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Keywords: The varying applications of metal hydride refrigeration systems, such as cold storage and space air conditioning,
Metal hydride refrigeration systems grant them important advantages over conventional ones. These advantages include being a low-grade heat
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driven, more environmentally friendly and renewable working fluid with greater compactness and fewer moving
parts. However, a metal hydride refrigeration system always operates under unsteady conditions due to the cyclic
hydriding and dehydriding processes involved. To analyse and optimise the metal hydride refrigeration system’s
design and performance, in this paper, a comprehensive transient system model has been developed with a new
and revised intrinsic kinetic correlation inclusive of the essential operating controls and applicable process
conditions of regeneration, cooling and transitions in between. In addition, the correlative model on the char-
acterisation process of pressure, concentration and temperature (PCT) profiles for the metal hydride alloys
employed in the system has been developed and is introduced briefly in this paper. It is integrated in the system
model and ensures the accurate prediction of maximum capacities for the metal hydride isothermal desorption
and absorption processes. The developed transient system model has been validated through comparison with
experimental results from literature on the medium-temperature cooling process of a metal hydride refrigeration
system. The model simulation is conducted for a specially designed low-temperature metal hydride refrigeration
system at different operating conditions and controls. In quantity, when the high-grade heat source temperature
increases from 90 °C to 120 °C, the low-grade heat source temperature increases from —20 °C to 10 °C, the
medium-grade heat sink temperature decreases from 30 °C to 15 °C, and the time period for regeneration or
cooling process decreases from 10 min to 4 min, the cooling COP increases by 112.0%, 136.6%, 19.3% and
31.8% respectively. The optimisation strategies for the system operating conditions and controls are therefore
recommended based on the detailed performance analyses of the system simulation results.

but it has a very low density at atmospheric pressure and ambient
temperature and thus a very low energy content based on volume. It is
therefore necessary to store hydrogen in either a vapor form with
elevated pressure, or a liquid form with cryogenic technology, or a solid
form with metal hydride (MH) alloys. Compared to other two hydrogen
storage technologies, the hydrogen storage with MH alloys has some
important advantages including an improved safety profile due to low
hydrogen storage pressures, lower energy required, and greater
compactness due to higher volumetric hydrogen storage capacity. The
compactness of MH reactors for hydrogen desorption and absorption
processes could facilitate special applications such as mechanical actu-
ations of a pneumatic artificial muscle (PAM) [1], though advanced
control strategies would be required. However, their gravimetric
hydrogen storage capacities are mostly below 2% which can make an
MH hydrogen storage tank far heavier than other hydrogen storage

1. Introduction

It is well-known that global warming is increasing the demand for
cooling and it is now the fastest growing end-use energy demand in
buildings worldwide. This high cooling demand requires a greater
cooling supply and energy consumption with various refrigeration sys-
tems energised conventionally by electricity or fossil fuel combustion.
The extensive fossil fuel consumption has caused serious environmental
concerns such as excessive COy emissions, air pollution and an energy
resource crisis. It is thus essential to reduce the cooling demand and
decarbonise refrigeration systems.

Hydrogen is a promising fuel to replace conventional fossil fuels in
future as it is renewable and not harmful to the environment. Compared
to other fuels, hydrogen has the highest energy content based on mass,
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Nomenclature

Cc Hydrogen concentration (kg/kg)

cop Coefficient of performance

Gy Specific heat at constant pressure (kJ/kg.K)
Di Inner diameter (m)

Do Outer diameter (m)

d Diameter (m)

do Reactor filter tube outer diameter (m)

d; Reactor inner tube inner diameter (m)

d, Reactor inner tube outer diameter (m)

E Activation energy (kJ/kg)

fs Slope factor

AH Enthalpy of metal hydride formation (J/mol)
k Coefficient

L Tube length (m)

m Mass of metal hydride alloy (kg)

m Mass flow rate (kg/s)

MW Molar mass (g/mol)
NTU Number of transfer units
Nusselt number

Prandtl number
Pressure (Pa)

Heat transfer rate (W)
Heat transfer rate (W)

Average heat transfer rate (W)

Universal gas constant (J/mol.K)

Reynolds number

Entropy of metal hydride formation (J/mol.K)
Temperature (K)

Time period (s)

NEIENOIORTYZ

ATime

U Internal energy (J/kg)

UA Overall heat transfer coefficient (W/K)
v Volume (m?)

y Thermal conductivity (W/m.K)

a Heat transfer coefficient (W/m?2.K)

€ Effectiveness

Subscripts

ab Absorption

c Cooling

cn Connection pipe

cool Cooling process

de Desorption

eq Equivalent

f Heat transfer fluid

fi Filter

g Gas

h High-grade heat source

l Low-grade heat source

m Medium temperature heat sink

max Maximum

mid Middle

min Minimum

MH, mh Metal hydride

re Reactor

ref Reference

reg Regeneration process

t Tube

Tran-1  Transition process from regeneration to cooling
Tran-2  Transition process from cooling to regeneration

technologies. To overcome this, a new structure design was applied to
the MH hydrogen storage tank or heat exchanger [2]. The new design
demonstrated great potential as heat exchangers with extended surface
properties per volume could bear high mechanical loads, enhance heat
transfer during hydrogen absorption and desorption processes, and had
high hydrogen storage performance. Different reactor configurations
and thermal enhancement systems applied in MH hydrogen storage
technology were reviewed, compared and analysed [3]. It was found
that to enhance hydrogen storage performance, the investigations of MH
gravimetric hydrogen storage capacity, reaction kinetics and heat
transfer management needed to be integrated.

Other than the advantages of MH hydrogen storage technology, the
operating mechanism of continuous solid form hydrogen storage and
discharge with MH alloys involves cyclically exothermic and endo-
thermic heat transfer processes which can lead to different designs of
energy conversion systems including refrigeration, heat pump and heat
transformer etc. [4-6]. The MH refrigeration systems can have various
applications such as in cold storage and space air conditioning due to
their significant advantages over conventional vapor compression and
absorption refrigeration systems. These include being a low-grade heat
driven, environmentally friendly and renewable working fluid with
greater compactness and fewer moving parts. Conversely, at the same
operating conditions, the performance efficiency of an MH refrigeration
system can match that of an absorption one [7]. However, for an MH
refrigeration system, an MH alloy pair needs to be purposely selected
based on their thermophysical properties and a specified operating
condition, of which one alloy operates at high temperature or low
pressure condition while the other alloy works under low temperature or
high pressure state. Each MH alloy contained in a specially designed MH
reactor absorbs or desorbs hydrogen and simultaneously rejects or

extracts heat to or from the outside. To ensure continuous cooling pro-
duction, two pairs of MH reactors are necessarily installed in the system
in which each pair is connected by a hydrogen pipe to exchange
hydrogen. Moreover, uniquely, an MH refrigeration system always
operates under unsteady conditions due to the cyclic MH hydriding and
dehydriding processes involved. Correspondingly, dynamic state system
operational investigations with both experimental and theoretical
methods are essential to quantify and optimise the system performance
and design [8].

A series of experimental investigations were carried out on a pur-
posely built test rig of the MH cooling system [9,10]. In the test rig, two
MH reactors with identical structure were installed and connected, in
which MH alloys 5{3§i and 5?99 %5 were charged at different weights in
the high and low temperature reactors respectively. Each MH reactor
was specially designed and built with a thin MH alloy powder layer to
ensure the corresponding thermal resistance was low and thus obviate
the enhancement of powder thermal conductivity. Extensive experi-
mental measurements were carried out for the test system at the oper-
ating conditions of fixed high-grade heat source temperature but varying
cooling and ambient temperatures. The dynamic variations of cooling
power, hydrogen exchange and hydrogen pressure development with
the cooling water and ambient temperatures were measured and ana-
lysed. From the experimental investigations, the optimum cycle time of
the system and the operating parameters affecting the cooling power
were obtained. However, the effects of high-grade heat source temper-
ature and transitions between regeneration and cooling processes on the
system performance have not yet been tested and analysed and need to
be further investigated.

The performance of an MH refrigeration system can be evaluated by
the system cooling COP and specific cooling power, which are affected
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by several important factors such as appropriate MH alloy selections,
MH reactor design parameters, system operating conditions and con-
trols. For an MH refrigeration system, the compositions of applicable
MH alloys were optimised to maximize the hydrogen transfer capacities
based on both experimental and theoretical analyses [11]. It was also
found that the composition modification of each MH alloy could affect
the corresponding equilibrium hydrogen pressure when the operating
temperature was fixed. Moreover, the different compositions of an MH
alloy could also affect other important MH properties such as hysteresis
factor etc. The MH reactor designs in an MH refrigeration system nor-
mally consist of cylindrical shapes with different filter installations and
heat transfer fluid tubes with MH alloy powder in between. The
hydrogen accesses the MH bulk through either an inner filter tube
[12,13] or a surrounding filter tube [14,15]. Regardless of the MH
reactor design, it is essential to reduce the thermal resistance or distance
of the MH alloy between the filter and heat transfer fluid tubes. Alter-
natively, the enhancement of thermal conductivity for the MH alloy was
necessary by mixing it with metal foam or fibre etc [16,17]. Based on
experimental investigation of MH refrigeration system, it was found that
a shorter system cycle time could provide a larger cooling capacity but
lower cooling COP due to a reduction in the total amount of hydrogen
[18]. There is therefore an optimal cycle time where the COP could be
maximised. Although experimental investigations are essential to verify
concept and theoretical prediction of MH refrigeration systems, they are
limited by the costs of test facilities, time consuming and large range of
operating conditions. To optimise the system designs and operations,
detailed and accurate system models are necessarily developed and
simulated.

The modelling developments of MH refrigeration or heat pump
systems are conventionally based on lumped methods and take into
consideration the calculations of dynamic intrinsic kinetics of MH ab-
sorption and desorption processes, equilibrium pressures, plateau
slopes, hysteresis factors, heat and mass transfers and hydrogen states
etc [19-23]. Alternatively, a grey box model has been developed to
predict the performance of an on-board MH hydrogen storage system
[24]. Since the type of MH alloy filled in the storage tank was unknown,
the system operating parameters had to be correlated with experimental
measurement data by a fuel cell electric vehicle. The model could be
used to predict the hydrogen capacity and evaluate the degradation
degree of the storage tank.

An integrated numerical model of two MH reactors and their
connection pipe was developed to predict the heat and mass transfer
exchanges [19]. The one-pair MH reactor model was then extended to
the two-pair MH reactor model to simulate a system such as MH heat
pump or refrigeration [20]. The transient parameters simulated
included reactor heat transfer, hydrogen concentration, MH pressure,
and temperatures of MH and heat transfer fluid. However, the end
hydrogen concentrations of both MH absorption and desorption pro-
cesses were assumed as constant which are not accurate in practice. A
single-stage MH heat pump model was developed and simulated at
different operating conditions when various MH alloy pairs were applied
[21]. By comparing the system COP and specific cooling power, an
optimal MH alloy pair was suggested. Although a simple dynamic cor-
relation of the pressure—concentration-temperature was applied and
used in the model, the correlation was difficult to clarify the plateau
regions at different MH operating temperatures. A single-stage MH
cooling system working with one MH alloy pair was modelled[22]. The
model was used to predict the effect of operating and design parameters
such as heat source, sink temperatures and hydrogen charge on system
performance. The research also demonstrated the importance of MH
alloy choice on the system operation. Nevertheless, the limitation of
hydrogen concentration during abosorption or desorption process has
not been included in the intrinsic kinetic equation of the dynamic model.
This will affect the accuracy of the absorption and desorption process
prediction. The paired reactors in the MH heat pump were studied
numerically using a lumped-parameter model[23]. The model predicted
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the effect of reaction rate constant on system performance in terms of
MH pressures and temperature changes. However, since the pressure
difference of hydrogen gas and MH equilibrium were not included in the
intrinsic kinetic equation of the model, this may cause prediction un-
certainty. Ultimately, some of the model assumptions require revision
such as the maximum and minimum hydrogen concentrations of MH
absorption and desorption processes at different temperatures and
hysteresis. These parameters are always varied with operating temper-
atures and are critical to the accuracy of the system model. They can be
calculated with a detailed and accurate model of pressure, concentration
and temperature (PCT) profiles or characterisation for a particular MH
alloy. In addition, a comprehensive dynamic model of the MH refrig-
eration system with an accurate intrinsic kinetic equation and all the
essential processes including transitions needs to be further developed.

In this paper, a comprehensive MH refrigeration system model based
on lumped method has been developed and explained. A new and
revised intrinsic kinetic correlation for dynamic absorption and
desorption processes has been proposed. In addition, the models of PCT
profiles for the characterisations of MH alloy pair employed in the sys-
tem have been developed and described briefly in this paper and it is
thus integrated into the system model. Furthermore, four dynamic
operating processes of one regeneration, one transition between regen-
eration and cooling, one cooling, and one transition between cooling
and regeneration are calculated such that the whole system dynamic
operating cycle can be modelled and simulated. The developed model
has been validated with experimental results from literature. It is then
applied to carry out sensitivity simulations for a low temperature MH
refrigeration system at varied system operating conditions as well as
controls of operating cycles. The system operations and controls can
therefore be evaluated and optimised. The main contributions from this
paper include a comprehensive dynamic MH refrigeration system model
development and validation, a new and revised intrinsic kinetic corre-
lation, integration of MH alloy characterisations with system model, and
optimisation of the system operations and controls.

2. MH refrigeration system

The schematic diagram of an MH refrigeration system and its oper-
ating cycle to be investigated in this paper are shown in Fig. 1. As
depicted, the refrigeration system consists of two identical MH alloy
pairs, MH1-a&MH2-a and MH1-b&MH2-b and each pair is connected
with a hydrogen flow pipe to facilitate the hydrogen exchange between
two reactors. To specify, for each MH alloy pair, one operates at rela-
tively high temperature and low pressure, namely high-temperature
(HT) MH alloy, and the other works at comparatively low temperature
and high pressure, specifically low-temperature (LT) MH alloy. The
system operates simultaneously with these two MH alloy pairs and each
pair works consecutively four processes including regeneration a — b,
transition from regeneration to cooling a — d and b - ¢ (Tran-1),
cooling ¢ — d, and transition from cooling to regeneration d - aand ¢ —»
b (Tran-2). However, for the first half cycle, the regeneration process
starts from point ‘a’ of HT reactor MH1-a by receiving high temperature
(Ty) heat Qp.;. The hydrogen is then desorbed and flows through the
hydrogen pipeline and is absorbed by reactor MH2-a at point ‘b> with
heat release Q2.1 at temperature Ty,. Meanwhile, on the low pressure
side, the cooling process starts from point ‘c’ of LT reactor MH2-b by
extracting low temperature (Tj) heat Qp.; from refrigerated space to
produce refrigeration effect. The hydrogen is then released and passes
through the hydrogen pipeline and is absorbed by reactor MH1-b at
point ‘d’” with heat release Qn.; at temperature Tp,. Once these two
processes are completed, both hydrogen pipeline valves are closed
immediately and two transition processes will start. For the transition
process from regeneration to cooling(Tran-1), the reactor MH1-a is
connected to medium temperature (Ty,) heat sink and releases heat Qp,.
5 (dot arrow line, a — d). Meanwhile, the reactor MH2-a is reconnected
to low temperature (T)) heat flow Q.2 (b — ¢, dot arrow line) and cooled
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Fig. 1. Schematic diagram of a single stage metal hydride refrigeration system and its operating cycle on a Van’t Hoff plot. (Q,, = heat input at high temperature heat
source Th; Qm1,Qme2 = heat outputs at output temperature Ty,; Q; = Heat absorption at low temperature heat source Ty).

down from temperature Ty, to T}. For the transition process from cooling
to regeneration (Tran-2), the reactor MH1-b is connected to high tem-
perature (T}) heat source and absorbs heat Qy.» (dot arrow line, d — a).
Meanwhile, the reactor MH2-b is reconnected to medium temperature
(Tm) heat flow Qpa.2 (c — b, dot arrow line) and heated up from tem-
perature Tj to Tp,. Once the 1st half cycle completes, the two hydrogen
pipe valves will immediately open, and the 2nd half cycle starts. For the
2nd half cycle, the pair MH1-a and MH2-a will operate through cooling
and Tran-2 processes sequentially. Meanwhile, the pair MH1-b and
MH2-b will run through regeneration and Tran-1 processes sequentially.
The heat transfer rate and operating temperature for each process are
the same as those in the 1st half cycle. The time periods for the simul-
taneous regeneration and cooling processes, and two transition pro-
cesses for each half cycle can be set and controlled and ultimately
optimised. Since the operating processes for each half cycle are the same
although at different sequences, the whole system performance can be
represented and analysed by one half cycle with two MH pairs operating
simultaneously.

There are many MH alloy pairs which have been investigated by
different researchers for the potential MH refrigeration systems. Some of
these MH alloy pairs are selected and listed in Table 1 in which the
application temperature ranges of Ty, Ty, and Tj are listed. This can be
instructive for further development in this area.

3. Characterisations of MH alloys

In this paper, the HT MH alloy §3%" and LT MH 5%8% T are selected for
the MH refrigeration system to be investigated. The selections are based
on that the measurement data from literature are applicable [9,10] for
the model development and validation and they are also verified by the
approach proposed by the authors for the MH alloy selections in
different applications [36]. However, to facilitate efficiently a particular
application, an MH alloy must firstly be characterised with a purposely
built test facility to measure extensively the profiles of pressure, MH
hydrogen concentration and temperature (PCT). This could be a massive
and tedious task to obtain detailed PCT profiles or curves as each
isotherm requires hundreds measurement points. It is thus desirable to

develop an accurate correlative model for the PCT profiles with limited
measurements of thermophysical property data for the purpose of
characterisation of each MH alloy. Such a correlative model or charac-
terisation process has been developed by the authors and is described
briefly in this paper. The correlative PCT MH alloy profiles can cover all
applicable hydrogen storage phase regions of a, o + p and f as well as the
phase transition dome curve and critical point such that a PCT phase
diagram for a particular MH alloy can be depicted and characterised
[37]. For the MH refrigeration system, if the medium temperature Ty, is
maintained at 35 °C and no pressure difference for both regeneration
and cooling processes is assumed, the cycle points ‘a’,’b’, ‘c’ and ‘d’ can
be clearly demonstrated in a pressure-temperature (P-T) diagram shown
in Fig. 2. As depicted, the regeneration process pressure is at 46.81 bar,
cooling process pressure is at 6.28 bar, the high temperature heat source
temperature Ty, is at 110.12 °C while the low temperature heat source
temperature T; is at —5.17 °C. Therefore, the selected combination of HT
and LT MH alloys is more suitable for the application of medium tem-
perature refrigeration with the heat source temperature around 110 °C.

4. Modelling development of MH refrigeration system

Although the hysteresis effect can be clearly seen in the P-T diagram
of Fig. 2 for each selected MH alloy, there are some assumptions in the
refrigeration cycle, for example, constant pressure at either regeneration
or cooling process. However, in an actual system operation, the MH
pressures at points ‘a’ and ‘c’ should be higher than those at points ‘b’
and ‘d’ respectively. In addition, importantly, the MH refrigeration
system always works at dynamic conditions such that the operating
parameters such as temperature and pressure at each cycle point always
vary with time. Therefore, to accurately predict and evaluate the system
operation, dynamic system model is necessarily developed.

As explained previously, the MH refrigeration system consists of two
identical MH reactor pairs and each includes a HT MH reactor and a LT
MH reactor. In this paper, the structural design of cylindrical tubes is
applied for each reactor, as shown in Fig. 3 for the system layout. For
each MH reactor, it consists of an inlet port and an outlet port of heat
transfer fluid, an outer tube, an inner tube, metal hydride alloy powder

Table 1

Potential MH alloy pairs for refrigeration systems.
MH alloy pair Th(°C) Tm(°C) Ti(°C) Ref.
MmNig gAlg 4/ MmNiy gFeg 4 80 ~ 110 25 ~ 35 5~15 [25,26]
LaNig ¢1Mng 26Alg.13/Lag 6 Y0 4Nig gMng 5 140 ~ 170 25 ~ 35 10 ~ 20 [15,27]
LmNiy 91Sn¢.15/Tio.09Zr0.01V0.43F€0.00Cr0.0sMn; 5 130 ~ 160 25 ~ 35 10 ~ 20 [9]
LaNi4 ¢Alg.4/MmNiy 15Feq g5 110 ~ 140 25 ~ 35 —-30 ~ 15 [28,29]
Zr.6Tig 1Cro.oFe; 1/Zro oTig 1Cro eFes 4 110 ~ 140 25 ~ 35 5~15 [30,31]
LaNis ¢Mng 32Alg 3/Lag 6Y0.4Nig gMng o 130 ~ 150 20 ~ 30 -20~5 [32]
LaNi4 7Alg.3/MmNiy 15Feq g5 120 ~ 130 29 ~ 50 0~20 [33,34]
LmNiy 91Sn0.15/ LmNig 9150015 Compressor driven 25~ 35 10 ~ 20 [35]
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Fig. 2. A medium temperature MH refrigeration cycle shown in P-T diagram.

(Cooling)

1: hot thermal oil inlet; 2: hot thermal oil outlet; 3: cooling water inlet; 4: cooling
water outlet; 5: chilled water inlet; 6: chilled water outlet; 7: outer tube; 8: inner
tube; 9: filter tube; 10: metal hydride; 11: hydrogen valve; 12: connection pipe

Fig. 3. Structure designs and connections of MH reactors in a MH refrigeration system.

and a filter tube. The heat transfer fluid of either hot thermal oil, cooling
water or chilled water flows sequentially through inlet port, the slot
between outer and inner tubes and outlet port to exchange heat with the
MH reaction. The hydrogen is then absorbed into or desorbed from the
MH and flows between two MH reactors along the first filter tube,
connection pipe and the second filter tube. As explained in section 2,
although the system operates in a number of processes, they basically
can be modelled by mass and heat transfers in each reactor and mass
balance in the control volume of the first filer tube, connection pipe and
the second filter tube, which are described as below.

To justify, the following assumptions are made for the development
of dynamic system model:

e Hydrogen behaves as an ideal gas.

e The MH lattice can be modelled with a quasi-uniform temperature
model.

e The diffusivity of hydrogen through the filter tube and the MH
powder does not limit the reaction.

e Due to the low gas velocity and moderate temperature, the heat
transfer by convection and radiation within the MH powder bulk can
be neglected.

e The MH absorption and desorption processes operate within the
plateau (« + p) region.

4.1. Mass transfer

When HT or LT heat is added to an MH reactor, both the temperature
and pressure of the MH will increase such that hydrogen gas will be
desorbed out of the MH. On the other hand, when an MH reactor absorbs
hydrogen gas from the desorbed MH reactor, the reaction heat needs to
be released to maintain an operational MH temperature and pressure.
The hydrogen absorption or desorption or mass transfer is a dynamic
process and is dependent on the MH temperature, pressure difference
between the MH and its surrounding hydrogen gas, and concentration
difference between instant concentration and the concentration at the
process end, which can be calculated as the revised intrinsic kinetic
equation (1) for both desorption and absorption processes.
dC . P,—P,

ke ®T.

@t P 1€ o

= Pegmin
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where, Cp, is the maximum plateau region (« + f) concentration of ab-
sorption process or minimum plateau region (a + p) concentration of
desorption process.
The equilibrium pressure in the plateau region can be calculated as
the modified Van’t Hoff equation:
AH AS

77+7+‘f‘s(C7 Cm[d) (2)

InP,, =
RT R

4.2. Heat transfer

For each MH reactor, the net heat transfer to the MH can cause the
MH temperature to change with time, as described below:
dr m dC .
C,—=————AH 3
"Crde = mwy, @ ST )
An effective-NTU method is applied for the calculation of heat
transfer between the MH and external heat transfer fluid.

Oy = ey Gy, (T; = T) )
e=1—e MV (5)
A
NTU = .U (6)
11 Cp,
1 1 In% Ind
dy dy (7)

UA ~ ndyLay  27hL " 27yl

Supposing the heat transfer fluid is under turbulent flow, the fluid
heat transfer coefficient can then be calculated as:

Nuy = 0.023Rep*Pri® ®)
/If Nuf
A = —— (9)
deg

4.3. Mass and energy balances for hydrogen gas

For the MH refrigeration system, once the regeneration or cooling
process starts to operate, the hydrogen valve connected to each process
is controlled to switch on in order for the hydrogen gas within the two
filter tubes and hydrogen connection pipe to reach the same pressure
immediately. If the total volume of two inner filter tubes and inner
hydrogen connection pipe between two connected MH reactors is set as
a control volume, the corresponding mass and energy balances for each
process can be calculated in Equations (10) and (11) respectively.

dmg dcde dcab

mg __, dCe 10

dr e gy~ Mgy aon
dcd(, dCu;, dmg, dUg

ey — my = H, = U, m S 11

Mae™ gy e = May=g My = =7 Vet me, an

Since the hydrogen gas is assumed as an ideal gas, the following two
equations are followed:

Ny

PeVe = 3R (12)
dp, 1dT, 1 dm,

—_pl= — 1
dt "{Tg dt +mg dt as)

4.4. Equations for transition processes

Once the regeneration and cooling processes are completed, the two
hydrogen valves on those two hydrogen connection pipes are controlled
to close immediately and the transition processes start between MH1-a
and MH1-b, and between MH2-a and MH2-b simultaneously. For the
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models of the transition processes, equations (1)—(9) can still be applied.
However, the concentration variation € will always be zero during the
transition period.

4.5. System operation controls

The process of either regeneration or cooling can be controlled by a
timer to fix the process operation time, and this is a simple way to
control it. The process can also be controlled to complete when the
minimum hydrogen flow rate is reached but an accurate hydrogen mass
flow meter needs to be installed for each process. For the transition
process, it can be easily controlled by a timer. Therefore, a simple way to
control each operation process is by means of a timer control with a
specific time period for each process which can be optimised by the
model simulation or refined by the experiment.

5. Model validation

The developed MH refrigeration model has been validated with the
experimental results from literature [9,10]. The test system consists of
two MH reactors connected with a hydrogen pipe in which one was
charged with a high temperature MH alloy §%3" and another was charged
with a low temperature alloy 5?99 . The dynamic cooling process was
measured with specific initial and operating conditions. For the initial
condition, the high temperature MH equilibrium pressure, temperature
and concentration were set as 4 bar, 33 °C and 0.4 wt% respectively,
while the low temperature MH equilibrium pressure, temperature and
concentration were fixed as 26 bar, 14 °C and 1.2 wt% individually.
Water fluid was applied as the heat transfer fluid for both MH reactors.
For the operating condition, the water flow rate to each reactor was set
at 4 1/min while the water flow inlet temperature was the same as the
initial temperature of each reactor.

The comparison between simulation and experimental results for
dynamic variations of hydrogen concentrations in high and low tem-
perature reactors during the system cooling process is shown in Fig. 4. As
depicted, during the cooling process, the high temperature (HT) and low
temperature (LT) MH reactors operate simultaneous hydrogen absorp-
tion and desorption processes. Although the variations of hydrogen
concentration in these two processes work in opposite directions, they
both change in exponential trends from start to 120 s from operation
initiation. After this, there are almost no changes to the hydrogen con-
centrations. This implies that the time required for the cooling process
can be greatly reduced. The comparison results show good alignment
between simulation and experiment. In addition, the dynamic variation
of hydrogen mass flow rate during the cooling process has been simu-
lated and compared with the corresponding measurement, as shown in
Fig. 5. As illustrated, there is a large increase in the hydrogen mass flow
rate at the beginning of the cooling process and then an abrupt drop at
the 10 s operation time. This is due to the largest initial pressure dif-
ference between these two MH reactors and the largest pressure differ-
ence reduction during the first 10 s operation. From there, the hydrogen
mass flow rate decreases gradually and approaches zero when the
operation time reaches 200 s. Again, the simulation results match well
with the corresponding measurement data. Furthermore, the instant
cooling capacity is calculated or measured based on the heat transfer
fluid mass flow rate and temperature difference between fluid inlet and
outlet for the LT MH reactor. The dynamic simulation and experimental
results for the cooling capacity are compared and shown in Fig. 6. As
demonstrated, there is a big surge in cooling capacity at the beginning of
cooling process and thereafter a gradual drop in cooling capacity. It
should be noted that the variation of cooling capacity does not exactly
follow the change in hydrogen mass flow rate, particularly at the
beginning of cooling process. This is due to a heat transfer delay in
cooling capacity compared to the reaction heat from the rate of
hydrogen desorption. Once more, the simulation results match well with
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the corresponding measurements except for at the beginning of cooling
process. Consequently, the developed dynamic MH refrigeration system
model has been fairly validated.

6. Sensitive analysis and optimisation of system operation
6.1. Performance evaluation at a base operating condition

As shown in Fig. 3 for the system layout, the system operation can be
represented by one pair of MH reactors connected to a hydrogen
connection pipe such as MH1l-a and MH2-a or MH1-b and MH2-b.
However, the cooling processes for these two MH pairs should operate
at different time slots in order to produce continuous cooling. Therefore,

as an example, the pair of MH1-a and MH2-a and their connection pipe
operates sequentially with the processes of regeneration, transition from
regeneration to cooling (Tran-1), cooling and transition from cooling to
regeneration (Tran-2), and each process is controlled at different time
periods. For the simulation purpose, the structural design data for each
MH reactor and connection pipe are specified in Table 2. In addition, the
lengths of MH reactor 1 (MH1), MH reactor 2 (MH2) and connection
pipe are 1.0 m, 0.5 m and 1.0 m respectively. The MH alloy charges in
MH1 and MH2 are 2 kg and 1 kg each. For the heat transfer fluids
(HTFs), thermal oil and brine are used for MH1 and MH2 separately. The
HTF mass flow rates for MH1 and MH2 are both fixed at 0.1 kg/s while
the HTF temperature for each reactor is varied. For the initial conditions,
each MH is in thermal equilibrium with that of an external HTF such that



Y.T. Ge and P.Y. Lang

Applied Thermal Engineering 234 (2023) 121264

Table 2
Design data for each MH reactor and connection pipe.
Reactor Dog Dig Domn Dipp Doye Dipe Docn Dicp
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
MH1 12.7 9.52 33.4 27.86 42.16 36.62 12.7 9.52
MH2 12.7 9.52 33.4 27.86 42.16 36.62 12.7 9.52

the initial temperature of each MH is the same as that of external HTF.
The initial MH1 concentration is the maximum concentration of the
reactor at that temperature while the initial MH2 concentration is the
minimum concentration of the reactor at corresponding temperature.
For the base condition, the HTF temperatures for Ty, T, and T) are fixed
at 383.15 K, 298.15 K and 283.15 K respectively. The time periods for
the processes of Regeneration, Tran-1, Cooling and Tran-2 are set to 10
min, 5 min, 10 min and 5 min respectively.

The system dynamic operation at such operating conditions is
therefore simulated and demonstrated from Figs. 7 to 11 for the varia-
tions of MH temperatures, hydrogen concentrations, hydrogen and MH
equilibrium pressures, hydrogen flow rate and heat transfer rates
respectively. For the regeneration process, the reactors MH1 and MH2
operate respectively in hydrogen desorption with high-temperature heat
addition and hydrogen absorption with medium-temperature heat
release. However, in the first 15 s, those simulated operating parameters
all have an abrupt reduction in terms of MH1 temperature, hydrogen
concentration in MH1, MH1 equilibrium pressure and hydrogen ex-
change rate, or increase containing MH2 temperature, hydrogen con-
centration in MH2, MH2 equilibrium pressure and heat transfer rates in
both reactors. After that, all these parameters increase or decrease and
gradually approach respective steady-state values. To clarify, at the end
of regeneration process, the MH1 and MH2 temperatures reach their
corresponding HTF inlet temperatures. The hydrogen concentrations in
MH1 and MH2 reach respectively their minimum and maximum values
based on their corresponding temperatures. The pressures inside MH1
and MH2 come to the same value such that the hydrogen exchange rate
falls to zero. Subsequently, the heat transfer rates for both reactors
reduce to zero.

Once the regeneration process has completed, the Tran-1 process
starts and the hydrogen valve installed in the hydrogen connection pipe
is immediately closed. Meanwhile, the medium temperature heat sink
and low temperature heat source are added to the reactors MH1 and
MH2 respectively. Therefore, in this process, there is only heat transfer
(and no hydrogen mass transfer) for each reactor. Subsequently, as
shown in Fig. 7, the MH1 temperature reduces gradually due to a large
temperature difference between the high temperature heat source and

400

the medium temperature heat sink and the larger MH alloy mass charged
in MH1, while the MH2 temperature drops quickly because of the small
temperature difference between the medium temperature heat sink and
the low temperature heat source and also the smaller MH alloy mass
charged in MH2. Both MH1 and MH2 temperatures will eventually
stabilise to their corresponding HTF inlet temperatures. Since there is no
hydrogen exchange in this process, the hydrogen concentration is each
reactor maintains unchanged, as shown in Fig. 8 while the hydrogen
mass flow rate is zero as indicated in Fig. 10. Corresponding to the
temperature changes, the pressures in MH1 and MH2 vary similarly to
those of temperatures, as shown in Fig. 9. However, the pressure in MH2
remains higher than that in MH1 due to different MH alloys used. It
should be noted that the average pressure of MH1 and MH2 is applied to
represent of the hydrogen gas pressure. Analogous to the MH tempera-
ture variations, the heat transfer rates in these two reactors vary simi-
larly and approach zero by end of this process.

Once the Tran-1 process has completed, the cooling process will start
and the hydrogen valve will open immediately while medium temper-
ature heat sink and low temperature heat source will continue to con-
nect to the MH1 and MH2 respectively. The MH2 and MH1 will undergo
hydrogen desorption and absorption processes respectively and the
desorbed hydrogen will flow from MH2 and MH1 such that the refrig-
eration effect will be produced in MH2. Similar to the regeneration
process, the hydrogen exchange rate reaches its highest at the very
beginning due to the largest pressure difference between MH2 and MH1,
as shown in Fig. 10. Correspondingly, the MH temperatures, hydrogen
concentrations, MH pressures, heat transfer rates all have sharp increase
or decrease during the very short period. After that, these operating
parameters gradually decrease or increase and eventually reach
different stabilized values. These stabilized values depend on the
external HTF inlet temperatures, maximum or minimum hydrogen
concentrations, and time period for this process. When the process time
is long enough, the hydrogen exchange rate and the heat transfer rate
will all approach zero.

Once the cooling process has completed, the Tran-2 process starts
and the hydrogen valve will close immediately. Meanwhile, the high
temperature heat source and medium temperature heat sink will be
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added again in the MH1 and MH2 respectively. As such, there is no mass
transfer but only heat transfer during this process. Correspondingly, the
hydrogen exchange rate will be zero and the hydrogen concentration in
each reactor will remain unchanged. The MH temperatures, MH pres-
sures and heat transfer rates increase or decrease abruptly at the
beginning of the process and then stabilise to the values corresponding
to the HTF temperatures. The heat transfer rates will fall to zero if the
process time is long enough. When the process of Tran-2 completes, the
cycle will repeat.

The dynamic simulation results shown in Figs. 7-11 in terms of MH
temperature, hydrogen concentration, MH equilibrium pressure,
hydrogen flow rate, and heating and cooling capacities have also been
compared with other studies from literatures [16,17], with similar
parameter variation findings. These can further verify the accuracy of
the model development in this paper.

6.2. Performance comparison at different operating conditions

The system performance can be significantly affected by different
operating parameters including the high-grade heat source fluid inlet
temperature Ty, medium-grade heat sink fluid inlet temperature Ty,
low-grade heat source fluid inlet temperature Tj, operating time period
for both regeneration and cooling processes Time,. and operating time
period for both Tran-1 and Tran-2 processes Timey;o. The effective sys-
tem parameters include high temperature heat input, cooling capacity
and cooling COP. Since these parameters are all dynamic and varied
with time, the average values during corresponding operating time pe-
riods are necessarily calculated. As explained in section 6.1, the refrig-
eration cycle consists of four processes including regeneration, Tran-1,
cooling and Tran-2 and the average heat transfer rate of each process
from staring time at ‘1’ to end time at ‘2’ and time period ATime can be
calculated as:

R
" ATime

0

(14

The total high-grade heat source heat transfer rate can be calculated
as:

01 = Orey + Orran > (15)
The net cooling capacity can be calculated as:
0. = oot = Oran- (16)

The average cooling COP can therefore be calculated as:

10

Q.

o)

The effect of those operating parameters on these three performance
parameters are thus simulated and demonstrated by the proposed dy-
namic system model. As depicted in Fig. 12, the net cooling capacity,
total heat input and cooling COP all increase with a higher high-grade
heat source temperature. However, the increase rate of the COP slows
down with the higher heat source temperature. Quantitatively, when the
high-grade heat source temperature increases from 90 °C to 120 °C, the
net cooling capacity, total heat input and cooling COP increases by
347.1%,110.9% and 112.0% respectively. As shown in Fig. 13, with the
increase of the low-grade heat source temperature, the net cooling ca-
pacity increases but the total high-grade heat source heat input does not
change significantly such that the cooling COP also grows although at a
gradually reducing rate. For example, when the low-grade heat source
temperature increases from —20 °C to 10 °C, the net cooling capacity,
total heat input and cooling COP increase by 148.0%,4.8% and 136.6%
respectively. The effect of medium-grade heat sink temperature on the
system performance is shown in Fig. 14. As depicted, the net cooling
capacity, total heat input and cooling COP all reduce with a higher
medium-grade heat sink temperature indicating that a lower medium
heat sink temperature is expected. Numerically, when the medium-
grade heat sink temperature increases from 15 °C to 30 °C, the net
cooling capacity, total heat input and cooling COP drop by 33.4%,17.4%
and 19.3% respectively.

The time periods for regeneration and cooling processes are
controlled to be the same, and this is also applied to the processes of
Tran-1 and Tran-2. As shown in Fig. 15, the net cooling capacity, high-
grade heat source heat input and cooling COP all decrease with longer
time periods of regeneration and cooling processes, implying that
shorter regeneration and cooling processes are expected. For example,
when the time period for regeneration or cooling process increases from
4 min to 10 min, the net cooling capacity, total heat input and cooling
COP decrease by 53.17%,31.4% and 31.8% respectively. On the other
hand, as shown in Fig. 16, the net cooling capacity and high-grade heat
source heat input increases and decreases respectively with longer time
period of Tran-1 and Tran-2. This is due to the smaller cooling capacity
needed during the Tran-1 period while less heat input is required by the
high-grade heat source heat input during Tran-2 period. Subsequently,
the cooling COP increases with the longer time periods of Tran-1 and
Tran-2. For instance, when the time period of Tran-1 or Tran-2 increases
from 2 min to 5 min, the net cooling capacity and cooling COP increases
by 25.8% and 112.1% respectively while the total heat input decreases

COP, = a7
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by 40.7%. The simulation results are significant to evaluate system
performance at different operating conditions and optimise the system
operations with a timer control for each process.

7. Conclusions

A metal hydride (MH) refrigeration system has distinct advantages
over conventional refrigeration technologies in terms of being an envi-
ronmentally friendly working fluid, potential for hydrogen storage,
compactness and application of a low-grade heat source. However, the
system always operates in dynamic processes such that all the operating
and performance parameters vary with time. Correspondingly, in this
paper, to analyse and optimise the performance of the MH refrigeration
system, a comprehensive dynamic system model has been developed
based on transient mass and heat transfer balances for each system
component. To accurately predict the dynamic MH absorption and
desorption processes, a new and revised intrinsic kinetic equation has
been proposed and integrated into the system model. Two MH alloys
have been selected for the MH refrigeration system and the MH reactor
structures were designed for the modelling purpose. These two MH al-
loys were characterised with a purposely developed model of pressure,
concentration and temperature (PCT) profiles for different MH alloys
based on limited experimental results. Some important thermophysical
properties and parameters for these two MH alloys can therefore be
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calculated and determined including reaction enthalpy, reaction en-
tropy, middle, minimum and maximum values of hydrogen concentra-
tion etc, which are essential for the system model development. The
dynamic model has been validated with experimental results from
literature and applied to system performance evaluation and compari-
son at different operating conditions. The simulation results found that
the average system cooling capacity and COP all increase with higher
high-grade and low-grade heat sources temperatures. However, with the
rise in medium heat sink temperature, both average system cooling ca-
pacity and COP will reduce. In addition, with the increase of time pe-
riods for regeneration and cooling processes, the average system cooling
capacity and COP will both decrease. On the other hand, with the in-
crease of time periods for two transition processes, the average cooling
capacity and COP will both increase but the high-grade heat input will
decrease. The comprehensive dynamic modelling development process
for the MH refrigeration system can be an efficient tool for the system
performance analysis and evaluation while the simulation results from
the developed model can be used for the optimisation of system design
and operation.
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