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a b s t r a c t

Water management is a critical issue in the development of proton exchange membrane (PEM) fuel
cells with robust operation. Liquid water can accumulate and flood the gas delivery microchannels and
the porous electrodes within PEM fuel cells and deteriorate performance. Since the liquid distribution
fluctuates in time for two-phase flow, the rate of oxygen transport to the cathode catalyst layer also
fluctuates, resulting in unstable power density and efficiency. This paper reports experimental data on
the mean voltage loss and the voltage fluctuations during constant current operation as a function of
both the number of parallel microchannels and the air flow rate stoichiometric ratio. We define channel
wo-phase flow
looding
nstability

icrochannel
ater management

plurality as a flow field design parameter to describe the number of channels per unit of active area. The
voltage loss was found to scale proportionally to channel plurality divided by the air stoichiometric ratio.
The amplitude of the voltage fluctuations was found to be linearly proportional to channel plurality and
inversely proportional to the air stoichiometric ratio squared. By analyzing pressure drop data and power
spectra, we conclude that the voltage fluctuations are well-correlated with two-phase flow instabilities
in the cathode’s parallel microchannels. Finally, a scaling analysis is presented for generalizing the results
for fuel cells having different active area and channel cross-section.
. Introduction

Proton exchange membrane (PEM) fuel cells are being devel-
ped for commercial applications in the areas of transportation,
ack-up power, and portable power. One of the main advantages
f hydrogen fuel cell power generation compared with internal
ombustion power generation is the negligible tailpipe emission
f pollutants, such as SOx, NOx, particulates and greenhouse gases
1]. Two remaining problems for the development of PEM fuel cells
nclude the cost of the catalyst, and the cost and parasitic load of
ir delivery and water management components [2]. The costs and
ystem-level power losses associated with air delivery are often
ncreased by the need for high flow rates and pressure drops to
rive liquid water out of the microchannels.

One goal in the development of PEM fuel cells for back-up power
pplications is to minimize the cost, size, and weight of the equip-
ent required to flow air through the microchannels. This goal can
e accomplished by operating at atmospheric pressure with low
ow rates, so as to minimize the size and cost of air fans/blowers.
his requires a flow field with a low pressure drop and that is robust
o channel flooding. There are three main types of flow fields for
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feeding gases to the electrodes: serpentine, parallel, and interdig-
itated. A pure serpentine flow field consists of one channel that
winds its way across the cathode electrode surface. Since there is
only one channel, serpentine channels are very effective at remov-
ing liquid because of the high gas velocity. However, the pressure
drop across the channel can be extremely large compared to the
case when the cathode is covered by channels in parallel. The trade-
off between serpentine and parallel flow fields is that the lower
flow velocity (for a given total air flow rate) with parallel chan-
nels can cause liquid water to accumulate, resulting in plug flow
or complete channel blockage and catastrophic voltage loss. Given
this trade-off, flow fields with a large number of serpentine chan-
nels in parallel are common. The goal is to have as many channels
in parallel as possible without introducing unmanageable channel
flooding.

Another aspect driving the development of flow fields with more
channels in parallel is the desire to reduce the depth of the channel
without increasing the hydraulic resistance of the channel array.
The motivation for shallower channels is to reduce plate thickness
for greater volumetric power density and to reduce the material

stresses and issues when fabricating stamped metal bipolar plates.
Since at constant flow rate the single-phase flow pressure drop,
�p, scales with the inverse of the hydraulic diameter, Dh, to the
4th power, �p ∝ 1/D4

h
, it is necessary to use many channels in

parallel to reduce the pressure drop for a given total flow rate.

dx.doi.org/10.1016/j.jpowsour.2010.10.026
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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temperature was maintained with cartridge heaters in the end-
ig. 1. Common two-phase flow regimes in PEMFC micro-channels. The flow is
epicted for a hydrophobic GDL and a hydrophilic plate.

ncreasing the number of channels in parallel reduces the pressure
rop by lowering the average velocity in each channel and short-
ning the length of each channel. Thus, the single-phase pressure
rop scales inversely with the square of the number of channels,
p2/�p1 ∼= (N1/N2)2.
Reviews of water flooding issues in PEM fuel cells have been

onducted by Anderson et al. [3], Li et al. [4], and Minor et al. [5].
he topic of water droplet dynamics in fuel cell microchannels has
een studied by many research groups [6–12]. In their recent study,
u et al. [10] measured the fluctuations in the pressure drop across
EM fuel cell microchannels at a range of different values of ul and
g, and have related the amplitude of the pressure fluctuations to
he different types of flow: mist < film (annular) < slug. Fig. 1 illus-
rates these common two-phase flow regimes in the microchannels
f PEM fuel cells. Often, flow maps are presented to characterize the
wo-phase flow regime in microchannels as functions of the liquid
nd gas superficial velocities, ul and ug, which are the volumetric
ow rates of liquid and gases divided by the total cross-sectional
rea of the channels. For example, Zhang et al. [12] performed ex situ
xperiments to evaluate the flow regimes in microchannels under
onditions consistent with PEM fuel cell operation. Hussaini and

ang [13] performed in situ characterization of the flow regimes
nder different conditions in an operating PEM fuel cell with a
ransport plate for visualization.

One important gap in the understanding of PEM fuel cell water
anagement is the scaling of the voltage loss and voltage fluc-

uations versus the number of parallel channels. So far, most
xperiments have been conducted using a single choice for the
umber of parallel microchannels. This paper presents the anal-
sis of data collected using four different flow fields with 4, 8,
5 and 25 parallel microchannels. In this paper, we use the term

channel plurality’ to characterize the degree to which a channel
onfiguration is serpentine-like or parallel-like. Channel plurality,
, is defined as the number of independent channels, N, per unit
rea of active area, A, � = N/A. Thus, the values of channel plurality
tudied are 0.8, 1.6, 3, and 5 cm−2. The channel plurality of the cath-
de flow fields recently studied by General Motors is 0.455 cm−2

14]. In the Discussion section, we non-dimensionalize the chan-
el plurality with the channel cross-sectional area according to the
efinitions of ug and ul. A small value of channel plurality implies a
erpentine-like arrangement and a large value implies parallel-like
hannels. Small values of channel plurality are also obtained with
low number of very long channels (i.e., a straightened serpentine

ow field).

An important feature of the present study is the design of the
ow fields to carefully separate the effects of channel plurality. The
ey design features are the different active area aspect ratios for dif-
Sources 196 (2011) 1948–1954 1949

ferent numbers of channels, which allows the number of channels
to change without the spurious effects of introducing bends into the
channel layouts. We also designed the flow fields with large diam-
eter header channels having a long flow development length to
minimize their influence on the results and increase the microchan-
nels’ relative contribution to the measurements. We investigate the
effect of channel plurality by evaluating the voltage loss and fluctu-
ation scaling, and also by analyzing the power spectrums of fuel cell
voltage versus frequency and the correlation with pressure drop
measurements.

2. Experimental

Four different custom-made graphite cathode plates were con-
structed having 4, 8, 15 and 25 straight, parallel channels. Fig. 2
shows images of the four plates. The length of the parallel chan-
nels was chosen so that the total electrode area (the active area),
which the parallel channels covered, was constant at 5 cm2. In other
words, the aspect ratio of the electrode was altered depending on
the number of channels. Each channel was 1 mm in width and
0.5 mm in depth, and the rib width was 1 mm. The headers were
designed so that the pressure drop along the headers was signif-
icantly less than the pressure drop through the channels, which
should provide equal flow through each parallel channel in single
phase flow conditions. The headers, before and after the parallel
channels, were 8 mm in width and 4 mm in depth. Thus, the header
channels are large enough that gravity can be used to direct the
water in preferential directions. The header channels also featured a
sufficiently long development length before the channels to ensure
the flow in the header was fully developed and to further minimize
channel flow variation. The microchannels were orientated such
that the flow through the microchannels was in the same direction
as the force of gravity, and therefore, the flow through the headers
was perpendicular to the force of gravity. In the outlet header, the
force of gravity pulls droplets away from the channel/outlet header
interface, further reducing the effect of the header channels on the
results.

The membrane electrode assembly (MEA) featured a 25 �m
thick Nafion® membrane coated with cathode and anode catalyst
layers (MEA 1017, Ion Power Inc., New Castle, DE). The gas diffusion
layers (GDLs) were SGL Carbon 10 BB – Gas Diffusion Media (Ion
Power Inc., New Castle, DE). Single-sided adhesive Teflon®-coated
fiber glass gaskets (McMaster-Carr, Atlanta, GA) sealed the GDL
perimeter and defined the 5 cm2 active area within the 25 cm2 MEA.
A new MEA was prepared for each flow field plate tested in the com-
mercial 50 cm2 single cell hardware (Fuel Cell Technologies Inc.,
Albuquerque, NM). The anode flow field was the original 50 cm2

4-channel serpentine flow field plate from the fuel cell hardware.
Pressure sensitive paper (Sensor Products, Inc., Madison, NJ) was
used to ensure that the 5 cm2 active area was properly compressed
in this novel arrangement. In addition, preliminary experiments
were done to ensure the active area was properly masked and
the area-specific current–voltage characteristics of the MEA were
maintained.

All experiments were conducted on a commercial fuel cell test
station (Fuel Cell Test Stand 850e, Scribner Associates, Southern
Pines, NC). We set an operating pressure of 1 atm for the air and
hydrogen, and a fuel cell temperature held at 65 ◦C. We also per-
formed experiments at 80 ◦C in order to compare our results with
the flow regime maps created by Hussaini and Wang [13]. The cell
plates and a T-type thermocouple inserted into the anode endplate.
The inlet gases were saturated with water vapor at the fuel cell
temperature in both cases. Thus, approximately all of the water
produced electrochemically is in the liquid state, which simplifies
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limiting current was 0.5 A cm−2 with 25 channels versus 1.9 A cm−2

with 8 channels. We also use the 8 channel polarization curve to
demonstrate that the current–voltage characteristics of our masked
MEAs are consistent with unaltered versions of the same commer-
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ig. 2. Four cathode plates with 4, 8, 15, and 25 parallel channels. The plates have
egligible pressure variation in the headers. During operation, the direction of grav

pproximations of the superficial liquid velocity, ul. An underly-
ng assumption in calculating ul in this way is that the amount of

embrane water cross-over is negligible compared to the amount
f water produced electrochemically. The assumption of zero mem-
rane water cross-over is consistent with back diffusion balancing
lectro-osmotic drag and should not significantly change the gen-
ral scaling relationships presented later. Membrane cross-over
ater typically results in <20% difference in water flow rate [15].

Pressure measurements were collected using a differential pres-
ure transducer (Omega Engineering, Inc., Stamford, CT.), which
ad a full-scale range of 0–2.5 kPa. As Fig. 2 shows, the pressure
ifference was measured between the two headers. The pressure
aps were formed by epoxing 1 mm diameter stainless steel tubes
Scanivalve, Liberty Lake, WA) into holes drilled through the side
all of the header channels. With the negligible pressure drop in

he large diameter header channels, this pressure tap placement
rovides an accurate measurement point for the pressure drop
cross the microchannels.

In order to collect data at a range of different values of super-
cial gas velocities, experiments were conducted at a wide range
f different air stoichiometric ratios (ranging from 1.1 to 40) with
ach of the four cathode flow field plates. For each experimental
ondition, the following procedural steps were followed after ini-
ial conditioning to establish repeatable results: (1) the hydrogen
ow rate was set at a constant stoichiometric ratio of five based
n the 5 cm2 active area; (2) the air flow rate was set to the spe-
ific air stoichiometric ratio for the experiment and the fuel cell
as allowed to equilibrate for 5 min with zero current in order to
lear the channels of water from any previous experiments; (3) the
urrent was set to 2 A for 5 min; and (4) the voltage data was col-
ected for 30 min (10 data point per second). The high hydrogen
ow rate was used to prevent any spurious anode influence on the
esults.
stant active area of 5 cm2 and the size of the header channels ensure that there is
s aligned with the outlined arrows.

3. Results

3.1. Polarization curves

Fig. 3 presents polarization curves for the fuel cell with cath-
ode plates having 8 and 25 channels at a constant air flow rate of
0.5 slpm (an air stoichiometric ratio of 5.5 at 1 A cm−2). These polar-
ization curves serve to illustrate the significant loss of performance
when using a large number of channels in parallel. For example, the
Current density / A cm
-2

Fig. 3. Polarization curves for flow field plates with 8 and 25 channels. The fuel
cell temperature was 65 ◦C and the air flow rate was 0.5 slpm. The scan rate of the
polarization curves was 1 mV s−1. The gases were fully humidified at the inlets.
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ig. 4. Fuel cell voltage versus time for the cathode plates with 4 and 15 channels
n parallel and an air stoichiometric ratio of 2. The current density was 0.4 A cm−2

nd the cell temperature was 65 ◦C. The gases were fully humidified at the inlets.

ial MEA. From prior studies in the literature, a benchmark for the
erformance of this MEA and GDL combination at the same pres-
ure (1 atm), humidification (100%), and temperature (within 10 ◦C
f 65 ◦C) is a current density of approximately 0.8 A cm−2 at fuel
ell voltage of 0.6 V when losses due to channel flooding are not
resent [16,17]. The current density of the 8 channel plate polariza-
ion curve was 0.77 A cm−2 at a voltage of 0.6 V, which is consistent
ith the benchmark.

.2. Voltage time series

Fuel cell voltage data at a current density of 0.4 A cm−2 was col-
ected for all four flow field configurations at two temperatures,
5 ◦C and 80 ◦C, and for varying values of the air stoichiometric
atio. Throughout the following results, the voltage behavior was
tudied at a constant current of 0.4 A cm−2 because it is well within
he linear Ohmic region of the polarization curve and is far from
he non-linear mass transport limited region in cases where chan-
el flooding is not present. Thus, reductions in the effective active
rea and the commensurate increase in effective current density
ue to liquid water blocking channels and shutting down regions
f the active area should have a approximately linear effect on the
ime-averaged voltage.

Fig. 4 shows representative fuel cell voltage time series for two
ifferent flow field geometries (4 and 15 parallel channels) at the
ame air stoichiometric ratio of 2 and an operating temperature
f 65 ◦C. As expected, there was significantly lower average voltage
ith increased numbers of channels (greater channel plurality) due

o liquid water accumulation in the channels. The increase in liquid
ater accumulation in the microchannels with larger numbers of

hannels, for a given volumetric rate of liquid water production, is
ue to a non-linear relationship between the liquid phase velocity
nd the air flow rate. Thus, greater water accumulation is com-
ensurate with a larger liquid volume fraction (i.e., cross-sectional

rea) in the channels and lower velocities. In this particular case,
he voltage was reduced by 37% when using 15 channels instead of
channels. The amplitude of the voltage fluctuation was also larger
ith greater numbers of channels, even though the air stoichiomet-
ic ratio and the current density were the same. As the inset plots
n Fig. 4 illustrate, the typical fluctuations of the 15 channel case
ad an amplitude range roughly 4 times greater than that of the 4
hannel case.
Sources 196 (2011) 1948–1954 1951

3.3. Correlation of pressure drop with voltage

To demonstrate that the voltage instabilities were primarily
due to two-phase flow in the channels, we measured the pres-
sure drop through the microchannels and evaluated the correlation
between the voltage and pressure measurements. Fig. 5 shows volt-
age and pressure time series data collected at an air stoichiometric
ratio of 1.5 in the 15 channel configuration. There are significant
fluctuations in both pressure and voltage signals under these oper-
ating conditions. The figure also shows the power spectrum of the
pressure and voltage time series. The power spectra have similar
features at frequencies above 0.2 Hz; both feature a 1/f decrease in
amplitude versus frequency and have peaks at the same frequen-
cies. The correlation coefficient between the pressure and voltage
was −0.41, and in a second set of data under the same conditions
(not shown), the value was −0.40 for the correlation coefficient.
This means that there was a significant negative correlation, mean-
ing increases in pressure drop are moderately synchronized with
decreases in fuel cell voltage. This is to be expected because an
increase in pressure would indicate increased channel blockage
and greater flow maldistribution, which result in regions of oxygen
starvation.

3.4. Voltage power spectrum

We also constructed the power spectra of the voltage for all
four plates in order to investigate the fluctuation in the frequency
domain and evaluate the trends of dominant frequencies with
changes in channel plurality and air stoichiometric ratio. Fig. 6
shows power spectrums of voltage fluctuations for the four flow
field plates for air stoichiometric ratios ranging from 2 to 32.
We observed the total amplitude of fluctuations decreased with
increasing values of the air stoichiometric ratio as well as with
decreasing numbers of channels. In general, the amplitude of the
fluctuations decreased with increasing frequency with a 1/f depen-
dence with several peaks occurring between 0.2 and 2.0 Hz. Peak
frequencies with values on the same order of magnitude were mea-
sured by Chen [18] for the pressure drop time series in an ex situ
two-channel apparatus and by Niroumand et al. [19] in an cathode
flow channel of an operating fuel cell.

As Fig. 6 shows, there was a trend for peaks to shift to higher
frequency values as the air stoichiometric ratio was increased with
a fixed number of channels. Similarly, the peaks tended to shift to
higher frequencies when using flow field plates with fewer chan-
nels. These trends in peak frequency are related to the change in
velocity and residence time of the air in the microchannels as the
flow rate was increased. Thus, these trends could be due to the fast
removal of smaller droplets at higher air flow rates rather than the
slow removal of larger droplet less often at lower air flow rates. This
contrast is also evident in the voltage time series in Fig. 4. Two other
important trends observed in the power spectrums are: (1) the dis-
appearance of peaks with the highest stoichiometric ratios, which
is consistent with using high gas velocities that prevent water accu-
mulation, and (2) the diffusion of peaks into broad, high amplitude
values with greater numbers of channels. This is particularly clear
in the results for 25 channels. This entails that the two-phase flow
disturbances are present across this entire range of frequencies
because of the greater number of dynamic modes for flow field
plates with greater numbers of channels.

3.5. Voltage loss scaling
We observed significant reductions in fuel cell voltage when
using large numbers of channels in parallel. We define the voltage
loss as the difference between the time-averaged, steady state volt-
age and that for the same plate at the highest air-stoichiometric
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ig. 5. Pressure and voltage time series (left) and power spectrums (right) for the 15
nd the current density was 0.4 A cm−2. The gases were fully humidified at the inlet
atio tested. For example, the time-averaged voltage with the 25
hannel plate at 80 ◦C decreased 0.17 V when the air stoichiomet-
ic ratio was reduced from 40 to 3. Herein, we evaluate the scaling of
he voltage loss normalized by time-averaged voltage at the high-

10
-3

10
-4

10
-5

10
-3

10
-4

10
-5

10
-3

10
-4

10
-5

10
-3

10
-4

10
-5

4 Ch

8 Ch

15 Ch

10
-1

10
0

10
-1

10
0

10
-1

10
0

10
-1

10
0

25 Ch

Frequency / Hz

A
m

p
li

tu
d
e 

/ 
V

2

2

2

4

4

4

8

8

8

16

16

16

4

16

8

32

ig. 6. Power spectrum of voltage fluctuations with varying air stoichiometric ratios
nd number of microchannels in the cathode plate. The fuel cell temperature was
5 ◦C and the current density was 0.4 A cm−2. Note that it was not possible to operate
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icrochannels. The gases were fully humidified at the inlets.
nel plate with an air stoichiometric ratio of 1.5. The fuel cell temperature was 65 ◦C

est stoichiometric ratio. For example, the 0.17 V voltage loss with
the reduction of the stoichiometric ratio from 40 to 3 is equivalent
to a normalized voltage loss of 0.26 given the time-averaged fuel
cell voltage was 0.65 V at the highest stoichiometric value of 40.

Power series curves were fit through each of the data sets and the
two free variables in the power curve fits were used to estimate the
dependencies on the number of channels, N, and the air stoichio-
metric ratio, �. Rounded to the nearest half-integer, the normalized
voltage loss data scaled linearly with the number of channels, N, and
inversely with the air flow stoichiometric ratio, �. Fig. 7 plots the
normalized voltage loss versus N/� and illustrates a diffuse collapse
of the data with this scaling. The R2 correlation coefficient of the
power fit through the voltage loss was 0.70. The equation for nor-
malized voltage loss power series fit is (V̄max − V̄)/V̄max = 0.032N/�.
The scaling shows that each time the number of channels (or chan-
nel plurality) is doubled, the voltage loss due to flooding roughly
doubles for a constant stoichiometric ratio and current density. The
scaling also shows that each time the air flow rate is doubled, the

voltage loss is approximately halved, for a constant electrochemi-
cal area and current density. We note that, on average, there was
slightly more voltage loss when operating at 65 ◦C.
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ected at 65 ◦C. For all channel configurations and temperatures, the current density
as 0.4 A cm−2. The gases were fully humidified at the inlets.

.6. Voltage fluctuation scaling

In this work we have quantified the voltage fluctuation
mplitude as the standard deviation of the voltage time-series nor-
alized by the time-averaged voltage of the same time series. As

ig. 4 illustrated, using greater numbers of channels in parallel can
ramatically increase the amplitude of the voltage fluctuations.
ounded to the nearest half-integer, the voltage fluctuation data
caled linearly with the number of channels, N, and inversely with
he square of the air stoichiometric ratio, �. Fig. 8 plots the normal-
zed standard deviation of the voltage versus N/� 2 and shows a tight
ollapse of the data with this scaling. The R2 correlation coefficient
f the power fit through the voltage fluctuation data was 0.87. The
quation for normalized voltage standard deviation power series
t is �̄V /V̄ = 0.034N/�2. For voltage fluctuations, the air stoichio-
etric ratio has a leading order effect with its inverse quadratic

caling. As an example, the voltage standard deviation is reduced
o roughly a quarter of its previous value if the air stoichiometric
atio is doubled. In addition, the number of channels (channel plu-
ality) has a proportional effect. According to this scaling, doubling
he number of channels (doubling channel plurality) results in a
oubling of the normalized voltage standard deviation.

. Discussion

In order to compare our results with prior studies on two-phase
ow in the microchannels of PEM fuel cells, the parameters in
his report were converted to the following flow regime variables:
uperficial liquid velocity, ul, and superficial air flow velocity, ug.
ince the water produced was roughly constant in all of the data
oints (due to the constant current and fully humidified condi-
ions), ul is only a function of N: ul ∝ 1/N. The superficial air velocity
as a function of both the air stoichiometric ratio and the number

f channels:

g ∝ �

N
.

herefore, the N/�2 dependence of the voltage fluctuations suggests
hat the fluctuations scale as ul/u2

g . The mean voltage loss scaled as
/�, and hence as u−1

g . However, we are not suggesting that there is

o dependence on ul, but that it is a significantly weaker parameter
han ug, in determining the voltage loss.

We use the ug and ul conversion to compare our voltage fluctua-
ion amplitude data and scaling with the results from Hussaini and

ang [13] under similar geometric and operating conditions. They
sure, and temperature. The vertical height of the arrow represents the amplitude of
the voltage fluctuation (80 ◦C data) in a log10 scale. Solid curves are their fits for the
transitions between flow regimes. The dashed curves are guide-lines showing our
ul/u2

g scaling for voltage fluctuations.

observed the flow regimes in cathode microchannels with 0.5 mm
by 1 mm cross-sections at 1 atm and 80 ◦C, which is the same oper-
ating conditions as the 80 ◦C data presented in Fig. 8. Their 14 cm2

cathode flow field had seven channels, resulting in a channel plural-
ity value of 0.5 cm−2. Fig. 9 shows the voltage fluctuation amplitude
data collected in this work overlaid against their flow map. The
height of the vertical arrows represents the amplitude of the volt-
age fluctuation in a log10 scale. The solid curves in Fig. 9 are their
fits for the transitions between the single phase, droplet, film, and
slug flow regimes. The amplitude of the pressure fluctuation mea-
sured by Lu et al. [10] follow the same trend for the amplitude of
the pressure fluctuations: slug > film > mist. The dashed curves in
Fig. 9 show the slope of our ul/u2

g scaling for the voltage fluctuation
amplitude. Note that the ul/u2

g scaling roughly matches the slope
of lines defining the flow regime transitions measured by Hussaini
and Wang [13] over a large portion of their flow map. The amplitude
of our measured voltage fluctuations was largest in flow regime
map region where Hussaini and Wang [13] observed slug flow. As
expected, our fluctuation amplitude decreased as our superficial
velocities enter the film, mist, and single-phase flow regions within
their flow regime map.

4.1. Generalization

We now discuss generalizing our findings to fuel cells of varying
active area and channel cross-sectional dimensions. We base this
generalization on the flow regime’s dependence on the parameters
ug and ul for a given flow field design. For example, flow regime
maps, such as that shown in Fig. 9, attempt to uniquely define
the flow regime based on these two parameters. For a flow field
of arbitrary channel numbers and channel cross-sectional dimen-
sions with 100% inlet relative humidity, the expressions for the
superficial gas and liquid velocities are:

ug = Cg
i�

�Ac
(1)

and
ul = Cl
i

�Ac
(2)

where i is the current density, Ac is the cross-sectional area of
each channel, and Cg and Cl are constants relating the current to
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he stoichiometric volumetric flow rate. When considering, simi-
ar operating conditions (e.g., current density), the scaling of the
elocities reduce to:

g ∝ �

�Ac
∝ �

�∗ (3)

nd

l ∝ 1
�Ac

∝ 1
�∗ (4)

here �* is the dimensionless channel plurality, �* = �Ac, which is
lso the ratio of the total channel cross-sectional area to the active
rea, �* = NAc/A.

The voltage loss and fluctuation amplitude results showed a
roportional dependence on the number of channels, which is
quivalent to channel plurality since our study was done with con-
tant active area. Thus, we suggest substituting the expression for
imensionless channel plurality into the equation fits for the nor-
alized voltage loss (see Section 3.5):

V̄max − V̄

V̄max
= 32

�∗

�
(5)

nd the voltage fluctuation amplitude (see Section 3.6):

�̄V

V̄
= 34

�∗

�2
(6)

The valid parameter ranges for the voltage loss and voltage
uctuation amplitude scaling are 2 × 10−4 < �*/� < 8.5 × 10−3 and
.5 × 10−5 < �*/�2 < 3 × 10−3, respectively. A typical �*/� value from
recent study by industry is 7 × 10−4 [14], which falls well within

he range of values studied here. It is important to note that the
onstants of 32 and 34 in Eqs. (5) and (6) were obtained for our
articular channel cross-sectional dimensions. Thus, care should
e taken when using the �* to generalize our findings to flow fields
ith significantly different hydraulic diameters. In our future work,
e will extend our studies of channel plurality to include chan-
els of varying cross-sectional dimensions and other active areas
o further verify the �* scaling.

. Conclusion

The PEM fuel cell voltage loss and fluctuations measured in this
tudy are caused by two-phase flow instabilities in the microchan-
els of the cathode. Since the air velocity distribution and liquid
ccumulation in the microchannels vary in time with these insta-
ilities, the rate of oxygen transport to the cathode catalyst layer is
educed and fluctuates in time, causing the voltage to fluctuate and
n overall decrease in the mean voltage. In this study, we investi-
ated the effect of channel plurality on the fuel cell voltage using
custom set of plates with varying numbers of microchannels. We

howed that the cause of the voltage fluctuations was the fluctua-
ions in the liquid flooding of the microchannels by (a) measuring
negative correlation coefficient (−0.4) between the pressure and

oltage in the case of large amplitude fluctuations and (b) com-
aring our data with the flow regime data collected by Hussaini
nd Wang [13]. Through a large experimental parametric study,
e found that the voltage loss scales proportionally with channel
lurality divided by the air stoichiometric ratio. We also identified

[

[

Sources 196 (2011) 1948–1954

that the amplitude of the voltage fluctuations scaled proportion-
ally to the channel plurality divided by the air stoichiometric ratio
squared. Knowing these general scalings for the voltage loss and
fluctuation amplitude may be of considerable value in the design
of commercial PEM fuel cells and in the validation of two-phase
models for the flow in the microchannels.
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