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Abstract

Liquid water transport is one of the key challenges for water management in a proton exchange membrane (PEM) fuel cell. Investigation of
the air—water flow patterns inside fuel cell gas flow channels with gas diffusion layer (GDL) would provide valuable information that could be
used in fuel cell design and optimization. This paper presents numerical investigations of air—water flow across an innovative GDL with catalyst
layer and serpentine channel on PEM fuel cell cathode by use of a commercial Computational Fluid Dynamics (CFD) software package FLUENT.
Different static contact angles (hydrophilic or hydrophobic) were applied to the electrode (GDL and catalyst layer). The results showed that different
wettabilities of cathode electrode could affect liquid water flow patterns significantly, thus influencing on the performance of PEM fuel cells. The
detailed flow patterns of liquid water were shown, several gas flow problems were observed, and some useful suggestions were given through

investigating the flow patterns.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Low operating temperature and zero/low emissions have
made Proton Exchange Membrane (PEM) fuel cells become the
most promising power source of the future [1]. However, to
achieve commercialization, the performance of PEM fuel cells
needs to be improved by proper engineering design and opti-
mization. Due to the special chemical structure of the PEM,
the membrane must be well hydrated to ensure that a suf-
ficient amount of hydrogen ions could cross. On the other
hand, due to the low operating temperature of PEM fuel cells
(30-100°C) [1], excessive humidification could result in water
vapour condensation that could subsequently block the gas flow
channels resulting in a lower air flow rate on the cathode side,
thus decreasing fuel cell performance. Water content is also
an important factor that affects the ohmic resistance in the
membrane [2]. Therefore, keeping an appropriate amount of
water content in the fuel cell to avoid both membrane dehy-
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dration and water vapour condensation has been a critical issue
in improving fuel cell performance. In reality, however, it is
almost impossible to manage water on both the anode and
cathode sides without dehydration and condensation; this is
simply because water vapour condensation in the gas flow
channels of practical fuel cell applications is unavoidable [2].
Therefore, water management, to which many engineers and
scientists have recently paid particular attention, has been a
critical challenge for a high-performance fuel cell design and
optimization. Wang [3] made a comprehensive review of water
management in fuel cells, and Kraytsberg and Ein-Eli [4]
also identified different kinds of water management related
issues.

In the last decade, water management related studies were
performed numerically and experimentally for different pur-
poses and in several ways. A CFD modeling of PEM fuel cells
which simultaneously considered the electrochemical kinet-
ics, current distributions, hydrodynamics, and multi-component
transport was conducted by Um et al. [5]. A three-dimensional
(3D) numerical simulation of a straight gas flow channel in a
PEM fuel cell was performed by Dutta et al. [6] using a commer-
cial CFD software FLUENT. Hontanon et al. [7] also employed
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FLUENT to implement their 3D, stationary gas flow model.
A study exploring the steady-state gas transport phenomena in
micro-scale parallel flow channels was conducted by Cha et al.
[8] in which oxygen concentration along a single gas flow chan-
nel and other flow patterns that may affect fuel cell performance
were discussed. Similarly, gas concentration of a steady-state
flow along fuel cell flow channels was obtained numerically by
Kulikovsky [9]. However, in all the studies mentioned above, the
effects of liquid water were neglected. Yi et al. [2] pointed out
that water vapour condensation was inevitable on both the anode
and cathode sides of a PEM fuel cell, and they discussed a liquid
water removal technique that used a water transport plate to lead
excess liquid water to the coolant flow channels by a pressure
difference. Wang et al. [10] conducted a two-phase model on
PEM fuel cell cathode to address the liquid water concentrations.

(@)

You and Liu [11] also considered liquid water concentration in a
straight channel on the cathode side. Both the references [10,11]
showed the importance for considering liquid water in numer-
ical modeling of PEM fuel cells. He et al. [12] conducted a
two-phase, two-dimensional numerical model for PEM fuel cell
cathode with interdigitated flow channels. A numerical simula-
tion considering water management for PEM fuel cell catalyst
layer was performed by Wang et al. [13]. An analysis of pro-
ton and water transport was performed by Carnes and Djilali
[14] by using the binary friction membrane model. Effects of
humidification on cathode liquid water condensation were stud-
ied by Lee and Chu [15] by using their 3D numerical model. A
two-phase, two-dimensional, non-isothermal numerical model
was conducted by Meng [16] to investigate both condensation
and evaporation of water in PEM fuel cell. In addition, more
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Fig. 1. Computation domain ((a) general view; (b) structure of the GDL).
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two-phase models have also been published [17-19], these sim-
ulations predicted water flooding inside PEM fuel cells, and the
liquid water effects on PEM fuel cell performances. Large-scale
simulations for complex flow field were also performed with
experimental validations [20-23], these simulations provided
more realistic results rather than considering one single cell.

By far, to the authors’ knowledge, most of the two-phase
numerical models have not considered the interface tracking
between liquid water and gas. The detailed behaviours of lig-
uid water transport inside PEM fuel cells were rarely discussed
except for the present authors’ previous study [24], which only
dealt with part of serpentine channels—the single U-shaped
channel. Recently, the authors also conducted two more stud-
ies that dealt with liquid water in serpentine and straight parallel
fuel cell stacks [25,26].

Experimental studies related to water management were also
performed by different research groups. Nguyen and Knobbe
[27] developed aliquid water management strategy for PEM fuel
cell stacks. Neutron radiography method was used by Trabold
et al. [28] to investigate water transport in PEM fuel cell. Li
et al. [29] also used neutron imaging technique to help their
flow channel design. A transparent single-serpentine PEM fuel
cell was built by Spernjak et al. [30] to investigate liquid water
formation and transport.

On the cathode side of fuel cells, most of the water, which is
mainly produced by the electrochemical reaction, flows through
the gas diffusion layer (GDL) to the gas flow channels. There-
fore, liquid water flow across these porous media to the gas flow
channels, and formation of water droplets during this process are
both unavoidable and important for practical operations of PEM
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Fig. 3. Mesh on y—z plane.

fuel cells. As the authors reviewed, experimental studies to probe
detailed liquid water transport from the GDL into the gas flow
channels have been performed by Yang et al. [31] and Zhang et
al. [32]. In these studies, the observations of liquid water distri-
butions on the GDL surfaces were made in a transparent PEM
fuel cell, and liquid water droplet formation and emerging of lig-
uid water were discussed. Numerical models that considered the
porous media were developed in several ways. Nam and Kaviany
[33] developed a two dimensional, two-phase numerical model
by considering random carbon fibre mats as the GDL. Single-
and two-layer diffusion media were both considered to investi-
gate the effective diffusivity and water saturation. A study on the
interaction between the GDL and the flow field was performed
by Dohle et al. [34] numerically and experimentally. Other mod-
els that considered the porous media also mainly focused on the
porosity of the carbon fibre paper that could influence the per-
formances of PEM fuel cells [35,36]. However, the detailed flow
patterns that liquid water exhibits across the porous medium and
the effects of the micro-structures of GDL were rarely discussed.

Some very important facts have often not been paid seri-
ous attention: the conventional GDLs are not effective for water
removal. This is because the micro-structure and the size of the
pores of conventional GDLs are very arbitrary, and the sizes of
the pores are very small (10 and 30 wm). Due to the physical
features of the conventional GDLs, it is very frequent for lig-
uid water to flood the GDL and catalyst layer in practical PEM

Table 1
Three simulated cases
Case no. Static contact Inlet velocity Initial film thickness Initial water amount Initial water Corresponding PEM fuel
angle (ms~h (mm) (mm3) distribution cell operating condition
1 45° (hydrophilic) 10 0.03 1.04 Water films with a Water flooding for case
for GDL thickness of 0.03 mm with proposed
placed on catalyst hydrophilic GDL
layer
2 135° 10 0.03 1.04 Water films with a Water flooding for case
(hydrophobic) for thickness of 0.03 mm with proposed
GDL placed on catalyst hydrophobic GDL
layer
3 135° 10 0.03 1.04 Water films with a Water flooding for case
(hydrophobic) for thickness of 0.03 mm with proposed
GDL and catalyst placed on catalyst hydrophobic GDL and
layer layer hydrophobic catalyst

layer
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Fig. 4. Electrode surfaces and initial water condition ((a) surfaces of the GDL
and catalyst layer; (b) initial water distribution).

fuel cells. The main reason causing frequent flooding is that
the arbitrary structure of conventional GDLs does not allow a
well-organized liquid water flow.

In the authors’ previous study [37], a unit serpentine gas flow
channel with three different kinds of micro-structures of inno-
vative GDLs were studied, and it was concluded that one of the
three GDLs performed the best water removing ability. In this
paper, the wettability of the best GDL in reference [37] was stud-
ied; different static contact angles (hydrophobic, hydrophilic)
were assigned to the electrode (GDL and catalyst layer). In this
work, the details of phase change and electro-chemical reac-
tion were not considered. Based on the authors’ understanding,
the effect of the electro-chemical reaction inside the PEM fuel
cell on liquid water behaviour is mainly to continuously supply
water. Based on this premise, various operating conditions for
a PEM fuel cell could be simulated without involving details
of electro-chemical reactions. In the present work, therefore, an
initial liquid water distribution was employed to simplify the
complex process of real PEM fuel cell operating condition.

In the following, the computation domain, solution procedure
and mesh independency are introduced. Then the results and dis-
cussions are presented. Finally, conclusions are drawn and some
valuable design and optimization related suggestions are given.

2. Numerical model setup

2.1. Computation domain with innovative
micro-flow-channels of GDL, and boundary conditions

Fig. 1 illustrates the schematics of the computation domain.
At the top left side of Fig. 1b, the cross-section (the y—z plane)
along the center-plane of the GDL holes was shown. The com-

(b)

Fig. 5. Liquid water distribution in 3D view for Case 1 ((a) 1=0.0002s; (b) t=0.01s; (c) t=0.0155s; (d) 1=0.02s).
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putation domain consists of the U-shaped channel—the unit of a
serpentine PEM fuel cell flow channel and the cathode electrode.
The gas flow channel has a cross-section of I mm x 1 mm along
the y- and z-directions. Each straight section of the gas flow
channel is 15 mm long. On the cathode electrode, small paths
are used to represent the holes on the GDL: trapezoids with the
height of 0.1 mm along the z-direction, and the minimum area
(0.1 mm x 0.1 mm along the x- and y- directions) facing the gas
flow channel.

As mentioned in the introduction, the conventional GDLs are
not effective for water removal due to the random nature of its
micro-structure and small pore size (10-30 wm). Therefore, the
innovative micro-structure of the GDL is studied, all the “pores”
are well designed and structured, i.e., well-structured small holes
(micro-flow-channels) connecting the gas flow channel and cat-
alyst layer as shown in Fig. 1b. Furthermore there is a gap of
0.05 mm between the GDL and the membrane. The purpose of
this study is to investigate how the liquid water flows through
the GDL into the gas flow channel, to simplify the numerical
model, the gap between the GDL and the membrane were set to
have unity porosity.

The isothermal air—water transport process inside the
computation domain was modeled as a 3D two-phase viscous
laminar flow. A no-slip boundary condition was applied to
the surrounding walls. A velocity inlet boundary condition
(uniform air velocity distribution of 10ms~! with a direction
normal to the inlet boundary) was applied at the air inlet of
the upper section of the U-shaped channel. At the outlet, the
boundary condition was assigned as outlet flow (the gradients
of all flow properties are zero). Gravity was taken as being
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along the negative y-direction. To simulate water removal
characteristics of the GDL, different static contact angels were
assigned to the electrode and an initial water distribution inside
the computation domain was carefully set up, and the details
are given in the “results and discussions” section.

2.2. Computational methodology

The numerical simulations of the 3D, unsteady, laminar, two-
phase flow in the computation domain was performed using
FLUENT [38]. An inspection of the numerical setup revealed
that the Reynolds number in the model was less than 700, thereby
verifying laminar flow assumption. No energy equations were
considered thus the conservation of mass and momentum were
the governing equations for the model. To track the air—water
two-phase flow interface inside the computation domain, the
Volume-Of-Fluid (VOF) [38] method implemented in FLUENT
was used. The VOF model is designed for two or more immis-
cible fluids, where the position of the interface between fluids is
of interest.

Then the conservation laws of mass and momentum govern-
ing the unsteady, laminar flow could be written as [38]:

Continuity equation:
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Fig. 6. Water distribution and velocity field on the plane at x=0.00805 m in outlet section for Case 1 ((a) t=0.001s; (b) t=0.0015s; (c) 1=0.002s; (d) t=0.02s).
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where p is the static pressure and F is the surface tension force.
For volume fraction of liquid water («2):
doy -
— +v-Var =0 3
” 2 3)
The volume fraction of air (o) could be obtained based on
the following relationship:

o t+apy =1 “4)

All the other properties (e.g., viscosity) could be computed
in a volume-fraction weighted-average manner as:

n=oazu2 + (1 —ax)u; (5)

In the FLUENT simulation package, the surface tension is
considered as a source term in the momentum equation. For
two-phase flow, it can be expressed as:

PV
(% Vi arrrea——
1/Q2(p1 + p2))
where Fyo is the source term of the surface tension in momentum
equation, o, the surface tension coefficient, p the volume-

averaged density, and « is the surface curvature at the interface
between two phases. The surface curvature can be expressed as:

(6)

Fyol =

k=V - =V-(fly cos Oy + ty sin Oy) @)

where 7i is the unit vector normal to the interface between two
phases near the walls, 7y, the unit vector normal to the walls, 7,
the unit vector tangential to the walls, and 6,y is the static contact
angle at the walls, as shown in Fig. 2. For the electrode surfaces
with different wettabilities, different static contact angles were
assigned, and different contact angles could result in different
surface tensions (Fyo)), thus influencing on water transport.

2.3. Validation of grid independency

There were 622,620 cells meshed in the computation domain.
Fig. 3 shows the mesh on y—z plane for the computation domain.
Each cell in the straight channel sections had the same size
with dimensions of 0.025 x 0.025 x 0.1. Trapeziform cells were
employed to generate the corners of the serpentine gas flow
channels. The GDL holes were divided into four sections along
the x- and y-directions, and five sections along the z-direction.
The dimensions of the cells along the z-direction are 0.02 and
0.01 mm for the GDL and the catalyst layer, respectively. This
computation domain was first studied in reference [37]; grid
independency was tested by both doubling and halving the num-
ber of cells. The transport phenomena of liquid water between
the different mesh systems were almost the same. The difference
in results for the different mesh systems was so small that it is
negligible.

3. Results and discussion
In order to investigate two-phase flow behaviour across the

GDL, three different cases corresponding to different static con-
tact angles of GDL and catalyst layer were simulated as listed in
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Fig. 7. Water distribution and velocity field on the center-plane (y=0.0005 m)
in outlet section for Case 1 (x2 magnification along the z-direction for the elec-
trode, x3 minification along the z-direction for the flow channel) ((a) t=0.01s;
(b) t=0.0165; (c) t=0.019s; (d) r=0.01925s; (e) t=0.0195s; (f) 1=0.02s).

Table 1. As shown in Fig. 4a, Case 1 considered the GDL (the
surrounding surfaces of the small holes and the surfaces on both
ends of the small holes) as hydrophilic (static contact angle of
45°), Case 2 considered the GDL as hydrophobic (static contact
angle of 135°), Case 3 considered the cathode electrode (all the
surfaces of the GDL and the catalyst layer) as hydrophobic (static
contact angle of 135°). A liquid water film was initially placed
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Fig. 8. Liquid water distribution in 3D view

on the catalyst layer for all the three cases to investigate the
water removal characteristics. Fig. 4b shows the arrangement
of the initial water distribution, the “red colouring” repre-
sents liquid water. Detailed results and discussions are given
below.

3.1. Case 1: water films with a thickness of 0.03 mm placed
on catalyst layer with hydrophilic GDL

The first case was simulated to investigate the effects of the
hydrophilic GDL on liquid water flow behaviour. As shown in
Fig. 4, and listed in Table 1, water films with a thickness of
0.03 mm were placed on catalyst layer with hydrophilic GDL.
Rupture of water films, and water transport across the GDL were
studied.

3.1.1. Formation of liquid water “mesh”
Fig. 5 shows the liquid water distribution in 3D view. At
t=0.0002 s (Fig. 5a), water film started rupturing from the cor-

(a) 1mils
0.001+
£
o+ 00005
O -
T T T
0 0.0005 0.001
Z,m
(c)
0.001
€ 0.0005
or
O =
T T T
0 0.0005 0.001
Z,m

(b)

for Case 2 ((a) t=0.005s; (b) t=0.02s).

ner to the straight sections. Such process is similar to the results
reported in reference [37], which has concluded that the pro-
cess is due to the stronger secondary flow around the corner.
It could also be noticed that, at r=0.01s (Fig. 5b), the ini-
tially set liquid water film ruptured into liquid water “mesh”.
As time passed, more parts of the “mesh” ruptured (Fig. 5¢ and
d). However, most of the liquid water “mesh” remained until
t=0.02s (Fig. 5d). The reason that such liquid water “mesh”
formed could be explained with help of Fig. 6, which shows
the cross-section at x=0.00805m in the lower section (out-
let) of the computation domain. At r=0.001s (Fig. 6a), the
initially attached flat water film was in wave-form, and then,
at t=0.0015s (Fig. 6b), more air started flowing into the elec-
trode and the water film was broken up. After a period of time,
at t=0.002s (Fig. 6¢), liquid water were broken up into four
parts—between the holes of the GDL, and the two sides of the
holes. Therefore, as shown in Figs. 5 and 6, the liquid water
“mesh” had its void area directly facing the holes, and its liquid
water surrounding the holes. Later on, these parts of water did not
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Fig. 9. Water distribution and velocity field on the plane at x=0.00805 m in outlet section for Case 2 ((a) t=0.001 s; (b) =0.002s; (c) t=0.005; (d) t=0.02s).
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Fig. 10. Water distribution and velocity field on the plane at x=0.01405 m in outlet section for Case 2 ((a) =0.004s; (b) =0.0047 s; (c) t=0.0049 s; (d) =0.005 s).

move to anywhere else (Fig. 6d). This is because these parts of
water were sticking on both the surface of the catalyst layer and
the bottom surface of the GDL. However, it has been concluded
in reference [37], this GDL has significant effect on breaking
up liquid water between the holes. The reason that such effect
was not observed in this case is due to the hydrophilic property
of the GDL. As mentioned, these parts of water also stick on
the surface of the GDL, which provided strong wall adhesion.
Therefore, the liquid water became harder to be removed. How-
ever, some parts of the liquid water “mesh” could still be broken
up, as shown in Fig. 5. Fig. 7a and b shows a clear view on
such process, it could be observed that some parts of the lig-
uid water between the holes were removed. Based on the water
flow behaviours that described in this section, it could be con-
cluded that, hydrophilic GDL could provide more significant
wall adhesion effect on liquid water in catalyst layer, thus pre-
venting liquid water flowing out, which is not good for PEM
fuel cell operation.

3.1.2. Back flow of liquid water

Even liquid water “mesh” was formed in the catalyst layer,
some liquid water still flowed out of the electrode. Fig. 7 shows
the center plane (y=0.0005 m) of the lower straight section. At
t=0.019s (Fig. 7c), some liquid water from upstream could be
observed. It should be noticed that, the coming water did not
leave the surface of the GDL. This is because of the strong wall
adhesion of GDL surface. As water flowed along the GDL sur-
face, when it reached the holes of the GDL, due to the strong
wall adhesion, some of the water flowed along the surface of
the GDL into the holes, as shown in Fig. 7. When one of the
holes was filled with water (Fig. 7e), other liquid water could
then “jump” that hole to the next, and similar liquid water flow

behaviours could be observed in the next hole—some water
flowed in, some water “jumped”. As shown in Fig. 7d—f, some
of the water flowed across the GDL into the catalyst layer, and
then flowed out again across the next hole. As mentioned, the
main reason that such flow phenomenon was observed is due
to the hydrophilic property of the GDL (strong wall adhesion).
Even some of the water could be removed from the electrode;
however, water could not leave the surface of the GDL. Such
process increased the chance for the liquid water flowing back
into the electrode, and such back flow of liquid water is not good
for PEM fuel cell operation—it blocks the GDL and the catalyst
layer.

3.2. Case 2: water films with a thickness of 0.03 mm placed
on catalyst layer with hydrophobic GDL

The second case was simulated to investigate the effects of
the hydrophobic GDL on liquid water flow behaviour. As shown
in Fig. 4, and listed in Table 1, water films with a thickness of
0.03 mm were placed on catalyst layer with hydrophobic GDL.
Rupture of water films, and water transport across the GDL were
studied.

3.2.1. Rupture of liquid water film

As shown in Fig. 8, the liquid water film ruptured into
different pieces. The void and flooding areas were clearly sep-
arated. Liquid water occupied both the area under the holes
and between the holes of the GDL, this is dissimilar to Case
1, in which most water stayed between the holes and formed
“mesh”. Figs. 9 and 10 show the water distribution and veloc-
ity field on the y—z planes for both the flooding area and void
area, respectively. For the flooding area (Fig. 9), the flat water
film became in wave-form first (Fig. 9a), and then, more water
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flowed onto this plane, then water filled the whole catalyst layer
and touched the surface of the GDL (Fig. 9b). As time passed,
at t=0.005 s (Fig. 9c), some water already flowed through the
GDL into the gas flow channel. However, water almost stopped
moving after that, at t=0.02 s (Fig. 9d), the water distribution
remained almost the same (by comparing to Fig. 9c). This is
because both the air flow along the channel and the wall adhe-
sion stopped liquid water moving. For the void area (Fig. 10),
it could be observed that the water film first became in wave-
form as well (Fig. 10a), and then was broken up by the air flow
from the holes of the GDL (Fig. 10b). Fig. 10a and b showed
very similar water flow pattern as in Case 1, however, when the
liquid water was split into small pieces, dissimilar to Case 1,
the water were removed. This is because of the hydrophobic
property of the GDL—when the small pieces of liquid water
touched the surface of the GDL, the wall adhesion was weak
and could not hold the water. Therefore, these small pieces of
liquid water were flowed away and formed the flooding areas,
as discussed with Fig. 9. Generally speaking, the whole process

described with Figs. 9 and 10 produced those flooding and void
areas.

3.2.2. Force balance across the GDL

As discussed in Case 1, there were small pieces of the liquid
water staying between the holes of the GDL, but such phe-
nomenon was not observed in Case 2 due to the weak wall
adhesion of the GDL surface. However, the weak wall adhe-
sion could be enhanced by increasing the contact area between
GDL surface and liquid water. Fig. 11 shows the water distribu-
tion and velocity field on the center-plane (y=0.0005 m) in the
lower section, it could be observed that the initial water film was
broken up, and both the void and flooding areas were formed.
As discussed in Section 3.2.1, after these flooding areas were
formed, the water almost stopped moving. This is because as
the flooding area increased, the contact area between water and
electrode surface also increased, so the wall adhesion increased.
When the flooding area was large enough, the wall adhesion
became strong enough to stop liquid water moving. Unfortu-
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Fig. 11. Water distribution and velocity field on the center-plane (y=0.0005 m) in outlet section for Case 2 (x2 magnification along the z-direction for the electrode,

%3 minification along the z-

direction for the flow channel) ((a) =0.002s; (b) t=0.003s; (¢) t=0.004s; (d) 1=0.005s; (e) t=0.006s; (f) t=0.02 ).
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Fig. 11. (Continued).

nately, based on the water flow phenomenon described in this
section, even the GDL was changed to be hydrophobic, the water
removal was still not improved, a significantly amount of water
could still be observed in the catalyst layer. Therefore, it could be
concluded that, if only hydrophobic GDL is used, liquid water
could be expelled to both sides (gas flow channel and catalyst
layer), the catalyst layer could be flooded and the water drainage
could be even worse.

3.3. Case 3: water films with a thickness of 0.03 mm placed
on catalyst layer with hydrophobic electrode (GDL and
catalyst layer)

The third case was simulated to investigate the effects of
the combination of hydrophobic GDL and hydrophobic cata-
lyst layer on liquid water flow behaviour. As shown in Fig. 4,
and listed in Table 1, water films with a thickness of 0.03 mm

Fig. 12. Liquid water distribution in 3D view for Case 3 ((a) r=0.001s; (b) 1=0.025s).
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Fig. 13. Water distribution and velocity field on the plane at x =0.00805 m in outlet section for Case 3 ((a) #=0.0003 s; (b) =0.0005s; (c) r=0.002s; (d) t=0.02s).

were placed on catalyst layer. Rupture of water films, and water
transport across the GDL were studied.

3.3.1. Formation of liquid water “string”

Fig. 12 shows the liquid water distribution in 3D view for
Case 3. It could be observed that the water distribution was
different from the previous cases. At t=0.001s (Fig. 12a), lig-
uid water “strings” were formed along the center line of the
main air flow. The water “strings” then started being removed, as
shown in Fig. 12b, at =0.02 s, some parts of the water “strings”
were already removed. The reason that the water “strings” were
formed could be explained with help of Fig. 13, which shows the
water distribution and velocity field on the plane at x =0.00805 m
in the lower section. At r=0.0003 s (Fig. 13a), air flowed into
the holes on both sides, and pushed liquid water to the mid-
dle, and due to the weak wall adhesion of all the surfaces of
the electrode, water became easier to be removed. Therefore,
liquid water followed the air stream and flowed from the top
and bottom into the hole in the middle. At#=0.002 s (Fig. 13c),
the movement of water became slower, this is because once the
“strings” being formed, the air flowing into the top and bottom
holes could also flow out from other top and bottom holes, thus
decreasing the driving force of the liquid water in the middle,
however, as mentioned, water was still being removed.

3.3.2. Liquid water flowing back into the electrode

Fig. 14 shows the water distribution and velocity field on the
center-plane of the lower section (y = 0.0005 m), the formation of
“strings” could also be observed from this figure. At 7=0.0003 s
(Fig. 14a), strong streams flowing out of the electrode could be
observed, and later on, more water flowed onto this plane (as
mentioned, from the top and bottom), at r=0.0004 s (Fig. 14b),

the whole electrode was filled with water and the water was still
flowing out. The stream became weaker at = 0.0007 s (Fig. 14d),
and at that time, more water could be observed in the gas flow
channel. At7=0.001s (Fig. 14e), the streams flowing back into
the electrode could be observed, and some water that previously
moved into the gas flow channel then moved back into the elec-
trode. As shown in Fig. 14f, at 1=0.002 s, less water could be
observed in the gas flow channel, and the streams across the
holes could be no longer apparently observed. The reason that
some water flowed into the gas flow channel but then flowed back
into the electrode is that, from the beginning the driving force to
flow out the water was strong, however, after the “strings” were
formed, the driving force was lost because the air stream could
flow out from other holes, and part of the water that just flowed
into the gas flow channel could flow back into the electrode.

3.3.3. “Splashing” of liquid water

Fig. 15 shows the water distribution and velocity field on the
center-plane of the lower section (y=0.0005 m) for a later time
period. At 1=0.009 s, some water from the upstream could be
observed, the water flowed along the air stream and splashed on
to the holes at the downstream. Some water inside the holes was
taken away by the liquid water “splashing” process. As shown
in Fig. 15¢ (t=0.012 s), when water flowed away from the hole,
significant amount of water in the electrode was removed. Later
on, another part of water from the upstream could be observed,
and more water was taken away by it, as shown in Fig. 15d—f. As
discussed in Case 1, dissimilar to this case, due to the hydrophilic
property of the GDL, liquid water flowing from the upstream
would always stick on the surface of the GDL and even flow back
into the electrode. However, in this case, the wall adhesion is
weaker due to the hydrophobic property of the whole electrode.
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Fig. 14. Water distribution and velocity field on the center-plane (y=0.0005 m)
in outlet section for Case 3 (x2 magnification along the z-direction for the elec-
trode, x 3 minification along the z-direction for the flow channel) ((a) = 0.0003 s;
(b) t=0.0004s; (c) t=0.0005 s; (d) =0.0007 s; (¢) t=0.001s; (f) r=0.002s).

Therefore, liquid water on the GDL surface could be flowed
away more easily, and the “splashing” of water could take some
water away from the electrode, which is good for PEM fuel cell
operation. Based on the flow behaviours that described in this
section, it could be concluded that, the hydrophobic level of the
electrode must be carefully controlled, and the catalyst layer
must have higher or equal hydrophobic level by comparing to
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Fig. 15. Water distribution and velocity field on the center-plane (y=0.0005 m)
in outlet section for Case 3 (x2 magnification along the z-direction for the elec-
trode, x 3 minification along the z-direction for the flow channel) ((a) #=0.009 s;
(b) t=0.01s; (c) =0.0125s; (d) r=0.013s; (¢) t=0.014s; (f) =0.015s).

the GDL. So that liquid water could be expelled in one direction
(from catalyst layer to GDL).

3.4. Comparison of water amount variations

Fig. 16 shows the comparison of water amount variations
inside the electrode for the three cases. In reference [37], the
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Fig. 16. Water amount variation inside the electrode for the three cases.

same case with a contact angle of 90° for all the electrode sur-
faces was simulated, it showed that at = 0.02 s, the water amount
inside the electrode became 88%. For Case 1, surprisingly, a
hydrophilic GDL even improved the water removal ability (77%
atz=0.02s). This is because such GDL helped break up the water
film into small pieces, and the small pieces of water could be
more easily removed. For Case 2, a hydrophobic GDL did not
provide any improvements on water removal (90% at t=0.02s),
this is because such GDL provided more chances to form large
pieces of water, therefore, the increased contact area between
the electrode surface and water increased the wall adhesion to
stop liquid water moving. Case 3 showed significant advantage
in water removal by comparing to the other two cases (54%
at 1=0.02s). The reason is that, the hydrophobic catalyst layer
helped break up the liquid water film, and the hydrophobic GDL
helped water flow out of the electrode. An increase of water
amount could be observed following a sharp drop, the reason
is discussed in Section 3.3.2. Fig. 17 shows the comparison of
water amount variation inside the catalyst layer for the three
cases. Case 3 still provided a much better result than the other
two cases. However, Case 2 showed less water amount by com-
paring to Case 1, as mentioned in section 3.2, this is because the
large pieces of liquid water in Case 2 occupied both the GDL
and the electrode. Fig. 18 shows the comparison of water amount
variation inside the GDL, without any surprise, Case 2 showed
more water amount than Case 1. Base on the comparison of water
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Fig. 17. Water amount variation inside the catalyst layer for the three cases.
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Fig. 18. Water amount variation inside the GDL for the three cases.

amount variation of the three cases, it could be concluded that, if
all the surfaces of the electrode are hydrophobic, water removal
could be significantly improved, and only changing the wettabil-
ity of the GDL might not provide any significant improvement
on water removal. The hydrophobic level of the electrode must
be carefully controlled, and the catalyst layer must have higher
or equal hydrophobic level by comparing to the GDL. So that
liquid water could be expelled in one direction (from catalyst
layer to GDL). As mentioned in Section 4.3 of reference [1],
it was also stated that: when people prepare the catalyst layer,
PTFE is often added also, because the hydrophobic PTFE will
expel the product water to other places, this also supports the
author’s conclusion.

4. Conclusions

In this paper, a cathode electrode with different wettabil-
ities have been proposed and investigated. The liquid water
behaviours in the electrode together with serpentine gas flow
channel on cathode side of a PEM fuel cell were studied by
employing a 3D, unsteady, two-phase flow model in FLUENT
with an initial water distribution. By investigating the flow
behaviours of liquid water and air velocity fields, the following
water management issues and suggestions are given:

(1) Hydrophilic GDL could retain liquid water on its surfaces,
and liquid water “mesh” could be formed in catalyst layer
along the surfaces of the GDL. These hydrophilic sur-
faces result in stronger wall adhesions, so it is difficult for
water to be removed, which is not good for PEM fuel cell
operation.

(2) Hydrophilic GDL surface could also attract liquid water
from gas flow channel into the electrode, which is not good
for PEM fuel cell operation.

(3) If only hydrophobic GDL is used, liquid water could be
expelled to both sides (gas flow channel and catalyst layer),
the catalyst layer could be flooded and the water drainage
could be even worse.

(4) Hydrophobic catalyst layer could help break up liquid water
films significantly. Liquid water “strings” could be formed,
the water drainage could also be improved.
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(5) Ifliquid water from the electrode moves too fast into the gas
flow channel, part of the water could be “pushed” back into
the electrode due to the air flow.

(6) Due to the weak wall adhesion of hydrophobic GDL sur-
faces, liquid water from gas flow channel could take away
some liquid water inside the GDL, and such “splashing” of
liquid water is good for water drainage.

(7) The hydrophobic level of the electrode must be carefully
controlled, and the catalyst layer must have higher or equal
hydrophobic level by comparing to the GDL. So that liquid
water could be expelled in one direction (from catalyst layer
to GDL).
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