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Porous-Media Flow Fields for Polymer Electrolyte Fuel Cells
I. Low Humidity Operation
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This paper proposes an approach of channel development for polymer electrolyte fuel cells �PEFCs�, i.e., to fill porous media in
the channel region, allowing a simultaneous transport of gaseous reactant, liquid, heat, and electron through the porous-media
channel. The added functions of heat/electron conductivity enhance the PEFC operation and the channel design flexibility. The
porous media provide support over the diffusion media, thereby diminishing the concern of contact resistance under the channel.
This paper, as the first part of our work on this channel configuration, focuses on heat and electron transport, excluding liquid
water impact. A theoretical analysis of the characteristics of heat transfer and electronic conduction in fuel cells and of the required
pumping power for reactant flows is performed. Factors affecting the temperature variation, electronic ohmic loss, and pumping
power consumption are explored. A three-dimensional model is developed, and numerical simulations are carried out to investigate
the low humidity operation of fuel cells with both hollow and porous-media channel configurations. Simulation results demon-
strate the enhanced characteristics of the heat and electronic current transport and the design flexibility for the proposed approach
of porous-media channels.
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Polymer electrolyte fuel cells �PEFCs�, also called polymer elec-
trolyte membrane �PEM� fuel cells, have attracted much attention
recently for mobile and portable applications.1-4 Besides their high
power capability, PEM fuel cells work at low temperatures, produce
water as the only by-product, and can be compactly assembled,
making them one of the candidates for next-generation energy con-
version devices. Different from other popular electrochemical en-
ergy devices, e.g., batteries, PEFCs generally require flow channels
to deliver reactants for electrochemical reaction and remove by-
product water.

Several flow fields of PEM fuel cells were developed in the past,
including parallel, serpentine, pin-type, and interdigitated designs.5-9

The major goals of these designs is to effectively distribute the
gaseous reactants for the electrochemical reactions and to facilitate
water removal, e.g., the interdigitated design.5 In general, the flow
field is grooved in bipolar plates featured by hollow channels with a
cross-section dimension of �1 mm.7 This size is not fixed but
rarely increases several-fold because the gaseous reactants are poor
thermal/electronic conductors. Therefore, the heat and electrons
largely rely on the in-plane transport in the diffusion media �DM�
for the electrochemical activity under the channel. Note that the DM
may include the gas diffusion layer �GDL� and microporous layer
�MPL�. A large width or in-plane dimension of a channel increases
the transport resistance, thereby reducing cell performance.

Heat management is a central topic in fuel cell technology be-
cause waste heat must be removed efficiently to keep the cell at its
operating temperature. Exceedingly high temperatures subject the
electrolyte membrane to dryness, increasing the membrane ionic
resistance and hence the ohmic voltage loss. However, at low tem-
peratures, most water exists in the liquid state due to the low water
saturation pressure, and ensuing flooding may block reactant trans-
port passages, reducing cell performance and durability. Numerous
studies have been conducted to investigate the heat transfer10-15

within fuel cells.
Electrons are produced in the anode and conducted to the cath-

ode via the out circuit for the oxygen reduction reaction �ORR�. In
most studies, the ohmic loss arising from the electronic resistance is
neglected because it is typically much smaller than the membrane
ionic one. This is because the electronic conductivity of fuel cell
components except the membrane is several orders of magnitude
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higher than the ionic one in the electrolyte membrane. Electron
transport phenomena in fuel cells have been investigated in several
studies.16-18

Despite the high thermal and electronic conductivities of the
DM, heat and electron transport may encounter high resistances in
this component. This may occur under the channel where the supply/
removal of the heat/electrons relies on the in-plane transport in the
thin DM ��100 �m�. To diminish the transport resistances, the
channel width must be sufficiently small to shorten the transport
passage. A typical channel dimension is �1 mm. Given that the
active area of a typical industrial fuel cell is
�200 to 500 cm2,7,15,19 a large number of channels, whether of par-
allel, serpentine, or pin-type pattern, are required, which complicates
the fuel cell design and heat/water management.

In this work, we propose the idea of applying porous media to
the fuel cell channel region and allowing a simultaneous transport of
the fluid flow through the interconnected pores and heat/electrons
via the solid matrix. This approach enhances the heat and electronic
current transport in fuel cells and the flexibility of the channel de-
sign. Theoretical analysis and numerical study are conducted to
compare the fuel cell performances with the proposed channel con-
figuration and the traditional one. Low humidity operation is con-
sidered, with focus on heat and electron-transport characteristics,
while the second paper in this series investigates the simultaneous
flows of gas and liquid in the porous-media channel.

Mathematical Modeling and Theoretical Analysis

The submodel for fuel cell porous-media channels.— Figure 1a
and b schematically shows the porous channel approach and the
traditional hollow channel design. The proposed approach has po-
rous media in its channel region, allowing a gaseous reactant trans-
port through the interconnected pore structure. To ensure a sufficient
flow conductance, highly porous media are preferred. In addition,
the solid matrix must be electron and heat conductive to enable the
function of allowing electron and heat transport. Common media
that qualify as the channel materials include metal foams and
carbon-fiber-based porous media. The porosity of metal foams can
reach 98%, while that of carbon-fiber-based porous media can be
fabricated over 80%. Figure 2 shows the pore structures of several
typical porous media. Different from the work of Ref. 20, which
introduces metal foams to replace the whole bipolar plates, the ap-
proach in this paper still keeps the ribs or land that prevent a short-
cut �short circuit� of the reactant flows and consequent local reactant
starvation.
S license or copyright; see http://www.ecsdl.org/terms_use.jsp
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In the porous-media channel with a high porosity ��0.8�, the
magnitude of the intrinsic velocity is comparable with the one in
hollow channels of similar dimension, i.e., �1 m/s. Therefore, the

Reynolds number, Re�=�ūpd̄/��, is �1, and the flow is in the re-
gime of a stable laminar flow and can be well approximated by
Darcy’s law21

�u = −
K

�
� P �1�

The above equation neglects the gravitational force due to the small
pore dimension. The permeability K of porous media is related to
the porosity and the mean pore radius, as approximated by the
Carman–Kozeny model

K =
�3

180�1 − ��2d2 �2�

Heat transport in the porous-media channel is conducted in both gas
and solid phases. Assuming the local thermal equilibrium between
phases holds true, the combined energy equation reads
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Figure 1. �Color online� Schematics of ��a� and �c�� traditional hollow chan-
nel and ��b� and �d�� proposed porous-media channel for the cathode side and
their connections of thermal/electrical resistors: �e� Hollow channel and �f�
porous-media channel.

Figure 2. �Color online� Several typical porous media: �a� Al foam, �b� Cu
foam, �c� C paper, and �d� C foam.
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� ���gcp,g + �1 − ���scp,s�T
� t

+ � · ��gcp,guT�

= � · �keff � T� +
i�s�2

�s
eff �3�

where keff is the effective heat conductive coefficient that accounts
for the contributions from solid and gaseous phases as well as the
temperature spatial deviation arising from volume averaging.21 In
general, the selected solid material is a good thermal conductor �sev-
eral orders of magnitude higher than the gas�; therefore, we can
neglect the gaseous contribution in the conductivity keff and approxi-
mate it by the solid one modified by the Bruggeman relation. We
assume that no liquid water exists in the channel, which is valid for
a low humidity operation. The source term i�s�2

/�s
eff arises from the

electronic current resistance of the solid matrix, which is generally
referred to as the Joule heating.

Electron transport in the channel solid matrix can be modeled by
applying the ohmic law

� · ��s
eff � ��s�� = 0 �4�

In contrast, in traditional hollow channels, usually the Navier–
Stokes equation is applied22 to describe the reactant flow. Heat trans-
fer in the channel is dominated by the convection along the channel.
The reactant gases are generally poor thermal conductors with a low
volumetric heat capacity; therefore, most heat produced in the elec-
trode is removed via the land instead of the channels. The reactant
gases are non-electron conductive. Therefore, the charge equation
can be excluded in the channel space. The momentum and energy
equations for hollow channels are summarized as follows

� �gu

� t
+ � · ��guu� = − � P + � · � �5�

� �gcp,gT

� t
+ � · ��gcp,guT� = � · �kg � T� �6�

Model description for fuel cells.— Other components of fuel
cells to be modeled include the bipolar plates, the DM, the catalyst
layer, and the membrane. These components are necessary for fuel
cell functions; e.g., the electrochemical reactions take place in the
catalyst layer and gaseous reactants are transported to the reaction
site via the DM. To develop a fuel cell model coupling the electro-
chemical kinetics and transport mechanisms, the following assump-
tions were invoked: �i� ideal gas mixtures; �ii� isotropic and homo-
geneous membrane, catalyst layers, DM, and channels; �iii�
equilibrium between ionomer and surrounding fluid in the catalyst
layer; and �iv� thermal equilibrium between phases in the porous
media. The model consists of five principles of conservation: mass,
momentum, energy, species, and charge. The steady-state expression
can be presented as follows23

� · � = S

where

� = �
u�g

0

uCk + Gk,diff

uCw + Gw,diff +
nd

F
i�m�

�gcp,guT − keff � T

− �m
eff � ��m�

− �s
eff � ��s�

� and S = �
0

Su

SCk

SCw

ST

S��m�

S��s�

� �7�

where �, u, Ck, Cw, T, ��m�, and ��s� denote the gas density, super-
ficial fluid velocity vector, molar concentration of reactant k, water
molar concentration, temperature, electronic phase potential, and
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electrolyte phase potential, respectively. The above formula also en-
compasses the submodel of the porous-media channel �Eq. 1 and 2�
at steady state. Gdiff represents the species diffusion flux in gaseous
and electrolyte phases. Su, SCk

, SCw
, ST, S��m�, and S��s� are the

source terms for the equations, and their expressions are summa-
rized in Table I. The details of the source terms and necessary con-
stitutive relations as well as the electrochemical/transport mecha-
nisms were elaborated previously.14,23 In the following, the physical
processes closely related to the subject of this paper are explained.
Charge transport.— Charge production/consumption takes place at
the triple-phase boundaries of the catalyst layer during the electro-
chemical reactions

Hydrogen oxidation reaction �HOR� in the anode:

H2 → 2H+ + 2e− + heat �8�

ORR in the cathode: O2 + 4e− + 4H+ → 2H2O + heat �9�
The well-known Butler–Volmer equation can be applied to calculate
the reaction rate. As the HOR is fast, a linear kinetic equation can be
used, while the sluggish ORR can be approximated by the Tafel
kinetics

In the anode: ja = ai0,a
ref�CH2

CH2

ref	1/2�	a + 	c

RT
F
	 �10�

In the cathode: jc = − ai0,c
ref�CO2

CO2

ref	exp�−
	cF

RT

	 �11�

where the surface overpotential is defined as


 = ��s� − ��m� − Uo �12�
Protons are produced in the anode and transport to the cathode

via the membrane. The membrane ionic conductivity �m is depen-
dent on the water content24

�m = �0.5139� − 0.326�exp
1268� 1

303
−

1

T
	� �13�

where � denotes the membrane water content, defined as the ratio of
the number of water molecules to the number of charge �SO3

−H+�
sites.

The electrons are also produced in the anode and transport via
the DM, bipolar plate, and out circuit to the cathode. The electronic

Table I. The source terms of the conservation equations.

Su S

Bipolar plates18 — —

Reactant channels − � P −
�

Kch
u 0

DM 18,23 − � P −
�

KDM
u 0

Anode catalyst layer18,23

− � P −
�

KCL
u

− j

Cathode catalyst layer18,23

− � P −
�

KCL
u

j /

Membrane14 — 0
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conductivity �s of the DM and bipolar plates is generally several
orders of magnitude higher than �m in the electrolyte membrane.
Therefore, the ohmic resistance due to electronic resistance is ne-
glected in most studies. However, in several flawed designs of fuel
cells, the electronic current resistance may be a limiting factor for
local cell performance; for example, fuel cells that lack a sufficient
contact between the DM and the membrane electrode assembly
�MEA� suffer a substantial ohmic loss locally due to the large inter-
facial resistance. Some studies also considered the electron transport
in their models.16-18

Heat transport.— Fuel cell operation produces waste heat. The heat
sources may arise from the irreversible/reversible process of the
electrochemical reaction; e.g., the transfer current overcomes the
surface overpotential, the Joule heating due to the ionic/electronic
current resistance, and the phase change. The first part generally
contributes a major portion of heat generation, while the second is
small and negligible particularly at low currents, as estimated by
Wang.25 Phase change releases or absorbs latent heat. It should be
considered when liquid/solid water is present. At a low humidity
operation, we excluded liquid/solid water and hence the phase
change associated heat transfer. Wang23 showed that flooding might
occur when dry reactants were used �the inlet relative humidity �RH�
in their study was �66%�. Neglecting the phase change, one can
write the heat source as follows

ST = j�
 + T
dUo

dT
	 +

i�m�2

�m
eff +

i�s�2

�s
eff �14�

The first term on the right side is due to the irreversible/reversible
process of the reaction, while the latter two are the Joule heating. In
the catalyst layer, all three terms on the right side are nonzero, while
in other components only parts of the terms are nonzero; e.g., all
terms vanish except i�m�2

/�m
eff in the membrane region.

The materials of fuel cell components are typically very good
thermal conductors, e.g., the carbon-fiber-based DM and bipolar
plates. The thermal conductivity of the catalyst layer varies depend-
ing on its composition, typically 0.3–3 W/m °C.26,27 However, the
catalyst layer is thin ��10 �m� and therefore has a small through-
plane temperature variation. In most of the studies on heat transfer,
the temperature variation in a cross section of a fuel cell is around
several degrees,13,14 primarily dependent on the DM material prop-
erties, channel dimension, and local current. Even such a small tem-
perature variation can considerably affect the local water transport

SCw
ST S��m�/S��s�

—/— i�s�2
/ �s

eff —/0

0 i�s�2
/ �s

eff —/0

0
i�s�2

�s
eff —/0

0
j�
 + T

dUo

dT � j /− j

+
i�m�2

�m
eff + i�s�2

/ �s
eff

−
j

2F
j�
 + T

dUo

dT � j /− j

+
i�m�2

�m
eff + i�s�2

/ �s
eff

0
i�m�2

�m
eff 0/—
Ck

/—

/ 2F

4F
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as the water vapor partial pressure increases exponentially with tem-
perature. Due to this correlation of heat and water transports, Wang
and Wang15 proposed to manipulate the cooling unit to improve the
characteristics of the water management. In their study, a tempera-
ture variation of �10°C was presented inside a fuel cell.

Boundary conditions.— Equation 7 forms a complete set of gov-
erning equations with eight unknowns: u �three components�, P, Ck,
T, ��m�, and ��s�.23 As the single-domain description was adopted,
the internal boundary conditions were satisfied automatically.
Flow inlet boundaries.—The inlet velocity uin in a gas channel was
expressed by the respective stoichiometric flow ratio, i.e., �a or �c,
defined at the average current density I as

�uin,a

uin,c
	 · n�inlet = −

IAm

F 
�
�a

2CH2
Aa

�c

4CO2
Ac

�

inlet

�15�

where Aa, Ac, and Am are the flow cross-sectional areas of the anode
and cathode gas channels and the membrane area, respectively. The
inlet molar concentrations were determined by the inlet pressure and
humidity according to the ideal gas law.
Outlet boundaries.—Fully developed or no-flux conditions were ap-
plied.
Walls.—A no-slip and impermeable velocity condition and a no-flux
condition were applied


 �

� n�
u

P

Ck/Cw

T

��m�/��s�
�


outlet

= 0

u�wall = 0

and 
 �

� n� P

Ck/Cw

��m� �

wall

= 0 �16�

The boundary conditions for the electronic phase potential ��s� and
temperature at the bipolar plate outer surfaces can be expressed as

���s�

T
	�anode = � 0

353.15 K
	 , 
� � ��s�

� n

T
�


cathode

= �−
IAm

�s
effAc,wall

353.15 K
� , and � �

� n
���s�

T
	�

otherwise

= 0

�17�

where Ac,wall is the area of the cathode outer surface.

Hollow channels vs porous-media channels.— Figure 1a and b
schematically shows the traditional hollow channel design and the
proposed porous-media channel, respectively, while Fig. 1c and d
shows cross sections of these two designs together with DMs. To
simplify the analysis, we consider a uniform current density and
therefore uniform heat production and electron consumption rates.

Heat-transfer analysis.— Heat can be taken away by the reactant
channel flow and cooling flow. Following Ref. 25, one can define a
parameter 
1 to characterize the ratio of heat that can be removed by
the reactant gas flow to the one generated by a fuel cell
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1 =
��gcp,g�TAchu�a + ��gcp,g�TAchu�c

I�Eo − Vcell�Am

�
�g,acp,g,a

2�a

CH2
+ �g,ccp,g,c

�c

CO2

4F�Eo − Vcell�
�T �18�

where �Ta and �Tc are the temperature increments from the inlet to
the outlet on the anode and cathode sides, respectively. The last term
was approximated by setting �Ta = �Tc = �T. Typical values for a
fuel cell, e.g., � = 1.5 and full inlet humidification, lead to 
1
� 5% at �T = 10 K, which is small and therefore can be safely
neglected in the analysis. We now consider that heat is only removed
by the cooling units via the bipolar plates.

�a� Traditional hollow channels. In Fig. 1c, �Tin-plane can be
evaluated by assuming that the heat generation is uniformly distrib-
uted in the DM as a volumetric heat source, thereby simplifying the
two-dimensional problem to a one-dimensional �1D� case

�Tin-plane �
1
2 I�Eo − Vcell�Wch

2

2HDMkDM,W
eff �19�

where Wch, HDM, and kDM,W
eff represent the in-plane characteristic

length of a channel, the through-plane one of the DM, and the ef-
fective conductivity of the DM in the in-plane direction, respec-
tively. I�Eo − Vcell� is the heat generation rate, which is removed by
both anode and cathode cooling units. �Tthr-plane can be estimated by
considering two thermal resistors of the DM and land connected in
series, i.e., the sum of �Tthr-plane,DM and �Tthr-plane,ch

�Tthr-plane �
1
2 I�Eo − Vcell��Wch + Wland�/Wland

kland
eff

Hland

+
1
2 I�Eo − Vcell�

kDM,H
eff

HDM

�20�

kDM,H
eff denotes the through-plane thermal conductivity, which is dif-

ferent from the in-plane one kDM,W
eff for anisotropic DMs. For the

carbon-paper DM, kDM,H
eff may be an order of magnitude smaller than

kDM,W
eff .28,29 The total temperature difference can then be expressed

by

�Thollow = �Tin-plane + �Tthr-plane

=
1
2 I�Eo − Vcell�HDM

kDM,H
eff 
1

2
� Wch

HDM
	2 kDM,H

eff

kDM,W
eff

+ � Wch

HDM

HDM

Wland
+ 1	HlandkDM,H

eff

HDMkland
+ 1�

= �TDMfhollow� Wch

HDM
,

HDM

Wland
,
Hland

HDM
,
kDM,H

eff

kDM,W
eff ,

kDM,H
eff

kland
	 �21�

where �TDM = � 1
2 I�Eo − Vcell�HDM� /kDM,H

eff , and its physical mean-
ing is the temperature drop across the DM for the 1D case. The
defined function fhollow combines both geometrical and thermal pa-
rameters. The typical DM materials include Toray, Sigracet, and
ELAT. Their through-plane conductivities range from 0.2 to 2 W/K
m,27,28,30 leading to �TDM � 0.3 to 3 K for 1.0 A/cm2 and HDM of
0.2 �m. Among the variables in the function fhollow, the ratios of
properties are generally fixed for a specific material, e.g., for the
carbon paper28,31 and graphite bipolar plates, kDM,H

eff /kDM,W
eff and

kDM,H
eff /kland are both in the magnitude of 0.1 or less. In an automo-

bile fuel cell stack, Hland/HDM is �3 to 5 for a typical cell. The
other ratios Wch/HDM and HDM/Wland are adjustable in fuel cell de-
sign but must be kept in a range to avoid a large variation in tem-
perature: For example, Wch/HDM of 10 �e.g., Wch � 2 mm and
HDM � 0.2 mm� renders the first term in the bracket equal to 5,
while doubling the ratio of W /H �i.e., W � 4 mm� increases
ch DM ch
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the value by 4 times. Figure 3 plots the profiles of fhollow vs
Wch/HDM.

�b� Porous-media channel. In the porous-media channel, heat can
transport through the channel directly. For a land conductivity lower
than the channel’s �e.g., metal foam channels�, part of the heat gen-
erated under the land is also removed via the channel. Figure 1f
shows the connection of the thermal resistors for the porous-media
channel case. To simplify the analysis, the upper limit of the tem-
perature difference can be estimated by only considering the thermal
resistors of the DM and porous-media channel connected in series

�Tporous =
1
2 I�Eo − Vcell�

kDM,H
eff

HDM

+
1
2 I�Eo − Vcell�

kch,H
eff

Hch

=
1
2 I�Eo − Vcell�

kDM,H
eff

HDM

�1 +
HchkDM,H

eff

HDMkch,H
eff 	

= �TDMfporous� Hch

HDM
,
kDM,H

eff

kch,H
	 �22�

Note that fporous contains only two ratios, Hch/HDM and kDM,H
eff /kch,H,

while no in-plane geometrical parameters, Wch and Wland, are in-
cluded.

Analysis of the electronic current transport.—
�a� Traditional hollow channels. As the electronic current transport
follows a similar way as heat transfer, the local maximum ohmic
loss can be estimated by using the same function fhollow except that
the thermal conductivity ratios are replaced by the electronic ones

��hollow
�s� = ��DM

�s� fhollow� Wch

HDM
,

Wch

Wland
,
Hland

HDM
,
�DM,H

eff,�s�

�DM,W
eff,�s� ,

�DM,H
eff,�s�

�land
�s� 	

�23�

where ��DM
�s� = IHDM/�DM,H

eff,�s� � 1 to 10 mV given the typical val-
ues of the parameters, such as �DM,H

eff,�s� � 200 to 2000 s/m �Sigracet
and Toray materials�.

�b� Porous-media channels. Similar to Eq. 22, the upper limit of
the ohmic loss can be estimated by
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��porous
�s� = ��DM

�s� fporous� Hch

HDM
,
�DM,H

eff,�s�

�ch,H
eff,�s� 	 �24�

Again, the function of fporous is the same as the one in Eq. 22 except
that the electronic conductivities are used.

Analysis of the pressure drop.— Another issue vital to fuel cells is
the pressure drop through the reactant channel, which is applied to
overcome the friction force exerted by the wall. This pressure drop
is directly related to the pumping power consumption. As this power
is an input energy to operate a fuel cell, its value affects the cell’s
overall efficiency.

�a� Porous-media channels. The pumping power consumption
can be approximated by the product of the pressure drop along the
channel and channel flow rate. The pressure drop in the channel can
be estimated by Darcy’s law, which directly relates the pressure
gradient to the channel permeability. A parameter 
pumping can be
defined to estimate the ratio of the pumping power for the cathode
flow �the major part� to the electric power produced by a fuel cell


pumping �
�c

IVcellAm
�P =

�c

IVcellAm

��

K
ucL =

Am��LI

16VcellAc
� �c

FCO2

	2 1

K

�25�

To ensure a small pumping power consumption or 
pumping � 1%,
the permeability must be over 10−9 m2 given the typical values of
other parameters such as �c � 1.5 at 1 A/cm2. By Eq. 2, the poros-
ity of 0.9–0.95 leads to pore size d � 20 to 100 �m. In addition,
the channel dimension can be changed �e.g., a smaller length L or
ratio of Am/Ac� to further relax the requirement for the porous me-
dia.

�b� Traditional hollow channels. As channel flows are generally
laminar flows in PEFCs, one can define permeability, K, for the
channel laminar flow through the hydraulic conductance at various
cross sections. It is usually obtained, under the single-phase condi-
tion, through the well-known Hagen–Poiseuille equation

K = c
dh

2

32
�26�

where the hydraulic diameter of the channel is given by

8 108 10

Figure 3. Profiles of fhollow vs the ratio of
the characteristic in-plane length of the
channel to the DM thickness Wch/HDM.
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dh = 4
cross-section area

channel perimeter
�27�

and c is called the flow shape factor, determined by the cross-section
shape. The value of c for a square is 1.127, while that for a rectangle
with a side length ratio of 4 is 0.874.

Given a typical square shape with a side length �1 mm, the
permeability is �10−8 m2. Considering a stoichiometric ratio of
�1.5 or flow velocity of �1 m/s, the pressure drop is �200 Pa for
the cathode. At the operating condition of 1 A/cm2 and 0.6 V,

pumping � 0.1%.
Other issues.— Sufficient compression of the DM over the catalyst
layer is crucial for the MEA’s proper function. Lack of compression
increases the contact resistance, and causes insufficient mechanical
support that may lead to the MEA physical damage. For hollow
channels, as the DM surface under the channel is free with no com-
pression, the contact under the channel may likely be inadequate,
particularly considering that the DM may be subject to deformation
upon the land compression, i.e., the DM extrusion into the channel.
As to the proposed approach, the porous media in the channel im-
poses a pressure over the DM. The pressure can also be adjusted by
selecting proper solid materials or compression of the channel po-
rous media.

Numerical procedures.— The governing equations, Eq. 7, along
with their appropriate boundary conditions were discretized by the
finite volume method and solved by a commercial flow solver, Flu-
ent �version 6.0.12�, using the SIMPLE �semi-implicit pressure
linked equation� algorithm.32 The SIMPLE algorithm updates the
pressure and velocity fields from the solution of a pressure correc-
tion equation solved by the algebraic multigrid method. Following

(a) (b)

1mm 1mm 1mm 5mm 1mm1mm

CH
bipolar plates

CH
bipolar plates

(a) (b)

1mm 1mm 1mm 5mm 1mm1mm

CH
bipolar plates

CH
bipolar plates

Figure 4. Geometrical and computational meshes of the two fuel cells: �a�
The fuel cell with standard size �case 1�; �b� the fuel cell with wider channel
�case 2�.

Table II. Geometrical, physical, and operating parameters.

Quantity

Gas channel depth/width
Shoulder width
GDL/catalyst layer/Membrane thickness, �
Anode/cathode pressures, P
Stoichiometry, �a/�c at 1.0 A cm−2

Porosity of GDLs/catalyst layers, � 23

Volume fraction of ionomer in catalyst layers, �m
23

Tortuosity, �d/�m
31

Electronic conductivity of DM/ch/bipolar plate, �s
eff 18,23

Thermal conductivity, km
eff/kCL

eff /kDM
eff /kland

eff /kch
eff 14

Permeability of DM/ch, KDM/Kch

Exchange current density � reaction surface area, a0i0,a/a0i0,c
23

Species diffusivity in anode gas at standard condition, Do,H2/w
23

Species diffusivity in cathode gas at standard condition, D 23

o,O2/w
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the solution of the flow field, species equations were solved. The
source terms and physical properties were implemented in a user-
defined function, and the species transport equations were solved
through the software’s user-defined scalars. The computational do-
mains in the numerical studies are shown in Fig. 4. Geometrical and
operating parameters are listed in Table II. Approximately 60,000
�60 � 100 � 10� and �120,000 �60 � 100 � 20� computational
cells were used to capture the electrochemically coupled transport
phenomena within fuel cells. Overall species balance is checked in
addition to the equation residuals as important convergence criteria.
These species balance checks also ensure physically meaningful re-
sults. In all the simulations presented in the next section, values of
species imbalance are all less than 1%, and equation residuals are
smaller than 10−6.

Results and Discussion

To demonstrate the advantages of the proposed approach, PEFCs
with the hollow and porous-media channels were considered in the
following numerical simulations for comparison. Two sizes of PEFC
channels were selected: One is the typical geometrical dimension
�denoted as case 1�; i.e., the ratio of the channel width to the DM
thickness is 5 �typically, the channel width is �1 mm and the DM
thickness is �0.2 mm�. The other �denoted as case 2� has a wider
channel �ratio �25; see Fig. 4�. Two external humidifications were
considered: Case 1 works under RH = 25%/25%, while the other
works under RH = 42%/42%.

Figure 5 displays the predictions of fuel cell performance. For
case 1, the two polarization curves are close in the region of the
current �1.0 A/cm2, and distinction appears at high current den-
sity, while for case 2 the difference is remarkable even at low cur-
rents, with porous-media channels showing a better performance. To
explore the fundamental reasons for the difference observed, we
chose three sets of operating conditions for a detailed investigation.
Table III compares the performances of the two channel approaches
at the three conditions.

Figure 6 shows the electronic phase potential distribution in the
cathode at the midsection of the fuel cell. The anode one follows a
similar pattern of contours except that the gradient reverses, and is
therefore excluded from this figure. For case 1, there exists an ob-
servable drop in electronic phase potential ��10 mV� from the un-
derchannel region to the bipolar plate in the hollow channel fuel
cell, while the variation in the porous-media channel is much
smaller, �2 mV. This is because electrons can be conducted di-
rectly through the porous-media channel, while the hollow channel
is nonconductive. Therefore, the electronic current under the chan-
nel is forced to transport in the in-plane direction in the thin DM.
For the wider channel, i.e., case 2, the variation is greatly enlarged
for the hollow channel fuel cell, as shown in �b� and �c� where
�50 mV ohmic losses are indicated. The reason is that the elec-

Value

0.5/1.0 or 5 mm
1.0 mm

0.2/0.01/0.03 mm
2.0/2.0 atm

1.5/2.0
0.6/0.4

0.2
1.5/1.5

500/500/2000 W m−1 K−1

0.95/3.0/3.0/20.0/3.0 W/m K
10−12/3 � 10−9 m2

1.0 � 109/1.0 � 104 A m−3

1.1/1.1 � 10−4 m2 s−1

3.24/3.89 � 10−5 m2 s−1
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tronic current in the DM encounters a much larger in-plane resis-
tance. However, for the porous-media channel, the electronic poten-
tial variation remains as small as case 1 as electrons are able to
conduct through the channel region. This is also consistent with the
theoretical analysis by Eq. 24.

Figure 7 shows the temperature distributions at the midsection of
the fuel cell. Though the cathode side contributes the major heat
source due to the larger surface overpotential, the temperature pro-
file is almost symmetric as the membrane thermal resistance is low
due to its small thickness. Though heat can be taken away from the
reactant flows, its contribution only accounts for a small portion of
the heat generation, as estimated by Eq. 18. Therefore, for the PEFC
with the hollow channel, heat transport in the DM is similar with the
electrons; i.e., under the channel region the in-plane transport domi-
nates. For case 2 where the channel width is much larger, �6 and
�2 K temperature changes are observed for high and low currents,
respectively. As the porous-media channel, due to its capability for
efficient conductivity, the temperature variations are much smaller,
�1.5 K, for both cases. Further, the thermal conductivity of the
porous media may be higher than the bipolar plate, e.g., metal
foams. In that case, a higher temperature appears under the land.

Figure 8 shows the temperature distributions in the midplane of
the membrane. Though the trends are similar between the two chan-
nel configurations, i.e., a higher temperature appears near the outlet,
the scales are quite different, with the ones of the hollow channel
fuel cell much higher than the porous-media one at high currents,
while almost the same at low current. The difference between the
two channel configurations is evident under the channel. Despite the
only several degree difference, the higher temperature for the hollow
channel case may substantially increase the degree of membrane
dryness as the vapor saturation pressure is sensitive to temperature.
Also, higher temperatures benefit local electrochemical kinetics and
transport processes.

Figure 9 displays the water content in the midplane of the mem-
brane. The fuel cells with hollow channels always exhibit drier
membranes than the ones with porous-media ones, particularly for
the geometry with a wider channel. This is attributed to the higher
temperatures in the fuel cells with hollow channels �see Fig. 8�. As
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Figure 6. �Color online� Electronic phase
potential distribution in the cathode at the
midsection of the fuel cell. ��a�–�c�� Hol-
low channel and ��d�–�f�� porous-media
channel. The in-plane scales are different
between cases 1 and 2.
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Figure 5. �Color online� Polarization curves of PEFCs for both cases.
Table III. Comparison of fuel cells with the two channel
configurations.

Hollow
channel

Porous-media
channel

Case 1 �RH = 26%/26%� 0.35 V at 1.2 A/cm2 0.39 V at 1.2 A/cm
Case 2 �RH = 42%/42%� 0.605 V at 0.5 A/cm2 0.641 V at 0.5 A/cm
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shown in Eq. 13, the ionic conductivity increases linearly with the
water content. Therefore, the porous-media-channel fuel cell en-
counters a lower ionic resistance in its membrane.

Figure 10 shows the current density distribution in the midplane
of the membrane. For the standard geometry, i.e., case 1, the current
densities follow a similar pattern: Low currents appear near the inlet
due to the dry injection, while near the outlet the current densities
become higher under the channel due to water addition from the
reaction. Also near the outlet, a higher current under the channel
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leads to a severe mass-transport limitation, and hence a low current
density is shown under the land. However, for case 2 the pattern
changes. For hollow channels, lower current appears in the channel
region. The current increases when approaching the land due to the
smaller electron and heat transport resistances. At the high current,
i.e., Fig. 10b, the local current drops again in the land downstream
as the mass-transport limitation becomes dominant, while at the low
current, i.e., Fig. 10c, the ohmic mechanism always dominates.
Therefore, a high current appears under the land. In contrast, the
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Figure 7. �Color online� The temperature
distribution in the midsection of fuel cells.
��a�–�c�� Hollow channel and ��d�–�f��
porous-media channel. The in-plane scales
are different between cases 1 and 2.
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Figure 8. �Color online� Temperature dis-
tributions in the midplane of the mem-
brane. ��a�–�c�� Hollow channel and ��d�–
�f�� porous-media channel. The in-plane
scales are different between cases 1 and 2.
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porous-media channel follows the trend of case 1 because heat re-
moval and electronic ohmic loss under the channel are not a concern
any more, and their impacts on the local cell performance can be
neglected. The local performance is solely governed by the combi-
nation of two major mechanisms, i.e., membrane hydration level and
mass-transport limitation. The former leads to a high current near
the outlet as water addition reduces the ionic resistance along the
flow, while the latter affects the cell performance primarily under the
land at a high current �see Fig. 10e�.
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The selection of high conductivity materials such as the DM
relaxes the channel dimension requirement for hollow channels, as
indicated by Eq. 21. For example, choosing metal foams as DM
materials may lead to a comparable result between the two configu-
rations considered in this paper. However, issues such as the in-
creased contact resistance or lack of mechanical support are still a
concern. For the porous-media channel, the resistance is indepen-
dent of channel dimension as the channel porous media provide

6 . 9
6 . 5
6 . 1
5 . 8
5 . 4
5 . 0
4 . 7
4 . 3
3 . 9
3 . 6

6 . 9
6 . 5
6 . 2
5 . 8
5 . 4
5 . 1
4 . 7
4 . 3
4 . 0
3 . 6

Case 2: 0.605V

Case 2: 0.641V

(c)

(f)

(#H2O/#SO3-)

(#H2O/#SO3-)

6 . 9
6 . 5
6 . 1
5 . 8
5 . 4
5 . 0
4 . 7
4 . 3
3 . 9
3 . 6

6 . 9
6 . 5
6 . 2
5 . 8
5 . 4
5 . 1
4 . 7
4 . 3
4 . 0
3 . 6

Case 2: 0.605V

Case 2: 0.641V

(c)

(f)

(#H2O/#SO3-)

(#H2O/#SO3-)

Figure 9. �Color online� Water content
distributions in the midplane of the mem-
brane. ��a�–�c�� Hollow channel and ��d�–
�f�� porous-media channel. The in-plane
scales are different between cases 1 and 2.
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plane scales are different between cases 1
and 2.
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support over the DM. Further, even with better conductive DMs,
there still exists a limit for the channel width, as indicated by Eq. 21.

Conclusions

In this work, we proposed an approach for PEM fuel cell chan-
nels, i.e., applying porous media to the channel space, allowing the
transport of gaseous reactants and heat/electrons through the channel
via a void space and a solid matrix, respectively. Theoretical analy-
ses were performed to evaluate the local temperature variation,
ohmic loss, and pumping power for both hollow channel and
porous-media-channel fuel cells. Analyses indicated that the in-
plane channel dimension and DM thermal property have negligible
impacts on the local temperature variation and electronic ohmic loss
for the proposed channel design but are crucial for the ones in the
hollow channel fuel cell. A mathematical model was developed to
couple the reactant flow, heat transfer, species transport, and elec-
trochemical kinetics in the fuel cell. Three-dimensional simulations
were carried out on two different channel in-plane dimensions.
Simulations indicated that the fuel cells with a standard dimension
show similar performances at low and intermediate currents for both
channel configurations, while the wider-channel cases indicated dis-
tinct performances, with the porous-media channel design being su-
perior. Detailed contours of important quantities revealed that the
porous-media channels improve the characteristics of heat/electron
transport in the fuel cell, thereby improving the fuel cell perfor-
mance.
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List of Symbols

A area, m2

c flow shape factor
C molar concentration, mol/m3

cp,g specific heat, J/kg k
d diameter, m
D mass diffusivity of species, m2/s
F Faraday’s constant, 96,487 C/equivalent
H height, m
ie superficial current density, A cm−2

I current density, A/cm2

k thermal conductivity, W/m K
kr relative permeability
K permeability, m2

L length, m
M molecular weight, kg/mol
n direction normal to the surface
P pressure, Pa
R gas constant, 8.134 J/mol K
S source term in transport equations
t time, s

T temperature, K
u velocity vector, m/s
W width, m
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Greek

	 transfer coefficient
� porosity

 surface overpotential, V
� volumetric flow ratio, m3/s
v kinematic viscosity, m2/s
� stoichiometric flow ratio
� density, kg/m3

� surface tension, N/m; conductivity, S/m
� tortuosity factor

� phase potential, V

Superscripts and subscripts

a anode
c cathode

eff effective value
g gas
h hydraulic
H through-plane dimension
in inlet
k species

m membrane
o standard condition
s solid

sat saturated value
W width or in-plane dimension
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