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HIGHLIGHTS

e Oxygen transport in PEM ofuel cells is studied by using lattice Boltzmann method.

e Metal foam flow field has stronger oxygen transport than channel-rib flow field.

¢ Increasing metal foam pore density/compression ratio facilitates oxygen transport.
e Reducing porosity suppresses/enhances oxygen transport at low/high inlet velocity.
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ABSTRACT

Metal foam flow fields have shown great potential in improving the performance of proton xchange
membrane (PEM) fuel cells, while their effect on the oxygen transport process remains inadequately
understood. In this study, oxygen transport in metal foam flow fields (under zero-humidity operating
conditions) is simulated by using a three-dimensional multi-species lattice Boltzmann model.
Comparison is done between the metal foam flow field and the conventional channel-rib flow field,
and parametric studies are conducted on the metal foam porosity, pore density, and compression
ratio. Results show that the metal foam flow field enhances mass transfer of oxygen to the catalyst
layer and improves the oxygen distribution homogeneity. Within the range of parameters
considered, decrease in the metal foam porosity yields nonmonotonic variation of the mass transfer
rate of oxygen to the catalyst layer, which increases at high inlet velocities (higher than 2 m/s) but
decreases at low inlet velocities (less than 2 m/s). The increase in metal foam pore density and
compression ratio leads to enhanced mass transfer of oxygen, which becomes increasingly
prominent at high inlet velocity. The results of this study could be insightful for the implementation
of metal foam flow fields in PEM fuel cells.

1. Introduction

Oxygen transport is a key issue to improve the performance of proton exchange membrane (PEM)
fuel cells [1,2]. In a PEM fuel cell, the reactant gas is pumped into the flow field and then diffuses
into the catalyst layer (CL) through the gas diffusion layer (GDL). After that, the oxygen reduction
reaction occurs in the cathode CL, and the hydrogen oxidation reaction occurs in the anode CL. A
poor reactant gas transport could lead to a low reactant concentration at the catalyst sites and cause
a large concentration over-potential. Since oxygen transport is slower than hydrogen transport and
the oxygen reduction reaction is much less efficient, design and optimization of the cathode flow
field are more critical in PEM fuel cell development [3,4].

Conventional types of flow field such as parallel, serpentine, and parallel-serpentine usually have a
limited mass transfer capability. On the one hand, conventional flow fields are generally machined
on bi polar plates using the channel-rib structures, which may hinder gas transport and cause non-



uniform distribution of oxygen. On the other hand, since the dominant gas flow direction in the
channel-rib flow field is parallel to the GDL surface, normal advection is rather weak and hence
oxygen transport to the CL is predominantly by molecular diffusion.

Metal foams are highly porous materials (up to 98%) with three-dimensional (3D) pore structures.
Due to the lightweight, the excellent electrical conductivity, and the high thermal conductivity, metal
foams have received increasing attention for application in PEM fuel cells as flow fields [5-7]. In
recent years, a number of experimental and computational works showed that the metal foam flow
field can improve the reactant transport [8—11], water management [12—-16], performance [17-22],
and the cold start behavior [23,24] of PEM fuel cells. Specifically, Fly et al. [9] compared different
flow fields using optical visualization and observed that the diffusion time for the reactant to cover
80% of the flow field area for the metal foam flow field was 61% faster than that without a flow
field. Wu et al. [14] employed neutron imaging and observed that the metal foam flow field
improved the uniformity of liquid water distribution and improved the tolerance to dehydration.
Kumar and Reddy [17] compared the performance of PEM fuel cells with Ni-Cr foam flow field,
stainless steel foam flow field, carbon cloth flow field, and conventional channel-rib flow field,
among which the Ni-Cr foam flow field ranked the best. Jo and Ju [20] numerically investigated the
performance and transport characteristics of PEM fuel cells with metal foam flow fields. The results
showed that the metal foam flow field had less severe oxygen depletion, better membrane
hydration, and more uniform current density, owing to the synergistic effects of weaker convective
flow and absence of channel-rib structures. Azarafza et al. [22] numerically showed that the metal
foam flow field increased by about 50% compared to the parallel flow field, possibly owing to the
low liquid water saturation and the decreased transport resistance. Huo et al. [23] showed that the
cold start performance of PEM fuel cells with metal foam flow field was improved compared to
parallel flow field under galvanostatic control.

The structural parameters of metal foams such as porosity, pore size, pore density, and compression
ratio significantly affect the fuel cell performance. Park et al. [25] experimentally found that the fuel
cell performance was improved with the decrease of porosity when the porosity was higher than
50.1%. In contrast, Afshari et al. [26] numerically observed that the current density increased with
the metal foam porosity within the range of 70%—-85%. Shin et al. [27] found the pore size of 800 um
yielded the best performance. Park et al. [25] observed improved fuel cell performance with the
decrease of the metal foam pore size and attributed it to the reduced charge transfer resistance and
mass transfer resistance. Liu et al. [28] found that the fuel cell performance significantly increased
with the metal foam compression ratio.

The abovementioned worthy advances identified significant influence of the metal foam flow field
on the fuel cell performance, while the underlying physics still remains inadequately understood. In
this work, we aim to numerically investigate the oxygen transport in metal foam flow fields (under
zero-humidity operating conditions), with particular interest on the influence of structural
parameters such as porosity, pore density, and compression ratio of the metal foam. In the
following, numerical method, results and discussion, and conclusions will be sequentially presented
in Section 2 to Section 4.

2. Numerical method
2.1. Multi-species single-phase lattice Boltzmann model

Lattice Boltzmann method (LBM) is a pore-scale numerical method that has been applied for
simulating fluid flow and transport phenomena in the heterogeneous and anisotropic porous media



of PEM fuel cells [29,30]. Compared with conventional numerical methods, LBM is efficient in
parallelization and complex-geometry wall treatment in porous media [31-33]. The lattice
Boltzmann equation (LBE) for multi-species (oxygen, nitrogen, and water vapor) with a single
relaxation time collision operator is:
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where f, ;(x, t) is the density distribution function for the k th species with the discrete velocity e;
at position x and time t, T is the collision time that related to the kinematical viscosity v =
c2(t—0.5), and fke? is the equilibrium density distribution function in the form of:
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where w; is the weight factor, c, is the lattice sound speed. For the D3Q19 lattice scheme (3
dimensions and 19 discrete velocities) adopted in this study, wg = 1/3, w;_¢ = 1/18, wy_15 =
1/36, c; = c//3, where c = Ax/At is the lattice speed with Ax being the lattice spacing and At
being the time step.

The evolution of LBE consists of collision and streaming processes. After each cycle of “collision-
streaming”, the specie density p; and velocity u;, can be calculated by:

Pk = 2ifri (3)
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The composite velocity u,iq is used to couple the LBEs for different species [34] by:
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2.2. Electrochemical reaction boundary

The CL is simplified as a reactive surface due to its substantially smaller pore structures compared to
the flow field and GDL. Referring to Molaeimanesh et al. [35-37] and Ashorynejad et al. [38-40], the
modified half-way bounce-back boundary condition [41] is validated and used to model the cathode
electrochemical reaction (O, + 4H* +4e” —2H,0) of PEM fuel cells in this study. Specifically, the
unknown density distribution functions for each species on the reactive surface can be calculated as
follows. For nitrogen, half-way bounce-back boundary [42] is taken since no reaction occurs:

fNo,i=3,8917,18 = [Nyi=611,1214,15 (6)

For oxygen/water vapor, modified half-way bounce-back boundary is employed to account for the
oxygen consumption/water vapor pro duction in the electrochemical reaction:
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where M is the molar mass, k: is the dimensionless surface reaction constant:
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where kg, is the macroscopic surface reaction constant, and Dy, is the oxygen diffusion coefficient.
Although water condensation is not taken into account, the species equation of water vapor is still
required as its partial pressure would affect the transport of oxygen.

The reaction rate per unit area r" can be calculated by a first-order approximation r’ = ksrCo, ,
where C, denotes the oxygen concentration. By using the Butler-Volmer equation [35,39,43], the
macroscopic surface reaction constant for the cathode CL kg, can be derived as:

j arF F
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where j is the current density, j.r is the reference current density, Co, ¢y is the reference oxygen

kg = (10)

concentration, ay is the forward reaction transfer coefficient, a, is the reverse reaction transfer
coefficient, n is the activation over-potential, T is the operating temperature, R is the universal gas
constant, F is the Faraday constant, and a is the surface roughness factor. The values of these
parameters are listed in Table 1.

Table 1 Physical parameters and operating conditions.

Parameter Value
Operating temperature (K) 333
Operating pressure (atm) 1.0
Faraday constant (C mol™) 96485
Universal gas constant (J mol™? K™2) 8.314

4.11 x 1073 (T/291.15)*® (T+120)* [39]
8.46 x 1073 (T/292.15)%°(T+127)™* [39]
7.33 x 107 (T/300.55)*° (T+111)* [39]
2.20 x 107° (T/293)5 (1/P) [44]

1.3874 x 1072 [45]

Water vapor dynamic viscosity (kg m™ s™2)
Oxygen dynamic viscosity (kg m™s™)
Nitrogen dynamic viscosity (kg m™s™)
Oxygen diffusivity (m?s™?)

Reference current density (A m™2)

Reference oxygen concentration (mol m™3)

10.875 [43]

Transfer coefficient for the forward reaction

0.5 [35,36,44]

Transfer coefficient for the reverse reaction

1[35,36,44]

2000 [35,36]
0.4 [39]

Surface roughness factor
Activation over-potential (V)

It is noted that, the choice of &y = 0.5 and @, = 1.0 in the present study is consistent with
Molaeimanesh et al. [35-37] and Ashorynejad et al. [38-40], although symmetric charge transfer
coefficients are used more often. In the present simulations, since the activation over-potential is
positive, the value of exp(—a,-Fn/RT) is approximately 6 orders of magnitude smaller compared to
exp(asFn/RT). Therefore, the value of the reverse reaction transfer coefficient hardly affects the

simulation results.
2.3. Details of numerical simulation

In the present study, the abovementioned 3D multi-species LBM model with electrochemical
reactions is used to simulate the oxygen transport of PEM fuel cells. The main assumptions include:
(1) All the gas species are considered as ideal gases; (2) Water vapor condensation and liquid
transport are ignored; (3) The fuel cell is operating at an isothermal condition with uniform
temperature distribution; (4) The electrochemical reaction is first-order, i.e. the local current density
and local oxygen consumption rate is proportional to the oxygen concentration.



3D structure of the GDL, as shown in Fig. 1(a), is reconstructed by using the stochastic generation
method [46—48]. In this study, we reconstruct a 150-um-thick GDL structure with a fiber diameter of
10 um and a porosity of 78%. The representative unit cell structure [49-51] is adopted to
reconstruct the metal foam structures. In this study, the tetrakaidecahedron is selected as the
representative unit cell. As shown in Fig. 1(b), the tetrakaidecahedron metal foam is similar to the
real metal foams since both of them have web-like structures with pores, cells, and ligaments.

Fig. 1(c) and (d) show the computational domains of two typical cases of the channel-rib flow field
and the metal foam flow field, respectively. Both computation domains comprise a flow field zone, a
GDL zone, and a CL surface (Z = 0). The size of the computational domain is 3.5 (length, X, flow
direction) x 0.5 (width, Y) x 0.65 (height, Z) mm?, and the length and the height of the flow field
zone are 2.5 mm and 0.5 mm, respectively. The two opposite sides in the X direction of the
computational domain are set as the inlet (X = 0) and the outlet (X = 3.5 mm), while the two
opposite sides in the Y direction are set as symmetry planes (Y = 0 and Y = 0.5 mm).

(b)

Pore Cell Ligament
Z 74
(c) R (d) L
X Velocity inlet X

Pressure outlet

Metal foam

Symmtry

Figure 1 (a) A typical GDL reconstructed based on the stochastic generation method; (b) Metal foam reconstructed by
representative unit cell structure; (c) Computational domain for the case with the channel-rib flow field; (d) Computational
domain for cases with metal foam flow field.

The Zou-He method [52] is used to impose the velocity boundary condition and pressure boundary
condition. The inlet velocity for the metal foam flow field ranges from 1 m/s to 5 m/s, approximately
corresponding to the flow field length of 5 cm — 25 cm at a stoichiometric ratio of 3 and a current
density of 2.0 A/cm? (flow field height of 1 mm). At the outlet, the partial pressures of each species
are assumed equal to the preceding nodes since only the total pressure is known. Moreover, except
for the reactive CL surface, all the solid surfaces are set as no-slip surfaces by applying the half-way
bounce-back scheme [42]. More de tails of the structural parameters and the flow conditions are
listed in Table 2.



Table 2 Structural parameters and flow conditions.

Parameter Value

Channel length, height, width (mm) 2.5,0.5,0.5

Rib width (mm) 0.5

Metal foam porosity 70%, 75%, 80%, 85%, 90%, 95%
Metal foam pore density (pores per inch) 100, 200, 300, 400
Metal foam compression ratio 1,2,3,4,5

GDL thickness (um) 150 [53]

GDL porosity 78% [53]

Channel inlet velocity (m s™?) 10

Metal foam inlet velocity (m s™2) 1,2,3,4,5
Oxygen mole fraction in the inlet air 0.21 [35,36]
Nitrogen mole fraction in the inlet air 0.79 [35,36]
Water vapor mole fraction in the inlet air 0 [35,36]

According to the grid-dependency test, a lattice spacing of 5 um is adopted in the present study to
balance between the computational accuracy and computational cost, with the total lattice number
reaching 9.1 million. The LBM simulation is conducted in a parallel C** code developed in-house.
Each case takes about 100 h by paralleling 28 Intel Skylake CPU cores (2.6 GHz). A more detailed
validation of the numerical method can be found in the Supplementary Material.

3. Results and discussion
3.1. Comparison of the metal foam flow field and channel-rib flow field

Firstly, we compare the channel-rib flow field and the metal foam flow field on oxygen transport.
The inlet mass flow rate is identical for two flow fields. The metal foam considered here has a
porosity of 95% and a pore density of 100 ppi (pores per inch).

The velocity component in the stream-wise direction Uy determines the gas retention time and
affects the diffusion of oxygen. Fig. 2(a) shows the distribution of Uy (X = 2 mm plane) of the
channel-rib flow field and the metal foam flow field. Since the inlet area of the channel-rib flow field
is partially blocked by the rib structure, the mean Uy of the metal foam flow field (5.25 m/s) is
substantially lower than that of the channel-rib flow field (10.08 m/s), indicating that the metal foam
flow field has a longer gas retention time and therefore benefits oxygen diffusion to CL. The velocity
component in the through-plane (TP) direction U, measures the convective transport of oxygen
towards CL. Fig. 2(b) and (c) compare the distribution of U, (X = 2 mm plane) of the two flow fields.
As highlighted by the circles in Fig. 2(b), the intricate ligaments of the metal foam disturb the gas
flow and therefore yield increased Uy in both flow field and GDL. By further quantifying the intensity
of TP convection using the volume-averaged convection velocity UC:

Uc =5 [1Uzl dv (11)

we find that UC in the metal foam flow field (0.531 m/s) is nearly one order of magnitude greater
than that in the channel-rib flow field (0.0636 m/s), indicating the convective mass transfer could be
substantially enhanced. In addition, the normalized transport area between the flow field and the
GDL Aryans/Acr (normalized by the area of CL) is also significantly higher for the metal foam (0.87)
compared to the channel-rib (0.50), which also benefits oxygen transport to the CL.
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Figure 2 (a) Comparison of UX in the X = 2 mm plane; (b) Comparison of UZ in the X = 2 mm plane; (c) Comparison of UZ in
the GDL; (d) Comparison of CO2 in the GDL.

Fig. 2(d) compares the distribution of oxygen concentration (X = 2 mm plane) of the channel-rib
flow field and the metal foam flow field. For the channel-rib flow field, the oxygen concentration in
the GDL reduces continuously from the under-channel region to the under-rib region, which may
cause significant concentration loss at high current density conditions. For the metal foam flow field,
in contrast, the oxygen concentration distribution appears to be much more uniform. The uniformity

local ave

index of the CL oxygen concentration, Uy, = I% dS/S , is computed as 0.0129 for the
2

metal foam flow field and 0.0508 for the channel-rib flow field, indicating metal foam flow fields
effectively improves the uniformity of oxygen distribution in the CL. As a result, the average current
density for the metal foam flow field (1.86 A/cm?) is improved compared to the channel-rib flow
field (1.69 A/cm?). Since the current density is proportional to the oxygen consumption rate and the
oxygen consumption rate equals the oxygen flux in the GDL, the current density can quantify the
mass transfer rate of oxygen to the CL. Thereby, metal foam flow fields can enhance oxygen
transport compared to channel-rib flow fields. Under large operating current density, enhanced
oxygen transport helps to reduce the concentration loss. Therefore, metal foam flow fields usually
show better performance compared to conventional channel-rib flow fields, as experimentally
reported in Refs. [18,54].

3.2. Effect of metal foam porosity

Having shown the potential of metal foam in enhancing mass transfer in PEM fuel cells, we proceed
to discuss the structural parameters of metal foams. We are particularly interested on three
parameters of porosity, pore density and compression ratio (see Fig. S2 in the Supplementary
Material). Among them, porosity and pore density are independent intrinsic structural parameters of
the metal foam, while compression ratio measures the extent of the “compression action” in real



applications. A compressed metal foam with compression ratio>1 would yield an increased porosity
and an increased pore density (TP direction) simultaneously.

We first consider the porosity, namely the ratio of the pore volume to the total volume of the
porous media. In this section, the ligament diameter of metal foams is varied within 45 um — 124 pm
to achieve different metal foam porosities from 70% to 95% (see Fig. S2(a) in the Supplementary
Material), which are common for metal foams in PEM fuel cell applications.

Fig. 3 shows the distribution of U; (Uj,1.r = 5 m/s) of the metal foam flow fields with porosities of
90%, 85%, and 80%. With the decrease of metal foam porosity, the diameter of ligaments (gray
color) increases. For metal foams with lower porosity, thicker ligaments disturb more gas and
increase the velocity component in the TP direction. Therefore, as shown in Fig. 4(a), the average
convection velocity U, in the flow field increases with the decrease of metal foam porosity. The
increased average convection velocity U, in the flow field further increases the average convection
velocity U in the GDL (see Fig. 4(b)), which is beneficial for convective transport. In addition, since
U is proportional to the inlet velocity, the improvement of U, with the decrease of metal foam
porosity is more prominent at higher inlet velocity. On the other hand, the increased ligament
diameter decreases the normalized trans port area between the metal foam flow field and the GDL.
As shown in Fig. 4(c), the blue color denotes the contact area between the metal foam flow field and
the GDL that cannot be utilized for gas transport. As the metal foam porosity decreases from 95% to
70%, the normalized transport area between the flow field and the GDL decreases from 0.87 to 0.62,
which is not favored for oxygen diffusion.

Flowdirection (X) —»

Y=125um \ Y=125um
[/ ’ -
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(a) Porosity =90% (b) Porosity =85% (c) Porosity =80%

Figure 3 Distribution of U, for metal foam flow fields with different porosities (Ujpiee = 5 m/s).

The variation of current density with porosity is shown in Fig. 4(d), which exhibits distinct behavior
at low and high inlet velocity. With the decrease of porosity, at low inlet velocity (e.g. 1 m/s), the
weakened diffusional transport overwhelms the improved convective transport, leading to a
reduced mass transfer rate of oxygen to the CL and hence a reduction of current density; At high
inlet velocity (e.g. 3-5 m/s), however, the improvement in the convective transport is more
prominent, yielding enhanced mass transfer and hence increased current density; At intermediate
inlet velocity (e.g. 2 m/s), these two effects counteract, and the current density remains almost
unchanged. Therefore, decrease in the metal foam porosity can improve the mass transfer rate of
oxygen to the CL only when the inlet velocity is large enough.
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Figure 4 Effect of metal foam porosity: (a) Average convection velocity in the flow field; (b) Average convection velocity in
the GDL; (c) Normalized transport area between the metal foam flow field and the GDL; (d) Current density.

Within the range of porosity considered in this paper, results suggest that metal foams with a higher
porosity may be more suitable for PEM fuel cells with smaller-size flow fields (5—10 cm flow field
length), which represent the most-widely used fuel cell unit in current experimental research and
usually has an activation area of 25-50 cm? [55,56]. This is because diffusion dominants oxygen
transport in smaller-size flow fields and a larger transport area between the metal foam flow field
and the GDL is preferred. However, an optimal metal foam porosity was experimentally identified
recently [25]. This can be explained by the trade-off between the electric conductivity and mass
transfer rate, which de creases and increases with increasing metal foam porosity, respectively. On
the contrary, metal foams with a lower porosity may be more suit able for PEM fuel cells with
larger-size flow fields (15—25 cm flow field length), which represent the PEM fuel cell stacks utilized
in automobile vehicles and usually have an activation area of 200-500 cm? [55-58]. Since reducing
porosity enhances oxygen transport and electric conductivity simultaneously.

3.3. Effect of metal foam pore density

The pore density, usually quantified by ppi, is another key parameter of the metal foam flow field. At
a fixed porosity, ppi decreases with increasing the average pore size. In this section, the porosity of
the metal foams is fixed at 95%, and a number of cell sizes are considered, cor responding to the
pore density of 100 ppi, 200 ppi, 300 ppi, and 400 ppi (see Fig. S2(b) in the Supplementary Material).

Fig. 5 shows the distribution of U; (Ujne: = 5 m/s) of the metal foam flow fields with different pore
densities. At a fixed porosity, the number of ligaments (gray color) increases, and the diameter of
ligaments (gray color) decreases with the increase of metal foam pore density. For metal foams with



a higher pore density, the increased number of ligaments induces more vortices and increases the
velocity component in the TP direction. As shown in Fig. 6(a), the average convection velocity U in
the flow field increases with increasing metal foam pore density. At 5 m/s inlet velocity condition, U,
in the flow field of 400-ppi metal foam (0.866 m/s) increases by 63% compared to that of the 100-
ppi metal foam (0.531 m/s). Due to the smaller cell size of the high pore density metal foams, the
convection regions are closer to the GDL, which enhances UC in the GDL. As shown in Fig. 6(b), UCin
the GDL increases more prominently compared to the flow field. At 5 m/s inlet velocity condition, UC
in the GDL of the 400-ppi metal foam (0.246 m/s) substantially increases about 583% compared with
that of the 100-ppi metal foam (0.036 m/s). Therefore, the convective transport of oxygen increases
significantly with the metal foam pore density. As shown in Fig. 6(c), with the increased ligament
number and reduced ligament diameter, the normalized transport area between the metal foam
flow field and the GDL remains insignificantly changed with the metal foam pore density, indicating
that the diffusive transport of oxygen is less affected by the pore density.
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Figure 5 Distribution of U, for metal foam flow fields with different pore densities (Upjer = 5 m/s).

Fig. 6(d) shows the variation of current density with the metal foam pore density. Since the diffusive
transport of oxygen barely changes with the metal foam pore density, the mass transfer rate of
oxygen to the CL is mainly determined by convection. Therefore, the variation of the current density
is consistent with the average convection velocity UC in the GDL, which increases with increasing
metal foam pore density for all the inlet velocities. This suggests that metal foams with a higher pore
density could be more suitable for PEM fuel cells regardless of the size of the flow field since the
convective transport of oxygen is enhanced while the diffusive transport is not largely affected. Park
et al. [25] experimentally found that the fuel cell performance improved with the metal foam pore
density. They attributed such improvement to the constant ohmic resistance and the increased
internal pressure. According to the present simulation results, the improvement can also be
attributed to the enhanced oxygen transport that reduces the concentration loss.
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Figure 6 Effect of metal foam pore density: (a) Average convection velocity in the flow field; (b) Average convection velocity
in the GDL; (c) Normalized transport area between the metal foam flow field and the GDL; (d) Current density.

3.4. Effect of metal foam compression ratio

Since commercial metal foams are always processed into several specific thicknesses, they are often
compressed in fuel cells to achieve an appropriate height of the flow field while enhancing
mechanical strength, electrical conductivity, and contact conductivity. Compression ratio is defined
as the ratio of the pre-compression thickness to the post compression thickness of the metal foam
sample. In this section, several cell heights (500 um, 250 um, 167 um, 125 um, and 100 um) are
considered, corresponding to compression ratios of 1 (uncompressed), 2, 3, 4, and 5 that cover a
common range in PEM fuel cell studies (see Fig. S2(c) in the Supplementary Material). For all the
metal foams considered in this section, pre-compression porosity and pore density are fixed at 95%
and 100 ppi, respectively.

Fig. 7 compares the distribution of Uy (Uinier = 5 m/s) of the metal foam flow fields with different
compression ratios. The number of ligaments (gray color) increases while the diameter of ligaments
(gray color) remains unchanged with increasing compression ratio. For metal foams with a higher
compression ratio, the rise in ligament number disturbs more gas and increases the velocity
component in the TP direction. As shown in Fig. 8(a), the average convection velocity U in the flow
field increases with increasing compression ratio. However, the improvement of U in the flow field
is slight when the compression ratio exceeds 2. For 5 m/s inlet velocity, U in the metal foam flow
field with a compression ratio of 5 (1.159 m/s) increases only about 25% compared with that of 2
(0.924 m/s). This is because that the reduced inter-ligament spacing in the TP direction tends to
suppresses the further increase of UZ. Since the smaller cell height of the high compression ratio



metal foams, the convection regions are closer to the GDL. As shown in Fig. 8(b), UC in the GDL
increases more prominently compared to the flow field. For 5 m/s inlet velocity, UC in the GDL with
a compression ratio of 5 (0.292 m/s) increases over three times compared to that with a
compression ratio of 2 (0.064 m/s). Therefore, the convective transport of oxygen tends to increase
with the metal foam compression ratio. On the other hand, due to the smaller GDL-ligaments
spacing, the increased compression ratio also yields a decreased transport area. As shown in Fig.
8(c), as the compression ratio increases from 1 to 5, the normalized transport area between the flow
field and the GDL decreases from 0.87 to 0.82, indicating only a slight reduction in the diffusive
transport of oxygen.

Flow direction (X) ———— Uy (mls) 50 4 :

N\

@ - . -

(a) Compression ratio=2 (b) Compression ratio=3
Figure 7 Distribution of U, for metal foam flow fields with different compression ratios (Uipjer = 5 m/s).

Fig. 8(d) shows the variation of current density with the metal foam compression ratio under
different inlet velocities. Since the diffusive transport of oxygen only slightly decreases with
increasing metal foam compression ratio, the mass transfer rate of oxygen to the CL is mainly
determined by convection. The variation of the current density with the metal foam compression
ratio is consistent with the average convection velocity U, in the GDL, which increases with
increasing metal foam compression ratio for all the inlet velocity conditions. Therefore, due to the
reduced concentration loss, it can be observed that metal foam flow fields with higher compression
ratios usually show better fuel cell performance in recent experiments [18,28].
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Figure 8 Effect of metal foam compression ratio: (a) Average convection velocity in the flow field; (b) Average convection
velocity in the GDL; (c) Normalized transport area between the metal foam flow field and the GDL; (d) Current density.

Finally, it should be noted that in the present study, oxygen transport in PEM fuel cells is simulated
by ignoring liquid water condensation and transport, which is not entirely realistic. The presence of
liquid water may locally alter the pathway of oxygen transport, thereby affecting the statistical
average behavior. Possibly, liquid water may suppress oxygen transport in GDL by increasing flow
resistance, whereas promote oxygen transport in metal foam flow fields by enhancing convection.
Moreover, the present results indicate that the improvement of oxygen transport is mainly ascribed
to the enhancement of convection, which may also contribute to the discharge of liquid water.
Further studies on oxygen transport with water condensation and transport is still merited.

4. Conclusions

In this paper, the effect of the metal foam flow field on the oxygen transport in PEM fuel cells under
zero-humidity operating conditions is numerically investigated by using a 3D multi-species LBM
model. To focus on the influence of structural parameters including porosity, pore density, and
compression ratio, water vapor condensation and liquid transport are neglected in the simulations.
Within the range of parameters considered in this paper, main conclusions are drawn as follows: (1)
Compared to channel-rib flow fields, metal foam flow fields have prolonged gas retention time,
intensified convective flow, and enlarged transport area between the flow field and the GDL,
therefore are capable of increasing the mass transfer rate of oxygen to the CL and improve the
oxygen distribution; (2) Thick ligaments in metal foams with low porosities facilitate the convection
while suppress the diffusion. The decrease in metal foam porosity yields increased mass transfer
rate of oxygen to the CL for high inlet velocities (higher than about 2 m/s) and decreased mass



transfer rate of oxygen to the CL for low inlet velocities (less than about 2 m/s); (3) The small cell size
and thin ligaments in the high pore density metal foams facilitate the convection without much side
effect on the diffusion. The increase in metal foam pore density therefore results in enhanced mass
transfer rate of oxygen to the CL, and the enhancement tends to be increasingly prominent at high
inlet velocities; (4) Similarly, the reduced cell height in compressed metal foams enhances
convection and suppresses the diffusion only slightly, which yields enhanced mass transfer rate of
oxygen to the CL and improves the current density. The results of this study could be insightful for
the implementation of metal foam flow field in PEM fuel cells.
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