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Abstract—A comparison of the coefficient of performance (COP), the specific cooling power (SCP) and the re-
actor volume per output power was carried out with numerous metallic salt-ammonia couples for single effect solid-
gas chemical heat pumps. Optimal reaction couples could be selected in terms of COP, SCP and reactor volume at
each application domain of deep freezing3~—20°C), ice making{10~5 °C) and air conditioning (0-1).
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INTRODUCTION ature).
Before any numerical analysis and construction of CHPs, a

Air conditioning or refrigeration based on the sorption heat preliminary study to select the reaction couples should be per-
pump (SHP) technology has been investigated since this techndermed in advance. Goetz et al. presented a method to select the
logy makes use of natural refrigerants as a working fluid, whichoptimal couple or process for given operating conditions in the
does not affect the environment in term of ozone depletion andgingle effect solid-gas CHPs using two criteria of COP and ex-
global warming [Pons et al., 1999]. Among the various SHP tech-ergetic efficiency [Goetz et al., 1993]. Neveu et al. presented the
nologies, chemical heat pumps (CHPs) utilize the thermal effectelative performance of various solid-gas CHPs with internal heat
of reversible chemical reactions involving a solid reactant andrecovery cycles depending on the reaction couples used and the
a gas. The solid-gas reactions of the following type have beempower and temperature levels available [Neveu and Castaing,
widely used in the CHP technologies. 1993]. However, they did not consider the cooling power per unit
mass and the reactor volume per kW in selecting the optimal cou-
ples. Furthermore, their investigation was limited to a small num-
Where M is the alkaline earth or transition metalyatie change  ber of metallic salts-ammonia couples. In this communication, the
of stoichiometric coefficient (x-y). As the solid-gas equilibrium optimal couples are presented for the single effect CHP with four
is monovariant, the thermodynamic cycle can be represented isolid-gas reactors, which can be operated in pseudo continuous
the Clausius-Clapeyron diagram as shown in Fig. 1, where threway, considering four important factors: the COP, the SCP, the
temperature levels are required for the refrigeration process: Treactor volume per kW of cooling load and the temperature of
(low temperature), ,Jimiddle temperature) ang {high temper-  application.
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R‘\ R,Z\ Fig. 1 shows the two main phases in the cycle for the cold pro-

P, duction. In the low pressure XPhase, cold heat is produced at

low temperature (J, and in the high pressurg)Phase, desorp-
<> ATeqs ATeqz tion takes place at high temperaturg) ffiom a heat source. Two
AH AT intermediate stages are necessary to heat or cool reactors. The sen-
{: e sible heat in the form of thermal mass of the reaction bed, which
P, cannot be recovered during the two main phases, is involved in
\ the two non-productive stages. Thus, the theoretical COP can be
PN AH
ATeqr i given as follows.
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Fig. 1. Thermodynamic cycle for cold production in the Clau- ) _

sius-Clapeyron diagram. Where AH; and G are the enthalpy of reaction and the specif-

ic heat of metallic salt with fully ammoniated state, respectively.

To whom correspondence should be addressed. At first, through the combination of 36 existing metallic salts
E-mail: ce20047@postech.ac.kr [Neveu and Castaing, 1993], 125 reaction couples satisfying the
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following conditions are selected and the COPs are then evaluathe increase in molar volume per one mole of the &tidorbed
ed for the reaction couples. and is19 cni/mol for ammoniates. With the benefit of molar vol-
ume data, calculation of the reactor volume and the SCP is pos-
sible as shown below.

The residual porosity of the reaction bed can be expressed

—cold production temperature,: F20-10°C with the incre-
ment of 5°C
—middle or heat sink temperature,: T15°C and 35C

—equilibrium temperature drof\T,,/AT.,: 10/20°C, 15/30 as follows.
°C and 20/40C _q_Pe_ Clowryar™ 4
—low operating pressure,:®.1-10.0 bar with the increment ®= Pq Pl w M., @)
of 0.05 bar

Where,p, is the bulk density defined as the mass of graphite di-
From a practical point of view, for the reaction couples with sim-vided by the total volume of the reaction bgglthe density of
ilar COR, reactor volume per kW and SCP can be good criteriagraphite (2,260 kg/f w the weight fraction of graphite and,M
to select the optimal reaction couples. The graphite-metallic salthe molar mass of salt. According to the previous wprnd w
composite is investigated as a reaction bed in this work. The rewere recommended to be over 0.3 and 0.15, respectively [Mazet
actor volume and the mass of metallic salt can be then simply dest al., 1993]. In this workp. andp, are fixed as 0.6 and 200 kg/
termined from the physical properties of the reaction bed such as¥, respectively. The mass of salt can be calculated as follows.
bulk density, residual porosity and weight fraction of graphite.
These calculations are carried out with the basis of the average m_ = PrMsan ®)

output power and the cycle time of 1.0 kW and 1.0 hour in the AH, [y IAX
stage of cold production.
The molar volume of ammoniated metallic salt can be well g 120
approximated by the following rule [Fujioka et al., 1996]. <
\.f 100 %35294646612
Vsai(N) =Vsa(0) +B ©) % 80 I 18aT6.257
Where v\, is the molar volume of the metallic salt, n the moles 5 L 13052‘;3 "o
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i I Fig. 3. Comparison of reaction couples in the application of air-
o 020 o conditioning (T,=15°C).
3 » 5 1: Pb 8-3.25/Ca 4-2 14: Ba 8-0/Pb 1.5-1
0.15 - R 2: Ba 8-0/Zn 6-4 15: Sn 4-2.5/Pb 2-1.5
3 °8 o1 ° 3: Ba 8-0/Pb 2-1.5 16: Sn 4-2.5/Pb 1.5-1
0.10 e R e e 4:Sn 4-2.5/Pb 2-1.5 17: Pb 3.25-2/Pb 1.5-1
020 025 030 035 040 045 050 055 5:Sn4-25/Pb 151  18: Pb 3.25-2/Mn 6-2
COP, 6:Pb 3.25-2/Pb 2-1.5  19: Pb 8-3.25/Pb 3.25-2
Fig. 2. Comparison of reaction couples in the application of ice 7: Pb 3.25-2/Pb 1.5-1 20: Ba 8-0/Sr 8-1
making (T,=15°C). 8: Ba 8-0/Pb 1.5-1 21: Pb 3.25-1/Zn 6-4
1: Sn 9-4/Sn 4-2.5 6: Pb 8-3.25/Pb 2-1.5 9: Ba 8-0/Zn 6-4 22: Ba 8-0/Zn 6-4
2: Pb 8-3.25/Ca 4-2 7. Ba 8-0/Zn 6-4 10: Sn 4-2.5/Zn 6-4 23:Sn 4-2.5/Pb 2-1.5
3: Ba 8-0/Zn 6-4 8: Ba 8-0/Pb 2-1.5 11: Pb 3.25-2/Zn 6-4 24: Pb 3.25-2/Pb 2-1.5
4: Ba 8-0/Pb 2-1.5 9: Ba 8-0/Pb 1.5-1 12: Pb 3.25-2/Pb 2-1.5 25: Pb 3.25-2/Pb 1.5-1
5: Sn 9-4/Sr 8-1 10: Pb 8-3.25/Zn 6-4 13: Ba 8-0/Pb 2-1.5
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Where Pis the average output powerttte cycle time andX

conversion of reaction. TheX is given as 0.8 in this work. The
weight fraction of graphite, vean be calculated from Eq. (3) and

then the volume of reaction bed, i¢ given as follows.

— msalt w

VR_ pb 1_W

With the values of CQRthe total volume of reactors per kW and
the SCP were calculated asg,) per cooling power and cool-

(6)

ing power per mass of metallic salt ipy Respectively.

RESULTS AND DISCUSSION

°C), ice making<€10~—>5 °C) and air conditioning (0-1C) were

investigated in this work. Goetz et al. carried out the study of
salt selection for Ba 8/0-Mn 6/2, Fe 6/2, Ca 4/2, Ca 8/4 and Zr
6/4 couples. The values of CQO#Pthis work are similar to those

of COR calculated by Goetz et al. though a direct comparison is
somewhat difficult because the thermodynamic equilibrium drop,

AT,

< IS established in a different way.
For the deep freezing, low values of C6F0.25-0.37 are eval-

uated for all the available couples. AtT5°C, (R1) Pb 8(x)-

3.25(y)/Zn 6-4 (R2) and Zn 10-6/Ca 8-4 couples show bettey COF
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Fig. 4. Comparison of reaction couples in the application of ice

making (T,=35°C).
1: Ba 8-0/Mn 6-2
2: Ba 8-0/Zn 4-2
3: Pb 8-3.25/Mn 6-2
4: Pb 8-3.25/Mn 6-2
5: Ba 8-0/Mn 6-2
6: Sn 4-2.5/Mn 6-2

March, 2000

7: Pb 3.25-2/Mn 6-2
8: Pb 3.25-Zn 4-2

9: Pb 8-3.25/Pb 2-1.5
10: Ba 8-0/Zn 4-2
11: Ba 8-0/Cu 5-3.3

compared to the other couples, while Pb 8-3.25/Mn 6-2 couples
show a better CQRt T,=35°C. Fig. 2 shows the comparison
of available reaction couples in the application of ice making at
T,=15°C. The values of CQRre in the range of 0.25-0.52. In
view of the small reactor volume, Sn 9-4/Sr 8-1, Ba 8-0/Zn 6-4
and Pb 8-3.25/Ca 4-2 couples can be selected as appropriate pairs.
However, if we also consider the SCP and the COP, the Ba 8-0
/Zn 6-4 couple is evaluated as an optimal reaction pair at the
conditions of T=—10°C, T,=104°C andAT,,=10/20°C. Fig. 3
shows the comparison of available reaction couples in the appli-
cation of air-conditioning at,F15°C. The value of CQHles in
the range of 0.33-0.77. By considering the reactor volume, the
COP and the SCP, Ba 8-0/Sr 8-1 couple is evaluated as the opti-
According to the temperature of cold production, three typicalmal reaction pair with the conditions qE1L0°C, T,=82°C and
applications [Pons et al., 1999] of the deep-freezitidp{20
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Fig. 5. Comparison of reaction couples in the application of air

conditioning (T,=35°C).
: Ba 8-0/Pb 1.5-1
2:Sn 4-2.5/Pb 1.5-1
3: Pb 3.25-2/Mn 6-2
4: Ba 8-0/Mn 6-2

5: Sn 4-2.5/Mn 6-2
6: Sn 4-2.5/Zn 4-2
7
8
9

=Y

:Sn 4-2.5/Cu 5-3.3

: Pb 3.25-2/Zn 4-2

: Pb 3.25-2/Cu 5-3.3
10: Pb 8-3.25/Pb 1.5-1
11: Ba 8-0/Zn 4-2
12: Ba 8-0/Cu 5-3.3
13: Ba 8-0-2/Pb 2-1.5
14: Sn 4-2.5/Pb 1.5-1
15: Pb 3.25-2/Pb 1.5-1
16: Ca 8-4/Mn 6-2
17: Ca 8-4/Zn 4-2
18: Ca 8-4/Cu 5-3.3
19: Sn 4-2.5/Mn 6-2

20: Pb 3.25-2/Mn 6-2
21: Pb 8-3.25/Pb 2-1.5
22: Ba 8-0/Zn 4-2
23:Sn 4-2.5/Zn 4-2
24: Sn 4-2.5/Cu 5-3.3
25: Pb 3.25-2/Zn 4-1
26: Pb 3.25-2/Cu 5-3.3
27: Ba 8-0/Zn 6-4
28:Sn 4-2.5/Pb 2-1.5
29: Pb 3.25-2/Pb 2-1.5
30: Ca 8-4/Mn 6-2
31: Ba8-0/Pb 1.5-1
32: Ca 8-4/Zn 4-2
33: Ca 8-4/Cu 5-3.3
34: Pb 8-3.25/Zn 6-4
35: Ba 8-0/Mn 6-2
36: Sn 4-2.5/Mn 6-2
37:Sn 4-2.5/Zn 4-2
38: Pb 3.25-2/Zn 4-2
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AT,,=10/20°C. In case the cold production temperature is limit- dustrial waste heat, solar energy and geothermal energy are ex-

ed to ®C<T,<5°C, the Ba 8-0/Zn 6-4 couple becomes an ap- pected to provide an alternative to vapor compression machines

propriate reaction pair. that use environmentally unfavorable CFCs or its derivatives as
Fig. 4 shows the comparison of available reaction couples irworking fluids.

the application of ice making a§335°C. The value of CQRs

in the range of 0.25-0.53. Again, by considering the reactor vol- ACKNOWLEDGEMENT
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