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Abstract

An analysis of a metal hydride-based system for simultaneous heat transformation and refrigeration is
presented. A six-reactor configuration comprising of three different hydriding alloys has been
considered taking account of the coupled heat and mass transfer in the reactors. The influence of
parameters like cycle time and operating temperatures has been studied. It was found that the cycle
time plays an important role and has to be selected judiciously for specified output. Among the various
operating temperatures it was observed that the heat source and heat rejection temperatures have
significant influence on the system performance.
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1 INTRODUCTION

Recently, metal hydrides have generated significant interest
owing to their wide range of applicability in various fields like
hydrogen storage, heating and cooling, etc. The simplest metal
hydride-based cooling systems are based on single stage cycles.
However, these devices have low coefficient of performance
(COP) and low specific thermal output when compared with
conventional thermal energy conversion systems.

Many works have been published on the heat and mass
transfer aspects of metal hydride heat pumps and refrigerators.
Ram Gopal and Srinivasa Murthy [1] studied the performance
of a metal hydride refrigerator based on ZrMnFe/MmNi, sAly 5
and brought out the importance of bed thickness and effective
thermal conductivity in the design of practical systems. They
concluded that each bed thickness corresponds to an optimal
effective thermal conductivity beyond which the performance
of the system does not improve. The effects of cooling time,
regeneration time and different temperatures on the perform-
ance of a metal hydride chiller were investigated by Kang and
Kuznetsov [2]. The optimum periods for cooling and regener-
ation were found based on COP and cooling capacity.

Ahmed and Srinivasa Murthy [3] reported a novel three-alloy
application which gives simultaneous heat transformation and
cooling output in a complete cycle. The schematic of the working
of the three-alloy system is shown in Figure 1. The cycle works at
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four temperature levels Ty, T, Tiej and T, where Ty, is the temp-
erature at which transformed heat at a higher temperature is
obtained, T; the temperature at which heat input is given, T,.; heat
rejection temperature and Tp.¢ the temperature at which cooling is
obtained. The performance of the system was studied for the
effects of operating temperatures, reaction rate and cycle times.
This idealized thermodynamic study was performed under
uniform temperature and concentration conditions in the reactors.

The reaction of metal hydride with hydrogen is dynamic
and is influenced by the heat and mass transfer rates. In order
to obtain a thorough understanding of the system behaviour, a
detailed study involving the heat and mass transfer aspects of
these systems is required. The present work is intended
towards the simulation of the working of the metal hydride-
based device incorporating the heat and mass transfer aspects
so that the prediction comes closer to the actual working con-
ditions. The heat and mass transfer study incorporates the
reactor configuration, temperature and concentration vari-
ations, and heat interactions with heat transfer fluids.

2 DESCRIPTION OF THE THREE-ALLOY
DEVICE

The schematic of the device consisting of three alloys is shown
in Figure 1. It operates at four temperature levels. Here, a heat
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Figure 1. Schematic of the working of a three-alloy system.
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Figure 2. Working of a three-alloy system in a van’t Hoff chart.

transformation alloy A (an alloy which can deliver heat output
at a desired high temperature) works intermittently between
heat transformation temperature and a heat source tempera-
ture. Similarly, a refrigeration alloy C works between refriger-
ation temperature and heat rejection temperature. The
regeneration alloy B is coupled with the transformation and
refrigeration alloys in the heat transformation and refrigeration
processes, respectively.

Figure 2 shows the working cycle on a van’t Hoff’s chart.
Initially, A and C are in dehydrogenated condition at the heat
transformation and heat rejection temperatures, respectively.
The regeneration alloy B is rich in hydrogen at the heat source
temperature. A and B are connected for the heat transform-
ation process. Because of the heat input at the regeneration
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Figure 3. Schematic of the three-alloy system in six-reactor configuration.
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alloy B, hydrogen gets desorbed and is absorbed simul-
taneously by alloy A releasing the heat at high temperature.
Once this transformation process is completed, the regener-
ation and refrigeration alloys (A and C) are connected for the
regeneration process. Heat is supplied to the transformation
alloy (A) to transfer hydrogen to the refrigeration alloy C. The
latter rejects the heat to the ambient during this regeneration
process. Then alloys B and C are connected. Cooling load is
absorbed by C at low temperature and the released hydrogen is
absorbed by alloy B rejecting heat to the ambient. This com-
pletes the cycle.

It can be seen that the cycle working on the three-alloy
system yields heat transformation as well as refrigeration only
intermittently. In order to get continuous outputs one more
set of these three alloys are coupled in six-reactor configuration
as shown in Figure 3. Here, all the three processes can occur at
the same time as depicted in the figure. Another benefit of this
configuration is that the cycle completes in just two steps as
against three steps in basic three-alloy system. Thus theoreti-
cally, it should give 50% more yield in terms of output. Hence
this configuration is used for the current study.

3 MATERIAL SELECTION AND
PROPERTIES

The primary criterion for the selection of the three alloys A, B
and C is that in order to facilitate hydrogen transfer equili-
brium pressure of the alloy, which is desorbing hydrogen,
should be more than that of the alloy, which is absorbing
hydrogen. The alloys are selected in such a way that the whole
cycle can be completed at the desired operating temperatures.
For the average values of 230°C, 195°C, 40°C and 0°C as trans-
formation temperature, heat source temperature, heat rejection
temperature and refrigeration temperature, respectively;
LaNi, ¢Sng 4, LaNiy;Aly; and MmNiy 5Al g5 are selected as
the transformation alloy, regeneration and refrigeration alloys,
respectively. These alloys are characterized with minimal
plateau slope, high hydrogen capacity, less hysteresis and fast
kinetics. The pressure concentration isotherms (PCI) of these
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Figure 4. Pressure concentration isotherms of the alloys of the combined
device for simultaneous heat transformation and refrigeration.

alloys are shown in Figure 4. These PCls are generated using
the modified van’t Hoff’s equation [4]

AH AS X—X,/2
In Pq = RT ?Jrfs tan(w(xo/>> + fys- (1)

The quantity of the alloy materials is taken in such a ratio
that the recyclable hydrogen capacity is the same for each alloy.

A thermal conductivity enhancement method as reported
by Klein and Groll [5] has been used in the current analysis.
They proposed the technique of compacting the metal hydrides
using expanded natural graphite (ENG) with a metal hydride
to ENG mass ratio of 14.5 and with 40% porosity. They were
able to obtain thermal conductivity in the order of 30 W/mK.

4 PHYSICAL MODEL

Metal hydride devices are heat-driven and hence to make the
devices effective, there should be efficient heat-transfer mech-
anisms to take away as well as to provide heat to the respective
alloys without impairing the hydrogen flow between the alloys
[6—10]. The physical model selected for the same is shown in
Figure 5. A hollow cylindrical tube is selected for the
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Figure 5. The physical model of a coupled reactor.
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containment of these alloys. Hydrogen is passed to and from
the tube by providing an inline porous filter through the
centre of the tube. Alloys are filled in the annular space
between the porous filter and tube. Heat-transfer fluid passes
through the outside periphery of the tube. During a coupled
reaction, hydrogen gets desorbed from one reactor absorbing
heat from the heat-transfer fluid, thereby filling the central
filter gas space. The pressure of hydrogen increases and this
causes the other hydride to absorb it by releasing heat.

5 PROBLEM FORMULATION

For the prediction of the performance of the metal hydride-
based thermal device, one has to model the individual reactor.
One reactor will be desorbing hydrogen while the other
absorbing it simultaneously. Thus for modelling the coupled
reactors, heat and mass transfer equations in both the reactors
are to be solved simultaneously. For the modelling of the reac-
tions the following assumptions are made.

(1) Metal hydrides are modelled as porous media.

(2) Heat and mass transfer occur in the reactors in the radial
direction only, i.e. the variations in the longitudinal direc-
tion are negligible and therefore the reactions are modelled
in radial directions.

(3) Heat transfer to or from the reactor occurs only through
the outer periphery and that too from/to the heat-transfer
fluid. There is no leakage of heat to/from the surroundings.

(4) There is no pressure drop of hydrogen inside the hydride
bed as the bed thicknesses considered are in the order of
10 mm.

(5) Hydrogen is assumed to be an ideal gas.

(6) The metal hydride compact does not take part in the reac-
tion with hydrogen, but do contribute to the heat transfer.

The procedure adopted for the simulation of a coupled reac-
tion is described below. Let the reactor that desorbs hydrogen
be A and the reactor that absorbs hydrogen be B. The initial
conditions of the hydrogen in the central porous filter at the
start of the cycle are specified by temperature, T, and pressure,
P,. The amount of hydrogen in the central porous filter (n,) is

Tr out Trin

filter
Reactor tube
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given by

A%

% 2)

g
The average temperatures of the reactors are T, and Ty. The
initial concentrations of the hydrides in the reactors A and B
are X, and X with X, > Xg. The equilibrium pressures of the
hydrides A and B are given by Equation (1). The equilibrium
pressure of hydride A should be greater than that of
the pressure in the filter gas space and similarly the
equilibrium pressure of hydride B should be less than that of
the hydrogen pressure in the central filter space so that
hydrogen can flow from hydride A to hydride B. It is this
pressure difference that drives the reaction.
The rate at which hydrogen is getting reacted is given by the
reaction rate equation in terms of moles of hydrogen reacted
per kilogram of alloy

1000 N, dX
T 2M,, dt’

(3)

where dX/dt is the reaction kinetic equation given by [2]

dX [Py P (X — Xe E,
E_U< P, )(XI—XF>6XP<RT>' “)

Here Py and P denote the gas space and equilibrium press-
ures, respectively. In the case of absorption, P, > P, and
during desorption, Py < P

The metal hydride absorption and desorption reactions are
exothermic or endothermic, respectively. Therefore, as the reac-
tion occurs temperature rises or falls in the reactor. Since the
Biot number for the case under consideration is greater than
one, the temperature gradients in the reactors cannot be neg-
lected. For knowing the temperature profiles with the reaction
time, transient energy balance equation has to be solved for
each reactor. It is given by

527T+1§ pvn (1 — evn) BAHy
o ror Ketr
_ punc(1 — &mnc)epmuc OT )
ket ot

Initially, the reactors are at the temperature of the respective
heat-transfer fluids. Hydride A is at fully hydrided condition
and hydride B is at fully dehydrided condition. Thus the initial
conditions of temperatures and concentrations for each reactor
are,

At time, t = 0,
TA(T‘, 0) = Tf,A, TB(T’, 0) = Tf7B
XA(T, 0) = Xmax,A, XB(T, 0) = Xmin,B-

The reactors have convective heat-transfer conditions at the
outside of the reactor tubes and at the inside there is no heat

Metal hydride device for simultaneous heat transformation and refrigeration

transfer. So the boundary conditions are:

at radius r =r;, dT/dr =0,
at radius r = r,

—Keff % = h(T(TO, t) — Tf).

6 SOLUTION METHODOLOGY

The energy balance Equation (5) is solved for both the reactors
for temperatures and concentration in space and time. The
equation is descretized according to the Crank Nicolson
Algorithm and the resulting algebraic equations were solved
using the Thomas Algorithm TDMA solver.

The number of moles of hydrogen reacted in each reactor
for each time step is computed using the equation

o
n= At x JZ’]TTme(l —¢g)Bdr. (6)
r
Using the amount of hydrogen reacted in each reactor for each
time step, the amount of hydrogen in the central porous filter
for the new time is found out (old mass + mass desorbed —
mass absorbed). The new temperature is found out by doing
energy balance for hydrogen in the central porous filter. The
new pressure in the gas space is found out using the ideal gas
equation using the new mass and temperature. This pressure is
used for the estimation of the reactions for the next time step.
The amount of heat exchanged with heat-transfer fluid for
each time step is found out using the relation

Q = 27, lh(T(ry,t) — Tf) X At. (7)
The above procedure is continued with time till the prescribed
time for a particular process is reached. Simulation is done for
the three processes by which a cycle is completed. The simu-
lation of several consecutive cycles is done till the properties of
all the hydrides and hydrogen for consecutive cycles are
identical.

Performance of the system is defined using the parameters
of COP,¢ and specific cooling potential (SCP) for cooling.
Similarly, in the case of heat transformation, the performance
is defined using COP, and specific amplification potential
(SAP). These parameters are defined as follows:

Net cooling effect at refrigeration temperature

COPref = .
Net heat input at source temperature
, (8)
SCP — Net cooling effect 9)
~ Cycle time x Total mass of hydrides’
COPy;

~ Net transformation output at transformation temperature

Net heat input at source temperature ’

(10)
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Net transformation output
SAP =

(11)

Cycle time x Total mass of hydrides

7 RESULTS AND DISCUSSION

As mentioned earlier, the study is done for the case where six
reactors of three alloys are coupled with each other. All the
three processes occur at the same time so that all the six reac-
tors take part in the reactions at any given time. The cycle con-
sists of two steps and each reactor goes through a hydrogen

absorption—desorption cycle. For the sake of simplicity it is
assumed that each of the three processes is of the same dur-
ation. The simulation is done for the case of three reactors, as
essentially the COP remains the same as that of the six-reactor
system and the SCP and SAP are 1.5 times of that of the
three-bed system. Thus the simulation is performed for the
three-bed system with equal process times and the results are
extended for the case of the six-reactor system.

Temperature and concentration profiles
Figures 6 and 7 show the temperature and concentration pro-
files of the three-reactor system during the operation of a cycle.
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Figure 6. Variation of temperature profiles for the three hydrides in a cycle for a process time of 800 s.
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Figure 7. Variation of concentration profiles for the three hydrides in a cycle for a process time of 800 s.
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Figure 9. The effect of the variation of cycle time on the SAP for various heat source temperatures.
The profiles can be seen for the three different processes of regeneration and refrigeration processes. Although the

transformation, regeneration and refrigeration for each of the
metal hydrides, A, B and C. The time for each process in the
depicted case is 800s. In the transformation process metal
hydride B desorbs hydrogen taking heat from heat source and
the same is absorbed by metal hydride A releasing the heat of
transformation. Since hydride C does not take part in the
transformation process, the profiles for hydride C are invariant.
The variation of concentration for the hydrides can be seen
from Figure 7. Average concentration of hydride A increases,
whereas that of hydride B decreases with time in the
transformation process. Similar trends can be observed in the

temperatures of hydrides reach the respective heat-transfer
fluid temperature well before the whole time of the process, the
concentrations have not reached its limits. The rate of
change of concentration is less during the latter part of the
reaction, resulting in a lesser heat transfer to the fluid.
Since the transformation and refrigeration outputs are
obtained from the heat-transfer fluids there is a possibility of
improving the specific output of transformation (SAP) and
refrigeration (SCP) by optimizing the process times. The effect
of variation of process times are considered in the subsequent
section.
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Figure 10. The effect of the variation of cycle time on the refrigeration COP for various heat source temperatures.
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Figure 11. The effect of the variation of cycle time on SCP for various heat source temperatures.

Variation of transformation and refrigeration

outputs with process time

For finding the impact of process times on the system perform-
ance, the process times of each process are varied in steps of
100 s, from 100 s to 1000 s, thereby obtaining a cycle time of
300-3000 s. The effect of heat source temperature (T;) on the
output was found by its variation. All other parameters are
kept constant. The transformation output is expressed as
COP,, and SAP, whereas refrigeration output is expressed as
COP,¢ and SCP. The results obtained for the same are shown
in Figures 8—11.

It can be seen from Figure 8 that COP,, increases with the
increase of cycle time and becomes constant. The same behav-
iour is observed for all heat source temperatures. The trans-
formation alloy, A, has to be brought up to the transformation

90 International Journal of Low-Carbon Technologies 2009, 4, 84—95

temperature (7Ty) from the previous regeneration process
temperature (T;) in which A is earlier. Hence in the initial
times of the transformation process, most of the heat of trans-
formation is expended for the sensible heating of the alloy
from T to T and thereby the transformation output will be
negligible in the initial times. This is the reason for the
decreased COP,, in the case of smaller process times. COP,
increases till the increase in transformation output and it
attains a constant value once the transformation process is
over, beyond which the increase of process time does not show
any effect. Keeping a process time in the case where the COP
has already stabilized is not justified. It can be observed that
the effect of sensible heating of the alloys cannot be neglected
in the working of the system. It can be seen that the COP,,
increases with the increase of heat source temperature. This is
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Figure 12. The effect of the variation of transformation temperature on the transformation of COP for various heat source temperatures.
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Figure 13. The effect of the variation of transformation temperature on SAP for various heat source temperatures.

because of the larger transformation output obtained because
of the increase of source temperature. Similar characteristics as
that of COP,, are obtained for COP,.f as seen in Figure 10.
Here the decrease in COP ¢ for the lesser cycle times is owing
to the sensible cooling of the refrigeration alloy, C, from T, to
Tier. The effect of increase of COP with the increase of heat
source temperature is seen in the case of refrigeration
output also. Although the heat source temperature does not
have a direct relation with the refrigeration process, since all
the processes are influenced by each other, the better perform-
ance of the transformation process causes more hydrogen to
get reacted and it facilitates the better performance of the
refrigeration process because of the excessive availability of
hydrogen.

The variation of SAP and SCP with respect to cycle times
and heat source temperatures is shown in Figures 9 and 11.
These profiles show the rate at which the transformation and
refrigeration output are obtained. It can be seen that the rate
of output increases initially, reaches a maximum and decreases
with the increase in the cycle time. From the figure it is notice-
able that there exists an optimum cycle time for which the best
rate of output can be obtained. If the SAP and SCP profiles are
matched with the COP,, and COP . profiles, it can be noticed
that the cycle times for which the maximum output rates are
obtained, the COP is about 90% of the maximum COP
obtained. The SAP and SCP profiles can serve as a guide in
deciding the cycle time for a system and by this way the
highest output for a given time span can be obtained.
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Figure 15. The effect of the variation of transformation temperature on SCP for various heat source temperatures.

Variation of transformation and refrigeration

outputs with operating temperatures

For analysing the effect of operating temperatures on the
system performance, the transformation and refrigeration
temperatures were varied for various heat source temperatures.
The system performance is studied by analysing the effect on
COPs, SAP and SCP. The effect of different transformation
temperatures are shown in Figures 12—15.

From the figures, the common aspect that can be observed
is that the system performance increases with the increase of
heat source temperature and with the decrease of heat trans-
formation temperature. This can be explained based on the
PCI characteristics of the metal hydrides. The driving potential
for the heat-transformation process is the difference in

92 International Journal of Low-Carbon Technologies 2009, 4, 84—95

equilibrium pressure difference of heat-transformation alloy, A
at T, and that of B, at T;. As the heat-transformation tempera-
ture reduces and as the heat source temperature increases, the
potential increases. This causes an increase in the rate of the
transformation reaction and for more hydrogen to get reacted
and thereby for a better performance of each of the processes.
Another observation found is that the profiles for SAP and
SCP show a linear behaviour, whereas the profiles for COPs
show a nonlinear behaviour. The rate of increase of COP is
more at lesser heat source temperatures. The COP is defined as
the ratio of output to input and the variation of temperature
has a compound effect on it. In the case of increase of heat
source temperature, the transformation output increases and at
the same time the input also increases. At higher heat source
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Figure 17. The effect of the variation of refrigeration temperature on SAP for various heat source temperatures.

temperatures, the increase in the input is more pronounced
than the increase in the output and this causes a lesser rate of
increase of COP. Since the SAP and SAP are functions of
output alone it more or less shows a linear relationship with
the variation of temperature.

The effect of the variation of refrigeration temperature on
the transformation and refrigeration output performance is
shown in Figures 16—19. In this case both the transformation
and refrigeration outputs are increasing with the increase in
refrigeration temperature. It can be seen that the effect of vari-
ation on the transformation is negligible when compared with
the effect on refrigeration. The variation of refrigeration temp-
erature for alloy, C does not appreciably change the amount of
hydrogen reacted because the change in equilibrium pressure
for alloy C with refrigeration temperature is negligible. Since
the hydrogen reacted does not change significantly, there is no

effect on the transformation process. The effect seen on the
refrigeration process is due to the increase of sensible cooling
required with the reduction of refrigeration temperature.

From the observation of the results obtained for the vari-
ation of operating temperatures, it can be concluded that it is
the intrinsic properties of the metal hydrides at corresponding
temperatures, which decides the performance of these systems.

8 CONCLUSIONS

A heat and mass transfer study of a metal hydride device
working with three different alloys for simultaneous heat trans-
formation and refrigeration has been conducted. Simulation of
the working of the system with actual reactor configurations
and with all the three alloys in unison was performed.
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Figure 18. The effect of the variation of refrigeration temperature on the refrigeration of COP for various heat source temperatures.
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Figure 19. The effect of the variation of refrigeration temperature on SCP for various heat source temperatures.

The effect of cycle time and operating temperatures on the per-
formance of the system was conducted. The following con-
clusions were made based on the study.

(1)

(2)

(3)

(4)

9%

As shown in the results for the proper understanding of
the working of metal hydride devices, heat and mass trans-
fer study is essential.

Better rate of transformation and refrigeration output can
be obtained by the optimization of cycle times and this
aids in maximizing the energy output for a particular span
of time.

The better performance of any single process in a cycle
will help in the better performance of other processes also
in the cycle and vice versa.

The inherent properties of metal hydrides play a major
role in the performance of these systems and the variation

International Journal of Low-Carbon Technologies 2009, 4, 84—95

of the performance with the variation temperatures
happens predominantly because of these.

(5) The effect of sensible heating and cooling has an effect on
the system performance and it has to be ensured that the
sensible heat component to be maintained at a minimum.

NOMENCLATURE

p specific heat capacity (J/(kgK));

E, activation energy (J/mol);

Jhys hysteresis factor;

fs slope factor;

AH enthalpy of formation (kJ/(mol H,));
H/M hydrogen to metal atomic ratio;
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overall heat transfer coefficient (W/(m?K));
effective thermal conductivity (W/(mK));
length of reactor (m);

molecular weight of alloy (g/mol);
number of atoms per molecule of alloy;
moles of hydrogen;

pressure (bar);

Universal gas constant (J/(molK));

radius (m);

entropy of formation (kJ/(mol H,));
temperature (K);

time (s);

volume of gas space (m’);

concentration (H/M ratio);

maximum concentration limit;

reaction rate, mole of H,/kg of alloy;
porosity;

density of metal (kg/m’);

reaction rate constant (1/s)

Subscripts

- ga h o
= me = >

MH A;

MH B;
equilibrium;
final;

fluid;

gas;

high;

initial;
inner;

Metal hydride device for simultaneous heat transformation and refrigeration

1 low;

MH metal hydride;

MHC metal hydride compact;
m medium;

max maximum;

min minimum;

[¢) outer
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