OPENaACCESS

Indian Journal of Production and Thermal Engineering (IJPTE)

ISSN: 2582-8029 (Online), Volume-5 Issue-5, August 2025

Effect of Channel Width on Flow Characteristics in
PEM Fuel Cell Anode and Cathode Flow Fields — a

CFD Study

Check for
updates

J. Karthikeyan, Ragul Kumar Kittusamy

Abstract: The performance of Proton Exchange Membrane Fuel
Cells (PEMFCs) is highly influenced by the geometric design of
the flow field channels that deliver reactants and remove by-
products. In this study, the effect of channel width in anode and
cathode flow fields with a four-channel multiple-pass short
serpentine (FCMPSS) configuration was investigated using
Computational Fluid Dynamics (CFD) simulations in ANSYS
Fluent under laminar flow conditions to identify optimal width
combinations. The analysis includes three anode and cathode
width combinations for a fixed channel depth of 1.25 mm and cell
active area of 112 cm?. The tested combinations are 0.8 mm, 1 mm,
and 1.2 mm for the anode, and 0.6 mm, 0.8 mm, and 1 mm for the
cathode, respectively. Flow rates are derived for the target current
density of 0.7 A/cm?. This study focuses on flow characteristics by
excluding electrochemical reactions to understand the flow
behaviour before incorporating electrochemical models, and was
validated through a grid independence study and Reynolds
number analysis. Simulation results showed that narrower
channels significantly increase pressure drop and reactant
velocity, thereby enhancing reactant convection and water
removal. However, they can also increase reactant pumping power
and the risk of membrane dehydration. Conversely, wider
channels reduce pressure drop and velocity, thereby lowering
pumping energy losses, but risk poor reactant distribution and
local flooding. The configuration with 1.0 mm anode and 0.8 mm
cathode widths achieved the most balanced performance,
exhibiting moderate pressure drops of approximately 2044 Pa and
8822 Pa, and corresponding velocities of 4.76 m/s and 4.17 m/s,
which support efficient transport phenomena while minimising
energy losses.
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Re: Reynolds Number
2D: Two-Dimensional
AP: Change in Pressure
AV: Change in Velocity

I. INTRODUCTION

Growing national concern over fossil fuel depletion and

climate change has positioned the proton exchange
membrane fuel cell (PEMFC) as a leading alternative power
system for the automotive industry [I]. PEMFCs are
attractive clean energy devices due to their low operating
temperature, quick start-up, and high-power density [2].
Their performance and efficiency are critically influenced by
the flow field design [3], which governs the transport of
hydrogen and oxygen to reaction sites and the removal of
water and heat.

In PEMFC stacks, the design of the anode and cathode flow
fields is critical for uniform reactant distribution and efficient
product removal. At higher power densities, increased water
formation within the stack necessitates optimized flow field
configurations to ensure effective water removal and prevent
flooding [4]. Serpentine flow fields are commonly employed
due to their ability to enhance convective mass transfer across
the electrode surface [5]. However, single long serpentine
channels can lead to significant pressure drops and reactant
depletion along the flow path [6]. To mitigate these
limitations, a four-channel multiple-pass short serpentine
(FCMPSS) configuration was employed in this study,
offering several advantages. Dividing the flow into multiple
shorter channels connected in series or parallel reduces the
overall pressure drop while maintaining a relatively long
residence time for effective reactant utilization [7]. The
multiple passes promote better cross-flow and under-rib
convection within the gas diffusion layer (GDL), leading to a
more uniform distribution of reactants and improved removal
of product water, particularly in the cathode [8]. This
enhanced mass transport uniformity ultimately contributes to
higher overall fuel cell performance and durability compared
to traditional single-pass serpentine designs.

Although PEMFC  operation involves complex
electrochemical reactions, preliminary flow field studies that
exclude electrochemical reactions still offer valuable insights
before proceeding with electrochemical flow analysis [9].
Accurate fluid flow and pressure distribution analysis helps
identify optimal channel geometries, enabling designers to
mitigate issues such as flooding, starvation, and excessive
pressure drops before incorporating
complete electrochemical
modelling [10]. A moderate
pressure drop across these
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flow fields is essential to balance several competing factors
such as sufficient reactant supply, mass transport, uniform
distribution, and parasitic losses, which significantly
influence fuel cell performance [11].

On the other hand, the reactant velocity in PEMFCs has a
significant impact on their performance [12]. Low velocity
leads to insufficient reactant delivery, increased
concentration polarization, inadequate water removal
(especially in the cathode), and non-uniform reactant
distribution. Moderate velocity provides an optimal balance
between reactant supply and product removal, efficient mass
transport, relatively uniform distribution, and acceptable
pressure drop. High velocity increases reactant delivery and
improves water removal, but it results in a higher pressure
drop, significant parasitic losses, and potential membrane
dehydration [13]. Therefore, the flow field design must strike
a balance: providing sufficient pressure drop with moderate
velocity to ensure adequate reactant supply and mass
transport, while minimising excessive pressure drop to avoid
significant parasitic losses [14].

This study aims to design anode and cathode flow fields
employing an FCMPSS flow configuration. Further,

investigates the effect of varying channel width combinations
on pressure drop and velocity distribution within the anode
and cathode flow fields using CFD simulations.

II. FLOW FIELD DESIGN

The anode and cathode flow fields were designed in an
FCMPSS configuration using SolidWorks. Each design
incorporates four distributors that connect the manifold to the
flow field at the inlet and vice versa at the outlet. The reactant
entering the inlet manifold splits into four streams and then
flows through the flow field. The flow field is situated within
the active area of the PEM fuel cell, where the
electrochemical reaction takes place via the membrane
electrode assembly (MEA) positioned between the anode and
cathode flow fields. Unconsumed reactants or reaction by-
products are leaving the cell due to the pressure energy of the
reactant flow. Table 1 presents the anode and flow field cases
considered for CFD studies, and Figure 1 shows two-
dimensional computer-aided design (2D-CAD) models of the
following anode and cathode flow field combinations: a)
A0.8 & C0.6,b) A1 & C0.8,and c) 1.2 & C1.

Table 1. Flow Field Cases Considered for CFD Studies

Flow field Case Channel Width Channel Depth No. of Passes per Total Length of
(mm) (mm) Channel Channels (mm)

A0.8 0.8 18 5471.16

Anode Al 1 15 4658.7

Al.2 1.2 125 14 4412.46

C0.6 0.6 ’ 20 5965.63

Cathode C0.8 0.8 18 5471.16

Cl 1 15 4658.7
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[Fig.1: 2D CAD Model of Anode and Cathode Flow Field Combinations a) A0.8 & C0.6, b) A1 & C0.8, and c¢) A1.2 & C1]

III. MATHEMATICAL MODELLING

A two-dimensional, steady-state simulation model, based
on the incompressible Navier-Stokes equations with laminar
flow assumptions, was employed [15]. The study did not
include electrochemistry, heat transfer analysis, or the GDL.
The incompressible Navier-Stokes equations are as follows:

Continuity equation:

du

+ av_
0x

oy €Y)

Momentum equation:

(L PRCL L D2 (azu 02u)
p(6t+u6x+v6y) Bx+ 0x? +6y2 - (2)

BTy O (0 o)
p(6t+u6x+v6y) By+ 0x? +0y2 - (3)

Where u and v are velocity vectors in the x and y direction,
p and p are the density and dynamic viscosity of the reactants.
Commercial software, ANSYS Fluent R19.0, was employed
to solve the governing equations. Boundary conditions were
specified at the inlet and outlet for all models studied to solve
the governing equations. Mass flow rates were fixed at the
inlet, and the pressure was determined at the outlet. The
boundary conditions imposed for computational modelling
are as follows and illustrated in Figure 2.

Inlet boundary condition:

Minlet = Min ... (4)
Outlet boundary condition:
Poutiet = Pout (5)

Wall boundary condition:

A no-slip boundary condition was imposed for all walls and
ribs.
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[Fig.2: FCMPSS’s Fluid Domain and Boundary Conditions]

The working fluid used in this study was hydrogen (H2) for
the anode and oxygen (O2) for the cathode flow fields. The
initial mass flow rate for H> and O; was calculated using
Equation (6) [16], as given below,

Mass flow rate of the reactants m = % (moles/sec) ...
(6)
N — Number of cells
A — Stoichiometric ratio of reactants [17]
Ap,=12102
Aop,=1.5t02
A — Active area of the cell (cm?)
n — Number of electrons per molecule
n =2 for H,
n =4 for O,
f — Faraday’s constant = 96,485 coulombs/electron-mole.

The obtained mass flow rate for H, is 9.755 x 10”7 kg/s, and
O is 1.3 x 10. The outlet pressure for all cases was kept
constant at atmospheric pressure, i.e., 0 bar gauge pressure.
For the ANSYS simulations, the spatial discretization was
handled with the following
methods for the interpolation
function.  Gradients were
calculated with the Ileast
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squares cell-based method. The pressure terms were
discretized using a second-order scheme, and the momentum
terms were discretized with a second-order upwind scheme.
The algebraic multigrid (AMG) solver was used to solve the
linear equation with under-relaxation factors of 0.3 for
pressure and 0.7 for momentum. The convergence residual
values for continuity and momentum (X, y, and z velocities)
are maintained at 1 x 10"-6, respectively.

To ensure the numerical study had the proper number of

independence test was conducted. A quadrilateral linear mesh
was generated for this study, and the change in pressure and
velocity components was captured to determine the proper
element size. Four different element sizes were used for this
optimization study: 0.2 mm, 0.15 mm, 0.1 mm and 0.05 mm.
Further decreasing the element size increases the total
number of elements generated in a model, thereby reducing
convergence difficulties. The numerical results for the grid
independence test, using different element sizes and mesh

elements and optimum computation time, a grid parameters, are presented in Table 2.
Table 2. Grid Independence Study for Al case
Inlet Outlet Inlet Outlet
S]izzl:l?;:;) Ei: g;eonfts Skewness | Orthogonality %il;ll?g’t Pressure | Pressure Pout (f’::) Velocity Velocity (ﬁl}ls)
Pin (Pa) (Pa) Vin (m/s) Vout (M/s)
0.2 853370 3.23E-02 0.97966 0.977 460.8 28.8 432 5.819 0.3233 5.4957
0.15 1759976 5.97E-02 0.99435 0.9822 481.1 30.07 4531'0 6.81 0.3783 6.4317
0.1 6118125 1.55E-02 0.99711 0.99385 544.9 34.01 3 138 7.62 0.3233 7.2967
0.05 11712450 1.22E-02 0.99876 0.99921 546.2 33.72 3 1;'4 7.77 0.3022 7.4678

The grid independence study shows that AP and AV are
very close for element sizes of 0.1 and 0.05. Thus,
considering accuracy and iteration time, an element size of
0.1 mm was chosen. This element size was used for all
models in this paper because the active areas, rib and channel
sizes for all models were the same. The velocity and pressure
distributions of the four flow field designs were compared
using simulation models.

IV. THEORETICAL VALIDATION OF LAMINAR
FLOW ASSUMPTION

For the flow to be laminar in a rectangular duct, the
Reynolds (Re) number should be <2300 [18]. The Re can be
calculated as follows,

From the continuity equation,

Volumetric flow rate of the reactant is Q = Acv (m?/sec)
(7
A.— Cross-sectional area of the channel (m?)
v — Velocity of the reactant (m/s)
L NG)
p — Density of the reactant (kg/m?)
2(dxw)

d+w

d — Depth of the channel (m)
w — Width of the channel (m)

Anode

Reynolds number, Re =

Dy — Hydraulic diameter =

v — Velocity of the reactants (m/s)
u — Dynamic viscosity of the reactants (kg-m/s)

iy, = 0.84 x 107 kg-m/s

Ho,= 2.064 x 10~ kg-m/s

Using Equations (7) and (8), the Reynolds numbers for all

the considered study cases were calculated, and the results are
presented in Table 3. For all the instances, the calculated Re
values were consistently below the critical threshold of 2300,
thereby confirming that the flow regime was laminar.
Consequently, the assumption of laminar flow is validated for
the present CFD studies.

Table 3. Reynolds Numbers for the Study Cases

Iv‘vl:ggf Reynolds Cathode Reynolds
(mm) number (Re) width (mm) number (Re)
0.8 328.82 0.6 2184.60
1 281.84 0.8 1764.48
1.2 250.53 1 1512.41

V. RESULTS AND DISCUSSION
A. Pressure Drop Analysis

The pressure distribution within the anode and cathode flow
fields for each channel width combination is illustrated in
Figure 3. The pressure drop results are summarized in Table
4.

Cathode

Pressure
Contour 1
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|Fig.3. Pressure Contours of Anode and Cathode Flow Field Combinations: a) A0.8 & C0.6, b) A1 & C0.8, and ¢) 1.2 & C1]

On the anode side, it was observed that as the channel width
increased from 0.8 mm to 1.2 mm, the total pressure drop
decreased significantly. Specifically, the narrowest channel
(A0.8) exhibited a total pressure drop of 3948.72 Pa (0.040
bar), whereas the widest channel (A1.2) exhibited the lowest
total pressure drop of 1328 Pa (0.013 bar). This trend can be
attributed to the larger cross-sectional area of the flow, which
reduces flow resistance.

Similarly, on the cathode side, a decrease in pressure drop
was observed as the channel width increased. The narrowest
cathode channel (C0.6) showed a substantially higher total
pressure drop of 18,375.2 Pa (0.180 bar) compared to the C1
case, which demonstrated a pressure drop of 4652.56 Pa
(0.047 bar).

Table 4. Total Pressure Drop in the Anode and Cathode Flow Field Channels

Anode Pressure Total Total Cathode Pressure Total Total
width Drop per Pressure Pressure . Drop per Pressure Pressure
(mm) Channel (Pa) Drop (Pa) Drop (bar) width (mm) Channel (Pa) Drop (Pa) Drop (bar)
0.8 987.18 3948.72 0.040 0.6 4593.8 18375.2 0.180
1 511 2044 0.020 0.8 2205.6 8822.4 0.088
1.2 332 1328 0.013 1 1163.14 4652.56 0.047

This inverse relationship between channel width and
pressure drop is attributed to the reduced hydraulic resistance
in wider channels, facilitating more effortless reactant flow.
However, excessive widening can compromise reactant
distribution and water management, especially on the cathode
side. The higher pressure drop in narrower channels enhances
reactant transport but leads to increased parasitic losses,
which is undesirable for overall fuel cell efficiency [19].

Among all combinations, the Al and C0.8 configuration
achieved a balanced performance
with moderate pressure drops (2044 Pa for the Al case and
8822.4 Pa for the C0.8 case), ensuring effective reactant
transport while limiting parasitic energy losses incurred for
pumping reactants into the stack.

B. Velocity distribution

The velocity contours for different channel width
combinations are shown in Figure 4. Additionally, the
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average velocities within the flow fields were calculated and
summarized in Table 5.

As expected, narrower channels led to higher average
velocities due to the smaller flow cross-sectional area for the
same mass flow rate. In the anode flow field, the average
velocity decreased from 5.81 m/s (for A0.8 case) to 3.75 m/s
(for A1.2 case) as the channel width increased. Similarly, in
the cathode flow field, the average velocity decreased from
5.12 m/s (for the CO0.6 case) to 3.40 m/s (for the C1 case).

Higher average velocities in narrow channels enhance
reactant convection and promote efficient water removal,
which is especially critical for cathode operation. However,
they also contribute to greater pressure drops and can risk
membrane dehydration if excessively high. Conversely,
lower velocities in wider channels
favour reduced parasitic losses
but may risk insufficient
reactant delivery and water
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accumulation, potentially leading to local flooding and
performance degradation [20].
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|Fig.4: Velocity Contours of Anode and Cathode Flow Field Combinations: a) A0.8 & C0.6, b) A1 & C0.8, and ¢) 1.2 & C1]
Table 5. Average Velocities for Different Anode and Cathode Channel Widths

Anode width (mm) Average velocity (m/s) Cathode width (mm) Average velocity (m/s)
0.8 5.81 0.6 5.12
1.0 4.76 0.8 4.17
1.2 3.75 1.0 3.40

Among the studied cases, the A1 and C0.8 configuration,
with an anode average velocity of 4.76 m/s and a cathode
average velocity of 4.17 m/s, provided an optimal moderate
velocity range. This balance supports uniform reactant
distribution and efficient water management without
introducing significant energy penalties or membrane drying
risks, making it the most promising combination.

VI. CONCLUSION

This CFD study investigated the influence of channel width
variations on the flow characteristics within the anode and
cathode flow fields of a PEMFC employing a 4CMPSS
configuration under laminar conditions, providing a
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foundational understanding of flow behaviour before
incorporating electrochemical models. The results showed a
clear inverse relationship between channel width and both
pressure drop and flow velocity. Narrower channels resulted
in higher pressure drops and average velocities, enhancing
reactant convection, which can increase the reactant pumping
power and the risk of membrane dehydration. Conversely,
wider channels reduce pressure drops and velocities, which
can minimise reactant pumping power but potentially
compromise reactant delivery and water removal efficiency.

Among the studied cases, the 1
The 0.8 mm anode (A0.8) and
0.8 mm cathode (C0.8) widths
provided the most balanced
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performance. This case maintained moderate pressure drops
(2044 Pa at the anode and 8822 Pa at the cathode) and average
velocities (4.76 m/s at the anode and 4.17 m/s at the cathode),
ensuring efficient reactant distribution, effective water
management, and minimised parasitic losses. These results
underscore the crucial importance of optimising channel
dimensions to strike a delicate balance between fluid dynamic
resistance, reactant transport, and overall fuel cell
performance. These findings provide a valuable reference
point for further research involving electrochemical
reactions, multi-physics coupling, and comprehensive
performance evaluation for practical PEMFC applications.
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