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Summary

The main purpose of this paper is to study fuel cell performance using an inter-

digitated flow field with intermediate channel blocks on the cathode side.

Application of an intermediate block in the middle of the interdigitated flow

channel is a very new idea aimed at increasing the performance of polymer

membrane fuel cells, which in practice result in novel arrangements of inter-

digitated flow channels. A middle block is desirable because the change in flow

channel is minimal, the cost of fabricating bipolar plates does not increase,

and it leads to an increase in the transfer rate of reactants into the gas diffusion

layer due to enhanced over-rib flow pattern and direction. In this work, a

three-dimensional, isothermal, and two-phase model is used to simulate the

performance of such fuel cells. The polarization curves, the distribution of

reactants on the cathode side, the distribution of liquid water, and the induced

transverse flow were analyzed for three type of interdigitated flow fields along

with parallel flow fields at reference conditions. The results showed that inter-

digitated flow fields with middle blocks lead to an increase in reactant transfer

to the catalyst layer, an increase in reaction rate, and better removal of the

resulting liquid water within the fuel cell. In the reference condition, in terms

of maximum power density, the type I interdigitated flow field (without inter-

mediate block) increased the net power by 8.2% compared to the parallel flow

field, and the type II and III interdigitated flow fields also increased the power

by 12.58% and 9.03%, respectively. At high current density, the type II inter-

digital flow field had the best performance in terms of enhancing the transfer

of reactants to the catalyst layer and the expulsion of liquid water from that

layer.
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1 | INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFCs) are
considered one of the most promising clean energy
sources that can help fighting climate change. However,
the commercialization of these systems still faces the fun-
damental challenges of cost reduction, competitiveness,
higher power density, and better fuel economy. To
improve the performance of fuel cells and reduce the cost
of PEMFCs, an optimized design of these systems is
required. The necessary improvement in the performance
of these fuel cells can be achieved by reducing the exis-
ting losses within the fuel cell. Over the years, many
researchers have attempted to reduce the concentration
losses in fuel cells to achieve higher performance.1 One
of the best strategies to reduce the concentration losses
and to cope with the flooding phenomenon in fuel cells
and to achieve higher performance is to properly design
the patterns and geometric arrangement of the flow
channels.2

The gas channels in the bipolar plates have the func-
tion of providing uniform transfer of the reactant gases to
the active surface of the electrode and removing the liq-
uid water from the fuel cell to prevent flooding with min-
imal pressure drop.3 The uniform distribution of
reactants in catalyst layer (CL) leads to a more uniform
current density, higher output power density, better fuel
consumption, and lower concentration losses in the fuel
cell.4 Arvay et al5 considered four important factors in
the design of fuel cell flow channels: uniform distribution
of reactants in the triple-phase zone to avoid hot spots;
removal of accumulated liquid water to facilitate the
transfer of reactants to the triple-phase zone; contact sur-
face between the bipolar plates and the gas diffusion
layer (GDL) to facilitate electron transfer; and low pres-
sure drop to improve the net performance of the fuel cell.
Considering the above criteria, it is clear that flow chan-
nel design will be a major challenge.

Among the various flow field patterns used for
PEMFC flow channels, the interdigitated flow channel
has a special feature.6 It consists of flow channels that
are blocked at the end, so that the reactants are forced to
pass through the porous layers (GDL and CL) under the
pressure difference between the adjacent channels to
reach the outlet.7 This flow field design increases the
mass transfer and water removal rate compared to a par-
allel flow channel.8 Ding et al9 performed a two-phase
numerical simulation to compare and evaluate the per-
formance of PEMFCs with parallel, interdigitated, and
serpentine flow fields when the walls of the flow chan-
nels were straight or wavy. Jian et al10 performed a steady
three-dimensional simulation to investigate the effect of
relative humidity on the temperature distribution in the
membrane of a PEMFC with an interdigitated flow field.

They looked to the changes in current density and tem-
perature when the relative humidity varied between 0%
and 100%. Cooper et al11 experimentally investigated the
geometric dimensions of the cathode flow channel and
flow stoichiometry on the performance of PEMFCs with
parallel and interdigitated flow channels.

Despite the many advantages of interdigitated flow
fields, the performance of such a flow arrangement can
be further improved with very minor geometric changes.
Numerous geometric corrections have been made to con-
ventional flow channels, including hybrid flow fields,
angling the channel, changing the curvature of the chan-
nel, changing the ratio of rib-to-channel width, changing
the channel cross-section, and adding blocks or baffles
within the channels. These geometric corrections are
mainly responsible for inducing a forced convection
mechanism due to the over-rib flow to alleviate the mass
transfer problem as well as the accumulation of liquid
water in the areas under the walls of the flow channels
(called ribs).12 These areas do not share a common con-
tact surface with the flow of reactants, so the transfer of
reactants and the discharge of liquid water in these areas
is much more limited. To induce transverse forced con-
vection on the rib (over-rib convection), a special design
of flow channels is usually used to create a local pressure
difference between adjacent flow channels. The geometry
of the flow channels, that is, there width, depth, and
shape, tends to influence the over-rib convection.13

Kanezaki et al14 used a 2D model to study the effect of
over-rib convection on fuel cell performance. Their
results showed that enhanced flow convection within the
electrodes would increase the concentration of reactants
in the CL and improve water removal. Jiao et al15 con-
ducted a 3D simulation to examine the effects of forced
over-rib convection on the flow patterns and performance
of the fuel cell. Their results showed that by increasing
the pressure difference between high- and low-pressure
channels, liquid water and oxygen are more evenly dis-
tributed in the CL and the transfer of liquid water out of
the fuel cell is facilitated.

Blocking flow channels is known to be a simple and
inexpensive method to create or enhance convection over
the ribs.16 Different geometric shapes can be chosen to
create blocks in the flow channels, and these barriers can
also partially or completely block these channels.17 Par-
tial blocking of flow channels (so-called indentation)
with trapezoidal, semicircular, and square barriers has
been performed in cathode flow channels.18 These inden-
tations in the flow channels increased the amount of
reactant in the CL and also the output current density
due to enhanced convection and diffusion mechanisms.
Heidary et al19 simulated the effects of parallel and zigzag
arrangements of blocks in the channels of a PEMFC.
Their results showed that the zigzag arrangement
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increased the fuel cell performance by 11% compared to
the reference case, and the parallel arrangement of obsta-
cles increased the fuel cell performance by 7%. Li et al20

used a genetic algorithm optimization method and three-
dimensional simulations to optimize the partial blockage
of the cathode parallel flow channel of the PEMFC and
found that the net power of the fuel cell is increased by
10.9% with optimal configuration. Recently, Yan et al21

and Thitakamol et al22 experimentally investigated new
arrangements of interdigitated flow fields using an inter-
mediate square block in the flow channels. They found
that the placement of a middle block in the channels of
an interdigitated flow field improves the over-rib convec-
tion characteristics of this flow field and thus the perfor-
mance of the fuel cell. They proposed two new types of
interdigitated flow fields (interdigitated flow field type II
and type III), depending on how this intermediate block
is placed in the flow channel.

Among conventional flow fields, the interdigitated
flow field has received much attention because of its
enhanced over-rib convection mechanism. Literature
shows that there is no theoretical study and computa-
tional fluid dynamics simulation of PEMFC with inter-
mediate blocked arrangements of interdigitated flow
fields (Type II, III) compared to conventional interdigi-
tated flow fields (Type I). Therefore, the main objective is
to simulate and compare the performance of different
types of interdigitated flow channels (Type I, II, and III)
generated by placing an intermediate block in the flow
channel (see Figure 1). The specific goal is to analyze the
mechanisms responsible for the performance improve-
ment of these new flow fields. This article is divided into
five sections. In this first section, an introduction and a
literature review are given. In Section 2, the definition of
the problem is described in detail. In Section 3, the
governing equations for the problem, boundary condi-
tions, and other aspects of the mathematical model are
given and discussed. In Section 4, the numerical simula-
tion method is briefly outlined and finally, in Section 5,
the main results of this study are stated and compared
with previous related research, and are commented and
put into perspective in terms of their consequences.

2 | PROBLEM DEFINITION

The main objective of this paper is to analyze a new
interdigitated flow channel arrangement using an inter-
mediate block for PEMFCs. Figure 1 shows a schematic
of parallel and interdigitated flow channel and two new
types of interdigitated flow channels with midblock.

Figure 1A shows the parallel flow channel and the
corresponding arrangement of the computational grid is
shown in Figure 2C. The geometric feature of this

channel is that there is an outlet for each inlet. Due to
this geometric feature, the reactants are uniformly dis-
tributed in the CL. In addition, the pressure drop Δp
(defined as the pressure difference between inlet and out-
let) in this flow channel is low. Due to the low pressure
drop and the absence of velocity components (convection
effects) in the GDL, mass transport and flooding prob-
lems can occur normally in this flow channel. Figure 1B
shows a schematic of an interdigitated flow channel (type
I). In this flow arrangement, the inlets are alternately
closed and the outlets are also alternately arranged. In
this way, the channel that has an inlet has no outlet and
the channel that has an outlet has a closed inlet. Due to
this particular geometric arrangement, the reactant gases
move from one channel to the adjacent channel by a
forced convection mechanism or, in other words, by the
over-rib convection through the GDL. The over-rib con-
vection increases the concentration of reactants in the CL
compared to the parallel flow field. It also removes and
expels liquid water that has accumulated in the GDL in
the region below the rib. The geometric arrangement of
the interdigitated flow channel increases the pressure dif-
ference between the inlet and outlet of the channel.
Although convection over the ribs can increase fuel cell
performance at the expense of a higher pressure drop, it
also increases pumping power, which reduces the
resulting net fuel cell performance. Figure 1C shows a
schematic of an interdigitated flow channel arrangement
(type II) that uses an intermediate block. The geometric
feature of this flow channel is that, given a pair of adja-
cent channels, one of these channels has an inlet and an
outlet with an intermediate block and the other channel
has no inlet or outlet. As can be seen in the figure, this
arrangement, similar to an interdigitated flow channel
(type I), results in convection of the reactants over the
ribs. Thus, it has similar advantages to the interdigitated
flow channel (type I), but because of the particular
arrangement of this flow channel, the over-rib convection
of the reactants occurs in a zigzag pattern. Figure 1D
shows another new arrangement of the interdigitated
flow channel (type III) with the intermediate block. The
geometric feature of this flow arrangement is that one
channel has an inlet whose outlet is blocked, and the
adjacent channel has an inlet and an outlet with an inter-
mediate block. In this channel, which is similar to the
channel shown in Figure 1C, convection takes place over
the ribs in a zigzag pattern.

3 | GOVERNING EQUATIONS

To simulate a PEMFC, the various physical phenomena
that occur in it must be represented by a mathematical
model. These physical phenomena in a PEMFC include:
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Multicomponent transport phenomena of gaseous spe-
cies, including oxygen, hydrogen, and nitrogen; transfer
of different water phases, including water vapor, water
dissolved in membranes, and liquid water; phase changes
between different water phases; the kinetics of electro-
chemical reactions; and the transfer of electric charge
and energy. The mathematical model used in this work is
established on the following general assumptions:

• The gas mixture is assumed to behave like an ideal gas.
• A steady and laminar flow is assumed.
• The influence of gravity is ignored.
• It is assumed that the fuel cell operates under isother-

mal conditions.

It should be mentioned that the isothermal assumption is
based on the fact that in most laboratory tests of a single
cell (not a stack) fuel cell, temperature variations are
tightly limited using PID controllers and heating units.24

In such a case, the temperature variation within the fuel
cell is small and can be ignored, as shown by Zamel and

Li.25 Hence, the assumption of isothermal conditions in
the current investigation should still result in accurate
estimation of the fuel cell performance. Steady state and
laminar flow regime assumptions are based on the fol-
lowing facts: the maximum Reynolds number of flow is
less than 2100; the reactants are supplied steadily to the
fuel cell and a constant current is extracted from the cell.
Gravity is also assumed to be negligible since in this way
the analysis may be solely focused on the variation of
flow fields. The drag force imparted to the water droplets
by the gas flow inside the channels is much more signifi-
cant than gravity due to the small size of liquid water
droplets and the low concentration of liquid water in the
gas channels.The governing equations of the PEMFC are
given in Table 1.

In the above equations, ρg, u
!

g, pg, S, and ε represent
density, velocity, gas phase pressure, liquid water satura-
tion (S¼Vl=Vpore), and porosity coefficient, respectively.
τ
̿ is the viscous stress tensor, Sm and Su represent the
sources/sinks in the continuity and momentum equa-
tions, respectively. Assuming that the fuel cell is supplied

FIGURE 1 Schematic of the gas flow channels in the cathode side simulated in the present study: (A) Parallel flow field; (B)

Interdigitated flow field (type I); (C) Interdigitated flow field with middle block (type II); (D) Interdigitated flow field with middle block

(type III)
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with humidified air and hydrogen, four gaseous compo-
nents are considered in the model: Hydrogen, Oxygen,
Water Vapor, and Nitrogen. For these gaseous species, it
is only necessary to solve Equation (3) for three of them,
and the mass fraction of the last chemical species can be

obtained from the equation
P
k
Yk ¼ 1. In Equation (3),

Yk, , Deff
k , and Sk denote the mass fraction, the effective

diffusion coefficient,26 and the source/sink term related
to the consumption or production rate of chemical spe-
cies k, respectively.
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the experiments of Wang et al,23
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0.5 V, and (C) Schematic of fuel

cell geometry and the

corresponding computational

grid for validation

TABLE 1 Equations governing the mathematical model of a PEMFC

Description Equations

Gas mixture continuity equation: ∂
∂t ε 1�Sð Þρg
� �

þr� ρgu
!

g

� �
¼ Sm (1)

Gas mixture momentum equation: ∂
∂t

ρg u
!

g

ε 1�Sð Þ

� �
þr� ρg u

!
g u
!

g

ε2 1�Sð Þ2

� �
¼�rpgþr� τ¼þSu

(2)

Mass conservation equation for each
species:

∂ 1�Sð ÞρgYkð Þ
∂t þr� ρg u

!
gYk

� �
¼r� ρgD

eff
k rYk

� �
þSk

(3)

k¼H2;O2;H2O;N2

Electron transport equation: r� σsolrϕsolð ÞþRsol ¼ 0 (4)

Proton transport equation: r� σmemrϕmemð ÞþRmem ¼ 0 (5)

Transport of dissolved water in
membrane:

∂
∂t

εmemMH2Oρmemλ
EW

� �
þr� i

!
memndMH2O

F

� �
¼r� MH2OD

mem
w rλ

� �þSλþSgdþSld
(6)

Liquid water transport equation in
porous media:

∂
∂t εSρlð Þ¼r� ερl

KrlK
μl

r pcþpg
� �� �

þSgl�Sld (7)

Liquid water transport in gas
channels:

∂
∂t Sρlð Þþr� ρlχu

!
gS

� �
¼r� DliqrS

� � (8)

BAGHERIGHAJARI ET AL. 15313
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In the PEMFC, water is present under three phases:
dissolved, liquid, and gas (water vapor). The simulta-
neous presence of three water phases in the CL causes
different phase change processes. Equation (6) describes
the transfer of dissolved water in the electrolyte of the CL
and the membrane.27 This equation also implies that
water can be transported in the polymer membrane due
to diffusion and electroosmotic drag. In this equation,
εmem denotes the volume fraction of the electrolyte, Dmem

w

is the effective diffusion coefficient of dissolved water in
the membrane, nd is the electroosmotic drag coefficient,28

i
!

mem is the ionic current density in the membrane phase
( i
!
mem ¼�σmemrϕmem; σmem = protonic conductivity,

ϕmem = electric potential in membrane phase). The trans-
port of liquid water within the porous regions is
described by Equation (7). In this equation, K and Krl

represent the absolute permeability of porous media and
the relative permeability of liquid. At the GDL/channel
interfaces, the flux of water is possible only into the flow
channels, without the possibility of reversing the direc-
tion of such flux, which is obtained according to the cap-
illary pressure. In Equation (8), Dliq represents the
diffusion coefficient for liquid water in the flow channels
and χ represents the ratio of the flow velocity of the liq-
uid to the flow velocity of the gas. In practice, we assume
that the liquid water is transported at a similar velocity as
the gas flow and the value of χ becomes equal to one. In

this case, the diffusion coefficient Dliq takes a large value
to satisfy the assumption of uniform mist flow.29 The
electrochemical model is based on studies by Kulikovsky
et al,30 Mazumder and Cole,31 and Um et al,32 in which
two equations, Equations (4) and (5), are considered for
electrochemistry. In these equations, σsol and σmem are
the electron and proton conductivities28; ϕmem and ϕsol,
the electric potentials, and Rsol and Rmem, the volumetric
exchange current densities.

The source/sink terms in Equations (1) to (8) are
given in Table 2. In Equation (1), Sm includes the effects
of phase change and electrochemical reactions that cause
mass production and consumption. In Equation (3), Sk is
the source/sink for the effects of electrochemical reaction
of gaseous species (oxygen consumption, hydrogen con-
sumption) and mass transfer between vapor/liquid water
and vapor/dissolved water. In Table 2, Darcy's law for
porous materials is used to express the Su in the momen-
tum equation (Equation [2]) and Equation (10) gives the
resistance to the flow when passing through a porous
material, K being the absolute permeability of porous
media. This source Su has nonzero values only in porous
media, which include gas diffusion and catalyst layers,
whereas in the gas channels, the value of Su is set to zero.
The Rsol and Rmem in Equations (4) and (5) are the
exchanged current densities, expressing the rate of elec-
trochemical reaction (rate of production/consumption of

TABLE 2 Description of the source/sink terms

Description Equations

Continuity equation source/sink
term:

Sm ¼P
k
Sk ¼ SH2 þSO2 þSH2O (9)

Momentum sink term due to effect of
porous media:

Su ¼�μg
K u
!

g (10)

The rate of consumption of species in
electrochemical reaction:

SH2 ¼�MH2Ran

2 F ;SO2 ¼�MO2Rca

4 F ;SH2O ¼�Sgl�Sgd (11)

Production rate dissolved water in
electrochemical reaction:

Sλ ¼MH2ORca

2F
(12)

Vapor to dissolved water phase
change rate33:

Sgd ¼ 1�Sθ
� �

γgdMH2O
ρmem
EW λequil�λ
� �

(13)

Liquid to dissolved water phase
change rate33:

Sld ¼ SθγldMH2O
ρmem
EW λequil� λ
� �

(14)

The phase change rate during
evaporation/condensation process:

Sgl ¼
γeεSDglMH2O

RT
pln

p�psat
p�pwv

� �
if pwv ≤ psat

γcε 1�Sð ÞDglMH2O

RT
pln

p�psat
p�pwv

� �
if pwv > psat

8>>><
>>>:

(15)

Electronic exchange current density:
Rsol ¼

�Ran <0ð Þ inACL
þRca >0ð Þ inCCL

�
(16)

Protonic exchange current density:
Rmem ¼ þRan >0ð Þ inACL

�Rca <0ð Þ inCCL

�
(17)

15314 BAGHERIGHAJARI ET AL.
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electrons/protons), and take a non-zero value only in the
reaction zone (CL).

In Equations (16) and (17), the values of Ran and Rca

in the anode and cathode catalyst layers (ACL and CCL)
are calculated from the Butler–Volmer equation:

Ran ¼ 1�Sð Þγj apt,anjan Tð Þ� � CH2

CH2,ref

� �γan

e
αananFηan

RT þ e�
αanca Fηan

RT

� �
,

ð18Þ

Rca ¼ 4F
CO2

CO2

jidealO2

þRionþRliq

: ð19Þ

In Equation (19), a cathode agglomerate, or particle
model, is used to simulate the electrochemistry governing
the cathode catalyst layer. This model considers that the
resistance to mass transfer in the catalytic layer34 is due
to the agglomeration of platinum particles together with
the carbon base and these agglomerates are connected to
each other by the ionomer and the structure of the GDL.
The agglomerates are spheres of electrolyte, usually
Nafion, which are filled with carbon and platinum parti-
cles and have a radius of about one micron.35 In the liter-
ature, it is commonly assumed that these particles are
similar, have a spherical shape, and are separated by
empty space. In Equation (19), Rion and Rliq are the extra
mass transfer resistances in the CL.36 A specific value is
usually considered for Rion and the value of Rliq is calcu-
lated from the following Equation33:

Rliq ¼
apt,car2agg
KwDw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Sε

1�ε
3
q
3 1� εð Þ : ð20Þ

In the above equation, the product of KwDw represents
the solubility of oxygen in liquid water. In Equation (19),
the value of jidealO2

is calculated as:

jidealO2
¼

1�Sð Þγj apt,cajca Tð Þ� � CO2
CO2,ref

� �γca �e
αcaanFηca

RT þ e�
αcacaFηca

RT

� �
4F

:

ð21Þ

In Equations (21) and (18), j Tð Þ is the reference transfer
current per unit area as a function of temperature, and
apt represents the effective specific surface area. In Equa-
tion (18), the effects of liquid water accumulation in the
CL are considered as an additional resistance that
reduces the electrochemical active surface area, C and
Cref express the values of the local molar concentration of
the reactants and the reference molar concentration,

respectively. Moreover, in the above equations, γ is the
concentration function of the exchange current density,
αanan and αanca represent the reaction transfer coefficients on
the anode side and αcaan and αcaca the transfer coefficients
on the cathode side. Finally, F is the Faraday constant, R
is the universal gas constant, T is the absolute tempera-
ture, and ηan and ηca are the surface overpotentials in the
anode and cathode catalyst layers. Other parameters and
transfer properties in the governing equations can be
found in Table 3.

3.1 | Boundary conditions

The mathematical model described above can be solved
using either a multi-domain or a single-domain
approach. In this work, the single-domain approach is
followed so that it is not necessary to define the boundary
conditions between the different regions and all
governing equations are solved throughout the computa-
tional space. Therefore, only the boundary conditions at
the outer boundaries need to be defined:

• At the anode and cathode, and at the cathode inlets,
the input mass flow rates are defined based on stoi-
chiometric coefficients and a reference current, usually
the output current of the fuel cell (A = are of the mem-
brane electrode assembly):

_min,ca ¼ ξcaMO2 IA
4YO2

; _min,an ¼ ξanMH2 IA
2YH2

: ð40Þ

• The mass fractions of all species at the inlet are given;
at the cathode inlet:

YO2,in ¼ 0:21
pca
RT

�RH
psat
RT

� �MO2

ρg
, ð41Þ

YH2O,in ¼ RH
psat
RT

� �MH2O

ρg
: ð42Þ

• and at the anode inlet:

YH2,in ¼
pan
RT

�RH
psat
RT

� �MH2

ρg
, ð43Þ
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YH2O,in ¼ RH
psat
RT

� �MH2O

ρg
: ð44Þ

• A zero flux boundary condition is imposed for all other
variables.

• A constant pressure is set at the outlet boundaries of
the anode and cathode channels, and the gradient of
the mass fraction of the gaseous components is
assumed to be zero. The zero flux condition is also
used for other variables:

∂Yk

∂n
¼ 0;pout ¼ pspecified: ð45Þ

• A no-slip condition is assumed for the velocity vector
at the wall surfaces.

• At the bipolar plate/flow channel and bipolar plate/
GDL interfaces, a coupled boundary condition for the
electric potential is used.

• At the outer surfaces of the bipolar plates (terminal
surfaces), a boundary condition is required for the elec-
tric potential. Such boundary condition expresses the
operation of a fuel cell in the galvanostatic or
potentiostatic states and is given by:

ϕsol ¼V cell at cathode if potentiostatic mode, ð46Þ

∂ϕsol

∂n
¼�Icell at cathode if galvanostatic mode, ð47Þ

ϕsol ¼ 0 at anode: ð48Þ

A comment related to this boundary condition is here perti-
nent: when the stoichiometry is variable (ie, constant mass
flow at the inlet), application of a boundary condition for
either current or voltage makes no difference. When the
mass flow inlet is based on a constant stoichiometry (calcu-
lated according to Equation [40]), with a constant potential
boundary condition (Equation [46]), an iterative process is
required to determine the current and then change the
mass flow. In this latter case, a current boundary condition
(Equation [47]) is used for simplicity.

4 | NUMERICAL SOLUTION
METHOD

Ansys Fluent software was used to simulate the PEM fuel
cell.37 Fluent is based on the finite volume method for
solving the governing equations with the applied

boundary conditions. As for the discretization methods
for the momentum equations and the chemical species, a
second-order upwind scheme was employed, while the
discretization of the pressure equation follows a standard
central scheme. The SIMPLE algorithm was applied to
solve the pressure–velocity coupling with under-relaxa-
tion coefficients of 0.7, 0.3, and 0.9 for the momentum,
the pressure correction, and the chemical species
equations.

5 | RESULTS AND DISCUSSIONS

5.1 | Validation

The validation is based on the experimental results of
Wang et al,23 with the geometrical and operating
parameters of the fuel cell, for the reference case, given
in Table 4. The three-dimensional computational
domain corresponding to this geometry of the fuel cell,
which consists of only a single rib and two half chan-
nels, was created considering the geometric symmetry
of the gas channels, giving a computational grid with
147 400 elements. This grid was created by dividing the
length of fuel cell channels into 112 elements, channel
depth into ten elements, channel width into ten ele-
ments, thickness of CL into seven elements, thickness
of GDL into ten elements, and thickness of polymer
membrane into seven elements. A schematic represen-
tation of the fuel cell geometry and the grid used for
validation is given in Figure 2C. We should note that
the choice for the number of suitable grid elements in
the numerical computation was defined after analyzing
the independence of the results in relation to grid den-
sity. The results of the grid independence study are
given in the next section. The values of the parameters
used for both the validation and parametric studies are
given in Table 4. The values of the parameters for the
parametric study and the validation are different. The
validation of the work was done against the experimen-
tal work of Wang et al23 and the parametric study was
done in a way to replicate the experimental work of
Thitakamol et al.22 It is important to point out that the
interdigitated type I flow field was used in the anode
side, for all cases here tested, so that a direct compari-
son was possible against the experimental work of
Thitakamol et al.22

The polarization curve for the PEMFC obtained with
the three-dimensional simulation of the PEM fuel cell is
compared against the results of Wang et al23 in Figure 2a.
As seen from the comparison of the current density plot-
ted in the figure, our simulation results are well matched
to the experimental results of.23
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5.2 | Analysis of grid independence

To verify the independence of the grid, four computa-
tional grids were created with 61 490, 147 400, 341 040,
and 652 608 elements. For each grid, the fuel cell output
was simulated at a constant voltage of 0.5 V using the
parameters from Table 4, and the fuel cell output current
density was then calculated. The variation of the output
current density obtained from the simulations on these
grids is shown in Figure 2B. These results show that the
differences between predictions on the different grids
tend to diminish, especially as the grids are refined (cur-
rent density varies from 1.412 to 1.413 for the two most
refined grids that is by 0.07%), but it is clear that the dif-
ferences are small even in the base grid.

To better assess grid independence, a grid conver-
gence index was calculated according to.38 This grid

convergence parameter (GCI) provides an estimate of the
amount of error between the finest grid and the numeri-
cally converged solution.39 Such GCI calculated on three
meshes having 61 490 (mesh 3), 147 400 (mesh 2),
341 040 elements (mesh 1) and the corresponding results
are given in Table 5.

In the above table, GCI21 is equal to Fse21= rP21�1
� �

,
where Fs is a safety factor having a value of 1.25, i and j
are indices to identify the grid, h is a measure of grid
spacing (total volume divided by the number of ele-
ments), r stands for the grid refinement ratio (defined as
ri ¼ hi=hj), P is order of convergence, and
f � ¼ rP21f 1� f 2

� �
= rP21�1
� �

is an the estimation of the
numerically converged value of the variable of the inter-
est in the GCI analysis (here the current density
I A=cm2ð Þ). From the results of Table 5, it can be con-
cluded that the grid with 341 040 elements ensures with

TABLE 4 Structural and operating parameters for validation with experimental results of23 and reference operating conditions for the

parametric study of various fuel cells

Description symbol Value for validation Value in parametric study

Height of gas channel Hch 1 mm 1 mm

Bipolar plate thickness Hbp 1 mm 0.5 mm

Gas diffusion layer thickness HGDL 300 μm 410 μm

Catalyst layer thickness HCL 12 μm 28.7 μm

Membrane thickness Hmem 108 μm 35 μm

Width of gas channel wch 1 mm 1 mm

Width of rib wrib 1 mm 1 mm

Gas channel length Lch 70 mm 70 mm

Block thickness Lblock - 1 mm

Block height Hblock - 1 mm

Porosity of gas diffusion layer εGDL 0.4 0.6

Hydraulic permeability of gas diffusion layer KGDL 1:76�10�11 m2 3�10�12 m2

Porosity of catalyst layer εCL 0.4 0.2

Hydraulic permeability of catalyst layer KCL 1:76�10�11 m2 2�10�13 m2

Humidity of the gas mixtures at inlets (Anode
and cathode)

RH 100% 100%

Hydrogen inlet stoichiometric flow coefficient
(corresponds to reference current of 1 A/cm2)

ξH2
2.98 1.375

Oxygen inlet stoichiometric flow coefficient
(corresponds to reference current of 1 A/cm2)

ξO2
2.3 1.393

Operating pressure (reference pressure) pref 3 atm 1 atm

Contact angle θc 120� 110�

Operating temperature T 70�C 80�C

Reference anode current density apt,anjan Tð Þ 1:5�109 A=m3 2�109 A=m3

Reference cathode current density apt,cajca Tð Þ 2:8�105 A=m3 4�105 A=m3

Open circuit voltage Voc 0.93 Volt 0.95 V

Anode and cathode charge transfer coefficient αa,αc 1, 2 0.5, 0.5

15318 BAGHERIGHAJARI ET AL.
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95% confidence a simulation value in the range
[1.40005:1.42617]. When calculating the GCI for mesh 2,
the value of this index is equal to 1.25%. Therefore, it can
be concluded that using mesh 2 with 147 400 elements,
the simulation value is in the range [1.39297:1.426955]
with 95% confidence. On the basis that mesh 2 is favor-
able in terms of GCI and also because it requires shorter
runtimes, mesh 2 with 147 400 elements is selected as
the grid that provides grid-independent results at a rea-
sonable runtime.

5.3 | Comparison of performance of fuel
cells with different flow fields at reference
conditions

In this section, a detailed and comprehensive analysis of
the performance of fuel cells with parallel, interdigitated
flow fields of type I, type II, and type III (see Figure 1) is
performed under the reference conditions. The reference
conditions include the specification of inlet anode and
cathode mass flows, inlet relative humidity, operating
temperature, and pressure; these correspond to the condi-
tions of the experimental work by Thitakamol et al,22 and
the corresponding values are given in Table 4. The

various geometric dimensions, such as thickness (Lblock)
and height (Hblock), used to produce the interdigitated
blocks are also given in Table 4. For the reference condi-
tions, a constant inlet mass flow rate is assumed for the
anode and cathode. For each of the cathode flow fields,
the fuel cell performance is modeled at constant operat-
ing voltages and the corresponding polarization curves
obtained from the numerical simulations are shown in
Figure 3. Up to a current density of about 0.6 A/cm2, fuel
cells with different flow fields show the same perfor-
mance. This result is consistent with those previously
published in the literature. At low current densities, the
consumption rate of reactants in the CL is low and conse-
quently the rate of water vapor production and liquid
water formation in the fuel cell is also low. In this case,
the effects of concentration losses are negligible, so all
fuel cells have the same performance. However, as the
current density is increased, the reaction rate and liquid
water accumulation in the fuel cell should also increase,
and the fuel cell using the parallel flow channel has the
lowest performance compared with other fuel cells. The
reason is that all types of interdigitated flow fields intro-
duce the forced convection mechanism in addition to the
diffusion mechanism to transport the reactants and
remove the liquid water. Among the various types of

TABLE 5 Calculation of grid

convergence index
Mesh number Number of elements h mmð Þ ri ¼hi=hj f i ¼ I A=cm2ð Þ
3 61 490 0.22088897 2.397 1.405672

2 147 400 0.16504792 2.313 1.409963

1 341 040 0.12478834 - 1.412026

P 0.9413 GCI21 0.92% f � 1.423556

(A) (B)
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FIGURE 3 (A) Polarization curves (voltage-current density plot) and (B) power density vs current density for fuel cells with parallel,

interdigitated type I, type II, and type III flow fields at reference conditions
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interdigitated flow fields, the type II flow channel is seen
to achieve the highest performance. The performance of
the type III is also slightly improved compared to the type
I interdigitated flow channel.

To better understand the differences in the mecha-
nisms of the various flow channels on fuel cell perfor-
mance, the flow streamlines in the anode and cathode
flow channels are shown in Figure 4. As can be seen in
Figure 4A, the anode flow channel is of the interdigitated
type I. For this reason, the flow coming from the anode
inlet flows across the anode GDL and reaches the anode
outlet. The color of the streamlines in this figure indi-
cates the pressure values. The interdigitated flow channel
on the anode side causes a pressure gradient between
two adjacent channels and results in a forced convection
flow over the rib section. In Figure 4A, a parallel flow
channel is used on the cathode side. Since the two adja-
cent channels have the same geometric and inlet condi-
tions, the pressure difference between the two channels
is negligible and unable to create flow over the rib. How-
ever, in Figure 4B, using the interdigitated flow channel
(Type I) on the cathode side, there is a large pressure dif-
ference between the two adjacent channels of the cath-
ode. This pressure difference creates a strong cross flow
between the two channels in the region under the rib. In
Figure 4C,D, we show the streamlines for the interdigi-
tated flow channels of type II and type III. Using the
interdigitated flow channel of type II results in a zigzag
transverse motion between the two adjacent cathode

channels. However, in the case of the interdigitated flow
channel type III, this zigzag transverse motion is differ-
ent. In this channel geometry, the flow passing from the
blocked channel is directed transversely into the adjacent
channel, where it is merged with the incoming flow.
Then, only after half of the channel length, the combined
flow is directed to the fuel cell outlet by over-rib flow.

Establishing an over-rib convection mechanism, as
shown in Figure 4, can cause fundamental changes in the
distribution of the gaseous reactants and produced liquid
water in the fuel cell. To better describe the effects of
over-rib convection, the contours of oxygen concentra-
tion and liquid water are shown in Figures 5 and 6.

Figure 5 shows the pressure contours at the gas diffu-
sion layer and cathode catalyst layer interface (labeled as
CCL/GDL) and in the x–z planes that cross the cathode
gas channels at height Hch/2 (labeled as ch). As can be
seen in Figure 5A,B, the pressure distribution for the par-
allel flow field is similar and symmetrical for adjacent
channels. In a parallel flow channel, the pressure always
decreases uniformly over the cross-sections from inlet to
outlet. Because of the symmetry of the pressure distribu-
tion, there is no local difference between the pressure
values of the two cathode channels and therefore convec-
tion over the rib is negligible. But with the various types
of interdigitated flow fields, the pressure distribution is
not symmetrical. For the Type I interdigitated flow field
shown in Figure 5C,D, closing the outlet of one of the
two channels increases the pressure and creates a

FIGURE 4 Streamlines in fuel cell flow channels with the flow fields: (A) parallel; (B) Interdigitated type I; (C) type II; (D) type III
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pressure difference with the adjacent open outlet chan-
nel. In the interdigitated flow field type II (Figure 5E,F),
different areas of the flow channel can be divided into
three regions in terms of pressure. The channel shown on
the left has an inlet, an intermediate block, and an outlet.
The presence of a block causes the pressure at the begin-
ning of this channel to increase. The adjacent channel
(shown on the right) has no inlet or outlet and is fed by
over-rib convection from the first half of the left channel.
This region has a lower average pressure than the initial
region of the left channel. The flow of reactants from this
region is also directed to the end half of the left channel,
which has the lowest pressure, due to the over-rib

convection. In the interdigitated flow field type III
(Figure 5G,H), which is similar to the interdigitated type
II, three regions can be distinguished in terms of pres-
sure. The main difference of the type III interdigitated
flow field is that in the flow channel, where there is no
obstacle, a pressure variation from the inlet to the outlet
region is observed and the pressure drop is generally
lower than in the flow channel of type II.

Figure 6 shows the contours of liquid water at various
x–z planes that cross the cathode gas diffusion layer at
height HGDL/2 (labeled as GDL in Figure 6) and x–z
planes cross the cathode catalyst layer at height HCL/2

(labeled as CCL in Figure 6). Values greater than 0.1

CCL/GDL     ch  ch CCL/GDL ch CCL/GDLCCL/GDL   ch 
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FIGURE 5 Pressure contours in x–z planes at the CCL/GDL interface (with constant y) and in x–z planes crossing the cathode channel
at Hch/2 for the flow fields: (A) and (B) parallel; (C) and (D) interdigitated type I; (E) and (F) type II; (G) and (H) type III
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FIGURE 6 Distribution of liquid water saturation in the midplane of cathode gas diffusion and catalyst layers (x–z planes that cross the
cathode gas diffusion layer at HGDL/2 labeled as GDL and planes cross the cathode catalyst layer at HCL/2 labeled as CCL) for the flow fields:

(A) and (B) parallel; (C) and (D) interdigitated type I; (E) and (F) type II; (G) and (H) type III

BAGHERIGHAJARI ET AL. 15321

 1099114x, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/er.8233 by U

ni D
a B

iera Interior, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



indicate the locations where the probability of flooding is
higher due to the accumulation of liquid water. In all
flow fields, liquid water accumulates below the rib area.
It should be noted that the results shown in this figure
correspond to a constant current density of 1 A/cm2. Oth-
erwise at a constant operating voltage, the average elec-
trochemical reaction rate and consequently water
production rate in the cathode catalyst layer would be
the same for all the flow fields. Figure 6 clearly shows
that the incorporation of interdigitated flow channels
leads to a significant reduction of the amount of liquid
water in the catalyst and the GDL. Such reduction in the
amount of liquid water facilitates the transfer of reactants
to the cathode catalyst layer and attenuates the mass
transport overpotential in the fuel cell.

For the parallel flow field (Figure 6A,B), the water
distribution is symmetrical about the cell midline and the
highest amount of water is detected below the rib area
and near the inlet, where the electrochemical reaction
rate is higher. Also, the amount of liquid water collected
in the catalyst layer is higher than in other the fuel cell
components. We note that the amount of liquid water in
the flow channel is insignificant due to the drag applied
by the gas flow, implying that the liquid water is removed
from the fuel cell by the gas flow itself. For the type I
interdigitated flow field (Figure 6C,D), the contour of the
liquid water distribution shows that the symmetry of the
liquid water distribution is lost due to the over-rib com-
ponent of the flow. For the second type of interdigitated
flow channel (Figure 6E,F), there is also an accumulation
of liquid water in the first half of the flow channel
(upstream of the block) due to the higher reaction rate.

In the case of the interdigitated flow channel of the type
III (Figure 6G,H), the accumulation of liquid water is
also observed in the first part.

The distribution of oxygen concentration in the differ-
ent x–z planes is shown in Figure 7. These results indi-
cate that when the parallel flow field is used, the oxygen
concentration is highest precisely in the regions below
the flow channels and the lowest O2 concentration is
seen in the regions below the rib. For the parallel flow
channels, the convection effects over the ribs are negligi-
ble, and the transfer of reactants to the catalyst layer
often occurs due to the diffusion mechanism and concen-
tration gradient. However, for all types of interdigitated
flow fields, the effect of convection over the ribs is signifi-
cant leading to an increase of the oxygen concentration
under the rib.

The local current density in the middle plane of the
catalyst layer of the cathode (x–z planes that cross the
cathode catalyst layer at height HCL/2) is shown in Fig-
ure 8. For the parallel case, the highest local current den-
sity in the catalyst layer occurs at the locations below the
flow channel. Also for this flow channel, the current den-
sity attains higher values in the regions close to the inlet
and then decreases along the channel. For a type I inter-
digitated flow channel, the current density increases due
to the forced convection of oxygen into the catalyst layer,
implying higher current density in the rib region than in
the parallel case. In the case of the interdigitated flow
channel of type II, the increase in current density is
much more pronounced. In the first half (before the posi-
tion of the block), a higher local current density is gener-
ated in the rib region compared to the type I
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FIGURE 7 Contours of O2 concentration in different x–z planes that cross the cathode catalyst layer at HCL/2 labeled as CCL and

planes cross the cathode channel at Hch/2 labeled as ch for the flow fields: (A) and (B) parallel; (C) and (D) interdigitated type I; (E) and (F)

type II; (G) and (H) type III
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interdigitated flow field. In the third type interdigitated
flow field, the local current density is lower than in the
first and second types of interdigitated flow field because
of the two inlets and the reduction of the flow over the
ribs. Due to the presence of a block in the channel, the
over-rib flow created near this channel causes a higher
current density in the first half of the channel compared
to the local values of the current for the adjacent channel.
In the second half (after the block), the entire reactant
flow from the channel where there is no intermediate
blocking is transferred to the adjacent channel. This
enhancement of mass transfer results in a higher local
current density in this region.

To better demonstrate the mechanism of over-rib con-
vection in different flow fields, three planes are consid-
ered in the z-direction, one of which passes through the
location of the middle block (Z2 = Lch/2 = 35 mm) and
the other two planes are located at the beginning of the
channel (Z1 = Lch/4 = 17.5 mm, before the location of
the block) and at the end of the channel (Z3 = 3Lch/
4 = 52.5 mm, after the location of the block). The trans-
verse velocity vectors and the contours of the transverse
velocity magnitude Vx�y ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2g,x þu2g,y

q
in different x–y

sections for the parallel flow field and different types of
interdigitated flow fields are shown in Figures 9 and 10,
respectively.

For all flow fields shown in Figure 9, a forced convec-
tion flow over the rib can be seen on the anode side
which uses a type I interdigitated flow field. Figure 9A-C
clearly shows that there is no flow over the rib for the
parallel flow field on the cathode side. However, with the
type I interdigitated flow field (Figure 9D-F), there is a
uniform over-rib flow along the channel from right to

left. This over-rib flow is practically parallel to the over-
rib flow on the anode side. In the second type of interdig-
itated flow field (Figure 9G-I), there is an over-rib flow
from right to left at the beginning of the channel (region
Z1). This cross-rib flow is stronger than that observed for
the type I interdigital flow field (see Figure 10). In the
obstruction zone (Z2), the cross-rib flow becomes weak
and its direction reverses after the blockage (region Z3)
and the over-rib flow occurs from left to right. In the case
of the interdigitated flow field of type III (Figure 9J-L),
the over-rib flow is initially generated from left to right.
A comparison of the velocity vectors and the velocity con-
tours in this region (Z1) shows that the crossflow in
region Z1 is weaker in the interdigitated flow field of type
III than in the flow fields of type I and II. In type III flow
field, the direction of the over-rib flow reverses on the
block. This over-rib flow, which is opposite to that from
right to left (see above), is slightly more intense than the
over-rib flow at the same location in the interdigitated
type II flow field. After the block (region Z3), the inten-
sity of the over-rib convection increases for the interdigi-
tated flow field of type III.

In Figure 10, the contours of cross-wise velocity
magnitude are shown for various flow fields and at
three different cross sections of Z1, Z2, and Z3. For the
parallel flow field, only a weak over-rib convection is
observed at the another side. The intensity of this over-
rib convection flow slightly reduces along the channel
moving from cross section Z1 (Figure 10A) to cross sec-
tion Z3 (Figure 10C). For the interdigitated flow field
type, I (Figure 10D-F), the intensity of the over-rib con-
vection in the cathode side is much higher than the
over-rib convection flow in the anode side. This
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cathode catalyst layer at HCL/2)

for the flow fields (A) parallel;

(B) interdigitated type I; (C) type

II; (D) type III

BAGHERIGHAJARI ET AL. 15323

 1099114x, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/er.8233 by U

ni D
a B

iera Interior, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



induced over-rib convection almost maintains its inten-
sity along the channel. For the type II flow field
(Figure 10G-I), the intensity of the induced cross-wise
velocity is increase both in the first half (Figure 10G)

and second half of the channel (Figure 10I). This over-
rib convection flow was observed to be stronger in the
first half of the channel. For the type III flow field
(Figures 10J-L), the induced over-rib convection in the

Z3Z2Z1

(C)(B)(A)

(F)(E)(D)

(I)(H)(G)

(L)(K)(J)

FIGURE 9 Cross-wise velocity vector plots in

different x–y planes for the flow fields: (A), (B), and (C)

parallel; (D), (E), and (F) interdigitated type I; (G), (H),

and (I) type II; (J), (K), and (L) type III
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first half of the channel (Figure 10J) had almost the
same intensity as the type I flow field. However, the
over-rib convection flow for the type III flow field was
enhanced in the second half of the channel.

The amount of liquid water in different cross sections
of the fuel cell with different flow fields is shown in Fig-
ure 11. In this figure, the values of liquid water saturation
below 0.11 are not shown to better demonstrate the effect
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of flow field on liquid water. As shown in Figure 11A-C,
for the parallel flow channel at the beginning of the
channel (Figure 11A, Z1 region), the cathode gas diffu-
sion and catalyst layers are filled with liquid water. The
accumulation of liquid water in the direction of the flow
channel decreases, so that in the regions at the end of the
channel (region Z3, Figure 11C), the amount of liquid
water accumulated under the rib in the GDL (not in the
catalyst layer) reaches less than 0.11. In the case of the
type I interdigital flow field (Figure 11D-F), the liquid
water in the first half of the channel was discharged from
a part of the space of the GDL near the channels due to
convection over the ribs. In the first half of the interdigi-
tated flow channel type II (Figure 11G), some liquid
water is removed from the regions near the inlet channel.
But in the middle of the channel (regions above the block
in Figure 11H), the accumulation of liquid water has
increased compared to the previous two cases, and at the
end (Figure 11I), the liquid water is completely dis-
charged from the GDL. In the case of the interdigitated
flow channel of type III (Figures 11J-L), the least amount
of liquid water accumulation is observed in the initial
part of the channels (Figure 11J) compared to the other
flow fields. Similarly, to the type II interdigitated flow
field, liquid water accumulation also occurs in the zone
above the block (Figure 11K), and in the regions near the
end of the channel, a small amount of liquid water is visi-
ble in the GDL.

For a more detailed and quantitative comparison of
parallel flow channels and different types of interdigi-
tated flow fields, the average values of the pressure differ-
ence between inlet and outlet (Δp), the average O2

concentration in the catalyst layer (YO2) and the average
O2 concentration at the outlet (YO2,out) for a constant
voltage of V = 0.25 V are given in Table 6. In addition,
the parasitic pumping power density (Ppumping) and the
maximum net power density (Pnet) of the PEM fuel cell
for the various flow fields are given in Table 6. The
results show that the pressure drops in the interdigitated
type I, II, and III flow fields are approximately 10, 33,
and 21 times higher than in the parallel flow field,
respectively. This increase in pressure drop is undesirable
because it increases pumping power. In Table 6, the
values of net output power density Pnet ¼VI�Ppumping

and pumping power are also given. The corresponding

pumping power is calculated using Ppumping ¼Q� Δp
ηpAcell

where Q is the inlet volume flow rates and the Acell is the
active area of the cell and ηp ¼ 85% is the pumping effi-
ciency. We should mention that the required mass flow
for the single cell is also small and therefore the resulting
pumping power was small and did not affect the gener-
ated power significantly. However, for a stack of fuel
cells, the values of pressure drop will be much higher
and will influence the overall efficiency of the fuel cell. If
the pressure drop is increased for a fuel cell stack, the
compressor used to deliver the air to the cathode side will
require a higher power and thus it will add additional
cost to the system or even the size of this compressor
may be larger. In addition, higher pressure drop in the
cathodic gas channels may cause unwanted pressure dif-
ference over the membrane and thus result in higher
rates of cross-over leading to performance drop. The
results in Table 6 show that, the mass fraction of O2 in
the catalyst layer is larger for interdigitated flow fields
than for the parallel flow field. The results also show that
among the interdigital flow fields, the type II provides
the largest mass fraction of oxygen in the catalyst layer.
In fact, the mass fraction of oxygen had the highest value
in the interdigitated field of the second type, followed by
the third type and the first type. The mass fraction of

TABLE 6 Average values of mass

fraction of oxygen in the catalyst layer

and at the outlet, the pressure drop, the

pumping power and the maximum net

power density for all flow fields at

constant voltage of V = 0.25 V

Δp Pað Þ Ppumping
mW
cm2

� �
Pnet

mW
cm2

� �
YO2 YO2:out

Parallel 36 0.04 320.27 0.0467 0.0479

Interdigitated type I 351 0.402 340.80 0.0545 0.0355

Interdigitated type II 1213 1.35 360.59 0.0617 0.0292

Interdigitated type III 757 0.844 349.22 0.0548 0.0345
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FIGURE 12 Volume fraction of liquid water vs fuel cell power

density for the various flow fields
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oxygen at the outlet of the cathode flow channel reported
in Table 6 indicates that the reactant was better utilized,
that is, the reactant (here, the oxygen) was consumed
more efficiently in the catalyst layer.

Figure 12 shows the results of liquid water saturation
vs fuel cell power density, for the various cathode flow
fields. The plots shown in this figure can be viewed from
two perspectives. In the first case, the resulting fuel cell
power density is considered constant (meaning that the
output current density and consequently the reactant
consumption and water production rate are constant). In
this first case, the flow field that results in less average
liquid water saturation is more capable of repelling liquid
water from the fuel cell. In the second view, we can con-
sider the condition that the amount of liquid water in the
fuel cell is constant. In this case, the higher output power
density means that the flow field has more effectively
increased the transfer rate of reactants to the catalyst
layer. As seen in Figure 12, when the power density is
constant (eg, is the maximum power density produced
with a parallel flow field), there is less liquid water in the
interdigitated flow fields. When the power density is con-
stant (less than or equal to the maximum power density
of the parallel case), Figure 12 shows that the second,
third, and first types of interdigitated flow field have the
best performance in repelling liquid water. Finally, if we
consider a constant liquid water saturation (equal to 0.25,
as shown by the horizontal dashed line in Figure 12), we
see that among the various flow fields the interdigitated
flow channel type II produces the highest electrical
power, thus indicating an improvement in the transfer of
reactants to the catalyst layer.

6 | CONCLUSION

In this paper, a comparison is made between the perfor-
mance of a conventional interdigitated flow field without
intermediate block (type I) and interdigitated flow fields
(with middle block) of type II and type III. Based on the
numerical simulation results, an analysis of the V–I cur-
ves, velocity, pressure, and O2 concentration contours,
and liquid water saturation distribution in the catalyst
layer was performed. Also, the average values of the mass
fraction of O2 in the catalyst layer and the pressure drop
were given for a better comparison of the different flow
fields. The main results of this paper can be summarized
as follows:

• From the comparison of the polarization curves at ref-
erence conditions, it is concluded that all types of
interdigitated flow fields produce higher maximum

power than the parallel flow field. The positive effect
of the interdigitated flow fields compared to the paral-
lel flow field occurs at current densities greater than
0.6 A/cm2 when concentration losses predominate.
Among the interdigitated flow fields, the type II results
in the largest limiting current density and the highest
output power density; Moreover, compared with the
type I interdigitated flow field, the type III slightly
increases the fuel cell performance in terms of limiting
current density and output power density. The results
indicate that the type I, II, and III interdigitated flow
fields lead to an increase of the limiting current density
(corresponding to an operating voltage of 0.2 V) of
10.6%, 15.6%, and 11.4%, respectively, compared to the
parallel flow field. In addition, the results for the refer-
ence conditions show that the interdigitated flow field
of types I, II, and III also increased the maximum net
output power density of the fuel cell by 8.2%, 12.6%,
and 9.0%, respectively, compared to the parallel flow
field. Hence, for both properties, type II arrangement
achieves the best performance.

• The comparison of the pressure difference between the
inlet and outlet of the flow channels shows that this
pressure drop increases significantly in all interdigi-
tated flow fields compared to the parallel flow field, as
expected. For the type I, II, and III interdigitated flow
fields, the pressure drop is about 10, 34, and 21 times
higher than the pressure drop of the parallel flow field.
Hence, the interdigitated flow field of type II requires
the largest pumping power and the type I has the
smallest pumping power.

• By analyzing the distribution of pressure, velocity, O2

concentration, and liquid water saturation, it is found
that interdigitated flow fields greatly increase the O2

concentration in the catalyst layer. In addition, more
liquid water was expelled from the catalyst layer by the
interdigitated flow fields than by the parallel flow field.
Overall, improved transfer of reactants to the reaction
site and improved removal of liquid water due to
induced convection flow are the two main reasons for
the improvement in fuel cell performance of interdigi-
tated flow fields compared to the parallel flow field.
Among interdigitated flow fields, the type II shows an
increase of 13.2% in the average mass fraction of oxygen
in the catalyst layer compared to the type I interdigi-
tated flow field, due to intensification of convection flow
over the ribs at both the beginning and end of the flow
channel. Analysis of the plots of liquid saturation vs
power density shows that for a given power density, the
amount of liquid water that accumulates in the catalyst
layer is lower for the interdigitated flow field of type II
compared to type I and III flow fields.
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NOMENCLATURE

A Area (m2)
a Water activity
apt Effective specific surface area (m�1)
C Molar concentration (mol m�3)
Dgl Rate constant of the evaporation /condensa-

tion phase change (m2 s�1)
Dliq Diffusion coefficient of liquid water in flow

channels (m2 s�1)
Dk Diffusion coefficient of species at specified

pressure and temperature (m2 s�1)
Dmem
w Effective diffusion coefficient of dissolved

water in the membrane (m2 s�1)
Ek
i Reaction activation energy (J kmol�1)

EW Equivalent weight of dry membrane
(kg mol�1)

F Faraday constant (96 487 C mol�1)
h Measure of grid spacing (m)
I Current density (A m�2)
i
!

m Ionic current density in the membrane (A m�2)
J Sð Þ Leveret function
jidealO2

Ideal oxygen consumption rate in the cathode
catalyst layer (mol m�2 s�1)

j Tð Þ Reference transfer current per unit area as a
function of temperature (A m�2)

K Absolute permeability of porous media (m2)
Krl Relative permeability of liquid
KwDw Solubility of oxygen in liquid water (m2 s�1)
Mk Molecular weight of species k (kg mol�1)
_m Mass flow rate (kg s�1)
nd Electroosmotic drag coefficient
pc Capillary pressure (Pa)
p Pressure (Pa)
R universal gas constant (8.314 J mol�1 K�1)
Ran,Rca Anode and cathode exchange current den-

sity (A m�3)
Rsol,
Rmem

Electronic and protonic exchange current
density (A m�3)

Rliq,
Rion

Mass transfer resistance due to liquid water
and ionomer in the catalyst agglomer-
ates (S m�1)

ragg Agglomerate diameter (m)
S Liquid water saturation
Sk,Sm Source/sink terms for the specious conserva-

tion and continuity equations (kg m�3 s�1)
Su Source/sink terms for the momentum equa-

tion (kg m�2 s�2)
Sgd,
Sld, Sgl

The phase change rate between: water vapor
and dissolved water, liquid water and dis-
solved water, water vapor and liquid water
(kg m�3 s�1)

Sλ Source/sink terms for the dissolved water
(kg m�3 s�1)

T Absolute temperature (K)
t Time (s)
u
!
g Gas phase velocity (m s�1)

V Voltage (Volt)
Yk Mass fraction of a chemical species

Greek letters
α Charge transfer coefficient
γe,γc Evaporation/condensation rate con-

stants (m�2)
γgd,γld Liquid to dissolved phase mass transfer rate

constants (s�1)
Δp Pressure drop (Pa)
ε Porosity coefficient
εmem Volume fraction of a Nafion polymer
η Over-potential (Volt)
θc Contact angle (degree)
λ Membrane water content
μ Dynamic viscosity (Pa s)
ξ Stoichiometric coefficient
ρ Density (kg m�3)
σ Surface tension of liquid water (N m�1)
σsol Electronic conductivity (S m�1)
σmem Proton conductivity (S m�1)
τ
̿ Stress tensor (kg m�2 s�2)
ϕsol,
ϕmem

Electric potential of solid/membrane
phase (V)

χ Ratio of liquid flow to gas flow velocity

Subscripts/superscripts
an anode
bp bipolar plate
ca cathode
eff effective
equil equilibrium
g gas
l liquid
mem membrane
oc open-circuit potential
ref reference
sat saturation
wv water vapor

Abbreviations
ACL anode catalyst layer
CCL cathode catalyst layer
ch channel
CL catalyst layer
GDL gas diffusion layer
mem membrane
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