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HIGHLIGHTS

¢ 3D numerical simulation of flow field improvement for PEMFC.
e Improved method for full morphological reconstruction of metal foam.

o Build sufficient metal foam-GDL contact area.

e Denser metal foam PEMFC offers better performance at high current densities.
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Recently, Proton Exchange Membrane Fuel Cell (PEMFC) with metal foam flow field has
attracted extensive attention from scholars. In the present work, the full morphological
reconstruction method of metal foam is improved and is successfully applied to a three-
dimensional simulation of a metal foam PEMFC. The numerical predictions of metal
foam PEMFC before and after reconstruction improvement are compared. The numerical
results of the traditional channel flow field and two metal foam flow fields with pore sizes
(40PPI and 100PPI) are compared. It is found that the application of metal foam can greatly
improve the performance of PEMFC at higher current densities, and the smaller pore size
(100PPI) of the metal foam makes the performance better. In addition, the numerical re-
sults of the oxygen concentration, ohmic loss, intra-membrane ionic current density and
pressure drop of the cathode component are elaborated to explain the phenomenon.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Hydrogen is widely recognized as the next-generation energy
source because generating electricity from hydrogen does not
generate any greenhouse gases at the point of use. One major
application of hydrogen is to feed fuel cells. Among several

* Corresponding author.

types of fuel cells, the proton exchange membrane fuel cell
(PEMEC) is probably the most widely studied and applied, and
its commercialization is underway. Of the many device-level
and infrastructure challenges that need to be overcome
before its successful commercialization can be realized, one of
the most critical requirements is increasing the PEMFC power
density [1,2] per unit volume or unit weight.
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List of symbols and abbreviations:

Symbols

water activity

cell geometric area, [m?]

molar concentration, [mol m~—]

specific heat, [J kg~* K]

mass diffusivity, [m? s]

equivalent weight of membrane

Faraday's constant, [96,485,000 C kmol’l]
latent heat, [J kg ']

current density, [A cm 2|

reaction rate, [A m ]

volumetric exchange current density, [A m 3]
thermal conductivity, [W m* K]
permeability, [m?]

mass flow rate, [kg s

molecular weight, kg kmol ™

nd electro-osmotic drag coefficient, H,O per OH™
P pressure, [Pa]

R universal gas constant, [8314 ] kmol~* K~}
Re Reynolds number

RH relative humidity

volume fraction

source terms, entropy, [J kmol~* K]
temperature, [K]

volume averaged cell temperature, [K]
velocity, [m s

electrical potential, [V]

mole fraction

transfer coefficient

liquid water volume fraction in flow channel
water phase change rate, [s7}]

porosity

water transfer rate, [s7}]

pumping efficiency

overpotential, [V]

contact angle, [°]

interfacial drag coefficient

electrical conductivity, [S m™}]

S T”UEU“O"’>9

(P ey

23 m~
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A water content in ionomer

i dynamic viscosity, kgm ™' s7Y]
3 stoichiometry ratio

p density, [kg m~]

o surface tension, [N m~]

) electronic potential

© volume fraction of ionomer in catalyst layer
Acronym

BP Bipolar plate

CL Catalyst layer

cond condensation

diff water diffusion

eff effective

ele electronic

equil equilibrium

EOD electro-osmotic drag

evap evaporation

fl fluid phase

g gas phase

GDL Gas diffusion layer

i,j the iy, and jy, components

in inlet

Ih latent heat

Iq liquid water

m mass

MEM Membrane

m-—1 membrane water to liquid (vice versa)
mw membrane water

out outlet

PEMFC Proton exchange membrane fuel cell
PPI Pores Per Linear Inch

ref reference state

rev reversible

sat saturation

sl solid phase

vp water vapor

v—1 vapor to liquid (vice versa)

w water in vapor phase

Bipolar plate is one of the most important components of
the PEMFC, and its structure has a significant impact on the
water, thermal management, and electrical transmission of
the PEMFC [3-8]. In the absence of surprising upgrades in
other components of the PEMFC, improving its structure and
performance is undoubtedly one of the most economical ways
to enhance PEMFC performance [9,10]. The essential re-
quirements for the design of the bipolar plate are the uniform
distribution of flow species, temperatures and reactants over
the whole electrode surface, effective removal of products
from the fuel cell to minimize the mass transport losses and
acceptable reactant pressure drop and manufacturing
complexity. Even though studies on the size and shape of the
PEMFC flow field have been conducted for about three de-
cades, with the ever-increasing requirements for PEMFC

performance, the development of high-performance flow
fields is still very helpful. With the rapid development of the
PEMFC technology, more researchers concentrate their focus
on the metal-foam flow field as can be witnessed from recent
publications [11-17].

In the study of the metal foam flow field, most researchers
treated the metal foam flow field as a homogeneous porous
medium, so Darcy's law is applied directly for determining
flow resistance. Jo et al. [14] and Lim et al. [18] numerically
investigated the water-removal characteristics of PEMFC by
using metal foam as cathode flow field based on the homo-
geneous assumption. The simulation results of [14] show that
PEMFC using metal foam as cathode has excellent water
management and uniform oxygen distribution. Carton and
Olabi [12] adopted a representative structure model based on
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the dodecahedron cell and only the flow characteristics of
open-cell foam were numerically studied. In Refs. [11,13]
experimental studies were conducted to measure the PEMFC
performance using metal foam flow fields for the cathode. It
was reported that compared with the conventional solid flow
field the maximum power output can be increased by 60%.
Shin et al. [13] tested the performance of four kinds of metal
foam fuel cells with different pore sizes, and explained the
performance differences between fuel cells by roughly calcu-
lating the contact area between metal foam and GDL. Actually,
in the operation of a metal foam flow field, the gaseous reac-
tant is distributed via the pore network, and electron/heat is
transmitted via the solid matrix, thus the full morphology
simulation is very important and can greatly impact the
model prediction [16]. To date, few studies have reconstructed
the full morphological structure of metal foam in PEMFC for
3D multi-phase simulation. Zhang et al. [16] used the REV
(representative elementary volume) method to reconstruct
the 3D structure of the foam, and then performed a numerical
simulation of the PEM fuel cell and compared it with the
straight channel fuel cell. However, due to the defects in the
reconstructed metal foam structure, the electrical conductiv-
ity was not taken into account. Very recently He [17] numer-
ically investigated the application of metal foam flow plates
for the cathode with different combinations, including single-
layered metal foam with GDL, single-layered metal foam
without GDL and double-layered metal foam without GDL. No
detailed morphology reconstruction was conducted.

In this paper, the reconstruction of the metal foam is con-
ducted very carefully to make the model structure close to the
real situation as much as possible. With this improved treat-
ment, the contact area between the metal foam and the GDL is
expanded which is believed to be closer to reality. By this
improved reconstruction, the electrical conductivity of the
metal foam canbe considered in the numerical simulation of the
PEMFC. The numerical predictions of PEMFC with metal foam
reconstructed by the conventional method and the improved
method of different metal foam densities will be compared.

The rest of this paper is organized as follows. In Section
Numerical model mathematical formulation and numerical
model will be presented in detail, including the governing
equations, boundary conditions, source term expressions,
numerical solution procedure and validation. Section Full
morphology construction of studied metal foam provides the
details of how the full morphology of the metal foam is
reconstructed. In Section Results and discussion numerical
results are provided and discussed. Finally, some conclusions
are drawn in Section Conclusions.

Numerical model
Assumptions

The numerical simulation of the present paper is based on the
following assumptions:

1. The flow is in steady state.
2. The reactant is an ideal gas mixture.
3. The gravity effect is neglected.

4. The flow is laminar and incompressible.

5. The amount of liquid water in both the anode and
cathode channels is zero because the large porosity of
the cathode metal foam can quickly move away the
generated water.

The above assumptions are widely adopted in the study of
PEMFC flow plates [16,19].

Conservation equations

The model governing equations include conservation of mass,
momentum, species, water, potential and energy. They are
listed in Table 1, and the source terms involved are presented
in Table 2.

Gas diffusion coefficients are very important parameters
affecting the transport process in the PEMFC and their values
are affected by the porosity and liquid water of the gas mixture.
Considering the effects of the porosity and liquid water, the
effective diffusivity of each species is determined by

Dfff =Die™* (1 - Sg) (1)

where D; (m? s7?) is the mass diffusivity of oxygen, hydrogen
and water vapor, ¢ is the porosity of CL or GDL, Sy, is the vol-
ume fraction of liquid water.

The reaction rates are calculated by the Butler-Volmer
equations:

0.5
. . C 20, F 2aF
Ja = (1 - Slq)}gif (Cizf> |:EXp <R—f‘r77act) - exp( - R—-C[-nact>:|

Hy

(2a)

. .ref [ C0,CH,0 4OLaF 40[CF
Je= (1 - SIQ)}O.C <C§}Cf-£fo> |:7 exp ( RT nact> + exp ( - T Nact
(2b)

where co,,cn, and cu,o (Mol m~3) represent the concentration
of oxygen, hydrogen and water, respectively.

Boundary conditions

The inlet mass flow rates are determined by:

pggalrefA
M= P, 2)
A
e = Fe (3b)

where pf and o5 (kg m~3) are the densities of the gas mixture in
anode and cathode, respectively; m, and m. (kgs!) are the
inlet mass flow rates of anode and cathode, respectively; £,
and ¢. are the stoichiometric ratios of anode and cathode,
respectively. Ls (Acm™2) is the reference current density;
A (m?) is the active area of CL.

In this study, symmetry boundaries are set on the walls
perpendicular to the flow direction, and the temperature of
other walls are fixed. The potentials at the end faces of the
anode and cathode bipolar plates (BP) are defined as:
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Table 1 — Conservation equations.

Property

Conservation equation

Domains

Mass of gas mixture

Momentum of gas mixture

Gas species

Liquid water
Membrane water content

Electronic potential
Ionic potential

Energy

V'(/’gﬂ)g) = °m
p U, 1, ur
v.(Pete¥e |\ _ _gp o V.<V< g +( g _
(82(1—Slq)2> Py ke 5(1fslq) ‘9(1751q)
2 Ug
37 (V ((1))) o

Ve (pgUgY;) = V+(pgDEIVY;) + S;

Ve (tpq Ug) = V+(p1qDiqVS1q) + Siq
= ”g‘ﬁv- (D Vimw) = Smw
0= V'(K:gV(pele) + Sele

0= V‘(Kiegfngion) + Sion

V- ((pCou)g T) = V- (E5VT) + 5

Flow channel,
GDL, CL
Flow channel,
GDL, CL

Flow channel,
GDL, CL
GDL, CL

Membrane, CL
CL, GDL, BP
Membrane, CL
All the domains

¢Zle = Vrev - Vout =N

$5e =0

ele

(4a) where V., (in volt) is the reversible voltage, Vo (in volt) is the
output voltage, and 7 (V) is the overpotential and means the

(4b) total voltage loss.

Table 2 — Source terms.

Source term Unit
Sm = SH2 = S()2 R Sv—p kg m’:” 571
2 -2
7@7g (in CL and GDL) kgm s
Sy = Kg
0 (in other zones)
Ja : kgm 3s?t
{ —=Mpy, (in anode CL)
Su, =4 2
0 (in other zones)
Je M (in cathode CL) kgm—=>s!
So, = { 4F
0 (in other zones)
s _[-S+1 (inCLandGDL) kgm 3s?!
w 0 (in other zones)
' i kem3s?
JfaMH;o + Sy_1 + Sm-1MH,0 + Siop (in anode CL) g
Siq = —é_CFMHzo + Syt + Sm_1Mu,0 + Stop  (in cathode CL)
Syt (in GDL)
0 (in other zones)
—Sm-1 (in CL) kmolm3s?
Smo = _SEopVEL +Si00VEs 41 emmbrane)
VmemMHzO
—ja  (in anode CL) Am3
Sele =< Jje (incathode CL)
(in other zones)
ja  (inanode CL) Am3
Sion —je (in cathode CL)
0 (inother zones)
TAS . . Wm?
JEZF +Jalnact] + [ Voete | K5 + [Voion|*4E + S (in anodeCL)
jcl"]actl + HV(peleHZKglfé + HV%OHHZ iegé aF S]h (il’l cathode CL)
Se = IVpetel|*<EfE + S (in GDL)
[Voerel|*<SE (in BP)
[[Vion 1 <50, (in membrane)
0 (in other zones)
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Numerical procedure

In this study, commercial software Fluent is used to solve the
conservation equations with user-defined functions (UDF). As
far as the grid system is concerned, the metal foam, the flow
field, BP and GDL of the cathode adopt unstructured grid cells,
and those of the anode (where parallel channel flow field is
used) adopt structured grids. The interface grids are designed
to smoothly connect the cathode GDL and CL grids for data
exchange. The entire computing domain contains a total of 7.6
million grids. The numerical simulations are conducted on
computer clusters by using two nodes with 64 threads (Intel
(R) Xeon (R) Gold 6130 CPU @ 2.1 GHz). The calculation is
considered convergent under the condition that the predicted
current densities of the cathode and anode plates are equal
and the relative change of each iteration is less than 0.01%. In
general, about ten thousand iterations are needed for nu-
merical convergence.

Model validation

The reliability of the model in this study is verified by
comparing the numerical simulation data and experimental
data of PEM fuel cells with flow plate of trapezoidal channel.
As far as validation is concerned, it is relevant to the 3D
multiphase model for the PEFMC, and is not related to the
specific structure of flow plate. Once this model is validated, it
can be used to study the performance of PEMFC with the new
flow plate. The experimental data come from Shanghai
Automotive Industry Corporation, and the geometric param-
eters and operating conditions of the PEMFC used for model
validation are shown in Table 3.

The tested and simulated polarization curves are shown in
Fig. 1. It can be seen that the polarization curve predicted by
this model is in good agreement with the experimental data,

Table 3 — Geometric parameters and operation conditions

for model validation.

Parameters Unit Value
Rib width mm 0.2
Anode CL thickness um 5
Cathode CL thickness um 9
Channel height mm 0.35
Cooling channel height mm 0.7
GDL thickness pum 180
Membrane thickness pum 10
MPL thickness um 30
Channel length mm 100
Trapezoidal channel width mm 1/0.6
Double trapezoidal cooling channel width mm 1.28/0.88
Typical cell bipolar plate width mm 2
Anode pressure (absolute pressure) atm 2.4
Cathode pressure (absolute pressure) atm 2.6
Anode inlet humidity 40%
Cathode inlet humidity 0%
Anode stoichiometric ratio 2.2
Cathode stoichiometric ratio 2.2
Anode inlet temperature K 353.15
Cathode inlet temperature K 356.15
Cooling water temperature K 354.65

1.1

—u— Experimental result

1.0 F ; .
—e— Simulation result
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Fig. 1 — The polarization curves of experimental results
and simulation results.

and the error between the simulation results and the experi-
mental data at the same current density is less than 5%, which
verifies the reliability of the numerical model.

As indicated above, the purpose of comparison is to verify
the 3D model. Therefore the data for the straight channel flow
plate are used. Even though the test data for a PEMFC with
metal foam are available [20], the use of such data makes the
grid number enormous. For instance, if the experimental
verification is carried out for a small size of a fuel cell with an
area of 25 cm?, the grid number will reach nearly 0.8billion,
which is unacceptable for the present numerical simulation.

Full morphology construction of studied metal
foam

Fig. 2 shows the SEM image of the actual nickel metal foam
[11]. To construct a model with a full morphology of the real
metal foam, the first step is to make some acceptable geo-
metric simplifications. Usually, the REV method is adopted, in
which metal foams are simplified to an array of uniformly

Fig. 2 — SEM image of Ni metal foam [11].
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distributed, equal-sized cubic cells. In this regard, different
geometrical models have been proposed.

Some scholars assume that the repeated cell of metal foam
is tetrakaidecahedron [21], while others believe that the model
of dodecahedral cells is more appropriate [12,16]. The geom-
etries of the tetrakaidecahedron and dodecahedron are shown
in Fig. 3 (a) and (b), respectively. The latter is used in this
article because it is more widely recognized. There are 20
vertices and 30 edges in a single isolated dodecahedral cell. In
the metal foam, the edges of the cells are often referred to as
ligaments, and their cross-sections are viewed as triangles.

Shin et al. [13] experimentally analyzed the high frequency
resistance of metal foam PEM fuel cells and concluded that the
use of metal foam instead of conventional flow channels can
lead to a reduction in ohmic loss. Ref. [13] explained the
enhancement of metal foam fuel cell performance by using a
number of assumptions to roughly calculate the contact area
of the metal foam to the GDL. They assumed four shapes for
the pore (square, hexagonal, octagonal and circular), and
calculated the support thickness for each shape. Fig. 4 shows
the schematics of the four hypothetical shapes, and it was
assumed that the metal foam is in contact with the GDL
through these shapes. These shapes consist of ligament sur-
faces. Ref. [13] measured the width of ligament surfaces by
micrographic method. The cell size of the four metal foams
measured ranged from 450 pm to 1200 pm, the density ranged
from 21 PPI to 56 PPI, the pore size ranged from 225 pm to
600 um, and the measured ligament surface width ranged
from 63 um to 138 pm. This assumption on the foam support
shape estimates an area of approximately 40% of the GDL
area, but this estimation is too large because the authors of
[13] assumed that these shapes completely contact the GDL
surface. In fact, the contact points between the metal foam
and the GDL are discontinuous, so the assumption of [13]
overestimates the value number of contacted area. The
improved reconstruction method proposed in this paper re-
sults in a metal foam-GDL contact area of approximately 20%
of the GDL area (the ligament surface width of the metal foam
is about 95 pm), which is approximately three times of the
contacted area obtained by the reconstruction method used in
Ref. [16]. It should be noted that the studies in Refs. [21,22]
were only for flow problems and the contacted area amount
would not have important effect on the flow characteristics.
The reconstructed results by the method used in Refs. [21,22]

Y
(a) (b)

Fig. 3 — (a) Geometry of a single tetrakaidecahedron; (b)
Geometry of a single dodecahedral.

and by the present method are compared in Fig. 5. Both
methods are based on the REV method and use regular,
repeated cells to reconstruct the metal foam. The method
used in Refs. [21,22] cuts the metal foam array to obtain the
required rectangular metal foam for the flow field of the fuel
cell. Thus, the contact surface between the metal foam and
the GDL is made up of several small surfaces created by cut-
ting (Fig. 5(a)). The metal foam-GDL contact surface obtained
by the present method consists of a series of ligament sur-
faces (Fig. 5(b)), thus effectively expanding the contact area.
The specific parameters such as contact area and permeability
are shown in Table 4 later.

SolidWorks is used to reconstruct the metal foam struc-
ture, and the process is shown in Fig. 6 from (a) to (d). The
cross-section size of the ligament is an important parameter
of metal foam that determines the porosity. In this paper, the
metal foam without compression is studied, and the required
porosity is obtained by adjusting the ligament width.

After the 3D structure is constructed, the permeability K of
the metal foam is calculated by Darcy's law.

iy

Ap
where p is the viscosity of air, L is the length of flow plates, Us
is the superficial velocity and Ap is the pressure drop. Through
numerical simulation for the pressure drop within a certain
length of the metal foam under different superficial velocities,
the K values can be obtained by Eq. (5). The obtained perme-
abilities of 40PPI and 100PPI metal foam are about 1.09 x 10~°
and 3.26 x 107'° respectively, which are within the widely
accepted range of metal foam [23-25].

In this paper, two forms of metal foams are constructed
depending on whether sufficient metal foam contact area is
reconstructed. They are respectively denoted as Metal foam
0 (MO, insufficient contact area) and Metal foam 1 (M1,
enhanced contact area). Their geometric parameters are listed
in Table 4.

It can be seen from Table 4 that M1 provides a larger con-
tact area with GDL than MO, which can reduce the ohmic loss
of PEMFC and make the numerical prediction closer to the real
situation. It is noted that the contact area of the 40PPI-M1
metal foam is similar to those of the 100PPI-M1, but the
permeability of 40PPI-M1 is approximately 3.3 times larger
than that of 100PPI-M1, seeming a bit overestimated. It is our
understanding that the metal foam contact area with the GDL
is not necessarily directly related to the permeability. The
permeability data shown in Table 4 are obtained by our nu-
merical simulation.

Computational domain and mesh configuration of the
metal foam PEMFC are shown in Fig. 7. Metal foam structures
are used only in the cathode flow region, and channel-rib
structures are used for the anode in this study. Tetrahedral
unstructured grids are used for the cathode flow region and its
adjacent components (current collector and GDL). However, in
the other part of the PEMFC structured grids are used with
hexahedral mesh. Interfaces are designed to smoothly link the
adjacent domains of tetrahedral and hexahedral meshes for
data exchange. The computational domain contains a total of
7.33 million cells confirmed by the grid-independence study.

()
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Fig. 4 — Schematics of assumed shapes of metal foam support.(a) square, (b) hexagonal, (c) octagonal and (d) circular [13].

The detailed geometric parameters and operation conditions
of the computational domain are shown in Table 5, and the
geometric parameters are similar to those in Ref. [16]. Since
one of the major purpose of this study is to improve the
morphological reconstruction method of the metal foam, a
very small fuel cell size (3 mm wide and 8 mm long) is used for

the numerical simulation. Therefore, liquid water accumula-
tion is not easily caused with the limited length of the flow
channel, so the “zero” water assumption of the flow channel
in this study is acceptable. In addition, the MPL is not
considered in this study which is a common practice in the
PEMFC simulation [26,27].

(@)

(b)

Fig. 5 — The metal foam-GDL contact areas of the two reconstruction methods. (a) Method used in Refs. [21,22] (b) Present

improved reconstruction method.
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Table 4 — Structural parameters of metal foams.

Type

Contact area
with GDL [mm?]

Permeability [m?] Porosity

40PPI - MO 8.02 x 1070 0.883 1.682
40PPI - M1 1.09 x 10~° 0.899 4.536
100PPI - M1 3.26 x 10°%° 0.890 4.602

Results and discussion
Polarization curve comparison between MO and M1

The performance of PEMFC is usually characterized by the
polarization and power density curves. Fig. 8 shows the po-
larization and power density curves of PEMFCs using different
flow fields at the cathode, including the channel-rib and the
metal foam flow plates 40PPI-MO and 40PPI-M1. Starting from
the ‘ohmic loss region’, the voltage of 40PPI-M1 is always
about 4%—5% higher than that of 40PPI-MO at the same current
density. Obviously, this is because the larger ohmic loss of MO
caused by insufficient structure, for which not enough metal
foam bottom area is built during reconstruction. The numer-
ical prediction results of 40PPI-M1 are much more realistic,
and such increasing trend is similar to the experimental re-
sults reported in Ref. [13]. Fig. 8 serves some kind of validation
of the present simulation. In the following, detailed

comparisons will be presented for the performance among the
three flow fields, channel-rib, 40PPI-M1, and 100PPI-M1.

The performance of PEMFC of metal foam flow field with
different PPI

Fig. 9 shows the comparison among the traditional channel-
rib PEM fuel cell, the 40PPI-M1 and the 100PPI-M1 ones. It
can be seen that up to the current density 3.5 A cm-2, the
PEMFCs with metal foam flow plate are still working in the
ohmic loss dominant region, exhibited by the almost linear
variation of output voltage with the current density. And in
this current density range the performance of the metal-foam
fuel cells is better than that of the channel-rib cell. In addition,
the performance of 100PPI-M1 is better than that of 40PPI-M1,
which is related to the contact area and contact pattern of the
metal foam with the GDL, as will be illustrated in Fig. 10. Under
the operating conditions of this paper, the current density of
100PPI-M1 is approximately 7% higher than channel-rib and
approximately 6.4% higher than 40PPI-M1 at the output
voltage Vot = 0.4 V.

Physical fields comparison

The in-plane overpotential contours for the three cases are
presented in Fig. 10. The differences between them are caused
by the ohmic losses existing in cathode current collector as-
sembly and the interface between the GDL and the flow field.

Fig. 6 — Reconstruction of metal foam: (a) a ligament; (b) a face; (c) a cell; (d) metal foam formed by cell array.
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Fig. 7 — Computational domain and mesh configuration of the Metal foam PEMFC.

Compared with the traditional channel-rib structure, the
metal foam flow plate has significant advantages in reducing
ohmic loss. The metal foam denser contacts with the GDL,
which effectively avoids the large ohmic losses which happen
under the channel of the channel-rib structure. It also makes
the contact plane maintain a low overpotential.

As mentioned in section The performance of PEMFC of
metal foam flow field with different PPI, both metal foam fuel
cells are still in the ohmic loss dominated region at current
densities above 2.0 A/cm?, when the smaller ohmic loss
inevitably leads to better performance. It can be seen from
Fig. 10 that compared with 40PPI-M1, the contact points of
100PPI-M1 and GDL are more uniformly distributed, which
leads to its lower average ohmic loss and better performance.
The ribs-GDL contact area of the channel-rib structure in this
study is 12 mm?, and the average interface overpotential is
about 20 mV. While the 100PPI-M1 metal foam-GDL contact
area is about 4.6 mm?, and the average overpotential at the

Table 5 — Geometric parameters.

Parameters Unit Value

Anode bipolar plate height mm 0.2
Cathode bipolar plate height mm  0.12

Channel height mm 0.4
GDL thickness mm 0.1
CL thickness pm 10
Membrane thickness um 25.4
MEA length mm 8
MEA width mm 3
Channel width mm 0.5
Rib width mm 0.5
GDL porosity = 0.8
CL porosity = 0.8

Inlet gas relative humidity = Anode:100%; cathode:100%
Stoichiometry ratio = Anode:1.5; cathode:2.2
Operating pressure atm 1

Operating temperature K 353.15

interface is only about 10.7 mV. In previous studies of
channel-rib fuel cells, it is generally believed that the contact
area of rib-GDL has a large effect on ohmic loss [28,29]. How-
ever, the results of this study show that the ohmic loss is
affected by a combination of contact area and contact pattern.
The metal foam makes up for the lack of contact area by dense
contact points.

Fig. 11 presents the oxygen molar concentration in the
cathode GDL and CL flow-direction cross-section. As can be
seen in the figure, metal foam enhances the transmission of
fluids and increases the concentration of reactants in the GDL
and CL. This advantage is more obvious under high current
densities. For the channel-rib flow plate, there is a large gap
between the concentration of reactants under the channel
and the ribs. The reactants need to diffuse from the channel to
the rib through GDL, which needs to overcome a large resis-
tance, resulting in uneven distribution and low concentration
of reactants in CL. At high current densities, there is no doubt
that the concentration of reactants under some ‘ribs’ in CL is
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—=— Channel-rib
09| —e—40PPI-MO R~ 408
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Fig. 8 — Polarization and power density curves of PEMFCs
with flow fields of channel-rib, 40PPI-MO0 and 40PPI-M1.
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Fig. 9 — Polarization and power density curves of PEMFCs
with channel-rib and two metal foam flow fields.

not sufficient to maintain such a high current density, leading
to obvious concentration loss of fuel cells. The application of
the metal foam flow field makes the oxygen distribution in
each component of the cathode more uniform, and more ox-
ygen in the flow domain enters into the GDL and CL, thus
relieving the starvation of the fuel cell to a great extent.

(a)

Channel-rib

uoi28.1p Moj4

Wloss /Aact = APuinAin/Aact/t (6)

Fig. 12 shows the pumping power density of PEM fuel cells
with channel-rib and 100PPI metal foam flow plate, as well as
the output electrical power increment of 100PPI PEMFC
compared with the channel-rib one. It can be seen that the
metal foam flow field requires about 14 times the pumping
power of the channel-rib flow field at the same voltage. This
may seem a frightening number, but in practice the increase
in pumping power is totally worth compared with the output
power increment (about 7.7%). And it can be expected that the
effect of pumping power increment will be weakened if the
cell is operating at higher current densities.

Finally, it's worth noting again the feasibility of the fifth
assumption about zero water in anode and cathode in this
paper. Generally speaking, flooding of metal foam flow fields
often happen. For example in Ref. [20] the compressed metal
foam of a porosity of 94.2% is used and the results was
compared to the three-channel serpentine flow-field. They
found that the metal foam studied had a smaller pressure
drop and therefore weaker water removal performance.
However, the metal foam adopted in this paper has a lower
porosity (<90%) and has a higher pressure drop compared with
the straight flow channel (see Fig. 12). It is therefore expected
that in our study the flooding is less likely to happen.

(b) (c)
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Fig. 10 — In-plane overpotential at the interface of the cathode flow field and GDL (a) channel-rib, (b) 40PPI-M1 metal foam

and (c) 100PPI-M1 metal foam (7 = 0.7 V).


https://doi.org/10.1016/j.ijhydene.2023.03.334
https://doi.org/10.1016/j.ijhydene.2023.03.334

27788 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 27778—27789

(a)

(b)

Channel-rib

Channel
GDL & CL

Metal foam - 40PPI

v

Metal foam
GDL &CL

Metal foam - 100PPI
Metal foam
GDL & CL

Molar concentration of O, (mol m~)

S | ]| e

0.8 1.0 1.2 1.4

1.6 1.8

Fig. 11 — Oxygen molar concentration in cathode GDL and CL flow-direction cross-section (a) channel-rib, (b) 40ppi-M1 metal

foam and (c) 100ppi-M1 metal foam (Voyue = 0.46 V).
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Fig. 12 — The pumping power density and output power
density increment of PEM fuel cells with channel-rib and
100PPI-M1 metal foam flow fields (Vou: = 0.46 V).

Conclusions

In this paper, the 3D geometric reconstruction method of
metal foam is improved, so that the improved model can
simulate the metal foam PEM fuel cell much closer to real
situations. The conventional channel-rib fuel cell and two
different densities of metal foam fuel cells are simulated. The
results of the numerical simulation show the following
conclusions:

1 The improved 3D reconstruction method for metal foam is
able to build much more contact area between metal foam
and the GDL, and the contact surface consists of a series of

ligament surfaces. This allows the contact area to be about
20% of the GDL upper surface, which is about three times of
the previous reconstruction method and much closer to
the actual situation.

2 The ohmic loss of PEMFC is affected by a combination of
collector-GDL contact area and contact pattern, and the
metal foam makes up for the lack of contact area by dense
contact points. The metal foam PEMFC has a more uniform
and lower overpotential in the collector-GDL contact plane
than the conventional channel-rib structure, although the
reconstructed metal foam-GDL has only about 40% contact
area of the rib-GDL.

3 The metal foam can provide a larger area for the flow of
reactants into the GDL and CL, hence enhancing mass
transfer, and resulting in better performance of PEM fuel
cells at high current densities. Under the operating condi-
tions of this paper, the current density of 100PPI-M1 PEMFC
is approximately 7% higher than channel-rib PEMFC at the
overpotential Vot = 0.4 V.
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