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Gas–liquid, two-phase flow through channels of a polymer electrolyte fuel cell (PEFC) is of great interest

as reactant oxygen is supplied and liquid product water is removed via these PEFC channels. Gas

diffusion layer (GDL) intrusion in the channels, which is inherent to the process of PEFC cell and stack

assembling, increases the local flow resistance in the intruded channels and consequently lowers their

flowrates. This flow maldistribution renders the intruded channels more susceptible to liquid water

accumulation or flooding. A one-dimensional analytical model is developed in this work to elucidate the

two-phase flow maldistribution in PEFC channels resulting from GDL intrusion. Relative humidity (RH)

and the stoichiometric flow ratio of inlet gases are found to be the two key parameters controlling the

flow maldistribution in PEFC channels. Interestingly, our analysis shows that decreasing the inlet RH

worsens flow maldistribution. As GDL intrusion in channels is inevitable, a good flow-field design must

be inherently tolerable to flow maldistribution. Using the analytical model presented herein, the

number of flow channels and their U-turns are optimized to minimize the detrimental effect of GDL

intrusion.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer electrolyte fuel cells (PEFCs) are rapidly becoming a
viable alternative energy or power source for automobile and
stationary applications in the emerging hydrogen economy.
However, before PEFCs can be employed routinely as power
sources, the key phenomena of liquid water transport and
removal from gas diffusion layers (GDLs) and channels must be
understood. In particular, channel flooding is one of the critical
problems faced by the PEFC community today. Partial blockage of
gas channels by softer GDL material due to the high assembly
pressure for minimizing contact resistance between bipolar plate
and GDL is referred to as ‘‘GDL intrusion’’ (Fig. 1). Consequently,
more pumping power is required to drive reactant and product
flow through the intruded channels. A method to measure in situ
gas diffusion layer intrusion in the flow field channels was
previously proposed and demonstrated (St-Pierre et al., 2007).
The GDL intrusion is most significant in the channels close to the
end as the contact pressure reaches its maximum at these
locations (Kandlikar et al., 2009). Uneven GDL intrusion redis-
tributes flow in the parallel channels. Although, experimental
ll rights reserved.
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investigation of instability induced flow maldistribution in
parallel gas channels of a PEFC are available in the literature
(Zhang et al., 2008), to the best of the authors’ knowledge,
experimental investigation on effect of uneven GDL intrusion on
flow distribution in parallel channels of a PEFC does not exist in
open literature.

Flow through the intruded channel decreases, which in turn
lowers the local stoichiometric flow ratio or simply stoichiometry.
At low stoichiometry, the ability to flush liquid water via flow
decreases and liquid saturation level thus rises in the channel,
thereby exacerbating the mass transport loss and giving rise to
operational instabilities due to channel flooding. The maldistribu-
tion of flow in parallel channels in itself is detrimental, leading to
profound performance and durability deteriorations. Directly,
reactant maldistribution leads to non-uniform utilization of the
catalyst. The indirect problem is that the intruded channel is more
susceptible to blockage by liquid water due to low gas flow rate,
which leads to a serious loss of efficiency of the PEFC because the
whole channel is now lost due to blockage. Hence, for a PEFC to
maintain its stable performance, flooding of the channels must be
avoided.

Liquid saturation level can vary widely in the gas channels,
thus simple mist flow or film flow models may not be adequate.
Multiphase mixture (or M2) model has been employed to
approximate the two-phase flow in the channels (see, e.g., Wang
et al., 2008; Basu et al., 2009). Since flow in the channel occurs

www.elsevier.com/locate/ces
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predominantly in the along-channel direction, flow variables in
the channel are reduced to three—pressure, velocity along the
flow direction and volume fraction of liquid water. Also, the axial
diffusion of species is negligible (the Peclet number is found to be
of the order of 1000 or more). Therefore, an analytical treatment
of the two-phase flow in channels is feasible (Wang et al., 2008).

Channel flooding in PEFCs has received considerable attention
recently. A recent review by Anderson et al. (2010), summarizes
the efforts to investigate and predict this phenomenon. In the
literature analytical solutions for pressure drop due to single-
phase flow in PEFC channels are available (see, e.g., Maharudrayya
et al., 2005). Maldistribution of single-phase flow due to GDL
intrusion in parallel stacks has also been attempted (Rapaport
et al., 2006). Investigation of single-phase flow in parallel micro-
channels of PEFCs revealed the existence of flow maldistribution
(Barrears et al., 2005). Single-phase flow in the channel has been
used widely in the gas channel for design purposes (see, e.g., Yoon
et al., 2004; Shimpalee et al., 2006; Wang et al., 2007), but
experiments (e.g., Yang et al., 2004; Zhang et al., 2006) have
shown that flow in PEFC channels is usually not single phase.
Therefore, an analytical formula for dry length of a gas channel is
an effective design tool (e.g., Wang et al., 2001). An analytical
solution exists for predicting liquid droplet instability at the
Land LandChannel

GDL intrution in the channel

GDL

Fig. 1. Schematic of GDL intrusion in a channel.
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Fig. 2. Geometry of the problem
GDL–channel interface (Chen et al., 2005). Researchers used
different conventional two-fluid models to simulate two-phase
flow in the gas channels. Although the volume of fluid (VOF)
method could be used to explore the droplet growth, stability and
movement in the channel (Jiao et al., 2006; Zhu et al., 2008), it is
formidably difficult to model full channels in which thousands of
droplets of varying length scales are involved. Others used
Eulerian two-phase model (e.g., He et al., 2007; Quan and Lai,
2007), which are computationally expensive. The single-fluid
two-phase flow models usually assume mist flow (e.g., Yuan and
Sunden, 2004), which often in reality is not appropriate.

Although many efforts (experimental, computational as well as
analytical) have been undertaken to investigate the flow and
transport problem in the PEFC gas channels, none of these
provides a simple and efficient model without simplifying the
physics of the problem considerably. In this paper, we attempt to
construct an analytical model to elucidate two-phase flow
maldistribution in the channels using reasonable assumptions
without neglecting any significant physics of the two-phase flow.
2. Analytical model

In the present work, we consider a cathode gas channel of a
PEFC with ‘y’ being the flow direction as shown in Fig. 2. To enable
an analytical treatment, a constant source term is assumed for
both mass and water species. Mass conservation is applied in the
control volume covering the entire channel cross-section from
y¼0 to L. Moreover, the following assumptions are made:
(1)
an
Flow in the channel is taken to occur predominantly in the y
direction. That is, mathematically, u

!
¼ ð0,u,0Þ.
(2)
 The momentum transfer across the GDL–channel interface is
negligible as compared with the momentum due to gas flow
in the channel.
(3)
 The net water transport coefficient has been reported to be
close to zero (Berg et al., 2004). Therefore, it is assumed to
be zero.
L

ρu (L)
Lx

d coordinates system.
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Mass conservation of the mixture in the channel along the
flow direction thus yields

@ðruÞ

@y
¼

MH2 I

2FLx
ð1Þ

Here, r is the mixture density, MH2 is the molecular weight of
hydrogen, I is the current density, F is Faraday’s constant and
Lx is the channel dimension in the through-plane (X) direction.
The source term stems from the mass of H2 added to the
cathode channel due to the production of H2O (e.g., Wang
et al., 2008). Integrating Eq. (1) in the flow direction and
multiplying by channel cross section area (Axz�LxLz) we get

Axzru¼ AxzðruÞinþ
LzMH2

2F

Z y

0
Idy ð2Þ

where, Lz is the channel dimension in the in-plane direction
(Z) and the subscript ‘in’ refers to inlet. Since

ðruÞin ¼ rgxc
IavgAmem

4FCO2

in Axz

ð3Þ

where, rg is the density of gas (air), xc is the stoichiometry at
cathode, Iavg is the average current density of the cell, Amem is
the cross sectional area of the membrane (or active area) and
CO2

in is the mole fraction of oxygen at inlet. Combining Eq. (2)
and Eq. (3) we get

ru¼
IavgAmemMH2

4FAxz

rg

CO2

in MH2

xcþ2

Z y

0

I

Iavg

dy

L

" #
ð4Þ

For convenience, we define the following non-dimensional
variables and numbers

Y ¼
y

L
ð5aÞ

I¼
I

Iavg
ð5bÞ

c¼
rg

CO2

in MH2

ð5cÞ

The inlet flux required at that operating condition is defined
as the following:

z¼
IavgAmemMH2

4FAxz
ð5dÞ

With the above definition of dimensionless variables/num-
bers, 2/c represents fractional increase in density if all the
oxygen produces water and all of the product water is carried
into the cathode channel whereas 2z represents the mass flux
of hydrogen into the cathode channel due to water produc-
tion. Moreover, we can reduce Eq. (4) to a compact form as
follows:

ru¼ z cxcþ2

Z Y

0
IdY

� �
ð6Þ

which can be simplified further by introducing the following
two additional assumptions:
(4)
 Current production is taken to be independent of axial
location y (cf. St-Pierre et al., 2008) that is,

I¼ Const:
(5)
 When the stoichiometry of oxygen is greater than or equal
to unity, we take the current density to be Iavg (A/m2).
But when the stoichiometry is less than unity, we assume
100% oxygen utilization. Therefore, the current density
becomes xcIavg (A/m2). So we have

Iðxc ,YÞ ¼ 1:0 for xc Z1:0

Iðxc ,YÞ ¼ xc for xc o1:0

Applying these assumptions to Eq. (6), we get

ruðxc ,YÞ ¼ z½cxcþ2Y � for xc Z1:0 ð7aÞ

ruðxc ,YÞ ¼ zxc½cþ2Y � for xc o1:0 ð7bÞ
(6)
 The gas channel is assumed to be isothermal. Although
temperature variation along the channel is an important
practical effect (Wilkinson and St-Pierre, 2003), it is not
included. Since electrochemistry is not solved here, tempera-
ture variation can only be an external input at the boundary.
Major portion of the waste heat generated in a PEFC is
transported out by conduction through bipolar plates. High
conductivity of bipolar plates usually keeps the temperature
variation along the stream-wise direction within a few 1C.
Therefore, isothermal assumption is justified for a simplified
analysis.
The phase mobility of liquid and gas phases are defined with
respect to their relative permeability and kinematic viscosity as
the following (Wang and Cheng, 1996):

ll ¼
krl=vl

krl=vlþkrg=vg
and lg ¼ 1�ll ð8Þ

where n is the kinematic viscosity, krl and krg are the relative
permeability of liquid phase and gas phase, respectively. The
relative permeabilities are usually taken as exponential functions
of liquid volume fraction ‘s’. This function could be determined by
empirical curve fitting (Dullien, 1992). Here the functions are
taken as, krl ¼ s5 and krg ¼ ð1�sÞ5 (cf., Wang et al., 2008, Basu et al.,
2009). Using the continuity equation and the species conservation
equation, we obtain (Wang et al., 2008)

ll ¼

xc
2

CH2 O

CO2

� �
in
þ

R y

0
Idy

Iavg L �
C

H2O

sat
rg

xc
2

r
CO2

� �
in
þ

R y

0
Idy

Iavg L MH2

� �

1
MH2 O�

C
H2 O

sat

rg

� �
xc

2
r

CO2

� �
in
þ

R y

0
Idy

Iavg L MH2

� � and llZ0

ð9Þ

Using assumptions 4 and 5, we can simplify Eq. (9) as follows:

ll ¼

xc

2
CH2 O

CO2

� �
in
þY�

C
H2O

sat

rg

xc

2
r

CO2

� �
in
þYMH2

� �
1

MH2 O�
C

H2 O

sat
rg

� �
xc
2

r
CO2

� �
in
þYMH2

� � for xc Z1:0

ll ¼

xc

2
CH2O

CO2

� �
in
þxcY�

C
H2 O

sat

rg

xc

2
r

CO2

� �
in
þxcYMH2

� �
1

MH2O�
C

H2O

sat
rg

� �
xc
2

r
CO2

� �
in
þxcYMH2

� � for xc o1:0

and llZ0 ð10Þ

By defining the following two non-dimensional parameters:

a¼
1

MH2
�

C
H2O

sat
rg

1
MH2O�

C
H2O

sat
rg

ð11aÞ

b¼

C
H2 O

sat �C
H2 O

in

2MH2 C
O2
in

1
MH2O�

C
H2O

sat

rg

ð11bÞ
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we can simplify Eq. (10) by regrouping as

ll ¼ a�
bþ ac

2

Y
xc
þ

c
2

for xc Z1:0

ll ¼ a�
bþ ac

2

Yþ c
2

for xc o1:0 and llZ0 ð12Þ

One can easily check Eq. (12), by substituting the variables
defined in Eqs. (5) and (11).

In Eq. (11) b represents the capacity of the inlet flow to take up
water in vapor form. Accordingly, for saturated flow at the inlet, b
is zero.

For an unsaturated flow at the inlet (b40), the inlet is always
dry. The liquid starts to appear when in Eq. (12)

ll ¼ 0 ð13Þ

This gives

Ydry ¼ Y9ll ¼ 0 ¼
b
a
xc for xc Z1:0 ð14aÞ

Ydry ¼ Y9ll ¼ 0 ¼
b
a for xc o1:0 ð14bÞ

This is subject to the constraint Ydryr1.0. From these
equations we can see that for saturated flow at the inlet, two-
phase flow also starts at the inlet. Moreover, as the stoichiometry
increases, the dry length of the channel would increase linearly
with it.

Using the definition of liquid mobility ll from Eq. (8) we have

s¼
1

1�ll

ll

ng

nl

� �� �1=5
þ1

for ll40

s¼ 0 for ll ¼ 0 ð15Þ

For steady-state, one-dimensional two-phase flow in the
channels, the momentum equation (following Darcy Law) reduces
to

@P

@y
¼�

n
K
ðruÞ ð16Þ

Therefore, we can compute the total pressure drop as follows:

DP¼�

Z L

0

@P

@y

� �
dy ð17Þ

In Eq. (16), the permeability K is taken to be known and the
flux can be computed as a function of Y from Eq. (7). The value of
the mixture viscosity can be obtained using the following mixture
rule (Wang and Cheng, 1996):

n¼ krl

nl
þ

krg

ng

� ��1

ð18Þ

Using Eq. (15) in the constitutive relation for the relative
permeabilities, we get

krl ¼ s5 ¼
llnl

½ðð1�llÞngÞ
1=5
þðllnlÞ

1=5
�5

ð19Þ
and

krg ¼ ð1�sÞ5 ¼
ð1�llÞng

½ðð1�llÞngÞ
1=5
þðllnlÞ

1=5
�5

ð20Þ

Therefore, we get from Eq. (18)

n¼ ½ðð1�llÞngÞ
1=5
þðllnlÞ

1=5
�5 ð21Þ

Using Eqs. (19) and (20) in the pressure drop relation, Eq. (17),
we have

DP¼

Z L

0

n
K
ðruÞdy¼

1

K

Z L

0
½ðð1�llÞngÞ

1=5
þðllnlÞ

1=5
�5ðruÞdy ð22Þ

By defining the following non-dimensional mixture kinematic
viscosity:

n¼ n
ng
¼ ½ð1�llÞ

1=5
þðllnl=ngÞ

1=5
�5 ð23Þ

We can simplify Eq. (22) to arrive at

DP¼
ngL

K
z
Z L

0
n cxcþ2Y
� 	

dY for xc Z1:0 ð24aÞ

DP¼
ngL

K
z
Z L

0
nxc cþ2Y
� 	

dY for xc o1:0 ð24bÞ

In the integral in Eq. (22), the term (ru) is a linear function of y,
while the mixture viscosity is not an integrable function.
However, for a single-phase flow Eq. (22) is integrable as v¼ 1:0
(here, v is the non-dimensional mixture kinematic viscosity as
defined in Eq. (23)).

For all parallel gas channels, the pressure drop for each
channel should remain equal. Due to GDL intrusion into the
channels, the cross-section area of the channel decreases. This
would mean less flow in that channel; and therefore, the local
stoichiometry would decrease. To keep the average stoichiometry
the same, velocity would increase in the unintruded channels.
Therefore, the pressure drop would increase. The GDL intrusion is
considered only at the end channels of the parallel channels.
If the number of parallel channels (i.e. ‘n’) is large, then we can
neglect the increment of the flow velocity in the unintruded
channels. Let d be the fractional reduction in cross-section area
of the channel and e the fractional reduction in local stoichio-
metry (or dimensionless flowrate). Consequently, we have the
following:

For an intruded channel,

Axz ¼ Axzð1�dÞ

xc ¼ xcð1�eÞ ð25Þ

The permeability of the intruded channel also decreases due to
GDL intrusion. Using the Hagen–Poiseuille equation we get (cf.,
Wang et al., 1994)

K ¼ c
d2

h

32
ð26Þ

Since

dh ¼ 4
Lx

Lz

2

2 Lxþ
Lz

2


 � ,
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Eq. (26) becomes upon substitution

K ¼
c

8

Lx
Lz

2

Lxþ
Lz

2


 �
 !2

ð27Þ

Due to GDL intrusion, length in the x-direction decreases. Thus,
for the intruded channel we get

K ¼
c

8

Lz

2

� �2
ð1�dÞ2

ð1�dÞþ Lz=2
Lx

� �2
ð28Þ

In the present work, we assume Lz=2=Lx ¼ 2:0. Therefore, we
can approximate the expression for channel permeability as

K ¼
c

8

Lx
Lz

2

Lxþ
Lz

2


 �
 !2

ð1�dÞ2 ¼ Kð1�dÞ2 ð29Þ

where K is the channel permeability without GDL intrusion. We
have computed the exact value of channel permeability as a
function of d using a CFD (computational fluid dynamics) code.
The numerically computed K is compared to the approximate
estimate expressed by Eq. (29) as shown in Fig. 3. It is clear that
our simple approximate formula can closely approximate the
exact relation between channel permeability and GDL intrusion.

For an unintruded channel

Axz ¼ Axz

K ¼ K

xc ¼ xc 1þ
2

n�2
e

� �
ð30Þ

where n is the number of parallel channels. So, for a parallel
network of channels we have,

DP¼DPðxc ,d,eÞintruded ¼DPðxc ,d,eÞunintruded ð31Þ

Using Eqs. (25) and (29) on Eq. (24) we have

DPintruded
ng L
K z

¼
1

ð1�dÞ3

Z 1

0
nðxcð1�eÞ,YÞ cxcð1�eÞþ2Y

h i
dY

for xcð1�eÞZ1:0 ð32aÞ

DPintruded
ng L
K z

¼
1

ð1�dÞ3

Z 1

0
nðxcð1�eÞ,YÞxcð1�eÞ cþ2Y

� 	
dY

for xcð1�eÞo1:0 ð32bÞ
δ
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Fig. 3. Exact and approximate solutions of flow permeability as a function of GDL

intrusion.
Using Eq. (30) on Eq. (24), we get

DPunintruded
ng L
K z

¼

Z 1

0
n xc 1þ

2

n�2
e

� �
,Y

� �
cxc 1þ

2

n�2
e

� �
þ2Y

� �
dY ð33Þ

Now we can combine Eqs. (32) and (33) to find a relation
between area maldistribution (d) and flow maldistribution (e)

d¼ 1�

R 1
0 nðxcð1�eÞ,YÞ½cxcð1�eÞþ2Y �dYR 1

0 n xc 1þ 2
n�2 e


 �
,Y

� �
cxc 1þ 2

n�2 e

 �

þ2Y
h i

dY

2
4

3
5

1=3

for xcð1�eÞZ1:0 ð34aÞ

d¼ 1�

R 1
0 nðxcð1�eÞ,YÞxcð1�eÞ½cþ2Y �dYR 1

0 n xc 1þ 2
n�2 e


 �
,Y

� �
cxc 1þ 2

n�2 e

 �

þ2Y
h i

dY

2
4

3
5

1=3

for xcð1�eÞo1:0 ð34bÞ

In the case of single-phase flow we have v¼ 1:0 and thus Eq.
(34) can be integrated. Therefore, for single phase flow we have

d¼ 1�
cxcð1�eÞþ1

cxc 1þ 2
n�2 e


 �
þ1

" #1=3

for xcð1�eÞZ1:0 ð35aÞ

d¼ 1� xcð1�eÞ
cþ1

cxc 1þ 2
n�2 e


 �
þ1

" #1=3

for xcð1�eÞo1:0 ð35bÞ

With these sets of equations, it is possible to develop a map of
area maldistribution vs. flow maldistribution, which can provide a
range of parameters for safe operation and the minimum or
stoichiometric amount of oxygen reactant that needs to be
supplied to all channels.

Since, the value of c is of the order of 70 we can neglect 2Y

with respect to it. Implementing this approximation in Eq. (34) we
can getR 1

0 nðxcð1�eÞ,YÞdYR 1
0 n xc 1þ 2

n�2 e

 �

,Y
� �

dY
¼ ð1�dÞ3

1þ 2e
n�2

1�e
ð36Þ

Let us define average kinematic viscosity for a channel as the
following:

~n ¼
Z 1

0
ndY ¼ Ydryþ

Z 1

Ydry

ndY ð37Þ

The first term of the right hand side of Eq. (37) is due to the dry
part of the channel (single-phase flow) and the second term is due
to the wet part of the channel (two-phase flow). Mixture
kinematic viscosity is greater than the kinematic viscosity of
air (v41:0). Therefore, ~v is a decreasing function of Ydry. Using
Eq. (37) on the left hand side of Eq. (36) of we can get

~nintruded

~nunintruded
¼

R 1
0 nðxcð1�eÞ,YÞdYR 1

0 n xc 1þ 2
n�2 e


 �
,Y

� �
dY

¼

Yintruded
dry þ

R 1
Yintruded

dry
nðxcð1�eÞ,YÞdY

Yunintruded
dry þ

R 1
Yunintruded

dry
n xc 1þ 2

n�2 e

 �

,Y
� �

dY
ð38Þ

Total number of parallel channels (n) are usually large for most
of the designs. So, the dependence of ~nunintruded on flow



ε

0.4

0.6

0.8

1

S. Basu et al. / Chemical Engineering Science 65 (2010) 6145–61546150
maldistributioneis weak. Hence, the denominator of Eq. (38) could
be taken as constant for a given operating condition. Using that
we can rearrange Eq. (38) as

~n intruded

~nunintruded
¼

ðYunintruded
dry �DYdryÞþ

R 1
Yunintruded

dry
�DYdry

nðxcð1�eÞ,YÞdY

Yunintruded
dry þ

R 1
Yunintruded

dry
n xc 1þ 2

n�2 e

 �

,Y
� �

dY
ð39Þ

where DYdryð ¼ Yunintruded
dry �Yintruded

dry Þ.
The difference in dry length between intruded and unintruded

channels is important because flow resistance in two-phase flow
is several times the flow resistance in single-phase flow. There-
fore, as the DYdry increases the flow resistance in the intruded
channel (with respect to the unintruded channel) also increases.
For a parallel channel configuration, the total pressure drop is the
same for both the intruded and the unintruded channel. There-
fore, if the flow resistance is large in the intruded channel, even a
small GDL intrusion will result in appreciable flow maldistribu-
tion. This would decrease a PEFC’s ability to tolerate GDL
intrusion. The dry length of a channel can be determined using
Eq. (14). The difference of dry length DYdry between the intruded
and unintruded channel is

DYdry ¼ Yunintruded
dry �Yintruded

dry ¼
b
a
xce

n

n�2

for
b
a
x 1þ

2

n�2
e

� �
r1:0

DYdry ¼ 1�
b
a xð1�eÞ

for
b
a
x 1þ

2

n�2
e

� �
41:04

b
a
xð1�eÞ

DYdry ¼ 0 for
b
a xcð1�eÞZ1:0 ð40Þ

As DYdry increases, the first term in the right hand side
numerator of Eq. (39) decreases, while the second term increases.
Since n41:0 for the operational range, ~nintruded= ~nunintruded is an
increasing function of DYdry. From the design perspective for
smooth operation of a PEFC, a certain allowable flow maldistribu-
tion can be fixed. Combining Eqs. (36) and (39) we get

~n intruded

~nunintruded
¼

ðYunintruded
dry �DYdryÞþ

R 1
Yunintruded

dry
�DYdry

nðxcð1�eÞ,YÞdY

Yunintruded
dry þ

R 1
Yunintruded

dry
n xc 1þ 2

n�2 e

 �

,Y
� �

dY

¼ ð1�dÞ3
1þ 2e

n�2

1�e
ð41Þ

Therefore, from Eq. (41) we can see that given the allowable
flow maldistribution (e), the greater ~n intruded= ~nunintruded, the smaller
allowable GDL intrusion (d) is. This indicates that with increasing
DYdry, allowable GDL intrusion d decreases. Thus, we can consider
that DYdry is the parameter that controls maldistribution. For an
optimal design, DYdry has to be minimized.
δ
0 0.2 0.4 0.6 0.8 1

0

0.2
Two Phase Flow
Single Phase Flow
ε = δε = δ

Fig. 4. Relationship between flow maldistribution and GDL intrusion factor (or

cross-sectional area difference) (xc ¼ 2:0, RH¼67%).
3. Results and discussion

Although, experimental validation is essential for any model,
suitable data are not always available. In our case, obtaining such
a data is a challenge and to the best of the authors’ knowledge no
such investigation exists in literature. Thus, we validated the
liquid volume fraction results against the three-dimensional CFD
model and calibrated the model for pressure drop along the
channel (Wang et al., 2008). Effect of net water transport
coefficient could be included into the model using external input.
It is also possible to add spatial variation to this. Variation in net
water transport coefficient could result in drastic change in
pressure drop and liquid volume fraction distribution. Despite
some available data (Wilkinson and St-Pierre, 2003), this effect is
kept for further investigation when more specific data experi-
mental data will become available.

To demonstrate the utility of our analytical model, we choose a
PEFC configuration with seven parallel channels with the end
channels being prone to GDL intrusion. Since low stoichiometry
operation minimizes the parasitic power loss, a stoichiometry of
2.0 is used in the present work. Using Eqs. (34) and (35), we can
estimate the extent of GDL intrusion for a given maldistribution in
terms of stoichiometry. The cell operating temperature is taken as
80oC where the inlet relative humidity is taken is 67%. This
condition means the inlet has no liquid water and cathode flow
can carry some water in vapor form, resulting in low pressure
drop in the gas channel. Some investigations (cf. Knights et al.,
2004) have suggested low performance in the case of dry inlet
condition. In practice, a compromise is reached generally between
60% and 80% relative humidity. However, a sensitivity analysis has
been performed for inlet relative humidity variation.

It is clear from Fig. 4 that in single-phase flow the extent of
flow maldistribution is always much severe than the extent of
areal maldistribution. This effect is even more pronounced for
two-phase flow as shown in Fig. 4. Also plotted in Fig. 4 is the e¼d
curve to help the reader visualize how much the flow maldis-
tribution is greater than the area maldistribution. In the present
case, e40:5 would make the local stoichiometry in the intruded
channels less than unity. This condition is undesirable for stable
PEFC operations. From Fig. 4, we can see that this condition may
occur for an area maldistribution as low as 0.2.

Liquid volume fraction in the stream-wise direction of the
channel could be calculated by substituting Eqs. (12) and (13) in
Eq. (15). When flow maldistribution (e) is equal to 0.1, there is a
visible difference in the liquid saturation profile as shown in
Fig. 5. The same conditions are simulated using the three-
dimensional M2 model (Basu et al., 2009, Wang et al., 2008) to
verify this model’s predictions. In Fig. 5, the lines represent
analytical model predictions whereas symbols denote the 3-D
model predictions. The results of three-dimensional simulation
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and the present analytical model differ by about 1%. Dry length
decreases in the intruded channel due to low flow rate. Moreover,
the maximum liquid saturation increases in the intruded
channels.

As flow maldistribution (e) is increased to 0.5, difference in the
liquid saturation profile is enormous as displayed in Fig. 6.
Notably, the flow situation in the perfect channel does not change
much. But the dry length decreases in the intruded channel and
amount of liquid at exit is much higher. When flow maldistribu-
tion is 0.5, the local stoichiometry reaches unity. So at higher flow
maldistribution than this, the liquid saturation in the intruded
channel no longer depends on the local stoichiometry (Eq. (12))
due to low current production. This effect is shown in Fig. 7, for
flow maldistribution of 0.9.

Comparing Figs. 6 and 7, we can see that the saturation
distributions in the intruded channels are the same in both cases.
This is due to the reason pointed out earlier. But the higher flow
maldistribution causes more flow in the perfect channel. Conse-
quently, the dry length in the prefect channel increases but the
overall liquid saturation decreases.

3.1. Mitigating flow maldistribution

A typical distribution of dry channel length between intruded
and unintruded channels is schematically shown in Fig. 8. The
amount of GDL intrusion depends on the fabrication or assem-
bling pressure and the GDL material. For a better material, which
results in lesser intrusion, it is easier to keep the flow
maldistribution within the required range. It is also possible to
tweak other parameters to keep the flow maldistribution within
the required range. We have already seen that two-phase flow
exacerbates flow maldistribution. The ability of flow in channels
to transport water in form of vapor increases when the inlet RH is
reduced. In the set of governing equations presented in this work,
the RH reduction is reflected in the increment in b.

From Eq. (40), it is clear that for a specified geometry and a
fixed flow maldistribution, parameters controlling DYdry are b
(measure of dryness of flow at the inlet or inflow) and global
stoichiometry xc . Difference in dry length (DYdry) increases
linearly with b and xc till the unintruded channel becomes
completely dry. Then, it decreases linearly with b and xc , till the
intruded channel becomes completely dry, resulting in DYdry ¼ 0.
After this, both the channel becomes completely dry and DYdry

remains equal to zero. At this point the allowable GDL intrusion
becomes equal to the allowable GDL intrusion for single-phase
flow. Note here that, the non-dimensional group ðb=aÞxc is defined
as a measure of the inlet condition to keep the flow dry. For
convenience, we define

ZðTin,xcÞ ¼
b
a xc ð42Þ
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Physically, Ydryr1:0, but Z represents the dry length were the
channel infinitely long. Keeping the flow maldistribution (e) at 0.1,
the dry lengths in intruded and unintruded channels are computed
for varying Z and the results are plotted in Fig. 9. The difference
between the dry lengths of intruded and unintruded channels
(DYdry) is plotted against Z in Fig. 10. This difference is zero for fully
humidified flow (Z¼0.0) but it increases with increasing Z for the
system. This Z can be increased by raising the stoichiometry or
lowering the relative humidity. This trend continues till the
unintruded channel becomes completely dry; in other words, the
dry length in the unintruded channel becomes constant and equal to
unity. If Z is increased further, difference between dry length
decreases rapidly till the intruded channel becomes dry also. At this
point, DYdry becomes zero again and increasing Z further has no
effect on DYdry. Again, from Eq. (40), we can see that it is possible to
minimize DYdry by increasing RH or decreasing stoichiometry if the
unintruded channel remains wet. When the unintruded channel is
dry, DYdry can be reduced by either decreasing the relative humidity
or by increasing the stoichiometry. If both intruded and unintruded
channels are dry, DYdry is zero and thus the lowest possible
maldistribution is achieved.
3.2. Effect of global stoichiometry

The global stoichiometry has a profound effect on the flow
maldistribution for a given GDL intrusion. By examining Eqs. (34)
and (35), we can see that the difference in local stoichiometry is
greater at larger global stoichiometry. Therefore, the same
amount of GDL intrusion results in greater flow maldistribution
as the global stoichiometry increases. In Fig. 11, flow maldistribu-
tion is plotted against area maldistribution for various global
stoichiometries. It is generally believed that using higher
stoichiometry, it is possible to mitigate flow maldistribution by
using higher global stoichiometry. From the analysis presented
earlier, we show that for a fixed flow maldistribution, GDL
intrusion decreases as DYdry increases. In the present case, for
stoichiometry of 2.0, the unintruded channel never gets com-
pletely dry. Therefore, we remain confined in the first part of
Fig. 10, in which increasing stoichiometry or decreasing RH
exacerbates the maldistribution situation.

We can predict the effect of global stoichiometry on smooth PEFC
operation from Fig. 11. Let us consider that the minimum allowable
stoichiometry in every channel for smooth operation of the cell is
unity. At a global stoichiometry of 1.5, local stoichiometry in the
intruded channels reach unity for a GDL intrusion of 0.11. This value
of GDL intrusion is termed as allowable GDL intrusion. As we
increase the global stoichiometry, the allowable GDL intrusion also
increases. At the global stoichiometry of 2.0, the allowable GDL
intrusion is 0.17. When we increase the global stoichiometry to 3.0,
the allowable GDL intrusion is 0.20. This indicates that allowable
GDL intrusion does not increase appreciably even if the global
saturation is raised by 50%.
3.3. Effect of relative humidity

In Fig. 12, the flow maldistribution is plotted against GDL
intrusion for various values of inlet relative humidity. The average
stoichiometry is set at 2.0 for all cases. For a given flow
maldistribution, we require as much allowable GDL maldistribu-
tion as possible for a good design. From Fig. 12, it is clear that
when the relative humidity is low, the allowable GDL intrusion
decreases more rapidly as compared with that when RH is
high—this trend is predicted by our earlier analysis. Whereas the
maximum allowable intrusion occurs for single-phase flow, the
closest to that situation can be achieved using 100% RH at
the inlet. But this will increase the pressure drop, and thus cause
the parasitic pressure loss to rise. A trade-off between these can
be found, depending on operating conditions and allowable
parasitic loss and tolerable GDL intrusion. If allowable loss of
flow in the intruded channels for a stoichiometry of 2.0 is set at
10%, our computed results show that the maximum allowable
GDL intrusion is 4.67% for the single-phase flow. For fully
humidified flow, the maximum allowable GDL intrusion is 3.9%.
When the relative humidity is decreased to 67% (dew point



δ

ε

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

RH = 100%
RH = 83%
RH = 67%
RH = 55%
RH = 45%
RH = 28%
Single Phase

Fig. 12. Effect of inlet gas relative humidity on flow maldistribution for average

flow stoichiometry xc ¼ 2:0.

RH

ε

0 0.2 0.4 0.6 0.8 1
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

St = 2.0
St = 3.0
St = 4.0

Fig. 13. Effect of inlet gas relative humidity on flow maldistribution for d¼0.2.

L

2ntncLc

2(nt+1)ncLc

Fig. 14. Schematic of a serpentine flowfield and design parameters.

S. Basu et al. / Chemical Engineering Science 65 (2010) 6145–6154 6153
temperature 70oC), the maximum tolerable GDL intrusion
decreases to 1.9%. For a relative humidity of 45% (dew point
temperature 60oC), this tolerable GDL intrusion decreases to 0.1%.
Therefore, in order to minimize flow maldistribution it is a good
idea to keep reactant flow close to fully humidified.

In Fig. 13, flow maldistribution is plotted against relative
humidity in which the GDL intrusion is fixed at 0.2 and the
stoichiometry ranges from 2 to 4. At the stoichiometry of 2.0,
the unintruded channel is always wet; therefore, decreasing the
relative humidity results in increased flow maldistribution. At
the stoichiometry of 3.0, when the relative humidity is decreased,
the unintruded channel eventually becomes dry at RH¼40%.
Decreasing the RH beyond that has a favorable effect on flow
maldistribution. At a high stoihciometry of 4.0, even the intruded
channel becomes almost dry; therefore, the flow maldistribution
at very low RH (�3%) is equal to that of the single-phase flow
maldistribution.
3.4. Effect of flow-field design on minimizing GDL intrusion effects

GDL intrusion in the channels is inevitable till new materials
with suitable properties can be developed. Accordingly, a flow-
field design that can minimize the effect of GDL intrusion has to
be identified. Since the GDL intrusion occurs at the channels that
form the perimeter, for a fixed active area the perimeter of the
flow field needs to be minimized. As an illustration, let’s consider
a serpentine flow field with nt turns and nc parallel channels, and
the maximum length of the channel before first turn to be L in mm
while the active area is A in mm2 (as described in Fig. 14).
Moreover, let’s assume that both land and channel widths are
equal to Lc (mm). From these the area could be represented as

2ðntþ1ÞncLcL¼ A ð43Þ

For this configuration, the GDL intrusion occurs at the length is
given by

Lgdl-intrusion ¼ 2ð2ntncLcþLÞ ¼ 2 2ntncLcþ
A

2 ntþ1ð ÞncLc

� �
ð44Þ

From Eq. (44), we obtain the following optimal number of
turns for a constant number of channels

nt ¼
A

4n2
c L2

c

� �1=2

�1 ð45Þ

Along the same line, for a constant number of turns, the
optimal number of channels is given by

nc ¼
A

4ntðntþ1ÞL2
c

� �1=2

ð46Þ

From Eqs. (45) and (46), it is possible to easily compute the
optimal flow-field geometry for a PEFC that is the most resistant
to the GDL intrusion. For an industrial size PEFC, the optimal
shape of the active area is a square as it has the least perimeter to
area ratio of all rectangular shapes.
4. Conclusions

GDL intrusion in the flow channels of a PEFC can pose a serious
problem to its smooth operation and thus threaten its stable
performance. An analytical model, based on mass and momentum
conservation in two-phase flow, was developed to elucidate
effects of the GDL intrusion in the end channels on flow
maldistribution in the channels. Results computed from our
analytical model show that flow maldistribution is always more
severe in a two-phase flow than in a single-phase flow. Our model
is capable of predicting pressure, velocity and liquid saturation
along the channel. Given a flow maldistribution, the difference in
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liquid saturation distribution can be computed from our model. It
is further indicated that dry length decreases in the intruded
channel whereas the overall liquid volume fraction increases. For
stable PEFC operation, a minimum stoichiometric supply of
reactant should be maintained. At higher flow maldistribution,
when the reactant flow in the intruded channels is less than one
stoichiometry, saturation distribution in the intruded channels
become independent of flow maldistribution.

It is found that the differential dry-length (DYdry) is a key
parameter controlling flow maldistribution. For a fixed flow
maldistribution, lowering DYdry can ensure higher tolerable GDL
intrusion. Another finding is that when both intruded and
unintruded channels are wet; increasing stoichiometry or de-
creasing relative humidity worsens flow maldistribution. When
the unintruded channel is dry, these actions produce favorable
outcome: that is, reducing flow maldistribution. When both
intruded and unintruded channels are dry, tolerable GDL intru-
sion achieves its maximum. Hereafter, it becomes independent of
stoichiometry and relative humidity. Our analysis further sug-
gests that the effect of maldistribution is the least when the fully
humidified inlet condition is used. Although channels remain
drier in partially humidified conditions, the presence of liquid
water varies widely between intruded and unintruded channels.
This exacerbates the flow maldistribution and results in a very
low allowable GDL intrusion for a given flow maldistribution.
Lastly, as GDL intrusion is inevitable to a PEFC, a flow-field design
inherently resistant to intrusion should be used. The optimal
number of channels and turns for a desirable PEFC design are
obtained by exercising our analytical model.
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