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a b s t r a c t

Fuel cell visualization is an ongoing challenge in the world of hydrogen-based research. Neutron tomog-
raphy is a powerful tool for acquiring otherwise unattainable information about the inner workings of a
proton exchange membrane fuel cell. Advanced neutron imaging methods allow for validation of both cell
design and run methods. The tomography techniques discussed in this paper show how 3D visualization
provides a clear view of flow channel activity for water management analysis. A brief intro to tomogra-
eywords:
EM
uel cell
eutron tomography
eutron radiography

phy is explained via its mathematical construction, outlining how 2D radiographs can be reconstructed
and layered to form 3D visualizations. The low attenuation aluminum cell designs used for imaging are
described focusing on how they are specifically tailored for neutron tomography. Images of the flow
channel and water distributions are shown in cross-sections throughout the cell, both perpendicular and
along the channel length. Finally, 3D tomography images of the cell are shown, with the bipolar aluminum

eveal
D
ater distribution

plates signal subtracted r

. Introduction

The need for non-invasive methods to analyze a proton
xchange membrane fuel cell’s (PEMFC) water distribution in both
n situ and ex situ conditions makes neutron radiography an excel-
ent imaging choice [1,2]. These methods are important validation
ools for both research and commercial application [3,4]. Although
arious diagnostic techniques are available [5–7], visualization
f the inner workings of the fuel cell can offer more insight for
esearchers and developers. While methods such as fluorescence
icroscopy for ex situ observation of the GDL [8] can provide

etails as to the operation of an individual component, meth-
ds for in situ observation are still actively researched to observe
he generation of water inside the fuel cell. Some of these tech-
iques include using novel magnetic resonance imaging methods
9], using hydrogen–deuterium to enhance contrast in nuclear mag-
etic resonance imaging [10], and refined neutron radiography
echniques to yield high-resolution images [11–14]. Current liter-

ture contains many examples of 2D radiography images of the
ow field, however, very few clear 3D tomography standards have
een set [15–17]. Researchers at the National Institute of Stan-
ards and Technology (NIST) Neutron Imaging Facility (NNIF) have

∗ Corresponding author. Tel.: +1 530 752 5559; fax: +1 530 752 4158.
E-mail address: jwpark@ucdavis.edu (J.W. Park).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ing a 3D water distribution of both cathode and anode layers.
© 2010 Elsevier B.V. All rights reserved.

acquired the first in situ tomographic 3D images of an operating
PEMFC demonstrating the power higher quality 3D images may
afford those designing a cell’s water management system [18,19].

Neutron imaging is similar but complimentary to X-ray imaging,
and far superior at penetrating through materials associated with
fuel cell design, allowing one to observe the membrane and chan-
nel features inside a PEMFC. A collection of 2D images can be used
to reconstruct a 3D image allowing for better overall visualization.
Some of the key benefits that 3D imaging has over 2D imaging are:
(1) Clear discernable images of both anode and cathode water dis-
tributions. (2) Close to real time imaging of all layers. (3) Detailed
water distribution within each channel. Fig. 1 shows a schematic of
a PEMFC. During operation, humidified hydrogen and oxygen are
combined on a proton exchange membrane to produce electricity
and water. Water is needed in the membrane to allow the migration
of protons through the membrane. Low humidity in the membrane
will inhibit the proton migration, while high humidity or flood-
ing will prevent oxygen from reacting on the catalyst/membrane
interface. The management of this water is a major area of research
currently receiving lots of attention due to its relationship to overall
cell performance [1,6,20–23].
Our group has set out to produce clear 3D tomography PEMFC
images and demonstrate further the benefits it has over the 2D
techniques. This technique will be used to validate our research
work on subzero temperature fuel cell start-up and passive flow
channel design in conjunction with improving water removal by

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jwpark@ucdavis.edu
dx.doi.org/10.1016/j.jpowsour.2010.03.060
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3.1. Cell design

The ASTM E748 Standard lists the neutron attenuation coeffi-
cients for various materials, these can be found in Fig. 3. In order to
Fig. 1. A simplified schematic of

eans of hydrophobic/hydrophilic surfaces. This paper presents
ome of the imaging results of an ex situ PEMFC and explains the
maging process/technique used. The cells presented in this paper

ere designed for in situ testing/imaging which we hope to demon-
trate in future results.

. Background of neutron tomography

Tomography is a technique by which a series of 2D radiogra-
hy image slices are reconstructed to form a 3D object [24]. The
asis of radiography is that different materials attenuate a neutron
eam according to their unique neutron cross section, leading to
ifferent image signatures. In the case of a PEMFC, water has a high
ttenuation and shows up a darker color when imaged. The beam
ttenuation follows the Lambert–Beer law

(x, y) = I0e−
∑

i
(N�t)i (1)

here I0 is the initial beam intensity, I is the attenuated beam
ntensity, N is the atom density, � is the material attenuation coef-
cient and t is the material thickness [14]. The object is scanned

n incremental angles over 180◦ to attain all information needed to
econstruct it. Each scan creates a map of the 2D object profile as an
ttenuation profile parallel to the beam. The following discussion
s based on the methods outlined by Treimer [24]. Eq. (1) may be

ritten as

(x, y) = I0e
−
∫

�(x,y)·ds
(1.1)

here �(x, y) is the 2D position-dependent attenuation profile to be

econstructed. The integral is taken along the path of the beam and
he coordinate system used can be reassigned to express the align-

ent of the detector. Since we are rotating our object in place along
he z-axis, the source and detector remain in the same position and
t is the objects angle � that changes. The attenuation profile is then
on exchange membrane fuel cell.

defined as

P�(t) = ln
(

I0
I

)
=

∫
�(x, y) · ds (1.2)

where t is now a coordinate variable based on replacing the (x, y)
system with a (t, s) system via the transform t = x cos(�) + y sin(�).
The set of projections P�(t) is called the Radon transform of �(x, y),
see Fig. 2. Using Fourier slice theorem, the projections can be recon-
structed to form the 2D images of the object. The Fourier analyses
will be omitted from this paper as we are presenting only a brief
overview of the tomography technique. The 2D image slices can be
reassembled to form the 3D model which is the topic of Section 4.
Further reading on tomography can be found in the sources listed.

3. Experimental procedure and setup
Fig. 2. The basic principle of neutron tomography. The cell is represented by a
cylindrical geometry for simplicity. Each radiograph projection, P�(t), contains the
attenuation data x, y and dz of the actual object for a d�.
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ig. 3. Material thickness required to attenuate 50% of thermal neutrons [33].

chieve the best imaging results a fuel cell was designed specifically
or tomography. Since it is desirable to reduce attenuation caused
y the cell body, aluminum was chosen for the bipolar plates con-
truction. Fig. 4 is the completed cell design as well as stainless
wagelok fittings. The gas inlets and outlets were designed so that
ll ports could be connected via a single surface of the cell to pre-
ent interference during the rotation needed for tomography. In
his ex situ example, however, reactant gas line interference would
ot be an issue since the cell would be pre-run and the inlets and
utlets capped off to seal in the water. Other machined features and
onnecting hardware in the bipolar plates were designed so there
ould be no interference between them and the flow channels
hen the cell is rotated about the cells z-axis.

Two test cell geometries are used in the setup: cylindrical and
lanar. A cylindrical cell was specifically designed to give uniform
ttenuation in 3D tomography. In 3D tomography, the fuel cell must
e rotated to obtain a series of radiography data for the 3D recon-
truction. Using the round cell provides a smoother radiograph thus
educing the effort in the image post processing steps. A planar cell
s designed to minimize the distance between the fuel cell and the
cintillation screen in order to obtain a higher contrast image of
he flow field. This is useful in studying diffusion especially dur-
ng in situ experiments. For studying serpentine flow field channel
atterns the flat cell is designed with the cathode and anode chan-
els aligned perpendicular to each other. This makes discerning
he anode and cathode sides, during in situ water formation, from
ne another possible. This is advantageous for studying membrane
erformance and flow channel design. Fig. 4 includes the computer

endered design images of the test cells.

Although not the focus of this paper, the run conditions of the
ells prior to ex situ imaging were the following: inlet gas temper-
tures of both H2 and Air were maintained at 80 ◦C. The inlet H2
as fed at 100% relative humidity. The cell body was maintained

ig. 4. Custom fuel cells made with aluminum bipolar plates. These test cells are designe
he flow channel and MEA.
ources 195 (2010) 6774–6781

at 80 ◦C using cartridge heaters and was run at a constant volt-
age of .5 V until steady state operation was reached. The cell was
shutdown without purging and allowed to cool before imaging.

3.2. Imaging setup

The McClellan Nuclear Radiation Center is an experimental
TRIGA reactor that is rated for 2 MW steady state operation with
a pulse capability of approximately 1000 MW for 20 ms [25]. The
facility was designed for military component inspection and is
now owned by the University of California, Davis and made avail-
able for PEMFC research. Of the four imaging bays at MNRC, two
bays are equipped to perform 3D tomography. They are each setup
for different neutron beam intensities for different imaging needs.
Bay 3 supplies higher beam energy resulting in shorter exposure
times, while Bay 4 is a lower beam energy but larger focal length to
aperture ratio resulting in clearer images. Table 1 summarizes the
characteristics of Bays 3 and 4.

For 3D tomography, the test cell is mounted in a Jacob chuck
on a rotating table, see Fig. 5. The exposure time ranges from 30
to 180 s or more depending on the lens, neutron beam intensity,
scintillation screen and camera settings. A series of radiographs
are taken at each incremental angle, then are post-processed to
obtain the final images. Large pieces of lithium are used to isolate
unused portions of the scintillation screen to reduce noise and to
protect the camera equipment from exposure. It should be noted
that after the imaging process has been concluded, the cells must
be left at the facility until their radioactivity levels have dropped to
safe handling conditions, usually several hours to a day.

3.3. Imaging processing

Radiograph data from the tomography was reconstructed using
Lawrence Livermore National Lab’s Imgrec reconstruction software
developed by Dan Schneberk. The raw radiographs taken from each
angle were compiled into a directory and would serve as the basis
for volume reconstruction [26]. To ensure clean image results, two
types of calibration images were taken for calculation of attenua-
tion coefficients and the reduction of error. One image is taken with
no incident radiation, called the dark field image, and the second
is taken with full incident radiation but no cell in the beam path,
called the flat field image. These images are used to calibrate the
raw intensity counts and calculate total attenuation through the

sample in the radiographs.

As discussed earlier in the tomography section, the raw pro-
jections, P�(t), can be plotted as a Radon transform, displaying an
attenuation radiograph with respect to cell rotation angle. This plot,
also called a sinogram, allows the reconstruction of a cross section

d to minimize the neutron attenuation effects in order to give the clearest image of
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Table 1
Summary of the imaging capabilities of Bay 3 and Bay 4 at MNRC.

Bay 3 Bay 4

Angle from the horizon −30◦ −20◦

Neutron thermal flux ∼1 × 107 n cm−2 s−1 ∼7 × 106 n cm−2 s−1

Scintillation screen resolution 100 �m ∼200 �m
Camera Apagee Alta Photometrics/Roper Scientific Quantix
Camera operating temperature −25 to −20 ◦C Thermoelectric cooling −32 to −29 ◦C Thermoelectric cooling liquid N2 cooling capable
Lens Nikon F-mount 105 mm f2.8D Nikon F-mount 50 mm f1.2
Rotating table resolution 0.5◦ per step 0.5◦ per step
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ig. 5. The imaging fixtures in Bay 3 and 4 at MRNC. Lead and lithium shielding bloc
maging.

long the z direction of the sample. The dimensions of the sinogram
lot are: the radiograph projection per rotation angle � plotted
gainst the distance x across the sample. Sinograms may contain
ing artifact noise, a result of pixel response fluctuation, which can
e seen as vertical stripping in the sinogram. This is corrected using
oth filtering and normalization processes which enhance image
uality and improve accuracy. An inverse Radon transform is then
pplied to each sinogram to recover the actual cross sectional slice
27]. Fig. 6 shows these process steps transforming raw radiograph

rojections to 2D slices, along with further explanation. The collec-
ion of the reconstructed cross section slices, called the voxel data,
as then loaded into post processing software to construct the 3D
odel.

ig. 6. After obtaining the radiographs, a series of sinograms are used to reconstruct the
function of the object’s imaging angle. The red line demonstrates a single radiograph a
ll the radiographs of a single sinogram correspond to the same dz of the actual object
econstruct the cross-sectional slices needed for the 3D image, ie, denoted by the green bo
s referred to the web version of the article.)
used to protect the camera and other electronics from high energy neutrons during

4. Results and discussion

The 3D model created in this work allows for a clear visualiza-
tion of the fuel cell interior. The model can be used to reconstruct
cross sectional views of any arbitrary plane. The benefits outlined in
the introduction are elaborated upon with some example images.
Fig. 7 presents a set of reconstructed planar images from the MEA,
anode and cathode flow channels of the planar cell. The lighter
gray regions indicate high levels of neutron attenuation. Each pixel

in the figure corresponds to approximately 110 �m of real length.
The anode and cathode images are obtained by overlaying 10 2D
cross-sectional images in the direction normal to the plane span-
ning the entire depth of the flow channel. The planar image of the

cross-sectional views of the object. First, the radiograph projections are plotted as
t an angle �, within the sinogram, hundreds may be used to construct a sinogram.
. Finally, an inverse radon transform is then applied to each sinogram in order to
rders. (For interpretation of the references to color in this figure legend, the reader
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ig. 7. Results of the 3D reconstruction of a flat fuel cell with crisscross serpentine
he cathode and anode flow channels.
EA includes approximately 20 �m above the surface of catalyst
ayer on both sides since the thickness of MEA is around 70 �m. The
mage contains the interfacial gap between the catalyst layer and
he GDL where the liquid water formed by reaction may have accu-

ig. 8. Results of the 3D reconstruction of a round fuel cell with serpentine. The gasket
luminum bipolar plates, resulting in higher contrast in the image.
idual layers can be extracted from the model to display water distribution in both
mulated due to the GDL’s hydrophobicity. The water distribution
matches the pattern of the serpentine flow channel in Fig. 7, pos-
sibly a result of water rejection from the GDL during the time the
cell was idle between operation and imaging. Although not shown,

and the water inside the flow channels give a much higher attenuation than the
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of permeability in the GDL due to compression will influence the
reactant gas diffusivity and reaction rate [31,32], creating temper-
ature variations thus further changing the reaction dynamics and
overall water distribution.
ig. 9. Screen capture of the 3D animation rendered with the reconstructed voxe
lockages inside the flow channel can be immediately identified.

lmost no trace of water was found in the GDL. The water found
ithin flow channel area is distributed randomly in droplet form

f various sizes. This is most likely water that has migrated out
f the GDL via capillary action and a static pressure gradient as a
esult of the cell being purged before shutdown. The cathode flow
hannels contain more liquid water due to the fact that the oxygen
eduction and water formation occurs on the cathode side while
ater must be transported to the anode flow channels primarily

hrough the membrane by back diffusion from the cathode.
In Fig. 8, the images are reconstructed in a plane normal to the

xis of the cylindrical cell to visualize simultaneously the water
istribution in both the anode and cathode areas perpendicular to
as flow. In this case, the cell was not purged after operation and
o maintain the water generated the inlets and outlets were sealed.
considerable amount of liquid water is found downstream in the

athode flow channel and has accumulated on the lower corner of
he flow field possibly due to gravity. Liquid water has been pro-
uced by both reaction and condensation due to the high gas inlet
umidity and significant temperature drop from its initial tem-
erature (80 ◦C). It should be noted that the water distribution in
hese cell components will provide significant merit in investigat-
ng the water transport phenomenon through the membrane via
ack diffusion and electro-osmotic drag.

Additional full 3D model rendering was performed using the
ommercially available software, VG Studio, which allows for
igher refined image reconstruction including volume and struc-
ural analysis, as well as animation rendering. By adjusting the
isible range of the attenuation graph and histogram, the aluminum
ipolar plates can be excluded from the resultant image, expos-

ng the internal structure of the fuel cell. Fig. 9 presents several
creen shots from an animation of the round cell being rotated in
ll directions. The rendered 3D images provide a clear view of water
istribution as well as some highly attenuating cell fixtures includ-

ng silicon gaskets and stainless steel fittings. More liquid water is
hown downstream of the serpentine flow channel possibly due to
he reactant gas flow and condensation caused by the increasing
artial pressure of water vapor, i.e. reactant depletion.

Using the color and opacity manipulator, materials with similar
ttenuation levels can be colored or removed in the reconstructed
bject isolating important features. The level of attenuation in the
ow channels, GDL and MEA of the cylindrical cell are colorized

ccording to the color band shown in Fig. 10. The choice of color
an also enhance the contrasts of various materials and features
nside. In Fig. 11, far more liquid water is found on the cathode
ide and parts of the downstream channel are flooded as indicated
reviously. Upon inspection of the cathode GDL, the water distri-
set. The internal structure can be analyzed by freely rotating the model. Water

bution is found to clearly match the flow channel pattern, i.e. more
water is distributed along the flow field area while far less water is
present within the GDL at regions it is in contact with the bipolar
plates. This effect is known as cross leakage flow [17,22]. The image
of the membrane shows a similar water distribution pattern to the
cathode GDL image, this is due to water existing at the interface
between the MEA and GDL most prevalently along the flow field
area. Fig. 11 also shows two green highlighted boxes containing
areas where water in the GDL appears to have been rejected by the
hydrophobicity of the GDL into the flow channel, flooding it. Water
droplets are trapped inside the GDL layer if insufficient amounts of
water are present to enable capillary action to draw the water out
into the flow channel. This may be attributed to the fact that cap-
illary forces are more effective when accumulated water droplets
have reached a critical size allowing them to transport out of, or per-
meate through, the GDL into the flow channel which has a lower
hydrophobicity. When the water is in a smaller discrete droplet
from, as in the case of the anode GDL, the distribution appears
much more homogeneous compared to the cathode GDL. This is
because there is not enough water present to interface into larger
droplets, leaving the individual droplets isolated within the GDL.
The differences in water distribution in the GDL may also be affected
by the degree of GDL compression. Since the compression of the
GDL changes the porosity and creates microfiber breakages [28],
the effective hydrophobicity may be changed [29,30], thus altering
the transport properties within the GDL. Moreover, the variations
Fig. 10. User defined color manipulation and opacity settings used to classify the
attenuation data.
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ig. 11. Enhanced 2D image of the flow channel. The coloration can be used to hel
oxes indicate areas of discussed GDL water rejection. (For interpretation of the r
rticle.)

. Summary and future work

An effective 3D tomography method has been developed to
llow visualization of the internal structure of PEMFCs. This
tudy focused on an ex situ cell condition, and demonstrated the
mproved quality such tomography techniques have over current
eutron imaging standards. The images presented in this paper
tilize tomography’s capability to acquire all the data necessary
o reconstruct an entire cell. 3D tomography makes accessible
ny cross-sectional view desired, providing fuel cell designers the
eans to test and validate different cell designs with clear compre-

ensive visual data. Otherwise unattainable information regarding
he water distribution within the porous GDL region and the inter-
aces between the bipolar plates and MEA can be easily shown.
ur results demonstrate several methods useful toward gaining a
omplete understanding of water management in a PEMFCs most
ritical regions.

This paper focused upon imaging techniques and quality, now
hat our process has been validated, our future research will aim to
haracterize water management and fuel cell performance. Images
an be used to determine the amount of water present within the
ell via calibrating the radiograph attenuation signal for a dry ver-

us a wet flow channel region of varying thickness. This will make
he accurate quantification of water creation and distribution pos-
ible in both the anode and cathode layers. These methods can also
e adopted to testing fuel cells under any type of environmental
nd or load conditions. Used in conjunction with quantitative data,
alize the concentration of water accumulated in the MEA and flow channel. Green
ces to color in this figure legend, the reader is referred to the web version of the

tomography provides a powerful tool to verify simulation work
with experimental results. The next level of work will be incorpo-
rating in situ PEFMC conditions with the imaging techniques that
have been discussed. This will further enable fuel cell designers
with real time visualizations of cell water management and overall
performance. An environmental chamber is being designed within
the MNRC to simulate various conditions PEMFCs may encounter
especially in automotive use.
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