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FOREWORD

It has been recognized within 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 format may 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 holds meetings, 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
Py 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:
ASME B31.4, 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 of wall loss in metal pipe within 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) metalloss in new pipe where allowed by the appli-
cable code of construction

(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 affecting material 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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ASME B31G-2012

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.

(¢) 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 APl 579-1/
ASME FFS5-1-2007, 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.

(12) 1.5 Nomenclature

A = local area of metal loss in the longitudi-
nal plane

A¢ = cross-sectional area of Charpy impact
specimen

Ag = local original metal area = Lt

Cy = Charpy V-notched impact absorbed energy
D = specified outside diameter of the pipe
d = depth of the metal loss
E = elastic modulus of steel
length of the metal loss
L, = effective length = L(w/4)
M = bulging stress magnification factor
MAOP = maximum allowable operating pressure
MOP = maximum operating pressure
Pr = estimated failure pressure = 25pt/D
Py = operating pressure, may equal MAOP or

(3
Il

MOP
Ps = safe operating pressure = P/SF
Sr = estimated failure stress level
Stow = flow stress, defined in para. 1.7(b)
So = hoopstress at the operating pressure, calcu-

lated as PpD/2t

Suyr = specified ultimate tensile strength at tem-
perature, may equal SMTS

Syr = specified yield strength at temperature,
may equal SMYS

SF = safety factor
SMTS = specified minimum tensile strength at
ambient conditions
SMYS = specified minimum yield strength at ambi-
ent conditions
t = pipe wall thickness
: = /Dt
z, = L2/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 over without 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 of metal 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

Copyright ASME Intemaonal
Provided by IHS under license with ASME
No reproduciion or networking permitted without license from IHS

SoCalGas-7.1011



ASME B31G-2012

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 conceptrelevant to fracture mechan-
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) Spow for plain carbon steel operating at tempera-
tures below 250°F (120°C) may be defined by Squ =
1.1 X SMYS. Sqo shall not exceed SMTS.

(2) Spow 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
Show = SMYS + 10 ksi (69 MPa). Spew shall not exceed
SMTS.

(3) Spow for plain carbon and low-alloy steel having
SMYS not in excess of 80 ksi (551 MPa) may be defined
by Sqiow = (Syr + Sur)/2, where Syrand Syr are specified
at the operating temperature in accordance with the
ASME Boiler and Pressure Vessel Code, Section 11,
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 prescribe which 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 Sy, was
defined as 1.1 X SMYSin previous editions of B31G. This
definition remains an inherent element of the Level 0
assessment and is recommended with 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

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
all methods 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 use which were not contemplated by this document.
[t is not the intention of this document to prohibit their
use, but the user of such methods 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 safety may 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, particularly where indirect methods

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

The methods 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 (3¢). 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 exercised when 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
Ly 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 L; 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
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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 APl 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.

Determine applicable pipe material properties
from appropriate records.

Clean the corroded pipe surface to bare metal.
Care should be taken when cleaning corroded
areas of a pressurized pipe.

Measure the maximum depth of the corroded
area, d, and longitudinal extent of the corroded
area, L, as shown in Fig. 2.1-1.

Locate the table corresponding to the size of
the pipe, D.

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.

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.

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 be more conserva-
tive than those obtained by performing a Level 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

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

Step 7.

Step 8.

operating pressure, while the use of equations given
below may show that it is acceptable.

The tables were designed to provide a minimum 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 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. 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, S,

Step 6.  Define an acceptable safety factor, SF.

Step 7. Compare S to SF X Sp.

Step 8. The flaw is acceptable where Sy is equal to or

greater than SF X Sp, or where Py is equal to

or greater than SF X Pq.
If the flaw is unacceptable based on Step 8 above, the
pressure can be reduced such that it is less than Pr/SF.

(a) Original B31G
M = (1+08z)"?
For z < 20,

o _ o | 1=%an
BT Y /M

For z > 20,

Sr = Spow(l = dft)

Note that previous editions of B31G incorporated a
definition for flow stress of Spqe = 1.1 X 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
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[References: ANSI/ASME B31G-1984 and ASME
B31G-1991.]
(b) Modified B31G. For z < 50,

M = (1 + 0.6275z — 0.003375z%)'/
For z > 50,
M = 0.032z + 3.3

G = g | _1=085@AH)
OF = 2w |\ 0 85(d/) /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, |. F., and Vieth,
P. H., “New Method Corrects Criterion for Evaluating
Corroded Pipe,” Oil & Gas Journal, Aug. 6 and
Aug. 20, 1990.]

(¢c) API579 Level 1. The “API1579 Level 1" assessment,
when reduced to its simplest form, is of a similar format
to the other Level 1 methods 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 Effective Area Method. Level 2 evaluations
shall be carried out using a procedure similar to the ten

=

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:

Cuine G ﬂ
E T P T —(A/A) /M

The Effective Area Method evaluates, by iteration, all
possible combinations of local metal loss, A, with respect
to original material, Ay. It requires for input a detailed
longitudinal distribution or profile of metal loss. The
detailed protfile is established by obtaining several mea-
surements of metal loss or remaining wall thickness
throughout the metal loss area. Such measurements may
be arranged in a grid pattern, or may follow a “river
bottom” path through the deepest areas of metal loss.
Increments of measurement need not be uniform, subject
to limitations of application software. If using a grid
pattern, the analysis must be repeated along each merid-
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 API1579-1/ASME FF5-1
for detailed instructions.

[References: Same as in para. 2.2(b).]

2.4 Level 3 Evaluation

A Level 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

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 (12)
Depth, Wall Thickness, £, in.
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 2.59 271 2.86 2.99 No limit
0.03 0.53 0.85 1.13 151 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 e 0.33 0.41 0.49 0.56 0.67 0.77 0.99
0.08 i 0.28 0.35 0.43 0.49 0.58 0.67 0.84
0.09 Lo ) 0.31 0.38 0.43 0.51 0.59 0.74
0.10 S P 0.27 0.33 0.39 0.46 0.53 0.66
0.11 [ i o 0.30 0.35 0.41 0.48 0.60
0.12 i e s i 0.31 0.38 0.43 0.55
0.13 - s S - -3 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 0.D. (12)
Depth, Wall Thickness, t, mm
d, mm 24 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 28.7 383 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
3 7.8 11.9 14.7 17.9 20.8 253 29.9 41.1
15 6.4 9.8 121 14.6 16.8 20.1 23.4 30.7
1.8 o 8.3 10.3 12.4 14.3 17.0 19.5 25.0
2.0 Fr 7 9.0 10.8 12.4 14.7 16.9 21.4
23 R raia 7.9 9.5 11.0 13.0 14.9 18.8
2.5 o el 6.9 8.5 9.8 11.6 13.4 16.8
2.8 o e i 7.6 8.8 10.5 12.1 15.2
3.0 P e i L 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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(12) Table 3-2 Values of L for Pipe Sizes > NPS 6 and < NPS 10

Depth, Wall Thickness, t, in.

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 1.8% 337 5.00 5.20 5.40 5T7 No limit
0.04 0.65 1.25 1.90 2.91 3.61 4.65 57T 6.44
0.05 0.51 0.97 1.40 1.87 2.30 2.73 3.86 6.44
0.06 0.42 0.80 1.13 1.54 1.77 2.04 2.67 4.37
0.07 AL 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 o D:52 0.74 0.98 AT 1.24 154 2.26
0.10 R 0.46 0.66 0.88 0.99 141 1.37 1.87
0.11 e 5T 0.59 0.80 0.90 1.01 1.24 1.76
B2 e L, 0.54 0.73 0.82 0.92 1.13 1.60
0.13 S ia s 0.66 0.75 0.85 1.04 1.46
0.14 S i ey 0.61 0.69 0.78 0.96 1235
(el - o b 0.56 0.64 0.72 0.89 1.26
0.16 R ST G + 000 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

10
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Table 3-2M Values of L for Pipe Sizes > 168 mm and < 273 mm 0.D. (12)
Depth, Wall Thickness, t, mm
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
13 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 F 173 24.3 32.6 37.1 42.2 53.6 85.5
2.0 e, 15.0 21.1 28.2 31.9 36.0 45.0 68.1
23 Bl 13.1 18.7 24.9 28.1 31.6 39.1 57.4
2.5 i 11.6 16.7 223 25.1 28.3 34.8 50.2
2.8 . e 15.0 20.2 22.8 25.6 31.4 44.8
3.0 F i 13.6 18.4 20.8 23.4 28.7 40.6
33 e S o 16.9 19.1 21.5 26.4 37.2
3.6 i St e 15.5 17.6 19.8 24.4 34.4
3.8 - e - 14.3 16.3 18.4 22.7 32.0
4.1 R T 15.1 17.1 21.2 289
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
5.6 213
5.8 20.2
6.1 19.2

11
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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 B8.87 9.72 10.39
0.06 1.44 2.59 3.40 577 8.62 B.87 9.72 10.39
0.07 1.22 21 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 w83 1.08 214 1.82 2.18 2.40 3.29 4.23
0.14 R 1.00 1.22 1.68 2.01 2.21 2.99 3.80
0.15 .., 0.92 1.14 1.56 1.86 2.05 275 3.46
0.16 i 0.86 1.06 1.46 1.74 1.91 2.55 3.19
0.17 SE 0.80 0.99 137 1.64 1.79 2.39 2.97
0.18 o ey 0.93 1.29 1.54 1.69 2.24 2.77
0.19 . - 0.88 122 1.46 1.60 212 2.61
0.20 R R 0.82 1.15 1.38 151 2.00 2.47
0.21 o v —_— 1.09 1.31: 1.44 1.90 2.34
0.22 R A e 1.04 1.25 1.37 1.81 2.23
0.23 v o .. 0.99 1.19 1.30 1.73 7,951 50
0.24 e R AP 0.94 1.13 1.25 1.66 2.03
0.25 . . 1.08 1.19 1.59 1.95
0.26 % G i i 1.03 1.14 152 1.87
0.27 R i Breae s 0.99 1.09 1.46 1.80
0.28 .. o 1.05 1.41 1.73
0.29 o o 1.00 1.35 1.67
0.30 i 40 1.61
0.31 1.26 1.55
0.32 1.21 1.50
0.33 i B 1.45
0.34 1.13 1.41
0.35 1.09 1.36
0.36 1.3
0.37 1.28
0.38 1.24
0.39 1.20
0.40 1.16

12
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Table 3-3M Values of L for Pipe Sizes > 273 mm and < 406 mm 0.D.

Wall Thickness, f, mm

Depth,

d, mm 4.0 5.6 6.4 7.8 8.7 9.3 111 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 B88.3 124.8 206.7 218.8 225.4 246.9 263.8
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 1233 2127 263.8
2.3 23.8 40.3 49.8 71.0 88.3 99.8 155.0 238.4
25 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 el 27.4 33.6 46.2 55.3 61.0 83.5 107.5
3.6 i 25.3 31.1 42.7 51.0 56.1 76.0 96.5
3.8 "o 23.4 28.9 39.7 47.4 52.0 69.9 87.9
4.1 S 21.8 27.0 37.1 44.2 48.5 64.9 81.0
4.3 i 203 25.2 34.8 41,5 45.5 60.6 753
4.6 i e 23.7 32.8 39.1 42.9 56.9 70.5
4.8 " o 22.2 31.0 ST 40.5 53.7 66.3
5.1 e T 20.9 29.3 35.1 38.4 50.9 62.7
5.3 w g - 27.8 33.3 36.5 48.4 59.4
5.6 Y- : 2 N 26.4 31.7 34.8 46.1 56.6
5.8 - oy - 251 30.2 33.1 44.0 54.0
6.1 R R i 23.8 28.8 31.7 42.1 51.6
6.4 " o - " 275 30.3 40.3 49.5
6.6 F G Sw s 26.3 29.0 38.7 47.5
6.9 i T 25.1 27.7 37.2 45.7
7.a .- 26.6 35.7 44,0
7.4 o sciptin 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 5T
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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(12) Table 3-4 Values of L for Pipe Sizes > NPS 16 and < NPS 20

Depth, Wall Thickness, t, in.

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 B.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 1417
0.10 1.37 2.13 3.07 3.65 4.30 6.00 8.48 1417
0.11 1.24 1.92 2.74 3.23 3.77 5.10 6.88 13.85
D12 1.13 1.75 2.48 2.91 .37 4,47 5.87 10.53
0.13 1.03 1.61 2.27 2.66 3.06 4.01 5.16 B8.65
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 1.83 293 2.43 3.12 3.89 5.91
0.17 i 1.21 1.72 1.99 2.28 2.91 3.62 5.40
0.18 R LA 1.62 1.88 2.15 2.74 3.38 4.99
0.19 o 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 R e 1.37 1.60 1.83 2.32 2.85 4.10
0.22 e il 1.30 1.52 1.74 2% 2.72 3.88
0.23 o i 1.24 1.45 1.66 221% 2.5%9 3.69
0.24 w83 el 1.18 1.38 1.59 2.02 2.48 3.52
0.25 e i A 1.32 1:52 1.94 2.38 3.36
0.26 .. e o 1.26 1.45 1.86 2.28 3.22
0.27 - . —_ 1.21 1.39 1.79 2.19 3.10
0.28 ba 1.34 1.72 2.11 2.98
0.29 G S boug ik 1.28 1.65 2.03 2.87
0.30 . MRC - . 1.23 1.59 1.96 2.77
0.31 AP Rt 1:53 1.0 2.68
0.32 s i 1.48 1.83 2.59
0.33 i 1.43 1.77 2.51
0.34 .. 1.38 1.7, 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
0.3%9 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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ASME B31G-2012

Table 3-4M Values of L for Pipe Sizes > 406 mm and < 508 mm 0.D. (12)
Depth, Wall Thickness, f, mm
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
1.3 777 152.3 254.2 267.0 278.7 301.2 321.9 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
208 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 B82.1 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
33 26.2 41.0 57.8 67.5 77.8 101.8 131.1 219.8
36 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 st 30.8 43.6 50.7 57.9 73.9 91.9 1371
4.6 S 28.9 41.1 47.7 54,5 69.5 86.0 126.6
4.8 e 27.1 38.8 45.1 51.5 65.6 80.9 117.9
Bl e 25.5 36.7 42.8 48.9 62.1 76.4 110.5
5.3 o i 34.8 40.6 46.4 59.0 72.5 104.2
5.6 b T 33.0 38.6 44.2 56.2 69.0 98.6
5.8 e e 31.4 36.8 42.2 53.7 65.8 93.7
6.1 el . 29.9 35.1 40.3 51.3 63.0 89.4
6.4 e wiie s 33.5 38.6 49.2 60.3 85.5
6.6 - m— el 32.0 36.9 47.2 57.9 81.9
6.9 - - - 30.6 35.4 45.4 55.7 78.7
7.1 T ey Ans 5w 33.9 43.6 53.6 5.7
7.4 e o s s i 325 42.0 51.7 72.9
7.6 | M eyl e Tl 31.2 40.4 49.9 70.4
7.9 s v 39.0 48.2 68.0
8.1 . 37.6 46.5 65.8
8.4 P T 36.3 45.0 63.7
8.6 - o 35.0 43.6 61.8
8.9 o o 33.8 42.2 60.0
9.1 40.9 58.2
9.4 39.6 56.6
9.7 38.4 55.0
2.9 37.2 53.5
10.2 36.1 52.0
10.4 50.7
10.7 493
10.9 48.1
1.2 46.9
11.4 45.7
11.7 44.5
11.9 43.4
12.2 42.4
12.4 41.3
A 37 40.3
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ASME B31G-2012

Table 3-5 Values of L for Pipe Sizes > NPS 20 and < NPS 24

Depth, Wall Thickness, t, in.

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 1175 No limit No limit No limit No limit No limit
0.05 4.74 6.70 11.75 TETT 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 1.93 238 4.08 5.66 7.94 9.48 14.12 15.84
0.11 1.75 215 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 5.09 577 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 2.54 331 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 Ea 1.27 2.10 2.72 3.41 3.78 4.61 557
0.19 n— 1.19 1.99 2.56 3.23 3.56 4.32 5.19
0.20 BTy 112 1.88 2.43 3.04 3.36 4.07 4.87
0.21 | | iy 1.79 231 2.89 3.19 3.85 4.59
0.22 R S 1.70 2.20 2.75 3.04 3.65 4.34
0.23 o sy 1.62 2.10 2.63 2.90 3.48 4.13
0.24 A i 1.55 2.01 251 2.77 332 3.93
0.25 I o 1.48 1.92 2.41 2.66 3.18 3.76
0.26 o el 1.41 1.84 2 255 3.05 3.61
0.27 . e 1.35 1.77 2.22 2.45 2.94 3.46
0.28 R ST AR 1.70 2.14 2.36 2.83 3.33
0.29 i s i 1.64 2.06 22T 2.73 T |
0.30 v 5.8 s 5m e 1.57 1.99 2.19 2.63 3.10
0.31 ey e tei 1.51 1.92 b 2.54 2.99
0.32 - = - 1.46 1.85 2.05 2.46 2.90
0.33 S i oy i 1.79 1.98 2.38 2.81
0.34 rET i Al T 1.73 1.92 231 2.72
0.35 i S o e 1.67 1.86 2.24 2.64
0.36 o - = - 1.62 1.80 ZAF 2.56
0.37 e R e FeAoe 1.56 1.74 2.11 2.49
0.38 - - 1.69 2.05 2.42
0.39 R T 1.64 1.9 2.35
0.40 e . 1.59 1.93 2.29
0.41 1.88 2.23
0.42 1.83 2T
0.43 1.78 212
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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ASME B31G-2012

Table 3-5M Values of L for Pipe Sizes > 508 mm and < 610 mm 0.D.

Wall Thickness, f, mm

Depth,

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
13 120.5 170.3 298.5 324.3 348.5 359.8 No limit No limit
1.5 89.8 117.8 298.5 324.3 348.5 359.8 381.5 No limit
1.8 733 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
) 54.9 68.0 120.4 173.5 259.5 325.1 381.5 402.3
) 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
33 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 2T 34.4 56.6 73.3 92.4 102.7 125.8 153.3
4.6 323 53.4 69.0 86.6 96.1 i i 7 141.6
4.8 30.3 50.5 65.1 81.6 90.4 109.6 131.8
Bl 28.5 47.8 61.7 77.2 B85.5 103.3 123.6
53 45.4 58.7 733 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 B84.6
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 38.7 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
122 47.4
12.4 46.2
12.7 45.1
1
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ASME B31G-2012

Table 3-6 Values of L for Pipe Sizes > NPS 24 and < NPS 30

Depth, Wall Thickness, t, in.

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 AR A 12571 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 L7 7.35 8.70 10.38 15.47 17.35
0.11 2.35 3.35 4.61 6.24 7.24 B8.43 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 FlZ 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 25T 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 1T 2.36 2.9% 333 3.69 4.45 5:33
0.21 = 1.68 2.24 2.85 3.16 3.50 4.21 5.02
0.22 R 1.59 2.13 2.71 3.01 3.33 4.00 4.76
0.23 i 1.51 2.03 2.5%9 2.88 3.17 3.81 4.52
0.24 e 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 w83 e.4 e 1.78 2.28 2.53 2.79 5 ) 3.95
0.27 . e 1.71 2.19 2.43 2.69 3.22 3.79
0.28 R ST 1.64 2.10 234 2.59 3.10 3.65
0.29 — s i 2.02 2.26 2.49 2.9% 3.52
0.30 5.2 s tlm 1.51 1.95 7 i g 2.40 2.88 3.39
0.31 o e P 1.88 2.10 32 2.78 3.28
0.32 - = =] 1.81 2.03 2.24 2.69 3.17
0.33 S i s 17D 1.96 217 2.61 3.07
0.34 e i i 1.6% 1.89 2.10 2.53 2.98
0.35 G o Sad 1.63 1.83 2.03 2.45 2.89
0.36 e - .. B 1.77 1.97 2.38 2.81
0.37 e R AP FeAoe 1.71 1.91 231 2.73
0.38 b, ) .- 1.85 2.24 2.65
0.39 s i 1.79 2.18 2.58
0.40 ey . 1.74 2.12 2.51
0.41 2.06 2.44
0.42 2.00 2.38
0.43 1.95 232
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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ASME B31G-2012

Table 3-6M Values of L for Pipe Sizes > 610 mm and < 762 mm 0.D.

Wall Thickness, f, mm

Depth,

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
13 186.5 311.4 341.4 368.9 381.8 394.2 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
) 74.5 109.3 158.1 231.6 284.2 356.2 417.9 440.7
) 66.2 95.5 133.9 186.7 221.0 263.8 392.9 440.7
2.8 59.8 85.2 1172 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
33 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 2314
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 ELD 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 9g9.1 120.1 144.4
Bl F1.2 44.9 59.8 76.1 84.6 93.6 113.1 135.4
53 42.6 56.9 723 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
6.9 433 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
7.6 383 49.5 55.2 61.1 73.2 86.2
7.9 47.7 53.3 59.0 70.7 833
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 60.4 713
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
122 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

ASME B31G-2012

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 .17 12.10 16.24 17.35 19.40 20.35
0.08 37T 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 B8.22 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 B.04 14.42 20.35
0.13 220 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 L7 2.50 3.33 4.27 5.33 8.09 9.96
0.17 1.66 2.35 3.0 3.99 4.95 7.3% 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 2.17 277 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 2.03 251 By 4.12
033 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
0.44 253 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 21T 2.56
0.51 2.50
0.52 2.44
0.53 2.39
0.54 2.33
0.55 2.28
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ASME B31G-2012

Table 3-7M Values of L for Pipe Sizes > 762 mm and < 914 mm 0.D.

Wall Thickness, t, mm

Depth,

d, mm 6.4 7.9 9.5 111 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 3817 No limit No limit No limit No limit
1.3 208.5 348.1 381.7 412.5 4£40.7 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
23 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 1773 2393 481.8 517.0
3.0 61.0 86.3 117.2 155.6 204.1 366.3 517.0
33 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 2529
4.3 42.2 59.7 79.3 101.3 125.8 187.8 228.1
4.6 39.6 56.2 747 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 57.8 735 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
el 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 B84.6 98.1
8.9 46.3 7.7 82.1 95.2
2.1 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
12 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
137 59.3
14.0 58.0
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(12) Table 3-8 Values of L for Pipe Sizes > NPS 36 and < NPS 42

Depth, Wall Thickness, t, in.

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 16.46 713 18.41 No limit No limit
0.06 6.22 8.22 1114 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 B8.87 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 3.91 444 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 3.2 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 R 1.64 1.95 2.61 2.95 3.69 4.90 6.85
0.23 i £ 1.85 2.49 2.82 3.52 4.67 6.49
0.24 AL i 1.76 2.38 2.70 3.37 446 6.18
0.25 o - —— 2.28 2.58 3.23 4.27 5.89
0.26 e i ey 2.18 2.48 3.10 4.10 5.64
0.27 e e 5T rw 2.09 2.38 2.98 3.94 5.41
0.28 R R G 2.00 2.28 2.87 3.79 5.20
0.29 —— s o 1.92 2.19 2.76 3.66 5.00
0.30 s 55 Y E 1.84 201 2.66 3.53 4.83
0.31 o S P e, 2.03 2.57 3.41 4.66
0.32 e i AP 2 1.95 2.48 3.30 4.51
0.33 s i 2.40 3.19 4.37
0.34 s S 2.32 3.09 4.23
0.35 Sad 2.24 3.00 4.11
0.36 .. o 2.17 2.91 3.99
0.37 e i AP FeAoe o 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
0.44 232 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 0.D.

(12)

Wall Thickness, f, mm

Depth,

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
13 228.4 340.2 381.4 418.1 435.0 467.6 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
23 91.2 111.0 133.9 193.6 2328 348.1 511.8 566.3
) gl 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 B6.7 116.7 133.5 173.5 252.9 440.2
3.6 56.9 68.1 80.1 107.2 1221 156.9 2229 363.6
3.8 52.9 63.4 74.5 99.3 112.8 143.7 200.5 3131
4.1 49.4 59.3 69.6 92.6 105.0 132.9 183.0 e o |
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 58.2 773 87.4 109.5 147.1 211.2
5.1 38.3 46.5 55.1 733 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 1133 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 Ly 70.2 92.9 T2
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 B83.8 114.5
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
122 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
23
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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 number with 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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ASME B31G INTERPRETATIONS

Interpretation: G-1-01

Subject: ASME B31G-2009
Date Issued: September 29, 2011
File: 11-1259
Question (1): When calculating the term z = L?/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 (Sp), is t the corroded pipe wall thickness?

Reply (2): Yes.

Question (3): When calculating the hoop stress (Sp or Sp), is t in this case the corroded pipe
wall thickness?

Reply (3): No. Dimension f is the uncorroded pipe wall thickness.

Question (4): Does f represent the uncorrroded pipe wall thickness?

Reply (4): Yes.
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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
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* 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
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Occasionally insulating units are placed in pits or above ground,
When they are it is sensible to cover the actual joint, particularly a flangeq
Joint, with a resin glass fiber cover so that it cannot accidentally be short-
circuited, say by a metal spanner; on breaking such a bond an incendiye
spark could easily occur. The problems of interference and other reasong
for longitudinal separation of pipelines are given in the chapter of elec.
trolysis and interference.

Modern long distance pipelines are protected over long distances and
in many cases there is a limited number of points where power is available,
Usually at the end of the pipeline, at a terminal or storage depot, power
supplies are available. The pipe is isolated at this point so that cathodic pro-
tection can be applied separately and at different levels to the depot itself
and to the pipeline. The pipeline potential at the impressed current station
will probably have a potential of —1.5 V to copper sulfate to achieve the
maximum spread. It would be uneconomical and, in fact, difficult to pro-
tect the remainder of the depot to this level. The isolating coupling or, in-
deed, in many cases two or three isolating couplings, are used to enable
these different levels of protection to be used.

Vertical Pipes

Well Casings

Most well casings are constructed of steel tubes joined together to be in
good electrical contact. The tubes are coated prior to installation though
this coating cannot be relied upon to prevent their corrosion as it will be
damaged during installation. At the top of the well one or two larger
diameter pipes may be placed concentrically over the well tube and may
enclose 10 per cent to 20 per cent of the total depth, the system being shown
schematically in Fig. 132. Cathodic protection can be applied to the well
casing tubes though only to the outer one where there are a multiplicity of
concentric tubes. Because cathodic protection will cause a change in poten-
tial between these tubes, the space between them should be grouted with
concrete or filled with clean inhibited sand if grouting is impossible.

Itis difficult to measure the potential of the well casing though in some
cases a half cell could be lowered so as to be outside the bottom of the casing
and a potential measurement made relative to this half cell. The potential
gradients in the tube metal may be measured by lowering a series of devices
which will make metallic contact to the tubes down the well and from these
measurements the current flowing in the tubes can be determined. Fig. 133
shows the type of potential variations that would be obtained by such a
survey, the practical values varying with the geological strata and with the
pipe resistance. A modification of the zero current ammeter similar to that
used in pipe surveys could be employed to determine this current directly.
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Groundbed of
Magnesium or
Permanent Anodes

DC Source with
Permanent Anodes

Well
Casing

FIGURE 132 - Well casing with cathodic protection
anodes.

The well casing will be protected when the metal potential curve in-
dicates that the flow of current in the casing is increasing towards the top of
the well as this means that the well must be receiving current and so is
cathodic throughout its length. This is used as the criterion of protection.

Alternatively, a plot may be made of the potential against the log of
current. There will be a break in the curve and it has been shown that
where the curved section becomes a straight line as described earlier the
casing will be adequately protected. This technique was developed by
Haycock and has proved to be effective in a number of oil fields.

The spread of protection will be governed by the same parameters that
affected the spread in a normal pipeline. The lengths of the casing will not
be great, a spread of full protection of more than 10,000 ft. will rarely be
needed and the current required for protection will usually be less than 15
amp, generally only 2 to 3 amp being sufficient. For isolated wells
magnesium can be used, a typical anode installation may be a group of five
or six high potential packaged anodes.

There will be an increase in potential at the top of the well, just as
there is at the drainage point on the pipeline. In many cases this will detract
from the driving potential of low voltage anodes so their use will not
generally be possible.

Often the well is connected to a small pipeline or several wells may ex-
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FIGURE 133 - Potentials along well casing.

ist in a group or small field, in which case, providing power is available, an
impressed current installation would be preferable. The overprotection at
the well head will mean that magnesium anodes, if used to protect a large
group of inter-connecting well head piping, will be unattractive. Even with
the use of impressed current it might well be that isolation of the wells will
prove to be worthwhile. When a gathering line is connected to a well head
then both may require an increased protection in order to achieve a spread.
Where there are several wells there is unlikely to be any shielding of one
well by another as their diameter is very small in comparison with their
length.

Some wells have screens at their bottom end and these can be pro-
tected by the general system if the screen is in water or a conducting strata
as it would be in an artesian well. The inside of the casing or pumps at the
lower end will not receive protection by these techniques. Red water, which
is often caused by the prolonged contact of the well and pumps, can be
prevented by complete cathodic protection of the lower end of the well
though this is not achieved from the outside.

Piles

Many buildings nowadays are constructed on steel piles driven some
considerable depth into the ground. Often these are used solely to allow a
concrete pile to be formed within them and their corrosion is of little conse-
quence. When their corrosion is to be avoided the outside of the piles can be
protected cathodically. The piles must be electrically continuous one with
another or if not they must be bonded together. It is essential that the bond-
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ards associated with the use of materials, equipment, and/or operations detailed or re-
ferred to within this standard. Users of this NACE International standard are also respon-
sible for establishing appropriate health, safety, and environmental protection practices,
in consultation with appropriate regulatory authorities if necessary, to achieve compli-
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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
included for media specifications (nonman-
datory Appendix A), dilution procedures
(nonmandatory Appendix B), and site in-
spection and testing (nonmandatory Ap-
pendix C). This standard is maintained Task
Group 237.

KEYWORDS

MIC, microorganisms, sampling, MMM, bio-
film, bacteria, Archaea
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Foreword

In NACE standards, the terms shall, must, Microbiologically influenced corrosion (MIC) is corrosion caused by the presence or ac-
should, and may are used in accordance tivity (or both) of microorganisms in biofilms on the surface of the corroding material.
with the definitions of these terms in the Many materials, including most metals and some nonmetals, can be degraded in this
NACE Publications Style Manual, 4th ed., manner. Microbiologically mediated reactions can alter both rates and types of electro-
Paragraph 7.4.1.9. Shall and must are used  chemical reactions in a corrosion cell. These reactions influence pitting, crevice corro-
to state mandatory requirements. The term  sion, differential aeration cells, concentration cells, dealloying, and galvanic corrosion.
should is used to state something consid-  Therefore, MIC investigations require microbiological, chemical, and metallurgical test-
ered good and is recommended but is not  ing for proper diagnosis. The conclusion that MIC has taken place should be based on
mandatory. The term may is used to state the preponderance of circumstantial evidence. Microorganisms are often resistant to
something considered optional. many control methods and can be a serious external corrosion threat to pipelines.

This NACE standard test method applies to the external surfaces of ferrous-based metal
pipeline facilities and describes types of microorganisms, mechanisms by which MIC
occurs, methods for sampling, and testing for the presence of microorganisms, research
results, and interpretation of testing results. Sections 1 through 4 of this standard dis-
cuss the technical aspects of MIC. Sections 5 through 7 discuss field equipment and
testing procedures.

This standard is intended for use by pipeline operators, pipeline service providers, gov-
ernment agencies, and any other persons or companies involved in planning or manag-
ing pipeline integrity. Portions of Sections 3 and 4 of this standard are excerpted from
Peabody's Control of Pipeline Corrosion, Chapter 14—"Microbiologically Influenced
Corrosion,”1 and enclosed in quotation marks.

This standard was prepared by Task Group (TG) 237, “Microbiologically Influenced Corro-
sion on External Surfaces of Buried Pipelines: Detection, Testing, and Evaluation—Stan-
dard." It wasrevised in 2015 by TG 237. TG 237 is administered by Specific Technology
Group (STG) 35, “Pipelines, Tanks, and Well Casings,” and is sponsored by STG 60, “Cor-
rosion Mechanisms.” This standard is issued by NACE International under the auspices
of STG 35.

2 TMO0106-2016 NACE International
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Section 1: General

1:1 While the evaluation, monitoring, and mitigation of MIC cannot be prescribed in
one particular manner for any given pipeline, this standard describes methodolo-
gies by which the appropriate tools and techniques may be selected and practi-
cally applied to external surfaces of buried, ferrous-based metal pipelines and
related components. The methods presented in this standard represent the gen-
eral consensus of industry experts in pipeline corrosion and microbiology at the
time this standard was published.

1.2 Appendix A (Nonmandatory) provides a site inspection and testing checklist.

1.3 All applicable safety and environmental codes, rules, and regulations must be
followed when using this standard.

1.4 The term “pipeline” as used in this standard generally refers to any pipe or com-
ponent of a pipeline system for which the mechanism of external MIC is of interest
to the user of this standard.

Section 2: Definitions

Abiotic: The absence of living organisms, their biological components, or the metabolic
activities of living organisms.

Acid-producing bacteria (APB): Aerobic or anaerobic bacteria that produce organic ac-
ids as an end product of their metabolism. A few organisms (e.g., Thiobacillus) are also
capable of producing mineral acids (typically under aerobic conditions).

Aeration: (1) Exposing to the action of air. (2) Causing air to bubble through. (3) Introduc-
ing air into a solution by spraying, stirring, or similar method. (4) Supplying or infusing with
air, as in sand or soil. (5) The introduction of air into the pulp in a flotation cell to form air
bubbles.

Aerobic: Containing air or free molecular oxygen.

Aerobic microorganism (aerobe): A microorganism that uses oxygen as the final elec-
tron acceptor in metabolism.

Anaerobic microorganism (anaerobe) bacteria: A microorganism that does not require
oxygen for metabolism.

Archaea: Unicellular microorganisms that are genetically distinct from bacteria and eu-
karyotes, which often inhabit extreme environmental conditions. Archaea include halo-
philes (microorganisms that may inhabit extremely salty environments), methanogens (mi-
croorganisms that produce methane), and thermophiles (microorganisms that can thrive in
extremely hot environments). Archaeoglobus is a common Archaea.

Archaeoglobus: Microorganisms that grow at high temperatures between 60 and 95 °C
(140 and 203 °F), with optimal growth at 83 °C (181°F) (ssp. A. fulgidus VC-16).2 They are
sulfate-reducing archaea, coupling the reduction of sulfate to sulfide with the oxidation of
many different organic carbon sources, including complex polymers. Archaeoglobusspe -
cies have been isolated from oil reservoirs and production systems; however, this group of
microorganisms is normally not measured with current culturing techniques.

Autoclave: A pressurized, steam-heated vessel used for sterilization.

TMO0106-2016 NACE International
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Basal: The minimal level for, or essential for maintenance of vital activities of an organism,
such as basal metabolism.

Biofilm: Microbial growth at an interface in which individual cells are bound within a matrix
of extracellular polymeric materials.

Biotic: Involving the presence or metabolic activities of living organisms.

Carbohydrate: Any of the group of organic compounds composed of carbon, hydrogen,
and oxygen, including sugars, starches, and celluloses.

Cathodic protection (CP): A technique to reduce the corrosion rate of a metal surface by
making that surface the cathode of an electrochemical cell.

Coating: (1) A liquid, liquefiable, or mastic composition that, after application to a surface,
is converted into a solid protective, decorative, or functional adherent film. (2) (In a more
general sense) a thin layer of solid material on a surface that provides improved protective,
decorative, or functional properties.

Coating system: The complete number and types of coats applied to a substrate in a
predetermined order. (When used in a broader sense, surface preparation, pretreatments,
dry film thickness, and manner of application are included.)

Culture medium: A sterile solution or other substrate that is formulated to promote the
growth of a particular type or group of microorganisms. (Also called growth medium.)

4-,6-diamidino-2-phenylindole (DAPI): A stain for optical microscopy that targets the De-
oxyribonucleic acid (DNA) in all (i.e., living and inactive) microbial cells.

Denaturing gradient gel electrophoresis (DGGE): A molecular microbiological method
used to profile the most abundant microbial groups in a sample.

Dielectric coating: A coating that does not conduct electricity. For the purposes of this
standard, it also inhibits the passage of an electric current relative to the coating'’s dielectric
strength.

Disbondment: The loss of adhesion between a coating and the substrate.

Dissimilatory: Metabolic reactions in which a reductant is used as an electron acceptor
and not incorporated into the cell (e.g., dissimilatory sulfate or nitrate reduction); metabolic
changes that convert complex molecules into simple ones.

Eukaryotes: Cells having a true nucleus, bound by a double membrane. Prokaryotic cells
have no nucleus.

Facultative: Capable of growing either with or without the presence of a specific environ-
mental factor, e.g., oxygen.

Fluorescence in situ hybridization (FISH): A molecular microbiological method used for
enumeration of microorganisms. The method is based on gene probes targeting ribosomal
Ribonucleic acid (RNA) (16S or 23S rRNA) in microbial cells. Only living and active cells
contain sufficient ribosomes that can be detected by FISH. Gene probes consist of two
parts: (1) an artificial DNA strand complementary to the ribosomal RNA in the target cell;
and (2) a fluorescing molecule covalently attached to the probe that enables observation
of the target microorganism in the microscope.

Fungi: Nucleated, usually filamentous, spore-bearing parasitic organisms devoid of chlo-
rophyll, including molds, mildews, smuts, mushrooms, yeast, and others.
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Growth: Increase in the quantity of metabolically active protoplasm, accompanied by an
increase in cell number, cell size, or both.

Growth medium: See Culture medium.

Heterotrophic: An organism that obtains nourishment from the ingestion and breakdown
of organic matter.

Holiday: A discontinuity in a protective coating that exposes unprotected surface to the
environment.

Inoculum: A small quantity of microorganisms used to start a new culture.

Inorganic acid: A compound composed of hydrogen and a nonmetal element or radical.
They can range from acids of great strength (e.qg., hydrochloric acid [HCI] and sulfuric acid
[H,S0,] to those that are very weak (e.g., boric acid). A substance that yields hydrogen
ions (which can act as a proton donor) and the conjugate base ions when dissolved in
water. (Also called a mineral acid.)

Isotonic: Having uniform tension of a solution; having the same osmotic pressure as the
fluid phase of a cell or tissue.

Metal-oxidizing bacteria: Bacteria (most notably iron and manganese oxidizing bacteria)
that derive their energy from oxidizing one oxidation state of a metal to another.

Metal-reducing bacteria (MRB): Bacteria that when in direct contact with solid iron (Fe*?)
and manganese (Mn+4) oxides them and produces soluble ions (Fe*? and Mn*?), resulting
in dissolution of surface oxides and localized corrosion.’

Methanogens: Microorganisms that produce methane as a metabolic byproduct in anoxic
(i.e., oxygen-free) conditions. They are classified as Archaea, a group quite distinct from
bacteria. Some are extremophiles and found in environments such as oil field systems, hot
springs, and submarine hydrothermal vents, as well as in the “solid” rock of the Earth’s
crust, kilometers below the surface. Methanogens are common Archaea in oil production
systems; however, they are normally not measured with current culturing techniques.
Methanogens are involved in MIC by consuming hydrogen at the metal surface and there-
by creating a depolarization.

Microaerophilic: Pertaining to those microorganisms requiring free oxygen, but in very
low concentration for optimum growth.

Microbiologically influenced corrosion (MIC): Corrosion affected by the presence or
activity, or both, of microorganisms. (Note: The microorganisms that are responsible for
MIC are typically found in biofilms on the surface of the corroding material. Many materials,
including most metals and some nonmetals, can be degraded in this manner.)

Microbe: See microorganism.

Microorganism: An organism of microscopic or ultramicroscopic size. Bacteria, Archaea,
and fungi are microorganisms. Bacteria and Archaea are combined and called prokary-
otes. Fungi belong to eukaryotes (Eukarya).

Mineral acid: See inorganic acid.

Monosaccharide: A carbohydrate that cannot be hydrolyzed to a simpler carbohydrate.

Morphology: A branch of biology that deals with structure and form of an organism at any
stage of its life history.
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Most probable number method (MPN): A technique that does not rely on quantitative
assessment of individual cells; instead, it relies on specific qualitative attributes of the mi-
croorganism being counted. The important aspect of MPN methodology is the ability to
estimate a microbial population size based on a process-related attribute. The MPN tech-
nique estimates microbial population sizes in a liquid substrate. The methodology for the
MPN technique is dilution and incubation of replicated cultures across several serial dilu-
tion steps.

Motile: Exhibiting or capable of movement.

Organic acid: Weak acid that contains carbon (correctly classified as carboxylic acids
because they contain a carboxyl group, -COOH). Organic acids (e.g., formic, acetic, lactic)
are the end product of metabolism by a variety of microorganisms. (Also called short-chain
fatty acids.)

Organism: A complex structure of interdependent and subordinate elements whose rela-
tions and properties are largely determined by their function as a whole. (Also see micro-
organism.)

Oxidation-reduction potential: The potential of a reversible oxidation-reduction reaction
in a given electrolyte reported on the standard hydrogen electrode scale. (also called redox
potential)

Permeation: The migration of water from the soil through the coating to the pipe surface
by diffusion.

Phosphate buffer: Solution made of dibasic potassium phosphate (K,HPO,) and sodium
phosphate (Na,HPO,).

Pipe-to-soil potential: See structure-to-electrolyte potential.

Polymerase chain reaction (PCR): A molecular technique which allows the production of
large quantities of a specific DNA from a DNA template using a simple enzymatic reaction
without a living organism. A quantitative version of PCR is called quantitative polymerase
chain reaction (gPCR).

Polysaccharide: A carbohydrate composed of many monosaccharides.

Prokaryotes: The prokaryotes are divided into two domains: the bacteria and the Archaea.
Archaea were originally thought to live only in inhospitable conditions such as extremes of
temperature, pH, and radiation, but have been found in all types of habitats. Sulfate-reduc-
ing prokaryotes (SRP) consist of both sulfate-reducing bacteria and sulfate-reducing Ar-
chaea.

Quantitative polymerase chain reaction (qPCR): A molecular microbiological method used
to quantify the fotal number of microorganisms or a specific genus/species of microorganisms
in nearly any type of sample. gPCR can be used for both fluid and solid samples, as well as
microorganisms collected via membrane filtration. This method does not underestimate micro-
organisms that do not grow in culture. This method uses synthetic DNA (called primers) tagged
with a fluorescent molecule or synthetic DNA mixed with a DNA intercalating agent (dye) to
quantify microorganisms using a modified version of polymerase chain reaction (PCR).

Redox potential (E,): See oxidation-reduction potential.
Ringers solution: An aqueous solution of chlorides that is isotonic to animal tissues.

Sterile: (1) Free of any living microorganisms. (2) Not introducing microorganisms that are
foreign to the host body or subject under study.
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Structure-to-electrolyte potential: The potential difference between the surface of a bur-
ied or submerged metallic structure and the electrolyte that is measured with reference to
an electrode in contact with the electrolyte.

Substratum: A solid surface; often refers to a surface colonized by microorganisms.

Sulfate-reducing Archaea(SRA): A group of anaerobic Archaea that perform dissimilato-
ry reduction of sulfate, resulting in sulfide formation. They are most likely to grow at reser-
voir conditions (60 to 95 °C [140 to 203 °F]).

Sulfate-reducing bacteria (SRB): A group of anaerobic bacteria that perform dissimilato-
ry reduction of sulfate, resulting in sulfide formation. They grow at a broad range of tem-
peratures.

Sulfate-reducing prokaryotes (SRP): A group of microorganisms that consists of both
sulfate-reducing bacteria (SRB) and sulfate-reducing Archaea(SRA).

Tenting: A tent-shaped void formed along the girth weld or longitudinal seam-weld rein-
forcement in a pipe when the external coating is not in continuous intimate contact with the
pipe and weld surfaces.

Water leaching: The removal of soluble constituents from a coating by water.

Section 3: Introduction

31 MIC is corrosion affected by the presence or activity (or both) of microorganisms in
biofilms on the surface of the corroding material. Many materials, including most
metals and some nonmetals, can be degraded in this manner. MIC can result from
the activities of microorganisms, including bacteria, Archaea, and fungi' in biofilms or
in the local environment directly in contact with the corroding material.? This standard
is primarily focused on the effects of bacteria and Archaea. In one survey, Jack et al.?
reported that MIC was responsible for 27% of the corrosion deposits on the exterior
of line pipe. Pope and Morris* reported that almost all cases of MIC on external sur-
faces of coated pipes were associated with disbonded or damaged coatings. The
following general statements are commonly accepted regarding microorganisms.”

314 Individual microorganisms are usually small in size (they typically are
from 0.2 to 10 pm (8 to 400 pin) in length by up to 2 or 3 ym [80 to 120 pin] in
width)—a quality that allows them to penetrate crevices and other areas. Colo-
nies of microorganisms can grow to macroscopic proportions.’

3.1.2  Microorganisms may be motile, capable of migrating to more favorable
conditions or away from less favorable conditions (e.g., toward food sources or

away from toxic materials).

3.1.4  Certain microorganisms can withstand a wide range of temperatures (at
least -10 to 99 °C [14 to 210 °F]), pH levels, and oxygen concentrations.’

3.1.5 Microorganisms grow in colonies and form biofilms, making survival
more likely under adverse conditions.

3.1.6  Under favorable conditions, microorganisms can reproduce very quickly
(generation times of 18 min have been reported).!

3.1.7  Individual microbial cells can be widely and quickly dispersed by water
or other modes, thus the potential for some cells in the population to reach more

favorable environments is good.
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3.2

31.8 Many microorganisms can quickly adapt to use a wide variety of different
nutrient sources. For example, Pseudomonas fluorescens can use more than 100
different compounds as sole sources of carbon and energy, including sugars,
lipids, alcohols, phenols, and organic acids.’

319 Many microorganisms form extracellular polysaccharide materials (cap-
sules or slime layers). The resulting slimes are sticky and trap organisms and
debris (food), resist penetration of toxicants, (e.g., biocides or corrosion inhibi-
tors), and hold the cells between the source of the nutrients (the bulk fluid) and
the surface.’

3.1.10 Many bacteria and fungi produce spores that are resistant to tempera-
ture, acids, alcohols, disinfectants, drying, freezing, and other adverse conditions.
Spores may remain viable for hundreds of years and germinate on finding favor-
able conditions. In the natural environment, there is a difference between survival
and growth. Microorganisms can withstand long periods of starvation and desic-
cation. If conditions are alternating wet and dry, microbes may survive dry periods
and grow only during the wet periods.

3.1.11  Microorganisms may be resistant to many chemicals (antibiotics, disin-
fectants, and others) by virtue of their ability to degrade these chemicals or by
being impenetrable (because of slime, cell wall, or cell membrane characteris-
tics). Resistance may be easily acquired by mutation or acquisition of a plasmid
(essentially by naturally occurring genetic exchange between cells, i.e., genetic
engineering in the wild).

Mechanisms for MIC

MIC typically takes place in the presence of microbial consortia that are com-
prised of more than one physiological type of microorganism. Depending on the
environment, these microbes may include metal-oxidizing bacteria, sulfate-reduc-
ing prokaryotes (SRP), acid-producing bacteria (APB), metal-reducing bacteria
(MRB), and methanogens that interact in complex ways within the structure of
biofilms.5® MIC does not produce a unique form or morphology of corrosion. In-
stead, MIC can result in pitting, crevice corrosion, underdeposit corrosion (UDC),
and dealloying, in addition to galvanic corrosion.

Simply by their presence on a metal surface, microorganisms may set up the proper
conditions for pitting or crevice corrosion. Once localized corrosion has been initiated,
microbial reactions can maintain suitable conditions (e.g., low oxygen concentration)
for continued pit/crevice growth. Under anaerobic reducing conditions, MIC may be
observed when there is some mechanism for the removal or transformation of corro-
sion products (e.g., a transition from stagnation to flow) or the introduction of oxygen
to a previously anaerobic environment. The following discussion about individual MIC
mechanisms is directly related to carbon steel.’

3.21 Sulfate Reduction

Sulfate-reducing bacteria (SRB) are a diverse group of anaerobic microorgan-
isms that can be isolated from a variety of subsurface environments. If the aerobic
respiration rate within a biofilm is greater than the oxygen diffusion rate during
biofilm formation, the metal/biofilm interface can become anaerobic and provide
a niche for sulfide production by SRB. The critical thickness of the biofilm required
to produce anaerobic conditions depends on the availability of oxygen and the
rate of respiration. SRB concentrations may be proportional to sulfate concentra-
tions. The distribution of favorable pH ranges from 6 to 12, although SRB can
adapt to other less optimum conditions. SRB grow in soil, fresh water, or salt
water under anaerobic conditions.
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Many species of SRB have been identified, differing in morphology and in the
organic substances that they can metabolize. They have in common the ability to
oxidize certain organic substances to organic acids or carbon dioxide by reduc-
tion of inorganic sulfate to sulfide. In the absence of oxygen, the metabolic activ-
ity of SRB causes accumulation of hydrogen sulfide near metal surfaces. This is
particularly evident when metal surfaces are covered with biofims. The concen-
tration of sulfide is highest near the metal surface.

Iron sulfide forms quickly on carbon steels and covers the surface if both ferrous
and sulfide ions are available. Formation of iron sulfide minerals stimulates the
cathodic reaction. Once electrical contact is established, a galvanic couple devel-
ops with the mild steel surface as an anode, and electron transfer occurs through
the iron sulfide. Under conditions such as low ferrous ion concentrations, adher-
ent and temporarily protective films of iron sulfides are formed on the steel sur-
face, with a consequent reduction in corrosion rate.”®

Although SRB are anaerobic in their metabolism, studies by Hardy and Brown
demonstrated that the availability of oxygen can increase corrosion in the pres-
ence of SRB.? They found that the corrosion rates of mild steel in anaerobic cul-
tures of SRB were low (6.74 pm/y [0.265 mpy]), while subsequent exposure to air
caused higher corrosion rates (610 pm/y [24 mpy]).

The most prevalent mechanism for the observed corrosion in a study reported by
Jack et al.'® was the formation of a galvanic couple between steel and microbio-
logically produced iron sulfides. The couple is normally short-lived because the
iron sulfide matrix becomes saturated with electrons derived from the corrosion
process. In the presence of SRB, however, the corrosion process is perpetuated
because SRB removes electrons (in the corrosion process) from the iron sulfide
surface. This process may involve the formation of cathodic hydrogen on the iron
sulfide or the direct transfer of electrons from the iron sulfide matrix to redox pro-
teins in the bacterial cell wall. Corrosion rates associated with this mechanism
were proportional to the amount of iron sulfide in the corrosion cell.

Sulfate-reducing Archaea (SRA) are like SRB, obtaining their energy by oxidizing
organic compounds or molecular hydrogen (H,) while reducing sulfates to sul-
fides, especially to hydrogen sulfide.” SRA consist of the genera Archaeoglobus.
Archaeoglobus grow at temperatures in the range of 60 to 95 °C (140 to 203 °F),
with optimal growth at 83 °C (181 °F) (ssp. A. fulgidus VC-16).2 Previously, Ar-
chaeoglobus species have been isolated from oil reservoirs and oil production
systems; however, this group of microorganisms is normally not measured with
current culturing techniques. SRA are known to cause the corrosion of iron and
steel in oil and gas processing systems by producing iron sulfide.

The formation of H,S by SRA activity can have profound effects in terms of reser-
voir souring, health/safety/environmental threats, and materials degradation.

3.22 Acid Production

Organic acids are produced by both bacteria and fungi. This process is anaerobic for
some microorganisms or aerobic for other microorganisms and fungi. Most final prod-
ucts of APB are short-chained fatty acids (e.g., acetic, formic, and lactic acids). The
role of APB in MIC is controversial. Pope et al.’? proposed that APB produce biogen-
ic organic acids that are directly responsible for corrosion in the absence of SRB.
Jack et al.” reported that the main role of APB is to provide the environment and
nutrients for SRB growth. Other bacterial species can produce aggressive inorganic
acids, such as sulfuric acid (H,S0O,), in aerobic environments. Microorganisms in the
soil as well as other environments can locally generate high concentrations of carbon
dioxide. The carbon dioxide dissolves in the water, producing carbonic acid. Carbon-
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ic acid solution is corrosive to pipeline steels and can lead to general attack, pitting
attack, and stress corrosion cracking.'

3.23 Metal Deposition

3.2.3.1 Microorganisms can also affect corrosion by creating differen-
tial aeration cells on the surface of the metal and fixing the location of
anodic sites beneath colonies of microorganisms. The organisms most
often cited as causing differential aeration cells are those organisms
capable of depositing iron and manganese oxides.

3.2.3.2 Iron-oxidizing bacteria produce orange-red tubercles of iron ox-
ides and hydroxides by oxidizing ferrous ions from the bulk medium or
the substratum. Iron-depositing bacteria are microaerophilic and may
require synergistic associations with other bacteria to maintain low oxy-
gen conditions in their immediate environment. Deposits of cells and
metal ions create oxygen concentration cells that effectively exclude ox-
ygen from the area immediately under the deposit and initiate a series of
events that individually or collectively are very corrosive.

In an oxygenated environment, the area immediately under individual
deposits becomes deprived of oxygen. That area becomes a relatively
small anode compared to the large surrounding oxygenated cathode.
Cathodic reduction of oxygen can result in an increase in pH of the solu-
tion in the vicinity of the metal. The metal forms metal cations at anodic
sites. If the metal hydroxide is the thermodynamically stable phase in
the solution, the metal ions are hydrolyzed by water, forming hydrogen
(H*) ions. If cathodic and anodic sites are separated from one another,
the pH at the anode decreases and that at the cathode increases.

The pH at the anode depends on specific hydrolysis reactions. In addi-
tion, chloride (CI') ions from the electrolyte migrate to the anode to neu-
tralize any buildup of charge, forming heavy metal chlorides that are
extremely corrosive. Under these circumstances, pitting involves the
conventional features of differential aeration, a large cathode-to-anode
surface area, and the development of acidity and metallic chlorides. Pit
initiation depends on mineral deposition by microorganisms.

3.2.3.3 Manganese oxidation and deposition is coupled to cell growth
and metabolism of organic carbon. The reduced form of manganese
(Mn*?) is soluble and the oxidized forms (Mn,0,, MnOOH, Mn,O,, and
MnQ,) are insoluble. As a result of microbial action, manganese oxide
deposits are formed on buried or submerged materials including metal,
stone, glass, and plastic, and can occur in natural waters that have man-
ganese concentrations as low as 10 to 20 ppb. For mild steel corrosion
under anodic control, manganese oxides can elevate corrosion current.
The current can be significant for biomineralized oxides that provide
large mineral surface areas. Given sufficient conductivity, manganese
oxide can sometimes serve as a cathode to support corrosion at an ox-
ygen-depleted anode within the deposit.

3.24 Metal Reduction

Dissimilatory iron and/or manganese reduction occurs in several microorganisms,
including anaerobic and facultative aerobic bacteria. Inhibitor and competition ex-
periments suggest that iron (Fe**) and manganese (Mn**) are efficient electron
acceptors that are similar to nitrate in redox ability and are capable of out-compet-
ing electron acceptors of lower potential, such as sulfate or carbon dioxide.™
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MRB in direct contact with solid Fe** and Mn** oxides produce soluble ions (Fe*?
and Mn*?). The result is dissolution of surface oxides and localized corrosion.’

3.25 Methanogens

Methanogens produce methane as a metabolic by-product in anoxic conditions.
They are classified as Archaea, a group quite distinct from bacteria.

Methanogens typically thrive in environments in which all electron acceptors oth-
er than CO, (such as oxygen, nitrate, sulfate, and trivalent iron) have been deplet-
ed. They are common in wetlands, where they are responsible for marsh gas, and
in the guts of animals such as ruminants and humans. Others are extremophiles,
found in environments such as oilfield systems, hot springs, and submarine hy-
drothermal vents, as well as in the “solid” rock kilometers below the surface of the
Earth’s crust. Methanogens are common Archaea in oil production systems; how-
ever, they are normally not measured with current culturing techniques.'®'®

Methanogens are known to promote MIC in steel and other metal structures by
consuming hydrogen formed at the corrosion cathode.'”

Section 4: External MIC of Pipelines
4.1 Environment

The potential for MIC of buried pipelines is controlled by the availability of nutri-
ents, water, and electron acceptors. Peabody reported data from Harris'® that in-
dicated soil moisture content and bacterial cell counts were greater in backfill
material than in undisturbed earth adjacent to a pipeline. Trench backfill is not as
consolidated and allows greater penetration of moisture and increased oxygen
diffusion. Anaerobic bacteria thrive in waterlogged, dense soil. Alternating mois-
ture and oxygen concentrations influence the growth of bacterial populations. De-
spite the numerous mechanisms that one would predict for MIC of buried pipe-
lines, most failures have been attributed to the presence and activities of SRB
and APB. In general, sandy soils favor APB; high-clay soils support populations of
both kinds of organisms. To protect against all forms of external corrosion and
cracking, several coating materials have been used, including coal tar deriva-
tives, asphalts, polyolefin tapes, and fusion-bonded epoxies (FBE). Line pipe has
been further protected by CP. Although these are sound measures, MIC can oc-
cur in the presence of these preventative measures, if one or both break down or
are not properly maintained.’

4.2 Coatings

4.21 Differing environmental conditions (e.g., soil moisture, microflora, nutri-
ents) in both field surveys and laboratory experiments make it difficult to interpret
coatings performance and draw comparisons. Comparisons between field sur-
veys and laboratory experiments must not exceed stated condition limitations.
Tenting of coatings along irregularities on the pipe surface, especially at long
seam or girth welds, can create gaps between the coating and the pipe surface
that fill with groundwater and introduce microorganisms that may create corrosion
cells under the disbonded coating. Tape coatings are particularly susceptible to
tenting while liquid- or powder-applied coatings are more resistant to this type of
failure mechanism. Tenting has been most prevalent in wet high-clay soils on
unstable, geologically active slopes that are subject to high service temperatures.
The high service temperatures promote coating disbondment. Not all coating ma-
terials are affected by soil bacteria under all conditions. Coatings derived from
both coal (tars) and petroleum (asphalts) pass some exposure tests and fail oth-
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4.3

ers. Materials that, by themselves, show resistance to attack by microorganisms
fail when combined or reinforced with other materials."

422  Jack et al."” demonstrated that certain coatings disbond more readily
after being exposed to soils containing SRB and APB. Polyethylene (PE) coating
damage proceeded linearly with time. PE tape coatings supported higher bacteri-
al counts than extruded PE or FBE, presumably because of the presence of bio-
degradable adhesive/primer components in the coating system. Susceptibility to
disbonding was high with FBE, higher with extruded PE, and highest with PE
tape. Two types of coating damage were reported: 1) damage caused by water
leaching and 2) damage caused by permeation. Both mechanisms affect intact
coatings and coatings around holidays. At existing holidays, damaged FBE coat-
ings experience an increased susceptibility to coating disbondment.

423 Peabody reported that coal tars, coal-tar epoxies, and coal-tar enamels
were immune to disbonding because of activities of microorganisms, which would
likely lessen the chances of corrosion, including MIC. Early coatings based on
asphalt were subject to oxidation and loss of low-molecular-weight components
through biodegradation and biodeterioration, resulting in a permeable, embrittled
coating.? Pendrys' demonstrated that, with time, asphalt could be degraded by
microorganisms selected from soil. Harris'® demonstrated that bacteria common-
ly found in pipeline soils can degrade asphalt, tape adhesives, kraft paper (ex-
pendable once the pipeline is in place), as well as the binders and fillers used in
felt pipeline wrappers. The next-generation coatings were based on polyvinyl
chloride (PVC) or PE. The PVC tape was unstable in service. Plasticizers consti-
tute up to 50 wt% of a PVC product and can be effectively lost through biodeteri-
oration and water dissolution. PE coatings rely on adhesives to attach the poly-
olefin layer to the primed steel surface.’

Cathodic Protection

For CP levels more negative than -850 mV (-880 mV to —1,000 mV) polarized vs.
a saturated copper/copper sulfate (Cu/CuSO,) reference electrode, it has been
demonstrated that bacteria levels, including SRB, can increase in saturated soils,
seawater, and marine sediments'?%# so that if the CP is intermittent, MIC can
occur at a higher rate than if CP were not previously present.?* MIC has at least
three effects on CP of pipelines.

4.31  When microbial activity is present and the coating is compromised, the
potential level required to mitigate corrosion is a more negative value. Pope and
Morris* found that pipeline failures were often in contact with wet clays with little
scaling potential, creating a situation in which the demand for CP continues at a
high level over long periods of time and in which CP may not be distributed equal-
ly over the surface of coating holidays and surrounding disbondments. Microor-
ganisms colonize and initiate corrosion at such sites. Research by Barlo and
Berry* determined that the current criteria specified in NACE SP0169% for CP of
buried pipelines (0.85 V versus Cu/CuSO,) were generally valid in concept. How-
ever, the critical values for the criteria varied with the environment. Elevated tem-
perature (60 °C [140 °F]), mill scale, and anaerobic bacteria affect CP require-
ments—100 to 200 mV more cathodic (negative) change in protection potential is
required compared to the condition absent those factors."

4.3.2  MIC can increase the kinetics of corrosion reactions, increasing the CP
current necessary to achieve a given level of polarization.

4.3.3  Microorganisms can attack certain pipeline coatings, increasing exposed
metal surface area and further increasing the CP current used to achieve a given
level of polarization. Water intrusion at breaks in the coating may cause corrosion
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where the remaining dielectric coating may block CP. It should be noted, however,

that when sufficient CP levels exist, corrosion is mitigated even in the presence of

increased levels of bacteria. The difficulty is determining what is adequate for provid-

ing protection in each situation without adversely affecting the coating.’
Section 5: Sampling Equipment

51 Certain procedures may be used to collect samples.

5141 Typical equipment and supplies should include some or all of the following:

(a) Sterile plastic or glass containers (10 to 125 mL [0.33 to 4.20 oz]).
{b) Sterile plastic sample collection bags.

(c) Sterile metal scalpels.

(d) Sterile cotton or polyester-fiberfill swabs.

(e) Sterile wooden spatulas (tongue depressors).

(f) Sterile 1 to 5 mL (0.03 to 0.1 0z) syringes.

(g) Sterile disposable plastic pipettes.

{h) Sterile latex gloves.

(i) lce chest with refrigerant.

(i) Digital or film camera.

(k) Magnifying lens (5 to 60x).

()] Marking pens (for wet surfaces).

(m) Nylon bristle brushes.

{n) Mechanical pit depth gauge.

(o) Labels.

{p) pH paper or meter.

(q) Culture media.

(r) Ultrasonic thickness (UT) meter to measure metal thickness.

(s) Sterile vials of phosphate-buffer solution.

(t) Formaldehyde (36.5%) for fixation on site (for use with DAPI method) or

2% glutaraldehyde as a general fixative.

52 Sterile containers must not contain any chemical that inhibits microbial survival. Col-
lection containers may contain sterile phosphate buffer, Ringers solution, or other
holding medium for suspension of solid samples. If samples are to be analyzed for
chemical composition, they must be maintained separately from samples transferred
to a holding medium. Most sampling containers are glass or plastic.

5.21 Glass containers should have screw-down caps and must have been
sterilized using a combination of pressure and temperature over time (100 kPa
[14.5 psig] steam at approximately 121 °C [250 °F] for a minimum of 20 min).
Glass containers may be reused many times after cleaning and sterilization.

5.2.2 Plastic containers are usually disposable; however, some can be
cleaned and autoclaved. In most cases, plastic sampling containers have rigid

walls, but polyethylene flexible-walled containers with closure ties can be used.

523  Sterile plastic bags provide a lightweight sample container. Plastic bags de-
signed for domestic use are not sterile and must not be used for sample collection.

5.2.4  Sterile, individually wrapped supplies can be purchased from most phar-
macies and all scientific supply stores. Sterile bags and tubes are usually ordered
in bulk, and the interiors remain sterile until opened.
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Section 6: Sampling and Testing Procedures

6.1

6.2

Site Inspection

6.1.1 Before excavation of the pipeline, the topography and soil type of the
area surrounding the dig should be noted. The site should be photographed both
close up and from a distance. The photos should complement one another so that
they can be aligned and compared. A ruler should be included in photographs to
indicate relative dimensions.

6.1.2  The following measurements provide useful information:

6.1.2.1 Soil resistivity using ASTM" G5726 Wenner 4 point or similar
method.

6.1.2.2 Pipe-to-soil potential.

6.1.2.3 Redox potential (E,) as the potential of a platinum electrode
using a saturated copper copper-sulfate reference electrode.

6.1.2.4 Soil pH to compare with under-coating pH measurements to
determine effectiveness of CP.

6.1.3 Exposure of the pipe should be slow and careful to avoid damage to the
pipe and areas of sampling. Soil should be removed from the pipe surface care-
fully to expose the coating surface. In most cases, products adhering to the coat-
ing surface shall not be removed until they are at a laboratory or other suitable
location where analyses can be performed. Color photographs of corroded areas
and their relationship to the pipe surface should be taken.

6.1.4 The following should be noted and recorded (see checklist in Appendix A):

6.1.4.1 Coating type (e.g., coal tar, asphalt, bitumen, tape, FBE), type
of damage (e.g., disbonding, holidays, blistering, seam tenting, crack-
ing, wrinkling, or none), extent of damage (percentage of exposed area),
and location (circumferential and longitudinal position on the pipe in re-
lation to weld seams and coating seam, if present).

6.1.4.2 Characteristics of soil: moist, dry, or wet; silt, sand, gravel, rock, or
clay; odor; discoloration associated with a buried object; local chemical
composition, e.g., presence of salts, cations, anions, such as chlorides,
sulfates, carbonates, etc.

6.1.4.3 Relationship of corroded area within overall system: depth,
light, engineering design (welds, seams), etc.

Description of Corrosion Products

6.2.1 Corrosion products: color (brown, black, white, or gray), shape (deposit,
nodule, or films), texture, and odor.

6.2.2 The form of any visible corrosion: shapes, sizes, and depths of pits;
crevice corrosion; UDC should be noted (See Figure 1).

6.2.3  Any visible biological accumulations in corroded areas: form, color, tex-
ture, or odor (e.g., none, earth, rotten eggs, etc.).

I ASTM International (ASTM), 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428,

European Federation of Corrosion {EFC), 1 Carlton House Terrace, London, SW 1Y SDB, UK,

NACE International TMO0106-2016

Elliptical

Shallow, Parabolic

Deep, Narrow

Grain Attack, Vertical

Undercut

Sub-Surface

Grain Attack, Horizontal

FIGURE 1: Examples of Various Pit Mor-
phologies as Viewed in Cross Section.?”
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6.3

6.4

6.2.4  Chemical testing for sulfides and carbonates.
Coating Inspection

6.3.1 Once the pipe is exposed, the soil, water, and deposits must be sampled
immediately and stored or tested. The coating surrounding the suspected area of
corrosion should be carefully removed using a knife or similar instrument. Sample
contamination of corrosion with soil or water must be kept to a minimum. Contact
with the soil, corrosion product, or film with hands or tools other than sterile imple-
ments must be avoided.

6.3.2 Coating inspection for MIC testing purposes must precede any other
coating evaluation. Likely areas of active corrosion or MIC should be identified
using ILI tools or visual inspection. Damaged coatings should be carefully re-
moved using a sterile scalpel to expose the steel.

Sample Collection

6.4.1 Whenever possible, a clean working surface should be used, because if
proper precautions are not taken, dust or dirt on the working surface or general
area can potentially contaminate the inside of sample containers when a sterile
sample bottle is uncapped. Ideally, the containers should be handled by gripping
the lower part of the bottle, and skin contact with the upper part of the container
must be avoided.

6.4.2 If a small volume of liquid is present under the coating, a sample should
be taken using a sterile syringe or polyester-fiberfill swab. Both the liquid in the
syringe and on the swab may be used for the enumeration of microorganisms as
described later. The swab must be stored in a sterile plastic tube until tested.

6.4.3 The pH of any liquid found under the coating should be tested using pH
(1 to 14) paper or a meter with a microsensor electrode. The coating should be
carefully sliced to a length to allow the test paper to be slipped behind the coating.
The coating should be pressed against the pH paper for a few seconds and then
lifted. The pH paper may then be removed. The color of the paper in relation to
the chart provided with the paper should be noted and recorded. A syringe or pi-
pette should be used to extract a small amount of liquid to measure pH by putting
a drop or two of liquid on the microsensor. If possible, the pH of any available
groundwater (typically at pipe level) away from the pipe should be determined for
reference.

6.4.4 If surface deposits or corrosion products are fragile, they should be
scraped from the pipe. Corrosion products must be collected by scraping the area
with a sterile scalpel, or swabbing with a sterile polyester-fiberfill swab.

6.4.5 Multiple samples, when present, are typically taken from one or more of
the following locations:

6.4.5.1 Undisturbed soil immediately next to the exposed pipe-steel
surface or at an area of coating damage.

6.4.5.2 Deposits associated with visual evidence of pipe corrosion, es-
pecially those pit contents undemeath nodules or tubercules that have
been removed and are more likely to be uncontaminated with soil or
groundwater. (Note: it should be identified when corrosion samples are
known or suspected to be contaminated from outside sources).

6.4.5.3 Scale or biofilm on the steel surface or the backside of the coating.

TMO0106-2016 NACE International
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6.5

6.4.5.4 Liquid trapped behind the coating.

6.4.5.5 Fresh, undisturbed soil at pipe depth at least 1 m (3 ft) trans-
verse to the pipe. This location, such as the ditch wall, acts as a refer-
ence from which to determine whether the microbial population near the
pipe is elevated.

6.4.5.6 Additional samples should be taken from other locations where
bacterial activity is suspected and tested.

6.4.5.7 Solid and liquid samples must be placed in clean, sterile,
sealed, and carefully labeled containers. The containers should be filled
to no more than 60% maximum volume. The bag or tube must be sealed
tightly, and the whole bagged sample sealed again within a second plas-
tic bag to reduce the risk of leakage.

6.4.5.8 Sample containers should be labeled with the location of the
dig site, sample origin, date, sampling time, and the tests that have been
performed on the sample. Extraneous dust, dirt, and debris shall not be
introduced into the sample at the time of collection. The interior surfaces
of sample containers or any other parts likely to be in direct contact with
the sample must not have been directly handled.

Sample Transport

6.5.1 Changes in detectable numbers and types of microorganisms can occur
rapidly after removal of samples from the environment. One should arrive at the
corrosion site with all solutions, media, and other necessary materials. If that is
not possible, liquids and solids can also be transported to a laboratory or other
facility for processing and testing. The major concern in transporting samples for
microbiological evaluation is to ensure that microorganisms remain alive and ac-
tive without multiplication. Sample collection may expose microorganisms to
abrupt changes in pressure, temperature, atmosphere, and light, causing redistri-
bution in numbers and types of microorganisms in the original sample.

6.5.2  After collection, samples should be stored in the dark away from tem-
perature extremes. When transit times are less than 6 h, liquid samples can be
maintained at the original collection temperature by storing in an insulated con-
tainer. If the sample has been collected from sources above 30 °C (86 °F), intrin-
sic heat can maintain the microbial population without significant changes. If the
transit time is longer than 6 h, the sample temperature should be lowered to less
than 10 °C (50 °F) to restrict growth and competition. A standard method used to
control post-sampling shifts in microflora has been to provide a cold-temperature
shock by packing ice packs around sample containers to bring the temperature
down to within the range of 1 to 4 °C (34 to 39 °F), which reduces microbial activ-
ity to a basic survival metabolic mode. Prolonged storage for periods of longer
than a few days can cause changes in the microflora and should be avoided.

Section 7: Testing Guidelines

71

Field vs. Laboratory Testing

744 Bacteria, being living organisms, are highly sensitive to changes in their
environment (e.g., temperature, salinity, and dissolved gases). Additionally, many
chemical species associated with microbial metabolism, such as organic acids or
sulfide compounds, can be rapidly oxidized or degraded. Thus, to obtain results
that accurately represent pipeline conditions, certain tests relevant to MIC inves-

NACE International TMO0106-2016

17

SoCalGas-7.1086



18

T

tigation or monitoring must be performed within minutes or hours of sample col-
lection. Historically, this has been one of the factors that resulted in the lack of
meaningful data for use in MIC assessment of pipelines because the analytical
results may be misleading. Therefore, collecting samples for microbiological anal-
ysis should be avoided when pipe and coating have been extensively handled,
exposed to atmosphere or sunlight for extended periods of time, or otherwise
exposed to conditions where dehydration, extreme temperature changes, or con-
tamination could occur. If such samples are analyzed, the compromising condi-
tions should be documented so they may be taken into consideration when a final
evaluation of the data at that site is performed.

7.1.2  As technology has improved, more types of tests and more sophisticat-
ed analyses have been made available for use in the field (i.e., near the point
where samples are collected). Because indicators of the environmental condi-
tions under which MIC may occur are readily degraded or lost after removal of a
sample from the pipeline, a general rule for improving the quality of data is to
perform testing on location whenever practical. Proper sample preservation and
handling procedures must be followed diligently and consistently in cases in
which testing cannot be performed in the field.

7.1.3 Results from both corrosion and microbiological tests should be integrat-
ed when evaluating the threat, likelihood, or presence of MIC. Information on both
types of tests is provided in Section 7. Many of the test procedures described
here are equally useful for evaluating external MIC.

Microbiological Culture Testing

T Although MIC is often attributed to a single type of microorganism, more
often the corrosion is caused by the activities of several different organisms that
form a community. Microbiological testing of buried pipelines has generally includ-
ed testing for SRB, APB, general aerobic organisms, general anaerobic organ-
isms, and in some cases, iron-depositing and iron-reducing bacteria. It should be
noted that iron-depositing and iron-reducing bacteria are very difficult to grow in
culture, and microscopic analysis is more commonly used for detection of these
bacteria.

7.22  The objective of the microbiological culture techniques described in this
standard is to approximate the size of the viable bacterial population in a solid or liquid
sample using semi-quantitative estimates, or preferably, the most probable number
(MPN) method when sample replication is employed.?*# Such estimates are based
on the assumption that bacteria are normally distributed in liquids or solids. Microor-
ganisms in solid and liquid environmental samples are usually enmeshed in particu-
lates. Typically, a suspension of solid samples is made in a Ringers solution or phos-
phate buffer. Particles should be dispersed so that colony forming units are separated
to maximize the accuracy of the estimate. Water samples should be mixed by shak-
ing or stirring for 10 to 60 sec just prior to dilution.

7.23 To culture microorganisms, a small amount of liquid or a suspension of
a solid is added to a solution or solid that contains nutrients. The small sample is
called an inoculum, and the nutrient is called the culture or growth medium. There
are normally three considerations when growing microorganisms: type of culture
medium, incubation temperature, and length of incubation.

7.24  The type of medium used to culture microorganisms determines to a
large extent the numbers and types of microorganisms that grow. No growth me-
dium can approximate the complexity of a natural environment. Under ideal cir-
cumstances, liquid culture provides favorable growth conditions for 1 to 10% of
the natural population.®® Typically, the presence of specific types of organisms is
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established, and a standard methodology is used so that comparisons can be
made. There are no “correct” culture media. A convenient method is to purchase
prepared, pre-measured, pre-sterilized media. Test kits also generally include sy-
ringes, swabs, and marking pens. Several culture media formulations for various
groups of microorganisms are included in NACE Standard TM0194.28

7.25 Highly colored samples may sometimes interfere with culture interpretations.
Microscopy Methods—General

7.31 Microscopy is most commonly used to examine liquid or solid samples
directly to determine the overall numbers of microorganisms present without re-
gard to their viability or species. The procedure involves placing a few pL of sam-
ple on a glass slide, preparing the slide for examination using various staining
techniques, and examining the slide with a light microscope at magnifications
from approximately 500x to 1,500x. Depending on the method of sample prepa-
ration, the detection limit for all microorganisms present in a liquid sample, includ-
ing viable, nonviable, and dead cells, is approximately 102 to 103 cells per mL.
Levels of microorganisms in coastal seawaters are typically > 106 cells per mL.
This procedure is typically performed in the laboratory.

7.3.2 Microorganisms structurally consist of lipids and proteins that degrade
and break down once the cell dies if the sample is not preserved after collection.
Samples collected for microscopy are often preserved (fixed) using a formalde-
hyde or glutaraldehyde phosphate buffer solution. This type of preservation kills
the microorganisms but preserves or fixes the structure of the cell. Fixative solu-
tion vials are commercially available. Typically only a few mL of the liquid or solid
sample are preserved in the fixative.

733 One advantage of microscopy is that only a minute amount of sample is
required for examination. A surface swab can provide adequate sample material
(e.g., when no bulk liquid or solid is present).

Epifluorescent Microscopy

7.41 Epifluorescent microscopy involves treating the sample with a stain that
fluoresces when viewed under a specific wavelength of ultraviolet light. This tech-
nique helps distinguish microorganisms from debris, or may be used to examine
specific cellular structures of microorganisms. Hydrocarbons and some organic
materials may interfere with epifluorescent microscopy as they give auto-fluores-
cence and obscure the signal from the biological material. This procedure is typi-
cally performed in the laboratory.

7.4.2 Biological stains such as acridine orange (N,N,N’,N'-tetramethylacri-
dine-3,6-diamine), fluorescein isothiocyanate (FITC), and DAPI are used for epi-
fluorescent microscopy. A variety of microbiological test kits are commercially
available. Acridine orange is a common nucleic acid stain that permeates cells to
interact with DNA and RNA.

743 Fluorescent probes have been developed to “label” specific groups of
microorganisms, or to distinguish live vs. dead cells in a sample. Fluorescent in
situ hybridization (FISH) probes are used to identify and quantify certain species
and groups of microorganisms. Because FISH labels only microorganisms with a
certain content of ribosomal RNA, it is only active cells or cells that have recently
been active that are enumerated. Quantitative use of FISH probes is discussed in
Paragraph 7.8.2.

744  The DAPI method quantifies all intact microorganisms containing DNA
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(both living and inactive cells) in almost any type of liquid sample.*"*? DAPI is often
used in combination with FISH analysis to help distinguish the total cell count from the
number of cells that are labeled using the FISH probes. The full DAPI method may be
completed in less than half a day in a laboratory. The liquid sample is filtered whereby
microorganisms (cells of bacteria, Archaea, and fungi) are collected on a filter. These
are subsequently stained with a fluorescent dye that binds to the DNA in the cells and
then washed to remove excess dye. Cells are manually counted using an epifluores-
cence microscope. Fluid samples should be fixed in the field with formaldehyde
(36%) to a final concentration of 2% in the sample. Adequate sample amounts for this
type of testing are 50 to 100 mL (1.6 to 3.40 oz) of fluid depending on the cell density.

74.5 Microscopy and biochemical methods have been used for many years, and
genetic methods are now becoming available for the detection, quantification, and in
some cases identification of microorganisms present at corrosionsites. ***

Adenosine Triphosphate Photometry (ATP)

Tk | ATP, related to energy production and consumption, is present in all liv-
ing cells. When cells die, however, ATP rapidly degrades. Consequently, the
quantity of ATP in field samples is approximately proportional to the number of
living microorganisms in that sample. ATP may give an indication of the viable
biomass present in living organisms, and may be measured using an enzymatic
reaction that generates light when ATP is present. The intensity of the light is
measured in a photomultiplier, the output being proportional to the amount of ATP.

7.5.2 Several commercial field test kits are available for ATP quantification.
Quantification of ATP typically relies on photometers that measure the amount of
light emitted when the ATP within the sample is allowed to react with a particular
enzyme. Before the reaction, the sample to be quantified is filtered and treated
with gold buffers. These buffers assist in releasing the ATP from the organism so
they can react with the enzyme. Finally, the sample and enzyme are combined
and analyzed. Advantages of ATP measurement include speed to results (less
than 10 min per sample), no underestimation of unculturable organisms, and use
in any sample type including produced fluids, oil/emulsions, and solids. ATP mea-
sures should be backed up with at least one additional method for more specific
quantification of the microorganism (e.g., SRB).

Hydrogenase Measurements

7.61 Hydrogenase is an enzyme produced by bacteria that use hydrogen as an
energy source. Testing for the presence of the hydrogenase is one method used to
enumerate bacteria populations in corrosion deposits and water samples in the field.

7.6.2 Quantification of bacteria populations using this method first involves
extraction of the hydrogenase enzyme from the sample. The extracted enzyme is
preserved in a solution that maintains enzyme activity and then placed within a
reaction chamber where hydrogen is introduced. The hydrogen is oxidized and a
redox indicator color change reveals the presence of the hydrogenase enzyme
(refer to NACE Standard TM0194). The reaction typically is not rapid; it can take
anywhere from 30 min to 4 h. The reaction time and developed color intensity
together are used to measure the relative activity of the enzyme.

Adenosine Phosphosulfate Reductase (APS)

74 APS reductase is an enzyme specifically associated with SRB. Mea-
surement of the APS reductase present in a bacterial sample provides an indica-
tion of the active SRB concentration. Detection and measurement are based on
immunological methods and may be performed using a field kit.
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7.7.2  The test involves exposure of the sample to small particles containing
antibodies. These particles specifically capture the APS reductase enzyme. The
particles, now mixed with APS reductase, are subsequently isolated on a porous
membrane and exposed to specific indicator chemicals. Reaction between the
particles and chemicals results in a color change that is proportional to the con-
centration of the APS reductase in the sample.

7.8 Molecular Microbiological Methods (MMM)
7.81 MMM, also referred to as genetic methods, are culture-independent ap-
proaches that provide direct analysis of samples without the bias introduced by
the growth process used during culturing. Because no prior growth of microorgan-
isms is required, MMMs accept very small amounts of any type of sample (liquid,
biofilm, solid) with or without live bacteria. After genetic materials are extracted
from the sample, assays that are very specific and render a more precise quanti-
fication of various types of bacteria than culture tests are performed in the labora-
tory.*®*" A comparison of MMMSs is shown in Table 1 and Figure 2.
Table 1
Comparison of MMMs?!
Living ot
Method Dead Cells | Quantitative ; :
MMM Barad OG Cells Counted? | Method? Information Yielded
Counted?
DAPI Microscopy | Yes Yes Yes Total cell counts (live and dead)
Total numbers of live bacteria
; Total numbers of live Archaea
RISk MIEIBsEagy. | YEE Ng 108 Total numbers of live SRB
Total numbers of live SRA
DGGE | PCR Yes Yes No Comparisan of populations .
Identification of abundant microorganisms
Numbers of total bacteria
Numbers of total Archaea
qPCR PCR Yes Yes Yes Numbers of SRB
Numbers of SRA
Numbers of three groups of methanogens2
7.8.2  Quantitative FISH—quantitative FISH is a MMM in which only living and M qPCR

NACE International

active cells are stained with a fluorescent dye visible during epifluorescence mi-
croscopy. Unlike the DAPI method, FISH probes may be designed to attach only
to selected groups of microorganisms (e.g., specific types of SRB or SRA). There-
fore, only the specific target microorganisms are visible and may be enumerated
during subsequent microscopy. The quantitative FISH method does not underes-
timate organisms that do not grow in culture. FISH is a microscopy method that
uses synthetic oligonucleotides (synthetic DNA) tagged with a fluorescent mole-
cule (dye). Together, the synthetic DNA and the fluorescent molecule are referred
to as a probe. The probe is mixed with the bacteria in a fluid sample and the
numbers of bacteria (or Archaea) that take up the probe and have it hybridize to
their rRNA are counted. The quantitative FISH method differentiates active/alive
microorganisms from dead microorganisms. A probe may be designed to detect
a general population (e.g., total bacteria or total Archaea) or a specific genus or
species (e.g., Desulfovibrio desulfuricans). A given sample is analyzed using sev-
eral different probes to understand the prokaryotic diversity in a sample, and
which types/species of microorganisms are most abundant. The preparation
steps for the quantitative FISH method are different from the DAPI method. How-
ever, cells stained for the quantitative FISH method are counted in the same
manner as in direct bacterial counts (for the DAPI method) in the laboratory. Ade-
quate sample amounts for this type of testing are in the range of 50 to 100 mL (1.6
to 3.40 oz) of fluid depending on the cell density. Samples are filtered onto 0.2 pm

TM0106-2016

1 DAPI
W FISH
B MPN (culturing)

FIGURE 2: An lllustration of the Portions
of the Different Pools of Microorganisms
(Live, Inactive, and Dead) Typically Pres-
ent in Samples from the Oil Industry that
are Enumerated Using Various MMMs as
Compared to the MPN (Culturing) Meth-
od. Each of the Methods Indicated is
Discussed Further in the Text.”

21

SoCalGas-7.1090



filters. FISH probes are selected to target total bacteria and Archaea, as well as
specific groups of relevance (e.g., SRB). The samples are inspected by epifluo-
rescence microscopy at 1,000x magnification. The cells stained with each probe
are counted and related to the overall number of cells obtained by the DAPI meth-
od (see Paragraph 7.4.4).

7.8.3 qPCR—PCR and gPCR is a MMM to amplify a single or few copies of a
piece of DNA across several orders of magnitude, generating millions of copies of a
particular DNA sequence. The gPCR is an emerging method for enumerating micro-
organisms in complex environmental samples, particularly in solid samples where
epifluorescence microscopy (used for the DAPI method and FISH method) may be
difficult to perform because of background interference. The gPCR method enumer-
ates genes rather than individual cells by applying a modified polymerase chain reac-
tion (PCR) method. Like the quantitative FISH method, the gqPCR method may be
applied to count total cells or specific groups of microorganisms (e.g., SRP or metha-
nogenic Archaea).®'*®® Because gPCR targets the DNA in all prokaryotes, the
qPCR method measures living, inactive, and dead microorganisms. qPCR may be
used to quantify the total number of microorganisms or a specific genus/species of
microorganisms in nearly any type of sample, including produced fluids, oil’emulsion,
and solids. The gPCR method does not underestimate organisms that do not grow in
culture. gPCR may be done on both fluid and solid samples as well as microorgan-
isms collected via membrane filtration. gPCR uses synthetic DNA (called primers)
tagged with a fluorescent molecule or synthetic DNA mixed with a DNA intercalating
agent (dye) to quantify organisms using a modified version of the PCR method. Brief-
ly, total prokaryotic DNA is extracted and amplified using primers that target to a
conserved region of the bacterial DNA. The region used may make the assay very
general (meaning counting total bacteria or Archaea), or very specific (meaning
counting a single genus or species). Similar to quantitative FISH, the gPCR method
may be used to enumerate a very general group of bacteria (i.e., total bacteria or
Archaea) or very specific organism (e.g., Desulfovibrio desulfuricans). Adequate
sample amounts for this type of testing are 50 mL (1.7 oz) of fluid, 2.0 to 5 g (0.07 to
0.1 oz) of solid, or a 0.2 or 0.45 pm filter with @ minimum of 10 mL (0.30 oz) of fluid
passed through it.

7.84 DGGE—MMM method based on the PCR method that is used for com-
paring microbial communities across a number of different samples. During
DGGE, genetic material in individual samples is amplified by PCR and subse-
quently compared by electrophoresis. DGGE is used for identifying dominant
groups of microorganisms in individual samples and for evaluating how the micro-
organisms are distributed between samples.*’** DGGE may be performed on
any fluid or solid sample, as well as bacteria collected via membrane filtration.
Adequate sample amounts for this type of testing are 50 mL (1.7 oz) of fluid, 2 to
5 g (0.07 to 0.1 oz) of solid, or a 0.2 or 0.45 pm filter with a minimum of 10 mL
(0.30 oz) of fluid passed through it.

7.9 Organic Acids
Organic acids such as butyric, pyruvic, propionic, and acetic acid are by-products or
intermediary species of microbial metabolism. Gas chromatography-mass spectrom-
efry (GC-MS) or high-pressure liquid chromatography (HPLC) are used in the labora-
tory to identify and quantify organic acid species in properly preserved samples. Or-
ganic acids quickly degrade; therefore, samples are preserved by filtration into
nitrogen-purged vials and maintained at 4 °C (40 °F) until analysis is performed.

7.10 Chemical Analysis

7.10.1  Corrosion products should be taken from the steel surface, coating, or opti-
mally, from the pit contents undemeath a deposit that has been removed. The color

TMO0106-2016 NACE International

SoCalGas-7.1091



711

712

and type of sample collected should be noted in each case. Although liquid or corro-
sion product samples are often limited in volume, when sampled from externally cor-
roded pipe, on-site tests should be performed because significant chemical changes
can occur over a short period of time. Additionally, compositional analyses, i.e., an-
ions, cations/metals, and organic acids should be performed in the laboratory.

7.10.2 Field tests on liquids should include pH, total alkalinity, and dissolved hydro-
gen sulfide. Field tests on solids and corrosion products should include pH and a
qualitative analysis for the presence of sulfides and carbonates. Carbonates are pres-
ent if noticeable bubbling occurs when a drop of dilute hydrochloric acid is placed on
a small portion of the corrosion product. Sulfides can be detected by the characteris-
tic odor of rotten eggs or by exposing the acid-treated corrosion product to lead-ace-
tate test paper. A white-to-brown color change occurs in the presence of sulfides.
Follow-up testing in the laboratory with more sophisticated analytical equipment (e.g.,
energy dispersive spectroscopy [EDS], x-ray diffraction [XRD], etc.) to determine the
elemental and mineral phases present should be performed to verify field tests. When
collecting corrosion product samples from steel surfaces, coating, or pit contents for
laboratory analysis, a large enough sample should be taken to enable testing by var-
ious methods. Avoid reusing the material from one test method for another test meth-
od if multiple tests are performed.

Pipeline Examination

7111  When examining external surfaces of the exposed pipeline, disbonded
coating, corrosion products, soil, and other materials should be removed from the
pipe wall using a clean spatula or knife, with care taken not to scratch the metal. Any
remaining material should be removed with a clean, dry, stiff brush, e.g., nylon bristle
brush. A brush with metal bristles obscures the pit features. In cases when all of the
product cannot be removed with this method, a brass bristle brush may be usedin the
longitudinal direction. The area may subsequently be cleaned with an air blast or an
alcohol swab. A shiny metallic surface in the pit suggests the possibility of active cor-
rosion. However, judgment should be used to differentiate this condition from one
created by scraping the steel surface with a metallic object, such as the knife or spat-
ula used to clean the surface or to obtain the sample product.

7.11.2 The steel surface shall be inspected for corrosion, and any damage shall
be carefully documented. When possible, gauges should be used to measure the
pit depths. Also, the length of the corroded area in relation to the circumferential
and longitudinal position should be determined. The newly cleaned corroded area
should first be examined without magnification. Then, a low-power magnifying
lens at 5 to 50x power should be used to examine the detail of the corrosion pits.
An example checklist is in Appendix A.

Analysis of Pipeline Samples

7121 Careful analysis of pipeline samples (pipe sections or components that
have been removed from service) may provide useful information regarding inter-
nal corrosion mechanisms.

7.12.2 Precautions should be taken to avoid contamination of the external sur-
faces of the pipeline before, during, and after the pipe section or component is
removed from service. If inadvertent alteration of the external surface of the pipe-
line sample occurs, the nature of the alteration should be noted to aid in correct
interpretation of subsequent testing results.

7.12.3 Alteration of pipeline samples can occur as a result of removal efforts,
exposing the surface deposits to oxygen, soil, foreign matter, temperature chang-
es, and contamination from handling.
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7.12.4 Samples should be collected immediately after the pipe section or compo-
nent is removed from service (i.e., within minutes when possible). Corrosion products
and biofilms can change profoundly on exposure to air, affecting test results.

7.12.5 When samples cannot be collected immediately after a pipe section or
component is removed, the external surfaces and deposits may be covered tem-
porarily with new, clean, plastic sheeting to minimize exposure to air until samples
are collected. This practice may compromise the condition of the surface samples
to an unknown extent, and should be used only when samples cannot be collect-
ed immediately.

7.12.6 Culture tests of samples from pipe that has been exposed to air, dehy-
dration, and potential contamination for extended periods of time (i.e., days)
should not be relied on for providing useful data.

7.12.7 The internal condition of pipeline samples at the time of removal should be
carefully and thoroughly documented; these data are importantin the interpretation of
both field and laboratory tests. An example checklist is provided in Appendix A.

7.12.8 Field and laboratory tests of pipeline samples for external corrosion
analysis should be directed toward characterization of the biological, chemical,
and metallurgical conditions present in the pipeline. In particular, distinction
should be made between samples collected in corroded areas vs. areas where no
corrosion is present.

7.12.9 Corrosion features on the pipeline sample should be protected from fur-
ther corrosion after removal of the pipeline sample. Microscopic features of corro-
sion damage are easily lost because of oxidation or improper handling.

7.12.10 Optical microscopy and scanning electron microscopy (SEM) of internal
corrosion features may provide useful information regarding the origin and growth
of localized corrosion.

7.12.11 Metallographic examination of corroded areas removed from pipeline
samples may provide information about the nature of the corrosion relative to the
microstructure of the pipeline. Particularly, selective or preferential corrosion of
microstructural features may be determined from metallographic examination.

7.12.12 Chemical analysis of microscopic corrosion features using EDS or other
microanalytical techniques may provide useful data regarding localized corrosion
initiation mechanisms.

7.12.13 Preservation methods, such as in situ histological embedment of bio-
films and corrosion products, may yield samples suitable for microscopic exam-
ination using fluorescent staining techniques, phase contrast examination of thin

sections, and transmission electron microscopy (TEM).

7.12.14 Interpretation of data collected from pipeline samples should be per-
formed as described in Section 8.

713 Data and Records Management

All data and information, e.g., sample collection method used, should be docu-
mented on field data sheets or in logbooks with permanent ink.

7.14 Inspection Techniques
7.14.1 Inspection data are used to detect and monitor corrosion-related dam-
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age. Techniques include visual inspection, ultrasonic testing (UT), radiographic
testing (RT), and magnetic flux methods. Inspection may be used for establishing
the orientation, distribution, density, size, shape, and extent of external corrosion
damage; however, inspection results alone do not establish the presence of MIC.
Inspection data should be integrated with other information about the internal
environment of the pipeline.

7.14.2 The results of ILI may provide information about the location and sever-
ity of external corrosion relative to operating parameters, design, elevation, and
other considerations.

7.14.3 An external corrosion direct assessment (ECDA) standard has been
published for pipelines in ANSI/NACE SP0502.* As for ILI data, ECDA methods
provide information about the location and severity of external corrosion relative
to pipeline design and operating conditions.

Section 8: Application of Test Methods to Pipelines

and Interpretation of Data

8.1

Data Interpretation

811 Because microorganisms are ubiquitous, the presence of bacteria or
other microorganisms does not necessarily indicate a causal relationship with
external corrosion observed on a pipeline. In fact, microorganisms can nearly al-
ways be cultured from natural environments. Therefore, merely detecting viable
bacteria in liquid or solid samples associated with external corrosion does not
necessarily prove that MIC has occurred.

8.1.2 To determine the cause of external corrosion, all chemical, microbiolog-
ical, metallurgical, and operational data about the pipeline site must be examined,
integrated, and analyzed. Analytical results from samples obtained in the corrod-
ed area should be compared with the results from reference samples taken out-
side the corroded area.

8.1.3  To determine the presence of external MIC on a pipeline, microbiologi-
cal, operational, and chemical data must be integrated. Analysis of the data
should demonstrate that microorganisms and their activities have provided the
predominant influence over the corrosion mechanism present on the pipeline, as
opposed to abiotic mechanisms.

8.1.4 Pipeline operators may collect data in support of internal MIC analysis in
conjunction with other routine sampling, maintenance, integrity assessment, in-
spection, and environmental and regulatory compliance activities.

8.1.5 Interpretation of data relative to the assessment or determination of MIC on
a pipeline should consider a number of factors that can influence both corrosion and
microorganism growth, including: soil type, soil composition, groundwater composi-
tion (if present), temperature, coating condition, and cathodicprotection.

8.1.6 Interpretation of data related to bulk phase (macro scale) conditions
must be done in consideration of the fact that microorganisms can exist and flour-
ish in microniches. For example, pipelines may experience little or no corrosion
damage as a result of a wide range of conditions throughout the majority of the
pipeline, yet be affected by MIC in a small area of a specific section of the pipeline
because of the unique environment present only at that location.

NACE International TMO0106-2016

25

SoCalGas-7.1094



26

8.2

8.3

8.1.7 Because MIC is a complex mechanism that involves electrochemistry,
microbiology, corrosion control, pipeline operation and design, as well as engi-
neering and integrity assessment, plans to evaluate MIC of pipelines and analyze
data should include input from those with expertise in the respective fields. Pipe-
line operators should seek input from a multidisciplinary team whenever possible,
s0 as not to emphasize one aspect of science or technology over another.

Corrosion Damage Investigation

8.21 MIC is suggested by increased levels of viable microorganisms associ-
ated with pit areas that were uncontaminated by adjacent groundwater or soil, or
by microscopic determination of iron and manganese bacteria in corrosion depos-
its. These are often good indicators of microbial involvement.

8.2.2 To validate MIC as the cause of internal corrosion, the following three
conditions must be met:

8.2.2.1 Condition 1—Assuming there is no known or suspected con-
tamination from outside sources, demonstration of increased levels of
specific types of viable microorganisms (bacteria or fungi) associated
with the corrosion, relative to samples taken outside the corroded area.

8.2.2.2 Condition 2—Chemical indicators that support the microbio-
logical evidence (e.g., elevated levels of sulfide or sulfur in pit deposits
from SRB and SRA, or organic acids from APB) are identified in the
corroded area.

8.2.2.3 Condition 3—Biotic factors (the presence or activities of living
organisms) are identified as the primary contributor to the corrosion
damage. The objective of this verification step is to establish that the
presence of specific biotic conditions was the predominant contributor to
the corrosion observed. The influence of abiotic factors (chemical or
physical conditions unrelated to living organisms) on the corrosion
mechanism also must be considered in all cases. The nature of the cor-
rosion damage to the pipeline system should be consistent with the na-
ture of the identified microorganism(s) and their by-products, or their
physical influence on the formation of corrosion cells. For example, if
viable APB or methanogens are concentrated at the corrosion damage
relative to the environment, and evidence of their metabolic activity (or-
ganic acids) is determined to be associated with the corrosion, the na-
ture of the corrosion damage should be consistent with these observa-
tions (e.g., accelerated corrosion damage or pitting beneath biofilms or
deposits). This is an important step in the final diagnosis because it is
often difficult to discern between the relative contributions of various
factors (biotic and abiotic) affecting localized corrosion.

Corrosion Mitigation

8.31 The methods described in this standard may be used to determine the need
for, and effectiveness of, mitigation measures for controlling MIC. Specific procedures
for mitigating external MIC of pipelines are beyond the scope of this standard.

8.3.2 NACE SP0169 provides general information about methods for con-
trolling external MIC by design, operation, and specific measures, such as coat-

ings and cathodic protection.

8.3.3  The mitigation measures used to control external corrosion of pipelines
may be effective for both biotic and abiotic corrosion mechanisms.
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Appendix A

(Nonmandatory)
Site Inspection and Testing

A1 A sample checklist used for site inspection and testing is provided in Table A1:

Table A1

Site Inspection and Testing Checklist

Paragraph No.

Inspection Point

Observations

6.1.1

Observations prior to excavation

General topography of site

Soil type

Measurements prior to excavation

Soil resistivity

Pipe-to-soil potential

Close interval survey

Current mapping

Redox potential

Other

6.1.3

Observations during excavation

Method of excavation

Coating damaged while digging?

Soil depth to top of pipe

Special features (bend, fitting, etc.)

Previous repair area?

Observations after excavation

6.1.4.1

Coating type (coal tar, asphalt, bitumen, tape, wax, epoxy)

Nature of coating damage (disbonding, blistering, tenting,
cracking, wrinkling)

Extent of coating damage (length, circumference, area of
pipe exposed)

Location of coating damage relative to pipe girth and seam
welds, and coating seam if applicable

Typical location of coating damage (top, bottom, sides,
random)

Coating repairs

Age of coating

Plant or field application

6.1.4.2

Soil moisture level

Soil type (silt, sand, gravel, rock, clay, peat, other)

Discoloration near pipeline

Soil strata depths

Running water (spring)

Seasonal effects at location

Soil or groundwater pH

Soil pH around pipeline

Note soil samples collected for analysis
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6.1.4.3

Relationship of corrosion to:

Distance from nearest compressor station

Inlets, outlets, taps, fittings

Heat sources or temperature change

Construction/material changes

Recent repairs or damage

Power lines

Other pipelines or underground facilities

6.2.1

Corrosion products/deposits color

Nature of deposits (scale, nodule, film)

Deposit texture (hard, soft, friable)

Deposit odor

Deposit strata (note changes in layers if they exist)

Note visual differences between general deposits and
localized deposits associated with corrosion

Relationship between coating and deposits (e.g., beneath
coating, on top of coating, etc.)

Calcareous deposits present?

Chemical spot testing results

Note deposit samples collected for analysis

Visible biological accumulations in deposits or on pipe

Liquid present beneath coating?

6.2.2

Observations of corrosion damage

Nature of corrosion damage

Isolated pitting

Isolated pitting within areas of general corrosion

Linked pitting within areas of general corrosion

General metal loss with few deeper pits

Etching or general metal loss with no pitting

Selective attack at welds

Crevice corrosion (at flange joints, mechanical joints)

Pit morphology (elliptical, parabolic, narrow, grain attack,
subsurface). See Figure 1.

Pit features (striations, tunnels, cup shape, pits within pits,
undercufting, strata levels, grooves, shiny, dull)

Other observations

Severity of corrosion:

Longitudinal extent

Circumferential extent

Maximum wall loss

Profile of wall loss

Maximum/average pit depth

Maximum/average pit diameter

Pit length vs. pit width

Depth/diameter ratio

Where is corrosion the most severe?

32
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6.4

Samples collected for microbial and chemical analysis

Note whether sample was collected and exact
location of sample.

Soil samples

a. Undisturbed soil next to pipe

b. Undisturbed soil, bottom of ditch

¢. Undisturbed soil, ditch wall, pipe elevation

d. Soil in contact with coating damage or corrosion

Coating/deposit samples

a. Disbonded or damaged coating

b. Deposits at corrosion sites

c. Deposits where no corrosion occurred

d. Scale, biofilm, liquids from under coating

Corrosion samples

a. Corrosion products or nodules

b. Material from beneath nodules

c. Surface swab of pit contents

d. Pipe sample cut-out

General information and history

Year of installation

Pipe diameter and wall thickness

Pipe grade and manufacturer

Year of CP installation

Type of CP system

NACE International
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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.”

To prevent or mitigate corrosion using cathodic protection (CP), the right potential should be applied. A
criterion of -0.95 V (vs. Cu-CuSOy) is widely used, but its robustness has been questioned by several
authors.”? 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.? 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 Fe** 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:

e How effective is CP in the absence and presence of Microbiologically Influenced Corrosion (MIC)?

o 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.® 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 56 mM Na,SO4 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.*
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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 ym.

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
extemnal diameter of @75 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.
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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.*

B A P——

rectifier ———
—_— Metricorr logger

+
A

.

®

0
steel anode Ag/AgCl 1 o .
reference proRg
electrode
| —

' groundwater monitoring well

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/m? or 10 A/m?, 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.>® 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.>®

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 turmns 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.

100% @
80%

60%

Corrosion rate (%)

40%

20%

0% - & @ @
-500 -1000 -1500

Imposed CP potential vs Ag/AgCl (mV)

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.
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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).
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Figure 8: Corrosion rate (top) and current density (bottom) measured for MIC bioprobes in the
field over time. Applied CP potentials (vs. Ag/AgCIl) 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:

e MIC can in some cases not be stopped by CP, even in case of very negative applied potentials;

e 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 (H;) to
protons (H*). By doing so, the protons taken up from the groundwater to form H, 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.

Cathodic
Protection

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 Holtshaum, 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
(Ret 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:

e Local or pitting

e Between the cement and noncement sections
of casing

e Between differential temperature zones

e Between brine formations and relatively inert
rock

e 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 (CO,) and hydrogen
sulfide (H,S) 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:

e 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 trom 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
dec current and the length of time that it leaves
the metal and enters the electrolyte:

Mil

L nF Ea 1)
where W is weight loss in grams (g): M is the
atomic weight in grams (g); f is the time in sec-
onds (s); [ 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 Ib/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, nV) drop across a
known length of casing resistance:

Va
b=z (Eq2)
where [, is the axial current in casing (WA); Vs is
the axial voltage drop between two contact
points along the casing pipe (WV); and R, is the
casing pipe wall resistance between the two
contact points (€2).

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. | 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.
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Fig_ 2 Example of axial current profile in casing with-
out cathodic protection

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 ((J) current axis,
while the current below that depth is coming
uphole. This causes a current discharge centering
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Radial current

0.5 0 0.5 1

Depth, %

70 K\
80

100==—
Current discr;arge (anodic) Current pickufz (cathodic)

Fig. 3 calculation of radial current profile fram Fig. 2

SoCalGas-7.1120



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 (} 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 (Ret 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 (Ret 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 itis feasible to depths up to
at least 3960 m (13,000 fo).

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 Elog 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 (). The casing-to-soil
potential is measured with respect to a remote
reference electrode, often a copperfcopper-
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

Well Casing External Corrosion and Cathodic Protection / 99

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 (£) 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 tfor each E log I test,
current increments of .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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Fig. 4 An example of an F log { plot. Refer to text for a discussion of points A and B.
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Fig. 5 Basic £ log Itest. CSE, copper/capper-sulfate reference electrode; de, direct current.
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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 Elog 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 / 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

Timing control

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 £ 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

High-impedance
voltmeter
datalogger

Well casing

Ammeter
(shunt and voltmeter)

(Temporary)
anode bed

dc power source

Fig_ 6 Automatically contralled £ log | test. CSE, copper/copper-sulfate reference electrode; dc, direct current; SCR,

silicon-controlled rectifier
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Fig_ 7 Linear plot showing where the curve leaves a linear relationship. Tafel point on £ log ! must be at a higher
current than the point that deviated from a linear straight line in this figure. Data generated from Fig. 4

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
(V) measurements. Davies and Sasaki (Ret 13)
describe a newer CPP tool (the CPET corrosion-
protection evaluation tool) that has four rows of
knife contacts that are (.6 m (2 ft) apart between
rows (Fig. 8). Measurements taken between the
different rows of contacts include the pipe
resistance, a voltage drop (uV,) between the
inner (L6 m (2 ft) contacts, and another voltage
drop (V) 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

Cables to
surface

Four rows
of knife
contacts

[
Lt
-

Prior
reading
locations

Tool
direction

-

Fig_ 8 CPET casing potential profile tool. CPET, cor-
rosion protection evaluation tool
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impresses a known current (/) between the
outer contacts and measures the resulting voltage
(V) across the inner 0.6 m (2 ft) contacts. This
then allows the casing resistance between these
0.6 m (2 ft) contacts (R;) to be calculated by
using Ohm’s law (R = Va/l,.).

Casing Axial Current Determination. Once
the pipe resistance for the test point has been
determined the axial current can then be calcu-
lated by I; = Vo/R-. 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 (/5 = Vo/R, and [y = Vi/Ry).
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 successtully
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
atall 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

Axial current
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Fig_ 9 Sample casing potential profile axial current
profile
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downhole direction as it crosses the zero (()
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
oceur 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

Casing thickness
from LHT2 to NTCR

Anode
from CDRA to RHT2
g nLS iy | Arapeo ot or: vl
0] —10 {AMPS) 10)
‘Redial cument censiy 6 ft (COFB)

""""" Ei UACE -5
S(auk?(n L «l
number Racial cument density 2 11 {CORA)

STAN]

(SN 155 UACD) e
0.5 10.5
[~T50 . £
,r'/ §
L 4
.rl";gug s
fﬂ"# c
_,_.-r""'ﬂ [
/_,_.-F"J [
,r"}p {:
i
= e
ff,rr"’ i &
P |
fﬁl {
d #
-
A‘/ 7 e
/'F,,.r J: T
4004 i‘ L } l
_,JJ‘/F STAN L
E
/,/“ 3
[ | ~=NTCR f
JJ_,,.-""'/ = l ¥
—— 7
r,,ﬂ"'j LAXA =
‘_,H’?Bg’ F SRE
.:-"”HH 5 GRS

Fig. 10 CPET axial and radial current plot with a
conventional rectifier and casing thickness.
Total current is 15.3 A.

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:

® Inorder 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.

e Inorder 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.

e 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.

e 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
it the test is to verify a current requirement
target.

o [f 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.

e 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:

— 1.648.70r)x () exp (=3, /L)

€o

e, =¢,exp

(Eq 3)

where ¢, is the potential change at wellhead
when applied current is momentarily interrupted
(mV); e, is the potential change at depth x; from
the wellhead (mV); r| is the unit resistance of
the innermost casing (€2/m or C/ft); x is the
distance from wellhead (m or ft); 7, is the current
in the innermost casing (A); and L, 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. (Ret 18).

Casing-fo-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. (Ret 7) also demonstrated a similar resultin
oftshore 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
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Fig_ 11 Anexample of the change in current require-
ments with anode to well spacing. Source:
Ref 11

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 t) 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 [ 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

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 de 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 Q 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

pipelines:  sacrificial anode systems and 0o sun or wind, respectively. The use of solar is
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Fig_ 12 An actual example of current distribution in similar casings but with different casing-to-anode distances.

Source: Ref 18
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less popular in the northern regions where there
is alack 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 de output
and control. Maintenance on dc generators
has proved to be high in the past, resulting in
many outages during the year. Although to alesser
degree than the de 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 (Ret 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 (Ret 25) showed mathe-
matically that the pulse from the rectifiers would
attenuate to (0 at 500 to 1000 m (1640 to 3280 {t)
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

ac supply (if rectifier)

~
2 ;
T ac disconnect
/
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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
asurface 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 {t) 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.

Cable from
NEGATIVE to 1
casing v 7 Rectifier or
M- E dc power source
e
= gt
- - - - =
Surface _| ' |'| I'I
casing Cable from POSITIVE I I
— to anodes
Anodes: 2
Well— May be shallow horizontal, semi-deep, or deep anode but
casing » the horizontal casing-to-anode distance must be maintained
L
A

Fig. 13 Typical cathodic protection installation

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
COITOSION 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 shitt in casing-
to-electrolyte potentials, with the reference
electrode located near the wellhead, when the
foreign de 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:

e Providing a metallic return path for the stray
current

e Moving the offending anode bed or ground

o Adjusting the current distribution in the
foreign system

e Installing and/or adjusting a cathodic protec-
tion system on the well casing to counter the
stray-current effects

e Using common cathodic protection systems
(Ret 21}

e Balancing wellhead potentials

A well casing cathodic protection system can
also cause interference on surface facilities or
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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 109 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
it they are bypassing the isolating feature.

It 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 RP(186 (Ref 4).

Inspections of the de 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:

e dc power source current output

e dc power source voltage output

e dc power source adjustment setting (tap set-
ting if applicable)

e dc current in secondary circuits

de interference control devices

e Power meter or fuel supply where applicable

The annual inspection should include:

e Completion inspection of the de power source
(a) Calibration of the dc power source cur-
rent output
(b) Calibration of the dc power source vol-
tage output
(¢) 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
e 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
o 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:

o Well completion data including casing sizes
and lengths, cementing information and well
total depth

e Corrosion leaks identifying well, depth,
internal or external, date of failure compared
to date of drilling and/or workover (s)

e Inspections of casing failures and corrosion
products

e FElectrical well logs (wall thickness, CPP
identifying corrosion, and resistivity)

e Coating type and thickness, if applicable

e Drawing of well casing strings and lease
equipment and piping

e System map of the field

e Location and type of electrical isolation

Cathodic Protection:

e Current requirement tests (CPP log(s), E log 1
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

Well Casing External Corrosion and Cathodic Protection / 105

(¢) 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

(3) 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

e 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

e 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 [ 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 optionis
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.

NACE International i
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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"

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 Siructure-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.

" 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.

NACE International
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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-l: 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.

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:
Potential.

See Structure-to-Electrolyte

NACE International
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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.qg., 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 anothers
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.

NACE International
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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 /) 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.
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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.

3.21 The wusual 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 facilties, 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
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42

4.3

(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.

() Loss of well casing, rendering well unusable
for production or injection purposes.

SP0186-2007

3.2.3.3 The usual costs for protecting well casings
are the costs of installing and operating CP. Cther
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

Introduction

411 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.

Criterion for CP

421 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.

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/mZ) 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

NACE International

formations (e.g., cementing practices, formation
resistivities, water salinity, etc.) encountered in a given
well. Current densities usually vary from 10 to 200
mA/m>.

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-l 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.
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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.

4342 As increasing levels of current are
impressed, polarization begins on the surface of
the casing. The E-log-l 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

441 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

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.

Objectives of CP System Design

5.2.1 Enable application of sufficient protective current
to the well casings to meet the criterion for CP.

522 Minimize the stray current to foreign
underground structures. (See Section 7.)

523 Design a groundbed with a lifetime that is
commensurate with the required life of the protected
structure.

524 Provide for periodic maintenance of the
groundbed.

525 Provide a power source and groundbed with
sufficient capacity to include connecting pipelines and
other structures as required.

Considerations in the Design of CP Systems
531 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](Z)
Standards, National Electrical Code [NEC],® 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

5.41 The anode that will be closest to a well should be
placed at a distance determined by testing or accepted
empirical means.

542 Plans for long- and shortterm additions or
changes in buried physical structures.

5.4.3 Location of pipelines connected to wells.

) National Electrical Manufacturers Association (NEMA), 1300 North 17th Street, Suite 1847, Rosslyn, VA 22209.
®) 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.

546 Use of surface or deep vertical type of
groundbed.

5.4.7 Location of foreign structures.

548 Placement where likelihood of
disturbance or damage is minimal.

physical

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

5.56.2 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 driling 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.

565 The cost of
maintenance.

installation, operation, and

57
Life,

5.8

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.

Factors Determining Anode Current Output, Operating
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.

572 The resistance to electrolyte of the anode
system may be -calculated from available data.
Formulas and graphs relating to these factors are
available.

57.3 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."

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.

5854 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.

510 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.

510.1.1 Well casings in a group may vary in
length.

SP0186-2007

5.10.1.2 Well spacing may vary.
5.10.1.3 Intermediate casings may vary in length.

510.1.4 Wells with identical completion pro-
cedures and equal lengths of casing may have
different current requirements.

510.2 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.

510.3 If detrimental electrical interference is
encountered, each CP system must be designed to
counteract the effects.

510.4 CP design varies regarding the physical field
parameters. The most effective design considers:

510.4.1 Total amount of current required for
casings and other structures.

5.10.4.2 Soil resistivity for installation of anodes.

510.4.3 Location of well casing with respect to
pipelines and other structures.

5.10.4.4 The individual current demand of each
well.

510.5 Typical CP design options

510.51 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

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.

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.

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 inspectors 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.

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,
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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

SP0186-2007

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.

Section 7: Control of Interference Currents

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.

Mechanism of Interference Current

7.21 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.

NACE International

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.

7.22.8 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:

7.3.21 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

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

7.41 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.

744 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.

7.4.51 An interference bond of proper resistance
should be designed and installed.

7452 A current regulating device should be
installed in the rectifier cable connected to the
wellhead.

7.453 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.

) |nformation 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.

12 NACE International

SoCalGas-7.1144



7.4.7.1 Rectifiers and groundbed with reduced
current output per unit should be added.

7472 The dielectric coating of connecting
pipelines should be improved to reduce the total
required current.

7.5 Methods to Indicate Resolution of Interference

7.51 A satisfactory downhole well casing potential
profile log indicating current that is adequate to

SP0186-2007

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

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

NACE International

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:

8.41 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

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 facilites 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.
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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.

9.43.2 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, backfil, and spacing of
anodes.

(¢) 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.
(¢) 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

NACE International
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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.

A222 “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 p-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 uV. 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.? The resistance of the casing for a given
API® grade changes as downhole temperature
increases.

®) 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 A.4.1 Thermal voltage differences between upper and
installation. lower contacts, casing wall, and knives. This is caused

by the contacts riding continuously on the casing wall.
A.3.3 A voltage (IR) drop measured across a given

length of casing and total resistance can be used to A.4.2 Resistance between contacts and casing wall.
calculate the current flow. The resistance value should Foreign material on the casing wall can increase the
be corrected for changes caused by temperature and total resistance and give an erroneous voltage (IR)

grade of steel.

A.4 Other Influences on the Measured Voltage (IR) Drop

—/
. © 1~ Voltmeter
A4
To Lower Contacts To Upper Contacts
[I Collar
Cable to Service
Truck

Upper Contact
—— Well Casing
Electrical
" Isolator
Lower Contact

u ﬂ_ Collar
-

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.

Use of Instruments
A.5.1 Voltmeters with a high impedance and resolution

of 1 gV and a short response time are required. They
should also have AC rejection and be temperature

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

compensated. Instruments should be calibrated A.6.1 A typical example of a casing potential profile
annually. plot is shown in Figure A2.
) o' _ o 4 or (=3 o o
o o o o o
- - N o <
150
R MICROVOLTS
END OF SURFACE CASING
305 s
457
END OF INTERMEDIATE
CASING
NO CP
wn 610 " CURRENT
x APPLIED
|_
L
=
T
- CP CURRENT
] APPLIED
(=)
915
1220
END OF
1525 —— PRODUCTION
CASING

FIGURE A2—Typical Casing Potential Profile Plot
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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

SP0186-2007

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.

from the production casing to the formation. A.7 Well data for each well can assist in interpreting
potential profile readings. These data may include the

A.6.2.3 A positive slope of the plotted voltage (IR) following:

B.1

B.2

B.3

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

A.71 AP| 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

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-l Test
(Nonmandatory)

Introduction

B.1.1 The purpose of this appendix is to outline the
procedure for performing an E-log-l test and to give
guidelines for interpretation of data. This appendix
supplements Paragraph 4.3.4 of this standard.

General
B.2.1 An E-log-l test should be performed under the
direction of a person qualified by knowledge of and

experience in this particular endeavor.

Prerequisites to Performing an E-log-l Test

NACE International

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.

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.41.1 The “native state” potential, ie., the
potential with zero groundbed current, should be
measured and recorded.

B.41.2 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

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-l 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.

DC SOURCE Voltmeter
(With Current Control) L
— = Wire Reel
psaner aniiane
p—
TCH
— Electrically Isolate or
Disconnect
Cable Reference Electrode [j
N\
— g B TIPS v
N\,
| l | l | Well Casing

Ground Bed

FIGURE B1—Equipment Set-Up for E-Log-l Test
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FIGURE B2—Sample E-Log-l Plot

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.21 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.

NACE International

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, ie,
general corrosion. The instrument sensors detecting
the field disturbances are small and are in contact (as
close as possible) with the internal circumferential

(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.)

surface of the casing. C.3 The information presented in Table C.1 may be used to
determine which instrument is the most effective for certain
C.2.2.1 Signals emitted by these sensors are situations.
caused by changes in the field disturbances,
which vary because of: C.3.1 Normally, operating conditions for both
instruments are for temperatures up to 177°C (351°F),
(a) The strength of the induced DC magnetic pressures of 100 MPa (14,500 psi), and casing sizes
field. 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.

(b) Defect depth.
(c) Defect shape.

(d) Metallic influence outside casing (e.g.,
scratchers, centralizers, another casing). C.3.2 The running of base logs as soon as possible is
recommended for better evaluation of future data.
(e) Casing wall thickness.

C.3.3 Clean casing walls result in more reliable

f) Casing size. inspections.
g p

TABLE C.1—Instrument Effectiveness

Type of Detects Detects Small Detects Detects Detection Detects Detects
Instrument  Casing Defects and Large Holes Casing of Outer Parted Drill Pipe
Collars Defect Depths in Casing Weight Casing Casing Wear
Change String String
AC Yes No Yes Yes Yes Yes Yes
DC Yes Yes Yes No No Yes No
22 NACE International
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Appendix D—Well Completion Design and Other Factors Associated with CP
(Nonmandatory)

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.

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.

NACE International

D.3

D.4

D.5

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.

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.

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.

Corrosion Control Test Stations and Bonds

D.5.1 Test stations for potential and current
measurements should be provided at the well to

23

SoCalGas-7.1155



SP0186-2007

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 utlized 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 the7§>ipe by copper penetration. Consult
ANSI®/ASME"  B31.8* 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

maintain low resistance. Refer to NACE SP0169.°

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.

D6 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. ®

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.

© American National Standards Institute (ANSI), 1819 L St., NW, Washington, DC 20036.
) ASME International (ASME), Three Park Avenue, New York, NY 10016-5990.

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

24 NACE International
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D.7.1.11 Acidizing procedures. D.7.3.4 Interference current data.

D.7.2 Well and associated pipeline site environments D.7.4 Well logs used to supplement other test data
utilized for design
D.7.2.1 Existing and proposed CP systems.
D.7.4.1 Electromagnetic alternating current and
D.7.2.2 Possible interference sources (see direct current logs (thickness gauge).
Section 7 of this standard).
D.7.4.2 Electric log—formation resistivity normally

D.7.2.3 Surface environmental conditions. available from well completion data.

D.7.2.4 Foreign buried metallic structures D.7.4.3 Gamma ray neutron log—determines
(including location, ownership, and corrosion relative lithology for location of high-resistivity
control practices). formations.

D.7.2.5 Site accessibility. D.7.4.4 Collar locator log—facilitates other logs

such as casing potential profile.
D.7.2.6 AC power availability.
D.7.4.5 Cement bond log or temperature log—

D.7.2.7 Status of well's electrical isolation from indicates where cement is located between well
foreign structures. casing and formation.
D.7.3 Field survey, corrosion test data, and operating D.7.4.6 Optical inspection inside casing.
experience

D.7.4.7 Caliper log (mechanical feelers) to
D.7.3.1 Electrical resistivity of the electrolyte (soil). determine internal wall thickness change or
defects such as corrosion pits.
D.7.3.2 Electrical continuity (low resistance is
required across well casing threaded couplings). D.7.4.8 Dual induction resistivity log.

D.7.3.3 Cumulative leak history.

NACE International 25
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Symposium on Casing Cathodic Protection Theory+

PREFACE

JOHN W. Stout*

The protection of oil-well casing from outside corro-
sion 18 of prime importance to the o1l industry. Cathodic
protection 1s one method that 1s being applied on a large

scale 1n several Californmia o1l fields to reduce or control

outside casing corrosion. This symposium was concelved
to briefly describe the theory of casing cathodie protec-
tion and to give the industry the benefit of the case
histories of four current major casing cathodic protec-
tion projects 1in California

PART 1
FUNDAMENTALS OF CATHODIC PROTECTION
AS APPLIED TO OIL-WELL CASING

F. W. SCHREMP#

ABSTRACT

This paper presents a review of the processes of
corrosion and cathodic protection of oil-well casing
Various criteria used for the determination of cathodic
current requirements are discussed A comparison also
1s made of the advantages and limitations of each
criterion.

INTROBUCTION

This paper 1s concerned with the processes of corrvo-
sion and cathodic protection of 1ron 1in an earth-
electrolyte environment. A review of corrosion processes
1s presented before discussion of cathodic protection
because the concepts of cathodic protection are inti-
mately associated with the processes of corrosion Elec-
tron flow 1s used as the convention of current flow
thioughout the paper Electron flow 1s opposite to the
direction of positive current flow.

Corrosion

Corrosion 1n an electiolyte 1s an electrochemical proc-
ess. Metal goes into solution at anode areas, and a
current of electrons flows through the metal and 1s
discharged at cathode areas The amount of current
flowing is controlled by the relative areas of anodes and
cathodes as well as the potential differences existing
between the anodes and cathodes. Potential differences
may be caused by surface defects in the metal and/or
*Standard O1l Co of California, Taft, Cahf
tPresented at the spring meeting of the Pacific Coast District, Divi-

sion of Production, Los Angeles, Calif, April 30 and May 1, 1959
jCalhifornia Research Corp, La Habra, Cahf.

differential environmental eonditions such as varations
in electrolyte concentration, pH, and dissolved oxygen
content, to name a few.

The corrosion of 1ron involves the solution of ron at
anodic ateas and deposition of hydrogen at the cathodic
areas. The process goes on in such a way that the
electrolyte remains electrically neutral; 1e., an equiva-
lent number of positive 10nms are displaced from the
electrolyte for every 1ron.atom dissolved 1nto the electro-

Iyte. Typical 1ron corrosion reactions are shown 1n
Fig 1.

. © N

anode cathode

anode

cathode

SEPARATE ELECTRODES COMBINED ELECTRODES LOCAL CELL

ANODE CATHODE
»
PRIMARY REACTIONS Fe = Fa”' 2e 2R *+ 2e = 2N°
metal ion ions atoms
°
SECONDARY 1 ~
2H ¢ /202 H,Q
REACTIONS atoms liquid
o
H =
2 H2
atoms gas
St ) =
Fe 't ,2¢)2 . Hzo = Fe(OH)z
ions sohd

Fig. 1 (Schremp)—Corrosion Reactions of
Iron in an Electrolyte
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Hydrogen film formation 1s the primary cathode reac-
tion and tends to limit the corrosion process 1n two
ways 1, by msulating the 1ron surface from the electro-
Iyte, and 2, by incieasing the tendency for hydrogen to
re-enter solution and thus oppose the tendency for 1ron
to dissolve, Formation of a hydrogen film 1s called
“polarization” and removal 1s called “depolarization.”

A hydrogen film usually 1s not sufficient to stop
corrosion completely because the film may be damaged
by the formation and release of hydrogen-gas bubbles
or combination of hydrogen with dissolved oxygen. In
either case, removal of the hydrogen film permits the
corrosion process to continue. In acid solutions, the
hydiogen film 1s destroyed mainly by the formation
and release of hydrogen gas In alkaline solutions, the
hydrogen combines with dissolved oxygen.

Dissolved 1ron usually i1s precipitated as 1ron hydrox-
1de. If the precipitate falls on the metal surface, 1t may
slow the corrosion process by acting like a protective
coating Iron hydroxide also will react with dissolved
oxygen to form ferric hydroxide and may reduce the
corrosion rate 1f the supply of dissolved oxygen 1s
Iimited.

It 1s apparent from this discussion that corrosion
may be controlled 1f the cathode areas are maintained
m a polarized condition and 1f hydroxide and insoluble
reaction products are deposited on the cathode areas
Perhaps the most effective way to achieve a polarized
condition 1s to apply a counter current between the
metal and the electrolyte sufficient to neutralize the
corrosion curtent and thus prevent the metal from going
mto solution Applieation of a counter current 1s called
cathodie protection. Subsequent sections of this paper
will be devoted to the discussion of cathodic protection
and the criteria that have been developed to implement
its use.

Cathodic Protection

Use of a counter current has been called cathodic
protection hecause the corroding metal surface 1s made
the cathode 1n a cell reaction mmvolving the metal and
a sacrificial anode. Such a system 1s 1llustrated in Fag. 2

Electrochemically, magnesium 1s more inchned to dis-
solve than 1ron, and as a result electrons are released
at the magnesium anode and flow through the external
circuit to the steel casing, thereby offsetting the tend-
ency for 1ron to dissolve. Of couise, the fact that a metal
1s more electronegative than 1ron; 1e., shows a greater
tendency to dissolve, does not mean that the metal can
be used effectively as a sacrmficial anode to prevent the
corrosion of 1ron. Sufficient electrons must be supplied
by the anode to satisfy the demands of all the cathode
areas on the steel surface High ground resistance and
too small a potential difference between the anode and
the casing will prevent most metals that are electro-
negative to iron from being useful as sacrificial anodes.

One way of circumventing the problem of too small
a potential difference is to use a vectifier system that can

E— Mg 'y 2e € Mg

— .
e .

. - Magnesium
l / 7 Anode

Castng
Fig. 2 (Schremp)—Cathodic Protection Using
A Sacrificial Anode

supply large amounts of current and an anode bed made
from scrap 1ron, caibon rods, or Duriron. The rectifier
system can then be adjusted to supply the desirved
amount of current to the casing.

Determination of cathodic current requirements for
oil-well casings 1s difficult because direct measurement
of corrosion currents i1s impractical Instead, a number
of eriteria have been developed that are useful in esti-
mating cuirent requitements Several of the more widely
used eriteria are discussed i the following section.
Criteria for Current Requirements

Three of the criteria for cathodic current require-
ments are 1llustrated by the use of a polarization-
potential diagram The diagram of a single anode and
cathode cell 1s shown in Fig 3. Lines E.-S’ and E,-S
are the polarization curves for the cathode and anode,
respectively. The point E_. represents the open circuit
potential of the cathode aiea and E,, the open circuit

P ——

““potential

POTENTIAL
-0 7Tv

corrasion
current
protection
curront

3

satd calomel 'I

reference cell 3 ks

CURRENT DENSITY
Fig. 3 (Schremp)—Polarization Diagram of a
Single Corrosion Cell lllustrating Varieus
Criteria for Cathodic Protection

SoCalGas-7.1160



SyMPoSIUM ON CASING CATHODIC PROTECTION THEORY 201

potential of the anode area Both potentials refer to a
saturated calomel half cell Point S defines the corrosion
potential Eg and current I of the combimed cell.

Cathodic-protection theory requires that the cathode
potential shift along S-S’ toward Y and the anode
potential along S-E, toward X when a counter current
1s applied to the cell Theory also states that when X
1eaches E,, 1e, when the polarized potential E, ,; of
the cell equals the open circuit potential E, of the
anode, the anode current 1s zero and corrosion ceases.
Point S, therefore, defines the external current Iy
required to stop corrosion.

Following 1s a brief discussion of the more widely
used criteria.

1. Pipe-to-soil potential. According to this cniterion,
corrosion will stop when the pipe-to-soil potential 1s
equal to the open circuit potential of the anode aieas
Lahoratory work shows that the open cirecuit anode
potential depends upon the activity of ferrous ions in
the corrosive environment. Pure iron 1n equilibrium with
a solution of ferrous 1ons, Fe(OH), at pH =83,
has a potential of —0.77 volts referred to a saturated
calomel half cell, —0 85 volts referred to Cu; CuSO,
Hence, 1f the pipe-to-soil potential of the casing can
be raised to a value of —0.77 volts referred to satu-
1ated calomel, corrosion will stop Schwerdtfeger and
McDorman! verified this behavior i a series of experi-
ments 1nvolving the corrosion of steel in various soils.
Of course, field conditions may affect the potential at
which corrosion stops, but the result 1s to lower the
potential requirement The potential eriterion of —0 77
volts may, therefore, err on the conseivative side
Ballou and Schremp? have attempted to extend the
usefulness of this criterion to oil-well casing by pro-
posing a relationship between down-hole pipe-to-so1l
behavior and surface measurements Their work indi-
cates that down-hole polarization may be estimated from
surface measurements alone

2. Potential shift. Field experience has shown that
the corrosion potential of steel seldom 1s more than
02 to 03 volts below the open ciremit potential of the
anodic ateas This 1s true because polarization of buried
steel 1s largely under cathodic control Reference to
Fig. 3 shows that the first and second criteria are
similar hecause they both depend upon raising the
casing potential to the open circuit potential of the
anode areas.

3. Current density This criterion 1s based almost
entirely upon field experience Pipeline engineers have
found that current densities ranging from 0.5 to 20
milliamperes per square foot of exposed pipe surface
will prevent corrosion in surroundings ranging from
high-resistivity soil to sea water. Current densities 1n
the range of 1% to 3 milllamperes per square foot
appear to be satisfactory for the prevention of casing
corrosion.

4. Break in the polarization potential, log-current
curve. This criterion was first reported by Britton3
in 1931 and is best explained by the use of polarization
IReferences are at the end of Part 1 -

diagrams. Polarization under cathodic control 1s shown
m Fig. 4a, and polarization under mixed control, in 4b.
Associated with each curve 1s a plot of the polarization
potential-vs -log applied cuirent

Reference to Fig 4a shows that under cathodic con-
trol the cell potential 1s virtually the same as the open
circuit potential of the anode area. Application of
counter-current to such a system causes no change 1n
the cell potential until a certain mimimum current, Ig
1s exceeded. Application of currents greater than Ig
causes the potential to inerease. The increase in poten-
tial with applied current now obeys the Tafel equation
for hydrogen overvoltage. Protective current 1s indi-
cated by Ig' and corresponds to the break in the
E-vs.-log I cuive

@ CATHODIC CONTROL

I' = |‘,
-l
<  anode
- -
2 (]
= i
-
o
[N
cathode
!‘
t
I‘ Il.
CORROSION CURRENT APPLIED CURRENT
b MIXED CONTROL
|'< Is'
anode
-~ o _ B
< —
-
z
-
-
) '
o
cathode | !
<
T !
ls I‘,

CORROSION CURRENT APPLIED CURRENT

Fig. 4 (Schremp)—Effect of Polarization on
Current Requirements

Fig 4b shows that the corrosion current Ig 1s less
than the required protective current Ig'. Polarization
behavior under mixed control 1s different from the
behavior under cathodic control because the anode and
cathode polarization potentials are not i1dentical func-
tions of the applied current. For low values of applied
current, the composite polarization potential mcreases
shightly At higher values of applied current, the slope
of the E-vs.-log I curve continues to increase Ulti-
mately, values of current are reached that cause the
polarization potential to obey the Tafel equation. Mixed
control makes difficult the determination of the current
required to prevent corrosion One way to determine
current from the E-vs.-log I curve 1s to extend the
straight-line portions of the curve and use the point
of intersection to indicate the proper current.
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Eldredge and Haycock? studied current requirements
under mixed control behavior and found that for
oll-well casings a more accurate indication of current
1s given by the point at which the E-vs.-log I curve
straightens out and begins to obey the Tafel equation
Both the intersection and Eldiedge-Haycock ciiterna ale
llustrated in Fig 5.

A fifth and final criterion involves the measurement
of IR drops along the casing The plot of IR drops vs.
well depth 1s called a potential profile. Inasmuch as
the IR drops are a function of the corrosion current
flowing 1n the casing, changes m the slope of the
potential profile indicate regions where current 1s either
being picked up or discharged from the casing. Cor-
rosive Intervals aie indicated by mnegative slopes on
the potential profile. Erasure of negative slopes by the
use of counter-current 1s believed to indicate cessation
of coriosion

POTENTIAL

q'u
|
: —

LOG APPLIED CURRENT

+

Fig. 5 (Schremp)—Current-potential Curve Showing
Twoe Ways of Estimating Current Requirements

The measurement of potential profiles has been
described 1n detail elsewhere.58.7 For purposes of this
paper, the potential-profile logging setup 1s- shown
schematically in Fig. 6. An explanatory profile 1s shown
m Fig 7.

Reference to Fig. 7 shows that in region A, electrons
are flowmg from the casing and the slope of the
potential profile 15 positive This indicates a cathodic
region. In region B the slope 1s vertical, mdicating that
current 1s not entering or leaving the casing Such
behavior might result 1f the casing were cemented
thiough the inteival Region C, which 1s anodic, shows
a negative slope on the potential profile Electrons are
entermng the casing and metal 1s being dissolved. Region
D 1s another cathodic area. No mention 1s made of the
duection current flowing in the casing because 1t has
no bearing on the imterpretation of the potential profile.
The slope of the profile through various intervals 1s
important because it indicates the rate at which elec-
trons enter or leave the casing. Severity of cor-
rosion increases as the negative slope approaches
the horizontal.
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Fig. 6 (Schremp)}—Casing-potential Profile
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Fig. 7 (Schremp)—Casing-potential Profile
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Criterion

1. Pipe-to-soil
potential of —0 85
volts (Cu; CuSO,
reference)

2 Potential shift

3. Current density

4 “Break” in E-log 1

curve

Potential profile

[\

Table 1 (Schremp)

Advantages and Limitations of the Various Criteria

Used to Estimate Cathodic Protection Current Requirements

Advantages

Inexpensive measurement to make If
used properly, will give a conservative
estimate of current required.

Same as 1.

Useful in making prelimimnary esti-
mates of current requirements.

Does not depend upon the open circuit
anode potential to arrive at an esti-
mate of current required. Gives a
reasonably accurate estimate of cur-
rent requirements. Relatively 1nex-
pensive to use.

Indicates the probable location of
gross anodic areas. Gives a qualitative
picture of gross corrosion on the

Limitations

Potential should be measured at the hottom of the
casing. Usefulness of Ballou, Schremp-type surface
measurements not completely evaluated.

Depends upon the assumption that the average
corrosion potential of steel 1s 0.2-03 volts more
cathodic than the open circuit anode potential.
Potential shift also should be measured down hole.

This 1s only a secondary criterion. Knowledge of
cathodic-protection requirements for a given area
must be available 1f reliable estimates are to be
made.

Break in E-leg I curve must be quite distinct if
reliable estimates of current requirements are to
be made Also, this method will not indicate the
amount of current needed to prevent severe local
cell action.

Erasure of negative slopes usually results in too
low an estimate of cathodic current required. Profile
cannot 1dentify local cell action, hence erasure of

casing.

negative slopes cannot indicate complete protection.
Measurements are expensive to make,.

SUMMARY

Cathodic protection involves the application of suffi-
cient counter-current to neutralize the corrosion current
and prevent iron from going into solution. Five critena
for estimating current requirements were discussed.
Perhaps the most widely used criterion 1s the “break” in
the E-log I curve Populaiity of this criterion probably
results from the relative simplieity of measurement.
all measurements can be made above ground.

The relative usefulness of each criterion previously
discussed 1s indicated in Table 1
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PART 2
CASING CATHODIC PROTECTION — SAN MIGUELITO FIELD

JACK A. BIREN*

ABSTRACT

Cathocic protection of oil-well casings 1n the San
Miguelito Field has been effective 1n reducing oil-well
casing failures Ten amperes of protective current as
determined empirically with potential-profile techniques
were recommended to provide protection from “normal”
corrosion and from interference from surrounding
cathodically protected wells Separate rectifier control
and anode beds which serve from 1 to 4 wells are used
in the 160 well nstallations Anode-to-soil resistance
has prevented the use of recommended amperage at
many wells Most failures have occurred in the first
10 years of well hife, indicating a polarizing effect
Evaluation cannot be completed until the 10-amp cur-
rent 1s applied to all wells However, some protection 1s
afforded at present current levels.

INTRODUCTION

A cathodic-protection 1installation beheved to be the
first to include all well casings mm an entire o1l field
was put m operation during February 1956 at Conti-
nental’s Grubb Lease, Ventura County, California
Casing failures which have been attributed to external
corrosion began m 1940 and increased logarithmically
with time until a total of 29 such failures had occurred
prior to completion of the cathodic-protection installa-
tion In addition to the loss of two wells and the
resultant redrilling of another, the repair costs ranged
from $7,557 to $70,956 and averaged $33,200 per well.
In five instances where production could he continued
by flowing or gas lLifting through macatoni inside the
tubing, the casings were not repaired These are
marginal wells where 1t has bheen established that the
cost of wash-over work to recover the tubing and
packers from the casing 1s excessive 1n relation to the
indicated reserves.

The record of known and piobable failure depths in
relation to the top of cement outside the casing as
determined by temperature surveys or calculations indi-
cates that 1in 21 of the 29 wells where casings failed,
the holes were found where the casing was not cemented
In only 4 wells were the holes indicated to be 1n
cemented pipe Holes located partly in cemented pipe
and partly in uncemented pipe were found in 2 wells
whereas the failure depths have not been pin-pointed
in relation to the cement top 1n the remaining 2 wells.
These data, of course, are not an attempt to evaluate
the completeness of the cement sheath nor its actual
effective top, but do tend to support the theory that a
cement coating does give some protection agamst
external casing corrosion.

*Continental Q1 Co , L<;s Angeles, Cahf

Determination of Current Requirements

Empirical methods were used to determine the amount
of current to be applied to the wells at San Miguelito.
In June 1954 a series of potential profiles were run in
4 Grubb Lease wells Three of these wells are situated
on one well site with the casing heads less than 20 ft
apart.

To determine the interference effect of adjacent wells,
a curtent of 12 amp was applied to one of these wells
while a profile was run on another —the two wells
being 1 electric contact only thiough the ground A
defimte anodie slope was developed above 1,500 ft but
none below that depth This effect was eliminated when
all wells 1n the group were electrically connected at
the surface.

A sharp anodic slope was noted in the potential
profiles at the base of the surface pipe, which was cause
for eoncern. To mimimize the possible corrosion of the
casing at this point, 1t was 1ecommended that a casing
centralizer be placed here 1n all new wells to assure
metallic contact at this point.

In all 4 wells surveyed the potential surveys showed
a tendency for external corrosion to occur over large
areas of the casing These corrosive areas as defined
Ly the piofiles coriesponded to the location of known
failures mm two of the surveyed wells No failures had
been noted 1n the other two wells at that time, yet
faillure did occur 1n both prior to completion of the
cathodic-protection mstallation.

The application of Bto5 amp of protection cuirent
wags sufficient to remove all the anodic slopes from the
profiles of the 4 wells tested. A tral run using 5 amp
of impressed curient was immediately started on one
of the test wells and continued for a period of 6 months.
At the end of this period the 7-in. casing was washed
over and recovered from 5,200 ft The inspection and
tests of the prmmary solids deposits revealed the fol-
lowing evidences of the effectiveness of the cathodic
protection.

1 The corroded ateas of the Grubb 61 casing were
as predicted by the potential-profile survey.

2. A thin calcareous deposit was found in scattered
areas over most of the pipe recovered indicating that
cathodic protection was being effective to the depth of
casing recovered.

3. The surface pipe effect was not sufficiently severe
to prevent the use of cathodic protection

The recovered casing was replaced with a new casing
string which was landed with a lead-seal casing howl
set over the stub of the old pipe at 5,200 ft. The new
pipe was not cemented. Immediately «fter landing the
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new pipe, a potential profile was run. In contrast to the
smooth anodic areas found 1n the profile of the old pipe,
a very erratic series of breaks m the curve was found
i this same hole with new pipe and new mud Time
15 apparently a factor in the establishment of equi-
Iibrium conditions within the hole.

Five amperes of impressed current on the new pipe
were effective m smoothing out the erratic potential
profile. It was concluded at that time that the appli-
cation of 5 amp should be sufficient to protect each well
mn the San Miguelito Field. Subsequent interference
tests have indicated 10 amp are needed

Application of Cathodie Protection

The cathodic-protection nstallations for Continental
01l Company’s 160 Grubb Lease wells use separate
rectifier control and 3 anodes for each well. The
selemium rectifiers used at 1 and 2 well installations
are rated at 20 volts and 15 amp per well, whereas
those for 3 and 4 well installations are rated at 40 volts
and 15 amp per well Voltmeters are installed on each
rectifier, and ammeters are provided to indicate the
current to each well on multiple and single well umts
alike. All rectifiers are pole mounted.

Each rectifier 1s connected to an anode bed which
has 3 anodes for each well served by the rectifier, 1.e.,
the anode bed for a 3-well installation has 9 anodes
Graphite anodes 3 in X 60 in are set 1 ft off bottom
mside a 12-1m. augered hole back-filled with coke hreeze
to 1 ft above the anode, then 1 ft of gravel caps the
coke breeze and the hole 1s filled to the surface with
dirt. Anode beds are placed at least 150 ft from the
wells mnvolved. Care was taken to avoid adjacent wells,
pipelines, and other surface structures which might
adversely effect the casing-to-earth potentials at depth.

Operational tests include the periodic readings of
the voltmeter and ammeters at the rectifiers. Differences
and variances m the readings are considered to be
mmdicative of the anode-bed effectiveness and opera-
tional problems. It has been noted that in the moist
shale areas the recommended current flow 15 attained
at less than rectifier-capacity voltage. However, the
sandy soils 1n other areas afford resistances which have
prevented the mimimum recommended current from
being applied at capacity voltages Relocation of anode
beds to areas where they may be wetted and the addition
of anodes In some areas are bemg effected to reduce
anode-to-soil resistance. Evidence of rodent damage to
the msulating sheath of the buried cathodie-protection
cables has been found. The extent of this problem has
not been determined to date

Interference tests were run in a well situated on the
easterly side of the lease in an area of dense well
spacing. Potential profiles were run to a depth of 5,800
ft with several variations of curvent applications on
the test wells and offsetting wells. Eight amperes were
sufficient current to remove the anodic slopes from the
potential-profile curve with current applied to the sur-
rounding wells An E-log I curve run at the time
substantiated the 8-amp requirement. It was concluded

that an mterference or stray-current problem does exist
between wells under cathodic proteetion and those wells
in a field either with nsufficient protection or with no
protection. It was therefore recommended that a mini-
mum of 10 amp should be applied to each well 1n ‘the
field and that necessary revisions be made n the anode
beds to achieve the 10 amp per well.

Results of Three Years of Cathodic Protection

In Februairy 1959, the cathodie-protection system at
Continental 011 Company’s San Miguelito operations
completed thiee yeats of opetation A deflection i the
logarithmic-failure eurve (Fig 1) at the time cathodic
protection wasg applied would indicate a reduction mn
the 1ate of 1ncreasing casing failures, The 13 failures
which have occurred since application of the protective
current include second failures in 3 of the wells while
9 of the tioubled wells had less than the recommended
protective 10-amp curient applied because of opera-
tional problems Extrapolation of the failure rate prior
to the application of cathodic protection would mdicate
that 15 additional casing failures might have occurred
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Fig. 1 (Biren)—Casing Failures Vs. Time
Continental Oil Co. — Grubb Lease —
Ventura County, Calif.

during these past three years had the current not been
applied It 1s realized, however, that other factors may
have been ivolved in effecting this change. These
factors include the following.

1. High well-completion rate during the 10-year
period just before starting cathodic protection.

2. Condition and grade of the casing when run.

3. Nature of the drilling fluid.

4. Effect of polarization of the steel-casing surface.

5. Interference or stray currents from the cathodic-
protection system itself.

The number of well faillures which have occurred 1n
each year of well service 1s indicated graphically m
Fig. 2. It 18 noted that very few failures have occurred
after 9 years of service. This 1s believed to be the effect
of polarization The single failures m the extreme
positions, 1st and 12th years, are perhaps indicative
of the effect of the grade of casing used. The early
failure was 1n cold-worked S-95 steel while the 12th-
year failure was in H-40 steel. Inasmuch as both of
the 19th-year failures occurred in wells with lower than
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recommended protective current, 1t 1s suspected that
interference may be responsible.

The log-log plot of cumulative well faillures vs. time
from well completion to failure (Fig. 3) would indicate
three phases in the process of failures It 1s believed
that the middle slope between 32 and 102 months 1s
perhaps the norm, whereas the failures earlier than
32 months occutrred either before polarization or because
of some pipe defect. The latter failures after 102
months (9 years) are accounted for by the grade of
pipe, H-40, which 1s appaiently more resistive to cor-
rosion and failures caused by insufficient protective
current or interference.

CONCLUSIONS

A reduction in the rate of increasing oil-well casing
faillures 1 the San Miguelito Field has been effected
by the application of a cathodie-protection current
during the past three years This reduction has been
accomplished despite lower than recommended applied
amperages on many wells. In fact, most failures which
have occurred since application of the protective current
have been in areas where anode-to-so1l resistivity has
restricted the use of recommended mimimum amperages

Casing polarization or stahilization of electropotential
conditions within the casing well-bore annulus has been
effective 1n confining the critical period for external
casing corrosiwon to the first 9 years of well life Field
tests have shown that an interference or stray current
problem does exist between wells under cathodic protec-
tion and those wells 1n a field erther with nsufficient
protection or with no protection. The solution of the
problem of applying the 10-amp current to those wells
1 resistive soil areas 1s necessary before evaluation of
the San Miguelito oil-well casing cathodic protection
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 approximately 500
of Shell 011 Company’s Ventura oil-well casmgs
January 1957. Before that time Shell was experiencing
1in Ventura about 12 casing-corrosion failures per year,

*3hell 1l Co, Ventura, Calif.

and the ttend was incireasing at about one additional
faillure per year During 1957, with cathodic protection
applhied to approximately 500 wells, only 9 casing-
corrosion failures occurred. This was in hine with antici-
pated results. However, continuing study of the problem
during that year indicated certain features of the
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Ventura cathodic-protection system could cause stray
current interference between wells on a given dmlling
island The conditions found most troublesome ncluded
1, grouping of anode beds in low-resistance soil near
one well on multiwell dmlling 1slands; 2, location of
anode beds near surface hines; 8, shoited insulated
unions; and 4, abandoned surface lines Casing-potential
surveys 1n thiee wells, which experienced corrosion
failures 1n rapid succession during eaily 1958, confirmed
the need to correct these causes of stiay curent
Accordingly, all cathodic-protection units were tuined
off after appioximately 18 months of operation as a
precautionary measute while the problem was evaluated
and coriected The nine 1957 casing-corrosion failures
and 11 1n 1958 were below the past failure trend and
mdicated that some degree of protection was obtained
m spite of stray curients during these 18 months of
protection and lack of protection during the last 7
months

By the end of 1958 cathodie-protection equipment 1n
a test block of 46 wells was 1evised for stiay-current
control. Casing-potential surveys in 2 wells within the
block 1evealed that cathodic protection can be applied to
densely drilled wells without adverse effects of stray
curients to that number of wells.

INTRODUCTION

Staiting in 1949 efforts were made to control oil-well
casmg-coriosion fallures mm the Ventuia Field The
various schemes, which included full-string cementing,
high pH drilling mud, bactericide in high pH mud, and
oil-base mud, were either ineffective or too expensive.
During this time the annual number of faillures was
mcreasing and 1t appeared that cathodic protection
might be an effective and piofitable way to reduce the
failure 1ate Accordingly, investigations into the use
of cathodic protection were begun in early 1955 The
results of this work and the method of applying cathodic
protection to the Ventura well casings were reported by
Kerr! in 1957, As stated by Keir the curient potential-
curve ctiteiion, plus economie considarations, was used
as the basis for selecting current 1equirements of 27
amp per well. )

Keri’s work indicated cathodic protection could be
apphed satisfactoily to deep oil-well casings, and a
test block of 27 wells was placed under protection.
However, the casing-failuie rate took a decided imnciease
m 1955, as shown i Fig. 1, which indicated an mereas-
img number of failures might be experienced 1n the
coming years. Therefore, Shell undertook a field-wide
imstallation of cathodic piotection shortly after com-
pleting the test-block work, and before the results could
be studied and evaluated. The installation of equipment
was completed by January 1957, when 475 well casings
were placed under cathodic protection New wells drilled
m 1957 brought the total well casings under protection
to about 500 by January 1958.

1Reference 1s at the end of Part 3
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Fig. 1 (Bradley}—Annual Casing Failures —
Ventura Field

Ventura Field Topography and OQil-production Facilities

Before discussing the main subject of this report,
cathodic-protection stray currents, 1t 1s important to
first visualize the characteristics of the field. This field
1s widely known as one of the nation’s prolific o1l
producers due partly to 22 producing reseivoirs. To
develop these reserves, wells have been drilled into each
sand on a given spacing. In localities wheire two or more
sands overlie one another the spacing patterns often
result 1n wells being drilled very near one another, say
as close as 50 ft

The problem of close well spacings 1s further compli-
cated by the rugged terrain of the aiea with elevation
changes of as much as 300 ft occurring within a
horizontal distance as short as 600 ft. Because of the
rugged nature of the land, all semi-flat areas are at a
premium. Thus, the high density of wells 1s further
squeezed together on dmlling 1slands cut from the hills.

Each of these drilling 1slands 1s served by pipelines
supplying mud, fuel gas, and water Additional pipelines
for the wells located on each island are flow lines,
gas-lift lines, hydraulic-lift o1l lines, and 1n some
instances fuel gas and water lines for pumping equip-
ment or well servieng These lines are builed where
they cross the drilling island or lease roads, but are
laxd on the surface or pipe racks elsewhere. As the
result of mmevitable changes and continued development,
some lines are abandoned in place or covered by many
feet of fill drt.

In summary, on the Shell leases 1n the Ventura Field,
comprising about 1,860 acres, approximately 620 wells
have been drilled This 1s equivalent to 1 well every 3
acres, which are grouped even closer together on the
surface because of the rugged topography of the area.

Indications of Stray Currents

On completion of the installation work, field studies
were undertaken m 1957 to check the circuits and to
detetmine the degree of protection being obtained.
Several anomalies were observed, but not understood
at that time. The first well re-entered to study a
wellhead-to-so1l potential anomaly (Taylor 430) gave
the casing-potential profile shown i Fig. 2 with all
wells on the drilling 1sland under protection. (For test
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purposes 20-amyp piotective cuirlent was used for all
casing-potential surveys.) With Taylor 430 on protec-
tion alone a normal profile indicating protection was
obtamed. Taylor 430 was 1 well on an 8-well 1sland,
and as shown i the insert, the anode beds for all wells
had been bunched m low-resistant soil near Taylor 430

Grouping of anode beds 1 this manner had been based
on a study of ground-bed sites which revealed that soil
type was the predomimant factor controlling circuit
resistance. Shale outcrops thioughout the field provided
ciicult 1esistances much smaller than other sols, and
had heen selected as anode-bed sites 1n order to save
power costs. It was reasoned that because all wells
would be under protection, the current would seek out
the well casing 1t was to protect without interfering
with protection to other wells The profiles 1n Taylor 430
showed this was not the case.

It was hypothesized that the bunched anode beds were
the major cause of inteiference Accordingly, the beds
were revised to place each bed closer to the well it
protected than any other casimng, and repeat surveys
were conducted. The results of this work are shown 1n
Fig. 3. With all wells on the potential profile indicates
a protected profile with somewhat less protection than
1f Taylor 430 was on protection alone With all wells
on the drilling island off, a corroding condition was
observed This condition was thought caused by stray
current fiom anode beds protecting wells on adjacent
drilling 1slands, but was of little consequence 1nasmuch
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as all cathodic-protection umits were to be on all
the time.

1957 Activities

Throughout 1957 this piroblem was studied in the
field, and although other situations of poorly located
anode beds were found to be causing adveirse conditions,
none were as sevete by wellhead-to-remote so1l potential
measurements as found at Taylor 430. Each of these
cases was corrected as soon as the opportunity presented
1tself.

During 1957 Shell 01l Company expeiienced only 9
casing failures attributable to corrosion As shown in
Fig. 1, this was 3 failuies below the average foi the
last 4 years, and also 3 fallures below the tiend line
established since 1941. Thus, in spite of the known
interference problems, which were being coiiected, the
failure frequency was down somewhat.

Casing Failures 1in Early 1958

During the first 4 months of 1958, potential-piofile
suiveys were made 1mm 3 wells while they were bemg
worked over to repair casing leaks. The 1esults of these
surveys are discussed individually following
Taylor 897

The potential profile obtained mn this well, along with
the anode wellhead arrangement on this 1sland, 1s shown
im Fig. 4. Wellhead-to-remote soil potentials taken
before re-entering the well indicated what was inter-
preted as a questionable degiee of piotection. The flow
of current to Taylor 398 could easily have been straying
on to and off of Taylor 397 casing as suggested by the
potential profile. It was thought at the time that the
mterfering stray currents were one or a combination
of the following

1. Stray current from anode beds on this 1sland

2. Surface-line stray currents from other anode beds;
and possibly

3. Stray current from anode beds on nearby dnlling
1slands.

However, with Taylor 397 protected alone (no inter-
fering stray currents from this island or to surrounding
1slands) protection was still not attained Inasmuch as
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the “on alone” profile was made with practically no
chance of interfering stray current, 1t was assumed that
proper piotection for some time would be required to
overcome the damage. At the time this explanation did

not seem too logical, but was the only explanation

possible.

Although six holes and a split were found in the
casing, the well gave indications of a failure before
mstallation of cathodic protection. Nevertheless, the
conditions caused by the arrangement of these beds
could contribute corrosion damage to this well casing
After revising the anodes on this 1sland, a survey was
iun 1n Taylor 809, a neighboring well, which indicated
adequate protection was possible with proper anode
placement as desciibed later.

Taylor 462

A potential profile was run in this well during a
workover to repair a casing leak. Based on the knowl-
edge obtaimmed fiom the Taylor 430 and Taylor 397
anode and well arrangements, it was suspected that
Taylor 462 was being damaged by stray currents created
by the situation shown in Fig. 5 Therefore, a few days
before re-entering the well a new bed was 1nstalled on
the Taylor 462 1sland (see Fig. 6) which should have
corrected the situation. However, the profile revealed
a condition which apparently was the result of surface-
line stray currents and/or the residual effects of damage
by the poorly placed anodes. Support for the latter
theory was gained when another “on alone” profile, run
after leaving the well protected by 35 amp for 15 min,
was shifted a marked amount 1n the protected direction.
The influence of stray current from I, anodes on sur-
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rounding drilling islands and/or 2, surface-line stray
currents 1s shown by the “both wells off” curve.
Taylor 453

The next casing-potential survey was run in Taylor
453 during a casing-repair workover. Wellhead-to-
remote soil potentials on this well gave values thought
indicative of protection Although the anodes were
poorly located on this island, as shown 1n Fig 7 insert,
there should have been no stray current from this 1sland
interfering with protection to Taylor 453. However, two
anodic intervals, see Fig. 7, were revealed by the casing-
potential profile. When protection to the casings of all
wells on Taylor 453 1sland was turned off, the presence
of stray current became evident.

Tests in 46-well Block

These experiences’all apparently involved some mani-
festation of stiay current which was neither thoroughly
understood nor controlled. In addition to the stray
current from poorly placed anodes, it was known that
considerable stray current existed on surface lines at
this time 1masmuch as the work to control these had
Just begun. Furthermore, there was possibly some stray
current flowing directly to these wells from anodes on
nearby islands. However, the amount of stray current
from each source was unknown.

In view of these condifions 1t was possible that
damage might be occurring to an unknown number of
well casings Therefore, it was decided to turn off
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TELL LEASE

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 stray current from all surface lines back to the
offending rectifiers. The c¢urrent drained back was
measured by permanent shunts, and could be adjusted
by changing resistors as 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. It was
also located mext to Taylor 397 which was previously
reported to have been subjected to stray currents. The
first potential profile was made under the original con-
ditions, i.e., old anode beds and no cont101 of surface-line

Fig. 9 (Bradley)—Drain Resistors and Shunts —
Three-well Island
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stray currents as shown in Fig. 10. Although the
apparent anodic interval at 1,500 to 2,000 ft could have
been caused by a change in casing weight, the corroding
condition at 6,000 to 6,500 ft was caused by stray
currents.

All wells were then protected with the new anode
beds and no surface-line stray 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 stray current controlled.
The surprising results, which revealed the casing to be
unprotected below 4,500 ft, are shown in Fig. 12. In
the ensuing investigation it was found that this well
had been damaged at some time by stray 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 an attempt to overcome the theorized residual damage
(protection had been turned off 5 months at the time)
the well was protected overnight by 50 amp. On the
following morning a repeat potential survey with all
wells under ideal protection at 20 amp gave the results
in Fig. 13.

To determine if the indicated protection shown in
Fig. 13 resulted from the overnight protection at 50
amp, a repeat profile was made two days later. The
results were the same as shown in Fig. 13. During the
intervening two days the well was subjected to miscel-
laneous currents and ideally protected overnight by 20
amp as were all 46 wells.

Observations During Test-block Work

During the revision work in the 46-well test block
several signifieant problems were encountered. These
problems and other pertinent observations are sum-
marized following.

1. Surface-line Stray Currents

Theoretically, to control stray currents on surface
lines it is necessary to I, elevate lines near anodes on
wooden blocks; 2, move anode beds or pipelines when
they are located too near each other; and 3, establish
a current-drain connection from each pipeline back to
the offending rectifier, However, from 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, It
was found in a few instances that some pipelines act
like individuals and require separate drain cables for
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 stray current. Fig. 14 illustrates
the multiple cirenits existing on an 8-well island crossed
by numerous pipelines. To arrive at the proper drain
current the stray current in each line (or group of
lines) was measured under conditions of no-current and
full-current output. The resistors were then inserted

/ &- 5 '.II i : ; i \“
Fig. 14 (Bradley)—Drain Resistors and Shunts —
Eight-well Island
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Table 1 (Bradley)
Surface-line Stray Currents on Pipelines leaving
46-well Test Block

Total Current
Leaving Block,

Condition Amperes
1. No cathodic protection. 4
2. 45 old anodes on (no control of
surface-line stray currents). 157
3. 46 new anodes on (with surface-line
stray-current control) 0.8*

*Current entering block

on a trmal and error basis until theze was less than 0.1
amp of stray current on every line leaving the 1sland.

To obtain some idea of the amount of surface-line
stray current that existed under the origmmal and
revised conditions, an envelope was diawn around the
46-well area on a map, and the current flowing in the
198 lines that crossed the envelope was measured. The
results, which are shown in Table 1, illustrate the
sevenrity of the suiface-line stray current without con-
trol measures.

-Fag. 15 1llustrates how surface-line stray currents can
cause interfering stray currents on well casings In the
assumed case the surface-line stiay current corrodes
both the surface line and a nearby foreign well casing.
However, the suiface-line stray current ean be con-
trolled by dramning the current back to the offending
rectifier as previously described. Although this still
leaves some stray current to flow directly through the
soil to the nearby foreign well, even that can be over-
come by placing the foreign well under protection as
shown by the protected profiles of Fig. 11 and 13.
Although Fig. 15 shows 2 amp of stray current flowing
through the soil to the neighboring well and 2 amp of

STRAY CURRENT
RE-ENTERS GROUND

RESISTOR

(22)
N l\
~
4 I
16
(76) L\\)
N l
N b
La WELL IN STRAY
@2 > CURRENT RETURN
20 = BEFORE DRAIN PATH
RESISTOR
(22) = AFTER DRAIN
RESISTOR
L U
PROTECTED  NEARBY FOREIGN
WELL WELL

Fig. 15 (Bradley)—Pa}'hs of Cathodic-protection
Stray Currents

stray current on the flow line, tests have shown that on
multi-well 1slands the surface-line stray current 1s by
far the largest and most significant stray current. For
imstance, detailed tests on a 5-well island indicate that
stray current flowing dizectly through the soil was about
125 amp per anode bed while as much as 58 amp per
anode bed were leaving the 1sland via the surface
pipelines

To control the surface-line stray eurrents, 1llustrated
i Fig 15, and still obtain about 20-amp protection to
the casing, 1t 1s necessary to 1ncrease 1ectifier output
by appioximately the amount of current diained from
the suiface lines. In Fig. 15, 1t 15 2-amp drain or 22-amp
rectifier output This 10-peicent inerease 1n curient
divides 1tself proportionately to the various parallel
circults Thus, 16 amp current flowing dnectly to the
well casing 1s increased 10 petcent to 17.6 amp and
2 amp stray current to the nearby well 15 1ncreased
10 percent to 22 amp Nevertheless, control of the
surface-line stray curients reduces the total stray cur-
rents attempting to flow onto nearby well casings. An
analysis of these circuits 1s presented m Table 2.

Table 2 (Bradley)

Cothodic-protection Circuit Currents

Without ‘With
Protected-well Circiuat Drain Resistor Di1ain Resistor

Current direct to

protected well 16 176
Current via stray routes
to protected well 4 2.2
Total current protecting well 20 19.8
Current returned by drain
resistor from flow line 0 2.2
Rectifier output 20 220
Flow-line Cuwreuit
Corroding stray current 2 0
Forergn-well Circuit
Corroding curient diiectly
through sotl 2 2.2
Corroding current from
flow limes 2 0
Total corroding stray currents 4 2.2

2. Abandoned-line Stray Currents

In several mstances during the revision work 1t was
impossible to control the surface-line stray current in
spite of direct electrical short cireuits back to the
rectifier from a certamn pipeline. This was found to
result from pipelines abandoned 1n place years ago and
now located unknown very near the anode beds Old
maps and the memories of old timers were helpful in
locating abandoned lines when stray-current conditions
typical of such conditions were encountered. These lines
were removed fo control stray currents
8. Shorted Insulated Unions

In several cases in which 1t was 1mitially impossible
to control surface-line stray currents by drain resistors,
1t was discovered that the troublesome lines were flow
or gas lines connected to a well without an insulated
union or through a shorted union. In such cases the
current would flow directly to the well mmasmuch as
shorted unions provide a very low-resistant path to the
well casing which provides an exceptional anode.
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CONCLUSIONS

In view of the foregoing tests and analyses 1t appears
that the 46 wells 1 the test block can be placed under
proper cathodie protection. Similar techmiques should
apply to laige gioups of densely located wells, although
other conditions now unknown might become apparent
It has haen shown that proper application of cathod:c
protection to well casings can only be accomplished by
1, proper location of the anode beds; and 2, control of
the surface-line stray currents, which often requires
@, removal of abandoned lines, b, adequate insulation
of wells from connecting hmnes; ¢, elevation of lines
when near anode beds, and d, occasionally moving either
the anode hed or pipelines.
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PART 4
CASING CATHODIC PROTECTION EXPERIENCE
AT KETTLEMAN HILLS

FrRED L. SMALL*

ABSTRACT

Forty-five installations for cathodic protection of well
casing have been made at Kettleman Hills since June
1956, This repoxrt covers the results of operation, with
special emphasis on the corielation of E-log I test
(determination of wellhead potential vs. the logarithm
of the drained current) to indicate current-drain
demand with the actual current drain established by
usage Theory and manipulation of the test have been
covered 1n other papers and will not be discussed
herein 1.2.3

BACKGROUND HISTORY

General

The wells being protected are generally the most
valuable wells They represent a good cross-section of
all wells at Kettleman Hills and are scatteied through-
out the field. The wells have completion dates from
1930 to the present, and reptesent all producing zones.

There has been no casing failure reported in any of
the 45 wells under cathodic protection Based on experi-
ence prior to cathodic protection, two casing failures
should have oceurred in this group 1if no cathodic pro-
tection had been applied
Anode Beds

All mstallations are graphite anode beds with air-
cooled rectifiers. Both selenium and silicon-diode recti-
fiers have been installed; neither appears superior to
the other at this time. Each installation was origimally
designed to serve one well only. However, masmuch as
usage has shown that surplus capacity was available
*Standard Oil Co of California, Western Operations, Inc, Avenal,

Cahf
! References are at'the end of Part 4
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Fig. 1 (Small)—Vertical Anode-bed Installation
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at some installations, adjacent wells have been tied mm
to utilize this excess capacity for partial protection
Four such dual installations are now in use, and more
will probably be made .

The first installations made weire with anodes 1n
series, laid 1n a trench. Much trouble has been experi-
enced with rodents eating the insulation off the buried
cable, necessitating many costly repair jobs. All later
mstallations have utilized 3 1n. by 60 in graphite anodes
installed vertically, in 12-in. diameter by 10-ft deep
drilled holes, and packed with coke breeze. The anodes
are hooked up in parallel to a header cable protected by
2-in, composition dramn pipe. No trouble has been
encountered at these installations with rodents Fig 1
shows the general layout of later installations,

Where possible, the anode beds have been located near
waste-water sumps or diamage ditches to keep loop
resistance down. All other anode beds are watered
periodically. Where watering 1s necessary, salt 1s added
to the water.

PREDICTING CURRENT REQUIRED
FOR PROTECTION

Surface-casing to Half-cell Potential

On the basis of a limited number of tests (3), (5),
1t has been determuned that a surface-casing to half-cell
potential of —1 00 to —1 02 volts will give a casing to
half-cell potential at the hottom of the hole of —0 85
volts or moie. Variations undoubtedly occur, but 1t 1s
believed there are mote 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 Potential Cutrve” of Kerr,! “Log Current Poten-
t1al Curve” of Haycock,?2 and “Null Potentral Curve” of
Ballou and Schremp? Half cell refers to the copper-
copper sulfate half cell in common pipeline-protection
use.

E-log I tests were made on 33 of the wells. All of the
E-log I tests were run using a surface or wellhead
connection and a half cell located approximately 300 ft
from the well. All of the tests were made using the
anode bed installed for actual protection A truck-
mounted welding generator was used as the power
source. Control of the generator output at low amper-
ages 15 difficult, and a varable theostat was used m
most recent tests

A few pointers on actual testing, picked up by
experience, are worthy of mention.

1. Apparatus should be checked out by running a
test on a pipeline or unimportant well before heing used
for eritical well testing A final check at the well site,
using a water or gas line as the cathode before hooking
up to the well, will prevent many poor tests.

2. Approximate amperage desired for each drain
point should be predetermined, and the setting marked
1f possible.

3. An overdram of current, even of short duration,
nullifies the results. If an overdrain occurs during the

first part of the test before the curve 1s reached, the
test 1s probably of no value If an overdrain occurs,
the test should be stopped and the well allowed to come
back to 1ts original state befoie the test 1s made This
might take a few hours or several days.

4. Timing 1s quite important The actual duration of
the drain period does not seem to be as important as
having each dramn period the same. A 4-min. dramm
period, with 1 min to read and reset, was considered
optimum for the work at Kettleman Hills,

5. The “oftf” potential decays rapidly and must be
obtained within a second or two to be of value, Plotting
results as they are obtained will enable the operator
to preset, approxiumately, the potentiometer or voltmeter
and get more consistent readings

Table 1 gives the E-log I predicted diain compared
with the actual drain established by use Summarizing
this table, there appear to be: )

11 tests — good correlation with actual
11 tests — fair correlation with actual.
11 tests — poor correlation with actual

This summary does not look favorable for the E-log I
prediction However, other factors investigated change
the picture considerably.

SOURCES OF ERROR
Insulating Flanges

All insulating flanges of wells to be protected were
checked and repaired, where necessaiy, before running
E-log I tests or applying protection Toward the latter
stages of the survey, an improved method of testing
msulating flanges was used (4) This new method and
equipment indicated several flanges previously thought
to be effective were actually defective

Repairing the defective insulating flanges has lowered
the current drain dramatically i some cases. At other
wells there has not been much 1mprovement.

Well 8-21J 15 an example of the benefits obtained by
repairing a defective insulating flange. This well had a
good E-log I curve, with an indicated drain of 18 amp
However, after putting 1t under cathodic protection, a
surface casing potential of —100 volts could be
attaimned only part of the time with 50-amp drain. The
old method of testing insulating flanges showed all to
be good With the new instrument, a 3-in. flange showed
defective and was replaced in December 1958. The
surface-casing potential immediately went to —107
volts. Since then, the current drain has been reduced
to 35 amp and will probably be cut back more.

There 1s no way of knowing if defective flanges were
shorted at the time of the E-log I test or became shorted
later.

Effect of Overdrain of Current

The effect of overdrain of curient of the E-log I test
was noted at well 323-21J, where drain of 20 amp for
about 1 min was madvertently made at the start of the
first drain period. The drain was stopped and the well
allowed to rest about 15 min; then the test was started
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Table 1 (Small)
E-Log | Vs. Actual Current Demand

E-Log I  Actual
Indicated Current Difference E-Log I as
Date Demand, Demand, mm Amperes, Percent
Well No. Installed  Amperes Amperes Base-actual of Actual Correlation! Remarks
Farst Group
87-20J 6-56 19 25 — 6 76 Fan
344-20J 6-56 11 15 — 4 70 Fair DIF, 12-582
8-21J 6-56 18 35 —17 51 Poor DIF, 12-583
27-21J 6-56 23 3 —12 66 Poor
324-35J 6-56 22 30 — 8 73 Poor DIF, 12-58
32-2P 7-56 30 25 + 5 120 Fair DIF, 3-57¢
36-2P 7-56 17 23 — 6 74 Fair
343-3P 7-56 -21 30 — 9 70 Poor DIF, 12-58
341-12P 7-56 20 22 — 2 91 Good
631-12P 7-56 28 25 + 3 112 Good
634-12P T-56 14 15 — 1 93 Good
642-12P 7-56 - 15 12 + 3 125 Good
E27-7Q 8-56 21 30 — 9 70 Poor
8-8Q 9-56 25 25 — 100 Good
36-17Q 9-56 9 13 — 4 66 Fair DIF — not repaired
E67-17Q 9-56 32 30 + 2 107 Good DIF — not vepaired
87-17Q 9-56 33 22 +11 150 Poor
333-18Q 9-56 31 10 421 ‘ 210 Poor
341-18Q 8-56 31 25 + 6 124 Far DIF, 2-57
61-20Q 8-hH6 34 30 + 4 113 Fair
44-21Q © 8-56 21 34 —13 62 Poor DIF5
32-27Q 8-56 53 44 +11 121 Far DIF, 3-57
Second Group
36-20J 5-58 45 25 +20 180 Poor
47-20J 3-58 28 25 + 3 112 Good
331-20J 7-58 25 30 — 5 83 Farr
332-20J 7-58 15 15 — 100 Good
323-21J8 7-58 26 17 + 9 153 Poor
343-28J 4-58 36 40 — 4 90 Good
65-30J7 4-58 21 45 —24 47 Poor
27-34J 3-58 31 25 + 6 124 Fawr
38-34J 3-58 15 20 — 5 75 Fair
V32-7Q 3-58 39 40 — 1 97 Good
632-7Q 12-58 27 27 — 100 Good DIF, 12-58
Correlation first group . . . . . . . . good. 6 fan . . 8 pootr 8
Corielation second group . . . . . . .good ] fair.. . .. 3 poor 3
Correlationallwells . . . . . . . . .good. . 11 tested fair . . 11 poor 11

1Good — difference less than 4 amp unless actual demand over 35 amp, then difference 10 peircent or less.

Falr — difference 4 to 7 amp incl. unless actual demand over 35 amp, then difference 11 to 20 percent.

Poor — difference over 7 amp

2DIF = defective msulating flange — month and yeal repaired.

38-21J — before repairing insulating flange, 50 amp would not keep current potential up to —1 00 volt Smce
repairing, current cut back to 35 amp

132-3P — required 45 amp before repairing insulating flange.

544-21Q — repaived msulating flange June 1957 40 amp brought curient potential up to —100 volt Repaired
December 1958, cut to 34 amp, probably will go lower

6323-21J — overdramn of 20 amp at start of test. Discard

765-30J — loop resistance too high, could not get around bend of curve Probably has defective 6-in. insulating
flange. Discard test

again The original casing to half-cell potential was Thete 1s a good possibility that the other three wells

—0.725 volts. At the start of the test the second time
1t was —0 764 volts The curve obtained was ragged,
and the current drain indicated was 53 percent greater
than that determuned by operation Fig 2 gives a plot
of the curve, along with a curve obtained from a similayr
well that checked very well with the actual.

with “poor” correlation and excessively high E-log I
mdicated drain were also subjected to an overdrain
during testing

This test pommts out the importance of avoiding an
overdrain of curvent, especially at the lower amperage
readings.
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Disregarding the tests made on wells with faulty
msulating flanges and the four tests suspected of
overdrain, 1t 1s possible to come up with a different
picture from Table 1.

Difference,

Well No. Predicted Actual Amperes Correlation
87-20J 19 25 — 6 Fair
47-20J 28 25 + 3 Good

331-20J 25 30 — 5 Fair

332-20J 15 15 — Good
27-21J 23 35 —12 Poor
343-28J 36 40 — 4 Good
27-347 31 25 + 6, Fair
38-34J 15 20 — 5 Fair
36-2P 17 23 — 6 Fair
341-12P 20 22 — 2 Good
631-12P 28 25 + 3 Good
634-12P 14 15 — 1 Good
642-12P 15 12 + 3 Good
E27-71Q 21 30 — 9 Poor
V32-7Q 39 40 — 1 Good
8-8Q 25 25 — Good
61-20Q 34 30 + 4 Fair
9 — Good correlation = 53 percent
6 — Fair correlation = 35 percent 88 percent
2 — Poor correlation = 12 percent
Total17 100 percent'l 1 1 '}

It is believed that with improved technique the accuracy
and reliability of the test will be further improved.
Costs of E-Log I Tests

With the equipment we have used, two men are
necessary to run the test and a third man to operate
the welding generator. The actual test time is about
1 hour, 15 min, with another 45 min to set up and
move. In addition, about 2 hours or more engineering
time are needed to plan the program and interpret
results.

The cost (equipment and manpower) of the foregoing
test 1s approximately $50. As mentioned earlier, we have
used permanent beds, already installed, for the anode.

If 1t 1s necessary to install temporary anode beds for
the test, the cost will be much higher. *

Current Density

Table 2 gives the current drain necessary to give a
surface-casing to half-cell potential of —1.00 to —1.02
volts, and the current density in milliamperes pear square
foot (ma per sq ft) of the exposed casing area which 1s
defined for our purposes as all casing not behind other
casing; that 1s, all casing exposed to formation including
that behind eement. :

The current density varies from a low of 05 ma
per sq ft to a high of 2.1 ma per sq ft The average 18
13 ma per sq ft.

The bare casing area, defined as 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 ma per sq ft.

Casing area would probably have merit mn sizing
installations 1f all variable and influencing factors were
known However, 1t 1s currently not considered a reliable
method to size installations at Kettleman Hills

CONCLUSIONS

1. Cathodic p1rotection at Kettleman Hills has reduced
the casing-failure rate.

2 The E-log I test to indicate current diamn from a
casing 1s only 70 percent accurate on the basis of tests
tabulated. However, 1t 1s belheved this rather low
accuracy is probably the result of errors of technique
and faulty insulation flanges, rather than to a funda-
mental fault i the test 1tself. With improved technique,
1t 1s beheved the test should indicate the actual dramn
demanded within 10 percent.

3. The test should be a valuable aid i engineering
studies aimed at determining the economy of proteeting
a field or a group of wells.

4, The usefulness of the test mn sizing individual
ingtallations 1s something that would depend to some
degree on individual circumstances, but to a large
degree on the care and preparation devoted to each test.

'The Future

Because of the good experience n reducing forecasted
casing failures 1n 45 wells at Kettleman Hills, 100 more
wells 1n this field are being considered for cathodic
protection.

The economics of continued use of the E-log I method
of predicting future cathodic-protection requirements
has been carefully considered Because this method 1s
subject to errors, and experience has permitted develop-
ment of an average requirement, 1t has been decided to
ingtall future anodes and rectifiers of slightly greater
capacity than the average current demand found neces-
sary 1n the present 45 wells being protected cathodically.
This plan will save the costs of E-log I tests, and will
permit any excess capacity to be used to parhally
protect less economic wells that otherwise would not be
protected. If more capacity 1s needed, additional anodes
will be added and the rectifier changed.
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Table 2 (Small)
Current Density on Protected Wells

Cutrent Exposed Date
Dramm Casing Area, Milliampeles Bare Miiliamperes Insulating
Depth, Required, Square per Casing Atlea, per Flange
Well No. Feet Amperes Feet Square Foot Square Feet  Square Foot Repaned
287-19J 8,060 20 18,689 11
8-20J 8,895 22 23,226 1.0
36-20J 11,175 25 27,176 0.9
47-20J 8,105 25 21,120 12
87-20J 8,167 25 21,254 12
331-20J 11,640 30 20,979 14 12,181 2.5
332-20J 11,660 15 21,734 07 10,592 14
344-20J 11,386 15 20,117 08 10,193 13 12-58
8-21J 8,217 35 22,011 1.6 12-58
27-21J 11,450 35 26,738 13
343-28J 11,683 17 21,765 0.8 7,601 2.2
H-6 10,624 - 40 21,878 18
65-30J 9,143 40 22,995 17
341-30J 8,265 45 21,980 2.0
323-21J 10,910 40 22,499 1.8
83-32J 8,290 35 20,825 17
E72-33J 10,060 30 23,408 13
27-34J 8,043 25 22,736 11
38-34J 8,819 20 24,825 08
324-35J 10,441 30 24,204 12 12-58
V45-1P 8,795 40 22,160 18
E32-2P 10,035 25 20,342 12 10-57
E36-2P 9,775 23 19,784 1.2
81-3P 8,032 25 17,928 14 -
87-3P 7,981 25 26,595 0.9
343-3P 10,173 30 23,329 13 12-58
341-12P 10,300 22 17,790 12
631-12P 8,150 25 17,617 14
634-12P 7,932 15 15,590 10
642-12P 7,997 12 17,414 0.7
E27-7Q 9,852 30 23,693 13
V32-71Q 9,225 40 27,578 1.5
V42-7Q 9,250 32 20,265 16 12-58
611-7Q 8,941 25 21,700 12
632-7Q 9,170 27 20,525 1.3 12-58
8-8Q 7,992 25 23,162 11
36-17Q 7,725 13 19,329 0.7 not repaired
E67-17Q 10,126 30 24,822 1.2 not repaired
87-17Q 7,925 22 22,042 10
333-18Q 10,940 10 21,735 0.5
341-18Q 10,010 25 22,809 1.1 2-57
61-20Q 7,095 30 23,250 13
44-21Q 7,519 34 17,239 20 6-57 and 12-58
32-27Q 7,795 44 21,013 2.1 3.57
72-27Q 8,040 35 21,678 16 12-58
REFERENCES Annual Conference, National Association of Corrosion

\

1Ker1, A W Cathodic Protection of Casing, Ventura
Field, Paper No 801-33-G, presented at the spring
meeting of the Paeific Coast District, Division of
Production, Ametrican Petroleum Institute, Los Angeles,
Calif.,, May 16 and 17, 1957,

2Haycock, E W: Current Requirement for Cathodic
Protection of O1l Well Casing, presented at the 13th

Engineers, St. Lows, Mo, March 11-15, 1957.

3Ballou, J. K and Schremp, F. W: Cathodic Protec-
tion of O11 Well Casing, piesented at National Asso-
ciation of Corrosion Engineers Convention, New York,
N Y, March 1956.

4Sneddon, Thomas: A Method to Find Shorts i a
Distribution System, Gas, March (1958)

SUnpublished Kettleman North Dome Unit reports.
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PART 5
CASING CATHODIC PROTECTION — COALINGA NOSE UNIT PROJECT

C. E. HEDBORG*

ABSTRACT

The pipeline criterion of mamntaming a minimum
pipe-to-so1l potential of —850 millivolts relative fo a
copper-sulfate reference electrode has been used in pro-
viding cathodic protection for well casings at the
Coalinga Nose Unit A polarzation period of 2,000
hours 1s required for wellhead potentials to reach equi-
Iibrium with a 25-amp cuirent. However, short-term
test data can be used to predict long-term polarization
levels. Down-hole measut ement 1ndicates that protection
extends to total depth of a 7,000-ft casing. Casing
potentials weie observed to decline 30 millivolts per
1,000 ft of depth after 42 days drainage time. At 300
days draimage time the decline had decreased to 105
millivolts per 1,000 ft.

Criteria for Protection

The pipeline criterion of maimntaiming a minimum
pipe-to-soil potential of —850 millivolts with respect to
a saturated copper-sulfate refeience electrode has been
used i determiming well-casing cathodie-protection cur-
rent requnements at the Coalinga Nose Umt_(CNU),
Fresno County, Cahforma

Current Requirement Tests

Tests to determine the cathodic-protection current
requirements were conducted on 10 wells which were
selected as being representative of all wells in the field
These tests were divided mnte two parts: a short-term
test perrod of 10 to 24 hours duration followed by a
long-term test period of about 6 months duration.

The data obtained from the short-term tests were
used as a basis for designing permanent, impressed-
current cathodic-protection installations for the 10
test wells. These permanent nstallations were then
operated and observed for about 6 months, following
which a program of installing protection installations
on all wells of economic value to the umit was started.
There are at present 130 wells under protection at
the CNU.

During the short-term tests, casing-to-soil potentials
were measuted only at the well head. Based on work
conducted by other companies!, 1t was assumed that the
casing-to-soil potentials would decrease by 20 millivolts
for each 1,000 ft of depth A 7,000-ft well, which 1s
average for the CNU, would therefore require a well-
head potential of —990 nullivolts 1n oider to have an
indicated potential of —850 millivolts at total depth.
Fig 1 shows a schematic diagram of the equipment and
circuits used during the tests The anode bed was
located from 250 to 300 ft from the well. The reference
electrode was placed on the surface of the ground, 300 ft

*Union 01l Co of California, Brea, Cahf
1References are at the end of Part 5

AC LINE
l.—TRAILER MOUNTED
-W“” RECTIFIER
e
_(DC- INTERRUPTER
SWITCH
AMMETER
DC+ =) J
— |
| 3 Cu S04 REFERENCE
DRAIN ELECTRODE
5350 poTenTiOMETER CABLE
=1/
ANODE BED |+|ﬂﬂm g
- ° |

TO Cu S04 ELECTRODE — ,‘_]
300

Fig. 1 (Hedborg)—Test Equipment

4

from the well head and mm a direction opposite from
the anode bed

In order to eliminate the inclusion of ohmic (1e, IR
drop) potentials, all casing-potential measurements
were taken with the current momentarily interrupted.
The circuit shown 1n Fig. 1 makes possible the measure-
ment of power-off potentials with a mimimum dramn-
current inteiruption time The results of the short-term
tests are shown on Fig 2 In these tests we were trying
to determine the current required to produce a power-off
potential of —850 millivolts at total depth. As stated
earlier, this would require a wellhead potential of
—990 millivolts.

As indicated by Fig 2, the casings take an appre-
ciable period of time to respond to eleetrical dramage.

—1000/— - -
—
—
—
-
—300— - —
09
-800(— _
700/~ © SHORT TERM TEST DATA a

ba— STATIC POTENTIAL

—600— -

30 DaYS

WELLHEAD POTENTIAL TO CuSO4 - MILLIVOLTS

L1 | | |
01 0203 05 10 23 51710 20 20 50 100 200 500| 1000
TIME - HOURS

Fig. 2 (Hedborg)—E-log Time Curve — 25-amp Drain
Potentials are measured with respect to a remote
saturated Cu SO, reference electrode. All potential
measurements made with power momentarily inter-
rupted. All adjacent rectifiers within 2,000 ft shut
down during these tests.
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O SHORT TERM TEST DATA _d
A DATA FROM PERMANENT RECTIFIER
INSTALLATIONS
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Fig. 3 (Hedborg)—E-log Time Curve —25-amp Drain
Potentials are measured with respect to a remote
saturated Cu SO, reference electrode. All potential
measurements made with power momentarily inter-
rupted. All adjacent rectifiers within 2,000 ft shut
down during these tests.

However, by plotting the short-term test data as poten-
tial vs. the logarithm of the drainage time and by

extrapolating the resulting curve, 1t appeared reason- .

able to assume that a 25-amp dramm current would
produce the desired wellhead potential 1n about 30-days
time The curve shown on Fig. 2 15 typical of all of the
wells tested Based on these short-term tests, permanent-
1ectifier 1nstallations having direct-current capacities
of 30 amp and 50 volts were installed at the 10
test wells.

Fig 3 shows the E-loy time cuvve for the same well
shown on Fig. 2 after 1,000 hours at 24 amp It can be
seen that the points fell on the curve indicated by the
short-term tests. Although not shown on this ecurve, the
wellhead potentials stabilized at about 1,060 millivolts
after 2,000 hours dramage time at 24 amp.

A down-hole potential survey was conducted on one
of the test wells after it had been on protection for
42 days. This survey consisted of lowermg a single-
pomt contaeting tool inside the casing and measuring
power-off potential differences, for various depth posi-

DEPTH - THOUSANDS OF FEET

(2]
3
2
= d100— WELL B, 300 DAYS AT 25 AMP
2 SLOPE = 10 5 MV PER 1000"
a Qi\
g 71000 S ~—TOTAL DEPTH
& & N~ _SLOPE=30 MY PER 1000’
g z < __
w
2 -900— g WELL A, 42 DAYS —> ~
2 E AT 22 AMP ~ _
o @ — ~__TOTAL DEPTH
2 gLt 1 | ! [T —T
2 ! 2 3 4 5 6 7 8
@
<
(5]

Fig. 4 (Hedborg)—Cuasing-to-soil Potential Vs. Depth
Potentials are measured with respect fo o remote
saturated Cu SO, reference electrode. All potential
measurements made with power momentarily inter-
rupted. All adjacent rectifiers within 2,000 ft shut
down during these tests,

tions, between the casing and a surface reference elec-
trode. The results of this work are shown on Fig. 4.
The same type of survey was conducted on another well
mn the field after 1t had been under protection for 300
days. The results of this survey are also shown on
Fig. 4.

These two curves show that there has been a con-
siderable reduction 1n the slope of the attenuation curve
The average slope for Well A after 42 days drainage
was 30 mullivolts per 1,000 ft The slope for Well B
after 300 days drainage time was 105 millivolts per
1,000 ft The reduced slope of the attenuation curve 1s,
1t 1s believed, the result of a gradual accumulation of
calcareous coatings on the casing. The relatively flat
slope for Well B probably indicates that an equiltbrium
condition has heen reached The 30-millivolt attenua-
tion figure obtained on Well A indicated that a wellhead
potential of —1,060 millivolts was required for the
protection of 7,000 ft of casing. A rectifier output
of about 25 amp was required to maintain this potential.
Up to December 1958, all the rectifiers in the field were
operated at this current value. At this time, however,
the down-hole survey on Well B 1ndicated that the wells
were being overprotected. Gradual reductions i recti-
fier output are therefore being made so as to yield
wellhead potentials that are commensurate with the
10.5-millivolt attenuation figure. At the present writing
the amount of current reduction possible has not been
accurately established

Results to Date

In order to minimize interference, all anode beds were
kept a mnmimum distance of 200 ft from the nearest
surface facility As an additional safeguard, the surface
facilities are given partial protection by the applica-
tion of a I-amp drain at each protected well. This
current 1s applied by imstalling a bypass resistor around
the flow-line 1imsulating flange. To date, no interference
damage has been evidenced

Some failures of silicon-diode rectifier elements have
occurred as a result of lightning storms. Most of these
failures took place during a storm which the loeal
power company classed as unusually severe. Our pres-
ent opinion 1s that these lightning failures do not
constitute a serious problem The costs to place a
damaged rectifier back 1n service have averaged $25.
This includes material and lahor The benefits of the
siltcon diodes are* I, higher conversion efficiency; and
2, greater resistance to high ambient temperatures
Under the conditions prevaitling at Coalinga 1t 1s
believed that these advantages justify the continued
use of silicon rectifier elements. .

The anode beds are of the graphite-rod type with
each rod being installed 1 a 14-mm. diameter, 20-ft.
deep hole. The annular space surrounding the 4-in
diameter rods was filled with caleined petroleum coke.
The 1nstallations at Coalinga arve all of the single-well
type: that 1s, a separate anode bed and rectifier 1s
mstalled for each well Anode beds of from 5 to 8
rods were installed at a distance of from 250 to 300 ft
from the well head At a few sites it has been necessary

SoCalGas-7.1179



220 F, W. SCHREMP, J. A, BIreN, B, W BRADLEY, F, L, SMALL, AND C. E HEDBORG

to provide facilities for wettimg the anode heds in
order to reduce contact reststance.

Experience has indicated that there are many ways
in which an insulating joint can become inoperative
For example, 1t has been found that the msulation
material 1n certain tvpes of fittings 1s easity damaged
As a result of this, we consider 1t desirable to make
periodic routine checks on all msulating joints in the
field. These routine checks have led us to the conclusion
that the flange-type insulation joint 1s the most reliable.
A unmiform color coding has proved a valuable aid 1n
preventing the accidental bypassing of insulating joints
by copper tubing fittings such as on pressure gages,
flow meters, ete

CONCLUSIONS

There have been but two casing failures at the
CNU during 1ts life. One of these was attrmbutable to
external corvosion; this faillure occurred on a 14-year-

old well. The fact that no additional failures have
occurred since protection was first apphed in April
1957 1s not sufficient evidence to permit drawing of
conclusions as to the efficacy of cathodic protection.
However, based on theotetical considerations, favorable
pipeline experiences, and published data? on the results
of full-scale field-evaluation tests, we believe cathodic
protection to be an effective method of preventing
external casing corrosion.

REFERENCES

1Ballou, J. K. and Schremp, F. W: Cathodic Protec-
tion of 011 Well Casings at Kettleman Hills, California,
Corrosion 13 [8]1 35, Aug (1957)

2Greathouse, W D, Lehman, J J;-Landers, J. E;
and Sudbury, J D: Field Evaluation of Cathodic
Protection of Casing, AIME Paper No 1127-G, pre-
sented at Houston, Texas, Oct. 1958; J. Petr. Tech.,
11 [12] 354, Dec (1959)
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BRITTLE FRACTURE

n

Fracture direction Origin Fracture direction

Note the classic chevron or herringbone marks that point toward the origin of the
fracture, where there usually is some type of stress concentration, such as a welding
defect, fatigue crack, or stress-corrosion crack. The plane of the fracture is always
perpendicular to the principal tensile stress that caused the fracture at that location.

Fig. 2. Sketch of pattern of brittle fracture of a normally ductile steel
plate, sheet, or flat bar.

Fig. 3. Fragment of a thick-walled fractured drum. The fracture, which
started at the right side of the photo, ran rapidly to the left, resulting
in a well-defined chevron pattern. (Ref 10)

sitioned so that it just grazes the projections of the surface tex-
ture. See Fig. 2 through 8 for illustrations of these marks.

Brittle fractures of some parts may have a pattern of radial
lines, or ridges, emanating from the origin in a fan-like pattern.
Again, it may be difficult to perceive the texture of the fracture
surface unless the light is carefully controlled. See Fig. 9 through
11.

Brittle fractures of extremely hard, fine-grain metals usually
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Interpretation of Temperature Logs
in Water- and Gas-injection Wells and Gas-producing Wells'

JAMEs M. BIRD*

ABSTRACT

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

assumptions on which the mathematics is based.
The importance of comect field 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
flowing water and oil. An analysis of field 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.

Temperature Surveys in Water-injection Wells

It is 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 is taking water. Further, it is help-
ful to know that the intake well is operating me-
chanically as intended. Such things as meffective
plug-backs, packers, cement jobs, and leaky pipe
can be detrimental to the profit-making ability of
a water drive. It is hoped that it can be demonstrated
here that temperature logs of active intake wells
can be an aid to answering questions such as these.

Referring to Fig. 1, let us assume a geothermal
gradient defined by Curve 1. If the surface lines are
buried and if the water-intake well is a reasonable
distance from the pressure plant, we can assume
that water enters the well at surface temperature.
Imagining that there is an infinite amount of water
moving down the pipe, it is 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 is
flowing. Further, it is evident that when a depth is
reached where no fluid is 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 is illustrated by the
dashed curve to the left of Fig. 1. The water must

*Bird Well Surveys, Bradford, Pa.
T Presented at the spring meeting of the Eastern District, Di-

vision of Production, White Sulphur Springs, W.Va,., June 1954, °

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 4 and
B. Considering the case of a temperature log of this
intake well when it is taking something less than
an infinite amount, it is apparent that the resultant
curve must lie in the area between the infirite vol-
ume curve just discussed and the geothermal gra-
dient or zero volume curve. This area is cross-
hatched on Fig. 1. As this finite quantity of water
moves down the hole, it tends to increase in tem-
perature as it comes into the presence of a progres-
sively hotter environment as defined by Curve 1.
The factors governing the quantity of heat ¢ that is
driven into the water can be related by the expres-
sion:

2wk (TE—TW) dh

= (1)
q Re
In —
RW
wheren:
T, = 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.

Re = radius from the center of the bore hole to
where TE exists.
Rw = the well radius.
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Fig. 1=Theoretical Water-injection Wells

This is true assuming a, the heat flow in the ang-
ular direction is zero; and b, the heat flow in the
vertical direction is 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 is evident that the value of ¢ depends large-
ly upon the value of Ty —Ty. As the water moves
down the well, Ty — T, will increase as the water
temperature departs from the geothermal gradient.
This greater difference in temperature causes more
heat to be driven into the water. The effect of this

heat being absorbed by the water is expressed by
this relationship:

q=Q,pydTy (2)

wherein:
Q, = barrels of water per day.
Py = density of water.

The resultant shape of the curve is the product of
these two effects. The farther the water temperature
deperts from the temperature of the earth, the more

Btu’s are driven into the water. So long as the quan-
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Table 1
Application of Equations to Published Datd and Temperature Surveys

State Well-bore Condition
1
2 Pa. H,0 outside 2-1n.—2 packers
3
4
5
6 W. Va.  5-in. cemented
7
8
9 Pa. 6%-1n. open hole
10 Pa. H,0 outside 2-in.
11
12 N.Y. H,0 outside 2-in.
13
14 I1l. 4-in. cemented
15 . . .
16 Pa. H,0 outside 2-in. with tail pipe
17 . .
18 } Pa. B,0 outside 2-in.
19 . .
20 Calif. 7-in. cemented—perforated
21 Ky. 4-in. cemented
;g } Pa. H,O0 outside 2-in.
24 .
25 W. Va.  5-in. cemented
26 )

| &
|
i
|
|
|
{
|

T, -~ TW’ dt/dh, H,O Volume,
Deg Degk. per Ft A Bbl per Day
0.0131 540 97
0.0170 294 49.5
0.0130 708 108
13.2 0.0090 1,360 318
13.7 0.0080 1,710 275
13.2 0.0092 1,435 274
11.1 0.0092 1,210 210
7.6 0.0081 940 149
5.49 0.0110 499 75
7.5 0.0040 1,875 432
6.7 0.172 390 49
7.9 0.0140 565 45
5.7 0.0190 300 24
11.2 0.0157 714 144
0.84 0.0130 64 9
3.5 0.0085 412 72
2.48 0.0037 790 128
4.6 0.00116 3,960 585
82.0 0.0015 5,460 900
52.0 0.0013 4,020 750
3.91 0.0323 121 24
9.2 0.0115 800 130
8.4 0.0077 1,090 125
4.5 0.0105 428 45
5.6 0.0105 534 88
9.8 0.0100 980 250

tity of the water moving down into the well is 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 tem-
perature curve results from this increased absorp-
tion of Btu’s. This change in slope is in the direc-
tion that brings Ty, closer to T. Thusthe departure
of the water temperature from the earth’s tempera-
ture is self-limiting; and after sufficient depth is
reached, the slope of the curve will approach paral-
lelism with the geothermal gradient. One of a family
of curves of this type is illustrated by Curve 3,
Fig. 1.

Equation (1) relates factors that cause Btu’s to
be forced nto the fluid, and equation (2) shows the
eflect on the water temperature of the absorption of

these Btu’s. Equating the two and solving for ¢

we obtain:
] 27k TE —'Iw
= (3
Qw Re dTw )
Py In— —
Rw dh

For constant values of heat conductivity, water
density, well-bore radius, and external heat radius,

QW should plot as a straight line vs. TE—TW/(JTW /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 Wertman® and T. J. Nowak? as well as

! References are at the end of the paper,
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ten.perature profiles run by Bird Well Surveys. Table
1 lists the results and Fig, 2 1s the plot of these
figures. Points 22 and 23 were taken froni Sayre and
Wertman, points 19 and 20 from data of T. J. Nowak.
It is interesting to note the wide range in intake
rates, the variety of pipe sizes, and the geographical
distribution. The grouping of the points about a
straight line substantiates the hypothesis that %

remains fairly constant and that when dealing with

water-injection wells corrections for I Re /Rw are

not critically necessary. It should be pointed out
that the annular space between the pipe and the wall
of the earth must be filled with something other than
air or gas for proper heat conduction. However, in
most cases this space is filled with mud, water, or
cement, and this does not present a problem. In all
cases these surveys were run in wells that had been
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Fig. 3=Water-injection Well

taking a specific quantity of water without interrup-
tion for a considerable time prior to making the tem-
perature measurements. Further, these stabilized
conditions were not disturbed 1n making the temper-
ature measurements. Fig. 2 denonstrates that a fac-
tor of six to one yields good results in converting
A into barrels per day.

Going back to Curve 2 of Fig. 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. The sand matrix immediately takes on the tem-
perature of the permeating water, and a cold front is
formed, which moves back into the sand. Bulletin
No. 60 of the Penn State College Mineral Industries
Experiment Station, of Greenstein and Preston® dem-
onstrates how this wave front is formed and moves
through the sand increasing R_. Therefore, the wa-
ter that passes on down the hole will not change in
temperature in traversing this zone of permeability

because this portion of the wall has taken on the
temperature of the water itself. At the bottom of the
first permeable section less water 1s flowing down
the well, but T, —Ty is, if anything, slightly larger
than 1t was at the top of the permeability where more
water was flowing. This slightly increased amount
of heat flowing into less water in unit time causes
the slope of the temperature log to become more
horizontal. The water temperature rises quickly as it
moves down the hole until a new equilibrium is estab-
lished or until the slope again approximates the geo-
thernial gradient at a new value of T, —Tp,. It should

be pointed out that it is not necessary for this new
equilibrium to be established before taking a new
value for A. In theory, neglecting changes in R,
A should remain constant at all points along this
curve. Any changes in the value of A with depth
must be in descending order and must reflect the
movement of a smaller quantity of water. One other
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Fig. 4=Flowing Water-flood Well (Open-hole)

aspect of this phenomenon that should be noted is
that changes in the diameter of the hole or pipe af-
fect the velocity of the water but do not affect the
quantity moving in unit time. From this it would
seem that this method is insensitive to variations
in the hole diameter. This conclusion 1s borne out
by Table 1.

Fig. 3 1s an actual temperature log of an intake
well 1n operation illustrating this reaction. The in-
digenous earth-temperature curve is obtained by
projecting the pocket temperature back up the hole.

lhere are several methods available for picking
the proper slope to use in projecting this gradient

if no shut-in temperature log is available. If the well
is deep enough for the opposing forces governing A
to reach equilibrium, the slope of the injection tem-
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. Assuming
this gradient, A was computed at 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 maximum and minimum intake rates of 19 and
16 bbl per day. Months after completing this survey
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a small string of pipe with a “‘pony’’ packer was run
into the well and set in the interval between the two
sands; and the lower sand was found to be taking
16 bbl of water a day at the same wellhead pressure
that had been established in making the onginal
survey.
Temperature Surveys in a Well Flowing Water and
0il

Let us now consider the case of a flowing well.
Presumably, the fluid enters the bore hole at the in-
digenous formation temperature. This might not be
the case 1n a secondary-recovery project (see refer-
ence 1). However, if the distance between intake
and outlet wells is great, the fluid temperature will
differ only slightly from the indigenous temperature.
As the fluid moves up the hole over impervious for-
mations, there will be a tendency for it to be cooled,
because of the fact that it is passing progressively
cooler fornations. The temperature of the water de-

parts from the indigenous temperature, but in doing

so causes Iy —Tp to become greater. The larger
this differential temperature becomes, the greater
the rate of cooling becomes. The same self-limiting
phenomenon takes place as was discussed in the
case of an injection well, only the process 1s re-
versed. After moving up the hole a sufficient dis-
tance, the slope of the curve approaches parallelism
with the indigenous-temperature curve. Fig. 4 illus-
trates such a temperature curve. Here again it is
necessary that a stabilized flowing condition be
established. Points 15 and 16 on Fig. 2 show how
points taken from two of this type well fall in line
with similar computation taken from an injection
well.
Temperature Curve of a Well Flowing Gas

Much effort in the past 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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cooling of the gas in entering the bore hole have
generally met with failure because of the nature of
this cooling phenomenon. The degree of cooling is
dependent upon the pressure drop and upon the type
of porosity and its distribution, as well as the vol-
ume of gas that is expanding. Applying appropriate
values to these variables in order to compute the
volume of gas is usually impossible. In an effort to
overcome these difficulties the technique discussed
previously was applied to a producing gas well.
The gas, 1n moving 1nto the bore hole, must ex-
pand and arrives at a temperature that is less than
the indigenous temperature for that depth. In moving
up the hole it will warm up. The amount of heat
moving into the gas is expressed again by an equa-
tion similar to (1), 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 different factor
is used for the density and specific heat of the gas
depending upon the constituents that make up the
gas and the pressure and temperatures involved. lhe
quantity of gas can, nevertheless, be equated with
A . It is believed that this will be fairly independent
of the temperature at which the gas arrived in the
hole. As the gas moves up the hole, two things hap-
pen. The gas warms up and the indigenous temper-
ature of the earth gets less. Finally there is a point
reached where no temperature change takes place.
This is marked point A on Fig. 5. It is 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 at
point A. I suggest that temperature curves run where
this does not seem to be the case are faulty curves
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caused usually by improper logging speeds or im-
proper conditioning of the well. Above point A the
curve is analogous to that of the flowing water well
discussed. Fig. 5 illustrates how a projection of the
indigenous gradient taken in the pocket of the well
passes through point A. It also illustrates that sim-
1lar values of A will be computed on either the heat-
ing or cooling side of point A.

Fig. 6 illustrates the application of this method
applied to a well with two pays. A, is computed
above the lower pay and A, above the upper. A; can
be equated with the total production, and A, /A will
give that proportion being produced by the lower
sand. Sufficient enipirical data are not available to
publish a conversion factor from A to cubic feet per
day. '

CONCLUSIONS

Information as to the direction and amount of fluid
that is moving in a bore hole can be derived from
a study of a temperature profile of this moving fluid.
Knowledge of the indigenous earth temperature is
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 temperature of the fluid.
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ABSTRACT

Many of the problems connected with the under-
ground storage of 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, determina-
tion of levels where gas enters or is produced from the
formation, determining well deliverability, and the lo-
cation of casing leaks as well as points where the pipe
is defective due to corrosion. Logs run after the well is
completed can belp to evaluate the effectiveness of a
stimulation process or the mechanical integrity of the

ggm‘{]letinn; ngg rum at imtervals, as the storage aell 1¢

etion un at intervals, as the storage well is
produced, can define changes in gas saturation, move-
ment of fluid contacts, and growth of the gas bubble,
thus permitting a periodic inventory.

Major changes in injection patterns and with-
drawal rates are usually symptoms of problems. Suit-

Printed in U.S.A.

able logging programs can belp define these problems
and indicate the remedial action necessary to bring the
field back to maximum efficiency.

The open-hole logs and the logs run immediately
after completion provide valuable background informa-
tion for the interpretation of logs run later in the life
of the well. In existing siorage fields, where background
information is not available, data must be gathered in
order to belp define the existing problems. A thorough
evaluation of the existing subsurface bardware must
also be made.

Small-diameter tools and pressure-control systems
are available with which most logging operations may
be made in either tubing or casing without interrupting
the well operation.

Field examples from gas storage projects in several
different areas are used to illustrate the interpretation
techniques.
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EVALUATION OF GAS STORAGE WELL COMPLETIONS
WITH WELL LOGS

By

B. A. Smith, and M. R. Neal

INTRODUCTION

The steadily increasing demand for 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 aquifer storage
reservoirs 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,
will depend on the type of reservoir. Some of these problems
are:

1. Location of zones where gas is stored.

2. Determining where withdrawal gas is coming
from or where injected gas is entering the
formation.

3. Determining deliverability and ways to im-
prove deliverability.

4. Location of leaks in the casing.

5. Locating corrosion, or zones of weakness in the
casing, which may lead to future leaks.

[*p)

Tracing and finding gas lost through leaks.

7. Inventory — or determination of amount of gas
in storage.

8. Evaluating stimulation methods and locating
zones affected by stimulation.

EVALUATION OF NEW WELL
COMPLETIONS

When new gas storage fields are being developed a

complete evaluation can eliminate 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 ate 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.!

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 be
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 isola-
tion.

3. Evaluation of integrity of the casing.
4. Depth control.

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

well2 The base Neutron log is also useful for tying in to
hehind the casi

behind the casing or
in thief zones, which has escaped from the storage zone ot
leaked through the casing.

formation depths and for locating gas,

Base Neutron logs should be run with water in the
casing and also with gas or air in the casing. Both are neces-
sary because in a storage well the liquid level 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
should 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.

‘References are at end of paper.
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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 the 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 potosity, 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-

{ 1afe aida
feet by the pips on the left side.

Evaluation of the quality of cement bonding to casing
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)?, which con-
firms the indications of the Cement Bond Log and reveals the
quality of bonding between the cement and formation.

If the pressure test of the casing, made before perfor

ing, indicates casing leaks these may be located with the
Temperature log.

at-

€Iore periora

Temperature logs can locate gas leaks. They may also
be used to detect fluid movements behind casing, thus pro-
viding a check on zone isolation. Fig. 2 shows a Temperature
log which was used to locate 2 small leak in a gas storage
well before final completion. The anomaly ar 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 fr. When
correlated with open-hole logs, each of these anomalies cor-
responds to a caved zone. They are probably caused by heat
of hydration in the annular cement. This heat is still evident

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 Collar
log, see Fig. 8.)

AFTER PERFORATING
The cased-hole program after perforating should be
designed to:
1. Investigate the effect of perforation and stim-
ulation.
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Fig. 3a— Packer Flowmeter log showing gas-in- Fig. 3b — Packer Flowmeter log showing most of
jection profile. injected gas is entering through the top

two feet of perforations.

2. Assure that the completion is performing as
designed.
RPS
SPINNER SPEED

INCREASES ——
50 100

3. Purnish a reference set of logs for use in study-
ing any future production problems,

A 1typical set of after-completion logs includes Flow-
meter, Gradiomanometer®, Temperature log, and Pipe In-
spection logs. Normally this program will fulfill the three TUBING
requirements given above. ! 1’ T

Perforations, stimulation, and well performance can be Pg!?\j p
evaluared in several ways. Figs. 3a and 3b show profiles of i APPARENT
flow rates measured versus depth on Packer Flowmeter sur- }100 % FLOW
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. i SPEED
However, Fig. 3b shows that practically all of the injected [V 7 j
gas in the adjacent well is entering through the top two feet 7 4
of the perforations. This could indicate any one of a variety ]
of problems such as ineffective perforations or stimulation,
permeable streaks in the formation, skin damage, etc. Further CAME A
investigation of this zone proved the problem was caused by ~T TENSION
insufficient injection pressure. Increasing the injection pres-
sure resulted in acceptance of injected gas throughout the
perforated interval,

|
TUBING

{ CABLE| 7

S B
1 1

[ oot
APPARENT ZER'O FLOW

Fig. 4 shows a Continuous Flowmeter log run in a well
which had been completed using the “limited-entry” tech-
nique. Injection was through the tubing-casing annulus. The Fig. 4 — Continuous Flowmeter log showing that

log indicates that 559 of the injected gas was entering the 55% of injected gas is entering the for-
formation through the bottom two perforations, although mation through bottom two perforations.

i
)
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some gas is entering each of the other perforations except
the top two.

Both Fig. 3b and Fig. 4 are cases of new wells that did
—GAS not perform as designed. Both wells required remedial action
for efficient operation.

The effects of stimulation may be checked with a Tem-

PERF. 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 similar procedure may be used to detect zones
where hydraulic fracturing fluids have entered the forma-
tion.8

The Temperature and Flowmeter logs supply comple-

mentary information. The Flowmeter shows where fluids or

stimulation agents enter or leave the casing and the Tempet-

-] 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.

- WATER

A typical Gradiomanometer log® is shown in Fig. 6.
This log of hole-fluid density is valuable for indicating the
lowest point of gas injection or withdrawa) from a formation.
This information is necessary when trying to shut off water
on the withdrawal cycle and when making studies of water
Fig. 6 — A typical Gradiomanometer log. encroachment or water coning.
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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 Inspeciion log may be run either before 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% 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. Where are the original casing strings located?
2. Where are the storage zones located?

3. Is there a mechanical problem in the well such
as leaks, corrosion, incipient failure of a casing
string, etc.?

SN

. Are there any zones of gas accumulation other
than the storage zones?

5. Where is gas entering and leaving the forma-
tion?

6. 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 logs.

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 a2 Thermal Neutron Decay Time log
should be added.™ 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.?
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~CASING
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GAMMA gl LOG 1

3

Fig. 8 — Separation between Cement Top Locator
log and Neutron log indicates presence

of gas.
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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.) Without porosity data 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.

The Temperature log 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 36,000 cu 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 log which shows a casing leak

located several thousand feet above the intended storage
formation. Analysis of this log and companion logs indicated
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Fig. 10 — A casing leak several thousand feet
above the intended storage zone is in-
dicated by Temperature log.
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Fig, 11 — Caliper log showing parted tubing at
Point A.

this to be a gas accumulation zone which produced gas back
into the wellbore during low pressure cycles.

Flowmeter logs are run to determine how much gas is
flowing and where the gas is entering the borehole. In open-
hole completions a Caliper log must be run in otder to con-
vert the velocity information from the Continuous Flow-
meter to the desired volumetric flow rate information.

In old wells where the records are very poor 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 o find zones of incipient
failure in the casing string. Corrosion, perforations, and
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other hardware characteristics are pinpointed. For instance,

PHASE CHANGE PHASE CHANGE Fig. 12 also indicates excessively thin casing in several sec-
REDUCED SCALE IN DEGREES tions. One such section is located at Point A. On the basis
j_ 50 i 3 150 of this log and the anticipated future casing pressures it was
{ g - decided to plug and abandon this well. During the plugging
| Pd operations the casing collapsed. A Caliper log run in the
I CALIPER collapsed casing is superimposed over the Pipe Inspection
log of Fig. 12. The Caliper indicates the casing to be col-
I lapsed at Point A.
\"[ l?’ The correct program for gathering information on a
s well is not necessarily limited to the logs described. It should
I 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
B before deciding on a program. One system is to log a few
IL POINT A—_ | wells and analyze the results. If the desired information is
N not clear, alter the program and try again. In this manner an
1 8 optimum program can be established for any set of condi-
I tions.
] When the information on the well has been secured it
I is analyzed, and any rework programs are then defined. The
well in Fig. 13 has several defects which should be rectified.
B I
s I . Fig. 12 — Pipe Inspection log shows the casing
I to be excessively thin at Point A. Sub.
sequent Caliper log shows casing col-
' i Y lapsed at that point.
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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
future difficuities.

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.

The first step is to study all available history on the well
such as the drilling and completion records, the open- and
cased-hole logs, and the imjection-withdrawal records over
the life of the well, etc. This information, together with the

GAMMA RAY
WELL SKETCH

.

E3-29-67
.,

Z‘j— 1-18-48

recent history of problems, will lead to many questions con-
cerning downhole dynamics of the well.

,,,,, 1382020 5 22 s UL

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 questjons. 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 occurred in a new, aquifer storage field. 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% 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 still 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 LOG

1;0 2.0l TEMP. INCREASES
| gmjcc

c d

Fig. 14 — Logs run in a storage field that was experiencing production problems.
Neutron log indicates gas still present in storage zone. Gradiomanometer
shows that some water was being produced from perforations. Temper-
ature log sndicates gas production was coming from formations below
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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 Temperarure 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 conclude 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 chas-
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 potous, 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
wells 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 not-
mally). If the problem continues and finally kills the well,
usually little or no information about the cause of the prob-

lem can be obtained. There are 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-
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Fig. 15 — Temperature log shows water produc-
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bore.
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eral wells in this field had already been abandoned due to
water 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.

HYDRAULIC

FLOW LINE PACKING GLAND

CENTRAL FLUID
INJECTION

SAFETY CHECK
VALVE

BLOWOUT
PREVENTER

Fig. 17 — High-pressure wellbead control assem-.
bly (schematic).
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Fig. 18 — Production Combination Tool.
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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.*® (Compate 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 the wellbore.

On the basis of this analysis the well was perforated and
squeezed between the storage zone and Zone A. The well 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 similar success.

DESCRIPTION OF TOOLS AVAILABLE FOR
DYNAMIC WELL STUDIES

Ten years ago results such as have been described were
impossible for two reasons:

1. Wellhead control equipment had not been de-
veloped which could handle even telatively 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.

N

‘Tools had not been develoned for makiﬂg mean-

el UL UKV ULy LGvpLUL g

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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COMMUNICATION
CCL CARTRIDGE ~ INFLATABLE
COMBINATION
ELECTRONIC To0L
CARTRIDGE ~ | Tool
FLOWMETER —
WATERCUT
METER / PACKER SPRING

|~

DENSIMETER |— PACKER TUBE

«— PACKER BAG

FLUID ENTRANCE
PORT

PUMP
|

— FILTER

Fig. 19 — Inflatable Combination T ool (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.

Two new tools applicable to dynamic studies ase the
Production Combination Tool!!, and the Inflatable Combina-
tion Tool.

The Production Combination Tool (Fig. 18) is de-

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 ability
to take all measurements under the same well conditions, and
in a shorter time.

The Inflatable Combination Tool® (Fig. 19) makes
level-by-level measurements of flow rate, fluid density, and
water cut index. It provides data for the analysis of low-
volume multiphase flow. That is, oil, gas and water can be

TABLE |

Tools Available for Evaluation of Well Completions

Tool Functio Tool Diameter | Minimum Pipe Size
oo vnction ininches (Internal Diameter)
Determine: gas inventory, formation depth and 1Yy
Gamma Ray-Neutron Log thickness, gas-liquid contacts, lithology, porosity 3%15 2-inch tubing
index
11,
Cement Bond Log Determine: zone isolation, cement top 3 9 2-inch tubing
. Locate hydrocarbons behind pipe 16 . .
Thermal Decay Time Log Evaluate fluid saturations 2% 2-inch tubing
. . . 1
Pipe Inspection Log Locut.e .con:oslon‘damage, Evalvate economic life 3% 3%-inch L.D.
remaining in casing 5
Determine: contribution of each zone to total pro- "y,
Packer Flowmeter duction or injection, Indicate changes of flow pat- 2 16 2-inch tubing
tern (low flow rates)
Determine: contribution of each zone to total 11y
Continuous Flowmeter production or injection. Indicate changes of flow 2 6 2-inch tubing
pattern (high flow rates)
Production Includes: Continuous Flowmeter, High Resolution
Lo Thermometer, Collar Locator, Manometer, and 16 2-inch tubing
Combination Tool .
Gradiomanometer
Inflatable Determine production or injection profiles and 1Y . .
Combination Tool identify fluids 2% Zinch tubing
Gradiomanometer Determine: gas entries, fluid contacts 1Y, 2-inch tubing
. . Determine: fiuid entries, lowest depth of produc-
High Resolution fion or injection. Locate: fluid flow behind pipes, 1% 2-inch tubing
Thermometer . .
gas leaks. Determine geothermal gradients
P Locate flow of injected fluids behind casing, De- . .
Radioactive Tracer termine travel paths of injected fluids 1% 1%-inch tubing
. Recover a representative volume of wellbore 1 . .
Flvid Sampler fluids for PVT work 1% 2-inch tubing
Thru-Tubing Caliper Determine hole size 1% 2-inch tubing
03 . . i £ l
Cement Top Locator Determine apparent dgnsnty of casing-formation 16 2-inch tubing
annulus and/or formation 3%
1
Casing-Collar Locator Locate casing collars for depth reference ;%’15 2-inch tubing

13
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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 problems 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
problems 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.

REFERENCES

1. Schmidt, A. W,, Tinch, D. H, Carpenter, B. N., and
Hoyle, W. R.: “Computerized Log Analysis for Effi-
ciently Evaluating Gas Wells and Gas Storage Reser-
voirs,” J. Pet Tech. (Sept., 1968), 20(9), 959-970.

2. Lovan, T. E. Jr.: “Logging Observation Wells in Gas
Storage,” J. Pet Tech. (July, 1964), 16(7), 745-750.

14

3. Pardue, G. H,, Morris, R. L., Gollwitzer, L. H., and Moran,
J. H.: “Cement Bond Log — A Study of Cement and
Casing Variables,” Trans.,, AIME (1963), 228, 545-555.

4. Brown, H. D,, Grijalva, V. E., and Raymer, L. L.: “New
Developments in Sonic Wave Train Display and Anal-
ysis in Cased Holes,” Trans., SPWLA 11th Annual Log-
ging Symposium (May, 1970), Paper F.

5. Wade, R. T., and Cantrell, R. C.: “Production Logging:
The Key to Optimum Well Performance,” J. Pez. Tech.
(Feb. 1965), 17(2), 137-144.

6. Agnew, B. G.: “Evaluation of Fracture Treatments with
Temperature Surveys,” Trans., AIME (1966), 237, 892-
898.

7. Wahl, J. S, Nelligan, W. B, Frentrop, A. H., Johnstone,
C. W, and Schwartz, R. J.: “The Thermal Decay Time
Log,” SPE of AIME Fall Meeting, Houston, Sept. 29-
Oct. 2, 1968, Paper SPE 2252.

8. Clavier, C, Hoyle, W. R,, and Meunier, D.: “Quantita-
tive Interpretation of Thermal Neutron Decay Time
Logs,” SPE of AIME Fall Meeting, Denver, Sept. 28-
Oct. 1, 1969, Paper SPE 2658.

9. Killion, H. W.: “Fluid Migration Behind Casing Re-
vealed by Gamma Ray Logs,” The Log Analyst, (Jan.-
Mar., 1966), 6(5), 46-49,

10. Loeb, J. and Poupon, A.: “Temperature Logs in Produc-
tion and Injection Wells,” Presented at 27th Meeting of
the European Association of Exploration Geophysicists

(1965).

11. Meunier, D., Tixier, M. P,, and Bonnet, J. L.: “The Pro-
duction Combination Tool — A New System for Pro-
duction Monitoring,” SPE of AIME Fall Meeting, Hous-
ton, Oct. 4-7, 1970, Paper SPE 2957.

ACKNOWLEDGMENT

The authors wish to exptess their appreciation to the oil
companies for releasing the logs used in the examples.

SoCalGas-7.1208



Ex. Il —41

SoCalGas-7.1209



EPA/600/
R~94/124

PA

United States Office of Research and EPA/600/R-94/124
Environmental Protection Development July 1994
Agency Washington DC 20460

Temperature, Radioactive
Tracer, and Noise
Logging for

Injection Well Integrity

O

SoCalGas-7.1210



EPA/600/R-94/124
July 1994

Temperature, Radioactive Tracer, and Noise Logging
for Injection Well Integrity

R. M. McKinley
Exxon Production Research

Cooperative Agreement No. CR-818926

Project Officer

Jerry T. Thornhill
Extramural Activities and Assistance Division
Robert S. Kerr Environmental Research Laboratory
Ada, Oklahoma 74820

ROBERT S. KERR ENVIRONMENTAL RESEARCH LABORATORY
OFFICE OF RESEARCH AND DEVELOPMENT
U.S. ENVIRONMENTAL PROTECTION AGENCY
ADA, OKLAHOMA 74820

@ Printed on Recycled Paper

SoCalGas-7.1211



DISCLAIMER

Although the information in this document has been developed in cooperation with the United
States Environmental Protection Agency, it does not necessarily reflect the views of the Agency
and no official endorsement should be inferred.

All research projects making conclusions or recommendations based on environmentally related
measurements associated with the Environmental Protection Agency are required to participate
in the Agency Quality Assurance Program. This project was conducted under an approved
Quality Assurance Project Plan. The procedures specified in this plan were used without
exception. Information on the plan and documentation of the quality assurance activities and
results are available from the Project Officer.
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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.

( /{ L Jfa v

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.

v
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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 wellbores. 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
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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, modemn 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 wellbore 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
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Figure 1. A surface recording, continuous thermometer.

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: Modern 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 100 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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1.7°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 for k in BTU/Hr-ft*-(°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.
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TABLE 1. HOW LITHOLOGY AFFECTS STATIC THERMAL GRADIENTS (POROUS MATERIALS

ARE WATER SATURATED)
Thermal Conductivity, & Increasing Geothermal
Material BTU/hr-ft? - (°F/ft) Gradient
Quartzite 13
Salt 13
Anhydrite 13
Dolomite 2.5
L.imestone 1.5
Sandstone 1.5
Shale 0.9
Gypsum 0.8 V
Cement 0.4
Water 0.4
Oil 0.085
Gas 0.040

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 1 show that non-
porous lithologies 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, influenced 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 length?/
time and is the ratio formed by division of the thermal conductivity, &, 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)

Thermal Diffusivity

o =kipc, Increasing
Material ft/hr Lag Time
Quartzite 0.14
Salt 0.11
Anhydrite 0.06
Dolomite 0.07
Limestone 0.05
Sandstone 0.05
Shale 0.03
Gypsum 0.02
Cement 0.01 V
Gas 0.008
Water 0.006
Oil 0.003

Thermal Diffusivity, a (ft/hr}, o = Conductivity / Density x Specific Heat
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Figure 7. Hypothetical influence of lithology on wellbore temperature warming with time to static
conditions.

Framc 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
1s 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.

10
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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 B and 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 at the rate of 500
BPD but with water at two different surface temperatures, 110°F and 80°F, respectively. The

+

"— 2" Tubing

Depth (Feet)

70 90 110 130 150 170 190 210

Wellbore Temperature, °F

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_ . -T. thatis 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:

- A (AT (1)
1 e, " aT
dZ
AT =T

static wellbore °

This relationship i1s 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 wellbore
as well as the relevant thermal properties. At two locations with similar completions in a
wellbore, the respective rate/ratio is thus

35

q_2_AT2 (

dz 1
- =1 @)
v ]

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

o él
9% ar
dz

Figure 10. 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 slops 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 wellbore relative to that arriving at B from above. According to equation (1), a
decrease in rate Q mandates a decrease in the ratio AT/(dT/dz), which below depth B is affected
by a small decrease in AT 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 C on 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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Figure 11. Computed injection profile at 1,000 BPD with equal amounts injected at each of 10 locations.
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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 100 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

Sis 'Ei

as calculated at location 1. 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. Intheory, 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 10% 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
wellbore below the bottom of the perforated interval. A base log, survey 1 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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displacement AT = 104 °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

dr _ 10__ 0°
4z = 300 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,, q,, and q., respectively, then the slope and displacement on Figure 13 at 8,750 feet
is the result of the total rate, q,+ q,+ q.. Likewise, those at 9,050 feet result from the sum g +

q- Finally, the numbers at 9,110 represent q.alone. 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 9+ G+ Q. 104 0.020
9,050 Qp+ Q. 61 0.130
9,110 Qc 38 0.213

According to equation (2)

gds +qc _ b1 X 0.020 _ 0.09
9ga + 9B + Q¢ 104 0.130

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 = 38_,0.020 _
qa+gs tq¢ 104  0.213

which leaves

,*—L = - =
GA+ QB T C 0.09 - 0.03 = 0.06

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 surface temperature. This figure shows only the temperature in the
wellbore itself, which at 6,000 feet is, for example, 123 °F. This location is S00 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 °F is
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 wellbore. 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 (fy=3.5 Yay

« = Thermal diffusivity, (ft)? / hr

t, = Injection time, hours

For example, Figure 14 was computed for & = 0.05, a value that according to Table 2 is typical
for porous sands or carbonates; consequently, for t, =10 years = 87,600 hrs:

L =3.570.05x 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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123°F and at 500 BPD rate. Earth is uniform with static temperature of 179°F and with
diffusivity of a = 0.05 ft*/hr.
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zone 10 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 °F. 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 °F 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
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Figure 15. Temperature recovery with time of fluid in wellbore of well in Figure 14.
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of flow from one wing of the fracture through the wellbore 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 B and C on 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 wellbore 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 10 217 °F at 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

I

a, = (pC, V,)) x 0.8 °F/hr

it

q, = 62.5x1x0.1305x 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 ft*/ft. If this volume is displaced N times in one hour, then
the corresponding volumetric rate is;

q = 0.184N ft*hr = 0.786 N BPD
If this flow changes temperatures by no more than, say, 0.1°F over the one-foot length, then the

shale excursion at depth F, a change of about 1°F/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

qu (flow) = pCyq x 0.1

flow)=62.5x 1 x 0.184N x 0.1 = 1.15N BTU
qH( ow) X1X X
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BTU

= 6.5
an Hr-Ft resulting from lithology

This energy transfer should equal the amount
influence. Thus
1.LISN =6.5,
or 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 wellbore 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 0 to 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 l(;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 }=39%

A
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 varyving amounts of loss
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 enoughtime. 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 wellbore 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 S00 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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Figure20. 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 1s 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 1 and 3-hour shut-in surveys show that fluid
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