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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
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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)

ay, ap coefficients in Eq. (45)

s total surface area in the porous electrode (m?)
Bi Biot number

d pore diameter of the porous medium (m)

cH,0  water vapor mole concentration (mol m )

CH,0ref Water vapor mole concentration at inlet
(mol m™3)

Cm,o normalized water vapor concentration, ¢p,o/Ctot

Ch,0 ref normalized water vapor mole concentration at
inlet, CHZO,ref/Ctot

o, oxygen concentration (mol m~)

co,ref OXygen mole concentration at inlet (mol m~?)
Co, normalized oxygen concentration, co,/cior
Co,rf normalized oxygen mole concentration at inlet,

COZ,ref/Ctot

cp specific  heat at constant temperature
Jkg 'K

Crot total mole concentration of the reacting fluid
(mol m ™)

Du,o0 binzaryldiffusivity of water vapor in the oxygen
(m?s )

Du,o.r effective diffusivity of water vapor in the gas dif-
fusion layer (m?s™")

Do, binary diffusivity of oxygen in the water vapor
(m?s 1)
Do, err  effective diffusivity of oxygen in the gas diffusion

layer (m? s~ )
Da Darcy number
Ecy, Ec, coefficients in Eq. (40)
Faraday’s constant (96487 C mol ")
interstitial heat transfer coefficient (W m—> K ™)
local current density (A m™?)
thermal conductivity (Wm ™! K1)
length of the computational domain (m)
mass transfer rate (kgs~ ')
pressure (Pa)
non-dimensional pressure
Prandtl number

SN 3N

~

local heat transfer rate (W m~?)

q

(0] total heat transfer from the system (W)
Re Reynolds number

Ry fluid-to-solid conductivity ratio

R, Ry coefficients in Eq. (29)

Ry1, Rno coefficients in Eq. (30)

surface area-to-volume ratio (m~")

Schmidt number

temperature (K)

u, v velocity components in the x, and y directions,
respectively (ms™!)

non-dimensional velocity components in the x,
and y direction

X,y coordinate system (m)

X, Y non-dimensional x and y coordinate

Nk&

Greek symbols
o1, o coefficients in Eq. (23)
0 thickness of the porous electrode (m)

& porosity of the porous electrode

K permeability of the porous electrode (m?)
0 density (kg m )

n cathodic overpotential (V)

0 non-dimensional temperature

s solid-phase electric potential (V)

o electric conductivity (S m)

T tortuosity of the porous electrode

D non-dimensional solid-phase electric potential
Subscripts

eff effective

f fluid phase

in inlet

loc local

0 oxygen

out outlet

r or ref reference

s solid phase

SYS  system

tot total

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 (7T;) and the fluid phase (7}) in a representative ele-
mentary volume (REV) of the porous electrode is much
smaller than that occurring over the system [18-20], i.c.,

ATy < ATsys (1)

where ATsys = |Trout — Trin| and ATjo. = |Ts — Ty|. Con-
versely, the local thermal non-equilibrium becomes signifi-
cant as they have the same order, i.e.,

ATloc
o] —21 ~1 2
|:ATSY5:| @)

In low-temperature fuel cells such as PEMFCs, the typ-
ical temperature difference (ATsys) 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 -~ hVATloc/SV (3)

where 7, is the interstitial heat transfer coefficient between
the fluid and solid phases, and Sy 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 ~ ds (thTloc/SV) (4)

where g, 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

A TSYS: I Tf,out '77‘,in I

Tf,out A7/_oc :IE'-I;I

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 ~ fnCpATsys (5)

where m is the mass flow rate of the reactants and can be
expressed as m = peas/(Svt). Each temperature difference
is obtained from Egs. (4) and (5) as

Y
ATloc ~ m (6)
Y
A Gyya 510 7

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

ATloc (pC ) &
0] ~ 2P 8
|:ATSYS:| hvt ( )

The time scale 7 shown in the above equation as well as in
the mass flow rate (si7) is represented by ¢ = 6/uy, where §
and uy4 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

Bi- k.
= —52 off (9)

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:

Pf’eff:M, RQZM and
K eft v

hy

Rk _ kf,eff (10)
ks,eff

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

|: AT]OC
ATsys

:| ~ 8Pl"effReRk/Bi (11)

where Prqy, Re, and R; 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 ¢Pr.gReR;/Bi approaches unit. In contrast, it
becomes the local thermal equilibrium for ePr.gReR;/
Bi< 1.

Up to the present time, the interstitial heat transfer coef-
ficient (4, in Egs. (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 A, correlation of aluminum foams
measured by using the single-blowing technique [19],
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Table 1
Porous electrode data sheet

Property name Solid phase Fluid phase

Physical properties®

Material

Bulk density, p
Specific resistance, 6~
Thermal conductivity, k
Coefficient of thermal expansion, f§
Viscosity, v

Thermal diffusivity, o

1

Geometric properties
Porosity, ¢
Thickness of the electrode, o
Tortuosity of the electrode, t
Average pore diameter, d
Permeability (O,), x°

Flow properties
Volumetric heat transfer coefficient, 4,

Carbon fiber Oxygen

1100 kg m~3 1.13kgm™3

115 pQm -

171Wm 'K '® 0.0268 Wm ™' K!
9.0x 1077 K™! 3.33x 103K ™!

- 1.586x 10> m?s™!
_ 2.235x 107 m?s ™!

48%

400 pm

1.5

33 pm

1.57x 1072 m?

1.0x10°Wm 3 K™!
(baseline case, assumed)

Pore velocity, uy for I(idg) =1 A at 0.239 ms !
stoichiometric flow ratio of 5

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

# Data from manufacture.

® Oxygen at 25 °C with 15% RH, p = 0.15 atm, plate thickness: 2.5 cm, 51 L/m?s.

¢ ASTM EI1530.

it varies from 3.0x 10*< h, <1.5x% 10°Wm 3 K™! for
0.7 <&<0.95. Results also show that A, increases with
decreasing the porosity. Accordingly, the interfacial heat
transfer coefficient for the base-line case in the present
study is assumed to be i, =1.0x10°Wm K™ for
£¢=0.5. Table 1 summarized the physical, geometric and
flow prosperities of a typical PEMFC. With an assumption
of hy=1.0x10°Wm > K™, the value of the parameter
eProgReR,/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 um (width) by 1600 pm (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.c.,

0, +4H" + 4¢~ < 2H,0 (12)

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-

8(400um) Porous Bipolar
Symmetric Electrode Plate
Plane
€
1 F—
o
Reaction g Outlet Outlet
Surfaces Channel
o, » |1
=3 Rib
CHgo '. § Surfaces
Co, 4
T
il
Y ] Inlet
£ Inlet Channel
=
o
o
Symmetric ¥
Plane = X

Fig. 2. Configuration of the computational domain.

sume the oxygen (Co,) and meanwhile produce the water
vapor (Cp,o) and the current (). In addition, a consider-
able mount of heat (Q,,) 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.

Ou Ou op *u  u u

— —=—— —+—| "¢ 1
P o e oy Ox * 'u<6x2 + 6y2> . (13)

ov ov op v v\

— — == — 4+ — | -= 14
P ex o Oy Jy tH (6x2 + 6y2) K (14)
O(peu) | O(pev)

Ut Ay § 15
Ox Oy . (15)
Using the non-dimensional parameters of uy = i, X =
f
Syv=2vu=Lv="pP="L_ Dpa=2 and Re=
0 0 uq Uq PrUg )
udé

—, the above equations are further reduced to dimension-
v

less forms of:

yU U _ 0P LU QU 1
X dY  dX Re\ox? or? Re - Da
(16)
G4 oV oP 1 (v 'V 1
U&”W—‘W+ﬁ(ﬁ+ﬁ)w—e.nﬂ
(17)
oU oV
&*WZO (18)

. oP
On the reaction surfaces, U=0, V=0 and o 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:

6602 6c02 - 62602 62002
u o +v o = Do, eff ) + A (19)
OcH,0 OcH,0 62CH o} 82CH,o
2 2 — D . 2 2 2
Ox v dy O\ " ax2 + 0y? (20)

where Do, o and Dy,o ¢ are the effective diffusivities of the
oxygen and water vapor in the porous electrode, respec-
tively, which follow the Bruggemann model [23], i.e.,

Do, et = £"Do, (21)
Dot = € Diyo (22)

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.,

2
— . o CH,0
l:lrd+lox:al< 2)—0(2( . ) (23)
CO, ref CH,0,ref

o and o, 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

—Do, et 6;% = # (24)
That is

66’02 o Co, 0 CH,0 :
L T e B ) I

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

demo o (emo \, % [ o
Py S0 2 ((ewo N m (co N o e
Ol oy 2F \CH,0,ref " 2F \Co, ref 20

By using the following non-dimensional parameters of

CH,0 CH,0,ref o,
CHzO = ) CHZO,ref = ) COZ = )
Ctot Ctot Ctot
CO, ref v v
Co,ret = , Sco, = , Scn,0 = —i,
tot Do, et D, 0 efr
R O(](S R rx25
Ml — 5 M2 — )
4FctotD02,eff 4FctotD02,eff
OC](S 0625
2Fc0tDu,0 eff 2Fc0tD,0 eff

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

0Co, dCo 1 ’Co, Co
V 2 — 2 2 2
X dY  Re-Sco, \ 0X? Z @7)
Cmo . ,0Cho 1 O*Cryo  0°Chyo
U=x oy _Re-ScHZO( ax? v (28)



2320 J.J. Hwang, P.Y. Chen | International Journal of Heat and Mass Transfer 49 (2006) 2315-2327

The boundary conditions on the reaction surfaces are

0Co,

6)(()_ + Ryii Co, — Rai2(Chyo)’ = 0 (29)

Cimo o 2 0 0
x N2(Cry0)” + RaiCo, = (30)

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:

Ty 0T,
0kscff<ax2+ ayz) 7hV(Tszf) (31)

0Ty oTy
(P%)f”@ + (pcp)fva_y

Ty T
= ki err (W + a—yz) + hy(Ts — Ty) (32)
The effective thermal conductivities of both phases are
respectively defined as

ksjeff = (1 - g)ks (33)
keerr = ke (34)

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

q = in + mixing enthalpy change + phase
— change enthalpy change (35)

where 7 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 efr % - kﬁeff% =in (36)
In addition, on the reaction surfaces, the fluid and solid
phases have the same temperature, i.e.,

T =T, (37)

The above equations can be non-dimensionalized by using
the non-dimensional variables

T-T, u(ey) o b

f=—"L  p="00 0 gV
Tein— T o Keer : ket

ket esr o nd

R, = , Eci= , and
t ks,eff : ks,eff(Tf,in - Tr)COZAref
0

E(32 = el 5] .

ksAeff(Tfﬁin - TF)CHZO‘ref

The dimensionless forms of the two-equation model
thus become

o’0, o°0
=—+— —Bi(0;, — 0 38
ax? Toyz B0~ 0 (38)
S0, 01 (B0 T
0X  3Y Re-Prgy \OX?> QY?
Bi
+R7ePrefka (05 — 6r) (39)
The boundary conditions on the reaction surfaces are
00, 00,
ax T Regy +EaCo, - Ec;Cho=0 (40)
Or = 0 (41)

It is noted that using a given interstitial heat transfer
coefficient (/,) 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

29, , 09,
oz 0y?
On the reaction surfaces, the electric potential gradient

driving the current generated by the electrochemical reac-
tion is

2
¢ co CH,0
S 2 2
_Gs,effa_ =0 — 0 (43)
X CO, ref CH,0,ref

S

=0 (42)

Using the non-dimensional solid phase potential, @5 =

the above equations become RT:
ie, O

S+ — = 44
aX2 aYZ ( )
00,
o = a1C02 — aZCiIZO (45)
where

Féocl

ap

RTr O eff COZ,reff
and

F50!2

="
RTro_s(effCHzoyref

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

P =P, Co, =Co,in, Cuo = Cxo0,n
00 . 09 .
Hf = Qf,in, a_X = Bl(es — Of), X =0 (46)
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At the current collector surface

oP
—_ = = = 1
% 0, U=rV=0, 0 )
00¢ Bi
o2 (0,-0), = 4
X PreffReRk( ") 0 (47)
At the module outlet
B 0Co, 0Cuh,o a0y
P_Pout; 6X - aX _07 a_oa
00, . Glo
o Bi(6s — 0¢), S 0 (48)

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 x 107, 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 x
1075, 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

Flow Velocity
{(mm)
1.6 e ——
15 R p————————) |
L RN e aly
1 4 r N T EP PP A
: REEFrFYFELERT £
13 AR PRIAAARARSS
’ 'TMM;;;TZ? T
12 At Max: 1 616542
T H‘ ; I
1.1 11 s Tr
1t LTt
1 r']T Tl
11 t
0.9 A te
11 LTIt
08 .f:{ T4
T Tt
07 rTTJ‘ v' Tl
u E r T tT i T t
| e
e T t
08 A
0.4 nfﬂ‘flﬁiﬂl 5
SRR
0.3 CHTUARNARRTRR,
CETIEARARRES G
0.2 R R L LN P
01 IR
B min: 0
02-01 0 01 02032 04 05 06 (mm)

Fig. 3. Flow velocity distributions across the porous electrode, Re = 10.

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 (6f) and the solid-phase tempera-
ture (65) in the porous electrode under various &Re-
PregRy/Bi. At Fig. 4(a), the flow parameters of interstitial
heat transfer coefficient is assumed as 4, = 5.0 x 10°, while
the Reynolds number is fixed at Re = 10. Using the typical
values of Pr.yand Ry shown in Table 1, the LNTE param-
eter eRePr.gR;/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
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Fluid-Phase Temperature

(mm) (mm)

1.6
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1.02

1
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Fig. 4(a). Comparison of fluid-phase and solid-phase temperature distributions inside the porous electrode for Re = 10, and ePr.gReR;/Bi = 0.548.

temperatures occur at two corners formed by the two sym-
metric planes and the reaction surfaces.

As the parameter ¢ReProzR,/Bi decreases to 2.74 x 1072,
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. ¢RePr.gR;/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 O, =
(% _— ively. It is seen that

ax ). and Oy = —R; ax) .’ respectively. It is seen tha

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.
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Fig. 4(b). Comparison of fluid-phase and solid-phase temperature distributions inside the porous electrode for Re = 10, ¢ProgReR;/Bi = 2.74 x 107>,

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.,

T oT
(_ksﬁeff ~._ kf,eff —f> 0

N 440 Ox Ox
u = =
k(T — Ty) ke(Teim — Tt)
keesr (1 005  00f
= e (0T O 4
ke (Rk ox * ax)w (49)

Since k¢ = eky, therefore the above equation can be fur-
ther reduced to

1 06, 06

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 Cp, = 0.9 and Cy,o = 0.1. The Rey-
nolds number and LTNE parameter are fixed Re = 10 and
eRePr.gR;/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 Co, 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. §(b) that the Cy,o distributions just
compensate for those of Co,. It increases along the flow
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Fig. 6. Heat fluxes across the fluid phase and solid phase on the reaction
surfaces (X = 0), Re = 10, and ¢Pr.gReR;/Bi = 0.548.

direction due to the convective accumulation downstream of
the water vapor generated on the ORR surfaces (Eq. (12)).

Fig. 7. Wall temperature and Nusselt number distributions along the
reaction surfaces (X =0), Re = 10, and ePr.gReR,/Bi = 0.548.

Fig. 9 shows the oxygen and water vapor concentrations
distribution along the reaction surfaces (X = 0). It is seen
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Fig. 9. Species concentration distributions along the reaction surfaces,
Re =10, and ePr.gzReR,/Bi = 0.548.

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
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Fig. 10. Electric potential and current density distribution in the porous
electrode, Re = 10, and ePr.gReR;/Bi = 0.548.

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 eRePr.gR;/Bi for the first time. It is found that as the
LTNE parameter ¢RePr.4R;/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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