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ABSTRACT

Fuel cell is a electro-chemical energy conversion system, which converts the chemical energy
of fuel, directly into electrical energy. The ever increase in energy demand, non-polluting
energy generation, and other environmental issues have persuaded many researchers to look
for new efficient energy conversion technologies. Proton exchange membrane (PEM) fuel
cells have many unique features compared with other types of fuel cell, such as relatively low
operating temperature (around 80 °C), high power density, quick start, rapid response, and
high modularity which makes them as the most promising system in the applications such as
automotive, distributed power generation and portable electronic devices.

The aim of the present work is on evaluation of PEM fuel cell performance using serpentine
flow fields with round corner by numerical modeling and experimentation. Three dimensional
PEM fuel cell cell models of size 7x7, 7x12 and 7x17 cm are developed. Three types of flow
field designs such as single, double and triple serpentine were considered for the supply of
reactants. Computational fluid dynamics (CFD) based simulations were carriedout to analyse
the pressure drop, distribution of reactants (H2 and O), liquid water activity in the flow
channels, current flux density and water content in the membrane. Further the effect of flow
field design on the performance of PEM fuel cells were examined. Single, double and triple
serpentine flow field plates were fabricated and experiments were conducted to validate the
simulation results. Based on simulation and experimental results, it is observed that triple
serpentine flow field performance is better than single and double serpentine flow field as it

offer less pressure drop and uniform distribution of reactants.

The experimental tests were conducted by incorporating triple serpentine flow field in fuel
cells to investigate the influence of cell design parameters such as membrane thickness and
catalyst loading. The available membrane thicknesses are taken as 50, 51 and 175 pm.
Similarly, the catalyst loadings are considered as 0.6, 0.8 and 1.0 mg/cm?. The results
revealed that the cells performance is increased with decreasing membrane thickness and
increasing the catalyst (Pt) loading. Peak powers were obtained with a thin membrane (50 um
thickness) having 1.0 mg/cm? platinum loading.

Further, the experimental tests were conducted by incorporating triple serpentine flow field
and 50 pum thickness membrane with 1.0 mg/cm? Pt loading to investigate the influence of cell
operating parameters such as cell temperature (40, 50, 60, 70 and 80°C), reactants
humidification temperatures (40, 50, 60, 70 and 80°C), and reactants flow rate on the

performance of PEM fuel cells. The cell operating temperatures, reactants humidification



temperature are same for three active area PEMFCs and the reactants flow rates are different
for three areas of PEMFC.

The fuel cell of active area 49 cm? with 50 pm membrane thickness and 1.0 mg/cm? platinum
loading produced a peak power density of 418 mW/ cm? at 0.5 V when the cell was operated
at 70°C cell temperature, 70°C anode humidification temperature, 60°C cathode
humidification temperature, 400 ccm Ha flow rate and 800 ccm O flow rate. In the same way,
the cell of active areas 84 cm? and 119 cm? produced a peak powers of 395 mW/cm? and 374
mW/cm? respectively at 0.5 V. From this analysis it is observed that the power density of
smaller active area (49 cm?) cell is higher than the larger active area (84 and 119 cm?) fuel
cells. From this investigation, it is concluded that instead of going for larger active area cell

one can choose smaller active area cell with more number (i.e stack) of cells.
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CHAPTER 1
1. INTRODUCTION

Fuel cell (FC) is an electro-chemical energy conversion device, which converts chemical
energy of fuel directly into electrical energy. The ever increase in energy demand, pollution-
free energy generation, and other ecological issues have persuaded many researchers to look
for new efficient energy conversion technologies [1]. Within such perception FC systems may
consider as promising alternative due to practical advantages such as high-energy density, less
harm to the environment, good dynamic response, and lightweight. Depending on type of
electrolyte material used FCs are categorized as polymer membrane, alkaline, phosphoric
acid, molten carbonate, and solid oxide fuel cells [2]. Proton exchange membrane (PEM) fuel
cell has unique features such as relatively low operating temperature (around 80°C), high
power density, quick start, rapid response, and high modularity make them as the most
promising system for power generation in the applications such as automotive, distributed

power generation and portable electronic devices [3,4].
1.1 History of Fuel Cell

For the first time in 1839, Sir William Grove introduced the basic operating principle of FCs
to the scientific community. Later in 1842, Grove produced a 50-cell stack and named as
"gaseous voltaic battery". After Grove's invention, it took almost a century to re-introduce the
FCs to the scientific community. In 1937, F.T. Bacon began to work on practical FC and he
successfully built a 6 KW output stack by the end of the 1950s. In the early 1960s Grubb and
Niedrach built a fuel cell using solid ion-exchange membrane electrolyte. Primarily,
sulfonated polystyrene based membranes were employed as the electrolytes, then and there
after Nafion membranes were substituted these sulfonated polystyrene based membranes. The
Nafion has evidenced to be greater in performance and durability, and yet the most common
membrane in use. This type of FC is generally called as polymer electrolyte membrane fuel
cell or the proton exchange membrane fuel cell.

In the early 1960s, PEM fuel cell (PEMFC) was first used in the Gemini space program, that
FC was developed by General Electric based on the work of Grubb and Niedrach. Following
the Gemini Program the FC was also used in the Apollo program, to produce electricity for
life support and communications. These FCs were made by Pratt and Whitney based on the

Bacon's patents.
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Due to their high cost, use of FC systems were limited in space applications and in some
special applications. In 1990, Ballard Power systems started development of PEMFC systems.
The strategy of Ballard was to reduce the cost of the fuel cell by using low cost materials and
fabrication techniques, that FC turn out to be a real option for many applications. In 1993,
Ballard Power Systems manifested fuel cell powered buses.

In 1993, Energy Partners demonstrated the first passenger car operating on PEMFCs. At the
end of the century, almost all car manufacturers picked up on this activity and had built and
manifested a fuel cell-powered vehicle. The timeline of FC development history is shown in

Figure 1.1.

Invention of fuel cell

Scientific curiosity

Reinvention

Industrial curiosity
]
Space program
|

Entrepreneurial phase

]
Birth of new industry

—

1839 1939 1960’s 1990°s

Figure 1.1 History of fuel cells
1.2 Principle of operation of PEM fuel cell and its components

Figure 1.2 illustrates the schematic of a PEMFC. Hydrogen (H2) comes into the anode flow
channel and disperses into the anode gas diffusion layer (GDL) whereas oxygen (O2) enters
into the cathode flow channel and disperses into the cathode gas diffusion layer (GDL). The
membrane comprises catalyst usually platinum, on both sides and it is made from a material
that only permits the hydrogen ions and offer resistance to the flow of electrons. When
hydrogen and oxygen reaches the catalyst layers (CLs) through GDLs on the PEM, the

following reaction takes place.

2
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Anode: H, — 2H" + 2e” (1.1)
Cathode: %2 02 + 2e” + 2H" — H20 (1.2)

At anode catalyst layer hydrogen splits into hydrogen ions and electrons. Hydrogen ions pass
from anode side to cathode side, through the membrane and electrons flow out of the cell
through an electrical circuit. At the cathode CL oxygen reacts with hydrogen ions and
electrons flow into the cathode, completing an electrical circuit. The overall reaction in a

hydrogen and oxygen fuel cell is given in Equation 1.3.

Overall: H> +1/2 02 — H20 (1.3)
e e
—— ™ Load | ——-
|H3=2H‘ +2e |1703+2H‘+ 2 = H30|
v v 1- anode current collector
» _ e i» e E ‘ 2- cathode current collector
' ol H: Oz :; .| 3- anode flow field plate
e e
4- cathode flow field plate
5- anode gas diffusion layer
H: O; 6- cathode gas diffusion layer
7- anode catalyst layer
8- cathode catalyst layer
Ha O: 9- polymer electrolyte membrane
e i‘» e
H: 3 O;
1 3 5 179 U8 6 4 2

Figure 1.2 Schematic of a PEM fuel cell along with parts

1.2.1 Membrane (PEM)

The membrane is considered as the heart of the PEMFC, in which hydrogen ions transport
from the anode CL to the cathode CL. The membrane function is to separate the fuel (H.) and
oxygen (O2). The hydrogen ions/protons transfer from anode to cathode through the
membrane, the membrane need to possess relatively high proton conductivity. Also the
membrane should be chemically and mechanically stable in the fuel cell environment.
Perfluorocarbon-sulfonic acid ionomer (PSA) membrane is usually used in PEMFCs. Dupont
developed the membranes based on a sulfonated tetrafluoroethylene-based fluoropolymer-
copolymer (Nafion family) and are considered as the best material for the membrane. A fully
humidified membrane conducts the protons effectively, therefore it is essential to keep

3
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membrane hydrated. Sometimes the water produced in the electrochemical reactions is
inadequate to keep the enough humidification level in the membrane. Also, use of dry reactant
gases and the electro-osmotic drag results in an under-humidified state. Therefore, it is
desirable to humidify the inlet reactant gases before enter into the cell to achieve the required

humidification level in the membrane [5].

1.2.2 Catalyst Layers (CL5s)

In a PEMFC, there are two CLs on both sides of the membrane. These CLs are placed
between the membrane and GDLs at the anode and the cathode sides respectively. All the
electrochemical reactions take place at the catalyst layer. The catalyst layer must have high
intrinsic activity, larger active surface area, high ionic and electric conductivity, high porosity
for reactants entry as well as product removal. Usually Platinum (Pt) is preferred as the
catalyst in PEMFCs because of its great stability and reactivity. Sometimes Pt alloys also can
be preferred as catalyst to further improve kinetic activity, stability, and tolerance to
impurities when reformate gas is used on the anode side. Pt is generally in the form of tiny
particles and these small Pt particles are reinforced on the carbon particles to offer a high

surface area. A catalyst layer showing with Pt supported on carbon is depicted in Figure 1.3.

Ionomer
Carbon
Pt particle
Gas diffusion @] Membrane
layer (GDL)
<

Catalyst layer

Figure 1.3 Catalyst layer [6]
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1.2.3 Gas Diffusion Layers (GDLS)
There are two GDLs bonded to anode and cathode catalyst layers. Usually hydrophobic
carbon fiber paper or cloth is used as GDL and it is called the substrate. A microporous layer
(MPL) with hydrophobic property is applied to the catalyst side of the substrate. The
hydrophobicity is usually attained through application of Poly Tetra Fluoro Ethylene (PTFE).
The SEM images of carbon fiber paper and cloth are shown in Figure 1.4. The following are
some key functions of GDL
e It works as a passageway for transport of the reactants from the flow channels to the
reaction site.
e It works as a passageway for evacuation of product (water) from the reaction site to
the flow channels.
e It works as a heat conductor.

e It conducts the electrons from CL to the current collector via bipolar plate.

The membrane electrode assembly (MEA) is the combination of membrane, CLs and GDLs.

100pm

Figure 1.4 GDL material: carbon cloth (left) and carbon paper (right) [7]

1.2.4 Flow Field Plates (FFP)

Every single PEM fuel cell has two flow field plates (FFP) and MEA is kept in between these
two flow fields and assembled with the help of bolts and nuts. These FFPs are in direct
contact with GDLs. These flow field plates are generally made out of graphite material or

metals. The key purposes of the FFPs are:

[1 To distribute the reactants to the GDLs, and evacuate the unused gases and water from the

cell.

5
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[J To transfer electrons and heat.
(1 To give mechanical strength.

To serve these purposes the FFPs need to be chemically stable, electrically and thermally
conductive, mechanically strong and contamination free. Figure 1.5 shows the commonly

used flow field designs in PEM fuel cells.

mlk - N “h
@) (b) (c) (d)

Figure 1.5 Common flow-fields: (a) Parallel (b) 1-pass serpentine (c) 3-pass serpentine and
(d) Interdigitated [8].

With the help of above, described components a complete fuel cell can be assembled with the
help of bolts & nuts and the exploded view of a complete PEM fuel cell can be seen in

Figure 1.6.

Current collectors

Flow field plates

Membrane Electrode
Assembly (MEA

End Plates

Figure 1.6 Exploded view of a PEM fuel cell
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1.3 Performance of PEMFC

The performance of the PEM fuel cell can be summarized with a graph of its current-voltage
characteristics. This graph shown in Figure 1.7 is called i—V curve (solid line), displays the
voltage output of the FC for a given current output. An ideal FC will generate any quantity of
current at a constant voltage when there is enough supply of reactant gases. In practice, the
real output voltage of a fuel cell is less than the ideal thermodynamically predicted voltage.
Besides that, a further increase in the current drawn results drop in FC output voltage and
limits the total power output. The power (P) output of a fuel cell is given by the product of
current and voltage

P=V+xl (1.4)

Power density curve of a fuel cell can be drawn from the data obtained from fuel cell i-V
curve, which gives the power output of a FC. Power density curves (dotted line) is shown in
Figure 1.7. FC voltage is given on the primary y-axis (left), while power density is given on
the secendary y-axis (right).

- 0.7

- 0.6

-0.5

- 0.4

K i-V curve - 0.3

Fuel cell voltage (V)

0.4 4 s
s B 02

Fuel cell power density (W/cm?)

0.2 4 -
’ - 0.1

0 -lL' T 1 T T T T T JI‘ 0
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Current density (A/cm?)

Figure 1.7 polarization and performance characteristics of a fuel cell [9]
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The current generated in a FC is directly proportional to the quantity of fuel consumed. It is
difficult to keep the fuel cell at a high voltage under the current load. Due to irreversible
losses the output voltage of a practical fuel cell is lower the thermodynamically predicted
output voltage. These irreversible losses are greater while more current is drawn from the FC.
Three foremost types of FC losses given below are shown in the i-V curve of a FC and its

characteristic shape.
1. Activation losses
2. Ohmic losses

3. Concentration losses

\
/—Ideal (thermodynamic) fuel cell voltage
>
@
()]
3
©
=
%
[&]
©
>
L
Activation Ohmic Mass
- region - G— region _pﬁtransport-p
region
VAR

Current density (A/cm?)

Figure 1.8 Polarization curve with irreversible losses of a fuel cell

The actual output voltage of a FC can be composed by beginning with the thermodynamically
predicted voltage output and then deducting the voltage drops due to three losses mentioned

above:

Veeu = Er — Nact — Normic — Neone (1.5)

Enernse = 1.229 — 0.85 + 1073(T — 298.15) + 4.3085 * 1075 T[In( Py,) +1n 0.5 (Py,) (1.6)

8
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Where V,.; is cell output voltage, E, is reversible cell voltage, n,.: IS activation losses,

Nohmic 1S 0hmic 10sses, 1., 1S concentration losses.

These three irreversible losses each add to the characteristic shape of the fuel cell i-V curve.
As illustrated in Figure 1.8, the activation losses majorly influence the first part of the curve,
the ohmic losses are most ostensible in the middle part of the curve, and the concentration
losses are most significant in the tail of the i—V curve. Equation 1.5 helps to characterize and
model the performance of practical fuel cells.

Activation losses

Activation loss is associated to the energy barrier that need to be overcome to start a chemical
reaction. At low current density, the electron transfer rate is sluggish and a bit of the cell
voltage is lost to be able to compensate for having less electro-catalytic activity. The
activation voltage drop can be described as

Vace = 2 In () (1.7)

ip

Where T is Fuel cell operating temperature (kelvin), R is Universal gas constant,o is the
transfer constant, n is number of electrons participated in the reaction, F is Faraday’s constant,

i is cell current density, and io is the exchange current density.

Ohmic losses

Every material comes with an inherent amount of resistance to charge flow. The materials
usual resistance to charge-flow triggers ohmic polarization, which in turn causes drop in FC
voltage. The resistive losses take place in the electrolyte (ionic), electrodes (electronic and
ionic), and terminal connections of the cell (electronic). The ohmic losses (ohmic voltage

drop) can be described as

Vonmic = U * Ronmic (1-8)

Where i is the current density and Ronmic resistivity of membrane. The cell resistance relies
upon membrane water content A mem and cell temperature. On the other hand, the cell
resistance is proportional to thickness of the membrane (tmem) and inversely proportional to
the conductivity of the membrane (omem). Thus resistivity of membrane can be described as

follows
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tmem
Ronmic = (1-9)

Omem

The membrane conductivity greatly depends on membrane water content Amem and cell
temperature Tc. The membrane conductivity can be determined using the following formula

Grem = (0005139 * Aoy —0.00326)exp [1268 * (= — L)| (110)

303 T

Concentration losses

Concentration losses are associated with mass transport limitations (reactants / products). In
this region, the reactants turn out to be consumed at higher rates than the supplied rate
whereas the product amasses at a larger rate than it could be cleared. Eventually, this will
influence the reaction completely and the FC voltage drops to zero

Veone = i(ﬁl * - lax )ﬁz (1.12)

lm

Where S, , B, are constants depends on cell temperature and partial pressure of reactants. £,

can be taken as 2, and B; is defined by Pukrushpan et al.[10] as follows

(7.16 5 107* # T, — 0.622) (-2 + Pyge ) + (—1.45 % 1073 + T, + 1.68)

.~ Po,
0z <
if 1103 Psgr < 2 atm

B1 =3 else (1.12)

(866 1075 » Ty, — 0.068) (-2 + Pyt ) + (— 1.6+ 1073 x Ty + 0.54)

.~ Po,
— >
L if 1103 Psyr = 2 atm

Where Psa is water saturation pressure, Po, is Partial pressure of oxygen and Tr cell

temperature.

1.4 Organization of Thesis

The thesis comprises of 5 chapters, chapter 1 outline a short introduction of PEMFC. The
literature review on PEMFC is provided in chapter 2. The gaps observed from the literature
review and thesis objectives also presented in chapter 2. Both experimental methodology and
computational methodology for PEMFC have been presented in chapter 3. In this chapter the
fundamental concepts behind the electrochemistry modeling, current and mass conservation,

liquid water formation and transport phenomena have been offered. The results of PEM fuel
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cell validation have been achieved through the CFD modelling is provided in chapter 4. Other
results in consort with research objectives are also presented in chapter 4. Finally, the overall
conclusions are drawn out of this research and some recommendations for the future research
are given in chapter 5. Appendix covers research output in the form of peer-reviewed journal

and conference papers.
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CHAPTER 2
2. LITERATURE REVIEW

Significant amounts of theoretical and experimental studies have been carried out by many
researchers on PEM fuel cells (PEMFCs). Experimental tests are commonly used approaches
for understanding and predicting PEMFC performance. Some empirical and mathematical
models also proposed in the literature to comprehend and analyze performance of PEMFCs.
These models usually acceptable with the experimental data by means of a single equation but
they are less precise and trustworthy in envisaging the fuel cell performance. To understand
basic transport processes, more fundamental models were developed to simulate the
performance of PEMFCs. The objective of the current literature review is to overview the
PEM fuel cells development.

For the first time in 1839, Sir William Grove demonstrated the principle of a fuel cell (FC).
After his demonstration, it took almost one decade to re-introduce the FC to the scientific
community. Being enthralled with Grove’s invention, Bacon began working on FCs in 1939
and successfully constructed a FC stack of 6 kW output power 1959 [11]. Later FCs have
been used in the U.S. Space Program for the first time. Furthermore, the FCs were used in the
Apollo Space Program to produce power for life support and communications. Based on
Bacon’s patents, Pratt and Whitney made the fuel cells. General Motors made trials with a FC
operated van by the mid-1960s, in the meantime the U.S. Space Program has continued to
effectively make use of FCs up to today. In the 1960s many industries recognised that the FCs
can be used in different applications, but because of their high manufacturing cost and
technical difficulties, FCs were not have the capacity to monetarily focused with other energy
conversion devices. In the 1980s, the Canadian Government sponsored the preliminary
development work of FCs which was supported by Ballard Power Systems. Later in 1989, the
company decided to concentrate on FC systems for transportation and stationary applications.

2.1 Studies on 1-D and 2-D PEMFC models

Gurau et al.[12] presented a mathematical model of a PEMFC and obtained strenuous
analytical results of the model. Their modeling domain comprises of cathode flow channel,
gas diffusion layer (GDL), catalyst layer (CL), and the membrane. Beginning with oxygen
transport equations and Ohm’s law for proton movement, expressions for the oxygen

distribution in the flow channel, GDL, CL, current density in the CL and membrane
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phasepotential have been derived. Bernardi & Verbrugge [13] presented a mathematical
model of the solid polymer electrolyte FC to (i) examine causes which are limiting the FC
performance and (ii) explain the mechanism of species transport in the intricate network of
gas, liquid, and solid phases of the FC. Parthasarathy et al. [14] examined the temperature
dependency on the kinetics of the reduction of oxygen Kkinetics at the platinum/Nafion
interface of PEM fuel cell and they derived empirical relationships between the exchange
current densities and the transfer coefficients as a function of temperature. Amphlett et al.
[15] presented a generalized steady-state electrochemical model of the PEMFC and
investigated the polarization curve empirically. The empirical relationship permits the
prediction of cell voltage, so that it is possible to avoid complicated numerical computations
in the estimation of activation and ohmic overpotentials. However, the empirical model is
inadequate in capturing the internal resistance of the membrane and the proportion of water in
the cathode catalyst layer, since the latter is a function of the temperature and the results
calculated by using Amphlett’s model are valid only for the isothermal situation.

Kim et al. [16] presented an empirical model which fits into the entire polarization curve of
the PEMFC. The authors found that addition of an exponential term be responsible for
compensation for the mass-transport region at high current densities. Kazim et al. [17]
presented a 2-D steady state PEMFC model with conventional and interdigitated flow fields.
The outcomes of this model uncovered that limiting current density of interdigitated flow
field fuel cell is about 3 times the limiting current density of the conventional flow field fuel
cell. Mann et al.[18] developed a generalised steady-state electrochemical model (GSSEM)
which is more extensive in pertinence than the previous steady state electrochemical models
(SSEM) of Amphlett et al. [15]. It now holds the ability to deal with PEMFCs of any active
area and Nafion membrane thickness. Fowler et al.[19] modified the genaralised steady-state
electrochemical model (GSSEM) of Mann et al.[18] with incorporation of voltage degradation
term to estimate the durability of fuel cells and named this model as generalised steady-state
electrochemical degradation model (GSSEDM). Wang et al.[20] developed a spherical
flooded-agglomerate model for the cathode CL of a PEMFC. This model incorporates the
kinetics of oxygen reduction at the interface of catalyst-membrane, proton transportation
through the membrane, the oxygen diffusion through pores, and the dissolved oxygen
diffusion through membrane. The studies (1-D and 2-D models) presented so far require

number of simplifications due to limitations of the numerical techniques.
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2.2 Studies on 3-D PEMFC models

Dutta et al. [21] developed a first true three-dimensional (3-D) numerical model based on the
commercial CFD software ANSYS-FLUENT to aid in understanding of gas flow, species
transport, and electrochemical aspects of a fuel cell. Berning et al. [22] developed a
nonisothermal 3-D, single-phase model using the CFD program CFX-4.3 (AEA Technology).
This model consist of the gas flow channels, GDLs, and membrane; the CLs were treated as
interfaces. Kumar & Reddy [23] developed a computational 3-D half-cell PEMFC model to
study the impact of different channels sizes and shapes in the flow-field. Their channel study
results showed that high fuel consumptions (=80%) were obtained with optimum channel
depth and width as well as land width were close to values of 1.5, 0.5 and 1.5 mm,
respectively. The channel shapes study results revealed that channel cross-section in
triangular and hemispherical shape caused an improvement in hydrogen consumption around
9% at the anode.

Berning & Djilali [24] developed a 3-D single-phase model of a PEMFC and studied the
influence of cell operational and material parameters on the cell performance.
Nguyen et al.[25] presented a 3-D computational fluid dynamics model of a PEMFC with
serpentine flow field channels using the CFD program CFX-4.3. A distinctive feature of this
model is the implementation of VTC (voltage-to-current) algorithm, which allows for a far
more accurate three-dimensional variation of the electrochemical kinetics. Furthermore, the
3-D activity of the catalyst layer is also considered in this model. Lum & McGuirk [26] build
up a steady-state, 3-D model of a complete PEMFC and carried out some parametric studies,
such as variation of electrode thickness, shoulder width, degree of permeability and oxidant
concentration on cell performance. Lin & Beale [27] developed a 3-D full model and a hybrid
model for an industrial PEM fuel cell to predict water transport distribution within the cell
and also the impact of oversaturation and dehydration on either side of the membrane, on the
overall cell performance. Yan et al.[28] proposed a 3-D PEMFC model with a novel straight
channel tapered in height or width to increase the fuel utilization efficiency. The results
revealed that the tapered channel designs enhance fuel velocity, fuel transport through porous
layers, fuel utilization, and the liquid water removal capability.

Yan et al. [29] build up 3-D PEMFC models to investigate the performance with various flow
field designs such as parallel flow field, parallel flow field with baffles, Z-type flow field, Z-
type flow field with baffles and serpentine flow field. The authors reported that parallel flow
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field with baffles offers less pressure drop and best performance. Liu et al. [30] presented an
isothermal, steady-state, 3-D multicomponent transport model for PEMFC with straight gas
channels and their findings revealed that the distribution patterns are moderately uniform at
low current densities and are non-uniform at high current densities because of the mass
transfer limitation. Jang et al. [31] developed a 3-D numerical PEMFC models with parallel
flow field, Z-type flow field, and serpentine flow fields to investigate the performance as well
as transport phenomena of the PEMFCs. The authors reported that the PEMFC with
serpentine flow field offered best performance, followed by Z-type flow field and then
parallel flow field. Sadiq Al-Baghdadi [32] also developed a full 3-D, non-isothermal CFD
model of a tubular in shape PEMFC to study the transport phenomena. Wang et al.[33]
developed a 3-D numerical PEMFC model and investigated the local transport phenomena
and performance of the cell using parallel and interdigitated flow fields. The results of the
studies shown that the performance of PEMFC with interdigitated flow field is superior over
the PEMFC with parallel flow field.

Weng et al.[34] presented a 3-D PEMFC model with contracted outlet flow channels to
analyze the performance of the FC and the local transport phenomena. The authors reported
that the contracted channel design ameliorate the reactant velocities, which enhances liquid
water evacuation and increases reactant utilization. Rismanchi & Akbar [35] also presented a
3-D PEMFC model with square cross section straight flow channels to study the flow
structure, species concentrations and current distribution inside the cell. Wang et al.[36]
presented a full 3-D, two-phase transport model for PEMFCs based on the two-fluid method
to examine the influence of gas channel aspect ratio on the performance of FCs with one pass
and three pass serpentine flow field. The results revealed that enhancement in the cell
performance can be obtained with decrease in the aspect ratio and the aspect ratio has less
influence on the performance for the three-pass serpentine flow field PEMFC than one pass
serpentine flow field PEMFC because of the weaker under-rib convection. Manso et al. [37]
presented a 3-D CFD model for PEMFC with serpentine flow field to examine the influence
of the flow channel’s aspect ratios, varying between 0.07 and 15. The study concluded that
the channel with high aspect ratio displayed more uniform current distributions, moderate
temperature distribution gradients, and higher water content in the membrane than channel

with low aspect ratio.
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Robles et al. [38] developed a single phase 3-D PEMFC model with a flow field path in the
shape of 1, 2, 3, 4, 6, and 8 concentric spirals. The authors found that model with 4 spirals is
best geometry due to the more uniform current density distribution, a uniform water
distribution, and relatively small pressure drop. Choi et al.[39] presented a 3-D PEMFC with
serpentine flow field having five flow passes to examine the influence of flow channel height
and width on pressure drop and liquid water removal. The authors noticed reduction in the
pressure drop with increase in channel height and width. The authors also noticed that the
increase in the channel width caused quicker liquid water removal than when the channel
height increases. Khazaee & Ghazikhani [40] built a duct-shaped PEMFC numerical model
and investigated the influence of number of connections between bipolar plate (BP) and GDL
on the cell performance and species distribution. The study concluded that increase in the
number of connections between BP and GDL caused increase in the cell performance,
utilization of hydrogen, oxygen and water generation

Sierra et al. [41] conducted a 3-D numerical analysis on a PEMFC model using serpentine,
interdigitated and straight channels adapted to tubular plates. The authors compared the
numerical results with literature data described for analogous designs and the results reveal
that the conventional flow channel designs have several benefits (uniform pressure and
current density distributions) over the rectangular designs. Performance and flow
characteristics of bigger-size PEMFC (cell active area 300 cm?) having branch channel were
studied by Han et al. [42] through simulation and experiments. The branch channel (f=0.5)
performance is compared with serpentine channel performance and found that the
performance of branch channel was analogous to serpentine channel performance. Also found
that the pressure drop in the branch channel is less by 52.5% than serpentine channel.
Limjeerajarus & Amornkitt [43] numerically studied the effect of six flow field designs
namely 1-S, 3-S, 5-S, parallel, 3-PIS and 5-PIS as well as number of channels on performance
of a small PEMFC (5 cm? active area). The authors reported that: i) 1-S flow field gave the
highest performance and uniformity whereas the parallel flow field gave the least
performance, ii) with the same number of channels, the parallel in series (PIS) flow fields
performance is superior than the multi-channel serpentine flow field. Rostami et al.[44]
developed a single phase model of PEMFC with serpentine flow field and studied the effect
of bend size (from 0.8 mm to 1.2 mm) on the cell performance. The study concluded that

bend size of 1.2 mm has an improved performance when matched with the other bend sizes.
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Paulino et al.[45] presented a CFD based 3-D PEMFC model with single channel and studied
the effect of channel cross section (rectangular, trapezoidal and hybrid stepped geometries) on
performance and water management of the cell. The results revealed that the performance of
rectangular channel FC was slightly higher than stepped and trapezoidal channel FCs while
water management behavior of stepped and trapezoidal channel FCs was superior than the

rectangular channel FC.
2.3 Studies on PEMFC flow field designs

Nguyen [46] developed a non-conventional flow channel to enhance the mass-transport of the
reactants from the flow channels to the porous electrodes and to decrease the cathode
electrode water flooding. Kazim et al.[17] presented a simple 2-D PEMFC model to explore
the influence of conventional and interdigitated flow fields on cell performance. The
outcomes demonstrate that limiting current density of interdigitated flow field PEMFC is 3
times the limiting current density of conventional flow field PEMFC. Dutta et al. [21]
developed a first true 3-D PEMFC with straight channel and studied the gas flow, species
transport, and electrochemical aspects of the cell. The authors also studied the performance of
the cell with and without inclusion of GDL. The results indicated that addition of gas
diffusion layer (GDL) generates a lower and more uniform current density compared to case
without GDL. Kazim et al.[47] inspected the effect of cathode operating conditions on the
performance of PEMFC with an interdigitated flow field. The operating conditions include
cathode porosity, inlet oxygen mole fraction, operating temperature and pressure. The results
demonstrate that increasing the porosity of the GDL as well as mole fraction, operating
pressure or temperature of the oxygen increase the overall performance of the fuel cell.

Kumar & Reddy [48] studied the effect of different flow field designs, viz. (1) serpentine; (2)
parallel; (3) multi-parallel; and (4) discontinuous on the steady state and transient state
performance of PEMFC through simulations. The study concluded that multi-parallel design
steady state and transient state performance was better than other three designs. Yan et al.[28]
proposed a novel flow channel design having varying cross-section for PEMFCs and studied
the influence of the taper ratio of channel height and width. The results revealed that the flow
area variation along the flow channel contributes to observable influence on the reactants
velocity in flow channel, liquid water removal capability, the reactants transportation and
consumption, and the cell performance. The best performance was achieved at the height

taper ratio of 0.5 and the width taper ratio of 1.8 among the taper ratios studied.
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Yan et al. [29] developed 3-D PEMFC models to investigate the performance with several
flow channel designs viz. parallel flow field, parallel flow field with baffles, Z-type flow
field, Z-type flow field with baffles and serpentine flow field. The results revealed that
parallel flow field with baffles offered less pressure drop and best performance. Sun et al. [49]
presented a 3-D numerical PEMFC model with trapezoidal cross-sectional shaped single 3-
pass serpentine flow field to study the pressure distribution and flow cross-over through GDL.
The results revealed that increase in channel size ratio (R=B/A), increases the flow cross-over
through GDL and this increase in the flow cross-over decrease the pressure drop across the
channel. Shimpalee et al.[50] developed a 200 cm? active area PEM fuel cell 3-D numerical
models with (a) 3-channel serpentine, (b) 6-channel serpentine, (c) 13-channel serpentine, (d)
26-channel serpentine, and (e) 26-channel complex serpentine flow fields to study the impact
of channel path length on species distribution and performance of the cell. The model results
concluded that with smaller path lengths or more number of channels helps to achieve more
uniform local temperature, water content, and current density distribution.

Su et al. [51] developed a 25 cm? active area 3-D PEMFC model with straight and serpentine
flow field plates to study the influence of step depth on pressure drop and mass transfer
phenomena. The authors observed i) an increase in the performance and pressure drop with
the number of step-depths in the straight flow pattern, ii) no increase in the performance and
pressure drop with the number of step-depths in the serpentine flow pattern. Hongthong et al.
[52] developed a 3-D, single phase, compressible and isothermal PEMFC models of 5 cm?
active area and examined the impact of the geometry and pattern of the flow channel on the
performance of the FC. The results demonstrate that the change in channel geometry has no
impact on the FC performance and interdigitated flow channel pattern offers a higher limiting
current density and performance than the conventional flow channel pattern on the cathode
side. Al-baghdadi & Al-janabi [53] developed a full 3-D, non-isothermal CFD model of a
PEMFC with straight flow field channels to study species transport, heat transfer,
electrochemical kinetics, and the water transport through the membrane. Ferng & Su [54]
developed a 3-D CFD model of PEMFC with different types of flow field channels namely
parallel and serpentine flow channels, single-path and multi-path flow channels, and uniform
depth and step-wise depth flow channels to study their effect of cell performance. The results
confirmed that the parallel flow channel with the step-wise depth design significantly
promotes the cell performance.
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Wang et al. [33] developed a 3-D numerical PEMFC model and investigated the local
transport phenomena and cell performance using parallel and interdigitated flow fields. The
results revealed that the performance of PEMFC with interdigitated flow field is superior over
the PEMFC with parallel flow field. Yan et al. [55] presented a 3-D full PEMFC model with
serpentine flow field to analyze the effects of the channel height and length contraction ratios
on the cell performance. The authors concluded that i) when the power losses because of
pressure drops are neglected, the performance of the cell having the contracted outlet channel
keep on increase, ii) when the pressure losses are considered, the optimum performance is
attained at a height contraction ratio of 0.4 and a length contraction ratio of 0.4.

Weng et al.[34] developed a 3-D PEMFC model with contracted outlet flow channels to
analyze the performance and the local transport phenomena of the FC and the reaults
indicated that the contracted channel design enhances the reactant velocities in the contracted
area, which enhances liquid water removal and increases reactant utilization. Jeon et al. [56]
conducted CFD based simulations for 10 cm? active area PEMFC with four types of
serpentine channels namely single channel, double channel, cyclic-single channel, and
symmetric-single channel to examine their influence on performance of the PEMFC. The
simulation results revealed that double serpentine channel performs better at high humidity
inlet conditions while at low humidity inlet conditions cyclic-single channel and symmetric-
single channel flow-field performs better. Min [57] presented a 3-D model of PEMFC with
stepped flow field channel and carried out simulations. The results reported that the stepped
flow field increases the reactant concentration distribution, local current density distribution,
water vapor concentration distribution and performance of the FC.

Wang et al. [36] presented a full 3-D, two-phase transport model for PEMFCs based on the
two-fluid method to examine the influence of flow channel aspect ratio on the FC
performance using single (1-S) and triple serpentine (3-S) flow field designs. The results
revealed that for both designs, the performance of the FC increases with reducing the aspect
ratio. Iranzo et al. [58] conducted experiments on a 50 cm? PEMFC under various operating
conditions and with different flow field designs to study the performance. The authors
reported that the PEMFC with serpentine flow field perform is superior than the PEMFC with
parallel flow field and supply of pure oxygen and humidified reactant also improved the
PEMFC performance. Carton & Olabi [59] conducted DOE study on a 14.45 cm? PEM fuel

cell with serpentine, parallel and maze type flow plate designs under different operating
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conditions (Hz flow rate, O, flow rate and the inlet H. pressure). The results show that the
serpentine flow plate design is more effective design than the maze or parallel flow design
and the parallel flow design performed fairly well at high inlet pressures but over-all statically
the serpentine flow plate achieved better performance.

Bansode et al. [60] carried out computational and experimental studies on a PEMFC using 3
types of flow fields (parallel, serpentine, and mixed). In addition, they studied the effect of
flow rate and temperature on cell performance. The results indicated that the mixed flow field
offered best electrochemical performance as well as moderate pressure drop compared with
the parallel and serpentine flow-fields. Wang et al. [61] presented a 3-D, two-phase PEMFC
model with serpentine flow field and studied the influence of cathode channel size on the FC
performance. The numerical predictions revealed that smaller cross-sectional area channels
enhanced the liquid water removal and optimal performance obtained with a 0.535x0.535
mm? cross-sectional area flow channel when pressure drop losses are considered.

Fontana et al.[62] developed a complete 3-D PEMFC model to investigate the effects of non-
uniform cross-sectional area flow channels on the FC performance. The results reveal that an
inclination of 0.75° in the flow channel improves the current density by approximately 9.5%
and the power density by 8% and the pressure drop in the flow channel increase by factors of
about 2 and 3.5 for angles of 0.5° and 0.75°, respectively. Yan et al. [63] fabricated a 256 cm?
active area PEMFC with serpentine flow field and conducted experiments with two
membranes namely PRIMEA 5621 and PRIMEA 57. The authors found that the PRIMEA 57
membrane performance is better than the PRIMEA 5621 membrane. Suresh et al. [64]
developed a flow field which is based on the enhancement of the local cross-flow conditions
in a split serpentine flow field and concluded that split serpentine flow field enhances the
cross flow, reduces the total pressure drop, increases the stoichiometric ratio and provides
higher current as well as power.

Chiu et al. [65] presented a 3-D numerical PEMFC model with parallel, interdigitated and
serpentine flow fields to examine performance and transport phenomena. The authors also
examined the influence of channel geometry and size on the cell performance and water
activity in the channels. The results revealed that decrease in channel height caused increase
in water removal rate and decrease in cell performance and parallel flow channel width
increase resulted drop in the cell performance due to low gas velocity with less water

removal. Jang et al. [66] proposed spiral channels for PEM fuel cells and conducted both
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simulations and experiments to evaluate the performance of PEMFC using spiral and
serpentine flow channels. The authors compared the spiral and the serpentine channels results
and found that cell with spiral channel performs better than cell with serpentine channel due
increased heat and mass transfer and reduced pressure drop in the channels.

Sreenivasulu et al. [67] conducted experimental study on a PEMFC with three types of flow
fields (4-Serpentine, interdigitated and dual inlet and single outlet flow channel) to explore
the effect of back-pressures on FC performance. The results indicated that highest PEMFC
performance can be obtained using 4-Serpentine flow channel and with and without back-
pressure. Additionally, the performance of twin inlet and single outlet flow channel PEMFC
is better than the interdigitated channel PEMFC at higher back pressures. Liu et al. [68]
conducted experimental study on single cell PEMFC and PEMFC stack to examine the
influence of different flow field designs on performance. The study found that PEMFC with
serpentine flow fields exhibited paramount performance than other designs, while the PEMFC
with spiral flow field design exhibited the poor performance. Khazaee [69] conducted
numerical and experimental investigations on 25 cm? active area PEM fuel cell to study the
effect of rectangular, triangular and elliptical channel geometries on cell performance. Both
numerical and experimental results reveal that PEMFC with rectangular geometry channel
performed better than the cells with triangular and elliptical geometry channel.

Torkavannejad et al. [70] developed circular, square and octagonal duct-shaped PEMFCs and
analysed their performance numerically. The results indicated that the performance of square
duct shaped PEMFC is better circular and octagonal duct shaped PEMFCs. Performance and
flow characteristics of large-sized PEMFC ( active area 300 cm?) having branch channel
were studied by Han et al. [42] through simulation and experiments. They compared the
performance of branch channel (f=0.5) with serpentine channel and found that the
performance of branch channel was similar to serpentine channel performance. In addition,
they found that the pressure generated inside the branch channel is lower by 52.5% than
serpentine channel.

Iranzo et al. [71] conducted experiments on a 50 cm? PEMFC with multi-pass serpentine flow
field channels to examine the influence of orientation (horizontal and vertical) on liquid water
distribution and cell performance. Their results reveal that the configuration with horizontal
cathode flow field channels gives a better cell performance and prevents the blocking of flow
channels with liquid water. Li et al. [72] proposed waved serpentine flow field (WSFF)
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channels for PEM fuel cells and conducted both numerical as well as experimental studies.
The results reveal that WSFF channel offered less pressure drop and better performance than
conventional serpentine flow field (CSFF) channel. WSFF channel also enhanced the oxygen

transport and liquid water removal.
2.4 Studies on PEMFC design and operating parameters

The performance of fuel cells is known to be affected by various cell operating and design
parameters, for example, temperature, pressure, humidification of the reactant gases, cell
components dimensions, shape. It is essential to be acquainted with the impacts of these
parameters on cell operation to enhance cell performance. In this regard, it is useful to
recognize the operating conditions that offer the maximum possible power output with respect
to the chosen current density. With regards to the current density, the operating conditions to
attain the maximum power are different, and thus it is useful to know the complete operation
map of the PEMFC. Figure 2.1 shows the various design and operating parameters which
affect the FC output.
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Figure 2.1 Factors affecting the fuel cell output
For safe and efficient operation of PEM fuel cells, the influence of operating parameters such
cell temperature, gas humidification temperature, pressure, gas flow rate need to be study and
optimize in addition to design parameters such as dimensions of flow channel, membrane,

catalyst loading, and gas diffusion layers. It is well known that both membrane dehydration
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and flooding can limit the performance of PEM fuel cells, and therefore it is very important to
understand the water and thermal management of fuel cell and their effects on the cell’s
performance. Wang et al. [73] experimentally examined the influence of different cell
operating temperatures, different cathode and anode humidification temperatures, different
operating pressures on performance of 7.2x7.2 cm active area single PEM fuel cell. They
concluded that the cell performance improves with the increase of cell operating temperature
and pressure. The authors also concluded that anode humidification temperature has great
impact on the FC performance at lower current densities and no effect at higher current
densities. While the cathode humidification temperature impact is not significant on the FC
performances, particularly at higher current densities.

Berning & Djilali [24] developed a 3-D single-phase model of a PEMFC and studied the
influence of operating and cell material parameters on the fuel cell performance. The study
found that both cell operating temperature and pressure has positive influence on cell
performance. Kazim et al. [47] investigated the influence of cathode operating conditions viz
cathode electrode porosity, inlet oxygen mole fraction, cell temperature and pressure on the
performance of PEMFCs using an interdigitated flow field. The results demonstrate that
increase in the porosity of the gas diffusion layer as well as mole fraction, temperature or
pressure of the oxygen increase the overall performance of the FC.

Kumar & Reddy [23] developed a computational 3-D half-cell PEMFC model for predicting
the effect of different channels dimensions and shapes in the flow-field plate. Their studies on
effect of channel dimensions showed that high fuel consumptions (=80%) were obtained with
optimum channel width, land width and channel depth were close to values of 1.5, 0.5 and 1.5
mm, respectively. The investigations on the influence of channel shapes revealed that
triangular and hemispherical shaped cross-sections increase in the hydrogen consumption by
around 9%. Wang & Liu [74] conducted both experimental and numerical studies on a
interdigitated flow field PEM fuel cell (50 cm?) to investigate the influence of different cell
temperatures, humidification temperatures, backpressures and mass flow rates on cell
performance. The authors concluded that the increase in cell temperature showed positive
influence on cell performance when sufficient humidification is provided and negative
influence when sufficient humidification is not provided. The authors also concluded that
with the increase in the anode and cathode humidification temperature, operation pressure and

reactant flow rate, the cell performance improves.
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Hsieh et al. [75] experimentally examined the effect of different operating temperature and
backpressure on a micro PEMFC performance with three different flow field configurations
(interdigitated, mesh, and serpentine) and reported that increase in the temperature and
backpressure caused increase in the cell performance. Yan et al. [76] conducted experimental
studies on 198.1 cm? active area PEM fuel cell with different flow field designs to investigate
the influence of flow channel dimensions and operating parameters on FC performance. The
authors observed decrease in the cell performance with increase in the cell temperature (from
50 to 70°C). The authors also observed that increase in the cathode humidification and
cathode gas flow rate increase the FC performance.

Amirinejad et al. [77] conducted experiments on a 5 cm? active area PEMFC by varying
operating conditions to study their influence on cell performance. The results iindicated that
temperatures, pressures, and reactants humidity could drop the mass transport limitations and
increase the performance of the FC. Yu et al. [78] carried out parametric analysis for a 25 cm?
PEMFC performance using design of experiments (DOE). The study revealed that the
operating pressure, the operating temperature, and the interaction between these two
parameters have a noteworthy influence on the FC performance. Yan et al. [79] conducted
experiments with Core 5621 and Core 57 MEAs for a 256 cm? PEMFC to study the influence
of operating temperature on FC performance. The authors found that the FC performance
improvement with an increase in cell temperature when the FC temperature is less than the
humidification temperature. On the otherhand when the cell temperature is higher than the
humidification temperature, the FC performance decreased with increase in cell temperature.
Tohidi et al. [80] developed a 1-D, steady state and isothermal PEMFC model to investigate
the influence of different parameters such as relative humidity, temperature, pressure,
membrane thickness, and stoichiometric flow ratio of anode and cathode on FC performance.
The authors reported that the cell performance improves with increase of the operating
pressure, temperature, anode and cathode stoichiometric flow ratio. While the performance of
the FC can decrease by decreasing the relative humidity of inlet gases and increasing the
membrane thickness. Ting et al. [81] build up a PEMFC using Au-coated Ni-foam as the
bipolar plate and studied the influence of operating parameters on the cell performance.
Among the operating parameters, the effect on the cell performance, from most significant to
least, is as follows: cell operating temperature, cathode humidification temperature, cathode-

gas stoichiometric ratio.
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Platinum (Pt) is a rare and costly metal, therefore reducing its loading without losing
performance has always been a main goal. Both the electron transfer coefficient and exchange
current density are platinum loading dependent. Zahari & Aziz [82] studied the performance
of PEMFC at different catalyst loadings (0.3, 0.35,0.40, 045 and 0.50 mg/cm?). The authors
obtained best fuel cell performance at 0.50 mg/cm? platinum loading in both anode and
cathode. Okafor & Mogbo [83] also studied the performance of 50 cm? PEMFC at 0.5
mg/cm? and 1.0 mg/cm? Pt loadings. The authors found that MEAs with 1 mg/cm? Pt loading
offered lower ohmic resistance, activation resistance, and total cell resistance than MEAs with
of 0.5mg/cm? Pt loading. Meng et al. [84] studied the effect cathode platinum loading (0.1, 0.2
and 0.4 mg/cm?) and backpressure (100, 150 and 200 kPa) on PEMFC performance. The
results revealed that increase of Pt loading decreased the transport losses under the equivalent
backpressure. They also reported that increase in the backpressure enhanced the cell
performance, and this improvement in performance is more noticeable at a low Pt loading.
Gazdzicki et al. [85] examined the impact of the Pt loading on the performance and
degradation of a 19 cells PEMFC rainbow stack and varied the platinum in the range of
0.05-0.20 mg/cm? on the anode and 0.15-0.40 mg/cm? on the cathode. The study concluded
that the cell performance is independent of the anodic Pt loading for current densities up to
1.4 A cm? and the performance drops significantly for cathodic Pt-loadings < 0.2-0.25
mg/cm? and for current densities > 1.0 A/cm?.

Chen et al. [86] numerically examined the effects of various bend angle and width of the flow
channel for a 25 cm? active area PEMFC performance. The authors reported that flow channel
with the combination of 60 deg and 120 deg, attains the peak performance due to the highest
mass diffusion rate, especially at low operating voltage regime. Takalloo et al. [87]
numerically and experimentally examined the effect of inlet gas humidification and inlet gas
flow rate on the performance of PEMFC. The study concluded that increase in inlet gas
humidity improve the performance because of drop in ionic resistance of the membrane and
increase in inlet gas flow rates to a particular level will increase the diffusion possibility for
gaseous forms and helps to improve the cell performance. Ozen et al. [88] experimentally
investigated the effects of operation conditions on the performance of a 25 cm? PEM fuel cell
and presented the results along with a detailed literature review on the allied topics. The
results indicated that the FC performance could be ameliorated with enhancing the relative
humidity (RH) and temperature of the inlet gases and the cell operating temperature.

25
Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S), INDIA I



2.5 Research gaps identified from the literature review

e Full 3-D modeling taking into account Round Corner Serpentine Flow Fields
(RCSFFs), electrochemical reactions, and charge flow (electrons and protons) in all
regions of single PEM fuel cells, with a detailed comparison of the simulation results
with experimentation has not been studied comprehensively.

e The experimental studies on the effect of active area and catalyst loading on the
performance of PEMFCs are relatively less.

e Experimental studies on the effects of operating parameters such as reactant flow
rates, cell and gas temperatures, and gas humidification temperatures on performance

of the larger active area PEMFCs are very less.

2.6 Objectives of the present research work

The objectives of the present work are

e To develop 3-D CFD model of PEM fuel cell having active area 49 cm? (7cm x 7cm),
84 cm? (7cm x 12cm) and 119 (7cm x 17cm) cm?.

e To investigate the effect of single serpentine (1-S), double serpentine (2-S) and triple
serpentine (3-S) flow fields on fuel cell performance using Ansys Fluent.

e To investigate the cell performance experimentally by incorporating 1-S, 2-S and 3-S
flow fields for three active area fuel cells and validate the simulation results with
experimental results.

e To analyze experimentally the effect of membrane thickness, cell active area and
catalyst loading on cell performance.

e To experimentally investigate the influence of operating parameters namely cell
temperature, reactants humidification temperature and reactants flow rate on the

performance of FCs.

26
Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S), INDIA I



CHAPTER 3

3. METHODOLOGY
3.1 Computational methodology

Computational evaluation of PEM fuel cell performance includes three major steps. The first
step is modeling the geometry of the PEMFC by means of computer-aided design software.
The geometrical model forms the basis for creating a computational mesh. The second step
involves generating the mesh from the geometry. In order to solve the numerous of equations
associated with a fuel cell simulation, the entire cell is split into a finite number of discrete
volume elements or computational cells. The relevant equations are then solved in each
individual cell and integrated over the computational domain to give a solution for the entire
domain. Generating a good mesh is one of the challenging steps. It needs a careful balance of
generating adequate computational cells to capture the geometry without exceeding the
available memory of the meshing computer. Many other factors must also be considered in
order to create a computational mesh which delivers archetypal results when simulated.

The third and final step involves inputting the various physical and operating parameters of
the simulation. Some of these include thermal and electrical properties of the various
materials, operating temperatures and pressures, inlet gas flow rates, open circuit voltage,
porosity, and humidification among many others. The flow chart of the computational

methodology can be seen in Figure 3.1.
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Development of 3-D PEMFC models
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Figure 3.1 Flow chart of computational methodology
3.1.1 Modeling assumptions
The developed models were assumed as 3-D, steady and isothermal. The reactants at inlet to
the channel assumed as perfect gases, the flow is laminar, incompressible and the porous
layers assumed as isotropic and the thermo-physical properties assumed as constant [89].
3.1.2 Governing equations
Fundamental conservation equations such as conservation of mass, momentum and charge

were used to develop a mathematical model for PEMFC. Conservation of energy equation
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was not considered as the model was assumed as isothermal. The PEMFC was examined in
four parts: flow channels, GDLs, CLs and the membrane.
Flow channel

Continuity equation for mass transport in a flow channel is

p(u.V)u+Vp—V.n(Vu+ (Vu)’) =0 (3.1)
V.(pu) =0 (3.2)
Maxwell-Stefan relation describes the mass transport of the species

Gas diffusion layer
The phenomena taking place in the GDL may be explained by Darcy’s law. Continuity

equation with generation term

p(u.V)u+ Vp —V.n(Vu + (Vu)T) = —klu (3.4)

A charge balance must be performed in the GDL
v.(kve) =0 (3.5)
Catalyst layer

A simplified Butler-Volmer equation is adapted to calculate local current density at the anode

and cathode.

0.5

, , C atac

io = ig* <<f) [ Fna]) =0 (36)
Hp
o \0S

. . 2 CF C

i, =18 <<cgoef) [exp (— %)]) =0 (3.7)

2

Electrolyte
Charge balance of the electrolyte by neglecting crossover of gases

V.(k,V®,) = 0 (3.8)
Net water flux through the membrane

Ny = ngMpy,o =~ V.(pD,,Vc,) (3.9)

The water diffusivity in the membrane

D, =13 %10 Vexp[2416 (- —2)|  (3.10)

Water content inside the membrane is related to water vapor activity which affects the

membrane protonic conductivity[90].
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A =0.043 + 17.18a — 39.85a* + 36a? ifa<1 (3.11)

A=14+14(a-1) ifa>1 (3.12)
q =2t (3.13)
MEM
ay = % (3.14)
MEM
ap = (3.15)

3.1.3 Development PEM fuel cell models

The first step in the development of FC model is modeling of individual parts of the three
active area PEMFCs such as current collector, gas diffusion layer, catalyst layer (for anode
and cathode) and a membrane (PEM) in SOLIDWORKS 2010. These parts have been
assembled to get the complete fuel cell assembly. The geometric dimensions of these
components have been given in Table 3.1. The exploded view of the PEMFC with proposed

serpentine flow fields is shown in Figure. 3.2.
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Figure 3.2 7 cm x 17 cm size single (top), double (middle) and triple (bottom) serpentine
flow field designs
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Figure 3.3 7 cm x 12 cm size single (top), double (middle) and triple (bottom) serpentine

flow field designs
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Figure 3.4 7 cm x 7cm size single (top), double (middle) and triple (bottom) serpentine flow

field designs
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7x7 PEMFC with 1-S FPP 7x12 PEMFC with 2-S FPP

1- Anode Flow Field

2- Cathode Flow Field

3- Anode Gas Diffusion Layer
4- Cathode Gas Diffusion Layer
5- Anode Catalyst Later

6- Cathode Catalyst Layer

7- Membrane (PEM)

7x17 PEMFC with 3-S FPP

Figure 3.5 Exploded view of three active area PEMFCs with serpentine flow fields
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Table 3.1 Geometric dimensions of three PEM fuel cells

PEMFC 1 | Gas diffusion layers (GDL) 7 7 0.025[91]
(7x7 cm?) Catalyst Layer (CL) 7 7 0.005[91]
Membrane 7 7 0.00175[92]
Channels 7 0.1 0.1[93]
Rib 7 0.1 0.1[92]
PEMFC 2 | Gas diffusion layers (GDL) 12 7 0.025[91]
(7x12 cm?) Catalyst Layer (CL) 12 7 0.005[91]
Membrane 12 7 0.00175[92]
Channels 12 0.1 0.1[93]
Rib 12 0.1 0.1[92]
PEMFC 3 | Gas diffusion layers (GDL) 17 7 0.025[91]
(7x17 cm?) Catalyst Layer (CL) 17 7 0.005[91]
Membrane 17 7 0.00175[92]
Channels 17 0.1 0.1[93]
Rib 17 0.1 0.1[92]

Table 3.2 Naming conventions for boundary surfaces

Anode flow channel Inlet
Outlet

mass_flow _inlet_a

pressure_outlet_a

Cathode flow channel | Inlet | mass_flow_inlet_c

Outlet | pressure_outlet_c
Anode side electrical contact terminal_a
Cathode side electrical contact terminal_c

The second step is generating high quality mesh using ANSYS WORKBENCH
MESH. The computational domain is divided into a number of elements as shown in
Figure. 3.6. Named selections are required to define the boundary conditions of the mesh and
naming conventions used are specified in Table 3.2. Refinement of mesh greatly influences

the solution. So, the grid independency test is carried out with three different mesh sizes
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namely coarse, medium and fine. The current generated in the MEA is simulated with three

different mesh sizes, is shown in Figure 3.7 and noticed very nominal variation of 0.3% in the

results. Therefore, mesh with medium size is considered for all the simulations to save

computational time and space. Now this mesh can be exported to solver.

Figure 3.6 Computational mesh of 2-S PEMFC

29,5
29.2
%:28.9
S 286
3 283
28

Medium

Fine

Grid Size

Figure 3.7 Grid test

The third step is to define the boundary conditions with thermo-physical and operating
parameters of PEMFC for solving the reaction kinetics. Some of these include gas flow rates,

operating pressures and temperatures, heat flux rates, resistances and load. These parameters

are not fixed and these will be changed with the requirements of the simulation and the
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materials used. The type of models which can be incorporated in the simulation include joule
hating, reaction heating, electrochemistry sources, Butler-Volmer rate, membrane water
transport, multiphase, multi-component diffusion and anisotropic e-conductivity in porous

electrode. A detailed computational procedure is given below.

3.1.4 Computational procedure

The simulation setup is initiated by loading fuel cell module. This is accomplished by typing
the following command into the Text User Interface (TUI) and pressing the Enter
key./define/models/addon-module 3. Once the module is loaded, it is important to test the
mesh with the default settings first. The basic parameters have to be set first. To set operating
parameters (Table 3.6) and material properties (Table 3.7), open the Fuel Cells & Electrolysis
— PEMFC module as shown in Figure 3.7.

Table 3.3 Operating parameters used in simulation

Specifications Value
Mass fraction (H2/02/H20) on anode 0.6/0/0.4
Mass fraction (H2/02/H20) on cathode 0/0.96/0.04
Operating pressure (Pa) 101325
Operating temperature (K) 323
Mass flow rate on anode side (cm*/min) | PEMFC 1 196

PEMEFC 2 336
PEMEFC 3 476
Mass flow rate on cathode side (¢cm3/min) | PEMFC 1 588
PEMEFC 2 1008
PEMEFC 3 1428

37
Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S), INDIA I



(] AMTIUETIL FILETILY VENRGUESWATIUY |30, UR, PUTS, SPE, 18T [AINS T3 Wy

File Mesh Define Solve Adapt Surface Display Report Parallel View Help
Gl @@ SEAR S QA E-O-[M-e- |t R ATE
Meshing Models .
Mesh Generation Models B Fuel Cell and Electrolysis Models ’
Solution Setup Multiphase - Off
—— Energy - On Enable Fuel Cell Model
Viscous - Laminar
Radiation - Off Model IParamebers} Anode] Elech'olytel Cathodﬂ Advanced] Reporis}
ik Heat Exchanger - Off
Phases Spedes - Spedes Transport
Cell Zone Conditions Discrete Phase - Off Models Options UnderRelaxation Factors
Boundary Conditions Solidification & Melting - Off m
7 . .
Mesh Interfaces .t'-\cou_shcs _Off S qule Heating Saturation Source
Dynamic Mesh — s — = Etes Reacﬁun Heating 0.05
Reference Values e —— - v [] Electrochemistry Sources
Water Content
Solution Butler-Valmer Rate 0.0
Solution Methods Membrane Water Transport :
Solution Controls [ Multiphase
Monitors |7 Multicomponent Diffusion
Solution Inmallza.h.on [ Anisotropic E-Conductivity in Porous Electrode
Calculation Activities
Run Calculation
Results
Graphics and Animations
e
Reports
-5
i
£t
i
L [ OK. ] [ Apply ] [ Reset ] [DEfauIt] [Canr_a\ ] [ Help ]
i

Figure 3.8. Opening the fuel cell module and setting the fuel cell zones

Table 3.4 Key properties used in the simulation

Reference concentration at anode 1 kmol/m?3

Reference concentration at cathode 1 kmol/m3

Reference current density at anode | 10000 A/m?

Reference current density at cathode 20 A/m?

Membrane equivalent weight (g/mol) 1100

Porosity of anode GDL 0.5
Porosity of cathode GDL 0.5
Porosity of anode CL 0.5
Porosity of cathode CL 0.5

Under the parameters tab, key properties given in Table 3.4 are applied. Then, under the
anode tab, current collector, GDL and CL are assigned for the anode. Similarly, current
collector, GDL and CL are for cathode, under cathode tab. Under the electrolyte tab,
electrolyte (membrane) is assigned for the cell. Finally, under the reports tab, anode and
cathode terminals are assigned. Under the same tab, electrolyte projected area in m? (the cell

active area) also given. All the steps explained are given in the Figures 3.8 - 3.12.
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Figure 3.9 setting of model parameters
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Figure 3.10 setting of anode electrode parameters
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Figure 3.11 setting of membrane parameters
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Figure 3.12 setting of cathode electrode parameters
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Figure 3.13 assigning of anode and cathode terminals
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Figure 3.14 setting of anode mass flow inlet
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Figure 3.15 setting of cathode mass flow inlet
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Figure 3.16 setting of anode outlet
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Figure 3.17 setting of cathode outlet
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Figure 3.18 setting of anode terminal voltage
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Figure 3.19 setting of cathode terminal voltage
Under-relaxation factors are also used to control the solution and here in this work under-
relaxation factor adopted as 0.3 for momentum, 0.7 for pressure and 0.95 for H, O2, H.O and
water saturation. There are 6 boundary conditions that must be set. These are the inlets for the
anode and cathode flow channels, outlets for the anode and cathode flow channels, and the
anode and cathode terminals. To set inlet mass flow rate on anode and cathode (see Figures
3.13 and 3.14), under the momentum tab, fixed the inlet mass flow rate of hydrogen
according to the current to be drawn. Similarly, on cathode side also oxygen flow rate is fixed.
Under the thermal tab, the temperature is set as 323K. This is a typical operating
temperature of the fuel cell. Under the species tab, the species concentration on the anode side
of Hz, O2, and H.0 are set as 0.8, 0, and 0.2, respectively. While, on the cathode side Ha, O,
and H2O are set as 0, 0.2 and 0.1, respectively. These values correspond to a 100% humidified
inlet gas. Next, pressure outlet of anode and cathode are set as shown in Figures 3.15 and
3.16. Finally anode electric potential (anode terminal voltage) is set as 0 V (Zero) and
cathode electric potential (cathode terminal voltage) is varied from 0.1 to 0.9 V as shown in
Figures 3.17 and 3.18. The iteration criterion for convergence has been set at 107 to ensure
the accuracy of simulation results. The simulations have been carried out in an Intel Xeon HP
workstation with 32 GB RAM and 2.40 GHz CPU, running on Windows 7 Operating System.

3.2 Parameters to be investigated in the simulation study
3.2.1 Pressure drop

Pressure drop takes place in the flow channel because of friction and bending losses. This is
one of the key parameter that must be taken into account while designing the flow channel for

fuel cell. This pressure drop helps in deciding the type of blowers or compressors to be used
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to maintain sufficient pressure in the channel. This pressure drop also affects the
electrochemistry of the FC. The product water produced at the cathode channel should be
evacuated from the FC and this needs a high pressure drop. Sometimes too high pressure
drops create an extreme parasitic power requirement for the driving of gases into the FC,
hence, the effective design of the flow channel is important to ensure a balance in pressure

drop requirements at the FC cathode section.
3.2.2 Reactants distribution in flow field plates

Flow field plates (FFPs) distribute the reactants in the FC. If these FFPs fail to distribute the
reactant gasses to the reaction active surface via GDL then mass transfer losses takes place in
the FC subsequently reduces the FC output. The flow distribution influences the performance
of the FC significantly. A uniform distribution of the reactants on the GDL with reasonable
pressure drop along the flow channel is important for both effective utilization of reactants
and PEMFC performance. Additionally, proper water and thermal management inside the FC

are necessary for achieving maximum power output from the FC.
3.2.3 Currents flux density distribution

The uniformity of the current density over the entire active area in operational PEMFC is vital
for optimizing the cell performance. Non-uniform current distribution, in conjunction with
non-uniform water production in the cathode, has adverse effect on the durability, and
reliability of PEMFCs. It is well documented that the overall PEMFC performance is strongly
affected by sophisticated interaction of the assembly method, component design, operating
conditions as well as the properties and microstructure of fuel cell components. The design
and assembly processes include: flow field geometry, reactant flow arrangement, and
clamping pressure. The operating conditions include: reactant pressure, cell temperature,
relative humidity, and reactant flow rate. However, it has been observed by many studies that
the most crucial implication of this complex interaction is an uneven electrochemical reaction
rate, which takes place on the surface of the membrane electrode assembly (MEA) active
area. As a result, this may lead to low/poor reactions and electro-catalyst utilization, which
reduces the overall performance, and accelerates cell aging. For example, reactant reduction
along the flow channel causes current variation from the inlet to the exit of the channel, and
degrades the FC performance.

3.2.4 Membrane water content

The polymer electrolyte membrane is one of the important components in a PEMFC. An ideal

membrane to use in PEMFCs must have a good proton conductivity, low electron
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conductivity, low fuel permeability, good chemical and thermal stabilities, and good
mechanical properties. A good water balance on the anode and cathode is one of the key
issues in FC water management, which is mainly related to the water content in the
membrane. If the membrane is not adequately hydrated then ion transport will not take place
effectively from anode to cathode, which adversely affects the FC performance. However, if
the membrane is hydrated excessively, this will deluge the reaction sites, that will influence
the transport of reactant gases. The water content of the membrane should be maintained in
certain ranges (A=14). So in order to avoid dry-out and flooding of the membrane, the water
content inside the membrane should be distributed uniformly and which will improve the

proton conductivity of the membrane.
3.2.5 Liquid water activity

The low-pressure drop corresponds to generally low gas velocities, which contribute to poor
water management properties of this flow field design. Any water build up that occurs in the
channels will not be effectively forced to the outlet. Water build up has two immediate
negative consequences. First, the liquid water will occupy reaction sites in the catalyst layer
which will decrease the reaction rate. Second, the water buildup in the channels can block the
flow of the reactant gases which causes large inactive zones to form. When a channel is
completely flooded, a limiting current density is reached. This may lead not only to an
extremely low efficiency, but also causes the failure of the cell due to high-pressure drops and
oxygen starvation. If water removal from the cell could be improved, higher current densities
could be reached leading to FCs with higher power using the same materials. This would
make FCs cheaper, lighter and smaller. Moreover, operating conditions leading to irreversible
degradation of the cell must be avoided thus improves the FC durability. In PEMFCs, the
water generates on the cathode side due to oxygen reduction reaction (ORR). Sometimes
water molecules may transfer from anode side to cathode side. Some amount of water is
necessary to keep the membrane hydrated and excess water must be removed to avoid
flooding. Both flooding and dehydration cause drop in cell performance.

3.3 Experimental methodology

Three PEMFCs with an active area of 49 cm?, 84 cm? and 119 cm? used in the present study.
All PEMFC components with the customized specifications are fabricated with the help of

Vinpro Technologies, Hyderabad.
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3.3.1 Materials

The main components of PEMFC include flow field plates (single, double and triple
serpentine), end plates, copper current collector plates, and gaskets. At the anode and cathode
sides of each cell, the flow field and current collector plates are insulated from the end plates
by thick rubber sheets. Each flow field plate for the anode/cathode has one inlet and one
outlet. The cell assembly is subjected to uniform compression controlled by torque wrench.
Membrane Electrode Assembly (MEAS)

Three types of membrane-electrode assembly (MEASs) are used and mainly contain Nafion
membranes namely Nafion™ 112, Nafion™ 117 and Nafion™ 212 with an approximate
thickness of 53, 175 and 50 um respectively. Each membrane is supported by catalysts with a
platinum loading of 0.6, 0.8 and 1.0 mg/cm? on cathode side and platinum loading is fixed as
0.4 mg/cm? on anode side which is illustrated in Figure 3.19. The carbon paper act as gas

diffusion layer which has a thickness of 230 um and is coated with 30% PTFE by weight.

Figure 3.20 Membrane electrode assembly (MEA)

Flow Field Plate

Figure 3.20 shows three types of serpentine (1-S, 2-S and 3-S) flow field plates (FFPs) used in
this study and these FFPs are made of graphite. The graphite material is selected due to its
desirable properties even though it is brittle. The dimensions of these FFPs are given Table.
3.1
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7x7 Single Serpentine 7x7 Double Serpentine 7x7 Triple Serpentine

7x12 Single Serpentine 7x12 Double Serpentine 7x12 Triple Serpentine

7x17 Single Serpentine 7x17 Double Serpentine 7x17 Triple Serpentine

Figure 3.21 Flow fields used in experiments
Endplates
Figure 3.21 shows the end plates made of aluminum are used in this study. Holes are provided
to end plates, which are identical to those in flow field plates and current collector plates. The
thickness of the plate should be sufficient to accommodate the shear stress at the bolts without
deflection because excess deflection of the end plates can result in poor sealing of the

PEMFC.

Figure 3.22 End plates of the FC
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The desired physical properties of common materials which can be used for the end plate are
as follows: low density, excellent electrochemical stability, high electrical insulation, easy to
machine, high mechanical strength and stiffness. Therefore, Aluminum alloy 6061 is used to
meet the functional requirements of the endplates, high strength (125 MPa tensile strength),
high thermal conductivity (180 W/m.K), and it is relatively cheap when compared to other
aluminum alloys. The most commonly used materials are aluminum, titanium, and stainless
steel alloys.

Current Collector

One of the copper electrical/current collector plates used in this study is shown in Figure 3.22.
The plates are designed in house and fabricated in the Engineering Machine Shop. It is made
from C15720 copper, which contains 99.6 wt% (weight) copper. The copper provides both
excellent electrical and thermal conductivities with 89 S/m and 353 W/m.K at 20 °C,
respectively. The current collector is fastened to the endplate via thick sheet of rubber. The
rubber gasket is applied between these two plates to insulate the plates electrically while
providing proper sealing for the inlet and outlet flow reactants.

Figure 3.23 current collectors
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Rings of silicon were used to seal the reactant flow between the current collector and the flow
field plate. Two holes are drilled on opposite corners for the reactant supply, and four small

holes were drilled for locating dowel pins.

Figure 3.24 PEMFC hardware used in the present work

3.3.2 PEM fuel cell test station

The experimental investigations are carried out on single PEM fuel cell with the help of
programmable SMART2 Fuel Cell Test Station (make:WonATech Co Ltd, Korea) which is
available in the Centre of Excellence (CoE) at the Department of Mechanical Engineering,
NIT Warangal. The fuel cell test station has the provision to vary the reactants mass flow rate,
FC temperature, humidification temperature and back pressure on both the anode and cathode
sides. Back-pressures are controlled using backpressure regulators. This test station is
equipped with data acquisition system and computer-based control. The mass flow rates, cell
temperature, humidification temperatures are set at desired value and read through the
software called WFTS™. The FC polarization curves are obtained from this system in
conjunction with the Electric Load on the cell, which measures the voltage against the current
response. The schematic and photograph of the SMART2 Fuel Cell Test Station is shown
Figures 3.23 and 3.24.
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Figure 3.25 schematic of PEMFC test station

Figure 3.26 SMART?2 PEM fuel cell test station
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3.3.3 Activation of MEAS

Prior to conduct the experiments on the cell, the MEAs of fuel cell need to be activated.

Activation of MEAs is carried out at cell temperature of 70°C. Hydrogen and oxygen

humidification temperatures also set at 70°C. During the activation, the fuel cell performance

is recorded for every 30 minues. When no further increase in performance is observed, it
indicates that, the MEA is activated.

3.3.4 Experimental procedure

The procedure for the experimentation on the fuel cell is given below:

e Connect the reactants inlet and outlets of the PEM fuel cell to the Test Station.

e Connect the electrode terminals of the fuel cell test station to the current collectors of the
fuel cell

e Check the availability of distilled water for the humidification processes in the test station.

e Switch-on the Fuel Cell Test Station and WFTS™ software interfaced computer.

e Open the hydrogen, nitrogen and oxygen cylinder valves.

e Prior to start the experimentation, check for any leakage in the connections and then purge
the anode side with nitrogen to make sure that no left-over gas is present inside.

e Set the experimental parameters such as mass flow rate, FC temperature, gas
humidification temperatures at desired value through the WFTS software interface as
shown in Figures 3.25 and 3.26.

e Set the maximum voltage, minimum voltage and voltage increment of the fuel cell.

e Set the delay between every two voltage vs. current data points in the test software
interface.

e Start the computer program to automatically control the experiments and collect the data.

The fuel cell is disconnected from the test station and dismantled. Again PEM fuel cell is
reassembled by changing flow field design or Membrane. The above experimental procedure
is repeated for three active area PEM fuel cells (49, 84 and 119 cm?) with three flow field
designs (1-S, 2-S and 3-S), three MEAs (N112, N117 and N212) having Pt loadings 0.6, 0.8

and 1.0 mg/cm?.
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CHAPTER 4
4. RESULTS AND DISCUSSION

Computational and experimental investigations on the performance of three active area
PEMFCs using single (1-S), double (2-S) and triple (3-S) serpentine flow field configurations
has been completed. Numerically predicted pressure drop, mass fraction distribution of
hydrogen, oxygen, and liquid water activity along the channel at peak power performance of
three PEMFCs with three flow fields presented. To validate the numerical results,
experiments were conducted with same flow field configurations used in the simulation for
three PEMFCs. After validation of numerical results with experimental results, further
experiments are conducted to investigate the influence of platinum loading, membrane
thickness, operating conditions such as cell operating temperature, reactants humidification
temperature and the reactants flow rate on the performance of three PEMFCs using triple
serpentine flow field. It is observed from the simulation results that 3-S flow field is

performing better than 1-S and 2-S flow fields.
4.1 Simulation results

4.1.1 Pressure drop

A CFD analysis was carried out on 1-S, 2-S and 3-S flow field models to study the pressure
drop from inlet to outlet. Figure 4.1 shows the pressure drop along the 1-S, 2-S and 3-S flow
channels of 49 cm? active area fuel cell (PEMFC 1). Similarly, Figures 4.2 and 4.3 shows the
pressure drop along the 1-S, 2-S and 3-S flow channels of 84 cm? active area fuel cell
(PEMFC 2) and 119 cm? active area fuel cell (PEMFC 3) respectively. From Figures 4.1, 4.2
and 4.3, it is observed that pressure drops are maximum at the inlets and gradually reduced
towards the outlets. It is also observed that highest-pressure drops are observed in 1-S flow
channels and lowest pressure drops in 3-S flow channels of three PEMFCs. The numerically
predicted pressure drops in 1-S, 2-S and 3-S flow fields of three PEMFCs are given in Table
4.1. From this table, it is observed that pressure drops are reduced with increase in the number
of flow passages. It is also observed that pressure drops are increased with increase in flow
channel length. Therefore, the flow field of multichannel serpentine is prefered to reduce the

pressure drop in channels.
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Table 4.1 Numerically predicted pressure drops in the cathode channels

Pressure drop AP (Pascal)
1-S 2-S 3-S
PEMFC 1 (49cm?) | 17115 9271 1633
PEMFC 2 (84cm?) | 26532 | 14329 | 2783
PEMFC 3 (119 cm?) | 49277 | 23457 | 4376

Cathode Channel

4.1.2 Hydrogen and oxygen distribution

Figure 4.4 shows the hydrogen mass fraction distribution along the three types of anode flow
channels (1-S, 2-S and 3-S) of PEEMFC1 at a cell potential of 0.5 V. Similarly, Figures 4.5
and 4.6 shows the hydrogen mass fraction distribution along the three types of anode flow
channels (1-S, 2-S and 3-S) of PEMFC 2 and PEMFC 3 respectively at a cell potential of 0.5
V. From Figures 4.4, 4.5 and 4.6, it is observed that hydrogen mass fractions are high at the
channel inlets and gradually decreased along the flow channel and become low at the channel
outlets. Figures 4.7, 4.8 and 4.9 shows the oxygen mass fraction distribution along the cathode
flow channels (1-S, 2-S and 3-S) of PEMFC 1, PEMFC 2 and PEMFC 3 respectively at cell
potential of 0.5 V. From Figures 4.7, 4.8 and 4.9, it is observed that oxygen mass fractions are
high at the channel inlets, decreased along the flow channel, and become low at the channel
outlets. It is also observed that oxygen mass fraction distribution is more uniform than
hydrogen mass fraction distribution. The reduction of species concentration along the
channels is due to consumption of reactants in the reaction.
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Figure 4.9 O mass fraction distribution in cathode channel of PEMFC 3 at 0.5 V

4.1.3 Current flux density distribution

Figure 4.10 shows the current flux density distribution over the cathode catalyst layer of three
flow field configurations (1-S, 2-S and 3-S) of PEMFC 1 at a cell potential of 0.5 V.
Similarly, Figures 4.11 and 4.12 shows the current flux density distribution over the cathode
catalyst layer of three flow field configurations (1-S, 2-S and 3-S) PEMFC 2 and PEMFC 3
respectively at a cell potential of 0.5 V. The simulation results showed that the current
densities are the maximum in the region close the anode inlet and decreased along the
direction of the flow. The drop in the local current densities is because of the reactant
depletion. It is also observed that the current flux density distribution over the CL of 3-S flow
fields PEMFCs is better than 1-S and 2-S flow field PEMFCs.
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4.1.4 Liquid water activity

Figure 4.13 shows the liquid water activity in the three types of cathode flow field (1-S, 2-S
and 3-S) of PEMFC 1 at a cell potential of 0.5 V. Similarly, Figures 4.14 and 4.15 shows the
liquid water activity in the three types cathode channels (1-S, 2-S and 3-S) PEMFC 2 and
PEMFC 3 respectively at 0.5 V cell potential. From Figures 4.13, 4.14 and 4.16, it is observed
that liquid water activity is less at the inlet and gradually increased and become more at the
outlet. This is due to movement of the liquid water molecules along the flow direction of the
oxygen. It is also observed that liquid water concentrations are less in 3-S type flow field

channels than 1-S and 2-S type flow field channels. From these contours, it is concluded that
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Figure 4.15 Liquid water activity in cathode channel of PEMFC 3 at 0.5 V

4.1.5 Membrane water content

Figure 4.16 shows the water distribution in the membrane of three flow field configurations
(1-S, 2-S and 3-S) of PEMFC 1 at a cell potential of 0.5 V. Similarly, Figures 4.17 and 4.18
shows the water content in the membrane water distribution in the membrane of three flow
field configurations of PEMFC 2 and PEMFC 3 at a cell potential of 0.5 V. From Figures
4.16, 4.17 and 4.18, it is observed that the water content distribution is somehow good in
PEMFCs of 3-S flow fields and the values of this water content are good enough to keep the
membrane hydrated, which resulted in enhanced proton conductivity. This water content

distribution in the membrane is identical to the current density distribution in Figures 4.10,

4.11 and 4.12 because water production is dependent on generated.
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Figure 4.16 Membrane water content in PEMFC 1 at 0.5 V
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Figure 4.17 Membrane water content in PEMFC 2 at 0.5 V
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Figure 4.18 Membrane water content in PEMFC 3 at 0.5 V
4.2 Validation

Numerical results may be reckoned as reliable and accurate when the numerical model is well
resolved and has been systematically validated with experimental results. An experimental
study is carried out to correlate the present numerical results with the experimental results.
From numerically and experimentally obtained data, polarization as well as power curves
have been drawn and compared as shown in Figure 4.19. It is observed that numerical data are
in good agreement with experimental data. It is also observed that the 3-S PEMFCs
performance is better than 1-S and 2-S PEMFCs. Further experiments have been carried out
with 3-S flow field to study the influence of membrane thickness, platinum loading, operating
parameters such as cell temperature, reactant gas humidification temperature, reactant gas
flow rate on PEMFCs performance.
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Table 4.2 Difference between numerical and experimental results

1-S 14.2 13.71 3.57
PEMFC 1 2-S 15.13 14.63 3.41
3-S 16.59 16.01 3.62
1-S 21.86 20.86 4.79
PEMFC 2 2-S 23.56 22.56 4.43
3-S 26.16 25.16 3.97
1-S 29.97 29.11 2.95
PEMFC 3 2-S 33.54 32.61 2.85
3-S 36.15 35.25 2.79
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Figure 4.19 Polarization and performance curve of three PEMFCs having three types of

flow fields
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4.2.1 Calculation of power output with respect to pressure drop

The pressure drop is one of the crucial issue that should be considered while designing the
flow channel. In this study, pressure drop loss associated to the power density is calculated for
the three flow fields of PEMFC 1, PEMFC 2 and PEMFC 3 as follows.

Whet = Ween — VVp (4. 1)
Ween = 1% Veen (4. 2)
AP x A * [/
W, = — " ‘¢cha 7 (4.3)
Atotal

Where W, is the net power density, W, is the cell power density, W, is the pressure drop
loss in cathode, AP is the total cathode pressure drop, A.p.IS the cathode flow channel inlet
cross-sectional area, V is the velocity of the oxidant at the cathode inlet, and A;,¢4; IS the cell
active area. The calculated pressure drop loss and power output for the three proposed flow
field configurations at 0.5 V are given in Table 4.3. The results show that as the number of
flow passes increase the pressure drop losses decrease. It is observed that the pressure drop
loss is minimum in 3-S flow fields and high in 1-S flow fields. It is also observed that the
pressure drop losses (Wep) are far less than the cell output power (Wnet). Therefore, the

pressure drop losses can be neglected.

Table 4.3 Calculated pressure drops in the cathode channels at the operating voltage of 0.5 V

Flow Field | AP (Pa) | Wcen (W) | We (W) | Wnet (W)
PEMFC 1 1-S 17115 14.2 0.87 13.33
2-S 9271 15.13 0.28 14.85
3-S 1633 16.59 0.10 16.49
PEMFC 2 1-S 26532 21.86 1.12 20.74
2-S 14329 23.56 0.52 23.04
3-S 2783 26.16 0.12 26.04
PEMFC 3 1-S 49277 29.97 1.26 28.71
2-S 23457 33.54 0.61 32.93
3-S 4376 36.15 0.22 35.93

65
Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S), INDIA I



4.3 Experimental results

It is well known that the performance of the FC is influenced by numerous parameters, such
as the cell operating temperature, cell operating pressure, reactant gas humidification
temperature, and reactant flow rate, in addition to design parameters such as membrane,
catalyst particle size, quantity, and nature of gas diffusion layers. Every single parameter,
depending on the conditions, may influence the reactions. In order to explore the influence of

these parameters on the FC performance, experimental analyses has been conducted.

4.3.1 Effect of membrane thickness

Effect of membrane thickness on cell performance is analysed with three membranes having
different thickness namely N212 (50 pum), N112 (51 pum) and N117 (178 pum). Figure 4.20
shows the effect of the membrane thickness on the performance of three active area PEM fuel
cells. Experimental tests were conducted at 70°C cell temperature and 1 bar pressure. The
highest power output of 16 W, 23 W, and 34 W have been obtained when N212 membrane
was used in PEMFC 1, PEMFC 2 and PEMFC 3 respectively. The peak power delivered by
the PEMFC loaded with N112 and N117 membrane are less than PEMFC loaded with N212
membrane because the ohmic resistance of N112 and N117 is higher than N212. From these
results, it is concluded that a thin membrane (N212) offers less ohmic resistance and gives

high performance.
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Figure 4.20 Effect of membrane thickness on performance of PEMFC 1(top),
PEMFC 1 (middle) and PEMFC 3(bottom)
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4.3.2 Effect of catalyst (Pt) loading

The effect of catalyst (Pt) loading on the performance of PEMFCs with an active area of 49,
84 and 119 cm? were analysed experimentally by incorporating N212 membrane. The
platinum loading on the cathode side is taken as 0.6, 0.8 and 1.0 mg/cm? and on anode side is
0.4 mg/cm?. The catalyst loading is more critical on the cathode side due to the significant
activation polarization/kinetic loss for the oxygen reduction reaction (ORR). Figure 4.21
shows the effect of catalyst (Pt) loading on the i-V characteristics of three PEMFCs. It is
observed that the cell performance has increased with increase in platinum loading. A larger
catalyst loading facilitates higher surface area for electrochemical reactions, as a result, more
reactant species involve in the reactions, generate more current and decrease the activation
loss. It is also observed that the rate of increase in performance is more when the platinum
loading increased from 0.6 to 0.8 mg/cm? than 0.8 to 1.0 mg/cm?. Too high platinum loadings
(more than 1 mg/cm?) negatively influence the FC performance due to mass transport
resistance caused by the thick electrode layer. In this study, all the cells delivered maximum

performance with 1.0 mg/cm? platinum loading.
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Figure 4.21 Effect of catalyst loading on performance of PEMFC 1 (top), PEMFC 2
(middle) and PEMFC 3 (bottom)
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4.3.3 Effect of cell temperature

The effect of cell operating temperature on the performance of three PEMFCs has been
studied. All the PEMFCs were assembled with 1.0 mg/cm? Pt loaded N212 MEA and the
experiments have been carried out at different cell temperatures ranging from 40 °C to 80°C,
with an increment of 10°C while the anode and cathode humidification temperatures were
kept at 70-C. The experimental results are shown in Figure 4.22. It is observed that when the
temperatures increased from 40°C to 70°C, the performance of PEMFCs is increased due to
improvement in the catalytic activity, and as a result, the chemical reaction rate increases.
Also increasing the cell temperature facilitates the reactant transfer in the electrodes. When
the cell temperatures increase further from 70°C to 80°C (Tcen>Thumia) then the performance of
FCs is decreased due to membrane dehydration (extreme evaporation of liquid water in the
cell), which significantly increase ohmic resistance of membrane (the active catalyst surface
area may also reduced.). This is mostly because of increase in exchange current density with
temperature. The effect of the cell temperature is more significant in the high current region.
At low current region, the cell performance does not change much with the increase in the cell

temperature.
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Figure 4.22 Effect of temperature on cell performance of PEMFC 1 (top), PEMFC 2 (middle)
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4.3.4 Effect of anode and cathode gas humidification temperature

The effect of anode and cathode gas humidification temperature on the performance of three
PEMFCs was studied with two sets of experiments. In first set of the experiments, anode gas
humidification temperatures (Th,a) are varied from 40°C to 80°C with an increment of 10°C
and the cathode humidification temperature is fixed at 70°C. In the other set of experiments,
cathode humidification temperatures (Th,) are varied from 40°C to 80°C with an increment of
10°C and anode humidification temperature fixed at 70°C. For both cases, the cell temperature
(Te¢) is kept at 70°C. From Figure 4.23, it is observed that increase in the anode humidification
temperatures indicated a positive influence on FCs performance till it reaches the cell
temperature i.e. from 40°C to 70°C. This increase in anode humidification temperature keeps
the membrane hydrated thus the ionic resistance of the membrane decreases. With further
increase in the anode humidification temperature from 70°C to 80°C (i.e Tha >Tc), the cells
performance decreases significantly due to back diffusion.

The effect of cathode humidification temperature on performance three PEMFCs is shown in
Figure 4.24. It is observed that increase in the cathode humidification temperatures (from
40°C to 60°C) exhibited a positive influence on the FCs performance. This increase in
humidification temperature keeps the membrane hydrated thus the ionic resistance of the
membrane decreases. With further increase in cathode humidification temperature (from 60°C
to 80°C), the membrane become over hydrated due to both electro-osmosis and water
production at the cathode, leads to significant reduction in the FCs performance. The
influence of the gas humidification temperature is more significant at low cell potential. At
high cell potential, the performance of FCs does not change much with the increase in the gas
humidification temperatures. In this study, the peak powers were obtained from the FCs at

70°C and 60°C anode humidification temperature and cathode humidification temperatures.
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4.3.5 Effect of hydrogen and oxygen flow rate

Two series of experiments are carried out to study the effect of reactants flow rate on the
performance of three active area PEMFCs. In one set of the experiments hydrogen flow rates
are varied and oxygen flow rate is fixed. In the other set of experiments oxygen flow rates are
varied and hydrogen flow rate is fixed. In both sets of experiments, the cell and gas
humidification temperatures are kept at 70°C.

Figure 4.25 shows the influence of hydrogen flow rate on FCs performance and Figure 4.26
shows the influence of hydrogen flow rate on the current generated in the FCs at different cell
potential. From Figures 4.25 and 4.26, it is observed that the FCs performance is increased
when the hydrogen flow rate increases from 200 to 400 ccm for PEMFC 1, 400 to 600 ccm
for PEMFC 2, from 600 to 800 ccm for PEMFC 3. Similarly, Figure 4.27 shows the influence
of oxygen flow rate on FCs performance and Figure 4.28 shows the influence of oxygen flow
rate on the current generated in the FCs at different cell potential. From Figures 4.27 and 4.28,
it is observed that when the oxygen flow rate increased from 400 to 800 ccm for PEMFC 1,
800 to 1400 ccm for PEMFC 2, from 1200 to 1800 ccm for PEMFC 3. Increase in the
reactants flow rate allows more fuel and oxidizer transport from GDL to the reaction sites
(CL) and enhances the electrochemical reaction as well as FCs performance. But,with further
increase in the flow rate of hydrogen and oxygen, the performance of FCs found to be
decreased because transportation of fuel to the GDL decreases and they come out from the
channel without involving in electrochemical reaction. From this study, it is also found that at
high cell potentials the reactants flow rate is not significant and more significant at low cell

potentials.
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Figure 4.25 Influence of hydrogen flow rate on performance of PEMFC 1 (top), PEMFC
2 (middle) and PEMFC 3 (bottom)
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Figure 4.26 Effect of hydrogen flow rate on the current generated in PEMFC 1 (top),
PEMFC 2 (middle) and PEMFC 3 (bottom)
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Figure 4.27 Effect of oxygen flow rate on cell performance of PEMFC 1(top), PEMFC 2
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Figure 4.28 Effect of oxygen flow rate on the current generated in PEMFC 1 (top),
PEMFC 2 (middle) and PEMFC 3 (bottom)

Finally, the optimized parameters of the PEMFC 1, PEMFC 2 and PEMFC 3 are presented in

Table 4.4. Polarization curves (solid lines) and power density curves (dotted lines) of three
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PEMFCs are obtained with the optimized parameters and presented in Figure 4.29. The fuel
cell of active area 49 cm? with 50 pm membrane thickness and 1.0 mg/cm? platinum loading
produced a peak power density of 418 mW/ cm? at 0.5 V when the cell was operated at 70°C
cell temperature, 70°C anode humidification temperature, 60°C cathode humidification
temperature, 400 ccm Ha flow rate and 800 ccm O flow rate. In the same way the cell of
active areas 84 cm? and 119 cm? produced a peak powers of 395 mW/cm? and 374 mW/cm?
respectively at 0.5 V. From this analysis, it is observed that the power density of smaller
active area (49 cm?) cell is higher than the larger active area (84 and 119 cm?) fuel cells. From
this investigation, it is concluded that instead of going for larger active area cell one can
choose smaller active area cell with more number (i.e stack) of cells.
Table 4.4 optimized parameters for PEMFC 1, PEMFC 2 and PEMFC 3

Flow field type (1-S, 2-S and 3-S) 3-S 3-S 3-S
Membrane thickness (um) 50 50 50
Platinum loading (mg/cm?) 1.0 1.0 1.0
Cell temperature (°C) 70 70 70
Anode gas humidification temperature (°C) 70 70 70
Cathode gas humidification temperature (°C) 60 60 60
Anode gas flow rate (ccm) 400 600 800
Cathode gas flow rate (ccm) 800 1400 1800
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Figure 4.29 Performance comparison of PEMFC 1, PEMFC2 and PEMFC 3
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CHAPTER 5
5. CONCLUSIONS

First, a computational fluid dynamics study on three active area PEMFCs with three types of

serpentine flow fields (1-S, 2-S and 3-S) has been carried out and key parameters such as

pressure drop, reactants mass fraction, liquid water activity, the membrane water content,

polarization and performance of the PEMFC were presented. Then, experiments were

conducted to validate the simulation results as well as to find out the best flow field design.

Finally, experimental study has been carried out to examine the influence of operating

parameters namely cell operating temperature, gas flow rates and gas humidification

temperatures and design parameters such as membrane thickness and platinum loading on FC

performance with best flow field design for three active area PEMFCs. The following

conclusions were drawn from this study.

e Highest pressure drops were observed in single (1-S) and lowest pressure drops were

observed in triple (3-S) serpentine flow fields. Therefore the 3-S flow field is considered

for further investigations.

e Oxygen mass fraction distributions were more uniform than hydrogen mass fraction

distributions.

e Liquid water activity in the cathode channels is less at inlet and increases gradually

towards outlet and 3-S flow field has the better water removal capability.

e From experimental investigations the following observations were made

PEMFCs with triple serpentine flow field performs better than PEMFCs with
single and double serpentine flow fields.

A thin membrane (N212) offers less ohmic resistance than thick membrane (N112
and N117) and results in improvement in the cell performance.

Fuel cell performance was increased with increase in platinum loading from 0.6 to
1.0 mg/cm?. Rate of increase in performance is more when the platinum loading
increased from 0.6 to 0.8 mg/cm? than 0.8 to 1.0 mg/cm?.

The increase in the cell temperature show positive influence on the fuel cells
performance up to 70 °C and negative influence after 70 °C.

The increase in the anode gas humidification temperature indicated positive
influence on the fuel cells performance up to 70 °C and negative influence after 70
°C.
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= The increase in the cathode gas humidification temperature has positive influence
on the fuel cells performance up to 60 °C and negative influence after 60 °C.
= PEMFC1 (49 cm?) produced a peak power of 20.5 W at 0.5 V when the cell was
operated at 70°C cell temperature, 70°C anode humidification temperature, 60°C
cathode humidification temperature, 400 ccm H flow rate and 800 ccm Oz flow
rate.
= Similarly, PEMFC2 (84 cm?) developed peak power of 33.2 W at 0.5 V when the
cell was operated at 70°C cell temperature, 70°C anode humidification
temperature, 60°C cathode humidification temperature, 600 ccm Hz flow rate and
1400 ccm O flow rate.
= PEMFC3 (119 cm?) generated a peak power of 44.5W at 0.5 V when the cell was
operated at 70°C cell temperature, 70°C anode humidification temperature, 60°C
cathode humidification temperature, 800 ccm H> flow rate and 1800 ccm O> flow
rate.
From this study it is observed that the power density (418 mW/ cm? at 0.5 V) of smaller active
area (49 cm?) cell is higher than the larger active area viz. 84 and 119 cm? (395 mW/cm? and
374 mW/cm?) fuel cells. From this investigation, it is concluded that instead of going for
larger active area fuel cell, one can choose smaller active area cell with more number (i.e

stack) of cells.
5.1 Scope for future work

In the present study the fuel cell with different active area, design and operating parameters
were investigated. However, there is scope to investigate the parameters for the end use
application of fuel cell.
» The effect porosity and thickness of gas diffusion layer can be analysed.
» The MEA of fuel cell other than Nafion membrane can be explored to reduce cost of
fuel cell.
» The power electronic circuit can be designed for the PEM fuel cell to run the portable

power devices.
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Abstract

Fuel cells technologies are the most promising green energy technologies for diverse
applications. One of the fastest growing areas is the portable electronic applications where
the power range is the order of 1-100 W. For most of the portable electronic devices,
rechargeable battery is the major energy source. Due to limitations like limited capacity,
requirement of external power for recharge have led many researchers to look for alternative
power sources to power portable electronic devices. The high energy density of fuel cells
makes them very attractive alternative to batteries for portable power applications. There are
a variety of fuel cell technologies being considered to replace batteries in portable electronic
equipment. Direct Liquid Fuel Cells (DLFCs) have attracted much attention due to their
potential applications as a power source for portable electronic devices. The advantages of
DLFCs over hydrogen fed PEM fuel cells include a higher theoretical energy density and
efficiency, a more convenient handling of the streams, and enhanced safety. Unlike batteries,
fuel cells need not be recharged, merely refueled. This paper provides an overview on
challenges of DLFCs (Direct Liquid Fuel Cells), like fuel crossover, cost, durability, water
management, weight and size along with approaches being investigated to solve these
challenges. Portable Fuel Cell Commercialization Targets for future and producers of
portable fuel cells across the globe are also discussed in this paper.

Key words: Green energy, Portable electronic devices, Battery, Direct Liquid fuel cell,
Challenges

1. Introduction
Energy needs for portable electronic devices such

electrical power source to recharge, and this is a
limitation to the mobility of the device because it can

as laptop, smartphone, and other broadband mobile
computing are rising rapidly in the past few years
due to the increasing their functionalities. The major
energy source for most of portable electronic
devices is the rechargeable battery. The
disadvantage of using a rechargeable battery as a
power source is the battery needs an external

ISSN:1708-5284

only be used with an electrical power source and has
limited battery capacity. In remote areas, where no
availability of electric power, charging for battery is
a problem. These disadvantages of rechargeable
batteries have led many researchers to look for
alternative power sources to replace the battery
technology. As an alternative to battery, fuel cell
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may be considered as best suited power source for
powering portable electronic devices due to
practical advantages such as high-energy density,
light weight, compactness, simplicity as well as easy
and fast recharging via a replacement or a refilled
fuel cartridge. The ability of the fuel cell is to
provide more energy from the same volume over
battery power systems. Small fuel cells normally
produce power between 0.5 and 100 W, which is
sufficient for portable electronic devices. Fuel cells
working with liquid fuels, like methanol, ethanol or
formic acid, are closer to practical application in the
range of 1-100W. Table 1 gives the Properties of
some state of the art portable systems, including
size, power requirement, power  supply
characteristics and autonomy.

For portable applications, Direct Liquid fed Fuel
Cell (DLFC) is the most promising fuel cell
technology (Klaus er al., 2003). Liquid fuels such as
Methanol, Ethanol, Formic Acid and Borohydride
solutions can be used as fuels for DLFCs without
reforming process. DMFCs have 5-10 times higher

Table 1.

energy densities than batteries, can operate for a
longer time. But the problems with DMFCs are fuel
crossover, slower anode electrochemical oxidation
of methanol and cost of the components of fuel cell
(Kamarudin et al., 2009).

Ethanol is also an attractive and promising fuel in
DLFCs for portable fuel cell applications due to its:
(1) non-toxicity, (ii) natural availability, (iii)
renewability and (iv) higher power density. The
current direct ethanol fuel cell (DEFC) technologies
are able to meet the two important features: efficiency
and total operation cost in order to realize the DEFC
into commercialization. The well-known sluggish
anode electro catalyst activities are at relatively low
temperature (20°C — 120°C) due to problem in C-C
bond breaking which lead to the low performance
remains as the major technological problem. Another
major issues facing by DEFC is ethanol permeated
through membrane caused mixed potential effects at
cathode which lead to reduce cathode performance
and fuel utilizations. Another critical obstacle that
limits the wide application of acid DEFCs is the cost:

Properties of some state-of-the-art portable systems, including size, power consumption, power supply characteristics and autonomy

(Fernandez er al., 2013)

Device Battery Power
dimensions Power Battery dimensions density
Class Device (cm?) requirements characteristics (cm?) (Whl™") | Autonomy
Pace S5x5x0.6 25 wl/pulse Lithium iodine 0.5 300 5-7 years
maker 2Ah@22V
0.15 Wh
Medical Defibrillator 6x5x1.5 15-401/ Lithium silver 05 600 3-5 years
implantable pulse vanadium
oxide 1 Ah @
28V
Cochlear 5 8 mA Zn air 0.49 Ah 0.56 920 45 h
implant DC + 24 mA @ 105V
(pulse 100 ms)
Hearing 2 5 mA cc + Zn air 0.6 Ah 0.5 1260 300 h
Medical aid 1I5mA (100ms) | @ 105V
Insulin 70 10 mW Zn/MnO? (alkal 8 470 400 h
pump ine) 2.5 Ah@1.5V
Smart 10 x7x0.7 2W Li-ion 1.2 Ah 5x5%x03 600 6h
phone @37V
Portable Video 10x4x5 TW Li-ion 1.8 Ah 2x3x4 270 Ih
electronics | camera @36V
Laptop 20 %20 %2 40 W Li-ion 1.4 Ah 20x5x2 235 6h
@37V
Car 20x20x5 5-15W Nimh (x 6) 1.2 Ah Sx14x2 30 05h
Toys @12V
Airplane 20x20 x5 (1 kg) 110 W/kg Nimh,NiCd1.7Ah| 5x14x2 15 03h
@12V
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acid electrolyte membranes (typically Nafion®
material) are expensive; and a considerable amount of
precious Pt is needed to achieve decent performance
in acid DEFCs (Li et al., 2009).

Direct Formic Acid fuel cells (DFAFCs) are also
promising alternatives to hydrogen fed PEMFCs.
Very high-power densities have been achieved in
direct formic acid fuel cell (DFAFC) systems.
DFAFCs also faces several challenges, the most
important of these challenges are poor anodic
reaction kinetics compared to hydrogen, and fuel
crossover. The primary challenge is the tendency for
formic acid oxidation to proceed through a -CO-type
intermediate, a species that poisons Pt-based catalyst
matervials. The second challenge is crossover of
fuel, formic acid diffuses from the anode, through
the membrane to the cathode. At the cathode, the fuel
can react directly with oxygen, creating unwanted
heat without producing electricity, thus reducing the
overall fuel efficiency of the system.

Sodium borohydride aqueous solution also an
interesting alternative as a liquid fuel for fuel cells.
Direct borohydride fuel cell (DBFC) uses a sodium
borohydride (NaBHy) solution as fuel, and electricity
is produced. A direct borohydride fuel cell (DBFC) is
a device that converts chemical energy stored in
borohydride ion (BH4") and an oxidant directly into
electricity by redox processes. DBFC is similar to
PEMFC and DMFC according to the usage of
membrane electrolyte, similar to AFC because of its
alkaline media, and similar to DMFC according to the
usage of liquid fuel. Compared with other fuel cells,
a DBFC has many advantageous features such as
high open circuit potential, ease of electro-oxidation
of BH,; on non-precious metals such as nickel, low
operational temperature, high power density, low fuel
crossover, and safety because it eliminates hydrogen
storage problem (Celik er al., 2008). Hydrogen
evolution due to the hydrolysis reaction during
operation not only decreases the fuel utilization but
also causes some problems in the system designing.
In addition to this, BHy crossover, NaOH
accumulation at the cathode and NaBO,
accumulation at the anode are other problems that
need to be solved (Park ez al., 2006).

2. Challenges
2.1. Fuel crossover

A common challenge for any direct liquid fuel cell
is fuel crossover. In order to encourage the
development of DLFC system this challenge need to

be solved. For any type of PEM-based fuel cell, the
fuel fed to the anode, can permeate to the cathode
through membrane. To examine and quantify the
fuel crossover behavior in DLFCs a number of
studies were conducted (Rhee et al., 2003; Wang
et al.,2004; Song et al., 2005:Liu et al.,2006; Jeong
et al., 2007). High concentration of liquid fuel
provides higher achievable energy density, but it also
causes severe fuel crossover to the electrolyte
membrane, it is a very serious problem that severely
reduces cell voltage, current density, fuel utilization,
and hence cell performance. The rate of crossover
decreases with increasing current density, due to
higher rate of fuel consumption at the anode (Yu et
al.,2008). Several approaches have been proposed to
reduce fuel crossover in DLFCs during the last
decade. One common approach to reduce fuel
crossover is the development of new proton
conducting membranes with low fuel permeability
and high proton conductivity, e.g. the acid-doped
polybenzimidazole (PBI), sulfonated-poly (arylene
ether ketone)s (SPAEKSs), sulfonated-poly(ether
sulfone)s (SPES), polyamides, sulfonated-polyimide
(SPI), etc (Kerres., 2001; Wan and Lin., 2013).
Another approach is the modification of Nafion
membranes to make them suitable for DLFC
utilization. Another approach is forming hybrid
membranes by blending different types of polymers,
such as the one being done with zirconium and
phosphate, it is shown that the inorganic compound
reduces the methanol permeability while the
phosphate layer allows for more water to permeate
rather than methanol (Bauer and Porada, 2004).
Chien et al. (2013) developed a low methanol-
crossover sulfonated graphene oxide (SGO)/Nafion
composite membrane by simply blending well-
exfoliated SGO,q) and Nafion. In the DMFCs test,
the SGO/ Nafion composite membrane exhibited
performance superior to the commercial membrane
Nafion 115 in 1 M and 5 M methanol solutions. SGO
is a promising material for reducing methanol
crossover and shows great potential for commercial
applications. SPEEK is considered one of the most
promising candidates for replacing Nafion because it
offers lower cost, easier preparation, controllable
conductivity, excellent chemical-thermal stability
and low methanol crossover (Zhong et al., 2008;
Tirupathi and Shahi, 2009; Gosalawit et al., 2009;
Ismail ez al., 2009; Lin et al.,2009). The assembly of
Palladium nano-particles onto the Nafion membrane
surface yields a good result in reducing methanol
crossover up to 8 orders of magnitude compared to
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the unmodified membrane, and with no reduction in
its ionic conductivity. The results demonstrate the
promises of the application of such Pd-PDDA nano-
particle self-assembled Nafion™ membrane in
DMFC (Tang et al., 2005). Thiam et al (2013)
adopted Palladium-silica nanofibres (Pd-SiO, fibre)
as an additive to Nafion recast membranes in order to
reduce methanol crossover and improve the cell
performance. PVA has a good resistance to methanol
permeability, but has low conductivity (Bhat et al.,
2009; Yang et al., 2009; Huang er al., 2009). The
performance of cells with double-layer membranes
suggests they have promising applications in
DMFCs when compared to SPEEK and PVA in
single membrane cells (Yang et al., 2008; Maab
et al., 2009). Abdelkareem and Nakagawa (2006)
employed a hydrophobic porous carbon plate and a
2 mm gap between the fuel reservoir and the MEA as
a methanol barrier layer and significantly reduced
methanol crossover. Zhang and Hsing (2007)
adopted a flexible graphite plate between the flow
channel and the MEA in an active liquid feed DMFC
to decrease the methanol crossover. Yuan er al.
(2014) developed a mnovel methanol-blocking
membrane prepared by layer-by-layer assembly of
poly (diallyldimethylammonium chloride) (PDDA)
and graphene oxide (GO) nanosheets onto the
surface of Nafion® membrane. This PDDA-GO
multilayer onto the Nafion film not only reduces the
methanol crossover but also enhances the membrane
strength. Yuan er al. (2013) fabricated a porous
metal fiber sintered felt (PMFESF) as the anodic
methanol barrier to control methanol crossover
(MCO) in order to feed the fuel cell with a higher
concentration of methanol fuel for a passive air-
breathing direct methanol fuel cell (PAB-DMFC).
This PMFSF helps greatly reduce the effects of
methanol crossover. Wan and Lin (2013) proposed a
new approach to mitigate methanol crossover, they
prepared a composite membrane with a 5 bi-layers of
poly (allylamine hydrochloride) (PAH)/polystyrene
sulfonic acid sodium salt (PSS) containing Pt3s—Rugs
catalyst are self-assembled on the Nafion membrane
surface through the layer-by-layer technique. A layer
of Pt3s—Rugs with a thickness of 87.5 nm deposited
on Nafion acts as a methanol barrier. MEA with self-
assembled Pt;s—Rugs layers suppresses methanol
crossover by 22% and improves power density by
48% (at 0.30 V) at 80°C.

Ethanol crossover remains the main issue that
impedes the widespread use and application of
DEFCs. Ethanol is well known for having a lower

crossover rate and affecting cathode performance
less severely than methanol because of its lower
permeability through the Nafion membrane and its
slower electrochemical oxidation kinetics on the
Pt/C cathode (Song et al., 2005). The negative
effects of ethanol crossover include decreasing the
cathode potential and cathode depolarization
(Kamarudin et al., 2013). The overall efficiency of
direct ethanol fuel cells will decrease due to ethanol
crossover. It also results in wasting fuel while in
operation (Xu ef al., 2011; Thiam et al., 2011). At
the same time, the permeated ethanol and its
oxidation intermediate products have the potential
to poison the cathode catalyst (Song et al., 2007).
Ethanol crossover rate is affected by temperature,
current densities and feed concentration. The
ethanol crossover rate increases with temperature,
current densities and feed concentrations. Ethanol
crossover occurs when ethanol passes through the
membrane and reacts with oxygen at the cathode to
produce acetic acid, which is eventually delivered
back to the anode (James and Pickup. 2010). The
main approach to solve this problem is through
modification of the membrane as the core of the
DEFC. The rate of ethanol crossover depends on the
ethanol concentration in the anode catalyst layer
(CL). Thus, feeding a diluted ethanol solution may
help prevent ethanol crossover, but this may result
in specific energy losses in the DEFC system.
Andreadis er al. (2006) developed a mathematical
model to describe ethanol behavior and its
influencing factors in the DEFC. The model showed
that the crossover rate increased linearly with the
inlet ethanol concentration up to the maximum
value of 10.0 M. The parasitic current formation at
the cathode depended on the ethanol crossover and
was greater at low current density. Another factor
was that increasing the porosity of the diffusion and
catalyst layers also increased the ethanol crossover
rate as well as parasitic formation. Kontou et al.
(2007) done experiments using a Nafion 115-based
MEA received same findings for the ethanol
permeation rate at various ethanol concentrations. A
mathematical model developed by Suresh and
Jayanti (2011) to examine the effect of operating
current density on ethanol crossover for various
ethanol feed concentrations. Maab and Nunes
(2010) have used modified (sulfoneated poly (ether
ether ketone)) SPEEK membranes. They suggested
two methods to prepare effective SPEEK
membranes that may reduce the crossover problem.
The first method is coating the SPEEK with a
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carbon molecular sieves (CMS) layer, and the
second is making SPEEK/PI (polyimide) blends.
They compared the results of CMS-coated SPEEK
and the SPEEK/PI blends, the SPEEK/PI blends
have exhibited better performance. Wan and Chen
(2009) prepared a composite anode containing a thin
layer of Ptsp—Snsy nanoparticles on Nafion
membrane surface does suppress the ethanol
crossover up to 17% and improve the performance
up to 6% (average value) at 80°C. Battirola et al.
reduced ethanol crossover by using doped-Nafion®
117 membranes with Pt and Pt-Ru nanoparticles.
Rhee er al. (2003) studied the permeation of formic
acid through Nafion 112 and Nafion 117
membranes at room temperature, the permeation of
formic acid is higher through Nafion® 112 (50 um)
than through the thicker 180 um Nafion® 117.

Crossover of BH, ™ can be solved by developing
membrane electrolytes with high BH, ™ resistivity
and cathode catalysts with high selectivity for
electro-reduction of oxidant and high tolerance
towards borohydride electro-oxidation (Ma er al.,
2010). Raman and Shukla (2007) used Nafion 961
membrane to reduce borohydride crossover, from
anodic to cathodic compartments of the cell, instead
of Nafion 117. Li et al. (2003) developed a DBFC
anode made of a Zr-Ni alloy, a cathode made of Pt/C,
Nafion 117 as membrane and compared with Nafion
112 membrane, Nafion 117 membrane demonstrated
a considerable resistance to borohydride crossover
and resulted in acceptable cell performance. Suda
(2002) mitigated the BH,  crossover problem by
adopting a fuel cell structure using Nafion membrane
as electrolyte to separate the fuel from the cathode.
Ma et al. (2012) modified a cost-effective and eco-
friendly chitosan membrane by phosphate or
triphosphate salt, chitosan triphosphate (CsTP)
membrane demonstrates lower BH,~ crossover rate
than chitosan phosphate (CsP) membrane.

2.2. Cost

The cost of fuel cell system must be reduced
before they can be competitive with conventional
technologies. Fuel cell costs can be broken into
three areas: the material and component costs, labor
(i.e. design, fabrication, and transport), and capital
cost of the manufacturing equipment (Marcinkoski
et al., 2011). Only labor and capital costs can be
reduced through mass-manufacturing. Material and
component costs, such as catalysts, membrane and
bipolar plates are dependent on technological
innovations and the market (Sun et al., 2011; Odeh

et al.,2013). The manufacturers of fuel cells have to
continue to collect subsidies from governments to
scale these units up for commercial applications
with limited success because of the challenges of
cost, durability, robustness or reliability. One
method of reducing costs is to develop Low cost,
high-performance membranes, high-performance
catalysts enabling ultra-low precious metal loading,
and lower cost, lighter, corrosion-resistant bipolar
plates to make fuel cell stacks competitive. As a
result, research and development of fuel cells has
been directed to solve the issues of materials,
chemistry, water and hotspots (Houchins ef al.,
2012; DOE Annual merit review proceedings,
2013). Electrolyte membranes are a major cost
component of Fuel Cell stacks at low production
volumes. These membranes also impose limitations
on fuel cell system operating conditions that add
system complexity and cost. Reactant gas and fuel
permeation through the membrane leads to
decreased fuel cell performance, loss of efficiency,
and reduced durability in both PEMFCs and
DMFCs. To address these challenges, the U.S.
Department of Energy (DOE) Fuel Cell
Technologies Program, in the Office of Energy
Efficiency and Renewable Energy, supports
research and development aimed at improving ion
exchange membranes for fuel cells (Houchins ez al.,
2012). Matos et al. (2015) performed electro-
oxidation of formic acid on Pd-based catalysts
supported on hybrid TiO,-C materials prepared
from different carbon origins by solvothermal and
slurry synthesis, which will allow to reduce
considerably the amount of expensive noble metal at
the anode of DFAFC. Ma et al. (2012) prepared a
cost-effective and eco-friendly chitosan membrane
and modified by phosphate or triphosphate salt for
DBFC and achieved a peak power density of
685 mW cm2 at 60°C, which is over 50% higher
than the power performance of a DBFC using
commercial Nafion® materials. Ma and Sahai
(2012) employed Chitosan, a cost-effective and eco-
friendly material to prepare both electrode binder
and polymer electrolyte and anode consisting of Ni-
based composite electrocatalysts loaded on Ni foam
substrate was developed and employed to reduce the
cost and Chitosan membrane gave more than 50 %
higher power performance than the commercial
Nafion® membranes in DBFCs and costs less than
10% of the cost of Nafion®. Choudhury er al.
(2012) developed a DBFC employing Na,HPO,-
based ionically crosslinked CS hydrogel membrane
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electrolytes (ICCSHMES) to reduce the cost of fuel
cell by replacing commercial Nafion® membrane.
Baglio e al. (2010) investigated a low-cost fluorine-
free proton conducting polymer electrolyte, consists
of a sulfonated polystyrene grafted onto a
polyethylene backbone for DMFC mini-stacks. Its
performance is compared with Nafion 117
membrane, despite the lower performance, the
fluorine-free membrane showed good
characteristics for application in portable DMFCs
especially with regard to the perspectives of
significant cost reduction. Huang er al. (2014)
provided a promising way for the decrease of noble
metal loadings for DMFCs. Added magnesium
oxide (MgO) nanoparticles as a sacrificial pore-
former into the catalytic layer (CL) and micro-
porous layer (MPL) in the anode of a membrane
electrode assembly (MEA) leads to a significant
increase in catalyst utilization and a decrease in
charge-transfer resistance of the anodic reaction,
which results in reduction of noble metal loading
and performance improvement.

2.3. Durability and stability

One of the major concerns in the
commercialization of Fuel Cells is the stability of the
cell during long-term operation. Portable fuel cell
systems may operate up to 2000 h. For the same
weight and volume, fuel cells can achieve much
longer lifetimes than the traditional Li-ion battery.
The lifetime of a fuel cell system is primarily
determined by its durability, which is often evaluated
in terms of platinum catalyst degradation, carbon
catalyst support corrosion, membrane chemical attack
and ageing of specific components. Durability affects
other design criteria such as efficiency and cost.
Improvements in nafion-based membranes due to the
addition of inorganic compounds (SiO,, silanes, Zr,
MoPha, etc.) and acidic-basic composites (e.g.,
polyaryl) decrease methanol crossover but do not
reduce cost. Hydrocarbon membranes are cheaper
and more technically effective for DMFCs than
Nafion membranes. They have lower methanol
crossover and higher conductivity and stability
(Neburchilov et al., 2007). The durability of fuel cell
systems has not been established. The degradation
mechanisms and failure modes within the fuel cell
components and the mitigation measures that could
be taken to prevent failure need to be examined and
tested. Contamination mechanisms in fuel cells due to
air pollutants and fuel impurities need to be carefully
addressed to resolve the fuel cell durability issue.

Peng et al. (2010) improved durability and more
stable current output of a uDMFCs equipped with a
water/air management device (WAMD). The system
yielded a water removal rate of 5.1ul s™' cm™,
which is about 20 times much faster than the water
generation rate of a WDMFC operated at 400
mAcm~2. Jiang et al. (2005) carried out a 60 h life-
time test of a direct ethanol fuel cell (DEFC) at a
current density of 20 mA cm™ (the beginning 38 h)
and 40 mA cm? (the last 22 h). The home-made
50% Pt/C and 20% Pt—4% Sn/C were employed as
the cathode and anode of a DEFC, respectively.
Fifteen percent of the original maximum power
density of the DEFC was lost after a 60 h life-time
test. The agglomeration of the electrocatlaysts, the
destruction of the anode PtSn/C catalyst, and
the cathode flooded accelerated the degradation of
the DEFC performance. However, in another
experiment, they studied a 10 h lifetime test of
DEFCs based on commercially available PtRu black
catalyst to find a better MEA fabrication process in
order to control the degradation problem. Their
group concluded that the decal transfer method or
delamination resulted in better cell performance
than the brushing method of MEA fabrication
because it made better contact between the catalyst
layer and the electrolyte membrane, resulting in
higher catalyst utilitzation. Their efforts may help
increase the durability of DEFCs in the future. Hou
et al. (2011) prepared a polymer electrolyte
membrane for alkaline direct ethanol fuel cell
(ADEFC) by dipping Nafion112 membrane into
KOH solution for some time at room temperature.
This  single cell active ADEFC  with
Nafion112/KOH membrane delivered a peak power
density of 58.87 mW/cm? at 90°C, meanwhile, it can
stably run for at least 12 h above 0.2 V. On the other
hand, Pt-free air breathing ADEFC with
Nafion112/KOH can output a peak power density of
11.5 mW/cm? at 60°C, and the corresponding
lifetime was as long as 473 h above 0.3 V. Hou et al.
(2011) prepared KOH doped polybenzimidazole
(PBI/KOH) membrane as polymer electrolyte
membrane for alkaline direct alcohol fuel cell
(ADAFC) and its durability is evaluated by means
of ex situ and in situ tests. The results showed that
the system could operate stably for 336 h above
0.3 V. Hong er al. (2010) designed a miniature air
breathing compact direct formic acid fuel cell
(DFAFC), with gold covered printed circuit board
(PCB) as current collectors and back boards and this
DFAFC showed long-term stability at constant
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current density. Cai et al. (2012) developed a 10-cell
DFAFC stack, which can stably operate for about
50 h by one fuelling with 1.5 L of 10 mol L~! formic
acid solution. Four refueling procedures can bring a
discharge time of about 240 h for the DFAFC stack.
Wu et al. (2013) demonstrated a passive, air-
breathing 4-cell micro direct methanol fuel cell
(UDMEFC) stack featured by a fuel delivery structure
for a long-term stable power supply. The stack is
operated for 100 h and observed a 3% performance
decrease. A key to commercialization of DBFC is to
demonstrate its reliability and long-term operation.
Li et al. (2003) showed that a DBFC using surface-
treated Zr—Ni Laves phase AB, alloy as anode and
Pt/C as cathode was able to operate stably for 29 h
at 200 mA cm™2. Ma et al. (2012) prepared a cost-
effective and eco-friendly chitosan membrane and
modified by phosphate or triphosphate salt for
DBFC and received a stable performance over the
test period of more than 100 h at discharge of
120 mA cm™2 at 30°C. Choudhury et al. (2012)
developed a DBFC employing Na,HPO,-based
ionically crosslinked CS hydrogel membrane
electrolytes (ICCSHMESs) and received a stable cell
performance with a cell voltage loss of only 100 mV
during an operation period of 100 h. Li ez al. (2013)
developed a DBFCs using Ni-Pd/C as the anode
catalyst and polypyrrole-modified carbon-supported
Co(OH);, [Co(OH), PPy/BP] as the cathode catalyst
to depress hydrogen evolution resulted in high
performance stability. However, lifetime of fuel
cells could be extended by controlling the flow
conditions (i.e. humidity, flow rates and
temperature) without any other alterations (i.e.
materials or catalyst), and an optimized design can
significantly reduce the impact of these flow
conditions (Knights et al., 2004; Jang et al., 2008).

24. Size and weight

For portable applications, the size and weight of
the fuel cell system should be comparable with the
size and weight of the technology that it replaces,
e.g., a battery. The presently high weight and
volume of hydrogen and liquid fuels (methanol,
ethanol, formic acid, Borohydride solution) storage
is one of the main challenges for commercialization
of fuel cell systems. Use of a portable hydrogen
generating device (e.g., portable electrolysers) will
solve the above issue. However, this increases the
cost of the system. The size and weight of current
fuel cell systems must be further reduced ,this
applies not only to the fuel cell stack, but also to the

ancillary components and major subsystems (ie.,
fuel processor, compressor/expander, and sensors)
making up the balance of power system.

Kim et al. (2008) investigated the possibility of
the portable application of a direct borohydride fuel
cell (DBFC), For weight reduction, carbon graphite
is adopted as the bipolar plate material with this
weight reduced by 4.2 times with 12% of
performance degradation caused by insufficient
contact between the end-plate and MEA from a lack
of stacking force. For volume reduction Hong er al.
(2011) designed a miniature air-breathing twin-cell
stack consists of two face-to-face single cells with
one shared fuel reservoir for direct formic acid fuel
cell (DFAFC) applications.

2.5. Water management

Ineffective water management leads to liquid-
phase water blockage and mass-transport-limited
performance or decreased proton conductivity as a
result of dehumidification of the ionomer. The
portable fuel cells must be able to operate in
environments where ambient temperatures fall
below 0°C, a challenge for low-temperature fuel
cells. R&D is needed to improve the designs of the
gas diffusion layers, gas flow fields in bipolar plates,
catalyst layers and membranes to enable effective
water management and operation in subfreezing
environments. Both low durability and reliability are
caused by accumulated degradation of materials and
catalyst due to water and heat issues. The
degradation of materials and catalyst are mainly
because of poor water management, fuel and
oxidant starvation, corrosion and chemical reactions
of cell components that cause dehydration or
flooding. The dehydration can damage the
membrane and flooding can facilitate corrosion of
the electrodes, the catalyst layers, the gas diffusion
media and the membrane (Schmittinger and Vahidi,
2008). Effective management of the water produced
in low-temperature fuel cells is needed to alleviate
flooding and/or drying out of the membrane over the
full operating temperature range. So Water
management is a very important parameter for the
performance of a small portable fuel cell. The water
level in a fuel cell affects the electrode kinetics,
membrane properties, and transport of reactant. In
the case of DMFC, methanol is oxidized at the
anode producing hydrogen, which is transported
through proton exchange membrane. Without water,
the PEM will resist for the transport of hydrogen and
hence each proton requires 2.5 water molecules to
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diffuse through the membrane. This proton in turn
combines with oxygen at the cathode and produces
water. Too much water accumulation in the cathode
leads to the poor performance not only due to the
flooding resulting in unavailability of the catalyst
layer for the reaction but also poor diffusion of
oxygen toward cathode. To achieve good
performance optimal water balance is required in
the anode and cathode. Although the excess water in
the cathode can be removed by active water control,
this is difficult due to the space constraints as well
as the requirement of part of the produced energy to
run the pump. The present use of carbon support
does not work at high power load due to high
flooding and thereby difficulty in the oxygen
transport. Tsujiguchi er al. (2013) investigated the
effect of the flooding on the power generation
characteristics of the DFAFC. A hydrophobic filter
inserted to the cathode surface to inhibit the
flooding, this hydrophobic filter decreased the
cathode over-potential significantly and improved
the performance. For DEFC Li er al. (2010)
experimented with using a water trap connected to
the exit of the cathode channel and filled with
anhydrous CaSOy (Dryerite®) to collect the water
effluent. Peng et al. (2010) designed and fabricated
successfully an effective water/air management
device (WAMD) for pDMFCs by SU-8 molding
and selective surface modification processes. The
system yielded a water removal rate of 5.1pls™'em™,
which is about 20 times much faster than the water
generation rate of a pDMFC operated at 400
mAcm 2. Deng et al. (2013) designed and fabricated
a novel micro-direct methanol fuel cell (u-DMFC)
with a CNT-MEA compound structure using
MEMS technology for water management. Water
produced by the electrochemical reaction can be
captured by CNT layer and transported outside to
prevent flooding and humidity dry oxygen which
due to capillary action of carbon nanotube. This
results in improvement in the cell performance. Liu
and Wang (2008) studied the effectiveness of an
anode WML on water crossover in a DMFEC. It was
reported that the wettability of the anode WML is
important in controlling the water crossover. Shaffer
and Wang (2009) employed a one dimensional, two-
phase model to investigate the importance of using
an anode WML to decrease the water for MEAs
using the high concentration solutions of methanol.
Wu et al. (2013) proposed a multi-layered
membrane, consisting of an ultra-thin reaction layer
composed of well-dispersed PtRu catalysts, SiO,

nanoparticles and Nafion ionomers sandwiched
between two thin membranes for DMFCs operating
with neat methanol. This membrane offers better
water management for DMFCs operating with neat
methanol and enables improvements in cell
performance. Peled er al. (2003) and Blum er al.
(2003) reported that the use of a highly hydrophobic
cathode WML makes it possible to have water-
neutral operating conditions for a DMFC with low
methanol feed concentration. Xu et al. (2010) added
two additional layers of MPL-coated carbon cloth at
the cathode of the DMFC worked as the water
management layer (WML). It lowered the water and
methanol crossover and increased the fuel
efficiency. Yang and Zhao (2009) investigated the
water transport in a DMFC by incorporating both
anode and cathode WML, simultaneously. It was
reported that optimum design of the anode porous
structure reduces the diffusion flux of water to the
cathode, while optimum design in the cathode is
more effective in the convective back-flow of water
to the anode. Research is needed to investigate the
effectiveness of the anode WML compared to the
cathode WML, or vice versa. Jewet er al. (2007)
proposed two additional gas diffusion layer (GDL)
and with the addition of air filter to increase the
hydraulic pressure at the cathode which eventually
will drive water created from the reaction back
across the membrane to the anode. The addition of
air filter is to block small airborne particle, create
heat insulation and reducing water evaporation and
lower methanol crossover. Guo and Faghri (2009)
also developed a DMFC with air filter that functions
as a water proof layer for the fuel cell cathode as
water management. They had specifically developed
a DMFC system characterized in passive technology
for methanol fuel delivery, water recirculation, air
and thermal management. For a superior
performance of a fuel cell, proper distribution of the
reactants and water management is necessary.

2.6. Hydrogen evolution

The hydrogen evolution was one of the most
critical problems to the performance improvement
of the DBFC stack and commercial DBFC
development. The stacking loss of the DBFC was
mainly caused by hydrogen evolution. which
resulted in an uneven fuel distribution between the
cells of the stack. Higher initial concentrations of
borohydride lead to faster rates of hydrogen
evolution. This hydrogen evolution would decrease
not only the DBFC performance but also fuel
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utilization. A great deal of effort has been directed
towards curtailing the main route to hydrogen
evolution, namely, borohydride hydrolysis. One of
the ways to overcome this limitation is to add some
materials that are known for their inhibiting effect
on hydrogen evolution to the BH,; solution.
Another way is finding some anode catalysts on
which BH, can be completely electro-oxidized but
no hydrolysis reaction occurs. On the other hand.
more efforts should be made in optimization of flow
field design and improvements of anode structure
such as forming hydrophobic pore. Li e al. (2006)
proposed two ways to reduce hydrogen evolution in
DBFC, one is adding Pd, Ag and Au catalysts in the
anode and another effective way is Coating a thin
Nafion film on the catalyst surfaces. If the Nafion
loading is too high, on the other hand. ingress of the
fuel to the active sites is hindered: the optimal
content was found, therefore, to be less than 25 wt.
%. The hydrogen generation rate was also reduced
by decreasing the temperature, which carried a
penalty in terms of the cell performance. To depress
hydrogen evolution Suda and co-workers employed
Nickel based hydrogen storage alloys as the anode
materials (Liu and Suda, 2008) and added Pd/C
catalyst to FMH-Ni anode (Liu er al., 2008). Martins
et al. (2007) proposed Thiuorea (TU) and tetraethyl
ammonium hydroxide (TEAH) as inhibitors for the
borohydride hydrolysis reaction. Celik et al. (2010)
used thiourea (TU) as the additive in the sodium
borohydride solution for minimizing the anodic
hydrogen evolution on Pd, results in increase the
performance of a direct borohydride fuel cell. Kim
and co-workers (2008) tried to improve stack
performance by decrease of hydrogen evolution
influence through suitable anode shape design.

3. Portable fuel cell developing companies
Many companies and research groups work on
developing different types of Portable Fuel Cell
technologies to make them more advantageous than
their competing technologies, i.e. batteries. Such
fuel cells are especially crucial for the devices where
high power density and long operation time are
needed. Their application areas include consumer
electronics, laptops, battery chargers, external
power units and military applications. Lilliputian
Systems received $5 million to help buy equipment
for its Wilmington facility, which will produce USB
charging systems, and Intel Capital took an equity
stake in Lilliputian. Horizon Fuel Cell Technologies

began shipments of the world’s first miniaturized
hydrogen fuel cells and refueling stations for use in
model hobby radio controlled vehicles. The
company also launched its new pocket-size fuel cell
battery charger for the portable consumer
electronics markets. Panasonic became an approved
partner of SFC Energy, which includes the
certification of Panasonic’s Toughbook products for
operation with SFC’s fuel cells. Neah Power
Systems announced that it will produce a hybrid fuel
cell technology that recharges lithium ion batteries
in consumer electronics. The Table 2 gives the list
of portable fuel cell manufacturing companies
across the globe.

4. Future targets for portable fuel cells

The U.S. Department of Energy has established
targets for fuel cell cost, durability, power, energy
and Mean time between failures for portable fuel
cells commercialization.

Table 3 shows the DOE technical targets for
portable fuel cell systems. The cost is based on
production volumes of 50,000, 25,000, and 10,000
units per year for <2 W, 10-50 W, and 100-250 W
systems, respectively. The specific and volumetric
energy densities of liquid methanol are 5.53
Wh gl and 4.35 Wh ¢cm™3, respectively, based on
the LHV of 638.1 kJ mol™'. If the electrical
efficiency of a DMFC is 30%, then the effective
specific and volumetric energy densities of
methanol itself will be 1600 Wh kg™! and 1300 Wh
L', respectively, which are 2.5 (1600/650) and 1.4
(1300/900) times those of the 2015 targets.
Obviously, a system carrying more methanol will
more easily meet those targets. For example, the
energy density target of 900 Wh L' can be easily
met when the volume of liquid methanol is around
70% of the total system volume (900/1300). Based
on this fact, targets for the specific energy and
energy density are met casily by carrying more
liquid fuels. The specific power and the power
density, however, are more crucial.

5. Conclusion

In this paper the challenges of DLFCs (Direct
Liquid Fuel Cells), like fuel crossover, cost,
durability, water management, weight and size are
reviewed along with approaches being investigated
to overcome these challenges. Progress in solving
these technical challenges will certainly play a large
role in commercialization of fuel cells. The
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Table 2.

Major fuel cell system solutions development companies (Sharaf et al.. 2014)

Country # Company FC type(s) Market(s)

United States 1 Motorola DMFCs Consumer electronics
2 MTI Micro DMFCs Consumer electronics

Battery chargers

3 Neah Power DMFCs Consumer electronics
Portable power generators
Portable military equipment

4 Protonex PEMFCs Portable military equipment
SOFCs UAVs

Battery chargers
APUs
Portable power generators
EPS
RAPS

5 Ultra Electronics AMI SOFCs Consumer electronics
APUs

Battery chargers

Portable military equipment
Portable power generators
6 UltraCell RMFCs Consumer electronics
Portable power generators
Portable military equipment

Japan 1 Canon PEMFCs Consumer electronics
2 Hitachi SOFCs Residential distributed CHP generation|
DMFCs Consumer electronics
Portable power generators
3 NEC DMFCs Consumer electronics
4 Panasonic* PEMFCs Residential distributed CHP generation
DMFCs Portable power generators
Consumer electronics
5 Sony Microbial FCs Consumer electronics
DMEFCs Battery chargers
6 Toshiba DMFCs Consumer electronics
PEMFCs Battery chargers
PAFCs Residential distributed CHP generation
EPS
Germany 1 Heliocentris PEMEFCs Toys and educational Kits
RAPS
EPS
2 Schunk PEMFCs Battery chargers
General-purpose stacks and systems
3 SFC Energy DMEFCs Battery chargers
RAPS
EPS
Portable

power generators
Portable military equipment

4 Siemens DMFCs Consumer electronics
PEMFCs Marine propulsion
SOFCs Industrial distributed CHP generation
United Kingdom 1 Intelligent Energy PEMFCs L-FCEVs
LTVs
EPS

Residential and commercial distributed
CHP generation
Consumer electronics

(Continued)
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Table 2.
Continued
Country # Company FC type(s) Market(s)
South Korea 1 LGP DMEFCs Consumer electronics
SOFCs Industrial and commercial distributed
CHP generation
2 Samsung DMEFCs Consumer electronics
PEMEFCs Portable power generators
SOFCs Portable military equipment
Distributed power generation
Sweden 1 Cellkraft PEMFCs RAPS
EPS
Portable military equipment
2 myFC PEMFCs Consumer electronics
SOFCs Battery chargers
Taiwan 1 Antig DMEFCs Consumer electronics
Battery chargers
Portable power generators
Denmark 1 Serenergy PEMFCs EPS
RMFCs APUs
Material handling
L-FCEVs
Battery chargers
Portable power generators
France 1 BIC* N/A Consumer electronics
Battery chargers
Singapore 1 Horizon PEMFCs UAVs
DMEFCs Consumer electronics
Battery chargers
Portable power generators
Toys and educational kits
RAPS
EPS
L-FCEVs

“And its subsidiary Sanyo.
®In June2012.LG acquired Rolls-Royce Fuel Cell Systems.
“On November 2011.BiC acquired Angstrom Power.

Table 3.
Fuel Cell Commercialization Targets (Fuel cell technologies office: multi-year research, development, and demonstration plan.
US Department of Energy, 2012)

Market Characteristics Unit Current Status Future Target

<2 W Micro Portable® Specific Power W-kg! 5 10
Power Density WLt 7 13
Specific energy Wh-kg™! 110 230
Energy Density Wh-L! 150 300
Cost” $-system™! 150 70
Durability® h 1.500 5.000
MTBF h 500 5,000

10-50 W Small Portable® Specific Power W-kg ! 15 45
Power Density WALt 20 55
Specific energy Wh-kg™! 150 650
Energy Density Wh-L! 200 800
Cost® $-system™! 15 7
Durability® h 1,500 5,000
MTBF! h 500 5,000

(Continued)
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Table 3.

Continued

Market Characteristics Unit Current Status Future Target

100-250 W Medium Portable” Specific Power W-kg! 25 50
Power Density W-L! 30 70
Specific energy Wh-kg™! 250 640
Energy Density Wh-1."! 300 900
Costf $-system™! 15 5
Durability® h 2,000 5,000
MTBF! h 500 5,000

Bauver F., Willert-Porada M., 2004. Microstructural

importance of weight, volume, and lifetime in
portable power applications provides a potential
advantage to fuel cells with their high energy
densities and the lack of a need for lengthy
recharging cycles. Economically, it is reasonable to
expect small-scale fuel cells for portable power
applications to be the first to achieve widespread
market penetration, likely in the very near future. To
achieve that, different cost-effective materials have
been recently explored as current collectors,
membrane, and diffusion and catalyst layers both for
the anode and cathode side. In this paper the list of
portable fuel cells making companies across the
globe and the targets for commercialization of fuel
cells for portable power applications were also
discussed.
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Abstract In this study, the effect of single (1-S), double
(2-S) and triple (3-S) serpentine flow field configuration on
the performance of PEM fuel cell (PEMFC) was investi-
gated both numerically and experimentally. First, a complete
3-D PEMFC model was developed, and simulations were
carried out to examine the effect of 1-S, 2-S and 3-S flow
field configuration on the performance of PEMFC using
commercial CFD code ANSYS FLUENT. Along with the
cell performance, important parameters such as pressure dis-
tribution, mass fraction of hydrogen, oxygen, liquid water
activity, current flux density distribution and the membrane
water content have been presented. Next, an experimental
study is carried out with a PEMFC by changing 1-S, 2-S
and 3-S flow field configurations to verity the numerical pre-
dictions. Finally numerically and experimentally obtained
performance curves have been compared, and 1-S flow chan-
nel fuel cell is found to exhibit the best electrochemical
performance compared with the 2-S and 3-S flow channel
fuel cells.

Keywords PEM fuel cell - CFD - Serpentine flow field -
Current density - Membrane water content

1 Introduction

Fuel cell (FC) is an electrochemical device which transmutes
the chemical energy directly into electrical energy. Depend-
ing on the type of electrolyte materials, FCs classified as
polymer electrolyte membrane fuel cell (PEMFC), alkaline

B Venkateswarlu Velisala
2venkee@gmail.com

Department of Mechanical Engineering, National Institute
of Technology Warangal, Warangal, Telangana, India

fuel cell (AFC), phosphoric acid fuel cell (PAFC), molten car-
bonate fuel cell (MCFC), and solid oxide fuel cell (SOFC).

The PEMFC utilizing a thin polymer film as the electrolyte
can be considered as a reliable future power generating sys-
tem, particularly for powering portable electronic devices,
vehicular and residential power applications. This sort of
fuel cell has numerous imperative points of interest, such
as high efficiency, low operating temperature, clean, noise-
less operation and quick start-up of the cell [1,2]. However,
the performance and cost of the PEMFCs ought to be further
optimized before these FCs gets to be focused in practical
applications.

Bipolar plates (BPs) are a standout among the most
important and viable components in the enhancement of per-
formance of FCs. BPs supplies the reactants (Hy and O,),
evacuates generated water, gathers generated current and
gives support to the membrane electrode assembly (MEA) in
FC. The pattern and configuration of channels significantly
influence the adequacy of mass transport and additionally
electrochemical reactions taking place in the FC. The ideal
design of the channel dimension, pattern, orientation, and
shape will prompt an enhanced and upgraded bipolar plate.

Modeling and simulation of FCs have achieved signifi-
cance in recent years, as it annotates the transport phenomena
and fundamentals of the processes which are taking place
inside the system that may not be possible to conclude by
experiments [3]. The performance of 3D PEMFC models has
been articulated in detail, earlier in the literature. Berning et
al. [4] and Nguyen et al. [5] presented 3D models to analyze
the transport phenomena in the PEMFC with serpentine flow
channels based on CFD approach. Li et al. [6] proposed a
methodology to design flow fields for better water removal
and also carried out experimental studies with different sizes
of flow fields. Jeon et al. [7] and Wang et al. [8]developed
a 3D CFD PEMFC model with different serpentine flow

@ Springer
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field designs to examine the electrochemical reaction, trans-
port phenomena and performance of the cell. Jang et al. [9]
developed a 3D numerical PEMFC model with conventional
flow fields to study the effect of the flow field design on the
reactants consumption, water management, and the cell per-
formance. Carcadea et al. [10] proposed a 3D PEMFC model
with the help of CFD analysis for practical implementation
on optimizing design and performance parameters. Yan et al.
[11] developed three-dimensional PEMFC models to inves-
tigate the performance with different Flow channel designs
such as parallel flow field, Z-type flow field, and serpentine
flow field. Basu et al. [12] developed a two phase model to
study flow maldistribution in parallel type gas channels of a
PEM fuel cell. Akbari and Rismanchi[13] presented a 3-D
CFD PEMFC model and analyzed for flow field configuration
as well as contact resistance on PEMFC performance. Chang
and Wu [14] experimentally studied the effect of three-pass
serpentine, parallel-serpentine flow fields and various flow
channel depths on miniature PEMFC, Lakshminarayanan
[15] investigated the performance of single pass PEMFC
with different flow channel designs numerically. Muthuku-
mar et al. [ 16] numerically investigated the effect of increase
in the number of serpentine passes in cathode flow chan-
nel on the PEMFC performance using commercial software
package. Khazaee and Ghazikhani studied, the performance
of a 25 cm? active PEMFC both numerically [17] and exper-
imentally [18] using different flow channel geometry.

From the literature, it was observed that most the numer-
ical [16,17,19-21] and experimental [18,20,22,23] works
carried on serpentine channels with right angle corners for
small active areas of the cell (25 cm?). In this work, 49 cm?
active area PEM fuel cell with 1-S, 2-S and 3-S flow fields
with round corner has been developed using the commercial
CFD code (ANSYS FLUENT) to study the performance.
This round corner helped in reducing the pressure drop in
flow channels which results in cell performance improve-
ment. Along with cell performance, key parameters such as
variation of pressure in flow channels, mass fraction of reac-
tants, liquid water activity in the cathode flow channel and
water content in the membrane have been predicted numeri-
cally. In order to validate the numerical results, experimental
work also carried out and validated the numerical data with
experimental data. The validated numerical data will be use-
ful in the design and development of practical PEMFC. With
this 3-D PEMFC model. it is possible to visualize the physical
and electrochemical processes taking place during operation
of FCs which is not possible with experiments.

2 Model Development

The present model of PEMFC was completed in three steps.
The first step was modeling of individual parts such as current

(@) 2 sounee

Table 1 Geometric dimensions of the PEMFC model

Part Length (cm) Width (cm)  Height (cm)
Gas diffusion layers (GDL) 7 7 0.042 [29]
Catalyst layer (CL) 7 7 0.006 [29]
Membrane 7 7 0.0175 [29]
Channels 7 0.1 0.5

collectors, gas diffusion layer (GDL) of anode and cathode,
membrane (PEM), the catalyst layer (CL) of anode and cath-
ode done by SOLIDWORKS 2010. These parts have been
assembled to get the complete fuel cell assembly, and geo-
metric dimensions of these components are given in Table 1.
The exploded view of the PEMFC with proposed serpentine
flow fields is shown in Fig. 1. Then for some modifications,
this assembly was exported to ANSYS DESIGN MOD-
ELER. With ‘Fill’ command the voids of the channels were
filled with fluid. Next step is the creating high-quality mesh
which was done by ANSYS WORKBENCH MESH. The
computational domain was divided into 23 million elements
for double serpentine PEMFC is shown in Fig. 2. As the accu-
racy of the solution strongly depends on mesh refinement,
grid independency was tested. The current generated was
simulated with the refined and regular meshes and noticed
0.05% variation in the results. Therefore, a regular mesh was
adapted for the present simulations to save computational
time and space.

The third step was the definition of boundary conditions
with thermo-physical and operating parameters of PEMFC
for solving the reaction kinetics. The developed model is
assumed as 3-D, steady, isothermal and the gases at the inlet
as perfect, the flow as laminar, the fluid as incompressible,
the porous layers such as GDLs, CLs and the membrane
(PEM) as isotropic and the thermo-physical properties as
constant[24,25].

2.1 Equations

Fundamental conservation equations such as conservation of
mass, momentum and charge were used to develop a mathe-
matical model for PEMFC, Conservation of energy equation
was not considered as the model was assumed as isother-
mal. The PEMFC was examined in four parts: flow channels,
GDLs, CLs and the membrane.

2.2 Flow Channel
Continuity equation for mass transport in a flow channel is

p(u-V)u+Vp—V-n(w+(vm"‘):0 (0
Vo(pu)=0 (2)
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Fig. 1 Schematic diagram of PEMFC components

1. Anode Flow Channel

2. Anode Gas Diffusion Layer
3. Anode Catalyst Layer

4. Membrane

WD SO L

Single Serpentine

Double Serpentine  Triple Serpentine

5. Cathode Catalyst Layer
6. Cathode Gad Diffusion Layer
7. Cathode Flow Channel

Fig. 2 Computational mesh of PEMFC

Maxwell-Stefan relation describes the mass transport of the
species

Vp
Ve I:—/)u,vi Z_/ (Dijv"'j + (xj —wy) 7) + /)w,'u:I =0
3)
2.3 Gas Diffusion Layer

The phenomena taking place in the GDL may be explained
by Darcy’s law. Continuity equation with generation term

pu-VYu+Vp—-V.pn (Vu—l—(Vu)T)z—kiu 4)

14
A charge balance must be performed in the GDL
V. (k}f”vw“) =0 ®)
2.4 Catalyst Layer

A simplified Butler—Volmer equation is adapted to calculate
local current density at the anode and cathode.

0.5
oo | [ CHa 2 :
ih = i"l" H-' Gt o Fna =0 (6)
‘ crt RT

0.5
Co, acFr
(&) Tl o

2.5 Electrolyte

Charge balance of the electrolyte by neglecting crossover of
gases

V. (keVP,) =0 (8)
Net water flux through the membrane

i
Ny = ’UiMHzOF — V- (pDyVey) )

The water diffusivity in the membrane

1 1

D, =13x 10710 2416 [ — — — 10
Y x e 33 T g

Water content inside the membrane is related to water vapor
activity which affects the membrane protonic conductivity
[26].

A = 0.043 + 17.18a — 39.85a42 + 364> ifa<1 (11)
A=14+14(a—-1) ifa>1 (12)
ChyouRT
g = ——— (13)
h P.\al
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¢ Paat
a; + ae
— 15
a > (15)
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Table 2 Key properties used in the PEMFC simulation

Parameter Value

0.5 kmol/m? [29]
1.0 kmol/m? [29]
8000 A/m? [30]
200 A/m? [30]
1100 kg/kmol [30]

Reference concentration at anode
Reference concentration at cathode
Reference current density at anode
Reference current density at cathode

Membrane equivalent weight

Table 3 Operation conditions used in the PEMFC Simulation

Flow rate of H» at anode inlet (1-S, 2-S and 3-S) 2.05e—7 kg/s

Flow rate of O, at cathode inlet (1-S, 2-S and 3-S) 1.67e—6 kg/s
Operating pressure 1 bar
Operating temperature 323K

3 Solver

A commercial solver called ANSYS FLUENT 15.0 with its
built-in PEMFC add-on module (Fuel Cell and Electrolysis
Model) has been used to solve the governing equations. For
this model, 3-D, double precision and serial processing was
opted. The operating pressure was | bar and the tempera-
ture was 323 K. Hydrogen and oxygen mass flow rates have
been set as 2.05e—7 kg/s and 1.67e—6 kg/s, respectively, for
three proposed PEMFC models. Key properties and opera-
tion parameters of the simulation model are given in Tables 2
and 3, respectively. The species concentration on the anode
side of Ha, Oy, and H>O were 0.8, 0, and 0.2, respectively.
While, on the cathode side H», O», and H,O were 0, 0.2 and
0.1, respectively. The open-circuit potential was fixed at 1.0
V. In order to solve reaction kinetics and to get pressure vari-
ation, Hp, O, fractions along the flow channel, anode voltage
was kept as constant (0 V) and the cathode voltage was var-
ied from 0.1 to 0.9 V. The simulations have been carried out
in an Intel Xeon HP workstation with 32 GB RAM and 2.40
GHz CPU, running Windows 7 Operating System.

4 Description of the Experiments
4.1 The Fuel Cell Test Station and Fuel Cell

Numerical results may be assumed as realistic and correct
if the numerical model is well-resolved and systematically
validated with experimental results. For the purpose of com-
paring the present numerical results with the experimental
data, experimental work was carried out to correlate the
present numerical predictions with the experimental results.
Before taking the readings, the FC was activated for about 2
hours to get better results. The experimental test was carried

out under same operating conditions used in the simulation.
The experimental work was conducted with a programmable
SMART?2 Fuel Cell Test system from WonATech (Korea)
located at the Fuel Cell Laboratory at Centre for Sustainable
Energy Studies, National Institute of Technology Warangal.
All the dimensions of the flow field are same as used in
the simulation and graphite is used for bipolar plate. N117
(Nafion) membrane with 0.4 mg Pt cm~2 for the anode and
0.6 mg Pt cm~2 for the cathode is used as MEA. A 0.042
mm thick carbon paper is used as GDL, and 0.06 mm thick
catalyst layer is used on both sides of the membrane. The
thickness of the membrane used is 0.0175 mm. The FFPs,
current collectors and MEA used in the experiments are pro-
vided by Vinpro technologies (Fig. 3). A schematic drawing
of the experimental setup is shown in Fig. 4. A single cell
PEMFC was chosen in the study with an active area of 49 cm>
along with proposed flow field plates depicted in Fig. 5.

5 Results and Discussion

Numerical and experimental investigation of proposed flow
field configurations on PEM fuel cell performance has been
completed. Numerically predicted pressure drop, the concen-
tration distribution of hydrogen, oxygen, liquid water activity
along the channel and the membrane water content for peak
power performance of the three flow fields for PEMFC are
shown in Figs. 6, 7. 8,9, 10 and 1 1. Numerically and experi-
mentally obtained polarization and performance curves of the
proposed PEMFC models are shown in Fig. 12. PEMFC with
single serpentine flow field gave a peak power performance
at 0.5 V cell potential of current when the cell is operated at
1 bar pressure and 323 K temperature.

5.1 Pressure Drop

One of the key parameters which must be taken into account
while designing the fuel cell is pressure drop which takes
place in the flow channel. This pressure drop will help in
deciding the type of blowers or compressors to be used to
maintain sufficient pressure in the channel. This pressure
drop also affects the electrochemistry of the fuel cell. Fig-
ure 6 shows the pressure drop in the cathode flow channel of
three flow fields. The pressure drop is more at the inlet and
decreasing gradually toward the outlet of the flow channel.
Maximum pressure drops in 1-S, 2-S and 3-S flow field are
17.1Kpa, 9.2 Kpa and 1.6 Kpa, respectively. This drop in
pressure is because of frictional and bending losses

5.2 Hydrogen and Oxygen Mass Fraction

Figures 7 and 8 show the hydrogen and oxygen mass fraction
distribution along the anode and cathode flow channel at a
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Fig. 4 Photograph of PEMFC test station with gas banks

cell potential of 0.5 V, respectively. Both H, and O, concen-
trations are more at the inlet and reduces gradually toward
the outlet of the anode and cathode channels. The reduc-
tion of the species concentration in the channels is due to
consumption of reactants in the reaction. It is also observed
that species concentration distribution is more uniform in
single serpentine flow channel as compared to the other
two flow channels which has a positive effect on PEMFC
output.

5.3 Current Flux Density Distribution

Figure 9 shows the current flux density distribution over the
cathode catalyst layer at a cell potential of 0.5 V. Itis observed
that, the current flux density distribution is same in all three
models. Current density values are less on the exit side of the
anode and cathode compared with middle region of the cath-
ode catalyst layer, because of less availability of hydrogen
and oxygen at the exit side of anode and cathode channels. It
is also observed that, the current density values are slightly
higher for the 1-S flow field model than 2-S and 3-S flow
field models.

5.4 Membrane Water Content Distribution

Figure 10 shows the membrane water content distribution at
cell potential of 0.5 V. It is observed that, the water content
in the membrane is more in the 1-S flow field model than
2-S and 3-S flow field models. A certain amount of water is
essential to keep the membrane hydrated, and it improves the
proton conductivity through the membrane, which influences
the more cell output power. Water content distribution in
the membrane and its value is good enough to conduct the
protons from anode to cathode.

5.5 Liquid Water Activity in the Cathode Channel

Figure 11 shows the liquid water activity in the cathode chan-
nelsat0.5 V cell potential. The water produced on the cathode
side is due to oxygen reduction reaction (ORR). A certain
amount of water is required for efficient fuel cell run, and the
excess water must be removed from the cell otherwise flood-
ing takes place which reduces the fuel cell performance. It
is observed that, the liquid water activity is less at the entry
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Table 4 Pressure drops at the

operating cell voltage of 0.5 V Typeiottiwfield AP(Pa) Vin (m/s) Ween (W) Wp (W) Wiet (W)
Single serpentine 17115 8.49 0.38 0.016 0.364
Double serpentine 9271 432 0.34 0.006 0.334
Triple serpentine 1533 2.54 0.305 0.0004 0.3046

and it is increased gradually toward the exit of the cathode  observed in the numerical work of Yan etal. [11], Basu et al.
flow channels and water production rate is more at higher  [12] and experimental work of Iranzo et al. [27] on PEMFC.
current densities. It is also observed that the water removal

rate is better in single serpentine channel, than the double and

triple serpentine channels due to higher velocities (shownin 5.6 Pressure Drop Losses

Table 4). Higher velocities help in faster water removal from

the cell and improve cell performance. Similar results canbe  The losses in pressure drop associated with power density

are used to analyze the three flow field configurations.

4 @ Springer
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Where, Wy is net power density, Weey is cell power density,
W), is pressure drop loss in the cathode, A P is total pressure
drop in the cathode channel, Ay, is the cross-sectional area
at cathode channel inlet, V is the velocity of cathode fuel at
the inlet of cathode channel, and Ay is the active area of the
cell. Calculations on the pressure drop loss and output power
of the three proposed flow fields at 0.5 V are given in Table 4.
The result shows that as the number of flow passes increase,
the pressure drop losses are decreased. It also reveals that,
the flow field designs with more flow passes might decrease
the pressure drop losses in a PEM fuel cell system. Because
of small flow channel cross-sectional areas and low reac-
tant inlet velocities the pressure drop losses are negligible in
PEMFCs when compared with cell output power, Weep[28].

The performance of the PEMFC with 1-S, 2-S and 3-S flow
fields is shown in Fig. 12. It is observed that the numerical
results are in good agreement with the experimental results
and the effect of channel design on the cell performance is
negligible at lower current densities but at higher current
densities the effect of channel design is significant. It is also
observed that the performance of the PEMFC with 1-S is bet-
ter than PEMFCs with 2-S and 3-S. The decrease in number of
flow channel passes will increase the reactant inlet velocities,
which improves the liquid water removal from the channel
and porous layers. Due to this more oxygen transports to the
cathode catalyst layer to participate in the electrochemical
reactions and accordingly, the cell performance improves.
This might be the reason for PEMFC with 1-S to perform
better than PEMFCs with 2-S and 3-S. The peak powers of
proposed designs are given in Table 5.

Table 5 Peak power of three flow field designs

Flow field Peak powe  Peak
type (simulation)  power
(experimental)

% deviation b/w
Exp and Sim data

Single serpentine  0.38 (18.62) (.37 (18.13) 271
Double serpentine 0.34 (16.66) 0.33 (16.17) 3.03
Triple serpentine  0.305 (14.95) 0.295 (14.45) 3.39

6 Conclusion

A complete 3-D model of PEMFC having active area 49 cm?
(7 cm x 7 cm) was developed. A CFD study was completed
to examine the effect of single, double and triple serpentine
flow fields on PEMFC performance. Simulations were car-
ried out to get a polarization curve, the concentration profile
of each species and pressure distribution. The numerically
obtained polarization curves of three different flow channel
designs were compared with experimentally obtained polar-
ization curves of same flow field designs and they show good
agreement.

The predictions show that when the cell was operated at
more than 0.7 V, the effect of channel design on the cell
performance was negligible, but when the cell was operated
at less than 0.7 V, then the channel design effect becomes
significant. The decrease in number of flow channel passes
will increase the inlet reactant velocities, which improves
the water removal from the cell. Due to this the more oxy-
gen transports to the cathode reaction sites to participate in
the electrochemical reactions and accordingly, the cell per-
formance increases. Lastly, the investigations shows that a
decrease in the number of flow channel passes increases
the cell performance to a maximum while the total pres-
sure drop in the cell continues to increase for a 49 cm? active
area PEMFC for a given inlet reactant flow rates. Further,
our investigations may concentrate on larger active area fuel
cells and different operating parameters for improvement of
PEMEFC performance.
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ABSTRACT

A 3-D PEM fuel cell model with 3-pass serpentine flow field was developed to analyse the performance
of the fuel cell. Simulations were carried out in the commercial ANSYS FLUENT 15.0 software with species
concentration on the anode side as Hz — 0.8, O3 - 0, H,O - 0.2 and on the cathode side H; — 0, 05 - 0.2,
and H,0 - 0.1. Along with the performance of the cell, key parameters like pressure drop, hydrogen mass
fraction, oxygen mass fraction, liquid water activity and the membrane water content have been analysed.
The results showed that when the cell was operated at a lower voltage of 0.4V, i.e. a higher current density,
hydrogen and oxygen consumption rates are high as well as water production rate. Finally, the proposed
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fuel cell model performance characteristics are compared with the available experimental data that shows

good agreement,

1. Introduction

The ever increasing energy demand, emission-free energy gen-
eration, and other ecological issues have encouraged many
researchers to look for advanced efficient energy conversion
technologies (Beicha and Zaamouche 2013). Within such per-
spective fuel cell systems may be considered as a good alter-
native due to practical merits such as the high-energy density,
superb dynamic response, low hostility to the environment, and
lightweight as well as easy and fast recharging via a replace-
ment or a refilled fuel cartridge (Velisala et al. 2015). Fuel cells
are classified based on the type of electrolyte materials (Larminie
and Dicks 2001). The commonly available fuel cell technolo-
gies include polymer electrolyte membrane (PEMFC), alkaline,
phosphoric acid, molten carbonate, and solid oxide based fuel
cells.

PEM fuel cells have numerous distinctive characteristics as
compared with other fuel cell types, such as moderately low
operating temperatures (around 80°C), high power density,
quick start, faster response, and high modularity makes them as
the most encouraging contender for future power generating
devices in applications such as automotive, distributed power
generation and compact electronic devices (Boettner et al. 2002;
Mehrpooya et al. 2015). Designing and building prototypes of
fuel cell are laborious and expensive (Hosseinzadeh 2012). The
alternative is modelling the fuel cell system for simulation, this
can permit the assessment of the fuel cell performance, lower-
ing the cost and time along the design stage and tests (Corréa
et al. 2004). Berning et al. (2002) developed a complete 3-D
fuel cell model taking into account computational liquid ele-
ments approach to study the transport phenomena in the fuel
cell. Barreras et al. (2005) conducted both numerical and exper-
imental studies to analyse the flow distribution in a 50 cm? area

flow field of a PEM fuel cell. With these studies they concluded
that non-homogeneous flow distribution in the flow channels
causes a low performance of the fuel cell. Lum and McGuirk
(2005) developed a steady-state, 3-D CFD model of polymer
electrolyte membrane (PEMFC) to carry out parametric stud-
ies and validated his model with the work of Shimpalee et al.
(1999). Carcadea et al. (2007) presented a 3-D CFD model to
study fluid flow in channels, species transport in porous lay-
ers, water management, and current generated. This model has
some limitations in understanding the complex physical and
chemical processes happening inside the cell. Jang et al. (2008)
also developed a 3-D numerical PEMFC model with conventional
flow field designs to investigate performance and transport phe-
nomena of the fuel cell. They found that serpentine flow field
performance is better than the Z-type and parallel flow fields.
Wang et al. (2009) developed 3-D PEM fuel cell models with
single and triple serpentine flow fields to study the effect of
the sub-rib convection on the performance at various channel
aspect ratios. Change in the channel aspect ratio has a mini-
mal effect on the performance of single serpentine flow field
and a significant effect on the performance of triple serpentine
flow field. Suresh et al. (2011) developed a new serpentine flow
field with enhanced cross-flow for PEMFC applications and car-
ried out both numerical and experimental studies. They have
reduced the pressure drops and achieved uniform distribution
of flow. Guo et al. (2014) developed a 3-D simulation model
with bio-inspired flow field designs and investigated the per-
formance of fuel cell both numerically and experimentally. They
concluded that the bio-inspired designs considerably increase
the cell performance by 20-25% compared to the conventional
designs. Khazaee and Sabadbafan (2016) numerically investi-
gated the effect of increasing the number of serpentine channels
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Figure 1. PEMFC assembly with 3-pass serpentine flow field.

s ~

Creating and design

\ the geometry
Figure 2. Computational mesh of PEMFC. ([ Deﬁning't:e physics R
on the domains
in the bipolar plates on fuel cell performance with rectangular, - ‘ -/
triangular and elliptical cross-section geometry. Caglayan et al. - ~
(2016) developed a 25cm? active area numerical 3-D PEMFC Defining the physics
model with single and triple-mixed serpentine flow channel and | atthe boundaries
analysed the performance of the cell. They found that the triple- '
mixed serpentine flow channel is performing better than the r -
single serpentine flow channel. Meshing the
The pressure drop in the flow channel is an important con- \ geometry

sideration in the design of PEMFC as it will help in deciding the '
type of blowers or compressors to be used to maintain sufficient f Setting or correcting A
pressure in the channel. This pressure drop also influences the > relative parameters
electrochemistry of the fuel cell. Most of the researchers have \ " /
done work on serpentine flow channel with one pass. Recently, p <\
researchers started working on serpentine flow channels with Solving the model
multiple passes. In this work, a complete 3-D CFD model with
serpentine flow channel having 3-pass has been developed and b ‘ g

simulations have been carried out. Along with the performance
of the fuel cell, key parameters such as pressure drop, hydrogen
mass fraction, oxygen mass fraction, liquid water activity, and
the membrane water content have been analysed. Using this
model, it is possible to understand major physical and chemi-
cal processes occurring inside the cell which cannot be studied [ Post processing the ]

Convergence

experimentally. solution

2. Model description Figure 3. Flow chart of the numerical simulation.

The whole computational domain is a 3-pass Serpentine chan-
nel, anode and cathode electrodes, catalyst layers, and mem- 2.1. Assumptions
brane. All the components are modelled, assembled, and
meshed in SolidWorks® CAD software and ICEM CFD as shown in ) - . .
Figures 1 and 2, respectively. The special add-on module for the (2) The flow Is steady, laminar, and Incompressible.

gur s resp y P L
fuel cell embedded in FLUENT solves the problem considering (3) The system is isothermal (323 K).
all the relevant equations. This software solves numerically the () The product wateris in liquid phase.
governing equat[gns such as conﬂnuity’ momentum, energy, (5) The electrochemical reactions take place in the catalyst

(1) All the gases are ideal gases.

species transport, and charge conservation by the finite volume layers only.

method in the form of the SIMPLE algorithm and by the pressure  (6) Porousstructures like gas diffusion layers, catalyst layersand
correction method. The flow chart of the solution procedure is the membrane are isotropic.

shown in Figure 3. (7) Neglect the gravity effect.
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Table 3. Key parameters for the simulations.
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Table 2. Cell design parameters and transport properties (Guo et al. 2014).

Property Value
Gas channel length 7ecm

Gas channel height 0.1cm
Gas channel width 0.1cm
Rib width 0.1cm
Gas diffusion layer thickness 0.025cm
Catalyst layer thickness 0.006 cm
PEM thickness 0.015cm
Gas diffusion layer porosity 0.5
Catalyst layer porosity 0.5

PEM porosity 0.5
Oxygen diffusion coefficient 3e-5
Hydrogen diffusion coefficient 3e-5

The generated mesh file exported to fluent solver and
boundary conditions shown in Table 1 have been applied before
solution initialisation. Typical parameters used in this simula-
tion are given in Tables 2 and 3. The pressure drop in chan-
nels, concentration distribution of H, and O, as well as cur-
rent density distributions and membrane water content at the

3.75e+01
3.56e+01
3.37e+01
3.19e+01
3.00e+01
2.81e+01
262e+01
244e+01
2.25e+01
2.06e+01
1.87e+01
1.69e+01
1.50e+01
1.31e+01
1.13e+01
9.38e+00 o

7.50e+00

ml

5.63e+00
3.76e+00
1.88e+00
8.07e-03

r

Cell operational temperature 323K
Cell operating pressure 1atm

Fuel H

Oxidant 0;

Fuel flow rate 2.05e-7 kg/s
Oxidant flow rate 1.67e-6 kg/s
Cell open circuit voltage 1.0V

membrane/electrode interface were calculated numerically and
presented.

3. Results and discussion

A computational fluid dynamics study of 3-pass serpentine flow
field PEMFC performance has been explored. Important param-
eters such as pressure drop, concentration distribution of hydro-
gen, oxygen, liquid water activity along the channel, and the
membrane water content for peak power performance of the
3-pass serpentine flow field PEMFC are shown in Figures 4-8.
The performance characteristics of the PEMFC are shown by the
polarisation curve and performance curve in Figure 9.

Figure 4 shows the pressure drop in the anode and cathode
flow channels respectively at 0.4V cell potential. The pressure
drop in the flow channel is an important consideration in the
design of PEMFC as it will help in deciding the type of blowers
or compressors to be used to maintain sufficient pressure in the
channel. This pressure drop also influences the electrochemistry
of the fuel cell. It is observed that pressure drops of 37.5 and
62.8 Pa occur in the anode and cathode flow channels respec-
tively. These pressure drops are very less compared with single
pass serpentine flow channels and these small pressure drops
can be neglected as its impact on net cell output is very small.
The reason for lower pressure drops in the proposed channels is
because the given flow divided into three.
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-

Figure 4. Contours of pressure drop (Pa) along the flow channel of the anode (left) and the cathode (right).
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Figure 5. Contours of H; and O; mass fraction along the anode (left) and cathode (right) channel.
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Figure 6. Current flux density distribution over the cathode catalyst layer at 0.4 V.

Figure 5 shows the hydrogen and oxygen mass fraction dis-
tribution along the anode and cathode flow channel at a cell
potential of 0.4V. Both H, and O, concentrations are more at
the inlet and gradually reduces towards the outlet of the chan-
nel. This reduction of species concentration in the channels is
due the consumption of reactants in the reaction. The species
concentrations are good enough till the last turn of the serpen-
tine channels except the exit side of the channel. This can be
improved with an increase in the flow of reactants so that reac-
tants can uniformly distribute over the entire active area of the
cell. Itis observed that the rate of consumption of oxygen is more
than hydrogen. Figure 6 shows the current flux density distribu-
tion over the cathode catalyst layer at a cell potential of 0.4V.
Uniform current density distribution over the cathode catalyst
layer is observed except on the oxygen exit side which results in
better performance of the fuel cell.

1.42e+01
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1.91e+00
1.26e+00

Figure 7. Membrane water content at 0.4 V.

Figure 7 shows the membrane water content distribution ata
cell potential of 0.4. Water content distribution in the membrane
is similar to the current density distribution in Figure 6. Proton
conductivity of the membrane depends on the water content
inside the membrane. If the water content inside the membrane
is very less than the required, then the membrane gets dried
out and if the water content in the membrane is higher than
the required then it causes flooding. Both membrane dry-out
and flooding will affect cell performance negatively. This can be
avoided if the distribution of water is uniform throughout the
membrane.

Figure 7 shows the liquid water activity in the cathode chan-
nel at 0.4V cell potential. Water is generated on the cathode
side due to oxygen reduction reaction. Some amount of water
is essential to keep the membrane hydrated, but excess water
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Figure 8. Liquid water activity in the cathode channel.
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Figure 9. Polarisation and performance curve.

generated must be evacuated from the fuel cell. From Figure 7,
it is observed that the liquid water activity is less at the inlet
and it is increasing gradually towards the outlet of the cath-
ode flow channel, i.e. the channel is able to remove the excess
water from the cell effectively. Finally, the proposed model is val-
idated by comparing with Figure 9 and shows the comparison of
polarisation and performance curves of simulation data and the
experimental data of Iranzo et al. (2010). The experimental data
were taken from a 50 cm? active area single cell with serpentine
flow field plate having five parallel channels and nine rows at
40°C. The membrane used is Nafion-117 membrane with catalyst
loadings of 0.3 and 0.6 mg/cm? at anode and cathode electrodes
respectively for the experiments. The simulation results slightly
over predict the experimental results.

4. Conclusion

A computational fluid dynamics study on 3-pass serpentine flow
field PEMFC was carried out and few key parameters such as
the mass fraction of hydrogen, oxygen, liquid water activity,
water content in the membrane and performance of the PEMFC
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have been explored. It is concluded that a maximum power
density of 0.32W/cm? was obtained at 0.4V cell potential @
0.8 A/cm? of current density. The simulation results of the pro-
posed model are compared with the available experimental
data which showed good agreement. The present study may
be extended to examine the effect of the different key operat-
ing parameters like cell operating temperature, pressure, reac-
tants humidity, and flow direction of reactants on PEM fuel cell
performance.

Nomenclature

u velocity in the x direction (m/s)

v velocity in the y direction (m/s)

w velocity in the z direction (m/s)

o density of reactant gases (kg/m?>)

P pressure

i viscosity (kg/sm?)

Smom Momentum sink term

T temperature (K)

E total energy

h enthalpy

Toff effective shear tensor

Keff effective conductivity

omem €lectrical conductivity of the membrane (S/m)
o electrical conductivity of the electrode (S/m)

€ porosity

an anode charge transfer coefficient
Aca cathode charge transfer coefficient
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