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a b s t r a c t

It is well established that drainage in porous media can be characterized by two nondimensional numbers:
the capillary number, Ca, and the viscosity ratio, M. Both quantities are useful to distinguish which force
(viscous or capillary) is governing the fluid displacement behavior. This information is summarized in
the Ca–M phase diagram. The Ca–M phase diagram is strongly dependent upon fluid properties and the
porous medium morphology and wettability. Experimental evidence suggests that the morphology of the
eywords:
EM fuel cell
iffusion media layer
iscous fingering
apillary fingering

porous medium has an important role in the behavior in the fluid displacement. In this work, Ca–M phase
diagram of fuel cell diffusion media layer (DM) is explored using a pseudo-Hele–Shaw experimental setup.
This phase diagram will be explored together with the characteristic pressure curves of each displacement
type. This Ca–M phase diagram will provide a fundamental resource for understanding the dynamics of the
diffusion process and transport characteristics taking place inside of the DM as well as a characterization
table displacement
rainage phase diagram

method for DMs.

. Introduction

Drainage is the displacement of a wetting fluid by the injection
f a nonwetting fluid. When drainage takes place a in porous media
hree types of fluid flow behavior can arise. One type of flow is
riginated when the injected fluid has lower viscosity than the dis-
laced fluid. The injected fluid permeates irregularly through the
orous material resulting in the formation of multiple conduits or
ngers. This resulting flow distribution is characterized by fingers
f approximately the same size and is called viscous fingering. The
ther two types of flow are created when the injected fluid has
igher viscosity than the displaced fluid. If the injection flow rate

s relatively slow, the injected fluid again generates irregular con-
uits within the porous media. The resulting flow distribution is
haracterized by the formation of a few fingers of different sizes
nd is called capillary fingering. If the injection flow rate is rela-
ively high, the injected fluid permeates evenly through the porous

edia without finger formations; this resulting flow distribution
s called stable displacement. Lenormand [1,2] presented a phase
iagram that summarizes these three types of flow distribution in

orous media in a single chart, called Drainage Phase Diagram, illus-
rated in Fig. 1. This phase diagram is based on two nondimensional
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parameters, the capillary number, Ca, and the viscosity ratio, M:

Ca = v�nw

�
(1)

M = �nw

�w
(2)

where v is the fluid velocity, �w and �nw are the wetting and non-
wetting fluids viscosities, and � is the surface tension.

These flow instabilities in porous media, viscous and capillary
fingering, have been an object of study for a long time [3–5] and
in diverse applications such as oil recovery [6], drug delivery [7],
water transport in soil [8], among others; but it has been largely
omitted from fuel cell research.

A typical proton exchange membrane (PEM) fuel cell consist of
a series of porous layers compressed between bipolar plates. These
layers, starting from the anode side, are the diffusion media layer,
DM, (5–10 �m pore size and 150–400 �m thick), the micro-porous
layer, MPL, (100–500 nm pore size and 10–20 �m thick), the cata-
lyst layer or electrode (0.1–1 �m pore size and 5–30 �m thick), the
proton exchange membrane (50–200 �m thick). These layers repeat
on reverse order in the cathode side. Fig. 2 shows SEM images of a
diffusion media layer at 100× magnification. These layers are gen-
erally treated with a polytetrafluoroethene (PTFE) coating making

the pore surface hydrophobic.

The amount of water generated inside the fuel cell must be care-
fully controlled and distributed [9]. Remove too much water and
the PEM begins to dry out, thereby decreasing proton transport.
Remove too little water and it begins to accumulate, blocking the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:efmedici@mtu.edu
dx.doi.org/10.1016/j.jpowsour.2009.02.050


418 E.F. Medici, J.S. Allen / Journal of Power Sources 191 (2009) 417–427

Nomenclature

r tube radius (cm)
v fluid velocity (m s−1)
q volumetric flow rate (ml s−1)
t time (s)
� surface tension (N m−1)
�w wetting fluid viscosity (Pa s)
�nw nonwetting fluid viscosity (Pa s)
P pressure (kPa)
A wetted area (cm2)
S fluid–fluid interface length (cm)
L length of the sample (cm)
H width of the sample (cm)
Ca capillary number
M viscosity ratio
PEM proton exchange membrane
PTFE polytetrafluoroethene
DM diffusion media
MPL micro-porous layer
PDMS polydimethylsiloxane
SEM scanning electron microscope
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CCD charge coupled device
CMOS complementary metal oxide semiconductor

ccess of the reactants to the catalyst layer which stops the chemical
eaction and reduces the cell efficiency. Also, water accumula-
ion may locally prevent the flow of reactants through the bipolar
late channels, reducing the chemical reaction rate upstream and

ncreasing the degradation of the fuel cell components.
Thus, water management is critical to reliable PEM fuel cell oper-

tion. There have been a numerous studies to improve the water
anagement in PEM fuel cells including: external humidification

10], size and profile of the bi-polar plates channels [11], thickness
nd porosity of the layers [12,13], the addition of the MPL [14],

ettability of the layers [15], among others.

Experimental evidence suggests that the water distribution
nside of the DM is not uniform and water is transported in a
ngering-type flow. Litster et al. [16] present evidence of the fin-

Fig. 1. Drainage phase diagram.
Fig. 2. SEM image of the Toray T060 DM layer under study, 100×magnification.

gering type of pattern using fluorescence microscopy. In their
experiment, distilled water with fluorescence dye was injected into
a DM from the bottom surface, obtaining a “through plane” perco-
lation. Also, evidence of nonuniform water distribution was found
using magnetic resonance imaging by Tsushima et al. [17], as well
as neutron imaging by Satija et al. [18]. Sinha et al. [19], using a sim-
ple calculations for the water generated in a fuel cell under normal
operating conditions and the drainage phase diagram, suggested
that the main regime expected in a fuel cell is capillary fingering. In
this calculation, the effect of different pore size along the different
layers was not taken into account. Kimball et al. [20] suggest that
water will flow along the DM only through the largest pores, but
they omit the effect of the MPL in their discussion. Despite all this
evidence of capillary driven flow, there has not been a fundamental
study of capillarity and drainage flow patterns on fuel cell water
management.

The objective of this study is to explore the three types of
drainage flow in DM separately and gain knowledge of the water
behavior inside of the DM which may occur during the operation of
the fuel cell. The understanding of these basic mechanisms will be
useful for developing reliable robust water management strategies
in low temperature fuel cells.

2. Experimental setup

The diffusion media used for this study is Toray T060 with a
pore size distribution in the range of 5–10 �m and a 7% by weight
Teflon treatment. Fig. 2 shows an SEM image of the sample used at
100× magnification. This 5 cm × 5 cm × 0.02 cm sample is placed
in a cell between two layers of polydimethylsiloxane (PDMS). PDMS
is a transparent, compliant, and hydrophobic silicon material used
to seal the top and bottom surfaces of the diffusion media ensur-
ing water percolation within the diffusion media while maintaining
visual access. Fig. 3 illustrates the PDMS-DM-PDMS cross-section,
which is referred to as a pseudo-Hele–Shaw cell. To prevent filtra-
tion between the PDMS and the DM surfaces, the cell layers were
compressed between two pieces of Plexiglas TM surrounded by a
metallic frame which was held in place by four screws. The screws
were adjusted to produce a 20 kPa compression pressure over the
test sample, which generates a 0.05% strain deformation (0.1 �m

compression). Four springs were also placed between the frames in
order to obtain uniform compression along the cell.

A Kulite XCS062100 differential pressure transducer located in
the inlet tubing was used to measure the percolation pressure. The
pressure was recorded using a Keithley 2700 digital multimeter at
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Fig. 3. Experimental setup details.

ntervals of 0.1 s. A camera located at 0.5 m from the cell was used
o collect images of the drainage during the experiment. Due to the
ifferent time scales of the experiments, two types of camera were
sed. A Panasonic GP-KS125 CCD camera was used for the capillary
ngering set of experiments, while a high speed Photron Fastcam-
ltima APX-RS CMOS camera was used for the stable displacement
nd viscous fingering set of experiments. In order to have enough
ontrast between the injected and the displaced fluid in the DM
nd to avoid camera self-reflection from the cell, a diffusive illumi-
ation system was used. The working fluid was injected through a
mm diameter hole located in the middle of the bottom PDMS layer
sing a syringe pump at a constant flow rate. Two different syringe
umps were used. An ultra-low flow rate syringe pump, Harvard
pparatus model 2274, was used for the capillary fingering set of
xperiments, while a Harvard Apparatus model 938 syringe pump
as used for the stable displacement and viscous fingering set of

xperiments. The flow rate and the working fluid could be varied
n order to explore different points in the drainage phase diagram.
he flow rate was changed to set different capillary numbers and
he working fluid was changed to set different viscosity ratios. A
eference capillary number, Ca, for each experiment was calculated
t the inlet using Eq. (1), where the inlet velocity v was calculated
s v = q/�r2, where q is the volumetric flow rate and r is the radius

f the inlet tube. The reference viscosity ratio, M, for each exper-
ment was calculated using Eq. (2), where the terms wetting and
onwetting fluid refer to the displaced and injected fluids, respec-
ively. Table 1 summarizes the flow rates, working fluids, capillary
umber, among other technical data used during each experiment.

able 1
est conditions for each experiment.

egime Injected/
displaced

M q (ml s−1) Ca Frame rate
(fps)

D Water/air 64 0.228 1.2 × 10−3 60
D Water/air 64 0.059 3.0 × 10−4 250
F Water/air 64 2.1 × 10−5 1.1 × 10−7 0.06
F Water/air 64 5.6 × 10−6 3.0 × 10−8 0.05
F Air/water 1.5 × 10−2 0.5 3.6 × 10−5 500
F Air/water 1.5 × 10−2 0.228 1.8 × 10−5 500
F Water/oil 3 × 10−3 2.5 × 10−4 2.4 × 10−6 –

D: stable displacement; CF: capillary fingering; VF: viscous fingering.
Fig. 4. Points in the drainage phase diagram explored experimentally. Dashed lines
represent the hypothetical limits for each flow regime.

The test sample was placed in a desiccator for approximately 24 h
prior to each experiment run.

Three different sets of experiments, designed to explore each
of the three possible fluid behaviors shown on the drainage phase
diagram, were performed. In the stable displacement experiments,
air was displaced from the DM by injecting water at a high flow rate.
During the capillary fingering experiments, air was displaced from
the DM by injecting water at a low flow rate. In the viscous fingering
experiments, water was displaced from the DM by injecting air or
oil was at a high flow rate. Fig. 4 shows the capillary number, Ca,
and viscosity ratio, M, of each experiment in the drainage phase
diagram.

From the experiments, the top view images of the percolation
evolution and the percolation pressure curve were recorded in par-
allel. The images from the CCD camera were collected using EPIX
PIXCI imaging board and XCAP frame grabber, while the images
from the CMOS camera were collected using Fastcam Viewer soft-
ware. From these images, the percentage of the total area occupied
by the injected fluid and the interface of injected–displaced fluids
were calculated for each test. The time evolution of the occupied
area is referred to as a saturation curve, while the time evolution
of the fluid–fluid interface is refereed to as a front length curve.
To obtain these saturation and front length curves, an image post-
processing analysis was performed.

2.1. Image post-processing

The procedure to obtain the fluid–fluid interface began by trans-
forming the collected images to gray scale. A background reference
image of the DM before the percolation started was subtracted
from each image. By applying a threshold value to the difference
between actual and reference pictures, the location of injected and
displaced fluids can be easily identified. The interface between the
injected and displaced fluids was captured using an edge detec-
tion algorithm written in Matlab. The interface was reconstructed
by plotting the border points, indicated by the line superimposed
on Fig. 5 for stable displacement, Fig. 9 for capillary fingering, and
Fig. 13 for viscous fingering.

The area saturated with injected fluid from the top view is

referred as the wetted area, and is denoted as A. The interface line
between the injected and displaced fluid is referred to hereafter
as the front length, S. Using the described technique, the wetted
area, A, and the front length, S, were calculated at each time inter-
val. The front length and the wetted area were nondimensionalized
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Fig. 5. Three stages of the water–air percolation evolution for the two stable displacement flow regime experiments. Yellow lines identify the water–air interface. Water is
inside and air is outside of region defined by the interface line. Right column images: time evolution for experiment at 0.228 ml s−1(Ca = 1.2 × 10−3). Left column of images:
time evolution for experiment at 0.059 ml s−1 (Ca = 3.0 × 10−4).
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Fig. 6. Nondimensional front length curves for the two stable displacement flow
regime experiments. These nondimensional front lengths curves were calculated
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Fig. 7. Nondimensional wetted area curves for the two stable displacement flow
regime experiments. These nondimensional wetted areas curves were calculated

lary resistance. These low capillary resistant pores are the largest
pores or the pores with small internal contact angle [21]. This type
of fluid flow no longer has the uniform circular shape obtained in
stable displacement flow regime. On the contrary, this flow pattern
rom the time evolution images of water–air interface. Experiments were performed
njecting water and displacing air (M = 64) at different injection flow rate of 0.228
nd 0.059 ml s−1 which correspond to Ca = 1.2 × 10−3 and Ca = 3.0 × 10−4, respec-
ively.

sing the length and width of the test sample, L and H, respectively.
he front length is nondimensionalized by the perimeter of the test
ample 2(L + H) and the wetted area is nondimensionalized by the
rojected area of the test sample L × H.

. Observations

.1. Stable displacement

When the injection flow rate is high enough to have a Ca num-
er greater than 10−3 and the viscosity ratio between the injected
nd displaced fluids is greater than one, the drainage flow regime is
table displacement. The stable displacement flow regime is char-
cterized by a flow pattern where all pores sizes are filled. Starting
rom the center injection hole, the injected fluid will fill all the pores
ntil it reaches the edge of the test sample and the experiment ends.
he interface between injected and displaced fluids can be assumed
s a circular line shape (from a top view) concentric to the injection
ole. In this stable displacement set of experiments, air was dis-
laced by injecting water (viscosity ratio of M = 64). The flow rates
sed were 0.228 and 0.059 ml s−1 which results in a Ca of 1.2 × 10−3

nd 3.0 × 10−4, respectively. Images were collected using the CMOS
amera at 60 and 250 fps, respectively. Three stages of the water
ercolation evolution for the two injection flow rates are shown in
ig. 5. These figures include the interface line between the injected
nd displaced fluids.

From the experiment images, the front length S and wetted area
curves were calculated for each image. The nondimensional front

ength curves, Fig. 6, and the nondimensional wetted area curves,
ig. 7, reach a peak value and then plateau after an initial tran-
ient period. The lower Ca experiment has the lower steady wetted
rea (lower saturation level) and the higher steady front length.
he steady front length is greater than one which can be explained
sing the phase diagram. Due to the proximity to the transition
egion between the stable displacement and capillary fingering, the
niform shape of stable displacement begins to develop small cap-

llary fingers. This effect can be seen in Fig. 5(f). The presence of

hese fingers reduces the level of saturation, increases the interface
ront length, and increases the time to reach saturation.

The corners of the cell will never be wetted and saturation level
ill be always lower than one because the injected fluid spreads

ircular until it reaches the edges of the test sample (it will reach
from the time evolution images of water–air interface. Experiments were performed
injecting water and displacing air (M = 64) at different injection flow rate of 0.228
and 0.059 ml s−1 which correspond to Ca = 1.2 × 10−3 and Ca = 3.0 × 10−4, respec-
tively.

the middle of all the side edges at approximately the time) and the
experiments ends.

The pressure drop during percolation exhibits an gradual growth
as water is injected, shown in Fig. 8. Additional pressure is required
to inject more water in order to displace the previously injected
water. Also, the greater the capillary number the higher the fluid
velocity and the larger the required pressure drop.

3.2. Capillary fingering

The capillary fingering drainage flow regime is characterized by
a very slow injection flow rate and therefore a very small Ca. This
slow flow rate allows the injected fluid to reach a quasi-steady capil-
lary equilibrium. Starting from the injection hole, the injected fluid
will percolate only through the pores that offer the smallest capil-
Fig. 8. Percolation pressure curves for the two stable displacement flow regime
experiments. Experiments were performed by injecting water and displacing air
(M = 64) at different injection flow rate of 0.228 and 0.059 ml s−1 which corresponds
to Ca = 1.2 × 10−3 and Ca = 3.0 × 10−4, respectively.
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Fig. 9. Three stages of the water–air percolation evolution for the two capillary fingering flow regime experiments. Yellow lines identify the water–air interface. Water is
inside and air is outside of region defined by the interface line. Right column images: time evolution for experiment at 2.1 × 10−5 ml s−1 (Ca = 1.1 × 10−7). Left column of
images: time evolution for experiment at 5.6 × 10−6 ml s−1 (Ca = 3.0 × 10−8).
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Fig. 10. Nondimensional front length curves for the two capillary fingering flow
regime experiments. These nondimensional front lengths curves were calculated
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Fig. 12. Percolation pressure curves for the two capillary fingering flow regime
rom the time evolution images of water–air interface. Experiments were performed
njecting water and displacing air (M = 64) at different injection flow rate of 2.1 ×
0−5 and 5.6 × 10−6 ml s−1 which correspond to Ca = 1.1 × 10−7 and Ca = 3.0 × 10−8,
espectively.

s characterized by the formation few irregular conduits or fingers
hrough the porous media. The experiment ends when the injected
uid reaches one of the edges of the test sample.

During this capillary fingering set of experiments, air was dis-
laced by injecting water (viscosity ratio of M = 64). The flow rates
sed were 2.1 × 10−5 and 5.6 × 10−6 ml s−1 which results in a Ca
f 1.1 × 10−7 and 3.0 × 10−8, respectively. In order to achieve these
ow rates, an ultra-low flow rate syringe pump, Harvard Appara-
us model 2274, was used. Images were collected using the CCD
amera at 0.06 and 0.05 fps, respectively. Three stages of the water
ercolation evolution for the two different injection flow rates are
hown in Fig. 9. These figures include the interface line between the
njected and displaced fluids.
From the experiment images, front length S and the wetted area
curves were calculated. The capillary fingering regime is char-

cterized by incomplete saturation of the media. Therefore, the
ondimensional front length curves, Fig. 10, and the nondimen-

ig. 11. Nondimensional wetted area curves for the two capillary fingering flow
egime experiments. These nondimensional wetted areas curves were calculated
rom the time evolution images of water–air interface. Experiments were performed
njecting water and displacing air (M = 64) at different injection flow rate of 2.1 ×
0−5 and 5.6 × 10−6 ml s−1 which correspond to Ca = 1.1 × 10−7 and Ca = 3.0 × 10−8,
espectively.
experiments. Experiments were performed by injecting water and displacing air
(M = 64) at different injection flow rate of 2.1 × 10−5 and 5.6 × 10−6 ml s−1 which
correspond to Ca = 1.1 × 10−7, (a), and Ca = 3.0 × 10−8, (b), respectively.

sional wetted area curves, Fig. 11, show a lower saturation level
when compared to the stable displacement saturation level.

In the capillary fingering regime, the percolation pressure has
an initial gradual growth which levels off to a constant pressure
as water is injected. When the pressure in the syringe is higher
than the capillary pressure in the DM, the water–air interface
moves (meniscus displacement). However, due to the low flow rate,
there is not enough volume of water to keep the meniscus moving
continuously and the interface motion stops. Percolation subsides
until the system reaches a quasi-steady equilibrium and the pres-
sure in the syringe pump exceeds the capillary pressure. Thus, the
pressure curve oscillates around the capillary pressure, as seen in
Fig. 12(b).

As the Ca increases, less time is required for the water to reach
one of the edges. At the higher Ca, the flow regime approaches the
intermediate region between stable displacement and capillary fin-
gering, the quasi-steady capillary equilibrium displacement is no
longer achieved and the pressure continuously increases during
the percolation as shown in Fig. 12(a). The increased fluid veloc-

ity results in an increased initial pressure at which the percolation
begins. The initial pressure was 5.3 ± 0.35 kPa for Ca = 1.1 × 10−7

while for Ca = 3.0 × 10−8 and the initial pressure was 4.5 ± 0.35
kPa.
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Fig. 13. Three stages of the air–water percolation evolution for the two viscous fingering flow regime experiments. Yellow lines identify the air–water interface (M =
1.5 × 10−2). Air is inside and water is outside of region defined by the interface line. Right column images: time evolution for experiment at 0.5 ml s−1 (Ca = 3.6 × 10−5). Left
column of images: time evolution for experiment at 0.228 ml s−1 (Ca = 1.8 × 10−5).
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Fig. 14. Nondimensional front length curves for the two viscous fingering flow
regime experiments. These nondimensional front lengths curves were calculated
from the time evolution images of air–water interface. Experiments were performed
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njecting air and displacing water (M = 1.5 × 10−2) at different injection flow rate
f 0.5 and 0.228 ml s−1 which correspond to Ca = 3.6 × 10−5 and Ca = 1.8 × 10−5,
espectively.

.3. Viscous fingering

When the injected fluid has lower viscosity than the displaced
uid, the drainage flow regime is viscous fingering. Due to the low
iscosity of the injected fluid the percolation pressure continuously
ecreases until the injected fluid reaches the edge of the test sam-
le. The pressure levels off to a minimum value and the experiment
tops. The resulting flow patterns is characterized by the formation
f multiple fingers of approximately the same size. In this set of
xperiments, the DM was originally saturated with water and air
as injected to displace the water (M = 1.5 × 10−2). The flow rates
sed were 0.5 and 0.228 ml s−1 which results in a Ca of 3.6 × 10−5

nd 1.8 × 10−5, respectively. Images were collected using the CMOS
amera at 500 fps for both flow rates. Three stages of the air percola-

ion evolution for the two different injection flow rates are shown in
ig. 13. These figures include the interface line between the injected
nd displaced fluids.

ig. 15. Nondimensional wetted area curves for the two viscous fingering flow
egime experiments. These nondimensional wetted areas curves were calculated
rom the time evolution images of air–water interface. Experiments were performed
njecting air and displacing water (M = 1.5 × 10−2) at different injection flow rate
f 0.5 and 0.228 ml s−1 which correspond to Ca = 3.6 × 10−5 and Ca = 1.8 × 10−5,
espectively.
Fig. 16. Percolation pressure curve for the viscous fingering flow regime experiment.
Experiment was performed by injecting water and displacing SAE 30 motor oil (M =
3 × 10−3) at flow rate of 2.5 × 10−4 which correspond to Ca = 2.4 × 10−6.

From the experiment images, the front length S and the wetted
area A curves were calculated. The nondimensional front lengths
curves, shown in Fig. 14, have a maximum larger than one due to the
presence of many fingers when compared with stable displacement
and capillary fingering. For Ca of 3.6 × 10−5 the maximum S was 5.8
and for Ca = 1.8 × 10−5 the maximum S was 7.8. As the DM is filled,
these fingers coalescence into wider conduits and the front lengths
slowly decay over a period of time. However, the nondimensional
wetted area curves are characterized by incomplete saturation of
the media as shown in Fig. 15.

During viscous fingering regime, the combination of the small
pore size of the DM and the relative high viscosity of the water, as
compared with air, displacement of the water requires high pres-
sures which compresses the air inside the injection tubing. At the
onset of percolation, the compressed air expands rapidly through
the DM originating a fast growth of the fingers. Subsequently, the
growth speed of the fingers does not correspond to the injection
flow rate. The percolation pressure curves include the rapid release
of stored energy in the compressed air and this behavior does not
correspond to drainage viscous fingering flow regime. Therefore,
the air–water percolation pressure curves are not presented.

In order to avoid this problem and to keep a small viscosity
ratio, an experiment using incompressible fluids was performed.
In this experiment the DM was originally saturated with SAE 30
motor oil and it was displaced by injecting water (viscosity ratio of
M = 3 × 10−3). The flow rate used in this experiment was 2.5 × 10−4

ml s−1which results in a Ca of 2.4 × 10−6. Due to the low contrast
between the water and the oil in the DM, it was not possible to iden-
tify the fluid–fluid interface. Only the pressure drop is presented,
see Fig. 16. When the water is injected and the oil displaced the
overall viscous forces are reduced and therefore the pressure drop
shows a gradual decay as the water is injected. When the fingers
reach the edges the pressure levels off to the minimum value as was
expected and the experiment ends.

4. Discussion

Previous publications on the study of the transport mechanisms
of the water through the DM were focused on ex situ experiments

where the injected fluid is forced to cross the thickness of the DM for
“through-plane” percolation. These ex situ experiments are mim-
icking the operating conditions of a real fuel cell. In this paper the
fluid is injected on a small area on one side of the DM, forcing it to
percolate along the DM for “in-plane” percolation.
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The advantages of “in-plane” over “through-plane” is that the
ercolation occurs over a longer time which increases the experi-
ent precision, especially in the measurement of the percolation

ressure. While “in-plane” experiments tend to be more realis-
ic to the fuel cell operating conditions, the “through-plane” has
he advantages of higher visual area and longer experimental time
hich are essential for a more fundamental understanding of trans-
ort mechanisms.

Benzinger et al. [22] measured the pressure required for the
ater to cross along the DM. Based on their experiment, water will

ross along the DM at approximately 5.3 kPa. This pressure value
an be compared to the initial value in the pressure curves for cap-
llary fingering regime (4.5 and 5.3 kPa) shown in Fig. 12(a) and
b). The data from Benzinger et al. [22] represents only one point
f the characteristic pressure for the capillary fingering flow region
f the drainage phase diagram and cannot provide visual access to
dentify the fingering pattern.

Litster et al. [16] used an experimental setup where water with
uorescence dye was injected along the bottom surface generat-

ng a “through-plane” percolation. Under this arrangement, their
xperimental setup is a realistic approximation of the operating
onditions of a fuel cell. However, the time and the space where the
ngers take place are small and hard to characterize. In this setup

t would be difficult to distinguish between the different drainage
ow regimes.

.1. Drainage flow regimes in DMs

All three flows patterns can occur during PEM fuel cell operation.
ach flow pattern has its own characteristic. The most immediate
nd easy to discern characteristic is the pattern shape: uniform,
few narrow fingers, or multiple fingers. Associated with these

hapes are the wetted area curves and the front length curves. Also,
ach flow pattern will have a unique percolation pressure and time
cale which can vary from seconds for viscous fingering and stable
isplacement to hours for capillary fingering. All these character-

stics combined together can be used to classify different diffusion
edia according to their susceptibility to each drainage flow pat-

ern.
It is also important to identify which conditions will trigger each

ow regime, especially capillary fingering and stable displacement.
hen the a particular flow regime in a porous media changes from

apillary fingering to stable displacement the media will start to
ood. The transition between stable displacement and viscous fin-
ering will rarely occur in a fuel cell. Nevertheless, when there
s pressure difference between the air channels (e.g. a water plug
locking the channel) and if this pressure is higher than the capillary
ressure then the reactants will displace the water in a viscous fin-
ering mode. To understand when this condition can be triggered,
closer look of the morphology of each porous layer in a PEM fuel

ell is required.
Assuming a typical fuel cell of 1 kW and 1 m2 active area oper-

ting for 1 h, 0.5 l of water will theoretically be produced [23]. The
apillary number for this flow rate q = 1.4 × 10−1 ml s−1is approx-
mately Ca = 5 × 10−9 which corresponds to the capillary fingering
ow regime. However, in a typical fuel cell assembly, a micro-
orous layer (MPL) is located between the catalyst layer and the
as diffusion media. The cathode and anode MPLs, with a typical
ore size in the order of 100–500 nm, increase the capillary force
p to approximately 100–1000 times when compared with the cap-

llary force on DM. As a consequence of this high capillary pressure

n the MPL, the catalyst layers and the PEM are forced to operate
nder complete saturation conditions, keeping them hydrated [14].

n contrast, the capillary number for anode and cathode DMs (with
ore size in the order of 5–10 �m) is lower resulting in a capillary
ngering mode. This could be a desirable effect in the DM because
r Sources 191 (2009) 417–427

during capillary fingering regime the fingers will allow the water
reach the channel without flooding the DM.

5. Conclusions

An experimental setup was developed to have visual access of
fuel cell diffusion media layer (DM) during percolation. The char-
acteristic nondimensional numbers were varied in order to obtain
the three different types of fluid flow behaviors specified in the
drainage phase diagram. The nondimensional numbers were set
by adjusting the injection flow rate as well as changing the work-
ing fluids. During the experiment, injection pressure was measured
and the time-dependent water distribution was recorded. From the
time dependent wetted area and front length as well as from the
injection pressure it can be concluded that a change in the injection
condition can completely change the water transport mechanism
occurring in the DM. These changes can be associated with three
different types of fluid flow behaviors, the stable displacement,
the viscous fingering, and the capillary fingering. These three flow
regimes summarize the expected transport mechanisms taking
place in the DM during operation of fuel cells.

The results obtained in this paper not only support but also
bring together the transport mechanism based on the capillary phe-
nomena described by Litster et al. [16] and the pressure readings
obtained by Benzinger et al. [22]. This experimental setup can be
further developed to be used as a standard for characterizing DM as
well as studying degradation mechanisms, compression effect on
the percolation, durability, etc.

This work shows the importance of drainage transport mecha-
nisms which are crucial for developing a consistent model of the
PEM fuel cell. These transport mechanisms are not accounted for
in current transport models of PEM fuel cell, but they can result
in considerable differences in estimated amounts and distribu-
tions of water in fuel cells. These transport mechanisms should be
incorporated into models capable of capturing two phase flow and
capillarity. Finally, the Ca–M phase diagram provides a fundamental
resource for characterization of fuel cell diffusion media.
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