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bstract

Distributions in reactant species concentration in a PEMFC due to local consumption of fuel and local transport of water through the membrane
ause distributions in current density, temperature, and water concentration in three dimensions in a PEMFC. These distributions can lead to
ooding or drying of the membrane that may shorten the life of an MEA. Changing the cell’s flow-field pattern to distribute the gas more evenly

s one method of minimizing these stresses. This paper investigates how 200 cm2 serpentine flow-fields with different number of gas paths, and

hus different gas path lengths, affect performance and species distribution. The results show how the local temperature, water content, and current
ensity distributions become more uniform for serpentine flow-field designs with shorter path lengths or larger number of channels. These results
ay be used to develop universal heuristics and dimensionless number correlations in the design of flow-fields and stacks.
2006 Elsevier B.V. All rights reserved.
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. Introduction

During operation of a proton exchange membrane fuel cell
PEMFC), hydrogen and oxygen are consumed as the fuel and
ir travel from inlet to outlet leading to distributions in reaction
ate. This distribution of the reaction causes gradients in tem-
erature and water production over the area of the cell. These
econdary effects can feedback to change the reaction rate and
an also lead to ternary effects such as local flooding when the
ocal partial pressure of water exceeds the saturation pressure
or water at the local temperature. Other ternary effects include
ransport distributions of water across the membrane between
he anode and cathode due to electroosmosis and diffusion as
ell as variation of membrane conductivity due to changes in

he local water activity on the anode.
Many researchers have studied the problem of water manage-

ent inside PEMFCs for both steady state and transient oper-
tion [1]. However, the effect of flow-field design on PEMFC

erformance has received less attention. Fell et al. [2] used a
ingle-phase isothermal CFD model of PEMFC segments to test
erformance of experimental flow-field designs under differ-
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s
c

o
d
S
m

378-7753/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2006.01.099
e PEMFC; Parallel computing; ES-PEMFC

nt humidity conditions. Greenway et al. [3] used a two-phase,
on-isothermal model to study 10 cm2 serpentine laboratory-
cale flow-field patterns with different flow path lengths and
nlet/outlet configurations to study cell performance and distri-
ution uniformity. They also reported the effect of gas diffusion
ayer (GDL) properties on these flow-fields. Oosthuizen et al.
4] investigated mass transport under the ribs in a PEMFC using
single phase non-isothermal PEMFC model in the finite ele-
ent code FIDAP to study channel to channel transport through

he GDL for different GDL permeability. Experimentally, Li et
l. [5] compared a serpentine pattern to a matrix of individual
raphite squares and Yoon et al. [6] tested different rib widths on
n 80 cm2 cell to see the effect on performance. Commercial-size
ells (∼200–800 cm2) have more pronounced effects from pres-
ure drop, flooding distribution, and non-uniformity in temper-
ture and current distributions due to manifolding constraints.
hese effects cause stability, durability, and performance prob-

ems for PEMFC stacks. Shimpalee et al. [7] explained effects
een in a patented 480 cm2 cell under different cathode humidity
onditions, but did not investigate different flow-field patterns.

The main goals of flow-field design are to increase uniformity

f the current and temperature distributions at the operating con-
itions of interest while maintaining or improving polarization.
tudies of different flow patterns will give an idea of how to opti-
ize the flow-field design for a PEMFC stack. This optimum

mailto:shimpale@engr.sc.edu
dx.doi.org/10.1016/j.jpowsour.2006.01.099
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Fig. 1. Schematic of the typical PEM fuel cell used

epends on temperature changes inside the system resulting
rom the electrochemical reaction and water phase change and
t has implications for the design of the cooling/heating system.
ere we consider the flow-field design, temperature change, and

ffects from the phase change of water on the performance of a
ommercial size (200 cm2 reaction area) PEMFC performance
t steady state operation.

Fig. 1 illustrates a schematic of the typical PEMFC. The
ell consists of two graphite plates with machined flow chan-
els separated by a membrane/electrode assembly (MEA). The
EA is a sandwich of a membrane between two electrodes with
ispersed platinum catalysts. In this paper, we will focus on
he five different 200 cm2 flow-field patterns shown in Fig. 2.
hey are (a) 3-channel serpentine, (b) 6-channel serpentine, (c)
3-channel serpentine, (d) 26-channel serpentine, and (e) 26-

p
b
b
a

ig. 2. Flow filed patterns of anode and cathode on 200 cm2 PEMFC: (A) 3-channel
6-channel flow field; (E) 26-channel complex flow-field.
sting of membrane and electrode assembly (MEA).

hannel complex serpentine. Geometries (a)–(d) have similar
atterns, but different gas path lengths. Geometry (e) has been
nvestigated experimentally by Buchi and Neto [8] and it has the
ame path length as the 26-channel serpentine flow-field. This
omplex geometry has been included into this study to exam-
ne the effects of the flow-field pattern. The solutions from the

odel will be shown and analyzed for these different flow-field
onfigurations. The pattern of this distributed network and the
ffect on pressure drop will be studied and generic design prin-
iples will be developed that we hope could benefit the industry.
he goal of this research is to add to the knowledge base to

roduce generic design information for the flow-fields that can
e applied to the fuel cell stacks. Heuristic models are needed
ecause modern day computers even with parallel processing
re slow to compute optional stack designs without some intel-

serpentine flow-field; (B) 6-channel flow-field; (C) 13-channel flow field; (D)
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igence in the set of flow-fields considered. This study is a part
f our main research goal of developing universal heuristics and
imensionless number correlations that can be used to design
ow-fields and stacks. It is assumed that the development of

hese design techniques with CFD will require verification (of
subset of model predictions) but that proper design of exper-

ments will expedite the development of the heuristics. That is,
FD experiments will be less costly than build-and-test exper-

ments and they can be correlated to yield design heuristics for
he next generation of PEMFCs.

. Model development

The equations solved in this work included the conserva-
ion of mass, the Navier–Stokes equations, the species transport
quations, the energy equation, and the water phase change
odel. Source terms for these equations used in the model were

aken from Ref. [15]. In the water phase change model, when
he local activity of water exceeded 1.0 water vapor was con-
ensed to form liquid water until the local activity equaled 1.0.
onversely, if liquid water was present and the local activity of
ater dropped below 1.0 then liquid water was evaporated until

he local activity equaled 1.0. When liquid water condensed in
he region adjacent to the electrode surface, it is assumed to form
liquid film on the electrode surface. In the regions where there
as a liquid film on the electrode, hydrogen and oxygen were

equired to dissolve in the liquid film and diffuse through the
lm to the electrode surface in order to react. Henry’s law was
sed to calculate the solubility of the gases in the liquid. The
hickness of this liquid film depended on the rate of condensa-
ion/evaporation and the production of water by electrochemical
eaction as discussed in the appendix of Lee et al. [9].

A control volume technique based on a commercial flow
olver, STAR-CD 3.150A026, was used to solve the coupled
overning equations. This software was used with an add-on
ool called expert system for PEMFCs (ES-PEMFC) that pro-

ided the source terms for the species transport equations, the
hase change equations for water, and the heat generation equa-
ions [13]. Also, ES-PEMFC accounted for the flux of protons
nd water across the membrane [13].

t
o
A
s

able 1
eometry details, GDL properties, and MEA properties

3-channel

hannel width (mm) 0.9
hannel height (mm) 0.55
hannel length (mm) 3700
ib-spacing width (mm) 0.9
DL thickness (�m) 250
DL permeability (m2) 1.0E−12
DL porosity 0.7
DL thermal conductivity (W/m K) 0.213
DL diffusion adjustment (%) 50
EA thickness (�m) (including 12.5 �m thickness of catalyst layer) 50
EA thermal conductivity (W/m K) 0.147
ry membrane density (g/cm3) 2.0
quivalent weight of dry membrane (g/mol) 1100
r Sources 160 (2006) 398–406

The PEMFCs simulated in this work (shown in Fig. 2) con-
isted of two flow-field patterns (upper is anode and lower is
athode) separated by GDLs and an MEA. Table 1 summarizes
he geometry details for each of the models and properties used
n the simulation. The length of the flow path for each geome-
ry was inversely proportional to the number of flow channels
or this set of geometries. The cross-section flow areas of both
eometries were 0.055 cm (height) × 0.09 cm (width). Each dif-
usion layer had dimensions of 0.025 cm (height) × 14.14 cm
width) × 14.14 cm (length). The number of computational cells
sed in the model varied with complexity of the model. For
he 3-channel flow-field, the total cell number was 1.88 mil-
ion cells, the 6-channel had 2.5 million computational cells,
he 13-channel had 4.14 million cells, the 26-channel serpentine
ad 6.7 million cells, and the 26-channel complex serpentine
ad 5.5 million cells. The large number of computational cells
sed in these models could not be solved using single processor
omputer. Therefore, PRO-HPC, a parallel computing imple-
entation of STAR-CD, with six nodes of a Linux cluster was

sed for these simulations. In the PRO-HPC implementation a
omain decomposition method was used and each model was
ecomposed into six pieces that were sent to six different proces-
ors on the cluster for computation. Each processor’s solutions
ere communicated to the other processors using MPICH over

ast Ethernet connections.
In this study, the inlet flow velocity was controlled by sto-

chiometric numbers of 1.2 at anode and 2.0 at cathode and a
o-flow inlet/outlet configuration was used in this study. The
perating pressure was 101 kPa absolute at the exit of the cell.
n the model, the system pressure was calculated every iteration
o get the correct inlet pressure, velocity, and species’ compo-
ent corresponding to inlet stoichiometry and humidification.
or temperature predictions, the bi-polar plate temperature was
aintained at 70 ◦C. The inlet humidity in this study for both

he anode and cathode corresponded to 80 and 70 ◦C dew point
emperatures with 100% relative humidity, respectively. Note

hat the conditions used in this study were the optimum PEMFC
perating conditions found from internal experimental studies.
ll the parameters used (e.g., oxygen exchange current den-

ity, hydrogen exchange current density, and gas diffusion media

6-channel 13-channel 26-channel 26-channel complex

0.9 0.9 0.9 0.9
0.55 0.55 0.55 0.55
1800 840 420 420
0.9 0.9 0.9 0.9
250 250 250 250
1.0E−12 1.0E−12 1.0E−12 1.0E−12
0.7 0.7 0.7 0.7
0.213 0.213 0.213 0.213
50 50 50 50
50 50 50 50
0.147 0.147 0.147 0.147
2.0 2.0 2.0 2.0
1100 1100 1100 1100



S. Shimpalee et al. / Journal of Power Sources 160 (2006) 398–406 401

Table 2
Operating conditions

3- channel 6-channel 13-channel 26-channel 26-channel complex

Anode channel inlet conditions
Gas H2 H2 H2 H2 H2

Stoichiometry 1.2 1.2 1.2 1.2 1.2
Inlet temperature (◦C) 80 80 80 80 80
Inlet relative humidity (%) 100 100 100 100 100

Cathode channel inlet conditions
Gas Air Air Air Air Air
Stoichiometry 2.0 2.0 2.0 2.0 2.0
Inlet temperature (◦C) 70 70 70 70 70
Inlet relative humidity (%) 100 100 100 100 100

Operating conditions
Exit pressure (kPa) 101 101 101 101 101
Hydrogen exchange current density (A/cm2) 0.5 0.5 0.5 0.5 0.5

2 .05
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Oxygen exchange current density (A/cm ) 0.05 0
Open circuit voltage (V) 0.98 0
Cell temperature (◦C) 70 7

roperties) were shown in Tables 1 and 2. In this work, we con-
idered the effect of flow-field configuration or the path length on
he PEM fuel cell performance. The results of local current den-
ity, electrochemical variables, temperature, and pressure drop
ith different flow-field configurations were compared and dis-

ussed further.

. Results and discussion

Fig. 3 shows the polarization curves of the five flow-fields at
he conditions specified in Table 2. The 13-channel flow-field
as the highest performance in the IR region (i.e. cell voltages
etween 0.6 and 0.75) and the mass transfer limited region (i.e.
ell voltages below 0.6) followed in order by the 26-channel

omplex flow-field, the 26-channel flow-field, the 6-channel
ow-field, and 3-channel flow-field. In the kinetic region (i.e.
ell voltages above 0.75), the 3-channel flow-field has the best
erformance. This high performance in the kinetic region for

ig. 3. The performance curves of these five flow-filed configurations with the
ondition of 80 ◦C/70 ◦C dew point at 1.2/2.0 stoich with 101 kPa system pres-
ure and 70 ◦C cell temperature: 3-channel (*); 6-channel (�); 13-channel (�);
6-channel (�); 26-channel-complex (×).

s
d
c
t
fl

F
m
(

0.05 0.05 0.05
0.98 0.98 0.98
70 70 70

he 3-channel flow-field is related to pressure effects in the flow-
eld as will be discussed below. However, at current densities
bove 1.0 A/cm2, the performances of both the 3-channel and
-channel flow-fields drop significantly compared to the other
ow-fields. This could be due to the effect of path length on

he local performance. In order to investigate which flow-field
r path length gives the optimum solution, the distributions of
ther variables will be studied.

Some developers try to engineer their flow-fields to give uni-
orm membrane hydration at conditions as close to saturated as
ossible without flooding. Maintaining uniform distribution of
embrane water content is one method of extending the lifetime

f PEMFC systems, because this reduces the formation of local
ot spots and flooding that can stress and damage MEAs. Fig. 4
hows the average membrane water content (λ) at each current
ensity for the flow-fields in this study. The membrane water

ontent indicates how well membrane is hydrated and is the key
o low membrane resistance. Fig. 4 reveals that the 3-channel
ow-field has the highest membrane water content for all cur-

ig. 4. Average value of water content of membrane at each point on perfor-
ance curves of these five flow-field configurations: 3-channel (*); 6-channel
�); 13-channel (�); 26-channel (�); 26-channel-complex (×).
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ent densities, but as current density increases the membrane
ater content decreases. The decrease in membrane water con-

ent at increasing current density occurs due to the increase in net
ater transport from anode to cathode with increasing current
ensity. The increased net water transport from anode to cathode
esults in drying of the membrane because the hydration state of
he membrane is a stronger function of anode water activity than
athode water activity [10–12]. Membrane water content has a
aximum of 14.0 for a water vapor equilibrated membrane, but

or a membrane equilibrated with liquid water this value can
each 22.0 [14]. For the 3-channel and 6-channel flow-fields the
embrane water content is above 14.0 for low current densities,
hich indicates that these flow-fields have significant fraction of

iquid water. The presence of liquid water could explain why the
verall performance of this 3- and 6-channel flow-fields show
he lowest performance even though they have high values of

embrane water content. For the flow-fields with shorter path
ength (i.e. 13-channel, 26-channel, and 26-channel complex),
heir performances are consistent with the membrane water con-
ent profile. The overall performance of 13-channel flow-field is
igher than both of the 26-channel flow-fields because it has
igher overall membrane water content at each average current
ensity.

The water content of the membrane is linearly related to the
roton conductivity of the membrane such that higher membrane
ater content leads to higher proton conductivity. The voltage

oss caused by the resistance of the membrane to proton trans-
ort can be calculated at each point on the polarization curve as
hown in Fig. 5. This figure shows increasing potential loss with
ncreasing of averaged current density. This behavior is intu-
tive based on the results for membrane water content shown in
ig. 4. The most striking result from this plot is that the mem-
rane in these cells is only responsible for a maximum of 10 mV
f the total voltage drop in the cell. At each current density,

he difference in membrane voltage drop between the differ-
nt flow-fields is only around 1 mV even when the membrane
ater content is 30% different. This indicates that if flows are

ig. 5. Ohmic potential loss causing by membrane conductivity at each point
n performance curves of these five flow-field configurations: 3-channel (*);
-channel (�); 13-channel (�); 26-channel (�); 26-channel-complex (×).

p
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F
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r Sources 160 (2006) 398–406

ell-humidified then the flow-field should be designed more for
liminating flooding conditions than trying to have a perfectly
niform membrane water content distribution.

The effect of oxygen concentration in the cathode on PEMFC
olarization is reflected in the kinetic overpotential. Fig. 6 shows
he area averaged kinetic overpotential as function of current
ensity. This figure shows average value of kinetic overpo-
ential at each point on performance curves shown in Fig. 3.
he 3-channel flow-field has the smallest overpotential at very

ow current densities because it has the highest partial pres-
ure of reacting gases. At low current densities the amount of
ater of produced in the cathode is also small. This combina-

ion of effects leads to a high partial pressure of oxygen in the
athode for flow-fields with longer path lengths even though
he oxygen stoichiometry remains the same. This explains why
he 3-channel flow-field has is the highest performance in this
egion as shown in Fig. 3. For all flow-fields, when the aver-
ge current density increases the kinetic overpotential also
ncreases. In the IR and mass transfer regions, the 13- and 26-
hannel flow-fields have smaller kinetic overpotentials than the
- and 6-channel flow-fields. When the average current density
s beyond 1000 mA/cm2, the value of overpotential is signifi-
antly increased for the 3- and 6-channel flow-fields due to mass
ransfer. With longer path length flow-fields like 3-channel and
-channel, the decreasing of gases’ partial pressure and the accu-
ulation of water are very intense especially in the last half of

he reaction area.
The pressure drop across the flow-field is an extremely impor-

ant metric for PEMFC system design because it will define the
ypes of compressors or blowers that are needed and the pres-
ure drop will also have an impact on the electrochemistry in
he cell. Fig. 7 shows the effect of flow channel path lengths
n the membrane water content and cathode pressure drops at
verage current density of 1000 mA/cm2. This figure shows that
ressure drop and water content increase with the increase of

ath length. The pressure drop decreases as the number of flow
hannels increases because there are more parallel paths that
he flow can take. As the total pressure increases and the mole

ig. 6. Average value of kinetic overpotential at each point on performance
urves of these five flow-field configurations: 3-channel (*); 6-channel (�); 13-
hannel (�); 26-channel (�); 26-channel-complex (×).
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ig. 7. The effect of flow channel path length from different flow-fields on
embrane water content and cathode pressure drop at average current density

f 1000 mA/cm2.

raction of water remains constant, then the partial pressure of
ater, and thus the activity, increases. The increasing activity of
ater will thus raise the membrane water content.
The distribution of reaction rates across the electrode surface

auses distributions in temperature and other electrochemical
ariables in a PEMFC. Distribution uniformity is important for
inimizing the material stresses on the MEA so that its lifetime
ill be improved. Fig. 8 shows the local temperature over the

node membrane surface at 1000 mA/cm2. The temperature of

he bipolar plate in all simulations is set at 70 ◦C (343 K) and
he source term for the heat of reaction is placed at the cath-
de/membrane interface. The simulations show the electrode
emperature near the inlet region for all cases is near 80 ◦C. The

t
t
h
a

ig. 8. Temperature (K) distributions on anode MEA surface at Iavg = 1000 mA/cm2:
ow field; (D) 26-channel flow field; (E) 26-channel complex flow-field.
r Sources 160 (2006) 398–406 403

emperature then drops to around 75 ◦C in the middle of the flow-
eld and maintains that temperature through the exit region. The
6-channel complex flow-field has a temperature distribution
hat is more uniform than the other co-flow flow-fields includ-
ng the other 26-channel flow-field. This could be due to the
pecial matching of the maximum hydrogen and oxygen con-
entrations at the inlet for co-flow configurations. Furthermore,
he average temperature between 13-channel and 26-channel is
nly slightly different. This means that there is a limit to how
uch the temperature uniformity can be adjusted by changing

he flow path length. It is noted that the temperature under the rib
reas is lower than the adjacent channel areas. This is because
he heat produced in the area under ribs is more easily trans-
erred to the graphite block compared to heat produced in the
rea under the channels.

Fig. 9 shows the average temperature on the anode membrane
urface as a function of the average current density. The tempera-
ure increases with increasing current density because of higher
eaction rate. As seen in Fig. 8, there are small differences in
verage temperature at the cathode/membrane interface for dif-
erent flow-fields, but with the 70 ◦C uniform plate temperature
oundary condition these differences are only around 1 ◦C. The
nsert bar graph shows the temperature difference between the

aximum and minimum local temperatures for different flow-
elds at an average current density of 1000 mA/cm2. This graph
hows that longer path length flow-fields have larger tempera-
ure ranges than shorter path length flow-fields. By looking at

he temperature distributions in Fig. 8, it can be observed that
he difference in average temperatures is mostly caused by the
ot spot in the entrance region. The size of the hot spot decreases
s the number of channels increases and the entrance region is

(A) 3-channel serpentine flow-field; (B) 6-channel flow-field; (C) 13-channel
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Fig. 9. Average value of temperature on membrane surface at each point on
performance curves of these five flow-field configurations. Bar graph shows
m 2
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aximum temperature difference on membrane surface at Iavg = 1000 mA/cm :
-channel (*); 6-channel (�); 13-channel (�); 26-channel (�); 26-channel-
omplex (×).

pread over more area. The average temperature between 13- and
6-channel flow-fields are only slightly different which suggests
hat there is a limit to how uniform the temperature profile can
e made by increasing the number of flow channels.

Fig. 10 shows current density distribution on MEA surface
f the 3-, 6-, 13-, and 26-channel serpentine, and the 26-channel

omplex serpentine flow paths, respectively. The 13-channel
ow-field has a higher cell voltage than other flow-fields. The 3-,
-, 13-, and 26-channel flow-fields give cell voltages of 0.575,
.590, 0.620 and 0.605 V, respectively. One important aspect of

i
m

f

ig. 10. Current density (A/cm2) distributions at Iavg = 1000 mA/cm2: (A) 3-channel
6-channel flow field; (E) 26-channel complex flow-field.
ig. 11. Current density plots along centerline of MEA from inlet toward outlet
i.e. at x-direction at y = 7.07 cm) at Iavg = 1000 mA/cm2 for five different flow-
elds.

hese distributions is the range of current variation. The distri-
utions in Fig. 10 show that the 26-channel flow-fields have the
east variation in current density. The 3-, 6-, 13-, and 26-channel
ow-fields have differences between the maximum and mini-
um local current densities of 840, 700, 430, and 370 mA/cm2,

espectively. The variability in the current density can cause
ocal variations in the cell temperature, membrane conductiv-
ty, and water concentration. The non-uniformities then cause
echanical stresses on the system that reduces MEA lifetime.
Fig. 11 shows further detail of above contours on the uni-

ormity aspect. This figure presents the current density plots

serpentine flow-field; (B) 6-channel flow-field; (C) 13-channel flow field; (D)
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long the centerline of MEA from inlet toward outlet (i.e. at
= 7.07 cm and plot along x-direction from 0 to 14.14 cm.). The
lot of each flow-field shows regular peaks and valleys caused
y different rates of heat transfer in the reaction areas under the
ow paths and under ribs. Fig. 11 shows that the current density
nder the rib areas is higher than under the adjacent channel
reas. This higher current density under the ribs is caused by
ocal temperature as explained in Fig. 8. Therefore, the lower
emperature under the ribs compared to under the channels
ncreases the membrane water content due to the reduction of
aturation pressure of water; thus, raising local performance. In
rder to reduce variations in current density between channel
nd rib areas the material and thermal properties of materi-
ls including bipolar plate, GDL, and MEA could be further
tudied.

From above results, it is noted that the results between 26-
hannel conventional serpentine and 26-channel complex ser-
entine are about similar for all parameters and their uniformity.
his can be concluded that with the same path length, the perfor-
ance and other variables will be the same and this has slightly

ffect by flow-field pattern. In these flow-field studies, it shows
hat 26-channel give the most uniformity than other flow-fields.
urthermore, the 26-channel give the least pressure drop com-
are to the other flow-fields.

The simulations show that the 13-channel gives the best per-
ormance for a single 200 cm2 PEMFC. However, for making
PEMFC stack, the 26-channel flow-field may be the optimal

hoice to use rather 13-channel due to more current density uni-
ormity and a lower pressure drop. Table 3 is the summary of
hese studies discussed above for three points of the V–I curve
i.e. 200, 600, and 1000 mA/cm2) and it shows the comparison
f these flow-filed bases on channel length, cell voltage, current
ariation, temperature variation, membrane water content, and
ressure drop.

. Conclusion

The effect of flow-field path length and pattern on the dis-
ribution of current, temperature, and electrochemical variables
n commercial-size PEMFC performance was studied using the
S-PEMFC model. The models used a commercial computa-

ional fluid dynamics solver, STAR-CD, and its PEMFC model
dd-on coded by University of South Carolina for computation
n steady-state, multi-species, multi-phase, and non-isothermal
chemes. The patterns studied were 200 cm2 reaction area cells
ith 3-, 6-, 13- and 26-channel flow-fields.
It is concluded that changing flow-field configuration by vary-

ng path length of PEMFC by changing the number of parallel
hannels can affect its performance and uniformity. The shorter
ath length gives more uniform current density distribution and
ess condensed liquid water than the longer path. However, from
n overall performance aspect, the 13-channel flow-field gave
slight advantage over the 26-channel flow-field due mostly
o small differences in membrane hydration. With similar path
ength, the performance appears to be relatively independent
f its configuration for the 26-channel cases that were tested.
herefore, the path length of a PEMFC flow-field is one of the
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ajor variables for optimizing the performance, efficiency, and
urability of PEMFC.
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