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This paper deals with the usage of metal foams in coolant flow field of bipolar or cooling

plates in PEMFC stack rather than conventional machined channel designs. A three-

dimensional model is employed to simulate the fluid flow and heat transfer in cooling

plates and the capabilities of four different coolant flow field designs, include one parallel,

two serpentine and one metal foam porous media field, are investigated and compared

based on the maximum surface temperature, uniformity of temperature and the pressure

drop. The numerical results indicated that a model with the porous flow field made by

metal foam is the best choice for reducing the surface temperature difference, maximum

surface temperature and average surface temperature, among the studied models.

Furthermore, due to its high permeable coefficient, the coolant pressure drop is very low in

this model. Consequently, this model can be well-used as a coolant fluid distributor to

improve the PEM fuel cell performance.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Polymer electrolyte membrane Fuel cells (PEMFCs), which

directly convert chemical energy of fuel into electricity, usu-

ally generate the heat as much or even more than the electric

power [1]. The large amount of heat is generated as the result

of ohmic resistance, mass-transport over-potentials, and

irreversibility of the electrochemical reactions. During elec-

trochemical generation of electricity, more than half of

hydrogen chemical energy in PEMFCs is converted to heat.

Heat can influence the temperature, membrane and the

reactant gases properties, and hydration of membrane, which

is a function of water saturated pressure (and therefore, the
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water phase change). Thus, thermal management is very

important in overall PEMFC performance. In fact, thermal

management is defined as the removal of heat generated by

the fuel cell stack to the surrounding [2]. The heat of reactions

if not exhausted properly, would impair the performance and

durability of the cell. Membrane drying is the result of high

temperature of the cell. The ionic conductivity can therefore

be reduced. In such circumstances, the enhancement of

thermal stresses may lead the membrane rupture.

The temperature can also affect the maximum theoretical

voltage of a cell [3]. This voltage descends, as the temperature

ascends. On the other hand, low temperature reduces the

reactions inside the cell and consequently, increases the los-

ses. This indicates that both high and low temperatures are
ished by Elsevier Ltd. All rights reserved.

etal foam as coolant fluid distributor in the polymer electrolyte
, http://dx.doi.org/10.1016/j.ijhydene.2015.10.122

mailto:e.afshari@eng.ui.ac.ir
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2015.10.122
http://dx.doi.org/10.1016/j.ijhydene.2015.10.122
http://dx.doi.org/10.1016/j.ijhydene.2015.10.122


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 5 ) 1e1 12
restricted, that is, small temperature difference is desirable in

a PEM fuel cell [4]. Besides the limitations of the temperature,

it may also not be uniform inside a PEM fuel cell, i.e. it may

vary from inlet to outlet and from anode to cathode. Non-

uniformity of temperature results in differences in the rate

of electrochemical reactions at various cell locations. This

creates hot spots at special cell locations and consequently,

decreases the fuel cell longevity and durability [5].

Therefore, it is very essential that the heat exits the cell to

keep it under small temperature changes and optimum per-

formance conditions. In order to run the fuel cell stack at a

constant temperature, it is necessary to dissipate the heat at

the same rate by which the heat is being produced; therefore

cooling system is unavoidable.

In general, large scale PEMFCs are cooled by liquid water

which circulates through coolant flow channels. It is a com-

monmethod in cooling of the PEM fuel cells. In this method, a

suitable fluid circulates through the channels formed in bi-

polar plates or in dedicated cooling plates. The dielectric fluid

is the air or a mixture of water and glycol. There are two

performance patterns for circulating the cooling fluid: Open

and closed loop. The latter pattern is generally employed for a

liquid such as water that flows through the channels created

inside the polar plate. Hot water out of the cell stack passes

within a radiator to lose the heat and then, re-enter the cell.

Most commercial fuel cell cooling systemsworkwith one fluid

through a closed loop. This method is reliable and can be used

for a wide range of cell powers. Although this pattern can also

be used for the air cooling fluid, but an open loop is preferred

for the air, because of its lower accessories cost. In this model,

the ambient air passes through the created channels which

are generally parallel with the fan (force-convection flow) and

cools the cell [6].

The flow field where the coolant circulates through the

channels is formed on the bipolar plates. With respect to the

channel geometry, different types of flow fields have been

designed by researchers. Themost common types are parallel,

serpentine, and parallel-serpentine; each has its specific

characteristics and outcomes. The flow field should be well

designed so that it can simultaneously remove the generated

heat at all of theworking voltages,minimize the pressure drop

across the field and uniform the temperature distribution

within the cell active area.

In addition, cooling and bipolar plates are the major parts

of PEMFC stack in weight and volume, and accordingly the

cost of machining, especially for channels with small di-

mensions, is also high. Consequently, finding an effective

method to increase the rate of heat transfer and obtain the

uniform temperature distribution in the cooling plates was

always a challenge.

One creative way is to use metal foams as cooling fluid

distributor. They are porous media with the porosity up to

98%. Metal foams are employed to increase the heat transfer

and reduce weight of stack at the cost of additional pressure

drop [7e10]. They also present many other favorable charac-

teristics, such as vibration damper, rigidity, and so on [11].

Since the conductive heat transfer coefficient for metal foam

is higher than that of graphite, the heat transferred by the

former porous media would be considerably more than

graphite made shoulders of the channels in the PEM fuel cells.
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A number of studies have been conducted to investigate

the heat transfer issues and cooling in PEM fuel cells in the

past. Chen et al. [12] conducted a thermal analysis of the

coolant flow field configuration to optimize the design of a

PEMFC stack. Six coolant flow field configurations, including

three serpentine-types and three parallel-types, were

analyzed and compared and they found that serpentine con-

figurations have lower index of uniform temperature (more

uniform temperature distribution) than the parallel configu-

rations. However, they observed that parallel-type configura-

tion has lower pressure drop than serpentine-type. A

numerical study by Choi et al. [13] revealed the effects of

coolant flow field configuration on the cooling performance.

They designed six cooling plates with different channel con-

figurations and simulated the fluid flow and heat transfer

characteristics in the cooling plates by changing the heat flux

and flow Reynolds number, and similar results were obtained.

The convection - enhanced serpentine flow field design

developed by Xu and Zhao [14] was proved to be very effective

in improvement of both the cell performance and the oper-

ating stability, on the contrary of conventional serpentine

flow field design. A multi-pass serpentine flow field (MPSFF)

design was proposed by Nam et al. [15]. Initially their design

was employed in reactant flow fields in order to improve the

under-rib convection and then it was used as the coolant flow

fields. Utilizing a numerical modeling, they concluded that in

terms of both maximum temperature and temperature uni-

formity, MPSFF yields better cooling performance than the

conventional serpentine cooling flow fields.

In another work, Hashmi [16] investigated numerically

different coolant flow field designs with single or multiple

channels. Rather than the temperature uniformity and the

pressure drop, Hashmi suggested total entropy generation as

another criterion for the optimization. He reported that the

performance of conventional single-serpentine design is bet-

ter than themodified 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. [17] numerically evaluated the performance of

different gas and coolant channel designs for high perfor-

mance liquid-cooled PEMFC stacks, include parallel, serpen-

tine, oblique-fins, coiled, parallel-serpentine and a novel

hybrid parallel-serpentine-oblique-fins. Their results indi-

cated that the hybrid channel design yields the best perfor-

mance as it constitutes lower pumping power and good

thermal, water and gas management in comparison with

conventional channels. Asghari et al. [5] studied on a parallel

serpentine design of cooling flow fields for a 5 kW PEMFC and

found that inlet/outlet manifolds of reactant gases influence

the temperature distribution in bipolar plates. Therefore they

suggested that the uniformity of temperature distribution

should be considered in the reactant manifolds design.

Modification of channel geometries was proposed by Lasbet

et al. [18] to create chaotic regions inside the cooling channels

in order to enhance the convective heat transfer between the

bipolar plates and the liquid coolant. They evaluated numer-

ically the heat transfer efficiency, the pressure loss and the

mixing properties of several chaotic 3D mini-channels,

namely C-shaped, V-shaped and B-shaped channels, and

compared them with conventional straight channels. Their
etal foam as coolant fluid distributor in the polymer electrolyte
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Fig. 1 e A PEMFC stack with inserted cooling plates.
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modeling results indicated that 3D chaotic channels can

significantly improve the convective heat transfer perfor-

mance with respect to the conventional straight ones, out-

weighing the pressure loss enhancement.

Gamburzev and Appleby [19] tested the performances of

PEMFCs with different foams acting as the reactants flow

fields and found that nickel foamwith a porosity of 97% yields

the best performance, although its voltage is just slightly

higher than the graphite flow field. Kumar and Reddy [20,21],

developed a 3D model based on a CFD platform to predict the

performance of a PEMFC with metal foam flow field. They

demonstrated that porous flow field performs better than

machined flow field to provide more uniform distribution of

local current density and reactants. Senn and Poulikakos [22]

compared permeable porous fluid distributors with a con-

ventional ribbed flow distributor in a fuel cell system and

showed that when the porosity of a porous material is more

than 70%, the average current density of a cell with porous

distributor is some 13% higher than that of parallel flow field.

Afshari and Baharlou Houreh [23,24] used metal foam as flow

distributor in membrane humidifier for proton exchange

membrane (PEM) fuel and compared this model with the

conventional humidifier.

Looking at the reviewed literatures, it can be distinguished

that although the use of metal foam as reactant gases

distributor has been investigated in some previous studies,

however the application of metal foam as cooling fluid

distributor has not been considered up to now. This issue is

going to be precisely discussed in this paper. For this purpose,

computational fluid dynamics (CFD) is employed to simulate

the fluid flow and heat transfer through 15 cm� 15 cm square-

area cooling plates of a 5 kW PEMFC system. The perfor-

mances of four different designs of coolant flow field have

been assessed and compared in terms of their maximum

surface temperature, temperature uniformity and pressure

drop characteristics. These designs are: straight flow field,

multi-pass serpentine flow field (MPSFF) with three and five

parallel paths, and metal foam. Applying the latter one as the

coolant fluid distributor is the main contribution of the pre-

sent work.
Physical and numerical model

In the PEM fuel cell stack, individual cells are connected

electrically in series to achieve a higher voltage and power

than a single cell. A single cell consists of the following sub-

regions: two gas diffusion layers (GDLs), two catalyst layers

for anode and cathode sides, a membrane in the middle and

two bipolar plates for the electron conduction, gas and coolant

flow distribution. To keep the cells inside in the desired tem-

perature, the heat generated as a by-product of the electro-

chemical reactions must be taken away from the cells by a

coolant flow between them. The coolant fluid may be deion-

ized water which circulates through coolant flow channels

formed in bipolar plates. A fuel cell stack with cooling chan-

nels formed in cooling plates is shown in Fig. 1.

As shown in Fig. 2(a, b), the computational domain is a part

of cooling plate where the cooling channels are formed. The

heat generated from the fuel cell reactions is simulated as a
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heat flux exerted on the cooling plate surface. The heat flux is

equal to the generated heat divided by the fuel cell active area.

The geometric model is composed of two regions: solid region

(cooling plate) and fluid region (coolant). In order to reduce the

computational costs, only half of a cooling plate is taken as the

computational domain and symmetry condition is applied.

Fig. 2(b) shows how the symmetry condition is imposed on the

top boundary (the center-plane of the cooling plate) and the

heat flux is exerted on the bottom boundary.
Input parameters

It is clear that the cell potential rises, as the operating tem-

perature increases. Nevertheless, an optimal temperature

exists for each fuel cell design. The cell temperature is

selected as an operating parameter. It is set to 60 �C for the fuel

cell stack [5]. The amount of heat generation at any voltage

can also be obtained from the polarization curve of the cell.

The generated heat flux in the stack at any working voltage

per cell is:

Qi ¼ ðE� VÞii (1)

in which, i is the output electrical current of the stack and E is

themaximum voltagee obtained if hydrogen heating value or

enthalpy of formation be converted into electrical energy e

and is given by:

E ¼ �DH
nF

(2)
etal foam as coolant fluid distributor in the polymer electrolyte
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Table 1 e Parameters used for cooling plate simulations.

Parameters Values

Plate geometries

Dimension 150 � 150 � 2 mm3

Channel and rib width 2 mm

Channel depth 1 mm

Hydraulic diameter 1.33 mm

Properties of plate (graphite)

Density 2250 kg/m3

Specific heat 690 J/kg K

Thermal conductivity 24 W/m K

Properties of coolant (water) at 60 �C
Density 983.284 kg/m3

Specific heat 4185 J/kg K

Thermal conductivity 0.653 W/m K

Operating conditions

Inlet coolant temperature 60 �C
Inlet volume flow rate 4 � 10�6m3/s

Heat flux 4255 W/m2

Fig. 2 e Grid structure for cooling plate (half domain): (a)

geometrical model and boundary conditions utilized for

numerical simulation. (b) cooling plate grid network

structure.
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The enthalpy of water vapor formation at standard

conditions, i.e. 25 �C and 100 kPa, corresponds to

�241,826 kJ/kmol. Hence, the maximum voltage of a cell is

1.23. Here, Vi ¼ 0.6 V is taken as the nominal voltage per

each cell in the stack. According to eq. (1), as the current

density ascends (voltage descends), the generated heat also

ascends even more than generated output power, leads to

the augmentation of cooling plate heat flux. The coolant is

assumed to enter the flow field at constant temperature of

60 �C.

Inlet and outlet boundary conditions for the fluid region are

supposed to be ‘mass flow inlet’ and ‘pressure outlet’,

respectively. Table 1 summarizes the geometrical parameters,

material properties and operating/boundary conditions uti-

lized in this simulation. It is also assumed that the cooling

plates are made of graphite and the fluid that flows through

the channels is liquid water.

To find an appropriate cooling flow field, several flow fields

are considered and compared, including: parallel fields,

serpentine fields, and metal foam porous media. The coolant

flow field designs studied here are: a straight field with 37

parallel paths (model A), ametal foam structure flowfieldwith

37 coolant inlets (model B), a multi-pass serpentine flow field
Please cite this article in press as: Afshari E, et al., A study on using m
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(MPSFF) with 3 parallel paths (model C), and finally, a MPSFF

with 5 parallel paths (model D). These models are shown in

Fig. 3.

Governing equations

It is assumed that the coolant liquid is Newtonian and

incompressible and the flow through the cooling plate is

steady and laminar (Reynolds number is defined in terms of

mean flow velocity and hydraulic diameter). The governing

equations, consist of mass, momentum and energy conser-

vation, are presented as follow:

vuj

vxj
¼ 0 (3)

r

�
vui

vt
þ uj

vui

vxj

�
¼ �vP

vxi
þ v

vxj

�
m
vui

vxj

�
(4)

r cp

�
vT
vt

þ uj
vT
vxj

�
¼ v

vxj

�
k
vT
vxj

�
(5)

where r, m, cp and k are density, dynamic viscosity, specific

heat and thermal conductivity, respectively. Also, u, T and P,

respectively, represent velocity field, temperature field and

pressure field. For solid regions e cooling plates e equation (5)

is still valid by setting uj ¼ 0.

Since the flow through the metal foam porous media is

laminar, the pressure drop is typically proportional to the

velocity. Ignoring the convective acceleration and diffusion in

laminar flow, the porousmediamodel then reduces to Darcy's
law, as [25,26]:

VP ¼ �m

a
u! (6)

in which, a is called permeability. The pressure gradient

within the porous region in each direction of Cartesian co-

ordinates is written as:

DPx ¼
X3

j¼1

m

axj
ujDnx (7)
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Fig. 3 e Four coolant flow field designs for a cooling plate with 15 cm £ 15 cm square area.
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DPy ¼
X3

j¼1

m

ayj
ujDny (8)

DPz ¼
X3

j¼1

m

azj
ujDnz (9)

where, Dnx, Dny and Dnz represent the porous medium thick-

nesses in x, y and z directions, respectively.

According to BlakeeKozeny equation [26], the permeability

for a laminar flow through a porous media may be written in

each direction as:

a ¼ D2
p

150
ε
3

ð1� εÞ2 (10)

with Dp as mean particle diameter. Here, ε is porosity coeffi-

cient and is defined as the voids volume to the porous-region

volume. The used metal foam is made of stainless steel (SS-

316) with 20 pores per inch (PPI), 60 percent porosity and

the mean particle diameter of 400 mm [27]. Base on equation

(10), the permeability of this foam corresponds to

1.44 � 10�9 m2.
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Numerical solution

The governing equations are discretized using finite-volume

method and then are solved utilizing the commercially

available CFD software e FLUENT version 6.3.26. The software

applies the well-known SIMPLE algorithm. The second-order

upwind method is implemented for convective terms of gov-

erning equations (3)e(5). The numerical solution is claimed to

converge when the residuals are small enough and remain

almost constant for all of the equations. The grid dependency

of numerical solution is tested firstly for four coolant flow field

designs, to ensure the accuracy of results. The tests inspect

the dependency of computed pressure drop and maximum

surface temperature on the number of discretized volume

cells. For model A, the parameters become less dependent,

when the number of cells approximately exceeds 1,200,000.

For other flow field designs, the optimum number of cells is

also determined. In models B, C and D, it would be 1,250,000,

4,193,600 and 4,193,600, respectively. It is seen that the

numbers of volume cells used for MPSFFs accurate simulation

(models C and D) are more than 4,000,000, whereas only about

1,200,000 volume cells are sufficient for parallel straight and
etal foam as coolant fluid distributor in the polymer electrolyte
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metal foam flow fields (models A and B) simulations. The

reason is that corner regions in serpentine flow fields require

higher grid density through complex flow structures.
Fig. 5 e Variation of Nusselt number, mean water

temperature and mean surface temperature along a

straight channel (model A).
Results and discussions

Validation of results

Darcy friction factor, f, and Nusselt number,Nu, are compared

for straight flow field (model A) with analytical results. The

friction factor is calculated from the water pressure drop and

mean velocity through a straight channel derived from the

numerical outputs [28].

Fig. 4 shows the variation of f.Re parameter along a straight

channel. This parameter descends and tends to a lower limit

value as the flow proceeds. After that, the flow becomes fully-

developed and f.Re is converged to 61. This parameter is in

relatively good agreement with the reference value of 62 for

fully-developed laminar flow through a rectangular channel

with an aspect ratio of 2 [29]. The hydraulic entrance length,

Le, comes from the numerical solution is about 0.015 m. It can

also be expressed as below [28]:

Le
Dh

¼ 0:05Re (11)

With Re ¼ 150.7, the hydraulic entrance length becomes

some 0.011 m from this equation.

Besides, from thermally point of view, analytical solutions

for channel flow are usually presented under constant heat

flux condition in the literatures. Hereupon, we plotted mean

water temperature, Tm, mean surface temperature, Ts, and

Nusselt number, Nu, along a straight channel (model A) with

constant heat flux (correspond to average heat flux) in Fig. 5.

The Nusselt number may be written in term of mean tem-

perature gradient, as [28]:

Nu ¼ dTm

dx

rCpumAchDh

kPchðTs � TmÞ (12)
Fig. 4 e Darcy friction factor, f, and pressure variations

along a straight channel (model A).
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where Ach and Pch, are the cross-sectional area and the

perimeter of the channel respectively. Fig. 5 shows that after a

thermal entrance length of about 0.03 m, the simulated Nu

number is converged to 3.8, which is relatively in good

agreement with reference Nu number of 4.12 for fully-

developed laminar flow through a rectangular channel with

an aspect ratio of 2 under constant heat flux boundary con-

dition [29]. The little discrepancy observed from the reference

value in the figure is caused by the deviation of thermal

boundary condition from the constant heat flux situation. The

thermal entrance length, Le,t, however, may be obtained from

the following relation [28]:

Le;t
Dh

¼ 0:05 Re:Pr (13)

in which, Pr is coolant Prandtl number. According to this

relation, thermal entrance length is approximately equal to

0.030 m (with Re ¼ 150.7).

The validation of coolant flow in othermodels is performed

by comparison of pressure drop along the channels obtained

numerically with that of analytical solution. The pressure

drop along a channel may be written as:

DP ¼ rgzþ
X rku2

m

2
þ rfLu2

m

2Dh
(14)

where g, z, k and L are the gravity acceleration, the elevation

difference between the channel inlet and outlet, the geomet-

rical pressure-loss coefficient and the channel length,

respectively. The friction factor, f, is also calculated by:

f ¼ 62
Re

(15)

For 90-degree bends, the k value appears in equation (14) is

as high as 30f [30].

To obtain the pressure drop through a porous media,

Darcy's law is adopted, as expressed in equation (6), and then

the pressure drop in metal foam flow field (model B) is
etal foam as coolant fluid distributor in the polymer electrolyte
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Table 2 e Comparison between pressure drop derived from numerical and analytical solution results for four models.

Model Um (m/s) Re f ε DN (m) Z (m) L (m) Bend number DP (Pa) analytical DP (Pa) numerical

A 0.054 150.725 0.411 e e 0 0.15 0 66.642 67.137

B 0.027 150.725 e 0.6 0.15 e e e 1319.062 1409.379

C 0.666 1858.945 0.033 e e 0.114 1.895 28 17604.510 17331.745

D 0.4 1115.367 0.055 e e 0.108 1.137 16 6878.315 6522.640

i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 5 ) 1e1 1 7
determined. Table 2 compares analytical and numerical re-

sults of pressure drop for four different models. Very small

differences can be observed between the results, confirming

the accuracy of coolant flownumerical simulation.Mostly, the

differences are perceived in serpentine flow fields, where

there are the bends in which the flow structure is more

complex and the pressure drop around them is much higher

than the straight parts. Since the parasitic power required for

pumping the liquid coolant is provided by the stack output

power, it is essential to utilize a cooling flow field design with

lower pressure drop in order to reduce the parasitic power as

much as possible.

Heat transfer and coolant flow characteristics of four cooling
flow field models

Fig. 6 displays the coolant pressure along the channels for

four different cooling flow field models (in terms of Pa).
Fig. 6 e Pressure distributio

Please cite this article in press as: Afshari E, et al., A study on using m
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According to this figure and Table 2, one can realized that

model A (straight flow field) has the minimum pressure drop

owing to its lowest coolant velocity (with 37 parallel paths)

and shortest channel length without any bend. The

arrangement of the bends in serpentine flow fields is the

dominant affective parameter on the pressure drop for sure.

The number of bends in model C (MPSFF with 3 parallel

paths) is more than that of model D (MPSFF with 5 parallel

paths); therefore, the flow distortion in the former model is

more than the latter one. Model C has the maximum coolant

pressure drop; because it has the maximum coolant velocity

(3 parallel paths), maximum channel length and the most

number of bends. The flow velocity in parallel paths of

models A and B with 37 parallel paths, is lower than that of

models C and D with 3 and 5 parallel paths, respectively;

hence they have less pressure drop. On the other hand, the

pressure drop occurs in model B (flow field with metal foam

structure) is much less than that of serpentine channels,
n in cooling channels.

etal foam as coolant fluid distributor in the polymer electrolyte
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Fig. 7 e Temperature distribution at the cooling plate center-plane (symmetric boundary) for four cooling flow field designs.
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owing to high permeability of metal foam. In addition, the

pressure drop of model B (1400 Pa) is less than models C

(17,600Pa) and D (6870 Pa). Thus, if model B is appropriate

considering the thermal criteria, then adopting this model is

explainable. It should also be considered that increasing the

foam permeability will ensure to have lower pressure drop in

coolant flow field.

Simulated temperature distribution (in �C) at the central

plane (symmetry boundary) for four different models is

depicted in Fig. 7. The coolant temperature enhancement is

clear from the graph. The temperature of water increases

along the channel since it absorbs the reaction heat. The figure

also reveals the local temperature difference in cooling plates

between water and plate for different coolant flow field de-

signs. It is reminded that symmetry surface includes both

solid and coolant fluid regions. The cooling plates prevent

overheating of PEMFCs by properly exhausting the reaction

heat from them;meanwhile guarantee a uniform temperature

distribution throughout the active area. Fig. 8 displays the

temperature distribution (in �C) on the constant heat flux

boundary of cooling plate for four different models. The

temperature distribution in models A and B represents the

global temperature gradient, from low temperature at the

inlets toward high temperature at the outlets. Another
Please cite this article in press as: Afshari E, et al., A study on using m
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important criterion that a cooling channel design should also

guarantee it, is the uniformity of temperature. Uniform tem-

perature index, UT, is introduced as [1]:

UT ¼

Z
A

��T� Tavg

��dA
Z
A

dA
; Tavg ¼

Z
A

TdA

Z
A

dA
(16)

where T is the surface temperature, Tavg is the average surface

temperature and A is the surface area. The integration in

equation (16) is made for the surface area of constant heat flux

boundary. This index measures the deviation of the surface

temperature from the average temperature at the constant

heat flux boundary. UT ¼ 0 corresponds to perfectly uniform

temperature distribution.

The results of numerical simulation are presented in Table

3 for four differentmodels. It can be seen that the temperature

uniformity index of the models are not the same. The

maximum and the minimum uniformity indices belong to

models A and D, respectively. This index is almost similar in

two serpentine flow fields (models C and D).

In order to be ensured from thermal stability of the cell, it is

essential to control the maximum cooling plate surface
etal foam as coolant fluid distributor in the polymer electrolyte
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Fig. 8 e Temperature distribution at the heat transfer surface (surface with heat flux boundary) of the cooling plate for four

cooling flow field designs.
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temperature at a certain level, because the maximum surface

temperature is the most important factor in avoiding the

thermal damage of the cell. Looking at Table 3 and Fig. 8, it is

seen that the maximum cooling plate surface temperature,

Tmax,s, in model B is some 4.3 �C less than model A, and about

6 �C less than models C and D; so that this parameter is

76.645 �C in model A, 72.258 �C in model B, and 77.934 �C and

78.280 �C in models C and D, respectively. Fig. 8 and Table 3

also demonstrate that, in model B (the flow field with metal

foam structure), the surface temperature difference,

DTs¼Tmax � Tmin, the average surface temperature and the

maximum surface temperature are all lower than corre-

sponding parameters in other models, significantly. For

instance, the surface temperature difference inmodel B is 3 �C
Table 3 e Summary of the numerical solution results.

Model Tmax,s (�C) Tmin,s (�C) DTs (�C

A 76.645 61.673 14.972

B 72.258 60.388 11.870

C 77.934 62.738 15.196

D 78.280 62.514 15.766

Please cite this article in press as: Afshari E, et al., A study on using m
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less than model A and 4 �C less than models C and D. In

MPSFFs (models C and D), the surface temperature difference

is 0.7 �C higher than straight flow field (model A); where the

surface temperature difference is 14.972 �C in model A,

11.870 �C in model B, and 15.196 �C and 15.766 �C in models C

and D, respectively.

Theaverage surface temperature in theflowfieldwithmetal

foam structure is 3 �C lower than the straight flow field and

6e7 �C than MPSFFs. In MPSFFs, however, the average surface

temperature ismore thanstraightflowfieldby4 �C.Theaverage
surface temperature will be 68.615 �C in model A, 66.051 �C in

model B and respectively, 73.450 �C and 72.574 �C in models C

and D. In MPSFFs, augmentation of maximum surface tem-

perature and average surface temperature are more than the
) Tavg,s (�C) UT (�C) DTcoolant (�C)

68.715 3.611 11.492

66.051 3.366 11.713

73.450 2.667 11.886

72.574 2.438 11.899

etal foam as coolant fluid distributor in the polymer electrolyte
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Table 4 e The numerical results related to metal foam (model B) physical properties changes.

Properties a (m2) Tmax,s (�C) Tmin,s (�C) DTs (�C) Tavg,s (�C) UT (�C) DTcoolant (�C) DP (Pa)

ε ¼ 0.95, DP ¼ 800 mm 1.46 � 10�6 74.180 61.240 12.940 67.579 3.155 11.853 34.355

ε ¼ 0.9, Dp ¼ 800 mm 3.11 � 10�7 73.801 60.969 12.832 67.306 3.210 11.796 40.084

ε ¼ 0.8, Dp ¼ 400 mm 1.3 � 10�8 72.702 60.713 11.989 67.053 3.260 11.787 189.755

ε ¼ 0.6, DP ¼ 800 mm 5 � 10�9 72.304 60.563 11.741 66.928 3.290 11.740 446.691

ε ¼ 0.6, DP ¼ 400 mm 1.44 � 10�9 72.084 60.556 11.528 66.915 3.292 11.713 1409.379

ε ¼ 0.6, DP ¼ 300 mm 8.1 � 10�10 72.020 60.555 11.465 66.911 3.292 11688 2442.127

ε ¼ 0.6, DP ¼ 100 mm 9 � 10�11 71.940 60.556 11.384 66.904 3.293 11.611 21088.618
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corresponding ones in other twomodels. Also Table 3 confirms

that the cooling performances of MPSFFs are the same.
Effects of metal foam physical properties on cooling
performance

Indeed the foam permeability changes as the metal foam

mean particle diameter and the porosity coefficient vary. The

numerical results of change inmetal foam physical properties

are summarized in Table 4. When the foam permeability co-

efficient decreases, a little reduction occurs in maximum

surface temperature, average surface temperature and surface

temperature difference; whereas the coolant pressure drop

increases. This fact indicates that in a foam with the perme-

ability coefficient equal to 1.46 � 10�6 m2, the maximum sur-

face temperature and the coolant pressure drop would be

74.180 �C and 34.355 Pa, respectively, while if the foam

permeability coefficient be 9� 10�11m2, themaximumsurface

temperature would be 71.940 �C and the pressure drop is

21088.618Pa for this case. Hence, it can be concluded that with

2.240 �C reduction in maximum surface temperature, the

pressure drop is almost 614 times higher, which causes in

reduction of fuel cell net output power. According to Table 4,

the average value of maximum surface temperatures in

different permeability coefficients is 72.718 �C (maximum

surface temperature is also 72.702 �C in a foam with perme-

ability coefficient of a ¼ 1.3 � 10�8 m2). The average of surface

temperature differences for different permeability coefficients

is equal to 11.982 �C (surface temperature difference is also

11.989 �C in a foamwith a¼ 1.3� 10�8m2). The average surface

temperatures averaged in different permeability coefficients

corresponds to 67.085 �C (average surface temperature in a

foam with a ¼ 1.3 � 10�8 m2 is 67.053 �C). The average of

temperature uniformity indices in different permeability co-

efficients would be 3.256 �C (temperature uniformity index is

also equal to 3.260 �C in a foamwith a¼ 1.3� 10�8m2). Coolant

pressure drop in the foam with permeability coefficient of

a ¼ 1.3 � 10�8 m2 is equal to 189.755 Pa (very small and negli-

gible). Consequently, applying the metal foam with perme-

ability coefficient of a¼ 1.3� 10�8 m2 is really appropriate and

advisable, while using them with a permeability coefficient

lower than this value is not recommended.
Conclusions

In this study, the detailed fluid flow and heat transfer in

cooling plates with 15 cm � 15 cm square area for a water
Please cite this article in press as: Afshari E, et al., A study on using m
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cooled polymer electrolyte membrane fuel cell were investi-

gated and simulated by means of computational fluid dy-

namics (CFD). The performances of four different coolant flow

field designs were assessed and compared in terms of

maximum surface temperature, temperature uniformity and

pressure drop. Theses designs consists of straight flow field,

multi pass serpentine flow fields (MPSFFs) with three and five

parallel paths, andmetal foam flow field. The obtained results

indicated that in multi pass serpentine flow fields with three

and five parallel paths, enhancement in maximum surface

temperature and average surface temperature are more than

other two models (i.e. straight flow field model and the flow

field with metal foam structure). In addition, serpentine flow

fields experience the most coolant fluid pressure drop. The

flow field with metal foam structure, indeed, is the most

adequate cooling flow field among the models studied in this

paper to reduce the surface temperature difference and

maximum and average surface temperatures. Furthermore,

the coolant pressure drop is very low in this model. Therefore,

this structure may be selected as a coolant flow field to

improve the performance of polymer electrolyte membrane

fuel cell. The results of this work can certainly provide useful

guidelines in PEMFCs cooling systems design.
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