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Introduction

Electrolysis units and the hydrogen they produce are widely used in different branches of industry.
Typically, electrolysers are manufactured as high-pressure tanks, each having an electrolysis compartment
with electrodes installed therein. The electrodes are combined in assemblies with the active and passive elec-
trodes being arranged alternately and mounted rigidly onto current leads. With such a scheme, the passive
electrodes are connected to the casing, and the active ones, to the current conductor. The structure also in-
cludes a cover as well as inlet and outlet pipes [1].

The initiation of fatigue cracks and their growth due to hydrogen embrittlement of structural materi-
als in contact with the hydrogen-containing medium is studied in papers [2-7].

The strict requirements to the technical characteristics of such structures attest to the relevance of the
problem of refining their design methods. A valid evaluation of the performance capability of structures un-
der thermal force loading is possible if one uses numerical simulation of the changes in their stress-strain
state with simultaneous consideration of all acting factors.

Problem Statement

A special technique and a software package based on the finite element method (FEM) were devel-
oped to simulate the kinetics of the thermal stress state in power installation components with complex
rheological properties of a material with account of its failure. A three-dimensional statement is used to solve
a wide class of nonlinear unsteady problems with a rather low computational burden [8, 9].

When developing computational schemes, the system for specifying the source data is based on the topo-
logically regular decomposition of a body into macro elements in the form of arbitrary hexahedrons the geometry
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and external action on which can be specified in different coordinate systems (Cartesian, cylindrical, spherical,
and toroidal) oriented arbitrarily with respect to the global Cartesian coordinate system. Based on the given infor-
mation, the software complex automatically discretizes the hexahedrons into simplest finite elements.

The properties of the materials of the structure depend on temperature, and are specified as tables for its
fixed values. For other temperature values, the properties are defined using linear or quadratic interpolation.

An arbitrary number of kinds of boundary conditions is specified. These boundary conditions are
then distributed over the faces of macro elements. The boundary condition number is designated for each
subdomain face. The boundary condition components can change with coordinates and time, and they are
specified using special functions for fixed time instances. Boundary conditions of the second and third kind,
as well as radiant heat transfer are specified for the heat conduction problem. Components of stresses or dis-
placements in the global or local system of coordinates are specified for the mechanics problem. Volume
heat sources and drains as well as different kinds of loads are also specified. The initial conditions are speci-
fied by constant values or obtained by solving the stationary problem for given boundary conditions.

Research Methodology

The initial boundary-value problem is solved using the time-step method. In so doing, explicit and
implicit finite-difference schemes with automated step selection are used. Each step allows for an iteration
process to find the parameters of linearized problems. To compute the thermophysical properties of the mate-
rial, a temperature forecast is allowed, which helps save one iteration.

The axisymmetrical unsteady heat conductance problem is solved in the cylindrical system of coor-
dinates by using the functional [8]
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where k.(T), k(T), k.(T) are thermal conductivity coefficients; Q(r, z, ) is the intensity of internal heat
sources; pc(7) is the volumetric specific heat of the material; g is the intensity of heat flux across the bound-
ary L,; o, T.. is heat transfer coefficient and medium temperature on boundary L.

In this case, the implicit Crank-Nicolson scheme is used [8]
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The mechanics problem statement is based on the incremental variant of the Lagrange variational

principle with modified tensors of Kirchhoff’s stresses and Green’s strains, for which the variation of the
respective functional has the form [8]

[[[llo; + a0, e, - (, + A Joru Jav — [[ (B + AR)ou,ds =0, (1)

where 6;; is Euler’s stress tensor defined in the initial coordinate system at the beginning of the step, with the
tensor being in equilibrium with applied mass forces F; and surface forces P; referred to unit volume V; AF;,
AP; are increments of forces that cause body strain and the initiation of increments of displacements Au;,
strains Ae; and stresses AG;;.

Linearising equation (1) and physical law relationships

Ac,; =Cy, A, +0,

where Agy, is the tensor of increment of total strains, found from Cauchy relationships; C; is material elas-
ticity tensor; GO,:,- is stress at the beginning of the step. Then by applying the usual FEM procedure, we obtain
a linear system of resolving equations for the finite element.

The tensor of increment of total strains Ag; is represented as a sum of elastic components Ag®; and

temperature components Ag’, i
_ e T
Ag; =Agj; + Ag;; .
The elastic strain increment is defined by Hooke’s law
e _
Aeij = Aijk,Aek, + AAijk,ek, ,
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where A;y; is tensor of elastic material compliance at the tempera-
ture at the end of the step; AA;j, is the tensor of increment of elas-
tic material compliance in a step due to a temperature change.

The increment of temperature strains is defined by the
relationship

Agy = T — o' T, Agj =0, i ],

where @ are coefficients of linear temperature expansion of the
material. Superscripts 1 and 2 designate the values at the be-
ginning and end of the step.

The system of linear FEM equations is solved using the
square-root method with account of the variable semistrip width.
The coefficients of the system of equations are calculated using
Gauss binodal quadratures.

Modified strain and stress tensors enable using conven-
tional elasticity and creep theories because in this case the con-
ditions of material incompressibility will be satisfied approxi-
mately. The algorithm is simplified considerably when solving
problems for large displacements but small strains.

Depending on the geometrical complexity of the struc-
ture whose thermal stress state is to be simulated, plane, axi-
symmetrical and three-dimensional models can be used. In this
study, the axisymmetrical computational scheme for the upper
part (cover) of the electrolyser cell was used.

Results

The method developed was used in the computational
analysis of the thermal stress state of the upper part (cover) of
an electrolyser cell. The cylindrical part of the electrolyser cell
is under an internal pressure of P=15 MPa and has a volume of
40 litres, with a wall thickness of #=7 mm. Fig. 1 is the compu-
tational scheme for the symmetrical part of the cover with fi-
nite-element discretization.

Figs. 2—4 are the profiles of stress intensities and of ax-
ial and circumferential stresses, respectively. They show that the
cylindrical part of the cover is the most loaded one. The propa-
gation of the internal surface of semi-elliptical crack that initi-
ated in this zone will be analysed. Since the circumferential
stresses Gy significantly exceed the axial ones G, the meridional
crack is more dangerous than the annular one.

Fig. 5 is the cross-section of the structural element with
a surface semi-elliptical crack with depth / and width c. The
computational domain is a rectangle with width » and thick-
ness h. The loading is specified by an arbitrary stress diagram
along the crack depth /.

Crack kinetics was studied using the technique of compu-
tational estimate of the durability of structural components [8, 10].
The technique is based on principles of brittle fracture mechanics,
with the zone of plasticity in the crack tip supposed to be small as
compared to crack dimensions. The crack kinetics is governed
by the stress intensity factors (SIF) in its tips.
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Fig. 1. Computational scheme for the
symmetrical part of the cover with finite-
element discretization
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Fig. 4. Pattern of circumferential stresses Gg
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SIFs are calculated by the interpolation method
[11, 12] to determine local characteristics in the crack tip by
the pattern of stresses in the body without a crack.
The crack growth rate under cyclic loading is com-
puted in the m-th tip of the crack by Paris’ formula
dl N
v :chN(AK;"T : @)

where AK Im is the maximum SIF range in the cycle; Cy, ny

are physical constants of the material, which are found ex-
perimentally:

AKIm — Km

m
Imax KImin >

where K"

Imax °

K., are the maximum and minimal SIF val-

ues of the normal opening mode in the cycle computed for
the m-th tip of the crack.

Crack kinetics is computed by the Euler integration
step method with automatic step selection.

Structure durability time is defined as the minimal
time for the SIF range to reach its critical fracture toughness
value under cyclic loading corresponding to the onset of ava-
lanche-like fracture of the structure. Here, the crack dimen-
sions are taken to be critical /.. and (or) c,,.

Research has experimentally proven that the struc-
ture strength depends on the environment [13, 14]. Chang-
ing ambient conditions has the utmost effect on local frac-
ture processes both in the crack tip and on the rate of sub-
critical crack growth.

The kinetics of the semi-elliptical crack emerging
on the internal surface of the electrolyser chamber wall was
studied under static and cyclic loading. The initial crack di-
mensions (ellipse semi-axes) were /=0.5 mm and c=1 mm.

Fig. 6 shows the accepted crack growth rate depend-
ence from SIF under static loading of steel. The dark spots
show the dependence for gaseous hydrogen with 90 % humid-
ity, and the light ones are for gaseous hydrogen with 15% hu-
midity. The solid curve shows the dependence under electric
hydrogenation conditions with a current density of 1.0 A/dm?,
and the dashed line is for a current density of 0.1 A/dm’. Fig. 6
suggests that the current density, when it decreases by 10
times, reduces the crack growth rate by maximum 20%. In our
case, the current density is approximately 1.0 A/dm’. A crucial

factor is that, at K>21 MPa+/m , the crack growth rate is virtu-

ally independent of the load magnitude. At K;< 21 MPa+vm ,
the crack growth rate changes rapidly by more than 100 times,
and at the threshold value of K;= 15 MPa+/m the crack stops
growing under static loading.

Under cyclic loading, the kinetic fatigue fracture dia-
gram shown in Fig. 7 was accepted, and the respective material
fracture toughness constants were Cy=5.07x10" and ny=2.36
at a current density of 1.0 A/dm™.
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Fig. 5. Body cross-section in the plane of the semi-
elliptical surface crack
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Fig. 6. Crack growth rate dependence from SIF
under static loading of steel:

1 — with electrolytic hydrogenation at the current den-
sity 1.0 A/dm®; 2 — with electrolytic hydrogenation at
the current density 0.1 A/dm’;

3 —in gaseous hydrogen with 90% humidity;

4 — in gaseous hydrogen with 15% humidity, 7=20 °C
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Fig. 7. Kinetic diagrams of fatigue fracture
of steel:
1 —in air; 2, 3 — during electrolytic hydrogenation,
current density, respectively, 0.1 and 1.0 A/dm’
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With the zero-to-tension cycle, the SIF threshold values
were lower and about 6 MPa+/m . At K;> 10 MPa+/m , the fa-
tigue crack growth rate under cyclic loading is described with
adequate accuracy by the Paris—Erdogan equation (2).

The kinetics of the surface meridional crack at the zero-
to-tension loading cycle are shown in Figs. 8-9 and in table.

Therefore, if the structure has an initial defect (in our
case, a meridional crack about 0.75 mm deep), it may grow at a
rate of 0.06 mm/year.

At a meridional crack depth of about 0.3 mm and the
given zero-to-tension cyclic loading, the crack will stop growing.
When the crack depth is 1.75 mm, the crack will start growing not
only due to cyclic loading with N=210 cycles/year, but also owing
to static loading under electrolytic hydrogenation conditions. Note
that, with cyclic loading in air, the crack growth rate is roughly an
order of magnitude smaller. With increasing crack depth, the rate
will grow according to the graph in Fig. 8.

When the meridional crack depth is approximately 3 mm
under static loading, the crack will start growing with a constant
rate of 32 mm/year. In this case, even without cyclic loading, the
crack will grow all the way through in about a month.

Conclusions

The developed method of simulating the stress-strain
state based on the FEM was used for computational studies of
the thermal stress state of the cover of an electrolyser cell. The
method includes a software package for numerical analysis of
the thermal stress state of structures with account of the complex
geometry of objects, time-varying boundary conditions, hetero-
geneous properties of materials, and so forth. The validity of
data returned by the developed computational method was con-
firmed by several test examples, as well as by the solution of a
broad class of application problems [8].

The cylindrical part of the cover was found to be the
most loaded one. The evaluation of the kinetics of the hypotheti-
cal crack in this domain demonstrates that, with a small number
of cycles (less than 300 a year), the crack will grow for a long
time (38 years) to a depth of 1.75 mm. After this, the rate of
crack growth under static loading increases so rapidly that crack
growth under cyclic loading may be neglected.
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AHaJi3 pocTy TPIilMHM B CTiHII eJIEKTPOJIi3epHOI KaMepH

II. II. I'onTapoBcbkmii, H. B. Cmerankina, H. I'. 'apmam, L. 1. Menexuk

[acturyt npobiem MammHoOyryBanHs iM. A. M. Ilinropaoro HAH Ykpainu,
61046, Ykpaina, M. Xapkis, By:1. [Toxxapcskoro, 2/10

Enexmponizepni ycmanosxu wupoKko 3aCmocosyiomsvCa y pisHux 2any3ax npomuciogocmi. Bonu npedcmasisome
€00010 EMHOCMI BUCOKO20 MUCKY 3 KAMEPOIO MA POIMIUeHUMU Y Hill e1eKmpooamu, SKi CKOMIOHOBAHT 8 naKemu, a ma-
KOJ#C KpUwiKy i nampyoxu. J{o ixHix mexuiuHux Xapaxmepucmux npeo'sigiaomuscs 6UCOKI 8UMOU, WO NIOMBEPOICYIOMb
akmyanvbHicms npooemu YOOCKOHANEHH Memooi6 00Caiodicetb. [lisl MOOENO8ANHA KIHEMUKY MEPMOHANDYICEHO20 CMA-
HY 8 elleMeHMax eHepeoyCmaHO80K 3i CKIAOHUMYU PeONIOIYHUMU XAPAKMEPUCUKAMU MAMePIany Ul 3 YPAxXy8aHHAM U020
HOWKOOXHCY8aHOCMI Ha 6a3i MemMOOY CKIHUEHHUX eleMeHmi8 po3poOneHa cneyiaibHa MemoouKa il npoepaMHUL KOMNIEKC,
WO 00360JII0Mb Y MPUSUMIPHIT NOCMAHOBYT PO36'A3Y8aAmMu WUPOKULL KIAC HEHIIHUX HeCTAYIOHAPHUX 3a0aY i3 00HOYAC-
HUM YPAxy8anHAM YCiX YUHHUX paxmopis. JJocniodcenHs KinemuKy mpilyuHu UKOHAHT 3 BUKOPUCTAHHAM MEMOOUKU PO3-
PAXYHKOBOI OYIHKU JHCUBYHOCMI eleMeHmi6 KOHCMPYKYIll, AKA OA3YEMbCs HA NPUHYUNAX MEXAHIKU KPUXKO20 DYUHYBANHS,
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npu YboMy 30HA NAACHMUYHOCTI Y 8EPULUHI MPIWUHU NPUUMAEMbCSI MATOI0 Y NOPIGHAHHI 3 PO3MIpAMU MPiWunL, a KiHe-
MUKA MPIUHU BUSHAYAEMBbCA KoehiyieHmamu iHmeHcugHoCmi Hanpyxcens y ii eepuiunax. Memoouka tpynmyemosca Ha
PO3PAXYHKAX KIHemuKu mpiyuHu 00 KPUMUYHUX PO3MIDI6, KOoau 8i00y8acmbcs NA8UHONOO0IOHe DYUHYBAHHSA eleMeHmd
KOHCMPYKYii, abo mpiwyuna npopocmac HACKpizb no moswuni eiemenma. Kinemuxa nanigeninmuunoi mpiyutu, aKa 6u-
X00ums Ha BHYMPIUWHIO NOBEPXHIO CIMIHKU e1eKMPOI3ePHOL Kamepu, d0CTI0NCY8aNacs nid Ji€io CMAMuYHO20 U YUKIIYHO-
20 HaBaAHMAdN CeHb. I3 BUKOPUCTMAHHAM PO3PODIEHOT MEMOOUKYU BUKOHAHT PO3PAXYHKOBI O0CTIONCEHHS MEPMOHANDYIHCEHO20
CMaHy 6epXHbOi YacmuHu elekmponizeproi Komipku. Ompumani pezyrbmamu noKazyloms, Wo YULHOPUYHA YACMUHA
KpUwKY € Haubiibul HagaumagiceHor. Bukonani 0ocmiodcents po3eumKy 6HympiuHboi noeepxmesoi Hanigeninmuunol
MPIWUHY, SIKA 3aPOOUNIACS 8 YIll 30HI. YCMAHOBIEHO, WO NPU MARill KITbKOCMI YUK 3a piKk mpiwura 0yoe 00620 niopoc-
mamu 00 negHol enubuHY, 0ali WEUOKICIb IT pocmy 6I0 CIAMUYHO2O0 HABAHMANCEHHS 30IbULYEMbCS MAK WEUOKO, W0
POCMOM Mpilyuny 8i0 YUKITYHO20 HABAHMAICEHHS MOJICHA 3HEXIY8AMU.

Knrouogi cnosa: enexmpoizep, HAB0OHIO8AHHS, HANPYHCEHO-0ePOPMOBAHULI CMAH, cepedd, MPIuUHA.
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