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conditions the Darcy's law can result in significantly large errors in predicting both pres-
sure drop and under-land cross-flow rates. Further studies provide the variations of errors
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layer and improving removal capabilities of water or other
products, resulting in higher and more uniform current dis-
tributions [1-5]. Ouellette et al. [6] found the under-land
cross-flow rate plays an important role in maintaining an
uniform reactant concentration distribution in direct meth-
anol fuel cells. However, too high under-land cross-flow rate
could lead to membrane dehydration and a higher pumping
power resulting in decreases in the overall fuel cell system
efficiency [7,8]. Also, too high under-land cross-flow can lead
to a high methanol crossover flux in direct methanol fuel cells

Introduction

Serpentine flow fields are widely used in various energy de-
vices including fuel cells and redox flow batteries due to their
unique advantages. For instance, in proton exchange mem-
brane (PEM) fuel cells and redox flow batteries, pressure dif-
ference between two adjacent channels induces under-land
convection (cross-flow) through the porous gas/liquid diffu-
sion layer (GDL/LDL), enhancing mass transfer to the catalyst
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Nomenclature

A Channel cross-section area (m?)

8 GDL inertial coefficient (m ™%

C1 Shape constant

Cs Friction coefficient along the channel

D Hydraulic diameter of the channel cross-
section (m?)

n Under-land cross-flow rate error (%)

) GDL thickness (m)

o GDL original thickness (m)

=) GDL original porosity

k GDL permeability (m?)

Ky Effective coefficient of the U-turn (m?)

L Channel length (m)

w Dynamic viscosity (kgm™* s~

P Pressure (kgm *s?)

AP, Pressure drop along the channel (kg m~* s7?)

APy Pressure drop at U-turn (kg m~* s72)

Piy Inlet pressure (kg m ' s7?)

Pout Outlet pressure (kgm ™’ s7?)

Qer Under-land cross-flow rate (m> s

Q2 Under-land cross-flow rate from Darcy's law
(m®s?)

QP Under-land cross-flow rate from modified
Darcy's Law (m? s™?)

Qin Inlet flow rate (m?s™?)

Qout Outlet flow rate (m®s~?)

Qu U-turn flow rate (m®s™?)

D U-turn flow rate from Darcy's law (m>s~?)
M U-turn flow rate from modified Darcy's Law

(m® s

Re Reynolds number

u Fluid velocity in channel (m s~%)
Under-land cross-flow velocity (m s™*)

Vo Maximum under-land cross-flow velocity
(ms™

w Land width (m)

[9]. Latha and Jayanti [10] shown that the pressure drop pre-
dicted without considering the under-land cross-flow was
much higher than the experimental data for flow with high
Reynolds numbers. Therefore, to ensure a good balance be-
tween pumping power, water removal capability and mem-
brane hydration, accurate predictions of both the under-land
cross-flow rate and the pressure drop are critical.

Generally, Darcy's law is applied to calculate the under-
land cross-flow to evaluate the cell performance in serpen-
tine flow fields [5,10—19]. Based on Darcy's law, a linear rela-
tionship between the under-land cross-flow rate and the
pressure difference between two adjacent channels can be
obtained [20,21]. Feser et al. [17] predicted that the under-land
cross-flow rate was higher in a single serpentine flow field
with longer flow channel in their modeling studies. Pharoah
[18] found that the under-land cross-flow rate became quite
significant in serpentine flow fields when the GDL perme-
ability was over 107** m? Ye et al. [19] also found that the
effect of under-land cross-flow became important when the

GDL permeability was over 10~'*> m2 Moreover, Akhtar et al.
[22] applied Darcy's law to investigate the effect of channel
and land width on fluid transport at the cathode side, such as
liquid water saturation distribution in the porous layers.
Zamel et al. [23] used Darcy's law to study the effect of Teflon
treatment in the GDL on capillary pressure and mass transfer
loss. Rahimi-Esbo et al. [24] utilized Darcy's law to evaluate
fuel cell performance with modified serpentine flow fields and
found that the performance is enhanced significantly at high
current densities for 2-1-channel serpentine flow field (two
channel serpentine at the beginning converted to one channel
at the end). Haghayegh et al. [25] employed Darcy's law to
predict fuel cell performance with different MEAs in a single
serpentine flow field.

Although Darcy's law is widely used in PEM fuel cells, its
accuracy is low when under-land cross-flow rate is high, due
to the neglect of the inertial effect [26]. The pressure differ-
ence between two adjacent channels was not a linear function
of the under-land cross-flow rate through the GDL when the
under-land cross-flow rate was relatively high [27,28]. Gostick
et al. [29] found that Darcy's law was accurate only when the
under-land cross-flow rate through the GDL was low enough.
Zeng and Grigg [30] used a non-Darcy's term to represent the
inertial effect. Ouellette et al. [6], Kim et al. [31], and Houser
et al. [32] applied modified Darcy's law that includes the in-
ertial effect to study the effect of cathode flow fields on the
performance of direct methanol fuel cells, PEM fuel cells, and
vanadium redox flow batteries, respectively, but only Kim
et al. [31] specified the inertial coefficient in the GDL. Taira and
Liu [28] directly measured the effective permeability and in-
ertial coefficient of carbon cloth in PEM fuel cell and found
that both the effective permeability and inertial coefficient
increased when the land width decreased. Their results
shown that under high under-land cross-flow rate, inertial
effect was not negligible, and pressure drop was no longer a
linear function of the under-land cross-flow rate through the
GDL. Without considering the inertial effect, the under-land
cross-flow rate through the GDL will be over-predicted, and
the pressure drop will be under-predicted. The error in the
under-land cross-flow rate predicted by the conventional
Darcy's law will also cause errors in predicting both water
removal ability and current density in under-land region.

In summary, accurate predictions of the under-land cross-
flow rates and pressure drops are crucial in predicting the
performance of both fuel cells and flow batteries. Therefore,
the objective of this study is to analyze the errors of Darcy's
law in predicting both the pressure drops and the under-land
cross-flow rates. Two mathematical models, one based on the
Darcy's law and the other based on the modified Darcy's law,
are developed and solved analytically. The analytical solu-
tions of pressure drop and under-land cross-flow rate from
the two models, as well as experimental results, are used to
study the errors of Darcy's law.

Model developments and solutions

Fig. 1 shows a single serpentine flow field with two adjacent
channels. As a large portion of inlet gas flows along the
channel, some portion of the gas flows from the upstream
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