INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 35 (2010) 12837 —12845

journal homepage: www.elsevier.com/locate/he

Available at www.sciencedirect.com

-227 . .
*s’ ScienceDirect

International Journal of

Neutron imaging studies of metal-hydride storage beds

D.L. Jacobson ®*, D.S. Hussey %, E. Baltic®, T.J. Udovic®, J.J. Rush ", R.C. Bowman, Jr.>*

@Physics Laboratory, National Institute of Standards and Technology, Gaithersburg, MD 20988-8461, USA
P NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20988-6102, USA
¢ Department of Materials Science and Engineering, University of Maryland, College Park, MD 20742-2115, USA

ARTICLE INFO ABSTRACT

Article history:

Received 16 June 2010
Received in revised form
27 August 2010
Accepted 29 August 2010

Neutron radiography and tomography were used to study the transient and steady-state
distributions, respectively, of hydrogen within a prototypical, LaNi47gSng,-based
hydrogen-storage bed during and after various absorption and desorption steps. It was
shown that using deuterium instead of hydrogen enabled the imaging of thicker beds.
These measurements serve to demonstrate the unique utility of neutron imaging as an

important diagnostic tool for in situ, real-time characterization of hydrogen-concentration
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profiles in practical hydrogen-storage systems.
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1. Introduction

Over the past forty years, reversible reactions of gaseous
hydrogen with metals and alloys have been extensively
investigated for various energy storage and conversion
applications [1—4]. The reaction of a generic AB, material can
be represented by the expression

AB,, + (X/2)H, < AB,H, + AQ (1)

where AQ is the exothermic heat of reaction during
formation of the metal-hydride phase AB,Hy. Not only can
these hydrides provide compact and safe storage of hydrogen
as a fuel for internal combustion or fuel-cell power systems
[1,3,5], the cyclic absorption—desorption process can be used
in heat pumps [3,6—8] and various types of compressors
including cryogenic refrigerators (i.e., sorption cryocoolers)
[9—11]. The choice of a metal-hydride for any application is
based upon many factors that range from its basic
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thermodynamic and kinetic properties to its availability and
cost [5,12—14]. While there are potentially thousands of
metal-hydrogen systems for these devices, relatively few are
truly viable candidates due to restrictive criteria in practical
applications [12,14]. For example, the targets [15] being
imposed by the United States Department of Energy (USDOE)
on development of hydrogen-storage systems for fuel-cell-
powered passenger vehicles dictate that only hydrides
formed by the lightest elements (i.e., those occurring before
the transition metals) would be appropriate. Furthermore,
severe mass and volume constraints are being placed on the
hydride-storage vessels (i.e., sorbent beds) that must reliably
and safely contain these materials and also permit the
mandatory heat transfers during both hydrogen absorption
and desorption [16]. Thus, hydrogen-storage vessels must be
highly efficient if they are to allow the USDOE performance
targets to be met with even the most promising hydride
candidates.
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Hydride containers are always compromises between
conflicting and even incompatible parameters along with the
pragmatic issues required for component fabrication and bed
assembly. Most designs for hydride sorbent beds incorporate
various features such as highly conductive porous metallic
foams, fins, or films to enhance heat transfer within the
powder and also to promote hydrogen gas permeation
[5—-8,16,17]. Although these components add mass and
volume to the beds, the enhanced thermal performance is
necessary for heat pumps [3,6] and sorption cryocoolers
[10,11]. Numerical models of various levels of sophistication
[3,16,18,19] have been developed to predict and simulate the
operation of some hydride beds. However, their analytical
capabilities are often reduced due to the complexity of both
bed design and the gas—powder interactions during the
reactions. Homogeneous hydride distribution and simplified
boundary conditions may provide reasonable values for
average hydrogen pressures as well as gas and heat flow rates,
but detailed assessments of temperature gradients or varia-
tions in hydrogen contents within the beds are usually either
limited or not accessible from these calculations. Hence,
optimizations of bed designs are typically compromised or lie
outside the scope of either these analyses or experimental
evaluations of prototype beds.

To study and assess the hydrogen distribution in
a hydrogen-storage bed, a suitable non-destructive probe is
necessary. The ideal probe must be able to contrast the metal
components relative to hydrogen inside the bed. Although
x-rays can penetrate the metal parts of a bed, it will be
impossible to obtain contrast with the low-Z hydrogen stored
in the bed. Although nuclear magnetic resonance (NMR)
imaging methods show high sensitivity to hydrogen and
deuterium, this method would not be able to penetrate the
metal components of the bed. The only approach known to us
that is capable of penetrating the metal components and still
quantitatively measure hydrogen concentration profiles
involves the use of neutron transmission methods.

Neutron transmission imaging methods [20] offer unique
measurements of the concentration and distribution of
hydrogen isotopes that can provide new insights needed to
evaluate the behavior of hydrogen stored in vessels during
absorption and desorption. Specifically, two-dimensional
(2-D; radiography) and three-dimensional (3-D; tomography)
neutron-imaging techniques can, in principle, give non-
destructive, in situ visualization and quantification of
hydrogen transport and concentration gradients at various
stages of reaction throughout the cycling of sorbent beds, even
in complex systems. The feasibility of neutron radiography to
monitor hydrogen distributions was previously demonstrated
on Mg—Ni alloys [21,22]. The intent of the present experiments
is to assess real-time 2-D/3-D imaging of hydrides contained
in practical hydrogen-storage beds that contain internal
components for enhancement of heat and mass transfer.
Objectives include determining advantages and complicating
issues of using these neutron-imaging techniques to charac-
terize the hydrogen absorption and desorption processes
during in situ cycling of the sorbent bed. The potential of the H/
D contrast measurement to further refine imaging applica-
tions will also be probed. This information gained should be of
great value in assessing the effect of internal bed

configurations and components on the storage performance
parameters predicted from numerical simulations and engi-
neering designs.

2. Experimental apparatus and image
acquisition methods

2.1. Description of the hydride bed used in the neutron-
imaging experiments

The Jet Propulsion Laboratory (JPL) has developed, fabricated,
and delivered two hydrogen sorption cryocoolers that provide
cooling at =19 K to instruments for the Planck flight mission
[23,24], which was launched in May 2009. Each Planck Sorption
Cryocooler (PSC) contains six hydride compressor elements
that operate in serial heating and cooling cycles to provide
a closed-loop refrigerant circulation from the desorption
output of H, gas at =48 bar pressure with continuous flow rate
of 6.5 mg/s (i.e., 4.34 standard L/min) to the Joule—Thomson
(J—T) cryogenic expansion valve for at least one year of this
mission [23]. When the compressor element (CE) sorbent beds
are cooled below =300 K, they must absorb the hydrogen
evolving from the liquid-hydrogen phase in the J-T cryostat at
sufficiently low pressure (i.e., =0.5 bar) to maintain its
temperature at a nominal 19 K. A flight version of the PSC
compressor element is shown in Fig. 1a.

The performance requirements imposed on the PSC
compressor elements required a series of trade-offs [18,19,23]
be made with respect to bed mass and volume, heat and gas
transfers, input power, and durability during extended
temperature cycling between 273 K and 473 K, as well as ease
and reliability of fabrication. The optimized bed configuration
[10] is shown schematically in Fig. 2, which is close to the final
flight version. The circular tubing for the hydride sorbent bed
was fabricated from 316L stainless steel that was filled with
616 g of high-purity LaNis78Sng 2, powder. The enthalpy of
reaction between this alloy and H, gas is 34 kJ/mol H, [18]
where the hydride composition to give a filled bed is
LaNig 76Sng 20Hg 13 When pressure in the bed is 1.65 bar.
A capped porous (i.e., nominal pore diameter of 2 um) stain-
less steel tube was located along the center of the bed to
promote axial distribution of gas during absorption and
desorption, while a single heater assembly with two pairs of
insulated wires was spaced along the inner wall in grooves of
the open-pore (nominally 2 pores/mm) 11% dense Al foam. A
photograph of the heater-foam components taken just prior to
insertion into the stainless steel tube is given in Fig. 1b. The
diameter of the foam is 2.9 cm with a length of 35.2 cm. The fill
density of the alloy powder was 3.53 g/cm® (which is approx-
imately 43% of the bulk alloy density) based upon the total
interior volume that can be occupied by the alloy excluding
volumes for the filter tube, internal heater assembly, and the
Al metal. Closure of this hydride bed, which is shown in
Fig. 1c, was via orbital welding while the entire assembly was
in an argon-atmosphere glove box. The total interior length of
the hydride bed is 1.0 cm longer than the Al foam to avoid
excessive heating of the powder or foam during the closure
weld. Although various procedures were used to uniformly
distribute the as-loaded alloy powder within the CE bed prior
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Fig. 1 — Images of (a) the Planck Sorption Cryocooler (PSC) Compressor Element (CE) containing an inner hydride sorbent bed
and the gas gap heat switch assembly, (b) the porous Al-metal foam and heater assembly of the inner hydride bed prior to
assembly, and (c) the complete CE hydride sorbent bed after filling with LaNi, 7sSn, », alloy, which was the status of the bed

used during the neutron-imaging experiments.

to hydride activation, which produces extensive particle
fracturing and expansion within the pores of the foam, X-ray
radiography revealed residual settling and inhomogeneous
distribution of the hydride powder, with void regions
remaining within the activated bed. Although it was not
possible to measure directly the thermal conductivity of the
activated powder and Al foam combination, comparison of
bed performance parameters measured during laboratory
testing of the hydride bed with simulations using detailed
thermal modeling [18,19] were in good agreement with mean
effective  thermal  conductivities in  the range
~5Wm 'K '-7Wm K. Fabrication of a complete CE, as
shown in Fig. 1a, involved inserting the inner hydride bed into
the outer Al housing to form the gas gap heat switch (GGHS)
spacing of 0.75 mm shown in Fig. 2 and the GGHS actuator
assembly [5,25]. The novel GGHS reduced the input power
required during heating of the CE sorbent bed by nearly 80%
[25]. While the hydride material used in the cryocooler system
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was too heavy to be of interest for vehicular hydrogen energy
storage, the engineering details of the cryocooler hydride beds
are similar to those which must be dealt with in future
hydrogen sources for fuel-cell cars. Thus the present neutron-
imaging experiments were performed on a hydride bed iden-
tical to the one shown in Fig. 1c, where heat required for
desorption was provided from the embedded electrical heater
assembly, and external fans were used during cooling and
absorption measurements.

2.2.  Neutron imaging facility

Although neutron radiography as a research tool can be traced
back to the 1950s and was part of the motivation to build
research reactor facilities in the U.S., the method fell into
disuse at the National Bureau of Standards Reactor facility for
many years. However, by the mid 1990s, digital imaging
methods had revolutionized the field of neutron radiography,
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Fig. 2 — Cross sectional view of a prototype Planck Sorption Cryocooler (PSC) compressor element (CE) showing the gas gap
spacing of 0.75 mm between the inner bed that contain the sorbent alloy and the outer housing. Powder of the hydrogen
sorbent alloy LaNi, 7gSng 2, fills the voids in the aluminum foam pieces (from Ref. [10]). There was no gold plating on the CE

used during the neutron-imaging experiments.
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which had been previously based on film processing. Moti-
vated by these advances in digital imaging and the interest to
study hydrogen fuel-cells [26], new neutron radiography
facilities at the NIST Center for Neutron Research (NCNR) were
built in 2003 [27] and later upgraded in 2006 [28] to provide
high-resolution digital radiography capabilities. The current
NIST Neutron Imaging Facility (NNIF) (see Fig. 3) was used to
perform the radiography and tomography experiments.

The essential components of a radiography beam line are
illustrated in Fig. 4. The primary parameters to optimize in
neutron radiography are the detector-to-sample distance z
and the L/d ratio, where L is the distance between the detector
and an aperture of diameter d. Samples are placed between
the detector and aperture, and the resulting geometric spatial
blur g (not including blurring due to the detector) is defined as

(2)

To minimize A it is necessary to minimize z and d and
maximize L. In addition to the geometric blur, the diametrical
size of the beam is linearly proportional to L. At the largest
distance of L inside the NNIF of 6.3 m, the resulting beam size
is 26 cm in diameter. This is one factor in determining the
largest object that can be radiographed in one image. The
current lowest value of L/d at the NNIF is 450, corresponding to
a neutron beam fluence rate of 1.38 x 10’ cm™2 s}, uniformly
spread across the 26 cm beam diameter. The choice of high
spatial resolution (high L/d value) results in a corresponding
decrease (as the inverse square) in neutron intensity and,

therefore, worse temporal resolution. The tradeoff between
spatial resolution and temporal resolution is discussed in
detail elsewhere [29], but in practice nothing above 6000 is
used due to the resulting reduction of neutron intensity. The
optimal beam conditions for the present study, L/d = 450,
250 pm spatial resolution, and 20 cm x 25 cm field of view,
were driven by the interest in rapid data acquisition and
resolving the primary components, as opposed to individual
grains of metal powder. Spatial resolution as low as 13 um is
possible, but the field of view and intensity are greatly
reduced. For the present measurements, the aperture diam-
eter was 1 cm, for an L/d of =600 and a fluence rate of
4.97 x 10° cm~2 s~%. The detector was an amorphous silicon
flat panel detector in direct contact with a °Li-doped ZnS
scintillator screen, with a spatial resolution of about 0.25 mm.
Images were acquired at a frame rate of 1 Hz.

2.3. Neutron radiography

A neutron radiograph is the 2-D neutron intensity measured
by a neutron imaging detector. The intensity of the beam
transmitted through the sample I can be related to the unat-
tenuated intensity I by the Lambert—Beer relationship

T=1/I, =exp { - Z/ (udt)n} (3)

where T is the transmission ratio, (t=No) is the attenuation
coefficient, N is the atom density, ¢ is the total neutron cross

. Thimble of beam tube
@ Tapered colimation

@ Rotating Drum
Wax and shot filled shields

@ Evacuated flight tube

Sample position
Neutron camera
Beam stop

Fig. 3 — Schematic of the BT2 NIST Neutron Imaging Facility used for in situ radiography and tomography measurements.
The hydride bed was mounted at (8) to a rotation stage with its axis in the horizontal, transverse direction so as to reduce
the possibility that the powder would settle from its initial distribution.
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Fig. 4 — Schematic representation of a typical neutron imaging configuration: a) schematic of the essential components of
a neutron imaging facility; b) a sharp image of an object; c) blurring due to finite geometric unsharpness.

section, t is the material thickness, and m labels a component
of the object being radiographed. In principle, n can be used to
distinguish individual isotopes, as the neutron cross section
can vary not only from atom to atom, but between isotopes as
well. In practice, separating individual components can be
a challenge that is made much easier in devices that have two
different states, such as empty and filled hydrogen storage
beds. In such cases, the empty bed can be removed using Eq.
(3) from the images of the filled bed by dividing the filled-bed
radiograph by the empty-bed radiograph. This allows the
quantification of the integrated (projected) values of ut along
a line connecting the source of neutrons and the pixel in the
radiograph plane described by

P(i) = (M) = 3 [ (ud), @

If the value of ¢ is known, then the values of ut can be con-
verted to the mass of material that was measured using the
following relation

m(i,j) = —AMIn[T(i,j)] /o ()

where A is the area of a pixel and M is the molar mass of
hydrogen. Energy-dependent values of ¢ for certain materials
are tabulated in tables such as ENDF [30], but using these
values requires an accurate measurement of the energy
distribution of the neutrons used to perform the radiography
experiment. Alternatively, it is possible to calibrate the
measurement by measuring ¢ using multiple well-defined
samples of known thickness, density, and composition. Such
a calibration for this system has yet to be performed, so values

were estimated based on the measured energy distribution of
the beam and the tabulated total neutron scattering cross
section for hydrogen or deuterium. This approach assumes
that the chemical binding of hydrogen to the LaNi4 78Sng 22
does not significantly modify the effective hydrogen or
deuterium total neutron scattering cross section. It is known
that for certain hydrogenous compounds, such as water, this
is a poor estimate. In such a case, a precise measurement of
the hydrogen or deuterium content would require an attenu-
ation calibration measurement. Nonetheless, in the current
study, estimating the cross section is adequate to demon-
strate the range of questions that can be addressed with
radiography and tomography as discussed below.

2.4. Tomography

If the sample is allowed to rotate to angles ¢ about an axis
parallel to the points j in the image, then Eq. (4) can be
rewritten as P(i,j =ji,0 = 61), which represents one set of
coefficients of the Radon transform [31] of a slice plane
through the object containing the axis defined by the line
containing the pointsiin the projection. If the object is rotated
at discrete values of 6 from 0 to = (7 to 2r are redundant for
parallel beam geometries), then this set of data defines the
Radon transform of the object. The measured Radon trans-
form can be inverted, analogous to the Fourier transform, to
determine the spatially resolved values of u. This recon-
struction is done in slice planes orthogonal to the axis of
rotation. Therefore the reconstructions are referred to as axial
slices. The full 3-D data set is defined as the stack of slices
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along the axis of rotation. Each reconstructed slice plane has
a finite thickness defined by the pixel pitch of the detector.
Instead of pixels, the data is now stored in voxels or volume
elements [31]. In the reconstruction, the voxels are shaped like
wedges due to the polar nature of the Radon transform; in
practice the voxels are remapped onto Cartesian geometry for
simplicity of data storage and display. The spatial resolution is
determined not just by the detector and the beam, but also by
the angular step size used to rotate the object to obtain the
projections P(i,}, §). This is because one dimension of the voxel
is determined by the length of the arc defined by the product
of the angular step size 66 and the outer radial distance to the
axis of rotation r. To achieve the same reconstructed spatial
resolution or voxel dimension as the detector for all points in
the reconstruction of the object, the angular step size must be
chosen to be 64 < A/r, where 1is the detector pixel pitch and ris
the distance between the center of rotation and the furthest
spatial feature to be resolved. Here A = 127 pm and r = 16.5 mm
(see Fig. 2) so 66 < 7.7 mrad (0.44°). This means that to capture
the full 3-D data set, at least 400 projections must be obtained.
The amount of time for such measurements can be substan-
tial. Therefore, such measurements only make sense when
the density of the sample is at steady-state (static). Indeed,
tomographic measurements under non-equilibrium condi-
tions can result in reconstruction artifacts in the filtered back-
projection algorithm. Hence, dynamics associated with tran-
sients are only possible to probe using radiography.

3. Experimental data

Both radiography and tomography were used in the present
study to follow the real-time hydrogen distribution during an
absorption/desorption cycle as well as at discrete (steady-
state) points throughout the cycle. Radiography was used to
capture transient behavior during D, absorption by the bed,
and tomography was used to capture the full 3-D density
distribution once equilibrium was reached after an absorp-
tion/desorption step. Both radiography and tomography of the
empty bed were performed initially in order to remove its
contributions to the transmission measurements of the
loaded bed. The bed was mounted horizontally to avoid
resettling of the LaNi, 78Sn 2, powder as the bed was moved.
Moreover, after gas absorption, the powder tended to expand
and lock itself into place inside the Al foam, mitigating any
measurable powder redistribution.

Imaging experiments were performed with both hydrogen
and deuterium. The order-of-magnitude lower cross section
for D compared to that for H means that one can extend the
maximum measurable bed thickness by using deuterium. The
neutron transmission through the LaNiy 7Sng > powder was
already only about 10% in the center of the bed, which meant
filling to full capacity with hydrogen would result in undesir-
ably low transmission. Hence, in experiments where the bed
was fully hydrided — equivalent to absorbing 94.5 L of H, or D,
gas at standard temperature and pressure (STP) or 4.22 mol —
D, was used rather than H,. In the following analyses, the
bound total neutron cross section of H or D was used to esti-
mate the mass of absorbed gas. This is an estimate, as it is
known that the scattering from H can depend on the

molecular binding [32,33]. A more precise calibration can be
performed as long as the entire metal-hydride bed is in the
imaging field of view. In this report, the bed extended beyond
the field of view, and so it was not possible to use the present
data for calibration.

3.1 Image reconstruction and analysis

Radiography data was analyzed with NIST image analysis
programs. Images were normalized and converted to projec-
tion images defined by Eq. (4). For the tomography recon-
structions, the data was analyzed using the software Octopus
8.0 [34]. Additional 3-D renderings were generated using
Volume Graphics Studio 1.2. In order to simplify the analysis
of one axis versus the other, the object axis should be aligned
with the axis of rotation, which, in turn, should be aligned
with an axis defined by the data set coordinate system. In
practice, there is always a slight misalignment of the axes.
This can be corrected during the analysis phase by resampling
the originally axially sliced 3-D data set into sagittal slices and
applying a small rotation « to all slices, then resampling the
data as coronal slices and applying a small rotation g such that
the desired axis of the sample is now properly aligned with the
axis of the 3-D data set.

3.2. Discussion of data

Fig. 5 illustrates various representative sagittal slices associ-
ated with the storage bed, which were produced via

Fig. 5 — Sagittal slices through the tomographic
reconstructions. (a) The total attenuation coefficients of (a)
the empty bed, (b) the bed filled with 94.5 L of D,, and (c) the
bed after desorbing =60 L of D,. Black and white
correspond to attenuation coefficients of 0 cm~'and

1.0 cm ™, respectively. Subtracting the empty bed
attenuation coefficient yields the D content of the bed: (d)
after the absorption of =100 L and (e) after desorption of
~60 L of D,.
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tomographic reconstructions under steady-state conditions.
For these images, D, was used as the absorbing gas. Fig. 5a—c
depict the empty bed, the fully hydrided bed, and the bed after
desorbing =60 L of D,, respectively. In these images, black and
white correspond to attenuation coefficients of 0 cm™! and
1.0 cm™?, respectively. Subtracting the empty bed attenuation
coefficient yields the D content of the bed, which is shown in
Fig. 5d and e for the fully hydrided bed and after desorption of
=60 L of D,, respectively. In these images, the large, open-pore
structure of the aluminum foam is clearly visible. Also evident
in Fig. 5a is the non-uniform packing of the hydride bed, which
has a greater density for =100 mm from the endcap. Despite
the non-uniform powder distribution, the D content of the
filled bed appears rather uniform in Fig. 5d. During desorption,
D preferentially escapes from the powder-depleted region in
the center region of the bed, though this is likely due to the
thermal control of the bed during desorption. The heater does
not reach to the end of the bed, and this cold region will be
slower to desorb D than the rest of the bed.

UsingEq. (5) the mass of D is plotted in Fig. 6 at various points
along the length of the bed vs. time during random multi-step
absorption and desorption processes. The absorption and
desorption rates were limited by the maximum temperature
(373 K) that the bed was allowed to reach. At the final stage of
absorption (i.e., after =10,000s), the D contentin Fig. 6ais shown
to decrease with distance from the end of the bed, which is
consistent with the lower powder density at the center region of
the bed. Near the center of the bed, where the temperature was
slightly more uniform, the desorption rate was also more
uniform, while the presumably cooler end of the bed desorbed
more slowly due to less efficient heating and the additional
thermal mass of the endcap.
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Fig. 6 — The D content at several points along the length of
the bed during multi-step (a) absorption and (b) desorption
processes with distances measured from the beginning of
the powder-filled region.

Again using Eq. (5), the mass of D is plotted in Fig. 7 at
various times vs. the distance along the bed during the same
random multi-step absorption and desorption processes as in
Fig. 6. The lower metal powder density at the center of the bed
(distances greater than 150 mm) results in reduced absorbed D
at the end of absorption. The absence of a heater element at
the end of the bed (near 0 mm) results in a slower desorption
rate for distances below 100 mm. The D released along the bed
length is shown in Fig. 7c showing that essentially full release
from the center region (i.e., distances >120 mm) has occurred
within 1250 s while the release becomes much slower as the
distance from the endcap becomes shorter. The combination
of gradients in powder density and local bed temperature
results in the variation of D release along the length of the bed.

Fig. 8 illustrates representative images (both in grayscale
and color) of the radial H distribution within a bed (after
removal of the empty-bed contributions) following absorption
of =12 L H,. These images were generated at different points
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Fig. 7 — The mass of deuterium along the metal bed length
at selected times during the same (a) absorption and (b)
desorption processes as in Fig. 6. (c) Total mass of D
evolved from each point in the bed during the desorption
process.
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Fig. 8 — Radial H distribution after absorption of 12 L of H at three different points along the bed: (a) near the end of the bed at
the bends in the internal heaters, (b) near the center of the imaged area, and (c) at the opposite end of the imaged area. (d—f)
are colorized images at the same locations, red indicates high H concentration, black no H concentration (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article).

along the bed ranging from one end of the bed, where the
bends in the internal heaters are located (as indicated by two
long oval-shaped dark spots), to the center and opposite end
of the imaging window where the central gas delivery tube
and five heater lines run axially (as indicated by the one larger
and five smaller circular spots). Besides observed axial
differences in H concentration, it is also clear that H absorbed
preferentially at the outer radius for this particular set of
experimental conditions, probably a consequence of the
appearance of radial temperature gradients during the
absorption process.

4, Conclusions

The current set of measurements was meant to exemplify the
type of important information that can be gleaned by neutron
imaging. This paper shows that hydrogen-sensitive, in situ
neutron imaging has the capability to map out real-time,
hydrogen concentration profiles in three dimensions during
absorption/desorption cycling of prototype hydrogen-storage
systems. Moreover, utilizing deuterium instead of hydrogen
significantly increases the maximum bed thickness that can
be characterized. Real-time, in situ, simultaneous temperature
and hydrogen concentration information in three dimensions
is key to understanding the detailed behavior of any particular
storage bed under development. Thus, these measurements
demonstrate that neutron imaging would be a powerful and

invaluable analytical tool for the engineer designing present
and future hydrogen-storage tanks for vehicular and
stationary applications.
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