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Highlights

Abstract

* The research problem was to determine the cause
of the damage of the pipeline.

* Several tests of different types of selected parts of
the pipeline were carried out.

* Structural analysis of the pipeline compensators
was conducted.

* An attempt was made to develop a reliability
model of the tested object.

* Practical recommendations on pipeline safe op-

The paper concerns the problem of the occurrence of failures of the high-pressure ammonia
water pipeline of the coke oven battery complex, which is affected by chemical and thermal
factors as well as the operating pressure occurring during its use. Pipeline failures mani-
fested themselves as leaks (leakage of the medium) due to cracks in the area of the pipeline
thermal elongation compensators. The conducted tests included, among others: visual in-
spection, penetration tests, macroscopic and microscopic tests as well as chemical analysis
of the material. The study includes microscopic photographs of the material structure and
cracks. The results of the pipeline strength and reliability analysis were also presented. On
the basis of the conducted research and analyses conclusions were formulated. The assumed
cause of the damage was the incorrectly made welded joints. Formulated recommendations
and proposals for actions aimed at avoiding further failures of this and similar pipelines were

eration were made.
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1. Introduction

The use and maintenance of complex and operating in difficult condi-
tions technical systems always carries the risk of both forms of wear
and failures [5, 6, 21], which the operator did not expect. Such fail-
ures, occurring at unforeseen moments, cause the greatest difficul-
ties, often long downtimes increasing financial losses and may pose a
threat to people and the environment [11].

The causes of this type of failures may result from errors made at
the design stage of the system, e.g. incorrect selection of materials
or imperfections of the calculation models used. It is also often im-
possible to precisely determine the operating conditions, the range of
variability of all factors, their impact force and interaction on the ob-
ject being designed [7]. The reason for the occurrence of unforeseen
failures may also be undetected defects in materials and errors in the
production process of the objects which constitute the technical sys-
tem [12]. A failure may be caused by inaccuracies and technological
errors made during the final assembly of the system in its target place
of operation, where the conditions for the performance of works are
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far from ideal. The multitude of causes and possibilities leading to the
appearance of unexpected failures of objects during their operation
means that despite various attempts and treatments, it is not possible
to eliminate them and in practice, the possibility of their occurrence
should always be taken into account (see [8, 13, 22]).

One of the frequently appearing and analysed problems is corro-
sion and cracking of pipelines transporting a medium with high tem-
perature and an adverse effect on the pipeline material [3, 16]. The
areas of welded joints and sections of pipeline change of direction are
particularly vulnerable to damage in these facilities. Welded joints are
critical areas in the structure. Damage in this area has been reported
many times [1, 2, 14, 15] and is a problem related to stress in and
strength of the construction material. Differences in the hardness of
the pipeline components can cause damage initiation in the connec-
tion area [18].

The study presents the problem and analysis of the failures of a
pipeline, the unusual damage of which occurred unexpectedly during
its initial operation.
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The aim of the work is to identify the failures of the pipeline,
analyse their potential causes and attempt to develop a description
of reliability of the tested object. The obtained characteristics may
be helpful in the assessment of technological solutions applied in the
considered operating conditions.

2. Characteristic of the examined object

The object of the study is the high-pressure ammonia water pipeline
of the coke oven battery complex. The pipeline is placed on sliding
supports with certain movement restrictions and fixed supports. The
supporting elements are brackets connected with the trestle bridge
common to two other process pipelines. The entire route of the pipe-
line runs with a slope of 3 %o to 8 %o between successive supports. The
pipeline is operated in the natural ambient conditions of the coke oven
battery. The pipeline components are protected against weather condi-
tions with a varnish coat. The ambient temperature of the pipeline is
defined as being between -25°C in winter and + 30°C in summer. The
structure of the pipeline ensures compensation of changes in its length
due to temperature changes. Length change compensators were made
by local U-shaped profiling of the pipeline (Fig. 1), which allows for
compensation of the length by elastic deformations of the pipeline
material within such a section. Solutions of this kind are commonly
applied and usually do not cause operational problems. However, in
the analysed case, pipeline leaks were observed in the area of the men-
tioned compensators. The first to be analysed are the factors related to
the environment and the operating parameters of the pipeline.

Fig. 1. View of a part of the ammonia water pipeline

Operation of the pipeline is carried out under the conditions de-
fined by:
* corrosivity of the environment described by category C4 accord-
ing to PN-EN ISO 12944,
* maximum operating pressure — 5,5 MPa,
* opearting temperature — approximately 80°C.

After about two years of operation of the pipeline, liquid drops was
observed in the area of thermal elongation compensators. The analysis
of the condensate and the place of its appearance revealed the pipeline
cracks and the leakage of the transported medium. The damages were
found around characteristic points of the pipeline compensators. The
formation of new cracks in the area of already existing damage was
also observed. Due to the need for uninterrupted use of the pipeline,
attempts were made to repair the pipeline in damaged places on an ad
hoc basis by covering the leaky parts with additional tight external
bands. The process of the failures occurrence was subjected to ap-
propriate tests.

3. Localisation of the pipeline damage

The failures of the high-pressure ammonia water pipeline of the coke
oven battery complex consisted of leaks (medium leaks) caused by
cracks in the pipeline thermal elongation compensators, appearing
on welded joints and in their immediate vicinity. The analysis of the
time of occurrence of the pipeline failures showed that most of them
took place during 5 months of the pipeline’s operation, after about two
years of its use. All the failures occurred in the area of the joints of the
bends constituting parts of the pipeline compensators. Fig. 2 shows a
scheme of the pipeline route and additionally marked the characteris-
tic places where the damage was located.
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Fig. 2. Scheme of the pipeline with marked compensators (K1-6) and changes
to its route (E1-4) [10]

The location of the damage may indicate the relationship of their
formation with the local nature of the operation of a compensator pro-
file. However, as schown in the scheme, the damage was not found
in all of the affected areas. Therefore, the pipeline components were
further tested.

4, Tests and their results

First, information was collected on the operating time of the pipeline
during which the considered failures occurred. Subsequent tests were
aimed at verifying the primary indications of causes and showing
other possible causes of failures.

Further tests of the pipeline included an external visual inspection,
during which the damaged elements were checked and the scope of
the damage was determined. Then, penetrant tests, macroscopic tests,
microscopic tests as well as chemical analysis and hardness measure-
ments of the construction material of the elements were carried out.
The welds, bends and pipe sections from the part of the high-pressure
ammonia water pipeline supplied for testing were examined. Mac-
roscopic examination and observation also concerned the remaining
pipeline compensators.

4.1. External examination, penetration tests and macro-
scopic tests

Figures 3 and 4 show selected pipeline welds tested, marked with sym-
bols A1, B1 and C1. There were sealing bands on the welds placed on
the pipeline during its operation after the occurrence of leakage. The
joint A1 was sealed with a double flange with an external band.

The sections of the pipeline with the welded joints were cut longi-
tudinally and a part of the pipeline was cut out of the external band.
Then, the parts of the pipeline in the weld zone were cleaned of paint
and impurities for testing. Fig. 5 shows the parts of the A1 weld from
the root side. The arrow marks the visible crack in the pipeline wall.
Penetrant testing was performed to reveal any other cracks not visible
to the naked eye.

Figures 6 and 7 show the pipeline cracks visible from the inside,
detected by penetrant tests. Dye penetrant has leaked to the outside of
the pipe in some places.

Fig. 8. shows a part of the pipeline with C1 joint after it has been
cut open. Fig. 9 shows the pipeline cracks visible from the inside,
detected by penetrant tests

The welded joints in the area of which cracks were revealed were
cut transversely and examined after etching. The existing cracks in the
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Fig. 4. Bl and C1 joints of the high-pressure ammonia water pipeline

material of the pipeline in various places around the welded joints A1
and C1 are shown in Fig. 10. These cracks are located in the material
outside the joint.

All the cracks in the pipeline near the joints were located in its
bends and propagated from the inside of the pipeline. Where the crack
reached the outer surface of the pipe, the medium penetrated the gap
and the pipeline began to leak. Defects of joints visible in the cross-
Pl SR sections, such as shifts of the joined edges, may be of significant

Fig. 5. View of the Al welded joint from the root side (from the inside of the importance for the operation of the joint and the occurrence of the
pipe) observed defects.

i

Flg 7. View ofthe Al weldedjointfrom theface side aﬁ‘erpenetration ofthe F[g. 8. View ofC] we]dedjointfrom the root side; visible Sea]ing band
dye penetrant from the inside of the pipe

Fig. 9. View of the C1 welded joint from the inside of the pipeline after penetration testing
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Fig. 10. Cross-sections of Al (left) and CI (right) welded joints

4.2. Metallographic examination

The examination of the material structure of the pipeline elements was
carried out on metallographic specimens obtained from parts of pipes
and bends. The aim of the study was to identify the material from
which the individual elements of the pipeline had been manufactured.
The identification of the structure was necessary to further verify the
causes of the failures. The structure of the pipe material is shown in
Fig. 11 and 12 at magnifications of 100x and 500x. The observed
structure was ferritic-pearlitic. The particles of perlite were lamellar.
There were no irregularities in the examined structures in the form of
inclusions or discontinuities.
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Fig. 14. Crack in the bend material in the vicinity of the Al welded joint. 100x
magnification, nital etching

Fig. 11. Structure of the pipe material. 100x magnification, nital etching

Fig. 13 to 16 show selected damage cases observed in the bend
material near the A1 and C1 welded joints.

4.3. Chemical analysis of the material

The chemical analysis of the material of the pipeline elements was
carried out applying the spectral method. It was necessary to infer
about the causes of the damage. The chemical composition has a sig-
nificant impact on the physical and chemical properties of the mate-
rial, which in the discussed case were highly relevant to the damage
process. The test results are presented in Tab. 1. The table shows the
chemical composition of the material from which the pipeline was
made (requirements grade 1 boiler pipes) according to the Factory

Fig. 13. Crack in the bend material in the vicinity of the Al welded joint. Ap-
prox. 2,5x magnification, nital etching
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Fig. 15. Crack in the bend material in the vicinity of the C1 welded joint. Ap-
prox. 50x magnification, nital etching
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change by an angle 90°. Indicated locations along the pipeline were
investigated through structural mechanics calculations.

To assess a level of nominal stress within the pipeline and rule out
basic design errors, the pipeline model was prepared in the ANSYS
simulation environment based on the finite element method. Using el-
ements PIPE289 and ELBOW290, dedicated for piping calculations,
its route was recreated. FEM analysis was performed under assump-
tions of a static and linear system. The pipeline geometry change due
to deformation did not have significant effect on the obtained results.
The assumed boundary conditions were as follows: outermost nodes,
at the start and end of pipeline, were fixed. At locations of the pipe
intermediate physical supports (80 in total), nodes were constrained
in directions perpendicular to the pipeline axis. Supports were locat-
ed according to the technical documentation of the pipeline. Work-
ing loads were applied in the form of internal pipe pressure equal to
5.5 MPa and internal temperature of +80°C, both compliant with the
documentation.

The major factor contributing to the stress within the pipe are ther-
mal strains. Their magnitude depends of an environmental (reference)
temperature and temperature gradient across pipe wall thickness. Fi-
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Fig. 16 Crack in the bend material in the vicinity of the C1 welded joint. Ap-
prox. 500x magnification, nital etching
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Table 1. Chemical compositions of the steel

¢ [ [ s | » | s [o|m o [m[mw]| v ]|a] ] s

Content in %

3.1B 0.14 | 0.48 0.22 | 0.012 | 0.008 | 0.05 0.09 | 0.15 | 0.014 | 0.002 | 0.002 | 0.025 | 0.0084 | 0.0001
Al 0.23 0.50 0.27 | 0.015 | 0.010 | 0.02 0.03 0.06 0.01 | 0.002 | 0.001 | 0.001
B1 0.16 | 0.95 0.26 | 0.015 | 0.005 | 0.03 0.01 0.02 0.00 | 0.004 | 0.003 | 0.033
C1 0.21 0.45 0.25 | 0.015 | 0.020 | 0.05 0.03 0.13 0.01 | 0.002 | 0.006 | 0.001
p235GH | Max. | max. | max. | max. max. | max. | max. | max. | max. max. max. max. max.
0.16 1.20 0.35 | 0.015 | 0.020 | 0.30 0.30 | 0.30 0.08 | 0.010 | 0.02 | 0.020 0.0001
P4SGH | 020 | 13 | 040 | 0025 | 0015 | 030
P250GH 0.18 0.30 max. max. max. max. | max. max. max. | 0.015
0.23 090 | 0.40 | 0.025 | 0.015 0.30 | 0.30 0.010 | 0.02 | 0.050

Acceptance Certificate (3.1.B). The table also shows the chemical
composition of steel grade P235GH, material number 1.0345 accord-
ing to PN-EN 10216-2 (old marking St36K according to PN/H-84024
from 1975).

All sections of the tested pipes are made of steel of chemical com-
position corresponding to the chemical composition of steel grade
P235GH.

The material of the bends has a chemical composition correspond-
ing to the chemical composition of steel grade P245GH and material
number 1.0352 according to DIN 102222-2 and PN-EN 10222-2 and
P250GH material number 1.0460 according to DIN 17243 and PN-
EN 10222-2.

As a result of the analysis, the chemical composition of the tested
material in the vicinity of A1, B1 and C1 joints was determined. The
results presented in the table are in accordance with the adopted stand-
ards and recommendations for materials used in the construction of
ammonia water pipelines.

5. Structural analysis of the pipeline compensators

Pipeline route changes its direction twice, in both cases by an angle of
90°, thus it creates three straightforward segments. In each of them,
there are compensators located marked by the letter “’K”* (Fig. 2) and
three different colours, depending on which of the segments they are
situated. Similarly marked, but with letter ’E”, are local route chang-
es. Positions E1 and E4 refer to slight pipeline bypasses necessary
because of a pre-existing infrastructure in the given area. Remaining
positions E2 and E3 are the result of the pipeline main route direction

nal external pipe temperature can reach different values as it depends
on the pipe surface emissivity and, also, environmental temperature.
Therefore in the performed analysis a possible range of the pipe outer
surface temperature was considered (Fig. 18 and 19) which allowed
to obtain a potential range of stress occurring in the pipeline. Calcu-
lations were conducted for two different environment temperatures:
+20°C and —20°C. Due to higher difference between the tempera-
tures in the regard to a transported medium, higher mean stress was
observed for the second variant.

The example of the stress distribution in K2 compensator for en-
vironmental temperature and pipe outer surface temperature equal to
—20°C is shown in Fig. 17. This stress results from the normal stress
coming from bending and tension/compression. The figure shows its
maximum value in a given location along pipeline axis. In each of the
compensators, the stress distribution is very similar as in Fig. 17. The
highest values can be observed in bends located by the main pipe-
line. Calculated specific values are, however, varied and dependent on
which of the three pipeline segments given compensator is located.

Based on Fig. 18 and 19, which present the maximum values of
stress in locations K and E as a function of temperature of the pipe
outer surface, it can be observed that compensators K4-6 are loaded
almost in the same way and stress level there is significantly lower
compared to the rest of compensators. Next, according to the ascend-
ing load order, are compensators K3, K1 and K2. Higher value of stress
in these pipeline parts can be explained through the lower number of
compensators in the regard to the length of the given pipeline seg-
ment. In all these locations and for all temperature variants, maximum

stress did not exceed yield stress for steel P235GH ( Re = 235MPa )
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Fig. 20
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from which pipes were manufactured. They remained at a safe level
(max. 140 MPa). For locations marked as E, stress values were com-
parable with those in the compensators.

The stress distribution in the vicinity of a single bend of the com-
pensator K2 (Fig. 2) is showed in Fig. 20. The stress is plotted as a
function of the pipe length measured along its route. Maximum stress
occurs within the bend, but a bit further from it, in both directions,
where the actual welded joints are located, the stress is significant
lower. More sharp decline appears in case of the part located on the
main pipeline route, which is caused by a close proximity of the pipe
support. Therefore, actual value of the stress in the place where weld-
ed joints are located should be even lower that it was initially esti-
mated in Fig. 18 and 19.

Possible mechanism behind the failures of the investigated pipe-
line can be material fatigue. According to the information delivered
by the operator, once per day the temperature inside pipes is de-
creasing to, approximately, an environmental temperature. It can be
interpreted as a single cycle of a thermal load of the pipeline. The
number of 365 cycles per year resulting from this, excludes possibil-
ity of material fatigue occurrence with an exception of a situation
when stress in the pipes would exceed the yield stress and it could
lead to a low cycle fatigue.
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Fig. 18. Maximal equivalent stress [MPa] in pipeline compensators, as a function of pipe outer surface temperature for environmental temperature
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Fig. 19. Maximal equivalent stress [MPa] in local pipeline route changes, as a function of pipe outer surface temperature for environmental

temperature a)—20°C, b) 20°C
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The value of fatigue strength for a steel of comparable mechanical
properties like the one used in the investigated pipeline, according to
literature [19], is ca. 170 MPa for the case of bending. This suggests
that, under the assumption of lack of stress concentrators within pipes,
fatigue damage in pipes should not occur, especially within very low
number of cycles.

Locations of observed leakages in the actual pipeline do not over-
lap with possible locations that can be selected on the basis of the
performed structural analysis. In the K1 and K2 compensators, which
are the most stressed, no leakage was found. On the contrary, dam-
age was present in the moderately loaded K3-6 compensators. Better
agreement can be found in case of E2-4 locations where higher stress
levels coincide with the actual leakages. However, the nominal stress
levels should not cause any damage. This might suggest that in the
investigated case there are other, not revealed yet, factors that lead to
a large intensification of fatigue processes and lead finally to pipeline
damage despite the lack of alarming nominal stress levels.
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Fig. 20. Maximal stress [MPa] distribution along pipeline in the part depicted
in Fig. 17 for selected cases of temperatures. Dash-dotted lines show
actual location of welded joints connecting bend with the straight

pipes.

6. Reliability aspects of pipeline operation

The analysis of the damage to the pipeline shows that they appeared in
characteristic places and independently of each other. In the analysis,
the leakage of the pipeline occurring as a result of the propagation of
the crack through the whole thickness of the pipe wall was assumed as
a failure. All the noted damage was located in the immediate vicinity
of the welded joints connecting the bends with straight sections of the
pipeline (Fig. 10). Significantly, none of the damage occurred else-
where in the pipeline. Therefore, it was assumed that in the reliability
analysis, the pipeline will be considered as an object consisting of 56
identical elements, operating in the same conditions and which may
fail independently of each other. Each pipeline part in the immediate
vicinity of the welded joint connecting the bend with the straight sec-
tion is treated as a single element. The assumed number of elements
of the object results from the fact that the entire pipeline has 28 bends,
and each of them is connected to straight sections with two welds,
each of which constitutes a potential damage area.

With the data on the time of failures occurrence and the time of
commencement of operation of the pipeline, the operating times to
failure were determined for those of the 56 identified elements that
were damaged (Tab. 3). Until the end of the observation, the remain-
ing elements were not damaged and the whole data set was treated as
including truncated data.

Table 3. Times till failure of the elements of the pipeline

Element No. Time till failure [days]
1 945
984
986
1005
1014
1048
1057
1064
1075
1075
11 1075

12-56 >1076 (truncated data)

O |0 [N || Ul W N

=
o

Based on Tab. 3, the course of the empirical reliability index, which
is the failure stream parameter (0*(At)), was determined and presen-
ted in Fig. 21.

n'(At)
no <At

o' (A1) = (1)

where:
n’(At) — number of elements which failed for the first or sub-
sequent time in a given time range At,

n, — number of elements tested,
At — length of the adopted time range.
0,0045

0,0040
0,0035
0,0030
0,0025
0,0020
0,0015
0,0010
oI
0,0000

900-925 925-950 950-975 975-1000 1000-1025 1025-1050 1050-1075

Failure strem parameter [1/day]

Time [day]

Fig. 21. Failure stream parameter values

The observation of its course shows that after the 925th day of
operation, the value of the parameter becomes greater than zero and
begins to increase. Generally, such a fact is interpreted as the time the
technical object enters the aging period. In this case, the beginning of
the increasing course over time can be interpreted as the beginning
of the period in which the cracks initiated by corrosion and propagat-
ing from the inside of the pipeline, in some elements, already reach
a length equal to the wall thickness and cause the failures observed
as a pipeline leak. It can be assumed that in the further operation, the
number of such failures will increase since the subsequent considered
elements will most likely be damaged in the same way, and the ob-
served values of failure stream parameter will continue to increase.

Treating the set of 56 distinguished elements as observed till their
first failures, the working times till failure of 11 of them were re-
corded and the rest were considered as truncated data. On this basis,
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the Kaplan Meier analysis was performed. The determined graph of
the survival function is shown in Fig. 22.
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Fig. 22. Survival function for truncated data in the Kaplan-Meier analysis

The graph indicates the probability of surviving without a failure
for a certain number of days for each individual element. This value
drops very quickly after reaching the operating time of 940 [days]. It
can be concluded that each of the remaining available (undamaged)
components is less and less likely to survive the next days without a
failure. As the probability decreases quickly, it is possible to predict
the appearance of many successive failures in the observed set of ele-
ments over a short time.

The third stage of the reliability analysis is to determine the prob-
ability distribution of operating time till failure for the observed el-
ements. On the basis of the collected data on time till failures and
truncated data (Tab. 3), the Weibull distribution was fitted using the
Statistica computer program as a mathematical model of the operating
time till failure. The parameters determined by the maximum likeli-
hood method are as follows: a = 24.96; = 1139.6 [days]. The prob-
ability density function is presented as [17, 20]:

7(0)-a .(;T -] e[[/;]] .

where:
a — shape parameter,
J — scale parameter.

The initial part of the cumulative distribution function F(t) (for
complete data) with the determined 95% confidence interval is pre-
sented in Fig. 23.

Next, for the obtained distribution, the course of the forecasted fail-
ure probability density function f(t), cumulative distribution function
F(t) and failure rate A(t) were plotted over a period longer than the
time adopted for the complete data (Fig. 24, 25).

The graphs show an accumulation of the failure probability density
between 1000 and 1200 operation days and a rapid increase in cumu-
lative distribution function values during this time. The determined
course of the failure rate shows its characteristic feature which is the
intense increase over time. From this fact it can be directly concluded
that the probability of failure of each element increases significantly
with each subsequent period that it survives without a failure.

The determined changes in the values of the failure stream pa-
rameter, the survival function as well as the cumulative distribution
function, the failure rate and the expected value of operation time till
failure amounting to 1115 [days] allow one to suggest that in order
to avoid subsequent failures of the pipeline, appropriate preventive
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Fig. 23. Cumulative distribution function course for a single pipeline element
with 95% confidence interval
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Fig. 24. Failure probability density function a) and cumulative distribution
function of the operation time till failure b)

measures should be taken with regard to all available (undamaged)
elements, as the probability of failure indicated by the indexes is high
and increases rapidly over time. It should be borne in mind that the
assumption adopted in the reliability analysis about the crack initia-
tion and propagation in the welded joints areas does not actually have
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Fig. 25. Failure rate

to take place in each of them. However, due to: the method of making
welded joints (without stress relief annealing), aggressive affecting of
ammonia water on the pipeline material, high operating temperature
and variable stresses, the appearance of a microcrack and its propa-
gation from the inside to the outside of the wall is very likely and
confirmed by observations in a number of objects of this type oper-
ated in very similar conditions [4, 9]. Hence, the suggested preventive
measures in areas where leaks have not yet occurred seem to be the
most justified, especially if the costs of carrying them out are lower
than the later losses resulting from the failures.

Another possible action is to verify whether a propagating fracture
has already appeared in a given area, for which non-destructive ultra-
sonic testing can be applied. Such tests may be repeated periodically.

7. Conclusions

As a result of the tests of the delivered parts of the high-pressure am-
monia water pipeline of the coke oven battery complex, the following
conclusions were formulated.

The pipe sections of the tested part of the pipeline were made of
low-carbon steel of a chemical composition corresponding to the
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