Available online at www.sciencedirect.com
ScienceDirect

Journal of Power Sources 178 (2008) 692—-698

JOURNAL OF

www.elsevier.com/locate /jpowsour

Heat transport characteristics of flow fields in proton
exchange membrane fuel cells

Son Ah Cho, Pil Hyong Lee, Sang Seok Han, Sang Soon Hwang *

Department of Mechanical Engineering, University of Incheon, Dohwa-dong 177, Nam-gu, Incheon 402-749, South Korea

Received 27 June 2007; received in revised form 7 August 2007; accepted 12 September 2007
Available online 26 September 2007

Abstract

Since the electrochemical reaction at electrodes of PEMFC is a form of exothermic reaction, three-dimensional non-isothermal numerical
simulation was developed including the energy equation with all heat source terms such as reversible heat generation and irreversible heat release
attributed to ohmic and activation polarization. The results show that the maximum temperature is observed at the cathode because of reaction
heat from water formation reaction and temperature at the electrolyte along channel increases due to accumulative heat addition and heat is mainly
generated 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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1. Introduction

Since the electrochemical reaction at the anode and cathode
electrodes of a polymer membrane electrolyte fuel cell (PEMFC)
is a form of exothermic reaction, the interior temperature of the
fuel cell increases as operation time lapses. In general, PEMFC
performance improves as gas humidity increases because the
humidity enhances mobility of hydrogen ions across the poly-
mer electrolyte. In this respect, any increase of temperature by
reaction heat which can make the humidity of reactant gases
lower could cause a worsening of fuel cell performance. On the
other hand, a higher operating temperature helps to enhance
the electrochemical reaction rate, leading to a production of
high current in the fuel cell. Therefore, to assure optimal per-
formance of the PEMFC and provide proper heat management
of the fuel cell, it is of crucial importance to investigate the
heat transfer characteristics of fuel cell. Many studies have
been carried out to analyze the heat transfer characteristics of
PEMFC experimentally and numerically. Nguyen and White [1],
Fuller and Newman [2] simulated numerically two-dimensional
membrane electrode assembly to examine the heat and water
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management of fuel cell. They concluded thermal control is
critical to the performance of PEMFC and heat transfer require-
ment changes with current density. Shimpalee and Dutta [3]
developed three-dimensional model including energy equation
to predict the temperature distribution inside flow channel. Their
results showed the fuel cell performance depends on the temper-
ature rise inside fuel cell. Rowe [4] compared the temperature
difference with increasing current density using energy equa-
tion with irreversible, reversible and ohmic resistance. They
found that temperature distribution within the PEM fuel cell
is affected by water phase change in the electrode. Hwang and
Chen [5] used energy equation applying local non-equilibrium
condition and Ju et al. [6] and Zhou and Liu [7] included irre-
versible reaction heat into energy equation to describe more
realistic temperature distribution inside fuel cell. Berning et
al. [8] developed non-isothermal three-dimensional numerical
model incorporating entropy change and irreversibility due to
the activation overpotentials to find out temperature gradient
within the cell. Nguyen [9] accounted for heat generation due to
the electrochemical reaction for energy equation and analyzed
the effects of concentration, temperature and ohmic overpoten-
tial at low and high load condition. Ying [10] investigated the
effects of flow configurations on heat transfer in gas area and the
solid land and Rajani [11] analyzed the performance of a verti-
cal planar H2-air PEMFC under various operating conditions by
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Nomenclature
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specific surface area of the control volume (m~1)
diffusion coefficient of water (m? s~1)

Faraday constant, 96,487 C mol~!

local current density (A m2)

thermal conductivity (W (m K)™ 1

molecular weight (kg mol™!)

equivalent weight of a dry membrane (kg mol~!)
number of electrons in electrochemical reaction
electro-osmotic drag coefficient

pressure (Pa)

temperature (K)

velocity vector (m s~

£
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Greek letters

o transfer coefficient

£ porosity

K ionic conductivity (S m~ )

A water content in the membrane
7 dynamic viscosity (kg (m )~ !

P density of the mixture (kg m?)
Pm,dry density of a dry membrane (kgm™)
Superscripts

eff effective value in porous region
ref reference condition

using a 2D, steady state, single phase, non-isothermal and com-
plete fuel cell model involving both flow and electrochemistry.
Li [12] described thermodynamic concept of heat generated by
reversible and irreversible reaction. Alazmi and Vafai [13] inves-
tigated the effect of interfacial condition between porous media
and fluid flow to velocity and temperature and Nusselt number.
They found that variation of interfacial condition have a more
pronounced effect on the velocity field rather than temperature
field. Yuan et al. [14,15] have simulated and analyze systemati-
cally using full three-dimensional calculation methods to present
gas flow and heat transfer characteristics in terms of friction fac-
tor and Nusselt number. They showed the duct configuration and
properties of the porous anode layer have significant effects on
both gas flow and heat transfer in fuel cell.

The previous research described above did not take into
consideration all energy source terms such as ionic resistance
loss, reversible and irreversible loss, and water formation loss
which directly affects the interior temperature of PEMFC.
Consequently, the results had some limitations in realistically
predicting temperature distribution and heat generation inside
fuel cells.

In this paper, a three-dimensional non-isothermal numer-
ical simulation of the PEMFC was developed, including an
energy equation with all heat source terms, such as heat gen-
eration due to entropy change from electrochemical reaction,
and irreversible heat release attributed to ohmic and activation
polarization, as well as heat released by water formation. The
purpose of this study is to investigate the contribution of each
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Fig. 1. Mesh configuration of the numerical PMFC model with a single flow
channel.

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

2. Computational methods

Three-dimensional, non-isothermal, steady state model is
used for simulating PEMFC in this work. Computational mesh
which consists of anode flow channel, anode diffusion layer,
anode catalyst layer, MEA, cathode catalyst layer, cathode dif-
fusion layer and cathode flow channel is depicted in Fig. 1. In this
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
Pressure at the cathode gas channel inlet (atm) 1
Cathode stoichiometry 3

Cell voltage (V) 0.6
Inlet nitrogen—oxygen mole fraction ratio 0.79/0.21
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converged solution is about 10,000. Xeon™ CPU 2.8 GHz PC
was used for calculation in this work.

2.1. Governing equations

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

V(epu) = Sm (1
V(epuitt) = —eVp + V(eu Vi) + Sy 2
V(eiCy) = V(DTVCy) + S (3)
V(eih) = V(kVT) + S 4)

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

(EX(T, P) — Vee)I(x, Yy, 2)Acy 5)
725 oy, A ©)
aT X, Y, Z)Acy
I(x, y,2)
— A %

Irreversible heat generation (5) is attributed to activation and
ohmic overpotential. Reversible heat generation (6) comes from
the entropy change of overall reaction, Hy + O2/2 — H>O. And
ionic resistance loss (7) is generated by resistance of movement
of ions across membrane. Water formation reaction heat can be
expressed as follows:

1+ 2a
Ahw,0 F I(x, y, )Mu,0Acv (®)
E. is reversible cell potential as follows:
AG(T, P
ET, Py = — 29T D)
nkF
AS(Trer, P)
= E(Teer, P) + (—F (T — Trer) ©)
where G is free energy of H/O; reaction.
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Fig. 2. Comparison of calculated results with the experimental data for V-1
curve.
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Fig. 3. Temperature (a) and local current density (b) distribution on the surface
of membrane for 0.6 V.

Nusselt number of heated wall is defined by

D
Nu = I et (10)

k(T — Touk)
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Fig. 4. Temperature profile on the middle cross-section of flow channel for 0.6 V.
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Fig. 5. Temperature profile (a) and temperature distribution (b) at the cross-
section and the through plane direction for 0.6 V at x=0.09 cm.

where Ty is the bulk flow mean temperature in the cross-
section and calculated as

JTIU|dA

T =
bulk f|U|dA

(1)

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

(a) (b)

Fig. 8. Variation of temperature profile along the through plane of channel at different voltage conditions (0.2 V (a), 0.5V (b) and 0.8 V (c)).
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Fig. 6. Temperature distribution along the channel at symmetry surface for 0.6 V.
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whereby hydrogen protons migrating through the membrane
drag water molecules with them and back diffusion (13) of water
from the cathode side to anode side.

I(x,y,2)
J =2ng—— 12
Hy0 = 2na—— (12)
Pm,d da
JHzO,back diffusion = _Mm—drwad_Z (13)
m,dry
temperature

(©)
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3. Discussions

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

9000

8000

7000

heat generation (W m-2)

numerical simulation agrees with experiments and represents
reasonable overvoltage levels for entire regions of current den-
sity. To see how the temperature inside of a fuel cell is distributed
by the electrochemical heat generation in each electrode, the
temperature distribution on the membrane surface of the fuel cell
at the nominal operating condition, 0.6V, is shown in Fig. 3(a).
The temperature tends to become higher at the flow entrance and
near the middle region. It is thought that this high temperature at
entrance region is caused by high concentration of hydrogen and
oxygen supplied at the flow inlet. This temperature distribution
is similar to the distribution of local current density in Fig. 3(b)
since local current density is closely dependent on electrochem-
ical reaction rate proportional to concentration of reactants, e.g.
hydrogen and oxygen. It is important to know local temperature
profile inside flow channel because the temperature of reactant
flowing inside flow channel can affect greatly electrochemical
reaction rate. Fig. 4 shows temperature distribution at the sym-
metry plane in the flow channel along the flow direction. It is
found that the temperature of reactants inside flow channel grad-
ually rises along the flow direction due to the accumulation of
heat generated at each electrode.

Fig. 5(a) shows the temperature profile of the through plane
direction of a flow channel at 0.6 V. In the figure, the left side
is a cathode and the right side is an anode. Approaching to the
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Fig. 10. Heat generation (a) and oxygen (b) and current density (c) along the flow channel for 0.6 V.
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catalyst layer, the temperature becomes higher. In particular, the
temperature peak is found at the cathode side, which means that
the water formation reaction by hydrogen and oxygen on the
cathode catalyst layer generates a large amount of heat. The
difference between the membrane surface and the maximum
temperature in the channel is about 3°.

Fig. 5(b) shows the temperature distribution at a cross-
section, including the current collector, flow channel and MEA.
The temperature in the flow channel at the cathode side is
found to be spatially higher. On the other hand, the tempera-
ture at the current collect is uniform because of the high heat
conductivity coefficient of the current collect. Fig. 6 shows
the temperature distribution at a middle section of the flow
channel at an anode and a cathode. It reveals that the tem-
perature rises along the flow path, and especially the high
temperature zone is distributed in the gas diffusion layer of
the cathode. Fig. 7 represents each energy source term along
the flow path in order to examine the contribution of each
energy source term on heat generation. In the figure, it is found
that heat generation by water formation loss is the largest,
followed by irreversible loss and reversible loss for 0.6 V con-
dition.

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

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

Fig. 10 presents heat generated by an electrochemical reac-
tion, an oxygen profile and current density along the flow path.
From Fig. 10(a) the heat decreases sharply at inlet and then
maintains a certain level to the exit. It is postulated that chem-
ical reactions are more active near the entrance where reactant
gases flow in, and reactant concentration is high. To validate this,
the oxygen concentration was plotted along the flow direction
in Fig. 10(b). It shows that the oxygen concentration sharply
decreases near the entrance, but maintains a certain level along
the length direction. The current density which represents the
electrochemical reaction rate, also shows a similar trend along
the flow path, as shown in Fig. 10(c).

Fig. 11 compares each energy source consisting of heat gen-
eration with varying voltage. It is found that at 0.2V heat
generation due to irreversible loss is the largest where the cur-
rent density is highest, and heat generation by irreversible loss
decreases at 0.5V, and then heat generation by water forma-

a T T
(@) 22000 1 —=— Ireversible Loss ] (b) 22000 = — Irreversible Loss
~ 4 Water Formation Loss || | ~—#— Water Formation Loss|| |
20000 _.-,. —a— Reversible Loss 20000 —a— Reversible Loss
18000 Ny e —e— Ionic Resi Loss || 18000 —e— Ionic Resistance Loss {—
q’? i L E-E-mnwemm H-N-E-E-m lfi'l-I-l*l-l e
£ 16000 NE 16000
= 14000 = 14000
= 1 =
S 12000 S 12000
o ] =
@ 10000 {* © 10000
El:) 1 “". { X WY GCJ
& 8000 N MR AAZZ: X T T wwwwy g g0
W o000 A AhhkAAhAMAAAAANAAAAAL + 6000y
[} ] = Roen Bl o L S T e —— R p——
T 4000 £ 4000 ez 22 e SO
1 A b A N A A A A A-A-A-A-A-A-A-A A A AAALSA
<000 Pooeoeoeoepeeeeneeoeneeee 2000
0 | hossaposassaneecnasassanae
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
channel length (m) channel length (m)
© 22000 = e L
—=&— Water Formation Loss| |
20000 ] —a—Reversible Loss
— 18000 —e—Jonic Resistance Loss | |
Y ]
E 16000
E 14000
[ = 4
2 12000
© .
Clc) 10000 ]
& 8000
8 6000
T ]
4000
Iy
20001 ¢ 2200090050560 060404044
0
0.00 0.02 0.04 0.06 0.08 0.10

channel length (m)
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tion loss becomes the largest of all at 0.8 V where the current
density is lowest. This is due to the fact that heat generation
by irreversible loss increases because of the increase of over-
voltage at a high current density. It is also found that at a
low current density the heat generation by reaction heat and
reversible loss is relatively greater than the heat generation by
irreversible loss, since overvoltage is decreased at a low current
density. Such a trend can be found through the comparison of
energy source terms according to voltage shown in Fig. 11. Water
formation loss, ionic resistance loss and reversible loss do not
change much according to voltage, but heat generation by irre-
versible loss changes greatly according to the voltage applied. It
is very important to control heat generation by irreversible loss
at mid-high current density ranges for the proper heat transfer
management of PEMFC.

Fig. 12 shows the Nusselt number along the flow direction at
0.2V, 0.5V and 0.8 V. It presents the shape of the rapid decay
along the length direction. It is thought that this rapid decay of
the Nusselt number along the flow axis is caused by the thermo-
dynamic boundary layer development. It is also found that the

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

4. Conclusions

1. 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.

2. Asthe 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.

3. 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.

4. 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.
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