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bstract

Liquid water transport is one of the key challenges regarding the water management in a proton exchange membrane (PEM) fuel cell. Conventional
as diffusion layers (GDLs) do not allow a well-organized liquid water flow from catalyst layer to gas flow channels. In this paper, three innovative
DLs with different micro-flow channels were proposed to solve liquid water flooding problems that conventional GDLs have. This paper also
resents numerical investigations of air–water flow across the proposed innovative GDLs together with a serpentine gas flow channel on PEM fuel
ell cathode by use of a commercial computational fluid dynamics (CFD) software package FLUENT. The results showed that different designs of

DLs will affect the liquid water flow patterns significantly, thus influencing the performance of PEM fuel cells. The detailed flow patterns of liquid
ater were shown. Several gas flow problems for the proposed different kinds of innovative GDLs were observed, and some useful suggestions
ere given through investigating the flow patterns inside the proposed GDLs.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Low operating temperature and zero/low emissions have
ade proton exchange membrane (PEM) fuel cells become the
ost promising power source of the future [1]. However, to

chieve commercialization, the performance of PEM fuel cells
eeds to be improved by proper engineering design and opti-
ization. Due to the special chemical structure of the PEM,

he membrane must be well hydrated to ensure that a sufficient
mount of hydrogen ions could cross. On the other hand, due
o the low operating temperature of PEM fuel cells (30–100 ◦C)
1], excessive humidification could result in water vapour con-
ensation that could subsequently block the gas flow channels
esulting in a lower air flow rate on the cathode side, thus decreas-
ng fuel cell performance. Water content is also an important
actor that affects the ohmic resistance in the membrane [2].

herefore, keeping an appropriate amount of water content in the

uel cell to avoid both membrane dehydration and water vapour
ondensation has been a critical issue in improving fuel cell per-
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ormance. In reality, however, it is almost impossible to manage
ater on both the anode and cathode sides without dehydration

nd condensation; this is simply because water vapour condensa-
ion in the gas flow channels of practical fuel cell applications is
navoidable [2]. Therefore, water management, to which many
ngineers and scientists have recently paid particular attention,
as been a critical challenge for a high-performance fuel cell
esign and optimization. A comprehensive review of water man-
gement in fuel cells was also made by Wang [3] to address this
mportant issue.

In the last decade, water management related studies were
erformed numerically and experimentally for different pur-
oses and in several ways. A CFD modeling of PEM fuel cells
hich simultaneously considered the electrochemical kinet-

cs, current distributions, hydrodynamics, and multi-component
ransport was conducted by Um et al. [4]. A three-dimensional
3D) numerical simulation of a straight gas flow channel in a
EM fuel cell was performed by Dutta et al. [5] using a commer-
ial CFD software FLUENT. Hontanon et al. [6] also employed

LUENT to implement their 3D, stationary gas flow model.
study exploring the steady-state gas transport phenomena in
icro-scale parallel flow channels was conducted by Cha et al.

7] in which oxygen concentration along a single gas flow chan-

mailto:bzhou@uwindsor.ca
dx.doi.org/10.1016/j.jpowsour.2007.03.042
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el and other flow patterns that may affect fuel cell performance
ere discussed. Similarly, gas concentration of a steady-state
ow along fuel cell flow channels was obtained numerically by
ulikovsky [8]. However, in all the studies mentioned above,

he effects of liquid water were neglected. Yi et al. [2] pointed
ut that water vapour condensation was inevitable on both the
node and cathode sides of a PEM fuel cell, and they discussed
liquid water removal technique that used a water transport

late to lead excess liquid water to the coolant flow channels
y a pressure difference. Wang el al. [9] conducted a two-phase
odel on PEM fuel cell cathode to address the liquid water

oncentrations. You and Liu [10] also considered liquid water
oncentration in a straight channel on the cathode side. Both the
eferences [9,10] showed the importance for considering liquid
ater in numerical modeling of PEM fuel cells. In recent years,
ore two phase models have been published [11–13], these sim-

lations predicted water flooding inside PEM fuel cells, and
he liquid water effects on PEM fuel cell performances. Large-
cale simulations for complex flow field were also performed
ith experimental validations [14–17], these simulations pro-
ided more realistic results rather than considering one single
ell.

By far, to the authors’ knowledge, most of the two phase
umerical models have not considered the interface tracking
etween liquid water and gas. The detailed behaviours of liquid
ater transport inside the PEM fuel cells were rarely discussed

xcept for the present authors’ previous study [18], which only
ealt with part of serpentine channels—the single U-shaped
hannel. Recently, the authors also conducted two more stud-
es that dealt with liquid water in serpentine and straight parallel
uel cell stacks [19,20].

On the cathode side of fuel cells, most of the water, which
s mainly produced by the electrochemical reaction, diffuses
hrough the gas diffusion layer (GDL) to the gas flow channels.
herefore, liquid water flow across these porous mediums to the
as flow channels, and formation of water droplets during this
rocess are both unavoidable and important for practical opera-
ions of PEM fuel cells. As the authors reviewed, experimental
tudies to probe detailed liquid water transport from the GDL
nto the gas flow channels have been performed by Yang el al.
21] and Zhang et al. [22]. In these studies, the observations of
iquid water distributions on the GDL surfaces were made in
transparent PEM fuel cell, and liquid water droplet formation
nd emerging of liquid water were discussed. Numerical models
hat considered the porous mediums were developed in several
ays. Nam and Kaviany [23] developed a two dimensional, two-
hase numerical model by considering random carbon fibre mats
s the GDL. Single- and two-layer diffusion mediums were both
onsidered to investigate the effective diffusivity and water sat-
ration. A study on the interaction between the GDL and the
ow field was performed by Dohle et al. [24] numerically and
xperimentally. Other models that considered the porous medi-
ms also mainly focused on the porosity of the carbon fibre paper

hat could influence the performances of PEM fuel cells [25,26].
owever, the detailed flow patterns that liquid water exhibits

cross the porous medium and the effects of the micro-structures
f GDL were rarely discussed.

c
2
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3
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Some very important facts have often not been paid seri-
us attention: the conventional GDLs are not effective for water
emoval. This is because the micro-structure and the size of the
ores of conventional GDLs are very arbitrary, and the sizes of
he pores are very small (10 and 30 �m). Due to the physical
eatures of the conventional GDLs, it is very frequent for liq-
id water to flood the GDL and catalyst layer in practical PEM
uel cells. The main reason causing frequent flooding is that
he arbitrary structure of conventional GDLs does not allow a
ell-organized liquid water flow.
In this paper, different kinds of innovative GDLs, with

ell-designed micro-flow channels are proposed to solve these
roblems. And in this paper, to investigate the details of the
ater removal characteristics of the proposed innovative GDLs

nd to predict the distribution of liquid water, a unit serpentine
as flow channel with three different kinds of micro-structures of
nnovative GDLs were studied. Different flow patterns in differ-
nt micro-structures are presented graphically. In this work, the
etails of phase change and electro-chemical reaction were not
onsidered. Based on the authors’ understanding, the effect of
he electro-chemical reaction inside the PEM fuel cell on liquid
ater behaviour is mainly to continuously supply water. Based
n this premise, various operating conditions for a PEM fuel cell
ould be simulated without involving details of electro-chemical
eactions. In the present work, therefore, an initial liquid water
istribution was employed to simplify the complex process of
eal PEM fuel cell operating condition.

In the following, the computation domain, solution procedure
nd mesh independency are introduced. Then the results and
iscussions are presented. Finally, conclusions are drawn and
ome valuable design and optimization related suggestions are
iven.

. Numerical model setup

.1. Computation domains with innovative micro-flow
hannels of GDL, and boundary conditions

Fig. 1 illustrates the schematics of the computation domains
howing the three different domains that were investigated, at
he top left side of Fig. 1b–d, the cross sections (the y–z planes)
long the center-planes of the porous holes for each computa-
ion domain were shown. The computation domains have the
ame U-shaped channel—the unit of a serpentine PEM fuel
ell flow channel, with dissimilar GDL designs. The gas flow
hannel has a cross section of 1 mm × 1 mm along the y- and z-
irection. Each straight section of the gas flow channel is 15 mm
ong. On the membrane electrolyte assembly (MEA) side, small
aths with different kinds of geometry are used to represent the
oles on different GDLs: 0.1 mm × 0.1 mm × 0.1 mm cubes are
sed for the GDLs in computation domain 1; trapezoids with
he height of 0.1 mm along the z-direction, and the minimum
rea (0.1 mm × 0.1 mm along the x- and y-direction) facing the

atalyst layer are used for the GDLs in computation domain
; the same trapezoids but with the minimum area facing the
as flow channel are used for the GDLs in computation domain
. In order to keep the flow rate across the holes identical, the
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Fig. 1. Computation domains: (a) general view; (b) computatio

inimum cross sections are the same for all the computation
omains (0.1 mm × 0.1 mm along the x- and y-direction). The
ocation and amount of the holes are also identical for all the
omputation domains.

As mentioned in the introduction, the conventional GDLs
re not effective for water removal due to the random nature
f its micro-structure and small pore size (10–30 �m). There-
ore, three innovative micro-structures have been proposed in
his paper, as shown in Fig. 1b–d. Here all “pores” are well
esigned and structured, i.e., well-structured small holes (micro-
ow channels) connecting the gas flow channel and catalyst

ayer as shown in Fig. 1b–d. Furthermore all the computation
omains have the same gap of 0.05 mm between the GDLs
nd the membranes/catalyst layers. To simplify the numerical
odel, and because the purpose of this study is to investigate

ow the liquid water flows through different designs of GDLs
nto the gas flow channels, the gaps between the GDLs and the

embranes/catalyst layers were set to be non-porous, this is cor-
esponding to the extreme case for 100% water flooding inside

he catalyst layer of a PEM fuel cell.

The isothermal air–water transport process inside the compu-
ation domain was modeled as a 3D two-phase viscous laminar
ow. A no-slip boundary condition was applied to the sur-

t
t
v
w

ain 1; (c) computation domain 2; (d) computation domain 3.

ounding walls. A Velocity Inlet boundary condition (uniform
ir velocity distribution of 10 m s−1 with a direction normal to
he inlet boundary) was applied at the air inlet of the upper
ection of the U-shaped channel. At the outlet, the boundary
ondition was assigned as outlet flow (the gradients of all flow
roperties are zero). Gravity was taken as being along the neg-
tive y-direction. To simulate water removal characteristics of
ifferent GDLs, an initial water distribution inside the compu-
ation domains was carefully set up and the details are given in
ection 3.

.2. Computational methodology

The numerical simulations of the 3D, unsteady, laminar, two-
hase flow in the computation domain was performed using
LUENT [27]. An inspection of the numerical setup revealed

hat the Reynolds number in the model was less than 700, thereby
erifying laminar flow assumption. No energy equations were
onsidered thus the conservation of mass and momentum were

he governing equations for the model. To track the air–water
wo-phase flow interface inside the computation domain, the
olume-of-fluid (VOF) [27] method implemented in FLUENT
as used. The VOF model is designed for two or more immis-
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ible fluids, where the position of the interface between fluids is
f interest.

Then the conservation laws of mass and momentum govern-
ng unsteady, laminar flow could be written as [27]:

Continuity equation:

∂ρ

∂t
+ ∇ · (ρ�v) = 0 (1)

Momentum equation:

∂(ρ�v)

∂t
+ ∇ · (ρ�v�v) = −∇p + ∇ · [μ(∇�v + ∇�vT)]
+ρg + �F (2)

here p is the static pressure and �F is the surface tension force.

ig. 2. Meshes on y–z planes: (a) computation domain 1; (b) computation
omain 2; (c) computation domain 3.
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Volume fraction of liquid water (α2) could be solved by

∂α2

∂t
+ �v · ∇α2 = 0 (3)

hen the volume fraction of air (α1) could be calculated by using
he relation:

1 + α2 = 1 (4)

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

= α2μ2 + (1 − α2)μ1 (5)

n the FLUENT simulation package, the surface tension is con-
idered as a source term in the momentum equation. For two
hase flow, it can be expressed as

vol = σ12
ρκ1∇α1

(1/2)(ρ1 + ρ2)
(6)

here Fvol is the source term of the surface tension in momentum
quation, σ12 the surface tension coefficient, ρ the volume-
veraged density and κ is the surface curvature of at the interface
etween two phases.

.3. Validation of grid independency

There were 821,520, 423,720, and 622,620 cells meshed in
omputation domains 1, 2, and 3, respectively. Fig. 2 shows
he meshes on y–z planes for the three computation domains.
ach cell in the straight channel sections had the same size
ith dimensions of 0.025 mm × 0.025 mm × 0.1 mm (along x,

, and z directions, respectively) for computation domain 1,
.05 mm × 0.05 mm × 0.1 mm for computation domain 2, and
.025 mm × 0.025 mm × 0.1 mm for computation domain 3.
rapeziform cells were employed to generate the corners of

he serpentine gas flow channels. In the porous sections, for
ll the computation domains, the holes were divided into four
ections along the x- and y-direction, and five sections along the

-direction. The dimensions of the cells along the z-direction
re 0.02 and 0.01 mm for the GDLs and the membranes/catalyst
ayers, respectively. This size was also identical for all the
hree computation domains. Grid independency was tested by

Fig. 3. Initial water distribution.
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Table 1
Three simulated cases for different computation domains and PEM fuel cell operating condition

Case no. Computation
domain no.

Inlet velocity
(m s−1)

Initial film
thickness (mm)

Initial water
(mm3)

Initial water distribution Corresponding PEM fuel
cell operating condition

1 1 10 0.03 1.04 Water films with a thickness
of 0.03 mm placed on
membrane/catalyst layer

Water flooding for case
with proposed GDL
shown in Fig. 1b

2 2 10 0.03 1.04 Water films with a thickness
of 0.03 mm placed on
membrane/catalyst layer

Water flooding for case
with proposed GDL
shown in Fig. 1c

3 1.04

b
d
i
d

3

G
t

fi
w
t
g

3

3 10 0.03

oth doubling and halving of grid cells for all the computation
omains. The flow phenomena of liquid water and the veloc-
ty field were almost the same. The difference in results for the
ifferent mesh systems was so small that it is negligible.

. Results and discussion
In order to investigate two-phase flow behaviour across the
DLs, three different cases corresponding to different computa-

ion domains were simulated as listed in Table 1. A liquid water

o

t

Fig. 4. Abruption of water films in 3D view for Case 1: (a) t = 0 s; (b) t =
Water films with a thickness
of 0.03 mm placed on
membrane/catalyst layer

Water flooding for case
with proposed GDL
shown in Fig. 1d

lm was initially placed on the membranes to investigate the
ater removal characteristics. Fig. 3 shows the arrangement of

he initial water distribution. Detailed results and discussions are
iven below.

.1. Case 1: water films with a thickness of 0.03 mm placed

n membrane/catalyst layer for computation domain 1

The first case was simulated to investigate the effects of
he GDLs with cubic micro-structures on liquid water flow

0.0005 s; (c) t = 0.003 s; (d) t = 0.005 s; (e) t = 0.007s; (f) t = 0.02 s).



ower

b
w
l
c
t

3
fi

w
t
fi
O
c
a
(

F
i
t

t
fi
d
p
a
n
s
(
a
i
a
u
a

K. Jiao, B. Zhou / Journal of P

ehaviour. As shown in Fig. 3, and listed in Table 1, water films
ith a thickness of 0.03 mm were placed on membrane/catalyst

ayer in computation domain 1. The abruption of water films,
hange of water occupation fraction in the MEA, and water
ransport inside the MEA were studied.

.1.1. Abruption of water films and its effects on velocity
elds

Fig. 4 shows the abruption of the initially attached water films
hile Fig. 5 depicts the water distribution and velocity field on

he center-plane of the catalyst layer. The abruption of the water
lms started from the corner, as shown from Figs. 4b and 5b.

ne of the main reasons for the water film to rupture from the

orner could be attributed to the strong secondary flows formed
t that location. The flow field along the other two directions
the cross section of the main flow direction) became stronger

ig. 5. Water distribution and velocity field on the center-plane (z = 0.001125 m)
n the membrane/catalyst layer for Case 1: (a) t = 0.0001 s; (b) t = 0.0005 s; (c)
= 0.005 s; (d) t = 0.007 s; (e) t = 0.02 s).
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hus breaking up the balance between the air flow and the water
lms. Detailed descriptions of this kind of flow phenomena were
iscussed in the authors’ previous publications [18,19]. By com-
aring Figs. 6–9, the enhancement of the secondary flow could
lso be observed. In the cross sections close to the serpentine cor-
er (Figs. 6 and 7, x = 0.00205 m), the secondary flow is much
tronger than at the cross sections further away from the corner
Figs. 8 and 9, x = 0.01105 m). Because of the formation of the
bruptions, some of the porous holes at the corner were not fac-
ng the water films. This leads to a decrease in the flow resistance
t those holes facing the abruptions and subsequently breaking
p the balance between air and water from these sections. As
result, more air could flow through these holes into the cata-

yst layer., The velocity at the corner, therefore, increased and
he air started flowing from the emptied sections to both of the
traight sections at the inlet and outlet, as observed from Fig. 5
, at t = 0.0005 s. As shown in Figs. 10 and 11, water distribu-
ion and velocity field on the center-plane in both of the inlet
nd outlet sections at the serpentine corner could be observed
please note that the vertical lines in the gas flow channel and
he catalyst layer at x = 0.002 m do not represent walls, these
ines only represent the joints of the serpentine sections and the
traight sections, they are all interiors). As shown in Fig. 10a,
or the inlet straight section at t = 0.0001 s, the initially attached
at water films were in wave-form, especially in the corner.
hen, at t = 0.0002 s (Fig. 10b), the first abruption was formed
t the corner. It could be noticed that the main flow in the cat-
lyst layer is along the positive x-direction while it is along the
egative x-direction in the flow channel. The air was taking the
ater from the abruptions towards the straight section, and the

ffects of the main flow direction in the gas flow channel were
nsignificant. A similar condition could be observed in Fig. 11a
nd b. Abruptions formed and water started flowing towards the
traight section but along the same direction as the main flow
n the flow channel. However, this is not due to the effect of the

ain flow, as mentioned.
At the air flow inlet, because the air flow was not fully devel-

ped, the air flow around the boundaries was stronger than that
f the fully developed flows further from the inlet. Stronger air
ow was formed across the porous holes close to the inlet, thus
reaking up the balance between the air and water, and abrup-
ions were formed as well. Fig. 12 shows the detailed process
n the center-plane at the inlet section. At t = 0.001 s (Fig. 12a),
he deformation of the water film could be observed, and then at
= 0.0011 s (Fig. 12b), the deformation increased and stronger
ir flow was formed across those porous holes. Abruptions were
ormed and strong air streams were flowing across the porous
oles into the catalyst layer at t = 0.0012 s (Fig. 12c). Later on,
hose air streams started moving the liquid water in the cata-
yst layer along the negative x-direction, and more abruptions
ere formed from the initial raptures, as shown in Fig. 12d

nd e.
As mentioned, the abruptions of liquid water films were
ormed at the corner due to the stronger secondary flow and
he inlet due to the developing flow. Air started moving from
hose abruptions towards the rest of the un-ruptured water films.
he whole process could be observed in 3D view from Fig. 4.
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ig. 6. Water distribution and velocity field on the plane at x = 0.00205 m in in
e) t = 0.003 s; (f) t = 0.02 s).

ig. 5 presents the water distribution and velocity field on the
enter-plane of the catalyst layer. At t = 0.003 s, as shown from
ig. 4, for the inlet straight section (upper section), the water
lm was broken up from both the inlet and the corner, and for

he outlet straight section (lower section), water film was only
roken up from the corner. At t = 0.005 s, the whole water film
n the inlet straight section was ruptured while there was still

small part left in the outlet straight section, which is close
o the gas flow outlet. For the straight section at the inlet, even
hough the ruptures occurred from the both ends, the rupture that
ccurred from the corner (from t = 0.0001 s) was earlier than
hat from the inlet (t = 0.0013 s). In real operating conditions,
he flow fields in most parts of the gas flow channels are fully
eveloped, therefore, the abruption of water films at the corner
nd the spreading to both of the straight sections are the most
mportant flow phenomena that should be considered. By com-
aring Figs. 6–10, for the cross sections of both straight sections,

t could also be observed that on the cross sections closer to the
orner (x = 0.00202 m), the rupture occurred earlier (t = 0.001 s)
han on the cross sections further from the corner (x = 0.01102 m,
= 0.002 s). It can be observed that the spreading speeds of the

o
w
a
(

tion for Case 1 ((a) t = 0.0001 s; (b) t = 0.0005 s; (c) t = 0.001 s; (d) t = 0.002 s;

bruptions along both straight sections were almost the same (the
utlet straight section was slightly faster). This could prove that
he effect of the flow direction inside the gas flow channel on the
ow direction in the catalyst layer is very small because the flow
irection inside the catalyst layer is mainly dominated by the
ater distribution (flowing from empty sections towards liquid
ater).
After a period of time, as shown from Figs. 4e, f and 5d, e, all

he water films were broken up into different pieces. It could
e observed that since t = 0.007 s, most of the water was no
onger moving. The velocity field achieved steady-state and
he balance between air and liquid water was attained, which

eans, all the forces between the two phases, such as surface
ension, viscous stresses, wall adhesions etc. were balanced.
or example, as shown in Fig. 5e, at the corner, it could be
bserved that air was flowing from the empty sections to the liq-
id water. The liquid water was surrounding the inner boundary

f the serpentine corner and there was no path for the liquid
ater to flow elsewhere. This part of liquid water therefore

chieved a balance of the forces. When the balance was achieved
no significant movement of liquid water could be observed),
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ig. 7. Water distribution and velocity field on the plane at x = 0.00205 m in ou
e) t = 0.007 s; (f) t = 0.02 s).

s shown in Fig. 5e, there was almost no liquid water iso-
ated from the surrounding walls. Almost all the liquid water
as connecting to the surrounding walls to achieve the force
alance.

From Figs. 6f, 7f and 8f, at t = 0.02 s while the force balance
as achieved, water had difficulties staying between two porous
oles and such places suffered air streams flowing from the sur-
ounding holes. Therefore, it is challenging for such places to
aintain liquid water, which is good for water drainage. On the

ther hand, those places around the surrounding wall, which
aintained most of the liquid water, are not good for water

rainage. In real PEM fuel cell operating conditions, if a whole
iece of MEA was considered, these surrounding walls as shown
rom Fig. 5e, would be connecting to the catalyst layer under
he lands of the bipolar plates. Such places are the ideal desti-
ations that the liquid water should move to. Therefore, it could
e concluded that for the catalyst layer, the areas under the
ands of the bipolar plate and those close to the surrounding
alls are the most possible places that liquid water would move

o. Other locations that suffer strong air flow and are not sur-
ounded by any walls are relatively difficult in maintaining liquid

ater.
Fig. 13 shows the water distribution and velocity fields on

he x–y planes at both ends of the catalyst layer after the balance
etween air and liquid water was achieved (t = 0.02 s). It could

s
w
m
w

ction for Case 1 ((a) t = 0.0001 s; (b) t = 0.0005 s; (c) t = 0.001 s; (d) t = 0.002 s;

e observed that the water distributions on these two planes
ere almost the same. The plane closer to the GDL (Fig. 13a)

ontained slightly smaller amounts of water because it is closer
o the air flow. Additionally, by considering Fig. 5e which shows
he plane between them at the same time, very similar water
istribution could be observed. Therefore, it could be concluded
hat liquid water inside the catalyst layer would tend to reach
force balance by touching both the top and bottom surfaces.
his is the most stable condition for liquid water because the

orce due to the wall adhesion effects is the maximum and the
ffect of the surface tension between air and liquid water is the
inimum.

.1.2. Water occupation fraction variation
Fig. 14 shows the water occupation fraction (the average

olume fraction of water) inside the MEA for Case 1. It was
bserved that the total water occupation fraction inside the
EA only decreased from 50.4 to 44.9% i.e. only a very small

mount of water was removed. It was observed that the water
mount inside straight sections of the MEA even increased.
his is because liquid water inside the corner moved into those

traight sections, as mentioned above. At the beginning, the
ater occupation fraction inside the straight sections reached the
aximum. This is because in that time period, the rate of liquid
ater moving into those sections from the corner was higher
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ig. 8. Water distribution and velocity field on the plane at x = 0.01105 m in in
e) t = 0.003 s; (f) t = 0.02 s).

han the rate of water moving out. Later on, a slight reduction
f water occupation fraction inside those straight sections could
e observed; because at that time the abruption of liquid water
lms at the corner was complete and water movement relatively
ecreased. After the balance was achieved, the water occupation
raction inside the straight sections became almost constant. Fur-
hermore, water occupation fraction inside the straight section
t the inlet was larger than at outlet (the total volume of these
wo sections are the same). This could be explained with the
elp of Fig. 5b, at t = 0.0005 s, as the water films ruptured at the
orner, it could be noticed that water films also ruptured from
he left side of the straight section at outlet, close to the corner.
uch abruption was, however, not observed at the inlet straight
ection. This is because as air flowed through the corner, the
econdary flow was still very strong although air already flowed
nto the straight section. The comparison of the secondary flow
efore entering the corner and after exiting could be noticed in
igs. 6 and 7. Fig. 7 (for the outlet section) showed stronger sec-
ndary flow than Fig. 6 (for the inlet section). Therefore, water
lms ruptured from the left side of the straight section at out-

et first, at the strong air flow formed there could prevent some

ater flowing from the corner, thus explaining why the straight

ection at inlet contained more water. It could also be observed
hat the straight section at inlet reached a constant water occu-
ation fraction earlier than at outlet. This is because for the

n
c
d
F

tion for Case 1 ((a) t = 0.001 s; (b) t = 0.002 s; (c) t = 0.0022 s; (d) t = 0.0025 s;

traight section at inlet, abruptions occurred from the both ends
as mentioned, also from the inlet due to the developing flow),
hus the abruptions developed faster than the straight section at
utlet. The highest reduction of water occupation fraction could
e observed at the corner, which was only 9% by comparing its
riginal water occupation fraction at 54%. The strong secondary
ow at the corner did not help removing the water significantly,
nd the 9% even contained some water flowed into the straight
ections.

Fig. 15 shows the water occupation fraction inside the cat-
lyst layer for Case 1. This figure showed a very similar water
ariation to that shown in Fig. 14. However, in the catalyst
ayer, water occupation fractions inside the straight sections
ere finally less than the initial condition. This is because some
ater moved into the GDL. Fig. 16 shows the water occupa-

ion fraction inside the GDL for Case 1. As mentioned above
ater was only removed significantly at the corner, however,

he porous holes contained the most water at the corner and
he straight section at inlet contained the least. The reason
hat the GDL also contained some water after the balance was
chieved is as discussed above. All the water was finally con-

ecting to the both ends of the catalyst layer and the water
ould also be able extend into the GDL and remain balanced
ue to water’s viscosity. Such phenomena could be observed in
igs. 6 and 7.



K. Jiao, B. Zhou / Journal of Power Sources 169 (2007) 296–314 305

F tlet se
(

a
e
b
f
t
w
m
b
m
o
t

3
o

t
fl
t
z
t
F
0

t
a
s

3
w
t

t
g
a
t
w
w
c
a
p
i
a

ig. 9. Water distribution and velocity field on the plane at x = 0.01105 m in ou
e) t = 0.003 s; (f) t = 0.02 s).

It could be concluded that the secondary flow is still strong
fter exiting the serpentine corner; therefore, the water was
asier to be removed after air exits from the corner than
efore air enters the corner. Even though water was removed
aster at the corner, some parts of the water did not flow into
he flow channel but flowed into other parts of the MEA,
hich is still not good for PEM fuel cell performance. The
ore water removed from the catalyst layer, the more possi-

ility that the GDL contains more water. The regular cubic
icro-structure of the GDL is not good for water removal as

nly 0.5% of the total volume was removed with this struc-
ure.

.2. Case 2: water films with a thickness of 0.03 mm placed
n membrane/catalyst layer for computation domain 2

The second case was simulated to investigate the effects of
he GDLs with trapeziform micro-structures on liquid water
ow behaviour. The trapeziform porous holes in computa-

ion domain 2 (Fig. 1c) had a height of 0.1 mm along the

-direction with the minimum area (0.1 mm × 0.1 mm along
he x- and y-direction) facing the catalyst layer. As shown in
ig. 3, and listed in Table 1, water films with a thickness of
.03 mm were placed on the membrane/catalyst layer in compu-

t
M
w
e

ction for Case 1 ((a) t = 0.001 s; (b) t = 0.002 s; (c) t = 0.0022 s; (d) t = 0.0025 s;

ation domain 2. The abruption of water films, change of water
mount in the MEA, and water transport inside the MEA were
tudied.

.2.1. Abruption of water films and the effects of the GDLs
ith trapeziform micro-structures (the minimum area facing

he catalyst layer) on liquid water transport
The only difference between the first two cases is the shape of

he porous holes. As shown in Fig. 17, it could be noticed that the
eneral water transport phenomena was similar to Case 1. The
bruption of water films started at the corner and the inlet with
he balance between air and water achieved after all the liquid
ater films ruptured. Liquid water would stay around the end
alls in the catalyst layer and almost all the liquid water would

onnect the both ends of the catalyst layer (the membrane side
nd the GDL side). Fig. 18 shows the cross section on the y–z
lanes close to the corner. It was noticed that the secondary flow
n the plane at the downstream of the corner was stronger than
t the upstream (also shown in Case 1).

Even though the general flow characteristics between the first

wo cases were similar, the water flow behaviours inside the

EA were still different. By observing Figs. 17–20, no water
as flowing into the GDL and thus the water removal ability was

ven weaker than in Case 1. As shown in Figs. 19 and 20, the



306 K. Jiao, B. Zhou / Journal of Power Sources 169 (2007) 296–314

Fig. 10. Water distribution and velocity field on the center-plane (y = 0.0035 m)
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Fig. 11. Water distribution and velocity field on the center-plane (y = 0.0005 m)
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n inlet section at the corner for Case 1 (2× magnification along the z-direction
or the MEA, 3× minification along the z-direction for the flow channel) ((a)
= 0.0001 s; (b) t = 0.0002 s; (c) t = 0.0003 s; (d) t = 0.0005 s; (e) t = 0.001 s).

ater distribution and velocity field on the center-planes of the
nlet and outlet sections could be observed. Initially it was the
ame as in Case 1 in that the water film was broken up into small
ieces, however, later on those small pieces did not flow through
he porous holes into the gas flow channel. The small pieces of
iquid water attached together again to form larger pieces. Such
arge pieces are difficult to remove and then the balance between
ir and water was achieved. With the help of Figs. 19 and 20,
he reason that the small pieces of liquid water did not flow
hrough the GDL and formed larger pieces could be explained.
he micro-structure of the porous holes was trapeziform in this
ase with the minimum area facing the catalyst layer. While air
owed through these holes, the direction of the flow started con-
entrating together along the boundary of the holes. Therefore,

he flow between two holes in the catalyst layer was weaker than
n Case 1. Because such air flow inside the catalyst layer was
eak those small pieces of liquid water became easier to attach

o each other rather than being broken up and flowed out of the

o
i
t
a

n outlet section at the corner for Case 1 (2× magnification along the z-direction
or the MEA, 3× minification along the z-direction for the flow channel) ((a)
= 0.0001 s; (b) t = 0.0002 s; (c) t = 0.0003 s; (d) t = 0.0004 s; (e) t = 0.0005 s).

EA. As seen from Figs. 19 and 20, the air flow between the
ieces of liquid water was not strong enough to prevent them
rom coalescing. Therefore, after a larger piece was formed, the
iquid water became even harder to be removed.

.2.2. Water occupation fraction variation
Fig. 21 shows the water occupation fraction inside the MEA

or Case 2. It was observed that there was no water flowing out
f the MEA. An initial reduction of water at the corner could
e noticed, however, a slight increase of water occupation frac-
ion was observed later. This is because initially some water
as flowing from the corner to the straight sections but there
as no water removed from the MEA. Therefore, after a period

f time, some excess water in the straight sections flowed back
nto the corner. This could be illustrated by the water occupa-
ion fraction variation inside the straight sections which, after
n initial increase decreased and then reached constant levels.
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Fig. 12. Water distribution and velocity field on the center-plane (y = 0.0035 m)
in inlet section at the inlet for Case 1 (2× magnification along the z-direction
for the MEA, 3× minification along the z-direction for the flow channel) ((a)
t = 0.001 s; (b) t = 0.0011 s; (c) t = 0.0012 s; (d) t = 0.0014 s; (e) t = 0.0015 s).

Fig. 13. Water distribution and velocity field on the planes close to the GDL
(z = 0.0011 m) and close to the membrane (z = 0.00115 m) at t = 0.02 s for Case
1 ((a) z = 0.0011 m; (b) z = 0.00115 m).

Fig. 14. Water occupation fraction inside the MEA for Case 1.
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Fig. 15. Water occupation fraction inside the catalyst layer for Case 1.

ecause no water was removed from the MEA, in contrast with
ase 1, the water occupation fractions in both of the straight sec-

ions finally became almost the same. By looking at the water
ccupation fraction variation inside the catalyst layer in Fig. 22,
5% reduction of water occupation fraction at the corner was

bserved. This part of water flowed into the straight sections
esulting in a slight increase of water occupation fraction inside
he straight sections. Fig. 23 showed that only a small amount
f water flowed into the GDL and the water occupation frac-

ion was only about 0.8%. Therefore, most of the water was still
nside the catalyst layer.

As mentioned, in comparison with cubic porous holes,
he trapeziform micro-structure (with the minimum area

Fig. 16. Water occupation fraction inside the GDL for Case 1.
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Fig. 17. Abruption of water films in 3D view for Case 2 ((a) t = 0 s; (b) t = 0.0005 s; (c) t = 0.001 s; (d) t = 0.005 s; (e) t = 0.01s; (f) t = 0.02 s).

Fig. 18. Water distribution and velocity field on the plane at x = 0.00205 m in both inlet and outlet sections for Case 2 ((a) t = 0.0001 s at inlet section; (b) t = 0.02 s
at inlet section; (c) t = 0.0001 s at outlet section; (d) t = 0.02 s at outlet section).
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Fig. 19. Water distribution and velocity field on the center-plane (y = 0.0035 m)
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Fig. 20. Water distribution and velocity field on the center-plane (y = 0.0005 m)
in outlet section for Case 2 (2× magnification along the z-direction for the MEA,
3× minification along the z-direction for the flow channel) ((a) t = 0.003 s; (b)
t = 0.005 s; (c) t = 0.007 s; (d) t = 0.01 s; (e) t = 0.02 s).
n inlet section for Case 2 (2× magnification along the z-direction for the MEA,
× minification along the z-direction for the flow channel) ((a) t = 0.003 s; (b)
= 0.004 s; (c) t = 0.005 s; (d) t = 0.006 s; (e) t = 0.02 s).

acing the catalyst layer) results in a weaker air flow
nside the catalyst layer. The water removal ability of such
DL is not acceptable. However, the general flow phenom-

na are not affected by changing the micro-structures of
heGDL.

.3. Case 3: water films with a thickness of 0.03 mm placed
n membrane/catalyst layer for computation domain 3

This case was simulated to investigate the effects of the
DLs with trapeziform micro-structures on liquid water flow
ehaviour. The trapeziform porous holes in computation domain

(Fig. 1d) had a height of 0.1 mm along the z-direction with the
inimum area (0.1 mm × 0.1 mm along the x- and y-direction)

acing the gas flow channel. As shown in Fig. 3, and listed in
able 1, water films with a thickness of 0.03 mm were placed Fig. 21. Water occupation fraction inside the MEA for Case 2.
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Fig. 22. Water occupation fraction inside the catalyst layer for Case 2.
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this case, the maximum areas of the porous holes were fac-
Fig. 23. Water occupation fraction inside the GDL for Case 2.

n the membrane/catalyst layer in computation domain 3. The
bruption of water films, change of water amount in the MEA,

nd water transport inside the MEA were studied. Comparison
etween the three different micro-structures of GDL was also
iscussed.
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Fig. 24. Abruption of water films in 3D view for Case 3 ((a)
Sources 169 (2007) 296–314

.3.1. Abruption of water films and the effects of the GDLs
ith trapeziform micro-structures (the minimum area facing

he gas flow channel) on liquid water transport
The general water transport behaviour in this case was sim-

lar to Cases 1 and 2. From Fig. 24, the abruption of water
lms also started from the corner and the inlet. However, after

he abruption process was complete the balance between air
nd water was achieved. The residual water would also tend
o stay around the walls in the catalyst layer and connect to
he both ends of the catalyst layer. Stronger secondary flow
as also observed at the downstream of the corner, as shown

n Fig. 25. The only difference between the first three cases is
he micro-structures of the GDL. Therefore, it could be con-
luded that the effects of the micro-structures of the GDL on
eneral liquid water transport serpentine unit cells are insignif-
cant.

However, by observing these figures, a difference in the water
mount left could be noticed. The amount of water left in Case
was significantly lower than in Cases 1 and 2, Even though

he general flow patterns were similar, the flow behaviours of
iquid water across the GDL were different i.e. the water removal
bilities of different GDLs are different. Fig. 26 shows the liquid
ater distribution and velocity fields on the center-plane in the
utlet straight section. It was observed that during the abruption
rocess, liquid water was separated into small pieces, which was
ignificantly different from Case 2.

As discussed in Case 2, the air flow from the porous holes
as relatively localized and the air streams from these holes
ere not affecting each other. Consequently, the air streams were
ot strong enough to separate liquid water into small pieces. In
ng the catalyst layer, as shown in Fig. 25. Such flow resulted
n air flowing through the porous holes and spreading rather
han concentrating into the catalyst layer. Therefore, air streams

t = 0.0002 s; (b) t = 0.005 s; (c) t = 0.01 s; (d) t = 0.02 s).
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Fig. 25. Water distribution and velocity field on the plane at x = 0.00205 m in both inlet and outlet sections for Case 3 ((a) t = 0.0001 s at inlet section; (b) t = 0.0005 s
a ).
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t inlet section; (c) t = 0.0001 s at outlet section; (d) t = 0.0005 s at outlet section

rom the porous holes would flow to each other and produce
tronger air flow, which could facilitate breaking up the water
lms.

From Fig. 26, the water film was deformed and then broken
p. The small pieces of liquid water suffered air flows from
ts surrounding holes and they were compressed by those air
ows. As those pieces of liquid water were compressed, they
ould move across the only path, which are the porous holes
etween the surrounding holes. Therefore, liquid water flowed
cross these holes into the gas flow channel. However, water
as still not fully flowing out of the MEA. The water was not
nly left around the end walls but also between the porous holes.
s discussed in Case 1, the liquid water had difficulties to stay
etween the porous holes. However, if the balance between the
urrounding air flows could be achieved, such conditions would
till be possible.

Fig. 27 shows the liquid water distribution and velocity fields
n the center plane of the straight section at the inlet. As the
ater film was broken up, similar to the situation shown in
ig. 26, small pieces of liquid water were formed. The differ-
nce in this condition is that the small pieces of liquid water
urrounding holes were next to each other without any hole
etween them. While the liquid water was compressed, it had
o path to flow through. In such conditions, two results were
bserved. One was as shown in Fig. 27a–c while the other
s presented in Fig. 27d and e. From Fig. 27a–c, there was

small piece of liquid water on the left hand side between

wo porous holes. It was compressed and then disappeared.
his is because the flow from the liquid water’s surrounding
oles was not balanced and the liquid water flowed along the
trongest air flow to another place. From Fig. 27d and e the

e
G
c
a

alance between those holes was achieved. There was a piece
f liquid water between two porous holes which did not move
ecause the forces from the surrounding holes were balanced.
rom the first three cases, Case 3 had the least amount of water
etween the holes because the air flow was the strongest in this
ase.

.3.2. Water occupation fraction variation
Figs. 28–30 show the water occupation fraction inside the

EA, catalyst layer and GDL, respectively. In contrast to
he first two cases, the straight sections achieved better water
emoval than the corner in both the catalyst layer and the
DL. Even though it has been shown that the secondary flow

round the corner was still stronger than at the straight sections,
he different kinds of micro-structures of the GDL could still
nhance water removal ability significantly resulting in better
ater drainage at the straight sections than at the corner. Simi-

ar water occupation fraction variations were also observed. The
traight section at the outlet achieved better water removal than
t the inlet, and when the balance was achieved, the variations
ecame almost constant.

.3.3. Comparison of different micro-structures of GDL
Figs. 31 and 32 show the comparison of the water amount

ariation inside the MEA and the catalyst layer for the three
ases. From the figures, Case 3 showed increased water-removal
bility than the other two cases. As mentioned, the only differ-

nce between the three cases was the micro-structures of the
DL. Because of its ability to enhance the air flow inside the

atalyst layer, the trapeziform porous holes with the minimum
rea facing the gas flow channel could achieve the best water
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Fig. 26. Water distribution and velocity field on the center-plane (y = 0.0005 m)
in outlet section for Case 3 (2× magnification along the z-direction for the MEA,
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Fig. 27. Water distribution and velocity field on the center-plane (y = 0.0035 m)
in inlet section for Case 3 (2× magnification along the z-direction for the MEA,
3× minification along the z-direction for the flow channel) ((a) t = 0.0045 s; (b)
t = 0.005 s; (c) t = 0.006 s; (d) t = 0.007 s; (e) t = 0.02 s).
× minification along the z-direction for the flow channel) ((a) t = 0.0012 s; (b)
= 0.0013 s; (c) t = 0.0019 s; (d) t = 0.002 s; (e) t = 0.003 s).

rainage. The worst condition was when the air flow inside the
atalyst became weak i.e. when the trapeziform porous holes
ith the minimum area facing the catalyst layer. Therefore, the
ey factor to design the GDL is trying to enhance the air flow
nside the catalyst layer. Even though Case 3 achieved the best
ater drainage, the amount of water inside the GDL in Case
was the largest, seen from Fig. 33. As discussed above, liq-

id water was compressed by its surrounding air flows to flow
hrough the porous holes into the gas flow channel. However,
he main flow stream inside the gas flow channel was another
xternal force exerted on the liquid water. Therefore, the bal-
nce between air and water could be achieved inside the porous

oles and thus the water would stay inside the porous holes
ithout going elsewhere as observed in Fig. 26. This could

xplain why Case 3 had the largest amount of water inside the
DL. Fig. 28. Water occupation fraction inside the MEA for Case 3.
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Fig. 29. Water occupation fraction inside the catalyst layer for Case 3.

Fig. 30. Water occupation fraction inside the GDL for Case 3.

Fig. 31. Water amount variation inside the MEA for the three cases.

Fig. 32. Water amount variation inside the catalyst layer for the three cases.
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Fig. 33. Water amount variation inside the GDL for the three cases.

. Conclusions

In this paper, three innovative GDLs with different micro-
tructures have been proposed and investigated to resolve the
hallenges existing in conventional GDLs, i.e., the random and
rbitrary micro-structure and small pore size do not allow a well-
rganized liquid water flow across GDL to gas flow channel.
he liquid water behaviours in the proposed innovative GDLs

ogether with serpentine gas flow channel on cathode side of
PEM fuel cell were studied by employing a 3D, unsteady,

wo-phase model in FLUENT with an initial water distribution.
y investigating the flow behaviours of liquid water and air-
ow velocity fields, the following water management issues have
een identified:

1. For serpentine PEM fuel cells, it is easier for the water films
to break up at the corner than at the straight sections. This
is mainly attributable to the stronger secondary flow at the
corner.

2. For the straight sections of the serpentine PEM fuel cells,
there is improved water drainage at the downstream of the
corner than the upstream. This is mainly attributable to
stronger secondary flow at the downstream of the corner.

3. The flow direction inside the catalyst layer is mainly dom-
inated by the water distribution and not the main flow
direction inside the gas flow channel.

4. The abruption of liquid water films would start from the
initial ruptures and spread to other areas.

5. Residual water inside the catalyst layer is unavoidable.
This is because the water stops moving when the balance
between all the forces (surface tension, wall adhesion, etc.)
is achieved.

6. For the catalyst layer, the areas under the lands of the bipolar
plate and the areas close to the surrounding walls are the
most possible places that liquid water would stay; other
areas suffer from strong air flow and are not surrounded
by any walls thus are relatively harder to maintain liquid

water.

7. Liquid water inside the catalyst layer will tend to reach a
force balance by touching both the top and bottom surfaces.
This is the most stable condition for liquid water because
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the force due to the wall adhesion effects is the maximum
while the effect of the surface tension between air and liquid
water is the minimum.

8. Although water was removed faster at the corner, some parts
of the water did not flow into the gas flow channel; they
flowed into other parts of the MEA, which is still not good
for PEM fuel cell performance.

9. The more water removed from the catalyst layer, the more
possibility that the GDL contains more water.

0. The general water transport features may not be sig-
nificantly affected by the micro-structures of the GDL.
However, the water removal characteristics and ability could
be affected by different shapes of the porous holes of the
GDL.

1. For the three innovative micro-structures investigated here,
the best water removal is achieved with the trapeziform
porous holes with the minimum area facing the gas flow
channel due to its ability to enhance the air flow inside
the catalyst layer. The worst condition was when the air
flow inside the catalyst became the weakest i.e. when the
trapeziform porous holes with the minimum area facing
the catalyst layer. Therefore, the key factor to design the
GDL is trying to enhance the air flow inside the catalyst
layer.

2. Even though secondary flow around the corner was still
stronger than at the straight sections, the well-designed
micro-structures of the GDL could still enhance water
removal ability resulting in better water drainage at the
straight sections than at the corner.

3. A well-designed GDL can result in better water drainage
than conventional GDL.

Some suggestions could be made to manage liquid water in
n efficient way as follows:

. Keeping the maximum area of the porous holes facing the
catalyst layer may result in better water drainage, thus the
performance could become more stable. On the hand, the

minimum area of the porous holes must be avoided to face
the catalyst layer.

. The strong secondary flow at the corner could facilitate water
drainage.

[
[
[

Sources 169 (2007) 296–314

. The good combination of the serpentine flow channels and
the well-designed GDLs may result in better water drainage.
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