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In polymer electrolyte membrane fuel cells (PEMFCs) more than half of the
chemical energy of hydrogen is converted into heat during the generation of
electricity. This heat, If not being properly exhausted, impairs the
performance and durability of cell. In this paper, parallel channels with
trapezoid cross-sections are proposed for cooling flow field in PEMFC, and
coolant flow and heat transfer in cooling plates are simulated numerically.
The results indicate that maximum surface temperature, surface temperature
difference, average surface temperature, temperature uniformity index and
coolant temperature in a cell with trapezoidal cross-sections of cooling
channels are lower than corresponding values in a same cell with rectangular
cross-sections. Therefore, use of trapezoidal cross-sections for cooling
channels can improve the cooling performance. Moreover, the pressure drop
does not increase significantly in this new model. Consequently, the model
is preferred to traditional configurations of flow channels in terms of thermal
factors and minimum pressure drop.

1. INTRODUCTION

PEM Fuel cells that are electrochemical
devices, rely on the transport of oxygen (or
air) and hydrogen and product electricity,
water and heat. A PEM fuel cell usually
generates heat, as much as it produces
electricity. Additional heat must be removed
from the cell to control the temperature and
keep it among a special range, since many
processes such as Kkinetic and rate of
electrochemical reactions, condensation and
diffusion of water, water evaporation rate, the
membrane conditions and longevity, and gas
transport phenomenon in porous media,
depend strongly on the cell temperature. Each
of these factors affects the performance and
effective lifetime of the cell [1, 2].

The temperature in PEM fuel cells should be
large enough to ensure that the
electrochemical reactions are doing well.
Higher the temperature, larger is the rate of
electrochemical reactions and consequently,
the cell output power increases. On the other
hand, higher temperatures can harm the
membrane. Higher temperature results in the
membrane drying and if the electrolyte be
dried completely, the membrane ionic
resistance ascends and then, the efficiency of
the cell descends. When the dryness occurs

locally, the electrolyte resistance increases in
that region and hence, more heat is generated
there, which cause more dryness of the
electrolyte.  This process is repeated
unmanageably in order that some hot spots are
created on the electrode-membrane assembly.
This spots are the hard cores of burning the
electrode- membrane assembly and destroying
the fuel cell. On the other hand, as the
temperature  decreases, liquid  water
accumulates within the cell, which closes the
pores of gas diffusion layer and avoids the
oxygen to reach the catalyst layer. The liquid
water can also fill in the porous media pores
of the catalyst layer and reduce its effective
surface. Therefore, an appropriate water
management in a PEM fuel cell underlies a
reasonable heat management in it. Besides,
non-uniform distribution of the temperature
reduces the lifetime and the reliability of the
membrane. In contrast, uniform temperature
distribution in the cell leads to uniform rate of
electrochemical reactions in the catalyst
layers. Good heat management is translated to
keep the cell operating temperature among an
appropriate temperature range and to make the
temperature distribution uniform.

In fuel cells with more than 5kW power, a
liquid (water or a dielectric fluid) is usually



used as the coolant and flows through created
channels in cooling or bipolar plates [3, 4].
The flow field geometry is one of the most
important factors in thermal management.
Cooling flow field should be designed in such
a manner that the following vital requirements
are fulfilled simultaneously: (1) removing the
generated heat at different working voltages,
(2) minimizing the pressure drop across the
flow field from the inlet to outlet, and (3)
obtaining a uniform temperature distribution.
Each cooling channel design has its specific
characteristics and outcomes. To attain these
goals, one may use different types of cooling
flow fields for water cooled PEMFC stacks.
Among different types, serpentine, parallel
and parallel-serpentine flow fields are the
most applicable ones [4]. Parallel shape
channels are the simplest ones with lowest
manufacturing cost and also lower pressure
drop than serpentine geometries, however
their temperature distribution is more non-
uniform. In order to have both of
aforementioned advantages and also to
improve the thermal performance of parallel
model, it is very essential to investigate
different geometries and dimensions of the
coolant flow channels.

A number of studies on fuel cells are
conducted to investigate the heat transfer
issues in PEM fuel cells. Chen et al. [5]
conducted a thermal analysis of the coolant
flow field configuration to optimize the
cooling flow field design of a PEMFC stack.
They analyzed and compared six coolant flow
field configurations and found that serpentine
configurations have more uniform
temperature distribution than the parallel
configurations, but parallel-type configuration
has a lower pressure drop. Adzakpa et al. [6]
presented a 3D thermal model to study the
temperature distribution in an air-cooling
PEM fuel cell. They validated their numerical
results with some experiments and showed
that the temperature non-uniformity in the
PEM fuel cell stack is very high (the
temperatures at the top of the cell are higher
than the bottom). Ravishankar and Prakash
[7] proposed four different geometries for the
water-cooling flow field in PEM fuel cells.

They simulated numerically the flow filed and
heat transfer in each configuration and
compared their performance in terms of
maximum surface temperature, temperature
uniformity and pressure drop. Gould et al. [8]
investigated the thermal performance of two
flow field models numerically and compared
their results with experimental data of
temperature measurement obtained from an
infrared thermography. They showed that
infrared thermography is a useful tool for
characterizing coolant flow fields in PEM fuel
cells. In another work, Shimei and Wei [9]
proposed a serpentine pipe of water passing
through the cell for the cooling purpose. They
implemented numerical modeling in their
work and discussed on the effects of flow
velocity, number of the pipe branches and also
the pipe diameter on the temperature
distribution in the cell. Afshari et al. [10]
presented a novel design for the coolant fluid
distributor by using a metal foam structure. In
their work, the performance of the flow field
with metal foam as coolant fluid distributor
was simulated and compared with three other
common designs. They concluded that among
the studied cases, the metal foam as coolant
fluid distributor is the best choice to be used
as coolant flow field and has the potential of
improving the thermal performance of
polymer electrolyte membrane fuel cells. Yu
and Jung [11] developed a thermal
management strategy for PEM fuel cells with
large active cell areas. The thermal
management system model includes radiator,
pump and fan and comparison and
investigation of the trade-off between the
temperature distribution effect and thepump
parasitic loss.

Choi et al. [12] studied numerically the
performance of cooling plates for the PEM
fuel cell using 3D models. In their work, six
cooling plates were designed and modified
with different channel configurations; consist
of  typical serpentine and  parallel
configurations. The results include the
comparison of the velocity through the
channel, pressure drop, temperatures around
the outlet and inlet areas of the channels,
maximum surface temperature and uniformity.



Hashmi [3] investigated different flow field
designs in 3D with a conjugate heat transfer
condition at steady-state. Their results showed
that conventional single serpentine design is
better than modified single serpentine design
on the basis of total entropy generation
criterion, whereas the latter was found to be
better on the basis of temperature uniformity.
Sasmito et al. [13] evaluated numerically the
placement of coolant plates with water in a
PEM fuel cell stack, the coolant temperature,
and coolant flow rate for four repetitive stack
configurations, comprised of one cell; two
cells; three cells; and four cells between each
pair of coolant plates in the overall stack.
Asghari et al. [4] investigated the design of
cooling flow fields for a 5 kW PEM fuel cell.
They employed a parallel serpentine flow
field design and found that inlet/outlet
manifolds of reactant gases have an influence
on the temperature distribution in the bipolar
plates. Lasbet et al. [14] proposed to modify
the channel geometries in a PEM fuel cell to
create chaotic laminar flow inside the cooling
channels. The heat transfer efficiency,
pressure loss and mixing properties of several
chaotic 3D mini-channels were numerically
evaluated and compared with conventional
straight channels in their study. The results
indicated that 3D chaotic channels can
significantly improve the convective heat
transfer performance over that of the
conventional straight channels, outweighing
the increase of pressure loss.

It is possible to use different shapes for the
cross section of the cooling channels. Some of
the geometries have been studied before for
reactant gases flow channels and the gas
transportation through them and also the
pressure drop in fuel cell have been surveyed
[15-19]. Parallel shape channels with
rectangular cross-section are the common
models. Looking at the previous studies on the
cooling flow field design of PEM fuel cells
shows that only the performance of straight
parallel channels with rectangular cross
section has been considered and compared
with serpentine model. This means that no
attempt can be found in the literatures on the

optimization of a parallel channel by changing
the geometry of its cross-section.

In this paper, we introduce an effective way to
enhance the heat transfer and to make the
temperature distribution of the cooling plates
uniform. It is to implement a trapezoid flow
channels design. Reviewing the literatures
reveals that no research on numerical
modeling of this novel design has been
reported. We calculate the fluid flow and heat
transfer in 15cmx15cm cooling plates of a
PEM fuel cell and apply trapezoid flow
channels as the coolant fluid distributor. Then,
we assessed the performance of coolant flow
field with trapezoid flow channels and
compared it with straight flow channel of
square cross-section in terms of maximum and
average surface temperature, temperature
uniformity and pressure drop.

2 THEORY AND CALCULATIONS

2.1 Geometric model

A PEM fuel cell consist of a membrane for
ion conduction, two catalyst layer for
electrochemical reaction, two gas diffusion
layers (GDLs) for uniform reactant diffusion,
and two bipolar plates for electron conduction
and flow distribution (figure 1). The bipolar
plate is used to supply reactant gases to the
GDLs via flow channels that carved into the
plates. Humidified hydrogen and air are
supplied in the gas channels; they first diffuse
through GDLs and then reach the catalyst
layers. At the catalyst layer, the half-cell
reaction takes place at anode and cathode
sides, one is named anode where oxidation is
taking place, whereas reduction is taking place
at the cathode. Hydrogen atom splits into
proton and electron in the anode side, which
take different paths to the cathode. The proton
passes through the membrane and the
electrons create a separate current that can be
utilized before they return to the cathode side.
At the cathode, electron and proton are
combined with oxygen to form water.

The gas diffusion layers serve to transport the
reactant gases towards the catalyst layer
through the open wet-proofed pores. In
addition, they provide an interface when
ionization takes place and transfer electrons



through the solid matrix. Voltage output of a
single fuel cell is not enough for most
practical applications. For this reason,
individual fuel cells are combined to produce
acceptable voltage levels. The other role of
the bipolar plates is to separate different cells
in a fuel cell stack. The cooling is generally
achieved by liquid water that circulates
through coolant flow channels formed in
bipolar plates or in dedicated cooling plates
[4, 20].
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Fig. 1. a) Components of a PEM fuel cell and the
modeling domain consist of a part of the cooling plate
and cooling channels, b) rectangular channels c)
trapezoid channels

Cooling is essential for the operation of a
PEM fuel cell stack in order to exhaust the
heat produced by electrochemical reactions.
The computational domain in this study is a
part of the cooling plate where the cooling
channels are formed (figure 1). A 5kW fuel
cell system is considered here for the cooling
flow field design. The cooling plates have
150mmx150mm square area with machined
flow channels with 37 coolant inlets.

The cooling flow field we study here consists
of 37 straight parallel channels with
trapezoidal cross sections. The small and large
bases of the trapezoids are 1.5mm and 2mm,
respectively (model A). Such cooling flow
filed is propounded to improve the
temperature uniformity and also to reduce the
maximum surface temperature in comparison
with a parallel cooling flow field with
rectangular cross sections of sides 1mm and
2mm (model B). In both models, the cooling
plate cross section is a 150mmx150mm square
with 2mm distance between the channels and
1mm depth of channels. The cooling plate is
made of graphite.

2.2 Governing equations

The Geometrical model of cooling plate and
applied boundary conditions is shown in Fig.
2. The flow Reynolds number, Re, is set to
330 and hence, the coolant flow is laminar.
Also, the flow is steady and incompressible
and the coolant fluid is assumed to be
Newtonian. The conservation equations of
mass, momentum and energy for coolant fluid
flow through the cooling plate are as follow.

Vu 0 1)
V(puu) Vp+V (uVu) (2)
V(pcuT) V(kVT) (3)

where U is velocity vector and T and p are
temperature and pressure. Also, p, 4, ¢, and k
are density, kinetic viscosity, specific heat and
thermal conductivity of cooling fluid,
respectively. For solid regions, equation (3)
may be revised by setting: U=0 (changes the
equation to pure conduction one). The
operating temperature of 60°C is selected for
the stack.



Fig. 2. Geometrical model of cooling plate (half
domain) and applied boundary conditions

2.3 Boundary Conditions

The complete set of governing equations
representing the mathematical model is given
by Egs. 1-3, which forms a set of equations
with five unknowns: Ucomponents, pand T.
The boundary conditions are specified as
follows.

)] Bottom of the cooling plate

Heat generation in the PEM fuel cell at any
working voltage calculates via the V-I curve
of the cell. The nominal voltage per each cell
is supposed to be V;= 0.6V. The generated
heat flux per cell in the stack at any working
voltage can be obtained as:

Q: =(@.23-V,)i 4)
where, i is the stack output electrical current
and 1.23 corresponds to the maximum voltage
of a fuel cell [4]. The heat generated by fuel
cell reactions is simulated as a heat flux
applied on the cooling plate surface (bottom
boundary in the figure 2). The heat flux is
obtained via dividing the generated heat by
the active area of the fuel cell. The geometric
model is composed of solid region and fluid
region (coolant). For present system (5kW
PEM fuel cell), the average of electrical
current density and the average heat flux are
6755Am2and 4255Wm™, respectively.

i) Top of the cooling plate

Due to the symmetry condition, only half of
the cooling plate is considered as the
computational domain to reduce the
computational costs. Symmetry condition is
applied on the top boundary (the center-plane
of the cooling plate), while constant heat flux
condition is imposed on the bottom boundary
wall sides.

There is the possibility of free-convection heat
transfer with the ambient through the edges of
the cooling plate. Two edges are in vertical
direction and two others are in horizontal

direction. The free-convective heat transfer
coefficient is calculated in term of average
Nusselt number. The following relations are
used to obtain the average Nusselt number
[21]:

— 1 top horizontal edge  (5)
Nu_ =0.27Ra}
— 1 bottom horizontal edge  (6)
Nu,_ =0.15Ra}

: vertical ~ (7)

— 0.67Ra’*
Nu, =0.68+ a edges

S

(1+(0.492/ Pr)®)
Here, L denotes the edge length, Pr is the air
Prandtl number and Ra_ is Rayleigh number,
represented by:

_ gﬂ(Ts _Too)L (8)
vo

in which, g, vand « are coefficient of volume
expansion, kinematic viscosity and thermal
diffusivity of the air, and Ts, T, are the
cooling plate edge and ambient temperatures,
respectively. The coolant inflow temperature
is supposed to be 40°C and therefore, the
approximate temperature of the cooling plates
at their edges is the same. All the flow
properties are estimated at the film
temperature [21]. The result is that the
convective heat transfer coefficient at the
vertical edges and top and bottom horizontal
edges corresponds to 5.532, 2.84 and 6.090
Wm™K™, respectively.

i) Inlet and outlet of channels

It is assumed that the coolant enters the flow
field at a constant temperature (60°C). Inlet
and outlet boundaries of fluid region are set to
mass flow inlet (4 x 10° m3™) and pressure
outlet conditions, respectively.

The cooling plates are made of graphite (p =
2250 kgm® and k= 24 Wm’K™') and the
working fluid is liquid water (p= 983.284
kgm™and k = 0.653 Wm™K™).

o

Ra,

2.4 NUMERICAL PROCEDURE

The discretization of the governing partial
differential equations is performed by finite
volume method applied to a staggered grid
arrangement  within  the  computational
domain, in which different grid networks is
utilized for scalar and vector variables. The



governing equations are solved by the
SIMPLE algorithm assists with linking the
pressure and velocity fields. The convective
terms are estimated by selecting a second-
order upwind scheme resulting in greater
solution stability. The convergence is based
on the averaged absolute value of the residual
for each conservation equation and is assumed
to be less than 10, whereas the maximum
relative mass residual based on the inlet mass
should be smaller than 10,

The grid dependency of numerical solution is
examined for different coolant flow field
designs. The tests inspect the dependency of
calculated pressure drop and maximum
surface temperature on the number of
discretized volume cells. These two quantities
become less dependent on the grid size in
model A, when the cell number exceeds some
1,200,000. In model B, however, this value
exceeds 1,400,000 since the bend regions with
complex flow structures need higher grid
density in this model.

3 RESULTS AND DISCUSSION

Initially, validation of numerical results is
performed by computation of Darcy friction
factor, f, through the pressure drop and mean
velocity for a straight flow field (model A)
and comparison of them with corresponding
analytical data. For calculation of f, hydraulic
diameter, Dy, is set to 1.33mm. Figure 3
depicts f.Re parameter along the straight
channel. Also, that know the hydraulic
entrance length, L =0.05D, Re and applying

this relation, the hydraulic entrance length for
Re= 330 yields about 0.0219m (Compared
with 0.02 obtained from numerical results as
shown in figure 3). It can be seen in the figure
that after this length, the simulated value of
f.Re is converged to 61, which is relatively in
good agreement with the reference value of 62
for a fully-developed laminar flow through a
rectangular channel with an aspect ratio of 2
[21].

In addition of Darcy friction, here validation
of numerical results is performed by
computation of Nusselt number, Nu, for a
straight flow field (model A) and comparison
of them with corresponding analytical data.

Available analytical solutions for thermal
analysis of channel flows are usually
presented under constant heat flux condition
in the literatures. Here, Nusselt number is
plotted along a straight channel (model A)
under constant wall heat flux in figure 3. Also,
the thermal entrance length is obtained from

L., =0.05D, RePr. The formula results in

a thermal entrance length of about 0.094m for
a flow with Re = 330 (compared with 0.08
obtained from our numerical results, as shown
in figure 3). The simulated Nu number
converges to 3.8 after the thermal entrance
length. It is also in good agreement with the
reference Nu number of 4.12 for thermally-
developed laminar flow in a rectangular
channel (with aspect ratio of 2) under constant
wall heat flux [22]. The little discrepancy
from the reference value is due to the
deviation of thermal boundary condition on
the surface from constant heat flux condition.
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Fig. 3. Darcy friction factor and Nusselt number along
a straight channel (model A).

Figure 4 displays the computed temperature
distribution at the center-plane (symmetry
boundary) for both models. The water
temperature increases along the flow channel
by absorbing the reaction heat, that is, its
temperature is lowest at the inlet and highest
at the outlet of the coolant flow field. The
figure also represents the local water-plate
temperature difference in the cooling plates
for two different flow field designs, whereas
the symmetry surface consists of both coolant
fluid and solid regions. The cooling plates
prevent overheating by properly exhausting



the reaction heat from PEM fuel cells;
meantime establish a uniform temperature
distribution throughout the active area.

Model B
Fig. 4. Temperature distribution at the cooling plate
center-plane (symmetry boundary) of models A and B

Temperature distribution at the heat transfer
surface of cooling plate is shown in figure 5
for both models. It can be observed that the
global temperature gradient begins from a
lower temperature at the inlet and goes toward
a higher value at the outlet. To make more
quantitative comparison between the cooling
performances, temperature uniformity index,
Ur, is defined [10]:
B IA|T — Tavg |dA _ [ATdA 9
ndA IR T
Here, A is the surface area and T and Tayg are

the surface and average surface temperatures,
respectively. The integration in this equation

T ) avg

is calculated only on the heat flux boundary.
The temperature uniformity index can
quantitatively measure the deviation of the
surface temperature from the average value at
the heat transfer surface. In other words, U+
becomes zero when the temperature
distribution is perfectly uniform. Table 1
summarized the numerical results of two
models. Ut differs between A and B models:
in model A U~ is 1.85, while it is 1.7 in model
B, indicating superior cooling performance of
the latter model.

Model A

Model B
Model B
Fig.5. Temperature distribution on the heat transfer
surface of cooling plate of models A and B

Table 1: Numerical outputs of two models

(in °C)
Model T maxs Thins ATS  Tans  Ug
A 49.9 411 8.7 454 185
B 47.9 410 6.8 45.2 1.7




To ensure the thermal stability of the cell, it is
essential to control the maximum surface
temperature of the cooling plate at a certain
level. Indeed, it is the most important factor to
prevent the thermal damaging of the cell.
According to table 1 and figure 5, the
maximum surface temperature of the cooling
plate, Tmaxs, I model B is some 2 °C less than
that of model A. On the other hand, the
surface temperature difference, ATs=T maxs-
Tmin,s the average surface temperature, Taygs
and the maximum surface temperature, T maxs,
in model B are lower than the corresponding
values in model A.

Figure 6 shows the coolant pressure drop (in
Pa) along the channels for both cooling flow
fields (models A and B). We see that the
geometrical shape of the channel changes the
coolant flow pressure drop in the cell, as
influences on the maximum and average
temperatures. The figure indicates that the
pressure drop along rectangular and
trapezoidal cross-section channels is 292.2 Pa
and 296.4 Pa, respectively. This means that
the pressure drop does not change
significantly between two models.
Nevertheless, for present models, the pressure
losses are still relatively small in comparison
with the serpentine channel configuration.

4 CONCLUSIONS

Fluid flow and heat transfer in cooling plates
with 15 cmx15 cm square area for a water
cooled polymer electrolyte membrane fuel cell
was studied numerically in details. The
performance of a novel cooling flow field
with trapezoidal channels was precisely
assessed and compared with straight channels,
in terms of maximum surface temperature,
temperature uniformity and pressure drop.
The obtained results indicated that the
maximum surface temperature, the surface
temperature difference, the average surface
temperature and the temperature uniformity
index in a flow field with trapezoid channels
all are lower than in a same model with
rectangular cross-sections channels. Hence,
the model with trapezoidal cross-section
channels has better cooling performance.
Moreover, there is a small difference between

the pressure losses of two studied models.
This means that cooling flow fields with
trapezoidal channels is  preferred to
rectangular ones in terms of thermal and
hydraulic characteristics. Finally, it can be
concluded that parallel straight channels with
trapezoidal cross-section has the potential to
be used for cooling purpose in polymer
electrolyte membrane fuel cells, though their
manufacturing process is more expensive than
rectangular geometries.
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