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a b s t r a c t

Low thermal conductivity of metal hydride alloys significantly affects the sorption performance of
hydrogen storage devices. Upon hydrogenation they also exert significant stresses on the containers due
to volume changes and thermal cycling. Aluminum foam has been widely accepted as a means to
enhance heat transfer and thereby improve sorption performance of metal hydride storage devices. In
addition to this, such foams can also serve to homogenize the container strains. In this study, numerical
simulation of the wall strain development upon hydrogenation of a vertically aligned metal hydride
storage device is performed. The device contains LaNi5 as the storage alloy embedded with aluminum
foam. Role of aluminum foam on hydrogenation and consequent development of wall strains is studied.
Effect of controlled spatial variation of foam density as a means for strain reduction is also investigated.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Safe storage of hydrogen at high gravimetric/volumetric storage
capacity is one of the major requirements to be met for the reali-
zation of hydrogen economy. Solid state hydrogen storage devices
using intermetallics and complex hydrides offer some noted ben-
efits over their compressed and liquefied counterparts in terms of
safety as well as volume and energy requirements. However system
weight, durability and operability of these devices need improve-
ment to make them practically viable.

Heat transfer is the dominant factor influencing sorption rate for
metal hydrides. In addition to this, hydrogenation of these alloys
induces significant lattice volume expansion which can lead to
fragmentation of hydride particles. Subsequent to this, fine parti-
cles settle at the bottom and eventually agglomerate under the
prevailing high pressure and temperature. Whole of these phe-
nomena induce strains in the container wall and if left unaddressed
while designing, can lead to significant distortions or failure.

A comprehensive review on heat and mass transfer of metal
hydride beds was reported by SrinivasaMurthy et al. [1]. Majority of
the numerical studies deals with 2D conservation equations with

appropriate correlations for sorption kinetics. In its more conser-
vative form, investigators [2,3] reported distinct equations of mass
and energy for both gas and solid phases. More precise models also
treated thermal conductivity as appropriate functions of bed
porosity, hydride concentration, and temperature. Mohan et al. [4]
investigated the hydriding performance of alloy bed embedded
with multiple heat exchanger tubes. This study had shown the
relevance of bed thickness, gas pressure and cooling fluid temper-
ature on hydrogenation rate. Garrison et al. [5] studied the rele-
vance of tube spacing and tube diameter on the optimal design of
such devices.

Few studies were also reported on the mechanical characteris-
tics of solid state hydrogen storage reactors. Okumura et al. [6]
showed that hydride particles resulting from the pulverization of
the alloy settle to the bottom of the reactor and effectively reduces
the porosity in this region. McKillip et al. [7] and Nasako et al. [8]
studied the wall strains in the container and showed that the
high strains near the container bottom is attributed to the lower
porosity in those regions. Ao et al. [9] found that these wall strains
vary with hydrogen loading and cycle number. Most studies dealing
with mechanical behaviour have not dealt with the effect of heat
transfer on wall strain development. Lekshmi and Mohan [10] re-
ported the effect of relevant parameters such as bed thickness,
supply pressure of hydrogen and temperature of cooling fluid on* Corresponding author.
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wall strain development.
Spatial non-homogeneity of hydrogen storage bed upon

repeated hydrogenation-dehydrogenation can be one of the major
reasons behind the thermo-mechanical issues of storage devices.
The design of such devices needs a comprehensive solution which
nullifies these non-homogeneities leading to uniform charging and
discharging of hydrogen. Application of aluminum foam with
controlled spatial density can help to homogenize the distribution
of storage alloy and provide due conduction path for the effective
transfer of sorption heat.

Studies were reported on the sorption performance of metal
hydride bed embedded with aluminium foam. However, effect of
such foams on strain development of the storage container is not
reported. The present study discusses the effect of spatial variation
of foam density and cell size on sorption performance and wall
strains of the given hydrogen storage device.

2. The physical model

Fig. 1 shows the schematic diagram of the vertically aligned
hydrogen storage device with coaxial filter and annular cooling
jacket. Aluminum foam with the given specification is inserted in
the device and filled with LaNi5 as the storage alloy. Hydrogenwith
high purity and given pressure is supplied to the storage device
which is distributed in the bed with this coaxial filter.

As hydrogenation commences, storage intermetallics release
sorption heat which is transferred to the coolant through the
storage bed. As foam serves as an effective conduction path be-
tween the heat generating alloy and the coolant, the rate of heat
conduction is improved.

In the meanwhile, hydride particles expand with increase in
lattice volume. Upon repeated cycling during charging and dis-
charging the hydride particles fragment and gradually settle to-
wards the bottom. These fine powder particles agglomerate to a
lumped mass after repeated charge-discharge cycles at the pre-
vailing pressure and high temperature. This also leads to high
stresses towards the bottom. The presence of aluminum foam re-
lieves these stresses.

Sorption and development of associated stresses/strains as
outlined above is an intricate occurrence and a true representation
of the same is unfeasible as multiple processes take place simul-
taneously. Hence several assumptions have to be implemented for

appropriate problem construction which is enlisted as follows.

1. At the moderate pressure and temperature existing in the
storage bed, hydrogen behaves as an ideal gas.

Nomenclature

b bed thickness, m
B shape factor
c concentration of hydride, mol m�3

Cp specific heat, J kg�1 K�1

E activation energy, J mol�1

F reacted fraction
D H0 heat of formation, J kg�1

h height, m
_m rate of hydrogen absorbed, kg m�3 s�1

P pressure, Pa
r radial coordinate, m
R universal gas constant, J mol�1 K�1

t time, s
T temperature, K
U heat transfer coefficient, W m�2 K�1

Y Young's modulus, Pa
z axial coordinate, m

Greek letters
b deformed factor
ε strain, mm m�1

l thermal conductivity, W m�1 K�1

r density, kg m�3

s stress, Pa
f porosity

Subscripts
a absorption
e effective
eq equilibrium
f fluid
H hydrogen
s solid
ss stainless steel
sat saturated
0 initial condition

Fig. 1. Schematic of metal hydride based hydrogen storage device with central filter
and annular cooling jacket embedded with aluminum foam.
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2. Hydrogen sorption is only trivially affected by plateau slope and
hysteresis for LaNi5.

3. Only conduction can be considered as the pronounced mode of
heat transfer, whereas convection and radiation turns out to be
insignificant at prevailing conditions inside the hydride bed.

4. Radial variation of porosity is negligible.
5. The solid and gas exist in local thermal equilibrium within the

bed.

3. Problem formulation

3.1. Mass balance of metal

As hydrogen absorb to the alloy bed, its density changes as per
the following equation.

ð1� fÞ vrs
vt

¼ _m (1)

_m represents the rate of hydrogen absorption.
Haque [11] proposed that an exponential relation for porosity

variation depth wise would be adequate and the same is fit to the
experimental data accounted by Okumura et al. Hence the porosity
variation in terms of height from base (z) is given as follows.

f ¼ Cekz (2)

The coefficients C and k depend on bed height hb and the cor-
responding porosity, 41. The value of C is given by the following
equation.

ln C þ 2ðf1 � CÞ � ln f1 ¼ 0 (3)

and the value of k is given by

k ¼ 2
hb

ðf1 � CÞ (4)

3.2. Sorption kinetics

The rate of hydrogen sorption in the alloy bed is given by Eqn.
(5) [3].

_ma ¼ �Ca exp
�
�Ea
RT

�
ln
�

P
Peq

�
ðrsat � rsÞ (5)

where Ca is reaction rate constant for absorption.
The van't Hoff equation can be utilized for the determination of

equilibrium pressure as given below

ln Peq ¼ A� B
T

(6)

where A and B are van't Hoff constants.

3.3. Energy balance

Heat conduction through the alloy bed is given by the following
equation.

�
rCp
�
e
vT
vt

¼ le
1
r

v

vr

�
r
vT
vr

�
þ le

v

vz

�
vT
vz

�
� _mDH0 (7)

Source term represents the exothermic heat during hydrogen

sorption. As hydride and the gas are assumed to be in local thermal
equilibrium, heat transfer between them is neglected. As the bed
temperature is moderate, radiation heat transfer is also neglected.

Effective volumetric heat capacity is expressed as follows�
rCp
�
e ¼ frHCpH þ ð1� fÞrsCps (8)

Matsushita et al. [12] put forward the following equation for the
effective thermal conductivity of the hydride which combines the
effect of porosity, volumetric expansion of hydride and the
respective thermal conductivities of solid particle and hydrogen.

le¼ð1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1�fÞ

p
ÞlHþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1�fÞ

p �
1� 1

ð1þbBÞ2
�
ls

þ
0
@

�
1�lH

ls

�
ð1þbÞB�

1�lf
ls
Bþ
�
1�lH

ls

�
bB
�2ln 1þbB

ð1þbÞBlH
ls

�Bþ1þ2bB

2ð1þbBÞ2

� ðB�1Þ�
1�lH

ls
Bþ
�
1�lH

ls

�
bB
�
ð1þbBÞ

1
A 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�flH

p�
1�lH

ls
Bþ
�
1�lH

ls

�
bB
�
ð1þbBÞ

(9)

where bB ¼
 �

1þ 4pF
1þ 4s

�1
3

ð1þ a0Þ � 1

!
B0 (10)

4s ¼ 4bF (11)

For Equations (9)e(11), 4P and 4b are the expansion ratios of
particle and bed respectively. b and B respectively denote the
deformed factor and shape factor for hydride.

Energy balance for aluminum foam is given by the following
equation:

raf
�
cp
�
af
vT
vt

¼ V$
�
lafVT

�
(12)

3.4. Stress-strain equations

The wall stresses in the container are due to volumetric
expansion and thermal expansion of hydride particles. As volume
of the hydride bed increases linearly during hydrogenation [13], an
effective expansion coefficient can be formulated as given below,
taking into account of these two factors

ae ¼ a

	
1þ aDT þ 0:167

3aDT

�
1�

	
Csat � C
Csat � C0


�

(13)

where a is the coefficient of thermal expansion for the storage alloy
and C is the concentration of hydrogen in the bed.

The effective Young's modulus of the porous hydride bed can be
computed using the Phani-Niyogi relation [14] as given below.

Ye ¼ Y0

�
1� f

fcr

�p

(14)

where Y0 is the Young's Modulus of non-porous material. f and fcr
are the actual and critical porosities respectively. ‘p’ is a material
specific exponent.

The stress in container walls is due to the volumetric expansion
of hydride bed, thermal expansion and gas pressure. The container
material in the elastic regime can be represented by the equilibrium
equations, strain-displacement relations and constitutive
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equations. The non-linear material behaviour in the plastic regime
can be represented using the Ramberg-Osgoodmaterial model [15].

ε ¼ s

Y
þ 0:002

�
s

s0:2

�n

(15)

where s0.2 is the 0.2% proof stress and n is the strain hardening
exponent defined as

n ¼ ln 20

ln
�
s0:2
s0:01

� (16)

3.5. Initial and boundary conditions

The initial values of concentration, pressure and temperature of
the bed are assumed to be constant and are as given below.

rs ¼ rs0; p ¼ p0; T ¼ T0 at t ¼ 0; (17)

The convective conditions existing at the annular cooling jacket
removes the sorption heat and it can be represented as follows.

�lSS
vT
vr

¼ U
�
Tf � T

�
at t >0 (18)

At the filter tube, boundary conditions are as follows.

P ¼ PH;
vT
vr

¼ 0 at t >0 (19)

The hydride bed at z ¼ hb is free to deform, while the bottom is
fixed.

u ¼ w ¼ 0 at z ¼ 0 (20)

The container wall is fixed at both ends.

u ¼ w ¼ 0 at z ¼ 0 and z ¼ h (21)

where u and w are displacements in r and z directions respectively.

4. Methodology

In this study, four different types of foams are embedded to the
metal hydride container. The density of these foams varied along
the axis, as shown in Fig. 2. This is done to homogenize the strain
distribution by controlling heat transfer and hydrogen sorption.
The weight ratio of Al - MH used in this study is included in Table 3.

4.1. Cell structure modeling of aluminum foam

Prior to numerical simulation, computational models of hydride
bed with given dimensions were modeled. As hydride bed consists
of aluminum foam of intricate geometry, their modeling was done
separately and as per the method proposed by Kou and Tan [16]. As
per this method, given number of voronoi points were generated
which is subsequently tessellated into closed polygons.

As the present study investigates the effect of foam density and
its variation along the length, such foams are realized by controlled
randomization of voronoi cells, as per the given equations in Fig. 2.
The variation of cell area is duly addressed by offsetting the cell
boundaries. While the voronoi cell generation is done with MAT-
LAB™, spline fitting and their subsequent editing is carried out in
Auto CAD™.

4.2. Numerical simulation

Once the foams of the given specifications were modeled, they
are exported to COMSOL Multiphysics™ [17]. The rest of the do-
mains which include container and storage alloy are created using
themodel creation features of this software. The fully coupled set of
conservation equations of mass, momentum and energy along with
the stress-strain equations were applied to the domains. The
boundary and interface conditions as per the problem formulation
are applied to the computational domain. An unstructured mesh of
triangular elements of given element size and quality is generated
with suitable mesh parameters. Solving the model with the given
set of non-linear equations demands time-dependent, iterative
solver with given solver settings. A relative tolerance of 1e-6 is fixed
as the convergence criterion. Grid independence study is carried
out to decide the computationally economic grid size. The numer-
ical model is duly validated with the experimental results reported
by Lin and Chen [18]. The tabulation of hoop strains at three posi-
tions along the container is given in Table 1.

The simulation results show reasonable agreement with
experimental results and maximum variation of 6.25% for hoop
strain at 3/8th of container height is observed. The validated
computational model is used for all numerical simulations pre-
sented in this study.

5. Results and discussion

With optimum hydrogen repository features such as rapid re-
action rate and excellent cyclic life, LaNi5 is a promising hydrogen
storage material. Influence of plateau slope and hysteresis is min-
imal for this alloy. The prime factor controlling the strain devel-
opment in the container is sorption controlled volumetric
expansion, which is predominantly heat transfer influenced for this
alloy.

AISI 316, with its superior resistance against hydrogen embrit-
tlement and high tensile strength throughout the operating tem-
perature range, is one of the most feasible materials for container.
Commercially available Aluminum foam made with Al 6101 offers
good thermal conductivity, low density and formability to be
embedded in the hydride bed.

Thermo-physical properties of LaNi5, AISI 316 and Al 6101 as
used in this numerical simulation are given in Table 2. The
parameter constants of the storage device under this study are
listed in Table 3. The simulations were conducted for hydride bed
embedded with different types of aluminum foams. The relevant
foam specific parameters along with the respective schematics are
given in Fig. 2. The salient results of these numerical simulations on
hydrogenation and consequent development of wall strains are
discussed in the following paragraphs.

5.1. Effect on hydrogenation performance

Fig. 3 depicts the spatial variation of hydride bed temperature
with and without aluminum foam while hydriding. During the
initial phase of hydrogenation, the rate of exothermic heat gener-
ation is high which causes rapid rise in bed temperature. Later, the
reaction rate is controlled by heat transfer through the wall to the
coolant, leading to its gradual decrease. For either case, large
thermal gradient can be observed near the wall and high bed
temperature is prevalent near the axis. This is attributed to the low
thermal conductivity of metal hydride bed. Aluminum foam im-
proves this, leading to better transfer of heat and thereby reduces
the bed temperature as observed in this figure.
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Fig. 2. Sectional view of aluminum foam a) at different segments along the bed for foam type 4 b) at segment, i ¼ 1 for different foam types.

Table 1
Hoop strain at different locations along the storage container.

Section (Fraction of total height) Simulation (mm/m) Experiment (mm/m) Variation (%)

V1 ¼ 1/8 17000 17500 3%
V2 ¼ 3/8 15000 15200 1.32%
V3 ¼ 5/8 4500 4800 6.25%
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In addition to the radial variation, temperature also varies along
the length as shown in Fig. 4. This is due to densification of hydride
by pulverization and their gravity settling leading to higher heat
generation during hydrogen sorption. This causes the temperature
to increase towards the bottom of the container. This is predomi-
nant for the bed with the alloy alone. Aluminum foam effectively
regulates the heat transfer leading to more even temperature dis-
tribution along the bed.

Fig. 5 shows the variation of average temperature of hydride bed
embedded with different types of aluminum foam during hydro-
genation. As reported by several investigators [1], bed temperature
increases drastically during the initial time period due to fast
sorption kinetics followed with its progressive decrease due to heat
exchange. Presence of aluminum foam drastically enhances this
due to reasons stated above. However the effect of foam type on
average bed temperature is not significant.

Fig. 6 shows the spatial variation of hydride concentration with
and without aluminum foam during hydrogenation. As reported by
different investigators [1], saturated alloy with higher concentra-
tion can be observed as a reaction front, which progresses towards
the axis with time. This is due to the already known fact that, better
heat transfer rate near the wall improves sorption rate. Better hy-
drogenation rate is also observed towards the top regions of the
lone bed where thicker regions of saturation are evident. This can
be better represented in Fig. 7 which plots the variation of average
hydride concentration against container height for the bed with
and without aluminum. This can be due to lower heat generation in
these less dense upper regions. For the bed embedded with
aluminum, improved heat regulation decreases this effect leading
to more uniform hydride concentration along the length.

Presence of aluminum foam drastically improves the

hydrogenation rate by improving heat dissipation. Fig. 8 shows the
effect of different types of foam on average hydrogen concentra-
tion. As the variation in their aluminum content across different
types of foams is minimal, the difference in net hydrogenation is
marginal.

Table 2
Thermo-physical properties of materials [18e21].

Property LaNi5 Hydrogen (at NTP) AISI 316 Al 6101

Density, kgm�3 8200 0.0838 8000 2700
Specific Heat, Cp, J kg�1K�1 419 14.890 468 900
Thermal Conductivity, Wm�1K�1 20 0.1825 13.4 160
Activation Energy (abs), Jmol�1 21170 e e e

Constants in kinetics equation
Ca, s�1 59.187 e e e

A 12.99 e e e

B 3704.59 e e e

Modulus of elasticity, Y, GPa 140 e 204 68.9
Poisson's Ratio 0.31 e 0.3 0.33
Co-eff. of Thermal Expn., at, mm�1K�1 1.23e-5 e 1.8e-5 2.36e-5
Yield Strength, MPa 220 170
Porosity at the top section of bed, f1 0.7
Bed Expansion ratio, 4b (Eqn. (11)) 0.167 e e e

Particle expansion ratio, 4p (Eqn. (10)) 0.273 e e e

Exponent, p (Eqn. (14)) 2.1 e e e

Table 3
Parameter ranges used in the study.

Parameter Value

Bed height, (mm)
With Al foam 98
Without Al foam 78.5

Initial temperature of hydride bed, T0 (K) 300
Hydrogen supply pressure, PH (bar) 15
Coolant temperature, Tf (K) 300
Heat transfer co-eff. at coolant side, U (Wm�2K�1) 500
Bed thickness, b (mm) 10
Thickness of container (mm) 1
Weight ratio of Al-Metal Hydride (MH) 0.713e0.756

Fig. 3. Spatial variation of alloy bed temperature without foam and with foam of type
1 (uniform density) at different time intervals during hydrogenation.
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5.2. Effect on hydrogenation strains

As hydrogen is absorbed into interstitial sites, the lattice volume
increases and the metal hydride starts to expand. This exerts
expansion strains onto the container body, both in circumferential
and longitudinal directions. However towards the bottom of the
container, the packing ratio of the metal hydride is comparatively
high and the amount of stored hydrogen is consequently more. This
gets reduced as we go up the container where the packing ratio
decreases and consequently the strains also decrease. The effect of
aluminum foam on both these types of strains is explained in the
following paragraphs.

The hydrogenation strains reach the maximum at the saturation
of the alloy and these strains vary with container height.

Fig. 9 shows the effect of aluminum foam on max. hoop strain
vertically along the container. Peak strain is observed near the
bottom where the alloy settles and agglomerates leading to higher
packing. The strain gradually decreases towards the top due to
decrease in packing density. The inclusion of aluminum foam re-
duces the peak strain and homogenizes this for the entire length.
Spatially controlled foams are more effective in handling these

strains where it matters most.
Fig. 10 shows the effect of aluminum foam on the max.

Fig. 4. Variation of average bed temperature along the vertical length of the container a) without aluminum foam b) with aluminum foam of type 1.

Fig. 5. Effect of aluminum foam on average hydride bed temperature.

Fig. 6. Spatial variation of hydride concentration without foam and with foam of type
1 (uniform density) at different time intervals during hydrogenation.
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longitudinal strain along the container. Peak longitudinal strain is
observed at the location close to the container bottom, which de-
creases with the presence of aluminum foam. Spatially controlled
foams are found to be more effective in alleviating the strain. The
longitudinal strain reverses its sign at the hydride fill limit due to
discontinuity apparent at this location. This effect is found to be less
drastic with the inclusion of aluminum foam.

As reported by Okumura et al. [6] the strains at 1/5th height
from the bottom is found to be critical. The previous results support
this, which makes the study of strains at this location for different
types of foams important. Fig. 11 shows the effect of foam density
variation on hoop strain at this location during hydrogenation.
Progressive cell size reduction with corresponding increase in its
density towards the container bottom is effective in controlling
hoop strain. Foam 2 with axial variation of cell size shows marked
improvement in strain reduction over the uniformly dense foam.
However, later improvements by other types of foams are marginal
due to their minor improvement in heat transfer. This effect is
found to be less predominant in the initial phase of vigorous
sorption as this is more material dependant than heat transfer
controlled. However this effect is more evident in the later stages of

Fig. 7. Variation of hydride concentration along the vertical length of the container a) without aluminum foam b) with aluminum foam of type 1.

Fig. 8. Effect of aluminum foam on the hydrogen concentration during hydriding.

Fig. 9. Effect of aluminum foam on max. hoop strain in the container walls. Fig. 10. Effect of aluminum foam on max. longitudinal strain in the container walls.
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hydrogen sorption which is thermally controlled. This leads to the
important observation that the advantage of aluminum foam as a
heat dissipation mechanism is more pronounced in thermally
controlled sorption regime and therefore its stress reduction po-
tential is also restricted to this regime. Similar effect can be
observed for longitudinal strain as shown in Fig. 12. However their
magnitude is small compared to the corresponding hoop strain.

The effect of average cell area on hoop strain and longitudinal
strain for uniformly dense aluminum foams is shown in Figs. 13 and
14 respectively. Their effect is marginal in both cases. This is due to
the fact that, unlike the configuration of foam, amount of aluminum
is not a significant parameter that improves thermal/sorption per-
formance and therefore do not take part in its stress control.

6. Conclusions

Numerical study of wall strain development in vertical metal
hydride storage device is conducted for LaNi5 based storage bed

embedded with aluminum foam. Simulation results show the
relevance of aluminum foam to improve thermally controlled
sorption performance and reduce wall strains in these devices.

As container weight being a significant fraction of total weight
of the device, hydride beds with spatially uniform performance and
lower strains needs to be developed. Hydride beds embedded with
foam of spatially controlled density is effective to achieve this,
leading to the weight optimized design of hydrogen storage
devices.
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