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Abstract: Hydrogen is gaining attention due to its potential to address key challenges
in the sectors of energy, transportation and industry, since it is a much cleaner energy
source when compared to fossil fuels. The transportation of hydrogen from the point of
its production to the point of use can be performed by road, rail, sea, pipeline networks
or a combination of the abovementioned. Being in the preliminary stage of hydrogen
use, the utilization of the already existing natural gas pipeline networks for hydrogen
mixtures transportation has been suggested as an efficient means of expanding hydrogen
infrastructure. Yet, exploring this alternative, major challenges such as the pre-existence
of cracks in the pipelines and the effect of hydrogen embrittlement on the material of the
pipelines exist. In this paper, the macroscopic numerical modeling of pipeline segments
with the use of the finite element method is performed. In more details, the structural
integrity of intact and damaged pipeline segments, of different geometry and mechanical
properties, was estimated. The effect of the pipeline geometry and material has been
investigated in terms of stress contours with and without the influence of hydrogen. The
results suggest that the structural integrity of the pipeline segments is more compromised
by pre-existing longitudinal cracks, which might lead to an increase in the maximum
value of equivalent Von Mises stress by up to four times, depending on their length-to-
thickness ratio. This effect becomes more pronounced with the existence of hydrogen in
the pipeline network.

Keywords: pipeline network; hydrogen embrittlement; finite elements; structural integrity;
crack

1. Introduction

During the last decades, as the effects of global warming become more evident and
the fossil fuels reserves are decreasing, the use of renewable and environmentally friendly
energy carriers becomes imperative. Within this context, hydrogen is gaining growing
attention as an alternative to fossil fuel. Its production methods are constantly explored,
and research is conducted towards the production of green hydrogen. Research regarding
the transport and distribution of hydrogen towards the end user is conducted, and it is
raising practical questions such as whether the existing natural gas pipeline infrastructure
can be utilized. In order to address this question, energetic and material restrictions should
be recognized and encountered [1]. Studies concerning the use of natural gas pipeline
infrastructure already exist in the literature [2,3].
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One important restriction of the use of the natural gas pipeline infrastructure is the
phenomenon of hydrogen embrittlement in metals. Hydrogen embrittlement (HE) is a
complex, long-term process where hydrogen, due to its small atomic size, diffuses into
the metal, reducing its ductility and increasing the likelihood of crack growth [4]. In the
literature, five different failure mechanisms correlated to HE, namely, hydrogen-induced
decohesion, hydrogen-enhanced local plasticity, hydrogen-induced phase transformation,
hydrogen-enhanced strain-induced vacancy formation and adsorption-induced dislocation
emission [4], are recognized. The extent of HE in a metal material is affected by the hydro-
gen concentration, the pressure and the temperature of the environment, the properties and
the structure of the metal material and its stress state. The result of HE in a metal pipeline
is influenced by the pipeline history and the pre-existence of cracks [2].

The effect of HE on metallic materials or metallic pipeline segments can be measured
with complex experiments, or it can be computationally estimated. In experimental studies,
it has been observed that HE affects the yield strength, the ultimate strength, the elongation
to failure, the fatigue life and the hardening rate of the metallic materials [5-7]. As far as the
computational estimation of the effect of HE is concerned, different methodologies can be
used, ranging from nanoscale to macroscale modeling. For the macroscopic computational
modeling of HE, the finite element (FE) method is commonly used. The macroscopic FE
modeling of the HE can be performed either by simulating the fracture experiments con-
ducted in metallic specimens that underwent HE [8-10] to quantitively estimate the change
in their mechanical properties or by simulating segments of pipelines and incorporating
HE as a change in the mechanical properties of the metallic materials [7,11-14] in order to
predict their failure.

In this paper, six pipeline segments with different geometrical and mechanical char-
acteristics have been simulated using FE analysis. The FE models were solved statically
and transiently in order to investigate their structural integrity in terms of equivalent Von
Mises stress. The effect of HE in these segments has been modeled as a decrease in the yield
strength of the material, and the pipeline segments have been classified with regards to
their safety factor. Then, a semi-elliptical crack has been modeled in the pipeline segments
with the best and the worst structural integrity, and the effect of its orientation and length
has been investigated.

2. Numerical Modeling of the Natural Gas Pipeline Segments

Within a natural gas pipeline network, pipeline segments with different geometrical
and mechanical characteristics exist. In this paper, six different piping classes have been
considered, all belonging in the same network for natural gas transportation. In Table 1, the
nominal diameter and thickness of each piping class are presented. The thickness is defined
as the half difference of the nominal outer minus the inner diameter of the pipeline segment.

Table 1. Nominal dimensions of each piping class.

Piping Class  Nominal Outer Diameter D (mm) Nominal Thickness th (mm)
1C2 500 6.3
9C1 500 32
1G1 250 6.3
152 500 5.6
951 500 28

9C1U 500 20
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As Table 1 depicts, two different nominal diameters are considered and five different
nominal thicknesses. The mechanical properties of the linear elastic material used for each
piping class, as they were retrieved from the literature, are outlined in Table 2.

Table 2. Mechanical properties of each piping class.

Elastic Yield Tensile [,Jrl;;I:ﬁze
Piping Class Material Modulus Strength
(GPa) (MP2) Strength
(MPa)

1C2 P235GH 210 [15] 265 360

9C1 P265GH 217 [16] 265 410

1G1 P235GH GALV 210 [15] 265 360

152 1.4031/1.4307 190 [7] 195 500

951 1.4031/1.4307 190 [7] 195 500

9C1U L360NB 205 [17] 360 460

Both the nominal dimensions and the mechanical properties of each piping class are in
accordance with EN 13480—Metallic industrial piping design rules [18] and EN 1594—Gas
infrastructure [19].

2.1. FE Models of the Intact Pipeline Segments

In order to perform a macroscopic FE analysis of a pipeline network without pre-
existing damage full, three-dimensional FE models of pipeline segments belonging in
each piping class have been built. The length of each segment was considered equal to
1000 mm in order to minimize the effect of the boundary conditions. Each segment has
been considered straight. The geometrical models have been built in Solidworks® v.2024 3D
CAD Software, while the FE models have been built in ANSYS® v. 2024R2 CAE Software.
In Figure 1, the 3D CAD and the FE model of a segment belonging to piping class 1C2
are presented.

gL 5o SR i) 0.00 250.00 50000 {mm)

B Ham 125.00 375.00

(a) (b)
Figure 1. Piping class 1C2 (a) 3D CAD model and (b) FE model.

For the meshing of all FE models, tetrahedral elements of type SOLID187 have been
used. SOLID187 elements are defined by ten nodes, and they have three translational
degrees of freedom (X, y, z) on each node [20]. The mesh was considered adaptive, and the
element size was set at 5.0 mm after a convergence study with respect to the maximum
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value of equivalent Von Mises stress. Table 3 displays the average element quality, the
number of elements and the number of nodes of each FE model.

Table 3. Mesh properties of the FE models.

Piping Class Averag:a]liiltilment l\é?ﬁ:;tzf Number of Nodes
1C2 0.82 106,756 214,390
9C1 0.85 411,277 618,132
1G1 0.82 52,701 105,831
152 0.78 106,759 214,384
9s1 0.84 376,004 571,847
9C1U 0.82 256,333 412,737

In order to estimate the structural integrity of each piping class during the typical
operating conditions of the natural gas network, two types of analysis were performed
for each piping class, one simulating the continuous fluid flow and one considering the
closure or aperture of valves within the pipeline network. The first approach required a
static analysis while the second one a transient analysis. In both approaches, a pressure
load was applied on the inner surface of the pipeline segment with an outward direction,
and the longitudinal degree of freedom of the nodes on the surfaces of the front and the
rear edge of the pipeline was constrained.

For the static analysis, the pressure load was equal to 7.0 MPa, and it simulated the
pressure exerted by the flowing fluid in the pipeline. The boundary conditions of the static
analysis are demonstrated in Figure 2.

o

500,00 (rry

125.00 375.00

Figure 2. Boundary conditions of the static analysis.

For the transient analysis, the pressure load was applied in three loading steps. During
the first loading step, the pressure had an initial value of 7.0 MPa, and within 0.2 s it
reached, linearly, the maximum value Pnmax. During the second loading step, the pressure
dropped back, linearly, to 7.0 MPa within 0.2 s. Finally, in the third load step, the value of
the pressure load remained steady at 7.0 MPa for 0.6 s. This transient analysis simulates
the rapid closure of the valve lasting 0.2 s, resulting in a water hammer phenomenon
characterized by the transient increase and consequent decrease in pressure along the
pipeline. In accordance with the literature, three values of Pnax, equal to 7.3, 8.1 and
9.3 MPa, were used [7].
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2.2. FE Models of the Pre-Cracked Pipeline Segments

In order to estimate the effect of a pre-existing crack in a pipeline segment of the
natural gas infrastructure, FE models with a semi-elliptical crack have also been studied. In
each FE model, a semi-elliptical crack was defined by its length (a), its depth (c) and its
orientation. The length of the crack was correlated to the thickness of the pipeline segment
(th) through the ratio §;, and the depth of the crack was considered equal to 5. In Table 4,
the geometrical characteristics of the simulated cracks are listed for the piping class with
the highest (9C1) and the lowest (152) nominal thickness.

Table 4. Different crack sizes.

Piping Class
tih 9C1 1S2
a (mm) ¢ (mm) a (mm) ¢ (mm)

0.1 3.20 1.60 0.56 0.28
0.2 6.40 3.20 1.12 0.56
0.3 9.60 4.80 1.68 0.84
0.4 12.80 6.40 2.24 1.12
0.5 16.00 8.00 2.80 1.40
0.6 19.20 9.60 3.36 1.68

In Figure 3a, the depth and the length of the crack are presented. Furthermore, in
Figure 3, the area of the crack for the FE model of piping class 9C1 is illustrated for the crack
with & = 0.6 in both the longitudinal (Figure 3b) and the transverse (Figure 3c) orientation.
As it can be observed, the crack was modeled, with a fracture tool, in the middle of the
length of the pipeline segment in order to avoid any influence of the boundary conditions
in the results of the FE analysis.

Crack depth (c)

Crack length (a)

500,00 (i) o 600,00 iy
I

(b) (c)

Figure 3. (a) Crack geometry, (b) longitudinal and (c) transverse crack area in piping class 9C1.
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The element size of the vicinity of the crack has been reduced to 1.0 mm, after a
convergence study, resulting in an increased number of FEs and nodes. In Figure 4, the
mesh on the area of the crack is shown for both crack orientations for the piping class 152.

(@) (b)

Figure 4. Area of the (a) longitudinal and (b) transverse crack in piping class 1S2.

In Table 5, the mesh properties for all the FE models with the pre-existing crack are
provided.

Table 5. Mesh properties of both models of pipeline segment with the semi-elliptical crack.

Piping Class
9C1 1S2
a

th Average Number of Number of Average Number of Number of

Element Elements Nodes Element Elements Nodes

Quality Quality
0.1 0.86 422,746 633,902 0.78 111,246 220,783
0.2 0.86 429,837 643,807 0.78 111,433 221,028
0.3 0.86 436,040 652,320 0.78 111,579 221,209
0.4 0.86 444,235 663,665 0.78 112,172 222,117
0.5 0.86 451,731 674,008 0.78 113,758 224,317
0.6 0.86 459,181 684,185 0.78 114,006 224,683

For each crack size and orientation, a static analysis with internal pressure equal to
7.0 MPa and a transient analysis with Prnax equal to 9.3 MPa were performed, as described
in Section 2.1.

3. Results

In this section, the results of the FE analysis of the intact and the pre-cracked pipeline
segments are presented.

3.1. Intact Pipeline Network

In Table 6, the maximum value of equivalent Von Mises stress (SEQV) is presented for
all the pipeline segments for the static analysis.
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Table 6. Maximum SEQYV value of the static analysis for all piping classes.

Piping Class Maximum SEQV Value (MPa)
1C2 250
9C1 52
1G1 127
152 281
951 59
9C1U 88

The maximum value of SEQV is depicted in Table 7 for all pipeline segments and Py,
for the transient analysis.

Table 7. Maximum SEQV value for the transient analysis for all piping classes.

Pmax (MPa)
Piping Class 7.3 8.1 9.3
Maximum SEQV Value (MPa)

1C2 261 288 332

9C1 54 60 69

1G1 131 146 168

152 293 325 373

951 61 78 68
9C1U 92 102 117

3.2. Pipeline Network with Pre-Existing Crack

For the evaluation of the structural integrity of the pipeline segments with the pre-
existing crack, both the maximum SEQV value and the stress intensity factor (SIF) of the
crack are investigated. In ANSYS v. 2024R2 software, three SIFs are calculated, correlated
to different modes of fracture associated with the direction of the developed forces and
moments on the tip of the crack. Each SIF corresponds to a fracture mode as follows. SIF1
is associated with an opening mode where the force is perpendicular to the crack faces,
SIF2 is a sliding mode (crack faces slide) where the forces are parallel to the crack faces,
and SIF3 is correlated to a shearing mode associated with torsional moments [21]. SIF is
correlated to the energy release rate G through Equation (1):

SIF? = E/-G 1)

The energy release rate is calculated through Equation (2):
o2

G:E

()

where « is the crack length, o is the applied stress, E is the modulus of elasticity, and E’
depends on whether the problem is plain stress or plain strain.
The results are presented for both longitudinal and transverse pre-existing cracks.

3.2.1. Longitudinal Crack

The maximum SEQV value is presented in Table 8 for all ratios  of the longitudinal
crack, for both the static and the transient analysis.



Computation 2025, 13, 26 8 of 19
Table 8. Maximum value of SEQV for the longitudinal crack.
Piping Class
h 9C1 1S2
Static Transient Static Transient
Maximum SEQV Value (MPa)
0.1 96 127 337 448
0.2 134 178 388 516
0.3 143 189 435 578
0.4 176 234 510 677
0.5 196 260 556 738
0.6 218 289 636 845

In Figure 5, the SEQV contour in the vicinity of the longitudinal crack with & ratio
equal to 0.6 is presented for the static analysis.

@) (b)
Figure 5. SEQV contour for the longitudinal crack area in piping class (a) 9C1 and (b) 152.

In Table 9, the SIF values for the static analysis are presented for both pipeline segments
and all  ratios.

Table 9. SIF values of the longitudinal crack in static analysis.

Piping Class

@ 9C1 152

SIF1 SIF2 SIF3 SIF1 SIF2 SIF3

MPa-/m

0.1 99.85 0.10 1.69 209.38 7.05 9.32
0.2 141.50 0.19 1.46 245.72 9.27 11.43
0.3 173.11 0.22 1.15 422.28 1.14 —0.18
0.4 199.94 0.25 0.57 476.53 9.83 0.12
0.5 224.97 0.35 0.77 573.17 11.26 2.14
0.6 248.14 0.41 0.77 641.33 0.85 11.24

Finally, in Table 10, the values of the SIF on the end of the first loading step for the
transient analysis are depicted for both pipeline segments and all § ratios.
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Table 10. SIF for the transient analysis of the pipeline segment with a longitudinal crack.
Piping Class

& 9C1 152

SIF1 SIF2 SIF3 SIF1 SIF2 SIF3

MPa:-/m

0.1 106.41 0.11 1.81 223.14 7.51 9.93
0.2 150.79 0.20 1.56 261.87 9.87 12.19
0.3 184.48 0.23 1.23 450.03 1.22 —0.19
0.4 213.08 0.27 0.60 507.84 10.48 0.12
0.5 239.75 0.38 0.82 610.84 12.00 2.28
0.6 264.44 0.43 0.82 683.47 0.91 11.97

The values of the SIF provided in Tables 9 and 10 correspond to the maximum values

obtained on the highest point of the crack.

3.2.2. Transverse Crack

The maximum value of SEQV, for both the static and the transient analysis of pipeline

segments belonging in piping classes 9C1 and 152 with a transverse crack, is presented in

Table 11. Each line of Table 11 corresponds to a different . ratio.

Table 11. Maximum value of SEQV for the transverse crack.

Piping Class
& 9C1 1S2
Static Transient Static Transient
Maximum SEQV Value (MPa)

0.1 51.39 68.27 309.09 410.63
0.2 51.40 68.28 302.19 401.47
0.3 51.42 68.32 300.83 399.66
0.4 54.81 72.81 306.98 407.83
0.5 57.76 76.73 304.06 403.95
0.6 61.46 81.65 317.38 421.64

In Figure 6, the SEQV contours on the area of the transverse crack are presented for

the static analysis of both piping classes for § equal to 0.6.

@)

(b)

Figure 6. SEQV contour for the transverse crack area in piping class (a) 9C1 and (b) 152.

In Table 12, the values of SIF for the static analysis are presented for both pipeline

segments and all . ratios.
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Table 12. SIF value of the transverse crack in static analysis.
Piping Class

i 9C1 1S2

SIF1 SIF2 SIF3 SIF1 SIF2 SIF3

MPa:-/m

0.1 26.10 0.19 0.62 62.17 —5.17 2.08
0.2 37.35 0.05 0.50 70.89 —1.03 3.35
0.3 46.09 0.07 0.64 122.79 0.21 1.00
0.4 53.66 0.08 0.42 148.00 3.04 3.78
0.5 60.77 0.11 0.15 169.86 0.19 3.04
0.6 67.60 0.08 0.17 189.09 1.41 0.58

Finally, Table 13 depicts the SIF values at the end of the first loading step for the

transient analysis, for both pipeline segments and all § ratios.

Table 13. SIF value of the transverse crack in transient analysis.

Piping Class

2 9C1 182

SIF1 SIF2 SIF3 SIF1 SIF2 SIF3

MPa-/m

0.1 27.82 0.21 0.66 66.25 —5.51 222
0.2 39.80 0.05 0.53 75.55 -1.09 3.57
0.3 49.12 0.08 0.68 130.86 0.22 1.07
0.4 57.19 0.09 0.45 157.72 3.24 4.03
0.5 64.76 0.12 0.16 181.02 0.21 3.24
0.6 72.04 0.09 0.19 201.51 1.50 0.62

4. Discussion

In total, 24 FE models of intact pipeline segments belonging to six piping classes have

been created. Each model was simulated in four different loading conditions. Furthermore,

12 FE models of pipeline segments with pre-existing cracks of different orientation and size
have been created and solved in two different loading conditions each.

As it is observed in Table 14, for each piping class, a ratio of nominal thickness (th) to

nominal diameter (D) can be calculated.

Table 14. The % ratio for each piping class.

Piping Class %
1C2 0.013
9C1 0.064
1G1 0.025
152 0.011
951 0.056
9C1U 0.040

Piping class 152 exhibits the lowest value of %, while piping class 9C1 exhibits the

highest one.

4.1. Intact Pipeline Network

The mesh quality of the FE models, presented in Table 3, ranges from 0.78 to 0.85,
depending on the thickness of the pipeline segment. The results of the static analysis

indicate that the highest value of SEQV appeared for piping class 152, and it was equal to

281 MPa, while the lowest value appeared for piping class 9C1, and it was equal to 52 MPa.
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In Figure 7, the %1 for each class is correlated to the highest value of SEQV, for the
static analyses. As it can be observed, the correlation between %‘ and the maximum value
of SEQV is non-linear.

300

250 b
& 200
2
2
3
5
>
3 150
2
3
£ ‘w..
5
£
%
3
3 100
8.
50 ==
R? = 0.9983
0
0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070

th/D
Figure 7. Maximum SEQV value for % correlation for the static analysis.

In Figure 8, the safety factor of each piping class is illustrated with respect to its yield

strength.
450 .
400 ©
350 |
3.00 |
§ r
8250 |
w -
> L
EZ.OO r
2 :
n F
150 |
1.00 F
050 | I
000 '
102 9c1 161 152 951 9C1U

Piping Class
Figure 8. Safety factor for all piping classes for the static analysis.

As far as the transient analysis is concerned, in Table 7 it is shown that the worst-case
scenario is the rapid closure of the valve with Pmax equal to 9.3 MPa since it results in the
highest values of SEQV.

In Figure 9, the value of % of each piping class is correlated to the highest value of
SEQV computed in the transient analyses. As it can be observed, the correlation between
%‘ and the maximum value of SEQV is non-linear.
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Figure 9. Maximum SEQV value to % ratio correlation for the transient analysis.

In Figure 10, the safety factor is illustrated for all piping classes in the worst-case
scenario of the transient analysis.

450 r

4.00 f

et A .
o u o wu
S ©o & o

Safety Factor

Loy
w1
o

1.00 F
0.50

0.00 "

1S2 9s1

1C2 9C1 1G1 9C1U
Piping Class

Figure 10. Safety factor for all piping classes for the transient analysis with Pmax = 9.3 MPa.

In both Figures 8 and 10, the red line illustrates the limit value of the safety factor
of unity, which signifies yield initiation of the pipeline material. Figure 7 indicates that
piping classes 152 should not be used in parts of the network where the pressure is 7 MPa
or higher. On the other hand, Figure 9 shows that piping classes 9C1, 1G1, 951 and 9C1U
can successfully withstand internal pressure higher than 9.3 MPa without yielding.

In Figure 11, the safety factor with respect to the ultimate strength of each piping class
is presented for both the static and the transient analysis with Prmax equal to 9.3 MPa. The
red line in Figure 11 illustrates the limit value of the safety factor of unity, which signifies
break initiation of the pipeline material.
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Figure 11. Safety factor for all piping classes for both the static and the transient analysis with respect
to ultimate strength.

Figure 11 indicates that no piping class is susceptible to fracture, since the maximum
value of SEQV in all FE models is less than the corresponding ultimate strength.

4.2. Pipeline Network with Pre-Existing Crack

In order to evaluate the influence of a pre-existing crack in a pipeline segment, static
and transient analyses with Pmay equal to 9.3 MPa were performed for piping classes 9C1
and 1S2 exhibiting the highest and the lowest value of 1, respectively. The simulation of a
semi-elliptical crack increases the number of the FEs and the nodes without altering the
mesh quality, as Table 5 makes obvious. In Tables 8 and 11, it is shown that regardless of the
orientation of the crack, the maximum value of SEQV in both the static and the transient
analysis increases with the increase in the length of the crack. In Figure 12, the ratio of the
maximum SEQV value of the pre-cracked pipeline segment to the maximum SEQV value
of the intact pipeline segment with respect to i ratio is presented for piping class 9C1.

4.50

—=Longitudinal crack
4.00

--Transverse crack

i B AR
v o w o u
o O O O ©

SEQV crack / SEQV intact

Jany
o
o

0.50

0.00
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
a/th

Figure 12. Increase in the maximum SEQV value due to the existence of a crack in piping class 9C1.

The same quantities are presented for piping class 152 for both the longitudinal and
the transverse crack in Figure 13. For this piping class, the effect of the longitudinal crack is
less pronounced.
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= M = e W
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o
]

0.50

0.00

a/th
Figure 13. Increase in the maximum SEQV value due to the existence of a crack in piping class 1S2.

In both Figures 12 and 13, it is evident that the existence of a longitudinal crack
increases the maximum value of SEQV. Furthermore, as the value of % of the crack increases,
the influence of the crack is more severe. For piping class 9C1, a longitudinal crack with &
equal to 0.6 increases the maximum value of SEQV four times with respect to that of the
intact pipeline segment.

The same increase in the maximum SEQV value with the presence of a longitudinal
crack can be observed in Table 8 for the transient analysis.

The dominance of fracture mode I is indicated in Tables 9 and 12 since SIF1 has the
highest value in all simulations. The value of SIF1 increases with the increase in . In
Figure 14, the SIF1 values are presented for the static analysis of both piping classes.

700.00
-=-Longitudinal crack -=-Longitudinal crack
600.00
~Transverse crack ~-Transverse crack
500.00
E
> 400.00
&
3
— 300.00
o
)
/ 20000
100.00
0.00
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
a/th a/th
(a) (b)

Figure 14. SIF1 of the longitudinal and the transverse crack in static analysis for piping class (a) 9C1
and (b) 1S2.

According to the literature [7], the ratio of the SIF1 to the fracture toughness of the
material defines the non-dimensional crack driving force. The fracture toughness (Kic)
of the API 5L X52 steel, which is a typical steel used for natural gas pipeline networks,
has been found equal to 95.6 MPa-y/m. A non-dimensional crack driving force can be
calculated as % In Figure 15, this non-dimensional crack driving force is illustrated for
all FE models with pre-existing damage, indicating that for both the longitudinal and the
transverse crack, the non-dimensional driving force increases as ratio , increases.
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Figure 15. Non-dimensional crack driving force for the (a) longitudinal and (b) transverse crack area
in static analysis for piping classes 9C1 and 1S2.
In Figure 16, the value of SIF1 along the length of the crack is provided for the crack
with the maximum ¢, for both orientations, all analysis and both piping classes.
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Figure 16. SIF1 along the crack length for piping class (a) 9C1 and (b) 1S2.
In all cases, the highest value of SIF1 is observed in the middle of the crack length.

4.3. Hydrogen Embrittlement

As it has already been mentioned, hydrogen, due to its small atomic size, has the
tendency to infiltrate metallic materials and consequently reduce their ductility [22,23].

According to the literature, the macroscopic effect of hydrogen in different metallic
materials used in pipeline networks can cause a decrease in yield and ultimate strength,
elongation to fracture or fracture toughness. In Table 15, some of the experimental results
supporting this clause are summarized [7].

Table 15. Effect of hydrogen embrittlement on the mechanical properties of metals.

Changes in
Material
ateria Yield Tensile Strength (%) Ultimate Tensile Strength (%)
API 5L X52 2.5
API 5L X70 8.0 12.7

API Grade 60 2.0 7.0
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As observed, in Table 15, the decrease in yield strength ranges from 2 to 8%, while in
ultimate strength from 7 to 13%, depending on the material itself. The influence of hydrogen
embrittlement is more severe in the ultimate strength of the material. Incorporating the
results concerning the tensile strength presented in Figures 8 and 10 and assuming a
decrease of 10% in yield strength of each material, the safety factor has been recalculated
and presented in Figure 17. It is obvious that in both analyses, static and transient, the
pipeline segments belonging in piping classes 1C2 and 1S2 yield regardless of the approach.

5.00 )
F M Static
4.50 E m Transient
400 [
350 |
5300 |
5 E
i r
5250 ¢
= E
5200 |
150 F
1.00 E
050 | II II
000 F
1C2 ac1 1G1 152 9s1 9C1U

Piping Class

Figure 17. Safety factor for all piping classes for both the static and the transient analysis considering
mechanical properties deterioration due to hydrogen embrittlement.

Boukortt et al. [13] report experiments that indicate that the fracture toughness of
metallic materials also decreases due to the presence of hydrogen. In more details, a
decrease of 14% in the value of the fracture toughness in API 5L X52, 5% in API 5L X70 and
1% in API 5L X100 have been recorded. Furthermore, in the literature [24], it is mentioned
that when steel is exposed to hydrogen gas under pressure up to 6.9 MPa, the fracture
toughness can decrease by as much as 50% but still remain over 70 MPa-y/m.

Due to lack of information for the specific alloys used in the piping classes within this
study, and keeping this overall minimum, Figure 18 presents the ratio of the stress intensity
factor to the fracture toughness.
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Figure 18. Non-dimensional crack driving force for the (a) longitudinal and (b) transverse crack area
in static analysis for piping classes 9C1 and 1S2 considering hydrogen embrittlement.
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Figure 18 depicts the fact that all the longitudinal cracks, regardless of the . value,
compromise the structural integrity of the pipeline segment. As far as the transverse cracks
are concerned, their effect is crucial to the transient analysis and only when £ is equal to
0.3 or greater.

5. Conclusions

In this paper, the structural integrity of pipeline segments attributed to six different
piping classes, belonging to an already existing pipeline network for the transportation of
natural gas, has been investigated, macroscopically, using the FE method. The use of these
pipeline segments for the transportation of pure hydrogen or a mixture of hydrogen and
natural gas has been investigated by macroscopically modeling the phenomenon of HE. HE
makes metallic materials more susceptible to fracture. As the concentration of hydrogen in
the mixture rises, so will it rise the effect of the hydrogen on the metallic material of the
pipeline network. On a macroscopic level, the effect of HE causes a decrease in the yield
strength, the ultimate strength and the fracture toughness of the material itself. In order to
simulate the influence of HE, experimental data available in the literature have been used.

Each piping class corresponds to a different % ratio and metallic material. Each
pipeline segment has been subjected to four different loading cases, one static and three
transient, in order to retrieve the maximum value of SEQV. Taking under consideration the
different yield and ultimate strength of metallic material, the more susceptible piping class
is 152, which has yield strength equal to 265 MPa. More specifically, during the transient
analysis with Pmax equal to 9.3 MPa, the ratio of yield strength to the maximum value of
SEQV is equal to 0.5. On the other hand, no piping class under any loading condition is
susceptible to fracture under normal operating conditions. The lower ratio of the maximum
value of the ultimate strength to the maximum value of SEQV is equal to 1.1, and it is met
in piping class 1C2, which has an ultimate strength equal to 360 MPa.

Moreover, the effect of a semi-elliptical crack in the structural integrity of the pipeline
segments belonging to piping classes 9C1 and 152 has been explored in loading cases
simulating normal flow with pressure equal to 7.0 MPa and rapid valve closure with Ppyax
equal to 9.3 MPa. The effect of the orientation of the crack has been analyzed, along with
the effect of the size of the crack. The results indicated that the maximum value of SEQV
increases with the length of the crack for both piping classes, regardless of the orientation
of the crack and the loading condition. The same trend is also observed for the SIF values.
The SIF with the highest value is SIF1, which is correlated to failure mode I, where the
opening force is perpendicular to the crack faces. As far as the orientation of the crack is
concerned, the longitudinal cracks undermine more the structural integrity of the pipeline
segment compared to transverse ones. The presence of a longitudinal crack can result in an
increase in the maximum value of SEQV by four times, while the transverse crack resulted
in an increase of the maximum value of SEQV by less than 20%. When the maximum value
of SIF is compared to the fracture toughness, it is shown that the structural integrity of the
pipeline segment belonging to both piping classes is compromised with the existence of a
longitudinal crack, regardless of the value of . Nevertheless, piping class 9C1 can sustain
a transverse crack with - up to 0.6, while piping class 1S2 can sustain a transverse crack
with & up to 0.2.

When HE occurs, both piping classes 1C2 and 1S2 are susceptible to fracture. Further-
more, the results indicated that the structural integrity of piping class 9C1 is compromised
with a transverse crack with & higher than 0.5, while the structural integrity of piping class
152 is compromised with a transverse crack with & higher than 0.1.

The computational model presented in this study is extensive, fully parametric and
incorporates real-world geometrical data of the piping classes. This computational model
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can be extended, in the future, in order to computationally investigate the fatigue behavior
of intact and pre-cracked pipeline segments under hydrogen embrittlement. This FE
model could provide insights to assist the ongoing research on the very high-cycle fatigue
behavior of metals in a hydrogen environment [25]. Future research could also focus on HE
experiments targeted to specific piping classes. These experimental results could enhance
the macroscopic modeling of HE, making the proposed computational model a robust tool
for the preliminary analysis of the structural integrity of a pipeline network constructed for
the transport of natural gas and, eventually, used for the transport of a hydrogen—natural
gas mixture.
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