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Abstract A numerical study is made of transient heat and
mass transfer in metal hydride beds in the hydriding
process with the addition of internal aluminum plates. The
two-dimensional equations governing the hydration ki-
netics, hydrogen ¯ow and heat transfer are solved by using
the iterative method based on the ®nite-volume technique.
It is found that the heat transfer is enhanced by the in-
stallation of aluminum plates, and the ratio of the gap
distance between the aluminum plates �H� and the thick-
ness of the bed �L� emerges to be an important parameter.
The reaction process is also strongly in¯uenced by H=L.
An optimal value of H=L exists to yield the fastest reaction
rate, which is also shown to depend on other relevant
parameters, such as the thickness of hydride bed and the
inlet pressure.

List of symbols
C hydrogen concentration in metal [molHmolÿ1

r ]
_C concentration reaction rate

Cp speci®c heat capacity [J kgÿ1Kÿ1]
D diffusion parameter
dp average diameter of particle [m]
Ea activation energy [J molÿ1]
H gap distance between aluminum plates [m]
DH heat of formation of hydride [J molÿ1]
ka thermal conductivity of aluminum [W mÿ1 Kÿ1]
keff effective thermal conductivity of the bed

[W mÿ1 Kÿ1]
KD Darcy permeability of powder [m2]
Keff effective Darcy permeability of powder [m2]
Kn Knudsen number
L bed thickness [m]
_m mass reaction rate of hydrogen [kg mÿ3 sÿ1]

M molecular weight [kg molÿ1]
P pressure [Pa]

Peq equilibrium pressure [Pa]
R universal gas constant [J molÿ1 Kÿ1]
DS reaction entropy [J molÿ1 Kÿ1]
t time [s]
T temperature [K]
u horizontal velocity component [m sÿ1]
v velocity vector [m sÿ1]
x horizontal coordinate [m]
y vertical coordinate [m]

Greek symbols
b plateau hysteresis factor
� porosity of powder
d thickness of Al plate [m]
l dynamic viscosity [kg mÿ1 sÿ1]
x hydrogen concentration ratio, � C=Cmax

/ plateau ¯atness factor
q density [kg mÿ3]
h dimensionless temperature

Subscripts
a aluminum
b bed
eff effective
i inlet
max maximum
0 initial
c gas phase (hydrogen)
r solid phase (hydride)

1
Introduction
The applications of metal hydride span a wide variety of
technologies, e.g., energy conversion, chemical compres-
sors and hydrogen storage [1]. Many attempts have been
made to analyze the hydride dynamic character during the
absorption/desorption process in the metal hydride beds.
The main factors governing the dynamics of the metal
hydride bed are [2]: heat transfer from/to hydration zone,
hydrogen ®ltration through the metal hydride matrix and
kinetics of the hydrogen sorption processes, etc. By ne-
glecting the hydrogen ¯ow under the assumption of con-
stant gas pressure in the reactor, a one-dimensional heat
transfer model was proposed by Mayer et al. [3] and two-
dimensional approaches were presented by Sun and Deng
[4] and Pons et al. [5]. The effect of the hydrogen ®ltration
on the process dynamics in metal hydride bed was taken
into account in Refs. [6±8]. The kinetics of the chemical
reaction process has also been dealt with by numerous
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researchers [9±12]. The conjugate heat transfer in hydride
beds has been addressed by Guo and Sung [13].

In the design of metal hydride bed the enhancement of
the effective thermal conductivity of metal hydride pow-
ders is of practical signi®cance [9, 10]. Toward this end,
several methods have been used, e.g., addition of a wire,
employment of metal powder of high thermal diffusivity,
and use of an aluminum foam matrix to contain the hy-
dride particles. The installation of internal plates, among
others, is considered in the present study to enhance the
lower thermal conductivity and to improve the reaction
dynamics. A recent experimental study [10] showed that
the dynamic behavior of the bed is signi®cantly enhanced
by the insertion of aluminum plates. A proper numerical
model is required to accurately assess the performance of
the metal hydride bed, which includes the hydration ki-
netics, hydrogen ¯ow and heat transfer in the hydride
powder as well as the heat conduction in the plates.
A survey of relevant literature reveals that no detailed
analysis has been conducted to investigate the enhanced
heat and mass transfer in metal hydride beds in the ad-
dition of metal plates with high thermal conductivity. The
effect of enhanced heat transfer on the process dynamics
in metal hydride bed should be examined.

In the present study, the conjugate heat transfer ac-
companied by the chemical reaction and reacting ¯ow is
numerically investigated in the rectangular metal hydride
beds with the addition of aluminum plates. The transient
nonlinear governing equations are solved by an iterative
method based on the control-volume technique. The time-
space evolution of concentration and temperature ®elds in
the bed was evaluated. The in¯uence of the addition of
aluminum plates on the heat transfer and reaction rate in
hydriding process was discussed.

2
Mathematical formulation
The end effect of the hydride bed is assumed to be negli-
gible and the insertion of aluminum plates is equally
spaced, so that only the part between two Al plates is the
calculation domain as shown in Fig. 1. The thickness of
hydride bed between the screen and the wall is L. The
aluminum plates with thickness of d connect the screen

and the wall. The solid phase metal hydride is packed in
the enclosed region and the gaseous phase hydrogen is
supplied (hydriding processes) or removed (dehydriding
processes) through the porous screen. The gap distance
between plates is H. The temperature of the wall is
maintained at a prescribed value T0. The hydride particles
have an initial uniform hydrogen concentration and uni-
form temperature equal to the wall temperature. The hy-
dride bed consists of a number of the analysis domains.

The following assumptions are employed: 1) the hy-
drogen behaves as an ideal gas; 2) the metal hydride is
homogeneous, isotropic and in local thermal equilibrium;
3) the hydride density is constant. The governing equations
based on the ``local volume averaging'' technique [2] are
then established. The gas phase conservation equation is

o
ot
��hqci� � r � �hqcih~vi� � ÿh _mi �1�

The notation hi represents the local volume averaging in
the following sections.

Darcy's law can be employed in the gas phase motion
equation since the hydrogen ¯ow is mainly in the transi-
tional or continuum regime [2, 6]:

rhPci � ÿ l
Keff
h~vi ; �2�

where

Keff � KD�1� 1:15 Kn� ; �3�
in which, KD and Kn are the Darcy permeability of the
powder and the Knudsen number, respectively, and have
been formulated by Choi and Mills [6]. Substituting Eq. (2)
into Eq. (1) and using the ideal gas state equation, lead to

o
ot

�Mc

RT
hPci

� �
� r � Keff Mc

lRT
hPcirhPci

� �
ÿ h _mi :

�4�
The energy conservation equation in metal hydride is

qbCp;r
oT

ot
� hqciCp;ch~vci � rT � r � �keffrT� � h _Qi ;

�5�
in which a local thermal equilibrium is assumed [6, 8]. The
density of the bed is expressed by qb � �1ÿ ��qr and the
chemical reacting heat rate is h _Qi � ÿh _miDH=Mc. The
heat conduction equation in the plate is written as

qaCp;a
oT

ot
� r � �karT� : �6�

The kinetics of the hydrogen absorption and desorption is
described in terms of a shrinking core model [11]. The
core is taken to be a saturated a-phase metal, while hy-
dride is the b-phase. Hence, the effective heat capacity is
Cp;r � �1ÿ C� � Ca � C � Cb, in which C represents the
atomic ratio of the bounded hydrogen to the metal hy-
dride. The concentration reaction rate is obtained from the
following expression [2, 6]

h _Ci � D � exp ÿ Ea

RT

� � hPci1=2 ÿ P
1=2
eq

�1ÿ x�ÿ1=3 ÿ 1
�7�

Fig. 1. Diagram of the calculation domain in metal hydride bed
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The equilibrium pressure Peq is related to the van't Hoff
equation. The modi®ed equation of Nishizaki et al. is used
for Peq [12]:

ln
Peq

1:0133� 105

� �
� DH

RT
ÿ DS

R
� �/� /0�tan p xÿ 1

2

� �� �
� b

2
; �8�

where DH is the heat of formation and DS is the entropy
change.

The initial condition is set as

t � 0 : T � T0; C � C0; hPci � Peq�x0;T0� �9�
The boundary conditions are:

(1) at x � 0

hPci � Pi; ÿkeff
oT

ox
� hqcihuiCp;c�T ÿ T0� �10�

The second condition satis®es the requirement of conti-
nuity of the energy ¯ux.

(2) at x � L

ohPci
ox
� 0; T � T0 �11�

The contact resistance between the wall and powder bed is
ignored.

(3) at y � 0 or y � H, a symmetry condition is applied,
so that

ohPci
oy
� 0;

oT

oy
� 0 : �12�

3
Numerical scheme
The set of Eqs. (4)±(12) describes a general model for
transient heat and mass transfer accompanied by the
chemical reaction in the metal hydride bed. The model is
expressed by coupled non-linear differential equations.
The fully implicit scheme based on the control-volume
formulation was introduced to discretize the governing
equations. A harmonic-mean formulation [14] was
adopted for the interface diffusion coef®cients between
two control volumes. This approach is capable of handling
the abrupt changes in these coef®cients at the ¯uid/solid
interface [15]. The conjugate problem of heat transfer is
solved using a method described by Patankar [14]. The
iterative method was used to linearize the coupled non-
linear coef®cients and the source/sink term. The power law
for the convective term in Eq. (5) was employed. The re-
sulting algebraic equations were solved by the tridiagonal
matrix algorithm.

The spatial grid was varied from 100� 40 to 200� 160
in the x-y computational domain. The time step was set to
be suf®ciently small (0.1 second), while during the ®rst ®ve
seconds of reaction, the time increment was changed from
0.001 to 0.1 second in order to capture the sudden change
of chemical reaction. The calculation was iterated at the
same time-step until the relative variations of pressure and
temperature between two successive iterations were

smaller than the preassigned accuracy levels of 10ÿ4. The
sensitivity of calculated results to the grid interval, time
step and convergence criterion was checked in several
sample calculations. The outcome of these exercises was
satisfactory. The numerical results were validated by
checking them against the experimental results [9] and
one-dimensional solutions [6].

4
Results and discussion
The calculated metal hydride reaction bed is ®lled inside a
glove-box with fully activated LaNi4:7Al0:3 powder to the
appropriate bed thickness. It is geometrically similar with
the experimental setup of Supper et al. [9] except the ad-
dition of a large number of Al plates. The hydride prop-
erties used for the present calculations are set forth [12]:
DH � ÿ33819:7 J molÿ1

H2
, DS � ÿ107:41 J molÿ1

H2
Kÿ1,

/ � 0:30, /0 � 0:005, b � 0:098, � � 0:5,
qb � 2500 kg mÿ3, Ca � 339:67 J kgÿ1 Kÿ1,
Cb � 492:1 J kgÿ1 Kÿ1, dp � 0:03 mm, Ea � 33:9 kJ molÿ1

H2
,

keff � 1:3 W mÿ1 Kÿ1 and Cmax � 1:0. The hydride has an
initial hydrogen concentration C0 � 0:1 for hydriding
processes. The thickness of the aluminum plate is
d � 0:1 mm and the prescribed temperature is T0 � 293 K
in the following sections.

To check the validity of the present computations, the
numerical results without the addition of aluminum plate
are shown in Fig. 2 comparing with the available experi-
mental [9] and analytical data [6]. A value of
D � 14:89� 10ÿ6 for the diffusion parameter is deemed to
give a suitable match with the experimental data for a
2 mm thick bed [9]. The hydride particles have an initial
hydrogen concentration of x � 0:1 and uniform temper-
ature equal to the wall temperature and there is a step
change in the ambient inlet hydrogen pressure to
Pi � 3 atm at t � 0. The predicted hydrogen concentration
ratio x is de®ned as the amount of hydrogen absorbed to
the maximum amount of hydrogen absorbed. As seen in
Fig. 2, the present simulation is in overall agreement with
the experiment result [9] as well as with the prediction of
Choi and Mills [6]. Two values of x=L � 0 and 1 indicate
different locations in the bed. The experimental values of
x were regarded to be average value in the bed. A relative

Fig. 2. Comparison of x pro®les with the experiment of Supper
et al. [9] and the simulation of Choi and Mills [6] for L � 2 mm
and Pi � 3 atm
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poor prediction by Choi and Mills [6] at x=L � 0 may be
attributed to the energy conservation equation which they
employed. They modeled the unsteady term in the energy
equation as �1ÿ ��qbCp;b � oT=ot. In the present study, we
set it as �1ÿ ��qrCp;r � oT=ot, which is broadly used in
Refs. [2±4, 7, 8]. Furthermore, Choi and Mills [6] neglected
the unsteady term in the gas phase conservation equation.
It should be noted that the unsteady term is properly taken
into account in the present study. However, it is found that
the effect of the unsteady term in the gas phase conser-
vation equation is not signi®cant.

The in¯uence of the installation of aluminum plates on
heat transfer of the reactor is illustrated in Figs. 3±5. The
dimensionless temperature is de®ned as h � �T ÿ T0�=
�Teq0 ÿ T0�, where Teq0 is the van't Hoff's equilibrium

temperature at Pi and x � 0:5. Three values of H=L are
chosen in Fig. 3, i.e., H=L � 0:2; H=L � 0:4 and H=L � 1.
When no aluminum plate is installed, H=L � 1. The
thickness of the bed is L � 10 mm with Pi � 3 atm. The
solid line represents the temperature at the location in the
screen �x=L � 0�, while the dashed line is the temperature
at the center location of the bed �x=L � 0:5�. The value at
each position is an average one along the y-direction of the
bed. In general, the temperature rises rapidly in the initial
stage due to the chemical reaction caused by the inlet high
pressure hydrogen, and it then decreases slowly and con-
verges towards the cold wall temperature. Obviously, the
temperature in the addition of aluminum plates is lower
than that without aluminum plates �H=L � 1�. In other
words, the insertion of Al plates enhances the heat trans-
fer. Consequently, the bed temperature decreased. As the
gap distance becomes smaller, i.e., H=L decreases, the
temperature decreases. The denser the Al plates are
installed, the stronger the heat transfer is enhanced.

The y-direction averaged temperature pro®les along the
x-direction of the bed are illustrated in Fig. 4 for different
gap distances �H=L � 0:2; 0:4; 0:8 and 1� at four different
reaction time instants. The simulated conditions are the
same as in Fig. 3. At each time stage, the temperature is
lower when the plates are densely packed, i.e., the smaller
H=L. The spatial temperature gradient at the position of
cold wall �x=L � 1� is also decreased in the addition of Al
plates. The temperature pro®le inside the bed is that the
temperature is larger when x-coordinate is smaller. The
difference of temperature at the locations between x=L � 0
and x=L � 1 is very large, particularly in the case of
without Al plate. The time-space evolution of the tem-
perature ®elds in the hydride bed is further displayed in
Fig. 5 for H=L � 0:4; L � 10 mm; Pi � 3 atm and

Fig. 3. Temperature distributions as a function of charging time
for different H=L with L � 10 mm and Pi � 3 atm

Fig. 4. Temperature pro®les along the x-direction for different H=L with L � 10 mm and Pi � 3 atm
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T0 � 293 K. It is seen that, the temperature is lower in the
region of aluminum plate (center line at y/H = 0.0). As
y=H increases in the range of 0 � y=H � 0:5, the tem-
perature increases. However, the temperature difference
along the y-direction is small because of the symmetry
conditions applied at y � 0 and y � H. From Figs. 3±5, it
is seen that the heat transfer in the metal hydride bed is
substantially augmented by the insertion of aluminum
plates.

Figure 6 describes the pro®les of local hydrogen con-
centration �C� at different time instants in the same cal-
culation conditions of Fig. 4. The change of concentration
over time corresponds to the reaction rate. As time pro-
ceeds, the concentration increases in the hydriding pro-
cess. A closer examination of the concentration transitions
discloses that the effect of the plate insertion is signi®cant
for reaction process. From Eq. (7), it is seen that the
reaction rate is dependent on the temperature and the
equilibrium pressure which is also related with the tem-
perature as concluded from Eq. (8). At the initial stages,
i.e., t = 1 or 5 s, the local concentration increases as the
location goes away from the cold wall to the screen and the
overall concentration increases as H=L increases. This is
because the lager the temperature is, the lager is the term
of exp�ÿEa=RT� in Eq. (7). As a result, the reaction rate is
larger when no Al plate is added since the temperature
is higher as shown in Fig. 4. As time advances
�t � 30 or 60 s�, however, the concentration pro®les show

different characters from the initial stages. The decrease of
temperature decreases Peq as seen from Eq. (8), and leads
to an increase of �hPci1=2 ÿ P

1=2
eq � in Eq. (7). As a result, the

reaction rate is increased. Consequently, the concentration
is higher in the case of the addition of Al plates in the
period of t > 5 s. It is also noted that, the reaction rate at
the location of cold wall is the same for various H=L
conditions since the temperature there is maintained at T0.
The concentration pro®les along the x-coordinate are
similar at all time instants for the cases of H=L � 0:2 and
0.4. In the case of no installation of Al plate �H=L � 1�,
the concentration pro®le is varied as the time proceeds.
When t � 30 s, the concentration at the location near
x=L � 0 is even lower than that at the cold wall. This is
because the temperature is too larger at x=L � 0 than at
the cold wall in the case of no addition of Al plate.

The inverse functions of temperature on the terms exp
�ÿEa=RT� and �hPci1=2 ÿ P

1=2
eq � lead to a complicated re-

lationship between the heat transfer and reaction rate. To
inspect deeply the in¯uence of the plate insertion on the
reaction rate, the pro®les of hydrogen mass absorbed as a
function of time are examined in Fig. 7 for different H=L
values in the cases of L � 10 mm, Pi � 1 atm and 3 atm.
The importance of the heat transfer limitation is clearly
displayed in the case of Pi � 1 atm. It is noticed that the
absorption rate is increased when the number of plates
increases (smaller H=L), i.e., the reaction rate is augmented
as the heat transfer is enhanced. In the case of Pi � 3 atm,

Fig. 5. Time-space evolution of temperature ®elds for H=L � 0:4, L � 10 mm and Pi � 3 atm
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however, the further insertion of Al plates �H=L � 0:1�
after H=L � 0:4 will decrease the reaction rate. This reveals
that an optical value of H=L exists in which the fastest
reaction rate is achieved. It implies that the heat transfer
limitation decreases at high inlet pressure. The reason is
that the driving force for reaction kinetics becomes very
large as the inlet pressure increases and the reaction ki-
netics becomes dominant in the rate limiting process for
heat transfer much enhanced metal hydride. This ®nding is
consistent with the study of Jemni et al. [7] in which an
optical effective thermal conductivity was found to exist.

The thickness of the reactor plays an important role in
the heat transfer of the metal hydride bed, which in turn
affects the reaction process. Figure 8 demonstrates the
effects of the bed thickness �L� on the hydrogen mass
absorbed. The inlet pressure is set as Pi � 3 atm. It is ev-
ident that, as H=L decreases, the reaction rate increases
even when the inlet pressure is high �Pi � 3 atm�. Thus,
the in¯uence of aluminum plate on the reaction rate be-
comes more noticeable as the bed thickness is increased.
Special attention should be paid to the case of H=L � 0:05
and L � 30 mm, where an appreciable improvement of the
reaction rate is accompanied with the improvement of the
heat transfer. This suggests that, as the bed thickness in-
creases, the limitation of heat transfer is more important.

5
Conclusions
Numerical analyses were performed to describe the tran-
sient heat and mass transfer in the metal hydride bed with
the addition of aluminum plates. The time-space distri-
butions of the bed temperature and hydrogen concentra-
tion were obtained and comparisons among different gap
distances between Al plates were conducted. The aim was
to study the in¯uence of the addition of Al plates on the
chemical hydriding process. As a result, it is found that the

Fig. 6. In¯uence of H=L on the hydrogen concentration pro®les
for L � 10 mm and Pi � 3 atm

Fig. 7a, b. In¯uence of H=L on the total mass absorbed for
L � 10 mm. a Pi � 1 atm; b Pi � 3 atm

Fig. 8a, b. Effects of the bed thickness on the total mass absorbed
for Pi � 3 atm. a L � 20 mm; b L � 30 mm
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heat transfer as well as the reaction rate was enhanced by
the addition of aluminum plates. As the aluminum plates
are more densely packed, i.e., H=L decreases, the aug-
mentation of heat transfer is stronger. Consequently, the
reaction process was strongly in¯uenced by the insertion
of aluminum plates. The absorption rate is increased when
H=L decreases. However, an optical H=L exists for
achieving the fastest reaction rate. The optical value is also
related with other parameters, such as the inlet pressure
and the thickness of hydride bed. The optical value of H=L
decreases as the bed thickness increases. The larger the
bed thickness or the lower the inlet pressure, the more
pronounced the heat transfer on the reaction process. The
addition of Al plates is then more signi®cant.
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