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A B S T R A C T

Liquid-gas two-phase flow in the gas diffusion layer (GDL) of proton exchange membrane fuel cells is investigated
using an ex-situ experimental setup. The mass transport phenomena is investigated in carbon paper and carbon
cloth GDLs and at different compressions. Water percolation within the plane of the GDL is visualized with a CCD
camera while its injection pressure is measured. Similarly, air percolation within the plane of GDL samples which
were initially saturated with water is investigated. Experiments are conducted for the three flow regimes of stable
displacement, capillary fingering, and viscous fingering. Images are analyzed to obtain the normalized wetted
area. It is observed that while the GDL compression directly affects normalized wetted area for stable displace-
ment and viscous fingering flow regimes, it has no impact on this parameter for capillary fingering flow regime.
For stable displacement flow regime and for both carbon paper and carbon cloth samples, water percolation
pressure increases with GDL compression. However, the water percolation pressure data obtained for capillary
fingering flow regime does not suggest any discernible trend as a function of GDL compression. The findings in
this study can be used to validate percolation models proposed by different schemes such as pore-network models.
1. Introduction

Proton exchange membrane (PEM) fuel cells are recognized as an
alternative to internal combustion engines mainly because of their high
volumetric power density and zero source greenhouse gas emissions
[1–4]. During the operation of a PEM fuel cell, water is produced in the
cathode side as a byproduct of the oxygen reduction reaction. This pro-
duced water may fill open pores of the gas diffusion layer (GDL) which
threatens a uniform and continuous supply of reactant gases across the
electrodes [5,6]. This can ultimately lower the performance of the cell
due to high mass transfer overpotential [7–12]. Water transport through
the porous structure of the PEM fuel cell electrode has been the subject of
study for over a decade and a variety of hypotheses have been speculated
on this regard. While some studies suggest that water transport by back
diffusion from cathode to anode enhances when a micro-porous layer
(MPL) is used [13–15], there are studies that suggest MPL has no impact
on back diffusion [9,16-18]. Similarly, while there are studies that
conclude the MPL enhances capillary-driven liquid water transport from
the cathode catalyst layer to the cathode flow channel [19–24], a
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thoroughly opposite conclusion can also be found in literature [25]. In
addition, there are some studies that suggest an enhanced vapor diffusion
water transport from the cathode catalyst layer to the cathode flow
channel as a consequence of coating GDLs with MPLs [26–28]. This un-
certainty in water transport mechanism across the electrode is partially
due to the uncertainty in water phase within the electrodes. In a recent
study, Ge et al. [19] conducted an in situ, in operando, study on a PEM
fuel cell by utilizing X-ray radiography to identify the phase of water as it
transports within the electrode. By comparing the water content in the
MPL and in vapor and liquid phases, they concluded that the liquid phase
dominates. For an experiment conducted at 60∘C, they reported that 92%
of water transported through the MPL was in liquid phase. This value was
97% for an experiment conducted at 40∘C. At the moment of break-
through, defined as liquid water emergence from the opposite side of the
MPL, the mean saturations of the MPL in the cathode side were reported
to be 0.19 and 0.17 for operating temperatures of 60∘C and 40∘C,
respectively. The higher water saturation at an elevated temperature was
attributed to lower MPL capillary pressure. Therefore, a higher level of
flooding in the cathode MPL was reported for a higher temperature
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gradient in the cathode MPL. Straubhaar et al. [29] studied water
transport phase as it percolates through the GDL by using pore-network
simulation featuring liquid-vapor phase change and suggested that the
water transport could occurs in both liquid and vapor phases, depending
on the stream-wise location from the channel inlet. For the region close to
the inlet, their findings suggested that the GDL is relatively dry and the
water transport could occur in vapor phase. Traveling in the stream-wise
direction (close to the center of the channel), they suggested that water
transport occurs by liquid invasion as well as evaporation-condensation.
Finally, their pore-network model suggested that water transports in
liquid phase in the region close to the channel outlet. The effect of
temperature gradient was also investigated in their study and it was
suggested that due to the temperature gradient across the electrode,
water transport by vapor diffusion is a possibility. This vapor diffusion is
accompanied by condensation within the GDL due to its lower temper-
ature in flow channel side.

The mass transfer overpotential caused by the accumulation of liquid
water in the porous electrode becomes the dominant limiting factor at
high current densities where water production rate is high [30]. Water
transport through the porous structure of the electrode is dominated by
capillarity effects as the Bond number is less than unity [31]. The Bond
number is a ratio of gravitational acceleration effects to surface tension
effects on a liquid-vapor interface and is defined as Bo ¼ ðL=LcÞ2, where
L and Lc are the characteristic length and capillary length, respectively.
The characteristic length of the GDL is the mean pore radius which is in
the order of 10–20 μm [32]. The capillary length is defined as Lc ¼ffiffiffiffiffiffiffiffiffiffi

σ=ρg
p

, where σ is the surface tension, ρ is the liquid density, and g is the
gravitational acceleration [31]. The small Bond number reflects the fact
that water transport through the GDL is not dominated by gravitational
effects. Instead, surface tension effects are dominant and influence the
transport phenomena in PEM fuel cells. At the contact line region where a
solid surface and two fluid phases are in contact, mechanical equilibrium
can be attained if a pressure difference exists between the two fluids. This
pressure difference, also referred to as the capillary pressure Pc, is
defined by the Young-Laplace equation [33,34]:

Pc ¼ 2σH ¼ σr �n (1)

where H and n are the mean curvature of the separating surface and the
unit vector normal to the surface, respectively. Therefore, the capillary
pressure relevant to water transport within the GDL can be obtained by:

Pc ¼Pg � Pl ¼ 2σcosθ
r

(2)

where Pg, Pl, θ, and r are gas pressure, liquid pressure, water contact
angle, and radius of the GDL pore, respectively. Because the capillary
pressure is the pressure drop across the meniscus, the Pg and Pl in Eq. (2)
will be the air pressure and the liquid water pressure, respectively, in this
study. During the operation of a PEM fuel cell, the water produced in the
catalyst layer must cross the GDL in vapor or liquid phase. The vapor can
diffuse through the GDL pore. The liquid water accumulates behind the
GDL with its pressure increasing until it surpasses the capillary pressure
of the GDL. At this point, liquid water can intrude into the GDL. For
transport within the GDL to continue the liquid water pressure must be
greater than the GDL capillary pressure.

Water transport through the porous structure of the PEM fuel cell and
within its flow channels has been extensively studied in literature [26,
35–49]. In an early study done by Nam and Kaviany [22] the formation
and distribution of condensed water in diffusion medium of PEM fuel
cells was investigated. They suggested that liquid water transports from
the catalyst layer to the gas channel in a branching-type geometry. In the
transport model they suggested, water is transported from the catalyst
layer to the gas channel through a main stream which is fed by smaller
streams. Pasaogullari and Wang [10] later confirmed this model by
developing a one-dimensional analytical model of water transport
2

phenomena within the GDL. Litster et al. [38] visualized liquid water
transport in the GDL by employing fluorescence microscopy techniques
and suggested that water transport through the GDL is dominated by
fingering and channeling, featuring numerous dead ends where water
transport recedes when an adjacent breakthrough channel forms. Bazylak
et al. [50] also utilized fluorescence microscopy to study liquid water
transport through the GDL and described water emerges from the surface
of the GDL at some specific locations referred to as preferential locations.
They reported that these preferential locations change sporadically, an
indication that water pathways are interconnected within the GDL.
Gostick et al. [36,51] measured water saturation of the GDL at different
capillary pressures and observed that water imbibition into a dry GDL
and drainage from a water-saturated GDL is not spontaneous. Instead, the
penetration of water and air into the GDL occurs when a positive
displacement pressure is provided and water withdrawal is identified
with negative capillary pressures. The latter was attributed to a network
of hydrophilic pores within the GDL that were not covered by the poly-
tetrafluoroethylene (PTFE) coating. As a common practice, GDLs are
treated with PTFE in order to enhance water management [1,52,53].
Gostick et al. [36,51] also concluded that the main effect of treating GDL
substrates with PTFE is to elevate the amount of work required to force
water into the GDL while decreasing work required to withdraw water.
Table 1 lists some of the studies done on transport phenomena in the
porous structure of PEM fuel cells.

The GDL is the thickest porous layer used in PEM fuel cells with a
thickness between 100 and 400 μm in contrast to the microporous layer
(MPL) and catalyst layer with an average thicknesses of 30 and 15 μm,
respectively. It is also more porous compared to the MPL and the catalyst
layer. GDLs are of two types: carbon paper and carbon cloth, both con-
sisting of carbon fibers. Carbon paper is obtained from randomly laced
carbon fibers while carbon cloth is constructed of woven tows consisting
of individual carbon fibers. Carbon papers are more porous compared to
carbon clothes [54,55]. In addition, carbon clothes are spatially hetero-
geneous on a macroscopic scale while carbon papers are roughly spatially
homogeneous. It has been reported by several authors that the GDL
porosity decreases as the PTFE content in the GDL increases [13,25,56,
57]. Fishman and Bazylak [58] took μCT images from PTFE treated GDLs
and observed that due to PTFE treatment, local porosity of GDLs
decreased near the surface region while PTFE was not evenly distributed
throughout the substrates.

Liquid-gas two-phase flow in porous media is dominated by capillary
and viscous effects with the two-phase distribution and flow regime
being defined by the relative magnitude of each of these two effects. For
instance, the viscous effect is negligible at low injection flow rate while
the flow behavior is dominated by the capillary effect. If the intruding
fluid is non-wetting the two-phase flow in the porous medium is desig-
nated as a drainage process. In contrast to the drainage process, the
intrusion of a wetting fluid into the porous media is designated as an
imbibition process. Therefore, transport of liquid water within the porous
structure of the GDL is categorized under the drainage process. The
drainage process may be in three different types of fluid flow, depending
on the viscosity ratio as well as the capillary number. If the intruding
fluid has a lower viscosity compared to the displaced fluid, viscous
fingering occurs. The viscous fingering flow regime is characterized by
irregular permeation of the injected fluid which results in a formation of
multiple conduits or fingers. If the injected fluid has a viscosity greater
than the viscosity of the displaced fluid either capillary fingering or
stable displacement flow forms, depending on the injection flow rate. For
low injection flow rates, capillary fingering occurs which is characterized
by generation of irregular conduits within the porous medium. This flow
regime includes few fingers of different sizes. For relatively high injection
flow rate, the injected fluid permeates evenly within the porous layer
which results in stable displacement flow distribution. The stable
displacement flow regime does not include any finger formation. Instead,
the injected fluid is percolating within the porous layer evenly in all di-
rections. Lenormand et al. [59] proposed presenting these three flow



Table 1
Some of the studies done on transport phenomena in porous media of PEM fuel
cells.

Author Study Approach Direction

Williams et al.
[61]

Characterized key properties
affecting transport phenomena.

in-situ through-
plane

Ihonen et al.
[55]

Measured the through-plane
permeability of several materials.

in-situ through-
plane

Dai et al. [62] Studied effects of PTFE content on
water transport through the GDL.

in-situ through-
plane

Cho and Mench
[63]

Described fundamentals of
evaporative water removal during
gas purge.

ex-situ through-
plane

Gostick et al.
[64]

Measured permeability for a
variety of samples. Also studied
effects of GDL compression on
permeability.

ex-situ through-
plane/in-
plane

Gostick et al.
[65]

Studied the breakthrough
conditions in GDL.

ex-situ through-
plane

Fairweather
et al. [66]

Studied effect of PTFE loading in
GDL on water transport.

ex-situ through-
plane

Gostick et al.
[36]

Studied the relationship of
capillary pressure to liquid
saturation.

ex-situ through-
plane

Nguyen et al.
[67]

Measured capillary pressure in
different GDL samples.

ex-situ through-
plane

Gallagher et al.
[68]

Studied capillary pressure for
different GDL saturation.

ex-situ through-
plane

Gostick et al.
[51]

Measured capillary pressure at
different saturation levels of a
wetting phase.

ex-situ through-
plane

Hickner et al.
[69]

High-resolution neutron
radiography was used to image
water content in the membrane
electrode assembly and the gas
flow channels.

in-situ through-
plane

Tamayol and
Bahrami [70]

Investigated effects of GDL
thickness and compression on
water permeation.

ex-situ through-
plane

Owejan et al.
[26]

Water vapor diffusion-drive and
liquid-water pressure driven
transport in porous layer was
studied.

ex-situ/in-
situ

through-
plane

Daino et al.
[71]

Studied water transport and
temperature profile in anode and
cathode side.

in-situ through-
plane

Litster et al.
[38]

Fluorescence microscopy
technique was employed to
visualize water transport.

ex-situ through-
plane

Benziger et al.
[72]

Positive capillary pressures were
required to inject water into a
GDL.

ex-situ through-
plane

Gao et al. [73] Pore-scale visualizations of water
in different types of GDLs were
used to study transport
phenomena in GDLs.

ex-situ through-
plane

Fairweather
et al. [74]

Liquid water transport in GDL was
studied by measuring the capillary
pressure as a function of liquid
water saturation.

ex-situ through-
plane

Harkness et al.
[75]

Water transport through the GDL
was studied by measuring
capillary pressure.

ex-situ through-
plane

Liu and Pan
[76]

Water transport through several
commercial GDL substrates was
studied.

ex-situ through-
plane

Koido et al.
[77]

Proposed a series of analysis
methods to identify the two-phase
multi-component transport in the
GDL.

ex-situ through-
plane

Kumbur et al.
[78]

Capillary pressure as a function of
liquid saturation was studied.

ex-situ through-
plane

Volfkovich
et al. [79]

Water intrusion into GDLs with
different PTFE loading was
investigated.

ex-situ through-
plane

Lu et al. [80] ex-situ through-
plane

Table 1 (continued )

Author Study Approach Direction

The liquid water breakthrough
dynamics across GDLs was
studied.

Santamaria
et al. [42]

Studied dynamic water transport
by measuring capillary pressure.

ex-situ through-
plane

M�edici and
Allen [60]

Evaluated drainage phase diagram
for GDL by studying water
transport in GDL.

ex-situ in-plane

M�edici and
Allen [81]

Studied transport phenomena in
GDL samples and performed
numerical simulation using a two-
dimensional pore-network model.

ex-situ in-plane

M�edici and
Allen [37]

Studied in-plane water transport in
the GDL by suggesting a new
scaling model in conjunction with
the capillary number and the
viscosity ratio.

ex-situ in-plane

Stacy and Allen
[82]

Measured the percolation pressure
in catalyst layer.

ex-situ in-plane

Alofari et al.
[83]

Studied percolation in catalyst
layer under controlled conditions.

ex-situ in-plane

Mortazavi and
Tajiri [84]

Studied liquid water transport
through GDLs.

ex-situ through-
plane

Litster et al.
[85]

Investigated water transport in a
GDL by florescent imaging.

ex-situ through-
plane

Sinha et al. [86] Quantified liquid water saturation
distribution in GDLs by using X-ray
microtomography.

ex-situ in-plane

Yan et al. [87] Investigated water balance in the
porous structure of a PEM fuel cell
by measurements the net drag
coefficient.

ex-situ through-
plane

Zaffou et al.
[88]

Investigated the effect of through-
plane temperature difference on
water transport.

ex-situ through-
plane

Bazylak et al.
[89]

Studied transport phenomena by
using fluorescence microscopy.

ex-situ through-
plane

Bazylak et al.
[50]

The dynamic behavior of water
transport through the GDL was
investigated by fluorescence
microscopy.

ex-situ through-
plane

Gostick et al.
[35]

Water intrusion and removal from
GDL samples was investigated by
measuring capillary pressure at
different GDL saturation.

ex-situ through-
plane

Kandlikar et al.
[90]

Transport phenomena was
investigated by measuring
capillary pressure.

ex-situ through-
plane

Sinha et al. [91] Proposed a pore-network model
and a two-phase lattice Boltzmann
model.

ex-situ through-
plane
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regimes on a drainages phase diagram, as shown in Fig. 1c. The drainage
phase diagram presents these flow regimes based on the capillary num-
ber, Ca, and the viscosity ratio, M:

Ca¼ vμnw
σ (3)

M¼ μnw
μw

(4)

where v, μnw, σ, and μw are the injected fluid velocity, the non-wetting
fluid viscosity, surface tension, and the wetting fluid viscosity, respec-
tively. The capillary number is a dimensionless number and is the ratio of
viscous stress to capillary stress. M�edici and Allen [60] showed the ex-
istence of the drainage phase diagram in PEM fuel cell GDL by exploring
the three flow regimes of stable displacement, capillary fingering, and
viscous fingering when the GDL was compressed by 20 kPa. However,
because all experiments were conducted at a fixed compression, the ef-
fect of GDL compression on the transport phenomena was not identified.
In this study, the three flow regimes are investigated for four different



Fig. 1. a) Schematic of the experimental setup, b) schematic of the test section, and c) drainage phase diagram with flow conditions superimposed.
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GDL compressions.
It can be concluded from Table 1 that most of the studies done on

transport phenomena in the GDL are through-plane in direction while
less attention has been paid to the in-plane direction. In this study, the
three flow regimes of stable displacement, capillary fingering, and
viscous fingering are investigated in carbon papers and carbon clothes as
a function of GDL compression. While mass transport phenomena by
stable displacement and viscous fingering do not occur in the porous
structure of PEM fuel cells, evaluating all three percolation regimes in the
GDL is still required for characterization and potential model validation
beyond the PEM fuel cell operating conditions. M�edici and Allen [37]
proposed a scaling scheme for the dynamics of fluid percolation in thin
porous layers and in conjunction with the capillary number and the
viscosity ratio. Their proposed scaling scheme suggests a linear
non-dimensional correlation between the saturation and the percolation
pressure, regardless of the flow regime. In another study, M�edici et al.
[92] coupled the continuum and pore-network models to obtain liquid
water distribution profiles across the GDL. The results presented in the
current study could be used to validate models like those suggested by
M�edici and colleagues. Examples of other applications where these re-
sults could be used for include redox flow battery [93], direct borohy-
dride fuel cells [94], and paper-based microfluidic diagnostics for
medical diagnostics [95]. In this study the transport phenomena is
investigated by visualizing the evolution of the injected fluid area as well
as measuring percolation pressure with an ex-situ approach. Air or water
percolation images are analyzed with an in-house-developed code to
obtain the area occupied by the intruding fluid during percolation.

2. Experimental setup

2.1. Experimental setup

Fig. 1a shows the schematic of the experimental setup used in this
study. For each run, an untreated 5-cm � 5-cm GDL sample was sand-
wiched between two 0.5-inch-thick polycarbonate plates and liquid
water or air was injected from the bottom side of the test section with a
syringe pump. For capillary fingering and stable displacement experi-
ments water was injected through a 250-μm-diameter stainless steel
4

capillary (U-111, Upchurch) and for viscous fingering experiments air
was supplied through a 1.6-mm-diameter tube. Water and air percola-
tions were visualized with a CCD camera (Thorlabs, 1501M-USB) from
the top side of the test section. The camera was equipped with a zoom
lens (Thorlabs, MVL6X12Z) and a 0.67X adapter (Thorlabs, MVL067A) to
provide around 880 � 880 pixels over 5 cm � 5 cm cuts of the GDL
sample, equivalent to 56.8 μm/pixel spatial resolution. Two different
pressure transducers measured water pressure during the percolation
within the GDL. The pressure transducer used for stable displacement
experiments had a pressure range up to 103.0 kPa � 0.3% (Omega, PX
481A-015G5V) and the pressure transducer used for capillary fingering
experiments had a pressure range up to 11.7 kPa� 1.0% (Omega, PX163-
120BD5V). Four screws, one in each corner of the test section, provided
the necessary compression which was controlled with 18-8 stainless steel
shims at four different thicknesses. The shims surrounded the GDL
samples within the test section as schematically shown in Fig. 1b. The
four shim thicknesses used were 0.025, 0.050, 0.100, and 0.150mm. The
GDL carbon paper used was Toray TGP-060 with a manufacturer-
specified thickness and porosity of 190 μm and 76%, respectively. The
GDL carbon cloth used was AvCarb™ 1071 HCB with a thickness of
356 μm and a weave count-fill of 18.5 per cm. In this study, the GDL
compression, λ, is defined by:

λ¼
�
1� δshim

δoriginal

�
� 100% (5)

where δshim and δoriginal are the shim thickness and the thickness of the
uncompressed GDL, respectively. Table 2 lists the GDL compression
values, as defined in Eq. (5), for both GDL samples and by using different
shim thicknesses.

2.2. Image processing

During each experiment, percolation images and pressures were
recorded. The images from the CCD camera were analyzed to obtain the
area occupied by the injected fluid. The water percolation images were
captured at 12 frames per second. Images were processed with an in-
house-developed MATLAB code by applying image filtering,



Table 2
GDL compressions calculated based on Eq. 5

GDL Manufacturer-
specified

Shim
thickness

λ (Eq.

(5))
thickness (μm) (mm)

Toray TGP-060 (carbon
paper)

190 0.025 86.84%

Toray TGP-060 (carbon
paper)

190 0.050 73.68%

Toray TGP-060 (carbon
paper)

190 0.100 47.36%

Toray TGP-060 (carbon
paper)

190 0.150 21.05%

AvCarb™ 1071 HCB (carbon
cloth)

356 0.025 92.97%

AvCarb™ 1071 HCB (carbon
cloth)

356 0.050 85.95%

AvCarb™ 1071 HCB (carbon
cloth)

356 0.100 71.91%

AvCarb™ 1071 HCB (carbon
cloth)

356 0.150 57.86%
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segmentation using thresholding, and connected component analysis via
computer vision techniques. The image processing started by creating a
mask image from the GDL substrate which featured the background de-
tails as black pixels. The next step include subtracting the background to
remove the stationary details from the image. In addition, a noise
removal procedure was done to remove any noise created from slight
change in illumination, minor workbench vibrations, and motion blur.
The obtained image was then transformed into a binary black and white
image by applying thresholding. The binary black and white images were
then analyzed to obtain the total number of white pixels which represent
the percolation area in the GDL sample.

2.3. Flow condition

Table 3 lists experimental conditions used in this study. For stable
displacement and capillary fingering flow regimes, the viscosity of the
injected fluid should be greater than the viscosity of the displaced fluid.
Therefore, water was injected to dry GDL samples. For viscous fingering
experiments, the viscosity of injected fluid should be less than the vis-
cosity of the displaced liquid. Therefore, air was injected into GDL
samples which were initially saturated with liquid water. The velocity in
the capillary number equation (Eq. (3)) was the fluid average velocity in
the stainless steel capillary, v ¼ q=πr2, where v and q are the fluid
average velocity and the volumetric flow rate, respectively. The flow
conditions are shown in Fig. 1c based on the capillary number, Ca, and
the viscosity ratio, M.

3. Results and discussion

3.1. Stable displacement

For Ca numbers greater than 10�3 and viscosity ratios greater than
one, the drainage flow regime is stable displacement. In this flow regime,
percolation starts from the center of the GDL sample, where the injection
capillary is located, and water percolates within the GDL in a circular
shape concentric to the injection hole, as shown in Figs. S1 and S2 in the
Table 3
Experimental conditions.

Regime Injected/displaced M q (mℓ=s) Ca

Stable displacement Water/air 48.90 1.00 � 10�2 2.5� 10�3

Stable displacement Water/air 48.90 3.33 � 10�2 8.4� 10�3

Capillary fingering Water/air 48.90 5.55 � 10�6 1.4� 10�6

Capillary fingering Water/air 48.90 1.94 � 10�5 4.9� 10�6

Viscous fingering Air/water 0.02 3.49 4.9� 10�4
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supporting document. The non-dimensional time in these figures, t�, is
defined as

t� ¼ time corresponding to image
experiment duration

(6)

Fig. 2 shows normalized wetted area, A�, as well as water percolation
pressure for two water injection flow rates of 1� 10�2 and 3:33� 10�2

mℓ/s corresponding to Ca numbers of 2:5� 10�3 and 8:4� 10�3,
respectively. The normalized wetted area is defined as:

A� ¼Ainjected

W� L
(7)

where Ainjected, W, L, are the area occupied by the injected fluid, width of
the GDL sample, and the length of the GDL sample, respectively. Exper-
iments were continued until water reached edge of the GDL samples.

It can be observed from Fig. 2a that the normalized wetted area is
affected by the shim thickness and therefore, the GDL compression. For
the highest GDL compression which is obtained by the thinnest shim
thickness (0.025mm) the wetted area grows faster with respect to time
compared to the other three shim thicknesses. This is due to smaller pore
volume within the GDL samples at higher compressions which should be
compensated by larger liquid area to accommodate the same volume of
injected water at a given time. Fig. 2a suggests as the GDL gets more
compressed, its normalized wetted area transforms from a linear trend to
polynomials with larger curvatures. However, as time goes on the
normalized wetted area drops off to a norm which is consistent with the
curves for other GDL compressions. For the case of the least GDL
compression corresponding to shim thickness 0.150mm, the wetted area
increases monotonically while for the highest GDL compression corre-
sponding to shim thickness 0.025mm, the normalized wetted area shows
its highest curvature in this figure. A similar observation is made in
Fig. 2b which shows normalized wetted area for water injection rate
3:33� 10�2 mℓ/s corresponding to Ca number 2:5� 10�3. This obser-
vation can be explained by the change in GDL porosity at different
compressions. Assuming that the volume of fibers remains constant at
different compression values, the porosity of the compressed GDL can be
calculated by:

εnew ¼ 1� �
1� εoriginal

� δoriginal
δnew

(8)

where εnew, εoriginal, and δnew are the porosity of compressed GDL, the
porosity of uncompressed GDL, and the thickness of compressed GDL,
respectively. δoriginal is the thickness of uncompressed GDL as defined
earlier. As more compression is applied on the GDL, δoriginal=δnew in-
creases and therefore the porosity of the compressed GDL, εnew, de-
creases. Holzer et al. [96] performed X-ray tomographic microscopy of
GDLs at different compressions and reported that the porosity decreases
as the GDL compression increases. A comparison between Fig. 2a and b
suggests a faster water percolation at a higher water flow rate which also
results in larger injection area. Fig. 2c shows water pressure as it per-
colates within the plane of the GDL. It can be observed from this figure
that pressure profiles are almost identical at the beginning of percolations
but they deviate after a while. The figure also shows that water pressure
increases with the GDL compression. This is attributed to smaller pore
diameter at higher compressions which according to Eq. (2) increases the
capillary pressure required to percolate within the GDL. The same trend
in pressure is observed in Fig. 2d which shows water percolation pres-
sures when water was injected at 3:33� 10�2 mℓ/s. The only exception
is the percolation pressure corresponding to 0.150mm shim thickness
which is slightly greater than the 0.100mm shim thickness. The overall
observation from Fig. 2c and d suggests a higher percolation pressure at
higher water injection flow rate.

Fig. 3 shows the normalized wetted area and percolation pressure for
stable displacement and in carbon cloth samples. The normalized wetted



Fig. 2. Normalized wetted area (A�) and percolation pressure for stable displacement in carbon paper and at different GDL compressions, a and c) 1:00� 10�2mℓ/s
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area for water flow rate 1:00� 10�2 mℓ/s shown in Fig. 3a suggests an
almost identical curve for the two thinnest shims used (0.025 and
0.050mm). However, as the GDL compression decreases, this figure
shows higher normalized wetted area, an observation which is in contrast
to the one obtained from Fig. 2a and b. This can be explained by the
pressure profile and the porosity of the carbon cloth samples. As shown in
Fig. 3c, the percolation pressure increases with GDL compression, an
observation which complies with Eq. (2) as well as Fig. 2c and d.
Considering that the uncompressed carbon cloth used in this study was
thicker than carbon paper samples (356 μm vs. 190 μm) and recalling
that carbon clothes have lower porosity compared to carbon papers [54,
55], a high compression in carbon cloth samples transforms them into a
barrier that resists water intrusion from the tip of the injection capillary.
Therefore, water accumulates within the injection tube with its pressure
increasing. The pressure increases until it exceeds the capillary pressure
of the compressed GDL and water penetrates into the GDL sample.
However, because of the excess resistance from the GDL sample, water
intrusion into the GDL is limited, as reflected by normalized wetted area.
Therefore, less water intrudes into the carbon cloth samples at higher
compressions. As GDL compression decreases by employing thicker
shims, GDL resistance to accommodate water decreases because of the
higher porosity. As a result, more water can intrude into the GDL at lower
compressions and water pressure decreases as shown in Fig. 3c. While a
similar observation is obtained for the higher water flow rate of 3:33�
Fig. 3. Normalized wetted area (A�) and percolation pressure for stable displacemen
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10�2 mℓ/s (Fig. 3b and d), the normalized wetted area curves are still
close to each other, particularly for the three shim thicknesses of 0.050,
0.100, and 0.150mm. The pressure profiles shown in Fig. 3d shows
substantially higher pressure for the thinnest shim which is an indication
of water accumulation in the injection tube by considering the lowest
normalized area for this shim thickness as shown in Fig. 3b.

3.2. Capillary fingering

The capillary fingering drainage flow regime is obtained at low in-
jection flow rates for the non-wetting fluid. In contrast to the stable
displacement regime which is characterized by a uniform percolation of
the injected fluid, the capillary fingering flow regime features formation
of few irregular conduits of fingers within the porous media, as shown in
Fig. S3 in the supporting document. Fig. 4a and b shows the normalized
wetted area for the capillary fingering flow regime in carbon paper
samples. For both water flow rates tested, no discernible trend can be
observed as a function of GDL compression. For instance, while Fig. 4a
shows the highest normalized area for the shim thickness 0.100mm
Fig. 4b shows the lowest normalized wetted area for the same shim
thickness. This unrecognizable trend in normalized wetted area can be
attributed to low water flow rate which does not provide enough volume
of water to keep the meniscus moving continuously. Therefore, perco-
lation subsides until water pressure exceeds the capillary pressure of the
t in carbon cloth and at different GDL compressions, a and c) 1:00� 10�2mℓ/s



Fig. 4. Normalized wetted area (A�) and percolation pressure for capillary fingering in carbon paper and at different GDL compressions, a and c) 5.55 � 10�6mℓ/s,
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porous layer. Percolation pressures for capillary fingering are shown in
Fig. 4c and d. It can be observed from these figures that the pressure
profiles gradually grow until they level off to a constant pressure between
4 and 6 kPa for both water flow rates tested. However, similar to
normalized wetted area, no discernible trend can be detected in pressure
profiles as a function of shim thickness.

3.3. Viscous fingering

The viscous fingering flow regime occurs when the injected fluid has
lower viscosity compared to the displaced fluid. For these experiments,
air was injected into GDL samples which were initially saturated with
water by submerging them in deionized water for 12 h prior to the
experiment. The viscous fingering flow regime features formation of
multiple fingers of approximately an identical size. Fig. 5a shows
normalized wetted area when air was injected to carbon paper samples
and Fig. 5b shows normalized wetted area for carbon cloth samples. In
both cases, air was injected at 3.49 mℓ=s. The normalized wetted area
shown in this figure is the ratio of the GDL area occupied by air to the
GDL sample area. It can be observed from this figure that the normalized
wetted area increases with GDL compression both in carbon paper and
carbon cloth experiments. According to Eq. (2), a higher gas pressure is
required to displace water when the GDL pore radius, r, is small, a phe-
nomenon that occurs at higher GDL compressions by thinner shims. This
higher air pressure to displace water in a water-saturated GDL substrate is
translated into a greater amount of work which should be provided by
air, a conclusion which is in contrast to observations from Fig. 5. This
discrepancy can be explained by the fact that as the GDL samples were
squeezed in the test section, liquid water was removed from the samples
and therefore, samples at higher compressions had lower water content
at the beginning of the experiments. As a result, while air penetration
into water-saturated GDL samples at higher compressions requires higher
air pressure, because there is less water content in such GDLs, the
normalized wetted area grows faster for experiments with thinner shims.
For carbon paper results, the growth rate of the normalized area is
evaluated for the first 5 s of each experiment. As shown in the inset of
Fig. 5a, the normalized area curves were linearly fitted (y ¼ ax þ b) with
the equations shown in different colors relevant to the shim thickness.
The linear fit equations suggest that the greatest slope happens when the
GDL is most compressed (a ¼ 0.111 s�1). Except for the 0.050-mm-shim-
thickness, the general trend observed in linear fit equations suggests a
decrease in the linear fit slope as the GDL compression decreases. The
only exception is the linear fit slope for the experiment with 0.050-mm-
shim-thickness which is slightly lower than the linear fit slope for the
experiment with 0.100mm thick shim. However, the higher normalized
7

area value after 5 s clearly indicates a higher growth rate for 0.050-mm-
shim-thickness experiment compared to the 0.100-mm-shim-thickness
experiment. The air pressure in viscous fingering experiments are not
shown because of the rapid expansion of air which does not correspond
to water displacement during viscous fingering experiments. This is
because upon the initiation of the experiment, the high pressure air
compressed in injection tubes expands rapidly which is accompanied by a
fast growth of fingers. However, after the sudden air pressure drop liquid
water still displaces while the air pressure has leveled off to its minimum
value, an observation which was also reported by M�edici and Allen [60].
While air pressure during its percolation in a water-saturated GDL sample
has not been measured by any group so far, Gostick et al. [35] studied
water intrusion to GDL and its withdrawal from the GDL by measuring
capillary pressure and water saturation in Toray 090 carbon paper. They
observed that water withdrawal began at Pc � 5 kPa and leveled off at
Pc � 15 kPa. An application that could potentially use these viscous
fingering results are interdigitated flow field design PEM fuel cells where
liquid water could be expelled by convective transport, particularly
under the land, when gas is purged [97]. Spernjak et al. [98] studied
liquid water content in PEM fuel cell flow channels with an interdigitated
flow field design and observed that the liquid water content is reduced as
the air flow rate increases. However, only the water content in flow
channels was investigated and water removal from the porous electrode,
which is classified under viscous fingering, was not identified.

4. Conclusion

The three flow regimes of stable displacement, capillary fingering,
and viscous fingering in the GDL of PEM fuel cells were investigated for
different GDL compressions. Air or liquid water was injected into GDL
samples and their evolutions were visualized with a CCD camera. Images
were analyzed to obtain the normalized wetted area, defined as the ratio
of the injected fluid area to the area of the GDL sample. For water in-
jection experiments corresponding to stable displacement and capillary
fingering, water injection pressure was also measured during water
percolation. Both carbon paper and carbon cloth samples were tested in
this study. For stable displacement experiments with carbon papers, re-
sults suggested higher normalized wetted area at higher GDL compres-
sions. However, the opposite was observed for carbon cloth experiments
at stable displacement conditions. Such observations were attributed to
the lower porosity of carbon clothes with respect to carbon papers as well
as their greater thickness which eventually transforms carbon cloth
samples to a barrier resisting water intrusion and transport at higher
compressions. For capillary fingering experiments no discernible trend
was observed in area and pressure data, mainly due to the low water flow



Fig. 5. Normalized wetted area (A�) for viscous fingering at different GDL compressions, a) carbon paper with linear fit for the first 5 s as shown in the inset, and b)
carbon cloth.
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rate which does not provide enough volume of water to keep the
meniscus moving continuously. For viscous fingering experiments, re-
sults suggested higher normalized wetted area at higher GDL compres-
sions for carbon paper samples. This was attributed to less amount of
water within GDL samples at higher compressions at the beginning of the
experiments.
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