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Liquid Water Removal from a Polymer Electrolyte Fuel Cell
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Liquid water transport and removal from the gas diffusion layer �GDL� and gas channel of a polymer electrolyte fuel cell �PEFC�
are studied experimentally and theoretically. In situ observations of the liquid water distribution on the GDL surface and inside the
gas channel were made in an operating transparent PEFC. Liquid droplet formation and emergence from the GDL surface are
characterized and two modes of liquid water removal from the GDL surface identified: one through droplet detachment by the
shear force of the core gas flow followed by a mist flow in the gas channel, and the other by capillary wicking onto the more
hydrophilic channel walls followed by the annular film flow and/or liquid slug flow in the channel. In the former regime, typical
of high gas flow rates, the droplet detachment diameter is correlated well with the mean gas velocity in the channel. In the latter
regime characteristic of low gas flow rates, liquid spreading over hydrophilic channel surfaces and drainage via corner flow were
observed and analyzed. A theory is developed to determine what operating parameters and channel surface contact angles lead to
sufficient liquid drainage from the fuel cell via corner flow. Under these conditions, the fuel cell could operate stably under a low
flow rate �or stoichiometry� with only a minimum pressure drop required to drive the oxidizer flow. However, when the corner
flow is insufficient to remove liquid water from the gas channel, it was observed that the annular film flow occurs, often followed
by film instability and channel clogging. Channel clogging shuts down an entire channel and hence reduces the cell’s active area
and overall performance.
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Polymer electrolyte fuel cells �PEFCs� are presently regarded as
a promising energy conversion system for future automobiles and
stationary applications. A significant technical challenge in a PEFC
is that the cell is prone to excess liquid water formation due to water
production from oxygen reduction reaction �ORR� at the cathode.
Liquid water may fill open pores of a gas diffusion layer �GDL�,
thereby blocking the transport of oxygen into a catalyst layer �CL�,
and may further cover the catalyst sites in the CL, rendering them
electrochemically inactive. This is known as “GDL/CL flooding.”
Liquid water formation and subsequent flooding may also occur at
low current densities under certain operating conditions, such as low
temperatures and low gas flow rates, due to faster saturation of the
gas phase with water vapor. If liquid water accumulation becomes
excessive in a PEFC, a water lens or water band may form inside the
gas channel, thereby clogging and shutting down the oxidizer flow.
This latter condition is referred to as “channel flooding and clog-
ging.” In the presence of either GDL/CL flooding or channel flood-
ing, the cell performance decreases and the longevity of PEFC ma-
terials and components suffers. Therefore, liquid water removal
from a PEFC is of paramount importance for improving PEFC per-
formance and durability.

The need for modeling liquid water formation and transport in
PEFCs has long been recognized.1-5 See the most recent review of
Wang6 for a detailed account of two-phase modeling of PEFCs.
Unfortunately, experimental studies of liquid water transport in
PEFCs have lagged behind until most recently, due possibly to the
experimental difficulty associated with the opacity of PEFC systems
and the high uniformity of temperature required to preserve the
characteristics of liquid water formation and transport in PEFCs.
Prior experimental efforts to probe the water distribution in an op-
erating PEFC have included neutron radiography,7-9 gas chromatog-
raphy �GC� measurements,10,11 and optical visualization using trans-
parent fuel cells.12,13 Neutron beams can penetrate through a metal
fuel cell to “see” the real-time liquid water profile along a flowfield
that is integrated along the cell thickness. It is noted that the neutron
radiographic imaging is currently limited in both spatial �e.g.,
�150 �m� and temporal resolution �e.g., �30 Hz�, making it diffi-
cult to capture two-phase flow phenomena in a PEFC that is tran-
sient in nature and controlled by surface forces. In addition, neutron
imaging has yet to distinguish liquid water distributions on the an-
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ode and cathode, respectively. Our previous work10,11 on water dis-
tribution measurement using a Micro GC provided unique informa-
tion on the species distributions in both anode and cathode as well as
water transport across the membrane, but this diagnostic tool is in-
applicable to the situation where liquid water is abundant.

Optical diagnostics are capable of investigating the liquid water
dynamics in a flooded cell with much higher spatial and temporal
resolutions. Tuber et al.12 visualized water buildup in the cathode
channels of a transparent PEFC operating at low current densities
and room temperature in order to prevent water condensation on the
transparent window. Yang et al.13 demonstrated a visualization ap-
paratus applicable to high current densities and operating tempera-
tures representative of automotive fuel cells. High-resolution images
were shown to elucidate the dynamic behavior of liquid water on a
GDL surface, including emergence as droplets at preferential loca-
tions, droplet coalescence, droplet detachment by the gas core flow,
and droplet wicking onto hydrophilic channel walls. In addition, an
annular film flow of liquid water sometimes turned into a water lens
due to the instability of thick films, and channel clogging by the
water lens followed. However, both works contained only qualita-
tive observations.

The purpose of the present work is to quantitatively characterize
liquid water removal from a PEFC, specifically from the GDL sur-
face and gas channel. We shall experimentally and theoretically
quantify the detachment diameter of water droplets emerging on the
GDL, an important parameter characterizing the degree of GDL/CL
flooding. It is found that at sufficiently high gas flow rates, small
droplets are swept away from the GDL surface by the core gas flow,
thereby resulting in a mist flow in the gas channel. This efficient
mode of liquid water removal, however, requires high gas flow rate.
For common air stoichiometric ratios of a PEFC, the droplet detach-
ment diameter under the influence of gas shear force becomes com-
parable with the channel dimensions such that there occurs capillary
wicking of liquid water from the hydrophobic GDL onto the hydro-
philic channel walls. In this situation, an annular film flow results
inside the gas channel, and liquid water is drained from the fuel cell
via capillary flow along the corners. An analysis of liquid corner
flow along a gas channel is subsequently given. Finally, when the
corner flow is insufficient to drain liquid water due to either exces-
sive water production at high current densities or to small axial
pressure gradients in low gas flow, the liquid film on hydrophilic
channel walls may grow thicker and unstable, eventually leading to
the formation of a water lens or water band that can completely clog
a gas channel.
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Experimental

The experimental setup consists of a transparent fuel cell, a gas
supply and humidification system with full control of temperature,
pressure, flow rate, and relative humidity, an electronic load, a data
acquisition system, and an imaging system, as shown in Fig. 1.

Transparent fuel cell.— The transparent fuel cell consisted of a
membrane electrode assembly �MEA� with a 30-�m membrane of
equivalent weight �EW� �1000 and catalyst loading of
0.4 mg Pt/cm2 on each electrode. Toray carbon papers �TGPH Toray
TGPH 090, 20 wt %, wet proofed with fluorinated ethylene-
propylene resin were employed as GDL along with a homemade
microporous layer �MPL�. The GDL pore sizes are typically in the
range of 10−30 �m. The MEA and GDL were sandwiched between
two gold-coated, stainless steel plates �0.5-mm thick� acting as cur-
rent collectors. The stainless steel plates were chemically etched to
form a flowfield of seven rectangular flow channels that are each
100-mm long, 1-mm wide, and 0.5-mm deep, which are evenly
separated by 1-mm wide lands for current collection. The total ac-
tive area of the test cell was 14 cm2 as defined by gaskets. One clear
polycarbonate plate with antifogging coating �thus made very hy-
drophilic� was placed outside the cathode flowfield plate for optical
access to the GDL surface and gas channels. All three surfaces �two
gold-plated lands and one treated polycarbonate surface� comprising
the cathode flow channels are considered very hydrophilic and im-
permeable as compared to the hydrophobic and permeable GDL
surface. A thick end plate made of stainless steel with a window cut
out was employed on the outside to compress the optical cell. To

Figure 1. Schematic of the experimental setup to visualize liquid water
transport in a transparent fuel cell.

Figure 2. Photographs of the liquid water distribution for the channel gas v
control the cell temperature accurately, a metal heat exchanger with
circulating water from a constant temperature bath �Fisher Scien-
tific� was attached on the anode side to maintain uniform cell tem-
perature, which is critical to ensure reproducible experiments of
two-phase flow and flooding in PEFCs.

In all experiments, ultrahigh purity ��99.999%� hydrogen and
standard dry air were used from compressed gas bottles. Two
bubbler-type humidifiers were used to set desired levels of humidi-
fication in both anode and cathode inlet streams. Between the hu-
midifiers and the test cell, electric heating tapes were wrapped
around all flow lines to prevent water condensation.

Imaging system.— The visualization system consists of an objec-
tive lens assembly, a high-resolution 3-CCD video camera, a PC and
image capture software, and a real-time viewing monitor with a
built-in VHS recorder. The cathode of the optical fuel cell was illu-
minated by a high-end 150-W halogen cold light source �Intralux
6000-1� with adjustable intensities up to 320,000 fc. Fiber optic
goosenecks were used to guide the light onto spots of interest along
the flowfield. The charge-coupled device �CCD� camera was
mounted to a XYZ microstage so that the desired location of the
camera can be easily adjusted within the ranges of 10 mm in the X
direction �distance between cell and camera�, 180 mm in Y �height
of the camera�, and 300 mm in Z �along the flow field�. The CCD
camera was coupled with a 24� objective lens which allowed the
capture of close-up images. The images could either be stored as
movies on miniDV tape or captured as still digital photos on a
memory card. All images were also recorded on VHS tapes simul-
taneously.

Results and Discussion

The effects of cathode air flow rate on the liquid water distribu-
tion and cell performance were studied in this work. In all experi-
ments varying the air flow rate, the fuel cell was operated at the cell
temperature and pressure of 80°C and 2 atm absolute with fully
humidified air and hydrogen.

Liquid water distribution and cell performance.— Figure 2
shows two photographs at the same section of the test cell after
running the fuel cell at 0.8 A/cm2 for 30 min with flow velocities in
the channel of 1.43 and 7.15 m/s, respectively. The view of the
flowfield, close to the outlet, is 14-mm high and 16-mm long. The
flow is from right to left. The lower air velocity corresponds to a
flow stoichiometric ratio of 2 at the operating current density, which
is commonly used in PEFC operation. The higher velocity corre-
sponds to a stoichiometry of 10. Evidently, under common operating
conditions, there exists a substantial amount of liquid water inside

y of �a� 1.43 and �b� 7.15 m/s.
elocit
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the cathode flowfield as well as on the GDL surface. Liquid water on
the GDL surface appears in the form of droplets due to the GDL’s
hydrophobic nature. Using a proprietary image processing tool, the
fractional coverage of the GDL surface by liquid droplets was de-
termined to be �11% in the image shown in Fig. 2a. Large droplets
are removed from the GDL surface by either the drag force exerted
by the gas flow or by capillary wicking onto the neighboring hydro-
philic channel walls when the droplet size becomes comparable with
the channel dimension. The liquid water then appears in the form of
thin films in the gas channels, as can be seen from Fig. 2a. Some of
the water films are seen to be wavy due to the unstable nature of
thick films. In this case, liquid water is removed from the gas chan-
nels primarily by annular flow, as in Fig. 2a.

When the air stoichiometry is increased to 10, a completely dif-
ferent distribution of liquid water results. As shown in Fig. 2b, there
are hardly any liquid droplets attached to the GDL surface. Liquid
water is apparently removed from the GDL surface by the shear
force of the gas flow, followed by a mist flow through the gas chan-
nel. In mist flow tiny water droplets suspend in the gas stream and
flow nearly at the same velocity as the gas, i.e., 7.15 m/s in this
case. Thus, it would take �2 ms for a droplet to pass through the
field of view �16 mm in length�, shown in Fig. 2b, apparently too
fast to be captured clearly without a high-speed camera �i.e.,
�1000 fps�. While this is an efficient mode of liquid water removal
from the PEFC, it requires high flow and hence high parasitic pump-
ing power to operate. A more detailed analysis of the relationship
between the droplet detachment diameter and air velocity in the
channel is discussed in the next subsection.

The corresponding fuel cell performance is shown in Fig. 3 in the
form of polarization curves. It is clearly seen that the mass-transport
limiting current density, due to liquid water accumulation inside the
PEFC, is substantially improved with the higher air stoichiometry.
This cell performance data confirms the significance of the liquid
water distribution illustrated in Fig. 2 and to be further studied in the
following.

To better understand why liquid water emerges from the GDL
surface in the form of droplets and at preferential sites, an environ-
mental scanning electron microscopy �ESEM� study was carried out
to observe water condensation in GDL and on MPL surfaces. The
images of dropwise condensation are shown in Fig. 4. It can be seen
from Fig. 4a that liquid water beads up on hydrophobic GDL pore

Figure 3. Polarization curves with varying gas velocities.
walls with diameters ranging from 10 to 20 �m. On the MPL sur-
face which is more hydrophobic than the carbon paper GDL, drop-
lets as small as 2 �m can be seen from Fig. 4b. Liquid water con-
tinually generated in the catalyst layer is transported to the GDL
surface by capillary forces. Therefore, it can be said that GDL hy-
drophobicity results in droplet emergence and growth on the GDL
surface.

Figure 5 gives several close-up photographs showing water ap-
pearance on the GDL surface, liquid water interactions with the
channel walls, water drainage from the channel, and water lens for-
mation in the gas channel. In Fig. 5a, a number of liquid droplets are
clearly visible on the GDL surface at low gas velocity. At the same
time, liquid water is primarily removed via the corners of the hy-
drophilic channel, as can be seen from the stable water films cover-
ing the channel sidewalls. Annular film flow is a dominant flow
pattern under these fuel cell operating conditions of low gas flow
and strong surface tension due to the small channel dimensions and
strong wettabilities. According to the Concus-Finn condition,14-16

when the channel wall contact angle � is smaller than (�/2 − �),
where � is the half-angle of the channel corner, i.e., � � 45°, liquid
water wets the corners and forms a steady corner flow.

If the rate of liquid water entering the gas channel becomes high,
water films appear on the channel surfaces and grow to a critical
thickness which triggers an unstable or wavy shape. This is shown
in Fig. 5b. There are extensive interactions between the gas and
liquid phases in this regime, and the annular film flow usually tran-
sitions into a slug flow. Lobes or collars appear in the slug flow

Figure 4. Environmental scanning electron micrographs �ESEM� of drop-
wise condensation �a� in a carbon paper GDL and �b� on a MPL.
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regime and their amplitudes may lead to pinch-off of the gas flow,
resulting in channel clogging as shown in Fig. 5c. Liquid slug flow
results in oscillatory and increased pressure drops across the chan-
nel. Also, channel clogging shuts down entire channels and hence
reduces the cell’s active area for electrochemical production of cur-
rent. Hence, the slug flow and channel clogging should be avoided if
possible.

The three patterns of liquid water movement in the gas channel
under low air velocities, namely, the corner flow, annular film flow,

Figure 5. Close-up photographs of liquid water distribution in a PEFC: �a�
corner flow with emergence of droplets, �b� annular film flow with emer-
gence of droplets, and �c� slug flow with dynamic clogging where gas flow is
from right to left.
and slug flow, are schematically summarized in Fig. 6. The process
of channel clogging by a water lens is illustrated in Fig. 7.

Liquid water removal from GDL.— Returning to liquid water
removal from the GDL surface, two modes are possible, depending
on the air velocity in the gas channel. One is by the drag force
exerted from the gas flow when the droplet size is small and gas
velocity is high. The other is by capillary interactions with the chan-
nel sidewalls when the gas velocity is low and droplets grow to a
size comparable with the channel dimensions. To develop a defini-
tive relationship between the droplet detachment diameter and air
velocity in the channel, it is instructive to consider forces acting on
a single droplet at the GDL surface. These are �i� gravitational force,
�ii� surface adhesion force, and �iii� shear drag force induced by the
core gas flow. The ratio of gravitational force to surface tension is
given by the Bond number defined as

Bo =
�	gdd

2



�1�

where �	 is the density difference between the liquid and the gas, g
the gravitational acceleration, dd the droplet diameter, and 
 the
interfacial surface tension. The maximum droplet diameter before
the droplet touches and interacts with the channel bottom wall is
given by a geometric relation, 2h/(1 − cos �), where h is the chan-
nel depth and � the GDL contact angle. In the present work, this
maximum droplet diameter is 0.53 mm based on the channel depth
of 0.5 mm and GDL contact angle of 150°. Correspondingly, the
Bond number is estimated to be �0.06. Thus, the effects of gravity
are negligible.

The surface adhesion force, which acts to hold drops onto a solid
surface �GDL�, is mainly governed by the surface tension, contact
angle, and the diameter of the droplet. At mechanical equilibrium of
a sessile droplet, the force balance on it is given by the Young
equation, which gives rise to the equilibrium contact angle, �


lvcos��� = 
sv − 
sl �2�

Figure 6. Various flow patterns of liquid
water in the gas channel: �a� corner flow
with emergence of droplets on GDL sur-
face, �b� annular film flow with droplets
on GDL surface, and �c� slug flow with
transient channel clogging.

Figure 7. Three-dimensional illustration of water lens formation and channel
clogging.
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As shown in Fig. 8, the adhesion force, which is a result of
surface tension, is given by17,18

Fs = 
lvddsin����cos� �r� − cos��a�� �3�

If advancing and receding contact angles are symmetric, such that

�a = � + �� and �r = � − �� �4�

the total adhesion force then becomes

Fs = 2
lvdd sin2���sin���� �5�
The drag force is defined as

FD =
1

2
cD	V2Ap �6�

where Ap is the projected area of the droplet normal to the flow
direction and is calculated as

Ap =
dd

2

4
�� −

1

2
sin�2��� �7�

and cD is the drag coefficient on the droplet and can be estimated
from the following empirical correlation19

cD =
24

Re
�1 + 0.1925Re0.63� =

4.62

Re0.37�1 + 5.2Re−0.63� �8�

Here the Reynolds number, Re, is defined as

Re =
Vdd

�g
�9�

where V is the channel air velocity, dd is the droplet diameter, and �g
is the gas kinetic viscosity. The first term in Eq. 8 describes the
Stoke’s flow approximation for creeping flow.

It should be noted that Eq. 8 is not entirely applicable. First,
although the droplet is spherical in shape, it is not a full sphere.
Second, in Stoke’s flow, a uniform approaching velocity is present
whereas in this case, the approach velocity has a parabolic profile,
starting from zero at the droplet base. Therefore, in the present deri-
vation it is necessary to include a correction factor, K, for the drag
coefficient in order to account for these two effects. Then the drag
force on the droplet becomes

FD =
1

2
KcD	V2Ap �10�

In order for a droplet to detach from the GDL surface, the drag
force has to overcome the adhesion force. In this work, we define a
detachment droplet diameter for which the drag force on the droplet
becomes equal to the adhesion force. When the droplet diameter is
bigger than the detachment droplet diameter, the drag force is larger
than the adhesion force and the droplet detaches from the surface
and starts to flow along with the gas stream. The detachment droplet
diameter is an important design consideration for gas channel di-
mensions, because if the channel size is smaller than the detachment
droplet diameter, the droplet will touch the channel walls before
detaching from the GDL surface. In this case, the droplet will form
additional solid–liquid contact, with a contact angle equal to that of
the liquid water–channel surface.

Following the expressions of adhesion and drag forces, Eq. 5 and
10, respectively, the detachment droplet diameter can be calculated
from

Figure 8. Schematic of force balance on a water droplet in shear flow.
dd = K�cDRe2 �11�

Here, all fluid �water and air� properties and surface wetting prop-
erties have been lumped into a single coefficient with the unit of
micrometer, K�, to be evaluated through experiments. Note also that
the drag coefficient cD is a function of the drop Reynolds number as
given by Eq. 8. Substituting Eq. 8 into 11 results in

log dd = − 2.59 log V + K − 1.59 log�1 + 5.2Re−0.63� �12�

where the last term on the right side is not negligible in the range of
Re relevant for PEFC application. Figure 9 plots the experimental
relation between log dd and log V as well as the theoretical predic-
tion, Eq. 12. The experimental droplet diameter was measured from
video clips just before droplet detachment. It is seen that the agree-
ment is reasonably good when the coefficient K in Eq. 12 is equal to
1.0 with dd in millimeters and V in meters per second. Keep in mind
that this calibrated coefficient is applicable to carbon paper only. For
other GDL materials, K varies and must be experimentally deter-
mined.

Figure 9 indicates that at an air velocity of 4.25 m/s, the droplet
detachment diameter reaches 200 �m, a size that leads to possible
interactions of the water droplet with the bounded walls of the chan-
nel. In this regime of droplet/wall interactions, capillary wicking of
the liquid water onto the hydrophilic channel walls is a principal
mechanism for liquid water removal from the GDL surface. The
capillary wicking processes are composed of the droplet touching
and spreading on a hydrophilic channel surface, followed by the
wetting of channel corners and then by liquid drainage through the
corner flow �if the Concus-Finn condition is met�. These processes
are shown in Fig. 10 as a sequence of still photographs obtained
from a movie. It can be seen that the liquid drop spreads on the
channel sidewall and wicks into the corner in less than 1 s, while a
new drop emerges at the same site in about 3.5 s.

Figure 11 displays a sequence of the video frames showing drop-
let spreading on a hydrophilic channel wall upon impact. The
spreading rate can be obtained using video clips and by measuring
the spreading diameter in video frames at different times, t. Such a

Figure 9. Correlation of droplet detachment diameter with air velocity in the
channel. Linear lines representing constant droplet Reynolds number as de-
fined in Eq. 9 are given to indicate that the Re number of experimental data
ranges from 20 to 100.
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relation between the spreading diameter, D, or the spreading factor,
D/Do, and the time, t, is given in Fig. 12. The solid line in Fig. 12
represents a curve fit of the following equation

D�t� = 0.62t0.1 �13�

where t is measured in seconds and D in millimeters. Based on the
above equation, the local spreading rate U, given by dR/dt, is esti-

Figure 10. Sequential images of capillary interactions of a liquid droplet on
GDL with a hydrophilic channel sidewall.

Figure 11. Sequence of photographs showing droplet spreading on a hydro-
philic channel surface.
mated to be 1.967, 0.031, and 0.0039 mm/s at the spreading time of
0.001, 1, and 10 s, respectively. Figure 12 shows that the droplet
spreads from Do to 0.7 mm in a short time before slowing down
substantially. This result from the fuel cell application agrees well
with Ref. 20-23. It can be inferred that liquid spreading and wicking
into the channel corners is sufficiently fast if channel dimensions are
around 0.7 mm.

Liquid water removal from the channel.— Under the low air ve-
locity and strongly wetting channel surface conditions widely en-
countered in the PEFC application, a principal mode of liquid water
removal is by corner flow. As mentioned earlier, liquid water enter-
ing a rectangular flow channel tends to imbibe into the interior cor-
ners, following the Concus-Finn condition that the channel surface
contact angle, �, and half-angle of the corner, �, satisfy the relation-
ship � � (�/2 − �).

The rate of liquid drainage through steady corner flow is given
by24

ml =
	lR

2�− � pl�S
��l

�14�

where �pl is the liquid pressure gradient that drives the corner flow,
R is the mean radius of the gas-liquid interfacial curvature residing
in the corner, S the cross-sectional area of liquid flow, and � a
dimensionless flow resistance depending solely on the channel sur-
face contact angle. For a square channel of dimension H, functional
relationships of R and S with H for a fuel cell channel have been
formulated by Sinha and Wang.25 Using the numerically determined
� from Ransohoff and Radke24 and assuming the liquid pressure
gradient equal to the gas pressure gradient �due to negligible axial
variation in the gas-liquid interfacial curvature�, Fig. 13 shows the
drainage rate of liquid water along the corners as nondimensional-
ized by �Mw/2F�I, where Mw is the water molecular weight, F Fara-
day’s constant, and I is the current density of the cell. The normal-
ization factor represents the mass production rate of water from
ORR at the cathode. The liquid water production rate can be simply
given by

mw =
Mw

2F
IL̄2 �15�

where L̄2 denotes the fractional section of the channel within the
two-phase zone, or after the onset of liquid water in a general case

Figure 12. Experimental data of droplet spreading diameter with time.
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of low-humidity inlet gas. For a cathode inlet gas stream with rela-
tive humidity �RH� �100%, a simple water balance yields the fol-

lowing relationship between L̄2 and the inlet RH

L̄2 = 1 −
�c

0.21

Psat

P − PsatRH

�1 − RH�

2 −
Psat

P

�16�

The liquid production rate nondimensionalized by the same factor is
shown in Fig. 13 as a dashed line. For full humidification at the
cathode inlet, it is constant at unity, while at RH = 75%, it linearly
declines with the air stoichiometry, as expected. The solid lines
shown in Fig. 13 represent the nondimensionalized liquid drainage

Figure 13. Drainage rate of liquid water via corner flow as compared to the
liquid water production rate for the cathode inlet RH of �a� 100 and �b� 75%.
rate via corner flow for various contact angles of the channel sur-
face.

It can be seen from Fig. 13a that at the cathode inlet RH of
100%, the liquid water drainage through corner flow, driven by the
gas pressure gradient along the channel, can sufficiently remove
product water only when the air stoichiometry is higher than �7 and
when the channel surface contact angle is zero. With increasing
channel contact angle, the required minimum air stoichiometry dras-
tically increases. This is because the dimensionless flow resistance,
�, increases steeply with the contact angle. One way to have the
liquid drainage through corner flow balance with the liquid water
production rate from the fuel cell at an appropriate air stoichiometry
is to employ an inlet RH lower than 100%. The low-humidity op-
eration reduces the amount of water production into liquid by allow-
ing some water to evaporate into the undersaturated inlet gas. Figure
13b shows that under inlet RH = 75%, the water drainage rate
through the channel corners can exceed the liquid water production
rate at stoichiometry of 3 and 3.8 for the channel contact angles of 0
and 20°, respectively. These theoretical results indicate that drainage
through steady corner flow is a promising and efficient means to
remove liquid water from a fuel cell channel.

However, when the liquid drainage through stable corner flow is
insufficient to remove product water, the corner flow will transition
into an annular film flow with films growing on the flat surfaces of
the channel. When the film thickness exceeds a critical value leading
to interfacial instability, the annular film flow turns into a liquid slug
flow with a water lens potentially forming to seal off an entire flow
channel. In these flow regimes, both the pressure drop and cell volt-
age exhibit high-amplitude oscillations. A detailed study of measur-
ing the cell’s pressure drop and voltage simultaneously will be pre-
sented in a separate publication.

Conclusions

Using a transparent fuel cell featuring seven straight channels,
experimental studies were carried out to delineate mechanisms of
liquid water removal from the GDL surface as well as the gas chan-
nels. The following conclusions can be drawn:

1. Flow patterns of liquid water in the gas channel of a PEFC
can be classified as mist flow at high air velocities, corner flow,
annular film flow, and slug flow at low air velocities.

2. The mechanisms of liquid water removal from the GDL sur-
face are by droplet detachment through the shear force exerted by
the gas core flow at high air velocities ��4 m/s for the carbon paper
GDL under consideration of this study� and by capillary wicking
onto hydrophilic channel walls at low air velocities �i.e., �4 m/s�.

3. The mechanisms of liquid water removal from a gas channel
are by mist flow at high gas velocities, by a steady corner flow at
low gas velocities and low water production, and by annular film/
slug flow at low gas velocities and high production of liquid water.

4. Drainage through the corner flow by capillary wetting pro-
vides an efficient and low-power means of removing liquid water
from gas channels and hence, it should be further investigated and
optimized to meet the requirement of high water production rate in
PEFCs. Maintaining very hydrophilic channel surfaces promotes liq-
uid water drainage through corner flow.
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List of Symbols

Ap area of segment part of droplet, m2

Bo Bond number
CD drag coefficient
dd detachment diameter of water droplet, m
D spreading diameter of droplet, m

D0 initial diameter of droplet before spreading, m
F Faraday constant, C/mol

FD drag force, N
Fs adhesion force, N
g gravitational acceleration, m/s2

H channel dimension, m
I current density, A/m2

K correction factor

L̄2 fractional section of two-phase zone
Mw water molecular weight, kg/mol
ml liquid water removal rate, kg/s

mw water production rate, kg/s
P perimeter of contact line, m
R mean radius of interfacial curvature, m

Re Reynolds number
S cross-sectional area of liquid flow, m2

t time, s
V gas velocity, m/s

Greek

� half corner angle, °
� dimensionless flow resistance

 surface tension, N/m

�	 density difference, kg/m3

� contact angle, °
� viscosity, Pa s
	 density, kg/m3

Subscripts

a advancing
e equilibrium state
l liquid
r receding
s solid
v gas phase
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