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 ABSTRACT 

 A fuel cell is an electro-chemical tool capable of converting 

chemical energy into electricity. High operating temperature of 

solid oxide fuel cell, between 700oC to 1000oC, causes thermal 

stress. Thermal stress causes gas escape, structure variability and 

cease operation of the SOFC before its lifetime. The purpose of the 

current paper is to present a method that predicts the thermal stress 

distribution in an anisotropic porous anode of planar SOFC. The 

coupled governing non-linear differential equations, heat transfer, 

fluid flow, mass transfer, mass continuity, and momentum are 

solved numerically. A code based on computational fluid dynamics 

(CFD), computational structural mechanics and finite element 

method (FEM) is developed and utilized. The code uses the 

generated data inside the porous anode in order to detect the 

temperature and the stress distribution using the Darcy’s law and 

the Navier-Stokes equations. The numerical results used to govern 

the areas of high values of stresses were higher than the yield 

strength of materials. The results show that a highest thermal stress 

occurs at lower corners of the anode. The concentrated temperature 

occurs at the middle of the electrolyte-anode whereas the maximum 

pressure occurs at the middle of the upper and lower section of the 

anode.                      © 2020 IAU, Arak Branch. All rights reserved. 

 Keywords: Solid oxide fuel cell (SOFC); Computational fluid 

dynamic; Finite elements method; Thermal stress; Anode. 

1    INTRODUCTION 

 NE of the greatest promising new energy technologies for high-energy efficiency are fuel cells, which are also 

environmental responsive and show fuel variety [1]. Fuel cells are electrochemical mechanism that transform 

the chemical energy into electrical and thermal energy. Solid oxide fuel cells (SOFCs), one of the different types of 

fuel cells, have gained attention due to their performance and fuel elasticity [2, 3]. In addition to that, they function 

in the high temperature variety, 700 °C–1000 °C. However, this technology still faces many challenges such as cost 

reduction and an extended lifetime operation. These challenges require prediction and prevention of internal thermal 
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stresses. The SOFC technology still aspects many challenges such as reduce costs and an extended lifetime 

operation, which requires prediction and therefore prevention of internal thermal stresses. The thermal stress has 

recently concerned increasing attentions in the SOFC investigation community since it could, due to the formation 

of cracks, affect the lifetime of the cell. In order to inspect the influence of the functional parameters on the thermal 

stress performance of SOFCs, experimental techniques are used but these techniques take more time and more 

expenditure compared to simulation work. The latter has gained more attention due to its simplicity and as well as 

low cost compared to experimental conduction. The number of SOFC experimental and numerical research papers 

has shown a prosperous increase throughout the last 20 years [4-10]. Experimental studies typically emphasis on the 

estimation of materials and fuels, however, numerical ones focus on simulating the coupled chemical, physical and 

electrochemical incidence occurring in the cell (Pasaogullari and Wang) [11]. Several researchers had used three-

dimensional to model the entire cell [12, 13]. The common objective of their research was to study the configuration 

and operating conditions on the general performance of the cell. On the other hand, other researchers tend to use 

two-dimensional (2D) models for tubular SOFCs because of their axial [14 -16]. Another class of studies analyses 

the phenomena that occur locally in the porous electrodes and in the electrolyte (Suwan Warangkul et al.) [17]. 

Recently, most researchers focus on the thermal stress inside the SOFC [18 - 20]. Celik et al. [18] studied the two 

dimensional stress and the thermal analysis in the anode-electrolyte boundary of a SOFC. They calculated the 

stresses produced within the different layers of the cell in order to estimate the degradation and delamination of 

(SOFCs) electrode-electrolyte, but their model does not cover coupling between heat, mass transfer and fluid flow. 

Luo et al. [19] studied the influence of anode porosity on thermal stress and decline probability of planar SOFC with 

attached compliant seal by finite element method. They showed discontinuous stresses along the plate thickness, 

which was due to the mismatching of material characteristic. Ho and Kosinski [20] studied the effect of heat source 

on the performance of a planar solid oxide fuel cell. They studied the effects of heat source location on the cell 

execution. 

However, the purpose of the current paper is to present a method that illustrate the distribution of thermal stress 

in an anisotropic porous anode electrode in a planar SOFC. The main goal is to understand the effect of thermal 

stress and high temperature and its location for future remedy. 

2    PROBLEM DEFINITION  

The Diagram of the problem is represented in Fig.1. As shown in Fig. 1 the cell is consisting of 5 layers, anode, 

cathode, electrolyte, air channel and fuel channel. Tables 1 and 2 show the material properties and the geometrical 

parameters of the current study, respectively.  

 
Table 1 

Material properties of anode electrode.  

 Anode 

Material Ni-YSZ 

Density (kg/m3) 6870 

Young’s modulus (GPa) 57 

Poisson’s Coefficient 0.28 

Tensile yield strength (MPa) 115 

Compressive strength (MPa) 100 

Specific surface area (m-1) 1 109 

Thermal expansion coefficient (K-1) 12.2 10-7 

Permeability (m2) 1 10-12 

Electronic conductivity effectivity (S/m) 13195 

Ionic conductivity effectivity(S/m) 0.51364 

Stress intensity factor (MPa.m0.5) 1.6 

 

 

Table 2 

Geometrical parameters of the anode electrode. 

Channel length (mm) 60 

Channel thickness (mm) 0.35 

Anode thickness (mm) 0.06 

Anode length (mm) 60 
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(a) 

 

 

 

 

 

 
 

 
(b) 

Fig.1 

(a) SOFC [20]. (b) Representation of anode electrode and anode gas channel. 

 
All fluid properties vary with temperature and the fluid here is presumed to perform as an ideal gas. In addition 

to that, the flow is steady, compressible, two-dimensional and laminar. The electrolyte is fully impermeable and the 

electrodes are eclectic which intend the following reactions take place in the electrodes: 

Anode reaction: 

 

H2 +O
-2
 H2O + 2e

-   
 (1) 

 

Cathode reaction: 

 

1

2
 O2 + 2e

-
 O

-2
 (2) 

 

The overall reaction is given by: 

 

H2 +
1

2
 O2 H2O   (3) 

2.1 Mass and momentum conservation  

The continuity equation in anode porous electrode is given by [21]: 

 

 . j

j

R u  (4) 

In which ρ is density and u is velocity vector. Mass depletion or creation occur due to electrochemical reactions 

which is represented in the right hand side of Eq. (4). Since electrochemical reactions occur in the catalyst layers, 

the mass source term is zero for other layers. R, the consumption rate for hydrogen (RH2), water (RH2O), are as 

follows, respectively:  

 

2

2 ,
2

H

H loc a

M
R j

F


   (5) 

 

2

2 ,
2

H O

H O loc a

M
R j

F
   (6) 

2.2 Momentum equation 

The momentum equation for stationary and incompressible flow in porous anode electrodes with no body force is 

express by Darcy law as [25]: 
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where u  is the flow velocity,   is the permeability,   is the dynamic viscosity, and P is absolute pressure. The 

momentum transport in fuel channel is applied by the Navier- Stokes equation. 

 

   . . ( )Tp F         
 

u u I u u  (8) 

2.3 Species conservation 

The species conservation equation id given by [22]: 

 

 . .i i ij u R      (9) 

 

ij is the diffusive flux of the ith species, the mass fraction of ith species is 
i , 

iR  is the rate of production of 

species. The relative mass flux vector can be written, using the Maxwell–Stefan equations for multi-component 

systems, as [16]: 

 

i i ik kk
j w D d    (10) 

 

kd  is the generalized driving force and 
ikD  is the Fick’s law diffusion coefficient of species (multi-component), 

in which it can be determined by [22]: 
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(11) 

 

where diffusion collision integral is 
D , characteristic length is   and, M is the molecular weight. To study the 

mass transfer resistance in the porous electrodes, the multi-component Fick’s diffusivities are corrected by the 

following equation: 

 

eff

ik ikD D




 
  
 

 (12) 

 

τ is the porous media tortuosity. The Dusty Gas Model (DGM) is applied to account for Knudsen diffusion in 

small pores. The effective DGM diffusion of coefficient ( ,

eff

DGM ikD ) is defined as: 
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D
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The Knudsen diffusivities coefficient ,KN ikD  and is calculated by kinetic theory of gases as follow: 

 

 
,

3

4

.

eff

KN ik

u i k
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i k

D
R T M M

M M


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(14) 

 

Effective pore radius is re, and uR  being the ideal gas constant. 
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2.4 Energy conservation 

The porous electrode energy equation is given by: 

The energy equation for laminar, steady, incompressible and low speed is given by [24]:  

 

 . .pC u T K T Q     (15) 

 

where   is density, 
pC  is heat capacity at constant pressure and Q is the heat source due to ion electronic transport 

resistance in each of the three layers and is determined by:  

 
2

io

io

j
Q


  (16) 

 

ioj  and 
io  are the ionic current density and conductivity, respectively [25]. 

2.5 Charge conservation 

Using Ohm’s law, the governing electron conservation and ion transfer equations are as follows, respectively [26]: 

 

 . e e ej      (17) 

 

 . i i ij      (18) 

 

where 
ej  and 

ij  are the electronic and ionic source,  
e  is electronic conductivity and 

i  is the ionic conductivity. 

The electrical and ionic charge source (
ej ) and (

ij ) for anode electrode are expressed by the Bulter–Volmer 

equation, respectively [27]: 
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 (19) 

 

where A is the electrochemically active surface area per unit volume, 2

0,

H

refj  is the reference exchange current 

densities. The hydrogen oxidation reaction order at hydrogen reference concentration (
2,refCH ) is 

2H . The charge 

transfer coefficient is α and its value is between 0 and 1, F is Faraday’s constant and the  activation over potential is 

)actr . The subtitle “a” stand for anode side. The anode activation over potential )ar   is determined as follows, 

respectively: 

 

)a e ir     (20) 

 

)c e i ocr V     (21) 

 

where e  is electronic potential and i  is the ionic potential.  ocV  is the open circuit voltage calculated by the 

Nernst’s equation [5]: 

 

4 1 2 1 2
1.317 2.769 10 2 ln . .

2 22
V T R T F p p p pu H H O refOC O

 
     

 
 (22) 

 

where Pref is the total pressure and F is Faraday’s constant. 
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2.6 Thermal stress 

In this study the detection of thermal stress is based on thermal strain. First the thermal strain,  refT T  ,  is 

calculated and then thermal stress, 
ii , is determined by the strain, 

ii , as defined by [28]: 

 

   
1

xx xx yy refv T T
E

        (23) 

 

   
1

yy yy xx refv T T
E

        (24) 

 

1

2
xy xy

G
   (25) 

 

where   
1

xx yyv
E

   is the mechanical strain,    is the coefficient of thermal expansion, T is the temperature,   

refT  is the strain reference temperature, E is the Young’s ratio and v is the Poisson’s ratio. The shear modulus, G, is 

defined as: 

 

2(1 )

E
G

v



 (26) 

 

Rearranging Eqs. (23) and (24) the stress in x and y direction is determined as follows, respectively: 

 

 
1

2
1 2

xx xx ref

v v
G T T

v v
  

   
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   
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2xy xyG   (29) 

2.7 Strain-displacement equation 

Strain displacement equations, also called kinematic equations or Infinitesimal deformations, are as follows [29]: 

 

xx

u

x






 (30) 

 

yy

v

y



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 (31) 

 

2 xy

u v

x x


 
 
 

 (32) 

                      

where u and v are the displacement which represents the unit charge in length of a line element. 

 



240                             A New Numerical Study Method of Thermal Stress…. 

© 2020 IAU, Arak Branch 

2.8 Conservation of momentum for solid mechanics 

The stresses can be indicated in terms of strains and displacements. The equation of motion in terms of stresses is 

[29]: 

 

,ij j i iX u    (33) 

 

where 
iX is the body force which is negligible.  

iu  is the acceleration of the particles inside the material and is zero 

( 0iu  ).  So Eq. (34) will be: 

 

, 0ij j   (34) 

 

Then 

 

0
xyxx

x y

 
 

 
 (35) 

 

0
yx yy

x y

  
 

 
 (36) 

 

xy yx   (37) 

2.9 Energy equation  

The energy equation for the porous electrodes is [29]: 

 

 2

0

1
3 2

Q T
K T T

K t
  




    


 (38) 

 

where the coupling term between temperature and stress is  , the coefficient of linear thermal expansion is   and 

0T  is the reference temperature. 

3    BOUNDARY CONDITIONS  

In order to model the crack initiation, the following expectations are utilized: 

 The flow is laminar, steady and incompressible (Ma < 0.3). 

 The reference temperature was equal to 800
o
C. 

 Fuel is approximated as ideal gases, and gases mixture physical properties are estimated to ideal gas 

mixture law. 

 Thermal diffusion is neglected. 

 Neglected Stokes–Brinkman’s assumption. 

 Ohmic heat due to electron transfer is neglected because electronic conductivity in anode electrode is 

higher than ionic conductivity. 

 All gasses behave as ideal gases. 

 The Darcy equation is used to model mass transport in anode porous electrode. 

 The coupling effect between the thermal and mechanical equations is neglected. 

Based on the model provided in Fig.1 the following boundary conditions are applied. 
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3.1 Inlet boundary condition 

At the anode electrode boundary. 

 

0

0

in

V

U U

T T







  

       
iw  specified (mass fraction of the species). 

No slip boundary condition is valid in all electrolyte boundaries due to U=0. 

3.2 Outlet boundary condition 

1- The conduction term compared to convection term can be neglected. 

2- It is supposed that convection term is the dominant term in the mass transport model. 

4    NUMERICAL PROCEDURE  

A computational fluid dynamic (CFD) code based on a finite element method was developed and utilized. The code 

used a mapped rectangular meshes. The mapped rectangular consists of 725000 elements, 1285257 degree of 

freedom. The distribution of mesh numbers increases at the zones of (electrolyte –anode) the zone that the high temp 

and high pressure likely occurs. The mesh numbers decreased as it moves away from electrolyte to gas channel. The 

code obtains the temperature distribution in the following manner: 

1) The code initially solves the secondary current distribution equation, Eqs. (17-22) 

2) Then the code solves the non-linear momentum equations, Eqs. (7) and (8), for anode porous electrode and 

anode gas channel. 

3) Furthermore, the code solves the species and the Stefan–Maxwell equations, Eqs. (9) through (14), for 

anode porous electrode. 

4) Finally, the code solves the energy equation for porous cathode and anode and for solid electrolyte, Eqs. 

(15) and (16) 

The obtained temperature distribution is used to solve the strain equations, Eqs. (23) through (29), to determine 

the thermal stress distribution. Then the code solves the strain displacement and energy equations, Eqs. (30) through 

(38), the thermal stress distribution, Its spread will be clear 

5    RESULTS AND DISCUSSIONS   

In order to confirm the results, we modified the current model and compared it to Roger’s experimental data [25]. 

Fig. 2 reveals the comparison between the experimental and current study. We extracted our parameters of the 

present study from the Ghassemi [9], Hussain [26] and Shao [27, 28] studies (The rest of the validation input 

parameters were shown in Table 3). This comparison shown in Fig. 2 reveals a coherent result between the existing 

study and Roger’s experiment with mean square error 1%. 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 

Present study data compared to Roger’s experiment. 
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Table 3 

Validation input parameter. 

Description Symbol Value unit 

Operating temperature T 800 0c 

Pressure P0 101335 Pa 

Anode conductivity   71428.57 S/m 

Inlet velocity of fuel channel  Vin  (fuel) 0.4 m/s 

Reaction order of H2 oxidation 
2H  0.5 A/m-2 

Reference H2 concentration 
2CH  10.78 Mol/m3 

Porosity of anode    0.375 - 

Tortuosity of anode    4.5 - 

Reference exchange current density for 

H2 

2

0,

H

refJ  1320 A/m-2 

Anode thermal conductivity 
ak  6.23 W/m.K 

Specific heat of anode 
,p aC  595 J/Kg.K 

Anode density 
a  6870 Kg/m3 

Density of electrode 
e  5900 Kg/m3 

Hydrogen dynamic viscosity 
2H  6.162   10-6 + 1.145   10-8   T  

Water dynamic viscosity 
2H O  4.567   10-6 + 2.209   10-8   T Pa.s 

Hydrogen thermal conductivity 
2kH  0.08525 + 2.964   10-4   T W/m.K 

Water thermal conductivity 
2kH O  -0.0143+ 9.782   10-5   T W/m.K 

6    PERFORMANCE ANALYSIS  

Fig.3 shows the distribution of hydrogen molar concentration distribution at the center of anode electrode, through 

the Y-axis. As shown by the Fig 3., hydrogen fuel, H2, molar concentration decreases as it nears the electrolyte. This 

phenomenon occurs due to consumption and production of electrons and ions at the electrode, see Eqs. (1) and (2).it 

is consumed and produce electrons and ions in these locations. The lowest concentration of fuel, H2, obviously take 

place where the reaction is at the highest and that is at the border of the between the electrodes and the electrolyte  

The porous electrolyte allows the transportation of gas species between anode and electrolyte. As H2 flows in the 

fuel channels, they separate through the porous electrodes. After they diffuse, they react electrochemically where the 

electrochemical reactions take place, which is at the anode. This phenomenon is due to gas transfer from anode to 

electrolyte. H2 will reach anode as H
2+

. The migration of species and the hydrogen diffusive flux in the channel 

depend on all previously outlined.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 

Molar concentration of H2 at anode. 

 

Fig. 4 depicts the pressure distribution at Y-axis across the middle of anode electrode. The pressure at the anode 

is about 5 atm and decreases when it gets near to electrolyte. At the middle of the anode the pressure is 

approximately zero. The electrochemical reaction increase as the pressure increases, the reactant concentration at the 
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response scenes increases. This in sequence improves the proportion of electrochemical reaction and the amount of 

mass transport in anode and cathode.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 

Pressure at Anode electrode. 

 

 

The temperature shown in Fig. 5 is at the middle of anode electrode at x = 30. From this figure, the anode 

electrode approximately is acting at a temperature of about 1060
o
C and the temperatures increases when it gets near 

to electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5 

Temperature at anode electrode center. 

 

Nearby to the fuel inlet close to anode electrode, excessive amount of heat is used by the endothermic reaction 

and causes a cold spot at this location. On the other hand, the temperature rises throughout the fuel channel due to 

exothermic electrochemical reactions, see Eqs. (4) and (5). As a result of the temperature increase, thermal stresses 

increases as well. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 

Temperature at Anode electrode near to electrolyte. 

 

In Figs. (7,8) the distribution of temperature in the anode gas channel and anode are illustrated.  
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Left side (out let, x= 0.3) 

 
Middle (x=31) 

  

 
Right side (inlet, x= 59) 

 

 

 

 

 

 

 

 

 
Fig.7 

Temperature distribution at anode gas channel (oC). 

  

Left side (out let, x= 0.3) 

  
Middle (x=34) 

  

 
Right side (inlet, x= 59) 

 

 

 

 

 

 

 
Fig.8 

Temperature distribution at anode electrode. 

 

As shown in Figs. 7 and 8, the distribution of temperature shows the follows: 

- The temperature distribution is affected by the reforming and electrochemical reactions. 
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- In anode gas channel the temperature varied from 500
o
C to 1100

o
C, the extreme temperature is in the 

middle near to the anode electrode and decreases as we go to inlet and outlet. 

- In anode electrode, the maximum temperature is in the center and decreases as we go to right and left sides. 

- There is a heat balance between endothermic with exothermic electrochemical reactions, and a higher 

temperature appears in active layer near electrolyte. 

- The maximum temperature take place at the center of the anode electrode and decreases as it moves away 

from the center and goes to right and left sides. 

- The exothermic electrochemical reactions cause the temperature to increase rapidly at the fuel inlet and 

outlet, the lower right corner and upper left corner of the channel, respectively.  

- At the reaction site, the rate of electrochemical reaction is enhanced when the temperature increases. 

-  Since it is more difficult for H2 gas to diffuse in the porous electrodes than in channels, the formed 

gradients of the H2 molar concentration is larger in the fuel channel.  Finally, higher temperatures increase 

the diffusivity of the species, conduct in minor values of concentration over-potentials.  

- Local thermal stresses may be caused by high non-uniformity temperature distributions. The effects of 

mechanical characteristic gap can be examined by matching the stress distribution at each component’s 

edge.  

Fig. 9 depict the thermal stress distribution in anode electrode. The thermal stress is distributed in right and left 

part of anode electrode, while the maximum stress is in the right and left corners of lower parts, which is in contact 

with anode channel gas Fig. 8. Reduced performances can occur in case these stresses go beyond the threshold 

values dictated by the metal materials used for the construction of the SOFC. In addition to that, it can result in even 

a mechanical failure of the cell.  

 

 
Left lower part 

 
Right lower part 

Fig.9 

Thermal stress distribution at anode electrode. 
 

 

From the above studies it had been noticed that there is a many factors that affect the thermal stress, one of these 

factors that had a basic effect is tortuosity. Tortuosity affected by temperature (high temperature), pressure, and 

porosity. 

Figs. 10,11,12 shows the relation between tortuosity and the other factor. From Fig. 3 when tortuosity increase 

the temperature also increase. This is due to, when T increase, the forces between the atoms decreases, thus the 

tortuosites must increase. 

 

 

 
 
 
 
 
 

Fig.10 

Relation between tortuosity and temperature. 

 

After repeating the numerical code with different values of tortuosities in order to get the relation between 

tortuosity and pressure and how it varies.  Fig. 11 depict that when tortuosity increase the pressure increase. This 
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phenomenon is due to, when the constant amount volume goes up, also temperature goes up, so the binding forces 

between atoms decrease, thus tortuosity increase. 

 

 

 
 
 
 
 
 

Fig.11 

Relation between pressure and tortuosity. 

 

Porosity is the measure of void space in material, also porosity has a direct relation with permeability. Porosity 

and permeability directly directed to tortuosity. 

The relation between tortuosity and porosity is studied. From Fig. 12, it depicts that when tortuosity decrease, 

porosity increase. This phenomenon is due to, when porosity is high the void space is high which mean the 

tortuosity is low. 

 

 

 
 
 
 
 
 

Fig.12 

Relation between porosity and tortuosity. 

 

A uniform temperature distribution is desirable for a SOFC, thermally induce stresses and strains which are 

undesirable as they can lead to cracking of the porous electrode, or mechanical failure.  These are more liable to 

happen if the temperature gradient is large. In order to study the role of tortuosity and its efficiency on thermal 

stress, the study focus on the weakness zones like the edge boundaries of electrodes, so the study is at x=0 for anode 

and cathode electrodes. Fig. 13 shows that as tortuosity increases the thermal stress increase at the contact point 

between electrode and gas channel, which consider as a weak zone.  

 

 

 
 
 
 
 
 
 

Fig.13 

Stress at anode electrode. 

7    CONCLUSION  

In the current study thermal stress distribution as well as temperature distribution in the anode porous electrode is 

investigated. An in house code depended on finite element method is advanced and applied. The fuel is hydrogen, 

H2, the operation temperature is between 800
o
C to 1000

o
C and the SOFC works at 0.8V continuously. The following 



I.E. Fahs and M. Ghasemi                               247                              

 

© 2020 IAU, Arak Branch 

results are obtained. The stress in anode electrode affects the efficiency of the activation energy and the 

electrochemical reactions. It is based on matching the temperature, pressure, and thermal stress. The temperature 

distribution was concentrated at the middle of the contact area between anode and electrolyte up to the center of the 

anode electrode. Secondly, the pressure at the vertical bisector of anode was very high. And finally, the stress 

distribution was detected at the lower corners of the anode electrode with much more stress at the left corner than 

the right corner. Meanwhile, the life time of the anode electrode will be decreased because of the high thermal 

stress. 
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