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ABSTRACT 
 Recently, metal foam (MF) flow field has exhibited 

its superiority on mass transfer and potentials on 
promoting the power density of PEM fuel cells. In this 
study, the geometry of MF is reconstructed through 
three-dimensional X-ray computational tomography. 
The single- and two-phase flow simulations are then 
carried out. It is found that the pores in MF are relatively 
inhomogeneous, which has rarely been considered in 
previous numerical studies. Moreover, the convective 
flow, water retention and water split up are the unique 
mass transfer characteristics observed. In addition, the 
contact angle of MF ligaments shows a dramatic 
influence on the water management. 
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1. INTRODUCTION 
In recent years, proton exchange membrane (PEM) 

fuel cell has gained much attention for automotive 
applications due to its high efficiency, low emission, long 
range and system robustness [1]. However, for a 
widespread commercialization, the power density of 
PEM fuel cells still needs improvement, for which a main 
issue is mass transfer [2]. With the increment of 
performance, the gas supply and water producing rate 
are both raised. How to control the two-phase flow in the 
flow field is becoming a crucial technical problem. 

An effective way for the improvement of mass 
transfer is to optimize flow field/channel. Many efforts 
have been put on the conventional flow-channel 
optimization, but its inherent drawbacks can hardly be 
avoided [3]. Thus, new types of flow fields such as porous 
material flow field and three-dimensional (3-D) baffled 
flow field are proposed [4]. In this study, the two-phase 
flow characteristics of a metal foam (MF) flow field is 
studied by a volume of fluid (VOF) method. The real 

structure of MF is reconstructed based on 3-D X-ray 
computational tomography (CT). The liquid behaviors 
and several physical parameters are then analyzed. 

2. MODEL DEVELOPMENT 

2.1 Reconstruction of MF flow field 

Most of the reconstruction methods assume that the 
MF is composed of regular polyhedrons [5]. Though 
these methods have been verified effective on the study 
of two-phase flow, the non-homogeneous pore 
distribution was not considered. In this study, the MF 
sample geometry is captured by 3-D CT and a geometric 
file is gained after postprocess, as shown in Fig 1a. Then 
the flow field is spatially discretized with mesh size of 10 

 
Fig 1 Reconstruction of MF flow field with real structure: 
(a) MF sample geometric profile, (b) MF flow field model. 
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μm. The mesh details and boundary conditions of the 
model are shown in Fig. 1b.  

It is notable that for a real PEM fuel cell, the water 
producing rate is too small for the water droplet to grow 
up [6]. Thus, the numerical study is carried out in two 
process: water accumulation process and air blowing 
processes. In the first process, water is injected from a 
50 × 50 μm2 pore on the lower surface in the first 5 ms. 
Then the droplet stays for the other 5 ms to balance its 
surface tension. In the second process, the air is blown in 
from gas inlet at a fixed velocity, and the analyses are 
mainly performed in this process.  

The MF sample has a porosity of 0.81 and average 
pore diameter of 0.337 mm. The total size of flow field is 
x × y × z = 3 × 0.5 × 3.6 mm3, including MF flow field 
and two (inlet and outlet) sections. The contact angle of 
side walls, upper surface and lower surface are 90°, 90° 
and 130°, respectively. The inlet velocity 𝑣i, droplet size 
Rd and contact angle 𝜃𝑐  range from  8~15 m s−1 , 
80~160 μm and 120~150°, respectively. 

2.2 Numerical method 

A modified VOF method is used to study the 
incompressible two-phase laminar flow in the MF flow 
field model [6]. The phase fraction 𝛼 is defined to track 
the phase interface:  

𝛼 = {
 0,         the cell is full of air      
 1,         the cell is full of water

 (0, 1),   the cell is at interface   
     (1) 

The mass, phase, momentum conservation equation, 
phase density and viscosity are all re-expressed based on 
𝛼. For detailed explanation, readers can refer to [6]. 

The spatial discretization and two-phase flow 
simulation are both carried out on the open source 
software Open FOAM. About 5 million meshes were 
generated. Grid independence has been conducted with 
a doubled-grid-number model, showing a difference of 
gas velocity less than 5%. A scheme combining semi-
implicit method for pressure linked equation (SIMPLE) 
with pressure-implicit with splitting of operators (PISO) 
is used to solve all the governing equations. 

3. RESULT & DISSCUTION 

3.1 Analysis of single-phase flow pattern  

Fig 2a shows the velocity distribution in y=0.25 mm 
plane. It is obvious that the velocity is distributed non-
uniformly because of the variation of pore diameter and 
porosity of the MF sample. It can be observed that where 
the local velocity is relatively larger (black dotted circles), 
the ligament (white part) is scarcely found, indicating a 

better permeability with higher local porosity and pore 
diameter. The distribution of velocity may also cause 
non-uniformity on water behaviors because its effect on 
air drag force [7]. Then in Fig 2b, the vertical velocity 
distribution is exhibited, induced by the ligaments of MF 
which hinder the air flow and guide it transported in x-y 
plane. This characteristic makes the flow in MF flow field 

 
Fig 2 Single-phase flow pattern of MF flow field: (a) velocity 

distribution in x-z plane, (b) vertical velocity distribution in y-z 
plane, (c) vetical velocity and pressure distribution along z-

axis. 

more convective than that in conventional channel-rib 
structure, and the gas reactant transport mode varies  
from diffusion to convection-diffusion, largely enhancing 
the mass transfer efficiency [3]. The convective flow may 
also contribute to the water removal from GDL surface 
and avoid water blockage on GDL surface. To quantify 
the vertical velocity and permeability of MF flow field, 
the distribution of volume average convective velocity 
and pressure is plotted in Fig 2c, where the convective 
velocity is defined as: 

𝑉c = ∫ |𝑈𝑦| ∙ d𝑉/𝑉b           (2) 
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where 𝑈𝑦  is the absolute value of y-component of 

velocity, 𝑉b  the volume of the considered area. It is 
observed that the air flow becomes more convective in 
the whole flow field. Then the permeability of the MF 
flow field can be calculated according to pressure 
distribution and Darcy’s Law [4]: 

𝐾 =
𝜇𝐿𝑈s

Δ𝑃
                  (3) 

where 𝜇 is the viscosity of air, L the length of flow field, 
𝑈𝑠 the superficial velocity, Δ𝑃 the pressure difference. 
𝐾 of the flow field is calculated as 1.74 × 10−10 m2, a 
value much lower than conventional channels [3]. 

3.2 Analysis of two-phase behaviors 

In this section, the two-phase characteristics in MF 
flow field are analyzed based on liquid behaviors and 
several physical parameters. The liquid droplet behaviors 
are visualized by the iso-surface of 𝛼alpha = 0.5  and 

the physical parameters include water saturation, water 
retention ratio and water coverage ratio. 

 
Fig 3 Liquid behaviors of droplets with size of (a) 80 μm, (b) 

120 μm, (c) 160 μm. 

The liquid behaviors of different droplets with inlet 
velocity of 10 m s-1 are shown in Fig 3. It is observed that 
for the smallest droplet (Fig 3a), all of the liquid remains 
in a whole volume and is finally removed from the flow 
field. Then, the middle size droplet (Fig 3b) is stagnant at 
the initial position. And the biggest droplet (Fig 3c) is split 
up under the air drag force and partly removed from the 
flow field. These phenomena verify the water retention 
characteristic of MF flow field, observed in previous 
studies [6, 8]. It is obvious that under the fixed inlet 
velocity and given MF flow field configuration, a droplet 
with radius smaller than a specific size, e.g., 80 μm in this 

study, can be expelled from the flow field smoothly. But 
when the droplet accumulates to a certain volume, it will 
be retained in the pores of flow field becasue the air 
force on droplet cannot overcome the surface tension 
caused by the ligaments of MF [6, 7]. If the droplet 
continues to grow, it will be split up due to the cutting 
effect of ligament structures. Then the small droplets will 
be expelled from flow field while the others still stagnant 
in flow field. 

To directly reflect the water retention characteristic 
of MF flow field, the water saturation is defined as: 

𝑠 = ∫ 𝛼d𝑉/𝑉𝐹               (4) 
where 𝑉𝐹  is the volume of whole MF flow field. The 
time variations of 𝑠 are plotted in Fig 4. It is observed 
that for the droplets with same size, the water expelling 
rate and volume increase with inlet velocity. At 𝑣i =
15 m s−1 , the droplets with different sizes are totally 
expelled, while only a part of the biggest droplet is 
removed at 𝑣i = 8 m s−1 . Especially, for 𝑅d =
80, 120 μm , the water is totally expelled once it is 
removed from initial position, but liquid still remains for 
droplet of 𝑅d = 160 μm. The biggest droplet is firstly 
removed the from initial position due to the larger air 
drag force and then split up, and the relatively small 
droplets are expelled from the flow field, while the left 
part is retained in the pores near upper surface. 

 
Fig 4 Time variations of water saturation s of cases with 

different inlet velcities and droplet sizes. 

Then, the water retention and coverage ratio are 
also defined to compare the liquid behaviors of different 
cases, defined as: 

𝜀r = ∫ 𝛼 ∙ d𝑉/𝑉d             (5) 
𝜀c = ∫ 𝛼 ∙ d𝑆/𝑆F             (6) 

where 𝑉𝑑  is the initial droplet volume, 𝑆𝐹  the total 
area of interface between GDL and flow field (GDL/FF 
interface), S the covered area by water. The final 𝜀r and 
𝜀c  of different droplet sizes and inlet velocities are 
plotted in Fig 5. The final water retention ratio decreases 
with inlet velocity but doesn’t show a clear relation with 
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droplet size because of the liquid behavior characteristic 
mentioned above. The liquid coverage ratio 𝜀c is used 
to measure the blockage condition of GDL/FF interface, 
which may lead to water flooding in PEM fuel cell [3]. It 
is found that the 𝜀cfinal of the middle size but not the 
biggest droplet is the highest, because the biggest 
droplet is initially adhered by more ligaments and 
detaches from the lower surface, as shown in Fig 3c at 0 
ms. That exactly indicates the merit of MF flow field on 
water management, i.e., alleviating water blockage of 
GDL/FF interface. But the water retention phenomenon 
maybe a new cause of water flooding. 

 
Fig 5 Final water retention and coverage ratio of cases with 

different droplet sizes and inlet velocities. 

3.3 Effects of contact angle on liquid behaviors 

The surfaces of conventional channel are normally 
treated hydrophobic by PTFE, and surface treatment is 
also important for MF flow field [9-10]. The liquid 
behaviors with ligaments contact angle of 120° and 150° 
are exhibited in Fig 6. It is obvious that with the 
increment of hydrophobicity, the liquid is less likely to 
adhere to the ligaments. This will accelerate water 
removal from flow field but will worse the water 
coverage condition because the water expelled from GDL 
may accumulates on GDL/FF interface. 

 
Fig 6 Liquid behaviors in MF flow field with ligaments contact 

angle of: (a) 120°, (b) 150°. 

3.4 Conclusion 

In this paper, the real structure of MF flow field is 
reconstructed based on 3-D CT technology. Then the 
single- and two-phase flow simulations are carried out. 
The conclusions are as follows: 
1) The inhomogeneous distribution of pore structure 

influences the flow patterns of MF flow field and 
should be taken into consideration in the simplified 
geometry reconstruction methods. 

2) The convective flow and lower permeability of MF 
flow field contribute to the mass transfer of PEM 
fuel cell. 

3) The adhering effect of ligaments alleviates the 
water coverage condition on GDL surface, while 
water retention characteristic of MF flow field may 
become a new cause of water flooding. 

4) The surface of ligaments should be treated properly 
considering both water removal from GDL and flow 
field. 
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