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High-efficiency thermal management subsystem has a key role on the PEM fuel cell performance and
durability. In this study, design of thermal management subsystem for a 5 kW PEM fuel cell system is
investigated. A numerical model is presented to study the cooling flow field performance. The number of
parallel channels in parallel serpentine flow field is selected as the design parameter of the flow field and
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its optimum value is obtained by compromising between the minimum pressure drop of coolant across
the flow field and maximum temperature uniformity within the bipolar plate criteria. The optimum
coolant flow rate is also determined by compromising between different criteria. Test results of a 5-cells
short stack are presented to verify the numerical simulation results.

© 2010 Elsevier B.V. All rights reserved.

ooling flow field
arallel serpentine pattern

. Introduction

There are several technical challenges for the polymer
lectrolyte membrane fuel cell (PEMFC) technology to be commer-
ialized. Among them, the proper thermal management has been
ecognized as one of the most critical issues. Improper thermal
anagement causes electrolyte drying (global or local) or electrode

ooding which both lower the fuel cell performance. In the case of
lobal drying, the output voltage decreases, and consequently the
lectrical efficiency decreases. In the local drying case, the ohmic
esistance of membrane increases in the dried region which gener-
tes more heat in turn. This additional heat causes the membrane
o become more dried out locally. This unstable process continues
ntil hot points form in the membrane electrode assembly (MEA),
nd finally local MEA failure occurs.

Low temperature PEM fuel cells work in the temperature range
f 60–80 ◦C and can tolerate only small temperature variations [1].
hese temperature restrictions come from the properties of the
lectrolyte material. As the polymer electrolyte must be sufficiently

ydrated to conduct the protons efficiently, so the maximum
orking temperature should not exceed 80 ◦C; because, the water

bsorption tendency of inlet reactant gases increases as the work-
ng temperature rises which results in the electrolyte drying. On the
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other hand, working on low temperature may lead to water con-
densation and flooding of electrodes, which results in voltage loss
due to increased resistance to reactants mass transport. Working
on the temperatures lower than 60 ◦C also results in lower reac-
tion rates and consequently lower efficiency and output electrical
power.

A PEM fuel cell produces an amount of heat close to its electri-
cal power at its nominal working voltages e.g. 0.6 V per each cell.
Heat generation in PEMFC is resulted from four factors: entropic
heat of reactions, irreversibility of electrochemical reactions, ohmic
resistances and water condensation [1–3]. The entropic heat is
a representation of the entropy change of the electrochemical
reaction and must be supplied to or removed from the electrode
compartment. The irreversibility of the electrochemical reactions
inside a fuel cell is a significant source of heat generation. The ohmic
heat is resulted from both the proton current in the electrolyte and
the electron current in the electrodes and bipolar plates as well as
current collectors.

There are some ways to remove the generated heat from a fuel
cell stack:

- Free convection from edges to surrounding.
- Phase change of coolant media.
- Air cooling.

- Water cooling.

Decision of cooling method for a fuel cell stack depends on the fac-
tors such as: fuel cell power, complexity, cost, recovering of heat
e.g. in a combined heat and power system (CHP). The first cooling

dx.doi.org/10.1016/j.jpowsour.2010.11.077
http://www.sciencedirect.com/science/journal/03787753
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Nomenclature

g acceleration of gravity (m s−2)
Gr Grashof number
h convective heat transfer coefficient (W m−2 ◦C−1)
I stack current (A)
k thermal conductivity of ambient air (W m−1 K−1)
L characteristic length (m)
N number of cells in stack
Nu Nusselt number
Pr Prandtl number
Q heat generation (W)
Ra Rayleigh number
T∞ ambient temperature (◦C)
Ts surface temperature of bipolar edge (◦C)
Tf film temperature (◦C)
V cell voltage (V)

Greek symbols
ˇ volumetric thermal expansion coefficient (◦C−1)
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Subscript
i cell number

ethod is mainly used for fuel cells up to 100 W of output electrical
ower. The second method is an initiative method and has not been
sed as a practical solution for heat removal from a fuel cell stack.
ir cooling and water cooling are more conventional methods for

uel cell stack cooling. As a rule of thumb, PEM fuel cell stacks above
kW should be water cooled, those below 2 kW air cooled, with a
ecision for stacks in between being a matter of judgment [4,5].
ssentially, air cooling method is simpler and needs fewer acces-
ories but has some disadvantages. As the output power increases,
t becomes harder to maintain a uniform temperature distribution

ithin the stack by the air cooling method and the parasitic losses
elated to cooling fan increase inevitably. Because the specific heat
f air is low and as a result, much air is needed to remove the gener-
ted heat. In addition, the dimensions of air cooling channels should
e larger than those of water cooling channels, which make the
tack larger than it needs to be. On the other hand, temperature
istribution within the stack could be more uniform and the heat
emoval would be more efficient by using water cooling method;
owever, this method needs more accessories and severe control
chemes.

A number of studies of fuel cells have been conducted to inves-
igate heat and mass transfer issues in the PEM fuel cells [6–9]. A
ew papers have been published in the field of analyzing, design-
ng and optimizing the thermal management subsystem of a PEM
uel cell. Chen et al. [10] conducted a cooling flow field design
nd optimization process using computational fluid dynamic (CFD)
ethod. They concluded that modified serpentine flow field has the
ost temperature uniformity within the bipolar plate among pro-

osed different serpentine and parallel types. Nevertheless, they
id not consider the role of thermal management subsystem on the
ooling flow field design and optimization. Musser and Wang [11]
mployed a two-dimensional code to predict the temperature vari-
tion in the fuel cell. Zhang et al. [12] developed a model for thermal
ehavior of thermal management subsystem including stack, radi-
tor, pump, fan, which enables the variation of the temperature of

he PEMFC stack as well as the other components of the thermal

anagement subsystem. Their model predicted that the thermal
fficiency increases with an increase of air flow rate, decreases with
n increase of cooling water flow rate, and decreases slightly with
n increase of environment temperature. Adzakpa et al. [13] devel-
urces 196 (2011) 3141–3148

oped a 3D dynamic thermal model for a single cell to study the
temperature distribution within a fuel cell cooled from the bottom
to the top with air. The model was governed by the thermal energy
balance taking into account the inlet gas humidity. They concluded
that the cell temperature is directly linked to the current density
and the gas humidity. Yu and Jung [14] developed a thermal model
of PEM fuel cell and a thermal management subsystem to investi-
gate the design criteria of thermal management and to develop a
thermal management strategy for fuel cells with large active cell
areas.

In this research, design of cooling flow field for a 5 kW PEMFC
system is investigated. Optimum working conditions of thermal
management subsystem are also determined using numerical sim-
ulation and experimental results. The results of the numerical
simulation are verified by some experimental tests.

2. Experimental

A single cell was designed and manufactured to extract the
polarization curve of the selected MEA for using in the stack under
different working conditions. The resultant polarization curve was
used as the input parameter for the coolant flow field design pro-
cess.

A short stack consisted of 5 cells with the same anode and cath-
ode flow fields and MEA as those of the single cell, was also designed
and manufactured using final designed cooling flow field in order
to verify the simulation results as well as the suitability and effec-
tiveness of the designed cooling flow field.

The MEA with an active area of 225 cm2 consisted of NRE-211
membrane, catalyst layers with a total Pt loading of 0.4 mg cm−2 at
both the anode and the cathode sides and SGL carbon cloth with
microporous layer as the gas diffusion layer (GDL). The anode and
the cathode flow fields were of parallel serpentine pattern. The
cross-section of the flow channels were 1 mm × 1 mm at both the
anode and the cathode sides.

After cell stack assembly, a break-in period is necessary to test
and condition the MEAs and other assembled components in order
to get the fuel cell to achieve peak performance and consistent
current output at a specific voltage. It is theorized that the elec-
trodes, ionomers within the electrodes and the PEM electrolyte
are slowly hydrated during the break-in period. By being fully
hydrated, ionic resistance of the MEA is reduced and the effective
surface areas of the catalysts available for fuel cell electrochemical
reactions are increased, thereby enhancing performance of the fuel
cell [15]. The MEAs were broken-in prior to carrying out the tests.
The experiments were conducted using a homemade 1 kW test sta-
tion. Hydrogen and air were discharged at a constant stoichiometry
of 1.5 and 2.5, respectively and the relative humidity of 95%. Oper-
ating pressures of the anode and the cathode were kept constant
at 1.1 bar (g) and 1.0 bar (g), respectively. Operating temperatures
of the single cell as well as the short stack were kept constant at
60 ◦C, unless otherwise stated.

In a thermal management subsystem of a PEM fuel cell sys-
tem, cooling fluid passes through heat exchanger, bypass valve,
water management system (in PEM fuel cell systems which have
coupled thermal and water management subsystems), rotame-
ter, etc., besides the fuel cell stack which all of them have their
own flow rate–pressure drop characteristic. A thermal manage-
ment subsystem which is shown schematically in Fig. 1, was also

designed and developed for the 5 kW PEMFC system. This subsys-
tem, combined with the 5-cells short stack, was used to extract
flow rate–pressure drop characteristic of the subsystem compo-
nents and also to determine the optimal operating parameters of
the subsystem like optimum coolant flow rate.
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Fig. 1. A schematic view of the thermal management subsystem for 5 kW PEM fuel
cell system.
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ig. 2. Temperature measurement of the bipolar plate edges by the infrared ther-
ometer.

A series of temperature measurement tests were carried out
n the short stack to verify the numerical simulation results.
ince determination of temperature distribution within the bipo-
ar plates was impossible during fuel cell stack operation, it was
ecided to measure the temperature distribution along bipolar
late edges instead. The temperature measurements were made
long the vertical and horizontal edges of the bipolar plates of third
ell in the short stack. An especial test setup (Fig. 2) was developed
o carry out the temperature measurement. A tape with equally
paced punched holes was attached to the bipolar plate edges and
urface temperature at the center of these holes was measured by
CHY infrared thermometer (model: CHY 111A).

. Numerical simulation

.1. Extraction of input parameters
Polarization curve of the MEA is the key input parameter of the
imulation because the amount of heat generation at any work-
ng voltage can be calculated easily using this curve. The single cell

hich employed the same MEA as that had been considered for
Fig. 3. Polarization curves of the single cell at different working temperatures. Sto-
ichiometry: 1.5/2.5 for H2/air; RH: 95/95% for H2/air; pressure: 1.1/1.0 bar (g) for
anode/cathode.

using in the stack, was tested under different working temperatures
to investigate the effect of operating temperature variations on the
polarization curve and also to find the optimum working tempera-
ture of the cell. Operating temperature of the single cell was ramped
up from room temperature to a point where no considerable
improvement was observed. Fig. 3 shows the polarization curves
of the single cell at different operating temperatures. As this figure
shows, the performance of the single cell improves as the operating
temperature increases; however, the rate of performance enhance-
ment with temperature decreases as the temperature increases i.e.
working on the temperatures higher than 60 ◦C has no consider-
able effect on the performance improvement. On the other hand,
working on higher temperatures has a risk of formation of local
hot points in the cell active area which may lead to MEA failure.
Therefore, the temperature of 60 ◦C is chosen as the operating tem-
perature of the stack and its related polarization curve is selected
as the input parameter of the numerical simulation. The heat gen-
eration per each cell in the stack at any working voltage per cell can
now be determined by using of this polarization curve as [4]:

Qi = (1.23 − Vi)I (1)

where Qi, Vi and I denote heat generation per cell, working voltage
of the cell and output electrical current of the stack, respectively.
The voltage of Vi = 0.6 V is selected as the nominal voltage per each
cell in the stack.

It is expected that most of the generated heat in a fuel cell stack
will be removed by the coolant; however, some smaller portions
of the heat may be removed by free convection from stack faces to
surrounding and also by the reactants exiting from the stack. The
free convection from bipolar plate edges to surrounding is included
in the numerical model to investigate the effect of heat removal
by the free convection. Heat convection coefficients are separately
determined for vertical and horizontal edges by governing relations
2–7 from Incropera and DeWitt [16]:

h = Nulk

L
(2)

Nul = 0.68 +
[

0.67 Ra1/4

(1 + (0.492/Pr)9/16)
4/9

]
(3)
Ra = Gr Pr (4)

Gr = gˇ(Ts − T∞)L3

ϑ2
(5)
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= 1
Tf

(6)

f = Ts − T∞
2

(7)

ccording to the criteria mentioned in Section 1, water cool-
ng method is used for the 5 kW system and de-ionized water is
elected as the coolant.

It is assumed that the MEAs in the stack have the same perfor-
ance as when they are used in the single cell alone; however,

ome reduction in MEA performance is probable when used in the
tack.

.2. Geometric model

Cooling flow field and related inlet and outlet manifolds should
e designed in such a way that the following requirements are
ulfilled simultaneously:

Removing generated heat at different working voltages: the thermal
output power of the fuel cell stack varies as its electrical output
power varies, i.e. the generated heat increases as the electrical
output current of the stack increases. Since the fuel cell stack
may operate under different working voltages, so cooling flow
field should be designed in such a way that it removes generated
heat at large range of working voltages.
Minimum pressure drop across flow field from the inlet to the outlet:
power consumption of the circulation pump of thermal manage-
ment subsystem increases as the pressure drop across the flow
field increases which results in decreasing net electrical output
power of the fuel cell system. Therefore, cooling flow field should
be designed in such a way that the pressure drop from the inlet
to the outlet be as low as possible.
Uniform temperature distribution: Since the rate of cell reactions
and also current density at a working voltage depend on the
temperature besides the other factors, so the temperature distri-
bution within the cell active area should be uniform in order to
obtain uniform cell reaction rate and current density within the
cell active area. Non-uniform current density distribution may
lead to some MEA damage. Hence, maintaining uniform temper-
ature distribution within the cell active area is one of the key
roles of the cooling flow field.

ifferent types of cooling flow fields can be considered for water
ooled PEMFC stacks. Among different types, serpentine, parallel
nd parallel serpentine are the most conventionally used types. The
arallel serpentine type cooling flow field requires smaller coolant
ow rate than the parallel type to maintain uniform temperature
istribution within the fuel cell stack; however, coolant pressure
rop from the inlet to the outlet associated with the serpentine type
ow field is higher than that of the parallel type [10]. Regarding to

ts advantages, the parallel serpentine type is selected as the coolant
ow field.

In the manufacturing phase of the fuel cell stack, only one half
f the cooling flow field is machined in each bipolar plate and when
he stack is assembled, the bipolar plates of the two adjacent cells
ome into contact and form the entire cooling flow field existing
etween these two cells. The separation plane of two adjacent bipo-

ar plates related to two adjacent cells, which halves the cooling
ow field is a symmetry plane and characterized here as x–y plane
Fig. 4). In addition, the half of the cooling flow field in each bipo-

ar plate has symmetry with respect to median line along x-axis
Fig. 4). Only one-fourth of the cooling flow field is indicated in
ig. 4; however, contour plots of temperature and pressure distri-
utions are plotted for the whole of the flow field by mirroring, in
he subsequent sections.
Fig. 4. The geometric model developed for the numerical simulation. Different
regions, boundary conditions, and symmetry boundary conditions are indicated.

The geometric model is composed of two regions: solid region
(bipolar plate) and the fluid region (coolant). Solid region is
assumed to be carbon-loaded composite with the thermal con-
ductivity of 12.2 W m−1 K−1. Free convection to surrounding from
bipolar plate edges and heat flux continuity at the coolant–bipolar
plate interface are the thermal boundary conditions of the solid
region. Constant and uniform heat flux boundary condition is
imposed on the opposite side of the bipolar plate (the side which is
in contact with the MEA) to incorporate the generated heat from the
cell reactions into the model. The heat flux is calculated by dividing
the generated heat by the active area of the fuel cell. Here, a simpli-
fication is made by assuming that the heat flux resulted from cell
reactions to be uniform over the active area; however, heat flux
distribution may not be so uniform in real conditions. Heat flux
distribution depends on some primary and secondary factors like
uniformity of reactants distribution over the cell active area, unifor-
mity of assembly pressure distribution between cell components,
uniformity of catalyst coating on the membrane, etc. Cathode and
anode flow fields have critical roles on the output current density
and the generated heat flux uniformities. In the designing process
of the cathode and anode flow fields, it was tried to design these
flow fields in such a way that the resultant current density and
generated heat flux be uniform as much as possible.

The material of the fluid region is assumed to be de-ionized
water with temperature dependent physical properties. It is
assumed that the coolant enters the flow field at the constant
temperature of 60 ◦C. Inlet and outlet boundary conditions of the
fluid region are assumed to be mass flow inlet and pressure outlet,
respectively.

Due to symmetry of the geometrical model with respect to x–y
plane as well as the median line along x direction, only one-fourth of
the final flow field is modeled and simulated (Fig. 4). Regarding the
thickness of the bipolar plate and space limitations, cross-section
of the coolant flow channels is selected to be 2 mm × 5 mm.

The solid and the fluid regions of the model composed of
132,3931 and 20,0809 hexahedral cells, respectively.

4. Results and discussion

The numerical model was run under different coolant flow rates.
Contour plots of temperature distribution within the coolant and
the bipolar plate at the working voltage per cell of 0.6 V and the
coolant flow rate per cell of 0.48 liter per minute (LPM), are shown

in Figs. 5 and 6, respectively. It can be seen from Fig. 5 that the
temperature increase along the channels is uniform over all of the
channels and the total temperature increase from the inlet to the
outlet is about 1.8 ◦C. As Fig. 6 shows, the maximum temperature
difference within the bipolar plate is about 7.4 ◦C. There are four
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Fig. 5. Contour plot of temperature distribution within the coolant at the coolant flow rate of 0.48 LPM.
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Fig. 6. Contour plot of temperature distribution wit

emperature concentration points near the corners of the flow field.
he reason may be due to the larger cell active area compared to
he area that the coolant flow field covers. Space and physical lim-
tations urge the cooling flow field area to be lower than the cell
ctive area. Therefore, it is better to insert the inlet and the outlet
anifolds of the reactant gases in these points in order to reduce

he temperature concentration and also obtain more temperature
niformity.

Pressure distribution contour plot of the coolant at the flow rate
f 0.48 LPM is shown in Fig. 7. As this figure shows, there is a pres-
ure drop of about 700 Pa between the inlet and outlet of the flow
eld. The pressure drop is uniform over different channels; there-

ore, the cooling channels deliver the same value of the coolant.
ecause, the value of delivered coolant flow rate to each channel

s a direct function of coolant pressure drop along the channel. In
ddition, trends of the coolant temperature increase along differ-
nt channels are the same which is an indication of uniform coolant
istribution between different channels.

.1. Determination of number of parallel channels
The number of parallel channels in the parallel serpentine flow
eld may be considered as a design variable. Different parallel ser-
entine patterns with different numbers of parallel channels were
onsidered for the cooling flow field and simulated in order to
hoose the optimum number of parallel channels. Variations of
e bipolar plate at the coolant flow rate of 0.48 LPM.

coolant pressure drop between the inlet and outlet of the flow field
and temperature difference between the exit coolant and the bipo-
lar plate as a function of number of parallel channels are indicated
in Fig. 8. As seen from this figure, the pressure drop decreases as the
number of parallel channels increases. This is due to the fact that
the lengths of channels as well as the amount of coolant delivered to
each channel which both directly influence the pressure drop, are
decreased by increasing the number of parallel channels. On the
other hand, the temperature difference between the exit coolant
and the bipolar plate increases as the number of parallel chan-
nels increases. Because of space limitations, the area covered by
the cooling flow field decreases as the number of parallel channels
increases which leads to more increased nonuniform temperature
distribution within the bipolar plate, specially at the exit region.
Since the outlet temperature of the coolant is considered to be
independent of the number of channels, so the temperature dif-
ference between the exit coolant and the bipolar plate increases
at the exit region. In addition, the rate of variations decreases as
the number of parallel channels increases. According to discussion
above, it is desirable to increase the number of parallel channels
in the viewpoint of lower pressure drop criteria; however, this

increase is not suitable in the viewpoint of temperature unifor-
mity. It is decided that the cooling flow field comprises 14 channels
in parallel because the temperature difference of 5.5 ◦C between
the exit coolant and the bipolar plate is located in our desirable
range.
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Fig. 7. Contour plot of pressure distribution within the coolant at the coolant flow rate of 0.48 LPM.

Fig. 8. Effect of number of parallel channels in the parallel serpentine flow pattern
on the coolant pressure drop from inlet to the outlet of the flow field and temperature
difference between the exit coolant and the bipolar plate at the coolant flow rate of
0.48 LPM.
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ig. 9. Coolant temperature increment and maximum temperature difference
ithin the bipolar plate versus coolant flow rate per cell.

.2. Determination of optimum coolant flow rate
The optimal coolant flow rate for each cell in a fuel cell stack
s another design variable of thermal management subsystem of

PEMFC system. Fig. 9 shows the coolant temperature increase
Fig. 10. Coolant pressure drop across the cooling flow field versus the coolant flow
rate.

from the inlet to the outlet and maximum temperature difference
within the bipolar plate as a function of coolant flow rate at the
working voltage of 0.6 V per cell for the parallel serpentine flow
field having 14 channels in parallel. As expected, the values of both
parameters decrease by increasing the coolant flow rate; however,
the rate of decrease at lower flow rates is larger than that of higher
flow rates. Hence, regarding to uniform temperature distribution
criteria, it is beneficial to increase the coolant flow rate as much
as possible, but as Fig. 9 shows, increasing coolant flow rate to the
values higher than 0.48 LPM may not have any considerable effect
on the temperature uniformity. For example, increasing the coolant
flow rate by 0.7 LPM results in only 0.8 ◦C decrease of maximum
temperature difference.

Fig. 10 shows the relationship between coolant pressure drop
across the flow field and its flow rate. As this figure shows, the pres-
sure drop and the parasitic losses related to the coolant circulation
pump increases progressively as the coolant flow rate increases.
The relationship between the pressure drop and the flow rate is
nearly linear; however, second order terms come from channel
bendings influence the pressure drop but their values are negligi-
ble in comparison to the linear term coming from friction losses.
Regarding to minimum pressure drop criteria, it is desirable to
reduce the coolant flow rate as low as possible. Higher coolant
flow rate causes more uniform temperature distribution within the

bipolar plate (Fig. 9); while lower flow rate leads to lower pressure
drop and parasitic losses (Fig. 10). Hence, the trends of pressure
drop and temperature uniformity variation with respect to the
coolant flow rate are contrary to each other; therefore, optimum
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Fig. 12. Proportion of the free convection heat removal from bipolar edges to the
total generated heat versus coolant flow rate per cell.
ig. 11. Power consumption of the circulation pump versus coolant flow rate of
kW PEM fuel cell system.

oolant flow rate should be determined in a manner that a compro-
ise between maximum temperature uniformity and minimum

ressure drop criteria be achieved.
Required power of the coolant circulation pump is another

arameter that has a key role in determining optimum coolant flow
ate because the net electrical output power of the fuel cell sys-
em decreases as the power consumption of the circulation pump
ncreases. The required power of the circulation pump can be com-
uted by determining the flow rate–pressure drop characteristics
f the coolant flow field and components of thermal manage-
ent subsystem. The pressure drop–flow rate characteristics of

he subsystem components were obtained experimentally by the
eveloped thermal management subsystem for the 5 kW fuel cell
ystem (Fig. 1). Required power of the circulation pump was com-
uted at different flow rates by considering a specified efficiency
or the circulation motor-pump. Fig. 11 shows the required power
f the circulation pump as a function of flow rate for a 5 kW system
hich contains a 50-cells stack. As this figure shows, the required
ower is relatively small at the flow rates lower than 24 LPM, but

ncreases abruptly after that. By referring to Fig. 9, it reveals that the
oolant temperature increment across the flow field and the maxi-
um temperature difference within the bipolar plate at the average

oolant flow rate per cell of 0.48 LPM, which corresponds to 24 LPM
or 50-cells stack, are 1.8 ◦C and 7.4 ◦C, respectively. These values
re located in our desirable range. Hence, the flow rate of 24 LPM
s selected as the optimum coolant flow rate for 50-cells stack at
he nominal working voltage of 0.6 V per cell. It should be noted
hat the value of optimal flow rate depends on the type and per-
ormance of the membrane electrode assembly, pattern of cooling
ow field and the size of the cell (cell active area). Therefore, the
ptimal flow rate may vary from the value obtained in the present
esearch as the type or size of the MEA and/or pattern of cooling
ow field change. For example, the nonuniformity of temperature
istribution within the bipolar plate may increase as the cell active
rea increases; therefore, more coolant flow rate is needed to main-
ain the maximum temperature difference within the bipolar plate
n a specified range. Hence, the optimal flow rate may increase as
he cell active area increases.

.3. Free convection from stack faces

As mentioned earlier, the free convection from stack surfaces

as also implemented into the numerical model to account for its

ole on the heat removal. Fig. 12 shows the proportion of the free
onvection heat removal from stack faces to the total generated
eat versus the coolant flow rate per cell. As this figure shows, this
roportion decreases by increasing the coolant flow rate; however,
Fig. 13. Coolant temperature increment from inlet to the outlet versus coolant flow
rate per cell in the 5-cells short stack.

the value of heat which is removed by free convection is negligible
compared to the value of heat which is removed by the coolant.
Hence, free convection to surrounding from bipolar edges can be
ignored in thermal modeling without any considerable effect on
the simulation results.

4.4. Verification of simulation results

The 5-cells short stack and the developed thermal management
subsystem were assembled and put under different test in order to
verify the simulation results. A series of temperature measurement
at the same nominal working conditions but different coolant flow
rates were carried out on the 5-cells short stack in order to verify the
simulation results. In each test, the coolant flow rate was regulated
in such a way that each cell delivered flow rate equal to the value
assumed in the simulation.

Temperature increments of the coolant at different flow rates
obtained from experimental measurements are compared to those
obtained by the numerical simulation in Fig. 13. Coolant flow rates
in the figure are related to the average flow rate delivered to each
cell, which is simply determined by dividing the total flow rate by
the number of cells (5 cells). As seen from this figure, there is a good
agreement between the simulation and the experimental results.

The experimentally measured temperature rises at the coolant flow
rates of 0.66 LPM and 1.2 LPM are equal to zero. This is due to the
fact that the thermocouples which had been assembled in the inlet
and outlet ports did not have decimal precision.



3148 S. Asghari et al. / Journal of Power Sources 196 (2011) 3141–3148

F e 4th
p e stan

w
t
s
i
g
i
m
p
z
p
p
t
m
a
b
i
c
a
a
v
m
s
t
p
i
t
a
o
t
fl

5

s
p
fl
m
p
t
fl
m

[
[

[

ig. 14. Temperature profiles along (a) horizontal edge and (b) vertical edges of th
er cell during 5-cells short stack testing. Upper vertical edge and lower vertical edg

As mentioned in Section 2, a series of temperature measurement
as carried out along the bipolar plate edges. Temperature varia-

ions along the horizontal edge of the 4th bipolar plate in the short
tack obtained from the simulation and experiments at the nom-
nal working conditions are compared to each other in Fig. 14a. A
ood agreement between the numerical simulation and the exper-
mental results can be observed. The temperature increases by

oving from the vertical edge to the median line of the bipolar
late. Therefore, point of maximum temperature along the hori-
ontal line is located on the vertical symmetry line of the bipolar
late. It is also revealed from this figure that the simulation results
redict two peaks at the normalized distances of 0.2 and 0.82 while
hese peaks are not experimentally observed during the tests. With

ore inspection, it is revealed that the locations of these two peaks
re near to the positions of the reactant gases manifolds in the
ipolar plates. These manifolds were not considered in the numer-

cal model. Hence, inserting reactants manifolds in these locations
auses these two temperature peaks be vanished and the temper-
ture becomes more uniform along horizontal edges of the stack,
s seen from experimental results. Temperature profiles along two
ertical half-edges of the bipolar plate (one close to the inlet coolant
anifold and the other close to the exit coolant manifold) are

hown in Fig. 14b. Here, there is also a good agreement between
he simulation and the experimental results. As expected, the tem-
erature in any point on the edge which is near to the exit manifold

s higher than that of its corresponding point on the edge near to
he inlet manifold. This is due to the fact that the coolant temper-
ture at the exit region of cooling flow field is higher than that
f the inlet region; therefore, temperature of the bipolar plate at
his region should be higher in order to maintain constant heat
ux.

. Conclusion

Design of cooling flow field as well as thermal management sub-
ystem of a 5 kW PEM fuel cell system were investigated in this
aper. The number of parallel channels in the parallel serpentine
ow field was selected as the design parameter and its opti-

um value was obtained by compromising between the minimum

ressure drop of coolant across the flow field and the maximum
emperature uniformity within the bipolar plate criteria. Coolant
ow rate was also selected as the design parameter of the thermal
anagement subsystem of the 5 kW PEM fuel cell system. The flow

[

[
[
[

bipolar plate of the 5-cells short stack at the average coolant flow rate of 0.48 LPM
d for the vertical edges near to the inlet and outlet coolant manifolds, respectively.

rate of 24 LPM was determined as the optimum coolant flow rate by
compromising between maximum temperature uniformity within
the bipolar plates of the stack and the minimum power consump-
tion of the coolant circulation pump criteria. Larger coolant flow
rate causes more uniform temperature distribution while lower
flow rate leads to lower pressure drop and parasitic losses. Numer-
ical simulation results were verified by comparing experimentally
measured temperature profiles along the vertical and horizontal
edges of the bipolar plates with those obtained by the numerical
simulation. In addition, the following results were obtained:

- Inlet and outlet manifolds of reactant gases have an influence
on the temperature distribution within the bipolar plates. So,
uniformity of temperature distribution is one of the important
factors that should be considered in the design phase of reactants
manifolds.

- Free convection from stack faces has a negligible role on heat
removal and can be ignored in the numerical simulation.
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