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Abstract Polymer electrolyte membrane (PEM) fuel cells are promising eco-friendly
and sustainable power generation technology. Thermal management of these cells is
one of the main challenges facing their commercialization. Alumina nanofluids, in
addition to others, have been proposed to overcome excess heat generated within the
PEM fuel cell stacks. However, most the previous studies investigated the hydrothermal
performance of the nanofluids as a function of Reynolds number (Re). It is evident that
all parameters must be kept constants except one to examine its effect on the
performance. To this end, choosing Re as a parameter (independent variable) is
problematic as it is a function not only of nanofluid’s velocity, but also its density and
viscosity. In this study, a well-validated CFD model has been built to simulate the
hydrothermal performance of alumina nanofluids of different volumetric
concentrations (0%, 0.05%, 0.1% and 0.2%) as functions of Re (170 <Re < 530), flow
rate (20 ml/min < Vr< 50 ml/min), and pumping power (0.025 mW < Pp < 0.3 mW).
This study shows a maximum reduction of 7.9% in the thermal effectiveness and a
maximum increase of 6% in the pumping power when using the nanofluids instead of
water. This deterioration in the hydrothermal performance is due to the reduction in the
effective specific heat capacity and increase in viscosity of the nanofluids. Also, it is
concluded that it is incorrect to use Re as an independent variable in analysing the
hydrothermal performance of nanofluids because of the dependency of Re on some of
the thermophysical properties of the nanofluids, which are functions of the
concentration. Adopting such analysing procedure leads to false conclusions.
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Nomenclature

Symbols

Acs Cross-section area of the channel [m?]

Cy Specific heat capacity [J/kg.K]

Dn Hydraulic diameter [m]

h Heat transfer coefficient [W/m? K]

k Thermal conductivity [W/(m.K)]

ks Thermal conductivity of the aluminium plate [W/(m.K)]

m Mass [kg]

Nu Nusselt number

p Pressure [Pa]

Pc Pumping power required to reduce the IUT by 1°C [W/°C]

Pp Pumping power [W]

Re Reynolds number

T Temperature [K]

u Velocity [m/s]

A% Flow rate [ml/min]

W Cross-section’s side length of the cooling channel [m]

Abs Absorbance [cm™]

Greek symbols

Ap Pressure drop [Pa]

AT Temperature change [K]

€ Emissivity

e Effectiveness of the coolant, which represent the rate change of
the IUT with the pumping power [°C/W]

u Dynamic viscosity [Pa.s]

) Density [m3/kg]

o Stefan-Boltzmann constant, 1.38x10°% [J/K]

7] Volumetric concentration of the nanoparticles

A Wave length [nm]

Subscriptions

amb Ambient

bf Base-fluid

f Fluid

nf Nanofluid

mp Metal piece

Abbreviations

IUT Index of uniform temperature

PEM Polymer electrolyte membrane




1. Introduction

Hydrogen PEM fuel cells are a competitive clean and sustainable energy
conversion technology. This technology is one of the promising solutions to global
warming and environmental pollution issues. Applying this technology to
transportation and power generation sectors can rehabilitate our sick planet as the by-
products of the electrochemical reaction inside the hydrogen PEM fuel cell are, in
addition to electricity, water vapour and heat [1,2]. However, the efficiency and the
lifespan of these fuel cells are dependent on parameters such as the operating
temperature and pressure, relative humidity, material properties and design [3]. Among
these parameters, the temperature and its homogeneity inside the PEM fuel cells are
critical. This criticality is because the electrochemical reaction, water formation,
dehydration, mass transportation and material degradation (membrane electrode
assembly, MEA) within a PEM fuel cell are sensitive to the temperature and its
distribution [4,5]. Thus, the index of uniform temperature (IUT) was suggested by Chen
F.C.et al. [6] — as an analysis method to reach the optimal convective heat transfer by a
cooling plate — to be adopted later in many studies [7—11]. This index shows the
difference between the local temperature and the mean temperature of the entire cooling
plate (the lower the IUT is, the lower difference between the maximum and the mean
temperatures, which is an important measure to prevent the membrane dry-out) [6].

For high power generation PEM fuel cell stacks, thermal management is crucial
[12,13] since about 58% of the fuel energy is converted to heat [14]. Liquid cooling is
preferable to air cooling in high power generation PEM fuel cells due to the high
cooling capacity of liquids compared to air. Water and water-ethylene glycol mixture
are the most common coolants used in the thermal management of PEM fuel cells.
However, these common coolants are suffering from relatively low thermal
conductivity compared to solids; therefore, suspending nanoparticles into these
coolants has been proposed recently to increase their thermal conductivity, to enhance
the heat transfer rate within the fuel cells, and to improve the efficiency of the thermal
management process [4].

Since the early proposal of Choi [15] to use nanofluids as alternative heat
transfer media, many studies have been conducted to identify parameters that affecting
their effective thermal conductivity. Shi Y. et al. [16] used a molecular dynamic
simulation to study the shape effects of iron nanoparticles added to water on the thermal
performance of the resulting nanofluid. They concluded that spherical iron
nanoparticles could improve the thermal conductivity significantly to achieve a value
of 1.35 W/m.K. While Younes H et al. [17] reviewed critically the key parameters that
can enhance the thermal conductivity of nanofluids. They found that the material,
shape, and size of the nanoparticles, in addition to the surfactant and solvent types,
which are added to the base fluid, have direct effects on the final thermal conductivity.
The effect of suspending non-spherical (i.e., tube, fiber, rod, ellipsoid, platelate, brick,
and diamond) nanoparticles in the base fluids was reviewed by Li X. et al. [18]. After
collecting and analysing the experimental data on heat transfer enhancement of



nanofluids, they concluded that, although abnormal high thermal conductivities were
reported when using high aspect ratio nanoparticles (i.e., carbon nanotubes/nanofibers),
improved, negligible, and even deteriorated hydrothermal performance were achieved
depending on which figure of merit was employed in the analysis. Like the thermal
conductivity, the other thermophysical properties of a fluid (e.g., density, specific heat
capacity and viscosity) can be affected by dispersing nanoparticles in it. Hence, it is
crucial to examine those effects on the heat transfer since the convective heat transfer
depends on all these thermophysical properties.

Many researchers have studied the convective heat transfer using nanofluids as
heat transfer media [19,20], and efforts have been done to identify the main mechanisms
behind the enhancement of heat transfer. Brownian diffusion and thermophoresis were
concluded to be the dominant slip mechanisms that can produce relative motion
between the nanoparticles and the base fluid, which could intensify turbulence in
nanofluids [21]. These findings have encouraged researchers to utilise nanofluids in
many applications, and thermal management of PEM fuel cell stacks is one of these
applications [22]. Thus, three main research areas have been emerged: i) research
focuses on the synthesis and/or preparation of new nanofluids and their
characterisation, e.g., measuring the thermal and electrical conductivity, viscosity,
specific heat capacity, etc. [23—31]. This area aims to synthesis a cheap, eco-friendly
and nontoxic nanofluids with desirable properties such as high thermal conductivity
and heat capacity, low viscosity and electrical conductivity, and high density; ii)
research focuses on evaluation the employment of nanofluids on the whole thermal
management system of PEM fuel cells or its components (i.e., fuel cell stacks, pumps,
radiators and fans) [32—34]. This area aims to optimise the thermal management system
design so that the size and cost of its components can be reduced. iii) area focuses on
the effect of using nanofluids on controlling the fuel cell stack’s temperature and its
homogeneity. As mentioned earlier, the temperature and its homogeneity within the
fuel cells are critical parameters as they affect their performance and longevity, efforts
have been made to investigate this research area, as reviewed below.

Zakaria I. et al. [35] investigated experimentally the effect of suspending Al2O3
nanoparticles (0.1% and 0.5% volume concentration) in water (H20)-ethylene glycol
(EG) mixture (50% volume concentration) on the convective heat transfer and pumping
power. The results showed that each heat transfer coefficient (%), Nusselt number (Nu),
and pumping power (Pp), as functions of Re, increase as the volumetric concentration
of the nanoparticles () increases. The highest percentage increases in 4 and Pp were
15.2% and 58% when O and Re were 0.5% and 120 respectively. The researchers
interpreted this enhancement in the convective heat transfer coefficient as mainly due
to the increase in the effective thermal conductivity. However, they numerically found
that the percentage increases in 4 and Pp were 7.3% and 37% respectively ( ©=0.5%
and Re 150). In another study, Zakaia I. et al. [36] experimentally analysed the
employment of aqueous silica nanofluids in cooling a PEM fuel cell. Silica
nanoparticles were dispersed in distilled water to prepare different nanofluid
concentrations (0.1%, 0.3%, and 0.5%) to be pumped at different inlet Reynold’s
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numbers (750 < Re < 900) to a cooling plate subjected to a constant heat flux. They
found that, like the reduction of the average plate temperature, both 4 and Ap could be
increased by increasing the nanofluid’s concentration. Therefore, they included the
advantage ratio (AR), which is the ratio between the heat transfer enhancement and the
increase in the pumping power. They finally concluded that aqueous silica nanofluids
could be potential alternatives to water in cooling PEM fuel cells. Usri et al. [37] also
investigated the convective heat transfer utilizing A1203-H20-EG (@ = 0.2%, 0.4% and
0.6%). They presented Nu and % as functions of Re and found that both Nu and 4
increase as @ increases. However, they did not calculate the pumping cost for their
experiments. On the other hand, Guzei et al. [38] conducted laminar convective heat
transfer experiments and studied the impact of @ on pressure drop (Ap), £ and Nu. They
employed different concentrations (0.25% < @ < 6%) of different nanoparticles (Al203,
TiO2, ZrO, and diamond) at different sizes (from 5 nm to 150 nm). They presented h,
Nu, and Ap as functions of Re, where 100 < Re <1500. Again, the main finding was; h,
Nu, and Ap increase as @ increases. Similarly, the same finding, i.e., the effect of @ on
Nu and Ap, was achieved by Khetib Y. et al. [39], by conducting a numerical study to
evaluate the hydrothermal performance of a DWCNTSs-TiOz/water nanofluid flowing
in a pipe employing different turbulators for a large range of Reynolds number (7000 <
Re < 28000). The heat transfer performance of alumina and silica aqueous nanofluids
used in a PEM fuel cell was investigated by Zarizi M. et al. [40]. They presented the
wall temperature change of a cooling channel, # and Nu as functions to Re, which varied
between 300 and 700. All these parameters, at a specific Re, were higher for the
nanofluids than the distilled water. Also, hybrid nanofluids by dispersing alumina
nanoparticles and silica nanoparticles at different ratios once in water [41] and second
in a water: bio glycol mixture [42] were evaluated as coolants for a PEM fuel cell.
Again, the h, Nu, and Ap were presented as functions to Re. Both studies suggested the
hybrid nanofluids, at a certain mixing ratio, as alternative coolants having higher heat
transfer performances than their counterparts and the base fluid. Different hybrid
nanofluids composed of titania and silica nanoparticles mixed at different portions with
water: ethylene glycol mixture were tested experimentally by Zakaria I. et al. [43]. They
found the hybrid nanofluid can reduce the thermal resistance (R) and can increase the

heat transfer coefficient (%), in addition to electrical power loss, compared to the base
fluid.

In all reviewed papers above, the thermal performance of the different
nanofluids was evaluated by one analysis strategy, i.e., examining h, Nu, R, AR and/or
Ap as functions to Re; however, one can criticize this analysis strategy because Re is
not only a function of the nanofluid’s velocity but is a function of its viscosity too.
Therefore, since the effective viscosity of the nanofluids is sensitive to the
concentration of the nanoparticles, one can expect that the velocity of the nanofluids
must increase to keep the same Re, compared to the base fluids. Consequently, 4, and
Nu increase since the convective heat transfer is sensitive to the flow rate at low Re.
Furthermore, unlike the IUT, 4 and Nu do not indicate the uniformity of the temperature
distribution within a PEM fuel cell, which is critical to its performance and lifespan.
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Thus, another strategy is required to analyse the hydrothermal performance of the
nanofluids.

Pumping power (Pp) is an important parameter in most engineering applications,
and it is a function of the pressure drop and flow rate of heat transfer media. Therefore,
studying the thermal performance of the nanofluids as a function of pumping power is
more appropriate. However, investigating the thermal performance, presented by the
IUT, as a function to Pp instead of Re is still lacking, and this research aims to cover
this shortcoming. Therefore, the IUT has been examined as functions to the volume
flow rate (Vr), Re, and Pp in this study for comparison purpose. Moreover, two
parameters have been derived and introduced in order to check the feasibility of using
nanofluids in PEM fuel cell applications. First of which is the effectiveness (¢) of the
coolant which represents the rate change of the IUT with the Pp (°C/mW), and second
of which is the pumping cost (Pc) which represents the rate change of the pumping
power with the [IUT (mW/°C).

2. Methodology

A comprehensive CFD model was built and utilised to investigate the hydrothermal
performance of a typical PEM fuel cell cooling plate. Also, nanofluids were prepared
and characterised to use their thermophysical properties in the CFD model. In addition,
an experimental setup was set for validation purposes. The detailed methods are
presented in the following subsections.

2.1. Nanofluid preparation and characterisation

Al203-H20 was chosen since most of the published papers stated that using this type
of nanofluids could enhance the thermal performance of the cooling plates. For
preparation, a hydrophilic Al2O3 nanopowder (purchased from US Research
Nanomaterials, Inc. Hoston, USA with y-type, 99*% purity, 20 nm average diameter)
was added to deionised water and stirred for 15 min and then sonicated according to
the procedure mentioned by R.R.R. Marin et.al [44]. Four volumetric concentrations
were prepared: 0 %, 0.05%, 0.1% and 0.2%. The size and shape distributions of the
Al203 nanoparticles suspended in water were examined using a transmitted electron
microscope, TEM (Zeiss, model EM10C). A small droplet of well sonicated diluted
alumina nanofluid was put on the TEM grid by using a 20 ul pipette. The grid with the
nanofluid sample was left for 1.5 hr to ensure all water was evaporated, leaving a thin
layer of Al2O3 nanoparticles. With self-closing tweezers, the grid was put on the sample
holder, and the latter was inserted inside the TEM microscope. The result is shown in
Figure 1. Different shapes (i.e., spherical, oval and cylindrical) can be seen. This result
is comparable with the result obtained by Y. Zhai et. al. [45].

Two techniques, namely visual characterisation and UV-Vis spectrometry, were
adopted in this study to check the stability of the prepared nanofluids. Figure 2 shows
photographic pictures for the nanofluids after one day, two days, seven days, and 30
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days respectively. The observations are in accordance with those reported in [46]. The
dependency of a nanofluid’s absorbance on the size and shape of the nanoparticles
makes the UV-Vis spectrophotometry one of the common techniques, which can
indicate the status of the aggregation/agglomeration of the nanoparticles [47]. By using
a T90+ UV/Vis spectrophotometer from PG Instrument Limited, UK, the spectrometry
results for the alumina nanofluids are shown in Figure 3. Figure 3 (a) shows a linear
relationship between the absorbance and the concentration of the nanofluid, which is in
an excellent agreement with the Lambert-Beer’s law. While Figure 3 (b) shows the
spectral absorbance of the nanofluid as a function of its concentration and age. Clearly,
a storing time of 7 days caused small change in the absorbance values. Also, it was
found that subjecting the samples to five minutes of sonication can keep the absolute
change in the absorbance within 1%. Therefore, this measure was applied before each
experiment.

For nanofluid characterization purpose, a Hoppler falling-ball viscometer (DIN
53015, 0.6 mPa.s < n < 250000mPa.s, -20°C< T < 120 °C) was used to measure the
viscosity. Each test was repeated three times to calculate the mean and standard
deviation values. A KD2 Pro thermal properties analyser from Decagon Devices, Inc.
was employed in measuring the thermal conductivity. On the other hand, the density of
the nanofluids was calculated from the measured mass and volume. Namely, the
volume of the nanofluids was measured by using a standard volumetric measuring flask,
while the mass was measured by using an electronic analytical balance (Wiggen Hauser
Company, 0.0001 g sensitivity). For the specific heat capacity calculation, the principle
of energy balance was adopted. A piece of metal of known mass and specific heat
capacity was heated up using a water bath at specified temperature and kept for a while
to ensure the thermocouple sensor reads a constant temperature. This meant both the
water and the metal piece were in thermal equilibrium. After that, the metal piece was
taken out and put in a well-insulated container, which contained known mass of the
nanofluid. The thermal energy moved from the hot metal piece to the relatively cold
nanofluid. When the thermocouple sensor reached a constant temperature reading (in
other words the thermal equilibrium between the metal piece and the nanofluid was
reached), this temperature reading was used to calculate the specific heat capacity of
the nanofluid according to the following energy balance equation:

omAT| = cymAT| (1)

where ¢, m, AT are the specific heat capacity, mass, and temperature change

respectively for both the nanofluids and the metal piece.

Each test was repeated three times in the characterisation phase and the average and
the standard deviation values were calculated. The results are shown in Figure 4, which
demonstrates the ratio of the nanofluid’s property (Pnr) to the base-fluid property (Por)
as a function to nanoparticle concentration (@). Clearly, all the thermophysical
properties (i.e., p, k, and p) are directly proportional to @ except Cp which is inversely



proportional to @. The relationships between ? and O were curve-fitted to linear (the
bf

coefficients of determination (R?) were found to be greater than 0.999). Also, it is
obvious that the measured p and C, had the lowest standard deviation values while the
measured p and k£ had the highest values; this is attributed to the use of hand stopwatch
in viscosity measurements and accompanied convection in thermal conductivity
measurements. However, those values of the standard deviation were fairly sufficient
to obtain precise CFD simulations as will be seen in section 3.

2.2. Experimental set-up

Figure 5 shows the experimental setup, which is used for validation purposes. A
home-made cooling plate having a typical serpentine channel (2mm x 2mm) was
manufactured by machining a plate of aluminium (100 mm x 100 mm x 5 mm) using a
CNC fraser machine. A 10-mm thick clear plastic sheet was used as a cover for the
aluminium plate to see if there are any bubbles within the flow. A 1 mm-thick Teflon
sheet was used as a gasket between the aluminium cooling plate and the clear cover to
prevent any leakage. Three well-calibrated K-type thermocouples were used in this
setup to measure each of the lab temperature, the inlet temperature and the outlet
temperature of the working fluid. Also, a well-calibrated flowmeter (ZYIA, model
LZM-4T, 6-60ml/min) was used to control the flow rate through the cooling plate. A
constant heat transfer was fed to the cooling plate by fixing a flat cell heater to its
bottom base. The cell heater was covered by a layer of glass wool to minimize the losses
to the environment. A data logger (Applent, model AT 4532) was employed to display
and save the temperatures.

2.3. Cooling plate computational model
2.3.1. Governing equations

The coolant’s flow through the serpentine channel is assumed to be
incompressible, single-phase, and laminar. The flow field is obtained by solving the
steady-state Navier-Stokes equations [48].

The continuity equation is given by:
V.(p.u) =0 (2)
The momentum equation is expressed as:
w.V)p.u=-Vp +u.Vu (3)
The energy equation is given by:

WYT = V2T (4)
pCp



where p,u,p,u, T,k and C, are the density [m3/kg], velocity [m/s], pressure [Pa],
dynamic viscosity [Pa.s], temperature [K], thermal conductivity [W/(m K)] and specific
heat capacity [J/(kg K)] of the coolant respectively.

While the energy equation for the solid region is given by [48]:
kVET =0 (5)
where k; is the thermal conductivity of the aluminium plate.

Any external surface convects and radiates heat to the ambient according to the
following equation;

—n. (—kVT) = A(Tymp — T) + €(Tamp” — T*) (6)
where n is the unit vector normal to the surface, 4 is the convection coefficient
[W/m?K], Tymp is the ambient temperature [K], € is the emissivity and o is Stefan-
Boltzmann constant, which is 1.38x1072 [J/K].
2.3.2. Computational procedure and boundary conditions

The computational domain represents a cooling plate as shown in Figure 6. A
serpentine flow channel of 2mm side length square cross-section is generated on the
upper surface. Table 1 shows the Dimensions and material properties of the cooling
plate. A finite element method was adopted in discretizing and solving the governing
equations by using a commercial CFD software, COMSOL Multiphysics®. A test was
conducted to inspect the solution’s independence of the CFD model of the grid size.
The test checked the dependencies of the temperature and pressure differences of the
working fluid between the outlet and inlet of the cooling channel. The relative errors,

[(ATmesh(n+1) - ATmesh(n)) /ATmesh(n+1)]o and [(Ap meshmyq) — Ap mesh(n)) /

Ap mesh(n s 1)], were calculated for different grid sizes. The selected grid size consisted

of 576153 domain elements, 65241 boundary elements, and 4884 edge elements, which
was observed to be fair enough with a relative error of 1.16E-03 for the temperature
difference and of 1.41E-02 for the pressure drop. Also, an iterative solution was used
to solve the governing equations and a criterion of error < 1E-06 was assumed small
enough the convergence purpose. The temperature and flow rate were assumed to be
uniform at the inlet of the channel, while a uniform pressure was assumed at the outlet.
Constant heat flux boundary condition was applied at the lower surface of the cooling
plate, and the inlet temperature of the coolant (water) is considered, while thermally
isolated boundary condition was applied at the upper surface. Heat was assumed to be
transferring from the side-edges of the plate to the surrounding through convection and
radiation.

2.3.3. Data acquisition



The efficiency of fuel cell stacks increases at higher temperatures due to higher
reaction rates on the reaction sites. The aim of this study is to investigate the
hydrothermal performance of alumina nanofluids in cooling a PEM fuel cell depending
on maximizing the efficiency of the entire plate by increasing the uniform temperature
and controlling the maximum temperature. To achieve this aim, an index of uniform
temperature (IUT) is presented through the entire volume of the cooling plate. IUT is a
determining parameter which indicates the fuel cell’s thermal performance. The lower
is IUT, the more uniform temperature distribution is achieved [6]. IUT is calculated as
follows [6]:

[, IT=Tjav

[t = LTV

mE o

where T=2"% (g
[, dv

where T is the volumetric mean temperature of the cooling plate.

The Reynolds number is calculated by [12]:
_ pfuDn
Re = " 9
where pg is the density of either the base fluid or the nanofluid [kg/m?], u is the uniform
inlet velocity of the cooling fluid [m/s], Dy is the hydraulic diameter of the cooling
channel [m], which is calculated as follows [12]:
_2WW
T WHW
where W is the cross-section’s side length of the cooling channel, [m]. Finally, the

Dp

=W (10)

pumping power can be expressed by the following equation [12]:

Pp=u.Ap.A, (11)

where Pp is the pumping power [W] and A is the cross-section area of the channel
[m?].

3. Results and discussion

For validation purposes, four flow rates were adopted, namely: 20, 30, 40, and 50
ml/min. The experimental temperature differences between the outlet and inlet of the
cooling plate (AT) were compared with those obtained from the CFD model. The results
in Figure 7 shows that very good agreement was achieved between the experimental
and modelling data, with percentage error less than 1.5. It is obvious that the CFD
results are within the accuracy of the thermocouples (i.e., 0.3 °C). This agreement
supports the assumptions that were used in solving the governing equations.

As mentioned earlier, the uniformity of temperature within the cooling plate, and
consequently within the delegate layers, is crucially important for the durability of PEM
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fuel cells. The IUT is an indicator for the uniformity of the temperature: the lower is
the IUT , the better is the uniformity of temperature [45]. The IUT was calculated
according to the Eqn. (7) and the results are shown in Figure 8. It is clear that the [UT
decreases as the Vr increases, which ensures better temperature uniformity, lower
thermal stresses and ultimately better longevity for the fuel cell. However, this requires
higher pumping power. Also, it is obvious that adding nanoparticles to the base fluid
has a negative effect on the IUT, and this effect is more obvious with lower flow rates.
This could be attributed to the fact that when the nanoparticles concentration increases,
the Cp of the coolant decreases and consequently the AT increases (see Figure 4 and
Figure 7).

Eqn. (3) shows direct relationship between the pressure gradient and both velocity
and viscosity of the nanofluids. Hence, it is expected that the pressure drop (Ap) across
the cooling plate increases as the volume flow rate (in other word, velocity) of the
coolant increases, and as the nanoparticles concentration increases due to the increase
in the effective viscosity of the coolant. Figure 9 shows the results of Ap obtained from
the CFD model. Figure 9 (a) shows a linear relationship between the (Ap) and @, and
the slope (m) of the trendlines increases as Vr increases. This linear relationship is
expected since the relationship between the effective viscosity and O is linear (see
Figure 4). Figure 9(b) shows a nonlinear (exponential) relationship between (Ap) and
Vi, and this is because (Ap) is directly proportional to the square power of the flow
velocity, according to Darcy-Weisbach equation. Also, it is obvious that, contrary to
the IUT, (Ap) becomes more sensitive to ) when Vr becomes higher; implying extra
pumping costs.

The calculated pumping power (Pp) can be seen in Figure 10 as function of the Vr
and . As expected, the Pp increases as Vr increases, and it becomes more sensitive to
@ with increasing Pp.

To examine the effectiveness (¢) of using nanofluids as a cooling fluid and the
required pumping power (pumping cost, Pc), the IUT data were differentiated with
respect to Pp and the Pp data were differentiated with respect to the IUT. In other
words, € is the rate of change of IUT with Pp, while Pc is the rate of change of Pp with
IUT. The results can be seen in Figure 11. It is clear that the sensitivity of € to @
decreases as Vr increases. Also, the ¢ of using water is higher than using nanofluids
especially at the low flow rates. In other words, water is more effective than nanofluids
in terms of dissipating heat, where the maximum percentage of the effectiveness

reduction of the nanofluids, which was calculated as SHzo—_Snf * 100, 18 7.9% at V=20
H20

ml/min. Furthermore, the Pc (the pumping power required to reduce the IUT by 1 °C)
for water is lower than Pc for nanofluids, and the sensitivity of Pc to @ becomes higher
at higher V, where the maximum percentage of the pumping cost, which was calculated

as nf=FCH20 4 40 is 6% at V= 50 ml/min.
Pcyzo
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As mentioned earlier, most relevant investigations in the literature present the
thermal performance of the nanofluids as a function of Reynolds number (Re).
Therefore, it is of interest to present our results as a function of Re. To achieve this, the
relationship between Re and V must be investigated. The data of Re were calculated
using Eqn. (9) and the results are shown in Figure 12. Linear relationships between Re
and Vrare obtained. It is clear that, for a given Vi, Re decreases as @ increases. This is
because the effective viscosity increases as nanoparticles concentration increases. The
figure also shows that the slope of the trendlines decreases as @ increases. This is
attributed to the thermophysical properties of the nanofluids (Figure 4). This result
supports our claim, which states that the enhancement in the thermal performance of
nanofluids presented in most of the published papers is due to the extra flow rate
required to maintain Re constant.

Figure 13 shows IUT as a function of Re and @. It is clear that the thermal
performance improves when using nanofluids. Namely, for a given Re, IUT decreases
as O increases. However, this result is misleading, and that is why we have suggested
to use the pumping power as an independent variable to investigate the thermal
performance of using nanofluids.

Figure 14 shows IUT as a function of Pp and @. It is obvious that, the IUT decreases
as the Pp increases, and increases as @ increases. In other words, for a given pumping
power, the performance of water is better than nanofluids, as the lower IUT insures
better temperature distribution and lower difference between the maximum and the
mean temperatures. This means using water leads to efficient performance and longer
lifespan of the PEM fuel cells [4,5].

4. Conclusions

Due to their superior thermal conductivity, recent studies have proposed nanofluids as
alternative heat transfer fluids for PEM fuel cells. However, although the
thermophysical properties of a nanofluid depend on its concentration, Reynolds number
was used as an independent variable in those parametric studies. As Reynolds number
is a function of the density, velocity, and viscosity of a fluid, it seems that adopting
Reynolds number as an independent parameter is misleading. In this study, a well-
validated, comprehensive, 3-D CFD model has been built to investigate the impact of
using alumina nanofluids as a coolant for PEM fuel cells on the hydrothermal
performance and the pumping power. Different concentrations of the nanofluid were
prepared and characterized. The density, specific heat capacity, thermal conductivity
and viscosity were measured and subsequently fed into the CFD model. The main
results show that:

e The index of uniform temperature (IUT) as a function of Reynolds number
decreases when the concentration of the nanofluid increases, presenting better
thermal performance.
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e The index of uniform temperature (IUT) as a function of flow rate and pumping
power increases when the concentration of the nanofluid increases, presenting
worse thermal performance.

Two main conclusions could be drawn from this study, one general and one specific.
The general conclusion is that it is not correct to use Reynolds number (or any other
dimensionless number such as Nusselt number) as an independent (or dependent)
variable in analysing the hydrothermal performance of nanofluids because of the
dependency of these parameters on all or some of the thermophysical properties of the
nanofluids which are all functions of the concentration. Adopting such an approach
leads to false conclusions. While the specific conclusion is that aqueous alumina
nanofluids cannot offer feasible benefits in terms of cooling PEM fuel cells as water is
more effective.
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Figure 1 TEM picture of the prepared Al:O3 aqueous nanofluid.
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Figure 2 photographic pictures of the prepared Al203 aqueous nanofluids after: (a)
one day, (b) two days, (c) 7 days, and (d) 30 days.
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Figure 3 UV-Vis Spectrophotometry results. (a) the linear relationship between the absorbance of the nanofluid
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Figure 5 Experimental set-up: (a) schematic diagram and (b) photographic picture.
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Figure 6 The computational domain (a) and mesh (b).
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Table 1. The physical properties of the aluminum cooling plate.

Property Value
Density [kg/m’] 2730
Poisson’s ratio 0.33
Expansion coefficient [K!] 23.2%10%°
Thermal conductivity [W m™ K] 155

Heat capacity [J kg K] 893
Emissivity 0.6
Dimensions [mm] 100 x 100
Thickness [mm] 5
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Figure 12 The Reynolds number (Re) as a function of flow rate and nanoparticles
concentration. Symbols represent calculated values and lines represent trendlines.
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Figure 13 IUT as a function of Re and @. Symbols represent calculated values, solid
lines represent trendlines, and dashed lines represent forecast values.
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Figure 14 The index of uniform temperature(IUT) as a function of pumping power
and concentration.
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