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Liquid water transport in perforated gas diffusion layers (GDLs) is numerically investigated using a three-
dimensional (3D) two-phase volume of fluid (VOF) model and a stochastic reconstruction model of GDL
microstructures. Different perforation depths and diameters are investigated, in comparison with the
GDL without perforation. It is found that perforation can considerably reduce the liquid water level inside
a GDL. The perforation diameter (D = 100 lm) and the depth (H = 100 lm) show pronounced effect. In
addition, two different perforation locations, i.e. the GDL center and the liquid water break-through point,
are investigated. Results show that the latter perforation location works more efficiently. Moreover, the
perforation perimeter wettability is studied, and it is found that a hydrophilic region around the perfo-
ration further reduces the water saturation. Finally, the oxygen transport in the partially-saturated
GDL is studied using an oxygen diffusion model. Results indicate that perforation reduces the oxygen dif-
fusion resistance in GDLs and improves the oxygen concentration at the GDL bottom up to 101%
(D = 100 lm and H = 100 lm).

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) have great
potential to offer power sources for the automotive vehicles owing
to their distinct merits such as high energy conversion efficiency,
quick start-up capability and so on [1,2]. The gas diffusion layer
(GDL) is vital in the water management of PEMFCs [3]. The pres-
ence of excessive liquid water in the cathode GDL will cause ‘‘water
flooding” and block the reactant transport to catalyst sites [4].
Therefore, it is critical to improve water management in the GDL
to enhance cell performance [5].

Generally, GDL consists of insufficiently hydrophobic porous
substrates such as carbon paper or carbon cloth [6]. As well known,
the transport of liquid water in the GDL mainly depends on
microstructures and hydrophobicity of pores [5]. Various
approaches have been adopted to optimize or modify the porous
structures of the GDL for efficient water removal, such as addition
of microporous layer (MPL) [7–10], polytetrafluoroethylene (PTFE)
treatment [11–13] and usage of metal porous materials [14,15].
Shan et al. [9] experimentally investigated the performance of
GDL with/without MPL at different humidification conditions via
a segmented cell technique. They found MPL can improve the cell
performance under both high and low humidification because of
its dense pore structures. Giorgi et al. [13] investigated the effects
of different PTFE contents on the performance of low Pt loading
PEMFC. They found adding PTFE mitigates the electrode flooding
and improves the cell performance. They found addition of PTFE
can avoid the electrode flooding and improve the cell performance.
Choi et al. [15] proposed Ti foam as an alternative GDL for PEMFCs.
Their experimental data indicated that Ti foam can provide better
reliability and chemical stability than traditional Toray carbon
paper. Further optimization on the GDL structures is still necessary
to improve the performance of PEMFCs.

Recently, the perforation in GDLs has attracted considerable
attentions because the artificially created pathways can effectively
change liquid water distribution in GDLs [16–20]. Gerteisen et al.
[16] firstly modified the GDL by laser-perforation and conducted
in-situ experiments to test PEMFC with new GDL structures. The
experimental data shows a better dynamic and overall perfor-
mance is obtained by the perforated GDL. Subsequently, the cath-
ode GDLs with perforation are investigated continually by a PEM
fuel cell stack in Gerteisen’s further work [17]. They found that
the perforation improves the water transport in the GDL as well
as cell stability if the stack in medium and high current density
range. However, above researches mainly focus on the effects of
perforation on the overall cell performance, detailed liquid water
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behaviors in the pore structures of perforated GDLs are still not
clear.

Several visualization techniques have been employed to inves-
tigate the liquid water distribution in perforated GDLs such as neu-
tron radiography [21–23], environmental scanning electron
microscope (ESEM) [24,25] and synchrotron X-ray radiography
[26–30]. Lu et al. [21] employed high resolution neutron radiogra-
phy to visualize the liquid water distribution in GDLs with laser
perforation. They found that the perforated GDL can significantly
reduce water transport resistance and enhance liquid water break-
through in GDLs. Alink et al. [24] adopted environmental scanning
electron microscope (ESEM) to investigate the liquid water behav-
iors in the ex-situ GDL. They found the lower liquid water satura-
tion in the perforated GDL and larger in-plane water transport
towards the perforations. In their further work [27], the influence
of laser perforation of the GDL on the in-situ performance of
PEMFC was investigated by combining synchrotron radiography
and ESEM techniques. Their results reveal that laser perforation
can form hydrophilic regions because of PTFE loss and improve
the cell performance at dry conditions. However, these imaging
techniques are usually costly and time consuming.

As in other technological branches, numerical simulations are
expected to help understand the complex liquid water behaviors
in GDLs via various multiphase models such as the multiphase
mixture (M2) model [31–35], Lattice Boltzmann (LB) model [36–
39], pore network (PN) model [40–42] and volume of fluid (VOF)
model [43–48]. Wang and Chen [31] employed a M2 model to elu-
cidate water distribution in the through-plane (TP) direction of the
GDL and validate their results with high-resolution neutron imag-
ing data. Fang et al. [36] developed a two-phase LBMmodel to sim-
ulate water distributions in perforated GDLs and the effective
transport properties in the partially-saturated GDLs. Their results
revealed that the perforation can significantly affect the water
transport in hydrophobic GDLs. Carrere and Part [42] presented a
PN model to simulate the pore filling process of liquid water in
the operating cathode GDL. Their model associates the water man-
agement and cell performance and provides different method to
understand liquid water behaviors in the GDL. Niu et al. [45]
adopted a two-phase VOF model to study the liquid water cross
flow under ribs and they developed a diagram to illustrate the pos-
sible liquid water flow paths. Niu et al. [46–48] further extended
their VOF study and GDL reconstruction model to investigate the
TP water distributions by accounting for the different spatial
porosity distribution and mixed wettability in the GDL. Good
agreement was achieved for the local liquid water profile under
low pressure, along with the liquid saturation-capillary pressure
correlation for the GDLs with different PTFE loadings.

Though many numerical works have been performed to study
the air-water flow in GDLs, few pay attention to the liquid water
behaviors and oxygen diffusion in the microstructures of perfo-
rated GDLs [36]. In this study, a two-phase VOF model and a
stochastic GDL reconstruction model are adopted to investigate
the effects of dimensional parameters of perforation, such as the
depth H, diameter D and location of perforation, on the liquid
water dynamics and distributions in the pores of GDLs, as shown
in Fig. 1a. Moreover, the impacts of the perforation perimeter wet-
tability and oxygen diffusion are also investigated.
2. Methodology

2.1. Volume of fluid model

The volume of fluid (VOF) model is appropriate to capture the
interface between two immiscible fluids by resolving the advection
of phase volume fraction c. The volume fraction c takes the value 1
if the cell is occupied by liquid phase and value 0 for gas phase. The
cells with c ranging from 1 to 0 refer the two-phase interface. The
governing equations for the two-phase VOF model in this study are
listed as follows [45–47]:

Continuity equation:

r � U!¼ 0 ð1Þ
where r is Nabla operator which denotes vector differential opera-
tor, the operator ‘‘�” denotes the inner product of two tensors. i.e.

the ‘‘r�” denotes the divergence. U
!

is the effective velocity vector
shared by the two phases throughout the flow domain, which is
defined as

U
!¼ cU

!
l þ ð1� cÞU!g ð2Þ

Phase conservation equation:

@c
@t

þr � U
!
c

� �
þr � U

!
rc 1� cð Þ

h i
¼ 0 ð3Þ

where t is the time, U
!

r ¼ U
!

l � U
!

g is the relative velocity of liquid
and gas at the interface, designated as ‘‘compression velocity”, the
subscript r here denotes ‘‘relative velocity”. The subscripts l and g
denote the liquid phase and gas phase respectively.

Momentum equation:

@ qU
!� �
@t þr � qU

!
U
!� �

�r � lrU
!� �

� rU
!� �

� rl
¼ �rpd � g!� x!rqþ f s

ð4Þ

where x! is the position vector and g! is the gravity vector, the sub-
script d denotes ‘‘dynamic”. f s refers a volumetric force source. The
fluid properties in Eq. (4), such as density q and viscosity l, are
updated according to the c, namely as:

q ¼ cql þ 1� cð Þqg ð5Þ

l ¼ cll þ 1� cð Þlg ð6Þ
pd is a modified pressure for simplifying the boundary condi-

tions, defined as

pd ¼ p� q g!� x! ð7Þ
In this VOF model, the continuum surface force (CSF) model is

adopted to account for the effects of surface tension at the
liquid-gas interface by adding a volumetric force source f s to Eq.
(4) as

f s ¼ rjrc ð8Þ
where r is the surface tension coefficient between water and air,
and the subscript s denotes ‘‘surface tension”, j is the curvature
of two-phase interface and is approximated as the divergence of
unit interface normal n!, i.e.

j ¼ �r � n!¼ �r � rc
rcj j

� �
ð9Þ

The wettability of wall is accounted for by adjusting the surface
unit normal n! in the cells adjacent to the wall according to the fol-
lowing equation:

n!¼ n!wcoshþ t
!

wsinh ð10Þ

where n!w is the unit vector normal to the wall, t
!

w is the unit vec-
tor tangential to the wall, the subscript w denotes wall. h is the con-
tact angle. In this study, the constant contact angle is considered.
Based on the Young-Laplace equation, the capillary pressure Pc,
defined as the difference of liquid pressure Pl and gas pressure Pg



Fig. 1. Schematics of (a) dual GDL design with perforation, (b) reconstructed fiber structures with perforation, (c) scan electron microscope (SEM) images of laser-perforated
GDL [16].
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in porous media, is related to the average pore radius r and the con-
tact angle h of the pore surface:

Pc ¼ Pl � Pg ¼ �2rcosh
r

ð11Þ
2.2. Oxygen diffusion model

In a partially-saturated GDL, the local oxygen concentration C is
governed by the diffusion equation [47]:

r � Dr Cð Þð Þ ¼ 0 ð12Þ
where D is the oxygen diffusion coefficient. At the phase interface
between air and liquid water, the concentration equilibrium is char-
acterized by Henry law:

He ¼ Cg

Cl
ð13Þ

where He is constant Henry coefficient, and a value of 42.785 was
chosen [47]. To consider the oxygen transport in both air and water
conveniently, a scalar Ce named as effective concentration is intro-
duced [47]:

Ce ¼ C inside the gas phase
CHe inside the liquid phase

�
ð14Þ

The final governing equation for Ce is written as:

r � DerCeð Þ ¼ 0 ð15Þ
where De is the effective diffusion coefficient which written as [47]:

De ¼ c
Dl

He

� ��1

þ ð1� cÞ Dg

1

� ��1
" # - 1

ð16Þ

where c is the water phase fraction defined in VOF model, Dl

and Dg are the oxygen diffusion coefficient in the liquid and gas
phase, respectively. Here, the Dl and Dg are 1.97 � 10�9 m2 s�1

and 2.19 � 10�5 m2 s�1, respectively [47]. Under dry condition,
the water phase fraction c is zero and all the diffusivity is set to Dg.
2.3. Reconstruction of GDLs and perforated GDLs

The carbon paper GDL usually consists of randomly distributed
carbon fibers. The GDL is assumed as a stack of fibers and recon-
structed by using the stochastic method in our previous studies
[45–48], which is popular in the reconstruction of GDL
[6,36,37,39,43,44]. The fiber diameter is 8 lm, consistent with
experimental measurement [49]. TGP-H-060 is reconstructed in
Section 3.1 for experimental validation [50]. For the perforated
GDLs in Section 3.2–3.5, a no-perforation GDL is first reconstructed
with an average porosity of 0.73, which excludes the effect of vary-
ing porosity in the TGP-H-060. The perforation hole is achieved by
removing the fibers within a cylindrical region, as shown in Fig. 1a.
The perforation perimeter locates in the region 20 lm from the
surface of perforation. The fiber surface in this region can set as
hydrophobic or hydrophilic to investigate the effect of wettability.
The microstructures of perforated GDL with a perforation diameter
D = 50 lm are shown in Fig. 1b and compared with scanning elec-
tron microscope (SEM) image [16]. As a fundamental study, we
only consider one perforation in the GDL.

2.4. Initial and boundary conditions

(a) Two-phase VOF model

The perforated GDL samples in this study are 192 lm thick with
a cross-section of 800 lm � 800 lm. In Section 3.1, for model val-
idation the water saturation s is obtained by performing a water-
invasion process and compared with ex-situ experiment, where a
constant pressure difference 1000 Pa was imposed on the two
sides of the GDL. In the operation of PEMFC, liquid water is pro-
duced from the cathode and removed via the GDL, thus, a water
flow rate, i.e. water velocity inlet is suitable to study water removal
in PEMFC. Therefore, in the Section 3.2–3.5, a constant water veloc-
ity of 0.005 m s�1 is set to drive water flow. This water velocity cor-
responds to the water production rate of fuel cell at a current
density of 2500 A cm�2 (normal PEM fuel cell operates up to about
2 A cm�2). For the predicted water velocity larger than normal fuel



(a) 

(b)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

 Experiment
 Present modelPo

ro
si

ty
, 

Relative thickness, h

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

 Experiment
 Present model

W
at

er
 S

at
ur

at
io

n,
 s

Relative thickness, h

Fig. 2. Comparison of the liquid water saturations and porosity in the TP direction
of Toray-H-060 carbon paper between the present results and X-ray experiment
data [50]. Operating conditions: the fiber contact angle h = 109� and Dp = 1000 Pa.
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cell water production rate, we think two points are important to
justify using this value: (1) Water in the cathode GDL may come
from other resources, including the anode side via water electroos-
mosis, water addition or condensation from neighboring area, and
water accumulation (or local storage). Water accumulation (or
storage) has been observed by other experiments, which leads to
periodic liquid break-through GDL [51,52]. And (2) It is also of fun-
damental importance to investigate general two-phase flows in
carbon papers.

It is noted a buffer zone (thickness 20 lm) is placed on the top of
GDL zone. An interior boundary is set for the interface between the
GDL and buffer zone. And the top of the buffer zone is set as outflow
to allow liquid and gas flow out. In this study, the details of gas flow
in the flow channel are not specified to better focus on the internal
two-phase flow in the microstructures of GDL. This simplification
has beenwidely accepted in the two-phasemodels of reconstructed
GDLs [36,39,43–48,53,54]. In practical PEMFC operation, a number
of perforations are usually manufactured in the GDL under the flow
channel. In addition, in the literature the periodic [36,39], symme-
try [44] and no-slip boundary conditions [43,53] have been pro-
posed for the GDL. We compared the symmetry and no-slip
boundary conditions in our simulation, and found almost the same
predictions. In addition, because of the asymmetry in GDL it is pre-
ferred to adopt the no-slip boundary at the GDL sides for large GDL
samples [54]. The size of present study (the cross section
800 lm � 800 lm) is nearly four times of previous studies and
large enough to exclude the effects of the GDL sides [36,39,43,44].

The PTFE is usually employed to treat GDLs to render the fibers
hydrophobic, and the spatial PTFE distribution may result in the
mixed wettability of the GDL [48,55]. The present study focuses
on the effect of perforation, and the spatial PTFE distribution is
not in this scope. Thus, the fiber surface, due to PTFE treatment,
is set hydrophobic with a constant contact angle h = 109�. For the
perforation perimeter in Section 3.5, 80� for the hydrophilic fiber
surface [48].

Initially, there was no water in GDLs. The capillary pressure
hysteresis is observed in the drainage (gas intrusion) and imbibi-
tion (liquid intrusion) processes because of the contact angle hys-
teresis [56,57]. In this study, only liquid water intrusion is studied.
In addition, the assumption of constant contact angle has been
widely used to study two-phase flows in GDLs [35–48,53,54,56].

(b) Oxygen diffusion model

To obtain the oxygen concentration distribution in the partially-
saturated GDL, the 3D water distribution predicted by the VOF
model was used as input for computation. The Dirichlet (oxygen
concentration 50 mol m�3) and Neumann (oxygen flux
�500 mol m�2) boundary conditions are imposed at the top and
bottom of the GDL respectively, while the others are treated as
walls.

2.5. Numerical procedures

In the present model, the computational domains of the perfo-
rated GDL samples are discretized with 9 million hexahedral cells
(267 � 131 � 267 in the GDL for the x, y and z dimensions, respec-
tively), as shown in Fig. 1d. The open source software Open FOAM
is employed to perform all the simulations. The pressure-implicit
with splitting of operators (PISO) is employed to solve the two-
phase VOF governing equations. The adaptive time step is adopted
to guarantee the Courant number no more than 1. The convection,
Laplacian and gradient terms in the flow and volume fraction gov-
erning equations are discretized using a second-order scheme, and
the time term is discretized using a first-order scheme. The paral-
lelization of OpenFOAM is performed by message passing interface
(MPI) and is generally linked to open source MPI (Open MPI)
library. Open MPI integrates technologies and resources from dif-
ferent projects and can significantly improve its scalability, perfor-
mance of parallel computation. All the simulations in this study
were carried out in the Tianhe-HPC1 system at the National Super-
computer center in China. Each case was conducted for a time per-
iod of 50 ms until the steady flow was reached, which took about
21,504 CPU hours using 112 Intel Xeon @2.93 GHz processors in
parallel.
3. Results and discussion

3.1. Model validation

The local porosity and liquid water saturation of the recon-
structed Toray carbon paper (TGP-H-060) in the through-plane
(TP) direction are validated with X-ray tomographic experiment
data [50], see Fig. 2. The dimensions and boundary conditions of
the computational domain are same as those shown in Fig. 1d. It
is noted that the boundary settings in this section is different from
those in Section 3.2–3.5. In this study, a pressure difference is
employed at two sides of the computational domain, which is con-
sistent with experiment [50]. It is seen that the predicted results
agree reasonably well with X-ray experimental data. Validation
of the capillary pressure versus liquid water saturation was con-
ducted in our previous study [46]. In this and following sections,
the local porosity and saturation were calculated by averaging in
the in-plane dimension. The relative thickness h is defined as the
dimensionless thickness (i.e. h = 0 at the GDL bottom and h = 1 at
the GDL top), see Fig. 1a.
3.2. Effects of the layer thickness, H

Perforated GDLs are usually penetrated by laser beam [16,17].
The penetrated perforation in the GDL will reduce the electrical
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conductivity by reducing the volume of solid fiber and contact area
with micro porous layer or catalyst layer. In this study, a dual layer
design is adopted to reduce this negative effect, as shown in Fig. 1a.
The top layer can be treated with laser perforation and the bottom
layer keeps origin. In this way, the depth of perforation H can be
adjusted and optimized. In this study, there is only one perforation
in the GDL. Three perforation depths, H = 50 lm, 100 lm, and
150 lm are investigated and compared with the GDL without per-
foration. The perforation is located at X = 500 lm and Z = 700 lm,
which is fairly close to the one of liquid water break-through
points in the GDL without perforation. The liquid water break-
through points are the locations where liquid water emerges out
of the GDL. In the GDL without perforation, these points are high-
lighted in the Fig. 3. We chose one of them (X = 500 lm and
Z = 700 lm) as a reference in this study.

Fig. 4 shows the local porosities e and local liquid water satura-
tion s in the TP direction for different perforation depths H. The
local water saturation s refers the one averaged in the in-plane
(IP) direction. It is seen thast the small depth H = 50 lm decreases
the liquid water slightly. This is because this depth has not reached
the liquid water front, see Fig. 5. When perforation depth increases
to 100 lm, the perforation reaches the liquid water front and sig-
nificantly decreases the local liquid water in the GDL. As perfora-
tion depth further increases to 150 lm, the liquid water has little
decrement compared with H = 100 lm. This is because the perfora-
tion has reached a ‘‘flooding region” where the perforation takes
few effects. Thus, a perforation depth 100 lm is suitable for the
GDL in this study. It is also observed that the liquid water satura-
tion profiles are different from those in Fig. 2b. This is caused by
the pressure difference boundary set in Fig. 2b. The pressure differ-
ence (1000 Pa) is smaller than the liquid break-through capillary
pressure of TGP-H-060 (about 5000 Pa) [50], thus liquid water fails
to break through the GDL and can only invade the GDL by a finite
depth. In Fig. 4, a fixed water velocity is set at the GDL bottom. In
this condition, the liquid water pressure will increase until break
through the GDL. Thus, the liquid water saturation in Fig. 4 is dif-
ferent with that in Fig. 2.

It can also be observed that the return of local liquid water sat-
uration at about h = 0.4. This might be due to the local large poros-
ity, as highlighted with box in Fig. 4. We also investigated several
perforation depths at the GDL center, and found the perforation at
Fig. 3. Liquid water break-through points in the GDL without perforation. The
boundary condition at the bottom is constant water velocity.
the GDL center has a very small effect on water removal. This is
because the GDL center is far away from the liquid water break-
through point and little liquid water is present there.

Fig. 5 shows the liquid water distributions for different perfora-
tion depths H at the planes of X = 500 lm and Z = 700 lm, respec-
tively. These views were obtained at the corresponding cross
sections, not average of planes in these two directions. The perfo-
ration location is near the break-through point. It is seen that per-
foration H = 50 lm reduces minor liquid water level the. As the
perforation depth increases to 100 lm and 150 lm, the liquid
water far away from the perforation can be further reduced.

3.3. Effects of the perforation diameter

In this section, the effects of the perforation diameter D are
investigated. The perforation depth H is set as 100 lm. Four diam-
eters of 25 lm, 50 lm, 100 lm and 150 lm are compared with the
perforation located at X = 500 lm and Z = 700 lm. The range of the
diameter is selected according to the in-situ experiment of Hauß-
mann et al. [28]. Besides, too large perforation may cause side
effects, such as inadequate heat removal and membrane support
[28]. Fig. 6 shows the local porosities and water saturations in
the TP direction for the four perforation diameters. It is seen that
the smallest perforation (D = 25 lm) shows a slightly higher liquid
saturation than that without perforation near h = 0 and nearly no
effects near h = 1. All the other three cases of D = 50 lm, 100 lm,
150 lm significantly decrease the liquid water level, with
D = 100 lm showing the lowest liquid saturation. When D changes
from 100 lm to 150 lm, the liquid level increases slightly. The
observation for D = 25 lm may be due to the fact that the pores
in carbon paper can be as large as 20–40 lm [52,58]. As a result,
the small perforation, i.e. D = 25 lm, has little change on the GDL’s
pore structure to promote water break-through. Note that large
perforation presents a small resistance to liquid break-through.
When the perforation diameter is larger than most of the GDL
pores, increasing D will not benefit water removal. Fig. 7 shows
the 2D liquid water distributions at the planes of X = 500 lm and
Z = 700 lm, respectively. It is seen that as the perforation diameter
increases, the more liquid water nearby the perforation is drained
by the perforation.

3.4. Effects of the perforation location

In this section, two different perforation locations are studied.
The perforation 1 is located at the sample center (i.e. X = 400 lm
and Z = 400 lm) and the perforation 2 is near the break-through
point at X = 500 lm and Z = 700 lm, as shown in Fig. 8. The perfo-



Fig. 5. 2D contours of liquid water fraction at the planes X = 500 lm and Z = 700 lm in the GDLs with different perforation depths H = 0 lm, 50 lm, 100 lm, 150 lm and
D = 50 lm.
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ration 1 location is chosen far away from the liquid water break-
through point to compare with the perforation 2 which is near
the break-through point. The diameter and depth of the perfora-
tions are set as D = 50 lm and H = 100 lm, respectively. Fig. 8
shows the local porosities and liquid water saturations in the TP
direction for these two perforations. It is seen that the perforation
1 has minor liquid water decrement compared with the perfora-
tion 2, which can be explained by Fig. 9: the perforation 1 is not
in touch of the liquid water front inside the GDL because it is not
near the break-through site. Thus, one can conclude that the perfo-
ration location near the liquid water break-through points is
preferable to maximize liquid water drainage. Although the perfo-
ration 1 doesn’t interact with liquid water front in Figs. 8 and 9, it
increases the liquid water in the GDL slightly. The reason of this is
that the perforation 1 increases the porosity of layer 2 (top),
decreasing the entire capillary resistance here. The liquid water
is easier to invade into layer 2 and the water accumulation in layer
1 (bottom) is enhanced.

The study shows that using the perforation technique needs to
be careful in design. In addition, the liquid water break-through
sites can be identified by visualization techniques such as scanning
electron microscope (SEM) [59], optical microscope [60] and
atomic force microscope [61].



Fig. 7. 2D contours of liquid water fraction at the planes X = 500 lm and Z = 700 lm, respectively, in the GDLs with different perforation diameters D = 25 lm, 50 lm,
100 lm, 150 lm and H = 100 lm.
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Fig. 8. Local liquid water saturations in the TP direction of the GDL at two
perforation locations, respectively (perforation 1 is located at the GDL center and
perforation 2 is located at the liquid water break-through point, see Fig. 3).
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3.5. Effects of the perforation perimeter wettability

In the laser perforation process, the surface properties of the
GDL structure nearby the perforation may be changed due to
the oxygenation of carbon fibers in the high temperature. As
a result, the local fiber surface becomes hydrophilic [16,17,24].
In this study, a hydrophilic perimeter area is assumed to be a
20 lm width, see Fig. 10, with a contact angle set as h = 80�.
The perforation depth in this section is chosen as H = 100 lm.
Fig. 10 shows the local liquid water saturations in the TP direc-
tion with the hydrophilic and hydrophobic perforation perime-
ters, respectively (the hydrophobic contact angle h = 109�). It
is seen that the hydrophilic perimeter further reduces the water
level in the GDL. This is because the hydrophilic area enlarges
the water flow path around the perforation, as shown in
Fig. 11.



Fig. 9. 2D contours of liquid water fraction at the planes X = 400 lm, 500 lm and Z = 400 lm, Z = 700 lm respectively, in the GDLs with two perforation locations (GDL center
and liquid water break-through point).
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Fig. 10. Local liquid water saturations in the TP direction of the GDLs with a
hydrophilic (the contact angle h = 80�) or hydrophobic (h = 109�) perforation
perimeter (D = 50 lm, H = 100 lm).

Fig. 11. 2D contours of the liquid water fraction at the planes X = 500 lm and Z = 70
hydrophobic (h = 109�) perforation perimeter.
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3.6. Oxygen transport in partially-saturated GDLs

As well known, the existence of liquid water in GDLs will block
oxygen transport. An oxygen diffusion model [47] was employed to
investigate the effect of perforation on oxygen transport using the
3D liquid water distribution in Section 3.3. Because of the water
injection boundary condition near the GDL bottom, the ‘‘water
flooding” region near the GDL bottom will severely block the oxy-
gen transport. In this section, the liquid water in the GDL region
above the water inlet of �8 lm thick is removed from the simula-
tion. This thickness responds to the thickness of one fiber layer. The
local averaged oxygen concentration Ca in the TP direction for dif-
ferent perforation diameters are shown in Fig. 12. The local aver-
aged oxygen is averaged over the in-plane dimension, not in the
entire GDL area. It is seen that a high liquid saturation blocks oxy-
gen diffusion efficiently in all the five cases. Except the case
D = 25 lm, the other three perforations considerably reduce the
0 lm, respectively, in the GDLs with a hydrophilic (the contact angle h = 80�) or
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oxygen transport resistance, as shown by the increased oxygen
concentration at the GDL bottom. The case D = 25 lm fails to
enhance the oxygen concentration is because the slightly higher
liquid water saturation in the GDL, which has been discussed in
Section 3.3. Fig. 13 shows the 2D oxygen concentration distribution
at the plane Z = 700 lm in the GDLs with the water distributions
shown in Figs. 5 and 7. The averaged oxygen concentrations at
the GDL bottom are improved by 14.5%, 101.7% and 76.9% in the
three GDLs of D = 50 lm, 100 lm and 150 lm, respectively. It is
noted that the oxygen concentration increment is more significant
when D changes 50 lm to 100 lm than D = 25 lm to 50 lm. This is
because most pores in the carbon paper is among 20–40 lm
[52,58], a small perforation, e.g. 25 lm has little changes on the
GDL morphology, thereby reduces the liquid water level slightly.
The perforation will take significant effect when its diameter is lar-
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Fig. 12. Local averaged oxygen concentrations in the TP direction of partially-
saturated GDLs with different perforation diameters D = 0 lm, 25 lm, 50 lm,
100 lm, 150 lm and H = 100 lm.

Fig. 13. 2D contours of oxygen concentrations at the slice Z = 700 lm in partially-satu
150 lm and H = 100 lm.
ger than most pores in the GDL. The averaged liquid water distribu-
tions in the in-plane cross-section of perforated GDLs with
different perforation diameter are shown in Fig. 14. These liquid
water saturations are obtained by averaging the liquid water frac-
tion in the through-plane direction, i.e. y direction. It is seen that
more void space is available for oxygen diffusion when
D = 100 lm than D = 25 lm and 50 lm. In summary, the GDL per-
foration reduces liquid water saturation, thereby decreases the
oxygen transport resistance.
4. Conclusions

In this study, two-phase flow in perforated GDLs was numer-
ically investigated by the two-phase volume of fluid (VOF) model.
A stochastic reconstruction method was adopted to reconstruct
the GDL microstructures. Various perforation depths and diame-
ters were investigated and compared. The results showed that
perforation can considerably reduce the liquid water saturation
in the through-plane (TP) direction. The perforation location’s
dependence was studied. It was found that the GDL perforation
should be near the water break-through point to better facilitate
liquid water removal. Moreover, it was also found that the perfo-
ration perimeter’s wettability has pronounced effect on water dis-
tribution and that the hydrophilic perimeter further reduces the
water saturation in GDLs. Using the predicted water distributions,
oxygen diffusion in the perforated GDLs was investigated. It was
found that the oxygen transport resistance can be reduced con-
siderably by perforating GDLs. The results of this study show
the relationship among the perforation dimensions, liquid water
removal, and oxygen supply in the GDL. These findings will
improve our understandings of pore-scale liquid water behaviors
in the GDL and benefit GDL perforation design for liquid water
management.
rated GDLs with different perforation diameters D = 0 lm, 25 lm, 50 lm, 100 lm,



Fig. 14. 2D contours of local average liquid water saturation s in the in-plane cross-
section of partially-saturated GDLs with different perforation diameters D = 0 lm,
25 lm, 50 lm, 100 lm, 150 lm and H = 100 lm.
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