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In a polymer membrane fuel cell more than half of the chemical energy of hydrogen
is converted to heat during generation of electricity. This causes an increase in the
cell temperature. The cooling field design has a significant role in cell cooling. The
cell’s performance and stability are reduced due to inappropriate heat dissipation. In
this paper, the cooling flow and heat transfer in cooling plates with parallel channels
in the polymer membrane fuel cell are simulated and a parametric study of the
influence of the cooling channels dimensions on the fuel cell thermal performance
is performed based on three indexes: maximum surface temperature cooling (T, ).
the temperature uniformity on the surface (U,), and pressure drop. Numerical results
show that increasing the depth of the channels has an adverse effect on temperature
characteristics; in addition, the pressure drop decreases. Therefore regarding
constructional limitations and mechanical strength, use of channels with a depth of 1
mm is recommended. Increasing the width of the channels decreases the maximum
surface temperature of the cooling plate, the temperature uniformity index, and the
pressure drop. However, increasing the channel width more than 3mm does not have
a significant effect on the cooling performance. Increasing the distance between two
channelsadversely effects the thermal parameters as well as increases the pressure drop.
Therefore, the distance between two cooling channels should not be more than 2 mm.

1. Introduction

The advantages of the polymer membrane fuel cells,
such as high efficiency, low-performance temperature,

temperature,  unprotected  electrical  energy
generation, high energy density, variety, and short
running time make them a power generation option
for transport vehicles [1].
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Despite the many advances made in recent years
to increase the overall performance of the cell, a
major issue in the polymer membrane fuel cell is the
correct management of the heat. Heat management
in the cell is the dispersion or removal of produced
heat from inside the cell mass to the environment.
The important factors of heat generation in the cell
consist of the heat generated by the electrochemical
reactions, the reactions irreversibility, and the heat
generated by the water phase change. In other
words, although these cells have very high energy
conversion rates (about 40-50%) they also generate
a large amount of heat, which is almost equivalent to
or even slightly higher than their produced electric
power [1, 2]. The polymer membrane should have
sufficient moisture for proper proton conduction.
Performance of the cell at temperatures above the
operating temperature range results in membrane
drying, increases the ohmic resistance of the cell,
contraction, and membrane failure. Also, the
performance of the cell at temperatures below the
operating temperature range reduces the reaction
rates, voltage, efficiency, output power and causes
water condensation and floating phenomenon on the
cathode side. Consequently, there is a limitation in
increasing and decreasing the temperature of the cell.
In addition, non-uniformity of temperature causes
the rate of electrochemical reactions to varying in
different locations of the cell, it also leads to hot
spots in certain areas of the cell and reduces the
lifespan of the cell [1]. Therefore, in addition to
the limitation of cell temperature, uniformity of the
temperature distribution should be considered. In
polymer membrane cells with a power of more than
2 kilowatts, cell cooling is carried out with a fluid
such as water. When water flows through the cooling
channels inside the polar plates, (Fig. 1), the heat
generated inside the cell is transferred to the water
and causes the cell to be cooled, then the water is
transferred back to a heat exchanger to cool down and
re-circulate inside the mass of the cell. In addition to
the mass of the cell, other types of equipment are
used in this system such as heat exchanger, water
purifier, pump, etc. A cell cooling cycle with water
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Fig. 1. APEM fuel cell stack with cooling plates.

is shown in Fig. 2. As can be shown in Fig. 2, the hot
water exiting from the fuel cell enters the radiator
in order for the heat generated by the mass of the
fuel to be removed with the help of the associated
fan and to reduce the temperature of the cooling fluid
to the specified level. In this system, the fan speed is
set in such a way to control the temperature of water
entering into the cell mass (output from the radiator)
at a constant optimal operating point by a controller.
The cooling water is split into two branches after
passing the radiator. A subsidiary branch is separated
from the main path and enters the tank through
another branch and then re-joins the main path. The
cooling fluid flows through the pump and its pressure
increases the requiring water flow measurement.
Because the conductivity of the cooling fluid must
be kept low, the fluid must pass through an ion
exchanger where the ions entering the cooling fluid
are separated from the fluid. To prevent electrical
discharge by the cooling fluid, which could lead to
shortelectrical contact between the cells in the mass of
the fuel cell, the fluid conductivity should be kept low.



Iranian Journal of Hydrogen & Fuel Cell 4(2017) 265-274 267

o Water Management System From Water Management System
Dionizer
Water Pump
Te the Stack
- > > Flow Meter | >
‘I-'::m ‘Water Management Systam
wat e |
| Supphy T
‘ tank
- 1 ; Radiator | - L
' From the Stack
» =
From YWater Management System c =
@ B

Fig. 2. The cooling circuit schematic of a PEM fuel cell.

The cooling channels inside the polar plates should
be designed in such way to satisfy the following
conditions simultaneously.

1-Removal of generated heat at different operating
voltages: The heat generated by the mass of the cell
changes with variation in the output electrical power.
This heat increases as the output flow increases.
Because the cell may operate at different voltages,
the cooling flow field should be able to remove
generating heat at these different voltages.

2-The minimum pressure drop of cooling fluid in
the direction of the cooling field: The consumption
power of the cooling fluid rotating pump in the heat
management system increases as the pressure drop
increases in the direction of the field. This causes
a decrease in the generated electrical power of the
fuel cell. Therefore, the cooling flow field should
be designed in such way to minimize the amount of
pressure drop.

3- Uniform temperature distribution: Since the rate of
electrochemical reactions as well as the flow density
at a working voltage is dependent on temperature,
the temperature distribution along the active surface
of the cell should be uniform so that the reaction rate
and flow density in the active surface of the cell can
be uniformed. The non-uniform distribution of flow
density results in damage to the membrane-electrode

assembly. Maintaining a uniform distribution of
temperature at the active level of the cell is one
of the key parameters in designing a cooling flow
field [3-9]. In fact, high heat dissipation, uniform
distribution of temperature and low-pressure drop
are very important in the design of the cooling
flow field. Different patterns to satisfy these three
objectives can be considered in flow channels for
cooling the mass of the cell with water. Flow fields
with parallel, spiral, and spiral-parallel channels
are more common [10-13]. Parallel channels are
the simplest types of canals. The machining cost
of these types of canals and their pressure drop
are much lower than spiral channels, although the
temperature distribution is more non-uniform. To
take advantages of these two facts, their geometric
dimensions need to be optimized to improve their
thermal properties. The studies done so far on
cooling channels have been related to different
patterns of canals. In these studies, different
comparisons of spiral canals with parallel channels
have been investigated but field optimization with
parallel channels has not been investigated. In
this paper, optimization of geometric dimensions
of simple parallel canals and the effect of depth,
width, and distance between canals on thermal
performance of the cell have been investigated.
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2.Model description

Several single-fuel cells have been put together in
order to achieve the desired power of the cell and the
cell mass has been constructed. As shown in Fig. 1, a
single cell consists of a membrane set for conducting
ions, catalyst layers for performing electrochemical
reactions, two gas diffusion layers for reactive
distribution, and two polar plates for conducting
electrons and flow distribution. In fact, channels
for reactive gas flow and the cooling channels are
created inside the polar plates. Heat dissipation from
the electrochemical reactions is very important for
proper performance of the cell . It is usually carried
out by liquid water embedded in cooling channels in
polar plates or special cooling plates [2].

In the cell permanent function, the average thermal
flux of a cooling plate (two cooling surfaces) can be
obtained by equation (1) [3].

Ah;

nl(- -V)
go— 2F " (1)

2A

The letters n, 1, V, A, Ah;and F are respectively, the
number of single cells per cooling plate, current,
output voltage, total cell surface, enthalpy of water
formation and Faraday constant. As shown in Fig.
3, the computational domain is part of the cooling
plate with a 15 x15 cm? area in such a way that the
cooling channels are embedded in this cooling plate.
In fact, the heat generated in the cell is simulated

< pets
cootant nlet

solid
region

as a heat flux which enters over the surface of the
cooling plate [2]. The cooling flow field studied
(base model) consists of a flow field with 37
parallel channels. In addition to the base model,
the performance of this field has been studied
using different dimensions of channel depth,
channel width, and the distance between two
channels. The geometric model and boundary
conditions have been shown in Fig. 3. Also, the
parameters used to simulate the cooling plate are
presented in Table 1. In this table, the NEXA
membrane cell (Ballard Power) with 1.2kW
power is chosen, for this cell the heat flux is
5000W/m? [4].

Table 1. Parameters used for simulation [3]

Geometry of plate

Dimensions of plate 2mmx150mmx150mm
Width of channel 2mm
Distance between two channels 2mm
Depth of channels 0.5mm

Cooling plate properties (Graphite)

p 2250 kg/m?
Cp 690 J/kg.K
K 24 W/m.K

Cooling Properties (water) 40° C
p 922.2 kg/m
Cp 4179 J/kg.K
K 0.62 W/m.K

Operating conditions
Heat Flux 5000 W /m?
Cooling input Temperature 40 °C

Cooling input mass flow rate 0.0012 kg/s

Fig. 3. Geometric model with boundary conditions.
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3.The governing equation, boundary
conditions, and numerical solution method

The governing equations for cooling fluid flow,
consisting of the Continuity equation, Momentum
equation, and Energy conservation equation, should
be solved in the cooling plates and fluid. Given the
geometry of the problem and the Reynolds number
(Reynolds number is 330), it is assumed that the
flow is laminar and fluid is incompressible. Transient
terms are not considered in conservation equations
due to the cooling permanent function. For the solid
region, the energy equation becomes the pure thermal
conductivity equation. In order to reduce calculation
time, only half of the cooling plate is simulated. In
other words, the symmetry boundary condition is
used for the top surface of the plate. For the lower
surface of the plate, the constant heat flux condition
is used. The inlet and outlet boundary conditions for
cooling fluid are considered the specified mass flow
inlet and outlet. The flow field is considered fully
developed. The edges of the cooling plates have free
convection heat transfer with the environment. The
two edges of the page are in the vertical direction and
the other two edges are in the horizontal direction.
The inlet temperature of the inlet cooling fluid and the
approximate temperature of the cooling plates at the
edges is 40°C. Based on the empirical relationships
the convection heat transfer coefficient in the vertical
edges, the upper and lower horizontal edges equal
55, 8.2 and 6.1 W/m.K, respectively. Numerical
simulation of the flow field and heat transfer in
plates has been done using FLUENT software. The
Continuity, Momentum, and Energy equations have
been solved based on finite element methods. The
SIMPLE algorithm is used for velocity and pressure
coupling and the second order upwind method is
considered for the discretization of equations. The
independence of results to the number of grids has
been investigated based on parameters such as the
pressure drop and the maximum surface temperature.
In order to investigate the dependence of the results to
the number of grids, the dependence of the pressure
drop and the maximum surface temperature to the

number of grids has been investigated. It has been
indicated that the drop pressure and the maximum
temperature are not dependent on the number of
grids when the number of computational grids is
about 1200,000.

4.Results and discussion

In order to validate the numerical model, the Darcy
friction factor and the Nusselt number have been
investigated for a simple single channel and have been
compared with the analytical results. Fig. 4 shows
the value of the parameters, such as Nusselt numbers
and friction coefficient, along a single channel.
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Fig. 4. Nusselt number and Darcy friction factor cross

Reynolds number (f.Re) along a straight channel with the

aspect ratio of 2.

|..|I.-a|l.|;.l|4

The hydraulic and thermal entrance lengths are
obtained by using empirical relationships when the
Reynolds number is equal to 330. These parameters
obtained equal 0.0219 and 0.089, respectively. The
amount of the f.Re and Nu number after the entrance
length rapidly reach 61 and 4.93, which are in good
agreement with the reference values of 62 and and
4.12 for a fully-developed laminar flow through a
rectangular channel with the aspect ratio of 2 [14].

The investigation of the effect of the cross-section
dimensions of the channels (the depth and width of
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the channels) on the cooling performance has been
done in two cases.

1. The performance of a direct parallel cooling
flow field with a rectangular cross-section has been
investigated in such a way that the channel depth is
constant and the width of the channel varies.

2. The performance of a direct parallel cooling
flow field with a rectangular cross-section has been
investigated in such a way that the channel width
is constant and the depth of channel varies. In both
cases, the distance between the two channels and
the length and width of the cooling plate have been
considered constant. The cooling plate dimensions
of the primary field as the basis for comparison are
presented in Table 1. To ensure the thermal stability
of the cell, the maximum temperature of the cooling
plate surface should be maintained at a determined
level. Therefore, the maximum surface temperature
is the most important factor to prevent thermal
damage of the cell. Also, to better compare cooling
performance, the index of temperature uniformity is
defined as follows [2].
dA £ TdA

’Tavg = J‘dA (2)

[T T
j dA
A

T

T is the temperature of the surface and T_, is the
average temperature of the heat transfer surface
of the cooling plate. The index of temperature
uniformity shows the temperature deviation from
the average temperature of the heat transfer surface
guantitatively. In other words, when the temperature
distribution is completely uniform, the value of U,
IS zero.

Fig. 5 displays the temperature distribution in the
central surface of a cooling plate (symmetrical
boundary) with dimensions 15x15 and a channel with
a width and depth equal to 2mm and 1mm. Along
the channel length, the water temperature increases
because of heatabsorption of the cell in such away that
the maximum temperature happens at the ends of the
channels. The role of the cooling plates is to prevent
excessive heating by proper removal of reaction heat,

— :I 39
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Fig. 5. The temperature distribution in the cooling plate with
dimensions of 15x15 mm?, a channel with a width and depth
equal to 2mm and 1mm.

and keeping the temperature distribution uniform
throughout the active cell surface. Fig. 6 depicts the
cooling pressure drop in the cooling flow field in a
Pa unit, in which due to the lack of bend, low flow
velocity, and short pass-line length the pressure drop
is very low.

The effect of channel depth on the maximum
temperature of cooling plate surface, index of
temperature uniformity, and pressure drop have been
presented in Fig.s 7 to 9, respectively. Also, the effect
of the channel width on the maximum temperature
of cooling plate surface, index of temperature
uniformity, and pressure drop have been presented in
Fig.s 10 to 12, respectively. Summary of numerical
solution results based on the channel depth and width
changes have presented in Tables 2 and 3.

As shown in Fig.s 5 to 7 and Table 2, increasing the
channel depth increases the maximum temperature of
the cooling plate surface and the index of temperature
uniformity and decreases the pressure drop. As
shown in Fig.s 8 to 10, the increase in channel widths
reduces the maximum temperature of the cooling
plate surface, the index of temperature uniformity,
and the pressure drop. Therefore, increasing the
depth of the channel in terms of thermal indices
is not desirable, although it decreases the amount
of pressure drop. It is concluded that the lower the
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Table 2. Summary of numerical solution results based on the channel depth changes.

Channeldepth Channel width Numberof channels T__ . T wrmaee ATwrae Tagowrree Yt ATcopane AP
d (mm) w (mm) ) ) ) ) (O (Pa)
0.5 2 37 67.980 61.170 7.810 65253 1469 8310 871.341
1.0 2 37 68.970 61.667 7303 66.127 1571 8708 138.141
15 2 37 70.075 61.735 8.340  66.708 1.664 9.584 52.701
2.0 2 37 70.117 62.345 7772  66.730 1702 9.673 27.674
Table 3. Summary of numerical solution results based on the channel width changes.
Channelwidth Channel depth  Number of channels T - T . e AT e Togartee Yt AT an AP
w (mm) d (mm) (°C) (°C) (°C) (°C) (°C) (9 (Pa)
1 1 49 70.397 61.501 8.896  66.166 1.654 9.635 340.034
2 1 37 68.970 61.667 7303 66.127 1571 8708 138.141
3 1 30 67.814 61.518 6.296 66.037 1485 7.605 97.460
4 1 25 67.778 61.474 6.304 65.913  1.469 7.560  81.627

depth of the channels is the more appropriate it is for
the channels. However, due to machining problems
it is not possible to reduce the depth of the channel
too much. There is not a significant difference in
the values of pressure drop at depths of 1, 1.5 and 2
mm. The use of a channel with a depth of 0.5 mm is
also not recommended due to construction problems
and mechanical resistance reduction. Therefore, it is
better to use channels with a depth of 1 mm.

Increasing the width of the channels reduces the
values of all the performance parameters such as the
maximum temperature, the average temperature, the
temperature difference of the cooling plate surface,
the cooling temperature decrement rate, the index
of temperature uniformity, and the pressure drop.
Increasing the channel width more than 3 mm does

not have much of an effect on cooling performance.
As the channel width increases, the distance between
the channels is constant, so the number of channels
decreases with increasing channel width. In order to
determine the effect of the channel spacing on cooling
performance, the cross-section dimensions of the
channels have been considered constant. A summary
of numerical solution results based on the distance
changes between two channels is presented in Table
4. Increasing the distance between two channels
leads to adverse effects on the thermal parameters as
well as increased pressure drop. However, increasing
the channel width more than 2 mm does not have
a significant effect on the cooling performance.
Therefore, the distance between two cooling
channels should not be considered more than 2 mm.
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Table 4. Summary of numerical solution results based on the distance changes between two channels.
Distance between two channels  Number of channels T oo T wrme ATarme Tagsure Yt AToane AP
(°C) (°C) (°C) (°C) (°C) (9 (Pa)
1 50 67.283 61.314 5.969 65.455  1.484 7.175 101.249
2 37 68.970 61.667 7303 66.127 1571 8708 138.141
3 29 74.325 61.673 12.652 74.325 2.199 11.675 178.687
4 24 77.197 61.785 15412 68.336 2.700 12.81 218.961

5.Conclusions

In this study, a parallel channels design has been
considered and the flow field and heat transfer in
a cooling plate with a constant cross-section for a
liquid-cooled polymeric membrane cell have been
investigated using computational fluid dynamics.
The parametric study of channel dimensions
optimized by criteria such as the maximum and
average temperature of the surface, uniformity of
temperature and pressure drop were evaluated. The
salient points of the present study can be summarized
as follows:

Increasing the channel depth increases the maximum
temperature of the cooling plate surface and the
index of temperature uniformity (two undesirable
effects) and decreases the pressure drop (desirable
effect). There is not a significant difference in the
values of pressure drop at depths of 1, 1.5 and 2
mm. The use of a channel with a depth of 0.5 mm is
also not recommended due to construction problems
and mechanical resistance reduction. Therefore, it is
better to use channels with a depth of 1 mm.
1.Increasing the width of the channels reduces the
maximum temperature of the cooling plate surface,
the index of temperature uniformity, and the pressure
drop (three desirable effects). Increasing the channel
width more than 3 mm does not have much effect on
cooling performance. As the channel width increases,
the distance between the channels is constant, so
the number of channels decreases with increasing
channel width.

2Increasing the distance between two channels leads
to adverse effects on the thermal parameters as well
as increased pressure drop. However, increasing
the channel width more than 2 mm does not have
a significant effect on the cooling performance.

Therefore, the distance between two cooling channels
should not be considered more than 2 mm.
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