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Due to the increasing demand for clean energy and improved energy utilization, the metal hydride heat
transformer for low-grade heat recovery has attracted wide attentions recently. In this paper, such
a system with LaNis—LaNig7Alg 3 pair, which is used for upgrading waste heat to a higher temperature,
was investigated in detail by numerical simulation. Different from existing studies, in this investigation
only ambient and waste heat sources are involved during operation of the heat transformer, which could
be advantageous in many aspects. A rigorous 2-D unsteady model was developed and numerically solved
by the fully implicit finite volume method (FVM). It was shown that the proposed system can achieve
steady heat upgrading operation, resulting in an average temperature boost of 6.8 K using a 358 K waste
heat source. The dynamic behavior of the heat transformer in three subsequent cycles was analyzed, and
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the measures aiming at continuous output were further discussed.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the recovery of the waste heat from industry,
featured by a large amount and a low grade (the temperature is
generally below 100 °C), has attracted worldwide attentions. Waste
heat recovery would contribute not only to lower energy
consumption, but also to less pollution and better environment.
Therefore, the research and development of waste heat recovery
systems is of great interest to the scientific community. Till now
many technical means have been examined for these purposes, and
the promising candidates are recognized as organic Rankine cycle
(ORC) [1], absorption heat pump [2] and chemical heat pump [3].
The metal hydride heat pump (MHHP) is a type of chemical heat
pump, in which the heat effect accompanying hydriding/dehy-
driding reaction is utilized. The reaction can be written as follows:

M + x/2-Hy < MHy + AH (1)

where M is a certain metal or alloy, and the product MHy is termed
metal hydride (MH). The MHHP can achieve multiple purposes, i.e.
refrigeration, heat amplification or heat upgrading. It covers a wide
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range of operation temperatures from —50 to 400 °C. Besides, the
system is reliable and environmentally benign. These advantages
make it a competitive alternative in waste heat recovery. When
applied for heat upgrading, the system is also called heat
transformer.

Ram Gopal and Srinivasa Murthy [4] built a 1-D conjugate heat
and mass transfer model for the MH heat transformer with
ZrCrFeq 4—LaNis pair, which could provide useful heat at 408—418 K.
According to the authors, there exists an optimum thermal
conductivity for a given bed thickness and overall heat transfer
coefficient, beyond which the system performance measured by
coefficient of performance (COP) is hardly affected. As the
temperature of the heat input increases, the COP of system tends to
increase.

Kang and Yabe [5] formulated a reaction front model for the heat
transformer based on MHs, and a module using LaNis—LaNig 5Alg 5
pair was considered to upgrade waste heat at 383 K to more than
400 K. The simulation results showed that the COP of system is
comparable with that of absorption heat pump (~0.5). Moreover,
through increasing the heat transfer coefficient and efficiency of
internal heat recovery, the system performance can be further
enhanced.

A series of experimental studies on the MH heat transformer
have been carried out by the Stuttgart University in Germany, from
reactor dynamic tests [6] to system construction and operation
[7,8]. It was shown that a temperature boost from 130 to 200 °C is
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Nomenclature

A parameter in P—C—T equation

B parameter in P—C—T equation, K

G specific heat capacity at constant pressure, J kg~! K~
C, specific heat capacity at constant volume, ] kg~! K~!
E activation energy, | mol ™!

h convective heat transfer coefficient, W m=2 K~

reaction heat, ] mol~! H,
hydrogen to metal ratio
reaction rate constant, s~
permeability, m?

mass source term of reaction, kg m~—3s
molecular weight, kg mol~!

amount, mol
pressure, Pa

mass flow rate, kg s~
heat, ]

r-coordinate, m
general gas constant, ] mol~! K~
area, m

time, s
temperature, K
gas velocity, m s~
volume, m®
mass, kg

reacted fraction
z-coordinate, m
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Greek symbols
I’} hysteresis factor in P—C—T equation

€ volume fraction

A thermal conductivity, W m~! K~!
u dynamic viscosity, Pa s

p density, kg m—3

¢ plateau flatness factor in P—C—T equation
do plateau flatness factor in P—C—T equation
Y fraction of transferred hydrogen
Subscripts

a absorption or hydriding

Al Aluminum foam

b bulk bed

c connecting volume

d desorption or dehydriding

e equilibrium

eff effective

f heat transfer fluid

F final

g hydrogen gas

H high

1 initial

in inlet or input

L low

M intermediate

MH metal hydride

out outlet or output

sat saturated

v void

w vessel wall

viable for a two-stage MHHP system adopting 3 misch metal-
—nickel alloys, which is potentially applicable in many industrial
processes, e.g. rectification of oil products. However, the system
performance concerning thermal efficiency was not quite satis-
factory, especially after the shutting down of internal heat recovery
due to operation failure.

Liang et al. [9] presented a thermodynamic model for MH heat
transformer, through which the main factors affecting system
performance were discussed. Enhanced heat transfer and compact
reactor design were found to be necessary to achieve satisfactory
COP. Besides, the influence of operation conditions, e.g. the
temperature of driving heat source, was also very important.

Meng et al. [10] proposed a novel liquefied natural gas (LNG)
cold energy recovery system, in which an MH based heat trans-
former was integrated to reduce the overall energy consumption.
Based on the results of thermodynamic analysis, the authors
pointed out that the improvement of heat transformer perfor-
mance is crucial for optimization of the whole cold energy recovery
system.

Although a number of studies have been carried out both
theoretically and experimentally, the MH-based heat transformers
concerned are basically similar: at least three heat sources (or
sinks) of varied temperatures have to be used for operation, which
results in a complicated system construction. Moreover, the COP
and specific heating power (SHP) are not quite satisfactory. In this
paper, a single stage system using LaNis—LaNig7Alg3s pair was
considered, where the high temperature heat sink was simply
replaced by the waste heat. A rigorous mathematical model for
system operation was established, in which some factors neglected
in previous studies, e.g. the effect of vessel wall, the reaction during

sensible heating/cooling processes, were taken into account.
Through numerical simulation, the working characteristics of the
system in repeated cycles were explored and the performance of
the novel system was assessed.

2. Mathematical model
2.1. Operation principle

A single stage MH heat transformer was considered. It is
composed of at least two reactors coupled by the hydrogen pipe-
line, as is shown in Fig. 1a. Two kinds of MHs, say My and M5, are
packed respectively in the reactors. A general working cycle
proceeds in 4 sub-processes as described below, and the corre-
sponding thermodynamic cycle was shown in Fig. 1b.

In recharging or regeneration period (Sub-process 1), the on—off
valve of hydrogen pipeline is kept open, and hydrogen flows from
metal hydride M; (at State 2) to M, (at State 3), driven by the
difference of equilibrium pressures. Heat at intermediate temper-
ature Ty, namely waste heat, is supplied to My through certain fluid
for hydrogen desorption, while M, rejects absorption heat at
ambient temperature Tj.

In pre-heating period (Sub-process 2), the on—off valve is kept
closed. The reactor packed with M is sensibly heated to the high
temperature Ty (from State 2 to State 1), meanwhile the other
reactor packed with M, is sensibly heated to Ty, (from State 3 to 4).

In working period (Sub-process 3), the on—off valve is kept open
and hydrogen reversely flows from M, (at State 4) to M; (at State 1).
Waste heat is supplied to M, for hydrogen desorption, while the
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d Fluid outlet Metal hydride 1 Metal ydride 2 Fluid outlet
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Fig.1. MH heat transformer (a): Schematic (b): Thermodynamic cycle in the Clapeyron
diagram.

absorption of hydrogen in My generates the useful output at high
temperature Ty. Thus the heating is achieved.

In pre-cooling period (Sub-process 4), the on—off valve is kept
closed. The reactors packed with M; and M, are sensibly cooled to
Ty (from State 1 to State 2) and T; (from State 4 to State 3),
respectively. To this point, the whole working cycle is completed.

The introduction of a heat sink at Ty, however, is an issue
deserves careful thinking. Firstly, it may add to the difficulty of
constructing a system, because there has to be some proper heat
sink nearby, and another fluid may be involved as the medium.
Besides, during Sub-process 3 the driving force of reaction (i.e. the
pressure difference AP) is limited. Meanwhile the temperature
difference between Ty; and Ty suggests corresponding sensible heat
loss. Hence the above-mentioned system can hardly provide
satisfactory performance.

To resolve these problems, the idea of MH based air condi-
tioning system was borrowed, for which the ambient air is used
as both heat source and sink [11,12]. In this investigation, the
waste heat fluid plays a similar role. As can be seen in Fig. 1b, at
the State 2’ waste heat is introduced as the heat sink and the new
cycle 2—3—4—2'-2 can be formed. The pressure difference as the
driving force of reaction (AP’) tends to increase in the working

500mm

period, thus enhanced reaction rate will lead to short cycle time,
which is desirable for larger output power. This is particularly
suitable for the hydride pair providing just a moderate driving
force for Sub-process 3. Moreover, because of the temperature
change fluid experiences during hydriding/dehydriding reaction,
an actual heat upgrading can still be achieved, as will be illus-
trated later.

2.2. Mathematical model

The ambient and waste heat temperatures were respectively
specified as 293 and 358 K, and the pair LaNis—LaNig7Alp3 was
selected for use according to a procedure proposed by the
authors [13].

In the application of MH systems, the tubular type reactor was
considered here as it is widely used [14]. The dimension of the
reactor is shown in Fig. 2. Aluminum foam was supposed to be
inserted in the MH bed for enhanced heat transfer, while tube wall
was made of stainless steel. The following assumptions were made
to formulate the model:

1) The physical properties of the reaction bed are constant during
the reaction.

2) The gas phase (hydrogen) is ideal from the thermodynamic
view.

3) There is no temperature slip between the solid phase and the
gas phase, which is also termed “local thermal equilibrium”.

4) The radiative heat transfer is neglected due to the moderate
temperature range to be modeled.

5) When the valve between coupling reactors is open (referring to
Fig. 1a), simultaneous thermodynamic equilibrium can be
achieved.

6) The state of hydrogen is uniform in the connecting volume.

When the two reactors are connected (Sub-processes 1 and 3),
hydriding reaction occurs in one reactor while dehydriding occurs
in the other. The modeling equations for the two reactors are
basically similar and thus only one set of the equations for reactor
1 packed with LaNis is discussed as follows.

Continuity equation for hydrogen gas can be expressed by:

0e,pg
ot

+ v(pgu) — —m-M, 2)
Mass equation for the MH can be written as follows:

o¢ .
MHPMH _ % (3)

Unlike previous investigations, the local reaction state was not
assumed beforehand while determined according to the actual
pressure and equilibrium pressure, giving:

&

¥

Hydrogen artery

Metal hydride bed

Tube wall

Fig. 2. The dimension of the tubular reactor for investigation (mm).
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° & p dX
i — UL 4/ - (max (0. (P~ Pea)) -,
dx
+ max (O, *(Pg — Pei,d)) a‘d) (4)

Momentum equation for hydrogen gas is described by:

U = K/u-VPg (5)

Energy equations for the bulk bed including both solid and gas
phases are given by:

0( > piGpi) Ty

ot +v-(pgcpgﬁrb) - v(aeffvm +m-AH  (6)

The hysteresis and plateau slope were taken into account in the
P—C—T equation used [15]:
Pea = exp (—A/Ty+B-+ (¢~ o) tan (1" x (X~1/2)) +6/2)
(7a)

Ped = exp (—A/Ty+B+(#—o)- tan (7" x (X—1/2)) - 4/2)
(7b)

Reaction kinetic equations for absorption/desorption take the
form of one-order chemical reaction [16,17]:

O = ka exp (—Ea/(ReTy)) In (Pe/Pea)(1-X) (8a)
dx
atly = ka exp (= Ea/(ReTp)) - ((Pea = Pe) /Pea) X (8b)

The equations for reactor 2 can be written likewise and are
skipped here. The state of gas in the connecting volume was
renewed with time marching:

dN.

at = ([ raUidsi+ [ paU2dss) /g (9)

dN:CyeT, — —
eCige _ 7( /pglcng1T1dS] +/pg2Cng2T2d52)/Mg

(10)

PVe = NeRgT: (11)

Therefore, the boundary conditions for both reactors are actu-
ally transient. When the two reactors are disconnected (Sub-
processes 2 and 4), some authors approximate the process as
simple heat transfer with no reaction [4,18], and only Eq. (6)
eliminating the reaction source term is adopted. However, during
this time pressure may vary in a large range and trigger the reac-
tion, thus such simplification is questionable. In this paper, the full
set of equations, i.e. Egs. (2)—(8), were still used to simulate Sub-
process 2 and 4, thereby local reaction is allowed to occur.
However, in this case one reactor is isolated from the other, and
mass/heat exchange occurs between one reactor bed and half of the
connecting volume. The equations can be written following the
expression of Eqs. (9)—(11).

2.3. Initial and boundary conditions

Uniform reacted fraction, temperature and pressure were
assumed in reactors 1 (packed with LaNis) and 2 (packed with
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LaNig 7Alp3) initially, and the equilibrium state was reached. The
initial reacted fraction of reactors 1 and 2 are 0.2 and 0.8, respec-
tively. The ambient temperature T; is 293 K and the waste heat
temperature Ty is 358 K. As shown in Table 1, the initial state of the
latter sub-process is exactly the final state of the former sub-process.

For a tubular reactor, three types of boundary conditions can be
classified according to Yang et al. [19], details are referred to the
original paper. The convective heat transfer coefficient is 1500 W/
(m K) and the number of heat transfer unit (NTU) is 1. Water and oil
were used as the heat transfer fluids for low and high temperatures,
respectively.

Trial computation was done to determine the time for the 4 sub-
processes ti, ta, t3, t4 as 542, 120, 240 and 80 s, under which
condition a sufficient amount of hydrogen (60% of total inventory)
could be transferred between the reactors.

2.4. Numerical technique

The model was solved by a classical finite volume method (FVM)
[20], through which the heterogeneous and distributed physical
properties can be dealt with easily. The computation domain
includes both MH bed and the vessel wall, while the same set of
governing equations was applied in the whole domain. However,
the physical properties in respective regions are varied as shown in
Table 2. Obviously, owing to the appropriate properties settings, the
governing equations automatically degenerate into simple heat
conduction in the region of vessel wall, thus the effect of vessel wall
is considered in the simulation without changing the general
solution procedure. The P—C—T and kinetic parameters in simula-
tion are referred to the original papers [15—17]. The time step was
0.01 s and a 20 x 12 grid was proved to provide enough accuracy.
Convergence was assumed when the error of P and T are respec-
tively lower than 1 x 107> Paand 1 x 103 K.

3. Results and discussion
3.1. Numerical validation

The experimental data reported in an open literature [21] was
used for the validation of the model developed in this study. In the

Table 1
The settings of operation conditions for the MH heat transformer.
Sub-process Parameters Reactor 1 Reactor 2
Regeneration  Fluid inlet temperature T Tm
Initial reacted fraction 0.2 0.8
Initial temperature T Twm
Duration t
Pre-heating Fluid inlet temperature Ty, Tm
Initial reacted fraction  The ending state The ending state
of Sub-process 1 of Sub-process 1
Initial temperature The ending state The ending state
of Sub-process 1 of Sub-process 1
Duration ty
Working Fluid inlet temperature Ty, Tm

Pre-cooling

Initial reacted fraction
Initial temperature

Duration

Fluid inlet temperature
Initial reacted fraction

Initial temperature

Duration

The ending state
of Sub-process 2
The ending state
of Sub-process 2
t3

T
The ending state
of Sub-process 3
The ending state
of Sub-process 3
ty

The ending state
of Sub-process 2
The ending state
of Sub-process 2

Tm

The ending state
of Sub-process 3
The ending state
of Sub-process 3




Table 2
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The physical properties of the reaction bed and vessel wall.

Reaction bed Vessel wall

Volume fraction of gas ¢, 0.438 1072

Volume fraction of MH ¢epy 0.462 0

Volume fraction of Al foam e5; 0.1 0

Volume fraction of wall 0 0.99999
material ¢,

Thermal conductivity 7.5 13.3 (stainless steel)
AWmK!

Permeability K, m? 1012 10730 (basically impermeable)

experiment reported by the literature, tubular reactors were also
applied and MmNigs5Alg5—MmNigAlg1Feg7 pair was used. The
detailed design and operation conditions were described and will
not be elaborated here. As shown in Fig. 3, for both transferred
amount of hydrogen and the temperature, the simulation results of
our model agree with the experimental results well, thus the
accuracy of the model was proved.

3.2. Cyclic behavior

In this study, three subsequent cycles were simulated to explore
the dynamic behavior of the proposed heat transformer system.

a 100 T T T
90 1
801 PP VY S
sy g Ly G e L G G Y
70 b
8 60 _w Fluid outlet (Reactor1, model)
g wammn Fluid outlet (Reactor2, model)
® 50| ion bed (| 1, model)
g bed ( 2, model)
a Fluid outlet (Reactor1, experiment)
E 40 [
l“_" A Fluid outlet (Reactor2, experiment)
v Reaction bed (Reactor1, experiment)
30 v Reaction bed (Reactor2, experiment)
20*“ A y - A A A _—e s S~ T
10+ 1
0 | 1 | I
0 300 600 900 1200 1500
Timels
b 300 :
Model prediction
®  Experimental data
250 b

200

150

100

Transferred hydrogen/NL

50

0 500 1000 1500

Timels

Fig. 3. The comparison of simulated results and the experimental data (a): Hydrogen
amount transferred (b): Temperature.
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The temporal profiles of average reacted fraction in the coupling
reactors were shown in Fig. 4, where the 4 Sub-processes were
respectively indexed by 1, 2, 3 and 4. The profiles appear to be
repeated in a cyclic manner, which resemble those reported by Paya
et al. [22] through experimental investigation.

It is noteworthy that after one period of operation, the initial
conditions for the latter cycle are not exactly the same as those for
the former, see Fig. 5. However, such deviation tends to get smaller
and smaller as cycle number increases. The difference between
cycle 1 and cycle 2 is still remarkable, while cycle 3 has been very
close to cycle 2. The asymptotic phenomena should be attributed to
the fixed operation settings for all cycles, i.e. operation time for
Sub-processes, fluid flow rate and temperature. Therefore, it could
be concluded that a steady operation, both in lumped and distrib-
uted sense, can be attained in a few cycles under the given
conditions.

During Sub-processes 1 and 3, hydriding and dehydriding
reactions occur respectively in the two reactors, the average reacted
fraction in a certain reactor varies in a wide range from 0.2 to 0.8, as
can be seen in Fig. 4. During Sub-processes 2 and 4, small variation
in the average reacted fraction was observed for reactor 1, which
proves the minor reaction occurring and supports using the full set
of equations in simulation. As for reactor 2, the variation of reacted
fraction during Sub-processes 2 and 4 is hardly discernible.

Although Sub-processes 2 and 4 take relatively short time and
no significant reaction occurs, the temperature of the reactor,
especially reactor 1 packed with LaNis, changes drastically. As
shown in Fig. 6, in the interval of 120 s for Sub-process 2, the bed
temperature approaches to 358 K from an initial temperature of
around 298 K. Moreover, we can see that the temperature distri-
bution in the reactor is quite uniform throughout the Sub-process,
which should be largely attributed to the enhanced heat transfer by
aluminum foam.

The temporal profiles of fluid outlet temperature in the coupling
reactors were respectively shown in Fig. 7. During Sub-process 3,
the outlet fluid of reactor 2 has higher temperature than the input
waste heat and is utilized as the output. The temperature of heat
output varies with time. It climbs to a peak value of 368.4 K soon
after Sub-process 3 commences, which achieves a temperature
boost of 10.4 K. After that the outlet temperature falls down to
around 362 K slowly. The average gain in temperature during the
output is 6.8 K. The above result proves our view that usable heat
upgrading effect can still be realized adopting the proposed system.

1 T T T T T
Reactor1(LaNi 5)

e REACtOr2(LaNi, (Al )

e @
o N

Average reacted fraction
o
wn

0.4
0.3
0.2
01 b
0 . . L . .
0 500 1000 1500 2000 2500 3000
Timels

Fig. 4. The temporal profiles of average reacted fraction for the coupling reactors.
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[_ICycle1
[_Jcycle2
[ Cycle3

0.35..

Reacted fraction

rim 0 2Im

Fig. 5. The initial reaction distribution in reactor 1 for the first 3 cycles.

The temporal profiles of pressure in the reactors 1 and 2 were
shown in Fig. 8. As can be seen, when the valve is opened after Sub-
processes 2 or 4, large pressure differences are formed between the
reactors as driving force of the reaction, then a common pressure is
reached simultaneously. Obviously, the initial driving force of
reaction during Sub-process 3 is much larger than that during Sub-
process 1, as indicated in Fig. 8. This explains why Sub-process
1 takes longer time than Sub-process 3 does for a certain amount
of hydrogen to be transferred.

3.3. Continuous output

For a realistic MH heat transformer system, it is favorable that
Sub-processes 1 and 3 match each other in operation time, so that
two pairs of coupling reactors can provide semi-continuous output
in turn. Therefore, the system should be adapted somehow to meet
this requirement. Three possible solutions are summarized as
follows:

1) A new pair of alloys is selected instead of LaNis—LaNig7Alg 3,
which can achieve more balanced reaction driving forces
during Sub-process 1 and 3 under the given conditions. The
measure is less easy to implement because the design of the
system should be changed completely.

2) The temperatures of heat sources are varied, i.e. increasing Ty,
or decreasing T;. As can be seen in Fig. 1b, the reaction driving

[ It=0s
[ It=30s
[ t=60s
I t=120s

360

340 -
320 -

3000

Bed temperature/K

rim 0 2/m

Fig. 6. The variation of bed temperature in reactor 1 during Sub-process 2.

400 T T T

Reactor1(LaNi5)
ReactorZ(LaNiq_TAlu_a)
380 1 2 3 4 g

390+

370t : 368.4K, _ -
360 S
350 | - ‘ .
3401 ]

330+ ]

Fluid outlet temperature/K

320+ 1

310+ 1

= I " [

290 1 f ' | 1
0 500 1000 1500 2000 2500 3000
Timels

Fig. 7. The temporal profiles of fluid outlet temperature for the coupling reactors.

force for Sub-process 1 will be increased correspondingly,
which causes ¢; to shorten and approach ts.

In this paper, the waste heat at 363 and 368 K were also
supposed to be used as the input, and corresponding simula-
tions were conducted for the proposed system. It was found
that in either case ty is shortened while t3 is almost constant.
When utilizing 368 K waste heat, t; and t3 were respectively
determined as 360 and 224 s, which does show better
symmetry. Meanwhile, heat output at a temperature higher
than 373 K can be provided during most time in Sub-process 3,
as is seen in Fig. 9. In other words, it is possible to produce
ambient pressure steam simply using 368 K waste heat, which
shows certain potential for industrial application.

3) The mass flow rate of fluid for a certain Sub-process is varied.
Unlike the former two measures, this one is of more dynamic
sense.

During the hydriding/dehydriding reaction, the bed tempera-
ture experiences change and thus the reaction driving force, which
often takes the form of equilibrium pressure difference between

2.2 T T T T T
Reactor1(LaNi 5)

. Reactor2(LaNi, Al )

Pressure/Pa

0 500 1000 1500 2000 2500 3000
Timels

Fig. 8. The temporal profiles of pressure in the coupling reactors.
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400 T T T T

Reactor1(LaNi_)
390+ : 8

Reactor2(LaNi, _Al_.)
3gol 378.9K

47 0.3

372.3K
370t \ 4

360 ; : 1

340 - b

330 1

Fluid outlet temperature/K
(%]
[
o

320~ p

310+
300 [\ \‘\ :

0 500 1000 1500 2000 2500
Timels

Fig. 9. The temporal profiles of fluid outlet temperature for the coupling reactors with
368 K waste heat input.

coupling reactors, is not constant. If the heat exchange between the
reaction bed and heat transfer fluid is effective, the bed tempera-
ture can be kept close to the fluid temperature. This suggests that
there is a stable large driving force of reaction. On the contrary,
poor heat exchange will inevitably lead to smaller driving force of
reaction and prolonged operation time.

According to the general heat transfer principles, the convection
heat transfer coefficient h for incompressible fluid increases with
its velocity (or mass flow rate), which can be simply expressed as
follows:

heqp (12)

where « is between 0 and 1 [23]. Without losing generality,
amoderate value of 0.5 is taken for discussion. The mass flow rate for
both reactors was reduced by 50% during Sub-process 3, and the
corresponding system operation was simulated. As can be expected,
t is kept constant while t3 increases up to 322 s, an improved match
was obtained. Moreover, due to the reduced mass flow rate, the
temperature boost is also increased, as can be seen in Fig. 10. The
peak value reaches 14.7 K and an average gain in temperature of

400 T T T T T

Reactor1(LaNi5)
390 - b

ReactorZ(LaNi4_7AIo_3)

372.7K_ ‘ .

370+ ~ ‘ ]
.. 364.2K ~

360 - .

S S Py P

340 - 4

Fluid outlet temperature/K

310 1

o] W U

290 . L . L L .
0 500 1000 1500 2000 2500 3000 3500
Timels

Fig. 10. The temporal profiles of fluid outlet temperature for the coupling reactors with
reduced fluid flow rate.

10.1 K can be realized. It is noteworthy that the above effect may be
larger or smaller as « varies, yet the qualitative trend should hold.

3.4. System performance

In the assessment of MH heating/cooling systems, the coefficient
of performance (COP) and the specific output power concerning
alloy mass, the two most commonly used indices, are crucial. COP is
defined as the useful heat output versus the input in a cycle period:

Qout

n

COP =

(13)

As has been shown above, the mass flow rate of the heat transfer
fluid is fixed while its outlet temperature varies with time. There-
fore, the heat input and output can be obtained by integration of
the fluid temperature profiles, giving:

t
Q- / 4 Cop (Tout(£) — Tin)dt (14)

t=t;

where t; and tf are the initializing and ending moment of a Sub-
process, Ti, is the fixed inlet temperature while Toy is the time-
varying outlet temperature. It should be noted that the calculated
Q is the heat quantity actually exchanged between the fluid and
reaction bed, thus is the net input or output with sensible heat loss
considered. Because the simulation results were stored discretely,
numerical integration was implemented to calculate Q.

For MH based cooling systems, specific cooling power is often
used to measure system performance [11,12,24]. Similarly, the
specific heating power (SHP) can be defined for a heat transformer:

Qout
SHP
(Wuh, + Wun,) Dot
_ Qout
(WMl-h + WMHZ)(tl + by +t3+ty)

(15)

where the hydride mass (Wyy) could be determined from the
design conditions of the reactors.

For the basic case of simulation, the average output power in
a cycle was calculated to be 0.109 kW. The system can be scaled up
simply by using more tubular modules. For the first cycle, the COP
was determined to be 0.407, and the value kept almost constant for
the following cycles (0.409, 0.409). The COP for the proposed
system, which takes into account the sensible heat loss resulting
from tube wall and Al foam in calculation, is close to that reported
by Kang and Yabe [5], while a bit larger than that from Ram Gopal
and Srinivasa Murthy [4]. The latter comparison result may be due
to the different operation conditions.

As for the SHP, its value was calculated to be 70.5 W/kg, higher
than the reported SHP through theoretical or experimental studies
[5]. It is well known that a large SHP suggests better economy.
Therefore, the proposed system shows certain superiority in this
aspect.

In summary, the system newly presented in this study exhibits
competitive performance concerning COP and SHP, even though no
internal heat recovery is carried out yet and the indices are still
under-optimum.

4. Conclusions

In this paper, a modified metal hydride heat transformer system
was proposed, for which waste heat fluid serves as both heat source
and heat sink. A 2-D mathematical model was developed to
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simulate the system for optimization and enhancement of the
system design. The cyclic operation of the heat transformer was
numerically analyzed and following conclusions can be drawn:

1) Steady useful heat output is provided by the proposed system.
Using 358 K waste heat source, an average gain of 6.8 K in
temperature has been achieved.

2) The proposed system can be further improved in order to
realize continuous output. The most effective measures for
improvement include adopting new pairs of alloys, adapting
temperature of heat sources, and varying the fluid flow rate.

3) The performance of the proposed system is acceptable for
thermal energy recovery from a low-grade (the temperature is
generally below 100 °C) waste sources. Even though the
sensible heat loss was fully considered, the system COP is as
high as 0.407 and SHP reaches 70.5 W/kg, which are compa-
rable with or even superior to the reported performances of
existing metal hydride heat transformer systems.
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