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The stamped metal bipolar plate is a promising candidate of the traditional graphite plate for proton
exchange membrane fuel cells (PEMFCs) due to its advantages, such as low cost, compactness, robustness
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and high production efficiency. This study proposes a new type of flow configuration, which is called
slotted-interdigitated channel, for stamped metal bipolar plates. Numerical simulation of the flow dis-
tribution of slotted-interdigitated channels is studied by using three-dimensional computational fluid
dynamics (CFD) and the results show the flow distribution is uneven. Consequently, an optimization
model, based on a linear analytical model, is proposed to eliminate flow maldistribution. Finally, even
flow distribution is obtained according to the optimum results and high fuel cell performance can be
lotted-interdigitated channel achieved.

. Introduction

Bipolar plate is one of the key components in proton exchange
embrane fuel cell (PEMFC) stacks. It performs a number of essen-

ial functions in stack operation, such as reactants supply to the
ell active area, current collection, and mechanical support to the
embrane electrode assembly (MEA), water management, heat
anagement and maintaining the reactants separate [1]. Two types

f bipolar plates, using graphite and metal in terms of material,
re commercially available [2]. Bipolar plates made of graphite
re more popular currently, which have advantages including high
hemical stability and high electrical conductivity. In order to
educe the size of a PEMFC stack or increase power density, the
se of thin bipolar plates is essential. However, thin carbon-based
ipolar plates cannot be used due to their low toughness and
as permeability. Moreover, it is difficult to manufacture the thin
raphite plates.

Metal Bipolar plate is an alternative to conventional graphite
ipolar plate because of its high electric conductivity in bulk, high
echanical strength, high gas impermeability, lightness. Moreover,

etal bipolar plate is easy to be formed to desired shape to accom-
odate the flow channels using stamping method [3].
Many designs of flow configurations, for example, serpentine,

arallel, discontinuous and interdigitated channel (Fig. 1), are cur-
ently used for graphite bipolar plate. But most of these designs
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are not suitable for stamped metal bipolar plate. In the past few
years, some studies about thin metal bipolar plate design have been
reported [4–7]. There is a noticeable difference between machined
graphite bipolar plate design and stamped thin metal bipolar plate
design. To eliminate the need for a separate cooling plate, decrease
material usage for stack construction, a continuous cooling flow
field should be provided at the opposite side of the plate. That is to
say, a bipolar plate is comprised with only two metal sheets which
are connected together by welding, adhesion or other methods.
The cooling flow field is provided between the two metal sheets
and reactant gas flow fields are provided on the two outside sur-
faces of the sheets. For graphite bipolar plates, two irrelative flow
configurations can be obtained in two sides of a single plate, respec-
tively, using machining or chemical etching methods. However, for
thin metal bipolar plate manufactured by stamping process, the
flow configuration of one side of the plate is determined with the
configuration of the opposite side determined. Therefore, it is dif-
ficult to obtain two continuous channels at each side on a single
plate to provide reactant and cooling flow field, respectively. For
example, if serpentine configuration is used (Fig. 1(A)), the reac-
tants flow field is continuous (white colored), while the flow field
on the opposite side is not continuous (dark colored). There is an
exception, interdigitated channel, which can be directly used for
thin metal bipolar plate. The interdigitated flow field is different
from the conventional flow field in which the interdigitated flow

field is not continuous (Fig. 1(D)), and the reactant gas in the fuel
channel is forced to flow through diffuser and catalyst layers. For
a stamped interdigitated plate, the opposite side is formed as a
single serpentine configuration which can be used as cooling flow
field.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xmlai@sjtu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.11.047
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Nomenclature

Ac cross-sectional area of channel
Ah cross-sectional area of header
Ai cross-sectional area of the ith channel
bc depth of channel
Dc hydraulic diameter of channel
f friction factor
F non-uniformity index
Lc length of channel
n number of channels
pin pressure at inlet
pout pressure at outlet
pc cross-sectional perimeter of channel
R resistance
Re Reynolds number
v̄ mean velocity
Vin inlet velocity of the plate
wc width of channel

Greek letters
˛ channel aspect ratio
� viscosity

n
r
c
n
i
(
o
d
t

� mass density
�w wall shear stress

Previous studies have shown that interdigitated flow chan-
el reduces the possibility of flooding of the cathode electrode
esulting in improved efficiency of the fuel cell, however, at the
ost of a higher-pressure drop [8–13]. In the present study, a
ew type of flow field, slotted-interdigitated channel, based on
nterdigitated channel is proposed. Computational fluid dynamics
CFD)-based simulations are used to study the flow distribution
f this new type flow field and the results show that the flow
istribution is uneven. So, we propose an optimization model
o eliminate flow maldistribution. Finally, an optimized slotted-

Fig. 1. Schematic diagram of (A) serpentine; (B) parallel; (C) disc
Fig. 2. Schematic diagram of slotted-interdigitated channel.

interdigitated channel is given to obtain an evenly distributed flow
field.

2. Slotted-interdigitated channel

In order to reduce the pressure drop of interdigitated flow chan-
nel, small slots are designed at the reactant flow field side in
the present study. Fig. 2 shows a schematic diagram of slotted-
interdigitated channel with uniformly distributed slots on the rib
of reactant flow field. As shown, the depth of the slot is smaller
than the height of the rib to make sure that a continuous cool-
ing channel is provided at the opposite side of the bipolar plate.
A schematic diagram of the opposite side of slotted-interdigitated
channel, which shows a continuous serpentine channel is shown in
Fig. 3.

Computational fluid dynamics (CFD)-based simulation is used
to study the flow distribution of this new type of flow field. The

flow distribution of the slotted-interdigitated channel (Fig. 2) is
studied using the commercial CFD code CFD-ACE+ developed by
CFD Research Corporation. Fig. 4 shows the calculated results. As
shown, an uneven distributed flow field which has slow velocity in
the center part of the field is observed.

ontinuous; (D) interdigitated type channel configurations.
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Fig. 3. Schematic diagram of the opposite s

u

channel [15].
Fig. 4. Flow distribution of the slotted-interdigitated channel.

After careful analyses of the modeling results, we found that this
neven flow field is likely attributed to the following reasons:

1. The dividing and combining flow. Consider two neighboring
channels connected by the slots (Fig. 5). V0 is the inlet veloc-
ity. If no recirculation and back flow occurs at the corner (e.g., at
the first corner), V0 can be divided into two parts: V1 and V ′

1 (V1

is smaller than V0). Similarly, V1 > V2 > V3 > V4 > V5 > V6 > V7 > V8,
and resulting in an unevenly distributed flow field. In this study,
we use only two slots laying at the inlet and outlet of two neigh-
boring channels (Fig. 6) to avoid dividing and combining flow.

Fig. 5. Schematic diagram of tw
ide of slotted-interdigitated channel.

2. The other reason causing maldistribution is the property of par-
allel channels. The slotted-interdigitated channel can also been
considered as another kind of parallel channel. The flow field
shown in Fig. 4 is also an 11-channel Z-type parallel config-
uration. Parallel-channel configurations for PEMFC reduce the
pressure drop, but may suffer from severe flow maldistribution.
This aspect has been observed by other researches [14–15]. As
shown in Fig. 4, higher flow speed exists at lateral channels and
lower flow speed exists at central channels. To fix this problem,
the dimensions of slots need to be optimized.

Two approaches are often used to analyze the flow distribution
of bipolar plates: (i) CFD simulation, and (ii) analytical method.
With the development of computer technology, CFD simulation are
usually more versatile than analytical method, but CFD simulation
cost more time and money. Because of the complexity of CFD code,
it is also hard to optimize the geometric parameters of the bipolar
plates to fix the flow maldistribution of parallel channels. In view of
this, we adapt an analytical approach to optimize the dimensions
of the slots. An analytical model is introduced first.

3. Model description

3.1. Assumptions

The model is set up based on the following assumptions:

1. The analysis here assumes the flow properties (e.g., the mass
density, the viscosity) are constant.

2. The Reynolds numbers are low, the flow is considered as a lami-
nar flow and the temperature is nearly uniform.

3. The dividing and the combining losses of pressure are neglected
in comparison with the straight channel because of the low
Reynolds number and the high length-to-diameter ratio of the
4. The reactant gas is considered to flow in impervious channels. It
does not consider the mass flow between the reactant channel
and electrolyte. This may be a significant assumption, but it is
necessary for simplifying the model [16].

o neighboring channels.
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Fig. 6. Schematic diagra

.2. Hagen–Poiseuille flow

For a straight channel, steady Hagen–Poiseuille flow, pressure
rop, shown in Eq. (1), is needed to balance shear stress caused by
he walls.

pin − pout)Ac = �wPcLc (1)

here Pin and Pout are the pressure of the inlet and outlet of the
hannel, respectively. Ac is cross-sectional area of the channel. Pc is
he cross-sectional perimeter of the channel, and Lc is the channel
ength.

The shear stress can be represented by using friction factor f as
ollows:

= �w

1/2�v̄2
(2)

here v̄ is the mean velocity of the channel. Here, f is the friction
actor given by the empirical correlation of Kays and Crawford [17]:

e f = 13.84 + 10.38 exp
(−3.4

˛

)
(3)

here ˛ = wc/bc is the channel aspect ratio. And Reynolds number
s

e = �v̄Dc

�
(4)

here Dc is the hydraulic diameter Dc = 4Wcbc/2(Wc + bc).
From Eq. (1)–(4), we get

p = pin − pout = 1
2

(Re f )�PcLc

DcAc
v̄ = Rv̄ (5)

here

= 1
2

(Re f )�PcLc

DcAc
(6)

can be considered as the fluidic resistance of the channel. Eq. (5)
ells us that for a straight channel with geometric dimensions given,
he pressure drop is proportional to the mean velocity because the
uidic resistance of channel is constant.

.3. Analytical model for slotted-interdigitated channel
The flow distribution of slotted-interdigitated channel, with the
ow velocity of the inlet header given, will be discussed to predict
he mean velocity through each of the channels. In order to get
elocity distribution of a slotted-interdigitated configuration with
channels, a configuration with 3 channels will be discussed first.
lot design (units: mm).

3.3.1. Model for a 3-channel plate
Consider a slotted-interdigitated configuration with 3 channels

shown in Fig. 7A. The flow field is discretized first (Fig. 7B), and the
analytical model is set up based on solving the pressure and mass
balance equations. This model assumes that the cross-sectional area
of the inlet header, which is represented by Ah, is uniform and is
equal to that of the outlet header.

As shown in Fig. 7(B), Pi is the pressure at dividing or combing
points, Vi and vi present the mean velocity of channel, Ri and ri are
the resistance of channel. Ai and ai present the cross-sectional area
of channel in consistent with Vi and vi.

According to the pressure balance,

V12R12 + V2R2 + v21r21 + v23r23 + V2R2

= V1R1 + v11r11 + v13r13 + V1R1 + V12′R12′ (7)

V23R23 + V3R3 + v31r31 + v33r33 + V3R3

= V2R2 + v21r21 + v23r23 + V2R2 + V23′R23′ (8)

v11r11 + v13r13 = v12r12 + v14r14 (9)

v21r21 + v23r23 = v22r22 + v24r24 (10)

v31r31 + v33r33 = v32r32 + v34r34 (11)

According to the mass balance,

VinAh = V12Ah + V1A1 (12)

V1A1 = v11a11 + v12a12 (13)

v11a11 = v13a13 (14)

v12a12 = v14a14 (15)

V12Ah = V23Ah + V2A2 (16)

V2A2 = v21a21 + v22a22 (17)

v21a21 = v23a23 (18)

v22a22 = v24a24 (19)
V23Ah = V3A3 (20)

V3A3 = v31a31 + v32a32 (21)

v31a31 = v33a33 (22)



P. Hu et al. / Journal of Power Sources 187 (2009) 407–414 411

config

v

V

V

C

M

E
i
V
m
a
s

3

t
c

s

M

t

w

Fig. 7. Schematic diagram of (A) Z-type

32a32 = v34a34 (23)

12 + V12′ = Vin (24)

23 + V23′ = Vin (25)

ombining Eq. (7)–(25), a linear matrix equation is derived,

(3) = R(3)V(3) (26)

q. (26) implicitly shows that there are 19 unknowns for a slotted-
nterdigitated configuration with 3 channels, V1, V2, V3, V12,

23, V12′, V23′, v11, v12, v13, v14, v21, v22, v23, v24, v31, v32, v33, v34. In
atrix Eq. (26), and there are also 19 equations, ri and Ri is known

ccording to Eq. (6), if we know the inlet velocity Vin, then, we can
olve the matrix equation to get the mean velocity at each channel.

.3.2. Model for an n-channel plate
Similarly, we now consider a slotted-interdigitated configura-

ion with n channels. The schematic diagram of the continuous
hannel and discrete channel model is shown in Fig. 8.

Like the method mentioned in Section 3.3.1, a matrix equation
imilar to Eq. (26) can be derived.
(n) = R(n)V(n) (27)

The dimension of resistance matrix R is expanded from 19 × 19
o (7n − 2) × (7n − 2).

There are 7n − 2 unknowns in Eq. (27) and 7n − 2 equations; so
e can solve the equations to get the velocity of each channel.
uration and (B) discrete channel model.

4. Optimization design

The model proposed in Section 3 is used to obtain a uniform flow
distribution. It is possible to have a uniform flow distribution in the
slotted-interdigitated channels by having a very large header cross-
sectional area compared with that of a channel. Unfortunately, this
will decrease the active geometrical area of the bipolar plate. A uni-
form flow distribution in the slotted-interdigitated channels can
also be obtained by changing the cross-sectional area of the slots,
increasing the cross-sectional area of the slots in central channels
which has low velocity, decreasing the cross-sectional area of the
slots in lateral channels which has high velocity.

High-performance language MATLAB is used to optimize the
flow distribution. The original geometric parameters of the plate
have been shown in Fig. 6. The original height of channel and slot
(not shown in Fig. 6) are 0.5 mm and 0.2 mm, respectively. The vari-
ables, object function and constraints are discussed below.

4.1. Variables

Here, the geometric dimensions of the plate are treated as con-
stant parameters except the width and depth of each slot, which

are represented by w(i) and d(i), respectively. The two slots lay-
ing at the inlet and outlet of two neighboring channels have the
same geometric dimensions. For an 11-channel plate shown in
Fig. 6, there are 22 variables: w(1), w(2), . . . , w(10), w(11) and
d(1),d(2),. . .,d(10),d(11).
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field, and the optimized results are listed in Table 1 and Table 2.
In this case, the object function has a value of 4.6994e−008

according to the analytical model. Table 1 shows the widths of the
slots. The minimum width is 1.001 mm, and the maximum one is
1.132 mm. These results indicate that the flow distribution is insen-

Table 1
Widths of the slots (units: mm).

1 1.001
2 1.002
3 1.027
4 1.064
5 1.091
6 1.132
Fig. 8. Schematic diagram of (A) Z-type

.2. Object function

Non-uniformity index, F, defined as [14,15]:

=

√∑n
i=1(vi − v̄)2

nv̄
(28)

haracterizing the relative flow split is treated as object function.
here vi is a function of wi and di

i = f (w(i), d(i)) (29)

or an 11-channel plate, F becomes:

=

√∑11
i=1(vi − v̄)2

11v̄
(30)

Here, F represents the non-uniformity of the flow distribution. If
equals to zero, all channels have the same flow velocity. The goal
f this section is to minimize F by changing the variables.

.3. Constraints

As mentioned above, in order to obtain a uniformly distributed

ow field, we should increase the cross-sectional area of the slots

n the center of the plate, and decrease the cross-sectional area of
he slots near the inlet and outlet. For engineering purpose, bipolar
lates should be symmetric, and we hope the slot width is in the
ange of 1–5 mm and slot depth is in the range of 0.1–0.3 mm. So,
uration and (B) discrete channel model.

the constraints are:

w(1) = w(11), w(2) = w(10), . . . w(5) = w(7)

d(1) = d(11), d(2) = d(10), . . . d(5) = d(7)

1 < w(i) < 5

0.1 < d(i) < 0.3

(31)

4.4. Results and discussion

The commercial software MATLAB is used to optimize the flow
7 1.091
8 1.064
9 1.027

10 1.002
11 1.001
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Fig. 9. Comparison of the contour results from CFD simulation. (A) Before optimization and (B) after optimization.

Table 2
Depths of the slots (units: mm).

1 0.112
2 0.129
3 0.153
4 0.190
5 0.250
6 0.296
7 0.250
8 0.190

s
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t
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t
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9 0.153
10 0.129
11 0.112

itive to the width of the slot. Table 2 shows the depths of the slots.
s shown, the depths changes from 0.112 mm to 0.296 mm.

Since the optimized result is insensitive to the width of the slot,
o simplify the design process the width of the slot is considered as
he constant parameter. Then, the number of variables changes from
2 to 11. They are the depths of the slots: d(1),d(2),. . .,d(10),d(11).

The widths of all slots are considered to be 1, the only variable is
he depth of slot, and new optimization results are shown in Table 3.

In this case, the object function has a value of 1.0957e−007
ccording to the analytical model.

The accuracy of the optimization results is verified by comparing
he results of three-dimensional CFD simulations.
Fig. 9 shows comparison of the contour results from CFD simula-
ion before and after optimization. As shown, the flow distribution
f the optimized plate becomes more uniform than the original one.
n order to quantitatively compare the flow distribution before and
fter optimization, the mean velocity at each joint face connecting

able 3
epths of the slots (units: mm).

1 0.105
2 0.121
3 0.144
4 0.182
5 0.243
6 0.298
7 0.243
8 0.182
9 0.144

10 0.121
11 0.105
Fig. 10. Comparison of the results from CFD and analytical model after optimization.

inlet header and parallel channels is extracted from Fig. 9 and the
results are shown in Fig. 10.

5. Conclusion

A new type of flow configuration, slotted-interdigitated chan-
nel, is proposed in the present study. However, CFD simulation
results show that an arbitrary design of the slots causes severe flow
maldistribution which comes from two aspects: (i) dividing and
combining flow and (ii) the property of parallel channel.

To resolve problems above, the number of slots is decreased to
two of each two neighboring channels and an analytical model,
which is analogous to electric network, is presented to evalu-
ate the flow distribution of the slotted-interdigitated channel.
Furthermore, the analytical model proposed here is validated by
comparison with results obtained from CFD simulations.

Finally, the model is used to optimize the dimensions of the
plate, and a more uniformly distributed flow field is obtained.
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