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bstract

The mobility of water droplets and water films inside a straight micro-channel of a proton exchange membrane fuel cell was simulated to study
he effects of the hydrophilic/hydrophobic properties on water behavior. The volume-of-fluid model in the FLUENT package was used to keep track
f the deformation of the liquid–gas interface. The results show that the water moved faster on a hydrophobic surface. But a hydrophobic channel

ide-wall was a disadvantage for the gas diffusion when the MEA had a hydrophilic surface. A hydrophilic channel side-wall with a hydrophobic

EA surface could avoid water accumulation on the MEA surface. The water and gas distribution under this condition was advantageous for water
ischarge and gas diffusion.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane fuel cells (PEMFCs) are of great
otential use in mobile and stationary applications. However, the
erformance of contemporary PEMFCs needs to be significantly
mproved. Water behavior in PEMFCs has been considered as

key influencing factor on the cell performance. Water man-
gement in PEMFCs has been the subject of several studies.
ost of these studies were focused on water transportation inside

he proton exchange membrane [1–4] and in the gas diffusion
ayer [5,6]. However, water transport along the gas flow channels
hould also be considered.

In past decades, water transport inside the gas flow chan-
el was usually modeled as a component of an overall fuel cell
odel. The effects of water on the gas concentration and the

ell performance were simulated [7,8]. The other type of model
as a hydraulic model. The deformation of a droplet was stud-
ed with the solution of the Navier-Stokes equation [9,10]. Also,
he fluid dynamics and liquid water distribution in a serpentine

icro-channel or a straight channel were studied by this method
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11–14]. Experimental methods such as the neutron imaging
ethod [15–17] and a transparent PEMFC [18,19] were intro-

uced to study the water behavior in the flow fields recently. But
t is difficult to separate the water in the membrane and in the
as diffusion layer.

It is known that the geometry of the micro-channel and
he hydrophilic/hydrophobic properties of the MEA surface
ould influence water removal. But reports on the effect of the
ydrophilic/hydrophobic properties of the channel side-wall on
ater removal are rare. In this present work, a three-dimensional
uid dynamic numerical simulation is presented and the water
ehavior in the straight channel under different material prop-
rties is studied. The commercial computational fluid dynamics
oftware, the FLUENT package was used.

. Computational methodology and the boundary
onditions

.1. Computational domain
The straight channel flow field is typical and used in the fuel
ell stack broadly. In this study, part of a straight channel is
hosen as the computational domain, as shown in Fig. 1. The

mailto:blyi@dicp.ac.cn
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Fig. 1. Computational domain. A part of a straight channel in a PEMFC.

ength of the straight channel is 20 mm, and the cross-section is
mm × 1 mm.

.2. Computational methodology

The motion of the gas and the water in the domain could
e considered as an incompressible Newtonain flow, one phase
owing past the other phase. The interface that separates the two
hases has a constant surface tension σ. When the gas phase is
orced to pass a stationary liquid phase, the pressure difference
cross the liquid phase tends to move the liquid in the direction
f the gas flow. Shear forces resulting from the surrounding fluid
ry to deform the liquid continuous surface. The surface tension
orces tend to keep the continuous liquid phase spherical and
ttached to the wall surface. If the gas flow is strong enough,
he distorting forces outweigh the surface tension force and the
dhesion force between the liquid phase and the wall. Under this
ondition, the continuous liquid phase may break up into several
ragments.

In this study, the flow in the channel is supposed to be lam-
nar under isothermal conditions and without phase change. A
olume-of-fluid (VOF) method in the FLUENT package was
dopted to simulate the two-phase flow in a micro-channel. A
olume fraction, αi, is introduced to capture the interface motion.
ere, α = 0 indicates that the control volume is full with gas,
= 1 indicates that the control volume is full with liquid water,

nd α between zero and unity indicates that the control volume
ontains the interface between the fluids. The tracking of the
nterface is accomplished by the solution of a continuity equa-
ion for the volume fraction of one phase. The velocity field
s continuous across the interface, but there is a pressure jump
t the interface due to the presence of surface tension. There-
ore, the conservation equations governing an unsteady laminar
wo-phase flow can be written as [20]:

Continuity equation:

∂ρ

∂t
+ ∇ · (ρ�v) = 0 (1)
Volume fraction continuity equation:

∂αi

∂t
+ �v · ∇(αi) = 0 (2)

d
t
m
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Momentum equation:

∂

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

(3)

In this two-phase system, the gas phase was set as primary
hase and represented by the subscript 1, and the liquid phase
as set as secondary phase and represented by the subscript 2.
o,

1 + α2 = 1 (4)

The density and the viscosity in each cell can be computed
s the following:

= α2ρ2 + (1 − α2)ρ1 (5)

= α2μ2 + (1 − α2)μ1 (6)

In the momentum equation, p is the static pressure, ρ�g the
ass force term, and �F is the momentum source term due to

urface tension and wall adhesion. The continuum surface force
odel was used. The source term can be written as a function

f the surface tension coefficient σ and the surface curvature k,
s following form:

� = 2σkα2∇α2 (7)

And the calculation of the surface curvature k has a close
elationship with the contact angle at the wall.

.3. Boundary conditions

A no-slip boundary condition is applied to all interior walls.
he velocity inlet boundary condition is set at the inlet of the
hannel. The velocity here is set at 5 m s−1. The gas phase is
ir. The operating temperature and the pressure is 333 K and
.2 MPa respectively. Gravity is in the z+ direction.

.4. Validation of grid independency

A 40,000 hexahedral meshes are employed in the computa-
ional domain. The grid independency was validated by various
umbers of hexahedral meshes. Whether the meshes number
as an additional 50% in the x-direction or 20% in every direc-

ion, the simulation results were almost the same. But obviously
he computational cost increased. Considering the processing
ime limitation, 40,000 hexahedral meshes was adopted for all
imulation cases.

. Results and discussion

In this study, six cases were calculated to investigate the
ater behavior under different hydrophilic/hydrophobic condi-

ions as shown as Table 1. Cases 1 and 2 simulated a single

roplet motion on a hydrophilic/hydrophobic surface, respec-
ively. Cases 3 and 4 simulated the influence of the channel

aterial properties on the motion of the water film. Cases 5 and
simulated the water film motion on a heterogeneous surface.
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Table 1
Simulation cases for different material properties in a micro-channel of PEMFC

Case No. Initial water distribution θMEA
a θchan

b

1 Single droplet attached to the MEA surface, Vl = 3.3 × 10−2 mm3 150◦ 60◦
2 Single droplet attached to a side-wall of channel, Vl = 3.3 × 10−2 mm3 150◦ 60◦
3 A water film with thickness of 0.1 mm covering part of a MEA, Vl = 1 mm3 10◦ 10◦
4 As the same as case 3 10◦ 150◦
5 Two water films with thickness of 0.1 mm covering the hydrophilic part of the MEA, Vl = 1 mm3 θMEA

c 10◦
6 As the same as case 5 θMEA

c 150◦

a The contact angle at the surface of a MEA.
b The contact angle at the wall of the micro-channel.
c The surface of the MEA is heterogeneous, and θMEA is 10◦ at the hydrophilic part and 150◦ at the hydrophobic part as shown in Fig. 7.
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The motion of liquid water on a heterogeneous surface was
simulated in cases 5 and 6. In these two cases, the surface of
ig. 2. Single droplet motion at different time instants on a hydrophobic surface.

.1. Single droplet behavior on a hydrophobic/hydrophilic
urface

In case 1, a single droplet was initialized attaching to the
urface of MEA near the channel inlet. The volume of the droplet
as 3.3 × 10−2 mm3. The contact angle at the MEA surface was
50◦. Fig. 2 shows the single droplet motion at different time
nstants at the section of z = 0.0005 m. The color indicates the
iquid phase. At t = 0, a single droplet was initialized attached
o the surface of the MEA. After t = 4.6 ms, the droplet was
wept out of the channel. Fig. 3 shows the results calculated from
ase 2. The liquid water volume was the same as that in case 1.
he droplet was initially attached to a hydrophilic surface. The
ontact angle was 10◦. After 5.8 ms the droplet was discharged.
omparing with Fig. 2, shows that the water droplet is removed

aster and easier on a hydrophobic surface.

.2. Liquid water film behavior on a
ydrophilic/hydrophobic channel side-wall

In cases 3 and 4, the contact angle at the MEA was 10◦ and
he contact angle of the channel side-wall was 10◦ and 150◦,
espectively. In these cases, a liquid water film with thickness of
.1 mm was initialized covering half of the MEA surface, and the
olume of the liquid was 1 mm3. Fig. 4 shows the liquid water
ow rate at the outlet of cases 3 and 4. The results show that it
pent less time for a hydrophobic channel to sweep out the water.
owever, the function of the channel is not only to discharge
he water, but also to transport the reactant. Figs. 5 and 6 are
he water distributions for cases 3 and 4 at the time t = 2 ms.
ig. 5 shows that the water film was gradually spread from the
EA surface to the channel side-wall. Hence a no-water-zone

ig. 3. Single droplet motion at different time instants on a hydrophilic surface.
F
a

Fig. 4. Liquid water flow rate at the outlet for cases 3 and 4.

n the center of the MEA surface appeared. This phenomenon
s beneficial to gas diffusion. Fig. 6 is the water distribution for
ase 4. It can be seen that water did not spread to the channel
ide-wall, but covered the MEA surface. This is a disadvantage
or gas transport into the MEA.

.3. The motion of the liquid water film on a heterogeneous
ig. 5. Water film on the cross sections normal to the flow direction for case 3
t t = 2 ms.
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Fig. 6. Water film on the cross sections normal to the flow direction for case 4
at t = 2 ms.
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water film. So most of water was discharged as water droplets.
The water film attached to a hydrophilic surface was difficult to
remove. As shown in Fig. 9(b), some of water still existed after
16 ms, accumulating at the corner of the channel.
ig. 7. A sketch of a heterogeneous MEA surface. Parts 1 and 3 were hydrophilic
arts and the contact angle was 10◦, parts 2 and 4 were hydrophobic parts and
he contact angle was 150◦.

EA was divided into four parts averaged as shown in Fig. 7.
arts 1 and 3 were hydrophilic zones and the contact angle of

he MEA surface was 10◦, then parts 2 and 4 were hydrophobic
ones and the contact angel of the MEA surface was 150◦. The
ontact angle of the channel side-wall was 10◦ in case 5 and
50◦ in case 6. At the beginning, two water films with the total
olume of 1 mm3 were initialized covering the surface of parts
and 3.
Fig. 8 is a comparison of water flow rate at the outlet. The

gure shows that water discharging in a hydrophobic channel
as faster and more fluent. Fig. 9(a) and (b) are water distribu-

ion maps at t = 3 and 16 ms for case 5. At first, the water film

overing the surface of parts 1 and 3 spreads to the hydrophilic
hannel side-wall and is moved to parts 2 and 4. Then the water
lm was split into small water films attached to the channel sur-
ace and small droplets were suspended freely in the channel.

Fig. 8. Liquid water flow rate at the outlet for cases 5 and 6.
F
t

ig. 9. Water film on the cross sections normal to the flow direction for case 5
t different times: (a) t = 3 ms; (b) t = 16 ms.

he velocity of the water droplets was faster than that of the
ig. 10. Water film on the cross sections normal to flow direction for case 6: (a)
= 2 ms; (b) t = 4 ms.
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Fig. 11. Water and velocity distribution in a cross-section of a micro-channel with different material properties: (a) hydrophilic MEA surface and hydrophilic channel
s hydro
s
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ide-wall; (b) hydrophilic MEA surface and hydrophobic channel side-wall; (c)
urface and hydrophobic channel side-wall.

Fig. 10(a) and (b) are the water distributions at t = 2 and
ms for case 6. The figures show that water spread onto the
ydrophilic MEA surface in parts 1 and 3, but did not spread to
hydrophobic channel side-wall surface. In parts 2 and 4, the
ater existed as a water column in the micro-channel because

he MEA surface was changed to be hydrophobic. The discharge
f the water column was faster than that of a water film com-
ared with case 5. But if the water column diameter was large,
he channel would be blocked and the gas was hard to transport
nto the gas diffusion layer.

.4. Comparison of water and gas distribution under
ifferent conditions

In this section, the water distribution and the velocity vectors
istribution were compared to research the material properties
atch of the MEA and the channel side-wall.
In Fig. 11(a), hydrophilic MEA surface was matched with

hydrophilic channel side-wall. Under this condition, part of
ater spread to the channel, and a part of the MEA surface was

xposed to the gas phase. This was beneficial for gas transport
nto the MEA. But water was adhesive on the surface as a water

lm and was difficult to be swept out.

Fig. 11(b) shows the worst scenario for fuel cell opera-
ion. A thick water film covers the surface of the MEA when

hydrophilic MEA surface was matched with a hydrophobic

(

phobic MEA surface and hydrophilic channel side-wall; (d) hydrophobic MEA

hannel side-wall. In this case the reactant was hard to transport
nto the MEA.

In Fig. 11(c), the cell had a hydrophobic MEA surface and a
ydrophilic channel. Water was separated into water films and
ater droplets. Water films attached to the hydrophilic channel

urface. Water droplets attached to the hydrophobic MEA sur-
ace and occupied a little part of the MEA surface. This was
eneficial for gas transport into the gas diffusion layer and the
ater was easily swept out.
In Fig. 11(d), all the surfaces were hydrophobic. The water

as congregated as a water column. In this case the MEA surface
as hardly covered by water. But if there was large amount of
ater, the diameter and the length of the column would increase.
his would lead to flow channel blockage.

. Conclusions

1) The material properties of the channel side-walls have a
great influence on the water transport in a micro-channel.
Not only the discharge intervals but also the water distribu-
tion in the channel changes with the material properties.

2) The removal of water on a hydrophobic surface is faster than

that on a hydrophilic surface.

3) If a MEA surface is hydrophilic, a hydrophilic channel side-
wall is beneficial to the gas transport into the gas diffusion
layer.
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4) If the MEA surface is hydrophobic and the channel side-
wall is hydrophilic, water can be dispersed into thin water
films attached to the channel side-wall and water droplets are
attached to the MEA surface. This is not only beneficial to
water discharging but is also beneficial to gas transportation
from the channel into the MEA.
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