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Abstract

In polymer electrolyte membrane (PEM) fuel cells, serpentine flow channels are used conventionally for effective water removal. The reactant
flows along the flow channel with pressure decrease due to the frictional and minor losses as well as the reactant depletion because of electrochemical
reactions in the cells. Because of the short distance between the adjacent flow channels, often in the order of 1 mm or smaller, the pressure gradient
between the adjacent flow channels is very large, driving part of reactant to flow through the porous electrode backing layer (or the so-called gas
diffusion layer)—this cross-leakage flow between adjacent flow channels in PEM fuel cells has been largely ignored in previous studies. In this
study, the effect of cross-flow in an electrode backing layer has been investigated numerically by considering bipolar plates with single-channel
serpentine flow field for both the anode and cathode side. It is found that a significant amount of reactant gas flows through the porous electrode
structure, due to the pressure difference, and enters the next flow channel, in addition to a portion entering the catalyst layer for reaction. Therefore,
mixing occurs between the relatively high concentration reactant stream following the flow channel and the relatively low reactant concentration
stream going through the electrode. It is observed that the cross-leakage flow influences the reactant concentration at the interface between the
electrode and the catalyst layer, hence the distribution of reaction rate or current density generated. In practice, this cross-leakage flow in the
cathode helps drive the liquid water out of the electrode structure for effective water management, partially responsible for the good PEM fuel cell
performance using the serpentine flow channels.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction in Fig. 1 [3]. The parallel flow channels connected in series, as

shown in Fig. 1, result in a very long flow path, typically in

Polymer electrolyte membrane (PEM) fuel cell has been con-
sidered one of the most promising alternative clean power gener-
ator for portable, mobile and stationary applications, because of
its low to zero emission (at least at the point of use), its low-
temperature operation, high power density, and fast start-up.
However, significant technical challenges have to be resolved
before wide spread commercialization can occur, including cost
reduction and better performance (including reliability and dura-
bility) [1]. These technical challenges are very much related to
the two critical issues of water and heat management for PEM
fuel cells [1,2], that mandate the use of complex flow channels
on the bipolar plates, such as the serpentine flow channels shown
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the order of meters, while the dimension of the channel cross-
section is often in the order of 1 mm or smaller. This long flow
path not only causes excessive pressure loss, hence the pumping
power requirement especially for the cathode air stream, but also
a high manufacturing cost [3].

In an effort to improve PEM fuel cell performance, many
analyses, models and numerical simulations have been devel-
oped [4,5] for various transport phenomena and electrochemical
kinetics to gain a better understanding and to develop strate-
gies for optimal design and operation. For example, optimal
catalyst layer composition and structure have been investigated
[6], the effect of water flooding [7], CO poisoning and oxy-
gen bleeding [8,9] have been studied. Two or three-dimensional
numerical simulation have been under development with vari-
ous degrees of simplification by various research groups. You
and Liu [10], Hum and Li [11] and Chena et al. [12] devel-
oped two-dimensional, along-the-channel models to model the
flow and transport in the gas channel and porous gas diffusion
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Nomenclature

Ac Flow channel cross-sectional area (m?)

AR Fuel cell active area (m?)

C Concentration (mol m~3)

Cim Mean concentration of reactant species i in the
flow channel (molm~—3)

Cis Surface concentration of reactant species i
(mol m—3)

dy Hydraulic diameter (m)

D Diffusion coefficient (m2? s~ 1)

F Faraday constant (C mol™ )

hm Mass transfer coefficient (m s

I Current density (A m~2)

k Permeability of electrode backing layer (m?)

l The length of flow channel (m)

L The length and width of the bipolar plate (m)

77! Mass flow rate (kg )

M; Mole weight of i specie (kg mol~!)

N; Molar flow rate of i specie (mol s™h

Molar flux of i specie (mol m~2s7h
P Pressure (Pa)

AP Pressure difference (Pa)

70 Radius of bending (m)

Rey Reynolds number with hydraulic diameter
Sa Anode stoichiometry

Se Cathode stoichiometry

u Phase-average velocity vector (ms™!)

u Velocity in x direction (ms~!)

v Velocity in y direction (ms~1)

1% Mean flow velocity in the flow channel (ms™!)
w; Mass fraction of i specie

We Width of flow channel (m)

wq Height of flow channel (m)

ws Width of flow channel support (m)

Greek letters

Se Thickness of electrode backing layer (m)
1) Porosity of electrode backing layer

nw Viscosity of mixture (Pas)

0 Density of mixture (kgm™)

& Loss coefficient

&r Coefficient of friction loss

&p Coefficient of bending loss

layer in the PEM fuel cell. Jeng et al. [13] presented the two-
dimensional model in the cross-section perpendicular to flow
channels to model the mass transport in the porous gas diffusion
layer in the PEM fuel cell. Um and Wang [14] and Hu et al.
[15] developed three-dimensional model and discussed the dif-
ference in performance between the parallel and interdigitated
flow channels. They reported that an interdigitated flow chan-
nels could enhance mass transport and improve the PEM fuel
cell performance compared to a parallel flow channels due to
forced convectional flow through the porous electrode structure

(the so-called gas diffusion layer referred to earlier). Conven-
tional computational fluid dynamics techniques have also been
used for the simulation of reactant flow in the flow channels
[16,17].

Almost all the modeling and simulation studies reported in
literature are based on the symmetry consideration as shown in
Fig. 2 to reduce the computational effort. The computational
domain is limited to two half adjacent channels and the portion
of cell in between [18]. Such a simplification might be con-
sidered reasonable for parallel flow channel layout shown in
Fig. 2b, but in reality it is not acceptable for PEM fuel cells,
especially when the conventional serpentine flow channels like
the one shown in Fig. 1 are used. This is because the reactant
flow in each of the parallel channels differs, and in the case of
serpentine flow channels the reactant gas experiences a pressure
drop and concentration change along the channel. In case of a
single serpentine flow channel shown in Fig. 1, the channel cross-
section is small, in the order of 1 mm x 1 mm or smaller, while
the channel length is very long, in the order of meters. Then the
pressure drop at the corresponding location between the adjacent
channels (for example, A—A’ in Fig. 1a) would be substantial,
significant pressure gradient is thus set up across the porous elec-
trode, much larger than the pressure gradient along the channel
direction, resulting in considerable cross-leakage flow between
the adjacent channels as illustrated in Fig. 1b. This significant
cross-leakage flow through the porous electrode, as evidenced
by the experimental pressure loss measurement [18], has been
neglected for most of the previous studies, and in fact this flow
induces a strong convection in the electrode, bringing the reac-
tant gas to the catalyst layer and remove the product water from
the reaction sites and electrodes, in a way similar to the flow set
up in an interdigitated flow channels, responsible for the better
overall cell performance when using the serpentine flow chan-
nels. Therefore, this cross-leakage flow has significant influence
on PEM fuel cell performance and cannot be neglected.

In this study, the cross-leakage flow through the electrode is
investigated as a direct result of the pressure difference between
the adjacent channels. To provide a better understanding of this
flow feature, two flow situations are investigated: the cross-
leakage flow between two adjacent channels and over many
adjacent channels. As shown later in this study, the cross-channel
leakage flow is not only significant, but it might even become
dominant as compared to the amount of the flow remaining in the
flow channels. The present single-phase analysis is most likely
to be valid on the anode, where dryout occurs at high current
density, and it is less likely that any liquid accumulation exists
in the porous electrode structure. The analysis can also be valid
for low humidity cathode cases as well.

2. Model formulation

A PEM fuel cell consists of four major components, which
are the bipolar (or flow distribution) plate, electrode backing
layer (also sometimes referred to as gas-diffusion layer), cat-
alyst layer, and polymer electrolyte membrane. The gas flow
channels are typically rectangular or square grooves machined
on the bipolar plate that distribute reactant gas over the fuel
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Fig. 1. Schematic of the bipolar plate with serpentine flow channel: (a) flow field layout; (b) the cross-sectional view of the bipolar plate and the porous electrode
along the line A—A’, illustrating the cross-leakage flow between the two adjacent flow channels through the porous electrode structure, as presented by the thick

arrow.

cell, and remove the product water out of the cell. The conven-
tional bipolar plate with a single serpentine gas flow channel is
considered in this study, as shown in Fig. la. The length and
width of the bipolar plate are denoted by L. The reactant gas has
a pressure drop along the channels. Therefore, there is signif-
icant local pressure differential between the adjacent channels
due to the pressure loss along the flow channel. In this study, a
two-dimensional approximation is considered in cross-section
along the line A-A’ or A-B to model the cross-leakage flow
through the electrode backing layer. The cross-sectional view of
the bipolar plate and electrode along the line A—A’ is illustrated

Repeating Unit

Typical
Computational
Domain

in Fig. 1b. Hydrogen is the reactant on the anode side, and is
considered fully humidified. The reactant on the cathode side is
oxygen with nitrogen because air is usually used. It is assumed
that: (1) the gas mixtures behave as perfect gases, (2) the gas
flow is under a steady state condition, (3) the electrode backing
layers are considered to be isotropic porous media, (4) isother-
mal approximation is used as cooling is normally effective for
PEM fuel cells, and (5) liquid water in the PEM fuel cell is not
considered in this preliminary analysis.

After analyzing the cross-leakage flow between two adjacent
flow channels, a further study is carried out for the cross-leakage

(b)

Fig. 2. A typical computational domain for CFD-based PEM fuel cell simulation. (a) A basic cell repeating unit in a PEM fuel cell stack, including a single cell
sandwiched between two bipolar plates with flow channels and a cooling cell for thermal management; (b) a parallel flow channel layout; (c) a typical computational
domain along the flow channel with symmetry condition at the middle of flow channels.
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Fig. 3. The cross-sectional view of bipolar plate and electrode along the line
A-B in Fig. 1a, illustrating the cross-leakage flow among many cascading flow
channels.

flow among many adjacent flow channels. The latter is more real-
istic for PEM fuel cells, as shown in Fig. 3, which is essentially
a cross-sectional view along the line A-B in Fig. la.

2.1. Governing equations in electrode backing layer

For the given physical problem shown in Fig. 1b, the flow
field in the electrode backing layer is described by the conserva-
tion equations of mass, momentum, and species. The governing
equation for the flow in the porous electrode is formulated by
the volume-averaging technique [19]. The inertia term and the
viscous term in the momentum equation is negligible because
they are very small compared with the pressure term and Darcy’s
term [19]. The diffusive mass flux is modeled by using Fick’s law
of diffusion, since binary mixture is considered in the present
analysis. Therefore, the conservation equations are

Mass: V-(¢pou) =0 @))
Momentum: —VP — %uu =0 2)
Species : V- (¢gpw;ju) — V - (ppDVw;) =0 3)

Zwizl
i

where u is the phase-average velocity, p the density of the mix-
ture, ¢ the porosity of the electrode, k the permeability of the
electrode, u the viscosity of the mixture, P the pressure, w; the
mass fraction of species i, and D is the effective diffusion coef-
ficient. The Cartesian coordinate x and y are defined in Fig. 1b.

2.2. Pressure drop in the gas flow channel

Pressure drop arises due to the frictional loss and bending
loss in the gas flow channel. The gas flow is assumed to be
fully developed and laminar everywhere in the gas flow chan-
nel, because the entrance length is small compared to the total
channel length as pointed out earlier. Then the pressure drop AP
for the flow along the flow channel can be estimated as follows:

1
AP = 5s;,ov2 “
where V is the mean flow velocity in the flow channel, and &

represents the loss coefficient. The loss coefficient & consists of
the coefficients for frictional loss and bending loss. The frictional

Fig. 4. Configuration of 90° bend.

loss coefficient & and the 90° bending loss coefficient &, for a
laminar flow and a square duct are given as follows [20]:

& =&+ 2& (5)
569 1
_ L 6
& Rer  d (6)
0.21 20\ "
. ro )
= 150470 [ Rey /0 7
"7 (ro/d) %<h %> ”

where [ is the length of the flow channel as shown in Fig. 1a, dy
the hydraulic diameter, Rey, the Reynolds number using dy, and
ro is the radius of bending as shown in Fig. 4. The mean velocity
V in the flow channel is determined from the Faraday’s law of
electrochemistry and the flow stoichiometry as follows:

. IARS, TARS.
Ny, = , = 8
m=F 027 4R ®)
m = ZMiNi i : species (anode : Hy, H7O;
i
cathode : O,, N», H,0) )
S (10)
PAC

where [ represents the current density of fuel cell, AR the fuel
cell active area, F the Faraday constant, S, and S, the anode and
cathode stoichiometries, respectively, m the mass flow rate, M;
the mole weight of specie i, N; the molar flow rate of specie i,
and Ac denotes the flow channel cross-sectional area.

2.3. Boundary conditions

Several boundary conditions are necessary to solve the flow
field in the electrode. At the interfaces between the electrode
and the gas flow channels, the following boundary conditions
are used,

P, =Py, —nAPy_p (11)
Wi,n = Wspecified (12)
d

—v :O, u|y=0=0 (13)

where P, represents the pressure of nth flow channel from the
inlet in cross-section along the line A-B, P, the pressure of flow
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channel at the point A in Fig. 1a, and AP_p/, is the pressure
difference between points A and A’ in Fig. la. The reactant
concentration decreases along the flow channel. The reduction
of reactant concentration is considered by following equations

[1]:

hm(Ci,m - Ci,s) = N,N

i : reactant species (anode : Hj, cathode : O,) (14)
Ny

Cim() = (Cim);, — wd’vl (15)

for low current densities, and
hm

Cim(D) — Cis(D) = (Cim — Cis);, exp | ———1 (16)
wqV

for high current densities. Where N/’ is the molar flux of species
i, C; m and C; ; the mean concentration of reactant species i in the
flow channel and the electrode surface concentration of reactant
species i, respectively, [ the length of flow channel, wq the height
of flow channel, and Ay, is the mass transfer coefficient, which
is given by using the analogy with the heat transfer, for typical
laminar flow in the fuel cell flow channels

hmd,
Sh = mTh = 5.39 foruniform surface mass flux,
Nis = const 17

The mass fraction w;;, of each channels is calculated with the
electrode surface concentration of the reactant C;s.

At the interfaces between the electrode and the gas flow chan-
nel supports, the following boundary conditions apply:

uly_g =0 (18)
dwil - _y (19)
ay y:()

The boundary conditions at the edges of the electrode are
used as follows:

Vo =0 (20)
a .

i =0 @1
0x x=0, L

The boundary condition at the interface between the electrode
and the catalyst layer is approximated so that the current density
1 is constant. Hence, the boundary conditions are expressed as
follows:

uly—s, =0 (22)
aoC 1
¢D Hy = ———; foranode (23)
ay y=be 2F
aC 1
qui = ——; forcathode (24)
ay yzée 4F

It should be pointed out that the above conditions at the interface
between the electrode and the catalyst layer is very limiting, and
a full consideration of the transport and reaction process would
be needed to provide a more realistic boundary condition. This is
avoided in this preliminary study to highlight the cross-leakage
flow through the porous electrode structure.

3. Results and discussion

The governing equations are discretized by the finite-volume
numerical technique, and the resulting set of algebraic equa-
tions is solved by tri-diagonal matrix solver. Both uniform and
non-uniform grids have been used, and grid refinement study is
carried out to achieve the grid-independent results. The design
and operating conditions for the PEM fuel cell used for the
present numerical simulation are given in Tables 1 and 2. The
results are obtained for two flow situations: cross-leakage flow
between two adjacent flow channels and among many cascading
channels.

3.1. Cross-leakage flow between two adjacent flow
channels

The cross-section along the line A—A’ as shown in Fig. 1 is
considered first to model the cross-flow in the electrode backing
layer when the current density of the cell is 0.6 A cm™2. The
average velocity in the flow channel is about 3.5ms~! for the
anode and 11.8 ms™! for the cathode.

Fig. 5 shows the streamline for the cross-leakage flow in the
anode electrode. As expected, the streamline is from one flow
channel to the next when there is pressure difference between the
two channels as shown in Fig. 5a, whereas the flow is diffusional

Table 1

Operating parameters used in the present study

Cell temperature (K) 353

Anode inlet pressure (atm abs) 3

Anode gas mixture H,

Relative humidity (%) 100

H, stoichiometry 1.2

Cathode inlet pressure (atm abs) 3

Cathode gas mixture 21% O3, 79% N,
Relative humidity (%) 0

O; stoichiometry 2.0

Table 2

Design parameters used in the present study

Width of flow channel, w, (m) 0.0011
Width of flow channel support, wg (m) 0.0011
Height of flow channel, wq (m) 0.0011
Radius of bending, rp (m) 0.0011
The length and width of the bipolar plate, L (m) 0.1

Fuel cell active area, A (m?) 0.01
Thickness of electrode backing layer, 8. (m) 2.5x 1074
Porosity of electrode backing layer, ¢ 0.4
Permeability of electrode backing layer, k (m?) 1.76 x 10~ 112

@ Taken from Gurau et al. [21].



420

T. Kanezaki et al. / Journal of Power Sources 162 (2006) 415—425

T T T T T
wor ]
}\
| 1 | 1 1 1
0 1 2 3 4 5
xiw,
(a) AP =135.7 Pa (Ap=7.0x10"m"/s, @ :stream function)
1
T T T T T T T T T
= . -
1 1 | 1 Il |
0 1 2 3 4 5
xiw,
(b) AP =0 Pa( Ap=5.0x10"m"/s, ¢ :stream function)

Fig. 5. (a and b) Streamline for the cross-leakage flow through the anode elec-
trode.

and directed towards the catalyst layer when the pressure differ-
ence vanishes, as seen in Fig. 5b. The velocity in the x direction
at x/w, = 2.5, corresponding to the middle of the channel sup-
port, is shown in Fig. 6. The velocity for the cross-leakage flow
remains essentially constant throughout the electrode thickness,
except near the two boundaries of the channel support and the
catalyst layer. From the velocity distribution, the total flow rate
for the cross-leakage flow through the electrode can be obtained
by integrating along the electrode thickness, and Fig. 7 shows
the relationship between the total flow rate g for the cross-
leakage flow and the pressure difference AP, which changes
along the flow channel for the two adjacent channels as indi-
cated in the insert in Fig. 7. The flow rate g is almost proportional

07 ———————————————————
xiw,=2.5

0.6

0.5

0.4

L L L L e
Tl

Phase-Average Velocity in x Direction u (m/s)

03 = \.\

f .
ozl \
0.1 —'= AP =135.7Pa

—— AP =2724Pa
0 1 1 1 I 1 1 1 l 1 1 ] l 1 1 1 l 1 1 1
0.2 0.4 0.6 0.8 1

Normalized Distance from Flow Channel y/J,

Fig. 6. Velocity distribution for the cross-leakage flow through the anode in x
direction at x/w. = 2.5, corresponding to the middle of the channel support
region.
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Fig. 7. Relationship between the flow rate for the cross-leakage flow through
the anode and the pressure difference.

to the pressure difference AP, which is related to the channel
length. Therefore, the flow rate through the electrode for each
channel length can be calculated, which is 6.79 x 107 m3s L,
This is larger than the flow rate that remains in the gas channel
(4.26 x 10~°m3 s~1) under the same pressure difference. This
result implies that a comparable amount of reactant gas flows
through the electrode and along the channel to reach the same
location in the next channel, because the same pressure differ-
ence yields much larger pressure gradient through the electrode
than for the flow along the flow channel. This suggests that sig-
nificant cross-flow through the electrode is observed, and cannot
be neglected in such an analysis for PEM fuel cells.

A large quantity of the cross-flow affects the reactant con-
centration at the interface between the electrode and the cat-

08467+ T T T T

0845 —
= L 4
2 L J
kst
L] - 4
Ll
=~ - -
o —_—
S 08441 . . —
= i Cross flow direction |
g ]
g
2 L ,
=)
= L J

0843 —

ro) AP =0Pa 1
—-= 4P =135.7Pa
— 4P =2724Pa
08421 PN N SR T W A T W S | o e
0 1 2 3 4 5

Distance Normalized by Channel Width x/w,

Fig. 8. Hydrogen mole fraction at the interface between the anode electrode and
anode catalyst layer.
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Fig. 9. Hydrogen molar fraction distribution over the entire anode electrode.

alyst layer. Fig. 8 shows the hydrogen mole fraction at the
interface between the anode electrode and catalyst layer, and
the hydrogen mole fraction over the entire electrode is given
in Fig. 9. It is seen in Fig. 8 that the hydrogen concen-
tration distribution is symmetric with respect to the middle
of the channel support (x/w; = 2.5) when the pressure dif-
ference is zero, since diffusion is the mechanism for mass
transfer for this case. However, the cross-leakage flow set
up by the pressure difference between the adjacent channels
enhances considerably the hydrogen concentration at the cata-
lystlayer, certainly beneficial for electrochemical reaction there.
This is more evident in Fig. 9 for the region directly adja-
cent to the channel support where higher and more uniform
hydrogen concentration is obtained with pressure difference.
This effect becomes more significant as pressure difference is
increased.

Fig. 10a shows the hydrogen concentration at the interface
between the electrode and catalyst layer, while Fig. 10b shows
the hydrogen concentration differential with respect to the case
of AP=0Pa. Itis seen in Fig. 10a that the hydrogen concentra-
tion for the case of AP =0is symmetrically distributed as noticed
early for the hydrogen mole fraction, however, the peak value of
the hydrogen concentration itself decreases in the downstream
channel as a direct result of pressure drop and hydrogen con-
sumption in the anode catalyst layer, and this decrease becomes
larger as the value of AP is increased. On the other hand, the
peak value in the upstream channel is slightly increased due
to the convection current set up in the electrode structure. This
trend is more vividly shown in Fig. 10b. It might be mentioned
that in the present study, water flooding of the electrode has
not been considered. Otherwise, the cross-leakage flow consid-
ered here can help remove the liquid water from the electrode
structure, enhance reactant gas transport and improve the cell
performance, just as forced convectional flow through the elec-
trode enhances the performance with an interdigitated flow field
[14,15].
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Fig. 10. Hydrogen concentration at the interface between the anode electrode
and anode catalyst layer (a) with respect to the case without pressure difference

(b).
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Similar analysis has been carried out for the cathode flow,
and the oxygen concentration at the interface between the cath-
ode electrode and cathode catalyst layer as well as the oxygen
concentration differential with respect to the case of AP=0 is
shown in Fig. 11. It is seen that the base case with AP=0 is
similar to the previous case for the anode hydrogen gas. Unlike
the previous results for the anode gas, the oxygen concentration
hardly changes as the pressure difference between the adjacent
channels AP is increased. In fact, the oxygen concentration in
the region corresponding to the channel support even becomes
higher than the corresponding peak value of the oxygen concen-
tration next to the flow channels for the case of AP=0. This is
because the cathode gas is air, with relatively low oxygen con-
centration, and only oxygen diffuses to the cathode catalyst layer
for electrochemical reaction, while the major species, nitrogen,
is inert. As a result, the cross-leakage flow brings higher oxy-
gen gas mixture in the flow channel to the significant portion
of the electrode structure; this is more clearly shown in Fig. 12
for the contour plot for the oxygen mole fraction distribution.
It is evident that the effect of the cross-leakage flow is much
stronger for the cathode than for the anode, because the total
cathode gas flow rate is much higher than the anode counter-
part, due to the low oxygen content in the air and the much
larger stoichiometry for the cathode (2 for the cathode versus
1.2 for the anode as shown in Table 1). The higher total cath-
ode gas flow results in a higher pressure difference between the
adjacent channels, thus a higher cross-leakage flow through the
cathode electrode, as shown in Fig. 13 for the distribution of the
phase-averaged velocity in the x direction at the middle of the
channel support region. Clearly this cathode cross-flow veloc-
ity is much larger than the corresponding velocity in the anode
shown in Fig. 6. Therefore, this much stronger cross-leakage
flow through the cathode would be much more effective in water
removal from the electrode structure, in addition to bringing
higher oxygen concentration to the catalyst layer, thus enhancing
the PEM fuel cell performance in practice. These results sug-
gest the necessity of two-phase analysis in the next study on the

Oxygen Concentration C (mol/m 3

Difference in Oxygen Concentration 4

(b)

Fig. 11. Oxygen concentration at the interface between the cathode electrode
and cathode catalyst layer (a) with respect to the case without pressure difference

(b).
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Fig. 12. Oxygen molar fraction distribution over the entire cathode electrode.
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Fig. 13. Velocity distribution for the cross-leakage flow through the cathode in
x direction at x/w, = 2.5, corresponding to the middle of the channel support
region.

effect of this cross-leakage flow much neglected in the previous
studies.

3.2. Cross-leakage flow among many cascading flow
channels

After analyzing the flow characteristics between two adjacent
flow channels, we now turn our attention to the case of many flow
channels adjacent to each other, as shown in Fig. 3 to investigate
the more practical flow situation that is encountered in PEM fuel
cells of practical size. With no loss of generality, we consider
the situation of 10 cascading flow channels connected in series
(the serpentine flow channels) for the average current density of
0.6 A cm~2. The pressure distribution determined from the oper-
ating and design conditions given in Tables 1 and 2 is shown
in Fig. 14 in the anode with similar distribution for the cath-
ode, although cathode has much higher flow rate, hence a larger
pressure drop between the successive channels (AP; =135.7 Pa
for the anode gas stream versus 772.6 Pa for the cathode gas
stream). Fig. 15 shows the corresponding streamline pattern in
the anode electrode, illustrating the cross-leakage flow from one
flow channel to the next.

Fig. 16 presents the hydrogen concentration distribution at the
interface between the anode electrode and anode catalyst layer
showing the effect of the cross-leakage flow on the hydrogen
concentration available at the catalyst layer. It is seen in Fig. 16a
that the hydrogen mole fraction decreases from one channel to
another in the flow direction, even for the case of no pressure
drop, because of hydrogen consumption in the anode catalyst
layer. The cross-leakage flow increases the hydrogen mole frac-
tion available at the catalyst layer, especially for every region
corresponding to the channel support area. However, Fig. 16b
only shows the higher hydrogen concentration for the first couple
of flow channel areas, then the hydrogen concentration corre-
sponding to the flow with the pressure drop becomes smaller
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Fig. 14. Pressure distribution in anode electrode with similar pressure distri-
bution for the cathode gas stream, the only difference is that the pressure drop
between the adjacent flow channels DPI=135.7 Pa for the anode gas stream and
772.6 Pa for the cathode gas stream.

than the case without the pressure drop. This is because the
pressure drop lowers the total pressure of the anode gas mix-
ture, hence a lower total hydrogen concentration. This lower
hydrogen concentration in the anode gas mixture is responsible
for the gradual decrease in the total flow rate of the cross-leakage
flow between the successive channels downstream, as shown in
Fig. 17. Again the total flow rate through the electrode is com-
parable with the rate of the flow following the flow channels, as
for the case for the two adjacent flow channels presented in the
previous section.

The results for the cathode side are very similar to those
for the anode side presented earlier. The only difference is that
oxygen is only about 21% in the air, and with the higher stoi-
chiometry of 2 for the oxygen as compared to 1.2 stoichiometry
for the hydrogen on the anode, the total cathode stream has
a much higher flow rate, thus a higher pressure drop between
the successive channels, leading to almost an order of magni-
tude higher for the cross-leakage flow through the electrode, as
shown in Fig. 18. For the results shown in Fig. 18, only eight
flow channels are considered. This much stronger convection
flow through the cathode electrode brings high oxygen concen-
tration in the flow channel closer to the cathode catalyst layer.
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Fig. 15. Streamline in the anode electrode.
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Fig. 16. Hydrogen distribution at the interface between the anode electrode and
anode catalyst layer: (a) hydrogen mole fraction and (b) hydrogen concentration.
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Fig. 17. The rate of the cross-leakage flow through the anode electrode cor-
responding to the x location at the middle of the channel support region (i.e.,
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Fig. 18. The rate of the cross-leakage flow through the cathode electrode cor-
responding to the x location at the middle of the channel support region (i.e.,
x/we =3.5,5.5,7.5,9.5, etc.).
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cathode catalyst layer: (a) oxygen mole fraction and (b) oxygen concentration.
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Since this convection effect is in the same direction as the oxy-
gen diffusion, the oxygen concentration, or mole fraction, near
the catalyst layer can exceed their corresponding values in the
flow channel, as shown in Fig. 19a and b, respectively. There-
fore, this convection flow through the cathode electrode will
be extremely beneficial for the removal of liquid water formed
there, naturally leading to the next study by including both the
three-dimensionality and the two-phase nature of the flow. Com-
pared with the anode side shown in Fig. 16, the amount of oxygen
concentration decrease between the successive downstream flow
channels is much smaller, mainly because of the larger oxygen
stoichiometry used.

4. Conclusions

This study presents a two-dimensional numerical simulation
of the cross-leakage flow, through the PEM fuel cell electrode,
between adjacent flow channels due to a pressure difference at
the same locations among the successive channels by consid-
ering a single serpentine flow channel layout. It is found that
a significant amount of the cross-leakage flow occurs, which
is comparable with the amount of the flow that remains in the
serpentine flow path for both the anode and cathode reactant
gases. Because of the larger total cathode gas flow, the cross-
flow rate for the cathode side (in the order of 1075 m3s~1) is
almost an order of magnitude larger than the anode counter-
part (in the order of 107%m?3s~!). The strong convection flow
through the electrode structure is in general in the same direction
as for the reactant diffusion to the catalyst layer, thus leading to a
significantly higher concentration of the reactant in the catalyst
layer, especially for the cathode side due to the much stronger
leakage convection flow there. Consequently, this cross-leakage
flow through the porous electrode can reduce concentration over-
potential and help for the effective removal of liquid water in
the electrode structure, thus explaining in part the well known
experimental result of the good cell performance when using the
serpentine flow channel design for PEM fuel cells.
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