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ABSTRACT

Air-cooled polymer electrolyte membrane (PEM) fuel cells
have recently been the center of attention mainly because of the
simplicity they bring into the fuel cell industry. Their main
advantage is the elimination of balance-of-plant subsystems
such as the liquid coolant loop, heat exchanger, compressor,
and air humidifier which greatly reduces the complexity,
parasitic power, and cost of the overall system. In air-cooled
fuel cells, air is used as a combined oxidant and coolant.
However, the net power output is limited by the heat rejection
rate and the overall performance and durability are restricted by
high temperature gradients during stack operation. An
important initial step toward this goal is accurate knowledge of
the temperature distribution in the stack in order to optimize
heat removal by suitable thermal management strategies.

In the present study, a three dimensional numerical model
is developed that can predict the temperature distribution in cell
level with an acceptable accuracy. Using this methodology, the
maximum temperature in the stack as well as temperature
gradients, which are two essential operating parameters for air-
cooled fuel cells, can be obtained. The model is validated using
experimental data for the 1020ACS fuel cell stack from Ballard
Power Systems. A parametric study is performed for bipolar
plate thermal conductivity and overall thermal characteristics
on the cell level to examine the effects of these parameters on
the maximum stack temperature, temperature gradient in the
cell, and overall heat rejection rate. Based on these results,
recommendations are provided for improved thermal design of
air-cooled fuel cells.

Keywords: PEM fuel cell, air cooling, numerical simulation,
temperature map.

1. INTRODUCTION

Suitable thermal management is one of the most
important issues in designing an efficient fuel cell. Each type of
fuel cell can work reliably in a specific range of
temperature [1]. The goal of thermal management is to keep the
operating temperature within this range as well as reducing the
temperature gradients in the cell. Low temperature gradients in
the cell push the operating conditions toward the optimum
design conditions. Moreover, uniform temperature distribution
in the cell reduces the possibility of flooding and membrane
dehydration.

Different methods can be used for thermal management of
a PEM fuel cell depend on its application and its size [2]. In air-
cooled PEM fuel cells which are mainly designed for auxiliary
or backup power generation (1-4 kW), air has the role of
oxidant and coolant at the same time. Many researches were
conducted in the field of PEM fuel cell performance modeling
and its thermal management [3-10]. But only few have focused
their attention towards the thermal engineering aspect of the
problem. A good review of different thermal management
strategies for fuel cells is done by Faghri and Guo [1].

Among the CFD-based models that considered heat
transfer, Yu and Jung [11] developed a two-dimensional
numerical thermal model of a PEMFC and investigated a
thermal management system for fuel cells with large active cell
areas. Their fuel cell model was composed of sub-models for
the water transport through the membrane electrolyte, the
electrochemical reaction in the cathode catalyst layer and the
temperature distribution within the fuel cell. Their heat transfer
sub-model was focused on heat rejection from the fuel cell into
the cooling water and included the conduction heat transfer
inside the MEA and convective heat rejection from MEA to
cooling water flow and gases. Pharoah and Burheim [12]
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presented a two-dimensional thermal model and obtained
temperature distributions in a PEMFC in the plane normal to
the cathode flow direction. In their work, only conductive heat
transfer was considered. A three-dimensional model was
developed by Shimpalee and Dutta [13], which solved the
energy equation to predict the temperature distribution inside a
straight channel PEMFC. They analyzed the effect of heat
produced by the electrochemical reactions on the fuel cell
performance.

Adzakpa et al. [14] developed a three-dimensional
dynamic model of a single cell to explain phenomena such as
the cell humidity and voltage degradations. Their heat transfer
model included the conduction and heat generation inside the
fuel cell and the convection on the outer surface. Convective
heat transfer inside the fuel cell was not considered in the
model of [14]. A comprehensive three-dimensional model that
included analysis of species, heat, and charge transport in a
single-channel unit cell, was presented by Sinha and Wang [15].
They investigated the performance of a PEMFC operating at
high temperature. In their thermal model, a constant
temperature condition was applied on all the external
boundaries of the fuel cell.

Ju et al. [16] presented a three-dimensional, thermal model
coupled with electrochemical and mass transport models in
order to study thermal and water management in PEMFCs.
Their numerical simulation shows that the thermal effect on
PEMFC becomes more critical at higher current density and/or
lower gas diffusion layer thermal conductivity.

Our group recently developed a computational thermal
model of the central cathode channel in an air-cooled fuel cell
system [17]. [17] model can predict the maximum temperature
in the air-cooled stack accurately. Moreover, effects of different
parameters such as the in-plane and through-plane thermal
conductivities of GDL and bipolare plate, and the inlet flow rate
on the maximum temperature were studied. The model was
however limited to analysis of a single cathode channel and
was not able to predict temperature gradient in the whole cell.
In order to improve the model and be able to obtain the
temperature gradient in the cell, it is necessary to expand the
computational domain to the cell level and include heat
dissipation from the side walls. In the present investigation, a
three-dimensional simulation of a complete single cell of an air-
cooled PEMFC is performed numerically. The model is
appropriately validated with experimental data and utilized to
predict maximum temperature, temperature distribution, and
temperature gradients on the cell level

2. MODEL DESCRIPTION
2.1. Model geometry and assumptions

Shown in Figure 1 is the Ballard 1020ACS fuel cell which
has an open cathode which provides air to the stack both as a
coolant and as an oxidant. To simplify the model and reduce the
computational cost, an equivalent solid layer is assumed for
modeling the heat transfer in the anode region. Convective heat

transfer in the anode channels is neglected due to the
comparatively low hydrogen flow rates.

-

Figure 1. Two Ballard 1020ACS air-cooled fuel cell
stacks [18].

Based on orthotropic thermal conductivity of bipolar plate
(60 W/mK in in-plane direction and 20 W/mK in through-plane
direction) and also the thermal conductivity of hydrogen (0.18
W/mK), it is possible to estimate the effective thermal
conductivity of the aforementioned equivalent solid layer by
considering the corresponding thermal resistance network in
each direction.
T AANSYS
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Figure 2. Schematic view of the half-cell bipolar plate used
for baseline simulation.

A major challenge in fuel cell modeling is the highly
coupled nature of different phenomena, length scales, and
parameters. However, the art of engineering is to do some
simplifications in order to decouple these phenomena by
making reasonable assumptions. Since the main purpose of this
work is to evaluate the thermal characteristics of the stack, the
energy equation is decoupled from electrochemical equations.
Instead, heat generation is calculated from experimental data.
Moreover, flow in porous membrane, catalyst layers and GDLs
(MEA) is not considered in this model. Similar to the procedure
used for obtaining the effective thermal conductivity for the
equivalent anode solid layer, effective thermal conductivity for
the MEA is also calculated.
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2.2. Governing equations

As stated earlier in section 2.1, in this model the energy
equation is decoupled from the electrochemical equations and
performance characteristics of the stack are inserted into the
model from experimental data. Hence, the governing equations
for this problem are the conservations of mass, momentum and
energy, as well as ideal gas law. These equations are shown in

(D-4).

pV.V =0 (1

pV.VV = —Vp + V. (uVV) 2
pV.(c,VT) = V.(kVT) + S, 3)
p = patm/(RT) (4)

The last term in Eq. (3), S, is the source term due to heat
generation in the cell which is only non-zero in the MEA and
can be obtained from Eq. (5).
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where E,, is the thermodynamic potential which is the
maximum voltage that can be obtained from the fuel cell if the
whole enthalpy of formation of the fuel (hydrogen) will be
transformed into electrical energy [2]. Eq. (6) shows the
relation for Ej,.

AH (6)

Epp=——
th nF

Considering the lower heating value (LHV) of hydrogen at
25 °C and 100 kPa, -241,826 kJ/mol, E,; will be equal to 1.253
V. Also, V.. in Eq. (5), is the cell voltage, the value of which is
obtained from experimental data for at given operating
conditions, [ is the electrical current, and V' is the volume of
MEA. It should be noted that in this investigation, it is assumed
that heat generation in the MEA is uniformly distributed
throughout the MEA.

2.2. Boundary conditions

The cell which is considered in the present model is the
central cell of a complete air-cooled stack. Since the number of
cells in these fuel cells is large (more than 28 for each stack), in
our model we consider periodic boundary conditions for the
upper and lower boundaries. To be able to capture the heat
transfer from the bipolar plate sides at the cell inlet and outlet
zones, air plenums are considered at the entrance and exit
regions of the cell.

In the present case air enters cathode channels as a result of
suction provided by a fan at the outlet region. The boundary
condition for the inlet of the entrance plenum is therefore
assumed to be the atmospheric pressure, while for the outlet
boundary of the exit plenum velocity is set since the flow rate
from the fan is known.

Due to the symmetric nature of the problem, only half of the
cell is modeled. The right side of the computational domain
shown in Figure 2 is the symmetry boundary condition. For the
lateral walls (left side of the computational domain in Figure 2)
natural convection with a constant convective heat transfer
coefficient is assumed. The value of convective heat transfer
coefficient is obtained by calculating the local Nusselt number
for a vertical flat plate of length equal to the height of the stack.
Eq. (7) which is obtained from [19] shows the corresponding
relation to calculate Nusselt number. Convective heat transfer
coefficient for this problem is then computed to be 5 W/m’K.
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2.3. Solution method

The model geometry is first meshed by the ANSYS
meshing software with a structured grid. The governing
equations with the aforementioned boundary conditions are
then solved using ANSYS Fluent software. SIMPLE algorithm
is used for solving the pressure-velocity coupling in the fluid
zones. Power-law scheme is used as discretization method of
momentum and energy equations and for pressure equation the
standard method is used.

3. RESULTS AND DISCUSSION
3.1. Grid independency study

In the present study four different grid sizes are considered
to check the grid dependency of results. Figure 3 depicts the
value of maximum temperature calculated for the operating
conditions of test #1 (details of which are described in Table 1).
As illustrated in this figure, by increasing the number of
computational nodes from 5.5 million to 11 million the
difference between the calculated values is only 0.1°C, while
the required time for convergence (with an Intel® Core™ i7
3.0GHz processor PC in parallel computation using 4 parallel
nodes and 12GB of RAM) will increase from around 4 hours to
4 days. Hence, in our simulations we used the mesh with 5.5
million numbers of nodes.

3.2. Model validation

In order to validate the model, numerical results obtained
from the present model are compared to experimental data
measured at Ballard labs. The temperature distribution along
the cell length for the experimental data and numerical result
for two different test cases are shown in Figure 4. Operating
conditions for these two cases are tabulated in Table 1.

3 Copyright © 2012 by ASME



75

ﬂ
” —

73

72

71

Maximum temperature (°C)

70

0 2 4 6 8 10 12

No. of computational nodes (x10e6)

Figure 3. Maximum temperature in the computational
domain with different grid sizes.
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Figure 4. Comparison between experimental data and the
present modeling results.

As shown in Figure 4, numerical results have a good
agreement with experimental data. Maximum deviation of the
numerical results from the experimental data is less than 6%,
which is observed at the center of the domain. We expect this
difference to be caused by the decoupling of the energy
equation from the electrochemical reactions, i.e., the
assumption of uniform heat generation. This assumption is
however important at this stage to reduce the computational
cost and resolve the entire cell domain. Hence, the model can
predict temperature distribution in the cell level with an
acceptable accuracy.

Table 1. Stack operating conditions used for validation.

Test #1
Stack current 87.0A
Cell voltage 0.569V
Air flow rate 86.7 Ipm
Ambient temperature 21 °C
Test #2
Stack current 29.0A
Cell voltage 0.78 V
Air flow rate 26 Ipm
Ambient temperature 20 °C

3.3 Baseline study

Using the validated model, it is now possible to consider a
reference case and investigate its thermal behavior under
different conditions. Cell dimensions and flow conditions for
the reference case are listed in Table 2.

Table 2. Cell dimensions  and
operating conditions for the reference case.

Parameter Value
Stack current 50.0 A
Cell voltage 0.6V
Air flow rate 80 Ipm
Ambient temperature 20 °C
MEA thickness 0.45 mm
Cathode channel height (H) 2.5 mm
Trapezoidal base (a, b) 2.5, 1.5 mm
Effective anode layer 1.0 mm
thickness
Rib width 1.5 mm
Cathode channel length 60 mm
No. of cathode channels 80

Channel dimensions are based on the parameters shown in Figure 2.

Shown in Figure 5 is the temperature distribution for the
reference case. The maximum temperature is found to occur
near the exit of the central channel. Although the previous work
done by our group [17] could predict the maximum temperature
in the stack accurately, it is necessary to model the whole cell to
see the temperature variations in it. By looking at Figure 4 we
can see a moderate temperature gradient exists along the cell
length. In the previous model [17], since only one channel was
considered, variations of temperature in the x-direction were
not observable and the maximum temperature may have been
overestimated by neglecting heat transfer to adjacent channels.
In the present simulation however, three-dimensional heat
transfer is captured in the entire cell.

For the reference case, minimum and maximum
temperatures in the bipolar plate are obtained to be 38.8 °C and
49 °C, respectively. Hence, the temperature variation in the cell
is 10.2 °C. Almost the whole heat generation in the cell is
transferred via forced convection in the channels and free
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convection from the side walls has relatively small contribution
to the overall heat dissipation. The overall heat transfer
coefficient for this case, which can be calculated from Eq. (8),
is 1.62 W/K for each cell. In Eq. (8), Qq is the total heat
generation in the cell and AT is the difference between inlet and
outlet mean temperatures.

Qo (8)
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Figure 5. Temperature distribution in the half-cell for the
reference case.

Pressure drop in the cell is also an important parameter
which is under influence of channel geometry and flow rate.
For the reference case, the pressure drop is computed to 44 Pa.

3.4. Effects of bipolar plate thermal conductivity

Thermal conductivity of bipolar plate plays an important
role in the temperature distribution in the cell. It is anticipated
that by increasing the bipolar plate thermal conductivity, we can
get more uniform temperature in the cell. It is observed in [17]
that the through-plane thermal conductivity of bipolar plate
does not have a significant impact on temperature distribution
(assuming that the in-plane thermal conductivity is fixed).
Present simulation results also confirm that finding. Figure 6
shows the distribution of temperature along the central line of
the cell for two different cases, namely for the through-plane
thermal conductivities of 20 and 60 W/mK. No significant
change in temperature distribution is seen for these two
different thermal conductivities. However, in this stage it is not
possible to conclude that the through-plane thermal
conductivity has no effect on temperature distribution in a
complete air-cooled stack. In other words, it is not possible to
see the effects of the through-plane thermal conductivity by
considering only one cell with periodic boundary conditions.
The effects of this parameter can be discussed more accurately

and in more detail in our next work which will be the stack
level modeling.
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Figure 6. Temperature distribution along the x-direction at the
centre of of the cell.

The in-plane thermal conductivity of the plate is found to
be much more significant than the through-plane parameter. As
shown in Figure 7, by increasing the in-plane thermal
conductivity from 60 W/mK to 600 W/mK, the maximum
temperature in the plate will decrease from 49.2 °C to 47.2 °C.
The maximum temperature difference in the plate (which is a
good indicator of temperature gradients in the cell) will also
decrease from 11 °C to 4.3 °C. There is however no significant
change in temperature gradients in the cell by increasing the in-
plane thermal conductivity beyond 300 W/mK. It is worth to
mention that in the previous model [17], we were not able to
calculate the maximum temperature difference in the cell.
Since, the minimum cell temperature will occur at the cell
sides. However, in the present study it can be accurately
computed. These high thermal conductivities are reachable by
using new materials such as pyrolytic graphite sheets [20,21].
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Figure 7. Variations of minimum, maximum and temperature
difference in bipolar plate with in-plane bipolar plate thermal
conductivity.
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4. CONCLUSION

In the present work, a three dimensional simulation of a
complete single cell from an air-cooled fuel cell stack is
presented. In this model, in order to reduce the complexity of
model while still capturing the thermal behavior of the cell with
an acceptably low computational cost, electrochemical
reactions in the fuel cell is not considered and the heat
generation is calculated based on experimental data. Results
from this model are successfully validated against measured
temperature distributions for the Ballard 1020ACS air-cooled
stack. It is noteworthy that the model can accurately predict
temperature distribution in different points of the cell with
errors lower than 6%.

Baseline simulations show that the maximum temperature
occurs at the central channel and the maximum temperature
difference in the bipolar plate is calculated to 10.2 °C.
Moreover, it is observed that most of the heat generated in the
cell is transferred via forced convection inside the cathode
channels and natural convection from the side wall has limited
effect on the overall heat rejection.

Effects of in-plane thermal conductivity of bipolar plate are
also studied. By increasing this parameter from 60 W/mK to
300 W/mK, the maximum temperature difference in the cell
(for the case under investigation) is reduced by almost 6 °C
(from 11 to 5.3 °C). Beyond 300 W/mK the effects are not
significant. Hence, it is favorable to use materials with in-plane
thermal conductivities of near 300 W/mK to reduce temperature
gradients in the cell.
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NOMENCLATURE

a, b Bases for trapezoidal channel cross section

Cp Constant pressure specific heat (J/mol.K)

E, Thermodynamic potential (V)

F Faraday’s constant (96,485 C/mol)

h Convective heat transfer coefficient (W/m’K)
H Cathode channel height (m)

1 Electrical current (A)

k. ky, k;,  Thermal conductivity in x, y, or z direction (W/mK)
n Equivalent electrons per mole of reactant (n=2)
)4 Pressure (Pa)

Qror Total heat generation (W)

S Energy equation source term (W/m’)

UA Overall heat transfer coefficient (W/K)

Vel Cell voltage (V)

vV Velocity vector (m/s)

4 MEA volume (m3)

Greek symbols

AH Lower heating value of hydrogen (kJ/mol)
P Density (kg/m”)

u Fluid viscosity (Ns/m?)
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