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a b s t r a c t

Parallel channel flow field with manifold openings is widely used in Proton exchange membrane fuel
cells (PEMFCs) because of its low-pressure drop and easiness of manufacture. This research presents
a hydrodynamic model to describe the airflow distribution, and the predicted pressure differences are
validated by experiments. We also investigate the influences of the flow rate, the geometry of header and
vailable online 18 September 2008

eywords:
uel cell
anifold opening

low distribution

the length ratio of manifold opening to header region on the airflow distribution. Therefore, the optimal
strategy is proposed based on an overall consideration of uniformity and configuration in the fuel-cell
plate for application.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Proton exchange membrane fuel cells (PEMFCs) are considered
s the most promising energy conversion systems for vehicles
nd station applications in the future [1]. However, many of the
undamental processes are only partially understood, and the con-
guration of the gas-distribution plate is one of the key issues that

mpact the commercialization process. The flow field should be
asier for gas transport with less pressure drop and can maintain
niform flow across the surface of the electrode.

Recently, many channel configurations of distributor plates have
een studied, such as parallel [2–4], serpentine [5,6] and interdig-

tated [7] channels. As for the parallel-channel plate, the design
f header configuration is quite important. Former researchers
ften concentrate on the Z- and U-type configurations, which have
een solved with hydrodynamic models or CFD simulations [8].

n practice, the parallel-channel plates with manifold openings [9]
see Fig. 1) are often used to avoid overmuch pressure drop and

btain uniform flow distribution. However, there are few mod-
ls to describe the flow distribution in such configuration. As a
atter of experience, the length ratio of manifold opening to

eader region can greatly influence the flow distribution in the
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late, thus, the reasonable value should be discussed to assist the
esigner.

It is the purpose of this paper to provide a simple hydrodynamic
odel for the flow distribution in the parallel-channel plate with
anifold openings. The experimental studies are also given to vali-

ate the pressure difference distribution in such small size of these
hannels. In this way, the key factors that affect the flow distribu-
ion will be found. Especially, the length ratio of manifold opening
o header region is considered. Therefore, the optimal strategy for
oth uniform distribution and compact construction is discussed
elow.

. Model description

.1. Flow distribution in a gas-distributor plate

The flow pattern in the parallel-channel plate with manifold
penings is depicted in Fig. 2. All the parallel channels are separated
y ribs and numbered in sequence. There are N discrete channels
n the plate; consequently, the header region can be discretized on
mesh of N nodes, and the manifold openings cover Nb of the total

channels in both inlet and outlet. The gas enters from the inlet
anifold opening and flows though individual channels via the feed

eader region, then converges at the outlet distribution region and
eaves the plate from the outlet manifold opening. The volume flow
ate in each of N individual channels is denoted by qx (i). Thus, in

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pwming@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2008.09.015
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Nomenclature

List of symbols
A cross-section area (m2)
d width (m)
D hydraulic diameter (m)
err error
f friction factor
Fy force exerted on control volume (N)
h height (m)
L length (m)
M mass flow rate (kg s−1)
N number of channels
Nb number of channels covered by the manifold open-

ing
P perimeter (m)
Pin pressure at the beginning of the channel (Pa)
Pout pressure at the end of the channel (Pa)
qx volume flow rate through each channel (m3 s−1)
Q cumulative volume flow rate (m3 s−1)
ux mean velocity in the channel (m s−1)

Greek letters
˛ aspect ratio
� air viscosity (Pa s)
� air density (kg m−3)
� shear stress (N m−2)
˚ characteristic parameter (kg m−3 s−1)
� non-dimensional geometry parameter

Subscripts
in near the inlet side
out near the outlet side
x direction along the channel
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y direction along the header
0 standard situations

he inlet distribution region, the cumulative volume flow rate (Qin
i)) is defined as

in(i) =
i−1∑
j=1

qx(j) = Qin(i − 1) + qx(i − 1), (i = 2, 3, . . . , N − Nb)

(1)

in(1) = 0 (2)

n the inlet manifold opening, the mass balance equation can be
ritten as

IN =
N∑

j=1

qx(j) =
N∑

j=N−Nb

qx(j) + Qin(N − Nb) (3)

here QIN is the total feed volume flow rate, while in the outlet
istribution region, the similar variables are given by

Qout(i) =
N∑

j=i

qx(j) = Qout(i + 1) + qx(i),
(i = Nb + 1, Nb + 2, . . . , N − 1) (4)

out(N) = qx(N) (5)

F
o

P

ig. 1. Schematic diagram of parallel-channel plate with manifold openings in the
eader region. (1) Header region, (2) manifold opening, (3) distribution region, (4)
ow field region, (5) channel and (6) rib.

n the outlet manifold opening, the mass balance equation
ecomes:

OUT =
Nb∑
j=1

qx(j) + Qout(Nb + 1) (6)

ecause we suppose there is neither electrochemical reaction nor
eakage in the flow field, the Eqs. (3) and (6) are equal.

.2. Steady channel flow with lower Re

Now, the flow distribution in the plate can be obtained, and the
ow rate through each channel is governed by the pressure dif-

erence between the beginning and end of the channel, which is
xpressed as Pin(i) minus Pout(i). For steady Hagen–Poiseuille flow
n a channel, the net pressure balances the force caused by the shear
tress at the wall:

Pin(i) − Pout(i))Ax = �xPxLx (7)

here Ax is the channel cross-section area, Px is the channel perime-
er, and Lx is the length of the channel. The shear stress (�x) is usually
xpressed in terms of the friction factor fx.

x = �x

1/2�ux(i)2
(8)

here ux(i) is the mean velocity in the channel, and the friction
actor is a function of the Reynolds number:

ex = �Dxux(i)
�

(9)

here Dx represents the hydraulic diameter, and is defined as

x = 4Ax

Px
(10)

y the empirical correlation of Kays and Crawford [10], the (Re f)x

epends on the channel aspect ratio (˛x = dx/hx), hence:

Re f ) ≈ 13.74 + 10.38 exp
(−3.4

)
(11)
x ˛x

rom Eqs. (7)–(10), the pressure difference from the inlet to the
utlet is described as

in(i) − Pout(i) = ˚xLxux(i) (12)
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Fig. 2. Illustration of the flow distribution and me

ere

x = �
2(Re f )x

D2
x

(13)

Then the pressure difference from each channel can be obtained
irectly from the linear flow velocity (ux(i)) in the corresponding
hannel.

.3. Pressure distribution in header regions

Derivation of the momentum equation is formulated for a suit-
ble control volume located in the outlet distribution region, as
hown in Fig. 3. For one-dimensional axial flow, the momentum
alance is stated as

CV

(
∂�uy

∂t
+ ∂(�uyuy)

∂y

)
dV =

∑
Fy (14)

here Fy is a force exerted on this volume and is composed of two
orces: one is due to normal stress on the cross-sectional flow area,
s the first integral on the right-hand side in Eq. (15); the other is

erived from viscous drag at the channel walls. Restricting attention
o the steady flow:

CV

∂(�uyuy)
∂y

dV =
∫

CS

�y
−→n dAy −

∫
CS

�ydAy (15)

Fig. 3. Control volume for a section in the outlet distribution region.

h
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work in a fuel-cell plate with manifold openings.

With the help of Gauss divergence theorem, the first integral on
he right-hand side converts to a volume integral. The shear drag
erm can be rewritten in one dimension:

CV

∂(�uyuy)
∂y

dV =
∫

CV

(∇ · �y)dAy −
∫

y

�yPydy (16)

here Py is the perimeter of the distribution region, and Ay is the
rossing-section area. �y is the normal stress, which depends on the
ressure drop. Shrinking the control volume, the desired differen-
ial equation can be expressed as

d(�uyuy)
dy

= −dp

dy
− Py

Ay
�y (17)

imilar to the channel flow, the wall stress is determined in terms
f a friction factor fy, which depends on the header dimensions
nd fluid properties. Assuming the properties are constant, for an
ncompressible flow, the momentum equation can be rewritten as

�uy
duy

dy
+ dpy

dy
+ ˚yuy = 0 (18)

ere

y = �
2(Re f )y

D2
y

(19)

he subscript y = out refers to the exhaust header region and y = in
efers to the feed header region.

Because there are a discrete number of channels, it is appropriate
o represent and solve the momentum equations in discrete form.
s shown in Fig. 3, the control volume in the outlet distribution
egion is taken as rectangular, with the height hy and the width dy.
ince the differential equation is first-order and the boundary con-
itions should be satisfied, it is appropriate to forward difference
his equation.

Pout(i + 1) − Pout(i) = −2�uout(i)(uout(i + 1) − uout(i)) ıy
−
(

�
2(Re f )y

D2
y

)
uout(i) ıy, (i = Nb, Nb + 1, . . . , N − 1) (20)
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Fig. 4. The program layout for flow distribution calculation.
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where uout(i) can be obtained from the flow distribution in Section
.1:

out(i) = Qout(i)
Ay

, (i = 1, 2, . . . , N) (21)

pecifically, for the outlet manifold opening:

out(i) = Pexit, (i = 1, 2, . . . , Nb) (22)

imilarly, for the inlet manifold opening:

in(i) = PIN, (i = N − Nb, N − Nb + 1, . . . , N) (23)

owever, the sense of the difference in the feed header region is
pposite that of the exhaust header:

Pin(i) − Pin(i − 1) = −2�uin(i − 1)(uin(i) − uin(i − 1)) ıy

−
(

�
2(Re f )y

D2
y

)
uin(i − 1) ıy, (i = 2, 3, . . . , N − Nb) (24)

ere

in(i) = Qin(i)
Ay

, (i = 1, 2, . . . , N) (25)

.4. Solution algorithm

The program layout is shown in Fig. 4, and this calculation starts
ith an initially guessed set of channel volume flow rates, qx(i).

hen the cumulative flow rates in the headers, Qin(i) and Qout(i),
out(i) and uin(i), can be obtained from the Eqs. (1), (4), (21), and
25). These velocities are used to calculate the pressures in header
egions. The next step is to calculate the corresponding flow rates
n the channel, ux new(i) and qx new(i), from the Eqs. (12) and (13).
f course, the new value of flow rates should be adjusted first.

adj
x new(i) = QIN∑N

i=1qx new(i)
qx new(i) (26)

t last, the accumulate error has to be compared with the set pre-
ision.

rr =
∑N

i=1

[
qadj

x new(i) − qx(i)
qx(i)

]2

(27)

he program will keep on running with a new set of channel flow
ates until all the flow rates are close to the old ones within the
rror limit.

. Experimental

In order to validate the flow distribution in the parallel-channel
late, a fine facility was used as shown in Fig. 5. The transparent sep-
rator was made of PMMA (polymethyl methacrylate), of which 62
airs of little holes were punched out along the edge in two rows.
he controlled airflow entered from the inlet manifold opening,
nd this certain amount flow was achieved by the mass flow con-
roller (D07-19A). Also the pressure drop along each channel could
e measured from the corresponding pair of holes in the separa-
or. In order to avoid the edge effect, these holes were kept a certain
istance away from the inlet or outlet. So the test length of the chan-
el was 275 mm of the whole 358 mm, and the experimental data
hould be enlarged proportionally. Two pressure transducers were
sed for pressure measurements over the range of 0–3 kPa (STD110

oneywell) and 0–20 kPa (STD930 Honeywell) with 0.065% full-

cale accuracy for both. In this way, any pressure difference between
he beginning and end of the channel would be received. The oper-
tion was kept in room temperature and other parameters of the
et-up were described in Table 1.

Fig. 5. Illustration of the facility with 62 pairs of holes for pressure difference mea-
surement in each channel.
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Table 1
Specification of the flow field configuration and operating conditions.

Variable Units Value

Number of channels – 62
Total length of the header region mm 90
Length of the channel mm 356
Room temperature ◦C 20
Air density kg m−3 1.293
Air viscosity Pa s 1.72 × 10−5

Standard mass flow rate kg s−1 2.16 × 10−5

Table 2
Experimental cases and the corresponding parameters.

Case description Volume flow rate
(sccm)

Total pressure
drop (kPa)

� x � y

#1 1000 5.77 8.68 5.51
#
#
#

4
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2 4000 21.0 8.68 5.51
3 6000 31.0 8.68 5.51
4 1000 2.59 7.97 3.78

. Results and discussion

.1. Pressure differences and flow distribution

In this study, four experiments under different conditions are
isted in Table 2. In case 4, the volume flow rate of the air was
000 sccm, with the inlet and outlet pressure 2.83 and 0.24 kPa,
espectively. Comparing with the model prediction in Fig. 6(a), the
easured pressure differences in the parallel plate are indicated as

tars. From Eq. (12), the flow rate has a liner relationship with the
ressure difference in each channel. Thus, the corresponding flow
istribution map is drawn in Fig. 6(b). Along the numbered chan-
el, the maximum volume flow rate is acquired at the 29th channel,
hich is 16.6 sccm. By contrast, the minimum value lies at the edge

f the gas-distributor plate, which is 15.9 sccm in the 1st and Nth
hannel.

.2. Effect of feed flow rate on flow distribution

For a fixed fuel cell (Cases 1–3 in Table 2), the feed volume flow

ate determined the total inlet and outlet pressure, which could be
easured in situ. In this experimental set-up, the stable pressure

ifferences of all the channels could be detected and compared with
he model’s prediction. As shown in Fig. 7(a), the predicted curves

ig. 6. (a) Validate the pressure difference distribution and (b) show the correspond-
ng flow rate distribution in the parallel-channel plate.
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ig. 7. (a) Compare the effect of different flow rates on the pressure difference dis-
ribution by model prediction and experimental measurement, and then (b) show
he corresponding ratio of flow rate distribution map.

f pressure difference are plotted against the number of channels
or various feed flow rates, and they were also validated by experi-

ents. It is found that the non-uniformity in the flow distribution
ncreases with the flow rate. In this configuration, the minimum
ow rate lies at the edge of the plate, and the highest mass flow
sually exists near the centre (see Fig. 7(b)).

.3. Two characteristic parameters

With the objective of generalizing the results, the characteristic
arameters in Eqs. (13) and (19) can be recast in terms of non-
imensional parameters:

x = ˚xLxAx

M0
(28)

y = ˚yLyAy

M0
(29)

As for the application, it is appropriate to specify the standard
ass-flow rate M0. Thus the non-dimensional group � x depends

n the channel geometry and � y depends on the header geom-
try, without considering the flow rates. In cases 1 and 4, the
eed flow rates were same, while the dimensions of the header
nd channel were different, which would have an effect on the
wo non-dimensional parameters and pressure drop (see Table 2).
y increasing the depth of the channel and depth of header

rom 0.35 to 0.55 mm in our experiments, the total pressure drop
ecreased from 5.77 to 2.59 kPa, the channel geometry parameter
� x) decreased from 8.68 to 7.97, and the header geometry parame-
er (� y) decreased from 5.51 to 3.78. In order to compare the effect
f the two parameters on flow distribution, the calculation results
re shown in Fig. 8. It is apparent that the header geometry param-
ter (� y) greatly affects the flow distribution in the plate, which
ill become more uniform when � y decreases. By contrast, the

hannel geometry parameter (� x) nearly has no effect on the flow
istribution.

.4. Effect of the length ratio of manifold opening to header region
In our experiments, the manifold opening length (Lb) is 40 cm,
hile the total length of the header region (Ly) is 90 cm, thus, the

ength ratio of manifold opening to header region (˛ = Lb/Ly) is 4/9.
o explore this ratio effect on flow distribution, different designs
re shown in Fig. 9. When ˛ is increased from 4/9 (see Fig. 9(a)), the
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Fig. 8. Compare the effect of two geometrical parameters on the flow distribution
respectively, when (a) � x = 8.68 and (b) � y = 5.51.
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ig. 9. Effect of the length ratio of manifold opening to header region on flow dis-
ribution: (a) ˛ ≥ 4/9 and (b) ˛ ≥ 4/9.

hannel-flow distribution will become more uniform and the peak
alue of flow flux usually exists in the center. What is more inter-
sting, the peak will break up to two sharp peaks, when the ratio is
ecreased from 4/9 (see Fig. 9(b)). In addition, the two peaks will
ove from the centre to the edge, respectively, and the center will

ave the lowest volume flow rate. Apparently, the flow distribution
ill become more uniform if this ratio is higher, however, it’s not fit

or practical application. Thus there is a contradiction for the flow
eld design, which needs to be optimized.

.5. Optimized design for uniform distribution

By analyzing the Eqs. (19) and (29), the hydraulic diameter (Dy)
lso has effect on the header geometry parameter (� y), and it will

nfluence the flow distribution greatly as shown in Fig. 10(a). Simi-
ar to Eq. (10), the largest Dy will be obtained in a square header, if
he perimeter is fixed. In general, the large size and the square cross
ection of the distribution region will be better for uniform distribu-
ion. As illustrated in Fig. 10(b), the proper length ratio of manifold

[

ig. 10. Comparison of strategy for uniform flow distribution: (a) the geometry
spect effect and (b) the suitable length ratio of manifold opening to header region.

pening to header region is also important for flow distribution.
nd the opening length, which takes one third of header region,
ill be fit for both uniform distribution and compact construction

n the fuel-cell plate for application.

. Conclusions

The flow distribution in a parallel-channel plate with the man-
fold openings is analyzed by the hydrodynamic model, which is
lso validated by experiments. It’s found that the non-uniformity
n the flow distribution increases with the feed flow rate. In our
xperiments, the maximum flow rate usually exists near the cen-
re. The results show that, the header geometry parameter (� y)
sually has great effect on the flow distribution. Thus, in order to
et uniform distribution, the large size and the square cross section
f the distribution region should be commended. In addition, the
ffect of the length ratio of manifold opening to header region is
lso discussed, and 1:3 is considered as the suitable ratio for both
niform distribution and compact construction in the fuel-cell plate
or application.
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