pipe size – 5.5 in. 

Pipe weight and grade – 17 ppf, J-55 
Nominal pipe wall – 0.304 in. 

Measured pipe wall – 0.311 in.  

 

Log Measurements (Figure 22) 

Location – internal 

Corrosion model - isolated 
Length – 0.4 in. 

% penetration – 98.5% 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 

 

 
 
Figure 22 - Snapshot of Example 7 MicroVertilog taken from 
Pit Pro. 

 

Physical Measurements (Figures 23, 24 and 25) 

Defect location – internal 
Defect depth – 0.09 in. 

Defect width – 2.5 in. 

Defect length – 0.25 in. 

% penetration – 29.0% 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

 
Figure 23 - Digital image showing the defect where Example 7 
physical measurements were taken. 

 

 
 

 

 
 

 

 

 

 

 
 

 
Figure 24 - Digital image showing the defect where Example 7 
physical measurements were taken. 

Pit 
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Figure 25 - Digital image showing the defect where Example 7 
physical measurements were taken. 
 

Comments 
This defect is a mechanical anomaly with a very deep, 

transverse pit that has a steep undercut shelf. Note the 

discriminator activity on the MVRT corresponds to an 

internal surface groove that is associated with severe 

laminations.  
 

Example 8 

Well E 

Joint # 1 

Pipe size – 5.5 in.  

Pipe weight and grade – 17 ppf, J-55 
Nominal pipe wall – 0.304 in. 

Measured pipe wall – 0.309 in.  

Log Measurements (Figure 26) 
Location – external 

Corrosion model - isolated 

Length – 0.5 in. 
% penetration – 56.1% 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 
Figure 26 - Snapshot of Example 8 MicroVertilog taken from 
Pit Pro. 

 
Physical Measurements (Figure 27) 

Defect location – external 

Defect depth – 0.017 in. 

Defect width – 3.0 in. 

Defect length – 0.25 in. 

% penetration – 5.5% 

 
 

 

 

 

 

 
 

 

 

 

 

 
Figure 27 - Digital image showing the defect where Example 8 
physical measurements were taken. 

 

Comments 
This defect is a sharp-edged mechanical defect along the 

axis of the pipe. The proximity to the collar suggests that 

this is a tong mark.  
 

Example 9 

Well E 

Joint # 12 

Pipe size – 5.5 in. 
Pipe weight and grade – 17 ppf, J-55 

Nominal pipe wall – 0.304 in. 

Measured pipe wall – 0.310 in.  

 

Log Measurements (Figure 28) 

Location – external 
Corrosion model - general 

Length – 0.5 in. 

% penetration – 19.2% 

 

 

 
 

 

 

 

 
 

 

 

 

 

 
 
Figure 28 - Snapshot of Example 9 MicroVertilog taken from 
Pit Pro. 

 
Physical Measurements (Figure 29) 

Defect location – external 

Defect depth – 0.032 in. 
Defect width – 4.0 in. 

Defect length – 0.38 in. 

% penetration – 10.3% 
 

 

Pit 
Pit 
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Figure 29 - Digital image showing the defect where Example 9 
physical measurements were taken. 

 

Comments 
This defect is a mechanical anomaly located 1.5’ above the 

pin end of a joint. The original damage to the pipe is 

believed to be due to tongs or slips. Notice how corrosion 
appears to be forming around the damage area. 

 

Conclusion 

Developing a quality assurance and quality control plan is 

important to the success of a surveillance logging program. 
Information collected from pipe samples is critical for 

verifying the log analysis. As data reliability improves, an 

operator can better determine areas of concern and adjust the 

log frequency. Eventually, an operator can use the plan 

information to justify operating costs. 

A QA/QC plan tends to enforce the need to collect and 
validate data in order to verify the reliability of the analysis of 

casing inspection logs. Due to the statistical nature of the log 

analysis, the operator can only improve the accuracy and 

reliability of the log information by comparing actual field 

measurements with log measurements. In some cases, an 

operator can greatly improve the log data by populating data 
points used to generate the amplitude curve. Collecting pipe 

samples is by far the most important component of a  

QA/QC plan. 

As demonstrated by the examples provided in this paper, 

data reliability will eventually improve. An operator will 
develop a comfort level in accepting the information provided 

by a magnetic flux leakage casing inspection log, and begin to 

focus more attention on areas of known corrosion and can 

better determine the log frequency required to monitor  

well conditions.  

It may be years before the actual benefits of the plan are 
apparent. One major reason is that most operators will need to 

start from the beginning, possibly ignoring previous data, in an 

effort to build a new, more dependable database. While past 

log data may be beneficial, data validation and corrections 

may not be possible. Over the life of the plan, an operator is 

sure to develop additional justification for surveillance logging 
operating costs.  
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Abstract

The Magnetic Flux Leakage (MFL) Technique is the most commonly used technique to inspect large

diameter transmission pipelines. A typical MFL inspection system uses permanent magnets to apply an

axially oriented magnetic field to the ferromagnetic pipe material. The magnetic field is perturbed by a

metal-loss region (usually caused by corrosion) to produce flux leakage outside the pipe, which can be

measured by field sensors.

The magnetization system in an MFL inspection system should ideally produce a magnetic field that

is strong enough to cause a measurable amount of magnetic flux to leak from the pipe material at

metal-loss regions, uniform from inside to the outside surface of the wall thickness so that the measured

signal is more linearly related to metal-loss depth, and consistent in magnitude along the length of a pipe

so that flux leakage measurements can be compared at different locations during an inspection run.

In general, the field strength most strongly affects detection of metal loss defects while characterization

of defect geometry requires a field that is strong, uniform, and consistent.

Improvements in the downhole hardware also provide more flexible and efficient data acquisition,

reducing operating time while improving data accuracy and operational safety. In conventional magnetic

flux leakage (MFL) tools, the flux leakage sensors are coils; in the “high-resolution” tool, the coil is

replaced by multiple “Hall Effect” sensors.

The HR Vertilog service uses MFL measurements to identify and quantify internal and external

corrosion defects. The overlapping arrays of flux-leakage sensors and discriminator sensors offer full

circumferential inspection of the tubing or casing string. This process differentiates between metal-loss

(corrosion) and metal-gain (hardware) Features, and distinguishes between general corrosion and isolated

pitting. Paper represents technology overview and field cases history

Corrosion, corrosion root-causes and corrosion inhibitors

Corrosion is the destruction of metal through electrochemical action between metal and its environment.

About 75 to 85 percent of drillpipe loss can be attributed to corrosion. Other areas affected by corrosion

include pump parts, bits, and casings. Factors affecting corrosion include:



● Temperature. Corrosion rates can double with every 55° increase in temperature.

● Velocity. The higher the mud velocity, the higher the rate of corrosion due to film erosion (oxide,

oil, amine, etc.).

● Solids. Abrasive solids remove protective films and cause increased corrosive attack.

● Metallurgical factors. Mill scale and heat treatment of pipe can cause localized corrosion.

● Corrosive agents. Corrosive agents such as oxygen carbon dioxide and hydrogen sulfide can

increase stress cracking corrosion and lead to pipe failure.

The corrosion that occurs because of these various factors falls into four categories:

● Uniform corrosion results in an even corrosion pattern over surfaces.

● Localized corrosion results in a mesa-like corrosion pattern over surfaces.

● Pitting is a highly localized corrosion that results in the deep penetration of surfaces.

● Mechanical damage dislocates or completely removes surfaces.

Drilling-fluid corrosive agents

Corrosive agents found in drilling fluids include:

● Oxygen (O2)

● Hydrogen sulfide (H2S)

● Carbon dioxide (CO2)

● Bacteria

● Dissolved salts (Zn, Br, etc.)

● Mineral scale (CaSo4, FeCO3

Oxygen

Oxygen causes a major portion of corrosion damage to drilling equipment. Oxygen removes protective

films such hydrogen; this action causes accelerated corrosion and increased pitting under deposits. The

four primary sources of oxygen are:

● Water additions

● Actions of mixing and solids control equipment

● Aerated drilling fluids

● The atmosphere

Water additions

Water added to a drilling fluid during normal drilling operations can contain dissolved oxygen. Very small

concentrations of oxygen (1 ppm) can cause severe corrosion by setting up differential aeration cells that

can show preferential attack with pitting under barriers or deposits. The primary corrosion by-product of

low oxygen concentrations is magnetite. The products recommended for the removal of dissolved oxygen

are called oxygen scavengers

Actions of mixing and solids control equipment

Mixing and solids-control equipment can cause aeration of the drilling fluid during drilling operations. For

example, aeration occurs as mud falls through the shaker screen or when hopper or mud guns are

discharged above the surface of the mud in the pits. To reduce the amount of oxygen injected into drilling

fluid by mixing and solids-control equipment, follow these guidelines.

● Use a premix tank to mix mud when possible.

● Maintain the minimum mud volume.
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● Operate mud-mixing pumps, especially the hopper, only when mixing mud.

● Keep the packing tight on centrifugal pumps.

● Keep the mud in the suction pit deep enough to keep the mud pump from pulling in air.

● Keep discharge below the mud surface when moving mud from the reserve pit.

● Ensure guns discharge below the mud surface.

● Ensure the degasser and desander discharges are below the mud surface.

The products recommended for treating drilling fluid containing oxygen because of mixing and

solids-control equipment are called oxygen scavengers.

Aerated drilling fluids

Aerated drilling (foam and mist drilling) fluids require the use of passivating (oxidizing) inhibitors to

combat corrosion due to oxygen. The product recommended for inhibiting oxygen in aerated drilling

fluids is BARACOR 700.

Atmosphere

The atmosphere is another source of oxygen. The main by-product of atmospheric corrosion is iron oxide

rust. To prevent atmospheric corrosion, wash the pipe free of all salts and mud products and then spray

or dip the pipe in an atmospheric corrosion inhibitor. The product recommended for inhibiting atmo-

spheric corrosion is BARAFILM.

Hydrogen sulfide

Hydrogen sulfide can enter the mud system from:

● Formation fluids containing hydrogen sulfide

● Bacterial action on sulfur compounds in drilling mud

● Thermal degradation of sulfur-containing drilling-fluid additives

● Chemical reactions with tool-joint thread lubricants containing sulfur

The corrosion process, bacterial action, and thermal degradation of organic additives can generate

hydrogen sulfide in drilling fluids. Hydrogen sulfide is very soluble in water. Dissolved hydrogen sulfide

behaves as a weak acid and causes pitting. Another problem with hydrogen sulfide is that some of the

hydrogen ions at the cathodic areas may enter the steel instead of evolving from the surface as a gas. This

process can result in hydrogen blistering in low-strength steels. Both the hydrogen and sulfide components

of hydrogen sulfide can bring about drillstring failures.

Hydrogen sulfide corrosion is mitigated by increasing the pH to above 9.5 and by using sulfide

scavengers and film-forming inhibitors. The products recommended for combating corrosion due to

hydrogen sulfide are called H2S scavengers

Note: Hydrogen sulfide and carbon dioxide are often encountered in the same geologic formation;

therefore, design treatments to deal with both contaminants simultaneously.

Treatment
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Carbon dioxide

Carbon dioxide is found in natural gas in trace-element and major-element quantities. When combined

with water, carbon dioxide forms carbonic acid and decreases the water’s pH, which increases the water’s

corrosivity. While carbon dioxide is not as corrosive as oxygen, it can cause pitting. A large drop in pH,

combined with a negative test for hydrogen sulfide, is an indication that CO2 has contaminated the mud.

Maintaining the correct pH is the primary treatment for carbon dioxide contamination. Either lime or

caustic soda can be used to maintain pH, although, lime is preferred. The following table provides the

reactions for each of these treatments.

Treatment with caustic soda produces sodium carbonate, which is soluble and can create mud

problems. Treatment with lime, on the other hand, produces an insoluble calcium-carbonate precipitate

and water.

Note: To maintain pH in water-based muds, use BARACOR 95 instead of a lime. BARACOR 95 is

a liquid amine compound that serves as a carbon-dioxide scavenger. This treatment is particularly useful

with a polymeric system that may be pH-sensitive. However, keep in mind that it does not treat for

hydrogen sulfide.

In addition to maintaining pH, use a filming amine inhibitor to mitigate corrosion caused by carbon

dioxide. The product recommended for mitigating corrosion is BARAFILM.

Note: Hydrogen sulfide and carbon dioxide are often encountered in the same geologic formation;

therefore, design treatments to deal with both contaminants simultaneously.

Bacteria

Microorganisms can cause fermentation of organic mud additives, changing viscosity and lowering pH.

A sour odor and gas are other indicators that bacteria are present. Degradation of mud additives can result

in increased maintenance costs.

The by-products of bacteria are carbon dioxide and hydrogen sulfide. The presence of bacteria is

determined by the phenol-red test. Microbiocides are used to control bacteria in drilling environments.

The products recommended for controlling bacteria are:

ALDACIDE G

Isothiazotone-based biocide powder

Dissolved salts

Dissolved salts increase corrosion by decreasing the electrical resistance of drilling fluids and increasing

the solubility of corrosion by-products. These by-products can cause a film to form on the surface of the

metal.

Mineral scale

Mineral scale deposits set up conditions for local corrosion-cell activity. The continuous addition of scale

inhibitor can control the formation of scale deposits. The product recommended for inhibiting the

formation of scale deposits is Scale-inhibitors

Treatment Reaction

Caustic soda 2 NaOHCO2¡2H2ONa2CO3

Lime Ca(OH)2CO2H2O¡2H2OCaCO2
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Brine fluids

The corrosivity of a brine fluid depends on its type. Brines fall into two categories: monovalent and

divalent.

Monovalent brines

Monovalent brines contain salts that have monovalent cations; such as salts include sodium chloride,

potassium chloride, potassium bromide, and sodium bromide. Potassium bromide and sodium bromide are

especially effective in calcium-sensitive formations and in formation where carbon dioxide gas might

react with calcium brines to create a calcium-carbonate precipitate. Monovalent brines generally show low

corrosivity, even at temperatures exceeding 400F (204C).

Divalent brines

Divalent brines contain salts that have divalent cations; such as calcium chloride, calcium bromide, and

zinc bromide. A divalent brine might consist of single salt or a blend of salts, depending on the required

brine density and crystallization point. The corrosiveness of these brines depends on their density and

chemical composition. Laboratory data show that the addition of calcium chloride lowers the rate of

corrosion, while the addition of zinc bromide rapidly increases the rate of corrosion.

Corrosive agents

When working with brine based fluids, the two corrosive agents to monitor are oxygen and hydrogen

sulfide.

Oxygen

The oxygen content of fluids is difficult to determine, and most engineers in the field do not have access

to the proper equipment. Because the dissolved oxygen content varies as conditions change, it is difficult

to select a set feed rate of an oxygen scavenger to remove a known concentration of oxygen.

Laboratory tests show that the oxygen content of calcium chloride, calcium bromide, and zinc bromide

brines is very low. The solubility of gases in a liquid is directly related to the total dissolved-solids

concentration of that liquid. The higher the dissolved-solids content, the lower the solubility of gases in

the liquid. The following table lists oxygen concentrations measured in stock brine at room temperature.

Note: In a well at elevated temperatures, the oxygen content should be much lower.

Some products used as oxygen scavengers contain sulfides that react with the dissolved oxygen in

fluids to form sulfates, eliminating the corrosive effects of the dissolved oxygen. Calcium brines should

not be treated with oxygen scavengers containing sulfides because chemicals could precipitate calcium

scale and cause problems. In a packer-fluid application where there is a static system with no aeration of

the fluid, the dissolved oxygen content is so low that an oxygen scavenger usually is not required.

Hydrogen sulfide

In solids-enhanced systems, the most often used hydrogen-sulfide scavenger is zinc carbonate. The zinc

reacts with the soluble sulfide ions to form zinc sulfide, which is insoluble and precipitates as an

Brine Oxygen concentration, ppm

11.6 lb/gal CaCl 0.1 to 0.2

14.2 lb/gal CaBr 0.05 to 0.1

19.2 lb/gal Ca/ZnBr 0.4 to 0.6
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unreactive compound. In solids-free systems, soluble zinc bromide salt serves the same function and

absorbs the hydrogen sulfide.

In operations where hydrogen-sulfide contamination is expected, offset the hydrogen sulfide’s acidic

nature by maintaining a proper pH in the brine, as outlined in the following table.

Technology Overview

The Digital Vertilog™ service (DVRT™) uses DC flux leakage measurements to determine the depth of

penetration of casing defects in the primary casing string, providing rapid 360° pipe inspection. The

DVRT service helps operators monitor—when deployed for periodic surveys—the progress of corrosion

within tubulars. This information is invaluable when considering remediation or well abandonment.

12 or 24 separate channels are sampled up to 32 times per foot to provide a complete circumferential

survey of corrosion extent. The waveforms of these channels are preserved during logging in order to

discriminate between actual corrosion and well completion equipment. Two additional channels of eddy

current measurements are provided. These channels are used to determine whether flux leakage activity

is occurring on the inner or outer surface of the casing.

Applications

Performs rapid 360° pipe inspection

Detects corrosion and evaluates its extent

Determines the effectiveness of cathodic protection and corrosion inhibitors

Confirms location of leaks and perforations

Assists determining the financial value of casing when considering well abandonment

Benefits

Ensures continuous production with accurate evaluation of remaining strength of casing and tubing

Delivers survey information via high logging speeds, reducing rig time

Features

Available in 4½- to 22-in. tubular sizes

Detects centralization of primary casing string at the bottom of the next casing string

Checks casing string makeup and joint lengths; locates well completion equipment

Overlapping sensor arrays insure complete coverage inside and out

Combination of FL and DIS sensors differentiate internal and external defects during interpretation

Brine Recommended pH Treatment

Nonzinc 7.0 7.0 Caustic soda or lime

Calcium 7.0 – 10.5 7.0 to 10.5 Caustic soda or lime

Zinc 3.0 – 5.0 3.0 to 5.0 Lime
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HRVRT – Success

● 1200 Operational jobs per year worldwide

● 95% Market Share in gas wells in USL

● 345°F Maximum DH Temperature for HRVRT job till date

● Service covering range from 4 ½” to 9 5/8”

● Global approval by more than 70 NOC/IOC

● Wireline, Tractor and CT Conveyance jobs conducted

Measurements theory or Physics behind the technology

● A permanent magnet circuit is completed through the tubing, producing a very high magnetic flux

density within the tubing body wall.
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FL sensors alone cannot differentiate internal from external defects. To perform this function,

Discriminator (DIS) sensors are deployed within a weak magnetic field that is completed through the

tubing’s inner surface.
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How do we get such a high resolution?

Increased circumferential and axial resolution

Highest number of sensors

144 FL, 48 DIS in 4 ½ tool

144 FL, 48 DIS in 5 – 5 ½ tool

288 FL, 96 DIS in 7 – 9 5/8 tool

Smaller sensors (1 ¼ coil to. 25 Hall Sensors)

Multi-axial Sensors

Results in better defect description

Quantifiable defect description

Field verifiable calibration

Increased accuracy for length, width and depth of penetration determination

Results in better input into burst pressure calculations

Data base output for long term data storage and integration into other data systems

Uses tri-axial sensors at 10 samples/foot providing defect geometry and depth of penetration

100% coverage

192 sensors in 4½- and 5½-in. tools

384 sensors in 7- to 95/8-in. tools

High-resolution report provides executive summary, feature list, hardware reports, histograms, feature

type, and quantifiable LxWxD with burst pressure calculations for each feature
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Case Histories

Case I
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Case II

Case III

Accessories log example

Perforating log example
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Case IV – Algerian Case History

The HRVRT service performs an inspection over the radial, axial, and circumferential axes.

Typical flux leakage (FL) and discriminator (DIS) – sensor response to common defects—the FL

sensors respond to internal and external anomalies, while the DIS sensors respond to internal anomalies

only.

An operator working in the southeastern part of the Saharan platform in Algeria strongly suspected that

major corrosion damage in the casing of an old well would complicate plans to restore production. When

logging operations performed by another service company failed to find any defects or anomalies, the

operator contacted Baker Hughes to get a second opinion.

Working at the wellsite, a Baker Hughes geoscientist used the HRVRT™ high-resolution vertilog

service to quickly and accurately quantify the extent and penetration depth of corrosion defects.

The HRVRT service also evaluated the burst pressure of tubulars to help manage the well integrity risk.

Based on this data, the operator was able to reduce production downtime by cutting the pipe and pulling

it to the surface to replace the defective casing section instead of performing a time-consuming and more
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expensive remediation. As a result, the operator now plans to use the HRVRT service on future wells in

its recovery program.

Benefits

● Quickly and accurately assessed damage to casing of well scheduled to go back into production

● Prevented production downtime by allowing operator to plan intervention instead of remediation

Background and challenges

Southeastern Saharan platform in Algeria. Review state of the casing in an old well after logging

operations by another service company failed to discover any defects or anomalies.

Baker Hughes solution and results

Used HRVRT service to quickly and accurately identify and quantify the extent and penetration depth of

corrosion defects in tubulars.

Evaluated burst pressure to manage well integrity risk. Success of the operation has led operator to use

the HRVRT service for other wells in the recovery program

Case V – ME Region Case History

HVRT run on 7 Liner showed no corrosion and was able to identify all the perforations. The client

was questioning the HVRT results because of the metal debris collected by the magnet. The client

compared our data with a competitor corrosion tool and it showed exactly the same results; it means no

corrosion then he did not change the perforation plan. Metal debris collected by magnets meant for 7 liner

could have easily been collected from the 9 5/8 section (even though it’s not centralized in the larger

casing)

Metal debris could be corrosion from the 9 5/8 section which has fallen lower into the 7 section.

Conclusion and Summary

MFL has a lot of advantages for the industry as it is consider the highest resolution corrosion identification

in the industry, pit resolution. Quantifiable defect description and it is the widest coverage range of casing

ID.

HR Vertilog – Magnetic Flux Leakage Inspection
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MFL is the Fastest logging speed in the industry, up to 200 ft/min, with flexibility of variable logging

speed.

Advanced analysis from three axes of magnetic flux leakage data feature based reporting Control lines

orientation capability, ControlView Memory acquisition capability. Magnetic flux leakage “MFL” toler-

ant for BHT up to 350 F. information from MFL, could be utilized as a guidance regarding not only the

adequate corrosion inhibitors, brine and drilling fluids to be utilized in the future wells in the same fields,

but also gives a visibility regarding proper corrosion inhibitors additives for injected waters.
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1 Introduction 
This document specifies the advised operational and reporting requirements for tools to be used for 

geometric measurement, mapping, metal loss, crack or other anomaly detection during their passage 

through pipelines. The tools may pass through the pipeline driven by the flow of a medium or may be 

towed by a vehicle or cable. The tools may be automatic and self-contained or may be operated from 

outside the pipeline via a data and power link. 

This document has been reviewed and approved by the Pipeline Operator Forum (POF). It is stated 

however, that neither any of the member companies of the POF nor their representatives can be 

held responsible for the fitness for purpose, completeness, accuracy and/or application of this 

document.  

A draft version of this document has been sent for comments to in-line-inspection Contractors as 

listed in Appendix 1. The POF like to thank the Contractors for their constructive feedback.  

This document is intended to serve as a generic in-line-inspection specification and therefore cannot 

cover all pipeline or pipeline operator specific issues. POF members and other users of this 

specification are therefore free to add or change requirements that should be based on their specific 

pipeline situation. To support the pipeline operator in specifying/detailing optional items in this 

document, a guideline with a short description of these items is given in Appendix 2. 

Comments on this specification and proposals for updates may be submitted to the Administrator at 

specifications@pipelineoperators.org with the form which is available on the POF website 

(www.pipelineoperators.org).  

mailto:specifications@pipelineoperators.org
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2 Definitions and abbreviations 

2.1 General 
During the update of this specification, reference to standards such as API 1163 [1] and PDAM1 [2] 

have been reviewed and some terminology has been aligned. However, if referenced standards are 

in conflict with this (POF) specification, this specification prevails. 

If the word "shall" is used in this document it indicates a requirement. 

If the word "should" is used in this document it indicates a recommendation. 

2.2 Definitions 
Anomaly/feature definitions are provided in such manner that the ILI vendor can identify them 

accurately, e.g. general reporting like metal loss and deformation is not sufficiently detailed.  

For the purpose of this document, the following definitions apply: 

Above Ground Marker:  A device, on the outside of and close to a pipeline, that 

detects and records the passage of an ILI tool or transmits a 

signal that is detected and recorded by the tool. Reference 

magnets can be applied to serve identical purposes. 

Anomaly: An indication, detected by in-line inspection, of an 

irregularity or deviation from the norm in pipe material, weld 

material or coating, which may or may not be an actual flaw. 

Arc strike [2]: Localised point(s) of surface melting caused by arcing 

between a welding electrode or ground and the pipe surface. 

The defect formed is a surface depression which may be 

associated with a local increase in hardness.  

Blister [2]: A raised spot on the surface of the pipe caused by expansion 

of gas in a cavity within the pipe wall. 

Buckle [2]: A local geometric instability causing ovalisation and flattening 

of the pipe as a result of excessive bending or compression 

with possibly abrupt changes in the local curvature, which 

may or may not result in a loss of containment. Note: Buckle 

to be defined in detail for reporting as Global, Local or 

Propagation, see below. 

Buckle arrestor: A device or element in the pipeline with high wall thickness 

that will act to stop the advance of a propagating buckle. 

Buckle, global or Global buckle [2]: A Global Buckle will typically involve several pipe joints. It can 

be horizontal or vertical.  

Buckle, local or Local buckle [2]: A Local Buckle is a mode causing gross deformation of the 

pipe cross section, also known as pipe wall buckling. Collapse, 

                                                           
1
 PDAM is only used as a reference for definitions 
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localised wall wrinkling and kinking are examples of local 

buckling. 

Buckle, propagation or  
Propagating Buckle [2]: A Propagating Buckle is the result of a dynamic process 

whereby a local buckle propagates along the length of the 
pipeline. A propagating buckle cannot initiate unless a local 
buckle has occurred. 

Casing: A type of feature consisting of a larger diameter pipe placed 

concentrically around the pipeline, usually in high stress 

areas such as road crossings or otherwise protecting the pipe 

from mechanical damage. 

Certainty: The probability that the characteristics of a reported anomaly 

are within the stated tolerances.  

Characteristic [1]: A physical descriptor of a pipeline e.g. grade, wall thickness, 

manufacturing process or type, size, shape of an anomaly. 

Client [1]: An organisation that owns and/or operates the pipeline 

facilities. 

Cluster: Two or more adjacent anomalies in the wall of a pipeline or 

component of a pipeline that may interact to weaken the 

pipeline more than either would individually. 

Colony [3]: A grouping of stress corrosion cracks (cluster) occurring in 

groups of a few to thousands of cracks within a relative 

confined area. 

Combined features: Features that appear at the same location but at different 

(inner and outer) surfaces. 

Component [1]: Any physical part of the pipeline, other than line pipe, 

including but not limited to valve, weld, tee, flange, fitting, 

tap, branch connection, outlet, support, anchor, above 

ground marker, anode, repair, additional metal and wall 

thickness change. 

Contractor [1]: Any organisation providing ILI services to Clients. 

Corrosion: An (electro)-chemical reaction causing loss of metal. 

Corrosion Resistant Alloy (CRA): An alloy with increased corrosion resistance which may 

contain metals such as: chrome, cobalt, nickel, iron, titanium, 

molybdenum. 

Corrosion related to CRA: Corrosion between carbon steel and CRA affecting the 

interface. 

Crack: A planar, two-dimensional anomaly feature with a high 

length to width ratio, a sharp root radius and a possible 

displacement (surface opening) < 0.1 mm of the fracture 

surfaces. 
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Crack-like An anomaly feature similar to a crack with some volume and 

a displacement (surface opening) between 0.1 and 1.0 mm of 

the fracture surfaces but that might not have a sharp root 

radius. 

Debris: Extraneous material in a pipeline. 

Deformation:  A plastic change in shape in the steel pipeline. Note: 

Deformations are to be reported as e.g. bend, dent, 

ripple/wrinkle, buckle or ovality, see below. 

Dent: A local plastic or elastic deformation of the pipe wall resulting 

in a change of the internal diameter caused by an external 

force. Note: Dents to be defined in more detail for reporting 

as Kinked, Plain or Complex  

Dent, Complex A dent which causes a smooth change in curvature of the 

pipe wall that contains an anomaly (such as e.g. gouge, 

corrosion loss, crack) and/or is associated with an adjacent 

girth, spiral or seam weld. 

Dent, Kinked [2]: Dent with an abrupt change in the curvature of the pipe wall 

if any radius of curvature in the dent is ≤ 5 times the wall 

thickness. This type of dent might also be associated with 

wall thickness reduction or crack. 

Dent, Plain [2]: A dent which causes a smooth change in curvature of the 

pipe wall that contains no wall thickness reduction (such as 

gouge, crack, corrosion) and is not associated with an 

adjacent girth, spiral or seam weld. 

Detection threshold: Minimum detectable feature dimension at a certain 

certainty. 

Feature: Component or anomaly in a pipeline detected by in-line 

inspection. 

Geodetic Datum 3D coordinate system. Note: the World Geodetic System 

(WGS84) is commonly used, but others include ETRF89, 

NAD83, NAD27, RGF93 and more. 

Gouge: A surface damage with elongated grooves or cavities caused 

by mechanically displaced or removed material from the pipe 

wall by interference with a foreign object.  

Grinding: Wall thickness reduction by removal of material by hand 

filing or power disk grinding. 

Heat affected zone (HAZ): The area around a weld where the metallurgy of the metal is 

altered by the rise in temperature caused by the welding 

process, but this is distinct from the weld itself. For the 

purpose of this specification it is considered to be within 2t 

with a minimum of 20mm. 
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In-Line Inspection (ILI): Inspection of a pipeline from the interior of the pipe using an 

In-Line Inspection tool. 

In-Line Inspection (ILI) tool: Device or vehicle, also known as an intelligent or smart pig 

that uses a non-destructive testing technique to inspect the 

pipeline from the inside. 

Interaction of anomalies: Two or more adjacent anomalies in the wall of a pipeline or 

component of a pipeline that may interact to weaken the 

pipeline more than either would individually. 

Joint: Single section (also pipe spool) of pipe that is 

circumferentially welded to form a pipeline. 

Lamination [2]: Internal metal wall separation creating layers generally 

orientated parallel to the pipe wall. 

Lap: A flap of metal that has been rolled or otherwise worked 

against the surface of the metal but is not fixed, usually with 

a trapped residue of oxide or scale beneath it. 

Mapping: Recording of the 3D pipeline route using the inertial 

navigation system of the ILI tool.  

Maximum allowable 
operating pressure [2]: The maximum allowable operating pressure (MAOP) is a 

pressure less than or equal to the design pressure and 
represents the maximum allowed pressure during normal 
operation. 

Metal loss [2]: Any volumetric pipe anomaly in which metal has been 

removed. Note: Metal loss to be reported as e.g. corrosion, 

gouging, grinding or mill anomaly. 

Measurement threshold: The minimum dimension(s) of a feature to make sizing 

possible. 

Mill anomaly: An anomaly that arises during manufacture of a pipe joint or 

component. Note: Mill anomalies to be reported as e.g. lap, 

sliver, lamination, non-metallic inclusion, grinding roll mark or 

arc strike. 

Ovality [2]:  Out-of-roundness of the pipe joint, defined in terms of the 

difference between the maximum and minimum internal 

diameter of the pipe joint. 

Pinhole: Localized corrosion with surface dimensions smaller than 1t 

or 10 mm whichever is greater in length and width direction. 

Pipeline: A system of joints and other components used for the 

transportation of products. A pipeline extends from launcher 

tool trap to receiver tool trap, including the tool traps, or, if 

no tool trap is fitted, to the first isolation valve within the 



Specifications and requirements for in-line inspection of pipelines - Version 2016 

 

P i p e l i n e  O p e r a t o r s  F o r u m  –  w w w . p i p e l i n e o p e r a t o r s . o r g       -  8  -  

plant boundaries or a more inward valve if so nominated and 

designed to a pipeline design code. 

Pitting: Localized corrosion of a metal surface that is confined to 

small areas and takes the form of cavities called pits, but are 

larger than pinholes. Note: The dimensions of pitting are 

defined in detail further in this document.  

Probability of Detection: The probability of detection is the probability that a specified 

feature will be detected by the ILI tool. Note: The level of 

probability to be used is defined in detail further in this 

document. 

Probability of Identification: The probability that a detected anomaly or feature will be 

correctly identified. 

Processed raw data: Data gathered from ILI tool sensors and passed through one 

or several filtering algorithms e.g. corrected for odometer 

slippage. 

Raw data: Unprocessed data from all sensors attached to the respective 

inspection tool during a pipeline inspection. 

Reference magnet: A permanent magnet placed on the pipeline with known 

location and/or coordinates used to correlate the inspection 

data. See also Above Ground Marker.  

Reporting threshold: A parameter, which defines whether or not an anomaly will 

be reported. 

Ripple/Wrinkle: A smooth local plastic, mainly circumferential orientated, 

deformation on the out and/or inside wall of the pipe caused 

by bending stresses. For a wrinkle, the peak-to-valley 

distance is greater than a ripple.  

Roll mark [2]: Markings on the pipe surface resulting from the plate or pipe 

rolling process used for spirally or longitudinally seam welded 

pipe. 

Roof topping/peaking [2]: Incorrect forming of the plate edges into the pipe curvature 

during fabrication, resulting in meeting of the edges as a 

triangular apex with the seam weld projecting beyond the 

circular contour of the pipe, also called peaking or angular 

misalignment. 

Sizing accuracy: Sizing accuracy is given by the interval with which a fixed 

percentage of features will be sized. This fixed percentage is 

stated as the certainty level. 

Sliver [2]: A thin elongated piece of metal rolled into the surface of the 

pipe, often metallurgically attached at one end. Sometimes 

reported as lap or lamination. 
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Strain Geometrical, non-dimensional measure of deformation 

representing the relative displacement between particles in a 

material body. 

Trap, launcher/receiver: An ancillary item of pipeline equipment, with associated pipe 

work and valves, for introducing an ILI tool into a pipeline 

(launcher trap) or removing an ILI tool from a pipeline 

(receiver trap). 

Wall thickness, Measured: The average of measured, un-corroded wall thickness values 

that is representative for a whole pipe joint/component. 

Wall thickness, Nominal: The wall thickness required by the specification for the 

manufacture of the pipe. 

Wall thickness, Reference: The actual undiminished wall thickness surrounding a 

feature, used as reference for the determination of the 

feature depth.  

Weld: The area where joining has been realised by welding. This is 

distinct from the heat-affected zone, but is located within it. 

Weld anomaly: Anomaly in the body or the heat affected zone of a weld. 

Weld affected area: Area on both sides of a weld where ILI measurements are 

affected by the geometry of the weld. See also "Heat affected 

zone". 

2.3 Abbreviations 
For the purpose of this document, the following acronyms apply: 

A A geometrical parameter used to specify the dimension class of metal loss anomalies 

 detected by in-line inspection of a pipeline and further defined in Figure 2.1 of this 

 document. 

AGM  Above Ground Marker 

CRA Corrosion Resistant Alloy 

d Depth of metal loss 

E End point of anomaly 

EC Eddy Current 

EMAT Electro Magnetic Acoustic Transducer 

ERF Estimated Repair Factor 

GIS Geographic Information System  

GNSS Global Navigation Satellite System 

GPS  Global Positioning System 

h Height or depth of Wrinkle/Ripple/Dent or Roof topping 

HAZ Heat Affected Zone 
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ILI In-Line Inspection 

IMU Inertial Mapping Unit 

ID Internal pipe Diameter 

l Length of anomaly/feature dimension in the axial direction and length of cracks in any 

direction 

MAOP  Maximum Allowable Operating Pressure 

MOP  Maximum Operating Pressure 

MFL  Magnetic Flux Leakage 

NDE/NDT Non-Destructive Examination/Non-Destructive Testing 

OD Outer pipe Diameter 

PDAM Pipeline Defect Assessment Manual 

POD Probability Of Detection 

POI  Probability Of Identification 

Psafe Safe operation pressure as per calculated defect assessment method 

R Internal pipe Radius  

S Start point of anomaly 

SCC Stress Corrosion Cracking 

t  Wall thickness 

UT  Ultrasonic Testing 

w Width of anomaly/feature in the circumferential direction and opening dimension for 

crack-like features 

WGS 84 World Geodetic System 1984  
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2.4 Parameters and interaction of anomalies  

2.4.1 Metal loss  
The parameters of anomalies are length "l", width "w" and depth "d". The starting point, S, and the 

dimension of an anomaly are defined as illustrated in Figure 2.1 looking in the ILI run direction. Start 

and end points are diagonally in a rectangle enclosing the anomaly. The depth represents the 

deepest point reported within the rectangle. 

 

 

Figure 2.1: Illustration of parameters describing location and dimension of metal loss feature. 
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The start position of the anomaly has a lower clock position than the end position. Anomalies 

crossing the 0:00 o’clock position have a higher clock position at the start. Full circumferential 

anomalies are reported with S at 0:00 o’clock. Note: highest clock position shall be 11:59. 

Metal loss anomaly classification 

The measurement capabilities of non-destructive examination techniques, in particular the MFL 

technique, depend on the geometry of the metal loss anomalies. Metal loss anomaly classes have 

been defined as shown in Figure 2.2 for anomaly reporting purposes. In addition it allows for a 

proper specification of the measurement capabilities of MFL ILI tools.  

Each anomaly class permits a large range of shapes. Within that shape a reference point/size is 

defined at which the POD for MFL tools is specified, see Table 2.1. An even distribution of length, 

width and depth shall be assumed for each anomaly dimension class to derive a statistical 

measurement performance on sizing accuracy. 

Table 2.1: Definition of anomaly dimension class and MFL POD reference point/size 

Anomaly dimension class Definition 
Reference point/size for 

the POD in terms of l x w 

General: {[w  3A] and [l  3A]} 4A x 4A 

Pitting: 

{([1A  w < 6A] and [1A  l < 6A] and 

[0.5 < l/w < 2]) and not  

([w  3A] and [l  3A])} 

2A x 2A 

Axial grooving: {[1A  w < 3A] and [l/w  2]} 4A x 2A 

Circumferential grooving: {[l/w  0.5] and [1A  l < 3A]} 2A x 4A 

Pinhole: 
{[0 mm < w < 1A] and  

[0 mm < l < 1A}  

Minimum dimensions to 

be further defined by 

Contractor, see table A3-2 

Axial slotting*: {[0 mm < w < 1A] and [l  1A]} 2A x ½A 

Circumferential slotting*: {[w  1A] and [0 mm < l < 1A]} ½A x 2A 

* Anomalies with a width < 1mm are defined as crack of crack-like which might or might not 

be metal loss 
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The geometrical parameter A is linked to the NDE methods in the following manner: 

 If t < 10 mm then A = 10 mm 

 If t ≥ 10 mm then A = t 
Figure 2.2: Graphical presentation of surface dimensions of metal loss anomalies per dimension class. 

2.4.2 Dent 
A dent is defined by its type (Kinked, Plain, Smooth), maximum depth (h), width and length, as shown 

in Figure 2.3. If requested, the maximum strain based on a methodology agreed between Client and 

Contractor. If the dent results in an ovality of the pipe then a more detailed description and 

evaluation is required.  

 

Figure 2.3: Measurement of dent. 
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The dent is defined as a percentage of the OD where h is measured from either the inside or outside 

of the pipe:  

 

  
      

2.4.3 Gouge 
As a gouge can take various forms, a schematic drawing is not available. Gouge anomaly dimensions 

are defined by the rectangle as shown in Figure 2.1, but the Contractor shall classify them as gouges 

with the angle related to the pipe axis reported as well. If a gouge is associated with a dent, then it 

shall be reported as a "Smooth or Kinked Dent with Gouge" with separate dimensions of the gouge 

and dent. 

2.4.4 Ovality 
Ovality is specified by IDmax and IDmin as shown in Figure 2.4 

 

 

Figure 2.4: Measurement of ovality at one point over distance. 

The ovality is defined as the ratio given in the equation below: 

           

            
  

 

The ovality reported at the joint is based on a statistical approach of the measurements along the 

joint. It can be the mean ovality or any percentile (90th is common) or the maximum measured, 

which is to be detailed by the Client in the contract. If not specified otherwise, the maximum shall be 

reported. Note: Reporting of ovality dimensions depends on the used formula (code) and it is 

therefore required that the formula applied is stated in the report.  

2.4.5 Buckle 
As a buckle can take various forms, a schematic drawing is not available. 
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2.4.6 Ripple/Wrinkle 
A ripple/wrinkle is specified by its height and length as shown in Figure 2.5Figure 2.5, Figure 2.6 and 

Figure 2.7. The maximum values shall be reported and, if requested, also the maximum strain based 

on a methodology agreed between Client and Contractor. 

 

 

Figure 2.5: Measurement of ripple / wrinkle. 

 

 

Figure 2.6: Measurement of single ripple/wrinkle. 

A ripple/wrinkle is defined by its length (l) and maximum height (h). 

 

 

Figure 2.7: Measurement of multiple ripple / wrinkle. 

Multiple ripples/wrinkles are defined by the total length (l) and maximum height (h).  
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2.4.7 Roof topping/peaking 
Roof topping/peaking is specified by the angle 2Ѳ and height (h), see Figure 2.8.  

 

 

Figure 2.8: Measurement of peaking/roof topping. 

Roof topping/peaking is defined by its height h in mm and angle 2Ѳ in degrees (°). 

2.4.8 Crack and crack-like 
A crack or crack-like feature is specified by the length (l, from tip S to tip E), depth (d) and orientation 

(angle α) to the pipeline axis, see Figure 2.9. 

 

 

Figure 2.9: Illustration (top view and cross section) of parameters describing location and dimension 
of crack and crack-like features. 

Planar, two-dimensional and elongated pipeline features mechanically splitting the pipe wall into two 

parts and oriented primarily perpendicular to the pipe surface are referred to as cracks or crack-like 

anomalies depending on the driving cracking mechanism.  

Cracks are typically oriented either axially in the pipe body, or in the longitudinal, spiral, or 

circumferential weld areas and welds. Independent from the nature of the cracking mechanism, 

cracks in pipelines are observed as single or colonies. 
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The parameters of single crack and crack-like anomalies are length "l" and depth "d". Due to its 

planar, two-dimensional nature a crack or crack-like anomaly shows no width but may show a crack 

opening depending on the geometry and nature of the crack. 

Cracks are regarded to have an opening at the surface < 0.1 mm, crack like defects to have an 

opening at the surface of 0.1 mm to 1.0 mm.  

The capabilities of non-destructive examination techniques to detect, classify and size crack and 

crack-like anomalies strongly depend on the technology itself and its implementation on the 

inspection tool. In contrast to metal loss anomalies, no anomaly classes exist for cracks and crack-like 

anomalies. The Contractor shall provide the tool performance specifications in accordance to section 

4.4 and table A5-4 with special emphasis on: 

 The POD at 90% as a function of the anomaly dimensions.  

 Details on the basis of the performance shall be clearly presented with regards to artificial 
and/or natural features. 

2.4.9 Crack colonies 
A crack colony is specified by the length (l), width (w), see Figure 2.10 and depth of the deepest 

single crack in the colony (see Figure 2.9). 

 

Figure 2.10: Illustration (top view) of parameters describing location and dimensions of crack 
colonies. 

Colonies of cracks can be formed as a result of corrosion (e.g. SCC) and cracks in such a colony might 

interact depending on their dimensions, separation and density. Interaction rules are applicable for 

assessment, see 2.6.1. 

2.5 Nomenclature of features 
Features can be divided into component features and anomaly features. 

Features shall be identified in accordance with Appendix 3: Report structure, terminology and 

abbreviations: Column Feature type. 

The type of features shall be further identified in accordance with Appendix 3: Report structure, 

terminology and abbreviations: Column Feature identification. 
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2.6 Anomaly assessment 

2.6.1 Interaction rules 

Clustering of anomalies will be required if defects can interact and thereby pose a greater risk to the 

pipeline than individually assessed. The applicable assessment method shall define the interaction 

rules and clustering requirement.  

If not specified otherwise by the Client, the latest version of ASME B31G [11] should be used for 

assessment and interaction rules of metal loss. Possible alternative methods include, but are not 

limited to: 

• API 579/ASME FFS (general, including metal loss and cracking) [9] 

• Modified ASME B31 G, (metal loss) [11] 

• BS 7910 (general, including metal loss and cracking) [10] 

• DNV RP-F101 (metal loss) [12] 

• Kastner (only circumferential features) [8] 

• CEPA Recommended Practices for Managing Near-neutral pH Stress Corrosion Cracking (only 

SCC) [3] 
• Pipeline Defect Assessment Manual (PDAM) [2]. 

2.6.2 Indication of anomaly severity (ERF) 

To allow the Client to rank the indications of anomalies in the pipeline on the basis of a first pass 

screening of severity, the Estimated Repair Factor (ERF) can be used. It is noted that for significantly 

ranked defects a more sophisticated assessment may then be applied. 

The ERF is defined as:  

ERF = MAOP/Psafe 

Psafe is the safe working pressure as calculated by the latest version of an appropriate anomaly 

assessment method as agreed between Client and Contractor. Psafe shall be calculated using specific 

information of the pipeline segment such as the measured wall thickness and appropriate design 

factor for the area class.  

If not specified otherwise by the Client, the latest version of ASME B31G [11] should be used for 

metal loss features. For possible alternative assessment methods (but not limited to) see section 

2.6.1.  

Note: The calculation of ERF has been updated from previous versions of this POF specification by 

replacing MOP with the MAOP. Whereas MOP could be applied as a temporary process restriction, 

MAOP implies the maximum pressure that could be introduced to the pipeline both at the time of the 

calculation and for any future operations. 
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2.7 Resolution of measurement parameters 
A list of definitions with resolution and associated units to be used is presented in Table 2.2. 

Table 2.2: List of definitions with minimum resolution and associated units to be used. 

Definition SI/metric units Alternative units 

Log distances  0.001 m  0.01 ft 

Feature length and width  1 mm  0.01 inch 

Feature depth  0.1 mm or 1%  0.01”or 1% 

Reference t 0.1 mm or 1%  0.01” or 1% 

Orientation  0.5° or 1 minute  1 minute 

ERF  0.01  0.01 

Magnetic field strength (H)  0.1 kA/m  1 Oe (Oersted) 

Magnetic flux density (B)  0.1 T (Tesla)  103 G (Gauss) 

Axial sampling distance  0.1 mm  0.01 inch 

Circumferential sensor spacing  0.1 mm 0.01 inch 

Tool speed  0.1 m/s 0.1 ft/sec 

Temperature  1 °C  1 °F 

Pressure  0.01 MPa/0.1 bar  1 psi  

Global Position Coordinates1)  0.01 m 10-8 ° (Decimal degree) 

1) Unless specified otherwise, WGS84 shall be used as the coordinate system 
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3 Health and safety 
Care for health and safety is essential during any stage of any activity. As ILI of pipelines typically 

involves working with pressurized components and potentially explosive, flammable or hazardous 

atmosphere, adequate procedures must be in place to prevent any harm to personnel, environment 

or equipment. It is the responsibility of both Client and Contractor to agree on health and safety 

requirements and procedures and to check if latest and most stringent versions of (local) HSE 

requirements are met.  

ILI operations require a pipeline to be opened and an inspection tool to be loaded/unloaded whereby 

explosive environments might occur. Special measures to prevent unsafe situations during ILI 

activities shall be taken.  

Regulations have been developed to prevent accidents due to explosive environments. Examples of 

these regulations are the ATEX guidelines (ATmosphères EXplosive) which is mandatory for activities 

in the European Union or the IECEx system (International Electro technical Commission: IEC System 

for Certification to Standards relating to equipment for use in Explosive Atmospheres). 

Implementation of ATEX, IECEx or an equivalent directive might be mandatory on the basis of 

national, local legislation or Client policy and if required shall be employed for ILI operations in 

addition to already applicable standards and procedures.  

For use of non-electrical equipment in potentially explosives atmospheres, EN 13463 or an 

equivalent standard can be applicable. 

For use of electrical equipment in potentially explosives atmospheres, EN-IEC 60079-xx (-10, -14, -17) 

or an equivalent standard can be applicable. 

3.1 ATEX 
ATEX zone 1 is considered to be applicable for ILI operations. The Client shall specify if ATEX 
certification is required and if so, the following two directives shall be followed: 

 ATEX 1142, Directive 2014/34/EU of the European Parliament and of the Council of 26 February 
2014 on the harmonization of the laws of the Member States relating to equipment and 
protective systems intended for use in potentially explosive atmospheres. 
 
For ILI activities in the oil and gas industry it is considered that, unless specific measures are 
taken, zone 1 (areas with occasional dangerous explosive atmosphere caused by gas, vapour or 
mist) is typically applicable. Unless the Client specifies otherwise, the ATEX certified ILI tool 
shall comply with: 

 Group II:  Equipment intended for use in explosive atmospheres other than mines 

 Category 2:  High protection level for use in zone 1 

 Minimum temperature class T3: Surface temperature of equipment < 200°C (depending 
on the medium, another temperature class might be required e.g. T4 (<135°C). 

 

Note: This directive implies that the Contractor has to assess all potential explosion risks of its 

equipment and has to design the equipment to this directive. 

 ATEX 1532, Organizational requirements for health & safety protection of industrial workers at 
risk from potentially explosive atmospheres. 

                                                           
2
 Latest or superseding versions of the relevant codes shall be used 
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ATEX 153 gives organizational and operational requirements for activities in potentially 

explosive environments. Client and Contractor are to define the operating procedures and 

work instructions to assure safe work environment. Client is in lead and stays responsible. The 

operating procedures are considered outside the scope of this document.  

Note: This directive requires that the Client assess the zoning of the launch/receive trap 

workspace through risk assessment and that Client is responsible for ensuring that all 

equipment introduced into these zones is compliant and QA certified against ATEX 114.  

In addition to the ATEX requirements, which are only valid for atmospheric conditions, the 
Client shall specify, whether the contractor shall ensure safe operation of ILI equipment under 
explosive conditions for pressures > .11 MPa during receiving and launching of tools. 

3.2 IECEx 
The IECEx is an alternative code for certification of ILI equipment with equal area of application as 

ATEX 114, but not further discussed in this specification.  
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4 Tool specifications 

4.1 Introduction 
Tool specifications are important for the Client to clearly understand the capabilities and limitations 

of an ILI tool before selection and use. The purpose of this section is to present a consistent approach 

for presenting tool specifications and agreed tool specifications shall be part of the contract between 

Client and Contractor, as further described in chapter 6. Tool specifications typically consist of the 

combination of tool data sheets and tool performance specification: 

 Tool data sheets cover the physical dimensions of the tool and operating conditions the tool 

can work in 

 Performance specifications describe the inspection capabilities and limitations of the 

inspection technology applied. Tool performance follows the general requirements of API 1163 

supported by Contractor quality systems.  

The Client should clearly define the goals and objectives of an ILI before tool selection can take place. 

A key aspect in this process is a proper identification of pipeline threats and anticipated degradation 

mechanisms. The expected type, size, location and orientation of anomalies are important inputs to 

tool selection. In many cases tool selection requires a deeper understanding and details of specific 

tools which can best be obtained in a discussion between Client and Contractor. Factors that may 

influence tool performance, such as level of cleanliness and pipeline operating conditions need to be 

considered as well. 

Prior to an in-line inspection the following should be in place: 

 The Client to communicate the goal and objectives of the ILI to the Contractor 

 Tool selection to be discussed and agreed between Client and Contractor 

 Contractor to confirm that tool selection is appropriate given the goals and objectives of the 

ILI. 

4.2 Tool data sheets 
Tool data sheets provide information to allow Client to understand the limitations of service and 

suitability for use in pipeline system. Typically separate tool data sheets exist for each diameter and 

inspection technology combination. 

They shall clearly present:  

 Tool identification 

 Tool specifications 

 Safety 

 Operating conditions/parameters 

 Pipeline restrictions 

 Launcher and Receiver trap details. 

Detailed tool data sheet requirements are included in Appendix 4. 

4.3 Tool class history 
In order to achieve a high probability of first run success (Ref. POF document "Guidance on achieving 

ILI First Run Success" [5]), it is important that the Client clearly understands the operating history of 
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the tool class and its level of operational testing. Before the ILI contract is confirmed and unless 

otherwise agreed, Client may request any or all of the following information: 

 Technology readiness of tool class hardware for operating conditions using the following 

grades: 

1. Newly designed component with limited testing  

2. Limited field operation ( < 20 runs or < 500 km distance)  

3. Multiple uses with clear history of components and subsequent changes  

 Provide a unique tool reference number and applicable data sheet. 

Design changes to tool components or modules that may affect level of readiness shall be clearly 

communicated to Client both at time of placing order and for any subsequent change made by 

Contractor.  

4.4 Tool performance specification 
Tool performance specifications shall define the ability of the ILI system to detect, locate, identify, 

and size pipeline features, components and anomalies. It is typically linked to the inspection 

technology applied in the tool (e.g. UT, MFL, EC, EMAT or mapping).  

4.4.1 General  
Tool performance specifications shall comply with requirements given in API 1163 [1], chapter 6. The 

following general requirements are given for tool performance specifications: 

 The Probability Of Detection, POD (a), is the probability that a feature with size a will be 

detected by the ILI tool. Two feature sizes are frequently extracted from the POD information: 

a90/50 (a90) is the feature size at which the average POD is 90% and a90/95 is the feature size at 

which the lower 95% confidence limit of the POD is 90%, see also Figure 4.1. In the tool 

performance specification it shall be clearly specified what POD value is given. It is 

recommended to specify the POD90/95 value 

 The Probability of Identification, POI, is the probability that a feature is correctly identified by 

the ILI tool. The type or types of anomalies, components, and characteristics that are to be 

detected, identified, and sized by the ILI system shall be clearly indicated. Identification of each 

feature type shall be reported as specified in Appendix 5, Table A5-1 

 The measurement specifications for detection and sizing of the various anomalies and pipeline 

location shall be reported as specified in Appendix 5, Tables A5-2 to A5-8 where they apply. 

The Client might request to complete the alternative Table A5-3a in favour of Tables A5-2 and 

A5-3  

 Performance specification shall clearly state the level of analysis that is required to support the 

level of specification 

 Where a higher level of performance is based on more detailed analysis, the additional 

performance level and commercial basis for additional analysis shall be clearly stated and 

agreed by Client and Contractor 

 If different technologies (e.g. MFL, UT, EC or EMAT) are combined into one tool, then the 

specifications shall be provided as if the technologies were applied in a separate tool and 

additionally a table with the specifications of the multi-technology tool shall be provided. 

 

The performance specification shall define and document the essential variables. In general two 

types of essential variables should be considered for ILI tool performance: i) pipeline design and 



Specifications and requirements for in-line inspection of pipelines - Version 2016 

 

P i p e l i n e  O p e r a t o r s  F o r u m  –  w w w . p i p e l i n e o p e r a t o r s . o r g       -  2 4  -  

operational characteristics, ii) inspection tool design and physical characteristics. More detailed 

requirements on the essential variables are to be included in the performance specifications as 

listed in Appendix 5.  

 

Figure 4.1: Typical example of the average and lower limit POD curve as function of anomaly size 

with indication of the definitions of a90/50 (a90) and a90/95 

4.4.2 Basis of performance 
The basis on which performance specification is made shall be clearly stated for each feature type 

using the following: 

 Modelling only  

 Limited pull through tests and modelling (where effects of essential variables have not been 

fully tested by pull through runs and features used are predominantly manufactured) 

 Extensive pull through tests covering range of speed and wall thickness using a combination of 

manufactured and natural features 

 Limited field verification with less than 20 operational runs  

 Extensive field verification results reviewed on an annual basis. 

Where multiple methods are used, the Contractor shall clarify what has been used. Details of 

manufactured and/or natural features shall be clearly presented.  

4.4.3 Exclusions and limitations  
Physical and operational factors or conditions that limit the detection thresholds, PODs, POIs, and 

sizing accuracies shall be identified in the performance specification. It shall be clearly stated what 

the acceptable limits are for, but not limited to, e.g. tool speed and pipe wall thickness, see also 

Appendix 5. 
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4.4.4 Access to supporting performance information  
Contractor shall provide access to information in support of stated tool performance specification on 

request of Client.  

The ILI tool testing information of the contractor shall be auditable and contain information 

regarding the calibration procedure and latest calibration record of the tool. The procedure should 

give insight in, but not limited to: used calibration features, line pipe material, wall thickness and 

manufacturing process, tool velocity, date and frequency of calibration. For magnetic tools the 

calibration information will include the tool speed and the measured magnetic field strength value 

with the position where it was measured. In addition the Contractor shall supply a definition of which 

sizing model and revision was used. 

How and where the information is to be provided is to be agreed between Contractor and Client. It is 

the responsibility of the Contractor to check that the tool and the calibration methods are valid and 

adapted to the Client’s objectives. 

4.5 Tool performance verification  
A Client may choose to verify tool performance through formal testing or field verification. 

In case formal testing is carried out, the report should at least contain the following information: 

 Details of runs and essential variables tested  

 Details of features  

 Comparison of stated performance with actual reported features. 

Regarding field verification more guidance can be found in POF document “Guidance on Field 

Verification Procedures for In-Line-Inspection” and API 1163 [1] (chapter 8 and Annex C). In case field 

verification is performed the following requirements apply: 

 To ensure meaningful data is collected from the field, Client should facilitate access for 

Contractor to verify field measurement  

 Client shall provide Contractor with field verification data (dig data)  

 Contractor shall use field verification data to confirm tool performance. 

4.6 Changes to tool specification or performance specification sheets 
Changes to tool and performance specifications shall be tracked in Contractor Quality Assurance 

system. Each revision shall have date and issue number. 

Where a change could affect earlier pipeline integrity assessment, Client shall be notified of change 

and potential implications. This typically applies when performance specification for certain features 

is reduced based on new information or additional testing. Any requirement for reassessment of 

features as a result of change shall be agreed between Client and Contractor.  
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5 Personnel qualification 
The personnel operating the ILI systems and the personnel handling, analyzing and reporting the 

inspection results shall be qualified and certified according to ANSI/ASNT-ILI-PQ-2005 (reapproved 

2010) [4] or later version/superseding document.  

Unless the Client specifies otherwise, key personnel shall meet the following minimum qualifications, 

ref. ANSI/ASNT-ILI-PQ-2005 [4]: 

 Team leader during ILI field activities: Level II Tool Operator for the applicable technology 

 Data analysis and reporting Lead: Level II Data Analyst for the applicable technology 

 Review of final Client report: Level III Data Analyst for the applicable technology. The review 

should include (but not limited to) e.g. a quality check of data analysis and reported results. 

An overview of personnel qualifications that will be deployed for the ILI tool run, data analysis and 

final report review shall be submitted to the Client. The personnel qualifications shall be auditable. 
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6 ILI preparation and contracting 

6.1 ILI preparation 
The POF document “Guidance on achieving ILI First Run Success” [4] stresses the importance of the 

preparation and contracting phases to meet all the objectives of the inspection. The preparation 

phase is described in length in this document, which includes some check lists in Appendix B. 

6.2 Contracting 
This POF document is intended to serve as a generic ILI specification where details and deviations for 

ILI runs still need to be defined to serve Client's specific issues. Such details and deviations (Appendix 

2 provides guidance), should be agreed between Client and Contractor and stated in the ILI contract.  

The contract between the Client and the Contractor shall, as a minimum include the following items: 

 Organization: The organization shall be defined between Client and Contractor, in terms of 

human and materials resources, communication, schedule of the operations, run conditions, 

procedures, roles and responsibilities, actions in the event of an emergency etc. The POF 

document "In-Line-Inspection Check Lists" [6] provides guidance 

 Specific details: Details and deviations from the POF document "Specifications and 

requirements for in-line inspection of pipelines" (this document, if applicable) 

 Run preparation: The Client should supply the Contractor with details of the pipeline(s) to be 

inspected. The POF document "ILI Pipeline Questionnaire" [7] provides guidance 

 Operations: The operations shall be defined in terms of pipeline technical data, tool 

specifications, characteristics and performances, criteria for cleaning and run validation 

 Results: The results shall be reported as per chapter 7. If requested by the Client, a revised 

version of the final report shall be issued in case of proven discrepancies between reported 

information and verifications. 

The requirements herein may be changed at Client’s request. Some points may depend on the 

configuration of the network to be inspected, the Contractor, the technology used, the internal 

(Client) policies and practices and local regulations. 

It can be considered that, for specific applications, specifications and/or defect geometries, 

dedicated tool calibration can be performed (e.g. with spare project pipes), followed by a modified 

interpretation/sizing model. 
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7 Reporting 
Reporting is an essential part of the inspection process and depending on the time and information 

required by the Client, various types of reports can be issued, see below. If the Contractor finds an 

anomaly during the inspection and/or evaluation of the ILI data which could be an immediate threat 

to the integrity of the pipeline, he has the duty to report this to the Client without delay. 

If not agreed otherwise between Client and Contractor, reporting is based on at least two separate 

documents: 

 Operations report 

 Final report. 

In addition to the above mentioned reports, one or more of the following reports can be requested 

and agreed between Client and Contractor: 

 Preliminary report 

 Raw data report 

 Multiple run comparison report  

 Additional reporting. 

All documents and all lists (e.g. pipe tally, list of anomalies, etc.) will contain the following general 

information: 

 Identification of the Contractor and Client 

 Identification of the pipeline 

 Product 

 Outside or nominal diameter 

 Length 

 Construction year 

 ILI technology/technologies 

 Inspection date/Reference. 

7.1 Operations report 
The operations report should summarize important operational information such that the Client is 

informed on the success of the inspection and quality of data collected and should include 

information on run preparation, running of tool, run quality including pipeline cleanliness to verify if 

targets are achieved. If data quality is not as required for a successful pipeline feature evaluation, a 

re-run (if possible) can be considered. This report follows good practices regarding ILI activities as 

described in the POF document "Guidance on achieving ILI First Run Success" [5]. 

The operations report shall be sent in electronic form to the Client before demobilization of the tool 

and ultimately within 2 days of the ILI run, unless agreed otherwise. The demobilization of tool and 

crew shall be agreed between Client and Contractor based on the operations report results using the 

criteria below. 

The operations report shall contain, unless agreed otherwise: 

 Any reported safety observation (e.g. near miss) 

 A description of the operations (cleaning, gauging, dummy tool run, ILI tool run) including run 

conditions  
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 Used tool(s) identification (serial number) with tool(s) data sheet and calibration 

 AGM statistics (if applicable) 

 Cleaning results and comparison to criteria 

 Gauging/dummy tool run results and comparison to criteria 

 Details of ILI run(s): 

o Time and date of tool launching and receiving 

o Travelling time 

o Min/max tool velocity, and tool velocity plot over the length of the pipeline 

o Min/max pressure 

o For MFL tools: min/max magnetization level, and a plot of the magnetic field strength in 

kA/m over the length of the pipeline measured at the inner surface of the pipe 

o Condition of tool(s) after receipt e.g. damaged sensors 

o Data loss statistics from faulty sensors and in case of UT echo loss statistics 

o Data recording and quality within contract specifications 

 The suitability of the recorded data to allow a successful evaluation. 

,The formulation for acceptable data loss shall be, unless specified otherwise: 

 Continuous loss of data less or equal to 0.5 % of pipeline length 

 Discontinuous loss of data less or equal to 3% of pipeline length 

 Continuous loss of data from less than 4 adjacent sensors or 25 mm circumference (whichever 

is smallest). 

 The criteria apply to each section of the pipeline i.e. each diameter, wall thickness and pipe 

manufacturing process. 

 If data loss exceeds one of the criteria above, this shall be discussed between Client and 

Contractor to reveal the cause and decide on follow-up actions which might be: 

o A re-run of the tool 

o Check if the data loss has an effect on anomaly detection and sizing capability of the ILI 

tool. 

The tool operational data statement shall indicate whether the tool has performed according to 

specifications and shall detail all locations of data loss and where the measurement specifications are 

not met. When the specifications are not met (e.g. due to speed excursions, sensor/data loss), the 

number and total length of the sections shall be reported with possible changes of accuracies and 

certainties of the reported results. 

7.2 Preliminary report 
A preliminary report is a list of features, including by their dig sheets. The reporting format is as per 

the list of anomalies in the final report. The preliminary report shall be delivered if requested by the 

Client or if the Contractor finds an anomaly (or anomalies) during the analysis of the ILI data which 

might be (are) an integrity threat to the pipeline. 

The preliminary report aims at summarizing the most important features (individual and clustered) 

based on Client criteria as defined in the contract, in order to guarantee a safe pipeline operation. 

Unless agreed otherwise, typical reporting should include: 

 Features with an ERF ≥ 0.8 

 Metal loss features ≥ 50% 
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 Dents, Wrinkles/Buckles ≥5% 

 Cracks with depth ≥ 4.0 mm. 

Actual data quality shall be confirmed in terms of: 

 Reporting threshold 

 Method of analysis 

 POD, POI, Sizing accuracy. 

The preliminary report shall be sent in electronic form to the Client within 4 weeks of the ILI run, 

unless agreed otherwise. 

7.3 Final report 
Standard criteria for the final report are given in this chapter, but can be changed if agreed between 

Client and Contractor. 

The final inspection report (hard and electronic copy) of either a single or combined ILI tool run shall 

contain the information as described in this chapter and be submitted within 8 weeks of the ILI run, 

unless agreed otherwise.  

The reporting thresholds shall (if not specified otherwise) be: 

 For MFL tools: Metal loss with a depth ≥ 10% t for welded pipe and ≥15% for SMLS pipe 

 For UT and other tools: Metal loss with a depth ≥ 1.0 mm  

 Cracks with a length ≥ 25 mm 

 Dents, ripples/wrinkles with a height/depth ≥ 1% ID 

 Ovalities ≥ 5% ID. 

7.3.1 Pipe tally 
The pipe tally shall be a listing of all pipeline component features and anomaly features and should 

be reported in accordance with a typical report structure as given in Appendix 6 (including 

terminology, see Appendix 3 "Feature identification"). The Client can specify the pipe tally to specific 

requirements, e.g. add or delete specific columns. 

The pipe tally shall be compatible with standard files such as CSV, ODS or another agreed format. 

7.3.2 List of anomalies, clusters, data loss and other lists 
Unless specified otherwise by the Client, the following lists shall be provided: 

 List of anomalies:  

The list of anomalies shall contain the anomalies which are clustered if required by the 

interaction rules (according to chapter 2.6.1), with dimensions above the reporting threshold 

at POD=90% or above a reporting threshold as specified by the Client (including terminology, 

see Appendix 3). For a typical example see Appendix 7. Note: if no defect interaction rule is 

applied, then this list can be waived in favour of the "List of individual anomalies", see below. 

 List of clusters: 

The list of clusters (according to chapter 2.6.1) shall contain the clusters and the individual 

anomalies that are part of the cluster. It shall be clearly indicated what anomalies form a 

certain cluster. For a typical example see Appendix 8. 

 List of individual anomalies: 
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The list of individual (all) anomalies shall be a listing of all anomalies without applying a defect 

interaction rule and with dimensions above the detection threshold at POD=90% or above a 

reporting threshold as specified by the Client. 

 List of data loss: 

The list of data loss shall be a listing of all locations with data loss indicating the cause of data 

loss. (Note: as data loss might be caused by e.g. a dent or debris whereby an anomaly can be 

missed such a location shall be carefully checked).  

 Other lists: 

If requested by the client a list with specific, to be indicated, items. 

On the Client’s request also the location of the deepest point in the metal loss area or clustered area 

shall be reported. 

Unidentified/unknown features with strong signal shall be reported as “unknown” with, in 

commentary, an indication of the signal level. 

The list of anomalies shall be compatible with standard files such as CSV, ODS or another agreed 

format. 

7.3.3 List of components 
The list of components shall be a listing of all feature types as listed in Appendix 3, except welds and 

anomalies. The list of components shall contain the same fields as the pipe tally. 

The list of components shall be compatible with standard files such as CSV, ODS or another agreed 

format. 

7.3.4 Summary and statistical data 
The summary and statistical information as stated below should be agreed between Client and 

Contractor. 

7.3.4.1 Metal loss 

If a metal loss tool was run, the summary report for metal loss shall contain a listing of: 

 Total number of anomalies 

 Number of internal anomalies 

 Number of external anomalies 

 Number of anomalies for each metal loss anomaly class 

 Number of anomalies per depth range of 10% (lower limit included) 

 If applicable, number of anomalies per ERF range of 0.1, starting from 0.6 (lower limit 

included). 

The following plots shall be provided: 

 If applicable, sentenced plot including ERF=1 curve of anomaly length against metal-loss 

feature depth showing all anomalies for each representative wall thickness 

 Orientation plot of all anomalies over the full pipeline length 

 Orientation plot of all internal anomalies over the full pipeline length 

 Orientation plot of all external anomalies over the full pipeline length 

 Orientation plot of all anomalies as function of relative distance to the closest girth weld. 
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7.3.4.2 Cracks, crack-like and crack colonies 

If a crack detection tool was run, the summary report for cracks, crack-like and crack colonies shall 

contain a listing of: 

 Total number of anomalies per type and orientation to pipe axis 

 Number of internal anomalies per type and orientation to pipe axis 

 Number of external anomalies per type and orientation to pipe axis 

 Number of anomalies per type per depth range of 2 mm and orientation to pipe axis (lower 

limit included). 

The following plots shall be provided: 

 Number of anomalies over the pipeline length 

 Circumferentially orientated anomalies as function of relative distance to the closest girth weld 

 Longitudinally orientated anomalies as a function of relative distance to the seam weld over 

the pipeline length. 

7.3.4.3 Local and global geometry features 

If a geometry tool was run, the summary report of geometry tool shall contain a listing of: 

 Total number of dents, ripples/wrinkles, buckles 

 Total number of ovalities 

 Total number of joints with ovality 

 Total number of other localized deformation/geometry anomalies  

 Number of dents, ripples/wrinkles, buckles per depth range of 1% 

 Number of ovalities per ratio range of 1% 

 Number of joints with ovality per ratio range of 1% 

 Orientation plot of all dents, ripples/wrinkles, buckles over the pipeline length 

 Orientation plot of all ovalities over the pipeline length. 

7.3.4.4  Other types of features (e.g. illegal taps) 

If a tool capable of detecting other feature types was run, on request of the Client, the summary 

report for these features shall contain a listing of: 

 Total number of features per type 

 Number of internal features per type 

 Number of external features per type 

 Number of features per type per depth range of 10% (lower limit included). 

The following plots shall be provided: 

 Number of features over the pipeline length 

 Orientation plot of all anomalies as function of relative distance to the closest girth weld 

 Relative distance plot of all anomalies to the seam weld over the pipeline length. 

The lists and plots as defined above can be completed at Client’s request. 
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7.3.5 Performance 
The final report shall contain: 

 Completed tables A3-1 to A3-8 as per the Contract 

 Completed tables A3-1 to A3-8 with actual run performance data depending on run conditions, 

tool functioning, pipeline cleanliness, etc. 

Actual performance data must be given for each pipeline section where it is constant. These sections 

will be clearly identified. 

7.3.6 Dig sheet 
The purpose of the dig sheet is to provide the Client with all the information useful to carry out the 

field verification of a chosen feature. 

Unless agreed otherwise, dig sheets shall be included in the final report. 

Dig sheets shall contain the following information: 

 Length of pipe joint and (when present) orientation of longitudinal or spiral seam at start and 

end of every joint 

 Length and longitudinal or spiral seam orientation of the 3 upstream and 3 downstream 

neighbouring pipe joints 

 Log distance of anomaly 

 Wall thickness of the pipe joints (up to the 3 upstream and 3 downstream joints) 

 Log distance of closest features like magnet markers, fixtures, steel casings, tees, valves, etc. 

 Distance of upstream girth weld to nearest, second and third upstream marker 

 Distance of upstream girth weld to nearest, second and third downstream marker 

 Distance of anomaly to upstream girth weld 

 Distance of anomaly to downstream girth weld 

 Orientation of anomaly 

 Geographical coordinates of an anomaly if a mapping unit was applied, including the Geodetic 

Datum Standard used. Unless specified otherwise, WGS84 shall be used  

 Anomaly description and dimensions 

 Internal/external/mid-wall indication. 

7.3.7 Software and signal 
In addition to the hard copy (if applicable), a user friendly software package shall be provided to 

enable review and assessment of the data collected by the inspection tool. 

This software shall enable the Client to carry out the following tasks: 

 Viewing of signal for each tool which was run, with possibility to modify gain, scale, etc. 

 Preparing dig sheet for each anomaly (including dents, combined features, etc.) 

 Plotting graphs and histograms 

 Computing ERF (input data, models) 

 Accessing detailed profile data for dents. 
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7.3.8 Anomaly ranking method for ERF 
If requested by the Client, the Estimated Repair Factor for anomalies shall be reported on the basis of 

the assessment method indicated in Chapter 2.6.2 and input data shall be clearly stated in the final 

report. 

ERF shall be reported for each individual feature. When clustering is applied, specific ERF for clusters 

shall be provided by the Contractor. 

7.3.9 Detection of markers  
AGMs or permanent markers that have been positively identified during the ILI run shall be indicated 

in the pipe tally. In addition, in the final inspection report the total number of installed AGMs and the 

number of identified AGMs shall be reported. 

7.3.10 Personnel qualification 
An overview of key personnel qualification level that has been deployed for the ILI tool run, data 

analysis, reporting and final report review shall be reported. 

7.4  Raw data report 
On request of the Client the raw data or processed raw data from an ILI run or a specific pipeline 

section shall be provided. The format of the data depends on the type of tool applied and is to be 

agreed between Client and Contractor and shall be defined in the inspection contract. 

7.5 Multiple run comparisons report 
If requested by the Client, anomaly data from two or more successive ILI runs carried out on the 

same pipeline, shall be compared individually and clustered. Aim is to detect discrepancies between 

reported anomalies of successive runs like new or missed features, corrosion growth, etc. 

The run comparison report shall contain a table with matching and non-matching features per joint 

and include the results of these matching in terms of location, sizing and evolution. For a typical 

example see Appendix 9. 

If the same Contractor is chosen for two successive inspection runs, the Client may request: 

 A signal to signal comparison analysis between the two inspections 

 A 2nd report based on the raw data of the previous inspection, but processed with the new 

algorithm. 

The final run comparison report shall include the "Final report" (section 7.3) requirements and in 

addition: 

 A comparison in terms of quality, velocity, performance and accuracy (tool rotation, velocity, 

acceleration, behaviour anomalies, magnetization level, …) 

 A comparison of used tools (performance, characteristics, number, type and distance between 

sensors, acquisition frequency, environment, magnetization, …) 

 A comparison of analysis and reporting parameters (e.g. but not limited to algorithms, 

thresholds, assessment code, interacting rules, …) 
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7.6 Experience report 
The experience report summarizes the operation. Good practices as well as possible improvements 

are reported. Special attention is paid to  

 Project planning 

 Interaction between interfaces 

 Logistics on site 

 Coordination with other operations 

 Data quality 

 Dig up results 

The report will contribute to improved future operations.  

7.7 Additional reporting 
On request of the client an additional report might be requested including separate reports for each 

technology used in combination runs, Integrity assessment reports, etc.  
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Appendix 1: ILI companies that provided comments to the draft 
version of these specifications 

COMPANY COUNTRY WEBSITE 

3P Services Germany www.3p-services.com 

A. Hak Industrial Services Netherlands www.a-hak-is.com 

Baker Hughes USA www.bakerhughes.com 

General Electric (PII) USA www.geoilandgas.com/pii 

NDT Global Ireland http://www.ndt-global.com 

Pipe Survey International Netherlands www.pipesurveyinternational.com 

PipeWay Brazil www.pipeway.com 

Rosen Switzerland www.rosen-group.com 

T.D. Williamson USA www.tdwilliamson.com 

Quest Integrity USA www.questintegrity.com 
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Appendix 2: Guideline to clients for defining specific details of 
the POF specifications  

Introduction 

The POF document “Specifications and requirements for in-line inspection of pipelines” gives an 

outline of advised specifications for In-line-inspection (ILI) of pipelines. The Client should adapt 

certain specifications to reflect Client’s specific requirements. For certain aspects of the inspection 

and/or reporting requirements, some options and default values are already considered, but the 

document gives the opportunity to define specific items. This guideline is intended to support the 

Client by listing the considered optional items in the specifications based on the expected integrity 

threats of the pipeline to be inspected. The items should be defined prior to sending the 

specifications to the ILI company and agreement of the contract. 

In addition, in this guideline also some notes and advised specifications are given (printed in Italic), 

like the minimum requirements that are regarded essential for a successful ILI run.  

Chapter 2.4.2 - Dent 

The Client should agree with Contractor the methodology if strain based assessment is required and 

of minimum planar size accuracies of dents expected to be reported for technology selection. 

Chapter 2.4.4 - Ovality 

Default reporting is the maximum ovality measured. If another value shall be reported, this is to be 

indicated. 

Chapter 2.4.6 - Ripple/Wrinkle 

Maximum values shall be reported. If additionally also the maximum strain should be reported, the 

methodology shall be agreed between Client and Contractor. 

Chapter 2.6.1- Interaction rules 

ASME B31G methodology is specified as the default assessment method, but another methodology 

can be specified and agreed if required. 

Chapter 2.6.2- Indication of anomaly severity (ERF) 

The ASME B31G methodology is specified as the default assessment method for the ERF calculation, 

but another methodology can be specified if required. 

Chapter 2.7 Resolution of measurement parameters 

The Client shall specify if SI, metric or alternative units shall be used.  

Chapter 2.7 – Coordinates for mapping work. 

It is important for the client to specify the final coordinates required from the mapping data. 

Considerations will include using the latest geodetic system to ensure ‘future proofing’ of data, but 

also to ensure the data will match any existing mapping system used (which may in fact not be the 

latest system). 

Chapter 0 - Health and Safety 

Health and safety requirements to be agreed between Client and Contractor, including Client' policy 

on ATEX, IECEx or equivalent directive. 
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Chapter 3.1 – ATEX 

Client shall specify if ATEX certification is required and if so, assess the zone classification. 

Client shall specify, whether the Contractor shall ensure safe operation of ILI equipment under 

explosive conditions for pressures > .11 MPa during receiving and launching of tools. 

Chapter 4.3 

Client may request for information on tool readiness. 

Chapter 4.4.1 - General 

Client may request to complete the alternative table A5-3a in favour of tables A5-2 and A5-3. 

If a higher level of performance is based on more detailed analysis, the additional performance level 

and commercial basis shall be agreed. 

Chapter 4.4.4 Access to supporting performance information 

If access on information in support of stated tool performance specification is requested, details on 

how and where shall to be agreed.  

Chapter 4.6 - Changes to tool specification or performance specification sheets 

Any requirement for reassessment of features as a result of tool specification changes shall be 

agreed (if required). 

Chapter 0 - Personnel qualification 

Default requirements for qualifications of key personnel are given but can be specified otherwise by 

the Client. 

Chapter 6.2 - Contracting 

Various contracting details should be specified. 

Chapter 0 - Reporting 

Two reports are indicated as standard (default). Additional reporting should be requested and 

agreed. 

Chapter 7.1 - Operations report 

Default time for reporting is within 2 days. Change of reporting time should be agreed. 

Default content report is listed, modifications to be agreed.  

Default values for acceptable data loss are given, modifications to be agreed. 

Chapter 7.2 - Preliminary report 

Default time for reporting is within 4 weeks. Change of reporting time should be agreed. 

Default content report is listed, modifications to be agreed.  

Typical reporting criteria are given, modifications to be agreed. 

Chapter 7.3 - Final report 

Default time for reporting is within 8 weeks. Change of reporting time should be agreed. 

Default content report is listed, modifications to be agreed.  

Default reporting thresholds are listed, modifications to be agreed. 

In chapter 7.3.1 to 7.3.10 typical reporting options are listed and should be used as default. 

Modifications to be agreed. 

Chapter 7.4 - RAW data report 

If requested by Client, the raw data or processed raw data shall be provided by agreement.  
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Chapter 7.5- Multiple run comparisons report 

If requested by Client, anomaly data from two or more runs shall be compared. A typical reporting 

structure is given, modifications to be agreed. 

Chapter 7.6- Additional reporting 

Any additional desired reporting should be requested and agreed upon by Client and Contractor. 

Appendix 5 - Tool technology performance specifications 

It is requested that the ILI company provides information on anomaly detection and sizing and other 

measurement capabilities of their tool. Below some typical values that can support the Client in his 

review of the proposed specifications.  

POD of detected anomalies 

The POD of a tool is normally taken at 90% and is based on anomalies with reference dimensions 

as given in the tables of appendix 5.  

The typical minimal detectable depth of a high resolution MFL tool for general corrosion is 10% t 

and for pitting defects it is 15% t both with a POD of 90%. For seamless pipes and other category 

defects other values can apply.  

The typical minimal detectable defect depth of a UT tool is 1 to 1.5 mm with a POD of 90%. 

Depth, length and width sizing accuracies 

The accuracy depends on the anomaly dimension class: 

Typical for (high resolution) MFL tools: depth 10-15% t, length and width accuracy 10-20 mm 

Typical for UT tools: depth 0.3 – 0.5 mm, length and width accuracy 10 mm 

For anomaly depth, length and width sizing accuracy, the typical certainty level is 80%.  

Accuracy of distance and orientation (clock position) of features: 

Typical accuracy of distance to/from marker: 0.25% of distance 

Typical accuracy of distance to closest weld: 0.15 m 

Typical accuracy of circumferential position: 10°. 

Certainty and accuracy of sizing deformations by geometry tool: 

The certainties and accuracies of reported dents and ovalities shall be defined. 

Typical certainties and accuracies are: 

Ovalities: ID reduction, accuracy 1% of pipeline ID with certainty = 90% 

  Length, accuracy 10% of pipeline ID with certainty = 90%. 

Dents: Depth, accuracy 1% of pipeline ID with certainty = 90% 

 Length, accuracy 10% pipeline ID with certainty = 90% 

 Width, accuracy 10% pipeline ID with certainty = 90%. 

Mapping: The accuracy of mapping is dependent on a variety of factors. Some of the main ones 

include the quality/technology of the IMU, the accelerometers, the odometer, the AGM’s clock 

matching that of the inspection tool, the AGM’s and also spacing of the accuracy with which the 

position of AGM is determined. Manufacturers and service providers will have varying 

technologies that provide varying accuracies. 

It is generally thought that the accuracy of an IMU varies over distance travel, but the accuracy 

degrades over time, so it is important to consider the speed of the product in the pipe during the 

mapping inspection run. It is therefore important to specify maximum and minimum flow rates 

during mapping surveys. 
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AGM’s are used to correct the IMU’s ‘drift’ over time (and hence distance). The closer the AGM 

spacing, the more accurate the final coordinates will be. Many mapping runs use a 1 mile or 2 

kilometre spacing, but for very or extremely high accuracy work 1 kilometre or even 500m spacing 

can be used. 

AGM’s should not be placed where the pipe is too deep for the inspection tool to be detected by 

the AGM. 

Below are some reference documents that relate to magnetic properties for MFL inspection: 

- In “Magnetisation as a key parameter of magnetic flux leakage pigs for pipeline inspection” by 
H.J.M. Jansen, P.B.J. van de Camp and M. Geerdink (Insight Vol. 36, September 1994) it is 
concluded that MFL pigs are least sensitive to error sources (e.g. residual stresses, pressure, 
remnant magnetization) if the magnetic induction in the pipe wall > 1.8T. The magnetic field 
strength required to obtain such an induced magnetisation level depends on the type of material, 
wall thickness, pig speed etc. 

- NACE International Publication 35100: “In-Line Non-destructive Inspection of Pipelines gives the 
following typical specifications for high-resolution MFL tools: 
Minimum magnetic field strength: 10 to 12 kA/m (3 to 3.7 kA/ft) 
Minimum magnetic flux density: 1.7 T.  

Mapping tool specifications 

Geographical locations shall be reported in GPS coordinates by default, but another method can be 

specified if required. 
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Appendix 3: Report structure, terminology and acronyms 

Column title Unit Prescribed terminology Acronym Explanatory note 

Log distance m -  Starting point: trap valve 

Abs up weld 

dist. 

m -  Absolute distance to upstream 
weld 

L joint m -  Joint length to downstream weld 

Feature type - - - Above Ground Marker 
- Additional metal/material 
- Anode 
- Anomaly 
- Buckle arrestor begin/-end 
- Casing begin/-end 
- Change in wall thickness 
- CP connection 
- External support 
- Ground anchor 
- Off take 
- Other 
- Pipeline fixture 
- Reference magnet 
- Repair 
- Tee 
- Valve 
- Weld 

AGM 
ADME 
ANOD 
ANOM 
BUAB/BUAE 
CASB/CASE 
CHWT 
CPCO 
ESUP 
ANCH 
OFFT 
OTHE 
PFIX 
MGNT 
REPA 
TEE 
VALV 
WELD 

 
Further identified below 
 
Further identified below 
 
 
 
 
 
 
 
 
 
 
Further identified below 
 
 
Further identified below 

Feature 

identification 

- Additional metal/material: 
- Debris 
- Touching metal to metal 
- Other 

Anomaly: 
- Arc strike 
- Artificial defect 
- Blister 
- Buckle Global 
- Buckle Local 
- Buckle Propagation 
- Corrosion 
- Corrosion cluster 
- Corrosion related to CRA 
- Crack 
- Crack cluster 
- Dent complex 
- Dent kinked 
- Dent plain 
- Gouge 
- Gouge cluster 
- Grinding 
- Girth weld crack 
- Girth weld anomaly 
- Longitudinal weld crack 
- Longitudinal weld anomaly 
- Mill anomaly Grinding 
- Mill anomaly Lamination 
- Mill anomaly Lap 
- Mill anomaly Non-Metallic 

Inclusion 

 
DEBR 
TMTM 
OTHE 
 
ARCS 
ARTD 
BLIS 
BUCG 
BUCL 
BUCP 
CORR 
COCL 
COCR 
CRAC 
CRCL 
DENC 
DENK 
DENP 
GOUG 
GOCL 
GRIN 
GWCR 
GWAN 
LWCR 
LWAN 
MGRI 
MLAM 
MLAP 
MNOI 
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- Mill anomaly cluster  
- Ovality 
- Ripple/Wrinkle 
- Roof Topping 
- SCC 
- Spiral weld crack 
- Spiral weld anomaly 

Repair: 
- Welded sleeve begin/-end 
- Composite sleeve begin/-end 
- Weld deposit begin/-end 
- Coating begin/-end 
- Crack arrestor begin/end 
- Other begin/-end 

Weld: 
-  

 
- Bend begin/-end 
- Change in diameter 
- Change in wall thickness 
- Adjacent tapering 

 
- Longitudinal seam 
- Spiral seam 
- Not identifiable seam 
- Seamless 

MACL 
OVAL 
RIWR 
ROTP 
SCC 
SWCR 
SWAN 
 
WSLB/WSLE 
CSLB/CSLE 
WDPB/WDPE 
COTB/COTE 
CRAB/CRAE 
OTHB/OTHE 
 
 
 
BENB/BENE 
CHDI 
CHWT 
ADTA 
 
LOSE 
SPSE 
NISE 
SMLS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
No abbreviation for all welds 
different from welds below 
 
 
 
Applicable for: Pipe – pipe unequal 
WT 

Feature class   - Axial Grooving 
- Axial Slotting 
- Circumferential Grooving 
- Circumferential Slotting 
- General 
- Pinhole 
- Pitting 

AXGR 
AXSL 
CIGR 
CISL 
GENE 
PINH 
PITT 

See Fig. 2.2 
See Fig. 2.2 
See Fig. 2.2 
See Fig. 2.2 
See Fig. 2.2 
See Fig. 2.2 
See Fig. 2.2 

Clock position h: 

min 

  See Fig. 2.1 

Nominal t mm   Nominal wall thickness of every 
joint 

Reference t mm   The actual not diminished wall 
thickness surrounding a feature  

Length mm   Anomaly length in axial direction 

Width mm   Anomaly width in circumferential 
direction 

d (peak) % or 

mm 

  If MFL: depth in % of ref t or 
nominal t*.  
If other technology in mm from ref 
t or nominal t*.  
*if ref. t is not available 

d (mean) % or 

mm 

  

Surface 
location 

 - Internal 
- External 
- Mid wall 
- Not applicable 

INT 
EXT 
MID 
N/A 

Location of anomaly on the 
pipeline: internal, external, mid 
wall or Not Applicable 

ERF     

Comments - -  - 
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Appendix 4: Detailed tool data sheet requirements 
Provide where appropriate following data. 

Tool identification: 

Tool type and model number 

Unique reference number and date 

Tool specifications: 

Total Length: 

Weight: 

Number of Modules: 

Maximum inspection range: 

Maximum inspection time: 
Inspection duration constraints: length of pipeline that can be inspected in one run due to e.g. 

wear of components, data storage limits or battery life: 

Wall thickness range for full specification at minimum speed: 

Wall thickness range for full specification at maximum speed: 

Speed control range (if available): 

Number and type of primary sensors: 

Number and type of secondary (e.g. ID/OD) sensors: 

Number of calliper/geometry sensors (if applicable): 

Nominal circumferential centre to centre distance of primary sensors: 

Longitudinal sampling distance: (specify values for either time or distance based): 

Feature Location Accuracy - Axial 

Feature Location Accuracy - Circumferential 

Optimum tool speed Range: 

One- or bi-directional design: 

MFL specific: 

 Direction of magnetization (axial/circumferential, helical) and polarity of magnetic field 

 Required minimal magnetic field strength H in kA/m at the inner surface of the pipe to meet 

the given POD and sizing accuracy 

 Type of magnet: (brushes, flaps, wear plates, wear knobs, wheels, .......). 

Maximum circumferential secondary sensor spacing (i.e. circumferential centre to centre distance). 

UT specific: 

 Dimensions of UT transducers and diameter of crystal 

 Frequency of UT signal 

 Stand-off distance of UT transducers 

 Diameter of UT beam at the inner pipe surface and outer pipe surface. The diameter of sound 

beam is defined by the diameter where the sound beam pressure is 6dB below the pressure at 

the centre of the beam 

 Maximum tolerable attenuation in liquid and metal to receive sufficient response. 

UT crack detection (in addition to UT specific) 

 Angle of UT signal in steel 

 Direction of angle of UT signal relative to pipe axis (longitudinal direction is 0°, circumferential 

is 90°). 
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Phased Array UT (in addition to UT crack detection) 

 Number and dimensions of active elements within each transducer 

 Range of angles of UT signal that can be generated in pipe wall. 

EMAT UT: 

 Type, mode and frequency of ultrasonic signal generated. 

Safety: 

ATEX and/or IECEx certification: 

Type of batteries: 

Magnetization hazard alert: 

Pressurized containers alert: 

Operating Parameters: 

Maximum Operating Pressure: 

Minimum Operating Pressure: 

Temperature range: 

Speed range for full performance specification: 

Acceptable (proven) pipeline media (e.g. H2S, saline water, chemicals): 

Excluded pipeline media: 

Pipeline Parameters: 

Maximum nominal bore: 

Minimal nominal bore: 

Minimum pipeline bend radius: 

Minimal internal diameter in bend: 

Maximum diameter barred: 

Maximum diameter unbarred: 

Minimum full bore adjacent tees: 

Minimum full bore adjacent tees - Centreline separation: 

Gauge plate diameter: 

Back to Back bend capability: 

Valves 

Minimum ball valve bore: 

Minimum gate valve bore: 

Maximum void length: 

Maximum Local Restriction: 
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Launcher and Receiver trap details 

Launch and receive requirements including handling for vertical and horizontal traps: 

Please provide a drawing with dimensions or complete the table below. 

 

Trap Details 
Launcher 

Dimensions (mm) 

Receiver 

Dimensions (mm) 

8.1.1 A Closure to reducer    

B Closure to trap valve    

C Closure to bridle CL    

D Pipeline internal diameter   

O Overbore internal diameter   

E Axial clearance   

F Reducer length    

G Reducer to valve    

H Bridle    

  

A 

B 

D O 

C 

E 
Work Area 

Trap Valve 

Kicker Equalizing 

F G 

H 
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Appendix 5: Tool technology performance specifications 
Tool technology performance specifications shall define the ability of the ILI system to detect, locate, 

identify, and size pipeline features, components and anomalies. It is typically linked to the inspection 

technology applied in the tool e.g. High resolution MFL, standard MFL, Ultrasonic pitting detection 

tool, Ultrasonic wall thickness measuring tool etc. 

The tool performance specifications as listed in this appendix shall be given. The influence of the 

operating or pipeline variables on the performance specifications shall be clearly indicated via e.g. 

correction factors or additional tables.  

Essential variables that might influence the specifications and possibly require additional 

specifications are e.g. (but not limited to) listed below: 

General specifications: 

 Tool inspection technology 

 Tool speed range 

 Maximum axial sampling interval 

 Maximum circumferential primary sensor spacing (i.e. circumferential centre to centre 

distance) 

 Influence of line pipe manufacturing process (e.g. SAW, HFW, Seamless, etc) 

 Influence of the location of the anomaly with respect to girth weld and/or seam weld; i.e. the 

ability to detect and size anomalies in and near weld and HAZ 

 Influence of curvature of the pipeline, i.e. minimal bend radius. 

MFL specific: 

 Direction of magnetisation (axial/circumferential/ spiral) and polarity of magnetic field 

 Required minimal magnetic field strength H in kA/m at the inner surface of the pipe to meet 

the given POD and sizing accuracy 

 Maximum circumferential secondary sensor spacing (i.e. circumferential centre to centre 

distance). 

UT specific: 

 Dimensions of UT transducers and diameter of crystal 

 Frequency of UT signal 

 Stand-off distance of UT transducers 

 Diameter of UT beam at the inner pipe surface and outer pipe surface. The diameter of sound 

beam to be defined by the dimension where the sound beam pressure is 6dB below the 

pressure in the centre of the beam. 

 Maximum tolerable attenuation in liquid and metal to receive sufficient response. 

UT crack detection (in addition to UT specific) 

 Angle of UT signal in steel 

 Direction of angle of UT signal relative to pipe axis (longitudinal direction is 0°, circumferential 

is 90°). 

Phased Array UT (in addition to UT crack detection) 

 Number and dimensions of active elements within each transducer 

 Range of angles of UT signal that is generated in pipe wall. 

EMAT UT: 

 Type, mode and frequency of ultrasonic signal generated. 
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Table A5-1: Identification of features 

Feature Yes 

POI>90% 

No 

POI<50% 

May be 

50%<=POI<=90% 

Int./ext./mid wall discrimination    

Additional metal/material:  

- debris, magnetic    

- debris, non-magnetic    

- touching metal to metal    

- Other    

Anode    

Anomaly:  

- arc strike    

- artificial defect    

- blister    

- buckle global    

- buckle local    

- buckle propagation    

- corrosion    

- corrosion cluster    

- corrosion related to CRA    

- crack    

- crack cluster    

- dent kinked    

- dent plain    

- dent smooth    

- gouge    

- gouge cluster    

- grinding    

- girth weld crack    

- girth weld anomaly    

- longitudinal weld crack    

- longitudinal weld anomaly    

- mill anomaly - grinding    

- mill anomaly lamination    

- mill anomaly lap    
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- mill anomaly non-metallic inclusion    

- mill anomaly cluster    

- ovality    

- ripple/wrinkle    

- SCC    

- spalling    

- spiral weld crack    

- spiral weld anomaly    

Eccentric pipeline casing    

Change in wall thickness    

CP connection/anode    

External support    

Ground anchor    

Off take    

Pipeline fixture    

Reference magnet    

Repair:  

- welded sleeve begin/end    

- composite sleeve begin/end    

- weld deposit begin/end    

- coating begin/end     

- crack arrestor begin/end    

Tee    

Valve    

Weld:  

- bend    

- diameter change    

- wall thickness change (pipe/pipe connection)    

- adjacent tapering    

- longitudinal weld    

- spiral weld    

- not identifiable seam    

- seamless    
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Table A5-2: MFL detection and sizing accuracy for metal loss anomalies 

 
General 

metal-loss 
Pitting 

Axial 

grooving 

Circumf. 

grooving 
Pinhole 

Axial 

slotting 

Circumf. 

Slotting 

Depth at POD=90%     
N/A 

see below 
  

Depth sizing accuracy 

at 90% certainty  
       

Width sizing accuracy 

at 90% certainty  
       

Length sizing accuracy 

at 90% certainty  
       

Minimum pinhole diameter at POD=90% if depth=50%t  n.a. 

Minimum pinhole diameter at POD=90% if depth=20%t  n.a. 

Table A5-3: Metal loss detection and sizing accuracy for technologies other than MFL. 

Detection but no sizing at POD=90% 

Minimum diameter  

Minimum depth  

Detection and sizing at POD=90% 

Minimum diameter  

Minimum depth  

Depth sizing accuracy at 90% certainty  

Length sizing accuracy at 90% certainty  

Width accuracy at 90% certainty  

Accuracy of wall thickness measurement at 90% certainty  

Table A5-3a: Detection and sizing of internal and external metal loss, regardless of technology. One 

table for each wall thickness must be filled out. Note: this table might be requested by the Client as an 

alternative for tables A5-2 and A5-3. 

Wall Thickness    xx-xx  mm, POD/POI =90% 

Technique 

Speed interval 

for stated 

detection limit 

and accuracy, 

m/s 

Minimum defect size, Internal Minimum defect size, External 

Depth, mm Length, mm 
Width, 

mm 

Depth, 

mm 
Length, mm Width, mm 

Technique 1 
       

Technique 2 
       

Resulting 

tool 

performance 
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Table A5-4: Detection and sizing accuracy for cracks or crack-like anomalies. 

 Axial crack 

 

Pipe body/weld 

Axial crack 

colony 

Pipe body 

Circumferential 

crack 

Pipe body/weld 

Spiral crack 

 

Pipe body/weld 

Depth at POD=90% of crack with L=25 mm      

Minimum crack opening (mm)     

Depth sizing accuracy at 90% certainty     

Length sizing accuracy at 90% certainty     

Orientation limits (in degrees) for detectability     

Table A5-5: Detection and sizing accuracy for dents, ovalities, ripples/wrinkles, buckles 

 Dent Ovality 

Height/Depth POD=90%  n.a. 

Height/Depth sizing accuracy at 90% certainty  n.a. 

Width sizing accuracy at 90% certainty  n.a. 

Length sizing accuracy at 90% certainty   

Ovality at POD=90% n.a.  

Table A5-6: Detection and sizing accuracy in 90˚ bends. 

Minimal bend radius for detection of metal loss anomalies as given in Table A5-2, A5-3, A5-3a OD* 

Minimal bend radius for sizing accuracy for metal loss anomalies as given in Table A5-2, A5-3, A5-3a OD* 

Minimal bend radius for detection of crack or crack-like anomalies as given in Table A5-4 OD* 

Minimal bend radius for sizing accuracy of crack or crack-like anomalies as given in Table A5-4 OD* 

* If the bend radius in the pipeline is smaller than given in the table, then applicable specifications for that bend radius shall 

additionally be provided in the form of Tables A5-2, A5-3, A5-3a or A5-4. 

Table A5-7: Location accuracy of features. 

Accuracy of distance to upstream girth weld at 90% certainty  

Accuracy of distance from  trap valve at 90% certainty  

Accuracy of circumferential position at 90% certainty  
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Table A5-8: Mapping tool accuracy and horizontal and vertical accuracy of pipeline location as 

function of marker distance and certainty.  

 

The values to be entered in this table depend on the accuracy of the individual company’s technology 

and their way of operating their system as a whole. It is generally thought that the accuracy of an 

IMU varies over distance travelled, but the accuracy degrades over time, so it is important to 

consider the speed of the product in the pipe during the mapping inspection run. It is therefore 

important to specify, in consultation with the Contractor, the maximum and minimum flow rates 

during mapping surveys as well as spacing of AGMs. Very slow rates will reduce accuracy. 

AGM’s are used to correct the IMU’s ‘drift’ over time (and hence distance). The closer the AGM 

spacing, the more accurate the final coordinates will be. Many ‘standard’ mapping runs use a 1 mile 

or 2 kilometre spacing, but for very or extremely high accuracy work 1 kilometre or even 500m 

spacing can be used. 

  

Accelerometer accuracy (micro g)  

Gyroscope accuracy (°/h)  

Horizontal accuracy (m) 

at 90% certainty 

Vertical accuracy (m)  

at 90% certainty 

Marker distance (m) 

(add rows to table if required) 

0.5 0.5  

1.0 1.0  

2.0 2.0  
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Appendix 6: Typical example of Pipe tally* 

 
* Columns can be added or deleted, e.g. depending on the ILI tool technology/technologies applied and/or on request of the Client.  
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-1.136 Weld  10 Seamless 2.272 508 14 14.2

0 Valve
Starting 

point: City
1.136

1.136 Weld
Change wall 

thickness
 20 Seamless 8.001 508 12 12.3 0.8 A3-5

9.137 Weld  30 Long seam 12.001 508 12 12.1 0.4 8:04 A3-5

21.138 Weld
Change wall 

thickness

Adjacent 

tapering
40

Spiral 

seam
12.001 508 8 8.4 0.2 4:42 A3-5

23.139 Anomaly Corrosion
Abnormal 

signal
8.4 2.001 10:32 Ext 18% 25% 126 42 GENE

Not 

calculated
A3-2

30.143

Above 

ground 

marker

Marker AGM 1 9.005

33.141 Weld  50 Long seam 11.003 508 8 8.3 1.2 7:26 A3-5

35.001 Anomaly Dent, Kinked
Mechanical 

damage
8.3 12.860 0:22 Ext Inw 2.7% 45x78 12% 21% 31 67 GENE

Not 

calculated
A3-2

35.801 Anomaly
Gouge 

Cluster
GOCL-01 8.3 2.800 0:10 Ext 8% 15% 38 20 AXGR

Not 

calculated
A3-2

44.144 Weld Bend begin
Adjacent 

tapering
60 Long seam 2.004 508 12 12.2 0.9 Y 1:38

Installation 

S-449

44.999 Anomly
Corrosion 

Cluster
COCL-01 12.1 Y 0.855 8:36 Ext 32% 32% 42 25 PITT

Not 

calculated
A3-2

46.148 Weld Bend end
Adjacent 

tapering
70 Long seam 11.145 508 8 8.4 0.8 11:10

Installation 

S-449

47.151 Anomaly
Mill anomaly 

Cluster
MACL-01 8.4 1.003 8:53 Int 17% 36% 159 120 GENE

Not 

calculated
A3-2

57.293 Weld 80 Long seam 10.999 508 8 8.5 0.9 7:12 A3-5

GPS 

coordinates

Lo
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]

Joint global 

geometry
Reference joint
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C
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Feature location on 

joint Cracks and metal lossesDeformations

Anomly sizing and further information
Feature type and ID
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Appendix 7: Typical example List of anomalies* 

 

* Columns can be added or deleted, e.g. depending on the ILI tool technology/technologies applied and/or on request of the Client. 
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23.139 Anomaly Corrosion
Abnormal 

signal
8.4 2.001 10:32 Ext 18% 25% 126 42 GENE

Not 

calculated
A3-2

35.001 Anomaly Dent, Kinked
Mechanical 

damage
8.3 12.860 0:22 Ext Inw 2.7% 45x78 12% 21% 31 67 GENE

Not 

calculated
A3-2

35.801 Anomaly
Gouge 

Cluster
GOCL-01 8.3 2.800 0:10 Ext 8% 15% 38 20 AXGR

Not 

calculated
A3-2

44.999 Anomaly
Corrosion 

Cluster
COCL-01 12.1 Y 0.855 8:36 Ext 32% 32% 42 25 PITT

Not 
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47.151 Anomaly
Mill anomaly 

Cluster
MACL-01 8.4 1.003 8:53 Int 17% 36% 159 120 GENE
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Joint global 
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Appendix 8: Typical example List of clusters* 

 

* Columns can be added or deleted, e.g. depending on the ILI tool technology/technologies applied and/or on request of the Client. 
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Not 

calculated
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35.801 Gouge GOCL-01.01 8.3 2.8 0:10 Ext 7% 12% 30 11 AXGR
Not 
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A3-2 24° angle
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Not 
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Corrosion 

Cluster
COCL-01 12.1 0.855 8:36 Ext 32% 32% 42 25 PITT

Not 
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A3-2

44.999 Corrosion COCL-01-01 12.1 0.855 8:36 Ext 24% 24% 12 12 PITT
Not 
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Not 
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47.151 Anomaly
Mill anomaly 

Cluster
MACL-01 8.4 1.003 8:53 Int 17% 36% 159 120 GENE

Not 
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A3-2

47.151 Grinding MACL-01-01 8.4 1.003 9:16 Int 14% 36% 64 70 GENE
Not 
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Non- metallic 

inclusion
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Not 

calculated
A3-2
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Appendix 9: Typical example Run comparison overview* 

 
* Columns can be added or deleted, e.g. depending on the ILI tool technology/technologies applied and/or on request of the Client. 
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10,250.250 7500 14.651 10.0 weld 10,250.000 7500 14.811 10.5 weld Weld matched

10,256.630 10.0 corrosion 6:00 35 40 12 Int 10,257.000 corrosion 5:42 120 80 18 Int 85 40 6 Corrosion matched

10,262.650 corrosion 4:12 15 10 5 Int New corrosion

10,263.305 10.0 grinding 11:04 120 80 8 Ext 10,263.500 corrosion 11:00 140 90 12 Ext 20 10 4

Identification 

correction: grinding to 

corrosion

10,264.910 7510 15.100 10.0 weld 10,264.818 7510 15.080 10.5 weld Weld matched

10,280.008 7520 15.000 10.0 weld 10,279.898 7520 3.110 10.5 weld Weld matched

10,283.000 7522 7.000 12.5 weld New weld

10,290.064 7524 4.905 10.5 weld New weld

10,294.800 7530 14.805 10.0 weld 10,294.900 7530 14.805 10.5 weld Weld matched

DATA RUN 1 ( yyyy-mm-dd) DATA RUN 2 (yyyy-mm-dd) Difference

Comment
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ABSTRACT 

The Ultrasonic Imager Tool (USIT) is a wireline conveyed 
logging tool used for cement and casing evaluation. The tool 
and acquisition system utilize color imaging to present the mea- 
surements obtained from a rotating ultrasonic transducer, which 
gives 360” coverage at high resolution. For mechanical integ- 
rity tests, the most important measurements are casing internal 
radius and casing thickness. A presentation of the cement bond- 
ing to the casing is also derived from its measurement. Based 
on these measurements and the radial color maps generated from 
them, interpretations are made as to the metal loss and general 
condition of the casing. 

Since the Bureau of Land Management started requesting 
that mechanical integrity tests be performed, geothermal op- 
erators have utilized the US1 tool to help them evaluate and 
optimize their operations. Currently, one operator is using tita- 
nium casing in hopes of extending the well life. Also, types of 
latex based foam cements are being used to cement the newer 
casing strings. A study is currently ongoing through a consult- 
ant and Sandia Laboratories to examine the US1 measurement 
and parameters in these new environments. Various examples 
illustrate typical log results of heavy internal scaling, corrosion, 
mechanical wear, and cement bonding. Examples will also show 
the changes in the wellbore environment over time and the ef- 
fect of “clean out” jobs on internal scale. Recovered casing is 
shown to validate the log results. 

Introduction 

Geothermal operators are using the US1 tool for various 
purposes in evaluation of their casing. The bulk of the evalua- 
tion is performed in geothermal injection wells. The Bureau of 
Land Management started in 1994 requesting that injection wells 
older than 3 years old have a mechanical integrity test of their 
casing performed every other year. Acceptable techniques were 

conventional packer pressure tests and/or wireline logging. The 
most common failure in the Holtville area is from shallow ex- 
ternal corrosion. Because of this fact and the fact that the BLM 
criteria was based on remediating casing with 25% or greater 
metal loss, the conventional packer pressure tests did not make 
sense as they did not provide the information and accuracy 
needed to make these decisions. 

The technique of utilizing the US1 wireline technology has 
allowed for evaluations and interpretations to be made conve- 
niently and cost effectively for a monitoring program of the 
casing condition. The accuracy and repeatability of the device 
gives confidence in the interpreted results. Approximately 30 
geothermal wells are logged each year in the geothermal areas of 
Southern California. A discussion of the tool measurement and 
following field examples show how the tool is utilized in the on- 
going monitoring of casing mechanical integrity. 

Principle of Measurement 

The ultrasonic transducer of the US1 serves as both the  
transmitter and receiver of acoustic energy. A short pulse of 
acoustic energy is emitted and received as multiple echoes 
from the casing and cement. These multiple echoes create a 
resonance in the casing relative to its thickness. The presence 
of cement bonded to the casing is detected as dampening of 
the resonance. 

Transducer Mud Casing Cement 
Figure 1. US1 principle of measurement. 
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Table 1 : Acoustic properties of materials. 

Acoustic Acoustic 

Material (kg.m-3) (m.s.-l) (MRayl) 
Density Velocity Impedance 

Fluid Pro erties 
Posit f on 

Air (1-100 bar) 
Water 
Drilling fluids 
Cement slurries 
Cement (Litefil) 
Cement (class G) 
Limestone 
Steel 

1.3 - 130 
1000 
loo0 - 2000 
1000 - 2000 
1400 
1900 
2700 
7800 

330 
1500 
1300- 1800 
1500- 1800 
2200 - 2600 
2700 - 3700 
5500 
5900 

0.0004 - 0.04 
1.5 
1.5 - 3.0 
1.8 - 3.0 
3.1 - 3.6 
5.0 - 7.0 
17 
46 

Figure 2. Rotating sub operating positions 
The transducer subs are appropriately sized to position the 

transducer one to two inches from the casing wall. The largest 
reflection of the acoustic energy pulse is from the internal casing 
interface, with a small fraction of the signal entering the casing. 
This smaller fraction resonates with energy lost back to the 
wellbore fluid at each reflection. (See Figure 1, previous page). 

An analysis of the echoes yields four measurements: 
1. Echo amplitude - an indicator of casing condition 
2. Internal radius - calculated from the travel time of the echo. 
3. Casing thickness -calculated from the resonance frequency. 
4. Acoustic imp~ance  - calculated from the d ~ p e n i n g  of 

the resonance. 
The acoustic impedance is the basis for cement evaluation. 

In a homogeneous medium, the acoustic impedance Z is equal 
to the product of the density p and acoustic velocity v:Z = pv. 
Acoustic impedance is expressed in units of Mrayl. Table 1 
lists acoustic properties of some materials encountered. 

In order to accurately measure internal diameter and 
thickness of the casing, and to determine the cement bonding 
from impedance, the US1 needs to measure the velocity and 
acoustic impedance of the wellbore fluid. Fluid density changes 
and temperature affects the fluid velocity and impedance 
measurements. 

The tool has a separate operating mode to only measure the 
wellbore fluid properties (see Figure 2). 

In the fluid properties mode, the transducer faces inward 
towards a target plate. The plate properties are known and 
therefore the properties of the fluid between the ~ansducer 
and the plate can be measured. 
In the logging position, the transducer faces outward to- 
wards the casing wall. 
The fluid properties mode is used when logging while run- 

ning into the well. These values obtained are then input at the 
appropriate depth as the tool is logged up in the logging mode. 

Because this is a geothermal environment, the tempera- 
ture limitations of 350' F have to be considered prior to 
logging. Simply injecting water can usually cool the injec- 
tion wells. However, the scaling problem that exists is some 
areas are not that easily overcome. Internal scaling will cre- 
ate an environment in which accurate data cannot be obtained. 
Acid cleanouts and scale blasting techniques are employed to 
sufficiently clean these problem wells. 

Measurement Position 

Field Examples 

Each of the following log examples emphasizes the point 
that color images and logs are critical to the interpretations as 
they are difficult to view and understand in black and white. 

Field € x ~ ~ ~ ~ e  # I  Currusjo~ 

This example clearly shows the value and effectiveness 
of the corrosion monitoring program utilizing the Ultrasonic 
Imager. Shown in Figures 3 and 4 are two of the three USIT 
logs, which were run on the same well. This well has been 
logged three times at two-year intervals as required by the 
BLM for the monitoring of casing integrity. The area of fo- 
cus is the upper section of the 13 3/8" just below where the 
tool enters the well head master valve. The first log (not 

Amp~imdc IDQOD IDmrp ThWwrr CtmcntEnluotloa 
-1 -2 m 3  -4 -5 frrk6 -1 -8 T d 9  

Figure 3. Log 1 with minor corrosion. 
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shown here) showed no evidence of corrosion. The second log, 
Figure 3, recorded two years later shows a small patch of exter- 
nal corrosion at a log-measured depth of 24'-29' with 
approximately 20% metal loss. The third log, Figure 4, recorded 
two years later shows the external corrosion is now extending 
downfrom 24' -55' with approximately 30% metal loss. The cor- 
rosion is most easily recognized in the thickness map display, 
which is Track 6 of the log display. It shows up as the darker 
areas in the black and white copy. The corrosion appears to be 
predominately on one side of the pipe. Figures 5 and 6 are pho- 
tos of the casing that was excavated which confirms the log 
response and the severity of external corrosion. 

Example #2 Cement Analysis 

In the last few years, there has been the introduction of run- 
ning titanium casing and latex based foam cements in a few 
wells. Although the USIT was not initially characterized for 
these materials, new parameters and processing have been de- 
veloped to accurately analyze both the cement bond and the 
casing thickness. Figures 7 and 8 (overleaf) are two logs cre- 
ated from the same acquired raw data. Figure 7 is the original 
log using parameters for titanium casing and the micro- 
debonding processing to identify the foam and latex cement. 
The micro-debonding processing uses logic that says if it doesn't 
see "normal" cement or water filled space, it then compares 
each measurement with the one above, below, left and right of 
it. If the fluid type is water or drilling fluid, these measure- 
ments are consistent with each other. When the software 

Figure 5. Excavated casing confirming external corrosion. 

Figure 6. Close up of external corosion. 

recognizes differences in the surrounding measurements it codes 
it as such. This should incorporate gas or mud contaminated 
cements, and the foam and latex cements. In Figure 7, the thick- 
ness measurement is accurate and the cement is recognized and 
interpreted with the new processing. Figure 8 is the same log 
data played with parameters for steel casing and standard USIT 
processing for the cement evaluation. The output for thickness is 
now too high and the area where we were seeing cement is now 
being clasified as gas and many processing error flags are present 
in Track 2. A current review and study is underway with a con- 
sultant and Sandia Laboratories to analyze the parameters used 
by the USIT for various cement types in both steel and titanium. 

Example #3 Drill Wear 

Figures 9, 10 and 11 are part of an example which shows a 
case of drill wear. Figure 9 is of the USIT log taken from the 
well. The wear extends for almost 50'. The fact that the defect 
shows up as an increase in the ID in Track 6 and a loss of metal 
thickness in Track 8 indicates that it is internal wear of the pipe. 
The amplitude map is Track 3 also clearly shows the wear 
groove. Figure 10 is photo of the recovered casing. Figure 11 
is a cross sectional plot taken from the depth of the wear with 

Amplitllde IDBOD 
T d 1  -2  T d 3  T d 4  Tndrs " 3 6  T l . a . E Y r U k 8  E s E - z 2 5 0  

Figure 4. Log 2 with increased corrosion. 
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Titanium Casing & Latex-Foam Cement 
Track1 Track2 Track3 Track4 Track5 Track6 Track7 Track8 Track9 Track10 

AmDlitude ID & OD ID maD Thickness Cement Evaluation 

...... 

Figure 7. Correct settings for titanium and latex-foam cement. Figure 10. Excavated casing. 

Track 1 Track 2 Track 3 Track 4 Track 5 Track 6 Track 7 Track 8 Track 9 Track 10 
Amplitude ID & OD ID mnp Thickness Cement Evnluntion 

Figure 8. Log replayed with standard settings for steel & neat cement. 

Mechanical Wear 
Track 1 Track 2 Trnck 3 Track 4 Track 5 Track 6 Track 7 Track 8 Track 9 Track 10 

Figure 9. Mechanical wear evident. 
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Figure 11. Plot from USIT log. 

the USIT. Notice the casing OD is still round but 
the ID and thus the thickness change on the worn 
side. The thickness measurement of the USIT is 
accurate from 0.27” to 0.59”. In this case, the ex- 
cavated casing was actually thinner than the 0.27” 
USIT measurement that is represented on the log 
and the cross section plot. 

Example #4 Internal Scaling 

This is a log example of internal scaling and 
subsequent cleaning. Some areas in the geother- 
mal areas in Southern California have a problem 
with a soft internal scale. This soft scale is identi- 
fiable by the dark impedance and by “grooves” in 
Track 3. These “grooves” are impressions made in 
the internal scale by the centralizing arms on the 
US1 tool. Figures 12 and 13 are two logs recorded 
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from the same well at different times. Figure 12 shows the pres- 
ence of a heavy build-up of soft internal scale. The grooves left 
by our centralizing arms are slightly visible in Track 3 of the log 
by the lighter vertical stripes against the darker scale. Figure 13 
shows the casing condition after an acid clean-out was performed. 
For some reason, the clean-out was very effective down to 622’. 
This log comparison is an outstanding example of how the scale 
affects the log response. Prior to the clean-out, the minimum and 
maximum internal diameter measurements and the minimum and 
maximum thickness measurements are very erratic. This makes 
the data unreliable for a detailed and accurate interpretation. The 
average thickness measurement is still accurate. After the clean- 
out, the measurements above the depth of 622’ are of very good 
quality. The interpretation of the data can be made accurately 
and confidently. 

Conclusion 

The US1 tool is being used by the geothermal operators to 
monitor casing conditions as required by the Bureau of Land 
Management. 
1. The US1 has been proven to be effective in identifying ex- 

ternal corrosion and been verified by excavations done by 
geothermal operators. External corrosion near the surface 
is the most prevalent in the Holtville area. 

2. Current software processes we being qualified to provide 
accurate measurements in newer environments of titanium 
casing and latex based foam cements. 

ID & OD 
lnckl TndrZ T&k3 TnCi-lindrJ Tndrd lnck? Track8 1-9 Tnd.10 

Figure 12. Log with heavy internal scale. 

3. The accuracy of the internal radius and thickness measure- 
ment from the US1 tool makes it a very effective tool for 
evaluating mechanical wear and to base wellbore decision 
on. 

4. The US1 has been useful in long term monitoring of corro- 
sion, scale increase, and the effectiveness of clean out jobs. 
Heavy buildup of soft internal scale is problematic is cer- 
tain areas and makes it very difficult to get a reliable inter- 
pretation of the casing and cement condition. 

5. Color imaging and 360” coverage of the US1 presentation 
are critical to the interpretation of casing condition. 
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Abstract

This paper describes the application of a combined answer from Electromagnetic and Ultrasonic imaging

measurements to assess the well integrity prior to well side track and Whip-Stock setting. This solution

was applied in a very old well in Raudhatain field in Kuwait that was completed since 1959.

To optimize the cut depth for the side track across the single string, it was essential to identify an

accurate depth of the external casing shoe, in addition to evaluation of both internal and external casings

integrity and the cement bond quality for zonal isolation assurance. Data was acquired in September 2015

where the Electromagnetic log along with Ultrasonic images have been utilized with the advantage to

provide answer in sections completed with dual strings for well integrity assessment.

The log results could detect the external casing shoe at the depth 7170-ft, presented good pipe integrity

for the internal casing, and indicated good pipe condition with minor metal loss in the external casing

across the double strings interval. The measured outer casing shoe was found 21-ft deeper than the

theoretical from the old well sketch data, hence the depth of the well side track and Whip-Stock setting

were optimized accordingly.

Failing to confirm the actual depth of the external casing shoe could have unintentionally led into

drilling the side track across the double casing section resulting in undesirable workover operations and

rig cost. Drilling a side track in dual pipe completed interval would also result-in damaging the outer

casing and high remedial cost that cannot be predicted.

The operator Kuwait Oil Company has achieved their objective to side-track the well across single

casing string without taking any risk and avoiding any implications through wireline technology and

solutions.

INTRODUCTION

The Electromagnetic and Ultrasonic imaging measurements were acquired on Spetember 2015 in a very

old well in Raudhatain field in Kuwait that was completed since 1959 and there was no enough

information on accurate well completion sketch, cement or drilling mud data. The well is subject for cased

hole side track drilling after evaluating the pipe and cement integrity.



The main objective was to assess the well integrity and optimize the cut depth prior to side track and

Whip-Stock setting in the subject well by identifying an accurate depth of the external casing shoe of 9

5/8-in casing.

Electromagnatic measurements is planned to provide the pipe thickness across single and double

casings interval that will confirm the outer casing shoe depth of 9 5/8-in and assess the casing integrity

for both 7-in and 9 5/8-in pipes.

Ultrasonic measurement is planned in order to identify casing corrosion and loss of integrity, in

addition to evaluate the cement to casing bond quality behind 7-in casing. Sonic measurement was also

recorded to evaluate cement bond quality across the single casing section.

Following is a technical introduction on each acquisition technique implemented for this case study

prior the discussion of results.

ELECTROMAGNATIC (EM) MEASUREMENT

The EM casing inspection tool measures both internal and external corrosion. Its slim 2 1/8-in. diameter

allows a deployment through tubing to quantitatively evaluate casing below the packer and in multiple

casing strings or casing behind tubing by estimating the scale deposits and physical damage such as

splits, holes, and partially collapsed sections.

This tool combines four types of EM measurements to assess tubular integrity:

● EM metal thickness (ethick), an estimate of the average tubular metal thickness, using long-

spacing low-frequency measurements for 2 7/8-in. through 13 3/8-in. casing outside diameter

(OD)

● High-resolution image of total metal thickness, using low-frequency measurements on 18 radial

arms for casings up to 9 5/8-in. OD

● High-resolution internal-defect image, using high-frequency measurements on 18 radial arms for

casings up to 9 5/8-in. OD

● Casing inner diameter (ID), using closely spaced, high-frequency measurements (Taken from

SPE 149069, Page 2, by Thilo Michael Brill et al).

EM inspection tool provides measurements to evaluate and identify corrosion in casing and tubing. The

tool uses nondestructive induction methods to detect metal loss, pits, and holes, and it utilizes both Remote

Field Eddy Current (RFEC) and High Frequency-Near Field Eddy Current (HF-NFEC) techniques. Refer

to Figure 1.

The main applications and features of this techaniqe are:

1. Quantitative thickness evaluation of single casing

2. Qualitative thickness evaluation of multiple casing

3. Thickness image with discrimination in single casing

4. Pinpoint damage by depth and azimuth

5. Thru-tubing measurements

6. Operable in any down-hole fluid
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ULTRASONIC MEASUREMENT

The Ultrasonic imaging tool has a single rotating transducer that rotates at high speed (7 rev/sec), and

operates at high frequencies of between 200 and 700 kHz depending on casing thickness. This technique

evaluates both casing integrity and cement bond around the entire circumference of the casing at a

resolution of 1.2 inches across each depth. The ultrasonic signal processing will yield four measurements

of the casing thickness, pipe internal radius, inner wall smoothness (from the initial echo amplitude and

time), and the acoustic impedance of materials in the annulus (from the signal resonance decay). Refer to

Figure 2.

Figure 1—EM casing Inspection Tool (Taken from SPE 149069, Page 8, by Thilo Michael Brill et al.).

Figure 2—Ultrasonic tool principle of measurement
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The acoustic impedance of any material is the product of its density by the sound velocity through it

(Zdensity x acoustic velocity). Z is usually expressed in MRayl (106 kg.m ·s ). Empirical cutoffs or

thresholds are used to determine solids, liquid, or gas. The default value of the threshold between liquid

and solid is 2.6 MRayls, and between liquid and gas is 0.3 MRayls, as illustrated in Figure 3.

SONIC MEASUREMENT

The CBL or cement bond log has been around since the 1960’s. It is based on the principle that a signal

transmitted through a casing unsupported by cement will ring strongly and attenuate slowly while that

same signal will ring weakly and attenuate quickly when transmitted through a casing well supported by

cement.

This measurement is omni-directional, responding to the average of contributions from around the

circumference of the casing, and is made at a relatively low frequency of ~ 20 kHz at a transmitter-to-

receiver spacing of 1 to 3 feet. The measurement is normally accompanied by a variable density log

(VDL) that is made at a longer transmitter-to-receiver spacing of 5 feet (Figure 4). This VDL may yield

an indication of cement bond to the formation.

Figure 3—Empirical threshold of measured acoustic impedance to discriminate solid-liquid-gas

Figure 4—Sonic tool principle of operation
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The CBL measurement has some strengths that have allowed it to stand the test of time. It is still used

today for cement evaluation, either independently or in combination with an ultrasonic measurement. The

measurement responds well to solidity, works well in most fluids, is unaffected by internal casing

condition and provides an indication of cement-formation bond. Latest generation tools also include

mapping features that can indicate broad channels.

The CBL is sensitive to fast formation, and extremely sensitive to both eccentering and liquid

microannulus. The omni-directional nature of the measurement and the low frequency at which it is taken

also render the CBL ineffective in identifying channels or contaminated cements.

CBL/VDL tool is not designed to work in dual completion environment, in which the received signal

will be affected by all casing resonance, hence cannot be interpreted to provide cement bond evaluation

across multiple strings.

CASE STUDY

The well was completed with 7-in, 26 ppf casing from surface till 8645.5 ft and the outer 9 5/8-in, 43.5

ppf that was reported to be set from 5729.3 ft to 7149 ft as per the old well sketch. To inspect the 9 5/-in

casing condition with the 7-in casing in place, the Electromagnetic Imaging Tool was used in combination

with the ultrasonic to achieve this objective. The logging interval extends from 6500 ft to 7500 ft.

The Electormagnatic data, using its deep reading Low Frequency Remote Field Eddy Current

measurement (RFEC), is able to provide a reliable Total wall thickness indicator in inches. Note that the

EMIT reads an average pipe thickness and has no azimuthal resolution. The double casing string (7-in and

9 5/8-in) extending above 7170 ft. The outer casing thickness is then computed by subtracting the inner

casing pseudo thickness from the total thickness.

The percentages of average metal loss are computed based on the fraction of measured minimum and

average thickness of each joint, with reference to nominal casing wall thickness.

ACQUISITION RESULTS

The log analysis was divided in two sections as following:

1. Single casing string (i.e. 7-in casing section extending from 7500 ft to 7170 ft). Log results show

that casing is in overall good condition. The average metal loss calculated translates to less than

5% across this section suggesting no severe anomaly or casing damage.

Overall it shows a reasonable consistency with the USIT findings from both inner radii and

thickness readings.

2. Double casing string (i.e. 7-in  9 5/8-in casing section extending from 7170 ft to 6500 ft). The

total thickness of (7-in and 9 5/8-in) casings, as measured by EMIT, shows that both pipes are in

good condition except for the possibility of some minor metal loss in the outer casing between

depths 6527-6584 ft and 6851-6869.5 ft where thickness is reading slightly lower values than total

nominal casing thickness.

The percentages of metal loss are computed based on the fraction of measured minimum and

average thickness of each joint, with reference to nominal casing wall thickness.

Refer to Figure 5 for the Statistical Analysis for Single & Double Casing Strings from EMIT.
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Electromagnatic measurements could detect the presence of 9.625-in casing shoe at 7170 ft that was

also suggested from the Ultrasonic log. Comnined answer from sonic and ultrasonic indocated fair

presence of cement in the annulus across the single and double strings. Refer to Figure 6.

Figure 5—EMIT estimated average metal loss%

Figure 6—Casing evaluation summary
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CONCLUSION

Ultrasonic and sonic measurements could present fair cement presence in the annulus behind the 7-in

casing in single and double strings with good pipe integrity. Electromagnetic log analysis indicated both

strings of 7-in and 9 5/8-in casings in good condition with no serious metal loss and detected the outer

casing shoe depth at 7170 ft.

The measured outer casing shoe was found 21-ft deeper than the theoretical as reported in the old well

sketch data, hence the depth of the well side track and Whip-Stock setting were optimized accordingly.

Failing to confirm the actual depth of the external casing shoe could have unintentionally led into

drilling the side track across the double casing section resulting in undesirable workover operations and

rig cost. Drilling a side track in dual pipe completed interval would also result-in damaging the outer

casing and high remedial cost that cannot be predicted.

The operator Kuwait Oil Company has achieved their objective to side-track the well across single

casing string without taking any risk and avoiding any implications through WL provided technology and

solutions.
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Abstract 

Qatar Petroleum’s super-giant Dukhan field located onshore Qatar has a mature inventory of hundreds of wells. Managing 

integrity of such mature well inventory to avoid unplanned downtime has been no less crucial than any other activity to 

maximizing production and injection. This involves costly wellwork decisions for integrity control and repair, which rely heavily 

on data obtained from a well integrity monitoring program. Well integrity monitoring program ranges from using basic methods 

to state-of-the-art downhole monitoring tools. Their applications are almost always associated with limitations that impose 

uncertainty in well integrity evaluation. This paper presents an integrated approach Qatar Petroleum used to address this issue. 

This approach consisted of performing reliability assessment of the entire array of available tools and methods against given 

well conditions with a matrix of assessment criteria. This matrix enabled selection of a fit-for-purpose set of tools and methods 

with clear understanding of their strengths and limitations. Techniques of correlation, bracketing and elimination were then 

applied to analyze the outputs obtained from using the selected set of tools and methods. The approach allowed detecting well 

integrity problems and determining their severity with minimal uncertainty. The paper focuses on intricacies of the approach, 

and how its implementation results in a sound well integrity evaluation. It also presents field examples that demonstrate efficacy 

of the approach in supporting costly wellwork decisions for restoring well integrity. Successfully restoring the well integrity 

unlocked revenue potential, made quick payout of the wellwork costs and extended the field life. 

 
Introduction 

Dukhan field is located onshore Qatar approximately 80 km to west of Doha, the capital of the state of Qatar. The field has a 

mature inventory of a large number of wells. Qatar Petroleum (QP) manages integrity of such wells via its established well 

integrity monitoring and remedial wellwork programs. Data obtained from the monitoring program are used for integrity 

evaluation that in turn leads to deciding the requirement and type of wellwork for integrity control and repair. Majority of the 

wellwork decisions are cost-intensive and a sound integrity evaluation is key to their success.  

One of the most popular definitions of well integrity, as provided in NORSOK D-010, is “application of technical, operational and 

organizational solutions to reduce risk of uncontrolled release of formation fluids throughout the life cycle of a well”. Application 

of the solutions mentioned in this definition basically aim at preventing, detecting and repairing integrity problems. QP’s well 

integrity monitoring program focuses on preventing and detecting a wide range of potential integrity problems that can occur in 

surface and downhole components of a well. An array of techniques involving basic methods to state-of-the-art downhole tools 

is used. Each of the methods and tools has its own strengths as well as limitations. Limitations of methods and tools have the 

potential of imposing uncertainty in well integrity evaluation. An integrated approach has been developed to address this issue. 

Subsequent sections of this paper discuss intricacies of this approach and present some field examples to show how 

implementation of the approach resulted in sound well integrity evaluation. 

 
The Approach 

The approach consists of the following steps: 

1. Setting reliability matrices for methods and tools 

2. Prognosticating the range of possible well integrity problems  

3. Using the reliability matrices for selection of a fit-for-purpose set of tools and methods 
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4. Evaluating outputs with correlation, elimination and bracketing techniques 

5. Identifying well integrity problems 

1. Setting reliability matrices for methods and tools 

Reliability matrices have been set up separately for surface methods and downhole tools in investigating various well integrity 

elements. Surface methods comprise wellhead pressure monitoring, fluid sampling & pressure testing. Downhole tools include a 

range of logging tools used for wellbore and behind-casing inspection. Well integrity elements range from wellhead or near 

surface to downhole and behind casing elements. Table-1 and 2 present reliability matrices summarizing reliability of each of 

the methods and tools as ‘good’, ‘fair’ or ‘poor’ in investigating the well integrity elements. An elaboration on how the reliabilities 

were defined is given below.  

Surface Methods 

Wellhead Pressure Monitoring & Produced Fluid Sampling  

Fluctuations in wellhead pressure coupled with abrupt change in well rate may be indicative of downhole casing and tubing/ 

packer leak. Continuous analysis of wellhead pressure data to identify such anomaly helps in early detection of downhole leaks 

and taking a suitable action to prevent charging of shallow aquifers with either hydrocarbons or injected water. 

Wellhead produced fluid sampling with well test data forms an important input to the above analysis. For example, if the water-

cut and GOR haven’t changed and there is sudden drop or significant fluctuation in wellhead pressure, it could be a strong 

indication of downhole leak that need confirmation by running appropriate downhole tools.  

However, it is recognized that in several cases, downhole casing & tubing/ packer leaks may not present any noticeable 

anomaly in wellhead pressure and fluid.  Hence reliability of wellhead pressure monitoring & fluid sampling in determining 

downhole leak is considered ‘fair to poor’. 

Annuli Pressure Monitoring & Effluent Sampling 

Procedures for drilling and completing wells are designed such that no pressure should be seen on any one of the annuli during 

the well’s operation phase. The exceptions are wells on gaslift, where pressure in annulus between tubing and production 

casing is due to lift gas pressure or the wells without packer. Thermal expansion of tubing, casing or packer fluid when the well 

is first placed on production may also cause pressures to build up in one or more of the annuli; however these pressures should 

not recur once they are bled off and the well is in normal production mode.  

Pressure in cemented annuli between two casings develops due to one or more of the following factors: 

 Cement channelling 

 Incomplete cement circulation 

 Casing leak(s) 

 Leak through wellhead seal(s) 

Pressure in annulus between tubing and production/ injection casing develops due to one or more of the following factors: 

 Production/ injection casing leak 

 Tubing or packer leak(s) 

 Tubing bonnet and hanger pack-off leak 

There are multiple factors as mentioned above that can cause annuli pressures. Hence reliability of annuli pressure monitoring 

and effluent sampling is considered ‘fair’ in determining presence of either or a combination of such factors, but ‘poor’ in 

finding which one of these factors is the unique cause.   

Pressure Testing of Wellhead Seals  

Pressure testing of wellhead seals is a direct and conclusive method to ascertain wellhead seals integrity with ‘good’ reliability. 

Pressure Testing of Tubing & Production/ Injection Casing  

Successful pressure testing of tubing (with plug installed at bottom of the tubing string and dummies in gas lift mandrels, if any) 

& production/ injection casing establishes integrity of wellhead seals, production/ injection casing and packer. If during 

successful pressure testing of tubing string, no pressure is seen on tubing – casing annulus, integrity of tubing string is also 

established. However an unsuccessful pressure test could be due to integrity failure of any or a combination of these 

components or a leak through the tubing plug or gas lift mandrel. Hence reliability of pressure testing in determining casing, 

tubing or packer integrity is considered ‘fair’. 

Annuli Pressure Testing 

Annuli pressure testing consists of: 

 Testing the annuli between casings in a recommended sequence 

 Analyzing results to diagnose the cause of annuli leak 

 Identifying the need for remedial cement top-up or securing well for further action such as workover or abandonment. 
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Annuli pressure test are performed after pressure testing of wellhead seals has ruled out wellhead communication. An 

unsuccessful annuli pressure test without having performed pressure testing of wellhead seals could be due to either wellhead 

communication or cemented annulus or both. Hence reliability of annuli pressure testing in determining wellhead seal integrity is 

considered ‘fair’. 

Annuli pressure test is effective in determining whether a cemented annulus isolates downhole pressure zones (hydrocarbon or 

aquifer) from surface. However, it is inconclusive in detecting cement channels or voids that might be present in the annulus 

causing isolation failure between two zones. This is because presence of a cement bridge could mask such channels or voids 

from surface. Hence reliability of annuli pressure testing in determining wellhead seal integrity is considered ‘fair to poor’. 

Surface Casing & Casing Head Inspection  

Near surface external corrosion (i.e. corrosion on casing head housing and portion of surface casing just below ground) is 

caused by cyclic or consistent ingress of oxygenated surface water or moisture in the annular space between the conductor 

pipe and surface casing. The retained oxygenated water in the annulus leaches out chemical salts from the cement and at 

elevated well operating temperatures (around 120 deg F) creates low resistance electrolyte resulting in an extremely corrosive 

environment. Additionally, the cement micro annulus that emanates behind the surface casing tends to retain small amount of 

water which also cause slow but steady development of near-surface corrosion on the surface casing. 

Downhole Tools 

Temperature & Flowmeter Logs  

Static temperature profiling is the primary means to finding downhole casing leaks and static temperature surveys usually are 

required first after a well’s initial completion or re-completion to generate a base temperature profile. Thereafter, it is needed at 

pre-determined intervals and results are compared with base temperature profile to detect any anomaly. 

Casing leak & resultant cross-flow via wellbore is detected easily and with ‘good’ reliability from the anomalies detected on the 

static temperature profile. Flowmeter surveys are normally required to confirm a downhole casing leak (detected from 

temperature survey or otherwise) and quantify the cross-flow rate. It should be conducted based on a specific requirement 

(such as indicated by static temperature anomaly) and after considering downhole completion to decide whether or not it will 

provide any useful result. 

Temperature anomalies could also be due to fluid movement through cement channels behind casing and their analysis should 

be done in correlation with other information such as quality of cementation, stratigraphic and petrophysical information. Some 

cases of fluid flow through cement channels behind casing may not be convincingly detected by temperature anomalies 

particularly when the cross-sectional area of the channel compared to the wellbore is very small. In such cases, running a noise 

or ultrasonic log can supplement temperature anomalies to detect behind-casing flow. Hence, reliability of temperature logs in 

detecting cross-flow behind production/ injection casing is just about ‘fair’. 

Multi-fingered Calipers  

Multi-fingered callipers are well-established tools to evaluate production / injection casing internal corrosion with ‘good’ 

reliability. They provide no data about external corrosion though and are affected by scale build-up on inner wall of the casing. 

Ultrasonic Pipe Imaging Tool  

Ultrasonic pipe imaging tools yield excellent pipe thickness information with superior azimuthal resolution in a single casing. 

Pipe thickness coupled with internal radii measurements makes reliability of this tool ‘fair’ in determining internal and external 

corrosion of Production/ Injection casing. However, they are unable to operate in gas wells, through tight restrictions and their 

measurements can be disrupted by pipe roughness and excessive corrosion.  

Electromagnetic Pipe Imaging Tool
TM

 

Electromagnetic pipe imaging tools measure gross metal thickness around it and hence are able to examine both internal & 

external corrosion in multiple casing strings. Correlating their measurements with ultrasonic measurement of single casing 

thickness helps determine whether outer casings are corroded. These tools provide electromagnetic flux leakage based 

measurements and therefore are good at measuring sudden thickness changes rather than constant or gradual variation of 

thickness over a whole section of pipe. It can operate in any fluid and has excellent vertical resolution. Azimuthal resolution is 

not as high as that of ultrasonic measurements and small holes can go unnoticed. Hence reliability of electromagnetic imaging 

tools in determining corrosion of multiple casing strings is considered ‘fair’. 

Downhole Camera 

Downhole camera requires the wellbore to be filled with clean fluid or gas for detecting internal corrosion and hence, its 

reliability is considered ‘fair’.  

Cement Bond Log  

Cement Bong Log (CBL) with Variable Density Log (VDL) gives an overall idea about cement to casing & cement to formation 

bond. Lack of azimuthal coverage renders reliability of this tool to be ‘fair’ in determining production/ injection casing cement 

isolation. 
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Ultrasonic Cement Imaging Tool 

Ultrasonic cement imaging tool provides azimuthal image of cement around the casing and a detailed map of solid cement, 

liquid & gas filled annuli/ voids and micro-debonded cement. Its reliability in determining production/ injection casing cement 

isolation is considered ‘good’. 

2. Prognosticating the range of possible well integrity problems 

Review of well construction and operation history and previous experiences enables predicting possible well integrity problems. 

For example, an incomplete cement circulation during cementing could point towards such problems as the presence of cement 

micro-annuli, casing external corrosion, casing leak and zonal cross-flow. A previously recorded onset of corrosion in a 

downhole tubular with no mitigation undertaken over a time lapse could point towards the integrity failure of the downhole 

tubular. In addition, if experience in some other well(s) recorded failure of wellhead similar of similar material & type, then 

wellhead seal failure in the well being evaluated is also likely.  

3. Using reliability matrices 

Relating the prognosticated range of integrity problems to reliability matrices enables selecting a fit-for-purpose set of methods 

& tools for integrity evaluation. The matrices provide a technical basis for making such selection reasonable and avoiding 

running a tool which could add to the cost with little value. For example, temperature log’s reliability in detecting zonal cross-

flow via wellbore is ‘good’. Hence, if static temperature profile establishes such cross-flow in a well, running downhole camera 

will add little value to enhancing the reliability of this finding. Flowmeter however can be considered to determine the cross-flow 

rate, if required. 

4.  Evaluating outputs with correlation, elimination and bracketing techniques 

Correlation, bracketing and elimination are mathematical techniques that are implicitly applied during qualitative assessment of 

outputs received from the applied set of methods and tools for well integrity evaluation. 

Correlation means comparing and analyzing well integrity data obtained from more than one method or tool to determine 

similar, dissimilar or overlapping problem areas they relate to. Elimination is finding the data that relate to an overlapping 

problem area. Bracketing implies extracting dissimilar or non-overlapping problem areas and determining their uncertainty-

band. Application of these techniques enables focused assessment of problem areas while making best use of outputs from the 

applied methods and tools. 

5. Identifying well integrity problems 

Systematic application of the above steps enables identifying well integrity problem(s) with reasonable confidence. This helps 

determine type of repair wellwork required to resolve the problem. Prioritization of repair wellwork is done based on relative 

severity of integrity problem(s). QP uses a comprehensive technique to assess problem severity and consequential impact. 

Discussion on such technique is beyond the scope of this paper, and will be presented in a separate paper in future.   

 
Field Examples 

Typical well construction design in Dukhan field consists of 13-3/8” surface casing, 9-5/8” intermediate casing & 7” production 

casing. All casing strings are cemented up to surface through either single or dual stage primary cementing jobs. Examples 

below show how the approach discussed above was applied in the field for well integrity evaluation. 

Well No. 1 (Oil Producer) 

Prognosticating the range of possible well integrity problems  

Primary cementation of 13-3/8” was incomplete because of losses into highly porous shallow aquifer. The 7” and 9-5/8” casings 

were cemented successfully. The 13-3/8” and 9-5/8” casings in the well covered the porous shallow aquifer, which is also 

corrosive.  The well was completed as a perforated oil producer and continued oil production for a period of over 20 years. 

Towards the end of this period, the well started showing a sustained annulus pressure in 7” x 9-5/8” casing annulus. 

Based on the above information, the following possible well integrity problems were prognosticated initially for evaluation: 

 Loss of wellhead seal integrity 

 Zonal cross-flow via wellbore or behind 7” production casing 

 Loss of cement integrity in 7” x 9-5/8” casing annulus 

 External corrosion of casings due to possible contact with corrosive aquifers 

Using the reliability matrices for selection of a fit-for-purpose set of tools and methods 

For determining wellhead seal integrity, the method of pressure testing of wellhead seals has ‘good’ reliability based on 

reliability matrix and hence, was used. It showed wellhead communication. Rigless attempts to eliminate wellhead 

communication were unsuccessful. 

For investigating the possibility of zonal cross-flow via wellbore, temperature log has ‘good’ reliability based on reliability matrix. 

It also has ‘fair’ reliability in investigating zonal cross-flow behind 7” production casing. Results of static temperature log run in 

the well ruled out the possibility of zonal cross-flow via wellbore. It however presented some anomaly across 1600-1800 ft 

(Figure-1), which could not be conclusively interpreted because of unavailability of base-line static temperature profile. 
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For checking cement integrity in 7” x 9-5/8” casing annulus, the method of annuli pressure testing has ‘fair/poor’ reliability. 7” 

casing could not be pressure tested due to packerless completion. Pressure testing 7” x 9-5/8” casing annulus without 

successful pressure testing of 7” casing integrity has the risk of creating wellbore – annulus communication. Hence, annuli 

pressure testing was not performed. 

Failure of rigless attempts to eliminate wellhead communication as well as presence of anomaly on temperature log 

necessitated to workover the well. It was decided to investigate casing and cement integrity during the workover. 

Ultrasonic pipe imaging tool and electromagnetic pipe imaging tool have ‘fair’ reliability for investigating production casing 

corrosion and outer casings corrosion respectively. It was decided to run both tools in the well after pulling out completion string 

during the workover. Moreover, it was decided to run ultrasonic cement imaging tool for investigating cement integrity in 7” x 9-

5/8” casing annulus since this tool has ‘good’ reliability for such purpose. 

Outputs were evaluated with correlation, elimination and bracketing techniques to reach conclusions. 

Evaluating outputs with correlation, elimination and bracketing techniques 

Output of electromagnetic imaging tool showed a section of anomaly across 210 – 250 ft (Figure-2). The gross thickness 

measured by this tool was correlated with the thickness measured by ultrasonic imaging tool over this section. Output of 

ultrasonic imaging tool showed 7” casing thickness around 0.3” with no significant metal loss.  Output of electromagnetic 

imaging tool showed remaining gross thickness of 3 casings (7”, 9-5/8” & 13-3/8”) around 0.7” against the original of around 

1.0”. 

Similar or overlapping data between the two measurements was the thickness of 7” casing i.e. 0.3”. Eliminating this thickness 

from the gross thickness bracketed the remaining thickness of outer 2 casings (9-5/8” and 13-3/8”) at around 0.4” over the 

section of anomaly. Uncertainty-band of this bracket ranged from a remaining thickness 0.2” of each casing to 0.4” of either 

casing.  

This uncertainty-band was further analyzed and resolved as following: 

 7” casing didn’t show any sign of internal corrosion. Hence, the entire metal loss could be attributed to external 

corrosion caused by corrosive aquifer.  

 Corrosive aquifer acts first on outermost 13-3/8” casing. Hence, external corrosion on 9-5/8” casing cannot start unless 

13-3/8” remaining thickness reduces to zero. This implies that since the remaining thickness of outer 2 casings (0.4”) is 

more than the thickness of 13-3/8” casing (0.35”), 9-5/8” casing didn’t suffer from metal loss. 

Identifying well integrity problems 

Application of the above techniques established the integrity of 7” & 9-5/8” casings across corrosive aquifer and confirmed that 

the entire metal loss took place on 13-3/8” casing. Anomaly seen on static temperature log across 1600 – 1800 ft (Figure 1) was 

examined with output of ultrasonic pipe & cement imaging tools and no casing and cement integrity problem was detected 

(Figure-3).This helped salvaging and completing the well for production. 

Well No. 2 (Water Injector) 

Prognosticating the range of possible well integrity problems  

9-5/8” casing was cemented in 2 stages with incomplete cementation in 1
st
 stage because of downhole problem.  7” casing was 

cemented in 2 stages with complete & successful cementation in both stages. Incompletely cemented section of 9-5/8” casing in 

the well covered a corrosive aquifer. 

Based on the above information, the following possible well integrity problems were prognosticated initially for evaluation: 

 Loss of cement integrity in 9-5/8” x 13-3/8” casing annulus 

 External corrosion of casings due to possible contact with corrosive aquifer 

Using the reliability matrices for selection of a fit-for-purpose set of tools and methods 

For checking cement integrity in 9-5/8” x 13-3/8” casing annulus, the method of annuli pressure testing has ‘fair/poor’ reliability 

based on reliability matrix. Hence, even though pressure testing of this annulus was successful, it didn’t conclusively establish 

the cement integrity. 

Workover of the well for reservoir management reason was used as an opportunity to investigate external corrosion of casings 

and cement integrity in 7” x 9-5/8” casing annulus. Ultrasonic pipe imaging tool and electromagnetic pipe imaging tool have 

‘fair’ reliability for investigating injection casing corrosion and outer casings corrosion respectively. It was decided to run both 

tools in the well after pulling out completion string during the workover. Moreover, it was decided to run ultrasonic cement 

imaging tool for investigating cement integrity since this tool has ‘good’ reliability for such purpose. 

Evaluating outputs with correlation, elimination and bracketing techniques 

Output of electromagnetic imaging tool showed a section of anomaly across 3510 – 3530 ft (Figure-4). The gross thickness 

measured by this tool was correlated with the thickness measured by ultrasonic imaging tool over this section. 

Output of ultrasonic imaging tool showed minor external corrosion in 7” casing with remaining thickness of 0.25” against original 

thickness of 0.3”. Output of electromagnetic imaging tool showed remaining gross thickness of 3 casings (7”, 9-5/8” & 13-3/8”) 

around 0.25” against the original of around 1.0”. 
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Similar or overlapping data between the two measurements was the thickness of 7” casing i.e. 0.25”. Eliminating this thickness 

from the gross thickness bracketed the remaining thickness of outer 2 casings (9-5/8” and 13-3/8”) to zero. This showed 

majority of the metal loss tool place in the outer 2 casings and they lost their integrity while 7” casing still retained most of its 

metal thickness. 

Identifying well integrity problems 

Application of the above techniques established the integrity of 7” casing. Output of ultrasonic cement imaging tool confirmed 

cement integrity (Figure-5). 

Based on above evaluation, 5” casing was run and cemented inside 7” casing to enhance casing barrier against corrosive 

aquifer and salvage the well for injection. 

 
Conclusions 

Well integrity evaluation is an inexact science, reasonably matured yet imperfect. Several methods and tools have been in use 

with their relative strengths and limitations. The integrated approach used for well integrity evaluation includes selecting a fit-for-

purpose set of methods and tools via reliability matrices and analyzing their outputs with correlation, bracketing and elimination 

techniques. The approach allowed detecting well integrity problems with increased confidence and supported costly wellwork 

decisions to restore well integrity. Successfully restoring the well integrity unlocked revenue potential, made quick payout of the 

wellwork costs and extended the field life. 
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Tables 

Table – 1: Reliability Matrix for Surface Methods 

Integrity Element 

Reliability (Good / Fair / Poor) 

Wellhead 

Pressure 

Monitoring & 

Produced Fluid 

Sampling 

Annuli 

Pressure 

Monitoring & 

Effluent 

Sampling 

Pressure 

Testing of 

Wellhead 

Seals 

Pressure 

Testing of 

Tubing & 

Production/ 

Injection Casing 

Annuli 

Pressure 

Testing 

Surface Casing 

& Casinghead 

Inspection 

Wellhead seal 

Integrity 
--- Fair/ Poor Good --- Fair --- 

Near surface 

external corrosion 

of surface casing 

--- --- --- --- --- Good 

Production/ 

injection casing 

integrity 

Fair/ Poor Fair/ Poor --- Fair --- --- 

Tubing/ packer 

integrity 
Fair/ Poor Fair/ Poor --- Fair ---  

Annuli cement 

integrity 
--- Fair/ Poor --- --- Fair/ Poor --- 

 

Table – 2: Reliability Matrix for Downhole Tools/ Techniques 

Integrity Element 

Reliability (Good / Fair / Poor) 

Temperature 

& Flowmeter 

Log 

Multi-

fingered 

Calipers  

Ultrasonic 

Pipe 

Imaging 

Tool  

Electro-

magnetic Pipe 

Imaging Tool 

Downhole 

Camera 

Cement 

Bond Log 

Ultrasonic 

Cement 

Imaging Tool 

Zonal cross-flow 

via wellbore  
Good --- --- --- Fair --- --- 

Zonal cross-flow 

behind production/ 

injection casing 

Fair --- --- --- --- --- --- 

Production/ 

Injection casing 

internal corrosion 

--- Good Fair --- Fair --- --- 

Production/ 

Injection casing 

external corrosion 

--- --- Fair 

Fair 

--- --- --- 

Outer casings 

corrosion 
--- --- --- --- --- --- 

Production/ 

Injection casing 

cement integrity 

--- --- --- --- --- Fair Good 

Outer casings 

cement integrity 
--- --- --- --- --- --- --- 
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Figures 

Figure-1: Well No.1 – Output of Temparature Log 
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Figure-2: Well No.1 – Output of Ultrasonic & Electromagnetic Pipe Imaging Tools 
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Figure-3: Well No.1 – Output of Ultrasonic Pipe & Cement Imaging Tools 
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Figure-4: Well No.2 – Output of Ultrasonic & Electromagnetic Pipe Imaging Tools 
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Figure-5: Well No.2 – Output of Ultrasonic Cement Imaging Tools 



Ex. II - 14 







Ex. II - 15 



Due to the large file size, please view document 
DOGGR_03700762_Vertilog_12-16-1988 at the below 
publicly available website.  The native file of this 
document is available upon request. 

(https://secure.conservation.ca.gov/WellRecord/037/0370
0762/tifs/03700762_Vertilog_12-16-1988.tif) (accessed 
March 20, 2020) 
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THE USE OF AND RELIANCE UPON THIS RECORDED-DATA BY THE HEREIN NAMED COMPANY (AND ANY OF ITS AFFILIATES,  
PARTNERS, REPRESENTATIVES, AGENTS, CONSULTANTS AND EMPLOYEES) IS SUBJECT TO THE TERMS AND CONDITIONS  
AGREED UPON BETWEEN SCHLUMBERGER AND THE COMPANY, INCLUDING: (a) RESTRICTIONS ON USE OF THE RECORDED-
DATA; (b) DISCLAIMERS AND WAIVERS OF WARRANTIES AND REPRESENTATIONS REGARDING COMPANY'S USE AND RELIANCE  
UPON THE RECORDED-DATA; AND (c) CUSTOMER'S FULL AND SOLE RESPONSIBILITY FOR ANY INFERENCE DRAWN OR  
DECISION MADE IN CONNECTION WITH THE USE OF THIS RECORDED-DATA.
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7. Job Event Summary 14. One Hi res Corrosion 10 in = 100 ft
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9. Composite 1 Main Pass 5 in = 100 ft 14.2 Composite Summary

9.1 Integration Summary 14.3 Log ( LBV1_USI Corrosion 5inch )

9.2 Software Version 15. One Hi res Corrosion 10 in = 100 ft

9.3 Composite Summary 15.1 Integration Summary

9.4 Log ( LBV1_USI-VDL (DSLT) Cement 7inch ) 15.2 Composite Summary

9.5 Parameter Listing 15.3 Log ( LBV1_USI Corrosion 5inch )

10. Composite 1 Main Pass 5 IN = 100 FT 16. XYZ ( USI Fluid Acoustic Slowness vs Depth )

10.1 Integration Summary 17. XYZ ( USI Theoretical Acoustic impedance of mud vs
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10.3 Log ( LBV1_USI Composite 7inch ) 18. USI Fluid Properties Measurement

11. Composite 1 Cement Log 2 IN = 100 FT 19. Tail

11.1 Integration Summary

11.2 Composite Summary

11.3 Log ( LBV1_USI Cement 7inch )

12. Composite 1 Corrosion 5 in = 100 ft

12.1 Integration Summary



Bit Size ( in ) 17.25 12.25 11 6

Top Driller ( ft ) 0 598 1147 8625

Top Logger ( ft ) 0 598 1147 8625

Bottom Driller ( ft ) 598 1147 8625 8859

Bottom Logger ( ft ) 598 1147 8625 8859

Size ( in ) 13.375 7 7 7 7

Weight ( lbm/ft ) 54.5 23 23 26 29

Inner Diameter ( in ) 12.615 6.366 6.366 6.276 6.184

Grade J55 J55 N80 N80 N80

Top Driller ( ft ) 0 0 3777 5456 7088

Top Logger ( ft ) 0 0 3777 5456 7088

Bottom Driller ( ft ) 598 3777 5456 7088 8625

Bottom Logger ( ft ) 598 3777 5456 7088 8625

One: Remarks

Equip name Length MP name Offset

LEH-QT:2

867

63.58

LEH-QT:28

67

Red

DTC-H 60.09

ECH-KC

DTC-H

ToolSta

tus

57.09

TelStatu

s

57.09

HV 0.00

CTEM 59.19

HGNS-H:4

177

57.09

HGNH:481

9

NPV-N

NSR-F:130

3

HMCA-H

HGNS-H:4

177

HACCZ-H:

4177

Acceler

ometer

0.00

HMCA 47.68

HGNS 47.68

CNL Por

osity

50.02

GR 56.35

Temper

ature

57.07

AH-184[ 47.68

Rig: Ensign 343

Toolstring ran as per toolsketch.

Two centralizers on USIS and two CME-Y  
used to centralize ultrasonic tool.

Correlated to Schlumberger resistivity Log  
dated 1-17-47

No pressure run on repeat pass, 1000 PSI  
pressure run on main pass

USIT run for cement and corrosion

USIT run at 10 deg 1.5 inch standard res 2800  
FPH, Anomolies repeated at 10 Deg 0.6 inch  
res at 1200 FPH

CNL run eccentered

Crew: Coupart, Allen

Thank You For Choosing Schlumberger

5 inch Liner top at 8599 ft, logged from Liner  
top to surface

Anomolies noted at 2560 to 2570 ft and from  
1628 to 1630 ft, appear to be caused by tool  
eccentering. Repeated in Hi-Res



AH-184[

4]

47.68

CAL-YA 45.68

CAL-YA

CCL 44.89

AH-184[

3]:2985

42.18

DSLT-H:8

236

40.18

ECH-KH:8

678

DSLC-H:82

36

SLS-E:120

6

SLS-E 19.55

Lower-N

ear

22.96

Lower-F

ar

23.96

Delta-T 25.34

Upper-F

ar

26.71

VDL 5ft 26.71

Upper-N

ear

27.71

CBL 3ft 27.71

AH-184[

2]:2882

19.54

AH-184[

1]:6735

17.54

USIT-E:17

64

15.54

ECH-MFA:

1764

USAC-A:1

764

USIS-A:27

20

USSC-B

USRS-B

USI-SENS

OR:3349

USI-TX

Speed correction applied to Logs



Head Te

nsion

USI Sen

sor

0.38

TOOL_ZERO

Lengths are in ft

Maximum Outer Diameter = 6.500 in

Line: Sensor Location, Value: Gating Offset

All measurements are relative to TOOL_ZERO

Log[2]:Down Sep-07-2018 08:08 01:15:54 436.1 - 8598.16 ft FPM

Log[5]:Up Sep-07-2018 09:40 00:07:43 8593.13 - 8282.49 ft Repeat No pressure

Log[6]:Up Sep-07-2018 09:51 04:01:06 8592.71 - 93.36 ft Main 1000 Psi Pressure applied

Log[7]:Up Sep-07-2018 14:11 00:11:18 2659.49 - 2491.49 ft Hi-Res 1

Log[8]:Up Sep-07-2018 14:26 00:14:03 1758.38 - 1551.52 ft Hi Res 2

Log[9]:Up Sep-07-2018 14:46 00:13:24 318.32 - 11.43 ft Surface data

Run Name Pass Name Start Depth(ft) Stop Depth(ft)
Run 1 Log[2]:Down 436.1 8598.16

Fluid Velocity = "Automatic".
CFVL equals DFSL channel
Start Depth(ft) Stop Depth(ft) Start Value(us/ft) End Value(us/ft)
Mud Impedance = "Theoretical".
CZMD uses theoretical results.
MUD_N_THE=1.00
DFD=1.02g/cm3(8.50lbm/gal)
Start Depth(ft) Stop Depth(ft) Start Value(Mrayl) End Value(Mrayl)

Maxwell 2018 SP1 8.1.99839.3100

Application Patch Wireline_Hotfix-Mandatory-2018SP1_8.1.102865

Sonic Cement Evaluation Computation Ensemble provides common Parameters and  
Channels

CEVAL 8.1.99839.3100

Cementation Computation ApplicationCementation 8.1.99839.3100

HILT Gamma-Ray and Neutron Sonde, 150 degCHGNS-H 8.1.99839.3100 2.0

Sonic Logging Sonde E supports 3'-5'BHC DT and  
CBL/VDL

SLS-E 8.1.99839.3100 4.0

USIT Transducer ElementUSI-SENSOR 1.2.111 DSP: v2.99

One Log[6]:Up Up 93.36 ft 8592.71 ft 07-Sep-2018
 9:51:23 AM

07-Sep-2018
 1:52:30 PM

ON 8.00 ft No

One Log[9]:Up Up 11.43 ft 318.32 ft 07-Sep-2018
 2:46:40 PM

07-Sep-2018
 3:00:05 PM

ON 9.00 ft No

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Standard Sesnon 9

Composite 1:S003

Description: USI VDL Cement    Format: Log ( LBV1_USI-VDL (DSLT) Cement 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth 

  Creation Date: 07-Sep-2018 22:55:36 

TIME_1900 - Time Marked every 60.00 (s)
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Description: USI VDL Cement    Format: Log ( LBV1_USI-VDL (DSLT) Cement 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth 

  Creation Date: 07-Sep-2018 22:55:36 

TIME_1900 - Time Marked every 60.00 (s)

USIT-E[1]

3.7 2.7in
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(IRMX_RF)
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3.7 2.7in

2.7 3.7in
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Radius of Casing

Corrected for

Eccentering

(IRAV_RF)

USIT-E[1]

2.7 3.7in

One: Parameters

Auxiliary Minimum Sliding GateAMSG DSLT-H 140 us

Barite Mud Presence FlagISSBAR Borehole No

Bad Echo RejectionBERJ USIT-E On

Borehole Status (Open or Cased Hole)BHS Borehole Cased

Bond Index Level for Zone IsolationBILI DSLT-H 0.8

Bit SizeBS WLSESSION Depth Zoned in

Casing Poisson RatioCASING_PRATIO USIT-E Standard Poisson Ratio

CBL Gate WidthCBLG DSLT-H 45 us

Casing Bottom (Logger)CBLO WLSESSION 8625 ft

CBL LQC Reference Amplitude in Free PipeCBRA DSLT-H Depth Zoned mV

Cement DensityCDEN HGNS-H 2 g/cm3

CBL Cement Type Compensation FactorCMCF DSLT-H 1

Cement TypeCMTY(U-USIT_CEMT) USIT-E Regular Cement

Nominal Casing Thickness - Zoned along logger depthsTHNO WLSESSION Depth Zoned in

Delta-T DetectionDETE DSLT-H E1

Drilling Fluid DensityDFD Borehole 8.5 lbm/gal

Drilling Fluid TypeDFT_CATEGORY Borehole Water

Borehole Fluid SlownessDTMD Borehole 206 us/ft

CBL Fluid Compensation FactorFCF DSLT-H 1

FPM Data Interpolation IntervalFDII USIT-E 0 ft

Generalized Caliper Selection for WL Log Down PassesGCSE_DOWN_PASS Borehole BS(RT)

Generalized Caliper Selection for WL Log Up PassesGCSE_UP_PASS Borehole BS(RT)

Good Bond in Arbitrary CementGOBO_CURR DSLT-H Depth Zoned mV

Gamma Ray MultiplierGR_MULTIPLIER HGNS-H 1

Hematite Presence FlagHEMA Borehole No

ICE ProcessingICE_PROCESS USIT-E Yes

Image RotationIMAR USIT-E RB

Manual High Threshold Reference for first arrival detectionMAHTR DSLT-H 120

Maximum Attenuation in Arbitrary CementMATT_CURR DSLT-H Depth Zoned dB/ft

Minimum Cemented Interval for IsolationMCI DSLT-H Depth Zoned ft

Tcube Processing Window Length in Measurement ModeMEAS_WLEN USIT-E Depth Zoned us

Minimum High Threshold Reference for first arrival detectionMNHTR DSLT-H 100

Minimum Sonic AmplitudeMSA DSLT-H Depth Zoned mV

Minimum Sonic Amplitude in Arbitrary CementMSA_CURR DSLT-H Depth Zoned mV

Theoretical Mud Normalization FactorMUD_N_THE USIT-E 1

Near Minimum Sliding GateNMSG DSLT-H 280 us



Near Minimum Sliding Gate

Near Maximum Sliding GateNMXG DSLT-H 950 us

Number of Detection PassesNUMP DSLT-H 2

USIT Remove Flagged Data LevelOPLEV USIT-E OPT2

Reference Calibrator Outer DiameterRCOD USIT-E 7 in

Reference Calibrator StandoffRCSO USIT-E 1.181 in

Reference Calibrator ThicknessRCTH USIT-E 0.295 in

Number of Vertical Samples used for Micro-debonding 
Computation

SDNV USIT-E 5

Acoustic Impedance STD Horizontal Threshold for Micro-
debonding

SDTHOR USIT-E 0.5 Mrayl

Acoustic Impedance STD Vertical Threshold for Micro-
debonding

SDTVER USIT-E 0.3 Mrayl

Sonic Formation Attenuation FactorSFAF DSLT-H 3.25 dB/ft

Sliding Gate StatusSGAD DSLT-H Off

Sliding Gate Closing Delta-TSGCL DSLT-H 130 us/ft

Sliding Gate Closing WidthSGCW DSLT-H 25 us

Sliding Gate Delta-TSGDT DSLT-H 57 us/ft

Sliding Gate WidthSGW DSLT-H 110 us

Signal Level for AGCSLEV DSLT-H 5000 mV

Standoff DistanceSOCN HGNS-H 0.125 in

Standoff Correction OptionSOCO HGNS-H No

Maximum Search Thickness (percentage of nominal)THDH USIT-E 130 %

Minimum Search Thickness (percentage of nominal)THDL USIT-E 70 %

Tool Position: Centered or EccenteredHISC HGNS-H Eccentered

Drilling Fluid Specific Acoustic ImpedanceU-USIT_DFSZ USIT-E 0.1 Mrayl

USI Fluid Velocity SelectionUSI_FVEL_SEL USIT-E Automatic

Ultrasonic R+ ProcessingUSI_RPLUS USIT-E No

USI Mud Impedance SelectionUSI_ZMUD_SEL USIT-E Theoretical

Thickness Detection PolicyTHDP USIT-E Fundamental

Ultrasonic Transversal Velocity in CasingVCAS USIT-E 51.4 us/ft

VDL Manual GainVDLG DSLT-H 5

Acoustic Impedance of CasingZCAS USIT-E 46.25 Mrayl

Acoustic Impedance of CementZCMT DSLT-H 6.8 Mrayl

Acoustic Impedance of Cement in Neat CementZCMT_NEAT DSLT-H 6.8 Mrayl

Initial Estimate of Cement ImpedanceZINI USIT-E -1 Mrayl

Acoustic Impedance of MudZMUD Borehole 1.48 Mrayl

Acoustic Impedance Threshold for CementZTCM USIT-E 2.6 Mrayl

Acoustic Impedance Threshold for GasZTGS USIT-E 0.3 Mrayl

OneDepth Zoned Parameters

5 598BS 17.25

598 1147BS 12.25

1147 8592BS 11

5 7088CBRA 62

7088 8592CBRA 63

5 5456THNO 0.317

5456 7088THNO 0.362

7088 8592THNO 0.408

5 5456GOBO_CURR 1.87

5456 7088GOBO_CURR 2.87

7088 8592GOBO_CURR 4.08

5 5456MATT_CURR 13.39



5 5456MATT_CURR 13.39

5456 7088MATT_CURR 11.82

7088 8592MATT_CURR 10.59

5 598MCI 21.68

598 8592MCI 10

5 5456MEAS_WLEN 19.62

5456 7088MEAS_WLEN 22.5

7088 8592MEAS_WLEN 25.48

5 5456MSA 0.78

5456 7088MSA 1.33

7088 8592MSA 2.06

5 5456MSA_CURR 0.78

5456 7088MSA_CURR 1.33

7088 8592MSA_CURR 2.06

All depth are actual.

One: Parameters

Minimum Gain of CartridgeAGMN USIT-E -12 dB

Maximum Gain of CartridgeAGMX USIT-E Time Zoned dB

Digitizing DelayDDEL DSLT-H 0 us

USIC Downhole Decimation for T5 onlyU-USIT_DDT5 USIT-E 0_NONE

Distance between Opposite Transducer FacesDOT(DOS) USIT-E 2.874 in

DSLT Acquisition ModeMODE DSLT-H CBL

DSLT Firing RateRATE DSLT-H 15 Hz

DSLT Telemetry Frame SizeDTFS DSLT-H 536

Digitizer Word CountDWCO DSLT-H 250

EMEX VoltageEMXV USIT-E Time Zoned V

Horizontal ResolutionHRES USIT-E 10 deg

Ultrasonic ICE2 AcquisitionICE2_ACQ USIT-E No

Motor ProtectionMOTOR_PROTECT USIT-E Off

Switch Down ThresholdSDTH DSLT-H 20000

Selectable Acquisition GainSGAI DSLT-H x1

Switch Up ThresholdSUTH DSLT-H 1000

Ultrasonic ACLV PermanentUACLV_PERM USIT-E Yes

Logging ObjectiveULOG USIT-E MEASUREMENT

Ultrasonic Sampling FrequencyUSFR USIT-E 500000 Hz

USIT Emission PatternUPAT USIT-E Pattern 500 KHz

USIT Working ModeUWKM USIT-E Uncompressed 10 deg at 1.5  
in LF

Ultrasonic ServiceUSSP USIT-E USI

Vertical ResolutionVRES USIT-E 1.5 in

Window Begin TimeWINB USIT-E Time Zoned us

Window End TimeWINE USIT-E Time Zoned us

Waveform Firing ModeWMOD DSLT-H Full

OneTime Zoned Parameters

Pass Log[6]:Up

AGMX 18 07-Sep-2018 09:51:23 07-Sep-2018 13:15:19 8592.38 1601.14

AGMX 25 07-Sep-2018 13:15:19 07-Sep-2018 13:52:30 1601.14 160.38



AGMX 25 07-Sep-2018 13:15:19 07-Sep-2018 13:52:30 1601.14 160.38

EMXV 45 07-Sep-2018 09:51:23 07-Sep-2018 13:15:38 8592.38 1587.43

EMXV 55 07-Sep-2018 13:15:38 07-Sep-2018 13:52:30 1587.43 160.38

WINB 32.8 07-Sep-2018 09:51:29 07-Sep-2018 13:52:30 8592.38 160.38

WINE 80.19 07-Sep-2018 09:51:23 07-Sep-2018 12:58:06 8592.38 2390.05

WINE 83.19 07-Sep-2018 12:58:06 07-Sep-2018 13:52:30 2390.05 160.38

Pass Log[9]:Up
AGMX 25 07-Sep-2018 14:53:13 07-Sep-2018 15:00:05 160.38 11.51

EMXV 55 07-Sep-2018 14:53:13 07-Sep-2018 15:00:05 160.38 11.51

WINB 36.82 07-Sep-2018 14:53:13 07-Sep-2018 15:00:05 160.38 11.51

WINE 76.82 07-Sep-2018 14:53:13 07-Sep-2018 15:00:05 160.38 11.51

All depth are at tool zero.

One Log[6]:Up Up 93.36 ft 8592.71 ft 07-Sep-2018
 9:51:23 AM

07-Sep-2018
 1:52:30 PM

ON 8.00 ft No

One Log[9]:Up Up 11.43 ft 318.32 ft 07-Sep-2018
 2:46:40 PM

07-Sep-2018
 3:00:05 PM

ON 9.00 ft No

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Standard Sesnon 9

Composite 1:S003

Description: USI Composite    Format: Log ( LBV1_USI Composite 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation 

Date: 07-Sep-2018 22:55:55 

Casing Collar

Locator

TIME_1900 - Time Marked every 60.00 (s)

USIT Processing Flags (UFLG[0]) USIT-E[1]

1 - UFLG 1 Value within [0.0 - 1.5] -  : UTIM Error

2 - UFLG 2 Value within [1.5 - 2.5] -  : Pulse Origin Not Detected

3 - UFLG 3 Value within [2.5 - 3.5] -  : WINLEN Error

4 - UFLG 4   UFLG 5   UFLG 6  Value within [3.5 - 6.5] -  : Casing Thickness Error

5 - UFLG 7   UFLG 8   UFLG 9  Value within [6.5 - 10 ] -  : Loop Processing Error
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Description: USI Composite    Format: Log ( LBV1_USI Composite 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation 

Date: 07-Sep-2018 22:55:55 

TIME_1900 - Time Marked every 60.00 (s)
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4 - UFLG 4   UFLG 5   UFLG 6  Value within [3.5 - 6.5] -  : Casing Thickness Error

5 - UFLG 7   UFLG 8   UFLG 9  Value within [6.5 - 10 ] -  : Loop Processing Error
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Description: USI Composite    Format: Log ( LBV1_USI Corrosion 5inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation 

Date: 07-Sep-2018 22:56:36 

TIME_1900 - Time Marked every 60.00 (s)

4 - UFLG 4   UFLG 5   UFLG 6  Value within [3.5 - 6.5] -  : Casing Thickness Error

5 - UFLG 7   UFLG 8   UFLG 9  Value within [6.5 - 10 ] -  : Loop Processing Error
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All depths are referenced to toolstring zero
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Composite 1:S003
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Description: USI Composite    Format: Log ( LBV1_USI Corrosion 5inch )    Index Scale: 10 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    

Creation Date: 07-Sep-2018 22:57:05 

USIT-E

6 8c/s

TIME_1900 - Time Marked every 60.00 (s)

USIT-E

1 5

USIT Processing Flags (UFLG[0]) USIT-E

1 - UFLG 1 Value within [0.0 - 1.5] -  : UTIM Error

2 - UFLG 2 Value within [1.5 - 2.5] -  : Pulse Origin Not Detected

3 - UFLG 3 Value within [2.5 - 3.5] -  : WINLEN Error

4 - UFLG 4   UFLG 5   UFLG 6  Value within [3.5 - 6.5] -  : Casing Thickness Error

5 - UFLG 7   UFLG 8   UFLG 9  Value within [6.5 - 10 ] -  : Loop Processing Error
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Company:Southern California Gas Company Well:Standard Sesnon 9

One: Log[2]:Down:S003
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Company:Southern California Gas Company Well:Standard Sesnon 9
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Depth Index-DEPTH ( f t )

Run Name Pass Name Start Depth(ft) Stop Depth(ft)
Run 1 Log[2]:Down 436.1 8598.16

Fluid Velocity = "Automatic".
CFVL equals DFSL channel
Start Depth(ft) Stop Depth(ft) Start Value(us/ft) End Value(us/ft)
Mud Impedance = "Theoretical".
CZMD uses theoretical results.
MUD_N_THE=1.00
DFD=1.02g/cm3(8.50lbm/gal)
Start Depth(ft) Stop Depth(ft) Start Value(Mrayl) End Value(Mrayl)

Company: Southern California Gas Company

Well: Standard Sesnon 9

Field: Aliso Canyon

County: Los Angeles

State: California

Ultrasonic Imager



Ultrasonic Imager

Gamma Ray - CCL

7" 23, 26, 29# casing
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Ex. II - 18 
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Ex. II - 20 



Due to the large file sizes, please view documents 
DOGGR_03700733_Vertilog_10-19-1988 and 
DOGGR_03700733_USIT-GR-CCL_8-16-2017 at the 
below publicly available websites.  The native files of 
these documents are available upon request. 

(https://secure.conservation.ca.gov/WellRecord/037/0370
0733/tifs/03700733_Vertilog_10-19-1988.tif) (accessed 
March 20, 2020) 

(https://secure.conservation.ca.gov/WellRecord/037/0370
0733/03700733_USIT-GR-CCL_8-16-2017.tif) (accessed 
March 20, 2020) 
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THE USE OF AND RELIANCE UPON THIS RECORDED-DATA BY THE HEREIN NAMED COMPANY (AND ANY OF ITS AFFILIATES,  
PARTNERS, REPRESENTATIVES, AGENTS, CONSULTANTS AND EMPLOYEES) IS SUBJECT TO THE TERMS AND CONDITIONS  
AGREED UPON BETWEEN SCHLUMBERGER AND THE COMPANY, INCLUDING: (a) RESTRICTIONS ON USE OF THE RECORDED-
DATA; (b) DISCLAIMERS AND WAIVERS OF WARRANTIES AND REPRESENTATIONS REGARDING COMPANY'S USE AND RELIANCE  
UPON THE RECORDED-DATA; AND (c) CUSTOMER'S FULL AND SOLE RESPONSIBILITY FOR ANY INFERENCE DRAWN OR  
DECISION MADE IN CONNECTION WITH THE USE OF THIS RECORDED-DATA.

1. Header 11.5 Parameter Listing

2. Disclaimer 12. One USI Compressed Goodwin 1" = 100'

3. Contents 12.1 Integration Summary

4. Well Sketch 12.2 Composite Summary

5. Borehole Size/Casing/Tubing Record 12.3 Log ( Import of USI Goodwin )

6. Remarks and Equipment Summary 13. XYZ ( USI Fluid Acoustic Slowness vs Depth )

7. USI Fluid Properties Measurement 14. XYZ ( USI Theoretical Acoustic impedance of mud vs

8. One USIT VDL Main Pass 5 in = 100 ft Depth )

8.1 Integration Summary 15. One USIT CORROSION 10" = 100'

8.2 Software Version 15.1 Integration Summary

8.3 Composite Summary 15.2 Software Version

8.4 Log ( LBV1_USI-VDL (DSLT) Cement 7inch ) 15.3 Composite Summary

8.5 Parameter Listing 15.4 Log ( LBV1_USI Corrosion 9.625inch )

9. One USIT Composite 5" = 100' 15.5 Parameter Listing

9.1 Integration Summary 16. One USIT CORROSION 10" = 100'

9.2 Software Version 16.1 Integration Summary

9.3 Composite Summary 16.2 Software Version



9.4 Log ( USI Composite_7inch ) 16.3 Composite Summary

9.5 Parameter Listing 16.4 Log ( LBV1_USI Corrosion 9.625inch )

10. One USIT Cement Log 2 IN = 100 FT 16.5 Parameter Listing

10.1 Integration Summary 17. One USIT CORROSION 10" = 100'

10.2 Composite Summary 17.1 Integration Summary

10.3 Log ( LBV1_USI Cement 7inch ) 17.2 Software Version

11. One USIT CORROSION 5" = 100' 17.3 Composite Summary

11.1 Integration Summary 17.4 Log ( LBV1_USI Corrosion 9.625inch )

11.2 Software Version 17.5 Parameter Listing

11.3 Composite Summary 18. Tail

11.4 Log ( LBV1_USI Corrosion 9.625inch )



Bit Size ( in ) 17.5 11 15

Top Driller ( ft ) 0 832 7229

Top Logger ( ft ) 0 832 7229

Bottom Driller ( ft ) 832 7229 7333

Bottom Logger ( ft ) 832 7229 7335

Size ( in ) 13.375 8.625 8.625 5

Weight ( lbm/ft ) 54.5 36 36 18

Inner Diameter ( in ) 12.615 7.825 7.825 4.276

Grade K55 K55 N80 N80

Top Driller ( ft ) 0 0 5835 7100

Top Logger ( ft ) 0 0 5835 7100

Bottom Driller ( ft ) 830 5835 7229 7331

Bottom Logger ( ft ) 830 5835 7229 7331

One: Remarks

Equip name Length MP name Offset

LEH-QT:2

867

57.51

LEH-QT:28

67

Red

DTC-H 54.59

ECH-KC

DTC-H

ToolSta

tus

51.59

TelStatu

s

51.59

HV 0.00

CTEM 53.69

HGNS-H:4

177

51.59

HGNH:481

9

NPV-N

NSR-F:154

6

HGNS-H:4

177

HACCZ-H:

7642

HMCA-H

CNL Por 44.52

GR 50.85

Temper

ature

51.57

Correlated to Schlumberger Induction  
Electrical log

Dated: 9-17-1974

USIT logged at 10 deg 1.5" resolution at 2800  
ft/hr
High Res passes logged at 10deg  .6" at 1200  
ft/hr

USIT ran for cement and corrosion

Top of sand on the plug 7072

Rig Ensign 341

Free pipe = 55 mv

Crew: J.Marinez / M.Salazar

Thank you for using Schlumberger!



Acceler

ometer

0.00

HGNS 42.18

HMCA 42.18

CNL Por

osity

44.52

AH-184[

3]:2985

42.18

DSLT-H:8

236

40.18

ECH-KH:8

678

DSLC-H:82

36

SLS-E:120

6

SLS-E 19.55

Lower-N

ear

22.96

Lower-F

ar

23.96

Delta-T 25.34

Upper-F

ar

26.71

VDL 5ft 26.71

Upper-N

ear

27.71

CBL 3ft 27.71

AH-184[

2]:2882

19.54

AH-184[

1]:6735

17.54

USIT-E:17

64

15.54

ECH-MFA:

1764

USAC-A:1

764

USIS-A:27

20

USSC-B

USRS-B

USI-SENS

OR:3349

Head Te

nsion

USI Sen

sor

0.38

TOOL_ZERO

Lengths are in ft

Maximum Outer Diameter = 6.500 in



Line: Sensor Location, Value: Gating Offset

All measurements are relative to TOOL_ZERO

Maxwell 2017 SP1 7.1.82245.3100

Sonic Cement Evaluation Computation Ensemble provides common Parameters and  
Channels

CEVAL 7.1.82245.3100

Cementation Computation ApplicationCementation 7.1.82245.3100

Synergy SV451EC version 9.10 Synergy SV451EC version 9.10WAFE-SEC

Synergy SV451EC version 9.10 Synergy SV451EC version 9.10WAFE-FEC

Synergy SV451EC version 46.19 Synergy SV451EC version 46.19WAFE-TMDI

HILT Gamma-Ray and Neutron Sonde, 150 degCHGNS-H 7.1.82245.3100 2.0

Sonic Logging Sonde E supports 3'-5'BHC DT and  
CBL/VDL

SLS-E 7.1.82245.3100

USIT Transducer ElementUSI-SENSOR 7.1.82245.3100 DSP: v1.82

One Log[4]:Up Up 4.12 ft 7044.38 ft 02-Jun-2017
 1:27:12 AM

02-Jun-2017
 4:20:07 AM

ON 4.20 ft Yes

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Fernando Fee 35B

One: Log[4]:Up:S011

Description: USI VDL Cement    Format: Log ( LBV1_USI-VDL (DSLT) Cement 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth 

  Creation Date: 17-Jul-2017 14:11:00 
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One: Parameters

Auxiliary Minimum Sliding GateAMSG DSLT-H 140 us

Barite Mud Presence FlagISSBAR Borehole No

Bad Echo RejectionBERJ USIT-E On

Borehole Status (Open or Cased Hole)BHS Borehole Cased

Bond Index Level for Zone IsolationBILI DSLT-H 0.8

Bit SizeBS WLSESSION Depth Zoned in

Casing Poisson RatioCASING_PRATIO USIT-E Standard Poisson Ratio

CBL Gate WidthCBLG DSLT-H 45 us



CBL Gate WidthCBLG DSLT-H 45 us

Casing Bottom (Logger)CBLO WLSESSION 7331 ft

CBL LQC Reference Amplitude in Free PipeCBRA DSLT-H 55 mV

Cement DensityCDEN HGNS-H 2.65 g/cm3

CBL Cement Type Compensation FactorCMCF DSLT-H 1

Cement TypeCMTY(U-USIT_CEMT) USIT-E Regular Cement

Nominal Casing Thickness - Zoned along logger depthsTHNO WLSESSION 0.4 in

Delta-T DetectionDETE DSLT-H E1

Drilling Fluid DensityDFD Borehole 8.9 lbm/gal

Drilling Fluid TypeDFT_CATEGORY Borehole Water

Borehole Fluid SlownessDTMD Borehole 193 us/ft

CBL Fluid Compensation FactorFCF DSLT-H 0.89

FPM Data Interpolation IntervalFDII USIT-E 0 ft

Generalized Caliper Selection for WL Log Down PassesGCSE_DOWN_PASS Borehole BS

Generalized Caliper Selection for WL Log Up PassesGCSE_UP_PASS Borehole BS

Good Bond in Arbitrary CementGOBO_CURR DSLT-H 3.39 mV

Gamma Ray MultiplierGR_MULTIPLIER HGNS-H 1

Hematite Presence FlagHEMA Borehole No

ICE ProcessingICE_PROCESS USIT-E Yes

Image RotationIMAR USIT-E Off

Manual High Threshold Reference for first arrival detectionMAHTR DSLT-H 120

Maximum Attenuation in Arbitrary CementMATT_CURR DSLT-H 10.78 dB/ft

Minimum Cemented Interval for IsolationMCI DSLT-H Depth Zoned ft

Tcube Processing Window Length in Measurement ModeMEAS_WLEN USIT-E 24.96 us

Minimum High Threshold Reference for first arrival detectionMNHTR DSLT-H 100

Minimum Sonic AmplitudeMSA DSLT-H 1.69 mV

Minimum Sonic Amplitude in Arbitrary CementMSA_CURR DSLT-H 1.69 mV

Free Pipe Mud Normalization FactorMUD_N_FRP USIT-E 1.06

Theoretical Mud Normalization FactorMUD_N_THE USIT-E 1

Near Minimum Sliding GateNMSG DSLT-H 310 us

Near Maximum Sliding GateNMXG DSLT-H 950 us

Number of Detection PassesNUMP DSLT-H 2

USIT Remove Flagged Data LevelOPLEV USIT-E OPT2

Reference Calibrator Outer DiameterRCOD USIT-E 7 in

Reference Calibrator StandoffRCSO USIT-E 1.181 in

Reference Calibrator ThicknessRCTH USIT-E 0.295 in

Number of Vertical Samples used for Micro-debonding 
Computation

SDNV USIT-E 5

Acoustic Impedance STD Horizontal Threshold for Micro-
debonding

SDTHOR USIT-E 0.5 Mrayl

Acoustic Impedance STD Vertical Threshold for Micro-
debonding

SDTVER USIT-E 0.3 Mrayl

Sonic Formation Attenuation FactorSFAF DSLT-H 3.25 dB/ft

Sliding Gate StatusSGAD DSLT-H Off

Sliding Gate Closing Delta-TSGCL DSLT-H 130 us/ft

Sliding Gate Closing WidthSGCW DSLT-H 25 us

Sliding Gate Delta-TSGDT DSLT-H 57 us/ft

Sliding Gate WidthSGW DSLT-H 110 us

Signal Level for AGCSLEV DSLT-H 5000 mV

Standoff DistanceSOCN HGNS-H 0.125 in

Standoff Correction OptionSOCO HGNS-H No

T^3 Processing LevelTCUB USIT-E Loop

Maximum Search Thickness (percentage of nominal)THDH USIT-E 130 %



Minimum Search Thickness (percentage of nominal)THDL USIT-E 65 %

Tool Position: Centered or EccenteredHISC HGNS-H Centered

Drilling Fluid Specific Acoustic ImpedanceU-USIT_DFSZ USIT-E 0 Mrayl

Fiberglass DensityUFGDE USIT-E 1.95 g/cm3

Fiberglass Processing SelectionUFGPS USIT-E No

Fiberglass VelocityUFGVL USIT-E 9678.48 ft/s

USIT USI Fluid Slowness Fits Casing Outer DiameterUSI_FSOD USIT-E 0_OFF

USI Fluid Velocity SelectionUSI_FVEL_SEL USIT-E Automatic

USI Mud Impedance SelectionUSI_ZMUD_SEL USIT-E FreePipe Norm.

Thickness Detection PolicyTHDP USIT-E Fundamental

Ultrasonic Transversal Velocity in CasingVCAS USIT-E 51.4 us/ft

VDL Manual GainVDLG DSLT-H 5

Acoustic Impedance of CasingZCAS USIT-E 46.25 Mrayl

Acoustic Impedance of CementZCMT DSLT-H 6.8 Mrayl

Acoustic Impedance of Cement in Neat CementZCMT_NEAT DSLT-H 6.8 Mrayl

Initial Estimate of Cement ImpedanceZINI USIT-E -1 Mrayl

Acoustic Impedance of MudZMUD Borehole 1.68 Mrayl

Acoustic Impedance Threshold for CementZTCM USIT-E 2.6 Mrayl

Acoustic Impedance Threshold for GasZTGS USIT-E 0.3 Mrayl

Depth Zone Parameters

10 832BS 17.5

832 7043.5BS 11

10 830MCI 21.68

830 7043.5MCI 12.98

All depth are actual.

One: Parameters

Minimum Gain of CartridgeAGMN USIT-E -12 dB

Maximum Gain of CartridgeAGMX USIT-E 48 dB

Digitizing DelayDDEL DSLT-H 0 us

USIC Downhole Decimation for T5 onlyU-USIT_DDT5 USIT-E 0_NONE

Distance between Opposite Transducer FacesDOT(DOS) USIT-E 2.874 in

DSLT Acquisition ModeMODE DSLT-H CBL

DSLT Firing RateRATE DSLT-H 15 Hz

DSLT Telemetry Frame SizeDTFS DSLT-H 536

Digitizer Word CountDWCO DSLT-H 250

EMEX VoltageEMXV USIT-E 80 V

Horizontal ResolutionHRES USIT-E 10 deg

Motor ProtectionMOTOR_PROTECT USIT-E On

Switch Down ThresholdSDTH DSLT-H 20000

Selectable Acquisition GainSGAI DSLT-H x1

Switch Up ThresholdSUTH DSLT-H 1000

Type of MudTMUC USIT-E BRI

Ultrasonic ACLV PermanentUACLV_PERM USIT-E No

Logging ObjectiveULOG USIT-E MEASUREMENT

Modulation FrequencyUMFR USIT-E 333333 Hz

Ultrasonic Sampling FrequencyUSFR USIT-E 500000 Hz



Ultrasonic Sampling FrequencyUSFR USIT-E 500000 Hz

USIT Emission PatternUPAT USIT-E Pattern 500 KHz

USIT Working ModeUWKM USIT-E Uncompressed 10 deg at 1.5  
in LF

Starting Depth Log for UltrasonicsUSIT_DEPTHLOG USIT-E 7030 ft

Ultrasonic ServiceUSSP USIT-E USI

Vertical ResolutionVRES USIT-E 1.5 in

Window Begin TimeWINB USIT-E 59.63 us

Window End TimeWINE USIT-E 99.63 us

Waveform Firing ModeWMOD DSLT-H Full

Maxwell 2017 SP1 7.1.82245.3100

One Log[4]:Up Up 4.12 ft 7044.38 ft 02-Jun-2017
 1:27:12 AM

02-Jun-2017
 4:20:07 AM

ON 4.20 ft Yes

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Fernando Fee 35B

One: Log[4]:Up:S011

Description: USI Composite    Format: Log ( USI Composite_7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation Date: 

17-Jul-2017 14:11:12 
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Description: USI Composite    Format: Log ( USI Composite_7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation Date: 

17-Jul-2017 14:11:12 

5 - UFLG 4   UFLG 5   UFLG 6  Value within [3.5 - 6.5] -  : Casing Thickness Error

6 - UFLG 7   UFLG 8   UFLG 9  Value within [6.5 - 10 ] -  : Loop Processing Error

One: Parameters

Barite Mud Presence FlagISSBAR Borehole No

Borehole Status (Open or Cased Hole)BHS Borehole Cased

Bit SizeBS WLSESSION Depth Zoned in

Casing Bottom (Logger)CBLO WLSESSION 7331 ft

CBL LQC Reference Amplitude in Free PipeCBRA DSLT-H 55 mV

Cement DensityCDEN HGNS-H 2.65 g/cm3

Cement TypeCMTY(U-USIT_CEMT) USIT-E Regular Cement

Nominal Casing Thickness - Zoned along logger depthsTHNO WLSESSION 0.4 in

Casing Yield Strength - Zoned along logger depthsCYSTLGR WLSESSION Depth Zoned psi

Delta-T DetectionDETE DSLT-H E1

Drilling Fluid DensityDFD Borehole 8.9 lbm/gal

Drilling Fluid TypeDFT_CATEGORY Borehole Water

Borehole Fluid SlownessDTMD Borehole 193 us/ft

CBL Fluid Compensation FactorFCF DSLT-H 0.89

FPM Data Interpolation IntervalFDII USIT-E 0 ft

Generalized Caliper Selection for WL Log Down PassesGCSE_DOWN_PASS Borehole BS

Generalized Caliper Selection for WL Log Up PassesGCSE_UP_PASS Borehole BS

Good Bond in Arbitrary CementGOBO_CURR DSLT-H 3.39 mV

Hematite Presence FlagHEMA Borehole No

ICE ProcessingICE_PROCESS USIT-E Yes

Image RotationIMAR USIT-E Off

Manual High Threshold Reference for first arrival detectionMAHTR DSLT-H 120

Maximum Attenuation in Arbitrary CementMATT_CURR DSLT-H 10.78 dB/ft

Minimum Cemented Interval for IsolationMCI DSLT-H Depth Zoned ft

Tcube Processing Window Length in Measurement ModeMEAS_WLEN USIT-E 24.96 us

Minimum High Threshold Reference for first arrival detectionMNHTR DSLT-H 100

Minimum Sonic AmplitudeMSA DSLT-H 1.69 mV

Minimum Sonic Amplitude in Arbitrary CementMSA_CURR DSLT-H 1.69 mV

Free Pipe Mud Normalization FactorMUD_N_FRP USIT-E 1.06

Near Minimum Sliding GateNMSG DSLT-H 310 us

Sliding Gate StatusSGAD DSLT-H Off

Sliding Gate Delta-TSGDT DSLT-H 57 us/ft

Maximum Search Thickness (percentage of nominal)THDH USIT-E 130 %

Minimum Search Thickness (percentage of nominal)THDL USIT-E 65 %

Tool Position: Centered or EccenteredHISC HGNS-H Centered

Drilling Fluid Specific Acoustic ImpedanceU-USIT_DFSZ USIT-E 0 Mrayl

Fiberglass DensityUFGDE USIT-E 1.95 g/cm3

Fiberglass Processing SelectionUFGPS USIT-E No

Fiberglass VelocityUFGVL USIT-E 9678.48 ft/s

USIT USI Fluid Slowness Fits Casing Outer DiameterUSI_FSOD USIT-E 0_OFF

USI Fluid Velocity SelectionUSI_FVEL_SEL USIT-E Automatic

USI Mud Impedance SelectionUSI_ZMUD_SEL USIT-E FreePipe Norm.

Acoustic Impedance of MudZMUD Borehole 1.68 Mrayl



Acoustic Impedance of Mud Mrayl

Acoustic Impedance Threshold for CementZTCM USIT-E 2.6 Mrayl

Acoustic Impedance Threshold for GasZTGS USIT-E 0.3 Mrayl

Depth Zone Parameters

10 832BS 17.5

832 7044BS 11

10 5835CYSTLGR 55000

5835 7044CYSTLGR 80000

10 830MCI 21.68

830 7044MCI 12.98

All depth are actual.

One: Parameters

Minimum Gain of CartridgeAGMN USIT-E -12 dB

Maximum Gain of CartridgeAGMX USIT-E 48 dB

USIC Downhole Decimation for T5 onlyU-USIT_DDT5 USIT-E 0_NONE

DSLT Acquisition ModeMODE DSLT-H CBL

DSLT Firing RateRATE DSLT-H 15 Hz

DSLT Telemetry Frame SizeDTFS DSLT-H 536

EMEX VoltageEMXV USIT-E 80 V

Horizontal ResolutionHRES USIT-E 10 deg

Type of MudTMUC USIT-E BRI

Logging ObjectiveULOG USIT-E MEASUREMENT

Modulation FrequencyUMFR USIT-E 333333 Hz

Ultrasonic Sampling FrequencyUSFR USIT-E 500000 Hz

USIT Emission PatternUPAT USIT-E Pattern 500 KHz

USIT Working ModeUWKM USIT-E Uncompressed 10 deg at 1.5  
in LF

Starting Depth Log for UltrasonicsUSIT_DEPTHLOG USIT-E 7030 ft

Vertical ResolutionVRES USIT-E 1.5 in

Window Begin TimeWINB USIT-E 59.63 us

Window End TimeWINE USIT-E 99.63 us

One Log[4]:Up Up 4.12 ft 7044.38 ft 02-Jun-2017
 1:27:12 AM

02-Jun-2017
 4:20:07 AM

ON 4.20 ft Yes

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Fernando Fee 35B

One: Log[4]:Up:S011

Description: USI Cement    Format: Log ( LBV1_USI Cement 7inch )    Index Scale: 2 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation Date: 

17-Jul-2017 14:11:28 

TIME_1900 - Time Marked every 60.00 (s)
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Maxwell 2017 SP1 7.1.82245.3100

One Log[4]:Up Up 4.12 ft 7044.38 ft 02-Jun-2017
 1:27:12 AM

02-Jun-2017
 4:20:07 AM

ON 4.20 ft Yes

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Fernando Fee 35B

One: Log[4]:Up:S011

Description: USI Composite    Format: Log ( LBV1_USI Corrosion 9.625inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    

Creation Date: 17-Jul-2017 14:11:36 
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Description: USI Composite    Format: Log ( LBV1_USI Corrosion 9.625inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    
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USIT Processing Flags (UFLG[0]) USIT-E

1 - UFLG 1 Value within [0.0 - 1.5] -  : UTIM Error

2 - UFLG 2 Value within [1.5 - 2.5] -  : Pulse Origin Not Detected

3 - UFLG 3 Value within [2.5 - 3.5] -  : WINLEN Error

4 - UFLG 4   UFLG 5   UFLG 6  Value within [3.5 - 6.5] -  : Casing Thickness Error
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One: Parameters

Barite Mud Presence FlagISSBAR Borehole No

Borehole Status (Open or Cased Hole)BHS Borehole Cased

Bit SizeBS WLSESSION Depth Zoned in

Casing Bottom (Logger)CBLO WLSESSION 7331 ft

Cement DensityCDEN HGNS-H 2.65 g/cm3

Cement TypeCMTY(U-USIT_CEMT) USIT-E Regular Cement

Nominal Casing Thickness - Zoned along logger depthsTHNO WLSESSION 0.4 in

Casing Yield Strength - Zoned along logger depthsCYSTLGR WLSESSION Depth Zoned psi

Drilling Fluid DensityDFD Borehole 8.9 lbm/gal

Drilling Fluid TypeDFT_CATEGORY Borehole Water

Borehole Fluid SlownessDTMD Borehole 193 us/ft

FPM Data Interpolation IntervalFDII USIT-E 0 ft



FPM Data Interpolation IntervalFDII USIT-E 0 ft

Generalized Caliper Selection for WL Log Down PassesGCSE_DOWN_PASS Borehole BS

Generalized Caliper Selection for WL Log Up PassesGCSE_UP_PASS Borehole BS

Hematite Presence FlagHEMA Borehole No

ICE ProcessingICE_PROCESS USIT-E Yes

Image RotationIMAR USIT-E Off

Tcube Processing Window Length in Measurement ModeMEAS_WLEN USIT-E 24.96 us

Free Pipe Mud Normalization FactorMUD_N_FRP USIT-E 1.06

Maximum Search Thickness (percentage of nominal)THDH USIT-E 130 %

Minimum Search Thickness (percentage of nominal)THDL USIT-E 65 %

Tool Position: Centered or EccenteredHISC HGNS-H Centered

Drilling Fluid Specific Acoustic ImpedanceU-USIT_DFSZ USIT-E 0 Mrayl

Fiberglass DensityUFGDE USIT-E 1.95 g/cm3

Fiberglass Processing SelectionUFGPS USIT-E No

Fiberglass VelocityUFGVL USIT-E 9678.48 ft/s

USIT USI Fluid Slowness Fits Casing Outer DiameterUSI_FSOD USIT-E 0_OFF

USI Fluid Velocity SelectionUSI_FVEL_SEL USIT-E Automatic

USI Mud Impedance SelectionUSI_ZMUD_SEL USIT-E FreePipe Norm.

Acoustic Impedance of MudZMUD Borehole 1.68 Mrayl

Acoustic Impedance Threshold for CementZTCM USIT-E 2.6 Mrayl

Acoustic Impedance Threshold for GasZTGS USIT-E 0.3 Mrayl

Depth Zone Parameters

10 832BS 17.5

832 7044BS 11

10 5835CYSTLGR 55000

5835 7044CYSTLGR 80000

All depth are actual.

One: Parameters

Minimum Gain of CartridgeAGMN USIT-E -12 dB

Maximum Gain of CartridgeAGMX USIT-E 48 dB

USIC Downhole Decimation for T5 onlyU-USIT_DDT5 USIT-E 0_NONE

EMEX VoltageEMXV USIT-E 80 V

Horizontal ResolutionHRES USIT-E 10 deg

Type of MudTMUC USIT-E BRI

Logging ObjectiveULOG USIT-E MEASUREMENT

Modulation FrequencyUMFR USIT-E 333333 Hz

Ultrasonic Sampling FrequencyUSFR USIT-E 500000 Hz

USIT Emission PatternUPAT USIT-E Pattern 500 KHz

USIT Working ModeUWKM USIT-E Uncompressed 10 deg at 1.5  
in LF

Starting Depth Log for UltrasonicsUSIT_DEPTHLOG USIT-E 7030 ft

Vertical ResolutionVRES USIT-E 1.5 in

Window Begin TimeWINB USIT-E 59.63 us

Window End TimeWINE USIT-E 99.63 us



One Log[4]:Up Up 4.12 ft 7044.38 ft 02-Jun-2017
 1:27:12 AM

02-Jun-2017
 4:20:07 AM

ON 4.20 ft Yes

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Fernando Fee 35B

One: Log[4]:Up:S011

Description: USI Goodwin    Format: Log ( Import of USI Goodwin )    Index Scale: 1 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation Date: 

17-Jul-2017 14:11:47 
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Description: USI Goodwin    Format: Log ( Import of USI Goodwin )    Index Scale: 1 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation Date: 

TIME_1900 - Time Marked every 60.00 (s)

GR

0 150gAPI

Motor

Revolution

Speed

(RSAV)

USIT-E

6 8c/s

Amplitude of

Eccentering

(ECCE)

USIT-E

0 0.5in

Minimum

Acoustic

Impedance 1

(MIN_AI1)

USIT-E

0 10Mrayl

Maximum

Acoustic

Impedance 1

(MAX_AI1)

USIT-E

0 10Mrayl

Average

Acoustic

Impedance 1

(AV_AI1)

USIT-E

0 10Mrayl

Minimum

Acoustic

Impedance 2

(MIN_AI2)

USIT-E

0 10Mrayl

Maximum

Acoustic

Impedance 2

(MAX_AI2)

USIT-E

0 10Mrayl

Average

Acoustic

Impedance 2

(AV_AI2)

USIT-E

0 10Mrayl

Minimum

Acoustic

Impedance 3

(MIN_AI3)

USIT-E

0 10Mrayl

Maximum

Acoustic

Impedance 3

(MAX_AI3)

USIT-E

0 10Mrayl

Average

Acoustic

Impedance 3

(AV_AI3)

USIT-E

0 10Mrayl

Minimum

Acoustic

Impedance 4

(MIN_AI4)

USIT-E

0 10Mrayl

Maximum

Acoustic

Impedance 4

(MAX_AI4)

USIT-E

0 10Mrayl

Average

Acoustic

Impedance 4

(AV_AI4)

USIT-E

0 10Mrayl

Minimum

Acoustic

Impedance 5

(MIN_AI5)

USIT-E

0 10Mrayl

Maximum

Acoustic

Impedance 5

(MAX_AI5)

USIT-E

0 10Mrayl

Average

Acoustic

Impedance 5

(AV_AI5)

USIT-E

0 10Mrayl

Minimum

Acoustic

Impedance 6

(MIN_AI6)

USIT-E

0 10Mrayl

Maximum

Acoustic

Impedance 6

(MAX_AI6)

USIT-E

0 10Mrayl

Average

Acoustic

Impedance 6

(AV_AI6)

USIT-E

0 10Mrayl

Minimum

Acoustic

Impedance 7

(MIN_AI7)

USIT-E

0 10Mrayl

Maximum

Acoustic

Impedance 7

(MAX_AI7)

USIT-E

0 10Mrayl

Average

Acoustic

Impedance 7

(AV_AI7)

USIT-E

0 10Mrayl

Minimum

Acoustic

Impedance 8

(MIN_AI8)

USIT-E

0 10Mrayl

Maximum

Acoustic

Impedance 8

(MAX_AI8)

USIT-E

0 10Mrayl

Average

Acoustic

Impedance 8

(AV_AI8)

USIT-E

0 10Mrayl

Minimum

Acoustic

Impedance 9

(MIN_AI9)

USIT-E

0 10Mrayl

Maximum

Acoustic

Impedance 9

(MAX_AI9)

USIT-E

0 10Mrayl

Average

Acoustic

Impedance 9

(AV_AI9)

USIT-E

0 10Mrayl

Acoustic

Impedance

Minimum

(AIMN)

USIT-E

-1 9Mrayl

Acoustic

Impedance

Maximum

(AIMX)

USIT-E

-1 9Mrayl

Acoustic

Impedance

Average

(AIAV)

USIT-E

-1 9Mrayl

A
bs

en
t

1.
50

0

3.
50

0

5.
50

0

7.
50

0

Custom

Normalization

USIT -

Acoustic

Impedance

(AIBK)

USIT-E

(Mrayl)

Bonded

Micro-Debo

nding

Liquid

Gas

-1
00

0.
00

0

3.
09

0

5.
05

4

7.
01

8

Custom

Normalization

USIT -

Acoustic

Impedance

With

Micro-debond

ing Image

(AI_MDEBO

ND_IMG)

USIT-E

(Mrayl)



Description: USI Goodwin    Format: Log ( Import of USI Goodwin )    Index Scale: 1 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation Date: 

17-Jul-2017 14:11:47 

Company:Southern California Gas Company Well:Fernando Fee 35B

One: Log[4]:Up:S011

150

160

170

180

190

200

210

220

230

240

250

0 1420 2840 4260 5680 7100
150

160

170

180

190

200

210

220

230

240

250

150

160

170

180

190

200

210

220

230

240

250

Fluid Acoustic  Slow ness vs Depth
2D Cross Plo t

Index Range: From 7044.50 to 3.75 ft
D

FS
L 

( u
s/

ft 
)

M
em

or
iz

ed
 F

lu
id

 A
co

us
tic

...
-C

FV
L 

( u
s/

ft 
)

FV
E

M
 ( 

us
/ft

 )

DEPTH ( ft )

DEPTH-DFSL  (DFSL : Data Not Found) DEPTH-CFVL  
DEPTH-FVEM  (FVEM : Data Not Found)

Company:Southern California Gas Company Well:Fernando Fee 35B

One: Log[4]:Up:S011

Theoretical Acoustic  Impedance of M ud vs Depth
2D Cross Plo t

Index Range: From 7044.50 to 3.75 ft
DEPTH-CZMD  
DEPTH-AIBH  (AIBH : Data Not Found)
DEPTH-AIBL  (AIBL : Data Not Found)



0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 1420 2840 4260 5680 7100
0.0

0.6

1.2

1.8

2.4

3.0

0.0

0.6

1.2

1.8

2.4

3.0

0.0

0.7

1.4

2.1

2.8

3.5

A
co

us
tic

 Im
pe

da
nc

e 
of

 M
u.

..-
C

ZM
D

 ( 
M

ra
yl

 )

A
IB

H
 ( 

M
ra

yl
 )

A
IB

L 
( M

ra
yl

 )

A
IB

M
 ( 

M
ra

yl
 )

Depth Index-DEPTH ( ft )

DEPTH-AIBL  (AIBL : Data Not Found)
DEPTH-AIBM  (AIBM : Data Not Found)

Maxwell 2017 SP1 7.1.82245.3100

One Log[8]:Up Up 3873.88 ft 4368.53 ft 02-Jun-2017
 9:19:48 PM

02-Jun-2017
 9:47:05 PM

ON 2.00 ft Yes

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Fernando Fee 35B

One: Log[8]:Up:S011

Description: USI Composite    Format: Log ( LBV1_USI Corrosion 9.625inch )    Index Scale: 10 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    

Creation Date: 17-Jul-2017 14:11:55 

TIME_1900 - Time Marked every 60.00 (s)

USIT Processing Flags (UFLG[0]) USIT-E
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1 - UFLG 1 Value within [0.0 - 1.5] -  : UTIM Error
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One: Parameters

Barite Mud Presence FlagISSBAR Borehole No

Borehole Status (Open or Cased Hole)BHS Borehole Cased

Bit SizeBS WLSESSION 11 in

Casing Bottom (Logger)CBLO WLSESSION 7331 ft



Casing Bottom (Logger)CBLO WLSESSION 7331 ft

Cement DensityCDEN HGNS-H 2.65 g/cm3

Cement TypeCMTY(U-USIT_CEMT) USIT-E Regular Cement

Nominal Casing Thickness - Zoned along logger depthsTHNO WLSESSION 0.4 in

Casing Yield Strength - Zoned along logger depthsCYSTLGR WLSESSION 55000 psi

Drilling Fluid DensityDFD Borehole 8.9 lbm/gal

Drilling Fluid TypeDFT_CATEGORY Borehole Water

Borehole Fluid SlownessDTMD Borehole 193 us/ft

FPM Data Interpolation IntervalFDII USIT-E 0 ft

Generalized Caliper Selection for WL Log Down PassesGCSE_DOWN_PASS Borehole BS

Generalized Caliper Selection for WL Log Up PassesGCSE_UP_PASS Borehole BS

Hematite Presence FlagHEMA Borehole No

ICE ProcessingICE_PROCESS USIT-E Yes

Image RotationIMAR USIT-E Off

Tcube Processing Window Length in Measurement ModeMEAS_WLEN USIT-E 24.96 us

Free Pipe Mud Normalization FactorMUD_N_FRP USIT-E 1.06

Maximum Search Thickness (percentage of nominal)THDH USIT-E 130 %

Minimum Search Thickness (percentage of nominal)THDL USIT-E 70 %

Tool Position: Centered or EccenteredHISC HGNS-H Centered

Drilling Fluid Specific Acoustic ImpedanceU-USIT_DFSZ USIT-E 0 Mrayl

Fiberglass DensityUFGDE USIT-E 1.95 g/cm3

Fiberglass Processing SelectionUFGPS USIT-E No

Fiberglass VelocityUFGVL USIT-E 9678.48 ft/s

USIT USI Fluid Slowness Fits Casing Outer DiameterUSI_FSOD USIT-E 0_OFF

USI Fluid Velocity SelectionUSI_FVEL_SEL USIT-E Automatic

USI Mud Impedance SelectionUSI_ZMUD_SEL USIT-E FreePipe Norm.

Acoustic Impedance of MudZMUD Borehole 1.68 Mrayl

Acoustic Impedance Threshold for CementZTCM USIT-E 2.6 Mrayl

Acoustic Impedance Threshold for GasZTGS USIT-E 0.3 Mrayl

One: Parameters

Minimum Gain of CartridgeAGMN USIT-E -12 dB

Maximum Gain of CartridgeAGMX USIT-E 48 dB

USIC Downhole Decimation for T5 onlyU-USIT_DDT5 USIT-E 0_NONE

EMEX VoltageEMXV USIT-E 120 V

Horizontal ResolutionHRES USIT-E 10 deg

Type of MudTMUC USIT-E BRI

Logging ObjectiveULOG USIT-E MEASUREMENT

Modulation FrequencyUMFR USIT-E 333333 Hz

Ultrasonic Sampling FrequencyUSFR USIT-E 500000 Hz

USIT Emission PatternUPAT USIT-E Pattern 500 KHz

USIT Working ModeUWKM USIT-E Uncompressed 10 deg at 0.6  
in LF

Starting Depth Log for UltrasonicsUSIT_DEPTHLOG USIT-E 7030 ft

Vertical ResolutionVRES USIT-E 0.6 in

Window Begin TimeWINB USIT-E 59.63 us

Window End TimeWINE USIT-E 99.63 us
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USIT Processing Flags (UFLG[0]) USIT-E

1 - UFLG 1 Value within [0.0 - 1.5] -  : UTIM Error

2 - UFLG 2 Value within [1.5 - 2.5] -  : Pulse Origin Not Detected
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One: Parameters

Barite Mud Presence FlagISSBAR Borehole No

Borehole Status (Open or Cased Hole)BHS Borehole Cased

Bit SizeBS WLSESSION 11 in

Casing Bottom (Logger)CBLO WLSESSION 7331 ft

Cement DensityCDEN HGNS-H 2.65 g/cm3

Cement TypeCMTY(U-USIT_CEMT) USIT-E Regular Cement

Nominal Casing Thickness - Zoned along logger depthsTHNO WLSESSION 0.4 in

Casing Yield Strength - Zoned along logger depthsCYSTLGR WLSESSION 55000 psi

Drilling Fluid DensityDFD Borehole 8.9 lbm/gal

Drilling Fluid TypeDFT_CATEGORY Borehole Water

Borehole Fluid SlownessDTMD Borehole 193 us/ft

FPM Data Interpolation IntervalFDII USIT-E 0 ft

Generalized Caliper Selection for WL Log Down PassesGCSE_DOWN_PASS Borehole BS

Generalized Caliper Selection for WL Log Up PassesGCSE_UP_PASS Borehole BS

Hematite Presence FlagHEMA Borehole No

ICE ProcessingICE_PROCESS USIT-E Yes

Image RotationIMAR USIT-E Off

Tcube Processing Window Length in Measurement ModeMEAS_WLEN USIT-E 24.96 us

Free Pipe Mud Normalization FactorMUD_N_FRP USIT-E 1.06

Maximum Search Thickness (percentage of nominal)THDH USIT-E 130 %

Minimum Search Thickness (percentage of nominal)THDL USIT-E 70 %

Tool Position: Centered or EccenteredHISC HGNS-H Centered

Drilling Fluid Specific Acoustic ImpedanceU-USIT_DFSZ USIT-E 0 Mrayl

Fiberglass DensityUFGDE USIT-E 1.95 g/cm3

Fiberglass Processing SelectionUFGPS USIT-E No

Fiberglass VelocityUFGVL USIT-E 9678.48 ft/s

USIT USI Fluid Slowness Fits Casing Outer DiameterUSI_FSOD USIT-E 0_OFF

USI Fluid Velocity SelectionUSI_FVEL_SEL USIT-E Automatic

USI Mud Impedance SelectionUSI_ZMUD_SEL USIT-E FreePipe Norm.

Acoustic Impedance of MudZMUD Borehole 1.68 Mrayl

Acoustic Impedance Threshold for CementZTCM USIT-E 2.6 Mrayl

Acoustic Impedance Threshold for GasZTGS USIT-E 0.3 Mrayl

One: Parameters

Minimum Gain of CartridgeAGMN USIT-E -12 dB

Maximum Gain of CartridgeAGMX USIT-E 48 dB

USIC Downhole Decimation for T5 onlyU-USIT_DDT5 USIT-E 0_NONE

EMEX VoltageEMXV USIT-E 120 V

Horizontal ResolutionHRES USIT-E 10 deg

Type of MudTMUC USIT-E BRI

Logging ObjectiveULOG USIT-E MEASUREMENT

Modulation FrequencyUMFR USIT-E 333333 Hz

Ultrasonic Sampling FrequencyUSFR USIT-E 500000 Hz

USIT Emission PatternUPAT USIT-E Pattern 500 KHz

USIT Working ModeUWKM USIT-E Uncompressed 10 deg at 0.6  



in LF

Starting Depth Log for UltrasonicsUSIT_DEPTHLOG USIT-E 7030 ft

Vertical ResolutionVRES USIT-E 0.6 in

Window Begin TimeWINB USIT-E 59.63 us

Window End TimeWINE USIT-E 99.63 us

Maxwell 2017 SP1 7.1.82245.3100

One Log[6]:Up Up 5305.38 ft 5812.78 ft 02-Jun-2017
 8:32:42 PM

02-Jun-2017
 9:01:04 PM

ON 2.00 ft Yes

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Fernando Fee 35B

One: Log[6]:Up:S011

Description: USI Composite    Format: Log ( LBV1_USI Corrosion 9.625inch )    Index Scale: 10 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    

Creation Date: 17-Jul-2017 14:12:04 
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USIT Processing Flags (UFLG[0]) USIT-E

1 - UFLG 1 Value within [0.0 - 1.5] -  : UTIM Error

2 - UFLG 2 Value within [1.5 - 2.5] -  : Pulse Origin Not Detected

3 - UFLG 3 Value within [2.5 - 3.5] -  : WINLEN Error

4 - UFLG 4   UFLG 5   UFLG 6  Value within [3.5 - 6.5] -  : Casing Thickness Error
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One: Parameters

Barite Mud Presence FlagISSBAR Borehole No

Borehole Status (Open or Cased Hole)BHS Borehole Cased

Bit SizeBS WLSESSION 11 in

Casing Bottom (Logger)CBLO WLSESSION 7331 ft

Cement DensityCDEN HGNS-H 2.65 g/cm3

Cement TypeCMTY(U-USIT_CEMT) USIT-E Regular Cement

Nominal Casing Thickness - Zoned along logger depthsTHNO WLSESSION 0.4 in

Casing Yield Strength - Zoned along logger depthsCYSTLGR WLSESSION 55000 psi

Drilling Fluid DensityDFD Borehole 8.9 lbm/gal

Drilling Fluid TypeDFT_CATEGORY Borehole Water

Borehole Fluid SlownessDTMD Borehole 193 us/ft

FPM Data Interpolation IntervalFDII USIT-E 0 ft

Generalized Caliper Selection for WL Log Down PassesGCSE_DOWN_PASS Borehole BS

Generalized Caliper Selection for WL Log Up PassesGCSE_UP_PASS Borehole BS



Hematite Presence FlagHEMA Borehole No

ICE ProcessingICE_PROCESS USIT-E Yes

Image RotationIMAR USIT-E Off

Tcube Processing Window Length in Measurement ModeMEAS_WLEN USIT-E 24.96 us

Free Pipe Mud Normalization FactorMUD_N_FRP USIT-E 1.06

Maximum Search Thickness (percentage of nominal)THDH USIT-E 130 %

Minimum Search Thickness (percentage of nominal)THDL USIT-E 70 %

Tool Position: Centered or EccenteredHISC HGNS-H Centered

Drilling Fluid Specific Acoustic ImpedanceU-USIT_DFSZ USIT-E 0 Mrayl

Fiberglass DensityUFGDE USIT-E 1.95 g/cm3

Fiberglass Processing SelectionUFGPS USIT-E No

Fiberglass VelocityUFGVL USIT-E 9678.48 ft/s

USIT USI Fluid Slowness Fits Casing Outer DiameterUSI_FSOD USIT-E 0_OFF

USI Fluid Velocity SelectionUSI_FVEL_SEL USIT-E Automatic

USI Mud Impedance SelectionUSI_ZMUD_SEL USIT-E FreePipe Norm.

Acoustic Impedance of MudZMUD Borehole 1.68 Mrayl

Acoustic Impedance Threshold for CementZTCM USIT-E 2.6 Mrayl

Acoustic Impedance Threshold for GasZTGS USIT-E 0.3 Mrayl

One: Parameters

Minimum Gain of CartridgeAGMN USIT-E -12 dB

Maximum Gain of CartridgeAGMX USIT-E 48 dB

USIC Downhole Decimation for T5 onlyU-USIT_DDT5 USIT-E 0_NONE

EMEX VoltageEMXV USIT-E 120 V

Horizontal ResolutionHRES USIT-E 10 deg

Type of MudTMUC USIT-E BRI

Logging ObjectiveULOG USIT-E MEASUREMENT

Modulation FrequencyUMFR USIT-E 333333 Hz

Ultrasonic Sampling FrequencyUSFR USIT-E 500000 Hz

USIT Emission PatternUPAT USIT-E Pattern 500 KHz

USIT Working ModeUWKM USIT-E Uncompressed 10 deg at 0.6  
in LF

Starting Depth Log for UltrasonicsUSIT_DEPTHLOG USIT-E 7030 ft

Vertical ResolutionVRES USIT-E 0.6 in

Window Begin TimeWINB USIT-E 59.63 us

Window End TimeWINE USIT-E 99.63 us



Company: Southern California Gas Company

Well: Fernando Fee 35B

Field: Aliso Canyon

County: Los Angeles

State: California

Ultrasonic Imager

Gamma Ray - CCL

8 5/8" 36# casing



1

Company Southern California Gas Company
Well NameFernando Fee 35B
Log Date 01-Jun-2017
Joint No Joint_Top Joint_LengthCWEI_JointYIELD_Joint IRAV_JointIRMN_JointIRMN_Joint_DepthIRMX_JointIRMX_Joint_Depth

ft ft lbf/ft psi in in ft in ft
1 14.621 8.978 36.000 55000.000 3.904 3.846 18.371 3.952 17.121
2 23.599 42.511 36.000 55000.000 3.932 3.899 60.724 4.006 26.099
3 66.109 42.516 36.000 55000.000 3.924 3.895 104.984 3.967 69.109
4 108.625 42.625 36.000 55000.000 3.916 3.875 110.875 3.975 146.000
5 151.250 41.625 36.000 55000.000 3.907 3.872 153.625 3.962 154.250
6 192.875 41.125 36.000 55000.000 3.908 3.883 229.250 3.952 195.625
7 234.000 42.250 36.000 55000.000 3.910 3.869 236.375 3.970 236.250
8 276.250 38.375 36.000 55000.000 3.915 3.879 282.250 3.961 278.500
9 314.625 40.500 36.000 55000.000 3.903 3.871 350.625 3.941 336.125

10 355.125 39.625 36.000 55000.000 3.924 3.889 357.250 3.976 358.000
11 394.750 43.375 36.000 55000.000 3.917 3.869 397.000 3.987 397.375
12 438.125 40.875 36.000 55000.000 3.913 3.884 473.375 3.970 441.000
13 479.000 42.000 36.000 55000.000 3.915 3.872 512.375 3.972 497.250
14 521.000 39.125 36.000 55000.000 3.910 3.879 556.375 3.970 524.125
15 560.125 41.500 36.000 55000.000 3.916 3.880 568.625 3.958 563.000
16 601.625 42.750 36.000 55000.000 3.922 3.879 610.125 3.995 603.750
17 644.375 42.750 36.000 55000.000 3.918 3.871 646.500 3.978 646.750
18 687.125 40.500 36.000 55000.000 3.918 3.862 723.250 3.964 724.625
19 727.625 43.750 36.000 55000.000 3.915 3.880 731.125 3.989 731.125
20 771.375 43.375 36.000 55000.000 3.927 3.889 786.875 3.977 775.500
21 814.750 41.750 36.000 55000.000 3.922 3.884 855.250 3.976 817.750
22 856.500 42.000 36.000 55000.000 3.919 3.886 858.750 3.971 859.750
23 898.500 41.375 36.000 55000.000 3.917 3.879 900.875 3.962 901.000
24 939.875 41.500 36.000 55000.000 3.922 3.881 942.000 3.966 943.000
25 981.375 41.000 36.000 55000.000 3.907 3.878 1016.000 3.952 986.250
26 1022.375 40.375 36.000 55000.000 3.921 3.873 1053.000 3.965 1031.000
27 1062.750 39.750 36.000 55000.000 3.912 3.878 1066.250 3.980 1066.125
28 1102.500 41.500 36.000 55000.000 3.912 3.872 1104.625 3.964 1104.750
29 1144.000 41.750 36.000 55000.000 3.923 3.891 1181.125 3.967 1145.125
30 1185.750 43.500 36.000 55000.000 3.923 3.892 1220.875 3.985 1189.000
31 1229.250 41.375 36.000 55000.000 3.919 3.880 1268.125 3.968 1232.125
32 1270.625 41.875 36.000 55000.000 3.922 3.885 1303.750 3.972 1273.750
33 1312.500 41.625 36.000 55000.000 3.923 3.887 1351.625 3.966 1332.000
34 1354.125 39.750 36.000 55000.000 3.915 3.865 1386.875 3.966 1362.875
35 1393.875 41.750 36.000 55000.000 3.917 3.865 1402.625 3.966 1397.125
36 1435.625 40.875 36.000 55000.000 3.914 3.886 1471.250 3.961 1447.125
37 1476.500 42.875 36.000 55000.000 3.924 3.896 1512.375 3.969 1479.500
38 1519.375 41.375 36.000 55000.000 3.915 3.885 1544.625 3.953 1522.625
39 1560.750 41.875 36.000 55000.000 3.912 3.875 1594.375 3.949 1563.125
40 1602.625 39.125 36.000 55000.000 3.911 3.873 1604.875 3.989 1604.875
41 1641.750 42.625 36.000 55000.000 3.912 3.857 1644.000 3.958 1650.500
42 1684.375 41.000 36.000 55000.000 3.919 3.865 1686.625 3.974 1686.750
43 1725.375 40.875 36.000 55000.000 3.915 3.870 1727.625 3.957 1734.000
44 1766.250 41.875 36.000 55000.000 3.919 3.884 1806.500 3.979 1769.125
45 1808.125 41.500 36.000 55000.000 3.905 3.873 1816.750 3.957 1810.875
46 1849.625 43.125 36.000 55000.000 3.914 3.887 1890.875 3.969 1851.750
47 1892.750 42.250 36.000 55000.000 3.907 3.865 1926.250 3.956 1896.125
48 1935.000 41.125 36.000 55000.000 3.917 3.877 1943.375 3.972 1937.500
49 1976.125 40.750 36.000 55000.000 3.923 3.896 2012.625 3.990 1978.750
50 2016.875 41.375 36.000 55000.000 3.916 3.886 2053.375 3.957 2020.375
51 2058.250 42.500 36.000 55000.000 3.919 3.884 2060.375 3.968 2061.250
52 2100.750 41.125 36.000 55000.000 3.917 3.879 2117.875 3.972 2103.250
53 2141.875 41.500 36.000 55000.000 3.913 3.880 2174.250 3.954 2144.125
54 2183.375 41.500 36.000 55000.000 3.909 3.877 2185.750 3.964 2186.375
55 2224.875 42.000 36.000 55000.000 3.920 3.890 2255.375 3.962 2227.875
56 2266.875 41.000 36.000 55000.000 3.907 3.877 2295.375 3.940 2270.000
57 2307.875 43.500 36.000 55000.000 3.911 3.872 2343.500 3.967 2310.125
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THAV_JointTHMN_JointTHMN_Joint_DepthIDMN_JointIDMN_Joint_DepthPENMX_Radius_JointPENMX_JointBURSTMN_JointCOLLAPSEMN_JointCOLLAPSEMN_Radius_Joint
in in ft in ft % % psi psi psi

0.418 0.388 22.496 7.726 18.371 9.931 2.910 4953.008 3226.124 2690.559
0.383 0.324 29.849 7.802 60.724 23.425 18.954 4134.536 2134.440 1907.545
0.389 0.353 75.734 7.792 106.734 13.611 11.636 4507.828 2560.462 2409.807
0.396 0.340 146.125 7.755 110.875 15.556 15.052 4333.562 2332.416 2306.859
0.405 0.348 154.125 7.765 153.625 12.449 12.909 4442.897 2463.374 2498.485
0.405 0.348 229.625 7.773 227.625 9.860 13.109 4432.675 2448.089 2695.946
0.402 0.345 235.250 7.768 236.375 14.466 13.738 4400.619 2400.156 2362.156
0.398 0.363 277.250 7.777 292.000 12.079 9.288 4627.625 2739.592 2526.661
0.409 0.369 327.125 7.751 350.625 7.163 7.799 4703.574 2853.154 2901.682
0.388 0.348 364.500 7.782 357.250 15.776 13.101 4433.133 2448.774 2295.710
0.395 0.366 402.375 7.755 397.000 18.660 8.610 4662.195 2791.282 2149.344
0.400 0.342 467.000 7.777 473.125 14.271 14.387 4367.516 2366.189 2372.055
0.398 0.355 487.625 7.754 512.375 14.760 11.182 4530.998 2595.108 2347.229
0.403 0.354 525.500 7.772 556.375 14.298 11.553 4512.076 2566.814 2370.694
0.397 0.363 563.500 7.787 568.625 11.253 9.273 4628.379 2740.719 2589.687
0.391 0.339 631.875 7.773 603.625 20.527 15.227 4324.629 2323.530 2054.618
0.394 0.363 646.500 7.743 646.500 16.287 9.282 4627.923 2740.036 2269.786
0.395 0.359 688.875 7.747 723.250 12.829 10.347 4573.579 2658.777 2469.487
0.397 0.353 731.500 7.768 768.500 19.102 11.772 4500.898 2550.101 2126.896
0.386 0.354 776.375 7.790 786.875 16.125 11.623 4508.491 2561.455 2278.004
0.391 0.352 818.750 7.780 855.250 15.936 12.041 4487.164 2529.564 2287.565
0.394 0.358 863.125 7.780 858.750 14.728 10.461 4567.776 2650.101 2348.877
0.396 0.354 901.375 7.776 900.875 12.266 11.598 4509.803 2563.416 2512.412
0.391 0.356 962.375 7.774 942.000 13.397 10.990 4540.788 2609.746 2426.184
0.405 0.362 985.000 7.764 999.500 9.778 9.391 4622.366 2731.727 2702.212
0.391 0.345 1056.500 7.761 1053.000 13.226 13.781 4398.416 2396.927 2439.210
0.400 0.366 1064.000 7.776 1097.750 16.914 8.437 4671.048 2804.519 2237.939
0.401 0.365 1106.375 7.771 1104.625 12.865 8.772 4653.932 2778.927 2466.772
0.389 0.349 1148.750 7.787 1157.625 13.560 12.716 4452.750 2478.107 2413.731
0.389 0.345 1193.750 7.798 1214.625 18.013 13.712 4401.924 2402.107 2182.189
0.394 0.345 1236.000 7.767 1268.625 13.965 13.647 4405.239 2407.066 2387.617
0.391 0.354 1274.750 7.775 1303.750 14.884 11.484 4515.602 2572.087 2340.956
0.389 0.343 1315.875 7.782 1351.625 13.463 14.252 4374.389 2373.026 2421.156
0.398 0.354 1358.875 7.751 1386.875 13.342 11.395 4520.149 2578.886 2430.340
0.395 0.370 1395.250 7.752 1402.625 13.433 7.558 4715.861 2871.527 2423.411
0.398 0.353 1440.500 7.776 1471.750 12.124 11.786 4500.167 2549.008 2523.296
0.389 0.337 1480.250 7.795 1512.375 14.060 15.743 4298.312 2297.351 2382.750
0.398 0.363 1524.625 7.781 1544.625 10.105 9.240 4630.097 2743.287 2677.310
0.401 0.369 1561.750 7.767 1595.125 9.074 7.715 4707.888 2859.605 2755.880
0.402 0.362 1640.250 7.757 1604.750 19.066 9.464 4618.643 2726.161 2128.765
0.400 0.360 1646.250 7.719 1644.000 11.262 10.007 4590.934 2684.728 2588.991
0.393 0.349 1691.875 7.758 1686.625 15.315 12.812 4447.872 2470.813 2319.094
0.397 0.349 1727.250 7.767 1727.625 11.038 12.837 4446.568 2468.863 2606.100
0.393 0.353 1780.125 7.777 1803.750 16.554 11.652 4507.018 2559.252 2256.232
0.407 0.374 1841.000 7.755 1816.750 11.103 6.425 4773.691 2957.999 2601.162
0.399 0.355 1856.125 7.780 1851.875 14.003 11.198 4530.177 2593.880 2385.648
0.405 0.366 1912.500 7.744 1899.000 10.806 8.471 4669.296 2801.900 2623.786
0.396 0.356 1939.750 7.760 1943.375 14.990 10.893 4545.772 2617.199 2335.572
0.390 0.346 1981.250 7.801 2009.625 19.487 13.605 4407.415 2410.318 2107.389
0.396 0.360 2038.625 7.775 2053.375 11.139 9.958 4593.466 2688.514 2598.375
0.393 0.357 2061.000 7.779 2060.375 13.898 10.687 4556.272 2632.899 2390.975
0.395 0.351 2110.000 7.768 2128.375 14.803 12.173 4480.458 2519.536 2345.060
0.399 0.329 2151.875 7.766 2174.250 10.356 17.692 4198.900 2198.464 2658.132
0.403 0.343 2195.250 7.769 2200.000 12.952 14.251 4374.461 2373.098 2460.111
0.393 0.346 2231.750 7.780 2255.375 12.355 13.452 4415.219 2421.988 2505.628
0.405 0.370 2272.000 7.759 2295.375 6.803 7.573 4715.137 2870.445 2929.117
0.402 0.363 2310.500 7.750 2343.500 13.667 9.218 4631.216 2744.961 2405.552
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IDMN_CollarIRMX_CollarMAOP Delta_MAOP_Barlow
in in psi psi

7.731 4.013 3625.000 1328.008
7.460 4.215 3625.000 509.536
7.787 4.184 3625.000 882.828
7.675 4.339 3625.000 708.562
7.457 4.356 3625.000 817.897
7.629 4.326 3625.000 807.675
7.698 4.304 3625.000 775.619
7.685 4.205 3625.000 1002.625
7.669 4.189 3625.000 1078.574
7.572 4.346 3625.000 808.133
7.721 4.212 3625.000 1037.195
7.802 4.170 3625.000 742.516
7.685 4.147 3625.000 905.998
7.746 4.215 3625.000 887.076
7.781 4.194 3625.000 1003.379
7.511 4.344 3625.000 699.629
7.799 4.214 3625.000 1002.923
7.774 4.050 3625.000 948.579
7.578 4.309 3625.000 875.898
7.762 4.172 3625.000 883.491
7.671 4.319 3625.000 862.164
7.699 4.273 3625.000 942.776
7.783 4.227 3625.000 884.803
7.794 4.232 3625.000 915.788
7.592 4.237 3625.000 997.366
7.664 4.285 3625.000 773.416
7.722 4.307 3625.000 1046.048
7.776 4.166 3625.000 1028.932
7.667 4.295 3625.000 827.750
7.663 4.265 3625.000 776.924
7.819 4.214 3625.000 780.239
7.591 4.204 3625.000 890.602
7.722 4.181 3625.000 749.389
7.797 4.230 3625.000 895.149
7.660 4.283 3625.000 1090.861
7.801 4.207 3625.000 875.167
7.719 4.214 3625.000 673.312
7.680 4.179 3625.000 1005.097
7.786 4.192 3625.000 1082.888
7.751 4.207 3625.000 993.643
7.735 4.266 3625.000 965.934
7.668 4.260 3625.000 822.872
7.785 4.206 3625.000 821.568
7.786 4.259 3625.000 882.018
7.777 4.208 3625.000 1148.691
7.779 4.203 3625.000 905.177
7.738 4.242 3625.000 1044.296
7.652 4.189 3625.000 920.772
7.628 4.294 3625.000 782.415
7.766 4.194 3625.000 968.466
7.777 4.213 3625.000 931.272
7.702 4.218 3625.000 855.458
7.787 4.212 3625.000 573.900
7.429 4.342 3625.000 749.461
7.721 4.229 3625.000 790.219
7.772 4.215 3625.000 1090.137
7.518 4.330 3625.000 1006.216
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58 2351.375 41.000 36.000 55000.000 3.910 3.862 2353.500 3.976 2353.375
59 2392.375 41.125 36.000 55000.000 3.913 3.879 2427.500 3.952 2412.625
60 2433.500 41.000 36.000 55000.000 3.906 3.865 2464.250 3.943 2435.625
61 2474.500 41.750 36.000 55000.000 3.911 3.874 2487.125 3.952 2487.375
62 2516.250 42.750 36.000 55000.000 3.912 3.867 2545.125 3.965 2536.250
63 2559.000 42.375 36.000 55000.000 3.910 3.869 2584.625 3.963 2584.500
64 2601.375 42.375 36.000 55000.000 3.915 3.874 2636.625 3.953 2617.625
65 2643.750 41.250 36.000 55000.000 3.916 3.883 2659.750 3.964 2646.250
66 2685.000 42.250 36.000 55000.000 3.908 3.868 2716.125 3.951 2709.625
67 2727.250 43.250 36.000 55000.000 3.918 3.869 2766.250 3.963 2740.625
68 2770.500 42.375 36.000 55000.000 3.910 3.861 2779.375 3.960 2794.500
69 2812.875 41.500 36.000 55000.000 3.912 3.867 2815.125 3.952 2821.625
70 2854.375 41.875 36.000 55000.000 3.914 3.874 2892.125 3.956 2856.375
71 2896.250 41.750 36.000 55000.000 3.913 3.870 2926.250 3.969 2898.250
72 2938.000 42.500 36.000 55000.000 3.911 3.873 2969.875 3.945 2946.625
73 2980.500 42.500 36.000 55000.000 3.903 3.869 3004.875 3.943 2989.250
74 3023.000 41.750 36.000 55000.000 3.910 3.873 3034.125 3.956 3031.750
75 3064.750 41.875 36.000 55000.000 3.914 3.887 3094.875 3.947 3067.125
76 3106.625 38.875 36.000 55000.000 3.902 3.875 3109.000 3.929 3143.000
77 3145.500 42.375 36.000 55000.000 3.910 3.875 3154.250 3.946 3154.125
78 3187.875 42.500 36.000 55000.000 3.913 3.877 3190.375 3.950 3190.250
79 3230.375 41.875 36.000 55000.000 3.919 3.877 3254.000 3.970 3232.500
80 3272.250 40.875 36.000 55000.000 3.910 3.873 3280.875 3.946 3274.375
81 3313.125 42.250 36.000 55000.000 3.905 3.862 3321.875 3.941 3351.875
82 3355.375 43.000 36.000 55000.000 3.917 3.880 3364.125 3.954 3357.750
83 3398.375 41.375 36.000 55000.000 3.903 3.872 3434.625 3.946 3400.625
84 3439.750 42.000 36.000 55000.000 3.915 3.888 3467.625 3.944 3450.875
85 3481.750 41.125 36.000 55000.000 3.903 3.874 3518.500 3.951 3490.625
86 3522.875 42.250 36.000 55000.000 3.908 3.871 3531.625 3.938 3531.500
87 3565.125 40.750 36.000 55000.000 3.914 3.863 3604.625 4.007 3604.000
88 3605.875 42.750 36.000 55000.000 3.907 3.864 3608.125 3.980 3608.125
89 3648.625 37.500 36.000 55000.000 3.915 3.877 3650.875 3.981 3651.000
90 3686.125 42.750 36.000 55000.000 3.917 3.879 3727.125 3.952 3725.750
91 3728.875 42.250 36.000 55000.000 3.922 3.880 3762.250 3.966 3748.750
92 3771.125 42.125 36.000 55000.000 3.912 3.876 3807.625 3.946 3785.250
93 3813.250 43.500 36.000 55000.000 3.922 3.880 3844.000 3.969 3825.125
94 3856.750 42.625 36.000 55000.000 3.912 3.888 3884.250 3.945 3859.125
95 3899.375 42.375 36.000 55000.000 3.916 3.888 3935.250 3.950 3916.625
96 3941.750 43.715 36.000 55000.000 3.916 3.860 3954.625 3.995 3956.625
97 3985.466 42.785 36.000 55000.000 3.910 3.843 4007.341 3.968 4007.466
98 4028.250 27.702 36.000 55000.000 3.914 3.877 4036.750 3.957 4036.500
99 4055.952 41.173 36.000 55000.000 3.904 3.874 4080.702 3.933 4068.827

100 4097.125 43.375 36.000 55000.000 3.923 3.870 4136.000 3.967 4105.000
101 4140.500 41.875 36.000 55000.000 3.917 3.876 4174.500 3.971 4142.250
102 4182.375 42.750 36.000 55000.000 3.915 3.868 4184.250 3.980 4184.125
103 4225.125 41.500 36.000 55000.000 3.910 3.869 4262.625 3.949 4227.125
104 4266.625 39.750 36.000 55000.000 3.923 3.888 4291.125 3.973 4282.250
105 4306.375 42.375 36.000 55000.000 3.913 3.868 4345.250 3.944 4317.000
106 4348.750 42.375 36.000 55000.000 3.912 3.875 4353.625 3.958 4353.250
107 4391.125 41.875 36.000 55000.000 3.913 3.869 4406.500 3.959 4406.500
108 4433.000 42.375 36.000 55000.000 3.915 3.886 4467.750 3.952 4437.125
109 4475.375 42.250 36.000 55000.000 3.910 3.866 4477.625 3.951 4477.375
110 4517.625 38.250 36.000 55000.000 3.911 3.880 4548.250 3.951 4520.000
111 4555.875 42.000 36.000 55000.000 3.913 3.877 4564.750 3.951 4565.000
112 4597.875 41.000 36.000 55000.000 3.916 3.876 4625.750 3.962 4599.875
113 4638.875 40.375 36.000 55000.000 3.910 3.870 4640.875 3.959 4640.750
114 4679.250 43.250 36.000 55000.000 3.911 3.875 4681.500 3.970 4681.375
115 4722.500 39.875 36.000 55000.000 3.915 3.876 4724.750 3.969 4740.750
116 4762.375 42.500 36.000 55000.000 3.922 3.885 4802.750 3.973 4764.625
117 4804.875 39.500 36.000 55000.000 3.906 3.854 4813.375 3.957 4813.500
118 4844.375 41.375 36.000 55000.000 3.907 3.876 4879.000 3.958 4852.500
119 4885.750 42.125 36.000 55000.000 3.911 3.884 4922.125 3.959 4887.875
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0.403 0.345 2362.125 7.733 2353.500 15.836 13.738 4400.613 2400.147 2292.643
0.399 0.361 2397.250 7.763 2427.500 9.980 9.668 4608.235 2710.598 2686.844
0.407 0.363 2436.875 7.731 2435.750 7.690 9.219 4631.142 2744.850 2861.513
0.401 0.354 2478.125 7.764 2514.125 9.970 11.454 4517.111 2574.344 2687.549
0.400 0.364 2534.375 7.755 2557.125 13.039 8.908 4647.031 2768.609 2453.464
0.403 0.362 2565.375 7.763 2577.875 12.606 9.414 4621.187 2729.964 2486.528
0.397 0.355 2603.125 7.751 2636.625 10.136 11.244 4527.854 2590.408 2674.886
0.397 0.339 2658.500 7.774 2678.625 12.755 15.209 4325.586 2324.482 2475.120
0.405 0.346 2688.875 7.745 2717.000 9.746 13.510 4412.256 2417.557 2704.676
0.395 0.363 2734.875 7.744 2766.250 12.714 9.352 4624.357 2734.705 2478.257
0.403 0.361 2778.250 7.736 2779.375 11.785 9.805 4601.234 2700.130 2549.158
0.400 0.357 2814.500 7.742 2815.125 9.819 10.711 4555.029 2631.041 2699.125
0.399 0.355 2859.375 7.751 2892.125 10.869 11.282 4525.926 2587.525 2618.981
0.400 0.351 2899.250 7.743 2926.750 14.078 12.353 4471.275 2505.807 2381.855
0.401 0.352 2947.500 7.764 2969.875 8.206 11.917 4493.502 2539.041 2822.111
0.409 0.379 3021.750 7.743 3004.875 7.566 5.249 4833.695 3047.721 2870.947
0.403 0.361 3024.000 7.753 3034.125 10.960 9.633 4610.026 2713.277 2612.061
0.398 0.357 3075.250 7.776 3094.875 8.580 10.855 4547.677 2620.048 2793.595
0.410 0.384 3130.000 7.758 3108.875 4.090 4.087 4892.969 3136.351 3136.076
0.403 0.366 3148.375 7.753 3154.250 8.449 8.544 4665.587 2796.355 2803.566
0.400 0.345 3194.375 7.775 3190.375 9.471 13.771 4398.948 2397.658 2725.609
0.393 0.354 3243.375 7.778 3239.000 14.356 11.499 4514.859 2570.975 2367.776
0.402 0.372 3276.125 7.772 3280.875 8.299 7.106 4738.916 2906.001 2815.005
0.408 0.376 3320.500 7.738 3321.875 7.129 6.025 4794.105 2988.523 2904.279
0.395 0.349 3362.875 7.776 3389.125 10.454 12.655 4455.850 2482.741 2650.680
0.409 0.375 3401.125 7.750 3414.625 8.369 6.356 4777.198 2963.242 2809.713
0.397 0.360 3448.375 7.782 3474.500 7.920 9.910 4595.904 2692.159 2843.935
0.409 0.372 3484.375 7.757 3518.750 9.633 7.079 4740.334 2908.122 2713.301
0.405 0.365 3528.375 7.763 3549.250 6.332 8.730 4656.090 2782.154 2965.040
0.398 0.358 3569.500 7.742 3604.500 23.566 10.553 4563.076 2643.073 1900.413
0.406 0.375 3616.375 7.759 3608.125 16.920 6.250 4782.628 2971.362 2237.616
0.397 0.363 3649.625 7.763 3650.875 17.228 9.271 4628.510 2740.914 2221.990
0.395 0.355 3689.375 7.766 3727.625 9.812 11.175 4531.366 2595.658 2699.606
0.391 0.355 3732.875 7.773 3762.250 13.315 11.291 4525.468 2586.839 2432.377
0.400 0.369 3778.250 7.764 3806.125 8.472 7.794 4703.863 2853.587 2801.865
0.390 0.344 3825.125 7.782 3845.875 14.057 14.067 4383.847 2382.435 2382.926
0.401 0.366 3865.625 7.780 3884.250 8.221 8.597 4662.855 2792.269 2820.975
0.397 0.352 3924.375 7.781 3939.750 9.276 11.950 4491.845 2536.563 2740.494
0.396 0.327 3981.500 7.758 3980.625 20.607 18.140 4176.028 2175.713 2050.520
0.402 0.347 3993.591 7.687 4007.341 13.764 13.293 4423.321 2434.103 2398.159
0.398 0.355 4034.250 7.760 4036.750 11.070 11.203 4529.943 2593.531 2603.631
0.408 0.367 4062.327 7.755 4095.952 5.091 8.291 4678.465 2815.610 3059.729
0.390 0.348 4098.375 7.746 4136.125 13.522 12.950 4440.809 2460.251 2416.604
0.396 0.358 4147.625 7.765 4174.750 14.545 10.538 4563.858 2644.242 2358.157
0.397 0.350 4186.625 7.748 4184.125 16.995 12.601 4458.626 2486.894 2233.844
0.403 0.367 4232.250 7.743 4262.625 9.044 8.135 4686.471 2827.581 2758.213
0.389 0.336 4267.750 7.788 4290.000 15.250 15.945 4287.999 2287.093 2322.388
0.399 0.362 4316.125 7.751 4345.250 7.977 9.446 4619.568 2727.544 2839.607
0.401 0.368 4361.250 7.763 4353.625 11.370 8.085 4688.972 2831.321 2580.812
0.400 0.357 4395.375 7.741 4406.500 11.577 10.627 4559.336 2637.481 2564.975
0.398 0.352 4438.250 7.776 4463.000 9.798 11.959 4491.357 2535.834 2700.679
0.403 0.374 4496.250 7.741 4477.625 9.589 6.496 4770.069 2952.583 2716.661
0.401 0.376 4525.500 7.773 4548.250 9.607 5.975 4796.633 2992.303 2715.297
0.399 0.366 4559.250 7.772 4564.750 9.667 8.503 4667.663 2799.458 2710.709
0.397 0.360 4604.875 7.764 4627.750 12.383 9.954 4593.662 2688.807 2503.518
0.402 0.369 4652.000 7.761 4640.875 11.577 7.676 4709.877 2862.580 2564.994
0.401 0.370 4686.125 7.761 4687.750 14.474 7.504 4718.614 2875.644 2361.784
0.398 0.352 4746.375 7.761 4724.750 14.058 12.091 4484.612 2525.748 2382.863
0.391 0.349 4763.625 7.774 4802.750 15.164 12.692 4453.987 2479.957 2326.740
0.406 0.340 4821.500 7.737 4813.375 11.129 14.933 4339.633 2338.454 2599.171
0.406 0.356 4860.500 7.757 4879.000 11.264 10.909 4544.917 2615.921 2588.868
0.402 0.380 4910.625 7.775 4925.500 11.674 4.997 4846.510 3066.882 2557.564
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7.716 4.181 3625.000 775.613
7.674 4.249 3625.000 983.235
7.654 4.305 3625.000 1006.142
7.707 4.337 3625.000 892.111
7.775 4.179 3625.000 1022.031
7.677 4.231 3625.000 996.187
7.742 4.283 3625.000 902.854
7.649 4.371 3625.000 700.586
7.788 4.270 3625.000 787.256
7.769 4.237 3625.000 999.357
7.573 4.245 3625.000 976.234
7.783 4.225 3625.000 930.029
7.535 4.370 3625.000 900.926
7.742 4.184 3625.000 846.275
7.527 4.341 3625.000 868.502
7.528 4.308 3625.000 1208.695
7.690 4.216 3625.000 985.026
7.594 4.348 3625.000 922.677
7.551 4.363 3625.000 1267.969
7.718 4.283 3625.000 1040.587
7.569 4.282 3625.000 773.948
7.630 4.218 3625.000 889.859
7.743 4.238 3625.000 1113.916
7.711 4.294 3625.000 1169.105
7.639 4.208 3625.000 830.850
7.782 4.215 3625.000 1152.198
7.561 4.208 3625.000 970.904
7.675 4.242 3625.000 1115.334
7.681 4.310 3625.000 1031.090
7.781 4.234 3625.000 938.076
7.642 4.296 3625.000 1157.628
7.785 4.149 3625.000 1003.510
7.776 4.082 3625.000 906.366
7.770 4.168 3625.000 900.468
7.795 4.139 3625.000 1078.863
7.793 4.148 3625.000 758.847
7.800 4.136 3625.000 1037.855
7.789 4.093 3625.000 866.845
7.803 4.116 3625.000 551.028
7.640 4.201 3625.000 798.321
7.669 4.157 3625.000 904.943
7.732 4.200 3625.000 1053.465
7.770 4.084 3625.000 815.809
7.795 4.146 3625.000 938.858
7.702 4.120 3625.000 833.626
7.666 4.143 3625.000 1061.471
7.684 4.155 3625.000 662.999
7.723 4.078 3625.000 994.568
7.767 4.109 3625.000 1063.972
7.750 4.187 3625.000 934.336
7.778 4.210 3625.000 866.357
7.802 4.199 3625.000 1145.069
7.748 4.195 3625.000 1171.633
7.782 4.189 3625.000 1042.663
7.708 4.272 3625.000 968.662
7.545 4.327 3625.000 1084.877
7.528 4.398 3625.000 1093.614
7.711 4.260 3625.000 859.612
7.803 4.181 3625.000 828.987
7.697 4.282 3625.000 714.633
7.715 4.153 3625.000 919.917
7.775 4.149 3625.000 1221.510
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120 4927.875 42.125 36.000 55000.000 3.910 3.879 4968.250 3.952 4930.250
121 4970.000 42.500 36.000 55000.000 3.915 3.883 4972.125 3.953 4992.625
122 5012.500 41.750 36.000 55000.000 3.914 3.879 5052.875 3.950 5014.500
123 5054.250 41.625 36.000 55000.000 3.908 3.872 5081.375 3.946 5056.625
124 5095.875 42.625 36.000 55000.000 3.912 3.872 5104.750 3.961 5098.250
125 5138.500 41.750 36.000 55000.000 3.903 3.864 5161.000 3.951 5140.625
126 5180.250 41.750 36.000 55000.000 3.906 3.870 5183.250 3.948 5182.375
127 5222.000 42.500 36.000 55000.000 3.910 3.874 5226.625 3.956 5224.250
128 5264.500 36.750 36.000 55000.000 3.897 3.857 5273.125 3.942 5278.125
129 5301.250 42.000 36.000 55000.000 3.904 3.859 5338.625 3.958 5340.250
130 5343.250 41.375 36.000 55000.000 3.907 3.864 5351.750 3.950 5365.375
131 5384.625 42.750 36.000 55000.000 3.918 3.867 5422.125 3.955 5425.875
132 5427.375 41.750 36.000 55000.000 3.903 3.839 5453.375 3.963 5429.375
133 5469.125 40.125 36.000 55000.000 3.906 3.859 5500.750 3.949 5499.500
134 5509.250 42.875 36.000 55000.000 3.912 3.857 5533.625 3.966 5529.875
135 5552.125 42.625 36.000 55000.000 3.912 3.869 5580.750 3.963 5554.250
136 5594.750 42.500 36.000 55000.000 3.911 3.864 5597.000 3.978 5597.125
137 5637.250 42.500 36.000 55000.000 3.909 3.869 5675.625 3.958 5678.125
138 5679.750 41.125 36.000 55000.000 3.907 3.846 5682.000 3.976 5687.875
139 5720.875 41.125 36.000 55000.000 3.918 3.835 5723.250 3.983 5722.750
140 5762.000 29.375 36.000 55000.000 3.910 3.847 5764.250 3.973 5771.000
141 5791.375 42.375 36.000 55000.000 3.912 3.829 5823.125 3.982 5823.000
142 5833.750 42.750 36.000 80000.000 3.912 3.857 5838.000 3.962 5840.125
143 5876.500 41.000 36.000 80000.000 3.915 3.864 5885.500 3.967 5881.000
144 5917.500 42.000 36.000 80000.000 3.913 3.869 5941.875 3.970 5919.625
145 5959.500 43.125 36.000 80000.000 3.909 3.859 5981.750 3.965 5962.250
146 6002.625 40.875 36.000 80000.000 3.899 3.848 6040.250 3.981 6040.375
147 6043.500 43.125 36.000 80000.000 3.916 3.862 6067.500 3.972 6061.375
148 6086.625 43.000 36.000 80000.000 3.911 3.858 6103.500 3.961 6095.625
149 6129.625 42.000 36.000 80000.000 3.915 3.871 6149.125 3.958 6154.000
150 6171.625 41.500 36.000 80000.000 3.915 3.888 6209.750 3.954 6180.500
151 6213.125 41.625 36.000 80000.000 3.899 3.856 6215.375 3.961 6215.500
152 6254.750 40.750 36.000 80000.000 3.910 3.868 6290.375 3.960 6263.250
153 6295.500 42.375 36.000 80000.000 3.906 3.864 6317.125 3.958 6304.375
154 6337.875 42.500 36.000 80000.000 3.909 3.840 6361.875 3.982 6359.750
155 6380.375 42.000 36.000 80000.000 3.903 3.833 6413.625 3.965 6389.375
156 6422.375 41.000 36.000 80000.000 3.909 3.849 6459.750 3.969 6429.250
157 6463.375 43.066 36.000 80000.000 3.914 3.833 6504.000 4.002 6486.875
158 6506.441 41.562 36.000 80000.000 3.910 3.829 6540.566 3.995 6510.066
159 6548.003 42.872 36.000 80000.000 3.915 3.841 6550.378 3.992 6554.878
160 6590.875 42.375 36.000 80000.000 3.911 3.842 6619.625 3.980 6619.375
161 6633.250 41.875 36.000 80000.000 3.912 3.862 6641.625 3.969 6639.625
162 6675.125 40.750 36.000 80000.000 3.919 3.871 6708.500 3.961 6683.875
163 6715.875 41.750 36.000 80000.000 3.910 3.838 6724.375 3.973 6724.500
164 6757.625 42.125 36.000 80000.000 3.914 3.848 6764.000 4.001 6761.750
165 6799.750 39.750 36.000 80000.000 3.885 3.832 6814.375 3.949 6813.875
166 6839.500 43.000 36.000 80000.000 3.918 3.865 6853.875 3.978 6854.000
167 6882.500 42.750 36.000 80000.000 3.905 3.863 6923.875 3.948 6919.000
168 6925.250 42.500 36.000 80000.000 3.913 3.856 6955.500 3.990 6952.000
169 6967.750 42.750 36.000 80000.000 3.913 3.846 6999.875 3.978 6972.750
170 7010.500 32.750 36.000 80000.000 3.903 3.838 7035.000 3.973 7020.500
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0.402 0.358 4939.000 7.766 4930.375 9.822 10.534 4564.063 2644.549 2698.852
0.397 0.369 4978.750 7.770 5009.250 10.211 7.793 4703.892 2853.629 2669.157
0.398 0.357 5015.000 7.764 5052.875 9.398 10.719 4554.621 2630.431 2731.188
0.404 0.366 5060.375 7.756 5092.250 8.266 8.429 4671.472 2805.154 2817.569
0.400 0.358 5101.875 7.759 5104.750 12.006 10.455 4568.091 2650.571 2532.290
0.410 0.366 5151.500 7.737 5161.000 9.569 8.569 4664.306 2794.439 2718.193
0.406 0.375 5183.250 7.752 5182.625 8.974 6.309 4779.585 2966.811 2763.537
0.402 0.350 5231.250 7.753 5226.625 10.778 12.421 4467.782 2500.583 2625.946
0.415 0.368 5267.250 7.735 5298.125 7.387 7.926 4697.120 2843.503 2884.637
0.408 0.370 5303.125 7.730 5340.750 11.478 7.493 4719.213 2876.540 2572.555
0.405 0.347 5347.250 7.741 5367.625 9.406 13.150 4430.618 2445.014 2730.628
0.394 0.361 5405.875 7.740 5422.125 10.517 9.691 4607.089 2708.885 2645.838
0.410 0.381 5433.250 7.692 5453.375 12.683 4.687 4862.353 3090.571 2480.630
0.406 0.383 5477.000 7.729 5500.750 9.079 4.141 4890.218 3132.238 2755.539
0.401 0.358 5541.750 7.730 5540.375 13.491 10.433 4569.192 2652.218 2418.987
0.400 0.348 5556.500 7.748 5587.875 12.617 12.958 4440.426 2459.678 2485.691
0.401 0.367 5604.625 7.742 5612.250 16.478 8.273 4679.410 2817.023 2260.092
0.404 0.345 5678.625 7.754 5665.000 11.350 13.658 4404.682 2406.232 2582.298
0.405 0.344 5719.125 7.720 5682.000 15.858 13.987 4387.929 2386.495 2291.554
0.395 0.365 5728.125 7.708 5723.250 17.529 8.737 4655.732 2781.619 2206.713
0.403 0.352 5764.375 7.719 5781.875 15.090 11.901 4494.347 2540.305 2330.509
0.401 0.371 5801.375 7.684 5823.125 17.254 7.306 4728.723 2890.760 2220.702
0.400 0.355 5837.250 7.716 5838.000 12.737 11.649 6588.665 3108.409 3027.413
0.397 0.340 5879.375 7.748 5885.500 14.055 15.536 6298.788 2818.890 2929.219
0.400 0.373 5936.125 7.741 5941.875 14.709 7.196 6920.743 3440.079 2880.539
0.403 0.356 6001.375 7.742 5961.750 13.481 11.512 6598.933 3118.665 2971.948
0.414 0.352 6040.000 7.708 6040.250 17.627 12.370 6534.909 3054.720 2663.204
0.397 0.358 6048.875 7.735 6067.500 15.249 10.909 6643.864 3163.540 2840.323
0.401 0.358 6093.500 7.739 6103.750 12.452 10.867 6647.003 3166.676 3048.643
0.397 0.354 6135.875 7.759 6149.125 11.834 11.874 6571.934 3091.699 3094.637
0.398 0.353 6172.875 7.788 6210.750 10.878 12.143 6551.835 3071.625 3165.827
0.414 0.366 6215.875 7.726 6215.375 12.686 8.867 6796.145 3315.634 3031.155
0.402 0.361 6256.500 7.748 6285.000 12.364 10.127 6702.149 3221.754 3055.145
0.406 0.365 6296.625 7.734 6331.500 11.779 9.186 6772.333 3291.851 3098.749
0.403 0.369 6376.875 7.692 6361.875 17.828 8.320 6836.914 3356.353 2648.207
0.410 0.368 6405.500 7.675 6418.625 13.525 8.486 6824.541 3343.995 2968.724
0.404 0.363 6430.375 7.703 6459.750 14.536 9.811 6725.734 3245.309 2893.389
0.399 0.365 6481.750 7.672 6504.000 22.711 9.291 6764.546 3284.074 2284.470
0.402 0.363 6509.566 7.677 6507.691 21.111 9.613 6740.509 3260.067 2403.665
0.397 0.359 6572.753 7.720 6570.503 20.350 10.695 6659.827 3179.484 2460.357
0.402 0.364 6593.250 7.692 6618.625 17.376 9.501 6748.838 3268.385 2681.867
0.400 0.362 6637.375 7.737 6641.625 14.601 9.918 6717.777 3237.363 2888.548
0.393 0.351 6680.500 7.751 6708.500 12.661 12.661 6513.191 3033.029 3033.076
0.403 0.360 6719.125 7.689 6724.375 15.601 10.367 6684.274 3203.901 2814.058
0.399 0.369 6761.500 7.702 6764.000 22.425 8.298 6838.572 3358.009 2305.789
0.427 0.390 6828.625 7.674 6820.750 9.470 3.027 7231.638 3810.400 3270.705
0.395 0.347 6843.875 7.746 6856.125 16.911 13.669 6438.026 2957.957 2716.526
0.408 0.370 6890.875 7.728 6923.875 9.254 7.949 6864.638 3384.043 3286.820
0.400 0.358 6926.250 7.715 6955.500 19.741 10.843 6648.780 3168.450 2505.720
0.400 0.360 7007.500 7.712 6999.875 16.776 10.407 6681.329 3200.959 2726.545
0.409 0.316 7020.375 7.691 7035.000 15.508 21.442 5858.379 2379.023 2820.975
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7.712 4.258 3625.000 939.063
7.630 4.270 3625.000 1078.892
7.784 4.275 3625.000 929.621
7.768 4.193 3625.000 1046.472
7.654 4.198 3625.000 943.091
7.614 4.243 3625.000 1039.306
7.749 4.199 3625.000 1154.585
7.724 4.167 3625.000 842.782
7.544 4.321 3625.000 1072.120
7.666 4.246 3625.000 1094.213
7.747 4.207 3625.000 805.618
7.671 4.274 3625.000 982.089
7.716 4.281 3625.000 1237.353
7.732 4.246 3625.000 1265.218
7.644 4.178 3625.000 944.192
7.671 4.255 3625.000 815.426
7.692 4.189 3625.000 1054.410
7.606 4.286 3625.000 779.682
7.751 4.200 3625.000 762.929
7.768 4.220 3625.000 1030.732
7.750 4.176 3625.000 869.347
7.740 4.203 3625.000 1103.723
7.741 4.364 3625.000 2963.665
7.781 4.216 3625.000 2673.788
7.783 4.180 3625.000 3295.743
7.784 4.254 3625.000 2973.933
7.726 4.158 3625.000 2909.909
7.717 4.098 3625.000 3018.864
7.637 4.258 3625.000 3022.003
7.749 4.219 3625.000 2946.934
7.673 4.222 3625.000 2926.835
7.709 4.241 3625.000 3171.145
7.744 4.223 3625.000 3077.149
7.765 4.219 3625.000 3147.333
7.722 4.232 3625.000 3211.914
7.742 4.216 3625.000 3199.541
7.731 4.241 3625.000 3100.734
7.715 4.175 3625.000 3139.546
7.692 4.185 3625.000 3115.509
7.681 4.182 3625.000 3034.827
7.761 4.290 3625.000 3123.838
7.643 4.344 3625.000 3092.777
7.779 4.180 3625.000 2888.191
7.734 4.287 3625.000 3059.274
7.754 4.178 3625.000 3213.572
7.708 4.357 3625.000 3606.638
7.659 4.192 3625.000 2813.026
7.720 4.257 3625.000 3239.638
7.720 4.232 3625.000 3023.780
7.712 4.303 3625.000 3056.329
7.729 4.155 3625.000 2233.379
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Feature List - Multiple Burst P Southern California Gas Company
Aliso Canyon

Fernando Fee 35B

Log Depth Dist UHC Joint Length Identifier Class Description Surface Indication Length Width Depth Dim Class P Safe Barlow ERF Barlow P Safe Mod B31G ERF Mod B31G P Safe Effective Area ERF Effective Area NWT Comment
115% 
MAOP

Delta 
MAOP 

(Barlow)
ft ft ft in in % psi psi psi in psi psi

14.61 10.51 Begin External Casing 0.400 3625
14.61 10.51 C-1 Appurtenance Flange 0.400 3625

15.54 0.94 10.51 H-1-1 Hardware Other 0.400 External Casing Head Response. 3625
25.12 10.51 42.16 C-2 Collar 0.400 3625
67.28 42.16 42.89 C-3 Collar 0.400 3625

110.17 42.89 41.77 C-4 Collar 0.400 3625
146.88 36.71 41.77 MO-4-1 Metal Object External Casing Collar 0.400 3625
151.93 41.77 41.64 C-5 Collar 0.400 3625
193.57 41.64 41.64 C-6 Collar 0.400 3625
234.71 41.14 42.09 C-7 Collar 0.400 3625
276.80 42.09 38.49 C-8 Collar 0.400 3625
315.29 38.49 40.62 C-9 Collar 0.400 3625
355.91 40.62 39.73 C-10 Collar 0.400 3625
395.64 39.73 43.21 C-11 Collar 0.400 3625
438.85 43.21 41.00 C-12 Collar 0.400 3625
479.85 41.00 42.02 C-13 Collar 0.400 3625
521.86 42.02 39.07 C-14 Collar 0.400 3625
560.94 39.07 41.58 C-15 Collar 0.400 3625
602.52 41.58 42.78 C-16 Collar 0.400 3625
645.30 42.78 42.77 C-17 Collar 0.400 3625
688.07 42.77 40.45 C-18 Collar 0.400 3625
728.53 40.45 43.69 C-19 Collar 0.400 3625
772.22 43.69 43.33 C-20 Collar 0.400 3625
815.55 43.33 41.84 C-21 Collar 0.400 3625
829.00 13.45 41.84 End External Casing 0.400 3625

829.00 13.45 41.84 H-21-1 Hardware Bottom Of External Casing 0.400
Bottom of 13 3/8 External 

Casing. 3625
857.39 41.84 42.12 C-22 Collar 0.400 3625
899.51 42.12 41.25 C-23 Collar 0.400 3625
940.76 41.25 41.40 C-24 Collar 0.400 3625
982.16 41.40 41.13 C-25 Collar 0.400 3625

1023.29 41.13 40.52 C-26 Collar 0.400 3625
1063.82 40.52 39.84 C-27 Collar 0.400 3625
1103.66 39.84 41.60 C-28 Collar 0.400 3625
1145.25 41.60 42.04 C-29 Collar 0.400 3625
1187.29 42.04 43.45 C-30 Collar 0.400 3625
1230.74 43.45 41.56 C-31 Collar 0.400 3625
1272.31 41.56 41.90 C-32 Collar 0.400 3625
1314.21 41.90 41.71 C-33 Collar 0.400 3625
1355.91 41.71 39.76 C-34 Collar 0.400 3625
1395.67 39.76 41.56 C-35 Collar 0.400 3625
1437.23 41.56 41.37 C-36 Collar 0.400 3625
1478.61 41.37 43.00 C-37 Collar 0.400 3625
1521.61 43.00 41.20 C-38 Collar 0.400 3625
1562.81 41.20 41.88 C-39 Collar 0.400 3625
1604.69 41.88 39.01 C-40 Collar 0.400 3625
1643.71 39.01 42.71 C-41 Collar 0.400 3625
1686.42 42.71 41.05 C-42 Collar 0.400 3625
1727.46 41.05 41.00 C-43 Collar 0.400 3625
1768.46 41.00 41.92 C-44 Collar 0.400 3625
1810.38 41.92 41.67 C-45 Collar 0.400 3625
1852.05 41.67 43.13 C-46 Collar 0.400 3625
1895.18 43.13 41.90 C-47 Collar 0.400 3625
1937.08 41.90 41.11 C-48 Collar 0.400 3625
1978.19 41.11 40.85 C-49 Collar 0.400 3625
2019.05 40.85 41.40 C-50 Collar 0.400 3625
2060.44 41.40 42.63 C-51 Collar 0.400 3625
2103.07 42.63 41.07 C-52 Collar 0.400 3625
2144.14 41.07 41.70 C-53 Collar 0.400 3625
2158.84 14.70 41.70 MLCB-53-1 Metal Loss Call Box External 1.1 1.1 17 PITT 4227 0.858 5926 0.612 0.400 3625 602
2158.88 14.74 41.70 MLC-53-1 Metal Loss Cluster External 2.0 1.7 17 GENE 4227 0.858 5787 0.626 5753 0.630 0.400 3625 602
2158.93 14.79 41.70 MLCB-53-2 Metal Loss Call Box External 0.8 1.4 16 PITT 4262 0.850 5973 0.607 0.400 3625 637
2167.49 23.35 41.70 MLCB-53-3 Metal Loss Call Box External 0.8 1.4 15 PITT 4327 0.838 5978 0.606 0.400 3625 702
2185.84 41.70 41.39 C-54 Collar 0.400 3625
2197.13 11.29 41.39 MLCB-54-1 Metal Loss Call Box External 0.8 1.1 19 PITT 4130 0.878 5962 0.608 0.400 3625 505
2198.03 12.20 41.39 MLCB-54-2 Metal Loss Call Box External 1.1 1.2 16 PITT 4307 0.842 5937 0.611 0.400 3625 682
2198.48 12.65 41.39 MLCB-54-3 Metal Loss Call Box External 0.8 1.0 15 PITT 4336 0.836 5978 0.606 0.400 3625 711
2212.61 26.77 41.39 MLCB-54-4 Metal Loss Call Box External 1.7 1.1 18 PITT 4201 0.863 5838 0.621 0.400 3625 576
2212.83 27.00 41.39 MLCB-54-5 Metal Loss Call Box External 1.1 1.3 15 PITT 4336 0.836 5940 0.610 0.400 3625 711
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Feature List - Multiple Burst P Southern California Gas Company
Aliso Canyon

Fernando Fee 35B

Log Depth Dist UHC Joint Length Identifier Class Description Surface Indication Length Width Depth Dim Class P Safe Barlow ERF Barlow P Safe Mod B31G ERF Mod B31G P Safe Effective Area ERF Effective Area NWT Comment
115% 
MAOP

Delta 
MAOP 

(Barlow)
ft ft ft in in % psi psi psi in psi psi

2224.49 38.65 41.39 MLCB-54-6 Metal Loss Call Box External 1.9 1.9 15 GENE 4336 0.836 5840 0.621 0.400 3625 711
2227.23 41.39 42.01 C-55 Collar 0.400 3625
2235.88 8.65 42.01 MLCB-55-1 Metal Loss Call Box External 2.2 1.1 16 AXGR 4310 0.841 5788 0.626 0.400 3625 685
2241.37 14.14 42.01 MLCB-55-2 Metal Loss Call Box External 1.1 1.2 16 PITT 4287 0.846 5939 0.610 0.400 3625 662
2242.62 15.39 42.01 MLCB-55-3 Metal Loss Call Box External 0.7 1.0 21 PITT 4033 0.899 5979 0.606 0.400 3625 408
2242.94 15.71 42.01 MLCB-55-4 Metal Loss Call Box External 1.6 1.4 15 GENE 4336 0.836 5885 0.616 0.400 3625 711
2269.24 42.01 41.08 C-56 Collar 0.400 3625
2310.32 41.08 43.55 C-57 Collar 0.400 3625
2318.22 7.90 43.55 MLCB-57-1 Metal Loss Call Box External 0.8 0.7 15 PITT 4336 0.836 5978 0.606 0.400 3625 711
2353.87 43.55 41.05 C-58 Collar 0.400 3625
2394.92 41.05 41.00 C-59 Collar 0.400 3625
2435.92 41.00 41.18 C-60 Collar 0.400 3625
2477.11 41.18 41.82 C-61 Collar 0.400 3625
2518.93 41.82 42.68 C-62 Collar 0.400 3625
2561.61 42.68 42.28 C-63 Collar 0.400 3625
2603.89 42.28 42.29 C-64 Collar 0.400 3625
2635.20 31.31 42.29 MLCB-64-1 Metal Loss Call Box External 0.8 1.1 15 PITT 4336 0.836 5978 0.606 0.400 3625 711
2646.18 42.29 41.20 C-65 Collar 0.400 3625
2687.38 41.20 42.20 C-66 Collar 0.400 3625
2729.58 42.20 43.29 C-67 Collar 0.400 3625
2772.88 43.29 42.19 C-68 Collar 0.400 3625
2815.07 42.19 41.66 C-69 Collar 0.400 3625
2856.73 41.66 41.71 C-70 Collar 0.400 3625
2898.44 41.71 41.88 C-71 Collar 0.400 3625
2940.32 41.88 42.52 C-72 Collar 0.400 3625
2982.83 42.52 42.65 C-73 Collar 0.400 3625
3025.48 42.65 41.57 C-74 Collar 0.400 3625
3067.05 41.57 42.03 C-75 Collar 0.400 3625
3109.08 42.03 38.97 C-76 Collar 0.400 3625
3148.06 38.97 42.35 C-77 Collar 0.400 3625
3190.40 42.35 42.31 C-78 Collar 0.400 3625
3232.71 42.31 41.85 C-79 Collar 0.400 3625
3274.56 41.85 41.09 C-80 Collar 0.400 3625
3315.65 41.09 42.12 C-81 Collar 0.400 3625
3357.77 42.12 42.90 C-82 Collar 0.400 3625
3400.67 42.90 41.26 C-83 Collar 0.400 3625
3441.93 41.26 42.40 C-84 Collar 0.400 3625
3484.33 42.40 40.97 C-85 Collar 0.400 3625
3525.30 40.97 42.16 C-86 Collar 0.400 3625
3567.46 42.16 40.87 C-87 Collar 0.400 3625
3608.34 40.87 42.68 C-88 Collar 0.400 3625
3651.02 42.68 37.87 C-89 Collar 0.400 3625
3688.89 37.87 42.20 C-90 Collar 0.400 3625
3731.09 42.20 42.27 C-91 Collar 0.400 3625
3773.37 42.27 42.10 C-92 Collar 0.400 3625
3815.45 42.09 42.10 H-92-1 Hardware Centralizer 0.400 3625
3815.47 42.10 43.54 C-93 Collar 0.400 3625
3859.01 43.54 42.83 C-94 Collar 0.400 3625
3901.80 42.80 42.83 H-94-1 Hardware Centralizer 0.400 3625
3901.84 42.83 42.26 C-95 Collar 0.400 3625
3944.10 42.26 44.17 C-96 Collar 0.400 3625
3979.22 35.12 44.17 MLCB-96-1 Metal Loss Call Box External 0.7 1.6 15 CIGR 4336 0.836 5989 0.605 0.400 3625 711
3984.60 40.50 44.17 H-96-1 Hardware Centralizer 0.400 3625
3987.46 43.36 44.17 H-96-2 Hardware DV Tool 0.400 Stage Collar 3625
3988.27 44.17 44.17 C-97 Collar 0.400 3625
4031.12 42.85 27.40 C-98 Collar 0.400 3625
4058.52 27.40 41.50 C-99 Collar 0.400 3625
4100.02 41.50 43.24 C-100 Collar 0.400 3625
4100.40 0.38 43.24 H-100-1 Hardware Centralizer 0.400 3625
4143.26 43.24 41.88 C-101 Collar 0.400 3625
4185.14 41.88 42.59 C-102 Collar 0.400 3625
4185.22 0.07 42.59 H-102-1 Hardware Centralizer 0.400 3625
4227.73 42.59 41.66 C-103 Collar 0.400 3625
4269.40 41.66 39.68 C-104 Collar 0.400 3625
4269.83 0.44 39.68 H-104-1 Hardware Centralizer 0.400 3625
4309.08 39.68 42.90 C-105 Collar 0.400 3625
4351.98 42.90 42.40 C-106 Collar 0.400 3625
4394.38 42.40 41.61 C-107 Collar 0.400 3625
4435.99 41.61 42.40 C-108 Collar 0.400 3625
4478.39 42.40 42.52 C-109 Collar 0.400 3625
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Feature List - Multiple Burst P Southern California Gas Company
Aliso Canyon

Fernando Fee 35B

Log Depth Dist UHC Joint Length Identifier Class Description Surface Indication Length Width Depth Dim Class P Safe Barlow ERF Barlow P Safe Mod B31G ERF Mod B31G P Safe Effective Area ERF Effective Area NWT Comment
115% 
MAOP

Delta 
MAOP 

(Barlow)
ft ft ft in in % psi psi psi in psi psi

4520.91 42.52 38.35 C-110 Collar 0.400 3625
4559.26 38.35 41.28 C-111 Collar 0.400 3625
4600.54 41.28 41.50 C-112 Collar 0.400 3625
4642.04 41.50 41.07 C-113 Collar 0.400 3625
4683.11 41.07 42.22 C-114 Collar 0.400 3625
4725.33 42.22 39.77 C-115 Collar 0.400 3625
4765.11 39.77 42.50 C-116 Collar 0.400 3625
4807.61 42.50 39.40 C-117 Collar 0.400 3625
4847.01 39.40 41.71 C-118 Collar 0.400 3625
4888.72 41.71 41.81 C-119 Collar 0.400 3625
4930.53 41.81 42.23 C-120 Collar 0.400 3625
4972.76 42.23 42.64 C-121 Collar 0.400 3625
5015.40 42.64 41.66 C-122 Collar 0.400 3625
5057.06 41.66 41.83 C-123 Collar 0.400 3625
5098.89 41.83 42.42 C-124 Collar 0.400 3625
5141.31 42.42 42.03 C-125 Collar 0.400 3625
5183.34 42.03 41.80 C-126 Collar 0.400 3625
5225.15 41.80 42.57 C-127 Collar 0.400 3625
5267.72 42.57 36.81 C-128 Collar 0.400 3625
5304.53 36.81 41.72 C-129 Collar 0.400 3625
5346.26 41.72 41.68 C-130 Collar 0.400 3625
5387.93 41.68 42.44 C-131 Collar 0.400 3625
5430.38 42.44 42.20 C-132 Collar 0.400 3625
5472.58 42.20 40.30 C-133 Collar 0.400 3625
5512.88 40.30 42.43 C-134 Collar 0.400 3625
5555.28 42.41 42.43 H-134-1 Hardware Centralizer 0.400 3625
5555.31 42.43 42.69 C-135 Collar 0.400 3625
5598.00 42.69 42.52 C-136 Collar 0.400 3625
5640.52 42.52 42.52 C-137 Collar 0.400 3625
5640.72 0.20 42.39 H-137-1 Hardware Centralizer 0.400 3625
5682.91 42.39 41.15 C-138 Collar 0.400 3625
5724.01 41.10 41.15 H-138-1 Hardware Centralizer 0.400 3625
5724.06 41.15 41.15 C-139 Collar 0.400 3625
5765.91 41.85 29.37 C-140 Collar 0.400 3625
5795.27 29.37 42.16 C-141 Collar 0.400 3625
5795.72 0.45 42.16 H-141-1 Hardware Centralizer 0.400 3625

5837.43 42.16 42.69 C-142 Collar 0.400

8 5/8" Casing Grade change, K-
55 36 lb/ft above and N-80 36 

lb/ft below. 3625
5880.06 42.63 42.69 H-142-1 Hardware Centralizer 0.400 3625
5880.12 42.69 41.11 C-143 Collar 0.400 3625
5921.23 41.11 42.39 C-144 Collar 0.400 3625
5963.62 42.39 42.39 C-145 Collar 0.400 3625
5963.65 0.03 41.97 H-145-1 Hardware Centralizer 0.400 3625
6005.59 41.97 41.98 C-146 Collar 0.400 3625
6047.38 41.79 41.98 H-146-1 Hardware Centralizer 0.400 3625
6047.57 41.98 41.98 C-147 Collar 0.400 3625
6090.23 42.67 42.45 C-148 Collar 0.400 3625
6132.68 42.45 42.45 C-149 Collar 0.400 3625
6132.89 0.21 42.84 H-149-1 Hardware Centralizer 0.400 3625
6175.52 42.84 41.13 C-150 Collar 0.400 3625
6216.65 41.13 41.13 C-151 Collar 0.400 3625
6216.67 0.03 41.91 H-151-1 Hardware Centralizer 0.400 3625
6258.56 41.91 40.63 C-152 Collar 0.400 3625
6299.19 40.63 40.63 C-153 Collar 0.400 3625
6299.68 0.50 42.08 H-153-1 Hardware Centralizer 0.400 3625
6341.27 42.08 42.08 C-154 Collar 0.400 3625
6341.53 0.26 42.84 H-154-1 Hardware Centralizer 0.400 3625
6384.11 42.84 42.18 C-155 Collar 0.400 3625
6426.16 42.05 42.18 H-155-1 Hardware Centralizer 0.400 3625
6426.29 42.18 41.48 C-156 Collar 0.400 3625
6467.76 41.48 42.48 C-157 Collar 0.400 3625
6510.17 42.41 42.48 H-157-1 Hardware Centralizer 0.400 3625
6510.25 42.48 42.48 C-158 Collar 0.400 3625
6552.00 41.75 42.93 C-159 Collar 0.400 3625
6594.93 42.93 42.93 C-160 Collar 0.400 3625
6595.09 0.16 42.36 H-160-1 Hardware Centralizer 0.400 3625
6637.29 42.36 42.11 C-161 Collar 0.400 3625
6679.41 42.11 42.11 C-162 Collar 0.400 3625
6679.70 0.30 40.95 H-162-1 Hardware Centralizer 0.400 3625
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Feature List - Multiple Burst P Southern California Gas Company
Aliso Canyon

Fernando Fee 35B

Log Depth Dist UHC Joint Length Identifier Class Description Surface Indication Length Width Depth Dim Class P Safe Barlow ERF Barlow P Safe Mod B31G ERF Mod B31G P Safe Effective Area ERF Effective Area NWT Comment
115% 
MAOP

Delta 
MAOP 

(Barlow)
ft ft ft in in % psi psi psi in psi psi

6720.36 40.95 42.55 C-163 Collar 0.400 3625
6762.79 42.43 42.55 H-163-1 Hardware Centralizer 0.400 3625
6762.91 42.55 42.24 C-164 Collar 0.400 3625
6805.15 42.24 39.41 C-165 Collar 0.400 3625
6844.56 39.41 42.59 C-166 Collar 0.400 3625
6844.64 0.08 42.59 H-166-1 Hardware Centralizer 0.400 3625
6867.50 22.94 42.59 MLCB-166-1 Metal Loss Call Box Internal 0.7 1.4 17 PITT 6143 0.590 8283 0.438 0.400 3625 2518
6887.15 42.59 42.46 C-167 Collar 0.400 3625
6907.94 20.79 42.46 MLCB-167-1 Metal Loss Call Box Internal 0.5 0.6 26 PITT 5455 0.664 8290 0.437 0.400 3625 1830
6929.61 42.46 42.84 C-168 Collar 0.400 3625
6929.68 0.07 42.84 H-168-1 Hardware Centralizer 0.400 3625
6969.86 40.25 42.84 MLCB-168-1 Metal Loss Call Box Internal 1.0 0.9 18 PITT 6080 0.596 8228 0.441 0.400 3625 2455
6972.45 42.84 42.72 C-169 Collar 0.400 3625
7014.92 42.47 42.72 H-169-1 Hardware Centralizer 0.400 3625
7015.17 42.72 34.73 C-170 Collar 0.400 3625
7024.83 9.65 34.73 MLCB-170-1 Metal Loss Call Box Internal 1.6 6.5 16 GENE 6233 0.582 8132 0.446 0.400 3625 2608
7025.67 10.50 34.73 MLCB-170-2 Metal Loss Call Box Internal 1.4 3.9 18 GENE 6085 0.596 8150 0.445 0.400 3625 2460
7049.90 34.73 C-171 Interpretation Boundary 3625
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THE USE OF AND RELIANCE UPON THIS RECORDED-DATA BY THE HEREIN NAMED COMPANY (AND ANY OF ITS AFFILIATES,  
PARTNERS, REPRESENTATIVES, AGENTS, CONSULTANTS AND EMPLOYEES) IS SUBJECT TO THE TERMS AND CONDITIONS  
AGREED UPON BETWEEN SCHLUMBERGER AND THE COMPANY, INCLUDING: (a) RESTRICTIONS ON USE OF THE RECORDED-
DATA; (b) DISCLAIMERS AND WAIVERS OF WARRANTIES AND REPRESENTATIONS REGARDING COMPANY'S USE AND RELIANCE  
UPON THE RECORDED-DATA; AND (c) CUSTOMER'S FULL AND SOLE RESPONSIBILITY FOR ANY INFERENCE DRAWN OR  
DECISION MADE IN CONNECTION WITH THE USE OF THIS RECORDED-DATA.

1. Header 12.2 Composite Summary

2. Disclaimer 12.3 Log ( LBV1_USI Corrosion 7inch )

3. Contents 13. Composite 1 USI Compressed Goodwin

4. Well Sketch 13.1 Integration Summary

5. Borehole Size/Casing/Tubing Record 13.2 Composite Summary

6. Remarks and Equipment Summary 13.3 Log ( Import of USI Goodwin )

7. Job Event Summary 14. XYZ ( USI Fluid Acoustic Slowness vs Depth )

8. USI Fluid Properties Measurement 15. XYZ ( USI Theoretical Acoustic impedance of mud vs

9. Composite 1 Main Pass 5 in = 100 ft Depth )

9.1 Integration Summary 16. Tail

9.2 Software Version

9.3 Composite Summary

9.4 Log ( LBV1_USI-VDL (DSLT) Cement 7inch )

9.5 Parameter Listing

10. Composite 1 Main Pass 5 IN = 100 FT

10.1 Integration Summary

10.2 Composite Summary



10.3 Log ( LBV1_USI Composite 7inch )

11. Two Cement Log 2 IN = 100 FT

11.1 Integration Summary

11.2 Composite Summary

11.3 Log ( LBV1_USI Cement 7inch )

12. Composite 1 Corrosion 5 in = 100 ft

12.1 Integration Summary



Bit Size ( in ) 17.5 12.25 11.75 11

Top Driller ( ft ) 0 770 6187 7421

Top Logger ( ft ) 0 770 6187 7421

Bottom Driller ( ft ) 770 6187 7421 8300

Bottom Logger ( ft ) 770 6187 7421 8300

Size ( in ) 13.375 7 7 7 7 7

Weight ( lbm/ft ) 54.5 26 23 23 23 26

Inner Diameter ( in ) 12.615 6.276 6.366 6.366 6.366 6.276

Grade J55 N80 N80 J55 N80 N80

Top Driller ( ft ) 0 0 179 1364 4746 6774

Top Logger ( ft ) 0 0 179 1364 4746 6774

Bottom Driller ( ft ) 770 179 1364 4746 6774 8280

Bottom Logger ( ft ) 770 179 1364 4746 6774 8280

Two: Remarks

Equip name Length MP name Offset

LEH-QT:2

867

57.51

LEH-QT:28

67

Red

DTC-H 54.59

ECH-KC

DTC-H

ToolSta

tus

51.59

TelStatu

s

51.59

HV 0.00

CTEM 53.69

HGNS-H:3

923

51.59

HGNH:481

9

NPV-N

NSR-F:130

3

HMCA-H

HGNS-H:3

923

HACCZ-H:

4177

Acceler

ometer

0.00

HMCA 42.18

HGNS 42.18

CNL Por

osity

44.52

GR 50.85

Temper

ature

51.57

AH-184[ 42.18

Depth correlated to Neutron Lifetime Log  
dated 4-19-74. Tied-in to Neutron curves  
between 7700-8100 ft

USIT logged at 10 deg 1.5 inch, speed 3200  
fph. No hi-res repeat recorded as requested by  
client.

Main pass recorded with 0 psi surface  
pressure. Repeat pass recorded with 1000 psi  
from TD to ~6900 ft.

Logged from above top of sand at ~8168 ft to  
surface.

Rig: Ensign 334

Toolstring ran as per toolsketch.

Two centralizers on USIS and two CME-Y  
used to centralize ultrasonic tool.

Thank you for choosing Schlumberger!



AH-184[

3]:2985

42.18

AH-184[

2]:2882

40.18

DSLT-H 38.18

ECH-KH

DSLC-H

SLS-E:146

8

SLS-E 17.55

Lower-N

ear

20.96

Lower-F

ar

21.96

Delta-T 23.34

Upper-F

ar

24.71

VDL 5ft 24.71

Upper-N

ear

25.71

CBL 3ft 25.71

AH-184[

1]:6735

17.54

USIT-E:17

26

15.54

ECH-MFA:

199

USAC-A:1

726

USIS-A:18

04

USSC-B:99

2

USRS-B:17

58

USI-SENS

OR:3350

Head Te

nsion

USI Sen

sor

0.38

TOOL_ZERO

Lengths are in ft

Maximum Outer Diameter = 6.250 in

Line: Sensor Location, Value: Gating Offset

All measurements are relative to TOOL_ZERO



Log[1]:Down Oct-19-2016 13:19 01:54:44 185.28 - 8127.82 ft Fluid Properties Measurement

Log[6]:Up Oct-19-2016 14:46 00:24:25 8162.42 - 6845.38 ft Repeat Pass 1000 PSI

Log[9]:Up Oct-20-2016 09:51 00:29:01 8170.38 - 6638.82 ft Main Pass #1 0 PSI

Log[11]:Up Oct-20-2016 10:24 02:09:06 6736.16 - 35.34 ft Main Pass #2 0 PSI

Log[14]:Up Oct-20-2016 12:53 00:04:58 153.18 - 3.59 ft Main Pass #3 0 PSI

Run Name Pass Name Start Depth(ft) Stop Depth(ft)
Run 1 Log[11]:Up 6737.51 36.69

Fluid Velocity = "Automatic".
CFVL equals DFSL channel
Start Depth(ft) Stop Depth(ft) Start Value(us/ft) End Value(us/ft)
Mud Impedance = "FreePipe Norm.".
Free Pipe normalization zone is : 120.75m(396.17ft) to 129.39m(424.50ft)
MUD_N_FRP = 1.10
DFD = 1.08g/cm3(9.00lbm/gal)
CZMD median computed in free pipe normalization interval = 1.80 MRayl
Start Depth(ft) Stop Depth(ft) Start Value(Mrayl) End Value(Mrayl)

Maxwell 2016 SP1 6.1.58882.3100

Application Patch Wireline_Hotfix-Perfo-2016SP1_6.1.63773

Sonic Cement Evaluation Computation Ensemble provides common Parameters and  
Channels

CEVAL 6.1.58882.3100

Cementation Computation ApplicationCementation 6.1.58882.3100

Synergy SV451EC version 9.10 Synergy SV451EC version 9.10WAFE-SEC

Synergy SV451EC version 9.10 Synergy SV451EC version 9.10WAFE-FEC

Synergy SV451EC version 46.19 Synergy SV451EC version 46.19WAFE-TMDI

HILT Gamma-Ray and Neutron Sonde, 150 degCHGNS-H 6.1.58882.3100 2.0

Sonic Logging Sonde E supports 3'-5'BHC DT and  
CBL/VDL

SLS-E 6.1.58882.3100 4.0

USIT Transducer ElementUSI-SENSOR 6.1.58882.3100 DSP: v1.82

Two Log[9]:Up Up 6640.29 ft 8171.85 ft 20-Oct-2016
 9:51:39 AM

20-Oct-2016
 10:20:40 AM

ON 1.47 ft No

Two Log[11]:Up Up 36.69 ft 6737.51 ft 20-Oct-2016
 10:24:53 AM

20-Oct-2016
 12:34:00 PM

ON 1.35 ft No

Two Log[14]:Up Up 5.56 ft 155.15 ft 20-Oct-2016
 12:53:24 PM

20-Oct-2016
 12:58:23 PM

ON 1.96 ft No

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Frew 4

Composite 1:S008

Description: USI VDL Cement    Format: Log ( LBV1_USI-VDL (DSLT) Cement 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth 

  Creation Date: 20-Oct-2016 14:28:02 

TIME_1900 - Time Marked every 60.00 (s)

ERAV_IRAV ERAV_RHF1
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Two: Parameters

Auxiliary Minimum Sliding GateAMSG DSLT-H 140 us

Barite Mud Presence FlagISSBAR Borehole No

Bad Echo RejectionBERJ USIT-E On

Borehole Status (Open or Cased Hole)BHS Borehole Cased

Bond Index Level for Zone IsolationBILI DSLT-H 0.8

Bit SizeBS WLSESSION Depth Zoned in

Casing Poisson RatioCASING_PRATIO USIT-E Standard Poisson Ratio

CBL Gate WidthCBLG DSLT-H 45 us

Casing Bottom (Logger)CBLO WLSESSION 8280 ft

CBL LQC Reference Amplitude in Free PipeCBRA DSLT-H 62 mV

Cement DensityCDEN HGNS-H 2 g/cm3

CBL Cement Type Compensation FactorCMCF DSLT-H 1

Cement TypeCMTY(U-USIT_CEMT) USIT-E Regular Cement

Nominal Casing Thickness - Zoned along logger depthsTHNO WLSESSION Depth Zoned in

Delta-T DetectionDETE DSLT-H E1

Drilling Fluid DensityDFD Borehole 9 lbm/gal

Drilling Fluid TypeDFT Borehole Water

Borehole Fluid SlownessDTMD Borehole 206 us/ft

CBL Fluid Compensation FactorFCF DSLT-H 0.94

FPM Data Interpolation IntervalFDII USIT-E 0 ft

Generalized Caliper Selection for WL Log Down PassesGCSE_DOWN_PASS Borehole BS



Generalized Caliper Selection for WL Log Down PassesGCSE_DOWN_PASS

Generalized Caliper Selection for WL Log Up PassesGCSE_UP_PASS Borehole BS

Good Bond in Arbitrary CementGOBO_CURR DSLT-H Depth Zoned mV

Gamma Ray MultiplierGR_MULTIPLIER HGNS-H 1

Hematite Presence FlagHEMA Borehole No

ICE ProcessingICE_PROCESS USIT-E Yes

Image RotationIMAR USIT-E Off

Manual High Threshold Reference for first arrival detectionMAHTR DSLT-H 120

Maximum Attenuation in Arbitrary CementMATT_CURR DSLT-H Depth Zoned dB/ft

Minimum Cemented Interval for IsolationMCI DSLT-H Depth Zoned ft

Tcube Processing Window Length in Measurement ModeMEAS_WLEN USIT-E Depth Zoned us

Minimum High Threshold Reference for first arrival detectionMNHTR DSLT-H 100

Minimum Sonic AmplitudeMSA DSLT-H Depth Zoned mV

Minimum Sonic Amplitude in Arbitrary CementMSA_CURR DSLT-H Depth Zoned mV

Free Pipe Mud Normalization FactorMUD_N_FRP USIT-E 1.1

Theoretical Mud Normalization FactorMUD_N_THE USIT-E 1

Near Minimum Sliding GateNMSG DSLT-H 285 us

Near Maximum Sliding GateNMXG DSLT-H 950 us

Number of Detection PassesNUMP DSLT-H 2

USIT Remove Flagged Data LevelOPLEV USIT-E OPT2

Reference Calibrator Outer DiameterRCOD USIT-E 7 in

Reference Calibrator StandoffRCSO USIT-E 1.181 in

Reference Calibrator ThicknessRCTH USIT-E 0.295 in

Number of Vertical Samples used for Micro-debonding 
Computation

SDNV USIT-E 5

Acoustic Impedance STD Horizontal Threshold for Micro-
debonding

SDTHOR USIT-E 0.5 Mrayl

Acoustic Impedance STD Vertical Threshold for Micro-
debonding

SDTVER USIT-E 0.3 Mrayl

Sonic Formation Attenuation FactorSFAF DSLT-H 3.25 dB/ft

Sliding Gate StatusSGAD DSLT-H Off

Sliding Gate Closing Delta-TSGCL DSLT-H 130 us/ft

Sliding Gate Closing WidthSGCW DSLT-H 25 us

Sliding Gate Delta-TSGDT DSLT-H 57 us/ft

Sliding Gate WidthSGW DSLT-H 110 us

Signal Level for AGCSLEV DSLT-H 5000 mV

Standoff DistanceSOCN HGNS-H 0.125 in

Standoff Correction OptionSOCO HGNS-H No

T^3 Processing LevelTCUB USIT-E Loop

Maximum Search Thickness (percentage of nominal)THDH USIT-E Time Zoned %

Minimum Search Thickness (percentage of nominal)THDL USIT-E Time Zoned %

Tool Position: Centered or EccenteredHISC HGNS-H Eccentered

Drilling Fluid Specific Acoustic ImpedanceU-USIT_DFSZ USIT-E 0.1 Mrayl

Fiberglass DensityUFGDE USIT-E 1.95 g/cm3

Fiberglass Processing SelectionUFGPS USIT-E No

Fiberglass VelocityUFGVL USIT-E 9678.48 ft/s

USIT USI Fluid Slowness Fits Casing Outer DiameterUSI_FSOD USIT-E 0_OFF

USI Fluid Velocity SelectionUSI_FVEL_SEL USIT-E Automatic

USI Mud Impedance SelectionUSI_ZMUD_SEL USIT-E FreePipe Norm.

Thickness Detection PolicyTHDP USIT-E Fundamental

Ultrasonic Transversal Velocity in CasingVCAS USIT-E 51.4 us/ft

VDL Manual GainVDLG DSLT-H 5

Acoustic Impedance of CasingZCAS USIT-E 46.25 Mrayl



Acoustic Impedance of CementZCMT DSLT-H 6.8 Mrayl

Acoustic Impedance of Cement in Neat CementZCMT_NEAT DSLT-H 6.8 Mrayl

Initial Estimate of Cement ImpedanceZINI USIT-E -1 Mrayl

Acoustic Impedance of MudZMUD Borehole 1.48 Mrayl

Acoustic Impedance Threshold for CementZTCM USIT-E 2.6 Mrayl

Acoustic Impedance Threshold for GasZTGS USIT-E 0.3 Mrayl

TwoDepth Zoned Parameters

0 770BS 17.5

770 6187BS 12.25

6187 7421BS 11.75

7421 8171BS 11

0 179THNO 0.362

179 6774THNO 0.317

6774 8171THNO 0.362

0 179GOBO_CURR 2.87

179 6774GOBO_CURR 1.87

6774 8171GOBO_CURR 2.87

0 179MATT_CURR 11.82

179 6774MATT_CURR 13.39

6774 8171MATT_CURR 11.82

0 770MCI 21.68

770 8171MCI 10

0 179MEAS_WLEN 22.5

179 6774MEAS_WLEN 19.62

6774 8171MEAS_WLEN 22.5

0 179MSA 1.33

179 6774MSA 0.78

6774 8171MSA 1.33

0 179MSA_CURR 1.33

179 6774MSA_CURR 0.78

6774 8171MSA_CURR 1.33

All depth are actual.

TwoTime Zoned Parameters

Pass Log[9]:Up

THDH 125 20-Oct-2016 09:51:44 20-Oct-2016 10:20:40 8171.38 6648.71

THDL 60 20-Oct-2016 09:51:44 20-Oct-2016 10:20:40 8171.38 6648.71

Pass Log[11]:Up
THDH 125 20-Oct-2016 10:26:34 20-Oct-2016 12:34:00 6648.71 113.27

THDL 60 20-Oct-2016 10:24:53 20-Oct-2016 12:00:23 6648.71 1633.75

THDL 70 20-Oct-2016 12:00:23 20-Oct-2016 12:34:00 1633.75 113.27

Pass Log[14]:Up
THDH 130 20-Oct-2016 12:53:24 20-Oct-2016 12:58:23 155.15 5.56

THDL 70 20-Oct-2016 12:53:24 20-Oct-2016 12:58:23 155.15 5.56

All depth are at tool zero.



Two: Parameters

Minimum Gain of CartridgeAGMN USIT-E -12 dB

Maximum Gain of CartridgeAGMX USIT-E 18 dB

Digitizing DelayDDEL DSLT-H 0 us

USIC Downhole Decimation for T5 onlyU-USIT_DDT5 USIT-E 0_NONE

Distance between Opposite Transducer FacesDOT(DOS) USIT-E 2.874 in

DSLT Acquisition ModeMODE DSLT-H CBL

DSLT Firing RateRATE DSLT-H 15 Hz

DSLT Telemetry Frame SizeDTFS DSLT-H 536

Digitizer Word CountDWCO DSLT-H 250

EMEX VoltageEMXV USIT-E Time Zoned V

Horizontal ResolutionHRES USIT-E 10 deg

Motor ProtectionMOTOR_PROTECT USIT-E On

Switch Down ThresholdSDTH DSLT-H 20000

Selectable Acquisition GainSGAI DSLT-H x1

Switch Up ThresholdSUTH DSLT-H 1000

Type of MudTMUC USIT-E BRI

Ultrasonic ACLV PermanentUACLV_PERM USIT-E No

Logging ObjectiveULOG USIT-E MEASUREMENT

Modulation FrequencyUMFR USIT-E 333333 Hz

Ultrasonic Sampling FrequencyUSFR USIT-E 500000 Hz

USIT Emission PatternUPAT USIT-E Pattern 500 KHz

USIT Working ModeUWKM USIT-E Uncompressed 10 deg at 1.5  
in LF

Starting Depth Log for UltrasonicsUSIT_DEPTHLOG USIT-E Time Zoned ft

Ultrasonic ServiceUSSP USIT-E USI

Vertical ResolutionVRES USIT-E 1.5 in

Window Begin TimeWINB USIT-E 25 us

Window End TimeWINE USIT-E 90 us

Waveform Firing ModeWMOD DSLT-H Full

TwoTime Zoned Parameters

Pass Log[9]:Up

EMXV 50 20-Oct-2016 09:51:44 20-Oct-2016 10:20:40 8171.38 6648.71

Pass Log[11]:Up
EMXV 60 20-Oct-2016 10:24:53 20-Oct-2016 11:05:14 6648.71 4600.07

EMXV 65 20-Oct-2016 11:05:14 20-Oct-2016 12:34:00 4600.07 113.27

Pass Log[14]:Up
EMXV 100 20-Oct-2016 12:53:24 20-Oct-2016 12:54:59 155.15 76.32

EMXV 110 20-Oct-2016 12:54:59 20-Oct-2016 12:57:44 76.32 16.88

EMXV 125 20-Oct-2016 12:57:44 20-Oct-2016 12:58:23 16.88 5.56

All depth are at tool zero.



Two Log[9]:Up Up 6640.29 ft 8171.85 ft 20-Oct-2016
 9:51:39 AM

20-Oct-2016
 10:20:40 AM

ON 1.47 ft No

Two Log[11]:Up Up 36.69 ft 6737.51 ft 20-Oct-2016
 10:24:53 AM

20-Oct-2016
 12:34:00 PM

ON 1.35 ft No

Two Log[14]:Up Up 5.56 ft 155.15 ft 20-Oct-2016
 12:53:24 PM

20-Oct-2016
 12:58:23 PM

ON 1.96 ft No

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Frew 4

Composite 1:S008

Description: USI Composite    Format: Log ( LBV1_USI Composite 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation 

Date: 20-Oct-2016 14:28:19 
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Description: USI Composite    Format: Log ( LBV1_USI Composite 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation 
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TIME_1900 - Time Marked every 60.00 (s)

2 - UFLG 2 Value within [1.5 - 2.5] -  : Pulse Origin Not Detected

3 - UFLG 3 Value within [2.5 - 3.5] -  : WINLEN Error

4 - UFLG 4   UFLG 5   UFLG 6  Value within [3.5 - 6.5] -  : Casing Thickness Error
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Two Log[6]:Up Up 6845.38 ft 8162.42 ft 19-Oct-2016
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ON 2.05 ft No

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Frew 4

Two: Log[6]:Up:S008

Description: USI Cement    Format: Log ( LBV1_USI Cement 7inch )    Index Scale: 2 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation Date: 

20-Oct-2016 14:28:43 

Gamma Ray

(ECGR)

HGNS-H

0 150gAPI

Amplitude of

Eccentering

for Unflagged

Waves

(ECCE_RF)

USIT-E

0 0.5in

TIME_1900 - Time Marked every 60.00 (s)

ERAV_IRAV

IRAV_LHF1

LHF1_ERAV

Median of

Unflagged

External Radii

(ERAV_RF)

USIT-E

3.7 2.7in

Median Internal

Radius of Casing

Corrected for

Eccentering

(IRAV_RF)

USIT-E

3.7 2.7in

Minimum of

Unflagged

Internal Radii

(IRMN_RF)

USIT-E

3.7 2.7in

Maximum of

Unflagged

Internal Radii

(IRMX_RF)

USIT-E

3.7 2.7in

ERAV_RHF1

IRAV_ERAV

RHF1_IRAV

Median of

Unflagged

External Radii

(ERAV_RF)

USIT-E

2.7 3.7in

Median Internal

Radius of Casing

Corrected for

Eccentering

(IRAV_RF)

USIT-E

2.7 3.7in

Minimum of

Unflagged

Internal Radii

(IRMN_RF)

USIT-E

2.7 3.7in

Maximum of

Unflagged

Internal Radii

(IRMX_RF)

USIT-E

2.7 3.7in

A
bs

en
t

0.
50

0

1.
50

0

2.
50

0

3.
50

0

4.
50

0

5.
50

0

6.
50

0

7.
50

0

Custom Normalization

USIT - Acoustic Impedance (AIBK)

USIT-E

(Mrayl)

Acoustic

Impedance

Minimum (AIMN)

USIT-E

-1 9Mrayl

Acoustic

Impedance

Average (AIAV)

USIT-E

-1 9Mrayl

Acoustic

Impedance

Maximum (AIMX)

USIT-E

-1 9Mrayl

Bonded

Gas

Liquid

Micro-debondin

g

A
bs

en
t

-5
00

.0
00

2.
59

9

3.
58

1

4.
56

3

5.
54

5

6.
52

7

7.
50

9

Custom Normalization

USIT - Acoustic Impedance With

Micro-debonding Image

(AI_MDEBOND_IMG) USIT-E

(Mrayl)

6800



6850

6900

6950

7000

7050

7100

7150

7200

7250

7300

7350

ECGR

ERAV_RF

IRAV_RF

IRMN_RF

IRMX_RF

ERAV_RF

IRAV_RF

IRMN_RF

IRMX_RF

AIMN

AIAV

AIMX



7400

7450

7500

7550

7600

7650

7700

7750

7800

7850

7900

ECGR

ERAV_RF

IRAV_RF

IRMN_RF

IRMX_RF

ERAV_RF

IRAV_RF

IRMN_RF

IRMX_RF

AIMN

AIAV

AIMX



7950

8000

8050

8100

8150

Gamma Ray

(ECGR)

HGNS-H

0 150gAPI

Amplitude of

Eccentering

for Unflagged

Waves

(ECCE_RF)

USIT-E

0 0.5in

ERAV_IRAV

IRAV_LHF1

LHF1_ERAV

Median of

Unflagged

External Radii

(ERAV_RF)

USIT-E

3.7 2.7in

Median Internal

Radius of Casing

Corrected for

Eccentering

(IRAV_RF)

USIT-E

3.7 2.7in

Minimum of

Unflagged

Internal Radii

(IRMN_RF)

USIT-E

3.7 2.7in

Maximum of

Unflagged

Internal Radii

(IRMX_RF)

USIT-E

3.7 2.7in

ERAV_RHF1

IRAV_ERAV

RHF1_IRAV

Median of

Unflagged

External Radii

(ERAV_RF)

USIT-E

2.7 3.7in

Median Internal

Radius of Casing

Corrected for

Eccentering

(IRAV_RF)

USIT-E

2.7 3.7in

Minimum of

Unflagged

Internal Radii

(IRMN_RF)

USIT-E

2.7 3.7in

Maximum of

Unflagged

Internal Radii

(IRMX_RF)

USIT-E

2.7 3.7in

A
bs

en
t

0.
50

0

1.
50

0

2.
50

0

3.
50

0

4.
50

0

5.
50

0

6.
50

0

7.
50

0

Custom Normalization

USIT - Acoustic Impedance (AIBK)

USIT-E

(Mrayl)

Acoustic

Impedance

Minimum (AIMN)

USIT-E

-1 9Mrayl

Acoustic

Impedance

Average (AIAV)

USIT-E

-1 9Mrayl

Acoustic

Impedance

Maximum (AIMX)

USIT-E

-1 9Mrayl

Bonded

Gas

Liquid

Micro-debondin

g

A
bs

en
t

-5
00

.0
00

2.
59

9

3.
58

1

4.
56

3

5.
54

5

6.
52

7

7.
50

9

Custom Normalization

USIT - Acoustic Impedance With

Micro-debonding Image

(AI_MDEBOND_IMG) USIT-E

(Mrayl)



Description: USI Cement    Format: Log ( LBV1_USI Cement 7inch )    Index Scale: 2 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation Date: 

20-Oct-2016 14:28:43 

TIME_1900 - Time Marked every 60.00 (s)

Two Log[9]:Up Up 6640.29 ft 8171.85 ft 20-Oct-2016
 9:51:39 AM

20-Oct-2016
 10:20:40 AM

ON 1.47 ft No

Two Log[11]:Up Up 36.69 ft 6737.51 ft 20-Oct-2016
 10:24:53 AM

20-Oct-2016
 12:34:00 PM

ON 1.35 ft No

Two Log[14]:Up Up 5.56 ft 155.15 ft 20-Oct-2016
 12:53:24 PM

20-Oct-2016
 12:58:23 PM

ON 1.96 ft No

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Frew 4

Composite 1:S008

Description: USI Composite    Format: Log ( LBV1_USI Corrosion 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation 

Date: 20-Oct-2016 14:28:48 
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Ex. II - 23 



Due to the large file size, please view document 
DOGGR_03700667_Vertilog_9-6-1988 at the below 
publicly available website.  The native file of this 
document is available upon request. 

(https://secure.conservation.ca.gov/WellRecord/037/0370
0667/03700667%20Vertilog_9-6-88.pdf) (accessed 
March 20, 2020) 
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THE USE OF AND RELIANCE UPON THIS RECORDED-DATA BY THE HEREIN NAMED COMPANY (AND ANY OF ITS AFFILIATES,  
PARTNERS, REPRESENTATIVES, AGENTS, CONSULTANTS AND EMPLOYEES) IS SUBJECT TO THE TERMS AND CONDITIONS  
AGREED UPON BETWEEN SCHLUMBERGER AND THE COMPANY, INCLUDING: (a) RESTRICTIONS ON USE OF THE RECORDED-
DATA; (b) DISCLAIMERS AND WAIVERS OF WARRANTIES AND REPRESENTATIONS REGARDING COMPANY'S USE AND RELIANCE  
UPON THE RECORDED-DATA; AND (c) CUSTOMER'S FULL AND SOLE RESPONSIBILITY FOR ANY INFERENCE DRAWN OR  
DECISION MADE IN CONNECTION WITH THE USE OF THIS RECORDED-DATA.

1. Header 12.2 Composite Summary

2. Disclaimer 12.3 Log ( LBV1_USI Corrosion 7inch )

3. Contents 13. Composite 1 USI Compressed Goodwin

4. Well Sketch 13.1 Integration Summary

5. Borehole Size/Casing/Tubing Record 13.2 Composite Summary

6. Remarks and Equipment Summary 13.3 Log ( Import of USI Goodwin )

7. Job Event Summary 14. XYZ ( USI Fluid Acoustic Slowness vs Depth )

8. USI Fluid Properties Measurement 15. XYZ ( USI Theoretical Acoustic impedance of mud vs

9. Composite 1 Main Pass 5 in = 100 ft Depth )

9.1 Integration Summary 16. Tail

9.2 Software Version

9.3 Composite Summary

9.4 Log ( LBV1_USI-VDL (DSLT) Cement 7inch )

9.5 Parameter Listing

10. Composite 1 Main Pass 5 IN = 100 FT

10.1 Integration Summary

10.2 Composite Summary



10.3 Log ( LBV1_USI Composite 7inch )

11. Two Cement Log 2 IN = 100 FT

11.1 Integration Summary

11.2 Composite Summary

11.3 Log ( LBV1_USI Cement 7inch )

12. Composite 1 Corrosion 5 in = 100 ft

12.1 Integration Summary



Bit Size ( in ) 17.5 12.25 11.75 11

Top Driller ( ft ) 0 770 6187 7421

Top Logger ( ft ) 0 770 6187 7421

Bottom Driller ( ft ) 770 6187 7421 8300

Bottom Logger ( ft ) 770 6187 7421 8300

Size ( in ) 13.375 7 7 7 7 7

Weight ( lbm/ft ) 54.5 26 23 23 23 26

Inner Diameter ( in ) 12.615 6.276 6.366 6.366 6.366 6.276

Grade J55 N80 N80 J55 N80 N80

Top Driller ( ft ) 0 0 179 1364 4746 6774

Top Logger ( ft ) 0 0 179 1364 4746 6774

Bottom Driller ( ft ) 770 179 1364 4746 6774 8280

Bottom Logger ( ft ) 770 179 1364 4746 6774 8280

Two: Remarks

Equip name Length MP name Offset

LEH-QT:2

867

57.51

LEH-QT:28

67

Red

DTC-H 54.59

ECH-KC

DTC-H

ToolSta

tus

51.59

TelStatu

s

51.59

HV 0.00

CTEM 53.69

HGNS-H:3

923

51.59

HGNH:481

9

NPV-N

NSR-F:130

3

HMCA-H

HGNS-H:3

923

HACCZ-H:

4177

Acceler

ometer

0.00

HMCA 42.18

HGNS 42.18

CNL Por

osity

44.52

GR 50.85

Temper

ature

51.57

AH-184[ 42.18

Depth correlated to Neutron Lifetime Log  
dated 4-19-74. Tied-in to Neutron curves  
between 7700-8100 ft

USIT logged at 10 deg 1.5 inch, speed 3200  
fph. No hi-res repeat recorded as requested by  
client.

Main pass recorded with 0 psi surface  
pressure. Repeat pass recorded with 1000 psi  
from TD to ~6900 ft.

Logged from above top of sand at ~8168 ft to  
surface.

Rig: Ensign 334

Toolstring ran as per toolsketch.

Two centralizers on USIS and two CME-Y  
used to centralize ultrasonic tool.

Thank you for choosing Schlumberger!



AH-184[

3]:2985

42.18

AH-184[

2]:2882

40.18

DSLT-H 38.18

ECH-KH

DSLC-H

SLS-E:146

8

SLS-E 17.55

Lower-N

ear

20.96

Lower-F

ar

21.96

Delta-T 23.34

Upper-F

ar

24.71

VDL 5ft 24.71

Upper-N

ear

25.71

CBL 3ft 25.71

AH-184[

1]:6735

17.54

USIT-E:17

26

15.54

ECH-MFA:

199

USAC-A:1

726

USIS-A:18

04

USSC-B:99

2

USRS-B:17

58

USI-SENS

OR:3350

Head Te

nsion

USI Sen

sor

0.38

TOOL_ZERO

Lengths are in ft

Maximum Outer Diameter = 6.250 in

Line: Sensor Location, Value: Gating Offset

All measurements are relative to TOOL_ZERO



Log[1]:Down Oct-19-2016 13:19 01:54:44 185.28 - 8127.82 ft Fluid Properties Measurement

Log[6]:Up Oct-19-2016 14:46 00:24:25 8162.42 - 6845.38 ft Repeat Pass 1000 PSI

Log[9]:Up Oct-20-2016 09:51 00:29:01 8170.38 - 6638.82 ft Main Pass #1 0 PSI

Log[11]:Up Oct-20-2016 10:24 02:09:06 6736.16 - 35.34 ft Main Pass #2 0 PSI

Log[14]:Up Oct-20-2016 12:53 00:04:58 153.18 - 3.59 ft Main Pass #3 0 PSI

Run Name Pass Name Start Depth(ft) Stop Depth(ft)
Run 1 Log[11]:Up 6737.51 36.69

Fluid Velocity = "Automatic".
CFVL equals DFSL channel
Start Depth(ft) Stop Depth(ft) Start Value(us/ft) End Value(us/ft)
Mud Impedance = "FreePipe Norm.".
Free Pipe normalization zone is : 120.75m(396.17ft) to 129.39m(424.50ft)
MUD_N_FRP = 1.10
DFD = 1.08g/cm3(9.00lbm/gal)
CZMD median computed in free pipe normalization interval = 1.80 MRayl
Start Depth(ft) Stop Depth(ft) Start Value(Mrayl) End Value(Mrayl)

Maxwell 2016 SP1 6.1.58882.3100

Application Patch Wireline_Hotfix-Perfo-2016SP1_6.1.63773

Sonic Cement Evaluation Computation Ensemble provides common Parameters and  
Channels

CEVAL 6.1.58882.3100

Cementation Computation ApplicationCementation 6.1.58882.3100

Synergy SV451EC version 9.10 Synergy SV451EC version 9.10WAFE-SEC

Synergy SV451EC version 9.10 Synergy SV451EC version 9.10WAFE-FEC

Synergy SV451EC version 46.19 Synergy SV451EC version 46.19WAFE-TMDI

HILT Gamma-Ray and Neutron Sonde, 150 degCHGNS-H 6.1.58882.3100 2.0

Sonic Logging Sonde E supports 3'-5'BHC DT and  
CBL/VDL

SLS-E 6.1.58882.3100 4.0

USIT Transducer ElementUSI-SENSOR 6.1.58882.3100 DSP: v1.82

Two Log[9]:Up Up 6640.29 ft 8171.85 ft 20-Oct-2016
 9:51:39 AM

20-Oct-2016
 10:20:40 AM

ON 1.47 ft No

Two Log[11]:Up Up 36.69 ft 6737.51 ft 20-Oct-2016
 10:24:53 AM

20-Oct-2016
 12:34:00 PM

ON 1.35 ft No

Two Log[14]:Up Up 5.56 ft 155.15 ft 20-Oct-2016
 12:53:24 PM

20-Oct-2016
 12:58:23 PM

ON 1.96 ft No

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Frew 4

Composite 1:S008

Description: USI VDL Cement    Format: Log ( LBV1_USI-VDL (DSLT) Cement 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth 

  Creation Date: 20-Oct-2016 14:28:02 

TIME_1900 - Time Marked every 60.00 (s)
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Description: USI VDL Cement    Format: Log ( LBV1_USI-VDL (DSLT) Cement 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth 

  Creation Date: 20-Oct-2016 14:28:02 
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Two: Parameters

Auxiliary Minimum Sliding GateAMSG DSLT-H 140 us

Barite Mud Presence FlagISSBAR Borehole No

Bad Echo RejectionBERJ USIT-E On

Borehole Status (Open or Cased Hole)BHS Borehole Cased

Bond Index Level for Zone IsolationBILI DSLT-H 0.8

Bit SizeBS WLSESSION Depth Zoned in

Casing Poisson RatioCASING_PRATIO USIT-E Standard Poisson Ratio

CBL Gate WidthCBLG DSLT-H 45 us

Casing Bottom (Logger)CBLO WLSESSION 8280 ft

CBL LQC Reference Amplitude in Free PipeCBRA DSLT-H 62 mV

Cement DensityCDEN HGNS-H 2 g/cm3

CBL Cement Type Compensation FactorCMCF DSLT-H 1

Cement TypeCMTY(U-USIT_CEMT) USIT-E Regular Cement

Nominal Casing Thickness - Zoned along logger depthsTHNO WLSESSION Depth Zoned in

Delta-T DetectionDETE DSLT-H E1

Drilling Fluid DensityDFD Borehole 9 lbm/gal

Drilling Fluid TypeDFT Borehole Water

Borehole Fluid SlownessDTMD Borehole 206 us/ft

CBL Fluid Compensation FactorFCF DSLT-H 0.94

FPM Data Interpolation IntervalFDII USIT-E 0 ft

Generalized Caliper Selection for WL Log Down PassesGCSE_DOWN_PASS Borehole BS



Generalized Caliper Selection for WL Log Down PassesGCSE_DOWN_PASS

Generalized Caliper Selection for WL Log Up PassesGCSE_UP_PASS Borehole BS

Good Bond in Arbitrary CementGOBO_CURR DSLT-H Depth Zoned mV

Gamma Ray MultiplierGR_MULTIPLIER HGNS-H 1

Hematite Presence FlagHEMA Borehole No

ICE ProcessingICE_PROCESS USIT-E Yes

Image RotationIMAR USIT-E Off

Manual High Threshold Reference for first arrival detectionMAHTR DSLT-H 120

Maximum Attenuation in Arbitrary CementMATT_CURR DSLT-H Depth Zoned dB/ft

Minimum Cemented Interval for IsolationMCI DSLT-H Depth Zoned ft

Tcube Processing Window Length in Measurement ModeMEAS_WLEN USIT-E Depth Zoned us

Minimum High Threshold Reference for first arrival detectionMNHTR DSLT-H 100

Minimum Sonic AmplitudeMSA DSLT-H Depth Zoned mV

Minimum Sonic Amplitude in Arbitrary CementMSA_CURR DSLT-H Depth Zoned mV

Free Pipe Mud Normalization FactorMUD_N_FRP USIT-E 1.1

Theoretical Mud Normalization FactorMUD_N_THE USIT-E 1

Near Minimum Sliding GateNMSG DSLT-H 285 us

Near Maximum Sliding GateNMXG DSLT-H 950 us

Number of Detection PassesNUMP DSLT-H 2

USIT Remove Flagged Data LevelOPLEV USIT-E OPT2

Reference Calibrator Outer DiameterRCOD USIT-E 7 in

Reference Calibrator StandoffRCSO USIT-E 1.181 in

Reference Calibrator ThicknessRCTH USIT-E 0.295 in

Number of Vertical Samples used for Micro-debonding 
Computation

SDNV USIT-E 5

Acoustic Impedance STD Horizontal Threshold for Micro-
debonding

SDTHOR USIT-E 0.5 Mrayl

Acoustic Impedance STD Vertical Threshold for Micro-
debonding

SDTVER USIT-E 0.3 Mrayl

Sonic Formation Attenuation FactorSFAF DSLT-H 3.25 dB/ft

Sliding Gate StatusSGAD DSLT-H Off

Sliding Gate Closing Delta-TSGCL DSLT-H 130 us/ft

Sliding Gate Closing WidthSGCW DSLT-H 25 us

Sliding Gate Delta-TSGDT DSLT-H 57 us/ft

Sliding Gate WidthSGW DSLT-H 110 us

Signal Level for AGCSLEV DSLT-H 5000 mV

Standoff DistanceSOCN HGNS-H 0.125 in

Standoff Correction OptionSOCO HGNS-H No

T^3 Processing LevelTCUB USIT-E Loop

Maximum Search Thickness (percentage of nominal)THDH USIT-E Time Zoned %

Minimum Search Thickness (percentage of nominal)THDL USIT-E Time Zoned %

Tool Position: Centered or EccenteredHISC HGNS-H Eccentered

Drilling Fluid Specific Acoustic ImpedanceU-USIT_DFSZ USIT-E 0.1 Mrayl

Fiberglass DensityUFGDE USIT-E 1.95 g/cm3

Fiberglass Processing SelectionUFGPS USIT-E No

Fiberglass VelocityUFGVL USIT-E 9678.48 ft/s

USIT USI Fluid Slowness Fits Casing Outer DiameterUSI_FSOD USIT-E 0_OFF

USI Fluid Velocity SelectionUSI_FVEL_SEL USIT-E Automatic

USI Mud Impedance SelectionUSI_ZMUD_SEL USIT-E FreePipe Norm.

Thickness Detection PolicyTHDP USIT-E Fundamental

Ultrasonic Transversal Velocity in CasingVCAS USIT-E 51.4 us/ft

VDL Manual GainVDLG DSLT-H 5

Acoustic Impedance of CasingZCAS USIT-E 46.25 Mrayl



Acoustic Impedance of CementZCMT DSLT-H 6.8 Mrayl

Acoustic Impedance of Cement in Neat CementZCMT_NEAT DSLT-H 6.8 Mrayl

Initial Estimate of Cement ImpedanceZINI USIT-E -1 Mrayl

Acoustic Impedance of MudZMUD Borehole 1.48 Mrayl

Acoustic Impedance Threshold for CementZTCM USIT-E 2.6 Mrayl

Acoustic Impedance Threshold for GasZTGS USIT-E 0.3 Mrayl

TwoDepth Zoned Parameters

0 770BS 17.5

770 6187BS 12.25

6187 7421BS 11.75

7421 8171BS 11

0 179THNO 0.362

179 6774THNO 0.317

6774 8171THNO 0.362

0 179GOBO_CURR 2.87

179 6774GOBO_CURR 1.87

6774 8171GOBO_CURR 2.87

0 179MATT_CURR 11.82

179 6774MATT_CURR 13.39

6774 8171MATT_CURR 11.82

0 770MCI 21.68

770 8171MCI 10

0 179MEAS_WLEN 22.5

179 6774MEAS_WLEN 19.62

6774 8171MEAS_WLEN 22.5

0 179MSA 1.33

179 6774MSA 0.78

6774 8171MSA 1.33

0 179MSA_CURR 1.33

179 6774MSA_CURR 0.78

6774 8171MSA_CURR 1.33

All depth are actual.

TwoTime Zoned Parameters

Pass Log[9]:Up

THDH 125 20-Oct-2016 09:51:44 20-Oct-2016 10:20:40 8171.38 6648.71

THDL 60 20-Oct-2016 09:51:44 20-Oct-2016 10:20:40 8171.38 6648.71

Pass Log[11]:Up
THDH 125 20-Oct-2016 10:26:34 20-Oct-2016 12:34:00 6648.71 113.27

THDL 60 20-Oct-2016 10:24:53 20-Oct-2016 12:00:23 6648.71 1633.75

THDL 70 20-Oct-2016 12:00:23 20-Oct-2016 12:34:00 1633.75 113.27

Pass Log[14]:Up
THDH 130 20-Oct-2016 12:53:24 20-Oct-2016 12:58:23 155.15 5.56

THDL 70 20-Oct-2016 12:53:24 20-Oct-2016 12:58:23 155.15 5.56

All depth are at tool zero.



Two: Parameters

Minimum Gain of CartridgeAGMN USIT-E -12 dB

Maximum Gain of CartridgeAGMX USIT-E 18 dB

Digitizing DelayDDEL DSLT-H 0 us

USIC Downhole Decimation for T5 onlyU-USIT_DDT5 USIT-E 0_NONE

Distance between Opposite Transducer FacesDOT(DOS) USIT-E 2.874 in

DSLT Acquisition ModeMODE DSLT-H CBL

DSLT Firing RateRATE DSLT-H 15 Hz

DSLT Telemetry Frame SizeDTFS DSLT-H 536

Digitizer Word CountDWCO DSLT-H 250

EMEX VoltageEMXV USIT-E Time Zoned V

Horizontal ResolutionHRES USIT-E 10 deg

Motor ProtectionMOTOR_PROTECT USIT-E On

Switch Down ThresholdSDTH DSLT-H 20000

Selectable Acquisition GainSGAI DSLT-H x1

Switch Up ThresholdSUTH DSLT-H 1000

Type of MudTMUC USIT-E BRI

Ultrasonic ACLV PermanentUACLV_PERM USIT-E No

Logging ObjectiveULOG USIT-E MEASUREMENT

Modulation FrequencyUMFR USIT-E 333333 Hz

Ultrasonic Sampling FrequencyUSFR USIT-E 500000 Hz

USIT Emission PatternUPAT USIT-E Pattern 500 KHz

USIT Working ModeUWKM USIT-E Uncompressed 10 deg at 1.5  
in LF

Starting Depth Log for UltrasonicsUSIT_DEPTHLOG USIT-E Time Zoned ft

Ultrasonic ServiceUSSP USIT-E USI

Vertical ResolutionVRES USIT-E 1.5 in

Window Begin TimeWINB USIT-E 25 us

Window End TimeWINE USIT-E 90 us

Waveform Firing ModeWMOD DSLT-H Full

TwoTime Zoned Parameters

Pass Log[9]:Up

EMXV 50 20-Oct-2016 09:51:44 20-Oct-2016 10:20:40 8171.38 6648.71

Pass Log[11]:Up
EMXV 60 20-Oct-2016 10:24:53 20-Oct-2016 11:05:14 6648.71 4600.07

EMXV 65 20-Oct-2016 11:05:14 20-Oct-2016 12:34:00 4600.07 113.27

Pass Log[14]:Up
EMXV 100 20-Oct-2016 12:53:24 20-Oct-2016 12:54:59 155.15 76.32

EMXV 110 20-Oct-2016 12:54:59 20-Oct-2016 12:57:44 76.32 16.88

EMXV 125 20-Oct-2016 12:57:44 20-Oct-2016 12:58:23 16.88 5.56

All depth are at tool zero.



Two Log[9]:Up Up 6640.29 ft 8171.85 ft 20-Oct-2016
 9:51:39 AM

20-Oct-2016
 10:20:40 AM

ON 1.47 ft No

Two Log[11]:Up Up 36.69 ft 6737.51 ft 20-Oct-2016
 10:24:53 AM

20-Oct-2016
 12:34:00 PM

ON 1.35 ft No

Two Log[14]:Up Up 5.56 ft 155.15 ft 20-Oct-2016
 12:53:24 PM

20-Oct-2016
 12:58:23 PM

ON 1.96 ft No

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Frew 4

Composite 1:S008

Description: USI Composite    Format: Log ( LBV1_USI Composite 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation 

Date: 20-Oct-2016 14:28:19 
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Description: USI Composite    Format: Log ( LBV1_USI Composite 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation 

Date: 20-Oct-2016 14:28:19 

TIME_1900 - Time Marked every 60.00 (s)

2 - UFLG 2 Value within [1.5 - 2.5] -  : Pulse Origin Not Detected

3 - UFLG 3 Value within [2.5 - 3.5] -  : WINLEN Error

4 - UFLG 4   UFLG 5   UFLG 6  Value within [3.5 - 6.5] -  : Casing Thickness Error

5 - UFLG 7   UFLG 8   UFLG 9  Value within [6.5 - 10 ] -  : Loop Processing Error

Two Log[6]:Up Up 6845.38 ft 8162.42 ft 19-Oct-2016
 2:46:42 PM

19-Oct-2016
 3:11:08 PM

ON 2.05 ft No

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Frew 4

Two: Log[6]:Up:S008

Description: USI Cement    Format: Log ( LBV1_USI Cement 7inch )    Index Scale: 2 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation Date: 

20-Oct-2016 14:28:43 
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Description: USI Cement    Format: Log ( LBV1_USI Cement 7inch )    Index Scale: 2 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation Date: 

20-Oct-2016 14:28:43 

TIME_1900 - Time Marked every 60.00 (s)

Two Log[9]:Up Up 6640.29 ft 8171.85 ft 20-Oct-2016
 9:51:39 AM

20-Oct-2016
 10:20:40 AM

ON 1.47 ft No

Two Log[11]:Up Up 36.69 ft 6737.51 ft 20-Oct-2016
 10:24:53 AM

20-Oct-2016
 12:34:00 PM

ON 1.35 ft No

Two Log[14]:Up Up 5.56 ft 155.15 ft 20-Oct-2016
 12:53:24 PM

20-Oct-2016
 12:58:23 PM

ON 1.96 ft No

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Frew 4

Composite 1:S008

Description: USI Composite    Format: Log ( LBV1_USI Corrosion 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation 

Date: 20-Oct-2016 14:28:48 
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Description: USI Composite    Format: Log ( LBV1_USI Corrosion 7inch )    Index Scale: 5 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation 

Date: 20-Oct-2016 14:28:48 

TIME_1900 - Time Marked every 60.00 (s)

USIT Processing Flags (UFLG[0]) USIT-E[1]

1 - UFLG 1 Value within [0.0 - 1.5] -  : UTIM Error

2 - UFLG 2 Value within [1.5 - 2.5] -  : Pulse Origin Not Detected

3 - UFLG 3 Value within [2.5 - 3.5] -  : WINLEN Error

4 - UFLG 4   UFLG 5   UFLG 6  Value within [3.5 - 6.5] -  : Casing Thickness Error

5 - UFLG 7   UFLG 8   UFLG 9  Value within [6.5 - 10 ] -  : Loop Processing Error

3.7 2.7in 2.7 3.7in

Two Log[9]:Up Up 6640.29 ft 8171.85 ft 20-Oct-2016
 9:51:39 AM

20-Oct-2016
 10:20:40 AM

ON 1.47 ft No

Two Log[11]:Up Up 36.69 ft 6737.51 ft 20-Oct-2016
 10:24:53 AM

20-Oct-2016
 12:34:00 PM

ON 1.35 ft No

Two Log[14]:Up Up 5.56 ft 155.15 ft 20-Oct-2016
 12:53:24 PM

20-Oct-2016
 12:58:23 PM

ON 1.96 ft No

All depths are referenced to toolstring zero

Company:Southern California Gas Company        Well:Frew 4

Composite 1:S008

Description: USI Goodwin    Format: Log ( Import of USI Goodwin )    Index Scale: 0.1 in per 100 ft    Index Unit: ft    Index Type: Measured Depth    Creation Date: 

20-Oct-2016 14:29:06 

TIME_1900 - Time Marked every 60.00 (s)
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Due to the large file size, please view document 
DOGGR_03700761_Vertilog_1-17-1989 at the below 
publicly available website.  The native file of this 
document is available upon request. 

(https://secure.conservation.ca.gov/WellRecord/037/0370
0761/tifs/03700761_Vertilog_1-17-1989.tif) (accessed 
March 20, 2020) 





Ex. II - 27 



'\I"~"Y 

_I '1" Quia 1. 



Microbiologically Influenced Corrosion 
(MIC): 

Methods of Detection in 
the Field 

GRI Report No. 88/0113 

Gas Research Institute 
Chicago, Illinois 

GRI FIELD GUIDE 1991 

worster
Cross-Out

worster
Typewritten Text
90/0299 [revised 1991]



Legal Notice 

This document was prepared by Bioindustrial 
Technologies, Inc. (BTl), Siebert Materials 
Engineering, Inc. (SMEI), Midwest Research 
Institute (MRI), and Radian Corporation as an 
account of work sponsored by the Gas 
Research Institute (GRI). Neither GRI, 
members of GRI, nor any person acting on 
behalf of them: 

a. Makes any warranty or representation, 
expressed or implied, with respect to 
accuracy, completeness, or usefulness of the 
information, method or process disclosed in 
this report may not infringe privately owned 
rights; or 

b. Assumes any liability with respect to the 
use of, or for damages resulting from the use 
of, any information, apparatus, method, or 
process disclosed in this report; 

c. References to trade names or specific 
commercial products, commodities, or 
services do not represent or constitute an 
endorsement, recommendation, or favoring 
by GRI, SMEI, MRI, or Radian of specific 
commercial product, commodity, or service. 



Acknowledgments 

This field guide has been prepared under the 
direction of the Gas Research Institute. A 
preliminary version of this guide was 
prepared under GRI Contract 5086-271-1208 in 
June 1988 as GRI Report 88/0113 and field 
tested by several gas pipeline companies. The 
field guide was compiled by Bioindustrial 
Technologies, Inc., Siebert Materials 
Engineering, Inc., and Midwest Research 
Institute. The 1990 version was produced 
under GRI Contract 5088-260-1747, under the 
direction of Mr. James R. Frank. The 1991 
update was produced as part of GRI Contract 
5088-260-1747 with Radian Corporation under 
the direction of GRI Project Manager 
Daniel Werner. 



Table of Contents 

Purpose of This Guide 1 
Background Information 2 

External Corrosion Site Samples 3 
Internal Corrosion Site Samples 3 

How To Use This Guide 4 
Materials Needed 6 
Procedure for Determining MIC at 
Suspected Corrosion Sites 7 

Mechanical Removal 9 
Additional Mechanical Cleaning 9 
Final Mechanical Cleaning 10 

Scoring Samples Other Than 
Corrosion Product 12 
Site Information Form 
Summary Data Sheet 

Figure 1 - Localized External Corrosion 
with Deposits, Pits, Craters and Some 
General Attack 13 

Figure 2 - Disbonded Pipeline Coating 
Associated with Localized External 
Corrosion 14 

Figure 3 - Example of a Biological 
Test Kit (Shows MICKlpM III-C) 15 

Figure 4 - Media Reactions 
for SRB, APB, and Uninoculated 16 

Figure 5 - Media Reactions for APB, 
SRB, Anaerobes and Aerobes 17 

(Continued) 



Figure 6 - Condition of Pipe After 
Brush-Blast Sandblasting 18 

Figure 7 - Close-up of Sandblasted 
Surface Showing MIC Pattern 19 

Figure 8 - Cup-Type Scooped Out 
Hemispherical Pits on Flat Surfaces with 
Craters in Pits 20 

Figure 9 - Corrosion Pits with Striations 21 

Figure 10 - Corrosion Pits with Striations 22 

Figure 11 - Surface Pit Showing 
Corrosion Product in Pit 23 

Figure 12 - Same Pit After Corrosion 
Product is Scraped Out 24 

Figure 13 - Same Pit After Cleaning 
with Nylon Brush (Note Cup-Like 
Pits Inside Large Pit) 25 

Figure 14 - Cross-Section of Pit Showing 
Tunnels (20X Magnification) 26 ' 

Figure 15 - Close-up View of Tunnels 
(100X Magnification) 27 

J , 



Purpose of This Guide 

This guide is designed to help gas industry 
personnel determine whether or not the 
corrosion occurring at a particular site is 
microbiologically influenced corrosion (MIC) 
and to provide data useful to GRl's ongoing 
research program. It is useful for determining 
whether bacteria potentially capable of causing 
MIC are present in large numbers in fluid 
samples. Additionally, the data collected by 
users of this field guide are important in 
identifying the types of sites most susceptible to 
MIC and the effects of environmental factors 
and materials on MIC processes. 

This version of the field guide primarily 
addresses external pipe corrosion and readily 
accessible internal corrosion sites and is the 
result of research funded by the Gas Research 
Institute and the collaboration of interested gas 
pipeline companies. Future guides will address 
monitoring of fluids, on-line monitoring 
methods, cathodic protection, and coatings. 
Continuing research by GRI will continue to 
focus on the development of practical and cost­
effective methods of mitigating MIC in the gas 
industry. 



Background Information 

Microbiologically influenced corrosion is 
seldom attributed to the action of just one type 
of microorganism, but more often to the 
activities of several different organisms which 
form a community. Because microbial 
communities are common inhabitants in the 
environment, MIC is a problem in many 
industries. 

A common type of MIC results in localized 
attack of carbon steels in the form of pitting, 
although some general attack takes place as 
well (see Figure 1). Some cases of severe 
pitting found under nodules formed at holidays 
in coatings have been attributed to MIC. Intact 
coatings may provide some protection against 
MIC; however, when holidays occur, corrosion 
often exists under the adjacent disbonded 
coating (see Figure 2). 

Three types of evidence are used to estimate 
whether MIC is likely at a particular site: 
metallurgical, chemical, and biological. The 
GRI program has discovered that the presence 
of the metallurgical fingerprint is fairly 
definitive. Chemical and biological data are 
supportive, and are useful for estimating 
whether a potential for MIC exists in cases 
where only fluid samples are available or 
where corrosion has not progressed so that a 
metallurgical fingerprint is clearly defined. 
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The MIC of carbon steels usually has been 
attributed to sulfate-reducing bacteria (SRB). 
Recent evidence suggests that many other 
microorganisms, principally anaerobic and 
facultatively anaerobic bacteria, are also 
involved in the corrosion of carbon steel in part 
due to their ability to produce organic acids. 

External Corrosion Site Samples 

External samples are usually portions of the 
corrosion products on the outer surface of 
excavated pipe and include nodules, pit 
contents, and scale. Samples of soil or water 
on, or adjacent to, the pipe can also be tested 
for MIC-related organisms. However, bacteria 
are frequently found in soil whether or not 
corrosion is present. Therefore, a positive soil 
test for MIC-related microorganisms is not 
confirmation of MIC, but it is an indicator of the 
potential for MIC at that site. 

Internal Corrosion Site Samples 

Internal samples are usually water or other 
liquids obtained from inside pipes, separators, 
drips, or water dumps. Analysis of liquid 
samples does not always give an accurate 
assessment of MIC activities occurring at the 
pipe surface; rather, they are an indication of 
the potential for MIC and the effectiveness of 
treatments being applied. Refer to "Scoring 
Samples Other Than Corrosion Product" for 
procedures to be used with these samples. 
Installation of sidestream test loops is the best 
way to monitor sessile bacteria, internal 
corrosion, and treatment methods. In the event 
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thata pipe is opened, samples of nodules, 
scale, pit contents, or biofilm material can be 
collected for analysis. These samples can be 
used in the following procedures. 

How To Use This Guide 

This guide is to be used by corrosion 
technicians during examination of a corrosion 
site. Data sheets are included for recording 
information and observations at the corrosion 
site. Corrosion characteristics and test results 
are assigned numerical values and then used 
to determine the probability that the corrosion is 
MIC. 

For biological and chemical analyses, any 
brand of test kit capable of estimating numbers 
of SRB and acid-producing bacteria (APB) and 
chemical parameters is suitable. For purposes 
of providing GRI with a standarized data set, 
consistent with data previously collected for 
GRI, the use of MICKlpM III-C and IV is 
encouraged but not essential. A set of detailed 
instructions is included in these test kits. 

Read the entire guide and have materials 
ready before you begin sampling. Once the 
site Is exposed, pit material or corrosion 
product should be collected and processed 
Immediately. 
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Key Contacts 

Address questions regarding the GRI 
program to: 

Mr. Daniel Werner 
Pipeline Operations Research 
Gas Research Institute 
8600 West Bryn Mawr Avenue 
Chicago, IL 60631 
(312) 399-8306 

Address additional questions and MICKIT requests to: 
Dr. Dan Pope 
Bioindustrial Technologies, Inc. 
40200 Industrial Park Circle 
Georgetown, TX 78626 
(512)869-0580 

To order additional Field Manuals, blank data forms, 
MIC videotape, or 1989 Annual Report contact: 

Ms. Jane Wessels 
Radian Corporation 
8501 N. Mo-Pac Blvd. 
P.O. Box 201088 
Austin, TX 78720-1088 
(512)454-4797 

Other sources of information on MIC: 
National Association of Corrosion 
Engineers 
1440 South Creek Drive 
Houston, TX 77084-4906 
(713)492-0535 
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Materials Needed 

These materials can be purchased separately or in kit 
form. As indicated earlier, GRI's data base has been 
developed using MICKIT™ III C test kit for acid­
producing bacteria (APB) and sulfate-reducing bacteria 
(SRB) and MICKIT™ IV test kit for chemical analysis. 

6 

To test for APB and SRB 

Depending upon the test kit used, it may include the 
following: 

media for detection of APB and SRB 
any standard SRB media (for detection of 
SRB) 
ADS sample collection bottle 
two 3-cc syringes with 21-gauge needles 
alcohol spongette 
1 sterile wooden sampling stick 
1 cotton swab (for sampling biofilms) 
styrofoam tray to hold and protect bottles 

To test for chemical composition of corrosion 
product 

Test kits should include: 
3 normal HCI 
sulfide indicator strips 
Fe2+ indicator strips 
Fe3+ indicator strips 
sodium acetate 
potassium oxalate 
pH paper 
deionized water 
disposable sample cuvettes 

Notes: These items can be purchased separately. 
MICKIT III C and IV are trademarks of 
Bioindustrial Technologies, Inc. 



Other equipment 

Hand lenslfield microscope (5X-60X) 
Metal cleaning equipment 

spatula/pocket knife 
nylon brush (toothbrush) 
brass wire brush 
pit depth gauge 
sandblasting equipment (if available) 

35-mm camera 

When possible, take color photographs 
of the involved area (e.g., pit, nodule, 
debris, etc.) before and after sampling 
and cleaning. 

Procedure for Determining MIC 
at Suspected Corrosion Sites 

Prior to excavation, have kit in hand. Also 
measure pipe-to-soil potential before 
excavation. 

The pipe should be excavated carefully to 
avoid disturbing the surface conditions at 
the sampling site. The coating around the 
suspected area of corrosion should be 
carefully removed using a knife or similar 
instrument. Sample contamination must be 
kept to a minimum; therefore, avoid touching 
the corrosion product or soil to be sampled 
with hands or tools other than those to be 
used in sample collection. 

Once the site is exposed, pit material or 
corrosion product should be collected and 
processed immediately. 
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Fill out the Site Information Form as the 
required information becomes available. All of the 
information requested may not be available. Please 
provide as much as possible since this information 
will become part of the GRI MIC research program 
data base. The information provided will be coded 
and considered confidential and will not be 
reproduced with reference to company name or 
geographic location. 
Three types of evidence are used to estimate 
whether MIC is likely at a particular site: 

• metallurgical fingerprint (fairly definitive) 
• biological (supportive), and 
• chemical (supportive). 

Determine whether nodules (discrete "buildup" of 
deposits) or aggregates of these are present at the 
corrosion site (see Figures 1, 2, and 11 for 
examples from field sites). If so, record the 
information on the GRI Summary Data Sheet 
(question no. 1). The Site Information Form and the 

. Summary Data Sheet are shown on pages 28 and 
29 of this handbook. A supply of these forms 
accompanies a copy of the field guide. Extra forms 
are available from Radian Corporation (c/o Jane 
Wessels), P.o. Box 201088, Austin, Texas 78720-1088 
(512/454-4797). 

After the proper incubation period, interpret the 
media reactions according to kit directions (see 
Figures 4 and 5). Record the number of bottles 
showing positive results for each type media on the 
Summary Data Sheet (question no. 2). For example, 
if four turbid MC media bottles and three black 
SRB media bottles were observed, you would 
record 4 and 3 on the Summary Data Sheet. 

Observe metal and pit contents under the deposits. 
Record the results on the Summary Data Sheet 
(question no. 3). 
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An area that was scraped shiny should not 
be recorded as shiny metal. 

Using the test kit for chemical analysis, 
determine the presence of carbonate, sulfide, 
calcium, iron and pH. Follow the directions 
included with the kit. Record the results on the 
Summary Data Sheet (question no. 4). 

Any deposit remaining over or in the corrosion 
site should be carefully removed so as not to 
damage the metal surface. Follow the 
procedure below for cleaning the pipe surface. 

Mechanical Removal 

Start by removing the deposit using a clean 
spatula or pocket knife, being careful not to dig 
into the metal. After removing as much deposit 
as possible without damaging the metal, 
continue cleaning with a dry stiff brush (e.g., a 
nylon toothbrush). 

Do not use a metal brush since It can 
damage the metallurgical pattern. If the dry 
brush does not completely remove the 
material, the deposit should be wetted and 
brushed again. Dry the area with a blast of 
compressed air or rub the area with the 
alcohol swab. 

Additional Mechanical Cleaning 

If the surface is not yet clean, a brass wire 
brush may be used. To limit the damage to the 
metallurgical picture, brush only in the direction 
of the length of the pipe. 
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Final Mechanical Cleaning 

If the surface is not yet clean, use a lightlblast 
type'sandblast at low air pressure (75-125 psi) . 
The sand used by GRI investigations for this 
purpose is: 

Ottawa Industrial Sand 
Designation: F125 Mesh: AFS grain 
fineness 126; average mesh size 183.126 
Density: 103.5 Ib/cu ft (compacted); 
87.0 Ib/cu ft (uncompacted) 

Refer to Figure 6 for an example of typical 
surface deposit condition as excavated and 
after sandblasting. 

The clean corrosion site should be examined 
first with the unaided eye and then using a low 
power (e.g., 5X to 60X) magnifying lens or 
microscope. Low-power hand microscopes can 
be obtained from Cole-Parmer, Radio Shack, 
and other distributors. 

Compare the observed surface with those in 
Figures 7 to 13, which are examples of MIC. 
Record the results on the Summary Data Sheet 
(question no. 5). 

1. Look for cup-type, scooped-out 
hemispherical pits on the flat surface of the 
pipe and craters up to 2 to 3 inches across. 
Sometimes the cup-type pits occur on the 
inside surface of the craters, as in Figures 7, 8, 
11, 12, and 13. If present, record this on the 
Summary Data Sheet. 
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2. Look for the striation lines (contour lines) that 
run parallel to the length of the pipe, as in 
Figures 7, 9, and 10. If present, record the 
results on the Summary Data Sheet. 

3. Look very carefully at the surface of the 
craters. Look for tunnels on the upstream and 
downstream surfaces of the craters. They 
should also run parallel to the length of the 
pipe, as in Figures 7 and 11 to 15. If present, 
record this on the Summary Data Sheet. 

4. Are the tunnels in the direction that is parallel 
to the rolling direction of the pipe? If so, record 
this on the Summary Data Sheet. 

Tally the results on the Summary Data Sheet 
(question no. 6), and use the scoring guide on 
the sheet to determine the probability that the 
corrosion is microbially related. 
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Scoring Samples Other Than 
Corrosion Product 

Test results on samples of soils on or adjacent 
to the pipe and liquids (produced or' procoss 
waters, hydrocarbons, etc.) should be viewed 
as indicators of the potential of MIG, since 
these samples are in contact with pipe 
surfaces. The only way to score the sample for 
the probability of MIG is by using bacterial 
culture and sulfide results. In general, positive 
results will occur for the presence of bacteria; 
however, the more bacteria present, the greater 
the potential exists for the development of MIG 
if the pipe is not properly coated, cathodically 
protected, or maintained. Record the data on 
the Summary Data Sheet in the section noted 
for samples other than corrosion product 
(question no. 7). Use the scoring system for 
samples other than corrosion product to help 
determine the potential for MIG. Subsequent 
field guiges will address these samples in more 
detail. / 
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Figure 1. Local ized External Corrosion with Deposits, Pits, Craters and Some General Attack 
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GRI SITE INFORMATION FORM 

I)rovide as much information as possible. 

Information Regarding Location and Company 

Pipeline Company _ _______ _ Dale inspecled _________ _ 

Pipe localion _________ _ Pipeline No, 

Slale/Counly _________ _ Pipeline section No, 

InformaUon Regarding Pipe 

Manufaclurer _ ________ _ Wall thickness _________ _ 

Age of pipe __________ _ Pipe grdde ____ ______ _ 

Leak his lory Specifications _________ _ 

(SMLS,I!RW,DSAW) 

Information Regarding Coating 

Manufaclurcr _________ _ Conilition __________ _ 

Type coating _________ _ Bond 10 pipe _ ________ _ 

Type recoating ____ ____ _ _ Waler under coating? _ _ _ _ __ _ 

Information Regarding Soli and Site 

Type lerrain __________ _ Pipe depth _______________ _ 

Type soil _ _____ ____ _ _ Odor al sile? _ _ _ ______ _ 

Soil resistivity _ ___ ____ _ _ Moislure al pipe? 

Soil pH _ ___ ___ ___ _ Other _____ ___ _ _ __ __ 

Information Regarding Corrooion Site and Products 

Pipe thickness _________ _ Length of pil family _ ___ ___ _ 

Color of sample _________ ~ Maximum pil depth _ ______ _ 

InformaUon Regarding Slorage and Production Siles 

Formation pH of liquids ___ ______ _ 

Iron in liquid _________ _ Manganese in liquid _______ _ 

Olher chem. info, ________ _ Other chern. info. 

Biocide used _ ________ _ Corrosion inhibilor _ ______ _ 

blhcr chemicals Other information _____ _ _ _ _ 

I1islory of chemicals in usc, if known _____________ _____ _ 

Additional comments 

Send compieted forms and requesl blank forms from: 

28 

Radian Corp, 
8501 Mo·Pac Blvd, 
p, 0 , Box 202088 
Aun: Ms, Jane Wessels 
(512) 454·4797 
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GRI SUMMARY DATA SHEET 
Scoring Corrosion Samples 

What media type did you use? (Results may differ between commerical types.) 

Media Type Formula Used Company 
Me 
APB 
SRJl 

Question No. 

l. 

2. 

3. 

Are deposits present? 

Approximate number 

Approximate size 

Number of positive (turbid) bottles of MC media 

Number of positive (black) bottles of SRB or MC media 

Record the higher number of positive bottles above (0-5) 
(MC or SRB. not both) 

Arc pit contents grey or black? 

Is metal surface under the deposit shiny 
or black? 

4. Calcium carbonate present? or 

Iron carbonate present? or 

Calcium and iron carbonate? and 

Sulfide present? 

5. Are cup-type pits present? 

Are striation lines present? 

Are tunnels present? 

Are tunnels rolling direction? 

Points 

Yes = I 

Yes = I 

Yes = I 

Yes =0 

Yes =2 

Yes = I 

Yes = 1 

Yes = I 

Yes = 1 

Yes =5 

Yes = 1 

Probability or MIC: Total Score 

Score 

6. ,,6 Very unlikely 7-10 Likely <!Ii Very likely 

Scoring Samples Other Than Corrosion Products 

7. A positive sulfide reaction? 

Highest number of positive bottles in MIC or 
SRB media (not bothl) 

Probability or MIC: 

<3 points 
low probability 

Yes = I 

Total Score 

>3 points 
high probability 

29 
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Biological Corrosion Failures
Thomas R. Jack, NOVA Chemicals Ltd.
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Fig. 1 The pH and oxidation reduction potential for growth of anaerobic bacteria able to reduce nitrate or sulfate (dots
in plots) and for soils dominated by the microbial metabolism (boxes). Aerobic bacteria grow over a wide range

of pH at Eh � 300 mV (normal hydrogen electrode). Source: Ref 19

MICROORGANISMS can directly or indi-
rectly affect the integrity of many materials used
in industrial systems. Most metals, including
iron, copper, nickel, aluminum, and their alloys,
are more or less susceptible to damage (Ref 1–
3). Only titanium and its alloys appear to be gen-
erally resistant (Ref 4). This review focuses ini-
tially on the mechanisms of microbially induced
or influenced corrosion (MIC) of metallic ma-
terials as an introduction to the recognition, man-
agement, and prevention of microbiological cor-
rosion failures in piping, tanks, heat exchangers,
cooling towers, and so on. Numerous reviews of
MIC have appeared over the last decade (Ref 2,
5–12). Two recent publications (Ref 13, 14)
present broader discussions of MIC, including a
useful introduction to microbial problems seen
with nonmetallic materials such as polymers,
composites, concrete, glass, wood, and stone.

Viable microorganisms can be found over a
surprisingly wide range of temperature, pressure,
salinity, and pH (Ref 1). In the 1950s, pioneering
work by Zobell isolated sulfate-reducing bacte-
ria (SRB) that grew at 104 �C (219 �F) and pres-
sures of 1000 bar from oil-bearing geological
formations deep underground (Ref 15). Micro-
bial communities exist in environments as di-
verse as subzero snowfields to deep ocean ther-
mal vents. Halophiles evolved to live at extreme
salinities turn pink the evaporation pans used to
win salt from seawater. Sulfur-oxidizing bacteria
create very acidic conditions (pH � 1) by pro-
ducing sulfuric acid as an end product of their
metabolism, while other microorganisms survive
the opposite end of the pH scale. Given these
examples, it should not be surprising that micro-
organisms have been implicated in the acceler-
ated corrosion and cracking of a correspondingly
wide range of industrial systems. For example,
the involvement of thermophilic SRB in the se-
vere intergranular pitting of 304L stainless steel
condenser tubes in a geothermal electrical power
plant operating at �100 �C (� 210 �F) has been
reported (Ref 16). In another example, microbi-
ological activity and chloride concentrated under
scale deposits were blamed for the wormhole pit-
ting of carbon steel piping used to transport a
slurry of magnesium hydroxide and alumina at
pH 10.5 (Ref 17).

Whatever the environmental conditions, mi-
croorganisms need water, a source of energy to

drive their metabolism, and nutrients to provide
essential building materials (carbon, nitrogen,
phosphorus, trace metals, etc.) for cell renewal
and growth. An understanding of these factors
can sometimes help in failure investigations. En-
ergy may be derived from sunlight through pho-
tosynthesis or from chemical reactions. The im-
portance of photosynthetic metabolism is limited
in the context of this article to above-ground fa-
cilities or submerged structures that receive sun-
light. For closed systems and buried facilities,
microbial metabolism is based on energy derived
from oxidation reduction (redox) reactions. Un-
der aerobic conditions, reduction of oxygen to
water complements the metabolic oxidation of
organic nutrients to carbon dioxide. Under an-
aerobic conditions, electron acceptors other than
oxygen can be used. Figure 1 illustrates the range
of pH and redox potential where anaerobic forms
of microbial metabolism tend to be found (Ref
18).

Whatever the metabolism, electrochemical re-
actions catalyzed by enzymes provide energy for
cell growth. Many of these reactions are not im-
portant under abiotic conditions, because they
are kinetically slow in the absence of organisms.
By promoting these reactions, microbes produce
metabolites and conditions not found under abi-
otic conditions. In some cases, electrons released
by the oxidation of metals are used directly in
microbial metabolism. In other cases, it is the
chemicals and conditions created by microbial
activity that promote MIC. Secondary effects

can also be important. These include such things
as the biodegradation of lubricants and protec-
tive coatings designed to prevent wear or cor-
rosion in an operating system, or the alteration
of flow regimes and heat-transfer coefficients
due to the biological fouling of metal surfaces.

Given the potential impact of MIC on a wide
range of industrial operations, it is not surprising
that microbiological effects are of significant
concern in failure analysis and prevention. Mi-
crobially induced corrosion problems afflict
water-handling operations and manufacturing
processes in oil and gas production, pipelining,
refining, petrochemical synthesis, power produc-
tion, fermentation, waste water treatment, drink-
ing water supply, pulp and paper making, and
other industrial sectors. Microbially induced cor-
rosion is also a concern whenever metals are ex-
posed directly to the environment in applications
including marine or buried piping, storage tanks,
ships, nuclear waste containers, pilings, marine
platforms, and so on.

Microbial Involvement in Corrosion

Corrosion involves the oxidation of metal at-
oms, M, in an anodic region with a loss of elec-
trons to a complementary reduction reaction in
a cathodic region elsewhere on the metal surface
(Fig. 2). In the reduction reaction, an electron
acceptor, X, receives the electrons given up by
the oxidation process. The driving force forcorro-
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Electrolyte H2 desorbs
and is lost to

solution

Two hydrogen atoms
combine to form H2

Atomic H enters
metal matrix

H2O ↔ H+ + OH− H2

H H H H HH H

Electrons from
anode reduce

H+ at metal surface

Fig. 3 Schematic diagram of the cathodic surface of an
anaerobic corrosion cell in which H� is reduced

to H on metal surface. The atomic hydrogen formed es-
capes the cathodic surface by combining to form molecular
hydrogen, 2H r H2, that desorbs from the surface or by
entry as atomic hydrogen into the metal matrix.

Loss to
solution

Transport
to surface

Anode Cathode

Oxidation of metal, M Reduction of electron
acceptor, X

Desorption
and loss to

solution

Electrolyte

n electrons

Mn+
Xn/m−

mX

M

Fig. 2 Schematic diagram of a generic corrosion cell showing anodic oxidation of the metal (M) complemented by
cathodic reduction of an electron acceptor (X). The corrosion rate can be controlled by the rate of arrival of X

at the cathodic surface, a buildup of metal ions, M�, at the anode, or a buildup of reduced oxidant, Xn/m�, at the cathode.

Galvanic couple

Bacterial enhancementSteel
Iron

sulfide

2e−

Fe2+

2H+

SO4
2−

"Nutrients"

?

?

H2

S2−

Fe

APB

SRB

Fig. 4 Schematic diagram of the mechanism in an FeS
corrosion cell created by the action of SRB. Iron

sulfide sets up a galvanic couple with steel, sustained and
extended by the further action of SRB. The bacteria use
electrons from the corrosion process, possibly in the form
of cathodic hydrogen, to reduce soluble sulfate. Enzyme
assays for sulfate reductase and for hydrogenase have been
developed as commercially available kits for assessing SRB
activity in corrosion sites. The presence of specific iron sul-
fides is also used to identify this form of MIC. Acid-pro-
ducing bacteria (APB) may have a role in providing nutri-
ents to SRB, as suggested, and are often found in
association.

sion is the free energy released by the overall
chemical reaction resulting from combined cath-
odic and anodic half-reactions:

Anodic reaction

Cathodic reaction

Overall corrosion reaction

MM M n

mX n mX

M mX M mX

n

n m

n n m

→

→

→

+

−

+ −

+

+

+ +

 electrons

 electrons /

/

(Eq 1)

where n, p, and m are integer values chosen to
charge balance the equations based on the num-
ber of electrons given up by the metal being ox-
idized or taken up by the electron acceptor being
reduced.

Because metals are good electrical conduc-
tors, the cathodic and anodic processes can occur
at different locations on a metal surface exposed
to a common electrolyte. Where anodes and
cathodes frequently change location, general
corrosion is seen, but when the anode becomes
focused in one location, pitting results. In pitting,
the rate of penetration is, to a large measure, a
function of the relative size of the cathodic and
anodic areas involved in the corrosion cell and
is usually much higher than that seen for general
corrosion.

The rate of metal loss is determined by the
slowest, or rate-determining, step in the corro-
sion process. For example, where the availability
of electron acceptor X is limiting, the corrosion
rate depends on the transport kinetics for the ar-
rival of X at the metal surface from the surround-
ing solution (Fig. 2). Where the availability of X
is not a constraint, other processes may be rate
limiting. For example, a buildup of primary re-
action products such as M n� on the anodic sur-
face can polarize the anode, stifle the rate of
metal oxidation, and limit the overall rate of cor-
rosion by anodic polarization. Similarly, a
buildup of primary cathodic reaction products,
X n/m�, can slow the overall process through
cathodic polarization. A common example of
this occurs under anaerobic conditions, where X
� H�. In this case, reduction of protons from
the electrolyte leads to formation of atomic hy-
drogen on the metal surface. To escape the sur-
face, atoms of hydrogen must combine to form
molecular hydrogen that can then be lost to so-

lution or enter the steel matrix, as shown in Fig.
3.

Byproducts of the various reactions involved
may limit the corrosion process by altering the
environment at the metal surface (Eq 2–6). For
example, reduction of protons at the metal sur-
face (Eq 3) raises the local pH. This can lead to
the formation of insoluble deposits. The forma-
tion of ferrous carbonate on a steel surface by
the sequence of events shown in Eq 2 to 6 pro-
vides one example. Precipitation of calcium or
magnesium ions from the electrolyte as insoluble
carbonates that can passivate a metal surface is
another:

Fe r Fe2� � 2 electrons (Eq 2)

2H� � 2 electrons r 2H• (cathodic hydrogen)
(Eq 3)

H2O } H� � OH� (Eq 4)

OH HCO CO3 3
2− − −+ → (Eq 5)

CO Fe FeCO3
2 2

3
− ++ → (Eq 6)

Microorganisms accelerate corrosion by
changing the nature or kinetics of the rate-
controlling reaction or process. They can be di-
rectly involved in the electron transfer processes
in the electrochemical cell represented by Eq 1
or be less directly involved through a number of
mechanisms, including depolarization of the an-
ode or cathode, disruption of passivating films,
or rapid regeneration or provision of the electron
acceptor, X.

Direct Involvement
in the Corrosion Process

Corrosion Mechanisms Involving SRB. Per-
haps the best-known mechanism of MIC in-
volves corrosion cells generated and sustained
on steel surfaces by the action of anaerobic SRB.

These organisms reduce sulfate to sulfide in their
metabolism and are commonly found in mixed
microbial communities present in soils and nat-
ural waters. In industrial systems, biodegradable
materials, such as some of the hydrocarbons
found in oil and gas operations (Ref 20) or sus-
ceptible components of coating materials (Ref
21, 22), can provide a source of nutrients for
microbial growth. Cathodic hydrogen formed on
a metal surface (Eq 3) by active corrosion or by
cathodic protection (CP) can specifically pro-
mote growth of organisms, including SRB that
are able to use hydrogen in their metabolism
(Ref 23). Severe corrosion cells develop as sul-
fide, produced by the microbial reduction of sul-
fate, combines with ferrous ions, released by the
corrosion process, to produce insoluble black
iron sulfides:

4 8 4Fe SO H FeS 3Fe H O4
2 2

2+ + + +− + +→ (Eq 7)
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Fig. 6 Initial corrosion rates for steel exposed to car-
bonated 3% NaCl solution with 0, 100, and 1000

ppm acetate of 4, 9, and 18 mm/year (0.2, 0.4, and 0.7 in./
year), respectively. This order is sustained after addition of
25 ppm of a corrosion inhibitor, despite a significant re-
duction in the corrosion rate in all cases. Source: Ref 31,
reproduced with permission of National Association of
Corrosion Engineers International
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Fig. 5 Rate of corrosion of unprotected steel in biolog-
ically active soil as a function of iron sulfide

present

Various versions of this MIC mechanism have
been suggested (Ref 9). Figure 4 illustrates a
plausible mechanism base on a galvanic couple
formed between iron and iron sulfide sustained
and extended by the active involvement of SRB.
The way in which electrons are transferred from
iron sulfide to the SRB, for example, is not well
resolved. It may occur directly or via formation
of cathodic hydrogen, as shown in Fig. 4, or by
another reaction involving reduction of H2S (Ref
6):

H2S � electron r HS� � H• (Eq 8)

Typical rates of metal loss for unprotected line
pipe steel in an SRB/FeS corrosion scenario are
0.2 mm/year (0.008 in./year) for general corro-
sion and 0.7 mm/year (0.028 in./year) for pitting
corrosion (Ref 24), but the corrosion rate ob-
served depends on the concentration of FeS in-
volved (Fig. 5). Consistent with the importance
of this corrosion process in industrial facilities,
commercial test kits have been developed for
enumerating or assessing the activity of SRB in
operating systems (Ref 25).

Formation of MIC corrosion cells involving
iron sulfide need not be limited to the SRB. Ref-
erence 26 describes the corrosive action of bac-
teria isolated from oil production facilities that
are able to reduce thiosulfate to sulfide. These
organic-acid-producing organisms could gener-
ate a corrosion cell based on iron sulfide but
would not show up in SRB assays based on sul-
fate reduction.

Corrosion by Microbially Produced Man-
ganese (IV). Recent work has shown that mi-
crobially produced MnO2 can corrode (Eq 9)
steel, provided that contact is made with the
metal surface (Ref 27):

Fe � MnO2 � 4H�
r Fe2� � Mn2� � 2H2O

(Eq 9)

Although the scenario is somewhat more com-
plex than suggested by Eq 9 and 10 there is evi-
dence that marine biofilms help to sustain the
corrosion process by the rapid regeneration of
MnO2 (Eq 10) (Ref 28). Manganese-oxidizing
organisms have been implicated in the MIC of
304L stainless steel welds (Ref 29). Formation
of manganic oxide ennobles the potential of
stainless steel in natural waters (Ref 30). Enno-
blement shifts the potential above the repassi-
vation potential to the pitting potential for stain-
less steel and furnishes the increased cathodic
current density needed to propagate nucleated
corrosion sites:

O Mn
microbial catalysis

MnO2
2

2+ + →
(Eq 10)

Other electron acceptors involved in mi-
crobial metabolism include oxygen, nitrate, iron
(III), and carbon dioxide. All of these species
could theoretically be involved as the electron
acceptor, X, in the corrosion of metals (Eq 1) but

evidence for direct MIC based on other electron
acceptors is limited. A more general discussion
of possible links between electrochemical reac-
tions mediated in microbial metabolism and cor-
rosion is provided in Ref 18.

Indirect Involvement
in the Corrosion Process

Microorganisms can influence the corrosion
process by a number of less direct mechanisms.

Depolarization Mechanisms. As previously
noted, a buildup of hydrogen on the cathodic sur-
face can stifle the corrosion process through
cathodic polarization (Fig. 3). Microorganisms
with hydrogenase enzymes are able to use hy-
drogen and have been widely cited as acceler-
ating anaerobic corrosion through cathodic de-
polarization. Even though this concept has been
challenged (Ref 6), commercial kits for hydrog-
enase activity are available for assessing MIC in
practical applications (Ref 25).

Metabolites, such as organic acids produced
by acid-producing bacteria (APB), may alleviate
anodic polarization. Organic acids can form sol-
uble chemical complexes with metal ions re-
leased by the corrosion process, reducing the
buildup of Mn� on anodic surfaces. Figure 6 il-
lustrates the damaging effect of trace levels of
acetate (the conjugate base of the organic acid
acetic acid) in the corrosion of steel exposed to
carbon-dioxide-saturated brine. Acid-producing
bacteria and organic acids at the levels shown in
Fig. 6 have been identified in external corrosion
sites in an extensive Gas Research Institute
(GRI) program on pipeline MIC. Commercial
kits and guides were produced for enumerating

APB in field samples and for identifying related
MIC sites (Ref 32, 33). Fungal production of or-
ganic acids has been implicated in the corrosion
of posttensioned cables used in construction (Ref
34).

Production of Corrosive Metabolites.
Other microbial metabolites have been recog-
nized as agents of MIC. The many scenarios in-
volving various sulfur species that are produced
and consumed by microorganisms have been re-
viewed (Ref 35), and as-yet poorly described mi-
crobially produced phosphorus compounds in
MIC have been implicated (Ref 11). It has been
suggested that hydrogen peroxide produced in
biofilms plays a role in the crevice corrosion of
304 and 316L stainless steel (Ref 36).

Alteration of Surface Environments to Cre-
ate Concentration Cells. In many industrial
water systems, colonization of metal surfaces by
sessile microorganisms creates a new environ-
ment on the surface that may favor corrosion.
During the colonization process, microbes from
the aqueous phase quickly adhere to exposed
steel surfaces and proceed to generate a slime
made up of excreted extracellular polysaccha-
rides (EPS). The slime envelops the organisms
and creates a unique milieu for further devel-
opment of microbial communities and possible
MIC. The slime holds water, collects nutrients,
and recruits other microbes as well as particu-
lates and other debris from the liquid phase. Or-
ganisms in the biofilm are protected from direct
exposure to biocides at dosages that would read-
ily kill planktonic organisms freely suspended in
the water phase. The metal surface is similarly
shielded from doses of corrosion inhibitors
added to the system.

Corrosion commonly occurs due to concentra-
tion cells established under the biofilm, where
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oxygen levels are depleted and metabolite (e.g.,
organic acid) concentrations may be high. Slime-
forming organisms are a recommended target of
monitoring programs for cooling water systems
(Ref 37) as are iron- and manganese-oxidizing
bacteria capable of laying down deposits of
metal oxides on affected surfaces. Mobile anions
such as chloride are attracted to the corroding
surface under a biofilm and associated deposits
by the release of positively charged metal ions.
Concentration of chloride can accelerate the cor-
rosion process further, especially in systems that
rely on a passivating film on the metal surface
to protect the underlying metal matrix from cor-
rosion.

Alteration of Passivating Layers. Some met-
als are protected from corrosion by the formation
of a passivating film of metal oxide or other in-
soluble deposits. It has been suggested that mi-
crobial acceleration of corrosion on copper is the
result of incorporation of EPS into the copper
oxide on the metal surface (Ref 38). This dis-
rupts the passivating film and is accompanied by
a reduction in pH due to metabolic activity. In a
more complex example, 316L stainless steel ex-
posed to a flowing microbial culture of Citro-
bacter freundii in the laboratory was selectively
colonized at grain boundaries (Ref 39, 40). This
led to the local depletion of chromium and iron
content relative to nickel in the subsurface region
of the superficial oxide. A coculture of C. freun-
dii and the SRB, Desulfovibrio gigas, similarly
selectively colonized grain-boundary regions
and enhanced the local depletion of iron and the
accumulation of sulfur. The authors of the study
suggested that these changes weakened the oxide
layer, predisposing the metal to a higher fre-
quency of pitting due to attack by chloride. It has
been noted that microorganisms can also pro-
duce organic acids and create conditions for for-
mation of HCl or metal chlorides, including
FeCl3, under biofilms (Ref 2). These agents
cause the passivating layer on stainless steel to
fail, allowing pitting and crevice corrosion to
proceed.

Massive failures due to pitting in water system
components, such as utility condensers made of
stainless steel, were identified as an MIC prob-
lem in the 1970s (Ref 6). Corrosion damage was
ascribed to metastable sulfur oxyanions pro-
duced by SRB in the reduction of sulfate or
formed in the oxidation of biogenic iron sulfide
to elemental sulfur in oxygenated water (Ref 41).
Sulfur oxyanions, such as thiosulfate and tetra-
thionate, have been shown to reduce the pitting
potential of stainless steel and promote the lo-
calized corrosion of both stainless steels and
nickel-base alloys (e.g., Inconels) with or with-
out the presence of chloride (Ref 6, 41). One
proposed mechanism involves the release of el-
emental sulfur by the disproportionation or re-
duction of thiosulfate anions at the metal surface.
The elemental sulfur enhances the anodic dis-
solution process and accelerates pitting. Active
SRB help to inhibit repassivation of the metal
surface where chloride is present as a pitting
agent.

Microbial Involvement in
Environmentally Assisted Cracking

Environmentally assisted cracking (EAC) of
susceptible materials under stress can be exac-
erbated by microbial activity. Potentially af-
fected forms of EAC include sulfide-stress
cracking (SSC), hydrogen-induced cracking
(HIC), stress-oriented hydrogen-induced crack-
ing (SOHIC), near-neutral pH stress-corrosion
cracking (SCC), and corrosion fatigue. Accel-
erated corrosion and enhanced hydrogen uptake
can increase the probability of cracking as well
as subsequent crack growth rates.

Microorganisms can influence hydrogen up-
take by a metal directly through the microbial
production of hydrogen. Alternately, microbial
activity can promote entry of cathodic hydrogen
into the metal matrix through production of re-
combination poisons that prevent the formation
and escape of molecular hydrogen from the
metal surface (Fig. 3). Inside the steel, hydrogen
concentrates in areas of stress, such as the plastic
zone at the tip of a growing crack, or in areas of
imperfection in the metal matrix, such as inclu-
sions or grain boundaries. In the former location,
hydrogen causes embrittlement of the metal and
facilitates the cracking process in, for example,
SCC (Ref 42). At imperfections, formation of
molecular hydrogen can force voids to form in a
metal matrix through a buildup of gas pressure.
This can lead to macroscopic blistering and
cracking within the steel matrix in the form of
HIC or SOHIC. In general, these effects are of
greater concern in higher-strength steels (Ref
43).

Only a modest amount of work has been done
on the involvement of microorganisms in EAC
relative to the potential importance of this topic.
The HIC of high-tensile-strength hard-drawn
steel wire used for prestressing concrete pipe on
exposure to laboratory cultures of the hydrogen-
producing anaerobe, Clostridium acetobutyli-
cum, has been demonstrated (Ref 44). While this
simple experiment demonstrates a principle, the
real-world situation is likely to be more compli-
cated due to competing effects, such as passi-
vation of the metal surface and consumption of
hydrogen by the mixed microbial population
likely to be present.

Metabolites, such as hydrogen sulfide or thio-
sulfate, can act as poisons for the hydrogen re-
combination reaction and drive cathodic hydro-
gen into steel (Fig. 3). Sulfide can accelerate
crack growth rates even at trace concentrations.
Corrosion fatigue crack growth rates (per stress
cycle) in RQT 701 steel exposed to seawater
have been shown to increase with increasing lev-
els of sulfide exposure in either biotic or abiotic
environments (Ref 45). It has also been noted
that hydrogen permeation through steel under
CP in artificial seawater was greater for a mixed
culture of bacteria producing 160 ppm of sulfide
than it was for the same concentration of sulfide
without bacteria. Attempts to demonstrate these
effects more generally led to the conclusion that

the microbial scenarios may involve inhibition
of hydrogen permeation and crack growth as
well as enhancement. Complex lab results have
been reported on the enhanced permeation of hy-
drogen through carbon steel exposed to cultures
of SRB isolated from oilfield waters (Ref 46). It
was suggested that an initial enhancement in hy-
drogen flux caused by the bacteria was stifled for
a time by formation of a protective iron sulfide
(mackinawite) on the steel surface. Accelerated
hydrogen permeation was later reestablished, an
effect that the researchers attributed to produc-
tion of additional sulfide and organic acids by
the organisms disrupting the protective film.

In addition to corrosion and hydrogen effects,
the buildup of certain microbial metabolites in
an environment may also foster crack growth by
EAC. One example is the production of high lev-
els of CO2 needed to sustain near-neutral pH
SCC (Ref 42). This CO2 may arise in SCC sites
on buried pipelines through biological activity in
the surrounding environment or be formed more
directly by biodegradation of susceptible com-
ponents in protective coatings or other materials
used in construction of a facility (Ref 21).

Metabolic intermediates in the microbial oxi-
dation and reduction of sulfur can also cause
trouble (Ref 35). Metastable sulfur oxyanions
(e.g., thiosulfate and tetrathionate) can promote
severe intergranular stress-corrosion cracking
(IGSCC) of sensitized austenitic stainless steels
and nickel-base Inconel alloys at very low con-
centrations in acidic to slightly acidic solution
(Ref 41). As noted previously, metastable sulfur
oxyanions can be produced by microbial activity
or by secondary oxidation of biogenically pro-
duced iron sulfides. One suggested mechanism
for their role in IGSCC involves disproportion-
ation of the oxyanion to release elemental sulfur
in the acidified crack tip. This would enhance
anodic dissolution of chromium-depleted grain
boundaries, enabling accelerated cracking. In
this case, promotion of crack growth results from
enhanced corrosion at the crack tip rather than a
hydrogen embrittlement effect.

General souring of an operating environment
through the biological formation of hydrogen
sulfide is a serious concern in the oil and gas
sector. Significant concentrations of hydrogen
sulfide require production facilities to be con-
structed for “sour service” to avoid integrity
problems. Souring of oil and gas reservoirs dur-
ing prolonged production or of gas storage cav-
erns over time can threaten production infra-
structure designed to handle “sweet” sulfide-free
crude oil or gas. Consequently, control of in situ
souring has attracted considerable effort (Ref
47).

Degradation of Protective Systems

Microbiological influence on the integrity of
metal systems need not involve direct mediation
of corrosion or cracking processes. In some sit-
uations, microbiological activity predisposes
metals to integrity problems through degradation
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Fig. 7 Current demand needed to sustain a set CP po-
tential increases with time for steel in soil as SRB

produce increasing quantities of iron sulfide.

of protective systems, including corrosion inhib-
itors, coatings, CP, or lubricants.

Corrosion inhibitors are chemicals intro-
duced into industrial systems to reduce the rate
of metal loss. In some cases, these chemicals act
as nutrients for MIC problems and are destroyed
through biodegradation. In a long-term audit of
water recycle systems in a large oilfield, failure
costs were found to be inversely related to the
residual concentrations of treatment chemicals
used to control corrosion, as one would hope.
The chemical treatment package included a film-
ing amine corrosion inhibitor and ammonium bi-
sulfite as an oxygen scavenger. Closer inspection
of the data, however, showed that the residual
concentrations of the oxygen scavenger corre-
lated with measured corrosion rates, indicating
that the ammonium bisulfite was actually being
used as a nutrient by the SRB responsible for the
corrosion observed. The microbial population
had to be independently controlled by targeted
biocide addition (Ref 48). This problem of con-
flicting effects by different additives is a com-
mon issue in the design of cost-effective chem-
ical treatment programs.

As environmental concerns push treatment
chemical suppliers to less toxic, biodegradable
materials (see Ref 49 for an example), compe-
tition between biocides intended to reduce mi-
crobial populations and corrosion inhibitors that
may feed them will become more common.

Protective Coatings. Buried structures and
interior surfaces of tanks and piping are often
protected by the application of protective coat-
ings. While these coatings have improved over
the years, many older coatings were susceptible
to biodegradation in service. Microbial attack
can be seen, for example, in some polyvinyl
chloride (PVC) coatings. While the polymer it-
self remains relatively inert due to its large mo-
lecular size, biological degradation of plasticiz-
ers used to make the material flexible can occur
(Ref 50). Loss of plasticizer in older PVC tape
coatings on pipelines has led to embrittlement
and coating failure in service. In a related ex-
ample, the adhesive used to affix polyethylene
tape coatings to line pipe has been found to be a
source of nutrients for microbial sulfate reduc-
tion in external corrosion sites (Ref 21). Biodeg-
radation of adhesive may contribute to the loss
of adhesion seen when these coatings are ex-
posed to biologically active soils (Ref 51). Coat-
ing failures of this sort block CP and have led to
corrosion and SCC problems on operating pipe-
line systems (Ref 22, 42).

The modern trend to more environmentally
friendly, safer materials also affects the formu-
lation of paints and coatings used to protect in-
dustrial systems. This has raised concern that
these changes will coincidentally result in a loss
of resistance to microbial degradation for prod-
ucts in service (Ref 52). A conflicting strategy
of adding more biocides to new formulations has
been proposed.

Cathodic Protection. Buried or submerged
structures and some interior surfaces in process-
ing facilities are protected by imposition of an

electrical potential that prevents oxidation of
metal. This can be achieved through the use of
sacrificial anodes or by an impressed current sys-
tem. In either case, maintenance of a protective
potential requires the provision of an adequate
current density. Production of iron sulfides by
active SRB can compromise CP potentials by
draining current from exposed steel surfaces.
Figure 7 shows the increase in current demand
in a laboratory soil box with time as SRB active
in the soil produce increasing quantities of elec-
trically conducting iron sulfides around steel
coupons at a fixed potential. An increased cur-
rent demand has also been seen for stainless steel
surfaces when a steady-state biofilm is present
(Ref 53) and in lab experiments involving an an-
aerobic slime-forming APB (Vibrio natriegens)
in pure culture (Ref 54). In the latter case, pro-
duction of organic acids and exopolymers by V.
natriegens affected the formation of calcerous
scales that would normally seal the cathodically
protected surface, reducing current demand. In
locations where increased current demand can-
not be met, the protective potential is lost. In the
field, affected locations may show up as a local
dip in close-interval-potential surveys.

Lubricants protect metal components from
corrosion and wear in service. In some cases,
these lubricants contain biodegradable hydrocar-
bons that support microbial growth where water
is available and other conditions permit. Micro-
bial growth is, in turn, often accompanied by the
production of surfactants that stabilize water/oil
emulsions. These extend the interface available
for microbial activity and can be quite stubborn
to break. The combined effect of biodegradation
and emulsification can compromise the perfor-
mance of lubricants, leading to failure of metal
components (Ref 55). A case study involving the
failure of bearings in a marine engine is given in
Ref 56. Commercial kits are available to track
microbial growth in lubricants and identify im-
pending problems in large marine engines as
well as other applications.

Failure Analysis

Although MIC is acknowledged to occur on a
wide range of metals, most reported failure anal-
yses have focused on iron, copper, aluminum,
and their alloys. This is not surprising, given the
importance of these metals in industrial appli-
cations.

Steel and Iron

Industry Experience. Failure analysis for
steel and iron can begin with an assessment of
the susceptibility of an operating system to MIC,
based on industry experience. It appears that al-
most any system with free water present can host
microbial activity, provided there is a source of
nutrients and an absence of toxic material. In
processing facilities, an increase in pressure drop
or loss of flow through piping systems (Fig. 8)

or a marked decline in the efficiency of heat ex-
changers are indicators of possible biological
fouling. A history of failures due to unexpect-
edly high corrosion penetration rates may indi-
cate MIC. Favored locations for failures include
low spots where water can collect in piping,
dead-end or shut-in piping, tank bottoms at the
interface between liquid hydrocarbons and un-
derlying water, or areas heavily fouled with sur-
face deposits (Fig. 9). Microbially induced cor-
rosion problems are found in refineries, cooling
water systems, sprinkler water systems, oilfield
water-handling systems, oil pipelines, and pulp
and paper mills but are not recognized as a major
issue in steam systems (Ref 57).

For external corrosion, past experience of sus-
ceptible metal surfaces exposed to a wide range
of natural environments has led to a general un-
derstanding of where corrosive conditions, in-
cluding MIC, can be expected to occur (Ref 58,
59).

For soils, corrosion rates for steel and iron
have been correlated with the pH, oxidation re-
duction potential, resistivity, and water content
of the soil as well as with the type of soil. Very
dry soils that lack the electrolyte needed to sup-
port active corrosion cells are benign. Moist, aer-
obic soils, where oxygen can readily reach ex-
posed steel, show corrosion rates typically in the
range of 0.04 to 0.2 mm/year (0.002 to 0.008 in./
year). Anaerobic soil environments, where oxy-
gen is absent and where SRB have not precipi-
tated extensive iron sulfide deposits, show
intermediate corrosion rates of 0.002 to 0.01
mm/year (0.00008 to 0.0004 in./year). Where the
focused action of SRB has exposed unprotected
steel to extensive iron sulfide deposits, very high
corrosion rates, �0.2 mm/year (�0.008 in./
year), can be seen.

Attempts have been made to identify factors
in soil environments that favor MIC by SRB for
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Table 1 Factors correlating with sulfate-
reducing bacteria (SRB) numbers for buried
pipeline sites

Factor
Correlation
coefficient Range

Bacterial numbers
(acid-producing
bacteria)

0.829 103�108 cells/g wet soil

Total organic carbon
in groundwater

0.645 0.05–1.2%

Soil resistivity �0.642 500–30,000 X • cm
Soil water content 0.626 5–36%
Soil oxidation

reduction potential
�0.545 �316 to 384 mV (CSE)

Sulfate in
groundwater

0.455 0.3–200 mg/g wet soil

Clay 0.407 N/A

Note: CSE, copper-copper sulfate electrode. Source: Ref 60
Fig. 9 Dead-end piping reveals extensive black depos-

its through an open flange in refinery piping.

Fig. 8 Friction factors for flow through instrumented sidestreams under biocide treatment in an oilfield-produced
water system can indicate biofouling. In this case, biocide “A” loses control of microbial fouling after 80 days,

relative to biocide “B,” in a comparison carried out in a field performance evaluation facility equipped with parallel test
lines (see Fig. 14).

Fig. 10 Microbially induced corrosion showing stria-
tions in the bottom and tunneling into the walls

of overlapping pits, as described in Ref 32

buried pipe (Ref 60, 61). Table 1 summarizes
conditions that correlate with elevated SRB pop-
ulations. Based on correlations of this sort, pre-
dictive models have been developed to prioritize
maintenance activities in particular areas.

Anaerobic sediments in freshwater or marine
environments generally host anaerobic microbial
populations, including SRB that can create MIC
problems. Guides have been developed at the
University of Manchester Institute of Science
and Technology to assess the potential risk of
MIC due to SRB for sheet piling in sediments in
ports and harbors and for design of CP systems
on subsea pipelines (Ref 62).

Identification of MIC Sites. Possible MIC
sites are often tentatively identified by the rapid-
ity, severity, and localized nature of the corro-
sion. Confirmation is based on analysis of met-
allurgical damage, microorganisms, corrosion
products, deposits, and environmental factors.
There is no single approach to this problem, but

a number of guides have been published (Ref 5,
7, 32, 33, 37, 63).

Guides for identification of internal and exter-
nal MIC were developed through a major GRI
program for natural gas pipelines. The guides
provide a scorecard for the identification of MIC
sites on mild steel, based on three types of evi-
dence (Ref 32, 33):

● Metallurgical: appearance of the corrosion
damage

● Biological: cell counts for SRB, APB, and
general bacterial population

● Chemical: identification of corrosion prod-
ucts and other deposits

The metallurgical evidence is given the heav-
iest weighting, sufficient to pronounce MIC as
being “very likely” in the absence of any other
evidence from biological or chemical tests. Key
features of the metallurgical fingerprint ascribed
to MIC include corrosion pits composed of sev-

eral smaller pits with hemispherical or cuplike
appearance, striations in the direction of rolling
in the steel pit bottom, and tunneling into the
sides of the corrosion pit (Fig. 10). The guides
provide appropriate photographs and methods
for identification of these features. Biological
analyses assess the number of viable SRB, APB,
and anaerobic bacteria present. Chemical anal-
ysis of corrosion products has limited applica-
tion in the scorecard and is more fully addressed
later. Commercial kits have been developed for
the analysis of the biological and chemical cri-
teria used in the guides. Use of these tools is not
confined to pipeline applications or soil environ-
ments. They are generally useful wherever the
corrosion of carbon steel is observed (Ref 64).

A complementary approach to use of an MIC
scorecard is based on the analysis of corrosion
products and other deposits found on the cor-
roded surface (Ref 20). This approach was de-
veloped for pipeline facilities suffering external
corrosion (Ref 22). Qualitative chemical analysis
can be done in the field to identify the presence
of iron (II), iron (III), calcium, sulfide, and car-
bonate. Addition of acid to a sample can detect
carbonate (by extensive bubble formation) and
sulfide (by the odor of hydrogen sulfide or by its
reaction with a color indicator such as lead ac-
etate). Iron (II) and (III) can be detected in the
resulting acid solution using standard ferricya-
nide and thiocyanate tests. Addition of a solution
of oxalate to the test solution after buffering with
excess sodium acetate yields a white precipitate
if calcium is present. These qualitative chemical
assays have been made available commercially
in the form of a test kit through the GRI program
noted previously. X-ray diffraction (XRD) anal-
ysis of crystalline material in corrosion products
and associated deposits can provide more de-
tailed insight (Ref 24). A summary of corrosion
products indicating different corrosion scenarios
is given in Table 2.

The presence of a hard, white, calcium car-
bonate scale is good evidence that effective CP
potentials were achieved on metal surfaces
where it is found. Identification of the very se-
vere corrosion scenario due to iron sulfide cor-
rosion cells developed by SRB can be made
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Fig. 11 FeS/SRB corrosion under disbonded polyolefin tape coating on a buried pipeline in a wet anaerobic location
shows soft, black corrosion products rich in iron sulfides overlying severe pitting

Table 2 Indicator minerals found as corrosion products in various corrosion scenarios
seen in pipeline excavations and laboratory soil box tests

Corrosion scenario Corrosion products (color, chemistry, mineral form)
Corrosion rate,

mm/year

Simple corrosion processes

Abiotic aerobic corrosion (O2 is the electron
acceptor, X, in cathodic reaction, Eq 2)

Yellow/orange/brown/black iron (III) oxides,
including lepidocrosite, goethite, magnetite,
maghemite, hematite

0.04–0.2

Abiotic anaerobic corrosion (H� as X in cathodic
reaction, Eq 2)

Pasty or dispersed white iron (II) carbonate
(siderite)

0.002–0.01

Anaerobic MIC (SRB with biotic iron sulfide as
X, Eq 2)

Black, finely divided iron (II) sulfides, including
amorphous iron sulfide, mackinawite, greigite

0.2 general
0.7 pitting

Secondary transformations involving MIC

Aerobic r anaerobic MIC (SRB/“FeS”) Iron (II) sulfides, including marcasite and pyrite . . .
Anaerobic MIC (SRB/“FeS”) r aerobic Elemental sulfur, iron (III) oxides � residual

anaerobic corrosion products
2–5(a)

(a) This very high corrosion rate may not be sustained beyond the period of secondary oxidation of the anaerobic site.

based on analysis of corrosion products, as noted
in Table 2. The observation of iron (II) sulfide in
association with severe pitting or areas of sig-
nificant metal loss in contact with dense, black
corrosion products is definitive for this scenario.
In some failure sites, extensive iron (II) sulfide
present as a finely divided, black solid causes the
general blackening of soil and corrosion deposits
(Fig. 11). The additional presence of iron (III)
suggests secondary oxidation has occurred, with
potentially very serious corrosion consequences
(Table 2) (Ref 24). In extreme cases, overlapping
corrosion pits can lead to extensive areas of
metal loss sufficient to cause pressurized piping
or vessels to fail through rupture. This type of
failure presents an inherently greater risk than
formation of a leak due to perforation of the steel
by isolated pitting.

Table 2 does not include corrosion scenarios
due to APB. This possibility can be assessed us-
ing the methods described in the MIC field
guides described previously or by analysis of de-
posits for organic acids.

A cryptic guide to the identification of corro-
sion in oil and gas operations offers two MIC
scenarios (Ref 65). One, based on SRB, is iden-
tified by:

● Slope-walled pits within pits
● Attached SRB
● A source of sulfate

A second scenario, based on APB, is identified
by:

● Steep-sided, sharp-edged, “fibery”-bottomed
pits

● Attached APB
● Trace organic materials (presumably organic

acids)

Reference 37 describes a wider range of tests
and considerations for cooling water systems,
and active and passive MIC scenarios are con-
sidered. In active scenarios, the organisms par-
ticipate directly in corrosion processes. Micro-
organisms involved include SRB and acid
producers. In this case, sulfur-oxidizing aerobic
bacteria, such as Thiobacilli, that produce very
acidic conditions and denitrifiers capable of re-
ducing the pH to 3 are considered as well as the
organic APB. Consideration of aerobic organ-
isms is consistent with highly oxygenated envi-
ronments found in cooling water circuits. Pas-
sive corrosion scenarios include underdeposit
attack due to concentration cells set up under
biofilms by slime-forming microbes or iron- and
manganese-oxidizing bacteria (referred to as
“metal depositors” by the researchers). Other or-
ganisms considered include algae that produce
dense, thick mats of biomass on sunlit surfaces
in cooling towers. These can foster underdeposit
attack due to concentration cells and produce
high levels of oxygen as well as nutrients for
other organisms. In one case, ammonia released
by the decay of algal biomass was blamed for
SCC in a brass condenser.

The following four factors in the identification
of corrosion as MIC were looked for (Ref 37):

● Presence of microorganisms or their byprod-
ucts

● Microbiologically unique corrosion morphol-
ogy

● Specific corrosion products and deposits
● Compatible environmental conditions

The use of these factors for diagnosis of MIC
scenarios in cooling water systems is addressed
in Table 3.

Corrosion-Resistant Alloys of Steel

Microbially induced corrosion on stainless
steel leads mostly to pitting or crevice corrosion

failures. Statistical analysis of corrosion failures
seen in once-through cooling systems on the
Rhine River show that a disproportionate num-
ber occur in stainless steel systems relative to
carbon steel. Estimates of MIC as a percent of
total corrosion failures for stainless steel systems
may be as high as 20% but are probably �10%
(Ref 66).

Weldments in Stainless Steel. Most failures
are associated with welds, because areas of join-
ing tend to be inherently more susceptible to cor-
rosive attack than the base material. Studies have
shown that heat-tinted zones are especially vul-
nerable. These zones are created in a welding
process where material above the scaling tem-
perature is contacted by air. The result is a mi-
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Fig. 12 MIC of stainless steel weldments. (a) MIC showing a surface view of interdendritic attack at the fusion line of
a stainless steel weldment. “A,” nondentritite; “D,” dendrite. (b) Cross section of MIC at a stainless steel

weldment showing extensive corrosion of weld metal and fusion line, with a relatively small opening at the bold surface.
Source: Ref 71. Reproduced with permission of National Association of Corrosion Engineers International

Table 3 Factors for the diagnosis of MIC scenarios in cooling water systems

Microorganism (metabolite) Corrosion morphology
Specific corrosion products

and deposits

Active MIC

Sulfate-reducing bacteria (sulfide) Clustered hemispherical pits on stainless steel,
Carpenter 20, aluminum, carbon steel. Rare on
titanium. Copper poorly defined

Very irregular pit surface in less noble metals

Metal sulfides present
Voluminous, brown, friable

tubercles of iron (III)
oxides over pit

Acid producers (lower-pH
organic acids for acid-
producing bacteria)(a)

Corrosion is localized, moderate
Striations in steel under tubercles, as for preferential

acid dissolution of microstructure in rolling
direction

None stated

Passive MIC

Slimers (gelatinous mass with
high microbial numbers)

General corrosive attack under slime
Pitting if SRB present

Rusting may color surfaces
brown

(a) Acid producers are often associated with SRB but outnumber them in this case. Organisms such as Clostridia, Thiobacillus, and Nitrobacter are
cited as potential acid producers. Source: Ref 37

gration of chromium into the surface scale, leav-
ing underlying material depleted and susceptible
to corrosion. Removing the heat-tinted scale and
underlying surface by pickling, electrochemical
cleaning, or mechanical grinding prevents cor-
rosion damage with or without bacteria (Ref 67,
68) for 304L, 308L, or 316L material. It has been
suggested that pickling is the most effective ap-
proach (Ref 69). Heat tinting can be avoided by
use of an effective inert gas blanket in the weld-
ing procedure.

Microbially induced corrosion is perhaps the
only mechanism that can perforate stainless steel
piping in neutral aqueous service, such as river
water cooling, in a matter of months (Ref 70). It
is suggested that this may be due to the ratio of
cathodic to anodic areas, where a single phase,
for example, ferrite, is preferentially attacked
relative to a large area of less susceptible mate-
rial. Penetration rates of 17 mm/year (0.7 in./
year) in United Numbering System (UNS)
30800 welds have been reported. Perforation of
316L stainless steel weldments in piping with
5.5 mm (0.2 in.) wall thickness in industrial wa-
ter systems under intermittent flow in four
months has been described (Ref 70).

Preferential attack of some sort is a common
feature of MIC case studies (Ref 63, 70–73).
Corrosion is often focused on the weld material
or at the fusion line for the weld (Fig. 12a). Pit
surfaces are often described as dendritic, consis-
tent with preferential corrosion (Ref 63, 71–73),
but the preferential attack of a single phase need
not be a feature of MIC. From detailed study of
UNS 30800 weld specimens, it has been con-
cluded that either ferrite or austenite can be pref-
erentially attacked, or they may corrode together,
depending on a number of possible conditions
(Ref 70). Abiotic attack by FeCl3 solutions has
been found to give similar effects to MIC, based
on comparison of chemically degraded speci-
mens with samples from identified MIC sites
(Ref 70, 74). Preferential attack can also occur
in a single phase, due to cold work effects on
microstructure (Ref 70, 74).

As previously noted, microbially induced in-
tergranular pitting and IGSCC can occur in sen-
sitized stainless steels, where low chromium
content at grain boundaries allows preferential
dissolution (Ref 41). However, it has been found
that transgranular pitting due to MIC in the heat-
affected zone in socket-welded specimens of 304
stainless steel exposed to flowing lakewater (500
to 600 ppm chloride) over 6 to 18 months was
not focused in sensitized areas (Ref 74). Instead,
pitting occurred along deformation lines left by
cold working of the metal during manufacturing.
Annealing the material at 1150 �C (2100 �F) was
suggested as a way to remove these features and
increase resistance of the material to MIC. No
pitting was seen in the base metal for either
furnace-sensitized or girth-welded specimens of
304 or 316 stainless steel after similar exposure
(Ref 74).

A number of trends seem apparent, based on
past failure analyses:

● Microbially induced corrosion is often asso-
ciated with stagnant, untreated water being
left in piping over extended periods (Ref 63–
72). It has been suggested that intermittent
flow or low flow rates are most damaging
(Ref 75).

● Damage often occurs at many welds in an af-
fected section of piping. In one power plant
cooling system using lake water, radiography
indicated that 50% of the welds in 316L pip-
ing showed indications of deep MIC pitting
(Ref 72).

● Pitting seems more prevalent in the bottom
third of the pipe (Ref 63).

● Low pH or high chloride concentrations in the
pit environment enhance attack (Ref 76).

It has been noted that higher alloying in weld
combinations seems to improve resistance to
MIC (Ref 76). This observation is supported by
a systematic laboratory study of stainless steel
(304, 316L, and 317L) and Ni-Cr-Mo (alloy 625)
alloy weldments cleaned of surface thermal ox-
ides (Ref 77); however, later work on as-received
welds showed that thermal oxides produced dur-
ing the welding process can obscure this depen-
dence. In all cases, exposure of specimens to
lake water augmented by active SRB reduced the
polarization resistance of the alloys relative to
sterile controls. This was true even for alloys
with 9% Mo content; however, no documented
corrosion failures due to MIC in alloys with 6%
Mo or more could be found to support the idea
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Fig. 13 Most commonly found elements in nine de-
posits from MIC sites in stainless steel cooling

water systems (expressed as percent of deposits showing
element). Source: Ref 63, 66, 71

Table 4 MIC scenarios that may play a role in the corrosion of weldments in stainless
steel

MIC by Mechanism Indicators Ref

Manganese oxidizers Ennoblement of stainless steel
potential due to MnO2

Elevated manganese-oxidizing organisms,
manganese, and possibly chloride in deposits

29, 30

SRB primary Sulfides, SRB facilitate chloride
attack in anaerobic systems

Dark-colored corrosion products, with iron sulfide,
chloride, and a high ratio of Fe2�/Fe3�; near-
neutral pH

71

SRB secondary oxidation Pitting stabilized by thiosulfate
formed by oxidation of sulfides

Cyclic anaerobic, aerobic conditions; surface of
corrosion products in pit oxidized red, orange,
or brown

71

Iron-oxidizing bacteria Decrease of pH by oxidation of
Fe2� to Fe3� in pits

Red/orange corrosion products rich in Fe3�; iron-
oxidizing organisms such as Gallionella; pH
acidic

63

SRB, sulfate-reducing bacteria

that elevated molybdenum content can provide
added resistance to corrosion damage (Ref 2).

It was recommended that failure analysis for
stainless steel cooling systems include biological
analysis of associated water and deposits, chem-
ical analysis of water, and radiography of welds
(Ref 63). Microbially induced corrosion in pit-
ting at weldments in stainless steel was identified
by (Ref 74):

● The combination of bacteria present and mor-
phology of pits

● Corrosion features with small surface open-
ings leading to bulbous cavities in the steel
matrix at welds

● The absence of other agents that could ac-
count for the attack

While SRB in mixed populations are a favor-
ite for laboratory studies, and sulfides are often
found in associated deposits on affected metal
surfaces in the field, the microbiology found in
case studies tends to be complex. A wide range
of organisms can be present, especially in cool-
ing systems drawing on natural waters. All sorts
of bacteria were found to be present in once-
through cooling systems using untreated river
water, including sulfur oxidizers, iron oxidizers,
iron reducers, SRB, nitrogen oxidizers, and de-
nitrifiers (Ref 66). Aerobes, anaerobes, SRB, and
APB were reported to be present in slimes and
nodules on the metal surface (Ref 74). The pres-
ence of iron oxidizers and slimers for MIC prob-
lems in UNS S30800 stainless steel welds has
been cited (Ref 69), while Gallionella in char-
acteristic MIC pits has been specifically identi-
fied (Ref 63). Enhanced numbers of manganese-
oxidizing bacteria have been noted in deposits
formed on corroded welds in 304L stainless steel
specimens exposed to Lake of Constance water
in lab studies (Ref 29).

Surface deposits in nine case studies (Ref 63,
66–68, 72) contained iron, silicon, and sulfur in
�75% of the samples analyzed (Fig. 13). Man-
ganese, chromium, and aluminum were also fre-
quently found (�50% of samples), but more sol-
uble ions, such as chloride and potassium, were
detected in less than half the samples.

At least two sorts of surface deposits were re-
ported. Most of the surface of service water pip-
ing receiving lake water was covered by a tightly
packed, black, slimy deposit that had a high con-
tent of manganese and iron, with trace sulfide,
silicon, and aluminum present (Ref 72). No cor-
rosion was reported under these deposits. Rust-
colored deposits found in a small area (6.5 cm2)
at the weld were rich in chromium and iron, with
sulfur, chlorine, aluminum, and silicon in
smaller concentrations. This rust-colored deposit
covered the opening of an extensive corrosion
cavity in the underlying metal (Fig. 12b). This
is a unique form of pitting associated with MIC
in weldments in stainless steel. The cavity open-
ings are often associated with rust-colored stains
on the surface metal or with rust-colored depos-
its rich in iron and manganese (Ref 63, 66).

Radiography or destructive testing of field
specimens reveals the large cavities to be a series
of pits branching off one another to give a bul-
bous and irregular void volume sometimes as-
sociated with tunneling in the direction of rolling
along stringers of ferrite or austenite (Ref 63,
74). This form of pitting is focused on weld
metal or the fusion line, with wall perforation
occurring through a second small opening on the
opposite metal surface. The frequent observation
of sulfide in associated surface deposits (Fig. 13)
implies that SRB are commonly involved at
some stage, but iron-oxidizing bacteria, particu-
larly Gallionella, found in the pits have come to
be associated with this corrosion morphology.
Gallionella oxidize Fe2� to Fe3� in their metab-
olism, leading to the formation of characteristic
rust-colored deposits. The acidity of the hydrated
ferric ion produced decreases the pH of the local
environment. Whether Gallionella initiate pit-
ting or are attracted to the anodic area by the
release of ferrous ions through a previously ex-
isting anaerobic corrosion process is not clear.
The latter seems more likely. Once iron-oxidiz-
ing organisms are established, reduction in the
pH of the corrosion pit and concentration cells
established by the buildup of iron (III) oxide de-
posits help to drive the corrosion process.

Literature reports identify several possible
MIC scenarios on stainless steel weldments. Ta-
ble 4 summarizes the organisms and features that
may be useful in failure analysis.

Stainless Steels. Corrosion-resistant alloys
can suffer MIC failures in the body of the ma-
terial not associated with welds. Numerous re-
ports of pitting and crevice corrosion due to MIC
have been noted for austenitic (304, 304L, and
316L) stainless steels (Ref 2).

Microbially induced corrosion has been de-
scribed in underdeposit corrosion in heat ex-
changers cooled with lake water in tubes made
of American Iron and Steel Institute (AISI) type
304L stainless steel and nickel alloys (UNS
N08800, N08025, and N08028) (Ref 78). Pitting
was found under calcite (calcium carbonate) de-
posits after one year for N08800 and 304L, while
deep pits were found after three years for mo-
lybdenum-containing alloys N08025 and
N08028. Failure analysis found that microorgan-
isms played a key role in the degradation pro-
cess. Anaerobic methanogens promoted deposi-
tion of calcium carbonate, setting the stage for
crevice corrosion. Oxygen introduced with flow
on startup then oxidized biogenic sulfides pro-
duced by SRB during periods of stagnation,
when anaerobic conditions prevailed. Formation
of thiosulfate through oxidation stabilized meta-
stable pitting in the affected alloys, promoting
corrosion even at low chloride levels. It has been
suggested that the same mechanism was respon-
sible for perforation of 316 stainless steel weld-
ments (Ref 71).

Elemental mapping of deposits in and around
the pits that formed under the calcite deposits
showed:

● High levels of nickel, iron, and sulfur around
the pit

● Chromium as the major metal component in
the pit

● Chlorine at low levels or not at all

The calcite scale overlying corrosion stains on
the metal surface was etched and contained en-
hanced levels of iron, nickel, and chromium de-
rived from the corrosion process (Ref 78).

An example of MIC in martensitic stainless
steel under severe service conditions has been
described (Ref 79). Rapid corrosion under a
thick, slimy, jellylike deposit on stainless steel
(UNS S40300) drive chain systems in clarifiers
in a wastewater treatment plant led to 40% metal
loss in the first year of operation. The steel had
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been tempered for wear resistance at the cost of
reduced corrosion resistance. Components made
of 304L substituted into service in the unit cor-
roded at half the rate of 403 but were subject to
unacceptable levels of wear. The gray outer layer
of the slime was rich in silicon and oxygen, with
carbon, sulfur, and chlorine present in decreasing
amounts. The dark-black inner layer showed ma-
jor amounts of sulfur, chromium, and oxygen.
Sulfate-reducing bacteria, APB, slime formers,
and pseudomonads were all identified in samples
of water and slime. High levels of biogenic hy-
drogen sulfide were generally present in the wa-
ter phase, but the atmosphere over the fluid in
the clarifiers was aerobic. This led to prolifera-
tion of sulfide- and sulfur-oxidizing organisms
(Thiothrix and Beggiatoa) at the interface, pro-
ducing very acidic local conditions for exposed
components of the chain system. The high chlo-
ride content of the wastewater (up to 200 ppm)
was also an issue. Given the extreme operating
environment created, in part, by microbial activ-
ity, finding materials able to offer a reasonable
service life at an acceptable cost remains a chal-
lenge.

Copper and Its Alloys

Copper is widely used in a variety of appli-
cations, because it is relatively low-cost, strong,
and corrosion resistant. In addition, it conducts
heat and electricity well and is readily formed,
machined, and joined. Copper and brasses (cop-
per and zinc alloys) are used, for example, in
electrical wiring, water piping, architectural ap-
plications, heat exchangers, condensers, bear-
ings, and valves, while bronzes (silicon, tin, and
aluminum-amended copper) are used in bear-
ings, impellers, pumps, screens, and special-pur-
pose tubing. Cupronickel alloys are used in heat
exchanger tubing and ships.

Copper is more-or-less susceptible to MIC in
all its forms; however, copper-base alloys do
show significant resistance to biofouling (Ref
80). Copper-nickel alloys, in particular, are used
in marine applications, because of their resis-
tance to both fouling and corrosion. Resistance
to biofouling appears to be based on the slow
release of toxic copper ions.

Elevated production of slime by microbial
biofilms that develop on copper and its alloys
suggests that EPS acts as a binding agent for
copper ions that would otherwise inhibit micro-
bial growth (Ref 81). The EPS exopolymers tend
to be acidic and contain functional groups that
bind metal ions. This capability has been linked
to the formation of copper concentration cells
under biofilms, the transport of metal ions away
from the corroding surface, and variations in po-
tential on the underlying surface (Ref 82). In-
corporation of EPS in the oxide surface film that
normally protects copper and its alloys from cor-
rosive attack is a key reason for the occurrence
of MIC in potable water systems (Ref 38). While
EPS may bind the metal ions released by cor-
rosion, it also allows an influx of mobile anions

to balance the buildup of positive charge at the
corroding surface. Chloride and other aggressive
anions can be concentrated under biofilms, lead-
ing to disruption of passive films that would oth-
erwise protect the metal surface.

Concentration cells set up under biofilms and
production of corrosive metabolites, such as re-
duced pH, organic acids, and anaerobic sulfide,
can lead to corrosion of copper and copper al-
loys. Copper is susceptible to pitting, especially
in acidic media where oxidants are present. In
alkaline media, production of ammonia or am-
monium salts can promote SCC.

Sulfide production by SRB is one of the most
potent MIC scenarios. Sulfate-reducing bacteria
can become established during long periods of
stagnation or in periods of intermittent flow in
water systems (Ref 75). Copper sulfides depos-
ited in the protective film by bacterial activity
are rapidly oxidized when a flow of oxygenated
water is introduced into the system, resulting in
exposure and corrosion of the underlying metal.
Failure analysis can be based on identification of
specific copper sulfides formed as corrosion
products. These include digenite (Cu9S5), spion-
kopite (Cu39S28), chalcocite (Cu2S), and covel-
lite (CuS). It is thought that digenite, formed ini-
tially, undergoes subsequent transformation to
chalcocite, the most characteristic corrosion
product for sulfate-reducing bacteria MIC sce-
narios (Ref 80). Djurleite (Cu1.96S) formed in a
SRB scenario may deposit as a passivating film,
but this is likely to lack the mechanical stability
needed to provide lasting protection to the metal
surface in most industrial situations (Ref 2). The
biogenic origin of the sulfide in MIC scenarios
on copper has been supported by stable isotope
analysis showing enrichment of 32S in the cor-
rosion products relative to the sulfate present in
solution (Ref 35).

Pitting morphology can also provide a key to
the identification of MIC in failure analysis. Two
forms of pitting have been identified with MIC
in potable water systems (Ref 80). One of these
has been dubbed “pepper-pot pitting.” In this
form of damage, a conical cap of gray corrosion
products (copper sulfate and cupric oxide) over-
lies a cluster of pits. Sulfides are present in some
pits, and biofilms rich in EPS are invariably seen.
In the second morphology identified with MIC,
hemispherical pits are filled with crystalline cu-
prous oxide, with chloride often present at the
metal surface. A tubercle over these pits is com-
posed of pale-green basic copper sulfate carbon-
ate (Cu(OH)x(SO4)y) and blue Cu(OH)2•CaCO3.
Tubercles are covered by an outer layer of black
cupric oxide, in some cases. Biofilm materials
are seen associated with the original metal sur-
face and with the tubercle.

Example 1: MIC of Brass Piping. A failure
of buried brass (92% Cu, 8% Zn) piping used to
carry drinking water in wet clay soil after less
than two years service was attributed to MIC
(Ref 83). Excavation showed the presence of soil
blackened by deposition of sulfides and high
numbers of SRB around the pipe. The external
pipe surface showed a loss of zinc consistent

with selective leaching of this metal from the
alloy, and the groundwater contained appreciable
levels of chloride that may have assisted in the
breakdown of the passivating film protecting the
metal surface.

A comparison was done of the corrosion fail-
ure of power station condenser tubing cooled by
seawater for two copper alloys, an aluminum
brass alloyed with arsenic (UNS C68700, ASTM
B111, or CuZn20Al Deutsche Industrie-Normen
(DIN) 17660), and a cupronickel 70-30 alloy
with iron added (C71500, ASTM B111, or
CuNi30Fe DIN17665) (Ref 84). Both kinds of
tube had identical dimensions and had seen simi-
lar service, with failure occurring by perforation
from internal pitting under sediment deposits.
The presence of Cu2�xS in the corrosion prod-
ucts implicated MIC by SRB as the cause of fail-
ure, but this occurred more rapidly in the cupro-
nickel alloy. The copper sulfide was close to
stoichiometric Cu2S on the aluminum brass but
enriched in sulfur on the cupronickel tube. In the
latter, large spherical pits were seen, with per-
foration taking the form of large, round holes. In
the aluminum brass, big elliptic pits were seen,
with small holes perforating the tube wall. These
differences were attributed to differences in the
pitting mechanism for the two alloys.

Alloy Cu-10%Ni (UNS C70600) is used ex-
tensively for condenser tubing in seawater ap-
plications, because it offers good corrosion re-
sistance at reasonable cost. In polluted, brackish
waters, however, severe localized corrosion has
led to failures within three years of service. An
investigation of MIC in these systems used on-
line monitoring techniques and found elevated
numbers of SRB in both the water phase (107

cells mL�1) and in a surface biofilm (105 cells
mL�1) (Ref 85). A chlorination treatment in-
tended to control the microbial problem desta-
bilized the protective oxide film on the metal sur-
face and made matters worse.

Example 2: SCC of Admiralty Brass Con-
denser Tubes. Microbes initiated SCC failures
in admiralty brass condenser tubes in a nuclear
plant cooled by freshwater (Ref 86). About 2500
tubes had to be replaced over a span of six years’
operation. Analyses were carried out for micro-
organisms, water chemistry (for both intake and
outfall), and corrosion products in the operating
system and on test coupons exposed to the op-
erating environment. Nitrate-reducing bacteria
from the lakewater used in cooling were found
to produce high levels of ammonia (5.8 mg/L)
when established in biofilms. Ammonia levels at
the metal surface were 300 times higher than
background levels in the lake water. Copper
amine complexes were identified in the surface
deposits, and nitrate and oxygen in the incoming
water were considered as accelerating factors for
the cracking process.

Aluminum and Its Alloys

Aluminum is the third most abundant metal in
the crust of the earth and second only to iron in
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icrobiologically influenced corrosion (MIC) refers to corrosion caused by the presence and
activities of microorganisms—microalgae, bacteria, and fungi. While microorganisms do not
produce unique types of corrosion, they can accelerate corrosion reactions or shift corrosion
mechanisms. Microbial action has been identified as a contributor to rapid corrosion of
metals and alloys exposed to soils; seawater, distilled water, and freshwater; crude oil,

hydrocarbon fuels, and process chemicals; and sewage. Many industries and infrastructure are affected by MIC,
including oil production, power generation, transportation, and water and waste water.

To better understand MIC and the corrosion threats it poses to pipelines, vessels, and structures, Materials
Performance asked several NACE International members and others from industry, government, and academia
to comment on the impact of MIC and challenges faced when identifying and mitigating MIC. Panelists are
Richard Eckert and Torben Lund Skovhus with Det Norske Veritas (DNV); Gary Jenneman with
ConocoPhillips; Sylvie Le Borgne with the Metropolitan Autonomous University at Mexico City; and Jason S.
Lee and Brenda J. Little, FNACE, with the U.S. Naval Research Laboratory. (See their biographies in the
sidebar, “Meet the Panelists.”)

MP: How does MIC impact structures, vessels, and pipelines?


Le Borgne: The first reports of MIC are from the nineteenth century. Most of the studies have been in relation
to metallic materials. However, other materials such as concrete, plastics, and new materials or coatings
increasingly used nowadays should be included. MIC affects a variety of structures, vessels, and pipelines by
directly or indirectly influencing the overall corrosion process, and is usually estimated to account for 20% of
the total cost of corrosion. Due to the complexity of systems involving microorganisms, it is generally difficult
to precisely quantify the influence of MIC to the overall corrosion process.
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Microbial ecology studies have clearly demonstrated that microbes can survive and be active in a wide variety
of environments including many man-made structures and environments. Systems where MIC is especially
important include hydrocarbon and fuel (gas and liquid) transmission and storage systems, as well as hazardous
materials transport and storage structures. These systems provide adequate environmental conditions and
substrates for microbial development, and the participation of microorganisms in corrosion has been clearly
demonstrated and MIC failures documented. Utilities such as drinking water and sewer systems also provide
adequate conditions for MIC development. However in such systems, MIC has often been underestimated, as
has been corrosion in general. 

Eckert and Skovhus: MIC typically manifests itself as localized (i.e., pitting) corrosion—with wide
variation in rate, including rapid metal loss rates—both internally and externally on pipelines, vessels, tanks,
and other fluid handling equipment. Despite advances in the understanding of MIC, it remains difficult to
accurately predict where MIC will occur and estimate the rate of degradation. MIC can occur as an independent
corrosion mechanism or in conjunction with other corrosion mechanisms. These characteristics present
challenges to implementing effective corrosion management of engineered systems in which MIC is an
applicable threat.


Jenneman: Although the techniques to identify MIC are nonstandard and subject to interpretation, the places
where we suspect MIC to occur experience rapid pitting, usually at interfaces where solids such as scale, wax,
and or other solids can settle out or precipitate. Areas downstream of welds, where cleaning pigs have difficulty
removing deposits, as well as dead legs, low-velocity areas, and tank bottoms where solids and bacteria/biofilms
can accumulate, are particularly susceptible to attack. Often this pitting is very isolated, with one hole
surrounded by a number of shallower pits. Pitting rates range from a few mpy to >250 mpy.


Lee: MIC in itself is not a unique corrosion mechanism; rather it produces conditions that increase the
susceptibility of materials to corrosion processes such as pitting, embrittlement, and under deposit corrosion
(UDC). MIC can result in orders of magnitude increases in corrosion rates. The most devastating issue
regarding MIC is its general lack of predictability—both spatially and temporally.


Little: In almost all cases MIC produces localized attack that reduces strength and/or results in loss of
containment. 

MP: What are the current techniques used to identify MIC? 

Le Borgne: Current techniques to identify MIC after it has occurred or when it is suspected are based on
detecting and identifying the (causative/present) microorganisms; examining the damaged material (pit
morphologies), and analyzing the corrosion products in search of biogenic structures. Concerning the detection
and identification of microorganisms, the traditionally used techniques generally involve culture techniques
with already prepared media tests kits to detect the growth of specific microorganisms known to participate in
MIC in specific environments, such as sulfate-reducing bacteria (SRB), acid-producing bacteria, nitrate-
reducing bacteria, or iron-reducing bacteria.

These kits are relatively easy to use although they need some basic laboratory expertise; the samples are
inoculated directly in the field immediately after the sample has been collected. These kits also have the
advantage of detecting only active bacteria, even in very low numbers. However, these kits can be rather
unspecific and allow the growth of other types of microorganisms. Some years ago, genetic techniques had been
proposed to allow a better detection and identification of microorganisms in MIC. These techniques need
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special expertise. Careful sampling is needed to avoid contaminations as these techniques are extremely
sensitive and the samples must be transported and stored under special conditions to avoid degradation of the
nucleic acids.

Following total DNA extraction from the samples, the total content and identity of virtually all the
microorganisms present can be determined by different methods, from genetic fingerprints to pyrosequencing.
When DNA is the starting material for these analyses, all the microorganisms, whether dead or alive, are
detected. It cannot be determined which microorganisms were metabolically active when the sample was taken.
RNA extraction from environmental samples is very challenging and is not a routine technique.


Lee: Advancements in molecular microbiology provide numerous methods to determine which ones are there,
how many there are, and what they are doing. Metallurgical sectioning and microscopy provide information
about material composition, corrosion morphology, and spatial relationships between microorganisms and sites
of corrosion. Multiple techniques are used to determine the electrochemical properties of materials exposed to
biologically active media. Surface science and crystallography provide the chemical and structural identity of
corrosion products.


Jenneman: It is recommended when trying to justify MIC as a contributing or root cause of corrosion that the
following lines of evidence be examined: 

1. Biological: In this case we will chemically characterize the water for essential microbiological nutrients (e.g.,
organics, nitrogen, phosphorus) and perform microbiological testing, if possible, to determine if the
environment can support growth and activity. We will use culture-based and molecular methods to determine
the types/numbers of microorganism present if good samples are available. Other physical properties
(temperature, pH, ionic strength) of the environment will also be checked and evaluated. 

2. Chemical: In this case we work with corrosion engineers who will look at water chemistry, gas analyses,
corrosion models, etc. to determine if abiotic mechanisms such as carbon dioxide (CO ) corrosion can explain
the corrosion. 

3. Metallurgical: In this case both microbiologists and corrosion engineers will examine corrosion products
(using x-ray fluorescence [XRF] and x-ray diffraction [XRD]) and pit locations/morphology, as well as
determine maximum pit depth using surface profilometry to determine if parameters are consistent with MIC
and/or other mechanisms 

4. Operational: Many operational conditions and changes can influence the likelihood for MIC, e.g., low-
velocity/stagnant conditions, pigging frequency, types of pigs, biocide usage, rapid failures, changes in
temperature, introduction of oxygen, and upward trending of bacteria. All of these available lines of evidence
and facts are then weighed to determine if MIC is the root cause or a contributing factor.


Eckert and
Skovhus:
MIC is identified by evaluating the physical conditions, chemical composition,
microbiology, and metallurgy of the susceptible component or system. The
integration of this data is what
ultimately determines the extent to which MIC
may be contributing to the observed corrosion. Therefore, the
techniques used
to identify MIC are varied and cross-disciplinary and require expertise in
materials, corrosion,
microbiology, chemical treatment, and asset operations. Although
microbiological conditions are only one piece
of the MIC puzzle, the counting
of viable bacteria has historically received the most emphasis. Serial dilution
using liquid culture media, despite its limitations, has been the predominant
method used to identify viable
bacteria. 
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The type (formulation) of the culture
medium and incubation temperature determines the numbers and types of
microorganisms
that will grow. Since no culture medium can approximate the complexity of a
natural
environment, liquid culture provides favorable growth conditions for
only about 1 to 10% of the natural
microbiological population under ideal
circumstances. Further, some microorganisms are incapable of growth in
typical
liquid media (e.g. some Archaea). While these factors bias culture-based
results, serial dilution results
are still useful for monitoring general trends
of growth in some systems. 

Molecular microbiological methods (MMM), long used
in health care and forensics, have gained popularity in
the analysis of
microbiological corrosion and are now included in a number of NACE standards
and
publications, including TM0194-2004,  3T199,  TM0212-2012,  and the forthcoming revision of
TM0106-
2006. 
MMM require only a small amount of sample (liquid, biofilm, solid) with or
without live
microorganisms. After genetic materials are extracted from the
sample, assays are specific and render a more
accurate quantification of
various types of microorganisms than culture tests. Molecular techniques that
are
finding increased use include quantitative polymerase chain reaction
(qPCR), denaturing gradient gel
electrophoresis (DGGE), and fluorescent in situ
hybridization (FISH).

Little: Despite the limitations
of liquid/solid culture techniques, it is my opinion that most industries use
some
form of culture to establish a most probable number (MPN) of viable
organisms. Relating MPN to the
likelihood of MIC is a questionable practice
that can only be reliable in limited applications.  NACE TM0212-
2012 describes microscopic
analyses, chemical assays, and molecular methods for evaluating MIC. Most of the
research in MIC testing is
related to molecular techniques that identify and quantify microorganisms.  It is not
clear that molecular techniques
have provided a more accurate tool for predicting the likelihood of MIC. These
techniques may provide a tool for
assessing mitigation strategies. Microorganisms do produce mineralogical
fingerprints
that can be used to identify MIC. In many cases, MIC is assumed when there is
no obvious cause of
corrosion.


MP: What are the challenges
faced when establishing MIC as the probable cause of
corrosion?

Eckert and
Skovhus:
Since microorganisms are ubiquitous, and some are capable of life in even the
most
extreme environments, the greatest challenge is determining the degree to
which MIC contributes to corrosion
in conjunction with other relevant corrosion
mechanisms. For example, biofilms that increase MIC
susceptibility in pipelines
often occur where the fluid velocity is continuously low enough to promote
water
accumulation and solid particle deposition. Deposit or sediment buildup
may also allow UDC mechanisms, such
as concentration cells, to occur.


Distinguishing the relative contributions of the biofilm and concentration
cells, for example, may be difficult
depending on the information available to
the investigator. The second challenge is effectively collecting and
integrating corrosion, microbiological, chemical, operational, design,
mitigation, and metallurgical data to
determine the predominant corrosion
mechanisms that are present. Corrosion threat assessment for MIC should
be
conducted in view of all other applicable corrosion mechanisms for the asset.
Identifying the predominant
corrosion mechanisms supports the establishment of
mitigation measures that are likely to have the greatest
benefit. 

Finally,
establishing MIC as the probable cause of corrosion in a failed component may
be particularly difficult
since the failure event itself is likely to have
altered the conditions that caused the corrosion damage. Careful
sample
preservation and field sample collection from representative undamaged areas
can aid in forensic
corrosion investigations. The identification of MIC as a
damage mechanism should not be based solely on the
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presence, number, or type of
microorganisms on a corroded component.


Lee: MIC is a very subtle
study. Rarely can a case of suspected MIC be confirmed without evidence from
multiple analysis techniques and sciences. The presence of microbes alone does
not prove the existence of MIC.
Microorganisms exist throughout the environment. The greatest challenge
is proving that microorganisms
actually influenced the electrochemical
properties of the system. In addition, higher numbers of microorganisms
does
not necessarily mean increased likelihood of MIC. Molecular techniques are required to detect
the
individual activities of each microbe species. A system baseline of normal
operating conditions, where
predictable corrosion occurs (e.g. uniform
corrosion of carbon steel [CS] in freshwater), is required for
comparison with
suspected MIC cases.

Jenneman: There are really no
definitive tests or accepted standardized methodologies that can be applied to
directly implicate MIC as the probable cause. It is often determined through a
process of deduction of the facts
and elimination of other mechanisms.
Therefore a challenge is to develop standardized tests and approaches that
can
be widely accepted by the industry. However, MIC is a complex problem involving
various aspects of
materials science, electrochemistry, and microbiology that
necessitates the involvement of scientists and
engineers from various
disciplines to take on this challenge. Also, the potentially large number of
microbial
types and activities involved challenges us to develop better
mechanistic understandings of how these
microorganisms and activities influence
corrosion processes.

Little: MIC does not produce a
unique corrosion morphology, making it impossible to identify MIC without
specific testing.

Le Borgne:
Challenges
include the nature of the collected samples and whether they are from biofilms
or bulk
water. Only microorganisms in biofilms influence the corrosion process,
although these microorganisms
proceed from the surrounding bulk liquid phase.
The number of corrosive or potentially corrosive
microorganisms detected in the
bulk water is not related to the intensity of the attack. Live microorganisms
may
not be detected in the samples, but dead organisms that participated in the
attack or influenced the corrosion
process are present on the surface of the
material and in the corrosion products.

The microorganisms may act as consortia
and not as isolated organisms, which may complicate the diagnosis
and
interpretation of the data. Different techniques are available for studying and
diagnosing MIC. These
analyses are generally performed in parallel and a
multidisciplinary approach is necessary and might not always
be easy to manage.
There must be a link between the microbiological studies, the pit morphologies,
and the
composition of the corrosion products in order to clearly establish MIC
as a corrosion mechanism, which may
contribute from 0 to 100% in a corrosion
process.

MP: Are current
identification technologies adequate or is additional research necessary to
develop more effective methods to identify MIC?

Little: The identification
tools that can be used to determine that MIC has taken place appear to be
adequate.
There are recent refinements
in sample preparation and fixation for more accurate molecular analyses.
However, there are few tools/technologies for
predicting MIC before it occurs.

Eckert and
Skovhus:
Current technologies, when used in combination with each other, can usually
provide
adequate information to assess and characterize MIC. Since MIC must
typically be diagnosed using a
combination of data (chemical, microbiological,
metallurgical, operational, etc.), no single technology or tool
can reliably
identify MIC in all cases. Many operators have used extended coupon analysis to
collect chemical,
microbiological, and corrosion data from one sample point
with much success.
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The integration of results from MMM with other corrosion
information is one area where additional research is
needed to take advantage
of the vast amount of information provided by genetic technologies. Researchers
and
asset owners are both continuing to find new insights resulting from
collaboration between corrosion/materials
professionals and microbiologists. Distinguishing
the effect of MIC in combination with other abiotic external
corrosion
mechanisms on buried metallic structures and the influence of cathodic
protection (CP) potentials
more negative than -850 mV are other areas that
deserve further attention and additional research—the pipeline
industry would
benefit from additional engineering guidance in this area.

Lee: Additional research is
needed in development of a link between biological activity and corrosion
rate.
Real-time monitoring of corrosion
rate and microbiology currently is not available. Lab-on-chip devices being
developed are
promising for use in microbiological monitoring programs, but academic
disagreements still exist
on which microbial markers are most important.
Corrosion sensors have also become more sophisticated, but
still lack the
ability to be used in prediction of long-term corrosion susceptibility.

Le Borgne: Many identification
technologies are available to provide a complete description of systems where
MIC might have occurred. Some of these techniques require specific expertise
and do not give an immediate
response. However, more research is required in
order to develop portable devices or online/remote sensors to
detect MIC. The
development of international standards and actualized protocols and programs that
take the
peculiarities of each system into account and allow the determination
of risk factors is also needed to prevent
MIC before it occurs in different
facilities.

Jenneman: Better methods are
definitely required to identify MIC. The traditional culture testing is very
slow
and does not give a very complete picture of the microbial communities
involved in the corrosion. The newer
molecular methods (e.g., DGGE, qPCR, and metagenomic
sequencing) are gaining more widespread use and
may eventually replace culture
testing as costs decrease and availability of these technologies to oilfield
end
users increases. They do have the advantage of providing a faster and more
complete picture of the microbial
communities, but they currently require
highly skilled professionals to perform the testing and interpret the
results.

There are currently no accepted standards by which these tests are performed
and no accepted models to help
the end user interpret the results. These tests
are typically outsourced to specialized laboratories and require the
end user
to understand the potential pitfalls of sampling, preservation, procedural
nuances, and interpretation of
results. There are currently industry-sponsored
programs aimed at applying genomic technologies to better
understand and
identify MIC.

MP: When MIC is established
as the corrosion mechanism, what are the mitigation and
monitoring strategies
typically used? Are these strategies effective?

Eckert and
Skovhus:
Common strategies for internal MIC mitigation in oil and gas pipelines include
maintenance pigging and chemical treatment. Depending upon the pigging
frequency and pig design,
maintenance pigging can be effective in removing
deposits/biofilm that promote MIC. A further benefit of
removing deposits is
increasing the effectiveness of chemical treatment by allowing the chemical to
reach the
exposed metal surface. Chemical treatment is typically performed
using corrosion inhibitors (some with the
added benefit of a biocidal
tendency), biocides, and combinations of these chemicals. External MIC on
buried
structures and pipelines is more challenging to diagnose and mitigate
properly, since nearly all soils are
naturally rich with microbiological
activity.
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Furthermore, CP and an external coating are essentially the only
mitigation options for external corrosion
(including MIC) on direct buried
pipe. Pipeline industry guidelines often call for applied potentials more
negative
than -850 mV when MIC is suspected; however, additional research is needed in
this area to validate
the effectiveness of more negative potentials in
consideration of other parameters that influence external
corrosion of buried
structures. Regardless of the type of system, monitoring the effectiveness of
MIC mitigation
measures must include corrosion monitoring in addition to any
microbiological monitoring that is performed,
since ultimately the goal of
mitigation is to control corrosion. Often MIC mitigation programs are focused
on
measuring microbial numbers, types or activity, which can be helpful in
optimizing mitigation but is not a
replacement for corrosion monitoring.

Little: Accelerated low water
corrosion (ALWC) of CS in saline waters is a form of MIC most often attributed
to microorganisms in the sulfur cycle (i.e., SRB and sulfur-oxidizing bacteria).
Both CP and coatings have been
effective in preventing ALWC.

Jenneman: Biocides are still the
chemicals of choice when mitigating MIC; however, biocides usually need to
be
combined with a mechanical or chemical cleaning program to enhance their
effectiveness, especially if the
biofilms and corrosion are already firmly
established. Biocides are comprised of both oxidizing and non-
oxidizing
chemicals. Both can be effective, but the environment and metallurgy will often
dictate the choice.
Other strategies are possible, including the injection of
biostats or inhibitors. We have found that some low-
toxicity film-forming
corrosion inhibitors can inhibit MIC development in model laboratory flow
cells.

Other tactics include developing new chemicals and surfaces (e.g., nanomaterials)
that will not allow bacteria to
attach and form biofilms, or destroy
microorganisms on contact. In addition, application of natural chemicals
can
interfere with the quorum sensing capacity that microbial communities rely on to
form mature biofilms,
potentially rendering them less corrosive. Unfortunately,
much of the testing to evaluate these techniques is
targeted at controlling the
microbes themselves and not the corrosion.

Testing that simply addresses the
reduction of microbial populations without addressing the changes in
corrosiveness is insufficient. To
determine the effectiveness of these strategies, it is necessary to have
effective
monitoring and inspection strategies. Monitoring can be used to
examine effectiveness of the mitigation strategy
to deliver the chemicals,
control microbiological growth, and reduce corrosiveness of the environment;
however,
monitoring is only as good as the locations selected and samples collected, as
well as the analyses
performed.

Le Borgne: The main problem
associated with the use of chemicals is the adaptation capacity of
microorganisms that allow them to develop resistance mechanisms and, in some
cases, the ability to biodegrade
these products. Constant injection of chemical
products is necessary. Recently, the injection of nitrate in
oilfields has been
described as an effective technique to control MIC by SRB; however, the long-term
effects of
this manipulation of the environment have not been evaluated.
Strategies based on the use of bacteriophage to
control specific bacterial
populations have also been proposed. These strategies, as well as their
long-term
effects, have to be tested.

MP: When selecting materials
for new construction and/or predicting material lifetime, is MIC a
consideration?

Lee: In my experience, often
times MIC is not a consideration in materials selection. Certain materials have
been shown to not be
susceptible to MIC (e.g. titanium and high Ni-Cr alloys), but these alloys are
often cost
prohibitive.  In the last 20
years, MIC has gained traction in industrial, commercial, and military
sectors. The
result of unexpected
failures due to MIC has increased the attention of MIC and its consideration in
material
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selection.  While many sectors
are hiring corrosion scientists and engineers to deal with increased failure
concerns, MIC still lags behind in consideration in the field of corrosion. 

Le Borgne: To my knowledge, it is
rarely considered, at least in the systems I have been involved in. MIC is
not usually
taken into account until it occurs and few reports deal with prevention and the
assessment of risk
factors associated with MIC. If such information could be
systematized and proper documentation of MIC
failures cases organized, then MIC
could be taken into account in materials selection. Standardized protocols
and
test methods are also needed to test for MIC of materials under laboratory
conditions and norms must be
established.

Jenneman: Yes. In some cases, particularly
where the risks (e.g., dead legs and low-velocity sections) and
consequences
are high (e.g. oil and gas lines), we have changed from CS to corrosion
resistant alloys (typically
duplex stainless steels [SS]) as a means to
mitigate the impact of MIC. I cannot say this will be effective in all
cases,
but we have seen good results in some instances thus far. Also, the application
of fusion-bonded epoxies
to tank bottoms and the use of non-metals (e.g., glass-reinforced
epoxy [GRE] or high-density polyethylene
[HDPE]) for low-pressure water lines
can be effective strategies to combat MIC.

More research is needed on the
effect of MIC in non-austenitic, high-alloyed SS and non-metallic coatings to
qualify them for use in various MIC environments. Unfortunately, to my
knowledge, there are currently no
reliable mechanistic MIC models that can be
used to predict material lifetimes in CS or SS.

Little: Certainly, reports of
ALWC as a global problem in saline waters has forced design engineers and
insurers to question the probability of MIC in specific locations and to plan
accordingly.

Eckert and
Skovhus:
The threat of MIC needs to be considered in the design of new projects to
enable
monitoring and mitigation for managing MIC during the operational stage
of the asset. More importantly,
designing to reduce the potential for
conditions that would promote MIC (e.g. dead legs, low velocity) should
be part
of the development process. Materials selection should be based upon the
anticipated operating
conditions through the life of the asset and the intended
design life.

Few metallic materials commonly used for engineered structures
exhibit complete resistance to MIC, therefore
material selection is usually
based primarily on other engineering requirements for the project. While a
number
of models have been proposed to rank the susceptibility of a system to
MIC, widely accepted models for
reliable prediction of MIC corrosion rates have
yet to be developed, and in fact may remain elusive due to the
vast range of
conditions under which MIC can occur.

MP: Recent research has
demonstrated new MIC-based corrosion mechanisms. Has this new
information
changed the approach to managing MIC?

Lee: The traditional
understanding of MIC involves the formation of a biofilm that provides a niche
for
corrosive microorganisms to proliferate. Recent research has demonstrated that metal surfaces alone can
produce
redox, oxygen, and nutrient gradients without an established biofilm. Many mitigation and monitoring
strategies
operate under the assumption of a substantial biofilm presence and treat
accordingly.

Little: The list of
microorganisms that can influence corrosion and the causative mechanisms is
constantly
growing. Recent research has,
in general, demonstrated the metabolic flexibility of causative organisms. Most
recently it has been demonstrated that
some bacteria can accept electrons for iron (iron is the electron donor).
However, it is not clear that increased
understanding has translated into increased predictability.
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MEET THE PANELISTS:

Eckert and
Skovhus:
Research continues to confirm that MIC does not occur by any single, exclusive
mechanism, and that various microbial consortia in different environments have
established novel ways to use
the energy sources available to them. The
increased knowledge of microorganisms in industrial systems brought
about by
application of genetic methods has resulted in new understanding, and at the same
time raised new
questions about how the activities of specific microorganisms
contribute to corrosion. Increased knowledge of
the ways in which
microorganisms influence corrosion through both biotic and abiotic processes
will ultimately
lead to improved mitigation and monitoring strategies and
technologies. However, even with improved
understanding of MIC mechanisms,
development and implementation of innovative MIC management
technologies will
take time.

Jenneman: The recent revelations
of the ability of certain SRB and methanogens to directly use electrons
from
metallic iron prior to the formation of molecular hydrogen is indeed opening
our eyes to the different ways
in which microorganisms can influence corrosion
and to the need to expand our approaches and methods when
looking for these
causative agents of MIC. We need to better understand how these microorganisms
accomplish
this and how to detect their presence and control their activity.
Their presence and potential activity can also
impact how we currently manage
and formulate the risks to our pipelines and facilities.

Le Borgne: To my knowledge it has
not changed the approach yet, at least in the systems I have been
involved in.
It will probably take some time until this new knowledge is incorporated and
taken into account in
the field.
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PUBLIC ADVOCATES OFFICE RESPONSES TO SOUTHERN CALIFORNIA GAS 

COMPANY’S FIRST SET OF DATA REQUESTS 
 

Order Instituting Investigation into SoCalGas’ Practices and Operations of the Aliso 
Canyon Storage Facility and the Uncontrolled Release of Natural Gas, 

I.19-06-016 
 

 
Data Request No:    SoCalGas-CalAdvocates-01 
 
Date of This Request:   January 9, 2020 
 
Response Date:    January 24, 2020 
 

   

GENERAL OBJECTIONS 

The Public Advocates Office provides the following Responses (Responses) to Southern 
California Gas Company’s (SoCalGas) First Set of Data Requests to the Public Advocates Office 
dated January 9, 2020 (SoCalGas DR 1).  Questions from SoCalGas DR 1 are reproduced below, 
followed by Public Advocates Office Responses, solely for ease of reference.  The Public 
Advocates Office does not adopt or admit any question or any portion of any question as correct 
or true.  The Public Advocates Office reserves the right to supplement, clarify, revise, or correct 
any or all of the Responses and objections herein, and to assert additional objections or 
privileges, in one or more subsequent supplemental response(s).  Responses pertaining to 
questions of law or legal conclusions have been prepared with the assistance of counsel. 

The Public Advocates Office objects to each data request to the extent it mischaracterizes Public 
Advocates Office Opening Testimony. 

The Public Advocates Office objects to each data request to the extent it is overly broad, unduly 
burdensome, or not reasonably calculated to lead to the discovery of admissible evidence. 

The Public Advocates Office objects to each instruction, definition, and data request to the extent 
that it seeks information or documents protected from disclosure by the attorney-client privilege, 
attorney work product doctrine, or any other applicable privilege. 

The Public Advocates Office objects to each instruction, definition, and data request as 
overbroad and unduly burdensome to the extent it seeks documents or information that are 
readily or more accessible to SoCalGas from SoCalGas’s own files, from documents or 
information in SoCalGas’s possession, or from documents or information that SoCalGas 
previously produced to the Public Advocates Office.  Responding to such requests would be 
oppressive, unduly burdensome, and unnecessarily expensive, and the burden of responding to 
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such requests is substantially the same or less for SoCalGas as for the Public Advocates Office.  
All such documents and information will not be produced. 

The Public Advocates Office incorporates by reference every general objection set forth above 
into each specific response set forth below.  A specific response may repeat a general objection 
for emphasis or some other reason.  The failure to include any general objection in any specific 
response does not waive any general objection to that request. 

 

DATA REQUESTS AND RESPONSES 

YOU allege on page 5 of YOUR PREPARED TESTIMONY that had “SoCalGas management 
acted in accordance with recommendation from its staff, corrosion issues for SS-25 could have 
been identified, monitored, and remediated decades prior to the Leak.”  YOU further allege on 
page 9 of YOUR PREPARED TESTIMONY that had “SoCalGas’ management properly 
administered the program, the corrosion issues on SS-25 would have been timely identified.”  
With these references in mind, please answer the following: 

Question 1 

Please identify the earliest date that YOU contend SoCalGas could have identified “corrosion 
issues” in SS-25. 

Response to Question 1 

The Public Advocates Office objects to this question on the ground that SoCalGas attempts to 
shift the burden of investigation of its wells contrary to Public Utilities (PU) Code Section 451.  
The Public Advocates Office further objects to the question on the grounds that this question is 
unduly burdensome in that it requires the Public Advocates Office to gather and analyze all the 
information that is or was in SoCalGas’s sole possession and control.  The Public Advocates 
Office further objects that information responsive to this question is in SoCalGas’s sole 
possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

Please see Public Advocates Office Opening Testimony (Opening Testimony), pages 3-5, which 
states:   

In 1988, SoCalGas began a program to perform casing integrity logs (known as 
Vertilog) and hydrostatic pressure testing on 20 candidate wells, including SS-
25….  

Vertilog logging inspections were [ultimately] performed on only seven of the 20 
wells, which did not include SS-25.  Moreover, only five of the seven logged wells 
have surviving records.  Of the five wells with surviving records, each included 
corrosion indications of at least 20 percent loss in wall thickness, with one well 
having an indication of over 60 percent loss in wall thickness…. 



 
 
 

 
 
 

Public Advocates Office 
California Public Utilities Commission 

 
  

 
505 Van Ness Avenue 

San Francisco, California 94102 
Tel: 415-703-2381 

Fax: (415) 703-2057 
 

http://publicadvocates.cpuc.ca.gov
/ 

… Given the condition of the inspected wells (as indicated by the 20 percent or 
greater corrosion rate and the subsequent remediation), a prudent manager would 
have inspected the remaining 13 candidate wells to ensure the absence of similar 
integrity issues.  SoCalGas’ management, however, failed to undertake a timely 
inspection of these wells, including SS-25, and consequently failed to identify and 
address corrosion issues.  (Footnotes omitted) 

Please also see Blade Report Root Cause Analysis of the Uncontrolled Hydrocarbon Release 
from Aliso Canyon (Blade Report), Volume 4, at page 2, which states:  “There is no way to 
know what an inspection of the SS-25 casing would have shown in 1988, but it is possible that 
corrosion was present and detectable, and steps could have been taken to avoid the leak in 2015.” 

The Public Advocates Office contends that corrosion issues in SS-25 could have been identified 
as early as 1988 if SoCalGas had fully implemented its proposed 1988 Vertilog and hydrostatic 
pressure testing program. 

 

Question 2 

Please identify all tools available in or around 1988 that were capable of detecting corrosion on 
the outer diameter of casings in gas storage wells. 

Response to Question 2 

The Public Advocates Office objects to this question as vague and ambiguous, particularly as to 
the phrase “tools.”  The Public Advocates Office also objects to this question on the ground that 
SoCalGas attempts to shift the burden of investigation of its wells contrary to PU Code Section 
451.  The Public Advocates Office further objects to the question on the grounds that this 
question is unduly burdensome in that it requires the Public Advocates Office to gather and 
analyze all the information that is or was in SoCalGas’s sole possession and control.  The Public 
Advocates Office further objects that information responsive to this question is in SoCalGas’s 
sole possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

Pressure testing was an available method of identifying the integrity of casings in gas storage 
wells in 1988.  (See Blade Report, page 197, Section 4.6.1:  “Section 1724.10(j)(1): MIT Part 1.  
Prior to commencing injection operations, each injection well must pass a pressure test of the 
casing-tubing annulus to determine the absence of leaks.”  SS-25 was pressure tested in 1973, 
1976, and 1979.)  Please also see Opening Testimony, page 6, which states:  “…SoCalGas could 
have proceeded with testing the integrity of the 13 remaining wells through pressure testing, as 
originally proposed in the 1988 Interoffice Memo.  While SoCalGas may have originally planned 
for the pressure testing to identify leaks at casing collars, pressure testing would also have 
assessed the mechanical integrity of the wells.”  (Footnotes omitted). 
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Question 3 

Please identify the minimum amount of corrosion or metal loss that YOU contend would 
necessitate remediation. 

Response to Question 3 

The Public Advocates Office objects to this question as vague and ambiguous, particularly as to 
the phrase “necessitate remediation.”  The Public Advocates Office also objects to this question 
on the ground that SoCalGas attempts to shift the burden of investigation of its wells contrary to 
PU Code Section 451.  The Public Advocates Office further objects to the question on the 
grounds that this question is unduly burdensome in that it requires the Public Advocates Office 
to gather and analyze all the information that is or was in SoCalGas’s sole possession and 
control.  The Public Advocates Office further objects that information responsive to this question 
is in SoCalGas’s sole possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

There is no minimum amount of corrosion or metal loss that should necessitate remediation; 
instead, once the wellbore is proven to be found in a corrosive environment, such a finding 
would “necessitate immediate remediation.”  Thus, once SoCalGas found that its wells had come 
in contact with the corrosive environment, SoCalGas should have taken action to remediate any 
corrosion issues.  As to SS-25 specifically, despite knowledge that its wells existed in a corrosive 
environment, SoCalGas performed no wall thickness inspections or any other corrosion 
remediation measures from the time when Vertilog results in similar wells showed corrosion 
issues in 1988 until the leak occurred on October 23, 2015.  

 

Question 4 

Please identify all LAWS in effect as of 1988 that required gas storage operators to perform 
Vertilog testing of casings in gas storage wells. 

Response to Question 4 

The Public Advocates Office objects to this question on the ground that information responsive 
to this question is equally available and is known, or should be known, to SoCalGas.  The Public 
Advocates Office further objects that this question calls for a legal conclusion.  As this question 
pertains to questions of law or legal conclusions, it has been prepared with the assistance of 
counsel. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

PU Code Section 451 states:  “Every public shall furnish and maintain such adequate, efficient, 
just, and reasonable service, instrumentalities, equipment, and facilities … as are necessary to 
promote the safety, health, comfort, and convenience of its patrons, employees, and the public.” 
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YOU allege on pages 8-9 of YOUR PREPARED TESTIMONY that: 

Using an assumption that the production casings of each well would have had 0 
percent Outer Diameter (OD) penetration (wall thickness loss) at the time they 
were installed and the percentage of OD Penetration found by the Vertilog results 
in 1988, it is possible to estimate a localized linear corrosion rate in units MPY.  
From the results in Table 1, the wells given Vertilog inspections had a corrosion 
rate from 1.4 to 4.6 MPY.39  Given the almost 5 MPY corrosion rate and an 
existing wall thickness loss exceeding 60 percent, the wall thickness would be 
reduced to 80 percent in as few as 14 years, or by 2002. [Footnote 40 omitted] … 
SoCalGas failed to perform this basic corrosion rate calculation with the 1988 
Vertilog results, leaving SoCalGas’ management uninformed and unable to assess 
the risk of casing failure events. 

Footnote 39 provides the following citation: 

In an open water system, a corrosion rate of around 1 MPY is normal.  Having 
corrosion rate of around 10 [MPY], you should take action.  Corrosion rates of 20 
MPY and above, you should be concerned, as the corrosion is “eating” the metal 
rather fast.  Merus Oil and Gas, https://www.merusonline.com/mpy-milsper-year/. 

With this reference in mind, please answer the following: 

Question 5 

Please describe YOUR basis, including any supporting literature or analysis, for assuming a 
“linear” rate of corrosion to estimate the rate of metal loss. 

Response to Question 5 

There are several assumptions that can be made for the corrosion rate of Aliso Canyon’s 
production casings (i.e., linear, exponential, logarithmic). The assumption of a linear rate of 
corrosion is the most conservative estimate for this corrosion rate assessment that still fits the 
data presented by the Blade Report. Please see Blade Report, pages 123-124: 

The failure occurred through a patch of corrosion. This patch of corrosion was 
characterized by striated grooves, and the ends of the groove had a sharp ‘V’ shape. 
Further, these grooves consisted of grooves within, almost fractal in nature. 
Examination of the ends of the grooves revealed tunnels that began at the emds pf 
the groove and that penetrated parallel to the groove into the metal.  One sample 
revealed the formation of multiple parallel tunnels that aligned and developed into 
grooves. 

… Many of these descriptions of corrosion deposits have been identified in 
literature as caused by MIC. The literature data were generated from controlled 
experiments with deliberate exposure to microbes. 
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… 

The SS-25 well was originally constructed as an oil well with the 7 in. production 
casing. The top of the cement on the 7 in. casing was around 7,000 ft and above the 
cement was drilling fluid. Based on the available data, this fluid would have had a 
pH ranging from 10.5 to 12.5 at the time of well construction.… The drilling fluid 
either leaked off or was displaced with ground water over time. 

… The microbiological organisms grew in population and caused physio-chemical 
reactions that likely caused the corrosion process to occur. The corrosion rates 
would have been quite low, on an average of 5 to 10 mpy. This is expected because, 
as corrosion occurs, a scale is formed on steel surface and there is no mechanism 
of removal of this scale. Any further corrosion requires mass transfer through the 
scale. The corrosion rates are anticipated to be low in a relatively stagnant 
environment.…   

A logarithmic corrosion rate would best fit an environment where most of the corrosion occurs 
immediately after the production casing comes in contact with the corrosive environment. The 
Blade Report finds that a period of time must have passed while the high pH drilling fluid was 
displaced before microbes could begin corroding the casing. A logarithmic assumption, 
therefore, does not match the data put forth by the Blade Report, so it was rejected.  

An exponential corrosion rate may have been a reasonable fit for the corrosion occurring on the 
production casing. Corrosion as a process is a function of the surface area of the production 
casing in contact with the corrosive aqueous environment. As more of the surface of the casing is 
corroded and more “grooves and tunnels” appear, more surface area of the production casing 
comes in contact with the corrosive environment. This leads to more corrosion, which in turn 
increases the surface area by creating more grooves and tunnels. This corrosion of the outer 
diameter of the production casing therefore fits an exponential corrosion rate. 

However, an issue with assuming an exponential corrosion rate is that in order to accurately 
document the nature of the corrosion, at least three data points are needed to fit the curve. Since 
SoCalGas has provided proof of only one wall thickness examination on its wellbores in their 
more than 60-year lifespan (Vertilog testing in 1988), there is not enough data to accurately 
estimate the exponential nature of the corrosion. Had SoCalGas performed other regular wall 
thickness measurement inspections, those data points may have better fit an exponential rate of 
corrosion to the wellbores. 

As a result, the only available assumption is a linear local approximation of corrosion, which is a 
conservative estimate given the lack of data taken by SoCalGas. With the one wall thickness 
measurement in 1988 (for 7 of the 20 prioritized wells), and an assumption that the production 
casing was placed into the ground with a 0% Wall Thickness loss, it is possible to approximate a 
constant rate of corrosion while the casing was in the ground. This linear assumption balances 
the exponential growth of surface area in contact with the corrosive environment with Blade 
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Report’s explanation of “scale formation” on the steel, which could have slowed corrosion of 
previously exposed casing.  

It is important to note that this assumption would overestimate corrosion early in the lifespan of 
the production casing and underestimate the corrosion late in the corrosion’s lifespan. However, 
by the time 60% Wall Thickness loss had been identified by Vertilog testing of similar casings, 
linear approximation would have been the conservative estimate. As time went on, actual 
corrosion rate would likely be a much larger MPY (“Mils Per Year”) corrosion rate than the 
available linear assumption. The Blade Report accounts for this issue when it estimates the 
corrosion rate as “an average of 5 to 10 mpy.” 

 

Question 6 

Please state all facts supporting YOUR assumption that the corrosion of SS-25 occurred in a 
linear fashion. 

Response to Question 6 

Please see Public Advocates Office’s response to Question 5. 

 

Question 7 

Assuming the accuracy and reliability of YOUR corrosion rate calculation for Porter 37 (4.5 
MPY as of 1988), what remedial action(s), if any, do YOU contend SoCalGas should have taken 
in or around 1988 respecting well Porter 37? 

Response to Question 7 

The Public Advocates Office objects to this question on the ground that SoCalGas attempts to 
shift the burden of investigation and maintenance of its wells contrary to PU Code Section 451.  
The Public Advocates Office further objects to the question on the grounds that this question is 
unduly burdensome in that it requires the Public Advocates Office to gather and analyze all the 
information that is or was in SoCalGas’s sole possession and control.  The Public Advocates 
Office further objects that information responsive to this question is in SoCalGas’s sole 
possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

Please see Opening Testimony, page 9, which states:  “Given the poor condition of the inspected 
wells, it would have been prudent for SoCalGas management to confirm that the remaining 13 
wells did not also have compromised integrity.  SoCalGas management failed to do so.  Instead it 
claimed that continued Vertilog inspections would not have achieved SoCalGas’ intended 
purposes of the 1988 program.  Even if this claim is correct, SoCalGas’ management could still 
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have confirmed the integrity of the remaining 13 wells through other measures, such as pressure 
testing, as SoCalGas had originally proposed.” 

Please also see the Blade Report, page 219:   

When a failure of some component in a system occurs, it is not uncommon to 
conduct a failure analysis depending on the severity of the failure and its 
consequences. The purpose of the failure analysis is to determine why it happened, 
how to prevent its recurrence, and, of equal importance, determine if it was because 
of an isolated problem or if it was a potentially systemic problem. If the problem 
appears to be systemic, then a risk assessment is commonly done to determine the 
likelihood of the failure occurring elsewhere, what the potential consequences 
might be, and how tolerable the risk is. With this understanding of the nature of the 
problem and potential risks, existing procedures can then be changed or new ones 
developed to monitor and mitigate the risks. 

… Blade’s review of the Aliso Canyon well files shows that 40% of the wells had 
casing failures (leaks, tight spots, parted casing) with an average of 2 failures per 
well (99 failures in 49 wells). 

… Despite this, there is no evidence that SoCalGas conducted a formal failure 
analysis or follow-up risk assessment on any of the casing failures to determine 
why they occurred. Nor was there an investigation of the reasons for, and the 
potential consequences of, the corrosion. 

 

Question 8 

Assuming the accuracy and reliability of YOUR corrosion rate calculations for Porter 46 (1.4 
MPY as of 1988), what remedial action(s), if any, do YOU contend SoCalGas should have taken 
in or around 1988 respecting well Porter 46? 

Response to Question 8 

The Public Advocates Office objects to this question on the ground that SoCalGas attempts to 
shift the burden of investigation and maintenance of its wells contrary to PU Code Section 451.  
The Public Advocates Office further objects to the question on the grounds that this question is 
unduly burdensome in that it requires the Public Advocates Office to gather and analyze all the 
information that is or was in SoCalGas’s sole possession and control.  The Public Advocates 
Office further objects that information responsive to this question is in SoCalGas’s sole 
possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

Please see Public Advocates Office’s response to Question 7. 
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Question 9 

Assuming the accuracy and reliability of YOUR corrosion rate calculations for Standard Sesnon 
8 (3.0 MPY as of 1988), what remedial action(s), if any, do YOU contend SoCalGas should have 
taken in or around 1988 respecting well Standard Sesnon 8? 

Response to Question 9 

The Public Advocates Office objects to this question on the ground that SoCalGas attempts to 
shift the burden of investigation and maintenance of its wells contrary to PU Code Section 451.  
The Public Advocates Office further objects to the question on the grounds that this question is 
unduly burdensome in that it requires the Public Advocates Office to gather and analyze all the 
information that is or was in SoCalGas’s sole possession and control.  The Public Advocates 
Office further objects that information responsive to this question is in SoCalGas’s sole 
possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

Please see Public Advocates Office’s response to Question 7. 

 

Question 10 

Assuming the accuracy and reliability of YOUR corrosion rate calculations for Standard Sesnon 
9 (1.5 MPY as of 1988), what remedial action(s), if any, do YOU contend SoCalGas should have 
taken in or around 1988 respecting well Standard Sesnon 9? 

Response to Question 10 

The Public Advocates Office objects to this question on the ground that SoCalGas attempts to 
shift the burden of investigation and maintenance of its wells contrary to PU Code Section 451.  
The Public Advocates Office further objects to the question on the grounds that this question is 
unduly burdensome in that it requires the Public Advocates Office to gather and analyze all the 
information that is or was in SoCalGas’s sole possession and control.  The Public Advocates 
Office further objects that information responsive to this question is in SoCalGas’s sole 
possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

Please see Public Advocates Office’s response to Question 7. 
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Question 11 

Assuming the accuracy and reliability of YOUR corrosion rate calculations for Frew 4 (4.6 MPY 
as of 1988), what remedial action(s), if any, do YOU contend SoCalGas should have taken in or 
around 1988 respecting well Frew 4? 

Response to Question 11 

The Public Advocates Office objects to this question on the ground that SoCalGas attempts to 
shift the burden of investigation and maintenance of its wells contrary to PU Code Section 451.  
The Public Advocates Office further objects to the question on the grounds that this question is 
unduly burdensome in that it requires the Public Advocates Office to gather and analyze all the 
information that is or was in SoCalGas’s sole possession and control.  The Public Advocates 
Office further objects that information responsive to this question is in SoCalGas’s sole 
possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

Please see Public Advocates Office’s response to Question 7. 

 

Question 12 

Assuming that as of 1988 SS-25 had a “normal” corrosion rate of “around 1 MPY,” as cited in 
footnote 39 of YOUR PREPARED TESTIMONY, what remedial action(s), if any, do YOU 
contend SoCalGas should take taken? 

Response to Question 12 

The Public Advocates Office objects to this question as it mischaracterizes the Opening 
Testimony.  The Public Advocates Office further objects to this question on the ground that 
SoCalGas attempts to shift the burden of investigation and maintenance of its wells contrary to 
PU Code Section 451.  The Public Advocates Office further objects to the question on the 
grounds that this question is unduly burdensome in that it requires the Public Advocates Office 
to gather and analyze all the information that is or was in SoCalGas’s sole possession and 
control.  The Public Advocates Office further objects that information responsive to this question 
is in SoCalGas’s sole possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

Question 12 mischaracterizes the findings of the Blade Report, which determined the corrosion 
rates to have been ‘an average of 5 to 10 mpy.”  (Blade Report, page 124.)  Further, please see 
Public Advocates Office’s response to Question 7. 
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Question 13 

Please identify all LAWS in effect as of 1988 that required gas storage operators to perform 
corrosion rate calculations for gas storage wells. 

Response to Question 13 

The Public Advocates Office objects to this question on the ground that information responsive 
to this question is equally available and is known, or should be known, to SoCalGas.  The Public 
Advocates Office further objects that this question calls for a legal conclusion.  As this question 
pertains to questions of law or legal conclusions, it has been prepared with the assistance of 
counsel. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

PU Code Section 451 states:  “Every public shall furnish and maintain such adequate, efficient, 
just, and reasonable service, instrumentalities, equipment, and facilities … as are necessary to 
promote the safety, health, comfort, and convenience of its patrons, employees, and the public.” 

 

YOU allege on page 11 of YOUR PREPARED TESTIMONY that:  “[t]he fact that SS-25 was 
not cathodically protected, replaced, or taken out of service prior to the Leak meant that the 
corrosion was unmitigated.”  With this reference in mind, please answer the following: 

Question 14 

Do YOU contend that SoCalGas should have applied cathodic protection to SS-25? 

Response to Question 14 

The Public Advocates Office objects to this question as it mischaracterizes the Opening 
Testimony.  The Public Advocates Office further objects to this question on the ground that 
SoCalGas attempts to shift the burden of investigation and maintenance of its wells contrary to 
PU Code Section 451.  The Public Advocates Office further objects to the question on the 
grounds that this question is unduly burdensome in that it requires the Public Advocates Office 
to gather and analyze all the information that is or was in SoCalGas’s sole possession and 
control.  The Public Advocates Office further objects that information responsive to this question 
is in SoCalGas’s sole possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

If cathodic protection were applied to SS-25 prior to the invasion of groundwater, the resulting 
corrosion would not have occurred.  Please also see the Blade Report, page 215:  “For the 7 in. 
casing to have corroded, it must have been in direct contact with an environment that allowed the 
corrosion mechanism to exist, and a corrosion protection mechanism must have been absent. 
Cathodic protection systems, for example, are commonly used to protect pipelines from 
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corrosion and are sometimes used on surface casing strings. While a cathodic protection system 
would have provided corrosion protection to the 11 3/4 in. casing, it would not have protected 
the 7 in. casing inside the 11 3/4 in. casing” 

 

Question 15 

Do YOU contend that cathodic protection would have prevented the SS-25 LEAK? 

Response to Question 15 

The Public Advocates Office objects to this question as it mischaracterizes the Opening 
Testimony.  The Public Advocates Office further objects to this question on the ground that 
SoCalGas attempts to shift the burden of investigation and maintenance of its wells contrary to 
PU Code Section 451.  The Public Advocates Office further objects to the question on the 
grounds that this question is unduly burdensome in that it requires the Public Advocates Office 
to gather and analyze all the information that is or was in SoCalGas’s sole possession and 
control.  The Public Advocates Office further objects that information responsive to this question 
is in SoCalGas’s sole possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

Please see Public Advocates Office’s response to Question 14. 

 

YOU allege on page 11 of YOUR PREPARED TESTIMONY that: 

PU Code Section 451 mandates SoCalGas to operate its wells in a manner that 
promotes the safety and health of the public.  This may include, for example, 
taking proactive actions to prevent a gas leak by carrying out technical analyses, 
inspecting of testing the wells (e.g., for well corrosion, for the strength of the well 
casing to withstand high pressure, etc.).  Had SoCalGas taken such preventative 
measures in due time, it may have been able to prevent the SS-25 failure, which 
resulted in negative consequences to the health and safety of the public.  
However, SoCalGas failed to do so. 

(Internal footnotes omitted).  With this reference in mind, please answer the following: 

Question 16 

Please identify all LAWS in effect at the time of the LEAK that required gas storage operators to 
carry out “technical analyses” as used in the above passage from YOUR PREPARED 
TESTIMONY. 
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Response to Question 16 

The Public Advocates Office objects to this question on the ground that information responsive 
to this question is equally available and is known, or should be known, to SoCalGas.  The Public 
Advocates Office further objects that this question calls for a legal conclusion.  As this question 
pertains to questions of law or legal conclusions, it has been prepared with the assistance of 
counsel. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

PU Code Section 451 states:  “Every public shall furnish and maintain such adequate, efficient, 
just, and reasonable service, instrumentalities, equipment, and facilities … as are necessary to 
promote the safety, health, comfort, and convenience of its patrons, employees, and the public.” 

 

Question 17 

Please identify all LAWS in effect at the time of LEAK that required gas storage operators to 
“inspect[] or test[] the wells (e.g., for well corrosion, for the strength of the well casing to 
withstand high pressure, etc.)” as used in the above passage from YOUR PREPARED 
TESTIMONY. 

Response to Question 17 

The Public Advocates Office objects to this question on the ground that information responsive 
to this question is equally available and is known, or should be known, to SoCalGas.  The Public 
Advocates Office further objects that this question calls for a legal conclusion.  As this question 
pertains to questions of law or legal conclusions, it has been prepared with the assistance of 
counsel. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

PU Code Section 451 states:  “Every public shall furnish and maintain such adequate, efficient, 
just, and reasonable service, instrumentalities, equipment, and facilities … as are necessary to 
promote the safety, health, comfort, and convenience of its patrons, employees, and the public.” 

 

Question 18 

Do YOU contend that Public Utilities Code section 451 imposes a STRICT LIABILITY 
standard of liability? 

Response to Question 18 

The Public Advocates Office objects to this question on the ground that information responsive 
to this question is equally available and is known, or should be known, to SoCalGas.  The Public 
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Advocates Office further objects that this question calls for a legal conclusion.  As this question 
pertains to questions of law or legal conclusions, it has been prepared with the assistance of 
counsel. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

The language of PU Code Section 451 speaks for itself. 

 

YOU allege on pages 15-16 of YOUR PREPARED TESTIMONY “seven incidents involving 
missed compliance actions on surveys and inspections done for SS-25.”  The dates of these seven 
alleged “missed compliance actions range from the year 2000 through 2013.”  With this 
reference in mind, please answer the following: 

Question 19 

Did any of the seven surveys or inspections for SS-25 document any anomalies regarding the 
condition of SS-25? 

Response to Question 19 

The Public Advocates Office objects to this question as vague and ambiguous, particularly as to 
the phrase “anomalies regarding the condition of SS-25.”  The Public Advocates Office also 
objects to this question as it mischaracterizes the Opening Testimony.  The Public Advocates 
Office further objects to this question on the ground that SoCalGas attempts to shift the burden 
of investigation and maintenance of its wells contrary to PU Code Section 451.  The Public 
Advocates Office further objects to the question on the grounds that this question is unduly 
burdensome in that it requires the Public Advocates Office to gather and analyze all the 
information that is or was in SoCalGas’s sole possession and control.  The Public Advocates 
Office further objects that information responsive to this question is in SoCalGas’s sole 
possession and control. 

Subject to and without waiver of the foregoing objections, the Public Advocates Office responds 
as follows: 

The information available from the seven incidents involving missed compliance by SoCalGas is 
insufficient to make any conclusion regarding the actual condition of SS-25.  Only two of the 
seven surveys or inspections are specific to SS-25.  The remaining five surveys or inspections 
pertain to a group of wells, which include, but do not speak specifically to, SS-25. 

 

END OF DATA REQUESTS AND RESPONSES 
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FOREWORD

It has been recognizedwithin the pipeline industry that some sections of high-pressure pipelines,
particularly those with long service histories, may experience corrosion. It has also been recog-
nized, through theoretical analysis, scientific research and testing, and industry operating experi-
ence, that some amount of metal loss due to corrosion can be tolerated without impairing the
ability of the pipeline to operate safely. In 1984, ASME published the first edition of the B31G
Manual for Determining the Remaining Strength of Corroded Pipelines. The B31G document
provided pipeline operators with a simplified evaluation method based on the results of analysis
and tests. The application of B31G has enabled pipeline operators to reliably determine safe
operating pressure levels for pipe affected by corrosion, and to determine whether repairs are
necessary in order to continue operating safely.

B31G continued to be reissued by ASME with only minor revisions over time, although other
corrosion evaluation methods had evolved since B31G’s initial publication. A majority of these
other methods are based on the same theoretical model from which the original B31G method
was derived, but may offer some refinement in accuracy. Subsequently, an effort was undertaken
to update the B31G document to recognize certain other corrosion evaluation methods that have
proven sound and that have seen successful use in the pipeline industry. Incorporation of these
other methods into a recognized Code document provides the pipeline operator or other user
with a formalized framework within which to use such methodologies, as well as a wider range
of codified technical options with which to make an evaluation. The 2009 revision of B31G
reflected those objectives.

The 2012 edition of B31G was approved by the American National Standards Institute (ANSI)
on September 20, 2012.
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CORRESPONDENCE WITH THE B31 COMMITTEE

General. ASME Standards are developed and maintained with the intent to represent the
consensus of concerned interests. As such, users of this Standard may interact with the Committee
by requesting interpretations, proposing revisions, and attending Committee meetings. Corre-
spondence should be addressed to:

Secretary, B31 Standards Committee
The American Society of Mechanical Engineers
Three Park Avenue
New York, NY 10016-5990

Proposing Revisions. Revisions are made periodically to the Standard to incorporate changes
that appear necessary or desirable, as demonstrated by the experience gained from the application
of the Standard. Approved revisions will be published periodically.

The Committee welcomes proposals for revisions to this Standard. Such proposals should be
as specific as possible, citing the paragraph number(s), the proposed wording, and a detailed
description of the reasons for the proposal, including any pertinent documentation.

Proposing a Case. Cases may be issued for the purpose of providing alternative rules when
justified, to permit early implementation of an approved revision when the need is urgent, or to
provide rules not covered by existing provisions. Cases are effective immediately upon ASME
approval and shall be posted on the ASME Committee Web page.

Requests for Cases shall provide a Statement of Need and Background Information. The request
should identify the standard, the paragraph, figure or table number(s), and be written as a
Question and Reply in the same format as existing Cases. Requests for Cases should also indicate
the applicable edition(s) of the standard to which the proposed Case applies.

Interpretations. Upon request, the B31 Standards Committee will render an interpretation of
any requirement of the Standard. Interpretations can only be rendered in response to a written
request sent to the Secretary of the B31 Standards Committee.

The request for an interpretation should be clear and unambiguous. It is further recommended
that the inquirer submit his/her request in the following format:

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry.
Edition: Cite the applicable edition of the Standard for which the interpretation is

being requested.
Question: Phrase the question as a request for an interpretation of a specific requirement

suitable for general understanding and use, not as a request for an approval
of a proprietary design or situation. The inquirer may also include any plans
or drawings that are necessary to explain the question; however, they should
not contain proprietary names or information.

Requests that are not in this formatmay be rewritten in the appropriate format by the Committee
prior to being answered, which may inadvertently change the intent of the original request.

ASME procedures provide for reconsideration of any interpretation when or if additional
information that might affect an interpretation is available. Further, persons aggrieved by an
interpretation may appeal to the cognizant ASME Committee or Subcommittee. ASME does not
“approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary device, or activity.

Attending Committee Meetings. The B31 Standards Committee regularly holdsmeetings, which
are open to the public. Persons wishing to attend any meeting should contact the Secretary of
the B31 Standards Committee.
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ASME B31G-2012
SUMMARY OF CHANGES

Following approval by the B31 Committee and ASME, and after public review, ASME B31G-2012
was approved by the American National Standards Institute on September 20, 2012.

Changes given below are identified on the pages by a margin note, (12), placed next to the
affected area.

Page Location Change

2 1.5 In the nomenclature, definition of
PF revised

7 2.3 First sentence revised

9 Table 3-1 In eighth column, second entry revised

Table 3-1M In eighth column, second entry revised

10 Table 3-2 In fifth column, second entry revised

11 Table 3-2M In fifth column, second entry revised

14 Table 3-4 In second column, first entry revised

15 Table 3-4M In second column, first entry revised

22 Table 3-8 In third column, first entry revised

23 Table 3-8M In third column, first entry revised

SPECIAL NOTES:

The interpretations to ASME B31G are included in this edition as a separate section for the user’s
convenience.
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ASME B31G-2012

MANUAL FOR DETERMINING THE REMAINING STRENGTH OF
CORRODED PIPELINES

1 INTRODUCTION

1.1 Scope

This document is intended solely for the purpose of
providing guidance in the evaluation of metal loss in
pressurized pipelines and piping systems. It is applica-
ble to all pipelines and piping systems within the scope
of the transportation pipeline codes that are part of
ASME B31 Code for Pressure Piping, namely:
ASMEB31.4, Pipeline Transportation Systems for Liquid
Hydrocarbons and Other Liquids; ASME B31.8, Gas
Transmission and Distribution Piping Systems; ASME
B31.11, Slurry Transportation Piping Systems; and
ASME B31.12, Hydrogen Piping and Pipelines, Part PL.
Where the term pipeline is used, it may also be read to
apply to piping or pipe conforming to the acceptable
applications and within the technical limitations dis-
cussed below.

1.2 Acceptable Applications

The application of this document is limited to the
evaluation ofwall loss inmetal pipewithin the following
limitations:

(a) metal loss in pipelines located belowground,
aboveground, or offshore

(b) metal loss due to external or internal corrosion
(c) metal loss produced by grinding where used to

completely remove mechanical damage, cracks, arc
burns, manufacturing defects, or other defects from the
pipe surface

(d) metal loss in field bends, induction bends, and
elbows

(e) metal loss that incidentally affects longitudinal or
helical electric seam welds or circumferential electric
welds of sound quality and having ductile characteris-
tics, provided workmanship flaws are not present in
sufficiently close proximity to interact with the metal
loss

(f) metal loss of any depth with respect to the pipe
wall, except that due consideration shall be given to the
accuracy of measurements and effective corrosion rates
when the depth of metal loss exceeds 80% of the actual
pipe wall dimension

(g) metal loss in newpipewhere allowed by the appli-
cable code of construction

1

(h) metal loss in pipe material having ductile fracture
initiation characteristics [see paras. 1.7(e) and (f)] unless
using a Level 3 assessment in accordance with
paras. 2.2(b) and 2.4

(i) metal loss in pipe operating at temperatures above
ambient within the range of operating temperature rec-
ognized by the governing standard, and provided mate-
rial strength properties at temperature are considered

(j) metal loss in pipe operating at any level of allow-
able design hoop stress [see paras. 1.4(a) and (b) for
additional considerations]

(k) metal loss in pipe where internal pressure is the
primary loading [see paras. 1.4(c) and (d) for additional
considerations]

1.3 Exclusions

This document does not apply to the following:
(a) crack-like defects or mechanical surface damage

not completely removed to a smooth contour by
grinding

(b) metal loss in indentations or buckles resulting in
radial distortion of the pipe wall larger than 6% of the
pipe outside diameter, unless a Level 3 assessment is
performed in accordance with para. 2.4

(c) grooving corrosion, selective corrosion, or prefer-
ential corrosion affecting pipe seams or girth welds

(d) metal loss in fittings other than bends or elbows
(e) metal loss affectingmaterial having brittle fracture

initiation characteristics [see paras. 1.7(e) and (f)] unless
a Level 3 assessment is performed in accordance with
para. 2.4

(f) pipe operating at temperatures outside the range
of operating temperature recognized by the governing
standard or operating at temperatures in the creep range

1.4 Additional Considerations

The user is cautioned that additional considerations
may apply in certain situations, described below.

(a) Pipe operating at low hoop stress levels due to
internal pressure (e.g., less than 25% of SMYS) may be
perforated by corrosion without inducing structural
material failure. The methods and criteria provided
herein do not address failure by perforation.

(b) Pipe affected by general corrosion of the pipe wall
(i.e., corrosion-caused wall loss over the entire pipe sur-
face) effectively operates at a greater hoop stress than
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the nominal hoop stress based on the original wall
dimension. Evaluation of individual deep pits within a
generally corroded area should account for the effect of
wall loss due to general corrosion.

(c) Under conditions normally encountered in buried
pipelines, the hoop stress due to internal pressure is the
largest stress and will govern the mode of failure. High
longitudinal stresses in tension acting on metal loss hav-
ing a significant circumferential extent, in unrestrained
piping, could change the failure mode from longitudinal
to circumferential. The methods and criteria provided
herein do not address circumferential failure due to high
longitudinal tensile stresses. For such situations, the user
should refer to a more comprehensive fitness-for-
purpose guidance document, such as API 579-1/
ASME FFS-1–2007, Fitness-for-Service.

(d) Metal loss having a significant circumferential
extent and acted on by high longitudinal stresses in
compression could be susceptible to wrinkling or buck-
ling. Also, the combination of hoop stress due to internal
pressure and longitudinal compression could interact to
lower the failure pressure in the metal loss area. The
methods and criteria provided herein do not address
buckling or wrinkling, or interaction of hoop stress with
longitudinal compressive stresses. For such situations,
the user should refer to a more comprehensive fitness-
for-purpose guidance document, such as API 579-1/
ASME FFS-1.

1.5 Nomenclature

A p local area of metal loss in the longitudi-
nal plane

AC p cross-sectional area of Charpy impact
specimen

A0 p local original metal area p Lt
CV p Charpy V-notched impact absorbed energy
D p specified outside diameter of the pipe
d p depth of the metal loss
E p elastic modulus of steel
L p length of the metal loss

Le p effective length p L(�/4)
M p bulging stress magnification factor

MAOP p maximum allowable operating pressure
MOP p maximum operating pressure

PF p estimated failure pressure p 2SFt/D
PO p operating pressure, may equal MAOP or

MOP
PS p safe operating pressure p PF/SF
SF p estimated failure stress level

Sflow p flow stress, defined in para. 1.7(b)
SO p hoop stress at the operating pressure, calcu-

lated as POD/2t
SUT p specified ultimate tensile strength at tem-

perature, may equal SMTS
SYT p specified yield strength at temperature,

may equal SMYS

2

SF p safety factor
SMTS p specified minimum tensile strength at

ambient conditions
SMYS p specified minimum yield strength at ambi-

ent conditions
t p pipe wall thickness
z p L2/Dt

ze p Le
2/Dt

1.6 Analysis Level

The user may choose to conduct a Level 0, Level 1,
Level 2, or Level 3 analysis, depending on the quantity
and quality of data available with which to perform an
evaluation, and on the desired degree of refinement of
the analysis.

(a) A Level 0 evaluation is one that relies on the tables
of allowable defect length and depth found in section 3.
These tables are carried overwithout change from earlier
editions of ASME B31G and have been supplemented
by the addition of tables in metric units. It is intended
that a Level 0 evaluation be conducted in the field with-
out the need for performing detailed calculations.

(b) A Level 1 evaluation is a simple calculation that
relies on single measurements of the maximum depth
and axial extent ofmetal loss. It is intended that a Level 1
evaluation be conducted in the field by an engineer,
corrosion technician, coating inspector, or other individ-
ual having appropriate training. A Level 1 evaluation is
also suitable for use in prioritizing metal-loss anomalies
identified by inline inspection.

(c) A Level 2 evaluation is one that incorporates a
greater level of detail than a Level 1 evaluation in order
to produce a more accurate estimate of the failure pres-
sure. It typically relies on detailed measurements of the
corroded surface profile, accounting for the actual distri-
bution of metal loss, and involves repetitive computa-
tions that may be facilitated by the use of computer
software or spreadsheets. It is intended that a Level 2
evaluation be conducted by an engineer or technician
having appropriate training. A Level 2 evaluation may
be suitable for use in prioritizing metal-loss anomalies
identified by high-resolution inline inspection.

(d) A Level 3 evaluation is a detailed analysis of a
specific flaw in accordance with a user-defined method-
ology, with full justification for loadings, boundary con-
ditions, material properties, and failure criteria. It is
intended that a Level 3 evaluation be conducted by a
technical specialist having appropriate expertise in the
subject of fitness-for-service assessment.

1.7 Material Properties and Other Data

(a) Specified minimum material properties shall be
used when conducting Level 0, Level 1, or Level 2 evalu-
ations for the purpose of determining the need for a
repair. Actual material properties from mill test reports
(MTRs) or laboratory testing, if known with sufficient
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confidence to warrant their usage, may be used with
Level 3 evaluations. Statistical representations of mate-
rial properties may be used with Levels 1, 2, or 3 for
purpose of establishing a probability of failure; however,
the details of such analyses are outside the scope of this
document.

(b) Flow stress is a concept relevant to fracturemechan-
ics and is used in the Level 1, Level 2, and Level 3
evaluations. It is not a property specified in a material
grade or finished product standard. Research indicates
that it may be defined variously as given below.

(1) Sflow for plain carbon steel operating at tempera-
tures below 250°F (120°C) may be defined by Sflow p
1.1 � SMYS. Sflow shall not exceed SMTS.

(2) Sflow for plain carbon and low-alloy steel having
SMYS not in excess of 70 ksi (483 MPa) and operating
at temperatures below 250°F (120°C) may be defined by
Sflow p SMYS + 10 ksi (69 MPa). Sflow shall not exceed
SMTS.

(3) Sflow for plain carbon and low-alloy steel having
SMYS not in excess of 80 ksi (551 MPa) may be defined
by Sflow p (SYT + SUT)/2, where SYT and SUT are specified
at the operating temperature in accordance with the
ASME Boiler and Pressure Vessel Code, Section II,
Part D; applicable pipe product specification; or room
temperature strength multiplied by the temperature
derating factor specified by the applicable construction
code. Linear interpolation of strength values is allowed
between listed temperatures.

(c) This document does not prescribewhich definition
for flow stress should be used where more than one
definition applies. Where more than one definition
applies, the various definitions produce acceptable
though not necessarily identical results when used with
any given evaluation method. It is noted that Sflow was
defined as 1.1 � SMYS in previous editions of B31G. This
definition remains an inherent element of the Level 0
assessment and is recommendedwith the Level 1 assess-
ment performed in accordance with para. 2.2(a).

(d) Only the specified nominal wall thickness shall
be used for the uncorroded wall thickness when con-
ducting a Level 0 evaluation. If known with confidence,
the actual uncorroded wall thickness may be used with
a Level 1, Level 2, or Level 3 evaluation, with a suitable
adjustment of the hoop stress due to internal pressure.

(e) Pipe body material may be considered to have
adequate ductile fracture initiation properties for pur-
poses of this Standard if the material operates at a tem-
perature no colder than 100°F (55°C) below the
temperature at which 85% shear appearance is observed
in a Charpy V-notched impact test.

(f) Electric resistance welded (ERW) seams that have
been subjected to a normalizing heat treatment, single
and double submerged arc welded seams, and girth
welds made using the shielded metal arc, gas metal arc,
flux cored arc, and submerged arc processes (manual or
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automated, and in any combination) are considered to
have adequate ductile fracture initiation properties for
purposes of this Standard. Other seam and weld types
shall be investigated to establish fracture properties
before applying methods described herein to metal loss
affecting such welds. Consideration shall be given to
the disposition of workmanship flaws or manufacturing
flaws within a weld or seam that could interact with
metal loss due to corrosion.

(g) Some operating conditions, such as low-
temperature service, or long-term exposure to sour envi-
ronments or to very high temperatures, could adversely
affect the ductility and fracture toughness properties of
some materials. It is the user’s responsibility to consider
such conditions where necessary before applying meth-
ods described herein.

1.8 Evaluation Procedure

Evaluations shall be carried out in accordance with
the procedures described in section 2. In addition, the
following considerations apply:

(a) Units may be in any self-consistent system. It is
the responsibility of the user to determine unitary con-
version factors as may be required.

(b) This document makes no recommendation as to
which evaluation level and evaluation method to select.
All methods described herein have been demonstrated
to provide reliable and conservative results when they
are applied correctly and within stated limitations. Not
allmethods give identical numerical results or consistent
degrees of conservatism. It is the pipeline operator’s
responsibility to select an evaluation method, based on
experience and judgment, that is consistent with its
operating procedures.

(c) Original source reference documents for each
methodology are cited. Further references may be found
in other documents available in the public domain.
While each method can be applied as presented, source
documents may provide additional information to the
user. The user should consider referring to applicable
sources as necessary in order to best implement a given
method.

(d) Other evaluation methods may evolve or come
into usewhichwere not contemplated by this document.
It is not the intention of this document to prohibit their
use, but the user of suchmethods shall be able to demon-
strate that the objective of a safe and reliable assessment
of metal loss can be achieved.

1.9 Safety Factors and the Meaning of Acceptance

A flaw or anomaly is considered acceptable where
the computed failure stress is equal to or greater than
the hoop stress at the operating pressure multiplied by
a suitable safety factor. There is no single safety factor
that is suitable for all types of pipeline construction, for
all modes of pipeline operation, or for all types of flaws
or anomalies.
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This document recommends a minimum safety factor
equal to the ratio of the minimum hydrostatic test pres-
sure required for the given type of pipeline construction
to the MAOP or MOP, but usually not less than 1.25.
Larger factors of safety may be appropriate in some
cases, e.g., in locations of greater risk to the public or
the environment. Lesser factors of safetymay be justified
in some circumstances, e.g., for limited periods of time,
or where additional procedures are in place to limit
modes of operation, or in a remote location having
reduced consequences of failure. In establishing the
safety factor for a given pipeline segment, the pipeline
operator shall give consideration to the accuracy of cor-
rosion depth and length measurements, rates of corro-
sion growth, the characteristics of the pipe, the reliability
of surge control or excess pressure limiting methods,
and the presence of external factors that affect risk.

When evaluating anomalies identified by inline
inspection, use of larger factors of safety will result in
smaller flaws being left in service following field investi-
gation and pipeline repairs. This can increase the reas-
sessment interval to the next inline inspection.

1.10 Software

The use of commercial or proprietary computer soft-
ware packages, as well as purpose-written programs or
spreadsheets, can greatly facilitate Level 1 evaluations,
and is practically a necessity for conducting thorough
Level 2 and Level 3 evaluations. It is the user’s responsi-
bility to verify the accuracy and reliability of all software
and spreadsheets, and to train personnel in their correct
usage.

Validation of software should include documented
evidence that correct results are obtained over the full
range of parameters that could reasonably be expected
to occur when making evaluations. The following docu-
ment summarizes the results of burst tests and service
failures of line pipe affected by corrosion or artificial
metal loss, and which have previously been used for the
purpose of validating the evaluation methods presented
herein: Kiefner, J. F., Vieth, P. H., and Roytman, I.,
“Continued Validation of RSTRENG,” PRCI Catalog
No. L51749, Contract PR 218-9304, Dec. 20, 1996.

Validation may be demonstrated by comparison of
calculated results against published benchmark test data
such as that found in the above reference, or against
results produced by another recognized evaluation
method that have been calculated in accordance with
this Standard.

Validation of third-party software should also demon-
strate that adequate checks or warnings are produced
when parameters fall outside ranges that will ensure
correct results.

1.11 Accuracy

Consideration should be given to the accuracy of
recorded flaw sizes, particularlywhere indirect methods
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are used to locate and size the flaws. Methods account-
ing for uncertainty in indirectly sized flaws include
increasing the flaw dimension in order to account for
detection tool error, or statistical analysis of the probable
flaw sizes or risk of failure.

Metal-loss corrosion anomalies indicated by inline
inspection may be evaluated by a Level 1 or Level 2
evaluation method. The user is cautioned against over-
stating the precision of evaluations applied with flaw
dimensions indicated by inline inspection without ade-
quate calibration or verification of actual flaw sizes by
investigations carried out in the field.

1.12 Flaw Interaction

Themethods described herein are suitable for evaluat-
ing isolated areas of metal loss. Corrosion may occur
such that multiple areas of metal loss are closely spaced
longitudinally or transversely. If spaced sufficiently
closely, the metal loss areas may interact so as to result
in failure at a lower pressure than would be expected
based on an analysis of the separate flaws. The following
guideline is suggested with reference to Fig. 1.12-1,
based on limited testing and analysis:

(a) Flaws are considered interacting if they are spaced
longitudinally or circumferentially from each other
within a distance of 3 times the wall thickness (3t). Inter-
acting flaws should be evaluated as a single flaw com-
bined from all interacting flaws.

(b) Flaws are considered noninteracting if spaced out-
side of the above dimensions. Noninteracting flaws
should be evaluated as separate flaws.

Care should be exercisedwhen grouping or clustering
anomalies indicated by inline inspection for purposes of
evaluating interaction during the prioritization process.
Consideration should be given to minimum thresholds
of metal loss for reliable detection and sizing, minimum
thresholds for reporting, and the expected mode of coat-
ing failure (e.g., localized failure versus disbondment
over large areas). Methods employed for clustering of
inline inspection anomalies should be validated by field
verification of actual flaw dimensions and spacing.

1.13 Flaw Orientation

Corrosion caused by disbondment of continuous
wrapped coatings may exhibit a helical pattern. If the
helical pattern lies at an angle less than 45 deg to the pipe
axis, the overall length of the corroded area indicated as
L1 in Fig. 1.13-1 shall be considered in the evaluation.
If the helical pattern lies at an angle of 45 deg or greater
to the pipe axis, it is sufficient to consider the most
severe longitudinal section through the corroded area
having a length L2 in Fig. 1.13-1.

Corrosion may occur with a circumferential orienta-
tion, e.g., adjacent to a girth weld. It shall be evaluated
for safe operating pressure as with corrosion having a
helical angle greater than 45 deg to the pipe axis. Evalua-
tion of the circumferential extent of corrosion subject
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Fig. 1.12-1 Corrosion Pit Interaction Distances

Longitudinal length Longitudinal length

3t

3t

Fig. 1.13-1 Helically Oriented Corrosion Pattern

L1

L2

Use L1 for angle 
   < 45 deg to pipe axis

Use L2 for angle 
  ≥ 45 deg to pipe axis
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to high axial pipe stresses is outside the scope of this
document. For such situations, the user should refer
to a more comprehensive fitness-for-purpose guidance
document, such as API 579-1/ASME FFS-1.

2 EVALUATION METHODS

2.1 Level 0 Evaluation

Tables of allowable length of corrosion are found in
section 3. The tables are carried over without change
from previous editions of B31G and have been supple-
mented by the addition of tables in metric units. They
were calculated from the equations for a Level 1 evalua-
tion in accordance with the original B31G methodology.
They provide a ready reference of maximum corrosion
lengths for a range of pipe sizes and depths of corrosion.
The tables may be used to determine the maximum
allowable longitudinal extent of a contiguous area of
corrosion or an interacting cluster of metal loss areas.

Evaluations shall be carried out consistent with the
procedure described in the following steps:
Step 1. Determine pipe diameter and nominal wall

thickness from appropriate records or direct
measurement of the pipe.

Step 2. Determine applicable pipe material properties
from appropriate records.

Step 3. Clean the corroded pipe surface to bare metal.
Care should be taken when cleaning corroded
areas of a pressurized pipe.

Step 4. Measure the maximum depth of the corroded
area, d, and longitudinal extent of the corroded
area, L, as shown in Fig. 2.1-1.

Step 5. Locate the table corresponding to the size of
the pipe, D.

Step 6. In the table, locate the row showing a depth
equal to the measured maximum depth of the
corroded area. If the exact measured value is
not listed, choose the row showing the next
greater depth.

Step 7. Read across to the column showing the wall
thickness of the pipe. If the nominal wall thick-
ness is not listed, use the column for the next
thinner wall. The value, L, found at the inter-
section of the wall thickness column and the
depth row is the maximum allowable longitu-
dinal extent of such a corroded area.

Step 8. The metal loss area on the pipe is acceptable
if its measured length, L, does not exceed the
value of L given in the table.

The tables produce results that may bemore conserva-
tive than those obtained byperforming aLevel 1, Level 2,
or Level 3 analysis, particularly for operating hoop stress
levels less than 72% of SMYS, and also for very long
corroded areas. Therefore, the tables may show that a
given corroded area is unsuitable for the current
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operating pressure, while the use of equations given
below may show that it is acceptable.

The tableswere designed to provide aminimum factor
of safety of 1.39 for pipelines operating with a hoop
stress of 72% of SMYS. Application of the tables to the
evaluation of corrosion in pipelines operating at hoop
stress levels greater than 72% of SMYS will result in a
factor of safety that is proportionately less.

2.2 Level 1 Evaluation

Level 1 evaluations shall be carried out consistentwith
the procedure described in the following steps:
Step 1. Determine pipe diameter and nominal wall

thickness from appropriate records or direct
measurement of the pipe.

Step 2. Clean the corroded pipe surface to bare metal.
Care should be taken when cleaning corroded
areas of a pressurized pipe.

Step 3. Measure the maximum depth of the corroded
area, d, and longitudinal extent of the corroded
area, L, as shown in Fig. 2.1-1.

Step 4. Determine applicable pipe material properties
from appropriate records.

Step 5. Select an evaluation method and calculate the
estimated failure stress, SF.

Step 6. Define an acceptable safety factor, SF.
Step 7. Compare SF to SF � SO.
Step 8. The flaw is acceptable where SF is equal to or

greater than SF � SO, or where PF is equal to
or greater than SF � PO.

If the flaw is unacceptable based on Step 8 above, the
pressure can be reduced such that it is less than PF/SF.

(a) Original B31G

M p (1 + 0.8z)1/2

For z ≤ 20,

SF p Sflow � 1 − 2⁄3(d/t)

1 − 2⁄3(d/t)/M�
For z > 20,

SF p Sflow(1 − d/t)

Note that previous editions of B31G incorporated a
definition for flow stress of Sflow p 1.1 � SMYS. For
consistency in comparison to results obtained from eval-
uations performed to an earlier edition, use of the same
definition for flow stress is recommended.
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Fig. 2.1-1 Corrosion Parameters Used in Analysis

Measured maximum
   depth of corrosion

Measured longitudinal extent of the 
   corroded area, LM

Longitudinal axis of pipe

d

[References: ANSI/ASME B31G-1984 and ASME
B31G-1991.]

(b) Modified B31G. For z ≤ 50,

M p (1 + 0.6275z − 0.003375z2)1/2

For z > 50,

M p 0.032z + 3.3

SF p Sflow � 1 − 0.85(d/t)
1 − 0.85(d/t)/M�

[References: (1) Kiefner, J. F., and Vieth, P. H., “Project
PR3-805: A Modified Criterion for Evaluating the
Remaining Strength of Corroded Pipe,” AGA Catalog
No. L51609, Dec. 22, 1989; (2) Kiefner, J. F., and Vieth,
P. H., “New Method Corrects Criterion for Evaluating
Corroded Pipe,” Oil & Gas Journal, Aug. 6 and
Aug. 20, 1990.]

(c) API 579 Level 1. The “API 579 Level 1” assessment,
when reduced to its simplest form, is of a similar format
to the other Level 1methods presented herein, and there-
fore qualifies as a Level 1 assessment for purposes of
meeting the requirements of this document.

2.3 Level 2 Evaluation

Level 2 evaluations are performed using what is
known as the EffectiveAreaMethod. Level 2 evaluations
shall be carried out using a procedure similar to the ten
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steps described for Level 1, except that the Effective
Area Method generally requires several measurements
of the depth of corrosion or remaining wall thickness
throughout the corroded area. The Effective Area
Method is expressed as follows:

SF p Sflow � 1 − A/A0

1 − (A/A0)/M�
The Effective Area Method evaluates, by iteration, all

possible combinations of localmetal loss, A, with respect
to original material, A0. It requires for input a detailed
longitudinal distribution or profile of metal loss. The
detailed profile is established by obtaining several mea-
surements of metal loss or remaining wall thickness
throughout themetal loss area. Suchmeasurements may
be arranged in a grid pattern, or may follow a “river
bottom” path through the deepest areas of metal loss.
Increments ofmeasurement need not be uniform, subject
to limitations of application software. If using a grid
pattern, the analysis must be repeated along eachmerid-
ian to establish the governing solution. For a corroded
profile defined by n measurements of depth of corrosion
including the end points at nominally full wall thickness,
n!/2(n − 2)! iterations are required to examine all possi-
ble combinations of local metal loss with respect to sur-
rounding remaining material. The local solution
resulting in the lowest calculated failure stress shall
govern.
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Owing to its iterative nature, it is a practical necessity
to use a computer program or other algorithmic
approach (e.g., a spreadsheet) in order to carry out an
evaluation using the Effective Area Method.

The “API 579 Level 2” assessment, when reduced to
its simplest form, is equivalent to the Effective Area
Method presented herein, and therefore qualifies as a
Level 2 assessment for purposes of meeting the require-
ments of this document. Refer to API 579-1/ASME FFS-1
for detailed instructions.

[References: Same as in para. 2.2(b).]

2.4 Level 3 Evaluation

ALevel 3 evaluation typically involves a detailed anal-
ysis, such as a finite element analysis of the corroded
region. The analysis should accurately consider or
account for all factors that could affect the accuracy of
results, including loadings including internal pressure
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and external forces; boundary conditions and con-
straints; ovality, deformations, misalignments, and dis-
continuities; material stress–strain characteristics; and
effects of the flaw on the overall distribution of loads
and stresses. A failure criterion should be developed
that considers the strain capacity or fracture resistance
characteristics of the material. Similar issues should be
considered in developing a suitable safety factor as were
described for a Level 1 or Level 2 analysis.

3 TABLES OF ALLOWABLE LENGTH OF CORROSION
The following are applicable to Tables 3-1 through

3-12M:
(a) Metal loss having a maximum depth of 10% of

the nominal pipe wall thickness or less is not limited as
to allowable length.

(b) Metal loss having a maximum depth exceeding
80% of the nominal pipe wall thickness shall not be
evaluated using the tables of allowable length.
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Table 3-1 Values of L for Pipe Sizes ≥ NPS 2 and < NPS 6

Wall Thickness, t, in.Depth,
d, in. 0.083 0.109 0.125 0.141 0.154 0.172 0.188 0.218

0.01 1.99 No limit No limit No limit No limit No limit No limit No limit
0.02 0.92 1.94 2.44 2.59 2.71 2.86 2.99 No limit
0.03 0.53 0.85 1.13 1.51 1.94 2.86 2.99 3.22
0.04 0.39 0.60 0.75 0.93 1.11 1.40 1.74 2.74
0.05 0.31 0.47 0.58 0.70 0.82 1.00 1.18 1.62

0.06 0.25 0.39 0.48 0.58 0.66 0.79 0.92 1.21
0.07 . . . 0.33 0.41 0.49 0.56 0.67 0.77 0.99
0.08 . . . 0.28 0.35 0.43 0.49 0.58 0.67 0.84
0.09 . . . . . . 0.31 0.38 0.43 0.51 0.59 0.74
0.10 . . . . . . 0.27 0.33 0.39 0.46 0.53 0.66
0.11 . . . . . . . . . 0.30 0.35 0.41 0.48 0.60

0.12 . . . . . . . . . . . . 0.31 0.38 0.43 0.55
0.13 . . . . . . . . . . . . . . . 0.34 0.40 0.50
0.14 . . . . . . . . . . . . . . . . . . 0.37 0.46
0.15 . . . . . . . . . . . . . . . . . . 0.34 0.43
0.16 . . . . . . . . . . . . . . . . . . . . . 0.40
0.17 . . . . . . . . . . . . . . . . . . . . . 0.37

Table 3-1M Values of L for Pipe Sizes ≥ 60 mm and < 168 mm O.D.

Wall Thickness, t, mmDepth,
d, mm 2.1 2.8 3.2 3.6 3.9 4.4 4.8 5.5

0.3 50.5 No limit No limit No limit No limit No limit No limit No limit
0.5 23.2 49.1 62.0 65.8 68.8 72.7 76.0 No limit
0.8 13.4 21.7 28.7 38.3 49.2 72.7 76.0 81.9
1.0 9.8 15.1 19.0 23.7 28.1 35.6 44.2 69.5
1.3 7.8 11.9 14.7 17.9 20.8 25.3 29.9 41.1

1.5 6.4 9.8 12.1 14.6 16.8 20.1 23.4 30.7
1.8 . . . 8.3 10.3 12.4 14.3 17.0 19.5 25.0
2.0 . . . 7.2 9.0 10.8 12.4 14.7 16.9 21.4
2.3 . . . . . . 7.9 9.5 11.0 13.0 14.9 18.8
2.5 . . . . . . 6.9 8.5 9.8 11.6 13.4 16.8
2.8 . . . . . . . . . 7.6 8.8 10.5 12.1 15.2

3.0 . . . . . . . . . . . . 8.0 9.6 11.0 13.9
3.3 . . . . . . . . . . . . . . . 8.7 10.1 12.8
3.6 . . . . . . . . . . . . . . . . . . 9.3 11.8
3.8 . . . . . . . . . . . . . . . . . . 8.5 10.9
4.1 . . . . . . . . . . . . . . . . . . . . . 10.2
4.3 . . . . . . . . . . . . . . . . . . . . . 9.5
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Table 3-2 Values of L for Pipe Sizes ≥ NPS 6 and < NPS 10

Wall Thickness, t, in.Depth,
d, in. 0.083 0.125 0.156 0.188 0.203 0.219 0.250 0.312

0.01 3.32 No limit No limit No limit No limit No limit No limit No limit
0.02 1.53 4.08 4.55 5.00 No limit No limit No limit No limit
0.03 0.88 1.89 3.37 5.00 5.20 5.40 5.77 No limit
0.04 0.65 1.25 1.90 2.91 3.61 4.65 5.77 6.44
0.05 0.51 0.97 1.40 1.97 2.30 2.73 3.86 6.44
0.06 0.42 0.80 1.13 1.54 1.77 2.04 2.67 4.77

0.07 . . . 0.68 0.96 1.29 1.46 1.66 2.11 3.37
0.08 . . . 0.59 0.83 1.11 1.25 1.42 1.77 2.68
0.09 . . . 0.52 0.74 0.98 1.10 1.24 1.54 2.26
0.10 . . . 0.46 0.66 0.88 0.99 1.11 1.37 1.97
0.11 . . . . . . 0.59 0.80 0.90 1.01 1.24 1.76
0.12 . . . . . . 0.54 0.73 0.82 0.92 1.13 1.60

0.13 . . . . . . . . . 0.66 0.75 0.85 1.04 1.46
0.14 . . . . . . . . . 0.61 0.69 0.78 0.96 1.35
0.15 . . . . . . . . . 0.56 0.64 0.72 0.89 1.26
0.16 . . . . . . . . . . . . 0.59 0.67 0.83 1.18
0.17 . . . . . . . . . . . . . . . 0.63 0.78 1.10
0.18 . . . . . . . . . . . . . . . . . . 0.73 1.04

0.19 . . . . . . . . . . . . . . . . . . 0.69 0.98
0.20 . . . . . . . . . . . . . . . . . . 0.65 0.93
0.21 . . . . . . . . . . . . . . . . . . . . . 0.88
0.22 . . . . . . . . . . . . . . . . . . . . . 0.84
0.23 . . . . . . . . . . . . . . . . . . . . . 0.80
0.24 . . . . . . . . . . . . . . . . . . . . . 0.76
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Table 3-2M Values of L for Pipe Sizes ≥ 168 mm and < 273 mm O.D.

Wall Thickness, t, mmDepth,
d, mm 2.1 3.2 4.0 4.8 5.2 5.6 6.4 7.9

0.3 84.4 No limit No limit No limit No limit No limit No limit No limit
0.5 38.8 103.6 115.7 127.0 No limit No limit No limit No limit
0.8 22.4 48.0 85.6 127.0 132.0 137.1 146.4 No limit
1.0 16.4 31.8 48.1 73.8 91.6 118.1 146.4 163.6
1.3 13.0 24.6 35.5 50.0 58.5 69.3 98.0 163.6
1.5 10.7 20.3 28.7 39.1 44.9 51.7 67.8 121.1

1.8 . . . 17.3 24.3 32.6 37.1 42.2 53.6 85.5
2.0 . . . 15.0 21.1 28.2 31.9 36.0 45.0 68.1
2.3 . . . 13.1 18.7 24.9 28.1 31.6 39.1 57.4
2.5 . . . 11.6 16.7 22.3 25.1 28.3 34.8 50.2
2.8 . . . . . . 15.0 20.2 22.8 25.6 31.4 44.8
3.0 . . . . . . 13.6 18.4 20.8 23.4 28.7 40.6

3.3 . . . . . . . . . 16.9 19.1 21.5 26.4 37.2
3.6 . . . . . . . . . 15.5 17.6 19.8 24.4 34.4
3.8 . . . . . . . . . 14.3 16.3 18.4 22.7 32.0
4.1 . . . . . . . . . . . . 15.1 17.1 21.2 29.9
4.3 . . . . . . . . . . . . . . . 15.9 19.8 28.0
4.6 . . . . . . . . . . . . . . . . . . 18.6 26.4

4.8 . . . . . . . . . . . . . . . . . . 17.5 25.0
5.1 . . . . . . . . . . . . . . . . . . 16.4 23.6
5.3 . . . . . . . . . . . . . . . . . . . . . 22.4
5.6 . . . . . . . . . . . . . . . . . . . . . 21.3
5.8 . . . . . . . . . . . . . . . . . . . . . 20.2
6.1 . . . . . . . . . . . . . . . . . . . . . 19.2

11

(12)

Copyright ASME International 
Provided by IHS under license with ASME 
No reproduction or networking permitted without license from IHS



ASME B31G-2012

Table 3-3 Values of L for Pipe Sizes ≥ NPS 10 and < NPS 16

Wall Thickness, t, in.Depth,
d, in. 0.156 0.219 0.250 0.307 0.344 0.365 0.438 0.500

0.02 5.80 No limit No limit No limit No limit No limit No limit No limit
0.03 4.29 6.87 7.34 No limit No limit No limit No limit No limit
0.04 2.41 5.92 7.34 8.14 8.62 8.87 No limit No limit
0.05 1.78 3.48 4.91 8.14 8.62 8.87 9.72 10.39
0.06 1.44 2.59 3.40 5.77 8.62 8.87 9.72 10.39

0.07 1.22 2.11 2.69 4.13 5.53 6.62 9.72 10.39
0.08 1.06 1.81 2.26 3.30 4.22 4.85 8.37 10.39
0.09 0.94 1.59 1.96 2.80 3.48 3.93 6.10 9.38
0.10 0.84 1.42 1.74 2.45 2.99 3.35 4.92 6.95
0.11 0.75 1.28 1.57 2.19 2.65 2.94 4.18 5.64

0.12 0.68 1.17 1.44 1.98 2.39 2.64 3.67 4.81
0.13 . . . 1.08 1.32 1.82 2.18 2.40 3.29 4.23
0.14 . . . 1.00 1.22 1.68 2.01 2.21 2.99 3.80
0.15 . . . 0.92 1.14 1.56 1.86 2.05 2.75 3.46
0.16 . . . 0.86 1.06 1.46 1.74 1.91 2.55 3.19

0.17 . . . 0.80 0.99 1.37 1.64 1.79 2.39 2.97
0.18 . . . . . . 0.93 1.29 1.54 1.69 2.24 2.77
0.19 . . . . . . 0.88 1.22 1.46 1.60 2.12 2.61
0.20 . . . . . . 0.82 1.15 1.38 1.51 2.00 2.47
0.21 . . . . . . . . . 1.09 1.31 1.44 1.90 2.34
0.22 . . . . . . . . . 1.04 1.25 1.37 1.81 2.23

0.23 . . . . . . . . . 0.99 1.19 1.30 1.73 2.12
0.24 . . . . . . . . . 0.94 1.13 1.25 1.66 2.03
0.25 . . . . . . . . . . . . 1.08 1.19 1.59 1.95
0.26 . . . . . . . . . . . . 1.03 1.14 1.52 1.87
0.27 . . . . . . . . . . . . 0.99 1.09 1.46 1.80
0.28 . . . . . . . . . . . . . . . 1.05 1.41 1.73

0.29 . . . . . . . . . . . . . . . 1.00 1.35 1.67
0.30 . . . . . . . . . . . . . . . . . . 1.31 1.61
0.31 . . . . . . . . . . . . . . . . . . 1.26 1.55
0.32 . . . . . . . . . . . . . . . . . . 1.21 1.50
0.33 . . . . . . . . . . . . . . . . . . 1.17 1.45
0.34 . . . . . . . . . . . . . . . . . . 1.13 1.41

0.35 . . . . . . . . . . . . . . . . . . 1.09 1.36
0.36 . . . . . . . . . . . . . . . . . . . . . 1.32
0.37 . . . . . . . . . . . . . . . . . . . . . 1.28
0.38 . . . . . . . . . . . . . . . . . . . . . 1.24
0.39 . . . . . . . . . . . . . . . . . . . . . 1.20
0.40 . . . . . . . . . . . . . . . . . . . . . 1.16
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Table 3-3M Values of L for Pipe Sizes ≥ 273 mm and < 406 mm O.D.

Wall Thickness, t, mmDepth,
d, mm 4.0 5.6 6.4 7.8 8.7 9.3 11.1 12.7

0.5 147.4 No limit No limit No limit No limit No limit No limit No limit
0.8 109.1 174.6 186.5 No limit No limit No limit No limit No limit
1.0 61.3 150.4 186.5 206.7 218.8 225.4 No limit No limit
1.3 45.2 88.3 124.8 206.7 218.8 225.4 246.9 263.8
1.5 36.5 65.9 86.4 146.6 218.8 225.4 246.9 263.8

1.8 30.9 53.7 68.2 104.8 140.5 168.1 246.9 263.8
2.0 26.9 45.9 57.3 83.9 107.1 123.3 212.7 263.8
2.3 23.8 40.3 49.8 71.0 88.3 99.8 155.0 238.4
2.5 21.3 36.0 44.3 62.1 76.0 85.0 124.9 176.5
2.8 19.2 32.6 40.0 55.5 67.3 74.7 106.1 143.3

3.0 17.3 29.8 36.5 50.4 60.6 67.0 93.1 122.2
3.3 . . . 27.4 33.6 46.2 55.3 61.0 83.5 107.5
3.6 . . . 25.3 31.1 42.7 51.0 56.1 76.0 96.5
3.8 . . . 23.4 28.9 39.7 47.4 52.0 69.9 87.9
4.1 . . . 21.8 27.0 37.1 44.2 48.5 64.9 81.0

4.3 . . . 20.3 25.2 34.8 41.5 45.5 60.6 75.3
4.6 . . . . . . 23.7 32.8 39.1 42.9 56.9 70.5
4.8 . . . . . . 22.2 31.0 37.0 40.5 53.7 66.3
5.1 . . . . . . 20.9 29.3 35.1 38.4 50.9 62.7
5.3 . . . . . . . . . 27.8 33.3 36.5 48.4 59.4
5.6 . . . . . . . . . 26.4 31.7 34.8 46.1 56.6

5.8 . . . . . . . . . 25.1 30.2 33.1 44.0 54.0
6.1 . . . . . . . . . 23.8 28.8 31.7 42.1 51.6
6.4 . . . . . . . . . . . . 27.5 30.3 40.3 49.5
6.6 . . . . . . . . . . . . 26.3 29.0 38.7 47.5
6.9 . . . . . . . . . . . . 25.1 27.7 37.2 45.7
7.1 . . . . . . . . . . . . . . . 26.6 35.7 44.0

7.4 . . . . . . . . . . . . . . . 25.5 34.4 42.4
7.6 . . . . . . . . . . . . . . . . . . 33.2 40.9
7.9 . . . . . . . . . . . . . . . . . . 32.0 39.5
8.1 . . . . . . . . . . . . . . . . . . 30.8 38.1
8.4 . . . . . . . . . . . . . . . . . . 29.7 36.9
8.6 . . . . . . . . . . . . . . . . . . 28.7 35.7

8.9 . . . . . . . . . . . . . . . . . . 27.7 34.6
9.1 . . . . . . . . . . . . . . . . . . . . . 33.5
9.4 . . . . . . . . . . . . . . . . . . . . . 32.4
9.7 . . . . . . . . . . . . . . . . . . . . . 31.4
9.9 . . . . . . . . . . . . . . . . . . . . . 30.5
10.2 . . . . . . . . . . . . . . . . . . . . . 29.6
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Table 3-4 Values of L for Pipe Sizes ≥ NPS 16 and < NPS 20

Wall Thickness, t, in.Depth,
d, in. 0.188 0.250 0.312 0.344 0.375 0.438 0.500 0.625

0.02 7.77 No limit No limit No limit No limit No limit No limit No limit
0.03 7.77 8.96 No limit No limit No limit No limit No limit No limit
0.04 4.52 8.96 10.01 10.51 10.97 No limit No limit No limit
0.05 3.06 6.00 10.01 10.51 10.97 11.86 12.67 No limit
0.06 2.39 4.15 7.41 10.51 10.97 11.86 12.67 No limit

0.07 2.00 3.28 5.23 6.75 8.84 11.86 12.67 14.17
0.08 1.73 2.75 4.17 5.14 6.34 10.21 12.67 14.17
0.09 1.52 2.39 3.51 4.24 5.08 7.44 11.45 14.17
0.10 1.37 2.13 3.07 3.65 4.30 6.00 8.48 14.17
0.11 1.24 1.92 2.74 3.23 3.77 5.10 6.88 13.85

0.12 1.13 1.75 2.48 2.91 3.37 4.47 5.87 10.53
0.13 1.03 1.61 2.27 2.66 3.06 4.01 5.16 8.65
0.14 0.95 1.49 2.10 2.45 2.81 3.65 4.63 7.43
0.15 0.87 1.39 1.96 2.28 2.61 3.36 4.22 6.56
0.16 . . . 1.30 1.83 2.13 2.43 3.12 3.89 5.91

0.17 . . . 1.21 1.72 1.99 2.28 2.91 3.62 5.40
0.18 . . . 1.14 1.62 1.88 2.15 2.74 3.38 4.99
0.19 . . . 1.07 1.53 1.78 2.03 2.58 3.18 4.64
0.20 . . . 1.00 1.44 1.68 1.92 2.45 3.01 4.35
0.21 . . . . . . 1.37 1.60 1.83 2.32 2.85 4.10

0.22 . . . . . . 1.30 1.52 1.74 2.21 2.72 3.88
0.23 . . . . . . 1.24 1.45 1.66 2.11 2.59 3.69
0.24 . . . . . . 1.18 1.38 1.59 2.02 2.48 3.52
0.25 . . . . . . . . . 1.32 1.52 1.94 2.38 3.36
0.26 . . . . . . . . . 1.26 1.45 1.86 2.28 3.22

0.27 . . . . . . . . . 1.21 1.39 1.79 2.19 3.10
0.28 . . . . . . . . . . . . 1.34 1.72 2.11 2.98
0.29 . . . . . . . . . . . . 1.28 1.65 2.03 2.87
0.30 . . . . . . . . . . . . 1.23 1.59 1.96 2.77
0.31 . . . . . . . . . . . . . . . 1.53 1.90 2.68
0.32 . . . . . . . . . . . . . . . 1.48 1.83 2.59

0.33 . . . . . . . . . . . . . . . 1.43 1.77 2.51
0.34 . . . . . . . . . . . . . . . 1.38 1.71 2.43
0.35 . . . . . . . . . . . . . . . 1.33 1.66 2.36
0.36 . . . . . . . . . . . . . . . . . . 1.61 2.29
0.37 . . . . . . . . . . . . . . . . . . 1.56 2.23
0.38 . . . . . . . . . . . . . . . . . . 1.51 2.16

0.39 . . . . . . . . . . . . . . . . . . 1.46 2.11
0.40 . . . . . . . . . . . . . . . . . . 1.42 2.05
0.41 . . . . . . . . . . . . . . . . . . . . . 1.99
0.42 . . . . . . . . . . . . . . . . . . . . . 1.94
0.43 . . . . . . . . . . . . . . . . . . . . . 1.89
0.44 . . . . . . . . . . . . . . . . . . . . . 1.84

0.45 . . . . . . . . . . . . . . . . . . . . . 1.80
0.46 . . . . . . . . . . . . . . . . . . . . . 1.75
0.47 . . . . . . . . . . . . . . . . . . . . . 1.71
0.48 . . . . . . . . . . . . . . . . . . . . . 1.67
0.49 . . . . . . . . . . . . . . . . . . . . . 1.63
0.50 . . . . . . . . . . . . . . . . . . . . . 1.59
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Table 3-4M Values of L for Pipe Sizes ≥ 406 mm and < 508 mm O.D.

Wall Thickness, t, mmDepth,
d, mm 4.8 6.4 7.9 8.7 9.5 11.1 12.7 15.9

0.5 197.4 No limit No limit No limit No limit No limit No limit No limit
0.8 197.4 227.6 No limit No limit No limit No limit No limit No limit
1.0 114.8 227.6 254.2 267.0 278.7 No limit No limit No limit
1.3 77.7 152.3 254.2 267.0 278.7 301.2 321.9 No limit
1.5 60.8 105.4 188.2 267.0 278.7 301.2 321.9 No limit

1.8 50.7 83.2 132.9 171.4 224.5 301.2 321.9 359.8
2.0 43.8 69.9 105.8 130.6 161.2 259.5 321.9 359.8
2.3 38.7 60.8 89.3 107.7 129.1 189.1 290.8 359.8
2.5 34.7 54.1 77.9 92.8 109.3 152.4 215.4 359.8
2.8 31.4 48.8 69.6 82.1 95.7 129.5 174.8 351.8

3.0 28.6 44.5 63.0 73.9 85.6 113.6 149.1 267.5
3.3 26.2 41.0 57.8 67.5 77.8 101.8 131.1 219.8
3.6 24.1 37.9 53.4 62.2 71.4 92.7 117.7 188.7
3.8 22.2 35.3 49.7 57.8 66.2 85.3 107.3 166.7
4.1 . . . 32.9 46.4 54.0 61.7 79.1 98.9 150.1

4.3 . . . 30.8 43.6 50.7 57.9 73.9 91.9 137.1
4.6 . . . 28.9 41.1 47.7 54.5 69.5 86.0 126.6
4.8 . . . 27.1 38.8 45.1 51.5 65.6 80.9 117.9
5.1 . . . 25.5 36.7 42.8 48.9 62.1 76.4 110.5
5.3 . . . . . . 34.8 40.6 46.4 59.0 72.5 104.2

5.6 . . . . . . 33.0 38.6 44.2 56.2 69.0 98.6
5.8 . . . . . . 31.4 36.8 42.2 53.7 65.8 93.7
6.1 . . . . . . 29.9 35.1 40.3 51.3 63.0 89.4
6.4 . . . . . . . . . 33.5 38.6 49.2 60.3 85.5
6.6 . . . . . . . . . 32.0 36.9 47.2 57.9 81.9

6.9 . . . . . . . . . 30.6 35.4 45.4 55.7 78.7
7.1 . . . . . . . . . . . . 33.9 43.6 53.6 75.7
7.4 . . . . . . . . . . . . 32.5 42.0 51.7 72.9
7.6 . . . . . . . . . . . . 31.2 40.4 49.9 70.4
7.9 . . . . . . . . . . . . . . . 39.0 48.2 68.0
8.1 . . . . . . . . . . . . . . . 37.6 46.5 65.8

8.4 . . . . . . . . . . . . . . . 36.3 45.0 63.7
8.6 . . . . . . . . . . . . . . . 35.0 43.6 61.8
8.9 . . . . . . . . . . . . . . . 33.8 42.2 60.0
9.1 . . . . . . . . . . . . . . . . . . 40.9 58.2
9.4 . . . . . . . . . . . . . . . . . . 39.6 56.6
9.7 . . . . . . . . . . . . . . . . . . 38.4 55.0

9.9 . . . . . . . . . . . . . . . . . . 37.2 53.5
10.2 . . . . . . . . . . . . . . . . . . 36.1 52.0
10.4 . . . . . . . . . . . . . . . . . . . . . 50.7
10.7 . . . . . . . . . . . . . . . . . . . . . 49.3
10.9 . . . . . . . . . . . . . . . . . . . . . 48.1
11.2 . . . . . . . . . . . . . . . . . . . . . 46.9

11.4 . . . . . . . . . . . . . . . . . . . . . 45.7
11.7 . . . . . . . . . . . . . . . . . . . . . 44.5
11.9 . . . . . . . . . . . . . . . . . . . . . 43.4
12.2 . . . . . . . . . . . . . . . . . . . . . 42.4
12.4 . . . . . . . . . . . . . . . . . . . . . 41.3
12.7 . . . . . . . . . . . . . . . . . . . . . 40.3
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Table 3-5 Values of L for Pipe Sizes ≥ NPS 20 and < NPS 24

Wall Thickness, t, in.Depth,
d, in. 0.219 0.250 0.344 0.406 0.469 0.500 0.562 0.625

0.03 9.38 10.02 No limit No limit No limit No limit No limit No limit
0.04 8.08 10.02 11.75 No limit No limit No limit No limit No limit
0.05 4.74 6.70 11.75 12.77 13.72 14.17 No limit No limit
0.06 3.54 4.64 11.75 12.77 13.72 14.17 15.02 No limit
0.07 2.88 3.66 7.54 12.77 13.72 14.17 15.02 15.84
0.08 2.46 3.08 5.75 8.86 13.72 14.17 15.02 15.84

0.09 2.16 2.68 4.74 6.83 10.21 12.80 15.02 15.84
0.10 1.93 2.38 4.08 5.66 7.94 9.48 14.12 15.84
0.11 1.75 2.15 3.61 4.89 6.61 7.69 10.61 15.49
0.12 1.60 1.96 3.26 4.34 5.73 6.56 8.67 11.77
0.13 1.47 1.80 2.97 3.92 5.09 5.77 7.42 9.67
0.14 1.36 1.67 2.74 3.58 4.60 5.18 6.54 8.31

0.15 1.26 1.55 2.54 3.31 4.22 4.72 5.88 7.34
0.16 1.17 1.45 2.38 3.08 3.90 4.35 5.37 6.61
0.17 1.09 1.36 2.23 2.89 3.64 4.04 4.95 6.04
0.18 . . . 1.27 2.10 2.72 3.41 3.78 4.61 5.57
0.19 . . . 1.19 1.99 2.56 3.21 3.56 4.32 5.19
0.20 . . . 1.12 1.88 2.43 3.04 3.36 4.07 4.87

0.21 . . . . . . 1.79 2.31 2.89 3.19 3.85 4.59
0.22 . . . . . . 1.70 2.20 2.75 3.04 3.65 4.34
0.23 . . . . . . 1.62 2.10 2.63 2.90 3.48 4.13
0.24 . . . . . . 1.55 2.01 2.51 2.77 3.32 3.93
0.25 . . . . . . 1.48 1.92 2.41 2.66 3.18 3.76
0.26 . . . . . . 1.41 1.84 2.31 2.55 3.05 3.61

0.27 . . . . . . 1.35 1.77 2.22 2.45 2.94 3.46
0.28 . . . . . . . . . 1.70 2.14 2.36 2.83 3.33
0.29 . . . . . . . . . 1.64 2.06 2.27 2.73 3.21
0.30 . . . . . . . . . 1.57 1.99 2.19 2.63 3.10
0.31 . . . . . . . . . 1.51 1.92 2.12 2.54 2.99
0.32 . . . . . . . . . 1.46 1.85 2.05 2.46 2.90

0.33 . . . . . . . . . . . . 1.79 1.98 2.38 2.81
0.34 . . . . . . . . . . . . 1.73 1.92 2.31 2.72
0.35 . . . . . . . . . . . . 1.67 1.86 2.24 2.64
0.36 . . . . . . . . . . . . 1.62 1.80 2.17 2.56
0.37 . . . . . . . . . . . . 1.56 1.74 2.11 2.49
0.38 . . . . . . . . . . . . . . . 1.69 2.05 2.42

0.39 . . . . . . . . . . . . . . . 1.64 1.99 2.35
0.40 . . . . . . . . . . . . . . . 1.59 1.93 2.29
0.41 . . . . . . . . . . . . . . . . . . 1.88 2.23
0.42 . . . . . . . . . . . . . . . . . . 1.83 2.17
0.43 . . . . . . . . . . . . . . . . . . 1.78 2.12
0.44 . . . . . . . . . . . . . . . . . . 1.73 2.06

0.45 . . . . . . . . . . . . . . . . . . . . . 2.01
0.46 . . . . . . . . . . . . . . . . . . . . . 1.96
0.47 . . . . . . . . . . . . . . . . . . . . . 1.91
0.48 . . . . . . . . . . . . . . . . . . . . . 1.86
0.49 . . . . . . . . . . . . . . . . . . . . . 1.82
0.50 . . . . . . . . . . . . . . . . . . . . . 1.78
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Table 3-5M Values of L for Pipe Sizes ≥ 508 mm and < 610 mm O.D.

Wall Thickness, t, mmDepth,
d, mm 5.6 6.4 8.7 10.3 11.9 12.7 14.3 15.9

0.8 238.1 254.4 No limit No limit No limit No limit No limit No limit
1.0 205.1 254.4 298.5 No limit No limit No limit No limit No limit
1.3 120.5 170.3 298.5 324.3 348.5 359.8 No limit No limit
1.5 89.8 117.8 298.5 324.3 348.5 359.8 381.5 No limit
1.8 73.3 93.1 191.6 324.3 348.5 359.8 381.5 402.3
2.0 62.6 78.2 146.0 225.2 348.5 359.8 381.5 402.3

2.3 54.9 68.0 120.4 173.5 259.5 325.1 381.5 402.3
2.5 49.1 60.4 103.7 143.8 201.7 240.8 358.6 402.3
2.8 44.4 54.6 91.8 124.3 168.0 195.4 269.5 393.4
3.0 40.6 49.8 82.7 110.2 145.5 166.7 220.2 299.1
3.3 37.3 45.8 75.5 99.5 129.3 146.6 188.5 245.7
3.6 34.5 42.4 69.6 91.0 116.9 131.6 166.1 211.0

3.8 32.0 39.4 64.6 84.1 107.1 119.9 149.4 186.3
4.1 29.7 36.8 60.4 78.3 99.1 110.5 136.4 167.8
4.3 27.7 34.4 56.6 73.3 92.4 102.7 125.8 153.3
4.6 . . . 32.3 53.4 69.0 86.6 96.1 117.1 141.6
4.8 . . . 30.3 50.5 65.1 81.6 90.4 109.6 131.8
5.1 . . . 28.5 47.8 61.7 77.2 85.5 103.3 123.6

5.3 . . . . . . 45.4 58.7 73.3 81.1 97.7 116.5
5.6 . . . . . . 43.2 55.9 69.8 77.1 92.8 110.3
5.8 . . . . . . 41.2 53.4 66.7 73.6 88.4 104.8
6.1 . . . . . . 39.3 51.0 63.8 70.4 84.4 99.9
6.4 . . . . . . 37.5 48.9 61.1 67.5 80.9 95.5
6.6 . . . . . . 35.8 46.9 58.7 64.8 77.6 91.6

6.9 . . . . . . 34.2 45.0 56.4 62.3 74.6 88.0
7.1 . . . . . . . . . 43.2 54.3 60.0 71.8 84.6
7.4 . . . . . . . . . 41.5 52.3 57.8 69.2 81.6
7.6 . . . . . . . . . 39.9 50.4 55.8 66.8 78.7
7.9 . . . . . . . . . 38.4 48.7 53.8 64.6 76.1
8.1 . . . . . . . . . 37.0 47.0 52.0 62.5 73.6

8.4 . . . . . . . . . . . . 45.4 50.3 60.5 71.3
8.6 . . . . . . . . . . . . 43.9 48.7 58.6 69.1
8.9 . . . . . . . . . . . . 42.4 47.2 56.8 67.0
9.1 . . . . . . . . . . . . 41.1 45.7 55.1 65.1
9.4 . . . . . . . . . . . . 39.7 44.3 53.5 63.2
9.7 . . . . . . . . . . . . . . . 42.9 52.0 61.5

9.9 . . . . . . . . . . . . . . . 41.6 50.5 59.8
10.2 . . . . . . . . . . . . . . . 40.3 49.1 58.2
10.4 . . . . . . . . . . . . . . . . . . 47.7 56.6
10.7 . . . . . . . . . . . . . . . . . . 46.4 55.2
10.9 . . . . . . . . . . . . . . . . . . 45.1 53.7
11.2 . . . . . . . . . . . . . . . . . . 43.9 52.4

11.4 . . . . . . . . . . . . . . . . . . . . . 51.1
11.7 . . . . . . . . . . . . . . . . . . . . . 49.8
11.9 . . . . . . . . . . . . . . . . . . . . . 48.6
12.2 . . . . . . . . . . . . . . . . . . . . . 47.4
12.4 . . . . . . . . . . . . . . . . . . . . . 46.2
12.7 . . . . . . . . . . . . . . . . . . . . . 45.1
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Table 3-6 Values of L for Pipe Sizes ≥ NPS 24 and < NPS 30

Wall Thickness, t, in.Depth,
d, in. 0.250 0.312 0.375 0.438 0.469 0.500 0.562 0.625

0.03 10.97 No limit No limit No limit No limit No limit No limit No limit
0.04 10.97 12.26 13.44 No limit No limit No limit No limit No limit
0.05 7.34 12.26 13.44 14.53 15.03 15.52 No limit No limit
0.06 5.08 9.07 13.44 14.53 15.03 15.52 16.45 No limit
0.07 4.01 6.41 10.83 14.53 15.03 15.52 16.45 17.35
0.08 3.37 5.10 7.77 12.51 15.03 15.52 16.45 17.35

0.09 2.93 4.30 6.22 9.12 11.19 14.02 16.45 17.35
0.10 2.61 3.76 5.27 7.35 8.70 10.38 15.47 17.35
0.11 2.35 3.35 4.61 6.24 7.24 8.43 11.62 16.96
0.12 2.15 3.04 4.13 5.48 6.28 7.19 9.50 12.90
0.13 1.98 2.79 3.75 4.91 5.58 6.32 8.13 10.60
0.14 1.83 2.57 3.45 4.47 5.04 5.68 7.17 9.10

0.15 1.70 2.39 3.19 4.11 4.62 5.17 6.44 8.04
0.16 1.59 2.24 2.98 3.82 4.27 4.77 5.88 7.24
0.17 1.49 2.10 2.79 3.57 3.98 4.43 5.43 6.61
0.18 1.39 1.98 2.63 3.35 3.74 4.15 5.05 6.11
0.19 1.31 1.87 2.49 3.16 3.52 3.90 4.73 5.69
0.20 1.23 1.77 2.36 2.99 3.33 3.69 4.45 5.33

0.21 . . . 1.68 2.24 2.85 3.16 3.50 4.21 5.02
0.22 . . . 1.59 2.13 2.71 3.01 3.33 4.00 4.76
0.23 . . . 1.51 2.03 2.59 2.88 3.17 3.81 4.52
0.24 . . . 1.44 1.94 2.48 2.75 3.04 3.64 4.31
0.25 . . . . . . 1.86 2.37 2.64 2.91 3.49 4.12
0.26 . . . . . . 1.78 2.28 2.53 2.79 3.35 3.95

0.27 . . . . . . 1.71 2.19 2.43 2.69 3.22 3.79
0.28 . . . . . . 1.64 2.10 2.34 2.59 3.10 3.65
0.29 . . . . . . 1.57 2.02 2.26 2.49 2.99 3.52
0.30 . . . . . . 1.51 1.95 2.17 2.40 2.88 3.39
0.31 . . . . . . . . . 1.88 2.10 2.32 2.78 3.28
0.32 . . . . . . . . . 1.81 2.03 2.24 2.69 3.17

0.33 . . . . . . . . . 1.75 1.96 2.17 2.61 3.07
0.34 . . . . . . . . . 1.69 1.89 2.10 2.53 2.98
0.35 . . . . . . . . . 1.63 1.83 2.03 2.45 2.89
0.36 . . . . . . . . . . . . 1.77 1.97 2.38 2.81
0.37 . . . . . . . . . . . . 1.71 1.91 2.31 2.73
0.38 . . . . . . . . . . . . . . . 1.85 2.24 2.65

0.39 . . . . . . . . . . . . . . . 1.79 2.18 2.58
0.40 . . . . . . . . . . . . . . . 1.74 2.12 2.51
0.41 . . . . . . . . . . . . . . . . . . 2.06 2.44
0.42 . . . . . . . . . . . . . . . . . . 2.00 2.38
0.43 . . . . . . . . . . . . . . . . . . 1.95 2.32
0.44 . . . . . . . . . . . . . . . . . . 1.89 2.26

0.45 . . . . . . . . . . . . . . . . . . . . . 2.20
0.46 . . . . . . . . . . . . . . . . . . . . . 2.15
0.47 . . . . . . . . . . . . . . . . . . . . . 2.09
0.48 . . . . . . . . . . . . . . . . . . . . . 2.04
0.49 . . . . . . . . . . . . . . . . . . . . . 1.99
0.50 . . . . . . . . . . . . . . . . . . . . . 1.94
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Table 3-6M Values of L for Pipe Sizes ≥ 610 mm and < 762 mm O.D.

Wall Thickness, t, mmDepth,
d, mm 6.4 7.9 9.5 11.1 11.9 12.7 14.3 15.9

0.8 278.7 No limit No limit No limit No limit No limit No limit No limit
1.0 278.7 311.4 341.4 No limit No limit No limit No limit No limit
1.3 186.5 311.4 341.4 368.9 381.8 394.2 No limit No limit
1.5 129.1 230.5 341.4 368.9 381.8 394.2 417.9 No limit
1.8 102.0 162.8 275.0 368.9 381.8 394.2 417.9 440.7
2.0 85.6 129.6 197.4 317.8 381.8 394.2 417.9 440.7

2.3 74.5 109.3 158.1 231.6 284.2 356.2 417.9 440.7
2.5 66.2 95.5 133.9 186.7 221.0 263.8 392.9 440.7
2.8 59.8 85.2 117.2 158.6 184.0 214.1 295.2 430.9
3.0 54.5 77.2 104.9 139.1 159.4 182.6 241.2 327.6
3.3 50.2 70.8 95.3 124.7 141.6 160.6 206.5 269.1
3.6 46.4 65.4 87.5 113.5 128.1 144.2 182.0 231.1

3.8 43.2 60.8 81.1 104.4 117.3 131.4 163.7 204.1
4.1 40.3 56.9 75.6 96.9 108.5 121.1 149.4 183.8
4.3 37.7 53.4 70.9 90.6 101.2 112.5 137.8 167.9
4.6 35.4 50.3 66.8 85.1 94.9 105.3 128.2 155.1
4.8 33.2 47.5 63.1 80.3 89.4 99.1 120.1 144.4
5.1 31.2 44.9 59.8 76.1 84.6 93.6 113.1 135.4

5.3 . . . 42.6 56.9 72.3 80.4 88.8 107.0 127.6
5.6 . . . 40.5 54.2 68.8 76.5 84.5 101.6 120.8
5.8 . . . 38.5 51.7 65.7 73.0 80.6 96.8 114.8
6.1 . . . 36.6 49.4 62.9 69.9 77.1 92.5 109.5
6.4 . . . . . . 47.2 60.3 67.0 73.9 88.6 104.7
6.6 . . . . . . 45.2 57.8 64.3 71.0 85.0 100.3

6.9 . . . . . . 43.3 55.5 61.8 68.2 81.7 96.3
7.1 . . . . . . 41.5 53.4 59.5 65.7 78.7 92.7
7.4 . . . . . . 39.9 51.4 57.3 63.3 75.8 89.3
7.6 . . . . . . 38.3 49.5 55.2 61.1 73.2 86.2
7.9 . . . . . . . . . 47.7 53.3 59.0 70.7 83.3
8.1 . . . . . . . . . 46.1 51.5 57.0 68.4 80.6

8.4 . . . . . . . . . 44.4 49.7 55.1 66.2 78.1
8.6 . . . . . . . . . 42.9 48.1 53.3 64.2 75.7
8.9 . . . . . . . . . 41.4 46.5 51.7 62.2 73.4
9.1 . . . . . . . . . . . . 45.0 50.0 60.4 71.3
9.4 . . . . . . . . . . . . 43.5 48.5 58.6 69.3
9.7 . . . . . . . . . . . . . . . 47.0 56.9 67.3

9.9 . . . . . . . . . . . . . . . 45.6 55.3 65.5
10.2 . . . . . . . . . . . . . . . 44.2 53.7 63.7
10.4 . . . . . . . . . . . . . . . . . . 52.2 62.0
10.7 . . . . . . . . . . . . . . . . . . 50.8 60.4
10.9 . . . . . . . . . . . . . . . . . . 49.4 58.9
11.2 . . . . . . . . . . . . . . . . . . 48.1 57.4

11.4 . . . . . . . . . . . . . . . . . . . . . 55.9
11.7 . . . . . . . . . . . . . . . . . . . . . 54.5
11.9 . . . . . . . . . . . . . . . . . . . . . 53.2
12.2 . . . . . . . . . . . . . . . . . . . . . 51.9
12.4 . . . . . . . . . . . . . . . . . . . . . 50.6
12.7 . . . . . . . . . . . . . . . . . . . . . 49.4
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Table 3-7 Values of L for Pipe Sizes ≥ NPS 30 and < NPS 36

Wall Thickness, t, in.Depth,
d, in. 0.250 0.312 0.375 0.438 0.500 0.625 0.688

0.03 12.27 No limit No limit No limit No limit No limit No limit
0.04 12.27 13.71 15.03 No limit No limit No limit No limit
0.05 8.21 13.71 15.03 16.24 17.35 No limit No limit
0.06 5.68 10.14 15.03 16.24 17.35 No limit No limit
0.07 4.49 7.17 12.10 16.24 17.35 19.40 20.35

0.08 3.77 5.70 8.69 13.99 17.35 19.40 20.35
0.09 3.28 4.81 6.96 10.19 15.68 19.40 20.35
0.10 2.91 4.20 5.89 8.22 11.61 19.40 20.35
0.11 2.63 3.75 5.16 6.98 9.42 18.97 20.35
0.12 2.40 3.40 4.62 6.12 8.04 14.42 20.35
0.13 2.21 3.11 4.19 5.49 7.07 11.85 15.82

0.14 2.04 2.88 3.85 5.00 6.35 10.17 13.07
0.15 1.90 2.68 3.57 4.60 5.78 8.98 11.25
0.16 1.77 2.50 3.33 4.27 5.33 8.09 9.96
0.17 1.66 2.35 3.12 3.99 4.95 7.39 8.98
0.18 1.56 2.21 2.94 3.75 4.63 6.83 8.21
0.19 1.46 2.09 2.78 3.53 4.36 6.36 7.59

0.20 1.38 1.98 2.63 3.35 4.12 5.96 7.07
0.21 . . . 1.88 2.50 3.18 3.91 5.62 6.63
0.22 . . . 1.78 2.38 3.03 3.72 5.32 6.26
0.23 . . . 1.69 2.27 2.89 3.55 5.05 5.93
0.24 . . . 1.61 2.17 2.77 3.39 4.82 5.64
0.25 . . . . . . 2.08 2.65 3.25 4.61 5.38

0.26 . . . . . . 1.99 2.54 3.12 4.42 5.15
0.27 . . . . . . 1.91 2.44 3.00 4.24 4.94
0.28 . . . . . . 1.83 2.35 2.89 4.08 4.74
0.29 . . . . . . 1.75 2.26 2.79 3.93 4.57
0.30 . . . . . . 1.68 2.18 2.69 3.80 4.41
0.31 . . . . . . . . . 2.10 2.60 3.67 4.26

0.32 . . . . . . . . . 2.03 2.51 3.55 4.12
0.33 . . . . . . . . . 1.96 2.43 3.44 3.99
0.34 . . . . . . . . . 1.89 2.35 3.33 3.86
0.35 . . . . . . . . . 1.82 2.27 3.23 3.75
0.36 . . . . . . . . . . . . 2.20 3.14 3.64
0.37 . . . . . . . . . . . . 2.13 3.05 3.54

0.38 . . . . . . . . . . . . 2.07 2.96 3.44
0.39 . . . . . . . . . . . . 2.01 2.88 3.35
0.40 . . . . . . . . . . . . 1.94 2.81 3.26
0.41 . . . . . . . . . . . . . . . 2.73 3.18
0.42 . . . . . . . . . . . . . . . 2.66 3.10
0.43 . . . . . . . . . . . . . . . 2.59 3.02

0.44 . . . . . . . . . . . . . . . 2.53 2.95
0.45 . . . . . . . . . . . . . . . 2.46 2.87
0.46 . . . . . . . . . . . . . . . 2.40 2.81
0.47 . . . . . . . . . . . . . . . 2.34 2.74
0.48 . . . . . . . . . . . . . . . 2.28 2.68
0.49 . . . . . . . . . . . . . . . 2.23 2.62

0.50 . . . . . . . . . . . . . . . 2.17 2.56
0.51 . . . . . . . . . . . . . . . . . . 2.50
0.52 . . . . . . . . . . . . . . . . . . 2.44
0.53 . . . . . . . . . . . . . . . . . . 2.39
0.54 . . . . . . . . . . . . . . . . . . 2.33
0.55 . . . . . . . . . . . . . . . . . . 2.28

20

Copyright ASME International 
Provided by IHS under license with ASME 
No reproduction or networking permitted without license from IHS



ASME B31G-2012

Table 3-7M Values of L for Pipe Sizes ≥ 762 mm and < 914 mm O.D.

Wall Thickness, t, mmDepth,
d, mm 6.4 7.9 9.5 11.1 12.7 15.9 17.5

0.8 311.6 No limit No limit No limit No limit No limit No limit
1.0 311.6 348.1 381.7 No limit No limit No limit No limit
1.3 208.5 348.1 381.7 412.5 440.7 No limit No limit
1.5 144.3 257.7 381.7 412.5 440.7 No limit No limit
1.8 114.0 182.0 307.4 412.5 440.7 492.7 517.0

2.0 95.7 144.9 220.7 355.3 440.7 492.7 517.0
2.3 83.2 122.2 176.8 258.9 398.2 492.7 517.0
2.5 74.0 106.7 149.7 208.7 294.9 492.7 517.0
2.8 66.8 95.3 131.0 177.3 239.3 481.8 517.0
3.0 61.0 86.3 117.2 155.6 204.1 366.3 517.0
3.3 56.1 79.1 106.5 139.4 179.5 300.9 401.9

3.6 51.9 73.1 97.8 126.9 161.2 258.4 331.9
3.8 48.3 68.0 90.6 116.8 146.9 228.2 285.8
4.1 45.1 63.6 84.6 108.4 135.4 205.5 252.9
4.3 42.2 59.7 79.3 101.3 125.8 187.8 228.1
4.6 39.6 56.2 74.7 95.1 117.7 173.4 208.6
4.8 37.1 53.1 70.6 89.8 110.8 161.5 192.8

5.1 34.9 50.3 66.9 85.0 104.7 151.3 179.6
5.3 . . . 47.7 63.6 80.8 99.3 142.7 168.5
5.6 . . . 45.2 60.6 77.0 94.5 135.1 158.9
5.8 . . . 43.0 57.8 73.5 90.2 128.4 150.6
6.1 . . . 40.9 55.2 70.3 86.2 122.4 143.2
6.4 . . . . . . 52.8 67.4 82.6 117.0 136.6

6.6 . . . . . . 50.6 64.6 79.3 112.2 130.7
6.9 . . . . . . 48.4 62.1 76.3 107.7 125.4
7.1 . . . . . . 46.5 59.7 73.4 103.6 120.5
7.4 . . . . . . 44.6 57.5 70.8 99.9 116.0
7.6 . . . . . . 42.8 55.4 68.3 96.4 111.9
7.9 . . . . . . . . . 53.4 65.9 93.2 108.1

8.1 . . . . . . . . . 51.5 63.7 90.1 104.5
8.4 . . . . . . . . . 49.7 61.6 87.3 101.2
8.6 . . . . . . . . . 48.0 59.6 84.6 98.1
8.9 . . . . . . . . . 46.3 57.7 82.1 95.2
9.1 . . . . . . . . . . . . 55.9 79.7 92.5
9.4 . . . . . . . . . . . . 54.2 77.4 89.8

9.7 . . . . . . . . . . . . 52.5 75.3 87.4
9.9 . . . . . . . . . . . . 50.9 73.2 85.0
10.2 . . . . . . . . . . . . 49.4 71.3 82.8
10.4 . . . . . . . . . . . . . . . 69.4 80.7
10.7 . . . . . . . . . . . . . . . 67.6 78.6
10.9 . . . . . . . . . . . . . . . 65.8 76.7

11.2 . . . . . . . . . . . . . . . 64.2 74.8
11.4 . . . . . . . . . . . . . . . 62.5 73.0
11.7 . . . . . . . . . . . . . . . 61.0 71.3
11.9 . . . . . . . . . . . . . . . 59.5 69.6
12.2 . . . . . . . . . . . . . . . 58.0 68.0
12.4 . . . . . . . . . . . . . . . 56.6 66.4

12.7 . . . . . . . . . . . . . . . 55.2 64.9
13.0 . . . . . . . . . . . . . . . . . . 63.5
13.2 . . . . . . . . . . . . . . . . . . 62.0
13.5 . . . . . . . . . . . . . . . . . . 60.6
13.7 . . . . . . . . . . . . . . . . . . 59.3
14.0 . . . . . . . . . . . . . . . . . . 58.0
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Table 3-8 Values of L for Pipe Sizes ≥ NPS 36 and < NPS 42

Wall Thickness, t, in.Depth,
d, in. 0.250 0.281 0.312 0.375 0.406 0.469 0.562 0.688

0.03 13.44 14.25 No limit No limit No limit No limit No limit No limit
0.04 13.44 14.25 15.01 16.46 No limit No limit No limit No limit
0.05 8.99 13.40 15.01 16.46 17.13 18.41 No limit No limit
0.06 6.22 8.22 11.11 16.46 17.13 18.41 20.15 No limit
0.07 4.92 6.21 7.85 13.26 17.13 18.41 20.15 22.30

0.08 4.13 5.09 6.25 9.52 11.89 18.41 20.15 22.30
0.09 3.59 4.37 5.27 7.62 9.16 13.70 20.15 22.30
0.10 3.19 3.86 4.60 6.46 7.60 10.66 18.94 22.30
0.11 2.88 3.47 4.11 5.65 6.56 8.87 14.23 22.30
0.12 2.63 3.15 3.72 5.06 5.82 7.69 11.63 22.30
0.13 2.42 2.90 3.41 4.59 5.26 6.83 9.95 17.33

0.14 2.24 2.68 3.15 4.22 4.81 6.18 8.78 14.31
0.15 2.08 2.50 2.93 3.91 4.44 5.66 7.89 12.33
0.16 1.94 2.33 2.74 3.65 4.13 5.23 7.20 10.91
0.17 1.82 2.19 2.57 3.42 3.87 4.88 6.65 9.84
0.18 1.71 2.06 2.42 3.22 3.64 4.58 6.18 9.00
0.19 1.60 1.94 2.29 3.04 3.44 4.31 5.79 8.31

0.20 1.51 1.83 2.17 2.89 3.26 4.08 5.45 7.75
0.21 . . . 1.73 2.06 2.74 3.10 3.87 5.16 7.27
0.22 . . . 1.64 1.95 2.61 2.95 3.69 4.90 6.85
0.23 . . . . . . 1.85 2.49 2.82 3.52 4.67 6.49
0.24 . . . . . . 1.76 2.38 2.70 3.37 4.46 6.18
0.25 . . . . . . . . . 2.28 2.58 3.23 4.27 5.89

0.26 . . . . . . . . . 2.18 2.48 3.10 4.10 5.64
0.27 . . . . . . . . . 2.09 2.38 2.98 3.94 5.41
0.28 . . . . . . . . . 2.00 2.28 2.87 3.79 5.20
0.29 . . . . . . . . . 1.92 2.19 2.76 3.66 5.00
0.30 . . . . . . . . . 1.84 2.11 2.66 3.53 4.83
0.31 . . . . . . . . . . . . 2.03 2.57 3.41 4.66

0.32 . . . . . . . . . . . . 1.95 2.48 3.30 4.51
0.33 . . . . . . . . . . . . . . . 2.40 3.19 4.37
0.34 . . . . . . . . . . . . . . . 2.32 3.09 4.23
0.35 . . . . . . . . . . . . . . . 2.24 3.00 4.11
0.36 . . . . . . . . . . . . . . . 2.17 2.91 3.99
0.37 . . . . . . . . . . . . . . . 2.10 2.83 3.87

0.38 . . . . . . . . . . . . . . . . . . 2.74 3.77
0.39 . . . . . . . . . . . . . . . . . . 2.67 3.67
0.40 . . . . . . . . . . . . . . . . . . 2.59 3.57
0.41 . . . . . . . . . . . . . . . . . . 2.52 3.48
0.42 . . . . . . . . . . . . . . . . . . 2.45 3.39
0.43 . . . . . . . . . . . . . . . . . . 2.38 3.31

0.44 . . . . . . . . . . . . . . . . . . 2.32 3.23
0.45 . . . . . . . . . . . . . . . . . . . . . 3.15
0.46 . . . . . . . . . . . . . . . . . . . . . 3.07
0.47 . . . . . . . . . . . . . . . . . . . . . 3.00
0.48 . . . . . . . . . . . . . . . . . . . . . 2.93
0.49 . . . . . . . . . . . . . . . . . . . . . 2.87

0.50 . . . . . . . . . . . . . . . . . . . . . 2.80
0.51 . . . . . . . . . . . . . . . . . . . . . 2.74
0.52 . . . . . . . . . . . . . . . . . . . . . 2.68
0.53 . . . . . . . . . . . . . . . . . . . . . 2.62
0.54 . . . . . . . . . . . . . . . . . . . . . 2.56
0.55 . . . . . . . . . . . . . . . . . . . . . 2.50
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Table 3-8M Values of L for Pipe Sizes ≥ 914 mm and < 1 066 mm O.D.

Wall Thickness, t, mmDepth,
d, mm 6.4 7.1 7.9 9.5 10.3 11.9 14.3 17.5

0.8 341.4 361.9 No limit No limit No limit No limit No limit No limit
1.0 341.4 361.9 381.4 418.1 No limit No limit No limit No limit
1.3 228.4 340.2 381.4 418.1 435.0 467.6 No limit No limit
1.5 158.1 208.9 282.3 418.1 435.0 467.6 511.8 No limit
1.8 124.9 157.6 199.4 336.8 435.0 467.6 511.8 566.3

2.0 104.9 129.4 158.7 241.7 302.1 467.6 511.8 566.3
2.3 91.2 111.0 133.9 193.6 232.8 348.1 511.8 566.3
2.5 81.1 98.0 116.9 164.0 193.0 270.6 481.2 566.3
2.8 73.2 88.0 104.3 143.5 166.7 225.4 361.6 566.3
3.0 66.8 80.1 94.6 128.4 147.9 195.2 295.4 566.3
3.3 61.4 73.6 86.7 116.7 133.5 173.5 252.9 440.2

3.6 56.9 68.1 80.1 107.2 122.1 156.9 222.9 363.6
3.8 52.9 63.4 74.5 99.3 112.8 143.7 200.5 313.1
4.1 49.4 59.3 69.6 92.6 105.0 132.9 183.0 277.1
4.3 46.2 55.6 65.4 86.9 98.3 123.9 168.8 249.9
4.6 43.3 52.3 61.6 81.8 92.5 116.2 157.0 228.5
4.8 40.7 49.3 58.2 77.3 87.4 109.5 147.1 211.2

5.1 38.3 46.5 55.1 73.3 82.8 103.6 138.5 196.8
5.3 . . . 44.0 52.2 69.7 78.7 98.4 131.1 184.6
5.6 . . . 41.6 49.6 66.3 75.0 93.7 124.5 174.1
5.8 . . . . . . 47.1 63.3 71.6 89.5 118.6 164.9
6.1 . . . . . . 44.8 60.5 68.5 85.6 113.3 156.9
6.4 . . . . . . . . . 57.8 65.6 82.0 108.5 149.7

6.6 . . . . . . . . . 55.4 62.9 78.7 104.1 143.2
6.9 . . . . . . . . . 53.1 60.3 75.7 100.1 137.3
7.1 . . . . . . . . . 50.9 58.0 72.8 96.3 132.0
7.4 . . . . . . . . . 48.8 55.7 70.2 92.9 127.1
7.6 . . . . . . . . . 46.9 53.6 67.7 89.6 122.6
7.9 . . . . . . . . . . . . 51.6 65.3 86.6 118.4

8.1 . . . . . . . . . . . . 49.7 63.0 83.8 114.5
8.4 . . . . . . . . . . . . . . . 60.9 81.1 110.9
8.6 . . . . . . . . . . . . . . . 58.9 78.6 107.5
8.9 . . . . . . . . . . . . . . . 56.9 76.2 104.3
9.1 . . . . . . . . . . . . . . . 55.1 73.9 101.3
9.4 . . . . . . . . . . . . . . . 53.3 71.8 98.4

9.7 . . . . . . . . . . . . . . . . . . 69.7 95.7
9.9 . . . . . . . . . . . . . . . . . . 67.7 93.2
10.2 . . . . . . . . . . . . . . . . . . 65.8 90.7
10.4 . . . . . . . . . . . . . . . . . . 64.0 88.4
10.7 . . . . . . . . . . . . . . . . . . 62.2 86.1
10.9 . . . . . . . . . . . . . . . . . . 60.5 84.0

11.2 . . . . . . . . . . . . . . . . . . 58.9 82.0
11.4 . . . . . . . . . . . . . . . . . . . . . 80.0
11.7 . . . . . . . . . . . . . . . . . . . . . 78.1
11.9 . . . . . . . . . . . . . . . . . . . . . 76.3
12.2 . . . . . . . . . . . . . . . . . . . . . 74.5
12.4 . . . . . . . . . . . . . . . . . . . . . 72.8

12.7 . . . . . . . . . . . . . . . . . . . . . 71.1
13.0 . . . . . . . . . . . . . . . . . . . . . 69.5
13.2 . . . . . . . . . . . . . . . . . . . . . 68.0
13.5 . . . . . . . . . . . . . . . . . . . . . 66.4
13.7 . . . . . . . . . . . . . . . . . . . . . 65.0
14.0 . . . . . . . . . . . . . . . . . . . . . 63.5
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ASME B31G INTERPRETATIONS

ASME B31G
INTERPRETATIONS VOLUME 1

Replies to Technical Inquiries
October 30, 2009 through April 30, 2012

FOREWORD

It has been agreed to publish interpretations issued by the B31 Committee concerning B31G
as part of the update service to the Manual. The interpretations have been assigned numbers in
chronological order. Each interpretation applies either to the latest Edition at the time of issuance
of the interpretation or the Edition stated in the reply. Subsequent revisions to the Manual may
have superseded the reply.

These replies are taken verbatim from the original letters, except for a few typographical and
editorial corrections made for the purpose of improved clarity. In some instances, a review of
the interpretation revealed a need for corrections of a technical nature. In these cases, a revised
reply bearing the original interpretation number with the suffix R is presented. In the case where
an interpretation is corrected by errata, the original interpretation numberwith the suffix E is used.

ASME procedures provide for reconsideration of these interpretations when or if additional
information is available which the inquirer believes might affect the interpretation. Further,
persons aggrieved by an interpretation may appeal to the cognizant ASME committee or subcom-
mittee. As stated in the Statement of Policy in the Code documents, ASME does not “approve,”
“certify,” “rate,” or “endorse” any item, construction, proprietary device, or activity.

For detailed instructions on preparation of technical inquiries to the B31 Committee, refer to
“Correspondence With the B31 Committee” in the front matter.

I-1
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Interpretation: G-1-01

Subject: ASME B31G-2009

Date Issued: September 29, 2011

File: 11-1259

Question (1): When calculating the term z p L2/Dt, is t in this case the corroded pipe wall
thickness?

Reply (1): No. Dimension t is the uncorroded pipe wall thickness.

Question (2): When calculating the failure stress (SF), is t the corroded pipe wall thickness?

Reply (2): Yes.

Question (3): When calculating the hoop stress (SO or Sh), is t in this case the corroded pipe
wall thickness?

Reply (3): No. Dimension t is the uncorroded pipe wall thickness.

Question (4): Does t represent the uncorrroded pipe wall thickness?

Reply (4): Yes.

I-2
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ASME CODE FOR PRESSURE PIPING, B31

Power Piping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B31.1-2012
Process Piping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B31.3-2010
Tuberías de Proceso . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B31.3-2010
Pipeline Transportation Systems for Liquids and Slurries. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B31.4-2012
Refrigeration Piping and Heat Transfer Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B31.5-2010
Gas Transmission and Distribution Piping Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B31.8-2010
Managing System Integrity of Gas Pipelines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B31.8S-2010
Gestión de Integridad de Sistemas de Gasoductos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .B31.8S-2010
Building Services Piping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B31.9-2011
Slurry Transportation Piping Systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .B31.11-2002
Hydrogen Piping and Pipelines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .B31.12-2011
Standard for the Seismic Design and Retrofit of Above-Ground Piping Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B31E-2008
Manual for Determining the Remaining Strength of Corroded Pipelines: Supplement to ASME B31 Code for Pressure Piping. . . . . B31G-2012
Standard Test Method for Determining Stress Intensification Factors (i-Factors) for Metallic Piping Components . . . . . . . . . . . . . . . . B31J-2008
Pipeline Personnel Qualification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B31Q-2010
Calificación del Personal de Líneas de Tuberías . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B31Q-2010
Standard Toughness Requirements for Piping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .B31T-2010

The ASME Publications Catalog shows a complete list of all the Standards published by the Society. For a complimentary catalog, or the latest
information about our publications, call 1-800-THE-ASME (1-800-843-2763).
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ASME Services

ASME is committed to developing and delivering technical information. At ASME’s Customer Care, we make every effort to answer your questions
and expedite your orders. Our representatives are ready to assist you in the following areas:

ASME Press Member Services & Benefits Public Information
Codes & Standards Other ASME Programs Self-Study Courses
Credit Card Orders Payment Inquiries Shipping Information
IMechE Publications Professional Development Subscriptions/Journals/Magazines
Meetings & Conferences Short Courses Symposia Volumes
Member Dues Status Publications Technical Papers

How can you reach us? It’s easier than ever!

There are four options for making inquiries* or placing orders. Simply mail, phone, fax, or E-mail us and a Customer Care representative will
handle your request.

Mail Call Toll Free Fax—24 hours E-Mail—24 hours
ASME US & Canada: 800-THE-ASME 973-882-1717 customercare@asme.org
22 Law Drive, Box 2900 (800-843-2763) 973-882-5155
Fairfield, New Jersey Mexico: 95-800-THE-ASME
07007-2900 (95-800-843-2763)

Universal: 973-882-1167

* Customer Care staff are not permitted to answer inquiries about the technical content of this code or standard. Information as to whether
or not technical inquiries are issued to this code or standard is shown on the copyright page. All technical inquiries must be submitted in
writing to the staff secretary. Additional procedures for inquiries may be listed within.
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Item No. 21248

 

 

 

 

  

Detection, Testing, and Evaluation of 

  

     

Pipelines

          

             

              

         

           -

             

             

            -

            

              

            -

           -

             

          -

            -

         

          

          -

              

           -

            -

             -

         

          -

             -



          

              -

                

             

          

        

           



ABSTRACT

This standard describes types of microor-

ganisms, mechanisms by which MIC oc-

curs, methods of testing for the presence of 

bacteria, research results, and interpreta-

tion of testing results for external surfaces 

of buried, ferrous-based metal pipelines 

and related components. Appendixes are 

    -

datory Appendix A), dilution procedures 

     -

    -

pendix C). This standard is maintained Task 

Group 237.

KEYWORDS

MIC, microorganisms, sampling, MMM, bio-

  Archaea
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Foreword

           -

             

            

           -

           -

         

        -

              

         

            

          

          

          

             -

             

 

This standard is intended for use by pipeline operators, pipeline service providers, gov-

            -

              

       

     

         -

          -

               

              -

           

  

In NACE standards, the terms shall, must, 

should, and may are used in accordance 

       

NACE Publications Style Manual, 4th ed., 

Paragraph 7.4.1.9. Shall and must are used 

to state mandatory requirements. The term 

should is used to state something consid-

ered good and is recommended but is not 

mandatory. The term may is used to state 

something considered optional.
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4 TM0106-2016 NACE International

Section 1: General

            

          -

            -

          

          -

           

    

          

           

    

               -

              

     

  

           

   

          -

              

        

               -

               

                    



      

           -

   

         

  

Archaea:          -

       Archaea  -

         -

          

   Archaeoglobus    Archaea.

Archaeoglobus:           

            A. fulgidus   

 archaea           

        Archaeoglobus -

             

        

       
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              

   

              

   

         

           

      

              

        

             

              

              

   

              

          

        

             

            

          -

          

        

          

             

              



          

            

            

       

            

  

             -

   

         

           

              

             

              

            

      

         -

        
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           

       

    

          

  

            



           

            

              


2


4
              

               

     

             

      

         

             

            +3

         +2  +2 

       1

          

       Archaea     

             

              

        Archaea   

          

             -

   

          

    

         

           

              

           

 See microorganism.

         Archaea, 

      Archaea     -

     Eukarya

    

          

               

    
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            

             -

            

            -

            

            -

 

     

           

            

             short-chain 

fatty acids.

          -

              micro-

organism.

        

             redox 

potential

              

 

        
2


4
  

 
2


4


  See structure-to-electrolyte potential.

          

              

            

  

      

            Archaea. 

Archaea             

             -

          Ar-

chaea. 

        

            

                  

          -

              

              

          

  
h
 See oxidation-reduction potential.

            

            

        
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          -

             

      

           

 Archaea    Archaea   -

               -

         

          -

               -



          

     Archaea

            -

               

   

           

Section 3: Introduction

              

           

             

        1   

         2  

              3 

             

     4          -

           

       1 

          

                      

           -

       1

          

           

   

          

             1

         

    

        

       1

           

              

   
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            

          

          

     1

       -

            

          -

              

 1

           -

         

            -

           

          -

            

      

         -

             

          -

            

         

   

   

            -

           

       -

       

           

            -

          

      

             

           

         

          

            -

             

          

      1

  

         -

             

            

         

             

           

          -

             

             

   
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            

            

           -

             -

            

          -

        

             

           

          -

             

           -

             -

         

           

           -

  9            -

             

       

            

             -

          

          

           

           

            

              -

           

           

 Archaea         

     
2
     -

    11      Archaeoglobus. 

Archaeoglobus               

           2  Ar-

chaeoglobus          

          

            

          

   
2
           -

      

  

             

          -

             

         12     -

             

  13             

          

     
2


4
      

            

           -
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              

    1

  

        -

             

        

         

      

        -

           

       

         -

         

         -

            

       

        

         

        

             -

             

          

          

+           

           

           -

  -          -

          

       

       

          

      

         

         

+2       
2


3
  

3


4
 


2
          

         

            -

            

        

         

       

            -

    

  

        

         -

    +3   +4   

             -

           14  
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      +3  +4     +2 

 +2          1

 

         

    Archaea      

          -

  
2
          -

             

            

           -

              

     Archaea     -

         

            

      17

     

 

             -

         18  -

           

             

         

         -

          -

            -

            

           

            

          -

          

            -

              

   1

 

4.2.1        -

            

        -

         

           

             

          

          

            

           

          

          -

           

            -
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          

       1

4.2.2          

           

          -

             -

        

            

            

          

          -

       

          

          

           

         

        

3 19         

    18    -

            -

               

         

            -

               -

            -

      1

  

              

    
4
     

          

            

           23    

     

           

            

4             

             

               -

          -

           

24         25   

     
4
      -

            -

            -

           

       1

           

        

        

             

            
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            

             

            -

         1

Section 5:  Sampling Equipment

        

            

             

     

   

     

     

          

    

   

    

    

     

     

   

    

 

    

  

        

     

             

     

            -

          

             

         

          

          

           

              

          

         

          

          

           -

              

          -

            

        
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     

  

6.1.1            

            

             

             

  

6.1.2      

6.1.2.1          



6.1.2.2  

   
h
       

      

6.1.2.4         

   

              

             -

             -

              

          

         

6.1.4            

6.1.4.1          

        -

          

          -

        

6.1.4.2            

         

         

  

        

     

6.2    

6.2.1          

     

6.2.2            

        

          -

               -

     



 

 

  





  

               
              
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6.2.4      

  

             

           

           

             

              -

   

          

           

           -

        

  

6.4.1           

             

           

           

               

  

6.4.2              

             

             

             

              

              

               

              

               

              -

               

               

            



6.4.4           

            

          

            

  

        

       

         -

         

           

         

        

             
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     

             -

              -

          

  

         

     

          

         

            

           -

       

          

            

           

           

             

       

  

          

            

            

             

           

          -

        

         -

          

            -

             

           -

              -

           

              

              

          

           

                 -

            

             

   

    

           

        

          

           

          -
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            -

              

           

         -

           

           

         -

          -

             

        

           -

              

         -

              

              

         

          

       

          -

            

             

       

   

            

            

          -

          -

           

           

           



          

               

         

          

            -

           -

              -

            

             -

           

            

               

             

         

      

           

            -

           -

           

           
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           

            

         -

          

        

         

  

           

          -

              -

            

          

           -

            -

             

            

       

         

              

          -

          

            -

              

     

             

          

        

  

          

           -

           

        

         -

            -

    

       -

         -

         

            

    

          

            

           

          

              

            

 

         

Robert Carnahan - Invoice 144726 downloaded on 2/14/2020 7:33:38 PM Single-user licence only, copying/networking prohibited



20 TM0106-2016 NACE International

              

              

              

               

    Archaea        

               

            -

           

             

                  

           

           

        33-35

    

            -

          

            

            

           

             

            

          

           

              

            

             

            

          

           

           -

             

     

   

            

             

           

         

           

            

           

          

             

             

          

    

          -

            -

           

         
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           

         

           

         

             -

       

    

          -

           

           -

             

           

             -

             -

            

  

  

MMM
Method 

 







 






 

          

    

     

     

      

    

DGGE    
   

   

    

    

    

   

   

     

 

           

           -

            

            -

           

         -

             

         -

           

                

    Archaea          

         

          

        Archaea     

  Desulfovibrio desulfuricans       -

           

        

            -

            

             -

                 

               

      

     

     -

       

     

     -

      

    
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          Archaea   

           -

          

              -

   

               

             

           -

         

           

          -

            -

            

             -

 Archaea         

          

            

          

            

              -

          

           

           -

             

             

      Archaea    

            

              

Archaea      Desulfovibrio desulfuricans 

                   

                    

  

            -

         

           -

         

           -

    41-43     

            

                

                    

      

  

            

       -

           -

            -

          

            

  

            -

             
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              -

            -

          

            -

          

            -

             

           -

              

             -

             -

            

         

          

          

           

             -

             -

     

  

         

           

                

             

               

             

             

              -

           

               -

           

            

           

             

          

         

                

      

    

          

          -

  

           -

             

            -

              

    

            

          -

    
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           -

           

           

           

           -

            

           

             -

 

             -

          

        

             

           

            

          

         

         

            

  

           -

           -

          

         

          

  

        

            

         

       

          

        

 

          -

          -

         

     

          -

     

    

           -

          

  

          -
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        

           

          

           

          

   

            -

          

 

         

     43     

          

     

       

and Interpretation of Data

  

8.1.1         

         

           -

         

           

     

8.1.2          -

           

          -

            -

   

           -

           

         

          

   

8.1.4            

        -

      

            

             

        -

       

8.1.6          

             -

           

              

                

         
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         

          -

           

            -

          

            

   

8.2.1          -

            

          -

        

8.2.2            

   

8.2.2.1         -

        

        

          

       -

           

            

 

         

         

           

         

         

        

            -

           -

         

          

         

          -

           -

          -

         

            

         

      

  

           

        

            

         -

           -

   

          

         
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

      Peabody’s Control of Pipeline Corrosion      

              Archaeoglobus Fulgi-

dus Nature     
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Pseudoalteromonas     AEM     

               
           
             
            
         
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                 -

       

                   

            

                 

          

             





                 MP     

                



                 

   

  Field Guide for Investigating Internal Corrosion of Pipelines    

               

                

  

          MP     

                 

           

                  

                 



               

    

                   

        

                    -

             

                 

             

                 

                  -

  Applied and Environmental Microbiology     
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                 

Pseudoalteromonas     AEM     

                

      

                  

            

                

          

             

                 
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Appendix A  

  

   

              

  

    

    

6.1.1    

   

 

6.1.2    

 

 

  

 

 



   

  

   

     

    

  

  

6.1.4.1         

      

 

       

 

         

     

       



 

  

   

6.1.4.2   

        

  

  

  

   

   

   

     
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    

    

   

    

 

   

 

    

6.2.1   

     

    

 

        

      

    

      

     

  

   

     

       

   

6.2.2    

   

 

      

      

      

       

   

      

      

   

        

     

 

  

 

 

  

   

  

  

    

 

     
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6.4        Note whether sample was collected and exact 

location of sample.

 

     

     

      

        

 

    

    

     

      

 

    

    

     

   

   

  

    

   

   

   
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ABSTRACT

Uncertainties are present about the mechanisms of cathodic protection (CP) and its effectiveness to
limit or completely stop Microbiologically Influenced Corrosion (MIC). The goal of this research was to
improve the understanding of the mechanisms of CP by determining the interactions between corrosion
and local chemical parameters, such as pH, under varying CP conditions, both in the absence and
presence of MIC.

Electrical resistance (ER) probes, covered with a biofilm of sulphate-reducing microorganisms, were
subjected to a series of CP potentials. In some cases MIC could not be stopped by CP, even at very
negative potentials. The application of CP potentials resulted in an increase of the pH near the steel
surface. In the absence of a biofilm CP could raise the pH above 13, whereas the pH remained below 8
in the presence of an active MIC biofilm. These findings show that MIC biofilms can reduce the
effectiveness of CP by maintaining a mild pH, supporting their activity.

Once biofilms have established, it may be very hard or even impossible to stop MIC with CP,
irrespective of the potential applied. This suggests that CP strategies should be aimed at preventing
MIC biofilms to develop from the start.

Key words: MIC, electrical resistance probe, cathodic protection, biofilm, sulphate-reducers,
microsensors, pH, electrochemistry.
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INTRODUCTION

Microbiologically influenced corrosion (MIC) has been identified as one of the major causes of failures
of underground steel infrastructure. Uncertainties are present about the mechanisms of cathodic
protection (CP) and its effectiveness to limit or completely stop MIC. Several different mechanisms for
the effect of CP on MIC have been proposed, including formation of alkalinity and electrostatic effects
at the metal surface.1

To prevent or mitigate corrosion using cathodic protection (CP), the right potential should be applied. A
criterion of -0.95 V (vs. Cu-CuSO4) is widely used, but its robustness has been questioned by several
authors.1,2 A crucial factor is the role of environmental conditions and the ensuing electrochemical and
microbiological reactions following the application of CP.

Recently, a model was developed which is able to explain mechanisms of cathodic protection and
limitations of the current threshold values.2 In spite of the successful description of corrosion
phenomena by this model, some input parameters still remain unclear. The spread resistance is one
uncertain parameter. It is determined by soil microstructure and local soil electrolyte chemistry. The
latter strongly depends on the applied potential and the resulting electrochemical reaction occurring at
the steel surface at a given rate as well as on the coupled mass transport. The combined effects of
applied protection current, mass transport and microbial activity in the soil adjacent to a defect are
currently not well understood. Especially the role of sulphate-reducing bacteria is unclear:  the presence
of these bacteria can influence the local environment by affecting pH (most likely by acidification), but
also by affecting levels of Fe2+ concentration due to formation of precipitates such as iron sulphides. A
better understanding of these processes is necessary to understand the occurrence of MIC and the
effectiveness of CP.

The goal of this research was to answer the following questions:
 How effective is CP in the absence and presence of Microbiologically Influenced Corrosion (MIC)?
 What factors explain the effectiveness of CP in the absence and presence of MIC?
 What does this mean for CP protection criteria?

In order to answer these questions, we determined the interactions between corrosion and local
chemical parameters such as pH under varying CP conditions, in the absence and presence of MIC.

EXPERIMENTAL PROCEDURE

1. Relation between CP and local pH in synthetic solutions

In a first series of experiments the effect of the current density on the pH near a steel surface with a
hemispherical shape was investigated in simulated soils. The pH-value at the steel surface was
measured with sensors previously described.3 All experiments were performed in quartz sand. To
determine the relation between applied potential and local pH, a probe was used consisting of a
platinum wire. The probe’s geometry was based on a hemisphere with 1 cm diameter that was
subjected to a galvanostatic current (Figure 1). The pH and spread resistance were measured over
time until steady state was achieved.
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Figure 1:  Experimental set-up for measuring the spread resistance and pH as a function
of soil condition and current density over time. A steel hemisphere was used as cathode. The

locations of pH-sensors are schematically indicated by red dots.

2. Abiotic corrosion and Microbiologically Influenced Corrosion (MIC) in groundwater
(laboratory experiments)

To study abiotic corrosion and Microbiologically Influenced Corrosion, a setup was used consisting of
and ER probe exposed to groundwater (Figure 2). The ER probes used in these experiments were
obtained from Metricorr. These sensors consist of a steel surface which can be exposed to a chosen
environment, and a reference steel surface which is not exposed. By measuring electrical resistance
the thickness of the steel can be determined over time. Electrical parameters such as DC and AC
currents and potentials were measured with a Metricorr† logger.

A biofilm of MIC-causing sulphate-reducing microorganisms was grown on the steel surface of an ER
probe placed in an anaerobic reactor. For this purpose, a flow of groundwater containing sulphate
reducing microorganisms was pumped along the steel surface of the ER probe. Growth of a MIC biofilm
was initiated by adding 5 mM Na2SO4 to the groundwater reservoir and intermittent doses of 12 mM
sodium-D,L-lactate to the reactor. Formation of a MIC biofilm representative of those present in the field
is ensured by using groundwater from a location in the North of the Netherlands, where MIC on
underground pipelines was reported to occur frequently. Details on the experimental approach and
setup were described before.4

† Trade Name
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Figure 2: Left: ER probe in anaerobic reactor containing groundwater; right: close-up of
setup for measurement for gradients using microsensors.

With the ER-probe, corrosion rates were measured under various chosen CP values and groundwater
conditions, in combination with measurement of electrical DC and AC parameters. In all experiments
with CP, the applied potential (imposed voltage) was adjusted with a potentiostat. The corrosion
potential on the steel surface of the probe (EDC) was measured with respect to an Ag/AgCl reference
electrode. Small scale gradients of pH and redox potential in the biofilm at the steel surface were
measured using mini-pH sensors or microsensors mounted in a micromanipulator.

Microsensor measurements

Microsensors were used to measure gradients of pH and redox potential in a MIC biofilm on a
micrometer scale, and to determine the effect of CP and groundwater flow on these profiles. For these
measurements, either a mini pH sensor was used, or microsensors. The minisensors were from the
type WTW SenTix MIC D. The microsensors were obtained from Unisense†. The microsensors for
redox potential and pH had a tip size of 25 µm.

3. Microbiologically Influenced Corrosion (MIC) in groundwater (field experiments)

Field experiments were performed at a location in the north of the Netherlands. This location was
chosen because it is located in an area where external MIC has been discovered on several spots on
underground pipelines. The soil parameters of this area are largely determined by the presence of peat.
The top layer of a few decimeters consists of humus rich soil and, largely excavated, peat. Underneath
is yellow sand. The groundwater level ranges throughout the year from 0,5 to 1,3 meters below ground
level.

On the field site 25 groundwater monitoring wells were installed. These consisted of PVC tubes with an
external diameter of Ø75 mm and had depths ranging from 1.6 to 3.2 meters below surface level. The
deepest of the PVC tubes was provided with a well screen consisting of vertical slits (20 cm x 0.5 mm)
to allow the groundwater to flow from the relevant depth into the well. A filter wick was covering the
slotted part of the tube. Thus, by inserting the ER (bio)probes in the monitoring wells, it was possible to
carry out measurements in the groundwater at a controlled depth and location.

†Trade Name

pH
microsensor

ER probe in
anaerobic
groundwater
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The effect of cathodic protection (CP) on (microbiological) corrosion on the ER probes was studied with
the set-up depicted in Figure 3. With a rectifier (Delta ES030-5) a cathodic protection potential was
applied between the probe and its environment. A steel anode was located in a nearby ditch. The
applied CP potential was measured with an Ag/AgCl reference electrode which was located in the
monitoring well adjacent to the probe. A Metricorr logger measured the thickness of the probe, electric
potential with respect to the reference cell and current density (DC and AC). Details on the field setup
and experimental approach were described before.4

Figure 3: Experimental set-up to measure interaction between CP and corrosion in the field.

RESULTS

1. Effects of pH and cathodic protection in well-defined abiotic laboratory media

The results of the measurements of the pH distribution in synthetic soil are shown in Figure 4. After
applying the current the pH reached a steady state value within a few hours. After one week, the pH
gradient reached several centimeters into soil. At the steel surface the pH-value was in the range of
12.5 or above for current densities of 1 A/m2 or 10 A/m2, respectively. Corresponding values of the pH
are typical for steel in concrete and are associated with the formation of a stable passive film on the
steel surface. This finding is in line with calcareous deposits that are commonly found at coating
defects. These deposits often have diameters in the range of several tens of centimeters. Since their
formation is controlled by the increase of the pH and the precipitation of calcium carbonate they can be
considered as a qualitative measure of the dimension of the increased pH and its extent into the
surrounding soil.
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Figure 4:  Distribution of the pH into soil after one week of cathodic protection.

2. Cathodic protection, pH and corrosion in groundwater (laboratory experiments)

Effects of CP on abiotic corrosion

Cathodic protection is reported to have a large effect on pH gradients.5,6 We measured the effect of
cathodic protection on pH at the steel surface of ER probes using a pH mini-electrode. The results can
be found in Figure 5. A clear effect of imposed voltage on the pH can be seen: with a more negative CP
potential, the pH strongly increases (up to pH 14 at -2000 mV). This effect is in accordance with the
effects reported in literature.5,6

To rule out the potential disturbance of the signal by direct electrical contact between steel surface and
pH sensor, the pH minisensor was positioned at a slight distance from the steel surface. The pH value
hardly changed by this, indicating that the curves reflect actual pH values. Another test confirming this
conclusion was performed by applying the pH indicator phenolphtalein in the medium. This indicator
showed a pink colour upon CP. Phenolphtalein is colourless at neutral pH and turns purple in the pH
range from 8 to 12, and turns colourless above pH 13. The indicator showed a pink colour upon
applying CP. This gives further proof for the pH effects reported in Figure 5. It is also remarkable that
the indicator mainly turns pink at the edges of the steel surface, whereas no colour is visible at the
centre of the steel surface. This indicates that the pH at the center of the steel surface is higher than
13, which is in line with the measurements in Figure 5.
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Figure 5:  pH upon application of various levels of CP versus applied potential (versus Ag/AgCl)
(left) and current density J DC (right) of abiotic ER probe (blue) and MIC ER probe (green).

Effects of CP on Microbiologically Influenced Corrosion (MIC)

The effect of the applied potential of Cathodic Protection (CP) on the MIC rates is presented for two
cases (Figure 6 and 7).

In Figure 6, the relative MIC rate is presented compared to the maximally measured MIC rate for this
MIC ER probe (in %) as a function of applied CP potential. For this MIC biofilm, the MIC rate gradually
decreases with increasing CP potential.

Figure 6:  Effect of imposed CP potential on corrosion rate measures using an MIC ER probe,
expressed as % compared to the maximal corrosion rate.

For another biofilm however, a different situation was observed (Figure 7). First, the MIC could be
stopped completely. However at a later moment, MIC could not be stopped, even at CP potentials as
high as -1000 mV vs. Ag/AgCl.
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The local pH was measured in the biofilms that could not be stopped corroding by CP (Figure 5). In
comparison to abiotic corrosion, a striking difference is visible. Inside the MIC biofilm the pH remained
below 7.5, in spite of increasing the CP potential to -1700 mV (Figure 5). Another important observation
was that the presence of a biofilm, the current densities are 40 to 100 times higher than current
densities in the absence of MIC.

Figure 7:  Coupon thickness and corrosion rate measured with fast corroding MIC ER probe.
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3. Field experiments

To test the effectiveness of CP in the field, ER bioprobes preloaded with a MIC biofilm in the laboratory
were transferred to the field and, after an adaptation time, exposed to a series of CP potentials (Figure
8).

Figure 8: Corrosion rate (top) and current density (bottom) measured for MIC bioprobes in the
field over time. Applied CP potentials (vs. Ag/AgCl) indicated at the top of the figure.

On two probes with different grades of microbiological corrosion, different levels of CP were applied, in
two series over time. In between the series, no CP was applied. In the first CP series, for both probes
the MIC could be stopped completely. The stronger corroding probe needed higher applied values to
stop MIC completely (-1000 mV versus -870 mV vs Ag/AgCl). Remarkable is that for both probes,
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corrosion rates increased after the application of CP, indicating that despite the fact that corrosion stops
during the application of CP, the biofilm is becoming more active. In the second CP series, MIC could
not be stopped on the fastest corroding probe (red line in Figure 8), even at CP potentials as high as -
1000 mV vs. Ag/AgCl. The slower corroding probe (green line), immediately stopped corroding at this
applied CP potential. For the faster corroding probe which cannot be stopped with CP, the current
densities were about two times higher than those for the slow corroding probe (Figure 8).

CONCLUSIONS

Cathodic Protection (CP) appears to work at least partly via a pH mechanism. In the absence of
microorganisms, a clear elevation of the pH near the steel surface is observed. In the presence of MIC,
three interesting phenomena were observed:
 MIC can in some cases not be stopped by CP, even in case of very negative applied potentials;
 Within a MIC biofilm, the increase of pH upon CP can be significantly less than in the absence of a

MIC biofilm;
 In the presence of a MIC biofilm the DC current upon CP is much higher than in the absence of a

biofilm (40-100x).

The exact mechanisms determining this pH-control inside the biofilm remain to be resolved. Some
hypotheses are:
1. The microorganisms are able to couple sulphate-reduction to the oxidation of hydrogen (H2) to
protons (H+). By doing so, the protons taken up from the groundwater to form H2 at the steel surface
exposed to CP are recycled, and thus a potential pH increase is counteracted (Figure 9);
2. The biofilm has a strong chemical pH-buffering capacity, for example related to the presence of iron-
sulphide and siderite precipitates, and organic molecules.

One of the most important findings is the suggestion that CP can feed MIC microorganisms at the steel
surface by providing them with energy via electrons and/or hydrogen. There are strong indications that,
once certain biofilms have established, it is very hard or even impossible to stop them with CP,
irrespective of the potential applied. Instead of stopping an already established biofilm, CP strategies
should therefore be aimed at preventing MIC biofilms to develop from the start.

Figure 9: Schematic depiction of potential mechanism of electron coupling of MIC at the steel
surface.
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Well Casing External Corrosion and
Cathodic Protection
W. Brian Holtsbaum, CC Technologies Canada Ltd.

THE PORTION OF THE WELL OF CON-
CERN is that portion of the casing in contact
with the formation either directly or through a
cement barrier. It must be noted that where
multiple casing strings are used, only that portion
of each casing string in contact with the forma-
tion applies to this discussion.

Well Casing Corrosion

The corrosion mechanism will vary depending
on the depth and the conditions at various parts of
the casing. Gordon et al. (Ref 1) reported cor-
rosion on well casings above a depth of 60 m
(200 ft) that was due to oxygen enhanced by
chlorides and sulfates in the soil while below that
depth corrosion was caused by carbon-dioxide-
rich formation water. These conclusions were
based on scale analyses, sidewall core analyses,
and soil analyses. In addition to these mechan-
isms, galvanic corrosion (especially if the casing
is connected to surface facilities), anaerobic
bacteria supported by drilling mud, and stray-
current electrolysis are other possible causes of
corrosion (Ref 2). Cementing the casing in place
helps reduce the corrosion rate but does not
eliminate it (Ref 3).

The procedure for predicting the probability
and/or rate of corrosion is given in NACE
RP0186 (Ref 4) and can be summarized:

1. Study the corrosion history of the well or
other wells in the area (Ref 5).

2. Study the downhole environment, including
the resistivity logs, different strata, drilling
mud, and cement zones.

3. Inspect any casing that has been pulled
(Ref 1).

4. Review the results of pressure tests.
5. Review the results of downhole wall thick-

ness tests (Ref 1).
6. Review the results of casing potential profiles

(CPP).
7. Review the oil/gas/water well maintenance

records.

In a given area, after the first leak has occur-
red, the subsequent accumulated number of

casing leaks often follows a straight-line rela-
tionship with time when presented on a semilog
plot, that is, the log of the leaks versus time (Ref
5–7). This in effect means that the leak rate is
increasing tenfold over equal periods of time.
Repairs to the casing will alter this relationship
as a repair often replaces several potential leaks;
however, the leak rate will not be reduced to a
tolerable level until cathodic protection is
applied.

As part of many drilling programs it is com-
mon practice to pump cement into the annular
space between the well borehole and the casing,
usually to a point above the producing formation
(sometimes from surface to producing formation
depth and other times only portions of the casing
strings are cemented) to achieve a seal. The
cement in newer wells is often brought to the
surface. However, in older wells, the cement was
only sufficient to achieve a seal from the oil- and/
or gas-bearing formation and therefore was
brought from the bottom to a specific point along
the casing. It should be noted that sections of
casing pressed into the formation before cement
injection will not necessarily have a cover of
cement, or at the most, a very thin layer that is
inadequate for corrosion control. Furthermore
sections of casing not in the cement will continue
to be exposed to the remains of the drilling mud.

The formation of corrosion cells can be:

� Local or pitting
� Between the cement and noncement sections

of casing
� Between differential temperature zones
� Between brine formations and relatively inert

rock
� Between the well casing and the surface

facilities if there is a metallic connection

In addition, corrosive gases from a formation,
such as carbon dioxide (CO2) and hydrogen
sulfide (H2S) in an aqueous environment, can
cause more aggressive attack.

Direct-current (dc) stray-current interference
is another possible source of external corrosion.
These may come from other cathodic protection
systems, surface welding, or dc operated equip-
ment. Alternating-current (ac) stray current in

high current densities can also be a source of
corrosion (Ref 8). Stray current accelerates cor-
rosion on the casing if it discharges into the
formation when returning to its source.

Detection of Corrosion

The two principal methods for detecting well
casing corrosion include metal-loss (corrosion-
monitoring) tools and casing current measure-
ment. Both are described in this section.

Metal-Loss Tools

Casing monitoring tools for corrosion consist
of three basic types: mechanical tools, electro-
magnetic tools, and ultrasonic tools (Ref 9).

The mechanical caliper tool is the oldest
method where many “fingers” are spaced around
a tool mandrel. When the tool is pulled past an
anomaly, these fingers either extend into a defect
or are pushed in by scale, a dent, or a buckle in
the casing.

Electromagnetic tools consist of:

� High-resolution magnetic flux leakage and
eddy-current devices

� An “electromagnetic thickness, caliper, and
properties measurement” device

The source of magnetic flux comes from the
electromagnet (or permanent magnet) in the tool.
As the tool moves along the casing, the magnetic
flux through the casing wall is constant until it is
distorted by a change in the pipe wall thickness.
The flux leakage induces current in sensing coils
that is related to the penetration of the defect in
the casing wall. A uniform thinning of the casing
wall may be detected only as a defect at the
beginning and end as there may be little change
in flux leakage in between. Strictly, a magnetic
flux tool cannot discriminate between a defect in
the inside or the outside of the casing.

However, by adding a high-frequency eddy
current that can be generated in the same tool,
which induces a circulating current through the
inner skin of the casing wall, discrimination
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between internal and external defects can be
achieved. Sensing coils on the tool then detect
the high-frequency field. A metal flaw or loss in
the inside of the casing impedes the formation of
circulating currents, and the change in this cur-
rent is a measure of the surface quality and
approximate vertical height of the defect. By
comparing the defects from the electromagnetic
to those obtained from the eddy-current signals
in the tool, the external defects can be defined by
a process of elimination.

The ultrasonic tool has transducers around
the tool that act as both transmitters and receivers
of an acoustic signal. The reflected signal is then
analyzed for casing thickness, internal diameter,
casing wall roughness, and defects. In addition, a
cement evaluation can be included.

Tool Limitations. Since each tool has lim-
itations, it may be necessary to run more than one
tool depending on the type of flaw expected. In
spite of the limitations, these tools can provide a
reasonably accurate assessment of the casing
metal loss; unfortunately, they can only detect
corrosion damage after it has occurred.

Casing Current Measurement

According to Faraday’s law (Eq 1), the metal
loss due to corrosion is proportional to the
dc current and the length of time that it leaves
the metal and enters the electrolyte:

W=
MtI

nF
(Eq 1)

where W is weight loss in grams (g); M is the
atomic weight in grams (g); t is the time in sec-
onds (s); I is the current in amperes (A); n is the
number of electrons transferred per atom of
metal consumed in the corrosion reaction; and F
is Faraday’s constant (96,500 coulombs per gram
equivalent weight).

For steel, this equates to a metal loss of
9.1 kg/A-yr (20.1 lb/A-yr). If the current can be
measured then the metal loss, as a measure
of weight, for a given period of time can be
calculated.

An axial current at any point in the casing can
be calculated from Ohm’s law (Eq 2) by mea-
suring a voltage (microvolt, mV) drop across a
known length of casing resistance:

Ip=
V2

Rp

(Eq 2)

where Ip is the axial current in casing (mA); V2 is
the axial voltage drop between two contact
points along the casing pipe (mV); and Rp is the
casing pipe wall resistance between the two
contact points (V).

This voltage measurement is commonly called
a casing potential profile (CPP), but the intent is
to assess the axial and radial current profile in the
casing. By determining an axial current value
and direction between consecutive points in the
casing, a radial current pickup or discharge can
then be predicted in accordance with Kirchoff’s
current law, which states “the sum of the current

at any junction must equal zero.” Figure 1
illustrates three possible current measurement
scenarios (A, B, and C); in all cases, the junction
in Kirchoff’s current law is at the center of each
scenario.

The anodic or corroding sections of a casing
are at the sections of current discharge, while the
current pickup areas are cathodic and are not
corroding. Scenario A of Fig. 1 shows the axial
current increasing from 1.5 to 2.0 A; therefore,
there must have been a 0.5 A pickup in between,
indicating that this section is cathodic. The cur-
rent of 2.0 A coming up the casing in scenario B
is greater than the 1.5 A that continues up the
casing; thus, 0.5 A must have discharged from
the section in between the two points, causing
this to be anodic or corroding. The current of
1.0 A that is coming downhole at the top of
scenario C is in the reverse direction from the
1.5 A coming uphole; therefore, the current
coming into the casing section from both ends
must discharge from the pipe section somewhere
in between. This section is therefore anodic and
would be corroding.

By measuring the axial current at regular
intervals along the casing, a complete current
map along the casing can be obtained as shown in
Fig. 2. Such a test is called a casing potential
profile (CPP), and the plot in Fig. 2 is called an
axial current profile. Both the amount and the
direction of current have to be determined to
predict a current pickup or discharge. An
increasing slope coming uphole (equal to a
negative change in depth per change in current
going downhole) in Fig. 2 indicates a current
pickup (cathodic section), while the reverse
slope indicates a current discharge (anodic sec-
tion). The amount of metal loss can be predicted
for a given period of time on the assumption that
the relative current will remain the same.

Determination of the amount of current pickup
and discharge along the casing in Fig. 2 results in
the radial current profile shown in Fig. 3.
Referring to Fig. 2, the direction of net current
flow at about “85% of depth” is in the downhole
direction as it crosses the zero (0) current axis,
while the current below that depth is coming
uphole. This causes a current discharge centering

A B C
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(axial)

1.5 A
(axial)

1.0 A
(axial)

0.5 A
(radial)
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(radial)
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Cathodic Anodic Anodic
Pickup Discharge Discharge

1.5 A
(axial)

2.0 A
(axial)

1.5 A
(axial)

Fig. 1 Example of radial current pickup or discharge from axial current. Refer to the text for a discussion of scenarios A,
B, and C.
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at about 90% of depth as shown in Fig. 3. This is
the same as scenario C in Fig. 1. In a similar
fashion, the current at a depth between 0 and 25%
and also 40 and 55% of depth is less than the
current below, although in the same direction,
which is the same as scenario B in Fig. 1. This
also indicates a current discharge (anodic) area.
The remainder of the casing in this example is
picking up current and is cathodic, which fits the
condition illustrated by scenario A in Fig. 1.

Limitations and Advantages of Casing
Current Measurements. Casing current mea-
surements, are only sensitive enough to measure
long-line currents and do not detect local corro-
sion cells that exist between the spacing of the
two contacts.

The advantage of this test is that macro-
corrosion can be predicted before it occurs. How-
ever, the assumption that the current magnitude
and location will stay the same can create a large
error. The existence of local corrosion pits
will be missed, and these can represent a large
amount of the corrosion taking place (Ref 9, 10).

Cathodic Protection of Well Casings

At one time there was a concern that cathodic
protection current applied at the surface would
not reach the bottom of deeper well casings.
Blount and Bolmer (Ref 11) conducted polar-
ization tests with a reference electrode located
at the top and the bottom of well casings and
concluded that cathodic protection is feasible to a
depth of at least 1000 m (3300 ft). Subsequent
tests have shown that it is feasible to depths up to
at least 3960 m (13,000 ft).

Two methods of determining the amount of
cathodic protection current required are de-
scribed in this section: a casing polarization
(E log I) test and a CPP test. The first test
attempts to predict when the casing becomes a
polarized electrode, while the second test con-
firms if an adequate amount of cathodic protec-
tion current is being discharged from the anode
bed(s) to ensure current is being picked up along
the length of the casing being tested.

E log I Test (Tafel Potential)

The E log I test is a measurement of the
polarized casing-to-soil (electrolyte) potential
(E) compared to the logarithm of different incre-
ments of applied current (I). The casing-to-soil
potential is measured with respect to a remote
reference electrode, often a copper/copper-
sulfate reference electrode (CSE). “Remote” in
this case is a point where the electrical voltage
gradient is zero. Polarization is considered to
take place at the intersection of the two straight
lines as shown at point “A” in Fig. 4. At the
intersection of the upper straight line (point
“B”), the curve becomes a hydrogen overvoltage
curve and obeys the Tafel equation.

In the early years, the point where the two
straight lines intersected (Fig. 4, point A) was

taken as the current required for the protection of
the well casing. This not only gave widely
varying results depending on the relative slope of
the two lines, but also provided current require-
ments that were found to be too low to protect
the casings. The laboratory and field research
of Blount and Bolmer (Ref 11) confirmed that
the intersection of the upper portion of the Tafel
slope with the curve was the point of corrosion
control and proved to yield more consistent
results (Fig. 4, point B). This point is normally
used to establish a cathodic protection criterion
for the casing.

A schematic of a typical E log I test is shown
in Fig. 5. The test is conducted by impressing an
increment of current for period of time and then
measuring the “instant off” potential when the
applied current is briefly interrupted. This pro-
cess is repeated at increasing increments of
current to a point beyond where the Tafel break
in a plot between the instant off potential (E) and
the logarithm of the current (log I) occurs (point
B in Fig. 4). There has been extensive experi-
mentation both in the laboratory and the field
(Ref 11–13) comparing the current increments

and the length of time at each increment to allow
polarization to occur. The conclusion was that
the best results occur when the increments of
current and the time intervals between current
increases are constant. A sufficient time interval
must be established that ensures polarization will
be complete before proceeding to the next cur-
rent value. Although the current increment and
time needs to be established for each E log I test,
current increments of 0.5 A and time intervals
of 10 min is often a practical combination.
The time interval has been reduced to 5 min
under certain circumstances where the well
polarizes more quickly. It must be noted that too
short of time intervals can yield an inaccurate
higher current requirement as polarization may
not be complete at given current values before
the test current is increased incrementally.

Equipment (Fig. 6) can be set to automatically
interrupt the current and record casing-to-
electrolyte potentials continuously during the
current interruption. In this way, the existence of
a “spike” can be seen and the appropriate instant
off casing-to-soil potential selected for each
current interval. Furthermore, the current output
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can be controlled using silicon-controlled recti-
fiers (SCRs) to ensure that it remains constant
during the test interval and that the desired fine
incremental output control can be achieved.

Often a premature ending of the test occurs
because the E log I profile was interpreted
incorrectly as having straightened out. This
variance is likely due to reactions that are taking
place at different times or at different points as
the test proceeds. To protect against stopping the
test prematurely, a linear plot of E versus I should
be made as the test proceeds to ensure that the
test has left a straight-line relationship indicating
that polarization is occurring. Often there is an
early straight-line segment or the profile starts to
leave the linear straight-line relationship only to
return to the same slope. These early deviations
are false indications as shown by the data from

Fig. 4 plotted on a linear profile in Fig. 7. The
Tafel break of interest in the E log I plot is
beyond that determined by the linear plot
(12.5 A) and becomes the criterion for protection
for that well casing, as shown by point B in
Fig. 4.

Subsequent E log I analysis by this method
has compared favorably to the current require-
ment determined by CPP test results provided
that the break (Fig. 4, point B) was selected
after the straight-line relationship has ended
on a linear plot. When this method is not used,
an erroneous analysis of the E log I test can be
expected (Ref 14).

Advantages and Limitations. An advantage
of the E log I test is that it can be performed
while the well is still in production. However, the
casing still should be electrically isolated from

all other structures for this test, or at least one
must be able to measure the portion of the test
current returning from the casing by perhaps
using a clamp-on ammeter that can either fit
around the wellhead or individually around all of
the lines, instrument tubing, and conduit that
connects to the well.

One disadvantage of the E log I test is the
concern as to whether the test “sees” the lower
part of the casing.

Casing Potential Profile

The CPP test for cathodic protection is similar
to that described previously for predicting cor-
rosion from casing current measurements except
that now a current pickup is desired at all loca-
tions similar to that illustrated in Fig. 1 (scenario
A). The casing has to be electrically isolated
from all surface structures and the service rig
during this test, otherwise the current returning at
the wellhead must be measured.

The original CPP tool had two contacts that
were 3 m (10 ft) to 7.6 m (25 ft) apart. The tool
was stopped at regular intervals for microvolt
(mV) measurements. Davies and Sasaki (Ref 13)
describe a newer CPP tool (the CPET corrosion-
protection evaluation tool) that has four rows of
knife contacts that are 0.6 m (2 ft) apart between
rows (Fig. 8). Measurements taken between the
different rows of contacts include the pipe
resistance, a voltage drop (mV2) between the
inner 0.6 m (2 ft) contacts, and another voltage
drop (mV6) across the outer contacts 1.8 m (6 ft)
apart.

Pipe (Casing) Resistance Determination.
Using a conventional four-pin resistance test
(the same test is often used in conjunction
with a resistivity measurement), the instrument
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Fig. 6 Automatically controlled E log I test. CSE, copper/copper-sulfate reference electrode; dc, direct current; SCR,
silicon-controlled rectifier
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impresses a known current (Itest) between the
outer contacts and measures the resulting voltage
(V2) across the inner 0.6 m (2 ft) contacts. This
then allows the casing resistance between these
0.6 m (2 ft) contacts (R2) to be calculated by
using Ohm’s law (R2=V2/Itest).

Casing Axial Current Determination. Once
the pipe resistance for the test point has been
determined the axial current can then be calcu-
lated by I2=V2/R2. Identical measurements and
calculations are made across all other sets of
contacts and the results averaged. Normally, the
results across the 0.6 m (2 ft) and 1.8 m (6 ft)
rows are reported (I2=V2/R2 and I6=V6/R6).
The radial current is then calculated between
consecutive current measurements noting cur-
rent direction.

It must be understood that the current in the
casing when measured at any given point is the
accumulation of all of the current pickup less any
discharge on the casing below that point. Also
the cathodic protection current direction has to
be toward the top of the casing in order to return
to the dc power source. Therefore, only when
cathodic protection has been successfully
applied does a plot of the axial casing current
continually increase from the bottom to the top of
the casing, thus indicating a continuous current
pickup.

Figure 9 illustrates two cathodic protection
trials with current applied. From the plots it can
be seen that trial 1 did not eliminate all of the
anodic areas. Thus, the applied current was
increased until the anodic areas were eliminated
as indicated by the axial current increasing con-
tinuously from the casing bottom to top, trial 2.

Trial 1 in Fig. 9 shows an axial current pickup
at all but two sections. One current discharge is at
approximately 55% of depth and the other at
approximately 85% of depth; both of which are
identified by “downward” slopes on the profile.
The axial current at 85% of depth is in the

downhole direction as it crosses the zero (0)
current axis, while the current below is coming
uphole. While the axial current at 55% of depth is
in the same downward direction, the current
above is less than that below, which also indi-
cates a current discharge or an anodic section.

Since this was unsatisfactory, the current was
increased for trial 2 (it must be noted that during
an actual test, time must be given to ensure a
steady state has been achieved after ampere
adjustments before another log is run to obtain
reliable results). Here, continuous axial current
pickup occurred from bottom to top as shown by
the positive slope in the accumulated current
profile. The total current value established by this
test now becomes the criterion for cathodic
protection. It should be noted that errors can
occur in this measurement due to poor contacts.
However, this is the best technology available at
the present time to determine the amount of
cathodic protection current required to protect a
well casing, or a portion of a well casing.

A partial CPET plot is shown in Fig. 10 that
illustrates the axial current, radial current, and
the casing thickness. The casing thickness is an
estimate based on Faraday’s law (Eq 1) and the
assumption that the radial current discharge has
remained the same over time. As a result, the
casing thickness estimate may not be a true

measure of the wall thickness remaining.
Experience has shown that there is often quite a
discrepancy between corrosion-prediction losses
by this method when compared to actual metal-
loss measurements.

Factors Influencing the use of CPP Tests.
Even though CPP is probably the best means now
available to establish the current required for a
well casing, it is not often used. The main reasons
are associated with the cost of running the tool,
both direct and indirect costs. Some of the rea-
sons include:

� In order to run the tool the well has to be taken
out of service. This in itself limits the number
of potential candidates unless there is a very
urgent need to take a well out of service.

� Depending on the fluid in the well bores,
many wells will have to be “killed” before the
tool can be run.

� In order for the tool to make good contact with
the casing, any scale or product buildup on the
inside of the casing will have to be cleaned off
before the tool is run.

� There are not many CPET tools available
worldwide, and the older CPP tool is not
available. Coordinating the work is therefore
vital to ensure the well and the tool are
available at the same time.

� A cathodic protection system: anodes, recti-
fier (or some other suitable dc power source),
cabling, and so forth, must be constructed
and operating in advance of the downhole log
if the test is to verify a current requirement
target.

� If the testing is to determine cathodic protec-
tion current requirements, then weeks or even
months between runs might be necessary in
order to allow a steady state to be achieved
between output adjustments.

� Since completion practices for wells in the
same producing area can vary significantly,
multiple tests on multiple wells may be
necessary to arrive at current return criteria
that meet all of the well completion variations.

Mathematical Modeling of Total
Current Requirement for Well
Casing Cathodic Protection

Several mathematical models (Ref 15–19)
have been developed to estimate the total current
required to protect a well casing by cathodic
protection that can be summarized:

� Current density
� An attenuation equation
� A modified attenuation equation
� A computerized equivalent circuit using for-

mation resistivity, nonlinear polarization
characteristics, and well casing information

The current density model applies an
empirical current density to the surface area of
other well casings of similar characteristics to the
source of the empirical data to estimate the total
current requirement of each well casing. The
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variations in well depth and completion such as
the amount of the casing that was cemented
between it and the formation and the quality of
the cement can make this approach quite inac-
curate. Verification by field tests on typical well
casings in a given geographical area is advised.

Attenuation calculations modified from
those used on pipelines were applied initially to
casings to estimate a potential at a given depth
based on the potential change at the surface. The
relationship developed by Schremp and Newton
(Ref 16) is given by Eq 3 to calculate the
potential change at any given depth in the casing
with the applied current source being inter-
rupted:

ex=eo exp
71:648:7(r1)(x1)(I1) exp (7x1=L1)

eo

� �

(Eq 3)

where eo is the potential change at wellhead
when applied current is momentarily interrupted
(mV); ex is the potential change at depth x1 from
the wellhead (mV); r1 is the unit resistance of
the innermost casing (V/m or V/ft); x1 is the
distance from wellhead (m or ft); I1 is the current
in the innermost casing (A); and L1 is the length
of innermost casing (m or ft).

A more sophisticated mathematical model
was developed by Dabkowski (Ref 17), and a
spreadsheet version was developed by Smith
et al. (Ref 18).

Casing-to-Anode Separation

The spacing of the anode to the casing can also
change the current required for a particular cas-
ing as illustrated by data from Blount and Bolmer
(Ref 11) plotted in Fig. 11. The current require-
ment to protect the casing increases if the anode
is brought too close to the casing. There is an
optimum distance beyond which a further
increase in distance is of no benefit. Hamberg
et al. (Ref 7) also demonstrated a similar result in
offshore well casings.

A comparison of the distribution of current in
two similar casings that were 2600 m (8530 ft)
(well casing “A”) and 2475 m (8120 ft) (well
casing “B”) deep in the same area but with dif-
ferent casing-to-anode separations is shown in
Fig. 12. The excess current being impressed onto
the casing near the surface helps provide an

understanding of this change in current require-
ment due to the casing-to-anode separation
(Ref 14).

Blount and Bolmer (Ref 11) found that the
anode bed should be at least 30 m (100 ft) from
casings that were on the order of 1220 m
(4000 ft) deep. This distance should be increased
for deeper wells for optimum performance. The
anode bed in either the E log I or the CPP test
should therefore be located at a distance from the
well casing similar to where the permanent
anode bed will be installed.

Coated Casings

Coatings are available that are durable enough
to withstand many of the rigors of a casing in-
stallation. Although significant coating damage
is expected, Orton et al. (Ref 20) reported that
the current requirement of a coated casing with
bare couplings and no effort to repair coating
damage can be reduced to less than 10% of that
of a similar bare casing. A further benefit is that
a reduction in the current requirement will also
reduce the interference effects on nearby struc-
tures and casings as discussed below.

Cathodic Protection Systems

The cathodic protection system for a well
casing requires the same consideration as that
for a pipeline. There are two types of cathodic
protection systems used for well casings and
pipelines: sacrificial anode systems and

impressed-current systems (see the article
“cathodic protection” in Volume 13A for ad-
ditional information).

Sacrificial Anode Systems. In the early
years, a sacrificial anode system was often used
for wells where a low current requirement was
predicted. Sacrificial anode systems are still
appropriate for more shallow wells with a low
current requirement.

An impressed-current cathodic protection
system is the most common type for well cas-
ings due to the amount of current typically
required for protection. A separate installation
(Fig. 13) is common at each well. If two or more
wellheads are in close proximity, interference
can result (Ref 21–23).

Power Sources. Where ac power is available,
it is likely that a standard or pulse-type rectifier
will be used as a dc power source. Otherwise,
thermoelectric generators, solar, wind-powered
generators, and engine-driven generators are all
possible candidates for the dc power source.

Thermoelectric generators (TEG) have a lim-
ited power availability; therefore, the anode bed
resistance should be kept low to obtain the
required current. The available power from a
TEG usually peaks at around 0.6 to 1.2 V and
reduces as the circuit resistance increases. The
manufacturer’s technical information must be
consulted. A clean regulated fuel source such as
natural gas or propane is required.

Both solar- and wind-generated power need
batteries as a backup power source to provide
cathodic protection current when there is either
no sun or wind, respectively. The use of solar is
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less popular in the northern regions where there
is a lack of sunlight in the winter, and wind power
is not appropriate unless the area is historically
windy.

Engine-generator systems are best used with
an ac generator feeding a rectifier for dc output
and control. Maintenance on dc generators
has proved to be high in the past, resulting in
manyoutagesduringtheyear.Althoughtoa lesser
degree than the dc generator, the ac generator also
requires maintenance and regular inspections.

Pulse rectifiers provide a high-voltage dc
pulse of short duration. The frequency of the
pulse may be from 1000 to 5000 Hz, but the duty
cycle is normally set in the range of 10 to 15%.
Bich and Bauman (Ref 24) reported that total
current requirements can be reduced to 50% or
less using a pulse rectifier instead of a conven-
tional rectifier, and more current will reach the
lower portions of the casing. The improved
performance is attributed to the waveform.
However, Dabkowski (Ref 25) showed mathe-
matically that the pulse from the rectifiers would
attenuate to 0 at 500 to 1000 m (1640 to 3280 ft)
from the casing top, suggesting that any im-
proved performance is not due to the pulse. It has
been the author’s experience that cathodic pro-
tection with pulse rectifiers can be achieved
down to 80% of the comparable current to a
conventional rectifier, but not the significant
reduction suggested by Bick and Bauman.
Further work needs to be completed to validate
any of these claims. The digital instrumentation
measuring the pulse rectifier output is another
factor in this comparison, as errors can be
realized depending on the sampling rate. A major
disadvantage of pulse rectifiers is noise inter-
ference, especially on communication equip-
ment that may be servicing the well. This can be
reduced by locating the pulse rectifier away from
the electrical/communication building, not par-
alleling electrical cables, and using deep anodes.

Regardless of the power source, one negative
cable must be connected to the well casing while

a second negative cable is often run to the iso-
lated surface facilities to assist in interference
mitigation.

The anode bed design and location is largely
dictated by the soil layer resistivity and the
location of surface facilities and pipelines. If
uniform low-resistivity soil conditions exist at
a surface location that is sufficiently remote from
the casing and other structures, a shallow anode
type of anode bed can be used. Where high-
resistivity conditions exist at the surface but
more suitable strata exist underneath, a deep
anode bed would be preferred. The latter anode
bed will also tend to reduce interference with
surface facilities, as the major portion of the
anode gradient exists below pipeline and foun-
dation depth. It must be noted that the same
spacing between the casing and anode must be
maintained whichever type of anode bed is used,
as going deeper does not change the distance
between the structures.

The anode bed should be located at an equal or
greater distance than the temporary anode bed to
the casing that was used during the current
requirement test. However, a minimum spacing
of 30 m (100 ft) from the well for shallow wells
but preferably greater than 50 m (165 ft) should
be maintained. The separation between anodes
and structures not receiving current will vary
depending on the voltage gradients in the soil but
should be 100 m (300 ft) or more. Otherwise,
provision for interference control discussed
below must be considered.

Direct-Current Stray-Current
Interference

Stray current can be defined as current in an
unintended path. Many sources of current use the
earth as part of their electrical circuit. Con-
ductors in the earth such as well casings and
pipelines provide opportune parallel paths for
current intended for another purpose.

The area of stray-current pickup is similar to
cathodic protection and not of concern. How-
ever, the manner by which that current returns to
its original source is of concern. Should that
current leave the casing to enter the soil, the
casing in that location is anodic and accelerated
corrosion occurs.

Stray-Current Pickup. A stray current
may be picked up at the surface, in which case
the current must discharge into the soil down-
hole to return to its source. Alternately, a current
discharge near the surface to either facilities
near the wellhead or to the surface casing may
occur, in which case there will have to be a
current pickup downhole. Both cases (Fig. 14)
are a cause for concern as there is a current
discharge occurring at some point along the
casing.

Since an electronegative shift in casing-to-
soil potentials occurs with the application of
cathodic protection, a stray-current pickup at a
lower depth with a discharge near the surface can
be detected by an electropositive shift in casing-
to-electrolyte potentials, with the reference
electrode located near the wellhead, when the
foreign dc power source (s) is energized. Con-
versely, a current pickup at the surface will be
detected by an electronegative shift in potentials
when the foreign current source comes on. The
area of current discharge will then be at a point
lower on the casing, and its location would have
to be defined by a CPP log, or similar.

Stray-current pickup on pipeline systems
away from the well casing can result in a stray-
current discharge from the well casing if the
two structures are continuous. In these cases, a
current pickup is normally close to the anode bed
while the discharge is near the wellhead. How-
ever, it is conceivable that the current pickup and
discharge points can develop at other points,
especially if varying coating qualities or vastly
differing resistivities exist along the pipeline or
casing.

Stray-Current Sources. The stray current
may come from a relatively steady-state source
such as another cathodic protection system
(Ref 21–23) or a high-voltage dc power line
ground, or it may come from a dynamic source
such as a transit system, welding machines, dc
mine equipment or, finally, from telluric current
that is a natural source of stray current (Ref 26).

Interference Control. Interference can be
controlled by:

� Providing a metallic return path for the stray
current

� Moving the offending anode bed or ground
� Adjusting the current distribution in the

foreign system
� Installing and/or adjusting a cathodic protec-

tion system on the well casing to counter the
stray-current effects

� Using common cathodic protection systems
(Ref 21)

� Balancing wellhead potentials

A well casing cathodic protection system can
also cause interference on surface facilities or

ac supply (if rectifier)

ac disconnect
Cable from
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dc power source
− +
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Fig. 13 Typical cathodic protection installation
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pipelines. In this case, a second negative circuit
is often provided in the rectifier to both control
interference and assist with the protection of the
surface facilities or pipelines.

Orton et al. (Ref 20) reported that a coated
casing reduced the cathodic protection current
requirement to 10% of a bare well casing. This in
turn will reduce the tendency for mutual inter-
ference of nearby casings.

Isolation of Well Casings

The purpose of isolating a well casing from
surface facilities is twofold: (a) it eliminates a
macrocorrosion cell between the casing and
the surface facilities, and (b) it allows the
cathodic protection current distribution to be
controlled between the well casing and the
surface facilities.

In addition, an isolating feature allows the
current impressed on the well casing to be
directly measured in the connecting cable. If not
isolated, a means of measuring the current return
from the casing itself must be established, such
as a clamp-on ammeter around the wellhead
at the surface, to confirm that the “current” cri-
terion is being met.

From a cathodic protection standpoint, the
preferred location for this isolation is at the
wellhead. However, some operators locate it a
distance away in the event of a fire at the well so
that the isolating material does not melt and
complicate firefighting procedures. All tubing
conduits and pipe supports must also be isolated
if they are bypassing the isolating feature.

If the product from the well contains a large
amount of brine, there is a risk of “internal”
interference. This occurs where current picked
up on the opposite side of the isolation uses the
brine as a path around the isolation. In such a
case, corrosion is seen only on one side of the
isolating feature (Fig. 15A).

A “long-path” isolation, which consists of an
isolating feature and an internally coated or lined
section of pipe (Fig. 15B), can be used to reduce
the internal interference. If this is not effective in
controlling internal interference, the isolating
feature should be omitted.

Commissioning and Monitoring

Inspection. A cathodic protection system
must operate continuously to be effective. Reg-
ular inspection of the dc power supply to ensure
that the required current is being provided in
all circuits is necessary throughout the year. A
more detailed inspection should be conducted
annually. A description of the cathodic protec-
tion system operation and the records is given in
NACE RP0186 (Ref 4).

Inspections of the dc power source should only
be made by persons who are trained and qualified
to work on electrical equipment. The use of strict
safety practices including lockout/tagout proce-
dures is especially necessary when working
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on the rectifiers. The routine readings should
include these measurements:

� dc power source current output
� dc power source voltage output
� dc power source adjustment setting (tap set-

ting if applicable)
� dc current in secondary circuits
� dc interference control devices
� Power meter or fuel supply where applicable

The annual inspection should include:

� Completion inspection of the dc power source
(a) Calibration of the dc power source cur-

rent output
(b) Calibration of the dc power source vol-

tage output
(c) Direct-current power source adjustment

setting (tap setting if applicable)
(d) Calibration of the dc in secondary circuits

� Measurement of the well-to-electrolyte
potential

� Measurement of the surface facility structure-
to-electrolyte potentials

� Testing the effectiveness of wellhead isola-
tion, if applicable

� Measurement of the current returning from
the casing at the wellhead with a clamp-on
ammeter, if there is no isolation

� Confirmation that dc interference control
devices are providing the necessary control

� Specialty tests applicable to the specific
cathodic protection installation

Corrosion-control records are of paramount
importance in an effective corrosion-control
program. They will be used to establish a need for
enhancements of the corrosion-control program
and to ensure that the existing corrosion-control
equipment is operating. The records should
include but not be limited to:

Historical:

� Well completion data including casing sizes
and lengths, cementing information and well
total depth

� Corrosion leaks identifying well, depth,
internal or external, date of failure compared
to date of drilling and/or workover (s)

� Inspections of casing failures and corrosion
products

� Electrical well logs (wall thickness, CPP
identifying corrosion, and resistivity)

� Coating type and thickness, if applicable
� Drawing of well casing strings and lease

equipment and piping
� System map of the field
� Location and type of electrical isolation

Cathodic Protection:

� Current requirement tests (CPP log(s), E log I
test(s), and soil resistivity in layers near the
surface)

� Design and drawings of cathodic protection
installation detailing:

(a) Well location
(b) Piping and lease facilities

(c) dc power source type, rating and location
(d) Description of energy supply for dc

power source
(e) Cable type(s) and location
(f) Cable to wellhead and piping connections
(g) Anode beds type and location
(h) Anode material type, spacing and depth
(i) Backfill type and amount
(j) Junction box and test station details

Interference Control:

� Records of all tests pertaining to interference
on the well from other systems and on other
systems from the well cathodic protection
system

� List of owners and contacts involved in the
interference control program

� Description of the method of interference
mitigation, including control devices and
target values of current and potential

� If bonds or directional devices are used, the
location, type, resistance value, current, and
current direction

All records must show the date, the name of
the inspector or tester and, if different, the names
of those who make recommendations. Any
changes in current output must be correlated with
other measurements taken.

Cathodic Protection Summary

For new wells, the use of an abrasion-resistant
underground coating on those portions of the
casing exposed to the strata should be considered
as part of a corrosion-control program, as this
will greatly reduce the amount of cathodic pro-
tection current required for protection. If coating
is used, though, a cathodic protection system
must be planned and implemented immediately,
as a coating alone will concentrate corrosion at
the coating holidays.

Prior to applying cathodic protection, a review
of the existing well historical data should be
made to assess the possibility of corrosion that
will cause premature and costly failure repairs.
Electrical logging tools, which are reasonably
accurate, are available to assess the metal loss
that has occurred and to predict the possibility of
future corrosion.

Provided the proper amount of current is
applied and maintained, cathodic protection of
well casings has proved to be an effective means
of minimizing corrosion on the casing. The
cathodic protection current can be determined by
various means; however, two of the more reliable
results have to date been with CPP type of testing
and polarization tests (E log I). The former test
is difficult to perform in that the well has to be
taken out of service, which usually results in few
candidate wells in an older field. Also it may be
necessary to perform multiple tests, with time
provided between tests to allow for steady-state
conditions to be achieved, which adds to the cost
of the test. The E log I test must be correctly
analyzed to identify the Tafel point on the pro-
file; otherwise, a current less than that necessary

may be defined as the criterion. Another option is
to use a mathematical model; however, the vali-
dity of this option should be confirmed by tests
at the start of the cathodic protection program.

Another factor in designing well casing
cathodic protection systems is to remember that
the amount of cathodic protection current
required is also dependent on the spacing
between the casing and the anodes, up to a cer-
tain distance, and that distance must be defined
for each well. If the anodes are placed within that
distance, the current requirement increases.
Once a cathodic protection current requirement
is established for a temporary anode bed, the
same distance or greater should be used in the
final cathodic protection design.

Isolation of the casing from other facilities is
another important cathodic protection system
design consideration. Isolating the well casing
from surface facilities is preferred to eliminate
the macrocorrosion cell between the casing and
these structures without cathodic protection and
to provide a means for controlling and measuring
the cathodic protection current to the casing.
However, if the product inside the isolation
contains a large quantity of brine, either a “long-
path” isolating fitting should be used to minimize
internal interference, or in some cases the iso-
lator may have to be removed entirely.

Generally, cathodic protection systems using
conventional rectifiers are designed and installed
for the protection of the casings, although pulse
rectifiers have also been used. Particular atten-
tion has to be placed on the size and the location
of the anode bed in order to achieve the required
current output for the desired life of the anode
bed.

Stray current must also be considered during
the cathodic protection system design. Stray-
current interference from other dc power sources
will accelerate corrosion on the casing if it
encourages a current discharge into the forma-
tion. A common source is from other cathodic
protection systems in the same oil/gas field, but
can also come from other sources not related to
the oil/gas field. Several methods have been
outlined to either avoid or minimize these inter-
ference effects. Any stray-current control device
must be continuously inspected and maintained.

Detailed records must be kept on the history of
the well, electrical logs, casing repairs, and on
the operation of the corrosion-control equip-
ment. These records must be able to stand up to
future legal scrutiny.
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Foreword 
 

Oil and gas wells represent a large capital investment.  It is imperative that corrosion of well 
casings be controlled to prevent loss of oil and gas, environmental damage, and personnel 
hazards, and in order to ensure economical depletion of oil and gas reserves. 
 
This NACE International standard practice identifies procedures to determine the need for cathodic 
protection (CP) and the current requirements to achieve CP of well casings associated with oil and 
gas production and gas storage.  It also outlines practices for the design and installation of CP 
systems and for their operation and maintenance.  The purpose of this standard is to ensure more 
effective prevention of corrosion of well casings by making available reliable information about CP 
as it relates to well casings.  This standard is intended for use by corrosion engineers in oil and 
gas production, especially those concerned with the CP of steel well casings.  
 
This standard was originally prepared in 1986 by Unit Committee T-1E on Cathodic Protection and 
Task Group (TG) T-1J-2, a component of Unit Committee T-1J on Storage Wells.  It was reaffirmed 
in 1994 by Unit Committee T-1E, and in 2001 and 2007 by Specific Technology Group (STG) 35 
on Pipelines, Tanks, and Well Casings.  The STG membership consists of representatives from oil 
and gas producing and storage companies, equipment manufacturers, consulting firms, and CP 
service companies. Included in the membership are persons involved in design, consulting, 
research, construction, maintenance, and manufacturing and supply of materials, all of whom are 
concerned with the establishment and maintenance of cathodic protection systems used with well 
casings.  This standard is issued by NACE under the auspices of STG 35. 

 

In NACE standards, the terms shall, must, should, and may are used in accordance with the 
definitions of these terms in the NACE Publications Style Manual, 4th ed., Paragraph 7.4.1.9.  Shall 
and must are used to state mandatory requirements.  The term should is used to state something 
considered good and is recommended but is not mandatory.  The term may is used to state 
something considered optional. 
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Section 1: General 
 

1.1 This standard presents acknowledged procedures for 
the control of external corrosion of steel well casings by 
applying CP.  This standard is intended to be a guide for 
establishing minimum requirements for corrosion control 
when CP is practical and cost-effective. 
 
1.2 This standard does not designate practices for specific 
situations.  The complexity of some casing spacing, 
subsurface proximity to other casings, and environmental 
conditions preclude standardizing the application of CP.  
Deviation from this standard may be warranted in specific 
situations, provided those in responsible charge can 
demonstrate that the objectives expressed in this standard 
have been achieved. 
 
1.3 This standard does not include corrosion control 
methods based on chemical control of the environment. 
_________
1.4 This standard applies only to well casing exteriors and 
not to internal corrosion, or to corrosion of other surface or 
downhole equipment.   
 
1.5 The provisions of this standard should be applied 
under the direction of competent persons knowledgeable in 
the physical sciences, principles of engineering, and 
mathematics.  They may have acquired knowledge by 
professional education and related practical experience and 
should be qualified to practice corrosion control for well 
casings by the use of CP.  Such persons may be registered 
professional engineers recognized as being qualified as 
corrosion specialists in the appropriate fields of corrosion 
control by NACE International.  Their professional activities 
should include suitable experience in well casing corrosion 
control practices.  

 

____________________________________  

 

Section 2: Definitions(1) 

 
Alternating Current (AC): Current whose direction 
changes with time. 
 
Ampere:  Unit of current that is one coulomb per second. 
 
Anode:  The electrode of an electrochemical cell at which 
oxidation occurs.  Electrons flow away from the anode in the 
external circuit.  Corrosion usually occurs and metal ions 
enter the solution at the anode.  
 
Backfill:  Material placed in a hole to fill the space around 
the anodes, vent pipe, and buried components of a cathodic 
protection system.  
 
Casing Potential Profile:  Voltage (IR) drop and current 
direction versus casing depth is plotted.  Amount of current 
is determined from the IR drop and casing resistance. (See 
nonmandatory Appendix A.)  
 
Casing-to-Electrolyte:  See Structure-to-Electrolyte Po-
tential. 
 
Casing-to-Reference Electrode:  See Structure-to-
Electrolyte Potential. 
 
Cathode:  The electrode of an electrochemical cell at which 
reduction is the principal reaction.  Electrons flow toward the 
cathode in the external circuit. 
Cathodic Protection:  A technique to reduce the corrosion 
of a metal surface by making that surface the cathode of an 
electrochemical cell. 
 
Cement:  Cement slurry fills the space between the casing 
and the sides of the wellbore to a predetermined height 
above the bottom of the well.  
 
Continuity Bond:  A connection, usually metallic, that 
provides electrical continuity between structures that can 
conduct electricity. 
 
Corrosion:  The deterioration of a material, usually a metal, 
that results from a reaction with its environment.  
 
Counterpoise:  A conductor or system of conductors 
arranged beneath a power line, located on, above, or most 
frequently, below the surface of the earth and connected to 
the footings of the towers or poles supporting the power 
line. 
 
Coupling (or Collar):  Well casing joint connector. 
  
Current Density:  The current to or from a unit area of an 
electrode surface.  
 
 

 ____________________________  
(1) Definitions in this section are those presented in the NACE Glossary of Corrosion-Related Terms and those that reflect the common usage 
among practicing corrosion control personnel.  In many cases, in the interest of brevity and practicality, the strict scientific definitions are 
abbreviated or paraphrased. 
 
1 
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Deep Groundbed:  One or more anodes installed vertically 
at a nominal depth of 15 m (50 ft) or more below the earth’s 
surface in a drilled hole for the purpose of supplying 
cathodic protection. 
 
Dielectric Coating:  A coating that does not conduct 
electricity. 
 
Direct Current (DC):  Current whose direction does not 
change with time.  
 
Drainage: Conduction of electric current from an 
underground or submerged metallic structure by means of a 
metallic conductor. 
 
E-log-I:  A test that indicates the cathodic protection current 
required by a slope change on the cathodic polarization 
diagram. (Refer to nonmandatory Appendix B.)  
 
Electrical Isolation:  The condition of being electrically 
separated from other metallic structures or the environment.  
 
Electric Log:  A survey taken in the open borehole of a well 
to determine the lateral formation resistivity.  
 
Electrolyte:  A chemical substance containing ions that 
migrate in an electric field.  For the purposes of this 
standard, electrolyte refers to the soil or liquid adjacent to 
and in contact with a buried or submerged metallic 
structure, including the moisture and other chemicals 
contained therein. 
 
Electroosmotic Effect:  The effects of the movements in 
an electric field of liquid with respect to colloidal particles 
immobilized in a porous diaphragm or a single capillary 
tube. 
 
Fault Current:  A current that flows from one conductor to 
ground or to another conductor due to an abnormal 
connection (including an arc) between the two.  A fault 
current flowing to the ground may be called a ground fault 
current.  
 
Field:  A group of wells in close physical proximity, usually 
considered a unit when applying cathodic protection.  It may 
be an oil or natural gas production field or a natural gas 
storage field.  
 
Foreign Structure:  Any metallic structure that is not 
intended as a part of a system under cathodic protection.  
 
Galvanic Anode:  A metal that provides sacrificial 
protection to another metal that is more noble when 
electrically coupled in an electrolyte.  This type of anode is 
the electron source in one type of cathodic protection.   
 
Gamma Ray Neutron Log:  Gamma ray is a measurement 
of the natural radioactivity of a formation.  Neutron log is 
used for delineation of porous formations.  Data are used to 
identify the formations in the earth.  
 
2 
 
 

Groundbed:  One or more anodes installed below the 
earth’s surface for the purpose of supplying cathodic 
protection.  
 
Impressed Current:  An electric current supplied by a 
device employing a power source that is external to the 
electrode system.  (An example is direct current for cathodic 
protection.) 
 
Instant-Off Potential:  The polarized half-cell potential of 
an electrode taken immediately after the cathodic protection 
current is stopped, which closely approximates the potential 
without IR drop (i.e., the polarized potential) when the 
current was on. 
 
Interference Bond:  An intentional metallic connection, 
between metallic systems in contact with a common 
electrolyte, designed to control electrical current 
interchange between the systems.  
 
Intermediate Casing:  A string of casing set to protect a 
section of hole and to allow drilling to continue to a greater 
depth.  Also called protection casing string.  
 
IR Drop:  The voltage across a resistance in accordance 
with Ohm’s law. 
 
Isolation:  See Electrical Isolation.  
 
Lithology:  Rock formations traversed by well casing.  
 
Long-Line Current:  Current through the earth between an 
anodic and a cathodic area that returns along an 
underground metallic structure.  
 
Mutual Interference:  An electrical DC interference on a 
well originating from within the cathodic protection system of 
several wells and structures, such as several DC power 
sources for a group of wells.  
 
Native State Potential:  The potential with zero groundbed 
current. 
 
Negative Return:  A point of connection between the 
cathodic protection negative cable and the protected 
structure.  
 
Ohm:  A resistance that passes one ampere of current 
when a one-volt potential is applied.  
 
Packaged Anode:  An anode that, when supplied, is 
already surrounded by a selected conductive backfill 
material.  
 
Photovoltaic:  Generation of an electromotive force when 
radiant energy falls on the boundary between two dissimilar 
materials.  
 
Pipe-to-Soil Potential:  See Structure-to-Electrolyte 
Potential. 
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Polarization:  The change from the open-circuit potential as 
a result of current across the electrode/electrolyte interface.  
In this standard, polarization is considered to be the change 
of potential of a metal surface resulting from current to or 
from an electrolyte.  
 
Potential Profile Log:  See Casing Potential Profile.  
 
Production Casing:  Casing that extends through the 
surface and intermediate casings, sometimes only to the tip 
of the zone but almost always through the producing or 
storing zone.  
 
Rectifier:  A device to convert AC power to DC power.  
 
Reference Electrode:  An electrode whose open-circuit 
potential is constant under similar conditions of 
measurement, which is used for measuring the relative 
potentials of other electrodes. 
 
Resistivity:  (1) The resistance per unit length of a 
substance with uniform cross section.  (2) A measure of the 
ability of an electrolyte (e.g., soil) to resist the flow of electric 
charge (e.g., cathodic protection current).  Resistivity data 
are used to design a groundbed for a cathodic protection 
system. 
 
Right-of-Way:  Right of passage, as over another’s 
property.  
 
Self-Interference:  See Mutual Interference.  
 
Shunt:  A precise resistor with known resistance in an 
electrical circuit used to measure a voltage (IR) drop, which 
is used to calculate the amount of current in amperes.  
 
Soil Resistivity:  A measure of the ability of a soil or 
formation to conduct electricity expressed in units of ohm-
centimeters or ohm-meters.  Data are used to design a 
groundbed for a cathodic protection system.  
 
Structure-to-Electrolyte Potential:  The potential 
difference between the surface of a buried or submerged 
metallic structure and the electrolyte that is measured with 
reference to an electrode in contact with the electrolyte. 
 
Structure-to-Structure Potential:  The potential difference 
between metallic structures, or sections of the same 
structure, in a common electrolyte. 
 
Surface Casing:  A casing string extending from the 
surface to a depth great enough to keep surface waters and 
loose earth from entering the well.  
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Surface Groundbed:  One or more anodes installed below 
the earth’s surface for the purpose of supplying cathodic 
protection less than 15 m (50 ft) in depth for the anodes. 
 
Tafel Plot, Tafel Diagram, Tafel Line:  A plot of the 
relationship between the change in potential (E) and the 
logarithm of the current density (log i) of an electrode when 
it is polarized in both the anodic and cathodic directions 
from its open-circuit potential. 
 
Tafel Segment:  That portion of the Tafel plot that appears 
as a straight line when current is plotted on the logarithmic 
scale and potential change is plotted on the linear scale.  
The beginning of the Tafel segment is that point on the 
curve at which the current-potential relationship follows the 
straight line with increasing current increments and deviates 
from the straight line with decreasing current increments.  
 
Tafel Slope:  The slope of the straight-line portion of the E 
log i curve on a Tafel plot.  (The straight-line portion usually 
occurs at more than 50 mV from the open-circuit potential.) 
 
Test Wire:  An insulated wire attached to a structure 
(usually buried) such as a pipeline and brought to a terminal 
convenient for making electrical tests to evaluate cathodic 
protection.  
 
Tubing:  A pipe inside the production casing through which 
oil is pumped, or liquid is removed from the natural gas 
storage zone.  
 
Union (Isolating):  See Electrical Isolation.  
 
Voltage:  An electromotive force, or a difference in 
electrode potentials expressed in volts.  
 
Well:  A steel-cased hole associated with the production 
and storage of oil or gas.  
 
Wellbore (also called bore hole):  A hole drilled into the 
earth for the installation of a deep groundbed system. 
 
Wellhead:  Valves and other aboveground fittings 
electrically connected to the production, surface, and 
intermediate casings.  May be called a “christmas tree” 
when referring to oil and natural gas production and storage 
wells.  
 
Well Casing:  See Production Casing, Intermediate Casing, 
and Surface Casing.  
3 
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Section 3: Determination of Need for CP 

 

3.1 Introduction  
 

3.1.1 The purpose of this section is to indicate those 
factors that should be considered in determining 
whether a well casing requires CP.  
 
3.1.2 Metallic structures in contact with soil or 
submerged under water are subject to corrosion. 
Adequate procedures should be adopted to ensure that 
corrosion is not affecting safe and economical 
operation of well casings.  

 
3.2 The decisions governing the need for CP of well 
casings shall be based on data obtained from corrosion 
surveys, operating records, prior tests with similar systems 
in similar environments, and on a study of design 
specifications and engineering, operating, and economic 
requirements.  

 
3.2.1 The usual procedures for predicting the 
probability and rate of corrosion of a particular metallic 
casing system are as follows:  

 
(a) The corrosion history of the well casing in question 
or of other systems of the same material in the same 
general area or in similar environments should be 
studied.  The history should include cumulative leak 
frequency and downhole data obtained from workover 
(reconditioning) records.  
 
(b) The environment surrounding a well casing should 
be studied.  Once the nature of the environment has 
been determined, the probable corrosiveness can be 
estimated by referring to actual corrosion experience 
on similar well casings in similar environmental 
conditions.  It should be remembered that formation 
water changes caused by production or injection 
methods may be contributing factors. One source of 
environmental data is the formation resistivity logs run 
on wells being investigated and on surrounding wells. 
 
(c) The casing should be mechanically or electrically 
inspected for evidence of corrosion.  The condition of 
the casing system should be carefully determined and 
recorded. (See nonmandatory Appendix C.) 
 
(d) The casing should be inspected to determine 
whether there are any anodic areas.  A well casing 
potential profile tool is commonly used for these 
investigations.  (See nonmandatory Appendix A.) 
 
(e) Maintenance records detailing leak locations and 
wall thickness surveys, which can be used as a guide 
for locating areas of maximum corrosion, should be 
reviewed. 
 
(f) Statistical treatments of available leak data should 
be considered.  
(g) The results of pressure testing should be 
reviewed; under certain conditions, this may help 
determine whether corrosion has occurred. 
 
(h) When the well casing is pulled, it should be 
visually inspected.  
 
(i) Close communication should be maintained with 
those responsible for the workover of a well. 

 
3.2.2 Environmental and physical factors governing 
the need for CP are as follows:  

 
3.2.2.1 The nature or constituents of the product 
being produced or stored.  
 
3.2.2.2 Location of the well casing system in a 
sparsely or densely populated area and the 
frequency of visits by personnel.  
 
3.2.2.3 Location of the well casing system as 
related to other facilities.  
 
3.2.2.4 Influence of DC sources foreign to the 
system.  
 
3.2.2.5 The introduction of secondary or tertiary 
recovery systems, which can sometimes increase 
corrosion rates on the backside of a well casing. 

 
3.2.3 Economic factors 

 
3.2.3.1 Costs of maintaining the well casing in 
service for its expected life may include repairing 
corrosion leaks, reconditioning, or replacing all or 
portions of the system.  
 
3.2.3.2 In addition to the direct costs that result 
from corrosion, contingent costs may be incurred.  
The more common types of contingent costs are:  

 
(a) Public liability claims.  
 
(b) Property damage claims.  
 
(c) Damage to natural facilities, such as 
municipal or irrigation water supplies, forests, 
parks, and scenic areas. 
 
(d) Cost of cleanup of product lost to 
surroundings. 
 
(e) Cost of individual casing workover(s) as 
related to corrosion leak(s). 
 
(f) Plant shutdown and start-up costs. 
 

NACE International 



SP0186-2007 

 
NA

 

(g) Loss of deliverability because of possible 
permanent formation damage caused by casing 
leak(s). 
 
(h) Cost of lost product.  
 
(i) Loss of revenue through interruption of 
service. 
 
(j) Loss of contracts or good will through 
interruption of service. 
 
(k) Loss of reclamation or salvage value of well 
casing.  
 
(l) Loss of well casing, rendering well unusable 
for production or injection purposes. 
CE International 
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3.2.3.3 The usual costs for protecting well casings 
are the costs of installing and operating CP.  Other 
corrosion control costs may include:  
 
(a) Inhibitors and bactericides used in drilling 
fluids. 
 
(b) Corrosion-resistant materials.  
 
(c) Cement for zones known to be corrosive.  
 
(d) Electrical isolation to limit possible foreign 
current discharge from casings and to ensure that 
CP currents are applied to the well casing. 
 
(e) Dielectric coating on the outer surface of 
casing. 
_____________________________  

 

Section 4:  Criterion for CP and Current Requirements 

 

4.1 Introduction  
 
4.1.1 The determination of design current re-
quirements depends, in part, on prior experience with 
similar structures or environments in which the method 
has been used successfully.  The first-time user is 
strongly urged to consult a person experienced in well 
casing CP before finalizing a design.  
 
4.1.2 Certain methods have been developed through 
laboratory experiment, or have been derived 
empirically by evaluating data from successful CP 
systems.  These methods are presented in Paragraph 
4.3 and can be used to assist with the design process; 
they are not intended to be a comprehensive or limiting 
list. 

 
4.2 Criterion for CP  
 

4.2.1 The CP current applied to the well casing shall 
be considered adequate when measurements indicate 
that a net flow of current to the casing has eliminated 
all anodic areas.  

 
4.3 Methods of Determining Design Current Requirements  
 

4.3.1 A profile tool is a device used to measure a 
voltage (IR) drop across a portion of well casing in 
service by electrically isolating two sets of contacts 
from each other.  The voltage readings are used to 
indicate the magnitude and direction of the current flow 
in the casing.  Details of the test method and 
interpretation of the data are given in Appendix A.  
 
4.3.2 Average current density (mA/m2) may be used to 
calculate the quantity of CP current required to prevent 
external corrosion.  The current density used should be 
dictated by the downhole completion practice and 
formations (e.g., cementing practices, formation 
resistivities, water salinity, etc.) encountered in a given 
well.  Current densities usually vary from 10 to 200 
mA/m2. 
 
4.3.3 Mathematical modeling may also be used to 
determine design current requirements.  The effect of 
applied CP current downhole can be calculated from 
electrical measurements at the wellhead.  The applied 
voltage and current distribution can be calculated as a 
function of well depth. Usually, a downhole potential 
criterion is established as the accepted indication of 
protection.  Several calculation methods are available, 
and others are being developed. 

 
4.3.3.1 One method of mathematical modeling 
uses a modified attenuation equation. The native 
state potential is measured and recorded.  It also 
requires well casing data and current drain 
measurements made after polarization of the well. 
 
4.3.3.2 Another method uses formation resistivity 
data to establish a potential attenuation curve for a 
casing to which CP has been applied.  

 
4.3.3.3 A third method models the well casing by 
a computerized equivalent electrical circuit 
incorporating resistivity profiles, nonlinear 
polarization characteristics, and the well casing 
data.  

 
4.3.4 E-log-I method  

 
4.3.4.1 The principle behind the E-log-I method is 
that when current is impressed through the earth 
onto a metallic well casing, the potential between 
the well casing and reference electrode is shifted.  
5 
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The potential shift for a given current level 
depends on the following factors:  
 
(a) The length of time the current is applied.  
 
(b) Current density, which is affected by factors 
such as well depth, casing sizes, and cement. 
 
(c) Properties of the electrolyte.  
 

 

  
 _____________________________________
4.3.4.2 As increasing levels of current are 
impressed, polarization begins on the surface of 
the casing.  The E-log-I data are plotted to enable 
selection of a current level at which polarization 
begins.  (Details of the test method and 
interpretation of the data are given in Appendix B.)  

 
4.4 Methods of Evaluating Effectiveness  

 
4.4.1 A combination of procedures is always advised 
for evaluating the effectiveness of CP. 
____________________________________  
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Section 5:  Design of CP Systems for Well Casings 

 
5.1 Introduction  
 

5.1.1 This section presents recommended procedures 
for designing CP systems that effectively control 
corrosion of well casings in contact with the earth.  The 
design should satisfy the criterion in Section 4 and be 
reliable for the intended operating life of the system.  
 
5.1.2 CP for pipelines is considered separately from 
well protection when applicable.  

 
5.2 Objectives of CP System Design  
 

5.2.1 Enable application of sufficient protective current 
to the well casings to meet the criterion for CP.  
 
5.2.2 Minimize the stray current to foreign 
underground structures. (See Section 7.)  
 
5.2.3 Design a groundbed with a lifetime that is 
commensurate with the required life of the protected 
structure.  
 
5.2.4 Provide for periodic maintenance of the 
groundbed.  
 
5.2.5 Provide a power source and groundbed with 
sufficient capacity to include connecting pipelines and 
other structures as required.  

 
5.3 Considerations in the Design of CP Systems  

 
5.3.1 CP applied to the well casings and the 
connecting pipelines and structures may be a source of 
mutual interference. (Refer to Section 7.)  
 
5.3.2 Electrical grounding procedure requirements 
should be considered in the CP design.  

 
5.3.3 In designing a CP system for well casings, the 
following should be considered:  

 
5.3.3.1 Availability of AC power should be 
determined. 
 
5.3.3.2 The proposed installation site should be 
investigated for any hazardous conditions.  
 

 

5.3.3.3 The AC power source for the CP rectifier 
should be a suitable distance from the well 
structure to ensure a safe working area. 
 
5.3.3.4 Materials and installation practices that  
conform to applicable codes (e.g., National 
Electrical Manufacturers Association [NEMA](2) 
Standards, National Electrical Code [NEC],(3) and 
practices of NACE International) should be 
specified.  
 
5.3.3.5 The CP system should be selected and 
designed for optimum economies of installation, 
maintenance, and operation.  
 
5.3.3.6 Materials and installation practices that 
ensure safe and dependable operation throughout 
the intended service life of the CP system should 
be specified.  
 
5.3.3.7 A system for optimum currents should be 
selected.  Excessive current can be detrimental to 
buried or submerged metallic structures.  
 
5.3.3.8 The current requirement data for pipelines 
connected to wells should be studied so that the 
groundbeds may be placed in the proper locations.   
This allows appropriate distribution of current to 
wells and pipelines.  
 
5.3.3.9 Electrical interference from foreign 
sources should be investigated and the results 
included as a design consideration. (See Section 
7.)  

 
5.4 Considerations Influencing Location of Anodes   
 

5.4.1 The anode that will be closest to a well should be 
placed at a distance determined by testing or accepted 
empirical means.  
 
5.4.2 Plans for long- and short-term additions or 
changes in buried physical structures.  
 
5.4.3 Location of pipelines connected to wells.  
 

 
 ____________________________  
(2) National Electrical Manufacturers Association (NEMA), 1300 North 17th Street, Suite 1847, Rosslyn, VA 22209. 
(3) National Electrical Code (NEC), National Fire Protection Association, 1 Batterymarch Park, Quincy, MA 02269. 
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5.4.4 Pipelines used as a negative return and those 
electrically isolated. 
 
5.4.5 Soil resistivity.  
 
5.4.6 Use of surface or deep vertical type of 
groundbed.  
 
5.4.7 Location of foreign structures.  
 
5.4.8 Placement where likelihood of physical 
disturbance or damage is minimal.  

 
5.5 Types of CP Systems for Well Casings  
 

5.5.1 Impressed current system 
 

5.5.1.1 Surface groundbed 
 
5.5.1.2 Deep groundbed  

 
5.5.2 Galvanic anode system  

 
5.6 Considerations in the Selection of the Type of CP 
System  
 

5.6.1 Current requirements  
 

5.6.1.1 The total casing surface area to receive 
CP, including surface casings and that portion of 
intermediate and production casing that is to 
receive protection.  

 
5.6.2 Soil resistivity  

 
5.6.2.1 Resistivity and installation space avai-
lability influence the choice of a surface or deep 
groundbed installation.  High-resistivity formations 
that restrict the flow of current to the casing may 
necessitate placement of anodes below such 
formations.  
 

5.6.2.1.1 Resistivity to a 15-m (50-ft) depth 
for a surface groundbed may be determined 
by surface measurements or experience.  

 
5.6.2.1.2 Resistivity for depths greater than 
15 m (50 ft) for a deep groundbed may be 
determined by surface measurement, 
formation resistivity log, or experience.  

 
5.6.3 Future drilling of wells in the area of CP 
influence.  
 
5.6.4 Future development of the right-of-way area and 
extensions to the pipeline system connected to wells 
jointly protected by the same power source and 
groundbed. 
 
5.6.5 The cost of installation, operation, and 
maintenance.  
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5.6.6 Physical space available and condition of land 
surface for ease of facility installation, ingress, and 
egress.  
 
5.6.7 Proximity of foreign structures.  
 
5.6.8 Ability to procure easement.  
 
5.6.9  Interference effect.  
 
5.6.10  Power source availability.  

 
5.7 Factors Determining Anode Current Output, Operating 
Life, and Efficiency  
 

5.7.1 Various anode materials have different rates of 
deterioration when discharging a given current density 
from the anode surface in a specific environment.  For 
a given current output, the anode life depends on the 
anode and backfill materials and the number of anodes 
in the CP system.  Anode performance data may be 
used to calculate the probable deterioration rate.  
 
5.7.2 The resistance to electrolyte of the anode 
system may be calculated from available data.  
Formulas and graphs relating to these factors are 
available. 
 
5.7.3 The use of a special backfill material with 
impressed current anodes lengthens their useful life 
and reduces the effective anode-to-earth electrical 
resistance.  The most common backfill materials are 
metallurgical coke, calcined petroleum coke, and 
natural or manufactured graphite. 
 
5.7.4 Entrapment of gas generated by the anodic 
reaction can impair the ability of the impressed current 
groundbed to deliver the required current.  Suitable 
provision should be made for venting the anodes, 
particularly in a deep groundbed.  Increasing the 
number of anodes may reduce gas blockage by 
reducing current discharge from each anode.  
 
5.7.5 Electroosmotic effects could impair the ability of 
the impressed current groundbed to deliver the 
required current.  Suitable provisions should be made 
to ensure adequate moisture around the anodes.  
Increasing the number of impressed current anodes 
may reduce electroosmotic effects.  
 
5.7.6 Special applications such as deep groundbeds 
require careful selection of cables and wires. Refer to 
NACE SP0572.1 

 
5.8 Impressed Current System Design Considerations  

 
5.8.1 Groundbed location and total current required 
should be determined.  
 
5.8.2 A deep groundbed may be used when lithology 
prevents equitable distribution of current to the total 
depth of the well casing.  Placing anodes in relatively 
NACE International 
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low-resistivity shallow formations compared with 
deeper formations may concentrate excessive current 
on upper portions of the well casing and deprive the 
deeper portions of sufficient current.  Refer to NACE 
SP0572.  
 
5.8.3 Placement of groundbeds too close to a well 
casing may prevent flow of sufficient current to a lower 
depth. Increasing total current may create interference 
with other wells and structures.  
 
5.8.4 The performance of vertically or horizontally 
placed anodes can be affected by their spacing. In a 
soil of a given resistivity, the output of an impressed 
current groundbed may be improved by increasing the 
space between anodes, assuming the additional cable 
resistance is considered.  
 
5.8.5 DC power sources that can be used:  

 
5.8.5.1 Rectifier units to convert AC to DC power. 
 
5.8.5.2 Thermoelectric generators. 
 
5.8.5.3 Photovoltaic power systems. 
 
5.8.5.4 Wind- or power-driven generators or 
alternators with rectification. 

 
5.9 Galvanic Anode System Design Considerations 
 

5.9.1 Galvanic anodes have limited use for CP of well 
casings.  
 

5.10  Design Factors in Applying CP to More than One 
Well  
 

5.10.1 Several wells may be cathodically protected as 
a group.  When applying CP, the wells should be 
treated as a unit, along with associated pipelines or 
structures, using one or more power sources and 
groundbeds.  Care must be taken to ensure adequate 
current distribution throughout the length of each well.  

 
5.10.1.1  Well casings in a group may vary in 
length.  

  
 
NACE International 

 _____________________________________
 
5.10.1.2  Well spacing may vary.  
 
5.10.1.3  Intermediate casings may vary in length.  
 
5.10.1.4  Wells with identical completion pro-
cedures and equal lengths of casing may have 
different current requirements.  

 
5.10.2 The current requirements and electrical 
resistances of any connecting pipeline, when used as a 
negative return to a rectifier, can limit the amount of 
current reaching the well casings.  
 
5.10.3 If detrimental electrical interference is 
encountered, each CP system must be designed to 
counteract the effects.  
 
5.10.4  CP design varies regarding the physical field 
parameters. The most effective design considers:  

 
5.10.4.1 Total amount of current required for 
casings and other structures.  
 
5.10.4.2   Soil resistivity for installation of anodes.  
 
5.10.4.3  Location of well casing with respect to 
pipelines and other structures.  
 
5.10.4.4  The individual current demand of each 
well. 

 
5.10.5 Typical CP design options  

 
5.10.5.1    One DC power source and one 
groundbed for one or several wells.  
 
5.10.5.2    One DC power source and more than 
one groundbed for several wells.  
 
5.10.5.3    More than one DC power source and 
one groundbed for several wells. 

 
5.10.6 Perimeter or isolated wells may require a 
separate CP system.  
____________________________________  
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Section 6: Installation of CP Systems 
6.1 Introduction  
 

6.1.1 This section presents recommended procedures 
for installation of CP systems that achieve protection of 
the well casing structures when design considerations 
recommended in Section 5 and Appendix D have been 
followed.  

 
6.2 Construction Specifications  
 

6.2.1 All construction work performed on CP systems 
shall be done in accordance with construction drawings 
and specifications.  The construction specifications 
shall be in accordance with recommended practices in 
Section 5 and nonmandatory Appendix D.  

 
6.3 Construction Supervision  
 

6.3.1 All construction work performed on CP systems 
shall be under the supervision of a trained and qualified 
inspector.  It shall be the inspector’s function to verify 
that the installation is made in strict accordance with 
the drawings and specifications, or that exceptions are 
made only with the express consent of qualified 
personnel, when it can be demonstrated that the 
effectiveness of the system is not impaired.  It should 
also be the inspector’s function to verify that 
construction methods and techniques are in 
accordance with good practices.  

 
6.3.2 All deviations from construction specifications 
shall be noted on as-built drawings.  

 
6.4 Galvanic Anodes  
 

6.4.1 Inspection and handling  
 

6.4.1.1 Packaged anodes shall be inspected and 
steps taken to ensure that the backfill material 
completely surrounds the anode.  The individual 
container for the backfill material and anode 
should be intact.  If individually packed anodes are 
supplied in waterproof containers, the containers 
should be removed before installation.  Packaged 
anodes should be kept dry during storage.  
 
6.4.1.2 The lead wire must be securely connected 
to the anode.  The lead wire should be inspected 
to ensure that it is not damaged.  Care should be 
taken to avoid damage to insulation and kinking of 
the lead wire.  

 
 

6.5 Impressed Current Systems  
 
6.5.1 Inspection and handling  

 
6.5.1.1 The rectifier or other power source shall 
be inspected to ensure that internal connections 
are mechanically secure and that no damage is 
apparent.  Rating of the direct current source 
output should comply with construction 
specifications.  Care should be exercised in 
handling and installation.  
 
6.5.1.2 Impressed current anodes shall be 
inspected for conformity to specified anode 
material and size and length of lead wire, and to 
ensure that the cap, if used, is secure.  Care 
should be exercised to avoid cracking or 
damaging anodes during handling and installation.  
 
6.5.1.3 The lead wire shall be inspected carefully 
for defects in insulation (e.g., cracks, abrasions, or 
excessive thinning below specified thickness).  
Care should be taken to avoid damage to 
insulation in the wire.  Defects in the lead wire 
must be repaired or the anode/wire unit must be 
rejected. 
 
6.5.1.4 Anode backfill material shall conform to 
specifications.  

 
6.5.2 Installation provisions  

 
6.5.2.1 The rectifier or other power source should 
be installed so that the possibility of damage or 
vandalism is minimized.  
 
6.5.2.2 Wiring to rectifiers shall comply with all 
local and national electrical codes and 
requirements of the utility supplying power.  An 
external disconnect switch on AC wiring shall be 
provided.  The rectifier case shall be grounded 
adequately.  
 
6.5.2.3 Impressed current power supplies should 
be designed to prevent reverse current flow when 
the unit is not operational.  
 
6.5.2.4 Impressed current anodes should be 
installed vertically, horizontally, or in deep holes as 
indicated in the construction specifications.  
Backfill material, when specified, should be 
packed around the anodes, eliminating voids.  
Care shall be taken to avoid damage to the anode,  
NACE International 
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wire, and wire connection to the anode during 
installation.  
 
6.5.2.5 The conductor (negative lead wire) to the 
structure shall be connected as indicated in the 
specifications.  Conductor connections to the 
power source must be mechanically secure and 
electrically conductive.  Before the power source is 
energized, it must be verified that the negative 
conductor is connected to the structure and the 
positive conductor is connected to the anodes and 
to the power source output terminals.  After the 
power source is energized, suitable electrical 
measurements shall be made to verify that these 
connections are correct.  
 
6.5.2.6 Underground negative lead wire shall be 
effectively insulated. Bare or ineffectively in-
sulated wire may require a substantial amount of 
the total protective current.  

6.5.2.7 Underground splices on the positive lead 
cable to anodes shall be kept to a minimum. 
Connections between cable and conductor from 
each anode shall be mechanically secure and 
electrically conductive.  If buried or submerged, 
these connections must be sealed to prevent 
E International 
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moisture penetration so that electrical isolation is 
ensured.  If the insulation integrity on the buried or 
submerged positive lead cable, including splices,  
is damaged, the cable may corrode and fail 
prematurely. 
 
6.5.2.8 When specifications call for burial of the 
anode cable, care must be taken to avoid damage 
to the insulation.  Sufficient slack shall be left in 
the cable to avoid strain on connections and 
anode leads caused by settling.  Backfill materials 
used around cables should be free of rocks and 
foreign materials that might damage the wire 
insulation when installed in the trench.  Cables 
may be installed by plowing if proper precautions 
are taken. 

 
6.6 Corrosion Control Test Stations and Bonds 
 

6.6.1 Refer to Section D.5 of Appendix D for design of 
corrosion control test stations and bonds. 

 
6.7 Isolating the Wellhead from Pipelines and Other 
Structures 
 

6.7.1 Refer to Section D.2 of Appendix D for design of 
electrical isolation. 
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Section 7:  Control of Interference Currents 

 
7.1 Introduction 
 

7.1.1 This section presents recommended practices 
for the detection and mitigation of interference 
currents.The mechanisms and detrimental effects of 
interference currents are described. 

 
7.2 Mechanism of Interference Current 
 

7.2.1 Interference current corrosion on a well casing 
differs from electrochemical corrosion caused by other 
conditions.  The source of the corrosion current is 
foreign or separate from the affected well.  The foreign 
structure may be electrically bonded to or isolated from 
the affected well.  Interfering currents may enter or 
leave the casing at several locations along the well 
casing.  The damage from an interference current 
occurs in the area where the current leaves the well 
casing and enters the electrolyte. 

 
7.2.2 The severity of interference resulting from stray 
electrical current depends on several factors: 

 
7.2.2.1 Distance between wells. 
 
7.2.2.2 Location of pipelines with respect to wells. 
 
7.2.2.3 Location of interfering current source. 
 

7.2.2.4 Depth of well casing. 
 
7.2.2.5 Location of highly conductive earth 
formations. 
 
7.2.2.6 Magnitude of potential gradient in the 
earth that the affected well penetrates. These 
gradients are created by current flowing to other 
structures. 
 
7.2.2.7 Location of electric power line grounding 
system. 
 
7.2.2.8 Quality and extent of the cementing 
program on the well casing. 

 
7.2.3 Sources of interference currents: 

 
7.2.3.1 Constant current—Sources that have 
essentially constant DC output are CP rectifiers, 
thermoelectric generators, photovoltaic and 
windmill battery units, etc. 
 
7.2.3.2 Fluctuating current—Typical sources are 
DC electrified railway systems, mine hauling 
systems, pumps, welding machines, DC power 
systems, etc. 
 

11 
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7.2.3.3 An interference current may originate in a 
foreign CP system on nearby wells or pipelines 
that are electrically isolated from the affected well. 
 
7.2.3.4 Mutual interference current can result from 
CP applied to other wells in a metallically 
connected system that includes the affected well. 

 
7.3 Detection of Interference Currents 
 

7.3.1 During well casing CP surveys, personnel should 
look for electrical changes and facilities that may be a 
source of interference current. 

 
7.3.1.1 A change in casing-to-electrolyte potential 
when foreign electrical sources are switched off 
and on is cause to investigate for downhole well 
casing interference. 
 
7.3.1.2 Well casing current measurement and 
downhole well casing potential profiles should be 
used to assess the presence and magnitude of 
interference current. 
 
7.3.1.3 The presence of external corrosion and 
perforation of well casing may be determined by 
using an electromagnetic thickness measurement 
tool to find changes in wall thickness. 

 
7.3.2 When interference current is suspected, 
appropriate tests should be conducted to determine its 
presence and magnitude.  All affected parties shall be 
notified before tests are performed.  (Notification 
should be channeled through an Underground 
Corrosion Control Coordinating Committee, where one 
exists).(4)  Any one or a combination of the following 
procedures can be used to determine the existence or 
extent of interference:  

 
7.3.2.1 Casing potential changes shall, where 
practical, be measured with respect to a remote 
reference electrode.  The reference electrode shall 
be placed beyond the earth gradient field of 
interfering current.  The foreign direct current 
source should be turned on and off during the test. 
 
7.3.2.2 Change in the magnitude of well casing 
current should be measured, and the direction of 
flow should be determined while performing a well 
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casing potential profile.  The foreign direct current 
source should be turned off and on during the test. 
 
7.3.2.3 The variation in current output of the 
suspected source of interference current should 
be determined and compared with measurements 
obtained in Paragraphs 7.3.2.1 and 7.3.2.2.  This 
may require correlation of data with time. 

 
7.4 Methods for Resolving Interference Corrosion 
Problems 
 

7.4.1 Each interference problem is unique and 
the solution should be mutually satisfactory to all 
parties involved. 
 
7.4.2 Mutual interference between well casings may 
be minimized when wellheads within the electrically 
connected system are adjusted to equal potential with 
respect to a remote reference electrode. 
 
7.4.3 The interfering current source should be 
removed or relocated. 
 
7.4.4 The effect of interference current may be 
counteracted by adding CP to the affected well. 
 
7.4.5 Mutual interference between wells in a common 
CP system may be reduced by providing an 
interference bond, with a current drain regulating 
device, from the wells to the rectifier. 

 
7.4.5.1 An interference bond of proper resistance 
should be designed and installed. 
 
7.4.5.2 A current regulating device should be 
installed in the rectifier cable connected to the 
wellhead. 
 
7.4.5.3 The current discharge from interfering 
cathodic rectifiers should be adjusted to eliminate 
or decrease interference. 

 
7.4.6 The CP groundbed should be relocated. 
 

7.4.7 The design of the CP system should be modified 
when connecting pipelines (used as negative returns) 
require a high percentage of the total current for 
protecting the wells. 
 ____________________________  
(4) Information on Underground Corrosion Control Coordinating Committees may be available from the Technical Activities Division, 1440 
South Creek Drive, Houston, TX 77084-4906 (telephone: +1 281/228-6200).  Underground Corrosion Control Coordinating Committees are 
asked to keep NACE International Headquarters informed of their activities, but records are more current on some of the groups than on 
others. 
NACE International 



7.4.7.1 Rectifiers and groundbed with reduced 
current output per unit should be added. 
 
7.4.7.2 The dielectric coating of connecting 
pipelines should be improved to reduce the total 
required current. 

 
7.5 Methods to Indicate Resolution of Interference 
 

7.5.1 A satisfactory downhole well casing potential 
profile log indicating current that is adequate to 
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eliminate anodic areas on affected casing should be 
obtained. 

 
7.5.2 Sufficient CP currents, interpreted from surface 
test data or empirical calculation, should be applied to 
affected well casing. 
 
7.5.3 Interference current discharges should be 
neutralized as determined by applicable criteria.   
 

___________________________________  
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Section 8:  Operation and Maintenance of CP Systems 
8.1 Introduction 
 

8.1.1 The purpose of this section is to designate 
procedures and practices for energizing and 
maintaining continuous, effective, and efficient 
operation of CP systems. 

 
8.1.1.1 Electrical measurements and inspections 
are necessary to determine that protection has 
been established according to the applicable 
criterion and that each part of the CP system is 
operating properly.  Conditions that affect 
protection may change with time, however, and 
corresponding changes are required in the CP 
system to maintain protection.  Periodic 
measurements and inspections shall be made to 
detect changes in the conditions that affect the CP 
system.  Local conditions may exist in which 
operating experience indicates that surveys and 
inspections should be made more frequently than 
recommended herein. 
 
8.1.1.2 Care should be exercised in selecting the 
location, number, and type of electrical 
measurements used to determine the adequacy of 
CP. 

 
8.2 Tests shall be conducted after each CP system is 
energized to determine whether the system is satisfying the 
applicable criterion and is operating efficiently.  Tests shall 
include one or more of the following types of measurements 
and must relate to the criterion established by this standard. 

 
8.2.1 Casing-to-reference-electrode potential, as 
applicable. 
 
8.2.2 Calculation technique to estimate CP 
effectiveness (refer to Paragraph 4.3.3). 
 
8.2.3 Structure-to-structure potential. 
 
8.2.4 Current flow. 
 
8.2.5 Well casing potential profile (refer to Paragraph 
4.3.1 and Appendix A). 

 
8.3 Periodic tests are suggested to ensure the continuity of 
CP; the electrical measurements used in the tests may 
include one or more of the measurements listed in 
Paragraph 8.2. 
 
8.4 Inspection and tests of CP facilities should be 
conducted as follows to ensure their proper operation and 
maintenance: 

 
8.4.1 All sources of impressed current shall be 
checked at intervals not to exceed two months.  
Evidence of proper functioning may include the current 
output, normal power consumption, a visual or audible 
signal indicating normal operation, or the satisfactory 
electrical state of the protected casing. 
13 
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8.4.2 All impressed current protective facilities should 
be inspected annually as part of a preventive 
maintenance program to minimize in-service failure.  
Inspections may include a check for electrical shorts, 
ground connections, meter accuracy, efficiency, and 
circuit resistance. 
 
8.4.3 Reverse current switches, diodes, and 
inteference bonds, whose failure would jeopardize 
structure protection, shall be inspected for proper 
functioning at intervals not to exceed two months. 
 
8.4.4 The effectiveness of electrical isolation fittings 
and continuity bonds shall be evaluated during periodic 
testing. This may be accomplished by on-site 
inspection or by evaluating corrosion test data. 

 
8.5 The test equipment used for obtaining each electrical 
value shall be of an appropriate type.  Instruments and 
 
14 
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related equipment shall be maintained in good operating 
condition and checked annually for accuracy. 
 
8.6 Remedial measures shall be taken when periodic tests 
and inspections indicate that protection is no longer 
adequate according to applicable criteria.  These measures 
may include: 
 

8.6.1 Repair, replacement, or adjustment of 
components of CP systems. 
 
8.6.2 Providing supplementary facilities when 
additional CP is necessary. 
 
8.6.3 Repair, replacement, or adjustment of continuity 
and interference bonds. 
 
8.6.4 Removal of accidental metallic contacts. 
 
8.6.5 Repair of defective electrical isolation devices. 
_____________________________________  

 

Section 9:  Corrosion Control Records 
9.1 Introduction 
 

9.1.1 The purpose of this section is to describe 
corrosion control records that document in a clear,  
concise, workable manner the data pertinent to the 
design, installation, maintenance, and effectiveness of 
corrosion control measures for well casings. 

 
9.2 Relative to determination of the need for corrosion 
control, the following should be recorded when applicable: 
 

9.2.1 Information on corrosion leaks (e.g., date, well 
identity, location). 
 
9.2.2 Electromagnetic casing thickness measure-
ments. 
 
9.2.3 Casing potential profile data. 
 
9.2.4 Coating type applied to external surfaces of 
casings. 

 
9.3 Relative to structure design, the following should be 
recorded: 
 

9.3.1 Location and design of wellhead and associated 
electrical isolation devices. 
 
9.3.2 Design and procedure for isolating or bonding 
any associated electrical power source grounding 
system. 
 
9.3.3 Design and location of test leads, bond cables, 
and other test facilities. 
 
9.3.4 Details of any other corrosion control measures 
taken. 

. 
9.4 Relative to the design of corrosion control facilities, the 
following should be recorded: 
 

9.4.1 Results of current requirement tests and how the 
tests were performed. 
 
9.4.2 Results of soil resistivity surveys at groundbed 
locations, and where the surveys were made with 
respect to other wells, pipelines, and structures. 
 
9.4.3 Interference tests and design of interference 
bonds and drainage switch installations, including: 

 
9.4.3.1 Location of interference source relative to 
location of wells and other structures. 
 
9.4.3.2 Scheduling of interference tests, 
correspondence with coordinating committees, 
coordinating committee minutes, and direct 
communication with the concerned companies. 
 
9.4.3.3 Record of interference tests conducted, 
including location of tests, name of company 
involved, and results. 

 
9.5 Relative to the installation of corrosion control facilities, 
the following should be recorded: 
 

9.5.1 Installation of CP facilities 
 

9.5.1.1 Impressed current systems 
 
(a) Location and date placed in service. 
NACE International 
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(b) Type, size, depth, backfill, and spacing of 
anodes. 
 
(c) Number of anodes. 
 
(d) Location of groundbed anodes with respect to 
wells, pipelines, and other structures. 
 
(e) Specifications of rectifier or other energy 
source. 
 
(f) Type(s) and size(s) of buried cable. 

                
9.5.1.2 Galvanic anode systems 
 
(a) Location and date placed in service. 
 
(b) Type, size, backfill, and spacing of anodes. 
 
(c) Number of anodes. 

 
9.5.2 Installation of interference bonds and drainage 
switches 

 
9.5.2.1 Details of interference bond installation 
 
(a) Locations and names of companies involved. 
 
(b) Resistance value or other pertinent in-
formation. 
 
(c) Magnitude and polarity of drainage current. 
 
9.5.2.2 Details of drainage switch installation 
 
(a) Locations and names of companies involved. 
 
(b) Type of switch or equivalent device. 
 
(c) Data showing effective operating adjustment. 

 
9.5.2.3 Details of other remedial measures 
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9.6 Records of surveys, inspections, and tests set forth in 
Sections 4, 5, 7, and 8 should be maintained to 
demonstrate that applicable criteria for interference control 
and CP have been satisfied. 
 

9.6.1 Current drained from the well casing should be 
recorded at intervals consistent with company 
requirements. 
 
9.6.2 Other electrical measurements should be 
recorded as required to monitor the CP for each well 
and to satisfy the criterion for CP of the wells. 

 
9.7 Relative to the maintenance of corrosion control 
facilities, the following information should be recorded: 
 

9.7.1 Maintenance of CP facilities 
 

9.7.1.1 Repair of rectifiers or other DC energy 
sources. 
 
9.7.1.2 Repair or replacement of anodes, 
connections, and cable. 

 
9.7.2 Maintenance of interference bonds and drainage 
switches 

 
9.7.2.1 Repair of interference bonds. 
 
9.7.2.2 Repair of drainage switches or equivalent 
devices. 

 
9.7.3 Maintenance, repair, and replacement of 
electrical isolation devices, test leads, and other test 
facilities. 

 
9.8 Records sufficient to demonstrate the evaluation of the 
need for and the effectiveness of corrosion control 
measures should be retained as long as the facility involved 
remains in service.  Other related corrosion control records 
should be retained for a period that satisfies individual 
company needs. 
15 
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Appendix A—Casing Potential Profile 
(Nonmandatory) 
A.1 Introduction 
 

A.1.1 This appendix describes a typical potential 
profile tool, its function, and use.  Procedures for 
interpreting data are covered.  This appendix 
supplements Paragraph 4.3.1 of this standard. 
 
A.1.2 The name “casing potential profile” has been 
widely accepted.  The measurement is actually a 
potential difference, and the plotted data represent a 
casing potential difference profile.  The tool measures a 
potential difference between two points on the casing 
as opposed to the potential of a pipe as measured in a 
pipe-to-soil potential in evaluating pipeline corrosion. 
The term potential difference is used interchangeably 
with voltage (IR) drop. 
 
A.1.3 A casing potential profile should be performed 
under the direction of a person qualified by knowledge 
and experience in this particular endeavor. 

 
A.2 Types of Casing Potential Profile Tools 
 

A.2.1 A typical casing potential profile tool consists of 
two contacts positioned 3 to 8 m (10 to 26 ft) apart on 
tubing and separated by an electrical insulator.  A wire 
is attached to each contact and brought to the surface 
to a voltmeter.  The tool is moved along the inside of 
the casing to take voltage drop measurements as 
needed. (Refer to Figure A1.) 
 
A.2.2 Some of the contact devices are: 

 
A.2.2.1 Spring-loaded knives that continuously 
contact the casing while moving up or down. 
Tension is increased against the casing wall by 
manipulating the position of knives. 
A.2.2.2 “Pipe cutter” wheels permanently 
tensioned on spreader arms.  Wheels 
continuously ride the casing wall at constant 
pressure. 
 
A.2.2.3 Spreader arms with contactors that are 
opened and closed by an electric motor or 
mechanical means from the ground level. 
Pressure against the casing wall is adjustable. 

 
A.3 Effect of Electrical Resistance on Data 
 

A.3.1 Variable circuit resistance affects voltage (IR) 
drop readings.  Because the electrical resistance of 
steel casing is extremely low (in the µ-ohm per m 
range), the equipment design and procedure used to 
measure voltage are critical.  For example, the voltage 
measured across approximately 6 m (20 ft) of casing 
can be in the range of 1 to 5,000 µV.  The resistance 
portion of the electrical circuit consists of the following: 

 
A.3.1.1 The well casing between the profile tool’s 
upper and lower contacts. 
 
A.3.1.2 Other permanent tool fittings and cable 
and connectors. 
 
A.3.1.3 Contact of the knives to the casing wall at 
each setting. 

 
A.3.2 Resistance tables for the various casing grades 
are available.2  The resistance of the casing for a given 
API(5) grade changes as downhole temperature 
increases.  
 _________________________________________  

(5) American Petroleum Institute (API), 1220 L St. NW, Washington, DC 20005. 
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The resistance of the casing can be measured prior to 
installation. 

 
A.3.3 A voltage (IR) drop measured across a given 
length of casing and total resistance can be used to 
calculate the current flow.  The resistance value should 
be corrected for changes caused by temperature and 
grade of steel. 

 
A.4 Other Influences on the Measured Voltage (IR) Drop 
 

 
NACE International 

 
 
 
 

 

A.4.1 Thermal voltage differences between upper and 
lower contacts, casing wall, and knives.  This is caused 
by the contacts riding continuously on the casing wall. 
 
A.4.2 Resistance between contacts and casing wall.  
Foreign material on the casing wall can increase the 
total resistance and give an erroneous voltage (IR) 
 
 
 

 
 

Electrical         

Isolator 
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To Upper Contacts        To Lower Contacts 

Cable to Service  
Truck 

Collar 

Collar 

Upper Contact 

Lower Contact 

Well Casing 

FIGURE A1—Casing Potential Profile Tool 
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drop reading.  Some foreign materials commonly 
encountered are corrosion products, scale, petroleum 
deposits, corrosion inhibitors, and moisture. 
 
A.4.3 Ineffective electrical insulation between upper 
and lower contacts. 
 
A.4.4 Electrically conductive fluid in the casing and in 
contact with the tool. 

 
A.5 Use of Instruments 
 

A.5.1 Voltmeters with a high impedance and resolution 
of 1 µV and a short response time are required.  They 
should also have AC rejection and be temperature 
compensated.  Instruments should be calibrated 
annually. 
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A.5.2 The accepted procedure is to connect the 
positive (+) terminal of the voltmeter to the lower 
contact of the potential tool.  A positive reading 
indicates current flowing up the casing (from positive to 
negative), and a negative reading indicates current 
flowing down the casing. 
 
A.5.3 The tool is stopped at a given location in the well 
casing, and the IR drop readings are repeated, if 
required, until an acceptable one is obtained.  An 
acceptable reading is one that is consistent with the log 
and other available data. 

 
A.6 Data Use and Interpretation 
 

A.6.1 A typical example of a casing potential profile 
plot is shown in Figure A2. 
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A.6.2 Considerations in interpreting casing potential 
profile data: 

 
A.6.2.1 Abrupt or inconsistent changes in single 
readings may indicate poor contact of the tool with 
the casing wall. 
 
A.6.2.2 Data taken from a production casing 
shielded by other casing in the well are not 
necessarily indicative of current gain or discharge 
from the production casing to the formation. 
 
A.6.2.3 A positive slope of the plotted voltage (IR) 
drop versus depth normally indicates an increase 
in the amount of current being picked up by the 
casing. 
 
A.6.2.4 A negative slope of the voltage (IR) drop 
normally indicates a discharge of current from the 
casing. 
 
A.6.2.5 Changes in slope are caused by a change 
in current or resistance. Resistance changes can 
be caused by: 
 
(a) Change of wall thickness (e.g., corrosion, 
manufacturer’s tolerance). 
 
(b) Change of API pipe grade. 
 
(c) The bridging of collars by the contacts of the 
tool. 

 
A.6.2.6 Each voltage (IR) drop reading taken on a 
section of the casing (typically several meters) 
measures the long-line current.  The local anodic 
cells are not detectable within the span of the tool.  
Current pickup is not necessarily uniform along the 
casing between tool contacts.  Therefore, the 
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 ______________________________________
current density at a given area on the casing may 
be greater or less than that indicated. 
 
A.6.2.7 Casing potential profile data give a 
reasonable indication of the amount of current 
flowing and indicate a direction of current flow.  
The data cannot be interpreted to determine 
whether sufficient current is being applied to 
cancel all corrosion cells. 
 

A.7 Well data for each well can assist in interpreting 
potential profile readings.  These data may include the 
following: 

 
A.7.1 API grade, diameter, length, and weight of 
casing joint and its location in the well. 
 
A.7.2 Collar locator, used to facilitate positioning of a 
casing potential profile tool between collars. 
 
A.7.3 Electromagnetic logs, which help determine 
changes in wall thickness and grade of casing, and 
allow evaluation of the inner wall surface condition. 
 
A.7.4 Formation resistivity logs that identify strata that 
may alter current distribution. 
 
A.7.5 Leak history and repair methods. 
 
A.7.6 Other types of logs for a given well can aid in 
interpreting casing potential profile data.  Refer to 
Paragraph D.7.4 of Appendix D. 

 
A.8 Interference Testing with the Casing Potential Profile 
Tool 
 

A.8.1 The casing potential profile tool is valuable when 
used to determine electrical DC interference.  Data 
obtained pertain only to the conditions prevailing at the 
time of the test. 
___________________________________  

 

Appendix B—E-Log-I Test 
(Nonmandatory) 
 
B.1 Introduction 
 

B.1.1 The purpose of this appendix is to outline the 
procedure for performing an E-log-I test and to give 
guidelines for interpretation of data.  This appendix 
supplements Paragraph 4.3.4 of this standard. 

 
B.2 General  
 

B.2.1 An E-log-I test should be performed under the 
direction of a person qualified by knowledge of and 
experience in this particular endeavor. 

 
B.3 Prerequisites to Performing an E-log-I Test 
B.3.1 All buried metallic structures must be electrically 
isolated from the casing. 
 
B.3.2 The temporary groundbed should be located at a 
sufficient distance from the well to give optimum 
current distribution along the well casing.  When 
feasible, it should be placed where permanent bed 
location is anticipated. 
 
B.3.3 Other buried metallic structures should be 
located. 
 
B.3.4 Foreign rectifiers or other DC sources that could 
influence the test should be located. 
19 
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B.3.5 The locations of high-resistivity strata that make 
it difficult to force current through underlying formations 
should be determined. 
 
B.3.6 Placement of the reference electrode should be 
based on well depth, well spacing, and distance to 
foreign structures, and it should be beyond the 
influence of the test groundbed. 

 
B.4 Test Procedure 
 

B.4.1 After the equipment is set up (see Figure B1), 
the test should be conducted according to the following 
steps. 

 
B.4.1.1 The “native state” potential, i.e., the 
potential with zero groundbed current, should be 
measured and recorded. 
 
B.4.1.2 The test should then be begun by 
impressing current through the groundbed onto 
the well casing at the predetermined level (typically 
0.1 A, as in Figure B2, for the selected time, 
typically two or three minutes). 
 
B.4.1.3 At the end of the selected time, the current 
flow should be interrupted and the potential should 
be observed.  Within a fraction of a second, the 
potential will drop abruptly.  It will then begin a 
gradual “decay.” The potential of interest is that 
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just prior to the start of the decay.  This is 
frequently referred to as the instant-off potential. 
 
B.4.1.4 The current interruption should last no 
more than two seconds.  A higher current should 
then be applied to the casing at the next 
predetermined current level.  Typically, increments 
from 0.1 to 2.0 A are used. 
 
B.4.1.5 The current increments should be 
selected to meet the requirements of individual 
conditions and to ensure the proper interpretation 
of the E-log-I test. 
 
B.4.1.6 Time intervals should be consistent 
throughout the test. 

 
B.5 Interpretation of Test Results 

 
B.5.1 Figure B2 is an example of an E-log-I curve. 
Casing-electrolyte potentials and current applied are 
plotted on semilogarithmic scales.  The interpretation of 
the curve is dependent on the experience of the 
operator.  The current required is usually taken at the 
intersection, point A, or the first point lying on the Tafel 
segment, point B. 
 
B.5.2 If the E-log-I results have not been verified for a 
given group of wells, additional testing such as the 
casing potential profile log should be conducted. 
 
 
 

FIGURE B1—Equipment Set-Up for E-Log-I Test 
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FIGURE B2—Sample E-Log-I Plot 
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Appendix C—Electromagnetic Casing Inspection Instruments 

(Nonmandatory) 

 
C.1 Introduction 
 

C.1.1 Subsurface electromagnetic inspection in-
struments are used to inspect the casing wall for 
defects.  The inspection helps in determining a need to 
install a CP system or in determining its effectiveness 
after installation.  These instruments fall into two broad 
categories; one induces an AC electromagnetic field 
into the casing wall and the other, a DC 
electromagnetic field into the casing wall.  A 
comparison of these electromagnetic inspection 
instruments points out the differences in the methods 
of measurement and the significance of these 
differences. 

 
C.2 Corrosion Inspection Instruments 
 

C.2.1 The AC inspection instrument derives its signal 
by detecting the amount of phase shift measured 
between the low-frequency transmitter coil and the 
receiver coil.  The transmitter coil is energized with a 
low-frequency AC current, causing an electromagnetic 
field to be induced into the casing.  The field is 
detected by the receiver coil, usually located 300 to 
600 mm (12 to 24 in.) away. 
C.2.1.1 The amount of phase shift of the received 
signal from the transmitter is related to the 
properties of the casing.  These properties are: 
 
(a) Casing weight. 
 
(b) Casing size. 
 
(c) Casing grade, including permeability and 
conductivity. 
 
(d) Metallic influence outside casing, if inspected 
casing is inside another casing (e.g., scratchers, 
centralizers). 
 
C.2.1.2 The predominant response is a result of 
the change in the casing weight.  Because there is 
an “averaging” effect between the transmitter and 
receiver coil, there must be significant metal loss 
(e.g., by corrosion) with respect to normal casing 
weight to cause a meaningful change in the phase 
shift. 
 
C.2.1.3 The accuracy is such that a change from 
one API casing weight to another of the same size 
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casing is detectable.  It is responsive to the 
change in the amount of metal, whether the 
change is internal or external. 
 
C.2.1.4 Supplementally, a noncontact electronic 
caliper is usually available for added internal 
information, and some instruments are also 
equipped with a set of closely spaced coils to 
provide uncalibrated indications of small defects. 

 
C.2.2 The DC inspection instrument derives its casing 
defect signal by detecting a disturbance in an otherwise 
stable magnetic field within and surrounding the casing 
wall.  The stable magnetic field is induced into the 
casing wall.  A defect such as a corrosion pit causes a 
field irregularity or “flux leakage” at that point on both 
sides of the casing wall, whether the defect itself is on 
the inside or the outside wall of the casing.  This 
disturbance can be created by a single pit, an isolated 
defect, or by a group of closely located pits, i.e., 
general corrosion.  The instrument sensors detecting 
the field disturbances are small and are in contact (as 
close as possible) with the internal circumferential 
surface of the casing. 

 
C.2.2.1 Signals emitted by these sensors are 
caused by changes in the field disturbances, 
which vary because of: 
 
(a) The strength of the induced DC magnetic 
field. 
 
(b) Defect depth. 
 
(c) Defect shape. 
 
(d) Metallic influence outside casing (e.g., 
scratchers, centralizers, another casing). 
 
(e) Casing wall thickness. 
 
(f) Casing size. 
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(g) Casing grade, including permeability and 
conductivity. 
 
(h) The speed with which the sensor passes the 
defect. 
 
C.2.2.2 Techniques currently in use utilize the 
amplitude of the sensor signal.  Although casing 
wall thickness affects the signal amplitude, the 
sensor does not discern that thickness; the 
amplitude response is usually calibrated to 
indicate depth of defect penetration in percent of 
the total casing wall thickness. 
 
C.2.2.3 Instrument sensitivity is normally limited to 
defect depths greater than 20% of the casing wall 
and defect areas greater than 32 mm (1.3 in.) in 
diameter.  Accuracy of the corrosion defect 
measurement is approximately ±15% of defect 
depth in ideal single-string conditions when the 
casing information is known (e.g., weight, grade, 
etc.) 

 
C.3 The information presented in Table C.1 may be used to 
determine which instrument is the most effective for certain 
situations. 
 

C.3.1 Normally, operating conditions for both 
instruments are for temperatures up to 177°C (351°F), 
pressures of 100 MPa (14,500 psi), and casing sizes 
from 110- to 250-mm (4.3- to 9.8-in.) outside 
diameters.  Some instruments can operate in 
conditions beyond these limits.  The performance of 
either instrument is degraded when run in a multistring 
casing; however, the DC instrument’s operation is less 
affected. 
 
C.3.2 The running of base logs as soon as possible is 
recommended for better evaluation of future data. 
 
C.3.3 Clean casing walls result in more reliable 
inspections. 
 
 

TABLE C.1—Instrument Effectiveness 
 

Type of 
Instrument 

Detects 
Casing 
Collars 

Detects Small 
Defects and 

Defect Depths 

Detects 
Large Holes 

in Casing 

Detects 
Casing 
Weight 
Change 

Detection 
of Outer 
Casing 
String 

Detects 
Parted 
Casing 
String 

Detects 
Drill Pipe 

Wear 

AC Yes No Yes Yes Yes Yes Yes 

DC Yes Yes Yes No No Yes No 
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Appendix D—Well Completion Design and Other Factors Associated with CP 

(Nonmandatory) 
D.1 Introduction 
 

D.1.1 The purpose of this appendix is to provide 
accepted corrosion control practices for the design of 
CP systems for oil production, natural gas production, 
and natural gas storage wells and associated 
aboveground facilities.  A person qualified to practice 
corrosion control should be consulted during all phases 
of well design and installation (see Paragraph 1.5.)  
These recommendations should not be construed as 
taking precedence over recognized electrical safety 
practices.  Electrical grounding procedures at the well 
surface must conform to local, state, and national 
codes. 

 
D.2 Electrical Isolation 
 

D.2.1 Isolating devices consisting of flange as-
semblies, prefabricated insulating joints, unions, and 
couplings should be installed to isolate the well 
production casing electrically from other wells, 
associated pipelines, gauge lines, and structures when 
required to facilitate the application of corrosion control.  
These devices should be properly rated for 
temperature, pressure, and dielectric strength.  
Installation of isolating devices should be avoided in 
enclosed areas where combustible atmospheres are 
likely to be present.  Typical locations at which 
electrical insulating devices may be considered are as 
follows: 

 
D.2.1.1 Where facilities change ownership, e.g., 
the wellhead. 
 
D.2.1.2 At the junction of bare well casing and 
associated pipelines and facilities. 
 
D.2.1.3 At the junction of dissimilar metals (to 
prevent galvanic corrosion). 

 
D.2.2 Isolating devices 

 
D.2.2.1 Inspection and electrical measurements 
should be performed to ensure that electrical 
isolation is adequate. 
 
D.2.2.2 Buried isolating devices should be suitably 
coated or wrapped with insulating material to 
prevent electrical current transfer through the 
surrounding soil. 
 
D.2.2.3 Additional or special isolating devices may 
be needed on pipelines containing conductive 
fluids. 

 

onal 
D.2.3 The need for lightning and fault current 
protection at isolating devices should be considered.  
Cable connections from isolating devices to arrestors 
should be short, direct, and of a size suitable for short-
term, high current loading. 
 
D.2.4 When electrical contact would adversely affect 
CP, well casings should be electrically isolated from 
supporting pipe stanchions and structures. 
 
D.2.5 When an isolating device is required, proper 
pressure-rated materials manufactured to perform this 
function should be used and installed according to 
manufacturer’s recommendations. 
 
D.2.6 As much distance as is practical should separate 
well casings, associated pipelines, and other facilities 
from electric transmission tower footings, ground 
cables, and counterpoise.  Regardless of separation, 
consideration should always be given to lightning and 
fault current protection of well casings and safety of 
personnel.  (See NACE SP0177.3) 
 
D.2.7 Plastic fittings used in chemical pump lines must 
meet electrical and physical requirements. 
 
D.2.8 Isolation of high-temperature natural gas 
discharge and oil lines requires special design 
considerations for use of materials. 
 
D.2.9 Nonmetallic isolators should meet specifications 
for use in buried and aboveground applications, as 
required. 

 
D.3 Electrical Continuity 
 

D.3.1 Consideration should be given to the electrical 
properties of screwed casing couplings.  To ensure 
electrical continuity, low-electrical-resistance thread 
compounds should be used. 

 
D.4 Coatings 
 

D.4.1 A dielectric coating used on a well casing 
requires a surface that provides a good physical bond 
between it and the formation or cement to ensure a 
sealed environment.  NOTE: Coatings used on well 
casings require special dielectric, physical, and 
chemical qualities, which are beyond the scope of this 
standard. 

 
D.5 Corrosion Control Test Stations and Bonds 
 

D.5.1 Test stations for potential and current 
measurements should be provided at the well to 
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facilitate CP testing.  Such use may include, but not be 
limited to, the following: 

 
D.5.1.1 Well production casing. 
 
D.5.1.2 Well surface and intermediate casings. 
 
D.5.1.3 Dehydration, oil pumping, natural gas 
compressor, and other similar facilities. 
 
D.5.1.4 Foreign metallic pipelines or facilities near 
the well. 
 
D.5.1.5 Gauge lines. 

 
D.5.2 Test leads should be color coded or otherwise 
permanently identified.  Wire should be installed with 
slack.  Damage to wire insulation should be avoided.  
Test leads should not be exposed to excessive 
sunlight.  Aboveground test stations are preferred.  If 
test stations are flush with the ground, adequate 
conductor slack should be provided within the test 
station to facilitate test connections. 
 
D.5.3 An isolating device can be accommodated by 
attaching an appropriate test wire and low-resistance 
current-carrying cable to each side of the device.  
These cables and wires should be appropriately color 
coded or labeled and terminated at a convenient 
location for bonding when needed.  Shunts may be 
used to measure current. 
 
D.5.4 The test station may accommodate current-
carrying cable when a pipeline is utilized as the 
negative return.  Current-carrying cable or wire should 
not be used as a contact for taking casing-to-reference-
electrode potentials. 
 
D.5.5 Attachment of test leads and cables to steel well 
casings and equipment 

 
D.5.5.1 Test leads are usually attached to an 
aboveground fitting, which is directly connected to 
the well casing.  Soldering or thermit welding may 
be used to attach wire or cable when heating 
requirements do not exceed the temperature limit 
for casing and fittings.  NOTE:  Care should be 
taken to ensure that specified temperature limits 
are not exceeded during thermit welding to prevent 
damage to the pipe by copper penetration. Consult 
ANSI(6)/ASME(7) B31.84,Paragraph 862.115 on 
Electrical Connections and Monitoring Points, for 
additional guidelines on thermit welding.  
Mechanical connections to flanges and other 
fittings can be used if they remain secure and 
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maintain low resistance.  Refer to NACE SP0169.5 
 
D.5.5.2 Attaching test wires directly to the 
production casing below ground level is beyond 
the scope of this standard.  Special consideration 
must be given to requirements for cementing and 
completion procedures. 

 
D.5.6 Coating of test wire attachments 

 
D.5.6.1 All test lead wire and cable should be 
coated with a direct burial type of electrical 
isolating material.  Attachments to fittings or 
casings should be coated with a dielectric material.  
The coating should be compatible with the existing 
coating on the fitting or casing. 
 

D.6 CP 
 

D.6.1 Refer to Sections 5 and 6 of this standard for the 
design and installation of CP. 

 
D.7 Information Useful for the Design and Monitoring of a 
CP System 
 

D.7.1 Well piping system specifications and practices.  
 

D.7.1.1 Total length, size, weight, API grade, and 
location of each casing string in the well. 
 
D.7.1.2 Electrical resistance of steel casing.  
Tables are available for various grades and 
temperatures. (8) 

 
D.7.1.3 Coatings (dielectric)—well casings and 
connecting pipelines. 
 
D.7.1.4 Cement types and grades, and locations 
of cemented intervals. 
 
D.7.1.5 Drilling mud—type, inhibitor. 
 
D.7.1.6 Additives to cement or mud. 
 
D.7.1.7 Completion data regarding backfill around 
casing and the location of cement or other 
material. 
 
D.7.1.8 Surface well fittings such as valves for 
access to casing. 
 
D.7.1.9 Locations of metallic scratchers and 
centralizers. 
 
D.7.1.10 Locations of metallic stress rings. 
 

 
 ____________________________  
(6) American National Standards Institute (ANSI), 1819 L St., NW, Washington, DC  20036. 
(7) ASME International (ASME), Three Park Avenue, New York, NY  10016-5990. 
(8) Casing resistance data tables available from Manager, Casing Inspection Services, Dresser Atlas, Box 1407, Houston, TX  77251.  Tables 
were based in part on data found in a U.S. Steel Technical Report.2 
NACE International    
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D.7.1.11 Acidizing procedures. 
 

D.7.2 Well and associated pipeline site environments 
 

D.7.2.1 Existing and proposed CP systems. 
 
D.7.2.2 Possible interference sources (see 
Section 7 of this standard). 
 
D.7.2.3 Surface environmental conditions. 
 
D.7.2.4 Foreign buried metallic structures 
(including location, ownership, and corrosion 
control practices).  
 
D.7.2.5 Site accessibility. 
 
D.7.2.6 AC power availability. 
 
D.7.2.7 Status of well’s electrical isolation from 
foreign structures. 

 
D.7.3 Field survey, corrosion test data, and operating 
experience 

 
D.7.3.1 Electrical resistivity of the electrolyte (soil). 
 
D.7.3.2 Electrical continuity (low resistance is 
required across well casing threaded couplings). 
 
D.7.3.3 Cumulative leak history. 
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D.7.3.4 Interference current data. 
 

D.7.4 Well logs used to supplement other test data 
utilized for design 

 
D.7.4.1 Electromagnetic alternating current and 
direct current logs (thickness gauge). 
 
D.7.4.2 Electric log—formation resistivity normally 
available from well completion data. 
 
D.7.4.3 Gamma ray neutron log—determines 
relative lithology for location of high-resistivity 
formations. 
 
D.7.4.4 Collar locator log—facilitates other logs 
such as casing potential profile. 
 
D.7.4.5 Cement bond log or temperature log—
indicates where cement is located between well 
casing and formation. 
 
D.7.4.6 Optical inspection inside casing. 
 
D.7.4.7 Caliper log (mechanical feelers) to 
determine internal wall thickness change or 
defects such as corrosion pits. 
 
D.7.4.8 Dual induction resistivity log. 
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Symposium on Casing Cathodic Protection Theoryt 

PREFACE 

The protection of 011-well casing from outs~de  corro- 

sion is of p r ~ m e  importance to the  011 ~ndus t ry .  Cathodlc 

protect~on IS one method t h a t  IS b e ~ n g  apphed on a large 

scale In several C a l ~ f o r n ~ a  011 fields to reduce or control 

outslde caslng corroslon. This symposium was conce~ved 
to briefly describe the theory of caslng cathodic protec- 
tion and to give the Industry the benefit of the case 
h~stories  of four  current major caslng cathodic protec- 
t ~ o n  projects In Cal iforn~a 

PART 1 

FUNDAMENTALS OF CATHODIC PROTECTION 

AS APPLIED TO OIL-WELL CASING 

ABSTRACT 

This paper presents a r e v ~ e w  of the processes of 
corroslon and cathod~c protection of 011-well casing 
Various c r ~ t e r ~ a  used for the determination of cathodlc 
c u r ~ e n t  requllements a re  d~scussed A coniparison also 
IS made of the advantages and I~mltations of each 
crlterlon. 

INTROCUCTION 

T h ~ s  paper 1s concerned with the processes of corro- 
slon and cathodlc protect~on of iron In a n  earth- 
electrolyte environment. A review of corros~on processes 
IS presented before cllscussion of cathodlc protect~on 
because the concepts of cathodlc protection a re  ~ n t i -  
lnately associated w ~ t h  the processes of corrosion Elec- 
tron flow IS used a s  the convent1011 of current flow 
thioughout the paper Electron flow 1s opposite to the 
cllrectlon of p o s ~ t ~ v e  curient  flow. 

Corrosion 

Corrosion 111 an electlolyte IS a n  electrochemical proc- 
ess. Metal goes ~ n t o  solution a t  anode areas, and a 
current of electrons flows through the metal and 1s 
discharged a t  cathode areas  The amount of current  
flowing IS controlled by the re la t~ve  areas  of anodes and 
cathodes a s  well a s  the potentla1 d~fferences existing 
between the anodes and cathodes. Potential differences 
may be caused by surface defects in the metal and/or  

*Standard 011 Co of Cal~forn~a.  Taft,  C a l ~ f  
?Presented a t  the sprlng meetlng of the Pac~f ic  C e s t  D ~ s t r ~ c t .  DIVI- 
slon of Product~on. Los Angeles. C a l ~ f  . April 30 and May 1. 1959 

SCallfornla Research Corp , La Habra, Cal~f .  

d~fferentlal env~ronmental c o n d ~ t ~ o n s  such a s  v a r ~ a t i o r ~ s  
in electrolyte concentrat~on, pH, and dissolved oxygen 
content, to name a few. 

The corloslon of iron ~nvolves the solut~on of iron a t  
anodic a ieas  and depos~tlon of hydrogen a t  the cathodlc 
areas. The process goes on in such a way t h a t  the 
electrolyte remalns electr~cally neutral;  I e., a n  equiva- 
lent number of posltlve ions a r e  displaced from the 
electrolyte for  every iron.atom dissolved into the electro- 
lyte. Typ~ca l  won corros~on reactions a r e  shown In 
F lg  1. 

1-4 f r[ /=zzl/ -node cathode 
c 
D f : 

S E P A R A l E  E L E C T R O D E S  C O M B I N E D  ELECTRODES L O C A L  CELL  

A N O D E  C A T H O D E  

P R I M A R Y  R E A C T I O N S  r e  = ~o"* 2 .  IH' + 2 e  = Z H O  
m e t a l  lon  ions atoms 

S E C O N D A R Y  2HD",0 = 
1 2  

R E A C T I O N S  atoms lmqvld 

2 H 0  = H  

- toms gar  

fd ' *  5 0 H 2 0  = r e ( O H j 2  
2  2 

ions s o l ~ d  

Fig. 1 (Schremp)-Corrosion Reactions of 
Iron in an Electrolyte 
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Hydrogen film forniation IS tlie prlniary cathode reac- 
t ~ o n  and tends to llmlt the corros~on process 111 two 
ways 1, by ~nsu la t lng  the iron surface froni the electro- 
lyte, and 2, by Incleaslng the tendency for  hydrogen to 
re-enter solut~on and thus oppose the tendency for  Iron 
to d~ssolve. F o r n ~ a t ~ o n  of a hydrogen film is called 
"polarizat~on" and removal I S  called "depolar~zation." 

A hydrogen film usually IS not sufficlent to stop 
corroslon completely because the filni may be damaged 
by the formation and release of hydrogen-gas bubbles 
o r  combination of hydrogen with dissolved oxygen. I n  
either case, removal of the hydrogen film permits the 
corroslon process to continue. In  acld solut~ons, the 
hydlogen film IS destroyed malrlly by the fo rmat~on  
and release of hydrogen gas I n  alkallne solutions, the 
hydrogen conib~nes w ~ t h  cl~ssolvecl oxygen. 

D~ssolved iron usually IS p r e c ~ p ~ t a t e d  a s  ~ r o n  liydrox- 
~ d e .  If the p r e c ~ p ~ t a t e  falls on the metal surface, it may 
slow t h e  corros~on process by a c t ~ n g  lllie a protective 
c o a t ~ n g  Iron hyclros~de also w ~ l l  react w t h  d~ssolved 
oxygen to form f e r n c  hydroxide and may reduce the 
corrosion ra te  ~f the supply of d~ssolved oxygen is 
llmited. 

I t  IS apparent from t h ~ s  d ~ s c u s s ~ o n  tha t  corroslon 
may he controlled ~f the cathode areas a re  maliltailled 
In a polar~zed c o n d ~ t ~ o n  and ~f hydros~de  and ~nsoluble 
react~on products a re  depos~ted on the cathode areas  
Perhaps the most effect~ve way to ach~eve a polanzed 
c o n d ~ t ~ o n  IS to apply a counter current between the 
metal and the electrolyte suffic~ent to neutralize the 
corroslon C U I  lent  and thus prevent the metal from golng 
Into solut~on Appllcatlon of a counter current is called 
cathod~c protectlon. Subsequent sections of t h ~ s  paper 
wlll be devoted to the dlscuss~on of catliod~c protectlon 
and the c l ~ t e r ~ a  tha t  have been developed to ~mplement  
~ t s  use. 

Use of a counter current has  been czlled catliocl~c 
protectron because the corrod~ng metal surface is made 
the catl~ocle 111 a cell reaction involv~ng the metal and 
a s a c l ~ f i c ~ a l  anode. Such a system is illustrated 111 Flg. 2 

Electroclieni~cally, magneslum IS more inclined to d ~ s -  
solve than iron, and a s  a result electrons a r e  released 
a t  the magneslum anode and flow through the  external 
c ~ r c u l t  to the steel casmg, thereby offsett~ng tlie tend- 
ency for  iron to dissolve. Of couise, the fact  t h a t  a metal 
IS more electronegat~ve than Iron; i e., shows a greater 
tendency to d~ssolve, does not mean tha t  the metal can 
be used effectively a s  a sacrificial anode to prevent the 
corroslon of Iron. Suffic~ent electrons must be suppl~ed 
by the anode to s a t ~ s f y  the demands of all the cathode 
areas  on the steel surface H ~ g h  ground res~stance and 
too small a potentla1 difference between the anode and 
the casing w111 prevent most metals tha t  a r e  electro- 
negatlve to iron from belng useful a s  sacr~ficlal anodes. 

One way of c~rcuniventing the problem of too small 
a potentla1 difference IS to  use a rectifier system that can 

Fig. 2 (Schremp)-Cathodic Protection Using 
A Sacrificial Anode 

supply large amounts of current and a n  anode bed made 
froni scrap iron, caihon rods, o r  Durlron. The rectifier 
system can then be adjusted to supply the deslred 
amount of current to the caslng. 

Determination of cathod~c cuirent  recluirements fo r  
oil-well caslngs IS difficult because dlrect measure~nent  
of corroslon currents is impract~cal Instead, a number 
of c r l t e r ~ a  have been cleveloped that  a r e  useful 111 estl- 
mating cuirent  r e q u ~ ~ e ~ n e n t s  Several of the inore wldely 
used crlteria a r e  discussed 111 the follow~iig sectlon. 
Criterla for Current Requirements 

Three of the c r ~ t e r i a  for  cathodlc current requlre- 
nierits a l e  ~ l l u s t ~ a t e d  hy the use of a polarization- 
potentla1 d ~ a g r a m  The d ~ a g r a n ~  of a slngle anode and 
cathode cell IS shown 111 F ig  3. Lmes E,-S' and E,-S 
a r e  the polarization curves fo r  the cathode and anode, 
respect~vely. The p o ~ n t  E,  represents the open c ~ r c u l t  
potentla1 of tlie cathode a iea  and E,, tlie open c l r c ~ u t  

Fig. 3 (Schrempl-Polarization Diagram of a 
Single Corrosion Cell Illustrating Various 

Criteria for Cathodic Protection 



potent~al  of the anode area Both potent~als  refer t o  a 
saturated calomel half cell P o ~ n t  S defines the corroslon 
potent~al  Es and current I s  of the conib~ned cell. 

Cathodic-protect1011 theory requlres that  the cathode 
potential shift  along S-S' toward Y and the anode 
potentla1 along S-E, toward X when a counter current 
1s app l~ed  to the cell Theory also states that  when X 
leaches E,, i e ,  when the polar~zed potentla1 E,,u, of 
the cell equals the open C I ~ C U I ~  potentla1 E,  of the 
anode, the anode current IS zero and corroslon ceases. 
Point S', therefore, defines the external current Is' 
reclu~red to stop corroslon. 

Follow~ng 1s a b r ~ e f  dlscuss~on of the more wldely 
used c r ~ t e r ~ a .  

1. Pzpe-to-sod potentzcrl. Accoid~ng to t h ~ s  cr~ter lon,  
corroslon w ~ l l  stop when the p~pe-to-so11 potent~al  1s 
equal to the open C I ~ C U I ~  potent~al  of the anode aleas  
Laboratory work shows t h a t  the open c ~ r c u ~ t  anode 
potentla1 depends upon the ac t lv~ty  of ferrous Ions In 
the corrosive env~ionment. Pure  iron In e q u ~ l ~ b r ~ u r n  w ~ t h  
a solut~on of ferrous Ions, Fe(OH).,  a t  pH = 83,  
has a potentla1 of -0.77 volts referred to  a saturated 
calomel half cell, -0 85 volts referred to Cu;  CuS04 
Hence, ~f the p111e-to-soil potent~al  of the caslng can 
be r a ~ s e d  to a value of -0.77 volts referred to satu- 
I ntctl calomel, corros~on w ~ l l  stop Schweidtfegel and 
McDormanl verified t111s behav~or m a serles of experl- 
n ~ e n t s  involv~ng the corroslon of steel In varlous so~ls .  
Of course, field c o n d ~ t ~ o n s  may affect the potentla1 a t  
wh1c11 corroslon stops, but the result IS to lower the 
~ ~ o t e n t i a l  requirement The potentla1 crlter1011 of -0 77 
volts may, therefore, e r r  on the conseivat~ve s ~ d e  
Ballou and SchrempZ have attempted to extend the 
usefulness of t h ~ s  c r ~ t e r ~ o n  to oil-well caslng by pro- 
posing a re la t~ons l i~p  between down-hole p~pe-to-so11 
hel~avlor and surface measurenients The11 w o ~ k  I I I ~ I -  
cates that  down-hole po lnr~za t~on  may be est~mated fro111 
surface measurements alone 

O. Potej~tlnl s h ~ f t .  F ~ e l d  esperlence has shown tha t  
the corrosion potential of steel seldom 1s more than 
0 2 to 0 3 volts below the open c l r c u ~ t  p o t e ~ i t ~ a l  of the 
onocllc aleas  T h ~ s  1s true because 11olal lzat~on of burled 
steel 1s largely under cathod~c control Reference to 
Flg. 3 shows tha t  the first and second cr l tena a r e  
slniilar hecause they both depend upon ralslng the 
caslng potent~al  to the open circuit potent~al  of the 
anode areas. 

.:. Cri?-re?~t de j~sc t y  T h ~ s  c i ~ t e r i o ~ i  I S  based almost 
en t~re ly  upon field esperlence Pipel~ne engineers have 
found that  current clens~tles ranglng from 0.5 to 20 
m~l l~an iperes  per square foot of exposed plpe surface 
will prevent corroslon In surroundings ranglng from 
hlgh-res~st iv~ty so11 to sea water. C~l r ren t  dens~tles  In 
the range of 1% to 3 milliamperes pel square foot 
appear  to  be sa t~s fac tory  for  the prevent~on of caslllg 
corrosion. 

4. Break in the polarization potential, log-cz~rrent 
czclue. T h ~ s  criterion was first reported by Br1tton3 
in 1931 and is best explained by the use of polar~zation 
'References are a t  the end of Part 1 

dlagrams. Polarlzat~on undei cathodlc control 1s shown 
111 Fig. 4a, and polarlzat~oll under ln~xed control, in 4b. 
Associated with each curve 1s a plot of the polarization 
potential-vs -log appl~ed  cuirent 

Reference to F ig  4a shows that  under cathod~c con- 
trol the cell potentlal IS v~r tua l ly  the same a s  the open 
c i r c u ~ t  potentla1 of the anode area. Appllcat~on of 
counter-current to such a system causes no change in 
the cell potentlal u n t ~ l  a certaln nilnlmum current, I s  
1s exceeded. Application of currents greater than I s  
causes the potent~al  to Increase. The increase In poten- 
t ~ a l  w ~ t h  appl~ed  current now obeys the Tafel equatlon 
for  hydrogen oveivoltage. Protect~ve current IS indi- 
cated by Is' and corresponds to the break in the 
E-vs.-log I culve 

a  C A T H O D I C  C O N T R O L  

4 

5 a n o d e  
C 
Z 
Y 

e a t h o d *  
E, 

C O R R O S l O N  C U R R E N T  
I'. 

A P P L I E D  C U R R E N I  

C O N T R O L  

I s  I I, 
C O R R O S I O N  C U R R E N T  A P P L I E D  C U R R E N T  

Fig. 4 (Schremp)-Effect of Polarization on 
Current Requirements 

Flg  4b shows tha t  the corrosion current Is  is less 
than the reclu~red protect~ve current Is'. Polar~zation 
behav~or under n l ~ s e d  control is different from the 
behav~or under cathodlc control because the anode and 
cathode po la r~za t~on  potentials a r e  not ident~cal  func- 
t ~ o n s  of the appl~etl current. For  low values of app l~ed  
current, the conipos~te polar~zation potent~al  mcreases 
sllghtly At  h~gl ie r  values of app l~ed  current, the slope 
of the E-vs.-log I curve contnlues to increase Ultl- 
mately, values of current a r e  reached tha t  cause the 
po la r~za t~on  potential to obey thk Tafel equat~on. M~xed  
control makes difficult the determination of the current 
requlred to prevent corroslon One way to determine 
current from the E-us.-log I curve is to  extend the 
straight-llne por t~ons  of the curve and use the point 
of lntersect~on to ~ndlca te  the proper current. 



Eldredge and Haycockhttud~ed current requ~rements  
under mlxed control behavior and found t h a t  for  
011-well caslngs a more accurate lndlcat~on of current 
is glven by the  point a t  wli~ch tlie E-11s.-log I curve 
s t ~ a ~ g h t e n s  out and b e g ~ n s  to obey the Tafel equat~on 
Both the ~ntersection ant1 Eld~edge-Haycock c i ~ t e r ~ a  a l e  
illustrated ln Fig 5 .  

A fifth arid final c n t e r ~ o n  lnvolves the measurement 
of IR drops along the caslng The plot of IR drops vs. 
well depth 1s called a potent~al  profile. Inasmuch a s  
the I R  drops a r e  a function of the corrosion current 
flowing ln the casing, changes In the slope of the 
potentla1 profile indlcate reglons where current 1s e ~ t h e r  
belng picked up or  discharged from the caslng. Cor- 
roslve mtervals a l e  md~cated by negatlve slopes on 
the potent~al  profile. Erasure of negative slopes by the 
use of counter-current 1s believed to ~ndicate  cessat~on 
of c o n  oslon 

I 
I 

L O G  A P P L I I D  C U R R E N T  

Fig. 5 (Schremp)-Current-potential Curve Showing 
Two Ways of Estimating Current Requirements 

The measurement of potent~al  profiles has heen 
descr~bed In detall elsewhere.5.6J F o r  purposes of this 
paper, the potent~al-profile l o g g ~ n g  setup 1s- shown 
scheniat~cally In Fig. 6. An explanatory profile 1s shown 
In F l g  7. 

Reference to  Fig. 7 shows tha t  111 reglon A, electrons 
a r e  flowlng from the caslng and the slope of the 
potentla1 profile 1s pos~tive This ~ n d ~ c a t e s  a cathodlc 
region. In  region B the slope 1s vert~cal ,  ~ n d ~ c a t l n g  t h a t  
current 1s not enterlng or l e a v ~ n g  tlie caslng Such 
behav~or mmght result ~f the casing were cemented 
tlilougli tlie lntelval Reg1011 C, w111ch is anodlc, shows 
a nega t~ve  slope on the potent~al  profile Electrons a r e  
entering tlie caslng and metal 1s belng dissolved. Reg~on 
D 1s another cathod~c area. No ment~on  IS made of the 
dl iect~on current  flowlng 111 the caslng because ~t has 
no bearlng on the intel-pretat~o~i  of the potentla1 profile. 
The slope of the profile through various Intervals 1s 
Important because i t  lndlcates the  rate  a t  whlch elec- 
trons enter  o r  leave the caslng. Severlty of cor- 
rosion increases a s  the  negative slope approaches 
the horizontal. 

I R  drop = El - E 
2 
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Table 1 (Schremp) 

Advantages and Lim~tations of the Various Criteria 
Used to Est~rnate cathodic Protection Current Requirements 

Criterion Advantages L~mitat ions 

1. Pipe-to-soil Inespens~ve measurement to make If Po ten t~a l  should be measurecl a t  the bottom of the 
potential of -0 85 used properly, will glve a conservative casing. Usefulness of Ballou, Schremp-type surface 
volts (Cii; CuSO., e s t ~ m a t e  of current required. measurements not completely evaluated. 
reference) 

2 Potentla1 s h ~ f t  Same a s  1. Depends upon the assumption tha t  the average 
corroslon potential of steel IS 0.2-0 3 volts more 
cathodlc than the open clrcult anode potential. 
Po ten t~a l  s h ~ f t  also should be measured down hole. 

3. Current density Useful 111 maklng prehmlnary esti- Thls IS only a secondary criterion. Knowledge of 
mates of current requ~rements. cathod~c-protection requ~rements  fo r  a given area 

must be available if re l~able estimates a r e  to he 
made. 

4 "Break" in E-lor1 1 Does not depend upon the open circuit Break In E-log I curve must he quite d~s t inc t  if 
curve anode potential to arrlve a t  a n  estl- reliable estimates of current requirements a r e  to 

mate of current required. Gives a be made Also, this method will not iilclicate the 
reasonably accurate estlmate of cur- amount of current needed to prevent severe local 
rent  requirements. Relatively Inex- cell action. 
pensive to use. 

5 Poten t~a l  profile Indicates the probable location of Erasure of nega t~ve  slopes usually results in too 
gross anodlc areas. Glves a qual~tat ive low a n  estimate of cathod~c current required. Profile 
p ~ c t u r e  of gross corroslon on the cannot ~ d e n t i f y  local cell action, hence erasure of 
casing. nega t~ve  slopes cannot Indicate complete protection. 

Measurements a r e  expensive to make. 

SUMMARY 

Cathod~c protect1011 involves the appllcatlon of suffi- 
c ~ e ~ i t  counter-cuirent to neutralize the corroslon current 
and prevent iron from going into solut~on. Five criteria 
for  estimating current requirenients were cl~scussed. 
Perhaps the most w ~ d e l y  used c r i t e r~on  is the "break" In 
the E-log I curve Populaiity of t h ~ s  cr i ter~on probably 
results from the relative s impl~ci ty of measurement. 
all measurements can he made above ground. 

The relative usefulness of each criterion previously 
discussed is md~cated In Table 1 
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P A R T  2 

CASING CATHODIC PROTECTION - S A N  MIGUELITO FIELD 

ABSTRACT 

Cathocl~c protection of 011-well casings 111 the San 
M~guehto F ~ e l d  has been effect~ve in reducing 011-well 
caslng f a ~ l u r e s  Ten amperes of protective current a s  
determ~ned empir~cally with potential-profile techn~ques 
were recommended to provide protect~on from "normal" 
corroslon and from ~nterference from surrounding 
cathod~cally protected wells Separate rectifier control 
and anode beds w h ~ c h  serve from 1 to 4 wells a r e  used 
In the 160 well ~ n s t a l l a t ~ o n s  Anocle-to-so11 res~stance 
has prevented the use of recommended amperage a t  
many wells Most failures have occurred in the first 
10 years of well hfe, inclicat~ng a p o l a r ~ z ~ n g  effect 
Evaluat~on cannot be completed until the 10-amp cur- 
rent 1s app l~ed  to all wells However, some protect~on is 
afforded a t  present current levels. 

INTRODUCTION 

A cathod~c-protection installat~on believed to be the 
first to include all well casings In an e n t ~ r e  011 field 
was put  in operation during February 1956 a t  Contl- 
nental's Grubb Lease, Ventura County, California 
C a s ~ n g  failures which have been a t t r~buted  to external 
corrosion began 111 1940 and increased logari thn~~cal ly 
w ~ t h  t ~ n i e  u n t ~ l  a total of 29 such f a ~ l u r e s  had occurred 
prlor to completion of the cathod~c-protection ~ns ta l la -  
tlon I11 a d d ~ t ~ o n  to the loss of two wells and the 
resultant redr i l l~ng  of another, the repalr costs ranged 
from $7,557 to $70,9.56 and averaged $33,200 per well. 
In five instances where product~on could be cont~nued 
by flow~ng or  gas l i f t ~ n g  through macaroni ~ n s ~ d e  the 
t i ib~ng,  the casings were not repalred These a r e  
m a r g ~ n a l  wells where ~t has been establ~shed t h a t  the 
cost of wash-over work to recover the tubing and 
packers from the c a s ~ n g  IS escessnre In relat~on to the 
~ n d ~ c a t e d  reserves. 

The record of kno\irn and plobable fallure depths In 

re la t~on  to the top of cement ou ts~de  the casing a s  
tleterm~necl by temperature surveys or  calculations 1nd1- 
cates tha t  in 21 of the 29 wells where caslngs failed, 
the holes were found where the casing was n o t  cemented 
In  only 4 wells were the holes ~ndlcated to be In 
cemented plpe Holes located partly 111 cemented plpe 
ancl partly in uncemented pipe were found In 2 wells 
whereas the f a ~ l u r e  depths have not been p~n-pointed 
In relation to the cement top 111 the remalnlng 2 wells. 
These data, of course, a r e  not a n  attempt to evaluate 
the con~pleteness of the  cement sheath nor its actual 
effect~ve top, but  do tend to support the theory t h a t  a 
cement coatlng does glve some protect~on a g a ~ n s t  
external casing corrosion. 

"Continental 011 Co , ds Angeles, Callf 

Determination of Current Requirements 

Emp~r ica l  methods were used to cleterm~ne the amount 
of current to be applied to the wells a t  San M~guellto. 
In June  1954 a serles of potentlal profiles were r u n  In 
4 Grubb Lease wells Three of these wells a r e  sltuateil 
on one well s ~ t e  w ~ t h  the caslng heads less than 20 f t  
apart.  

To determine the ~nterference effect of adjacent wells, 
a curlent  of 12 amp was applied to  one of these wells 
while a profile was run on another- the two wells 
l ~ e ~ n g  111 electric contact only thlough the ground A 
definite anocl~c slope was developed above 1,500 f t  but 
none below tha t  depth This effect was elnn~natecl when 
all wells in the group were electrically connected a t  
the surface. 

A sharp anodic slope was noted in the potentla1 
profiles a t  the base of the surface pipe, whlch was cause 
for  concern. To minimize the ~)ossible corrosion of the 
caslng a t  thls polnt, ~t was iecommended tha t  a casing 
centralizer be placed here In all new wells to assure 
metallic contact a t  t h ~ s  po~nt .  

In all 4 wells surveyed the potential surveys showed 
a tendency for  external corroslon to occur over large 
areas of the casing These corrosive areas a s  defined 
11y the plofiles coriesponcled to the location of known 
failures In two of the surveyed wells No f a ~ l u r e s  had 
been noted In the other two wells a t  t h a t  t ~ m e ,  yet 
failure did occur In both prlor to conipletion of the 
cathodic-protect~on ~ns ta l la t~on .  

The applicat~on of -3 to 5 amp of protect~on culrent  
was sufficient to remove all the anodic slopes from the 
profiles of the 4 wells tested. A t r ~ a l  run us111g 5 anip 
of impressed curlent  was imlyediately started on one 
of the test wells ancl cont~nuerl fo r  a period of G months. 
A t  the end of t h ~ s  per~od  the 7-111. casing was wasl~ed 
over and recovered from 5,200 f t  The ~nspectlon and 
tests of the pilniary so l~ds  clepos~ts revealed the fol- 
lowing evidences of the effect~veness of the  cathodic 
protect~on. 

1 The corroded aieas  of the  Grubb 61 casing were 
a s  predicted by the potential-profile survey. 

2. A thin calcareous clepos~t was found in scattered - 
areas over most of the pipe recovered ~ n d l c a t ~ n g  that  
cathod~c protection was b e ~ n g  effective to the depth of 
casing recovered. 

3. The surface pipe effect was not suffic~ently severe 
to prevent the use of cathodic protect~on 

The recovered caslng was replaced with a new casing 
string which was landed w ~ t h  a lead-seal caslng bowl 
set over the stub of the old pipe a t  5,200 f t .  The new 
pipe was not cemented. Immediately bfter landing the 



new pipe, a potentlal profile was run. I11 contrast to  the  
smooth anod~c  areas found in the profile of the old plpe, 
a very erratic s e r ~ e s  of breaks m the curve was found 
In t h ~ s  same hole with new pipe and ne\v mud Tlnle 
is apparently a factor 111 the establishment of equi- 
11brium coilcl~tions wlthin the hole. 

Five amperes of iinpressecl current on the new pipe 
were effective 111 sinoothing out the e r r a t ~ c  potential 
profile. I t  was concluded a t  tha t  time tha t  the appli- 
cation of 5 amp should be sufficient to  protect each well 
111 the San  Miguelito Field. Subsequent ~nterference 
tests have lndlcated 10 anip a r e  needetl 

Application of Cathodic Protection 
The catliod~c-protection installations for  Continental 

011 Company's 160 Grubb Lease wells use separate 
rectifier control ancl 3 anodes fo r  each well. The 
selenium rectifiers used a t  1 and 2 well installations 
a re  rated a t  20 volts and 15 amp per well, whereas 
those for  3 and 4 well instal la t~ons a re  rated a t  40 volts 
and 15 amp per well Voltmeters a r e  installerl oil each 
rectifier, and ammeters a r e  provlded to ~ncllcate the 
current to each well on mul t~p le  ancl single well uiilts 
alike. All rectifiers a r e  pole mounted. 

Each rectifier is connected to a n  anode bed which 
has  3 anodes fo r  each well served by the rectifier, l.e., 
the anode becl for  a 3-well installation has 9 anodes 
Graphite anodes 3 in X 60 111 a re  set 1 f t  off bottom 
irlslde a 12-111. augerecl hole back-filled wit11 coke breeze 
to 1 f t  above the anode, then 1 f t  of gravel caps the 
coke breeze and the hole-1s filled to the surface w ~ t h  
dirt. Anode beds a r e  placed a t  least 150 f t  fro111 the  
wells involved. Care was talien to avolcl adjacent wells, 
p~l>elines, and other surface structures which i n ~ g h t  
adversely effect the casing-to-earth potent~als  a t  clepth. 

Operational tests ~nclude the perlodlc readings of 
the voltmeter and ammeters a t  the  rectifiers. Differences 
and variances m the  reacllngs a r e  considerecl to  be 
indicative of the anode-bed effectlveness and opera- 
tional problems. It has bee11 noted tha t  in the moist 
shale areas the recoinniended current flow 1s attalned 
a t  less than rectifier-capacity voltage. However, the  
sandy soils in other areas  afford resistances which have 
prevented the n ~ l m r n u n ~  recommended current from 
being applied a t  capaclty voltages Relocatlo11 of anode 
beds to areas where they may be wetted and the adtlltlon 
of anodes in some' areas  a r e  beliig effected to reduce 
anode-to-soil res~stance. Ev~dence of rodent damage to 
the insulatiiig sheath of the buried cathocl~c-protection 
cables has been found. The extent of thls problem has  
not been determined t o  date 

Interference tests were r u n  in a well s ~ t u a t e d  on the 
easterly side of tlie lease 111 a n  a rea  of dense well 
spacing. Potential profiles were r u n  to a clepth of 5,800 
f t  with several variations of current apphcations on 
the test wells and offsetting wells. Eight  amperes were 
sufficient current to  remove the anodic slopes from the 
potential-profile curve xv~th current apphed to tlie sur-  
rou~icli~ig wells An E-log I curve run a t  tlie time 
substailtlated the 8-amp requirement. It was  concluded 

tha t  a n  ~nterference or  stray-current problem does exist 
between wells under cathocllc protection and those wells 
111 a field either with iilsuffic~ellt protect1011 o r  with 110 

l~rotectlon. I t  was therefore recommended that  a m1111- 
mum of 10 amp should be appllecl to each well in 'the 
field and that  necessary revisions be made 111 the anode 
beds to achleve the 10 amp per well. 

Results of Three Tears  of Cathodlc Protect~on 
I n  Februaiy 1959, tlie cathodic-protection system a t  

Continental Oil Company's San Miguelito operatloiis 
completed thiee yeals of ope ia t~on  A deflect1011 111 the 
logarlthmlc-failtire curve (F ig  1)  a t  the time cathodlc 
protection was apl~lied would ~ndlcate  a reduction in 
the l a te  of increasing caslng fallures. The 13 failures 
which have occurred since appl lca t io~~ of the protective 
current include second failures 111 3 of the wells w h ~ l e  
!) of tlie tiouhled \veils had less than the reconimended 
protective 10-amp curlent  applied because of opera- 
tional problems Extrapolation of the failure rate prlor 
to the appllcatlon of catl~oclic protect1011 would lild~cate 
that  15 addltlonal casing fallures mmht  have occurred 

100 I -- I I:" 

Fig. 1 (Biren)-Casing Failures Vs. Time 
Continental Oil Co. - Grubb Lease - 

Ventura County, Cal~f. 

during these past three years had the current not been 
applied I t  is realized, however, tha t  other factors may 
have been involved in effecting thls change. These 
factors mclude the fo l low~~lg .  

1. High well-complet~on ra te  d u r ~ n g  the 10-year 
per~od  just before s tar t ing cathodlc pi.otection. 

2. Condition and grade of the casing when run. 
3. Nature of tlie clrilling fluid. 
4. Effect of polarlzat~on of the s teel-cas~~ig surface. 
5. Interference or  s t ray  curreilts from the catliocl~c- 

protect1011 system itself. 
The number of well failures which have occurred 111 

each year of well service is indicated graphically 111 

Fig. 2. I t  is noted tha t  very few fallures have occurred 
af ter  9 years of service. T h ~ s  is believed to be the effect 
of polarization The slngle failures in the extreme 
positions, 1st and 12th years, a r e  perhaps lndicatlve 
of the effect of the grade of caslng used. The early 
f a ~ l u r e  was in cold-worked S-95 steel while the 12th- 
year failure was in H-40 steel. Inasmuch a s  both of 
the 19th-year failures occurred in wells with lower than 
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Fig. 2 (Biren)-Casing Failures Vs. Year of 
Well Service 

Continental Oil Co - Grubb Lease - 
Ventura County, Calif. 
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T I M E -  W E L L  C O M P L E T I O N  l o  F A I L U R E  - M O N T H S  

Fig. 3 (Biren)-Casing Failures Vs. Time in Hole 
Cont~nental Oil Co. - Grubb Lease - 

Ventura County, Calif. 

recommended protective current, it is suspected tha t  
interference may be responsible. 

The log-log plot of cumulative well failures vs. t ~ m e  
from well completioa to fallure (Flg. 3)  would indicate 
three phases 111 the process of failures I t  is believed 
that  the middle slope between 32 ancl 102 months is 
per l~aps the norm, whereas the failures earlier than 
32 months occurred e ~ t h e r  before polarlzatlon 01. because 
of some pipe defect. The latter fallures a f te r  102 
months (9  years) a r e  accounted for  by the grade of 
pipe, H-40, w h ~ c h  is appalently more resistive to cor- 
rosion and failures caused by insufficient protective 
current o r  interference. 

CONCLUSIONS 
A recluction in the ra te  of Increasing oil-well casing 

fallures in the San  Miguelito Field has been effected 
by the applicat~on of a cathodic-protection current 
durlng the past three years This rednctlon has been 
accomplished despite lower than recommended applietl 
amperages on many wells. In fact,  lilost fallures which 
have occurred since appllcatlon of the protective current  
have been In areas where anode-to-so11 resistlvlty has 
restricted the use of recommended mlmmum amperages 

Caslng polarization or  stabil~zatioii of electropotential 
conditions withln the caslng well-bore annulus has  been 
effect~ve in confining the critical period for  external 
caslng corroslon to the first 9 years of well l ~ f e  Field 
tests have show11 that  a n  interference or  s t ray  current 
problem does exlst between wells uncler cathodic protec- 
tion and those wells In a field either w ~ t h  ~nsufficient 
protection or  with no protection. The solut~oll of the 
problem of applying the 10-amp current to  those wells 
In resistive so11 areas  is necessary before evaluation of 
the San Miguehto 011-well casing cathodlc protectloll 
system can be completed 
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PART 3 
TWO YEARS OF CATHODIC-PROTECTION EXPERIENCE 

IN THE VENTURA FIELD 
B. W. BRADLEY* 

ABSTRACT 
Cathodic protection was applied to  approxin~ately 500 

of Shell 011 Company's Ventura oil-well caslngs m 
January  1957. Before that  time Shell was experiencing 
In Ventura about 12 casing-corrosion failures per year, 

*Shell 011 Co . Ventura, Calif. 

and the t ~ e n d  was mcieasing a t  about one additional 
failure per year During 1957, wlth cathodic protection 
applled to approximately GOO wells, only 9 caslng- 
corroslon fallures occurred. This was In llne wlth antlci- 
pated results. However, continuing study of the problem 
during tha t  year Indicated certain features  of t h e  
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Ventura cathodic-protection system could cause s t ray 
current ~nterference between wells on a glven dr~ l l lng  
island The cond~tlons found most troublesome ~ncluded 
I ,  grouplng of anode beds 111 low-resistance so11 near 
one well on multlwell d r l l l ~ n g  ~ s l a n d s ;  0,  locat~on of 
anode beds near surface I ~ n e s ;  3, sholted insulated 
unlons; and 4,  abandoned surface lmes Caslng-potentla1 
surveys In thiee wells, w h ~ c h  esperlencecl corrosion 

f a ~ l u ~ e s  In r a p ~ d  successloll dui lng eaily 1958, confirmed 
the need to coirect these causes of s t i ay  curlent  
Accordingly, all cathodic-protection u n ~ t s  were tuined 
off af ter  appios~mately 18 months of operation a s  a 
p ~ e c a u t ~ o n a r y  measule w h ~ l e  the problem was evaluated 
and coriected The nlne 1957 casmg-corrosion fallures 
and 11 In 1958 were below the past f a ~ l u r e  trend and 
~ndlcated tha t  some degree of protect~on was ob ta~ned  
In splte of s t ray curients  during these 18 months of 
p~otectlon and lack of piotect~on durlng the last 7 
months 

By the end of 1958 cathodic-protection equ~pment  In 
a test block of 46 wells was ~ e v ~ s e d  for  stlay-current 
control. Caslng-potential surveys In 2 wells wlthln the 
block ~evealecl that  cathodlc protect~on can be applled to 
densely clrllled wells wlthout adverse effects of s t ray 
curients to tha t  nuniber of wells. 

INTRODUCTION 

Stai t lng In 1949 efforts were made to control 011-well 
casing-corios~on f a ~ l u r e s  In the Ventuia F ~ e l d  The 
varlous schemes, whlch ~ncluded full-strlng cementing, 
hlgh pH drllllng mud, bacterlclde In h ~ g h  pH mud, ancl 
011-base mud, were e ~ t h e r  ineffect~ve or  too expenswe. 
Durmg t h ~ s  tlme the annual number of f a ~ l u r e s  was 
Increasing and ~t appeared that  cathod~c p~otectlon 
m ~ g h t  be an effective and p~ofitable way to ]educe the 
f a ~ l u r e  l a te  Accord~ngly, ~nvestlgatlons Into the use 
of cathodlc protectlon were begun ln early 1955 The 
results of this woik and the method of a p p l y ~ n g  cathodic 
protect~on to the Ventura well caslngs were reported by 
Kerrl In 1957. As stated by Kei r  the curlent potential- 
C U I  ve ci l t e ~  Ion, plus econonllc cons~ds!~atlons, was used 
a s  the b a s s  for  selecting current iequ~renients  of 27 
amp per well. 

Keri's work ~ n d ~ c a t e d  cathodlc protectlon could be 
apphed satlsfactollly to deep 011-well caslngs, and a 
test block of 27 wells was  placed under protect~on. 
However, the casing-fa~lu~e ra te  took a dec~ded Inclease 
111 1955, a s  shown In Flg. 1,  w h ~ c h  lnd~cated a n  lncreas- 
~ n g  number of falluies m ~ g l l t  be exper~enced In tlie 
coinrng years. Therefore, Shell undertook a field-wlde 
~ n s t a l l a t ~ o n  of cathod~c plotect~on shortly aftel coni- 
pletlng the test-block work, and before the results could 
be stucl~ecl and evaluated. The ~nstallatlon of equnpment 
was co~npleted by January  1957, when 475 well caslngs 
were placed under cathodic protect~on New wells clrllled 
In 1957 brought the total well caslngs under protect1011 
to about 500 by January 1958. 

'Reference 1s a t  the end of Part :i 

Start of Cathodlc Protect~on --I 
Fallure Trend by 
Least Squares , 
S ~ n c e  1941 \ 

Fig. 1 (Bradley)-Annual Casing Failures - 
Ventura Field 

Ventura Field Topography and Oil-production Facil~ties 

Before d~scusslng the maln subject of thls report, 
cathodic-protect1011 stray currents, ~t 1s ~ m p o r t a n t  to 
first visualize the characterlstlcs of the field. T h ~ s  field 
1s wldely known a s  one of the  na t~on ' s  prollfic 011 

producers due partly to 22 producmg reseivolrs. To 
develop these reserves, wells have been drilled Into each 
sand on a given spacmg. I n  locahties wheie two 01. more 
sands overlle one another the spaclng patterns often 
result In wells belng dr~llecl very near one another, say 
a s  close a s  50 f t  

The problem of close well spacmgs 1s fur ther  coniph- 
catecl by the rugged terlaln of the a l e a  with elevation 
changes of a s  much a s  300 f t  occurring w l t h ~ n  a 
hor~zontal d~s tance  a s  short a s  600 ft .  Because of tlie 
rugged nature of the land, all semi-flat areas  a r e  a t  a 
premlum. Thus, the h ~ g h  denslty of wells 1s further  
sclueezecl together on d r ~ l l ~ n g  ~ s l a n d s  cut  from the  hllls. 

Each of these dr l l l~ng  Islands IS served by plpellnes 
supply~ng  mud, fuel gas, and water Addlt~onal plpel~nes 
for  the wells located on each ~ s l a n d  a r e  flow l ~ n e s ,  
gas-llft l ~ n e s ,  liydraul~c-llft 011 Ilnes, and In some 
~nstances fuel gas  and,water hnes for  pumplng equip- 

ment or well servlclna These llnes a r e  b u l ~ e d  where - 
they cross the drllllng ~ s l a n d  or lease roads, but a r e  
l a ~ d  on the surface or plpe racks elsewhere. As the 
result of lrlevltable changes and cont~nued clevelopment, 
some Ilnes a re  abandoned In place or  covered by many 
feet of fill cl~rt.  

In  summary, on the Shell leases In the Ventura Fleld, 
comprlslng about 1,860 acres, approslmately 620 wells 
have been drllled Thls 1s equ~valent to 1 well eveiy 3 
acres, w h ~ c h  a r e  g ~ o u p e d  even closer together on the 
surface because of the rugged topography of the area. 

Indicat~ons of Stray Currents 
On completion of the ~ n s t a l l a t ~ o n  work, field s t u d ~ e s  

were undertaken 111 1957 to check the c l rcu~ts  and to 
d e t e ~ ~ n l n e  the degree of protect~on b e ~ n g  obtained. 
Several anomalies were observed, but not understood 
a t  that  t ~ m e .  The first well re-entered to study a 
wellhead-to-so11 potent~al  anomaly (Taylor 430) gave 
the caslng-potentla1 profile shown ~n Flg. 2 wlth all 
wells on the d r ~ l l l n g  ~ s l a n d  under protectlon. (For  test 
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I)ull,oses 20-amp plotectlve c u ~ l e n t  \\.as used for  all 
casing-potentla1 surveys.) Wlth Taylor 430 on protec- 
t ~ o n  alone a normal profile lndlcatlng protection was 
obta~ned. Taylor 430 was  1 well on a n  8-well island, 
and a s  shown In the msert,  the anode beds fo r  all wells 
had been bunched ~n low-resistant so11 near Taylor 430 

Giouplng of anode beds In thls manner had been based 
on a study of ground-bed sltes whlch revealed tha t  so11 
type was the predominant factor controlling clrcunt 
leslstance. Shale outcrops th~oughout  the field provlcled 
c ~ l c u l t  les~stances much smaller than other S ~ I ~ S ,  and 
had been selected a s  anode-bed s ~ t e s  In order t o  save 
powey costs. It was  reasoned t h a t  because all  wells 
would be under protectlon, the curient would seek out 
the well caslng ~t was to protect wlthout mterferlng 
wlth protectlon to other wells The profiles In Taylor 430 
showed thls was  not the case. 

I t  was hypothesized that  the bunched anode beds were 
the mado1 cause of ~ n t e i f e ~ e n c e  Accordlngly. the beds 
were revlsed to place each bed closer to the well ~t 
protected than any other casing, and repeat surveys 
were conducted. The results of t h ~ s  work a l e  shown In 
Flg. 3. Wlth all wells on the potentla1 profile lndlcates 
a protected profile wlth somewhat less protect~on than 
~f Taylor 430 was on protectlon alone Wlth all wells 
on the drllllng Island off, a corrodliig c o n d ~ t ~ o n  was 
observed This condltlon was thought caused by s t rap  
current flonl anode beds protectmg wells on adjacent 
drllllng ~slands,  but was of l ~ t t l e  consequence Inasmuch 
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Fig. 3 (Bradley)-Potential Profiles - 
T-430 Revised Anodes 

a s  all cathodic-protect~on u n ~ t s  were to  be on all 
the time. 

1957 Activities 
Throughout 1957 thls pioblem was studled 111 the 

field, and although othei sltuatlons of poorly located 
anode beds were found to be causlng advelse c o n d ~ t ~ o n s ,  
none were a s  sevele by wellhead-to-remote so11 potentla1 
~neasurements a s  found a t  Taylor 430. Each of these 
cases was coirected a s  soon a s  the opportunity presented 
~tself .  

Durlng 19.57 Shell 011 Cornl~any espel~enced only 9 
caslng fallures attributable to corrosion As shown 111 

Fig. 1, t h ~ s  mas 3 falluies below the average foi the 
last 4 years, and also 3 fallures belo\\. the tlend Ime 
established slnce 1941. Thus, In splte of the known 
~nterference problems, whlch were belng collected, the 
fallure frequency was clown somewhat. 

C a s ~ n g  Failures In Early 1958 
Durlng the -first 4 months of 1958, potential-plofile 

sulveys were made In 3 wells wlille they were belnx 
worked over to repalr caslng leaks. The iesults of these 
surveys a r e  discussed indlv~dually following 
Taylor 397 

The potentla1 profile obtained In thls well, along with 
the anode wellhead arrangement on t h ~ s  ~ s l a n d ,  is shown 
In Flg. 4. Wellhead-to-remote so11 potent~als  taken 
before re-entering the well mdlcated what was ~ n t e r -  
preted a s  a ciuestlonable degiee of plotectlon. The flow 
of current to Taylor 398 could easlly have been s traylng 
on to and off of Taylor 397 caslng a s  suggested by the 
potentla1 profile. It was thought a t  the t ~ m e  tha t  the 
Interfering s tray currents were one or a combmatlon 
of the following 

1. Stray current from anode beds on thls island 
2. Surface-11ne s t ray  currents from other anode beds; 

and posslbly 
3. Stray current from anode beds on nearby dr~llliig 

~slands.  
However, with Taylor 397 protected alone (no ~ n t e r -  
fe rmg stray currents from thls lsland or to surrounding 
~s lands)  protect~on was st111 not attanled Inasmuch a s  
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the "on alone" profile h a s  made with practically no 
chance of lnterferlng s t ray  current, it was assumed t h a t  
proper plotection for  some time would be requ~red  to 
overcome the damage. A t  the tlme thls ex l~ lana t~on  dld 
not seem too loglcal, but  was the only explanatloll 
poss~ble. 

Althougll SIX holes and a spllt were found ~n the 
caslng, the well gave ~ n d ~ c a t i o n s  of a failure before 
installat~on of cathod~c protect~on. Nevertheless, the 
cond~tions caused by the arrangement of these beds 
coulcl contr~bute corrosion damage to thls well casing 
After revlslng the anodes on this ~slancl, a survey was  
l u n  111 Taylor 809, a ne~ghboring well, whlch indicated 
adequate protect~on was possible wlth proper anode 
placement a s  desci  bed late?. 

A potentla1 profile was r u n  In this well clurlng a 
workover to repair a caslng leak. Based on the knowl- 
edge obtalned f lom the Taylor 430 and Taylor 397 
anode and well arrangements, ~t was  suspected t h a t  , 
Taylor 462 was belrlg damaged by s t ray  currents created 
by the s~ tua t lon  sl1ow11 m Flg. 5 Therefore, a few days 
before re-enterlng the well a new bed was Installed on 
the Taylor 462 island (see Flg. G )  whlch should have 
corrected the situation. However, the profile revealed 
a condlt~on mhlch apl~arent ly was the result of surface- 
llne s t ray currents and/or  the resldual effects of damage 
by the poorly placed anodes. Support fo r  the la t ter  
theory was gamed when another "on alone" profile, sun 
af ter  leaving the well protected by 35 amp for  15 mln, 
was shifted a marked amount In the protected direction. 
The ~nfluence of s t ray current from 1 ,  anodes on sur- 
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Fig. 5 (Bradley)-Old Position of Ground Beds 
and Wells - T-462 
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rounding drilling islands and/or  2, surface-llne s t ray  
currents IS shown by the "both wells off" curve. 
Taylor 453 

The next caslng-potentla1 survey was run  in Taylor 
453 durlng a casing-repall- workover. Wellhead-to- 
remote so11 potentials on this well gave values thought 
indicative of protection Although the anodes were 
poorly located on this ~s land ,  a s  shown in F ig  7 insert, 
there should have been no s t ray  current from t h ~ s  lsland 
interfering with protect~on to Taylor 453. However, two 
anodlc intervals, see Flg. 7, were revealed by the casing- 
potentla1 profile. When protection to the casings of all 
wells on Taylor 453 ~ s l a n d  was turned off, the'presence 
of s t ray current became evlclent. 

Tests in 46-well Block 

These esperiences'all apparently iilvolved some,mani- 
festatlon of st1 a y  current w h ~ c h  was nelther thorougl~ly 
understood nor controlled. In  addltion to the s t ray  
current from poorly placed anodes, ~t was known tha t  
considerable s t ray  current existed on surface llnes a t  
this tlme Inasmuch a s  the work to coiltrol these had 
just begun. Furthermore, there was posstbly some s t ray  
current flowing dlrectly to  these wells from anodes on 
nearby ~slands.  However, the  amount of s t ray  current 
from each source was unknown. 

I n  vlew of these conditions it was possible that  
damage l n ~ g h t  be occurring to a n  unknown number of 
well caslngs Therefore, ~t was  decided to t u r n  off 
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Fig. 8 (Bradley)-Test Block, Shell Wells and Leases 

protection to all casings, and to thoroughly evaluate 
the problem in a selected block of wells. The block 
selected, see Fig. 8, contained many multi-well islands, 
large concentrations of surface lines, and two wells in 
which previous potential surveys had been made. 

17-well Test 
The first step consisted of revising the equipment to 

properly protect 17 wells in  a group of 5 drilling islands 
located within the 46-well test block. New anodes were 
installed so each bed would be nearer the casing it  pro- 
tected than any other casing. The old anodes were left 
in place for  comparative tests. Cables were installed to 
drain s t ray current from all surface lines back to the 
offending rectifiers. The current drained back was 
measured by permanent shunts, and could be adjusted 
by changing resistors a s  shown in Fig. 9 and explained 
later. 

After  completing this work a potential survey was  
run  in Taylor 809, a well centrally located on a 5-well 
island with only the 17 wells under protection. I t  was 
also located next to Taylor 397 which was previously 
reported to have been s~ibjected to s t ray currents. The 
first potential profile was made under the original con- 
ditions, i.e., old anode beds and no control of surface-line 
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s t ray  currents a s  shown in Fig. 10. Although the  
apparent  anodic interval a t  1,500 to 2,000 f t  could have 
been caused by a change in casing weight, the corroding 
condition a t  6,000 to 6,500 f t  was caused by s t ray 
currents. 

All wells were then protected with the new anode 
beds and no surface-line s t ray  currents. A potential 
profile indicating satisfactory protection is shown in 
Fig. 11. 

46-well Test 
The next step consisted of revising equipment for  the 

remaining wells in the 46-well test block in the manner 
described previously, and making similar casing poten- 
tial surveys in a well (Taylor 402) centrally located in 
the block (see Fig. 8 ) .  

Considering the experience in Taylor 809 the first 
profile was made with all 46 wells protected by new 
anode beds and surface-line s t ray current  controlled. 
The surprising 'esults, which revealed the casing to be 
unprotected below 4,500 f t ,  a r e  shown in Fig. 12. In  
the ensuing investigation it was found that  this well 
had been damaged a t  some time by s t ray  current flowing 
through a shorted flow-line insulating union. Because 
the well had never been protected by properly placed 
anodes, the results of damage had never been overcome. 
In a n  at tempt  to overcome the theorized residual damage 
(protection had been turned off 5 months a t  the time) 
the well was  protected overnight by 50 amp. On the 
following morning a repeat potential survey with all 
wells under ideal protection a t  20 amp gave the results 
in Fig. 13. 

To determine if the indicated protection shown in 
Fig. 13 resulted from the overnight protection a t  50 
amp, a repeat profile was made two days later. The 
results were the same a s  shown in Fig. 13. During the 
intervening two days the well was subjected to miscel- 
laneous currents and ideally protected overnight by 20 
amp a s  were all 46 wells. 

Observations During Test-block Work 

During the revision work in the 46-well test block 
several significant problems were encountered. These 
problems and other pertinent observations a re  sum- 
marized following. 

I .  Surface-line S t ray  Cz~rrents 

Theoretically, to control s t ray  currents on surface 
lines i t  i s  necessary to 1, elevate lines near anodes on 
wooden blocks; 2 ,  move anode beds or  pipelines when 
they a re  located too near  each other; and 3,  establish 
a current-drain connection from each pipeline back to 
the offending rectifier. However, f rom a practical view- 
point all pipelines lying together in one group can be 
treated as  one line by electrically bonding them together 
and providing one drain cable back to the rectifier. I t  
was found in  a few instances t h a t  some pipelines act  
like individuals and require separate drain cables fo r  
proper stray-current control. On multi-well islands sev- 
eral current-drain cables were usually required to drain 
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Fig. 13 (Bradley)-Potential Profiles - 
T-402 Old and New Anodes 

current  back to each rectifier. Fig. 9 illustrates the 
rather  simple circuits on a 3-well island with a minimum 
of pipelines to pick up s t ray current.  Fig. 14 illustrates 
the multiple circuits existing on a n  8-well island crossed 
by numerous pipelines. To arrive a t  the proper drain 
current the s t ray  current in each line (or group of 
lines) was measured under conditions of no-current and 
full-current output. The resistors were then inserted 

Fig. 14 (Bradley)-Drain Resistors and Shunts - 
Eight-well Island 



Table 1 (Bradley) 
Surface-line S t ray  Currents o n  Pipelines Leaving 

46-well Test Block 
Total Current 
Leavlng Block, 

Condition Amperes 
1. No cathodic protection. 4 
2. 45 old anodes on (no control of 

surf ace-llne s t ray  currents).  157 
3. 46 new anodes on (wlth surface-hne 

stray-current control) 0.8* 
*Current e n t e r ~ n g  block 

on a trial and error  basls until thele was less than  0.1 
amp of s t ray  current on every llne leaving the island. 

To obtaln some Idea of the amount of surface-line 
s t ray  current t h a t  existed under the o r~glna l  and 
rev~sed conditions, a n  envelope was dlawn around the 
46-well area on a map, and the current flowlng 111 the 
198 lines tha t  crossed the envelope was measured. The 
results, whlch a r e  shown In Table 1, ~ l lns t ra te  the 
seventy of the sillface-line s t ray current wlthout con- 
trol measures. 

-Fig. 15 Illustrates how surface-llne s t ray currents can 
cause ~n te r fe r lng  s t ray  currents on well caslngs I n  the 
assumed case t h e  surface-llne s t l a y  current corrodes 
both the surface 11ne and a nearby foreign well casing. 
However, the suiface-line s t ray current can be con- 
trolled by clrainlng the current back to the offendmg 
rectlfier a s  previously descrlbecl. Although t h ~ s  st111 
leaves some stray current to flow dlrectly through the 
so11 to the nearby foreign well, even that  can be over- 
come by placlng the f o r e ~ g n  well under protection a s  
shown by the protected profiles of Flg. 11 and 13. 
Although Flg. 15 shows 2 amp of s t ray  current flowmg 
through the soil to  the neighboring well and 2 amp of 
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Fig. 15 (~radle~)-paths of Cathodic-protection 
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stray current on the  flow hne, tests have shown tha t  on 
multi-well ~ s l a n d s  the surface-l~ne s tray current 1s by 
f a r  the largest and most significant s t ray current.  F o r  
~nstance, detailed tests on a 5-well island ~ n d ~ c a t e  that  
s t ray current flowing dnectly through the soil was about 
1 2 5  amp per anode bed whlle a s  much a s  5 8 amp per 
anode bed were l e a v ~ n g  the island vla the surface 
p~pellnes 

To control the surface-line s t ray  currents, ~l lustrated 
In F lg  15, and still obtaln about 20-amp protect~on to 
the casing, ~t is necessary to lnciease lectlfier output 
by appiox~mately the amount of current dlalned from 
the suiface 11nes. In  Flg. 15, it  1s 2-amp dram or 22-amp 
rectlfiel output T h ~ s  10-peicent Increase In c u l l e ~ l t  
divides Itself proportionately to the varlous parallel 
clrcuits Thus, 16 amp current flowlng dilectly to the 
well casing 1s increased 10 pelcent to 17.6 amp and 
2 amp s t ray  current to  the nearby well 1s increased 
10 percent to  2 2 amp Nevertheless, control of the 
surface-llne s t ray  c u r ~ e n t s  reduces the total s t ray  cur- 
rents  attempting to flow onto nearby well caslngs, An 
a n a l y s ~ s  of these clrcults 1s presented ~n Table 2. 

Table 2 (Bradley) 
Cathodic-protection Clrcuit Currents  

Without Wlth 
Protected-zuell Czrczilt Dra111 Resistor Diain Res~stol  

Current direct to 
protected well 16 17  6 

Current vla s t ray routes 
to protected well 4 2.2 

Total current protectmg well % 
- 
10.8 

Current returned by d i a m  
resistor from flow I ~ n e  0 - 2.2 - 

Rectifier output 20 22 0 
Flolu-1~7~e C Z T C Z ~  z t 

Corrod~ng stray current 2 0 
Forelyn-u~ell  Czrcztzt 

Corrod~ng curlent  dilectly 
through so11 2 2.2 

Corrodlng current from 
flow 11nes 2 .O 

Total corroding stray currents 2 
- 
2.2 

2.  A b ( ~ n d o n e d - l i ~ ~ e  S t r c ~ ~  C1wrents 
I n  several instances durlng the revlslon work ~t was  

imposs~ble to  control the surface-llne s t ray  current 111 

splte of dlrect electrical short clrcults back to the 
rectlfier from a certaln plpellne. Thls was found to 
result from plpellnes abandoned In place years ago and 
now located unknown very near the  anode beds Old 
maps and the  nlemorles of old tlnlers were helpful In 
loca t~ng  abandoned llnes when stray-current conditlons 
t y p ~ c a l  of such conditlons were encountered. These Ilnes 
were removed to control s t ray currents 
3. Shovted I ~ ~ S I L Z ~ L ~ ~ C Z  U ~ i o n s  

I n  several cases in which ~t was  initially l~nposs~ble  
to control surface-llne s t ray  currents by dram resistors, 
it was discovered tha t  the troublesome lines were flow 
o r  g a s  l ~ n e s  connectecl to  a well without a n  insulated 
unlon or  through a shorted union. In such cases the  
current would flow directly t o  the well ~nasrnuch a s  
shorted unlons prov~de  a very low-resistant path to  the 
well caslng whlch provldes an exceptional anode. 



CONCLUSIONS I the ass~stance of F E .  Field in p lann~ng and executing 

In vlew of the fo rego~ng tests and analyses ~t appears 
that  the 46 wells 111 the test block can be placed under 
p;.oper cathodic protect~on. S ln l~ la r  techniques should 
apply to la lge gioups of densely located wells, although 
other c o n d ~ t ~ o n s  now unknown might become apparent 
I t  h  as h:en sho\vn that  proper a p p l ~ c a t ~ o n  of cath?d!c 
protect~on to well caslngs can only be accompl~shed by 
1 ,  proper location of the anode beds; and 2 ,  control of 
the surface-line s t ray currents, which often requires 
a, removal of abandoned Ilnes, 11, adequate ~nsulation 
of wells from connect~ng I ~ n e s ;  c, elevat~on of l ~ n e s  
when ileal anode beds, and d, occas~onally moving either 
the anode bed or pipelmes. 

The authoi w ~ s h e s  to thank Shell 011 Company for  
permission to publish this report, and to acknowledge 

the test work, and the tireless efforts of W. W Salis- 
bury, J A Trapasso, and J J Walkel 111 gathellng the 
large amount of data  iequ~reci to analyze these p1ob- 
]ems In  adclition, apprec~atioil IS extended to L B 
Nelson, Sllell P ~ p e  Llne Corpolation; E. W Wallace, 
Shell Oil Company; E W Haycock and W J Warren, 
Shell Development Company, for  their helpful sugges- 
tions concernmg the test work. 
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PART 4 
CASING CATHODIC PROTECTION EXPERIENCE 

AT KETTLEMAN HILLS 
FRED L. SMALL* 

ABSTRACT 
Forty-five lnstallatlons fo r  catllod~c protect1011 of well 

caslng have been made a t  Kettleman Hills since June  
1956. This report covers the results of operat~on,  with 
specla1 emphas~s  on the corielat~on of E-log I test 
(deterni~natlon of wellhead potentla1 vs. the logarithm 
of the dra~necl current) to ind~ca te  current-drain 
demand w ~ t h  the actual current drain establ~shed by 
usage Theory avd n ian~pula t~on  of the test have been 
covered in other papers and will not be discussed 

1.23 

BACKGROUND HISTORY 
General 

The wells hemg protected a r e  generally the most 
valuable wells They represent a good cross-sect~on of 
all wells a t  Kettleillan H ~ l l s  and a re  scatteled through- 
out the field. The wells have conlplet~on dates from 
1930 to the piesent, and repiesent all pioducmg zones. 

There has been no casing f a ~ l u r e  reported In any  of 
the 45 wells under cathod~c protection Based on experl- 
ence 11r1or to cathod~c protect~on, two caslng fallures 
should have occurred in t h ~ s  group ~f no cathod~c pro- 
tection had been applied 
Anode Beds 

All ~nstallatlons are graphlte anode beds with alr- 
cooled rect~fiers. Both selenlum and s~licon-diode recti- 
fiers have been installed; neither appears superior to  
the  other a t  t h ~ s  t~nle .  Each instal la t~on was originally 
deslgned to serve one well only. However, inasmuch a s  
usage has shown that  surplus capacity was available 

*Standard 011 Co of Cal~forn~a,  Western Operat~ons, I n c ,  Avenal. 
Cal~f  

'References are a t  the end of Part 4 
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Fig. 1 (Small)-Vertical Anode-bed Installation 
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a t  some ~ns ta l la t~ons ,  adlacent wells have been t ~ e d  In 
to u t l l~ze  thls excess capaclty fo r  partla1 protect~on 
Four  such dual ~ n s t a l l a t ~ o n s  a r e  now In use, and more 
w l l  probably be made 

The first ~ n s t a l l a t ~ o n s  made wele w ~ t h  anodes in 
serles, laid In a trench. Much trouble has been experl- 
enced with rodents eating the lnsulat~on off the buried 
cable, necess~tating many costly repalr jobs. All later 
lnstallat~ons have u t ~ l ~ z e d  3 In. by 60 In g r a p h ~ t e  anodes 
~nstal led vert~cally, In 12-111. d~ameter  by 10-ft deep 
drilled holes, and packed wlth coke breeze. The anodes 
a r e  hooked up  in parallel to  a header cable protected by 
2-in. composltlon d r a m  plpe. No trouble has  been 
encountered a t  these ~ n s t a l l a t ~ o n s  w ~ t h  rodents F I ~  1 
shows the general layout of later mstallations. 

Where possible, the anode beds have been located near 
waste-water sumps or d ~ a ~ n a g e  dltches to keep loop 
resistance down. All other anode beds a r e  watered 
per~od~cal ly.  Where waterlng I S  necessary, salt  1s added 
to the water. 

PREDICTING CURRENT RBQUIRED 
FOR PROTECTION 

Surface-casing to Half-cell Potential 

On the b a s ~ s  of a Ilm~tecl number of tests (3 ) ,  (5 ) ,  
lt h a s  been cleterm~ned t h a t  a surface-cas~ng to half-cell 
potentla1 of -1 00 to -1 02 volts wlll give a caslng to 
half-cell potentla1 a t  the bottom of the hole of -0 85 
volts or mole. Var la t~ons  undoubtedly occur, but  ~t 1s 
bel~eved there a re  moie overprotected wells than under- 
protected wells In the field 

E-log I Curve 
The E-log I curve of this paper 1s the "Wellhead 

Current Potentla1 Curve" of Kerr,' "Log Current Poten- 
tlal Curve" of Haycock,' and "Null Potentla1 Curve" of 
Ballou and S c h r e n ~ p : ~  Half cell refers to the copper- 
copper sulfate half cell In common p~pel~ne-protection 
use. 

E-log 1 tests were made on 33 of the  wells. All of the  
E-log I tests were run uslng a surface or  wellhead 
connect~on and a half cell located approx~mately 300 f t  
from the well. All of the tests were made uslng the 
anode bed installed for  actual protectlon A truck- 
mounted weldlng generator was used a s  the power 
source. Control of the generator output a t  low amper- 
ages is d~fficult, and a vanahle lheostat was used 111 

most recent tests 
A few po~nte rs  on actual testmg, plcked up  by 

experience, a r e  worthy of melit~on. 
1. Apparatus should be checked out by running a 

test on a p ~ p e l ~ n e  o r  unimportant well before being used 
for  c r ~ t ~ c a l  well testlng A final check a t  the well site, 
uslng a water  or gas 11ne a s  the cathode before hookmg 
up  to the well, w ~ l l  prevent many poor tests. 

2. Approximate ampel.age des~recl fo r  each dram 
polnt should be predetermlned, and the setting marked 
~f poss~ble. 

3. An overdraln of current,  even of short cluratlon, 
nullifies the results. If a n  overdra~n  occurs d u r ~ n g  the 

first pa r t  of the test before the curve 1s reached, the 
test 1s probably of 110 value If a n  overdraln occurs, 
the test should be stopped and the well allowed to come 
back to ~ t s  o r~glna l  s ta te  b e f o ~ e  the test 1s made Tills 
m ~ g h t  take a few hours or several days. 

4. Tlming 1s quite ~ m p o r t a n t  The actual d u r a t ~ o n  of 
the d ram period does not seem to be a s  Important a s  
havlng each dram per~od  the same. A 4-mln. dralti 
per~od,  with 1 mln to read and reset, was considered 
optlmum for  the work a t  Kettleman Hllls. 

5. The "off" potentla1 decays rapidly and must be 
ob ta~ned  w ~ t h ~ n  a second or two to be of value. Plottlng 
results a s  they a r e  obtalned w11l enable the operator 
to preset, approx~inately, the potentlometel o r  voltmetei 
and get more cons~stent  readlngs 

Table 1 glves the E-log I predicted d ~ a l n  compared 
w ~ t h  the actual draln estahllshed by use Sumniarlzlng 
t h ~ s  table, there appear to he: 

11 tests - good correlation wlth actual 
11 tests - f a ~ r  correlat~on w ~ t h  actual. 
11 tests -poor correlat~on w ~ t h  actual 

Thls summary does not look favorable for  the E-lor/ I 
p r e d ~ c t ~ o n  However, other factors Investigated change 
the p ~ c t u r e  cons~derably. 

SOURCES O F  ERROR 

Insu la t~ng  Flanges 

All lnsu la t~ng  flanges of wells to he protected were 
checked and repalred, where necessai y, before runlung 
E-log I tests or a p p l y ~ n g  protectlon Toward the la t ter  
stages of the survey, a n  ~mproved method of testing 
l n s u l a t ~ n g  flanges was  used ( 4 )  This new method and 
equipment ~ n d ~ c a t e d  several flanges previously thought 
to  be effect~ve were actually defectlve 

Repalrlng the defectlve ~nsu la t lng  flanges has lowered 
the current dralrl dramat~cal ly In some cases. At  other 
wells there has not been nluch Improvement. 

Well 8-21J 1s a n  example of the benefits ob ta~ned  by 
repairing a defective insu la t~ng  flange. Thls well had a 
good E-log I curve, wlth a n  lndlcated dram of 18 amp 
However, af ter  p u t t ~ n g  l t  under cathod~c protectlon, a 
surface caslng potential of -1 00 volts could be 
a t t a ~ n e d  only par t  of the time w ~ t h  50-amp draln. The 
old method of testlng ~nsu la t lng  flanges showed all to  
be good W ~ t h  the new instrument, a 3-111. flange showed 
defectwe and was replaced 111 December 1958. The 
surface-caslng potentla1 immed~ately went to -1 07 
volts. Since then, the current d ram has  been reduced 
to 35 amp and \\rill probably be cut  back more. 

There is no way of knowing ~f defect~ve flanges were 
shorted a t  the tlme of the E-log I test o r  became shorted 
later.  

Effect of Overdrain of Current 
The effect of overdra~n  of curlent of the E-log I test 

was noted a t  well 323-21J, where clra~n of 20 amp f o r  
about 1 mln was inadvertently made a t  the s t a r t  of the 
first d ram perlod. The dram was stopped and the  well 
allowed to rest  about 15 mill; then the  test was s tar ted 



Table 1 (Small) 
E-Log I Vs. Actual Current Demand 

E-Log I Actual 
Indicated Current D~fference E-Lo!/ I a s  

Date Demand, Demand, ~n Amperes, Percent 
Well No. Installed Amperes Amperes Base-actual of Actual C o r r e l a t ~ o n ~  Remarks 
Fzvst Gvolcp 

87-20J 6-56 19 25 - 6 76 Fa11 
344-205 6-56 11 15 - 4 70 F a ~ r  DIF, 12-582 

8-21J 6-56 18 35 -1 7 51 Poor DIF ,  12-58" 
27-21J 6-56 23 35 -12 66 Poor 

324-35J ' 6-56 22 30 - 8 73 Poor I i IF ,  12-58 
22-2P 7-56 30 25 + 5 120 F a ~ r  DIF,  3-574 
36-2P 7-56 17 23 - 6 74 F a ~ r  

543-3P 7-56 21 30 - 9 70 Poor DIF,  12-68 
341-12P 7-56 20 22 - 2 9 1 Good 
631-12P 7-56 28 25 + 3 112 Good 
6S-l-12P 7-56 11 15 - 1  . 9 3 Good 
(542-12P 7-56 - 15 12 + 3 125 Good 
E27-7Q 8-66 21 30 - 9 7 0 Poor 

8-8Q 3-56 2 5 25 - 100 Good 
36-17Q 9-56 9 12 - 4 fi6 F a ~ r  D I F  - not repa~red  

E67-17Q 9-56 32 3 0 + 2 107 Good D I F  -not repalred 
87-17Q 9-56 33 22 + 11 150 Poor 

333-18Q 9-56 31 10 +21 210 Poor 
341-18Q 8-56 3 1 25 + 6 121 F a ~ r  DIF,. 2-57 

61-20Q 8-56 34 30 + 4 113 F a i r  
44-21Q 8-56 2 1 34 -13 - 62 Poor DIFS 
32-27Q 8-56 53 44 +I1 121 F a i r  DIF ,  3-57 

Scco71tl. GTOIL))  
36-205 5-58 45 25 + 20 180 Poor 
47-20J 3-58 28 25 + :  112 Good 

331-205 7-58 25 30 83 F a n  - 
332-205 7-58 15 15 - 100 Good 
323-21J6 7-58 26 17 + 9 153 Poor 
3343-28J 4-58 36 40 - 4 90 Goocl 

65-:30J7 4-58 2 1 45 -24 47 Poor 
27-34J 3-58 3 1 25 + 6 124 F a ~ r  
38-345 3-58 15 20 - 5 75 F a ~ r  

V32-7Q 3-58 39 40 ,- 1 97 Good 
632-7Q 12-58 27 27 - 100 Good UIF,  12-58 

Correlation first group . . . . . . . .  good. . 6 f a l l .  . . . .  8 poor . .. 8 
. . . . .  Coiielat~on second group . . . . . . .  good 5 fair.  . . . . .  3 poor 3 - - 

. .  . . . . . . . . .  - Correlatiol~ all  urells good E t e s t e d  f a ~ r  . . 11 poor . . 11 

'Good - dlffereilce less than 4 amp unless actual demand over 35 amp, then d~fference 10 pelcent o r  less. 
Fa l r -  d~fference 4 to 7 amp lncl. unless actual denland ore1 3.5 amp, then difference 11 to 20 percent., 
Poor - d~fference over 7 amp 

"IF = defect~ve insu la t~ng  flange - month and year repaired. 
38-21J - before repairing ~nsu la t lng  flange, 50 amp would not keep curlent  potentla1 up to -1 00 volt Smce 

repalrlng, current cut back to 35 amp 
t32-3P-required 45 amp before repairing insu la t~ng  flange. 
544-21Q-repalred ~ n s u l a t ~ n g  flange June 1957 40 amp brought curlent  potentla1 1111 to -1 00 volt Repalred 

December 1958, cut to 34 amp, probably will go lower 
923-21J - overdra~n of 20 amp a t  s ta r t  of test. Dlscard -. lb5-3OJ -loop resistance too h ~ g h ,  could not get around benrl of cul.ve P~ohably  has defect~ve 6-ln. insulating 

flange. Discard test 

agam The o r ~ g ~ n a l  caslng to half-cell potentla1 was 
-0.725 volts. At the s ta r t  of the test the second tmle 
it  was -0 764 volts Tlle curve obtained was  ragged, 
and the current dram lndicatsd mas 53 percent greater 
than that  cleterm~ned by operation Fig 2 gives a plot 
of the curve, along w ~ t h  a curve obtalned from a s i m ~ l a r  
well tha t  checked very well w ~ t h  the actual. 

Theie IS a good p o s s ~ l ~ ~ l ~ t y  tha t  the other three wells 
1v1t11 "poor" correlat~on and escesslvely h ~ g h  E-log I 
ind~cated drain were also suhjectecl to a n  overdra~n 
d u r ~ n g  t e s t ~ n g  

This test points out the importance of avold~ng an 
overdrain of current, espec~ally a t  the lower amperage 
readings. 



! I l l  -0 65, 2 3 4 5  10 ?'3 30 40 50 100 200 

DRAINED CURRENT-  AMPERES 

Fig. 2 (Small)-E-Log I Curves - Kettleman 
North Dome Unit 

Disregarding the tests made on wells tvitli faulty 
insulating flanges and the four  tests suspected of 
overclraii~, ~t is possible to come up with a different 
plcture from Table 1. 

Difference, 
Well No. Pred~cted Actual Amperes Correlation 

87-20J 19 25 - 6 F a i r  
47-205 28 25 + 3 Good 

331-2OJ 25 30 - 5 F a i r  
332-20J 15  15 - Good 

27-21J 23 35 -1 2 Poor 
343-285 36 40 - 4 Good 

27-34J 31 25 + 6 , F a i r  
38-34J 15 20 - 5 F a l r  
36-2P 17 23 - 6 F a i r  

341-12P 20 22 - 2 Good 
631-12P 28 25 + 3 Good 
634-12P 14 15  - 1 Good 
642-12P 15  12  + 3 Good 
E27-7Q 21 30 - 9 Poor 
V32-7Q 39 40 - 1 Good 

8-8Q 25 25 - Good 
61-20Q 34 30 + 4 F a i r  

9 -Good correlation = 53 percent 
6 - F a i r  correlation = 35 percent 88 percent 
2 -Poor correlatioil = 12 percent 

~ o t n l l ?  
} - 

100 percent1(--I!-: : 
It is believed tha t  w ~ t h  improved technique the accuracy 
and reliabihty of the test will be fur ther  ~mproved. 
Costs of E-Log I Tests 

With the  equipment we have used, two men a r e  
necessary to run the test and a third man to operate 
the welding generator. The actual test time is  about 
1 hour, 15  mill, with another 45 lnin t o  set u p  and 
move. In  addition, about 2 hours o r  more eiigineerlng 
time a r e  needed to plan the  program and Interpret 
results. 

The cost (equipment and manpower) of the foregoing 
test IS approximately $50. As mentioned earlier, we have 
used permanent beds, already installed, fo r  the anode. 

If it 1s necessary to install temporary anode beds fo r  
the  test, the cost will be much higher. ' 

Current Density 

Table 2 gives the current draln necessary to  give a 
surf ace-casing to half -cell potentla1 of -1.00 t o  -1.02 
volts, and the current density in  milliamperes per square 
foot (ma per  sq f t )  of the exposed casing area which 1s 
defined for  our purposes a s  all caslng not behlnd o t h e ~  
casing; that  is, all casing exposed to f o r m a t ~ o n  including 
t h a t  behind cement. 

The current density varies from a low of 0 5 ma 
per sq f t  to  a high of 2.1 m a  per sq f t  The average IS 

1 3  ma per sq ft .  
The bare casing area, clefinecl a s  the exposed area not 

behind cement, has  also been calculated for  a few of 
the newer wells. The current density based on bare 
casing area varied from 1 3 to 2.5 m a  per sq f t .  

Casing area would probably have m e r ~ t  in sizing 
installations if all variable and ~iifluencing factors were 
known However, i t  1s currently not cons~dered a reliable 
method to slze installations a t  Kettleman H ~ l l s  

CONCLUSIONS 

1. Cathodic piotection a t  Kettleinan H ~ l l s  has  reducetl 
the casing-failure rate. 

2 The E-log I test to ~ndicate  current d i a ~ n  froin a 
casing 1s only 70 percent accurate on the basis of tests 
tabulated. However, it is beheved this rather  low 
accuracy is  probably the result of errors  of teclinlque 
and faul ty insulation flanges, ra ther  than to a funda- 
mental faul t  in the  test itself. With improved technique, 
it is believed the test should indicate the actual d r a ~ n  
demanded within 10  percent. 

3. The test  should be a valuable a ~ d  in englileenng 
studies a ~ i n e d  at determmlng the economy of protecting 
a field o r  a group of wells. 

4. The usefulness of the test 111 sizing individual 
installat~ons 1s something tha t  would depend to some 
degree on ind~vidual c~rcumstances; but  to a large 
degree on the care and preparation devoted to each test. 

' T h e  Future 
Because of the good experience 111 r educ~ng  forecasted 

caslng failures 111 45 wells at Kettleman Hills, 100 more 
wells In this field a r e  bemg considerecl fo r  cathod~c 
protect~on. 

The economics of continued use of the E-log I methot1 
of predicting future cathod~c-protection requ~remeilts 
has been carefully considered Because this method is 
subject to errors, and esperlence has pernl~t ted develop- 
ment of a n  average requirement, it has  been decidecl to 
install fu ture  anodes and rect~fiers of s l~ght ly  greater 
capaclty than the  average current demand found neces- 
sa ry  in the present 45 wells being protected cathod~cally. 
This plan will save the costs of E-log I tests, ancl will 
permit any  excess capaclty to  be used t o  partially 
protect less economic wells that  otherwise would not be 
protected. If more capac~ty  is needed, adclit~oilal anodes 
will be added and the rect~fier changed. 



Table 2 (Small) 
Current Density on Protected Wells 

Culrent  Exposed Date 
Dram C a s ~ n g  Area, M~lllampeles Bare Mliliamperes I n s u l a t ~ ~ ~ g  

Depth, Requ~red, Square per C a s ~ n g  Alea, per Flange 
Well No. Feet Amperes Feet Square Foot Square Feet Square Foot Repalied 

not repaired 
not iepaired 

(i-67 and 12-58 
3-57 

12-58 
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PART 5 
CASING CATHODIC PROTECTION - COALINGA NOSE UNIT PROJECT 

ABSTRACT 

The p ~ p e l ~ n e  crtterton of malntaln~ng a mlnimum 
p~pe-to-so11 potentla1 of -850 m~llivolts relatlve to a 
copper-sulfate reference electrode has heen used In pro- 
vldlng cathodlc protect~on for  well casings a t  the 
Coallnga Nose U n ~ t  A polar~zatton per~od  of 2,000 
hours IS requtred for  wellhead potent~als to  reach equi- 
11brlum w ~ t h  a 25-amp culrent.  However, short-telm 
test data  can he used to predict long-term p o l a r ~ z a t ~ o n  
levels. Down-hole measulement nlcl~cates tha t  protect~on 
extends to total depth of a 7,000-ft caslng. C a s ~ n g  
potentials wele observed to decl~ne 30 n i~ l l~vol t s  per 
1,000 f t  of depth af ter  42 days dramage tune. A t  300 
days d r a ~ n a g e  t ~ m e  the clecllne had decreased to 10 5 
m ~ l l ~ v o l t s  per 1,000 ft .  

C r ~ t e r i a  for Protect~on 

The p ~ p e l ~ n e  c r ~ t e r ~ o n  of malntatnlng a rntnlmum 
p~pe-to-so11 potent~al  of -850 til~lltvolts with respect to 
a saturated copper-sulfate refelence electrode has heen 
used 11.1 d e t e l m ~ ~ n n g  well-castng cathod~c-protect~on cur- 
rent  requ~lements  a t  the Coallnga Nose U n ~ t -  (CNU),  
Fresno County, C a l ~ f o r n ~ a  

Current Requirement Tests 

Tests to detern~tne the cathocltc-protection current 
requirements were conducted on 10 wells which were 
selected a s  helng representatlire of all wells in the  field 
These tests were d~vtded ~ n t o  two parts: a short-term 
test peilod of 10 to 24 hours duration followed by a 
long-term test per~od  of about G tnonths duratton. 

The data  ohta~necl from the short-term tests were 
used a s  a h a s ~ s  for  - d e s ~ g n ~ n g  permanent, impressed- 
current cathod~c-protect~on lnstallat~ons for  the  10 
test wells. These pelmatlent ~ n s t a l l a t ~ o n s  were then 
operated and observed for  about 6 months, following 
w h ~ c h  a program of ~ns ta l lmg protect~on ~ n s t a l l a t ~ o n s  
on all \veils of econonilc value to the u n ~ t  was started. 
There a r e  a t  present 130 wells under protection a t  
the CNU. 

D u r ~ n g  the sholt-term tests, cas~ng-to-so11 potentials 
were measuled only a t  the well head. Based on work 
conducted by other cornpan~esl, ~t was assumed t h a t  the 
cas~ng-to-so11 potenttals would decrease by 20 m ~ l l ~ v o l t s  
for  each 1,000 f t  of depth A 7,000-ft well, whtch 1s 
average for  the CNU, would therefole requlre a well- 
head potentla1 of -990 n i~ l l~vol t s  111 older to have a n  
~ n d ~ c a t e d  potenttal of -850 ln~l l~vol t s  a t  total depth. 
Fig 1 shows a scheniat~c d ~ a g r a m  of the equ~ptnent and 
C I ~ C L I I ~ S  used durnlg the >tests The anode hed was 
located from 250 to 300 f t  from the well. The reference 
electrode was placed on the surface of the ground, 300 f t  

*Union 011 Co of Calrforn~a, Brea. Callf 
1 References are at the end of Part 5 

AC LINE 
TRAILER MOUNTED r m r  

Cu SO4 REFERENCE 

4 TO Cu So4 ELECTRODE- 
1 - o a 4  

Fig. 1 (Hedborg)-Test Equipment 

floln the well head ancl In a direct~on opposite from 
the anode bed 

I n  order to e l ~ n i ~ n a t e  the ~ n c l u s ~ o n  of o h m ~ c  ( I  e , IR 
drop) potent~als,  all castng-potentla1 measurements 
were taken wlth the current momentarlly ~n te r rup ted .  
The clrcuit shown In Fig. 1 makes possible the measure- 
ment of power-off potent~als  \ n t h  a mlnlmum dram- 
current ~n te i rup t ton  tltne The results of the short-term 
tests a l e  shown on F I ~  2 I n  these tests we were t rying 
to deternl~ne the current requ~red  to produce a power-off 
potentla1 of -850 tn~llivolts a t  total depth. As statecl 
earher, t h ~ s  would requtre a wellhead potential of 
-990 nilll~volts. 

As lnd~cated by F I ~  2, the caslngs take a n  appre- 
ctable p e r ~ o d  of tlme to respond to electr~cal dramage. 
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A I& :OO ~oollC!oo 
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Fig. 2 (Hedborg)-E-log Time Curve - 25-amp Drain 
Potentials are measured with respect to a remote 
saturated Cu So4 reference electrode. All potential 
measurements made with power momentarlly Inter- 
rupted. All adiacent rectifiers within 2,000 ft shut 
down during these tests. 
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Fig. 3 (Hedborg)-E-log Time Curve - 25-amp Drain 
Potent~als are-measured with respect to a remote 
saturated Cu SO4 reference electrode. All potential 
measurements made with power momentarlly Inter- 
rupted. All adjacent rectifiers within 2,000 ft shut 
down dur~ng these tests. 
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However, by plottlng the short-term test data  a s  potell- 
t ~ a l  vs. the logar~ thm of the dramage ttme and by 
estrapolatlng the resu l t~ng  curve, it appeared reason- 
able to assume that  a 25-amp dram current would 
produce the d e s ~ l e d  \\,ellhead potentla1 in about 30-days 
time The curve shown on Flg. 2 IS typical of all of the 
wells tested Based on these short-tern1 tests, permanent- 

- - 
JO DAYS 

I 1  I l l  1 1  I l l  I I  I I I I 

lectlfier ~nstallntions havlng direct-current capac~tles  
of 30 amp and 50 volts mere ~nstal led a t  the 10 
test wells. 

Flg. 3 shows the E-lt,!~ t ~ m e  curve for  the same well 
sI~u\\.n on Flg. 2 after  1,000 hours a t  21 amp I t  can be 
seen that  the 1)omts fell on the curve lndlcated by the 
short-term tests. Although not sho\vn on t h ~ s  curve, the 
wellhead potent~als  s ta l~ l l~zed  a t  about 1,060 in~l l~vol t s  
af ter  2,000 hours dramage tlnie a t  24 amp. 

A down-hole potentlal survey was conducted on one 
of the test wells a f te r  ~t had been on protect~on for  
42 days. Thls survey consisted of lowering a single- 
p o ~ n t  contact~ng tool ~ns lde  the castng and measuring 

power-off potentlal d~fferences, for  varlous depth posl- 

0 1  0 2 0 3 0 5  10  2 3 5 7 10 2 0 %  50 100 200 5 0 0 t 1 0 0 0  
TIME - HOURS 

i -I loo WELL !, 3 0 0  DAYS AT 25 AMP I 
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& 
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0 

Fig. 4 (Hedborg)-Casing-to-soil Potential Vs. Depth 
Potentials are measured with respect to a remote 
saturated Cu SO4 reference electrode. All potential 
measurements made with power momentarily inter- 
rupted. All adjacent rectifiers wlthin 2,000 ft shut 
down during these tests. 

tloas, between the casmg and a surface reference elec- 
trode. The results of t h ~ s  work a r e  shown on Fig. 4. 
The same type of survey was conducted on another well 
in  the field a f te r  ~t had been under protect~on for  300 
days. The results of t h ~ s  survey a r e  also shown on 
F1g. 4. 

These two curves show t h a t  there has been a con- 
s~derable  reductloll in the slope of the attenuation curve 
The average slope for  Well A af ter  42 days drainage 
was 30 m ~ l l ~ v o l t s  per 1,000 f t  The slope for  Well B 
af ter  300 days dralnage t ~ m e  was 10 5 mill~volts per 
1,000 f t  The reduced slope of the attenuation curve is, 
~t is bel~eved, the result of a gradual accumulation of 
calcareous coa t~ngs  on the c a s ~ n g .  The relatively flat 
slope f o r  Well B probably ~ndlcates that  an equll~brium 
condit~on has  been reached The 30-n11ll1volt attenua- 
t ~ o n  figure ohtaliled on Well A ~ndlcated that  a wellhead 
poteatial of -1,060 m ~ l l ~ v o l t s  was requtrerl fo r  the 
protect~on of 7,000 f t  of casing. A rect~fier output 
of about 25 amp was requ~red to m a ~ n t a l n  t h ~ s  potentlal. 
Up  to December 1958, all the rect~fiers in the field were 
operated a t  thls current value. At  t h ~ s  t ~ m e ,  however, 
the down-hole survey on Well B lndtcated tha t  the wells 
were being overprotected. Gradual reduct~ons in  recti- 
fier output a re  therefore belng inade so a s  to yleld 
wellhead potent~als  that  a r e  commensurate w ~ t h  the 
10.5-m~ll~volt a t t enua t~on  figure. At  the pl.esent writing 
the amouilt of current r e d ~ ~ c t i o n  possible has not been 
accurately established 

Results to  Date 

In  order to mlniinize ~nterference, all anode beds were 
kept a minimum d~s tance  of 200 f t  from the nearest 
surface facillty As a n  addl t~onal  safeguard, the surface 
facllltles a r e  glven partlal protect~on by the app l~ca-  
t ~ o n  of a 1-amp dram a t  each protected well. T h ~ s  
cuirent IS applled by ~ n s t a l l ~ n g  a bypass res~s tor  around 
the flow-line insulating flange. To date, no ~nterference 
damage has been evidenced 

Some fallures of s~hcon-d~ode rectifier elements have 
occurred a s  a result of llghtnlng storms. Most of these 
f a ~ l u r e s  took place during a storm w h ~ c h  the local 
power company classed a s  unusually severe. Our pres- 
ent  oplnlon is tha t  these l ~ g h t n m g  fallures do not 
coiist~tute a serlous problem The costs to  place a 
damaged rect~fier back In servlce have averaged $25. 
Thts includes ina te r~a l  and labor The benefits of the 
slhcon d~odes  a re .  1 ,  h ~ g h e r  conversion effic~ency; and 
2, greater res~stailce to high ambient temperatures 
Under the cond~tions prevat l~ng a t  Coahnga ~t 1s 
believed tha t  these advantages justify the contmued 
use of slllcon rectifier elements. . 

The anode beds a r e  of the graph~te-rod type wlth 
each rod being installed in  a 14-111. d~ameter ,  20-ft. 
deep hole. The annular  space sur ronnd~ng the  4-111 
diameter rods was filled wlth calc~ned petroleum coke. 
The ~nstallatlons a t  Coal~nga a r e  all of the single-well 
type: tha t  is, a separate anode bed and rectifier is 
installed for  each well Anode beds of from 5 to 8 
rods were installed a t  a dlstance of from 250 to 300 f t  
from the well head At  a few sltes ~t has been necessary 



to  provide facl l i t~es fo r  wetting the anode beds In 
order to  reduce contact res~stance. 

Experience has indicated tha t  there a r e  many ways 
In w h ~ c h  a n  insulating joint can become inoperat~ve 
For  example, ~t has  been found tha t  the ~nsulatlon 
material In certaln tvpes of fittlngs is easily damaged 
As a result of thls, we cons~cler it des~rable  to  make 
periodic routine checks on all insulating joints In the 
field. These r o u t ~ n e  checks have led us  to the conclusion 
tha t  the flange-type insulation j o ~ n t  1s the most rel~able. 
A unlform color c o d ~ n g  has proved a valuable ald In 
preventing the acc~clental bypassing of insulating joints 
by copper t u b ~ n g  f i t t ~ n g s  such a s  on pressure gages, 
flow meters, etc 

CONCLUSIONS 

There have been but two caslng fallures a t  the 
CNU during i ts  life. One of these was attributable to  
external corrosion; this fallure occurred on a 14-year- 

old well. The fact  tha t  no add~tional  fallures have 
occurred since protection was first applied ln April 
1957 is not sufficient evlclence to permit drawing of 
conclusions a s  to the efficacy of cathodic protection. 
However, based 011 theoletical conslderat~ons, favorable 
plpeline esperiences, and pubhshed da tabon  the lesults 
of full-scale field-evaluat~on tests, we believe cathod IC 

protection to be a n  effective method of prevent~ng 
external casing corrosion. 
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Interpretation of Temperature Logs 
in Water- and Gas-in jection Wells and Gas-producing wells 

The movement of fluids in a bore hole is a prob- 
lem of interest to petroleum engineers. There are 
several tools available to  detect and record the 
direction and extent of this movement. The use of 
temperature surveys for this purpose is the subject 
of this paper. The general shape of temperature 
logs in water-injection wells is discussed in the 
light of the principles of heat transfer involved. 
The mathematics is evolved to  express this relation- 
ship, followed by empirical data substantiating the 

Temperature Surveys in Water-injection Wells 
It i s  acknowledged that important factors affecting ' 

the profitable operation of a water flood are the num- 
ber of feet of sand being flooded and the rate at 
which each foot i s  taking water. Further, it i s  help- 
ful to know that the intake well i s  operating me- 
chanically a s  intended. Such things a s  ~neffective 
plug-backs, packers, cement jobs, and leaky pipe 
can be detrimental to the profit-making ability of 
a water drive. It i s  hoped that i t  can be demonstrated 
here that temperature logs of active intake wells 
can be an aid to answering questions such a s  these. 

Referring to Fig. 1, let us assume a geothermal 
gadient defined by Curve 1. If the surface lines are 
buried and if the water-intake well i s  a reasonable 
distance from the pressure plant, we can assume 
that water enters the well at  surface temperature. 
Imagining that there i s  an infinite amount of water 
movlng down the pipe, it i s  evident that a temper- 
ature survey run under these conditions would show 
no change in temperature down to a depth where 
something less  than an infinite amount of water i s  
flowing. Further, it i s  evident that when a depth i s  
reached where no fluid i s  moving, the temperature 
curve must increase to the indigenous subsurface 
temperature for that particular depth. A hypothetical 
curve illustrating a temperature log of a well taking 
an infinite amount of water i s  illustrated by the 
dashed curve to the left of Fig. 1. The water must 
*Bud Well Surveys, Bradford, Pa. 

t Presented at the spring meeting of the Eastern D~s t r ic t ,  Di- 

vlslon of Production, Wh~te ~ u l p h w  Springs. W.Va., June 1954. ' 

RACT 
assumptions on which the mathematics is based. 
The importance of colrect Eeld techniques in  run- 
ning this type of survey is emphasized. The re- 
versibility of the concepts developed are dem- 
onstrated in analyzing temperature curves in a well 
Bowing water and oil. An analysis of Eeld data is 
shown. The similarity and differences between a 
flowing water and oil well and a gas-producing well 
are demonstrated, with suggestions as to a method 
of interpreting temperature logs of the latter type. 

leave the hole in the area of the wall between a 
point slightly above where the curve leaves the in- 
put temperature and where it  arrives at the geother- 
mal gradient temperature. Referring to Fig. 1, the 
water must leave the hole between the depths A and 
B. Considering the case of a temperature log of this 
intake well when it i s  taking something less  than 
an infinite amount, it i s  apparent that the resultant 
curve must lie in the area between the infinite vol- 
ume curve just discussed and the geothermal gra- 
dient or zero volume curve. This area i s  cross- 
hatched on Fig. 1. A s  this finite quantity of water 
moves down the hole, it tends to increase in tem- 
perature a s  it  comes into the presence of a progres- 
sively hotter environment as defined by Curve 1. 
The factors governing the quantity of heat q that i s  
driven into the water can be related by the expres- 
sion: 

wherern: 
TE = the temperature of the earth at the depth in 

question. 
Tw = the temperature of the water. 

k = the coefficient of heat conduction. 

dh = the differential thickness. 
R e  = radius from the center of the bore hole to 

where TE exists. 

Rw = the well radius. 
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Fig. 1-Theoretical Water-iniection Wells 

This i s  true assumlng a, the heat flow in the ang- 
ular direction i s  zero; and b, the heat flow in the 
vertical direction i s  steady, i.e., as  much heat enters 
below as leaves above in a unit of time. Postulating 
that everything on the right-hand side of this expres- 
sion remains constant as the water moves down the 
hole, it i s  evident that the value of q depends large- 
ly upon the value of TE - Tw. A s  the water moves 

down the well, TE - Tw will increase a s  the water 
temperature departs from the geothermal gradient. 
This greater dibpence in temperature causes more 
heat to be driven into the water. The effect of this 

heat being absorbed by the water i s  expressed by 
this relationship: 

wherein: 

Qw = barrels of water per day. 

pw = density of water. 

The resultant shape of the curve i s  the product of 
these two effects. The farther the water temperature 
departs from the temperature of the earth, the more 
Btu's are driven into the water. So long a s  the quan- 
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Table 1 
Application of Equations to Published Data and Temperature Surveys 

TE - Tw , dt/dh, 

Well-bore Condition Deg F. Deg F. per F t  A 

H,O Volun~e, 
Bbl per Day State 

Pa. 

W. Va. 5-in. cemented 

Pa. 
Pa. 

6'4-111. open hole 
H,O outside s i n .  

H,O outside 2-in. N.Y. 

4-in. cemented 11.2 0.0157 714 Ill. 

Pa. 
0.0130 64 

H,O outside 2-in. with tail pipe 0.0085 412 

0.0037 790 
H,O outside 2-in. 0.00116 3,%0 Pa. 

0.0015 5,460 
?-in. cemented-perforated 0.0013 4,020 Calif. 

Ky. 

Pa. 

4-in. cemented 3.91 0.0323 121 

H,O outside 2-in. 

5-in. cemented W. Va. 

tity of the water moving down into the well i s  con- 
stant, the absorption of this increased amount of 
Btu's causes the temperature of the water to increase 
proportionately. A change in the slope of the ten]- 
perature curve results from this increased absorp- 
tion of Btu's. This change in slope i s  in the direc- 
tion that brings Tw closer to T E .  Thus the departure 
of the water temperature from the earth's tempera- 
ture i s  self-limiting; and after sufficient depth i s  
reached, the slope of the curve will approach 
lellsni with the geothernlal gradient. One of a fanlily 
of curves of this type i s  illustrated by Curve 3, 
Fig. 1. 

Equation (1) relates factors that cause Btu's to 
be forced into the fluid, and equation (2) shows the 
effect on the water temperature of the absorption of 

these Btu's. Equating the two and solvlng for ow 
we obtain: 

2nk  T,-1, 
Q w  = 

dTw 
(3) 

e 
PW In- - 

For constant values of heat conductivity, water 
density, well-bore radius, and external heat radius, 
Qw should   lot as a straight line vs. T,-Tw/(dTw/dh), 

which we will call A .  
To test the practical usefulness of these equa- 

tions, they were applied to the published work of 
Sayre and Wertmanl and 'T. J.  NowakZ as  well a s  

'References ere at the end of the paper. 
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tenlperature profiles run by Bird Well Surveys. Table 

1 l is ts  the results and Fig. 2 1s the   lot of these 

figures- Points 22 and 23 were taken froni Sayre and 

Wertman, points 19 and 20 from data of T. J. Nowak. 

s t raght  line substantiates the hypothesis that k I cases  these surveys were r;n in wells that had been 

renlalns fairly constant and that when dealing with 

water-injection wells corrections for In R, /Rw are 

not critically necessary. It should be pointed out 
that the annular space between the pipe and the wall 

is to note the wide range in intake 

rates, the variety of pipe sizes,  and the geographical 

distribution. The grouping of the points about a 

Fig. 2-Plot of Data from Table 1 

of the earthnlust be filled wlth something other than 
air or gas for proper heat conduction. However, in 
most cases  thls space i s  filled with mud, water, or 
cement, and this does not present a problem. In all 
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Fig. 3-Water-injection Well 

t ak~ng  a specific quantity of water without interrup- 
tion for a considerable time prior to n~aking the tem- 
perature measurenients. E'urther, these stabillzed 
conditions were not disturbed In making the temper- 
ature nreasurements. E'ig. 2 denlonstrates that a fac- - 

tor of s ix  to one yields good results in converting 
A into barrels per day. 

Going back to Curve 2 of E'ig. 1, let us  follow the 
water down the well and see  what happens when the 
water comes to the top of the first zone of permeabil- 
ity. ?'he sand matrix immediately takes on the tem- 
perature of the permeating water, and a cold front i s  
formed, which moves back into the sand. Bulletin 
IUo. 60 of the Penn State College hlineral Industries 
Experiment Station, of Greenstein and Preston ' denl- 
onstrates how this wave front i s  forn~ed and moves 
through the sand increasing R e .  1 herefore, the wa- - 
ter that passes  on down the hole will not change in 
temperature in traversing this zone of permeability 

because this portlon of the wall has taken on the 
temperature of the water itself. At the bottom of the 
first permeable section l e s s  water is flowing down 
the well, but TE -Tw is ,  if anything, slightly larger 
than i t  was at the top of the permeability where more 
water was flowing. This  slightly Increased an~ount 
of heat flowing into l e ss  water in unit time causes 
the slope of the temperature log to become more 
horizontal. The water temperature rises quickly a s  i t  
moves down the hole until a new equilibrium i s  estab- 
lished or until the slope again approxin~ates the geo- 
thermal gradient at a new value of TE -Tv. It should 

be pointed out that i t  i s  not necessary for this new 
equilibrium to be established before taking a neh 
value for A .  In theory, neglecting changes in Re, 
A should remain constant a t  all points along this 
curve. Any changes in the value of A with depth 
must be in descending order and must reflect the - 

nlovenlent of a smaller quantity of water. One other 
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Fig. 4-Flowing Water-flood Well (Open-hole) 

aspect  of this that should be noted i s  I if no shut-in temperature log i s  available. If the well 

6 

that changes in the diameter of the hole or pipe af- 
fect the veloclty of the water but do not affect the 
quantity moving in unit time. E'roni this i t  would 
seen1 that this method i s  insensitive to variations 
In the hole diameter. This  conclusion IS borne out 
by Table 1. 

E'ig. 3 IS an actual temperature log of an intake 
well In operation illustrating this reaction. The in- 
digenous earth-temperature curve i s  obtained by 
projecting the ~ o c k e t  temperature back up the hole. 

l h e r e  are several methods ava~ lab le  for picking 
the proper slope to use in project~ng t h ~ s  gradient 

DO \ 

- 
i s  deep enough for the opposing forces governing A 
to reach equilibrium, the slope of the injection ten]- 
perature curve itself can be used. In lieu of this, 
a mean surface temperature can be estimated and 
a constant-slope indigenous earth-temperature curve - 
computed, using the pocket temperature. Assunling 
this gradient, A was computed a t  various points 
along the constant injection-temperature curve be- 
tween the two zones of permeability; A changes very 
little over this  depth, and the values correspond to 
the n~aximum and minimum intake rates of 19 and 
16 bbl per day. Months after conlpleting this survey 
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Fig. 5-Producing Gas Well 

a small string of pipe with a "pony" packer was run s o  causes  T w - T E  to become greater. The larger 

into the well and s e t  in the interval between the two this differential temperature becon~es, the greater 
sands; and the lower sand was found to be taking 
16 bbl of water a day a t  the same wellhead pressure 
that had been established in making the or~ginal  
survey. 

Temperature Surveys in a Well Flowing Water and 
Oil 

Let  us  now consider the case  of a flowing well. 
P r e s u n ~ a b l ~ ,  the fluid enters the bore hole a t  the in- 
digenous formation temperature. This  might not be 
the case  in a secondary-recovery project (see refer- 
ence 1). However, if the distance betheen intake 
and outlet wells i s  great, the fluid temperature will 
differ only slightly froni the indigenous temperature. 
As the fluid nloves up the hole over inipewious for- 
mations, there will be a tendency for i t  to be cooled, 
because of the fact that i t  i s  passing progressively 
cooler fornlations. The temperature of the water de- 
parts from the indigenous temperature, but in doing 

- 

the rate of cooling becon~es. l'he same se l f - l~n~i t ing  
phenomenon takes place a s  was discussed in the 
case  of an injection well, only the process is re- 
versed. After moving up the hole a sufficient dis- 
tance, the slope of the curve approaches parallel isn~ 
with the indigenous-temperature curve. Fig. 4 illus- 
trates such a temperature curve. Here agaln i t  i s  
necessary that a stabilized flowing condition be 
established. Points 15 and 16 on F'ig. 2 show how 
points taken from two of this type well fall in line 
with s in~i lar  computation taken from an injection 
well. 

Temperature Curve of a Well Flow~ng Gas  
Much effort in the pas t  directed toward interpreting 

temperature logs of gas-producing wells has revolved 
around the magnitude of the temperature kick. At- 
tempts to allocate the total volume of gas  to two or 
more gas-producing horizons by using the degree of 
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- -  A2 
A ,  

Fig. 6-Producing Gas Well 
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cooling of the gas in entering the bore hole have 
generally met w ~ t h  failure because of the nature of 
this cooling phenomenon. The degree of cooling i s  
dependent upon the pressure drop and upon the type 
of porosity and i t s  distribution, a s  well a s  the vol- 
ume of gas that i s  expanding. Applying appropriate 
values to these variables in order to compute the 
volunle of gas i s  usually in~possible. In an effort to 
overconle these difficulties the technique discussed 
previously was applied to a producing gas  well. 

The gas, In moving Into the bore hole, must ex- 
  and and arrlves a t  a temperature that i s  l e s s  than 
the i n d ~ ~ e n o u s  temperature for that depth. In moving 
up the hole i t  will warm up. The amount of heat 
nioving into the gas i s  expressed again by an equa- 
tion similar to (I), where corrections are made for 
the efficiency with which heat can be transferred 
through the gas  to itself. The effect of this heat on 

the temperature of the gas can be expressed by an 
equation similar to (2), except that a d~flerent factor 
i s  used for the density and spe'cific heat of the gas 
depending upon the constituents that make up the 
gas  and the pressure and temperatures involved. 1 he 
quantity of gas can, nevertheless, be equated with 
A .  It i s  believed that this will be fairly independent 
of the temperature a t  which the gas  arrived in the 
hole. A s  the gas moves up the hole, two things hap- 
pen. The gas warms up and the indigenous teniper- 
ature of the earth gets less.  Finally there i s  a point 
reached where no temperature change takes   lace. 
This  i s  marked point A on Fig. 5. It i s  the place 
where the temperature curve of the flowing gas  
crosses the geothermal gradient curve. The temper- 
ature curve of the flowing gas  must be vertical a t  
point A. I suggest that temperature curves run where 
this does not seem to be the case  are faulty curves 

5 0 %  OF G A S  FROh, LOWER PAY 



caused usually by improper logging speeds or in]- 
proper conditioning of the well. Above point A the 
curve i s  analogous to that of the flowing water well 
discussed. F'lg. 5 illustrates how a projection of the 
lnd~genous gradient taken in the pocket of the well 
passes through point A. It also illustrates that sim- 
llar values of A mill be computed on either the heat- 
ing or cooling s ~ d e  of point A. 

F'ig. 6 illustrates the application of thls method 
app l~ed  to a me11 w ~ t h  two pays. A2 i s  computed 
above the lower pay and Al  above the upper. A1 can 
be equated with the total production, and A2/A1 will 
give that proportion being by the lower 
sand. Sufficient enlplrical data are not available to 
publish a conversion factor from A to cubic feet per 
day. 

CONCLUSIONS 
Informatlon a s  to the direction and amount of fluid 

that i s  nroving in a bore hole can be derived from 
a study of a temperature profile of this moving fluid. 
Knowledge of the indigenous earth temperature i s  
necessary. Success in this interpretation depends 

further upon making the temperature measurements 
under steady-state flow conditions. Care must be 
taken that the temperature measurements recorded 
are representative of the ten~perature of the fluid. 
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ABSTRACT

Many of the problems connected with the undev-

grosmd storage oj natural gas, in both aquifer and

depleted reservoirs, can be solved by the proper applica-

tion of modern wireline logging tools.

Well logs are useful in gas storage wells for the

location and inventory of gas-bearing zones, determitsa-

tion oj ieveis where gas enters or is produced jrom tbe

formation, determining well deliverability, and the lo-

cation of casing leaks as well as points where the pipe

~S defective due to corrosion. Logs run after the well is
completed can help to evaluate the effectiveness of a
stimulation process or the mechanical integrity of the
~~m@@;~~e L.Qoc w~).nat ;.niev~~zzl~nCthmCt/)W~OO*1101);C~. . -r. -. .,.. ”. --.. , -. .,. ” ..”, -5” ...”.. ..
produced, can define changes in gas saturation, move-

ment of jluid contacts, and growth of the gas bubble,

thus permitting a periodic inventory.

Major changes in injection patterns and whb-

drawal rates are usualiy symptoms of problems. Suit-

Printed in U.S.A.

able logging programs can help define these problems

and indicate the remedial action necessary to brhg the

jield back to maximum eflciency.

The open-bole logs and the logs run immediately
after completion provide valuable background informat-

ion for the interpretation of logs ruts later its tbe life

o; the weii. In existing siorage fieids,where haigrouna=

information is mot available, data must be gathered in

order to help define the existing problems. A thorough
evaluation of the existing subsurface hardware must
also be made.

Small-diameter tools atsd pressure-control systems
--- --. -:l-l. l_ .....1. ...l.._r. ... . .. l–--!.. —-k . .. ..?-...are auazbaobe wzm wffvcrJ muw koggwsg operaczons nsdy

be made in either tubing or casing without interrupting
the well operation,

Field examples from gas storage projects h severaI

diflerent areas are used to illustrate the interpretation

techniques.
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EVALUATION OF

INTRODUCTION

The steadily increasing demand for

GAS STORAGE WELL COMPLETIONS
WITH WELL LOGS

By

B. A. Smith, and M. R. Neal

natural gas has

created a need for more facilities for storing gas that is pro-

duced during the warm season for use during the cold season.
A common type of storage facility now in use is the under-

ground gas storage reservoir.

The sizes of the underground storage reservoirs range
from relatively small, with only a few wells, to huge reser-
voirs, with hundreds of wells. Their uses vary from meeting

peak demand for a few hours a day in the coldest weather to
furnishing most of the gas used in the area during the winter

season.

Gas storage reservoirs are of two main types: depleted
storage reservoirs which once contained gas or oil and

water, or a combination of all three, and tsqti;fer storage
reseruo&s which originally contained only water.

Besides problems common to all wells, there are many
which are peculiar to gas storage wells and reservoirs. The

problems encountered, and the method of evaluation used,

wiIl depend on the type of reservoir. Some of these problems
are:

1.

2.

3.

4.

5.

6.

7.

8.

Location of zones where gas is stored.

Determining where withdrawal gas is coming
from or where injected gas is entering the
formation.

Determining deliverability and ways to im-

prove deliverability.

Location of leaks in the casing.

Locating corrosion, or zones of weakness in the

casing, which may lead to future leaks.

“Tracing and finding gas lost through leaks.

Inventory — or determination of amount of gas
in storage.

Evaluating stimulation methods and locating

zones affected by stimulation.

EVALUATION OF NEW WELL
COMPkETi(MW

When new gas storage fields are being developed a

complete evaluation can elirnimte or simplify many of the
problems described above. This includes both open-hole

formation evaluation before casing is set and cased-hole

evaluation of well performance and hardware integrity.

The open-hole programs are necessary for complete in-

terpretation of most subsequent cased-hole logs. A complete
open-hole suite might include the Density, Neutron, and
Sonic logs for porosity and lithology information, Induction
log for saturation, and Microlog for indication of the perme-

able zones.l

The objectives of the initial cased-hole logs should be

considered in two groups; evaluation before perforating, and
evaluation after perforating.

BEFORE PERFORATING

The cased-hole program before perforating should

designed to furnish:

1. Base Neutron logs for future use in inventory

calculations or diagnosis of well problems.

2. Evaluation of cement bonding and zone iso!a-

tion.

3. Evaluation of integrity of the casing.

4. Depth control.

be

The base Neutron log and the open-hole logs furnish
background information useful in computing the gas inven-
tory from subsequent Neutron logs run later in the life of the
well.z The base Neurron log is also useful for tying in to
formation depths ant! for !ocatit?g gas, behind the casing Gi

in thief zones, which has escaped from the storage zone or
leaked through the casing.

Base Neutron logs should be run with water in &e
casing and also with gas or air in the casing, Both are neces-

sary becaiise in a storage weii the iiquid ievei in the casing
will vary with the injection-withdrawal cycle. In future in-
ventory calculations the “wet” Neutron will be used as a

reference below the liquid level and the “dry” Neutron as a

reference above.

The base “wet” Neutron log and Cement Bond log

.shodc! both be run before perforating in order to have the
casing full of water to the surface. The base “dry” Neutron
log is run after the water has been removed from the casing

in preparation for perforating. The well must be evaluated
from total depth to surface since casing leaks or thief zones
may occur at any level.

‘Referencesare at end of paper.
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Fig. 2 — Temperature log sbowhg a small cashzg
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Fig. 1 is a presentation of the results which may be

derived from the open-hole and cased-hole logs. The Gamma
Ray log on rhe left-hand side (Track 1) shows upper and
lower non-shaly zones and a shale bed in between. In Track 2

(center), the fluid-filled porosity, computed from open-hole
logs, is the solid curve, and the porosity computed from the

cased-hole Neutron log is the dashed curve. The porosity re-

sponse for the cased-hole Neutron was derived by cross-plot-
ting open-hole porosity data with base Neutron logs run
prior to gas injection. Gas saturation, computed from the
difference between the two porosities, is presented in Track 3
(right). Integrated porosity-feet is given by the pips on the
right side of the depth track, and integrated hydrocarbon-
f(=-r hv +G m;~e r... J-- I-t- @----- “J . .k y.yo “’1 .,’= lC, L ,Uc.

Evaluation of the quality of cement bonding to easing
and of zone isolation is done with the Cement Bond Log, an

acoustic device.~ The usefulness of the Cement Bond Log is

greatly enhanced by the addition of a VDL log (acoustic
wave train log in variable density presentation )4, which con-
firms the indications of the Cement Bond Log and reveals the
quality of bonding between the cement and formation.

If the pfes~~r~ ~e.$~of *ha ,-. .; -.. .. ~a.+, m& b~;~i~ @~i~t-

ing, indicates casing leaks these may be located with the
Temperature log.

Temperature logs can locate gas leaks. They may also

be used to detect fluid movements behind casing, thus pro-
viding a check on zone isoiation. Fig. Z shows a Temperature

log which was used to locate a small leak in a gas storage

well before final completion. The anomaly at 244 ft clearly

shows the gas leak. Calculations indicated the rate of loss
through this leak to be 900 SCF of gas per day at 1000 psig.
A casing patch was set over this interval. Further pressure
testing indicated the leak was sealed, and the well was
completed.

An interesting feature of this log is the presence of
heating anomalies shown at 293, 377, and 476 ft. Whets
correlated with open-hole logs, each of these anomalies cor-
responds to a caved zone. They are probably caused by heat
Qf h.ydrmhm jp-~.h~anr?lJ!af ~~l~,~pl~.l-hi. ha.* :. ..:1 I -..: J-----L,,, o X,U-C,0 =LILICVIUC1l L

on the log even though the well had been cemented for 65
days.

A Casing Collar log provides convenient depth refer-
ences for use on subsequent logging or perforating operations
in the well. Casing-collar depths may be tied in to formation

depths by comparing them with features on cased-hole

Gamma Ray or Neutron logs. (For example of Casing CO!LU
log, see Fig 8.)

AFTER PERFORATING

The cased-hole program after perforating should be

designed to:

i. Investigate the effect of perforation and stim-
ulation.
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Fig, 3a— Packer Flowmeter log showing gas-hs-
jectiot2profile.

2. Assure that the completion is performing as

designed.

3. Furnish preference setoflogs foruse insrudy-
ing any future production problems.

A typical set of after-completion logs includes Flow-

meter, Gradiomanometer5, Temperature log, and Pipe In-

spection logs. Normally this p~ogram will fulfill the three
requirements given above.

Perforations, stimulaticm, and we!l perfOrmarK: GIn be

evaluated in several ways. Figs. 3a and 3b show profiles of

flow rares measured versus depth on Packer Flowmeter sur-
veys run in two offset wells. In Fig. 3a the smooth decrease

of flow rate shows distribution of gas injection over the bed,
but with most of the gas entering the upper part of the bed.

However, Fig. 3b shows that practically all of the injected

gas in the adjacent well is entering through the rop two feet
of the perforations. This could indicate any one of a variety
of problems such as ine.fiecrive perfcra~~~n~ ~i ~timu~tion

per-meable streaks in the formation, skin damage, etc. Furthe~
investigation of rhis zone proved the problem was caused by
insufficient injection pressure. Increasing the injection pres-

sure resulted in acceptance of injected gas throughout the
perforated interval.

Fig. 4 shows a Continuous Flowmeter log run in a well

which had been completed using rhe “limited-entry” tech-
nique. Injection was through the tubing-casing annulus. The

log indicates that 55 ~c of the injected gas was entering the
formation through the bottom two perforations, although

GAS FLOW
MMCF/D

,, ~ ,NCRl~

ERF.

II
6000 CU FT/DAY

Fig. ?b — Packer Flowmeter log showing most of
injected gas is etitering through the top
two feet oj pevforatiotss,

—

—

—

—

TUBIN{
\

/
PEI

CABLE
SPEED
/

CABL
TENSI(

RPS
SPINNER SPEED

— INCREASES —

Fig. 4 — Continuous Flowmetev log sbow&ag $bat
55 Vo of injected gas is enteting tbe for-
mation tbrougb bottom two perforatiotss.
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Fig. 6 — A typical Gradiomanometer log.
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Fig. 7 — Scratchers, casiwg patch, casing collms,
tind ~erforatiom are apparetst O* F%pe
Inspection log.

some gas is entering each of the other perforations except
the top two.

Both Fig. 3b and Fig. 4 are cases of tsezu wells that did
not perform as designed. Both wells required remedial action

for efficient operation.

The effects of stimulation may be checked with a Tem-
perature log. Fig. 5 shows a Temperature log run to check

the effect of acidizing a carbonate reservoir. The large heat-
ing anomaly shows clearly where the acid has reacted in the

formation. A simiiar procedure may ‘be used to detect zones

where hydraulic fracturing fluids have entered the forma-

tion.%

The Temperature and Flowmeter logs supply ,comple-
mentary information. The Flowmeter shows where fluids or
stimulation agents enter or leave the casing and the Temper-
ature log shows where these same fluids enter or leave

the formation. Both items of information are necessary to
evaluate well performance and design remedial action if
necessary.

A typical Gradiomanometer log5 is shown in Fig. 6.
This log of hole-fluid density is valuable for indicating the

lowest point of gas injection or withdrawal from a formation.
This information is necessary when trying to shut off water

on the withdrawal cycle and when making studies of water

encroachment or water coning.



The final log necessary for the well completion package

is the Pipe Inspection log. This log responds to average cas-

ing thickness. A typical Pipe Inspection log run in a new

well is shown in Fig. 7. Note how clearly casing collars,

scratchers, casing patches, perforations, and other variations
in the casing makeup are indicated.

The Pipe ]nspectkm ]og may ‘be run either ‘be~ore or
after perforating since the wellbore fluid has no effect on the
log. The tool works equally well in gas, air, water or oil.

The primary purpose of the Pipe Inspection log in a

new well is to provide a reference for future logs. With a
base log for comparison, corrosion can be detected when as

little as 3 to 5 y. of the original casing thickness has been
affected. With this early detection it is generally possible to
take timely remedial action before any gas is lost.

EVALUATION OF DEPLETED-RESERVOIR
STORAGE FIELDS

Many of the fields presently used for, or being converted
to, gas storage originally contained gas or oil. These depleted
fields make ideal gas storage reservoirs since the two requi-
sites, 1 ) a porous, permeable formation, and 2 ) an imper-
meable cap rock, are already known to exist. Some of the
wells in these fields were drilled before the advent of well

logging. Records on these old wells (some as old as the
1800’s ) are meager, and in many cases complete casing rec-

ords are not available. Depleted fields with few or no records

present a different problem than new completions, and a
different approach must be used.

Before problems can be defined or remedial action de-

signed, as much information as possible must be gathered on

each well. Basically the following questions should be
answered:

1.

2.

3.

4.

5.

6.

Where are the original casing strings located?

Where are the storage zones located?

Is there a mechanical problem in the well such

as leaks, corrosion, incipient failure of a casing

string, etc. ?

Are there any zones of gas accumulation other
than the storage zones?

Where is gas entering and leaving the forma-

tion?

In a water-drive reservoir, where is the fluid
level in the wellbore and in the formation at dif-
ferent periods during the injection-withdrawal

cycle?

Many of these questions can be answered by running

appropriate Iogs.

A typical logging program for a gas expansion reservoir

would include Gamma Ray-Neutron, Cement Top Locator,

Temperature, Flowmeter, Caliper, Cement Bond log, and

Pipe Inspection log. For a water drive reservoir the Gradio-

manometer and possibly a Thermal Neutron Decay Time log
shou!d be ac!c!ed.7,8

The Gamma Ray log is used for correlation and defini-

tion of formation boundaries. It may also be used to delineate
water flows, which exist or have occurred behind casing, by

detecting deposits of radioactive Scale.g

4
A--l

HNEUTRON ~ ,

,i,,

i!:,1!
,(
~,
,,, ,

Fig. 8 — Separatiotzbetwee~ CernetstTop Locator
log and Ncwtron log indicates presence
Oj gas,

TEMPERATURE “F

Fig. 9 — Temperature log showing a casing leak
at Poi~t A,



The Neutron and Cement Top Locator may be com-

pared to find gas either in open hole or behind casing. In

this application, the Cement Top Locator serves as a qualita-

tive cased-hole density log. (Note the indication of gas by

separation of curves in Fig. 8. ) WithQIJt PCXOSi~ldar~ it is

difficult to determine the presence of gas behind casing with

only one of these logs. However, a comparison of the two

gives positive identification of gas.

Tine Temperature iog is run with the well flowing and
rerun at periodic shut-in intervals. Location of zones which

have taken injected gas or produced gas are more easily
identified from the shut- in runs. These zones will retain

their temperature anomaly while the surrounding formations
will return to their normal geothermal temperatures. Much
information about the well’s mechanical condition and the

gas-producing zones can be derived from these logs.

Fig. 9, run 48 hours after shut-in, shows a casing leak
where 36,000cu ft</day of gas is escaping. A study of the

temperature gradients indicates the gas is coming up the cas-
ing to Point A, leaving the wellbore, and continuing up the

hole in the casing-formation annulus. Exact points of entry
of gas into the formation could not be determined since the

original geothermal gradient for this well was not available.

However, no gas accumulation zones were noted above Point
A, so the lost gas apparently migrates away from the well.

Fig. 10 is a Temperature iog which shows a casing leak
located several thousand feet above the intended storage

formation. Analysis of this log and companion logs indicated

TEMPERATURE ‘F

[+-)5!!:+
“1 110 \ 115 120

E i ~\\,\

CASIN G LEAK+

~ TEMPERATURE DIFFERENTIAL

REDUCED TEMPERATURE

SCALE
TEMP.

$

CASING
COLLAR

10G I

H ‘ L 1,$ 120

Fig. 10 — A cashg leak several thousand feet
above the intended storage zone is in-
dicated by Temperature I;g.
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Fig. 11 — Caliper log shouhg parted tubhg at
Pohst A.

this to be a gas accumulation zone which produced gas back

into the wellbore during low pressure cycles.

Flowmeter logs are run m determine how much gas ~S

flowing and where the gas is entering the borehole. In open-

hole completions a Caliper log must be run in order to con-
vert the velocity information from the Continuous Flow-
meter to the desired volumetric flow rate information.

In dd wdk ~ki~ the ieci)id~ ~i~ v~~y pwr it is some-

times necessary to run the Caliper even in the casing and

tubing to completely analyze well performance. Fig. 11
shows a Caliper which indicates parted tubing at Point A.

The Pipe Inspection log is run to find zones of incipient

failure in the casing string. Corrosion, perforations, and
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other hardware characteristics are pinpointed. For instance,
Fig. 12 also indicates ~xcessivelv thin ~~c;m- :- .~.,~..i ---. ------- . . .J -’””’”--’”6 ~~z==~=Lal acL-
tions. One such section is located at Point A. On the basis

of this log and the anticipated future casing pressures it was
1..,,aeaaea to piug and abandon this well. During the plugging

operations the casing collapsed. A Caliper log run in the

collapsed casing is superimpose over the Pipe Inspection

log of Fig. 12. The Caliper indicates the casing to be col-
lapsed at Point A.

The correct program for gathering information on a
well is not necessarily limited to the logs described. It should
be tailored to the particular well and field conditions being
investigated. The reservoir drive system, completion method,

casing program, and many other factors must be studied
before deciding on a program. One system is to log a few

wells and analyze the results. If the desired information is

not clear, alter the program and try again. In this manner an

optimum program can be established for any set of condi-
tions.

When the information on the well has been secured it
is analyzed, and any rework programs are then defined. The
well in Fig. 13 has several defects which should be rectified.

4
Fig. 12— Pipe Inspection log sbosus the cashg

to be excessively thin at Poitst A, Sub-
sequent Caliper log shows ca.hsg col-
lapsed at that point.

WELL SKETCH GAMMA PACKER
TEMPERATURE LOG

RAY
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\fi A , .-P-

Fig. 13 — Several prob)ems in this welt were dejirsed by logs. Caliper and packer
Flowmeter indicate the tubing to be parted at Point A, Temperature log
(Point B) indicates gas is being produced from formtion below per-
forated irstewal,
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The parted tubing, indicated by the Caliper and Packer Flow-

meter at A, should be replaced. The tubing should be reset

and perforated opposite the zone of gas production as indi-

cated by B on the Temperature Log. Because extensive
rework would have been necessary for this well it was con-

sidered more economical to plug it and drill an offset well.

After necessary rework programs are completed, the

same set of after-completion logs described in evaluation of
new well completions should be run. These will serve two
purposes:

1. To check the effectiveness of reconditioning.

2. To furnish a reference set of logs for analyzing

fi.itlure dificuiries.

EVALUATION OF PRODUCTION PROBLEMS

When production problems occur, the logging program
must be selected in a different manner than in new-well or

depleted-reservoir cases previously discussed. There is no

standard logging program which will solve all production
problems. Instead, a deliberate step-by-step analysis of the
problem must be completed.

‘HE fii~t s:ep k to study al] avaiiabie history on the weii
such as the drilling and completion records, the open- and
cased-hole logs, and the i~ection-withdrawal records over

the life of the well, etc. This information, together

GAMMA RAY
WELL SKETCH I 31
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‘ HOLE
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1/2” CSG.
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1111PBm-lJfl——
a

ith the

recent history of problems, will lead to many questions con-
Cetlling dQwnhQi~ d~natlli~~ Of tiie W~ii.

When the study is complete and the questions have been

listed, the next step is to decide what log is most likely to
answer the important quest~ons. This log should be run and

the data again analyzed with the additional information
available. If the answers are now clear the remedial work

can be planned. If the problem is still not well defined the
log to run next must be selected. This process of logging and
analysis should be repeated until the production problem is
defined.

The following is an example of a production problem

which ocmrmi is z Ineiv, aqiiifer storage fieid. Approx-
imately 40 wells had been completed and gas injection had

started. After several short-term tests had been successfully

completed, it was decided to make a full-scale withdrawal
test.

During the test the gas production from several wells
virtually stopped. Since less than 50 ~o of the theoretically
available gas had been produced, a solution had to be found.

Four of the wells, which were still producing gas and

some water, were chosen to analyze the problem. A well
sketch typical of these completions is shown in Fig. 14a.

it was decided to run a Neutron log to determine if there
was stili gas in the storage zone. Comparison of this log

(solid curve of Fig. 14b) with the base Neutron log (not
shown ) indicated that much gas was still present in the

NEUTRON LOG GRADIOMANOMETER TEMPERATURE 10G

b c

TEMP. INCREASES

\

d
Fig. 14— Logs rsm +s a storage jieki that was expm”esscitsgprod~cths problems.

Neutron log hdicates gas still preseistitsstorage zotse.Gradioma*onseh?r
*L”-- thz$ $67ze tiwter am bei%g produced from perforations. Yemper-.,. VW.
ature log indicates gas production was coming jrom jormathss below
tbe perforatiorss,
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storage zone, but did show a reduction from the previous

Neutron log (dotted curve) run after gas injection. It also
indicated that some gas had been produced from zones below

the perforated zone.

After this, a Flowmeter and Gradiomanometer were
run to determine if all the production was coming from the

perforations. The Gradiomanometer, shown in Fig. 14c,
showed that the casing was full of water below the bottom of
the perforations, and contained gas from there on up. The

Flowmeter confirmed this. The original Cement Bond log
on this well had indicated good zone isolation.

A Temperature log was run while the well was produc-
ing to try to find out why gas production had dropped in the

other wells. The log, shown in Fig. 14d, indicated that the
formation was being cooled below the perforated zone. This
implies a movement of gas from the formation below the

perforated zone, and one can conchlde that the aquifer below
the perforated zone is a much better reservoir for gas storage

than the one perforated. With this information, the original
permeability information was restudied. It showed the upper

50 feet of the storage formation to have relatively low per-
meability and porosity. The results of the same logging
program performed on all four wells showed the same char-
acteristics. It was therefore defined as a field problem rather

than a problem in one or a few wells.

From the data now available it appeared that gas was

preferentially flowing from the more permeable sand lower
in the formation. The flow was restricted by the low perme-
ability opposite the perforations. Since there was poor com-

munication between the porous, permeable zone and the

perforations, there was a rapid decline in pressure, hence in
the production, as gas previously injected into the upper zone
was produced.

To test this theory two wells were perforated over a 20
foot section below the original perforations and in the more

permeable zone. These were not the wells logged, but the

weiis that were virtually dead in the same field. The results

-were:

1. Both wells came back on gas naturally without
swabbing.

2. Both wells, when they had cleaned up and sta-
bilized, were several hundred percent better
than on original tests.

On the basis of these tests the other wells in the field
were reperforated with much the same results.

It is important to complete the study of a production

problem while the well is still dynamic (producing nor-

mally). If the problem continues and finally kills the well,
usually little or no infm.mmim ztbollr rhp ~~1~C- nf the jx&--. . . . . s......, “.

lem can be obtained. There ate exceptions, but in general

the well must be dynamic to define a production problem.

A case in which the problem was defined after a well had

gone to water and died occurred in a small 11-well field. Sev-

— TEME INCREASES —

Fig. 15 — Temperature log shows water produc-
tion from Zo~e A j?ouhg dowrs to the
bottom of the cadragand irstothe well-
bore.
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eral wells in this field had already been abandoned due to

watet production.

Consideration was being given to abandoning the field.

It was decided to make a final effort to determine if the water
was coming from the storage sand or was channeling from a

water zone. A decision was made to log one of the dead wells

in an attempt to solve the problem.

The water was swabbed to several hundred feet below
the static fluid level. While the well was filling again to the
static level several Temperature logs were run. One of these
logs is shown in Fig. 15.

rARl t=
“-. . .

i

FL D

Fig. 17— High-#wessure s.uellbeadcotstrol assem-
bly (schematic).

7
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I-1— Gradiomanameter Sande

— Continuous Flowmeter Sande

19- Contra lixor

Fig. 18— Production Combination Tool.

Close examination of the Temperature log reveals the
differential curve goes to zero at Zone A. This indicates the
temperature gradient was zero at this level. When the flow-

ing fluid is liquid, the temperature curve will be vertical only

where fluid leaves the formation, 10 (Compare the theoretical
temperature curves for liquid and gas production shown in
Fig. 16. ) Therefore, water is being produced from Zone A

and flowing around the bottom of the casing to thewellbore.

On the basis of this analysis the well was perforated and
squeezed between the storage zone and Zone A. The weU was
then swabbed and put back on the line. It cleaned up, and no

more water problems occurred. On the basis of these results,
a second well was also squeezed and put back on production

with simiIar success.

DESCRIPTION OF TOOLS AVAILABLE FOR
DYNAMIC WELL STUDIES

Ten years ago resulrs such as have been described were

impossible for two reasons:

1.

7-.

Wellhead control equipment had not been de-
veloped which could handle even relatively low

pressure gas without freezing off at the control
head. Even if freeze-off had not been a problem

the large amounts of gas escaping made the op-
eration costly and dangerous, and the results

questionable.

T’o& ~~~ rlnf h.-. .4..r.lfi-.J c.- -&@ ,m&afi-“’”’ --” -~ ‘~’uY-u ~w~~~
ingful dynamic studies of well conditions.

In the last decade these problems have been overcome.
Dynamic well control is now possible by use of high pressure
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Fig. 19 — ItsjlstableCombhsdms Tool (schematic).
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wellhead control assemblies (Fig. 17). Wellhead control
equipment is available which can safely control up to 15,000

psi of wellhead pressure without loss of gas. Since gas loss
does not occur, freeze-off is not a problem; there is no danger
of fire or explosion, and the results obtained truly represent

the dynamics of the well.

The second problem has become overcome by develop-
ment of tools designed to be used in wells under dynamic
conditions. In addition, many of the more familiar services
have been redesigned and improved for thru-tubing work.

signed to make, sequentially, five individual measurements
on one trip in the well. These five measurements, each re-

corded continuously versus depth, are: temperature, pressure,
flow rate, hole size, and fluid density. A Casing Collar Log is

recorded along with each of the five measurements for pos-
itive depth control.

The advantages of running five services on one trip in
the hole are many. Probably the most important is the abiliV
to take all measurements under the same well conditions, and
in a shorter time.

Two new tools applicable to dynamic studies are the The Inflatable Combination TooIE (Fig. 19) makes
Production Combination TooIll, and the Inflatable Combina- level-by-level measurements of flow rate, fluid densi~, and
tion Tool. water cut index. It provides data for the analysis of low-

The Production Combination Tool (Fig. 18) is de- volume multiphase flow. That is, oil, gas and water can be

TABLEI

Tools Available for Evaluation of Well Completions

Tool Function
Tool Diameter Minimum Pipe Size

in inches (Internal Diameter)

Determine: gas inventory, formation depth and
Gamma Ray-Neutron Log thickness, gas-liquid contacts, Iithology, porosity

11%6
3%

2-inch tubing
index

Cement km! LQg
lllA=

Determine: zone iselcttiori, cement top
. ,.”
3.9

2-inch tubing

Thermal Decay Time Log
Locate hydrocarbons behind pipe 11%6
Evaluate fluid saturations 3%

2-inch tubing

Pipe Inspection Log
Locate corrosion damage, Evaluate economic life

—
3%

remaining in casing 5
3%-inch I.D.

Determine: contribution of each zone to total pro-
—

Packer Flowmeter duction ar iniection, Indicate changes of flow pat-
1%6

2-inch tubing
tern (low flow rates)

2

Determine: contribution of each zone to total
Continuous Flowmeter

11%6
production or iniection. Indicate changes of flow 2-inch tubing
pattern (high flow rates)

2

Production
Includew Continuous Flowmeter, High Resolution

Combination Tool
Thermometer, Collar Locator, Manometer, and 11%6 2-inch tubing
Gradiomanometer

Inflatable Determine production or iniection profiles and 11%6
Combination Tool identify fluids 2% 2-inch tubing

Gradiomanometer Determine: gas entries, fluid contacts 1 ?46 2-inch tubing

High Resolution
Determine: fluid entries, lowest depth af produc-

Thermometer
tion or iniection. Locate: fluid flow behind pipes, 1%6 2-inch tubing
gas leaks. Determine geothermal gradients

Radioactive Tracer
Locate flow of iniected fluids behind casing, De-
termine travel paths of iniected fluids

1% I%-inch tubing

Fluid Sampler
Recaver a representative volume of wellbore
fluids far PVT work

1 ‘%6 2-inch tubing

Thru-Tubing Caliper Determine hole size 11%6 2-inch tubing

Cement Top Locator
Determine apparent density of casing-formation 1%6
annulus and/or formation 3%

2-inch tubing

Casing-Collar Locator Locate casing collars for depth reference
11%6
3%

2-inch tubing
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differentiated at each depth or station in the hole at flow rates
as low as approximately 10 barrels per day. The source of

water or oil probIems in gas storage wells may therefore be

isolated and treated.

Other wireline operations applicable to dynamic well
studies are: Gamma Ray-Neutron Log, Cement Top Location

Log, Cement Bond Log, Radioactive Tracer Log, Thermal
Neutron Decay Time Log, Fluid Sampler, and Pipe Inspec-
tion Log.

Most of these tools are available in 1 11/16-inch diam-

eter for thru-tubing work. Table I lists available tools, their
uses, and sizes.

CONCLUSIONS

Comprehensive evaluation of gas storage completions
requires a coordinated information package. For maximum
value, this package must be planned prior to drilling the well
and must be tailored to the unique problems associated with

gas storage wells.

In depleted gas storage reservoirs such coordinated in-

formation packages are usually not available. However, using
a well planned data gathering program as a base, many of the

probiems associated with renovating old depleted fields may
be avoided. Those problems which cannot be avoided may
be treated before they become disastrous.

When problems with the normal production cycle of

the storage well do occur, these problems can usually be iso-
lated and often treated without interrupting well operation.

1.
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FOREWORD 

EPA is charged by Congress to protect the nation's land, air and water systems. Under a mandate 

of national environmental laws focused on air and water quality, solid waste management and 

the control of toxic substances, pesticides, noise and radiation, the Agency strives to formulate 

and implement actions which lead to a compatible balance between human activities and the 

ability of natural systems to support and nurture life. 

The Robert S. Kerr Environmental Research Laboratory is the Agency's center of expertise for 

investigation of the soil and subsurface environment. Personnel at the Laboratory are responsible 

for management of research programs to: (a) determine the fate, transport and transformation 

rates of pollutants in the soil, the unsaturated and saturated zones of the subsurface environment; 

(b) define the processes to be used in characterizing the soil and subsurface environment as a

receptor of pollutants; (c) develop techniques for predicting the effect of pollutants on ground

water, soil, and indigenous organisms; and (d) define and demonstrate the applicability and

limitations of using natural processes, indigenous to the soil and subsurface environment, for the

protection of this resource.

This report presents a discussion of three tools that can be used for determining the mechanical 

integrity of injection wells. Each tool is unique in its own right and can be applied to specific 

problems encountered in injection well mechanical integrity determinations. The ability to 

understand the application of each tool will help to assure that the use of injection wells for 

disposal of waste will not endanger underground sources of drinking water. 

{;/� •. '-z:� L 1fo d 
Clinton W. Hall 

Director 

Robert S. Kerr Environmental Research Laboratory 
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ABSTRACT 

Regulations of the Environmental Protection Agency require that an injection well exhibit both 

internal and external mechanical integrity. The external mechanical integrity consideration is 

that there is no significant fluid movement into an underground source of drinking water through 

vertical channels adjacent to the injection well bore. 

Mechanical integrity problems both related and not-related to injection can be investigated using 

the three logging tools: radioactive tracer, noise and temperature. 

The operational principles of each tool are discussed, followed by the principles by which the 

tools detect flow and examples of the tool being used in such application. Finally, general 

operational guidelines are outlined to assist the reader in the application of each tool. 
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Temperature, Radioactive Tracer, and Noise Logging 
for Injection Well Integrity 

Introduction 

This report describes the application of the above logging tools to injection well operation in 
order to infer the answer to two questions: 

(1) Is the injected water entering intervals other than the interval approved for disposal?

(2) Does the presence of the borehole allow crossflow from saltier water formations
into underground sources of drinking water?

The problems associated with positive answers to these questions are referred to as related and 
nonrelated injection well problems, respectively. In actuality, noninjection related problems in 
one borehole can generally be traced to long standing related problems in other well bores. For 
this reason, injection related problems are the first discussed as consideration is given to how 
each of the three logging tools tells if injected fluid is being confined to the approved interval. 
This discussion will necessarily entail consideration of proper use of each tool as well as a 
detailed look at what the survey results mean. The entire field of production logging is 
somewhat unique in that how one does things is usually more important than what one does. 

Once the problem of confinement, or the lack of such, is dealt with, then the use of the tools for 
noninjection related flows from abnormally pressured into normally pressured zones or from 
normally pressured into depleted zones will be discussed. The operational procedures and the 
interpretational guidelines for these situations are not the same as those for demonstrating 
confinement. In general, the radioactive tracer tool must be replaced by neutron activation tools 
that create a tracer behind pipe as well as inside pipe. These latter tools are a specialty in their 
own right and are not discussed in these notes. 

The tools are introduced in the same order as listed in the title: Temperature, Radioactive Tracer, 
and Noise. This ordering recognizes both general utility and level of expertise necessary for 
effective utilization. A temperature survey has unique features unmatched by any of the other 
logging tools. Furthermore, it is the least likely to mislead the interpreter provided one is 
thoroughly trained in its use. To the uninitiated, a temperature survey can, however, be rather 
perplexing. 

As each tool is introduced, its operational principles are discussed briefly. Next, those principles 
by which the tool detects flow are given in some detail. This understanding is necessary if the 
log analyst is to "know what to expect" on the log. This development is then followed by 



numerous examples in the form of illustrations. Finally, general operational guidelines are 

attempted now that the reader has a basis to not only appreciate the significance of such but also 

to recognize their specific limitations. 

Temperature Surveys 

The temperature logging tool is the oldest of the production surveying instruments. Records of 

its use to indicate downhole flow dates back into the middle 1930's. These early thermometers 
were run on "slick" line and recorded downhole, usually on oxide-coated metal charts of the 

same sort as those found in downhole pressure "bombs." The sensing element in these earliest 

thermometers was a column of mercury whose expansion or contraction positioned a floating 
piston to which was attached the "scribing" pen. In time, these sensors were replaced by vapor­

pressure type detectors, that is, by bulbs partially filled by a volatile liquid whose vapor pressure 
increased with temperature. This pressure, in tum, was measured by a bourdon type element 

already in use in pressure gauges. This latter type of thermometer has survived to the present 

time and is still in use, mainly for bottomhole temperature measurements. As surveying tools 
they are cumbersome to use. Not only do they require careful shop calibration but, also, their 

slow response requires the operator to make stops of 5 to 15 minutes' duration each at those 
stations selected for temperature measurement. By way of contrast, modern electric wireline 

thermometers not only have better resolution, but also have sufficiently rapid response time that, 

at logging speeds of 30 feet per minute, a continuous record can be obtained that parallels true 
borehole fluid temperature variation with depth and that lags by no more than about one degree 

Fahrenheit. These are the tools described in this document. 

Continuously Recording Thermometers: A schematic of a modem, electric wireline 
thermometer appears on frame A of Figure 1. A cage, open to well bore fluid, is located at the 
bottom of the tool. Contained in this cage is a thermistor that senses the surrounding fluid 

temperature. The preferred sensor is a platinum element of some sort, either a tiny coil of 

platinum wire or a platinum-film resistor. Platinum is an ideal temperature sensor because its 
resistivity is stable and increases linearly with temperature over a wide range. Thus, the tool 
makes a continuous measurement of the resistance of the thermistor, which, by shop calibration, 

is directly related to the temperature of the sensor's environment. In actual construction, the 
thermistor is either one branch of a bridge circuit or has a constant current passed through it. In 

either case, the voltage drop across the sensor is directly proportional to its resistance. This 

voltage is used to control the frequency output of a voltage-controlled oscillator, the "spikes" 

from which are transmitted up the logging cable to be counted at the surface. So long as the 

pulses (spikes) are of high enough voltage to be detectable at the surface, the tool output is 

independent of the length (resistance) of logging cable between the tool and the surface 
recorders. 

On analog recording trucks, the transmitted counts per minute are converted to a voltage by a 

counting circuit and recorded on a pen-and-ink strip-chart recorder as a temperature, or gradient, 

trace. This is trace 1 on Figure 2, a section of temperature log from a flowing well that produces 

1,800 barrels per day (BPD) of liquids most of which is water. The scale in degrees Fahrenheit 

at the bottom of the log goes with this trace. As frame (A), Figure 1, shows, an amplified trace 

2 



Signal on Cable 
Frequency -Temp 

Thermistor to Sense 
Temperature 

(Platinum Element) i-1 

Frequency V I T 
Controlled 

O tage - emp 

v,, ... , Sooc, l 

(A) Schematic of Tool

Figure 1. A surface recording, continuous thermometer. 

(B) Actual Tool

of temperature changes can be generated by the output of a differentiating amplifier whose input 

is the same voltage that gives the temperature record. The resulting "differential" trace magni­

fies the changes in slope on the temperature curve and, as is evident from curve 2 on Figure 2, is 

well worth the additional charge even though no absolute scale is associated with the trace. 

When used in the manner illustrated in Figure 2, a temperature survey becomes a high-precision 

flow survey that has the best vertical resolution of all logging tools. For example, the increase in 

slope recorded at depth A on the differential trace 2 fixes the bottommost point of production 

more precisely than the depth scale itself can be established. Depth A can be shifted by no more 

than the width of the pen mark, ± 1/2 foot. Furthermore, the tool will resolve temperature 

changes as small as 0.05°F. An excursion of about this size is caused by the small entry at depth 

C on the log of Figure 2. This is the only flow meter that would detect such a small entry. The 

large entry at depth B is, of course, quite evident as is the lack of entries from anywhere in the 

middle set of perforations. The accuracy of the absolute temperature values on Figure 2 depends 

completely on when and how carefully the tool was last calibrated. 
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Figure 2. A section of a temperature survey from a well flowing mainly water at 1800 BPD. 

On digital logging trucks, the pulses transmitted up the logging cable are processed for tape 

storage by a binary coded digit unit (BCD). This is essentially a counting device with its own 
separate clock that is not synchronized with the downhole "clock" or tool. The conversion from 

pulses per minute to binary coded digits therefore introduces a sampling error that is 

considerable relative to the resolution of the downhole tool. Before display, this noise is filtered 

from the record with "suppressor" filters. The resulting degradation in signal quality is evident 
from a comparison of frames A and B of Figure 3 which show the results of processing the same 

temperature log by analog and digital panels, respectively. 
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Figure 3. Temperature logs from same thermometer in gas well but with processing by two different surface 
panels. 

Tool Specifications: Modem temperature survey tools are designed to function at pressures up to 
20,000 PSIG and at temperatures of 350° to 400°F. Special high-temperature tools are also 

available which extend the operating range up to about 550°F. The combined length of the cage 
containing the sensor and the barrel containing the electronics is no more than about 4 feet. This 
short length allows the tool to be run in combination with other surveying instruments. The 

diameter of commercial tools range from a minimum of 7/8-inch to a maximum of 1 11/16-inch. 
The small 7/8-inch version is used extensively to survey down the annulus of wells on rod 

pumps. They are also useful for passing through tight spots in old injection wells. A 1 3/8-inch 
diameter instrument is the preferred choice for use in 2-inch tubing that contains nipples of 
various types. 

Logging Procedures: Temperature surveys are best run going into the hole with the temperature 

sensor located as near as possible to the bottom end of the tool string. This allows the sensor to 
contact fluid that has not been mixed vertically by the passage of the tool and wireline. The tool 

need not be run with centralizers and the logging speed should not exceed 40 ft/min with 20 to 

30 ft/min being preferable. The survey should start at least l 00 feet above the zone of interest to 
allow time for the moving tool to stabilize. 

Static Temperature Gradients: The static temperature in a wellbore increases gradually with 

depth into the well. In most areas of the North American continent, this increase will occur at a 

rate between 0.5 and 2.5 degrees Fahrenheit for each 100-foot increase in depth, with a value of 
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l .7°F/100 ft (3°C/ 100 M) being typical. The major portion of this static gradient results from
heat production in the earth's crust by radioactive decay of minerals; consequently, local
gradients reflect primarily the relative richness in shale of the subsurface. Typical static
gradients in Texas and Louisiana are illustrated on Figure 4. These are all measured in wells that
have never undergone injection or production and that have been shut-in for at least one year
after completion.

The detailed variations in static gradients are determined by variations in the effective thermal 
conductivity, k, of the combined rock and pore fluids. Typical values fork in BTU/Hr-ft2-(°F/ft) 
for various earth materials as well as for water, oil and gas are listed in Table 1. As the size of k 
decreases, the size of the static gradient increases, that is, the rate at which temperature increases 
with depth becomes larger: From this table, one can infer that it is the water content mainly that 
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Figure 4. Static temperature gradients in the Texas-Louisiana area. 

6 



TABLE I. HOW LITHOLOGY AFFECTS STATIC THERMAL GRADIENTS (POROUS MATERIALS 

ARE WATER SATURATED) 

.11.latcrial 

Quartzite 

Salt 

Anhydrite 

Dolomite 

Limestone 
Sandstone 

Shale 

Gypsum 

Cement 

Water 

Oil 

Gas 

Thennal Conductivity, k
BTU/hr-ft2 

- (°F/ft) 

13 

13 

13 

2.5 

1.5 

1.5 

0.9 

0.8 

0.4 

0.4 

0.085 

0.040 

Increasing Geothermal 

Gradient 

Thermal Conductivity, k = Heat Flux/Temperature Gradient 

determines the location of a particular lithotype in this ordering. Thus, a shale section. which has 
high water content, would show a static gradient that is 1.5/0.9 .::: 1.7 times larger than that in a 

clean sand section. Figure 5 shows that this magnitude of variation does indeed show up 

provided the strata in the sequence are sufficiently thick. The numbers in Table I show that non­
porous lithologics will exhibit the smallest static gradients. This effect is illustrated on figure 6, 

which is a static temperature survey from a well drilled into a salt dome near Sugarland. Texas. 

The gradient of 2.6°F/100 ft. in the shale above the salt is abnormally high because of the large 
heat flux upward through the salt "chimney·· of high thermal conductivity. The shale gradient is. 

thus, influenccu by factors other than its conductivity and radioactive mineral content. 

Non-Static Temperature Gradients: Whenever an injection well is shut-in for logging, the 

wellbore fluid temperature begins its change towards static conditions. The time required to 

reach static conditions is generally, however, longer than what can be devoted to logging 
operations. Consequently, the logging operations will usually take place with the wellbore in a 

thermally dynamic state, that is, with the wellbore temperature displaced from static temperature. 
In such a state, the thermal conductivity alone does not control the rate at which a given lithology 
returns to static temperature. Rather, it is the thermal diffusivity that determines the dynamic 
rate of change with time in the wellbore. This physical property has the dimensions of length2

/ 

time and is the ratio formed by division of the thermal conductivity, k, by the product of density, 
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p, and specific heat, Cp. The larger the value of thermal diffusivity, the more rapidly will a 
material return to static temperature once disturbed. Typical values of thermal diffusivity for 

various lithotypes appear in Table 2. A pattern can be seen generally similar to that evident 

from Table 1. Namely, shales lag behind other lithotypes in their recovery to static temperature. 

This, again, is a consequence of the high water content of shales. Conversely, the non-porous, 
non-hydrated materials recover most rapidly. Figure 7 is a "cartoon" illustrating the influence 

lithology can exert on temperature surveys run in a well that is returning to static temperature 

from the cold side. The hardest material, the siltstone, leads all other lithologies in the return to 

static temperature thereby appearing as a "hot" spot on the surveys. Likewise, the shales lag 

everything else and appear as "cold" spots. Had the return been from the hot side of static, then 
the "direction" of anomalies would be the reverse, the siltstone would be the "cold" spot whereas 

the shales would appear as warmer areas. The main point of Figure 7 is that lithology can add 

significant character to shut-in temperature surveys from a well that is still considerably 

disturbed from static conditions. This character will, however, become progressively less severe 
as shut-in time increases and the wellbore temperature approaches static. This behavior is in 
contrast to that of a true injection anomaly whose influence will persist even on otherwise static 
surveys. 

TABLE 2. HOW LITHOLOGY AFFECTS DYNAMIC THERMAL EQUILIBRIUM (POROUS 

MATERIALS ARE WATER SATURATED) 

Material 

Quartzite 

Salt 

Anhydrite 

Dolomite 

Limestone 

Sandstone 

Shale 

Gypsum 

Cement 

Gas 

Water 

Oil 

Thennal Diffusivity 

a.= k/pc 

ft2/hr 

0.14 

0.11 

0.06 

0.07 

0.05 

0.05 

0.03 

0.02 

0.01 

0.008 

0.006 

0.003 

Increasing 

Lag Time 

Thennal Diffusivity, a. (ft2/hr). a. = Conductivity I Density x Specific Heat 
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Figure 7. Hypothetical influence of lithology on well bore temperature warming with time to static 

conditions. 

Frame A of Figure 8 shows that details of a well's completion also add character to any shut-in 
survey made in a non-static wellbore. Usually, those parts of the wellbore that are more 

insulated will lead the lesser insulated portions in the return to static temperature. This behavior 

is a consequence of the fact that the formation behind the better insulated parts is less disturbed 

than is that behind the lesser insulated portions. For example, the behavior of the temperature at 

the casing shoe on frame A at 8,000 feet is the type usually seen on shut-in surveys. In 
actuality, the reverse behavior is sometimes seen on very short shut-in surveys on which the 

better insulation is still preserving the wellbore fluid temperature at values closer to that existing 

at shut-in. This apparently contradictory behavior is, in fact, the consequence of an exceedingly 

useful and unique feature of temperature surveys; namely, the "distance into the formation" that 

is examined can be varied by simply varying the shut-in time. 
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Like lithology influence, completion influences also die out as the wellbore temperature 

approaches static. Furthermore, completion effects serve as excellent quality control checks on 

both the operation of the tool and the sensitivity selected for display. 

Frame B of Figure 8 shows an additional feature common to shut-in surveys from shut-in wells 
that were on injection. This feature is the sudden "catch up" in temperature that occurs when a 

thermometer first enters a liquid column from gas and is thereby in better thermal contact with its 
environment. Since the water level is typically within a few hundred feet of the surface in an 

injection well that "goes on vacuum" when shut-in, the direction that catch-up takes depends on 
whether ambient air temperature is hotter or cooler than the wellbore liquid. Frame B of Figure 
8 illustrates the case of cooler air. 
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Temperature Behavior in Deep Injection Wells: Most saltwater disposal wells inject into zones 
at least 2,000 feet deep whose static temperature generally exceeds 115°F. The injection 
therefore cools the wellbore in the vicinity of the injection zone. Once injection is started, the 
flowing temperatures in the injection "string" quickly settle to a stable value. In fact, by the time 

that the tubular volume has been displaced three times, the temperature has made 90% of the 
necessary adjustment to reach its stable value. This rapid stabilization occurs because the heat 
transfer from the earth through the tubulars and into the moving stream is at a quite low rate, 
typically in the range of 50 to 200 BTU/hr per foot of wellbore. In the familiar terminology of 
"air conditioning," this rate of heat exchange is less than 0.02 tons of "conditioning." 
Consequently, the injected fluid quite literally carries its temperature down with it. 

Figure 9 contains three temperature surveys computed for a well on injection at two different 

rates, 500 and 5,000 BPD. The earth is uniform with a linear gradient of 1.65°F per 100 feet of 
depth. One-half of the total volumetric rate is injected into porosity at two depths, 6,500 and 
7,000 feet, depths Band C respectively. Two inch tubing is set at 5,500 feet, depth A, on a 
packer in 5 1\2 inch casing. Surveys 1 and 2 compare the profiles for injection al the rate of 500 
BPD but with water at two different surface temperatures, 110°F and 80°F, respectively. The 
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Figure 9. Computed injection temperature profiles for a deep, saltwater disposal well. 
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latter is static temperature at the surface. If survey 2 is shifted vertically to 1,550 feet, the depth 
at which survey 1 crosses the static gradient, then the two surveys would overlay each other. 
Furthermore, surface temperature is seen to have little influence on the profiles at the injection 
depths. Below the static temperature crossing depth, each profile drops nearly vertically before 
beginning to bend back towards static. A comparison of surveys 2 and 3 shows that the higher 
the rate, the more nearly vertical the profile remains. The injection gradient, dt/dz, the rate of 
temperature change with depth, is therefore inversely related to injection rate. If the injection 
zones are sufficiently deep, or the injection rate is sufficiently small, each injection profile will 
become parallel to the static temperature line and be displaced to the cold side by an amount, 
AT=T,,atic -T, that is constant and directly proportional to the injection rate. In fact, if one makes
an energy balance on a small length, AZ , of wellbore, the following expression for volumetric 
rate at any depth, Z is obtained: 

q = _A_ 
X AT

pep dT' 
dZ 

AT = T -T static wellbore ' 

(1) 

This relationship is illustrated graphically on Figure 10 and is the expression needed for flow 
profiling. The constant A in Eq.(1) depends upon the size and completion details of the well bore 
as well as the relevant thermal properties. At two locations with similar completions in a 
wellbore, the respective rate/ratio is thus 

(2) 

This expression is very useful. On the computed surveys of Figure 9, the injecting temperature 
gradients increase slightly below the end of the tubing string at 5,500 feet, depth A. This 
increased gradient is the result of the increased heat transfer to a unit of fluid at the slower" 
velocity and more intimate contact with the casing. On the more common depth scales of 1-5 

q oc 
LiT 
dT 
dz 

Figure IO. Relationship between temperature profile and rate for an injection well. 
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inches per 100 feet, this increase is difficult to recognize. As already illustrated on frame A of 
Figure 8, the completion has more influence on the shut-in surveys. 

What is more apparent on the three injecting surveys of Figure 9 is the "catch-up" behavior in 
temperature that occurs immediately below the topmost loss of fluid into porosity at depth B, 
6,500 feet. This sudden increase in slope makes it easy to recognize the location of each injection 
interval. The "catch-up," of course, results from the decreased amount of mass flow leaving 
depth B in the well bore relative to that arriving at B from above. According to equation (1 ), a 
decrease in rate q mandates a decrease in the ratio LiT/(dT/dz), which below depth B is affected 
by a small decrease in LiT and a larger increase in dT/dz. In fact, between depths B and_C the 
rate of temperature increase with depth stabilizes at a value about twice as large as is the value 
immediately above depth B, only one-half the volumetric injection rate survives the first loss. 
The final loss from the well is into porosity at 7,000 feet, depth C. Below this deepest point of 
injection, the temperature begins its final return to static, a process occurring over some 500 feet 
below Con Figure 9. The exact distance required for this return depends on several things, the 
amount of temperature displacement from static, the response time of the thermometer, the 
logging speed, and the length of time the well has been on injection. 
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The injection zones of Figure 9 are mathematical points devoid of interval thickness. On actual 
logs it is possible to find, within a given interval, the discrete points of injection with much better 
vertical resolution than is possible with other flowmeters. This idea is illustrated, again by 
computed example, on Figure 11 that shows an injection zone 175 feet thick that accepts a total 
volumetric rate of 1,000 BPD with injection occurring in ten equal increments of I 00 BPD each 
at ten, equally-spaced locations. The discrete increases in slope identify the points of injection. 
This figure also illustrates the application of flow profiling relation expressed by equation (2). 
The total injection rate is represented by the ratio 

� = 4148 
dT 
dz 

as calculated at location I. The injection that survives to the bottom of the perforated interval is 
represented by the corresponding value of 416, computed for the stable slope at depth 2. This 
latter value is accordingly only 10% of the former. In theory, similar calculations can be made 
for each of the ten injection points, but, in fact, some "adjustment" distance is required between 
exit points for the profiling technique to be valid. 

The reader may be puzzled by the fact that on Figure 11 the injection temperature at the deepest 
exit, the bottom of the perforated interval, is only slightly warmer than that at the topmost exit 
even though only I 0% of the injection reaches the bottom exit. The displacement from static at 
the top of the perforations is 66°F whereas that at the bottom is~ 61 °F. This seems paradoxical, 
but actually is not. The total injection rate brings the cold to 5,500 feet at the interval top. Even a 
small fraction of this rate can travel the remaining 175 feet to the bottom of the interval quickly 
enough to avoid much warming. It is slope increases that identify losses. 

Figure 11 also allows one to perceive the injection profile that would result from that 
hypothetical situation of uniform injectivity per unit length. This would produce, over the 
injection interval, a temperature profile that with increasing depth is concave towards static. 
This behavior is opposite the convex recovery associated with the isolated injection locations 
depicted on Figure 9. It is this latter type of behavior that will almost without exception be 
observed on actual temperature surveys. 

The above concepts can be applied to the injection profile given on Figure 12. The surveys on 
this figure come from a well that had been shut-in since the time that a sand-propped, hydraulic 
fracturing operation had been carried out three weeks earlier. Fracture proppant still filled the 
well bore below the bottom of the perforated interval. A base log, survey I on Figure 12, was run 
before the well was further disturbed in any way. This log is regarded as the "static" reference 
survey even though the cooling residual from the pumping done during fracturing is still evident 
in the perforated interval three weeks after the fact. After the base log was completed, the 
thermometer was pulled back up to 8,400 feet and water injection started at a rate of 5,800 BPD. 
Two hours later the injection logging, survey 2, was started. By the time this run was completed, 
the well had been on injection for 2 1/2 hours at the 5,800 BPD rate. Approximately 600 barrels 
of water was pumped during this time, a volume about 530 barrels in excess of the tubular 
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Figure 12. Injection temperature survey on a well that had been hydraulically fractured three weeks earlier. 

volume of the well. For the 185-foot perforated interval this is an "overflush" of 530/185.::: 3 
BBLs/ft. Generally, a minimum overflush of 2 BBLs/ft is required to insure that subsequent 
shut-in surveys reveal the porosity that took the injected water. In this case, however, the 

injectivity was far from uniform over the 240-foot sand interval that had been fractured. Within 

the perforated interval, one can identify at most three depths at which fluid is lost from the 
wellbore into porosity. These are depths A at the top of perforations and depths B and C near the 
bottom. The sudden change in slope at two of these locations, A and C, identify very localized 

exits of the type displayed previously on Figure 9. The third, more gradual change in slope at 

depth B may reflect a twenty or so foot thick interval of relatively uniform injectivity of the sort 

illustrated on Figure 11. One can also see immediately that the majority of the injected fluid 

leaves the wellbore at the top of the perforations, depth A. The injecting gradient below this 

depth stabilizes at a value much larger than that associated with total injection rate, the profile 
above 8900 feet. 

The slope and displacement values necessary for use in equation (2) for flow profiling are set up 

graphically on Figure 13. Values for the full injection stream are calculated at 8,750 feet, 

although other locations could have been used on the stable profile. The determination of the 
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Figure 13. Slopes, dt/dz, and displacements, AT, necessary for rate estimations. 

displacement � T = I 04 °F is illustrated on Figure 13 . The slope of the tangent at this depth, the 
dotted line labeled dT/dz = 0.020 °F/ft, is determined as follows: From 8,600 to 9,100 feet the 
temperature along the line warms from 133° to 143°F. Thus dT = 143 - 133 = 10 °F over a 
distance dz = 9,100 - 8,600 = 500 feet, so that 

�! = l� = 0.020 °F/ft.

To estimate the amount of the injection that survives the loss at depth A, a stable section of slope 
at depth of 9,050 feet is selected. In the section of very rapid change immediately below the loss 
at A, the slope is influenced by the logging speed and the response characteristics of the tool as 
well as by the actual rate of temperature change with depth. For this reason, this section is 
avoided when estimating slopes. Above the deepest loss, depth C, there is insufficient record to 
provide a slope with much reliability. The value shown on Figure 13 is therefore only a rough 
estimation. 

If the rate of injection into porosity at each of the three depths A, B and C are designated by the 
symbols q

A
, q

8
, and qc, respectively, then the slope and displacement on Figure 13 at 8,750 feet

is the result of the total rate, qA + q8 + qc. Likewise, those at 9,050 feet result from the sum q8 +

qc Finally, the numbers at 9,110 represent qcalone. These facts are summarized below. 
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Depth, Total Flow in Displacement Injection 

Feet Wellbore from Static, °F Gradient, °F/ft 

8,750 QA
+ QB

+ QC 104 0.020 

9,050 QB+ QC 61 0.130 

9,110 qc 38 0.213 

According to equation (2) 

Consequently, only 9% of the total injection survives the first loss at depth A. Some 91 % is 
therefore injected at this depth. Likewise, at depth C, 

qc = _l!L 
X 

0.020 = 0.03 
qA + qs + qc 104 0.213 

which leaves 

qs = 0.09 - 0.03 = 0.06 
qA + qs + qc 

The injectivity profile, thus, is even more non-uniform than one might suspect by a simple visual 
inspection of Figure 12 alone. Such insight, not precise flow profiles, is the value of the 
procedure outlined in the above calculations. 

A discussion of the apparent loss at 8,920 feet, depth D on Figure 12, is deferred for a 
subsequent section where behind-pipe flow is introduced. According to the gamma-ray log on 
the figure, this "loss" is still at the top of the completed zone and, as such, cannot be a loss to 
sands above. 

The injection survey of Figure 12 will be discussed further, but for now additional materials need 
to be developed. Therefore, focus again on the computed profiles of Figure 9, in particular, 
survey 2 for injected water at surf ace temperature. This figure shows only the temperature in the 
wellbore itself, which at 6,000 feet is, for example, 123 °F. This location is 500 feet above the 
topmost injection zone. The solid curves on Figure 14 show what happens to the temperature in 
the formation away from the wellbore as a function of the length of time that the well has been 
on injection. The recovery from a wellbore temperature of 123 °F to a static value of 179 °Fis 
logarithmic in distance, R, away from the well over most of the disturbed region of the 
formation. If the well has been on injection for only 2 hours, then most of the recovery to static 
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temperature occurs within 1.5 feet of the weJlbore. At a distance of 2.5 feet, the temperature is 
undisturbed from its static value. Even after 10 years of continuous injection, the resulting 
temperature disturbance extends for only 350 feet away from the wellbore. This distance, L, 
away from the wellbore that is disturbed can be estimated from the relation 

L (ft) = 3.5 v atr 

a = Thermal diffusivity, (ft)2 / hr 
t
1 

= Injection time, hours 

For example, Figure 14 was computed for a= 0.05, a value that according to Table 2 is typical 
for porous sands or carbonates; consequently, for t

1
= 10 years = 87,600 hrs: 

L = 3.5 V0.05 x 87,600 = 3.5 x 66 = 230 ft. 

By this distance the temperature on Figure 14 is within 2 °F of static, i.e., over 95 % of the 
recovery has occurred. The lesson of significance illustrated by the solid curves on Figure 14 is 
that conduction of heat in the earth is an exceedingly slow process. Energy transport by flow, 
i.e., by convection, easily outdistances the spread by conduction. This point is illustrated by the
dash curves on Figure 14. These show the temperature profiles that would exist if an injection
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Figure 14. Temperature profile around a welJ with R .. = 0.54 ft. on injection at a wellbore temperature of
123°F and at 500 BPD rate. Earth is uniform with static temperature of 179°F and with 
diffusivity of a ,,,. 0.05 ft2/hr.

19 



zone IO feet thick at this location received 500 barrels of water per day. After only 2-hours' 

injection, the injection zone has been cooled almost to the injection water temperature for some 
two feet away from the wellbore, a distance beyond which conduction would have hardly made 

any disturbance to static temperature. The contrast between the two processes increases with 

injection time. A very significant consequence of this difference is the attendant difference in 
rate of temperature recovery in the wellbore with time once an injection well is shut off. Those 
areas of the wellbore opposite porosity that have received injected fluid will not return to static 

nearly as quickly as will those areas that have not. In deep injection wells, zones taking water 

will remain cooler than surrounding areas. This different rate of warm up is illustrated on Figure 
15 for the situation described on Figure 14. If, for example, the well is shut-in after 2 hours of 
continuous injection, then 3 hours later the wellbore fluid temperature opposite a zone free of 
injection has warmed up to 163 °F from an injection value of 123 °F . This change represents 
71 % of the total recovery to the static 179 °P. By contrast, the center temperature in the injection 

zone has just started to warm up. Even after 10 years of injection, a 24-hour shut-in survey will 
show a 7 °P difference between injection and non-injection locations. The point is: Shut-in 
temperature surveys are excellent for detection of those porous regions that have stored injected 
water. The well whose injectivity survey was given in Figure 12 will illustrate this idea. 

Figure 16 reproduces those logs already given on Figure 12 and adds five shut-in surveys that 

were run 1, 3, 6, 12, and 24 hours after the 2 1/2-hour period of injection at 5,800 BPD. The 1-
hour shut-in survey is dominated by a phenomenon often seen on wells that have been fractured, 
intentionally or otherwise. The warm "nose" on the survey between depths A and G is the result 

j 150 t-----+----+-+-----;-'-,-rt---¥-+--+-�+-+---r-+-1+---,1-+-cr+--+-------"-+++-I 
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Figure 15. Temperature recovery with time of fluid in wellbore of well in Figure 14. 
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Figure 16. Injecting and subsequent shut-in surveys on a well that was hydraulically fractured three weeks 

prior. 

of flow from one wing of the fracture through the well bore and into the other wing of the 
fracture. Injection opens these wings somewhat. The crossflow is then set up by different rates 
of closure in the two wings. This effect has displaced to the warmer side all the surveys through 
the perforated interval. However, the 6, 12 and 24-hour records show the same qualitative 
behavior that was described in the discussion relative to Figures 14 and 15. Namely, cold spots 

show up at the porous intervals at the depths where fluid was lost from the wellbore, depths A, 

B, and C. The storage at depth C is hardly noticeable on the 24-hour shut-in survey. This 
location received only some 3% or 18 barrels of the 604 barrels injected in the 2 1/2 hours, 
according to the profile from the injecting survey. The behavior at depths Band Con the shut­

in runs indicate that the 3% amount may have been an overestimation and that most of the 9% or 
54 barrels surviving the first loss at depth A was injected into porosity at depth B. In contrast, 

the temperature at depth A, the location of porosity that took 550 barrels of the 604 barrels 
injected, hardly changes in the time elapsed from the 6-hour to the 24-hour surveys. This 
comparison is proof of the previous assertion that the depth "seen" into the formation increases 
with time of shut-in. The injected fluid spread farther away from the wellbore at depth A than at 
the other two depths. 
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To determine if any of the injected water was lost to sands above the perforated zone, look on the 

shut-in surveys for cold spots above the "disposal zone." The 3, 6 and 12-hour surveys show 

definite cooler locations at depths E and F, 8,725 and 8,810 feet, respectively. However, the 

gamma ray log shows that shales, not sands, are located at these depths. Because of their very 

low permeability, shales would not take injection in preference to sands. In addition, Figure 7 

shows that because of the influence of lithology, shales should show up as cooler regions on 

shut-in surveys to the cold side of static temperature. One can conclude that no fluid storage 

areas are seen above the interval of sand that was perforated, thus injection was confined to the 

proper interval. This conclusion was arrived at in two steps: 

(1) The injecting survey showed losses from the well bore only in the designated interval,

(2) At least two sequential shut-in surveys showed fluid storage only in porosity within the

same interval.

The presence of lithology influence on shut-in surveys is obviously time dependent. On Figure 

16 the influence is not yet developed on the 1-hour shut-in survey and has almost disappeared on 
the 24-hour run. However, when present this influence is the most sensitive indicator we have to 

the absence of flow behind pipe. Some flow will inevitably persist after shut-in by virtue of 
either pressure in the injection zone or falling liquid level in the wellbore itself. Almost any flow 

at all will overcome the influence of lithology. This fact can be demonstrated in the following 

fashion. In the time interval from 1 to 6 hours the wellbore fluid temperature at 8,880 feet, the 
location of a sand, warms 41 °F from 176 °F to 217 °Fat an average rate of 41/5 = 8.2 °F/hr. 

During this same time the shale at 8,810 only warms by 37°F, an average rate of 7.4 °F/hr. The 

difference in rate of 0.8 °F/hr amounts to a rate of heat transfer to the water contained in 1 foot of 
5 1/2-inch wellbore of 

q
H 

= 62.5 x 1 x 0.1305 x 0.8 = 6.5 BTU/hr-ft 

Any leakage behind pipe that will absorb this amount of energy with negligible rise in 

temperature will therefore obliterate the lithology influence. The annular volume between 5 1/2-

inch casing and 8-inch hole is 0.184 ft3/ft. If this volume is displaced N times in one hour, then 

the corresponding volumetric rate is; 

q = 0.184 N ft3/hr = 0.786 N BPD 

If this flow changes temperatures by no more than, say, 0.1 °P over the one-foot length, then the 

shale excursion at depth F, a change of about 1 °P/ft., would be subdued by a factor of ten and 

thus rendered insignificant. This 0.1 °F/ft would result from a heat transfer rate of 

qH (flow)= pC
p
q x 0.1 

qH (flow)= 62.5 x 1 x 0.184N x 0.1 = 1.15 N !�� 
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Th. f h 1 1 h 
qh = 6·5 

H
BTFU 1 . f 1· h 1 1s energy trans er s ou d equa t e amount r- t resu tmg rom It o ogy

influence. Thus 

or 
l .15N=6.5,

N = 5.6,

which corresponds to a leak rate q = 0.786 N = 4.4 BPD. No other logging tool has a rate 
resolution this low. 

The preceding discussion has demonstrated how confined injection shows up on temperature 
surveys. In fact, some behind-pipe flow also shows up on Figure 13. The apparent small loss 
from the well bore at depth D on the injecting survey results from flow exiting at the top of the 
perforations and then flowing up behind pipe to the top of the fracture which was stopped by the 
plastic shale at 8,920 feet . In the crossflow interval AD, the net flow downward is less than it is 
above D; consequently, the survey records a "loss" at depth D. 

This "loss" type of behavior is illustrated on Figure 17 at a thief zone located at 5,600 feet, some 
200 feet above the injection zone at 5,800 feet. The curves on this figure were computed for a 
well on injection at 500 BPD with varying amounts of loss from Oto 500 BPD by flow behind 
casing from the perforations upward to the thief zone. A 100% loss shifts the survey back 
towards static by about one-fifth of the total displacement associated with no loss. From the 
figure, one can see that the flowing survey itself will show the influence of a loss to a shallower 
thief zone whenever this loss amounts to at least 20% of the flow inside the pipe. 

The injecting survey of Figure 18 illustrates a behind-pipe loss to a higher injection zone whose 
perforations had been cemented by a "squeeze." At the time the survey was run, the well had 
been on injection for 4 hours at a rate of 990 BPD. Three apparent losses to porosity are evident 
on the log at depths 1, 2 and 3. The bottom 1(,ss, depth 3, is at the presently completed injection 
zone; however, the other two losses are located at supposedly squeezed perforations. The most 
obvious conclusion is that these perforations have "broken down" and are taking part of the 
injection intended for location 3. On the left side of Figure 18 appear stationary flowmeter 
readings made with a diverting type flowmeter, a "basket" spinner tool, at four locations A, B, 
C, and D. The readings at locations A and B are the same; thus, there is no fluid loss from the 
wellbore at depth 1. The temperature log must therefore be responding to behind-pipe flow. 
Now, between depths C and D, the spinner does show a loss from the wellbore of an amount of 
fluid equal to 

100 { 1 _ lL) = 39%
11.6 

of the total injection rate. This fluid obviously exits the wellbore at location 2 on the temperature 
survey. Therefore, the squeezed perforations at ~5,910 feet have broken down. Of the water 
leaving the wellbore here, part or all then flows behind pipe up to the topmost zone just below 
5,800 feet. 
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Figure 17. Temperature surveys computed for a well on injection at 500 BPD with varying amounts ofloss 

behind pipe to thief zone located 200 feet above. 

As might be expected, the shut-in temperature surveys are most sensitive to small losses from 

injection zones. A leakage rate of one barrel per day into porosity will eventually show up if it 

persists for a long enough time. Figure 19 shows computed shut-in surveys for the thief zone 

situation depicted on Figure 17. Each solid curve on Figure 19 is a 6-hour shut-in survey across 

the thief zone at 5,600 to 5,610 feet and the rates are the behind-pipe losses from the primary 

injection zone at 5,800 feet. The leak is assumed to have existed at the indicated rate for one 

month prior to logging. If injection into the well had also been going on for only one month, 

then the figure shows that a shut-in period of 6-hours would begin to reveal quite small leaks into 
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Figure 18. Temperature survey from well on injection at 990 BPD salt water. 

storage porosity at 5,600 feet. However, had the well been on injection for a year prior to the 

development of the leak, then even a 500 BPD leak would have been hidden by the residual 

conductive cooling from the long period of the flow of cold water past this location in the 

wellbore. Consequently, in planning the shut-in surveys that are to follow the injecting survey, 

one must obviously take into account the length of time that a well has been on continuous 

injection. The shut-in times listed in Table 3 can serve as planning guide provided at least two 

shut-in surveys are run, one at the beginning of the listed interval and one at the end of the 
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Figure 19. 6-hr shut-in temperature surveys past the thief zone depicted on Figure 17. Computed for a one­

month old leak. 

interval. For example, if a well has been on injection for 10 years prior to shut-in, then Figure 
15 shows that after 96-hours of shut-in, a section of well bore opposite a non-injection zone 
would have warmed from 123°F to 138°F. At this temperature, Figure 19 indicates that a 20 

BPD leak would just begin to show up. Consequently, this survey along with one at 192-hours 
shut-in should not miss the storage porosity. When used according to the guidelines of Table 3, 
temperature surveys can detect leaks that all the other tools will miss. The use of proper timing 

of surveys is illustrated by the runs reproduced on Figure 20. These surveys include an injecting 
run followed by shut-in surveys after 1, 3, 12 and 24 hours, respectively. The well had been on 
injection at about 500 BPD for nearly one year. All the porous zones indicated on the neutron 

porosity log are dolomitic developments in limestone. The perforations are into the bottom 
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Figure 20. Injecting and shut-in temperature surveys from well on continuous injection at about 500 BPD 

for almost one year. 

member of a lithological unit of lime that extends upwards to 5,150 feet. The injecting survey 

shows that almost all the currently injected water is leaving the wellbore below depth A at 5,530 

feet, which is the bottom 15 feet of the 33-foot perforated interval. There is a slight indication of 

a "loss" at depth E in the porous member immediately above the disposal zone: however, it is so 

slight that one would not call it significant. The l and 3-hour shut-in surveys show that fluid 
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storage is occurring over much of the porous interval, at least two-thirds of the net pay. This 
conclusion is supported by the 12 and 24 hour shut-in runs that show injection into porosity 

below depth B at 5,516 feet. The slowly recovering temperature below depth A, 5,530 feet, is 

the result of the vast majority of the injected fluid entering porosity below this depth. The 
bottom ten feet of net pay is the location at which long term injection has taken place. The 12 
and 24-hour shut-in surveys reveal conditions that were hidden by conduction cooling on the 1 
and 3-hour runs; namely, fluid storage signatures appear at depth C, which is located in the 
porous interval immediately above the injection interval. The small indicated "loss" at depth E 

on the injecting survey may, indeed, be of significance and some injection is now taking place at 
this interval due either to a casing leak at this depth or to a loss behind pipe from the injection 

zone below. Subsequently, examination of a radioactive tracer survey will suggest that this flow 
occurs behind pipe. 

TABLE 3. MINIMUM SHUT-IN PERIODS NECESSARY TO DETECT LEAKS BEHIND PIPE INTO 

ZONES ABOVE THE INJECTION INTERVAL 

Prior Length of 

Continuous Injection 

l Month

6 Months

l Year

5 Years

IO Years

Minimum Shut-In Time 

to Detect Leaks of 

Several Weeks Standing 

6-12 Hours

12 - 24 Hours

24-48 Hours

48 - 96 Hours

96 - 192 Hours

Figure 7 (page 10) illustrates that lithology influence is such that porous dolomitic intervals will 
tend to lag non-porous intervals; so how would one differentiate what is seen at depth C on 

Figure 20 as being the result of injection at this depth rather than the influence of lithology? 
Two aspects of behavior rule against lithology. First is the "growth" of the signature with time 

on the 12 and 24-hour surveys. This is backwards to both the time progression indicated on the 
hypothetical Figure 7 and the actual behavior seen on Figure 16 at depths E and F. The second, 
and stronger, negative aspect is the shut-in behavior above the suspect depth C, Figure 20. 
Above 5,470 feet are loca�ed much thicker porous and non-porous intervals. Furthermore, the 1-
hour shut-in survey shows a muted influence of this lithology on the slight "lead" in recovery 

evident in the tight section between 5,400 and 5,450 feet. Thus, lithology cannot account for the 
signature at depth C. 

Nevertheless, uncertainty about lithology has made it a common practice to add a radioactive 
tracer survey to the temperature surveys when checking for confined injection. The tracer tool 
has incredible sensitivity to flow behind pipe, a feature not present in the injecting temperature 

survey when flow is upwards behind pipe. This practice, however, has caused the loss from 

industry of the original philosophy behind running surveys of the type shown on Figure 20. If 
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one intends to run the tracer tool anyway, then why run anything beyond the I and 3-hour shut-in 

surveys? The reason is contained in the discussion that follows. 

Figure 20 is the first example of non-confined injection into a deep disposal zone. It also 

illustrates how problems typically develop. Quite likely, only the bottom fifteen feet of the 

perforations "broke" down to injection when the well was initially completed. The pressure 

increase associated with continued injection into a limited interval has caused the hard rock to 

fracture up into the next porous interval capable of relieving the pressure. These fractures may 

leave the wellbore with sufficient rapidity that they intersect the next porosity at a distance from 

the well that exceeds the range of all tools used for the injecting survey, temperature, radioactive 

tracer, and neutron activation survey. Only the long shut-in temperature surveys reveal this 

placement of fluid in porosity away from the well. 

On Figure 20, the 1 and 3-hour shut-in surveys depict the influence of completion at depth D, 

5,345 feet, in the same fashion as Figure 8 (page 11 ), frame A, at the casing shoe. On both 

figures, the extra insulation above the indicated depths causes a more rapid return to static. On 

Figure 20, this influence is already attenuated on the 3-hour survey and is practically absent from 

the 12 and 24-hour runs. 

Finally, the astute reader may have noticed a "peculiar" behavior to the shut-in logs below depth 

A on Figure 20. The temperature warms during the first hour more than it does during the next 

24 hours. This behavior merely means that the water currently injected is slightly cooler than the 

long-time "average" injection temperature. This particular set of logs were run in mid December 

in West Texas. Quite obviously, the temperature of water injected into a formation at any 

particular time may also be warmer than average zonal temperature in an old injection well. This 

was the situation when the temperature surveys in Figure 21 were recorded. During injection, 

water arrived at the disposal perforations about 2°F warmer than the average temperature of the 

injection zone which has received water for many years. The injecting survey shows losses at 

only two depths, A and B, inferring that most of remaining perforations are plugged. The 

"catch-up" shifts below each of these depths is to the cooler side because, as the shut-in surveys 

show, the "static" condition for current injection is a cooled formation, not one at normal 

temperature for this depth. Above 5,425 feet , the recovery is in the normal direction, i.e., from 

the cool side. The shut-in surveys all show the "warmed" storage porosity receiving current 

injection. The continued "growth" of these injection signatures for 12-hours of shut-in proves 

that the "current" injection profile has existed for some time and is not something that happened 

just recently. On Figure 21 is the relic, at depth C, of an earlier period of disposal into the zone 

immediately below the current completion. 

The surveys in Figure 21 also refute the old saw, still being played, that an in jeering temperature 

survey from an old injector "don't show you nothing." This is an outgrowth of the old, all too 

common procedure that tolerates a recording sensitivity of more like IO °F/inch rather than the 

1 °F/inch employed for surveys of Figure 21. The figure further shows, on the 12-hour shut-in 

survey, that injection has taken place into the porosity over the entire interval during times past. 
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Finally, the shut-in surveys show that over the lifetime of this well, the completion has prevented 
any injection into the thin porous interval located only three feet above the designated injection 
interval and only seven feet above the top of the perforations. 

The following comments are best understood by reference to Figure 9 (page 12) that contains 
three computed injection surveys. The insulation offered by the stagnant annular fluid 
effectively hides from the thermometer during injection any flow that occurs behind pipe above 
the packer, i.e., above depth A on Figure 9. Consequently, the most one should expect to see on 
an injection survey is the type of change at the depth of the packer that is evident on Figure 17 
(page 24) at the thief zone. The "loss" would appear to occur at a depth that corresponds to the 
end of the tubing string. This type of behavior is evident on the injecting survey of Figure 22 
where the first "loss" appears at depth A, the end of the tubing. The 12-hour shut-in survey, 
however, clearly shows the storage porosity located at depth B, some seventy-five feet above 
depth A. This same survey also shows flow from the injection interval up to depth B as 
continuing after the well is shut off injection. Actually, the warm up on the injecting survey of 
Figure 22 is located some ten feet below the end of tubing. The thermometer hangs free usually 
until the entire tool clears the tubing, thus thermal contact with the casing wall typically does not 
occur for some IO - 20 feet below the end of the tubing. 

The same insulation that shields the thermometer in the tubing string also protects any behind­
pipe flow from the injected stream flowing in the tubing. Once the leaking fluid goes above 
depth A on Figure 9, then it tends to carry its temperature upward with the flow in the same 
manner that injection inside the tubing carries its temperature downward. Thus, if one turns 
Figure 9 upside down and locates the tubing packer at zero depth, then survey I can be viewed as 
the temperature in a stream flowing behind casing upward into two shallow zones at depths B 
and C, respectively. This is not, however, the temperature profile that the thermometer in the 
tubing string will measure while the well is on injection. The influence of the behind-pipe flow 
will show up primarily as storage signatures on the shut-in surveys. Suppose that the leak 
charged zones on Figure 9 at 500 feet . The shut-in residual at this depth depends on the surface 
temperature of the injected water. Consequently, the storage signature on the shut-in surveys is 
dependent on injected fluid temperature. This fact is illustrated by the two frames of Figure 23, 
each computed for a month old injection well that has a behind-pipe leak from an injection 
interval at 5,600 feet up to a shallow zone at 500 feet. Injection rate into the well is 500 BPD 
while the leak rate is the value listed for each of the eleven shut-in surveys on the figure. Each 
frame is for a particular surface temperature for the injected water. The leak crossflow ceases 
when the well is shut in. 

Frame A shows surveys run after a 6-hour shut-in following one month of injection of water at 
the surface temperature of 80°F. The 250 and 500 BPD leaks arrive at 500 feet at a temperature 
that is hotter than static at that depth. The 100 BPD leak, however, has cooled to nearly static 
temperature at 500 feet. It is evident on the survey simply because the 6-hour shut-in 
temperature on either side of 500 feet is still to the cool side of static. The leak would be hidden 
on a single, long-time shut-in survey. Leak rates less than I 00 BPD are cooled by the injection 
and arrive at 500 feet colder than static temperature. 
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The behavior of the 12-hour shut-in surveys of frame B, Figure 23, after injection of water at 
l l0°F is unusual at first glance. The variation, of course, is the result of a hot residual left from

the hot water injection. At the 500-foot thief zone, this residual keeps the wellbore temperature
at about 98°F after 12 hours of shut-in. The 500 BPD leak arrives at the thief zone about 2°F
hotter than this residual and thus appears as a hotter signature on the survey. The 250 BPD leak,

however, reaches the thief zone cooler than the 98°F residual. Thus, the wellbore temperature is
reduced at the thief zone, the location where the cooler leak fluid is stored in porosity
surrounding the wellbore and extending laterally away from it. The 100 BPD leak arrives at
about static temperature. Lesser rates of leakage are warmed by the injection of hot water prior
to shut-in. For this reason, the 20 and 10 BPD leaks give surveys on frame B of Figure 23 that
progress to the hot residual as the rate decreases.

The lesson of Figure 23 is that one does not know exactly what to expect as a result of behind­
pipe leakage from a deep disposal zone to shallow strata. It is therefore a wise procedure to run 
at least two shut-in surveys to ascertain any portions of the shallow wellbore that appear to be 
"locked" at a relatively unchanging temperature as a result of injection. Furthermore, the 
surveys on frame B of Figure 23 suggest that the appropriate shut-in times are at the tail end of 
the intervals of times listed in Table 3. 
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In reality, deep disposal zones hardly ever leak into shallow strata as a result of flow behind pipe. 

Deep injectors pollute at shallow depths mainly as a result of tubing, packer and casing leaks. 

External corrosion can reduce casing wall thickness to the point that annular pressure from a 

tubing or packer leak will cause the casing to rupture. Subsidence and fault instability are 

common causes of casing failure in parts of the USA. Tubing and casing leaks are easy to detect 

on both injection and shut-in surveys as Figure 24 illustrates. The injecting survey shows a slope 

change at depth A but very little "catch-up" because the loss from the tubing continues 

downward in the casing. The typical "loss" signature occurs at depth B where the leak exits the 

casing. The 12-hour shut-in survey places the storage porosity at the same depth as the casing 

leak. From the relative positions of the static temperature and the injection survey, one can tell 

how the storage areas should appear on the shut-in runs. The loss at depth B on Figure 24 should 

cool any porosity in the neighborhood of the leak. This situation can be contrasted with the 

computed injection survey 1 on Figure 9 (page 12), where any casing leaks above 1,500 feet 

would add fluid that is warmer than the static temperature of receptor porosity. The storage 

signature on shut-in surveys would then appear as a "hot spot." The variability evident on 
Figure 23 for leaks behind pipe is thus removed for casing leaks. 

Temperature Behavior in Shallow Injection Wells: These are the type of disposal wells most 

likely to pollute fresh water sands by loss from the injection zone. The temperature behavior in 
these wells is no different from the theory and examples that have already been examined for 

deep injection wells. Therefore, the reader should once again refer to the computed injection 
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profiles on Figure 9, and, this time, imagine that the injection zone is located at 1,000 feet rather 

than at the deeper locations of the figure. Two things are then evident: First, the contrast in 

temperature between the injected water and the static wellbore is reduced. Temperature surveys 

must now be recorded at high sensitivity as a matter of course. Second, the type of storage 

signatures that one can expect depends entirely on the surface temperature of the injected water. 

These two facts are illustrated by the computed injecting and shut-in surveys appearing on 

frames A and B of Figure 25. In each frame, the well has been on injection for one month at a 

rate of 500 BPD into perforations opposite a 25-foot thick disposal zone at 975 to 1,000 feet. 

During this same month water has leaked from the perforated interval behind pipe up to a 10-foot 

thief zone located at 800 feet on frame A and at 825 feet on frame B, respectively. The two 

frames are computed for different water temperatures at the surface, frame A for water at the 

surface temperature of 80°F and frame B for 110°F water which is 30°F hotter than surface

temperature. Each frame contains, as solid lines, two surveys with the well on injection at 500 

BPD. One survey is for no leakage from the injection interval, 0 BPD leak, whereas the other 

allocates all l 00% of injection, 500 BPD leak, to the flow behind pipe. Each frame also contains 

four surveys taken 12 hours after both injection and flow behind pipe has ceased. These surveys, 

shown as dashed lines, are for leak rates of 0, 10, 50, and 500 BPD. 
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The length of the crossflow interval on Figure 25 is the same 200 feet, approximately, as that on 
Figure 19 (page 26) for loss from a deep injection zone. Furthermore, the rate of charge per foot 
of thief zone thickness is the same for the two figures. Yet twice the shut-in time is required on 
Figure 25 to produce storage roughly the same size as those of Figure 19. This additional time is 
a direct consequence of the decreased contrast between injected water temperature and static 
temperature. The second feature, dependence on surface temperature of injected water, is 
responsible for the cooler storage signatures on frame A and the warmer ones on frame B. 

Shut-in temperature surveys for the two situations are given on Figures 26 and 27. Injecting 
surveys were not run for the four situations depicted on these figures. At the sensitivity used for 
the surveys, 1 °F/inch or 2°F/inch, the injection surveys would be off scale anyway. In each 
figure the two frames contrast profiles for confined injection, frame A, with profiles for behind 
pipe leakage into porous intervals immediately above the injection zone, frame B. On the 
surveys of Figure 26, the injected water is at or near surface temperature. The resulting storage 
signatures are therefore cooler than the non-storage areas. The only new feature to these logs is 
the "nose" evident on frame B, Figure 26, at 2,180 feet, the top of the topmost injection zone. 
This "nose" is a signature of confinement of injection to depths below its location and is not an 
uncommon feature in elastic environments. It arises because of the interaction of two conditions: 
the decreased thermal conductivity of shale rich sediments and the change in direction of heat 

26()()..------,------,-------,----, 2100 .-----...,.------,------, 

2700,____ __ __, ____ �-----+------l 2150 >-----+----+--------+--+---------l 

.... 2800 
0 
0 

0 

0 

2900 � 
16-Hour Shut-In 

0 

0 

0 

0 

0 

0 

0 

0 

3000 

SP Log 14-Hour Shut-In 

0 

3100 2350 ,.__ ___ _.__ _________ _____. 

88 89 90 91 90 91 92 93 

Temperature, °F Temperature, °F 

(A) Confined Injection Profile (B) Unconfined Injection Profile

Figure 26. Shut-in temperature surveys for wells injecting near surface temperature. 

36 



� 
i:r.. 
'5 
c... 
0 

c:::: 

l450r--�--.------,---,-----,-
I
---, 

1550 

=8 

1650 
-0 

106 

I 

i 
5" 
9, 
< I o:--. 
c: I 
E. !

I 
"
� 
�-

107 

I 8-Hour Shut-In 

108 

Temperature, °F 

(A) Confined Injection Profile

109 

<:.) 
i:r.. 
..c: 
E.. 
0 

c:::: 

2200 r------,-------.--,.----r-------,------,----,-----, 

9-Hour Shut-In 

2300 

2400 
0 
0 "tl 
0 � 
0 :;, i
0 

2500 

2600 1-------+----+-----+- --t---+-� Density 
Log 

100 102 104 106 

Temperature. °F 

(B) Unconfined Injection Profile

Figure 27. Shut-in temperature surveys for wells injecting hot water. 

flux with vertical depth. Above an injection zone, heat flows to the well bore in a nearly lateral 
direction whereas this flow acquires a large vertical component at the top of an injection zone. 

Thus, the vertical temperature gradient must increase accordingly. The rapid change in thermal 

properties with depth restricts the variation to relatively small vertical intervals, thereby making 
the "nose" more noticeable in elastics. Like the signatures of lithology and completion, the 

presence of this "nose" is a matter of proper timing and is not necessarily present on any 

particular survey. As has already been noted, a "nose" could also be caused by the presence of a 

fracture, but for different reasons. 

The storage signatures on Figure 27 are warm "spots" as the result of water injection at a 

temperature above surface temperature. These signatures are similar to those already observed 

on Figure 21, for a deep injector. The warm spots on Figure 27 are smeared more by vertical 

heat conduction due to longer injection times. 

Before leaving related injection well problems, there is a need to discuss two additional reasons 

for loss in survey resolution besides the digitizing noise illustrated in Figure 3 (page 5). These 

additional reasons are excessive inertia in the recording system and the practice of logging 

upward rather than downward. Both are trademarks of the novice operator who does not know 

how to run a temperature survey, and accordingly, should not be a problem. That these problems 
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do exist, however, is evident from the surveys on frames A and B of Figure 28, two sets of 

surveys from the same injection well. Frame A shows an injecting survey at 700 BPD and a 9-

hour shut-in survey after injection is stopped. Although both surveys were logged in the correct 

direction, downward, both show the "stairstepping" characteristic of excessive recording inertia. 

On an older analog panel this inertia is usually the result of failure to properly set the driving 

circuit that just overcomes recording pen friction. On a digital truck the stairstepping results 

from a sampling interval that is too long relative to the logging speed, or, in trade jargon, too 

large a time constant for the logging speed. Stairstepping can also occur if the display sensitivity 

exceeds the resolution of the tool. This is clearly not the case for the survey of frame A, Figure 

28 because the steps amount to nearly 1/2 degree Fahrenheit! As a consequence of the inertia, 

the first loss on the injecting survey that can be called "real" is the major loss at depth A, located 

about midway down the perforated interval. Higher exits are lost in the inertial threshold. 

In frame B of Figure 28, the thermometer is jerked off bottom and then moved upward at a 

constant speed. In this particular situation, such a procedure compounds all errors, those due to 

stabilization time necessary for the tool to track borehole fluid temperature and those due to 

mixing of borehole fluid ahead of the sensor. The result is a total loss of injection detail across 
the perforated interval. 

The best of procedures can still produce the kind of temperature log appearing on Figure 29 to 

the right of the wellbore sketch for an old injection well. These surveys are of the seemingly 
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"don't tell us nothing" variety. Actually, this is not the case. At depth A, the I-hour shut-in 

survey shows the correct response to the completion. Furthermore, this response attenuates with 

time as it should. With these quality control checks as assurance, we should ask what sort of 

well conditions can produce the type of surveys we see. First, the injecting survey shows that the 

majority of the injected fluid reaches depth C, which is seven feet below the deepest perforation. 

The spinner survey, to the left on the wellbore on Figure 29, shows that 79% of the injected 

water leaves the well bore at the top perforated interval. Finally, the shut-in temperature surveys 

show injection cooling up to depth B, a location some fifteen feet above the topmost perforation. 

This indicates a fractured wellbore situation, although probably not an intentional condition. The 

timing of the shut-in surveys is such that the influential storage is in the fracture, not the 

formation. One would expect a more or less uniform storage in the fracture, which is what the 

surveys show. The deficiency, thus, lies with the user, not with the tool. 

Temperature Signatures For Noninjection Related, Behind-Pipe Flow: An effective cementing 

operation is more difficult if the well bore passes through either very depleted or abnormally 

pressured zones. Cement opposite a depleted zone tends to dewater by filtrate loss to the low 

pressure zone. The cement then shrinks badly upon setting or fails to set at all in the sense of 

developing any strength to speak of. 

Abnormally high-pressured zones tend to flow into the wellbore in regions where there is 

premature setting of cement above and below the zone. In this manner, crossflow behind-pipe 
can be set up before the cement has ever cured. If the cement is weighted too much, then one 

runs the equally bad risk of fracturing a formation and not being able to even pump cement to the 

desired height behind pipe. There are well known areas in the U.S. where primary cementing is 

nearly impossible across certain zones. 

Depletion in water zones typically occurs at shallow depths, 1,000 feet or less, as a result of 

production for municipal, agricultural, or industrial usage. Their locations are generally known 

before a new well is drilled. Consequently, it is usually the old wells that were not completed so 

as to cover these zones that pose the major threat to these zones. Even worse, many of these old 

wells were abandoned years ago! 

The mountainous areas of the U.S. are the only locations that have artesian, naturally over 

pressured water zones at shallow depths. A much more extensive problem is the charging of 

shallow strata by wells that blow out of control during drilling or by casing leaks in both 

production wells and injection wells. The first indication of these formations is usually an 
unpleasant surprise for the driller. Shallow disposal zones, of course, may become significantly 

over-pressured as a result of years of injection. 

Temperature surveys are the most sensitive of the various production logging methods for 

locating noninjection related crossflow behind pipe in shut-in injection wells or in recently 

completed wells that are no more than a couple of months old. This sensitivity arises from the 

fact that these types of well bores are not at static temperature. Flow into the wellbore region, 

however, brings its temperature along with it. If this flow is not at true geothermal, it will at 

least be at a temperature that is different from that caused by injection down the well. Thus, 
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even during injection, the non-related flow will "clamp" the back side of the casing at a 
temperature that is constant and different from values elsewhere. This is particularly the case at 
the source where the flow completely surrounds the wellbore. During injection, the heat transfer 
at shallow depths from the earth into the water flowing inside tubing that is inside casing 
typically amounts to only 15 btu/hr per foot of wellbore length. If the noninjection related flow 
rate per foot of wellbore is designated as q', then the temperature change caused by the 15 btu/hr 
- ft heat transfer is

t:,,. T = ___1_5_, with q' in cu.ft./hr, 
pc

p
q' 

t:,,.T = 15 x 24 _1 , with q' in BPD,62.5 X 1 X 5.615 q' 

A 5 BPD flow from a 10 foot zone, q' = 0.5, will thus only change temperature by about 2°F. 
Furthermore, this flow will continue once the well is shut-in. After about six hours, the fluid 
temperature in the tubing string will have almost equilibrated with the temperature of the source 
zone. Once an injection well that has noninjection related flow behind casing is shut-in, then the 
wellbore temperature will quickly change to a value reflecting the source temperature at the 
source depth. It will then change very slowly, if at all, at this location. This behavior, unlike 
injection related problems, is relatively insensitive to the length of time the well has been on 
injection. The only planning necessary is to allow sufficient shut-in time for the tubing fluid 
temperature to reflect conditions on the back side of the casing. Generally, surveys after about 6 
hours shut-in will accomplish this. 

These ideas are illustrated by the shut-in surveys of Figure 30 that are from a middle eastern oil 
production well. A shallow, artesian aquifer at depth A is flowing behind pipe down to a lower 
pressured water zone at depth B. The wellbore temperature at the source depth is at a nearly 
static value already on the 3-day shut-in and remains at this value. The true perspective of the 
"injection" from A to Bis only evident on the 30-day shut-in survey. This perspective, however, 
is not necessary to comprehend the nature of the problem. 

Frames A and Bon Figure 31 show noninjection related flow signatures on single-pass 
temperature surveys after relatively short periods of shut-in time. Injection zones are below the 
deepest log depth on the figures so that static temperature lies off scale to the warmer side. In 
each frame, the shifts toward static are the result of water flow upward behind casing into 
hydrocarbon formations badly depleted by years of production. 

Newly drilled or worked over wells show the same type of noninjection related flow signatures 
as those from deep injection wells. If no flow occurs in a new well, then three to six months 
after a well is completed the wellbore fluid is still a degree or so removed from static 
temperature. The bottom two-thirds of the well bore is cooler than static whereas the top third is 
generally warmer. 
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This profile is the residual from the relatively long period of mud circulation during the drilling 

operation. Any flow to the wellbore counters this residual and shifts the wellbore temperature 

towards static conditions. 

This type of behavior is shown on the temperature surveys of Figure 32. Frame A on this figure 

contains a curve labeled curve-I that is a survey at a sensitivity of 2°F/inch from a one-month 

old well that has not yet been perforated for production in the formation whose top shows on the 

gamma ray log at 8,140 feet. Oil flow into the vicinity of the well bore is clearly evident on the 

log by the warming behavior at depth A, 8, 150 feet. Furthermore, the log shows that this oil 

flows upward behind pipe to depth F, 7,976 feet. Numerous losses, presumably to fractured 

zones known to exist in the 174-foot crossflow interval, are indicated by labels B through E. The 

validity of these signatures can be judged by the noise-free character of the survey on either side 

of the crossflow interval. The heating over the entire interval is a result of the well bore still being 

cooler than static temperature in those areas free of flow to the wellbore. A six-foot interval was 

perforated on either side of 8,150 feet and the zone was tested. Wide open, it would only flow 

94 BPD of oil. The leak rate recorded on frame A of Figure 32 can then be no more than IO to 

15 BPD based on the maximum pressure drop available over a 17 4 foot column of oil replacing 
water. 

Once the completion tested oil, the well was killed in preparation for a workover. One day after 
the kill, another logging company ran the temperature survey appearing on frame B of Figure 32, 

this time at a sensitivity of only 4°F/inch. Moreover, stairstepping is evident in the trace for 

temperature at the locations marked by arrows. The quality of the record is so poor that only the 

gross crossflow interval from depth A, 8,152 feet, to depth C, 7,959 feet, is evident along with 

the one major loss at depth B, 7,991 feet. The intermediate losses evident on frame A, cannot 
even be detected on the differential trace of frame B. The response of the differential trac<' at the 

source depth A, 8,152 feet is also of interest. The temperature curve shows that this response is 

due to a rapid two degree Fahrenheit decrease in temperature below depth A. A comparison of 

this differential response with that on Figure 2 (page 4) at depth B, the location of rapid one-half 
degree temperature increase, shows how easily quality control is lost if diligent control is not 
maintained. 

The preceding examples show that the only new feature in the use of temperature surveys to 

detect noninjection related flow behind pipe is the reliance on shut-in surveys alone. It is wise to 

have at least two run at shut-in times in the range of 12 to 36 hours. Use of such a timed 

sequence makes it possible to detect leaks that amount to only a few barrels a day. As we have 
pointed out, this sensitivity is a consequence of the well not being at static conditions when 

logged. 

In regard to this sensitivity, the influence of lithology is usually greater at shallow depths due to 
increased variation in thermal properties. Furthermore, shallow sands that are on production 

near a given well often flow past the well at a drift velocity sufficient to add their signature to a 

shut-in temperature survey from the well. Consequently, it is a good practice to log a well in a 

given area purely for background data. 
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Figure 32. Behind-casing crossflow of liquid ( oil) in a new well still slightly cooler than static temperature. 

Logging for Lithology Influence: The next sequence of temperature surveys illustrate a logging 
sequence that was run during the first day of operation of a new injection well at a low enough 
injection pressure to insure water entry only into the depleted zone that had been perforated for 
water flooding. The logs were run as a reference for the influence of lithology because the well 
penetrated a potpourri, as evidenced by the lithotype labels appearing on the left-hand side of 
Figure 33. This mix clearly influences the short shut-in time surveys shown on the right of the 
figure. From the top, there is the tendency of the shale above A to lag the sand at Bin recovery. 
The sand, in turn, lags the siltstone in the interval below C. Further, the carbonate section 
between D and E has a temperature survey reflecting the porous and non-porous pattern of the 
SP and gamma ray logs. The completion influence is seen at depth F. Finally, the carbonate 
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Figure 33. Temperature logging a new injection well for lithology signatures. 

porosity is again reflected in the interval GH below the tubing packer. Because of limited 
daylight in the winter, the three shut-in runs are about one day's work in themselves. 
Consequently, the base information continued in Figure 33 is essential to any interpretation of 
injection confinement on future surveys. In particular, the next zone up, zone 2 on Figure 33, 
had already been charged by leaks in older injection wells in other parts of this field. 

This last example ends the discussion, formally at least, of temperature logging and leads to the 
second tool, the radioactive tracer logger. This tool is the most sensitive instrument for the 
detection of fluid movement inside and immediately outside of pipe. Fractional barrels per day 
of movement can be detected outside pipe provided it can be tagged and then pumped behind the 
casmg. Fortunately, the significance of a radioactive tracer survey is generally easier to 
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comprehend than that for a temperature survey. Consequently, the associated discussion will be 

much briefer. Ease of interpretation, however, should not be confused with "correctness" of 

interpretation. The tracer tool has its own peculiarities and limitations that must be appreciated 

to use it effectively. 

Radioactive Tracer Surveys 

The radioactive tracer tool is a direct consequence of the widespread availability of radioactive 

isotopes that accompanied the growth in atomic physics research in the United States. An 

enormous surge in the application of tracers to tag materials occurred in the late forties and 

throughout the fifties as the operation of particle accelerators produced these materials in 

quantity. The high resolution provided by "radio-assay" was, of course, already well known at 

this time. The advantage of the gamma ray as a non-destructive tag that could be detected 

external to the host was also clearly established. Furthermore, the increased usage of the natural 

gamma ray logging tool for formati,on evaluation soon showed that the underground environment 

was also not excessively radioactive. 

Most of the activity underground results from the decay of natural isotopes of potassium and 

thorium with some support added by uranium. Shales, where these materials concentrate, 

typically register about 100 API units on a gamma ray log. This activity amounts to about 6 

microcuries per ton of material, an exceedingly low concentration in view of the fact that most 

radio assaying methods employed this amount of activity in grams of material. 

The earliest use of the radioactive tracer method was to tag water so as to follow the injection of 

this water into open-hole completions. The tagging material was added to the water at the surface 

and a gamma ray logging tool, i.e, a Geiger-Muller ionization tube, was used to track the 

movement downhole. By the early fifties, the self-contained tool that carried its own source of 

tagging material had evolved. 

The most widely used tagging material for water is an aqueous solution of sodium iodide, NaI, 

containing the isotope of iodine I-131. The decay of this isotope produces, in addition to beta 

particles, gamma radiation 80% of whose energy is in the 0.3 - 0.4 million electron volt range. 

The half-life is ideal at 8.05 days. Furthermore, in solution the iodine is a negative ion, L As 

such, the material is not absorbed on rock surfaces which tend to be electronegative. It, thus, can 

be pumped into porosity and away from the well bore out of range of the tool. 

The fact that 90% of the gammas registered by a tracer tool originate from within a foot of the 

detector is also one of the limitations on the method. It, like all nuclear logging tools, has limited 

depth of investigation. 

On the positive side, the tracer tool is the highest resolution flowmeter available. With this tool, 

vertical speeds as low as 2 feet per week can be detected. Moreover, it is the only absolute 

flowmeter available. The British hydrodynamist, G. I. Taylor, showed in 1954 that if a slug of 

tagged water is mixed uniformly over the cross section of a pipe, then the centroid of the material 

subsequently moves with the average or superficial velocity of the stream, v. Timing the 
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/'-. 

movement of a tracer slug produces a number for V which can be converted to the volumetric 
rate by multiplication by the cross-sectional area of the pipe, A: 

/'-. 

q = AV 

No calibration factor is involved for either laminar or turbulent flow. Tracer determined 
velocities are typically measured in units of feet per minute so that the above equation gives 
cubic feet per minute with A expressed in square feet. In terms of barrels per day, the expression 
becomes 

/'-. 

q (BPD) = 256AV (3) 

A = Cross-sectional area, fl 
/'-. 

V = Average velocity, ft/min 

Before further comments, the features of the modem tracer tool must be examined. 

Modem Radioactive Tracer Tools: The schematic of a 1 3/8 -inch diameter tracer tool is shown 
in Figure 34. The assembly consists of two tools, a reservoir and pump section at the top and a 
detector section at the bottom made up of two gamma sensors and the associated circuity 
necessary to amplify and transmit the detector counts. In the figure, a casing collar locator, 
CCL, is placed between the two detectors. The resulting five-foot spacing between the detectors 
is fairly typical in domestic use. It is also not unusual to find a temperature sensor of the type 
described on page 2 at the bottom of the tool. In fact, all companies can run the thermometer 
with the tracer tool. 

The reservoir section contains tagged field brine that is ejected in discrete volumes into the 
wellbore by a positive displaced piston driven by the electric motor shown on the figure. The 
amount displaced into the wellbore on a given "shot" depends on how long the operator activates 
the electric motor. A normal shot displaces about 1/100 of the reservoir volume, but the operator 
can displace the entire reservoir in one step if he so chooses. A particular tool may have one, 
two or four ejection orifices spaced around the tool barrel at the top of the reservoir. The orifices 
are plugs that can be removed for loading the reservoir at the surface. The more ejection ports 
the better the mixing of each shot with wellbore fluid. 

At the surface, a concentrated aqueous solution of sodium iodide containing about 5 microcuries 
ofl-131 is diluted with about one pint or 500 CC's of field brine in a metal syringe, the discharge 
end of which can be threaded into a hole in the tracer tool that normally contains an ejection 
orifice. Although sanitary, this method of loading traps air in the reservoir. This air is purged in 
the bottom of the hole prior to any logging operations. 

A normal "shot" from a 100-shot tool will typically contain about 0.05 microcuries ofl-131. In 
the immediate vicinity of a detector capable of such a response, this concentration would 
correspond to some 150,000 API units of activity which is 1,500 times background, even in 
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shales. It is therefore no surprise that the tool can detect even minute flows behind pipe so long 
as the tagged fluid is in the near vicinity of the well. 

Two detectors are present on_ the tool of Figure 34. This is done in order to minimize timing 
errors whenever the tool is used for stationary measurements of fluid velocity. If the slug is 
timed as it goes past each detector, then the exact time of ejection from the reservoir is not 
required for a velocity determination. 

Early versions of the tracer tool invariably used Geiger counters as gamma ray detectors. The 
modem trend, however, is to the use of scintillation crystals due to their higher sensitivity to 
gamma radiation and to their ability to measure radiation intensity as well as the number of 
incident gammas per unit time. These tools are likely to have only one detector. 

1318"0.D.

Reservoir & Positive-----•Displacement Ejector 

7' 

Electric Motor ---1

Gamma Detector No. I ___ 1 �

11 
� i 

-;1 
Gamma Detector No. 2 ---1

1' 

Figure 34. Schematic of a radioactive tracer tool for injection logging. 
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Tool Resolution: The proficiency of a gamma detector is important at both high and low count 
rates. A scintillation crystal is superior to a Geiger counter on both ends of the scale for gamma 
detection. A Geiger counter is basically a particle detection device. The passage of, say, an 
alpha particle through the low pressured gas in the tube ionizes the gas so a pulse of current can 
pass between electrodes. Gamma rays, however, being devoid of mass, are inefficient ionizers. 
This inefficiency establishes the low count rate threshold. Once the tube pulses, then time is 
required for the ions to neutralize before the next pulse can occur. If this "down time" is denoted 
by t seconds/count, then the count rate, C, registered in response to a true rate C is: 

I t 

or 

C=C - C xCt 
I t t I 

C=C(l -Ct ) 
I t I (4) 

The "down time" for an ionization tube is of the order of one-third of millisecond, i.e., t � 3 x 
10-4 seconds; thus, at a true count rate of Ct = 500 cps, equation ( 4) gives an indicated count C; = 
435 cps, a 13% error. Consequently, the tubes are usually employed in bundles of several tubes 
so that at least one tube can be active at any given time. 

As already mentioned, a normal shot contains about 0.05 µc (microcuries) of 1-131 in about 5 
grams of diluent. One curie, by definition, gives 3.7 x 10 10 disintegrations per second; therefore, 
an unmixed shot can generate a count of Ct= 3. 7 x 1010 x 0.05 x 10-6 = 1,850 cps. Given 
dilution on ejection and counter inefficiency, the actual value is closer to 1,000 cps. The 
previous calculations by equation ( 4) showed that this is an excessive count rate for a single 
Geiger tube. 

A scintillation crystal, on the other hand, has no such rate limitation because its "down time" is 
essentially zero. Furthermore, even a very low energy gamma incident upon the crystal will 
excite the emission of a pulse of light whose intensity is directly proportional to the energy level 
of the gamma. The light pulses are amplified in number by photomultiplier tubes to give an 
extremely sensitive detector. A crystal, however, is far more delicate and "temperamental" than 
an ionization tube. Consequently, Geiger counters remain in widespread usage on tracer tools. 

In summary, a tool that records satisfactorily its own gamma ray log at a sensitivity of 40 API 
units per inch has plenty of resolution for radioactive tracer work. Geiger tube devices may be 
non-linear at high count rates, however. 

Tool Specifications: The dimensions appearing on Figure 34 clearly illustrate a tool much longer 
than the temperature logger. The entire assembly typically runs about 15 feet in length with 
collar locator and temperature probe. If the tool is to pass into a liner, then centralizers must also 
be attached. This adds another 5 feet of tool. The tool diameter may therefore become the 
critical factor in the use of the tool. Fortunate! y, the same diameters are available for this tool as 
those listed for the thermometer, as small as 7/8-inch and as large as I 11/16-inches. This range 
includes devices with scintillation detectors as well as with Geiger counters. As with the 
thermometer, a popular size is the 1 3/8-inch tool shown in Figure 34. 
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Temperature and pressure ratings are also comparable to those for the thermometer. The main 
difference is in the increased length of tool before sinker bar addition. The use of a single 
detector tool will reduce the length by 5 to 6 feet. 

Logging Procedures: Logging with the radioactive tracer tool is done in two ways, both of 
which may be used on any given job. One way is to eject a "shot" of tracer into the injection 
stream and then record the location of the slug with time by successive gamma ray intensity 
surveys, or "drags," of the wellbore. This depth-mode logging is usually called a slug tracking 
procedure. It affords one a quick and easily understood picture of where the injected water is 
going. This fact is illustrated by the surveys on Figure 35 for a well on injection at about 600 
BPD brine into a single set of perforations. For this record, a slug of tagged brine was ejected at 
9,510 feet with the well on injection; then eleven successive surveys of gamma ray intensity, 
records A through K, along the wellbore were recorded, in this case, by the bottom detector. 
Each record or drag was made by the operator quickly dropping the tool until the detector passed 
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through the slug and then logging back upward at constant speed with the recorder on depth 
drive. As the detector records through the maximum or peak activity, the operator notes the 

corresponding time. These times are listed on the figure as minutes: seconds at the depth of 
maximum activity. The numbers start at 0:00 at the peak for drag A, and increase to 19:45 for 

drag K. The operator adjusts his logging speeds so as to ··catch" the slug at 10-20 foot intervals 

in the full flow stream above the perforations. As the slug moves down the wellbore, even 

before reaching the perforations, it spreads vertically and drops in peak amplitude accordingly as 
a result of mixing by flow turbulence and by the movement of the logging tool through the slug 

two times for each drag. A visual inspection of the slug "size" alone is enough to show that 

practically all the injected fluid makes it to depth D, 9,560 feet, before leaving the wellbore. All 
the injection thus occurs over the bottom half of the perforated interval. The final survey, K, 
shows that some of the water has flowed all the way down to 9,605 feet, some twelve feet below 

the bottom perforation. In order to place the location of this flow, inside or outside pipe, the 
operator ejected another slug at 9,604 feet. The two logging runs on Figure 36 overlay. showing 
that this slug remains at the ejection depth. Therefore, the flow revealed on drags H through K is 
behind casing. 

The slug tracking technique offers a clear picture of what is going on in and immediately around 
the wellbore. But, as a flow profiling technique, it obviously has poor vertical resolution. The 
second method of tool use overcomes this deficiency. First. however, it should be mentioned 
that operators are historically negligent in recording the detector sensitivity employed in 
surveying. The log heading stated that the drags on Figure 35 were recorded at a gamma 
sensitivity of 200 counts/sec per inch of chart. yet the operator apparently increased the 
sensitivity for the last survey, drag K. The activity of the storage spike in the perforation at 
9,590 feet has increased from the previous survey even through 9 1/2 minutes of injection 

ensued! In fact, the operator may have increased sensitivity from survey I through K. 

The second way the tracer tool is used entails stationary measurements of travel times between 
two detectors. To conduct such a velocity shot, the operator positions the tool so as to place the 
detectors at chosen locations, turns his recorder to time drive at a speed of anywhere from I /2 
inch of log per minute to IO inches/min, and turns on both gamma detectors: hopefully. both at 

the same sensitivity. He then ejects a slug of tagged brine into the moving stream and continues 
the record until the slug passes both detectors. The resulting travel time between detectors of 
known spacing is an inverse velocity measurement that is free of lag error between the ••firing" at 
the surface and actual ejection downholc. 
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Figure 36. Slug tracking (2 surveys) below the perforations of Figure 35 well. 
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Figure 37 shows a velocity shot taken above the perforations in the well of Figure 35, a well on 

injection at some 600 BPD. The two detectors on this particular tool are spaced 5.5 feet apart. 

The left-hand trace is the output of the bottom detector, positioned at 9,505.0 feet, whereas the 

right-hand trace is from the top detector at 9,499.5 feet. The recorder is on time drive at a 

nominal speed of 1 inch/minute. With 10 vertical log divisions per inch, the nominal vertical 

scale is 60/10 or 6 seconds per chart division. A calibration, however, gave 23.5 chart divisions 

in two minutes of time. The vertical time scale is therefore 120/23.5 = 5.1 seconds per chart 

division. The ejected slug arrives first at the top detector, the maximum activity, point A, 

appearing some 3.5 chart divisions after the ejection marker. The maximum intensity at the 

bottom detector, point B, arrives later after some 6.2 chart divisions following the eject mark. 

The difference between arrivals A and B can be measured directly at 2.7 chart divisions without 
reference to the ejection marker. This, of course, is the advantage of the dual detector tool. This 

difference represents a nominal travel time .!\t = 2.7 cd x 6 sec/cd or Lit= 16.2 seconds over 5.5 

feet. In view of the calibration, the actual travel time is Lit = 2.7 x 5.1 = 13.8 seconds, a value 

some 14 % lower than nominal. This travel time is representative of the full flow stream and is 
customarily used only as a reference for subsequent shots within the perforated interval. 

Consequently, the speed calibration of the chart drive is often omitted and only the nominal 
speed, 1 inch/minute in this case, is listed. Actually, this speed is too slow in the case of Figure 

37. A drive speed of 5 inches/minute would have been more appropriate as this would have
separated points A and B by some 14 chart divisions and would have allowed a more accurate
evaluation of travel time.

The timing of the difference in peak values illustrated in Figure 37 is the most commonly used of 

five different ways that have been proposed. All five are illustrated on Figure 38. On this figure, 
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the peak time is designated by point 2 and as method #2. The obvious ambiguity in the location 
of this point on Figure 38 is eliminated by the peak "shaping" procedure that locates point 3 by 
the intersection of the dashed lines on the figure. These lines are the tangents at the inflection 

points to the leading and the trailing edges of the pulse in activity. The remaining three methods 

of timing utilize "first arrivals" which are, necessarily, faster than peak travel times. If the 
leading-edge tangent line is continued to its intersection with the base line, then the resulting 

point I defines a "first arrival" that is independent of tool sensitivity. This is obviously not the 

case when one tries to locate point 5 as the "first" point at which the gamma ray activity exceeds 

the base line activity. Whenever the leading edge of the pulse is very sharp, as at the top detector 
in Figure 37, points I and 5 will coincide. Finally, there is a so-called "half-peak" arrival time 
that is determined by the intersection with the leading edge of the pulse of a line parallel to the 
base line and passing through a point at one-half the maximum or peak amplitude. This 
procedure gives point 4 on Figure 38. The intersection with the leading edge occurs near the 
inflection point, as Figure 38 demonstrates. 

The five timing points are marked in Figure 39 on each of the pulses from Figure 37 and the 
corresponding travel times in chart divisions are tabulated. As the table shows, the "eyeballed" 
or estimated first arrival are usually the least reliable whenever the sensitivity is such that the 
pulses do not "peg" the recorder. 
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Figure 38. Five methods for timing the travel of a stationary velocity shot. 
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TRAVEL TIMES, �t CHART DIVISIONS, FOR Figure 39 Pon1rrs 

Point Method .1t 

2 Peak Anival 2.7 

3 Shaped-Peak Arrival 2.5 

Inflection First Anival 1.0 
4 Half-Peak Arrival 1.0 
5 "Eyeball" First Arrival 0.5 

For pulses of the quality of those on Figure 39, nothing more complicated than peak travel times 

is necessary. As the pulses become more dispersed, one can usually get by with the peak 

shaping approach. Once the pulses have become very "strung out", at very low rates for example, 

then about the only consistent approach is the half-peak technique. The same method should, of 
course, be used for all velocity shots on a given survey. 

However timed, the stationary, velocity-shot technique allows the vertical resolution to be 

controlled by the amount the tool is moved in the well between "shots." This is the only way 

that one can survey sets of perforations that are spaced twenty or less feet apart and retain any 
quantitative vitality. Likewise, the method is required when detailing within a short perforated 

interval. 

The velocity shot is, however, an instantaneous sample of, typically, 30 seconds or less duration. 
As such, the resulting travel times are much more sensitive to rate fluctuations than are the 
tracked slug surveys of the type shown on Figure 35. Because the latter method samples more 

wellbore in a given time interval, various drags are more likely to share a common rate of 
injection. In the velocity shot method, it is good practice to replicate near the end of the survey 

some of the shots done early in the survey. 
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Figures 35 and 37 are demonstrations of the observation that both slug trackin£ and velocity shot 
procedures are usually employed on any given job. A lot of record is collected: consequently, it 
is very helpful to have a section of the log devoted to listing where and at what time each ejec­
tion occurred, the size of the shot, and the sensitivity at which it was recorded. Because this is 
seldom done, one has to assume that the sequence of operations proceeded from the bottom of 
log to the top in order of shot number. 

Finally, recommended recording sensitivities are listed in Table 4. The scale common to all 
service companies is the API units/inch since the actual counts/second per inch will vary from 
company to company. Thus. the values in the table are keyed to normal gamma ray log sensitiv­
ity of 40 API units/inch. 

TABLE 4. SUGGESTED GAMMA RECORDING SENSITIVITY FOR RADIOACTIVE 

TRACER TOOLS WITH 5 µC TOTAL CHARGE OF IODINE-131 IN WATER 

Purpose of Record API 

Units/Inch 

Gamma Ray Log for Depth Control 40 

Detection of Behind-Pipe Flow 200 

flow Profiling Inside Pipe 1000 

This table states that the response to shots ejected to detect flow behind casing should be re­
corded at about one-fifth the sensitivity used for gamma ray logging. This choice keeps in 
perspective that small amount of tracer that can be squeezed behind pipe in almost any well. 
Likewise, the response to shots ejected to track flow inside pipe can be recorded at about one 
twenty-fifth normal APT sensitivity. This level allows the slug to be recorded without ·'pegging." 

The remaining "sensitivity" is the chart speed used when a stationary velocity shot is recorded. 
As the shot on Figure 37 illustrates, it is easy to lose precision in timing if the chart drive is too 
slow. The recording speed, S, should be adjusted according to fluid velocity so as to space the 
peaks from the two detectors about 5 - 10 chart divisions apart. If the spacing between detectors 
is L feet, then the number of chart divisions is approximately given by: 

No. CD's = IO S!­
V 

No. CD's = 5 - 10 

(5) 

If 10 chart divisions are chosen, then Equation 5 gives the necessary chart drive as: 
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S = Time-drive speed, in/min 
V = Fluid velocity, ft/min 
L = Detector spacing, ft 

(6) 

For example, the water velocity associated with the shots on Figure 37 is about 20 ft/min and the 
detector spacing is 5.5 feet so that equation 6 gives 

S = 20 = 3.6 in/min
5.5 

With available speeds of 1/2, 1, 2,5, 10 inches/min, one would therefore select a speed S = 5 in/ 
min rather than the 1 in/min actually used on Figure 37. 

With these procedural details out of the way, a more detailed look at what the surveys mean is in 
order. 

Injection Profile from Slug Tracking: Please refer to the slug tracking survey contained on 
Figure 35. This survey showed that most of the injection left the wellbore over the bottom half 
of the 52-ft long perforated interval. The injection will now be profiled in more detail. 

There are two ways that slug tracking surveys are used to profile flow. Both ways assume that 
the slug of tracers is uniformly mixed over the cross sectional area of the casing when ejected so 
that equation 3 relates the volumetric rate to the apparent slug movement. Some operators, 
immediately after ejecting a shot, will work the tool through the slug a few times before starting 
the logging operation. Others do not bother, as was the case with the operator who ran the 
survey of Figure 35 (page 50). The bifurcated shape of the slug recorded on drag A shows that it 
was not well mixed over the cross section. Furthermore, the "size" of the slug recorded on drag 
A is less than that recorded on the next pass, drag B. When drag A passed through the slug, most 
of the tracer material was on a side of the pipe away from the tool. The operator is depending on 
fluid turbulence and subsequent logging runs to mix the slug. 

Slug Timing: The more common of the two profiling methods makes use of the peak location­
time data on Figure 35 to calculate velocities for each drag after the first. Slug A is located at 
9,512 feet when the clock was started. On drag B the peak had moved to 9,524 feet and 39 
seconds of time had elapsed on the clock. Thus, the apparent velocity between these depths is 

V = 
(9524 - 9512) x 60 = 18.5 ft/min

39 

In a like fashion, the velocities of slugs C through I are determined in the table below and listed 
on the left-hand side of Figure 35. Incomplete mixing has only minimal influence on the timing 
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of slugs over a twelve-foot interval. Consequently, the average velocity for slugs B, C, and D 
can be taken as representative of the full flow stream, i.e., for I 00% injection rate the velocity is 

V 100% 
= j (18.5 + 20.9 + 20.0) = l 9.5 ftlmin

The variation in these numbers can be the result of either timing errors or actual rate fluctuations. 

Common practice assigns the percent flow for a particular drag to the midpoint depth of the 

interval between it and the preceding drag. Thus, the I 00% point for drag B is assigned to a 
depth of: 

9,512.0 + 12/2 = 9,518 feet 

This is an arbitrary practice that would be in error even if the only loss in the interval occurred at 
exactly the midpoint depth! 

TABLE 5. SLUG TRACKING DATA FROM SURVEYS ON FIGURE 35 

Peak �L
Drag Location Ft.

A 9512.0 
B 9524.0 12.0 
C 9538.3 14.3 
D 9559.2 20.9 
E 9573.0 13.8 
F 9582.5 9.5 
G 9592.0 9.5 
H 9599.0 7.0 
I 9601.2 2.2 

* Base of Perforations

�t
Sec.

39 
43 
63 
54 
59 
65 
102 
72 

,,..._ 

V 

Ft./Min. 

18.5� 
20.9 19.5 
20.0/ 
15.3 
9.7 
8.8 
4.1 
1.8 

%Flow 
in Well 

100 
100 

I 00 
100 
78 
50 
45 
0 
0 

Interval 
Mid-Point 

9518 
9531 
9549 
9566 
9578 
9587 
9593* 

The numbers in the above table are graphed on Figure 40 and indicate the initial impression that 
most of the flow is lost from the bottom half of the perforated interval was correct. 

The above survey came from a section of wellbore with a constant casing size. If the cross­
sectional area changes from one drag to the next, then the velocities must be corrected to a 
common area by multiplication by the ratio of the actual area to the reference area. 

To appreciate the extent to which any discrete timing procedure can smear a flow profile, con­
sider the following hypothetical situation. Suppose four drags, A, B, C, and D, are measured and 

the peaks are spaced exactly l 0 feet apart. The entire stream flows over the interval from A to B 
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Figure 40. Profile for slug tracking surveys from Figure 35. 

80 100 

requiring 10 seconds for the transit. Thus, a velocity of 1 ft/sec., associated with 100% of flow 
as listed in the table below, is assigned to the midpoint of interval AB. 

,,.._ 
�L �t V % 

Drag Ft. Sec. Ft./Sec Flow 

A 10 IO 1.00 100 
B 10 IO 1.00 100 

C 10 15 0.67 67 
D 10 20 0.50 50 

Now, at the midpoint of interval BC, exactly 50% of the flow exits the wellbore and the remain­
ing 50% continues on to C and D. The travel from B to C will thus be half the way at a speed of 
1.0 ft/sec and the remaining half at only 0.5 ft/sec. Thus the travel time will be 

�tbc 
= 5 ft + 5 ft

1.0 ..fL 0.5 ..fLsec sec 
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as shown in the table. The apparent velocity is then 10/15 = 0.67 ft/sec. The travel time from C 
to D will be 20 seconds. As the table shows, the resulting "profile" allocates a 33% loss, rather 
than 50%, to the mid-point of interval BC and carries a 17% loss over to the mid-point of inter­
val CD where no loss actually occurred. This behavior is characteristic of any interval velocity 
technique. The loss from the first interval is underestimated and a little final loss is carried one 
interval beyond the actual. 

Before looking at the second method of profiling, which avoids the dispersion inherent to timing, 
it should be pointed out that the velocities on Figure 35 and in the tabulated results of page 57 
are the superficial velocities that are related to volumetric rates by equation 3, which is 

q (BPD) = 256 AV (3) 

The survey on Figure 35 is in 5 1 /2-inch, 17 lb/f!,__casing with a cross-sectional area A = 0.1305 
sq. ft. At 100% flow, the timed slug velocity is V = 19.5 ft/min. Therefore, the injection rate, q, 
IS 

q = 256 X 0.1305 X 19.5 = 651 BPD. 

As was pointed out in the introduction, this type of survey is the only one that gives a velocity 
that requires no adjustment to superficial velocity. Most pipe tables also list the pipe capacity, C, 
in bbls/ft directly so that the rate can be obtained by 

where c 
� 

V 

q = 1440 cV 

Pipe capacity, bbls/ft 

Superficial velocity, ft/min 

(3A) 

Slug Area: The second method of flow profiling from slug tracking data makes use of the area 
under the recorded intensity curve for a given drag. If the gamma intensity is assumed to be 
proportional to the concentration of tracer, then the area under the curve is proportional to the 
total amount of tracer in the well bore at a given drag location. This area would then decrease in 
propo1tion to the fluid loss from the wellbore. The assumption of direct proportionality between 
intensity and concentration is strictly valid only whenever a detector is surrounded by a tracer 
concentration that is uniform not only across the pipe cross-section but also in the vertical direc­
tion. In such a situation, loss in peak height alone would be sufficient for flow profiling. Drags 
A, B, and C on Figure 35 show that peak intensity alone is insufficient because this value de­
creases as the slug spreads vertically. 

Furthermore, a gamma ray originating at a particular location can be counted from about a foot 
away from its origin. Thus the area under a drag curve accumulates multiple counts due to 
··carry-away." This influence can be minimized by use of a number proportional to the area that
is obtained by multiplication of the peak height by the width of the pulse at one-half peak height.
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For example, drag A on Figure 41 has a peak height of 70 millimeters as shown. At half this 
height, the pulse width is 5.2 mm, so the product 70 x 5.2 = 364 (mm)2 is the number to be 

assigned as an area. In a similar fashion, the other drags through G can be measured to give the 

numbers in Table 6. The "growth" in slug area through drag C is the result of poor mixing after 
ejection. The tracer material went to the pipe wall when it squirted from the tool orifice. If not 

intentionally mixed upon ejection, then about three drags through the slug is needed to achieve 
cross-sectional mixing. Fortunately, drags C and D can be averaged to give a reference area of 
490 mm2 for the full flow stream, the 100% point. 

The percentages in Table 6 are based on this reference. These percentages are graphed as dashed 
lines for comparison on Figure 40. They show even more of the injection leaving the well bore 

over the bottom half of the perforated interval than does the timed slug profile. Note in the table 
that the slug area is assigned to the location of peak intensity for the drag as this measurement is 

instantaneous at this depth. The apparent loss of 34% between drags D and E is, of course, 
smeared over the 14-foot interval separating the peak location. 

Table 6. Slug "Area" Data from Figure 41 Slug Tracking Survey 

Location Height Weight Product 
Drag Ft. mm mm Area, mm2 

A 9512 70.0 5.2 364 
B 9524 71.4 5.5 393 
C 9538 64.0 7.6 486/490 
D 9559 58.0 8.5 493 
E 9573 43.1 7.5 323 
F 9582 37.2 6.5 242 
G 9592 33.8 5.7 193 

* Relative to 490 mm2 

%Flow 
in Well 

100 
100 
100 
100 
66* 
49 
39 

The method does, however, confine the loss to the interval over which it actually occurs. No 
fluid loss is carried over to the next interval as with the timed slug method. Moreover, the 
method is unaffected by variations in injection rate or by changes in cross-sectional area so long 
as fluid jets are avoided. 

The recording sensitivity and the logging speed should be kept constant for the drags that are to 
be used for profiling, drags A through Gin the case of figures 35 and 41. Each of the drags on 

Figure 41 was run with the tool moving upwards as the tracer slug moves down to meet the tool. 
Consequently, the apparent width of a given peak will be shorter on the record than it actually is 
by the amount that the slug moves down while the tool passes through it. Let W denote the 
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Figure 41. Injection profiling by slug "area" from a tracked slug survey. 

vity 
ase 

actual slug width, Warr the width on the record, and o the distance traveled by the slug as the tool
passes through. Then 

Wapp 
= W - o

If V Lis the line or logging speed upward, then the time required for the tool to pass through the
slug is 

_l (W -o). 
VL 

During this time the slug moves a distance o given by 

8 V�t. 
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From these two equations one obtains the following expression for 8: 

from which 

WApp 

or 

"' 

W = W (1 + V/V
L
) 

app 

At the logging speeds typically used for drag surveys, 200 ft/minute or higher, the correction to 
the apparent width as taken from the record is generally insignificant. 

In spite of its approximate nature, the slug area method of profiling shown on Figure 41 gives a 
slightly better answer than does the times slug method of Figure 35. TI1is is shown on Figure 40 

where the two methods may be compared to the profile given by eleven velocity shots made over 
the perforated interval. 

Injection Profiles from Velocity Shots: The increased vertical resolution afforded by stationary 
velocity shots is apparent from the comparison already made on Figure 40. This increased 
resolution is purchased with increased logging time. Consequently, the chance of including 
errors due to rate variations also increases. For example, the total 20 shots associated with the 
testing that gave the data for the velocity shots on Figure 40 were spaced over nearly half an 
hour. By contrast, the logging for drags A through G on Figure 41 occupied less than six min­
utes of time. The common procedure is to make the velocity shots in a single progression, top to 
bottom or vice versa, without doubling back to check on previous shots. If this check is to be 
done, specific instructions must be given to this effect. 

The various methods for travel-time selection have already been illustrated on the velocity shot 
of Figure 39 taken in the 100% flow stream. The travel time of 13.8 seconds quoted for this shot 
was the peak travel time. This time is assigned to the depth at the mid-point of the detectors, i.e., 

to 5,802 feet in Figure 39. The velocity shot data are tabulated as shot number, mid-point depth, 

and travel time in exactly the same fashion as was the timed slug data in the table on page 57. 
The travel times are commonly referred to as "reaction time." Since the detector spacing is the 
same for all shots, the percentage profile is done with reciprocal travel time without conversion 
to a velocity. Thus, in the well of Figure 39, a travel time of 20 seconds, relative to 13.8 seconds 

for full flow, would correspond to ( 13.8/20) x 100 = 69% of the total rate. This is the point 
graphed as a solid dot on Figure 40 at a mid-point depth of 9,581 feet. 
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A question that usually arises is the meaning that one attaches to the velocity associated with the 
13.8 second travel time for the velocity shot of Figure 39; namely how is the number 

y = 5 .5 ft x 60 sec = 24 _fL
13.8 sec min min 

related to the volumetric injection rate? It is obviously bigger than the superficial velocity V = 
19.5 fUmin determined from the timed slug data in the table on page 57. This is not unexpected 
since the cross-sectional area determining V is the annular area between the tool and the casing 
wall. For the velocity shot in question, the tool was a 1 3/8 inch diameter instrument with a 
cross-sectional area of 0.0103 square feet inside casing with an area of 0.1305 square feet. An 
area correction on the value for V thus gives 

Ye = 0.1305 - 0.0103 X 24
0.1305 

22.1 fUmin , 

,,..__ ,,..__ 

a number that is still larger than V = 19.5 fUmin. Theoretical relations between Ve and V exists 
but the assumptions are so restrictive that they are of little practical utility. Consequently, the 
rate equation for velocity shot data is usually simply 

where �t 

C 

q 

velocity shot travel time, seconds, 
calibration constant, BPD-sec. 

The calibration constant is determined from a surface measured injection rate and a downhole 
travel time in the full flow stream. For example, suppose q = 650 BPD (the rate calculated from 
the timed slug) and that �t = 13.8 seconds as measured by the velocity shot in the 100% flow 
stream, then C = 650 x 13.8 = 8,970. The velocity shot is therefore not an absolute measure of 
volumetric rate as is the timed slug. The reason for this is the incomplete mixing that accompa­
nies ejection from a stationary tool followed by only about five feet of travel prior to gamma 
intensity measurement. If one is desperate for an estimated rate, one can assume that 

,,..__ 

V = aVe, 

where a = 0.7 - 0.9, 

for the "sharp" pulses of the type shown on Figure 39 (page 54). Because of the poor mixing, the 
apparent travel time of the shot slug depends almost entirely on how the material is distributed by the 
ejection jet into the annular volume between tool and casing. Figure 42 shows two extremes of 
tracer placement by a tool centralized in a low velocity stream. In frame A, a high velocity jet 
from a single ejection port plasters the material against the wall of the pipe. The subsequent 
rebound, just beginning on the figure, is the only mixing the material gets. In fact, in viscous 
polymer water, the slug may not rebound at all! The resulting pulse that such a shot gives can 
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range from satisfactory to a very smeared-out, low-intensity signature with ill defined travel 

time. The tool on frame B of Figure 42 has four ejection ports and can place large shots at lower 

velocity to give much better mixing in the pipe along with a sharper pulse whose peak is clearly 

defined. Tracer tools are available that avoid the placement problem by virtue of slug ejection 

downward into the center of pipe. Such a tool is pictured on Figure 43. The decentralizing 

"elbow" on this instrument positions the ejector at the centerline of whatever size pipe is 

involved. Because this places the tracer material in the higher velocity part of the pipe, the 

resulting gamma intensity pulse has sharp leading and trailing edges with well-defined travel 

time. It is the preferred tool for profiling flows of viscous water. 

Considering the work that went into the preparation of the injection profile on Figure 40 (page 
58), one must also determine how representative it is of the actual injectivity. This is done in the 
next section. 

* 
�;\_ . . . . . .  . 

Figure 42. Tracer placement in the annular volume between a 1.5-inch tool and a 6-inch plexiglass pipe 
(courtesy Atlas Wireline). 
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Figure 43. Tracer tool for ejecting slug at centerline of pipe (courtesy of Atlas Wireline). 

Comparison of Tracer Profile with Temperature Profile: The initial drag surveys on Figures 35 

(page 50) and 36 established that at least some of the injected water goes behind the pipe into 

porosity at 9,605 feet. The most detailed flow profile, the velocity shot data on Figure 40, places 

50% of the flow exiting at the very bottom of the perforated interval. This is, presumably, the 
amount lost behind pipe to lower porosity. Therefore, one would conclude that only 50% of 

injected water is entering into the completed-interval porosity. This hypothesis can be checked. 

The injecting temperature survey given on Figure 44 indicates that the hypothesis is in fact, 

wrong! Every bit of the injected fluid is going into the porosity at 9,605 feet because the 

temperature survey shows no losses above this depth. Apparently, the formation has fractured 

downward from intended porosity into that below the completion. The tracer tool is correctly 

recording those depths where the water leaves the wellbore region in the fracture. The 

decreasing vertical velocities associated with the tracer drags on Figure 35 reflect increasing 

lateral velocities in the fracture itself so as to conduct the same mass rate in a form of a "spill" 

into the fracture. This comparison illustrates emphatically the necessity of corroborating surveys 

in production logging. No logging tool is an absolute, stand-alone device in all situations. Yet 

the belief is so strong that the "more easily interpreted" tracer data is the "right" answer that 

common practice is to allocate 50% injection to the completed interval even though the 

temperature survey is available for comparison. At least, in this example, the tagged water 

stayed close enough to the well bore to be evident on the drags of Figure 35 even below the 

perforated interval. 

But this is not always the case. Frame A on Figure 45 shows seven drags through shot #2 ejected 

at 5,400 feet in a well on water injection. Drag 4 already shows significant loss at the top of the 
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Figure 44. Injecting temperature survey from well with tracer survey shown on Figure 35. 

short perforated interval at depth A on frame A. Drags 6 and 7 reveal that the vertical travel of 

the slug peak ceases at the bottom of the same perforations. The slug is pumped away at this 

location. Compare this behavior with that below the perforations in Figure 35. The velocity shot 
survey also showed no flow below a depth of 5,427 feet, as indicated on frame A of Figure 45. 
The slug travel to the bottom of the porosity of zone A at 5,431 feet apparently occurs behind 

pipe. As a result of the tracer survey, the entire injection was allocated to zone A. Yet the 

injecting temperature survey on frame B of Figure 45 shows no loss at all across this zone, depth 
I on frame B. The first loss is at depth A, the top of the thick zone of porosity evident on the 
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Figure 45. Tracer and temperature surveys from an injection well that has been fractured inadvertently. 

neutron log of frame B. The next loss is at depth B, a location in the same thick zone. 

Furthermore, the 12-hour shut-in temperature survey on frame B of Figure 45 shows absolutely 
no storage at the porosity indicated at depth I. The only storage signature is at depth C, the top 

portion of the thick zone. The entire stream is actually injected into this zone not the one 

indicated by the tracer loss surveys on frame A. Perforations into the thick zone have plugged 
with continued injection, the formation has fractured from the thin zone down into the better 
permeability in the thick interval, and the injected stream is presently exiting the wellbore into 

the fracture through the thin-zone perforations. As this stream "spills" away from the wellbore, 
it is quickly lost to the tracer tool. 

Special procedures are needed if the tracer tool is employed to demonstrate injection 

confinement. This is the subject of the final topic in the discussion of the radioactive tracer 

method. Some additional comments on the vertical resolution of the velocity shot method of 

surveying should be made at this time. The resolution of the shot data on Figure 40 was set by 

the 5.5 foot separation between the two detectors. This spacing, however, is not a restriction on 

the vertical resolution that can be achieved. This fact is demonstrated in the next section. The 

technique also allows one to limit the smearing effect already described for timed slugs to small 

distances. 

Velocity Shots with Overlapping Intervals: Suppose the two detectors are spaced five feet apart. 

The tool can, of course, only measure five-foot travel times directly. If. however, the tool is only 
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moved by a distance of one foot after each shot, then any shot relogs four feet of the previous 5-
foot interval and picks up one foot of new travel time. In this fashion, one-foot travel times, �t', 
can be calculated from five-foot times, �t. Consider the 8.5-foot perforated interval shown on 
frame A of Figure 46. Suppose that injection is occurring only in the top four feet of the interval 

in a uniform fashion so that equal amounts are lost in each foot of interval. If 50% of the total 

stream is injected into the 4-foot interval and 50% continues to other sets of perforations deeper, 

then the true injection profile appears on frame A of Figure 46 in the form of a bar graph 
showing the 12.5% of the total injection that exits over each foot of the 4-foot interval. If the 
survey is made with the actual spacing of detectors as the interval between shots, then two shots 

will span the entire perforations. The resulting smearing will then be so bad that roughly 25% of 
the injection appears to exit over the top half of the perforations and 25% over the bottom half, 
i.e., the injection appears to be uniform over the entire perforated interval. This is clearly

unacceptable. So, instead, velocity shots will be taken at 1-foot intervals starting with the tool
positioned so that the bottom detector is just above the top perforation at location 1 on frame A
of Figure 46.

O I1 Ft

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12.5% 

(A) Actual Injection Profile

z = O 

13% 

2% 

13% 

(B) Tracer-Derived Profile

Figure 46. Control of vertical resolution by overlapping 1-ft stations with a tool having normal detector 

spacing. 
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The top detector is 5 feet above location 1. Both detectors are in the full flow stream, q
0

• The
first measured travel is thus the reference for I 00% flow:

where Lit is the 5-foot reference time and�� is the I-foot reference time for 100% flow.
() 

Therefore
Li� = } �to (at location I)

The tool is now moved so that the bottom detector is one foot deeper at location 2 on frame A,
Figure 46. The resulting travel time, �t,, measured over five feet is

or t..t', = t..t 1 -} ti.to (at location 2),

This is the travel time for the first 1-foot increment into the perforated interval. This result can
also be written as

In this form it has an obvious geometric significance. When the tool is lowered by one foot to a
current location from a previous location, the movement of the bottom detector adds an
increment of one foot length. Likewise, the movement of the top detector leaves behind an
increment of equal length. The last expression, stated in words rather than symbols, is:

'The travel time for the added increment is equal to the difference in 5-foot travel
times in the current and in the previous location plus the incremental travel time
for the increment left behind."

In the above form the statement is perfectly general. For example, for shot #5, five feet into the
perforations, the bottom detector moves from location 5 to location 6 on frame A of Figure 46.
Likewise, the top qetector moves from location O to location 1 leaving behind an increment with
a travel time of �to. Thus

For shot #6, the bottom detector moves from location 6 to location 7 whereas the top detector
moves I foot into the perforated interval leaving an increment with a travel time of t..t'

1
•
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Consequently, 

or, in general 

where the N-5 arises from the 5-foot spacing between detectors. Shot #6, six feet into the 
perforations and two feet beyond the injection interval in frame A of Figure 46, is required in 
order for the survey to register zero injectivity in the added increment. The corresponding 
apparent profile is shown on frame B of Figure 46. Here we see that half the true injection is lost 
from the first increment of the perforated interval and is allocated instead to the increment just 
beyond the last increment to actually receive injection. 

The profile in frame B of Figure 46 is quite simple to calculate. If a distance parameter z is 
measured from the top of the perforations downward as shown on frame B, Figure 46, then the 
velocity in the perforated interval is given by 

V ( z) = VO ( 1 - f) ; 0 � z � 4 ft 

V(z) = ½ V0 
; z > 4 ft 

where V is the full stream velocity. The travel time over an increment extending from z. to z. is 
0 I J 

thus 

recognizing that L\� J
0 

minutes, we obtain after integration 

' (8 - z·) L\ tij = 8 L\ to ln � -' ; Zj � 4 ft,
8 - z· 

J 

for the interval travel time. For example, z = 0 and z = 1 for the first foot into the perforations, 
I J 

interval 1-2 on frame A, Figure 46. Thus 

L\t12 = 8 L\� ln (f) = 1.068 L\� 

For the fifth foot, interval 5-6, z. = 4 and z. = 5, so that V(z) 
l j 

In this fashion, the following numbers are obtained. 
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Frame A %Flow 

Shot Interval L-.t' in Well 

() 0-1 L-.t' 100 

I 1-2 1.068 M 94 

2 2-3 1.233 M 81 

3 3-4 1.459 M 69 

4 4-5 1.785M 56 

5 5-6 2 L-.t' 50 

6 6-7 2M 50 

The numbers in the last column are graphed on frame B of Figure 46. 

% Loss to 

Interval 

6 

13 

12 

13 

6 

0 

The technique of overlapping intervals must be initiated with a shot in a location where the Jluid 

velocity is constant over the spacing between detectors. One can, of course, log upward as well 
as downward. The general rule stated on page 69 is independent of direction. 

Quality Control in Profile Surveys: Numerous comments have been made about the tracked slug 
survey of Figure 35 (page 50), and the stationary velocity shot of Figure 37 (page 52). In reality, 
the survey quality is not all that good. The slug tracked on Figure 35 was not mixed when first 

ejected and a common baseline was not employed for all subsequent drags through the perforated 
interval. On the velocity shot in Figure 37, the time drive of 1 inch per minute is much too slow 
for the slug velocity. 

The following example is a higher quality survey. The example comes from a well on a quite 
low rate of injection of some 150 BPD into two perforated intervals. The completion is 5 1/2-
inch, 17 lb/ft casing. A 12-drag tracked slug survey is given on Figure 47. Tool motion was 
used to mix the tracer slug immediately after ejection. The baseline indicated by the double line 
serves as a ref ere nee for all the drags. This survey was conducted in a manner so as to insure 
quality from both slug area analysis and slug timing. 

The peak times are not shown on the log of Figure 47. Instead, they were tabulated on a section 

of the log. A visual inspection of the surveys on Figure 47 shows most of the injected water is 
still in the wellbore on drag #7, whereas drag #8 shows considerable loss. From the relative 

location of the respective peaks on these drags it will not be possible to tell if this loss occurs 
right at the bottom of the top set of perforations or right at the top of the bottom set. The velocity 

shots will have to decide the issue. The data from the tracked slug survey is tabulated below. 
The "area" listed in column 3 of the tabulation is the product of the peak height and half-height 
width as illustrated on drag I of Figure 47. 
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Figure 47. Good quality tracked slug survey in well on injection at 150 BPD. 

=-=--=--=---=----- -==========-----==--=======-=-=======----=======:--=---------

Drag Peak "Area11 % Travel Time V % Depth@ 
No. Location mm· Flow Interval Secs Ft/Min Flow Mid-Point 

I 5294 1952 

]� 
100 0 

2 5304 1936 l 00 10 132 4.55 

1� 
100 5299 

3 5316 2016 100 12 161 4.50 100 5310 

4 5334 1931 100 18 237 4.56 100 5325 

5 5353 2028 100 19 270 4.22 100 5343 

6 5380 1932 100 27 367 4.42 100 5366 

7 5406 1660 84 26 405 3.85 87 5393 

8 5426 926 47 20 496 2.42 54 5416 

9 5433 592 30 7 255 1.65 37 5430 

10 5446 371 19 13 626 1.25 28 5440 

11 5452 176 9 6 781 0.49 11 5449 

12 5453 96 5 1 755 0.08 2 5452.5 
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The values for this area, as a result of the mixing after ejection, are free of the initial "growth" 

that distorted the survey of Figure 35. The individual values for drags 1 - 6 are all within 4% of 
the average. 

The corresponding average velocity of V = 4.45 ft/min along with a pipe capacity of C = 0.0232
bbls/foot gives by equation (3A), page 59: 

q = 1440 x 0.0232 x 4.45 = 149 BPD 

for the injection rate. This is the same as the metered rate of 152 BPD. The injection profile 
data tabulated above are plotted on Figure 48. The only difference arises from the assignment of 
the timed slug data to the midpoint location. Had these values been assigned to the peak location 
instead, the two approaches would have given the same profile. 

Both profiles show apparent loss between perforations which actually occurred at the 
perforations. As already stated, a velocity shot between the two sets of perforations is needed for 
correct allocation. 
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Figure 48. Injection profile for tracked slug survey of Figure 47 with injection rate of 152 BPD. 
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The detectors for velocity shots are spaced 5 feet apart. For the average velocity V = 4.45 ft/min 
given in the tabulation on page 72 for the full flow stream, the chart drive speed, according to 
equation (6), page 56, should be no slower than 

S = V = 4.45 ::::: 1 in/min
L 5 

a speed that would give 10 chart divisions, roughly, between peak locations at 6 seconds per 
chart division. The actual time drive employed was 2 in/min for a nominal 3 seconds per chart 
division. A calibration, however, gave 25 chart divisions of travel in 123 seconds of time, or 
123/25 = 4.92 seconds per chart division. This is the scale for all subsequent stationary shots. A 
total of 17 shots were made for flow profiling purposes. Two of these are illustrated on Figure 
49. Frame A is a shot in the full flow stream with the top and bottom detectors at 5,300 and
5,305 feet, respectively. The pulses are turned around relative to each other so that gamma
intensity on the record from the bottom detector, the left-hand trace on frame A, increases from
left to right. On the other trace from the top detector, however, intensity increases in the
opposite direction, right to left. For some reason, this procedure is thought to facilitate analysis
and, as such, is a harmless quirk favored by many logging operators. On frame A, peaks are
marked by arrows. The locations should be at the mid-point of the pulse width about the peak.
Otherwise, pulse-shaping, method 3 on Figure 38, should be used to fix a peak location. On
frame A, the peaks are separated by 12.4 chart divisions or 12.4 x 4.92 = 61.0 seconds. This
corresponds to an apparent velocity of (5/61) x 60 = 4.92 ft/min. As things happened, 13 out of
the 17 shots were in the 100% flow stream. From these an average velocity of 5.48 ft/min was
determined. The tool diameter and casing size in this example are both the same as those for the
velocity shot of Figure 37. Consequently, the area correction is the same as that carried out on
page 32, or Ve= 0.921 x 5.48 = 5.05 ft/min. This value is again larger than the superficial
velocity y = 4.45 ft/min associated with the drag surveys of Figure 47.

Frame B on Figure 49 is the velocity shot taken with both detectors located between the two sets 
of perforations. On this frame the peak travel time is 16 chart divisions which is longer than the 
12.4 cd' s associated with the 100% shot of frame A. Nominally only 12.4/16 = 0.78 of the flow 
passes the top set of perforations. 

Actually, at the low rates involved in this example, the peak shape and apparent travel time 
becomes quite dependent upon the ejected tracer distribution. In such situations, those travel 
times that are associated with the first arrivals, methods 1, 4, and 5 on Figure 38, are much less 
sensitive to tracer distribution than are the peak travel times. For this reason, the half-peak 
points have been marked on the leading edge of all four pulses appearing on Figure 49. The 
travel time associated with these points on frame A is 11.0 chart divisions whereas on frame B 
they are separated by 10.0 chart divisions. Likewise, the travel times for the "first arrivals" are 
the same. No measurable injection loss occurs in the top set of perforations! The loss that 
appears to occur between the perforations on the profile of Figure 48 in conjunction with the 
tracked slug is thus associated with the top of the bottom set of perforations. 

Figure 50, for velocity shot #4, shows how strung out the pulses become. For this shot, the top 
and bottom detectors were at 5,435 and 5,440 feet, respectively. In contrast to the pulses on 
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Shot #19 
Top Det 5300 
Btm Det 5305 

(A) Shot 19 in Pull-Flow Stream 

Shot #7 
Top Del 5410 
BtmDet5415 

Fire----+ 

(B) Shot 7 Between the Two Sets of Perfordtions 

Figure 49. Velocity shots at two locations in the well giving the slug survey of Figure 47. Injection rate is 
152 BPD in 5 1/2-inch, 17 lb/ft casing. Perforations at 5338-5408 and 5426-5464. 
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Figure 50. Velocity shot #4 with rounded (concave) leading edge typical of well-mixed shot in laminar flow. 
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Figure 49, the ones on Figure 50 have leading edges that are rounded over (concave) without 
inflection points. This shape is characteristic of a well-mixed slug in a laminar flow stream. For 
a velocity shot under these conditions, theory predicts that both the peak and leading edge travels 
at a velocity that is twice the superficial, i.e., Ve,,,__= 2 V. It has aj_ready been seen that for 
previous velocity shots in turbulent flows Ve ::::< V / 0.8 = 1.25 V. Consequently, one should in 
theory increase the travel times measured in laminar flow before comparison with those 
measured in portions of the well where flow is turbulent. From the above figures, the laminar 
peak travel times should be increased by a factor of 2/1.25 = 1.60 for comparison with turbulent 
peak times. In theory, the factor for leading edge travel time is 1.32. 

One might then speculate that, ins tea� of the 21 chart divisions associated with the half-peak 
travel time shown on Figure 50, one should use a value in the range of 28 - 34 chart divisions for 
comparison to the 100% value of 9.88 chart divisions listed in Table 6. Actually, the full-flow 
velocity of 4.45 ft/min is just in the turbulent range so that the first loss drops the stream into the 
laminar regime. 

TABLE 7. VELOCITY SHOT DATA FOR WELL OF FIGURE 47 

Shot Top Bottom Half-Peak %Flow 

# Detector Detector Separation, CD in Well 

20 5285 5290 10.0 100 

19 5300 5305 I 1.0 100 

18 5315 5320 10.0 100 

17 5325 5330 10.0 100 

16 5333 5338 8.0 100 

15 5338 5443 10.0 100 

13 5350 5355 10.0 
00 

100 00 

12 5360 5365 7.5 
oi 

100 

II 5370 5375 10.8 100 

10 5380 5385 11.0 100 

9 5390 5395 10.0 100 

8 5400 5405 IO.I 100 

7 5410 5415 10.0 100 

6 5421 5426 12.2 61* 

5 5426 5431 14.0 53 

4 5435 5440 21.0 36 

3 5445 5450 29.0 26 

* Relative to 9.88/1.32 = 7.48 cd's for 100% flow where 1.32 is laminar correction factor

These facts follow from the value of Reynold's number for the full flow stream. This number, 
N

R
e' is defined as 
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where p 
D 

�t 

V 

µ 

Density, gm/cc 
Pipe inside diameter, inches 
Tool diameter, inches 

(7) 

Average velocity of fluid, ft/min 
Fluid viscosity, centipoises 

for the flow to be laminar N,e� 2,000: consequently, 

v < 2000 µ Lam 
- 129 p(Dp-D1)

(8) 

For D = 4.9 inches, D = 1.375 inches, µ = 0.82 cp, and p = 1.06 gm/cc, equation (8) gives 
p t 

for the onset of laminar flow 

VLam � 15.50 X
0.82 

1.06 X ( 4.9 - 1.375) 

VLam � 3.40 ft/min . 

Consequently, the large loss "between" perforations shown on the drag profile of Figure 48 will 
drop the flow into the laminar region because 3.40/4.45 = 0.76. It is therefore simpler to correct 
the 100% flow value of 9.88 chart divisions than it is to correct all readings below shot #7 in the 
tabular results above. This single correction is made by 9.88/1.32 = 7.48 CD's as the reference 
for 100% flow in the table. For example, shot #6 gives for the percent flow in the well: 

% Flow = 100 x 7.48 = 61 
12.2 

' 

and, likewise for the remaining shots. The velocity shot profile is shown as solid circles on 
Figure 48. The location for a given shot is taken at the mid-point depth between the two 
detectors. The velocity shot data do not show the 15%, or so, loss over the bottom half of the top 
set of perforations that the drag surveys indicate. This injection may be of a sporadic nature or it 
may not be within the ability of the velocity shot to detect a loss of this size. The tabulated half­
peak travel times show variations of this magnitude. Both survey methods place the majority of 
the injection as exiting over the top half of the bottom set of perforations. 

The injecting temperature survey of Figure 51 also does not show a loss over the top set of 
perforations. The first "exit" shows up at a depth A some 6 feet above the top of the bottom set 
of perforations. This most likely is the result of flow behind pipe upward from the top of the 
lower perforations. The short-time shut-in surveys indicate that such a crossflow takes place. 
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The injecting temperature survey also shows flow to the base of the interval at depth B. Given 
the large exit over the top half of the bottom set of perforations evident on the tracer survey, the 

flow to the base of the unit is also probably behind pipe in a fracture. The 12-hour shut-in 

temperature survey shows the major storage at 5,450 feet, location C, in the lower perforated 

interval. 

However, there is a storage signature at depth D in the bottom part of the upper set of 

perforations. The storage in the top part of this interval around 5,350 feet is a relic of "injections 

past." 

In summary, this example presented a good quality tracer survey with tracked slug data that was 

quite easy to interpret, its main disadvantage being that of insufficient vertical resolution. The 
velocity shots, although quite well run, then required for their interpretation a laminar correction 

whose validity is uncertain. So, whereas the problem of vertical resolution was eliminated, 

additional concerns were added. Finally, the temperature surveys revealed more details of the 
injection pattern. 
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Figure 51. Temperature surveys from well on water injection at 152 BPD. 
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It should be added that once the well is shut off injection, a crossflow check should also be run 

with the tracer tool. Very small interzonal flows can be detected in the wellbore in this manner. 

A crossflow check on the well under discussion after three hours of shut in is given in Figure 52. 

Four shots of tracer were ejected as the tool was lowered past four selected locations then a 

logging run was made back up the well. This gave the solid line survey on Figure 52. The tool 

was then again lowered to the bottom of the well and, after 5 minutes of elapsed time, a second 

drag was made through the 4 slugs. This drag is the dashed curve on Figure 52. Note that, at the 

time each drag is recorded, the same number of passes upward through the slug have been made 

as were made downward. This procedure keeps the dispersion from tool movement symmetric 

about the peak. Thus, the peak, or more properly, the centroid, of the control slug #1 has not 

moved in the five minutes between drags. The remaining slugs have each moved upward during 

this same time with slug #2 travelling some 4 feet while the other two covered only 3 feet during 
the same time. The crossflow pattern is then mainly from the bottom set of perforations upward 

i1;1to the top of the top set of perforations with a little contribution from the lower portion of the 

top set. This pattern is shown on the left of Figure 52. The 4 and 3-foot travels in 5 minutes 

represent velocities of 0.80 and 0.60 ft/min, respectively. With a casing capacity of C = 0.0232 

bbls/ft, equation (3A) gives for these velocities volumetric rates of 27 and 20 BPD, respectively, 
values shown on the left of Figure 52. The crossflow pattern is supportive of the injection profile 

in the sense that those zones taking injection become the source zones for shut-in crossflow. 
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Figure 52. Crossflow check after three hours of shut-in time following water injection at 152 BPD. Drags 
are five minutes apart. 
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Logging for Casing Leaks with Well Shut-In: If an injection well has positive wellhead pressure 
when shut-in, then the above crossflow check procedure is the most sensitive method available 
for the detection of casing leaks anyplace in the wellbore. With the well shut-in, at least 
overnight, a slug of tracer is placed in the casing above the topmost perforations. If the pressured 
injection zones backflow to casing leaks, then the tracer slug will accordingly move upward in 
the wellbore. With proper procedure, incredibly small leaks can be detected in this fashion. 
Figure 53 presents five drags run on five successive days after placement of a tracer shot twenty 
feet above an injection zone in a shut-in well. The logging tool, of course, was left downhole 
during the sequence. Removal of 7,300 feet of 5/16-inch cable would allow at least an equal 
volume, 0.7 bbls, of inflow from injection zones below. In the 7- inch, 23 lb/ft casing, this 
would have displaced the slug upward by some 18 feet! Also, careful depth control is necessary, 
preferably by the presence of a cable "flag" placed on the line at the surface at a given depth 
prior to slug placement. Furthermore, the recorder should be checked for record "stretch" after 
each logging run. 

Even the service company doing the logging did not believe the precision illustrated on Figure 
53 was possible, although this was common knowledge in the early days of the tracer instrument. 
During the elapsed 4 days the centroid of the slug has drifted upward by at most 1 foot; 
consequently, any leak has a velocity no greater than 1 foot per 4 days, or 

V ::; 1.736 x 10-4 ft/min, 

from which 

q ::; 9.82 x 1 o-3 BPD, 

a value that is about 1 cc per minute! This is in spite of the fact that a crossflow of some 50 BPD 
was in progress between the injection zones themselves during the logging operation. 

7230 �---------------------� 

7240 

7250 
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7280 

7290 

7300 �-------------------------' 

Figure 53. Drags on five successive days through a radioactive slug ejected at 7,270 feet in a shut-in 

injection well. Logging tool left in well between drags! 
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This is, therefore, the preferred method of testing tubular integrity in injection wells with positive 

wellhead pressure. Otherwise, the procedures described in the following section should be used. 

Logging for Injection Confinement: With proper use, the radioactive tracer technique is the most 

sensitive method available for the detection of loss from an injection zone due to flow behind 

pipe. Proper use entails a realization that the tools sensitivity can be either underutilized or 

abused. For this reason, Table 4 (page 55) includes a recommended recording sensitivity of 

about one-fifth that used for a gamma ray log, namely, a sensitivity of 200 API units/inch is a 

good compromise for behind-pipe flow detection. At full gamma log sensitivity, even a "whiff' 

of tracer squeezed between the pipe and cement leaves a significant signature on the record. Any 

repair attempted on the basis of such a signature will cause far more damage than that which it is 

attempting to cure. 

The limited depth of investigation of the gamma tool is another factor to keep in mind. The 

consequence of the exponential decrease of gamma ray intensity with distance has already been 

demonstrated by examples. At the recommended recording sensitivity, any gamma ray 

originating more than 15 inches away will appear as a statistical event lost in the overall 

background. 

The same two techniques used for flow profiling are also employed in logging for flow behind 

pipe, that is, both slug tracking and stationary velocity shots are in use. The principal difference 

that one encounters in the case of logging for leaks is that operators who routinely use both 

methods while profiling will use only the stationary procedure in doing "channel checks" and 
"packer checks" for behind-pipe and casing leak, respectively. Yet this method is the least suited 

of the two for this application, as will be explained below. Consequently, the logging operator 

should be given specific directions as to the logging procedure to use for leak detection. 

Slug Tracking Procedure for Behind-Pipe Flow: As in the procedure for profiling, this method 

involves the ejection of a normal shot of tracer followed by subsequent logging drags over the 

wellbore with the recorder on depth drive. As already mentioned, this procedure gives a very 

graphic, overall picture of the flow pattern in the well bore. As such, the method allows one to 

distinguish true behind-pipe flow due to poor completion from tracer spreading due to vertical 

permeability close to the wellbore. Likewise, tracer spreading in fluid eddies often found at the 

base of the bottom perforated interval or immediately below a tubing string terminated by a 

packer can be recognized for what it actually is. These situations are all too often classified as 

poor mechanical integrity conditions by operators who rely exclusively on velocity shot 

techniques. 

The operational procedure for slug tracking, however, requires some modifications to that used 

for flow profiling. Prior to any tracer ejection for flow profiling, a check should be made for loss 

behind pipe from the topmost perforations. This is done in the following way. First, a base 

gamma ray log is run at 200 API units per inch recording sensitivity. At this time the well is 

pristine relative to tracer contamination; consequently, the base log should show small 

excursions that correlate to the normal gamma log, sands should be recognizable from shales. 
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After the base log is completed, a normal shot of tracer is ejected within 20 feet above the top 
perforation. The slug is not intentionally mixed by tool movement so as to minimize dispersion 

upward. Successive logging runs are then made, at the same sensitivity as the base run, to tell if 

the slug, after reaching the perforations, splits with a portion returning upward behind pipe. This 

is all done, of course, with the well on normal injection. At the recommended recording 

sensitivity, the intensity will "peg" as the tool goes through the slug while it is still in the 

wellbore. Also, that tracer "plastered" against the casing wall at the point of ejection will be in 

evidence on many of the subsequent drags. Any significant amount of tracer that moves upward 

behind pipe will be recognizable easily from a comparison of any subsequent drag to the base 

survey. 

The above procedure is illustrated for the injection well whose temperature surveys appeared on 
Figure 33 on page 45. As explained at that point, the well was new and was logged for the 

purpose of control on normal lithology signatures. The temperature logs showed the injection 
confined to the top half of the injection interval. This is now corroborated with the tracer tool. 

Frame A on Figure 54 repeats the completion and logging details given previously on Figure 33. 

The gamma ray log on this frame is an open-hole log recorded at a sensitivity of 48 API units per 
inch or 12 API units per chart division. Frame B of Figure 54 shows the base gamma log at 240 

API units/inch that was run just prior to tracer ejection. Not only is the completed interval 

lithology evident on this log, but the zone of concern at depth 2 is also evident as well. This 
logging was conducted downward because part of the record is in the tubing set just above depth 
2. 

Frame C on Figure 54 shows the first two drags made after a normal shot was ejected 5 meters 

above the perforations. The ejection depth, 1,347 meters, is marked by an arrow. On each drag, 

the base log is reproduced as the solid curve whereas the current survey appears as a shaded area 

between curves. Above the slug, the two curves are indistinguishable as they should be. In the 
one minute of elapsed time represented by the two surveys, the slug has not been pumped down 
to the perforations. 

It has, however, reached its deepest injection depth on the final five drags appearing on frame D 

of Figure 54. Still there is no distinction above the ejection depth between the base log and the 

current drag, the dotted curve. All that is shown over the 17-minute interval is that the slug is 

pumped away into the top half of the perforated section. This is exactly what the temperature 
log, Figure 33, revealed! Figure 54 illustrates a well run confinement test as far as the perforated 

interval is concerned. 

In an older well, one would next run a "packer leak check" by ejecting a slug of tracer 
immediately below the end of tubing and repeating the same type of logging sequence. This 

procedure is illustrated in a subsequent example. 

Once the leak check surveys are completed, the recording sensitivity can be reduced and any 
desired profile in surveys conducted. At the reduced sensitivity, any minor behind-pipe 

contamination is of no importance. 
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Figure 54. Tracer slug tracking surveys for behind-pipe loss to zones above perforations; rate = 70 BPD. 
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(D) Final Five Drags Through Slug After Ejection at 1347 Meters

Figure 54 (cont). Tracer slug tracking surveys for behind-pipe loss to zones above perforations; rate = 70 
BPD. 

After the tracer work is completed, it is a good idea to rerun the gamma ray log at normal 

sensitivity as a quality control check on instrumentation. The unused tracer is also dumped to 

prevent bringing it back to the surface. Often the two operations are combined into one final 

leak test. This was done in the present example. After the gamma log was rerun at 48 API units/ 

inch, the contents of the tracer tool was dumped by one long shot at 1,347 meters, injection was 

continued for an additional 10 minutes, the well was then shut-in and gamma ray log run once 

more. The resulting logs appear on Figure 55 where the solid curve, labeled base, is the gamma 

log run prior to the tracer dump and the dotted curve, labeled background, is the final gamma log 

run after the dump. The two logs fail to track over about four meters at depth 1 on the figure 

with the "prior" log being more active at this depth. The obvious question, of course, is whether 

this is the result of tracer put behind pipe during the confinement test but not picked up at the 

lower recording sensitivity. In this example, the dump test proves that this is not what happened. 

Equally often, however, the tracer will be dumped in the bottom of the well to decay naturally. 

This would leave the task of explaining why the log labeled "base" on Figure 55 is more active at 

depth 1 than is the original open hole log on frame A of Figure 54. Regardless of the reason for 

its occurrence, the anomaly that is at depth 1 on the logs of Figure 55 can be placed in 

perspective relative to the recommended procedure on Figure 54. Below the tubing on Figure 
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Figure 55. Surveys before (base) and after tracer dump followed by ten minutes of injection at 70 BPD. 

55, the dotted trace is displaced about one chart division to the left side of the solid trace. This 
separation increases to about two chart divisions over the 5-meter interval at depth I. The 

discrepancy is, therefore, one chart division over a 5-meter interval. Relative to the sensitivity 

used for the two drags on frame C of Figure 54, the discrepancy is 1 x 48/240 = 0.2 chart 

divisions over a 5-meter interval. This area can be compared to the "area" for the drag in frame 

C at 00:57 seconds as the slug appears to have been mixed to some degree at this time. The 

"'width" of this peak is about the same 5 meters of that of the anomaly. Yet, the "pegged" 

amplitude alone is 28 chart divisions; consequently, the true amplitude would exceed this value 

by at least one-half again. The reference area would then have an amplitude of some 50 or so 

chart divisions. The discrepancy could thus represent a flow of at most 70 BPD x (0.2/50) = 0.3 
BPD or 1/2 CC per second! Even if real, such a leak could not be squeezed with any degree of 

success. The 0.2 chart divisions is about the width of the line on the base log of frame B on 

Figure 54. The five drags on frame D, Figure 54, show numerous locations where the dotted-line 

survey departs from the base log by this amount due to normal statistical variation alone. The 

point to be made is that the sensitivity employed for normal gamma ray logs is too high for 

general use in confinement tests. Anything that can be dealt with will already be apparent at the 
sensitivity displayed on Figure 54. 
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This fact is illustrated by the next example. The temperature surveys on Figure 20 (page 27) 
revealed a loss to a zone immediately above a disposal zone that could result from either a casing 

leak or behind-pipe flow. The tracer survey considered next shows that the problem is the result 

of a leak behind casing. That this is the case is already apparent on the flow-profiling drags 
appearing on Figure 56. Contrary to the recommended procedure, the flow profiling was done 

before any channel checks or packer checks. This is an acceptable way of doing the surveys 

provided one can allow about one-half hour of injection between the profiling surveys and the 

leak check shots. The drags on Figure 56 show that most injection is leaving the wellbore over 

the bottom half of the perforations which is what the injecting temperature survey on Figure 20, 

also revealed. However, drag 4 further reveals that some tracer has split off and moved back 

uphole behind pipe to permeability in sand C immediately above the injection zone. This fact is 
even more evident on drag 5 of Figure 56. The two drags together show two permeability spikes 
marked by arrows on Figure 56. 

Whenever a tracer material leaves the wellbore and enters pore space, some tagged material is 
absorbed on the rock surface and is thus held at this location for a time that depends on the 

strength of absorption. For the anionic iodine, 1-, this absorption is a weak process. 
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Figure 56. Five flow-profiling drags in a well on injection at a nominal 500 BPD. 
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Consequently, continued injection washes the surface clean and displaces the tracer into the 

formation. By contrast, tagged metal ions, cations, lock to the rock so tightly that they are still 

evident on the injection points even after a week of continuous injection. 

It is the creation of the injection spikes that enables the slug tracking procedure to distinguish 

behind-pipe flow of tracer to porosity from spread to tracer due to vertical permeability around 

the well. In the latter case, tracer is already in the formation so that no discreet "exit" spikes 

develop on the drags. Instead, the tracer just seems to drift away from the slug like the edge of a 

bank of fog. An example of this behavior will be given subsequently. 

In the example at hand, injection was continued for one hour after the drag survey of Figure 56 

was completed before a "channel check" or confinement survey was initiated. After this time, 

with the well still on injection, a base log was run at 200 API units/inch with the result shown by 

the leftmost trace on Figure 57. At this sensitivity, the sand at C is free of tracer pollution. 

Consequently, a normal shot was ejected at a specified depth of 5,515 feet at the top of the 

perforated interval although subsequent drags showed that the material actually ejected at a depth 

closer to 5,520 feet. Five of the nine drags through the slug are depicted on Figure 57. The first 

survey through the slug, labeled 0:00, was actually made somewhat over a minute after ejection. 

By this time the slug has mixed and traveled nearly to the bottom of the perforations. By the 

time of the drag labeled I: 17, some of the tracer has split off and gone upward behind pipe and 

into the first of the two permeability exits already observed on Figure 56. The drags on the 

bottom row of Figure 57 exhibit both the permeability spikes. In fact, by I 0:08 

(minutes:seconds) most of the tracer had been displaced into the formations at both the 

perforated interval and at zone C. There remains on the record three "permeability" spikes in the 

bottom half of the completed zone, a residual at the depth of ejection and two "permeability" 

spikes in zone C. 

The massive tracer dump test was not run because the behind-pipe flow appeared on all the tracer 

surveys. A closure gamma ray was not run for the same reasons. 

The drags of Figure 57 exhibit the true signature of tracer flow behind pipe. The only feature 

missing is a drag before the tracer reaches exit porosity. If, on the drag of I: 17 at the right top of 

the figure, the permeability spike at sand C is leveled to the height behind it, then the picture is 

that of a slug not yet at an exit depth. The slug front is sharply defined with tracer simply 

stretched out behind this front. This behavior contrasts with the hypothetical figures typically 

presented in discussions on tracer logging. These show tracer slugs moving behind pipe with the 

same bell-shaped signatures as those on Figure 56 for the slug moving inside the casing. The 

area open to flow behind pipe is so constricted and tortuous that the bell shape is not preserved. 

Only in relatively large, uniform annular areas does this type of signature appear. 

Because the permeability "spikes' are a significant feature, the reader is asked to go back to the 

tracked slug survey that started the tracer discussion, Figure 35, and examine the last drag, K, in 

the sequence. The four spikes at 9,605, 9,60 I, 9,598, and 9,590 feet are all "permeability 

spikes." The development of these spikes is evident on the surveys H, I, and J. These features 

also serve as quality control checks on procedure. 
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Figure 57. Behind-pipe flow detection by slug tracking in well in injection at a nominal 500 BPD. 

The slug tracking method is also the preferred way to check for leaks past the packer and into the 
tubing-casing annulus. For this purpose, a normal slug is ejected in the tubing above its end and 

successive drags at a sensitivity of 200 API units per inch run to track the slug's progression. 

The logging is done downward so as to successfully navigate the end of tubing. An example of 
this type of survey is on Figure 58. The left-most trace is a gamma-ray log, labeled "correlation 

gamma-ray," run at 80 API units/inch because of the "hot spot" at depth I on the figure. This 
region of high intensity results from a cobalt-60 tagged cement slug behind pipe at this depth. 

The base gamma ray log, labeled as such, was run before any tracer ejection at 400 API units/ 

inch. This is not sufficient sensitivity to show any of the lithology character evident on the 
correlation gamma, but was again a compromise to avoid domination by the tagged cement. 
With the injection rate steady at 720 BPD a normal shot of tracer was ejected in the tubing at 

depth 2, 4,250 feet, a location 28 feet above the end of tubing. Seven consecutive surveys were 

then run from 4,200 feet to total depth. The times listed below each drag are the times that the 

logging started at 4,200 feet. The first survey, run #1, was started at 3:30 pm very quickly after 

the slug was ejected. Full stream velocity in the tubing is 129 ft/min; in the casing 22 ft/min; and 
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Figure 58. Packer leak check by the slug tracking method in well on injection at 720 BPD. 

in the annulus 28 ft/min. In the 3+ minutes required to log from 4,200 feet to 4,330 feet at 40 ft/ 

min, the main part of the slug has reached the perforated interval at 4,321-4,330 feet and two 

permeability spikes are developing. Two things should be noted about drag #1. First, the 

activity due to tagged cement adds to the tracer activity thereby distorting the shape of the 

intensity curve across region 1. In fact, without the prior gamma logs, run #1 alone would 

suggest flow up the backside of the tubing to about 4,260 feet, a depth nearly eighteen feet above 

the packer! The second feature to note on run #1 is the large slug of tracer at depth 3, a location 

immediately below the collar signature of the end of tubing. Subsequent drags, on fifteen minute 

intervals, show that the slug is stationary at this location. Furthermore, the concentration of 

tracer at depth 3 remains nearly unchanged through run #4, a drag started 45 minutes after 
ejection. 

Actually, there is a third feature to drag or run #1 that is easily overlooked. The intensity below 

the slug at depth 3 decreases to a value much larger than the background level on the base log. 
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In fact, run #6, one hour and 15 minutes later, is still above base line activity from depth 3 all the 
way to the perforations, where injection spikes persist at high levels. 

Here is what has happened. As the tracer slug exited the end of the tubing, a large portion was 
trapped in a turbulent eddy circulating under the packer. This material was then slowly, but 

continuously, washed out of the eddy and carried down to the perforations by the continued 
injection. 

The skeptical reader can accept the above argument and still ask how one can be confident that 

the eddy did not also slowly drain upward into region I as well. The additive nature of gamma 
emissions from independent sources allows us to correct the drags after ejection for the distortion 

from the cement emissions. The increased activity due to cement that is evident on the base log 

is subtracted from the activity recorded for the drag under correction. The result of this 
correction to run #1 is given on Figure 59. Here, the peak asymmetry is clearly downward, not 
upward. 
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Figure 59. Corrected run #1 with spurious base activity subtracted. 
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Figure 58 thus demonstrates a case of a perfectly valid verification of packer integrity by a test 

that, thanks to the quirks of completion and flow pattern, is easily misconstrued. In fact, the 

figure is a testimonial to the ability of the slug tracking method to reveal the "big picture." Had 

only a stationary, velocity shot packer check been made, the eddy would have been incorrectly 

identified as a "slow " packer leak. 

A shut-in crossflow check that reveals movement past the end of a tubing string is given on 

Figure 60, where three drags run on 15 minute intervals are depicted. Four slugs of tracer were 

injected, the first slug being placed immediately under the packer and the remaining three 

spotted over the interval of open perforations. Slug I was intended to be a control shot; 
however, its behavior was interpreted as evidence of a leak past the tubing packer at 4,347 feet 

into the squeezed perforations in the casing above the packer. There is, certainly, movement 

inside the casing. During the 30 minute period slug #2 moves upward 27 feet with an irregular 

velocity averaging 0.9 ft/min. For a casing capacity C = 0.0232 bbls/ft, the corresponding 
volumetric rate is q = I 440 x 0.0232 x 0.9 = 30 BPD. The three surveys through slug #1 show 
two things: 

I) The slug is in a stagnant location because its peak is stationary, but tracer material is
being washed out of the slug because its peak is rapidly dropping in intensity.

2) The presence of slugs 1 ' and I" show that this washed material is carried upward;

presumably, by the flow from the perforations that moves slugs 2 and 3.
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Figure 60. Crossflow check after one hour shut-in period on 900 BPD injection well. 
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The shape of drags l' and l" has the same bell-type signature as the ejected slug; consequently, 

the flow is inside pipe somewhere, the question is where! The location that would immediately 

come to mind is the annular space between the tubing and casing with flow into the squeezed 

intervals shown on Figure 60. There are, however, three features to the surveys that rule out this 
type of crossflow: 

• First, drags 1' and 1" show no injection spikes even though tracer covers the entire

squeezed interval;

• Second, the tracer drag l" shows no slowing down that is necessary for it to
accommodate the lithology on the gamma-ray log that shows a porosity limit at 4288
feet;

• Third, and most important, a flow past the packer would not leave the stagnant pocket of
tracer at location 1 .

The flow depicted is therefore into the tubing string and upward, not behind tubing. The well 
does have positive pressure. Hence, the behavior could signify a tubing-to-casing-to­

environment leak at shallower depths. 

Figure 60 illustrates one of the problems most common to unsupervised tracer surveying; 

namely, the failure to carry through on an observed situation to the point that one knows what 
one is seeing. The behavior may be the result of nothing more than failure to seal around the 

logging cable at the surface or failure of the wing valve to completely shut-off backflow from the 

well. Lack of annular pressure when the well is on pump certainly suggests this is the case. 

Furthermore, had the logging operator run two more drags, he would have established that slug 1 

did not stop at the top of the unit containing the squeezed perforations. A "procedure" called for 
three drags, and three drags were run, no more nor less! 

The point of Figure 60 is that tracer transport that does not require the flow to squeeze past or 

around obstacles maintains a simple slug shape as a characteristic signature. This shape is not 
maintained, for example, on Figure 57, once the tracer starts to move behind pipe. 

In combination, Figures 59 and 60 illustrate another point. One often hears or reads statements 
to the effect that tracer surveys, either radioactive or activation type, give results that "are easy to 

interpret." The correct statement should be worded differently: The surveys give the most 

graphic and most easily comprehended picture available. The reasons for what is seen on the 

survey, however, can be just as obscure as on any other logging procedure. This point is 

generally not emphasized sufficiently in most discussions on production logging. 

For the above reasons, the next method of leak check, the stationary velocity shot procedure, is 

the least preferred way of confinement demonstration. 

Velocity Shot Procedure for Behind-Pipe Flow: The stationary or velocity shot method of leak 

checks is by far the more popular technique among logging engineers simply because it is easier 

to perform than is the slug tracking technique. One stops the tool, say, just above the top 
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perforation, and, with the well on injection, ejects a slug of tracer into the moving stream. With 
the recorder on time drive, the· operator can observe the slug go past the two stationary detectors 
on its way to the perforations. This far, we have a standard velocity shot. However, for the leak 
check, the recording is continued sufficiently long to insure that no tracer doubles back behind 
pipe and, again, passes the detectors on its way up. With one detector close to the perforation, 
the record length can be held to a minute or so duration without fear of failure to detect leaks. 

A sensitivity of 200 API units/inch is again recommended for the stationary record. Because two 
detectors are available, common practice uses the higher sensitivity on only one detector record. 
This allows the other one to record the slug shape inside the casing without pegging. 

A similar procedure is employed to check packer integrity while the well is on injection. This 
technique is illustrated on Figure 61 for the same well that appeared on the shut-in test of Figure 
60. The tool is stopped with the ejector port located at 4,238 feet as shown on frame A of Figure
61. The top detector was located four feet deeper at 4,342 feet whereas the bottom detector was
at 4,347 feet at the end of the tubing string. The top detector output was recorded on an
insensitive scale on the right-hand side of frame B, that provides very little information other
than the fact that the slug passed the detector within 1 chart division, or 1.18 seconds, after
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ejection. The record from the bottom trace is at higher sensitivity although still not at the 200 

API units/inch appropriate to behind-pipe logging. With the bottom detector at the end of the 

tubing, any doubling back at the packer would have added to and distorted the primary record 

from the passing slug. As no such distortion is in evidence, we must conclude that the packer is 

sealing. The record was continued for 57 chart divisions, or 68 seconds, after the slug passed the 

bottom detector. Had this detector been located, say, five feet above the end of tubing, then the 

record length would have been too short. The packer check alone does not eliminate the 

possibility of leaks higher in the tubing. Consequently, it is puzzling that the logging operator 

did not pursue the shut-in flow detected on Figure 60 for this well. All that the results of the 

packer check proves is that a leaking packer is not responsible for this flow. 

A somewhat better technique of stationary packer check is illustrated on Figure 62 for the same 

well that was the subject of the behind-pipe tests of Figures 56 and 57. The end of tubing in this 

well is located at a collar log depth of 4,341 feet. For a quick packer test, the operator stopped 

the tracer tool with the bottom detector at 4,340 feet, a location 1 foot above the end of tubing. 
The output of this one detector was then recorded at a sensitivity of 200 API units/inch for some 
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Figure 62. A properly scaled, stationary v 'ocity shot test for packer integrity with an annular velocity 

resolution of 0.35 ft/min leak rate. 
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three minutes after a shot ejection in the tubing above the detector. During this procedure, the 
well remained on injection at 500 BPD nominally. The record shows no return past the detector 
for the 92 chart divisions or 2.88 minutes after-shot duration. Any packer leak is then at a 
velocity of less than 1/2.88 = 0.35 ft/min. For an annular capacity of C = 0.0178 bbls/ft, any leak 
rate is therefore less than 9 BPD. This resolution is typical for operators who are not given 
specific directions on how long to record on a stationary leak check test. 

As long as the stationary packer checks are benign, they are a fast, simple way of surveying. If 
"leaks" are indicated, however, one is wise to switch over to the tracked slug procedure to chase 
down the reason for the behavior. For example, we can draw a hypothetical velocity shot for the 
packer check that was done on Figure 58, by the slug tracking method. Suppose a single detector 
tool was positioned with the detector located one-foot above the tubing end and a shot of tracer 
ejected above the detector. From what is seen on Figure 58, the expected gamma response at the 
detector would be as shown on Figure 63. The high level of activity caught below the packer in 
the eddy would give a reading at the detector that would make one suspect a "slow" leak through 
the packer. At this point one would run drag surveys to establish that the activity originated in 
the "stagnant" eddy as was done on Figure 58. 

Stationary velocity shots are also commonly used as so called "channel checks" for ffow behind 
pipe above and below perforations. The procedure is illustrated on frames B and C of Figure 64. 

Eject 

Detector Located One f(X)t 
Ab,we End of Tubing 

Slug in Eddy Under Packer 

Gamma Intensity 

Slug in 
Tubing 

Figure 63. Hypothetical velocity shot response to stagnant slug caught under packer on Figure 58. 
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Figure 64. Channel checks on well of Figure 32 with well on brine injection at 400 BPD. 

These surveys come from the same well whose temperature surveys, Figure 32 (page 44), 

showed crossflow behind casing from an oil zone perforated at 8,146-52 feet. The well was 

killed in preparation for workover and a pump-in tracer test was run to corroborate the 

temperature surveys. Frame A on Figure 64 shows a slug-tracking survey done initially for 
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Figure 65. Channel check by velocity shot method below perforations at 5,820 - 25 feet with well on 

injection at 600 BPD. 

injection rate estimation. By the time of drag 6, tracer has reached the perforations. Drags 7 and 
8 show this material spreading upward behind pipe. After the drag survey was completed, 
injection at 400 BPD was continued another half hour to flush the tracer behind pipe. Then, with 
injection maintained, the tool was positioned with the bottom detector one foot above the top of 
perforations and the velocity shot of frame B, was carried out. The output of both detectors were 
recorded at high sensitivity. On the journey downward inside the casing, the ejected slug passes 

the top detector first. An additional travel time of 18 seconds is required for the tracer slug to 

pass the bottom detector. Very shortly after passage of this sensor, the tracer doubles back over 

the I-foot distance from the top perforation to reappear at the bottom detector. In 13 seconds 
more the tracer passes the top detector. Once this happened, the logging operator quickly pulled 

the tool upward stopping with the lower detector at 8,110 feet. With the recorder on time drive, 
he then waited for the tracer to arrive as shown on frame C. 
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From the condition of the slugs on frame C, a location 40 feet above the perforations, it is 

apparent that they cannot be tracked much farther up the wellbore. To do this, the tool contents 

should be dumped just above the perforations and slug-tracking surveys initiated. In this fashion, 

a large shot can be followed behind pipe for some 2,000 feet before it is too dispersed for 

accurate detection. 

Frame B also illustrates the fact that, in passing a fixed location, the tracer behind the pipe 

exhibits the same type of "shape" as that inside pipe. This presentation mode is the source of the 

misconception, previously mentioned, that this is the "shape" over distance of the tracer 

distribution behind the casing. Frame A shows, of course, that this is not correct. 

The velocity shot channel check, while fast and easy to run, suffers from the same limited "scope 

of vision" as does the packer check by the same procedure. The velocity shot of Figure 65 was 

made at the base of perforations in a well on injection at about 600 BPD. The shot serves as a 

"channel check" at the base of the bottom set of perforations located at 5,820 - 25 feet. The top 

sensor was positioned at the midpoint of the interval at 5,822.5 feet. This allowed the bottom 

detector, 5.5 feet deeper, to be positioned at 5,828 feet, three feet below the bottom perforations 

for a channel check. Accordingly, its output was recorded at a greater sensitivity than was the 
output from the top detector. The traces show that the leading edge of the tracer arrived at the 

top detector some 1.5 chart divisions or 1.5 x 6 = 9 seconds after ejection. Likewise, a small 
concentration of tracer "arrives" at the bottom detector some 15 chart divisions or 90 seconds 

after ejection, time A. If the differential time of 81 seconds is allocated to the travel over the 
three foot distance from the bottom perforation to the detector, then the associated velocity is 2.2 

ft/min. Consequently, if the tool is dropped another five feet down the hole, the tracer should get 
to the bottom detector by 2.5 minutes after relocating. Unfortunately, the logging operator was 

content to say that the signature was due to a small channel and "close shop." 

The signature on Figure 65 from the bottom detector has the same slowly dispersing behavior 

shown of Figure 63 for the tracer ensnared by the eddy current beneath a packer. In fact, the 

signature is the result of the same type of phenomenon. Figure 66, an 11-drag slug-tracking 

survey from the same well, helps to understand what is happening. Drags 1 through 5 show that 

practically all injected water reaches the bottom set of perforations before exiting the well bore. 

This rapid change in flow direction over a five-foot long interval sets up turbulence in the form 

of eddies that can scour the wellbore for a significant distance below the perforations. Drags 7 

through 11 show that the slug peak slows down to a stop at the bottom perforations. However, a 

comparison of the leading edges of these same drags with that for drag 6 reveals that at the same 

time the slug starts to slow down its leading edge starts to disperse below the base of the 
perforations. By the time of drag 11, this dispersion has carried tracer some 14 feet below the 

base. Some of this spread is obviously the result of logging repeatedly through the tracer slug; 

however, the situation is clearly more severe than that of previous examples, say, for instance, 

that shown by drag 8 on frame A of Figure 64. After viewing Figure 66, the reader should not be 

surprised to sec the appearance of tracer on Figure 65 at a detector situated only three feet below 

the base of perforations. This would probably not have happened if a good portion of the 

injected water exited the wellbore at the top set of perforations. The condition is a result of the 

particular state of flow in the well. 
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Figure 66. Slug tracking survey from same well as velocity shot of Figure 65 with same injection rate of 600 

BPD. 

The same slowly dispersive behavior shown on the trace from the bottom detector on Figure 65 

is also characteristic of the signature produced by velocity shot '"channel checks" in formations 

with good vertical permeability. If the tracer can spread through porosity either upward or 

downward from the perforations, then this movement will be detected provided the flow is 

within about one foot of the wellbore. On a stationary, velocity-shot channel check, this 

situation is very difficult to distinguish from that due to a small, behind casing leak. Failure by 
the logging operator to follow such flow has resulted in many unnecessary workover attempts. 

The "leak" will only extend to the top or bottom of the porous interval if it is the result of vertical 

permeability. Consequently, one should always provide open-hole or cased-hole lithology logs 

to the operator if there is the possibility of tracer spread by vertical flow in a formation. 

For example, the gamma-ray log on the left-hand side of Figure 67 shows that the top set of 

perforations are located at the bottom of a lithological unit that extends upward from the shale at 

11,611 feet to a second shale "break" at 11,464 feet at the top of the log. Furthermore, this unit 

is known to have good vertical permeability. The temperature surveys on the right-hand track 

confirm the presence of vertical permeability. These surveys were run after 536 barrels of water 

had been injected into a previously static well at about 2 bbl/min rate. An injecting log was not 

run; however, the shut-in surveys show that some injected water reached the total depth of 

11,653 feet. Likewise the surveys show that most of 536 barrels stayed in porosity in the interval 

identified as BE on the temperature surveys. This interval is seen to be a subunit on the gamma­

ray log. The topmost perforations are into the bottom of this subunit. The surveys further show 
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Figure 67. Temperature surveys from a well after 536 barrels of water injected and well shut-in. 

some injection up to depth C, 11,566 feet, and the possibility of the injected water reaching as far 
up as depth D at 11,555 feet. Because the well had been static prior to injection, the relative 

behavior of the shut-in surveys also reveal that the water reached interval BE by vertical flow 

through the formation, not by flow directly behind pipe. Had the latter been the case, the 

injection "cold" would have been in direct contact with the wellbore and would have been in 

clear evidence on the 1 and 2 hour shut-in surveys. The small amount of storage at the bottom of 
the top set of perforations does appear on these traces. 

The third of three velocity shots made as "channel checks" while injecting into the well is 

illustrated on Figure 68. The logging tool makeup and its location for this shot is shown on 

frame A of the figure. Three detectors, one above the ejector and two below, are identified by 

the numbers 1,2, and 3 on frame A. The output from each of these sensors is labeled 

correspondingly on frame B. The output for detector l is recorded at normal gamma log 

sensitivity of 40 API units per inch whereas a sensitivity of 100 API units per inch is employed 
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for the other two detectors. All three record sensitivities therefore exceed the recommended 200 
API units per inch and, accordingly, each will respond to quite small tracer concentrations. The 
ejected tracer slug, of course, "pegs" the output of detectors 2 and 3 as it moves down past these 
sensors inside the pipe. The leading edge of the slug moves over the eight-foot spacing between 
the two detectors in about 2 chart divisions or 2 x 2 = 4 seconds of time. The peaks require 3 x 2 
= 6 seconds for an apparent velocity of 80 ft/min. The downward traveling slug does not appear 
on the record from detector 1 because it is ejected below this detector. Tracer, however does 
double back and reappear on all three records in the order 3-2-1 as an upward-traveling slug. 
The leading edge arrives back at detector 3 about 12 chart divisions, or 24 seconds, after it passes 
going down inside the casing. For this slug to reach the perforations while inside casing required 
4 sec x (15/8) = 7.5 seconds. The return then used 24- 7.5 = 16.5 seconds. This corresponds to 
a frontal velocity of ( 15/16.5) x 60 = 55 ft/min. Likewise, the 4 foot progression from detector 2 
to detector 1 required at most 1.5 chart divisions, or 3 seconds, thus averaging 80 ft/min. The 
low level of intensity of the return tracer on all detectors means that, for the flow to be directly 
behind pipe, only a small part of the original slug broke away to move upward. At the frontal 
velocities estimated above, we would anticipate that the tracer would simply move on past as it 
did on frames Band C of Figure 64, with a frontal velocity of only 20--30 ft/min. Instead, the 
tracer "tails" out more like the behavior of the captive slug on Figure 65. 
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Two additional velocity shots at locations below that on frame B of Figure 68 showed the same 

type of behavior; namely, return slugs of low amplitude, high frontal velocity, and slowly 
dispersed trailing edges. Of these three characteristics, the "strung-out" trailing edge would, 

therefore, seem to also be the velocity-shot signature of tracer spread by virtue of vertical 

permeability around the wellbore. 

With only the results of frame B, Figure 68 known, an analyst could not tell what the "picture" 

meant for sure. Poor completion integrity would certainly be a possibility. Of course, what the 

logging operator should have done was dump the remaining tracer just above the top set of 

perforations and then track the slug going upward to see if it stopped at the unit top, i.e., at about 

11,470 feet on the gamma-ray log of Figure 67. 

From the tenor of the last three examples, the reader may have guessed already that sloppy 

procedure is a problem in the application of the tracer tool for behind-pipe flow detection. The 
problem arises inadvertently. The tool produces such a graphic "picture," the tendency is to 

jump to the most obvious conclusion of what the picture means. Work is thereby terminated 

before alternate conclusions can be discredited. In a very real sense, the tool is "too good." The 

closing section will discuss this problem further. 

The next sequence of logs will illustrate the combined use of the temperature and tracer logs to 

diagnose a complex combination of tubing and casing failure. The temperature log on Figure 69 
is from a new well that had undergone only brief periods of injection but still should have a 

wellbore temperature colder than static. This is clearly not the case below a zone at depth C that 

had served as a mud disposal zone at the time the well was drilled. In fact, the temperature log 
shows crossflow from depth B in the open-hole section up to the disposal zone at depth C. The 

most obvious interpretation of the log is that shown by the dashed line on the well bore sketch, 

namely flow from depth B in the open-hole completion past the packer and up the tubing-casing 
annulus to a casing failure at depth A. Because this depth is above the cement top behind the 

casing, the flow can then continue unimpeded to the disposal zone at depth C. This 

interpretation, however, was not supported by a temperature survey run after 40 barrels of mud 

were pumped down the tubing. This log, shown on Figure 70, revealed a tubing failure at a 

collar at 12,900 feet, depth A on the figure. During the survey, the logging tool encountered an 
obstacle it could not pass at 13,170 feet. 

In view of these additional complexities, the entire length of the tubing was then checked with 
the tracer tool. Velocity shots were taken every 1,000 feet. The tool was positioned and the mud 

pumps started. When the rate was up to 0.5 bbls/min a slug of tagged water was ejected and the 
travel time to a single detector 4 feet below was recorded. This sequence of operations could be 

run quickly without a lot of mud loss. The tracer survey showed tubing integrity from surface 

down to the failure seen on the temperature survey of Figure 70 at 12,900 feet. Three of the 

velocity shots are reproduced on Figure 71. The records on frames A and B were obtained with 

the detector above the suspect collar. The tracer slug on both records traverses the 4-foot 

spacing between injector and detector in one chart division or in about 3 seconds. However, 

when the detector is located at 12,900 feet, a travel time of 10 cd' s or 60 seconds is required for 
the same journey. Most of the mud, obviously, exited the tubing between the depths associated 
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with frames Band C, i.e., between 12,880 feet and 12,900 feet. The recorder was put back on 

depth drive and a short collar log record obtained. This log appears on Figure 72. The leaking 

collar is at depth A, 12,888 feet. Note that this depth is 4 feet shallower than the location shown 

for the same collar on the CCL record of Figure 70, the temperature survey. The tracer tool, in 

essence, has been employed for depth control. Consequently, a marker was put on the logging 

cable with the detector located at the bad collar. This marker is the reference for subsequent 

logging work. 
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Figure 72. Collar log run after velocity shots on Figure 71. 

The next sequence of operations involved the use of the tracer tool to find out where the mud 

goes once it exits the tubing. One would expect the mud to go upward, from what is seen on the 

temperature log of Figure 70. To check this expectation, the tracer tool was positioned with the 

detector at 12,800 feet, a location 88 feet above the bad collar. Injection rate was brought up to 1 

bbl/min and a shot of tracer "fired." Frame A on Figure 73 shows the result. At the 6 sec/chart 

division record speed, the ejection mark on frame A is indistinguishable from the activity caused 

by the passage of the slug moving down inside the tubing. The reappearance of the slug moving 

upward in the annulus between the 3 1/2" tubing and 7 5/8" casing is evident as a well defined 

slug with relatively high amplitude on frame A. The centroid of the slug passes the detector 

some 22 chart divisions after its initial appearance on the way down. This is a travel time of 6 x 
22 = 132 seconds for the double back over the 88-foot distance from the detector to the collar. 

The transit time inside the tubing can be detem1ined from the velocity shot data of Figure 71 
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Figure 73. Velocity shots above tubing leak@ 1 BPM rate. 

taken at a rate of 0.5 BPM. At this rate, the slug went the four feet from ejector to detector in 3 

seconds. Thus, the 88-foot travel at twice the rate would require a time 

33 seconds. 

This leaves for the outside, annular travel a transit time 

132 - 33 99 seconds, 
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or 

Ye = SS X 60 
99 

53 ft/min 

for the apparent fluid velocity associated with the annular area between tubing and casing. 
According to the results of page 63 

V � 0.8 Ye = 0.8 X 53 = 42.4 ft/min. 

The annular capacity is 0.0307 bbl/ft from pipe tables. Consequently, the volumetric rate 
associated with the upward traveling slug is 

q = 0.0307 x 42.4 = 1.3 bpm 

Because the nominal pump rate was 1 bpm, one can conclude that, once out of the tubing, all the 
injected mud goes upward behind the tubing. The record on frame B of Figure 73 was obtained 
with the detector quickly repositioned 300 feet farther up the well at 12,500 feet. The slug 
arrives some 7 minutes after it was detected at 12,800 feet. It still has a cohesive appearance and 
a relatively high amplitude even after traveling some 388 feet in the annular space. The apparent 
velocity between the two positions is 300/7 = 42.9 ft/min, the same as previously estimated after 
con·ection. The slug is wcll-mi.xed at this juncture. Frame C is a similar record with the detector 
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at 12,000 feet. The leading edge of the slug has dispersed considerably over the 833-foot 

journey. The trailing edge, which was not recorded, would be even more spread out. The 

thirteen minutes travel time between the stations on frames B and C represents a velocity of 500/ 

13 = 38.5 ft/min, a value representing a volumetric rate of 1.2 bpm. 

After the tracer work was completed, an impression block was run to determine the nature of the 

"obstacle" that was encountered on the logging run of Figure 70 but not on the run of Figure 69 

one day earlier. The "obstruction" was only a tight spot due to a kink, or "dogleg," in the tubing. 

In a tum-about of sorts, the tracer tool has been used to help decide what the original temperature 

survey of Figure 69 revealed. The flow exits the tubing at 12,900 feet at the bad collar, then 

continues up the annular space between tubing and casing to a failure in the casing at depth A on 

Figure 69. From here flow goes upward behind the casing to the disposal zone at depth C. 

In this example, you will also note a philosophy at work which is directed towards use of the 

tools in a fashion that illuminates the overall problem piece by piece. Each speculation is 

verified before adding the next one. In complex situations, this approach will generally lead to a 

resolution quicker than will an attempt to do everything in a single survey. This example is also 

well suited to the slug tracking tracer procedure; however, application of the velocity shot 

method minimized the amount of mud usage. 

Quality Control Revisited: Figure 60 (page 91) presented a drag survey that possibly missed a 

tubing-casing leak because the survey was not properly carried to a conclusion. Likewise, the 

velocity shots for the two examples depicted on Figures 65 and 68 both suffer from the same 

lapse in procedure. This is the most common type of error in quality control and is easily 

prevented by proper supervision. Basic errors can, however, creep into the most unlikely 

situations as the final example will illustrate. 

Figure 74 shows a slug tracking survey consisting of 13 drags in a well on injection at a rate of 

950 BPD. A comparison of drags 5 and 6 shows that most of the water exits the well bore at the 

top set of perforations. An injection spike appears about the middle of these perforations at 

depth A on drags 6 and 7. The 100 % superficial velocity from drags 3 and 4 is 41.3 ft/min, 

whereas the value from drags 5 and 6 is 13.6 ft/min. Consequently, at least 100 (1-13.6/41.3) = 

67% of the injection exits over the top perforations. Drags 7 through 13 clearly show the 

centroid of the tracer distribution stopping at depth B, 4,478 feet. In fact, a close inspection of 

drag 6 shows that it has split into two parts. One peak is at 4,452 feet whereas the second is 

already at depth B with the remaining drags. This latter peak has thus moved faster than the slug 

peaks in the full-flow stream. The accumulation at depth B must then include tracer that flows 

behind the casing. Yet no injection spikes develop on any of the drags below depth B. 

Furthermore, all drags from 6 on show tracer dispersing downward below depth B, again without 

the development of injection spikes. This vertical spread continues to depth C, 4,525 feet, and 

the logging operator has chosen to "channel" it on down to depth D at 4,576 feet. 

Yet the injecting temperature survey on Figure 7 5 shows that the bulk of the water got to and no 

deeper than depth A, 4,500 feet. Furthermore, the 4 hr. shut-in log reveals that the porosity that 
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stores present or past injected water is confined to the interval from depth B, 4,440 feet, down to 

depth A, 4,500 feet. The operator is so biased by the tracer survey, however, that he has labeled 

a "channel" down to depth C, 4,614 feet. This is an incorrect interpretation. 

The two different surveys indicate that the well is fractured from the differences in apparent 

depths at which water is "lost" from the wellbore. There is also no difficulty in the continuation 
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Figure 75. Temperature surveys from well of Figure 74 (recorded@ 2F/inch). 

of behind-pipe flow down to 4,500 feet on the tracer survey of Figure 74 so as to agree with what 

the temperature surveys of Figure 75 show. The difficulty arises in the attempt to explain the 

dispersion of tracer at least 30 feet below 4,500 feet. This spread is uncorroborated on the 

temperature surveys. 

A crossflow check with the well shut-in, as discussed previously, is also an excellent quality 

control indicator. It offers the key to what is going on in this particular example. 

Figure 76 shows the location of two slugs, 2 and 3, ejected at 4,470 feet and at 4,542 feet, 

respectively, with the well shut off injection. Three drags were run through the bottom slug 3 at 
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the elapsed time in minutes as listed. Seven drags were made through the top slug 2 in a 

sequence that was incomprehensible to the individual subsequently redrafting the log in final 

form as only four times are listed. Two things are clear: first, both slugs are stationary. This is 

no surprise because it had been decided from the injecting survey of Figure 74 that most 

movement below 4,450 feet was occurring behind casing. The second feature on Figure 76 is the 

surprise. In dropping the tool downward so as to log upward, the operator has smeared tracer out 

over the entire interval to be logged. He has apparently done the same thing in the stagnant area 

of the wellbore below depth B on Figure 74. The vertical resolution of the survey is thereby 
destroyed. This problem would have been difficult to pin down, however, without control slug 3 

on Figure 76. 

In fact, the dispersion of tracer below depth B on Figure 7 4 closely resembles the signature 

produced on slug tracking surveys by tracer spread through vertical permeability around the 

wellbore. The only distinction is the large amplitudes. 

A final feature evident on the drag surveys of Figure 74 is the paucity of "permeability," or 

injection, spikes. This is characteristic of fractured wellbores. Most of the tracer moves away 
from the well bore region in the fracture before entering formation porosity. 

__ I I . _ ______,;,..__ 

==Radioactive Tracer Slui #3 Shows No Flo-

,, 3 

Figure 76. Shut-in crossflow check on well of Figure 74. 
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This final example concludes the discussion of radioactive tracer surveying of injection wells. 

The limited scope prohibited a general discussion of the wide selection of tracers available that 

can be made water, oil, or mutually soluble. Gaseous tracers are also commonplace. All these 

variations evolved for application to either producing wells or gas injection wells rather than to 

water disposal wells. There has been no discussion of the use of multiple tracers that emit 

gamma rays of different energy levels and, accordingly, can be identified by spectral logging 

techniques. The application of this technology is still limited primarily to the evaluation of 

staged, well stimulation treatments. 

At this point, attention is directed to the final surveying tool, the noise logging tool, that utilizes 

the sound created by fluid turbulence as a "tag" to follow flow downhole. 

Noise (Sound) Surveys 

The sounds of moving fluids are so commonplace in everyday life to go almost unnoticed. Only 

when the movement influences our well being do we tend to bring these sounds to the conscious 

forefront. Who, for example, cannot recall being lulled by the soothing gurgle of a shallow 
stream of water on its way along an irregular path. In contrast, the sharp clap of thunder 

following a nearby bolt of lightening is startling in the extreme. The same sound, when heard 

from a distance, is little more than an ominous rumble, the higher pitches having been attenuated 

by the intervening air. Likewise, the intense scream of a jet plane's exhaust is quite painful in 

proximity but quickly resides to more of a bothersome roar with distance from an airport. These 

emotions are but a few of the myriad elicited by a single source, fluid turbulence. 

It is therefore not surprising that this turbulence can be used to detect flow; particularly, flow 

behind-pipe where the cramped space and numerous constrictions give the high velocities and 

sudden expansions necessary for significant levels of turbulence. Actually, noise surveys first 

came into widespread application for a particular type of problem, the bubbling of a small 
amount of gas upward through liquid. The need to detect such flows was an unwelcome side 

effect of deep drilling that started in earnest domestically in the early sixties. The operation of 

cementing from great depths to surface proved difficult. All too often gas pressure appeared on 

the annuli of intermediate casing "strings" before the drilling itself was even completed. At this 
point, the resulting small gas flow was more of a nuisance to be dealt with than a threat to the 

well integrity. Nonetheless, the location of the source of gas was a challenge that led to the 
evolution of the noise logging tool. 

Because of this mode of evolution, a stigma has been attached to the noise logging tool to the 
effect "that it is no good for anything except gas." As with most myths, there is some truth to 

this contention. The correct statement would be that the tool has its greatest sensitivity to the 

flow of gas upward through liquid, an application for which its resolution is typically about I 0 

cu. ft/day or 3 cc/sec volumetric rate. For the detection of single-phase flow, gas, water, oil, or 

whatever, the tool relies on the turbulence created as the fluid is forced across a constriction or 
past an obstacle. The acceleration of the flow across a localized pressure drop is an effective 

source of turbulent sound. The intensity of this sound, however, depends on both the volumetric 

rate and the pressure differential that accelerates this rate. Thus the tool resolution becomes 
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dependent on pressure differences as well as on rate and a unique lowest rate alone cannot be 
specified. This feature will be described in detail under a section devoted to tool resolution. The 
material in this section will allow an estimation of the rate resolution for each particular 
situation. 

The noise tool does have two advantageous features for water flow that are lacking in the case of 
the tracer instruments. The first of these is the greater depth of investigation offered by the 
sound source. The frequency range of the tool is such that practically all the sound attenuation is 
the result of geometric spreading of sound intensity away from the source. Thus, the squared 
amplitude attenuates as the reciprocal of squared distance. The amplitude drops, accordingly, as 
the reciprocal of distance, a much lower attenuation rate than the exponential rate associated with 
gamma rays. Therefore, the tool can "hear better at a distance." More strings of casing can 
intervene between tool and sound source. 

The second advantage enjoyed by the noise tool is the fact that the flow of water past the tool 
inside casing or inside the annular space between tubing and casing does not create much 
turbulent noise. In fa_£t, with a 1 11/16 - inch tool in 5 1/2 - inch casing, an injection rate of 850 
BPD with a velocity V = 25 ft/min past the tool is required to raise the sound level above the 
normal ambient level typical of commercial tools in "dead" wells. This low level of sound is 
characteristic of any single-phase flow in straight conduits with constant cross-sectional area. 
The tool can, therefore, easily distinguish flow behind pipe from flow inside pipe. Furthermore, 
behind-pipe flow, either up or down, can be detected with the well on injection, provided the 
injection pumps themselves are not so noisy that logging is impossible. 

The above comment raises the issue of the complicating influence of extraneous sources of 
noise, especially that due to surface machinery, on the quality of a noise survey. The failure to 
recognize such sources is characteristic of an inexperienced logging engineer. Otherwise, the 
interpretation of a noise log is just as straightforward as a tracer survey. The underlying physical 
principles are even simpler. 

Noise Logging Tools: A commercial noise logging sonde is nothing more than a microphone 
that is constructed in a way that will withstand the abuse to which a logging tool is subjected. A 
schematic of the instrument appears on frame A of Figure 77. The piezoelectric crystals convert 
the oscillating pressure associated with sound transmission within the wellbore to an oscillating 
voltage that is input directly to an amplifier - cable driver combination. The latter sends the 
oscillating voltage up the logging cable to surface recorders. The sonde is therefore quite simple 
in construction and, consequently, is very reliable. 

The piezoelectric transducers, pictured individually on frame B, are hollow cylinders made up of 
ceramic matrix containing a small amount of a highly polar compound, typically, lead zirconate. 
When the crystals are deformed by a force on their surface, the bound charges on the lead 
zirconate are separated and the surface becomes charged. A radial compression, for example, 
causes the inner surface of the crystals of frame B to become electropositive relative to the 
outside surface, thus, the crystals convert sound to voltage. 
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Frame C shows six crystals assembled for encapsulation in an epoxy, cast cylinder that gives the 

strength necessary to withstand wellbore pressure. As shown, the crystals are wired in parallel 

for purposes of electrical redundancy. So long as one crystal remains intact, the package will 

function normally. The more sophisticated tools utilize a pressure balanced housing for the 

crystals. A bellows transmits wellbore pressure to silicone fluid that completely surrounds the 

individual transducers. All tools have a covering over the microphone section in the form of a 

thin metal sheath or a teflon sleeve as protection against wellbore fluid. 

Frame A shows that at the surface the microphone output goes to a speaker, or more typically to 

a set of headphones, that allows the logging operator to listen to the acoustical environment 

downhole. The human ear remains one of the most "diagnostic" of all sonic instruments! This 

also allows the operator to hear any tool creep that continues after the tool is supposedly stopped 

to take a sound level measurement. 

Surface Processing of Microphone Output: At each location, stationary sound level 

measurements are made in a way that reveals the pitch content or frequency structure of the 

transmitted signal. As illustrated on frame A of Figure 77, the signal is input to at least four 

high-pass filters simultaneously. Each of these filters reject those oscillating voltages with 

frequencies below its cut-off setting and output those with higher or equal frequencies. The 

Piezoelectric 
Crystal 

Microphone 

Millivolts 

High-Pass Meters 
Filters 

(B) Six Piezoelectric Crystals

(A) Tool Schematic

Figure 77. Noise (sound) logging sonde with piezoelectric detection elements shown separately. 
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settings shown on frame A, Figure 77, are standard for most companies, the lowest cut-off being 
200 Hz. The remaining filters reject below 600, I ,000, and 2,000 Hz, respectively. In this 

sequence, the filters progressively remove from the low end of the audible sound range up to 

about the start of what would correspond to the soprano range in music. The amplitude of the 

output from the filters must then decrease in the same progression from 200 to 2,000 Hz as 
shown by the figures labeled "millivolts" on frame A. 

The output of each filter, typically, serves as the input to its own millivolt meter, which, in tum, 

has a visual display of the light-emitting diode digits form. Once the meters have settled down 

after the tool is stopped, the operator activates the recording system that averages the output 
amplitude from each filter for a fixed period of time and then stores this average. The manner in 
which numbers are retained varies from pad and pencil, to paper tape, to magnetic tape 
depending on the particular company doing the logging. All the companies preserve at least the 

four frequency cuts illustrated on Figure 77, frame A, at each stop along with a depth reading. 

The frequencies associated with the filters depicted on frame A are not arbitrarily chosen. The 
lowest setting, 200 Hz, eliminates most of the logging truck vibrations, for example, that are 
transmitted down the taut logging cable but is still low enough to detect the action of gas moving 

upward through liquid. The other settings are based on experimental data as to how best to 
distinguish the gas-through-liquid situation from the single-phase situation. More comments on 
this topic appear in a subsequent section on frequency content of sound from flow behind pipe. 

Narrow band filters are not used generally to provide numbers for a noise log. The broad band 

readings tend to mute the influence of the resonant peaks that are inevitably present in the sound 
amplitudes. 

One service company uses a digital processing scheme that divides the microphone output into 
ten frequency bands, corrects each band for cable attenuation, then recombines the bands 
required to represent the high-pass readings on frame A. These numbers are tabulated as "cable 
corrected" values along with the uncorrected measurements; however, it is usually the latter 
values that appear on the actual log. 

Another company uses a software processing package with their noise tool that requires a 

sequence of band pass readings at four different high cut-off frequency settings but at the same 

low frequency cut-off of 100 hertz. Their "window" W6 band passes amplitudes from 100 Hz to 

I0,000 Hz and is a number analogous to the 200 Hz high-pass amplitude shown in connection 

with frame A. In fact this number is relabeled as WIH, window-I high pass, on their log 
presentation. Their windows W3, W2 and WI are bandpass amplitudes at 100-2,000 Hz, 100-

1,000-Hz, and 100-600 Hz, respectively. These readings are used to generate the remaining 

three high-pass values shown on Figure 77. Thus, on their logs, the following four numbers 
replace the 200,600, 1,000 and 2,000-Hz readings of Figure 77: 

WlH = W6, (100 - 10k Hz) 

W2H = ✓ (W6)2 
- (WI )2

• (600 - 10 kHz) 
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W3H = ✓ (W6)2 - (W2)2 , (1,000 - 10 kHz)

W4H = ✓ (W6)2 - (W3)2 , (2,000 - 10 kHz)

Tabulated values on these noise logs contain numbers for two additional bandpass 

measurements, windows W4 and W5, which span the ranges 100-4,000 Hz and I 00-8,000 Hz, 

respectively. Two additional high-pass values are computed from these and tabulated as W5H, a 

4-kHz high-pass value, and W6H, an 8-kHz cut. Because logging cables severely attenuate

signals with frequency components as high or higher than IO kHz, the above scheme would
appear, at first glance, to be the same as the simpler method of Figure 77. But there is a big

difference in the results! The lower frequency components of the sound, whatever their origin,
have amplitudes that are usually more variable with time than are the amplitudes at higher

frequencies. Furthermore, extraneous noise sources are more intense at the lower frequencies.

Each measurement in the above scheme is "polluted" by these frequencies. Consequently, the
"noise" level in the noise itself can be unacceptably high. A higher frequency "cut" can exceed

in value a lower frequency "cut," a clearly impossible situation for the instantaneous "cuts" of

frame A on Figure 77. Tool resolution is compromised by the surface processing of tool output,

a situation all too similar to that described in the notes for digitally recorded temperature logs.

Tool Sensitivity: This topic would normally appear under tool specifications but it is important 
enough to consider separately. Whatever the manner of signal processing, there is a standard 
unit of reference for the noise logging system. In this standard system, the logging tool is 
immersed in water along with a sound source. A sinusoidal pressure oscillation in the water with 

an amplitude of 1 X lQ-6 PSI (root mean square) and a frequency anyplace in the range 200-2,000 
Hz will produce a reading of 1 millivolt on the appropriate meter. In the past, companies have 
attempted to maintain their tools at this standard level within ± 3 decibels. Thus: 

I x 10-6 PSI O I x (10)±3120 = 0.7077 - 1.414 Millivolts (RMS).

With the hard economic times, companies have become sloppy in their attention to quality 
control. At this time, only one manufacturer supplies a calibration certificate with each tool. The 

actual calibration is done at Naval Facilities in San Diego, California. Relative to the usual 

specification units, the above standard millivolt system output is equivalent to a sensitivity of 

- 134 decibels relative to 1 volt per micro pascal.

The proliferation of digital processing programs has also degraded standardization. These 

programs are generally written to process sinusoidal signals at unit net gain and are seldom 

tested with actual flow noise. Consequently, the most that can be said at present is that 
companies supposedly record at sensitivities of 1/2 to I times standard units. Because of the 

wide range of signal levels to which the tool must respond, most companies have a provision to 
decrease tool sensitivity by a fixed factor of 10. 

Tool sensitivity is important because it determines the output level to be expected for a tool in a 

shut-in well that is totally free of any flow. This is the so-called "dead well" or "ambient" 
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output. All quality control checks for extraneous noise must, or course, be referenced to this 
level. 

Finally, it should be mentioned that one company measures the tool output in decibel units with 

1 millivolt representing 70 decibel units. In this system, an output of X decibels is therefore the 
following number of millivolts: 

Millivolts = 10v 

Y 1/20 (X - 70) 

X No. of decibels 

These decibel values are then presented on a linear log format rather than on the logarithmic 
format that is typical for the noise log. 

Noise Log Format: A Typical noise log format displays four numbers for the four high-pass 

readings on frame A of Figure 77 in millivolts for each stationary measurement. These numbers 

are usually given on a logarithmic scale as illustrated by the frames on Figure 78. The records 

on both these logs come from "dead" wells and illustrate ambient behavior under two completely 
different conditions. Frame A on Figure 78 is a portion of a log from an injection well that has 

been shut in for 24 hours. The ambient level is, accordingly, low-ranging from 1 to about 2 
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Millivolts Level@ 1/2 Standard Sensitivity Millivolt, Level@ Standard Sensitivity 

(A) Shut-In Injection Well (B) Mud-Filled Well Logged From Rig

Figure 78. Noise log format illustrating typical ambient or dead well levels. 
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standard units. In contrast, the record on frame Bis from a noisier environment, namely, an 

open-hole section beneath a drilling rig. Here, the ambient levels are in the range of 4 to 5 

standard millivolts. Note also that the variation in noise level from station to station is greatest 

on the lowest frequency curve, the 200-Hz trace. This fact was claimed without any 

demonstration in the previous discussion on data processing. The high-pass method employed 

restricts this variation to the frequency cut to which it actually belongs. 

For comparison, Figure 79 shows a noise log from a shut-in well that has a behind-pipe 

crossflow of water upward into a gas zone that was pressure depleted from production. Only at 

the top of this log, above the water level, are the noise levels on all cuts at about dead-well 

values. At the bottom of the log, a location over 1,000 feet away from the noise source at depth 

A, only the 2,000-Hz cut has decayed to ambient level. The lowest frequency cut, the 200-Hz 

curve, still has an amplitude that is 36% of the peak value at depth A. This is an illustration of 

the already mentioned ability of the tool to "detect from a distance." 

The log also shows that most of the 250 PSI pressure differential between the sands is dissipated 

at one constriction located at depth A. This is an unusual situation for flow behind pipe. Also, 

the behavior of the four high-pass readings at the peak, depth A, shows that the sound amplitude 

drops very little from the 200-Hz reading through the 1,000-Hz reading. Yet the 2,000-Hz 

values is only about 1/3 of the 1,000-Hz value. This behavior means the most intense 
components in the sound occur at a pitch, or frequency, near 1,000 Hz. The spectrum peaks at 

4000 ,-------,---,----.--..--------,---,---,-,-----,,--..------,-----,----,....,...-,--, 

4500 t-+----,f--+---------+-------,f--------�-------1 
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Figure 79. Noise log format with a 20-BPD water flow behind pipe into a gas zone depleted by 250 PSI. 
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ncy. Most single-phase flows produce dominant pitches of 100 Hz or higher when 

1g over a constriction. We have, therefore, partially justified the filter setting depicted 

� of Figure 77, the tool schematic. 

level exerts an enormous influence on the log character on Figure 79. The loss in 
l that occurs when the detector leaves the water column is the result of two factors.

the sound in water, a pressure wave exerts a force on the sound much greater than an 

�ity oscillation in gas would produce because of the larger water density. The "so-

1pling is better with water around the microphone. Second, the water surface itself

through interfacial tension any oscillations that attempt to cross. This noise log

t an interface is brought up because it is not unusual to have a water level in an
•ell.

: ambient noise levels on all three logs are slightly to either the high or low side of I 

illivolt level. This is typical for dead-well levels free of extraneous noise. 
tly, this level serves as a quality control check on noise logging procedure. Every log 

e locations with levels already ambient or decaying towards ambient. Exact values 
t also depend on the length of logging cable on the reel and on its size. This is why 

t values at the top of the log on Figure 79 are somewhat smaller than those on frame 

! 78 even though both logs were recorded at one-half standard sensitivity. Corrections
ngth are discussed in the next subsection.

1uation: The tool schematic on frame A, Figure 77, shows that the amplified voltage 
1e microphone is transmitted directly up the logging cable of the surface unit. 

the wide range of signal level over which the tool must operate, no attempt is made to 

tage levels to spikes as was done with the thermometer. Consequently, the logging 

acts as filter attenuating the higher frequency components of the tool output more 

m the lower frequency ones. AC current is lost from the cable primarily by 

;torage in the insulating material that separates the conductor from the outside wire 
· example, a logging :able 7/32-inch in diameter and 24,000 feet long has over I

capacitance in this insulating material. The insulation acts like a capacitor that shunts

n the conductor to ground, i.e., to the outside sheath. Also, the "resistance" that a

:fers to an AC current is inversely proportional to the signal frequency.

>rrect way to account for cable filtering is to divide the signal into narrow-band

orrect the amplitude of each segment according to its center frequency, and then

:he segments. This is a tedious operation because the recombination must account for

1ift also due to cable capacitance. Fortunately, it is not necessary to go to this degree

:ecause the cable correction is generally small, it is usually not even made. When it is

rnch simpler procedure can be used that is perfectly satisfactory.

numbers measured at each station, one can correct only that value whose high-pass 

uency is closest to the dominant frequency. For example, on the log of Figure 79, the 

:h A has a dominant frequency not much larger than 1,000-Hz. This cut, whose 

; 2 x 3 = 6 standard millivolts, would be the one corrected for cable attenuation by a 
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factor appropriate to 1,000-Hz frequency. Such factors, labeled F
L
, appear on Figure 80 fc 

common sizes of production logging cable, 7/32-inch diameter for the left-hand figure and 
inch on the right-hand figure. The cable length, L, on the abscissa of each figure is expres 
thousands of feet. A line is present on each figure not only for the four high-pass filter set 
in general use, but also for two higher frequency settings, 4 and 6 kHz, that are present on 
company panels in case they are needed for better vertical resolution. 

Use of the correction factors is straightforward. The log on Figure 79, for example, was 
recorded on a truck that had 23,600 feet of 7/32-inch cable on its reel. For this length, the 
hand figure on Figure 80 gives, from the 1,000-Hz line, F

L
= 1.65, thus, the corrected noise 

associated with the peak at depth A on Figure 79 is 

N
1
•000

= 3x2 x 1.65= 9.9 std. mv, 

A value that will be of use in the section on rate resolution. A correction on any other of t 
three remaining numbers measured at depth A on the log of Figure 79 with the factors fro1 
Figure 80 is inappropriate. For example, at 200-HZ, F

L 
= 1.20, whereas the log peak value:: 

millivolts. Thus 

N200 = 4.5 X 2 X 1.2 = 10.8 
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Although seemingly valid, this number has no meaning because the dominant pitch contributing 
most of the amplitude to this measurement is closer to 1,000 Hz. 

In the past, noise logging tools were manufactured with so-called "line-compensating" features. 

These tools contained signal generators that, when activated, would produce a constant voltage 
tone at each of the four frequencies, 200, 600, 1,000 and 2,000 Hz. In the surface panel, gains 

were adjusted to give the same output from each filter. This approach, however, allows the 

logging operator too much flexibility in "knob turning." 

At the present time, variations from company to company in tool sensitivity are generaliy greater 
than variations due to cable filtering. The corrections may, therefore, not be sufficient to bring 

two companies logs into agreement. 

Tool Specifications: The most important of the tool's specifications, its fixed sensitivity, has 
been discussed in some detail already. Suffice it to say that the ± 3 decibel tolerance quoted 
allows, in the extreme, the output in millivolts of two tools to differ by a factor of 2. Most 
companies exert better control than this in-house, but it is not uncommon to see this level of 
variation from company to company. 

Noise logging instruments are available in diameters that range from as large as I 11/16 inches 
(1.69 inches) to as small as 1 inch. The I 3/8-inch diameter is also popular for this tool. The 
microphone section itself is generally less than 8-inches in length so that even in the usual 
combination with a thermometer, one still has a very compact instrument, generally less than 5-
feet long. 

The better noise logging sondes are rated for operation at 400 °F and 20,000 PSIG. A more 
common temperature rating is in the range of 300° to 350 °F, a rating that will accommodate 

practically all injection wells but may be too low for deep production wells, especially gas wells. 

Logging Procedures: The noise logging tool does not need to be run with centralizers. 
Furthermore, direction of logging is of no consequence to the taking of stationary readings. The 
most obvious procedural question is related to the proper spacing between readings. In general, 
spacing is not all that critical a factor because of the long-distance carry away that is already 

evident on the log of Figure 79. A coarse grid of stops can be selected so as to accommodate the 
total interval to be logged and then additional time can be dedicated to more detail at crucial 
locations such as cement tops, casing shoes, perforations, zones of interest or around noise peaks. 

A single station measurement will typically require from 3 to 4 minutes from time of arrival to 
completion. Add to this about I minute for tool relocation and you have a logging rate of about 

15 stations per hour. A four hour long logging run would thus accommodate 60 measurements. 
Suppose we have 3,000 feet to survey. A coarse grid of stations I 00 feet apart would use 30 of 

these 60 and leave 30 stops for detailing, which is usually sufficient. At this density, no noise 
peak could be located more than 50 feet from a measuring station. It is obvious from the log 

behavior on Figure 79 that very little would be inadvertently skipped over by such a spacing. 
The lines on Figure 81 allow a more specific answer as to what might be missed. This figure 
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Figure 81. Sound carry-away from a source in water. 

shows, for two casing sizes, the amount of sound carry-away with distance as a fraction of the 

peak value at the source. For each pipe size, four lines are present, one for each frequency on the 

noise log. The figure shows, for example, that in 8 5/8-inch casing the 1,000-Hz sound level 

fifty feet from a source is still 0.26 of the peak value. Suppose the ambient 1,000-Hz level is the 
0.14 millivolt reading associated with the log on Figure 79. Then for a peak to be lost in this 

background, its amplitude could be no greater than 0.14/0.26 = 0.6 millivolts. In such a fashion, 

the sample spacing and its consequences can be determined prior to the actual logging operation. 

The use of a fine station spacing embedded in a coarser grid is illustrated on the log in frame A 

of Figure 78. This survey was actually run to determihe if any non-related crossflow was 

occurring between sands located at 5,600 and 5,700 feet. A 30-foot station spacing is used in the 

approach to the sands, both from above and from below. Twenty feet above a sand, the station 

spacing is reduced to 10 feet and retained at this value through the zone and for 20 feet below it. 

This procedure was repeated at each of the two sands with one 20-foot spacing between the two. 

In frame B of Figure 78, the location of interest is at the bottom of the log. A 10-foot sample 

interval is used in the approach to this depth with a reduction to 5-foot intervals over the last 

thirty feet of log. 

The log on Figure 79 shows four different stations spacings. A 250-foot interval appears on the 

approach to the perforation from above. This interval is reduced to 100 feet with the tool still 

400 feet from the perforations. A further reduction of 50-foot intervals is made when the noise 

level increased as the tool enters the water column. This spacing is carried on for 400 feet below 

the peak at depth A. At this point, the 2,000-Hz level is almost back to ambient value so the 

operator increases the sample interval to 150 feet over the bottom part of the log. The immediate 
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symmetry about the peak value at depth A means that the actual peak is located very near the 

station stop depth. Its location appears to be a bit off the regular SO-foot spacing; consequently, 

the logging operator most likely searched for this location. Had he measured only at the stations 
on either side of the peak, then the largest amplitude would have been 0.8 millivolts on the 

2,000-Hz curve rather than the 1.2 millivolts measured at depth A. The apparent peak would be 

67% of its actual value. At a regular SO-foot spacing, a peak would be within 25 feet of a 

measurement. The 2,000-Hz line on Figure 80 for 4-1/2-inch pipe shows that the apparent 

amplitude is about 50% of true value. 

The logs on figures 78 and 79 were recorded with the well shut in. This is the correct way to log 
for non-related, behind-pipe flow. If an injection well has positive wellhead pressure, it is also a 

good way to log for injection confinement. A packer check can easily be run in such a situation. 

For an injection confinement test, the well should also be logged on injection . A "channel 

check" is possible with the tool in the casing; however, the flow velocity past the tool in the 

tubing will generally create too much noise for a valid packer check while on injection. The logs 
on figures 78 and 79 utilize a range of station spacing that is typical, 5 to 250 feet. The 

particulars in spacing arrangement are worked out relative to the situation at hand. 

Noise Log Characteristics: There are three features to every noise log that are pertinent to what 

the log means. These are: (I) sound levels on all four cuts, (2) variation in level on a particular 
cut from station to station, and (3) the frequency content of the sound at a peak in level. These 

three features can be referred to succinctly as loudness, character, and pitch, respectively. 

Loudness relates to the severity of the problem, character to how flow is taking place, and pitch 
to the type of flow-single phase or gas through liquid. Each of these features is discussed in 
some detail because, in combination, they form the basis for noise log interpretation. 

Loudness: The measured sound levels on a noise log are significant for two reasons. In the first 
place, the level increase above ambient is obviously related to the severity of the problem. For 

example, at depth A on the log of Figure 79, there is a peak in noise level to values from 1.2 to 

4.5 millivolts for the four cuts. These are considerably higher levels than ambient, for which the 
same four cuts range from 0.12 to 0.8 millivolts. Although one cannot associate a degree of 

severity with the increase at this point in development, one would agree that if another run six 

months down the road gave levels at depth A that were three times higher, this would signify an 

increase in the flow rate. The actual relation to rate is given in subsequent sections devoted to 
specific flow situations, but for now it is the low end of the loudness range that will be discussed. 

In the second place, the level of sound on a noise log is the best quality control index available. 

Ambient levels under proper logging conditions have been demonstrated to fall just on either 

side of the 1 millivolt level, depending on environment and logging cable. If this level does not 

appear anywhere on the log with the well shut in, then there usually wili be an extraneous noise 

source that has gone unrecognized. The log will either be useless, or worse, will lead the 

interpreter to incorrect conclusions. 

The log on Figure 82 is from an oil well that is shut-in with a tubing pressure of 815 PSIG. Only 

at the deepest station do the values of noise level appear to be settling down to ambient values. 
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Figure 82. Noise log from a shut-in oil well with 815 PSIG tubing pressure. 

Even the perforations at depth A are producing. The sustained levels above the end of the 
tubing, depth B, indicate that this flow is entering the tubing and flowing through the narrow 
space between tubing and logging tool. From what is seen at shallower depths, this flow reaches 

all the way to the surface. Finally, the flow appears to go in surges as witnessed by the many 
peaks. Steady flow up the tubing would not exhibit this character. In short, what this log shows 
is the result of a lubricator seal at the surface leaking sporadically. More specifically, one sees 

on the log the extreme sensitivity that the tool has to the movement of gas through liquid. A 

slight loss of seal pressure allows carbon dioxide and nitrogen to flash from the oil and bubble 

upward. Each time this happens the flow surges. All this confusion is the result of attempting to 
log a high pressure well without the use of a grease-injection controlhead. Sloppy procedure! 

The term "peak millivolts" that appears on the abscissa of this log is a common way to designate 

a tool with one-half the standard sensitivity. Likewise"peak-to-peak" is sometimes used to 

designate standard sensitivity. 
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The log on Figure 82 is also typical of what can happen in a shut-in injection well that has 

positive tubing pressure. A loss in seal pressure will allow dissolved air to flash. 

Compare the noise level on Figure 82 with that on Figure 83. The lower part of the log on 

Figure 83 was shown on frame B on Figure 78. The levels on Figure 83 are 10 to 25 times lower 

than the values on Figure 82. At the worst, location 3, the levels on Figure 83 rise only about 

25% above ambient values. Yet the control demonstrated above and below locations 1-4 is 
sufficiently good that significance can be attached to the peaks at these locations. As a check, a 

second pass was made over the interval 6,325-6,475 feet to insure that the peaks repeated. The 

four peaks are. in fact, at depths of closest approach to a well blowing out of control nearby, with 
the closest approach being at location 3. 
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Figure 83. Noise log from mud-filled open hole in the vicinity of well blowing out of control. 
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The significance attached to loudness on a noise log is therefore relative to not only problem 
severity but also to procedural quality control. 

Character: It has aiready been indicated that the variation in level of sound on a particular "cut" 
from station to station is related to the path followed by a steadily flowing stream. This fact is 
incorporated into the hypothetical situation of behind-pipe flow illustrated on Figure 84. A 

crossflow is depicted from zone A to zone C past a single constriction at location B. An 
acceleration occurs across a pressure drop at each of these locations, on entry to the wellbore 

region behind pipe at depth A, on passage through the tight spot at depth B, and on exit from 
well bore at depth C. Accordingly, a peak in the sound level occurs at each of these locations, the 
magnitude of which is directly proportional to the pressure drop at that location. Most of the 

pressure difference between zones· A and C is dissipated at these three locations. Had the flow 
occurred inside the casing, then the peak in sound level at depth B would not be present. Also, an 

actual situation may be such that the pressure drop at either the entry, depth A, or the exit, depth 
C, or at both may be so small that the associated peak is not recognizable above the residual 
sound carry-away from the peak at depth B. 
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The type of information available from record character is demonstrated by the next two 

examples, both of which involve the flow of water behind casing. 

Figure 85 shows a noise log from a well experiencing an underground blowout that commenced 

when the drill bit penetrated an abnormally pressured water zone at the bottom of the open hole 

section. This water is charging porosity in a normally pressured zone at depth A. Above this 

location, sound levels decay to ambient levels slightly to the high side of the 1 millivolt value. 

Within the crossflow interval below depth A, the number of peaks in any one curve is limited 

only by the station spacing in use, not by the actual number of constrictions which apparently are 

numerous indeed. The flow is therefore behind the intermediate string of 9 5/8-inch casing 
shown at 17,000 feet. It is the cement and not the casing itself that has failed. The crossflow 

rate of 500 BPD was estimated from a rate measured when the water flow was diverted to the 
surface. 

Compare the character on the log of Figure 85 with that appearing on Figure 86, another example 

of water crossflow behind pipe at a much higher estimated rate of 5,000 BPD. The cut on Figure 
86 with the best vertical resolution, the highest frequency curve at 2,000-Hz shows on two 

locations, D and E, in nearly 4,000 feet of interval at which peaks in noise level occur. As will 

be seen shortly, the single peak at depth D is associated with an entry from a source aquifer 
located at this depth whereas the double-peak structure at depth E results from two exits into 
porosity at two locations in the same shallow aquifer. Not a single tight spot is evident in 
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Figure 85. Noise log from a 500-BPD flow of high pressure water behind 9 5/8-inch casing in a well being 
drilled. 
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between! The flow is obviously taking a path of nearly constant cross-sectional area. The well 

completion sketch on the left-hand side of Figure 86, unfortunately, shows several possible 

routes satisfying this requirement. 

Two temperatures surveys from this well appear on Figure 87. The log on frame A was run 1.4 

months after the well was shut off production, the same time at which the noise log of Figure 86 

was recorded. The survey shows the water flow as originating at depth D and progressing to 

depth E with a minor loss at depth F. The noise log of Figure 86 shows that there is very little 

pressure differential left at the location of minor loss, depth F. Most of the charging has 

apparently already happened! 
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Figure 87. Temperature surveys on well of Figure 86 before and after a workover to eliminate behind-pipe 
flow from deep aquifer into shallow aquifers. 

After a workover, the well was left shut-in for 12 days so that the survey shown on frame B of 
Figure 87 could be run. Storage signatures associated with porosity taking water are marked on 
the log. Locations A and B on this figure correspond to the peak locations on the noise log of 
Figure 86. 

Finally, the log on Figure 88 allows one to compare on the same log the character in noise levels 
to flow along a tortuous path to that along a smooth path. The log was run with a small annular 
gas flow in progress. The lack of character to levels above the cement top, located at depth A, 
relative to those below the cement top is very evident. 

As the log on Figure 82 demonstrated, character can also be introduced by extraneous noise 
sources that are intermittent in nature. Common sources of this type will be covered in a final 
section on quality control. 

Pitch: The third feature to a noise log that is essential to interpretation is the pitch or frequency 
content at a particular peak in noise level. Whenever the flow is occurring behind pipe, 
frequency content is an excellent indicator of single-phase flow as opposed to the flow of gas 
upward through liquid. This fact is illustrated by the experimental data appearing on Figure 89. 
These data are from an experimental assembly consisting of a joint of casing with a flow channel 
in the cement behind the joint. A string of 2-inch tubing is inside the casing and the logging 
sonde is inside the tubing. The entire assembly is filled with water. 
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The record on frame A of Figure 89 resulted from water acceleration into the channel from a 
porous plug located at depth A. The first three measurements at 200, 600, and 1,000-Hz are 
"bunched together" in the 10-16 standard millivolt range whereas the 2,000-Hz cut has dropped 
to 5.5 standard millivolts. Thus, the dominant frequency of the sound is near 1,000 Hz. This type 
of behavior is typical of the turbulent sound generated by high velocity, single-phase flow behind 
pipe. At least three "cuts" through 1,000-Hz will be bunched together and all four may be if the 
dominant frequency moves up into the 2,000-Hz range. Lower velocity flow of water inside 
casing generates much lower frequency sounds until the rates become quite high. 

A comparison of the frequency behavior at the peak at depth A on Figure 79, with the 20 BPD 
water flow, frame A of Figure 89, indicates that the behavior is the same. Likewise, at any of the 
peaks on Figure 85, the 500 BPD water flow, the first three readings are bunched together in the 
same fashion as are those on frame A of Figure 89. For the gas flow behind pipe shown on the 
log of Figure 88 all four "cuts" are crowded together at most of the peaks. Thus, the dominant 
frequency is closer to 2,000-Hz for this case. This is not a distinction between single-phase gas 
as opposed to water alone, because water can also generate peaks with frequencies this high or 
higher. Higher velocities are, of course, required for water because of the higher viscous 
attenuation in water. 

The frequency behavior exhibited on frame B of Figure 89 resulted from a small rate of gas 
bubbling from the porous plug into a water-filled channel. In contrast to those on frame A, the 
levels at the peak on frame B are spread out over a range from 2 to 42 standard millivolts. There 
is obviously quite a bit of sound at the lower frequencies. In fact, the level in the band from 200 
to 600-Hz alone 

l'.\N = 25 std. millivolts, 

exceeds the level associated with all frequencies above 1,000-Hz, i.e. 

l'.\N > N 1.ooo = 11 std. millivolts. 

This strong component of lower frequency sound is generated by the collapse of liquid upon 
itself during the cycle of uplift and fall back of water associated with entry and subsequent rise of 
each discrete bubble or slug of gas. This process accompanies a particular slug of gas as it rises 
through the water; consequently, the level on the 200-Hz curve remains at a high value even 
above the entry depth A on frame B of Figure 89. 

The frequency behavior exhibited on this frame is a characteristic of a gas-liquid system and will 
be manifest for flow either inside or outside casing. As gas velocity increases, the churning 
action in the liquid also increases to the point that the liquid begins to foam or froth. From this 
point, the frequency character starts a transition from that of frame B back to that of frame A. 
Rapidly decreasing sound levels also accompany this transition back to single-phase type 
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behavior. Most behind-pipe flows of gas through liquid exhibit frame B type frequency behavior 
until the gas simply lifts the liquid out of the flow path. 

The third noise log with water flow behind pipe examined, Figure 86, had an estimated crossflow 
rate of 5,000 BPD. Yet the peak frequency structure at both the source depth D and the exit depth 
E is of the "spread out" type of frame B on Figure 89, for gas moving through liquid. Note also 
that the 200-Hz level is practically constant from the source throughout the 4,000-foot interval to 
the exit peaks. The noise logging tool is responding to the dissolution of gas, nitrogen and 
carbon dioxide, at the entry depth D, and the subsequent travel of gas upward. Evidence of gas 
cooling at the source is evident on the temperature log on frame A of Figure 87, at depth D. 

The type of frequency character exhibited on Figure 86, is not that unusual in connection with 
behind-pipe flow of ground water. Gas flow through liquid is such a strong sound source that a 
little gas evolution will dominate the noise log levels. This actually increases the sensitivity of 
the tool above that which it has for single-phase flow alone, provided the gas does not stay 
dispersed as very tiny bubbles that move with the water. 

The example logs considered so far are sufficient to show that, in combination, the three features, 
loudness, character, and pitch determine what a noise log means from a qualitative standpoint. 
But one must relate the loudness to flow rate for the tool to be effective. 

Sound Level-Flow Rate Relation: Compare once again the sound level at the peak, depth A, on 
Figure 79 with the levels at the peaks on the log of Figure 85, all of which have a dominant pitch 
of about 1,000 Hz, the same as that of peak on Figure 79 (page 118). On the latter figure, the 
level is only N

1 000 
= 6 standard millivolts even though the sound source is directly behind the 

casing in which the tool is located. This value is considerably less than the level at 1,000-Hz of 
any of the five peaks appearing on Figure 85, which from depth A downward reads 30, 31, 54, 
51, and 27 standard millivolts, respectively, and this with the tool removed by two strings of pipe 
from the sources located behind the casing. Intuition would therefore attribute more behind-pipe 
flow to the situation on Figure 85 than to that producing the log on Figure 79. However, the 
pressure drops associated with the peaks are quite different. The single peak on Figure 79 
accounts for 250 PSI pressure difference whereas the five peaks on Figure 85 combined dissipate 
some 2,000 PSI of abnormal pressure. Consequently, the levels cannot be related to rate alone. 
The necessary relationships are given in the following subsections. 

Water Flow Behind Casing: The turbulence created by the acceleration of a single-phase fluid 
past a constriction is directly proportional in intensity to the power expended to achieve the 
acceleration. This is simply a statement of energy conservation because all the power is lost to 
fluid frictional dissipation. Thus, the level of sound at a peak is proportional to the rate of pump 
work creating the peak, that is, to the product �p x q, where �p is the pressure drop across the 
constriction and q is the volumetric rate. The constant of proportionality between sound level, N, 
and pump power, �pq, is determined experimentally with apparatus of the type that was 
described in connection with Figure 89. If the 1,000-Hz cut is chosen as the calibration level, 
then the relationship takes the specific form 
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where 

Ap x q = 1,100 Np x (N
lOOO 

- 6), (9a) 

A = 
p 

q 
N 

p 

Nl.000 = 

pressure drop across, peak, psi 
volumetric rate, BPD 
number of pipe strings between tool and noise source 

level at peak on 1000-Hz cut, standard millivolts 

The experimental basis for the above relationship is given by the correlation on Figure 90 for NP
= 1, i.e., for the water flow behind the same casing in which the tool is located. Equation 9a 

represents the straight line shown on the figure for noise levels greater than 7 standard millivolts 
on the 1000-Hz cut. For example, at N 1 _000 = 15 the line shows Ap x q = 10 x 103 

= 10,000
whereas equation 9a gives Ap x q = 1,100 x 1 x (15-6) = 9,900. The scatter of data on Figure 90 

arises from the presence of values for many different types of geometric configurations to the 

flow path behind pipe. This causes an uncertainty in rate of about a factor of 2 within the value 
given by equation 9a; however, geometry behind cemented pipe is never known with any degree 
of confidence. 
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The relation expressed by equation 9a can be applied directly to the peak at depth A on the log of 
Figure 79. After cable correction, the value for N,,ooo was: 

N,,
000

= 3 x 2 x 1.65 = 9.9 std mv. 

It had also been noted that this peak had dissipated the known 25O-PSI pressure deferential 
between zones so that �p= 250 PSI for the peak, with N = 1, equation 9a gives 

p 

250 q = 1,100 X 1 X (9.9 - 6), 

q = 17 BPD. 

A value that, fortuitously, is close to the estimated rate of 20 BPD. From the scatter on Figure 
90, one could expect �p x q to be in the range of 1,800 to 7,000 with corresponding rates of 7-28 
BPD. 

Refer now to the log on Figure 85. If one attempts to apply equation 9a to a particular peak, the 
appropriate value for �p is unknown because all that is known is the total pressure difference of 
2,000 PSI over all the peaks. This total pressure drop, however, is the sum of the individual 
drops at each peak. From the form of equation 9a, if �Prnr the total drop, is used, then the 
corresponding noise level is the sum for the individual levels, i.e., 

5 

�PTOT X q N
p � (N 1000 ,- 6), 

i = I 

where the N 1.ooo;' are the individual 1,OOO-Hz cuts at the five peaks on Figure 85. This particular 
log was run on 25,100 feet of 7/32 inch logging cable. The corresponding attenuation correction 
factor from Figure 80, is F

L 
::: 1. 7 5 at the dominant frequency of 1,000 Hz. Thus, the corrected 

peak values of the 1,OOO-Hz cut are, in order from Depth A on Figure 85, downward: 

5 

� (N 1000 ,- 6) = (30 X 1.75 - 6) + (31 X 1.75 - 6) + (54 X 1.75 -6) 
i = I 

+ (51 X 1.75 -6) + (27 X 1.75 - 6)
5 

� (N1000,-6) = 3O8 std. mv. 
i = I 

With 2 strings of pipe between the sonde and the leak, N = 2, and we have 
p 

�PTOT x q = 1,100 x 2 x 308 = 677,600. 
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For an estimated Ap
TOT 

= 2,000 PSI, the corresponding rate is 

= 677,600 = 339 BPD 
q 2000 

a value to the low side of the estimated 500 BPD rate. 

It should be noted that the use of the 1,000-Hz cut on Figure 90 and in equation 9a is simply a 
matter of choice. There are data points on the figure for peaks with dominant frequencies in the 
2,000-Hz range similar to the peaks appearing on the log of Figure 88. Consequently, the cable 
correction factor by which the N 

1 000 
levels are multiplied should be that appropriate to the 

dominant frequency. In the case of Figure 88, the cable factor at 2,000 Hz is the proper one. 

At noise levels below about 8 standard millivolts, the correlation on Figure 90 is represented by 

for N
1000 

$ 8 std. mv., 

(9b) 

which gives a convenient expression for the resolution that a noise log from a shut-in well has to 
water flow behind pipe. If it is considered that, for recognition N ,.ooo � 2 N ,.ooo (BKG), i.e., a peak
must exceed twice background level, then the previous expression gives 

q:;:::: 700 
Np x N1000 (BKG) 

Ap 

where q = minimum detectable rate, BPD 

NP = number of pipe strings between logging tool and leak

N,.ooo (BKG) = background noise level above 1,000-Hz, std. mv.

Ap = pressure difference available for behind-pipe flow 

(10) 

This expression allows the tool resolution for any particular situation to be estimated in advance. 
It also shows that the tool efficacy is completely dependent upon the pressure difference 
available to drive flow. As Ap becomes small, the detectable rate increases rapidly. 

At a background level of 1 standard millivolts and a driving differential Ap = 100 PSI, equation 
1 0 gives q � 7 NP, a condition that makes the noise logger comparable to temperature and tracer
tools. If, however, the pressure difference drops to Ap = 10 PSI, then q � 70 NP and the tool is no
longer comparable to the other two. 
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Water Flow Past Tool: If the noise log is run while the well is on injection, then the noise 

generated by flow past the tool may determine the appropriate background level whenever the 

tool is above the perforations. Likewise, carry-away from this source may dominate the 

background below the perforations. 

For example, the noise log on Figure 91 came from a water flood well on injection at a rate of 

26,800 BPD at 1,300 PSI tubing pressure. This rate produces, in the 7-inch casing, a velocity of 

508 ft/min past the logging tool. This velocity is sufficient to produce a dominant frequency at 

the same 1,000 Hz previously observed for behind-pipe flow. Furthermore, the level of sound is 

quite high, 1,300 millivolts at 0.1 standard sensitivity. In terms of the previous logs, N
1
•000 =

13,000 standard millivolts! 
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Figure 91. Noise log from well on water injection at 26,800 BPD and 1,300 PSI in 7" casing. 
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At this injection rate, the log gives an excellent injection profile. A small amount of water is lost 
to the perforations and into zone 1, but the vast majority of the injected water leaves over about 
the top one third of the perforated interval in zone 2. Above zone 2 the injection noise is still 
N

1
.ooo = 11,000 std. mv. 

According to equation 9a, this level could hide any flow doubling back upward outside the 
casing whose rate did not exceed 

q = 1100 x 1100 std. mv. = 7 000 BPD
1750 psi 

where 1,750 PSI is the total injection head. This rate resolution is about the same as the 20% of 
flow that the temperature log can detect during injection. 

If, however, the injection rate to the bottom perforations was only 10,000 BPD, then the noise 
due to flow past the tool would drop to 700 standard millivolts. At the same injection pressure, 
the resolution would be q � 440 BPD or 4.4% of injection rate. At 5,000 BPD, the resolution for 
behind-pipe flow would further increase to 2% of the injection rate. 

The above statements make use of the relationship for noise level due to water flow past the tool 
that will now be developed. In a smooth geometry, the turbulent pressure drop, .1.p, in equation 
9a can be expressed in terms of a friction factor, f, per foot of pipe as 

.1. P = f P V2 = f P(1 )2 , 

where pis the fluid density and A is the area between the tool and the casing. Thus, equation 9a 
is of the form 

q3 
N1000 =Bp­

A2 

where B is a calibration constant. For a water density of 62.5 lb/ft3, the combined value pB as 
experimentally determined gives the following relationship for the noise level caused by flow 
past the tool: 

where 1,000-hz cut in std. millivolts 
volumetric rate, BPD 

(11) 

cross-sectional area between tool and pipe. 
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For a given volumetric rate, tool size. and casing size, equation 11 can be used to estimate the 
sound level resulting from water flow past the tool. As an aid to the use of this expression, the 
cross-sectional areas for common tool sizes are listed in Table 8:

TABLE 8. CROSS-SECTIONAL AREA FOR :--;OISE LOGGING TOOLS 

Tool Diameter 

Inches 

Cross-Sectional Area 

I 3/8 

l 1/2

1 5/8 

I 11/16 

0.0054 

O.Ql03

0.0123 

0.0144 

0.0155 

These values can be subtracted from pipe areas given in commonly available tables. For 
example, the 7-inch, 23 lb/ft casing on Figure 91 has an area of 0.221 sq. ft. A 1 11/16-inch tool 
was used to log the well. Therefore, in equation 11 

A= 0.221 - 0.0155 = 0.2055. 

For a rate q = 25,000 BPD, the level from equation 11 is 

N = 3 3 10-11 (25,000)3

1000 • •  X X ----

(0.2055)2 
N 

1000 
= 12,200 std. millivolts 

This value is as close to the measured level of 1100 x 10 = 11,000 standard millivolts as can be 
expected without specific tool calibration. 

Equation 11 provides the relation needed to convert the noise levels through, say, the bottom set 
of perforations in zone 2 into a flow profile. Because q oc Y level by equation 11, it is simple to 
construct the injection profile shown on Figure 92. For this profile, the 2,000-Hz cut has been 
used as the one with the best vertical resolution. Zero flow has been assigned to N20<xi 

= 1.5
millivolts as Figure 91 indicates. Still, Figure 92 indicates that, relative to the spin�er survey, 
sound carry-away has "smeared' the profile downward somewhat. Nevertheless, the noise log 
profile is quite acceptable. Equation 11 also shows that more typical injection rates like 2,000

BPD will not raise the noise level in the wellbore by very much. For example, 5 1/2-inch, 17 lb/ft 
casing has an area of 0.1305 sq. ft, so that with a 1 11/16-inch logging tool A= 0.1305 - 0.0155 
= 0.115. At q = 2,000 BPD, equation 11 gives N

1
_000 = 20 std. millivolts. Consequently, the tool,

even above the perforations, has a resolution for behind-pipe flow that by equation 9a is 

�p x q = 15,400 PSI • BPD, 
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Figure 92. Comparison of noise log and spinner survey injection profile for a rate of 25,000 BPD . 

• 

while the well is on injection. For a 500 PSI injection head, this is equivalent to a 31 BPD rate 
behind casing, a value plenty low enough for surveillance purposes. This is obviously not the 
case when the tool is located in the tubing. Suppose a 1 11/16-inch tool is in 2 3/8-inch tubing. 
Then A= 0.02171 - 0.0155 = 0.00621 sq.ft. For a 2,000 BPD rate, equation 11 gives N 1000 

= 
6,850 std mv. A packer check is, therefore, not possible with the well on injection. Most 
injection zones, however, will be over pressured at an injection well itself. Consequently, a 
packer check can be made during shut-in. 

The influence that the dissolution of a small amount of gas that coalesces into rising bubbles or 
slugs can have on the noise levels associated with water flow outside pipe has already been seen 
on at least one noise log, Figure 86. Likewise, the log on Figure 82 showed what an even 
smaller amount of gas flow upward through oil inside the casing could do to the levels. This 
influence is put on a quantitative basis in the next sub-section. 

Gas Flow Through Liquid: The discussion associated with Figure 89 established that gas 
movement upward through liquid produced a large component of sound in the band /l. = N200 -

N
600 

between the lowest two frequency cuts. In fact, for gas rates below about 1,000 ft3/day at 
flow conditions, the gas rate is directly proportional to the sound level in this band. The 
appropriate relationships are: 
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NP ti · flow behind casing2 ' 

qgas = f
5 

; flow inside casing 

(12A) 

(12 B) 

where q gas = gas rate, cu. ft./day, at downhole temperature and pressure 
ti" = N

200
- N

600
, std. millivolts, noise level between 200 and 600-Hz cuts 

N = number of pipe strings between tool and flow 
p 

These expressions are based on measurements from the same type of apparatus described in 
connection with Figure 89, and are approximate in nature. 

On Figure 86, at the source depth D, 4,800 feet, 

ti= 2 x (170-70) = 200 std mv 

The source is at least 2 pipe strings removed from the tool so that 

N ~2 
p -

From equation 12A qoas = 2 x 200/2 = 200 cu. ft./day 
e ·  

at a depth of 4,800 feet and a temperature of 180 °F (Figure 87). At standard conditions, this rate 
would be about 150 times larger, i.e., 

q gas= 30,000 scf/d , 

or about 6 scf/bbl of water, which is not an unreasonable value for flashed carbon dioxide. 

The log on Figure 82 is the result of a small surface leak through the tubing. At depth in the 
tubing ti.::: 2 x (70-10) = 120 std mv. From equation 12 B, q0a, = 120/15 = 8 ft3/day. This figure 
may make the leak hypotheses a bit more palatable. 

Vertical Resolution On Noise Logs: Any event may be lost in the background sound or in the 
carry-away from a nearby peak. No explanation of why this happens was given because the 
concept is widespread in everyday life. Everyone is familiar with the bedside units that generate 
synthetic sounds that supposedly mimic pleasing natural sounds such as surf or rainfall, the 
intent being for these to "drown out" disturbing background noise. Because sound amplitude is 
oscillatory, the only way that the level from two separate sources could be the sum of the 
individual levels is for the two sources to be in phase with each other. Otherwise, some 
destructive interference results from the combinations. 
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This property of sound creates no problem in the vertical resolution of sources having 
comparable amplitudes. This fact is demonstrated on Figure 93 that shows the 2,000-Hz cut 
alone as the tool passes two sound sources of equal magnitude but spaced at different distances 
apart. Even at the closest spacing shown, 2 feet apart, the two peaks are clearly resolved at a 1-
foot sample interval. The resolution would be even better with a sample interval of 0.5 feet. 

The problem comes with peaks of unequal magnitude, a situation in which the presence of a 
small amplitude source is not evident above the residual from another much higher amplitude 
source. A progression to this condition is apparent at the top peak on Figure 94, which is located 
ten feet away from a second peak whose amplitude is the larger of the two. In frame B, the top 
peak at 12_ millivolts amplitude is barely evident above the residual from the 56 millivolt peak 
ten feet away. On frame C, the 5 millivolt peak at the top location is unrecognizable above the 9 
millivolt residual from the deeper peak. 

The attenuation with distance shown by the sound levels on both Figures 93 and 94 is more rapid 
than that indicated on Figure 81 (page 122), for sound carry-away because the sources are in the 
casing with the logging tool and, thus, "blow" directly upon the microphone as it passes. 

In order to obtain better vertical resolution, most companies have two more high-pass filters in 
addition to the normal four. These two pass at frequencies above 4,000 Hz and 6,000 Hz, 
respectively, and can be switched to two of the voltmeters normally used for the regular four 
cuts. These two values can, therefore, be added to the normal four numbers at any station. This 
procedure is illustrated on the flowing noise log of Figure 95. The log was run to profile the 
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production of gas from a gravel-packed completion in casing with two intervals perforated. The 
perforations were logged with I foot station intervals at a dry gas rate of 3 million SCF/day. The 
4 and 6-kHz values were added to the normal four from 8,698 feet down. None of the six cuts 
resolve individual peaks very well in the highest productivity interval, AB, over the top half of 
the bottom set of perforations. However, at depth E, a peak that is just beginning to be ill 
defined by the 2,000-Hz cut is well defined on the 4,000 and 6,000 cuts. On the latter, a second 
peak appears just above depth E that is not evident on any of the lower frequency cuts. The entry 
into the screen at depth C is above the topmost perforations in the casing. This suggests that 
both the screen and the perforations in the top set may be nearly plugged by fines. 

All the material presented so far has been in preparation for the next two sections that deal with 
the use of the noise survey to demonstrate either injection confinement or the lack of non-related 
crossflow behind casing. Whereas the radioactive tracer tool is the preferred complement to the 
thermometer for injection confinement surveys, there are situations where the injection occurs 
behind the string of pipe in which logging tools must be run. Dual completions, for example, fall 
in this category. Here, the noise log becomes of use as an inexpensive way of surveying with a 
tool that does not have to be either "fished" out or cemented in place in the event it is lost 
downhole. 

Noise Surveys For Injection Confinement: Most injection zones are over pressured to some 
degree. This can be true for wells that do not stand full during injection, that is, for wells that 
inject on "vacuum." Salt water with a gradient of 0.50 PSI/ft. over-pressures a formation about 
40 PSI for each 1,000 feet of water column. Thus, a zone at 3,000 feet will have 80 PSI excess 
pressure even though the brine level in the wellbore stands 1,000 feet below the surface. 
Consequently, a noise survey on the injection well shut off of injection will have a higher 
sensitivity to loss behind pipe to zones above the target interval than will a survey run while 
injection is in progress. This supposes that the injection rate exceeds about 2,000 BPD. At rates 
no larger than 2,000 BPD, an injecting survey will be more sensitive. As with all 
generalizations, these can be wrong. They are given to justify to the reader that, like the other 
tools discussed, noise surveys should also include both injection and shut-in surveys if the tool is 
used to evaluate confinement. Unlike temperature surveys, shut-in noise logs can be run as soon 
as injection ceases. 

The best way to proceed from here is to simply examine cases of both confined injection and 
unconfined injection. 

The noise survey of Figure 96 was run with a well on injection at a rate of I 0,800 BPD and 1,400 
PSI tubing pressure. Two intervals are targeted for injection as indicated on the figure. The 
survey shows all the injection entering the top portion of the top set of perforations. Within the 
tool resolution, there is no indication of flow upward behind pipe from the perforations. The 
signature is thus one of confinement to the top zone. Above the perforations, the noise level is 
NI ,000 .::: 1,200 std mv whereas the net injection head at the 1,400 PSI tubing pressure is about 
1,250 PSI. Equation 9A indicates a rate resolution behind pipe of: 

q 21100 x I200 � 1100 BPD
1250 
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Figure 96. Noise survey with well on injection at 10,800 BPD and 1,400 PSI. Casing is 7-inch, 29 lb/ft and 

tool is I 1/2-inch. 

or about 10% of total rate. The behavior of the 2,000-Hz curve indicates that this may be a 
conservative estimate, however. The speed up of exiting water is evident by the increased level 
over the entire top half of the upper set of perforations. This suggests that by adding the 4,000 
and 6,000-Hz cuts, we could obtain excellent sensitivity to behind-pipe flow even while injecting 
at this high rate. 

The cross-sectional area of the 7-inch, 29 lb/ft. casing is 0.2085 ft2 whereas the tool cross-section 
is 0.0123 ft2. Thus, in equation 11, A= 0.2085 - 0.0123 = 0.1962 ft2. Therefore, 

N 3 3 10-11
·(10,800)3

1000 = . 
X X ----

{0.1962)2 

N
i
.
000 

= 1,080 std. mv. 

as compared to the measured value N 1_000 = 1,200 std. mv. Note also that this value is only about 
1/3 the value of the 200-Hz cut. The dominant frequency is in the 600-1,000 Hz range for the 
inside casing flow. As a result, the four cuts are more spread out relative to each other. 
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The four cuts are even more spread out on Figure 97, a noise survey with the rate reduced to 
5,000 BPD. The dominant frequency at this rate is near 600 Hz. The injection is again seen to 
be confined to the upper portion of the top set of perforations with no indication of loss behind 
pipe from the top interval. The movement behind pipe within the upper half of the top 
perforations is even more evident on the 2,000-Hz curve of Figure 97. Also, some fluid 
acceleration in this same location is now evident on the 200-Hz curve. Obviously, the sensitivity 
to flow behind pipe is greater at this lower rate. Above the perforations, N 1 •000 

= 150 std. mv. 
whereas the injection head has dropped to 575 PSI; consequently, equation 9A predicts 

> 1100 x (150 - 6) = 280 BPDq - 575 

as compared to 1,100 BPD at 10,800 BPD. Again, this figure is conservative given the behind­
pipe noise evident within the perforations. Still, it is only 5.6% of the injection rate. 

The flow noise from 5,000 BPD inside the casing is given by equation 11 as N 1
_000

= 110 std. mv. 
as compared to the measured value of 150 std. mv. 

On both figures 96 and 97, the sound levels below the perforations do not decay very rapidly. 
The levels reduce to about 20%-30% of the peak values at a distance of about 50 feet and then 
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Figure 97. Noise survey from well of Figure 96 with injection rate reduced to 5,000 BPD. 
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settle down at relatively constant levels. This behavior is not in accordance with the carry-away 
pattern depicted on Figure 81 for behind-pipe sources. In fact, the residual levels on figures 96 
and 97 are the result of waveguide transmission away from the flow noise source inside the 
casing above the perforations. A level at about 20% of full flow noise is typical of the mode of 
transmission in water. 

When the injection well was shut in, the water level in the 3 1/2 inch tubing dropped to a stable 
level that placed 135 PSI excess pressure at the injection zones. The noise survey of Figure 98 
was then run. This survey included a "packer check" as well as a "channel check." At a 
background noise level N

1 _000 
= 1.5 std. mv., equation 10 establishes a leak rate resolution of 

q 2:: 700 x 
I x I.5 

= 8 BPD, 
135 
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Figure 98. Shut-in noise survey on Figure 97 well with 135 PSI excess pressure on injection zones. 
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a value that shows the advantage of having charged the zone above normal pressure. Had this 

not been the case, the injection rate could have been further reduced to about 1,000 BPD and the 

well surveyed while on injection. At this rate, the flow noise at 1,000-Hz would be about at the 

1.5 std. mv. background level. 

The next example involves an injection well that is about one year old. Current injection rate is 

5,000 BPD at some 200 PSI net injection head. This particular well had been acid fractured in an 

attempt to insure that injection reached all three zones perforated, either inside or outside the 7-

inch, 32 lb/ft casing. Flowmeter and temperature surveys appear on Figure 99. Note that the 

temperature surveys include both injection and shut-in passes and the shut-in times include both 

short and long times. The latter, at 28 hours, is in the recommended range listed in Table 3 for a 

1 year old injection well. The spinner survey on frame A of Figure 99 shows that all the 

injection leaves the wellbore over the upper half of the top perforated interval with nothing, 
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Figure 99. Surveys on a one-year old injection well with a current injection rate of 5,000 BPD. 
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within tool resolution, reaching the lower two intervals. 

The temperature surveys on frame B of Figure 99 show that, although most of the injection stays 

in porosity located in the lower part of the top perforated zone, some of the injected water 

reaches the perforated interval just below 15,700 ft. Slopes on the injection temperature survey 

correspond to about 10% of the total rate, or 500 BPD, flowing to this depth. As this amount is 
within spinner resolution, we would conclude that this flow occurs in an acid fracture outside the 
7-inch casing.

This outside-of-casing flow is confirmed by the noise survey of Figure I 00, run with the well on 

injection at about 3,500 BPD. The behind-casing flow is clearly evident on all cuts at levels 

above the noise created by the flow inside casing. The level created on the 2,000-Hz cut by the 
flow outside is at some locations nearly 3 times the level from flow inside even though only 
about 10% of the total gets behind the casing. 
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Figure 100.- Noise log from well on water injection at 3,500 BPD with a flow of about 350 BPD behind casing 

from top perfs to the zone at middle perfs through an acid frac. 
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The curve with the best vertical resolution, the 2,000-Hz cut, shows that the behind-pipe flow 
stops at the middle set of perforations. Someone looking at the lower frequency cuts might be 
tempted to carry on to the bottom perforations, yet the levels on all cuts at this location are close 
to the expected carry-away levels from the chart on Figure 81 for large pipe and a 30 ft distance 
between the 15,700 ft. location and the bottom interval. 

Another feature evident on the noise log of Figure I 00 is the way statistical variations in flow 
sound take on an "air" of importance whenever the sample density increases. This is 
dramatically illustrated by the apparent activity on all cuts in the record over the top 20 feet of 
the upper perforations relative to the activity above, where stations are more widely spaced. 
Within the 20 feet, the same variance is being sampled more often than above, yet it "looks" 
more significant. The spinner survey on frame A of Figure 99 clearly shows that very little flow 
is lost from the well bore over the top 20 feet of perforations, however. This is verified on the 
noise log by the fact that the average level on any cut within the top 20 feet of perforations is no 
different from the level above. 

An example of a casing leak appears on the noise log of Figure I 01, which was run in a shut-in 
injection well completed as shown with a 9 5/8 inch injection "string." The well had the same 
840 PSI shut-in pressure on both the 9 5/8 inch "tubing" head and the 9 5/8 x 13 3/8 inch 
annulus. The purpose of the logging was to find the location of the leak in the 9 5/8 inch 
injection string. The noise tool was dropped to a depth of 4,000 feet and a reading taken with the 
annulus pressure undisturbed. As the points on left-hand side of the log show, the sound level 
was at ambient value. The actual readings ranged from 0.22 to 1.5 millivolts at one-fifth of 
standard sensitivity, or from I. I to 7 .5 standard millivolts. The annulus was then opened 
sufficiently to flow 300 BPD water with a small amount of gas. The noise level at 4,000 feet 
increased to the values shown on the right-hand side of the log on Figure I 01. These high levels 
are quite obviously not the result of a 300 BPD water flow past the tool. At 4,000 feet, the noise 
band 

� = N - N = 450 - 100 = 350 mv
200 600 

has more amplitude than everything above N 
1 000 

= 50 mv. This, of course, is the signature of gas 
moving upward through liquid. The high noise levels are thus the result of gas dissolution from 
the water. In terms of standard units: 

�=350 x 5= l,75Ostd mv

According to equation 12B 

qga, = 1,750/15 = 117 ft3/day 

at the pressure and temperature existing at 4,000 feet. This would correspond to about 16,000 
std. cu. ft./day, which is not much gas. 
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Figure 101. A shut-in noise survey on an injection well with leak in hanger assembly of wellhead. 

With the annulus on flow, the well was logged upward from 4,000 feet on 200-foot station 
intervals without any decrease in levels all the way to the surface. The leak is therefore in the 
seal assembly of the wellhead itself. 

Noise Surveys For Noninjection Related Flow Behind Pipe: Logging for noninjection related 

crossflow behind pipe is done with the well-shut-in. Under these conditions, some portions of 
the wellbore should be at ambient or dead-well levels on every log. Thus, a quality control 

check is available on the log itself. One has the background level for use in the rate resolution 
estimation available from equation l 0. Suppose, for example, that the background is N

1
_000 = 3.8

std. mv. and that the polluting zone is 70 PSI higher in pressure than the depleted zone into 

which it crossflows. Then 8p = 70 PSI in equation 10 and the tool would have a resolution of: 

q � 700 x 3.8/70 = 38 BPD 

for flow immediately behind the casing string containing the sonde, i.e., for N = 1. If the tool is 
p 

located in tubing which is inside casing with the leak outside the casing, then N = 2 and the 
p 

resolution is only 76 BPD. The background level would have to be further reduced if the 

resolution is to be improved. This may not be possible in some situations; consequently, at 

pressure differences below I 00 PSI, the noise tool resolution will generally not be as good as that 
available from the temperature tool. 
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Example noise logs from shut-in wells with water flow behind pipe at rates from 20 BPD up to 
5,000 BPD have already been examined on figures 79, 85, and 86. Consequently, only one more 
example of non-related flow is considered. 

This example involves a well that had been sitting closed in for some 6 months after drilling and 
cementing of production casing had been completed. During this time, 70 PSIG of water 

pressure built up on the annulus between 5 1/2 inch production casing and 8 5/8 inch surface 
casing. With the annulus open and the pressure at 0 PSIG, the well would flow water at 
approximately 400 BPD. The source of this flow was to be identified before a workover was 

undertaken. For this purpose, a combined temperature-noise survey was conducted. Static 
surveys were run one day, then the well was relogged the next day with the annulus flowing. 
The program called for the entire 4,500 feet of wellbore to be logged. Stations 100 feet apart 

were used for the course noise log grid. This was to be reduced to 20 foot stations for 100 feet 
on either side of the calculated top of cement at 2,500 feet behind the 5 1/2 inch production 
casing. This would leave at least five station stops for detailing across the 8 5/8 inch shoe at 300 
feet or wherever necessary. The shut-in noise log showed only dead-well levels, the four cuts 
"straddling" the I mv. level. The log run with the annulus on flow at rates from 340 to 520 BPD 
is shown on Figure 102. At the bottom of the well, the 1,000-Hz and 2,000-Hz levels have 
settled down to values close to the ambient levels from the previous day. The two lower 
frequency cuts at 600 Hz and 200 Hz are still decaying from higher levels above. 
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The source of flow was detected before the cement top was reached and the detailed logging was 

done at depths of 2,000-2,300 feet. The 2,000-Hz curve shows two peaks in this interval, one at 

2,100 feet and the other at 2,200 feet. Above 2,100 feet the 2,000-Hz curve does not decay back 

to ambient value before it becomes influenced by carry-away from the largest sound source, 

which is the flow through the annulus valve at the surface. 

From the relative positions of the 1,000 and 2,000-Hz readings at 2,200 feet, depth A of Figure 

102, the dominant frequency of the source is 2,000-Hz or higher. Likewise, the peak at 2,100 

feet depth shows a dominant frequency closer to 1,000 Hz. Consequently, there is a single-phase 

flow of water alone, according to the discussion related to Figure 89. Note, however, that these 

two peaks do not show on the 200 and 600- Hz curves. The carry-away from the source at the 

surface is concealing the peaks on these two cuts! The shallowest measurements on the log are 

at 200 feet. The levels at 1,200 feet are generally in agreement with the 1000-ft. residuals as 

predicted by the lines on Figure 81, for 4 1 /2 inch pipe. 

The values on Figure 102 were recorded at one/half standard sensitivity on a truck whose reel 

contained 17,100 feet of 7/32-inch logging cable. For this cable length, Figure 80 gives the 

following correction factors: 

F
L

= 1.30 at 1,000-Hz, 

F
L

= 1.55 at 2,000-Hz. 

The corrected readings at the two peaks on Figure 102 are therefore: 

at 2,100 ft.: N
1000

= 12 x 2 x 1.30 = 31 std. mv. 

at 2,200 ft.: N
1000 

= 13 x 2 x 1.55 = 40 std. mv. 

These are the values needed in equation 9A along with N = 1, �p = 70 PSI, to give 
p 

q = 1,100/70 X [(31-6) + (40-6)], 

q = 927 BPD , 

whereas the actual rate was closer to 500 BPD. As was mentioned in connection with equation 
9A, a factor of 2 is not unusual. 

A rate resolution can also be estimated from the log on Figure 102. The 2,000-Hz cut could drop 

to 0.5 mv. on the log before being lost in background. Thus, the peak value of 9 mv. at depth A, 

2,200 ft., could drop by a factor 9/0.5 = 18. For the same pressure differential of 70 PSI, the rate 

resolution is: 

q � 500/18 = 28 BPD , 

a value not too different from the 38 BPD previously estimated. 
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Temperature surveys from the well appear on Figure 103. The log taken with flow from the 
annulus shows production that commences at a depth of 2,250 feet. This location is at the 
bottom of a water sand according to the open-hole logs from the well. Likewise, the noise log 
spike at 2,200 feet is already at the top of this sand. The sound sources are apparently at 

locations where the borehole wall has collapsed around the casing. 

The character on the flowing survey of Figure 103 is the result of the unsteady rate as noted on 
the curve. A comparison of the shut-in and flowing surveys shows no flow from below depth B, 

2250 feet. Although the surveys are separated by about 3 °F, they track each other perfectly 
below depth B. The separation is most likely an operator inconsistency in "log scaling," that is, 
in setting up the log scale relative to the temperature measurement with the tool stationary at the 
top of the well. Alternately, the difference may be the result of the need to "manually shift" the 
recording pen several times to accommodate the 70+ degree range. Each time the trace starts off 
scale to the right-hand side of the chart, it is shifted back to the left-hand side of the chart. On 
"analog" trucks this process is accomplished by hand, so if the trace wanders a bit off-scale 
before the operator notices, then absolute error can creep into the record. This is of no 
consequence so far as interpretation is concerned. 

The important point is that the "anomalies" need not be at the same location on the temperature 
and the noise surveys whenever the flow is behind casing. 
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Figure 103. Temperature surveys run one day apart, first with annulus shut-in at 70 PSIG and then with 
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The temperature survey would have been even more influenced by the non-related flow had it 

been run when pressure first appeared on the annulus. At this time the well was less than one 

month old and was still disturbed from static. The movement of water to pressure the annulus 

would have returned the temperature to static at depth B, 2,200 ft., even on a shut-in log. 

In the U.S., normal water sands in an area with hydrocarbon production can become 

overpressured because of blowouts on wells being drilled and as a result of leaks from oil or gas 

wells already in existence. Noise logs showed gas-in-water flow signatures that conformed to 

the pattern shown at the peak in frame B of Figure 89. There is an exception to this signature 

that is described in the next section. 

Attenuation by Gas Dispersed in Water: The signature demonstrated on frame B of Figure 89 

and on the actual logs of Figures 86, and IO I, is the result of the buoyant movement of gas 

through water. If there is no relative movement, then the source of noise is not present. This can 

happen when gas that comes out of solution in water remains dispersed as small bubbles in the 
water and moves with the water. Even worse, a dispersion of this type is "dead" acoustically in 

that it attenuates severely the frequencies employed in noise logging. This phenomenon is easily 

demonstrated by means of a glass of water, a spoon, and an "alka-seltzer" tablet (a chemical 

source of carbon dioxide). First, tap on the side of the glass with the spoon to hear a clear ring in 

the form of a bell-like "ding, ding, ... ding." Now drop the "alka-seltzer" tablet into the glass of 

water, at the same time continuing to tap the side with the spoon. The tablet hardly drops below 
the water's surface before all the "ding" is gone and your tapping produces only a hollow 

sounding "thunk, thunk, ... thunk." 

The noise log on the top, frame A of Figure I 04, illustrates the deadening influence above the 

water entry into the wellbore at depth B. When the watered-out well is on production at 3,830 

BPD water, gas that comes out of solution is swept along with the high velocity water and 

remains dispersed as small bubbles in the water. This fact is evident from the relative 

attenuation on either side of the peak due to entry at depth B on frame A. Below this depth, the 

log shows normal carry away from the peak. In contrast, the sound levels above depth B quickly 
attenuate to low levels that are less than those caused by water alone at 3,800 BPD. 

All the frequency behavior on frame A is that of single-phase flow. However, with the well 

shut-in, the entry appears on frame B at depth A as a normal gas in-liquid signature. At a 

reduced water velocity, the gas bubbles have time to coalesce and move relative to the water. In 

this example, we have a situation in which a lower rate of water flow could create more noise 

than would a higher rate. 

The same type of behavior can occur at the source of non-related water flow behind pipe. This is 

illustrated by the next example. The problem is water pressure on the 4 1/2" x 8 5/8 " annulus of 

a new well that has no production tubing. When opened, the annulus flows brine at rates 

approaching 1,000 BPD. A disposal zone located at about 4,500 feet was suspected as the brine 

source. A flowing temperature log was provided in frame A of Figure I 05. The rate of flow 

from the annulus at the surface was 823 BPD average with ± 100 BPD fluctuations. The 

temperature survey shows at depth A, 4,360 feet, the warming that is caused by water flowing to 
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Figure 104. Noise logs, flowing and shut-in, from a watered out-gas zone produced to hold back water. 

the wellbore of a new well that is still to the cool side of static. This source is nearly 200 feet 

above the disposal zone, but the latter was still "suspect" because it was the "only pressured zone 

around." The noise log on frame B shows what the actual situation is. A compact depth scale is 
used on the noise log to better show the rapid attenuation above the source, depth A, relative to 

that below this depth. Note also the low signal levels. The noise log signature is that of gas 

dispersed in water. The zone at 4,360 feet has been over pressured as a result of having been 

charged with gas at some other location, presumably from a blowout on a well being drilled. 

This is another situation in which lower rates of flow would give higher noise levels. At 800 

BPD rate, the brine made it all the way up to 1,000 feet before enough gas had coalesced to give 
a gas-in-liquid signature on the noise log. 

In closing the treatment of the noise logging tool, the topic of quality control musr be discussed 

so as to ··rehash" comments already made and to add some new ideas not yet introduced. 
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Quality Control Revisited: Quality control in noise logging is perhaps more subtle in some ways 
than it is for the temperature and radioactive tracer tools. Poor quality can occur in spite of the 
best of intentions. For example, compare again the logs on Figures 105 and 88. The latter looks 
like the better quality of the two, but it actually is not. The station sampling interval of 100-foot 
stops on the log of Figure 105 was designed to accommodate the 4,500 feet of wellbore with at 
least 15 stations on closer spacing about the cement top or the 8 5/8" shoe as needed. As things 
developed, the close spacing was actually used on either side of the source depth A. The 
procedure, thus, adapted to the situation. On the other hand, the well on Figure 88 (page 130) is 
surveyed on a constant interval density of one measurement every 50 feet. With over 7,500 feet 
of wellbore to potentially survey, a total of 150 measurements would be needed, which is more 
than can be done in a normal day. Consequently, the operator ran out of time before he ran out 
of hole! He never got to the source of the gas blow at the surface. A better quality sampling 
scheme would use a coarse density with 200 foot intervals to within about 200 feet of the 
estimated top of cement. Then the interval could be reduced to 50 feet across the cement top and 
past the 8 5/8-inch shoe. This would have shown that the source was below the cement top. The 
interval could have been increased again to 200 feet to total depth with a second fine density 
where the deepest peak appeared. Detail can always be added at locations where it is needed. 
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Figure 105. Temperature and noise surveys from a shut-in well with an 800-BPD water flow behind 4 1/2-

inch casing from 4,360 feet to the surface. 
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Another example of poor quality spacing appears on the two logs of Figure 106. These logs are 
from a dual tubingless, gas well that has pressure on the annulus. Both production strings were 
shut off production overnight before the logging, which was done in the longer of the two, string 
H. The liquid level in the annulus is evident on both logs, at depth A on the log of frame A and
at depth B on frame B. This means that there is flow in the annulus in both cases although the
annulus was shut-in for the log on frame A. The completion picture on the left-hand side of
Figure 106 shows three locations that require logging on close station spacing: the shoe at 1,500
feet, the estimated top of cement at 3,000 feet, and the F-string perforations at 4,160 feet. If 30
measurements were devoted to these locations, then about 30 more would be left for a coarser
density. With a potential 6,000 feet to survey, the latter density would require station intervals of
200 feet spacing each. The resulting seven measurements in interval from the top of the well to
the 1,500-foot shoe would have given plenty of detail over a location where no sound sources are
expected anyway. Instead, the operator expended 25 of his stops in this part of the well. The
rest of the well will, of course, be inadequately covered. He zips across the cement top on a 500-
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foot interval. The behavior at the two stations at 2,000 and 2,500 feet "cries out" for more detail 

over the interval. The 2,000-Hz cut shows that the stations straddle a source. This is most likely 

a charged zone that is maintaining the annulus pressure. 

A comparison of frames A and B shows that the operation of venting the annulus starts a small 

amount of gas moving at the liquid level at the perforations in the short string, depth E of frame 

B. Again, the definition is poor at this location because of the widely spaced measurements, but

this behavior means that there is probably a small tubing leak someplace above the cement top.

This may be the source of noise missed at depth D. Overall, the logging leaves us not quite sure

why there is annular pressure on the well.

The above losses in quality resulted from poor planning before actually logging. Other losses 

can occur during actual logging. It has already been seen what leaks in the lubricator can do to 

the quality of a noise log. Flow line leaks can do the same thing. 

Tool movement during measurement is another common type of noise pollution, particularly for 

operators who allow computers to do the logging and never actually listen to what they are 

recording. A little reel creep can generate a lot of noise. Wind gusts at the surface can also 

cause the lubricator to sway and move the tool. When a well is logged from the floor of a 

drilling rig, the top sheave, or wireline pulley, is customarily attached to the travelling block and 

pulled up about 20 feet above the rig floor. This creates a long pendulum, from the travelling 

block to the crown block, to "swing in the breeze" from wind action on the surface of the 

travelling block. If a noise log is to be run, it is a good idea to pull the travelling block with 

sheave to the top of the derrick near the crown so that the pendulum swing is reduced to a 

mm1mum. 

Some noise sources cannot be eliminated. The situation leading to the log of Figure 102 is one 

such case. The variance on this log is higher than desirable on all the cuts. This is particularly 

evident on the log at 3,000 ft. and is the result of flow instability induced variance in the large 

sound source created by the surface venting operation. The unstable flow is, unfortunately, a fact 

that cannot be changed. 

Likewise, the motion of a fixed platform offshore causes the drilling template on bottom to grind 

against the casing of wells completed through the holes in the template. On a calm day, this 

level is low enough for logging to be done. By a depth of 1,500 feet or so, the background will 

have decayed to the normal ambient levels of about 1 millivolt. In rough weather, this noise will 

carry down many thousands of f eet, however. 

If the logging is done from a floating vessel, such as a drillship or a semi-submersible rig, the 

only thing that can be done is to take measurements at the trough and crest of each heave when 

the tool is momentarily stationary. 

The sound of the grease injection pump that pressures the leak control held on top of the 

lubricator will carry down several hundred feet. Consequently, the top portion of a well is 

logged when the pump is not running. 
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Good operators quickly learn about the things discussed above, but one cannot depend on having 

experienced people anymore. no matter what company is used. In fact. the customer himself 

must assume responsibility for the quality of any production survey he runs, not just for noise 
surveys. 

Summary of Procedures for Temperature, Radioactive Tracer and Noise Surveying 

The procedures listed in Table 9 are intended to serve both the well operators need for injectivity 
information and the regulatory agency's need for integrity information. Any particular situation 

may, therefore. require only a certain part of a given procedure. The appropriate part can be 
identified from the column in the table that tells what the corresponding logging operation is 
supposed to show. 

The procedures represent the minimum logging operations required to accomplish the stated 
goals. Each listed procedure can be enriched by additional logging in almost every specific 

situation. Likewise, a procedure may need to be modified slightly for special circumstances. 
However, failure to collect the type of logs that give the stated infomrntion will generally result 
in uncertainty in the question of confinement and integrity because these features are the most 
sensitive to procedure. 

TABLE 9. LOGGING PROCEDURES FOR TEMPERATURE, RADIOACTIVE TRACER, AND :\'OISE 

SURVEYING 

Reason for Logging: Demonstrate injection confinement and allocate injected water to various zones. 

Tool Combination: Temperature and Radioactive Tracer 

LOGGING PROCEDURE 

(I) Leave well on injection while rigging

up. Shut-in only long enough to hang
tools in top of well,

(2) Inject 1/2 hour before logging,

(3) Run injecting temperature log going
in hole at 20-40 ft/min. Record at
I degree Flinch sensitivity

(4) Run depth correlation logs,

(5) Run radioactive tracer channel check
above perforations with slug tracking
method at a sensitivity of 1/5 normal
gamma,
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WHAT LOGS SHOULD SHOW 

(3) Where injection is leaving wellbore

from surface to total depth.

( 4) True depth of surveys.

(5) Behind-pipe flow above perforations.



(6) Run velocity shot packer check at
same sensitivity with 5-minute record,

(7) Do flow profiling work and bottom
channel check,

(8) Shut well off injection and run 2-hr
shut-in temperature survey from
200 feet above perforations down to
total depth as per step (3),

(9) Run shut-in tracer crossflow check by
slug tracking method,

(I0)Run two longer time shut-in temperature 
surveys as in step (8) but at times 
according to the intervals in Table 3, 

( 11) If confinement uncertainty still exists,
return wen to injection and run tracer
dump test,

Tool Combination: Temperature and Noise 

LOGGING PROCEDURE 

(1) Run injecting temperature survey as per
steps (1 )-(3) above,

(2) Run injecting noise survey from total
depth to end of tubing. Allow 20
measurements on a coarse station
interval and 15 measurements on
finer grid just above top perforations
and within perforations,

(3) Shut well off injection and run 2-hr
shut-in temperature survey as per
step 8 above,

(4) Run shut-in noise survey at same
spacing density as in step (2) of this
procedure, but add four fine grid
points past packer location in tubing,

(5) Run two long-time shut-in temperature
surveys per step (10) in the previous
procedure,
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(6) Packer or tubing leaks.

(7) Injection profile among various zones

(8) Porosity taking current injection.

(9) Quality control and casing leaks.

( 10) Porosity taking injection outside
perforated interval and long-time
injection locations inside perfs.

( 11) Corroboration of previous surveys.

WHATLOGSSHOULDSHOW 

(I) Where injection is leaving wellbore.

(2) Where injection is leaving casing
below tubing. Check behind-pipe
resolution by Eq. 9A or 9B.

(3) Porosity taking current injection.

( 4) Behind-pipe loss from injection zone
and packer leak. Check rate resolution
with Eq. (10).

(5) All porosity taking injected water.



Reason for Logging: Detection of non-related flow behind pipe in an existing injection well 

Tool Combination: Temperature and Noise 

LOGGING PROCEDURE WHAT LOG SHOULD SHOW 

(]) Shut well in overnight before logging, 

(2) Run shut-in temperature logging down

at 30-50 ft/min depending on suspect

interval to be logged. Start 200 feet above

top of interval of interest and carry 200
feet below,

(3) Run shut-in noise log over same interval.

Plan stations to give 40 measurements on
coarse grid and 20 on finer grid at critical
points like suspect formations, cement
tops, casing shoes, etc,

(4) Keep well shut-in for additional 12 to

24 hours and run second temperature
survey per step (2) in this procedure,

(2) Regions returning to static more

rapidly than normal.

(3) Pressure-driven flow behind pipe.

Check tool rate resolution with

Eq. (10).

(4) Cross-flow behind pipe when used

in conjunction with log from step (2).

Reason for Lo�ging: Detection of non-related flow on new well. 

Tool Combination: Temperature and Noise 

LOGGING PROCEDURE 

(]) Log well within two weeks of 

completion or circulate prior to 

logging, 

(2) Proceed from step (2) in above procedure,
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WHAT LOG SHOULD SHOW 

(I) A non-static wellbore.

(2) Any crossflow behind pipe.
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Specialized Applications of Noise Logging
R.M. McKinley, SPE-AIME, Exxon Production Research Co.
F.M. Bower, Exxon Production Rese,arch Co.

Introduction
A 1973 paper1 described how the noise logger can
detect flow through poor-quality cement behind
pipe. This idea is illustrated in Fig. 1. Turbulence
generated by fluid moving from Sand A to Sand C
creates within the tubing a sound field whose in­
tensity is greater than the ambient noise level in the
wellbore. The logging sonde, which is simply a
microphone, transmits this sound level to the sur­
face, where it is decomposed into frequencies
characteristic of the type of flow. A depth record of
noise level will reveal peaks at those locations where
the fluid rapidly changes velocity. For example, see
entry point (A), constriction (B), and exit point (C) in
Fig. 1.

For this tyPe of application, the noise log com­
plements the temperature log very well. But this tool
has other uses, too. We have found that the noise log
is a valuable aid to logging methods that track fluid
movement in the wellbore. The purpose of this
paper, therefore, is to extend noise logging'
technology into the general area of flow inside
casing. Specifically, we discuss how to calibrate the
sonde for use in the following situations: (1) axial
flow past the sonde, (2) flow from perforations, (3)
liquid production from gas perforations, (4) sand
production from perforations. For each case, the
particular calibration coefficients refer to the

0149-2136/79/0011-6784$00.25
©1979 Society of Petroleum Engineers of AIME

standard detector sensitivity and load described by
McKinley et 0/. 1

Noise From Axial Flow Past Sonde
Single-Phase Flow
Suppo~e that the logging sonde is hanging in a

. wellbore down which water is being injected./The
velocity increase acquired by the water while flowing
past the sonde will generate turbulence. This can be
detected as noise. Recall the familiar hiss from
overhead pipes in' steam-heated buildings. We can
expect a similar sound from flow past the logging
tool. The experiments described in Ref. 1 show that a
single-phase fluid accelerating across a constriction
radiates a noise intensity directly proportional to the
pump work required to move the fluid. The same
concept applies here. If Ap is the pressure differential
required to flow a volumetric rate, q, past the sonde,
then the resulting noise level should be proportional
to the product Apq.

This is, in fact, the case, as Fig. 2 shows. Data in
Fig. 2 were measured in a flow loop with a vertical
test section whose diameter varied over the range
indicated. Flow rates varied from 0.1 to 30 Mcf/D.
From the data correlation, we have N*6f.X) = A X t:.pq:J
where A is a constant and N*6f.X) is the noise level (at
standard sensitivity) above 600 Hz. For turbulent
flow, Ap=Bp(q/A.s) 2, where B is a drag coefficient,
p is the fluid density, and As is the cross-sectional
area for flow between the pipe wall and sonde.

This paper describes the use of the noise logging technique to monitor flow inside
casing. Calibrations for the following flow situations are shown: axial flow past the
sonde, flow from perforations, liquid production from gas-zone perforations, and
sand production from perforations. The forms of the correlating equations are in­
dependent of specific tool design.,

NOVEMBER 1979 1387



~I--
I
I

I-

I
I
I
/--
I
I
I
I-­
I
I
I
I­
I
I
I
I-
I
I
I ---------1

NOISE LEVEL~

Fig. 1 - How crossflow b~hind tUbing affects the nois~
level inside tubing.

Combining these two relationships gives
pq3

N*600 = C-2-, (1)
As

where C is a constant analogous to a drag coefficient.
As happens to the latter, the value of C decreases
with increasing Reynold's number until the flow
becomes turbulent. For Reynold's number greater
than 6,000, we find that. for gas or liquid,
C=(4::1:: 1.5) x 10-6 • Thus,

3 '

N*600 =4 X 10-6 PQ2' •••••••••••••••••••• (2)
As

Inverting this,
A 2M Y3

q=63 ( s P 600), (3)

where q is in units of thousand cubic feet per day at
flowing temperature and pressure, p is in pounds per
cubic foot, As is in square feet, and the noise level
above 600 Hz is in standardized peak-to-peak (P-p)
millivolts. For the SI metric system of units, the
numerical coefficient of Eq. 3 becomes 0.25.

These are the calibrating equations. Significantly,
they show that noise level is a function of flow rate or
velocity cubed. This is the advantage the tool has
over linear meters. The noise level will be a sensitive
indicator of small changes in an otherwise high flow­
rate situation, as illustrated in Fig. 3.

The 600-Hz noise level measurements were ob­
tained from a well on injection at 25,000 BID water.
A spinner survey had shown that a lower perforated
interval (below 8,900 ft) was taking most of the
water, While only about 1,000 BID appeared to be
entering the perforations shown in Fig. 3. This 1,000
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Fig. 2 - Noise level generated by flow past a detector.

BID is 40/0 of the total flow, which is at the
resolution of the spinner. On the other hand, the
change in noise level across the interval is 190/0.
Furthermore, the noise level indicates water is going
into the top half of the perforated interval. To
ascertain the amount of injection, we apply Eq. 3 to
the noise levels above and below the interval. Above
the interval, N 600 = 1,610 RMS mV. Before this value
can be used in Eq. 3, it first must be converted from
RMS millivolts to peak-to-peak millivolts. This
entails multiplying the value by 2.83. Next, the value
must be corrected for attenuation caused by the
loging cable and for the specific gain of the particular
logging sonde. These factors (available from each
logging company offering the service) are 1.6 and
2.0, respectively. The total correction factor is 9.06.
Therefore, N*600 = 14,490 p-p mV, while below the
interval, N 600 =1,310 andN*600= 11,773.

The 7-in. wellbore pipe has a 6.37-in. ID while the
00 of the tool is 1.69 in. Therefore,

A =_11"__(6_.3_7_+_1_.6_9)_<6_.3_7_-_1_.6_9)
s 4· 144

=0.206 sq ft (0.0191m2),

and

A~=0.0424(£1)4 (3.65 x 10-4m4).

At the injection temperature, P = 61 Ibmlcu ft (977
kg/m3). Substituting these values into Eq. 3, we
obtain a flow rate above the perforations of

_ "( 0.0424 x 14,490) Y3
q- 63 61

, = 136 McflD = 24,230 BID (0.044 m31$),
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The net injection into the interval, therefore, is
~q=24,230-22,610= 1,620 BID (0.003 m3Is),
which illustrates the tool resolution for this type of
application.

However, the same cubic relationship that ensures
this type of sensitivity also means that the tool will
not detect low· flow rates. At 600 Hz, the ambient
noise level in a typical well is N*600 = 2 p-p mV, which
means that for 7-in. casing, the minimum detectable
rate is .

which compares closely with the spinner total in­
jection of 25,000 BID. Below the perforated interval,
the flow rate is

(
11,773 ) VJ

q=24,230x
14,490

=22,610 BID (0.042 m3 Is).

=7.03 Mcf/D= 1,250 BID (0.0023 m3 Is). Fig. 3- Noise profile across a perforated interval, taking
4% of total injection.

This situation could be improved by adding tur­
bulence generators to the tool body.

In the above example, the agreement between the
spinner rate and that estimated from the noise log is
closer than is usually the case. For water injection
rates down to 5,000 BID in 7-in. casing, the noise-log
derived rates have been within 25070 of the flowmeter
rates, provided, of course, that the injection
equipment itself is not the dominant noise source.
Nearby injection pumps can create mechanical
vibrations that carry to total depth in a well. Fur­
thermore, at low flow rates, the noise level at a
particular depth may be the result of carry-away
from noise sources located at other depths within the
well. This -is the situation, for example, on the log in
Fig. 4 from a flowing oil well. The noise levels above
the topmost perforations are much too large to result
from the 1,400-B/D flow past the sonde. This high
residual noise results from 'the high values at the
perforations.

,Finally, here are a few comments on the use of the
6OO-Hz level. A complete spectrum for this type of
'axial flow would show a peak amplitude at about 600
Hz for the lower flow rates; consequently, this cut
will pick up these lower rates better than a higher
frequency cut. Moreover, this frequency is suf­
ficiently low so that for liquids the numerical value
for the' coefficient C should be independent of pipe
size. Our field data verify this. For gases, however,
some dependence of the coefficient C on pipe size
occurs. The value given seems to be correct for
tubing up to 2 Y8 in., which is the limit of our field
data.

GaslLiquid Flow
We also have calibrated the sonde for gaslliquid two­
phase axial flow, but the results are not very useful.

NOISE LOGGING FOR PERFORATION FLOW
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Fig. 4 - Noise log from an oil well flowing 1,400 BID.
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NOISE LOGGING WITH GAs- LIQUID FLOW
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where D p. is the perforation diameter and C' is an
acousticcil orifice coefficient. A jet stream from a
perforation actually transports the turbulent field to
the sonde, a process whose effectiveness depends on
the jet cohesiveness. The latter in turn is inversely
proportional to the kinematic viscosity, p,/p, of the
fluid in the pipe. Hence, we need pq/p, rather than q
in Eq. 4. This substitution gives

................... (5)

................... (6)

1390

159 MSCF IDAY GAS
26 BPD OIL

185 BPD WATER

where qp (Mcf/D) is the volumetric flow rate from
the perforation, p (lb/cu ft) is the fluid density, p, (cp)
is the fluid viscosity, and DJ! (in.) is the perforation
diameter. For the 81 metric system of units, the
coefficient in Eq. 9 becomes 7234 instead of 35. The
flow rates appearing in Fig. 6 range from 0.1 to 20
Mcf/D. Once more, the nearly, cubic dependence of
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To test this relationship, we constructed a core holder
similar to those used in standard perforation
evaluation2 , with the exception that the holder could
be fastened to and could admit flow into a section of
casing. Perforations were drilled into the core sec­
tions along with equal-sized holes in the casing wall.
In this fashion, we ran flow tests on cores whose
permeabilities ranged from 1 to 3,000 md, with
perforations of diameter ranging from 1/16 to Y2 in.
and depths from 1 to lOin. The size dependency
given by Eq. 6 is needed to correlate the resulting
data in its entirety.- But in a 'field situation, one
hardly ever will know the perforation diameter, Dp.'
with any degree of precision. For gases, the same is
true for the density, p, at bottomhole conditions. We
therefore simplify Eq. 6 to

N600 = C"X~, .~ (7)

where Xp =pqpIp.l)p.
This accomplishes two things. First, it removes

some of the pretentiousness from estimating the
influence of perforation diameter. But more im­
portant, the need for estimating downhole density of
gases is eliminated because pq= (pq) se' Use of
density ,at standard conditions gives the volumetric
flow rate at these same conditions. An expression like
Eq. 7 is satisfactory for perforation with diameters in
the range of ~ to Y2 in., as Fig. 6 demonstrates. The
composite data are represented by Eq. 8:

N*600 =3.84 x 10 -5X~·86" (8)

which inverts to

so
, pq3

N*600 =C '4' (4)
Dp

62101...--__.....1.-__---'- -'--__'""":'

0.1 10 100 1000
PEAK MV NOISE

Fig. 5 - Noise log from a well flowing gas and liquid at
2,160 psi and 180°F bottomhole conditions. ,

More often than not, the state of the gas/liquid
mixture is determined by the tangential fluid velocity
at the perforati'ons rathe'r than by axial velocity in the
tubing. The log in Fig. 5, taken over the perforated
interval of a well producing considerable gas and
water with a lesser amount of oil, illustrates the
influence of the perforations. The loss in noise level
above 6,194 ft results from foam generation at this
point with the subsequent decoupling of sonde from
fluid. The lower frequency cuts lose character. This
foam persisted all the way up the wellbore until the
pressure dropped to a point where expansion broke
the foam. This is not uncommon. Consequently, we

'will not pursue the flow-loop correlations. Rather,
we proceed to the topic of flow from perforations.

Flow From Perforations
Single-Phase Flow .

Consider a perforation at least 6 in. deep and 0.5 in.
in diameter. Even at formation porosities as low as
5070, the porous surface area of the perforation
tunnel is still several times greater than the cross­
sectional area. This means that the velocity of fluid
entering the perforation tunnel is less than that of the
fluid leaving the hole in the casing. Because
maximum velocity determines noise level, the hole in
the casing wall acts as an isolated noise source, just'as
any orifice does. This hole is acoustically in­
dependent of the formation. Thus, we again may
write N 600 =A' X (!:I.pq) , where A' is a constant of
proportionality. For an orifice with coefficient B': '

, q2 16B' pq2
!ip=B P2 = -2- --4-'

A p '7r Dp
".



TABLE 1-NOISE LEV.ELS AT 12 PERFORATIONS
IN A GAS WELL FLOWING 5.9 MscflD (Ref. 3)

noise level on flow rate assures that the, most prolific
perforations will stand out.

An excellent illustration of this is given by
Robinson3 in his Fig. 15. Robinson shows a log from
a flowing gas well producing 5.9 MMscf/D dry gas.
The perforations are 12 single shots spaced suf­
ficiently far apart so that each one is recognizable on
the log. Noise levels at the perforations are given in
our Table 1. Four perforations near the middle are
flowing a high percentage of total gas. Some of the
noise levels are more than 10 times higher than our
.data in Fig. 6. Therefore" we are extrapolating in
these instances with Eq. 9 for values ofX p:
. To .obtain the total production from the summed

X's, we use the following values:

Nsoo
7,150

13,325
18,850

113,000
139,000
188,000
188,000
58,500
42,250
52,000
45,500
3,250

Total

Xp(Eq.9)
782
972

1,097
2,054
2,208
2,455
2,455
1,630
1,456

'1,566
1,494

593
18,762 (3.88 x 1'0&)

Psc =0.045Ibm/cu ft (0.721 kg/m3),
p. = 0.024 cp (0.000 024 Pa· s)

Dp =0.45 in. (l1.4mm)

Then,

qsc= pDp EXp
Psc

0.024xO.45 x 18,762
=

0.045

=4.5 MMscf/D (1.47 m3 Is).

Gol GoIl'Q
Q.::a..

II
Go

><
~ 100

!
lIl::

••• I ,(,pq )2.16
N'600 =B x I'D:

PERF SIZE: % - Yz"
PERF DEPTH: 5 - 10"
CORE PERMEABILITY: 1 - 3000 MD
FLUIDS: AIR I

WATER
DIESEL

The 25% error is within the accuracy of Eq. 9. Such
close agreement generally will not be obtained
because of the tool's inability to resolve noise peaks
associated with closely spaced perforations. The
important point is illustrated by the magnitude
variation of the noise levels in Table 1. Four centrally
located perforations are producing almost 500/0 of
the gas.

For a second applic~tion of Eq. 9, we refer to the
log shown in Fig. 4 from an oil well flowing at 1,400
BID. Since this well has thick-walled casing per­
forated with a through-tubing gun, we would expect
the spotty production evident in the figure. There are
about 20 points of major productivity with the
second and third intervals being the biggest con­
tributors. Furthermore, the bottom peak appears to
result from a plugged perforation. The sound pitch at
this point is considerably higher than elsewhere, as
the 2000-Hz curve illustrates. Discounting this last
peak for the moment, we find for the r-emaining 19
peaks that EXp = 5,609 (1.6 x 106 ), which, with the
values p=51 Ibmleu ft (817 kg/m3), p.=0.6 cp
(6 x 10 -4 Pa·s), and D p =0.2 in. (5.08 mm) gives an
oil rate of

0.6 x 0.2 x 5,609
q= 51

=13 Mcf/D=2,350 RB/D (4.33 x 10-3 m3 Is),

whereas the actual rate was

q~ 1,400 x 1.25 = 1,750 RB/D.
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Fig. 6- Noise level generated by single-phase flow from
a deep perforation.

Single-Phase Flow from Plugged Perforations
When flowing, a gas well perforation 6 in. deep
would emit an "organ tone" with a pitch of

c 1,000
f= -:::::-- =500 Hz.

4£ 4xO.5· .

This tone would not be emitted by a plugged or very
shallow perforation. We illustrate this difference
with the noise spectra in Fig. 7, where the tone at 450
Hz is evident on Spectrum A, the unplugged per­
foration. Therefore, we can learn to recognize
plugged perforations in gas wells from their flowing
spectra. But even a loose pack in a perforation will
eliminate the organ tone without adding much in­
cremental pressure drop along the perforation. The
important question is: How much flowing pressure
loss results from the plug? To help answer this
question, we have prepared the correlation in Fig. 8,
which shows the incremental pressure loss per unit
rate in 6-in.-deep perforations as a function of the
4000-Hz noise cut at the perforation. The form of the
correlation occurs as follows:

N4000 =~x (Apqp),

thus,

Ap =A' 4,000
2 'qp qp
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TABLE 2- ESTIMATES OF PERFORATION PRESSURE
LOSS FROM PLUGGING FOR THE OIL WELL IN FIG. 4

Depth tip/qp tip
~ NZooo NZooo/c#, (Fig. 8) (psi)
13,486 15.4 64 0 0
13,585 22.0 91 3 0
13,620 36.3 150 18 9
13,762 60.0 249 70 34
13,754 72.0 298 100 49
13,770 203.0 841 260 127

1750 x5.615
-2-0-X-1000- - 0.49 t-:1cflD/perf

101----------11---

0;1 '--_......L---.J.--.J.--l--L..I-L..L-l--_--l-_.l-.-.J..-J-.l...J...l-.1..J

100 1000 10,000

FREQUENCY - Hz

Fig. 7 - Flowing noise spectra for open and plugged
perforations.

->
: ~ 1001--------1,...--------1-.;,yylL----j.-----+---::I
~v
~

I

a.1 Cl.<111'

Fig. 8 - Correlation of 4000-Hz noise level with in­
cremental pressure drop caused by perforation
plugging.
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where Ap (psi) and qp .(Mcf/D) are at bottomhole
conditions. We return now to the oil well in Fig. 4.
Table 2 summarizes values for N"'4000 at selected
depths along with the incremental values 'of Ap
obtained from Fig. 8 (Y4-in. liquid curve). The
estimated pressure loss across the plugged per­
foration at 13,770 ft is 127 psi. This represents nearly
one-half the total flowing drawdown for this par­
ticular well. Thus, the perforation is flowing at only
about one-half its potential rate.

Liquid Production_From Perforations in ·Gas Zone
In some wells, a perforation flowing gas and liquid
produces the liquid as discrete droplets that are
carried. away. .In other wells, the liquid may be
produced into a foamy environment. In either
situation, the liquid incident on the sonde enriches
the noise with higher frequency components, giving a
log similar to that opposite the plugged perforation
in Fig. 4. We have found that for an open per­
foration flowing dry gas,

M
2~ s3 x 10- 5 ; (3 x 10- 12)(dry gas), .... (10)
Xp

where Xp=(pqplpDp) gas. As 'one would expect,
increasing values above the Eq.-l0 threshold reflect
increasing concentrations of water in the jet stream.
Our data give a relationship approximated by

Niooo
qIiq = 1.5Dp .JX; , (11)

where qIiQ. is the liquid flow rate in barrels per day
andDp is In inches. For the 51 metric system of units,
the constant becomes 1.56 x 10- 3 , rather than 1.5.

For example, a log from a gas well flowing 1
MMscflD showed that 20 perforations produced
most of the gas. The well also was producing 200
BID salt water. We estimate that

(
pqp)gas= 0.054 x 1,000 =150,

p. 0.018 x20

150
X p = -- = 333(6.88 X 104).

0.45
At all entry points except one,

M
2~ sIx 10 -5(1 X 10 -,12),
Xp

while at this one perforation the ratio increased to
19x 10- 5 • At this location, Niooo =7,050 p-p mY.
These values, when substituted into Eq. 11 with
Dp =0.45 in., give

1.5 x 0.45 x 7,050
qIiq = J333

= 261 BID (4.80 x 10 -4 m3Is).

Consequently, this perforation probably was pro­
ducing most of the water. A workover verified this.
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a'/JNiooo
Fig. 9 - Volume percent of gas in perforation jet stream

vs noise ratio.
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Fig. 10A - Low-frequency noise level as a function of
gas/water flow rate from perforations.
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Fig. 108 - High·frequency noise level as a function of
gas/water flow rate from perforations.
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TABLE 3 - ANALYSIS OF RESULTS FROM
THE NOISE LOG IN FIG. 5
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Gas-Liquid Flow From Perforations
Whenever liquid is the continuous phase in the
wellbore, a perforation jet stream with gas creates
such a high level of noise inside the casing that the
condition of the perforation itself is of minor con­
sequence. However, the noise contains information

. about the jet stream. As McKinley et 01. 1 explained,
the noise in 200- to 600-Hz band is proportional to
gas rate, while Eq. II shows that liquid content of the
jet is related to the higher frequency noise. The
correlation in Fig. 9 uses these ideas. This figure, on
which the actual data points are omitted, shows
percent by volume, Ygas' of gas in the jet stream
as a function of the ratio of noise levels,
~•I IN*2000' where ~. = Nioo - N*6(J() is the noise level
in the 200- to 600-Hz frequency band. The gas
percentage could not be correlated totally in­
dependent of liquid production rate. This is the
-reason .for the parametric values shown on the
curves. Also, note the gas rate restriction (qgas sO.6
Mcf/D/perf) that results from the tendency of the
fluids to become foamy.

Fig. 9 helps us to diagnose what is happening in the
well illustrated in Fig. 5. We also have a density log
and a spinner survey from this well. The former
showed gas production from the entire perforated
interval. This production and the resulting wellbore
turbulence complicates the spinner interpretation.

Looking at the noise log in Fig. 5, we see the gas
flow from the lower perforations. This flow is
evident from the separation between the 200- and
600-Hz curves. Energy in this band is greater than
everything above 1000 Hz. We have mentioned
already the foam production at 6,194 ft, which
suggests this depth is the point of oil entry.
Altogether, there are six major entry points. We then
may estimate the liquid rate per entry point as

185+26
qIiq = 6 = 35 B/D/perf.

From the water curves in Fig. 9, we find the jet­
stream gas concentration shown in Col. 4 of Table 3.

Ignore for the moment the last two columns in
Table 3. The estimated gas percentages, Ygas ' show
relatively lower gas concentrations at the oottom of
the interval (6,198 ft) and at 6,194 ft. This further
suggests that these depths may be the water and oil
entry points, respectively. To confirm this, we will
need flow rates from these locations. The noise log
will help estimate these rates.

Figs. lOA and lOB show correlations of gas flow
rates at downhole conditions as a function of ~. and
Niooo, respectively, with liquid rates as parameters.
These charts are for gas/water flow from per­
forations with the indicated diameter range. We have
similar charts for smaller perforations as well as for
gas/oil flow. These are not needed here because the
liquid in our example is almost all water.

From Fig. lOA, we see that the relationship be­
tween ~. and q&.as is not very sensitive to liquid rate.
This rate is renected more strongly in the Niooo
values in Fig. lOB. This figure then is sufficient to
establish values for both qgas and qIiq' The charts are
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used in the following manner: All possible solutions
consistent with the measured value of A· first are
read by projecting this value horizontally across Fig.
lOA. These values of qgas and qIiq then are trans­
ferred to Fig. lOB to give a set of predicted values for
Niooo. The correct solution is the one with Niooo
nearest the measured value. For example, we see
from Table 3 that at 6,198 ft, A* =365 p-p mV,and
N*2000 = 84 p-p mV. Entering the first of the values
onto Fig. lOA gives the possible solutions shown in
Cols. 1 and 2 below.

qIiq qgas Mooo
(Fig. lOA) (Fig. lOB)

0 0.034 31
20 0.060 36
50 0.10 32

100 0.10 100
200 0.094 230

If these values now are transferred to Fig. lOB, we
find the numbers for Niooo in the last column above.
Comparing these numbers with the measured value,
N*2000 = 84, gives the solution at 6,198 ft of

(

qgas =0.10 Mcf/D

qIiq =100 BID

In a like manner, we establish the other two entries in
the last two columns in Table 3. At 6,196 ft, a liquid
rate of either 20 BID or 50 BID is consistent; thus,
the average is listed. We observe from Table 3 that
comparable amounts of liquid are produced at both
6,198 and 6,194 ft. Therefore, the 6,198-ft depth is
not the only point of water entry. A squeeze and
reperforate workover was tried without success.

Table 3 shows the deepest three entry points
producing the observed total liquid (211 BID) along
with an amount of gas equal at standard conditions
to

q=0.35 x 130=45.5 MscflD (0.015 m3 Is).

Much of the gas must, therefore, enter at the top
three peaks. Dry-gas jetting into a foamy en­
vironment is similar to single-phase flow. Our data
show that for dry-gas flow into foam, the gas jet­
stream group is related to noise level by

xp =47 X (Niooo)0.35 , ••••••..•••••••••• (12)

where the l000-Hz cut is used rather than the 600-Hz
cut. For the SI metric system, the constant 47 in Eq.
12 should be replaced by 9714. Using Eq. 12 at the

"top three entries, we find EXp =670 (1.38 x 105).
This, in turn, gives

0.018 x 0.45 x 670
. qsc= 0.054

= 100 Mscf/D (0.033 m 3 Is).

This amount added to that produced from the lower·
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perforations accounts for the observed gas rate of
159 Mscf/D.

The individual rate estimates as above can be
considerably in error for several reasons. First, the
individual perforations may be resolved poorly
because of (1) either the distance between stops
during the logging operation or (2) the interference
from adjacent perforations. Secondly, at higher flow
rates, noise level becomes only a weak function of
flow rate, as shown in Figs. lOA and lOB. This Js the
result of foam· production in the wellbore. We have,
therefore, found that the estimated rates are more
useful in the relative sense, illustrated by the previous
example.

Sand Production From Perforations
Above 4000 Hz, noise created by fluid movement..,.
even water droplets impacting on the tool- decays
very rapidly as frequ~ncy rises. This results from
fluid viscosity. Such is not the case when sand grains
hit the sonde or the casing wall. These impacts
produce a very broadband noise spectrum whose
major peaks ~e the result of tool· resonances. The
rate at which noise level decreases with frequency is,
therefore, a good indicator of sand in a perforation
jet stream. If we de~ne a decay ratio as

N*4000R= . , (13)
N*4000 - N*6000

then a jet stream with entrained sand has the
following threshold values in our experimental
chamber.

Single-Phase Flow

R>2.5 (14)

Gas!LiquidFlow

[

3.5; Xp < 100(2.0 X 194)
R>

210g X p - 0.5;Xp~100, (15)

where

Xp=X",. +Xp .
Yllq gas

These relationships, which assume a jet noise level at
least four times ambient values, provide criteria for
detecting sand production.

We also can relate noise level to sand con­
centration in the jet stream:

C,and =B[:7 -1 X10-5
] •••••••••••• (16)

where

IbmlDsand
Csand = (17)

('!!!.e)
II- fluid

The coefficient B, which equals 3.5 x 104 for 16-20
mesh sand, varies inversely with mesh size. In the SI
metric system, the coefficient B e~uals 3.1 x 108 ,
while the threshold value 1 x 10- becomes 1 x
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qIiq =liquid flow rate·, B/D (m3 /s)
qp = volumetric flow rate, from a single per-

foration, Mcf/D/perf (m3 Is) .
qsc = volumetric flow rate, at standard conditions,

Mscf/D (m3 Is)
X p = jet-stream group defined by Eq. 9

(dimensionless in consistent units)
Ygas = percent gas, ·by volume, in perforation jet

stream
d * ::I Nioo - N*600 = noise level in 200- to 600-Hz

band
p. =fluid viscosity at bottomhole conditions, cp

(Pa·s)
p =fluid density at bottomhole ..conditions,

Ibm/cu ft (kg/m3)

10 - 12. The sand rate then is in kilograms per second
rather than pounds per day. All the above
correlations come from laboratory data and have not
been field tested.

Conclusions
We have illustrated how the noise log can be
calibrated for flow inside casing. The forms of the
calibration equations are more important than the
particular numerical coefficients which will change as
the tools evolve. In general, for single-phase flow,
noise level increases as the cube· of the volumetric
flow rate and decreases as the square of the cross­
sectional area normal to flow. Gas/liquid flows are
more complex.

Specifically, we show how to use noise levels to
estimate (1) axial flow rate past the sonde for single­
phase flow, (2) flow rate from .perforations for
single-phase or gas/liquid flow, (3) pressure drop
across a plugged perforation, (4) liquid flow rate·
from perforations in a gas well, and (5) sand
production rate from perforations. -

Those correlations using jet-stream noise at
perforations are especially useful when standard
methods fail to give a clear diagnosis. We do not
wish, however, to leave the impression that the noise
log is a substitute for standard flowmeter surveys.
Instead, this device should be viewed as a relatively
inexpensive complement that provides estimates of
flow rates. The accuracy of these estimates will
depend on how well a particular tool is calibrated for
a particular problem.

Nomenclature
As = cross-sectional area, normal to flow, sq ft

(m2)
Csand = sand concentration defined by Eq. 17

Dp = perforation diameter, in. (m)
f = frequency, Hz

Nj = noise level, peak-to-peak millivolts, above
frequency f at standardized sensitivity

p = pressure, psi (Pa)
~ = pressure difference, psi (Pa)

q =volumetric flow rate, ~t flowing temperature
and pressure, Mcf/D (m3 /s)

SI Metric Conversion Factors
B/D x 1.589 873 E-Ol =
cp x 1.000* E-03 =
cycles/sec x 1.000* E +00
OF (OF - 32)/1.8
ft x 3.048* E -01
in. x 2.540· E-02
Ibm/cu ft x 1.601 846 E-02
McflD x 2.863 640 E-02
psi x 6.894 757 E +00
sefiD x 2.863 640 E - 02
sq ft x 9.290 304 E-02 =

·Converslon factor Is exact.

m3 /d
Pa·s
Hz
°C
m
m
kg/m3

103m3/s
kPa
std m3 /s
m2
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