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Abstract

Hydrogen is a dangerous gas due to its low ignition energy, wide flammability range,
promotion of the embrittlement of steel, and its high coefficient of permeation for
polymers. The fracture toughness and failure elongation of pipe steels are strongly impacted
by hydrogen embrittlement, whereas yield stress and ultimate strength are moderately
impacted. Specific tools are required for the pipe defect assessment used for the transport
of hydrogen, which is pure or blended with natural gas. The safety factors associated with
cracks or scratches are obtained through the failure assessment diagram or the notch failure
assessment diagram. The corrosion defects are assessed by limit analysis, and the estimated
repair factor and dents are evaluated by computing the damage value under service
pressure. The design factor in the calculation of the maximum admissible operating pressure
(MAOP) is modified depending on the location of the pipes to account for the lethal risks
from the torch effect or explosion. It is crucial to monitor the leaks due to hydrogen
permeation through domestic hydrogen distribution networks, particularly in closed areas.
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1. Introduction

To protect the environment, the dependence on non-renewable sources of energy such as oil
and coal hydrogen must be reduced. In the foreseeable future, hydrogen is a candidate as a
substantial element in the energy distribution if it can be produced from green sources.

In addition to being a sustainable energy carrier, hydrogen is considered a source of energy.
Since electricity produced by renewable energies such as solar and wind cannot be stored,
conversion into hydrogen is a way to store energy. Hydrogen can be transported as gas, liquid, or
solid. One of the major uses of hydrogen is as fuel in electric fuel cell vehicles (EFCV).
Furthermore, hydrogen can be used as an energy source in stationary cell systems for domestic
uses and emergency distribution.

According to the power to gas (P2G) concept, hydrogen is produced at home from green
electricity using a domestic electrolyzer. The hydrogen that is transported is mainly blended with
natural gas. The risks associated with hydrogen can be technical, social, environmental, or lethal,
which necessitates the planning of a specific risk policy. Moreover, hydrogen is transported by
pipelines rather than by trucks on the road for safety concerns.

The limiting factor in the transport of hydrogen by trucks is volume. To obtain the energy
equivalent of a petrol tank truck, 22 trucks of hydrogen at 200 bars or 3 liquefied hydrogen tank
trucks (a 40-ton truck transports a maximum of 3.5 t of liquid H2) are required. The amount of
energy expended for the transportation of gaseous and liquid hydrogen per truck is very high
(respectively 80% and 11% of the energy content delivered to 600 km). It must be emphasized
that security issues exist in the actual scenario.

We distinguish between the transport of hydrogen (pure or blended) in large pipes made of
steel at a high service pressure (generally 6.9 MPa) and the distribution for domestic application in
polymer (PE) pipes at low pressure (0.39 MPa).

The durability of metallic pipes is impacted by prolonged exposure to hydrogen. This is the case
of pipes working at high service pressures with high concentrations of hydrogen. This
phenomenon is called hydrogen embrittlement (HE). When the hydrogen concentration
overcomes a threshold, a decrease in the mechanical properties of the steel is observed.

The domestic distribution is ensured by polyethylene (PE) pipe. However, the permeation
coefficient of high-density PE (HDPE) is high. At a service pressure of 4 bar and a mixture of 90%
CH4 + 10%H?, the volume of hydrogen passing through the wall is estimated at 546 |/km/year [1].
For indoor installation in sensitive locations, it is necessary to control the continuous hydrogen
flow through polymer pipe walls with a local sensor for security.

In this paper, the following major risks induced by the use of hydrogen are presented:

¢ pipe failures resulting from defects due to hydrogen embrittlement.

* |ethal damage due to heat or explosion overpressure after hydrogen ignition.

* explosion due to hydrogen permeation.

To investigate these three kinds of risks (failure, lethal risks due to explosion and torch effects,
and hydrogen accumulation due to permeation), the following fundamental concepts are
considered:
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- defect assessment following hydrogen embrittlement using a failure assessment Diagram
(FAD) or a notch failure assessment diagram (NFAD), limit analysis (LA), and strain-based
design (SBD).

- lethal heat radiation risks arising as a consequence of the intensity of the heat flux and the
duration of exposure. The overpressure was due to the explosion.

- lethal explosion risks based on the equivalent mass of TNT and the resulting overpressure
due to the explosion.

- the gas loss calculated from the permeation coefficient of hydrogen.

The results presented in Sections 3 and 4 summarize the prior works of the author along with

the references. The results extracted from the EU NATURALHY contract are presented in Section 5.
Although the authors were involved in other projects, they all contributed to this contract.

2. Hydrogen Properties as a Molecule in Gases and an Atom in Metallic Solids

Hydrogen has a relatively low molecular weight of 2.01594 g/mol. Its density is 0.071 g/L at 0°C
and 1 atmosphere as a gas. Its relative density is 0.0695 when compared to air.

Hydrogen is highly flammable and has an “NFPA” rate of 4 [1]. It is flammable after ignition
when mixed with 4% of air. Table 1 lists the physical characteristics of hydrogen.

Table 1 Physical characteristics of hydrogen.

Molecular weight 2.016 g/mol NFPA ratings 4
Boiling point at atmospheric Flammable limits
&P P 1252.8°C ran 4-75%
atmosphere in air
Density of gas at boiling point 67.76 Kg/m?3 Auto-ignition temperature 400°C
Melting point -259.2°C Combustion speed 3.5m/s
Latent heat of vaporization at w .
. 446.0 KJ/Kg Ignition minimum energy 0.02 mJ
boiling
o . . 2.02 Kg
Specific gravity at 1 atm 0.696 Explosion energy
TNT/g

The history of the Zeppelin Hindenburg serves as an example of the low ignition energy of
hydrogen. On May 6, 1937, this rigid-hulled airship burst into flames on arrival at Lakehurst
airport, near New York. Upon touching the mooring mast, her hull caught fire, probably due to
static electricity (Figure 1).
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Figure 1 Zeppelin Hindenburg accident (May 6th, 1937).

Hydrogen has the lowest ignition energy (hydrogen 0.02 mJ, natural gas 0.29 mJ, propane 0.26
mJ, and gasoline vapor 0.24 mJ) when compared to other fuel gases. It has a wide flammability
range (4-75%), which is less than acetylene and ethylene oxide. The absorption of hydrogen by
steel results in embrittlement and probable failures in pipes.

Structural defects are always present in solid materials. Metallic imperfections such as gaps,
dislocations, grain boundaries, pores, and inclusions serve as trapping sites for hydrogen. Alloying
elements form hydrides with carbon and sulfur, which can act as trapping sites. They interact with
hydrogen to form gases such as CH4 and H2S, which generate blisters in the material. The
transport rate of hydrogen through the material is decreased by hydrogen trapping. Therefore, in
these trapping sites, further diffusion of hydrogen becomes difficult. The residence time at these
sites increases more than that at a normal distribution in the network. In a metallic system,
hydrogen transport can become extremely complex.

According to [2], the different types of trapping were established and classified depending on
the following:

- the location of the trapping (trapping in volume or on the surface).

- its origin (electronic, chemical, or elastic interactions).

- the existence of long-range interaction between the trap and the interstitial atom

(“attractive,” “physical” or “mixed” traps).

- the value of the hydrogen-trap interaction energy: At a given temperature, “irreversible”
traps, i.e., the sites at the level where the probability of de-trapping is almost zero, are
characterized by high interaction energy. For a "reversible" trap of lower energy, there is a
balance between the hydrogen atoms which occupy the trap and the sites of the network
(the idea of a "reversible" or "irreversible" trap makes sense only for a given temperature)
[3].

- the size of the trap, which can be specific (interstitial atom, vacancy), linear (dislocation),
plane (interface between phases, grain boundary), or volumetric (microporosity, crack).

Several mechanisms are used to explain hydrogen embrittlement, which include the following:

* weakening of metal-metal atomic bonds [4],

* modification of plasticity,

* decohesion/dislocation emission competition [5],

* molecular recombination in defects,

i
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e triaxiality of stresses.

At the tip of the crack, a high concentration of hydrogen is localized, which is sufficient to
initiate cleavage failure. Therefore, this model is particularly interesting for CC metals, which can
cleave very easily (the ductile and brittle transition temperatures are near to ambient).
Furthermore, it is plausible that the absorption of hydrogen enables a transition from a ductile
fracture behavior to brittle behavior.

According to this mechanism, interstitial hydrogen determines the embrittlement of a material
when it is subjected to mechanical stresses. It is based on the increase in the local concentration
of hydrogen in stress fields with high triaxiality like crack tips, as well as on the weakening of the
metal-metal bonds by modifying the electronic environment of the atoms. Due to the high local
concentration of hydrogen, the effect is more pronounced. The main parameter is the intensity of
the elastic stress field, which depends on the mechanical stress and the microstructure of the
material. The embrittlement and the delayed fracture of high-strength steels are usually explained
by this mechanism. The embrittlement mechanism is associated with transport by dislocations and
pinning by traps. The moving dislocations accelerate the transport of hydrogen. Hydrogen is
accumulated on defects by mobile dislocations under specific conditions. These defects act as
obstacles to the movement of dislocations. Dislocation stacks generate high stresses, which
promote crack initiation and propagation. Local hydrogen accumulation is favored by the coplanar
motion of dislocations. The nature and distribution of defects in the microstructure restrict the
movement of dislocations.

The effect of supersaturation associated with the sudden change in temperature in a material
containing a high quantity of hydrogen in the absence of imposed stress causes blistering and
internal cracking. The recombination of defects results in microcavities where the hydrogen
pressure is high enough to form blisters. This defect is typically seen in pipes transporting
hydrogen [6].

A brittle metal hydride that facilitates brittle failure is obtained ahead of a crack tip in a region
of high triaxiality. Brittle phase cracking can lead to crack propagation.

3. Ductile-Brittle Transition Due to Hydrogen Embrittlement

Fracture resistance is impacted by hydrogen embrittlement, among other reductions in
mechanical properties. This is observed following the 3-point bending test on notched specimens.
Electrolysis is used to subject the specimens made of pipe steel to hydrogenation for a long
period. Subsequently, they are loaded at a slow strain rate until fracture. Figure 2 shows the load-
displacement diagram that was recorded during the test. To detect fracture initiation, the acoustic
emission method [7] is utilized. The area under the load-displacement curves up to the load at
initiation is defined as the critical energy or initiation energy U; or fracture toughness.
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Figure 2 Energy initiation defined on a load-displacement curve [7].

As the concentration of hydrogen increases, the fracture resistance drops sharply. The critical
hydrogen concentration can be determined as per the procedure described in Figure 3 owing to
the drop in fracture resistance. As shown in Table 2 for 3 steel pipes, the critical hydrogen
concentration Cj; decreases with the yield stress [7].

Work done at fracture initiation L'i( Nm)

35
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Figure 3 Critical hydrogen concentration of APl X52 determined from work done at
fracture initiation [7].

Table 2 Critical hydrogen concentrations Cy; for three pipeline steels [7].

Steel Yield stress (MPa) Cf;, 106 mol/cm3
X52 410 4.3
X70 590 2.3
X100 866 1.5
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The critical hydrogen concentration is fitted by a power function versus the yield stress g, or
the ultimate stress agy;.

C; = By. (o)™ (1)
Cp = By. (o)™ (2)

where B4, B,, n4,n, are material constants and depend on the test conditions. The basic strategy
to prevent the risk of brittle fracture in steel pipes is to prevent cleavage by maintaining sufficient
ductility. Several codes at Level 1 provide the rules to satisfy this condition, including APl 579-1
ASME FFS-1 [8] for pipes in general and ASMEB31.12-2019 hydrogen piping and pipelines [9] for
pipes used for hydrogen transport.

The operating or service temperature Ts or the minimum allowable temperature (MAT) must be
higher than the brittle-ductile transition temperature (DBTT) T:.

Tg or MAT > T, 3)

The operating temperature Ts and the ambient temperature are different. Ts depends on the
choice or obligation of the code. Transition temperatures depend on failure tests such as Charpy
tests or drop weight tearing tests (DWTT) and specimen geometries such as standard Charpy
specimens, mini-Charpy specimens, or sub-sized Charpy specimens. A test with similar constraints
yields a value close to the "structure or component" transition temperature, Tcomp. This
determines the design degree of conservatism of this approach. Since the transition temperature
is sensitive to constraints, it falls as the occurrence of plastic deformation decreases [10].

According to ASMEB31.12-2019 hydrogen piping and pipelines, "all impact tests shall be made
using standard 10 mm square cross-section Charpy V specimens bars except when the material
shape or thickness does not permit”’[9]. The Charpy energy Kc (J) versus temperature curve is
fitted as given in Eq.(4) [11].

(T - Dcv)
Kcv(]) = Ay + Beytanh Ic—l (4)

where Acv, Bev, Cev, and Dcv are constants. Acy represents the Charpy energy at the transition
temperature, Bey is the energy jump between the brittle and ductile plateaus, and Ccyrepresents
the temperature range of the Charpy energy transition. Dcv represents the brittle-ductile
transition temperature. Constants Acy, Bcy, Ccy, and D¢y are related to the upper shelf energy
(USE), the lower shelf energy (LSE), and DBTT as:

ACV + BCV == USE
ACV - BCV == LES
Dcy = DBTT (5)

The impact of hydrogen embrittlement on DBTT was examined [12] using the % mini-Charpy
and standard Charpy specimen types.
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Figure 4 and Figure 5 compare the Charpy energy versus temperature curves with and without
hydrogen embrittlement for the two types of specimens made in X65 steel. Figure 4 displays the
Charpy energy curve versus temperature for the % mini-Charpy with and without HE. Figure 5 is
related to standard Charpy specimens. The curves are fitted according to equation 8. Table 3
present the constants Acy, Bcv, Ccv, and Dey of Eq. (4).
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40 P

Fractography points

. _ L

3 | AIF/T=130K
Z H,/T=135K
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Figure 4 Curves of Charpy energy versus temperature for % mini-Charpy with and
without HE, pipe steel X65 [12].

O =—Ail @=-H2 —Env. 10%

300

250

200

150

100

50

0 50 100 150 200 250 300 350

Temperature (K)

Figure 5 Curves of Charpy energy versus temperature for Standard-Charpy with and
without HE, steel X65[12].

Table 3 Parameters ACV, BCV, CCV, and DCV for % mini-Charpy specimens with and
without HE.

Acv (J) Bev (J) Cev (K) Dev (K)

Page 8/35



JEPT 2022; 4(3), doi:10.21926/jept.2203029

Standard without HE 137.7 132.4 4.3 180
Standard with HE 145 143.5 5 177
Half-Charpy with HE 16.7 17.3 7.1 149
Half-Charpy without HE 17.7 17.4 5.17 132

A slight increase in DBTT is observed, which is 17 K for the % mini-Charpy transition
temperature and 3 K for the standard Charpy specimen. A thickness effect on the shift of DBTT is
inferred after HE. This small shift must be compared with the natural scatter of the Charpy impact
test. Although an estimated scatter band of the Charpy energy-temperature curve is made, the
real scatter band with many tests is not available. The coefficient of variation (COV) of the yield
stress of the API 5L X65 steel is 5.25% [13]. Based on this result, the upper and lower bound of
COV for Ccvand Dcv were fixed at 10%.

Figure 5 and Figure 6 illustrate the associated scatter bands. The DBTT shift is greater for %
mini-Charpy specimens than the width of the scatter band. Therefore, DBTT is affected by HE.

Dent

Figure 6 Example of pipe failure emanating from the dent.
4. Pipe Failure Risks in the Transport of Pure or Blended Hydrogen

For safety and economic reasons, liquid or gas is transported to the market area for
consumption through pipelines. In 120 countries around the world, there is approximately
3,500,000 km of pipeline (2014). Three countries, the United States (65%), Russia (8%), and
Canada (3%) accounted for 75% of all pipelines.

Compared to rails and trucks, the transport of crude oil via pipeline causes fewer fatalities and
property damage. Moreover, the spilling of oil is less in pipelines than in trucks. The safety and
reliability of pipelines depend on the mechanical damage caused by fabrication or external
interferences, as well as the deterioration of the pipeline metal over time and welded joints. The
other causes of damage include human errors or vandalism.

Table 4 presents the different causes of incidents with their respective percentage of
occurrence [14]. In Europe, external interference is the major cause of service failures. As shown
in Figure 6, the main types of damage are gouges and dents. A defect assessment in a pipeline is
conducted using specific tools depending on the types of defects and fracture modes.
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Table 4 Causes and percentage of incidents in gas pipes [14].

External Construction defect/ . Ground Hot-Tap made Other and
. . Corrosion

Interference material failure Movement by Error Unknown

49.6% 16.5% 15.3% 7.3% 4.6% 6.7%

4.1 The Influence of Hydrogen Embrittlement on the Harmfulness of Pipe Cracks

The highest severity is observed in cracks. Generally, all defects are categorized as cracks in
codes, which is a conservative approach. Long pipes have real cracks because they are assembled
by welding. As shown in Figure 7, cracks are detected in welds or heat-affected zones, and they
are often associated with porosities and slag inclusions.

-

r

d. A

roc  YpotMagn  Ust WU m—1 Sum
FONKY AL ANOEx NGT BE TTIP-900 R-0 4 (-1 fHSO0TT)

Figure 7 Crack in a pipe welded joint.

The irregular shape of a crack for internal cracks and surface is described as flat elliptical and
semi-elliptical, respectively. The dimensions of the elliptical or semi-elliptical crack are obtained by
enclosing the irregular shape in a rectangle of length 2c and width 2a for internal cracks and
length 2c and depth a for surface cracks. The crack driving force is determined by computing the
applied stress intensity factor using an analytical solution or the finite element method. The
admissibility of a crack in the pipe is determined by comparing the safety factor fs with a
prescribed value of fs = 2. This safety factor is provided by the failure assessment diagram (FAD).

The FAD is a plane representation of the fracture criterion associated with the critical stress
intensity factor. Figure 8 shows the typical representation of a FAD. The non-dimensional crack
driving force and non-dimensional applied stress are employed as coordinates for all materials and
applications. The applied non-dimensional crack driving force is defined as the ratio of the applied
stress intensity factor Kap to the fracture toughness of the material Kic :

. K
fer = aP/ Kic (6)
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Figure 8 Typical presentation of Failure Assessment Diagram (FAD) [15].

Furthermore, the J integral or the crack opening displacement is used to define the non-
dimensional crack driving force as:

* ’]ap/ — 6<1P
kr N ]mat or kr N Smat (7)

where /4, 84p are the applied J integral and crack opening displacement, respectively. The
fracture toughness of the material, expressed as Jmat or &mat, is the critical value of J integral or
crack opening displacement.

The non-dimensional stress is the ratio of the gross stress to flow stress (is. The flow stress is
(oy+our)

2
Failure conditions are represented by an assessment point in the FAD with coordinates L}, k..

The critical curve (or failure curve) is given by k. = f (L.c). Figure 9 is obtained from the
coordinates [Lrc, kr].

chosen as the yield stress gy, the ultimate stress a,,;, or the classic flow stress g, =

Ratio of fracture toughness with HE and without HE

120

100

)

(O <2 Electrolytic

O] s
5 .}
X52 %70
s AS16
. 4 X60 A
: Mean 65%
60 Grade B
X52 X635 X70
* - - *
40 X42
20
+« X80
0
0 100 200 300 400 S00 600 700

Yield stress (MPa)
Figure 9 The ratio of fracture toughness with and without HE for 10 steel pipes [16].
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When the load increases from 0 to the critical load P, the loading path OC associated with a
defect and service conditions becomes linear. The coordinates at assessment point B are Land k.
No failure occurs if this assessment point is inside the safe zone. Critical conditions are reached if
the assessment point is on the assessment curves or above. The associated safety factor is
expressed by the following relationship:

oc

fs=0—A (8)

OA and OC are segments from the origin O to the assessment point B and the intercept failure
curve C. This relation is a consequence of the L; and k. definitions, which are both proportional to
the gross stress. The criticality of the situation is determined by comparing the obtained safety
factor to the conventional value of fs= 2.

After hydrogen embrittlement (HE), the mechanical properties of 10 pipe steels were examined
based on the data extracted from the literature.

Data were collected under the same hydrogen gas pressure (6.9 MPa H2). Table 5 reports the
values of yield stress oy, ultimate strength oy, and fracture toughness Ki.. The fracture toughness
decreases by 33% in the yield stress range [350-600 MPa] as mean values (Figure 9). The fracture
toughness of the pipe steel decreases with an increase in hydrogen pressure and a decrease in
electrolytic potential.

Table 5 Mechanical characteristics of pipe steels after hydrogen embrittlement under
gas pressure.

Oy Oul Ke
Steel

(MPa) (MPa) (MPavm)
1080 414 784 111
A 516 364 551 102
API 5L Grade B 299 518 89
API5L X 42 331 490 69
APISL X 46 374
API5L X 52 429 597 108
API 5L X 60 422 590 142
API 5L X 65 506 611 180
API5LX 70 566 653 197
API 5L X 80 566 707 56

The non-dimensional crack driving force kr decreases with HE due to the reduction in fracture
toughness. Since HE has a negligible effect on flow stress, the non-dimensional load is minimally
impacted. The loading path under HE is above the loading path for conditions without HE (Figure
10). Therefore, the safety factor is modified.
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Figure 10 Loading paths with and without HE. Pipe diameter D = 611 mm and thickness
t =11 mm, relative defect depth a/t/0.5, API 5L X52 steel [17].

Figure 10 depicts a pipe (diameter is D = 611 mm and thickness t = 11 mm) made from API 5L
X52 steel and subjected to internal pressure. The pipe defect is considered as an internal semi-
elliptical with a thickness ratio a/t = 0.5 and an aspect ratio a/c = 0.5.

4.2 The Influence of Hydrogen Embrittlement on the Harmfulness of Pipe Gouges

The major cause of service failures in Europe is external interference. These damages can be
classified into gouges and dents. Typically, gouges are caused by scrapers or agricultural devices.
Figure 11 presents an example of several gouges made by a scraper.

Figure 11 Gouges on the pipe surface.

To assess external interferences, different tools are used depending on the defect types and
fracture modes. The classical fracture toughness K. is determined from cracked specimens and
plane strain conditions. The use of pre-cracked specimens is both time-consuming and expensive.
Due to sensitivity to crack propagation, it is impossible to pre-crack brittle specimens like
ceramics. Therefore, using notched specimens is more advantageous, and cheaper. In general, the
notch fracture toughness K, - measured with notched specimens is higher than that measured
with a cracked specimen. The failure emanating from a notch is treated as a local fracture criterion
in notch fracture mechanics (NFM)[15]. The volume fracture process (VFP) is considered in the
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volumetric method [15]. The diameter of the cylindrical shape in VFP corresponds to the “effective
distance”. VFP is the "highly stressed volume", which contains the required strain energy for
fracture. Because the effective distance is not a material constant and is dependent on the loading
mode, geometry of the structure, and load level, its magnitude is a matter of debate. The
distribution of the opening stresses yields the effective distance Xer. Figure 12 presents the elastic-
plastic stress distribution along the ligament and can be divided into several zones. A thorough
examination of the fracture initiation sites proves that the effective distance corresponds to the
beginning of zone lll. The relative stress gradient (x) of the opening stress oy, distribution is
expressed by Eq. 9:

1 0oy

x(@) = 9

Oyyr)  OT

The effective distance is associated with the minimum of x. Effective stress o is defined as the
average value of oy, over Xer.

Log(a (1)) (1) = I X(G}__‘_u‘)
oo () &x

O s ‘ /Stless distribution along defect root

ks

Notch stress intensity virtual crack Log(r)

Geometrical defect

Figure 12 Distribution of opening stresses along a ligament ahead of a blunt defect.
Determination of effective distance [15].

The opening stress is multiplied by a weight function to consider the effect of the geometry,
the loading mode, and the action distance r. The effective stress is given by:

1
O'ef:X_

ef

Xef
f Oyy (). @(r).dr (10)
0

Figure 12 describes the method for determining the effective distance using the relative stress
gradient. Further information on Egs. 9 and 10 is given in [15].
The notch stress intensity factor (NSIF) K, is a function of the effective distance Xer and stress oer

K, = 0o;(21Xes)" (11)
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a is the slope of the stress distribution in region Ill. The fracture criterion is given by:

K, =Ko (12)

K, is the notch fracture toughness of the material. The notch fracture toughness is a linear
function of the square root of the notch radius. It is a constant and equal to Kic below a critical
value pc [18]. For steel, pc is of the order of a few tenths of a millimeter.

Kp,c = KI,c pourp < pc

Koc =Ky + A.\/E for p > p. (13)

The additional contribution A. Vp is provided by the plastic work in the notch plastic zone.
When the defect is to be assessed by the FAD method, it is necessary to modify Eq. 6 and
replace the fracture toughness Kic by K, . due to the sensitivity of the fracture toughness with

notch radius.

k, =2 (14)

K,

where K, is the applied notch stress intensity factor.

The L parameter is the same for a notch or a crack and the failure assessment diagram. The
notch failure assessment diagram (NFAD), which is used to assess notch-like defects with a non-
zero radius, is formed by substituting Eq. 14 for Eq. 6.

The impact of hydrogen on the safety factor associated with a semi-elliptical notch type surface
defect (a/c =0.2; a/t =0.5) in an API 5L X52 steel pipe was analyzed [19].

The pipe has a thickness of 6.1 mm, a diameter of 219.1 mm, and an operating pressure of 70
bars. Table 6 presents the coordinates of the assessment points.

Table 6 Data related to Figure 12.

Kp,app Ko,c Oo6 Re Rm (o) (| K ) Safety
(MPavm) (MPavm) (MPa)  (MPa) (MPa) (MPa) ‘'~ " factor
Natural
gas 14, 6 57,21 125,7 431 526 478,5 (0,26;0,25) 3,06
Hydrogen 14,6 41,78 125,7 450 547  498,5 (0,25;0,35) 2,54

Table 6 and Figure 13 summarize the impact of hydrogen on the safety and security factors.
Although the safety factor is reduced by about 20% due to hydrogen, it remains greater than 2.
Therefore, the assessment points are in the security zone.
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Figure 13 Assessment points under natural gas and hydrogen pressure for a semi-
elliptical surface defect (a/c =0.2; a/t = 0.5)[19].

4.3 The Influence of Hydrogen Embrittlement on the Harmfulness of Pipe Dents

A dent in a pipeline is a permanent plastic deformation of the circular cross-section of the pipe
(Figure 13). The geometry of the dent causes local stress and strain concentration and a local
reduction in the pipe diameter. The dent depth is defined as the maximum reduction in the
diameter of the pipe. The different types of dents include smooth dents, kinked dents, plain dents,
unconstrained dents, and constrained dents (Figure 14).

Figure 14 Plain dent in a pipe.

The failure elongation of the pipe steels decreases strongly under the influence of HE (Figure
15). The & ratio is defined as (6 = A% (H?)/A% (air)); & versus yield stress of the pipe steel is a
decreasing function [20]:

§ = —0.0090y, + 1.29 (15)
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Figure 15 Evolution of the ratio elongation to failure after HE and elongation to failure
without HE versus yield stress of pipe steel [16].

Dents can be assessed using the strain-based design (SBD), which is based on failure
elongation. The most recent SBD is made according to a local strain criterion in which the failure
criterion is satisfied when the maximum local strain &; . is equal to the corrected failure strain &¢..

ElLc =& (16)

The corrected failure strain accounts for both the hydrostatic pressure g,,and the Lode
angle ;.

& (Om, 01) = €50 * Ug,, (Om) * g, (O1) (17)

o, (0m) and pg, (8,) are dependent on the hydrostatic pressure and the Lode angle, €5 is the
reference or material failure strain. The damage criterion developed by Oyane et al. [21] is
integrated with this failure criterion and is given by,
1 & On _
D =— (c1 + T) de (18)
Cz Jy o

During failure, damage D = D¢, where D¢ is the critical damage. & denotes the equivalent failure
strain, om denotes the hydrostatic stress, ¢ denotes the equivalent stress; &€ denotes the
equivalent strain; C1 and C; are material constants and C; is identical to &7 o = C5.

This criterion has been used to assess various dent depths. As shown in Figure 15, for a pipe
made in APl 5L X52 steel (failure elongation is 31.5%, which is 23% after HE), the visible dent is
considered. Due to the reduced failure elongation, HE causes greater critical damage. The
maximum damage once HE is attained for the given ratio is shown in Figure 16, where Ho is the
dent depth, and De is the external diameter of the pipe made of steel API5L X52, having a diameter
of 89 mm and a thickness of 3.2 mm.
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Figure 16 Damage parameter | obtained by finite element computation (Oyane’s
criterion) versus dent depth [22].

4.4 Harmfulness of Corrosion Defect after HE

The third reason for gas pipeline failures is external and internal corrosion defects. Figure 17
shows the typical corrosion defects on pipes made of steel.

o= = — GEHAD ' *

“ ‘h) ——21 20 19 TR
Bepsenn?
H" -]

=36 15 4 13 ¢!

Figure 17 Corrosion defect in pipes made of steel [23].

The geometry of a corrosion defect is characterized by three dimensions: depth (d), length (2c),
and width (2a). For conservative reasons, this type of defect is referred to as a semi-elliptical
crack-like surface defect with an aspect ratio (a/c) whose value ranges from 0.1 to 1, according to
the corrosion rate anisotropy in steel.

The pipe geometry and the flow stress oo of the material control the failure of corrosion
defects. Limit load analysis is used to determine the limit pressure for corrosion defects. The
solutions for the limit pressure in pipes with corrosion defects are proposed in codes (ASME B31G
[24], modified ASME B31G [25], DNV RP-F101 [26], and in the study of Choi et al. [6]). The limit
pressure piis expressed as a general equation:
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2t | 1-a(f)
=D 0| T T
1-a() -5

M is the Folias correction which considers the pipe curvature, and a is the geometrical
parameter. Depending on the applied method, the flow stress oo, the geometrical parameter,a,
and Folias correction M vary (see Table 7).

(19)

Table 7 Summary of limit pressure equations.

Method oo (MPa) a Folias correction M
B31G 1.1oy 2/3 -

B31G 1l.1oy 1.0 oo

Modified B31G oy + 69 MPa 0.85 -

Modified B31G oy+ 69 MPa 0.85 -

DNV-RP-F101 Oul 1.0 -

APl RP-579 Oy/0.9 1.0 -

The ratio of yield stress, ultimate strength, and flow stress under H? and air are generally less
than one. The difference between values under H? and air is less than 10% (Figure 18). The limit
pressure is moderately impacted by HE. According to the boilermaker formula, the maximum
admissible operating pressure (MAQOP) is the basis for the corrosion defect evaluation in the ASME
B31G code [24]:

oy fot
MAOP = (20)

where o), is the yield stress, t is the thickness, R is the radius of the pipe and fo is the design factor.

Ratio with HE and without HE
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Figure 18 The ratio of yield stress and ultimate strength with and without HE versus
yield stress for 5 steel pipes (API 5L X42, X52, X65, X80, and X100)[16].
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For design, the working pressure is less than the safe operating pressure pg,fe. The ratio of
MAOP and the safe operating pressure pgafe is the estimated repair factor (ERF). The following
condition specifies if the MAOP must be repaired or lowered:

MAOP

Psafe

ERF =

< 1or0.95 (21)

The defect length and the relative defect depth are represented as coordinates (2c; d/t) on a
graph for this criterion. The defect assessment point is represented by the coordinates (2c*; d*/t).
In the graph, the curve corresponding to the condition ERF = 1 is plotted. The defect is acceptable
if the assessment point is below the assessment curve. The assessment point above the curve
requires repair or working pressure de-rating. Different p. computation solutions are provided by
codes (B31 or B31 mod), resulting in different assessment curves. Figure 19 presents an example
of an ERF assessment diagram. The EFR assessment curve is mostly unaffected by hydrogen
embrittlement.

Relative depth a/t %
1
0.9 Method B31 mod
08 Thickness 13 mm
N\ Service pressure : 6.82 MPa

0.7
0.6 \\
0.5 &
0.4 |

031 —  Hydrogéne

02 | et +
‘ m%’»‘ﬂ.‘:w — Air
0.1 U +

0

0 50 100 150 200 250 300 350 400

length 2¢ (mm)
Figure 19 Graph of a relative defect depth vs. defect length with the condition ERF =
1[16].
5 Lethal Risks Associated with Hydrogen

Table 1 demonstrates that hydrogen has low ignition energy, which is about 1/15 of natural
gas. Although less than acetylene, hydrogen has a large flammable range in the air. Figure 20
compares the ignition energy of natural gas, propane, and gasoline vapor. Figure 21 compares the
limits of flammability in the air of 16 flammable gases.
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Figure 20 Comparison of ignition energies of hydrogen, natural gas, propane, and
gasoline vapor.
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Figure 21 Limits of flammability in the air of 16 flammable gases.

Therefore, irrespective of the ignition being immediate or delayed, hydrogen is a
dangerous gas. This ignition induces torch effects or explosions, which have lethal
consequences. Figure 22 shows the consequence of the explosion that occurred on Monday,
June 10, 2019, at a hydrogen station in Sandvika, near Oslo, Norway.

Figure 22 The explosion occurred on Monday, June 10t 2019 at a hydrogen station in
Sandvika, near Oslo, Norway.
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As a result of the airbags in their cars deploying and the emergency services evacuating people
in @ 500 m radius quickly, the explosion caused only minor injuries to two people. Sheet metal
plates were torn off and thrown onto the road and sidewalks, testifying to the blast of the
explosion.

5.1 Immediate and Delayed Ignition

It is necessary to combine fuel and an oxidizer to provide sufficient energy for the combustion
reaction to occur. An explosive atmosphere (EXAT) can be formed by mixing an oxidizer and fuel in
adequate proportions. EXAT is likely to ignite in the presence of an ignition source.

Immediate ignition depends only on the characteristics of the gas (flash point, boiling
temperature, flow rate, or mass of the gas released) and is completely independent of external
conditions. Delayed ignition occurs a few seconds after the leak. Unlike immediate ignition,
delayed ignition is governed by the characteristics of the release environment, particularly by the
number and type of ignition sources present in the release's flammability zone and the
effectiveness of these ignition sources.

Immediate and delayed inflammation are not independent but consecutive events, with
delayed inflammation occurring only in the absence of immediate inflammation. The frequency of
occurrence of a risk resulting from delayed inflammation is obtained by (1-Pim). (Pde); Pim and Pge
are the immediate and delayed flammability probabilities, respectively. The ignition probabilities
are calculated by various methods.

- The usual practice is to use databases or guides by the type of substance.

- The method of expert judgment, in which the probability is either taken as equal to 1
increasingly (any rejection ignites) or discounted by one or more factors of 10 based on an
expert judgment,

- A detailed approach for which the estimation of the probability of immediate ignition is
obtained according to the energy provided by the cause of the loss of confinement and the
reactivity of the substance (particularly, its minimum ignition energy).

- A semi-quantitative approach was proposed earlier [20].

5.1.1 Probability of Immediate Ignition

According to the standards for highly and moderately reactive gases, the gas flow Q governs
the probability of immediate ignition.

- If Q<10 kg/s, the probability of immediate ignition is 0.2.

- If the flow is between 10 and 100 kg/s, the probability of ignition is 0.5.

- If the flow is greater than 100 kg/s, the probability of ignition is 0.7.

Table 8 presents the other values proposed by INERIS [20]:

Table 8 Probability of immediate ignition.

With Without

energy source energy source
Probability of 1 1 0.1
immediate ignition siQ>10Kg/s siQ<1Kg/s
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5.1.2 Probability of Delayed Ignition

The probabilities of delayed ignition depend on the area of risk. As presented in Table 9, these
areas are classified into 4 categories.
* Zone A: Absence of sources of ignition, particularly the absence of personnel and traffic
lanes, such as the zone between two production units or vertical valve discharge in the air).
* Zone B: Occasional personnel presence,
¢ Zone C: Heavy presence of personnel,
* Zone D: Contains possible sources of ignition, such as an external site.

Table 9 Probability of delayed ignition.

Zones ZoneA ZoneB ZoneC ZoneD
Probability of delayed ignition 0.1 0.1 1 1

HyRAM [25] provides much lower ignition probabilities for each zone than those proposed by
INERIS in Table 10. Due to the low minimum ignition energy of hydrogen, in many situations, the
immediate or delayed ignition of the gas leaking from a leak orifice is assumed to be a certainty,
implying that the probability of ignition is equal to one.

Table 10 Probabilities of ignition according to HyRAM [25].

Débit Q (Kg/s) Immediate inflammation Delayed inflammation
<0.125 0.008 0.004

0.125-6.25 0.053 0.027

>6.25 0.23 0.12

5.2. Likelihood of Lethal Damage

At atmospheric pressure, the flammable range in the air is 4% to 75% by volume, which
becomes explosive in the range of 20% to 60%. Combustion can be initiated by an extremely low-
energy ignition source. A few seconds after the start of the hydrogen release, turbulent mixing
between the hydrogen and the ambient air forms a cloud of inflammable gas.

Due to the nature of hydrogen gas, the cloud of flammable gas produces an explosion and has a
higher burn rate than other flammable gases. A gas cloud is formed after a pipeline failure occurs.
Its flow increases rapidly by the impulse of the vented gas, and a quasi-steady gas jet is
established. A blazing flare is produced if the released gas ignites immediately after the failure. A
significant explosion occurs if the gas cloud is subjected to delayed ignition.

The prominent lethal risks can be the consequence of overpressure or the thermal effect of
radiation caused by a sustained fire, which can be preceded by an explosion. An explosion model
of the gas cloud that characterizes the overpressure and a fire model that provides the intensity of
the heat can be used to estimate the surface of the ground affected by a pipeline failure. The gas
release rate (Q) of a failure is associated with the magnitude of the explosion and the
corresponding size of the danger zone. The rate of hydrogen release depends on the service
pressure of the pipeline, the length of the pipeline, and the effective size of the hole. The diameter

Page 23/35



JEPT 2022; 4(3), doi:10.21926/jept.2203029

of the pipe, the operating pressure, and the length of the pipeline from the point of supply to the
point of failure determine the parameters of the danger zone when the effective size of the hole is
large, i.e., greater than the diameter of the pipeline. As shown in Figure 16, the size of the danger
zone depends on the pipe dimensions, operating pressures, and pipeline length.

The probability of lethal damage is linked to the probability of the presence of a person near
the failure zone of the pipe. Given the difficulty of establishing this probability of presence, it is
preferable to reduce or increase the probability of risk by a coefficient, Cey, which depends on the
environment (Table 11).

Table 11 Values of the Cey coefficient according to the location.

Location Cev Environment Cev
Country 0.8 Urban zone 3
Parking 1 Industrial zone 0.05

5.3 Probability of Lethal Heat Damage

The level of lethal heat radiation damage depends on both the intensity of the heat flux and the
duration of the exposure. At a specified location of interest, the thermal dosage unit (V) combines
the radiant heat flux | in W/m2 and the exposure time t in seconds:

V =1@/3)¢ (22)

The probability of death Pgec is a function of heat flux intensity s, which is estimated by Eq. 23
[20]:

1 Pro 2
Pgoc = Ef_m e S /2 ds (23)
The value of the probit Py, is expressed in [24]:
(4/3)t
P, = —14.9 + 2.56Ln <1—04) (24)

The heat flow is impacted by the shape of the flame at a particular distance from a jet fire. A
flaming torch is considered a series of point heat emitters. The radiation received from each
emitter and point source is added to obtain the total heat flux reaching a given point. According to
API RP 521 [25], the heat flux at some distance from the fire source is calculated:

] = nTaQech
4mrr?

(25)

where T, denotes the atmospheric transmissivity, Qer denotes the effective rate of gassing, Hc
denotes the heat of combustion (Hc = 1.419 x 108 J/kg), and r denotes the radial distance between
the fire and the area of interest.
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1
Qcr = 6.47.107*A, ap, * max I0.3; —l (26)

JI+4,

where a represents the size of the dimensionless hole, ps represents the working pressure, Ap
represents the cross-section of the pipe, and L represents the length of the pipe from the gas
supply station to the point of ignition of the fire. The unit of probability or probit P is expressed
as follows [6]:

Po=a+blnD (27)

where a and b are the empirical constants of the dose-effect relationship. The atmospheric
transmissivity T, is conservatively assumed to be equal to unity ( ta = 1). Therefore, the probit
equation can be written as follows:

P., = —19.18 + 3.4Ln (%) (28)

The heat of combustion of hydrogen gas at room temperature is the basis of Eq. 28. We
consider a threshold thermal intensity level that is associated with 1% death for those exposed for
30 s before finding a shelter. The thermal intensity threshold to compute the size of the danger
zone by thermal radiation is assumed to be 15 kW/m2. Putting Eq. (28) into Eqg. (23) gives the
radial distance from the failure point to the location where the heat flux is equal to the threshold
value of 15 kW/m2.

1
Trey = 0.24D,/ap, * \/max [0.3; \/1—_+] (29)

5.4 Probability of Lethal Damage Due to Explosion Overpressure

It is assumed that a hydrogen explosion is equivalent to a TNT explosion with the same energy.
The overpressure caused by the explosion is estimated as a function of distance from its
equivalent mass of TNT. The equivalent mass of TNT is computed from the heat of combustion of
hydrogen, the total mass of hydrogen released, the explosion efficiency, and the explosion energy
of TNT. A typical value for the energy of the explosion of TNT is 4686 kl kg. The explosion
efficiency of a hydrogen vapor cloud is 0.03. Therefore, the maximum equivalent mass of TNT mnr
is estimated as:

2 r+1/y-1
Mmrnt = 003757‘[d20( YPoPo I:(‘)/Tl):l (30)

Here, D is the pipe diameter, ais the dimensionless hole size, and po is the pressure at
operating conditions. The maximum equivalent mass in TNT is:

Mmrnt = 4.57.10_3d2ap0 (31)
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The explosion pressure generated is given as:

Pe _ 1616[1 + (z,/4.5)?] 32)
Pea \/[1 + (2,/0.048)?][1 + (2./0.32)?][1 + (z./1.35)?]
. D> (33)
Zp = a
¢ = 0.166(D2apy) /3~ PO
Here, r is the distance. Figure 23 displays an example of the explosion area.
Explosion Area
Figure 23 Hydrogen explosion area [6].
The death probability Pgec is estimated by Eq. 34:
P L f Vo5t g (34)
= — e s
dec 7)o
With s, the mrnt. The probit function [26] is:
P, =-77.1+691Ln(p,) (35)

The level of overpressure threshold f associated with 1% death in exposed individuals is 21.3
KPa [6].

The radius of a circular zone surrounding the assumed point of failure for which exposure to
overpressure caused by an explosion has a 1% probability of causing death is estimated by Eq. 36.
The maximum danger distance rexpl (Mmeasured in meters) increases with the service pressure of
the pipeline. This distance corresponds to the overpressure threshold of 21.3 KPa. Figure 24 shows
the distances rexpl plotted against the service pressure.

Texpl = 1.58a'/3d%/3p,1/3 (36)
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Figure 24 The maximum danger distance increases according to the service pressure of
the pipeline (diameter D = 1 m) [26]. Explosion: distance corresponding to 21.3 KPa;
Fire 1: distance corresponding to 15 kW/m2 with decay factor assumed to be equal to
0.3; Fire 2: distance corresponding to 15 kW/m2 with decay factor assumed to be
equal to 1) [26].

The values of the dangerous distance per explosion in the case of a hydrogen-natural gas
mixture were determined by NATURALHY [6] using a risk assessment model. Figure 25 shows an
example of a pipe with a 914 mm diameter and a service pressure of 70 bars. The risk drops to
zero just over 400 m from the pipe failure. This distance is decreased by about 25 m by adding
25% hydrogen. The dangerous distance is reduced by about 75 m and 100 m for 50% and 75%
mixtures, respectively. According to this result, site-specific risks vary depending on the
population density near the pipeline [27].

70bar, 914mm diameter Pipeline

1.E-05 :
— NG

8.E-06 '\\ —25%H2
6.E-06 50%H2
o Y — 75%H?
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Figure 25 The risk of death per year per individual depending on the distance from the
pipe leak [6].
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5.5 Lethal Effects and Probabilistic Design Factor
The risk equation can be written as follows:
P (Risk) = P.(L) * P-(Q) * B.(I) * P.(LE) * B.(pers) * L * Cey, * Cry (37)

- Py (L) is the probability of leakage after failure,

- P (Q) is the probability of having a gas flow lower than a prescribed value,
- Pc(l) is the probability of ignition,

- Pr (LE) is the probability of lethal effects greater than a threshold value,

- Pr (pers) is the probability of the presence of a person,

- Lis the length of the pipeline considered,

- Ce is the coefficient considering the location of the pipeline,

- Cyr is the risk reduction factor considering the risk reduction measures.

Expert judgments provide the values of P, (l), Pr (LE), and P, (pers). The calculations enable the
determination of the values of the probability of leakage P, (L) and the probability of having a gas
flow lower than a prescribed value Pr (Q). Cey and Cr are given by codes. Table 12 shows the
minimum, maximum, and chosen values of these parameters. The choice is justified by
conservatism in risk assessments. When the service pressure ps exceeds the maximum admissible
operating pressure (MAOP), the leak probability is calculated as:

P, = MAOP (38)

Table 12 Minimum, maximum, and chosen values for Cey, Ci, Pr (1), Pr (Q), Pr (EF).

Terme  Mini Maxi Choix Justification of choice
Depending on the environment rural, peri-urban or urban
areas
Crr 001 1 1 No specific protection
0.5 corresponds to a flow ranging from 10 to 100 kg.s™
(computed flow rate is 16 kg.s™)
0.5 corresponds to the probability of immediate

Cev 08 3 0.8-3

Pr(Qf 02 05 05

Pr (1) 0.04 0.5 0.5 . .
inflammation

The probability of 0.04 is associated with lethal risk caused
by the thermal effect

0 corresponds to the lethal risk emanating from the
overpressure effect.

Pr(EF) 0 0.04 0.04

The vyield stress oy, the thickness t, and the radius of the pipe R are considered stochastic. Eq.
20 enables the computation of the stochastic maximum admissible operating pressure with
parameters given in Table 13.
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Table 13 Distribution parameters and distribution law associated with each input

variable.

. Standard . Distribution
Variable Mean p . Skewness Kurtosis

Deviation law

Yield stress 515.4 MPa 28.89 MPa -0.007 3.00 Normal
Thickness 5.2 mm 0.24 mm -0.0029 2.99 Normal
Diameter 314 mm 0.79 mm -0.00076 3.00 Normal
MAOP 17.07 MPa 1.24 MPa 0.10 3.01 Normal

Eg. 37 is computed for the 3 locations (rural, peri-urban, and urban areas). Table 14 presents
the values of each component of this equation. As an excellent compromise between safety and
cost, the conventional probability of risk of 107 is generally accepted by pipe codes. Table 14
reports the probability of leak Pr (L), the values of MAOP, and the probabilistic design factor f, o1
for the three locations.

Table 14 Summary of the parameter values of Eq. 37 for the 3 locations.

Location Rural area Peri-urban area Urban area
P: (Risk) 0.00001

L (km) 100

Crr 1

Pr (Q) 0.5

P, (1) 0.5

P, (EF) 0.04

P (Pers) 0.1 0.5 1

Cev 0.8 3 3

Pr (L) 1.25.10™ 6.67.107° 3.33.10°°
MAOP (MPa) 12.5 11.7 11.5
fo,prob 0.8 0.7 0.7

Table 15 provides a comparison between the probabilistic design factor fo, prob, and the
deterministic one fo get, given by [1]. The deterministic values are more conservative. In [10], since
there is no information on how these values were obtained, it is assumed that they were obtained
by expert judgment.

Table 15 Values of design factors fo, prob, and fo, et according to locations.

Rural area Peri-urban area Urban area
o prob 0.8 0.7 0.7
o, et 0.6 0.5 0.4

MAOP is computed from the yield stress, a material parameter that suffers from some scatter.
This scatter is measured by the coefficient of variation, COV. Table 16 shows the influence of the
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yield stress COV on the probabilistic design factor. If COV varies in the range [0.05-0.20] for an
urban area, the MAOP decreases by 90% and the design factor by 85%.

Table 16 Influence of COV of yield stress on MAOP based on location.

Location cov MAOP (MPa) fo,prob
Rural area 0.05 13.7 0.8
Peri-urban area 12.9 0.7
Urban area 12.8 0.7
Rural area 0.1 10.7 0.6
Peri-urban area 9.4 0.5
Rural area 9.1 0.5
Country area 0.15 7.7 0.4
Peri-urban area 5.7 0.3
Urban area 5.3 0.3
Rural area 0.2 4.5 0.2
Peri-urban area 1.9 0.1
Urban area 1.4 0.1

A design factor greater than 0.5 A is guaranteed if the COV is less than 0.1. This low COV value
is obtained in modern steel. Vintage steels have a higher COV. An economical threshold gas flow is
one with an MAOP value of 50 MPa (MAOP* in Figure 25). Therefore, one cannot tolerate in the
pipe networks some parts with vintage steel exhibiting a COV greater than 0.15 (Figure 26).

MAOP (MPa)

16
Modem steel_—~———=— Vintage steel
14
12
10
Urban
8
==Country
6
MAOP*

4 \

2

0

0 0.05 0.1 0.15 0.2 0.25

COV

Figure 26 MAOP versus COV of yield stress on MAOP for urban, peri-urban, and
country locations [13].

5.6 Hydrogen Loss in Polyethylene Pipes Due to Permeation

Due to the small size of hydrogen molecules, the diffusion of molecular hydrogen through
polymeric materials is relatively rapid. Hydrogen can slowly seep through the pipe walls and be
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trapped in closed spaces [28]. This is a huge risk for insulated and/or buried tubes, as well as for
tubes in closed rooms and cupboards where hydrogen can accumulate. The accumulated
hydrogen then ignites or even explodes at a later stage.

A transmission pipe in HDPE with an outer diameter of 110 mm and a wall thickness of 10 mm,
filled with hydrogen at 10 bars, has a permeation rate for one kilometer of 70 liters per 24 h.

This permeation rate increases with hydrogen pressure and decreases with the wall thickness.
For natural gas, the flow is 10 to 50 times lower than that for hydrogen.

Furthermore, sealing polymer pipes is a challenging issue. The connections between the
different pipes will need to be better connected than those conventionally used for natural gas.
Otherwise, hydrogen will escape through the seal, the risk of which strongly depends on the
possibility of hydrogen accumulating in the surrounding space.

The concentration on the contact surface is unknown during gas diffusion. However, the vapor
pressure of the gas is known. According to Henry's law, the concentration of gas is proportional to
the pressure of that gas. Therefore, for an isothermal system, the concentration of gas at the
surface of the polymer is given by:

Cy =S *py (39)

where S is the gas solubility (mol/Pa.cm?), Cy is the hydrogen concentration (mol/cm3), and pn is
the gas pressure (Pa). Assuming that diffusion is independent of pressure, Fick's first law for
diffusion is utilized to determine permeability (Pe). It is defined as:

P, = DS (40)

where D is the diffusion coefficient (cm?/s). The two methods to determine the permeability or
permeation parameters are the steady-state method and the transient method. The steady-state
method is based on the flow information when the gas concentration is constant at all points in
the polymer. The transient method is based on the permeation history from the beginning of the
diffusion until the end of the process or until the state of equilibrium is attained.

The permeability of polyethylene PE80 in the presence of methane and hydrogen was
determined [6] for three temperatures. Table 17 presents the results.

Table 17 Permeability of polyethylene PE8Q in the presence of methane and hydrogen
determined for three temperatures [6].

Polymere Température®C Pe (Méthane) Pe (hydrogene)
cm3.cm/cm?.s.bar cm3.cm/cm2.s.bar

PE 80 80 11.5x 1078 24.1x1078

PE 80 60 433 x 108 11.8 x 1078

PE 80 40 1.14 x 1078 4.80x10°8

In the NATURALHY contract [6], the permeation loss of plastic pipes has been investigated. In
this paper, actual pipes and assemblies were tested at operating temperatures and pressures with
a mixture of hydrogen and methane.
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In this paper, three different types of PE (PE 63, PE80, and PE100) with diameters ranging from
20 mm to 200 mm are subjected to pressures between 1 bar and 12 bar and temperatures
between 5°C and 25°C. Table 18 shows the permeation coefficients of methane and the methane
plus hydrogen mixture for pressures of 4, 8, and 12 bars in a PE8O pipe with a diameter of 32 mm.

Table 18 Permeability of polyethylene PE 80 in the presence of methane and hydrogen
and loss of hydrogen (NATURALHY contract [6]).

Gas Pressure  Pe loss H?
(Bars) cm3.cm/cm?.s.bar |/Km/year

CH4 4 11.8x 1078 NA

90% CH4 + 10%H2 4 9.1x1078 186,3

90% CH4 + 10%H2 8 10.8 x 1078 546,3

90% CH4 + 10%H2 12 10.8 854,3

Furthermore, Table 18 presents the calculated gas loss. The incubation time for hydrogen is
nearly zero, which is considerably higher than the incubation time for methane. In the
hydrogen/methane mixture, the permeation coefficient of hydrogen is four to five times higher
than that of methane and increases with internal pressure. The permeation coefficient
significantly changes as PE ages. However, the aging of the pipes has no significant influence on
the permeation coefficients. In the NATURALHY contract [6], typical values of hydrogen leak rate
from PE and PVC pipes were computed for

- PVC-CPE delivering pure H2: 5.0 liters/km/day.

- PVC with the same internal pressure as pure H2: 13.2 liters/km/day.

- PE under 4 bars of internal pressure with 80% natural gas and 20% hydrogen: methane-0.7

liter/km/day and hydrogen-2.3 liters/km/day.

6. Conclusion

Numerous papers focus on the promotion of hydrogen as a sustainable energy carrier and a
source of energy. However, these papers seldom discuss the risks associated with the use of this
gas. Hydrogen is a dangerous gas for the following reasons:

i) It has low ignition energy.

i) A wide flammability range.

i) It promotes the embrittlement of steel.

iv) Hydrogen loss via polymer pipes is crucial due to a high permeation coefficient, particularly

when it accumulates in the surrounding space.

Therefore, it is necessary to consider the risks while designing and implementing maintenance
and surveillance operations for the transport of hydrogen via pipes.

The failure assessment diagram must be used to compute the safety factor to determine the
cruciality of the pipes. The consequences of the decrease in the safety factor following hydrogen
embrittlement include derating MAOP or lowering service pressure. The significant drop in failure
elongation after HE is taken into consideration when calculating the damage associated with large
deformation defects such as dents or ovalization.
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The lethal risks from the torch effect or explosion are considered while modifying the design

factor in the calculation of the MAOP depending on the location of the pipes.

Leaks due to hydrogen permeation through domestic hydrogen distribution networks must be

monitored, particularly in closed areas. Furthermore, the generalization of the domestic use of
hydrogen must be the subject of new regulations.
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