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PEFC operation in the regime of limiting current has been considered. The phenom-
enon of oxygen depletion on the cathode is considered responsible for the highest current
limits of the cell. The performance of the cell appears to depend strongly on the geometry
of the gas diffuser and supply channels. The study of the most promising geometric
configurations of the electrodes is carried out. We consider serpentine, interdigitated, and
interlaced designs of the gas supply in the electrode. The effect of the geometry on the
liquid water removal from the electrode and air pressure in gas channels are studied to
identify the best geometry of the gas supply net in terms of the maximum cell current. A
comparison between model predictions and experimental data is carried out. © 2006
American Institute of Chemical Engineers AIChE J, 52: 2356–2366, 2006
Keywords: transport model, limiting oxygen flux, diffuser, serpentine gas channel and
pressure

Introduction

Recent advances in electrochemistry, together with new
technologies in manufacturing on the one side and the deple-
tion of oil resources on the planet on the other side, give rise to
the wave of interest in alternative sources of energy, such as
fuel cells (FC), which convert the chemical energy of hydrogen
into electric energy when combined with oxygen. The most
popular in the class of FC are probably the polymer electrolyte
fuel cells (PEFC), mainly due to their relatively low cost and
ease in exploitation. Moreover, this technology is quite flexible
in terms of the size of the plants producing electric current,
allowing a wide range of output power load and high energy
density. PEFCs do not require high operating temperatures and
do not present problems with quick start up and component
corrosion. Therefore, they are suitable for the needs of trans-
portation. The light weight and compact size of these energy
sources, operating at high currents, gathered from a small
surface, make these devices especially good for portable de-
vices. The main problem in this case is related exactly to the
necessity to gather the highest electric current from the mini-
mal possible surface.

There are three main factors limiting the electric current

PEFCs and leading to voltage losses at the output. These
factors are activation resistance in the catalyst layer, which is in
contact with the electrode and accessible by reacting gases1-4;
ohmic voltage loss due to the electronic, ionic, and contact
resistance of the cell5-9; and mass transport resistance. Whereas
the new materials and highly effective catalysts and diffusers
reduce activation and ohmic resistance, the depletion of the
reactant gases on the reaction interface limit the cell perfor-
mance at high currents, because the gas transport to the reac-
tion sites fails to keep up with the reaction rate. At high current
densities, the reaction rate becomes limited mainly by the
mass-transfer of the reactant gases, diffusing from the gas
channel to the catalyst interfaces through the diffusion layers.
This phenomenon regards first of all the oxygen transport,
which is additionally obstructed by water vapor production on
the cathode. The common way to overcome these limitations is
the use of pressured reactants. However, the particular geom-
etry of the gas supply channels can activate additional physical
transport mechanisms, which not only improve the gas trans-
port itself, but also help tackle the flood inside the cathode at
high currents.

The development of theoretical models of the PEFCs is
important for the understanding of the mechanisms of their
operation and improvements of their performance So far, nu-
merous theoretical models of PEFC have been developed. Due
to advances in the computer sciences, the classical approach to
the modeling, which is usually one dimensional, is being sub-
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stituted by two- and three-dimensional models. Account for the
water transport in porous materials becomes common. Some of
the works dedicated to the modeling of the PEFC and related
topics are given in the reference list.10-26

Recently, much attention is being paid to the analysis of the
thermodynamics of the cell as well as to the studies of the
transport phenomena in cells. The cell potential of the PEFC is
evaluated on the basis of potential losses due to the limitations
of reactant transport, proton migration, electron conduction,
and electrochemical kinetics. Experimental studies demon-
strated significant influence of the pressure drops and geometry
of supply channels on the effectiveness of the cell (see, for
example, refs. 20,21,27,28). Interdigitated serpentine and in-
terlaced configurations of supply channels essentially make use
of the pressure driven transport mechanism that complements
the molecular diffusion. However, the importance of the de-
velopment of theoretical models of PEFCs and solving more or
less complex systems of mathematical equations is rather in the
gain of the understanding of the effect of the operating condi-
tions on cell performance and the conclusions that one derives
to undertake right measures and introduce new solutions in the
construction or the operating conditions of PEFCs in order to
make these devices more efficient. Therefore, careful analysis
of the results of a simple model can be important, rather than
increasing the complexity of the model.

The present study is focused on the analysis of the phenom-
ena on the cathode in order to understand how the limitations
of the PEFC in terms of the maximum current can be over-
come. We study oxygen transport, since the current limits come
mainly here. At the cathode, the reaction rate is limited by the
transport of oxygen from the channels to the catalyst sides and
of the water vapor, produced on the catalyst and carried in the
opposite direction. In addition to the gas transport limitations,
the cathode faces the problem of water flooding due to the
massive production of water. The water generation rate at the
cathode at high current densities often exceeds its removal rate
by the airflow from the inner porous layers. Then the liquid
water inside the diffuser layer blocks the pores and obstructs
the air supply. This phenomenon is hard to study on the
microscopic level because of the inhomogeneity of the micro-
structure of the carbon diffuser.

The most common approach is that of assuming constant
value for the porosity. Moreover, consideration of the non
uniformity of the porosity along and across the diffuser and
especially the fact that the properties of the gas diffusive layers
change with applied compression make its precise mathemat-
ical description unreliable. Commonly, the macroscopic model
for the essential features of a porous electrode (see, for exam-
ple, ref. 29) is employed with more or less light modifications.
Such an approach is based on the macrohomogeneous descrip-
tion with uniform morphological properties such as porosity,
tortuosity, and permeability. It is usually supposed that the
water first condenses on the Teflon coated surface in the form
of water drops, which, if not carried away, accumulate in
puddles, partially or totally obstructing the air supply, leading
in this case to the complete flooding of the porous diffuser. The
convection transport mechanism contributes to the mass trans-
port, when gas is forced to flow from the gas channels into the
diffuser. Being faster in action than diffusion, the convection
mechanism increases the reaction rates at the catalyst when the
lack of oxygen would otherwise appear. It is important to note

that it not only improves the gas supply, but also the shear force
of this gas flow field helps remove most of the liquid water
gathered into the inner layers of the electrode. Hence, the risk
of flooding becomes lower.

The interdigitated channels with closed ends, where gas is
forced to flow through the electrode to the exit, make essential
use of the effect of the liquid water removal by the shear force
of the gas flow. However, it works also in other geometric
configurations, such as serpentine and interlaced channels. The
disadvantage of the interdigitated gas supply net is in the high
flow resistance in such flow design, which results in insuffi-
cient airflow, loss of outlet oxygen concentration, and, even-
tually, in the same insufficient oxygen supply.

Serpentine design combines some of the advantages of the
conventional and interdigitated flow fields. Being of open end
configuration, the serpentine net allows high air flow rates,
whereas the pressure between the serpentine channels, being
relatively low, activates the convection mechanism of mass
transport, and oxygen transportation to the inner layers of the
electrode is executed through both diffusion and convection.
The new interlaced configuration of the flow field appears to be
the most advanced. It successfully combines the advantages of
the serpentine flow field with its high flow rates and interdig-
itated design, remarkable for its high pressure drops. The
complementary action of these two factors results in a signif-
icant increase of the performance of the cell at high currents.
The easy flow along relatively short gas supply channels ef-
fectively removes the water, which gathers in them and at the
same time provides the device with the necessary amount of
oxygen, well distributed under the whole surface of the dif-
fuser. In its turn, the high pressure drop between the neighbor-
ing gas channels, ensured by a special interlaced design of the
plate, helps saturate the inner part of the diffuser with oxygen
and significantly reduces the flooding in the diffuser. The
access of water vapor, which is produced in abundance on the
cathode at high electric currents, forms water drops and leads
to elevated risk of flood in the body of the diffuser. High
pressure drops between the channels induce forced convection
in the diffuser, providing the necessary physical mechanism for
the removal of water and improving the effectiveness of the
oxygen supply in the critical high current regime.

In this work we make use of the simple mathematical model
of physical processes in the electrode of PEFCs,30,31 introduc-
ing some minor modifications. We take into account the dif-
ferences in the pressure drops between the channels of serpen-
tine, interdigitated, and interlaced configurations of gas supply
nets; we model the performance of such nets, consisting of 2 to
10 channels. We demonstrate how the new geometric config-
uration affects the performance of the PEFC. The aim of the
studies is to identify the most efficient parameters for various
channel configurations. The modeling results are analyzed and
compared with experimental results.

Experimental Procedures
Materials

Commercially available 20 wt% Pt/C catalyst powders on
carbon black (Vulcan XC72) were purchased from E-Tek Inc.
The gas diffusion anode consisted of substrate, diffusive, and
catalyst layers. The cathode of 106 cm2 was prepared using a
spray technique described in refs. 32-34. The substrate layer
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was based on carbon paper (Toray TGPH090). The weight
composition of the diffusion layer was 85 wt% of carbon and
15 wt% of PTFE, with carbon loading of 1.93 mg cm�2. The
catalyst layer was prepared by mixing appropriate amounts of
carbon-supported catalyst (24.5 wt%) and 5 wt% Nafion iono-
mer solution from Aldrich (14.9 wt%) and glycerol (60.5 wt%).
The platinum loading in all anodes and cathodes was kept
constant at 0.34 mg cm�2 on the MEA. Nafion 115 membrane
(Du Pont) was used after purification treatment in 5 w/v%
H2O2 solution at 80°C for 1 h, followed by a second treatment
in 1 M H2SO4. The MEAs were formed by hot pressing the
electrodes (106 cm2) onto the membrane at 130°C for 1-5 min
and 50-100 kg cm�2.

Membrane electrode gasket assembly (MEGA) technology32

was used, and a well-defined shape compatible with the cell
hardware was achieved (Figure 1).

This technology allows one to disassemble the cell and to
replace the graphite plates, maintaining the same MEA.32 In
this work, aluminum anticorrodal 100 (Alusuisse) end plates
(185 mm � 185 mm � 11 mm) were used. At the lateral
borders of the assembly and end plates, manifold holes for gas
feeding are visible (Figure 1). Graphite flow field plates were
assembled with a typical parallel channel configuration of two
different types. One of them was composed of 3 parallel
channels folded in serpentine on the cathode side and 3 chan-
nels on the anode side; the other configuration included 10
channels folded in serpentine on both sides. The commercially
available BMA5 graphite, produced by SGL Carbon Group
(Germany), was employed for the flow field plates.

Electrochemical characterization

Full-cell electrochemical tests were carried out in the 10 or
3 channel systems using a 106 cm2 single cell incorporated in
a Globe Tech Inc mod. 890 test station. Two aluminum end
plates and two graphite current collectors composed the single
cell. The MEGA system and the other components of the single
fuel cell are schematized in Figure 1.

Cell voltage versus current density measurements were gal-

vanostatically performed with a programmable power supply
interfaced with a computer for data acquisition. The results are
given in Figures 2a and 2b.31

All measurements were carried at 75°C in H2/O2 flux at
1.5/1.5 bar absolute pressure.31 The temperature humidifier was
kept at 85°C for the anode and 50°C for the cathode.

Description of the Model
Assumptions

A porous electrode is a complicated structure, and the dis-
tribution of micro and macro pores appeared to influence the
mass transport characteristic in a very complex way (see, for
example, ref. 35). We would need to include a number of
parameters to describe the pores in the catalyst layer. Hence,
the complete model of the oxygen transport should also imply
a large number of parameters. The total effect of the particu-
larities of the distribution of the pores in the carbon paper,
diffusive layer, and the catalyst on the oxygen transport is very
difficult to estimate. They may vary together with the changes
in the carbon material utilized in the electrode. The effects of
porosity distribution and variations have been widely discussed
in literature.20,36-39 Moreover, the thermal gradient in actual
fuel cells and especially in multi-cell stacks due to the heats of
reaction on the electrodes influence effective density and dif-
fusivity coefficients.26,40 However, it is hardly possible to char-
acterize these gradients precisely. At the same time, it is known
that the density-diffusivity product, which characterizes the
oxygen transport, varies just a few percent for practical condi-
tions and operating temperatures in a PEFC (see, for example,
ref. 7). We assume several simplifications in our attempt to
analyze the diffusion effects on fuel cell performances and
address current limitations. These are as follows:

● In the absence of water, the porous zones in the fuel cell
domain are assumed to be isotropic, with uniform macrochar-
acteristics such as porosity, tortuosity, and permeability.

● Liquid water modifies the effective porosity (see refer-
ences and discussion above the bullets).

● We assume isothermal properties for the system and ne-
glect the effect of gravity.

● The gas mixture is considered a perfect gas.
● In the pores of the gas diffuser, we assume that the water

vapor is in equilibrium with liquid water in the form of small
water drops and liquid water does not constitute a continuous
barrier to oxygen transport (see, for example, ref. 41).

Figure 1. Single PEM fuel cell showing the location of
the components.
(A) Aluminum or SS316L end plates, (B) copper current
collector/gaskets, (C) graphite flow field plates, (D) MEGA.

Figure 2. Cell voltage and power density versus current
density for 3 (squares) and 10 (circles) cathode
channels configuration, at Tcell � 75°C under
H2 14 scc/min/A and O2 52.5 scc/min/A flux at
1.5/1.5 abs bar.
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● Water leaves the channels and enters the electrode in the
form of saturated water vapor only.

● We also assume that the water in the gas diffuser takes off
only a negligible amount of dissolved oxygen and nitrogen,
compared to the large gas phase.

● The active catalyst layer is assumed to exist only as an
ultra thin plane, so that the transport of the reactants within this
layer and the gas diffusion in the membrane can be neglected.

● Usually, gas pressures are approximately equal to each
other at the anode and the cathode of the PEFC. Moreover, the
membrane is practically impermeable for the gas phases. Then
the assumption that the pressure varies in the diffusers plane
only: p(x) � const is justified.

● The processes in the fuel cell are steady state and the
conditions are stationary.

● We also assume that there are no sinks and sources in the
body of the diffuser and the electrochemical reaction takes
place on the surface of the catalyst layer only.

Such assumptions are commonly made in the literature. In
this work we will analyze the influence of various geometric
configurations on the high current cell performance, and for our
purposes it is enough to consider that:

● The electrochemical processes as well as ion migration
and loss factors like ohmic drop in the solid phase are inde-
pendent of the diffusion processes, which are mainly respon-
sible for the cell limits, and, therefore, we do not include them
in the model.

Other assumptions will be discussed as the model equations
are presented and the model is applied to the electrode of the
polymer electrolyte fuel cell with serpentine gas channel net.
How the liquid water is transferred to the cathode is not
included in the model.

Governing equations

We employ the equations of the model of K. V. Zhuk-
ovsky,30 where we will account for water flooding. Consider
two parallel gas channels, at a distance d under a diffuser of
thickness h in the electrode of the polymer electrolyte fuel, as
shown on Figure 3.

The spices are transported to the top of the catalyst layer by
diffusion and the D’Arcy flow (see, for example, ref. 42).
Completing it with the conservation law, we obtain the set of
governing equations as written below:

I�i � ��Di�� cA � �iu�, �� � I�i � 0, u� � �
�

�
�� p,

�
i

ci � 1, ci � �i/�, � � pM/RT, (1)

where I�i are the fluxes of i substances [kg/m2�s], ci are their
mass fractions, �i are their densities [kg/m3], � is total density
[kg/m3], p is pressure [Pa], Di is diffusion coefficients of gases
into the mixture [m2/s], u� is the bulk speed of the gas mixture
[m/s], R is the gas constant [J/mol�K], T is temperature [K], k
is the permeability coefficient [m2], � is the viscosity coeffi-
cient [Pa�sec], and M is the molecular mass of the mixture
[g/mol]. Further, we shall also use d, the distance between
those points [m], and h, the thickness of the diffusive layer [m];
we will use the same units if not noted otherwise.

The set of boundary conditions for the case of limiting
current is derived from the supposition that the oxygen of
initial concentration c0 is fully converted on the catalyst surface
of the PEFC. Then the boundary conditions are written as
follows:

p � p� y� p�0� � p1, p�d� � p2, Ii, x� x � 0, y� � 0, cO2�h, y�

� 0, cO2�0, 0� � c0, cO2�0, d� � c1. (2)

The diffusion coefficient Di is, generally speaking, a func-
tion of temperature, pressure, and gas composition. However,
the effective diffusion coefficient of oxygen in a nitrogen-water
vapor mixture can be calculated as a function of binary diffu-
sion coefficients:

DO2 �
1 � � xO2MO2/M�

xw

DO2�w
�

xN2

DO2�N2

, xw �
pw

sat

p
,

cw � xw

Mw

M
, �

i

xiMi � M, (3)

where xi are the mole fractions, DO2-w are diffusion coefficients
of oxygen in water vapor, DO2-N2 are diffusion coefficients of
oxygen in nitrogen, M is the molecular mass of the mixture, Mi

is the molecular mass of i substance, and other notations are the

Figure 3. Drawing of an electrode of a polymer electro-
lyte fuel cell.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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same as in Eq. 1. Water saturation pressure can be found from
the following semi-empirical approximation43:

ln pw
sat � �5.80022 � 103/T � 1.39150 � 4.86402 � 10�2�T

� 4.176 � 10�5�T2 � 1.44521 � 10�7�T3 � 6.54597�ln T.

(4)

It was shown that when the operational temperatures remain
low, the binary diffusion coefficients depend on critical tem-
peratures Tc,i, Tc,j, pressures pc,i, pc,j, and masses Mi, Mj of the
respective components i and j. They also depend on the total
pressure of gas, p, and its temperature, T, as represented by the
equation below44:

pDi�j � a� T

�Tc,iTc, j
� b

� pc,ipc, j�
1/3�Tc,iTc, j�

5/12� 1

Mi
�

1

Mj
� 1/ 2

, (5)

where a � 3.640 � 10�4, b � 2.334 for water-oxygen and
water-nitrogen and a � 3.64 � 10�4, b�1.823 for oxygen-
nitrogen diffusion coefficients. The oxygen concentration in
the electrode varies from zero in the catalyst layer to the
maximum possible value in saturated humid air. However, with
such variation, the change in the density-diffusivity product
�DO2 is negligible (less than 4%) under normal fuel cell oper-
ation conditions.7 Then at low pressures and constant temper-
ature, the following combinations of variables are constants:

� � pDO2/RT � const, 	 � �/�RT � const. (6)

The presence of water in the form of liquid drops and either
mini puddle changes the values of the porosity. We will ac-
count for the effective tortuosity and porosity of the diffuser in
the simple way through the commonly used by researchers
Bruggeman-type correction, which estimates the effective ox-
ygen diffusion coefficient with the following relation:

DO2
eff i � DO2
i

1.5, (7)

where DO2 is determined by Eq. 3 and 
 is the dimensionless
porosity factor of the diffuser.

The above-determined problem Eq. 1 with the boundary
conditions Eq. 2 has been found to have the following analyt-
ical solution for oxygen flux, directed to the catalyst JO2 [kg/s2]
(see ref. 30):

JO2 � �
0

d

IAx�h, y�d y � �
�

h � E1

H � G
exp

H � G

2
y

�
E2

H � G
exp

H � G

2
y� , (8)

where

E1 �

c0 � c1 exp��
G � H

2
d�

1 � exp��Gd�
, E2

�

�c0 exp� � Gd� � c1 exp��
G � H

2
d�

1 � exp��Gd�
, (9)

G � �4F2 � H2, F �
�

2h
, H � �

	

�

p2
2 � p1

2

2d
. (10)

Here p1 and p2 are the pressures in the two points of the two
channels in question, d is the distance between those points, h
is the thickness of the diffusive layer, c0 is the initial mass
fraction of oxygen in the “in” channel, c1 is the final mass
fraction of oxygen in the “out” channel, and � and 	 are given
by Eq. 6.

Then for the entire gas supply net, we obtain the oxygen flux
	O2 [kg/s] by running the model along the channels from the
inlet to the outlet and obtain the following expression for the
oxygen flux, reaching the catalyst surface over two channels:

	O2 � �
�

h �
0

L

dl�E1� z�e
H� z��G� z�

2 y

H� z� � G� z�
�

E2� z�e
H� z�
G� z�

2 y

H� z� � G� z�
� , (11)

where E1, E2, G, H, and F are given by Eqs. 9 and 10; p1(z) and
c0(z) are the inlet channel pressure and oxygen mass fraction;
p2(z) and c1(z) are the outlet channel pressure and oxygen mass
fraction; � and 	 are constants given by Eq. 6; d is the distance
between the channels; and L is the length of one channel.
Hence, the total flux for the whole catalyst surface can be easily
obtained by repetitive integration (as discussed above) for each
pair of neighboring pair of channels, thus scanning the whole
gas supply net.31

Flood Correction for the Current Limitations in
the PEFC

With the help of the above-described simple model of the
oxygen transport in pores of the PEFC, we perform the com-
parative analysis of the maximum current limitations of the
PEFC for serpentine, interdigitated, and interlaced configura-
tions of gas supply channels, holding the comparison between
the nets of 2, 3, 4, 5, 7, and 10 parallel channels, machined on
a square plate. With the electrochemical processes on the
catalyst independent of the gas channel supply configuration,
additional losses in the catalyst layer and those due to ohmic
resistance being practically equal for all channel configura-
tions, we consider the limiting current of the PEFC determined
by the maximum oxygen flow, converted on the catalyst. The
pressure regime is set equal for every channel net. The porosity
of the medium is taken into account via the effective porosity
coefficient, which describes the medium partially filled with
liquid water pores, when vapor and water are in thermo- and
hydro-dynamic equilibrium. The difference in the amount of
water retained by the gas diffuser comes from the different
nature of the mass transport in it for different channel config-
urations. Forced convection, originating from the pressure gra-
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dient between the neighboring serpentine sections, helps re-
move the majority of water from the diffuser in that area.
Where the gas channels lay, a certain part of the liquid water is
removed from the diffuser just over them due to the channel
gas flow. The diffuser over the shoulders between the channels
within a section of the serpentine is supposed to be flooded
more, since the water neither finds its immediate exit to the gas
channel, nor does convection contribute to its removal because
of the absence of the pressure drop between such channels.

Although it is hard to measure and obtain precise informa-
tion about the quantities of liquid water in various points of the
diffuser, we suppose that the water reduces the volume of the
pores in the diffuser by maximum a quarter, whereas the
removal of the water by convection is complete. It is not worth
taking into consideration the higher grades of flood in the
framework of the current approach, since as soon as the water
drops form a puddle, the mechanism of flooding that we imply
cannot be described correctly on the phenomenological level.
Therefore, our approach remains limited to such a case of
moderate flood.

Consider the serpentine configuration, schematically given
on Figure 4.

First, we consider the constant air flux regime, which is
sometimes used in simple constructions of PEFC electrodes,
which are aimed at lowering the production costs (one of the
reasons that stop this technology from winning on the energy
production market) rather than at beating records in perfor-
mance. Modeling air flows through the diffuser of PEFC over
2, 3, and 10 serpentine gas supply channels evidenced the
higher values of the maximum oxygen catalyst flux for a
smaller number of channels in section.31 The maximum oxygen
flow to the catalyst increases 15-20% for 3 and 2 channel
serpentine, respectively, to 10 channel net, when evaluated
regardless of the water flood. Consequently, the relative in-
crease of the limiting current of the cell follows. Some more
complex designs operate with fixed inlet pressure and the air
flux in the gas supply channel, following the electric current,
produced by the cell. Such a method provides the electrode
with plenty of oxygen for nearly all reasonable currents. The
predictions for such regime with the air flux � 40 � 10�6m3/
min/A also result in 13% limiting oxygen flux increase for 3
channel serpentine, respective to the 10 channel design (see ref.
31).

The high impact of the porosity and flood in the diffuser on
the cell performance has been recognized by researchers.36

Considering three different domains of the diffuser—those
over the channel, between the channels within a section, and
between the sections of the serpentine-we can assume constant
porosity coefficients, the highest-
1 � 0.8-over the channel and
the lowest-
3 � 0.55-between the sections of the serpentine.20

The modeling results are given in Table 1. Furthermore, we can
adopt the simple dynamic model of the flooding effect in the
electrode. There are very few data on the change of the porosity
in the gas diffusion layer, particularly in the presence of water
in it. The few existent hypotheses propose linear or exponential
functions for porosity (see, for example, refs. 22 and 38). We
consider the flood in the diffuser with the supposition that the
percentage of the pores available for gas transport depends on
the pressure gradient so that effective porosity varies from 
1 �
0.8 when all the water is removed by the shear flow to 
1 �
0.55 when the shear flow is absent. Our approach results in
the predictions given in Table 1.

Figure 4. Illustration of n � M � N parallel channels
serpentine configuration of gas supply chan-
nels in a PEFC.

Table 1. Relative Increment of the Limiting Current Due to Oxygen Transport Limitations in the Partially Flooded Model in
N Channel Serpentine Respective to 10 Channel Serpentine for Constant Air Flow to Electric Current Ratio

M Channels M � 10 M � 7 M � 5 M � 4 M � 3 M � 2
N Sections N � 5 N � 7 N � 10 N � 13 N � 17 N � 25

P1 � 1.6 P1 � 1.6 P1 � 1.6 P1 � 1.7 P1 � 1.7 P1 � 1.7
� 106 Pa � 106 Pa � 106 Pa � 106 Pa � 106 Pa � 106 Pa

Max current ratio: IM ch to
I10ch (%) for airflow �
50 � 10�6 m3/min/A. 0% 4% 9% 15% 23% 39%

Max current ratio: IM ch to
I10ch (%) for airflow �
90 � 10�6 m3/min/A. 0% 4% 10% 15% 24% Too high pressure drop

Max current ratio: IM ch to
I10ch (%) for airflow �
90 � 10�6 m3/min/A.
DYNAMIC MODEL 0% 4% 10% 16% 25% Too high pressure drop

Max current ratio: IM ch to
I10ch (%) for airflow �
50 � 10�6 m3/min/A.
DYNAMIC MODEL 0% 3% 8% 13% 22% 40%
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It follows from Table 1 that, by taking into account the liquid
water present in the pores, the limiting oxygen flow increase
for m � 3 channels against m � 10 in serpentine exceeds 20%.
The pressure regime is chosen so that the airflow in the chan-
nels is independent of the channel configuration. In particular,
the airflow �40 � 10�6m3/min/A. and �90 � 10�6m3/min/A.
was set. Variations in the air flow affects the predictions for the
maximum catalyst oxygen flux only slightly. The model is not
sensitive to the type of the function for the porosity. Indeed,
with air flux and pressure drop, increasing twice, we observe a
difference of just a few percent in maximum currents. Despite
the calculations being done with the exponential function for
the porosity, there is just little percent change in the result
coming due to the pressure increase, which means choosing
linear approximation instead of exponential is possible. How-
ever, the right pressure regime is important from a practical
point of view, since it may be difficult to maintain the air
supply, following the current, for some channel sets. For ex-
ample, the 2-3 channels in serpentine require a high pressure
drop, which increases the costs of the cell and makes the
construction more complex.

The Effect of the Air Supply Channel Width and
the Distance Between the Channels on the
Current Limitations in PEFC with Serpentine Gas
Supply Net and New Interlaced Gas Supply Net

Now let us consider, in particular, the interlaced geometric
configuration of the gas supply channels in PEFC, schemati-
cally given in Figure 5, and compare its performance at high
currents with the serpentine in Figure 4.

We will consider the moderate flood in the diffuser when the
effective porosity varies from 
1 � 0.8 to 
1 � 0.55, which
means that approximately 30% of pores are flooded. Higher
grades of flood are extremely difficult to model due to the
nature of the phenomenon, when the excessive amount of water
in the form of separate drops starts forming puddles in the
diffuser, thus unpredictably changing the porous distribution
and spontaneously blocking the air supply. In the preceding
sections we assumed the air channel width r equal to the
distance between the channels d � 0.001m. Now, let’s inves-
tigate the effect of the geometric ratio of r/d on the effective-
ness of the cells with both serpentine and interlaced air supply
nets, considering the following set of r and d, collected in Table 2:

Modeling yields the results collected in Tables 3 and 4.
The elaboration of the data for the limiting air fluxes of the

cells with the interlaced and serpentine air supply nets defi-
nitely indicates better performance of the interlaced configu-
ration practically for every ratio of r/d in the considered range
of 1/3-3. The comparison of limiting oxygen flux of the con-
figurations in question reveals more than 20% advantage of the
interlaced gas net over the serpentine one for the best perform-
ing serpentine design with r/d � 2 � 3, that is, with r �
0.133�10�2m, d � 0.067�10�2m, and r � 0.15�10�2m, d �
0.05�10�2m. The preferable ratio for the interlaced channel
appears to be r/d � 1/2 � 1/3 that is, with d � 0.133�10�2m,
r � 0.067�10�2m, and d � 0.15�10�2m, r � 0.05�10�2m.

Figure 5. Illustration of interlaced configuration of n par-
allel gas channels in a PEFC.

Table 3. Limiting Catalyst Oxygen Flux and Relative Increment of the Limiting Current for �Pref � 0.075 � 106 Pa

N � 5 N � 7 N � 10 N � 13 N � 7

r/d

M � 10 M � 7 M � 5 M � 4 M � 3
P1 � 1.6 P1 � 1.6 P1 � 1.6 P1 � 1.7 P1 � 1.7


p � 0.075 
p � 0.135 
p � 0.27 
p � 0.463 
p � 0.85

Ratio 2.6 2.7 2.6 2.4 2.1

1/3
Serpentine 0.02340 0.02549 0.02854 0.03157 0.03625
Interlaced 0.06116 0.06838 0.07370 0.07649 0.07775
Ratio 2.3 2.3 2.2 2.1 1.9

1/2
Serpentine 0.02742 0.02941 0.03222 0.03495 0.03918
Interlaced 0.06181 0.06793 0.07234 0.07460 0.07567
Ratio 1.7 1.8 1.7 1.7 1.6

1
Serpentine 0.03539 0.03704 0.03924 0.04129 0.04449
Interlaced 0.06164 0.06575 0.06858 0.06998 0.07070
Ratio 1.4 1.4 1.4 1.4 1.3

2
Serpentine 0.04297 0.04412 0.04556 0.04686 0.04889
Interlaced 0.05952 0.06195 0.06356 0.06431 0.06475
Ratio 1.2 1.3 1.3 1.2 1.2

3
Serpentine 0.04630 0.04715 0.04819 0.04911 0.05054
Interlaced 0.05780 0.05952 0.06064 0.06115 0.06146

Table 2. Geometric Parameters of the Channels (channel
width r [m/100] and distance between channels d[m/100])

r � channel width 0.05 0.06667 0.1 0.13333 0.15
d � distance between

channels 0.15 0.13333 0.1 0.06667 0.05
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The serpentine configuration is more sensitive to the choice
of the ratio r/d than the interlaced one. Changing the value of
r/d from r/d � 2 � 3 to r/d � 1/2 � 1/3, we obtain a 30%
decrease of the limiting oxygen flux, whereas the flux for the
interlaced net gains 22%. Serpentine net with such values r/d �
1/2 � 1/3 fails to deliver oxygen to the catalyst effectively, and
interlaced configuration becomes twice as effective. Analyzing
the effectiveness of both gas supply configurations for the
number of channels, folded in serpentine or interlaced, we note
that the efficiency is higher with the 2 and 3 channel configu-
rations. Moreover, for fixed r/d � 1/2 or 1/3, the limiting
oxygen flux is much more sensitive to the change of the
number of channels in the folder than for r/d � 2 � 3. The
maximum oxygen flux 	 decreases 30% for both configura-
tions when scaling up from 3 to 10 folded channels for d �
0.15�10�2m, r � 0.05�10�2m, as illustrated in Figures 6 and 7.

With the set of parameters d � 0.05cm, r � 0.15cm, we find the
maximum oxygen flux 	 less sensitive to the number M of
channels in sections. It decreases just 8-9% for 10 channels in the
folder, respectively to 3 channels in the folder. Moreover, com-
paring corresponding Figures 6 and 7, we notice that the increase

of the pressure in the channels makes the limiting current less
dependent on all the geometric parameters for any configuration.

Eventually, Figures 8 and 9 illustrate the common effect of the
geometric ratio of the channel width r to the distance between the
neighboring channels d and the number of channels M, folded in
sections for serpentine and interlaced configurations.

The diagrams evidence that the highest limits on the maximum
current are obtained with the interlaced gas supply net with the
channels width r � 0.15 � 0.1�10�2m, the distance between the
neighboring channels d � 0.05 � 0.1�10�2m, and the number of
the channels, folded in sections M � 2 or 3. However, 4, 5, and
7 channel nets demonstrate low dependence on r/d and just some
10% lower performances. Serpentine net performance depends
strongly on the geometric parameters and sets competitively high
limits on the maximum current when it consists of 3 or, better, 2
channels in serpentine and the ratio r/d � 1.

Discussion and Conclusions

Our measurements evidenced 25% higher cell current for 3
channel serpentine against 10 channel configurations in the

Figure 6. Limiting catalyst oxygen flux � (relative units) for �Pref � 0.035 � 106 Pa.

Table 4. Limiting Catalyst Oxygen Flux and Relative Increment of the Limiting Current for �Pref � 0.035 � 106 Pa

N � 5 N � 7 N � 10 N � 13 N � 17 N � 25

r/d

M � 10 M � 7 M � 5 M � 4 M � 3 M � 2
P1 � 1.6 P1 � 1.6 P1 � 1.6 P1 � 1.7 P1 � 1.7 P1 � 1.75


p � 0.035 
p � 0.063 
p � 0.126 
p � 0.216 
p � 0.397 
p � 0.85

Ratio 2.2 2.4 2.5 2.4 2.2 1.8

1/3
Serpentine 0.02255 0.02410 0.02643 0.02895 0.03316 0.04155
Interlaced 0.04970 0.05853 0.06638 0.07065 0.07292 0.07299
Ratio 1.9 2.1 2.2 2.1 2.0 1.6

1/2
Serpentine 0.02667 0.022819 0.03039 0.03270 0.03653 0.04414
Interlaced 0.05196 0.05963 0.06626 0.06977 0.07165 0.07175
Ratio 1.6 1.7 1.7 1.7 1.6 1.4

1
Serpentine 0.03485 0.03618 0.03796 0.03973 0.04266 0.04845
Interlaced 0.05488 0.06024 0.06468 0.06688 0.06807 0.06823
Ratio 1.3 1.3 1.4 1.4 1.3 1.2

2
Serpentine 0.04265 0.04361 0.04480 0.04593 0.04778 0.05144
Interlaced 0.05550 0.05875 0.06135 0.06256 0.06323 0.06339
Ratio 1.2 1.2 1.2 1.2 1.2 1.2

3
Serpentine 0.04608 0.04679 0.04765 0.04844 0.04975 0.05231
Interlaced 0.05496 0.05728 0.05911 0.05994 0.06040 0.06053
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high current regime, when the air flow in air supply channels
followed the produced electric current at 52 cm3/min/A (the
maximum current was limited at 0.6 A/cm2 due to technical
reasons). Theoretical predictions also demonstrate that the ef-
ficiency of the PEFC at high currents increases with the de-
crease of the number of supply channels in a serpentine sec-
tion–M. However, in order to maintain the equal air supply for
all configurations, the high pressure drop 
p is needed for
serpentines of 3 and, in particular, 2 channels, folded. The
predictions of the model, accounting for the effect of liquid
water, are in good agreement with the measured values of the
maximum current increase. Such increase appears because of
the high pressure drop 
p between the sections of the serpen-
tine with 2 and 3 channels in the folder, which stimulates the

air flow in the diffuser between the channels of neighboring
sections and adds forced convection to the molecular diffusion
in the matter. We note that the limiting current slightly in-
creases with the rise of the pressure.

The new interlaced configuration of the gas supply net shows
better performances than common serpentine configurations,
practically for any ratio of r and d in the range from 1/3 to 3,
gaining more than 20% of the limiting current in any case. The
serpentine channel net reaches the best performance with r/d �
2 or 3. The interlaced net is most effective at r/d � 1/2 or 1/3.
Varying the geometric ratio r/d from r/d � 3 to r/d � 1/3, we
obtain 30% decrease of the limiting oxygen flux for the ser-
pentine design, whereas the flux for the interlaced net gains
22%. The analysis of the effectiveness of the air supply con-

Figure 8. Limiting catalyst oxygen flux of interlaced channel net, normalized on the flux for the reference 3 channel
serpentine for r/d and M.

Figure 7. Limiting catalyst oxygen flux � (relative units) for �Pref � 0.075 � 106 Pa.
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figurations for the number of channels, folded in common or
interlaced serpentine, indicates that the most efficient are the 2
and 3 channel configurations. However, the 2 channel net
requires high pressure drops for proper operation, and it makes
the device more expensive and less reliable in the long term.
Moreover, it may not always be possible to provide such a
regime due to technical reasons. Since the 2 channel interlaced
net provides just slightly higher maximum current than 3 and 4
channel nets, the last ones are preferable due to higher reliabil-
ity and ease of exploitation.

The common serpentine configuration is also a suitable
solution for a low cost air supply in PEFCs, although their
performance is sensitive to the choice of the ratio r/d. The
serpentine net with values r/d � 1/2 � 1/3 fails to deliver
oxygen to the catalyst effectively, while the interlaced config-
uration results are twice as effective. It is important to under-
line that although the maximum current is highest for the 2
channel net configuration, in order to obtain the required air
flux, the pressure drop should be at least 
P2chan.net � 0.85 �
106Pa. Due to technical difficulties at high pressure air supply,
the inlet pressure was fixed at P1 � 1.6 � 106 Pa.

The results obtained and discussed above lead to the follow-
ing conclusions:

● Due to the full use of the forced convection mechanism,
the interlaced gas supply channel net is preferable to the
common serpentine net. The net of few interlaced channels
provides the best oxygen supply for the electrode, exceeding
that of the common serpentine by 20% to 40% and conse-
quently increasing the limit on the maximum current.

● Interlaced gas supply nets of 2, 3, or 4 channels of r �
0.15 � 0.1 � 10�2m width, with the distance between the
neighboring channels d � 0.05 � 0.1 � 10�2m, are recognized
as the most suitable for the cell, exploited in the high current
regime.

● The serpentine net performance is sensitive to geometric

parameters. It performs competitively mainly at high pressures,
when it consists of 3 or, possibly, 2 channels in serpentine with
the channel width exceeding the distance between them: r/d �
1.

● The negative effect of water flood in the diffuser is par-
ticularly reduced in the interlaced net and the 2 channels
serpentine net. However, the usage of 1-2 channel serpentine is
unfavorable because of significant depletion of oxygen along
the channels and the necessity of high pressure drops between
the inlet and the outlet.

● Dynamic modeling of flooding, accounting for liquid wa-
ter removal by shear gas flow in the diffuser, dependent on the
pressure gradient, predicts better performance of the PEFC
working with higher pressure and pressure drop.
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