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Abstract

During Fuel Cell Vehicle (FCV) operation, the liquid water in gas diffusion media
(GDM) prevents the reaction gas from reaching the reaction zone and lead to output
power fluctuation and reduce the lifespan of FCV. In the present research,
hydrophobicity gradient settings of micro-porous layer (MPL) and gas diffusion layer
(GDL) are optimized to improve the water removal ability of GDM. Computational
fluid dynamics (CFD) model is constructed for numerical simulations to analyze the
fuel cell power output and the water content in the GDM with different
hydrophobicity gradients. Experiments with different hydrophobicity gradients, which
are specifically prepared with corresponding concentrations of
polytetrafluoroethylene (PTFE) solutions, are conducted for validation of simulation
results. It is shown that the positive hydrophobicity gradient of MPL and GDL
provides a better capacity for water removal and oxygen transport. The contact angles
of MPL and GDL are further optimized as 147.9°-138.6° by genetic algorithm
integrated with the CFD simulations.

Keywords: PEMFC; hydrophobicity gradient; water management; fuel cell vehicle;

optimization
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1 Introduction

A Fuel Cell Vehicle (FCV) is powered by polymer electrolyte membrane fuel
cells (PEMFCs) which consumes hydrogen and oxygen with the advantages of high
efficiency, zero pollution, low temperature, and quiet operation. Because of these
advantages, FCVs have been studied and promoted by many countries for green
transportation. However, the durability and stability of fuel cells, which are
significantly influenced by the water management™  still need to be improved for
commercialization of FCVs. Better water management can ensure output power
stability and enhance the lifespans of components, thus reducing the operating costs
and accelerating the commercialization process!®"*. The Nafion membrane should be
well hydrated during operation. It is indicated that the appropriate water content
should be maintained in the PEMFC. Meanwhile, the ficoding of PEMFC will make it
difficult for the reaction gas to reach the reaction zone, resulting in a sudden voltage
drop and even voltage reversal. In the case of voltage reversal, significant heat is
generated to damage the PEMFC structure, such as the perforation of the membrane
and bipolar plate. Under that condition, it will reduce the service life of PEMFC and
lead to a serious safety risk due to the mixing of hydrogen and airl®®. Water
management plays a significant role for output performance and safety of FCV.

To improve water management in FCVs, many studies have been carried out on
the optimization of the PEMFC parametersi*®. The gas diffusion media (GDM) has a
great influence on water management and is widely considered for PEMFC
performance improvement*). The GDM includes micro-porous layer (MPL) and gas
diffusion layer (GDL), which are mass transport media with the function of
supporting and stabilizing the electrode structures. Some research teams focused on
PEMFC performance affected by the hydrophobicity gradient which could be
represented by the contact angles between the micro-porous layer (MPL) and gas
diffusion layer (GDL). The contact angle is the angle at which a liquid interface meets
a solid surface. A high contact angle indicates hydrophobicity (water-repelling), while

a low contact angle indicates hydrophilicity (water-attracting). The different contact
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angles of MPL and GDL form the different hydrophobicity gradients (i.e., the changes
of hydrophilicity between MPL and GDL). In application, use of the
polytetrafluoroethylene (PTFE) loading on GDM is a traditional method to get
different contact anglest™?. Weng et al. *] compared the PEMFC performance with
different hydrophobicity gradients which used different concentrations of PTFE
solutions to treat MPL and GDL. It was concluded that the inverse hydrophobicity
gradient could help keep water under low relative humidity (RH) and high PTFE
loading should be avoided. Liu et al. ' focused on different contact angles of GDL
and compared the PEMFC performances at different RH measures. The results
showed that the performance differences with various contact angles under different
RH measures were mainly caused by water retention ability and pore structure which
were influenced by PTFE treatment. Wang et al. "> used different materials to form
different gradients to investigate the influence of hydrophobicity gradient on PEMFC
performance. In their study, electrochemical impedance spectra (EIS) was used to
explain the performance differences. Naito et al. % focused on the influence of
carbon paper thicknesses and hydrophobicity gradients on water behaviors. Chun et al.
171 ysed double MPL with different hydrophobicity gradients to make membrane
electrode assemblies (MEAS) and compare them with single MPL MEA. In their work,
they called a smaller contact angle as hydrophilic even though it was higher than 90°.
Hou et al. ®® produced a self-humidifying MEA by inserting a layer of hydrophilic
T;0, and testing under low RH. Tanuma et al. % focused on the influence of GDL on
water behavior by making MEA that the anode and cathode were assembled with
different GDLs, respectively.

As PTFE is widely used to treat the GDL and MPL to form different
hydrophobicity gradients, the material characteristics of GDL and MPL affected by
PTFE loads have been studied by many researchers. Ismail et al. % investigated the
electrical conductivity of GDL with different PTFE loads. Reshetenko et al. ! used
scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) to
study the effect of PTFE loading in GDL particularly. The HNEI segmented cell

system was utilized to obtain the polarization curve and implement the EIS and cyclic
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voltammetry (CV) test to investigate the effect of different PTFE loadings in GDL on
MEA. Hwang et al. ? focused on the porosity change of GDL with different PTFE
loadings. In their work, the experimental data were used to fit the effective diffusivity
which was affected by porosity. Jinuntuya et al. *® investigated the breakthrough
pressure, water flow rate, and water retention in the GDL with different PTFE
loadings. Kuwertz et al. ! implemented the experiment to get the porosity, pore
volume, contact angle, pore diameter, and impedance through different PTFE loadings
of GDL.

Numerical simulations have been widely used for the water management of
PEMFC as they are efficient and easy to observe, compared to experiments. Some
researchers applied machine learning in PEMFC optimization'?®.. Wang et al. ?® built
a sophisticated M° model with integrated physics-based simulation and machine-
learning-based surrogate modeling for the GDL optimization. Some researchers
established the CFD models for the PEMFEC to predict the performance and analyze
the distributions of reactants and products. Zhang et al. *") established a two-fluid
model to investigate the effect of channel shape on the distribution of liquid water.
Arif et al. ?® studied the influence of porosity and contact angle on water content and
PEMFC performance, respectively. Several research works used the volume of fluid
(VOF) method to simulate the air-water two-phase flow in the PEMFC gas channel
and focused on the liquid drop behaviors on different surfaces. Chen et al. ?* studied
the water transport and morphology changes in the gas channel under different airflow
velocity and water injection velocity conditions. Ferreira et al. ¥ combined the 1D
and VOF methods to simulate the water produced in GDL and transport in the gas
channel with different operation conditions. Some researchers combined the Lattice
Boltzmann Method (LBM) and 3D reconstruction to simulate the liquid water
movement in the GDLE3,

However, in the simulation work of hydrophobicity gradient design and water
management in PEMFC, only the influence of contact angles has been considered.
The porosity change caused by the PTFE solution and the influence of porosity on

water management were ignored. To better improve the water management for the
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PEMFC, it is necessary to study the effect of hydrophobicity gradient on PEMFC
considering the porosity factor.

In this study, both the porosity and the contact angle which are influenced by
PTFE are considered in the design of the hydrophobicity gradient. The water removal
capacity of GDM is further discussed for PEMFC performance improvement. A
numerical model for a 5-cell stack is constructed for simulation to better understand
the mechanisms on the performance differences with different contact angles. The EIS
test is then conducted with our customized MEA for validation. The Eulerian model is
used to simulate the water drop behavior in GDM with different hydrophobicity
gradients. Furthermore, CFD models are integrated with optimization methods to
optimize the contact angles of MPL and GDL which are used to represent the

hydrophobicity gradient.

2 Modeling and Experiment

2.1 Computational domain

In this study, a 5-cell stack model is constructed to represent the PEMFC engine
for analyses. This model is composed of different components of the PEM and BPs
(bipolar plates), GCs (gas channels), GDLs, MPLs, and CLs (catalyst layers). The
computational domain of the 5-cell stack model is shown in Figure 1. The MEA
includes PEM and the GDLs, MPLs, and CLs of the anode and cathode. A GC
consists of seven serpentine channels which are connected by the manifold. The
length of a single serpentine channel is 140 mm and the cross-section size is 1 mm x 1
mm. The geometric parameters for both the anode and the cathode are completely
same. The geometric parameters of the 5-cell stack model are shown in Table 1.

Table 1. Geometric parameters of the 5-cell stack model

Parameters Value
MEA area (cm?) 51.6
Rib width (mm) 1

Channel width (mm) 1
Channel height (mm) 1

Channel number (serpentine) 21
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Length (PEM, CL, MPL, GDL, BP) (mm) 120
Width (PEM, CL, MPL, GDL, BP) (mm) 43
Thickness (PEM, CL, MPL, GDL) (mm) 0.0255, 0.01, 0.02, 0.1

The model for simulating the droplet diffusion in GDM with different
hydrophobicity gradients is shown in Figure 2. In the droplet diffusion model, the
MPL and GDL are separated from PEMFC to investigate the water behaviors between
the MPL and GDL. The parameters of MPL and GDL are the same as PEMFC. The
model mainly includes patch area, MPL, and GDL. The patch area is a space with the

same parameters as the MPL and is used to generate the droplet in the simulation.

Figure. 1. Computational domain of the 5-cell stack model

Droplet Patch area

MPL

GDL

Figure. 2. Droplet diffusion model
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2.2 Simulation conditions

Based on the ANSYS PEM fuel cell module, a 3D model is used to study the
performance and species distribution of the PEMFC. In this model, the reactions of
the anode and cathode are driven by the difference between the phase potential of the
solid and the phase potential of the electrolyte. The two potential equations of solid
and electrolyte are as follows:

V-(0;Vp) +R; =0 )

where o; is electrical conductivity of solid or electrolyte, ¢; is electric potential, R; is

the volumetric transfer current, which is calculated by Eq (2) and Eq (3):

Yan an
AnOGe:  Ron = (Canfun (1)) (el) ™ (eHF1an /BT — ~iefnan/ ) e

Yeat ca ca
Cathode: Reqe = ($eatfeae(T)) ([O[:’]Z]f) (—e%in Fcat/RT 4 g=alatFncac/RTY (3)

where j,,(T) and j...(T) are reference exchange current densities of anode and
cathode, {,, and (., are specific active surface areas of anode and cathode,
[H,] and [H,],.r are local concentration and reference values of hydrogen,
[0,] and [0,],.; are local concentration and reference values of oxygen,
agy and a, are anode and cathode transfer coefficients of the anode electrode,
aS% and a8t are anode and cathode transfer coefficients of the cathode electrode, F
is the Faraday constant, R is the universal gas constant, T is temperature, and n; is
surface overpotential calculated by Eq (4):
Ni = Psot — Pmem — Uio 4)

U? is the potential at anode or cathode calculated by Eq (5) or Eq (6):

ASan RT P
U = Egn — 22 (T = T%) — S1n (22) (5)
AScq RT P
Ugat = Egat + 2F - (T - TO) - ; In —re (6)

Psat ’POZ/PO

where P, is the water saturation pressure, Py, Py, and Py, are the partial pressures
of hydrogen, oxygen, and water vapor, E/ is the reversible potential, AS; is the
reaction entropies, and T° and P° are the reference temperature and pressure.

The water transport in the porous and the membrane is described by the Eq (7):
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= (01:) = V- (0 2V (Pea + By)) + Sg1 = Sua (7)
where p; is the density of liquid water, &; is porosity of porous media, s is liquid
saturation, K and K, are absolute permeability and relative permeability, y; is liquid
dynamic viscosity, Sy, is rate of mass change between gas and liquid phases, S4 is
rate of mass change between liquid and dissolved phases, F, is the pressure of gas,
and P4y, is the capillary pressure.

In the PEMFC, the driving force of water diffusion in GDM is capillary pressure

which is calculated by the Leverett J-function defined as”:

Pcap(s) = 0-|C05 9'\/%](5) (8)
where g, 0, €, and K represent the surface tension of water, contact angle, porosity,
and intrinsic permeability of GDM respectively. J(s) is calculated by Eq (9), where s

is the liquid saturation:

1) {1.417(1 —5)—2.120(1 —s)? +1.263(1 —s)3, for 6 <90 ° )
S) =
1.417s — 2.120s% + 1.263s3,for 8 > 90 °

As mentioned before, the contact angle and porosity of GDM are affected by
PTFE loading. Eq(10) is utilized for polynomial fitting with the discrete data from
Kuwertz et al. ! to obtain the continuous relationship between contact angle and
PTFE content:

x =ag+ a0+ a,0% + a;03% + a,0* (10)
where x is the weight fraction of the PTFE, 6 is the contact angle, and a; are the
coefficients of polynomial. The values of a; are -1.901x10°, 9.542x10*, -0.172,
13.391, and -373.899 respectively.

With the porosity being affected by PTFE loading, the porosity of GDM is
modified with Eq (11) from Reshetenko et al. ?%;

14
_Verre _ 0 _x _Pcp (11)

€=€0

Vep 1-X ppTFE

where ¢ is the porosity of treated GDM, ¢, is the porosity of untreated GDL, x is the
weight fraction of the PTFE which can be calculated by Eq (10), p., is the density of
the carbon paper with value of 0.36 gcm™3, and pprgg is the density of PTFE with

the value of 2.15 g cm™3.
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Assuming that the PEMFC operates at a steady state, the gas and liquid water
flows in the PEMFC are laminar. The contact angle, porosity, and pore size of GDM
are homogenous. The porosity parameters for GDL and MPL are set as 0.6 and 0.5. In
the simulation, the back pressure of the cathode and anode is 50 kPa, and the RH of
inlet gas is 50%. The gas mass flow parameters of the cathode and anode are
5.490x10* kg s and 3.005x10™ kg s respectively. Since the output voltage of
PEMFC is about 0.6-0.7V under normal operating conditions®®, 0.65V is selected for
the single cell voltage. At the endplate of the cathode, a constant voltage is specified.

The contact angles of 95° and 120° are selected to form different hydrophobicity
gradients based on the previous research!?®. The porosity is calculated by Eq (10)
and Eq (11). The positive, inverse, and uniform hydrophobicity gradients are
investigated through simulations. The parameters of the different hydrophobicity
gradients are shown in Table 2. The operation conditions and model parameters, such
as temperature, electric conductivity, and permeability in porous media, are the same
for three hydrophobicity gradients with the details listed in Table 3.

Before the simulation, different sets of grid layers are applied along the thickness
and in-plane directions to the 5-cell stack and the droplet diffusion model. This
operation is utilized to analyze considering grid-independency. With the consideration
of both accuracy and efficiency, 23.85 million computational cells are employed for
the 5-cell stack model and 16x10° computational cells are employed for the droplet
diffusion model.

Table 2. Parameters of the different hydrophobicity gradients in the simulation

o ) Parameters of MPL Parameters of GDL
Hydrophobicity gradient ) )
Contact angle (°) Porosity Contact angle (°) Porosity
Inverse 95 0.471 120 0.565
Positive 120 0.465 95 0.571
Uniform 120 0.465 120 0.565

Table 3. Operation conditions and model parameters

Parameter value
Electric conductivity (CL, MPL, GDL, BP) (S m™) 5000, 5000, 5000, 20000

Thermal conductivity (CL, MPL, GDL, BP) (W m™*K™) 1.0, 1.0, 0.95, 20
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Heat specific capacity (CL, MPL, GDL, membrane) (J kg™ K™) 568, 3300, 3300, 1580
N , 2.0x10™2,1.0x10™", 1.0x10™,
Permeability (CL, GDL, MPL, membrane) (m?) 1
2.0x10°
Exchange current density (A m?) Anode: 10; Cathode: 1.5x10°
Transfer coefficient Anode: 0.5; Cathode: 0.5
Temperature (K) 353.15
Back pressure (kPa) 50

2.3 Experiment

During the simulation, we focus on the contact angle of the cathode as the water
iIs mainly generated at the cathode side. To verify the simulation results, the EIS test
has been carried out to investigate cathode mass transfer with different
hydrophobicity gradients. The low frequency of the EIS result reflects the water
content and oxygen transportation in the MPL and GDLNY*I Based on the
characteristics of the material®?4 we treat GDL and MPL with 5% and 20% PTFE
solutions to correspond to the different hydrophobicity gradients in simulations. The
GDL and MPL treated by PTFE are assembied into the cathode of MEA. The details
and the corresponding hydrophobicity gradients of the MEA are shown in Table 4.

The diagram of the experimental system is shown in Figure 3. In the experiment,
compressed air and pure hydrogen are supplied to the cathode and anode, respectively.
Greenlight G60 is used to sample the experimental data and control the operating
parameters of PEMFC, such as current density, gas flow, temperature, back pressure,
and the humidity of inlet gas. For the EIS test, the GAMRY is used to generate the
alternating current excitation that is superimposed on the load current and sample the
data. The setting parameters of GAMRY are controlled by G60, and the data sampled
by GAMRY are sent to the G60.

Voltage sensor and loadbank control for PEMFC

., Voltage sensor
and loadbank

AT
R

Gamry parameters control
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Figure. 3. Diagram of experimental system

During the experiment, the stoichiometry values at the anode and cathode are set
to 1.5 and 2.5, respectively. The temperature of PEMFC is set at 80°C, and the back
pressure is 50 kPa for both anode and cathode. In the EIS test, the AC excitation
current is assigned to 5% of the DC, and the measurement frequency range is 0.1Hz-
10kHz. The inlet gas RHs are selected as 30%, 50%, and 100% for each EIS test. The
first EIS test and the second EIS test are implemented at the current densities of 2 A
cm? and 1 A cm’, respectively. Before the EIS test, PEMFC is kept working at the
corresponding current density for at least 10 minutes.

Table 4. Hydrophobicity gradient and PTFE content of MPL and GDL at cathode

Group PTFE content of MPL (%) PTFE content of GDL (%)  Hydrophobicity gradient
MEA1 5 20 Inverse
MEA2 20 5 Positive
MEA3 20 20 Uniform

3 Results and discussions

3.1 Simulated performance

In the present research, positive, inverse, and uniform hydrophobicity gradients
are defined to represent the combinations of MPL and GDL with the contact angles of
120°-95°, 95°-120° and 120°-120°. Figure 4 shows the comparison of simulation
results with the different hydrophobicity gradients of GDM. Since the single cell
voltage is set to a constant of 0.65V in the simulation, the current density is used to
evaluate the PEMFC performance. The positive hydrophobicity gradient brings a
better performance, which is 2.97% higher than the inverse hydrophobicity gradient
and 3.09% higher than the uniform hydrophobicity gradient on average. The results
may indicate that the positive hydrophobicity gradient has a better capacity for water

removal and oxygen transport.
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Figure. 4. Comparison among the simulation results

3.2 Water contents in GDM

To understand the reason for the performance variation with different gradients,
the water contents in GDM are compared to investigate the working mechanisms.
Before analyzing the water content, we should realize that more water is produced in
PEMFC and drained out through the GDM at a higher current density. Figure 5 shows
the water contents in MPL and GDL. The highest water content is related to the
highest current density for the positive gradient type. As for the inverse and uniform
gradients, we notice that they have almost the same current density values. However,
the water contents of MPL and GDL in the inverse gradient are 1.11% and 0.12%
higher than those with the uniform gradient, which indicates that the inverse gradient
has a weak water removal ability. We speculate that the inverse hydrophobicity
gradient may lead water transport from MPL to GDL harder, which makes water

retained in the MPL and hinder oxygen transport.
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Figure. 5. Water contents: (a) in cathode MPL; (b) in cathode GDL.

To better understand the fluence of hydrophobicity gradient on water transport,
the Eulerian model is used for transient simulation with water droplet diffusion
between different hydrophobicity gradients. Figure 6 shows the variation of droplet
diffusion in MPL and GDL with time under inverse and positive hydrophobicity
gradients, where ms represents milliseconds. Figure 6(a) shows the droplet diffusion
in the inverse hydrophobicity gradient. The droplet is generated at relatively
hydrophilic media and diffuses with gravity and capillary pressure. At the beginning,
the droplet is not spread around. At 2 ms, the droplet reaches the interface of GDM
and the main body of the droplet stays at the interface for the rest of the time. Figure
6(b) shows the droplet in the positive hydrophobicity gradient. Different from Figure
6(a), the droplet tends to spread around at 1 ms and the diffusion velocity is higher,
the droplet passes through the interface at 2 ms without hinder and keeps diffusing.
The main body of the droplet approaches the bottom of GDM at 4 ms and reaches the
bottom at 5 ms.

The different water behaviors at the interface between MPL and GDL are
identified by comparing the droplet diffusion activities under different hydrophobicity
gradients. In the inverse hydrophobicity gradient GDM, the droplet is hindered by the
interface and hard to pass through. But in the positive hydrophobicity gradient, the
droplet is easy to pass through the interface. Medium 1 and Medium 2 are used to

represent the porous media with the contact angles of 95° and 120°, respectively. The
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reason for the difference in water behavior may be that Medium 1 has a better water
retention capacity while Medium 2 has a better water removal ability. Based on Figure
6(a) at 2 ms, when the water transport from Medium 1 to Medium 2 and reaches the
interface of two porous media, the water may get a repulsive force from Medium 2. If
the direction of water transport is reversed, the water may be dragged into Medium 1,
since Medium 1 has a better wettability, shown in Figure 6 (b) at 2 ms. Meanwhile,
the porosity gradient of MPL and GDL in the positive gradient is slightly higher than
that in the inverse gradient, which indicates more space in GDL could absorb the
liquid water in MPL and be helpful for water removal. This may be another reason for
the difference of droplet at the interface. Based on the above analysis, it can be
concluded that the positive hydrophobicity gradient in GDM helps to remove the
water generated by PEMFC and avoid flooding.

i i ks " (a) "
M 0 0 ) ~
(b)

Medium 1 W

0ms 1 ms 2ms 3ms 4 ms 5ms

Figure. 6. The diffusion of the droplet in MPL and GDL with time under inverse and positive
hydrophobicity gradient conditions: (a) in inverse hydrophobicity gradient GDM; (b) in positive

hydrophobicity gradient GDM.

3.3 Oxygen contents in GDM

Figure 7 shows the oxygen contents of MPL and GDL in PEMFC. The positive
gradient has a lower oxygen content as it brings a higher current density and
consumes more oxygen. As for the inverse and uniform gradients with a similar
current density, the oxygen contents of MPL and GDL in the inverse gradient are 6.31%
and 3.32%, lower than those with the uniform gradient. It indicates that oxygen

transport has been hindered in the inverse gradient since the MPL of inverse has a
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better water retention capacity which forms a water film on the GDL-MPL interface
and hinders the oxygen transportation from GDL to MPL. The porosity of GDM
decreasing from the GC to the CL will enhance the water removal ability!*®). From
Table 2, the porosity gradient of the inverse gradient is the lowest among the three
hydrophobicity gradients, which further weakens the water removal ability of GDM,
makes liquid water occupy the pores, and reduces the oxygen transport capacity of
GDM. Based on the analysis results given in Section 3.2 and the oxygen contents of
the inverse gradient, it can be concluded that the inverse gradient of GDM will make
the water retained in GDM and hinder the oxygen transport from the gas channel to

the reaction zone.
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Figure. 7. Oxygen contents: (a) in cathode MPL; (b) in cathode GDL

3.4 EIS results

In this section, the EIS test is used to verify the mass transport ability of GDM
with different hydrophobicity gradients. Corresponding to the inverse, positive, and
uniform hydrophobicity gradients in the simulation, the MEAs have been produced
with different hydrophobicity gradients in the cathode GDM. The experiment steps
and parameters are described in Section 2.3.

The equivalent circuit model is used to fit the result of the EIS test. The
equivalent circuit models and the corresponding relationships with EIS are shown in

Figure 8. The ohmic resistance R1 is equivalent to ohmic loss, R2 is equivalent to
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cathode activation loss which is mainly related to the catalyst, and R3 is mass transfer
impedance equivalent to concentration loss in the cathode which can represent the
water contents of the MPL and GDL. CPE1 represents the storage of charge at the
electrolyte interface of the cathode, and CPE2 represents the quasi-capacitance caused
by the uneven diffusion coefficient of the gas in the catalytic layer and the GDMIMHH#4],

The result of the EIS test and fitting curve are shown in Figure 9.

0.012
R2 R3
 — — =
00104 R
= CPE1 CPE2 =
0.008 -
@ Ohmic| Activation loss
'\,' 0.006 - loss
0.004
0.002 «Rlpla R2
0.000 T T T T T
0.000 0.004 0.008 0.012 0.016 0.020

Z(a)

Figure. 8. Equivalent circuit model and corresponding relationship with EIS
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Figure. 9. EIS and fitting curves at different conditions. (a) 30% RH and 1 A cm~2, (b) 30% RH and 2
Acm™2,(c) 50% RH and 1 A cm ™2, (d) 50% RH and 2 A cm™2, (e) 100% RH and 1 A cm™2, (f) 100%
RHand 2 A cm™2.

In this study, we focus on the water removal ability of MPL and GDL, which can
be represented by R3. The comparison of R3 for the fitting curves is shown in Figure
10. From Figure 10, the R3 of the positive gradient is the lowest and that of the
inverse gradient is the highest in most cases. The R3 values of the positive gradient
show that the positive gradient has a better reaction gas transport ability in cathode
GDM. The inverse gradient may have more water in cathode GDM, hindering the
transport of reaction gas and leading to the increase of R3. It is noticed that the R3 of
the positive gradient is increased and becomes the largest one under 100% RH and 1
A cm™. However, the R3 of the positive gradient under 100% RH and 1 A cmis not
much different from others. The reason for R3 of positive gradient increase under 100%
RH and 1 A cm™ may be that the water generated under the 2 A cm™ is not completely

removed from the interface between the GDL and GC. From the comparison of R3,
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we could conclude that the inverse gradient has a weak water removal and oxygen
transport ability among the three hydrophobicity gradients, and the positive gradient is

the best.

354 Inverse
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Figure. 10. Comparison of R3 with different hydrophobicity gradients

3.5 Optimization

According to the above analysis, the simulation model has been verified by
experiments to predict performance under different hydrophobicity gradients. To
obtain a better hydrophobicity gradient in cathode GDM, the optimization for the
contact angles of MPL and GDL has been carried out. A single-channel model has
been built considering the computational efficiency. The length, height, and width of
the single-channel model are based on the 5-cell stack GC. The computational domain

of the single-channel model is shown in Figure 11.
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Figure. 11. Computational domain of single-channel model
Both the Matlab and Fluent are used together to optimize the water content in the
cathode GDM of PEMFC. Since the genetic algorithm has the characteristics of fast
searchability, randomness, being difficult to fall into local optimum, and easy

integration with other algorithms!®

, the genetic algorithm is selected as the
optimization method in the present research. The flow chart of optimization is shown
in Figure 12. During the computation process, the Matlab and Fluent interact with the
TUI (Text User Interface) command. Step 1 is to run the genetic algorithm for
hydrophobicity gradient optimization, while the cathode GDM water content at the
0.65V is set as the objective. Step 2 is to change the value of the contact angles of
MPL and GDL to form a different hydrophobicity gradient. Step 3 is to modify the
porosity values of MPL and GDL with Eq (11) based on the contact angles from Step
2 considering the coupled effects between. the hydrophobicity gradient and the
porosity. Step 4 is to change the simulation parameters of Fluent by generating the
TUI command and sending the TUI command to Fluent to start the simulation. Step 5
is to get the simulation result from Fluent, and compare the water content of the GDM

between the current and last iterations. Steps 1-5 are repeated until the genetic

algorithm converges.
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Figure. 12. Flow chart of computation with both the Matlab and the Fluent

The contact angles of MPL and GDL are optimized as 147.9° and 138.6°,
respectively. This optimal gradient is applied to the 5-cell stack for further simulations
and compared with the positive gradient with angles of 120°-95° at the same current
density. Figure 13 shows the concentration distribution and the comparison of oxygen
and water on the cathode CL-MPL interface between the optimal and positive
gradients. For the oxygen concentration distribution, it is seen that the oxygen
distributions in the stack are uniform, and the optimal gradient has a higher oxygen
concentration than that with the positive gradient. The water concentration
distributions are different in stacks. The water concentrations in the 2", 3", and 4™
cells are higher than those in the 1% and 5™ cells. The water concentration of the
positive gradient is slightly higher than the concentration at the optimal gradient. To
better verify the optimization result, we have calculated the water and oxygen
contents in MPL and GDL of positive and optimal gradients, as shown in Table 5. The
water contents of the optimal gradients have reduced by 0.67% and 0.42% in MPL

and GDL, respectively. The oxygen contents of the optimal gradient have increased
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by 12.33% and 11.07% in MPL and GDL, respectively. The optimal gradient shows a
better water removal and oxygen transport ability, indicating that the optimal gradient

helps to avoid flooding.

_ Outlet 1* cell

Inlet

an

3 cell

4 cell

(a) Optimal Positive Optimal Positive
Oxygen concentration (kmol m?) Water concentration (kmol m™)

0 1.0le-3 2.02e-3 3.03e-3 4.04e-3 5.05e-3 6.06e-3 7.07e-3 8.09e-3 9.10e-3 1.0le-2  1.60e-2 L.65¢-2 1.70e-2 1.74e-2 1.79¢-2 1.84e-2 1.89e-2 1.94e-2 1.99e-2 2.04e-2 2.08e-2

Figure. 13. The concentration distributions of oxygen and water at the cathode CL-MPL interface: (a)
oxygen concentration; (b) water concentration.

Table 5. Water and oxygen content comparison between the optimal and positive gradients

Parameters Gradient 1™ cell 2" cell 3" cell 4" cell 5" cell
Water content in Positive 0.01783 0.01928 0.01983 0.01959 0.01837
MPL (kmol m*) Optimal 0.01769 0.01914 0.01970 0.01947 0.01826
Wiater content in Paositive 0.01757 0.01901 0.01956 0.01933 0.01814
GDL (kmol m™) Optimal 0.01750 0.01892 0.01948 0.01926 0.01808

Oxygen content in Positive 0.004651  0.004530  0.004487  0.004525  0.004695
MPL (kmol m®) Optimal 0.005310  0.005085  0.005008  0.005052  0.005256
Oxygen content in Positive 0.004900 0.04763 0.004716  0.004756  0.004941
GDL (kmol m™) Optimal 0.005521  0.005293  0.005212  0.005256  0.005460

4 Conclusions

In the present research, the contact angles of GDM have been investigated and
optimized for water management of PEMFC engine in FCVs, considering the effect

of PTEFE treatment on porosity. The main findings can be concluded as follows:
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1. With simulations for the 5-cell stack, it is found that GDM with a positive
hydrophobicity gradient has better water removal and oxygen transport abilities.
Meanwhile, the Eulerian model is used to simulate the droplet behavior in GDM.
The droplet has different behaviors at the interface with different hydrophobicity
gradient media, leading to the variation of water removal ability. The droplet can
easily pass the interface in the positive gradient. EIS test has been conducted for
MEAs with different hydrophobicity gradients. The mass transfer impedance of
the EIS results has proved that the positive gradient has a better capacity of water
removal and oxygen transport.

2. The contact angles for MPL and GDL have been optimized by integrating the
CFD simulation model and the genetic algorithm optimization method as 147.9°
and 138.6° for MPL and GDL respectively. The coupled relationship between the
hydrophobicity gradient and the porosity has been considered and quantified by
porosity changes with both the CFD and optimization operations. With the optimal
gradient, the water removal and oxygen transport abilities in MPL and GDL of the
5-cell stack have proved to be better than those with the inverse, positive, and
uniform gradients. Comparing with the positive gradient (120°-95°), the water
contents of the optimal gradients have reduced by 0.67% and 0.42% in MPL and
GDL. The oxygen contents of the optimal gradient have increased by 12.33% and
11.07% in MPL and GDL.
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