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ABSTRACT
Effects of gas diffusion layer (GDL) compression on in-

plane water percolation was studied with an ex-situ approach.
Toray carbon paper was compressed at four different compres-
sions and water percolation in stable displacement regime was
visualized with a CCD camera. Images were analyzed to ob-
tain water percolation evolution. Liquid water wetted area was
normalized with GDL sample size and evaluated as a function
of time during the injection. It was observed that the normal-
ized wetted area increase faster in time as the GDL compression
increases. This is due to smaller pore size at higher GDL com-
pression which requires larger surface area to accommodate the
same amount of injected water. In addition, liquid water perco-
lation pressure was measured with a pressure transducer during
experiments. Results suggested that the percolation pressure is
higher for GDLs with greater compressions. Liquid water pres-
sure increased at the beginning of experiments for GDLs with
greater compressions and increased monotonically afterwards.
As the GDL compression increase GDL pore size decrease which
results in greater capillary pressure in the porous media. There-
fore, liquid water pressure requires a greater pressure to perco-
late within the GDL at higher compressions.
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INTRODUCTION

Proton exchange membrane (PEM) fuel cells are considered
as a pollutant free energy system which also benefit from high
efficiency and high volumetric power density. During the oper-
ation of a PEM fuel cell, hydrogen fuel is converted into useful
power with water and heat as the two byproducts. While some
portion of the produced water can be useful for the operation of
the fuel cell as it hydrates the membrane, any excess amount of
water within the fuel cell should be carefully removed from in-
side the cell. This is because the excess water can, for instance,
fill open pores of the porous layers and block transport of reac-
tant gases to the electrodes. The porous layers in PEM fuel cells
include the gas diffusion layer (GDL) and the microporous layer
(MPL). The membrane which transports protons from anode to
cathode is also a porous layer. These layers are different in thick-
nesses and pore sizes. The GDL is the thickest porous layer in a
PEM fuel cell with an average thickness between around 100 to
300 µm and an average pore size around 30 µm [1,2]. The GDL
is used in PEM fuel cells in order to provide a uniform transport
of reactants to the catalyst layer, to remove excess water from
the membrane by providing pathways of water to the gas chan-
nel, to mechanically protect the membrane as a fragile thin layer,
and to provide electrical conductivity between the electrodes and
the current collectors. GDL flooding occurs when the produced
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water and/or the condensed water from humidified reactants fills
the open pores of the GDL and prevents a uniform distribution
of reactants across electrodes. This eventually lowers the perfor-
mance of the cell and should be carefully avoided [3–5]. Fur-
thermore, the accumulation of excess water in GDL can lead to
non-homogeneous current density [6], ineffective heat removal,
and membrane swelling [7]. In addition, the excess water may
also result in the delamination of fuel cell components during
the thermal cycling associated with freeze/thaw processes [8, 9].
An appropriate design of the GDL has been reported to have a
significant contribution on proper water balance within the cell
[10].

It has been reported that the accumulated liquid water within
the GDL emerges from its surface at some preferential locations
[11]. Depending on the water production rate and gas flow rate
within the flow channel this emerged water droplet can be re-
moved from the surface of the GDL by different mechanisms
[12]. For water production rate greater than water removal rate
a water lens may form within the gas channel. This lens can
grow in size until it completely clogs the flow channel and causes
channel flooding. Channel flooding, similar to GDL flooding,
has been reported to lower the performance of the cell [5, 6, 13].
Emergence of liquid water in PEM fuel cell flow channels causes
liquid-gas two-phase flow within the flow channels which has
been investigated extensively [14–18]. PEM fuel cells are prone
to flooding at high current density and/or low flow stoichiome-
try [19]. Water transport within and on the surface of the GDL
has been extensively investigated in literature [2,11,20–40]. Dif-
ferent techniques such as direct optical visualization [19,41–43],
neutron imaging [44–46], and nuclear magnetic resonance imag-
ing [47, 48] have been employed. Litster et al. [28] used a novel
fluorescence microscopy technique to visualize the transport of
liquid water within the PEM fuel cell porous media and sug-
gested that water transport is dominated by fingering and chan-
nel. This was in contrast to the earlier model that proposed water
transports by converging capillary [49]. The nonuniform water
distribution in GDL was also reported by Tsushima et al. [48]
based on magnetic resonance imaging and by Satija et al. [50]
who employed neutron imaging in their study.

Drainage and phase diagram in the porous structure of the
PEM fuel cell is investigated by Medici and Allen [51]. The
drainage phenomenon refers to the displacement of a wetting
fluid by the injection of a nonwetting fluid. In GDLs, for in-
stance, liquid water is the nonwetting fluid while air in GDL
pores is the wetting fluid which is displaced as liquid water per-
colates. In general, three types of fluid flow may occur when
drainage occurs in a porous media. These three types of fluid
flow depend on the injection rate of the nonwetting fluid as well
as the viscosity ratio of two fluids. These three types of fluid
flow are (i) viscous fingering, (ii) capillary fingering, and (iii)
stable displacement. Viscous fingering occurs when the injected
fluid has lower viscosity than the displaced fluid. In this type

of drainage mechanism the injected fluid permeates irregularly
through the porous media and causes multiple conduits or fin-
gers. Capillary fingering and stable displacement occur when
the injected fluid has a viscosity greater than the viscosity of the
displaced fluid. However, capillary fingering occurs for low in-
jection flow rates while stable displacement is characterized at
higher injection rates. In capillary fingering, the injected fluid
generates irregular conduits within the porous media while in sta-
ble displacement the injected fluid permeates evenly through the
porous media. Due to even permeation of the injected fluid, no
fingers form in the stable displacement flow mechanism. These
three types of flow were presented on a phase diagram proposed
by Lenormand [52, 53]. This diagram is known as the Drainage
Phase Diagram and is shown in Figure 1.

in Table 1 indicate that viscous effects are more dominant
than inertia effects. Fig. 3 shows the range of water flow rates

in the current study overlaid on the drainage phase diagram.

Sample preparation

Toray carbon papers with four different thicknesses and
different PTFE contents have been used in this study. Table 2
lists the measured and calculated physical properties of GDL
samples used. The carbon papers were treated with PTFE
based on the procedure described in [28]. According to this
procedure, the untreated carbon papers were first dipped into
the PTFE emulsion (60 wt.% dispersion in H2O, ALDRICH) for

10 h. The substrates were then put in a furnace at 120 !C for
1 h. The treating process was completed by increasing the
furnace temperature to 360 !C for 1 h to make a uniform PTFE
distribution through the GDL, as suggested in [28].

Contact angle measurement

Water droplet static contact angles on GDLs were measured
with a house-made setup, as shown in Fig. 1(c). The procedure
and theory are presented in Ref. [29]. To measure the static
droplet contact angles on GDL surfaces, droplets with di-

ameters between 1 mm to 3 mm were introduced on the GDL
surface. A CCD camera (PULNIX TM-1325CL) equipped with a
long distance microscope (Infinity K2/S) was used to take
images of the droplets. A light sourcewas alignedwith a series
of concave lenses to provide a uniform background light based

on the Köhler illumination method. The images of ten drop-
lets were captured for each GDL sample. The images were

then analyzed with a computer code that was developed
based on the YoungeLaplace equation to give the droplet
contact angles.

Results and discussion

Contact angle

The liquid water droplet contact angle on a solid surface de-
scribes the wetting ability of the surface by liquid. The contact
angle depends on the interfacial energy along the three phase
boundary.

Fig. 4 shows the contact angles measured on different GDL
samples. It can be observed from the figure that the contact
angle remarkably changes by applying some amount of PTFE

to an untreated GDL. However, the contact angle seems to be
almost identical for different amounts of PTFEwithin the GDL.
The figure also suggests that the GDL thickness does not have
any particular impact on the droplet contact angle. This is in
agreement with the findings reported by Whitesides and Lai-
binis that the droplet behavior on a solid surface is mostly
governed by the wetting properties of the top fewmonolayers
[30].

Liquid water breakthrough pressure

Liquid water can pass through the GDL pores when its pres-
sure exceeds the capillary pressure of the GDL [5]. This capil-
lary pressure is a function of pore size and can be described by
the YoungeLaplace equation:

Pc ¼ Pg # Pl ¼
2swater cos q

rpore
(3)

where Pg and Pl are the gas and liquid phase pressure,
respectively, swater is the water surface tension, rpore is the
pore radius, and q is the water contact angle on the GDL.

In an operating fuel cell, water is produced in the catalyst
layer and accumulates behind the GDL.Water accumulation is

Table 1 e Water flow rate considered in this study.

Intruded/displaced Water flow
rate (m[ h# 1)

M Ca Re

Water/air 75 64 6.81 $ 10# 6 0.0095
Water/air 150 64 1.36 $ 10# 5 0.0191
Water/air 350 64 3.17 $ 10# 5 0.0444
Water/air 500 64 4.54 $ 10# 5 0.0635
Water/air 650 64 5.90 $ 10# 5 0.0826
Water/air 850 64 7.71 $ 10# 5 0.1080
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Fig. 3 e Experimental range shown on the drainage phase
diagram. Dashed lines represent the hypothetical limits of
flow regimes.

Fig. 2 e Drainage phase diagram.
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FIGURE 1: Drainage phase diagram

The vertical axis in this diagram is the capillary number, Ca,
which is defined as

Ca =
vµnw

σ
(1)

where v is the velocity of the injected fluid at the injection cap-
illary tube, µnw is the viscosity of the nonwetting fluid (injected
fluid), and σ is the surface tension. The velocity of the injected
fluid is evaluated at the inlet of the capillary which injects the
fluid and can be obtained by v = q/πr2 where q is the volumetric
injection flow rate and r is the radius of the capillary tube. The
capillary number describes the ratio of viscous stress to capillary
stress. The horizontal axis of the drainage phase diagram, M, is
the ratio of viscosities and is defined by
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FIGURE 2: (a) Schematic of the experimental setup, (b) exploded schematic of the test section, (c) photograph of the experimental setup,
(d) photograph of the test section. The GDL sample is highlighted with a dashed line.

M =
µnw

µw
(2)

Water transport within the porous media of the PEM fuel cell
is dominated by capillary effect with a characteristic length de-
fined by a Bond number less than one. The Bond number, which
is a ratio of gravitational acceleration effects to surface tension
effects on a liquid-vapor interface, is defined as Bo = (L/Lc)

2

where L is the characteristic length and Lc is the capillary length.
The capillary length, also referred to as the Laplace length, is de-

fined as Lc =
√

σ/ρg, where σ is the surface tension, ρ is the
liquid density, and g is the gravitational acceleration. At 80◦C
which is a normal operating temperature for PEM fuel cells, the
capillary length of water is Lc = 2.6 mm. Because the average
pore diameter in the GDL is around 30 µm [2], the Bond num-
ber is smaller than one which indicates that the water transport
within the GDL is dominated by capillary effects.

In this study, water percolation in the plane of GDL is inves-
tigated for four different GDL compressions. By analyzing water
percolation images, water wetted area within the GDL samples
is obtained. The wetted area is then nondimensionalized based
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(a) time = 1.6 s (b) time = 2.5 s (c) time = 4.1 s (d) time = 6.5 s

FIGURE 3: Four stages of water-air percolation evolution for stable displacement flow regime. Yellow lines indicate water-air interface.
Water is inside the yellow border and air is outside. Water flow rate was 821 ml/h and nominal shim thickness was 0.004 in. which
corresponds to 56.8% GDL compression.

on the GDL sample area to obtain nondimensional wetted area
curves. The nondimensional wetted area is defined as the ratio
of time evolution of the occupied area to the GDL sample area,
A/LH, where A is the time evolution of the occupied area and
L and H are the length and the height of the GDL sample, re-
spectively. In addition to nondimensional area, the percolation
pressure is also measured and presented for four different GDL
compressions.

EXPERIMENTAL SETUP
The schematic of the experimental setup is shown in Figure

2a. The setup allowed compressing GDL samples to a specific
value while a CCD camera visualized water percolation within
the plane of the GDL and a pressure transducer measured water
pressure in injection tube. GDL samples, cut in 5 cm × 5 cm,
were sandwiched between two polycarbonate plates by four 1/4-
20” screws. Stainless steel shims with different thicknesses were
used around GDL samples in order to yield proper compression.
The schematic of test section is shown in Figure 2b. Toray T060
was used as the GDL sample with a manufacturer specified thick-
ness of 190 µm. The four shim thicknesses used had nominal
thicknesses of 0.001 in. (measured at 23 µm), 0.002 in. (mea-
sured at 52 µm), 0.004 in. (measured at 108 µm), and 0.006 in.
(measured at 164 µm.) These thicknesses result in GDL com-
pressions of 12.1%, 27.3%, 56.8%, and 86.3%, respectively. The
GDL compression is defined as

GDL compression =
GDL thickness before compression
GDL thickness under compression

(3)

In Eq. 3 it is assumed that the thickness of the GDL un-
der compression is the same as the shim thickness. Liquid wa-

ter pressure was measured with a pressure transducer which had
measurement range between 0 and 103 kPa (Omega, PX481A-
015G5V) and voltage output between 0 and 5 VDC. The pres-
sure transducer communicated with a data acquisition system
which communicated with a VI code developed in LabView.
The CCD camera (Thorlabs, 1501M-USB) was equipped with
a zoom lens (MVL6X12Z) and a 0.67X adapter (MVL067A) to
provide a 1050× 990 pixel resolution over a 56-mm (W)× 52.7-
mm (L) field of view. This results in an spatial resolution of
53.5 µm/pixel. The camera visualized water percolation at 12.2
frames per second speed. Two 6-W adjustable intensity LED
lights were used to provide the required illumination during ex-
periments. Water was injected with a syringe pump and at 821
ml/h, equivalent to 0.228 ml/s, flow rate through a stainless cap-
illary tube with 250 µm internal diameter (IDEX, U-111). This
flow rate results in inlet velocity, v, of 4.64 m/s and a capillary
number of 0.057 according to Eq. 1. Also, the viscosity ratio
between water and air is 64. For capillary numbers greater than
0.001 and viscosity ratio between the injected fluid and the dis-
placed fluid greater than one the flow regime is stable displace-
ment. Therefore, the flow regime tested in this study was stable
displacement.

GDL images were analyze with an in-house code to obtain
the wetted area for each GDL compression. The wetted areas
were then normalized according to the GDL area. The image
processing included image filtering, segmentation using thresh-
olding, and connected component analysis through the computer
vision techniques. As the first step, a mask image was created
with GDL sample details as white pixels and the background
details as black pixels. Once the mask image was created, the
background was subtracted in order to remove the stationary de-
tails from the image. This step was followed by a noise removal
step to eliminate the noise resulting from slight variations in il-
lumination, minor workbench vibrations, and motion blur. The
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resulted image was converted to a binary image by using thresh-
olding. The binary images were then processed to calculate the
white pixel total which in fact represents wetted area in the GDL.

RESULTS AND DISCUSSION
The water injection flow rate used in this study along with

the stainless steel capillary used to inject water resulted in a cap-
illary number of 0.057 and a flow regime in displacement dis-
placement region. In this flow regime, water fills GDL pores,
starting from the center of the sample, until it reaches the edge
of the sample. Therefore, the interface between injected and
displaced fluids can be assumed as a circular shape concentric
to the injection capillary. The water injection in this study was
821 ml/h (0.228 ml/s) and water percolation within the plane of
the GDL was visualized with a CCD camera. Figure 3 shows
four stages of water percolation evolution for this water injec-
tion rate. The yellow marks indicate water content within the
GDL. The capillary tube which injected water to the back side
of the GDL was placed in the center of the GDL sample. The
relatively circular shape of water wetted area can be identified
in these images. The sporadic yellow marks out of the concen-
tric wetted region may be due to interconnected water pathway
within the GDL that causes water emergence from random lo-
cations as suggested by Bazylak et al. [11]. However, further
experiments should be conducted to confirm this phenomenon.
By analyzing these images, the wetted area can be obtained as
shown in Figure 4. This figure shows the nondimensional wetted
area as a function of time for the same water flow rate. Four dif-
ferent GDL compression curves are shown in this figure. It can
be observed from this figure that the normalized area increases
faster with time as the GDL compression increases. For instance,
at time = 4 s, the normalized wetted area of GDLs with 12.1 %,
27.3 %, 56.8 %, 86.3 % compressions are 0.946, 0.898, 0.869,
0.730, respectively. This indicates that the wetted area in GDLs
with more compression is larger than those with less compres-
sion. As the GDL compression increases the pore volume within
the GDL decreases and therefore water percolates more in-plane
direction of the GDL. However, it can be observed from this fig-
ure that all four curves seem to converge to the same normalized
area at time ' 8 s. This figure shows that the slope of curve
for the least GDL compression (0.006” shim thickness) is lowest
compared to the slope of the other three curves.

The liquid water percolation pressure for different GDL
compressions are shown in Figure 5. The overall trend in Fig-
ure 5a suggests that the percolation pressure is identical for dif-
ferent GDL compressions as they all start from a low pressure
and increase almost linearly during the experiment. However,
this figure shows lower percolation pressures for GDLs with less
compressions. For instance, the percolation pressures for shim
thicknesses of 0.004” and 0.006” are less than percolation pres-
sures for shim thicknesses of 0.001” and 0.002” at time = 1.5 s.
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FIGURE 4: Normalized in-plane wetted area for four different
GDL compressions. Water flow rate was 0.228 ml/s and capillary
number was 0.057.

Figure 5b shows percolation pressure for time between 0 and 1
s. It can be observed from this figure that the percolation pres-
sure is greatest for the highest GDL compression (0.001” shim
thickness) and as the GDL compression decreases, this pressure
also decrease. However, the percolation pressure for shim thick-
nesses of 0.004” and 0.006” seem almost identical. Figure 5b
also shows that the percolation pressure varies at the beginning
of the experiment for time between 0 and 0.4 s and all four curves
increase monotonically almost with the same slope afterwards.
This can be an indication that water penetration in GDLs with
two highest compressions (0.001” and 0.002” shim thicknesses)
require elevated pressures compared to the other two GDL com-
pressions. Water pressure should be greater than the capillary
pressure, defined by Young-Laplace equation, in order to pene-
trate into the GDL samples:

Pc = Pg−Pl =
2σwater cosθ

rpore
(4)

where σwater is water surface tension, θ is water contact angle on
GDL surface, and rpore is the pore radius. As the GDL compres-
sion increases, the pore size, and consequently the pore radius,
decreases. Therefore, liquid water requires a higher pressure to
overcome the capillary pressure to penetrate into the GDL sam-
ple. In addition, water transport within the GDL requires this
elevated pressure to overcome capillary pressure of the pore net-
work. As a result, the percolation pressure for GDLs with higher
compressions stays above that for GDLs with less compression
during the experiment.

This study is still undergoing by testing different water flow
rates which cause flow regime in capillary fingering region as
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well. In addition, experiments for carbon clothes will be done
to compare water percolation between carbon paper and carbon
clothes.

CONCLUSION
Liquid water percolation within the plane of the porous me-

dia of PEM fuel cells was investigated for different GDL com-
pressions and in an ex-situ setup. Four different GDL compres-
sions were considered in this study while liquid water was in-
jected at 0.228 ml/s flow rate, resulting in stable displacement
flow regime. The GDL sample used was Toray T060 with a man-
ufacturer specified thickness of 190 µm. Four different stainless
steel shims with 23, 52, 108, and 164 µm thicknesses were used
as rigid spacer to compress GDLs. A CCD camera visualized
water percolation in the plane of GDL and a pressure transducer
measured liquid water pressure during injection. GDL images
showed the interface between injected and displaced fluids repre-
sented a circular shape concentric to the injection capillary. Im-
age analysis of GDL samples suggested that as the GDL com-
pression increases water percolates faster within the plane of the
GDL. This is due to lower pore volume at higher GDL compres-
sions which seeks for larger percolation area to accommodate
the injected water. In addition, the percolation pressure was ob-
served to increase as the GDL compression increases. This is
attributed to higher capillary pressure which should be overcome
at higher GDL compressions. For GDLs with greater compres-
sions, it was observed that the percolation pressure increases in
two stages during the experiment. For these GDLs, the increase
in pressure was faster at the beginning of the experiment and the
slope of pressure curve decreases afterwards.
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