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ABSTRACT the gas channel on the bipolar plate if the partial pressure of the

The present study is concerned with the dynamic behavior water vapor exceeds the saturation pressure or when the
of the liquid water droplets in the water removal process in the operating temperature of a PEM fuel cell is lower than the dew
serpentine channels of a PEM fuel cell based on computationalpoint temperature of the gas mixture. Besides, additional water
fluid dynamic (CFD) simulation. The volume of fluid (VOF) may be supplied by an external humidifier which is used to add
model is adopted to trace the interface between the liquid andmoisture into the hydrogen gas on the anode side so as to
the gas phases such that the motion of the liquid droplets can beoptimize the hydration of the proton exchange membrane.
observed. Effects of the incoming velocity are evaluated. In When the water vapor or the liquid droplets are not able to be
addition, the surface hydrophobic properties are influential to readily removed from the channels by the gas flow, the liquid
the droplets motion; therefore, the contact angle of the liquid water condensate may be accumulated to cause water flooding
droplet attached on the channel wall has been varied. Inand retard the mass transport by occupying the pores of the gas
addition, the orientation of the bipolar plate is regarded as diffusion and catalyst layers. Therefore, maintaining the proper
another important parameter in the present study. Results showbalance in fuel cell between water production and removal is
that among these parameters considered, the incoming flowimportant in improving the PEM fuel cell performance. Thus,
velocity and the contact angle are two key parameters whichwater management has become a critical issue for fuel cell
greatly affect the dynamic behavior of the liquid droplets. The design [5-7].
liquid droplets attached on the wall of the bipolar plate can be In an earlier study, Fuller and Newman [8] performed a
removed by the gas flow only when the contact angle or the numerical simulation of the effect of water vapor at the different
incoming flow velocity is sufficiently high. flow rates in the flow channels. Kimble and Vanderborgh [9]

presented a numerical model which was used to study the effect
Keywords: Fuel cell; Water management; Liquid droplet; of liquid water formed at different reactant concentrations along
Contact angle; VOF the flow channels. Quan, et al.[10] built a serpentine-channel
experimental module to investigate the dynamic behavior of the
INTRODUCTION liquid water droplets with different initial velocity distribution

In a proton exchange membrane (PEM) fuel cell, the direct as the inlet flow rate was fixed.
conversion of chemical energy of the gas reactants to electrical In a recent experimental study performed by the present
energy is achieved with high efficiency and good environmental group of authors, it is found that the contact angledf the
compatibility. However, the performance of the contemporary liquid water droplets attached on the channel wall of a metallic
PEM fuel cell still needs to be significantly improved toward bipolar plate can be greatly altered by coating a microscale
engineering optimization and cost reduction [1-4]. carbon thin film on the wall (Fig.1). The thin-film coating

Water management in a PEM fuel cell has been one of thechanges the surface hydrophobic properties and the contact
critical challenging issues. In practices, the water vapor in the angle, which are critical to the static and dynamic behavior of
fuel cells is produced from the electrochemical reaction taking the liquid droplets. To yield a further understanding of the
place in the catalyst layer on the cathode side, it penetratedynamic behavior of the liquid water droplets in the water
through the gas diffusion layer and condenses on the walls of
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98° 108° 145°
(microscale carbon thin film coating)

(no coating)

surface tension and the viscosity of the liquid. For liquid water,
the surface tension and the dynamic viscosity are set to be 0.072
N/m and 8.90x1T7 Pa:s, respectively.
The theoretical model is developed based on the following
assumptions:
(1) The gas flow is assumed to be incompressible and laminar.
(2) The influence of gravity on the motion of the droplet and
the gas flow is considered and the gravity direction is

changed in terms of the orientation of the bipolar plate.

Figure 1 Contact angle changed by carbon thin-film coating. (3) The thermodynamic and the transport properties of the air

and the liquid are all constant.

(4) The flow is isothermal without neither condensation nor

removal process, in this study a numerical simulation based on ~ Vaporization.

computational fluid dynamic analysis has been performed. The J .
volume of fluid (VOF) model is adopted to trace the interface €Xxpressed in the following:

between the liquid and the gas phases such that the motion of ) _

the liquid droplets can be predicted. To extensively investigate Mass conservation equation:

the effects of the contact angle on the droplet behavior, the

contact angle is varied from 60° to 170°. In addition, the effects 3_p+p@+pﬂ+p3_w -0 )
of the incoming air velocity and the orientation of the bipolar ot 0x oy 0z

plate are also regarded as important parameter in the present

study.

direction, respectively.

NOMENCLATURE

f, surface tension force (N)

P pressure (N/A)

u, v, w velocity components (m/s)

\% incoming air velocity (m/s)

g gravitational acceleration (mjs?
t time (s)

XY, Z rectangular coordinates

n normal vector of liquid surface

Greek symbols

a contact angle (degree)

o surface tension coefficient (N/m)

p fluid density (kg ri?) (a) Dimensions of the gas flow channel.
n viscosity coefficient (kg/m-s)

K curve curvature

THEORETICAL ANALYSIS

Figure 2 shows the dimensions of the gas flow channel and
the initial conditions. The U-shaped channel imth wide, 1
mm deep, and totally 25 mm long, which is a part of serpentine
channel. Initially, a static liquid droplet, of 0.3 mm radius and s e e
with specified contact angle, is placed on the channel wall. The T =
distance from the inlet to the center of the liquid droplet is 5
mm. The air then enters the U-shaped channel at constant
velocity and exits from the outlet. It is desired that the liquid
droplet can be washed away by the air flow. In theory, the
dynamic behavior of the liquid droplet is also influenced by the

(b) Initial position of liquid water droplet.

Figure 2 Schematics of the numerical module.
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The governing equations for the present study are

where u, v, w is the velocity components in x-, y-, and z-



M omentum conservation equation:
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wherep is the fluid density, u, v and w are the incoming air

velocity in different direction, P the pressupes the viscosity
coefficient, g the gravitational acceleration ardis the

surface tension.

Surface tension equation:

f,=0P=APnh =okla =& 00| 2% |0a (5)
Oa
where
k = —(D . F]) (6)
A= ;
|ﬁ| (1)
ando is the surface tension coefficient.
Volume of fraction (VOF) equation:
oF oF OF oF
—+Uu—+v—+w—=0 (8)
ot 0x ay 0z

The value of volume fraction (F) can be determined as follows

_ volume of fluid 1
Total Volume of Cell volume

(9)

The entire computational domain can be divided into three

regions by the volume fraction as

1 for cell full of fluid2
F =10 for cell full of fluidl
0< F< 1 for cell mixed with fluidl and fluid:

3

For each cell, the effective density and viscosity of the fluid in
the equations (1) and (2) are calculated in terms of the volume
fraction as

p=pF +p,(1-F)
U= IF + 11, (1-F)

(10)
11)

where the subscripts 1 and 2 denote the two fluids, F is the
volume fraction.

Boundary conditions

In this study, the temperature of the entire domain is
maintained at 300 K. The wall is with a no-slip boundary
condition for the velocity components. The incoming air
velocity at the inlet is assigned with a constant value of interest
whereas at the outlet the pressure is fixed at 101,325 Pa.

Numerical methods and numerical model

The computation is performed based on the framework of
a commercial software package, CFD-ACE+, and the base-line
simulation conditions are complied with typical fuel cell
operating conditions. Firstly, a three-dimensional simulation
model is built, and a structured multi-grid solver is chosen in
computation with a convergence criterion of 1R1for all
quantities. The package is developed based on SIMPLEC
algorithm and finite-volume method. A grid system of 404,248
grid cells is adopted over the computation domain. Before the
grid system is chosen, a grid-independency check has been
performed. In the check, five grid systems, 23,000, 94,208,
244,904, 404,248, and 621,000 cells, are tested. Since contact
angle is the most important parameter, these grid system are
used individually to generate a static liquid droplet with 170
contact angle on the wall, as show in Fig. 3. It is found that the
system of 404,248 cells is able to generate a droplet shape
which is nearly the same as that generated with 621,000 cells.
Thus, computations 404,248 cells are performed on a personal
computer with Intel Cord" 2 Quad 2.6G CPU. Typical
required computation time for a single case is around 10 days to
complete one case.
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Figure 3 Grid independency check by generating a static liquid
droplet with contact angle=170°on the wall.
(a) 23,000 cells (b) 94,208 cells (c) 244,904 cells
(d) 404,248 cells (e) 621,000 cells

RESULTS AND DISCUSSION

Velocity and pressurefields
Figure 4 conveys the transient variation in the pressure
distribution in the channel for the case at V=2 m/s @nti70°.
The gravity direction is in the negative y-direction. In this
figure, an appreciable pressure drop is observed over the liqui

drop due to the sudden passage contraction caused by the

existence of the liquid droplet. It is the difference in pressure
between the front and the back of the liquid droplet that

produces a form drag to remove the liquid droplet. The pressure

difference increases with the size of the liquid droplet. It can be
expected that when the channel is nearly blocked by the liquid
droplet, the pressure difference reaches it maximum. The
wetability of a liquid is defined in terms of the contact angle
between a droplet of the liquid on the wall. It is observed that
due to weaker wetability with a higher contact angle for the case
shown in Fig.4, the droplet can be readily washed away from
the channel by the air flow. During the removal process, the
liquid droplet behaves like a flexible sphere as it collides with
the walls of the channels. After the collision with the horizon
bottom wall, the liquid droplet jumps up and then adheres to the
opposing wall before exiting from the outlet. The reason how
the liquid droplet is able to adhere to the wall opposing to the
bottom wall is clarified in Figure 5. Figure 5 shows the
shapshots of the streamlines of the air flow in the channel for
the same case. It is interesting to notice that the air in the
bottom right corner apparently goes upwards. With the help of
the up-going flow, after the flexible liquid droplet rebounds off
the bottom wall, the droplet is pushed up by the flow and then
adheres to the opposing wall.

Effects of the incoming air velocity, the contact angle of
the liquid droplet attached on the wall, and the orientation of the

4

bipolar plate are regarded as influential parameters in the
present study. The obtained results and discussion are given
below.

Effects of incoming air velocity

Effects of incoming air velocity on the dynamic behavior of
the liquid droplet witha=170° are plotted in Figure 6. The
gravity direction is in the negative y-direction. The incoming air
velocity is assigned to be 1, 2, 5, and 10 m/s. It is found that at
a=170°, the liquid droplet can be removed by the air flow even
at V=1 m/s. It is noticed that as ¥ 5 m/s, the liquid droplet
maintains the shape of a sphere during the removal process.
However, as V = 10 m/s, the droplet can be torn into smaller
droplets by the shear stress produced by the air flow. The size
of the smaller droplets is a function of the viscosity of the liquid
and shear stress interaction between the liquid water and the air
stream.

In general, the speed of water removal increases with the
incoming air velocity as expected. A comparison in speed of
water removal at various incoming air velocities is provided in
Fig. 7 based on the snapshots at.5581x 1G se. In this
figure, three velocities are considered; e.g. V=1, 2, and 5 m/s.
The gravity direction is still in the negative y-direction. It is
clear that with V = 5 m/s, the removed liquid droplet can arrive
at the exit in1.5581x 1G se. However, at V = 1 m/s, the
liquid droplet travels only a shorter distance (around 3 mm)

gfrom the initial position in the same period of time.
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Figure 4 Snapshots of the pressure distribution in channel
at V=2 m/s andx=170°. The gravity direction is in the negative
y-direction. (a) 1.022Xk 1G se (o) 1.372x 1G se
(©)1.907 10 se (d)2.3993 1F se (e)3.1105x 10 se
() 3.6837 10 se
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Effects of orientation of the bipolar plate

When the orientation of the bipolar plate is changed, the
direction of gravity in the numerical model is changed
accordingly. In this study, five possible gravity directions are
taken into consideration, including x-direction, negative x-
direction, z-direction, y-direction, and negative y-direction.
Plotted in Figure 8 is the dynamic behavior of liquid droplet
under these different gravity directions at V=2 m/s and70°.

It is noted that the influence of the gravity direction on the
dynamic behavior of the liquid droplet is not appreciable.
However, the speed of water removal may be affected by
changing the gravity direction. For example, for this particular
case shown in Fig.8, as the gravity direction is in the negative y-
direction [Fig. 8(e)], it takes only about 3807 s for the
liquid droplet to be removed from the channel. As the gravity
direction is set to be in the z-direction [Fig. 8(c)], it takes about
4.22x107 s. It is found that among the five gravity directions
considered, the negative y-direction leads to a higher relative
performance in liquid droplet removal.

Figure 5 Snapshots of the streamlines of the air flow in channel
at V=2 m/s an@x=170°. The gravity direction is in the
negative y-direction. (€).722x 16 se (b)1.119% 1G se
(€)1.2243x 10 se (d)1.4591 1G se (€)2.006x 10° se
(f) 2.3742¢ 1G se (9)2.77x 10" ser (h)3.6446x 1G se
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Figure 6 Effects of incoming air velocity on the dynamic
behavior of liquid droplet at=170°. The gravity direction is in
the negative y-direction.

(@ V=1m/s (b)V=2m/s (c)V=5m/s (d)V=10m/s
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Figure 7 Comparison in speed of water removal based on the
snapshots at t£5581x 1G seanda=170°. The gravity
direction is in the negative y-direction.
(@ V=1lm/s (b)V=2m/s (c)V=5m/s
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Figure 8 Dynamic behavior of liquid droplet under
different gravity directions at V=2 m/s ane170°.

(a) x-direction (b) Negative x-direction (c) z-
direction (d) y-direction (e) Negative y-direction) (!
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Effects of contact angle

Figure 9 shows the dynamic behavior of the liquid droplets
with different contact angles, at V= 2 m/s. The gravity direction
is in the negative y-direction. It is found that as contact angle is
70°, the liquid droplet is very difficult to be moved by the air
flow. No appreciable distance the droplet is moved ixB08

60° to 170°. In addition, the effects of the incoming air velocity
and the orientation of the bipolar plate are also regarded as
important parameters.

Results show that an appreciable pressure drop is observed
over the liquid drop due to the sudden passage contraction
caused by the existence of the liquid droplet. It is the difference
in pressure between the front and the back of the liquid droplet

s. Nevertheless, when the contact angle becomes higher, théhat produces a form drag to remove the liquid droplet. The

liquid droplet is easier to be moved. As the contact angle is
elevated to 179 the droplet is removed from the channel in
3.82x107 s, as already discussed in Fig. 8. It is found that the
water removal velocity increases with the contact angle. For
example, as contact angle is assigned to Bewdter removal
velocity is 0 mm/s; for contact angle of “9Gvater removal
velocity is 17.985 mm/s; for contact angle of 32@ater
removal velocity is increased to be 31.685 mm/s.

Table 1 shows the predicted removability of the liquid
water droplet on the wall at different contact angle and
incoming air velocity. In this table, the symbol “O” denotes the
case with removable droplet and “X” is for the non-removable.
It is noted that ab=17C, all air velocities can remove the
liquid droplets, whereas at=7C", only the air velocity higher
than 5 m/s can remove the liquid droplets.

Experiments have also been conducted to partly
demonstrate the numerical predictions. A CCD camera which

pressure difference increases with the size of the liquid droplet.
It is found that ati=170°, the liquid droplet can be removed

by the air flow even at V=1 m/s. However,cat70°, only the

air velocity higher than 5 m/s can remove the liquid droplets.

The size of the smaller droplets is a function of the viscosity of

the liquid and shear stress interaction between the liquid water

and the air stream.

It is noted that the influence of the gravity direction on the
dynamic behavior of the liquid droplet is not appreciable.
However, the speed of water removal may be affected by
changing the gravity direction.

Experiments have also been conducted to demonstrate the
numerical predictions to certain extent. The contact angle of the
liquid water droplet is measured to be’.70hus, a comparison
is made between the numerical and the experimental data for
the cases with V=1, 2, 5, and 10 m/suaf7C". It is observed
that the two sets of data regarding the removability of the liquid

can take thirty photos per second is used to record the dropletdroplet atn=70 are in agreement.
removal process. The serpentine channels are exactly the same

as the numerical module, which arenin wide and 1 mm deep.
The incoming air velocity is controlled by using an air flow

meter. In the experiments, the contact angle of the liquid water

droplet is measured to be°7@hus, one may have a chance to
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with V=1, 2, 5, and 10 m/s at=7C". The results are presented
in Table 1 and Figure 10. It is shown in Table 1 that the two
sets of data regarding the removability of the liquid droplet at
a=70" are in agreement.

In accordance with the data presented in Figs. 9 and 10
and Table 1, it may be concluded that an increase in the contacfl]

angle will be very helpful for water removal process. As stated
earlier, the contact angle of the liquid water droplets attached
on the wall of a metallic bipolar plate can be greatly altered by
coating a microscale carbon thin film on the wall. This
seemingly appears to be worthy of further study since the
contact angle is critical to the liquid droplets removal.

CONCLUDING REMARKS

In this study a numerical simulation based on
computational fluid dynamic analysis has been performed
toward understanding of the dynamic behavior of the liquid

water droplets attached on the channel walls of the bipolar plate[5]

of the PEM fuel cell in the water removal process, i The effects
of the contact angle is of major concerns, which is varied from
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Figure 9 Effects of contact angle on the removability of the
liquid droplet at V=2 m/s. The gravity direction is in the
negative y-direction.
(@)a=60" (b)a=9C¢ (c)o=12C (d)a=17C¢
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Table 1 Removability of liquid water droplet on metallic
bipolar plate surface at different contact angle and incoming air

velocity.
Experimental Numerical
V (m/s)
a=70° a=70° [ a=90° [ a=120° | a=170°
1 X X X (0] (6]
2 X X (6] (0] (6]
5 O O (0] (0] (0]
10 O O (0] (0] (0]
“O” = Removable; “X"=Non-removable
t =0 sec t =0 sec

(a) V=2m/s

(Non-removable)

(b) V=>5m/s

(Removable)

Figure 10 Photos of the liquid dropletspat70® and V=2 and 5

m/s. The gravity direction is in the negative y-direction.
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