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bstract

Fuel cell utilization for automobile and residential applications is a promising option in order to help reduce environmental concerns such as
ollution. However, fuel cell development requires addressing their dynamic behavior to improve their performances and their life cycle. Since the
emperature distribution in the cell is known to be an important factor to the fuel cell’s efficiency, a cooling device is often added to homogenize
he temperature in the cell and to ensure temperature control.

A 3D dynamic thermal model of a single fuel cell is presented in this work in order to study the temperature distribution in a fuel cell cooled
rom the bottom to the top with air. The model is governed by the thermal energy balance, taking into account the inlet gas humidity. The model is
eveloped with the finite difference method and is implemented in the Matlab/Simulink environment. The validation is based on the performances
f the “NEXA” fuel cell produced by Ballard Power Systems.

The efficiency analysis of that air cooling device reveals that the cell temperature is directly linked to the current density and to the gas
umidity—varying from 30 ◦C at 5A to 80 ◦C at 35A at low humidity. Moreover, the temperature non-uniformity in the stack is shown to be

ery high. As a result, temperatures are higher at the top part of the cell than at the bottom part, with a difference of up to a 5 ◦C. Moreover the
on-uniformity of the air cooling between the cells of the stack leads to large temperature variations, up to 8 ◦C, from one cell to another. These
emperature variations result in large voltage disparities between the cells, which reduce the total electrical power of the entire stack.

2007 Elsevier B.V. All rights reserved.
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. Introduction

As an alternative to energy resource depletion and pollution
roblems, fuel cell systems have received much attention in
esearch and development during the last few years. This interest
as led to a good understanding of electrochemical reactions in
uel cells. Temperature, which is an important factor in the fuel
ell’s efficiency, has also been diversely analyzed and modeled
ith one to three-dimensional thermal models. Since tempera-
ure in the cell influences cell humidity, it therefore has also an
ndirect influence on the cell output power. It may also influence
he fuel cell’s durability with successive drying and flooding. A
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etailed understanding of the stack thermal behavior is therefore
ecessary for the choice of accurate cooling devices.

As noted by Berning et al. [1], the temperature distribution
nside the fuel cell has important effects on nearly all trans-
ort phenomena. The authors emphasized the need to account
or thermal gradients and multi-dimensional transport in fuel
ells modeling. The effects on transport have also been analyzed
y Yan et al. [2]. Moreover, the knowledge of the temperature
ncrease due to irreversibilities might help in preventing failures.
s reviewed by Biyikoglu [3], several works on modeling and

nalysis of fuel cells thermal behavior have been presented in
he literature.
Many steady state models have been published [4–7]. Some
8,9] assumed a uniform temperature throughout the cell and
thers [10–12] present non-isothermal models. Meng [10] shows
hat under non-isothermal two-phase conditions, the heat trans-

mailto:Kodjo.agbossou@uqtr.ca
dx.doi.org/10.1016/j.jpowsour.2007.12.102
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Nomenclature

Am membrane effective area (m2)
C molar concentration (mol m−3)
Cp specific heat capacity (J kg−1 K−1)
DA–B diffusion coefficient of the gas pair A–B (m2 s−1)
E◦

0 thermodynamic potential at standard conditions
(V)

F Faraday’s constant (C mol−1)
h, hfor, hnat convection coefficients (W m−2 K−1)
I cell load current (A)
K, Kx, Ky, Kz thermal conductivity coefficients

(W m−1 K−1)
n number of transferred electrons in the reaction

(two for H2 and four for O2)
N molar flow (mol m−2 s−1)
p partial pressures (atm)
Q̇ heat source (W)
R universal gas constant (J mol−1 K−1)
RH relative humidity (%)
T temperature (K)
V voltage or overvoltage (V)

Greek letters
ε porosity
λ water content
ρ density (kg m−3)
σ conductivity (S m−1)

Superscripts and subscripts
act activation
ano anodic
cat cathodic
cel relating to the cell
channel relating to the gas channel
CO relating to CO
GDL relating to the gas diffusion layer
H2 relating to hydrogen
in inlet quantity
N2 relating to nitrogen
O2 relating to oxygen
ohm ohmic quantity
out outlet quantity
op operational quantity
r relating to a reactant
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ture disparities. The measured air velocities help to define the
w relating to water

er process significantly increases the transient response time.
n his model, convection effects were neglected. Wu et al. [12]
resented the same kind of results which were highly dependent
n the membrane thickness. Nguyen et al. [11] also addressed
on-isothermal behaviors of the cell from the point of view

f water management requirements (humidification or water
emoval) to prevent potential membrane dehydration or elec-
rode flooding. They showed that these requirements are much

b
d
f
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ore conservative than those predicted assuming isothermal
onditions. The thermal model presented by Shan and Choe [13]
ook into account convection as well as conduction phenom-
na. The authors presented a one-dimensional dynamic thermal
odel of a single cell based on a mass transport description.
hey analyzed in particular the effects of a transient tempera-

ure distribution in the cell on its electrical performances. Xue
t al. [14] also presented a one-dimensional dynamic thermal
odel in which the convection influences are the most impor-

ant factor. In their model, the PEM fuel cell is subdivided into
hree control volumes representing the two electrodes and the
embrane. Uniform thermo-physical properties are considered

hroughout their work.
There exist several CFD based fuel cell models such as

15,16] for a complete analysis of thermal transfer in a single cell
f PEMFC. This type of modeling gives a detailed microscopic
escription of the whole transport mechanisms in the cell. The
hermal transient response is analyzed in Ref. [17]. Hwang et
l. [18] also proposed a complete PEMFC thermal model based
n a two-phase temperatures approach. They highlight the local
hermal non-equilibrium between the solid matrices and the flu-
ds. Compared to all these models, the PEM fuel cell model
resented in this paper is developed for the purpose of control
n a distributed power generation system. As such, the model
eeds to be fast running; it ought to give necessary details on the
hermal behavior, but also be accurate for control.

All these above approaches address single cell modeling,
lthough cells are actually assembled in stacks. The overall heat
alance models proposed by Koh et al. [19] and Sohn et al. [20]
ighlight the average cell temperature variation with the operat-
ng current for air cooled stacks. They showed that the natural
onvection is not sufficient to keep the cell at a constant temper-
ture. This can lead to large cell temperature variations resulting
n stack voltage degradation. Additional effects of local temper-
tures on the voltage and power losses have been investigated
y Lee et al. in Ref. [21] with a dynamic fuel cell stack model.
ther dynamic models have also been published. For instance,

he parametric model presented by Amphlett et al. [22] allows
nalyzing the dynamic thermal behavior of the stack, but they
ssume that the temperature is uniform. Shan and Choe [23]
lso addressed the transient thermal distribution in the stack.
heir models characterize the dynamic response of the stack in

esponse to external perturbations (load variations, start-up or
hut down, etc.).

The main goal of the present study is to analyze the effect of
he air cooling device on a PEM fuel cell stack (NEXA of Bal-
ard). The performances of this stack were characterized by Zhu
t al. [24] and del Real et al. [25] by experimental measurements
f the cell voltage as a function of gas flow. In their studies, the
ffect of temperature on the cell voltage is emphasized, although
he stack temperature is assumed uniform. Our experimental

easurements of the air cooling velocities demonstrate cooling
on-uniformities in the stack, which result in high tempera-
oundary conditions of the thermal model. A three-dimensional
ynamic model of a single cell is developed in order to explain
urther phenomena such as the cell drying or flooding, voltage
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the fuel cell and the thermal energy of the unused reaction gases
and other gases leaving the fuel cell [22].

Q̇sens = Q̇in
sens − Q̇out

sens (4)
Fig. 1. Description of the modeled

egradations, etc. The developed thermal model is based on the
otal thermal power produced by the electrochemical reactions.

hereas the thermal model is three-dimensional, the electro-
hemical model is pseudo two-dimensional; it helps to estimate
eat sources in the cell. The heat transfer model includes the con-
uction and the heat generation phenomena inside the fuel cell,
nd the convection on its surface. This model helps to understand
ow the natural and forced convection phenomena influence the
emperature field in the cell. The thermal results are presented
nd analyzed to prove the influence of air cooling device on the
uel cell performances.

. Model description

.1. Fuel cell description

The aim of this study is to analyze temperature distribution
n typical air cooling fuel cells and its impact in the stack. This
nalysis is based on the “NEXA” fuel cell produced by Ballard
ower Systems, and which contains 47 vertical cells assembled

n series, and completely separated from one another by cooling
hannels (Fig. 1). The stack is ventilated from the bottom to the
op. Both horizontal surfaces (tops and bottoms of the cells) are
ubmitted to natural convection whereas the vertical surfaces are
ubmitted to forced convections.

The reference axes are defined as follows (Fig. 2):

the x-axis is along the cell’s horizontal width,
the y-axis is along the cell’s vertical depth (cooling channels
length),
and the z-axis is along the cell’s thickness.

.2. Global heat source estimation

In a running fuel cell, a large part of the energy generated is
issipated as heat (approximately 50% in nominal conditions).
his thermal power has to be removed from the cell by the
ooling device to avoid important overheating.
The thermal power dissipated is estimated through the ther-
odynamic energy balance in the cell [26]:

˙ heat = Q̇�H − Q̇elec + Q̇sens (1)
F
A

fuel cell stack and its ventilation.

here Q̇heat (W), Q̇�H (W), Q̇elec (W) and Q̇sens (W) are
espectively the thermal power to be removed from the cell,
he theoretical power produced by electrochemical reactions of
he gases, the electrical power produced by the fuel cell, and the
ensible heat of the gases. The last term Q̇sens takes into account
he power needed to heat the gases to the cell temperature.

The theoretical power supplied to the cell in Eq. (1) by the
eacting gases is given by

˙
�H = −ΔHreac

2F
I (2)

here I is the load current and �Hreac is the total enthalpy
upplied by these gases.

The electrical power produced in the cell is

˙ elec = VcellI (3)

here the cell voltage Vcell is estimated through the electro-
hemical model presented later in this paper.

The sensible heat Q̇sens represents the thermal energy vari-
tion of the gases heated in the cell. It is estimated from the
ifference between the thermal energy of the gases entering into
ig. 2. Reference system for the single cell modeled: (a) A cell in the stack; (b)
single ventilated cell.
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For sake of thermal stability due to the second law of ther-
modynamic, Dt is bounded

ρCp
K.P. Adzakpa et al. / Journal of

n this equation, Q̇in
sens and Q̇out

sens are obtained through the ther-
odynamic energy balance [27,28] for species at the cell inlets

nd outlets, respectively.

˙ in
sens = T in

ano

(
CpQ

in
H2

+ CpQ
in
CO + CpQ

in
w,ano

)
+ T in

cat

(
CpQ

in
O2

+ CpQ
in
N2

+ CpQ
in
w,cat

)
(5)

˙ out
sens = T out

ano

(
CpQ

out
H2

+ CpQ
out
CO + CpQ

out
w,ano

)
+ T out

cat

(
CpQ

out
O2

+ CpQ
out
N2

+ CpQ
out
w,cat

)
(6)

n Eqs. (5) and (6), T in
ano, T in

cat, T out
ano and T out

cat are the anode and
athode inlet and outlet temperatures (K). Qin

s,ano, Qout
s,ano, Qin

s,cat,
out
s,cat are respectively the anode and cathode inlet and outlet
olar fluxes (mol s−1) of species s. Cps

(J mol−1 K−1) is the
olar specific heat capacity of species s.

.3. Dynamic thermal model

Since the aim of the dynamic thermal model is more to ana-
yze the influence of the air cooling device on the cell than
o obtain a 3D thermal description of the cell, some simplify-
ng assumptions have to be made. This model accounts for the
issipation of the thermal power Q̇heat from the cell (see Eq.
1)). Within the cells, only conductive heat transfer will be con-
idered, since many authors show that convective heat transfer
nside the cell is negligible [26]. The heat removal from each cell
n the stack is ensured by forced convection on the lateral sides
in the x–y and y–z planes of Fig. 2) and by natural convection
n both horizontal surfaces (top and bottom in the x–z plane).
ecause of the relatively low temperatures of operation, the heat

ransfer by radiation is neglected.
The structure of the stack is such as to permit the assumption

hat cell temperatures are independent from one cell to another.
ndeed, adjacent cells are fully separated by the air cooling chan-
els. In this case, any single cell of the stack can be simulated
ith its corresponding boundary conditions related to its cooling

hannel. Therefore, the whole stack is described as the assembly
f 47 thermally independent cells.

Conductive heat transfer is described according to the Fourier
quation:

� · (K · �∇T ) = Q̇heat (7)

he thermal conductivity coefficients are Kx, Ky and Kz in the
, y and z directions, respectively.

Heat transfer between the cell and the cooling channels
esults from convective exchanges. The boundary condition is
xpressed as

K · �∇T = φconv
nat,for (8)
here φconv
nat,for is the heat flux released by natural or forced con-

ection, depending on the considered surface.

Dt ≤
2((Kx/Dx2) + (Ky/Dy2) + (Kz/Dz

w
c
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The thermal energy transmitted by forced convection to the
ir through the blades is

conv
for = ηhfor(Tcell − Tair) (9)

here η is the blades’ efficiency, hfor the convection coefficient
nd Tair is the air temperature. Tair is estimated from experimen-
al measurements presented in the following section.

The convection coefficient is estimated with the following
orrelation:

u = Dhfor

K
= 1.86

(
RePr

D

L

)1/3(
μ

μp

)0.14

(10)

here Nu, Re and Pr are the Nusselt number, the Reynolds num-
er and the Prandtl number, respectively; K and D are the thermal
onductivity coefficient and the hydraulic radius.

With air (Kair = 0.03 W m−1 K−1) flowing at 3 m s−1 in
3.66 × 5.23 mm2 channel, the Nusselt correlation gives

u ∝ 5.1, thus hfor = 31.3 W m−2 K−1. Thus, the forced convec-
ion coefficient is set to hfor = 30 W m−2 K−1 for the simulations.

The natural convective heat flux is expressed as follows:

conv
nat = hnat(Tcell − Tamb) (11)

ith hnat set to 20% of hfor, hnat = 6 W m−2 K−1.
These values are in good agreement with the mean values of

he natural convection coefficient estimated by Koh et al. [18]
n a self-heated PEMFC.

In this model, the mathematical cell is subdivided into finite
olumes, and the thermal balance in each control volume leads to
he following discreet expression for an internal control volume
i,j,k) at time p

T
p+1
i,j,k = Dt

ρCp

⎡
⎣kx

(
T

p
i−1,j,k − 2T

p
i,j,k + T

p
i+1,j,k

)
Dx2

+ ky

(
T

p
i,j−1,k − 2T

p
i,j,k + T

p
i,j+1,k

)
Dy2

+ kz

(
T

p
i,j,k−1 − 2T

p
i,j,k + T

p
i,j,k+1

)
Dz2 + q̇

⎤
⎦ + T

p
i,j,k

(12)

here Dx, Dy, Dz and Dt are respectively the finite element
imensions along the x, y and z axes and in time; Cp the specific
eat capacity, ρ the cell density and q̇ is the thermal power pro-
uction rate. Depending on the position of the control volume
internal, natural convection side or forced convection side), 27
ub-cases of Eq. (12) are defined.
2) + (hfor/Dx) + (hnat/Dy) + (hnat/Dz))
(13)

here hnat and hfor are the natural and forced convection coeffi-
ients, respectively.



1 Power Sources 179 (2008) 164–176

2

r
n
g

a
t

V

T
i

E

w
p

V

w
b
l
m

R

I
i
e
b
w
m

σ

i
a

l
[

V

w

t
p
a

2

a
m
c
t
c
t
l
i
t
i

∇
T
t

N

A
fl
c
i

2
b

l
r
t
o
f
t

68 K.P. Adzakpa et al. / Journal of

.4. Cell electrochemical model

As presented in the previous section, the heat released in a
unning fuel cell is directly related to the cell voltage. It is thus
ecessary to properly compute the cell voltage to estimate the
lobal heat source.

Due to the low current densities in the modeled stack, it is
ssumed that the concentration overvoltage is negligible, and
hus the cell output voltage Vcell is given by

cell = Ethermo − Vohm − Vact (14)

he thermodynamic potential Ethermo resulting from the chem-
cal reaction is obtained by the Nernst equation [26,29,30]:

thermo = E◦
0 + (Top − T0)

(
�S◦

nF

)

+ RTop

nF
ln [(pO2 )1/2(pH2 )] (15)

here �S◦ is the reaction entropy change at the standard tem-
erature.

The ohmic overvoltage is

ohm = RohmI (16)

here the total resistance in the cell Rohm depends on the mem-
rane characteristics, on the temperature and on its hydration
evels. It is given by the following integration (17) along the

embrane thickness

ohm =
∫ Lm

0

dx

AmσTop (x)
(17)

n this integration, σTop (S m−1) is the membrane conductiv-
ty at the operational temperature Top, Am (m2) the membrane
ffective area and Lm (m) is the membrane thickness. The mem-
rane conductivity σTop depends on its temperature and on its
ater content, λ, expressed as the molar ratio H2O/SO3

−. The
embrane conductivity is obtained through Eq. (18) [26,31]:

Top = 0.25 exp

(
4.1932 − 7.6138

λ
+ 1.9796

λ2

− 1892

(
1

Top
− 1

353.15

))
(18)

The water content distribution along the membrane thickness
s estimated with the mass transport model presented below. As
result, a dryer membrane leads to higher ohmic losses.

The activation overvoltage is defined by Eq. (19) with a semi-
inear parametric transformation of the Butler-Volmer equation
32]:

act = ξ1 + ξ2Top + ξ3Top log (cO2 ) + ξ4Top log(I) (19)
here ξ1, ξ2, ξ3 and ξ4 depend on the cell characteristics [22,32].
The electrochemical model is strongly dependent on the

emperature and on the mass transfer. In the above voltage com-
utation, effective reactants partial pressures at the electrodes
re also estimated through the mass transport model.

a

N

w
a

Fig. 3. . Description of the modeled PEM fuel cell.

.5. Mass transport model

The modeled single fuel cell is fed with air and hydrogen
nd is schematically represented in Fig. 3. The electrochemical
odel is a pseudo 2D model in which the anode and cathode

hannels are subdivided into control volumes where the reac-
ant concentrations are computed in order to obtain their mean
oncentration at the catalyst layers (see Fig. 3) [26]. Since the
ransient responses of the gases are clearly lower than that of
iquid water in the membrane (Dliq/Dgas ∝ 10−4), gas transport
s assumed to be in steady state. Therefore, the continuity equa-
ion in steady state implies that all the mass flows are uniform
n the cell, for any species i

�Ni = 0 (20)

he relationship between the reactive gas flows in the GDL and
he load current are given by Eq. (21):

H2 = I

2F
, NO2 = I

4F
(21)

nd, because the membrane is impervious to gases, the inert gas
ow (impurity carbon monoxide at the anode and nitrogen at the
athode) in the GDL is null. The vapor water flow in the GDL
s estimated with the mass transport model in the membrane.

.5.1. Gas transport in the gas diffusion layer and the
ipolar plates

Along their progression in the feeding channels of the bipo-
ar plates, reactive gases are consumed at the electrodes and the
esulting water must be evacuated. To model this transverse gas
ransport, two flow regimes are considered: the convective flow
f the gases from the center of the channel to the porous gas dif-
usion layer (GDL), and the diffusion flow of the gases through
he GDL to reach the catalyst layer.

The masses exchanged between the GDLs and the channels
re modeled with a convective mass exchange coefficient
s = k(CGDL
s − Cchannel

s ) (22)

here k (m s−1) is the mass transport coefficient, and CGDL
s

nd Cchannel
s (mol m−3) are respectively the concentration of
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pecies s at the GDL/channel interface and in the feeding
hannel.

In the GDL, only diffusive transport is considered because of
he low gases velocities. The diffusive mass flow is expressed as

s = −Dw–s
∂Cs

∂z
(23)

here Dw–s is the water vapor diffusion coefficient in species
gas) s.

The vapor water concentration at the GDL/membrane inter-
ace depends on the membrane water content via the sorption
sotherm. The diffusion coefficients are computed using the Slat-
ery and Bird’s approach [33] and Bruggemann’s correction [34]
n order to take into account the GDL porosity.

A−B = 1

p
c

(
Top

d

)b

ε3/2 (24)

here DA–B (m2 s−1) is the diffusion coefficient for the AB
inary gas mixture, p (atm) the mixture pressure, ε the porosity
f the electrode and b, c and d are gas pair-related constants.

The average concentration is computed for each species in
he channels in order to estimate the mean reactants partial
ressures/concentrations at the reaction site. Consequently, the
ffective reactants partial pressures are assumed uniform on the
embrane’s surface.
Finally, the partial pressures pr of reactants r are computed

rom their concentration in Eq. (25):

r = CrRTop (25)

.5.2. Water transport in the membrane
The cathodic active layer is assumed to be part of the mem-

rane and have a measurable thickness. The water mass balance
ives

∂Cw

∂t
+ ∂Nw

∂z
=

{
RH2O in the cathode

0 elsewhere in the membrane
(26)

here Nw is the water molar flow (mol m−2 s−1).
RH2O is the water generation rate (mol m−3 s−1) given by

H2O = I

2AmLcatF
(27)

here Lcat is the cathode thickness (m), Am the cell section (m2)
nd i is the current density (A m−2).

The water transport in the membrane is caused by three phe-
omena: diffusion, electro-osmotic drag and convection. Water
olar flow is thus expressed as [11]

w = −Dw
∂Cw

∂z
+ ηd

i

F
+ Cwvw (28)

here Dw is the water diffusion coefficient (m2 s−1), ηd the
lectro-osmotic drag coefficient and vw is the water velocity

m s−1). The water diffusion coefficient depends on the operat-
ng temperature and on the membrane hydration level [3,11].

The water drag coefficient expresses the number of water
olecules pulled by each proton from the anode to the cathode.

w
c
L
v
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or Nafion® membranes, the following expressions are often
sed [9]

d = 2.5

22
λ (29)

= EW

ρm
Cw (30)

here λ is the membrane water content (mol H2O/mol SO3
−),

W is the membrane equivalent weight (membrane mass
kg)/mol SO3

−), and ρm is the density of the dry membrane
kg m−3). The membrane swelling is neglected.

By neglecting gravity and assuming a linear pressure drop
cross the membrane, the water velocity is given by [11]

w = −K

μ

∂P

∂z
= K

μ

(
pa − pc

Lm

)
(31)

here K is the membrane permeability (m2), μ the water vis-
osity (Pa s), pa and pc are respectively the absolute pressure on
he anode and cathode side of the membrane (Pa) and Lm is the

embrane thickness (m).
The following second order partial derivative equation is

btained by replacing (28)–(31) in Eq. (26):

∂Cw

∂t
= ∂

∂z

(
Dw

∂Cw

∂x

)
− α

∂Cw

∂z
− β

∂Cm
w

∂z
+

{
0

RH2O

with α = 2.5

22

i

F

EW

ρm

and β = K

μ

(
pa − pc

Lm

) (32)

q. (32) is then solved using an implicit upwind finite difference
cheme [11] to obtain the water concentration Cw and the water
ows Nw in the whole membrane (via Eq. (28)). The bound-
ry conditions are the water concentration Cano

w and Ccat
w at the

embrane interfaces. The water concentrations are converted
nto water content using Eq. (30).

.5.3. Mass balance along the channel
For numerical simulation of the reactant gas flow (in the y-

irection—see Fig. 3), the feeding channels are subdivided into
control volumes (40 for the oxygen channel at the cathode

nd 10 for the hydrogen channel at the anode) in which the mass
alances are computed. Reactants inlet conditions are applied to
he first control volume whereas the conditions in the last control
olume correspond to those of the cell outlet.

The concentration Ci+1
r of reactant r in the (i + 1)th control

olume is

i+1
r = Ci

r − I

nF

�t

Vchannel
with �t = Lchannel

mvg
(33)
here �t is the time required for the gas flow to get across the
ontrol volume, Vchannel (m3) the total volume of the channel,
channel (m) the length of the channel and vg (m s−1) is the gas
elocity along the channel.
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Similarly, the vapor water concentration is computed through
he following equation:

i+1
w = Ci

w − Ni+1
w �t

Vchannel/m
(34)

eactants mean concentrations are then computed in the chan-
el. The current density is assumed to be uniform throughout
he cell. So, given the mean concentration Cmean

r (mol m−3) of
eactant r in the channel, its effective concentration Cr at the
eaction site can be computed by the following equation:

e
r = Cmean

r − I

nF

2Dw−x + LGDLk

Dw−rAmk
(35)

here n is equal to two and four for hydrogen and oxygen
espectively.

The flow of vapor water transferred from the electrode to the
as channel in the (i + 1)th control volume is computed according
o the following equation:

i+1
w = Dw−xAdk

2Dw−x + LGDLk
(Ci+1

w − Ce
w) (36)

here Dw–g is the water vapor diffusion coefficient in gas g,
d the membrane area encompassed by the control volume, k

m s−1) the mass transport coefficient, LGDL (m) the GDL thick-
ess, and Ce

w (mol m−3) is the water vapor concentration at the
lectrode.

. Results and discussion

.1. Experimental set-up

In the PEM fuel cell thermal model, each cell has the geom-
try shown in Fig. 4.

The grey part is composed of a 0.2 mm thick membrane, two
.05 mm thick catalyst layers and two 0.5 mm thick diffusion
ayers. The equivalent thermal properties of the whole cell are

stimated with the thermal properties of each material, according
o the literature review presented in [35]. Thus, the through-plane
hermal conductivity of the cell is set to Kz = 0.17 W m−1 K−1.
he in-plane thermal conductivity (Kx = Ky = 0.85 W m−1 K−1)

c
i
m
r

Fig. 5. Cell thermal power vs. l
Fig. 4. Single cell geometry.

s chosen five times greater than the through-plane one’s to
epresent the thermal anisotropy of these materials [35,36].

oreover, the cell has an average density of 2200 kg m−3 and
710 J kg−1 K−1 specific heat capacity. The two other vertical
arts represent the 1.6 mm thick blades and are assumed to be
n aluminium [7]. Their density and specific heat capacity are
707 kg m−3 and 896 J kg−1 K−1, respectively.

According to the heat source estimation presented previously,
he thermal power to remove from the cell versus the load cur-
ent is plotted in Fig. 5 with 10% and 90% relative humidity of
he inlet gases. In Fig. 5, RHano and RHcath are respectively the
node and cathode inlet gas relative humidity. For any current,
he sensible heat (Q̇sens) is less than 1 W in both cases and has
reduced influence on the thermal power to remove from the
ell. On the other hand, the gas humidification has a significant
mpact on fuel cell performances due to its large effect on the

embrane resistance. The thermal power versus the load cur-
ent is summarized in Fig. 5 for low and high relative humidity

oad current Tcell = 70 ◦C.
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Fig. 6. Experimental

t high relative humidity (RHano = RHcath = 90%), the theoret-
cal power splits into two comparable parts: the part converted
nto electricity and the part released as heat (see Eq. (1)). More-
ver, at high currents, the energy released as heat (more than
7 W at 35 A) becomes more important than the energy con-
erted into electricity (around 23 W at 35 A). On the other hand,
t low gas humidification (RHano = RHcath = 10%), the electrical
ower is restricted to 14 W at 35 A because of the high mem-
rane resistance (up to 0.78 � cm2 compared to 0.06 � cm2 with
0% relative humidity of the inlet gases). As a result, the power
eleased as heat in the cell increases up to 38 W at 35 A. These
gures show clearly that, with the exception of Q̇sens, the other

hree powers not only increase with the current, but that Q̇heat
nd Q̇elec depend noticeably on the inlet gas humidity. The sim-
lation of the temperature profile in the cell is based on this
odel of the computed thermal power.

.2. Boundary conditions of the cell thermal model

In order to analyze the efficiency of the cooling device, the

ir velocity was measured at the top of the cell stack, in the
lane ABCD in Fig. 1 (where the stack length (AD, BC) is
6 cm and the stack width (AB, DC) is 25 cm) in maximum and
edium ventilation conditions (Fig. 6—the numbers along the

w
e
a
u

ig. 7. Boundary conditions in sample channels: (a) Sample channel positions, (b) C
rofile (with a 5 A current).
w on top of the cell.

olor scale on the right represent air velocity). The air velocity
as measured with a mobile anemometer in 42 zones uniformly
istributed over the top of the stack. The top surface is subdivided
nto seven regions along the stack length and six along the stack
idth.
Fig. 6 shows that the air flow is not uniform throughout the

tack; some channels have a faster air flow than others. A com-
arison of Fig. 6a and b shows that the zones of highest and
he lowest air flow remain in the same place even if the ventila-
ion changes. The boundary conditions are therefore chosen to
ake this cooling non-uniformity into account. Different cooling
hannels are analyzed in order to represent the thermal behavior
f the whole stack.

The boundary conditions in the thermal model are given by
he temperatures measured in the cooling channel along the y-
xis (vertical channel length axis). In order to analyze the thermal
ehavior of each cell in the stack, five sample channels have been
hosen to analyze the temperature profile of the whole stack. The
ositions of the sample channels are shown in Fig. 7a. Channel
represents the lowest-cooled (due to lowest air flow) channel,

hereas channel 5 represents the highest-cooled channel. For

ach of these channels, the temperature profiles are measured
long the channel length. The air temperature measurements are
sed as boundary conditions in the thermal model. The tem-

hannel temperature profile (with a 35 A current) and (c) Channel temperature
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erature profiles in these channels for 35 A and 5 A currents, as
hown respectively in Fig. 7b and c, give the boundary conditions
or the numerical analysis.

The measured temperatures in the channels allow a polyno-
ial analytical estimation of the temperature profiles along the

hannels length (Fig. 7b and c).
As expected, the temperature increases along the cooling

hannels from bottom (right) to top (left) as air is heated inside
he cell. The difference between outlet and inlet temperatures
s typically about 3 ◦C at low current (Fig. 7b: channel 1 tem-
erature increases from 28.3 ◦C to 31.3 ◦C), while it is about
3 ◦C at high current (Fig. 7c: channel 1 temperature increases
rom 33 ◦C to 55 ◦C). At high currents, the air flow is not suffi-
ient for a convenient cooling of the cells, even though the fan
s internally controlled by the system (higher air flow at higher
oad current). Such a large temperature gradient will result in a
on-uniform temperature distribution throughout the cell. More-
ver, at this high current, the non-uniform air ventilation leads to
5 ◦C difference in air temperature between the channels, pro-
ucing relatively great temperature non-uniformities throughout

he stack (the corresponding figure at low current is about 1 ◦C).
he use of water instead of air as a cooling fluid should reduce

he temperature difference between inlet and outlet, since the
pecific heat of water is some 4000 times greater than that of

t

i
t

ig. 8. Steady-state cell temperature field – 35 A load; current – channel 1: (a) Cell e
ut at y = 60 mm.
r Sources 179 (2008) 164–176

ir. This would produce smaller temperature gradients along the
ells, resulting in smaller temperature variations between cells.

.3. Steady-state thermal fields

Fig. 8 shows the computed simulation of the steady-state tem-
erature field of a cell operated with a 35 A load current and at
0% relative humidity, and submitted to the lowest cooling inten-
ity (channel 1). Fig. 8a–d show respectively the cell external
emperature, the temperature field in the middle of the cell width
in the y–z plane), the temperature field in the middle of the cell
hickness (x–y plane) and the temperature field in the middle of
he cell depth (x–z plane). The lowest and highest temperatures
n the cell are 67 ◦C and 70 ◦C respectively. The results show
hat along the y-axis, the temperature decreases from the top to
he bottom because the cells are cooled from the bottom to the
op. As expected, results also show that the center of the cell,
ncluding the membrane and the catalyst and diffusion layers, is
otter due to the thermal power generation inside the cell. The
emperature field is symmetrical along the cell thickness due to

he symmetrical cooling conditions on both sides of the cell.

It should be emphasized that the main purpose of this paper
s more to analyze the influence of the cooling device on the
hermal distribution (from bottom to top) along the cell, than

xternal temperature, (b) A cut at x = 58 mm, (c) A cut at z = 2.2 mm and (d) A
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o analyze internal 3D temperature profiles within the cell. This
ill help to anticipate its humidification (flooding and drying). In
rder to study the effect of air cooling magnitude, Fig. 9 repeats
he simulation of Fig. 8 (cell operating at 35 A and at 90% rel-
tive humidity), but this time submitted to the highest cooling
ntensity, as seen in channel 5. In this case, the extreme temper-
tures are 59 ◦C and 62 ◦C (compared to 67.5 ◦C and 70 ◦C in
he low-magnitude cooling of Fig. 8c). It thus appears that an
ncrease of the cooling intensity does not have a strong effect
n the internal cell temperature gradient. However, due to the
etter cooling, the fuel cell temperature decreases by about 8
egrees. Furthermore, the same observations about temperature
elds and symmetries as in the previous case can be done.

By comparing the cell temperatures presented in Figs. 8 and 9,
t appears that for a 35 A operating current and a 90% relative
umidity, a temperature variation of 11 ◦C throughout the stack
an be expected: 3 ◦C arising from the internal cell gradient
nd 8 ◦C from the temperature difference between the coolest
nd the warmest cells. This means that the different cells of the

tack may have different electrochemical behavior due to their
ifferent temperatures. This remark is confirmed by [24], who
eveals cell voltage variation in the stack, especially for the two
ells nearest to the air compressor.

e
t
a
t

ig. 9. Steady state cell temperature field – 35 A load current – channel 5: (a) Cell ext
t y = 60 mm.
r Sources 179 (2008) 164–176 173

In the same electrical operating conditions as above but
ith a 10% relative humidity only, the shape of the tempera-

ure profile remains the same. However, the cell temperature
anges between 87 ◦C and 92 ◦C in the lowest cooling con-
itions and between 80 ◦C and 84 ◦C in the highest cooling
onditions. As expected, the cell temperature increases due
o the higher membrane resistance resulting in higher ohmic
osses. The temperature gradient inside the cell therefore also
ncreases up to 5 ◦C at 10% relative humidity instead of 3 ◦C
ith 90% relative humidity. Throughout the stack, the tem-
erature gradient due to the non-uniform air cooling changes
rom 11 ◦C at 90% relative humidity to 12 ◦C at 10% rela-
ive humidity. Therefore, the influence of the relative humidity
s significant in the cell, but is negligible from one cell to
nother.

The steady-state temperature field of a cell operated at 5 A
as also studied. These results show that the predicted temper-

tures of the cell are fairly uniform around 32 ◦C, as measured
xperimentally by [24]. The temperature gradient does not

◦
xceed 0.5 C throughout the cell. It can therefore be concluded
hat the higher the operating current, the higher the cell temper-
ture and the more important the temperature gradients within
he stack.

ernal temperature, (b) A cut at x = 58 mm, (c) A cut at z = 2.2 mm and (d) A cut
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.4. Transient state thermal profile

The transient thermal response of the cell submitted to a load
urrent demand variation from 5 A to 35 A with a 90% rela-
ive humidity is plotted in Fig. 10, according to the boundary
onditions given by channel 1 (the highest temperature zone).

In this figure, the transient temperature in the centre of the cell
s shown in Fig. 10a. Transient temperature profiles are plotted
long three significant axes: along the cell thickness z, along the
ell depth y, and along the cell width x.

The same conclusions concerning temperature distributions
an be drawn as for the steady state case. Moreover, along the cell
hickness (Fig. 10b), the temperature difference increases during
he transient phase – because of the thermal power generation
n the heart of the cell – and reaches its maximum of 2 ◦C at
teady state (temperature at 1500 s in Fig. 10b). Along the cell
epth (Fig. 10c), the temperature difference also increases in
he transient phase and reaches its maximum of 3 ◦C at steady
tate (temperature at 1500 s in Fig. 10d). This is due to the
entilation going from the bottom to the top of the cell, thus
mplying a better cooling of the bottom than the top of the
ell.

Even though the transient phase duration is up to 1500 s, it

an be seen from Fig. 10a that the temperature reaches 99% of
ts steady state value after 900 s. These transient responses are
retty slow, so that thermal steady state should not be reached
asily in transient operation of the cell.

o
t
0

ig. 10. Cell transient temperature profile – 35 A current – with a 5 A current as init
nd Y = 60 mm, (c) A cut at X = 58 mm Z = 2.2 mm and (d) A cut at Y = 60 mm and Z =
r Sources 179 (2008) 164–176

.5. Effect of the temperature on voltage

This study looks at the temperature variations in air cooled
tacks, depending on the operating conditions. At low currents,
he cell temperature is low (around 30 ◦C) and pretty uniform
n the cell surface. However, an increase of the current leads
o the increase of the mean cell temperature (up to 75 ◦C with

90% relative humidity and up to 92 ◦C with a 10% relative
umidity, at 35 A); it also leads to the increase of the local non-
niformity, as observed experimentally by [37]. As a result of
his large temperature range, the electrical behaviors of the cell
hange. The influence of the local temperature variation on fuel
ell voltage is emphasized in several publications [12,38]. Actu-
lly, mass and charge transfers strongly depend on temperature.
he results also show that the gas humidities have a great impact
n heat sources, and on temperature disparities in the cell. Low
as humidity results in high cell temperatures. And as the vapor
aturation pressure depends on temperature, an increase in tem-
erature reduces the gas relative humidity. This involves dryness
f the membrane and consequently degradation in the cell volt-
ge. All together this means that running a fuel cell with low
nlet gas humidity can result in membrane failure if the cell is
ot properly cooled, especially at high current densities.
On the other hand, high gas humidities can result in flooding
f the active layers, GDL and/or feeding channels. In the above
emperature ranges, the saturation pressure is pretty low (only
.043 bar at 30 ◦C); water condensation may therefore occur

ial condition: (a) Temperature in the centre of the cell, (b) A cut at X = 58 mm
2.2 mm.
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n the cell. A discussion about the preferential sites of water
ondensation is presented in [34] and descriptions of two-phase
ows in a non-isothermal cell can be found in [39]. The authors

nsist on liquid water accumulation in the cell which drastically
educes the cell voltage at high currents and high gas humidity.
hus, the simulated cell potentials are intentionally not plotted
ere because the model does not yet take into account the water
ondensation phenomenon. Diphasic transport of water in the
ell is currently under study. These remarks lead to the following
tatement for the air cooling device studied here: at high currents,
he temperature difference between the top and the bottom of
he cell could lead to membrane drying at the top because of the
igher temperatures, and to water condensation at the bottom
ue to the lower temperatures. Moreover, water condensation
t the bottom would be increased due to the gravity. So, large
oltage losses can be encountered in the whole cell because of the
emperature non-uniformity. Moreover, the disparities in cooling
ir velocities from one cell to another are also pointed out. This
mplies that cells in the stack have different electrochemical
ehaviors depending on their temperature. Thus, some cells in
he stack are more subjected to drying while, at the same time,
ome others are subjected to flooding. It follows that the cooling
evice for the NEXA stack has to be improved to keep the cell
t its optimal temperature.

. Conclusions

The aim of this study is to characterize the influence of the air
ooling device on fuel cell performances. To reach this goal, a
ynamic 3D thermal modeling of a proton exchange membrane
uel cell is presented. The model includes the natural convec-
ion due to ambient air cooling, the forced convection due to the
tack ventilation, and the influence of the thermal power gener-
tion inside each cell. The gas humidity shows a great impact
n membrane resistance, resulting in higher heat generation in
he cell. Different air flow zones are studied to understand the
hermal behavior of the cells. This model brings out the temper-
ture non-uniformity throughout the stack. The “NEXA” fuel
ell stack of Ballard Power Systems was used to validate the
pproach.

In the cell depth direction, the temperature difference
etween the top and the bottom of the cell reaches its maximum
f 5 ◦C at steady state at 35 A. This difference is linked to the air
entilation from the bottom to the top of each cell. Moreover, the
nfluence of the load current on the mean cell temperature is also
mphasized. For instance, the temperature of the cell, fed with
igh-humidified gases, is around 30 ◦C for a 5 A load current and
round 70 ◦C for a 35 A load current. With low gas humidity,
he total heat production rises, resulting in higher temperatures
n the cell (up to 92 ◦C at 35 A). The results also demonstrate
emperature non-uniformity in the stack, which increases with
he load current: 3–5 ◦C difference in the cell and up to 7–8 ◦C
ifference between the cells, due to the cooling non-uniformity

t 35 A. Finally, the influence of such temperature differences on
lectrical performances is analyzed. The temperature distribu-
ion is responsible for electrical disparities in the cell depth and
rom one cell to another. Moreover, the temperature field tends to

[

[

r Sources 179 (2008) 164–176 175

nvolve water condensation at the bottom and membrane dehy-
ration at the top. This results in cell voltage disparities, which
educes the global electrical power produced by the stack. This
haracterization will be useful for an efficient control of the fuel
ell stack.
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