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The goal of this study was to determine the main cause of performance improvement in decreasing aspect
ratio interdigitated flow fields, where aspect ratio is the channel length to width ratio. An experimental
test cell with an interdigitated flow field operated under various aspect ratios found increasing net power
densities with decreasing aspect ratio, after accounting for parasitic pump losses. In-situ neutron radio-
graphy found there was more water present in high aspect ratio flow field designs than in low aspect
ratio designs. It also found more water in the 1.5/2 stoichiometry conditions than in the 2/4 stoichiom-
etry conditions further indicating liquid water is a probable cause of performance changes. A single phase
model used to determine the difference in power from the changing distribution of cross flow found
decreasing aspect ratio resulted in higher overall performance. The experiment had significantly greater
losses in power density with increasing aspect ratio, indicating liquid water removal was the major con-
tributor to the improvement in net power density rather than the distribution of cross flow. Designers of
PEMFCs should use a low aspect ratio design for interdigitated flow fields, or include a water removal
mechanism for situations where high aspect ratio is required.

� 2017 Published by Elsevier Ltd.
1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have great
potential as a future power system in both stationary and trans-
portation applications. The area of flow field design still needs to
be more fully explored to improve the power density and under-
stand the effect on fuel cell performance. Interdigitated flow fields
force convective transport between channels, through the gas dif-
fusion layer (GDL) and catalyst layer (CL), also known as cross flow.
This convective transport between channels reduces the concen-
tration overpotential [1]. Cross flow in interdigitated flow fields
carries fresh reactants closer to the catalyst layer, reducing the
required diffusion length, allowing for faster transport of fresh
reactant. This reduction in concentration losses allows interdigi-
tated designs to reach higher limiting current densities than equiv-
alent parallel designs [2]. While there is an increase in pumping
pressure required to drive the reactants, interdigitated designs
tend to have a higher net power, after subtracting pumping losses,
than equivalent parallel flow designs [2,3]. There has been limited
experimental work on cross flow distribution effects in interdigi-
tated flow fields, however.

There has been work of interest regarding cross flow on the per-
formance effect of induced cross flow in parallel flow fields. Bach-
man et al. [4] designed a parallel flow field where the outlet of one
set of channels could be regulated, inducing cross flow. They found
that at performance improved in the partially blocked cases, par-
ticularly at elevated stoichiometry. Tong et al. [5] extended this
work, designing a hybrid parallel/interdigitated flow field, with
regulators at the inlet of one subset of channels and at the outlet
of other subset of channels. The hybrid flow field achieved elevated
performance compared to both parallel and interdigitated flow
fields. Alternative flow fields and operational styles which make
use of cross flow have been examined as well [6,7]. Taira and Liu
[8] examined the effect of humidity on the cross flow induced pres-
sure drop across a gas diffusion layer. Santamaria et al. [9] exam-
ined the effect of cross flow velocity on water distribution and
accumulation in interdigitated flow field fuel cells.

Modeling of PEMFCs has becomemore commonplace and useful
as computing power becomes more accessible [10–12]. Kanezaki
et al. [13] found that cross flow rate is strongly related to the cat-
alyst layer reactant concentration and further that increased water
removal rates and lower concentration overpotentials are due to
increased cross flow of interdigitated flow fields. Arato et al. [14]
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Nomenclature

Ac cathodic Tafel slope, mV
As active specific surface area, m�1

Cp specific heat of air, J/kg K
d depth, mm
Ė power, mW
I neutron flux
k specific heat ratio
L/D ratio length over diameter ratio
L length, cm
p pressure, Pa
T temperature, K
U air velocity, cm/s
V voltage, V
v volume fraction of electrolyte
w width, mm
x material thickness, mm

Greek letters
Ri macroscopic cross section (neutron attenuation coeffi-

cient), m�1

a transfer coefficient
e porosity
g pump efficiency
j permeability, m2

r conductivity, S/m

Subscripts/superscripts
0 initial
anode anode
atm atmospheric
cathode cathode
cell cell
ch channel
comp compressed GDL
D dry
dew dew point
exit exit
inlet inlet
land land
mem membrane
pump pump
sys system
W wet

Abbreviations used in text
AR Aspect Ratio
ANOVA Analysis of Variance
CL Catalyst Layer
GDL Gas Diffusion Layer
MEA Membrane Electrode Assembly
MPL Microporous Layer
PEMFC Polymer Electrolyte Membrane Fuel Cell
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performed simulations on interdigitated and partially interdigi-
tated PEMFCs with varying dimensionless permeability conditions.
Extensive optimization simulations by Grujicic et al. [15] found
reduced channel length and width result in increased performance,
all else being equal. This analysis helped to further confirm the
relationship between reactant concentration in the catalyst layer
and overall performance. Khazaee and Sabadbafan [16] developed
a simulation which examines the effect of cross flow in serpentine
flow field fuel cells, finding the 4-channel serpentine flow field out-
performed a 1-channel flow field. Mahmoudi et al. [17] developed
a model to examine the effect of the compression under lands in
interdigitated flow fields. Given the relative dearth of experimental
work, these simulations remain instructive, but not the final word
on the topic.

Neutron radiography is a non-invasive method of examining
internal features using thermal neutrons. In particular, neutron
radiography can be used to examine the in-situ water distribution
within a PEMFC [18–20]. This information is useful for designers,
as previous studies have shown that the presence of liquid water
within a fuel cell degrades performance [21,22]. For example,
Spernjak et al. used neutron imaging to compare the water content
within parallel, single serpentine and interdigitated flow fields
[23], while Owejan et al. examined the level of saturation within
channels of an interdigitated fuel cell [24]. Hickner et al. examined
the water content distribution of a PEMFC under a range of humid-
ity values and local temperatures [25].

Investigations into the relationship between aspect ratio and
net power density for parallel flow fields have been performed
both computationally and experimentally [26,27]. The relationship
between aspect ratio (AR), cross flow distribution and net power
density in interdigitated flow fields is less completely understood,
and less fully explored. Given previous work on cross flow and
internal cell pressure of interdigitated flow fields [28], it is of inter-
est to examine the effect of varying aspect ratio on cross flow in
interdigitated cells. Previous work has found that decreasing the
length of channels in an interdigitated fuel cell, thus decreasing
the aspect ratio, causes an increase in the net power density of
the fuel cell [29]. It also found that increasing the aspect ratio
led to an uneven distribution of cross flow down the length of
the fuel cell. The effect of aspect ratio on cell performance is exam-
ined thoroughly by the previous work, but the cause of this effect
has not been fully examined.

The current work seeks to build on this previous work to under-
stand the cause of the increase in net power density as aspect ratio
decreases. The goal of this study is to examine the potential causes
of this change in net power density, including in-situ water distri-
bution and the uneven distribution of cross flow as aspect ratio
changes. Since the previous work uses stoichiometry as an exam-
ined variable, stoichiometry will be examined as well. Fuel cell
stack designers will inevitably be faced with limitations on size
and shape in the design of the units they create. These limitations
hold the potential to limit the power produced by a stack. Under-
standing the cause of power density changes in light of changes in
aspect ratio allows for the mitigation of these issues and provides
the potential for high power densities regardless of shape
constraints.

In this study, an interdigitated flow field PEMFC which could
switch between 5 cm, 15 cm and 25 cm in length (with fixed chan-
nel widths, channel depths and land widths of 1 mm) was designed
and tested to determine the improvement in power density that
comes with decreasing length. A statistical analysis of aspect ratio
and stoichiometry, based on the experimental results, helped to
clarify the effect of these factors on performance. Neutron radiog-
raphy was performed on the high and low aspect ratio flow fields
to determine whether a difference in water buildup played a role
major in performance improvement. Measuring the extent of
water buildup does not, however, provide an exact measure of
the corresponding decrease in power density due strictly to water
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buildup. There may be other causes of changing power density in
the cell, including the uneven distribution of cross flow, as noted
in [29]. To determine the extent of performance change due strictly
to uneven cross flow distribution, a single phase computational
study was performed which examined the power generated for
the interdigitated cell at each aspect ratio that was examined
experimentally. The associated decrease in power density for
increasing aspect ratio designs which is not attributed to the
uneven cross flow could then be attributed to the presence of liq-
uid water, as observed in the neutron imaging.
Table 1
Experimental testing parameters.

Parameter Value

Cell temperature 70 �C
Gas temperatures 70 �C
Inlet humidity 85% RH
Current steps 1 A
Stoichiometries 1.5/2 and 2/4
Aspect ratios 250:1, 150:1 and 50:1
2. Experimental setup

2.1. Test cell construction

A previous study found that as the aspect ratio of an interdigi-
tated fuel cell decreased, the net power density increased as well
[29]. Those experimental results have been built upon and reinter-
preted to provide more insight and to serve at a motivation for the
rest of the work. A PEMFC that can be operated under channel
aspect ratio configurations of 50:1, called the low AR (5 cm channel
length), 150:1, called the medium AR (15 cm channel length) and
250:1, called the high AR (25 cm channel length) through the use
of isolated manifold exit ports was used in the experiment. An
image of the flow field setup and picture of a bipolar plate can
be found in Fig. 1. Manifolds were sized to be large enough to
not contribute to pressure losses. ‘‘Outlet, High AR”, ‘‘Outlet, Med-
ium AR”, and ‘‘Outlet, Low AR” were used for the high, medium and
low aspect ratio conditions, respectively. The plates were
machined out of 6061-T6 aluminum and were nickel coated for
corrosion prevention. To run the cell under interdigitated condi-
tions, repositionable 1 mm � 1 mm � 3 mm silicon plugs were
used to seal off entrances and exits of cathode channels as shown
in Fig. 1. Kapton � tape was placed over unused portions of the
cathode and anode MEA to prevent electrochemical reactions in
the low and medium aspect ratio configurations. Plastic plugs were
Fig. 1. Image of a bipolar plate of the fuel cell and silicon plugs used to induce interd
channels, causing cross flow. This method was used for each aspect ratio.
used to fill and block off manifold outlets that were not in use. The
MEA consisted of SGL 10BC carbon GDL on both the anode and the
cathode and a DuPont Nafion XL membrane with 27.5 lm thick-
ness and 0.4 mg cm�2 platinum loading on both sides. Silicon gas-
kets were used to seal the MEA and cell compression was kept
consistent throughout the testing process.

2.2. Testing parameters & statistical analysis

An Arbin Instruments� Fuel Cell Test Station was used to con-
duct the cell testing. It controlled the cell voltage, the cell current,
the cell temperature and the feed gas conditions (temperature,
humidity, flow rate). Cell temperature was monitored using k-
type thermocouples and maintained via 4 cartridge heaters. Inlet
pressure was measured using a Miljoco� gauge. All flow hardware
was insulated to maintain gas temperatures. Polarization curves
were conducted at two stoichiometries of 1.5 anode/2.0 cathode
(called 1.5/2) and 2.0 anode/4.0 cathode (called 2/4). Three replica-
tions of each case were completed in random order. Polarization
curves shown in the text are the average of the three replications.
Galvanostatic control was used. Testing parameters used in the
experiment can be found in Table 1.

Statistical analysis was completed on the experimental data
using an analysis of variance (ANOVA) method to isolate the effect
of key variables. The input variables were aspect ratio and stoi-
igitated flow. Silicon plugs prevented flow into exit channels and out of entrance
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chiometry, with levels of high, medium & low aspect ratios, and 2/4
& 1.5/2 stoichiometries, respectively. The output variables were
maximum cell power density (Pmax) and limiting current density
(jL). For this experiment, limiting current density is the current
density for which the corresponding steady state voltage drops
below 0.05 V. ANOVA compares the variance of the data within
each level of a condition with the variance of the data between
levels of the condition. Using these variances, the total number
of data points, and the number of levels, a measure of statistical
significance is obtained. The critical p-value used for statistical sig-
nificance for this ANOVA was 0.05.
3. Experimental results

The polarization trends for each aspect ratio are depicted in
Fig. 2a and b. A portion of these results may be found in [29] in a
different context, but here it has been reinterpreted, more data
has been taken and it serves as a motivation for the work. After
including parasitic pump losses, the voltage generally decreases
at a given current density with increasing aspect ratio. The low
aspect ratio cell performed the best over the entire range of current
densities, while the high aspect ratio cell generally performed the
worst. Even though the high aspect ratio cell generally performed
the worst, it did exhibit less sensitivity to losses in the concentra-
tion region of the polarization curve compared to the medium
aspect ratio cell. This affect was more pronounced in the 2/4 stoi-
chiometry condition. This may indicate that the high aspect ratio
cell experienced some better water removal characteristics from
the very high pressure drop through the cell, compared to the med-
ium aspect ratio case. The unsteady characteristic of the high and
medium aspect ratio configurations at high current density in the
Fig. 2. The polarization curves for each aspect ratio, at (a) 1.5/2 and (b) 2/4 stoichiometr
curves for each aspect ratio, at (c) 1.5/2 and (d) 2/4 stoichiometries.
1.5/2 stoichiometry case indicates liquid water was a problem,
supporting this theory.

System power, Ėsys, is compared by subtracting the required
pumping power, Ėpump, from the cell power, Ėcell:

_Esys ¼ _Ecell � _Epump ð1Þ
in units of milliwatts. Inlet cathode pumping pressure, pinlet,
changes with current density, so pumping power is determined
by the non-isothermal compressor equation:

_Epump ¼
_mAirCpT
g

pinlet

patm

� �k�1
k

� 1

 !
ð2Þ

where _mAir is the mass flow rate of reactant air, Cp is the specific
heat of air (J kg�1 K�1), T is the temperature of the air (K), g is the
pump efficiency (�85%), patm is the atmospheric pressure and k is
the specific heat ratio. Fig. 2c and d compares system power density
for the interdigitated aspect ratio conditions versus current density.
Overall, the low aspect ratio cell displays the highest performance
while the medium and high aspect ratio configurations suffer from
pressure loss in addition to the reduced power from liquid water
and potential losses from uneven distribution of cross flow.

The ANOVA results are presented in Table 2. Both aspect ratio
and stoichiometry input variables were found to have a statisti-
cally significant effect on cell maximum power and limiting cur-
rent density. Interestingly, the interaction between stoichiometry
and aspect ratio was found to be statistically significant for maxi-
mum power density but not limiting current density. This may be
caused by the maximum power density’s dependency on the mul-
tiplication of voltage and current density. The voltage at a given
current density is dependent on environmental variables, such as
inlet pressure or flow rate of reactants. Stoichiometry and aspect
ies. Each polarization curve is the average of three separate runs. The system power



Table 2
ANOVA results. Given are the p-values for each input on each output. Outputs of
interest are limiting current density, JL, and maximum power, Pmax, while inputs are
stoichiometry and aspect ratio. The interaction between the two inputs was also
examined. Statistically significant (p < 0.05) values are bolded.

JL Pmax

Stoichiometry 4.05 � 10�7 1.36 � 10�7

Aspect Ratio 6.77 � 10�6 3.62 � 10�7

Interaction 0.529 0.0153

Table 3
Imaging testing parameters.

Parameter Value

Cell temperature 70 �C
Gas Temperatures 70 �C
Cathode inlet humidity 85% RH
Anode inlet humidity 50% RH
Current densities 0.2 A cm�2 and 0.6 A cm�2

Stoichiometries 1.5/2 and 2/4
Aspect ratios 250:1 and 50:1
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ratio affect many of these environmental variables, and therefore
vary the voltage. Since electrochemical effects tend to be nonlinear,
the voltage response change may be non-proportional to the corre-
sponding changes in environmental variables. This is carried
through to the power calculation.

Given these interesting results, it is important to try and under-
stand the cause of the performance degradation, so proper inter-
digitated flow field designs can account for the losses. The two
potential causes of performance loss are liquid water accumulation
in the cell and uneven distribution of cross flow. These will be
explored to determine the relative contribution to performance
degradation.

4. Neutron radiography

4.1. Processing

Neutron radiography was performed to determine whether
water was a significant factor in the performance differences
between the high and low aspect ratio designs. Neutron radiogra-
phy produces an image of the internal structure of the fuel cell
based on the attenuation of neutrons through the fuel cell. Neutron
attenuation is not directly related to the density of the material,
but is dependent on the neutron cross section of those materials.
Metals, particularly aluminum, can have a relatively low neutron
cross section, meaning radiographs can see the internal structure.
Hydrogen, and by extension water, has a relatively high neutron
cross section, meaning water can be seen easily on neutron radio-
graphs. Beam attenuation in neutron imaging is governed by the
Lambert-Beer Law

I ¼ I0e�
P

½Rixi � ð3Þ
where I is the transmitted neutron flux, I0 is the initial neutron flux,
and Ri and xi are the macroscopic cross section (neutron attenua-
tion coefficient) and thickness of imaged material layer i� respec-
tively. The amount of water present in-situ in the fuel cell can be
determined by comparing the transmitted fluxes of a dry fuel cell
which has been purged, and a fuel cell that has run and accumu-
lated water. A dry, purged fuel cell, where subscript D means Dry,
and a wet fuel cell, where subscript W means Water, would have
Lambert-Beer Laws of

IDry ¼ I0e�RDxD ð4Þ

Iwet ¼ I0e� RDxDþRwxw½ � ð5Þ
Using a dry shot and a wet shot, the relative intensity of the water
can be determined. Rearranging terms gives

Rwxw ¼ � ln
Iwet

Idry

� �
ð6Þ

This gives the relative thickness of the water at each point in the
radiograph. All images were normalized using a point from the
image which did not contain water. This was done to minimize
the effect of possible beam intensity fluctuations.
4.2. Testing parameters

All imaging was performed in Bay 3 at the McClellan Nuclear
Radiation Center, which is an experimental TRIGA reactor rated
for up to 2 MW of steady state power. The bay is at a 30� angle
from horizon, and has a thermal neutron flux of 4.3 � 106 n cm�2 -
s�1. The scintillation screen and image resolution is 100 lm. The
beam aperture is 1.54 in. and the beam line has an L/D ratio of
175. The camera used to capture images is an Apogee Alta cooled
to �40 �C, with an E2V back illuminated CCD40-42. All neutron
images, also known as radiographs, were collected by averaging
two pictures taken with 40 s of beam exposure time each. Three
separate radiographs were collected for each aspect ratio and oper-
ating condition imaged.

The imaging used the same fuel cell set up as was used in the
testing. The testing parameters used may be found in Table 3.
Due to time constraints, only high and low aspect ratio fuel cell
designs were imaged. To isolate the cathode flow field liquid water,
relative humidity on the anode was set to 50% to minimize anode
flooding. This may have an effect on the liquid water back diffu-
sion, but the trends on water accumulation in the high and low
aspect ratio will still be similar. All other operational parameters
were the same as during testing. Images were captured at two cur-
rent densities to get a better sense of the effect of water generation
rates on the water distribution - a low current density which pro-
vides a low water generation rate and a current density at which a
fuel cell might be typically operated.
4.3. Imaging results

Sample radiographs of both the high and low aspect ratio cells,
at two different operational conditions can be found in Fig. 3. Only
the flow field between the silicon plugs used in the channels is
shown, as this is where flow phenomena occur. On the high aspect
ratio cell, the artifacts at approximately 20% and 60% of the way
down the length of the cell are the low and medium AR manifolds
built into the bipolar plates. These were blocked to prevent flow
between channels, but the edges of the manifold can still show
up on the neutron image. Water slugs can be seen blocking chan-
nels as the yellow and red sections in the channels.

The water distribution trends down the length of the flow field
can be found in Fig. 4, as the average across the width of the cell.
Comparing the low (Fig. 4a) and high (Fig. 4b) aspect ratio overall
trends, the low aspect ratio flow field tended to have an even dis-
tribution of water down the length of the cell, while the high
aspect ratio flow field tended to have water buildup toward the
outlet of the cell. The low aspect ratio experienced a minor buildup
in liquid water near the outlet of the cell, in comparison. Upon
examination of the raw radiographs, the increase in the saturation
level of the high aspect ratio cell was due to water slugs found in
entrance channels that build up on the outlet end of the cell. This
position will multiply the effect of the water slug on performance,
as it prevents cross flow at the outlet end of the fuel cell. The
increase in the saturation of the low aspect ratio fuel cell may be



Fig. 3. Sample images from neutron radiography, of (a) the high aspect ratio, 1.5/2 stoichiometry, at 0.6 A cm�2, (b) low aspect ratio, 1.5/2 stoichiometry, at 0.6 A cm�2, (c)
high aspect ratio, 2/4 stoichiometry, at 0.2 A cm�2, and (d) low aspect ratio, 2/4 stoichiometry, at 0.2 A cm�2. The color bar in the lower left shows the thickness of water
increases from black/blue (little to no water) to red/white (saturation). The left side of the images is the inlet and the right side is the outlet. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The distribution of water down the length of the fuel cell, averaged across the width of the flow field for (a) the low aspect ratio and (b) the high aspect ratio. The x-axis
is the channel position from inlet, at 0, to outlet, at 1. The y-axis is the average saturation level of water for that point in the channel position, across the entire width of the
cell.
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due to the increasing humidity of the cathode reactants as they
flow through the cell.

The high aspect ratio cell had the most liquid water in the
0.2 A cm�2, 1.5/2 stoichiometry condition. This condition had the
lowest reactant flow rate through the fuel cell, so the cell may have
had difficulty removing water that built up in the GDL. The
0.2 A cm�2, 2/4 stoichiometry condition had the most consistent
water accumulation down the length of the cell, which could be
explained by the combination of high reactant flow rates and the
low water production rate. The low aspect ratio cell experienced
comparatively minor differences in the level of water accumulation
between the various operating conditions.

This water distribution data corroborates and clarifies the find-
ings from the experimental results. The difference in liquid water
accumulation between the high and low aspect ratio flow fields
seems to indicate that liquid water buildup in the flow field plays
a major part in performance degradation with increasing aspect
ratio. The high aspect ratio fuel cell has water concentrated in
entrance channels at the outlet side of the flow field, potentially
exacerbating performance loss affects as this renders portions of
the cell inaccessible to reactants. The performance differences
observed in the experiment between high and low aspect ratio
flow fields at high current densities match the increase in water
buildup in the high aspect ratio flow field at high current density,
lending further support to the liquid water theory. The perfor-
mance degradation due to liquid water cannot be directly quanti-
fied, so the performance degradation due to uneven distribution
of cross flow must first be determined before the relative attribu-
tion of affect magnitude is made.
5. Simulation formulation

5.1. Geometry and assumptions

For computational simplicity, a differential, half channel portion
of the PEMFC was modeled using COMSOL Multiphysics with the
Batteries and Fuel Cells module, which can be seen in Fig. 5. The
model is single phase. This is important, as the model is meant
to only capture performance effects due to uneven flow distribu-
tion; the water affects are identified from the neutron radiography.
This effect will be compared to the losses determined from the



Fig. 5. Flow domains of the model. Red arrows indicate inlets to the half channels, while blue arrows indicate outlets of the half channels. The X indicates half channels which
are blocked off. The anode has another outlet at the end of the right half channel, but this is behind the model. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 4
PEMFC Model parameters that are constant across all conditions.

Variable Value Description

Tcell (�C) 70 Cell temperature
Pexit (Pa) 0 Outlet pressure (gage)
egdl 0.82 Porosity of GDL
jgdl (m2) 3.65e�11 Permeability of GDL [34] and [35]
ecl 0.35 Porosity of CL [36]
vl 0.3 Electrolyte volume fraction in the CL [36]
jcl (m2) 6e�12 Permeability of CL [37]
V_ratio 0.667 Vol. ratio change compressed GDL
ecomp 0.73 Porosity of compressed GDL
jcl (m2) 7e�12 Permeability of compressed GDL [33]
tgdl (lm) 180 Thickness of GDL
tcl (lm) 20 Thickness of CL
t (lm) 50 Thickness of membrane
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experimental portion of the work. Any experimental losses not
attributable to the single phase model are due to the liquid water
identified in the neutron radiography. Half channel models have
been used by other groups and are a simple, reliable way of mini-
mizing computation time [1,30,31]. The differential model includes
both anode and the cathode portions of the PEMFC. As a represen-
tative portion of an interdigitated cell, the differential model must
have both an entrance and an exit channel on the cathode. The
boundaries of the model are halfway through the entrance and exit
channels, and have symmetry conditions applied to simulate full
channel gas movement. On the anode side, both half-channels
are in parallel. The model is isothermal, steady state, single phase,
with ideal gases and no gas or water crossover or contact
resistance.
mem

wch (mm) 1 Channel width
wland (mm) 1 Land width
d (mm) 1 Channel depth
Tdew (�C) 65 Gas dew point
V (V) 0.72 Voltage of the cell
rmem (S/m) 7 Conductivity of membrane [38]
rgdl (S/m) 250 Conductivity GDL
As (1/m) 108 Active specific surface area
acathode 0.5 Cathodic transfer coefficient [39]
aanode 0.5 Anodic transfer coefficient [39]
Ac (mV) �70 Cathodic Tafel Slope [40]

Table 5
PEMFC Model parameters that are condition dependent for the 2/4 stoichiometry
condition.

Variable Short Medium Long Description

Uin,cathode (m/s) 1.23 2.36 5.94 Inlet velocity on cathode
Uin,anode (m/s) 0.2 0.38 0.96 Inlet velocity on anode
L (cm) 5 15 25 Channel length
5.2. Governing equations and boundary conditions

Compressible flow conservation laws were applied to the
model. Relevant laws in the model included the continuity equa-
tion, and momentum conservation in channels. Flow in porous
media was handled using the Brinkman modification to the Darcy
equation [32]. Charge and species conservation equations were
also applied.

All walls had no-slip boundary conditions. The inlet and outlet
conditions were set to be laminar. The inlet velocity was set to
be the same as the experiment at the maximum power point.
The exit was set to atmospheric pressure. Velocity field and pres-
sure distributions from the Navier-Stokes equation and the
Darcy-Brinkman equation were set to be equal across CL-GDL
and GDL-channel boundaries.

The anode overpotential was calculated using the linearized
Butler-Volmer equation, as the overpotentials from the anode side
are relatively small. The cathode overpotential was calculated
using the Tafel equation, as the overpotentials from the cathode
are relatively large. The average current density was calculated
by averaging the local current density over the whole area of the
cell.
5.3. Parameter selection

The PEMFC operating conditions and material properties listed
in Tables 4 and 5 were chosen to reflect the components and mate-
rials used in the experiment. The porosity for GDL under compres-
sion was accounted for by approximating the volumetric ratio
change of the compressed GDL from the uncompressed GDL. In this
study, ecomp was 0.73. The permeability of the compressed GDL
was then matched from data published by Gostick et al. [33].

The lengths of the channels, L, were set to be the same as the
lengths of the PEMFC design used for the experiment. These
lengths resulted in aspect ratios of 50:1, 150:1 and 250:1. The inlet
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velocities, Uin,anode and Uin,cathode, were calculated based on the flow
rate of each reactant gas stream at the current density of the max-
imum power density, for both stoichiometries of the PEMFC used
in the experimental portion of the work.
6. Simulation results

6.1. Pressure

A comparison of the measured pressure drops across the cell to
the simulated pressure drops is found in Table 6. Pressure trends
Table 6
Comparison of numerical and experimental pressure drops through the cell, in kPa.
The experimental pressure is the pressure through the cell at 0.6 A/cm2. Note: The
minimum, non-zero, pressure measurable using the experimental setup is 0.689 kPa.

Numerical Experimental

2/4

Stoichiometry

1.5/2

Stoichiometry

2/4

Stoichiometry

1.5/2

Stoichiometry

Low 0.298 0.144 1.896 0.689
Medium 1.433 0.468 1.724 0.689
High 4.778 1.398 5.860 4.137

Fig. 6. Plot of pressure distributions in entrance and exit channels in the (a) high aspect r
from the average pressure differential at normalized position in the channel. All data ta
increase with higher aspect ratios due to head loss from channel
walls and higher flow rates needed to maintain the same stoichio-
metric values. The simulated pressures are lower than the pressure
measured in the experimental cell. Since the simulation was meant
to strictly examine the effect of uneven distribution of cross flow,
the differences are most likely due to liquid water build up in
the experimental cell, and pressure losses from flow in gas lines
and the manifolds.

The pressure trends for each aspect ratio simulated at the 2/4
stoichiometry can be found in Fig. 6. Fig. 6a–c show the pressure
in the channels. The entrance channels are labeled High Pressure
and the exit channels are labeled Low Pressure. In the high aspect
ratio cell, the pressures of the entrance and exit channels are so
similar as to essentially overlap for approximately 50% of the cell
length. The parabolic nature of these curves may be due to the bal-
ance between head loss down the length of the cell and pressure
from cross flow through the GDL. The head loss due to flow in
channels is the same for both entrance and exit channels, so given
enough distance the channels will equalize pressure. This persists
until the equilibrium is disturbed by the outlet in the exit channel.
These results are corroborated by previous numerical interdigi-
tated studies, such as Arato et al. [14].

Fig. 6d overlays the deviation of the pressure differential
between channels, DPx, at a length down the channel, x, from the
atio cell, (b) medium aspect ratio cell and (c) low aspect ratio cell. (d) The deviation
ken for the 2/4 stoichiometry case.
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average pressure differential between channels, DPavg, for each
channel length, against the dimensionless position down the
length of the channel x/Lc. Both the high aspect ratio cell and med-
ium aspect ratio cell maintain their parabolic shape, while the low
aspect ratio cell is more even down its length.

Pressure differential between channels is directly relatable to
cross flow rate, as has been previously shown [41]. By relating
the pressure differential to cross flow rates, it becomes clear that
cross flow rate is unevenly distributed down the length of the cell
due to the variations is pressure differences. In the high aspect
ratio cell, cross flow rate is concentrated at the ends of the cell,
while the center experiences significantly lower than average cross
flow rates. The medium aspect ratio cell also experiences uneven
distribution of cross flow down the length of the cell, but to a lesser
extent. The low aspect ratio cell has relatively even cross flow
rates.

6.2. Current density

The local current density in the membrane becomes less evenly
distributed with increasing aspect ratio. This can be seen in Fig. 7a–
c. Both the medium and the high aspect ratio cells exhibit reduced
current density production in the middle of the flow field, and ele-
vated current densities at the inlet and outlet ends of the flow field.
Compared to the other cases, the low aspect ratio case has fairly
evenly distributed current density down the length of the cell.
There is a small but noticeable reduction in current density near
the end of the cell, due to concentration loss down the cell, as reac-
Fig. 7. The current density distribution halfway through the membrane for (a) high asp
ratio shown has been blown up to benefit visualization. (d) Current density production at
All data taken for the 2/4 stoichiometry case.
tant gets used, reducing the rate of diffusion. The low aspect ratio
cell does not have a significant increase in cross flow at the outlet
of the cell, so does not have an increase in current density produc-
tion to counteract the concentration losses. This concentration loss
effect is also observable over lands in the cell. As the reactant flows
through the GDL, some gas is reacted by the catalyst layer. The
remaining reactants in the cross flow stream have a lower concen-
tration, increasing concentration losses.

The relationship between average current density production
across the width of the cell and position along the length is shown
in Fig. 7d. The medium and high aspect ratios have less even cur-
rent density production than the low aspect ratio. The medium
and high aspect ratio designs underperform the low aspect ratio
design for approximately two-thirds of their length in middle,
but outperform the low aspect ratio at the inlet and outlet. This
is due to the increased cross flow rates at the inlet and outlet of
the fuel cell.

The uneven distribution of current density in the membrane
leads to a decrease in the overall average current density produc-
tion, with increasing aspect ratio. The gain in current density
caused by high cross flow areas is less than the loss in current den-
sity caused by low cross flow areas. This results in small areas of
high cross flow & current density, such as the inlet and outlet of
the medium or high aspect ratios, and large areas of low cross flow
& current density, such as the middle of the medium or high aspect
ratio cells. Increasing the aspect ratio of the cell would cause the
average cell current density to decrease, as larger and larger pro-
portions of the cell support low cross flow. These low cross flow
ect ratio (b) medium aspect ratio and (c) low aspect ratio. Not to scale, each aspect
normalized position down the cell. Simulation performed for a cell voltage of 0.72 V.



Fig. 8. Net power density, after subtracting pumping power, of the PEMFC at each length at both 2/4 and 1.5/2 stoichiometries for (a) the experimental results, (b) the
numerical simulation and (c) a percentage difference in the power between the experiment and simulation.
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areas can be best considered as being sections of parallel flow field
behavior within the interdigitated flow field. The reactant gases are
reliant on diffusion rather than convection to get reactant to the
catalyst layer under the lands, increasing the required diffusion
length for these portions of the cell.
6.3. Power density comparisons

The simulation results and the experimental testing at the max
power point are displayed in Fig. 8. By comparing the results of the
experiment and the simulation, the relative effect of the uneven
distribution of cross flow on performance losses may be deter-
mined, and the relative effect of liquid water can be attributed.
Both experimental and numerical data show decreasing trends in
power density due to increasing aspect ratio. In the simulation,
at 2/4 stoichiometry, the medium aspect ratio cell has 0.6% less
power than the low aspect ratio cell, while the high aspect ratio
cell loses 2.5% power compared to the low aspect ratio cell. At
1.5/2 stoichiometry, the differences become even smaller, losing
less than 1% of net power density each. In the experimental data,
on the other hand, at the 2/4 stoichiometry, the medium aspect
ratio cell has 5.5% less power than the low aspect ratio cell, and
the high aspect ratio cell has 11% less power. At the 1.5/2 stoi-
chiometry, the power loss is even more noticeable, at 14% and
25% respectively.

The experimental data shows a larger reduction in performance
with increasing aspect ratio compared to the simulation. In Fig. 8c,
the percentage difference between the experimental and the sim-
ulation results can be seen to increase with increasing aspect ratio.
This indicates that the main cause of power density losses in the
cell is probably not the uneven cross flow distribution, but instead
the liquid water in the flow field identified in the neutron imaging.
It is interesting to note that the simulation and experimental data
have opposite trends when it comes to stoichiometry. The effect of
power loss is more pronounced in the simulation at 2/4 stoichiom-
etry, whereas in the experimental data, the power loss is far more
pronounced at 1.5/2 stoichiometry. This further supports the idea
that liquid water build up is the main cause of power degradation,
as at higher stoichiometries, more reactant is flowing through the
cell, increasing the pressure. The lower pressure of 1.5/2 stoi-
chiometry is less able to push water out of the GDL and channels,
causing greater performance losses.
7. Conclusions

This study examined the relationship between decreasing chan-
nel aspect ratio and performance improvement in interdigitated
flow field PEMFCs. The motivating experiment showed that low
aspect ratio interdigitated flow fields tend to outperform high
aspect ratio designs. A statistical analysis found that there was a
statistically significant interaction between channel aspect ratio
and the stoichiometry for the maximum power density. Neutron
radiography determined there was increased water accumulation
in the high aspect ratio flow field compared to the low aspect ratio
flow field. The neutron radiography further showed an increase in
water content at higher current densities, which corresponded to
the greater performance losses seen in the experiment. These
observations indicate that liquid water removal was most likely
the major cause of performance improvement with decreasing
aspect ratio, but the change in the distribution of cross flow had
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to be examined as well for confirmation. A liquid water-free simu-
lation examined the impact of uneven distribution of cross flow on
performance. The performance loss due to uneven cross flow was
notably less than the performance loss with increasing aspect ratio
measured in the experiment, indicating that liquid water was
probably the major cause of performance loss. Designers of inter-
digitated PEMFC, including flow-field switching designs, should
take into account these performance issues and explore using a
lower aspect ratio layout if possible and pursuing either parallel
designs or a liquid water elimination system when higher aspect
ratios are necessary.
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