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This study investigates flow fields and flow field plates (bipolar plates) in proton exchange membrane
fuel cells. In this regard, the main design considerations and limitations for a flow field network have
been examined, along with a comprehensive review of currently available flow field channel configura-
tions. Also, the common materials and material properties used for flow field plates have been explored.

Furthermore, a case study of step-by-step modeling for an optimum flow field design has been presented
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in-details. Finally, a parametric study has been conducted with respect to many design and performance
parameters in a flow field plate.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen and fuel cell systems are the most important candi-
dates to meet the energy demand in the near future [1]. In the pro-
ton exchange membrane (PEM) fuel cells, uniformity of reactants
distribution to and inside each individual unit cell is indispensable
to obtain optimum performance from the fuel cell stack. The design
of the reactants manifold guarantees delivery of reactants to each
individual cell, while the flow fields distribute the reactant gasses
received from the manifold evenly over the active area of each
individual unit cell. Thus, the main function of flow fields is to
evenly distribute the reactants to the gas diffusion layer (GDL)
and then to the active catalyst layer in the membrane electrode
assembly (MEA) through the porous electrode while maintaining
a minimum pressure drop [2-7].

Delivery of reactants and removal of products from a PEMFC is
crucial for optimum performance and durability. Flow-field design
of bipolar plates is the main actor for these processes. Power capac-
ity value of a PEMFC can be affected by the flow field design exces-
sively. Homogeneous current and temperature distribution along
with effective water removal are crucial tasks, and require a careful
flow field design in a PEMFC.

Fig. 1 illustrates this concept. Bipolar plates, also called flow
field plates, constitute more than 60% of the weight and 30% of
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the total cost in a fuel cell stack [9]. Table 1 lists the main functions
a bipolar plate performs in a PEMFC and the corresponding
properties.

The main task of designing a flow field network is to achieve the
maximum possible homogeneity over the cell’s active area, which
means using the hydrogen effectively [10], with respect to temper-
ature, gas concentration, and humidity. The stoichiometry and
composition of the reactants and the stack’s operating conditions
have to be accurately accounted for [11,12]. However, this is not
an easy task due to many conflicting design parameters that have
opposing effect on the overall fuel cell efficiency. Therefore, the
main constraint to an optimum design of a flow field is the com-
plex balance between these parameters [13].

Bipolar plates are counted for around 60% of the total cost of the
stack. Also, an optimal design of the bipolar plate can improve the
overall stack performance considerably, as high as 50%. Due to
these significant importance and their critical roles, in this manu-
script bipolar plates have been studied in detail presenting design
considerations and constraints, bipolar plate materials, channel
configurations, channel-land dimensions and shape, flow direc-
tions, pressure drop, heat and mass transfer, as well as electrical
conductivity and resistivity.

2. Bipolar plate materials

In order for a bipolar plate to perform the functions listed in
Table 1, it must be manufactured from materials with properties
that satisfy the necessary requirements.
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Nomenclature

LtoC = “j"Té land-to-channel ratio

WL land width (m)

W channel width (m)

dc channel depth (m)

dgp bipolar plate depth (m)

dGDL GDL depth (m)

Pep2 resistivity of the bipolar plate in the z-direction (Q cm)
Prpxy resistivity of the bipolar plate in the xy-plane (Q cm)
PopLz resistivity of the GDL in the z-direction (Q cm)

PopLxy  resistivity of the GDL in the xy-plane (Q cm)

Rcr contact resistance between the GDL and the bipolar
plate (Q cm?)

lensity eo—c.  current density at the GDL-catalyst layer interface
(A/cm?)

\% Poisson’s ratio

P pressure (kPa)

E Young’s modulus (kPa)

t thickness of the MEA (mm)

b unsupported channel width (mm)

L channel length (mm)

(AP)paratier  Pressure drop across a parallel-channel flow field (Pa)
f friction factor

L channel length (m)

Dy hydraulic diameter (m)

p fluid density (kg/m?)

Vavg average velocity (m/s)

Ky local resistance found experimentally

Ajcive  cell active area (m?)

Nchannets Number of parallel channels

Acs cross-sectional area of the channel (m?)

p wetted perimeter of the channel, (m)

Neens number of cells

| stack current (A)

So, oxygen stoichiometric ratio

Sh, hydrogen stoichiometric ratio

R universal gas constant, equal to 8.314 (J/mol K)
Tin stack’s inlet temperature (K)

F Faraday’s constant, equal to 96,485 (C/mol)

P;, stack inlet pressure (Pa)

o relative humidity

Psacar,,  Saturation pressure at the given inlet temperature (Pa)
Ty, hydrogen volume fraction in the fuel mixture
Io, oxygen volume fraction in the air mixture
Qquackin  Stack’s inlet volumetric flow rate (m?/s)

Re Reynolds’s number

R fluid viscosity, (kg/m s)

£ relative roughness (absolute roughness divided by the

channel’s inner diameter)

lgensity  current density (A/m?)
(AP)porous  Pressure drop across a porous flow field (Pa)
Qcen volumetric flow rate through a cell (m?/s)

K permeability of the porous flow field (m?)

Acs cross-sectional area of the flow field (m?)

L length of the flow field (m)

Ngéls molar flow rate of the oxidant or fuel

Pyvap partial pressure of the water vapor in the gas stream

Pr total gas pressure (Pa)

Up mean velocity (m/s)

H height of the channel (m)

Vi central location of each node (m)

Ay distance between adjacent nodes (m)

N number of nodes

ci specific heat capacity (J/kg K)

W depth of the channel (m)

T temperature (K)

k conductivity (W/m k)

Ts plate surface temperature (k)

Aclecirode €lectrode’s surface area.

hm mass transfer coefficient.

ACim logarithmic concentration difference

Sh Sherwood number

D;i; binary diffusion coefficient for species i and j

Tres temperature at which the binary diffusion coefficient is
known

T temperature of the reactant

Chnin mean concentration at the flow channel inlet

Cm.out mean concentration at the flow channel outlet

A, apparent contact area between the GDL and the bipolar
plate,(m?)

K geometric constant

G topothesy of a surface profile.

D fractal dimension of a surface profile

P’ ratio of the actual clamping pressure and comprehen-
sive modulus of GDL

K effective electrical conductivity of the two surfaces (S/
m)

P contact resistivity (Q cm?)

P contact clamping pressure (MPa)

A B, and C experimental constants

L distance between the bypass location to the bypass
emergence point

\Y channel bulk flow velocity

Uayg bulk average velocity through the GDL

AS porous GDL thickness in the flow direction (equivalent
to the land width, wy)

dy channel’s hydraulic diameter, found (in general and for
a rectangular channel, respectively)

Acs cross-sectional area of the channel

p wetted perimeter of the channel

€ porosity of the porous medium

ds diameter of the theoretical spherical particles the med-
ium is modeled to consist of (pore diameter)

In general, there are two main families of materials that are
commonly used for the production of bipolar plates; graphite
and metals. Despite its high cost, solid graphite is commonly used
due to its corrosion resistance, chemical inertness and good con-
ductivity. However, their favorableness is decreasing due to the
fact that they cannot be mass produced since flow channels need
to be machined or electrochemically etched on the graphite bipolar
plate surface. In contrast to graphite, metallic plates are suitable
for mass production in very thin layers for lightweight and porta-
ble stacks. Some of the main material properties of graphite/com-
posite and metallic bipolar plates have been listed in Table 2,
respectively.

Metals can dissolve and diffuse into the electrolyte, which is
usual in the corrosive environment of the bipolar plates. This pro-
cess lowers ionic conductivity, and fuel cell’s overall efficiency and
life. Some materials such as graphite, gold, silver, palladium, plat-
inum, carbon and conductive polymer are used to coat the bipolar
plate, and prevent corrosion while promoting conductivity. Com-
mon coating concerns are corrosion resistance, micro-pores/
cracks and more importantly difference in the thermal expansion
coefficient compared to the plate itself.

Table 3 includes common materials used for coatings. These
materials are selected based on their conductivity, corrosion resis-
tance, thermal expansion, and the absence of micro-pores/cracks.
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