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Water transport and the correspondingwatermanagement strategy in proton exchangemembrane (PEM) fuel cells are quite critical
for the improvement of the cell performance. Accuracy modeling of water transport in porous electrodes strongly depends on the
appropriate constitutive relationship for capillary pressure which is referred to as 𝑝

𝑐
-𝑠 correlation, where 𝑝

𝑐
is the capillary pressure

and 𝑠 is the fraction of saturation in the pores. In the present PEM fuel cell two-phase models, the Leverett-Udell 𝑝
𝑐
-𝑠 correlation

is widely utilized which is proposed based on fitting the experimental data for packed sands. However, the size and structure of
pores for the commercial porous electrodes used in PEM fuel cells differ from those for the packed sands significantly. As a result,
the Leverett-Udell correlation should be improper to characterize the two-phase transport in the porous electrodes. In the recent
decade, many efforts were devoted to measuring the capillary pressure data and developing new 𝑝

𝑐
-𝑠 correlations. The objective

of this review is to review the most significant developments in recent years concerning the capillary pressure measurements and
the developed 𝑝

𝑐
-𝑠 correlations. It is expected that this review will be beneficial to develop the improved PEM fuel cell two-phase

model.

1. Introduction

Proton exchange membrane (PEM) fuel cells are one kind of
the most promising power generators which can offer clean
power source for mobile and stationary applications due to
their high efficiency, low start-up temperature, portability,
and near-zero emissions [1–4].The performance of PEM fuel
cells is strongly related to the material properties, structure
design, and operating conditions. By optimizing the structure
design and operating conditions, the reactant transport to the
porous electrodes can be significantly enhanced due to the
improved water distribution in the cell.

Watermanagement is essential to improve the cell perfor-
mance [5–11]. The polymer exchange membranes currently
used in PEM fuel cells require well hydration to maintain
large proton conductivity. Lower membrane water content
reduces the cell performance due to the increase of ohmic
resistance in the membrane. To avoid membrane dehydra-
tion, the reactants usually need to be humidified.On the other
hand, the cathode catalyst layer produces water vapor due
to electrochemical reactions. The vapor will condense into
liquid water when the local partial pressure is higher than
the saturation pressure, so that the produced liquidwatermay
accumulate in the pores of the porous electrodes. Moreover,
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the electroosmosis effect also leads to water transport from
the anode to the cathode. Thus, if liquid water cannot be
removed effectively from the cathode porous electrode, its
pores will be blocked, which will significantly increase the
mass transfer resistance of the reactants and lead to serious
concentration polarization.

In the recent two decades, numerical modeling and
simulations have already become powerful tools to predict
the cell performance and optimize the cell structure and
operation conditions [1, 5–7]. Numerical simulations can
provide the local transport characteristics and distributions
of reactants and water anywhere in the fuel cell; however, this
information is very difficult to be observed and measured
by experiments. Accurate description of liquid water trans-
port and contribution in the porous electrodes is especially
important to improve the accuracy of PEM fuel cell models.
Two kinds of PEM fuel cell two-phase models have been
developed. One is referred to as the multiphase mixture
model and the other is the two-fluid model [1]. The two
kinds of models both adopt the so-called volume-average
method to treat the porous electrode, so that the real pore
structure is not considered. Due to the limitation of the
volume-average approach, how to describe the complex two-
phase interactions in the pores of the porous electrodes is
greatly challenging. Since the capillary force and the viscous
drag are the main forces governing the liquid water transport
in the porous electrodes, Wang et al. [12, 13] for the first
time introduced a concept of capillary pressure to connect
the pressures of reactants and liquid water in the porous
electrodes and treated the capillary pressure as a function of
the liquid water saturation. The introduction of the correla-
tion of capillary pressure versus liquid water saturation (𝑝

𝑐
-𝑠

correlation) greatly simplifies the complexity of two-phase
modeling in the porous electrodes and this concept has been
extensively adopted by other research groups [6, 7, 14–30]. Up
to now, the two kinds of PEM fuel cell two-phase models all
use the 𝑝

𝑐
-𝑠 correlation and Wang’s idea is considered to be

the most feasible approach to model the full-scale PEM fuel
cell.

Unfortunately, since accurate experimentally determined
𝑝
𝑐
-𝑠 correlation for the gas diffusion layer (GDL) was lacking,

Wang et al. [12, 13] used a Leverett-Udell 𝑝
𝑐
-𝑠 correlation,

proposed by Leverett [31] and Udell [32] based on the
experimental data of packed sands, in their model. The pore
size, structure, and wettability of packed sands are greatly
different from those of real carbon cloth or carbon paper
GDLs; thus, this correlation may be improper to describe the
liquid water transport in GDLs of PEM fuel cells [33–35].

In the last decade, many researchers measured the 𝑝
𝑐
-𝑠

data for various commercially used GDLs [36–60]. Some
studies are also devoted to modifying the Leverett-Udell
correlation [33, 37–39] or developing a new 𝑝

𝑐
-𝑠 correlation

[34, 35]. Up to now, a large number of papers on the 𝑝
𝑐
-𝑠 data

have been published in open literature and the development is
reaching a plateau. A comprehensive review on it is urgently
necessary to generate knowledge in this field and make
further breakthrough for the fuel cell two-phase modeling.

The aim of this work is to summarize current status
and recent advance of capillary pressure measurement and

modeling for PEM fuel cells. The review is organized as fol-
lows. Section 2 briefly describes the definition of the capillary
pressure and the reasons for introduction of 𝑝

𝑐
-𝑠 correlation

in the PEM fuel cell two-phase modeling. The Leverett-Udell
correlation has been extensively used in the PEM fuel two-
phase models, and hence its disadvantages are also presented
in Section 2. Section 3 reviews the measurement methods
of the capillary pressure. Section 4 reviews the experimental
and simulated data of the capillary pressure for a variety
of commercial GDLs. Section 4 also reviews the new 𝑝

𝑐
-𝑠

correlations based on fitting themeasured experimental data.
Section 5 reviews the comparative studies of Leverett-Udell
correlation and new 𝑝

𝑐
-𝑠 correlation for predicting water

transport and distribution in the fuel cell. Finally, the further
development directions for the 𝑝

𝑐
-𝑠 correlation and PEM fuel

cell two-phase modeling are presented in Section 6.

2. Leverett-Udell Correlation for
Capillary Pressure

For a real porous medium, it is very difficult to model
the flow and heat transfer in an individual pore since the
pore scale is far less than the scale of the porous medium.
Moreover, the pore structure is generally irregular.Therefore,
a volume-average method is adopted, which is based on the
assumption that there coexist solid matrix and pores for
each space point in the porous medium, so that the volume-
averaged parameters such as porosity and permeability can be
introduced to characterize the pore structure and porous flow
feature. In the current PEM fuel cell two-phase modeling,
the volume-average method is also widely adopted to model
the porous electrodes [1]. In fact, however, the transport of
gaseous reactants and liquid water occurs inside the pores
in the real porous electrodes and there exist many interfaces
between the two phases. Thus, the mass, momentum, and
energy may exchange through the interface, and hence these
exchanges in the porous electrodes should be taken into
account to construct a reasonable two-phase model.

Unfortunately, in the volume-average method, the con-
cepts, such as porosity, 𝜀, and permeability, 𝑘

𝑝
, are introduced

to characterize the porous structure. The solid matrix and
pores coexist everywhere in the porous media, and the
volume fractions for themare 1−𝜀 and 𝜀, respectively. Besides,
in the modeling based on the volume-average method, the
saturation, 𝑠, is also introduced to characterize the volume
fractions of gaseous phase and liquid phase for each space
point, with the fraction of 𝜀𝑠 for the liquid phase and of 𝜀(1−𝑠)
for the gaseous phase. From this point of view, the interfaces
between the two phases are neglected.

The above neglect leads to an issue that the exchanges for
mass, momentum, and energy through the two-phase inter-
faces cannot be described. One alternative way to address
the issue is to add source terms into the liquid and gas
governing equations. For the two-phase modeling in PEM
fuel cells, the generation mechanisms for mass source terms
in the continuity equation andheat source terms in the energy
equation are clear. However, momentum source terms in the
momentum equation are very complex; they are not only
determined by the phase fractions of the two phases but
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also influenced by the phase distributions of the two phases.
For example, when the liquid phase exists in the form of
liquid films or discrete drops, the interactions between the
two phases are entirely different. It is difficult to accurately
measure the phase distribution of the liquid phase in real
porous electrodes. Consequently, an accurate description of
force source terms in the momentum equation is almost
impossible.

Due to the difficulty for accurately modeling the force
source terms, Wang et al. [12, 13] introduced a concept
of capillary pressure which correlated the local pressure
difference between the liquid and gaseous phases in the
porous electrodes to the local liquid water saturation. The
capillary pressure is defined as [12, 13]

𝑝
𝑐
= 𝑝
𝑔
− 𝑝
𝑙
, (1)

where 𝑝
𝑐
is the capillary pressure, 𝑝

𝑔
is the pressure of the

gaseous phase, and 𝑝
𝑙
is the pressure of the liquid phase.

Because there were not any experimental data of the capillary
pressure versus saturation for porous GDLs, Wang et al.
[12, 13] introduced a𝑝

𝑐
-𝑠 correlation for packed sands into the

modeling of the fuel cell. This correlation can be expressed as
[31]

𝑝
𝑐
= 𝜎 cos 𝜃( 𝜀

𝑘
𝑝

)

1/2

𝐽 (𝑠) , (2)

where 𝜎 is the water surface tension and 𝜃 is the contact angle
of water on the pore walls. Equation (2) is also referred to as
the Leverett correlation, and 𝐽(𝑠) is the Leverett 𝐽-function. It
is noted that, by introducing a scaling factor 𝜎 cos 𝜃(𝜀/𝑘

𝑝
)
0.5

into the Leverett correlation, the experimental data of 𝑝
𝑐
-𝑠

measured in different porous media and with different fluid
pairs gather together into a single curve 𝐽(𝑠) [54]. Based
on Leverett’s experimental data, Udell adopted a polynomial
fitting to obtain the Leverett 𝐽-function [32]:

𝐽 (𝑠) = 1.417 (1 − 𝑠) − 2.120 (1 − 𝑠)
2

+ 1.262 (1 − 𝑠)
3

,

𝜃 < 90
∘

.

(3a)

For case with 𝜃 > 90
∘, Pasaogullari and Wang [61] proposed

a modified 𝐽 function expressed as follows:

𝐽 (𝑠) = 1.417𝑠 − 2.120𝑠
2

+ 1.262𝑠
3

, 𝜃 > 90
∘

. (3b)

Equation (2) with 𝐽 functions expressed by (3a) or (3b) is
called the Leverett-Udell correlation in the PEM fuel cell
modeling.

Until now, almost all PEM fuel cell two-phase models
adopted the Leverett-Udell correlation to characterize the
liquid water transport in the porous electrodes. However, this
correlation has some obvious drawbacks. The contact angle,
𝜃, in (2) should exactly reflect the local wettability of water
on the pore walls in the GDL material. However, the contact
angle in the pores is very difficult to measure, so that some
early studies specified 𝜃 = 0

∘ [8, 9, 13–19] in the Leverett-
Udell correlation. To improve the removal of liquid water,
commercial carbon paper or carbon cloth GDL is generally

loaded with hydrophobic materials such as PTFE (polyte-
trafluoroethylene) and FEP (fluorinated ethylene propylene)
[62]. Based on the hydrophobic characteristics of GDL,
subsequent studies adopted the contact angles greater than
90∘, such as 𝜃 = 92∘ [22], 110∘ [20], 120∘ [24, 63], 91–120∘ [23],
or 91–130∘ [25].

It is noted that the contact angles adopted in above
studies are all hypothetical due to lack of experimental data.
Therefore, many efforts were carried out to determine the
contact angle of water on GDL surface by sessile drop or
capillary rise methods [64, 65]. For example, Mathias et al.
[65] measured the contact angles of Toray-TGP-060 carbon
paper by the sessile drop method. They found that the
values were 135∘, 156∘, and 164∘ for carbon papers with 0,
9, and 23wt% PTFE, respectively. Unfortunately, the contact
angles measured by these methods are the external contact
angles, which are not the contact angles of water on the pore
walls in the porous material. Gurau et al. [26] for the first
time evaluated the internal contact angles by the Washburn
technique and theOwens-Wendt two-parameter theory.They
presented that the internal contact angle ranged from 88 to
101∘ for water in various GDLs, which was slightly lower than
that on a smooth surface of pure PTFE (108∘) andmuch lower
than the external contact angle measured on the GDL surface
by the sessile drop method.

It is worth noting that hydrophobic pores and hydrophilic
pores coexist in the GDLs due to the heterogeneous distribu-
tion of the loaded hydrophobic materials, and hence the pore
walls of GDLs have a mixed wettability. Consequently, using
a single contact angle in the Leverett-Udell correlation may
be improper. In addition, when liquid plugs and/or liquid
films transport in the GDL pores, a dynamic contact angle
should be adopted to characterize the wettability of the pore
walls [66–68].This phenomenon adds further complexity for
wettability of GDL pores. More importantly, the pore size,
pore structure, and wettability of packed sands are found to
be greatly different from those of real carbon paper or carbon
cloth GDLs, as shown in Figure 1 [37, 69].The Leverett-Udell
correlation may be intrinsically inappropriate for the GDLs
even though the internal contact angle could be determined
accurately. Severalmeasurements of the liquidwater distribu-
tions in GDLs using neutron radiography techniques [70, 71]
and pressure drop methods [72] have shown that the PEM
fuel cell two-phase model incorporated with the Leverett-
Udell correlation underestimates the liquid water saturation.

Since the Leverett-Udell correlation does not correctly
capture the properties of porous electrodes in PEM fuel cells,
it is urgent to develop amore comprehensive𝑝

𝑐
-𝑠 correlation.

The data of capillary pressure versus saturation for various
commonly used GDLs are the fundament for developing the
new correlation, which have motivated many experimental
and numerical investigations devoted to obtaining such data
in the last decade.

3. Measurement Methods for
Capillary Pressure

In the recent decade, researchers have developed several
kinds of measurementmethods for capillary pressure in GDL
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Figure 1: SEM images of (a) carbon paper; (b) carbon cloth; and (c) packed sands. Source: Figures 1(a) and 1(b) in [37] and Figure 1(c) in
[69].

Vacuum P0 = 0

h0

P1

h1

PN→∞

hN

Figure 2: Schematic of mercury intrusion porosimetry. Source: [85].

materials. Mercury intrusion porosimetry (MIP), volume-
controlled method (VCM), method of standard porosimetry
(MSP), and gas controlled porosimetry (GCP) are the most
common methods. These four methods are reviewed in this
section, while the other methods such as X-ray CT method
and gravimetrical saturation measurement can be found in
[36, 45, 47, 55, 73, 74].

3.1. Mercury Intrusion Porosimetry. As a development of
traditional capillary pressure measurement method raised by
Morrow et al. [75, 76], mercury intrusion porosimetry (MIP)
was firstly used to study the morphology of the microporous
layer (MPL) [77–80] and the influence of adding PTFE
on the MPL [81]. Later the method was introduced to
investigate the capillary property of GDL materials used
in PEM fuel cell devices [82–84]. The assumption that the
contact angle distribution was expressed by a normalized
Gaussian distribution was raised; thus contact angles of the
pores could be computed through MIP data, by taking the
measured effective pore radius into consideration [48]. Also
the effects of capillary property of GDL material on PEM
fuel cell performance were qualitatively explained in these
investigations.

In the MIP method as shown in Figure 2, the tested
porous sample is placed in a glass sample tube. The sample
tube is pumped into vacuum as the preparation of the
measurement. Then the mercury is injected into the vac-
uum sample tube, with the controlled surrounding pressure
increasing from 0MPa to an enough large value in several
steps. The pressure value and the corresponding injected
volume of mercury from each step are recorded and thus the
capillary pressure curve can be obtained. Reference [85] has
well introduced the detailed operation steps and the principle
of MIP methods.

As an evaluation, the advantages of MIP are the low
volatility and high surface tension of mercury, which lead to
the negligible gaseous pressure, simplified sample equipment,
and large measurement range of pressure [85]. Furthermore,
it is worth noting that mercury is highly nonwetting in
almost every GDL pore, so that MIP test cannot distinguish
the hydrophobic pore and the hydrophilic pore. In the case
of porous GDL materials for PEM fuel cells, MIP cannot
directly provide a 𝑝

𝑐
-𝑠 correlation corresponding to liquid

water, unless several empirical assumptions are taken into
consideration.
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Figure 3: Schematic of volume-controlled method. Source: [85].

3.2. Volume-Controlled Method. Due to the disadvantages of
MIP, a series of volume-controlled methods (VCM) were
raised byGostick [85].They can be regarded asmodifiedMIP
methods which use water as the injecting liquid. However,
the use of liquid water presents several new problems for
measurements. The biggest one is that, unlike mercury with
its low volatility, liquid water will cavitate in the tested sample
[85]. As a response of the difficulty, the sample holder is
designed to allow air to escape when liquid water is injected,
but water cannot escape from the sample holder. In the
most common design, tested sample is loaded in a sealed
sample holder with two sandwiched porous membranes with
opposite wettability, as shown in Figure 3. The hydrophobic
membrane is a barrier to the escape of liquid water from the
air gallery, while the hydrophilic membrane on the other side
prevents air from escaping out of the sample holder when
liquid water is injected [85]. Acosta et al. [41] obtained air-
water 𝑝

𝑐
-𝑠 curve by the data tested in this designed sample

holder.
As a further improvement, Fairweather et al. [42] raised

volume-controlled method using the concept above. They
employed a syringe to pump quantitative volumes of liquid
into the sample holder and measured the pressure by trans-
ducers equipped on the piping. Briefly, in their measure-
ments, after the liquidmanifold and sample holder were filled
under vacuum, the syringe pump was used to cycle water at a
constant rate into and out of the sample when the liquid-gas
pressure difference was measured. The method allows a time
(120 s in theirmeasurements) for capillary equilibrium before
going to the next data point. Also, the processes of increasing
and decreasing water saturation can be both realized, so
that the curve can cover both positive and negative capillary
pressure region. Sole [86] presented a similar measurement
method, where the hydrophilic membrane below the sample
holder was omitted and a constant rate was adopted for the

Standard sample 2

GDL

Standard sample 1

Wetting phase

between layers to
maintain capillary
equilibrium

Nonwetting phase

Wetting phase
is redistributed

Figure 4: Schematic of method of standard porosimetry. Source:
[85].

liquid water injection into the sample holder. Due to the lack
of hydrophilic membrane, Sole [86] did not measure the 𝑝

𝑐
-𝑠

correlation for water withdrawn from the sample.
In the volume-controlled method, the volume of the

injected liquid is controlled to determine the saturation,
which often introduces errors due to the difficulty of control-
ling the liquid volume. Nguyen et al. [44, 59] introduced an
improvedmethodwhich controlled liquid pressure instead of
liquid volume.Thus the capillary pressure can bemeasured by
communicating pipes connected with the sample holder.

3.3. Method of Standard Porosimetry. Method of standard
porosimetry (MSP) [40] is a measurement technique devel-
oped from experimental investigations of cermet in solid
oxide fuel cells [87] and Nafion membranes [88]. The
schematic of the method is shown in Figure 4. The method
uses the capillary equilibrium between two porous materials
keeping in touch, so they have the same capillary pressure.
In the design of Gostick et al. [40], two standard samples
with a specific capillary pressure curve were needed. Between
them one tested sample was loaded. The three sandwiched
samples (the two standard samples and the one tested) were
prepared by flooding them with the wetting fluid (often
octane) and ensured that no air was in the pores of the
samples. Then the combination of the samples was exposed
to air, so that the wetting fluid would evaporate and lead to a
changed saturation.The capillary pressure could bemeasured
by periodically weighing the tested sample and standard
samples.

It is worth noting that the process of MSP is also a
replacement of a nonwetting phase into a material filled with
wetting phase, so it can use both octane and water as working
fluids, which can obtain partially useful 𝑝

𝑐
-𝑠 curve for GDLs.

The liquid water transport properties of hydrophilic pores
especially can be obtained. But the MSP technique is also of
limitationwhen used to test GDLmaterials.Thismethod only
scans along the direction of increasing air saturation and only
for positive capillary pressure region.
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Figure 5: Schematic of gas controlled porosimetry. Source: [51].

As a successful application of MSP, Mench’s group [37–
39] used this technique to investigate the capillary properties
of various GDLs at the different PTFE contents, compression
pressures, and temperatures. By taking these parameters into
consideration, a comprehensive correlation was obtained by
Mench’s group, which will be reviewed in Section 5.

In the MSP measurements the liquid water saturation
is changed by drying the samples in the air, which is hard
to control. Gallagher et al. [46] modified the method by
applying an extra suction to the sandwiched samples, so
that they could control the capillary pressure directly. The
modified method could measure the 𝑝

𝑐
-𝑠 correlation for

water injection and withdrawal processes.

3.4. Gas Controlled Porosimetry. Technically, MIP and MSP
can partially obtain acceptable air-liquid water capillary
pressures which are useful for GDL in PEM fuel cells.
However, until then, the dynamic hysteresis phenomena of
liquid water in porous GDL materials were not noticed
because all the measurement techniques above are designed
under pseudoequilibrium conditions [51]. To ensure that the
measured capillary pressures can cover both positive andneg-
ative capillary pressure regions, in both scanning directions
(both increasing and decreasing saturation directions), GCP
method was developed by Gostick et al. [51]. In this method,
as shown in Figure 5, volume of liquid water is controlled
by water drainage system which is connected to a sample
holder. Meanwhile, this method can control the capillary
pressure in the sample by a syringe pumpwhich can adjust the
pressure of the gaseous phase. Also it achieves the injection-
drainage process of the GDL material repetitively in one
measurement. Thus the dynamic hysteresis phenomena can
be easily recorded.

In summary, MIP can obtain a large range of capillary
pressure by simple equipment and operations; however,
several empirical assumptions have to be introduced because

this method cannot directly measure the capillary pressure of
water. VCM is an improved method from MIP, where liquid
water is used as the working fluid and the data cover both
positive and negative capillary pressure regions, so that these
data can be directly used to model capillary characteristics of
GDLs. Unfortunately, VCM often leads to significant errors
due to the difficulty of controlling the liquid volume. MSP is
designed to distinguish the liquid water transport properties
in hydrophilic and hydrophobic pores by simple operations,
while it is only suitable for water withdrawal process. GCP
can also cover both positive and negative capillary pressure
regions with relatively smaller errors thanVCM; however, the
measure system of GCP is more complicated.

4. New Capillary Pressure Data

Table 1 summarizes the recent works on capillary pressure
curves for commercial GDLs. Among these works, Gostick’s
[40, 43, 50, 51, 55–58], Mench’s [37–39], Schwartz’s [42, 48,
52], and Nguyen’s [44, 59] groups did many contributions.
The capillary pressure curves can be obtained by either direct
measurements [37–53, 55, 57–60] or numerical simulations
[36, 45, 47, 53, 56, 57].

Gostick et al. [40] measured capillary pressure curves
for water and octane during withdrawal from GDLs. They
presented that most GDLs used in their study had almost
the same fiber and pore structure, and hence the Leverett
correlation (2) could provide a good description of the
capillary pressure versus saturation data. Meanwhile, they
thought that the contact angle could be removed from this
correlation because all the samples were prepared by similar
material and the capillary pressures had already been related
to an air-water basis. Their results (Figure 6) indicated that
when van Genuchten or Brooks-Corey type 𝐽 function was
adopted during the fitting, the 𝑝

𝑐
-𝑠 data of the various GDLs

gathered together into a single curve reasonably well. van
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Table 1: Measurements and simulations of capillary pressure curves for various commercial GDL.

Authors Technique GDL series Working fluid Pressure range (MPa)
Gostick
et al. [40] MSP, MIP SGL 10BA/10BB, Toray 090, E-Tek Cloth A,

Lyflex 484C/352C Octane 10−5 ∼10

Gostick
et al. [43]

Single measurement
of a GCP sample SGL 10BA, Toray 090 Water −0.025∼0.035

Gostick
et al. [51] GCP SGL 10AA/10BA/10CA/10DA, Toray

060A/060C/090A/090C/090D/120A/120D Water −0.02∼0.02

Gostick
et al. [50]

Single measurement
of a GCP sample SGL 10BA/10BB Water −0.001∼0.02

Gostick
et al. [55] X-ray CT Toray 120A/120C/120D Water −0.015∼0.015

Gostick [57]
Single measurement
of a GCP sample, pore
network model

Toray 120A/120C/060A/060C/060D, SGL
10BA/10BB Water 0∼0.015

Gostick et al.
[56] Pore network model Toray 060 Mercury 0∼0.3

Shrestha and
Gostick [58]

A modified GCP with
a temperature
controller

Toray 120 with 0 and 10% PTFE Water −0.025∼0.025

Kumbur
et al. [37] MSP SGL 24BC/24CC/24DC, E-Tekelat 1200W Octane and water 0.01∼10

Kumbur
et al. [38] MSP SGL 24BC/24DC/10BB Octane and water 0.01∼10

Kumbur
et al. [39] MSP SGL 24BC/24CC/24DC/10BB Octane and water 0.01∼10

Kumbur
et al. [36]

Artificial neural
network SGL 24BC/24CC/24DC None 0.01∼10

Fairweather
et al. [42]

Volume-controlled
method

Toray TGP-090, unsintered Avcarb P75T,
heat-treated Avcarb P75T Mercury −0.02∼0.02

Cheung
et al. [48]

Volume-controlled
method Toray 090 Mercury −0.02∼0.02

Fairweather
et al. [52]

Volume-controlled
method Toray 090 with 5%/10%/20%/40% Teflon Mercury −0.013∼0.015

Nguyen
et al. [59] Modified MSP SGL 10AA/10BA Water −0.0005∼0.0003

Nguyen
et al. [44] Modified MSP SGL 10CA, Toray 060 Water −0.0002∼0.0005

Acosta
et al. [41] Unknown E-TekELAT-DS Unknown −2∼0

Koido
et al. [45]

X-ray CT, pore
network model Toray 060 Water −0.01∼0

Rensink
et al. [47]

Gravimetrical
saturation
measurement, VOF

Toray 060 Water 0∼0.05

Sole and Ellis
[60]

Volume-controlled
method Toray 090 with 0%/10%/20%/30% PTFE Water 0∼0.02

Gallagher
et al. [46] Modified MSP MRC, Toray 060 Water 0∼0.025

Harkness
et al. [49]

Volume-controlled
method Toray 060 Water −0.028∼0.049

Hao and
Cheng [53]

Volume-controlled
method, LBM Toray 090 with 10%/30%PTFE Water −0.015∼0.015
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Genuchten or Brooks-Corey type 𝐽 function can be expressed
as follows, respectively:

𝑠 = (1 + (
𝐽

𝐽
𝑐

)

𝑛

)

−𝑚

, (4a)

𝑠 = (
𝐽

𝐽
𝑐

)

−𝜆

, (4b)

where 𝐽
𝑐
, 𝜆,𝑚, and 𝑛 are fitted parameters.

Gostick et al. [43, 51, 55] further measured 𝑝
𝑐
-𝑠 curves

for water withdrawal and injection. They found that there
existed a capillary pressure hysteresis during the loop of water
injection and withdrawal [51, 55] and water withdrawal from
any 𝑠 reached by water injection also resulted in hysteresis
(Figure 7) [43]. Water can neither be injected into a dry GDL
spontaneously nor be drained from a water-saturated GDL
spontaneously. Therefore, a positive pressure is needed to
compel water and air to be injected into GDLs. They pro-
posed that adding PTFE could increase the hydrophobicity
of the GDL, so that the work required for water removal
was decreased. They also found that water-air 𝑝

𝑐
-𝑠 curves

depended on GDL thickness, which indicated that finite size
effects were nonignorable. They thought that hysteresis came
from two origins [43, 51]. Firstly, the advancing contact angle
𝜃
𝐴
for water injection and receding contact angle 𝜃

𝑅
for water

withdrawal differed, which is referred to as the contact angle
hysteresis [61]. Secondly, capillary equilibrium was achieved
by irreversible meniscus transitions and depended on the
history of saturation change. Fairweather et al. [42], Acosta
et al. [41], Harkness et al. [49], and Gallagher et al. [46] also
found the hysteresis of the 𝑝

𝑐
-𝑠 curves during water injection

into and withdrawing from GDLs. Fairweather et al. [52]
further experimentally studied the effect of the Teflon loading
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Figure 7: Air water capillary pressure curve for Toray 090. Source:
[43].

on the𝑝
𝑐
-𝑠 curves.These authors added 5–40wt%Teflon into

Toray 090 carbon paper and noted hysteresis in all their tests
with GDLs. Nguyen et al. [44, 59] measured the 𝑝

𝑐
-𝑠 curves

of two GDL materials, a high-porous material of SGL 10CA
and a less porous denser material by Toray 060. Somewhat
surprised, these authors did not note any hysteresis, probably
owing to a small range of capillary pressure studied.

Gostick et al. [50] also studied the MPL effect in PEM
fuel cell operation by ex situ measurements of the capillary
pressure curves.Their capillary pressure data showed that the
saturation in the GDL for water breakthrough was reduced
significantly from 25% to 5% in the presence of MPL. Their
findings suggested that the effectiveness of the MPL might
be further improved by designing them with large holes for
water passage into the GDL, while leaving the microporosity
dry for gas transport.

In Shrestha and Gostick’s work [58], the 𝑝
𝑐
-𝑠 curves for

Toray 120 with 0 and 10% PTFE loadings were measured in
the temperature range of 25–85∘C. They found that notable
shifts in the capillary behavior were seen and in some cases
the shifts were of the same size as PTFE addition. In untreated
samples, the results suggested that GDL wettability changed
with temperature once the temperature dependence of the
surface tension had been accounted for. In treated samples,
however, the wettability remained more or less constant with
temperature.

In series works of Mench’s group [37–39], the capillary
pressure curves for SGL series carbon papers were tested at a
large range of 5–20wt% PTFE loadings, at compressions of 0,
0.6, and 1.4MPa, and at operating temperatures of 20, 50, and
80∘C. They examined the effectiveness of the Leverett-Udell
correlation and found a significant deviation of the standard
Leverett function from the experimental data.

Sole and Ellis [60] measured and compared the 𝑝
𝑐
-𝑠

curves for two kinds of representative GDL materials (one
paper, one cloth), each with four different bulk loadings of
PTFE (0, 10, 20, and 30wt%). Their results showed that the
PTFE loading had only a small influence on the capillary
pressure within the pressure range normally associated with
PEM fuel cell water transport. The results also showed
that carbon cloth-based GDL materials required greater
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capillary pressures than papermaterials to achieve significant
saturation and that compression could homogenize the pore
structure and the slope of the capillary pressure-saturation
curve of both materials.

Besides direct experimental measurement, numerical
modeling and simulations are another important way to
produce data of capillary pressure versus saturation. Koido et
al. [45] applied pore network model to predict the 𝑝

𝑐
-𝑠 curve

of Toray 060 GDL. They presented two reasons for the use
of pore network model. Firstly, the approach did not require
high computational cost because themodel idealized the pore
morphology and topology as a pore network composed of
throats and pores. Secondly, the GDL properties, such as
wettability, pore size distribution, and pore connectivity, were
easily modified as parameters in the calculation. In work of
Gostick et al. [56, 57], the pore network model was also used
to simulate realistic water configurations generated within
GDLs. The model was able to reproduce the experimental
injection breakthrough saturations and had been extended
to describe water condensation.Their simulations confirmed
that the water saturation at breakthrough was decreased
significantly when a MPL was incorporated into the GDL,
agreeing with experiments. However, the simulations yielded
limiting currents significantly higher than those observed in
practice whether or not anMPLwas present, which suggested
that mass transfer resistance within the catalyst layer played
an important role. Rensink et al. [47] used a volume of
fluid (VOF) method to determine the two-phase behavior in
a virtually created substrate. No constitutive relations were
used since the liquid/gas boundary was resolved. Using the
simulated liquid saturation and pressure as a function of time,
they combined them to get a capillary pressure curve. The
curve was compared with the Leverett-Udell correlation.The
comparison showed that the best fit between VOF results and
the Leverett-Udell correlation was achieved for liquid satu-
ration below 0.2. For higher liquid saturations the Leverett-
Udell correlation yielded higher saturation. Hao and Cheng
[53] adopted lattice Boltzmann simulation to produce capil-
lary pressure curves in a carbon paperGDLwith hydrophobic
and hydrophilic pores. They compared the simulated and
measured 𝑝

𝑐
-𝑠 curves for water withdrawal and injection.

The results indicated that 𝑝
𝑐
-𝑠 curves for the withdrawal and

injection agreed well with those measured by experiment,
which demonstrated the coexistence of hydrophobic and
hydrophilic pores in the carbon paper GDLs treated by PTFE.
They thought that the 𝑝

𝑐
-𝑠 curves fitted by lattice Boltzmann

simulations provided better predictions in carbon paper
GDLs with homogeneous wettability and porosity, compared
with the standard Leverett-Udell correlation.

5. New 𝑝
𝑐
-𝑠 Correlations

The aim of measurements and simulations for capillary
pressure curves is to develop a new 𝑝

𝑐
-𝑠 correlation for

commercial GDLs, because such correlation is imperative
to the understanding and prediction of two-phase transport
phenomenon in the porous electrodes of PEM fuel cells. Up
to now, large amount of capillary pressure data for GDLs

commonly used in the PEM fuel cell has been reported, which
make it possible to develop the new 𝑝

𝑐
-𝑠 correlations. In

recent years, some researchers were devoted to developing
new 𝑝

𝑐
-𝑠 correlations based on these available capillary

pressure data, and the main progresses are summarized as
follows.

It was a very challenging task to propose an overall new
𝑝
𝑐
-𝑠 correlation, hence, a majority of researchers adopted the

simplest way tomodel𝑝
𝑐
-𝑠 correlation.The capillary pressure

was assumed to be a function of saturation only; that is, 𝑝
𝑐
=

𝑓(𝑠). The function form of 𝑓(𝑠) was chosen arbitrarily. Nam
and Kaviany [89] used a linear function:

𝑝
𝑐
= 𝑐𝑠. (5)

Lin and van Nguyen [90] also adopted the same linear
𝑝
𝑐
-𝑠 correlation. Later, more complex function such as the

polynomial was used. For example, Kumbur et al.’s function
was [33]

𝑝
𝑐
= 𝑐
1
𝑠 + 𝑐
2
𝑠
2

. (6)

Sole and Ellis’s function was [60]

𝑑𝑝
𝑐

𝑑𝑠
= 𝑐
0
+ 𝑐
1
𝑠 + 𝑐
2
𝑠
2

+ 𝑐
3
𝑠
3

+ 𝑐
4
𝑠
4

+ 𝑐
5
𝑠
5

+ 𝑐
6
𝑠
6

. (7)

And Wang et al.’s function was [35]

𝑝
𝑐
= 𝑐
0
+ 𝑐
1
𝑠 + 𝑐
2
𝑠
2

+ 𝑐
3
𝑠
3

. (8)

Ye and van Nguyen adopted an exponential form [34]:

𝑝
𝑐
= 𝑑
1
exp (−𝑎

1
[𝑠 − 𝑐]) − 𝑑

2
exp (𝑎

2
[𝑠 − 𝑐]) + 𝑏. (9)

Acosta et al. [41] used a semiexponential and semipolynomial
form:

𝑝
𝑐
= 𝑎
1
exp (𝑏

1
𝑠 + 𝑐
1
)

+ 𝑑
1
(1 − 𝑠) for the imbibition process

(10a)

𝑝
𝑐
= 𝑎
2
exp (𝑏

2
𝑠 + 𝑐
2
) + 𝑑
2
(1 − 𝑠)

+
𝑒
2

𝑠
for the drainage process.

(10b)

The parameters in (5)–(10b) can be determined by fitting
the experimentally measured 𝑝

𝑐
-𝑠 data. It should be noted

that the above correlations ((5)–(10b)) are less meaningful
physically and this kind of empirical correlations is subjected
to a great limitation that only the fitted data agree with the
𝑝
𝑐
-𝑠 correlation.
Through a bundle of capillaries model, Cheung et al.

[48] proposed a method to deconvolute the effects of pore
wettability and structure from 𝑝

𝑐
-𝑠 measurements. Their

study firstly reported representative distributions of contact
angle which described the internal wettability in GDLs for
both liquid and gas injection and agreed with experimen-
tally measured 𝑝

𝑐
-𝑠 data. The model considered the surface

roughness and chemical heterogeneity of the GDLs by using
a single Gaussian distribution of the contact angle based on
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the Cassie-Baxter equation.The 𝑝
𝑐
-𝑠model can be expressed

as

𝑠 (𝑝
𝑐,𝑘
) =

∑
𝑁

𝑖=1
∑
𝑀

𝑗=1
Δ𝑉 (𝑅eff) 𝜓 (𝜃𝑗) 𝐹

∑
𝑁

𝑖=1
Δ𝑉 (𝑅eff)

{

{

{

𝐹 = 1 if 𝑝
𝑐
(𝑅eff, 𝜃𝑗) < 𝑝𝑐,𝑘

𝐹 = 0 if 𝑝
𝑐
(𝑅eff, 𝜃𝑗) > 𝑝𝑐,𝑘,

(11)

where 𝑅eff is the effective pore radius, 𝑁 is the total number
of pores, 𝑀 = 181 corresponds to 𝜃

𝑗
varying from 0 to

180∘, and Δ𝑉 is the incrementally intruded volume at each
applied pressure of mercury. Although Cheung et al.’s work
is a useful try, their 𝑝

𝑐
-𝑠 model is hard to be utilized in

PEM fuel cell two-phase modeling because the model needs
detailed structure parameters of pores such as the pore size
distribution.

Though the Leverett-Udell correlation is not suitable for
GDLs in PEM fuel cells, it still has some advantages where the

information of capillary force (𝜎) and pore structure (𝜀 and
𝑘
𝑝
) is included. Thus, a further improved way is to keep the

form of the Leverett function; however, the 𝐽 function needs
to be refitted to match the experimentally measured 𝑝

𝑐
-𝑠 data

of GDLs. For example, Gostick et al. [40] substituted the van
Genuchten or Brooks-Corey type 𝐽 function for the Udell 𝐽
function. The modified Leverett function was found to agree
with themeasured𝑝

𝑐
-𝑠 data for the sevenGDLs. InGostick et

al.’s correlation [40], the factor cos 𝜃was removed, but the van
Genuchten or Brooks-Corey type 𝐽 function did not include
the wettability parameter. Regarding this drawback, Mench’s
group [37–39] took the weight percentage of hydrophobic
materials as the wettability parameter and incorporated it
into 𝐽 function. The new 𝐽 function was referred to as 𝐾
function. Further, the effects of compression pressure and
temperature were also incorporated into their correlation.
Finally, the correlation proposed by Mench’s group for SGL
10BB and SGL 24 series carbon papers is expressed as follows,
respectively:

𝑝
𝑐
= (

293

𝑇6
)𝜎 (𝑇) 2

0.4𝐶

((
0.9

1 + (−0.0046𝐶2) + 0.0843𝐶
+ 0.1)

𝜀

𝑘
𝑝

)

1/2

𝐾 (𝑠) (12a)

𝑝
𝑐
= (

293

𝑇6
)𝜎 (𝑇) 2

0.4𝐶

((
0.9

1 + (−0.0083𝐶2) + 0.0911𝐶
+ 0.1)

𝜀

𝑘
𝑝

)

1/2

𝐾 (𝑠) (12b)

𝐾(𝑠nw) =

{{{{

{{{{

{

(wt%) [0.0469 − 0.00152 (wt%) − 0.0406𝑠2 + 0.143𝑠3] + 0.0561 ln 𝑠, 0 < 𝑠 ≤ 0.50

(wt%) [1.534 − 0.0293 (wt%) − 12.86𝑠2 + 18.824𝑠3] + 3.416 ln 𝑠, 0.50 < 𝑠 ≤ 0.65

(wt%) [1.7 − 0.0324 (wt%) − 14.1𝑠2 + 20.9𝑠3] + 3.79 ln 𝑠, 0.65 < 𝑠 < 1.00,

(12c)

where 𝐶 is the compression pressure. This correlation can be
used to predict the influences of liquid saturation, hydropho-
bic additive loading, uncompressed porosity, compression
pressure, and operating temperature on the capillary pressure
ofGDLs, showing considerable further improvement over the
traditional Leverett correlation.

6. Use of New 𝑝
𝑐
-𝑠 Correlation

The measurement of capillary pressure and the construction
of 𝑝
𝑐
-𝑠 correlation are to serve the PEM fuel cell two-

phase modeling. In the recent years, some research tried
to incorporate the new developed 𝑝

𝑐
-𝑠 correlation into the

PEM fuel cell two-phase model [33–36, 91, 92]. These studies
can be divided into two categories. One is to investigate
the effectiveness of the Leverett-Udell correlation to describe
two-phase transport in the porous electrodes [33] or full cell
[35] by comparing the local transport phenomena and cell
polarization characteristics predicted by the experimentally
fitted 𝑝

𝑐
-𝑠 correlation and Leverett-Udell correlation. The

other focuses on the effect of the new 𝑝
𝑐
-𝑠 correlation on the

reactants and liquid water distributions, as well as the cell

performance at various operation conditions or when various
GDLs are used in cells [34, 91, 92].

Mench’s group [33] for the first time tried to evaluate
the effectiveness of the standard Leverett-Udell correlation to
characterize the capillary flow inGDLwithmixed wettability.
They derived an empirical 𝑝

𝑐
-𝑠 correlation (6) by fitting

the experimental data measured by Gostick et al. [40]. The
empirically derived 𝑝

𝑐
-𝑠 correlation was then integrated into

a two-dimensional analytical model framework in order to
evaluate the difference of the liquid saturation distributions
in the GDL, which were, respectively, simulated by the
derived correlation and the Leverett-Udell correlation. The
results showed that the Leverett-Udell correlation consis-
tently overestimated the GDL saturation values, as compared
to those predicted by the empirically derived 𝑝

𝑐
-𝑠 correlation

(Figure 8). The remarkable difference between the predicted
saturation distributions demonstrated that use of the stan-
dard Leverett-Udell correlation was indeed improper for
describing the capillary characteristics in GDLs, and hence
development of a modified correlation applicable for porous
electrodes of PEM fuel cells was critically required.

Wang et al. [35] carried out a similar comparative study;
however, they extended the comparison to the full cell by
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using a three-dimensional, nonisothermal, and two-phase
fuel cell model. Key physical and chemical processes occur-
ring in the cell were taken into account, and the experi-
mentally fitted 𝑝

𝑐
-𝑠 correlation and the standard Leverett-

Udell correlation were incorporated into the same full cell
model, respectively. The cell performances simulated by the
two models were evaluated at GDL tortuosity of 1.5 and
2.5, GDL porosity of 0.6 and 0.9, and coefficient of water
vapor condensation rate of 500 s−1 and 5000 s−1.Their results
(Figure 9) showed that the standard Leverett-Udell correla-
tion with 𝜃 = 96

∘ predicted a far worse cell performance
than those with 𝜃 = 0

∘ and 𝜃 = 135
∘, which contradicted

with the experimental observations. Thus, introduction of
the factor “cos 𝜃” into the standard Leverett-Udell correlation
could not capture the influence of wettability on the capillary
pressure. The Leverett-Udell correlation with 𝜃 = 135

∘

could predict a cell performance close to that predicted by

the experimentally fitted 𝑝
𝑐
-𝑠 correlation. However, this

contact angle was far higher than the actual values of 88–101∘;
as a result, the liquid water saturation in the GDL for 𝜃 = 135∘
was quite different from that for an actual angle and hence
deviated from the experimental saturation. They proposed
that quantitative modeling adopting the standard Leverett-
Udell correlation was not suggested. Nevertheless, PEM fuel
cell model with the standard Leverett-Udell correlation could
qualitatively estimate the cell performance.

Nguyen should be the first person who pointed out the
inappropriateness of the Leverett-Udell correlation for GDLs
of PEM fuel cells as early as 2001 [91]. Later, Ye and van
Nguyen [34] incorporated experimentallymeasured capillary
pressure functions into a single-domain, three-dimensional,
and two-phase transport model to evaluate liquid water
distribution in the porous electrode of a PEM fuel cell
with parallel channels. Their results showed that the liquid
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Figure 10: Saturation distributions on the cathode GDL-CL interface for SGL 24 series treated with different PTFE load at operating voltage
of 0.3 V: (a) SGL 24BC, 5% PTFE; (b) SGL 24CC, 10% PTFE; (c) SGL 24DC, 20% PTFE. Source: [92].

water distribution was lower under the rib than that under
the channel in the cathode catalyst layer for high current
densities. In the cathode GDL, however, the liquid water
distribution was higher under the rib than that under the
channel. The average water saturation levels were insensitive
to current density and fell in the range of 0.4–0.5 in the
catalyst layer and 0.2–0.3 in theGDL at high current densities.
With more reliable 𝑝

𝑐
-𝑠 correlation, liquid water distribution

showed reasonable values and a trend without artificially
introduced boundary conditions on the interface between the
cathode channel and GDL.

More recently, Wang and Si [92] incorporated Mench’s
𝑝
𝑐
-𝑠 correlation with𝐾(𝑠) function into a three-dimensional,

nonisothermal, and two-phase model of PEM fuel cell to
investigate the effects of the PTFE content, MPL, and com-
pression pressure for two GDL series (SGL 10 and SGL 24) on
the liquid water and oxygen transport and cell performance
for a parallel flow field fuel cell. Restated that Mench’s 𝑝

𝑐
-𝑠

correlation retains the factor of (𝜀/𝑘
𝑝
)
0.5 used in Leverett

function, because this factor characterizes the effects of the
porous structure and surface tension between gaseous and
liquid phases on the liquid water distribution. Meanwhile,
Mench’s 𝑝

𝑐
-𝑠 correlation removes the factor of cos 𝜃 based on

the fact that a single contact angle cannot describe the mixed
wettability of porous electrodes. Furthermore, 𝐾(𝑠) function
in Mench’s 𝑝

𝑐
-𝑠 correlation is derived based on fitting a

variety of experimentally measured 𝑝
𝑐
-𝑠 data for various

commercial GDLs. During the fitting, the key parameters
affecting the liquid water transport in the porous electrodes,
such as content of hydrophobic materials, MPL, compression
pressure, and temperature, are all taken into account in the
𝑝
𝑐
-𝑠 correlation. Therefore, Mench’s 𝑝

𝑐
-𝑠 possesses a good

versatility. It can be expected that a two-phase PEM fuel cell
model incorporated with this correction will describe two-
phase transport phenomena in the pores of porous electrodes
more reasonably.

The effects of the content of PTFE material, compression
pressure, and MPL on the liquid water distribution are
shown in Figures 10–12, respectively [92]. Larger content of
hydrophobicmaterials can enhance the hydrophobicity of the
porous electrode, causing the liquidwater to be expelledmore
easily from the pores. Figure 10 shows that SGL 24BC with
5% PTEF has the highest saturation, followed by the SGL
24CC with 10% PTFE and the SGL 24DC with 20% PTFE.
After introducing Mench’s 𝑝

𝑐
-𝑠 correlation, the two-phase

model could predict reasonably that increasing the content
of the hydrophobic materials could help to expel the liquid
water from the pores. However, the conventional Leverett-
Udell correlation characterizes the content of hydrophobic
materials through contact angle; larger content corresponds
to larger contact angle. The study of Wang et al. [35]
indicated that the cell performance with the contact angle
of 0∘ was superior to that of 96∘; obviously, the Leverett-
Udell correlation could not really reflect the effect of the
content of hydrophobic materials. Similarly, the two-phase
model based onMench’s 𝑝

𝑐
-𝑠 correlation indicated that larger

compression pressure led to some pores to be collapsed,
which decreases the porosity and deteriorates the liquidwater
removal capability. As a result, a larger saturation appears in
the porous electrode (Figure 11). The effect of the MPL on
the liquid water removal can also be studied by incorporating
Mench’s 𝑝

𝑐
-𝑠 correlation into the two-phase model. Figure 12

shows that the capability of liquidwater removal in the porous
electrode is enhanced when MPL were introduced between
the catalyst layer and GDL, which corresponds to the lower
saturation. This agrees well with the experimental reports.

7. Closing Remarks

Modeling and simulations have been becoming powerful
tools for performance prediction and design optimization of
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Figure 11: Saturation distributions on the cathode GDL-CL interface for SGL 24BC treated with different compression pressures at operating
voltage of 0.3 V: (a) 1MPa; (b) 2MPa; (c) 3MPa; (d) 4MPa. Source: [92].

PEM fuel cells, which proposes an urgent requirement for
developing an accurate porous electrode two-phase model
for fuel cells. For the porous electrode modeling based on
the volume-average method, Wang et al. [12, 13] introduced a
correlation to relate the pressure difference between gaseous
and liquid phases in the porous electrode pores with the
local saturation by means of a capillary pressure concept.The
introduction of the 𝑝

𝑐
-𝑠 correlation leads to the fact that it is

not necessary to focus on the complex interactions between
the gaseous and liquid phases in the pores, which greatly
simplifies the two-phase modeling for the porous electrodes
and becomes the main method for the current two-phase
modeling for fuel cells.

As the reason of the extremely inadequate experimental
data of the capillary pressure for porous GDL, Wang et al.
introduced the Leverett-Udell correlation which was fitted

from the experimental data of packed sands into the mod-
eling for PEM fuel cells. The recent studies indicated that this
correlation could not cover the experimental data of capillary
pressure versus saturation for the commercial used GDLs
well. This motivated more and more researchers to measure
the capillary pressure for various GDLs. A massive published
experimental data makes it possible to propose a new 𝑝

𝑐
-𝑠

correlation. The representative work is the correlation pro-
posed by Mench’s group. However, the experiments showed
that there existed a hysteresis of capillary pressure between
water withdrawal with𝑝

𝑐
> 0 andwater injectionwith𝑝

𝑐
< 0,

and water withdrawal from any 𝑠 reached by water injection
also led to the hysteresis. The hysteresis means that the 𝑝

𝑐
-𝑠

curve for water injection does not coincidewith that for water
withdrawal. In the real porous electrodes, the withdrawal
or injection of the water in the local pore is determined by
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Figure 12: Saturation distributions on the cathode GDL-CL interface at operating voltage of 0.3 V for different treated GDLs: (a) SGL 24BC,
5% PTFE with MPL; (b) SGL 24BC, 5% PTFE without MPL; (c) SGL 10BB with MPL. Source: [92].

the local pressure difference between the gaseous and liquid
phases. However, the correlation proposed by Mench’s group
only can describe thewithdrawal process.Thus, it is necessary
to develop a 𝑝

𝑐
-𝑠 correlation which can be applicable to both

withdrawal and injection processes.
In addition, the real gas-liquid interface in the pores of

porous electrodes cannot be considered based on the current
volume-averagemethod.The introduction of𝑝

𝑐
-𝑠 correlation

simplifies the treatment of the complex interactions between
liquid and gaseous phases and makes it possible to carry out
the two-phase modeling of porous electrodes. However, it
could not capture the real transport and distributions of the
two phases in the pores of porous electrodes. As a result,
developing of new two-phase modeling method based on
the real porous structure is the key point in the immediate
future. Although it may be a great challenge to develop such
a model, fortunately, some researchers have tried to model
the two-phase transport in the real porous electrodes by
means of lattice Boltzmann method (LBM). The next most
pressing problem is to couple two-phase transport with other
physical and chemical phenomena occurring in porous elec-
trodes such as the electrochemical reactions, conductions of
electron and proton, and electric osmosis. A conceivable way
is the coupled LBM-CFD (computational fluid dynamics)
method. Once this kind of models is constructed, the 𝑝

𝑐
-𝑠

correlation will no longer be needed, and the phase distri-
butions of liquid and gaseous phases in the pores of porous
electrodes and the complex interactions between the two
phases can be simulated directly, which makes developing
a more realistic water management strategy become more
believable.
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