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Abstract

A numerical study of pressure distribution and flow cross-over through the gas diffusion layer (GDL) in a PEMFC flow plate using a serpentine
channel system has been undertaken for the case where the channel has a trapezoidal cross-sectional shape. The flow has been assumed to be 3-D,
steady, incompressible and single-phase. The flow through the porous diffusion layer has been described using the Darcy model. The governing
equations have been written in dimensionless form and solved by using the commercial CFD solver, FIDAP. The results obtained indicate that:
(1) the size ratio, R, of trapezoidal cross-sectional shape has a significant effect on the flow cross-over. As R increases, the flow cross-over through
GDL increases; (2) the ratio R also has a significant effect on the pressure variation in the flow field for both cross-over and no cross-over cases;
(3) flow cross-over has a significant influence on the pressure variation through the channel, tending to decrease the pressure drop across the

channel; (4) an increase in Re number can lead to a slight increase in the flow cross-over.
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1. Introduction

On the cathode side of a PEM fuel cell, the air usually flows
through serpentine channels with a square cross-section in a
flow plate. There is a porous diffusion layer adjacent to the
flow plate. Flow cross-over of air through the porous diffusion
layer from one part of the channel to another can occur. This
cross-over, as shown in Fig. 1, is a result of the pressure differ-
ences between different parts of the channel, and it causes the
flow rate through the channel to vary with the distance along
the channel. Since one of the important functions of the flow
plate (with the serpentine channel) is to supply the fuel and air
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for the electrochemical reaction, the performance of a PEM fuel
cell is strongly dependent on the transport processes occurring
within the flow fields. The geometry of flow plate has a sig-
nificant effect on the nature of the fluid flow, heat and mass
transfer and so has an influence on the performance of the fuel
cell. The purpose of the present work is to provide some basic
information on the effects of channel cross-section shape on the
flow field for the particular case where the channel cross-section
is trapezoidal. Flow in a particular serpentine channel system,
which is representative of that used in PEMFC flow plates, has
been considered. The emphasis of this work is on the effect of
the channel shape on the pressure distribution and channel-to-
channel flow cross-over through the gas diffusion layer (GDL).
The trapezoidal shape of the channel cross-section may be ben-
eficial for reducing the pressure drop and for improving over-
all fuel cell performance. Augmenting flow cross-over through
GDL will lead to higher oxygen concentrations at the surface of
the cathode catalyst layer under the GDL, which, in turn, leads
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Nomenclature
A cross-sectional area of channel
A the length of the narrow side of the trapezoidal
cross-section
B the length of the wide side of the trapezoidal

cross-section

CFD  computational fluid dynamics

dg hydraulic diameter of the trapezoidal cross-section

Dy dimensionless hydraulic diameter of the
trapezoidal cross-section, =dy /W,

f Darcy friction factor

F dimensionless flow rate at any specified section of
the channel, see Eq. (3)

Finlet  dimensionless flow rate at inlet section of the
channel

Fiin minimum dimensionless flow rate in channel

AF maximum difference between the dimensionless

flow rate at the inlet and the minimum dimension-
less flow rate in the channel, see Eq. (4)
FC fuel cell

GDL  gas diffusion layer

H height of the channel

K permeability of gas diffusion layer

Kp dimensionless permeability of gas diffusion layer,
=K/W2

MEA  membrane electrode assembly

p pressure
Pout pressure at the channel outlet

P dimensionless pressure, see Eq. (5)

AP the overall dimensionless pressure drop between

the channel inlet and outlet

Pnler  dimensionless pressure at the channel inlet

Pouer  dimensionless pressure at the channel outlet

P, perimeter of the trapezoidal cross-section

PEM  polymer electrolyte membrane

R ratio of the length of the wide side of the trapezoidal
channel to the length of the narrow side of
the trapezoidal channel, = B/A

Re Reynolds number based on the average width of the

channel
Rep Reynolds number based on the hydraulic diameter
of the trapezoidal cross-section

t GDL thickness

U, mean velocity at any specified section of the
channel

Uy mean velocity at inlet section of the channel

w land width

W, average width of the channel

W, the center line distance of the adjacent channels
P density

a
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Fig. 1. Flow situation considered in present study.

to higher electrochemical reaction rates, see Sun et al. [11]. The
situation considered in the present study is as shown in Fig. 1.
Since this work only deals with the basic flow and does not
consider heat and mass transfer, the assumed boundary condi-
tion on the top surface at the interface between the GDL and the
catalyst layer is simply that the velocity component normal to
the surface is zero. The present study is intended to help to get
a better understanding for some of the factors that influence the
design of the bipolar plates in PEM fuel cells.

By taking advantage of developments in CFD software and
computational hardware, recent PEMFC modeling has been
able to include all the cell components, including the gas chan-
nels and the porous diffusion layer. The detailed study of the
convective and diffusive flow in the flow field is thus now pos-
sible. Typical papers concerned with this type of modeling are
those of Dutta and Shimpalee [3], Berning [1], Yuan, Rokni and
Sunden [15,16]. However, all of the models mentioned above
have dealt with a straight channel in the flow plate. In an attempt

to extend this numerical work to deal with more realistic flow
plate geometries, Yi and Nguyen [13] used a two-dimensional
model of multi-component transport in the porous electrodes to
study flow with an interdigitated gas distributor. Later, He et
al. [4] developed a detailed two-phase model using the same
flow plate design. Driven by an interest in serpentine-channel
flow systems, Dutta and Shimpalee [2] studied a 3-D PEMFC
flow field with serpentine channels. Their results indicated that
flow distributions in both anode and cathode channels were sig-
nificantly affected by the mass consumption patterns on the
membrane electrode assembly (MEA). Also, water transport
was governed by both electro-osmosis and diffusion processes.
They also found that the flow through the porous gas diffu-
sion layer was significant, and that the overall pressure drop
was lower than that expected by considering just the flow in a
serpentine channel. However, they did not study in detail the
factors that influence these pressure drops and the flow cross-
over through the GDL. The pressure differences across the flow
plate can be influenced by flow cross-over through the GDL for
different flow plate geometries and configurations. Oosthuizen
et al. [6] studied the pressure and temperature distribution in
PEMFC flow plates with a single serpentine channel system
having a square cross-section. They concluded that channel-to-
channel flow cross-over through the GDL is only significant
when the permeability exceeds approximately 1.0E-11 m?.
Oosthuizen et al. [7] also studied the effect of the land width
in a square cross-sectional channel system on the fluid flow.
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Fig. 2. Geometry of the trapezoidal cross-sectional channel.

Several studies of the flow characteristics in situations in-
volving channels with different cross-sectional shapes have
been undertaken, e.g., see Yuan et al. [14], Kumar and Reddy
[5] and Oosthuizen [8]. Other papers related to the effect of
trapezoidal channel cross-section on microchannel flows are
those of Wu et al. [12] and Qu et al. [9,10]. Available stud-
ies indicate that channel cross-sectional shape and flow cross-
over have a significant influence on the flow field, but no gen-
eral conclusions regarding this influence have been developed.
Therefore, the importance of the channel-to-channel flow cross-
over in determining the flow rates in different parts of the
channel, and the pressure variation along the channel has been
numerically examined in the present study for the case where
the channel has a trapezoidal cross-sectional shape. No studies
of flow cross-over in situations involving trapezoidal channels
appear to be available.

A single 3-pass serpentine-channel flow plate with trape-
zoidal cross-sectional shape has been considered here. The
height of the channel H is equal to the average channel width
W,, as shown in Fig. 2. The distance between adjacent chan-
nels W, is fixed. The land width W is equal to the length of
the narrow side of the trapezoidal channel, A. The thickness of
GDL, t, is shown on the upper corner of the right side of the
figure. The length of the straight portions of the channels is 20
times the average channel width.

2. Solution procedure
It has been assumed that:

e the flow is 3-D, steady and single-phase;

e gas properties are constant;

e the flow through the porous diffusion layer can be described
using the Darcy model;

e the velocity is uniform over the channel inlet plane;

e the normal velocity components are zero on all surfaces of
the GDL, except at the interface between the gas diffusion
layer and flow channels.

The governing equations have been written in dimensionless
form using the average channel width, W, as the length scale
and the mean velocity in the channel inlet, U,,, as the velocity
scale. The solution parameters in the resultant set of dimension-
less equations are:

e Reynolds number (based on the average channel width, W,
and on the mean velocity at the channel inlet, U, ). Results
are discussed for Re = 50, 100 and 200;

Cutlet

Inlet

Fig. 3. Single 3-pass serpentine channel with trapezoidal cross-section.

e Dimensionless permeability of the gas diffusion layer. Re-
sults for values of Kp = 1.0E~13 (the no cross-over case)
and K p = 1.0E—4 (the cross-over case) are discussed. Note
that the dimensionless GDL permeability, K p, is related to
the actual permeability K by

Kp=K/W? (1)

e Dimensionless GDL thickness (the thickness of gas diffu-
sion layer, ¢, relative to the average channel width, W,).
Results are presented for a value of 0.25;

e Dimensionless channel shape (the ratio, R, of the length of
the wide side of the channel, B (see Fig. 2) to the length
of the narrow side of the channel, A, for the trapezoidal
cross-section shape):

R=B/A 2

Values between 1 and 7 are considered;

e Flow plate geometry. Attention is restricted to a flow plate
having a single 3-pass serpentine channel, as shown in
Fig. 3.

The solution was obtained by simultaneously solving for the
flow velocity and pressure distributions in the channel and in
the gas diffusion layer. The simulation was carried out using the
commercial finite element method software package FIDAP v.
8.7.2. Results were obtained for a given situation with various
numbers of grid-points and various values of the convergence-
criterion. These indicate that the results presented here are grid-
point number and convergence-criterion independent to better
than one percent.
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3. Results

Attention is first given to examining variations in the di-
mensionless flow rate along the channel (neglecting oxygen
consumption or water generation by electrochemical reactions).
Changes in this flow rate give a direct indication of the magni-
tude of the flow cross-over. The amount of variation in the flow
rate along the channel depends on the pressure distribution. The
dimensionless mass flow rate is defined as:

_ UcA.
U, W2

3

where F is the dimensionless flow rate perpendicular to the
channel cross-section, U, is the mean velocity of this cross-
section and A, is the area of this cross-section. Note that A,
does not depend on the dimensionless channel shape parame-
ter, R.

Typical variations of dimensionless flow rate within the
channel with distance along the channel for various values of
the channel size ratio, R, for Re = 100 are shown in Fig. 4.
Gas that does not flow within the channel is, of course, flowing
through the GDL. Dimensionless flow rates that are signifi-
cantly below 1 indicate that there is substantial flow cross-over.
The results given in Fig. 4 indicate that there is significant cross-
over for a dimensionless permeability of 1.0E—4, but negligible
cross-over for a dimensionless permeability of 1.0E-13. It can
be seen that there is a large flow out of the first pass of the chan-
nel, across the GDL. All of the gas that flows out the channels
eventually flows back into the channel in the final pass, so that
the dimensionless flow rate at the outlet is 1. The fraction of
the total flow that remains within the channel is lowest in the
middle pass.

It can be seen from the results given in Fig. 4 that the ratio R
has a significant effect on the flow rate along channel for a di-
mensionless permeability, 1.0E—4, i.e., for the flow cross-over
case. With an increase in the ratio R, the flow cross-over in-
creases. As R increases, the wider side of the trapezoidal shape
gets bigger and the land width gets smaller, tending to promote
the flow through the GDL. This tendency is further illustrated
by the results shown in Fig. 5, which shows how A F, the max-
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imum difference between the local dimensionless flow rate in
the channel and that at the inlet,
AF:Finlet_Fmin (4)
Finlet

changes with channel shape and Re number. When Re num-
ber increases, the flow cross-over increases slightly. However,
the effect of Re on the cross-over with a given channel cross-
sectional shape is small.

Next, we examine pressure variation along the channel. The
dimensionless pressure is expressed relative to the exit plane
pressure as follows:

P — Pout
pUZ
Typical variations of dimensionless pressure along the center-
line of the channel at Re = 50 are shown in Fig. 6. The total
channel length of single 3-pass channel is 67 average channel
widths. Results for both the no cross-over and cross-over cases
are given. Fig. 6 reveals that flow cross-over has a significant
effect on the channel pressure variation. The overall pressure
drop between the inlet and outlet decreases (for a particular R
value) when cross-over is present. Pressure drop is also affected
by the ratio R for both of the cross-over and the no cross-over
cases. As the R value increases, for the no cross-over case, the
pressure drop increases slightly, but for the cross-over case, the
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Fig. 5. Variation of maximum flow rate difference with the ratio R values for
Cross-over case.
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pressure drop decreases slightly. Similar results were obtained
at Re = 100, as shown in Fig. 7.

The effect of channel geometry on the overall dimensionless
pressure drop between the inlet and outlet, i.e.,

AP = Piplet — Poutlet (6)

is further examined in Fig. 8. It was found that, in all cases,
an increase in the ratio R resulted in an increase in the overall
dimensionless pressure drop for the no cross-over case and in a
decrease in the dimensionless pressure drop for the cross-over
case.

Typical pressure variations along the straight sections of the
3 channel passes are shown in Fig. 9, for Re =200 and R = 3.
In fully developed channel flow without cross-over, the pressure
gradient should be constant along a straight section of channel.
Therefore, Fig. 9 indicates that, at the Reynolds number con-
sidered in this study, the flow almost reaches a fully developed
state near the middle of the first channel pass. However, some
small effects of the entrance and of the bends at the ends of the
passes are apparent.

The pressure gradient in fully developed channel flow is usu-
ally expressed in terms of the friction factor, f. Here, the Darcy
formulation is used:

2
_dp _ %)
dx 2dy
20
® Re=100
= Inlet .
w 15 F
0
g
o
2 10F =
% \\\"::.c-. ;
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Fig. 7. Variation of dimensionless pressure along channel for different ratio R
values, Re = 100.
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Fig. 8. Variation of dimensionless pressure drop between inlet and outlet of the
channel with different R values for Re = 100.

where dp is the hydraulic diameter defined by,

4 x cross-sectional area  4A.
dy = - = 3
wetted perimeter P,

The friction factor equation can be written in terms of the di-
mensionless variables as,

dp f
= ©
dX 2Dy
where Dy is the dimensionless hydraulic diameter given by,
4A d
Dy=—-"=21 (10)
PWe W

In fully developed laminar flow, it is usually adequate to assume
that,
K/

=— e,
f Rep
where K’ is a constant and Rep is the Reynolds number based
on the hydraulic diameter. Since Re in this study is defined us-
ing the average channel length, W, as length scale, it follows
that,

fRep =K' (11)

f Rep = ~2Re . Dy (12)

The f Rep values can be obtained from the pressure variation
along the middle portion of the straight section of the first pass

12
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Fig. 9. Variation of dimensionless pressure along the straight sections of the
3-pass channel for Re = 200.
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Fig. 10. Variations of f Rep with R values for both of cross-over and no
cross-over cases, Re = 100.
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for different channel cross-sectional shape ratios, R. Typical
variations of f Rep with R for both the cross-over and no cross-
over cases for Re = 100 are shown in Fig. 10, which shows that
f Rep tends to a constant value of approximately 62 as R tends
to 1 for the no cross-over case. However, f Rep is significantly
decreased by the flow cross-over. Note that the f Rep value
of 62, to which the no cross-over results tend as R tends to 1,
is higher than the analytical value for fully developed laminar
flow in a square channel (i.e. approximately 57) due to the pres-
ence of minor entrance and exit bend effects.

4. Conclusions

A 3-D numerical model of a PEM fuel cell flow field with
single 3-pass serpentine channel was developed, and it pro-
vide valuable information about the pressure drop and flow
cross-over through GDL. The results obtained by using the
trapezoidal shape of the channel cross-section in present study
indicate that,

e The trapezoidal cross-sectional shape ratio R has a signifi-
cant effect on the flow cross-over. An increase in R is asso-
ciated with an increase in the flow cross-over through GDL.

e The trapezoidal cross-sectional shape ratio R also has a sig-
nificant effect on the pressure variation in the flow field for
both the cross-over and the no cross-over cases.

e Flow cross-over has a significant influence on the pressure
variation through the channel, tending to decrease the pres-
sure drop across the channel.

e An increase in the value of Re is associated with a slight
increase in the flow cross-over.
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