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Ex situ visualization of liquid water transport in PEM fuel
cell gas diffusion layers
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Abstract

A novel fluorescence microscopy technique for visualizing the transport of liquid water in unsaturated hydrophobic fibrous media has
been developed and is applied to the gas diffusion layer of a PEM fuel cell. In the experiments, fluorescein dye solution is pumped through
the fibrous hydrophobic gas diffusion layer (GDL) and imaged with fluorescence microscopy. Transient image intensity data is correlated
to the liquid surface height and is analyzed and presented in the form of three-dimensional reconstructions of the time-evolving gas/liquid
interface inside the fibrous structure. The high spatial resolution of the visualization can resolve the dynamic transport of liquid water through
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istinct pathways, which helps to refine understanding regarding liquid water transport mechanism within these porous layers. T
bservations suggest that the water is not transported via a converging capillary tree as suggested in prior work and models. Rath

s dominated by fingering and channeling. Based on the physical insight obtained from the experiments, a new water transpor
roposed as the basis for developing improved models for water transport in hydrophobic gas diffusion layers.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The accumulation of liquid product water in polymer elec-
rolyte membrane (PEM) fuel cells currently limits the per-
ormance of these devices. Improved water management is
eeded to achieve the increase in power densities required for
ommercial acceptance of PEM fuel cells in transportation
nd other demanding applications. Liquid water accumulates

n the porous gas diffusion layer (GDL) of the electrodes,
estricting the access of reactant gases to catalyst sites. In ad-
ition, liquid water collects in the gas distribution channels
nd manifolding of the fuel cell stack. This flooding severely
inders the upper power limit by starving the supply of re-
ctant gases. Moreover, liquid water flooding accelerates a
umber of fuel cell degradation mechanisms. Thus, signif-

cant performance gains, as well as lifetime enhancement,
re possible with a better understanding of the liquid water

ransport phenomena present in the fuel cell.

∗ Corresponding author. Tel.: 1 250 721 6034; fax.: 1 250 721 6323.
E-mail address: ndjilali@uvic.ca (N. Djilali).

In addition to the growing number of experimental
tempts to understand the structure of the two-phase flo
PEM fuel cells [1–12], there has been many studies
have employed computational models[13–16]. Computa
tional methods facilitate observation of liquid water tra
port in the regions of PEM fuel cells that are inaccessib
in situ measurements, such as the entire membrane ele
assembly. However, the reliability of the computational m
els is still limited by the lack of fundamental understand
of two-phase flow in fibrous porous media. In particular, a
rious limitation when considering hydrophobic GDLs is
relationship used to model capillary flow. Typically, the c
illary characteristics are modeled with a Leverett J-func
in a form obtained experimentally by Udell[17] for soil-
like porous media. In a recent review, Litster and Djilali[18]
showed that there is a significant difference between the
illary relationship of Udell and that found for a Teflon coa
porous media similar to a GDL. Thus, experimental cha
terization of capillary flow in GDLs is required before t
accuracy of two-phase PEM fuel cell models can be
fied. A brief review of GDL characteristics and of previo
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visualization studies is presented below prior to introducing
the fluorescence-based technique developed for this study.

1.1. Gas diffusion layers

PEMFC electrodes feature two regions of porous media:
the gas diffusion layer and the comparatively more dense cat-
alyst layer. The gas diffusion layer is much thicker and more
porous than the catalyst layer. The catalyst layer features sig-
nificantly less void space because of the high content of re-
quired proton conducting ionomer (typically Nafion)[19].
Further variation exists in the properties of the gas diffusion
layers employed in PEM fuel cells. Two structures, both con-
sisting of carbon fibers, dominate the forms of gas diffusion
layers currently available: carbon cloth and carbon paper.
Carbon cloth is constructed of woven tows consisting of in-
dividual carbon fibers. Alternatively, carbon paper is formed
from randomly laced carbon fibers.

Carbon paper electrodes feature a much more porous
structure than their cloth counterparts. The mean pore di-
ameter and porosity of carbon paper is approximately 35�m
and 85%, respectively. Carbon cloth values are much lower
and difficult to quantify[20,21]. Both Mathias et al.[20] and
Ihonen et al.[21] present detailed characterizations of gas dif-
fusion layer materials. Another issue with carbon cloth is that
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1.2. Visualization of two-phase flow in PEMFC

Direct visualization of the transport of liquid water
through the microscale pores of unsaturated gas diffusion
layers has yet to be reported. This is largely due to the im-
mense difficulty associated with making in situ measure-
ments during the operation of PEM fuel cells. This difficulty
is compounded by the requirements for microscale flow visu-
alization, which include optical accessibility. However, there
has been some progress using three methods:

1. Ex situ visualization of water droplets placed or condensed
on an isolated GDL without net transport of the liquid[1–
4].

2. Use of optically accessible flow fields to visualize the
emergence of macrodroplets of liquid water from the sur-
face of the GDL as well as their transport through the flow
channels[1,5–7].

3. Implementation of radiography techniques to macroscop-
ically visualize water distribution within an operational
fuel cell [8–12].

The first approach furthers understanding of the interac-
tion between liquid water and GDLs. Specifically, the level of
hydrophobicity can be determined. However, external visu-
alizations of static droplets do not resolve the bulk transport
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t is only available in thicknesses between 350 and 1000�m,
hereas carbon paper is available in thicknesses as l
0�m. Additional thickness results in greater power los
ue to Joule heating and increased resistance to mass

er. In addition, the two gas diffusion layer structures var
patial uniformity and degree of anisotropy. Carbon cloth
ause of its woven structure, is spatially heterogeneous
acroscopic scale, whereas carbon paper is roughly spa
omogeneous due to its random lacing. Moreover, the w
ature of carbon cloth results in three degrees of macros
nisotropy, whereas carbon paper results in only two deg
ll three forms of porous media in PEM electrodes are s
arized inTable 1.
Generally, gas diffusion layers are treated with a PTFE

ution (Teflon) to increase the hydrophobicity of the medi
his aids water management in the electrode. The hydro
icity causes water droplets to agglomerate and keeps
ater from reentering the GDL after being expelled. A

he hydrophobicity reduces condensation. Condensatio
urs in PEM fuel cells because the fuel and oxidant gase
ypically saturated with water vapor. It has been postul
hat the condensation takes place in hydrophilic cracks i
arbon fibers[2].

able 1
ummary of porous media in PEM electrodes[20,21]

Porous media Spatial uniformity Dimension of anisotr

Catalyst layer Homogeneous Isotropic
Carbon cloth Heterogeneous 3D
Carbon paper Homogeneous 2D
-

f liquid water within the porous structure. The last two te
iques target the transport of liquid water within the fuel
ow field. Nevertheless, these techniques do offer the op
unity of identifying locations where water is expelled fr
he GDL. The critical nature of the problem and the at
ant challenges are highlighted by the fact that all the stu
eferenced above were published in the last 2 years.

.2.1. Ex situ visualization
To visualize the contact angle between liquid water and

iffusion layers, T̈uber et al.[1] and Pasaogullari and Wa
3] captured images of liquid droplets resting on the surf
f GDLs with varying hydrophobicity. Lim and Wang[4]
onducted a study of hydrophobic polymer content in GD
uantifying the hydrophobicity with an adapted capillary
ethod. They also introduced an additional method of vis

zing the contact angle. By utilizing a microscope and a C
amera, Pasaogullari and Wang visualized the rise heig
he exterior surface of a GDL dipped into a bath of he
ater.
Nam and Kaviany achieved, with the aid of environme

canning electron microscopy (ESEM), the closest rea
ion of microscale liquid water transport visualization in

Porosity (%) Mean pore diameter (µm) Thickness (µm)

5–55 ∼ 1 ∼ 15
30–40 ∼10 350–1000
70–90 ∼30–40 90–350
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unsaturated GDL. Their imaging presented the distribution
of liquid droplets that had condensed on the fibers of a hy-
drophobic GDL. ESEM is a type of SEM that places the sam-
ple in a low-pressure condensing environment such as water
vapor. Condensation is induced by incrementally increasing
pressure. Though this visualization offers insight into the dis-
tribution of condensation sites within a GDL, it does not pro-
vide visualization of the bulk transport of liquid water through
the GDL. This study provided nonetheless some important
insight into the local motion of the water microdroplets and
their coalescence inside hydrophobic fibrous media.

1.2.2. Optically accessible flow fields
Optically accessible flow fields allow fuel cell researchers

to visualize the transport of liquid water through the gas de-
livery channels. These techniques rely on the use of CCD
cameras to record phase distribution. Water transport visu-
alization in flow fields has been reported by the research
groups at Penn State[5,7], and at the Fraunhofer Institute
[1,6]. This form of visualization can aid in the understanding
of liquid flows in unsaturated GDLs by resolving the sub-
tleties of droplet formation on the surface of the GDL and
the distribution of emergence sites. However, these visual-
izations provide little insight into the behavior or distribution
of liquid water within the GDL.
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tion of water transport in GDLs is the temporal resolution,
which is on the order of seconds for good quality images.

Recently, Kramer et al.[11] published their findings em-
ploying neutron radiography to perform PEM fuel cell di-
agnostics. Their paper presents a number of advancements
in data treatment and water quantification. Pekula et al.[12]
have also recently presented results of an experimental analy-
sis of water transport in an operating PEM fuel cell. Notably,
they were able to acquire images at a rate of 30 frames s−1,
which is a significant improvement over the values reported
by Satija et al. and Kramer et al. The effect of this higher
frame rate on image quality was not discussed. Neverthe-
less, Pekula et al. were able to identify water entrapment in
recirculation zones located in the bends of the flow field.

There are three distinct reasons why most visualization
techniques so far have been unable to achieve visualization
of two-phase flow within GDLs.

1. GDLs are optically opaque.
2. GDLs are formed of graphite.
3. GDLs have characteristic geometries with length scales

under 50�m.

The opacity of GDLs eliminates methods necessitating
complete optical access, such as conventional microparticle
image velocimetry (PIV) , photobleaching, caged fluores-
cence, and other velocimetry techniques that track particles
o he
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.2.3. Radiography
By constructing a fuel cell out of non-magnetic materi

sushima et al.[8] used MRI to visualize the transport
iquid water across a polymer electrolyte membrane du
peration. The nature of the MRI technique restricted tes
wider than average membrane. However, this did pro

nsight into the otherwise invisible transport of water at
as diffusion electrode/membrane interface. Feindel et a[9]
ecently overcame the limitation of visualizing liquid wa
n the flow field with MRI by fabricating flow fields from

achined Delrin with gold contacts. But because grap
DLs were still required, the water content in the GDL co
ot be adequately visualized.

Neutron imaging has shown potential for visual insp
ion of transport of liquid water in an operating fuel cell. T
elatively higher sensitivity of neutron transmission to the
rogen in liquid water than to metals makes it ideal for m

toring two-phase flows. Material limitations are few relat
o other tomography and radiography techniques. The
f neutron imaging for visualizing liquid water transpor

uel cells was first reported by Satija et al.[10]. They utilized
he National Institute of Standards and Technology’s (NI
eutron beam line and were able to generate videos of

ransport by capturing 1000 images at 2 s intervals. How
ecause of the nature of radiography, only planar inte
f water content were available. This feature makes vis

zation of through-plane flow in individual pores in a GD
ery difficult. Satija et al. used tomography to reconstruc
hree-dimensional structure of a dry cell not in operatio
ignificant disadvantage of tomography for flow visual
r discrete fluid volumes[22]. The second issue is that t
resence of graphite limits the use of techniques that em
-ray transmission[10] such as X-ray micro-PIV[23]). The

hird point rules out the use of transmission radiography t
iques due to typical resolutions greater than the mean
ore diameters of 35�m. In addition, radiography presen
ifficulties in resolving flow within a single pore because

he integral image. It is likely that with modest improveme
n resolution the planar neutron imaging technique of S
t al. [10] would be very valuable for GDL analysis. T
omplexity and cost of neutron imaging, however, pre
dditional challenges.

In this paper we present a novel method for visualizing
ransport of liquid water in unsaturated gas diffusion lay
he visualization is sought to improve computational m
ls and provide a new means to evaluate GDLs. To ac

hese goals, fluorescence microscopy is employed to v
ze fluorescein dye (water-based) pumped through the
tructure. This method overcomes the majority of obsta
aced by other methods, but has some limitations. Thro
mage processing, three-dimensional renderings of the
oral evolution of the gas/liquid interface are construc
he experimental observations are used to postulate a
ater transport mechanism in hydrophobic fibrous GDL

. Experimental

Ex situ visualization of liquid water transport in gas d
usion layers is accomplished with fluorescence microsc
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Fluorescence imaging is a form of scalar-based flow visu-
alization in which the properties of a flow field are eluci-
dated with a conserved scalar. Fluorescence imaging includes
a multitude of techniques employing certain molecules that
emit a photon immediately after being excited by electromag-
netic radiation. Polyaromatic hydrocarbons are commonly
employed for fluorescence imaging[22]. The fluorescence
process can be idealized in three steps: absorbance, dissipa-
tion, and emission. First, the molecule absorbs a photon from
an excitation beam (blue light,λ = 488 nm). Second, the ex-
cited state achieved from absorbing the photon dissipates to
the surrounding environment. Third, a photon of lower en-
ergy is emitted (green light,λ > 510 nm). Quantitative fluo-
rescence imaging is a well-developed field. For example, the
local intensity of the emitted green light can be correlated to
the concentration of fluorescent dye to quantify mixing[24].

A description follows of the gas diffusion layer, the exper-
imental apparatus and the image acquisition and processing
techniques used in this study.

2.1. Gas diffusion layer

The present analysis employed a Toray TGP-H-060 non-
woven fibrous gas diffusion layer. The GDL is coated with
PTFE for the desired hydrophobic surface. The PTFE con-
tent of the GDL studied was 10 wt.%. The TGP-H-060 GDL
f of
t 0
f
M r-

Fig. 1. Optical microscope image of a Toray TGP-H-060 gas diffusion layer
with a PTFE content of 10 wt.%.

mined from microscope images. An image of this layer, cap-
tured with an optical microscope, is presented inFig. 1.

2.2. Apparatus

The experimental apparatus consisted of an optical micro-
scope arranged for fluorescence microscopy, a cooled CCD
camera, a numerically-controlled syringe pump, and an as-
sembly for pumping fluorescein dye through the GDL. A
schematic of the experimental apparatus is shown inFig. 2.
eatures a thickness of 190�m. The mean pore diameter
his layer has been determined to be approximately 4�m
rom capillary flow porometry and mercury porosimetry[20].
oreover, a mean fiber diameter of 8�m was been dete
Fig. 2. Schematic of the e
xperimental apparatus.
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Fig. 3. GDL holding assembly.

The GDL is held in place above the fluid reservoir by the
compression of a screwed-on top plate. The top plate also
effectively seals the edge of the GDL. In order to concentrate
water transport at the center of the GDL, the bottom surface
was masked except for a≈ 2 mm×2 mm window in the cen-
ter of the apparatus. A photograph of the GDL assembly is
shown inFig. 3.

Images were captured with an upright Leica Microsys-
tems DM LM optical microscope featuring a cooled CCD
camera. Magnification was achieved using an objective with
5× magnification and a numerical aperture (NA) of 0.15.
These characteristics result in a depth of field (dfield) equal to
23�m.

dfield = λ

NA2 = 510 nm

0.152 = 23 � m. (1)

The depth of field is an important parameter in the present
study because it corresponds to the though-plane height of the
gas diffusion layer that can be in focus simultaneously. With
respect to the fluorescent dye, the depth of field is a measure
of the vertical extent of the imaging volume in which the flu-
orescence signal is integrated. Since the numerical aperture
of microscope objectives generally increases with magnifica-
tion, greater lateral resolution arrives at the cost of a reduced
depth of field. For this reason, a low magnification of 5× was
chosen to maximize depth of field, while maintaining ade-
q e of
t f the
a

2

and
fl im-

aged with fluorescence microscopy. The fluorescent dye em-
ployed here was fluorescein, 332 MW (Molecular Probes).
The dye was dissolved to a concentration of 0.5 mM in pure
water. Due to the imaging intensity of the fluorophores this
relatively low concentration provided ample signal and con-
tributed negligibly to the physical properties of the solution.
With respect to surface properties, by imaging droplets on
the GDL surface it was determined that both pure water and
water with the fluorescein marker exhibited similar wetting
behavior.

The path of the liquid fluorescein dye evolves as the pres-
sure in the fluid reservoir increases. The rate of pressure in-
crease is minimized and controlled by the pumping rate via
a syringe pump. Because of the slow pressure increase, ob-
servations of the step-by-step evolution of the fluid path are
made. Images of the fluorescein dye are captured at an ad-
equate time interval (0.25 s) to reveal the various paths of
the water inside the GDL. Subsequent image analysis cor-
relates the light intensity to the relative height of the liquid
water surface. Additional image processing provides three-
dimensional renditions of the liquid water surface and the
surface velocities.

In many studies, such as that by Oddy et al.[24], the flu-
orescence intensity field imaged is correlated to the concen-
tration field of the fluorescent marker. In the present study,
the presence of fluorescence signal differentiates the liquid
p ores-
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uate lateral resolution. The trade-off between the rang
he fluid height measurement and the planar resolution o
rea in focus is a limitation of this method.

.3. Image acquisition and processing

To visualize the liquid transport, a solution of water
uorescein is pumped through the plane of the GDL and
hase from the gas phase. Since the concentration of flu
ent dye in the liquid is uniform, the local relative intens
f the fluorescence signal imaged is assumed to vary
ortionally to the depth of excited fluorescein. Herein,

wo-dimensional intensity array recorded by the CCD c
ra is linearly correlated to the relative height of the gas/li

nterface.
The correlation between the range of the height and

ange of the image intensity is derived from the dept
eld and experimental observations. The observable ran
he surface height presented herein is 30�m, slightly greate
han the nominal 23�m depth of field. This estimated ran
s supported by observations of the fluorescein dye w
he height of three to four 8�m diameter fibers. The line
orrelation between surface height (η) and the 8-bit intensit
ata (I) is expressed as:

= 30× 10−6 m

255
I (2)

Prior to correlating the image intensities to heights,
ges were processed with a smoothing filter to reduce

requency noise in the image. The signal-to-noise ratio (S
f this method is relatively high when little fluorescein
resent. However, as more fluorescein appears, the refl

ty of the carbon fibers becomes significant and decre
he SNR to some extent. The contribution of reflected
o the signal was effectively removed by thresholding.
igital resolution of the acquired images is 325× 258 pixels
esulting in a spatial resolution of 5.35�m pixel−1.
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3. Results and discussion

Time-sequenced images of the fluorescein dye travel-
ing through the GDL are presented inFigs. 4 and 5. The
images are those captured directly using fluorescence mi-
croscopy with the image contrast inverted for clarity. A three-
dimensional rendering of the image intensity data is displayed
next to each captured image. The three-dimensional render-
ings feature a magnified vertical scale to improve the visibility

of surface features. The images and renderings are presented
at intervals of 14.5 s.

In the images at the start of the sequence there is a very
low disperse signal emanating from within the GDL. Never-
theless, the largest signal in the first two slides is located at
the center, indicating the location of the liquid surface. On the
third slide, however, there is a sudden appearance of floures-
cein dye closer to the top edge of the images. Subsequent
images and three-dimensional renderings indicate that the
Fig. 4. Time sequenced digital images of dye transport in the GDL and cor
responding three-dimensional renderings. Contrast of digital images is inverted.
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Fig. 5. Continuation of the time sequenced digital images of dye transport in the GDL and corresponding three-dimensional representations from
Fig. 4.

surface of the fluid reached a particularly small fiber cross-
section and its further progression is restricted by the strong
capillary pressure.

After the initial advance of water, a number of additional
paths develop more slowly in the upward direction. It be-
comes evident in the images and renderings later in the se-
quence that there is one dominant fluid path located below the
path that first emerged. At times between 159.5 and 202.5 s,
the liquid rises through this dominant path, while the fluid in

an adjacent path falls. This is attributed to a local decrease in
pressure as the fluid in the dominant path rises quickly having
broken through a local constriction.

In the final images and three-dimensional renderings it
becomes evident that the liquid is on the verge of breaking
through the GDL. In the last image, it appears the two top fluid
paths have merged into one large path. This is because the two
paths have merged at the surface of the GDL. Immediately
after the last image inFig. 5, a spherical droplet forms on the
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Fig. 6. Raw fluorescence microscopy image of a droplet immediately after
breakthrough.

surface the GDL. A raw fluorescence microscopy image of
this droplet is shown inFig. 6. This figure clearly shows the
reflectivity of the fibers.

3.1. Analysis of distinct flow paths

To further identify the dynamic interaction between adja-
cent flow paths, five of them have been selected for further
analysis.Fig. 7, which is a contour plot of filter image inten-
sity at a time of 175 s, presents the five flow paths that have
been chosen. The paths discussed previously are paths 1–3.
Path 1 is the route of the first liquid advance. Path 2 is the
dominant pathway, where the liquid breaks out of the GDL.
Path 3 is the pathway, where the liquid surface is shown to
fall, while the surface in path 2 quickly rises (seeFig. 5).

Fig. 8 presents the surface height of each distinct path
versus time. This plot features a much higher temporal reso-
lution than that of the snapshots inFigs. 4 and 5. The higher
temporal resolution allows analysis of more rapid phenom-

F that
i

Fig. 8. The height of each path defined inFig. 7vs. time.

ena . For example, the rapid rise of path 1 is clearly resolved
in Fig. 8. Notable features ofFig. 8 include the jump in the
height of path 2 when path 1 stops rising at a time of 60 s.
Moreover, the connection between the rise of path 2 and the
fall of path 3 at 200 s is well defined. The possibility of this
contrast being an artifact of the imaging can be eliminated.
This conclusion is made because of the negligible effect of
path 2’s quick rise at 200 s on the other paths. The dominant
influence of path 2 on path 3 can be attributed to their close
proximity and apparent high level of connectivity.

For improved analysis of path connectivity, the gradient
of the fluid surface height with respect to time is presented.
Fig. 9 presents a contour plot of the vertical velocity of the
fluid surface at 194 s. This point in time corresponds to the
interdependent rise and fall of paths 2 and 3, respectively.
This plot additionally resolves any concerns that the contrast
of these two paths might be an imaging artifact by clearly
ig. 7. Contour plot of the filtered image intensity at a time of 175 s
dentifies the distinct flow paths analyzed inFigs. 8 and 10.
 Fig. 9. Contour of the liquid surface vertical velocity att = 194 s.
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Fig. 10. The vertical velocity of each path defined inFig. 7vs. time.

showing localized areas of positive (path 2) and negative (path
3) velocity.

Plots of the fluid interface vertical velocity in each dis-
tinct path are shown inFig. 10. Though calculating gradients
amplifies errors from signal noise and processing, the flow
features shown inFig. 8remain evident. A spike in the veloc-
ity of path 2 when path 1 reaches the GDL surface at a time
of 60 s is present. Also, the sharp drop in velocity of path 3
corresponding to the increased velocity of path 2 is clear.

4. Further discussion: transport mechanism

From the preceding analysis of the acquired visualiza-
tion data, the mechanism for water transport through the gas
diffusion layers of PEM fuel cells is inferred.Fig. 11 is an
illustration of the liquid interface generated when the liquid
surface passes through the cross-section generated by four
intersecting hydrophobic fibers. The capillary pressure (Pc),
which is the jump in pressure across the gas/liquid interface
due the fluid surface curvature (κ), is approximated by:

Pc = σκ (3)

where

κ = ∇n (4)

w .
F n be
a
fi

P

t ldup
a n re-
s illary

Fig. 11. Illustration of a liquid interface in the cross-section of four inter-
secting fibers.

forces in the hydrophobic structure. As water production in
the catalyst layer increases the pressure in the liquid, the fluid
surface slowly passes through the constrictions of the cross-
sections generated by intersecting fibers. When the water has
passed halfway through each constriction, the curvature of
the surface decreases due to the expanding radius of the sur-
face. Thus, the liquid pressure at the interface drops and in-
duces hydrodynamic flow in the direction of the expanding
surface. Subsequently, the liquid expands rapidly above this
cross-section until the fluid interface contacts the next set
of fiber intersections. The process then begins again. The
fluid will preferentially pass through the fiber cross-sections
featuring the greatest spacing, as this reduces capillary pres-
sure resistance. An idealized schematic of the flow mech-
anism is illustrated for the entire thickness of a GDL in
Fig. 12.

The transport mechanism depicted inFig. 12 is consis-
tent with the experimental observations presented earlier on
the evolution of water in the various paths. The mechanism
presented here is different from that proposed by Nam and
Kaviany [2] and Pasaogullari and Wang[3]. Both of these
works presented the flow as an “upside-down tree” capillary
network. These schematics feature a high number of small
capillaries dispersed evenly within the GDL that converge
into larger capillaries and eventually result in one very large
capillary that reaches the surface. However, the observations
h d by
fi nds”,
w rough
c s be-
c -sized
fi ken
t ace
heren is the surface normal andσ is the interfacial tension
or a square intersection of four fibers, the curvature ca
pproximated with the contact angle (θ), fiber spacing (S) and
ber diameter (D):

c = 2σ cos(θ)

S − D
(5)

Assuming well-dispersed PTFE coating (uniformθ), the
ransport within the GDL is a process of pressure bui
nd breakthrough. This process results from the mai
istance to the progression of the interface being cap
erein promote the belief that the transport is dominate
ngering and channeling and features numerous “dead e
here water transport recedes when an adjacent breakth
hannel forms. The visualization supports this hypothesi
ause the dominant path is no larger than an average
ber cross-section. In addition, after the liquid has bro
hrough a constriction it is seen to fill the entire void sp
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Fig. 12. Idealized schematic of the mechanism for liquid water transport in
PEM fuel cell gas diffusion layers.

surrounded by other fiber cross-sections. Thus, the conver-
gence of small capillaries into successively larger ones is
not the observed mechanism in the non-woven gas diffusion
layers.

5. Conclusion

Fluorescence microscopy has been employed with a novel
methodology to provide new insight into the dynamic be-
havior and distribution of liquid water as it is transported
through the gas diffusion layers in PEM fuel cells. The new
quantitative visualization methodology consists of pumping
fluorescein dye through a GDL and correlating the light in-
tensity emitted by the fluorescein dye to the height of the fluid
surface. The visualizations obtained with image processing
enabled an analysis of the connectivity and interdependence
of the liquid motion in several distinct flow paths. The results
of the analysis prompted the author to revisit the previously
adopted transport mechanism hypothesis. The experimental
observations led to the postulation of the primary mechanism
for liquid water transport in hydrophobic GDLs. The new hy-
pothesis should prove valuable in the development of models
for predicting liquid water transport in operating fuel cells.
Moreover, the novel experimental methodology provides an

additional method for further characterization of gas diffu-
sion layers.
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