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This paper presents a numerical investigation of two-dimensional coupled heat and mass transfer pro-
cesses in MmNi4.6Fe0.4 and MmNi4.6Al0.4 based metal hydride beds of cylindrical configuration during
desorption of hydrogen using a commercial software FLUENT 6.1.22. Temperature and concentration pro-
files at different radial locations, variation of average bed temperature and amount of hydrogen desorbed
are presented at different hot fluid temperatures and bed thicknesses ranging from 30 to 50 �C and 5 to
15 mm, respectively. The numerical results show that the dehydriding process for both the alloys
depends on the temperature distribution in the metal hydride bed. At a given hot fluid temperature of
50 �C, MmNi4.6Fe0.4 and MmNi4.6Al0.4 desorb the maximum hydrogen of about 1.11 and 1.28 wt%, respec-
tively at the supply conditions of 30 bar and 25 �C. The present computational results are also compared
with the experimental data reported in the literature and a good agreement was found between the two.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Use of hydrogen as a fuel in many practical applications is lim-
ited due to the problems associated with storage and transport. Re-
cently, metal hydride based hydrogen storage systems have drawn
attention over the conventional methods due to their high volu-
metric storage capacity, utilization of low-grade thermal inputs,
compact in construction, absence of moving parts and high safety.
Further it also delivers pure hydrogen irrespective of the input
quality of hydrogen. The performances (defined as rates of absorp-
tion and desorption) of such system depend on the rate at which
the amount of heat is supplied to, or removed from the metal hy-
dride bed. Heat and mass transfer in metal hydride bed is a com-
plex phenomenon where all modes of heat transfer are
encountered.

Many investigators have studied the coupled heat and mass
transfer characteristics of hydride bed during the absorption of
hydrogen using one-dimensional mathematical model in dimen-
sionless form without considering the effects of convection and
radiation [1], using two-dimensional mathematical model without
considering the effects of heat transport by convection and radia-
tion [2], using two-dimensional mathematical model considering
the convection effect and without considering the radiation effect
[3–8]. Very few coupled heat and mass transfer studies in hydride
beds during desorption of hydrogen are reported in the literature
[9–14]. Using one-dimensional mathematical model in rectangular
ll rights reserved.
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coordinates, Gopal and Murthy [9] studied the effects of operating
parameters such as supply and delivery pressures, and hot fluid
temperature on the dehydriding process without considering the
effects of convection and radiation. Jemni and Nasrallah [10] pre-
dicted the dynamic behavior of heat and mass transfer in a metal
hydride reaction bed during desorption of hydrogen using two-
dimensional mathematical model considering the effects of con-
vection and variation of gas pressure inside the reactor. Later, Jem-
ni and his coworkers [11] performed an experimental investigation
to determine the equilibrium pressure, reaction kinetics and ther-
mal conductivity of LaNi5–H2 hydride bed during both absorption
and desorption processes. They predicted the temperature and
pressure evolutions in the reactor using theoretical model and
compared these with experimental results. Their numerical results
showed good agreement with the experimental data reported by
them.

Askri et al. [12] developed a two-dimensional mathematical
model to describe the transient heat and mass transfer during
desorption of hydrogen in a porous lanthanum misch metal bed
of cylindrical configuration. Subsequently, the same research
group [13] investigated the dynamic behavior of heat and mass
transfer during both absorption and desorption processes in LaNi5

and Mg based metal hydride reaction beds using two-dimensional
mathematical model considering the effects of convection and
radiation. It is observed that the effect of radiative heat transfer
is significant for Mg based alloys while for LaNi5 alloy it is negligi-
ble. Isselhorst [14] numerically studied heat and mass transfer in
LmNi4.85Sn0.15 and LmNi4.49CO0.1Mn0.21Al0.21. They studied the
transient behavior of couple heat and mass transfer characteristics
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Nomenclature

Cp heat capacity [J/kg K]
Ed activation energy of the reaction [J/mol H2]
K coefficient of Darcy law [m2]
MH2 molar mass of hydrogen [kg/kmol]
P pressure [bar]
r radius of the reactor [m]
Ru ideal gas constant [J/mol K]
t time [s]
T temperature [K]
V velocity [m/s]
x fraction of desorbed hydrogen
z length of reactor [m]
q density [kg/m3]
� porosity
k thermal conductivity [W/m K]
l dynamic viscosity [kg/m s]
r reaction rate constant [s�1]
DH enthalpy of desorption [J/mol H2]
DS entropy of desorption [J/mol H2 K]
Dq fictitious increase of the hydride density at saturation

[kg/m3]

us slope factor
u0 constant
u hysteresis factor

Subscripts
c cold
d desorption
e effective
eq equilibrium
f final, fluid
g gas
h hot
i inner
m metal
mag magnitude
ref reference
s supply
0 initial
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such as hydride bed temperature, concentration, pressure distribu-
tion and the amount of hydrogen absorbed/desorbed in a metal hy-
dride bed at differential radial and axial positions. His numerical
results also showed good agreement with the experimental data
reported by them.

Most of the mathematical models reported on desorption stud-
ies in literature are alloy dependent [9–14] and do not consider the
effects of plateau slope and hysteresis of PCT [9]. It is also observed
from the literature that most of the reported desorption studies are
concentrated on the evaluation of temperature and concentration
profiles and do not reveal the effects of parameters such as desorp-
tion temperature and bed thickness on the desorption characteris-
tics of the alloy [10–14]. Further, it is evident from the literature
that writing a computer program to numerically solve such a com-
plex coupled heat and mass transfer problem by considering the
effects of convection, geometrical configuration of the hydride
bed, plateau slope and hysteresis of PCT etc., is tedious and also
consumes tremendous time. Recently, Phate et al. [7] and Marty
et al. [8] attempted to solve such coupled heat and mass transfer
in hydride bed during absorption of hydrogen in cylindrical coordi-
nates using commercial software FLUENT 6.2. However their mod-
els are alloy dependent and do not include the effects of plateau
slope and hysteresis of the PCT of hydriding alloy. In a recent study,
Muthukumar et al. [15] reported the numerical investigation of
coupled heat and mass transfer during absorption of hydrogen in
MmNi4.6Al0.4 at different operating and bed related parameters
using FLUENT 6.1.22. They considered the effects of plateau slope
and hysteresis of the PCT of hydriding alloy. In the present paper,
the authors have extended the model of Muthukumar et al. [15]
for desorption of hydrogen in MmNi4.6Fe0.4 and MmNi4.6Al0.4 at dif-
ferent hot fluid temperatures and reactor bed thicknesses using
FLUENT 6.1.22.
2. Mathematical model

The mathematical model for the co-axial cylindrical reactor
(shown in Fig. 1) considered in the present work is similar to that
used by Muthukumar et al. [15,16]. MmNi4.6Fe0.4 or MmNi4.6Al0.4

hydride alloy is filled in the space between the inner reaction tube
and the filter with a uniform void fraction of 0.5. The heat transfer
fluid flows spirally in the space between the inner and outer con-
centric tubes. Since, the desorption mechanism is assumed to be
axisymmetric, only half of the reactor is modeled. The computa-
tions are performed using the commercial software FLUENT 6.1.22.

The phenomena that occurs during the desorption of hydrogen
is as follows

� At the start of the desorption process (time t = 0), the alloy is
fully hydrided with hydrogen and is set at an initial
temperature.

� Once the desorption is initiated, dehydrogenation takes place
from the reactor and hydrogen flows through the porous metal-
lic medium. Owing to the endothermic character of the desorp-
tion process, the bed experiences a sudden fall in temperature
everywhere.

� The equilibrium pressure (Peq) of the metal hydride also
decreases due to a decrease of the bed temperature in accor-
dance with the Van’t Hoff equation

Peq ¼ exp
DS
Ru
� DH

RuT
þ ðus �u0Þ tan p x

xf
� 1

2

� �� �
�u

2

� �

� 105 N=m2: ð2:1Þ
2.1. Problem formulation

The governing equations are solved with a fully implicit finite
volume numerical scheme embodied in a general purpose code
FLUENT 6.1.22. The solution method involves the integration of
the governing differential equations over finite control volume
and transforming them into a general algebraic form. A transport
equation in the general form may be written as

oðq/Þ
ot
þr � ðqu/Þ ¼ r � ðCr/Þ þ Sh; ð2:2Þ

where / denotes a generic variable and refers to the variable being
considered (i.e., u, v, T), C denotes the exchange coefficient and Sh

the source term. This linearalized equation is solved by using the
SIMPLE algorithm [17].



Fig. 1. Schematic of co-axial cylindrical reactor.
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The assumptions made during absorption process also hold
good for the desorption process.

� The gas phase is ideal from the thermodynamic viewpoint.
� The local thermal equilibrium is valid and the radiative heat

transfer is negligible (this assumption is valid for all Mm, Zr
and Ti based alloys whose desorption temperatures at the atmo-
spheric pressure are well below 50 �C).

The rate of reaction is a function of the bed temperature, hydro-
gen pressure and hydrogen concentration in the hydride bed. The
expression for the reaction kinetics is given by [9]

ox
ot
¼ �r ðPd � PeqÞ

Peq

ðx� xf Þ
ðx0 � xfÞ

exp
�Ed

RuT

� �
; ð2:3Þ

where x denotes the dehydrogenation fraction defined as the quan-
tity obtained by dividing the mass of hydrogen desorbed to the
mass desorbed at the saturation and Ed denotes the activation en-
ergy. Initially, the rate of hydrogen desorption increases rapidly
and becomes zero at the end of the desorption process. This is
due to a decrease of the pressure difference between equilibrium
pressure (Peq) and desorption pressure (Pd).

The continuity equation includes a sink term to take the amount
of hydrogen desorption into account and the resulting equation per
unit volume (kg/m3 s) is given by [8]

e
oqg

ot
þr � ðqg

~VÞ ¼ Dqð1� eÞdx
dt
; ð2:4Þ

where, the gas density qg is deduced from the perfect gas model

qg ¼
PMH2

RuT
: ð2:5Þ

The momentum equations are then solved in the porous medium
using the classical Darcy law

~rP ¼ �l
K
~V ; ð2:6Þ

where, the coefficient K denotes permeability and is a function of
the particle size of the metal hydride powder. The energy equation
is given by [8]

ðqCpÞe
oT
ot
þ ðqCpÞg~V � ~rT ¼ ker2T þ Dqð1� eÞDH

MH2

dx
dt
; ð2:7Þ

where

ðqCpÞe ¼ eðqCpÞg þ ð1� eÞðqCpÞm ð2:8Þ
and

ke ¼ ekg þ ð1� eÞkm: ð2:9Þ

The source term on the extreme right hand side of Eq. (2.7) repre-
sents the amount of heat absorbed during the desorption process
(W/m3).

2.2. Initial and boundary conditions

Initially, at time t = 0 the pressure, temperature and density are
assumed to be constant within the reactor

qmðz; rÞ ¼ q0; Tmðz; rÞ ¼ Tgðz; rÞ ¼ T0; Pgðz; rÞ ¼ P0: ð2:10Þ

The sidewalls of the reactor are subjected to the adiabatic con-
dition and the outer periphery is subjected to uniform convective
boundary condition throughout the reactor.

Along the top surface (Fig. 1) the convective boundary condition
gives

�ke
oT
or
ðz; rÞr¼R ¼ UðT � T fÞ: ð2:11Þ

Along the filter section (r = ri) the adiabatic condition leads to

oPg

or
ðz; rÞr¼ri

¼ 0;
oT
or
ðz; rÞr¼ri

¼ 0: ð2:12Þ

Along the left face (z = 0) the adiabatic condition leads to

oPg

oz
ðz; rÞz¼0 ¼ 0;

oT
oz
ðz; rÞz¼0 ¼ 0: ð2:13Þ

Along the right face (where z = Z) the adiabatic condition leads to

oPg

oz
ðz; rÞz¼Z ¼ 0;

oT
oz
ðz; rÞz¼Z ¼ 0: ð2:14Þ
2.3. Modeling of porous region

Porous media are modeled by the addition of a momentum
source term to the standard fluid flow equations. The source term
consists of two parts: one is a viscous loss term and the other is the
inertial loss term (the first and second terms on the right hand side
of Eq. (2.15))

Si ¼ �
l
K

vi þ C2
1
2
qvmagvi

� �
; ð2:15Þ

where Si is the source term for the ith (x, y and z) momentum equa-
tion of porous media. K denotes the permeability and C2 the inertial
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resistance factor. Since the flow through porous media is assumed
to be laminar, the pressure drop is typically proportional to velocity
and it is considered as zero. Ignoring convective acceleration and
diffusion, the porous media model reduces to the Darcy law.

The effective thermal conductivity in the porous medium is
computed by FLUENT 6.1.22 as the volume average of the fluid
conductivity and the solid conductivity. For the transient porous
media calculations, the effect of porosity on the time derivative
terms is accounted for all scalar transport equations and continuity
equation. When the effect of the porosity is taken into account, the
time derivative term becomes o

ot ðeq/Þ, where / denotes the scalar
quantity.
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2.4. Method of solution

The energy equation employed in FLUENT 6.1.22 has the follow-
ing form

o

ot
ðqhÞ þ r � ð~vqhÞ ¼ r � ðkrTÞ þ Sh; ð2:16Þ

where h ¼ sensible enthalpy ¼
R T

Tref
CpdT and Sh = volumetric heat

source.
The volumetric heat source term is enabled by incorporating a

user defined function to FLUENT 6.1.22 in the same way the equi-
librium pressure and the rate of reaction equations are enabled.

3. Results and discussion

A 20 � 200 grid system is employed based on the grid refine-
ment test [15]. Table 1 shows the dimensions of the reactor, ther-
mo-physical properties of metal hydrides, properties of hydrogen
and constants used in the analysis [15,16]. The results obtained
for MmNi4.6Fe0.4 and MmNi4.6Al0.4 hydride beds during the desorp-
tion process are presented at different hot fluid temperatures vary-
ing from 30 to 50 �C and the reactor bed thickness varying from 5
to 15 mm. Desorption pressure is set equal to 1.0 bar for all the
cases.
Table 1
Details of reaction bed geometry, thermo-physical properties of the alloys and
constants used in the model

Reactor geometry

Length of the cylinder (mm) 475
Inner radius of inner cylinder (mm) 4.5
Inner radius of outer cylinder (mm) 12
Thickness of cylinder wall (mm) 3

Properties MmNi4.6Al0.4 MmNi4.6Fe0.4

Density of metal (kg/m3) 8400 8500
Specific heat of metal (J/kg K) 419 419
Effective thermal conductivity of metal (including

copper additive) (W/m K)
1.6 1.6

Porosity 0.5 0.5
Effective density of solid (kg/m3) 4200 4250
Activation energy (J/mol H2) 21170 25000
Enthalpy formation (J/mol H2) 28000 27500
Entropy formation (J/mol H2 K) 107.2 105
Reaction constant (r) 100 475

Properties of hydrogen
Thermal conductivity of hydrogen(W/m K) 0.1272
Specific heat of hydrogen (J/kg K) 14283
Density of hydrogen (kg/m3) 0.0838

Constants
Universal gas constant (J/mol K) 8.314
Slope factor(us) 0.35
Constant (u0) 0.15
Hystersis Factor (u) 0.2
3.1. Validation of numerical results

Figs. 2 and 3 show that the predicted average bed temperature
profiles of MmNi4.6Fe0.4 and MmNi4.6Al0.4 based hydride beds at
different hot fluid temperatures ranging from 30 to 50 �C match
closely with the experimental data reported by Muthukumar
et al. [16]. Due to the poor thermal conductivity of the metal hy-
dride, the necessary amount of heat is not transferred to the metal
hydride bed. Hence, the hydride bed takes the heat from the bed
itself and starts to desorb the hydrogen. Due to this the tempera-
ture of the bed decreases rapidly in the initial stage up to �4 �C
within 20 s for MmNi4.6Fe0.4 alloy and up to 1 �C within 10 s for
MmNi4.6Al0.4 alloy. As the time progress, the temperature of the
hydride bed reaches the hot fluid temperature. It is observed that
the average bed temperature quickly attains the hot fluid temper-
ature for 50 �C. At higher hot fluid temperatures, the temperature
Fig. 2. Validation of the predicted average bed temperature at different hot fluid
temperatures for MmNi4.6Fe0.4.
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Fig. 3. Validation of the predicted average bed temperature at different hot fluid
temperatures for MmNi4.6Al0.4.
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differences are found to be high resulting in rapid heat transfer.
Hence, due to large temperature and also the prevailing large pres-
sure difference between hydride equilibrium pressure and desorp-
tion pressure, the dehydriding reaction is found to be rapid for
temperatures higher than 40 �C. Further, due to large plateau slope
of PCT, higher hot fluid temperatures also help in desorbing large
amount of hydrogen.

Figs. 4 and 5 show the validation of the computed amount of
hydrogen desorbed for both the alloys. MmNi4.6Fe0.4 and
MmNi4.6Al0.4 desorb about 1.11 and 1.28 wt% at the supply condi-
tions of 30 bar and 25 �C. The computations show a small deviation
from the experimental data at the beginning of the process. This
may be due to the assumption of larger void fraction (while in
the experiments copper matrix was used in place of the void space
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Fig. 4. Validation of the predicted amount of hydrogen desorbed at different hot
fluid temperatures for MmNi4.6Fe0.4.
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Fig. 5. Validation of the predicted amount of hydrogen desorbed at different hot
fluid temperatures for MmNi4.6Al0.4.
for the improvement of the effective thermal conductivity of the
hydride bed) and also due to the error in assuming the value of
reaction rate constant (r). For a given hot fluid temperature of
40 �C, MmNi4.6Fe0.4 takes about 210 s to desorb the maximum
amount of hydrogen of 1.11 wt%, while MmNi4.6Al0.4 takes about
350 s to desorb about 1.28 wt%. This is mainly due to the large
pressure difference between the hydrogen equilibrium and desorp-
tion pressures of the former alloy. It is expected from the numeri-
cal results that MmNi4.6Fe0.4 and MmNi4.6Al0.4 desorb the
maximum amounts of hydrogen of 1.6 and 1.3 wt%, respectively,
when they are subjected to the supply conductions of 35 bar
supply pressure and 15 �C absorption temperature [16]. Further,
it is also observed from Figs. 4 and 5 that the higher hot fluid
temperatures (above 40 �C) reduce the desorption time
significantly.
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Fig. 6. Variation of average bed temperature at different radial positions
forMmNi4.6Fe0.4.
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3.2. Radial variations in bed temperature and hydrogen concentration
profiles

It is observed from Figs. 6 and 7 that the temperature of the hy-
dride bed increases continuously from the porous filter to the con-
vective wall in the radial direction. This is due to the effect of heat
transfer from the hot fluid flowing around the bed to the hydride
bed. The region close to the porous filter experiences less heat
transfer compared to that of the convective wall. Due to this
behavior, the region close to the porous filter experiences low tem-
perature for long time resulting in poorer dehydriding rate around
the porous filter. It is clear from Eq. (2.1) that the bed temperature
strongly influences the dehydride equilibrium pressure (Peq).
Hence, at high equilibrium pressure, the reaction rate increases
due to the higher pressure difference (Peq � Pd) in the region close
to the convective wall. Figs. 8 and 9 show the variation in the hy-
dride bed concentration along the radial direction and reveal that
Desorption time (s)

H
yd

ro
ge

n 
co

nc
en

tr
at

io
n 

(x
)

0 100 200 300 400
0

0.2

0.4

0.6

0.8

1

r = 5mm
r = 6.5mm
r = 8.25mm
r = 10mm
r = 11.5mm

MmNi4.6Fe0.4

U = 1000 W/m2-K

Pd = 1bar, Th = 30oC

Ps = 30 bar , Tc =2 5 oC

Fig. 8. Variation of hydrogen concentration at different radial positions for
MmNi4.6Fe0.4.

Desorption time (s)

H
yd

ro
ge

n 
co

nc
en

tr
at

io
n 

(x
)

0 100 200 300 400 500 600
0

0.2

0.4

0.6

0.8

1

r = 5 mm
r = 6.5 mm
r = 8.25 mm
r = 10 mm
r = 11.5 mm

MmNi4.6Al 0.4

U= 1000 W/m2-K

Pd =1 bar, Th = 30oC

Ps = 35 bar , Tc = 25oC

Fig. 9. Variation of hydrogen concentration at different radial positions for
MmNi4.6Al0.4.
the rate of hydrogen desorbed in the region close to the convective
wall is high due to the rapid absorption of heat from the heat trans-
fer fluid.

3.3. Effect of bed thickness on average bed temperature and hydrogen
storage capacity

The thickness of the bed (difference between the outer and in-
ner radii) was varied from 5.0 to 15.0 mm by keeping the inner ra-
dius constant at 4.5 mm. Figs. 10 and 11 show the variation of the
average bed temperature during desorption of hydrogen. The rate
at which the hydrogen desorption in 5.0 mm bed thickness is rapid
compared to the other bed thicknesses and also reaches the hot
fluid temperature very quickly accompanied by faster heat transfer
rate. It is observed from Figs. 12 and 13, for a given bed thickness of
5 mm the desorption of hydrogen is completed quickly within
180 s, while for 10 and 15 mm hydride bed thicknesses it takes
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Fig. 10. Effect of bed thickness on average bed temperature for MmNi4.6Fe0.4.
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Desorption time (s)

A
m

ou
nt

 o
f 

hy
dr

og
en

 d
es

or
be

d 
(w

t 
%

)

0 100 200 300 400 500
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

r= 5mm
r= 10 mm
r= 15 mm

r= ro -r i

MmNi4.6Al0.4

U= 1000 W/m2-K

Pd =1 bar, Th =30 oC

Ps =3 5b ar ,Tc =25 oC

Fig. 13. Effect of bed thickness on amount of hydrogen desorbed for MmNi4.6Al0.4.
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about 250 and 300 s, respectively, for MmNi4.6Fe0.4 alloy. The cor-
responding desorption times for MmNi4.6Al0.4 alloy are 300, 380
and 500 s, respectively, for the bed thicknesses of 5, 10 and
15 mm. It is observed that thin beds are preferred for quicker
desorption cycle.
4. Conclusions

A two-dimensional mathematical model to describe the predic-
tion of coupled heat and mass transfer in the hydride bed during
desorption of hydrogen has been developed. The computations
are performed using the commercial software FLUENT 6.1.22.
Desorption characteristics of MmNi4.6Fe0.4 and MmNi4.6Al0.4 are
studied numerically at different hot fluid temperatures varying
from 30 to 50 �C and different metal hydride bed thicknesses from
5.0 to 15.0 mm. The numerical results showed good agreement
with the experimental data reported in the literature. It is shown
that for higher hot fluid temperatures of above 50 �C, desorption
time is reduced significantly for both the alloys. At 30 bar supply
pressure and 25 �C absorption temperature, MmNi4.6Fe0.4 desorbs
1.11 wt% where as MmNi4.6Al0.4 desorbs 1.28 wt%. The effect of hy-
dride bed thickness is significant and thin beds are preferred for a
quicker desorption cycle.
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