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 :المخلص

محملة على الأنود بخليط من ( AS_SOFC)تم خلال العمل الحالي تغذية خلية وقود أُوكسيدية صلبة   
كان الوقود عبارة عن خليط من خمس مكونات . والوقود عند قناتي الكاثود والأنود على التواليالهواء 

، (CO)، أول أوكسيد الكربون (CO2)، ثاني أوكسيد الكربون (H2)، الهيدروجين (CH4)الميثان : هي
هذيب فعند جانب الأنود جرت عملية ت. ؛ حيث جرت  عملية  تهذيب داخلية او خارحية(H2O)والبخار

عندما  الحرارة أن الهدف الرئيس من هذه الدراسة هو إلقاء الضوء على مجالات .مباشرة أوغير مباشرة
تفاعل :تكون تحت تأثير المصادر الحرارية المتولدة من جراء تفاعلات التهذيب الداخلية المباشرة  وهي 

كما تم تناول تدرجات درجة الحرارة  .التهذيب البخاري، تفاعل إزاحة الغاز المائي و تفاعل التهذيب الكلي
فورتران باستعمال  باستخدام لغةلهذا الغرض تم تطوير برنامج  .لعدد من الكسور المولارية للوقود الداخل

تمت قراءة المجالات الحرارية في مستوى متعامد مع سطح سريان الغاز . طريقة الفروق  المنتهية
إن هذه الدراسة تتطلب وجود معادلات محافظة وتزاوج بين  .(Tech plot) تك  مخطط"برنامج باستعمال 

أوضحت النتائج أن . وقد تم التحكم في سريان الغازات بتطبيق قانون داكري. الكتلة والطاقة والنوع
 .الكسور المولارية للوقود لا يمكن تجاهلها في وجود ظاهرة التهذيب المباشر الداخلي
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Abstract In the present work, the anode supported solid oxide fuel cell (AS_SOFC) is fed by air

and fuel at cathode and at anode channels respectively. The fuel is a mixture of five components:

methane (CH4), hydrogen (H2), carbon dioxide (CO2), carbon monoxide (CO) and steam (H2O),

where a reforming phenomenon; an external or an internal one appears. At the SOFC anode side,

an indirect or direct reforming phenomenon happens.

The principal aim of this study is the visualization of the temperature fields under heat sources’

effect caused by the direct internal reforming reactions; the steam reforming reaction, the water gas

shift reaction and the overall reforming reaction. The temperature gradient is discussed for several

inlet fuel molar fractions.

A program in FORTRAN language using the finite difference method is developed. The thermal

fields’, in the plane perpendicular to the gas flow, is visualized by ‘‘Tec plot’’ program. This study

requires a coupling conservation equations (mass, energy and species). The flows are governed by

Darcy’s law. The results show that the fuel molar fractions cannot be ignored in the presence of

direct internal reforming phenomenon.
ª 2014 Production and hosting by Elsevier B.V. on behalf of University of Bahrain.

1. Introduction

Demographic growth has encouraged companies to diversify
and increase their energy resources. However, this develop-
ment cannot be accomplished simply by increasing fossil fuel

(oil, gas or coal) consumption. Indeed, the energy demand
increase associated with resource scarcity currently conducts
to oil price increases. This economic problem is accompanied

by a major environmental challenge: the use of hydrocarbons

generates CO2 immense emissions that contribute to planet
global warming. Therefore, it becomes essential to find alterna-
tive concurrently technological solutions to: (i) limit energy

consumption, (ii) increase the efficiency of fossil fuel convert-
ers into usable energy (electricity and transport) and (iii) devel-
op cleaner sources and energy carriers.

To attain these objectives, it is particularly necessary to de-

velop new energy technologies. Solid oxide fuel cell (SOFC)
comes in this context. This technology is indeed the most effec-
tive way to convert the hydrocarbon chemical energy into

electricity. This transformation takes place at high temperature
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(600–1000 �C) on the basis of an electrochemical fuel oxidation
and oxygen reduction from the air (Laurencin, 2008). This high
temperature has a double advantage. First, it assures the provi-

sion of easily exploitable high heat in cogeneration. Secondly, it
allows the hydrocarbons direct use, primarily natural gas, which
can be easily reformed in order to produce hydrogen for SOFC

fuel cell. According to the literature review, when it is fed by a
fuel other than hydrogen; CH4, H2, CO2, CO, H2O, molar
fractions do not have the same percentage (Table 1).

The present work’s contribution is to study the temperature
fields under the heat source effect caused by the direct reform-
ing reactions; the steam reforming reaction, the water gas shift
reaction and the overall reforming reaction. The parameter

studied is the inlet fuel molar fractions.

2. Physical model

The physical model adopted for the SOFC direct reforming
phenomenon simulation is shown in Fig. 1. The first compart-
ment, corresponding to an anode supported planar SOFC fuel

cell is fed by fuel and air (Fig. 1(a)). The second one; (Fig. 1(b))
shows the study area. The latter is composed by:

� Two interconnections; anode and cathode
interconnections,

� Two electrodes (anode and cathode),

� An electrolyte.

Fig. 1(c) represents the anode, reforming and electrochem-
ical reaction locations, and the anode interconnection. The

reactions that occurred in the anode and considered in the
mathematic model are:

Reforming reactions:

- Steam reforming reaction : CH4 þH2O ! 3H2 þ CO ð1Þ
- Water� gas shift reaction : COþH2O ! H2 þ CO2 ð2Þ
- Overall reforming reaction :CH4þ 2H2O ! 4H2þCO2 ð3Þ

3. Mathematical model

For this numerical study, the planar SOFC is fueled by gases;
air and fuel. The fuel is a mixture of methane (CH4), hydrogen

(H2), carbon monoxide (CO), carbon dioxide (CO2) and steam
(H2O). Thermal field’s visualization is made in the plane per-
pendicular to the gas flow direction of a single cell (Fig. 1).

This study requires coupling conservation equations; mass, en-
ergy and species. For the momentum equation in the porous
electrodes, the flow is modeled using Darcy’s law.

U ¼ � j
e:l

gradðpÞ ð4Þ

where ‘U’ (m s�1) is the velocity, ‘j’ (m2) is the permeability, ‘e’
(%) is the porosity, ‘l’ (kg m�1 s�1) is the viscosity and ‘p’ (Pa)
is the pressure.

The basic equations; mass, energy and species can be writ-

ten following a general form:

divðeqUUÞ ¼ divðCUgradUÞ þ SU ð5Þ

where ‘q’ (kg m�3) is the density, ‘U’ is a general variable, ‘CU’
(m2 s�1) is the diffusion coefficient and ‘SU’ is the source term.

Table 2 explains mass, energy and species equations obtained
from the Eq. (5).

The fuel used is a gas mixture and based on the ideal gas

law:

PV ¼ nRT ð6Þ

where ‘V’ (m3) is the volume occupied by the fuel, ‘n’ is the mo-
les number, ‘R’ (kg m�1 s�1) is the gas constant and ‘T’ (K) the

temperature. The relation which gives the mole number is:

n ¼ m

M
ð7Þ

where ‘m’ (kg) and ‘M’ (kg mol�1) are the mass and the molar
mass respectively. As a result, the fuel density ‘qfuel’ can be ex-
pressed as (Hamid, 2010):

qfuel ¼
PfuelMfuel

RT
ð8Þ

Where ‘Mfuel’ is the fuel molar mass and it is calculated by the
following relation (Hamid, 2010).

Mfuel ¼
X5

1

MjXj

¼MCH4
XCH4

þMH2
XH2
þMCO2

XCO2
þMCOXCO

þMH2OXH2O ð9Þ

Table 1 Molar fractions of components.

Components Molar fractions Refs. Components Molar fractions Refs.

CH4 0.29 Li et al. (2008) CH4 0.171 Ferguson et al. (1996), Kang et al. (2009)

H2 0.09 H2 0.2626

CO2 0.01 CO2 0.0436

CO 0.01 CO 0.0294

H2O 0.6 H2O 0.4934

CH4 0.1707 Ho et al. (2010) CH4 0.33 Kang et al. (2009)

H2 0.2686 H2 /

CO2 0.0491 CO2 /

CO 0.024 CO /

H2O 0.4875 H2O 0.67

CH4 0.171 Wang et al. (2009) CH4 0.110 Hu et al. (2008)

H2 0.263 H2 0.258

CO2 0.044 CO2 0.228

CO 0.029 CO 0.057

H2O 0.493 H2O 0.284
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where ‘Xj’ is the molar fraction of the species ‘j’.
So, the gas mixture density can be calculated by (Janardha-

nan et al., 2007; Hamid, 2010):

qfuel ¼
PfuelðMCH4

XCH4
þMH2

XH2
þMCO2

XCO2
þMCOXCOþMH2OXH2OÞ

RT
ð10Þ

Noting that the fuel specific heat is defined by (Bertin et al.,
1981):

Cpfuel ¼
Z T2

T1

X
XjCpjdT ð11Þ

where ‘Cpj’ (J kg
�1 k�1) is the specific heat of species ‘j’.

In the energy equation case, the general equation resolution
requires the effective thermal conductivity expression (‘keff’
(W m�1 K�1)) and it can be calculated by the following for-
mula (Zinovik and Poulikakos, 2009; Jiang and Chen, 2009;
Pramuanjaroenkij et al., 2010):

keff ¼ ekfuel þ ð1� eÞksol ð12Þ

where ‘kfuel’ and ‘ksol’ are the fuel and the solid thermal con-
ductivity respectively.

(a)

(b)

(c)

Figure 1 SOFC representative diagram; schematic of a planar SOFC cell (a), physical model and boundary conditions (b), reforming

and electrochemical reactions in the anode (c).

Table 2 Coefficients of the equations.

Equations General variable U Diffusion coefficient CU Source term SU

Mass equation U = 1 CU = 0 SU = 0

Species equation U = Yj CU = (qD)j
CU = j.q/l

SU ¼ SYj

With (j=CH4, CO, CO2,H2, O2, H2O)

Pressure equation U = P CU ¼ kðeff;iÞ SU = 0

Energy equation U = T With i= (ele, an, cat, int) SU = ST
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The fuel dynamic viscosity is calculated by the following
relationship (Hamid, 2010):

lfuel ¼
X5

1

ljXj ¼ lCH4
XCH4

þ lH2
XH2
þ lCO2

XCO2
þ lCOXCO

þ lH2O
XH2O ð13Þ

For the mass sources, within the anode and the anode/electro-
lyte interface, the species mass source conservation equation
‘SYj

’ is resulting from reforming reactions and electrochemical
reactions. In this study, we are interested only in the mass

source due to the reforming reactions; the steam reforming
reaction ‘Sr,j’ and water gas shift reaction ‘Ss,j’ (Wang et al.,
2009; Pramuanjaroenkij et al., 2010; Brus and Szmyd, 2008;

Iwai et al., 2010). The different mass sources expressions are
shown in Table 3. At the cathode, the mass source is the source
resulting from oxygen consumption.

Scat;O2
¼ �MO2

2F
i ð14Þ

where ‘MO2’ (kg mol�1), ‘i’ (A m2) and ‘F’ (C mol�1) are the
oxygen molar mass, the current density and the faraday’s
constant.

In this study, the thermal source is the heat source due to
the reforming reactions. So the heat source is due to the steam
reforming reaction (Sr), which is an endothermic process and

the water–gas shift reaction (Ss), which is an exothermic reac-
tion. At the anode, the heat source is described by the follow-
ing equation (Li et al., 2007; Ho et al., 2010; Kang et al., 2009;

Wang et al., 2009; Nikooyeh et al., 2007).

ST;an ¼ Sr þ Ss ð15Þ

With

Sr ¼ �Rr DHr ð16Þ

Ss ¼ �Rs DHs ð17Þ

‘R’ (mol m�3 s�1) and ‘DH’ (J mol�1) are the reaction rate and
reactions enthalpy change (Ivanov, 2007; Brus and Szmyd,
2008; Wang et al., 2009; Zinovik and Poulikakos, 2009).

� Reaction rate expressions

Rr ¼ kþr pCH4
pH2O

� k�r pCOðpH2
Þ3 ð18Þ

Rs ¼ kþs pCOpH2O
� k�s pCO2

pH2
ð19Þ

Thus, the reaction’s rate constants ‘k+’ and ‘k�’ and the
equilibrium constant are:

kþr ¼ 2169 expð�225103=RTÞ ð20Þ

kþs ¼ 0:0183 expð�103842=RTÞ ð21Þ

The ‘k�r ’and ‘k�s ’ coefficients are determined based on the fol-
lowing equilibrium constants for both reactions.

Ker ¼
kþr
k�r

ð22Þ

Kes ¼
kþs
k�s

ð23Þ

Ker and Kes equilibrium constants can be calculated by the fol-
lowing empirical equations:

Ker ¼ 1:0267� 1010 expð�0:2513Z4 þ 0:3665Z3

þ 0:5810Z2 � 27:134Zþ 3:2770Þ ð24Þ

Kes ¼ expð�0:2935Z3 þ 0:6351Z2 þ 4:1788Zþ 0:3169Þ ð25Þ

Z: is a variable depending on the temperature (Wang et al.,
2009; Iwai et al., 2010; Amornchai et al., 2010).

Z ¼ 1000

T
� 1 ð26Þ

Reaction rate Eqs. (18,19) depend on the partial pressure. The
‘Pj’ of each species ‘‘j’’ is equal to its mole fraction ‘Xj’ multi-
plied by the total pressure ‘Pfuel’ (Xi et al., 2007; Hamid, 2010).

Pj ¼ Xj Pfuel ð27Þ

Pfuel: The pressure mixture gas at the inlet channels.
The enthalpies change for the reforming reactions; steam

reforming and water–gas shift are given by the following

relations:

DHr ¼ 192:220þ 0:0541T� 2:062:10�5T2 ð28Þ

DHs ¼ �44:034þ 0:00847T� 5:819:10�7T2 ð29Þ

The fuel and air physical properties are shown in Table 4. The

thermal conductivity, specific heat and the dynamic viscosity
of species ‘j’ are polynomials of temperature of fourth order
(CFD Fluent). There expressions are:

kj ¼ aþ bTþ cT2 þ dT3 þ eT4 ð30Þ

Cpj ¼ aþ bTþ cT2 þ dT3 þ eT4 ð31Þ

lj ¼ aþ bTþ cT2 þ dT3 þ eT4 ð32Þ

Or, ‘a’, ‘b’, ‘c’, ‘d’ and ‘e’ are the empirical constants for each
gas. The cell components physical property data are illustrated
in Table 5.

Table 3 Mass source expressions resulting from reforming reactions at the anode and the anode/electrolyte interface (Wang et al.,

2009; Pramuanjaroenkij et al., 2010; Brus and Szmyd, 2008; Iwai et al., 2010).

Source terms Species

CH4 H2 CO2 CO H2O

Sr; j �RrMCH4
3RrMH2

0 RrMCO �RrMH2O

Ss; j 0 RsMH2
RsMCO2

�RsMCO �RsMH2O

Sref,j = Sr,j + Ss,j �RrMCH4
ð3Rr þ RsÞMH2

RsMCO2
ðRr � RsÞMCO �ðRr þ RsÞMH2O
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4. Results and discussion

The results of this study show the thermal fields of an AS_-

SOFC under the reforming reactions heat sources effect; the
steam reforming reaction heat source effect, the water gas shift
reaction heat source effect and the overall reforming reaction

heat source effect. Inlet gas temperature and pressure are
respectively 1273 K and 3 bars. This analysis is performed at
four values (cases) of molar fractions’ inlet fuel respectively:
(1) CH4: 0.29, H2: 0.09, CO2: 0.01, CO: 0.01, H2O: 0.6, (2)

CH4: 0.33, H2O: 0.67, (3) CH4: 0.01707, H2: 0.2686, CO2:
0.0491, CO: 0.024, H2O: 0.4875 and (4) CH4: 0.11, H2:
0.258, CO2: 0.228, CO: 0.057, H2O: 0.254. The results are also

discussed, following the AS_SOFC temperature elevation and
abasement.

4.1. AS_SOFC thermal fields without heat source

Figs. 2 and 3(a and e) present the thermal fields without heat
source effect; ST = 0. It is seen that heat transfer channels an-

ode and cathode, warmer environment, to the other SOFC
components (anode and cathode interconnections, the cath-
ode, the anode and the electrolyte). For the first, third and
fourth cases of fuel molar fractions cited above, the thermal

field is constant and the minimum temperature value is
1272.92 K (Fig. 2(a) and Fig. 3(a and e)). In the second case
of fuel molar fractions, the minimum temperature value is

1272.84 K which imposes a different distribution to the ther-
mal fields (Fig. 2(e)).

4.2. AS_SOFC thermal fields with effect of steam reforming
reaction heat source

Figs. 2 and 3(band f) present the thermal fields with effect of
steam reforming reaction heat source; ST = Sr. For all the fuel

molar fractions’ cases, the minimum temperature value is less
than the field minimum temperature value without any heat
sources. This minimum temperature is located in the anode

far from the channels. Energy consumption is due to the steam
reforming reaction endothermicity. This energy consumption
is based on the methane percentage in the fuel. A greater meth-

ane (CH4) percentage causes great energy consumption
whereas a smaller methane percentage requires low energy

consumption. So energy consumption is maximum in the sec-
ond case of the fuel molar fractions (CH4: 0.33, H2O: 0.67),

with a DT = �2.05 K.

4.3. AS_SOFC thermal fields with effect of water gas shift
reaction heat source

Figs. 2 and 3(c and g) present the thermal fields with effect of
water gas shift reaction heat source; ST = Ss. For the fuel mo-

lar fractions’ second case, the thermal field is unchanging. For
other fuel molar fractions cases, an increase in the SOFC tem-
perature is distinguished. This increase is located in the anode
parts far from the canals. Energy production is due to the

water gas shift reaction exothermicity. This energy production
is based on the carbon monoxide (CO) percentage in the fuel.
A greater carbon monoxide percentage causes a large power

generation and a smaller carbon monoxide percentage requires
low energy production. So, energy production is maximum at
the fuel molar fractions’ fourth case (DT = 12.61 K) and it is

minimum for the fuel molar fractions’ second case
(DT = 0 K).

4.4. AS_SOFC thermal fields with effect of reforming reaction
heat source

Figs. 2 and 3(dand h) present the thermal fields with reforming
reaction heat source effect; ST = Ss + Sr, which is the sum of

two reactions: the steam reforming reaction and the water gas
shift reaction. According to the literature review, the Overall
reforming reaction is an endothermic reaction. For the first

and the second case of the fuel molar fractions, the reaction
endothermicity gives a decrease in temperature. The minimum
temperature is located at the anode far-away from gas chan-

nels (Fig. 2(dand h). Energy consumption is maximum at the
fuel molar fractions’ second case (Tmin = 1270.79 K and
DT = �2.05 K). In contrast, for the fuel molar fractions’ third
and fourth cases, a SOFC temperature increase is noted. The

maximum temperature is focused in the anode away from
gas channels (Fig. 3(d and h). This energy production is cre-
ated by the methane and carbon monoxide content in the fuel.

Small methane percentage (third and fourth cases, CH4:
0.01707 and 0.11), causes the dominance of the exothermic
water gas shift reaction.

Table 4 Fuel and air physical properties.

Physical properties Species Refs.

CH4 H2O H2 CO2 CO O2

Xj% 0.29 0.6 0.09 0.01 0.01 / Li et al. (2008)

Mj [g mol�1] 16 18 2 44 28 32

Dj [cm
2 s�1] Dj ¼ 0:364 T

273

� �1:5
DO2
¼ 0:181 T

273

� �1:5
Ferguson et al. (1996)

Table 5 Solid components’ physical properties.

Parametres Anode Electrolyte Cathode Interconnexions Refs.

j [m2] 10�12 10�18 10�12 / Kang et al. (2009), Zhan et al. (2006), Dokmaingam et al. (2010)

e [%] 0.4 / 0.5 / Kang et al. (2009), Zhan et al. (2006)

k [W m�1 K�1] 2 2 2 2 Kang et al. (2009)

e [m] 2.10�4 5.10�5 5.10�5 3.10�4 Wang et al. (2009)
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Table 6 contains the maximum and the minimum SOFC
temperature (Tmax, Tmin) under different heat source influence

and the temperature variation (DT). The latter is the difference
between the SOFC temperature value (Tmax) under the heat

Figure 2 Thermal fields for molar compositions of fuel: CH4: 0.29, H2: 0.09, CO2: 0.01, CO: 0.01, H2O: 0.6, (a–d) and CH4: 0.33, H2O:

0.67, (e–h). Without heat source (a and e), heat source of steam reforming reaction (b and f), Heat source of water–gas shift reaction (c and

g), Heat source of overall reforming reaction (d and h).

Figure 3 Thermal fields for molar compositions of fuel: CH4: 0.01707, H2: 0.2686, CO2: 0.0491, CO: 0.024, H2O: 0.4875 (a–d) and CH4:

0.11, H2: 0.258, CO2: 0.228, CO: 0.057, H2O: 0.254 (e–h). Without heat source (a and e), Heat source of steam reforming reaction (b and f),

Heat source of water–gas shift reaction (c and g), Heat source of overall reforming reaction (d and h).
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source influence and the SOFC temperature value without heat
source (Tmin). The maximum and the minimum temperature

variation values (DT) are �0.1, 12.61 and 12.21 K and it is;
(�2.05, 0 and �2.05 K) for heat sources due to the steam
reforming, water gas shift reaction and the overall reforming

reaction respectively. Temperature variation values; 1.38 and
12.21 K show the reforming reaction exothermicity at the fuel
molar fractions’ third and the fourth cases when methane per-

cent is low in the fuel.
For validation of results, the computed results are com-

pared to our previous results (Abdenebi et al., 2011; Zitouni
et al., 2011; Haddad et al., 2013; Oulmi et al., 2011) when

the fuel is hydrogen and the chemical reaction is completely
exothermic. Temperature field shows a temperature increasing
around 10 K. In the present work when the fuel is methane, the

chemical reactions studied are the reforming reactions; the
steam reforming reaction, the water gas shift reaction and
the overall reforming reaction. The temperature low order de-

crease is reasonable for the endothermic reaction at the SOFC
plan studied.

On the one hand, our results are consistent with the math-
ematical model; the thermal fields under direct reforming reac-

tions effect show a decrease or an increase in temperature
value according to the endothermic or exothermic process
(steam reforming reaction, overall reforming reaction and

water–gas shift reaction). On the other hand, the temperature
variation orders under direct reforming reactions are in the
same interval as those obtained previously.

5. Conclusion

In this work, the thermal fields’ visualization of an AS_SOFC

is under inlet gas temperature and pressure values respectively;
1273 K and 3 bars. Results’ analysis shows that the reforming
heat source effects are based on the inlet fuel molar fractions.

The steam reforming heat source effect is activated by the
methane percentage. High methane content in the fuel requires
a high energy that is why the steam reforming effect appears .

The temperature decrease is maximum in the fuel molar

fractions case when the methane percentage is dominant over
the other fuel components (DT = �2.05 K) and it is minimum
in the fuel molar fractions case when the methane percentage is

low (DT = �0.1 K).
The water gas shift heat source effect is based on the carbon

monoxide percentage. High carbon monoxide content causes

an important energy production. As a consequence, the
appearance of the water gas shifts the heat source effect. The

temperature increase is maximal when the carbon monoxide
percentage is highest, (DT = 12.61 K, fourth case) and mini-
mum when it is lowest (DT = 0 K, second case).
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