Journal of Mechanical Engineering and Sciences (JMES)

ISSN (Print): 2289-4659; e-ISSN: 2231-8380; Volume 8, pp. 1351-1366, June 2015

© Universiti Malaysia Pahang, Malaysia FUBHSHER
DOI: http://dx.doi.org/10.15282/jmes.8.2015.10.0132

A REVIEW OF NANOFLUID ADOPTION IN POLYMER ELECTROLYTE
MEMBRANE (PEM) FUEL CELLS AS AN ALTERNATIVE COOLANT

Irnie Zakaria®®, Z. Michael!, W.A.N.W. Mohamed?, A.M.l. Mamat}, W.H. Azmi?,
R. Mamat® and R. Saidur®

Alternative Energy Research Centre
Faculty of Mechanical Engineering, Universiti Teknologi Mara
40450 Shah Alam, Selangor, Malaysia
“Email: irieazlin@googlemail.com
Phone:+603-55442000; Fax: +603-55443102
2Faculty of Mechanical Engineering

Universiti Malaysia Pahang, 26600 Pekan, Pahang, Malaysia
3Center of Research Excellence in Renewable Energy
King Fahd University of Petroleum and Minerals
31261 Dahran Saudi Arabia

ABSTRACT

Continuous need for the optimum conversion efficiency of polymer electrolyte
membrane fuel cell (PEMFC) operation has triggered varieties of advancements,
namely in the thermal management engineering scope. Excellent heat dissipation is
correlated with higher performance of a fuel cell, thus increasing its conversion
efficiency. This study reveals the potential advancement in thermal engineering of a fuel
cell cooling system with respect to nanofluid technology. Nanofluids are seen as a
potential evolution of nanotechnology hybridization with the fuel cell serving as a
cooling medium. The available literature on the thermophysical properties of potential
nanofluids, especially on the electrical conductivity property, has been discussed. The
lack of electrical conductivity data for various nanofluids in open literature was another
challenge in the application of nanofluids in fuel cells. Unlike in any other thermal
management system, a nanofluid in a fuel cell is dealt with using a thermoelectrically
active environment. The main challenge in nanofluid adoption in fuel cells was the
formulation of a suitable nanofluid coolant with heat transfer enhancement, as compared
to its base fluid, but still complying with the strict limits of electrical conductivity as
low as 2 pS/cm and several other restrictions discussed by the researchers. It is
concluded that a nanofluid in PEMFC is advantageous in terms of both heat transfer and
simplification of the cooling system through radiator size reduction and potential
elimination of the deionizer as compared to the current PEMFC cooling system.
However, there are challenges that need to be well addressed, especially in the electrical
conductivity requirement.

Keywords: Thermal management; PEM fuel cell; Nanofluid.
INTRODUCTION

A fuel cell is an energy conversion device using hydrogen-based fuel with oxygen
through a polarized electrochemical reaction. It is seen as a potential power source
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substituting the internal combustion engine in the automotive industry due to its
excellent conversion efficiency and zero pollution emissions [1]. However, there is a
critical need to enhance the heat transfer in the fuel cell since there is a significant
amount of heat generated which will eventually cause the polymer electrolyte
membrane fuel cell (PEMFC) component to overheat, especially the membrane [1-3].
Several cooling systems, namely heat spreaders, air cooling, liquid cooling and phase
change cooling, were reviewed by Zhang and Khandlikar [4]. Among these cooling
techniques, liquid cooled was the most suitable for automotive applications, especially
for a PEMFC stack with higher power than 5 kW [5]. There have been initiatives from
researchers to improve the current conventional methods for liquid cooled fuel cells,
namely cooling channel design optimization, flow field optimization and cooling system
enhancement via CO, air conditioning as supplementary stack cooling [4, 6, 7].
However, there is still room for improvement in areas other than geometrical
optimization, either with regard to the fuel cell stack or heat exchanger, in order to
fulfill the criteria of compact, simplified, and lighter weight fuel cell systems with
superior power density compared to the conventional liquid cooling strategy.

Nanofluid studies have become a phenomenon in thermal engineering due to
their superior thermal conductivity as compared to base fluids. Nanofluids are prepared
by dispersing ultra-fine nanometer sized (less than 100 nm) metallic or non-metallic
materials into a base fluid [8-12]. A wide range of feasible applications of nanofluids in
heat transfer has been summarized by Saidur et al. [13] covering all ranges of cooling
application except for electrically active environmental devices such as fuel cells. This
paper reviews the possibility of nanofluid adoption as an alternative coolant in PEMFC
cooling systems. Section 1 reviews the concept of PEMFC while Section 2 describes the
fundamental thermal management in PEMFC and the current approach to liquid cooled
PEMFCs. All possible advantages and challenges are reviewed in Sections 3 and 4
consecutively. Lastly the conclusions and possible further work are given in Section 5.

OVERVIEW OF FUEL CELL

The PEMFC is best suited for many applications due to its high power density and
excellent dynamics characteristics as compared to other types of fuel cells [14]. The
PEMFC converts hydrogen energy directly into electrical energy via electrochemical
reactions with oxygen. Electrochemical reactions occur at the catalyst layer surface
which is interfaced between the gas diffusion layer and the membrane, as illustrated in
Figure 1. Hydrogen is diffused through the gas diffusion layer and is catalytically split
into its constituents of protons and electrons in the catalyst layer. The sandwiched
polymer membrane allows only protons to travel through by its mechanism, while free
electrons travel through the external circuitry. This will eventually be the net result
(electric current) of this electrochemical reaction. At the cathode side, the hydrogen
protons and electrons will meet and react with oxygen molecules, thus producing water
as a by-product of this electrochemical reaction. Electrochemical reactions happen
simultaneously in both the anode and cathode and are represented as follows

At the anode side

H, — 2H* + 2e~ 1)
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At the cathode side

1 2
502+ 2H* + 2¢7 > H,0 )

Thus giving an overall reaction of

2H,0 + 0, — 2H,0 ?)
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Figure 1. Schematic of a proton exchange fuel cell [15].

The formation of water and the internal resistance of the electrical circuit
generate heat as another by-product and the concentration is normally higher at the
cathode side contributing to the formation of water. This phenomenon requires good
thermal management in order to avoid the membrane overheating as this can lead to
stack performance deterioration. There is a high concentration of free electrons in the
bipolar plate adjacent to the cooling plate of the PEMFC so as to allow rapid heat
conduction to the cooling channels. This arrangement, however, enables the electrons to
leak to the coolant passage, termed shunt current, resulting in voltage loss in the fuel
cell stack. Furthermore, the shunt current is also a potential threat to corrosion of the
separator plate in a fuel cell and also hazardous to the operator [16].

THERMAL MANAGEMENT OF A PEMFC

Thermal power dissipated in the fuel cell is estimated through the thermodynamic
energy balance in the cell [1].
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Pinermat = Pan — Peiect (4)

where Pyermal 1S the thermal power generated by the fuel cell, P,y is the theoretical
power produced by the electrochemical reactions of the gases and P is the electrical
power produced by the fuel cell. Conversion efficiency for a fuel cell stack is described

by

_ Pelect (5)
MNeonv = PAH
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Figure 2. Electrical and thermal power relationship based on the conversion efficiency
of a H1000XP- Horizon [17].

Optimal thermal management acquisition is needed in PEMFC in order to
increase the efficiency as electrical power is directly accompanied by almost equivalent
thermal power, depending on the conversion efficiency, as illustrated in Figure 2. Heat
generated in the fuel cell is governed by

Qgen = (1.254 = Vi ). I.1ggyy (6)

where it is assumed that all product water leaves the stack as vapor at 25 °C. Generated
heat from the fuel cell is dissipated in several ways, such as conducted through the gas
diffusion layer and the bipolar plates, and also to the reactant gas and surroundings
through convection and radiation. However, the prime bulk of heat passes to the cooling
medium through convection.

Heat transfer by cooling fluid is expressed by Newton’s law of cooling [18]

Q = hAAT 7)

where Q denotes heat flow, h is the heat transfer coefficient, A is the effective heat
transfer area and AT is the temperature difference between the coolant out and coolant
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in fuel cell stack. A greater value of AT may help to increase the heat dissipation but it
is debatable since lowering the temperature of the coolant will eventually lower the
kinetic energy potential of the hydrogen molecules and may also cause flooding due to
lower water saturation pressure at lower temperatures [4].

Several challenges are associated with thermal efficiency due to its low
operating temperature which is in the range of 60 °C to 80 °C. A higher temperature
than this may lead to membrane overheating or excessive drying, thus affecting
performance. A lower temperature is also unfavorable as it can lead to a flooding issue
due to the lower water saturation pressure at a lower temperature and also a reduction in
kinetic energy which is also unfavorable in terms of reactant reactions [4, 19].
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Figure 3. PEM fuel cell cooling strategies [20].

Selection based on the need of specific cooling strategies depends on the size
and application of the stack [20]. These cooling strategies were critically reviewed by
Zhang [4] in order to promote more effective cooling strategies through reporting the
advantages and challenges associated with each specific cooling strategy. Cooling
strategies in general can be classified as cooling with cathode air, cooling with separate
air, liquid cooling, evaporative cooling and cooling with heat spreaders, also known as
edge cooling. The currently used cooling strategies are simplified in Figure 3. Apart
from increasing AT, maximizing the effective heat transfer area A is seen as a common
strategy to improve heat transfer performance. However, employing such a strategy in
the fuel cell with mini channel cooling is not an option due to the space constraint. This
is also true in most of the applications, for instance, microprocessor and micro electro
mechanical systems (MEMS) [13]. Alternatively, the heat transfer coefficient h can be
further enhanced either through more efficient heat transfer methods, which employ
forced convection over free convection, or through improving the transport properties of
the heat transfer material via the addition of nanoparticles to the coolant, termed
nanocoolant or sometimes nanofluid, to the cooling liquid.
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NANOFLUID POTENTIAL IN LIQUID COOLED PEMFC

Deionized (DI) water is currently used as the coolant in a PEMFC due to its excellent
electrical resistivity, as high as 18 MQ.cm. DI water also has good thermal
conductivity, greater than 0.6 W/m.K, higher than 3 kJ/kg.K specific heat capacity
while maintaining a relatively low viscosity of less than 1 cP at 80 °C and 6 cP at 0 °C.
However, its electrical resistivity tends to degrade over time as water easily picks up
ions from metals and other sources. Applications in cold countries are also limited due
to the freezing point of 0 °C [21]. The application of nanofluids in fuel cells is a new
area of research that started in 2004 with a small business innovation research (SBIR)
grant from the United States of America Department of Energy (DOE) [22]. Some of
the initial work on nanofluids in PEMFC was carried out by Mohapatra with the
formulation of a mixture of water and glycol coolant with nanoparticles, non-ionic
corrosion inhibitor and polymeric ion suppressant with the target of improving all the
thermophysical properties of deionized water while retaining the electrical conductivity
preferably below 2 uS/cm [23]. Mohapatra addressed that the base fluid is responsible
for the freezing point, flash points and compatibility with other materials used in fuel
cell cooling systems while the additive package helps maintain low electrical
conductivity. The criteria for a PEMFC coolant, covering all important themophysical
property requirements were tabulated by Mohapatra et al. and are shown in Table 1.

Table 1. Criteria for PEM fuel cell coolant [24].

Criteria Description Specification
Electrical Conductive coolant will reduce the < 2.0 uS/cm
Conductivity performance of the fuel cell as well

as increase the shock hazard for
personnel in contact

Boiling Point Boiling point should be more than >90°C
the highest bulk temperature of the
coolant
Freezing Point Must be freeze tolerant under <-40°C
extreme cold conditions
Thermal Conductivity  Higher is better for heat transfer > 0.4 W/m.K
Viscosity Lower is better for heat transfer and <1.0cPat80°C
pumping power
Specific Heat Higher is better for heat transfer > 3 kilkg.K
Durability More durable coolant will reduce the > 5000 hrs of operation
operating cost (2 years of lifetime )
Material Coolant must be compatible with -
Compatibility stainless steel, sillicone, EPDM,
Viton and other fuel cell component
materials
Toxicity Should be classified as non-toxic for  Similar or less toxic
transportation than ethylene glycol
(EG)
Flammabality Should be classified as non-  Flash point >93.3°C
flammable
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ADVANTAGES OF NANOFLUIDS IN PEMFC
Heat Transfer Enhancement

Dispersion of nanoparticles, either metallic or non-metallic, in the base fluid will
tremendously increase the convective heat transfer performance of the coolant. The
main reason for this enhancement is due to the higher magnitudes of thermal
conductivity of nanofluids as compared to conventional fluids. The thermal conductivity
enhancement of several nanofluids is tabulated in Table 2. Nano sized particles also
play a role in enhancement as they introduce larger surface areas for thermal
interactions [13]. Brownian motion or intensified interaction and collision among the
particles also improved, eventually improving the heat transfer as well [25]

Table 2. Thermal conductivity enhancement of nanofluids.

Nano Base fluid  Nanoparticle Vol Author Enhancement Ref

particle size (nm) fraction (%)
(%)
Cu EG 10 0.3  Choiet 40 [8]
Metallic al.
nnf Cu EG <10 0.3 Eastman 40 [26]
etal.
Al EG 80 5 45
Murshed [27]
Non- TiO, EG 15 5 et al. 18
metallic
Al,O; 38 5 18
Water:EG Leeetal. [28]
CuO 23.6 4 22
Al,Os Water:EG 28 5 Wang et 26 [29]
al.
Al,O3 Water:EG 60.4 5 Xie et al. 30 [30]
Al,O; EG 29 4 18 [31]
Wang et
TiO, EG 40 5 al. 13
CuO EG 12 1 Kwak 6 [32]
and Kim
AlL,O; EG:waterat (20:80)1.5 1.5 Sundar @ 60 deg [33]
20to 60 deg (40:60) etal. 32.26%
C (60:40)
CuO0O EG 35 4 Eastman 22 [26]
et al.

PEMFC Cooling System Simplification
Dynalene, a coolant manufacturer in the United States of America, launched Dynalene

fuel cell (FC) in 2013 which is specially designed to maintain less than 1 uS/cm for at
least 2 years while providing excellent heat transfer properties similar to a water based

1357



A review of nanofluid adoption in polymer electrolyte membrane (PEM) fuel cells as an alternative
coolant

coolant [34], even after 2 years. Dynalene FC is designed to suppress the formation of
ions by two mechanisms: utilizing highly charged nanoparticles which scavenge and
bond to free ions resulting in low electrical conductivity of the coolant and also through
the use of a non-ionic corrosion inhibitor that reduces the corrosion rate of the
components in an FC cooling system as presented in Figure 4. The capability of self-
deionizing the coolant has added advantages to the system simplification as there is an
opportunity for deionizer deletion. Deionization is needed in a conventional coolant as
water becomes conductive when coming into contact with material in the closed loop
and becomes contaminated with lots of ions. lons are produced from the contamination
of the bipolar plate (Dill & WalWorth, 2005) and the oxidation of glycol [4] as it
degrades. Besides the deionizer, adding antioxidant to the coolant [35] and through
kerosene hydrocarbon coolant and the addition of carboxylic acid to the coolant
consecutively [36] [16] the free ions issue which will eventually make the coolant
conductive can also be reduced. A smaller pump to circulate the coolant through the
loop is also possible due to the deletion of the deionizer. This will reduce the parasitic
loss associated with the pump. This system simplification, illustrated in Figure 3,will
consequently improve the overall efficiency [24]. Figure 5 shows comparison between
conventional and nanofluid PEMFC cooling systems.

The Nanoparticles

Free ions and Free ions attracted to + and - charges of Nanoparticles finally scavenge
nanoparticles in solution the cationic and anionic nanoparticles and neutralize free ions
The Inhibitor

Unprotected pipe wall Protected pipe wall

— S T S TLEELE S THEGEE HEEEEELE bE

N_on—ionic inhibit_orsﬂcin:ulating through Inhibitor heads begin to bond to Inhibitor fully protects wall from
pipe in Dynalene FC surface on pipe wall corrosive attack

Figure 4. Mechanism used by Mohapatra to reduce electrical conductivity [22].
CHALLENGES OF NANOFLUIDS IN PEMFC
Electrical Conductivity

The most critical aspect of the nanofluid in the PEMFC is the low electrical
conductivity requirement which is as low as 1.5 to 2 uS/cm [24] and 5 uS/cm at 20 °C
[37] and needs to be maintained over time. Electrical conductivity of a nanofluid is
correlated to the ability of the charged ions in the nanofluid mixture to carry electrons,
also called charges, whenever an electric potential is applied [38]. This is possible due
to the formation of an electrical double layer (EDL) around the surface of the dispersed
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nanoparticles. The whole structural movement towards the oppositely charged electrode
is measured as the electrical conductivity of a nanofluid.
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Figure 5. Comparison between conventional and nanofluid PEMFC cooling systems.

Electrical conductivity is the least investigated of all the thermophysical
properties of nanofluids. Literature sources on this property are very scarce, perhaps due
to the lack of nanofluid applications in electrically active thermal devices such as
PEMFCs. The lack of studies on electrical conductivity can be seen from the tabulated
thermophysical property study in Table 3. PEMFC cooling system applications would
require judgment as to whether or not the electrical conductivity properties are feasible
for the system. The electrical conductivity requirement, which is as low as 1.5 to
2 uS/cm [39] and 5 pS/cm at 20 °C [37], needs to be maintained over time. A few
researchers have investigated the effect of electrical conductivity on various types of
nanofluids [40-51]. Wong and Kurma [40] studied the effect of volume concentration
on the electrical conductivity of Al,O; nanofluid. They observed that electrical
conductivity is highly increased with a small volume concentration. The increment of
electrical conductivity is up to 3457.1 % for a volume concentration of 1.44 %. The
highest value of electrical conductivity was 314 uS/cm and measured at 8.47 % of
volume concentration. Further investigation of the electrical conductivity of Al,O3
nanofluid was carried out by Ganguly et al. [41] and Minea and Luciu [49]. Ganguly et
al. [41] investigated Al,O3 dispersed in deionized water. They measured the effective
electrical conductivity as a function of the volume fraction (0.005 to 0.03) and
temperature (25 to 45 °C). They concluded that the volume fraction effect is more
prominent than that of temperature. Minea and Luciu [49] measured the electrical
conductivity of Al,O3 dispersed in water and observed that the electrical conductivity
tremendously increased by 390.11 % at 60 °C for 4 % volume fraction. However, they
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mentioned that the conventional models, such as Maxwell’s [52] and Bruggeman’s [53]
do not correlate to the findings. This observation is also supported by Sundar et al. [38].

Table 3. Review of the thermophysical properties of nanofluids.

Author Nano Base fluid  Mode * Property studied
particle *TC Viscosity *EC
[54] Al;04 Water, E X X
polyalphaol
efin
[51] Cu, Water, EG E X
A|203,CUO
[55] Al,0O4 Water E X X X
[50] Graphene  EG : Water X X X
(70:30)
[41] Al,0O4 Water E X X
[56] Graphene  Water, EG E X X
[27] TiOy, Al, DI E&T X X
Al,0O4 Water,Wate
r EG,
Engine Oil
[57] TiO, Water E X X
[58] Al,O3,CuO0 EG:Water; T&E X
& ZnO 60:40
[59] AgNO; EG T&E X
[60] Al;0O3 Water T&E X X
[61] SiC Deionized E X X
water
(DIW)
[62] TiOy, Al,O3  Water & T&E
80:20 Water X
' EG
[13] Various Various R X
[63] Various Various R X
[64] Various Various R X

* E — Experimental, T — Theoretical and N — Numerical
* TC — thermal conductivity *EC — electrical conductivity

Sarojini et al. [51] experimented with nanoparticles of Al,03;, CuO and Cu in
distilled water and EG. Their findings show that electrical conductivity increases as the
volume concentration increases. The increment in distilled water is significantly higher
than the nanofluid in EG due to the higher value of the dielectric constant of 80 in
distilled water as compared to the value of 38 in EG. They also investigated the
influence of various physico-chemical factors on the electrical conductivities of both
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metal and ceramic nanoparticles. These factors include the effect of a nanoparticle and
base fluid combination, stabilization of the nanofluid, surfactant addition, the particle
size and also the temperature effect. They mentioned that the stability of nanofluids
strongly depends on the surface charge of the nanoparticle, which is related to the value
of the thermal conductivity. More studies are available for different types of nanofluids,
such as carbon by Teng et al. [43], SiO, and ZnO by Konakachi et al. [46], TiO, by
Sikdar [44], ZnO insulated with oil nanofluid by Shen et al. [48], and nanodiamond-
nickel (ND-Ni) nanocomposite by Sundar et al. [38]. The effect of temperature on the
electrical conductivity of a low concentration of Al,O3 nanofluid in a water:EG mixture
has also been investigated by Bin Razali et al. [65]. Zakaria et al. [66] established a
thermo-electrical conductivity (TEC) ratio for Al,O3 nanofluid in a water:EG mixture
for a (PEM) fuel cell considering both thermal and electrical enhancement. According
to the findings, Al,O3 in a water:EG mixture with more than 50 % EG content has a
better TEC value over Al,Os3 in water or in a water:EG mixture with an EG content
lower than 50 %. The finding was later proved through experimental analysis of a
400 W PEMFC. Nanofluid adoption in PEMFC improved the thermal performance but
the performance effect cannot be seen due to the nanofluid and the lower wattage
PEMFC tested [67].

Higher pumping power in mini channel geometry

Mini channels have been adopted in PEMFC cooling plate designs as they allow a more
compact stack size and improved heat transfer rates that lead to a lower maximum cell
temperature [68-70]. Adoption in the PEMFC stack would require the coolant to be
forced through a narrow passage in the mini channel [71]. Nanofluids in mini channels
have been experimentally investigated mostly for electronic heat sink and automotive
heat exchangers [68, 72-74]. Nanofluid cooling effects at different nanoparticle
fractions to variations in heat sink channel designs, operation and materials are normally
reported. Naphon and Nakharintr [73] studied TiO; in deionized water nanofluid heat
transfer characteristics by varying three different channel heights. Sohel et al. [71]
studied the effect of different flow rates on the thermal performance of Al,O3 in water at
volume fractions ranging from 0.1 to 0.25 %. Both studies reported enhancements, of
42.3 % and 11 % of maximum convective heat transfer, respectively, compared to the
base fluids. However, all the heat transfer enhancement comes with a demerit of higher
pumping power. This is due to the increase in density and viscosity of the nanofluid as
compared to the base fluid. Sedimentation build up in the mini channel also contributes
to a higher pumping power requirement as compared to a conventional coolant.

Viscosity plays a vital role in determining whether a specific nanofluid gives a
better thermal performance than its base fluid through a ratio of enhancement in
viscosity over thermal conductivity, (C,/Cy). Prasher [75] found that for the laminar
range, the enhancement of viscosity has to be lower than 4 compared to thermal
conductivity while Garg [76] limited the enhancement to 5 in turbulent flow. If the ratio
goes beyond this limit, then the effectiveness of the nanofluid application in any
specific case is arguable. Azmi et al. [77] introduced the advantage ratio to measure the
feasibility of nanofluid adoption taking into account both heat transfer and pressure
drop enhancement.
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Compatibility with Other Components in PEMFC Cooling System

Apart from the thermophysical characteristics, the fuel cell coolant needs to be
compatible with the fuel cell component materials, namely stainless steel, sillicone,
EPDM,Viton and others [24].

CONCLUSIONS

The potential and challenges of using nanofluids in PEMFCs is reviewed. Nanofluids
offer great potential as a cooling medium due to their superior thermophysical
properties, especially in thermal conductivity and convective heat transfer. However,
the electrical conductivity thermophysical characteristics need to be further investigated
in order to enable adoption in fuel cells. Challenges to the adoption are mainly in
connection with the electrical conductivity properties and the pumping power increment
in the mini channel. However, this pumping power increment needs to be further
studied as a whole system parasitic loss, since nanofluids also have the potential to
reduce the overall system pumping requirements through deletion of the deionizer fuel
cell. The ratio of heat transfer enhancement to the additional pumping power
requirement needs to be established in order to see the advantages of nanofluids for both
the heat transfer and friction factor aspects in an active electrical heat transfer
environment such as a fuel cell.
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