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bstract

Since the electrochemical reaction at electrodes of PEMFC is a form of exothermic reaction, three-dimensional non-isothermal numerical
imulation was developed including the energy equation with all heat source terms such as reversible heat generation and irreversible heat release

ttributed to ohmic and activation polarization. The results show that the maximum temperature is observed at the cathode because of reaction
eat from water formation reaction and temperature at the electrolyte along channel increases due to accumulative heat addition and heat is mainly
enerated by irreversible loss at a low voltage and by water formation loss at a low current density.

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

Since the electrochemical reaction at the anode and cathode
lectrodes of a polymer membrane electrolyte fuel cell (PEMFC)
s a form of exothermic reaction, the interior temperature of the
uel cell increases as operation time lapses. In general, PEMFC
erformance improves as gas humidity increases because the
umidity enhances mobility of hydrogen ions across the poly-
er electrolyte. In this respect, any increase of temperature by

eaction heat which can make the humidity of reactant gases
ower could cause a worsening of fuel cell performance. On the
ther hand, a higher operating temperature helps to enhance
he electrochemical reaction rate, leading to a production of
igh current in the fuel cell. Therefore, to assure optimal per-
ormance of the PEMFC and provide proper heat management
f the fuel cell, it is of crucial importance to investigate the
eat transfer characteristics of fuel cell. Many studies have
een carried out to analyze the heat transfer characteristics of

EMFC experimentally and numerically. Nguyen and White [1],
uller and Newman [2] simulated numerically two-dimensional
embrane electrode assembly to examine the heat and water
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anagement of fuel cell. They concluded thermal control is
ritical to the performance of PEMFC and heat transfer require-
ent changes with current density. Shimpalee and Dutta [3]

eveloped three-dimensional model including energy equation
o predict the temperature distribution inside flow channel. Their
esults showed the fuel cell performance depends on the temper-
ture rise inside fuel cell. Rowe [4] compared the temperature
ifference with increasing current density using energy equa-
ion with irreversible, reversible and ohmic resistance. They
ound that temperature distribution within the PEM fuel cell
s affected by water phase change in the electrode. Hwang and
hen [5] used energy equation applying local non-equilibrium
ondition and Ju et al. [6] and Zhou and Liu [7] included irre-
ersible reaction heat into energy equation to describe more
ealistic temperature distribution inside fuel cell. Berning et
l. [8] developed non-isothermal three-dimensional numerical
odel incorporating entropy change and irreversibility due to

he activation overpotentials to find out temperature gradient
ithin the cell. Nguyen [9] accounted for heat generation due to

he electrochemical reaction for energy equation and analyzed
he effects of concentration, temperature and ohmic overpoten-

ial at low and high load condition. Ying [10] investigated the
ffects of flow configurations on heat transfer in gas area and the
olid land and Rajani [11] analyzed the performance of a verti-
al planar H2-air PEMFC under various operating conditions by

mailto:hwang@incheon.ac.kr
dx.doi.org/10.1016/j.jpowsour.2007.09.057
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Nomenclature

Acv specific surface area of the control volume (m−1)
Dw diffusion coefficient of water (m2 s−1)
F Faraday constant, 96,487 C mol−1

I local current density (A m−2)
k thermal conductivity (W (m K)−1)
M molecular weight (kg mol−1)
Mm, dry equivalent weight of a dry membrane (kg mol−1)
n number of electrons in electrochemical reaction
nd electro-osmotic drag coefficient
P pressure (Pa)
T temperature (K)
�u velocity vector (m s−1)

Greek letters
α transfer coefficient
ε porosity
κ ionic conductivity (S m−1)
λ water content in the membrane
μ dynamic viscosity (kg (m s)−1

ρ density of the mixture (kg m−3)
ρm, dry density of a dry membrane (kg m−3)

Superscripts
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model, the flow direction at anode and cathode flow channel is set
to be same, called as co-flow condition. Cell design parameters
and cell operating conditions are described at Table 1. Number
of mesh is about 60,000 and average number of iterations for

Table 1
Cell design parameters and cell operating conditions

Description Value

Cell/electrode length (cm) 10
Gas channel height (cm) 0.12
Gas channel width (cm) 0.08
Anode GDL thickness (cm) 0.0375
Porosity of anode GDL 0.7
Membrane thickness (cm) 0.01
Catalyst layer thickness (cm) 0.0025
Porosity of cathode GDL 0.7
Cathode GDL thickness (cm) 0.0375
Cell temperature (K) 353
Pressure at the anode gas channel inlet (atm) 1
Relative humidity of inlet fuel stream (%) 100
Anode stoichiometry 2
eff effective value in porous region
ref reference condition

sing a 2D, steady state, single phase, non-isothermal and com-
lete fuel cell model involving both flow and electrochemistry.
i [12] described thermodynamic concept of heat generated by

eversible and irreversible reaction. Alazmi and Vafai [13] inves-
igated the effect of interfacial condition between porous media
nd fluid flow to velocity and temperature and Nusselt number.
hey found that variation of interfacial condition have a more
ronounced effect on the velocity field rather than temperature
eld. Yuan et al. [14,15] have simulated and analyze systemati-
ally using full three-dimensional calculation methods to present
as flow and heat transfer characteristics in terms of friction fac-
or and Nusselt number. They showed the duct configuration and
roperties of the porous anode layer have significant effects on
oth gas flow and heat transfer in fuel cell.

The previous research described above did not take into
onsideration all energy source terms such as ionic resistance
oss, reversible and irreversible loss, and water formation loss
hich directly affects the interior temperature of PEMFC.
onsequently, the results had some limitations in realistically
redicting temperature distribution and heat generation inside
uel cells.

In this paper, a three-dimensional non-isothermal numer-
cal simulation of the PEMFC was developed, including an
nergy equation with all heat source terms, such as heat gen-

ration due to entropy change from electrochemical reaction,
nd irreversible heat release attributed to ohmic and activation
olarization, as well as heat released by water formation. The
urpose of this study is to investigate the contribution of each

P
C
C
I

ig. 1. Mesh configuration of the numerical PMFC model with a single flow
hannel.

ource term on heat generation and temperature distribution; and
ontribution of energy source terms according to a change in the
urrent density. This study also analyzes how current density
ffects the Nusselt number, a parameter essential to heat trans-
er. This work could provide basic data for the design of the heat
nd water management of polymer electrolyte fuel cells.

. Computational methods

Three-dimensional, non-isothermal, steady state model is
sed for simulating PEMFC in this work. Computational mesh
hich consists of anode flow channel, anode diffusion layer,

node catalyst layer, MEA, cathode catalyst layer, cathode dif-
usion layer and cathode flow channel is depicted in Fig. 1. In this
ressure at the cathode gas channel inlet (atm) 1
athode stoichiometry 3
ell voltage (V) 0.6

nlet nitrogen–oxygen mole fraction ratio 0.79/0.21
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onverged solution is about 10,000. XeonTM CPU 2.8 GHz PC
as used for calculation in this work.

.1. Governing equations

Mass (1), momentum (2), species (3) and energy (4) equation
or reactive fluid flow is as follows:

(ερu) = Sm (1)

(ερ�u�u) = −ε∇p + ∇(εμ∇�u) + Su (2)

(ε�uCk) = ∇(Deff
k ∇Ck) + Sk (3)

(ε�uh) = ∇(k∇T ) + Sh (4)

The source terms in energy equation expresses heat genera-
ions as follows:

Er(T, P) − Vcell)I(x, y, z)Acv (5)

T
∂Er

∂T
I(x, y, z)Acv (6)

I2(x, y, z)

κeff Acv (7)

Irreversible heat generation (5) is attributed to activation and
hmic overpotential. Reversible heat generation (6) comes from
he entropy change of overall reaction, H2 + O2/2 → H2O. And
onic resistance loss (7) is generated by resistance of movement
f ions across membrane. Water formation reaction heat can be
xpressed as follows:

hH2O
1 + 2α

2F
I(x, y, z)MH2OAcv (8)

Er is reversible cell potential as follows:

r(T, P) = −�G(T, P)

nF
= Er(Tref, P) +
(

�S(Tref, P)

nF

)
(T − Tref) (9)

here G is free energy of H2/O2 reaction.

ig. 2. Comparison of calculated results with the experimental data for V–I
urve.

N

F

ig. 3. Temperature (a) and local current density (b) distribution on the surface
f membrane for 0.6 V.
Nusselt number of heated wall is defined by

u = qDh

k(Tw − Tbulk)
(10)

ig. 4. Temperature profile on the middle cross-section of flow channel for 0.6 V.
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Fig. 6. Temperature distribution along the channel at symmetry surface for 0.6 V.
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ig. 5. Temperature profile (a) and temperature distribution (b) at the cross-
ection and the through plane direction for 0.6 V at x = 0.09 cm.

here Tbulk is the bulk flow mean temperature in the cross-
ection and calculated as∫

bulk = T |U|dA∫ |U|dA

(11)

Water transport through the membrane comprise of two dif-
erent water transport processes: the electro-osmotic drag (12)

J

J

Fig. 8. Variation of temperature profile along the through plane of channe
ig. 7. Contribution of energy source terms to total heat generation for 0.6 V.

hereby hydrogen protons migrating through the membrane
rag water molecules with them and back diffusion (13) of water
rom the cathode side to anode side.

I(x, y, z)

H2O = 2nd 2F

(12)

H2O,back diffusion = − ρm,dry

Mm,dry
Dw

dλ

dz
(13)

l at different voltage conditions (0.2 V (a), 0.5 V (b) and 0.8 V (c)).
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ig. 9. Variation of temperature profile at cross-section for 0.2 V, 0.5 V, and
.8 V.

. Discussions
To provide a validation check of the numerical model, the
xperimental performance results of PEMFC(12) with the par-
llel flow channel and the computational results, are compared
s shown in Fig. 2. The performance curve derived from the

h

d
i

Fig. 10. Heat generation (a) and oxygen (b) and curre
ources 178 (2008) 692–698

umerical simulation agrees with experiments and represents
easonable overvoltage levels for entire regions of current den-
ity. To see how the temperature inside of a fuel cell is distributed
y the electrochemical heat generation in each electrode, the
emperature distribution on the membrane surface of the fuel cell
t the nominal operating condition, 0.6 V, is shown in Fig. 3(a).
he temperature tends to become higher at the flow entrance and
ear the middle region. It is thought that this high temperature at
ntrance region is caused by high concentration of hydrogen and
xygen supplied at the flow inlet. This temperature distribution
s similar to the distribution of local current density in Fig. 3(b)
ince local current density is closely dependent on electrochem-
cal reaction rate proportional to concentration of reactants, e.g.
ydrogen and oxygen. It is important to know local temperature
rofile inside flow channel because the temperature of reactant
owing inside flow channel can affect greatly electrochemical
eaction rate. Fig. 4 shows temperature distribution at the sym-
etry plane in the flow channel along the flow direction. It is

ound that the temperature of reactants inside flow channel grad-
ally rises along the flow direction due to the accumulation of

eat generated at each electrode.

Fig. 5(a) shows the temperature profile of the through plane
irection of a flow channel at 0.6 V. In the figure, the left side
s a cathode and the right side is an anode. Approaching to the

nt density (c) along the flow channel for 0.6 V.
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atalyst layer, the temperature becomes higher. In particular, the
emperature peak is found at the cathode side, which means that
he water formation reaction by hydrogen and oxygen on the
athode catalyst layer generates a large amount of heat. The
ifference between the membrane surface and the maximum
emperature in the channel is about 3◦.

Fig. 5(b) shows the temperature distribution at a cross-
ection, including the current collector, flow channel and MEA.
he temperature in the flow channel at the cathode side is

ound to be spatially higher. On the other hand, the tempera-
ure at the current collect is uniform because of the high heat
onductivity coefficient of the current collect. Fig. 6 shows
he temperature distribution at a middle section of the flow
hannel at an anode and a cathode. It reveals that the tem-
erature rises along the flow path, and especially the high
emperature zone is distributed in the gas diffusion layer of
he cathode. Fig. 7 represents each energy source term along
he flow path in order to examine the contribution of each
nergy source term on heat generation. In the figure, it is found
hat heat generation by water formation loss is the largest,
ollowed by irreversible loss and reversible loss for 0.6 V con-

ition.

Since the current density of fuel cells increases with decreas-
ng voltage, it is important to examine temperature distribution
t different voltages.

e
g
r
d

Fig. 11. Comparison of each source terms for different vo
ources 178 (2008) 692–698 697

Fig. 8 shows the temperature profiles of the through plane
irection of flow channels at different voltages. The temperature
ifference at 0.2 V is greatest where the current density appears
igh, and the temperature at 0.8 V is spatially very low because
he electrochemical reaction rate is not very active. Fig. 9 shows
he temperature distribution of a cross-section plane at each volt-
ge, which also helps explain why the lower the voltage is, the
igher the temperature appears.

Fig. 10 presents heat generated by an electrochemical reac-
ion, an oxygen profile and current density along the flow path.
rom Fig. 10(a) the heat decreases sharply at inlet and then
aintains a certain level to the exit. It is postulated that chem-

cal reactions are more active near the entrance where reactant
ases flow in, and reactant concentration is high. To validate this,
he oxygen concentration was plotted along the flow direction
n Fig. 10(b). It shows that the oxygen concentration sharply
ecreases near the entrance, but maintains a certain level along
he length direction. The current density which represents the
lectrochemical reaction rate, also shows a similar trend along
he flow path, as shown in Fig. 10(c).

Fig. 11 compares each energy source consisting of heat gen-

ration with varying voltage. It is found that at 0.2 V heat
eneration due to irreversible loss is the largest where the cur-
ent density is highest, and heat generation by irreversible loss
ecreases at 0.5 V, and then heat generation by water forma-

ltage conditions (0.2 V (a), 0.5 V (b) and 0.8 V (c)).
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Fig. 12. Comparison of Nusselt number for 0.2 V, 0.5 V, and 0.8 V.

ion loss becomes the largest of all at 0.8 V where the current
ensity is lowest. This is due to the fact that heat generation
y irreversible loss increases because of the increase of over-
oltage at a high current density. It is also found that at a
ow current density the heat generation by reaction heat and
eversible loss is relatively greater than the heat generation by
rreversible loss, since overvoltage is decreased at a low current
ensity. Such a trend can be found through the comparison of
nergy source terms according to voltage shown in Fig. 11. Water
ormation loss, ionic resistance loss and reversible loss do not
hange much according to voltage, but heat generation by irre-
ersible loss changes greatly according to the voltage applied. It
s very important to control heat generation by irreversible loss
t mid-high current density ranges for the proper heat transfer
anagement of PEMFC.
Fig. 12 shows the Nusselt number along the flow direction at
.2 V, 0.5 V and 0.8 V. It presents the shape of the rapid decay
long the length direction. It is thought that this rapid decay of
he Nusselt number along the flow axis is caused by the thermo-
ynamic boundary layer development. It is also found that the

[
[
[

[

ources 178 (2008) 692–698

usselt number increases with a decrease in voltage because the
mount of heat generation rises at a high current density.

. Conclusions

. The maximum temperature is observed at the cathode
because of heat generation from water formation reaction
and temperature at the electrolyte along channel increases
due to accumulative heat addition.

. As the voltage decreases, the temperature difference between
the flow and the electrodes increases due to the high electro-
chemical reaction rate at a high current density.

. It is found that heat is mainly generated by irreversible loss
at a low voltage and, on the other hand, by water formation
loss at a low current density.

. The Nusselt number increases with an increasing current den-
sity leading to higher heat generation. The rapid decay in the
entrance of the channel is considered to be caused by thermal
boundary layer development in the channel flow.

eferences

[1] T.V. Nguyen, R.E. White, J. Electrochem. Soc. 140 (1993) 2178–2186.
[2] T.F. Fuller, J. Newman, J. Electrochem. Soc. 140 (1993) 1218–1225.
[3] S. Shimpalee, S. Dutta, Numerical Heat Transf. Part A 38 (2000) 111–

128.
[4] A. Rowe, X. Li, J. Power sources 102 (2001) 82–96.
[5] J.J. Hwang, P.Y. Chen, Int. J. Heat Mass Transf. 49 (2006) 2315–2327.
[6] H. Ju, H. Meng, C.-Y. Wang, Int. J. Heat Mass Transf. 48 (2005) 1303–

1315.
[7] T. Zhou, H. Liu, Int. J. Trans. Phenom. 3 (2001) 177–198.
[8] T. Berning, D.M. Lu, N. Djilali, J. Power Sources 106 (2002) 284–294.
[9] P.T. Nguyen, T. Berning, N. Djilali, J. Power Sources 130 (2004) 149–157.
10] W. Ying, T.-H. Yang, W.-Y. Lee, J. Ke, C.-S. Kim, J. Power Sources 145

(2005) 572–581.
11] B.P.M. Rajani, A.K. Kolar, J. Power Sources 164 (2007) 210–221.

12] X. Li, Principles of Fuel Cells, Taylor & Francis, New York, 2005.
13] B Alazmi, K. Vafai, Int. J. Heat Mass Transf. 44 (2001) 1735–1749.
14] J. Yuan, M. Rokni, B. Sundén, Int. J. Heat Mass Transf. 44 (2001)

4047–4058.
15] J. Yuan, M. Rokni, B. Sundén, Int. J. Heat Mass Transf. 46 (2003) 809–821.


	Heat transport characteristics of flow fields in proton exchange membrane fuel cells
	Introduction
	Computational methods
	Governing equations

	Discussions
	Conclusions
	References


