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Abstract

The water droplet motion in a PEMFC gas channel with multiple pores, through which water emerges, is studied
numerically by solving the equations governing the conservation of mass and momentum. The liquid-gas interface is
tracked by a level set method which is based on a sharp-interface representation for accurately imposing the matching
conditions at the interface. The method is modified to implement the contact angle conditions on the walls and pores.
The dynamic interaction between the droplets growing on multiple pores is investigated by conducting the computa-
tions until the droplet growth and sliding motion exhibits a periodic pattern. The numerical results show that the con-
figuration subject to droplet merging is not effective for water removal and that the wettability of channel wall strongly

affects water management in the PEMFC gas channel.
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1. Introduction

In a proton exchange membrane fuel cell (PEMFC),
electricity is generated by the electrochemical reac-
tion of hydrogen and oxygen. As a by-product, liquid
water forms at the cathode side of a membrane elec-
trode assembly (MEA) where oxygen is provided
from the air (or gas) channel through the porous gas
diffusion layer (GDL). The flow passages for oxygen
supply are also used for the transport of liquid water.
When the water is not removed properly, it may block
(or flood) the oxygen supply passages including the
pores of the GDL and the air channel, as observed
experimentally by Zhang et al. [1]. The water man-
agement is essentially important for the performance
of a PEMFC, which was reviewed in detail by Kand-
likar [2]. In this study, we focus on the water transport
in a PEMFC air channel including the GDL surface.
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Despite a number of studies, the dynamics of water
droplets emerging from the GDL surface is still not
well understood.

Recently, numerical simulations have been per-
formed for further clarifying the droplet dynamics.
Mukherjee and Kandlikar [3] simulated a growing
water droplet in an air supply channel with 1 mm
square section using the level set (LS) method, in
which the liquid-gas interface is tracked by the LS
function that is defined as a signed distance from the
interface. The smooth LS function can be used to
compute an interface curvature accurately. They
investigated the effects of inlet air velocity and con-
tact angle on the droplet growth and detachment, but
their prediction of droplet detachment diameter was
much smaller than the experimental data available in
the literature [2]. Subsequently, Zhu et al. [4] per-
formed a more comprehensive numerical simulation
of droplet emerging through a pore into an air flow
channel with 0.25 mm square cross section. Using
the volume-of-fluid (VOF) method, in which the
liquid-gas interface is tracked by the VOF function
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Fig. 1. Computational domain.

representing the volume fraction of a particular phase
in each cell, they quantified the effects of contact
angle, inlet air velocity, emerging water velocity and
pore size on the droplet removal process.

In actual operation of a PEMFC, droplets appear
simultaneously through multiple pores of the channel
[1]. As the number of droplets increases with electric-
ity generation, the droplets interact with each other
and merge frequently. A fundamental understanding
of the droplet interaction is very important for solving
the water accumulation problem, which is one of the
key issues in designing of a PEMFC. However, few
studies for the phenomena are reported in the litera-
ture.

In this study, numerical simulations are performed
to investigate the dynamic interaction between the
droplets growing on multiple pores. The droplet shape
is determined by the level set (LS) method which is
modified to treat the contact angle conditions on the
wall and pores. The matching conditions at the inter-
face are accurately imposed by incorporating the
ghost fluid approach based on a sharp-interface repre-
sentation. The effects of inlet air velocity, droplet
merger and contact angle on droplet motion and water
removal are quantified.

2. Numerical analysis

The present numerical approach is based on the LS
formulation developed by Choi and Son [5] for com-
putation of droplet motion in a microchannel. The
method is extended for numerical simulation of drop-
let growth and sliding motion in a PEMFC gas chan-
nel. The liquid-gas interface is tracked by the LS
function ¢, which is defined as a signed distance
from the interface. The negative sign is chosen for the
gas phase and the positive sign for the liquid phase.
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Fig. 2. Droplet shape at detachment from a pore at the cross-
section of (a) y=0 and (b) z=0.5.

The equations governing the conse —trvation of mass
and momentum for the liquid-gas region can be writ-
ten as

Viu=0 (1)

p%l; = -Vp+pg-oVa+V-uVu+Vu)']l (2)

where
b o +u-V
Dt ot

kK =V-(Vo/|[Vg|)

a =1 if¢>0

0 ifg<o0
p = p(=F)+pF,
u' o= 1 (I=F)+u'F,

Here, o is the discontinuous step function and the
interface curvature x is evaluated by the smooth LS
function. The effective density p and viscosi-ty u
are evaluated from a fraction function F,, which is
described in [5]. In the level set formulation, the LS
function ¢ isadvanced and reinitialized as

%Z)m.w: 0 3)
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Fig. 3. Droplet growth and sliding pattern for Npore=1, u,=3 and
vy=0.25: (a) side view and (b) top view.

where

S(9) = 0 if |g[<hi2

) 5)

= = otherwise

Here 4 is a grid spacing. This formulation of the
sign function improves the mass-conservation prop-
erty of LS method significantly.

The boundary conditions used in this study are as
follows (refer to Fig. 1):

t=12.5
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=21.0
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Fig. 4. Velocity field at y=0.1 for Npore=1, u;=3 and v,,~=0.25.

at the inlet (x =0),

v=w=0, %:0 6)

p:O,i_i_O (7)

atthe wall (y=0,H and z=0,W),

u=20, n, Vg =cosp ®)
In Eq. (8), a contact angle ¢, formed on the liquid-
gas-solid interline (or contact line), is used to evaluate
the LS function at the wall. Assuming that the pore is
occupied by the liquid all the time, an additional con-
straint, ¢>0, is imposed for evaluation of the LS
function at the pores of the bottom wall, y=0. An
inflow condition for the emerging water, v=v, is
also imposed at the pores.

3. Results and discussion

The computations are performed for water droplet
motion in a microchannel with pores. The effect of
gravity is neglected in this analysis. In presenting
numerical results including figures, lengths are scaled
by 1 mm, velocities by 1 m/s, and time by 1 ms. The
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Fig. 5. Time variation of the liquid fraction for Npoe=1, u,=3 and
vy=0.25: (a) liquid area fraction A, and (b) liquid volume frac-
tion V.
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Fig. 6. Droplet growth and sliding pattern for Npore=1, u,=5 and
vy=0.25: (a) side view and (b) top view.
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Fig. 7. Effects of air velocity and pore size on droplet detach-
ment diameter for Npore=1 and v,=0.25.

computational domain is chosen to be a rectangular
channel as depicted in Fig. 1. The channel has a
cross-section of 1x0.5, which is the same with the
experiment of Zhang et al. [1], and a length of 3. As
the base case, we choose an inlet air velocity of u,=3,
a water injection velocity of v,,=0.25, a pore diameter
of Dy=0.1 and the location of a pore of x=0.5 and
7z=0.5. The contact angle of the bottom wall is set to
110° and the other walls to 40°.

First, for grid resolution test we use three different
grid spacings of h=1/64, h=1/96 and h=1/128. The
results are plotted in Fig. 2. In each case, the liquid-
gas interface (or droplet shape) was obtained just
before the growing droplet detaches from a pore. The
difference of the interfaces between successive mesh
sizes is seen to get smaller when the grid spacing
decreases. When the droplet detaches from a pore, its
diameters of the droplet are 0.287, 0.335, and 0.348,
respectively. The difference between the finest grids
is 3.7%. Therefore the present computations are con-
ducted with h=1/96 to save the computing time with-
out losing the accuracy of numerical results. In the
following sections, we first present the droplet dy-
namics on a single pore and then the interaction be-
tween two pores. The number of pores is denoted by
Npore.

3.1 Droplet dynamics on a single pore

Fig. 3 presents the time evolution of the droplet
growth (or water removal) pattern for the base case
with a single pore. Initially, a hemispherical water
droplet with a diameter of pore size is placed on the
bottom wall as demonstrated at t=0. The water droplet
fed through the pore with v,=0.25 grows up in the air
channel until it is detached from the pore by the air
flow at t=9.9. The detached droplet has a diameter D4
of 0.335, where the diameter is evaluated by assum-
ing the droplet to be a sphere. It slides along the air
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Table 1. Comparison of characteristic variables.

pore A | Vi
Npore arrangement P D (%) | (%) K
1 - 110° | 0.335 | 322 | L.11 | 9.50
casel "
2 d=0.5 110° | 0.304 | 5.63 | 1.77 | 7.10
case2 o
2 402 110° | 0.442 | 5.60 | 2.39 | 10.87
case3 S
2 4-0.5 110° | 0417 | 532 | 2.05 | 10.03
near sidewall 40° | 0.630 | 8.10 | 6.85 | 31.8
2 near sidewall | 110° | 0477 | 7.77 | 3.11 | 13.8
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Fig. 8. Two-pore arrangement for computations of droplet inter-
action: (a) case 1 with dy=0.5, (b) case 2 with dp =0.2 and (c)
case 3 with dp =0.5.
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Fig. 9. Droplet growth and sliding pattern for case 1 with two-
pore arrangement perpendicular to air flow and dp =0.5.
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Fig. 10. Velocity field at y=0.1 for case 1 with two-pore ar-
rangement perpendicular to air flow and dp =0.5.

channel satisfying the contact angle at the bottom
wall, ¢,=110°, while a new droplet emerges through
the pore, and then at t=12.5, the droplet arrives at the
outlet. Thereafter, the droplet growth, detachment and
slide process is repeated all over again, as seen for the
period of 9.9 < t < 19.3. The velocity field asso-
ciated with the droplet motion is plotted in Fig. 4. The
air flow around the pore located at (x,z)=(0.5, 0.5) is
distorted by a growing droplet. As the velocity gradi-
ent becomes steeper with the droplet growth, the drag
force acting on the droplet increases and then induces
the droplet to detach from the pore. It is also observed
that the detached droplet changes the air velocity field
during its sliding along the channel, but its influence
is limited near the sliding droplet and does not appear
around a new growing droplet. Fig. 5 shows the time
variation of A, and V| during several cycles of droplet
growth and sliding. Here, A, is the area portion occu-
pied by the liquid on the bottom wall and V; is the
ratio of liquid volume to total channel volume. The
liquid fractions are measures of water accumulation
which prevents the supply of oxygen to the reacting
site. A and V| increase gradually as the droplet grows
on a pore through which water emerges, and then
they drop rapidly while the detached droplet moves
out of the channel at x=3. Thereafter, the variations
for A, and V) are repeated with a period T, of 9.50.
When averaged over the period, A,, is 3.22% and
Vi is 1.11%, as listed in Table 1.

When the inlet air velocity is increased to u,=5, the
droplet growth and sliding process occurs as plotted
in the Fig. 6. Compared with Fig. 3 for u,=3, the
detached droplet becomes much smaller, Ds=0.226,
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Fig. 11. Droplet growth and sliding pattern for case 2 with two-
pore arrangement perpendicular to air flow and dp =0.2.

and the process period T, shrinks up to 2.93 as the
drag force acting on a droplet is increased with air
velocity. Also, the liquid fractions A,,, and V,,, are
decreased by 64% and 43%, respectively. This indi-
cates the air velocity is one of the important parame-
ters determining the water removal rate. Fig. 7 pre-
sents the effects of inlet air velocity and pore size on
the droplet detachment diameter. The diameter de-
creases as the air velocity increases and the pore size
decreases. The experimental data of Zhang et al. [1],
which was obtained on a Toray carbon paper GDL
surface with @;=110°, are also included in the figure.
The numerical prediction obtained in the present
study is found to be comparable to the experimental
data except that the dependence of detachment diame-
ter on inlet air velocity is slightly weaker in the nu-
merical prediction.

3.2 Interaction between two droplets

The computations are further carried out to investi-
gate the dynamic interaction between the droplets
growing on two pores. We consider three configura-
tions of pores depicted in Fig. 8 while keeping u,=3
and v,,=0.25.

=127 " T T T T

o

=199 " !

.

T
1

=21.8 ' j ’ T "

| @@

1 1 L L 1 1
0 2 3
X

Fig. 12. Droplet growth and sliding pattern for case 3 with two-
pore arrangement parallel to air flow and dp =0.5.

Fig. 9 shows the droplet motion for case 1 with
dy=0.5. Two droplets are observed to grow and slide
independently. However, compared with the single
pore case, the droplet detaches earlier and its diameter
is decreased by 9.3% (refer to Table 1). The earlier
detachment is caused by fact that the air velocity
passing around the droplets increases as the flow
cross section of the channel is reduced with the num-
ber of droplets, which is seen from the comparison of
Figs. 4 and 10. In this two-pore arrangement, A, ,, and
Vv are 75% and 60% larger than the single pore case,
as compared in Table 1. The increase in A,,, and V ,,
is relatively small if considering the emerging water
rate is twice the single pore case while keeping
v,=0.25.

When the distance between the pores, dp, is de-
creased to 0.2, the droplet motion changes as plotted
in Fig. 11. The droplets growing on two pores merge
in the z direction and are developed into a large drop-
let. The large merged droplet is fed from two pores
before it is separated from the pores. The detached
droplet slides along the air channel while a new cycle
of droplet growth and merger is repeated near the
pores. The droplet detachment diameter Dq is in-
creased by 45.4% compared with case 1. This large
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Fig. 13. Droplet motion near the sidewall for Npor=2, u,=3 and
v,=0.25 and @=110".

increase of Dq is caused by the strong surface tension
force holding the droplet to the two pores. Fig. 12
presents the droplet motion for case 3, in which two-
pore arrangement is parallel to the air flow with
dy=0.5. The droplets growing on the pores merges in
the x direction. The elongated portion of the merged
droplet springs back quickly due to the restoring force
of surface tension. Thereafter the droplet detaches
from the pores in sequence. Dy is increased by 37% in
comparison to case 1 without droplet merger.

A periodic sequence of droplet growth and sliding
is observed to occur in all the cases. The process pe-
riod become larger in case 2 and case 3 where the
droplet merger occurs. The liquid fractions A;,, and
V.. averaged over the period are listed in Table 1.
The comparison shows that the existence of droplet
merger significantly increases the liquid volume frac-
tion, V., whereas it slightly reduces the liquid area
on the bottom wall, A,,,. This means that the pore
arrangement subject to droplet merger is not effective
for water removal.

The computations are also performed to investigate
the droplet motion when droplets touch the sidewall
as well as the bottom wall, which will occur more
frequently when the number of pores increases. For
this case, two pores are placed at (x,z)=(0.5, 0.05) and
(0.5, 0.95), respectively. The contact angle ¢, at the
sidewall is varied while keeping the contact angle of
the bottom wall constant as 110°. Fig. 13 shows the
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Fig. 14. Droplet motion near the sidewall for Npor=2, u,=3 and
v,=0.25 and @=40"".

result for ¢=110°. While the droplet grows and slides,
it contacts the bottom and side walls all the time. The
droplet detaches from the pore at D¢=0.477, which is
much larger than for the droplet in contact with only
the bottom wall. The droplet growth and sliding pe-
riod is also significantly increased as listed in Table 1.
When the sidewall contact angle is reduced to 40°, the
droplet motion occurs as plotted in Fig. 14. The drop-
let is observed to spread widely along the hydrophilic
sidewall, where the flow directional component of
surface tension force acting on the liquid-gas-solid
interline becomes large. As the droplet spreads up the
sidewall with a lower contact angle, the contact area
between the droplet and the bottom wall decreases.
This observation can lead to an argument that the
combination of a hydrophilic sidewall and a hydro-
phobic bottom wall is an effective way for the re-
moval of water droplets from the bottom wall, as
proposed by Cai et al. [6]. However, the present com-
putation for the droplet motion with ¢=40°, which is
carried out over several cycles, shows that the droplet
detachment diameter is increased by 59% compared
with @=110" and the detached droplet slides very
slowly on the hydrophilic sidewall as the droplet-wall
contact area increases. The cycle period of water
transport process is much larger in the case of ¢=40’.
The liquid fractions A,,, and V,,, averaged over the
period are listed in Table 1. Compared with the re-
sults for (ps=40°, Ay, and V,, for ¢=1 10° are reduced
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by 4% and 55%, respectively. This result indicates
that a hydrophobic sidewall is more effective for wa-
ter removal.

4. Conclusions

The water droplet motion in a PEMFC air channel
with pores is investigated numerically by employing
the level set method, which is improved to accurately
impose the matching conditions at the interface by
incorporating a sharp-interface approach and is modi-
fied to treat the contact angles on the walls and pores.

The main conclusions are:

1. The droplet diameter at detachment from a pore
decreases as the air velocity increases and the pore
size decreases. The numerical prediction obtained in
the present study is comparable to the experimental
data available in the literature.

2. The droplet detachment diameter is reduced with
increasing the number of pores as long as the interac-
tion between droplets is weak. When the droplets
merge, however, the volume fraction occupied by the
water is increased significantly. This indicates that the
pore arrangement subject to droplet merger is not

effective for water removal in a PEFMFC gas channel.

3. When the droplet contacts the sidewall as well as
the bottom wall, the droplet transport process be-
comes slow. The water accumulation is pronounced
on the hydrophilic sidewall where the droplet contact
area is expanded easily.
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