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ARTICLE INFO ABSTRACT

Article history:

Nanofluid adoption as an alternative coolant for Proton Exchange Membrane (PEM) fuel cell is a new
embarkation which hybridizes the nanofluids and PEM fuel cell studies. In this paper, findings on the
thermo-electrical performance of a liquid-cooled PEM fuel cell with the adoption of Al,O3 nanofluids
were established. Thermo-physical properties of 0.1, 0.3 and 0.5% volume concentration of Al,O3
nanoparticles dispersed in water and water: Ethylene glycol (EG) mixtures of 60:40 were measured
and then adopted in PEM fuel cell as cooling medium. The result shows that the cooling rate improved
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ffl(xvg?lzjiz:s up to 187% with the addition of 0.5% volume concentration of Al,03 nanofluids to the base fluid of water.
Heat transfer This is due to the excellent thermal conductivity property of nanofluids as compared to the base fluid.
PEM fuel cell However, there was a penalty of higher pressure drop and voltage drop experienced. Thermo electrical

ratio (TER) and Advantage ratio (AR) were then established to evaluate the feasibility of Al,05; nanofluid
adoption in PEM fuel cells in terms of both electrical and thermo-fluid performance considering all
aspects including heat transfer enhancement, fluid flow and PEM fuel cell performance. Upon analysis
of these two ratios, 0.1% volume concentration of Al,03 dispersed in water shows to be the most feasible
nanofluid for adoption in a liquid-cooled PEM fuel cell.

Thermo-electrical ratio
Advantage ratio

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Increase of awareness in environmental pollution and concern
on fossil fuel depletion issues have diversified the search of an
alternative energy source. Among the alternatives, the highlight
is hydrogen as an energy carrier. Hydrogen fuel cell offers a greener
solution to the conventional power conversion system as it only
produces usable electricity, together with heat and water as by-
products [1].

The PEM fuel cell is an electro-chemical device that utilizes
hydrogen as a fuel to react with pure oxygen or surrounding air in
order to generate electricity. Acceptance of hydrogen fuel cells as a
viable, flexible and clean energy generator for the future has pushed
the rapid progress of PEM fuel cells technology. Initiatives taken
namely the use of development of better and cheaper materials with
component designs that operates at greater efficiencies in order to
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bring down the energy generation costs to a target of USD40/kW,
[2]. Some recent trends in the advancement of PEM fuel cell technol-
ogy is provided here. Less expensive carbon xerogels are replacing
carbon black microporous layer as the GDL [3]. Membrane Electrode
Assemblies having microporous layers with low molecular weight
PDMS polymers exhibited better performance compared to PTFE
and FEP based polymers [4]. Low quantities and nanosized platinum
catalysts, deposited on graphene nanoplatelets, showed improved
performance compared to conventional platinum loadings [5].
Membrane material has evolved from the use of Nafion® to phos-
phoric acid-doped PBI membranes for high temperature applica-
tions (120-200 °C) [6]. Bipolar plate designs are more diverse and
applies complex geometrical gas flow fields to improve the unifor-
mity of distribution, pressure drop and reaction at the GDL [7-10].
Highly responsive process control using advanced modeling and
algorithms has been developed to optimize PEM fuel cell system
hardware [11]. Meanwhile, in thermal management, effective tem-
perature control strategies for transportation have been proposed
for minimal stack temperature variation [12].

A PEM fuel cell attracts researchers especially in automotive
industries due to its high energy conversion efficiency of 60% as
compared to 20-30% in internal combustion engines (ICE) [13]. A
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Nomenclature

A constant in Egs. (2) and (3)

B constant in Egs. (2) and (3)

G specific heat, J/kg-K

AR advantage ratio

FESEM field emission scanning electron microscopy
EG ethylene glycol

I current, A

K thermal conductivity, W/m-K

m mass, gram

Pay theoretical power

Pojoct electrical power

PEMFC proton exchange membrane fuel cell
Q. cooling rate

T temperature, K

TER thermo-electrical ratio

Vv voltage, V

Greek symbols

AP pressure drop

13 volume concentration,%
® volume fraction

u dynamic viscosity, kg/m-s
n efficiency

P density, kg/m>

o electrical conductivity, uS/cm
Subscripts

bf base fluid

eff effective

nf nanofluids

p particle

r ratio

PEM fuel cell is also favourable due to quick start up and dynamic
load response [14]. Among the successful global trend setters in
PEM fuel cell vehicles is Hyundai with its Tucson ix35, which is
reported to have increased their production to 3600 units in early
2018 and Toyota with its Mirai that already selling more than
2800 cars through the end of 2016 [15]. Other automotive player
that has ventured in PEM fuel cell vehicles is Honda with its Clarity
[16].

Despite all the success stories about PEM fuel cell vehicles,
there are challenges that dampen the acceleration of the technol-
ogy, namely the thermal management system [17]. Small temper-
ature differences between the ambient and operating
temperatures of PEM fuel cell which is around 60-80 °C has made
the heat removal far more challenging than ICE. Zhang and Kand-
likar [17] estimated that the heat generated can be almost 100
kW or more for an average passenger car, which typically has a
power output of more than 80 kW. The biggest portion of heat gen-
erated is dissipated through thermal management of PEM fuel cell
while both reactant and product heat removal in PEM fuel cell is
almost negligible. Thermal management of PEM fuel cell is vital
to the stack power output performance due to the sensitivity of
its membrane electrode assembly (MEA). The MEA needs to be
100% humidified for an excellent electro-chemical reaction. How-
ever, too much humidification will result in flooding issue and
reduce in performance while excessive heat will put the membrane
at the risk of dehydration [18].

There are various attempts done by researchers worldwide on
improving thermal management but mostly it is in the active mode
of heat transfer such as larger areas of radiators but it is not prefer-
able due to the stringent packaging requirements [19]. A different
approach was taken by the US Department of Energy (DoE) in pas-
sive heat transfer method which is through improving the coolant’s
thermo-physical property via nanofluids [20,21].

Nanofluids was initiated by Choi and Eastman [22] from
Argonne National Laboratory through the dispersion of a nano
sized solid particles in base fluid of water. The addition of metal
particle which has significantly higher thermal conductivity as
compared to base fluid has improved the heat transfer coefficient
tremendously. Nanofluids superior thermo-physical properties
are reported by many researchers [23-25]. Challenges in applica-
tion of nanofluids in heat transfer application also highlighted by
researchers especially on the stability and the high pumping power
associated with nanofluids [26,27].

Nanofluids in an electrically active heat transfer application
such as PEM fuel cell is relatively a new area of study thus the

available literature is quite limited. In PEM fuel cell, nanofluids
was previously aimed to prolong coolant’s durability while pre-
serving the low electrical conductivity of coolants even after 2
years [28]. The study also targeted to simplify liquid-cooled PEM
fuel cells through the deletion of deionizers and adopting smaller
water pumps through the usage of nanofluids as coolant [28].
The advantages and challenges associated with the adoption of
nanofluids in PEM fuel cell has been reviewed by Zakaria et al.
[29]. The obvious advantage is the superior heat transfer perfor-
mance while the most challenging part is the highly conductive
coolant after circulated through PEM fuel cell stack. Islam et al.
[30] added another challenge which is the stability of nanofluids
for PEM fuel cell. Islam et al. [31] also theoretically studied effect
of the nanofluids performance to the heat exchanger and pumping
power requirement of a PEM fuel cell. The study shows that there
is a reduction of 21% of frontal area of heat exchanger with the
adoption of 0.05 vol% of nanofluids to 50:50 (water:EG) base fluids
with only 1% pumping power increment.

The strict limit of electrical conductivity requirement that needs
to be maintained over time also highlighted by McMullen et al. [21]
who specified that the electrical conductivity requirement is as low
as 1.5 puS/cm while the fuel cell maker such as Ballard [32] outlined
it to be 5 uS/cm at 20 °C as the coolant properties. This low electri-
cal conductivity is required in order to avoid current produced by
the fuel cells to leak through the conductive coolant which will
eventually reduce the performance of a PEM fuel cell [33]. Thermal
electrical conductivity ratio (TEC) was introduced by Zakaria et al.
[34] based on the thermo-physical properties of Al,O3 in water
and water:EG. The TEC is used to evaluate the feasibility of Al,03
nanofluids adoption as coolant in PEM fuel cell. The TEC suggested
that for 0.5 vol% concentration of Al,03, maximum value of 50% EG
content in the base fluid is still feasible for the application.

Apart from the theoretical and fundamental study on nanofluids
in PEM fuel cell, performance of nanofluids in a single PEM fuel cell
cooling plate has also been reviewed both experimentally and
numerically by Zakaria et al. [35-37]. The study was conducted
for 0.1-0.5% volume concentration of Al,03 nanofluids in 50:50
(water:EG) in a single cooling plate of PEM fuel cell which was sub-
jected to a constant heat flux of 100 W to mimic the heat generated
by the PEM fuel cell. The study shows that there is an increase of
22% of heat transfer coefficient at Re 120 with 15% penalty on
pumping power for 0.5% volume concentration of Al,O3 nanofluids
as compared to conventional fluid. Zakaria et al. [38] also investi-
gated effect of Al,O3 nanofluids of 0.1-0.5% volume concentration
in 60:40 (water:EG) in a PEM fuel cell cooling plate and reported
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that at 0.5% volume concentration of nanofluids, there is a gain of
23% higher heat transfer as compared to base fluid with 17%
increase in pumping power. Meanwhile, in a full scale PEM fuel cell
study, Islam et al. [39] shows that 0.5 vol% ZnO nanofluids in 50:50
(water:EG) has increased the cooling capacity by 29% as compared
to conventional coolant with 10% penalty on the pumping power.
This experimental study was performed on of 2.4 kW, PEM fuel cell
and reported that there is a negligible effect in electrical power
output of the stack with nanofluid adoption.

This study validates the previous research finding of Islam et al.
[39] on the effect of high electrical conductivity property of
nanofluids to the thermo-electrical performance of a PEM fuel cell.
This study is also important as there is very limited experimental
works reported on nanofluids in a full stack of PEM fuel cell. In this
study, an actual 2.4 kW, stack of PEM fuel cell was experimented
with Al,O0; nanofluids as the cooling medium and the thermo-
electrical performance was observed. The Al,O3; nanofluids are
selected for the study since Al,O3 has among the highest thermal
conductivity in the oxide family of nanofluids after CuO [40]. Apart
from thermal conductivity advantage, Sarojini et al. [41] has
reported a lower electrical conductivity value in Al,O3 as compared
to CuO, which is favourable to PEM fuel cell applications. Less pos-
sibility for sedimentation is also one of the factors for choosing
Al,03 over other nanofluids [42]. Upon completion of the study,
the feasibility of the adoption is viewed from two perspectives,
which are the PEM fuel cell performance perspective and
thermo-fluid perspective. In the PEM fuel cell performance per-
spective, the cooling rate enhancement is justified over the electri-
cal power drop as a penalty of the adoption while the thermo-fluid
perspective is measured through Advantage Ratio (AR) established
by Azmi et al. [43]. The AR measures the feasibility of adoption in
terms of both heat transfer improvement and additional pumping
power required. The finalized Al,03 nanofluids at specific volume
concentration in specific base fluid that fulfils both perspectives
is then proposed for the adoption as an alternative coolant for a
PEM fuel cell cooling.

2. Methodology

The study starts with the preparation of nanofluids and confor-
mity on the stability of the coolant prepared. The thermo-physical
characteristic measurements were then performed on the stable
nanofluids before being adopted to a full scale PEM fuel cell as a
cooling medium. Base line reading was first observed to verify
the set up accuracy. Upon confirming the accuracy, Al,05 nanoflu-
ids were then tested in the set up.

2.1. Preparation of nanofluids

The Al,03 nanoparticles were procured from Sigma-Aldrich. It is
13 nm in size with 99.8% purity. The field emission scanning elec-
tron microscopy (FESEM) technique [11] was used to characterize
the Al,O3 nanoparticles. The FESEM image under the magnification
of 300,000 is shown in Fig. 1. It is observed that the Al,0; nanopar-
ticles are spherical in shape. The mixture of water and ethylene
glycol of AR grade with 99.9% purity was adopted as base fluids.
The two-step method was selected for the nanofluid preparation.
No surfactant was used in the preparation of the nanofluids. The
required mass of nanoparticles in order to obtain a specific volume
concentration is calculated from Eq. (1) with reference to the den-
sity of the nanoparticle in Table 1.
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Fig. 1. Image of dry Al,03 nanoparticle with FESEM at X 300,000 magnifications.

The nanofluid mixture was then homogenized via ultrasonic
homogenizer for two hours to assure a stable dispersion of
nanoparticles and the base fluids. The stability of the samples pre-
pared were then analysed through both zeta potential measure-
ment and visual observation.

2.2. Thermo-physical properties measurement

The KD2 Pro thermal property analyser of Decagon Devices, Inc.,
USA was used to measure the thermal conductivity of nanofluids.
The same device was used in various studies of thermal conductiv-
ity [44-48]. The analyser is in compliance with the standard of
ASTM D5334 and IEEE 442-1981. A water bath is used during the
measurement to maintain a constant temperature of the sample
with accuracy of 0.1 °C. Five measurements were taken for each
volume concentration and temperature to ensure the measure-
ments are within acceptable deviations of less than 5% from one
another [47,48]. The electrical conductivity of nanofluids was mea-
sured with CyberScan PC10 which is built in with automatic tem-
perature compensation (ATC). A 200 ml nanofluid was used for
electrical conductivity measurement at room temperature of 27
°C. Sarojini et al. [41] also conducted electrical conductivity of
Al,03 using the same portable electrical conductivity device. The
Brookfield LVDV-III Ultra Rheometer was used to measure the
dynamic viscosity of nanofluids. Pak and Cho [49], Yu et al. [50]
and also Namburu et al. [51] used the same instrument in their
studies of nanofluid viscosity. The Rheometer is calibrated yearly
to ensure the accuracy of its data. The thermo-physical property
measurement devices are shown in Fig. 2.

2.3. Liquid cooled PEM fuel cell

Fig. 3 shows a liquid-cooled PEM fuel cell by Ballard FCgen 1310
used in the experiment as the fuel cell stack. The specifications of
the stack are shown in Table 2 which was provided by the manu-
facturer. The schematic diagrams of the system are shown in Fig. 3
(a), while the actual set up is in Fig. 3(b). The complete fuel cell test
bench is made up by the cooling, hydrogen and oxidant systems.
The maximum stack current is 160 A, but the study was limited
to 100 A due to the constraint in the current loader capacity. A con-
stant laminar flow of Reynolds (Re) number of 1000 was used to
study the effect of different nanofluids to the PEM fuel cell perfor-
mance. The constant Re 1000 was achieved by having a coolant
mass flow rate as tabulated in Table 3.
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Table 1

Properties of nanoparticles and base fluid used in the experiment.
Nano particle/base fluid Thermal conductivity k, W/m-K Electrical conductivity &, uS/cm Dielectic constant € Density p, kg/m> References
Al,04 36 1078 9.1-9.3 4000 [41,49,69,70]
Distilled water 0.615 6 80 999 [41,60,69,71,72]
Ethylene glycol 0.252 1.07 38 1110

Fig. 2. Apparatus for measurement of (a) Thermal conductivity (b) Electrical conductivity (c) Dynamic viscosity.

2.4. Uncertainty analysis of PEM fuel cell set up

An uncertainty analysis of the various parameters in the exper-
iment was determined based on uncertainty measurements of all
related independent variables. The uncertainties for the main ana-
lytical parameter are estimated following the procedure given by
Beckwith et al. [52]. The uncertainties of main parameters were
calculated with less than 1.8%. The range of uncertainties is sum-
marized and presented in Table 4. Detailed instrumentation error
was calculated and shown in Table 5. The instrumentations were
evaluated for up to 0.8% error.

3. Mathematical models
3.1. Thermo-physical properties

Sundar et al. [53] developed a thermal conductivity and viscos-
ity model specifically tailored to Al,O5 in water:EG mixtures. The
semi empirical correlation was also formulated based on 135
experimental data conducted for several mixtures of water:EG. It
is assumed that the thermal conductivity increases linearly with
particle concentration. The thermal conductivity model is given
in Eq. (2).

Ky

K =+ B 2)

where;

A=1.1236 and B = 8.0175 for 80 : 20(W : EG)nanofluids
A =1.0806 and B = 10.164 for 60 : 40(W : EG)nanofluids

A=1.0618 and B = 10.448 for 40 : 60(W : EG) nanofluids

The Sundar et al. [53] correlation for viscosity is shown in Eq.

(3).

P _ pee 3)
Mg
where;

A=0.9396and B=24.16 for 80 : 20(W : EG) nanofluids
A=0.9299 and B = 67.43 for 60 : 40(W : EG)nanofluids

A=1.1216and B = 77.56 for 40 : 60(W : EG)nanofluids

The electrical conductivity model was based on the classical
model of Maxwell [54] for liquid-solid suspensions, which is
applicable to all homogeneous low volume fractions of nanoflu-
ids. The model predicts the effective conductivity Ges, as a func-
tion of the conducting nature of both particle p, and base fluid
of suspension Gyr. The effective electrical conductivity is given
by Eq. (4).
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Fig. 3. The 2.4 kW, liquid cooled PEM fuel cell (See above-mentioned reference for further information.).
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Or (4) 3.2. PEM fuel cell thermo-electrical performance

PEM fuel cell thermo-electrical performance is characterized by
the polarization curve known as an I-V curve. The potential energy
input by the hydrogen, Pny is calculated by Eq. (5).

PAH = vrey.celll (5)

where o = ;’—:} is the conductivity ratio of the two phases where;

(a) (‘,—’5 =1-3¢ for 0, << oy (insulating particles)

(b) 2 =1, for 0, = 0y (equal conductivity) ) ) ) )
bf where | is the load current applied and V,, .y is taken at 1.254; with

(c the assumption that the water produced is in vapour phase [33].

~—

g—:f =1+ 3¢, for 0, >> oy (highly conducting particles)
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The energy output, which is known as electrical power, Peje
produced by the cell is defined by Eq. (6).

Pelect = VceHI (6)

where V. is the experimental value.
The thermal power dissipated, Pyema i estimated through the
thermodynamic energy balance in the cell given by Eq. (7).

Pthermal = PAH - Pelect (7)
Table 2
Technical specification of PEM fuel cell stack used in the study.

Items Specification

Rated power (kW) 24

DC voltage (at 135 A) 17.5

Cell count 27

Mass (with no coolant) [kg] 8.3

Fuel consumption [slpm] 26.7

Stack core dimension (Length x width x 233 x 490 x 180

height) [mm)]
Maximum current [A] 160
Fuel composition Hydrogen >80%, nitrogen
blend

Oxidant Compressed ambient

Ambient operating temperature -5 to 70 °C

Start-up temperature >-5°C

Table 3
Summary of experimental parameter set up for the study.

No Coolants Coolant mass Stack operating
flow rate (kg/s) load (A)

1 100:0 (water:EG) basefluid 0.012 30-100

2 ¢ 0.1 Aly05 in 100:0 (W:EG) 0.017

3 ¢ 0.3 Aly05 in 100:0 (W:EG) 0.025

4 ¢ 0.5 Al;05 in 100:0 (W:EG) 0.028

5 60:40 (water:EG) basefluid 0.034

6 ¢ 0.1 Aly05 in 60:40 (W:EG) 0.042

7 ¢ 0.3 Aly05 in 60:40 (W:EG) 0.045

8 ¢ 0.5 Aly05 in 60:40 (W:EG) 0.053

Table 4

Summary of uncertainty analysis.

No Variables Uncertainty (%)
1 Electrical power, Peject 0.103-0.335
2 Coolant cooling rate, Qcoolant 0.304-0.611
3 Stack temperature, Tsack 1.187-1.837
4 Coolant pressure drop, AP 0.002-1.108

Table 5
Uncertainties of instruments and properties.

Conversion efficiency for a fuel cell stack is calculated using Eq.
(8) [55].

V
Neony = = (8)

Vre v.cell

In terms of thermo-fluid aspect, heat dissipated from the stack
is absorbed by the coolant and calculated using Eq. (9) [56].

Q. = mC,AT 9)

where AT is referring to the difference between inlet coolant tem-
perature and the outlet coolant temperature of the fuel cell stack.

Thermo-electrical ratio (TER) is introduced to determine the
feasibility of adoption of nanofluids as an alternative coolant for
PEM fuel cell. The ratio rationalizes the heat transfer enhancement
in PEM fuel cell cooling rate to the penalty in performance drop of
the electrical power. The TER is calculated as in Eq. (10). The higher
the ratio, the more feasible the nanoparticle adoption is.

Q. nf*Qc.wurer
Qe water ( 1 O)

Petect water—Pelect nf

TER =

Petect water

Advantage Ratio (AR) [43] is also calculated at this full-scale
PEM fuel cell level. It is a non-dimensional parameter to determine
the effectiveness of the cooling rate enhancement to the increment
of the pumping power required. It is favourable to have an AR > 1
[38] for the adoption of the nanofluids in PEM fuel cell as given in
Eq. (11).

Qc.nf’QC.bf
Qcpr

APy — APy (11)
APy

ARfuel cell =

4. Results and discussion
4.1. Nanofluid stability

The stability of the nanofluid samples were measured using
both zeta potential and visual observation. It is observed from
the high absolute value of zeta potential that there is a strong elec-
trostatic repulsion force between particles in order to prevent
attraction and collision caused by Brownian motion. A higher elec-
trostatic repulsion will reduce the possibility of coagulation and
settling of the nanofluids [57]. The Zeta potential measurement is
however only available at 0.1% volume concentration due to the
optical detection scheme limitation. The result for the zeta poten-
tial of 0.1% volume concentration of Al,03 in 100:0 (W:EG) is 35.6,
which falls in the region of stable to excellent stability [58]. The
zeta potential value for 0.1% volume concentration of Al,Os in

No Instrument Range of Variable measured Least division in measuring Values measured % Uncertainty
instrument instrument in experiment
Min Max Max Min

1 Thermocouple 0-300 °C Coolant temperature change, ATcoolant Ur =0.1°C 45.99 69.68 0.3075 0.2030

AT cootant = Teootant.out — Tcoolant,in UATumlmlr —=0.1% + 0.1%

=0.1414

2 Flowmeter 0.8-8 LPM Volume Flow rate, V 0.01 2.469 3.364 0.405 0.297

Velocity, V
3 Voltage 0-60V Voltage, Vqek 0.005 11.29 19.35 0.044 0.026
4 Current 0-240 A Current, I 0.01 30.0 100.0 0.333 0.1
5 Pressure transducer 0-6895 Pa Pressure, P 0.005 6.382 4440.299 0.784 0.001
6 Properties Thermal conductivity, Dynamic viscosity, Electrical conductivity, Specific heat, Density 0.1 0.1
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60:40 (water:EG) is 14.8. In terms of visual observation, it is also
noticed that there is a minimum sedimentation in the nanofluids
prepared, but only after 30 days of shelf life as illustrated in Fig. 4.

4.2. Thermo-physical properties evaluation

The thermal conductivity of Al,O3; nanofluids was measured at
room temperature of 27 °C. It linearly increased with the increase
in volume concentrations for both nanofluids as in Fig. 5(a). It is
observed that Al,03 in 100:0 (W:EG) increased by 1.4-8.3% as com-
pared to the base fluids with the addition of 0.1-0.5% volume con-
centration of Al,03 respectively. A small value of increment is also
seen in thermal conductivity for Al,03; in 60:40 (W:EG) with a
maximum of 9.8% for 0.5% volume concentration as compared to
the base fluid. The increment is due to the addition of nano-scale
sized particles, which have enhanced the thermo-physical proper-
ties of nanofluids over base fluids in terms of thermal conductivity
and Brownian motion [59]. However, comparatively Al,03 nanoflu-
ids in 100:0 (W:EG) shows higher range of thermal conductivity
value as compared to Al,O3 nanofluids in 60:40 (W:EG). This is
due to the higher value of thermal conductivity in 100:0 (W:EG)
as compared to 60:40 (W:EG) [60]. The experimental data were
then validated against the semi empirical model of Sundar et al.
[53] for stabilized water:EG mixtures of Al,Os; nanofluids and
shown in Fig. 5(b). However, this model was only valid for 60:40,
40:60 and 80:20 (W:EG) mixtures. Sundar’s model [53] is found
to slightly overpredict the experimental values as the experimental
data lies below the predicted model with a deviation range from 3
to 6%. This is probably due to the effect of the different diameter of
Al,03 particle used, which is 36 nm [53], while this study was con-

(c)

Fig. 4. Visual observation for Al,05 in 100:0 (W:EG) (a) First day (b) After 30 days (c) After 10 months of preparation.

ducted with Al,03 particles of 13 nm diameter. Different methods
and equipments used in the nanofluid preparation might also con-
tribute to the overpredicted value.

The electrical conductivity of the base fluid is observed to sig-
nificantly enhance with the addition of nanoparticles as shown in
Fig. 6. The electrical conductivity of 100:0 (W:EG) with 0.5% vol-
ume concentration of Al,O3; nanofluids increased up to 516%.
Meanwhile, the increment in electrical conductivity of Al,03
nanofluids in 60:40 (w:EG) is not that significant as compared to
100:0 (W:EG). The significant enhancement of electrical conductiv-
ity in pure water is due to higher ratio of water as a polar liquid as
compared to EG. Sarojini et al. [41] stated that the enhancement is
due to the formation of surface charges by the effect of nanoparti-
cle polarization once dispersed in a polar fluid. The electrical con-
ductivity increases linearly as the volume concentration is
increased. The electrical conductivity experimental data is then
compared to the model of conductivity by Maxwell [54]. The
model predicts that there will be a minimum increment to the
electrical conductivity value due to the nature of Al,O3 which falls
under insulating particles as simplified by Cruz et al. [61]. The
Maxwell model [54] agrees with Al,03 nanofluids in 60:40 (W:
EG) with a deviation range from 3.5 to 17.5%. However, the model
failed to predict the electrical conductivity of Al,05; nanofluids in
100:0 (W:EG) base fluid as the deviation ranges from 72 to 84%.
The significant increment of electrical conductivity value of Al,05
nanofluids in 100:0 (W:EG) agrees well with experimental findings
from Ganguly et al. [62] and Sarojini et al. [41].

The dynamic viscosity is also evaluated as it influences the
operational pumping power requirement due to the additional
internal friction and flow resistance to the system with the addi-

(b)

More transparent fluid

Slight sedimentation
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Fig. 6. Effective electrical conductivity for Al,03 nanofluids and comparison against
Maxwell [54].

tion of nanoparticles [40]. It is observed that the dynamic viscosity
is increased with the increase in both volume concentration and EG
concentration as shown in Fig. 7(a). The highest viscosity was
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Fig. 7. Dynamic viscosity of Al,03 in 100:0 (W:EG) and 60:40 (W:EG) base fluids.

observed at 0.5% volume concentration of nanofluids in 60:40 with
3.55 kg/m:-s, while a much lower value was experienced at base
fluid of 100:0 (W:EG) with 1.85 kg/m-s for the same volume con-
centration. This is equivalent to 45% and 116% increment in viscos-
ity of nanofluids as compared to the base fluid of 60:40 (W:EG) and
water respectively. This is contributed by the effect that the base
fluid viscosity of 60:40 (W:EG) is already at a magnitude higher
as compared to water thus resulting in smaller values of increment
with the addition of nanoparticles [60]. Higher concentrations of
nanofluids has resulted in a reduction of the natural flow around
the neighbouring particles as compared to the lower ones, which
in turn results in higher viscosity value [63]. The experimental
dynamic viscosity values were verified against the semi-
empirical model of Sundar et al. [53] as shown in Fig. 7(b). The fig-
ure shows that the experimental data is in the range of 8-14%
higher than the predicted values. The under predicted model is
due to the reasons explained in the thermal conductivity result
previously.

4.3. PEM fuel cell thermo-electrical performance

The polarization curve or also known as an IV curve traces the
changes in cell potential (voltage) due to the electrochemical reac-
tion that consumes the reactants for electrical current generation.
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In this experiment, voltage was captured in a constant coolant inlet
temperature of 50 °C £ 1 °C. The IV curve for base fluid of water
was initially verified against FCgen 1310 data supplied by the man-
ufacturer [32] and it deviated in the range of 6.0-11.2% due to the
effects of different balance of power plant set up used [33]. This IV
curve gives indication whether any current produced by PEM fuel
cell is leaking through the conductive coolant of Al,03 nanofluids.
The finding shows that the stack voltage is reduced with the addi-
tion of Al,O3 nanoparticles as compared to the base fluid. The volt-
age drop is most significant in the highest electrical conductivity
nanofluids, which is 0.5% volume concentration of Al,O3 in 100:0
(W:EG), followed by 0.3% and 0.1% volume concentration as com-
pared to base fluid of water. At 0.19 A/cm?, the reduction of voltage
is 15.6, 7.1 and 1.6% for 0.5, 0.3 and 0.1% volume concentration of
Al,03 as compared to base fluid of water. This finding matches the
earlier results of Mohapatra et al. [64| and Maes and Lievans [65]
who mentioned that fuel cell coolant has to be superior in electri-
cal resistivity to avoid the current produced in the fuel cell to leak
through the coolant. However, the voltage drop effect is not signif-
icant in Al,Os; nanofluid mixtures of water-EG. This is due to the
small difference of the electrical conductivity value between 0.1,
0.3 and 0.5% volume concentration of Al,05 in 60:40 (W:EG) as
compared to the base fluid of 60:40 (W:EG). This negligible effect
on the IV curve was also reported by Islam et al. [39] with the
adoption of ZnO in 50:50 (W:EG) in PEM fuel cell. The effects on
the IV curve of Al,05 nanofluids is shown in Fig. 8.

Further investigation was done on the post experimental elec-
trical conductivity value of Al,O3 nanofluids used in the experi-
ment to validate the current leakage. The post experimental
result shows that the conductive coolant does pick up free ions
in the cooling line [21] as shown in Fig. 9. The electrical conductiv-
ity is higher in the post experimental reading as expected due to
the current leakage from the stack to the coolant due to the lower
electrical resistivity of nanofluids as compared to basefluids [33].
The 0.5% volume concentration of Al,O3 nanofluids in water picks
up most ions from the stack as there is an addition of 29.0 puS/cm
upon completion of the experiment. The electrical conductivity
change is relatively lower in Al,03 nanofluids in 60:40 (W:EG) as
compared to Al,0s nanofluids in water as the highest change is
in 0.5% volume concentration with 8.6 pS/cm as compared to base
fluid of 60:40 (W:EG). There are also other factors that contributes
to the increase in electrical conductivity value in long term appli-
cations which include the oxidation of glycol [66] and contamina-
tion from the bipolar plate itself [67].
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Fig. 8. Polarization curves for PEM fuel cell for Al,03 nanofluids in base fluid water
and 60:40 (W:EG).

70
Al,O, nanofluids (100:0)  Al,O, nanofluids (60:40)
60 4 B Pre-experiment A Pre-experiment
’g O Post-experiment A Post-experiment m]
®
= 50 1
> m]
S 401
©
3
8 30 1 . - n
o A
T 20 .
o
= s N
2 1040 A .
w a A
O T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Volume Concentration, ¢ (%)

Fig. 9. Electrical conductivity values for Al,03 nanofluids measured before and after
experimented in PEM fuel cell.

4.4. PEM fuel cell thermo-hydraulic evaluations

The effect of cooling rates with the adoption of Al,05 nanofluids
is illustrated in Fig. 10. The cooling rate is exponentially increased
as the current density is increased. The highest cooling rate is 0.5%
volume concentration of Al,03 in 100:0 (W:EG), followed by 0.5%
volume concentration of Al,0s in 60:40 (W:EG) and 60:40 with
increment of 196.0 and 187.0% respectively as compared to base
fluid of water at 0.19 A/cm?. The hierarchy of cooling rate improve-
ment follows the hierarchy of enhancement in thermal conductiv-
ity property of nanofluids which agrees to the expected outcome
from the thermal advantage of nanofluids. Nanoparticle addition
to base fluid is proven to be highly capable of increasing the con-
vective heat transfer due to addition of surface area for heat trans-
fer from the suspended nano-sized Al,0s. A higher thermal
conductivity value of dispersed nanoparticles also helps to increase
heat diffusion at the fluid-wall interface and across the fluid. The
Brownian motion among particles also improved the heat transfer
rate due to collision and interaction occurrences [30]. Base fluids of
100:0 and 60:40 (W:EG) are among the lowest cooling rate fluids
as expected.

In terms of the effect to the fluid flow characteristic, the pres-
sure difference measurement for cooling fluids at inlet and outlet
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Fig. 10. The cooling rate profile at increasing stack load current for base fluids and
nanofluids.
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Fig. 11. The pumping power requirement with the adoption of nanofluids to PEM
fuel cell as cooling medium.

stack is recorded to provide the information on the additional
pumping power required for Al,03 nanofluids adoption in PEM fuel
cell. Increase in pumping power is expected to overcome such large
pressure drop across the stack due to the increase in density and
viscosity properties of nanofluids as compared to base fluids. The
highest pumping power was observed for 0.5% volume concentra-
tion of Al,O3 in 60:40 (W:EG) base fluid which is 24 times greater
than water, followed by 0.3% and 0.1% volume concentration of
Al,03 in 60:40 (W:EG) mixture and its base fluid. The pumping
power for Al,05 in 100:0 (W:EG) mixtures was at a relatively lower
region with the highest value given by 0.5% volume concentration
of Al;03 in 100:0 (W:EG), which is 2 times higher than the pump-
ing power of water. This is then followed by 0.3%, 0.1% with base
fluid of Al;03 in 100:0 (W:EG) consecutively. A higher pumping
power is associated with higher volume concentration as the
nanoparticles provide additional internal friction and flow resis-
tance to the system [40]. However, the pumping power increment
is still acceptable due to the significant cooling rate enhancement
that the Al,03 nanofluids have offered. Information on the pump-
ing power requirement is depicted in Fig. 11.

4.5. Feasibility of Al,03 nanofluid adoption in PEM fuel cell

Feasibility of the adoption of Al,05; nanofluids as cooling med-
ium in PEM fuel cell is viewed from two perspectives, which are
in terms of the PEM fuel cell performance and also thermo-fluid.
In PEM fuel cell performance perspective, the cooling rate enhance-
ment needs to be justified over the electrical power drop as a pen-
alty of the adoption, termed as Thermo-electrical ratio (TER). TER is
then plotted as in Fig. 12. TER is observed to drop as the current
density is increased. This pattern is true to almost all of the fluids
except for 0.3 and 0.5% volume concentration of Al,03 in 100:0 (W:
EG). These two nanofluids seem to have a linear thermo-electrical
ratio with respect to current density applied. The ratio shows that
0.1% volume concentration of Al;03 in 100:0 (W:EG) has the high-
est TER thus indicating that it is the most feasible nanofluid for
PEM fuel cell in terms of PEM fuel cell performance. This is fol-
lowed by 0.5% volume concentration of Al,Os3 in 60:40 (W:EG).
The next highest TER is 0.3% volume concentration of Al,O3 in
60:40 (W:EG), followed by 0.1% volume concentration of Al,03 in
60:40 (W:EG), and base fluid in 60:40 (W:EG). The pattern showed
by Al,03 in 60:40 (W:EG) mixtures is consistent with the thermal
conductivity value property of the fluid. However, in Al,03
nanofluids of 100:0 (W:EG), the effect of high electrical conductiv-
ity value in 0.3 and 0.5% volume concentration of Al,03 in 100:0
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Fig. 12. Thermo-electrical ratio of Al,03 nanofluids adoption as cooling medium in
PEM fuel cell.

(W:EG) has resulted in a relatively large electrical power drop over
the cooling rate improvement it offered thus making them the
least feasible to be adopted as a PEM fuel cell cooling medium.
Another perspective considered in the adoption of Al,0O;
nanofluids in PEM fuel cell is from its thermo-fluid point of view.
The advantage ratio, AR [43] is used to determine whether the
adoption of any concentration of nanofluids is beneficial from both
heat transfer enhancement and fluid flow aspects. In this experi-
ment, AR measures the cooling rate enhancement over the pres-
sure drop penalty as shown by Fig. 13. The higher the ratio, the
more advantageous the adoption of the nanofluids. The AR is also
an indication of significance of cooling rate enhancement gained
from the adoption of Al;03 nanofluids in PEM fuel cell at the
expense of pressure drop penalty. The highest region of AR is
observed to be in lower Reynolds number for Al,O5 in 100:0 (W:
EG) studied. This is due to the higher cooling rate enhancement
experienced at lower current density as compared to higher cur-
rent density, while the pressure drop remains consistent across
the current density variation. The AR is then observed to decrease
exponentially as the load is increased. The AR of Al,03 nanofluids
in 100:0 (W:EG) are significantly higher than the other fluids.
Highest AR was given by 0.1%, followed by 0.3 and 0.5% volume
concentration of Al;0s; nanofluids in 100:0 (W:EG). The Al,0;
nanofluids in 60:40 (W:EG) is observed to be in a lower region as
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Fig. 13. Advantage ratio of base fluids and Al,03; nanofluids.
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compared to Al,O3 nanofluids in 100:0 (W:EG). The AR for Al,03
nanofluids in 60:40 (W:EG) mixtures is observed to be constant
with minimal effect across the current density range applied. All
AR of Al,05 nanofluids in 100:0 (W:EG) values are bigger than 1,
which indicates that the fluids are feasible for practical adoption
[43]. As for Al,O3 nanofluids in 60:40 (W:EG), only 0.1 and 0.3%
volume concentration of Al,O3 in 60:40 (W:EG) barely reached
the value of 1. Other than these fluids, all of them fell below 1. This
indicates that Al;03 nanofluids in 60:40 are less favourable as com-
pared to Al,0s nanofluids in 100:0 (W:EG). The main reason for
this is due to the higher viscosity of the base fluids of 60:40 (W:
EG) as compared to water [60]. Dispersion of Al,0; nanoparticles
in these base fluids has further increased the internal friction and
lowered the AR.

5. Conclusions

In this study, potential Al,03 nanofluid thermo-physical proper-
ties are measured before experimenting on a full-scale PEM fuel
cell. The thermo electrical performance of PEM fuel cells and
thermo-fluids characteristics of Al,03 nanofluids adoption in PEM
fuel cells are then presented. The Thermo Electrical ratio (TER)
and the Advantage Ratio (AR) were then used to measure the fea-
sibility of adoption. The analysis shows that 0.1% volume concen-
tration of Al,O3 in 100:0 (W:EG) is the most feasible Al,03; for
PEM fuel cell adoption. This is justified through massive improve-
ment in heat transfer at the expense of an acceptable electrical
power drop. This was then followed by 0.3 and 0.5% volume con-
centration in 100:0 (W:EG). The Al,0O3 nanofluids in 60:40 (W:
EG) showed smaller TER values. The AR analysis also showed a
similar pattern to TER where Al,03; nanoparticles in water give
the highest AR over water:EG nanofluids. It is concluded that
0.1% volume concentration of Al,03 in 100:0 (W:EG) was the most
feasible nanofluid for PEM fuel cell cooling medium. This has also
lead to the conclusion that the adoption of EG as a base fluid to
lower the electrical conductivity of coolant, therefore reducing
the power loss is not a necessary countermeasure.
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