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The performance of solid—gas reaction heat transformer system using MnCl, and
CaCl, was investigated with the consideration of multistep reactions between CaCl,
and NHj;. The reactions between CaCl, and NH; could be CaCly-2/4NH 3 and CaCls-4/
8NHj;. The simulated results were verified by the experimental data. From the analysis
results, it was concluded that the two reactions between CaCl, and NHj existed simul-
taneously. The favored conditions for the simultaneous occurrence of multistep reac-
tions were discussed. The main reaction in the system with the initial state of
CaCl;-2NHj; and CaCly,-4NH; were designated as the reaction of CaCly-2/4NH; and
CaCly-4/8NH;3, respectively. It was concluded that high driving temperature Ty, large
relative gas volume, and large specific heat transfer area were the favored conditions
for the simultaneous occurrence of multistep reactions in the systems both with the ini-
tial state of CaCl,-2NH; and CaCl,-4NHj;. High initial charging pressure P, was
favored for the system with the initial state of CaCl,-2NH3, while low P, was favored
for the system with the initial state of CaCly,-4NH;. The impacts of the simultaneous
occurrence of multistep reactions on the system performance indicators [temperature
lift, specific power, and system coefficient of performance (COP)] were also investi-
gated in this article. It was concluded that the occurrence of the reaction of CaCly-4/
8NH; for the initial state of CaCl;-2NHj led to better system performance, i.e., larger
temperature lift, larger specific power, and larger system COP. However, the occur-
rence of the reaction of CaCl,-2/4NHj for the initial state of CaCl,-4NH; would lead
to lower specific power. The temperature lift and system COP were larger for the ini-
tial state of CaCl,-4NHj3;; while the cycle period was shorter for the initial state of
CaCl,-2NH3;. © 2008 American Institute of Chemical Engineers AIChE J, 54: 2464-2478, 2008
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Introduction

The energy consumption and environmental pollution have
urged the researchers to explore new green energy sources
and improve energy consumption efﬁciency.lf3 In many
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industries, large amount of waste heat is released to the envi-
ronment, causing environmental pollution. As a matter of
fact, the temperature of the waste heat from industries could
be as high as 100°C or even higher. It is simply released and
wasted, because only the higher temperature heat is useful in
the industrial process. Thus, attempt to recover the waste
heat and possibly upgrade the waste heat to higher tempera-
ture could be interesting, as it will reduce the industrial cost
and protect the environment. Heat transformers, which could
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be driven by the waste heat and generate heat at higher tem-
perature,” are therefore promising for industrial application.

Heat transformer systems can be categorized into three
types: absorption, adsorption, and solid—gas reaction systems.
Among these three systems, the solid—gas reaction heat trans-
former system has the following merits over the other two
systems: (1) no crystallization and solution corrosion prob-
lems, which are usually experienced in the absorption sys-
tem; (2) larger amount of reaction heat compared with that
of absorption and adsorption systems; (3) adaptability to the
wide range of operation temperature, especially at high tem-
perature where absorption/adsorption system could not be
used. Moreover, the reactive gas used in the solid—gas reac-
tion heat transformer system is environment-friendly, such as
H,, H,0O, and NH3; (GWP and ODP are zero). Therefore, the
solid—gas reaction heat transformer system is believed to
have commercial value and potential application.

The heat transformer system is a type of heat pump, and
its working principle is shown in Figure 1. As seen in Figure
la (the thermodynamic diagram), the heat transformer system
degrades part of the input heat (part 1) from the medium
temperature Ty to the low temperature 77, where Ty might
be the temperature of the waste heat (the driving tempera-
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Figure 1. Principle of the system operation.

(a) Thermodynamic sketch for the heat transformer system;
(b) Clausius-Clapeyron diagraph for the single-stage solid—
gas reaction heat transformer system. (T, and Ty, in Fig-
ure 1b could be the same).
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ture) and 7 might be the ambient temperature. The work
capacity generated from the degradation from Ty to Tp can
then be used for raising the other part of input heat (part 2)
from Ty to the high temperature Ty. For the solid—gas reac-
tion heat transformer, the system operation principle is
shown in Figure 1b (Clausius-Clapeyron diagraph). The
working pair could be metal chloride/NH;3, metal hydride/H,,
and metal oxide/CO, or H,O. The system shown in Figure
1b is the single-stage solid—gas reaction heat transformer,
and composed of two salts: the low temperature salt S; and
the high temperature salt Sy.

The two lines in Figure 1b represent the equilibrium status
for the solid—gas reaction, which was determined by Eq. 1.
The system operation is composed of two processes: the low
pressure process P and the high pressure process Py. During
the low pressure process (Ppr), the salt Sp is synthesized at
T. and the salt Sy is decomposed at Tyy,. In the other process
(Pp), the salt Sy is decomposed at Ty and the salt Sy is syn-
thesized at Ty. The work capacity in Figure la is then the
chemical potential stored in the decomposed salt Sy. During
the synthesis of the salt Sy, the chemical potential is
released, generating heat at Ty. In this article, the tempera-
tures Ty and Ty were chosen as same as Ty The differ-
ence between Ty; and Ty was then the temperature lift AT,
which was one major indicator for the performance of heat
transformer system.

In(Peq) = — + (1)

w!m

S =
x|

The performance of solid—gas reaction heat transformer
system has been investigated by many authors.”” Influences
of several factors, such as the driving temperature Ty, the
ambient temperature 77, and the inner irreversibility, etc,
have been widely analyzed. Some experimental systems were
made and their performances were tested. However, most of
the researchers neglected the possible multistep reactions
between the reactive salt and the gas. For instance, the reac-
tion between MnCl, and NHj involves three steps, and the
reaction between CaCl, and NHj involves four steps, which
are given by Eqgs. 2 and 3. The design of the solid—gas reac-
tion heat transformer system was usually based on a single
reaction, such as those given by Eqs. 2c and 3c. However,
other reactions, i.e., Egs. 2a, 2b, 3a, 3b, and 3d, might also
occur during the system operation. Therefore, the reaction
between the reactive salt and the gas might not be the sin-
gle reaction as that adopted in the system design, but the si-
multaneous occurrence of multistep reactions, which dif-
fered from the designed condition. Moreover, the simultane-
ous occurrence of multistep reactions might have other
influences on the system operation and system performance.
Unfortunately, little researches have been carried out on
this topic.

For MnCl,

MnCl, + NH3; < MnCl, e NH; (2a)
MnCl, e NH3 + NHj3 < MnCl, e 2NHj3 (2b)
MnCl, e 2NH;3 + 4NH3; < MnCl, e 6NHj3 (2¢)
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For CaCl,

CaCl, + NH; < CaCl,  NH; (3a)

CaCl, e NH; + NH; < CaCl, o 2NH; (3b)
CaCl, e 2NH; + 2NH; < CaCl, o 4NH; (3c)
CaCl, e 4NH; + 4NH; < CaCl, o SNH; (3d)

In this study, the reactive salts for the solid—gas reaction
heat transformer system were MnCl, as the high temperature
salt Sy and CaCl, as the low temperature salt Sy, and the re-
active gas was NHj;. The medium temperature Ty; was 90—
120°C, and the low temperature T was 0-30°C. As shown
in Figure 1b, the decomposition temperature of the reactive
salts of Sp. and Sy is T;. However, the equilibrium tempera-
tures T.q of the reactions given by Egs. 2a, 2b, 3a, and 3b
are larger than T\ For instance, T., of the reactions of
MnCl,-0/1INH;, MnCl,-1/2NHj3, CaCl,-0/1NH3, and CaCl,-1/
2NH; under the pressure of 0.1 MPa are 340, 247, 226, and
173°C, respectively. Since the salt temperature T should be
higher than T., during the decomposition process, the
decomposition reactions are hard to realize. Therefore, the
reactions given by Egs. 2a, 2b, 3a and 3b would not happen
in the solid—gas reaction heat transformer system in this arti-
cle. The reaction between MnCl, and NH; was then the sin-
gle reaction described by Eq. 2c. However, the reaction
between CaCl, and NH; was still uncertain, which might be
the combination of the reactions given by Eqs. 3c and 3d.

In this article, theoretical analysis on the performance of
the solid—gas heat transformer system was carried out, and
experimental measurement was also done for comparison.
Two questions were to be answered: (1) whether or not the
two reactions between CaCl, and NH; occurred simultane-
ously in the solid—gas reaction heat transformer system and
what were the favored conditions for the simultaneous occur-
rence; (2) the impact of multistep reactions on the system
performance, the indicators of which were the temperature
lift AT, specific power, and system coefficient of perform-
ance (COP).

Experimental Set-Up

The schematic illustration of the experimental set-up of
the solid—gas reaction heat transformer system is shown in
Figure 2. The reactive salts in the system were MnCl, and
CaCl,, whereas the reactive gas was NHj. The system was
composed of three reactors: two reactors with CaCl, and the
other with MnCl,. Valve 1 was used for initial charging with
NH; and for vacuum pumping, and was kept closed during
system operation. Valve 2 was used to control the flow of
NH; between the reactors and was kept open during the sys-
tem operation. The temperatures of the reactors were con-
trolled by the thermostat baths 1 and 2 (precision of tempera-
ture control: +£0.5°C). In the experiments, the temperatures
of the thermostat baths were measured by K-Type thermo-
couples (precision: =1°C), and the temperatures of the reac-
tive blocks in the reactors were measured by PT1000 temper-
ature sensors (precision: *0.5°C). The system pressure was
measured by a pressure transducer (range: 0-2.5 MPa; preci-
sion: +1.0% FS).
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Figure 2. Experimental set-up of the solid-gas reaction
heat transformer system.
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Fabrication of the reactive block

It was pointed out that one major factor causing poor per-
formance of the solid—gas reaction system was the heat or
mass transfer limitation.®® In the experimental set-up,
enhancement of heat and mass transfer was therefore consid-
ered. As the composite reactive block was regarded as one
possible method for the heat and mass transfer enhance-
ment,” it was then used in the experiments. The fabrication
procedure was described in detail.” The expandable graphite
was expanded at 700°C for 15 min. The expanded graphite
was then compressed into matrix at certain apparent density
pp- The reactive salt was later impregnated into the matrix.
The expanded graphite matrix impregnated with salt was
then dried to become the composite reactive block with cer-
tain mass fraction of expanded graphite fs. In this way, the
high thermal conductivity of expanded graphite matrix,
which was the major structure for heat transfer, would
improve the heat transfer performance of the reactive block.
The porous structure of the expanded graphite matrix was
also favored for the mass transfer in the reactive block. Fur-
thermore, it could be concluded from the SEM and BEC
photos that the reactive salt was dispersed and uniformly dis-
tributed in the reactive block.” Thus, the agglomeration phe-
nomenon could be avoided, and the performance of the reac-
tive block was more stable, which has also been proven by
repeated experiments. In this article, the fabricated reactive
block was in the shape of cylinder, and the outer diameter
was 54 mm. A hole with a diameter of 20 mm was left in
the center of the block for gas flow. The heights of the reac-
tive blocks with MnCl, and CaCl, were 12 and 16 mm,
respectively. The thermal conductivity'” was larger than 10
W/(m °C), which was much larger than that of the reactive
salt, i.e., 0.1-0.3 W/(m °C) and the gas permeability'' could
be higher than 10™"° m?.

The thermal conductivity of the reactive block is increased
with the apparent density p, and the mass fraction fg of
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Table 1. Parameters of the Reactive Blocks in the Experimental Set-Up

Apparent Density of
Expanded Graphite py, Mass Fraction of

(kg/m) Expanded Graphite fg
CaCl, CaCl,

MnCl, MnCl,

Porosity of the Reactive Block

CaCl,-yNH; MnCl,-yNH;

2 4 8 2 6

200 200 0.5 0.4

0.68 0.60 0.46 0.72 0.53

expanded graphite.'' However, the gas permeability is
decreased with py, and increased with f5. Moreover, the mass
transfer limitation is more likely to happen under low pres-
sure. In the experiments, the salts of MnCl, and CaCl, were
used. As shown in Figure 1b, during the system operation,
the salt of MnCl, is synthesized at high pressure Py and is
decomposed at low pressure Pp; while the salt of CaCl, is
decomposed at high pressure Py and is synthesized at low
pressure Py. Therefore, more care should be taken in the
mass transfer performance of reactive block with CaCl,.

The apparent density p;, and the mass fraction fg of the re-
active blocks are listed in Table 1. The porosities of reactive
blocks, which were calculated by Eq. 4.'2 are also listed in
this table for reference.

e=1-0 SO Fb T T )

where pg was the real density of expanded graphite, which
was 2260 kg/m®.

Initial charging of experimental set-up

In the case of the solid—gas reaction heat transformer sys-
tem designed with the reactions of CaCl,-2/4NH; and
MnCl,-2/6NH;, the initial state of MnCl, was MnCl,-6NHj3
and the initial state of CaCl, was CaCl,-2NH;. While in the
case of the solid—gas reaction heat transformer system
designed with the reactions of CaCl,-4/8NH; and MnCl,-2/
6NH;, the initial states of MnCl, and CaCl, should be
MnCl,-6NH; and CaCl,-4NHj3, respectively. However, it was
more likely to obtain CaCl,-8NH; when charging CaCl, at
ambient temperature 7y, with NHj3 at high pressure. There-
fore, the initial charging of the experimental set-up in this ar-
ticle was composed of two steps, which are shown in Figure
3. The first step is expressed in Figure 3a; where the reactive
blocks with MnCl, and CaCl, were charged with NH; at
high pressure. The valves 1 and 2 were open, and the reac-
tors were at ambient temperature 77 . At the end of this step,
the states of MnCl, and CaCl, were MnCl,-6NH; and
CaCl,-8NHj;, respectively. As shown in Figure 3b, the valve
2 is closed in the next step. The reactor with CaCl,-8NH;
was decomposed at the initial charging temperature T. The
constraint pressure was regulated at 0.1 MPa. At the end of
this step, the state of CaCl, would be the initial states, which
was CaCl,-2NH; or CaCl,-4NHj;, depending on Tj. Then, the
valve 1 was closed during the experiments. In this way, the
initial states of MnCl, and CaCl, for the designed system
operation could be achieved.

The initial charging temperature 7, could be determined
from the Clausius-Clapeyron diagram, as shown in Figure 4.
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Figure 3. Schematic illustration of the initial charging
process of the experimental set-up.

(a) Final status of the first step; (b) Final status of the sec-
ond step.
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Figure 4. Clausius-Clapeyron diagram of the reactions
of CaCl,-2/4NH; and CaCl,-4/8NH;

The left line represents the equilibrium status of the reaction
of CaCl,-4/8NH; and the right one represents that of the
reaction of CaCl,-2/4NHj3. The two lines divide the area into
three zones: zone 1 (CaCl,-8NH3), zone 2 (CaCl,-4NHj3), and
zone 3 (CaCl,-2NH3). Given the initial charging pressure P,
at 0.1 MPa, the equilibrium temperatures of the reactions of
CaC122/4NH3 and CaC124/8NH3 are Teq24 (420C) and Teq43
(32°C), respectively. Therefore, when T, was between 32
and 42°C, the initial state of CaCl, was CaCl,-4NH;; and
when T was higher than 42°C, the initial state of CaCl, was
CaCl,-2NH3s.

System operation

The system operation is expressed in Figure 5. The valve
1 was kept closed and the valve 2 was kept open in experi-
ments. Thus, the valves are not shown in Figure 5. As men-
tioned earlier, the system operation comprised of two steps:
the high pressure process Py and the low pressure process
Py. Since the initial state of MnCl, is MnCl,-6NH3, the first
step would be the decomposition of MnCl, and the synthesis
of CaCl,, as shown in Figure 5a. The decomposition temper-
ature of MnCl, was Ty, and the synthesis temperature of
CaCl, was T;. The period of this step was about 120 min to
make sure the completion of the solid—gas reactions. The
next step is then the decomposition of CaCl, and the synthe-
sis of MnCl,, as shown in Figure 5b. The decomposition
temperature of CaCl, was Ty and the synthesis temperature
of MnCl, was Ty. This was also the process in which the
high temperature heat was generated. The period of this step
was about 30 min. Then the cycle of system operation was
repeated under each experimental condition. The histories of
the salt temperatures during system operation were recorded.

Theoretical Analysis

In the experimental set-up shown in Figure 2, only the salt
temperatures (block temperatures) and the gas pressure were
measured in experiments. As the solid—gas reaction in the
heat transformer system could not be directly measured, only
theoretical analysis was carried out in this article, which was
based on the principles of energy and mass conservation.
The theoretical analysis results of the salt temperatures T in
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Figure 5. Schematic illustration of the system operation.

the reactors with MnCl, and CaCl, were also compared with
the experimental results.

Physical model

The physical model of the solid—gas reaction heat trans-
former system in the theoretical analysis is shown in Figure
6. It is composed of three portions: the reactor with MnCl,,
the reactor with CaCl,, and the gas tank connecting the two
reactors. The reactor is composed of the reactive block and
the metal vessel; and the gas tank is filled with NH;. Heat is
added to and exported from the reactors by the convection of
heat transfer fluid. Because the thermal conductivity of the
reactive block was larger than 10 W/(m °C), and the gas per-
meability was larger than 10~ "> m?, minimal heat and mass
transfer limitations in the block were expected. The salt tem-
perature T and the gas pressure P were assumed uniformly
distributed in the reactive block. Consequently, the reaction
degree x was also uniformly distributed. Additionally, the
temperature of the metal vessel was regarded to be the same
as that of the reactive block. Therefore, lumped parameters
for the salt temperature T, the gas pressure P, and the reac-

r=—=-n |- === I
I TvosX 1 I Tca, X2, Xag 1
e — | I_ -_- e e - — —
1 T..P |
— o o wld
Reactive .
Gas tank Reactive
block with ;
with NH: block with
MnCl, CaCl,
Heat transfer fluid_I Heat transfer fluid

Figure 6. Physical model in the theoretical analysis.
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Table 2. Operation Conditions of the Solid-Gas Reaction
Heat Transformer System

Reactor with the

The Temperature of Heat
Transfer Fluid T¢

Process Reactive Salt
Low pressure P MnCl,
CaCl,
High pressure Py MnCl,
CaCl,

Medium temperature Ty,
Low temperature 71

Medium temperature Ty
Medium temperature Ty

tion degree x were considered in the theoretical analysis, and
NH; was treated as ideal gas.

For the reactor with MnCl,, only the single reaction of
MnCl,-2/6NH;3 occurred during the system operation. Thus,
the salt temperature Ty, and the reaction degree x,q for the
reaction of MnCl,-2/6NH; were considered. As for the reac-
tor with CaCl,, the reactions of CaCl,-2/4NH5; and CaCl,-4/
8NH; might happen. Therefore, the salt temperature T,, the
reaction degree x,4 for the reaction of CaCl,-2/4NH3, and the
reaction degree x4g for the reaction of CaCl,-4/8NH;3 were
taken into consideration. The gas temperature T, and the gas
pressure P were also calculated in the theoretical analysis,
the constraint pressures in the reactors with MnCl, and
CaCl, were the same as the gas pressure P.

The operation conditions of the solid—gas reaction heat
transformer system are listed in Table 2. In the low pressure
process Pp, the temperatures of the heat transfer fluids for
the reactors with MnCl, and CaCl, were Ty and Ty, respec-
tively; while in the high pressure process Py, the tempera-
tures of heat transfer fluids were Ty, for both reactors.

Numerical model

Energy and Mass Conservation. Based on the principles
of energy and mass conservation, the salt temperature 7 and
the gas temperature 7, were determined. The variation of T
was due to two parts: (1) the heat transfer between the reac-
tive block and the heat transfer fluid and (2) the heat con-
sumption or generation in solid—gas reaction within the reac-
tive block. Thus, the equation of T is formulated as Eq. 5a.

dT, _U-A

(p-C) o Ve

(Tg—T)+ S (5a)

Because NH; was thermally equilibrated with the reactive
salt, the variation of T, was then due to the mixing of the
hot NH; gas emitted from the decomposition process and
NHj; in the gas tank shown in Figure 6. Thus, the equation
of T, is formulated as Eq. 5b.

T
E ar

: (TS - Tg)dec (Sb)

where the term “A/Vg” in Eq. 5a was defined as the specific
heat transfer area, and the source term “s” in Eq. 5a was
related to the reaction rate in the reactive block. The relation-

ship could be described by Eq. 5c.

d.
s:v~£~H o

VB . E (SC)

As mentioned earlier, during the system operation, one
reactive salt (e.g., CaCl,) was synthesized, while the other
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reactive salt (e.g., MnCl,) was decomposed. The variation of
gas amount in the gas tank was then related to the synthesis
rate (e.g., CaCl,) and the decomposition rate (e.g., MnCl,).
Since NH; was consumed in the synthesis process and gener-
ated in the decomposition process, the molar amount of NHj;
in the gas volume is then calculated from Eq. 6, based on
the principle of mass conservation.

The gas temperature 7, and molar amount 7, are given in
Egs. 5b and 6, respectively. Because NH; was treated as
ideal gas, the gas pressure P is then derived from Eq. 7. The
ratio of gas volume to the total volume of the reactive blocks
was V,/Vg, and it was defined as the relative gas volume.

dng  dngec - dngys

dt dt dt (62)

d”Tty:(nv§> (60)
n

‘i;_‘fg-(‘il”tg.rﬁng.%) %

Solid-Gas Reaction. As mentioned earlier, for the salt of
MnCl, in the solid—gas reaction heat transformer system, the
single reaction of MnCl,-2/6NH; occurred. When the salt
temperature Ty, of MnCl, was lower than the equilibrium
temperature 7.y corresponding to the gas pressure P, the
synthesis of the reaction occurred. When Ty, was higher
than Teqp6, the decomposition reaction occurred. The reaction
degree x,¢ is determined by Eq. 8a.

/IMnCl, e6NH;

X6 = (8a)
IMnCle2NH; 1 /IMnCl,e6NH;

However, for the salt of CaCl,, two reactions might hap-
pen in the system. As shown in Figure 4, the Clausius-Cla-
peyron diagram is divided into three zones, where the states
of CaCl, in zones 1, 2, and 3 are CaCl,-8NH;, CaCl,-4NH3;,
and CaCl,-2NH3j, respectively. Therefore, the reaction
between CaCl, and NH; was determined by the salt tempera-
ture T, of CaCl, and the gas pressure P. Given the gas pres-
sure P, the equilibrium temperatures for the reactions of
CaCl,-2/4NHj; and CaCl,-4/8NHj3 are Toqp4 and Toqag, respec-
tively. The reactions in zones 1, 2, and 3 are then listed in
Table 3. When the salt temperature T, was lower than
T.q4s, both synthesis reactions occurred; when T, ranged
between Teqag and Teq4, the decomposition of the reaction of
CaCl,-4/8NH3 and the synthesis of the reaction of CaCl,-2/
4NH;3 occurred; and when T, was higher than Tg4, both
decomposition reactions occurred. The reaction degrees xo4
and x4g are determined by Eqs. 8b and 8c, respectively.

NCaCl,e2NH;

Xo4 = (8b)
NCaCl,e2NH; + 1CaCl,e4NH;

NCaCl,e8NH
X48 = = (8c)
NCaClye4NH; + 1CaCl,08NH;

Reaction Rate. As shown in Eqs. 5 and 6, the salt tem-
perature T and the gas pressure P were related to the reac-
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Table 3. Solid-Gas Reaction Between CaCl, and NH; (Given
Gas Pressure P)

The Reaction of The Reaction of

Salt Temperature T¢, CaCl,-2/4NH; CaCl,-4/8NH;3
Tea < Teqas Synthesis Synthesis

Teqas < Tca < Teqoa Synthesis Decomposition
Tea > Teqoa Decomposition Decomposition

tion rate. The reaction rate equation has been widely investi-
gated,m_16 and that of MnCl,-2/6NH5 has been concluded in
Han et al.'® In this article, the reaction rates for the reactions
of CaCl,-2/4NH; and CaCl,-4/8NH; were measured with the
experimental set-up.'” The reaction rate equations are fitted
in the form of Eq. 9. As shown in this equation, the reaction
rate was related to the reaction degree x, the constants a and
b, the salt temperature T, and the gas pressure P. The pa-
rameters a and b are listed in Table 4.
For synthesis

P
%=a-(1—x)”-( —%) (%)
For decomposition
dx b Peq
T [ | 9b
a7 ( P ©b)

where P.q was the equilibrium pressure determined by Eq. 1.

Initial Conditions. The initial charging state of the exper-
imental set-up was MnCl,-6NH;, and CaCl,-2NH; or
CaCl,-4NH;. The measurement was started after the experi-
mental set-up was thermally equilibrated with the ambient
temperature 7p. Thus, the initial conditions are determined
by Eq. 10.

For the reactor with MnCl,

Results and Discussion

Two typical examples of the experimental and theoretical
results of the salt temperatures T are shown in Figure 7. The
results for the initial state of CaCl,-4NH; are shown in Fig-
ures 7a, b. The results for the initial state of CaCl,-2NH;3 are
shown in Figures 7c, d.

In Figures 7a, b, the experimental and theoretical results
for the initial state of CaCl,-4NH; are depicted, respectively.
In the period of 0-3000 s, the reactor with MnCl, was heated
at 120°C, and the reactor with CaCl, was cooled at 30°C.
Since the initial states of CaCl, and MnCl, in the system
were CaCl,-4NH; and MnCl,-6NHj;, respectively, the salt of
MnCl, was decomposed and the salt of CaCl, was synthe-
sized in this period. As the synthesis reaction is exothermic,
the salt temperature T, increased at the beginning. The later
decrease of the salt temperature T, was due to heat rejection
to TL.

In the next step, the salt of CaCl, was decomposed and
the salt of MnCl, was synthesized. This step took about
30 min. The heating temperature of the reactor with CaCl,
and the cooling temperature of the reactor with MnCl, were
both at 120°C. The heat released during the synthesis of
MnCl, and NHj lifted the salt temperature Ty, to about
145°C. As the reaction proceeded, the synthesis rate of the
reaction of MnCl,-2/6NH; became smaller. Thus, the salt
temperature Ty, was decreased, because of the cooling of
the heat transfer fluid.

During the period 5000-12,000 s, the reactor with CaCl,
was cooled at the ambient temperature 7. In this process,
the heat transfer fluid for the reactor with MnCl, was at Ty;.
As Figure 7a depicts, in the first few minutes, the salt tem-
perature Ty, of MnCl, was still higher than Ty;. Therefore,
the salt of MnCl, was also cooled down by the heat transfer
fluid around the reactor. There was no decomposition reac-
tion of MnCl,-2/6NHj;.

The cooling of the salt of CaCl, slows down at around
7000 s in the experiment, as shown in Figure 7a. This was
also found in the next cycle at about 17,000 s. It could be

Toim = To (10a) explained by the variation of the reaction degrees x with
time. In Figure 8b, x4 decreased and x4g increased at this
X6 =1 (10b) moment. Thus, synthesis of the reactions of CaCl,-2/4NH;
. and CaCl,-4/8NHj; occurred from this time on. Since the syn-
For the reactor with CaCl, thesis reactions are exothermic, the cooling of the reactor
Te —T (10¢) with CaCl, slowed down. Similar results are also found in
Ca— 7L Figure 7b, which depicts the results of the theoretical analy-
For the initial state of CaCl,-2NHj; sis.
In Figures 7c, d, the experimental and theoretical results
Xou =1 (10d) of the salt temperatures T, and Ty, are compared. Ty was
105°C and Ty was 25°C. The experimentally measured tem-
X48 = 0 (106)
For the initial state of CaCl,-4NHj3
x4 =0 (101) Table 4. Parameters a and b in the Reaction Rate Equations
x48 =0 (10g) Synthesis Decomposition
For NH, a b a b
The reaction of
Tg =TL (10h) CaCl,-2/4NH; 0.0287 1.78 0.0045 0.468
The reaction of
P=P, (10i) CaCl,4/3NH, 0.0125 2.104 0.0195 1.005
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T T T T T perature lift AT was 18°C, while the theoretical result was
’ 19°C. The results of AT under different operation conditions
are listed in Table 5. From Figure 7 and Table 5, it was con-
. cluded that the theoretical results agreed well with the exper-
imental results. Since the heat loss during system operation
was not considered in the theoretical analysis, there was
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Figure 7. Typical examples of the experimental and Time 1 Time 2 Time 3 Time 4
theoretical results. Figure 8. Reaction degrees in the solid-gas reaction
(a) Experimental result and (b) theoretical result for the heat transformer system.

initial state of CaCl,4NH; (T and Tp were 120 and
30°C, respectively); (c) experimental result and (d) theoret-
ical result for the initial state of CaCl,2NHj3. (T and Ty
were 105 and 25°C, respectively).

(a) Variations of reaction degrees for the initial state of
CaCl,*2NHj; (b) variations of reaction degrees for the ini-
tial state of CaCl,*4NHj3; (c) molar content of CaCl, in the
reactive block.
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Table 5. The Theoretical and Experimental Results on the Temperature Lift AT

Temperature Lift AT (°C)

The Initial State of CaCl, Ty (°C) Ty, (°C) Experimental Results Theoretical Results
CaCl,-2NHj3 105 25 18 19

120 25 14 17
CaCl,-4NHj3 90 25 21 22

105 30 23 27

120 30 22 25

small difference between the theoretical results and the ex-
perimental results.

It was also found from Table 5 that the temperature lift
was smaller in the case of the initial states of CaCl,-2NHj3
and MnCl,-6NHj3;, compared with that for the initial states of
CaCl,-4NH3; and MnCl,-6NHj;. This was due to the fact that
at the same Ty, the decomposition pressure was higher for
the reaction of CaCl,-4/8NHj3;. During the high pressure pro-
cess Py in the system operation, the salt of CaCl, was
decomposed and the salt of MnCl, was synthesized. Since
the synthesis pressure of MnCl, is the same as the decompo-
sition pressure of CaCl,, as shown in Figure 1b, the synthesis
temperature of MnCl, was then higher for the initial states of
CaCl,-4NH; and MnCl,-6NH;3. Thus, the temperature lift AT
was larger in this case.

The main focus of this article was the solid—gas reaction
in the heat transformer system. The results of the reaction
degrees x4, X438, and xo¢ are shown in Figure 8. The left and
right dotted lines in Figure 8a represent time 1 (at about
5000 s) and time 2 (at about 15,000 s), respectively; while
the left and right dotted lines in Figure 8b represent time 3
(at about 7000 s) and time 4 (at about 23,000 s), respec-
tively.

The molar contents of CaCl,-2NH;, CaCl,-4NHj, and
CaCl,-8NHj; at each time are shown in Figure 8c. At times 1
and 2, the salt of CaCl, is mainly in the form of CaCl,-2NH;
and CaCl,-4NHs;, respectively. The fraction of CaCl,-8NH;
in the reactive block with CaCl, is small. Therefore, the
main reaction in the case shown in Figure 8a was the reac-
tion of CaCl,-2/4NH;. Similar to the results at time 1 and 2,
the major fraction of the salt of CaCl, at times 3 and 4 was
CaCl,-4NH; and CaCl,-8NHj;, respectively. Thus, the main
reaction in the case shown in Figure 8b was the reaction of
CaCl,-4/8NHs.

In addition to the main reaction discussed above, the other
reaction between CaCl, and NHj3 in the cases shown in Fig-
ures 8a, b was also found. Therefore, it was concluded that
the reactions of CaCl,-2/4NH; and CaCl,-4/8NH3; might
occur simultaneously in the solid—gas reaction heat trans-
former system. It was then necessary to investigate the
favored conditions for the simultaneous occurrence of multi-
step reactions between CaCl, and NH;. In this article, the
investigated conditions included the driving temperature Ty
and the ambient temperature Ty, the relative gas volume V,/
Vg and the initial charging pressure P, the specific heat
transfer area A/Vy and the heat transfer coefficient Uy, of
MnCl, during synthesis process. The impacts of the simulta-
neous occurrence of multistep reactions on the system per-
formance indicators, which included the temperature lift AT,
specific power, and system COP, were also investigated.
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Favored conditions for the simultaneous
occurrence of multistep reactions

As mentioned earlier, the system operation was composed
of two processes: the high pressure process Py and the low
pressure process Pyr. In the high pressure process Py, CaCl,
was decomposed and MnCl, was synthesized; and in the low
pressure process Pp, MnCl, was decomposed and CaCl, was
synthesized. For simplicity, each process was stopped when
the reaction degree x reached 0.9 in synthesis or 0.1 in
decomposition. The parameters are listed in Table 6, except
for those specifically mentioned.

The variation ranges of the reaction degrees x4 and x4g
during the system operation were defined as Ax,, and Axyg,
respectively. The main reaction between CaCl, and NHj in
each system with the initial states of CaCl,-2NH;3; and
CaCl,-4NH; was designated as the reaction of CaCl,-2/4NH;
and CaCl,-4/8NHj3, respectively. Thus, for the solid—gas reac-
tion heat transformer system designed with the reaction of
CaCl,-2/4NHj;, the larger Ax,g implied more obvious occur-
rence of the reaction of CaCl,-4/8NH;. Consequently, the si-
multaneous occurrence of multistep reactions was more
obvious. For the system designed for the reaction of CaCl,-4/
8NH;, the larger Ax,4 implied more obvious occurrence of
multistep reactions. The effects of several parameters on
Ax,4 and Axyg were then investigated.

Effects of Ty and T;. The driving temperature Ty, of the
solid—gas reaction heat transformer system was designed at
90-120°C. The ambient temperature 7y was designed at 0—
30°C. The influence of Ty, on the reaction was investigated,
and the results are shown in Figure 9. For the initial state of
CaCl,-2NHj;, the reaction degree x4g is shown in Figure 9a,
and Axyg is shown in Figure 9b. The results for the case of
the initial state of CaCl,-4NH; are shown in Figures 9c, d.

It was concluded from Figures 9a, b that the amount of
the reaction of CaCl,-4/8NH3; was small when T, was lower
than 105°C. When T was higher than 105°C, Ax,g increased
with Ty;. However, for the initial state of CaCl,-4NHj3, Axoy
increases with Ty, as shown in Figures 9c, d.

In the solid—gas reaction heat transformer system, the syn-
thesis of CaCl, at 71 accompanied the decomposition of
MnCl, at Ty;. The decomposition pressure of MnCl, was the
same as the synthesis pressure of CaCl,. It was concluded

Table 6. Parameters Used in the Theoretical Analysis

AlVy Unin
Tu (°C) T (°C)  Vo/Vg Py (MPa) (m*/m’) [W/(m® °C)]
120 30 0.2 0.6 100 50
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Figure 9. Reaction degrees at different Ty,.

(a, b) for the initial state of CaCl,2NHj; (c, d) for the ini-
tial state of CaCl,*4NH; (the ambient temperature 77 was
30°C).
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from Figure 4 that the equilibrium pressure P.q4g of the reac-
tion of CaCl,-4/8NHj at Ty was higher than the equilibrium
pressure P4 of the reaction of CaCl,-2/4NH3. The decom-
position temperature Ty of MnCl, should be then higher for
the synthesis of the reaction of CaCl,-4/8NH3, compared to
T for the synthesis of the reaction of CaCl,-2/4NH;3. There-
fore, when Ty was lower than 105°C, only the reaction of
CaCl,-2/4NH; happened in the solid—gas reaction heat trans-
former system. When Ty; was higher than 105°C, the reac-
tion of CaCl,-4/8NH; could also be found in the system, as
shown in Figures 9a, b.

As shown in Table 2, the temperatures of the heat transfer
fluids for the reactors with MnCl, and CaCl, during the high
pressure process Py were both Ty For the initial state of
CaCl,-4NHj;, the decompositions of the reactions of CaCl,-2/
4NH; and CaCl,-4/8NHj3 occurred simultaneously in the sys-
tem. With the increase of Ty, the decomposition rate of the
reaction of CaCl,-2/4NH; increased. Therefore, Ax,,
increases with Ty, as shown in Figure 9d.

The decomposition rates of MnCl, and CaCl, increased
with the driving temperature Ty;. Thus, it was found in Fig-
ure 9c that in the same period, the system with Ty at 90°C
finished four cycles, while the system with Ty at 120°C fin-
ished about nine cycles. Therefore, the cycle period of solid—
gas reaction heat transformer system could be shortened with
higher Ty.

The effects of the ambient temperature 71 on the simulta-
neous occurrence of multistep reactions between CaCl, and
NH; were also investigated. The results for the initial state
of CaCl,-2NH; are shown in Figure 10a and the results for
the initial state of CaCl,-4NH; are shown in Figure 10b. It
was found that the ambient temperature 71 has little influ-
ence on Ax,, for the initial state of CaCl,-4NH;. However,
Ax,g decreased with T; for the initial state of CaCl,-2NHj,
as indicated in Figure 10a.

Effects of V,/Vg and Py. Ax,, for the reaction of
CaCl,-2/4NH; and Axsg for the reaction of CaCl,-4/8NHj;
under different relative gas volume V,/Vy and different initial
charging pressure P, are depicted in Figure 11. The effect of
the relative gas volume is shown in Figure 11a. It was found
that Ax,4 for the initial state of CaCl,-4NH; and Ax,g for the
initial state of CaCl,-2NHj3 both increased with the relative
gas volume. The increase of Ax;g was mainly due to the in-
crement of gas amount in the gas tank shown in Figure 6. As
there was more gas initially charged in the solid—gas heat
transformer system, more NH; was available for the synthe-
sis of the reaction of CaCl,-4/8NH;. Thus, Axsg increased.
Comparing the curve of Ax,4 with that of Axyg, it was found
that the effect of the relative gas volume on Ax,, was more
obvious. Axp4 at the relative gas volume of 0.5 was about
0.15, while Ax,4 at the relative gas volume of 4 and 5 was
almost 1.0. Therefore, for the initial state of CaCl,-4NH3, the
multistep reactions between CaCl, and NHj3 occurred simul-
taneously in the solid—gas reaction heat transformer system
at large V,/Vg. The reaction between CaCl, and NH3 in the
system should be described as from CaCl,-2NH;3 to
CaCl,-8NHj;. Obviously, this was different from the designed
condition for the system operation, which was from
CaCl,-4NH; to CaCl,-8NHj. Thus, the multistep reactions
between CaCl, and NHj should be taken into consideration
for the system design.
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Figure 10. Reaction degrees at different T,.

(a) For the initial state of CaCl,-2NHjs; (b) for the initial
state of CaCl,*4NH; (the driving temperature Ty; was
120°C).

The larger Ax,, in the system with larger V,/Vp was due
to the faster decomposition rate of CaCl,. As shown in Ref.
9, the cycle period of the solid—gas reaction heat transformer
with larger relative gas volume is shorter. It was also con-
cluded in Ref. 9 that the balance effect of gas volume on the
reaction rates of MnCl, and CaCl, was weaker at larger rela-
tive gas volume. Since the balance effect led to increasing
synthesis rate of CaCl, and decreasing decomposition rate of
MnCl,,’ the decomposition rate of CaCl, was faster at larger
relative gas volume. Therefore, Ax,4 increases, as shown in
Figure 11a.

The effects of the initial charging pressure Py on Ax,, and
Axyg are shown in Figure 11b. For the initial state of
CaCl,-2NH3, Ax,g increased with the initial charging pres-
sure P,; while for the initial state of CaCly,-4NHs, Axpy
decreased with P,. Since high gas pressure P was favored
for the synthesis of the reaction of CaCl,-4/8NH; and low
gas pressure P was favored for the decomposition of the
reaction of CaCl,-2/4NH;, Ax,g was larger at higher Py, and
Ax,4 was larger at lower P,

Effects of A/Vg and Uy,,. Figure 12 depicts the effects of
the specific heat transfer area A/Vp and the heat transfer
coefficient Uyg, on Axoy and Axyg. Since the performance of
heat transfer was improved with larger specific heat transfer
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area, the salt temperature 75 was closer to the temperature of
the heat transfer fluid, and the reaction rate was faster.
Therefore, it was found from Figure 12a that both Ax,4 and
Axyg increase with the specific heat transfer area.

As the heat transfer performance of the reactor with
MnCl, is also improved with larger Uy, the salt temperature
T\ during synthesis was closer to the temperature of the heat
transfer fluid at larger Upp,. Thus, the synthesis rate of
MnCl, was faster. As the relative gas volume in Figure 12b
was 0.2, the balance effect of gas volume on the reaction
rates of MnCl, and CaCl, was strong. Therefore, the decom-
position rate of CaCl, was also increased at larger Uy,. Cor-
respondingly, Ax,4 was larger. However, for the initial state
of CaCl,-2NHj3;, the synthesis of the reaction of CaCl,-4/
8NH; accompanied the decomposition of MnCl,. Because
the conditions for the synthesis of CaCl, and the decomposi-
tion of MnCl, were not influenced by Upp,, Axsg did not
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change a lot. As shown in Figure 12b, Axsg at Uy, of 50 W/
(m* °C) is about 0.063; and Axyg at Uy, of 150 W/(m® °C)
is about 0.0655.

From Figures 9-12, it was concluded that the relative gas
volume has the most significant effect on the simultaneous
occurrence of multistep reactions between CaCl, and NHj.
With higher driving temperature T4, the simultaneous occur-
rence of multistep reactions was more obvious for the initial
state of CaCl,-4NH;. For the initial state of CaCl,-2NH3, the

reaction of CaCl,-4/8NH; did not happen when the driving
temperature Ty; was lower than 105°C. When the tempera-
ture Ty was higher than 105°C, Axyg increased with Ty
With the increase of the specific heat transfer area, the heat
transfer performance was improved. Therefore, the tempera-
ture of the reactive block with the salt was closer to that of
the heat transfer fluid. The reaction was then faster and Axoy4
and Ax,g were larger. The favored conditions for the simulta-
neous occurrence of multistep reactions between CaCl, and
NH; in the cases of the initial states of CaCl,-2NH; and
CaCl,-4NH;3 are summarized in Table 7.

Impact of the simultaneous occurrence of the
reactions of CaCly-2/4NH; and CaCly,-4/8NH 3
on the performance of the solid—gas reaction

heat transformer system

The impact of the simultaneous occurrence of multistep
reactions on the performance of the solid—gas reaction heat
transformer system was investigated. The system perform-
ance indicators were first calculated without the consideration
of multistep reactions, where the single reaction between
CaCl, and NH; was supposed. The system performance indi-
cators were also calculated with the consideration of multi-
step reactions. The differences revealed the impact of the si-
multaneous occurrence of multistep reactions.

The conditions investigated in this article are listed in Ta-
ble 8. Under Conditions 1A and 2A, only the reaction of
CaCl,-2/4NH; was considered. Under Conditions 3A and 4A,
only the reaction of CaCl,-4/8NH; was considered. The si-
multaneous occurrence of multistep reactions between CaCl,
and NH; was then considered under other conditions. The
parameters for each condition are also listed in Table 8. The
driving temperature Typ; was 120°C, and the heat transfer
coefficient Uy, of MnCl, during synthesis process was 50
W/(m” °C).

The Case of the Initial State of CaCl,-2NH;. The varia-
tions of the salt temperature 7 and the reaction degree x are
depicted in Figure 13. The results of T under Condition 1A
are shown in Figure 13a. The results of T and x under Con-
dition 1B are shown in Figures 13b, c, respectively. The
results under Conditions 2A and 2B are shown in Figures
13d-f. Since the results under Conditions 1A and 2A are
based on the single reaction assumption, which has been dis-
cussed in Ref. 9, the variations of the reaction degree x were
not shown in this article.

From Figure 13, it was concluded that there was almost no
reaction of CaCl,-4/8NH; under Condition 2B; while there
was obvious occurrence of the reaction of CaCl,-4/8NHj3
under Condition 1B. It was also found in Figure 13 that the
results of the salt temperatures Ty, and T, under Conditions
2A and 2B were the same, while those under Conditions 1A
and 1B were different. The difference of the results under
Conditions 1A and 1B was therefore due to the simultaneous

Table 7. Favored Conditions for the Simultaneous Occurrence of Multistep Reactions

Initial State of CaCl, Twm T VelVs Po A/Vy Unin
CaCl,-2NH; High Low Large High High Almost no effect
CaCl,-4NH; High Almost no effect Large Low High High
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Table 8. Parameters in the Conditions Considered

Condition Initial State of CaCl, Consideration of Multistep Reactions Ty, (°C) Ve/Ve Py (MPa) A/Vg (m*/m®)
1A CaCl,-2NH; No 0 5 0.9 200
1B Yes
2A CaCl,-2NH; No 30 0.2 0.3 50
2B Yes
3A CaCl,-4NH; No 30 5 0.3 200
3B Yes
4A CaCl,-4NH; No 30 0.2 0.9 50
4B Yes

The heat transfer coefficient of MnCl, during synthesis Uy, was 50 W/(m? °C) and the driving temperature Ty was 120°C).
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Figure 13. Variations of the salt temperature T and the reaction degree x.
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(a) The salt temperature T under Condition 1A; (b) the salt temperature 7 under Condition 1B; (c) the reaction degree x under Condi-
tion 1B; (d) the salt temperature T under Condition 2A; (e) the salt temperature T under Condition 2B; and (f) the reaction degree x
under Condition 2B.
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occurrence of multistep reactions. And the results under Con-
dition 2A where no multistep reactions were considered were
the same as those under Condition 2B where the multistep
reactions were taken into consideration.

Table 9 lists the system performance indicators: the tem-
perature lift AT, specific power, and system COP, which
were determined by Eq. 11. The results under Conditions 2A
and 2B were almost the same, and there was obvious differ-
ence between the results under Conditions 1A and 1B.

[JU-A-(Tyn —Ty) - di]
ms [fdt]syn

Specific power = el (11a)

COP
[JU-A (Twn—T;) - dt]syn

[JU-A- (Tt —Tea) - dt] o +[[U-A- (T — Tama) - dt] .
(11b)

From Table 9, it was also concluded that the system per-
formance could be improved by selecting proper system
structure and operation conditions. For the initial state of
CaCl,-2NH3;, neglecting the reaction of CaCl,-4/8NHj3; might
lead to underestimation of the system performance.

The Case of the Initial State of CaCl,-4NH;. The system
performance for the initial state of CaCl,-4NHj is summar-
ized in Table 10. Under Condition 4B, no significant occur-
rence of the reaction of CaCl,-2/4NH; was found; while it
was obvious under Condition 3B. Since in category A, only
the single reaction was considered; while in category B, the
multistep reactions between CaCl, and NH; were taken into
consideration; the results under Condition 4B were similar to
those under Condition 4A, and the results under Condition
3B were different from those under Condition 3A. The fig-
ures in this case are similar to those in Figure 13 and were
not shown in this article.

It was concluded from Table 10 that the specific power
was smaller when the reaction of CaCl,-2/4NH; happened. It
was also concluded that, with a proper design of solid—gas
reaction heat transformer system, the temperature lift AT
could be improved from 14°C (under Condition 3B) to 32°C
(under Condition 4B), and the system COP could be
improved from 0.27 (under Condition 3B) to 0.334 (under
Condition 4B). The smaller specific power under Condition
4B was due to the longer cycle period at small relative gas
volume of 0.2, where the balance effect of the gas volume
on the reaction rates of MnCl, and CaCl, was strong, as con-
cluded in Ref. 9.

Table 9. The System Performance Indicators Under
Conditions 1A and 1B, 2A and 2B

Temperature Specific Power/W/kg System

Condition Lift AT (°C) of Block with MnCl, COP
1A 4 70 0.004

1B 13 322 0.045
2A 30 189 0.237
2B 30 190 0.243
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Table 10. The System Performance Indicators Under
Conditions 3A and 3B, 4A and 4B

Temperature Specific Power/W/kg System
Condition Lift AT (°C) of Block with MnCl, COP
3A 13 380 0.145
3B 14 269 0.270
4A 37 202 0.372
4B 32 188 0.334
Conclusion

The performance of the solid—gas reaction heat transformer
system was theoretically and experimentally investigated.
The heat transformer system was single-stage system and
comprised of MnCl, and CaCl, as the reactive salt and NH;
as the reactive gas. The reaction between MnCl, and NHj;
was MnCl,-2/6NH;3, while the reaction between CaCl, and
NHj; could be CaCl,-2/4NH; and CaCl,-4/8NH;. The possi-
ble simultaneous occurrence of multistep reactions between
CaCl, and NHj3 was considered in the theoretical analysis.
The results in theoretical analysis were compared with those
in experiments, and the theoretical results agreed well with
the experimental results.

It was concluded that the two reactions between CaCl,
and NH; might occur simultaneously in the solid—gas reac-
tion heat transformer system. For the initial states of
CaCl,-2NH; and CaCl,-4NH;, high driving temperature,
large relative gas volume, and large specific heat transfer
area would lead to more obvious occurrence of the reaction
of CaCl,-4/8NH; and CaCl,-2/4NHj;, respectively. For the
initial state of CaCl,-2NHj;, the reaction of CaCl,-4/8NHjs
only occurred when Ty, was higher than 105°C. The favored
initial charging pressure P, for the simultaneous occurrence
of the multistep reactions between CaCl, and NH; was dif-
ferent in the cases of the initial states of CaCl,-2NH3 and
CaCl,-4NH;. High Py was favored in the former case; while
low P, was favored in the latter case.

The effects of the simultaneous occurrence of multistep
reactions on the system performance were also investigated
in this article. The system performance indicators were the
temperature lift AT, specific power, and system COP. It was
concluded that for the initial state of CaCl,-2NHs, the occur-
rence of the reaction of CaCl,-4/8NHj; led to larger tempera-
ture lift AT, larger specific power, and larger system COP.
However, for the initial state of CaCl,-4NHs, the occurrence
of the reaction of CaCl,-2/4NH;3 would lead to smaller spe-
cific power.

The system performance for the initial state of
CaCl,-4NH3; was better than those for the initial state of
CaCl,-2NHj;. Therefore, it was better to design the solid—gas
reaction heat transformer system with the reactions of
MnCl,-2/6NH; and CaCl,-4/8NH;3. Moreover, the system per-
formance could be improved by selecting proper system
structure and operation conditions.
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Notation

= constant (1/s)
heat transfer area (m?)
constant

Q
<3 »m\%(}wibb
1 Il

mass fraction

gas permeability (m?)
mass (kg)

molar volume (m3/mol)
molar weight (kg/mol)
molar amount (mol)
pressure (MPa)

£z
Il

L =T NA e DT
|

source term (W)

time (s)
temperature (°C)

volume (m®)
= reaction degree

Greek letters
A = difference
& = porosity
p = density (kg/m®)

v = molar ratio of gas to solid

Subscripts

= initial charging
= CaCl,-2/4NH;
8 = CaCl,-4/8NH;
6 = MnCl,-2/6NH;
b = apparent value
f = heat transfer fluid
B = reactive block
Ca = Ca(Cl,
dec = decomposition
eq = equilibrium
g = gas
G = expanded graphite
H = high
L = low
M = medium
Mn = MnCl,
s = salt
syn = synthesis
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heat capacity [J/(kg “C)]
coefficient of performance

enthalpy change (J/mol)

gas constant [J/(mol °C)]

= entropy change [J/(mol °C)]

2.

heat transfer coefficient [W/(m? °C)]
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