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One of the major problems of current proton exchange membrane (PEM) fuel cells is water management.
The gas diffusion layer (GDL) of the fuel cell plays an important role in water management since humid-
ification and water removal are both achieved through the GDL. Various numerical models developed to
illustrate the multiphase flow and transport in the fuel cell. The accuracy of these models depends on the
accurate measurement of the GDL properties such as wettability, surface energy, and porosity. Most of
the studies conducted for measuring the wettability of the GDL are based on the external contact angle

Ié?; chiti)frflzlss:ion layer measurements. However, the external contact angle does not describe adequately capillary forces acting
Wettability on the water inside the GDL pores. In a recent study, the capillary penetration technique has been used

to measure indirectly the wettability of the GDL based on the experimental weight increase due to pen-
etration of the liquid into the porous sample. In essence, the mass penetration technique was used along
with the Washburn’s equation. The shortcoming of this method is that the external factors such as the
mass of the meniscus formed outside the sample as well as evaporation occurring during the experiment
were not considered. It was found that these factors affect the wettability measurements of the GDL,
especially for a hydrophilic sample. In this paper, the experimental setup of the capillary penetration
method has been modified to control the evaporation rate as the liquid is penetrated into the sample.
Also, the capillary penetration technique which was initially used based on mass penetration has been
modified to the height penetration method to eliminate the effect of the weight of the meniscus formed
outside the sample. The experiments were performed for a time period of 10s. For this time period, it
was found that the Washburn'’s equation is not an accurate model since it does not include the frictional
work effects that are significant at the first few seconds of the experiments. Therefore, the Washburn’s
equation was replaced by a more general form. Using the Levenberg-Marquardt optimization technique,
the experimental data obtained from the height penetration technique is fitted to the theoretical curve to
find the internal contact angles of a sample GDL. Finally, these contact angle results are used to determine
the surface tension of the GDL using two approaches: the Owens-Wendt surface tension components
and the equation-of-state models.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
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1. Introduction

Proton exchange membrane (PEM) fuel cells have drawn much
attention in the last decade as a high-efficiency and low-emission
source of energy for industrial products ranging from vehicles to
portable electronic devices. However, the performance and cost of
the PEM fuel cells must be improved before they can constitute a
viable market and replace current battery technologies. The PEM
fuel cell consists of a membrane electrode assembly (MEA) sand-
wiched between two flow channels. The MEA contains a polymer
electrolyte membrane (e.g. Nafion) embedded between two porous
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gas diffusion electrodes (GDE). The GDE is composed of a platinum
catalyst and a gas diffusion layer (GDL) constructed from macrop-
orous substrates (i.e., carbon fiber or carbon cloth impregnated with
polytetrafluoroethylene (PTFE)) coated with one or more microp-
orous layers (i.e., amorphous mixture of carbon and PTFE). Recent
experimental and numerical investigations identify water manage-
ment as a critical factor in the design of robust and high-efficiency
fuel cells [1-7]. In essence, the polymer membrane of the PEM
fuel cell needs to be well hydrated to maintain proton conductiv-
ity. However, excessive water vapor condensation, due to a long
operation or large output current, forms microdroplets that cover
the active sites on the catalyst layers, fills the pores of the GDL,
and blocks access of the reactant gas to the reaction site [8]. Typ-
ically, this is the origin of the limiting current for PEM fuel cells.
To enhance water management, it is necessary to study droplet
formation and multiphase flow in the internal network of the
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Nomenclature

R average pore radius

Yiv liquid surface tension

Vsl liquid-solid interfacial tension

Vsv solid surface tension

Yd dispersive component of surface tension
Vp polar component of surface tension
0 average internal contact angle

g gravitational constant

o liquid density

n liquid viscosity

A wetted area

£ porosity

t penetration time

m mass of capillary penetration

h height of capillary penetration

fuel cell, especially through the GDL as humidification and water
removal are both achieved through this porous medium. Experi-
mental results obtained from a fluorescence microscopy technique
show that water transport in the GDLis dominated by fingering and
channeling effects which are dependent on the surface properties
of the porous structure [9]. Also, in the models developed recently
[10-13], the effects of the viscous and capillary forces as well as the
porosity and wettability of the GDL on liquid water transport were
elucidated. However, the wetting properties of the GDL were either
approximated or measured using experimental methods such as
the goniometry, capillary rise and Wilhelmy plate methods which
only determine the external contact angles. The contact angle val-
ues of 120° (or even larger) have been reported for different GDLs
using these external contact angle methods [13-18]. Since the con-
tact angle of water on a pure PTFE surface is approximately 108°,
these large values of contact angle cannot be due to the presence
of the hydrophobic agent (PTFE) inside the GDL pores but rather
due to surface roughness of the GDL. In general, the external con-
tact angle may describe qualitatively the wettability of the GDL,
but it cannot be used as a quantitative estimation for calculations
or design purposes. Thus, it is required to find a method that is
capable of measuring the internal wettability of the GDL.

The capillary penetration technique has been used to under-
stand the relationship between pore structure, internal wettability
and capillarity. In a recent study [19], this technique has been used
to determine and further control the penetration of liquid into the
GDL of the fuel cells. The modified Washburn’s equation which
relates the capillary to the viscous forces and neglects the effect
of inertial and gravitational forces has been used to measure the
internal contact angle from the penetration rate of liquid into the
porous media [19]. The modified Washburn’s equation is given as

2 _ncos @
YivoCw

where m is the mass of the sample liquid penetrated into the GDL,
is the average internal liquid contact angle formed by the liquid and
the GDL material, ), is the liquid-vapor surface tension, p is the
density of the sample liquid, 1 is the viscosity of the sample liquid,
and Cy, presents the Washburn’s constant of the GDL sample which
is assumed to be material dependent and a function of the GDL pore
structure (e.g., mean pore diameter (R) and porosity (&)).

The determination of the contact angle values using the mod-
ified Washburn’s equation involves the following steps: (1) the
GDL sample is first tested with a sample liquid that is assumed
to have a zero-contact angle (i.e., cosf=1) to the GDL pores (e.g.,
pentane); (2) the experimental weight increase due to penetration
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Fig. 1. This figure presents the mass-squared-versus-time plot for a sample GDL in
contact with pentane. The modified Washburn’s question (Eq. (1)) was fitted to the
first linear portion of the experimental weight increase curve.

is measured over time; (3) the mass-squared-versus-time plot is
obtained (Fig. 1 presenting a typical graph); (4) knowing the prop-
erties of the zero-contact angle liquid, the slope of the linear section
(the first part of the mass-squared-versus-time plot) will determine
the Washburn’s constant (Cy); (5) with the Washburn’s constant
determined, contact angle against other different sample liquids
are measured using the slope of the linear portion of the mass-
squared-versus-time plot obtained for other sample liquids. The
results obtained from this approach show that for some testing liq-
uids the values of contact angle are not defined (cos 8> 1). This can
be due to the fact that the contact angles were determined using
the modified Washburn's equation, which neglects the effect of the
gravitational and inertial forces, and considering only the first por-
tion of the experimental weight increase data. The results reported
by Hamraoui and Nylander [20] show that the effect of the grav-
itational and inertial forces is comparable to that of capillary and
viscous forces, especially at the early stage of penetration. In our
initial attempt [21], the complete form of the Washburn’s equation
(Eq. (2)) was used to include the above effects.

g 8n dm 1 d( dm) 2)

dar o

2
gyveos o = pAe ReAZp2e2 " dr + pA2g2 dt
—_— ———

surface tension gravity viscosity inertia

where g is the gravitational constant, and R, &, and A present the
mean pore diameter, porosity, and wetted area, respectively.
Since the GDL samples are partially hydrophobic (due to PTFE
loadings) mass penetration experiments were conducted using
sample liquids such as methanol, acetone, cyclohexane, chloro-
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Fig. 2. In this figure, the theoretical curve obtained by integrating the complete
Washburn’s equation (Eq. (2)) was fitted to the entire experimental weight increase
curve which was obtained for pentane.
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Fig. 3. The schematic representation of the capillary penetration (inside the sample) and the meniscus rise (outside the sample) phenomena.

form, and toluene. This method does not require the calculation
of G,y (Washburn’s constant). Thus, it is not required to use a sam-
ple liquid such pentane which is assumed to wet completely the
GDL sample. Fig. 2 presents the results of the experimental weight
increase of a GDL sample due to penetration of a test liquid and the
best fitted theoretical curve (obtained by integrating the complete
form of the Washburn'’s equation).

The fit is good except for the first few seconds of the experi-
ment. It has been shown [22] that during this short period of time
the weightincrease is a result of two simultaneous phenomena: the
capillary penetration inside the GDL, and the formation of menis-
cus outside the sample. The formation of the meniscus outside can
be seen schematically in Fig. 3. During the first few seconds of the
experiment the meniscus mass is the dominant factor until time tg
where the meniscus reaches an equilibrium height he. After time
to capillary penetration becomes the dominant factor especially for
hydrophobic surfaces for which the penetration from the outside
meniscus to the inside layers is not as significant as the imbibition
phenomenon. It is necessary to separate the mass increase due to
two phenomena in order to achieve the meaningful contact angle
values. This was achieved by fitting the Washburn’s equation to the
data after the sharp “corner” in the mass-versus-time graph [21].
The fitted curve was than integrated over the entire time interval
to obtain the theoretical mass increase due to capillary penetration
(see Fig. 4). This mass can then be used to find the weight increase
due to the meniscus by subtracting the capillary mass from the
experimental mass values in the first few seconds of the experiment
(where the meniscus factor is most prevalent) (see Fig. 5). This pro-
cedure was repeated for different sample liquids. The results are
listed in Table 1. At first glance, these values are realistic compared
to those obtained from the previous approach as this method mea-
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Fig. 4. The complete Washburn’s curve (obtained by integrating Eq. (2)) was fitted
to a portion of the experimental weight increase curve (obtained for pentane) to
separate the effect of the capillary penetration from the meniscus formed outside
the GDL sample.

Table 1
Internal contact angle values obtained for a sample GDL using the capillary mass-
based penetration technique in conjunction with the Washburn’s equation.

Test liquid Y (mJm=2)? 0 (deg.)®
Methanol 22.7 343
Acetone 23.7 29.2
Cyclohexane 25.5 41.2
Chloroform 27.2 475
Toluene 284 50.8

2 These values were obtained from [23].
b These contact angle values were obtained by fitting Eq. (2) to the mass pene-
trated experimental data.

sures the average internal contact angles using the complete form
of the Washburn’s equation.

The above method was applied to a hydrophilic GDL sam-
ple (with 10wt.% or less PTFE loading). The contact angle results
obtained for a hydrophilic GDL, however, were not valid (cos 6> 1).
This can be due to the fact that the meniscus formed outside the
GDL wall penetrates into the internal layers before reaching to the
equilibrium height (he). Thus, it is impossible to separate the effect
of the weight increase due to imbibition from that of the menis-
cus outside. As a result, the mass penetration method explained
above fails to determine correct contact angle values, especially for
hydrophilic porous samples.

In this work, the capillary penetration technique based on
height of penetration was used instead of the mass penetration
method. The experimental setup was further improved to elimi-
nate the effect of evaporation. The experiments were conducted
for hydrophilic GDL samples and repeated for several pure liquids.
The details of the material and method are explained in Section
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Fig. 5. The effect of the meniscus outside and the sample liquid (pentane) penetra-
tion inside the GDL is separated. The solid line is the theoretical curve which was
obtained by integrating the complete Washburn’s equation (Eq. (2)).



B.R. Friess, M. Hoorfar / Journal of Power Sources 195 (2010) 4736-4742

Microscope and

Light Source

Clip and Sample

4739

Syringe Pump

ﬁ]

7 Fitted lid

I | CCD Camera [:]

Glass Container

Platform

Fig. 6. The schematic representation of the experimental setup for the capillary penetration height experiment.

2. Also, a more general form of Washburn’s equation has been
used (instead of Eq. (2)) to include frictional work effects which are
significant at short time periods. The experimental data obtained
from the height penetration method was fitted to the new equation
using the Levenberg-Marquardt optimization method (see Section
3). The best fit determines the value of the internal contact angle
for each sample liquid (see Section 4). Finally, the internal contact
angle results obtained from a variety of test liquids are used to
determine the wettability and surface tension of the sample GDL
using two approaches: the Owens-Wendt two-parameter and the
equation-of-state approaches (explained in Section 4).

2. Materials and method

The objective of this study is to find the wettability (i.e., the
internal contact angle of water in the pores of the GDL) and surface
tension of the GDL porous media. However, water cannot be used
as the test liquid in the capillary penetration technique since the
GDL samples are partly hydrophobic. In this work, the capillary
penetration experiments are conducted with a set of pure liquids
to find their internal contact angles in the sample GDL material.
Later on, these internal contact angle values are used to determine
the wettability and surface energy of the GDL using two models: the
surface tension components and the equation-of-state approaches.

Toray TGP-H-120 (10 wt.% PTFE loading) nonwoven fibrous gas
diffusion layer (GDL) samples were used. The set of test liquids used
in this study includes hexane, heptanes, ethanol, methanol, ace-
tone, cyclohexane, and toluene. All test liquids (with purity greater
than 99.9%) were supplied from Sigma-Aldrich. The height increase
was measured using an optical setup that includes an APO Zoom
Leica microscope connected to a digital camera and a sealed con-
tainer containing the liquid and the GDL sample. The container is
sealed with a fitted PDMS lid with two openings. One of the open-
ings is to secure the clip that holds the GDL to the PDMS lid. The
second opening allows the user to dispense enough liquid to raise
the liquid level until it contacts the GDL sample. Fig. 6 presents the
schematic representation of the setup.

The experiment was completed in two steps: First, the sample
liquid is dispensed into the container and left for a while to saturate
the air inside the container. Then, before starting the experiment,
more liquid is injected into the container until the liquid level
reaches the GDL sample. This way the effect of evaporation is mini-
mized. As the liquid sample penetrates into the GDL, the images are
acquired with a high resolution camera at a rate of 20 frames per
second. Fig. 7 shows the images of height of penetration acquired
in a typical experiment. The images were finally processed using an
image analysis software program developed to obtain the height-

versus-time curve.

3. Theory and calculation
3.1. General capillary penetration equation

The modified Washburn’s equation, which relates the effect of
surface tension and viscous forces without considering gravita-
tional and inertial forces, has been used to find the wettability of
porous media [19,24-26]. The integration of the modified Wash-
burn’s equation results in a simple relation that predicts a linear
behavior when the square of the increase of weight of the porous
solid due to liquid penetration is plotted as a function of time. Thus,
the internal contact angles presented in [19,24-26] were obtained
by fitting a straight line to only a first few seconds of the mass-
squared-versus-time plot since the deviation of the experimental
data from the theoretical Washburn’s curve grow dramatically
after the first few seconds. This significant deviation is because
of neglecting the gravity an inertial terms that are present in the
complete form of the Washburn’s equation (Eq. (2)). Preliminary
results, however, showed that for experiments conducted at short
time periods the Washburn’s equation (Eq. (2)) is not an accu-
rate model. This is due to the fact that the Washburn’s equation
(Eq. (2)) is derived based on a quasi-steady-state approximation in
which the kinetic energy and the frictional work within the fluid
are neglected [27]. This renders the Washburn’s equation inade-
quate for short times when the liquid momentum changes rapidly
with time and height of penetration. Consideration of energy con-
servation and frictional work gives a more general and rigorous
hydrodynamic equation (see Eq. (3)) for the penetration of a fluid
into a porous sample [27]. At short times, the general equation
(Eq. (3)) and the Washburn’s equation (Eq. (2)) are quite different.
At long time periods, the two equations merge together. In other
words, the Washburn'’s equation is only an asymptotic solution, not
valid for short time.

1/2 7\ d?h dh\?
> (ﬁyl" cos@—,ogh) :(h+€R) W—H’ZZS(E) +

8nh dh
(pR)* dt
(3)

An efficient optimization method (explained in Section 3.2) is
used to determine the internal contact angle values based on the
best fit between the experimental data and the theoretical curve
obtained by integrating Eq. (3). The integration is performed using
Runge-Kutta method. The second order nonlinear ODE Eq. (3) is
converted into the following set of first order nonlinear ODE equa-
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Fig. 7. Images of capillary height penetration acquired at three time intervals for the sample liquid of hexane.

tions:

Yi=Y2
,]_1 ((2ya/b)—pgh) ~ 1225y5 [ 8y Y2
27p 1 +(7/6)b)  (y1+(7/6)b) pb2 ] (y1+(7/6)b)

(4)

where yq =h, y, =h(dh/dt), a=cosf and b=R (a and b are the opti-
mization parameters).

For known liquid properties (i.e., liquid density, viscosity and
surface tension), the best fit between the experimental and theo-
retical curves will determine not only the internal contact angle but
also the average pore size of the porous media.

3.2. Optimization procedure

To evaluate the agreement between the experimental data and
the theoretical curve, an objective function, E, is defined as the sum
of the individual errors, e;, given as

N
E= Ze,- (5)
i=1

ei=(y-Y) (6)

where y and Y present the theoretical and experimental height,
respectively. The objective function, E, is a function of a set of
parameters p, with elements py, k=1,...,M. The goal is to find the
parameter set p that gives the best fit between the experimental
points and a theoretical curve. The objective function, E, will assume
asingle absolute minimum value at one point in the M-dimensional
space of E. In this study, p is the vector of two parameters (i.e.,
p=[ab]"). To find the best fit between the experimental points and
the theoretical curve, the objective function must be minimized.
The necessary conditions for an extremum in the value of E are

N
OE 8e,-
L _N% g, k=1,....M 7
apy ;apk )

These extremum conditions form a set of algebraic equations
in the variables py, k=1, ..., M. An iterative solution is required to
solve for these variables. There exist several methods to solve these
systems of equations. There are no general or perfect methods for
solving systems of nonlinear equations. Every method has advan-
tages and disadvantages, and the choice of a particular method
depends on the characteristics of the problem. The best known
and most powerful one is the Newton-Raphson method [28]. This
method is very easy to implement and its asymptotic convergence
rate is quadratic. However, it requires a good initial estimate of the
optimization parameters. In this study, the Levenberg-Marquardt
method [28] was used to solve the system of Egs. (7) since it main-
tains global convergence while providing a similar convergence

rate to the Newton-Raphson method. The iterative procedure of
Levenberg-Marquardt method can be expressed as

pi+] =pi _ Apl (8)

where p' is the vector of unknown variables at the ith iteration step
and Ap' is a correction vector resulting from the solution of the
associated linear system.

(H(p") + M) x Ap' = E(p") (9)

The components of the vector E(p) are the first partial deriva-
tive terms obtained from Eq. (7) and evaluated at the ith step.
Mk is a user defined correction factor that increases if the error
in a step increases (approaching the solution to the global line
search method) or decrease when the error decreases (approaching
the solution to the Newton-Raphson method). The Hessian matrix
H(p') is a symmetric matrix whose components are computed as
follows:

N
82E 826,-
= g 10
Opkdp; — api9p; (10)

One important advantage of this algorithm is that the value
of the objective function and its first and second partial deriva-
tives are all evaluated with the same degree of accuracy, since
they can be evaluated analytically in terms of first order ordi-
nary differential expressions that can be integrated numerically.
The initial values of the parameters are estimated using a Monte
Carlo method which alters initial values for p=[ab]T by random
amounts over numerous iterations until an error of 10-3 has been
achieved. Torefine each optimization parameters and enhance con-
vergence, the incremental loading method [28] was combined with
the Levenberg-Marquardt technique. In general, convergence is
completed once an error of 107 or less was achieved.

4. Results and discussion

The optimization method explained in the previous section was
used to determine the internal contact angle for the test liquids.
Fig. 8 presents the result of the experimental data obtained from the
capillary height penetration method and the best fitted theoretical
curve generated by integrating Eq. (3).

The experiments were conducted for different test liquids to cal-
culate their internal contact angles. These results are summarized
in Table 2. For each liquid the experiments were repeated three
times, each time with a new GDL sample. The error limits of the
contact angle values were obtained with a 95% confidence level.

The internal contact angle values presented in Table 2 were
used to calculate the wettability and surface energy of the sam-
ple GDL using two approaches: Owens—Wendt surface components
and equation-of-state approaches.
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Table 2
Contact angle values obtained for Toray TGP-H-120 (10 wt.% PTFE loading) samples.
Test liquid Vpp (MJm=2)2 Y, (mjm=2)2 yiv (mm=2)? p(gem=3) 1 (mPas)? 6 (deg.)®
Hexane 0.0 18.43 18.43 0.6548 0.308 14.2 £ 0.6
Heptane 0.0 20.14 20.14 0.6837 0.379 27.8+0.5
Ethanol 8.3 14.0 22.3 0.789 1.160 377+ 04
Methanol 6.7 16.0 22.7 0.792 0.577 39.2+0.2
Acetone 6.4 17.3 23.7 0.791 0.326 426 + 0.8
Cyclohexane 0.0 25.5 25.5 0.779 0.980 47.7 £ 09
Toluene 23 26.1 284 0.867 0.590 54.5 + 0.7
2 These values were obtained from [23].
b These contact angle values were obtained by fitting Eq. (3) to the height penetrated experimental data.
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Fig. 8. The best fit between the experimental height penetration rate (obtained for Xow

hexane) and the theoretical curve obtained by integration the general equation (Eq.

3

4.1. Owens-Wendt two-parameter model

According to the Owens-Wendt two-parameter model [19] (Eq.
(11)), liquid and solid surface tensions consist of two components:
dispersive and polar parts. In Eq. (11), the two unknown compo-
nents of the GDL surface tension (y4,, /%) can be determined from
the previously measured contact angles against the sample liquids
with known values of surface tension components (yl‘f,, yl‘z,).

(1+ cosb) <(yf;+yfi)/2 yﬁ) = VY + VYA I
M~ Y~ .
A B
Xow

Yow

(11)

A plot of Yow versus Xoy for different liquids yields the dis-
persive components yd, (square of the y-intercept), the polar
component b, (square of the slope) and consequently the surface

tension of the GDL. For the known value of yﬁ,/yﬁ/ for water, the

internal contact angle of water in the GDL pores can be calculated
from the ordinate after extrapolation. Fig. 9 represents the results
obtained using this method. The internal contact angle of water and
surface energy of the sample GDL determined using this method are
99.2° (deg.) and 19.3 mJ m~2, respectively.

4.2. Equation-of-state approach

According to the equation-of-state approach [29], the val-
ues of y,cosf vary systematically with y;, in a very regular
fashion, from hydrophobic surfaces (such as polytetrafluo-
roethylene) to hydrophilic surfaces (such as polypropene-alt-N-
methylmaleimide) and that the patterns are independent of the
experimental technique. Thus, one can conclude that the values of
¥1v cos 6 depend only on y}, and ysy (i.e., ¥}y cos 8 is a function of yy,
and ysy). Because of Young’s equation (Eq. (12)), the experimental
contact angles imply that y can be expressed as a function of only

Fig. 9. The wettability and surface tension of the GDL using the surface components
approach.

Yiv and Yiv-

Vv €0s0 = Ysv — Viy (12)

Based on the above statement, a recent formulation of the
equation-of-state approach was written as

Vol =Ysv + Viv — 24/ Tvrsve = By — o) (13)
Combining Eq. (13) with the Young’s equation (12) yields
/7w(1 + cos 0) = 2. /ysvePo—rs)? (14)

The solid surface tension (ysy) and B can be calculated from
experimental contact angles and liquid surface tensions. In this
paper, the surface tension of the GDL samples was obtained using
this approach. The surface tension of the liquid samples and their
corresponding contact angles listed in Table 2 (measured from the
capillary height penetration method) were used to calculate the
surface energy of the GDL sample. Fig. 10 presents the experimen-
tal points fitted to Eq. (14). The Levenberg—-Marquardt optimization

YeoL = 19.8 mJm?

Owater = 98.5 deg.

8.46

o
=
£

J¥w (1 + cos@)
oo
&

8.40 . L L . . .
18 20 22 24 26 28 30

Y

Fig. 10. The wettability and surface tension of the GDL using the equation-of-state
approach.
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method was used. The best fit is associated with the values of
Ysv=19.8m] m~2 and B=0.00005398. Eq. (14) with the known sur-
face tension value of water can then be used to obtain the internal
contact angle of water, i.e., §=98.5° (deg.). It is clear that the values
obtained from the equation-of-state approach is in agreement with
those obtained from the Owens-Wendt approach.

5. Summary

The knowledge of the surface properties of the GDL is of utmost
importance in the study of water management in PEM fuel cells.
Most studies conducted on the wettability of the GDL measure the
external contact angle which does not describe the capillary forces
acting on the water inside the pores. These methods depend on the
surface roughness more than on the material composition of the
GDL. As a result, the measured contact angle is larger than the con-
tact angle of water on a pure PTFE surface. In this paper, the internal
contact angle values of several pure liquids were determined by
fitting a general form of Washburn’s equation to the experimental
data obtained from a height-based capillary penetration technique.
The contact angle values were used to determine the wettabil-
ity and surface energy of the GDL using two different approaches:
the Owens-Wendt surface components and the equation-of-state
approaches. The values of the GDL surface tension and the contact
angle of water obtained from these two methods agree very well.
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