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Abstract

This paper has provided an innovative aspect in the heat/mass transfer of fuel-cell related studies. A heat/mass coupled modeling
approach is presented to predict the transport phenomena inside the porous electrode of a fuel cell. The energy equations based on
the local thermal non-equilibrium (LTNE) are derived to resolve the temperature difference between the solid and fluid phases inside
the porous electrode. The surface heat transfer is coupled with the species transports via a macroscopic electrochemical model on the
reaction boundary. First, a general criterion for the local thermal non-equilibrium in porous electrodes is proposed in terms of non-
dimensional parameters of engineering importance. Then, the significance of local thermal non-equilibrium in a typical porous electrode
is assessed. Furthermore, detailed distributions of the local temperature, local Nusselt number, species concentration, and electric current
density inside the porous electrode of fuel cells are presented. Finally, the effect of LTNE parameters on the thermal-fluid behaviors in
the porous electrode is investigated.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It is known that temperature variations inside a fuel cell
significantly affect its performance, lifetime, and reliability
[1,2]. In order to prolong the fuel cell, balanced utilization
of active materials is required to avoid local degradation,
which needs a highly uniform temperature profile inside
the fuel cell. In addition, the fuel cell temperature may
increase greatly due to the exothermic electrochemical reac-
tions in the porous electrode. The thermal runaway may be
triggered by the hot spots on the reaction surfaces of the
electrode. Therefore, a proper thermal management is
required for safely operating a fuel cell, which not only
optimizes the operating temperature range but also keeps
a high uniformity of the internal temperature distribution.
However, the small temperature differences between the
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijheatmasstransfer.2005.11.021

* Corresponding author. Tel.: +886 48876660x1500; fax: +886
422518272.

E-mail address: azaijj@mdu.edu.tw (J.J. Hwang).
fuel cell and the environment make thermal management
a challenging problem. That is an excessive heat produced
by the electrochemical reaction should be removed totally
and evenly by a limited temperature difference.

Because of the highly reactive environment and compact
nature of a fuel cell it is hard to perform detailed in situ
measurements during operation. Such information has
been sought through modeling or simulation to improve
understanding of transport phenomena inside a fuel cell.
Numerous fuel-cell models have been developed account-
ing for various physical processes in the past two decades.
Most regarded the electrochemical reaction as an isother-
mal process, and did not consider thermal transports [3–
11]. The emerging fields of thermal transport in a fuel cell,
however, did not receive attention to the same extent. Only
several analytical/numerical models studied the thermal-
fluid transport in the porous electrode based on the local
thermal equilibrium (LTE) [12,13]. Under the assumption
of local thermal equilibrium, both fluid and solid in the
porous electrode have the same temperatures. The so-called
one-equation approach [14–17] is employed to obtain
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Nomenclature

A front area of the module inlet per unit length (m)
AR reaction surface area per unit length (m)
a1, a2 coefficients in Eq. (45)
as total surface area in the porous electrode (m2)
Bi Biot number
d pore diameter of the porous medium (m)
cH2O water vapor mole concentration (mol m�3)
cH2O;ref water vapor mole concentration at inlet

(mol m�3)
CH2O normalized water vapor concentration, cH2O=ctot

CH2O;ref normalized water vapor mole concentration at
inlet, cH2O;ref=ctot

cO2
oxygen concentration (mol m�3)

cO2;ref oxygen mole concentration at inlet (mol m�3)
CO2

normalized oxygen concentration, cO2
/ctot

CO2;ref normalized oxygen mole concentration at inlet,
cO2;ref=ctot

cp specific heat at constant temperature
(J kg�1 K�1)

ctot total mole concentration of the reacting fluid
(mol m�3)

DH2O binary diffusivity of water vapor in the oxygen
(m2 s�1)

DH2O;eff effective diffusivity of water vapor in the gas dif-
fusion layer (m2 s�1)

DO2
binary diffusivity of oxygen in the water vapor
(m2 s�1)

DO2;eff effective diffusivity of oxygen in the gas diffusion
layer (m2 s�1)

Da Darcy number
Ec1, Ec2 coefficients in Eq. (40)
F Faraday’s constant (96487 C mol�1)
hv interstitial heat transfer coefficient (W m�3 K�1)
i local current density (A m�2)
k thermal conductivity (W m�1 K�1)
L length of the computational domain (m)
_m mass transfer rate (kg s�1)
p pressure (Pa)
P non-dimensional pressure
Pr Prandtl number

q local heat transfer rate (W m�2)
Q total heat transfer from the system (W)
Re Reynolds number
Rk fluid-to-solid conductivity ratio
RM1, RM2 coefficients in Eq. (29)
RN1, RN2 coefficients in Eq. (30)
SV surface area-to-volume ratio (m�1)
Sc Schmidt number
T temperature (K)
u, v velocity components in the x, and y directions,

respectively (m s�1)
U, V non-dimensional velocity components in the x,

and y direction
x, y coordinate system (m)
X, Y non-dimensional x and y coordinate

Greek symbols

a1, a2 coefficients in Eq. (23)
d thickness of the porous electrode (m)
e porosity of the porous electrode
j permeability of the porous electrode (m2)
q density (kg m�3)
g cathodic overpotential (V)
h non-dimensional temperature
/s solid-phase electric potential (V)
r electric conductivity (S m)
s tortuosity of the porous electrode
Us non-dimensional solid-phase electric potential

Subscripts

eff effective
f fluid phase
in inlet
loc local
o oxygen
out outlet
r or ref reference
s solid phase
SYS system
tot total
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temperature distributions in the porous electrode. In prac-
tical applications, however, the temperature difference
between the inlet and the outlet of a low-temperature fuel
cell (such as PEMFC, proton exchange membrane fuel cell)
is not large. In addition, the conductivities of the solid
matrix (such as carbon fibers) and the reactant fluid (such
as air) are quite different. That is the temperature between
the solid and the fluid phases may be different and thus
away from the local thermal equilibrium.

In the present study, a multi-physics model coupling
heat/mass transfer with electrochemical kinetics is devel-
oped to simulate the transport phenomena inside the por-
ous electrode of a low-temperature fuel cell. An LTNE
parameter is proposed to examine the extent of local ther-
mal non-equilibrium in a typical fuel cell electrode. Then,
numerical simulations based on a local thermal non-equi-
librium approach are carried out to study thermal-fluid
behaviors of porous electrode under varies LTNE parame-
ters. The present work together with the author’s another
effort [17] is the first attempt to develop a heat/mass cou-
pled model which is capable of predicting the fluid and
solid temperatures inside a fuel cell simultaneously.
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2. Criterion of local thermal non-equilibrium

Before undertaking the modeling, a preliminary analysis
using order-of-magnitude is conducted to assess the valida-
tion of the assumption of local thermal equilibrium in the
porous electrodes of fuel cells. Each temperature in the por-
ous electrode is depicted in Fig. 1. If the local thermal equi-
librium is valid, the temperature difference between the solid
phase (Ts) and the fluid phase (Tf) in a representative ele-
mentary volume (REV) of the porous electrode is much
smaller than that occurring over the system [18–20], i.e.,

DT loc � DT SYS ð1Þ
where DTSYS = jTf.out � Tf,inj and DTloc = jTs � Tfj. Con-
versely, the local thermal non-equilibrium becomes signifi-
cant as they have the same order, i.e.,

O
DT loc

DT SYS

� �
� 1 ð2Þ

In low-temperature fuel cells such as PEMFCs, the typ-
ical temperature difference (DTSYS) between the cell inlet
and outlet is only about 30–50 �C. Thus, a little tempera-
ture difference between the two phases may cause a signif-
icant local thermal non-equilibrium inside the porous
electrode.

The local heat flux in the REV is

q � hvDT loc=SV ð3Þ
where hv is the interstitial heat transfer coefficient between
the fluid and solid phases, and SV is the interfacial surface
area per unit volume. Then, the total heat transfer rate
from solid phase to fluid phase in the system can be ex-
pressed as

Q � as � ðhvDT loc=SVÞ ð4Þ
where as total wetted surface area in the porous electrode.

It is assumed that the heat transfer rate from the solid
phase to the fluid phase in the porous electrode is equal to
T
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Fig. 1. Schematic drawing of the local thermal non-equilibrium in the
porous electrode.
the heat transfer rate which is carried by the fluid flowing
through the porous electrode. Therefore, from the system
viewpoint, the total heat transfer rate can be expressed as

Q � _mcpDT SYS ð5Þ
where _m is the mass flow rate of the reactants and can be
expressed as _m ¼ qeas=ðSVtÞ. Each temperature difference
is obtained from Eqs. (4) and (5) as

DT loc �
Q

hvas=SV

ð6Þ

DT SYS �
Q

ðqcpÞfeas=ðSVtÞ ð7Þ

Therefore, the degree of the local thermal equilibrium (or
non-equilibrium) in the porous electrode is expressed as

O
DT loc

DT SYS

� �
� ðqcpÞfe

hvt
ð8Þ

The time scale t shown in the above equation as well as in
the mass flow rate ð _mÞ is represented by t = d/ud, where d
and ud are the electrode thickness (a characteristic length)
and pore velocity, respectively. It means the time require-
ment for flow traversing the porous electrode from the
module inlet to the active surfaces. The interstitial heat
transfer coefficient can be expressed by

hv ¼
Bi � ks;eff

d2
ð9Þ

where Bi is the Biot number of the solid matrix immersed in
the reactant fluid of the porous electrode. By substituting
Eq. (9) into Eq. (8) and using the following non-dimen-
sional parameters:

Preff ¼
lðcpÞf
kf ;eff

; Re ¼ udd
m

and Rk ¼
kf;eff

ks;eff

ð10Þ

the degree of local thermal equilibrium is presented by a
non-dimensional form

O
DT loc

DT SYS

� �
� ePreff ReRk=Bi ð11Þ

where Preff, Re, and Rk are the Prandtl number, the Rey-
nolds number, and the fluid-to-solid conductivity ratio,
respectively.

From Eq. (11), the significance of local thermal non-
equilibrium in a porous electrode increases as the LTNE
parameter ePreffReRk/Bi approaches unit. In contrast, it
becomes the local thermal equilibrium for ePreffReRk/
Bi� 1.

Up to the present time, the interstitial heat transfer coef-
ficient (hv in Eqs. (3) and (4)) of porous electrodes of a fuel
cell has not been measured yet in the open literature. The
fuel cell electrode consists of carbon-fiber matrices. In mor-
phology, it is somewhat like the aluminum foam. There-
fore, the data of interstitial heat transfer coefficient
obtained for the aluminum form is employed in the present
prediction. From the hv correlation of aluminum foams
measured by using the single-blowing technique [19],



Table 1
Porous electrode data sheet

Property name Solid phase Fluid phase

Physical propertiesa

Material Carbon fiber Oxygen
Bulk density, q 1100 kg m�3 1.13 kg m�3

Specific resistance, r�1 115 lX m –
Thermal conductivity, k 1.71 W m�1 K�1b 0.0268 W m�1 K�1

Coefficient of thermal expansion, b 9.0 · 10�7 K�1 3.33 · 10�3 K�1

Viscosity, m – 1.586 · 10�5 m2 s�1

Thermal diffusivity, af – 2.235 · 10�5 m2 s�1

Geometric properties
Porosity, e 48%
Thickness of the electrode, d 400 lm
Tortuosity of the electrode, s 1.5
Average pore diameter, d 33 lm
Permeability (O2), jc 1.57 · 10�12 m2

Flow properties
Volumetric heat transfer coefficient, hv 1.0 · 106 W m�3 K�1

(baseline case, assumed)
Pore velocity, ud for I(iAR) = 1 A at

stoichiometric flow ratio of 5
0.239 m s�1

Non-dimensional parameters
Conductivity ratio, Rk 0.01447
Prandtl number, Pr 0.709
Reynolds number, Re 6
Biot number, Bi 0.1799
ePrReRk/Bi 0.1644

a Data from manufacture.
b Oxygen at 25 �C with 15% RH, p = 0.15 atm, plate thickness: 2.5 cm, 51 L/m2 s.
c ASTM E1530.
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Fig. 2. Configuration of the computational domain.
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it varies from 3.0 · 104
6 hv 6 1.5 · 105 W m�3 K�1 for

0.7 < e < 0.95. Results also show that hv increases with
decreasing the porosity. Accordingly, the interfacial heat
transfer coefficient for the base-line case in the present
study is assumed to be hv = 1.0 · 106 W m�3 K�1 for
e = 0.5. Table 1 summarized the physical, geometric and
flow prosperities of a typical PEMFC. With an assumption
of hv = 1.0 · 106 W m�3 K�1, the value of the parameter
ePreffReRk/Bi is about 0.1644, which is large enough to
ensure the local thermal non-equilibrium in the porous
electrode of a fuel cell.

3. Numerical model

The schematic drawing of the present model is shown in
Fig. 2, which shows a typical module of an interdigitated
flow field plate. The computational module has a dimen-
sion of 400 lm (width) by 1600 lm (length). In the model,
the anodic reaction of a PEMFC is neglected due to its fast
kinetics [21], and therefore, only the oxygen reduction reac-
tion (ORR) on the cathode is considered [22], i.e.,

O2 þ 4Hþ þ 4e�$ 2H2O ð12Þ

The oxygen–water vapor mixture enters the porous cath-
ode from the module inlet (inlet channel), then transverses
the porous electrode to the reaction surfaces. The electro-
chemical reaction occurs on the reaction surfaces to con-
sume the oxygen ðCO2
Þ and meanwhile produce the water

vapor ðCH2OÞ and the current (I). In addition, a consider-
able mount of heat (Qw) is generated on the surfaces by
the overpotential heating, and partly by irreversibility.
All products and un-reacted reactants either exit from the
module outlet or conduct through the rib surfaces.
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3.1. Assumptions

The following assumptions are used in this model:

(1) Gas mixtures are ideal gas.
(2) The fluid flow is steady, laminar, and incompressible;

its thermal physical properties are constant.
(3) Porous electrode is homogeneous and isotropic with

uniform morphological properties such as porosity,
tortuosity and permeability.

(4) Water in the electrode exits as vapor only.
(5) Catalyst layer is treated as an ultra-thin layer; thus

the oxygen reduction reaction is considered to occur
only at the surfaces of the catalyst layer.

(6) The inlet fluid and rib-surface temperatures are
uniform.
3.2. Velocity distributions

In the porous electrode, the Brinkman-extended Darcy
equations together with the mass conservation are solved
to obtain the velocity profiles and pressure distributions.

qf u
ou
ox
þ qfv

ou
oy
¼ � op

ox
þ l

o
2u

ox2
þ o

2u
oy2

� �
� l

j
eu ð13Þ

qf u
ov
ox
þ qfv

ov
oy
¼ � op

oy
þ l

o2v
ox2
þ o2v

oy2

� �
� l

j
ev ð14Þ

oðqf uÞ
ox

þ oðqfvÞ
oy

¼ 0 ð15Þ

Using the non-dimensional parameters of ud ¼
_m

qfAe
, X ¼

x
d

, Y ¼ y
d

, U ¼ u
ud

, V ¼ v
ud

, P ¼ p
qfu

2
d

, Da ¼ j

d2
, and Re ¼

udd
m

, the above equations are further reduced to dimension-

less forms of:

U
oU
oX
þ V

oU
oY
¼ � oP

oX
þ 1

Re
o2U

oX 2
þ o2U

oY 2

� �
� 1

Re � Da
eU

ð16Þ

U
oV
oX
þ V

oV
oY
¼ � oP

oY
þ 1

Re
o2V

oX 2
þ o2V

oY 2

� �
� 1

Re � Da
eV

ð17Þ
oU
oX
þ oV

oY
¼ 0 ð18Þ

On the reaction surfaces, U = 0, V = 0 and
oP
oX
¼ 0

3.3. Concentration distributions

The species transports of the oxygen and water vapor in
the porous cathode can be governed by the following
equations:

u
ocO2

ox
þ v

ocO2

oy
¼ DO2;eff

o2cO2

ox2
þ o2cO2

oy2

� �
ð19Þ

u
ocH2O

ox
þ v

ocH2O

oy
¼ DH2O;eff

o2cH2O

ox2
þ o2cH2O

oy2

� �
ð20Þ
where DO2;eff and DH2O;eff are the effective diffusivities of the
oxygen and water vapor in the porous electrode, respec-
tively, which follow the Bruggemann model [23], i.e.,

DO2;eff ¼ esDO2
ð21Þ

DH2O;eff ¼ esDH2O ð22Þ

According to the Butler–Volmer correlation [24], the rate
of electrochemical reaction on the reaction surfaces can
be described by the relationship of the local current density
and the reactant concentrations, i.e.,

i ¼ ird þ iox ¼ a1
cO2

cO2;ref

� �
� a2

cH2O

cH2O;ref

� �2

ð23Þ

a1 and a2 are electrochemical coefficients depending on the
exchange current density and the overpotential on the elec-
trode surfaces. They are regarded as constants in the pres-
ent simulation. The first term of the right-hand side of Eq.
(23) is the reductive current representing the strength of
forward reaction, while the second term is the oxidative
current that has an opposed effect on the oxygen reduction
reaction. From Eq. (12), the oxygen consumed rate on the
reaction surfaces by the ORR should be equal to the pro-
duced current. Therefore, the balance of the oxygen con-
centration on the reaction boundary becomes

�DO2;eff

ocO2

ox
¼ i

4F
ð24Þ

That is

DO2;eff

ocO2

ox
þ a1

4F
cO2

cO2;ref

� �
� a2

4F
cH2O

cH2O;ref

� �2

¼ 0 ð25Þ

Similarly, the conservation of water–vapor concentration
on the reaction surfaces is

DH2O;eff
ocH2O

ox
� a2

2F
cH2O

cH2O;ref

� �2

þ a1

2F
cO2

cO2;ref

� �
¼ 0 ð26Þ

By using the following non-dimensional parameters of

CH2O ¼
cH2O

ctot

; CH2O;ref ¼
cH2O;ref

ctot

; CO2
¼ cO2

ctot

;

CO2;ref ¼
cO2;ref

ctot

; ScO2
¼ m

DO2;eff

; ScH2O ¼
m

DH2O;eff

;

RM1 ¼
a1d

4FctotDO2;eff

; RM2 ¼
a2d

4FctotDO2;eff

;

RN1 ¼
a1d

2FctotDH2O;eff

; and RN2 ¼
a2d

2FctotDH2O;eff

;

the dimensionless forms of the species transport equations
can be written as

U
oCO2

oX
þ V

oCO2

oY
¼ 1

Re � ScO2

o2CO2

oX 2
þ o2CO2

oY 2

� �
ð27Þ

U
oCH2O

oX
þ V

oCH2O

oY
¼ 1

Re � ScH2O

o2CH2O

oX 2
þ o2CH2O

oY 2

� �
ð28Þ
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The boundary conditions on the reaction surfaces are

oCO2

oX
þ RM1CO2

� RM2ðCH2OÞ2 ¼ 0 ð29Þ

oCH2O

oX
� RN2ðCH2OÞ2 þ RN1CO2

¼ 0 ð30Þ
3.4. Temperature distributions

The energy equations are developed by application of
the local volume-average technique. This averaging process
may obscure local pore phenomena that contribute to the
global transport. Energy equations for the solid and fluid
phases are as follows:

0 ¼ ks;eff
o

2T s

ox2
þ o

2T s

oy2

� �
� hvðT s � T fÞ ð31Þ

ðqcpÞfu
oT f

ox
þ ðqcpÞf v

oT f

oy

¼ kf ;eff

o2T f

ox2
þ o2T f

oy2

� �
þ hvðT s � T fÞ ð32Þ

The effective thermal conductivities of both phases are
respectively defined as

ks;eff ¼ ð1� eÞks ð33Þ
kf;eff ¼ ekf ð34Þ

On the ORR surfaces, the heat generation by the elec-
trochemical reaction for an isobaric fuel cell system [25]
can be represents by

q ¼ igþmixing enthalpy changeþ phase

� change enthalpy change ð35Þ
where g is the cathode overpotential. The second term (the
enthalpy-of-mixing term) represents the heat effect associ-
ated with concentration gradients developed in the cell.
The last term stands for the heat transfer due to phase
changes. If the enthalpy changes due to the mixing and
phase change (the 3rd and 4th terms of Eq. (35)) are
neglecting [26], the energy balance at the reaction surfaces
can be written as

�ks;eff

oT s

ox
� kf;eff

oT f

ox
¼ ig ð36Þ

In addition, on the reaction surfaces, the fluid and solid
phases have the same temperature, i.e.,

T f ¼ T s ð37Þ
The above equations can be non-dimensionalized by using
the non-dimensional variables

h ¼ T � T r

T f;in � T r

; Preff ¼
lðcpÞf
kf;eff

; Bi ¼ hvd
2

ks;eff

;

Rk ¼
kf ;eff

ks;eff

; Ec1 ¼
a1gd

ks;effðT f;in � T rÞCO2;ref

; and

Ec2 ¼
a2gd

ks;effðT f ;in � T rÞC2
H2O;ref

.

The dimensionless forms of the two-equation model
thus become

0 ¼ o2hs

oX 2
þ o2hs

oY 2
� Biðhs � hfÞ ð38Þ

U
ohf

oX
þ V

ohf

oY
¼ 1

Re � Preff

o
2hf

oX 2
þ o

2hf

oY 2

� �

þ Bi
RePreffRk

ðhs � hfÞ ð39Þ

The boundary conditions on the reaction surfaces are

ohs

oX
þ Rk

ohf

oX
þ Ec1CO2

� Ec2C2
H2O ¼ 0 ð40Þ

hf ¼ hs ð41Þ

It is noted that using a given interstitial heat transfer
coefficient (hv) together with the prescribed values of geo-
metric properties, physical properties, measured inlet air
temperatures, and a volumetric flow rate, the solid and
fluid phase temperatures can be solved.

3.5. Charge transfer

The conservation of electric potential in the solid phase
of the porous electrode can be expressed as

o2/s

ox2
þ o2/s

oy2
¼ 0 ð42Þ

On the reaction surfaces, the electric potential gradient
driving the current generated by the electrochemical reac-
tion is

�rs;eff

o/s

ox
¼ a1

cO2

cO2;ref

� �
� a2

cH2O

cH2O;ref

� �2

ð43Þ

Using the non-dimensional solid phase potential, Us ¼
F /s

RT r

,
the above equations become

o
2Us

oX 2
þ o

2Us

oY 2
¼ 0 ð44Þ

oUs

oX
¼ a1CO2

� a2C2
H2O ð45Þ

where

a1 ¼
F da1

RT rrs;effCO2;reff

and

a2 ¼
F da2

RT rrs;effC
2
H2O;ref

Conditions for the other boundaries of the present com-
putational domain can be summarized as follows.

At the module inlet

P ¼ P in; CO2
¼ CO2;in; CH2O ¼ CH2O;in;

hf ¼ hf ;in;
ohs

oX
¼ Biðhs � hfÞ;

oUs

oX
¼ 0 ð46Þ
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At the current collector surface

oP
oX
¼ 0; U ¼ V ¼ 0; hs ¼ 1;

ohf

oX
¼ Bi

Preff ReRk
ðhs � hfÞ; Us ¼ 0 ð47Þ

At the module outlet

P ¼ P out;
oCO2

oX
¼ oCH2O

oX
¼ 0;

ohf

oX
¼ 0;

ohs

oX
¼ Biðhs � hfÞ;

oUs

oX
¼ 0 ð48Þ
Fig. 3. Flow velocity distributions across the porous electrode, Re = 10.
3.6. Numerical methodology

The governing equations are numerically solved by the
finite-element-based commercial code [27]. It uses the Broy-
den’s method with an LU-decomposition pre-conditioner
to solve the non-linear equations iteratively. A penalty
term is employed for pressure to reduce continuity errors.
Thus, there is a continuous part of the pressure and piece-
wise constant part providing and extra DOF (degree of
freedom) for pressure on each element. It uses Newton–
Raphson iteration to solve the close-coupled groups (veloc-
ity, pressure, temperature, concentration and electricity)
and uses the frontal algorithm (Gaussian elimination) to
solve the linearized system of equations for each iteration.
Variable grids in the x-direction and uniform grids in the
y-direction were employed in the present study [28]. Solu-
tions are considered to be converged when all residual
sources (including mass, momentum, temperature, species
and charge) were less than 1.0 · 10�6. A typical simulation
requires about 60 min of central processing unit time on a
Pentium IV 2.0 GHz PC.

4. Results and discussion

Before the discussion of the numerical results, it requires
to validate the numerical model by comparing the present
numerical results with the available experimental data.
To this aim, the authors have made a comparison of the
polarization curve between the numerical predictions with
the experimental data under adiabatic conditions elsewhere
[29]. The agreement for the comparison is acceptable, indi-
cating that the results obtained by the present model are
reliable.

4.1. Thermal-fluid fields

Fig. 3 shows the flow velocity vectors (composed by U

and V) inside the porous electrode. The Reynolds number
and Darcy number are fixed at Re = 10 and Da = 9.8 ·
10�6, respectively. Two point indications in Fig. 3 represent
the locations and values of the maximum and minimum
velocities, respectively. It is seen from Fig. 3 that the veloc-
ity is higher in the core region between the rib surfaces and
the reaction surfaces. In addition, due to the flow-turning
effect, the velocities around the bottom-left and top-left
corners (i.e., the corners formed by two symmetric planes
and the reaction surfaces) of the module are rather small.
The small flow velocity weakens the forced convection,
thus reduces the heat/mass transfer capability. It will be
shown later.

Figs. 4(a) and 4(b) compare the distributions of the
fluid-phase temperature (hf) and the solid-phase tempera-
ture (hs) in the porous electrode under various eRe-

PreffRk/Bi. At Fig. 4(a), the flow parameters of interstitial
heat transfer coefficient is assumed as hv = 5.0 · 105, while
the Reynolds number is fixed at Re = 10. Using the typical
values of Preff and Rk shown in Table 1, the LNTE param-
eter eRePreffRk/Bi becomes 0.548. Clearly, the temperature
distributions are rather different between these two phases.
The low and uniform fluid temperature from the inlet grad-
ually increases as the flow approaching the ORR surfaces.
The turning flow from the module inlet washes the reaction
surface (Fig. 3), and thus results in a relatively low temper-
ature on in the middle region near the reaction surfaces
(about Y = 0.7–0.9). The local maximum fluid-phase tem-
peratures occur at the abovementioned two corners where
the fluid is nearly stagnant (Fig. 3). As for the solid-phase
temperature, the temperature gradients near the isothermal
rib surfaces are significant. The isothermal rib acts as a heat
sink to absorb the heat generated by the ORR on the reac-
tion surfaces. Similarly, the local maximum solid-phase



Fig. 4(a). Comparison of fluid-phase and solid-phase temperature distributions inside the porous electrode for Re = 10, and ePreffReRk/Bi = 0.548.
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temperatures occur at two corners formed by the two sym-
metric planes and the reaction surfaces.

As the parameter eRePreffRk/Bi decreases to 2.74 · 10�3,
as shown in Fig. 4(b), the temperature distributions between
the solid phase and fluid phase do not different two much.
The most significant difference occurs near the module inlet
where the uniform inlet fluid temperature is lower than the
solid one, meaning that the heat is transferred from the solid
to the fluid. A large similarity in the temperature distribu-
tion between the solid phase and fluid phase gives an indica-
tion that the thermal-fluid field in the porous electrode has
approached the local thermal equilibrium.

Fig. 5(a) and (b) shows the heat flux across the fluid
phase and solid phase of the porous electrode, respectively.
The Reynolds number and LNTE parameter are fixed at
Re = 10. eRePreffRk/Bi = 0.548, respectively. The point
indications shown in each plot mean the locations and val-
ues of the maximum or minimum heat fluxes. In the fluid
phase, the heat is carried by the fluid, and thus the convec-
tion dominates the heat transfer mechanisms. Therefore,
the patterns of heat-flux vectors (Fig. 5(a)) are largely sim-
ilar to those of the velocity vectors in the fluid-flow field
(Fig. 3). In contrast, the heat traverses the solid matrix of
the porous electrode mainly by conduction. The heat-flux
vectors direct from the reaction surfaces toward the iso-
thermal rib surfaces. The maximum conductive heat flux
occurs at the surfaces attached to the rib upper corner.

4.2. Wall heat flux and Nusselt number

Fig. 6 shows the wall heat flux along the ORR surfaces
(X = 0). The heat generated by the ORR on the reaction
surfaces is transferred either by the solid or by the fluid.
The non-dimensional heat flux through the solid and fluid
phases on the reaction surfaces can be represented by Qs ¼
� ohs

oX

� �
w

and Qf ¼ �Rk
ohf

oX

� �
w

, respectively. It is seen that

the heat transfer by the solid-phase conduction on the reac-
tion wall is greatly higher than that by the fluid phase. This
is because the significantly higher thermal conductivity of
the solid phase (Table 1) can provide a wider thermal path-
way for channeling out the heat. It is further seen that the
total wall heat flux decreases with increasing Y. This is
because the heat generation by electrochemical reaction is
reduced due to the decrease in the oxygen concentration
along the Y direction, which will be shown later.



Fig. 4(b). Comparison of fluid-phase and solid-phase temperature distributions inside the porous electrode for Re = 10, ePreffReRk/Bi = 2.74 · 10�3.
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Fig. 7 shows the distributions of wall temperature and
Nusselt number on the reaction surfaces. It is seen that
the wall temperature decreases to a local minimum at
about y = 0.8 mm and then increases to a local maximum
at y = 1.6 mm. It is reasonable because the region of local
minimum temperature faces the cold rib surfaces, and thus
has a shorter distance to transfer the heat from the hot
reaction wall to the cold rib surfaces. In addition, the wash-
ing effect by the cold turning flow, to a certain extent,
reduces the wall temperature.

The Nusselt number on the reaction surfaces can be
defined as the ratio of heat dissipation from the reaction
surface to the temperature difference, i.e.,

Nu ¼ qwd
kfðT f ;in � T rÞ

¼
�ks;eff

oT s

ox
� kf ;eff

oT f

ox

� �
w

d

kfðT f ;in � T rÞ

¼ � kf;eff

kf

1

Rk

ohs

oX
þ ohf

oX

� �
w

ð49Þ

Since kf,eff = ekf, therefore the above equation can be fur-
ther reduced to

Nu ¼ �e
1

Rk

ohs

oX
þ ohf

oX

� �
w

ð50Þ
It is seen from Fig. 7, the Nusselt numbers on the reac-
tion surfaces range from 5.10 to 5.36. The maximum Nu
occurs at Y = 0.6. In general, the Nu distribution has an
adverse trend as that of wall temperature on the reaction
surfaces.

4.3. Concentration distributions

Fig. 8(a) and (b) shows the oxygen and water–vapor
concentration distributions in the porous electrode, respec-
tively. The composition of the oxygen–water vapor mixture
at the module inlet is CO2

¼ 0:9 and CH2O ¼ 0:1. The Rey-
nolds number and LTNE parameter are fixed Re = 10 and
eRePreffRk/Bi = 0.548, respectively. The development of
oxygen concentration distribution is closely related to the
flow evolution shown in Fig. 3. It is seen that high-concen-
trated oxygen from the entrance of the module decreases
as the flow approaches the reaction surfaces and moves
downstream. The lowest values of CO2

are found in upper
corner adjacent the reaction surfaces. In this region, some
oxygen has been depleted by the upstream reaction, and
the stagnant fluid (Fig. 3) cannot refresh the oxygen. It is
further seen from Fig. 8(b) that the CH2O distributions just
compensate for those of CO2

. It increases along the flow



Fig. 5. Comparison of the heat flux across the solid phase and fluid phase of the porous electrode, Re = 10, and ePreffReRk/Bi = 0.548.
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direction due to the convective accumulation downstream of
the water vapor generated on the ORR surfaces (Eq. (12)).
Fig. 9 shows the oxygen and water vapor concentrations
distribution along the reaction surfaces (X = 0). It is seen



Fig. 8. Concentration distributions of O2 and H2O in the porous electrode, Re = 10, and ePreffReRk/Bi = 0.548.
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that the oxygen/water vapor concentrations decreases/
increases along the Y direction due to the ORR on the reac-
tion surface. The decrease in the oxygen concentration
results in the decrease of heat generation on the reaction
surfaces (Fig. 6).

4.4. Electric fields

Fig. 10 shows the current density as well as the electric
potential distributions within the module. The current–
density vectors are heading for the rib surfaces. The arrows
indicate the direction and the magnitude of the current
density. It is seen that both current density and the electric
potential distribution are roughly symmetric about the
mid-plane of the module (Y = 0.8). Because the electric
properties employed are thermally independent, the electric
field in the porous electrode does not affect by the thermal-
fluid fields in essential. The only way to modify the electric
field is to alter the reactant concentrations on the reaction
surfaces by electrochemical reactions (Eq. (45)).

5. Conclusions

A multi-physics model coupling heat/mass transfer with
electrochemical kinetics has been performed to simulate the
transport phenomena inside the porous electrode of a



Fig. 10. Electric potential and current density distribution in the porous
electrode, Re = 10, and ePreffReRk/Bi = 0.548.
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low-temperature fuel cell. The unique features of this
model are the first implementation of the local thermal
non-equilibrium model coupled with the reactant concen-
tration field which allows for a more realistic variation of
the thermal-fluid and electrochemical kinetics in the porous
electrode of fuel cells. In addition, the local thermal non-
equilibrium characteristics of a typical porous electrode
of fuel cells have been verified by using the LTNE param-
eter eRePreffRk/Bi for the first time. It is found that as the
LTNE parameter eRePreffRk/Bi approach unit, the local
thermal non-equilibrium becomes significant. Moreover,
this model is capable of providing a cost-effective tool to
accurately predict the cell thermal-fluid and electrochemi-
cal behaviors, such as flow velocities, reactant concentra-
tions and current densities in the porous electrode of fuel
cells. Most important, the heat/mass transfer mechanisms
together with the thermal pathways in the fuel cell have
been clearly identified. It would be beneficial for further
accurate analyses of the fuel-cell thermal performance by
considering the temperature-dependent physical properties
inside the fuel cell.
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