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ABSTRACT
Enhanced water removal from the flow channel of an ex-situ
PEM fuel cell test section is obtained by superimposing acoustic
pressure wave on air flow prior to entering into the flow channel.
Water accumulation within the flow channel was visualized with
a CCD camera and liquid-gas two-phase flow pressure drop was
measured along the flow channel. Acoustic pressure waves were
superimposed in sine waves at different frequencies between 20
and 120 Hz with a 20-Hz interval. Results indicated that wa-
ter accumulation in the flow channel was lowest when acoustic
pressure waves were superimposed at 80 Hz on air flow. For
experiments with no acoustic vibration, the average water slug
cumulative area for three runs was obtained at 288.6 mm2 while
this average was as low as 43.9 mm2 for experiments conducted
at 80 Hz. For other frequencies tested (20, 40, 60, 100, and 120
Hz), water accumulation within the flow channel was less than
that for experiments with no vibration but the accumulation of
water was still greater than experiments conducted at 80 Hz. The
two-phase flow pressure drops were also lowest for experiments
conducted at 80 Hz while the highest pressure drops were ob-
tained in experiments with no acoustic vibration. Droplets were
also visualized from a side-view angle in a goniometer in order
to obtain contact angles. Images showed droplet oscillation un-
der the influence of acoustic vibration. For the three superficial
air velocities tested in this study (1.30, 1.82, and 2.30 m/s) the
contact angle hysteresis were almost identical with an average
value around 40◦.

∗Address all correspondence to this author.

INTRODUCTION

Proton exchange membrane (PEM) fuel cells have been consid-
ered as a promising power source for a variety of applications [1].
They benefit from high efficiency and high volumetric power
density with no greenhouse gases being emitted during their op-
eration. In this type of fuel cells, hydrogen is used as fuel and
oxygen is used as oxidizer. The electrochemical reactions in
cathode and anode produce power as the main product as well
as water and heat as the two byproducts. The water produced
during the operation of a PEM fuel cell should be carefully mon-
itored. While some amount of water is required to hydrate the
ion-conductive membrane, any excess amount of water should
be properly removed from inside the cell. This is because the ex-
cess water can fill the open pores of the gas diffusion layer (GDL)
and block the transport of reactants to the catalyst layer. Water
transport through and on the surface of the porous structure of
the electrode has been previously investigated [2–15]. The ac-
cumulation of water in open pores of the GDL is referred to as
GDL flooding and has been reported to significantly lower the
performance of the cell [16–18]. Flooding in PEM fuel cells
has been extensively investigated in multiple studies [16–20].
In addition to lower cell performance, the accumulation of ex-
cess water in a PEM fuel cell can cause concerns with respect to
freeze/thaw damage [21], start-up conditions [22,23], and degra-
dation [24]. Moreover, accumulation of water plugs in flow chan-
nels can block reactants path which eventually deteriorates the
performance of the cell. This can lead to local starvation or re-
actant maldistribution. Therefore, effective water removal ca-
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pacity is one of the most important specifications of PEM fuel
cell flow channels. Plugs form inside the flow channels as drops
and films of water reconfigure due to capillarity. The capillarity
effect is dominated by channel cross-sectional geometry, surface
tension, and surface energy. Surface energy determines the shape
of meniscus which is a gas-liquid surface. Although the domi-
nant force acting on the meniscus is surface tension, the radius
of meniscus is due to the interaction of surface energies between
liquid, gas, and solid phases. A capillary-scale system is defined
as a system with Bond number, Bo = (L/Lc)

2, less than one. The
capillary length (or Laplace length) is defined as Lc =

√
σ/ρg.

Therefore, the Bond number represents the ratio of gravitational
acceleration effects to surface tension effects on a liquid-vapor
interface, Bo = ρgL2/σ .
The accumulated water in flow channels may be removed by
different mechanisms. While the most dominant mechanism is
evaporation, water removal may also occur due to shear stress
from the core gas flow and pressure differences by reactant flow.
At the end of the flow field or during startup and shutdown of
the fuel cell stack air and hydrogen are saturated and therefore
plug evaporation does not occur. Capillarity effect may cause
water removal within the flow channel if the Concus-Finn con-
dition is satisfied. The Concus-Finn criteria specifies that water
may transport through an edge if the static contact angle is less
that π/2 − α , where α is the half-angle of the corner. When
such criteria is satisfied, critical wetting occurs and water trans-
ports through the corner of the flow channel. In nonwetting flow
fields that critical wetting does not occur, gas-flow-induced mo-
tion is the primary mechanism, after evaporation, for removing
liquid water. Water transport in flow channels is restrained by
multiple phenomena. In addition to liquid inertia and wall shear
stress that impede water transport within the flow channels, wa-
ter transport is also impeded by two capillary phenomena when
the shear force and pressure of the reactant flow tries to detach
water droplets. These two capillary phenomena are contact line
pinning and contact angle hysteresis. The contact line pinning,
which occurs at any physical discontinuity, causes shape change
in liquid surface to accommodate pressure and shear forces. The
contact angle hysteresis, which is related to the contact line pin-
ning, is the difference between the advancing and receding static
contact angles at the onset of plug’s motion. Fig. 1 shows the
advancing and receding contact angles in a drop profile with θA
and θR, respectively. The difference between these two angles
is referred to as the contact angle hysteresis and is a measure of
drop’s resistance to net motion.
Due to shear force from the core gas flow in the flow channel
droplet deforms and the advancing contact angle increases and
the receding contact angle decreases. Dussan and Chow [25]
showed that the advancing and receding contact angles depend
on the contact line velocity. The smaller the difference between
θA and θR, the less the surface deformation and the easier it is to
remove a drop. The largest contact angle hysteresis, and there-

θ
gas flow

AθR

FIGURE 1: Static water plug under the influence of the core gas
flow. θA represents the advancing contact angle and θR represents
the receding contact angle.

fore the largest resistance to drop’s motion, belongs to materials
with static contact angles between 70◦ and 120◦ [26]. Most of
the materials used in fuel cell flow channels show contact angle
within this range. For instance, the static contact angle of water
on TiN coated 316 stainless steel is around 95◦.
Although the microscopic physics behind the three surface ener-
gies interactions (solid-liquid, liquid-gas, solid-gas) is not well
understood, the surface energy balance can be represented by a
relatively-simple-to-measure macroscopic property. This macro-
scopic property is the static contact angle which is the slope of
the liquid surface at the contact line where the three phases of
liquid, gas, and solid are in equilibrium. The static contact angle
of fuel cell components can be altered to induce drop motion in
flow channels. This can be achieved by utilizing superhydropho-
bic surfaces with contact angles greater than 165◦. By increasing
the contact angle to greater than 120◦, the contact angle hys-
teresis also decreases and there will be less restrains to plug’s
transport.
In this study, an enhanced liquid water slug removal is studied
by exciting water slugs with acoustic oscillation. It has been
reported that a combination of substrate motion and wettability
gradient enhances the drop’s motion by producing a net drop mo-
tion [27]. Daniel and Chaudhury [27] studied droplet’s behavior
on substrates with gradient wettability and realized that a peri-
odic force applied to the droplet is enhanced along the gradient.
Exciting the water plug near its natural frequency reduces the
energy required to induce oscillation on the liquid surface. The
natural frequency of the plug depends on flow channel shape and
size as well as surface wettability. In addition, plug size also
affects its natural frequency.
Palan et al. [28] theoretically studied water removal from flow
channels of PEM fuel cells by applying vibro-acoustic methods
such as flexural waves, acoustic waves, and surface waves. They
compared different vibration methods based on the minimum
vibration energy required to remove each droplet and reported
that a 2-mm radius water droplet can be removed from the flow
channel of a PEM fuel cell with parasitic power as low as 21
mW. Schafer and Allen [29,30] studied improved water removal
from PEM fuel cell flow channels by exciting the free surfaces
of the plug at its natural frequency. In their study, water plug
was formed on the surface of the nonwetting GDL and it was ob-
served that by doing so, the gas flow rate required to remove the
plug from the flow channel decreases. In the current study, wa-
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ter slug removal is investigated under the influence of core gas
flow superimposed with acoustic vibration. Acoustic pressure
waves were superimposed on air flow prior to entering into the
test section and water removal was visualized at different acous-
tic frequencies.

EXPERIMENTAL SETUP
An ex-situ experimental setup was designed and fabricated to
study the effect of superimposing acoustic pressure wave on air
flow on liquid water slug removal from the flow channel of an
ex-situ PEM fuel cell test section. The test section includes a
128-mm-long, 3-mm-wide flow channel which was machined on
a 2.4-mm-thick aluminum plate and sandwiched between two
polycarbonate plates by twelve 1/8 screws. Through one polycar-
bonate plate, air was supplied through a 3.1mm diameter open-
ing into the flow channel. Water was injected through a capil-
lary tube with an inside diameter of 250µm (U 111, Upchurch)
to the surface of the GDL. Water transported through the GDL
and emerged from the other side of it within the flow channel.
Toray carbon paper (TGP-060) with 190µm manufacturer spec-
ified thickness were used as GDL samples. GDL samples were
PTFE treated based on the procedure specified in Ref. [31]. O-
ring grooves were machined on both polycarbonate plates to seal
the test section. The liquid-gas two-phase flow pressure drop
along 90 mm of the flow channel was measured with a pressure
transducer (Omega, PX653). The pressure range of the pressure
transducer was 0-500 Pa and the sampling was done at different
frequencies, depending on the flow condition.
Before air was supplied into the flow channel, it was passed
through an oscillator chamber through which acoustic pressure
was superimposed with a 5-W speaker. The oscillator chamber
provided air exposure to the surface of the speaker installed on
top of the chamber. A function generator generated sine sig-
nals at different frequencies between 20 and 120 Hz. The signals
were then amplified by an amplifier (Lepy, LP-2024A+). A CCD
camera (Thorlabs, 1501M Monochrome USB Camera) was used
along with a zoom lens to record liquid water transport under
the influence of the acoustic pressure wave. The length of the
flow field that was visualized was 27 mm and the image resolu-
tion was 26 µm/pixel. The experimental setup is schematically
shown in Fig. 1a. Fig. 1b shows the oscillating chamber and
the test section. Air was supplied to the test section from the os-
cillator chamber through a 10-cm-long, 1/8 inch PTFE tube to
minimize damping effect in the acoustic pressure wave. In order
to measure the speaker power, an oscilloscope (Tektronix, TDS
1012) was used to measure voltages according to the wiring dia-
gram shown in Fig. 1c. The speaker power was adjusted at 4.75
W in all experiments conducted with acoustic vibration. Table 1
lists flow conditions used in this study.
A CCD camera visualized water transport within the flow chan-
nel at 12 frames per second rate. The images were then analyzed

TABLE 1: Experiment conditions

Accumulation Oscillation

study study

(top-view) (side-view)

overall channel length 128 mm 100 mm

length of field of view 27 mm 4.8 mm

length of pressure 90 mm NA

measurement

channel width 3 mm 5mm

channel depth 2.4 mm 4.5 mm

air flow rate 788 m`/min 1755, 2457,

3105 m`/min

water flow rate 400 & 600 µ`/h 2000 µ`/h

superficial air velocity 1.82 m/s 1.30, 1.82,

2.3 m/s

superficial water velocity 9.25×10−4 & 1.48×10−3 m/s

1.38×10−3 m/s

air Reynold number 319.2 405, 567, 717

water Reynolds number 2.76 & 4.14 7.85

Figures 3, 4, and 5 6

to obtain liquid water coverage area in the flow channel. The im-
age processing was done based on image filtering, segmentation
using thresholding and connected component analysis through
the computer vision techniques. First, a mask image of the size
of input image was created with only the details of flow channel
as white pixels and the background details as black pixels. Once
the mask image was created, the background was subtracted in
order to remove the stationary details from the image. This step
was followed with a noise removal step to eliminate the noise
resulted from slight variations in illumination, minor workbench
vibrations, and motion blur. The resulted image was converted
to binary image by using thresholding. The binary images were
then processed to calculate the white pixel which in fact repre-
sents water slugs in the flow channel. Figure 1d shows a raw
image taken by the camera and its processed flow channel image
in binary black and white. In this figure, the flow channel in the
raw image is marked with a blue box and the water slug pinned
to the sidewall is highlighted in red. Air is flowing from top to
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bottom of the flow channel and the scale ruler shown in the figure
presents the length of the flow channel in cm.
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FIGURE 2: (a) schematic of the experimental setup, (b) the os-
cillating chamber (left) and the test section (right), (c) speaker
wiring diagram to monitor power, (d) image processing from a
raw image to a binary black and white image. The blue box
shows the flow channel in the raw image and the water slug is
highlighted in red.

RESULTS AND DISCUSSION
Liquid water removal from the flow channel of an ex-situ test sec-
tion was studied when air flow was superimposed with acoustic
pressure waves. For each experiment, a new GDL was inserted in
the test section and water removal was visualized with the CCD
camera. Each experiment was conducted for 600 s after the first
emergence of water slug from the surface of the GDL.
Figure 3 shows the cumulative area of water slug within the flow
channel for different acoustic frequencies and at 400µ`/h wa-
ter injection rate and 1.82 m/s superficial air velocity in the flow
channel. The cumulative area is defined as sum of the water slug
areas from water emergence time, t = 0, to the time shown in
the figure. Each data point shown in this figure is the average
of 3 runs and error bars indicate the standard deviation. It can
be observed from this figure that water accumulation is greatest
for runs without acoustic vibration (speaker off) while this prop-
erty decreases in runs with acoustic vibration. The lowest water
accumulation was obtained in experiments with 80 Hz acoustic
vibration. While an average of 288.6 mm2 cumulative area was
obtained for runs with no acoustic vibration, a 43.9-mm2 aver-
age cumulative area was obtained for runs conducted at 80 Hz
acoustic vibration. For 80 Hz frequency, the error bars are also
shortest, indicating a uniform trend observed in three runs. Other
frequencies (20, 40, 60, 100, and 120 Hz) resulted in cumulative
area less than 0 Hz condition while the water accumulation was
still greater than runs conducted at 80 Hz. Figure 3b shows the
cumulative area at the end of the experiment (600 s). It can be
observed that the overall cumulative area was almost identical for
experiments conducted at 20, 40, 100, and 120 Hz. Experiments
conducted at 60 Hz acoustic vibration resulted in lower cumu-
lative area compared to these four frequencies. This figure also
shows a second order polynomial curve fit. It can be observed
that the cumulative area of water slugs decreases from 0 Hz to
80 Hz and then increases after this frequency. It may be con-
cluded from the pattern observed in this figure that the majority
of water slugs in the flow channel have natural frequencies close
to 80 Hz and superimposing acoustic pressure wave at this fre-
quency is capable of inducing resonance which ultimately expels
slugs from the flow channel. However, further studies should be
done to identify the natural frequencies of water slugs in PEM
fuel cell flow channels.
The relatively larger standard deviations for 100 and 120 Hz can
be explained by water slug pinning to the sidewalls of the flow
channel. The pinned water slugs grew in size without being
expelled from the flow channel [6]. Therefore, the natural fre-
quency of water slugs decrease over time. As a result, the higher
range of frequencies tested in this study (100 and 120 Hz) were
not capable of removing them from the field of view.
Figure 4 shows water slug area within the flow channel during
600 s of the experiment for two different water flow rates. Fig-
ures 4a-f show water slug area when water was injected at 400
µ`/h and Figures 4g-l show water slug area when water was in-
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FIGURE 3: (a) Water slug cumulative area for 600 s after the first
droplet emergence (time = 0 s), (b) cumulative area at 600 s.

jected at 600 µ`/h. For each water injection rate, three cases of
speaker off, speaker continuously on, and speaker pulsating on
and off with 10 s intervals are shown. In addition to water slug
area, liquid-gas two-phase flow pressure drop measured along
90 mm of the flow channel is also shown in this figure. The two-
phase flow pressure drop is an in-situ diagnostic tool that reveals
information about water accumulation within the flow channel.
A reliable two-phase flow pressure drop model can be used to
predict the amount of water accumulated in the flow channel.
Different two-phase flow pressure drop models have been pro-
posed for different applications, depending on the flow rate of
each phase as well as geometry and size of the channel [32]. The
general trend observed in this figure suggests that water accumu-
lation was highest in runs with no acoustic vibration (Figures 4a,
b, g, and h). However, less water slug area is observed for runs
when the speaker was operating continuously (Figures 4c, d, i,
and j). This property is lowest when the speaker was oscillating
on and off as shown in Figures 4e, f, k, and l. For 400µ`/h wa-
ter injection rate, experiments conducted with no acoustic vibra-
tion resulted in average water slug areas of 8.81 and 10.78 mm2.
However for a continuous operation of the speaker at 20 Hz, av-
erage areas were 4.08 and 6.89 mm2. For the oscillating mode of

speaker operation, averages as low as 3.20 and 4.00 mm2 were
obtained. A similar trend can be observed for experiments at 600
µ`/h water injection rate.
The other observation from Figure 4 suggests that superimpos-
ing acoustic pressure wave can expel water slugs at smaller sizes
compared to runs with no acoustic vibration. For 400µ`/h wa-
ter injection rate, for instance, water slugs grow up to around 20
mm2 in size in experiments with no acoustic vibration (Figures
4a and b). However, this area is less than 10 mm2 for runs with
acoustic vibration (Figures 4c and d). Likewise, for water flow
rate of 600 µ`/h slug removal occurs at larger areas in runs with
no vibration while they become smaller once acoustic vibration
is applied. For this water flow rate and acoustic vibration super-
imposed with oscillating pattern (Figures 4k and l), the slug areas
were even smaller with an average value as low as 1.68 mm2 in
Figure 4l.
The two-phase flow pressure drops shown in Figure 4 are con-
sistent with slug area obtained by image processing. For most
cases, the pressure drop and slug area data points are either in-
creasing or decreasing with each other. For instance both series
of data points are increasing with time in Figure 4a. Similarly,
both series of data points are increasing from t = 0 s to t ≈ 420 s
in Figure 4b and drop to lower values after this time. Both prop-
erties again increase from t ≈ 420 s to the end of experiment.
However, there are few cases that the pressure drop data and
slug area don’t match with each other. Figure 4c, for instance,
shows that the pressure drop is increasing from the beginning of
the experiment until t ≈ 150 s and then decreases monotonically.
However, the slug area increases from the beginning of the ex-
periment to t≈ 150 s and then drops to 0, indicating slug removal
from the field of view. Similar pattern of slug area is observed
for the rest of the experiment shown in Figure 4c. In addition to
Figure 4c that shows some discrepancies between slug area and
pressure drop, the pressure drop data at t ≈ 200 s in Figure 4d
shows a spike while the slug area is dropping from 7.13 to 3.19
mm2. This may be due to the fact that while the visualization
was done along 27 mm of the flow channel, pressure measure-
ment was done along 90 mm of the flow channel. Therefore,
some water slugs can expel from the filed of view while still be
in the pressure measurement length and affect the two-phase flow
pressure drop. Moreover, slug area data points only represent the
surface area of the slug while the height of the slug is not known
in images captured by the camera. However, the height of the
slug affects the two-phase flow pressure drop which is reflected
in pressure drop data.
Figure 5 shows the two-phase flow pressure drop as a function of
water slug cumulative area. Each data point in this figure is the
average of three runs and the error bars represent the standard
deviation between the runs. The figure shows a linear correla-
tion between pressure drop and slug cumulative area. For ex-
periments with no acoustic vibration, the highest two-phase flow
pressure drop and cumulative area were obtained. The lowest
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FIGURE 4: Water slug area at (a-f) 400µ`/h and (g-l) 600µ`/h water injection rate. The superficial air velocity was 1.82 m/s for all
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pressure drop and water accumulations were obtained for 80 Hz
acoustic vibration. Other frequencies resulted in pressure drop
and accumulation area between these two experimental condi-
tions. Figure 6 also shows a linear curve fitting.
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FIGURE 5: Two-phase flow pressure drop as a function of cu-
mulative area. Water flow rate was 400 µ`/h and superficial air
velocity was 1.82 m/s. The dashed line shows a linear fitting with
R2 = 0.8696.

Advancing and receding contact angles of droplets on the surface
of the GDL were measured by analyzing images taken from the
droplet in a goniometer and for three different superficial air ve-
locities as shown in Figure 6a-c. The contact angles are shown
during 1 s of the experiment. The oscillating pattern of the con-
tact angle data points shown in this figure is due to the oscillation
of water droplet on the surface of the GDL and under the influ-
ence of acoustic vibration. The oscillation in droplet geometry
resulted in change of receding contact angle to as high as 50◦ as
shown in Figure 6b. Similarly, Figure 6b shows contact angle
hysteresis of 79◦ and -5◦ at 0.42 s and 0.44 s, respectively. It is
speculated that droplets deform beyond their contact angle hys-
teresis when acoustic vibration is applied and therefore, they ex-
pel from the field of view under such conditions. Figure 6b shows
the average of contact angle hysteresis, defined as the difference
between the advancing and receding contact angles. However,
droplets were not detached from the surface of the GDL after the
time period shown in this figure. While no discernible trend can
be observed in Figure 6b, it can be concluded that for the range
of air flow rates tested in this study, the contact angle hysteresis
does not vary significantly.
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CONCLUSION
Enhanced water removal from the flow channel of an ex-situ
PEM fuel cell test section was studied by superimposing acoustic
pressure wave on air flow prior to entering into the flow channel.
Results suggested that superimposing acoustic pressure waves
can be beneficial in terms of removing water slugs from the flow
channel. Findings from Figure 3 suggested that while the aver-
age cumulative areas of water slugs reach 288.6 mm2 for experi-
ments with no acoustic vibration, this property was decreased to
43.9 mm2 for experiments with 80 Hz acoustic vibration.
In addition, water removal based on two different patterns of su-
perimposing acoustic pressure waves were compared. The two
patterns were; (i) continuous operation of the speaker, and (ii)
speaker oscillating on and off with 10 s intervals. Findings from
Figure 4 suggested that the latter is even more beneficial in terms
of removing water slugs from the flow channel. Except few
cases in this figure, the two-phase flow pressure drop data points
demonstrated a great level of correspondence with slug area.
The behavior of liquid water droplet under the influence of
acoustic vibration superimposed in air flow was also studied by

visualizing the droplet from a side-view angle in a goniometer.
Images were analyzed for advancing and receding contact angles
as shown in Figure 6. The contact angle data points shown in
this figure indicate the oscillating pattern of liquid water droplet
on the surface of the GDL. For the three different superficial air
velocities tested in this study, the contact angle hysteresis was
almost identical. However, a wider range of superficial air veloc-
ities should be tested in future studies to identify the variation of
contact angle hysteresis in PEM fuel cell flow channels when air
is superimposed with acoustic pressure wave.
While this study was conducted with an ex-situ approach, find-
ings can still be used to improve water removal schemes in ac-
tual PEM fuel cell flow channels. In order to minimize para-
sitic power in fuel cell system, the speaker can be mainly off
and be activated once water accumulation within the flow chan-
nel reaches a certain point. The accumulation of water within
the flow channel can be monitored by constantly monitoring the
pressure drop along the flow channel. Increase of pressure drop
beyond a certain point is an indication of water accumulation
within the flow channel which can be removed by activating the
speaker.
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