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Time-Resolved Water
Measurement in a PEM Fuel Cell
Using High-Resolution Neutron
Imaging Technique
The dynamic process of water transport along the through-plane direction in the mem-
brane electrode assembly of a proton exchange membrane fuel cell was investigated
using the high-resolution neutron imaging. Four different membrane/gas diffusion layer
or membrane/gas diffusion electrode assemblies were tested by measuring the through-
plane water thickness profiles. The results indicate that proper design and assembly of the
test fixture are critical for accurate water measurement; the accumulation speed of liquid
water inside an assembly varies with time; the ionomer in catalyst layers could facilitate
water management in the membrane; the time constants for wetting and drying processes
are functions of gas diffusion layer thickness, inlet flow rate, and gas dew point; and the
time constant for the wetting process is about 1.4 times longer than the corresponding
drying process. �DOI: 10.1115/1.4001017�
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Introduction
The distribution and transport of liquid water within flow field

hannels and gas diffusion electrodes, as well as the absorbed
ater within the membrane, are critical to the performance of
roton exchange membrane �PEM� fuel cells. Performance loss
nd reduced durability can result from membrane dehydration,
ooding in the gas channels, gas diffusion layer �GDL� and the
atalyst layer �CL�, and ice formation. A good understanding of
he relationship between cell performance and liquid water behav-
or in various components of a PEM fuel cell is necessary for
esign and optimization.

Among all methods of water transport measurement, neutron
maging is the sole in situ method capable of probing standard,
ommercial fuel cell hardware that yields water distribution in
wo or three dimensions. A few research facilities are actively
tudying water management using neutron radiography. The one
t the National Institute of Standards and Technology �NIST� has
een involved in water transport investigations since 1999 �1–4�.
nother group from the Paul Scherrer Institut, Switzerland �5,6�
as also made significant contributions to water management
tudy using their neutron facilities. At Fuel Cell Dynamics and
iagnostics Laboratory of Penn State University, Mench and co-
orkers �7,8� conducted extensive neutron imaging experiments

o visualize and quantify the water transport process in a fuel cell.
The current experiment was conducted at Beam Tube 2 �BT-2�

t the NIST Center for Neutron Research. More information about
he NIST neutron imaging facility at BT-2 can be found in Ref.
1�. The MCP based detector �microchannel plates doped with 10B
nd Gd� was used here to conduct water content measurements
ith a resolution of 25 �m �9�. Some through-plane water distri-
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bution measurements of steady state were recently performed us-
ing this high-resolution detector, and some promising results were
reported �10,11�. In this study, the diffusive water transport in
different membrane/GDL or membrane/gas diffusion electrode
�GDE� configurations was studied. The paper is organized as fol-
lows. In Sec. 2 the experimental setup is described. In Sec. 3 a
discussion of the results is presented. Section 4 contains the con-
clusions.

2 Experimental Methodology and Setup
In a fuel cell, the main element of water—hydrogen—scatters

neutrons strongly, while in comparison, aluminum and carbon—

Fig. 1 „a… Experimental setup and „b… exploded view of the test

fixture
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ommon materials for test cell construction—only weakly scatter
eutrons. Thus neutron images have a high contrast for water
nabling high accuracy measurement of the water content in a
EM fuel cell. The basic physical law governing attenuation is the
ambert–Beer law

t = −
1

�w
ln� I

I0
� �1�

here I and I0 are the transmitted �or wet� and incident �or refer-
nce� neutron beam intensities, respectively, �w is the attenuation
oefficient of liquid water, and t is the thickness of water through
hich neutrons are transmitted. At the NIST facility, �w was ob-

ained in an earlier calibration measurement �1�. Figure 1�a� is a
chematic of the experimental setup. Three subsystems are in-
luded: a neutron source, the test/sample section, and a MCP
ased neutron detector. To facilitate observation through neutron
maging technique, a test fixture consisting of two aluminum
locks was designed and machined. Two channels �1 mm wide,
.5 mm deep, and 100 mm long, separated by a land of 8 mm�
ere milled into one surface of each block as shown in Fig. 1�b�

only visible on the bottom block�. Various GDL and GDE mate-
ials �85�12 mm2� from E-TEK®2 were selected, combined with

standard Nafion® 117 membrane, to make a set of membrane
iffusion media assemblies �MDMAs� with no catalyst layer on
he membrane and membrane electrode assemblies �MEAs�.
hese assemblies differ from those of typical PEM fuel cells,
ince the sandwich was formed by the compression through bolts,
ather than through a hot-press process. Two MEAs �Nos. 1 and 2�
nd two MDMAs �Nos. 3 and 4� were used in this experiment,
nd their properties are listed in Table 1.

The experiment was conducted using the on-site fuel cell test
tation at BT-2. Initially, the test assembly was in its dry condi-
ion. Images were acquired at 1 min intervals. A set of 30 dry
mages was taken for each case to be used as the reference image.
fter that, fully saturated air streams �the same flow rate on both

ides� were flowed through the test section. The neutron transmis-
ion during the wetting process was imaged in a 1 cm2 area for
0 min �starting from the initial introduction of air stream�. The
0 recorded neutron images with water content at various levels
ere then processed to obtain water thickness profiles.

Results and Discussion
Before further discussion, the definition of water thickness used

n the text needs to be clarified. Suppose that the curve in the y-z
lane shown in Fig. 2 is the water thickness profile in the through-
lane direction �z-direction�, and M is a point on this curve. M
ives the averaged water thickness in the shaded cross section:
irst, in the selected cross section, the effective water thickness in

he x-direction is measured, which results in the curve �. The
ater thickness distribution given by the curve � is further aver-

2Certain trade names and company products are mentioned in the text or identified
n an illustration in order to adequately specify the experimental procedure and
quipment used. In no case does such identification imply recommendation or en-
orsement by NIST, nor does it imply that the products are necessarily the best

Table 1 MEAs and MDMAs used in the exper
flow rate in SCCM. Here RH stands for relativ

No. GDL/GDE �thickness� Operati

1 LT140E �0.4 mm� 60°C, RH
2 LT250E �0.5 mm� 60°C, RH
3 LT1400 �0.4 mm� 60°C, RH
4 LT2500 �0.5 mm� 60°C, RH
vailable for this purpose.

51009-2 / Vol. 7, OCTOBER 2010
aged along the y-direction, giving the point M shown on the pro-
file curve. It is worth mentioning that the water thickness pre-
sented in this study can be converted to water volume fraction
�saturation� in GDL/GDE and water content in the membrane,
since all necessary information for this conversion has been pro-
vided in detail.

Since the membrane is highly hydrophilic, and the GDL or
GDE are somewhat hydrophobic, one would expect the water pro-
file to have a step change in the measured water content. This is
not seen in the neutron images due primarily to the finite image
resolution. The image resolution has two contributions: the intrin-
sic detector resolution and the geometric blur �1�. The effect of the
resolution is that sharp transitions are smeared over several neigh-
boring pixels, resulting in a bell-shaped curve, as seen in the data
below.

3.1 Water Thickness in Components of a Fuel Cell. Shown
in Fig. 3 is the plot of water thickness evolution for the wetting
process of case No. 1. In this plot and the following, to differen-
tiate various fuel cell components such as reactant flow channel,
GDL/GDE, and membrane, dry images were set as the back-
ground. Besides, the flow direction is not important for these
plots, since the water thickness is only an averaged value along
that direction. For the current case, we found that most water
accumulation is achieved within the first 10 min, and the water
accumulation rate significantly decreases after that, consistent
with simple diffusion through the GDE. The two small peaks in
Fig. 3, labeled A and B, were caused by using gaskets of inappro-
priately combined thickness. Polytetraflouroethylene �PTFE� gas-
kets of 0.508 mm were used for the 0.4 mm thick GDEs on both
sides of the membrane resulting in no compression of the GDE.
Some condensed liquid water was held in the gaps between the
landing and GDE, resulting in the two small peaks. This fixture
defect was corrected for the other tested assemblies.

In Fig. 4 the water accumulation history for case No. 2 is
shown. For this run, the fixture was properly assembled with a
thinner gasket of 0.381 mm for LT250E �0.5 mm thick�. The two

nt and test conditions/procedures as well as
umidity.

onditions
Procedure and flow rate

�SCCM�

0% at 80°C Wetting �500�
0% at 60°C Wetting �500�
0% at 60°C Wetting �500�
0% at 60°C Wetting�100�→drying�500�

→wetting�500�→drying�500�

Fig. 2 Definition of water thickness used in the neutron imag-
ime
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small peaks shown in the previous case are nearly gone, except for
a small bump in the GDL �x=0.5 mm�, which might be caused by
the extra water held due to gasket/GDE overlapping. The overall
liquid water accumulation inside the MEA shows similar trends as
case No. 1. All GDLs and GDEs used in this study have mi-
croporous layers �MPLs� on their surfaces; however, the effects of
the MPL cannot be directly visualized in this study due to insuf-

Fig. 6 Evolution of water thickness profile in the through-
plane direction for case No. 4: „a… wetting with flow rate of 100
SCCM, „b… drying with flow rate of 500 SCCM, and „c… wetting
with flow rate of 500 SCCM
ig. 3 Evolution of water thickness profile in the through-
ig. 4 Evolution of water thickness profile in the through-
lane direction for case No. 2
ig. 5 Evolution of water thickness profile in the through-

ficient spatial resolution. Figure 5 is for case No. 3, in which all

OCTOBER 2010, Vol. 7 / 051009-3
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omponents were assembled with gaskets of the correct thickness.
he overall water thickness profiles are nearly symmetrical about

he center of the membrane.
Shown in Fig. 6 is the water thickness during wetting-drying-

etting processes for the MDMA in case No. 4 �drying by flowing
ry N2�. First, using a flow rate of 100 SCCM �SCCM denoted
ubic centimeter per minute at STP�, the membrane reaches a
ower saturation than the previous cases after 30 min. Drying with
flow rate of 500 SCCM �Fig. 6�b�� reduces the water content to

ts original level �dry� within 20 min. Flowing saturated gas at 500
CCM �Fig. 6�c�� to wet the previously dried MDMA, the mem-
rane water content reached 1.25 mm, 47% higher than that ob-
ained at a flow of 100 SCCM, since there is a higher water mass
ow rate into the test section. In an operational fuel cell at higher
toichiometric ratios, this will yield higher initial water accumu-
ation in the membrane, and would be beneficial to starting from a
ry state.

3.2 Dynamic Water Content Variation in the Membrane of
Fuel Cell. In this study, the total liquid water content in the
embrane can be found by assuming that all the water in the

andwich is in the membrane. To eliminate a systematic error due
o the resolution, the total water content is found from the average
ransmission over a rectangular area, 57 pixels�1280 pixels �ap-
roximately 0.855�19.2 mm2�, centered about the membrane.
he water content inside the area can be calculated using water

Fig. 7 Dynamic total water conten
brane: „a… wetting processes of ass
and „b… wetting-drying processes of
hickness data

51009-4 / Vol. 7, OCTOBER 2010
V =
− ApNp

�w
ln� 1

Np
�
i=1

Np

Ti� �2�

where V is the total water volume, Ap is the area of a pixel, Np is
the number of pixels in the region of interest, �w is the attenuation
coefficient of water, and Ti is the measured transmission in the ith
pixel.

The time-resolved water sorption in Nafion® 117 for the four
MEA/MDMA configurations are shown in Fig. 7�a�. An exponen-
tial asymptotic function of the form V=Voffset+V0�1−exp�−t /���
was fitted to each case, and the time constants �tau� are reported in
Table 2. The uncertainty bars plotted on each point are based on
neutron counting statistics. It is observed that the water content
curve for LT140E is above the one for LT250E, which is primarily
due to the use of oversaturated gas streams. There is also a slight
effect due to the diffusion layer thickness, as seen comparing case
Nos. 3 and 4. We also observed that the water content in the two
MEAs �LT140E and LT250E� is higher compared with their
MDMA counterparts �LT1400 and LT2500�. This might be due to
the existence of ionomer �hydrophilic� in the catalyst layer—the
water uptaken by the hydrophilic ionomer increases the overall
water content; it also forms a barrier preventing water from trans-
porting out of the membrane.

Shown in Fig. 7�b� are the dynamic processes of water content
in the membrane during the wetting-drying processes for MDMA

ithin selected image area of mem-
blies with different GDL materials,
500
t w
em
LT2500 �case No. 4�. Curves A and C are wetting processes with

Transactions of the ASME
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ow rates of 100 SCCM and 500 SCCM, respectively, while
urves B and D are drying processes with a flow rate of 500
CCM after each wetting process. With a higher inlet flow rate,

he water content in the membrane can reach a higher level �curve
� compared with a lower inlet flow rate case �curve A�. In the
rying process �curves B and D� it is seen that the water equili-
rates to the same level in approximately the same time.

For wetting processes of all the four assemblies, the time con-
tants calculated from curve fitting, together with other constants,
ncertainties, and reduced chi-square, are listed in Table 2. Com-
arison of time constants for the four wetting processes indicates
hat the time constant is a function of GDL or GDE thickness.
hinner materials �LT140E and LT1400�, compared with their

hicker counterparts �LT250E and LT2500�, have a smaller time
onstant. In other words, it is easier for a thinner GDL or GDE to
chieve water equilibrium. Again, this might be due to a shorter
iffusion path for a thinner material. Table 2 shows a similar set of
alues for the wetting-drying processes. Under the same flow rate
500 SCCM�, the time constant for the wetting process is about
.4 times longer than the corresponding drying process. However,
or wetting processes under different flow rates, it seems that the
ne under a lower flow rate �100 SCCM� can reach water equi-
ibrium more easily. The rather high values for chi-square reported
n Table 2 for the fits indicate that the estimated uncertainties due

Table 2 Time constants for dynamic process
figurations at a flow rate of 500 SCCM and we

LT140E V0 1
Tau

Voffset
Chi-square

LT250E V0
Tau

Voffset
Chi-square

LT1400 V0
Tau

Voffset
Chi-square

LT2500 V0
Tau

Voffset
Chi-square

LT2500-wetting-FR100 V0
Tau

Voffset
Chi-square

LT2500-wetting-FR500 V0
Tau

Voffset
Chi-square

LT2500-drying-after-FR100 V0
Tau

Voffset
Chi-square

LT2500-drying-after-FR500 V0
Tau

Voffset
Chi-square
o counting statistics alone are not a true indication of the uncer-

ournal of Fuel Cell Science and Technology
tainty in the measurements. However, the uncertainty reported for
the values that were fitted to the model does expand the uncer-
tainty on the value to indicate the more likely uncertainty due to
systematic uncertainties not captured in this analysis. These sys-
tematic uncertainties are due to variability in cell performance and
are difficult to capture with this simple model.

4 Conclusions
The diffusion of water in the through-plane direction in a non-

operating PEM fuel cell was investigated using the high-
resolution neutron radiography. The measured membrane water
content was reasonably well approximated by an exponential
asymptotic function. From curve fitting, an overall time constant
for each gas diffusion medium was obtained. The total water con-
tent after 30 min and the time constant depended on gas diffusion
media thickness, gas flow rate, gas dew point, and the presence of
a catalyst layer. The time constants for the wetting processes are
longer than those for the drying processes with the same flow rate.
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