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bstract

In this study, both solid-phase and fluid-phase temperatures inside a porous cathode of a polymer electrolyte fuel cell in contact with an
nterdigitated gas distributor are predicted numerically. The porous cathode consists of a catalyst layer and a diffusion layer. The heat transfer in
he catalyst layer is coupled with species transports via a macroscopic electrochemical model. On the other hand, in the diffusion layer, the energy
quations based on the local thermal non-equilibrium (LTNE) are derived to resolve the temperature difference between the solid phase and the
uid phase. As for the species transports, the Bruggemann model is employed to describe the effective diffusivities of the oxygen and water vapor

n the porous cathode. Results show that the wall temperature decreases with increasing the intrinsic heat transfer coefficient. As the intrinsic heat

ransfer coefficients increase, the porous electrode becomes local thermal equilibrium with a strong thermal interaction (heat transfer) between the
olid and fluid phases. Under the conditions of high intrinsic heat transfer coefficients, the temperature difference between the solid matrices and
he reactant fluids are negligible.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Thermal transports in a polymer electrolyte fuel cell (PEFC)
ave received a particular attention due to their strong effect
n the fuel cell durability. The electrode of a PEFC is a typi-
al porous medium. In this medium, the heat dissipation by the
lectrochemical reaction in the active layer of a fuel cell should
e removed thoroughly to sustain proper operation.

There are two tasks in the thermal management of a low-
emperature fuel cell. The first is to optimize the operating
emperature range that avoids the local hot spot as well as the
ater flooding. The second task is to keep a uniform temper-

ture distribution that avoids the thermal stress in the porous
lectrode. Therefore, a superior thermal management becomes

ritical for safely operating and prolonging a fuel cell.

However, most investigations about the porous electrode of a
uel cell did not consider thermal transports [1–5] and only a few

∗ Corresponding author. Tel.: +886 35507641; fax: +886 422518272.
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yer; Local thermal non-equilibrium (LTNE)

iscussed the thermal behaviours in the porous electrode based
n the local thermal equilibrium (LTE) assumption [6–9]. The
TE approach is simple and straightforward but is only appli-
able if the temperature difference between the solid and the
uid phases is very small. The so-called one-equation model

s employed to resolve the phase-mixing temperatures in the
orous medium. When the temperature difference is signifi-
ant, it becomes a local thermal non-equilibrium (LTNE). The
ne-equation model is invalid, and should be modified with the
wo-equation model, which treats the solid-phase temperature
nd the fluid-phase temperature separately. An analysis of heat
ransfer in a porous medium based on the two-equation model is

ore involved because it requires interstitial information inside
he porous medium such as heat transfer coefficient between the
uid and solid phases and the interfacial surface area [10–12].
ue to this difficulty, most investigations about the porous elec-

rode of a fuel cell resorted to using the one-equation model to

btain the phase-mixing temperatures.

Studies discussing the phase-temperature difference between
he reactant fluids and the solid matrices inside the porous elec-
rode of a polymer electrolyte fuel cell are rather sparse [13,14],

mailto:rjhome@ms4.kntech.com.tw
dx.doi.org/10.1016/j.jpowsour.2006.03.010


C.H. Chao, A.J.J. Hwang / Journal of Power Sources 160 (2006) 1122–1130 1123

Nomenclature

Bi Biot number
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)
d pore diameter of the porous medium (m)
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. (23)
F Faraday’s constant (96487 C mol−1)
hV interstitial heat transfer coefficient in the porous

medium (W m−3 K−1)
I current (A)
k thermal conductivity (W m−1 K−1)
L length of the computational domain, 160 �m (m)
ṁ mass flux (kg m−2 s−1)
p pressure (Pa)
P non-dimensional pressure
Pr Prandtl number
Q heat dissipation by the electrochemical reaction

(W)
Re Reynolds number
RM1, RM2 coefficients in Eq. (24)
RN1, RN2 coefficients in Eq. (25)
R� ohmic resistance (�)
SV surface area-to-volume ratio (m−1)
Sc Schmidt number
St Stanton 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 directions
W channel width, 40 �m
Ws shoulder width, 80 �m
x, y coordinate system (m)
X, Y non-dimensional x and y coordinate

Greek symbols
α1, α2 coefficients in Eq. (11)
δ thickness of the diffusion layer, 40 �m (m)
δc thickness of the catalyst layer, 10 �m (m)
ε porosity of the diffusion layer
εC porosity of the catalyst layer
η cathodic overpotential (V)
θ non-dimensional temperature
κ permeability (m2)
ρ density (kg m−3)
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τ tortuosity

nd this has motivated the present research to develop a two-
quation model to predict the fluid and solid temperatures inside
he porous electrode of a polymer electrolyte fuel cell. The
ffects of the intrinsic heat transfer coefficient of the porous elec-
rode on the heat/mass transfer mechanisms are examined and, as
result, thermal paths in a porous cathode of polymer electrolyte

uel cell are clearly identified. It would be of assistance for fur-
her accurate analyses of the fuel-cell thermal performance by
onsidering the thermally dependent physical properties inside
polymer electrolyte fuel cell.

. Numerical model

Fig. 1(a) shows a sectional view of a porous cathode in contact
ith an interdigitated flow field of a polymer electrolyte fuel

ell. The present computational module is limited in the module
hown in Fig. 1(b). The oxygen reduction reaction (ORR) on the
athode is considered in the present model.

2(g) + 4H+ + 4e− ↔ 2H2O(g) (1)

The oxygen–water vapour mixture enters the porous cathode
orm the module inlet (inlet channel), and then transverses the
iffusion layer to the catalyst layer. The electrochemical reaction
ccurring in the catalyst layer consumes the oxygen (CO2 ) and,
eanwhile, produces the water vapour (CH2O). In addition, the

eat (Q) is generated by the overpotential and irreversibility
uring the electrochemical reaction. Either the fluid or the solid
emoves it. The assumptions in this model include: (i) mixtures
re ideal gas; (ii) flow is steady, laminar, and incompressible; (iii)
hermal physical properties are constant; (iv) porous electrode is
omogeneous and isotropic; (v) water exits as vapour only and
vi) both inlet-fluid temperature and rib-surface temperature are
niform.

.1. Governing equations

In the porous layers, the steady volume-averaged continuity

nd momentum equations that govern fluid flow are given by

∂(ρfu)

∂x
+ ∂(ρfv)

∂y
= Sc (2)
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Fig. 1. (a) Schematic drawing of porous electrode of the interd

fu
∂u

∂x
+ ρfv

∂u

∂y
= −∂p

∂x
+ µ

(
∂2u

∂x2 + ∂2u

∂y2

)
+ Su (3)

fu
∂v

∂x
+ ρfv

∂v

∂y
= −∂p

∂y
+ µ

(
∂2v

∂x2 + ∂2v

∂y2

)
+ Sv (4)

he source terms in Eqs. (3) and (4) relate to the traditional
arcy dissipation. It is used to account for the pressure drop
ue to viscous friction at the surfaces of carbon fibbers, i.e.,
u = −εµu/κ and Sv = −εµv/κ, respectively. As for the energy
quations, the two-equation model is used to describe the ther-
al behaviour in the diffusion layer [12]. The energy equations

or solid and fluid phases, respectively, are:

= ks,eff

(
∂2Ts

∂x2 + ∂2Ts

∂y2

)
− hV(Ts − Tf) − i2s

σs,eff
(5)

ρcp)fu
∂Tf

∂x
+ (ρcp)fv

∂Tf

∂y
= kf,eff

(
∂2Tf

∂x2 + ∂2Tf

∂y2

)

+ hV (Ts − Tf) (6)

The last two terms of Eq. (5) mean the convective heat
elivered to the reactant fluids from the carbon fibers and the
oule-heating effect, respectively. The last term of Eq. (6) rep-
esents the heat received by the reactant fluids from the carbon
bers.

The effective thermal conductivities for the solid phase and
he fluid phase are respectively defined as

s,eff = (1 − ε)ks (7)

f,eff = εkf (8)

In the catalyst layer, physically, the electrochemical reaction

ccurs at the interface of reactant (fluid) and catalyst (solid)
nder a fixed temperature. Therefore, the fluid and solid phases
n the catalyst layer have the same local temperatures, i.e.,

f = Ts (9)

p
m

D

ed flow field. (b) Configuration of the computational domain.

ρcp)fu
∂Tf

∂x
+ (ρcp)fv

∂Tf

∂y
= kc,eff

(
∂2Tf

∂x2 + ∂2Tf

∂y2

)
+ jTη

(10)

he source term jTη represents the overpotential heating by the
lectrochemical reaction. According to the Butler-Volmer cor-
elation [15], the relationship between the local transfer current
ensity and the reactant concentrations can be described as the
ollowing equation.

T = α1

(
cO2

cO2,ref

)
− α2

(
cH2O

cH2O,ref

)2

(11)

1 and α2 are electrochemical coefficients depending on the
xchange current density, the overpotential on the electrode sur-
aces, and the reacting temperature. It is known that the kinetics
f oxygen reduction reaction is related to the temperature. Since
he temperature variation in reacting layer for the PEFC is small,
he temperature effect on the kinetics of ORR is negligible. Con-
equently, the coefficients α1 and α2 are regarded as constants
n the present model.

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

∂cO2

∂x
+ v

∂cO2

∂y
= DO2,eff

(
∂2cO2

∂x2 + ∂2cO2

∂y2

)
+ SO2 (12)

∂cH2O

∂x
+ v

∂cH2O

∂y
= DH2O,eff

(
∂2cH2O

∂x2 + ∂2cH2O

∂y2

)
+ SH2O

(13)

In the catalyst layer, the sources terms for oxygen trans-
ort and water-vapor transport are SO2 = jT/4F and SH2O =
jT/2F , respectively. In the diffusion layer, they are 0. The

ffective diffusivities of the oxygen and water vapour in the

orous electrode, DO2,eff and DH2O,eff, follows the Bruggemann
odel [16], i.e.,

O2,eff = ετDO2 (14)
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Table 1
Governing equations of the present model

Equations S�

Diffusion layer Catalyst layer

Mass ∂U
∂X

+ ∂V

∂Y
= SΦ 0 S�

Momentum U
∂U

∂X
+ V

∂U

∂Y
= − ∂P

∂X
+ 1

Re

(
∂2U

∂X2
+ ∂2U

∂Y2

)
+ SΦ − 1

ReDa
εU − 1

ReDa
εCU

U
∂V

∂X
+ V

∂V

∂Y
= − ∂P

∂Y
+ 1

Re

(
∂2V

∂X2
+ ∂2V

∂Y2

)
+ SΦ − 1

ReDa
εV − 1

ReDa
εCV

Energy, diffusion layer 0 = ∂2θs

∂X2
+ ∂2θs

∂Y2
+ SΦ Bi(θf − θs) –

U
∂θf

∂X
+ V

∂θf

∂Y
= 1

RePreff

(
∂2θf

∂X2
+ ∂2θf

∂Y2

)
+ SΦ St(θs − θf) –

Energy, catalyst layer θs = θf – –

U
∂θf

∂X
+ V

∂θf

∂Y
= 1

RePreff

(
∂2θf

∂X2
+ ∂2θf

∂Y2

)
+ SΦ –

1

RePreff
[Ec1CO2 − Ec2(CH2O)2]

Species U
∂CO2

∂X
+ V

∂CO2

∂Y
= 1

ReScO2

(
∂2CO2

∂X2
+ ∂2CO2

∂Y2

)
+ SΦ 0

1

ReScO2

[RM1CO2 − RM2(CH2O)2]

U
∂CH2O

∂X
+ V

∂CH2O

∂Y
= 1

ReScH2O

(
∂2CH2O

∂X2
+ ∂2CH2O

∂Y2

)
+ SΦ 0

1

ReScH2O
[RN1CO2 − RN2(CH2O)2]

Non-dimensional parameters X = x

δ
, Y = y

δ
, ud = ṁ

ρfAε
, U = u

ud
, V = v

ud
, P = p

ρfu
2
d

, CO2 = cO2

ctot
,

CO2,ref = cO2,ref

ctot
, CH2O = cH2O

ctot
, CH2O, ref = cH2O, ref

ctot
, θ = T − Tr

Tf,in − Tr
, Re = udδ

ν
,

Preff = µ(cp)f

kf,eff
, Bi = hsSV δ2

ks,eff
, St = hsSV δ

(ρcp)fud
, ScO2 = ν

DO2,eff
, ScH2O = ν

DH2O, eff
,

RM1 = α1δ
2

4FctotDO2,eff
, RM2 = α2δ

2

4FctotDO2,eff
, Da = κ

δ2
, RN1 = α1δ

2

2FctotDH2O,eff
,

RN2 = α2δ
2

2FctotDH O,eff
, Rk = kf,eff

ks,eff
, Ec1 = α1ηδ2

ks,eff(Tf,in − Tr)CO ,ref
, Ec2 = α2ηδ2

ks,eff(Tf,in − Tr)C2

T
P

P

P

G

F

2

able 2
orous electrode data sheet

roperty name

hysical propertiesa Material
Bulk density, ρ

Specific resistance, σ−1

Thermal conductivity, k

eometric properties Diffusion layer porosity, ε

Catalyst layer porosity, εC

Diffusion layer thickness, δ

Catalyst layer thickness, δC

Diffusion layer tortuosity, τ

Catalyst layer tortuosity, τ

Average pore diameter, d
Diffusion layer permeability, κc

Catalyst layer permeability, κC
c

low properties Interstitial heat transfer coefficient, hV

Surface-to-volume ratio, SV

Pore velocity, ud for I = 2.0 A at stoichiom

a Data from manufacture (Toray).
b Oxygen at 25 ◦C with 15% RH; p = 0.15 atm; plate thickness, 2.5 cm; 51 L m−2 s−
c ASTM E1530.
2 H2O,ref

Carbon fiber
1100 kg m−3

115 �� m
1.71 W m−1 K−1b

48%
42%
400 �m
100 �m
1.5
1.5
33 �m
1.57 × 10−12 m2

1.02 × 10−12 m2

1.0 × 103 to 1.0 × 109 W m−3 (assumed)
1.0 × 103 m−1 (assumed)

etric flow ratio 5 0.478 m s−1

1.
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H2O,eff = ετDH2O (15)

The above governing equations can be deduced to dimen-
ionless forms of using proper non-dimensional parameters in
able 1. Note that according to the results obtained by using

he order-of-magnitude analysis [17], the Stanton number of a
ypical diffusion layer is about 1.

.2. Boundary conditions

The boundary conditions for of the present computational
omain are summarized as follows:

1) At the module inlet,

P = Pin, θf = θf,in,
∂θs

∂X
= Bi(θs − θf),
CO2 = 0.9, CH2O = 0.1 (16)

The relative humidity of the inlet gases is about 50% RH at
the operation temperature of 60 ◦C.

ig. 2. Velocity distributions inside of porous cathode of a polymer electrolyte
uel cell.

Fig. 3. Comparison of fluid-phase and solid-phase temperature distributions
inside the porous electrode for Re = 6, Da = 9.8 × 10−6, and St = 0.74.

Fig. 4. Comparison of fluid-phase and solid-phase temperature distributions
inside the porous electrode for Re = 6, Da = 9.8 × 10-6, and St = 14.73.
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less significant. It means that the porous medium approaches
the local thermal equilibrium. As the Stanton number further
increases to St = 1.47 × 103, as shown in Fig. 5, the distribu-
tions of the fluid-phase and solid-phase temperatures are almost
C.H. Chao, A.J.J. Hwang / Journal

2) At the rib (current collector) surfaces,

∂P

∂X
= 0, U = V = 0, θs = 1,

∂θf

∂X
= St(θs − θf),

∂CO2

∂X
= ∂CH2O

∂X
= 0 (17)

3) At the interface of the membrane and the catalyst layer
(X = −0.1),

U = V = 0,

∂P

∂X
= ∂θs

∂X
= ∂θf

∂X
= ∂CO2

∂X
= ∂CH2O

∂X
= 0 (18)

4) At the symmetric planes,

∂P

∂Y
= ∂U

∂Y
= ∂V

∂Y
= ∂θs

∂Y
= ∂θf

∂Y
= ∂CO2

∂Y
= ∂CH2O

∂Y
= 0

(19)

5) At the module outlet,

P = Pout,
∂θf

∂X
= 0,

∂θs

∂X
= Bi(θs − θf),

∂CO2

∂X
= ∂CH2O

∂X
= 0 (20)

.3. Numerical approaches

The governing equations are numerically solved by the finite-
lement method. It uses the Broyden’s method with an LU-
ecomposition pre-conditioner to solve the nonlinear equations
teratively. A penalty term is employed for pressure to reduce
ontinuity errors. Thus, there is a continuous part of the pressure
nd piecewise constant part providing and extra DOF (degree of
reedom) for pressure on each element. It uses Newton–Raphson
teration to solve the close-coupled groups (velocity, pressure,
emperature, concentration and electricity) and uses the frontal
lgorithm (Gaussian elimination) to solve the linearized system
f equations for each iteration. Variable grids in the x-direction
nd uniform grids in the y-direction were employed in the present
tudy. Solutions are considered to be converged when all residual
ources (including mass, momentum, temperature, species and
harge) were less than 1.0 × 10−6. A typical simulation requires
bout 60 min of central processing unit time on a Pentium IV
.80 GHz PC.

. Results and discussion

.1. Velocity distributions

Fig. 2 shows the distribution of flow velocity vectors in the
orous electrode. The Reynolds number and Darcy number are
xed at Re = 12 and Da = 9.8 × 10−6, respectively. It is seen that

he velocities are higher in the diffusion layer than in the catalyst

ayer. This is because the diffusion layer accompanies a higher
orosity and a higher permeability. In addition, the velocities
ear the shoulder surface are higher as compared to those adja-
ent to the catalyst layer. This is reasonable because the flow

F
i

er Sources 160 (2006) 1122–1130 1127

aths from the inlet channel to the outlet channel are shorter for
he flow closer to the shoulder surface. A shorter flow path has
lower pressure-drop penalty, which allows more fluids to pass

hrough (Table 2).

.2. Porous matrix temperatures

Figs. 3–5 compare the distributions of the fluid-phase tem-
erature (θf) and the solid-phase temperature (θs) in the porous
athode under various Stanton numbers. The Reynolds number
nd Darcy number are fixed at Re = 12, and Da = 9.8 × 10−6,
espectively.

A low fluid-phase temperature from the module inlet (X = 1.0)
ncreases as the flow approaches the catalyst layer (X = 0) and
hen moves downstream. In contrast, the solid-phase temperature
ecreases along X-direction from the catalyst layer to the rib-
houlder surfaces. Near the module inlet, the hot solid matrices
ransfer a part of heat to the cold fluids via convection. Around
he rib shoulder, the fluid-phase temperatures are higher than
he solid-phase ones. This indicates that the heat possessed with
he high-temperature fluids not only is carried downstream by
ulk motion but is also convected to the solid matrices, and is
hen conducted out through the rib-shoulder surfaces. When the
tanton number increases to St = 14.73, as show in Fig. 4, the

emperature discrepancy between the solid and fluid phases is
ig. 5. Comparison of fluid-phase and solid-phase temperature distributions
nside the porous electrode for Re = 6, Da = 9.8 × 10-6, and St = 1.47 × 103.
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Fig. 6. Effect of heat transfer coefficient on the temperature difference between
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he solid phase and fluid phase: (a) hV = 5.0 × 105; (b) hV = 2.0 × 106, and (c)

V = 1.0 × 109 W m−3 K.

he same, except for the region near the module inlet (Y = 0.5,
.9 < X < 1.0). A large similarity in the temperature distribution
etween the solid matrices and the fluids gives an indication that
he thermal-fluid field in the porous electrode has become local
hermal equilibrium.

Fig. 6 further shows the effect of hV (5.0 × 105, 2.0 × 106, and
.0 × 109 W m−3 K−1) on the temperature difference between
he solid matrices and the reactant fluids. Clearly, the solid matri-
es and reactant fluid have the same temperatures in the catalyst
ayer (−0.25 < X < 0). In the diffusion layer (0 < X < 1.0), how-
ver, the temperatures between the reactant fluids and the carbon
bers are different. At the module inlet, the fluid-phase tem-
erature is lower than that of the solid-phase. In contrast, the
olid-phase temperature is lower than the fluid-phase one near
he rib shoulder. The maximum temperature difference is about

0115 for hV = 5.0 × 105 W m−3 K−1. It decreases with increas-
ng the heat transfer coefficient.

.3. Heat fluxes

Fig. 7 shows the heat flux distributions along the X = 0.4
hrough which all heat should be removed convectively by

uid (Qf) or conducted out by solid (Qs). The non-dimensional
eat flux through the solid and fluid phases on the reaction
urfaces can be represented by Qs = −(∂θs/∂X)w and Qf =
Rk(∂θf/∂X)w, respectively. It is seen that the heat transfer by

l
o
a
t

ig. 7. Heat flux distributions along the X = 1.0 for Da = 9.8 × 10−6, and Re = 12.

he solid-phase conduction is higher than that by the fluid phase.
his is because the significantly higher thermal conductivity of

he solid phase (Table 1) can provide a wider thermal pathway
or channelling out the heat.

.4. Species fluxes

The oxygen fluxes and the water-vapour fluxes in the porous
athode are shown as vectors in Figs. 8 and 9, respectively.
he total species fluxes can be decomposed into two parts, i.e.,
onvective fluxes and diffusive fluxes. As shown in Fig. 8(a),
he vectors of oxygen convective fluxes direct from the module
ntrance toward the module outlet, which are similar to those
f the velocity. As for the oxygen diffusive fluxes (Fig. 8(b)),
he vectors direct from the module entrance toward the catalyst

ayer and decrease in magnitude gradually. This is because the
xygen is consumed by the electrochemical reaction in the cat-
lyst layer. It is noted that the oxygen diffusive fluxes are larger
han the oxygen convective fluxes. The water-vapour vectors
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Fig. 8. Comparison of convective and diffusive species fluxes of oxygen in the porous cathode of a polymer electrolyte fuel cell: (a) convective fluxes; (b) diffusive
fluxes.

Fig. 9. Comparison of convective and diffusive species fluxes of water vapour in the porous cathode of a polymer electrolyte fuel cell: (a) convective fluxes; (b)
diffusive fluxes.
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f convective fluxes (Fig. 9(a)) are largely similar to those of
he oxygen convective fluxes (Fig. 8(a)). The water vapours are
roduced by the electrochemical reaction in the catalyst layer,
nd thus direct their fluxes diffusively from the catalyst layer
oward the module entrance. Again, the water-vapour diffusive
uxes are significantly larger than the water-vapour convective
uxes.

. Conclusions

Detailed phase-temperature distributions inside a porous
athode of a polymer electrolyte fuel cell in contact with a
ypical interdigitated flow field have been studied numerically.
he thermal interaction between the solid matrices and the

eactant fluid in the porous electrode of a polymer electrolyte
uel cell is discussed in detail by examining the effect of the
ntrinsic heat transfer coefficient. A two-equation local thermal
on-equilibrium model is implemented to investigate the heat
ransfer into the fuel cell porous cathode. In species transports,
he Bruggemann model is employed to describe the effective
iffusivities of the oxygen and water vapour in the porous elec-
rode.

Results show that the wall temperature decreases with
ncreasing the intrinsic heat transfer coefficient. The local max-
mum wall temperature always occurs at the downstream end of
he module. As the intrinsic heat transfer coefficients increase,
he porous electrode becomes local thermal equilibrium with a

trong thermal interaction (heat transfer) between the solid and
uid phases. Under the conditions of high intrinsic heat transfer
oefficients, the temperature difference between the solid matri-
es and the reactant fluids are negligible.
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