
Electrochemical and Solid-State Letters, 7 ~11! A408-A411 ~2004!
1099-0062/2004/7~11!/A408/4/$7.00 © The Electrochemical Society, Inc.

A408
Visualization of Liquid Water Transport in a PEFC
X. G. Yang,* F. Y. Zhang, A. L. Lubawy, and C. Y. Wang* ,z

Electrochemical Engine Center and Department of Mechanical and Nuclear Engineering,
The Pennsylvania State University, University Park, Pennsylvania 16802, USA

Using an optical H2/air polymer electrolyte fuel cell~PEFC!, the mechanics of liquid water transport, starting from droplet
emergence on the gas diffusion layer~GDL! surface, droplet growth and departure, to the two-phase flow in gas channels, is
characterized under automotive conditions of 0.82 A/cm2, 70°C, and 2 atm. It is observed that water droplets emerge from the
GDL surface under oversaturation of water vapor in the gas phase, appear only at preferential locations, and can grow to a size
comparable to the channel dimension under the influence of surface adhesion. Liquid film formation on more hydrophilic channel
walls and channel clogging are also revealed and analyzed.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1803051# All rights reserved.
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Water management that balances membrane dehydration
electrode flooding is critical to achieve high performance and
gevity of polymer electrolyte fuel cells~PEFCs!. At high curren
density and/or low flow stoichiometry, PEFC is prone to flood
that is, there is an excessive amount of water accumulated
cell. If pores in the catalyst layer and gas diffusion layer~GDL! are
filled with liquid water, or if the gas channels are clogged by liq
water to such an extent that the transport of reactant gases
electrodes is hindered, substantially deteriorated cell perform
results and mass transport limitation due to flooding occurs.
GDL, either nonwoven carbon paper or woven carbon clot
highly porous~.70% with pore sizes in the range of 10-30mm!,
electrically conductive, and hydrophobic. In addition, a micropo
layer ~MPL! ~e.g., 30 mm thick!, consisting of carbon particle
mixed with the PTFE binder, is usually applied onto the side o
GDL facing the catalyst layer. The MPL features a finer pore s
ture with a pore size on the order of 0.1-0.5mm. The MPL is in-
tended to provide wicking of liquid water into the GDL by creat
a gradient in liquid water pressure and minimize electric con
resistance with the adjacent catalyst layer. Wilsonet al.1 speculate
that droplets of water generated at the interface of MPL and ca
layer are in some form proportional in size to the diameter of M
pores.

Understanding liquid water transport and distribution in a P
is a key to unraveling the origin and development of flooding. P
experimental efforts to probe the water distribution in an opera
PEFC have included neutron radiography2 and gas chromatograp
~GC!3,4 measurements. Thein situ method using neutron radiogr
phy was reported to investigate the two-phase flow pattern in
flowfield of both hydrogen and methanol PEFCs. Neutron be
can penetrate through a metal fuel cell to image the real-time l
water profiles along the large-scale flowfield. However, the neu
radiographic imaging is currently limited in both spatial~e.g..150
mm! and temporal resolution~e.g. ,30 Hz!, making it difficult to
capture two-phase flow phenomena in PEFC that is transient
ture and controlled by surface forces. Our previous work3,4 on water
distribution measurement by using a Micro GC provided un
information on the species distributions in both anode and ca
as well as water transport across the membrane. But this diag
tool is not applicable to the situation where liquid water is abund

Optical diagnostics is capable of investigating the liquid w
dynamics in a flooded cell with much higher spatial and temp
resolution. A recent effort has been reported to visualize w
buildup in the cathode flowfield of a transparent PEFC operati
low current densities and room temperature.5 The objective of th
present work is to visualize the liquid water transport in a trans
ent cell under much higher current densities and operating tem
tures characteristic of automotive fuel cells. In addition, we des
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a series of physical processes leading up to cell flooding, wit
aid of an advanced cell design and optical system. These in
water droplet emergence from GDL, growth and detachment
GDL, and distribution and removal from the gas channel.

Experimental

The transparent PEFC consisted of a membrane electrode a
bly ~MEA, 45 mm thick membrane with EW, 1000, 0.4
mg-Pt/cm2 each electrode! and Toray carbon paper as the G
@TGPH 090, 20 wt % polytetrafluoroethylene~PTFE! loading#
coated with a home-made microporous layer. The MPL was m
by coating the slurry of carbon powder Vulcan XC-72~Cabot! and
20 wt % PTFE onto the carbon paper and then heat-treated at 3
The MEA was sandwiched between two gold-plated stainless
plates acting as current collectors. Before being gold plated
stainless steel plates~1 mm thick! were machined through to for
seven straight gas channels~1 mm wide and 100 mm long!, evenly
separated by six 1 mm wide lands as current collectors. The r
ing cross section of the gas flow channel was 13 1 mm, and eac
gas channel was 100 mm long. The flowfield design for both a
and cathode was identical. The total active area of the test ce
14 cm2 defined by gaskets. Two clear polycarbonate plates
placed outside the current collector plates to constrain the gas
and two stainless steel end plates compressed the entire optic

Figure 1 shows the experimental setup of the transparen
cell. In the present test, pure hydrogen and air were used as th
and oxidant with the flow rates of 2.0 A/cm2 equivalent, or, 0.21
and 0.505 standard L per min~slpm!, respectively. The cell pressu
was controlled at 2 atm~absolute! for both fuel and air. The ce
working temperature and the dew point for fuel and oxidant in
are described below. All test parameters were computer-cont
by a fuel cell test station~Arbin Instruments, Texas!. A Digital cam-
corder ~Sony, DCR VX2000! combined with a microscopy le
~243! was used to record the microscopic images under prop
lumination.

Results and Discussion

Cell performance.—Figure 2 shows several representative
polarization curves of the transparent cell under different oper
conditions. The cell was preheated by electric heating cartridg
to operation temperatures,i.e., 62 or 70°C, before introducing t
humidified fuel/oxidant gases into the cell. At 62°C, both fuel
air gases were supplied at the same stoichiometry of 1 A/cm2 ~or
0.106 and 0.256 slpm, respectively!, with dew point of 70°C
resulting in 150% relative humidity~RH! corresponding to 62°C
Here, RH is calculated from the ratio of the saturation pres
at the humidification temperatureT to the cell temperature,i.e.,
PT

H2O/PTcell

H2O
3 100%. It is seen that the current density reac

0.74 A/cm2 at 0.5 V. From its polarization curve shown in Fig.
mass transport limitation occurs with current up to 0.75 A/c2,
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mainly due to low flow rate of oxidant gas~1 A/cm2 equivalent!.
The maximum utilization percentage of oxygen in the air is a
80% in this case.

Increasing the cell temperature to 70°C and both stoichiome
of fuel/air gases up to 2 A/cm2 substantially improves the cell pe
formance. The current density reaches 0.78 A/cm2 at 0.6 V. The
open-circuit voltage~OCV! of the cell at 70°C tests was 0.985 V~its
thermodynamic value is;1.2 V!. Using pure oxygen under othe
wise identical test conditions, the same cell achieves a mass
port limiting current density of 1.7 A/cm2, which is translated int
85% utilization of oxygen.

Due to inherently higher electric contact resistances, the pr
optical cell shows bulk performance close, though inferior to
ventional industry cell/stacks. Compared with the transparent c
Tüberet al.,5 the present cell, however, shows much advantage¨-
ber et al.5 built a transparent cell consisting of a Gore-Se
PRIMEA MEA with 35 mm thick membrane and standard To
carbon papers~TGPH-090!. Their transparent cell had two straig
air channels with an active area of 623 6.5 mm, operating at roo
temperature and ambient pressure with dry fuel and partially
midified air. When the cell was polarized from open circuit to 0.
water accumulation process was chronologically imaged, an
corresponding current was recorded, decreasing from the initia
to 0.2 A/cm2 at 3 min after the load due to the partial flooding of
cathode catalyst layer.

Figure 1. Experimental setup of the transparent fuel cell with an active
of 14 cm2 and seven parallel flow channels on both anode and cathod

Figure 2. Polarization V-I curves of the transparent hydrogen PEFC,
sisting of a membrane electrode assembly~MEA, 45 mm thick membrane
EW , 1000) with a Pt loading of 0.4 mg/cm2 for each side and Toray TGP
090 ~20 wt % PTFE loading! carbon paper coated with a microporous la
The cell temperature is 70 or 62°C, and the cell pressure is maintain
2 atm.
-

t

In comparison, the present cell was designed to allow for op
access under elevated temperature and moist conditions. In ad
the imaging and camera systems used are capable of resolvin
tures down to 10mm. As generation, interaction, and transpor
liquid water vary with the operating current density, tempera
humidification, and gas flow rate, visual results obtained in
present study are expected to be more useful for a basic under
ing of flooding mechanisms in automotive fuel cells.

Visualization of liquid water transport.—Visualizations wer
conducted in the cathode under the following test conditions of
and 2 atm, and the stoichiometry of fully humidified H2/air fixed at
2 A/cm2. When the fully saturated gases entered the fuel cell u
open-circuit condition, no liquid water condensed from the
phase could be observed on the GDL surface or along the side
of gas channels. Immediately after switching the cell voltage
the OCV~0.98 V! to 0.40 V, an initial current density of 1.02 A/cm2

was recorded, and some fog could be seen on the surface
polycarbonate window. But the fog disappeared in a few sec
The polycarbonate plate surface was pretreated with a hydrop
anti-fog coating so that clear visibility of the gas channel and G
surface could be achieved even in the hot, moist environment
current density gradually declined and finally reached 0.82 A/cm2 in
;5 min under constant voltage of 0.4 V.

Surprisingly, it was observed that hardly any liquid water exi
in the upstream section~approximately two-thirds from the catho
inlet! of the gas channels, despite the fact that the inlet gas is
humidified and the upstream section produces higher cu
densities.4 Thus it seems that occurrence of liquid water require
oversaturated air stream. Quantifying the critical oversaturatio
the onset of liquid water is a subject of our ongoing research.

Liquid water started to appear in the last one-third portion o
fuel cell. Figure 3 displays an image of the distribution of w
droplets in the steady state operation at 0.4 V, with the view sco
four gas channels focused at a location close to the cathode e
this study, the gas flow direction is always from right to left. Dr
lets of water are randomly scatterred in all channels except fo
bottom channel, which was blocked by a water slug. Some dro
of water were able to grow to a size of 0.8 mm in diameter, c
parable to the cross-sectional dimension of the flowfield~1 mm wide
by 1 mm deep!.

A set of close-up images shown in Fig. 4 further delineate
water droplet dynamic process in a gas channel under the sam
t

Figure 3. Distribution of water droplets in the region close to the exit.
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conditions as in Fig. 3. The lifetime of these droplets under sco
;10 min, beginning with emergence and ending at detachment
the GDL surface made of carbon paper. The lifetime of a drop
determined by the applied current, relative humidity, and veloci
the airflow.

In the first 180 s, Fig. 4 shows two adjacent water droplets g
ing next to each other. These droplets are attached steadily
carbon paper under the influence of surface tension. The drag
from the core air flow apparently cannot remove these droplets
chanically. Careful observations further revealed that the grow
water droplets on the GDL surface is an intermittent process, r
than a continuous one, as may be expected. This is because
water accumulates somewhere inside GDL to a certain exten
then is expelled through the opening of the GDL under capi
force to feed surface droplets. Around 480 s after taking the
picture, these two droplets coalesce to form a larger one. Due
large size, the newly forming droplet immediately touches the u
wall of the gold-plated current collecting land, transforming in
puddle of water, as shown in the picture at 480 s. Finally, the w
puddle spreads out along the hydrophilic~gold plated! sidewall, and
a liquid film is developed consequently. Under the shear stress
core air flow, the liquid film is gradually removed toward the ch
nel exit in an annular film flow structure. The last three pictu
shown in Fig. 4 show the re-emergence and growth of a fresh
let at the same opening, indicating that droplets always emer
preferential locations on the GDL surface. It is believed that t
preferential openings are connected to a network of large, h
philic pores inside the GDL to form a pathway for liquid wa
transport.

The process of removing liquid water from the cell can thu
summarized as follows. First, water oozes through the prefer
openings of the GDL to nucleate a droplet on the surface. On
grows big enough to touch the more hydrophilic channel wal
liquid film is formed as a result of lower surface contact an
Finally, water gradually migrates along the channel walls towar
exit.

Figure 4. Snapshots of the dynamic process of water droplets in a gas
nel at 0.82 A/cm2 and 70°C. Droplets of water are attached steadily
surface tension, to the carbon paper. After two droplets coalesce, liquid
is wicked onto the sidewall of the current collecting land at 480 s, w
water spreads out and a liquid film is developed. The last three pictures
the re-emergence of a fresh water droplet in the same location on the
surface.
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Droplets grown from the GDL surface can be wicked onto e
bottom or upper sidewall of the current collector lands, depen
upon their emerging locations. In Fig. 4 the droplet of water af
to the upper sidewall, while Fig. 5 shows the liquid film gathe
on both sidewalls symmetrically. The gravitational force is ne
gible, less by one order of magnitude than surface tension for
droplets with diameters less than 1 mm at 80°C. The ratio o
gravitational force to surface tension is measured by Bond nu
defined asBO 5 Drgd2/s, whereDr is the density difference b
tween liquid and gas,s the surface tension,d the droplet diameter,g
the gravitational acceleration. For this reason, different orienta
~vertical or horizontal! of the cell or gas channels are expecte
produce only minor effects on liquid water droplet distribution.

The inlet velocity of the humidified air is calculated to be aro
0.82 m/s for the air flow of 2 A/cm2 equivalent. Thus, the gas flo
is characterized as low-Reynolds number laminar flow. Under
flow condition, the liquid films thickened and destabilized from
two opposite sidewalls of a gas channel may connect, form
sealed water band and thereby pinching off the gas flow. This
nel clogging by liquid water is shown clearly in Fig. 6. Care
observation indicated that the sealed water band is in a hollow
ture. A curving film of water separates the exhaust and inlet g
pinching off the core gas flow. As a consequence, electroche
reaction in this channel is shut down, as indicated by the s
decline in the average current density~Fig. 6b!. As the pressure dro
across the gas channel is too small to break through the sealed
bridge, the blocked channel will remain idle for quite a long tim

Based on the present observations, it can be concluded th
two-phase flow in the cathode channel with hydrophilic sidew
~i.e., two gold-plated land surfaces and one surface covered
anti-fog coating! exhibits an annular film flow structure under pr
tical flow stoichiometric ratios. As the gas velocity increases
two-phase flow pattern may evolve from the annular film flow
mist flow regimes. This is because the high air velocity is ab
sweep away water droplets grown from the GDL at a smaller
without having an opportunity to interact with the channel w
Tests under high stoichiometries~i.e., 5 or 10 A/cm2 equivalent!
could provide direct evidence of the existence of such a mist
regime. In addition, for industrial fuel cells using graphite bip
plates, the two-phase flow in gas channels is likely in the form
slug flow as the graphite surface is much less hydrophilic w
contact angle of roughly 70-80°. Work is underway to produce
sualization images of this type of flow using a polymer coatin
tailor the surface wettability of the transparent fuel cell.

The knowledge of liquid water behaviors on the GDL sur
and inside the gas channel, as enabled by the present visual

-

r

Figure 5. Water films gathering at both sidewalls of the current collec
land symmetrically, showing that gravity is less important than surface
sion.
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technique, provides insight into the liquid water transport and
tribution inside the GDL and catalyst layer. As pointed out
Pasaogullari and Wang6 and several other modeling studies, a d
sive parameter to determine the liquid water distribution wi
GDL is its boundary condition,i.e., the interfacial liquid water cov
erage. It has been shown that hydrophilic and hydrophobic G
both have a similar ability to transport liquid water via capill
forces. The main difference between a hydrophilic and a hydro

Figure 6. ~a! Significant water accumulation to form sealed water ban
one of gas flow channels, blocking gas flow and shutting down the
reaction in this channel, and, consequently,~b! a sharp decline in the ce
current at 0.6 V.
bic GDL lies in the liquid water behavior at the GDL/channel inter-
face. The former tends to spread liquid water and hence yi
much higher coverage at the interface, whereas the latter form
crete droplets as observed in the present study and features a
lower surface coverage by liquid water. Larger interfacial liquid
ter coverage makes the entire hydrophilic GDL flooded and h
exhibits a distinctive mass transport limitation due to flooding. W
is underway to quantify the interfacial liquid coverage by measu
the droplet detachment diameter and droplet population dens
functions of the applied current density, air velocity, and G
materials.

Conclusion

An advanced transparent fuel cell has been described that c
used to explore liquid water transport in PEFC with high elec
chemical performance and good image resolution. In the optica
nonuniform water distribution can be found between channels.
uid water emerges from the GDL surface in the form of drop
with diameters ranging from a few to hundred of microme
Droplets of water usually appear and grow at preferential ope
on the GDL surface. Surface tension plays a more dominan
than gravitational and air drag forces, holding water droplets fi
on the GDL surface until they grow to a sufficiently large siz
touch the more hydrophilic channel walls. Coalescence of w
droplets and migration along the hydrophilic surfaces of the
channel are the main mechanisms of liquid water removal in
transparent fuel cell. If the liquid films grown on channel w
become thick enough to be unstable, a water bridge may
thereby pinching off the air flow and causing shut-down of
clogged channel. Therefore, it is expected that liquid film drai
from the gas channels is an important topic for flooding avoid
in PEFCs.
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