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An electrode flooding monitoring de®ice designed for PEM fuel cells with interdigi-
tated flow distributors was proposed and tested. The pressure drop between the inlet and
outlet channels can be used as a diagnostic signal to monitor the liquid water content in
the porous electrodes, because of the strong dependence of the gas permeability of the
porous electrodes on liquid water content. It can be used with no modification to exist-
ing fuel-cell assembly to gi®e real-time flooding information in the electrode backing
layers during operation. The de®ice has been employed to in®estigate the correlation
between the fuel-cell performance and the liquid water saturation le®el in the backing
layers, the effects of ®arious operating parameters, and the dynamics and hysteresis
beha®ior of liquid water in the backing layers. The results pro®ide, for the first time,
direct e®idence to show that inadequate water remo®al causes liquid water build up in
the cathode, which in excessi®e amounts can se®erely reduce the performance of a PEM
fuel cell. It was obser®ed that more than 30 min. were needed for a PEM fuel cell to
reach a new steady state when subjected to current-density changes, and this was at-
tributed to the slow liquid water transport process. The results confirmed that increasing
air flow rate or cell temperature increased the liquid water remo®al rate from the back-
ing layers. The hysteresis beha®ior of fuel-cell performance was related to the water
imbibition and drainage cycles in the electrode backing layers and was attributed to the
difference in the water remo®al rate by capillary force and the difference in membrane
conducti®ity.

Introduction

Ž .The proton exchange membrane PEM fuel-cell system is
being considered as a power source for electric vehicles, resi-
dential power and a variety of portable electrical devices, be-
cause of its high efficiency, simplicity in design and opera-
tion, and environmentally friendly characteristics. However,
for this PEM system to be cost effective for use in these ap-
plications, its performance and efficiency need to be im-
proved further. A better understanding of the phenomena
occurring in the electrodes of the fuel cells, especially the
performance and efficiency-limiting processes, is essential for
achieving this goal.

Of the performance-controlling components in the PEM
fuel cell, the cathode is most influential. The oxygen-reduc-
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tion rate at the cathode being the limiting kinetic step deter-
mines how much current can be generated. During opera-
tion, the cathode becomes flooded when the water genera-
tion rate at the cathode by electroosmotic drag and the oxy-
gen-reduction reaction exceeds the water removal rate from
the cathode by back-diffusion to the anode, evaporation, wa-
ter-vapor diffusion, and capillary transport of liquid water
through the cathode backing layer. Figure 1 shows the cell
voltage and the voltage losses due to individual components
as a function of current density obtained for a PEM fuel cell
operating on hydrogen and oxygen at 40�C with interdigitated
flow fields. The voltage losses of individual cell components
were obtained using the reference electrode arrangement also
shown in Figure 1.

Note that the voltage loss associated with the cathode con-
stitutes a major portion of the total voltage losses in a PEM
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Figure 1. Voltage losses by individual components in a
PEM fuel cell obtained using a fuel cell with
reference electrodes.

fuel cell during operation. The large voltage loss observed for
the cathode is attributed to the slow oxygen-reduction reac-
tion kinetics, which are several orders of magnitude slower
than that of hydrogen oxidation. Beyond a certain current
density the water generation rate by electroosmotic drag and
the oxygen-reduction reaction exceeds the water removal rate
from the cathode catalyst and backing layers, and electrode
flooding occurs. When the cathode becomes flooded with liq-
uid water, the transport rate of oxygen to the catalyst sites in
the cathode is greatly reduced, and the oxygen-reduction rate
becomes mass-transport-limited, giving rise to the rapid in-
crease in the cathode overpotential, and consequently a sharp
decrease in the cell voltage, as shown in Figure 1. For the
fuel cell and the conditions used in our laboratory, this point
is marked by the arrow in Figure 1.

To minimize the effect of electrode flooding, interdigitated
flow distributors are employed in some PEM fuel cells
Ž .Nguyen, 1996; Wood et al., 1998; He et al., 2000 . As shown
in Figure 2 this flow-field design has dead-ended gas chan-
nels that force the incoming gas to flow through the porous
backing layer to exit. The convective gas flow provides more
effective gas transport and liquid water removal from the
electrodes. In addition to evaporation and back diffusion
through the membrane, liquid water can also be removed by

Figure 2. A PEM fuel cell with an interdigitated gas dis-
tributor; the arrows show the direction of the
convective gas flow.

the shear drag force of the convective gas flow. Note also
that when direct liquid water injection is used for anode hu-
midification, the anode could also be flooded if excessive liq-

Žuid water is injected Wood et al., 1998; Nguyen and White,
.1993 . Direct liquid-water injection provides both anode gas

humidification and evaporative cooling of the fuel cell. When
the interdigitated flow field is used with direct liquid-water
injection, the shear drag force of the convective gas flow pre-
vents excessive liquid-water from being entrapped in the gas
diffusion layer, thus preventing electrode flooding in the an-
ode.

To evaluate various water-management strategies and to
identify the most efficient one, one needs a diagnostic tool
that can measure the extent of electrode flooding in the fuel
cell and the relative rates of different water-transport mecha-
nisms. However, to the best of our knowledge no existing di-
agnostic tool can provide direct information on the flooding
level in the gas diffusion layers in the fuel cell during opera-
tion. Recently, our research group has shown that the pres-
sure drop between the inlet and outlet of the fuel cell can be
used as a diagnostic signal to monitor the extent of electrode
flooding in a PEM fuel cell using the interdigitated flow fields
Ž .Nguyen et al., 2001; He and Nguyen, 2002 . Since the gas
has to flow through the porous backing layers when the inter-
digitated flow field is used, the pressure drop across the cell
is controlled predominantly by the pressure drop caused by
the convective gas flow through the porous backing layers,
assuming negligible pressure drop along the channels. The
pressure drop due to gas flow through the porous backing
layers is governed by the velocity and viscosity of the gas and
the morphological properties of the backing layer that affect
the transport of the gas.

For two-phase flow through a porous medium, the pres-
sure drop across this medium is proportional to the gas veloc-
ity and viscosity, and inversely proportional to the gas perme-

Ž .ability in the porous medium Whitaker, 1986 . The gas per-
meability in this case is a strong function of the liquid-water
saturation level in the porous medium. The presence of liq-
uid water in the porous medium reduces the cross-sectional
area available in the porous medium for the gas flow. As a
result, the flow resistance for the gas phase increases, which
in turn causes the gas velocity to decrease for a given pres-
sure drop. Similarly, for a given gas velocity the presence of
liquid water in the porous medium causes the pressure drop
to increase due to increased flow resistance. Because the
pressure drop between the inlet and outlet of a fuel cell using
interdigitated flow fields is very sensitive to the amount of
liquid water existing in the backing layers, it can be used to

Ž .determine 1 the liquid saturation level or liquid water
flooding level in the electrode backing layers during opera-

Ž .tion, and 2 its effect on the fuel-cell performance.
The relationship between the gas permeability and the liq-

uid water saturation level is required for quantitative analy-
sis. General, semi-empirical correlations between gas perme-
ability and liquid water content have been established for

Ž .various porous media Kaviany, 1995 . For carbon paper and
carbon cloth that are typically used as the electrodes backing
layers in PEM fuel cells, several modeling studies of two-
phase flow in PEM fuel cells have assumed some form of
relationship between gas permeability and liquid water con-

Žtent He et al., 2000; He and Nguyen, 2002; Natarajan and
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.Nguyen, 2001; Wang et al., 2001 . However, no experimental
study has been conducted to verify those assumptions due to
the difficulties associated with measuring the water satura-
tion level in these diffusion layers.

An experimental method is currently being developed in
our laboratory to investigate the dependence of the gas rela-
tive permeability on the liquid-water saturation level in back-
ing layer materials commonly used in PEM fuel cells. Knowl-
edge of the exact functionality of gas permeability is critical
for quantitative analysis of liquid-water content in the back-
ing layers. The knowledge gained from the work will help
identify morphological and wetting properties that will result
in lower electrode flooding and higher fuel-cell performance.

The objective of this article is to establish the pressure-drop
measurement as a diagnostic tool that can be used to deter-
mine the effects of liquid-water flooding in the electrode
backing layers on the performance of PEM fuel cells with
interdigitated flow fields.

Experimental
Ž .Two pressure sensors MPXM 2053GS by Motorola were

placed in the hydrogen and air feed lines at the inlets of the
anode and cathode of a PEM fuel cell. The outlets of the cell
were exhausted to atmosphere. The pressure sensors have a
full range of 50 kPa, with a resolution of 0.01 kPa and an
accuracy of 0.20 kPa. The fuel-cell testing system and setup
were typical otherwise. Interdigitated flow fields were used in
both the anode and cathode. It was experimentally verified
that the pressure drops in the main feed lines, the flow chan-
nels, and the exhaust lines were negligible for the flow rates
studied here to confirm that the total pressure drops mea-
sured represent the pressure drops across the backing layers.
The pressure drops, cell voltages, and currents were recorded
by a data-acquisition system.

Ž .The membranerelectrode assemblies MEAs used in this
study were made in our laboratory, using E-Tek 20% PtrC
catalysts, E-Tek 30% wet-proof Toray paper for the backing
layers, and Nafion 112 membrane. Electrodes were prepared

Žby spraying catalyst ink PtrC catalysts mixed with Nafion so-
.lution onto the backing layers. The electrodes were hot-

pressed onto the membrane to form the MEAs. The active
areas of the MEAs were 1.1 cm2 and the catalyst loadings on
the MEAs were about 0.35 mg-Ptrcm2relectrode.

The cell temperature was controlled at a given setpoint
within �0.5�C. Hydrogen and air feed streams were humidi-
fied using sparging bottles. Other operating conditions like
hydrogen and air flow rates will be given later for each exper-
imental case study. The cell was operated mostly under con-
stant-cell-voltage mode. To generate a polarization curve, the
cell was tested under constant voltage mode, and the cell
voltage was varied from open circuit to 0.3 V at 0.05-V inter-
vals. The cell was held at each voltage interval for 5 min. The
current densities used to generate the polarization curve were
averaged over these 5-min. intervals.

Results and Discussion
Cathode flooding and cell performance

It had long been suspected that cathode flooding was the
major cause of poor fuel-cell performance at high current

Figure 3. Effect of cathode flooding on a PEM fuel-cell
performance.
Cell temperature: 51�C; H flow rate: 2.0 Arcm2; air flow2
rate: 2.8 Arcm2; ambient pressure; H sparger temperature:2
50�C; air sparger temperature: 27�C.

densities under normal operating conditions. However, no di-
rect experimental proof was available due to the lack of
proper diagnostic tools. Now, armed with the pressure-drop
signal, we can correlate the pressure drops, which reflect the
electrode flooding level, with the cell performance, use this
information to identify the operating conditions and elec-
trode properties and design that lead to electrode flooding,
and develop solutions to this problem. The first concrete evi-
dence that electrode flooding in the cathode is the cause of
poor fuel-cell performance at high current densities is given
in Figure 3.

The results presented in Figure 3 can be divided into two
regions, one for current densities from 0 to 0.55 Arcm2, and
the other for those beyond 0.55 Arcm2, as marked by the
dashed line. Note that as the cell current density increased
from 0 to 0.55 Arcm2, the cell voltage decreased, as ex-
pected, due to activation and ohmic losses in the fuel cell.
During this time, the pressure drop in the cathode increased
from 1.37 kPa to 1.71 kPa, while the anode pressure drop
remained essentially constant at 0.18 kPa. The higher pres-
sure drop in the cathode relative to that in the anode is at-

Ž .tributed to three main factors: 1 higher volumetric flow rate
Ž .when air is used; 2 air has higher viscosity than hydrogen;

Ž .and 3 liquid water remaining in the cathode backing layer
from the previous run. The small pressure-drop increase on
the cathode side can be attributed to the additional net mass
generated in the gas phase on the cathode side by the pro-
duction of water vapor by the oxygen-reduction reaction and
electroosmotic process.

Next, as the current density increased beyond 0.55 Arcm2,
the cell voltage decreased rapidly, and this rapid drop in cell
voltage corresponded to a rapid increase in the gas pressure
drop across the cathode backing layer. Note that pressure
drop on the anode side continued to remain constant. A fuel
cell is said to have reached its mass-transport-limited condi-
tion when this rapid drop in the cell voltage occurred, and
this mass-transport limitation had been attributed to the
mass-transport rate of oxygen to the catalyst sites reaching a
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limit. These results clearly support our previous claim that
the oxygen transport rate in the cathode should be able to
support much higher current densities than normally ob-
served in PEM fuel cells and that it is the presence of liquid
water in the cathode backing layer that blocks the gas pores
that limits the transport of oxygen, and, hence, reduces the

Ž .cathode and fuel-cell performance Yi and Nguyen, 1995 .
The flooding effects are more pronounced in this study,

because the cell temperature for all the experiments in this
study was below 60�C. The results obtained in this study would
be valuable for PEM fuel cells that need frequent startup
and shutdown and experience transient temperature cycles
due to the change of loads, as in, for example, portable or
automobile applications.

Liquid-water dynamics in a PEM fuel cell
This experiment was conducted to investigate a previous

observation that a PEM fuel cell reached a new steady-state
current density much quicker when it operated at low current
densities than when it operated at high current densities. We
had suspected this slow response at high current densities
was due to the dynamics and slow transport rate of liquid
water in the cathode backing layer and wanted to use this
new diagnostic tool to confirm the root causes of this phe-
nomenon.

In this experiment, the fuel cell was tested at 35�C and
under constant voltage mode. The cell was first held at open
circuit for one hour. Then the cell was stepped from open
circuit to 0.5 V and held at this voltage long enough for the
current density to reach steady state. Once this was achieved,
the cell was stepped back to open circuit and held there for
another 90 min., and the same cycle was repeated again. Re-
sults for the two cycles are presented in Figure 4.

Note that since the cathode and anode were relatively dry
when the experiment started, no changes in the pressure
drops in the cathode and anode were observed during the
first hour while the cell was at open circuit. Next, as soon as

Figure 4. Current density and cathode pressure drop
responses at 35�C as the fuel-cell voltage was
varied between open circuit and 0.5 V.
Cell temperature: 35�C; H flow rate: 1.2 Arcm2; air flow2
rate: 1.0 Arcm2, ambient pressure; H and air sparger tem-2
perature: 21�C.

the cell voltage was stepped to 0.5 V, the current density in-
creased to 0.42 Arcm2, dropped quickly in the first 10 min. to
0.35 Arcm2, and then slowly leveled out at 0.3 Arcm2 after
about 30 min. In the same period, the cathode pressure drop
increased sharply from 0.48 kPa to 4.14 kPa, and then leveled
out at the same pressure drop with some minor oscillations
as the current density began to level out. This sharp increase
in the cathode pressure drop is attributed to liquid water ac-
cumulating in the backing layer and the catalysts layer of the
cathode. The minor oscillations in the pressure drop are
caused by liquid water being flushed out and reaccumulated
in the backing layer due to the complicated interaction be-
tween the capillary force, pressure gradient, and gas drag
force. The oscillations could also be attributed to the redistri-
bution of liquid water within the backing layer due to
nonuniform permeability and capillary property of the porous
medium.

By assuming that the cathode exhaust stream was satu-
rated with water vapor, we estimated that the amount of wa-
ter removed by evaporation could account for only about 35%
of the total amount of water generated in the cathode, in-
cluding the net water transported from the anode to the
cathode by the combined effort of electroosmosis and back
diffusion. The rest had to be removed by both capillary diffu-
sion and gas drag force. These results show that liquid-water
removal from the cathode using an interdigitated flow field

Ž .and operating at this temperature 35�C was dominated by
gas-phase drag force and capillary force. Evaporation and
back diffusion to the anode played only a small role. The
results also show the direct effect of cathode flooding on the
performance of the fuel cell. Note that whenever there were
positive spikes in the cathode pressure drop there were cor-
responding negative spikes in the cell current density and vice
versa. These results suggest that if the operating conditions
Ž .temperature, gas flow rate, current density allow liquid wa-
ter to accumulate and electrode flooding to occur, the cell
performance can be affected, even at this relatively low cur-

Ž 2.rent density 0.3 Arcm . In this case, the low operating tem-
perature prevented the water produced in the cathode from
being effectively removed by evaporation.

The dynamic behavior of liquid water is governed by the
net accumulation rate, which is the rate of generation minus
the rate of removal, and the difference between the amount
of water that was initially in the electrode and that at the
new steady state. Liquid-water generation rate by oxygen re-
duction and electroosmotic drag is almost solely controlled
by current density, and, therefore, the dynamic response of
the water-generation rate to changes in current density is in-
stantaneous. On the other hand, liquid water is removed by
four different mechanisms: evaporation, back-diffusion from
the cathode to the anode, gas-phase drag force, and capillary
force. The water removal rate by gas-phase drag force in-

Žcreases as the liquid water saturation increases He et al.,
.2000; He and Nguyen, 2002 . The water-removal rates by back

diffusion and evaporation, which are small at the low temper-
ature selected for this experiment, do not change much as
long as there is still a significant amount of liquid water in
the cathode backing layer. The water-removal rate by capil-
lary force is not a simple function of liquid-water saturation,
but is generally known to increase with increases in water
content. As the cell was stepped back to open-circuit where
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the water-generation rate was zero, the cathode pressure drop
quickly decreased as the water accumulated in the backing
layer was removed by all four mechanisms just described.
However, as the liquid-water content in the backing layer de-
creased, the removal rate by gas-phase drag force and capil-
lary force decreased, as shown by a more gradual drop in the
cathode pressure drop in Figure 4. The fact that the liquid
water removal rate decreased as the liquid water content de-
creased also suggested that gas-phase drag and capillary force
played a very important role, which is in good agreement with
the conclusion based on the estimation of the contribution of
liquid-water removal by evaporation, as discussed before.

Note that with no electroosmotic force to overcome when
the cell is at open circuit, back-diffusion for liquid water from
cathode to the anode could be seen by the slight increase in
the anode pressure drop. The fact that the pressure drop in-
crease due to back-diffusion is very small suggests that
liquid-water removal by back-diffusion at this operating con-
dition plays only a small role. Finally, under these operating
conditions the cathode pressure drop took about one hour to
stabilize after it was put under open-circuit, which again
showed that the overall liquid water transport rate was slow.
The pressure drop at the end of the open-circuit step was
higher than when the cell started because of liquid water en-
trapped in the porous backing layer that cannot be effectively
removed by gas-phase drag force and capillary force. The only
means of removing this last amount of water is by evapora-
tion.

Effects of air flow rate on liquid-water remo©al
In a PEM fuel cell using the interdigitated flow fields,

changing the air flow rate leads to changes in the liquid-water
removal rates by evaporation and gas-phase drag. This in-
crease in the air flow rate also affects the liquid waterrair
capillary interaction due to the change in the air-pressure field
in the backing layer. When this happens, the balance be-
tween the liquid-water generation and removal rates previ-
ously observed is expected to change, leading to a new

Figure 5. Effects of air flow rate on the flooding level in
the cathode backing layer at cell temperature
of 40�C and cell voltage of 0.55V.
H flow rate: 2.0 Arcm2, ambient pressure; H sparger tem-2 2
perature: 43�C; air sparger temperature: 25�C

steady-state condition in the cathode backing layer. This is
clearly illustrated by the results shown in Figure 5. In this
three-step experiment, the cell was continuously held at 0.55
V while the air flow rate was changed from 2 Arcm2 equiva-
lent to 4.2 Arcm2 and then back to 2.0 Arcm2.

Note that during the first step when the air flow rate was
set at 2 Arcm2 the cathode pressure drop stabilized at about
2.55 kPa and the current density at 0.28 Arcm2. As soon as
the air flow was raised to 4.2 Arcm2 two things happened.
The current density increased slightly to 0.31 Arcm2, and the
cathode pressure drop increased quickly to 5.10 kPa, and then
gradually decreased to about 3.93 kPa. The increase in the
current density can be attributed to the higher oxygen stoi-
chiometric flow rate and higher oxygen concentration as a
result of the pressure increase in the cathode backing layer.
The magnitude of the change in the current density is small
compared to the change in the air flow rate. This is because
the cell was held at a relatively high cell voltage of 0.55 V, at
which the performance of the fuel cell was controlled more
by kinetics than the mass-transport of oxygen, and was there-
fore not very sensitive to the enhanced mass-transport rate of
oxygen induced by the higher air flow rate and better re-
moval of liquid water.

The doubling in the cathode pressure drop is attributed to
the doubling in the gas flow rate through the backing layer.
Note that at this instant there was little change in the liquid-
water level in the cathode’s backing layer. Consequently, dou-
bling the gas flow rate should double the pressure drop
through this porous medium. However, as more water was
removed from the backing layer by higher gas-phase drag
force exerted by higher gas flow rate while the water genera-
tion rate stayed relatively the same, the liquid-water level in
the cathode decreased, leading to a lower pressure drop
across the backing layer. This explanation is supported by the
behavior of the cathode pressure drop when the air flow rate
was reduced back to 2 Arcm2. One should realize that the
cathode’s backing layer at this instant had a lower water con-
tent than when it was at the previous 2 Arcm2 step. Conse-
quently, the initial pressure drop in the cathode during step
three was lower than that at the end of step one. Over time
as water reaccumulated in the cathode backing layer at this
lower air flow rate, the pressure drop in the cathode gradu-
ally increased back to the same level as observed during step
one. Note also that the initial current density during step three
was slightly higher due to the same lower electrode flooding
reason just given. This current density then dropped gradu-
ally back to the same level as seen during step one. This pro-
cess was observed to be quite slow, showing that liquid-water
transport in the backing layer is a slow process.

The effect of air flow rate is more pronounced at elevated
cell temperatures andror at low cell voltages. At higher cell
temperatures, the liquid water removal rate is greatly en-
hanced by the higher liquid-water evaporation rate; while at
lower cell voltages, the fuel cell is more sensitive to the change
in the oxygen-transport rate because it operates under a
mass-transport controlled regime. Figure 6 shows the re-
sponses of the cathode pressure drop and current density to
a step change in the air flow rate in a PEM fuel cell operated
at a constant cell voltage of 0.35 V and 50�C. The first obser-

Ž 2.vation is that while the air flow rate 2 Arcm was the same
as that of the 40�C case, the current density was much higher
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Figure 6. Effects of air flow rate on the flooding level in
the cathode backing layer at cell temperature
of 50�C and cell voltage of 0.35 V.
H flow rate: 2.0 Arcm2, ambient pressure; H sparger tem-2 2
perature: 43�C; air sparger temperature: 25�C.

Ž .almost twice and the pressure drop in the cathode was lower
for the 50�C case. The better performance at 50�C can be

Ž .attributed to the lower cell voltage 0.35 V vs. 0.55 V and a
higher water removal rate by evaporation, and consequently
lower water content in the cathode backing layer due to the
fact that the water vapor pressure at 50�C is almost double
that at 40�C.

Next, similar to the behavior observed in Figure 5 for the
case at 40�C, the cathode pressure drop first doubled, then
gradually decreased and approached a new steady state.
However, there are three differences in the responses in this
run as compared to the previous run. First, the initial in-
crease in the current density is much larger and can be at-
tributed to a higher sensitivity to the change in oxygen con-
centration at lower cell voltages and higher cell tempera-
tures. Second, instead of staying relatively constant as in the
40�C case, the current density continued to increase, corre-
sponding to the change of liquid-water content. This again is
due to the higher sensitivity to the change in oxygen trans-
port caused by the change in liquid-water saturation. Third,
the new steady-state pressure drop was not much higher than
that at the lower gas flow rate even though the current den-
sity is 50% higher, showing that a significant amount of liquid
water had been removed by the higher evaporation rate. The
different responses observed at 50�C as compared to those
observed at 40�C can be attributed to the higher water re-
moval rate by evaporation at elevated temperatures and its
greater effect on the total liquid-water removal rate.

Effects of cell temperatures on liquid-water remo©al
In this study, an experiment was conducted in which the

air flow rate was kept the same and only the fuel-cell temper-
ature was changed. This was done to isolate the effect of the
operating temperature on the pressure-drop response in the
cathode backing layer. The experiment was conducted as fol-

Figure 7. Effects of cell temperature on the cathode
flooding level for a fuel-cell voltage at 0.45 V.
Air flow rate: 2.0 Arcm2; H flow rate: 2.0 Arcm2, ambient2
pressure; H sparger temperature: 43�C; air sparger temper-2
ature: 25�C.

lows. The fuel cell was held at 40�C and allowed to reach
steady state. Next, the fuel-cell temperature was quickly
ramped to 50�C and the current density and cathode pressure
drop were monitored until a new steady state was reached.
The cell voltage was held constant at 0.45 V during the entire
run. Note that since the heat capacity of the fuel cell was
small compared to the heating power of the heater used, the
cell temperature reached its new temperature setting in less
than half a minute. This temperature delay is considered in-
significant compared to the slow transient process of liquid-

Ž .water response in a time scale of about 20 min . The results
obtained for this run are given in Figure 7.

As can be expected, the cathode pressure drop decreased
after the cell temperature increased, confirming that less liq-
uid water was presented in the backing layer due to the higher
liquid-water removal rate. There are several factors related
to the increase in cell temperature that contributed to higher
liquid-water removal. Higher water-vapor pressure at higher
temperature led to a higher liquid-water evaporation rate.
Another factor was that for the same mass flow rate of air, a
higher cell temperature resulted in a higher volumetric flow

Ž .rate that is, velocity in the backing layer, which led to a
Žhigher removal rate of liquid water by gas-phase drag He et

.al., 2000; Nguyen and He 2002 . The surface tension and vis-
cosity of liquid water also decreased as the temperature in-
creased, which would allow liquid-water to be flushed out
more easily.

Finally, note that the current density increased a little bit
after the step increase in the cell temperature. However, the
net gain of the current density in this case was not as big as
that in Figure 6 due to the difference in the air stoichiometry
and cell voltage. At this cell voltage, 0.45 V vs. 0.35 V for the
previous case, the cell is under more kinetic control and less
transport control. Consequently, any effect on transport is
lessened in this case. In this run, the cell only benefited from
higher water-vapor pressure and not from higher mass flow
rate, as in the two previous runs. This response also confirms
that liquid-water removal from the cathode is a slow process.
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Figure 8. Hysteresis behavior of liquid water in the
cathode porous backing layer.
Cell temperature: 51�C; H flow rate: 2.0 Arcm2, air flow2
rate: 2.8 Arcm2, ambient pressure; H sparger temperature:2
50�C; air sparger temperature: 27�C.

Hysteresis beha©ior of liquid water in the porous backing
layer

It has long been recognized that during a polarization scan
Žof a PEM fuel cell, the downward scan higher current den-

.sity or lower cell voltage direction curve is usually different
Žfrom that of the upward scan lower current density or higher

. Ž . Ž .voltage direction . Typical downward Iq and upward Iy
polarization curves and the corresponding cathode pressure-
drop curves for our fuel cell are shown in Figure 8. Note that
during the downward scan liquid-water content in the cath-
ode porous backing layer increased as the water-generation
rate controlled by the current density increased. We refer to

Ž .this half-cycle as the water-imbibition cycle Leverett, 1941 .
During the upward scan, as the current density went from
high to low, the same happened to the liquid-water content.

ŽWe call this half-cycle the water-drainage cycle Leverett,
.1941 .

The results given in Figure 8 showed that at the same cath-
ode pressure drop, which could be interpreted as being at the
same liquid-water saturation level, the liquid-water removal
rate could support a higher current-density or water-genera-
tion rate in the imbibition cycle than that in the drainage
cycle for most of the cathode pressure drops tested. This sug-
gested that at the same liquid-water saturation level, the liq-
uid-water removal rate was faster in the imbibition cycle. Be-
cause the cell temperature and the gas flow rate were con-
stant during the run, the liquid-water removal rates by evapo-
ration and gas-phase drag were also constant for a given liq-
uid-water saturation level. The differences in the liquid-water
removal rate stemmed from the hysteresis of the capillary

Žpressure and liquid saturation level in porous media Leverett,
.1941 . This hysteresis is attributed to the complicated geo-

metric configuration of the pore networks in a porous
medium. The cause of the hysteresis behavior has been dis-

Ž .cussed in detail by Smith 1933 . It was found that for a given
average water saturation level, many stable liquid water dis-

Ž .tributions exist Smith, 1933 . The same hysteresis behavior is
observed in the porous electrodes of a PEM fuel cell. How-
ever, no experimental data of capillary curves are available
for carbon paper or carbon cloth used in PEM fuel cells. Our
research group is currently developing experiments to obtain
these data for the materials used in PEM fuel cells, and the

Žresults will be integrated with our two-phase model He et
.al., 2000; He and Nguyen, 2002 to quantify the amount of

liquid water in backing layers. The results will be presented
in the near future.

Finally, it is important to point out that the polarization
curves for imbibition and drainage cycles showed many com-
plicated characteristics. Evidently, the polarization curves
could not be completely explained by the pressure-drop data.
This is because of the variations in the Nafion membrane
conductivity with different water content and distribution.
Besides intrinsic catalysts activity, catalysts utilization, and
oxygen transport, ionic conductivity is another big factor in
controlling cell performance. At current densities higher than
0.45 Arcm2, the cell performed better in the imbibition cycle,
mostly due to lower flooding. At lower current densities, bet-
ter performance in the drainage cycle can be attributed to
higher ionic conductivity due to higher water contents in the
membrane.

In summary, the fact that the results of the effects of cell
temperature and gas flow rates on the liquid-water removal
are as expected strongly supports the diagnostic tool pre-
sented here as a valid and valuable tool. The transient pres-
sure drop and hysteresis behavior are new and very interest-
ing. This knowledge will become extremely useful in the un-
derstanding of the transport of liquid water in the gas diffu-
sion layer and its effect on the transient behavior of PEM
fuel cells. Furthermore, this diagnostic tool can be used to
study the effect of various wetting and water-transport char-
acteristics of gas-diffusion layers on the water accumulation,
removal rate, and dynamics in the electrodes of PEM fuel
cells. Knowledge from this study can be used to develop gas-
diffusion layers with optimal water removal properties.

As with any tools, this diagnostic tool has limitations. Cur-
rently, this tool can only be applied to PEM fuel cells using
interdigitated flow fields. Second, it can only detect flooding

Ž .occurring within gas-diffusion layers or backing layers .
Flooding within the catalyst layers cannot be detected by this
diagnostic tool. A new diagnostic tool that can separate the
total voltage loss in a fuel cell into voltage loss by individual
components and detect flooding in the catalyst layers is cur-
rently under development. The results from this work will be
presented in the future. Finally, even though the results pre-
sented here apply to fuel cells that use interdigitated flow
fields, any knowledge resulting from this work that can be
used to improve the water-removal rate from the gas-diffu-
sion layers will benefit PEM fuel cells using other flow-field
designs.

Conclusions
An electrode flooding monitoring device designed for PEM

fuel cells with interdigitated flow distributors was proposed
and tested. The pressure drop between inlet and outlet chan-
nels can be used as a diagnostic signal to monitor the liquid
water content in the porous electrodes, because of the strong
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dependence of the gas permeability of the porous electrodes
on the liquid-water content. The device has been employed
to investigate the correlation between the fuel-cell perfor-

Ž .mance and 1 the liquid-water saturation level at various op-
Ž .erating conditions, and 2 the dynamics and hysteresis be-

havior of liquid water in the electrode backing layers. Several
key operation parameters that strongly affect liquid-water re-
moval were also studied. The following conclusions have been
drawn:
Ž .1 The monitoring device can be used with no modifica-

tion to existing fuel-cell assembly to give real-time flooding
information in the electrode backing layers during operation.
Ž .2 For the first time, direct evidence is provided to show

that inadequate water removal causes liquid-water buildup in
the cathode, which in excessive amounts can severely reduce
the fuel-cell performance.
Ž .3 Liquid-water transport processes are slow. When a PEM

fuel cell undergoes large step-changes in current density, the
cell could take more than 30 min. to reach a new steady state.
Ž .4 Increasing air flow rate or cell temperature helps liq-

uid-water removal. This observation is well known to re-
searchers in the fuel-cell area. However, the pressure-drop
data allow the effect of temperature and air flow rate on the
water-removal rate to be observed in a PEM fuel cell in real
time during operation.
Ž .5 Net liquid water back-diffusion from the cathode to the

anode is confirmed. This effect has been suspected by re-
searchers in the area for a long time, and was confirmed only
by conducting a total water balance on the cell. This diagnos-
tic tool allows this phenomenon to be observed in a fuel cell
during operation in real time.
Ž .6 The hysteresis behavior of fuel-cell performance during

water imbibition and drainage cycle is attributed to the dif-
ference in water-removal rate by capillary force and the dif-
ference in membrane conductivity.
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