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INTRODUCTION

ABSTRACT

A major challenge for improving the characteristics of fuel cells is to obtain uniform tempera-
ture distribution during its operation, in which a major part of hydrogen chemical energy is
converted to heat. If not properly exhausted, this exothermic chemical reaction causes overheat-
ing in the polymer electrolyte membrane fuel cells (PEMFCs), leading to a reduction in their
performance. Hence, analyzing different techniques for PEMFCs cooling may be necessary for
this kind of energy systems. In this study, four microchannel design effect on aluminum oxide
(AL,O;) nanofluids thermal behavior in cooling plates with 1400x1800 mm? was investigated
using computational fluid dynamic (CFD) simulation. The performances of proposed micro-
channel designs were evaluated in terms of maximum and uniformity temperature. The sug-
gested study has been validated by available published results from previous research studies.
The obtained results depicted that the maximum temperatures have been 305.3K and 305.5K
for S- character flow field and two stages coolant flow field microchannel designs, respectively.
The results revealed that the multi-flow plate designs might greatly enhance the performance of
PEMFCs in terms of temperature distribution in the cooling plate when compared to standard
flow field designs. Another important finding was that the two stages microchannel and S-de-
sign are more thermal stable compared with other microchannels.

Cite this article as: Khelaifa K, Atia A, Moussa HB, Naroura A. Critical investigation of micro-
channel design effect on thermal performances of a pem fuel cell. ] Ther Eng 2024;10(1):36—49.

fuels, where attention is drawn to the development of sus-
tainable and clean renewable energies such as solar thermal

The global energy crisis is one of the most challenging
issues; the continuously increasing energy consumption is
mainly met by a limited reserve of fossil fuels which causes
environmental problems [1-3]. Thus, the researchers have
been seeking new resources in alternatives to the fossil
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energy, photovoltaic cells, wind energy, hydropower, geo-
thermal, biofuel energy [4, 5].

Fuel cells are one of the most effective techniques for
producing electricity in a clean way. In these systems,
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chemical energy of fuels such as hydrogen can be con-
verted into electrical energy directly, without going through
mechanical energy. There are several types of fuel cells that
can be classified according to the nature of the electrolyte (a
material that contains free ions that form a transportable or
its operating temperature [6, 7]. These types include proton
transport membrane fuel cells. Since the PEM fuel cell is
an advanced technology, its development still faces many
problems that must be addressed. Many economic, scien-
tific, and technological aspects must be accurate and ideal
in order to obtain a viable technology, such as cost, durabil-
ity, and reliability of the cell and the flow of water and heat
in it. To overcome these problems, many research activities
have been carried out during the past three decades [8, 9].
These studies are generally classified into two categories:
experimental and numerical simulations. The investigation
of using silicon dioxide and aluminum oxide in water as
cooling fluid in PEMFC is the central point of work that
carried out by Zakaria et al.[10]. The authors used ANSYS
Fluent to study thermal behavior of laminar flow of the
proposed nanofluid with low concentration value of silicon
dioxide and aluminum oxide below to 0.5 % was adopted.
This work indicated that the enhancement of heat transfer
coefficient reached to 2.14 % via aluminum oxide utiliza-
tion and 1.15 % by using silicon dioxide in the concentra-
tion of 0.5 % as compared to water.

A recent study by Khalid et al. [11] examined nine mix-
ture ratios of Al,0,;-SiO, fluctuating form 10:90 to 90:10
for advanced coolant application in PEMFC. The findings
of this study depicted that the successive increases in the
percentage of Al,O; leads to increase of the dynamic vis-
cosity the coolant fluid. Meanwhile the electrical and ther-
mal conductivity moved further to decrease. Arear et al.
[12] proposed a simulation model to investigate heat trans-
fer in the PEMFC with nanoparticles Al,O;. The authors
demonstrated that the use of nanofluid contribute in the
enhancement of PEMFC cooling process. In addition, the
increase of nanoparticles concentration is associated with
the increase of pressure drop and pumping power. Four
hybrid ratios of Al,0;-SiO, nanofluids were proposed by
Johari et al. [13] for cooling PEMFC. They demonstrated
that the property of heat conductivity was improved by up
to 21.2% as compared to the base fluid.

The cooling of polymer membrane FC using nanoflu-
ids was carried out by Kordi et al. [14]. In this study, the
augmentation of nanoparticle ratio by 0.6% were found to
cause the decrease of temperature uniformity index and
increase the pressure drop about 13 % and 35 %, respec-
tively. Afshari et al. [15] investigated 3D numerical sim-
ulation about temperature distribution in the PEM fuel
cell using straight and serpentine flow field . However, the
observed difference between the two models in terms of
uniformity index and temperature difference in this study
was not significant, however, the pressure drops in the ser-
pentine model is more than that found in straight model.
As shown by Saeedan et al. [16], utilization of metal foam

within the channels leads to enhance the characteristics of
a PEMFC in terms of temperature uniformity index, max-
imum temperature. An important issue that emerged with
the use of metal foam is the increase in pressure drops in
the system about 4.4%.

Mahdavi et al. [17] proposed metallic bipolar plates
design for cooling a PEM fuel cell by using water-based
nanofluid with a concentration of 5 %. The simulation results
show that the desired cooling performance is achieved at
Reynolds number of 500, which is reduced to a half if com-
pared with the base fluid. Also, the innovative cooling design
employed in the study is presented to exquisitely contract
the size of fuel cell. Used The hybrid Al,O;-SiO; as a coolant
in the distributor cooling plate of a PEMFC was presented
by Idris et al.[18]. Their findings depicted that the ratio of
10:90 Al,O;-SiO; is the most optimal hybrid nanofluid at the
Reynolds number of 1000. Furthermore, the exploitation of
hybrid nanofluids enhance coolant fluid properties and ther-
mal management potential in PEM Full Cells. Ogura et al.
[19] developed a new small PEMFC system where the system
was designed using the simulation of a chemical reaction and
thermal transfer to obtain a sufficient hydrogen production
rate and a suitable temperature distribution for methanol-re-
forming. This device generated an output of approximately
2.5W with sufficiently low heat loss. The size of the fuel cell
makes this system suitable to apply as a power source for
mobile devices.

Chugh et al. [20] experimentally studied PEM fuel cell
stack employing Nafion®-212. The investigation of operat-
ing parameters influence on the fuel cell performance was
carried out. Beside the experimental work, the authors
compared the obtained results with those of mathematical
model developed in MATLAB under steady state condi-
tions. A 3D numerical model of two phases flow in a single
serpentine channel polymer electrolyte membrane fuel cell
under ANSYS Fluent simulation was used to investigate the
pressure effects on the PEMFC performance. A series of
experiments was done for validating the developed numer-
ical model [21]. Chun et al. [22] studied the influence of
gas diffusion layer (GDL) properties on the PEMFC per-
formances by both numerical simulation and experiments.
They found that the GDL properties greatly influence on
the cell performances.

A sinuous flow field channel was experimented for
PEMFC performances and water management improving
[23]. This work addressed at cathode side through both
numerical and experimental investigation, by scaling up of
fuel cell from 25 to 100 cm? The results showed that the
power loss in sinuous flow field channel caused by scaling
was only 24.44%. In experimental studies, research usually
focuses on improving cell performances, but the combina-
tion of temporal and spatial scales by means of experimental
methods is still challenging since the measure of the length
of the basic elements of the cell ranges between micro and
macro, and the time scale for some transfers ranges from
milliseconds to a few hours [24], hence physical models
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can be costly and time consuming. Consequently, fuel cell
modeling and simulation has become a practical and useful
method for researchers, for improving the design of a less
expensive and more efficient fuel cell.

One of the significant factors affecting the performance
of a PEM fuel cell is the formation of cold plates. Improving
the geometrical parameters of the coolant flow channels
(fluid having the advantage of removing excess heat from
the cell) such as the dimension (width, length, and depth)
or the cross-section shape of the channel can augment the
performance of the fuel cell. The aim of this work is to
investigate the heat transfer phenomenon by CFD analysis
for studying the effect of the channel plate design on the
performance of the PEM fuel cell. Furthermore, this paper
assesses the significance of using two stages straight micro-
channel with co-current and counter-current fluid flow as
cooling plate for PEM fuel cell. This investigation will con-
tribute to a deeper understanding of the effect of two stages
microchannel compared to one stage microchannel in the
sector of PEMFC performances enhancement. Al,O;-water
ethylene glycol and SiO, in desalted water mixture nanoflu-
ids were used as a working fluid in the present study.

PHSYICAL MODEL AND HYPOTHESES

The mass and heat transfer equations can be changed,
from one component to another in a fuel cell, i.e., each
component of the cell has its own mathematical equations.
However, we show the case of transport phenomenon mod-
eling in the PEM fuel cell for cooling plate element.

The 3D CFD dynamic model was established based on
the dimensions of a particular cooling plate as presented
in Figure 1. The cooling plate for PEM fuel cells consists of
multiple simultaneous channels with the following dimen-
sions: 5 mm x 1 mm x 140 mm, where the plate has been
subjected to significant heat load of 100 watts.

A significant amount of research work on fluid flow
and convective heat transfer in very thin channels has been

published in recent literature, due to the miniaturization
in the design of PEM fuel cell components, which plays a
very important role in achieving of high energy densities
[25-28]. Hence, it is desirable to have these channels in the
active thermal transport environment of electrolytic. The
mini-channels contribute also to augment the heat and the
mass transfer rates that leads to the lowering of the maxi-
mum cell temperature compared to the micro channels [24].
The materials used for the flow channels, to manufacture
the cooling plate is graphite carbon. So far, several forms of
nanofluid flow channels have been designed. Improving the
PEM fuel cell performances requires more efficient cooling
systems, beside several studies, it has been observed that
the cooling using carbon-graphite plates, in which channels
for the nanofluids flow is more efficient in order to cool
the fuel cell. Here it may be concluded that the shape of
channels and the nature of the nanofluids flow have a very
important role for improving the cell performance, i.e., a
significant reduction of Tmax and a uniform temperature
distribution. For this purposes, various configurations for
the nanofluid flow channels have been proposed and stud-
ied via CFD simulation. Figure 2 illustrates four different
designs of the flow channels. Most studies of microchannel
cooling plate design effect have only been carried out in one
stage and simple way of fluid direction.

The physical and thermal parameters of one and two
stages straight plate used for the numerical simulation in
this work are listed in Table 1.

In order to simplify the analysis, some assumptions are
considered:

o Fluid properties are constant, steady state fluid flow,
incompressible and laminar flow;

o The effects of the fluid force and viscous dissipation on
the channels are ignored;

o The base liquid nanoparticles W / EG and AlL,O; in
thermodynamic equilibrium at zero relative speed and
resulting mixture may be regarded as a single standard
phase;
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Figure 1. Schematic diagram of the microchannel in the PEMFC cooling plate.
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Figure 2. The fluid flow channels configurations for the PEMFC cooling plate, (a) one stage straight, (b) normal Zigzag,
(c) curved zigzag, (d) S-shaped and (e) Proposed solution: two stages straight plate.

Table 1. Coefficients, physical properties, and operating conditions used for one and two stages straight plate [12, 13, 24]

Coeflicients and properties

One stage straight plate

Two stages straight plate

Plate length L, 181 mm 181 mm

Plate width W, 150 mm 150 mm
Dimensions of the cooling plate  Plate Height H, 2.5 mm 2.5 mm

Wi, 1 mm 1 mm

Channel width W, 5 mm 5 mm

Channel depth H, 1.5 mm 0.5 mm

Hydraulic diameter Dy, 0.00231 mm 0.00091 mm

Density p 2250 kg/m’® 2250 kg/m’?
Plate properties (graphite) Specific heat G, 690 J/kg. K 690 J/kg. K

Thermal conductivity K 24 W/m. K 24 W/m. K
Fluid 1. Density p 1071.432 kg/m® 1071.432 kg/m®
(ALO,-W / EG Mixture) Specific heat C, N 3440.9 J/kg. K 3440.9 J/kg. K
0.5% Thermal conductivity K, 0.463 W/m. K 0.463 W/m. K

Dynamic viscosity u 0.003187 Pa.s 0.003187 Pa.s
Fluid 2- Density p 1365.3 kg/m’ 1365.3 kg/m’

o Specific heat Cp 4142.065 J/kg. K 4142.065 J/kg. K

(SiO, in desalted water) .
0.5% Thermal conductivity K, 0.617 W/m. K 0.617 W/m. K

Dynamic viscosity y 0.002128 Pa.s 0.002128 Pa.s

Heat flow rate g (W/m?) 4000,6000,8000,10000,12000 4000,6000,8000,10000,12000

Operating conditions

Internal fluid temperature T,

300 K

300K
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o All the channel of the cooling plate are identical in terms
of heat transfer and flow property of the nanofluids.

Mathematical Formulation and Boundary Conditions

Some assumptions are made for the analysis of three-di-
mensional flow. Laminar and steady flow is considered. The
fluid is supposed Newtonian and incompressible. A gov-
erning equations including momentum, energy, and mass
equations for the considered problem can be expressed in
Cartesian coordinates as follows [25]:

ou 0Ov ow
—+—+—=0 1)
ox 0Oy Oz
ou  Ou ou oP
—tVv—tw— |=——+
. X Oy W@ZJ Ox phu
ov  Ov ov oP
+V—4+w— [=——+
Pl oy &) o T )
ow  ow ow oP
—tV—+Ww— |=——+
pu@x v@y W@ZJ oz HAw
a_T+va_T+ a_T_ uA AT 3)
Ox oy oz pc,

For the solid region of the flow channel, the energy
equation is given by:

aZ_T + az_T + az_T =0

o’ ot o @
For boundary conditions, no sliding boundary condi-

tion on the wall, constant velocity at the entrance and atmo-

spheric pressure at the outlet are applied.

Vs =0
I/inlet = O (5)
Poutlet = Bltm

For this solid region (wall) of the nanofluid flow chan-
nel (AL,O;-W / EG mixture), we considered the energy
conservation equation as described in [24]

2 2 2
K(af+6€+a{j=0 (6)
S Ox oy Oz

The heat is transferred through the solid and dissipated
by the forced load of the nanofluid that passes through the
flow channel, the bottom surface is heated regularly with
a continuous heat flow where at the lower surface of the
channel

oT
= —Ky!f. 5 (7)

q lower surface

The upper surface of the channel is adiabatic, so it is
written as

or
quppersurj}we = _an g = 0 (8)

The simulation of the thermal behavior described in
this work was performed using finite volume method.
The most several steps of numerical procedure, geometry
creation, mesh generation, choose the initial and bound-
ary conditions of your model for each physics used / select
the appropriate material from the model, and macroscopic
variables are calculated/ the desired results are shown. The
informatics steps process is presented in Figure 3.

Geometry

creation

A

Mesh generation

Choose the initial and boundary
conditions

Select the appropriate material from the
model

Macroscopic variables are calculated the results
are shown

Figure 3. Simulation steps.
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Table 2. Results validation
AT (K) T,, (K) T,y (K)
Beaketal Present Relative Beaketal Present Relative Beaketal Present Relative
[26] study error [26] study error [26] study error
Q=2x10°m’/s 39.843 38.608 3.09
Q=4x10°m’/s 21.188 20.653 2.52
Q=6x10°m’/s 14.696 14.925 1.56 322.964 323.948 0.3 314.363 314.662 0.1
AP (Pa) h (W/m?. K) Nu
Zakaria et Present  Relative Zakariaet Present Relative Zakariaet Present Relative
al [24] study error al [24] study error al [24] study error
Re=120 2170 1960 9.67 1224.561 1219.512  0.41 4.558 4.57 0.26
Re=100 1943.455 1813.265  6.69 1171.93 1112.49 5.07 4.364 4.12 5.59
Re=80 1791.273 1616 9.78 1100 1086.97 1.18 4.096 4.1 0.097
Re=60 1580.182 1502 4.95 1112.281 1124 1.053 4.143 4.2 1.38
Re=40 1467.273 1457 0.7 1107.018  1133.787 2.42 4.123 4.25 3.1
Re=20 1275.818 1158 9.23 1056.14 1114.1 5.49 3.949 3.85 2.5
U; (K) AP (Pa) AT (K)
Liand Present  Relative Liand Present Relative Liand Present Relative
Sundén  study error Sundén  study error Sundén study error
[27] [27] [27]
Re=250 1.765 1.7 3.68 200.968 200.9443 1.18 8.283 7.902 4.59

Figure 4. Mesh generation.

Model Validation

To verify our numerical present model, we first com-
pared our results with those obtained by Beak et al. [26],
Zakaria et al. [24] ,and Li and Sundén [27], which are dis-
played in Table 2. For fluid flow 2x10° m?/s, 4x10° m?/s
and 6x10° m*/s, the minimum and maximum relative error
of difference temperature is 1.56% and 3.09% for Beak et
al.[26] work compared with the present model. On other
hand, the relative error of temperature average is 0.3%
for 6x10° m*/s while 0.1% for maximal temperature. At
Reynolds number (Re) of 120 the relative error reached
9.67% for the drop pressure whereas 0.7% at Re of 50 com-
pared between present work and Zakaria et al. [24] work.

[ Q0045 008 miy
i

00021 0.0068

Table 3. Mesh test for two stage counter-current

Number of elements AP (Pa) T, ax (K)
74240 3187.37 307.084
168837 3238.85 306.638
243836 3260 306.741
313900 3279 306.604
405750 3297 306.578
543000 3312.45 306.552
916464 6426.19 305.454
1072560 6426.39 305.453
8855241 6426 305.482
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The errors of coefficient convective are estimated 0.41%
and 5.49% for Re of 120 and 20, respectively. In addition,
the errors are reached 0.097% for Re =80 and 5.59% for Re
=100 at Nusselt number [28]. For parameter the uniformity
temperature index (Uy), the drop pressure and difference
temperature, the relative errors are estimated 3.68, 1.18 and
4.59, respectively at Re of 250.

Mesh test

A systematical mesh independence test is performed
to demonstrate that the numerical findings are indepen-
dent of the mesh number, where CFD simulation is used
to build the designed mesh. Nine various mesh systems are
generated for two stages straight plate counter-current fluid
flow. The corresponding results of pressure drop and max-
imum temperature are displayed in Table 3. Therefore, the

number of elements) 916464 (is utilized for the numerical
study. The average time required to reach the accurate solu-
tions is about 30 min and the linear uniform mesh was used
in the present simulation (Figure 4). The simulation results
of this study were obtained by a PC has a Processor Intel®
Core i5 CPU 2.27 GHz, RAM 8.00 GB and installed System
of 64 bit.

RESULTS AND DISCUSSION

Heat transfer in nanofluids (Al,O;-W / EG mixture) was
investigated on the basis of both the convective heat trans-
fer coefficient h and Nusselt number. The convective heat
transfer coefficient variation is illustrated in Figure 5. The
convective heat transfer improved with both volume con-
centration and number of Reynolds increasing. Design flow

20004
v ] 60:400WEG)
o 1700 AI203 0.5 vol%
E ] A channel graight
= B: channel zigzag nomal
= 1 C: channel zigzag
2 1400 D channel form- S-
= ] mA
= ms
= i ED
3 1100]
w 4
[
E 4
3 8004
I 4

500 T T T T T )

20 40 60 80 100 120
MNurber Reynolds

Figure 5. Heat transfer coefficient h for the four nanofluid models (AL,05-W (60) / EG (40) mixture).
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Figure 6. Nusselt number vs. Reynold number of the four models with nanofluid (Al,05-W (60) / EG (40) mixture).
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channels (B, C, D) with the use of nanofluid (Al,0, 0.5vol%
- W (60) / EG (40)) have a higher heat transfer coefficient,
compared to the straight flow channel at Reynolds numbers
greater than 70. Close to Reynolds numbers of 70 the, the
heat transfer coefficient of the curved channels (B, C, D) is
lower than the straight channel. The (S) form flow channel
has the highest heat transfer coefficient with a boost rate of
up to 19.3% compared to the straight channel. The shape of
the geometry D path causes an increase in the arrival time
of the fluid, which resulted in an increase in the value of
the convective heat transfer coefficient at a high Reynolds
number.

The coefficient convective heat transfer was used to
evaluate the Nusselt number. In general, Nusselt number
increased linearly with the number of Reynolds. From here,

the boundary channels effect (bends) of flow channels (B,
C, D) are shown at Reynolds numbers greater than 60 as
they outperform the straight channel due to the increase in
the heat transport coefficient. The highest of Nusselt num-
ber in the S-channel compared to the straight channel has
increased by additional 19.2% followed by the curved chan-
nel (C) with a reinforcement rate of 11.15%, followed by the
broken channel (B) at 2.56% as shown in Figure 6.

Figure 7 depicts the variation of pressure drop versus
Reynolds numbers ranging from 20 to 120 for all four con-
figurations (A, B, C, and D). This figure presents a linear
increase in pressure drop with inlet Reynolds number. A
high-pressure drop was predicted, as the nanofluidic cool-
ant had to travel through the cooling plate’s narrow chan-
nels, the highest pressure drops at the curved channel (C)

3000
| AI203 0.5 vol%

2403: A channel straight
© B: channel zigzag nomal
5% ] C channel zigzag
% 18004 D: channel form-S-
a 1 A
e me
- mc
] ] [ s}
5 12004
a 1
o ]
a 4

6001
G T T T T T 1
20 40 60 80 100 120
Nurrber Reynolds

Figure 7. Pressure drop of the nanofluid (Al,O5-W mixture (60) / EG (40)) versus Reynolds number.
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] 60:400VEG)
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® 00018 C: channel zigzag
g i D: channel fom- S- HA
a ms
e | a0
£ ]
g 0‘0012-
=1
o

0.00064

o _—
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Figure 8. The pumping power of the nanofluid (Al,0,-W (60) / EG (40) mixture) versus Reynolds number.
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of Reynolds number of 120 was obtained which 1537.26 Pa
compared to straight channel (A). It was followed by the
S shaped channel in the form of the letter S (D) with an
increase of up to 1464.06 Pa. However, we also observed
a high increase for the broken channel in the decrease in
pressure estimated at 1260.34 Pa in relation to the straight
channel and a large decrease in pressure of the channels (D,
C, B). The coolant is affected by the boundaries of the flow
channels that obstruct its path between the inlet and outlet.

The effects of pumping energy for flow channels (D,
C, B) compared to the normal straight channel (A) at
Reynolds greater than 40 are shown in Figure 8. The high
pressure decreases for pumping power with fewer general-
ization of more Al,O, nanoparticles in the cooling system.
The curved flow channel (C) at Reynolds number of 120
has resulted in an additional pumping power of 0.00017
W compared to the straight channel, the pumping power
of the flow channel -S- (D) for Reynolds 120 was equal to
0.0016 W compared to the straight channel, followed by
the broken channel at an addition rate of 0.0014 W. These
pumping increases are due to the significant pressure drop
between the inlet and outlet of the flow channels (B, C, D).
High pumping power demands are not appropriate for the
output of fuel cells because this would raise the unnecessary
losses associated with the cooling system requirement.

Figure 9 displays a simulation of temperature distribu-
tion at the flow channel stage at Reynolds number of 120,
where the temperature evolution of the Al,O; nano-cool-
ant in the flow region and the temperature distribution
throughout steel plate channel in general are observed.
Via the absorption of the reaction energy, the fluid energy
decreases around the liquid channels and is therefore high-
est near the outlet and lowest near the inlet of the coolant
liquid zone. It also indicates a small variation in the local
nanofluid temperature of the cooling plates with various
fluid flow structures.

The role of the cooling plate is to exhaust the reaction
heat from PEMFC to avoid overheating as well as leading to
maintaining an even temperature distribution in the active
area and the most important is the distribution of tempera-
ture on the surface of the plate as displayed in Figure 10. It
is clear that the flow field design (S) and curve (C, D) give a
better cooling device compared to the straight and refracted
channel in terms of uniformity of temperature. The straight
and refracted flow field (A, B) shows that the high gradient
starts from the low level of hotspot near the inlet to a high
hotspot near the outlet.

A uniformity temperature index (Uy) is known as the
temperature control measurement index for more quan-
titative analysis of the cooling efficiency. In quantitative
words, Uy is the difference of surface temperature T at the
heat transfer interface from the average temperature T,,.
In other terms, when the temperature distribution is even,
Uy is zero.

v [Ir-1,,|d4
dA o
j TdA
Tavg =T
dA

Here A is the area, and T,,, T are the average tempera-
ture and the temperature of surface, respectively. In this
equation, integration is determined only on the heat flow
limit.

The results show that the surface temperature unifor-
mity index for the three models matched the results with
a slight change of 0.001 compared to the straight channel.
The control of hotspot points on the cooling channels sur-
face in order to confirm the heat stability of PEM fuel cell
is very requested. In fact, it is the most important param-
eter in preventing heat damage to the cell. Table 4 and
Figure 10 show that the maximum hotspot on the channel
surface (S) T, is about 4K less than pattern (A) followed
by channel (C) with a decrease of 2.12 K and channel (B)
with a decrease of 1.28 K. The T,,,, mean values for the four
designs are identical with little variation in Reynolds num-
ber 120 less than the conventional (A) design.

Through the study of the U and T,,,, no differences

have been noticed between them for the flow channels (B,
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Figure 9. Temperature distribution at the level of nanofluid
flow channels for Reynolds number of 120.
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Table 4. Numerical results of the four models

Model T, (K) T,in(K) AT(K) AR%
One stage straight plate 309.27 300 9.27 /
normal zigzag plate 307.99 300 7.99 14.1
curved zigzag plate 307.15 300 7.15 7.72
S-shaped plate 305.3 300 53 221
Two stages straight plate 305.5 300 5.5 /
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Figure 10. Thermal analysis results of the four models

Uniformity temperature index (K)

C, D) compared to (A). Therefore, the advantage ratio was
relied to find the most appropriate flow field for the PEMFC
fuel cell cooling field given as [29]

h, h/
AR APAP 1=B,C,D
AP,

For all AL,O; analyzed, the advantage ratio was found
to be the strongest in lower Reynolds number. This is
attributed to the smaller pressure decrease observed in
the lower of Reynolds number as opposed to the higher of
Reynolds number although the change in heat transfer stays
constant across the total range of Reynolds number [4].

According to Figure 11, the flow channel -S- (D) shows
its benefit at Reynolds number of 60 and above so that
Reynolds number of 120 reaches the highest interest rate
of 14.2% compared to the straight channel. It is followed
by the curved channel (C) and the broken channel (B), so
that they are useful for Reynolds number of 80 and above,
with an advantage ratio of 7.72% and 2.21%, respectively,
compared to the straight line.

Figure 12 provides the numerical temperature contours
at the wall area for straight plate simple stage, two stages
plate with co- current and counter-current fluid flow. The
temperature rises along the channel due to the absorption of
reaction heat, therefore it is minimum at the entrance and

(10)

154 _S-
channel form -S mo

M 60
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Figure 11. Advantage ratio (AR) for models B, C, and D
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Figure 12. Temperature distribution at the area of wall for three straight plates: a) Straight plate simple, b) two stages
Straight plate co- current and c) two stages Straight plate counter-current.

maximum at the outflow of the coolant microchannels. The
results show the local hotspot difference is estimated around
312.5 K, 305.5 K, and 305.6 K for straight plate simple, co-
current plate and counter-current plate, respectively. The
findings reported here suggest that the role of cooling plates
is very important in which it prevent the PEMFCs overheat-
ing by exhaust heat from chemical reaction.

The temperature distributions of fluids in two stages
straight plate for co-current and counter-current cases are
studied and compared, as presented in Figure 13. It is clearly
seen that in the first stage, which used nanofluids (AL,O5;-W
/ EG Mixture) 0.5%, the maximum temperature reached
305.5 K for two cases co-current and counter-current

while in the second stage which utilized nanofluids (SiO, in
desalted water) 0.5%, the temperature estimated 312.6 K for
co-current and 305.5 K for counter-current. On other hand,
there is an increase in temperature and heat distribution in
the second stage, and this is due to the increase in the ther-
mal interaction and fluid convective in the channel

CONCLUSIONS

A CFD simulation was performed for the microchannel
design impact on the thermal performances of PEMFCs.
The nano-fluids used within the channels, along with chan-
nels designs, have an essential role in the heat extraction
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Figure 13. Temperature distribution of fluids in two stages straight plate for co- current and counter-current cases: a) First
stage co-current, b) Second stage co-current, c) First stage counter-current, d) Second stage counter-current.

and cooling process of PEM full Cells. The effect of four dif-
ferent cooling flow plate was investigated and compared to
the traditional plate (straight microchannel design) accord-
ing to maximum temperature and temperature uniformity
index. This parametric study is necessary when looking
for the optimal cooling flow field microchannel designs
for effective and uniform cooling system of PEM fuel cells.
The found outcomes depicted that the temperature unifor-
mity index, the average surface temperature, the difference
and the maximum temperature in S and two stages coolant
flow field microchannel designs are lower than conforming
results in a straight microchannel model. The shape of the
geometry D path causes an increase in the arrival time of
the fluid, which resulted in effects on the parameters such
as an increase in the value of the convective thermal coeffi-
cient at a high value of Reynolds.

The temperature difference of one stage straight plate,
S-design, and two stages coolant flow field microchannel

model were obtained and found to be about 9.27 K, 5.3 K
and 5.5 K, respectively. Especially in higher heat fluxes and
higher coolant flow rates imposed on the coolant plate, the
enhancement in the thermal performance of S-design and
two stages coolant flow field channels is more significant.
Hence, it can be considered that the mentioned models
have the potential to be utilize for providing more enhance-
ments to PEMFC compared to other conventional models.
However, further study should be conducted about thermal
performances and pressure drops to make more develop-
ments on these models. The findings reported in the pres-
ent work suggest that the designing of different cooling
plate models for large-scale PEM fuel cells is very recom-
mended. Research questions that could be asked include
the heat transfer effect with an electrical part in 3D PEMFC
is suggested to be investigated with the application of differ-
ent boundary conditions.
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NOMENCLATURE

A Area, m?

h Convective heat transfer coefficient, Wm™. K"
Q Flow rate, m3.s™

X))z Dimension, m

Vv Velocity, m.s™

T Temperature, K

7 Dynamic viscosity of the nanofluid, Pa.s

P Pressure, Pa

G Specific heat, J.kg"'. K"

K¢ Thermal conductivity of the nanofluid, W.m™. K**
q Heat flow rate, W.m™

H. Channel depth, m

W, Channel width, m

H, Plate height, m

W, Plate width, m

L, Plate length, m

K, Thermal conductivity of cooling plate, W.m™. K
Ug Uniformity temperature index, K

Tovg Average temperature, K

Re Reynolds number

Nu Nusselt number

Subscripts

nf Nanofluid

avg Average

min Minimum

max Maximum

Acronyms

AR Advantage Ratio

PEMFC Polymer Electrolyte Membrane Fuel Cell
W/EG Water/Ethylene Glycol
CFD  Computational Fluid Dynamics
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