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a b s t r a c t

Using a two-phase polymer electrolyte fuel cell (PEFC) model, we numerically investigated

the influence of metal foam porous properties and wettability on key species and current

distributions within a PEFC. Three-dimensional simulations were conducted under prac-

tical low humidity inlet hydrogen and air gases, and numerical comparisons were made for

different metal foam design variables. These simulations were conducted to elucidate the

detailed operating characteristics of PEFCs using metal foams as a flow distributor, and the

simulation results showed that two-phase transport and the resulting flooding behavior in

a PEFC are influenced by both the metal foam porous properties and the porous properties

of an adjacent layer (e.g., the gas diffusion layer). This paper offers basic directions to

design metal foams for optimal water management of PEFCs.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Polymer electrolyte fuel cells (PEFCs) are composed of various

porous components such as a gas diffusion layer (GDL), a

microporous layer (MPL), and a catalyst layer (CL). Previous

studies showed that the choice of porous material and design

of these layers have a significant influence on cell perfor-

mance [1e10]. Specifically, the spatial variation of porosity

and/or wettability throughout the porous media significantly

alters the capillary transport and resulting water accumula-

tion [11,12], indicating that the proper combination of these

porous layers is as important as the individual layer design.

In recent years, porous bipolar plates (BPs) have been

widely used for PEFC stacks due to several favorable features

over conventional BPs with flow channels [13e17]. One of the

advantages of porous BPs is the absence of channel and rib

regions on the BP surface. Therefore, the porous design does

not exhibit the uneven distributions along the in-plane cell

direction that are often seen in conventional BPs with flow

channels. Among various types of porous BP materials, metal

foams have been successfully applied to PEFCs. To understand

the characteristics of metal foam design for improving per-

formance, Kumar et al. [13,14] performed an experimental and

computational study of the various designs ofmetal foams. As

compared to the various metal foam properties, higher cell

performances were observed when using metal foams with

lower permeability. Tseng et al. [15] conducted a PEFC perfor-

mance test using a metal foam coated with a polytetrafluoro-

ethylene (PTFE) solution (to obtain hydrophobicity) as a flow

distributor. The use of a more hydrophobic metal foam

decreased the cell performance based on a comparison of the
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IeV curves for PTFE treated metal foams. This result implies

that the reactant gas transport decreases due to the reduced

porosity of the metal foam when using the metal foam that

was PTFE treated above the optimum level. Tang et al. [16]

tested the feasibility of using metal foams made of the

porous copper fiber sintered felt as a flowdistributor for PEFCs.

They showed that the flow distribution and water manage-

ment were improved by using the wettability optimizedmetal

foam.However, the corrosion resistancemust be improved for

these foams to be successfully applied in PEFCs. The influence

of various properties of metal foam was analyzed by Gam-

burzev et al. [17], who sought to use them as alternatives to

conventional BPs with flow channels. Their experimental re-

sults indicated that the best performance was obtained with

nickel foam under low current density. However, the cell

performance tends to decrease at high current densities due to

the contact and gas transport resistance (which depend on the

characteristics of the metal foam properties). Recently, Bar-

outaji et al. [18] fabricated PEFCs using a nickel foam as a flow

distributor. Their experimental data revealed that the air

supply rate and PTFE coating levels of metal foams have a

substantial influence on the PEFC performance. Carton and

Olabi [19] compared fuel cells equipped with a double channel

and open pore cellular foam (OPCF) flow fields and showed

improved cell performance with the OPCF flow plates due to

the more uniform hydrogen/oxygen supply and better water

and thermal management characteristics.

Metal foams also have been applied to direct methanol fuel

cells (DMFC), which usually suffer from severe flooding of the

cathode compared to H2/air PEFCs. This flooding occurs

because a dilute aqueous solution of methanol in water is

used as an anode feed stream, and hence the water back-flow

rate from the cathode to the anode is quite low. Improved

DMFC performance was reported when metal foams were

used as a flow distributor [20,21]. Chen and Zhao [21] specu-

lated that using metal foams might promote capillary action

in the porous DMFC components, leading to more effective

water removal and performance improvements. In addition to

the successful use of metal foams as flow distributors, excel-

lent results have been obtained when using metal foams in a

cooling plate due to their high thermal conductivity and high

surface to volume ratio [22,23].

Despite the fact that many efforts have focused on

demonstrating the feasibility of metal foam BPs for PEFCs and

achieving excellent cell performance, a detailed study of

metal foams in terms of flow distribution and water man-

agement have not been conducted so far. In particular, the

water transport process inside PEFCs is expected to vary

greatly depending on the design variables of both the metal

foam BP and the adjacent MEA layers. Therefore, a compre-

hensive study to consider all the design factors together is

needed to elucidate water transport characteristics in a

porous PEFC in which porous MEA layers and metal foam are

combined. The present work provides an extensive para-

metric study of metal-foam-based PEFCs using a three-

dimensional (3D) two-phase PEFC model developed in a pre-

vious study [24]. We aim to identify the main impacts of key

MEA and metal foam design factors and material properties

on water transport and the resulting cell performance to

improve our basic understanding of porous PEFC operations.

Numerical model

The 3D two-phase PEFCmodel used for the numerical study is

based on the multiple (M2) model of Wang and Cheng [25].

Detailed descriptions of the use of M2 theory for PEFC

modeling are available in our previous papers [26e28]. The 3D

two-phase PEFC model accounts for all sub-components of a

PEFC, including CLs, GDLs, gas channels (GCs), bipolar plates

(BPs), andmembranes, in order tomore accurately predict key

species and temperature distributions as well as the overall

cell performance. The following assumptions were made

during the development of this model:

(1) Ideal gas mixtures.

(2) Laminar flow due to small flow velocities.

(3) Negligible gravity effects.

(4) Negligible effect of immobile liquid saturation in the

porous GDL and CL regions.

Governing equations and source/sink terms

With the above assumptions, the present PEFC model is gov-

erned by five principles of conservation (mass, momentum,

species, energy, and charge) as follows.

Mass conservation:

V$ðr u!Þ ¼ 0 (1)

Momentum conservation:

�
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Species conservation:

Metal foam and porous media:
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Water transport in the membrane:

V,
�ðrmem=EWÞDmem

w Vl
�
Mw � V,ðndðI=FÞÞMw þ V,
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Kmem
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nl
�
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(3b)

Energy conservation:

V,
�
ru!Cg

pT
�
¼ V,

�
keffVT

�þ ST (4)

Charge conservation:

Proton transport:

V,
�
keffVfe

�þ Sf ¼ 0 (5)

Electron transport:

V,
�
seffVfs

�� Sf ¼ 0 (6)

The source terms of the conservation equations of mass,

momentum, species, and charge are identified in the various

components of a PEFC and are summarized in Table 1. In

addition, kinetic, physiochemical, and transport properties

are summarized in Table 2. Those source terms are caused by

electrochemical reactions, namely, the hydrogen oxidation
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