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FAILURE RATE OF PIPING
IN HYDROGEN SULPHIDE SYSTEMS

A report prepared by M.G. Hare of M.G. Hare of Qualprotech Inc., Oakville, Ontario, under
contract to the Atomic Energy Control Board.

ABSTRACT

The objective of this study is to provide information about piping failures in hydrogen sulphide
service that could be used to establish failures rates for piping in "sour service".

Information obtained from the open literature, various petrochemical industries and the Bruce Heavy
Water Plant (BHWP) was used to quantify the failure analysis data.

On the basis of this background information, conclusions from the study and recommendations for
measures that could reduce the frequency of failures for piping systems at heavy water plants are
presented. In general, BHWP staff should continue carrying out their present integrity and leak
detection programmes.

The failure rate used in the safety studies for the BHWP appears to be based on the rupture statistics
for pipelines carrying sweet natural gas. The failure rate should be based on the rupture rate for sour
gas lines, adjusted for the unique conditions at Bruce.

RESUME

La presente &ude a pour but de fournir des renseignements sur les de"faillances des canalisations
d'hydrogene sulfure' qui pourraienc servir a 6tablir le taux de d6faillance des canalisations sulfureuses.

Des renseignements empruntes a la documentation disponible, a diverses industries pgetrochimiques et
a l'usine d'eau lourde Bruce ont servi a quantifier les donnges pour analyser les deTaillances.

A partir de ces renseignements de base, l'auteur a pu tirer des conclusions et formuler des
recommandations visant a require la frequence des deTaillances des canalisations dans les usines d'eau
lourde. En general, le personnel de l'usine d'eau lourde de Bruce devrait poursuivre l'application des
programmes actuels d'integrite' et de detection des fiiites.

Le taux de d£fail!ance utilise' dans les Etudes de surety de l'usine d'eau lourde de Bruce semble etre
fonde" sur les statistiques de rupture de pipelines transportant du gaz naturel non sulfureux, mais il
serait preferable qu'il soit base" en fonction des conditions particulieres qui existent a Bruce.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the statements made or
opinions expressed in this publication and neither the Board nor its author assumes liability with
respect to any damage or loss incurred as a result of the use made of the information contained in this
publication.
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FAILURE RATE OF PIPING
IN HYDROGEN SULPHIDE SYSTEMS

1. INTRODUCTION

In Canada, the production of heavy water, deuterium oxide, uses the Girdler-Sulphide process.
This involves a dual temperature exchange of deuterium atoms between water and hydrogen
sulphide (H2S). A typical enriching unit contains approximately 600 metric tonnes of hydrogen
sulphide.

Hydrogen sulphide is an extremely toxic substance. Concentrations of 500 ppm or more in the
atmosphere can be lethal. Furthermore, it is very corrosive and so is difficult to handle. The failure
of the pressure retaining boundary, e.g. a pipe or vessel, at a heavy water plant could result in the
release of hydrogen sulphide to the environment. Such an event would pose a serious risk to the
operating staff at the plant. If the release were large enough and the weather conditions were
unfavourable, it could endanger public health and safety in the vicinity of the plant

Piping systems do suffer failures, failures due to leaks and failures due to rupture. Piping systems
THAT are attacked by hydrogen sulphide are more prone to failure. This report reviews the
probability of failures of piping systems in the petrochemical industries and the Bruce Heavy Water
Plant based on their operating histories and reported incidents.

2 . SCOPE OF WORK

The objective of this project was to obtain estimates of the probability of failure for process piping
in hydrogen sulphide service and to recommend measures needed to lower that probability of
failure.

A series of tasks were identified:

acquire data on failures of piping in hydrogen sulphide service in Canada
and other countries including pipe size, material type and mode and cause of
failure;

assemble, organize and arrange the data so that failure modes can be
identified in relation to material, mode and cause of failure;

using practical and scientific review processes, estimate failure rates for
various pipe sizes, material types, service conditions and causes and modes
of failure encountered;

review the service conditions found in the Bruce Heavy Water Plant and
relate them to the failure rates determined above;

recommend measures which could be used to reduce the frequency of
failures of piping in hydrogen sulphide service;

document the results in a report.



3 . TERMINOLOGY

The word piping or the phrase piping system is taken to include line pipe, elbows, tees, reducers,
spool pieces, flanges, and valve bodies. It does not include piping seals, pumps, compressors,
valve seals or vessels. Piping is considered to start at the first weld past the nozzle of a pump or
vessel.

The following abbreviations are used in this report:

AISI American Iron and Steel Institute
API American Petroleum Institute
ASTM American Society for Testing and Materials
B HWP Bruce Heavy Water Plant
DSAW double-submerged arc weld
E-x

ERW
HAZ
HIC
HRc
H2S
ID
IGSCC
MIG
CD
OH
QA
SAW

sec
some
ssc

TIG
VHN

WT
3xxL

THE FAII

multiplies the number to the left by 10 raised to the
power of minus x
electrical resistance weld
heat affected zone
hydrogen induced cracking
hardness on the Rockwell c scale
hydrogen sulphide
inside diameter
intergranular stress corrosion cracking
metallic-inert gas (weld)
outside diameter
Ontario Hydro
quality assurance
submerged arc weld
stress corrosion cracking
stress-oriented hydrogen induced cracking
sulphide stress cracking, also called sulphide stress
corrosion cracking, essentially SCC due to hydrogen
sulphide
tungsten-inert gas (weld)
Vickers Hardness Number from the Diamond Pyramid Hardness scale, note
a VHN of 250 is approximately equivalent to a HRc of 22
wall thickness
low carbon 300 series stainless steel

,URES4.

An extensive search was conducted to find information on piping system failures in hydrogen
sulphide service. The primary sources used are listed in Appendix A.

Appendix B describes the basic metallurgy of failures in steel exposed to hydrogen sulphide. This
information was used in the analysis of die failures.

An investigation into failures in the petroleum industry was conducted first. Approximately one
hundred failures were analyzed. These are listed in Appendix C.

Data on failures Li the petroleum industry were highly variable in quality. The time of the failure
was rarely given. Some reports gave detailed descriptions of the failure mechanism. Locations of
the pipelines were missing in many cases. The piping material was not always identified.
Information from refineries was almost exclusively on vessels so most of what is in this report is



for pipelines. Although most of the reports did not explicitly give the reason for the failure, it was
relatively easy to infer the reason. This in turn led to a breakdown into headings, such as wrong
materials, poor quality control, etc.

Next, information was gathered from the Bruce Heavy Water Plant. These are listed in Appendix
D. There were obvious similarities and differences between Bruce failures and those in the
petroleum industry. This allowed a comparison of failures in the petroleum industry and heavy
water plants.

Finally, some additional information was obtained for piping system failures in places other than
the petroleum industry and at Bruce. These data are given in Appendix E for completeness, but
were not used in the analysis in this report.

5 . FAILURE ANALYSIS

5.1 Petroleum Industry

A total of 101 piping leaks were identified and are summarized in Appendix C. These leaks were
first classified according to the failure mechanisms. Some pipelines have suffered several leaks in a
short time period for the same reason. Where this occurred the leaks were counted individually and
by pipeline system. The results are given in Table 1.

Pitting and SCC failures will leak before the line ruptures while the other types of hydrogen
sulphide induced damage have the potential to fail catastrophically. The data suggest that about
60% of the failures in the petroleum industry \/iil leak before breaking. About 40% have the
potential for catastrophic failure.

Only a few of the references in Appendix C gave the dates of the actual failures. This meant that a
time analysis of the leaks was not possible.

The failures can be attributed to design, operations or QA shortfalls. All failures where the system
designers did not specify material that was appropriate for the sour conditions, did not design for
the operating conditions or did not supply operators with sufficient information were categorized as
design shortfalls. The operations category was chosen when the operating staff did not or could
not operate the system properly. The remaining failures were categorized as QA shortfalls because
someone or something did not meet the requirements of the specifications and this was not
identified by a quality program, or the lack of such a program.

The total number of failures given in Table 2 differs from Table 1 because several mechanisms may
contribute to a failure. Table 2 shows that inadequate design was the major problem for the
petroleum industry.

The material in Tables 1 and 2 is carbon steel except for the CrMo steel mentioned in Appendix C. 1
and the 3 pieces of 9% Ni steel (possibly type 304 stainless steel) in Appendix C.I 1.

There were six reports on valve failures, in some cases multiple failures within a given system. All
but one of these were because of SCC in valve material that was too hard for sour service. The
early failures occurred because the designers did not seem to understand the requirements. Later,
the manufacturers supplied valves that did not meet the specifications because they did not
understand the requirements being placed on them by the oil and gas industry. Quality control
programmes instituted by the major world-wide suppliers have overcome these problems.



5.2 Bruce Heavy Water Plant

Table 3 summarizes the failure mechanisms of the piping systems at Bruce detailed in Appendix D.
A total of 124 failures are listed. That is slightly greater than the number of leaks because there
were several contributing mechanisms for some leaks.

Although stainless steel accounts for over 80% of these failures it represents only about 2% of the
pipe material at the site. This is not surprising since stainless steel is used where the operating
conditions are severe.

Internal and external SCC accounts for about 75% of the failures in stainless steel. Pitting is the
third most common mechanism accounting for a further 15%. These are all leak-before-break
failure mechanisms.

The leaks were analyzed to see why failure occurred. These are tabulated in Table 4. For stainless
steel, operating problems were the major cause of leaks. Most problems were due to oxygen
ingress, either while the lines contained hydrogen sulphide, or in process upsets. Inadequate QA
was also a significant contributor when repair and construction work was performed without strict
adherence to the requirements. The major contributor to carbon steel failures was inadequate design
leading to erosion of the protective scale.

A review of the failure of the non-pipe components, such as valves and studs, of the piping system
showed 34 failures. There were 12 failures due to SCC, 3 due to corrosion, 11 to mechanical
failure and 8 unknown. All corrosion failures were in carbon steel components. Many of the
mechanical failures were from Inconel bellows. The SCC problems were mostly in valves.

The same data were then regrouped according to the reason for the failure and the results are
shown in Table 5. Of the 34 failures about 65% were due to QA problems, mostly welds not done
to specification or material being too hard. It is interesting that 8 of the 10 reported bellows failures
on valves were due to manufacturing errors, mostly on welds.

The table gives an indication that the problems are not as significant now as in the past, but the
paucity of data makes it hard to be quantitative. A linear correlation coefficient was calculated and
found to be r = -0.55. Such a calculation makes the assumption that there is a linear trend of the
failures with time. If there is a strong trend the absolute value of r will be close to 1 and if there is
weak trend the absolute value will be close to 0. The negative value of r indicates that there is a
downward trend but the magnitude of r shows that the trend is not strong.

The leaks were plotted against time making the assumption that the report date was the date of the
leak. This is reasonable because the reports are given a high priority. The results are shown in
Figures 1 to 5. No discernable trend is seen except for the decrease in the last 2 years. This
decrease may not be real because the data were collected early in 1992 before all the 1991 failures
could have been analyzed and reported.

A linear correlation coefficient for Figure 1 was calculated and found to be r = +0.03. The small
magnitude for r indicates that there is no correlation of the failures with time and so no trend is
present.

A study was undertaken at Bruce on line failures from external SCC [1], covering the period from
1979 to 1984. It reviewed 18 failures and found that in only 4 of them was the line coated with
Thurmalox 70. In each of the 4 cases there were steam tracer leaks or process leaks nearby. The
report concluded that Thurmalox was effective in protecting the lines from corrosion and cracking.
The report also noted that 14 of the 18 leaks involved leaking steam tracer lines.



The externally induced SCC leaks reported in Appendix D since the time of the above study
continue to support its conclusion. Piping coated with Thermalox appears to be protected, except
for persistent moisture or wetting situations like steam tracer leaks.

5.3 Failure Statistics

5.3.1 Petroleum Industry

A number of authors have reported on failure rates for pipelines. Blything and Parry [2] stated:

"...the determination of failure rates was recognized as an important requirement in
the risk assessment of pipework systems. The quality of data gathered however
was found to be inadequate for any statistical analysis and no failure rate values are
given in this report."

A 1982 paper by Whittaker et al [3] claims a failure rate of 1.234 E-4 failures/km/year, le per year.
They state that:

"The Alberta historical pipeline failure rate which considers all past failures from all
causes (ruptures per unit length per year)..."

In another paper by Whittaker [4] on the same study giving a theoretical presentation of his risk
calculation method, but no numbers, he states:

"Probabilities of failure for the different causes are derived from the analysis of
Alberta Energy Resources Conservation Board (ERCB) records. Changes in
procedure, requirements, and recording methods, plus the fact that the data were
not collected with the intent of this type of analysis, require that great care be taken
in the analysis and interpretation of these records."

In 1988, Ontario Hydro studied the risk to the public from a pipe rupture at Bruce. Their analysis,
also quoting ERCB data, claims 1.37 E-4 failures (ruptures) per km per year.

The ERCB released a study in late 1991 describing pipeline performance in Alberta [6]. Access to
the computer records of that report allows both failure and rupture rates to be calculated [7].

Sour gas lines operating from 1983 to 1990 had an average rupture rate of 7.2 E-4 per km per
year. Tbis includes ruptures when the lines were being hydro-tested. Hydro-testing is performed
prior to initial use and following major repairs. Failures during hydro-testing would not release
hydrogen sulphide.

A second calculation with ERCB data on sour gas lines gives a failure rate of 40.4 E-4 failures per
km per year average over the same time period. This includes failures by both leaks or ruptures
including those while testing. The failures while testing have some impact on this and eliminating
them gives 32.5 E-4 failures per km per year.

Note that ERCB defines sour service as having a hydrogen sulphide content of 1 mole % or more.

1E-4 means that the number preceding it is multiplied by 10 raised
to the power of minus 4, or 0.0001234 failures per kilo



Calculations for sweet natural gas service, i.e. less than 1 % hydrogen sulphide, gave failure rates
of 9.3 E-4 per km per year if hydro-test failures are included and 8.2 E-4 per km per year if they
are excluded. Since the ERCB reports that 16.5% of all failures are ruptures this gives sweet
natural gas rupture rates of 1.5 E-4 per km per year with hydro-test failures and 1.3 E-4 per km per
year without.

Mannan, Plenning and Zinn [8] give data for the probability of failure due to corrosion leaks and
outside influence ruptures from natural gas lines. They are 0.3 E-4 per km per year for corrosion
and 2.5 E-4 per km per year for ruptures from outside influences. Outside influences are such
things as earth movement, washout and third party damage. They do not identify their source of
data nor do they specify if their number is for sweet, sour or combined service.

A Shell Canada Limited report [9] on problems they experienced in wet sour gas gathering systems
from 1970 to 1985 gives an annual failure rate of 40 E-4 per km per year. The authors did not
define failure but context implies both leaks and ruptures are included. As the total length of sour
line is small, 700 km, their data is somewhat less precise. Tne ERCB data are based on up to 3500
km of pipeline.

Andersen [10] analyzed a number of pipeline failures and derived some bounded failure rates for
various areas of the world. He noted that "the low quality of the collected data was a major
problem". Failure was defined as any kind of reported leakage from the pipeline itself. His results
do not s?y whether the fluid was sweet or sour and they are also only presented in graphical form.
However, one cr.n make several assumptions. Most of the natural gas in France contains hydrogen
sulphide so his French failure datum can be related to sour service. The upper and lower bounds,
at the 90% confidence level, are rates of 35 and 30 E-4 failures per km per year. The U.S.A. data
for interstate gas transportation is probably for sweet gas and the 90% confidence levels for the
upper and lower bounds for the failures per km per year are 4.1 E-4 and 2.8 E-4.
The data in this section are summarized ;n Table 6.

5.3.2 Bruce Heavy Water Plant

Several confidence level or bounded calculations can be made on the piping failures at the Bruce
Heavy Water Plant. The Chi-square test was used for consistency with the calculations performed
by Janzen [11]. These are presented in section 5.3.3 below. Janzen used the Chi-square test to be
consistent with nuclear industry practice [12].

As sample sizes increase, sampling distributions of many statistics are approximately normal [13].
The Bruce sample size was large enough to make this approximation. Thus othei statistical
considerations on the data will give similar results to the Chi-square test [13].

The BHWP-A operated for 15 years (1970 to 1984 inclusive) and BHWP-B for 13 years (1979 to
1991 inclusive), totalling 28 years of operation. During this time there has been no rupture of a
large line (over 15 cm OD) involving hydrogen sulphide service. Thus the upper bouna on the
mean failure rate using the Chi-square test at a 95% confidence level is less than or equal to 0.106
ruptures per year. At the 50% confidence level the number is less than or equal to 0.025 ruptures
per year. The number used in the Ontario Hydro study mentioned above [5] of 1.37 E-4 was
subsequently used to calculate an expected rupture rate at the plant of 5.72 E-4 per year. This is
within the upper bounds of the Chi-square test results.

Figure 5 records 42 failures in 12 years of operation at BHWP-B. A Chi-square analysis gives the
probability of failure, P, at the 95% confidence level to have a lower bound of 2.5 failures per year
and an upper bound of 4.6 failures per year. The 50% confidence level lower bound is 3.1 failures
per year and the upper bound is 3.8 failures per year. Note that all these failures were leaks; no
ruptures were involved. Also note that Figure 5 shows leaks that have clearly been identified with
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BHWP-B. Some failures were not identified by plant staff and so the probabilities given above are
probably low. Clearly the probabilities for failure are greater than the probabilities for rupture
calculated above. This is to be expected since there have been failures but no ruptures.

Repeating the calculation for all the 154 failures identified at the BKWP, including common
services, gives an upper bound of 6.3 failures per year and a lower bound of 4.7 failures at the
95% confidence level. This was based on an assumption of 28 years of total plant service.

The data in this section on the BHWP are summarized in Table 7.

5.3.3 Electric Power Industry

There have been several studies on the probability of pipe failure for the safety analysis of nuclear
power plants. Although the service conditions are not the same as for sour service, the data do
give some insight into failure rates in heavy water plants.

The Rasmussen report [14] gives estimated figures for the guillotine rupture of piping in nuclear
plants in the U.S.A. of 9 E-4 per km per year for piping under 3 inches and 9 E-5 for piping over
3 inches in diameter. The corresponding ranges for non-nuclear experience are from 3E-5 to 3E-2
for piping under 3 inches and 3E-6 to 3E-3 for piping over 3 inches in diameter.

Thomas [ 15] quotes some Electric Power Research Institute data for conventional power plants.
He notes that 237 failures occurred in 249 plant years of operation and that a typical plant contains
10.6 km of pipe. This gives a failure rate of 0.090 failures per km per year. Failures include both
leaks and ruptures. Only 9.3% of the failures were ruptures giving a rupture rate of 0.008 per km
per year.

Janzen [11] studied the failure of piping in 53 reactor years of operation of the Candu stations
Pickering-A and Bruce-A. He determined an upper bound for rupture of large piping (over 150
mm) of 2.2 E-2 per km per year at the 95% confidence level. The upper bound failure rate for 25
mm to 150 mm pipe was 7.8 E-3 per km per year, again at the 95%> confidence level. As there had
been no actual failures only an upper bound figure was provided.

There had been one failure for pipe under 25 mm and the 90% confidence level bounds were 7.8 E-
3 per km per year [ upper ] and 8.5 E-5 [ lower ]. This gives a mean value of 1.1 E-3 ruptures per
km per year.

Taking the value Janzen obtained for pipe in CANDU over 150 mm of 2.2 E-2 per km per year and
multiplying it by the 8.4 km of pipe carrying hydrogen sulphide gas in the BHWP of diameter of
over 150 mm would result in a failure probability of less than 0.18 per year. This can be compared
to the failure probability shown in Table 7 of less than 0.106 per year.

These data for the electric power industry are summarized in Table 8.

6 . DISCUSSION OF FINDINGS

The sources of data were not configured to meet the needs of this study. They were designed to
meet other needs. As a result, the information collected often had to be interpreted to be of use and
in many cases specific information was not available. In addition, requirements and procedures
governing the sources of data used in this study changed with time resulting in discontinuities in
the data.

Some failures were excluded because the scope of the work required an analysis of the failure
mechanism. Only those sources of data that gave the mechanism or reason were used. If piping



simply failed and was fixed without an evaluation of the failure, it may not be reported and would
not be a statistic for this study. Consider the failures shown in Figure 2. From 1974 to 1988
inclusive there were 146 failures reported at the BHWP. Yet a review of the hydrogen sulphide-to-
air leak reports for the same time period indicates 175 system leaks, i.e. failures [16,17,18]. The
difference is not large enough to cause major concern but it does indicate that the accuracy of the
results should not be considered as precise, but rather indicative.

Failures were reported simultaneously in several sources. Duplication was identified and eliminated
wherever possible and is not a significant source of error.

Data suitable for analysis provei difficult to acquire. Alberta has had 262 failures in sour natural
gas lines from 1975 to 1990 inclusive [6]. Only 19 of them were documented in the public
literature indicating that most failures are simply repaired. Reports tend to deal with serious failures
only.

There is no correlation of failure mechanisms for carbon steel piping between the petroleum
industry and BHWP. SCC is the main cause of failure in the peuoleum industry and it does not
occur in the carbon steel piping at BHWP. SCC accounts for 75% of the stainless steel pipe
failures at Bruce.

Carbon steel pipe failure in the petroleum industry is due to inadequate design, accounting for
about 90% of the cases. In BHWP inadequate design accounts for 60%, indicating good statistical
agreement. Stainless steel failures at Bruce are attributed to improper operations and poor QA.

In the petroleum industry SCC was the dominant mechanism of failure in non-pipe components.
SCC accounted for about half the failures at Bruce, indicating good statistical agreement. The main
reason in both cases was poor QA.

The four ERCB failure rates for ruptures of sweet £as lines in Table 6, (No. 1, 2, 8, 9) are in close
agreement indicating consistency in analyzing the data. Failure rate 11 is higher, especially since it
is for rupture only. It is American data and different reporting requirements may explain the
difference. The two numbers for leak and rupture of sweet lines (No. 6, 7) are somewhat higher
than No. 14, but ERCB considers gas with less than 1% hydrogen sulphide as sweet while No. 14
would contain no hydrogen sulphide at all.

The two rates of rupture of sour lines (No. 3, 11) differ by a factor of three. But note that No. 3
includes test failures and No. 11 is for external influences only. ERCB data indicate external
influences account for almost half of all ruptures. Thus these rates are in agreement, even though
they are significantly higher than the corresponding sweet line rupture rates. Because of the form
of the data, it was not possible to calculate an ERCB failure rate for sour lines without test failures.

This leads to a significant finding: the failure rate used for the BHWP safety analysis is 1.37 E-4
ruptures per km per year. This is likely low by a factor of five. Arguments can be made that the
ERCB number for sour service can be adjusted downward for Bruce. They have a very intensive
inspection programme, and the likelihood of external third party forces causing rupture is
considerably lower. This may indeed lead to a number similar to that used, but the starting premise
should be the sour service rate, not the sweet service rate.

The four rates ^No. 4, 5, 12, 13) for failure (leak or rupture) of sour lines are in close agreement.
This increases the likelihood that the ERCB statistics for rupture in sour service are truly
representative.

The one inconsistent datum in Table 6 is No. 10, that is for corrosion only. Double it, since
corrosion causes about half of the failures [6], and it is still somewhat smaller than expected. The



number is from the U.S.A. and it is possible that different reporting requirements and different
service conditions exist there.

The ERCB report that ruptures account for 17% of all failures in the petroleum industry [6]. Table
7 shows that the rupture probabilities at BHWP are much smaller.

The Ontario Hydro rupture figure in Table 7 derived from ERCB data is much smaller than the
rupture upper bounds calculated from the Chi-square test (No. 1, 2,3) of the actual failures (or
more properly, non-failures) at BHWP. This is reasonable because the calculations are based on a
short operating time, only 28 plant years. The ERCB failure rates cover a much larger data base.

The leak plus rupture rates in Table 7 (No. 4, 5, 6) are low because some leaks were not recorded
in such a way that they could be used in this report. They are not low by a significant amount.
They indicate that the plant must remain prepared to deal with leaks from both an operational and a
health and safety point of view.

The numbers in Table 8 for electric power plants cannot be compared directly with sour service
numbers because the service conditions are so different. They do show rates (No. 1,2, 6) that are
in the general range of the petroleum industry even though the design, operation and maintenance
are done to nuclear standards. Failure rate No. 3 is higher but it is for conventional, not nuclear
plants.

Once again, the upper bounds (No. 4, 5) for large and medium diameter piping at CANDU stations
are much higher than the actual rupture rates experienced elsewhere because of the short operating
experience. They compare well with the numbers calculated for the Bruce Heavy Water Plant,
which is to be expected because the operating histories are similar with no large diameter pipe
ruptures at either location over their lifetimes.

More than 90% of the failures at Bruce are of the leak-before-break type. Thus a proper detection
programme can significantly reduce failure risks.

There were insufficient data to correlate failure rate with pipe size because most reports did not give
the pipe size. In most cases it was also not possible to determine how the failure was discovered,
whether the system was in operation or not, what the system response to the failure was, or what
the consequences were.

Care must be taken in applying the petroleum industry data to the heavy water industry. Operating
and maintenance conditions are different. It is very obvious in reading about the petroleum
industry's failures that they cannot be compared to each other except within a single pipeline
system where the chemistry and other physical parameters are the same. In other words, failures
tend to be unique and the lessons learned from one system do not necessarily apply to another.

In the petroleum industry the fluid is rarely saturated with hydrogen sulphide whereas in a heavy
water plant the water can be saturated. Natural gas usually contains carbon dioxide which is
corrosive. Carbon dioxide is normally not present in heavy water plants.

Gas and oil pipelines do not contain oxygen unless they fail. Heavy water plants are routinely
opened up for inspection allowing oxygen to enter. If the hydrogen sulphide has not been
completely removed then sulphur oxyacids can form, which are very corrosive. Often oil and gas
production will also bring up water containing dissolved salts leading to chloride problems.
Chlorine is not a normal component in the process system at Bruce. The petroleum industry makes
great use of inhibitors. But these cause foaming in heavy water plants and cannot be used.

This does not mean that information from one group of industrial failures cannot be applied to
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another. It does mean that using statistics from one industry to predict failures in another industry
could lead to erroneous conclusions. An understanding of the parameters affecting each failure
must be applied before coming to any conclusions.

This study did not discover any new sour service failure mechanisms. The failure mechanisms and
reasons were already known and methods to mitigate them already exist at Bruce as part of normal
operational procedures. This study did not assess the adequacy of those procedures.

7 . CONCLUSIONS

The Bruce Heavy Water Plant uses an extensive monitoring system to continually assess the
condition of the plant, from simple weight loss coupons to sophisticated nondestructive
examination. These monitoring programmes should be continued. This report describes a number
of failures in the petroleum industry that would have been avoided if a proper monitoring
programme similar to the one at BHWP had been used. Evidence suggests that the monitoring
programme at Bruce is sufficient to detect imminent failure.

Oxygen ingress is the cause of many failures at Bruce. When it gets into the svsteu during
operation or, more likely, during maintenance, sulphur oxyacids can form if hydrogen sulphide is
still present. Procedures require that lines be purged upon shutdown but sometimes some fluid still
remains. Care is usually taken to minimize this. It was not in the scope of this report to assess the
adequacy of the operating procedures at Bruce with respect to oxygen ingress. Chlorine is also a
problem from time-to-time, usually from process upsets.

The licensing of the BHWP is based in part on the probability of a major release of hydrogen
sulphide. This probability is based on statistics for pipe failure taken from ERCB data, and on die
length of large pipe (15 cm and up in diameter) carrying hydrogen sulphide gas in the plant.
However, the number used from ERCB is for the rupture rate for pipelines carrying sweet natural
gas. It should be based on the rupture rate for sour service, adjusted for the unique conditions at
Bruce. In addition the large diameter lines at Bruce carrying water that could lead to gaseous
hydrogen sulphide release upon rupture should also be included in the calculation.

It is clear that in many cases stainless steel is superior to carbon steel in hydrogen sulphide service,
particularly if a proper stress relief is performed so SCC will be less likely to occur. Stainless steel
is not susceptible to general corrosion and so will probably leak before it breaks, an important
safety implication. However stainless steel is more expensive. The plant has an ongoing process of
evaluating failures in carbon steel pipe and replacing with stainless steel pipe if warranted. That
process should continue, even though it includes carbon steel to stainless steel welds. There were
few incidences of these dissimilar weld failures, and those were associated with improper
fabrication procedures. See D.4, D.20, D67, D.98, D.I 19 & D.124.

Type 316L stainless steel has superior performance to type 304 or 304L. It is used for all
replacements and this process should be continued. Care should be exercised in material
procurement to ensure that 316L is specified and is what is delivered.

A number of hydrogen sulphide leaks can be traced to leaking steam tracer lines. Leaking steam
tracer lines should be repaired as soon as detected whenever possible. Care should be taken to dry
out any wet insulation or pipe supports.

Thurmalox coatings have proven beneficial in reducing SCC from the outside of stainless steel
piping. It should be applied to all replacement piping and inspected to ensure that it is done
properly.

All welds should be stress relieved to controlled procedures and proper records kept and
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inspections conducted to ensure the procedures are followed.

QA should continue to be applied to procurement, maintenance and repairs. A number of failures
noted in this report occurred because things were not done according to the requirements for sour
service. The scope of this work did not involve an investigation into the QA programme at the
BHWP. The AECB should be in a position to ascertain if it is adequate and should continue to
monitor it.

The predominant failure mechanisms at Bruce are of the leak-before-break type. The plant has a
strong capability for detecting leaks. This should be maintained so leaks can be detected early
enough to prevent large releases of hydrogen sulphide. Of course this situation will be maintained;
it's required for the safety of plant personnel.

No source of data was found that would adequately meet the needs of this report. In fact there are
no combinations of data sources that meet the needs of this report. The decision as to whether or
not such a data source is needed must be made from the licensing process for it is there that these
questions are asked. However if such a data source is to be created it should probably contain the
following elements:

where was the failure: full numeric designation;
time of failure;
description of the component including age, material, size and condition;
service conditions: temperature, pressure, service medium, etc. during normal
operation and at the time of the failure;
failure mode;
failure mechanism;
consequences;
size of failure;
references to any relevant documents;
follow-up actions to ensure that follow-up actually occurs and that the information
is entered into the data base.

Such a data base could be computerized allowing for easy searching and the creation of reports and
statistics in a straightforward way. Consideration should be given to backtracking the data to pick
up historical failures even though the information would not be complete. The creation of any such
data base would have to be preceded by the development of precise definitions and of a controlled
thesaurus to ensure consistent and useable information.

The statistics indicate that the Bruce Heavy Water Plant will experience about 10 failures a year that
will or could involve the release to the atmosphere of hydrogen sulphide. The plant must continue
to maintain its preparedness to deal with piping failures. It should be noted that these 10 or so
failures a year do not mean that a significant amount of hydrogen sulphide will be released.
Experience to date would indicate otherwise.

8 . RECOMMENDATIONS

Sour service system failures tend to be unique; lessons learned from one industry, or system in an
industry, do not necessarily apply to another.

The safety analysis for the Bruce Heavy Water Plant has a calculation for the probability of failure
of pipe containing hydrogen sulphide. This calculation should be based on the failure rate for sour
service from ERCB data, adjusted for the unique conditions at Bruce, rather than the failure rate for
sweet natural gas lines in general. Also the calculation should be extended to include piping with
watercontaining hydrogen-sulphide that could lead to a release upon rupture.
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The question of whether or not to create a special data base on piping system failures at Bruce
should be raised during the licensing process.

The Bruce Heavy Water Plant staff should continue with their leak detection and abatement
programme.
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Table 1: Failure Mechanisms in Pipe in the Petroleum Industry

SCC - unspecified

- some
HIC - unspecified

- step-wise
- blistering

Corrosion - unspecified
- general
- pitting

Fatigue

Individual
Failures

43
1
7

11
14

1
4

15
5

Pipeline System
Failures

40
1
7
9
5
1
3
3
5

101 74

Table 2: Reasons for Failure in Pipe in the Petroleum Industry

Individual Pipeline System
Failures Failures

Design 65 42
Operations 2 2
QA 6 3
unknown 18 13

9l 60

Table 3: Failure Mechanisms for Pipe at BHWP

Stainless Carbon Unknown

1
7
1

98 7 19

Fatigue and Freezing
SCC - Outside
SCC - Inside
Pitting
Wrong Material
Corrosion

7
23
53
12
3



14

Table 4: Reasons for Failure for Pipe at BHWP

Stainless Carbon Total

Design
Operations
QA
Unknown

107 20 127

16
49
36
6

12
5
3
_

28
54
39
6

Table 5: Reasons for Failure for Non-Pipe Components in BHWP Piping
Systems

Year QA Operations Design Unknown

1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991

1
4
2
5
1

1
5

1

1
1

1
1
1

1

2

1

2
1

22
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Table 6: Summary of Failure Rate Statistics - Petroleum Industry

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Source

Whittaker

OH

ERCB

ERCB

ERCB

ERCB

ERCB

ERCB

ERCB

Mannan

Mann an

Shell

Andersen

Andersen

Failure Rate
E-4/km/v

1.234

1.37

7.2

40.4

32.5

9.3

8.2

1.5

1.3

0.3

2.5

40

30<P<35

2.8<P<4.1

Failure
Mode Comments

rupture

rupture

rupture

leak & rupture

leak & rupture

leak & rupture

leak & rupture

rupture

rupture

leak

rupture

leak & rupture

leak & rupture

leak & rupture

1982, from ERCB data

1988, from ERCB data

sour gas, test failures included

sour gas, test failures included

sour gas, test failures excluded

sweet gas, test failures included

sweet gas, test failures excluded

sweet gas, test failures included

sweet gas, test failures excluded

corrosion only

external forces only

sour gas

sour gas, 90% confidence level

sweet gas, 90% confidence level
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Table 7: Summary of Failure Statistics - BHWP

Probability of Failure
No

1

2

3

4

5

6

Source

Chi-square

Chi-square

OH

Chi-square

Chi-square

Chi-square

Failure/vr

P<0.106

P<0.025

P=5.72 E-4

2.5<P<4.6

3.1<P<3.8

4.7<P<6.3

Mode

rupture

rupture

rupture

leak & rupture

leak & rupture

leak & rupture

Comments

95% confidence level, lines
over 15 cm OD

50% confidence level, lines
over 15 cm OD

lines over 15 cm OD, mean
rate

BHWP - B only, 957c
confidence level

BHWP - B only, 50%
confidence level

total BHWP, 95% confidence
level, 28 years operation
assumed

Table 8: Summary of Failure Statistics - Power Industry

No.

1

2

3

4

5

6

7

8

Source

WASH-1400

WASH-1400

Thomas

Janzen

Janzen

Janzen

WASH-1400

WASH-1400

Failure Rate
E-4/km/vr

0.9

9

80

<220

<78

11

0.3<P<300

0.03<P<30

Failure
Mode

rupture

rupture

rupture

rupture

rupture

rupture

rupture

rupture

Comments

nuclear, lines over 3"

nuclear, lines under 3"

non-nuclear, all size lines

Candu experience, lines over
150 mm

Candu experience, lines 25
mm to 150 mm

Candu experience, lines under
25 mm

non-nuclear, lines under 3"

non-nuclear, lines over 3"
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APPENDIX A
SOURCES OF INFORMATION

A number of literature searches were performed on databases to
obtain references on reported failures in piping systems in
hydrogen sulphide. The databases searched were:

AECB library system
AECL library system
Chemical Abstracts
Engineering Index
ERTH - Environmental Technology Resources Database
Metadex
NTIS - National Technical Information System.

These searches then led to the review of over 500 abstracts which
subsequently led to the collection of 90 documents from published
sources.

The Thode Library of Science and Engineering at McMaster
University was used extensively.

Several visits were made to the Bruce Heavy Water Plant where
master files and the technical library were used. The main
sources of information accessed there were the Significant Event
Report master file, the Materials and Inspection reports and the
Ontario Hydro Research Division reports for the plant.

A number of personal contacts were made. The pertinent ones are:

AECL -H. M. Van Alstyne, Vice-President, Engineering
Services, AECL Candu, Mississauga and formerly Vice-
President, ;*ECL Heavy Water Company
-M. R. Galley, Candu Owners Group, Toronto and formerly
with the AECL Heavy Water Company
-0. S. Tatone, Head of Information Services, Chalk
River Laboratories, Chalk River
-P. Janzen, AECL Safeguards Programme, Chalk River
Laboratories, Chalk River

BHWP -R. J. Gibson, Technical Manager, Bruce
-M. J. Fulham, Technical Superintendent, Materials and
Inspection, Bruce

CANMET -R. W. Revie, Head, Engineering Performance Section,
Metals Technology Laboratories, Ottawa

CSA -M. Enwright, Chairman, Sour Service Task Force to the
CSA Z183/Z184 (pipeline) Committee, Calgary

ERCB -V. Kwasny, Information Services, Calgary
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NEB -F. S. Jeglic, Chief, Group II Pipelines and Data Bases
Division, Pipeline Engineering Branch, Calgary
-T. C. R. Mercier, Pipeline Engineer, Pipeline
Engineering Branch, Calgary

OHRD -W- H. S. Lawson, Head, Metallurgy Section, Toronto
-P. Mayer, Special Studies, Metallurgical Research
Department, Toronto

Shell -M. G. Hay, Chief Metallurgist, Research Division,
Calgary



APPENDIX B
FAILURE MECHANISMS

There are six basic mechanisms by which steel is affected by
hydrogen sulphide. These mechanisms are given different names by
different researchers and these names have also evolved with
time. The nomenclature used in this report is the most recent and
common observed.

The six basic mechanisms fall into three broad categories and in
a number of cases the reporting of a failure only refers to the
broader category rather than the specific mechanism. The three
general categories are corrosion, hydrogen-induced cracking (HIC)
and stress corrosion cracking (SCC).

The first mechanism is general corrosion. This is an overall
attack resulting in wall loss over a large area. As the iron in
the steel reacts with the hydrogen sulphide the resulting iron
sulphide precipitates on the parent metal's surface. Under the
right conditions this sulphide can be quite hard and adhere well
to the pipe. It will act as a protective scale preventing further
corrosion. Scales formed at temperatures of 130 degrees Celsius
tend to be quite hard and adhere well to the steel. Scale formed
at temperatures near the hydrating temperature of hydrogen
sulphide in water, 30 degrees C, are not protective in general.
General corrosion does not occur in stainless steel but is common
in carbon steel.

Pitting is the other corrosion mechanism. It is much harder to
detect than general corrosion since the pits may be quite small.
Furthermore since the overall metal loss with pitting is small
weight-loss corrosion coupons may not give an indication that it
is occurring. Pitting, when started, will often accelerate with
time because the centre of the pit will be anodic with respect to
the unaflected pipe material. The deeper the pit the more anodic
it becomes. Pitting occurs in both carbon steel and stainless
steel.

Blistering occurs when monatomic hydrogen released from the
formation of iron sulphide migrates into the metal and then gets
trapped at some inclusion. The atomic hydrogen combines to form
hydrogen molecules, which occupy about 20 times as much space
creating a void in the metal. Blisters occur parallel to the
rolling direction of the steel regardless of stress in the
material. Since 1970 steel makers have learned to make steel that
is not susceptible to blistering. The control of the composition
of the metal is important to reduce non-metallic inclusions such
as MnS. Proper rolling techniques will reduce the elongation of
the inclusions. The use of certain additions such as Ca will
encourage the inclusions to become spherical and so do not trap
hydrogen. Blistering is easy to detect. It only occurs in carbon
steel.
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The other type of HIC is step-wise cracking. It occurs just as
blistering does but multiple defects are involved which link up
without external stress to form cracks. It is also relatively
easy to detect. Step-wise cracking only happens in carbon steel.
Steels which are relatively immune to blistering are also
relatively immune to this type of attack.

Stress Oriented Hydrogen Induced Cracking, SOHIC, looks somewhat
similar to step-wise-cracking when a cross section is taken from
the metal except that the various defects parallel to the surface
are more stacked up over each other. The cracks joining them are
produced under stress and propagate perpendicular to the tensile
stress direction. This mechanism is unusual in that it only
affects low strength carbon steels which normally do not suffer
from stress cracking.

Stress Corrosion Cracking, SCC, is transverse cracking of the
steel with either single or multi-branched modes. It is the main
failure mode for stainless steel. It is very rare in the parent
metal of lower strength carbon steel, although it can occur in
welds in carbon steel. Avoiding high residual or operating stress
suppresses SCC. Also steel that is too hard or has hard spots is
susceptible; keeping HRc below 22 is the normal rule of thumb.
This in itself is no guarantee because the actual microstructure
is important. A proper heat treatment of the metal will be
beneficial but care must be taken to prevent sensitization.

Pitting, SOHIC and SCC are mechanisms that usually result in a
leak. If not detected the leak may grow to the point where
rupture occurs but this normally takes some time.

General corrosion, blistering and step-wise-cracking have the
potential to rupture without warning if they cover a large enough
area of the pressure boundary. However they are readily
detectible when they are of that size.

All hydrogen sulphide attack on steel requires the presence of
water to disassociate it into hydrogen and sulphur ions. The
presence of oxygen will also promote the reaction, particularly
with the creation of sulphur oxyacids, which are more reactive
than the hydrogen sulphide itself. Chlorine in the process stream
will increase the chances of SCC in stainless steel. Increasing
the pH reduces the rate of attack. The attack also is temperature
dependant and will start to reduce above 50 degrees Celsius.

Stainless steel is more resistant to attack than carbon steel. It
is affected only by SCC in the welds and pipe metal and by
pitting in the pipe material.

Carbon steel is affected by all mechanisms; SCC usually being
confined to the weld zone and the other mechanisms attacking
outside the HAZ. Proper welding techniques and post weld
treatment are necessary requirements for sour service for both
carbon and stainless steels.
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Type 316L stainless steel has better performance in sour service
than 304 or 304L. The low carbon content grade is used to prevent
the precipitation of chromium carbides at grain boundaries
(sensitization) when the material is heated during welding
operations. The formation of chromium carbides lowers the
corrosion resistance of the adjacent material allowing
intergranular corrosion to occur.



APPENDIX C
FAILURES IN THE PETROLEUM INDUSTRY

This appendix documents the failures found in the petroleum
industry, mostly from published sources. The quality of
information varied widely between sources but as much relevant
detail as possible is given. In most cases the failure is
believed to be related to the presence of hydrogen sulphide in
the gas or oil. Some of the references are so sparse that the
actual location or time cannot be identified. There is a
probability that some failures are reported twice. Duplicate
reporting has been eliminated where it was identified.

C.I Naumann and Speis [Cl] report on the chromium-
molybdenum steel of a German coal gasification plant operating at
400 to 500 degrees Celsius. Heavy corrosion necessitated
replacing the piping after 4 months service. Corrosion products
were identified as iron sulphide and rust. The gas had a high
hydrogen sulphide content.

C.2 The above authors [C2] also report on the bursting of a
German natural gas line of 400 mm OD and 9 mm WT. The unalloyed
steel had 0.22% carbon content. Failure was due to hydride
blistering and step-wise cracking. The natural gas was
subsequently dried to a dew point that was low enough to prevent
water condensation when the pipe was reconstructed.

C.3 El-Jundi [C3] describes pipeline problems in Qatar that
necessitated replacing major sections of pipelines which had
suffered both corrosion and hydrogen induced cracking. The 300 mm
OD seamless piping with a 0.18% maximum carbon content and 0.010%
maximum sulphur content suffered both general and severe pitting
corrosion. Corrosion and hydrogen induced cracking were detected
in the 600 mm SAW pipe. It had a maximum carbon content of 0.14%
and a maximum sulphur content of 0.010%. Both pipelines contained
materials which met specification API 5LX-X52. The product
streams contained 3% hydrogen sulphide and some lines ran with
wet gas.

The failures reveal poor quality control and an inadequate
understanding of the requirements of the system. Pipe was
procured to the requirements for sweet rather than sour service.
Seawater and debris entered the pipeline during construction and
no plans were available for their removal; this led to dams that
trapped liquids and created conditions conducive to local
corrosion. The lines were tested with seawater that was
inadequately treated to prevent corrosion and the water was then
left in place for over a year with no monitoring. The lines were
not dried properly before initial use leading to wet hydrogen
sulphide conditions. Finally poor construction methods dented the
pipe. Mechanical cleaning devices, called pigs, could then not
pass through some sections. As a result the lines never operated
to design conditions and major repairs were needed within 2
years. No actual ruptures occurred.
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C.4 Treseder [C4] summarized the problems the gas and oil
industry experienced when it began to develop deep (high
pressure), sour fields in Canada and the U.S. He listed 20
failures in production piping systems that were due to brittle
fracture caused by SCC. In 19 of the cases the low carbon steel
was too hard, HRc > 22. The other case involved the use of a free
machining steel which, because of its higher sulphur and
manganese content, is not suitable for sour service. The failures
were on tubing, casing, well-head valve arrangements called
Christmas trees, valves, and other components at the well site
before the gas entered the dehydrating unit.

In addition to the low carbon steel failures Treseder also listed
some failures with stainless steel due to SCC. Martensitic steels
were involved in seven failures. Again all these steels were
considerably harder than HRc 22. The failures were all in valves.
He also lists three failures with austenitic stainless steel but
does not give enough information to indicate what caused the
failure.

C.5 The Canadian National Energy Board requires that all
failures of pipelines under its jurisdiction be reported to it
[C5]. These failures are compiled in a data bank [C6] and a
review of this resulted in some information on several gas line
failures in western Canada [C7,C8].

Incident 13-88 involved the failure of cap screws securing the
gland plate on a main line valve allowing the valve to blow
apart. The valve was known to be leaking. Sulphide stress
corrosion cracking occurred in the screws.

Incident 01-87 involved the failure of a welded tee in a pipe
used to launch mechanical cleaning pigs. The failure initiated in
the HAZ and propagated into the parent metal. Subsequent analysis
revealed the pipe was inherently brittle because of the
manufacturing technique employed. The low carbon steel, 0.17% C,
was 114.3 mm OD by 6.35 mm WT. The weld dated from 1958 and had
served 29 years before failing.

Incident 02-69 was a 240 feet long rupture of the longitudinal
seam weld in a 24" OD by 0.325" WT sour gas line a few months
after being put in use. The suspected cause was a defective seam
weld which contained welding defects. The fracture extended in a
brittle manner into the parent metal of adjacent joints.

Incident 39-69 occurred in the same pipeline as failure 02-69. It
was a 16" crack in the MIG circumferential weld initiated by SCC.
The crack grew from low-cycle high-stress fatigue. The weld was
too hard, HRc of 30. This same section of line had also
experienced ruptures similar to 02-69 when being hydro-tested,
again due to faulty seam welds. Construction codes require
pipelines be hydro-tested before commissioning and after major
repairs.
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C.6 Williams [C9] described three failures used to
correlate laboratory test results with actual experience. The
first failure was in a DSAW 16" by 0.375" grade X52 pipe. It
failed in the HAZ 2 days after being put in service due to
sulphide stress cracking. Some step-wise cracking was also
observed.

The second failure occurred in ERW 8-5/8" by 0.188" grade X52
pipe. It ruptured at a large mid-wall blister after 8 years of
service. It ruptured at the far end of the line from where
inhibitors were added.

The third failure was in DSAW 24" by 0.271" grade X52 pipe. It
failed 2 years after being put into sour service from step-wise
cracking. After repair inhibitors were used and the line served
without problems for another 18 years.

C.7 Bruckhoff et al [CIO] reported on a failure in a West
German gas line carrying very sour gas, 23% hydrogen sulphide.
The 8-5/8" line failed from stress oriented hydrogen induced
cracking. The line had triethylene glycol in it as a carryover
from the dehydrating process at the well head which in turn
carried some water and chlorides from salts in the water brought
up by the gas. The presence of chlorides added to the cracking.

C.8 Hudgins [Cll] gives some data on several brittle
failures. A drilling tube joint failed hours after being lowered
into a well producing sulphide fluids. Hardness was HRc 29.

Numerous failures of valve trim parts (stems, seats, springs,
etc.) occurred when very sour (up to 50% hydrogen sulphide) high
pressure wells were first being produced in Canada, East Texas
and France. Although operating stresses were low the materials
had high hardness.

C.9 Twigg [C12] summarized several failures. A 400 mm OD by
9 mm WT natural gas line burst after 4 months' service. It was
made from plain carbon steel, 0.22% carbon content, and operated
at 60 atmospheres. The parent metal blistered, and then cracked
step-wise leading to failure. The weld area was unaffected.

He also mentions six tubular failures in drilling operations
where hardness was in excess of HRc 22. The high hardness stemmed
from poor or non-existent heat treatment, mechanical damage
during straightening, and/or hard spots produced by local
quenching during manufacture.

CIO Step-wise cracking of sour lines has been studied by
Canmet [C13]. In 1964 a West German X42 406 mm OD by 8.76 mm WT
ERW 0.22% carbon steel line failed after 4 months of service. The
pipes had been annealed at high temperature but had subsequently
been cold straightened producing high residual stress. Although
the gas was dehydrated the line was initially damp. Metallurgical
examinations showed manganese sulphide and silicate inclusions.
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In 1972 a sour, submarine crude oil line failed in the Persian
Gulf. The steel had widely dispersed MnS inclusions which were
severely elongated during rolling. This problem was accentuated
by the high Mn:S ratio and the low finishing temperature of the
metal.

C.ll A 1952 paper [C14] describes a number of early failures
in very sour wells coming on stream in Alberta, Arkansas and
Texas. The failures typically occurred within hours or days of
operation. The failures were:

9% nickel steel tubing, Pincher Creek, Alberta
9% nickel steel tubing, Arkansas
9% nickel steel tubing, Arkansas
N-80 casing, Jumping Pound, Alberta
hardened steel Bourdon tube, Arkansas

- hardened steel valve stem, Arkansas
N-80 casing, Texas
410 stainless steel valve plugs, Texas.

In all cases the material was too hard for sour service.

C.12 The Grizzly Valley sour gas gathering system in north
east British Columbia suffered several failures in the early
years of its operation [C7,C15,C16]. There were three failures in
the 508 mm OD by 9.5 mm WT line and one in the 610 mm OD by 9.5
mm WT in a 10 month period. The pipe was specified for sour
service and specified a maximum hardness of HRc 20. It was all
supplied by one manufacturer but came from two mills. The pipe
was DSAW spiral seam X52 of nominal 0.09% C content.

All failures occurred in the weld zone. Subsequent analysis
showed the failures all started in the inside bead weld which had
high hardness, HRc 30 to 50, and high manganese levels. One mill
had used an active, high-manganese, bonded flux in combination
with a welding wire high in manganese for the inside weld bead,
resulting in unacceptably high hardness. All pipe produced by
that mill had to be replaced. This is a good example of a
breakdown of QA.

C.13 One of the few cases where hydrogen blistering was the
cause of pipe line failure occurred in 1951 in Texas [C17,C18]. A
total of four breaks occurred in 24" OD by 0.271" WT and six
breaks in the 16" line in a 2 month period within several months
of commissioning. The X52, SAW pipe was made from open-hearth
produced plates and expanded approximately 1.75% to 1.95%.

C.14 In 1974, in Saudi Arabia, three service ruptures
occurred in a spirally welded, Grade 42 sour gas transmission
line between 4 and 7 weeks after commissioning [C19]. There was
extensive blistering and cracking in the first 10 km of the 90 km
line. All failures were due to step-wise cracking near but not in
the weld zone. The steel contained elongated MnS inclusions which
were the initiating sites.
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C15 Rees [C20] reported on the operating failures of check
valves. Corrosion of the pivot pins had seized them, locking the
valves open.

C.16 The Burnt Timber wet sour gas gathering system in
Alberta suffered nine leaks in the first 4 years of operation
starting in 1970 [C21]. The faults occurred in 4", 6" and 10"
lines. The failures were all due to pitting that penetrated the
pipe wall. Pitting was caused by too low a flow in the line which
did not sweep away sludge, scale or corrosion products. This
allowed a corrosive environment to form beneath the deposits.
Once initiated, a pit would set up a chemical environment which
would be slightly anodic with respect to the surrounding metal.

C.17 King and Badelek [C22] discussed problems with valve
failures in the Middle East even though they had been ordered for
sour service. Analysis of the failed components showed that in
most cases they did not meet the specifications set for them.
This was a clear case of manufacturers not understanding the
requirements and of buyers not doing any testing on the received
goods. No statistics or actual failures are discussed.

C.18 A calculation was performed on t.he fatigue life of
pipelines by four service failures of a major Canadian crude oil
line (864 mm OD by 7.1 mm WT) made of X52 steel in the first 5
years of its operation [C23]. The fatigue cracks grew during
operation from initial fabrication defects, located at the inside
toes of longitudinal welds. It was calculated that the size of an
acceptable initial defect would be halved in going from sweet oil
to that saturated in hydrogen sulphide.

C.19 Several failures occurred in Austria that involved
hydrogen mechanisms but did not involve hydrogen sulphide
[C24,C25]. In drilling very deep wells, below 20,000 feet, very
high strength steel was needed for the casing due to the high
pressures involved. The material chosen was V-150 with a minimum
yield strength of 150,000 psi. It was very hard, HRc 42. Failures
occurred in the casing joints made in the field. Under high
stress in the threaded joint, hydrogen evolved from the reaction
of water trapped in the joint to form iron oxide and hydrogen.
This led to hydrogen stress corrosion cracking.

C.20 Ciaraldi [C26] reported on several failures. The first
was a L-80 casing failure in a sour oil well. The low carbon
steel (0.31% C) pipe was 178 mm OD by 9.5 mm WT. The failure
mechanism was a combination of hydrogen induced cracking and
sulphide stress cracking. The initiating event was the formation
of blisters. They joined in a step-wise fashion, causing internal
stresses at the crack tips leading to through-wall cracks. It is
interesting to note that the HRc was 22 to 23 and that MnS was
present, but not too excess. It was the combination of the
hardness and MnS that was necessary for the failure, as each
condition was borderline by itself.
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Ciaraldi also reported on the failure of a 165 mm by 102 mm by
9.5 mm WT tee and a 203 mm to 152 mm by 6.4 mm reducer. Both were
forged at too low a temperature, hardness levels of HRc 26-31
resulted. They failed due to SSC.

C.21 More QA problems in Saudi Arabia were reported by
Turissini and Hingoraney [C27]. They discuss failures in two 25
mm gate valves carrying moist sour gas. The valves failed by SSC
in the valve body-to-bonnet weld because of excessive hardness in
the weld and its HAZ.

They also report on a 7-1/16" gate valve that had a large piece
of the gate missing. The gate was 410 stainless steel with an
Alloy No. 6 weld overlay. Although the gate had been tempered and
had a hardness of only HRc 19, the overlay was not followed by a
further temper so it was HRc 46-54.

A type 410 stainless steel spring from a relief valve failed. Its
hardness was HRc 48. Chlorine was present in the brine brought up
by the natural gas. The mechanism was chloride SCC with SSC
accelerating the process. In all these cases the components were
not manufactured to the specifications given in the purchasing
documents.

C.22 Petrie and Moore [C28] conducted tests to see if lines
originally intended for sweet service could be converted to sour
service in Saudi Arabia. They compared their lab results with the
subsequent history of the lines. Where their tests indicated the
lines were acceptable they had some operational problems but no
failures. Where their test indicated that the lines were
susceptible to failure they found:

-gas line la, three ruptures in first month
-scraper launcher, extt.isive cracking and replaced
-crude line offshore, leaks and 100 m replaced
-crude line onshore, extensive cracking and replaced
-gas line 4, extensive cracking and abandoned.

Failures were all due to hydrogen induced cracking.

C.23 Moore and Hansen [C29] did a series of tests on steel
in sour service and compared the test results with actual service
performance to check the validity of the test results. They
reported on three pipeline failures:

-Gas line no. 1 failed after 1 month of service from blisters and
severe step-wise cracking. It operated at a fairly high
temperature of 85 degrees Celsius and with a pH of 3.7.

-Gas line 3 had a service life of 18 years and failed from
blistering. There was no cracking. The operating temperature was
lower, about 50 degrees Celsius and the pH was 3.8.
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-Gas line 4 failed after 5 years from step-wise cracking but had
no blistering. Its operating temperature was also 50 degrees
Celsius and the pH was 4.0.

C.24 The Khuff field in Bahrain suffered severe erosion-
corrosion from carbon dioxide in the gas [C30]. The line velocity
was too high. The failure was not due to the hydrogen sulphide
content of the gas itself but hydrogen sulphide was released when
the 75 mm lines leaked. In the first year of operation three
leaks occurred. The leaks led to an extensive ultrasonic
inspection programme and the redesigning of lines to reduce the
gas velocity.

C.25 Another carbon dioxide induced corrosion failure
occurred in the Crossfield gas field in Alberta [C31,C32].
Hydrogen sulphide was also released when a section of 6" pipe
ruptured because of general corrosion. The corrosion was due to
gas velocities being too low causing the liquids in the line
which contained the inhibitors to separate from the gas, and then
failing to protect the top portion of the pipe. An extensive
monitoring programme was initiated to prevent similar problems.

C.26 Two more sour lines experienced failures in Alberta;
one in the Jumping Pound field and the other in the Sarcee field
[C33].

The five failures in the Jumping Pound line were attributable to
pitting at the bottom of the line in areas where water
accumulated. Too low a gas velocity meant water was not being
pushed out of low spots in the line. A high chloride content of
the water led to the formation of ferrous chloride which
prevented the formation of a protective iron sulphide layer. The
problem was stopped in the 6" line with an inhibitor programme.

An 8" line in the Sarcee field suffered two failures from
corrosion. These occurred in the upper part of the line. Since
the line carried gas with a high water content and hydrogen
sulphide, methanol was injected to prevent the formation of
hydrates. As the gas cooled while travelling down the line the
water and methanol condensed on the upper surface of the pipe.
Because of its higher vapour pressure the methanol would condense
first. At these locations the methanol prevented the formation of
iron sulphide scale and general corrosion occurred. A inhibitor
programme solved the problem.
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APPENDIX D
FAILURES AT THE BRUCE HEAVY WATER PLANT

An extensive search was made of the records of the Bruce Heavy
Water Plant piping system for failures and their causes. These
are listed below in approximate chronological order. Not all
failures are listed, only those where the failure mechanism was
studied and recorded. Both A and B plants are covered. There was
some diversity in the amount of information given on each failure
but it was not as much as for the petroleum industry. The years
listed below are the years in which the reports are dated. The
actual failure date will be somewhat earlier but the time lag is
normally only several months. The actual failure dates were not
given in most cases. In some cases the failure might have been on
a line that could not have released hydrogen sulphide, but the
documentation did not make this clear so it was included.

D.I In 1974 a stub end failed on 1-3126-P1220, a 6" 304L
stainless steel line. The failure was caused by chloride SCC from
the external surface of the line. The source of the chlorine was
"Listing Tape" which was subsequently banned on site. [Dl]

D.2 In 1975 a continuous stripper feed line, 392L-PD3011
(2") ruptured because it was not adequately drained during a
shutdown and froze when the steam tracing was deactivated. [D2]

D.3 Failure analysis of a cracked pipe in the line between
level transmitter LT155 and the effluent flash drum 372-D101 of
enriching unit El showed that the 21 mm OD 304L cracked at the
pipe to flange weld because of fatigue failure. Poor design led
to inadequate support. [D3]

D.4 A 305 mm ID 304L pipe failed at a lap joint stub end at
the process drain tank. It failed by hydrogen induced SCC from
the inside. The high stress came from over-torquing the flange
bolts to make the ill-fitting pipe flange connect with the tank
nozzle. Since the stainless steel line connects with a carbon
steel tank, a galvanic couple existed to create the hydrogen
ions. [D4]

D.5 Failure analysis of a cracked process drain line, 1-
392L-PD1233 (2"), showed that both the elbow and pipe of the 304L
material failed from the inside. The mechanism was SCC caused by
the presence of polythionic acid with the residual stresses
coming from installation and operations. [D5]

D.6 A 203 mm ID carbon steel line failed in the HAZ where
the ASTM A-333 pipe was butt welded to a ASTM A-350 flange. The
cause was erosion-corrosion. Operating conditions were not
conducive to this choice of material. [D6]

D.7 In 1976 a spring failed on the E2 seal oil system
relief valve. The failure was due to hydrogen embrittlement (SCC)
of the carbon steel spring. The problem arose because the valve
was installed horizontally against the manufacturer's advice and
this distorted the O-ring seal allowing hydrogen sulphide
exposure of the spring. [D7]
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D.8 Also in 1976 three nipples failed on a motor operated
valve. Dirt and corrosion products in the nipples led to crevice
corrosion and pitting behind them. Subsequent over-stressing due
to freezing or over-pressurization caused ductile failure.
[D8,D9]

D.9 In 1977 there were two failures on the process drain
line from the bottom headers of the humidifier steam heaters, one
at an elbow and one on a straight line. The failures were due to
SCC in the 304L material. The cause was polythionic acid attack
in stagnant conditions. The stress came from water hammer during
start up. The lines were changed to carbon steel. [D10]

D.10 A number of Carpenter No. 7 stainless steel valve stems
suffered brittle fracture due to the manufacturer omitting heat
treatment. [Dll]

D.ll Level control valve 2-63313-LCV110 on the third stage
cold tower was leaking sour water. The seal ring failed. This was
identified as an inherent problem with this type of valve. [D12]

D.12 An Inconel 625 bellows on pressure relief valve 1-373-
RV145 failed after 2 hours service because of mechanical fatigue.
The presence of some abrasive on the O-ring seat seal was the
probable cause of the cyclic stress. [D13]

D.13 Check valve 312-V21013 suffered a broken spectacle
blank. The hole in the blank was caused by freezing. [D14]

D.14 More springs broke on seal oil system relief valves,
3911-RV594, because of hydrogen embrittlement. The four springs
were in a valve that was installed horizontally contrary to
manufacturer's instructions leading to deformation of the O-ring
and subsequent leaking of hydrogen sulphide. [D15]

D.15 A lower gland bushing failed on a 195 mm gate valve,
MV102A, by ductile rupture. Quench cracks from the manufacturer's
heat treatment propagated by vibration induced fatigue cracking.
[D16]

D.16 A 304L instrument line to DPM 220 in enriching unit 2
suffered a through-wall penetration because of pitting and
crevice corrosion caused by polythionic and/or sulphurous acid.
[D17]

D.17 Poor design was blamed for the 9.5 mm OD by 1 mm WT
sampling line from enriching unit 1 suffering a mechanical
fatigue fracture. [D18]

D.18 A tee and a reducer in the F2 feed treatment vessels
and piping suffered pitting and pin hole leaks. The chloride
induced corrosion occurred in hot, stagnant conditions with a
high concentration of oxidizing and chloride ions. The chloride
ions were introduced with potassium permanganate used to treat
the feedwater. [D19]
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D.19 The Inconel 625 bellows from pressure relief valve 1-
373-RV143 failed in 1978. The 269D-11 valve was in the effluent
stripper of enriching unit 1. Failure was at one convolution of
the longitudinal electrical resistance seam weld due to
mechanical fatigue. A lack of fusion in the weld contributed to
the problem. [D20]

D.20 There was a weld failure on a 216 mm stainless steel
clarifier air blower line. It cracked because it had been welded
with a carbon steel welding rod, a violation of maintenance
procedures. [D21]

D.21 A 304L tee on process drain 3001 failed because of SCC.
The forged 305 mm by 11.1 nun WT tee had been welded but was not
stress relieved, contrary to specifications. It contained water
saturated in hydrogen sulphide and cracked longitudinally. [D22]

D.22 An actuator pin in butterfly valve HCV 654 failed by
sheer stress imposed during one single severe impact. The failure
caused the valve casing to crack. The pin was made from B1112
free cutting steel. [D23]

D.23 A 304L 6" line, 312L-P1220, failed under pressure test.
The line had suffered chloride SCC from the outside. [D24]

D.24 Carbon steel line in the treated water line suffered
erosion-corrosion due to high turbulence below the level control
valve and too high acid strengths, a design problem. [D25]

D.25 A 304L stub end and reducer, 18" to 10", failed because
of sulphur oxyacid pitting. Inadequate feedwater degassing led to
high oxygen levels and acid formation, operating problems. [D25]

D.26 A 2" carbon steel flushing water line, MW 1069 A2A,
leaked. It was determined that stainless steel should have been
used here, a design problem. [D26]

D.27 There were repetitive failures of an instrumentation
line between V162B and DPM 272B on enriching unit 2. The 15.6 mm
ID 304L failed because of corrosion fatigue initiated by internal
intergranular corrosion. The material had been sensitized by
welding operations, a fabrication problem. [D27]

D.28 A 2 ply Inconel 625 bellows in expansion joint 4-31102-
B101 failed at the weld. It was welded at each end to the
external surface of 19 mm thick grade 70 carbon steel spool
pieces. The failure was due to SCC. Contributing factors were
poor fit-up, lack of fusion in the weld root, omission of pre-
heat and high hardness in the HAZ of the carbon steel,
fabrication problems. [D28]



-D4-

D.29 A treated water line, 712L-TW1714, in El suffered a pin
hole leak due to pitting. The carbon steel line had excessive
corrosion which was caused by fluid turbulence removing the
protective layer of scale. Also the acid strength was high, pH
4.5. [D29]

D.30 An 8" schedule 20 A53 grade B pipe, 725L-MS 2004 failed
because of intergranular SCC from the internal surface. The crack
initiated at stress concentrating notches forming the edge of the
weld TIG root pass. The weld was under severe stress as the pipe
was too short, a fabrication problem. [D30]

D.31 In 1979 the bonnet studs on valve 04-31103-MV106 failed
because of SCC. At one point water had frozen in the valve and
distorted the flanges. The bolts had to then be tightened so much
to mate the flanges that they experienced work hardening and
plastic deformation. [D31]

D.32 A number of springs in plug valves were failing from
sulphide SCC, even though their hardness was below the
recommended HRc 35. It was recommended that the Inconel 750
material be replaced by Inconel 625, a material more appropiate
to hydrogen sulphide service. [D32]

D.33 A failure analysis of an Inconel 625 bellows from
pressure relief valve 2-373-RV145 showed a through-crack in a
convolution. The mechanism was mechanical fatigue. [D33]

D.34 Analysis of A 106 pipe removed from between LTP 108 and
V752 in El showed excessive corrosion and pitting. Stagnant
conditions existed and oxygen was present. [D34]

D.35 A stainless steel stud bolt fractured at DPM cell
PT291A. Leaking water containing hydrogen sulphide caused
hydrogen erabrittlement and brittle fracture. The material was too
hard for this environment. [D35]

D.36 Type 304L pipe from line 331L-P1133 leaked where the
pipe contacted a pipe support. Rainwater had leached chlorides
from the insulation and these were trapped between the pipe and
the support causing SCC. [D36]

D.37 Analysis of a fractured suction flange stud bolt and an
expansion joint nut component in BHWP-B showed they failed from
SCC. The material was too hard for this service, HRc 30. [D37]

D.38 A failure in an E4 Inconel bellows to carbon steel
spool piece attachment weld was the result of SCC. There was high
tensile stress present and a susceptible microstructure
environment due to bad welding technique. [D38]
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D.39 A pinhole leak developed on line 331L-P1138 in El. The
hole initiated from the inside surface of the 304L pipe. It was
at the site of a carbon steel U-bolt clamp. The thermal effect of
the clamp caused a heavy iron sulphide deposit containing halides
from the process water. The U~bolt also caused localized
stresses. [D39]

D.40 Four pinhole leaks developed in line 37109-SC1698 in
E4. The holes initiated from the inside due to pitting and SCC.
The active corrodents were halide ions in iron sulphide deposits
and sulphur oxyacids. The line was stagnant during a long
shutdown. [D40]

D.41 Another BHWP-B failure in line PW 8013 was due to
external surface initiated chloride SCC and pitting near on-site
welds. The welds were not post heat treated. Material was
schedule 10S type 304 stainless steel. [D41]

D.42 A failure analysis of type 304L lines 33109L-P1992 and
P1994 in E3 showed small ruptures from internal halide pitting
and SCC. The source of the halides and the stress was not
determined. [D42]

D.43 A 1.6 mm thick Inconel 625 liner protecting an Inconel
625 bellows in a gas expansion joint in E4 became separated from
the upstream Inconel 600 spool (12.7 mm thick). The cause was
fatigue because of a poor weld design. [D43]

D.44 The fracture of an AISI type 329 stainless steel stem
for a 16" gate valve at BHWP - B resulted in the recommendation
that type 316 material be used instead. Type 329 had a poor
record in heavy water plant service, failing from SCC. [D44]

D.45 The last reported failure in 1979 was in a stainless
steel line, 31109L-PE1168 in E3. There was pitting and halide SCC
from the internal surface. The corrosion formed under heavy
deposits during a period of hot stagnant conditions. Water hammer
over-stressed and ruptured the line. [D45]

D.46 The first 1980 failure reported was on line 372L-P1736
in El. The line was pitted both internally and externally but no
SCC was present. The external corrosion was from chlorides in an
asbestos bearing pad on a pipe support. The internal problem was
from sulphur oxyacids. The 304L material was replaced with 316L
which is more resistant to these types of attack. [D46]

D.47 Another case of 316L being used to replace failed 304L
material was piping from absorber tower bottom pump P101-3 in El.
The piping had extensive pitting attack from sulphur oxyacids.
The acids were formed because of inadequately degassed feedwater.
It was also recommended that sulphite injection be used to
scavenge oxygen. [D47]
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D.48 Line 31209L-PD1075 in E3 cracked at an elbow and in a
straight section adjacent to a weld. The 304L material suffered
internal halide pitting and SCC. The corrosion occurred before
operation when the line was full of hot, stagnant, halide
containing water. [D48]

D.49 Sampling line SG1405 in E4 suffered through-wall
cracking. The schedule 10S type 304L material suffered internal
surface pitting and SCC because of a hot, stagnant, chloride and
sulphur oxyacid containing environment. The material was changed
to 316L. [D49]

D.50 A number of failed studs were examined from the plant
in 1980. All were found to have hardness in excess of HRc 22.5.
[D50]

D.51 A number of failures of type 329 stainless steel gate
valve stems led to the formation of a task force to study the
situation. It was concluded that the material was not suitable
for heavy water plant service. The 6 failures at Bruce were all
due to SCC. Nitrogen strengthened stainless steels are now
specified for this purpose. [D51]

D.52 The first analyzed 1981 failure was in the F2 to E4
return line PW8013 in the B plant. The schedule 10S, type 304
material failed away from welds because of pitting and SCC
initiated at the internal surface at sulphide and chloride
containing deposits. [D52]

D.53 Four pin holes developed in pipe NF 3203M in the common
services north area. The type 304L line carried waste gases
(principally hydrogen sulphide) from the scrubber to the flare.
The line had internal pitting and SCC due to chlorides and
sulphur oxyacids and external pitting and SCC from chlorides and
sulphates leached from fibreglass insulation. [D53]

D.54 The B plant suffered a failure on the flushing water
line 03-712L-MW1281. The failure was a weld which had not been
made to specification. The 304L material was welded with a mild
steel electrode. Due to the differences in material galvanic
attack occurred. [D54]

D.55 A 304L elbow in line P1025 at E3 suffered numerous
cracks caused by intergranular corrosion and SCC from sulphur
oxyacids. The line was at the tubeside outlet of the dehumidifier
cooler. For some unknown reason the material was sensitized.
[D55]

D.56 The waste gas line NF 3203 in common services north
again failed some months after the failure reported above in
5.53. The internal surface had chloride and sulphur oxyacid
transgranular SCC and was heavily pitted. There was some external
pitting created by rain water leaching chlorides from insulation
but the failure was from the inside. [D56]
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D.57 A scrubber tower return line, PB 8010 from the E3
absorber tower carrying moist hydrogen sulphide at 30 degrees
Celcius failed because of SCC. Chlorides had contaminated the
gas. The 83 mm OD by 3.2 mm WT 304L material had residual stress
from manufacture. [D57]

D.58 The 304L stainless steel line to sample station #62
suffered two circumferential through-wall cracks. The SCC
initiated on the inside surface due to chlorides and sulphur
oxyacids. The line was often stagnant. [D58]

D.59 An annubar flow element, FE172A, failed in E3 from
vibration fatigue. It vibrated at 6 Hz but the leg was held rigid
to the body. [D59]

D.60 In B plant the E4 to F2 feed line PW 8012 of 304L
material developed leaks at a 2" forged elbow. The failure was
due to internal surface initiated transgranular SCC in the HAZ.
Welding left residual stresses. [D60]

D.61 In 1982 Seamless stainless steel pipe normally carrying
sweet oil but from time-to-time carrying hydrogen sulphide
contaminated oil failed in the vicinity of a weld. There had been
no post weld heat treatment leading to a sensitized
microstructure. [D6l]

D.62 The El to Fl feed line failed where a steam tracing
line touched it. Local heating from the tracer set up a galvanic
reaction which caused extensive internal pitting. [D62]

D.63 Erosion-corrosion caused the failure of an overhead gas
line elbow. The material was specified to ASTM A333 Grade 1. It
had a carbon content of 0.15%, well within the 0.30% maximum
allowed. [D63]

D.64 Another steam tracer initiated failure occurred on
PL5105, a 3" carbon steel pipe carrying hydrogen sulphide. Local
heat from the tracer initiated localized pitting. It was
recommended that the tracing lines be mounted so as to not touch
the pipe and be converted from copper to stainless steel. [D64]

D.65 A stainless steel pipe located inside a carbon steel
slip-on flange at the tubeside outlet of a vessel failed due to
SCC from the outside of the pipe. The corrosion was inside the
flange area and the inside of the flange was also corroded. The
stainless steel pipe was not coated, a design and fabracation
problem. [D65]

D.66 A welded 304 tee fitting had pits at the water level in
the tee which ultimately led to SCC. The material was changed to
316. [D66]
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D.67 A type 304L pipe failed in the vicinity of a welded
pipe support-slider. The failure mechanism was a mixture of
intergranular corrosion due to sensitized microstructure and SCC
due to high residual tensile stress left because of the absence
of stress relief after the welding operation. [D67]

D.68 Line 02-311-P1805 failed because of severe pitting and
SCC from outside the stainless steel pipe. [D68]

D.69 Line 02-63130-DPT-272C also failed from severe pitting
and SCC from outside the stainless steel pipe. [D69]

D.70 The stainless steel line 03-31209L-P1223 failed by
intergranular corrosion in a sensitized region in the HAZ. The
failure was from the inside. [D70]

D.71 In 1983 five of eight studs broke on the tubesheet
outlet piping flange of a humidifier heat exchanger. The flange
had a small leak which was not seen as it was covered with
insulation. The bolts corroded. [D71]

D.72 Further seal oil line problems occurred in 1983. A 25
mm line of 304 material on the first stage 'A' blower at E2
failed from corrosion. It normally carried sweet oil but from
time-to-time had contaminated oil in it. [D72]

D.73 A third stage cold tower sample station line, 01-
33109L-P1798, failed from inside surface initiated intergranular
corrosion cracking. Although solution treated 316L was specified
the material was actually 304. [D73]

D.74 Perforation occurred on the overflow drain line, PD
3125B, on a high pressure flare drum in central services. The 2"
carbon steel line sees hydrogen sulphide when the flare drum
overflows but is normally stagnant. There was selective corrosion
of the weld and HAZ which was promoted by overheating from a
steam tracer. [D74]

D.75 A 304 or 304L stainless steel vent line, L-P1327, from
heat exchanger HX 109C in BHWP-B failed from external chloride
SCC. A steam tracer leak leached the chlorides from insulation.
The line was not coated. [D75]

D.76 Another example of external chloride SCC was sample
line 1-313L-P1790 from the first stage C tower. The 25 mm line
was 304 or 304L material and was not coated. The chlorides
leached from the insulation. [D76]

D.77 The Inconel 625 bellows failed on safety valve RV 512A
on hydrogen sulphide storage tank TK 502A. THe bellows suffered a
small fatigue crack at the seam weld in a convolution. There was
a slight intergranular corrosion attack from the process fluid
that provided the initiation site for the fatigue failure. The
bellows was considered to have reached the end of its fatigue
life and was replaced in kind. [D77]
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D.78 Another external initiated leak was on piping 01-311-
P1145, a 150 mm line in El. The halides and sulphates leached
from wet insulation. The water was trapped between the pipe and a
shoe. The material was 304 or 304L and was not coated. [D78]

D.79 A scrubber tower return line, PB 8010, in central
services failed at an elbow where a steam tracer was leaking. The
3" 304L material also had severe internal pitting and subsequent
SCC due to chlorides in the process water. There were also
residual welding stresses. The material was changed to 316L.
[D79]

D.80 A liquid hydrogen sulphide line, PL 5105, in common
services failed from pitting and general corrosion. The 3" line
was made from ASTM A333 grade 1 carbon steel. The line was
generally stagnant and oxygen had entered it. [D80]

D.81 Another Inconel 625 bellows failed, this time on valve
01-373-RV143. The failure was due to through-wall cracks in the
welded lap seam. A lack of fusion and microcracks in the
manufacturer's seam weld were the initiators. [D81]

D.82 The last 1983 analyzed failure was another externally
induced chloride pitting and SCC one. It occurred on the
dehumidifier heat exchanger outlet line 01-311L-P1406. Once again
chlorides and sulphates were leached from insulation. The line
was not coated. Type 316L material was specified for the
replacement. [D82]

D.83 The first 1984 failure analyzed was on process line 3-
372-SG1753. The carbon steel line failed by erosion-corrosion due
to two phase flow and was replaced with stainless steel. [D83]

D.84 On the first stage tower on enriching unit 1 a
dehumidifier flow control valve, FCV111B, failed because a stud
had only two threads engaged. [D84]

D.85 Fire on the top of a hydrogen sulphide tank at the
bypass valve V7 7C on RV509A occurred when a plug valve failed. It
was decided to replace the 302 type stainless steel top seal
cover diaphragm with Inconel 600. [D85]

D.86 A leak occurred on sensing line L-SG3213 take-off for
the pressure transmitter 362 upstream of MV305. The fault lay in
changing the pressure transmitter cell from 1.5" 150 lb. to a 3"
300 lb. design. The mass was cantilevered off the line and this
plus normal vibration caused fatigue failure. The change was
neither authorized nor shown on the drawings. [D86]

D.87 Process water leaked from the third stage feed loop
when line 3-331-LP1062 suffered chloride SCC. A leaking tracer
leached chlorides from insulation causing the failure. [D87]
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D.88 Further bellows failures occurred in 1984. Fatigue
failure on the Inconel 625 bellows on relief valve RV143 on the
El effluent stripper condenser. The failure was at the seam lap
weld and was due to an improper manufacturing weld. [D88]

D.89 Another liquid hydrogen sulphide line failed in the
storage area, line 00-38209L-PL5105. The carbon steel line showed
accelerated general pitting corrosion. It was normally stagnant
and oxygen ingress had occurred. The line was redesigned to
improve drainage. [D89]

D.90 An instrumentation line (PT 293-E2) failed in A plant
because of steam impingement from a leaking steam tracer line.
The 20 mm stainless steel line also suffered from chloride SCC
with the chloride coming from insulation and the steam. [D90]

D.91 The humidifier-dehumidifier crossover line on C tower
of E4 in BHWP-B suffered a through-wall failure at an elbow
because of pitting corrosion and selective attack of the weld
metal. Water conditions were stagnant. [D91]

D.92 Poor maintenance practices were responsible for the
failure of stainless steel pipe MW 1063 in E4 of A plant. The
304L pipe leaked at a welded-on pipe support. A poor fit and
burn-through produced leakage and subsequent extensive corrosion
to the pipe and support when process fluids were oxidized. [D92]

D.93 A valve, 4-63600-F7139, on B plant failed from SCC of
the valve body made of type 316 stainless steel. Corrosive
sulphur oxyacids and chlorides, residual stress from cold work
and high applied stress caused the top of the valve to break off
when an attempt was made to tighten the packing. Hardness numbers
of VHN 247 to 274 were found instead of the expected 160-170.
[D93]

D.94 Further bellows failures occurred because of
manufacturing problems. An Inconel 625 bellows from a safety
relief valve on the hydrogen sulphide recovery compressor
fractured by propagation of fatigue cracks, initiated from
intergranular cracks in the HAZ of the seam weld. The
intergranular cracking was caused by a grain boundary
microconstituent thought to be a sulphur compound from
contamination of the surfaces prior to welding. [D94]

D.95 Another seal oil line failed in 1984. This one was from
pump 2-321-P104. The 7 mm ID line carried seal oil from a second
stage dehumidifier pump. The oil was normally sweet but is sour
from time-to-time. The tubing was incorrect material. It was
ferritic (probably 405) rather than austenitic. Ferritic material
is not suitable for sour service. It also set up a galvanic
couple with the more noble austenitic components, compounding the
problem. [D95]



-Dll-

D.96 In 1985 a crack on spool pipe L-P1738 downstream of a
valve in the purge and stripper area of enriching unit 4 was
caused by fatigue cracking due to excessive vibration after a
pipe clamp failed. [D96]

D.97 A 304L stainless steel line, P1985, on E3 in B plant
failed due to chloride SCC from the inside. The chlorine was
introduced in a carbonate wash being used to neutralize the line
before shutdown. The line was normally stagnant. [D97]

D.98 Also in E3 on B plant a type 304L stainless steel 400
mm to 200 mm reducer failed from intergranular sulphur oxyacid
SCC. The material was found to have a high carbon content,
residual stresses and a sensitized microstructure. It was
sensitized because of a slow cooling rate after annealing. [D98]

D.99 A 100 mm carbon steel spool piece downstream of pump
P109B in E4 of BHWP-B failed from erosion-corrosion. The flow
rates in the line were high and oxygen in the process stream
rusted the inside of the spool. [D99]

D.100 Studs on a leaking flange failed due to sulphuric and
polythionic acid attack. The carbon steel to stainless steel
flange joint was leaking because of pitting and galvanic
corrosion under the gasket. [D100]

D.101 Very heavily corroded studs were replaced at a leaking
flange. The corrosion was due to polythionic and sulphuric acid
attack formed when the leaking hydrogen sulphide reacted with
oxygen in the air. The presence of moisture and heat from the
process stream and steam tracing contributed to the corrosion.
[D101]

D.102 In 1986 the main effluent line at BHWP-B experienced
numerous through-wall failures and wall loss. The line normally
carries only sweet water but experiences sour conditions during
plant upsets. Corrosion was particularly severe downstream of the
recovery heat exchanger. It is known that carbon steel produces a
weaker protective coating at cooler temperatures and that
hydrogen sulphide corrosion is more severe at cooler
temperatures. The temperature upstream of the heat exchanger is
80 degrees Celcius and 35 degrees Celcius downstream. Since the
service is normally sweet water, a protective coating does not
have much chance to form. [D102]

D.103 A type 304L stainless steel 16" to 8" reducer failed
from pitting and extensive internal cracking. The mechanism was
chloride and sulphide SCC. A connecting pipe supplied the stress.
The reducer was replaced with 316L material. [E>103]
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D.104 A stainless steel inlet line to the effluent stripper
tower in E4 failed. A broken pipe support allowed vibration
induced fatigue cracks to form on the external surface. This in
turn led to high internal stress which caused SCC from the
inside. The two cracks joined to create a leak path. Although
316L was the specified material 304 was used. This however did
not contribute substantially to the leak. [D104]

D.105 A thermowell failed from halide SCC. The chlorine
contamination occurred before the thermowell was installed and
new cleaning procedures were initiated as a result. [D105]

D.106 A major investigation took place in 1986 on studs
supplied by one particular supplier. About 60,000 studs were
found to be not made to specification. All had excessive hardness
in the threaded area and hence were prone to sulphide SCC. The
problem lay in lack of heat treatment after machining the
threads. This QA problem has since been rectified. [D106]

D.107 In 1987 a failure analysis of level transmitter 03-
31100-LT106X cell vent line showed chloride SCC from wetted
insulation. The material was annealed 316L stainless steel. It
was not treated externally with Thurmalox 70 or Thurraalox 70M
although this was the normal construction practice for BHWP-B.
[D107]

D.108 Process drain line 03-39209-PD1911 failed because of
internal localized pitting. The protective scale broke down under
stagnant conditions and heat input from an improperly installed
steam tracer. [D108]

D.109 In E3 pump seal water piping suffered 4 failures, all
due to chloride SCC from the outside. There was no protective
coating. The stainless steel was austenitic. [D109]

D.110 Another externally induced failure occurred on sample
line 4-333-L-P1781 on the first stage A mid cold tower. It was
due to chloride SCC caused by a leaking steam tracer wetting
insulation. [DUO]

D.lll A tee in line P1986 outlet from heat exchanger HX106C-1
in E3 failed from the inside because of transgranular SCC. The 50
mm tee of type 316L material did not have all the manufacturing
stress removed during heat treatment. Under shutdown conditions
sulphur oxyacid formed and then stagnant conditions led to halide
buildup under the scale. [Dill]

D.112 An annubar nozzle FT127 in E3 failed from transgranular
sulphur oxyacid SCC because stresses were left after machining
the internal surface. The post weld heat treatment did not
sensitize the material but it failed to remove all residual
stresses. [D112]
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D.113 In 1988 a third stage cold tower feed line, P1062, in
E3 failed from internal fatigue cracking. Incorrect pipe supports
prevented pipe-to-tower thermal expansion and contraction to be
accommodated. Some general corrosion of the pipe interior was
observed also. [D113]

D.114 Two 304L stainless steel sample lines on C tower and
third stage tower, SS1-5 and SS1-3, failed because of application
of high torsional stress during removal of flange studs. There
was also some pitting and SCC in the lines which helped weaken
them. [D114]

D.115 Another annubar nozzle, FT127 in E3, failed from
transgranular SCC initiated by sulphur oxyacid acting on a
machined area of the internal surface. The material was a high
carbon type 316 stainless steel. It was sensitized from machining
and was not stress relieved. A bend in the nozzle added
additional stress. [D115]

D.116 The third stage cold tower feed line, 02-33109-LP1062,
fatigue cracked because of improper installation of pipe
supports. It also had internal corrosion enhanced by stress from
thermal expansion and contraction but this corrosion did not
cause the failure. The corrosion reduced the wall thickness from
7 mm to 4 mm. The material was A-333 grade 1. [D116]

D.117 Failure analysis on line NF3203 showed that the 316L
material suffered both external chloride SCC and internal
sulphide induced SCC. Oxygen had entered the process stream and
insulation outside the line was wet. [D117]

D.118 Two more sample station line failures, SS-3-1 on 04-
39309-L-P1474 and SS11-1 on 04-39309-L-P1468 in E4, were due to
polythionic acid SCC. The 304L stainless steel 25mm pipes had
high tensile stresses caused by vibration. [D118]

D.119 A 2" type 304L stainless steel absorber overhead line,
03-37109-L-SG1966, failed from SCC from the inside of the pipe.
It was left sensitized because of incorrect heat treatment. There
was also severe pitting on the outside. Cracking was multi-
branched and transgranular. [D119]

D.120 A 25 mm carbon steel process drain line, 04-39209-L-PD-
1008, failed at an elbow. During stagnant conditions and with
oxygen ingress, polythionic and sulphuric acid attack occurred
causing general pitting and wall loss. An incorrect heat
treatment and stress relief led to the formation of a spheroidal
microstructure susceptible to these mechanisms. [D120]

D.121 A nitrogen buffer line, 04-75309-L-IG1019, at the first
stage blower had polythionic acid induced SCC. The type 304L
material had high periodic stress caused by freezing. The line
was subsequently steam traced. Cracking was transgranular. [D121]
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D.122 A tee shaped spoolpiece, 00-37430-DPT335/334, at the
scrubber tower had pitting from the inside which led to a leak.
The 304L austenitic material was attacked by sulphur oxyacids.
[D122]

D.123 Two more sample line failures, one on C tower (SS1-5)
and one on the third stage tower (SS1-3), broke when excessive
torque was applied to the blind flange studs. [D123]

D.124 In 1989 a suction reducing spool, P106A, on E4 had
through-wall cracks from intergranular sulphur oxyacid SCC. The
30" to 20" reducer by 9.5 mm WT was made from higher carbon
content 304 stainless steel rolled plate. Cracking was from the
inside. Locally deformed regions due to heavy grinding and
hammering during manufacture produced local stress levels which
could not be removed by stress relief heat treatment. [D124]

D.125 A 304L stainless steel scrubber feed process drain
line, 00-37409-L-PD8015, leaked from SCC. Polythionic acid formed
when oxygen entered during an outage. [D125]

D.126 A process drain line, 03-37309-L-PD1820 in E3, failed
at an elbow from general pitting and wall loss. The ingress of
oxygen led to oxyacid formation. The A333 grade material had a
low carbon content. [D126]

D.127 The failure of the F2 feed line from E4, 00-47009-L-
PW8012, was due to sulphur oxyacid SCC. Oxygen had entered the
line and the elbow failed from the inside. The material was
overly hard with an HRc of 28 to 30. The material was identified
as either type 304L or 316L stainless steel. [D127]

D.128 Sample station No. 12 in piping system 03-39309-L-
SG1401 failed from the inside from polythionic SCC at an elbow.
It was made from series 300 annealed austenitic stainless steel.
[D128]

D.129 A stainless steel line, 00-37419-L-3218, failed from
sulphur oxyacid SCC after oxygen ingress. Welding had left
residual stress. [D129]

D.130 In 1990 a 3/4" cast globe valve, 04-37103-V881, made
from type 316L stainless steel failed from sulphide induced SCC.
The crack initiated at a rough machined surface when the valve
was hard closed. [D130]

D.131 In 1991 a seal water pipe, 00-00-71209-MW3108 (1/2"),
made from type 304L stainless steel failed from intergranular
cracking from the outside. Excessive pipe wrench force had cold
worked the material to HRc 30. [D131]

D.132 Finally in 1991 a 25 mm thick 10" blind flange, DPL118,
failed through intergranular cracking because it was not heat
treated prior to or after welding. [D132]
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APPENDIX E
OTHER FAILURES

Information was obtained on a few failures outside the petroleum
industry and the Bruce Heavy Water Plant. Although other heavy
water plants have operated in the past in Canada and the U.S.,
they are now shutdown and the records are not readily accessible.
Thus only a few cases are presented.

E.I Twigg [El] reports on the failure of a header to a
flare stack where hydrogen sulphide attacked ASTM A106 grade B
steel. It failed 8 months after entering service. Large oyster
shell pattern pits were in the bottom half of the line below a
water level mark. Damming of the line by corrosion products led
to the water level. The line was replaced and redesigned to
improve drainage.

E.2 Boulton and Betts [E2] describe failure of a type 321
stainless steel seam welded, 200 mm diameter, flexible corrugated
pipe carrying steam and waste gas contaminated with hydrogen
sulphide at 100 degrees Celcius. Failure was due to internal
pitting attack. Severe cold working had resulted in deleterious
chromium carbide formation and elongated stringers of titanium
were present resulting in a microstructure that was not resistant
to hydrogen corrosion.

E.3 Ambler [E3] reported on a cracked weld at the Glace Bay
Heavy Water Plant. It was a circumferential crack of the weld
joining a tower nozzle to a A212 grade B carbon steel elbow. The
nozzle was overlaid with austenitic stainless steel and the pipe
was clad with austenitic stainless steel (type 304L). Both
overlay and clad were on the inside. Cracking occurred in the
area which had been ground and repair welded because radiography
indicated that there were slag inclusions. During repair the wall
was ground through and only carbon steel filler was used. The
mixing of the carbon steel filler in the stainless steel resulted
in metal which transformed to martensite upon cooling and had
high residual stress. Hardness levels were excessive, VHN up to
413 in the weld.

E.4 Ambler [E3J also reports on another weld failure at the
same plant. The cracking was on the inside surface of a hydrogen
sulphide gas line where type 304L stainless steel clad carbon
steel pipe was circumferentially welded to an unclad carbon steel
pipe. Once again incorrect welding procedures led to mixing of
the carbon steel and stainless steel leading to the formation of
hard martensitic material in the weld.

E.5 A few isolated Inspection Reports from the Glace Bay
Heavy Water Plant were found. They mostly described tower and
heat exchanger inspections but some line inspections were
described. The information in them was very sketchy and is not
useable in this report because failure mechanisms were not
evaluated by laboratory analysis. However the impression left
from the reports is that Glace Bay was seeing the same type of
problems as Bruce was.
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E.6 A few MEIR (Metallurgical Engineering and Inspection
Reports) documents were also found for the Canadian General
Electric Heavy Water Plant, later renamed Port Hawksbury Heavy
Water Plant. As with the Glace Bay reports they were not useable
in this study because they did not give failure mechanisms. They
too gave the impression that Port Hawksbury was experiencing the
same problems as the other plants.

E.7 No information was located for the Savannah River or
Dana plants in the U.S.A. other than the "bible" of the design
engineer DP-400 [E4]. It shows that the problems with materials
in hydrogen sulphide service were basically understood when these
plants were designed and that the problems facing the designer
were ones of optimization of costs and production.

E.8 No public information on the heavy water plants in the
Soviet Union, India, China, Argentina or Romania was found.
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