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The process of flooding has been examined with a single-channel fuel cell that per-
mits direct observation of liquid water motion and local current density. As product
water flows through the largest pores in the hydrophobic GDL, drops detach from the
surface, aggregate, and form slugs. Flooding in polymer electrolyte membrane (PEM)
fuel cells occurs when liquid water slugs accumulate in the gas flow channel, inhibi-
ting reactant transport. Because of the importance of gravity, we observe different
characteristics with different orientations of the flow channels. Liquid water may fall
away from the GDL and be pushed out with minimal effect on the local current den-
sity, accumulate on the GDL surface and cause local fluctuations, or become a pulsat-
ing flow of liquid slugs and cause periodic oscillations. We show that flooding in PEM
fuel cells is gravity-dependent and the local current densities depend on dynamics of
liquid slugs moving through the flow channels. © 2008 American Institute of Chemical

Engineers AIChE J, 54: 1313-1332, 2008
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Introduction

Perhaps the greatest challenge facing fuel cells is the diffi-
culty in maintaining stable operation and control due to
flooding by liquid water. The build up of water produced at
the membrane/cathode interface is known to limit the current
output from PEM fuel cells. To describe the effects of flood-
ing, several models have been proposed.l_6 Most of these
hypothesize that liquid water condenses in the pores of the
gas diffusion layer (GDL) creating a mass transfer resistance
for oxygen to get to the membrane/electrode interface as
illustrated in Figure 1.

Our group recently examined water permeation through the
GDL and obtained results that contradicted the previous
hypotheses about liquid flooding.” The GDL is a woven cloth
or paper of carbon fibers that is usually treated with Teflon™
to increase its hydrophobicity. We showed that water does not
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enter the GDL until a sufficient hydraulic pressure is applied
to overcome the repulsive surface energy. The largest pores in
the GDL are the first to permit water penetration, and once
water penetrates the pores it can freely drain. Our results sug-
gested a two-highway system for liquid and gas transport
through the GDL, as illustrated in Figure 2. Liquid is driven
by a hydraulic pressure from the membrane/cathode interface
through the largest pores while gas moves from the gas flow
channel to the membrane/cathode interface through smaller,
but more plentiful, pores. Results that support these conclu-
sions have also been reported using florescence microscopy to
view the ex-situ transport of water through carbon paper.8
Recently, water intrusion has been used to determine the
capillary pressure vs. liquid saturation curves for different
GDL materials™'®, providing pore volume distributions in
these materials that are useful for design of new materials.
The liquid breakthrough measurements are more useful to elu-
cidate the rate of liquid water flow through the GDL. Only a
few models have been published recently that account for
preferential water flow through certain pores, even though this
drastically changes the physics of how water is transported
between the cathode catalyst layer and flow channel.'*
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Figure 1. Capillary condensation model of pore flood-
ing in the GDL.

This model assumes that liquid water condenses in the
smallest pores of the GDL and sequentially fills the small-
est pores and then the larger pores. When liquid water
drops appear in the gas flow channel the entire GDL will
be flooded. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Liquid water has been observed to accumulate in gas flow
channels, which has spawned the development of models for
two-phase gas/liquid flow in the flow channels. Several
researchers have built visualization fuel cells making use of
neutron or optical imaging. Neutron imaging has been used
to study water distribution in operating fuel cells, usually
with serpentine channels and accumulation of water at the
corers.!'™"®> Optical imaging of transparent fuel cells has
shown droplet growth and detachment, sometimes at preferen-
tial locations, or the formation of a film of liquid water.'®!
Modeling efforts have focused on the transport of bulk water
in the channels”?® or the conditions necessary to push liquid
droplets along the surface of the GDL,'?** while others
assumed the liquid droplets are suspended in the gas as a mist
and carried out in the gas flow.®> Another approach has been to
build fuel cells with segmented electrodes to gain information
about the current distribution over the active area of the
MEA.?*° In one case, the flow channels were transparent so
that condensation was observed in conjunction with distribution
measurements.”® Still, although it has been inferred that differ-
ences in the local currents are due to liquid water effects,
direct correlations between liquid water build-up and dynamic
current data has not been reported.

There is still little information available about how liquid
in the flow channels affects the local current density in PEM
fuel cells. In practice, engineers have circumvented the prob-
lem by increasing the gas flow rate until it is found sufficient
to blow liquid out of the channels, decreasing the fuel utili-
zation or adding the need for a recycling system. With the
increased convection of water out of the cell, this usually
creates the need for humidifiers for the feed streams. The
result is a more costly and complex system. However, by
thoroughly studying the operation of a simple fuel cell, we
hope to gain insight into how systems can be more cleverly
designed.

In this article, we will show that liquid water in the cath-
ode flow channel is responsible for inhibiting mass transport
to the membrane/cathode interface. We shall show how lig-
uid water permeates through GDL media and forms liquid
drops at the GDL/flow channel interface. Gravity or shearing
action from the gas flow overcomes the surface adhesion of
the drop to the pore, detaching the drop and allowing the
water to move along the GDL surface. The drops accumulate
and form slugs in the cathode gas flow channel. How and
where this occurs in the cathode flow channel depends on
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the orientation of the fuel cell with respect to gravity. Alter-
ing the orientation and the direction of gas flows relative to
gravity controls where liquid water accumulates and alters
the local current in PEM fuel cells. Investigation of these
effects has lead to observations of a variety of complex
dynamic current outputs from a PEM fuel cell.

Experimental
GDL permeation

The flow through GDL media was tested in the cell illus-
trated in Figure 3 (a photo of the experiment setup is avail-
able in the supplementary material online as Figure 1S). A
piece of GDL media 2.5 cm in diameter was mounted
between two polycarbonate plates with 3 cm® plenums on ei-
ther side of the GDL media. One plenum was connected to a
beaker that acted as a liquid water reservoir. The beaker con-
nected to the plenum with a Tygon®™ tube and could be
raised or lowered to a desired elevation relative to the cell.
The plenum on the other side had an inlet for a slow stream
of nitrogen at the top and an outlet at the bottom with the
effluent collected in a beaker on a scale. The gas side was
imaged with a Sony IEEE-1394 CCD color camera with
MVO double gauss macrolenses and interfaced to a computer
through a LabVIEW program.

Before every experiment, the GDL media was dried by
flowing nitrogen through both sides of the cell for 2 h. The
water reservoir was hooked up with it sitting below the cell.
The water reservoir was then raised to a desired height and
held in position for 20 min, while recording the mass flow
through the GDL media and obtaining video images of the
water drops forming on the surface of the GDL. We tested
Toray carbon paper and woven carbon cloth, both with 20%
Teflon treatments and obtained from E-TEK (E-TEK Div. of
De Nora N.A., NJ, USA).

Segmented anode fuel cell

The fuel cell tests were done using the segmented anode
parallel channel PEM fuel cell described elsewhere.’! Briefly,
the particular fuel cell used in the experiments presented
here consisted of two polycarbonate plates with flow chan-
nels 1.6 mm wide X 3.2 mm deep X 75 mm long. The
design was such that the anode and cathode flow channels
were in a single plane and terminated in a 90° angle that
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Figure 2. Hydraulic driven flow model of liquid water
flow in the GDL.

The liquid water only enters the largest pores after the
hydrophobic surface tension is overcome. The small pores
remain unobstructed for gas transport. The small pores of
the GDL only fill if the entire gas flow channel fills with
liquid and the water pushes into the pores. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 3. Schematic of the cell for measuring and visu-
alizing flow through GDL media.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

connected into a tube fitting adapted to 1/8” polyethylene
tubing. Two stainless steel electrodes, 6.4 mm wide X
54 mm long, lined the cathode flow channel. The anode con-
sisted of six segments of stainless steel, 6.4 mm long and
separated by 3.2 mm along the channel. The lead wires from
each anode segment were connected individually to a 0.1-Q
sensing resistor, Ryne. The six leads from the sensing resis-
tors at the anode were connected together, and the common
lead was connected through a 0-20 Q, 10-turn potentiometer
to the cathode, as diagramed in Figure 4 (a photo of the
experiment setup is available in the supplementary material
online as Figure 2S). We operated with the load resistance >
0.5 Q. The sensing resistors were a total resistance of 0.016 Q
so they contributed <3% of the total external impedance. A
CCD camera was positioned to view the cathode flow channel
(we could also look at the anode flow channel, but all the
interesting phenomena were observed at the cathode). Video
images were collected and time stamped so that they could be
correlated with the current and voltage measurements.

A computer DAQ board, interfaced through LabVIEW, read
the voltage drops across the potentiometer (that served as the
load resistance) and those across each of the sensing resistors.
Data samples were read from the board at 20 Hz and then con-
ditioned to mitigate the noise in the measurements. When data
was being saved to a file at 1 data set per second, each input
was sampled and 16 values were averaged. For longer term
experiments, 1024 samples were read from the board, aver-
aged, and written to the file at 1 data set per minute. With this,
the fluctuations in the data from noise were kept acceptably
low at no more than £0.0001 A.

The tubing from the gas flow channel outlets was bent
down and bled into 10 mL graduated cylinders with a small
hydrostatic head (~2-3 cm H,0), so that the cell pressure
was effectively 1 bar. Liquid in the cylinders kept air from
back diffusing into the flow channels; we were able to mea-
sure the total liquid water leaving from both the anode and
cathode. It was also possible to see gas bubbles leaving the
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anode and the cathode, which helped to identify the extent of
reactant conversion in the fuel cell. This setup allowed for the
flows at the anode and cathode to be either co-current or
counter-current. All the results reported here are for fuel cell
operation at 20-25°C; the vapor pressure of water is suffi-
ciently low (~0.025 bar) so that convection of water vapor is
negligible and almost all the water transport is by liquid flow.
The MEA was constructed in the lab from a Nafion 115
membrane, carbon cloth GDLs, and silicon gaskets. The
GDLs were ELAT V2.1 obtained from E-TEK with the cata-
lyst, 0.5 mg/cm? of 20% platinum on Vulcan XC-72, applied
to one side. The dimensions of the electrodes were 5.72 cm
long by 1.43 cm wide to give a total area of 8.17 cm? (only
10%, 0.91 c¢cm?, of the MEA is exposed to the gas channel,
the other 90% of the MEA is under the stainless steel electrodes).

Fuel cell operation

Hydrogen and oxygen were supplied from commercial cyl-
inders through mass flow controllers at flow rates of 1-20
standard cubic centimeters per minute (sccm). The computer
DAQ system was used to control and read the gas flow rates.
There were also relative humidity sensors placed in the out-
lets from the gas flow channels and the RH could be logged.
In the experiments reported here the liquid water was always
present in the flow channels and the relative humidities in
both the anode and cathode outlets were always 100%.

Most of the experiments were done with fixed flow rates
of 6 sccm H, and 3 scem O,, or 12 scem Hy and 6 scem O,.
Through a series of tests, we observed that with a load resist-
ance of 0.5 Q and flow rates less than 6 sccm H, and 3 sccm
O,, no gas bubbles were seen from the outlets of the anode
and cathode. This indicated that all of the gas was consumed
by the reaction, commonly referred to as a stoichiometry (&)
of 1, where ¢ is the ratio of gas supplied through the feed to
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Figure 4. Diagram of electrical connections for the
SAPC fuel cell.

The six segments of the anode are connected in parallel
such that the total current goes through an external load re-
sistance and then to the cathode. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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that consumed by the fuel cell with the given current. When
we increased the flow rates to 7 sccm H, and 3.5 sccm O, or
greater, gas bubbles were seen from the outlets of the anode
and cathode. We will refer to the inlet flow rates of 6 sccm
H, and 3 sccm O, as &, and 12 sccm H, and 6 sccm O, as
&,. The maximum total current from the SAPC fuel cell driv-
ing a 0.5 Q load impedance at 25°C and 1 bar total pressure
was ~0.8-0.9 A. We found a variability in the internal resist-
ance of about 10% from MEA to MEA, corresponding to a
variability in the total current. The flow rates corresponding to
&, limit the maximum current to 0.8 A with complete conver-
sion of the reactants. Increasing the reactant feed rate beyond
&, did not result in any substantial increase in the maximum
total current from the SAPC fuel cell. Although it has been
reported that severe degradation of the catalyst can occur
under starved conditions,”>>* we did not observe any effects
through consecutive experiments with the same MEA. We
have also run an autohumidified self-draining fuel cell under
anode starved conditions for >1000 h with negligible change
in the MEA performance.®” This is perhaps due to the choice
to let the fuel cell run autonomously under a constant load re-
sistance without the addition of potentiostatic or galvanostatic
controllers. Future work will investigate this further.

The experiments summarized here consist of a vast array
of data. A typical data set consists of the six current meas-
urements for the six anode segments, the voltage drop across
the load, anode and cathode flow rates, and the relative hu-
midity in the anode and cathode effluent. This data is
recorded with a time stamp at a frequency of between 0.1
and 1 Hz and stored as a data array. A typical experiment
runs from 15,000 to 172,800 s. It is impossible to summarize
all the information contained in experiments in a few simple
graphs. We have chosen to highlight certain features of the
data. A database of excel files containing the data from all
our vetted data (currently consisting of ~100 files with aver-
age size 20 MB) are available at our web site (http://pemfc.
princeton.edu/data.html). Video images were selectively
recorded at various times during operation. The video images
are time stamped and can be correlated with the Excel data
files. The video images are also available.

Results
Flow through GDL media

No liquid water flows through the GDL media until a criti-
cal hydrostatic pressure head is applied by raising the water
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reservoir to an appropriate height. The required pressure
head was 15-17 cm H,O for the carbon cloth and 60—-80 cm
H,O for the Toray paper, or 1500-1700 Pa and 5900-7800
Pa, respectively. These value are at the low range of those
reported in work investigating the capillary pressure-satura-
tion relation for different GDL materials.”'" This is expected
with our setup since pressure does not continue to build up
enough to break through the smaller pores once water begins
to flow through the largest pores. Once the critical hydro-
static head is exceeded, a continuous path of liquid water is
established through the largest pores in the GDL media and
liquid flow commences with the water freely draining under
the applied hydrostatic head. This occurs through a few
water drops (1-4) forming on the surface of the GDL. The
drops grow to a critical size, fall by gravity to the bottom of
the plenum, and then drain from the cell. The process repeats
itself with the water drops always forming at the same loca-
tions. Figure 5 is a series of photos showing drops growing
and the process repeating for the carbon cloth. The critical
hydrostatic pressure head to initiate flow and the measured
water flow rate for the first 2-3 min after flow started are
summarized in Table 1. Also given in Table 1 is the critical
radius for the drop before it falls by gravity, as determined
from the videos. The key results from these studies are that
liquid flow is carried through a small number of the largest
pores in the GDL. The Toray paper has smaller pores than
carbon cloth so the critical pressure to initiate flow is greater
and the flow through the smaller pores is less.

Fuel cell operation

The data from the SAPC fuel cell are complex and not
easily summarized. We will focus here on the general trends
associated with changing cell orientation, flow rate, and flow
direction. It is also possible with our setup to switch between
co- and counter-current flow and change the temperature of
the fuel cell. In the work reported here, we will focus on co-
current operation at room temperature. The reader is referred to
Benziger et al! for a thorough discussion of co- vs. counter-
current flow with the SAPC fuel cell.

All of the experiments were done with a fixed load at
25°C. We focused on two sets of flow rates, &; (6 sccm Hy,
3 sccm O,) and &, (12 sccm H,, 6 scem O,). There are five
different physical orientations (three horizontal and two verti-
cal) of the SAPC PEM fuel cell which are defined by the
effect that gravity has on liquid accumulation in the gas flow
channel. For this relatively simple fuel cell with a very lim-
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Figure 5. Series of photos showing drop formation and detachment from the surface of a carbon cloth GDL under

an applied hydraulic pressure of 170 mm H,0.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Table 1. Water Permeation Through GDL Media

Required Head for
Water Permeation

Water Permeation Rate
at Critical Hydraulic

Critical Pore Radius
Based on Initial Drop

Critical Drop
Radius for

GDL Media (mm H,0) Pressure (g/min) Detachment (um) Formation (um)
20% Teflon-treated cloth 170 1.2 1,250 140
20% Teflon-treated toray paper 600 0.22 600 21

ited set of operating parameters (only one load, only one
temperature and two sets of flow rates) there are 20 different
experimental systems under investigation. Of these 20, only
two can be characterized as having stable (time invariant)
steady states. The other 18 configurations give rise to com-
plex spatio-temporal patterns of current density. All the ex-
perimental systems have been examined multiple times. The
results presented in this article are representative, but the
reader is referred to the data files available on our website to
see the full extent of spatio-temporal current density patterns.

The total area of each of the fuel cell flow channels is
1.2 cm? with a volume of 0.38 cm®. The maximum current
obtained with our membrane-electrode-assemblies was 0.85—
0.9 A (current density of 0.94-0.99 A/cm? based on the
exposed MEA surface in the flow channels) with an external
load of 0.5 Q. At a current of 0.9 A, the time for liquid water
to fill the cathode flow channel is 4000 s. All tests have been
run for periods that last more than 10,000 s to make sure the
liquid content in the flow channel has had time to equilibrate.

We will present the data in three formats. The most gen-
eral presentation will be the currents in each electrode seg-
ment as a function of time. This consists of a set of line
graphs, often truncated to represent a limited time period.
Many of the experiments ran for over 100,000 s and the local
current variations occur on time scales from 1 to 10* s; time
slices are chosen to highlight specific characteristics of the
current density patterns. These figures also show the inlet
flow rates to the anode and cathode so it is possible to asso-
ciate changes in the spatio-temporal current patterns with
changes in flow. A second presentation of the data is the cur-
rent profiles along the length of the flow channel. Because of
the time-varying nature of the current density, these would
typically be snap shots at a fixed moment in time. We have
represented the current profiles as steady-state with error bars
to denote the time-varying component. The third type of data
presentation is a correlation of current density as a function
of time along with a photographic sequence of water within
the flow channel. The data collected from the SAPC fuel cell
are much different than conventional [-V data reported for
fuel cells, and the massive amount of information must be
studied to fully understand its presentation. The reader is
always welcome to view the raw data.

Horizontal configuration

Three different horizontal configurations of the SAPC PEM
fuel cell are possible. They are defined by the effect that gravity
has on liquid accumulation in the gas flow channel. Illustrated in
Figures 6 and 7 are two of the horizontal configurations: (i) the
cathode below the anode so that liquid water at the cathode falls
away from the GDL by gravity; (ii) the cathode above the anode
such that liquid water accumulates on the surface of the GDL.
The third horizontal configuration, (iii), is with the anode and
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cathode in the same horizontal plane such that liquid water accu-
mulating in the cathode flow channel will fall onto the side walls
of the channel and only partially block oxygen access to the
GDL. The results from the experiments with configuration H-iii
were qualitatively the same as those with configuration H-i, and
so will not be discussed further. With each configuration, the fuel
cell was operated with the load impedance fixed at 0.5 €, dry H,
and O, feeds, and at a temperature of 25°C. By convention we
define electrode segment 1 as that nearest the oxygen inlet. For
co-current flow, as with the data presented here, the hydrogen
feed is also at electrode segment 1. During operation, the feed
flow rates were adjusted while the current and the voltage meas-
urements continued to be recorded. Visual observations of any
liquid water in the anode and cathode were intermittently
recorded. Video clips were recorded of liquid water motion in the
cathode flow channel during “steady-state” operation. The
steady-state results from these tests are summarized in Table 2. A
summary of all the tests conducted for this study is provided in
the Appendix. The data files have been made available at the
web-site (http://pemfc.princeton.edu/data.html).

Horizontal configuration: cathode down

The temporal currents in all the electrode segments at
stoichiometry &; and &, for configuration H-i are shown in
Figure 8. It is evident that the currents show no fluctuations
for 20,000 s at the higher stoichiometry of £,. Gas bubbles
were seen leaving the outlet tubes at both the anode and
cathode, and the relative humidity of the gas effluents was
100%. Collection of the liquid water pushed out of the out-
lets showed greater than 90% recovery of the water produced
by the fuel cell reaction, with the rest taken up by the mem-
brane, trapped in parts of the GDLs and flow channels, or
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Figure 6. Schematic of the horizontal fuel cell with the
cathode facing down (H-i).

Droplets grow on the GDL until they detach and fall to
the back of the channel. The droplets continue to grow as
they are pushed along the channel. [Color figure can be

viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 7. Schematic of the horizontal fuel cell with the
cathode facing up (H-ii).
Droplets sit on top of the GDL and grow as they are pushed
along the channel. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
carried off as water vapor in the anode and cathode effluents.
Furthermore, it was possible to routinely run the SAPC fuel
cell in this configuration indefinitely with stable operation.
When the flow rates are reduced to &, the electrode cur-
rents immediately begin to show significant local current fluc-
tuations, with the largest fluctuations seen at the electrode seg-
ments furthest downstream. These erratic fluctuations persisted
indefinitely. Observations of the cathode flow channel showed
that a liquid water slug was blocking the end of the channel
when the current in segment 6 was low. When the slug was
pushed into the effluent tube, the current increased. No gas
bubbles were observed from the outlet tubes of the anode and
the cathode, indicating that all the feeds were consumed. The
distribution of the current along the flow channel also shows a
significant change with the flow reduction. The currents
decrease in electrode segments 5 and 6, as expected, because
of depletion of the reactants downstream in the flow channel.
The surprising result is that the currents increase in segments
1 and 2 near the inlet to the flow channel. The response to the
change in the inlet flow rate occurred almost immediately and
was reversible. This suggests that these changes in current dis-
tribution were produced from local variations in concentrations
of hydrogen and oxygen and were not directly related to local
water content in the GDL or membrane. In-plane currents
resulting from local variations in a fuel cell system have been
observed in the bipolar plates of fuel cells stacks*®*” and in a
cell with segmented electrodes that were connected through a
bipolar plate.®® The large redistribution we observed was not
expected in our cell, though, because the segments are electri-
cally isolated except through the GDL.

Horizontal configuration: cathode up

Flipping the fuel cell so that the cathode faced up, config-
uration H-ii, resulted in distinctly different behavior. In con-
trast to the stable currents with a stoichiometric excess of the
feeds, as was observed for H-i, the local current densities for
H-ii show fluctuations at both low and high stoichiometries,
&, and &,. Shown in Figure 9 are the spatio-temporal current
data for configuration H-ii. With &,, corresponding to the
time period 5000-80,000 s in Figure 9, the currents in every
electrode segment show fluctuations. The fluctuations resem-
ble regular square wave oscillations with time periods of
about 30004000 s and are most pronounced in segments 4,
5, and 6. In some runs, the amplitude of the oscillations
grew with time or only occurred in the current from segment
6. Water droplets were observed to form on top of the GDL,
close to the oxygen inlet where the current density was the
highest. Figure 10 shows one such image, corresponding to a
time of 80,674 s in Figure 9. The droplets grow to a critical
size, at which point they detach, are pushed along the GDL,
and coalesce with other droplets until they form a slug that
spans the channel. This blocks the flow of oxygen to the seg-
ments closer to the outlet and causes the instabilities both
up- and down-stream of the slug.

The current density profile at &, for H-ii is slightly different
than for H-i, as shown in Figure 11. Comparing the profiles
gives more evidence of the importance of gravity with flood-
ing in the flow channels. The current increases from electrode
segments 1 to 3 for both configurations of the fuel cell. When
the cathode is facing down, the current increases sharply
upstream and then levels off downstream at segments 4, 5,
and 6; however, in comparison, when the cathode faces up the
current is significantly lower downstream in segments 3
through 6. When the flow rates were increased from &; to &,
the current profile redistributed along the channel for both
configurations. At the higher flow rate, &, the current was
lowest at segment 1 and continuously increased to be highest
at segment 6 for both configurations. With the cathode down,
the currents in all segments lined out to stable steady-state val-
ues after the flow rate was increased to &. In contrast, with
the cathode up, configuration H-ii, a second current redistribu-
tion occurred after about 1300 s after increasing the flow rate
to &, and took about 10,200 s to reach the oscillating “steady-
state” evident in Figure 8. The oscillating current profiles for
configuration H-ii were qualitatively similar for £; and &,, but
the magnitude of the current fluctuations were larger at the
lower stoichiometry. As there was excess of fuel at &,, it must
be the case the liquid water in the flow channel was collecting

Table 2. Summary of Horizontal Fuel Cell Operation

Segment Current (mA) Position 1 is the Cathode Inlet

Configuration T (°C) &* 1 2 3 4 5 6 AVipad
(i) Co-current 25 1 146 179 158 160 90 61 0.446
(ii) Co-current 25 1 160 203 180 131 64 40 0.388
(i) Co-current 25 2 124 151 146 180 166 173 0.525
(ii) Co-current 25 2 118 158 170 175 142 140 0.455
(i) Counter-current 25 1 87 126 159 182 129 107 0.383
(ii) Counter-current 25 1 194 138 124 70 30 17 0.287
(i) Counter-current 25 2 80 114 148 186 154 145 0.415
(ii) Counter-current 25 2 90 122 134 185 167 164 0.430
*#¢ = 1 corresponds to Fy, = 6 sccm/Fpy = 3 scem, & = 2 corresponds to Fip = 12 sccm/Fo, = 6 scem.
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Figure 8. Spatio-temporal current profiles for the SAPC
fuel cell in the horizontal configuration with
the cathode down (H-i).

“Steady-states” are shown with both ¢, (fluctuating) and &,
(stable). The feed flow rates were decreased at 70,000 s, lead-
ing to the large fluctuations in the current. The electrode seg-
ment is indicated by number with the oxygen inlet upstream
of segment 1 (Filename: MEA-5-25-constcnt-flooding-catho-
dedown?2). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

on top of the GDL close to the outlets. When water is pro-
duced at the catalyst layer, it flows through the largest pores
to the flow channel, leaving smaller pores open for gas flow.
However, when water is already in the flow channel and drop-
lets are pushed along the GDL, the water blocks all of the
pores and creates a much greater resistance for the mass trans-
fer of oxygen to the catalyst.

The dynamic response was also examined when the reac-
tant flows were reduced from &, to &; with both configura-
tions. With H-ii, as the liquid water had already caused a
large redistribution and fluctuations in the local currents, the
flow reduction does not qualitatively change the current pro-
file. The most notable change is an increase in the magnitude
of the fluctuations, as seen by the larger error bars for H-ii
and &; in Figure 11. For H-i, erratic fluctuations followed a
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Figure 9. Spatio-temporal current profiles and feed flow
rates for the SAPC fuel cell in the horizontal
configuration with the cathode facing up (H-ii).

Oscillations with periods of 30004000 s are seen with the
greatest magnitude in the segments closest to the outlets. The
electrode segment is indicated by number with the oxygen inlet
upstream of segment 1 (Filename: MEAS-25-constco-flooding-
cathodeup3). [Color figure can be viewed in the online issue,
which is available at www.interscience. wiley.com.]
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Figure 10. Photo of SAPC fuel cell in the H-ii orientation
corresponding to time 80,674 s in Figure 7.

Droplets are seen forming and sitting on top of the GDL.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

redistribution in the currents with the decrease in reactant
flows, as seen in Figure 8 and highlighted by the large error
bars in Figure 11. The decrease in the local currents in the
downstream section of the fuel cell is less with configuration
H-i due to the assistance from gravity in removing liquid
water from the cathode flow channel.

Comparing the two different fuel cell configurations indi-
cates that gravity-assisted drainage of liquid from the cathode
gas flow channel was the key difference. When water drain-
age is assisted by gravity and there is a stoichiometric excess
of reactant feed, the fuel cell operates stably. When the reac-
tant feed is reduced to the point where water slugs build up
in the cathode flow channel the local current density fluctu-
ates because the water in the flow channel blocks reactants
from getting to the membrane/electrode interface. The cur-
rent distributions for the two horizontal flow configurations

0.18

.16

Current (A)

—a—H g=2 |
004 4 ——Hi E=1 L
—a— i, E= 2 \'*
002  —a—Haii E= 1
&= H-i, § = 2, afer fooding accured

T

1 2 3 4 5 -]
Inlets Segment Oudlets

Figure 11. Steady-state current density profiles for the

SAPC H,/O, fuel cell in two horizontal con-
figurations: the cathode facing down (H-i)
and the cathode facing up (H-ii); and two
feed stoichiometries: &; and é&,.
The oxygen inlet is always upstream of electrode segment
1. With &, the currents are high all along the channel
before flooding occurs. After flooding, the local currents
are slightly higher toward the inlets and dramatically
lower closer to the outlets. The same trends are observed
with &;. The error bars represent the fluctuations in the
current. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Summary of Vertical Fuel Cell Operation

Segment Current (mA) Position 1 is the Cathode Inlet

Table 3.
Configuration T (°C) & 1
(i) Co-current 25 1 87
(ii) Co-current 25 1 193
(ii) Counter-current 25 1 145
(i) Co-current 25 2 86
(i) Co-current 25 2 116
(ii) Counter-current 25 2 173

2
121
242
156
120
161
164

3 4 5 6 AVioua
129 143 121 93 0.388
200 86 29 17 0.432
197 153 98 54 0.448
129 147 132 106 0.407
173 170 144 147 0.520
163 152 107 79 0.476

#¢ = 1 corresponds to Fy, = 6 scem/Fp, = 3 scem, & = 2 corresponds to Fy, = 12 sccm/Fo, = 6 scem.

discussed are summarized in Table 2. These are time-aver-
aged currents over periods of 5000-10,000 s. Included in Ta-
ble 2 is data for the same configurations, but with counter-
current flows. The currents tend to be higher toward the mid-
dle of the channel when the flows are counter-current, but
the same effects from flooding are still evident.

Vertical configuration

Two distinct vertical configurations of the SAPC fuel cell
were examined based on the direction of gas flow at the
cathode relative to gravity. The cathode flow could be in the
direction of gravity, configuration V-i, or it could be against
gravity, configuration V-ii. When the cathode flows are in
the direction of gravity, water drainage is gravity-assisted.
Oxygen flow counter to gravity requires the gas to lift the
liquid up the channel for it to be removed from the cell.
Counter-current flows were examined, but yielded qualita-
tively similar results; data for counter-current flows are avail-
able on our website. The same set of operating conditions
was used as for the horizontal flow: a load impedance of 0.5
Q, flow rates with stoichiometry &; or &,, and a temperature
of 25°C. Table 3 summarizes the time-averaged “steady-
state” current profiles for the six different tests for the verti-
cally oriented SAPC fuel cell [data for counter-current flow,
with the oxygen flow against gravity (configuration V-ii) has
also been included in Table 3].

Vertical configuration: gas flow with gravity

The flow of liquid water with the vertical SAPC fuel cell
was analogous to that seen with the liquid water flow
through the GDL, shown in Figure 5. Liquid drops were
observed to consistently form at a single location in the cath-
ode flow channel. The drops grew until they nearly spanned
the flow channel, then detached and fell rapidly down the
length of the flow channel. When the gas flow in the cathode
was downward, in configuration V-i, this process repeated
itself with a frequency of ~100 s. There were small fluctua-
tions in the current from the segment nearest to where the
drop formed; the current would decrease by 5-10% while the
drop was forming and then rise after the drop fell. The cur-
rents in the segments distant from where the drop formed
appeared to be quite stable.

Vertical configuration: gas flow opposing gravity

The current densities for the vertical SAPC fuel cell with
co-current flows going against gravity, configuration V-ii, are
much more complex in nature. The current density profiles
do not appear to be described by simple deterministic mod-
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els; for the same set of operating conditions the current den-
sity could be stable, show regular periodic oscillations or
show random fluctuations. All types of behaviors were
observed in multiple studies. We found ways to induce peri-
odic oscillations in the current density, but we could not
shutdown and restart the fuel cell and guarantee that we
could restore it to the same state of operation!

Figures 12 and 13 show one example of how the current
profile can evolve throughout the course of an experiment
with configuration V-ii. Figure 12 tracks the current density
in the SAPC fuel cell as a function of time after the feed
flow rates are reduced from &, to &;. At the high flow rates,
the currents in each segment are stable. Liquid was seen to
accumulate in the cathode flow channel just below the active
area of the MEA and periodically a liquid slug rose rapidly
through the flow channel. The slugs were ~10 mm long and
rose up the channel at a frequency of one slug every 10-12
s. They traveled through the column in 1 s, approximately
equal to the gas velocity in the cathode.

When the gas flow rate is reduced from &, to &;, the current
redistributes as seen previously with the horizontal configura-
tions. The current density increases near the gas inlet and
decreases downstream of the inlets. Fluctuations in the current
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Figure 12. Spatio-temporal current profiles and feed

flow rates for the SAPC fuel cell in a verti-
cal orientation with flows upward.

The flow rates were changed at 67,500 s, which resulted
in a redistribution of the current. At 84,000 s, the inlet
flow rate at the anode was increased while the cathode
flow rate was kept constant. The electrode segment is
indicated by number with the oxygen inlet upstream of
segment 1. A blowup of the current distribution after the
flow rate change at 84,000 s is shown in Figure 13 (File-
name: MEAS5-25-constco-flooding-inletsdown6). [Color
figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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Figure 13. Blow up of the current response of the verti-

cal SAPC fuel cell with the gas flows rising
against gravity.
At 84,000 s the inlet flow rates were changed from ¢&; for
both the hydrogen and oxygen feeds to &; for oxygen and
¢, for hydrogen. The electrode segment is indicated by
number with the oxygen inlet upstream of segment 1 (File-
name: MEAS-25-constco-flooding-inletsdown6).  [Color
figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

densities also started with the reduced flow. After increasing
only the anode flow to &, at 84,000 s, the stability of the cur-
rents changes dramatically as shown in Figure 13. We were
not expecting to see any change in the current distribution and
stability because the oxygen flow at the cathode was still fixed,
but instead increasing the anode flow appeared to induce large
fluctuations in the currents. Figure 13 shows that the current
takes about 350 s to move to a steady-state, with very large
fluctuations in the current over that time period. The new
“steady-state” is periodic oscillations at the downstream elec-
trode segments located at the top of the flow channels.

Vertical configuration: effect of reactant flow rate

In most cases with the V-ii configuration, stable current
density profiles were found at higher gas flow rates, where
both hydrogen and oxygen were fed in stoichiometric excess
of the current. If the auto-humidified SAPC fuel cell current
was allowed to self-ignite with inlet flow rates of 7 sccm <
Fyr < 20 scem, 3.5 sccm < Fgy < 12 scem, the SAPC fuel
cell would line out with a stable current density profile. Gas
bubbles were seen exiting from both the anode and cathode
going into water reservoirs. Liquid slugs of volume 2-3 uL
were also seen in the tube from the exit of the cathode. They
were pushed through the tube with the excess oxygen to be
collected in the water reservoir. For inlet flow rates of Fyp <
6 sccm and Fo, < 3 sccm, the reactants were completely
reacted to water in the fuel cell. No gas bubbles were seen to
exit from either the anode or cathode when the H,/O, feed
ratio was 2; if one reactant was in excess, gas bubbles were
observed. At the low inlet flow rates different patterns of cur-
rent density and liquid movement were observed. If the inlet
flow rates were reduced below Fy, = 6 sccm and Fgr, = 3
sccm, and we waited for sufficient time (this could be as
long as 100,000 s in some cases), the system would eventu-
ally evolve to a cathode flow channel partially flooded by
slugs at the bottom. The liquid slugs would grow at the bot-
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tom and periodically be pushed up through the flow channel.
This would result in current oscillations.

The current profiles for co-current flows at &; and &, are
shown in Figure 14. These current density profiles are similar
to those seen with horizontal flows. The most distinguishing
feature is the large decrease in current downstream of the
inlet for &;. Liquid slugs in the flow channel appear to have
exacerbated the starvation of the reactants to the downstream
electrode segments. The error bars seen for ¢; show the mag-
nitude of the oscillations.

In some cases, the oscillatory behavior began immediately
after a flow reduction to & = 1; however, it was not a deter-
ministic process. In one case, the oscillations began only after
the oxygen flow was decreased to 1.5 sccm, or & = 0.5. The
fuel cell was allowed to self-ignite and equilibrate with flows
of 7 and 3.5, just above ¢ = 1. After about 14 h with stable
operation, the H, flow was increased to 12 sccm so that star-
vation at the anode was not a factor, and the O, flow was
decreased by 0.5 sccm every 5000 s. Surprisingly, the currents
remained stable with only small irregular fluctuations until the
O, flow was reduced to 1.5 sccm at 111,400 s. The current
profile leveled off for about 1000 s after the initial decrease in
total current. Then, at 112,400 s, the currents spontaneously
began to oscillate, as shown in Figure 15 (the spatio-temporal
data showing each flow decrease can be found in Figure 3S in
the supplementary material available online). As the local cur-
rent densities close to the inlets dropped, those closer to the
outlets rose, so that the average total current remained about
constant. The oscillations persisted for the duration of the
experiment, about 2000 s, with a period of 5 s.

With the fuel cell starved, the effects of the slug motion
were most prominent near the inlets. Figure 16 shows the
detail of the current oscillations along with images of the
cathode flow channel from a video that we captured. The
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Figure 14. Steady-state current density profiles for the
vertical SAPC fuel cell with the flows
against gravity (V-iij) and two different feed
stoichiometries: &, and ¢&».

The oxygen inlet is always upstream of electrode segment
1. With &, the currents are high all along the channel
with only small deviations from segment to segment. With
¢y, the currents are higher toward the inlets and dramati-
cally lower toward the outlets due to liquid water exacer-
bating the starvation effects. The error bars represent the
fluctuations in the current. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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Figure 15. Spatio-temporal current profiles with the
vertical SAPC in vertical configuration V-ii.

The flows were run just above ¢; for 50,000 s with only
small fluctuations in the currents. At 83,000 s, the oxygen
flow started being reduced until regular periodic oscilla-
tions started at about 112,400 s. The currents redistribute
with those near the inlets dropping dramatically, while
those closer to the inlets increase. The electrode segment
is indicated by number with the oxygen inlet upstream of
segment 1 (Filename: MEAS5-25-constcoflooding-inlets-
down9). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

oscillations correlate very well with the movement of the
water slugs in the channel. New slugs form around the mid-
dle of segment 1, blocking the flow of oxygen and causing
the currents to drop by as much as 70%! As the slug is
pushed up the channel, the gas begins to break through the
slug and water falls back down the channel. The currents
recover in the lower segments as oxygen is blocked from
reaching the higher segments. For the same reason, small
drops in the currents are seen from the segments close to the
outlets. The water falling back down the flow channel com-
bines with droplets emerging from the GDL to form a new
slug in the same location and the oscillations continue.
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Figures 8, 9, and 12 all show different “steady-state” spa-
tio-temporal current profiles in the SAPC fuel cell operated at
the same conditions. We have seen several different current
profiles but that all appear to be variations of the three basic
types shown earlier. The currents are either steady, show regu-
lar oscillations that correlate with the periodic formation and
movement of slugs, or fluctuate randomly with random slug
movement. We have carried out more than 25 tests for the
SAPC fuel cell in the vertical orientation (corresponding to
over 1000 h of testing) and we have not been able to identify
any operating trajectory that leads to a specific spatio-temporal
current profile. We have found that by reducing the inlet flow
rates it is possible to induce the regular oscillations where the
slugs accumulate at the bottom of the cathode channel. But
we have also observed the opposite effect where oscillations
started about 8000 s after an increase in flows from & = 1 to
& = 1.3 (the spatio-temporal data is available as Figure 4S in
supplementary material available online).

The spatio-temporal current distribution in the vertical
SAPC fuel cell with the gas flows upwards were complex
and did not appear to be deterministic. At the same feed flow
rates, load impedance, and temperature, the steady state set-
tled into different spatio-temporal patterns including: (i) sta-
ble current with a constant current density profile along the
length of the flow channel, (ii) oscillating currents with peri-
ods of 10-400 s that correlated with water slug motion along
the channel, or (iii) irregularly fluctuating currents.

Discussion

A number of studies have been published that have
employed various visualization tools to examine water drops
in PEM fuel cells, as referenced earlier. We also briefly dis-
cussed the very large number of studies that have modeled
two-phase flow and liquid drops in PEM fuel cells. Our work
presented here is one of the first to correlate flow visualiza-
tion with local current density measurements. This work is
also the first to directly observe the importance of orientation
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Figure 16. Spatio-temporal correlation of local current and water slugs in the vertical SAPC fuel cell with the flows

against gravity (V-ii).

The current measurements are from the continuation of the data shown in Figure 15. Slugs form near the bottom of the MEA and are
pushed part-way up the channel before falling back down to help create a new slug in the same location. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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and gravity on flooding in PEM fuel cells. Lastly, we pro-
vided clear visual evidence of liquid water flow through the
GDL.

The results presented here suggest a significantly different
physical basis for water transport in PEM fuel cells when
compared with the common approaches found in the litera-
ture. A number of models have been proposed for water
transport through the GDL. Most models employ Darcy’s
law to describe two phase flow in porous media,'?>63940 a5
was done with some of the earliest published fuel cell mod-
els, such as that by Bernardi and Verbrugge.*' Often, the
models also include capillary condensation of water in the
GDL."*4%40 Based on these assumptions, it is usually con-
cluded that flooding causes all of the pores of the GDL to
fill with water and any liquid that reaches the channel is ei-
ther removed as mist in the gas streams or wicks onto the
hydrophilic channel walls. Our data suggests a different
interpretation of “flooding” in PEM fuel cells. Liquid water
must be transported across the GDL due to a hydrostatic
pressure gradient between the cathode catalyst/membrane
interface and the cathode gas flow channel. A good GDL
should be hydrophobic to inhibit capillary condensation of
water. Liquid water only enters the largest pores in the GDL
so that only a small number of pores are blocked to gas
flow.

Once the water breaks through the GDL to the flow chan-
nel, our observations again suggest that different physical
phenomena govern the motion of liquid water than those
found in the PEMEFC literature. Often, the surface tension
between the liquid drops and the GDL surface is considered
to be the most important force,”’ with gravity being
neglected if mentioned at all. Assuming that the liquid drops
are held to the GDL by the GDL/water surface tension, a
few groups have examined how water droplets or films held
to the GDL move along the channels and onto the channel
walls. The interfacial energy of water with the GDL and the
channel walls are the key system parameters for those mod-
els.?""**?> These numerical studies have also shown that
hydrophilic channel walls are desirable, with the flow of
water along the corners of the channel being an important
mechanism for water removal. Other studies have focused on
the deformation and movement of droplets attached to the
GDL under different operating conditions."""®% Tt is thought
that the surface tension forces are balanced by the drag force
from the gas flow, while the droplet deforms until the it
finally detaches. The important factors affecting how the
droplets moved down the channel and interacted with the
channel walls were found to be the gas flow, hydrophilicity/
hydrophobicity of the channel walls, GDL surface, and tem-
perature. In some cases it was concluded that the droplets
that sat on top of the GDL blocked the flow of oxygen and
could even form a film over the GDL. Our results suggest
that drop detachment is the result of gravity or shearing
forces overcoming the cohesive forces between the water in
the GDL pore and the water drop on the surface of the GDL.

The results presented here paint a conceptually different
physical picture of water transport and flooding than what
has conventionally been assumed. We have shown that when
placing the fuel cell with the cathode facing down there is
no evidence of current reductions due to flooding even in the
presence of liquid water in the gas flow channel. We con-
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clude that no flooding occurs when gravity assists in keeping
liquid water away from the GDL surface, indicating that
flooding is not the result of capillary condensation in the
GDL, but rather liquid blocking oxygen transport across the
gas/GDL interface. We have also shown that drops are held
in place due to the surface tension of water in the GDL pore,
and gravity plays an important role in how the water drops
detach. The experiments presented here lead to five important
conclusions about how water is transported and is the cause
of flooding in PEM fuel cells:

(1) The current reduction due to flooding in PEM fuel
cells is the result of water slugs in the cathode flow channel.

(2) Liquid water is driven from the electrode/GDL inter-
face to the gas flow channel by a hydraulic pressure through
the largest pores in the GDL.

(3) Drops grow until gravity or the shearing force from
gas flow overcomes surface tension and detaches the drop.

(4) The detached drops coalesce and grow into slugs in
the cathode gas flow channel.

(5) Slug motion is critically dependent on the orientation
of the flow channels.

Our data suggest it is impossible to give a complete
description of the spatio-temporal current density in the sim-
plest of two-dimensional fuel cells—a fuel cell with a single
straight channel. We have shown very complex behavior that
depends on two critical parameters: (i) the orientation of the
fuel cell with respect to gravity, and (ii) the stoichiometry of
the inlet feeds. Our simplified model fuel cell has helped us
to isolate the key physics of water transport in a way previ-
ous investigators have not been able to. We will try to draw
some general conclusions from the data presented here, but
we admit this is only the beginning of identifying the essen-
tial physics that properly describe fuel cell operation.

Liquid water transport across in the gas diffusion layer

Why must liquid water be transported hydraulically across
the GDL? As illustrated in Figure 2, water is formed at the
membrane/cathode interface and must make its way to the
cathode gas flow channel to be removed. If there is any lig-
uid water in the gas flow channel, the water activity is unity
both at the membrane/electrode interface and in the cathode
gas flow channel. With equal water activity, there is no driv-
ing force for diffusion across the GDL. As we have shown,
along with virtually every other investigator, PEM fuel cells
operate with liquid water present in the gas flow channel,
hence there must be a mechanism to move liquid water
across the GDL. The only way to move a liquid through a
porous medium is to apply a hydraulic pressure.

Why must the GDL be hydrophobic? If the GDL were
hydrophilic, water would be wicked by capillary action into
the GDL. Since there is liquid water in the gas flow channel
there would be no driving force for liquid to move from the
pores of the GDL into the gas flow channel. The pores of the
GDL would become saturated with liquid with no way to
escape. This would block any gas transport from the gas
flow channel through the GDL to the membrane/electrode
interface. The only way to permit gas transport across the
GDL in the presence of liquid water is for the GDL to be
hydrophobic.
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Because the GDL is hydrophobic it expels liquid water.
To get liquid water to pass through the GDL, the liquid must
be pushed by a hydraulic pressure sufficient to overcome the
surface energy of the water/GDL interface. The results sum-
marized in Table 1 and illustrated in Figure 5 show that no
liquid water will flow through the GDL until the hydrostatic
pressure is raised to a level that overcomes the surface
energy in the pores of the GDL. The force required to pene-
trate the pore scales inversely with the pore radius, 7pre, SO
the liquid water will first penetrate the largest pores. The
critical pore size for liquid penetration is given by Eq. 1,
where YGpLjwater = VYwaerCOS 0 is the interfacial energy for
the GDL/water interface and 0 is the contact angle.

_ 2‘J)GDL/water

AP (1

Ipore

Most GDL media are treated with Teflon to make them more
hydrophobic. The contact angle between water and Teflon is
reported to be 112°** Based on the Teflon/water contact
angle and the critical hydrostatic pressure to initiate water
flow through the GDL media, we can determine the pore ra-
dius where the water first penetrates.

Once liquid penetrates the pores, it freely flows through.
As a first approximation, the flow through the pore is
described by Poiseuille flow. The flow rate through a single
pore, Qpore, is proportional to the hydrostatic pressure, as
given by Eq. 2.

4

s AP

onre = g poireL (2)
Hyyaterpore

Once a pore is breached, water flow will continue until all
the liquid is drained through the pore even though the hydro-
static pressure has dropped below the critical pressure. This
is because once the pore is filled with liquid there is no lon-
ger a resistance to liquid water entering the pore. If the
applied hydrostatic pressure is greater than the minimum
required to start flow through the largest pore, liquid can
breach slightly smaller pores and the total liquid flow is
increased.

Water drop detachment

As the water flows through the GDL, it forms a drop at
the surface. Since the GDL surface is hydrophobic, there is
no cohesive force holding a drop to the GDL surface. In the
experimental data reported here, the drops must be held in
place by the cohesive force between the water in the drop
and the water in pore. The drops grow until the force of
gravity on the drop exceeds the surface tension holding the
drop in place; the force balance for the critical drop size for
detachment is given by Eq. 3.

4
2'7-Wwaterr1)(>l'e = g nr?lroppwaterg (3)

The hydrostatic pressure to force water through the pores
increases inversely with the pore radius. There are pores in
the carbon cloth that are larger than the pores in the carbon
paper, and therefore less hydrostatic pressure head is required
to push liquid water through the carbon cloth. The pressures
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required to push water through the pores are quite modest
(1-10 kPa). A higher pressure is required to force liquid
through the pores of the carbon paper, but the drops that
form are smaller when they detach, and the smaller pores
permit less liquid flow. The data presented in Table 1 show
excellent agreement with Eq. 3. The critical pore radius for
liquid to breach the GDL decreased by a factor of 7 from
cloth to paper. Equation 3 suggests the critical drop size for
detachment should decrease by V7 =1.9 between the two
GDL materials, which is close to the experimental value of
2.1.

The photographic sequence in Figure 5 shows that only a
single pore permitted liquid flow at the critical hydrostatic
pressure head over an area of 5 cm?® The total flow rate
through that single pore was ~1.5 mL/min for carbon cloth
and ~0.25 mL/min for carbon paper. At a fuel cell current
density of 1 A/cm?, the required liquid flow rate to drain the
water away would be 0.011 mL/(min-cm?), so that only a
single pore is needed to carry all the liquid water from more
than 10 cm?. Since liquid only breaches the largest pores and
only a single 25-um pore is required to carry the liquid prod-
uct from 1 cm® of the MEA, almost all the GDL pores
remain free of liquid and permit gas to diffuse to the mem-
brane/electrode interface.

The water at the membrane/electrode interface accumu-
lates as it forms. Since it is in a confined space, the accumu-
lating water will build up the hydrostatic pressure necessary
to push the liquid through the largest pores. The pores in the
GDL are interconnected within the plane and so the liquid
water will search for the path of least resistance to push
through to the gas flow channel. Other investigators who
have seen droplets on the surface of the GDL ascribe the re-
sistance to motion as resulting from the interfacial energy
between the GDL and the droplet. Our results suggest that
water drops move along the hydrophobic GDL surface with
little force from the gas flow. It is the surface tension
between the drop and the water in the GDL pore that holds
the drops in place and must be overcome.

Mechanism of cathode flooding

If liquid water does not flood the pores of the GDL what
is the mechanism of flooding in PEM fuel cells? Our results
from the SAPC fuel cell in different orientations shows that
the current in the fuel cell only drops when liquid water
accumulates in the cathode gas flow channel in a way that
inhibits oxygen transport into the GDL. When the flow chan-
nel is horizontal with the cathode facing downward and
when the flow channel is vertical with the gas flow going in
the direction of gravity, there was no evidence of any current
reduction from flooding by liquid water unless the oxygen
feed was totally consumed by reaction. In both of these con-
figurations liquid water drainage is assisted by gravity.

When the gas flow rate to the cathode was reduced so that
the oxygen feed was totally consumed there was only gravity
to assist in the liquid water removal. This resulted in the
“periodic” spikes in the current shown in Figure 8 for ¢&;.
The water would build up near the outlet of the flow channel.
This caused a reduction in current in electrode segment 6,
resulting in a slight excess of oxygen in the feed. The oxy-
gen pressure would build up until it pushed a water slug out
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of the gas outlet of the fuel cell. The same phenomenon was
observed with the fuel cell oriented vertically with the gas
flows going downward. It might have been expected that the
water would drain from the fuel cell just by gravity. How-
ever, the stainless steel electrodes along the sides of the flow
channel are slightly hydrophilic and hold drops in place near
the bottom of the flow channel in the absence of any gas
flow. This gives rise to similar behavior as that seen in
Figure 8.

Placing the SAPC fuel cell horizontal with the cathode
facing up or placing the fuel cell vertical with the cathode
flow going upwards, counter to gravity, both create situations
where gravity plays a much greater role in the flooding. With
the horizontal orientation, the water drops form on the GDL
but it is only the shearing force from the gas flow that can
detach the drops and force them to move. If the drops are
sufficiently small so they do not significantly disrupt the gas
flow field, the critical drop size can be found by balancing
the shear force from the gas multiplied by the area of the
drop with the surface energy holding the drop to the pore in
the GDL.

4oysOgas
( gfs (n"§r0p> > 2n"P0f5ywater (4)

T channel

A critical drop size for detachment can be identified from the
force balance. At the flow rates in the SAPC fuel cell (Q =
0.1 cm3/s, v = 100 cm/s) the critical drop size is 2 cm,
which is larger than the flow channel. This implies that sim-
ple shearing action is not sufficient for the drop detachment.
Rather what must happen is the drop will grow until it spans
the gas flow channel and blocks the gas flow. The gas pres-
sure will increase until it is sufficient to detach the drop; the
required pressure for drop detachment is given by Eq. 5.

2 .
AP — pgangas 27 pore Vwater (5)
C2mrd r2
channel channel

In the SAPC fuel cell (rchanner = 1 mm), the required pres-
sure to detach the drops that span the channel is 10 Pa. In
large fuel cells where the gas flow rates and velocities in the
small channels are much larger, the shearing force of the gas
can become sufficient to detach liquid drops from the GDL.
For a 1000 cm® H,/O, fuel cell operating at 0.5 A/em? with
&, the cathode flow rate is 50 cm’/s, v = 50,000 cm/s, and
the critical radius for drop detachment is 0.3 mm. However,
when the cell size decreases to 100 cm?, the gas velocities
are no longer sufficient to cause drop detachment by shearing
action and water drops that span the flow channels will be
observed.

After drops detach from the anchoring pore, they require
little force to move and so they are pushed to the end of the
cathode gas flow channel. In the SAPC fuel cell, the flow
channel turns 90° to exit. In the horizontal configuration with
the cathode facing up, H-ii, the exit flow points up against
gravity. Because of the configuration of the fuel cell and exit
tube, liquid water forms drops that, after detachment, are
pushed toward the outlet of the flow channel. The drops are
held up until the pressure is sufficient to push the water up
against gravity into the exit tube. The drops tend to accumu-
late at the exit end of the flow channel and coalesce to form
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larger drops and slugs. The data in Figure 9 shows that the
slugs grow and inhibit oxygen transport to the membrane/
electrode interface near the outlet of the flow channel. The
slug growth blocks the gas flow so a pressure builds up and
eventually pushes the slug out of the channel. The slug
growth and push out is evident in Figure 9 where the cur-
rents fluctuate the most in electrode segments 4, 5, and 6,
but the currents are almost constant in the upstream electrode
segments.

The effect of gravity is most dramatic for the SAPC fuel
cell vertically oriented with the cathode flow rising upwards
against gravity. As shown earlier, the gas flow rate is insuffi-
cient to cause the drops to detach as they grow at the surface
of the GDL, so drops instead will fall due to gravity. The
most commonly observed behavior is that the drops fall to
the bottom of the cathode gas flow channel, where they coa-
lesce to form slugs. When the slugs first form, they are suffi-
ciently small and the gas can deform them and flow past. As
the slugs get larger, the pressure drop associated with slug
deformation becomes too great and the slugs span the chan-
nel, blocking gas from moving up the channel. The gas pres-
sure builds up and pushes the slug up the column. The gas
pressure must overcome the gravitational force associated
with the slug, as given by Eq. 6.

AP — pgasQéas

- 2.4
2nr channel
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At the top of the cathode gas flow channel, the flow encoun-
ters a 90° angle. The slugs break apart at the top so that a
smaller slug of water is pushed out of the exit tube, and the
rest of the water flows back down the channel and is incor-
porated into forming a new liquid slug.

Slug formation and motion

The details of the process of slug formation, motion, and
the gas flow are hard to predict quantitatively, but certain
trends are evident. At sufficiently high gas flow rates, the
slugs are continually formed and pushed up the channel with
little or no change in the currents from the six electrode seg-
ments. This appears to correspond to the slugs moving up
the channel over a short period of time, where the liquid
does not remain in any position long enough to hinder oxy-
gen transport to the membrane/electrode interface. Reducing
the oxygen flow rate where there is little stoichiometric
excess results in the slugs temporarily blocking the oxygen
flow and causing large current fluctuations. Figure 16 shows
that just after the slug forms and blocks the gas flow, the
currents start to drop in all the electrode segments. The local
current turns on as the slug moves up the channel. The cur-
rents continue to rise until the next slug has grown suffi-
ciently large to block the flow channel and the process
repeats itself.

The process of slug formation and rising in the vertical
cathode flow channel occurs over a period of 10-30 s. The
typical slug as shown in Figure 16 is 0.025 cm®. The rate of
water formation in Figure 15 is 5-10 cm?/s, so it should take
2500 s to form a slug from just the water produced by reac-
tion. Slug formation is much faster. This is clear evidence of
slug breakup within the flow channel as 90% of the water in
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the slug must rain back down the flow channel to form a
new slug. Slug formation and breakup is common in gas—
solid fluidized beds, which seems most analogous to the lig-
uid water motion in the vertical SAPC fuel cell.

Many complex water distributions were observed that gave
rise to highly variable dynamic current distribution patterns.
For example, stopping the reactant flows to the horizontal
SAPC fuel cell with the cathode facing up for several
minutes resulted in a water film spreading across the entire
GDL. When the reactant feeds were restarted, the currents in
all electrode segments were reduced by more than an order
of magnitude and it took several hours before fuel cell opera-
tion returned to its pre-shutdown performance.

The complexity of behavior is partially captured in Figures
8,9, 12, and 15. Our intentions here are to illustrate the ba-
sic physics that affect water transport and flooding in PEM
fuel cells; models that can capture all the complexities are
far from being realized. Detachment of drops and movement
of slugs is a function of gas flow rate; drops will coalesce as
they move along the flow channel and will grow and make
slugs. Smaller drops and slugs move faster than larger ones
so that the small ones will overtake the larger ones and com-
bine to make even larger slugs. Additionally, the gas velocity
decreases from the inlet to the outlet, depending on the cur-
rent, as per Eq. 7.

i Wechann
Quas(x) = Qggft 1 _% / J(x)dx 7

inlet

The decrease in the gas velocity along the length of the cath-
ode gas flow channel will result in slugs slowing down as
they approach the outlet and grow to block the gas from get-
ting to the membrane/electrode interface. This is what we
reported for the SAPC fuel cell in the horizontal configura-
tion with the cathode facing up. The water slugs build up at
the end of the flow channel and cause a current drop in the
electrode segments near the outlet.

A secondary effect of the inlet flow rates observed in the
SAPC fuel cell was the redistribution of the current. Reducing
the inlet gas flow rates caused the current density to increase
at the upstream electrode segments and decrease at the down-
stream electrode segments. The decrease at the downstream
segments was anticipated because the depletion of the reactants
would reduce the chemical potential driving force for the cur-
rent. However, the increase in the current density at the
upstream electrode segments was unexpected. We propose that
the current redistribution is due to lateral currents that result
from the changes in the potential distribution associated with
the depletion of the reactants.’*>* When the reactant flows
were reduced to partially starve the fuel cell, the upstream
electrode segments are at higher potential differences than the
down stream electrode segments. This causes the currents to be
concentrated in the upstream electrode segments. We are pres-
ently building a fuel cell with a segmented anode and cathode
to more effectively probe the current redistribution.

Implications for fuel cell design and operation

The results presented here indicate some deficiencies in
understanding the physics of liquid motion in PEM fuel cells.
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Yet, with our results, we can start to think about how to
improve the designs of fuel cell systems and materials. One
consideration is with the GDL. The best GDL material will
have a bimodal pore distribution—large pores to carry water
from the membrane/electrode interface into the gas flow
channel and small pores to carry oxygen from the gas flow
channel to the membrane/electrode interface. Liquid drops
form on the surface of the GDL as water emerges from the
largest pores. The flow channels should be designed so that
slug and drop motion to remove the liquid water can be
facilitated by gas flow or gravity.

In practice, there are a variety of approaches that have
been proposed to deal with flooding in PEM fuel cells. The
most common approach is to employ excess reactant flows
so the gas velocities are sufficiently high to blow liquid
water out of the flow channels. A variety of flow channel
configurations are available commercially and others are
reported in the literature; most being variations on serpentine
flow channels.* " Tt appears that the required flow rates to
remove liquid water have been determined through opera-
tional experience—we have not seen any models for multi-
phase flow that predict the required flow rates. Other
approaches to manage liquid water include porous electrodes
to wick liquid water from the cathode flow channel, and con-
trolled temperature gradients along the flow channels to
increase water vapor flow.*#4°

The standard fuel cell design employing serpentine flow
channels may be best for fuel cells operating in the “zero-G”
environments of space vehicles,”® but they may not be a
good design for operation on earth. The results presented
here point out that the orientation of the flow fields with
respect to gravity plays an important role in fuel cell flood-
ing. Our group introduced the self-draining channel-less
PEM fuel cell that could operate with Nafion membranes uti-
lizing dry feeds.”' By removing the flow channels we could
permit liquid water exiting the GDL to drain by gravity. We
found no evidence of flooding in the self-draining fuel cell to
current densities > 2 A/cm” at temperatures of 25-80°C with
H,/O, feeds at exact stoichiometry of hydrogen and stoichio-
metric excess of 30% oxygen.35 Recently Honda introduced
gravity-assisted draining in their new parallel flow channel
fuel cell design,52 but there are no details of its operating
characteristics.

Besides channel orientation, the gas flow rate also plays an
important role in the motion of liquid drops and slugs in
flow channels of fuel cells. This has important implications
in control of the cathode feed rate for load following. As the
power output (or current output) is reduced, the feed rate is
generally reduced in direct proportion to the current. This
keeps the volume fraction of liquid drops and slugs constant.
However, as shown earlier, the speed of the detachment of
drops and motion of the slugs depends on the gas flow rate
or gas flow rate squared; so reducing the gas flow rate with
reduced current can result in more coalescence of drops and
slugs leading to current fluctuations. Flow control for load
following must take into account the problem of slug motion
in the flow channels. We should point out that flooding and
cathode inlet feed control is less of a problem with air than
with oxygen. The large amount of nitrogen associated with
air causes a large increase in the gas flow rate, and much
less decrease in the flow rate along the length of the flow
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channel, both of which improve the removal of liquid slugs.
On the negative side, the higher flow rate of the air also acts
to dry the membrane, which may require greater humidifica-
tion of the cathode feed. The implications are that the opti-
mal fuel cell flow system design and control may be different
for the H,/O, and H,/air fuel cells, and the design should
make that distinction.

Conclusions

Experiments have been presented that illuminate the
physics of liquid water transport in PEM fuel cells. The key
experimental results are as follows:

(1) Water accumulates at the membrane/electrode inter-
face until sufficient hydrostatic pressure builds up to over-
come the water/GDL interfacial tension.

(2) Liquid water enters the largest pores of the GDL and
flows from the membrane/electrode interface to the cathode
gas flow channel.

(3) Water drops form on the surface of the GDL, which
are held in place by cohesive forces with water in the pores.
The drops detach when gravity or shear forces overcome the
cohesive forces.

(4) Most of the pores of the GDL remain free of any lig-
uid due to their hydrophobicity.

(5) After a water drops detaches, it moves freely along
the surfaces in the gas flow channel, running into other drops
and combining to form liquid slugs.

(6) Liquid slugs grow until they hinder the gas flow in
the cathode flow channel.

(7) Flooding occurs when liquid water slugs hinder the
gas transport downstream and cause the starvation of the
reactants to the membrane/electrode interface.

(8) The motion of liquid slugs is gravity dependent.

(a) If the fuel cell is oriented such that gravity assists
the removal of liquid from the cathode gas flow channel, the
fuel cell will operate stably.

(b) When the fuel cell is oriented such that the gas
flow must push the liquid slugs against gravity, reactant gas
flow is temporarily blocked, resulting in large current density
fluctuations.

Our results suggest that new models for PEM fuel cells
are needed. Standard computational fluid dynamic models
that are being pursued extensively for PEM fuel cell design
are not adequate to capture the physics associated with flood-
ing. The water transport pores in the GDL are randomly dis-
tributed and the gas flow decreases along the length of the
gas flow channels due to reaction. CFD models are not able
to deal with two phase flow systems where the relative frac-
tion of the two phases is changing as a function of time and
position. It is more likely that probabilistic models can more
successfully capture the complexity associated with multi-
phase flow in PEM fuel cells.

Note: Extra figures are available online as supplementary
material, as mentioned earlier. Briefly, they include a photo
of the GDL permeation experiment setup (Figure 1S), a
photo of the SAPC fuel cell system setup (Figure 2S), a
graph of spatio-temporal data for configuration V-ii showing
step-wise flow decreases (Figure 3S), and a graph of spatio-
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temporal data for configuration V-ii showing a response to a
flow increase (Figure 4S).
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Notation

H-i = configuration with flow channels horizontal and the cath-
ode facing down
H-ii = configuration with the flow channels horizontal and the
cathode facing up
V-i = configuration with the flow channels vertical and the inlets
at the top
V-ii = configuration with the flow channels vertical and the inlets
at the bottom
Fy, = flow rate of hydrogen in the anode side flow channel,
cm’/min
Fo, =flow rate of oxygen in the cathode side flow channel,
cm’/min
r = radius, cm
P = pressure, Pa
Q = volumetric flow rate, cm®/min
L =length, cm
g = acceleration of gravity, cm/s*
v = linear velocity, cm/s
w = width, cm
F = Faraday’s constant, 96458.3 C/(mol e¢")
J = current density, A/cm2

Greek letters

¢ = stoichiometry; the ratio of gas supplied in the feed to gas
consumed by the electrochemical reaction

y = surface tension, dyne/cm

0 = contact angle

1t = viscosity, Pa-s

p = density, g/cm?

Subscripts

pore = pore of the gas diffusion layer
GDL/water = interface between the GDL and the water in a pore
water = water in the pores and/or flow channels
gas = gas in the flow channel (oxygen on the cathode side;
hydrogen on the anode side)
channel = flow channel
drop = drop forming at the surface of the GDL
slug = slug of water completely blocking the flow channel on the
cathode side

Superscripts

inlet = at the inlet to the flow channel
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