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a b s t r a c t

We present a study of proton exchange membrane (PEM) fuel cells with parallel channel flow fields for
the cathode, dry inlet gases, and ambient pressure at the outlets. The study compares the performance
of two designs: a standard, non-porous graphite cathode plate design and a porous hydrophilic carbon
plate version. The experimental study of the non-porous plate is a control case and highlights the signifi-
cant challenges of operation with dry gases and non-porous, parallel channel cathodes. These challenges
include significant transients in power density and severe performance loss due to flooding and electrolyte
eywords:
EM fuel cell
ater management

orous plate
ick

eat pipe

dry-out. Our experimental study shows that the porous plate yields significant improvements in perfor-
mance and robustness of operation. We hypothesize that the porous plate distributes water throughout
the cell area by capillary action; including pumping water upstream to normally dry inlet regions. The
porous plate reduces membrane resistance and air pressure drop. Further, IR-free polarization curves
confirm operation free of flooding. With an air stoichiometric ratio of 1.3, we obtain a maximum power
density of 0.40 W cm−2, which is 3.5 times greater than that achieved with the non-porous plate at the

.
ry gas same operating condition

. Introduction

Commercialization of PEM fuel cell technology faces significant
urdles in terms of cost, durability, and reliability. Technologi-
al advancements are necessary for the development of robust,
conomical fuel cell systems with high power densities, low par-
sitic loads, and minimal ancillary components [1]. For example,
he power for air delivery is the largest parasitic load on auto-

otive fuel cell systems [2] and significant volume is afforded to
as conditioning equipment in existing automotive systems. Imple-
entations of ambient pressure air, parallel channel flow fields,

r near-stoichiometric flow rates are all viable means of reduc-
ng the air delivery parasitic load. Miniature fuel cell stacks for
ortable power [3–6] often feature open ended parallel channels
7] or post-type [3] cathode flow fields that allow for low-pressure

mbient air delivery by natural convection or forced convec-
ion with fans. However, parallel channel cathode architectures
nd low air flow rates typically lead to flooding of the fuel cell
8,9].
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PEM fuel cells with perfluorosulfonic acid (PFSA) membranes,
such as Nafion, require high levels of humidity for adequate ionic
conductivity [10]. Gas flow in the cathode channels normally
advects product water downstream towards the outlet; and so sys-
tems often recuperate water from the exhaust gases and transfer
it to the incoming gas streams for humidification. Water recupera-
tion and humidification of the gases are achieved with condensers,
water separators, and heat and humidification exchangers inte-
grated into the balance of plant [11]. In fuel cells for portable
power applications, the volume and system complexity introduced
by these humidification components can be prohibitive and such
fuel cells often operate passively without water recuperation [12].
Operation of PEM fuel cells with dry gases offers a means to reduce
system cost, complexity, weight, and size by eliminating the water
management components. Operation with dry inlet gases, how-
ever, can be difficult as this promotes severe membrane dry-out
[12].

There are several approaches to internally recirculate water
for humidification without external gas conditioning components.
Perhaps the least invasive approach is routing hydrogen and air
flows in a counter-flow fashion such that gases are hydrated by
transmembrane water transport [13]. A similar approach is the

double-path-type anode flow field described by Qi and Kaufman
[14], which uses adjacent hydrogen channels flowing in opposing
directions for moisture exchange. More invasive approaches involve
integrating wicking components into the fuel cell. Prior work on
integrating wicks includes Watanabe et al.’s [15] integration of

http://www.sciencedirect.com/science/journal/03787753
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Nomenclature

F Faraday’s constant
I current
jFC current density
MH2O molar mass of water
ṁ mass flow rate
�p pressure drop
Rmem specific membrane resistance
T temperature
VFC voltage

Greek symbols
˛ stoichiometric ratio
ˇ water content
ϕ relative humidity

Subscripts and superscripts
an anode
ca cathode
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orous strands into membranes for humidification, United Tech-
ologies Corporation’s porous water transport plates [16,17], Ge et
l.’s [18,19] isolated wicks within flow fields, and our group’s prior
ork on coupling integrated wicks with external electroosmotic

EO) pumps for active water removal [9,20]. Of these prior pub-
ished studies on using wicks, the fuel cell of Ge et al. is the only
assive system that does not have additional components, such as
umps, to apply pressure on the liquid water within the wick. Their
ystem featured two strips of wick laid over the turns of the serpen-
ine channels along the sides of the active area. They demonstrated
ith polarization curves that the wicks significantly improve per-

ormance by passively humidifying the gases. However, there was
o evidence that their wick system addressed flooding or that flood-

ng occurred in their fuel cell without wicks. The lack of flooding
ymptoms is likely due to their serpentine flow field design. In addi-
ion, the majority of their studies were performed at elevated gas
ressures (300 kPa) and a moderate air stoichiometric ratio of 2.
We here present a study of the performance of a PEM fuel cell
ith integrated porous carbon wicks for both flood prevention and

nternal humidification of dry, ambient pressure gases within a
arallel channel flow field. Fig. 1 illustrates our hypothesis for the

ig. 1. Schematic of the porous carbon flow field plate and the passive humidification
echanism. Water is produced along the entire channel and is produced in liquid

hase towards the end of the channel at sufficiently low air stoichiometric ratios.
he porous carbon wick imbibes liquid product water and transports it upstream. At
pstream locations, water evaporates from the wick and passively humidifies the air.
er Sources 188 (2009) 82–88 83

water transport mechanism for passive humidification of the air in
a porous hydrophilic plate. The fuel cell produces water along the
entire length of the fuel cell channel because of the oxygen reduc-
tion reaction. For sufficiently low air stoichiometric ratios, the air
becomes vapor saturated at downstream locations where water is
produced as liquid. Liquid water is wicked by the porous plate and
capillary forces drive liquid water towards the inlet. As water trav-
els upstream, it passively humidifies the air via convective mass
transfer (evaporation). Thus, the porous plate provides a passive
humidification mechanism that internally recuperates and recir-
culates water. This water recirculation mechanism is analogous to
the operation of heat pipes in the field of thermal management
[21–25]. The difference here is that water transport is driven largely
by water saturation gradients, while temperature gradients likely
play a secondary role.

In the current study, we experimentally evaluate the merits of
using a porous hydrophilic carbon plate with a parallel channel
flow field when supplying the fuel cell with dry gases. The analysis
compares the fuel cell’s performance to that of a fuel cell having
a non-porous graphite plate with identical dimensions. The com-
parison is made using polarization curves and measurements of
membrane resistance and air pressure drop. The latter help identify
and quantify the effect of flooding and dry-out phenomena.

2. Fuel cell water balance

In this section, we present a theoretical relationship between
fuel cell temperature and the air stoichiometric ratio for complete
humidification of the gas streams. As the sluggish oxygen reduc-
tion reaction is typically the largest irreversibility in the fuel cell,
the power density can be significantly improved by operating at
the maximum possible temperature because of improved reaction
kinetics [11]. In large systems with humidification equipment, the
fuel cell temperature is kept below 100 ◦C because of transitions in
Nafion’s material properties at higher temperatures [11]. However,
when operating with dry gases, the humidification requirement
of the membrane determines the maximum feasible temperature
rather than material property considerations. If the temperature is
too high, the gas streams dry-out the membrane: a result of the
exponential relationship between water vapor saturation pressure
and temperature. Thus, gas flow rates and temperature must be
carefully balanced to maintain sufficient membrane hydration. We
can calculate the maximum stoichiometric ratio that permits com-
plete gas saturation at a specified temperature by applying a water
mass balance over the fuel cell [11,13]. The mass flow rates of water
vapor, ṁ, into the cathode and anode are

ṁin
ca = ˇin

ca
˛air

0.21
MH2OI

4F
(1)

ṁin
an = ˇin

an˛H2

MH2OI

2F
(2)

where ˛air and ˛H2 are the reactant stoichiometric ratios, F is the
Faraday constant, and I is the current. The mass flow rates of water
vapor in the exhaust gases are:

ṁout
ca = ˇout

ca

(
˛air

0.21
− 1

) MH2OI

4F
(3)

ṁout
an = ˇout

an (˛H2 − 1)
MH2OI

2F
(4)

The ˇ parameters in Eqs. (1)–(4) are the water content of the gas

flows at the inlets, in, and outlets, out, of the cathode, ca, and anode,
an, which are expressed as:

ˇin,out
ca,an = ϕin,out

ca,an psat(Tin,out)

p − ϕin,out
ca,an psat(Tin,out)

(5)
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Fig. 2. Maximum air stoichiometric ratio, ˛max
air

, for complete saturation of exhaust
gases versus fuel cell temperature when inlet gases are dry. Curves for complete
humidification are shown for hydrogen stoichiometric ratios of 1.2, 1.5, and 2 and
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Table 1
Experimental fuel cell operating conditions.

Parameter Value

Endplate temperatures (◦C) 65
Air and hydrogen inlet dew points (◦C) 20 (10% RH)
Gas routing Counter-flow

◦

he case of fully humidified hydrogen. Operating points above and to the right of
he curves result in undersaturated conditions. Operating points below and to the
eft of the curves result in saturated gases, indicating the possible presence of liquid
ater.

here ϕ is relative humidity, p is the gas pressure, psat is the vapor
aturation pressure, and T is the temperature. From the Faraday
elation, we estimate the water production rate of the fuel cell:

˙ FC = MH2OI

2F
(6)

We can now solve for the maximum air stoichiometric ratio that
ermits complete humidification of the exhaust gases (assuming
teady-state and zero liquid water flow out of the fuel cell): ϕout

ca = 1
nd ϕout

an = 1. To meet this requirement, the mass flow rates of water
apor out of the cell must identically balance the water flow rates
nto the fuel cell and the water production:

˙ out
ca + ṁout

an − ṁin
ca − ṁin

an − ṁFC = 0 (7)

By substituting Eqs. (1)–(6) into Eq. (7), we can solve for the
aximum air stoichiometric ratio for complete humidification:

max
air = 0.42[1 + ˛H2 ˇin

an − (˛H2 − 1.5)ˇout
an ]

ˇout
ca − ˇin

ca

(8)

Fig. 2 shows a plot of the maximum air stoichiometric ratio, ˛max
air

,
or complete humidification from Eq. (8) as a function of fuel cell
emperature for three values of hydrogen stoichiometric ratio when
sing dry inlet gases. A fourth curve provides ˛max

air
for fully humid-

fied hydrogen at for any ˛H2 . The plots show that the maximum
ir stoichiometric ratio decreases with increasing temperature. As
n illustrative example, we will take the minimum practical sto-
chiometric ratio as 1.3. In prior work, we identified that an air
toichiometric ratio of 1.3 is roughly the minimum value for stable
erformance in our cell [9] (lower values cause significant tran-
ients and concentration over-voltage). At this air stoichiometric
atio, we see that the maximum possible operating temperature
ith fully saturated exhaust gases is 65 ◦C. At lower temperatures,

iquid water forms and flooding can occur. We see from the figure
hat hydrogen stoichiometric ratios have relatively little influence
n the maximum temperature due to the low volumetric flow rate
f the hydrogen exhaust.

. Experimental
The fuel cell design and fabrication, as well as the experimental
etup are the same as presented in Litster et al. [9]. In this study,
here is no active water removal with an electroosmotic pump and
e use the wick as a passive water management component. The
Gas line temperatures ( C) 70
Air and hydrogen outlet pressures Ambient
Hydrogen stoichiometric ratio 1.5

electroosmotic pump was attached to the wick as in Ref. [9], but no
voltage was applied to the EO pump. The EO pump therefore acts
as part of the passive wick substrate. The experiments were per-
formed using the same 25 cm2 active area fuel cell hardware with
two versions of a cathode field; one plate is machined from non-
porous graphite and the other incorporates a porous carbon plate
for wicking. Both flow fields have identical channel and manifold
dimensions. The cathode plates have 23 parallel channels which
are 1.0 mm deep and 1.2 mm wide. The ribs separating the chan-
nels are 1.0 mm wide. Fig. 1 shows the dimensions of the wick.
The wick flow field plate is machined from a porous carbon plate
(SGL SIGRACET-plate PGP material, SGL Carbon AG, Germany). Heat-
treating the plate at 300 ◦C for 3 min in air makes it hydrophilic. The
porous carbon flow field inserts into a machined graphite base for
support and edge sealing. For the anode flow field plate, three ser-
pentine channels are machined into a graphite plate. Each channel
is 0.75 mm deep and 0.75 mm wide and the rib width is 0.75 mm.
The membrane electrode assembly (MEA) features a catalyst coated
membrane in which the Nafion membrane is 25 �m thick and
the platinum loading is 0.3 mg Pt cm−2 (Ion Power, Newcastle, DE).
We use SGL-SIGRACET 10-BB (SGL Carbon AG) gas diffusion layers
(GDLs).

The fuel cell operates in series with a boost power supply
(Acopian W3.3MT65, Easton, PA) and a four-wire DC load (Agilent
N3100A, Palo Alto, CA). Mass flow controllers (Alicat Scientific, Tuc-
son, AZ) meter the air and hydrogen flow rates. A dew point control
system (Bekktech LLC, Loveland, CO) controls the gas dew points,
the temperature of the cathode end plate, and the heated lines
(Clayborn Labs, Inc., Truckee, CA). A second temperature controller
(Omega Engineering Inc., Stamford, CT) maintains constant tem-
perature in the anode endplate. A differential pressure transducer
(PX139-030, Omega Engineering Inc.) measures the air pressure
drop through the manifolds and channels. The cell resistance is
measured with the current interrupt method using the DC load and
an algorithm implemented in LabVIEW software. Additional details
on the experimental setup and current interrupt method can be
found in Ref. [9].

Table 1 presents the fuel cell operating conditions for the pro-
ceeding experiments. We chose a hydrogen stoichiometric ratio
of 1.5 in all experiments because it enabled continuous operation
without flooding in the anode flow field. In these experiments, we
ran the fuel cell with end-plate temperatures of 65 ◦C such that
the exhaust gases can become fully saturated when operating with
an air stoichiometric ratio of 1.3. During the experiments, we run
the gases in a counter-flow orientation for best possible internal
water recirculation and humidification with and without integrated
wicks. Prior to testing, we condition new MEAs with 10 h of voltage
cycling (0.8, 0.5, and 0.3 V for 20 s each).

4. Results and discussion
We now present our experimental analysis of the 25 cm2 fuel cell
when using the non-porous versus porous versions of the parallel
channel flow field with dry, ambient pressure gases. First, we exam-
ine the transient performance of the two plates and then present
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olarization characterization results for the non-porous and porous
ersions of the parallel channel architecture.

.1. Transient performance

In this section, we present anecdotal time series of fuel cell volt-
ge and air pressure drop with non-porous and porous plates. The
urpose of these results is to convey the fuel cell’s improved per-
ormance and temporal stability when using the porous plate. To
btain consistent initial conditions, we first operate the fuel cell
or 30 min at an air stoichiometric ratio of 2.0 and 0.4 A cm−2 cur-
ent density. We then purge the cathode for 5 s with a high gas
ow rate (2 l min−1) before initiating the experiment. During the
xperiments, the current density increases from 0.1 to 0.3 A cm−2

n 0.1 A cm−2 increments over 30 min periods. The fuel cell operates
ith a fixed air stoichiometric ratio of 1.3 because it permits vapor

aturated exhaust gases. With Eq. (8), we estimate that stoichio-
etric ratios greater than 1.4 result in undersaturated gases.
Fig. 3a presents a typical time series of fuel cell voltage and

ig. 3b shows the corresponding time series of air pressure drop.
ith the non-porous graphite plate, the voltage decays at each

ncreased level of current density. Simultaneous with voltage decay,
he air pressure drop increases significantly during the dwells at

.2 and 0.3 A cm−2. Decreases in voltage and increases in air pres-
ure drop are consistent with flooding and flow maldistribution.
his fuel cell is particularly prone to flow maldistribution due to its
trictly parallel channel architecture. These results are consistent

ig. 3. Time series of fuel cell voltage (a) and air pressure drop (b) at consecutive
urrent densities of 0.1, 0.2, and 0.3 A cm−2 for the non-porous graphite plate and
he porous carbon wick plate. The current was changed at 1, 31, and 61 min. The fuel
ell temperature is 65 ◦C, the inlet dew points of the air and hydrogen are 20 ◦C, and
he air and hydrogen stoichiometric ratios are 1.3 and 1.5, respectively.
er Sources 188 (2009) 82–88 85

with observations of severe flooding in previous studies of fuel cell
performance with parallel channel flow fields [8,26–28].

In contrast to the results of the non-porous plate, the voltage
time series for the porous plate is invariant in time at each level of
current density shown in Fig. 3a. This voltage time series correlates
well with the steady air pressure differential at each current den-
sity. The step function form of the voltage and air pressure drop time
series demonstrates that water redistribution within the porous
plate reduces both water accumulation in the channels and the
deleterious effects of flooding. Using passive wicking to prevent
flooding results in significant increases in fuel cell voltage. Further-
more, the temporal stability of fuel cell performance is drastically
improved with the porous plate.

4.2. Polarization with non-porous plates

We now examine the polarization results of the fuel cell with
the non-porous plate at air stoichiometric ratios ranging from 1.3
to 3. The polarization data include measurements of voltage, mem-
brane resistance, and air pressure drop. These results serve as a
control case to which we will compare the porous plate system
performance.

The period of time that each polarization point is held has a sig-
nificant impact on the data measured when using under-humidified
gases [12]. Hogarth and Benziger [29] reported that their equilibra-
tion times with dry gases were commonly 1–4 h and in some cases
required a 24 h period. Previous studies with under-humidified
gases often used shorter periods or did not report equilibration
times. For example, Williams et al. [10] and Vengatesan et al. [30]
measured polarization curves with dry gases using dwell periods
of 5 min. The data points presented here are the time mean val-
ues from the last 4 min of a 30 min dwell at each current density.
We note that a 30 min dwell is not necessarily sufficient to reach
steady-state in all conditions, but it provides well-controlled, rep-
resentative values for comparisons between the two plates studied.
Before the measurement of each polarization curve, we established
the fuel cell’s initial state using the same procedure used for the
transient measurements in the previous section. The polarization
curve measurements were terminated when the instantaneous fuel
cell voltage fell below 0.2 V.

Fig. 4a presents the polarization curves of the fuel cell with the
non-porous plate. We identify two significant trends associated
with this combination of dry gases and high plurality of parallel
channels in a non-porous plate. First, we observed that the max-
imum current density increased with greater air stoichiometric
ratios up to a value of 1.8. However, air stoichiometric ratios above
1.8 resulted in decreased maximum current densities. Second, we
observed an unusual concave up curvature in the polarization
curves, particularly at air stoichiometric ratios of 1.8 and 2. Fig. 4b
presents the IR-free form of the polarization curves in which we
have subtracted the Ohmic overpotential (measured with the cur-
rent interrupt method). The upward concavity is more pronounced
for the IR-free polarization curves. Thus, we attribute this curva-
ture to mass transfer limitations rather than membrane resistance.
We note that the time series of voltage displayed both instabilities
and transitions requiring more than 30 min to equilibrate over the
majority of 1.5–4 h polarization curve measurement periods.

Fig. 4c presents the membrane resistance for the non-porous
plate polarization. The membrane resistance is the total resistance
subtracted by the electric resistance (resistance of the plates and
GDLs). The electric resistance estimate is the difference between

the fully humidified membrane resistance measured by Sone et al.
[31] and the total resistance when we operate the fuel cell with
fully humidified gases. The estimated electric resistances of the fuel
cell with non-porous and porous plates are 0.069 and 0.106 � cm2,
respectively. The higher electric resistance with the porous plate
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ig. 4. Data comparing non-porous and porous plate fuel cells. Polarization curves (a
non-porous graphite plate. Polarization curves (d), IR-free polarization curves (e),
late. The dashed lines in (c) and (f) are the estimated resistance of a fully humidi
etween the two plates at ˛air = 1.3 (“graphite” and “wick” are respectively the non-

s due to its porosity and the contact resistance of the additional
nterface between the porous plate and the non-porous graphite
ase [9].

At the lower air stoichiometric ratios and current densities, the
embrane resistance of the fuel cell with the non-porous plate

ecreased with increasing current density. This occurs because
ncreasing water production rate increases the humidification of
he membrane at these operating conditions [10]. In contrast, at

igh air stoichiometric ratios and high current densities, the mem-
rane resistance significantly increased as the membrane dried.
hese trends in membrane resistance are consistent with those
eported in the literature, such as those by Williams et al. [10].
t air stoichiometric ratios of 1.8 and higher, the large increases
ree polarization curves (b), and membrane resistance curves (c) for the fuel cell with
embrane resistance curves (f) for the fuel cell with the porous hydrophilic carbon
embrane. The inset plot in (f) is a comparison between the membrane resistance
s and porous plates).

in membrane resistance at the maximum current density indicate
that membrane dry-out limited the maximum current rather than
mass transport limitations. The membrane dry-out is likely accel-
erated at the limiting current density by increased internal heating
in the MEA [12,32].

Fig. 5 presents the non-porous plate’s air pressure drop measure-
ments normalized by the air stoichiometric ratio. We normalize the
air pressure drop to distinguish changes in the hydraulic resistance

at six air stoichiometric ratios. The air pressure drops are signif-
icantly lower than typical (<100 Pa versus 1–10 kPa [33]) because
of the parallel channel flow field’s low hydraulic resistance. The
normalized air pressure drops are highest at the lower air stoichio-
metric ratios of 1.3 and 1.6 and increase sharply at the maximum
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Fig. 5. Air pressure drop measurements with the non-porous graphite plate for air
stoichiometric ratios of 1.3, 1.6, 1.8, 2, 2.5 and 3. The pressure drops are normalized
by the air stoichiometric ratio. At low air stoichiometric ratios, liquid water accumu-
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porous graphite plate with the same dimensions. Polarization
ates, causing increased pressure drops and flooding. The inset compares normalized
ir pressure drops between the graphite (non-porous) and wick (porous) plates at
toichiometric ratios of 1.3 and 1.6 (see legend in main figure).

urrent density. High values of the normalized air pressure drop are
onsistent with liquid water accumulation [27]. In Fig. 5, increas-
ng and decreasing slope in the curves of air pressure drop indicate
iquid water accumulation and removal with increases in current
ensity, respectively. Thus, the decreasing slopes at moderate to
igh current densities in Fig. 5 at air stoichiometric ratios of 1.8 and
reater indicate the removal of liquid water from the channels.

From the resistance and pressure drop results, we infer that the
nusual concave up curvature in the polarization curves and IR-
ree polarization curves (cf. Fig. 4) arise due to flooding at low to

id-current densities and dry-out at high current densities. This
ow current density flooding with dry gases is specific to our use of
arallel channels. Water will likely accumulate unevenly amongst
arallel channels, and so flow maldistribution arises since chan-
els containing less liquid water support a greater portion of the
otal gas flow. The maldistribution causes some channels to have

relatively high stoichiometric ratio and others to have a rela-
ively low stoichiometric ratio (relative to the system-wide value).
hus, the fuel cell with a non-porous plate with parallel channels
onsistently suffers from dry-out, flooding, or a state where both
henomena occur simultaneously in distinct zones. Overall, this
olarization characterization and the transient data in the previous
ection demonstrate that the combination of dry gases and par-
llel channels results in unacceptable performance when using a
raditional non-porous plate.

.3. Polarization with porous plates

We now present the polarization characterization of the fuel
ell with a porous plate, and compare these to the control case of
he non-porous plate. The porous plate has the same macroscopic
ow field geometry and dimensions as the non-porous plate. The
olarization characterization of this fuel cell was performed at air
toichiometric ratios of 1.3, 1.6, 1.8, and 2.

The (porous plate design) polarization curves in Fig. 4d show
hat we obtained high performance with air stoichiometric ratios
f 1.3 and 1.6. At low to moderate current densities (<0.8 A cm−2),
n air stoichiometric ratio of 1.6 provides the highest voltages. At
igher current densities, we obtained the highest voltages with an

ir stoichiometric ratio of 1.3. With the IR-free polarization curves
n Fig. 4e, we determine that the slightly higher voltages at low cur-
ent densities at an air stoichiometric ratio of 1.6 are attributable
o higher oxygen concentration near the outlet. In contrast, at high
er Sources 188 (2009) 82–88 87

current densities we measured higher voltages with an air stoi-
chiometric ratio of 1.3 because of lower membrane resistance (see
Fig. 4f). Further, the membrane resistance is near its minimum level
(completely hydrated) over a wide range of current densities at
an air stoichiometric ratio of 1.3. The lower voltages in the porous
plate’s polarization curves at higher air stoichiometric ratios of 1.8
and 2 are due to high membrane resistance (i.e., dry-out with under-
saturated gases). In comparison to the non-porous plate, the porous
plate offers significantly improved membrane hydration at an air
stoichiometric ratio of 1.3 (see the inset of Fig. 4f).

We verify flood prevention with the porous plate using both IR-
free polarization curves and air pressure drop measurements. With
the porous plate, we see that IR-free polarization curves (Fig. 4e) are
independent of air stoichiometric ratio relative to the non-porous
plate’s curves (Fig. 4b). The comparison of air pressure drop mea-
surements between the porous and non-porous plates (inset of
Fig. 5) depicts significantly less resistance to air flow through the
channels. Thus, it is evident that there is significantly less water
accumulation and flooding in the porous plate’s channels.

The polarization curves of the fuel cell with the porous plate
show the significantly improved power density in comparison to
the non-porous plate. With the porous plate, the highest maximum
power density we obtained was 0.40 W cm−2 (air stoichiometric
ratio of 1.3). This power density is 3.5 times greater than the
maximum achieved with the non-porous plate at the same air
stoichiometric ratio. For short periods, the non-porous plate can
provide similar maximum power density at higher stoichiometric
ratios. However, as we note above, the non-porous plate’s perfor-
mance is unstable at the majority of the operating conditions we
explored. With the porous plate, the voltage is stable up to a current
density of 0.7 A cm−2 at an air stoichiometric ratio of 1.3. At current
densities greater than 0.7 A cm−2, we observe voltage (temporal)
fluctuations attributable to flooding, which we have shown can be
mitigated by coupling the wick with an active water removal using
an EO pump [9].

We credit the better performance of the porous plate design
to passive water redistribution and internal air humidification.
These mechanisms act in concert to both reduce flooding and
increase membrane hydration. In this scenario, capillary flow (wick-
ing) drives liquid water from saturated zones to regions where
the air is undersaturated. In these regions, the liquid water in the
porous plate evaporates into the gas stream. Our measurements of
polarization, air pressure drop, and membrane resistance strongly
support this hypothesis. The fact that the porous plates reduce sus-
ceptibility to flooding by wicking dynamics is supported by the
nearly noise free (low fluctuation) time series of air pressure drop
(see Fig. 3b for example), and the low sensitivity of the IR-free
polarization curves to the air stoichiometric ratio. Passive internal
humidification is evidenced by the 45% increase in membrane con-
ductivity at the lowest current density (0.1 A cm−2) when using the
air stoichiometric ratio that permits saturated air (˛air = 1.3). Clearly,
this combination of stability and power density with parallel chan-
nels and dry gases is not possible with the non-porous graphite
plate.

5. Conclusion

In this work, we have evaluated the performance of PEM
fuel cells having parallel channels and operating on dry, ambient
pressure gases. Our results include an experimental comparison
between a hydrophilic, porous carbon cathode plate and a non-
curves and pressure and resistance measurements demonstrate the
challenges associated with using a non-porous plate, which include
simultaneous flooding and dry-out. In contrast, the porous carbon
plate provides significantly improved performance and stability.
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or the latter case, we obtain a stable maximum power density of
.4 W cm−2 using an air stoichiometric ratio of 1.3; a power density
hat is 3.5 times greater than that delivered by the non-porous plate
t the same condition.

We presented a hypothesis that the porous plate removes excess
iquid from downstream locations to prevent flooding and redis-
ributes the water upstream for humidification via capillary forces.
ecause of passive water redistribution, the fuel cell does not flood
t low air stoichiometric ratios and the membrane conductivity
s near its maximum, fully hydrated level. Thus, the porous car-
on design has the potential to enable a fuel cell system with a
inimum balance of plant components and a low air delivery par-

sitic load. This combination of design properties and performance
gures of merit makes this implementation of passive wicking
specially applicable to fuel cells for portable power applications
hich have open-ended parallel channels and high requirements

or volumetric power density and system simplicity.
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