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Abstract

Fuel cells have been identified as a promising technology to meet future electric power requirements. Out of
various fuel cells, Proton Exchange Membrane Fuel Cells (PEMFCs) have been staged up as they can
operate at low temperatures and also have a high power density. In this article, the flow field design of a
Single Serpentine Flow Field (SSFF) has been modified to L-Serpentine Flow Field (LSFF) in order to
reduce thermal and water management problems in PEMFC. A numerical study is conducted on 441 mm?
active area at 70 °C and 3 atm operating conditions to evaluate various flow characteristics by comparing
LSFF with SSFF, and it is observed that temperature and species flux distribution in LSFF enhanced
significantly. The modification of the flow field yields remarkable improvements in various aspects. These
enhancements include a more uniform distribution of membrane water content, an impressive 8% increase in
O, consumption, and a remarkable 22% improvement in product evacuation demonstration by the H.0O
species profile, attributed to a 40% reduction in product travel distance. Additionally, a noteworthy 10%
increase in power density is achieved. Despite a slight increase in pressure drop due to the additional bends
and turns in the modified flow field, the impact on power density remains insignificant. These findings
highlight the immense potential of the modified flow field to significantly enhance performance.

Keywords: PEM fuel cells, flow field design, water management, thermal management, serpentine flow
fields.

Highlights
1. The L-serpentine flow field was designed to address thermal and water management issues in
PEMFCs.

2. Numerical simulations were conducted on a 441 mm? active area at 70°C and 3 atm to compare the
SSFF and LSFF designs.

3. The LSFF showed enhanced temperature, membrane water content distribution, O, consumption,
and H,O species profile, leading to a 10% increase in power density.

4. The LSFF's 40% reduced product travel length contributed to better product evacuation,
while a slight increase in pressure drop did not affect power density.

1. Introduction

World’s power demand for transportation and for
home appliances is increasing expeditiously.
Despite imposed restrictions on carbon foot print
methods for power production. Therefore, a
growing nation like India is looking for pollution-
free energy production methods. In order to meet
this requirement, the government is planning to
reduce India’s dependency on thermal power
plants to 50-55% by 2030 (that is 60% till year

2022) and switch over to renewable energy. since
India accounts for 49% of total CO2 emissions,
compared to the global average of 41% [1]. Now
under the gambit of alternative energy, world is
looking for promising technologies including
battery power and fuel cells that ensure pollution-
free energy[2]. Furthermore, batteries are known
to have a specific energy ranging from 100 to 250
Wh/kg, while Proton Exchange Membrane Fuel
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Cells (PEMFCs) exhibit a higher specific energy
range from 600 to 1000 Wh/kg[3].

Renewable energy sources such as solar energy
and wind energy are unstable and intermittent
during generation. The utilization rate and
stability of renewable energy can be improved by
combining certain energy storage and generating
systems [4]. The hybrid system comprising
photovoltaic cells, an electrolyzer, and a PEMFC
harnesses solar power to operate the electrolyzer
and produce hydrogen. The hydrogen is then
compressed and stored in a storage tank, which is
connected to the fuel cell for electricity
generation. This setup effectively mitigates the
intermittency of solar power production, thereby
providing a more consistent and reliable source of
energy. This hybrid system is completely clean
energy system with no greenhouse gas emissions.
Moreover, the costs associated with the fuel cell
and electrolyzer components are expected to
become more appealing in the future [5]. Based
on the aforementioned advantages, the study
focuses on the PEMFC. The subsequent section
provides a detailed discussion on the working
principle and components of the PEMFC.

PEMFC mainly consumes hydrogen as fuel and
oxygen/air as oxidizer. The primary products of
this reaction are water and heat. PEMFC consists
of Proton Exchange Membrane (PEM), Catalyst
Layer (CL), Gas Diffusion Layer (GDL), and
Current Collectors (CCs). Flow field are
engravings on current collectors on both anode
and cathode. Flow field facilitate reactants to
catalyst sites through GDL. Simultaneously,
formed water at the cathode -catalyst was
transferred to the flow field via GDL through
capillary action[6]. Flow field collects the water
and drive them out due to the pressure difference
in them.

Among the various studies on PEMFCs, flow field
design is considered as a primary factor that
affects the performance significantly. Not only in
PEMFCs, flow field design influence can be
observed in other fuel cells also [7-9].Various
novel designs were developed by the researchers
in order address the performance issues due to
water and heat management.

Initially, pin and parallel flow fields were widely
used due to their a simplicity, but later it was

found to be ineffective in distributing
species[10,11]. Subsequent improvements
resulted in more efficient designs such as

serpentine, interdigitated, and bio-inspired flow
fields[12-14]. Compared to parallel and pin flow
fields, these designs exhibited higher pressure
drops. Pressure drop helps in distribution of
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reactants and purging of water in serpentine and
interdigitated [15]. However, this can result in
significant parasitic losses, which should be taken
into account during optimization. Hence, single
serpentine flow field was further modified into
double, triple and multiple parallel serpentines in
order to reduce the pressure drop, but led to
decrease in power density [16].

In similar lines, interdigitated showed higher
pressure drop than single serpentine[17,18].
Despite the higher pressure drop, interdigitated
flow fields showed three times more power
density than serpentine designs [19]. Due to their
good distribution of species properties and
drivability of product water, the researchers have
developed modified interdigitated designs such as
diagonal and spiral interdigitated, to reduce the
pressure drop [20].

An efficient flow field must have uniform
distribution of membrane water content, current,
and temperature while also being capable of
evacuation of product water with little pressure
loss [14]. Additionally, it should reduce water
flooding and enhance proton conductivity to
improve  the consumption of reactants
[21,22].Significantly, water management is a
critical problem in PEMFCs, which hinders the
performance [23].

Apart from the above flow fields, multiple studies
have been conducted to assess the characteristics
of different flow fields such as Lung, Leaf,
Zigzag, and Sinusoidal using both experimental
and computational fluid dynamic (CFD) analysis
[24,14,13,25])[26]. The CFD analysis Yyielded
similar results to experimental studies, indicating
the reliability of numerical models in scrutinizing
electrochemical performance. This approach saves
time and cost compared to
experimentation[27,3,28]. Various researchers
used CFD solvers to evaluate the performance of
PEM fuel cells, and the results are in good
agreement with the physics.

This article presents a novel and innovative
approach by introducing the L-serpentine design
as a modification to the conventional single
serpentine design. The novelty lies in its objective
to increase  oxygen consumption  while
simultaneously reducing the travel length of
product water for rapid evacuation. Additionally,
compared to the interdigitated design, the L-
serpentine design offers advantages such as lower
pressure drop improved driving capability, and
elimination ~ of  blind  spots.  Through
comprehensive CFD analysis, this study focuses
on enhancing water and thermal management to
optimize fuel cell performance. This novel design
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concept and its potential to improve fuel cell
efficiency make this research a significant
contribution to the field.

2. Methodology

2.1. Model development

For the current analysis, a small active area of
21mm x 21mm was chosen, as shown in figure 1
with layouts of Single Serpentine Flow Field
(SSFF) on the left and L-Serpentine Flow Field
(LSFF) on the right. The reasons for choosing
small active are:i) large area minimizes the focus

2 2 2 2 2

Outlet ‘

on the flow field; ii) a small active area/domain
reduces the computational load. Furthermore,
sharp edges at the turnings were considered to
reduce computational load, though round or
curved edges performs better. However, similarity
for edges been considered in both designs[29].All
the inlet parameters were calculated as required
for the active area. The main idea of the current
work is to enhance the contact time of the
reactants against the products, which doesn’t
require much time to evacuate. In view of the
above, a LSFF was considered as it also avoids
flooding in the channel.
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Figure 1. SSFF (left) LSFF (right).

Figurelshows the average length in mm, and a center
line is drawn in the channels to measure total length.
Both flow fields measured 201 mm and length is
indicated at top, bottom, and sides, respectively. Other
dimensions were kept constant and they are given in
table 1.

Table 1. Dimensions for the model.

Dimension Ref.
(mm)
Membrane area 21x21 Eé}
Electrolyte thickness 0.178 [31]
Gas Diffusion Layer (GDL) thickness 0.25 [30]
Catalyst Layer (CL) thickness 0.02
Channel width 1
Channel height 1 [31]
Current collector (CC) thickness 2
Rid width 1

In LSFF, from the midpoint to outlet, the length has
been reduced by 40% approximately (where M
indicates midpoint) compared to SSFF.

Inlet and outlets are indicated with arrows, as
shown in figurel; in all the subsequent sections,
same notation has been followed for both anode
and cathode flow fields.
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2.2. Governing equations

Governing equations including conservation of
mass (Equation 11), momentum (Equation 13),
energy (Equation 16), and species transport
(Equation 19) were considered [32,33]. To solve
the electro-chemistry, Ansys FLUENT uses two
potential equations to solve electron transfer
(Equation 1) and protons transfer (Equation 2).
Electrons transfer equation applicable for catalyst
and current collector regions, whereas protons
transfer equation applicable within the membrane
region.

V. (0501VDs01) = Ryl (1)
V. (0memVPmem) = Rmem (2)

The source terms Ry, and R,emare calculated by
using Buttler-Volmer equations (Equation 3) and
(Equation 4),whereas R, and R. are exchange
current densities calculated at anode and cathode
side for both solid and membrane phases.
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Membrane conductivity (opem) IS found by
equation (Equation 5), this equation again
depends on the operating temperature and
membrane water content(i) (Equation 6).

Omem = (0.00514% — 0.00326) *

1 1 5
exp (1268 (ﬁ - ¥)) (5)
0.043 +17.81a — 39.84 a% + 36 a3,
_ (a<1)
A= 14 +1.4(a— 1), (6)
(a>1)

Water activity(a) is calculated by (Equation 7),
X, P
= o ™

where X,,is mole fraction of water,Pis operating
pressure, andpSat is saturation pressure.
Activation losses at anode (n,) and cathode

(nare found by (Equation 8) and (Equation 9),
respectively.

n,= Q)sol - Q)mem (8)
ne= Dsot = Pmem — Vo 9

Open circuit potential (V,) was considered as
function of temperature (Equation 10).

V, = 0.0025T + 0.2329 (10)

Conservation of mass (Equation 11)
V.(peV) = S, (1)

The source terms(S,,) changes according to
location (Equation 12).

MW,
Sm =0, S, = —T"Zia
forflow
M M
fields, s = ‘;V;'Zo i — :\1’-‘02 i 12)
GDLs For CLs

Conservation of Momentum (Equation 13)
V.(peVV) = —VP + VT +S, (13)

Shear stress (Eqg.14)different in various regions
due to the effect of porosity, porosity brings
additional source terms (Equation 15) in porous
regions.

( uv2y;
for Flow fields
— _o)2
vt = iuvzv +2.2555 vy - 2y (14)
14
for porus media
Sp = 0 for flow fields; - _ (i)
S p kp (15)
for porous media
Conservation of Energy (Equation 16)
V. (V(pec,T)) = V.(KetVT) + Se (16)

Effective conductivity (Equation 17) can be
considered as fluid conductivity in flow fields,
whereas in  porous media porosity and
conductivity of solids and fluids were considered.

{ Kk for FFs
Kot ( £ 1- z»:)_l an
-2k

st 2K, 7k, T 3K,

for porus media

Energy source term (Equation 18) is obtained by
combining heats generated through ohmic losses
(iRopm), heat of reaction (hyeaction), CUrrent
conduction heat(mR,¢), and phase change from
liquid to vapour (hphase)

se = iz Rohm + hreaction + nRa,c + hphase (18)
Species transport (Equation 19)
V.(peVy;) = —V.(p(D;V.y;)) + Ss (19)

Stephen Maxwell formulation helps to calculate
the diffusive coefficient of the species (Equation
20) is used,which also considers tortuosity of gas
diffusion.

3/2

Po\ /T
D. — 1.5Dp<_0)(_) 20
=207 (P (20)
S0, Moz, (21)
SHZO__MWHZO
- 2F <

2.3. ANSYS fluent setup

An ANSYS-fluent add-on module for fuel cell
analysis was considered for the study. Flow was
assumed as steady, isothermal, isotropic,
incompressible, and multiphase models were
taken into account. Velocity at anode and cathode
inlet calculations were considered from Nguyen
et.al study (Equations 22 and 23) [34]. These
velocities turned into mass flow rates by
multiplying them with specific volumes (mass
flow rates given in table 2). Voltage ranging from
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0.4 to 0.9V was applied only at the cathode
current collector terminal.

All the equations are solved individually by the
solver, and they are combined using SIMPLE
solver. Subsequently, the relevant equations were
discretized using the second-order upwind scheme
for better accuracy. Solution controls were applied
for momentum (0.3) and pressure (0.7).
BiConjugate Gradient STABiIlization method
(BCGSTAB) was employed for anode and
cathode potential stabilization methods along with
F-cycle method to enhance the convergence
speed. Advanced solution controls for potentials
were set to 0.0001. All residuals were set to 10
8 Additionally, a convergence criterion 10° was
used for output current density[35][32].
Parameters and boundary conditions are tabulated
below in table 2.

Iref EAactive 1
@« 2F P A Xy,
Iref EAactive 1
< 4F P A; Xo,

(22)

Ugin =

(23)

Ucin =

Table 2. Parameters and boundary conditions for the

model.
Parameter Anode Cathode Ref.
Stoichiometr
Ca 2 [ 2
y
Reference L, 10000, 10000
re, 2 re 2

density Alm Alm
Humidifying T 60, 70, T 60, 70, 80
temperature 80°C °c
Pressure P 3 atms P 3 atms
Ee'a_"‘.’e RH  100% RH  100%

umidity
Voltage 0 04-09V
Concentratio [36][
n exponents Ya 05 Ye ! 30]
Exchange as, ag,
coefficients al 05 ol 2

. 21x21 21x21

Active area Aactive mm2 Aactive mm2
Area of cross
section  of Ag  IxImm?  Agy 1x1 mm?
flow field
Hydrogen
mole fraction #2087
Oxygen mole
fraction Xo, 0.1885
Gas diffusion
layer porosity 0.7 0.7 [37]
Catalyst layer 038 0.38
porosity ' )

2.4. Grid independence study

A grid independence study for the models is
shown in table 3, and current density was
measured at 0.6 V for different element sizes of
LSFF. All the dimensions and parameters were
considered as per table 1 and table 2. As indicated
in the table 3, elements considered for the
numerical study were increased from 1 million to

2.5 million approximately. A percentage deviation
of less than 1% with respect to current density
occurred for 0.6 million elements was observed.

Table 3. Grid independence study.
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Elements Current density (A/cm?) % deviation
97,020 0.758
388,080 0.7766 2.457
606,375 0.7831 0.838
2,425,500 0.7891 0.761
2.5. Validation

The validation for this study was taken from Lin
Wang, experimental results for input conditions at
70°C and 3 atm[36]. A single serpentine flow field
with an active area 72x72mm? considered.
Keeping the other dimensions mentioned in table
1. Mass flow rates and mass fractions of reactants
were calculated in accordance with active area
membrane.

The variation of voltage with current density as
observed in figure2, as observed from the graph
the numerical variation well justifies the
experimental study. However, a minimum
deviation was observed, the reasons being the
variation in water formation is higher at higher
current densities, which is more precise in
experiments due to multiphase in nature.

—m— Experiment
S — = Model

Voltage (V)

T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4
Current density (A/cm?)

Figure 2. Experimental and numerical validations.

With simulations other approximations like square
cross section, sharp edges flow fields, and
adiabatic conditions at the current collectors
affected the output current density.

3. Results and discussion

3.1. V-1 and P-I characteristics

In figures 3 and 4, it is evident that as the
temperature increases, the current density and
power density also increase. Both the LSFF and
SSFF flow fields show a similar trend, with the
current density initially being minimum for lower
voltages and gradually increasing as the voltage
level drops. However, at higher temperatures, the
LS80 exhibits a higher current density compared
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to the SS80. Similarly, the power density follows
the same trend, with the LSFF model
outperforming the SSFF model at higher
temperatures within the same voltage range. At
higher voltages, the variation in current density
and power density becomes insignificant.
Numerical analysis was conducted on the
considered models, spanning a temperature range
of 60 — 80°C, with 3 atm pressure as part of the
study. The temperature range aimed to assess the
effectiveness of the modified design. It is worth
mentioning that the performance was less
satisfactory at 60°C due to sluggish reaction
Kinetics at lower temperatures. As the temperature
increased beyond that point, the performance
improved. The highest power and current
densities were observed at 80°C within this range.
However, operating above 80°C was not
recommended due to several factors. These
include  potential membrane  degradation,
increased water loss through evaporation,
enhanced electrode corrosion (which is directly
proportional to temperature), and consequent
increase in ohmic losses. Although performance
generally improves with temperature, operating at
high temperatures can negatively affect membrane
conductivity [38,39]. To strike a balance, the
optimum temperature for further analysis was
determined to 70°C.

The values of maximum power densities are
observed at 0.6 V at different temperatures from
the graphs shown in figure 4. The following
characteristics were chosen for obvious reasons: i)
Thermal (Temperature contours) ii) Flow
(Pressure, Streamline contours) iii) species (H-0,
O, species contours) iv) Electric (V-1 and P-I
characteristics). All the contours in the subsequent
sections are drawn at 70°C and 0.6 V.

h, ———

Temperature
3567.162
355.761
354.360
352.958
351.557
350.156
348.755
347.354
345.952
344.551

343.150
K]

4

—_—

(@)

2024, 195-209

Voltage (V)

T T T T
0.0 0.2 0.4 0.6 08

Current density (A/cm?)

Figure 3. Voltage vs.current density.

Power density (W/cmz)

T T T T
0.4 0.6 0.8 1.0

Current density (A/cm?)

T T
0.0 0.2

Figure 4. Power density vs.current density.

3.2. Thermal characteristics

The temperature contours shown in figure 5 were
plotted at the cathode GDL and CL interface.
Temperature rise is more considerable on the
cathode side than anode side [34].The temperature
rises in new design, i.e. LSFF, is only 2°C, but in
traditional SSFF rise was 14°Cand subsequently
the rise in SSFF was mainly confined to the initial
active area. In contrast, LSFF design displays a
mostly uniform temperature rise.

(b)

Figure 5. Temperature contours for SSFF and LSFF.

From the same figure 5 it can be inferred that the
sudden U-bend turn in SSFF gives rise to sudden
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drop in velocity of the reactants, thereby increased
resident time at the U-bends. Hence temperature
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rise observed in the initial phase, whereas in
LSFC, due to the adoption on L-shape bends
along with U-bends, it reduces the sudden velocity
drop at L-bends compared to U-bends. Though the
numbers of U-bends are same in both the designs,
LSFC allows the species to spread throughout due
to L-bends.

Furthermore, in SSFF, the temperature rise
decreased in the later phase. This is due to the
formation of water or accumulation of water at the
end phase (which can be observed in H,O mass
fraction and MWC sections). The water formed
absorbs the thermal energy thus reflected in the
reduced temperature. However, in case of LSFF,
the time available for products in flow channel
was reduced. Furthermore, increasing in
temperature decreases the condensation and
decreases the moisture content [40], this has dried
up the flow field area in SSFF which can be
noticed from figure 10. Hence, LSFF design
solves thermal management problem in the flow
field. Moreover, constant temperature reduces
thermal stresses in current collectors [41,42].
Temperature rise at each voltage is been plotted in
the figure 6 bar chart. At higher voltages the rise
in temperature is almost similar in the both
designs. At lower voltages, the rise in temperature
is significant which corresponding to higher
current density production, thus higher reactions

Pressure

155.618
140.056
124.494
108.933
93.371
77.809
62.247
46.685
31.124
15.562

0.000
[Pa]

(a)

happening in the cell produces higher
temperature. Interestingly, the higher temperature
of an LSFC is nearly identical for all voltage
processes, making it an excellent design by
eliminating exterior cooling without fluctuating
heat burden. Notably, the temperature increase at
each voltage in SSFF is greater than in LSFF. As
previously stated, similar causes for higher
temperatures can be extrapolated.

94 [ ]SS Temperature
[ ]LS Temperature

80 A —

2

Temperature (°C)
& 8 8

w
L

0.4 0.5 0.6 0.7 0.8 0.9
Voltage (V)

Figure 6. Maximum temperature attained at each voltage.

3.3. Pressure drop in cathode channels

The volume rendering method in Ansys post
processing is used to calculate pressure drop in
cathode channels.

(b)

Figure 7. Pressure drop in cathode channels of SSFF and LSFF.

It is apparent from figure 7 that the pressure drop
in the LSFF was higher as compared to SSFF.
However, the percentage of pressure drops in the
flow fields with respect to inlet pressure of 3 atm
was 0.0464% and 0.051%, respectively. This
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corresponds to 14 Pa higher inlet pressure
requirements for LSFF.

The majority of new designs have a significant
pressure drop, which is undesirable since it causes
parasitic power losses. However, pressure drop is
responsible for improved resident time of
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reactants in the flow field [43]. As a result, the
temperature at the corners and U-bends rose
sharply which can be observed in the preceding
section (Temperature).

[ 1SS Pressure drop
180 - [ |LS Pressure drop,

160 —

1404

¥
1

100 4

Pressure drop (Pa)
2 ®
s 8

£

[*)
1

0.4 0.5 0.6 0.7 0.8 09
Voltage (V)

Figure 8. Pressure drop vs. voltage.

Pressure drop in SSFF remained almost constant,
Whereas, in LSFF pressure increased slightly as
the voltage increased.

Veloci

cathode velocity
2.228
1.949
1.671
1.392
1.114
0.835

0.557 | - ‘ 1 \'

0.278 ‘ ‘ ‘

I

0.000
[m s™-1]

(=
S
e
i
N

—
-

Secondary

3.4. Streamline contours

The streamline contours shown in figure 9 are
plotted for cathode channels. The primary
objective of these contours was to evaluate the
occurrence of eddies at the sharp edges. After
analyzing the contours, it becomes clear that the
influence of secondary flows (indicated in figure 9
as circles) on sharp edges is insignificant,
resulting in a decreased turbulence effect.
Initially, there were small secondary flows
observed at the corners in the initial turns due to
high velocity, but later these flows diminished.
The decision to incorporate sharp edges was made
in order to reduce the computational load. If
curved edges had been considered instead, small
secondary flows would have been eliminated. The
velocity distribution in the both channels seems
uniform; the uniform velocity distribution of the
reactants at the flow channel avoids parasitic
current may be occurring due to potential
difference [41].

&
AL

=
%@;‘

1a=.___.-—=.__g

e

(- i J ) !
\r"\ ) o - : ’ WS

(b)

flows

Figure 9. Cathode channel streamline contours.

3.5. Membrane water content

The outlines shown in figure 10 were drawn at the
membrane and CL on cathode side interfaces
since product water originates from the reactions
at cathode end. The other reasons for water in the
membrane are electro-osmotic drag and reverse
diffusion [44]. The change in membrane water
concentration (MWC) of SSFF is minimal,
hovering around 14, whereas, for LSFF it
increased from 14 to 15.45 (within the limits of
range 14 to 22). Notably, if MWC > 14, then the
membrane is fully saturated with water, which
allows both water molecules and HsO+ ions to
move freely and easily through the membrane.
This is the most desirable regime for PEMFCs, as
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it maximizes the proton conductivity and
enhances the overall performance of the fuel cell
[38].

Distribution of MWC in LSFF is more uniform
than SSFF. In SSFF, due to higher temperatures in
the initial phase has dried up the membrane. From
figure 10 in SSFC, water is initially driven and
accumulates towards the end due to the pressure
difference, which is higher in the initial stages but
reduces later on. This pressure difference drives
the water content. On the other hand, LSFC
experiences a higher pressure drop in overall, but
the sudden pressure drop at U-bend is reduced.
Additionally, LSFC requires less pressure to
remove product water near the outlet. Due to
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much available MWC, proton conductivity
increased and led to increased power. In addition,
this even distribution of MWC reduced hot spots,

Vol. 5, No 2, 2024, 195-209

which extends the lifespan of the membrane [45].
The ability of water evacuation can be observed in
the next section.

) = =

Water content
15.451
15.283
15.115
14.946
14.778
14.610
14.442
14.274
14.105
13.937
13.769

(@

- SS Water content
[ ]LS Water content

‘Water content
w

0.4 0.5 0.6 0.7 0.8 0.9
Voltage (V)

Figure 11. Average membrane water content vs. voltage.

Figure 11 depicts the average surface water
content of the membrane with respect to voltage.
It was observed that the average water content is
the same at higher voltages, but increases at lower
voltage. Lower voltage (higher current) leads to
the production of more amount of water.

3.6. H,O mass fraction

To determine the H.O mass fraction, a mid plane
in the cathode channel was used. In figure 12, the
contours show that in SSFF, H,O mass fraction
was increased from an input value of 0.066 to
0.112, whereas it is increased to 0.087 only in
LSFF.

The increase in H,O mass fraction demonstrates
that H,O has generated from the reactions and is
increasing towards the channel's end. The buildup
of H,O in SSFF caused a drastic increase in mass
fraction, but accumulation in LSFF was
minimized due to shorter end phases. In contract,
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(b)

Figure 10. Membrane water content at cathode side GDL and CL interface.

more H,O indicates more reactions, but the less
H,O in LSFC can justified by observing MWC
(Figure 10). These contours are co-related, MWC
indicates how much water is produced during
reactions and H.O mass fraction tells the amount
water at various locations. Hence, MWC of LSFC
is higher ie. Membrane more humid compared
SSFC design. Though equal amount of humidity
provided at the inlet. Therefore, LSFC showed
better membrane wetability and better water
evacuation. Furthermore, LSFF assured improved
removal of water content from the channels by
22.3% (22% approximately), which implicates a
critical concern in the design of fuel cell flow
channels.

3.7. O, mass fraction

The contours in figure 13 were plotted on a mid
plane created at the cathode channel. The range of
O, mass fraction reduction in SSFF is less as
compared to LSFF. The minimum mass fractions
obtained at the outlet are 0.128 and 0.118 for
SSFF and LSFF, respectively.

O, mass fraction contours clearly justify H.O
mass fraction contours. LSFF has reduced oxygen
mass fraction, indicating more consumption [47].
The modified designed allowed an increase in
oxygen’s resident time in the initial phase. As a
result, LSFF outperformed SSFF in terms of
reactant use by 7.8% (approximately 8%). In both
configurations, the decrease in H, mass fraction
was small. Furthermore, the high dissociation
energy of oxygen received the greatest attention in
the literature too.
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H20 mass fraction at mid section of cathode flow fields.
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H20 mass fraction at cathode GDL and CL interface.
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Figure 12. Cathode channel H20 mass fraction contours.
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O2 mass fraction at cathode GDL and CL interface

Oz
mass
fraction

0.217
0.195
10174
| {0152
0.130
0.108
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0.043
0.022
0.000

(a)

Figure 13. O, mass fraction in cathode channels.

3.8. VI and PI characteristic curve

The Overall performance of a fuel cell was
evaluated using VI and PI curves. The graph in
figure 14 was drawn for 70 °C and 3 atm pressure
operating condition. It is very clear that LSFF
current density or power density is higher
compared to SSFF. The maximum current and
power densities were given in table 4. At
maximum power density, a 10% (approximately)
rise was observed.
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Figure 14. V-1 and P-I characteristic curves.

VI characteristic curves emphasizes the various
losses. The losses are activation losses, ohmic
losses and concentration losses. The modified
design showed similar activation losses, since
these losses are more dependent on catalyst.
Ohmic losses found to be decreased because
increased membrane content.  Furthermore,
concentration losses were reduced by increased

(b)

the current density, since the efficient product
water evacuation helps the fresh reactant to reach
the active site. Hence, polarization losses or the
over-voltages were reduced with L-sepentine.

Table 4. Maximum current and power densities at 0.6 V.

Flow Current density Power density

-
field (Alem?) (Wicm?) o rise
SSFF 07132 042792

LSFF 0.783 04698 9787
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4. Conclusions

The comprehensive numerical study of the
innovative L-Serpentine flow field (LSFF) design
compared to the standard single serpentine flow
field (SSFF) design has yielded remarkable
conclusions. By adopting the LSFF, significant
enhancements in performance have been
achieved, addressing key challenges related to
thermal management and water distribution within
the fuel cell.

The findings highlight the following compelling
conclusions from the LSFF-SSFF comparison:

1. The incorporation of LSFF design effectively
reduces the travel length for products by an
impressive 40%, resulting in accelerated
evacuation from the fuel cell.

2. Remarkably, the LSFF design demonstrates
minimal temperature rise and achieves near-
uniform temperature distribution, alleviating
thermal stresses on current collectors and
bipolar plates.

3. While LSFF shows a slightly higher pressure
drop, requiring an additional 14 Pa of
pressure, its impact on power density remains
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negligible, making it an attractive choice for
fuel cell applications.

The LSFF design showcases improved
consumption of oxygen (O;) and more
efficient removal of water (H.O) at the
cathode end. This translates to an impressive
8% increase in O, consumption and a

remarkable 22% enhancement in HO
removal.
Both the V-l (voltage-current) and P-I

(power-current) characteristic curves
demonstrate significant improvements in
current density and power density outputs.
The modified LSFF design exhibits an
impressive 10% increase in both current
density and power density.

Therefore, the LSFF design emerges as a highly
promising solution for overcoming thermal and

water management challenges

in fuel cells.

Further exploration should include investigations

into

the benefits of rounded edges to reduce

pressure drop in flow fields, as well as the effects

of

larger

active areas under various inlet

conditions. These advancements hold tremendous
potential for future studies in fuel cell technology.

5. Abbreviations

PEMFCs Proton Exchange Membrane Fuel cells

SSFF Single Serpentine Flow Field

LSFF L-Serpentine Flow Field

GDL Gas Diffusion Layer

MWC Membrane Water Content

RH Relative Humidity

BCGSTAB Bi-Conjugate Gradient STABilizion
Semi-Implicit Method for Pressure

SIMPLE Linked Equations

CL Catalyst Layer

6. Nomenclature

Osol) Omem

lonic conductivity in solid and
membrane

Potential of the cell in solid and

Dso Dmem  membrane
Reo1, Rmemn  Conductive current (A/m?)
R,. Volume exchange current density at
’ anode and cathode
[ref Reference exchange current density at
ac anode, cathode (A/m?)
Y ac Concentration exponent
Noc Activation losses at anode, cathode
[H3],[0,] Concentration of species

5, No 2, 2024, 195-209

a

al Anodic transfer coefficient at anode
al Cathodic transfer coefficient at anode
al Anodic transfer coefficient at cathode
a Cathodic transfer coefficient at
cathode
A Membrane water content
a Water activity
Xw Water vapour fraction
psat Saturation pressure
Mye Activation losses at anode, cathode
V, Open circuit voltage (V)
P Density of fluid
|4 Velocity vector
£ Porosity
S Mass source term
MW Species molecular weight (kg/mol)
i Anode and cathode current density
‘ (A/m?)
T Viscous shear stress tensor (N/m?)
Sy Source term due to porous media
u Viscosity of fluid
k, Permeability of porous media
K Effective thermal conductivity
eff (W/m2K)
k Thermal conductivity of fluid
(W/m2K)
K Thermal conductivity of Solid
§ (W/m?2K)
Rohm Ohmic resistance
Vi Mass fraction of the species
D; Mass diffusion coefficient
Do Mass diffusion coefficient at standard
t conditions
S Species source term
Te Electrolyte thickness
Te Gas diffusion layer thickness
Tc Catalyst layer thickness
W Channel width
H Channel height
Cr Current collector thickness
R Rid width

Ugins 5 Ugjin

Inlet velocities of reactant (m/s)

Sl e

Stoichiometry ratio

Iref

Reference current density (A/m?)
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Faradays constant (96485 C/mol)

Pressure (Pa)

F
R Ideal gas constant (8.314 J/mol.K)
P
T

Temperature (K)

Ayctive Active area of the fuel cell (m?)
Avrea of cross section of flow field
Agy 2
(m?)
X, Xo, Mole fraction of hydrogen and oxygen
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