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The present study evaluated the rate of methane steam reforming (MSR) in a solid
oxide fuel cell (SOFC). In this regard, a numerical model is applied to investage
the effects of different parameters on the reactants concentration and temperature
distributions in the SOFCs. The developed model is based on the Lattice Boltzmann
method (D2Q9) and validated with experimental results. Parametric effects,
including current density, anode porosity, steam to carbon ratio (S/C), and Reynolds
number of the inlet flow in the anode channel, are surveyed as a new parameter.
Also, the results of reactant concentrations are illustrated in two-dimensions. These
results showed that the porosity and Reynolds number of flow have the lowest and
highest impact on the reaction rate of MSR, respectively. The lowest MSR rate
at the center of the SOFC happened when the Reynolds number of the input flow
equals 5, and the highest MSR rate occured when the Reynolds number is 15 or the
steam to carbon ratio equaled to 1.

1. Introduction

temperature and the presence of nickel as a catalyst
[5, 6], which makes them more efficient for producing

In recent years, SOFCs have attracted a lot of attention
and been greatly developed because of their advantag-
es such as flexibility in fuel [1, 2], modularity, high
efficiency, and versatility [3, 4]. In these fuel cells,
natural gas can be used as a fuel due to high operating
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electricity compared to internal combustion engines
in areas that are rich in natural gas. Although, using
methane can cause problems like carbon deposition
[7] and a temperature gradient [8], which decrease the
cell lifetime.

A large number of studies have been conducted on the
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effect of reforming on cell performance. Lanzini and
Leone [9] studied direct internal reforming by using
two different types of biogas and then presented a new
energy model. Mogensen et al. [10] reviewed the stud-
ies of reforming reaction kinetic and examined their
effect on the results of the simulation. Thattai etal. [11]
evaluated direct internal reforming in SOFCs compar-
ing the kinetics of power-law and Langmuir-Hinshel-
wood.

The above-mentioned studies and other studies
[12—15] examined the effect of reforming on SOFCs
performance. The rate of MSR reaction plays an im-
portant role in temperature and concentration distribu-
tions and provides an informative parameter for study.
Fan et al. [16] studied the effect of current density on
the MSR reaction rate in a SOFC experimentally, and
Park et al. [17] analyzed the effect of the operating
temperature, fuel, and air inlet temperatures on the
rate of chemical reactions and concentration distribu-
tions. Ahmed and Foger [18] conducted a comparative
analysis of the kinetics effects of various reforming re-
actions on distributing temperature and concentration,
and Chalusiak et al. [19] presented a numerical anal-
ysis of SOFC transient performance by direct internal
reforming to increase the efficiency of the process.
In this study, the MSR reaction rate on a convention-
al SOFC is simulated for different gas conditions and
temperatures. Biert et al. [20] investigated the differ-
ences between the MSR reaction rates predicted by
the two kinetic models, and Wang et al. [21] studied
the effects of mass transfer models on the MSR reac-
tion rate. They both showed that the obtained results
from different models are the same.

The numerical method used in the presented studies
was the conventional CFD method. Since the accu-
racy of simulating the diffusion phenomenon is im-
portant in modeling of a fuel cell, the Lattice Boltz-
mann method (LBM) has been used in some studies
to simulate mass transfer [22-27]. Joshi et al. [22]
studied the impact of dimensionless flux and porosity
on mass transport and concentration polarization. Xu
et al. [23] compared the results of the LBM model and
conventional CFD methods with experimental results.
Paradis et al. [24] investigated the effect of electro-
chemical reactions on the mass diffusion. The results

of these studies have shown that the LBM method,
as a mesoscale method, is more accurate compared to
macro-scale methods.

This method has also been used to study, carbon dep-
osition [28], electrochemical performance [29], tem-
perature distribution [30], and concentration distribu-
tion [31] In the researches of Xu and Dang [28] and
Chiu et al. [31] the MSR reaction was considered and
simulated, but the rate of reforming reactions were not
investigated. Due to the use of porous media and the
ability of LBM to simulate this media and the diffusion
phenomenon in it, research has also been performed in
other applications [32-34]. In some studies [22, 25,
26, 28, 31], the simulation was performed only for po-
rous media, and this media was reconstructed. But in
other studies [30 32, 33, 34], two different distribution
functions were used in the simulation to avoid increas-
ing the number of meshes.

The effects of parameters, such as operating temper-
ature, current density, and inlet temperature on the
reaction rate have been investigated in the literature,
but the effect of the Reynolds number of inlet flow, po-
rosity, and the S/C of inlet flow on MSR reaction rate
has not been studied. Moreover, the rate of reforming
reactions have not been investigated using LBM, even
though this method is much more accurate than the
CFD conventional methods [22-24].

In this study, a FORTRAN code was established by
using LBM to simulate and investigate the MSR rate.
Furthermore, the effect of current density, Reynolds
number of inlet flow, porosity, and S/C on the reaction
rate and concentration and temperature distributions
were studied. Due to the high accuracy of the LBM
method to simulate diffusion phenomena, the results
are more reliable for the MSR reaction rate, which is
highly dependent on the concentration of gases and
temperature. For this purpose, a numerical model has
been developed to simulate a solid oxide fuel cell and
the changes in the concentration and temperature, as
well as the reaction rate of the MSR for different con-
ditions.

2. Model development

Three models should be solved simultaneously to
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simulate the performance of SOFC: the thermody-
namic, LBM, and electrochemical models.

As shown in Fig. 1, the thermodynamic model consists
of chemical and diffusion submodels. In the chemical
submodel, reactions are simulated, and their rate is ob-
tained. By using the diffusion submodel, the diffusion
coefficients of the momentum, heat, and mass are cal-
culated. The results of the thermodynamic model are
used as input in the LBM model. The output of this
model is the distribution of concentration and temper-
ature in the geometry of the study, which is used to
calculate the I-V curve in the electrochemical model.
The convergence criterion is such that the maximum
error value for the parameters of velocity, tempera-
ture, and concentration in 10 consecutive repetitions
should be less than 0.01 percent.
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Fig. 1. Flowchart of the numerical model.

2.1. Thermodynamic model

2.1.1. Chemical model

Finding the governing equation of the chemical reac-
tions is essential for simulating SOFCs. In SOFCs
with DIR, these reactions are divided into reforming
and electrochemical reactions. Reforming reactions
are related to methane steam reforming (MSR) and
water gas shift (WGS).

Although these reactions take place at the catalytic
surface, the rate of these reactions are given per unit
volume because they occur throughout the anode
porous media. In several studies, the rate of MSR
and WGS reactions is presented by mol.m=.s! [11,
17, 19, 21]. Since electrochemical reactions occur at
the contact surface of the anode and the electrolyte,
their rate is given per unit area. Egs. (1) and (2) show
the electrochemical reactions, (3) indicates the MSR,
and (4) represents the WGS.

H,+1/2 0,—H, O 1)
CO+1/2 0,—CO, )
CH,+H, 0>CO+3H, (3)
CO+H, 0CO,+H, 4)

An important aspect of these reactions for simulation
is related to their rate, and the material of the catalyst
is very influential on it. Since the catalyst material
used in the fuel cell is nickel and is heterogeneous due
to the phase of the reactants, the following equations
are used to simulate t MSR and WGS rates [35]:

. _ mol

RRSMR :KSMR P1P3 _KSMRPZ(P4)3 [E} ©)
_ mol

RRy :KV;GS P2P3_KWGSP4P5’V 3 —‘ (6)
m-s

where K* - and K-  represent the rates of the for-

ward and backward MSR reactions, and K* .. and
K, are considered as the rates of the forward and
backward WGS reactions. Table 1 indicates the rate
coefficients of these two reactions:
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Table 1. Rate Coefficient of Steam Reforming Reaction and Water Gas Shift Reaction at Different Temperatures [35]

Temperature (K) K y6s (mol m™ pa? s™)

K, o(mol m™ pa* s™)

K*, x(mol m? pa?st) K gur(mol m? pa? s™)

1073 1.5E-7 1.4 E-7 2.3E-8 1.4E-20
1123 3.2E-7 3.5E-7 8.0E-8 1.5E-20
1163 3.6E-7 4.3 E-7 1.6E-7 1.5E-20
The reaction rates of the electrochemical reactions dcC
) . co
depend on current density and are calculated using 72 =RRy, . (16)

the following equations:

cd x A

RR,, =" (7)
4xF

where cd, A, ,, F, and RR . are the current density,

active surface area, Faraday constant, and electro-
chemical reaction rate, respectively.

Since electrochemical reactions include oxidation of
hydrogen and carbon monoxide, each of their rates
should be calculated separately using Egs. (8) — (11):

I =lg, + in (&)
i )
Ry, =
Z
RRpc yy, =RRpe xny, (10)
11
RRye oo =RRpe x(1=ny,) (b

In this model, n,, equals 0.75.

After determining all the reaction rates, heat and con-
centration sources should be specified by heat and
concentration sources. Reforming reactions happen
over the entire SOFC, but electrochemical reactions
occur only on the active area of the fuel cell. Egs.
(12) — (16) are related to the heat and concentration
sources in all areas, except the active area [36, 37]:

d(;,—;w =—RRgy, —RRys (1)
djt”z =3RR,, +RR s (15)

The following equations are used to determine heat
and concentration sources for the active area

. (17)
p 18
dftlzo ==RRgp =RRygs +RRpc -
dcC N
co :RRSMR _RRWGS _RREC CO ( )
dt |
dC
b :3RRSMR +RRWGS _RRECsz (20)
dt
dC
%ZRRWGS +RR;c co @D

2.1.2. Diffusion model

Diffusion plays a significant role in the simulation
of SOFC. This phenomenon consists of momentum,
heat, and mass diffusion, and the related parameters
are dynamic viscosity, heat conductivity, and the
mass diffusion coefficient.

In this study, the dynamic viscosity of the gas mix-
ture is determined by the Wike method [38], as fol-
lows:

n

_ Vil
i=1 Zj=1yi¢ij (22)

)]
()]

Where y, , 1, and M, are the mole fraction, viscosity,

Hy,

(23)

and the molecular mass of the gas, respectively.
Further, the thermal diffusivity is determined by Eq. (24):

k
o =

24
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Due to the fact that the thermal conductivity of solid
and fluid must be considered in porous media, the
effective heat conduction coefficient is defined. This
parameter is calculated by Egs. (25) — (27) [33]:

(25)
1
(1—0').B.ln(j

- oB) (B+]) (B-1)

h-c). (1-oBY 2 (I-0B)
Ky =K, ((1_@)+ (1-0B) )
oK 20

KS
2 27
B =1.25 [@} 7
E

where k. and k_are the coefficients of thermal con-
ductivity of the fluid and the porous media, respec-
tively.

The mass diffusion mechanism in a porous area is
divided into molecular and Knudsen diffusion. Mo-
lecular diffusion is more effective if the pores are
much wider than the mean free path of the mole-
cules, while Knudsen diffusion is more important if
the pores are much smaller. In many porous media
areas, including SOFCs, both means of diffusion are
important and should be considered. Furthermore, a
parameter is defined as effective diffusion, which is
a combination of both mechanisms and is obtained
from Eq. (28) [39].

D _+D. (28)
D< ) =gl.5 k i,m
ieff D D
k~im

where D, and D, are the molecular and Knudsen dif-
fusion coefficients that can be calculated using Egs.
(29) —(31) [40, 41].

29
Dkzzr SRT (29)
3N M

(30)

N w

1

2
D. . =0.0018583| —— 41 d _
/ M, M, | PQioc:

D, ——1ZV
’ Z”’ Vi (31)
J#i D[ ;

where P represents the absolute pressure, r indicates
the size of catalyst particles, M shows the molar
mass, Qij is considered as the collision integral, and
o, means the collision diameter.

2.2. Lattice Boltzmann method (LBM)

By defining distribution functions, the LBM is a me-
soscale method is suitable to simulation of diffusion
in complex geometries and physical phenomena and
is more accurate than conventional CFD methods.
In this method, the Navier-Stokes is replaced by Eq.
(32), the Boltzmann relation equation, which can be
used to obtain Navier-Stokes equations [42].

(32)

~ N At - o ) ~
ka (x,t +At) =ka (xat)_r_[ka ()C :t)_kaq(x ,l‘)]+Al‘Fk
where ¢, f, , f 97, and F~k represent the velocity,

distribution function, equilibrium distribution func-
tion, relaxation time, and force, respectively.

f(F e At +A) =f, (61 +AL) (33)
et _ i 1 (Cu) luad (34)
ka _Wkp|:1+ CSZ +2 CS4 2 CSZ :|
T, = ;At +0.5 (35)
cS

where w, is the weighting factor.
Egs. (32) and (33) can be used to determine the po-
rous area and Eq. (34) is replaced by Eq. (36) [32]:

G 1) 1@} (36)
F~k is obtained by Eq. (37):
1]{@.}5 GF:cc) iF

Fk :Wkp[l_;

y

Gl e ) ut (37)
: e’ &’

§ § §

where F is the total body force and includes an ex-
ternal force, the inertia caused by porous media, and
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the viscous diffusion .Fis calculated by Eq. (38) [43]:

Foo & . 1.75

i lii (38)
K, 150K,
K is the permeability and is calculated as follows
[34]:

K =Da L2 39)

where Da and L are the Darcy number and the char-
acteristic length, respectively.

The presented distribution function and the equilib-
rium distribution function are used to solve for the
flow field, although another distribution function
should be applied to solve for the temperature and
concentration field. Eq. (40) is the distribution func-
tion for the temperature field, while the Eq. (41) is

related to the concentration field:
(40)

o 5 46,00, +80) =1, () + 21001, )|+,
T

t

(41)

o LN .
£, +ckAt,t+At)=f1k(x,t)+T—[ S0~ f (5.0 [+ S,

S, and S are related to the heat and mass sources, re-
spectively. As mentioned in the chemical model, the
heat and mass sources were obtained by calculating
the reaction rates. 7, and t, are the relaxation times
and acquired by Eqgs. (42, 43):

=405 (42)
c At

7, = f) +0.5 (43)
c. At

where a and D are the effective thermal diffusivity
and effective mass diffusion coefficient, respectively.
The model chosen for this method in this research is
two-dimensional with nine motion directions and is
known as D2Q9. It is determined by the following
speed vectors and weighting factors :
(0,0) k=0
¢, =4(0,%1),(x1,0) k=1-4 (44)
(£1,0) k=5-8

(45)

wl_ 0[= ¢|4

N x X
Il
Ul’l—‘O
o0

2.3. Electrochemical simulation

Since numerical model results are validated using
an [-V curve, it is necessary to obtain this curve by
calculating the SOFC voltage for different currents.
This is calculated by using Eq. (46) [44, 45] in which
E is obtained from the Eq. (47):

V - E _nact,a B nact r ”conc,a B nconc,c B nohm (46)

nkF P,

H o

E:Eo—ﬂln[%zJ (47)

where R equals the gas constant, T is considered as

temperature (K), and P, P, and P, are the partial

H20
pressures of hydrogen, oxygen, and steam on the an-
ode and cathode TPB [46].

E' is the reversible potential and isobtained by using

the following equation, Eq. (48):

E°=1.253-2.4516x10* T (48)

2.3.1. Activation overpotential

Activation overpotential is related to the electrode
kinetics in the reaction area, and is due to the neces-
sity of activation for the transportation of electrical
charge. This overpotential can be calculated using
the Butler-Volmer Eq. (49) [45]:

J=J, [exp ((JZZ;—T%] - exp(—%)] (49)

J, represents the exchange current density. z is the
number of electrons involved in the reaction and
equals 2. a as the transfer coefficient and is assumed
to be 0.5 [45, 47, 48].
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The exchange current density for the anode and cath-
ode is obtained using Egs. (50) and (51) [44]:

(50)

72X [DP -(p, +Dp)g]g P, \(P, E
P e
DD} (1-1-x%) \ P, RT
(51)
P 72x [ D, -(D, +Dp)g]a[1> ]exp(E””’"j

< 2712 2 2
DIDX(1-1-X?)

P RT

ref

where P P

H20 > ~ H2?
gas species on the anode and cathode TPB, k_and k_

and P, are the partial pressure of

are the constants of the exchange current densities
of the anode and cathode, X represents the ratio of
the length of the grain contact neck to grain size, €
shows the electrode porosity, D, indicates the cavity
size, and D, is regarded as the particle size on the
anode or cathode. E | and E are the anode and
cathode activation energy, respectively. By using the
Butler-Volmer equation, the activation loss for the
anode and cathode is obtained by using Egs. (52) and

(53) [45]:
J (52)
2']0,a

= 2RT xsinh™ L (33)
zF 2

2.3.2. Concentration overpotential

This overpotential is related to electrode resistance
against mass transfer of reactants and products in the
reaction area. As the reactants are consumed during the
reaction, their concentration at the reaction site decreas-
es. According to Fick’s model, the overpotential is ob-
tained by Egs. (54) and (55) [49]:

RT | Vi, YViuo (54)
nc'onc,u = ln l
2F YuoYH,
RT v,
= 2L | e
e = B tn 25 | (55)

where y and y'represent the species concentration on the
electrode surface and the electrode electrolyte interface,
respectively [50].

2.3.3. Ohmic overpotential

Because the conductivity of electrodes and connec-
tors is much higher than that of the electrolyte, they
can be ignored. Thus, ohmic overpotential can be
calculated by the cell ohmic resistance, Eq. (56) [45]
in which L is the electrode thickness measured in mi-
crometer:

7, =2.99x10""JL exp(m;ﬂj (56)

2.4. Geometry and boundary condition

The Solution domain is shown in Fig. 2a. It includes
the SOFC, fuel inlet, and product outlet. The SOFC is
located at the end of the fuel path, and the entire sys-
tem is housed in a furnace at 800°C. The LBM mod-
el is used to simulate all three parts. Of these three
parts, the SOFC media is porous, and it’s governing
equations are different from the two other parts (Egs.
(34), (36)). On the other hand, the electrochemical
and reforming reactions occur only in the fuel cell.

The boundary condition for inlet flow are u = u
C=C,

inlet’

inlet®

v=20,and T = 373 K, and at the outlet, the
gradients of velocity, concentration, and temperature
are set to be zero. On the walls, the values of con-
centration and velocity are zero, and the temperature
is equal to the furnace temperature. In LBM, the
macroscopic boundary conditions have to be applied
in the form of the distribution function. A shematic
of a D2Q9 LBM model is presented in Fig. 2b. The
outside distribution functions are known due to the
streaming process, and the inside distribution func-
tion (dotted lines) are unknown. Because of the no-
slip condition of the flow field at the wall of pipes,
the uknown distribution functions are determined by
using a bounceback scheme, as follows:

North: f=f, f=f, f~f, (57)
South: f=f, f=f, f=f (58)
East: f=f, f=f, f~=f, (59)
West: f=f,, f=f, f=f (60)
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Inlet

Domain

(b)

Fig. 2. (a) Solution domain (b). Known and unknown distribution functions of domain boundaries.

3. Experimental Setup

As demonstrated in Fig. 3, the experimental equip-
ment consists of two separate ways to supply fuel to
the anode side and air to the cathode side. The upper
part is dedicated to the fuel for the anode side and the
lower part to the air for the cathode side. There are
two separate pipes for each section, the pipe smaller
in diameter is the fuel-air inlet, and the larger pipe is
the outlet of the reaction products.

SMART?2 (WonATech Co., Ltd.) and autolab (302N)
were applied to control gas flow and measure the [-V
curve, respectively. Linear sweep voltammetry was
used to study and evaluate the electrochemical per-
formance of the SOFC.

Alumina was used for the fuel and air supply pipes
and silver wires for voltage and current measurements
due to high oven temperatures and redox conditions,
as well as conformity with the SOFC structure. The
sensors were used for measuring, and the accuracy
was 0.2% for the current and voltage measurement

and 2 Kelvins for the temperature. The scan rate of
voltammetry was 1A s

F3 ./ Fuel Channel

Fig. 3. Experimental setup used for electrochemical measurements.

The anode, electrolyte, and cathode were made of
nickel-YSZ cermet, dense YSZ, and Strontiumdoped
Lanthanum Manganite (LSM), respectively. Silver
paste and silver mesh were used as a current collec-
tor on the anode and cathode side of the fuel cell. The
properties of a solid oxide fuel cell and test condi-
tions are seen in Table 2.
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Table 2. Test Condition and SOFC Parameters

Table 3. Values of Base-state Parameters

parameter Value Parameter Value

Test conditions of SOFC Current Density 6000 A/m?

Furnace Temperature 800 °C Porosity 0.35

Operating Pressure 1 Atm Reynolds Number of Inlet Fuel Flow 10

Minimum Current Density 1000 A/m? Steam to Carbon Ratio 1.5

Maximum Current Density 7000 A/m? Furnace Temperature 800°C

Methane Flow 40 cm*/min

Steam Flow 60 cm*/min

SOFC Properties The values for the base state parameters are derived
Anode Thickness 400 um from the information presented in Table 2, and the
Cathode Thickness 25 pm current density value of 0.7 V.

Electrolyte Thickness 15 pm

Diameter 2.5cm 4.1. Validation

Active Area. 1 cm?

Porosity 035 For using developed model to evaluate of different
Heat Conductivity 5.4 W/(m.K) parameters effect, the validity of the model should

Activation of the anodewas performed with hydro-
gen. In the first step, hydrogen was purged at a mo-
lar ratio of 5% for 2 hours. The activation continued
with pure hydrogen.

4. Results and discussion

Using methane as a fuel can cause carbon deposition
and the fast degradation of the SOFC. The most im-
portant factor in carbon production is the S/C ratio.
In the present study, the distribution of reactant con-
centrations, temperature distribution, and the rate of
reforming reactions was studied since they greatly
effect on SOFC performance and its degradation. In
this regard, the effect of the Reynolds number on the
inlet fuel flow, current density, porosity, and steam
to carbon ratio of the inlet flow were investigated.
In mentioned parameters, the results of the different
values of the parameters were compared with the
base state, which is based on the conditions present-
ed in Table 3.

be verified. Therefore, the results obtained from the
model should be compared with laboratory results.
Thus, a fuel cell was prepared with the specifications
presented in Table 2 and was analyzed by using the
experimental setup. In this experiment, the methane
fuel flow was a 40ccm and 60ccm steam, and the
inlet temperature was 100 © C. As shown in Fig. 4,
the experimental results were compared with the nu-
merical results, and the model was shown to have an
acceptable accuracy, with the highest error being 2%
at 5000 A/m? current density and a minimum error of
0.1% at 6000 A/m?.

Measured Data
Calculated Data

0.95
09—

0.85—

07 -

0.65

0.6

| | | 1 1 L
0 1000 2000 3000 4000 5000 6000 7000 8000
Current Density(A/m”)

Fig. 4. Validation of numerical result by experimental data.
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4.2. Base state

Due to the heat and mass sources caused by the reac-
tions in the fuel cell, temperature and mass gradients
are much higher in the area where the fuel cell is
located than in other areas. In this regard, and with
the aim of showing better changes, the results ob-
tained for this area have been presented and exam-
ined. On the other hand, considering the dimensions
of the fuel cell and the importance of temperature
and reactant concentrations on MSR reaction rate ,
variation in temperature and concentration of gases
are shown in three areas with magnification in each
figure. These three zones are the center of the active
and inactive area and the border between them.
Fig. 5 demonstrates the changes in the concentration
of the gases and distribution of temperature in the
base state. Since electrochemical reactions occur
only in part of the fuel cell active area, the SOFC is
divided into two areas, active and inactive. Due to
the difference between heat and concentration sourc-
es in these two areas, the temperature and concen-
tration of gases are different. In this regard, the rate
and gradient of temperature, and gas concentrations
at the centers of the two regions and the boundary
between them were different (Figs. 5-13).

Fig. 5a shows the changes in methane concentration.
Due to the concentration resulting from the reform-
ing process, the lowest methane concentration is in
the active area of the SOFC, with the lowest concen-
tration at its center reaching 0.065 kg/m?®. However,
the concentration of steam (Fig. 5b) increases despite
consumption during the reforming reaction,with the
highest concentration of steam at the center of the
cell being 0.48 kg /m?, which is related to its produc-
tion during the electrochemical process. Figs. 5¢ and
5d show the changes in the concentration of carbon
monoxide and hydrogen. These gases are consumed
by electrochemical reactions and produced by re-
forming reactions, and the concentration of the two
gases at the inlet is zero. Electrochemical reactions
take place at the active area and in the center of the
fuel cell, and therefore the consumption of hydro-
gen and carbon monoxide is higher in this area. As
a result, the concentration of these two reactants at

the end of the fuel cell is higher, so that the concen-
tration of hydrogen reaches 0.14 kg/ m3 and the con-
centration of carbon monoxide reaches 0.06 kg/m3.
while it reaches the highest in the upper and lower
parts, with a concentration of hydrogen of about
0.14 kg/m?, and a concentration of carbon monoxide
0f 0.06 kg/m?. Changes in carbon dioxide concentra-
tion are shown in Fig. 5e, as carbon dioxide is pro-
duced through the electrochemical reaction of carbon
monoxide.The highest concentration of carbon diox-
ide is 0.22 kg/m? at the cell center, The temperature
changes are shown in Fig. 5f, the highest tempera-
ture being 1100 k at the core of the SOFC, due to the
heat produced by electrochemical reactions.

AN Temperature Disribation Ky

Fig. 5. Concentration and temperature distribution for the
base condition.

4.3. Current density

Current density plays a main role in the heat and con-
centration sources. Thus, it is considered as one of
the most important parameters affecting the distribu-
tion of concentration and temperature. In this regard,
simulations were performed for two current densities,
2000 A/m? and 4000 A/m?, except in the basic state in
which the current density was 6000 A/m?. The results
of distributing concentrations and temperatures are
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shown in Figs. 6 and 7, and the results of the rate of
the reforming process are illustrated in Fig. 14a.
Based on the obtained results, by varying the cur-
rent density and changing concentration and ther-
mal sources, the balance between the concentra-
tions changes as the current density increases from
2000 A/m? to 6000 A/m?, leading to an increase in
the rate of electrochemical reactions. This results
in increasing hydrogen and carbon monoxide con-
sumption and heat production, as well as, changing
the hydrogen concentration from 0.0575 kg/m?® to
0.0425 kg/m?, the carbon monoxide from 0.1225 kg/m?
to 0.105 kg/m® at the center of the cell, and the tem-
perature from 1080 k to 1100 k. On the other hand, as
the temperature increases and the concentration of hy-
drogen and carbon monoxide decreases, the reform-
ing reaction rate increases from 10.7 mol.m>.s"' to
12.4 mol.m>.s" at the center of the cell, leading to a
decrease in methane concentration from 0.1 kg/m? to
0.065 kg/m?. An increase at the rate of electrochemi-
cal reactions leads to an increase in steam and carbon
dioxide production, which results in increasing the
concentration of steam from 0.31 kg/m* to 0.48 kg/m?
and in carbon dioxide from 0.12 kg/m* to 0.22 kg/m? at
the center of the SOFC.

() Carbion Dicide Concentration Distribution Kgms’)

N Tempersure DistributiondK)

Fig. 6. Concentration and temperature distribution for cur-
rent density = 2000 A/m?

Fig. 7. Concentration and temperature distribution for cur-
rent density = 4000 A/m>.

4.4. Steam to carbon ratio

Steam is necessary for the MSR process and produc-
ing hydrogen from methane. The amount of steam is
determined by the S/C parameter, which represents
the ratio of the steam to carbon moles. This parame-
ter affects the performance of SOFCs since a low S/C
ratio can lead to carbon deposition, and a high ratio
causes fast degeneration of SOFCs. Thus, the effect of
varying this parameter was investigated in the present
study, and the required calculations were performed
for the 3 different values of S/C. The results for the
base state in which S/C equals 1.5 are shown in Fig.
5, and the results for the other values (1, 2) are pre-
sented in Figs. 8 and 9. Since an increase in S/C leads
to a reduction in the concentration of methane at the
inlet due to the constant pressure and flow, it decreased
the concentration of methane in the cell core from
0.105 kg/m? to 0.045 kg/m?3. Accordingly, the decrease
in methane concentration in the core of the cell reduced
the MSR rate, (Fig. 14b), from 14.5 mol.m?.s"' to
10.8 mol.m3.s! atthe cell core. By decreasing the MSR
rate, carbon monoxide concentrations decreases from
0.145 kg/m® to 0.0725 kg/m® and hydrogen concentra-
tion from 0.05 kg/m? to 0.0325 kg/m? at the SOFC core.
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and to engage in electrochemical reactions. Since the
porosity is 0.35 for the basic state and is in the range
0f 0.3-0.4 in different studies, simulations for 0.3 and
0.4 porosity were performed. The results are shown in
Figs. 10, 11, and 14c.

Reducing the porosity by diminishing the diffusion
leads to a decrease in the concentration of methane
in the fuel cell, but on the other hand, it leads to a
decrease in water outflow and heat transfer outside

the fuel cell. This results in an increase in the con-
centration of water and temperature in the fuel cell.
So that, methane concentration decreased from
0.07 kg/m* to 0.06 kg/m?, steam concentrations
ranged from 0.47 kg/m? to 0.50 kg/m?, the temperature
increase from 1090k to 1110k. However, the changes
in concentrations of hydrogen and carbon monoxide
were negligible because their sources of consumption
and production are in the cell.

An increase in temperature and water concentration
enhanced the MSR reaction rate (Fig. 14.c) at the
cell center because of increasing temperature, but
this change was slightly (from 12.4 mol.m?s' to
12.8 mol.m>.s! ) due to the decrease in methane con-
centration and its negative impact.

Fig. 9. Concentration and temperature distribution for S/C = 2.

4.5. Porosity

The porosity in the anode is very important for the
penetration of reactants into the active area of the cell Fig. 10. Concentration and temperature distribution for £ =0.3.
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Fig. 11. Concentration and temperature distribution for ¢ = 0.4.

4.6. Reynolds number of the Inlet flow

A parameter that greatly affects the concentration
distribution of reactants is the Reynolds number. As
the flow rate increases, the concentration of methane
as the main reactant in the MSR reaction increases.
Since the Reynolds number is 10 for the the base
state, the calculations in the simulation were per-
formed for two Reynolds numbers, 5 and 15, and the
results for the concentration distribution are shown
in Figs. 12 and 13.

Since the Reynolds number depends on pipe diam-
eter, flow rate, and kinematic viscosity of the fluid,
an increase of Reynolds number is done by adding
the input speed due to the constant dimensions and
conditions of the incoming fuel. As the input velocity
increases, the fluid diffusion into the porous medium
increases, and as a result, the gas concentration dif-
ference in the fuel cell and fuel channel decreases.
By increasing the Reynolds number from 5 to 15,
methane concentration changed from 0.03 kg/m’
to 0.09 kg/m® and Steam concentration reached
0.48 kg/m?® from 0.49 kg/m’. Increasing meth-
ane concentration resulted in increasing the re-

forming reaction rate from 8.3 mol.m?s' to
14.5mol.m>.s! (Fig. 14d).Asthereactionrateincreased,
the concentration of carbon monoxide rose from
0.065 kg/m’to 0.11 kg/m* and hydrogen concentra-
tion from 0.025 kg/m?® to 0.045 kg/m?.

Fig. 13. Concentration and temperature distribution for Re =15.
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Fig. 14. Methane steam reforming reaction rate along the cell length.

5. Conclusion

This research has been applied to a precise model-
ing approach to evaluate key parameters in methane
steam reforming. Since the cost of testing SOFCs is
high and the details obtained from experimental re-
sults are insufficient for analysis, a numerical model
using LBM was used to simulate SOFC performance
and the effect of the parameters on the concentration
and temperature distributions, and reaction rates of
the reforming. Based on the results, the temperature
and concentration of the reactants in the two regions
are different, due to the heat and concentration sourc-
es of the electrochemical reactions. The difference
between reactants concentration of these two areas is

high, and the temperature of the active area is high-
er than in the inactive area. Even by changing the
parameters, the temperature in the active area is al-
ways higher, and the rate of the MSR reaction in this
area is always more than in other areas. Among the
various cases simulated, the lowest concentrations of
methane, carbon monoxide, and hydrogen, and the
highest concentration of carbon dioxide occur at a
Reynolds number of 5, which is due to the reduc-
tion in rates of mass transfers of reactants and the
reaction products. In this case, the MSR reaction rate
at the center of the cell is 8.3 mol.m™.s"!. The high-
est concentrations of methane and carbon monoxide
happened when S/C equals 1. In the case, the high
concentration of methane at the inlet results in in-
creasing methane concentration in the SOFC, as well
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as a high rate of reforming reaction, 14.5 mol.m>.s™!, at
the center of the cell, leading to high levels of car-
bon monoxide concentration. In addition, when the
Reynolds number is equal to 15, the reaction rate is
about 14.5 mol.m>.s™! in the center of SOFC because
of high concentrations of the steam and methane and

Nomenclature
discrete lattice velocity o
molar concentration (mol m~)
grain size(pm) n
overall effective diffusion coefficient of species (m? s™)
diffusion coefficient between species i and species j (m? s™)
®

mass diffusion coefficient for species i in the mixture
(m*s™)
Knudsen diffusion (m? s™')
pore size (um) a
reversible potential(V) AA
activation energy of anode (J mol™) act
activation energy of cathode (J mol) c
Faraday constant (9.6485 * 10* C. mol™") conc
distribution function ohm
external force
local equilibrium distribution function
exchange current density (A/m?) eq
lattice model direction I
velocity coefficient of forward reaction
velocity coefficient of backward reaction
coefficients for exchange current density of the anode cd
coefficients for exchange current density of the cathode LBM
effective thermal conductivity (W m™ K™) MSR
fluid media heat conductivity coefficient (W m™' K™) RR
porous media heat conductivity coefficient (W m™ K™) SOFC

WGS
thickness of electrolyte (um)
molecular weight (kg mol ™)
Pressure (bar) CH
universal gas constant (8.3145 J mol! K'') CcO
catalyst particle size(pum) CO

absolute temperature(K) H

molar fraction of species i

Number of electrons involved in the reaction

H,O

2

current density of 2000 A/m? produced the highest
concentration of hydrogen and the lowest concentra-
tions of the steam and carbon dioxide, and the lowest
temperature at the center of the cell, which was relat-
ed to the low electrochemical reaction rate. In this case,
the reforming reaction rate was low, 8.7 mol.m?>.s!, due
to low temperature of active area.

Greek symbols
transfer coefficient
porosity
overpotential (V)
density (kg m?)
characteristic length parameter for interaction (A)
relaxation time
weighting factor

collision integral

Subscript
anode
active area
activation
cathode
concentration

ohmic

Superscript
equilibrium

interface

Abbreviations
current density (A/m?)
Lattice Boltzmann method
methane steam reforming
rate of reaction
solid oxide fuel cell

water gas shift reaction

Chemical
Methane
carbon monoxide
carbon dioxide
Hydrogen
Water
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