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ABSTRACT 

The reaction of CH30H vapor with a solid-state inorganic salt 
substrate to produce a solid methanolated salt can be used as the basis 
of a combined solar heat pump/thermal energy storage system. Such a 
system should be capable of storing heat indefinitely at ambient tempera
ture, and can be used both for heating and air conditioning. In solar 
heating, the coefficient of performance should be in the range 1.5-1.8, 
thus reducing the size of the solar collector required. In solar air 
conditioning, the coefficient of performance should be in the range 
0.5-0.8, comparable with other solar air conditioners; however, the 
built-in long term storage feature should eliminate the need for resis
tive electrical backup, thus sharply reducing operating costs. 

Experiments carried out in Phase I of this program indicate that 
the reaction of CaC12 with CH30H vapor to produce CaC12·2CH30H is well 
suited to both the heating and cooling applications. The heat of reaction 
is about 20 kcal per mole of CH30H, and the kinetics and thermodynamics 
of the reaction appear adequate down to a CH30H pool temperature around 
-10°C. The required solar collector temperature should be about 150°C. 
Analytical and experimental work on the design of the heat exchanger for 
the reacting salt bed indicate that high rates of heat transfer can be 
accomplished in a reasonably compact system; the indicated energy density 
for the solid-phase reactant is in excess of 13,000 BTU/ft3 , assuming 
that the void fraction for anhydrous CaC12 is 85% or less. Vapor 
pressure losses through the bed can be minimized by the use of pelletized 
CaC12. Furthermore, this material appears to react without apparent 
degradation of the rate of methanolation or demethanolation through 300 
complete cycles, and does not appear to corrode aluminum. No major tech
nical obstacles to the development of a CH30H-based solar heat pump/ 
storage system are apparent, and Phase II work is now proceeding on the 
development of a prototype system. 
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1. INTRODUCTION: CHEMICALLY DRIVEN HEAT PUMPS 

Heat can flow spontaneously from a high to a low temperature. but 
the reverse process requires an input of work. This work can be provided 
by any form of energy: electrical or mechanical. as in the case of an 
air conditioner/heat pump; or thermal and chemical. as in the systems we 
describe next. 

In a chemically driven heat pump, as we define it here. high tempera
ture (lOO-150°C) thermal energy is used to drive a chemical decomposition: 

AB + A + B(g) 

At a lower temperature, say 40°C, the gaseous product B reacts with a 
second substrate C or condenses: 

B(g) + C + BC 

or B(g) + B(R.) 

(1) 

(2) 

(2' ) 

Heat is absorbed in reaction (i) and is given off in reaction (2) or (2') • 
These two processes describe one-half of the heat pump system. In essence, 
a gas has been "evaporated" in process (1) and has condensed in process (2) 
or (2'). No heat pumping has occurred, however. Heat has been transferred 
from a high temperature source to a lower temperature sink. According to 
the first and second laws of thermodynamics, if the transfer is carried 
out reversibly, energy will be stored in the chemicals. 

To complete the heat pump cycle. the product BC (or liquid B) is 
heat exchanged with the ambient air, and substrate A is likewise heat 
exchanged. In air conditioning applications, BC (or B) is heat exchanged 
with the indoor air and A with the outdoor air. In heat pumping, BC (or B) 
is heat exchanged with the (cold) outdoor air. and A with the indoor air. 
In either case, the product BC spontaneously decomposes (or B evaporates) 
and AB is formed. Heat is pumped from a low temperature source to a high 
temperature sink, and the cycle is completed. 

The driving force for the heat 
thermodynamic affinity of the gas for 
the heat pump is "chemically driven." 
pumping energy is the decrease in the 
collector (lOQ-150°C) to the point of 

1 

pump comes from the difference in 
the two substrates. In this sense, 
But the ultimate source of the 

temperature of the heat from the 
delivery (20-40°C). 



In many ways, a chemically driven heat pump is similar to an ammonia
water refrigerator fueled by propane or natural gas: high-temperature heat 
is used to pump heat from inside the refrigerator to the outside. But a 
chemically driven heat pump separates the two parts of the cycle, heat 
absorption at high temperature, and heat pumping. It is therefore both a 
heat pump and an energy storage system. Furthermore, in a chemically 
driven heat pump, heat can be stored indefinitely without thermal loss. 

We next consider examples of two types of units, with one and two 
substrates, respectively. The advantages and disadvantages of each are 
discussed. The examples noted use NH3 rather than CH30H. This is because 
of the relative abundance of thermodynamic data for salt-NH3 reactions. 
As we note in 3 below, the use of CH30H appears preferable to NH3. 

1. A Chemically Driven Heat Pump with One Substrate 

Anhydrous CaC12 binds NH3 vapor in a series of stepwise reactions 
(references 1,2): 

CaC12(s) + NH3(g) + CaC12'NH3(s) (3) + 

CaC12'NH3(S) + NH3(g) + CaC12·2NH3(s) (4) + 

CaC12'2NH3(s) + 2NH3(g) + CaC12'4NH3(s) (5) + 

CaC12·4NH3(s) + 4NH3(g) + CaC12'8NH3(s) (6) + 

The last reaction is of particular interest for heat pumping. The standard 
enthalpy of the reaction as written is -9.8 kcal/mole-NH3, while the 
standard entropy is -32.1 cal/mole-oC. Ignoring heat capacity changes, 
the equation of state for the equilibrium pressure of NH3 (PNH3' in 
atmospheres) above a mixture of CaC12·8NH3 and CaC12·4NH3 is (ref. 2) 

(1) 
1.987 ~nPNH3 = 32.1 - 980a/Tl 

The equation of state for NH3 gas condensing to liquid is 

1.987 ~np~~ = 21.6 - 5l00/T2 

Here, Tl and T2 are the equilibrium temperatures in degrees Kelvin. 

To operate the two processes 

CaC12'8NH3(s) t CaC12·4NH3(s) + 4NH3(g) 

2 

(7) 

(8) 

(9) 
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as a heat pump, the following elements are needed: 

(a) A pressurized heat exchange unit to contain the solid 
mixture. The heat given off or absorbed in reaction 
(9) must be exchanged with air. 

(b) A pressurized heat exchange unit to condense or 
evaporate the NH3, as well as a pressurized storage 
vessel to contain the excess NH3 liquid. 

(c) Ducts to bring indoor or outdoor air to either heat 
exchanger, and to bring heated air from the (solar) 
collector to the solids heat exchanger. 

(10) 

In the first half of the cycle ("storage mode"), hot air from the 
heat collector is exchanged with the solids and NH3 gas is given off. As 
shown by Equations (7) and (8), this process will occur spontaneously if 
T1 (the temperature of the solids) is greater than 95°C and T2 (the 
temperature of the liquid NH3) is 40°C. The heat given off when the gas 
condenses is either used to heat the indoors (indoor air flows across the 
NH3 condenser) or is discarded (outdoor air flow), depending on the need 
for space heating at the time. Ignoring the heat capacities of the solids, 
liquids, and gases, which are relatively small, the heat absorbed by the 
solids is 9.8 kca1 (39 BTU) per mole of NH3 released, while the heat given 
off in condensation is 5.1 kca1 (20 BTU). Roughly 19 BTU per mole of 
NH3 have been stored. 

In the second half of the cycle ("heat pump mode"), air from either 
the outdoors (air conditioning) or the indoors (heating) is used for heat 
exchange with the solids, so that the temperature in this unit is about 
40°C. A separate supply of air from indoors (air conditioning) or outdoors 
(heating) is used for heat exchange with liquid NH3' As can be shown by 
substitution in Equations (7) and (8), heat pumping will occur spontaneously 
provided that T2 is 40°C and T1 is greater than -27°C. In the heat pump 
operation, 20 BTU per mole of NH3 is absorbed from outdoors and an addi
tional 19 BTU is recovered from storage, so that 39 BTU of heating is 
provided. In air conditioning, 20 BTU is absorbed from outdoors. 

2. A Chemically Driven Heat Pump with Two Substrates 

The reaction of anhydrous CaC12 with NH3 can be coupled with the 
reaction of anhydrous FeC12 with NH3 to form a two-substrate heat pump, 
in which the reactions are: 

(11) 

3 
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PRESSURIZED HEAT 
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Fig. la: Schematic diagram of the one-substrate heat pump. 
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HEAT EXCHANGER 

CaC 12 CCMAINER AND 
HEAT EXCHANGER 

Fig. Ib: Schematic diagram of the two-substrate heat pump. 
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The corresponding equations of state are (2) 

1.987 ~np~; = 31.6 -12550/Tl 

1.987 tnP~; = 32.1 - 9800/T2 

(12) 

(13) 

(14) 

In this case, two solid-to-air heat exchangers are used, with the FeC12 
salts placed in the exchanger that is tied to the heat collector (Figure 1b). 

If the CaC12 salt is kept at 40°C during the storage mode, NH3 gas 
will flow from the FeC12 exchanger to the CaC12 exchanger provided that the 
temperature of the FeC12 salts is kept above 125°C. The heat absorbed by 
the FeC12 systems is about 12.25 kcal (49 BTU) per mole of NH3 released, 
while the heat given off in the reaction with CaC12 is 39 BTU. 

In the heat pump mode, the FeC12 system is heat exchanged at about 
40°C. Ammonia flows spontaneously from the CaC12 side to the FeC12 side 
if the temperature of the CaC12 salts is above -24°C. In air conditioning, 
39 BTU is absorbed from indoors per mole of NH3' In heat pump operation, 
39 BTU is absorbed from outdoors and an additional 10 BTU is recovered 
from storage, so that 49 BTU is delivered indoors. 

3. Comparative Merits of One- and Two-Substrate Heat Pumps 

The one-substrate system is obviously less costly: it uses less 
salt, and has only one solid-to-air heat exchanger. 

The two-substrate system has better coefficients of performance 
for both heating and cooling. For heating, the overall COP (heat delivered 
indoors divided by solar heat absorbed) is approximately 

For cooling, 

COP (heating) = 

6H2 
COP (cooling) = 6H1 

In the one- and two-substrate systems described above, 

5 
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COP (heating, one substrate) = 1.52 

COP (cooling, one substrate) = 0.52 

COP (heating, two substrates) = 1.78 

COP (cooling, two substrates) = 0.78 

The reason for the inherent disadvantage of the one-substrate system is 
that the heat of evaporation of NH3 (lIH2) is smaller than the heat of 
reaction of NH3 gas with a salt (lIHl). In the two-substrate systems, the 
two heats are more nearly equal. 

A second disadvantage of the one-substrate system is that gas 
pressures are substantially higher. In a one-substrate system using liquid 
NH3, the maximum pressure in the heat exchangers is nearly 20 atm (300 psi). 
In the two-substrate system, the maximum overpressure never exceeds 1 atm 
(15 psi). The heat exchangers can be designed from lighter gauge materials 
in a two-substrate system, and will be correspondingly less costly per unit. 
Of course, a one-substrate system has but one so'lid-to-air heat exchanger. 

The question, therefore, is whether a low-cost, one-substrate system 
can be designed with (a) coefficients of performance higher than for the 
CaC12/NH3 system; (b) lower pressures; and (c) comparable total costs. We 
believe this can be done by using methanol in place of ammonia. Methanol 
has two major advantages over ammonia: its boiling point is greater (65°C 
vs. -33°C), so that its vapor pressure is lower; and its heat of vaporiza
tion is larger (9.2 kcal vs. 5.1 kcal), in part because of association in 
the liquid state. (Water could be useful in a one-substrate air condition
ing system, but freezes at too high a temperature to be used in a heat 
pump. ) 

Unfortunately, thermodynamic data for the reactions of gases with 
solid substances such as metal salts have been reported for only a limited 
number of reactions. Data on the reactions of methanol vapor with 
inorganic salts are particularly scarce. For this reason, the first step 
in our research program, as described in Section II, has been to search 
for salts that react with methanol vapor in a thermodynamically useful 
fashion. 

4. Liquid-Based Systems 

The examples of one- and two-substrate heat pumps discussed above 
have involved solid substrates. In principle, liquid substrates could 
also be used, as in the H2S04/H20 system under development by Rocket 
Research Corporation (3). However, in a liquid-based system, the vapor 
pressure is an explicit function of the extent of reaction as well as 
the temperature. In a solid substrate system, as seen in Equations (7), 
(11), and (12), the vapor pressure is independent of the extent of reaction. 
Thus, maintaining a constant vapor pressure in a solid-substrate system 
involves constant temperatures, while in a liquid-based system, the 
collection temperature to drive reaction (1) must rise as B(g) is driven 
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off. Whether this is a serious disadvantage in practice depends on the 
extent of the temperature change in a liquid-based system, and on other 
system trade-offs. Heat exchange is unquestionably simplified in a 
liquid-based system, but at the cost of higher maximum temperatures and 
a sharply restricted choice of chemicals. For these reasons, our work 
has been limited to solid-substrate chemical reactions. 

S. Thermodynamic Principles 

The general thermodynamic principles governing the operation of a 
heat pump may be stated simply. Heat (q1) is absorbed from a low tempera
ture source (T1) and is discharged at a higher temperature (T2). Since 
this process is not spontaneous, work (W) must be done to accomplish it. 
From the first law of thermodynamics, the heat discharged at the upper 
temperature (q2) is the sum of Wand ql' From the second law, assuming 
reversibility, the sum of the entropy changes is zero. Thus, 

(18) 

(19) 

(20) 

We see that the minimum work ~ necessary to pump heat is determined by the 
ratio of the two absolute temperatures T2 and Tl' 

The coefficient of performance of a heat pump is defined as 

Under reversible conditions, 

q2 
eop = W 

eop = 

(21) 

(22) 

For example, if heat is extracted from the environment on a cold day, such 
that T1 = -10 oe (263°K), and delivered indoors at T2 = 200 e (293°K), the 
maximum coefficient of performance is 9.8. In practice, efficient heat 
exchange requires that the heat be transferred at temperatures lS-2Soe 
different from the equilibrium values. Thus, realistic coefficients will 
be in the range 

7 



TZ + 15 TZ + Z5 
COP = ----- to =-~_:__=_=_ 

TZ-T1 + 30 TZ-T1 + 50 
(Z3) 

that is, 4.0 to 5.1 for the indoor and outdoor temperatures just mentioned. 
Such values are not far above the actual coefficients of performance 
(Z.6-3.0) achieved by commercial heat pumps (4) operating at the same 
temperatures; the reduction is caused by inefficiencies in converting 
electrical energy to mechanical energy, and by the electric power needed 
to run the heat-exchange fans. 

The equations for a heat engine are the same as those for a heat 
pump. However, in a heat engine, heat qz is absorbed at the higher 
temperature TZ and heat q1 = qz-W is discharged at the lower temperature 
T1. The maximum work that can be done by the system is given in Equation 
(ZO) • 

A heat engine may be coupled with a heat pump to form a thermally 
powered heat pump. Suppose heat q3 is collected at a temperature T3 in 
the range 100-150°C. If heat qz is discharged at TZ (40°C), the heat 
delivered at TZ is 

(Z4) 

and the maximum work done is 

(Z5) 

If this work is used to pump heat from the ambient temperature T1 to TZ' 
the heat absorbed from the environment is 

(Z6) 

and the additional heat delivered at TZ is 

(Z7) 

The coefficient of performance of the system is the ratio of the total heat 
delivered at TZ (q2 + qi) to the heat absorbed at T3: 
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COP = 
T2 T3-T1 

= T3 T2-T1 
(28) 

For T3 = 125°, T2 = 40°, and T1 = _20°, the maximum coefficient of perfor
mance of a thermally powered heat pump is 1.9. In other words, for each 
unit of heat absorbed at 125°, 0.9 units of heat can be pumped from the 
ambient temperature Tl up to T2' 

A thermally powered heat pump can also be used as an air conditioner. 
The coefficient of performance is the ratio of the heat removed at T1 to 
the heat absorbed at T3: 

(29) 

For T3 = 125°, T2 = 50°, T1 = 10°, the maximum coefficient of performance 
is 1. 3. 

6. Development of a Methanol-Based Heat Pump 

Work on the development of a methanol-based system for heat pumping 
and solar thermal storage has followed two main lines of effort: (1) lab
oratory work designed to screen and test candidate salts; to determine 
their thermodynamic, kinetiC, and heat transfer properties; to determine 
their ability to withstand long-term cycling; to examine their propensity 
to corrode likely materials of construction; (2) analytical engineering 
work, aimed primarily at heat exchanger design for the salt bed, as well 
as overall system design. These two lines of effort are not totally 
independent. For example, to strictly define the desired range of thermo
dynamic properties of the salt-vapor reaction, information is needed on 
the temperature drops required for heat exchange, and on the trade-off 
between the cost of high temperature solar collection and the cost of 
high efficiency heat exchange. Since such data were not initially avail
able -- and are still fragmentary -- we planned our experimental work 
along fairly broad lines, such that the screening process for salts would 
not reject any candidates too readily. 

The criteria initially developed for candidate salts included low 
cost per mole; high prospective volumetric energy densities; rapid rates 
of reaction; absence of obvious side reactions; and appropriate thermo
dynamics. By "appropriate" we mean that the salt-methanol reaction should 
be capable of pumping heat from temperatures below oOe to temperatures 
above 40°C. This preliminary choice of temperatures is somewhat arbitrary. 
Nevertheless, 40°C appears to be a reasonable minimum if indoor air at 
20°C is to be heated. Likewise, O°C appears to be a reasonable maximum 
if heat is to be extracted from outdoor air, from underground heat exchange, 
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or from a body of water. If anything, the temperature span should be 
greater so that the screening process is more selective. 

Initial engineering design work has proceeded on the assumption 
that daytime solar energy collection ordinarily proceeds at a rate 
sufficiently rapid that heat obtained in condensing methanol vapor (see 
Figure 1) is sufficient to meet the heating load. For example, if the 
system COP is 1.5, the solar collection rate is 40,000 BTU/hr, and the 
daytime building load is 20,000 BTU/hr, then the load will just be met 
by methanol condensation. Further assuming eight hours of active solar 
collection, 320,000 BTU will be stored during this period. Thus, during 
the 16 "nighttime" hours, heat can be supplied from storage at the same 
20,000 BTU/hr rate. This rough calculation illustrates an important 
feature of the system: because the heat pump COP is greater than unity, 
collection of 320,000 BTU (40,000 x 8 hours) is sufficient to meet a 
480,000 BTU load (20,000 x 24 hours). Furthermore, considerations of 
this type help to define the desired storage capacity and charge/discharge 
rates, and have been used to define rates of reaction that are "reasonable" 
and acceptable -- that is, faster than the 8 hour charge time or 16 hour 
discharge time. 

The results of the first 14 months of our effort to develop a 
methanol-based heat pump are presented in the following two sections. 
Section II is largely concerned with experimental aspects of the work, 
although some attention is also paid to analytical modeling of the 
methanolation/demethanolation process. Section III is devoted to 
engineering design and analysis, particularly to the heat exchange process. 
Future plans are discussed in Section IV, and l'istings of the computer 
programs used in the analytical work are given in the appendices. 
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II. EXPERIMENTAL 

1. Candidate Salt Screening 

A Cahn RG electrobalance was used for salt screening. The complete 
experimental setup consisted of the balance, a vacuum pump, a mercury 
manometer, a thermostatted methanol pool, and a thermostatted oil bath 
used to control the temperature of the salt sample. A small sample of a 
powdered salt, typically 30 mg, was placed on a Teflon pan, suspended 
inside a glass hangdown tube, which was in turn immersed in the oil bath. 
The system was sealed and evacuated, and the temperature of the oil bath 
was increased to drive off water. (The salt samples as purchased were 
usually hydrated.) Dehydration was generally continued until completion, 
as indicated by the absolute weight change, or by the failure of the 
sample to lose additional water overnight at a temperature indicated by 
the literature to be sufficient for complete dehydration. 

Following initial dehydration, the salt sample was cooled to ca. 
60°C, and CH30H vapor was introduced into the balance. For screening 
purposes this was accomplished by thermos tatting a CH30H pool at 15°C, 
where the vapor pressure is 71 torr (ca. 0.1 atm), and connecting the 
pool to the balance. The temperature of the salt was gradually decreased 
to ca. 30°C over a period of several hours, and the weight monitored. In 
this way, we were able to observe formation of salt-methanol complexes. 
The temperature was then increased over a period of several hours until 
demethanolation of the salt was complete. 

A literature search of Chemical Abstracts was performed to obtain 
information on previously reported methanolates of inorganic compounds. 
Fifty such compounds were identified from 27 pertinent references and are 
listed below: 

AlC13·6MeOH (16) CoBr2·6MeOH (29) 
AlC13·4MeOH (16) CoBr2·4MeOH (13) 
Ba(Cl04)2· SMeOH (26) CoBr2·3MeOH (29) 
CaBr2·4MeOH (11) CoBr2·2MeOH (13,29) 
CaBr2·3MeOH (11) CoBr2·MeOH (17,29) . 
CaBr2·MeOH (11) CoC12·4MeOH (5,13) 
CaC12·4MeOH (11) CoC12·3MeOH (13) 
CaC12·3MeOH (11) CoC12·2MeOH (5) 
CaC12·2MeOH (23) CoC12·MeOH (17) 
CaC12·MeOH (11) Co(N03)2·6MeOH (20) 
Ca(C104)2·SMeOH (26) Co(N03)2·4MeOH (20,31) 
Ca(C104)2·2MeOH (26) Co (N03)z· 2MeOH (20) 
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CoI2·6MeOH 
CoI2'5MeOH 
CuC12·2MeOH 
CuC12'MeOH 
CsC03·6MeOH 
FeC12'4MeOH 
FeC12·2MeOH 
LiBr'4MeOH 
K2CS4'MeOH 
MgC12·6MeOH 
MgC12·4MeOH 
MgC12·MeOH 
Mg(Cl04)2·.6MeOH 

*n not given 

(13) 
(13) 
(19) 
(19) 
(7) 
(12) 
(12) 
(25) 
(28,30) 
(9,14,27) 
(14) 
(14) 
(26) 

MgS04·3.5MeOH 
MgS04 • 2MeOH 
MnBr2'MeOH 
MnC12·2MeOH 
MnC12'MeOH 
SbC15'MeOH 
ScC13'nMeOH: 
ScBr3'nMeOH 
SnC14' 2MeOH 
Sr(Cl04)2'8MeOH 
Sr(Cl04)2'6MeOH 
ZnS04·2.5MeOH 
ZnS04' MeOH 

(15) 
(22,24) 
(8) 
(8,21) 
(8) 
(10) 
(6) 
(6) 
(18) 
(26) 
(26) 
(15) 
(15) 

Information on these compounds was, in general, quite sketchy. Some 
references gave only evidence for formation; others gave approximate 
decomposition temperatures in air or crystallographic data. Some thermo
dynamic data are available for the methanolates of CoC12, CoBr2, CuC12 
and MnC12' 

Based on the literature data, and on data for corresponding hydrate 
reactions, 20 salts were selected for screening. The results of these 
experiments are summarized in Table 1. Based on the thermodynamic criteria 
established in Section 1.6, four salts were selected for further study: 
CaC12, CoBr2, FeBr2, and MgC12. Judging by the maximum temperature of 
formation, these salts all take up two moles of CH30H at or above 65°C 
from a pool at 15°C. 

To narrow down the choice of salts, and to gain additional informa
tion on the temperatures of complex formation and decomposition, additional 
measurements on these four salts were carried out at a CH30H pool tempera
ture of -10°C, corresponding to a vapor pressure of 15 torr. Results for 
CoBr2, FeBr2, MgC12 and CaC12 are as follows: 

(a) CoBr2 

A 40.88 mg pulverized sample of CoBr2'6H20 was placed in the vacuum 
balance and heated to 170°C. The weight loss, 12.22 mg, corresponds to 
5.41 moles of H20; in a previous experiment, the weight loss corresponded 
to 5.03 moles of H20. The salt was then exposed to CH30H vapor and allowed 
to cool to 40°C; 1.19 moles of CH30H reacted. Subsequent heating to 115°C 
removed all CH30H. After cooling to 25°C, 1.77 moles of CH30H reacted. 

During the initial cooling cycle, the first sign of weight gain 
began at 55°C. Cooling to 46°C over a 30 minute period resulted in a 
gain of 0.78 moles CH30H; subsequent maintenance of the temperature at 
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TABLE 1 

RESULTS OF SALT SCREENING EXPERIMENTS 

1. Salts that do not methano1ate 

Na2B407 
Na2C03 
Na2S04 
CH3COONa 
MgS04 

2. Salts that hydrolyze or decompose 

FeC13 
CO(N03)2 
Na2S 

3. Salts that methano1ate with CH30H at 15°C 

Methanol, Temperature Range! °c 
moles llmo1es Formation Decomposition 

A1NH4(S04)2 0.3 55 

CaBr2 2.0 110-75 2-1 130-145 
"-

CaC12 1.96 65 .. 47 109-132 

Ca(N03)2 1.80 32 55 

CoBr2 3 0-1 82-73 113-132 
1-2 65-47 87-108 
2-3 45-38 65-80 

CoC12 "'0.5 

FeBr2 1.95 0-1 98-75 132-140 
1-2 72-55 101-115 

FeC12 1.93 0-1 95-52 135-145 
1-2 32-26 80-95 

MgC12 3.92 0-2 90-50 0-4 95-120 
2-4 50-30 

MnC12 1.91 0-1 82-55 140-178 
1-2 30-26.5 75-94 

MnBr2 1.87 0-1 80-55 130-159 
1-2 53-43 85-96 

NiC12 >2 130-30 40-140 .. 
NiBr2 >5 60-27 50-115 
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45°C for 3 hours resulted in the formation of a complex with the stoichi
ometry CoBr2·l.l2CH30H. Decreasing the temperature to 42°C for 16 hours 
resulted in the stoichiometry CoBr2·l.l9CH30H. Upon reheating, the first 
sign of weight loss was seen at 60°C. 

Based on the data obtained at 71 torr, we had expected CoBr2 to 
gain approximately 2 moles of CH30H at a temperature above 40°C when 
reacted with CH30H vapor at 15 torr. Our experiments confirm that more 
than one mole of CH30H is gained under these conditions, but reaction 
of the second mole is very slow. Thus, the useful range of reactivity 
of CoBr2 appears limited to one mole of CH30H when used in a forced-air 
heat pump cycle. With a source temperature above O°C, it appears that 
2 moles of CH30H can react. 

(b) FeBr2 

A 37.60 mg pulverized sample of FeBr2·6H20 was placed in the 
vacuum balance and heated to 175°C. The weight loss corresponded to 
5.02 moles of H20. 

When the salt was exposed to CH30H vapor at 15 torr and cooled, 
the first sign of weight gain was noted at 85°C. Subsequent cooling to 
63°C over a 60 minute period resulted in formation of a complex with 
stoichiometry corresponding to FeBr2·0.76CH30H. Further cooling to 45°C 
over a 90 minute period resulted in the complex FeBr2·l.96CH30H. 

Upon subsequent heating, the first sign of weight loss was noted 
at 77°C, and heating to 98°C over a 30 minute period resulted in the loss 
of 0.97 moles of CH30H. The second mole of CH30H was lost over a 30 
minute period of heating between 115° and 122°C. 

Both the thermodynamics and kinetics of the reaction of CH30H with 
FeBr2 indicate that this salt should be useful in a forced-air heat pump 
cycle. 

(c) MgC12 

A 44.00 finely pulverized sample of MgC12'6H20 was placed in the 
vacuum balance, which was then pumped to remove the first 2 moles of H20. 
The sample was then gradually heated until the final 4 moles were removed. 

The dehydrated salt was then exposed to CH30H vapor at 15 torr. 
The first sign of weight gain began at 110°C. During relatively rapid 
cooling to 54°C over a 75 minute period, 0.66 moles of CH30H reacted. 
Holding the salt temperature at 49°C over a 19 hour period resulted in 
formation of a complex with stoichiometry corresponding to MgC12·1.92CH30H. 
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Upon heating the salt, initial weight loss was noted at 68°C. 
However, only one mole of CH30H was readily removed. The last traces of 
the second mole were not lost until the temperature reached 175°C. 

The formation of MgC12.2CH30H appears thermodynamically favorable 
at 50°C at 15 torr, although the rate of reaction is relatively slow. There 
is some question as to whether both moles of CH30H can be removed at a 
reasonable rate below 150°C, and some indications of hydrolysis have been 
observed. 

(d) CaC12 

Preliminary experiments on the reaction of CaC12 with CH30H vapor 
at 15 torr indicated that two moles of CH30H vapor could be added at a 
salt temperature around 55°C. Furthermore, at this pressure, demethanola
tion was observed below 75°C. These experiments indicated that CaC12 
might well be useful in a forced-air heat pump cycle. Furthermore, the 
low cost of CaC12 relative to FeBr2 and CoBr2 is attractive: it is 
doubtful whether a cost-effective storage system could be based on a salt 
bromide. Relative to MgC12, CaC12 appears attractive because both moles 
of CH30H can be removed at a relatively low solar collector temperature. 
For these reasons. CaC12 was selected as the first salt to be studied more 
intensively. 

2. Gas-Salt Reaction Data: Thermodynamics and Kinetics 

2.1 Temperature-Pressure Composition Experiments with CaC12 

A 27.76 mg sample of CaC12·2H20 was dehydrated in the vacuum 
balance and then heated to 138°C in vacuo. The final weight. 18.56 mg, 
corresponds to a loss of 2.71 mole H20 per mole CaC12' 

The sample was exposed to CH30H vapor at 70 torr and the tempera
ture of the salt sample was decreased to 100°C. No weight gain was noted 
over a l2-hour period. The first increase in weight was noted at 87°C; 
when the temperature was increased to 90°C, a distinct decrease in weight 
was found. On subsequent temperature cycling, weight increase was again 
noted at 86°C, and weight decrease at 90°C. It appeared that equilibrium 
occurred at 88 ± 2°C. 

The salt temperature was decreased to 75°C, and a rapid increase 
in weight occurred (90% reaction in less than 4 hours). With 1.9 moles 
of CH30H added, the sample was held at 82°C for 12 hours; the weight 
remained constant. When the temperature was increased. the first sign 
of weight loss occurred at ca. 85°C. These data are consistent with a 
single step reaction 

CaC12 + 2CH30H + CaC12·2CH30H (30) 

with equilibrium at 88°C at 70 torr. However, other data indicate the 
possibility of two (closely spaced) steps. 
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To remove the CH30H, the sample (still at 70 torr) was heated to 
ca. 120°C; over 85% of the CH30H was driven off within an hour. However, 
the reaction slowed down sharply near the end, and the final 0.03 moles 
were not removed. 

The next set of experiments was carried out at 15 torr. The 
temperature of the salt was slowly decreased from 60°C to 45°C; at ca. 
53°C. a rapid weight gain began and. within 4 hours. the reaction was 
over 90% complete. In order to bracket the equilibrium temperature. a 
number of separate experiments were carried out. At 13 torr. and at a 
composition corresponding to CaC12·0.7CH30H. a weight gain was observed 
below 70°C, and a weight loss above 67°C. A very slow weight gain was 
found when the temperature was held constant at 68°C over the weekend. 

A second experiment was carried out at 16 torr at a composition 
corresponding to CaC12·0.3CH30H; weight loss was noted above 72°C. and 
weight gain below 69°C. Taken together. these data point toward equilibrium 
for the reaction 

CaC12 + CH30H t CaC12·CH30H (31) 

at 70 ± 2°C at 15 ± 2 torr. 

A corresponding equilibrium temperature for the second reaction. 

(32) 

was determined by cycling the temperature of the salt at a composition 
corresponding to CaC12·l.7CH30H; at 15 torr. a definite weight loss was 
observed above 64°C, and a definite weight gain below 66°C. corresponding 
to equilibrium at 65 ± 1°C at 15 ± 1 torr. The equilibrium temperatures 
for the two reactions are nearly equal within experimental error; it is. 
of course. possible that the overall reaction 

CaC12 + 2CH30H t CaCI2·2CH30H (33) 

does not occur in a single step, but in two closely spaced steps. 

A third set of experiments was carried out at ca. 40 torr. 
Starting at CaCI2·0.lCH30H. the first sign of rapid addition of CH30H 
occurred at 65°C; the maximum rate of reaction at this temperature was 
0.5 moles CH30H per hour. although the reaction did not go to completion. 
After 14 hours at 62°C, the composition corresponded to CaC12·l.6CH30H. 
and the weight was increasing very slowly. To determine the equilibrium 
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temperature, the sample temperature was increased; at 76°C, the first 
distinct sign of weight loss was noted. A distinct weight gain was noted 
at 80°C (38 torr). When the sample was kept overnight at 81°C at 38 torr, 
no change in weight was found. Our best estimate of the equilibrium 
temperature for the reaction 

(34) 

at 38 torr is 78 ± 3°C. 

Following this experinent, the sample was partially demethanolated 
by reducing the CH30H vapor pressure, until the composition corresponded 
to CaC12·0.6CH30H. At 40 torr, a distinct weight gain was first noted 
at 83°C; below 75°C, the gain was quite fast. The temperature for the 
corresponding initial weight loss was not determined carefully, but was 
approximately 80°C. Once again we see some evidence that the equilibrium 
temperature for the addition of the first CH30H to CaC12 may lie a few 
degrees above the equilibrium temperature for the second addition. 

Accurate determination of the transition temperatures is compli
cated by a number of factors. First, it appears likely that the rate of 
reaction is exponentially dependent on the temperature difference from 
equilibrium; within a few degrees, rates are so slow that it becomes 
difficult to see measurable changes. Second, the salt sample in a TGA 
apparatus is not in good thermal contact with the oil bath, and since 
the enthalpy of reaction is large, a substantial temperature difference 
between sample and bath may exist. Third, nucleation phenomena in the 
reaction may abnormally reduce the reaction rate under near-equilibrium 
conditions. Finally, secondary phenomena, such as surface adsorption, 
may produce small weight changes that do not correspond to the chemical 
reaction under observation. Nevertheless, we believe we have obtained 
the equilibrium values within ± 3°C. 

The equilibrium data obtained to date are graphed as log (pressure) 
versus lIT in Figure 2. The data for the reaction 

fit the equation 

inP = 27.05 - 10628/T (35) 

well within the experimental error; the excellent fit is almost certainly 
fortuitous. The data for the second step, 
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Fig. 2: Equilibrium-pressure-temperature-composition relations for the 
reaction of CaC12 and CH30H. 
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fit the equation 

~nP = 24.16 - 9502/T (36) 

within an average error of 1.5°C. For the first reaction, ~H = 21 kcal/ 
mole and ~S = 54 cal/mole-oC; for the second reaction, ~H = 19 kcal/mole 
and ~S = 48 cal/mole-DC. In both cases, ~S is considerably higher than 
we had expected. A survey we have made of salt hydrate reactions indicates 
that ~S = 35.7 ± 1.6 cal/mole-oC; for the ammoniates, 6S = 31.8 ± 1.5 call 
mole-DC. Since the data presented here are not of high accuracy, and since 
the temperature range investigated is rather small, the actual entropy 
changes for the reactions of caC12 with CH30H may be considerably smaller 
than reported here. Assuming a possible error of ± 2DC in the estimation 
of the equilibrium temperature, the data are consistent with entropy values 
between 37 and 70 cal/mole-DC, and enthalpy values between 17 and 27 kcal/mole. 

2.2 Kinetics of Methanolation of CaC12 Powder 

Studies on the reaction of CaC12 with CH30H vapor were carried out 
in the Cahn RG microbalance. Initially, the CaC12 complex was partially 
demethanolated by heating the salt sample and removing the vapor under 
vacuum. The temperature of the oil bath was then reduced to the desired 
temperature, and the salt sample was maintained at this temperature for 
at least an hour while still under vacuum to allow the salt sample to 
come to thermal equilibrium with the bath. Methanol vapor was then 
introduced into the system by opening a valve connected to the CH30H pool, 
thermostatted at -lODC, +5°C, or +15 DC. The rate of reaction was monitored 
by recording the sample mass. 

Results of these experiments are given in Figures 3-9. Figures 
3 and 4 illustrate the course of reaction at a vapor pressure of 14 torr, 
corresponding to the CH30H pool at -lODC. When the temperature of the 
oil bath surrounding the salt was 29°C, reaction was quite rapid, with 
reaction roughly 90% complete in 45 minutes. However, with the oil bath 
at 38DC, two distinct reactions can be seen, the first, 

(37) 

reaching completion in 4 hours, and the second requiring an additional 11 
hours to reach 80% completion. At 50°C, at least three separate steps 
can be seen: first, a nucleation-type reaction requiring ca. 1-2 hours; 
the second, reaction (37) above, requiring another 2 hours; and the third 
step, possibly consisting of both nucleation and reaction, requiring over 
24 hours. 
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Figures Sand 6 illustrate the reaction course at 37 torr, corre
sponding to the CH30H pool at SoC. The reaction is rapid at oil bath 
temperatures below 60°C; however, above 60°C, only reaction (37) was 
observed, and the deceleration in rate was dramatic. When the CH30H pool 
temperature was raised to lSoC (70 torr), reaction was 90% complete in 
12 minutes at SO°C, in SO minutes at 60°C, and in 20 hours at 70°C 
(Figures 7 and 8). 

A comparison of reaction rates at a constant salt-bed temperature 
is shown in Figure 9. Here the oil bath is maintained at ca. SOoC, while 
the CH30H pool is at +lS, +S, and -10°C, respectively. In all cases, the 
rate of reaction (37), addition of the first mole of CH30H, is more than 
adequate. However, between +SOC and -10°C, the rate of addition of the 
second mole is sharply reduced. According to the results presented in 
2.1, the equilibrium pressure of CH30H vapor for addition of the first 
mole at SO°C is ca. 2 torr, and for the second mole ca. 3.6 torr. Thus, 
at the experimental pressures, 70, 37, and 14 torr respectively, there is 
a substantial driving force for reaction, and it is somewhat surprising 
that the reaction rate decreases so sharply with decreasing vapor pressure. 

It should be noted that in the experimental arrangement used, the 
temperature of the salt cannot be monitored accurately, and thermal 
equilibrium between the salt and the oil bath may be slow. Since the 
reaction of CaC12 and CH30H is highly exothermic, the actual salt-bed 
temperatures may be higher than the oil bath temperatures reported here. 
However, this effect only causes our estimate of the reaction temperature 
to be on the conservative side. In any event, the heating effect should 
be small except at the higher reaction rates. 

2.3 Interpretation of the Rates 

It is quite difficult to derive a mechanism and obtain rate con
stants from a reaction as complex as we observe here. For a simple 
one-step reaction of the type 

(38) 

i. e. , A + 2G:t. C (39) 

one might expect a first-order rate law when the reaction is carried out 
at constant pressure. In such a case, a rate law of the general type 

dx 
dt = k(2-x) (40) 

22 



" 
I' 

m 

210~}q:'fu+~-++-.·>-:1 "'!": .... Tf 0j:c .. 1::: ::'-:<j-~-t= ~j#~!:w4:~h'~~:~I~;~:~~n;:;~I':~~ 
i : II "~' ," . ..' - . "::i ,.:1':':1,· 1 .. :-:1:'.' ".':: '. ..' .. : ,:-' . .-;~ ::.:.: ·,1, •. ' •• ,tr:J~ 

~l_:::l.;. _': ::: " ... ,__ "i...t.;: 1. _:.~A:. . .. :.:'~ ':' " ., .:~ "," .. - : ' _ _ .. ~. ::.: ._~ . .... _ .:.:';_!~ 
I .. ,+ ... ·""1 ,," ,1":'1 : .. ':, .... -- \ .. : .... , ... - .. I,.!; ,- ... ~~ ',_. ."':: iE ~:' ...:,. , .. ., . .,. ::::. . . .:::: .. , " --- --I::::: .-... -. -,= ':t'; .. 

+ 
1 ~ I": ----.--:-r , 'I' " - ::: .-- C,-. , .-;--'-~-- .'- "','., P:"'·:~:;::. :;;; 
:1'" _,_.-'- _.::.L:"'" ± __ -r- I __ :L-'-'f--~lL_ +_._L ____ -" LC_L - - : .' _' -: :-. -' . -~: -,;:; 
.~ I'. 'I .-:t :: 1 ... f~."· , ... ,-- -. -.. ,... .: 'Iill~t-·I.··::'-. -'. ';0 '.': _., 

I 4 'I - ~ - I .' _. . - . -' . ..- ' .- ;~;; 1 6 ~.. . -,: .. _ ~.,.-+-- -- I:i I, ,._ '- - -~ :.. _.:'" .. :' , . :[ ._.L. ----. ::-,' .--:::~ : •. 
I '~ '1' , 1 I:U~ ~_ 1 • - ._- I I· .... , ... -. • .:.: "CI '~. -" 

~, -----b ~,.- -~-. _.eLI - ---,J.,...(~: -:-: - : -:- - i
l 

!' -- _:.: ---- , ':- _ !i .. -, . ':":'~'; '; '-::: 
:.:.' _1 .' ,j ;k-<n '.. "i 1 1 i ,:. - :1. ':1' L ,. ':'. "'~o ~: ..•.• 
f'/:~---' -<:~' --1----- L+- •• :_ J..-I-i' -.:~:F ";L-li <~: .:i.,:. _,y~;j]: ty~;_~ 

1 -- t-y<''fl-'"( , . "1L"" .-1--: . 1-1---: u ·";I:i:~··t'~"::;::-'J:·+-

~~ 
! 

F~rl I .. ····1 1 ' II .. ". _ .. ', .. -::.-' .~-.; ,:;1·· 'J"'" -•...... --:;.: ---f:-j(--o r'jC:f 1'--;-r --j~ ~t.,;.~:; . --.-1---''' ~~ ~ -- r'r- f W -.--, 1< ,~;~ .~co:-,~(.: -(-:~-': --:7-1"': i:i;lc~-~ "~l~.:;~ if:m~~; 
o 1 "2: 4 5 6 7 8 9 . 10 

TIrL I-RS 

Fig. 5: Absorption kinetics of CaC12 with CH30H at 38 torr as a function of bed temperature. 
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should be found, where x is the number of moles of CH30H reacted per mole 
of CaC12. In integrated form, we obtain 

tn(l -1) = -kt (41) 

We have plotted this function in Figures 10 and 11 for data obtained at 70 
torr and at 14 torr. A straight-line function versus time was found in 
only one case, for the data taken at 70 torr and 50°C, where the rate 
constant was approximately 11 hr-l. This was the fastest rate observed. 
In two other cases -- 70 torr, 60°C, and 14 torr, 29 DC -- the data fall 
in two straight-line segments, with the "knee" occurring close to the 
point at which x = 1. The rate constants for the second (slower) part of 
the reaction were approximately 2.3 hr-1 and 2.8 hr-1 respectively. How
ever, in the slowest case for which we have reasonably complete data (14 
torr, 38 DC), three distinct reactions can be seen, with the slowest 
segment (k = 0.06 hr-l ) occurring in the region around x = 1, and a faster 
segment (k = 0.22 hr-l ) occurring after ca. x - 1.25. 

The existence of logarithmically straight segments is consistent 
with a series o.f first-order reactions of the type 

A+G:?; B (42) 
B+G:t:C 

However, it can be shown that the data taken at 14 torr and 38°C are 
inconsistent with this scheme. The slow linear segment around x = 1 
requires, at a minimum, a "nucleation" type event in which the intermediate 
B (Le., CaC12·CH30H) rearranges to an "active" form B': 

A + G :t B B' (43) 
B' + G t C 

Furthermore, the "knee" seen in Figure 3 for the data taken at 14 torr and 
50°C implies an additional nucleation type event involving A. Thus, the 
actual mechanism for the overall reaction appears quite complex, although 
it seems possible that the individual reactions that make up the sequence 
are first-order. Unfortunately, it appears that this complexity will 
prevent us from obtaining individual rate constants and activation energies, 
and accurate extrapolation of these data to other conditions of pressure 
and temperature does not appear possible. Nevertheless, the data are 
sufficiently complete that we will be able to estimate the useful range 
of operating pressures and temperatures for the heat pump. 
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2.4 Kinetics of Methanolation of CaC12 Pellets 

One of the potential obstacles to development of a heat pump storage 
system based on a solid-phase absorbent is a loss of thermodynamic driving 
force (i.e •• CH30H pressure) caused by a pressure drop as the CH30H vapor 
passes through a bed of salt. Preliminary calculations indicate that this 
pressure drop could become serious when the average particle size in the 
bed falls below 20 pm. or when the bed depth exceeds an inch. Furthermore. 
it is likely that repeated methanolation/demethanolation cycling could 
cause the salt particles to fragment, thus gradually reducing the particle 
size. For this reason, some thought was given to the use of CaC12 pellets, 
held together with an appropriate binder, as is commonly done for CaC12 
desiccants. Such pellets would provide a path for vapor flow, thus 
eliminating any pressure drop from the top to the bottom of the bed, and 
beds of substantial thickness could be used -- at least several inches. 
Furthermore. the use of a binder should help prevent particle fragmenta
tion and dusting. The major question regarding the use of desiccant pellets 
is whether their intrinsic rate of reaction with CH30H vapor is sufficiently 
rapid. 

Methanolation experiments on CaC12 pellets were carried out in the 
microbalance. In each case, the temperature of the salt was maintained at 
50°C, while the CH30H pool was maintained at 5°C. Experiments were under
taken with 4, 12, and 100 mesh CaC12 from several different sources. The 
4 mesh material (particle diameters ca. 5 mm) was Mallinckrodt anhydrous 
porous desiccant unanalyzed. The 12 mesh (particle diameters ca. 1.5 mm) 
was Baker analyzed reagent of 95.0% assay. The 100 mesh (particle diameters 
ca. 0.15 mm) was Mallinckrodt analytical reagent CaC12·2H20 (assay 74-78% 
CaC12) which was sieved through a 100 mesh screen and then oven dried. 

The results of these absorption experiments are shown in Figures 
12-16. In each case. the rate of methanolation was substantially faster 
for the second and third absorption cycle than for the first cycle. In 
Figures 12 and 14, it can be seen that the rate of absorption in the second 
and third cycles is approximately the same. This is not the case for the 
4 mesh material (Figure 15); however, the rate of reaction in the first 
cycle was so slow that it was necessary to force the reaction by subse
quently reducing the salt bed temperature to 30°C. Thus, preconditioning 
was not complete after the first cycle in this case. 

The results shown in Figure 13 for 100 mesh material seemed 
anomalously slow. It was subsequently determined that the salt had not 
been completely dehydrated prior to methanolation. As can be seen in 
Figure 12, methanolation of more carefully dehydrated material is much 
more rapid. However, the absorption rate comparison shown in Figure 16 
still indicates an anomaly: while the reaction rate generally increases 
with decreasing particle size as expected (powder> 100 mesh> 12 mesh), 
the 4 mesh material reacted faster than the 12 mesh, which is unexpected. 
This result may be related to the source or type of the material: the 
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Fig. 13: Absorption of 100 mesh CaC12 sample not completely dehydrated at 50°C while CH30H pool maintained 
at +5°C. 
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Fig. 15: Absorption of 4 mesh CaC12 at 50°C while CH30H pool was maintained at +SoC. 



2.2 

2.0 

1.8 

1.6 

1.0 

0.6 

a 
o 150 

Fig. 16: Comparison of 3rd cycle absorptions of CaC12 at 50°C while CH30H pool at 
+SoC. 36 



Baker 12 mesh assay of 95% was by silver titration. We do not have an 
accurate estimate of the amount of binder material which may be present 
in the different meshes. 

Two other points are worth noting. First, the extent of absorption 
ranged from 2.3 moles of CH30H (100 mesh) down to 1.55 moles (12 mesh). This 
effect is probably associated with the purity of the absorbing material, 
although it is not understood why the exte~t of reaction sometimes exceeded 
2 moles of CH30H per mole of CaC12' Second, it was observed that the CaC12 
swelled substantially during the first cycle. This decrease in material 
density, and the associated increase in pore volume, is probably the origin 
of the increase in reaction rate after the first cycle. 

The most important result of this study is that the absorption 
rates of all materials studied were considerably faster than would be 
required for operation of the heat pump/storage system. (This conclusion 
is, of course. limited to the operating temperatures employed.) Thus. it 
may be possible to use large-mesh CaC12 in the heat exchanger, and. thereby 
increase the bed depth substantially. 

2.5 Kinetics of Demethanolation of CaC12 

Demethanolation experiments at fixed vapor pressure can be difficult 
to carry out when the pressure is above that necessary for condensation 
at room temperature: the entire experimental apparatus must be heated. 
Previous attempts to demethanolate at a vapor pressure corresponding to 
equilibrium with liquid at 40°C were unsuccessful in large part because 
it was difficult to maintain the entire TGA apparatus above 40°C. 

In an effort to obtain a preliminary measure of the temperature 
required for desorption. an experiment was carried out at a vapor pressure 
(40 torr) corresponding to equilibrium with liquid at 5°C. As can be seen 
in Figure 17. the rate of desorption of a 4 mesh pellet at 95°C was 
relatively slow -- 14 hours for 80% reaction -- but only about a factor 
of 2 slower than the 8-hour rate necessary for the operation of a system 
with one day storage capacity. 

Subsequent experiments were carried out at 184 torr. a vapor 
pressure corresponding to equilibrium with liquid at 33°C. When 4 mesh 
material was demethanolated at 110°C. the initial rate of reaction was 
reasonably fast (Figure 18). but only about one mole of CH30H was removed. 
To remove· the second mole at a reasonable rate required an increase in 
temperature to 125°C. 

A second demethanolation experiment. carried out at 130°C. showed 
no distinct break between removal of the two moles of CH30H. Furthermore, 
the reaction rate was considerably faster, with removal of the first mole 
requiring about half an hour (Figure 19). However, removal of the final 
ca. 0.3 moles of CH30H was very slow. (This effect is probably not 
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important in practice, since the system could be operated between 0.3 and 
1.7 moles of CH30H per mole of CaC12. Furthermore, reaction rates should 
be faster for finer-mesh material.) 

A final demethanQlation experiment was carried out at 140°C. As 
can be seen in Figure 20, all but the last 0.25 moles of CH30H were 
removed within two hours. 

The initial rates of demethanolation of 4 mesh CaC12 at 184 torr 
are compared in Figure 21. These initial rates are consistent with 
the equations (rate in moles/hr per mole of CaC12) 

tn.(rate) = 30.095 - l1950/T (44) 

rate = 1.18 x 1013 e-11950/T 

Calculated 
Temp. Obs. Rate Rate 

110°C 0.312 0.331 
130°C 1.58 1.56 
140°C 3.00 3.19 

i.e., an activation energy of about 25 kcal/mole. This expression is of 
course only valid when the vapor pressure is 184 torr. Nevertheless, at 
higher vapor pressures, e.g., corresponding to equilibrium with liquid 
at 40°C or 50°C (temperatures suitable for heat rejection), the rates at 
temperatures 7-l7°C higher should be the same or faster. Thus, it appears 
likely that a solar collector temperature well below 150°C will be 
adequate to demethanolate the salt bed while simultaneously condensing 
methanol vapor at a temperature between 40° and 50°C. 

3. Methanolation and Demethanolation of CaC12 Beds 

3.1 Design of the Heat Exchange Test Rig 

The purpose of constructing a heat exchange test rig is to obtain 
design data on reaction rates and conditions, which will be used as a 
basis for design and construction of the heat pump storage system. It is 
expected that the rate of heat pumping will be limited either by the 
intrinsic rate of salt-CH30H reaction or by the rate of heat flow through 
the solid bed. The rate of heat flow will be influenced by the heat 
transfer coefficients of the various solid phases, by the effective bed 
density, by the bed thickness, by the particle size, and by the tempera
ture difference between the salt bed and the heat exchange plate. The 
most straightforward way of measuring the influence of these parameters 
on heat flow is to construct a small test rig in which reaction rates 
and temperatures can be monitored. The rig must be constructed so that 
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the bed material and depth can be changed easily, and so that results can 
be readily· extrapolated to final design conditions. 

We decided to build a sufficiently large test system so that the 
reaction rate could be measured by monitoring the volume of liquid CH30H 
evaporated or condensed per unit time; this method should prove more accurate 
than monitoring the rate of vapor flow. Thermostatted 10 and 25 ml burettes 
were obtained, and were used to control the CH30H pool temperature (and 
vapor pressure), and to measure the volume of liquid. The accuracy is 
roughly ± 0.05 ml. 

The salt bed was loaded on a copper plate approximately 0.25" thick. 
The bed was confined and insulated on the .sides by a thick-walled Teflon 
pipe. The temperature of the copper plate was maintained by circulating 
oil to the underside of the plate. The pressure of the system was main
tained by covering the salt bed and Teflon pipe with a bell jar gasketed 
to the copper plate. Schematic drawings of the apparatus are shown in 
Figure 22. 

Two details of the design were given particular attention. First, 
we were concerned that the rate of evaporation (or condensation) in the 
methanol pool is adequate, so that an excessive pressure drop does not 
occur. Our calculations indicate that the net rate of condensation, in 
grams per cm2 per second, is ---

0.331 P - 1.56 x 107 e-4668/T 
R (45) 

where P is the pressure (:In torr) and T the temperature (OK). (This equation 
is readily derived by assuming that the activation energy for evaporation is 
the same as the heat of evaporation, i.e., that the activation energy for 
condensation is zero.) Even at -20°C (P eq = 7.3 torr), the rate for a pres
sure drop of 1 torr is 0.021 grams/cm2-sec, or 75 grams/cm2-hr, which is 
more than adequate for the present exper.iments. Second, we were concerned 
that the pressure drop of the CH30H vapor in the vacuum tubing does not limit 
the rate of reaction. Calculations indicate a negligible pressure drop when. 
tubing of 0.5" ID is used, although an important pressure drop could occur 
with 0.25" ID tubing at the lowest pressures (ca. 5 torr) and largest flow 
rates (ca. 100 grams/hr). 

3.2 Kinetics of Methanolation of CaC12 Beds 

Anhydrous 12 mesh CaC12, 137 grams, was placed in the test rig 
described above and heated to 150°C for 4 hours. The initial bed depth 
was 2 cm. (Since the inside diameter of the bed is 9 cm, the average 
density of this material is ca. 1.1 gjcm3• The density of crystalline 
CaC12 is 2.15, so the average void fraction of this material is ca. 50%). 
The oil bath temperature was then set at 40°C, and the methanol pool at 
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5°C, so that the vapor pressure was 38 torr. As seen in Figure 23, it 
took 15 hours for one mole to react and at least that for the second. 
During methanolation the center of the bed expanded to a height of 6 cm. 
The edges of the bed also increased though to a lesser extent, e.g., 4 cm 
at the extreme edge. Subsequent to the absorption of 2.0 moles, 1.03 
moles of methanol were removed and then the absorption process was repeated. 
As seen ip Figure 23 the rate is almost the same as in the first methanola
tion, although the depth of the bed is almost a factor of 3 deeper. 
(Independent measurements of the density only show a doubling of the volume.) 

It was felt that the reaction rate of the deeper bed might be more 
favorable if the mesh size of the CaC12 were varied. Figure 24 shows the 
methanolation of a 2.0 cm bed of 20 mesh CaC12 maintained at a plate 
temperature of 40°C under a vapor pressure of 39 torr. When this is 
compared with the 12 mesh material, the rates are not significantly differ
ent, although one mole of methanolated salt is formed after about 13 hours 
(cf. 14.5 hours). 

We examined the rate of methanolation of this 20 mesh material as 
a function of bed depth, as shown in Figure 25. Using only 1.25 cm, one 
mole of salt is formed in 7.5 hours. Comparing (Figure 26) the data for 
this 20 mesh with the data observed on powder for a 1.25 cm bed depth 
shows only a slight decrease in rate for the coarser material. The 
important point is that from 12 mesh down to fine powder the most signifi
cant rate limiting parameter is not mesh size but bed depth, which was 
expected. The rate is limited by the thermal conductivity of the bed, not 
by the intrinsic rate of reaction. 

Since the CaC12 bed expands during the first methanolation, but 
does not seem to change in volume thereafter, we examined the methanolation 
behavior on cycling. Figure 27 shows the results obtained both during 
methanolation of a bed initially 1.25 cm thick and during remethanolation 
after removal of 1.09 moles of CH30H. The rates during the first two 
hours are comparable but subsequently, during the second cycle, the reac
tion rate is faster. 

Figure 28 shows the results obtained during three separate methan
olation cycles. Initially, the 1.0 cm bed was allowed to react to ca. 
0.85 moles of CH30H, following which 0.5 moles were removed. Methanolation 
was resumed, and terminated when ca. 1.25 moles had reacted. Once again, 
0.5 moles were removed, and methanolation was resumed. As can be seen 
in Figure 28, the data points lie on a smooth curve, indicating no accelera
tion of the rate. This is somewhat puzzling, but may be related to the 
fact that relatively little CH30H was removed prior to the resumption of 
methanolation, or alternatively -- to the fact that the methanolation 
was never allowed to approach completion. 

The bed depth was reduced to 0.5 cm for the next experiment. 
Methanolation was allowed to proceed to 1.0 moles CH30H, followed by 
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Fig. 27: Methano1ation of 20 mesh CaC12 from an initial bed depth of 1.25 em. Plate temperature = 40°C; 
CH30H pool at 5°C. 
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Fig. 28: Methanolation of 12 mesh CaC12 from an initial bed depth of 1.0 em. Plate temperature ~ 40°C; 
CH30H pool at SoC. 
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demethanolation (to 0.25 moles) and subsequent methanolation. The rates 
during the two methanolation cycles are comparable, although once again 
there is a slight acceleration (Figure 29). 

3.3 Kinetics of Demethanolation of CaC12 Beds 

Early attempts to obtain quantitative data for demethanolation met 
with a number of difficulties including unexpectedly slow kinetics. Later, 
we concentrated our efforts on an examination of reaction rate as a func
tion of the stoichiometry of the methanolated salt, and on an examination 
of the effect of bed depth. Previously, we had always attempted to 
demethano1ate from a fully methanolated bed, and it seemed likely that 
formation of a crust in the bed was related to the presence of excess 
CH30H. Later experiments seemed to confirm that crust formation does not 
occur if methanolation is not carried to completion. 

Data for the demethanolation of a 20 mesh bed, initially 1.25 cm 
deep, are presented in Figure 30. Methanolation was stopped at CaC12·l.94 
CH30H to prevent crusting. The results are in good agreement with the 
simulation (see Section II.4) at an assumed 3.00 cm bed depth, which 
corresponds closely to the actual bed depth after methanolation. When 
the bed was remethanolated to a composition corresponding to CaC12·2.03CH30H, 
the rate of demethanolation decreased dramatically. Thus, in subsequent 
runs, the stoichiometry was maintained at 1. 94CH30H or less. 

The results of demethanolation studies on a 1.0 cm initial bed 
depth system are shown in Figure 31. These results indicate a reduction 
in the reaction rate upon demethanolation from a partially methanolated 
bed. The rates of demethano1ation observed in Figure 31 become prohibi
tively slow after the first few hours. For example, demethanolation of 
the salt corresponding to CaC12·l.76CH30H, shown in Figure 31, requires 
about 60 hours to go to 90% completion (see Figure 32). For this reason, 
additional experiments were carried out with a bed initially 0.5 cm deep. 
The results of these experiments, shown in Figure 33, are surprising: the 
rate of demethanolation remains slow. In addition, the rate of demethanola
tion from the partially methano1ated bed (initially CaC12·l.lCH30H) is 
faster than from a more fully methanolated bed (initially CaC12·l.46CH30H). 

The lack of correlation of reaction rate with bed depth is very 
puzzling: as seen in Figure 34, our simulation program predicts rapid 
reaction rates for reasonably thin beds. The puzzle is compounded by the 
apparently good agreement between theory and experiment seen in Figure 30 
for a deeper bed. 

Three possible explanations for the discrepancy seem worth consider
ing. First, it is possible that a change from the reaction CaC12 + 
CH30H ~ CaC12·CH30H to the reaction CaC12·CH30H ~ CaC12·2CH30H is involved: 
the abrupt change in reaction rate seen after 5 hours in Figure 30 suggests 
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Fig. 32: Demethano1ation at 150°C of 12 mesh CaC12. initially 1.0 cm deep (3rd demethano1ation cycle). 
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that this may be the case. However, even if such a transition occurs, it 
is difficult to connect this to the slow rates observed in the thin beds. 
Another possibility is that radiation cools the topmost layer of the bed, 
causing the reaction rate to slow down whenever the reactive zone is 
within ca. 0.5 of the top of the bed. This would explain both the decrease 
in rate observed in Figure 30 and the unexpectedly low rates in thin beds. 
This explanation implies that a more carefully insulated bed would react 
far more rapidly, and would show the expected correlation between bed 
depth and reaction rate. 

We made a rough calculation of the rate of radiation from the bed, 
assuming it behaves as a black body. The calculated rate of radiation is 

(46) 

where T2 = 423 K is the temperature of the bed, Tl = 313 K is the approxi
mate temperature of the surroundings, and ~ is the black body radiation 
constant, 5.7 x 10-5 erg-cm-2-sec-l -deg-4 . The rate of radiation under 
these conditions works out to 

E = 110 cal/hour-cm2 (47) 

We next consider a bed of CaC12 1 cm in depth, containing 80% voids. The 
total mass of CaC12 located below 1 cm2 of surface area is 0.2 p = 0.43g, 
or 3.87 x 10-3 moles. Assuming the total heat of reaction (for 2 moles of 
CH30H) is 40 kcal, the heat that can be taken up in reaction below 1 cm2 
of surface is 155 cal. Thus, with reaction times of the order of one hour 
or more, the rate of radiation (per unit area) is comparable with -- and 
generally larger than -- the rate at which heat is taken up by the salt 
(per unit area) during reaction. This will of course reduce the actual 
bed temperature, thus reducing the rate of demethanolation. It is hence 
not surprising that the observed rate of demethanolation is smaller than 
predicted, particularly in thin beds where the thermal gradient is sharper 
and the rate at which heat is taken up by the reaction is small compared 
to the rate of radiation. 

It is not possible to correct the observed rates of demethanolation 
for the effect of thermal radiation; among other difficulties, the actual 
rate of radiation from a CaCl2 bed is not adequately described by the 
black body equation. Furthermore, it is difficult to redesign the current 
bell jar apparatus to reduce the rate of radiation sufficiently; it would 
be necessary to maintain the entire apparatus at approximately the same 
temperature as the heat transfer plate. We have therefore postponed further 
measurements of the rate of demethanolation until after the new plate 
configuration unit has been constructed in Phase II. This unit will be 
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designed to minimize radiative effects. Fortunately, the computer model 
should still prove useful for design work: agreement between the model 
and the methanolation experiments, and between the model and demethanola
tion experiments in the thicker beds, is satisfactory. It is of course 
possible that the model underestimates the rate of demethanolation, in 
which case the model provides a conservative estimate of the reaction rate. 

In the design of a full sc~le system, radiation should not be a 
serious problem: much deeper salt beds will be used, the surface-to-volume 
ratio will be much smaller, and exterior surfaces of the heat transfer unit 
will be insulated. 

A third possibility for the cause of low rates of demethanolation is 
blockage of the condenser by a small amount of air that has leaked into the 
system. Experiments carried out early in Phase II have shown that rigorous 
exclusion of air greatly improves the rate of demethanolation. Thus, it 
appears that the slow rates reported here were at least in part limited by 
the rate of condensation. 

4. Analytical Modeling of Methanolation and Demethanolation 

We have constructed a simple one-dimensional computer model to 
simulate the methanolation and demethanolation of a salt bed of arbitrary 
thickness and density. The FORTRAN code is given in Appendix A. The 
major assumptions used in the calculations are as follows: 

Rate of methanolation = exp(-22.922) exp(8l35/T) 

Rate of demethanolation = exp(30.095) exp(-11950/T 
(48) 

where T is in Kelvins. The first expression is taken from measurements 
on CaC12 powder at 38 torr; the second expression was measured on 4 mesh 
CaC12 at 184 torr. These expressions are illustrative rather than 
definitive, but should be reasonably accurate in the range of interest. 
In any case, the rate of reaction depends far more on the thermal con
ductivity of the bed than on the intrinsic reaction rates. 

Thermal conductivity = (thermal conductivity of CH30H 
vapor) x (1/(1 minus cube root of one minus the bed 
void fraction». 

(49) 

This expression should provide a good approximately to the bed conductivity 
(32). It is of interest to note that the thermal conductivity of the bed 
increases continually during methanolation due to the decrease in void 
fraction at constant salt volume. 
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The one dimensional model divides the volume between .the heat trans
fer plate and the top of the salt bed into NDEEP elements. The program 
proceeds by calculating the quantity of CH30H that reacts within each of 
these elements during the time increment DELT. During the time increment, 
the temperature of the volume element is assumed to be constant, and the 
rate of reaction depends only on the temperature and the fraction of CaC12 
that has not yet reacted, i.e., first-order kinetics are assumed (see 
program statements 11-131 in Appendix A). The program next calculates 
the void fraction in each volume element, which changes due to void 
occupancy by CH30H; the heat capacity of each element, which is also a 
function of the extent of reaction; and the thermal conductivity of each 
element (Statements 121-14). The heat generated by the reaction, and the 
heat flowing from adjoining volume element.s, is calculated next (14-20 et 
seq.) This permits the calculation of the change in temperature for each 
volume element I, DELTEM(I). 

Once the temperature change has been obtained, a new temperature 
is calculated for each volume element. At the same time, the average 
properties of the bed are calculated for possible print-out (DO loop 18). 
The time incrementing loop ends at Statement 80: having obtained new physi
cal properties and temperatures for each volume element, the calculation is 
repeated for the next time increment, beginning with the quantity of CH30H 
reacted within each volume element. 

The program represents a standard finite-difference solution to the 
differential equations governing heat and mass transfer within the bed. 
Vapor diffusion or flow within the bed is ignored, since it is expected 
to be essentially instantaneous for a bed of pellets. The program is 
equally applicable to methanolation or demethanolation. Since the rate 
equations employed do not take into account back reaction, which can be 
significant when the temperature of an element is very close to equilibrium, 
a sharp cut-off option is provided to insure that no element can have a 
temperature on the "wrong side" of the equilibrium value. 

The program has been tested for a number of different values of the 
parameters NDEEP and NTIME. When NDEEP is 10 or greater, the results appear 
essentially independent of NDEEP. Likewise, the results are independent of 
NTIME if it is sufficiently large; if it is not, the results "blow up" in 
standard fashion, and the calculations must be repeated with a larger value. 
In this type of calculation, the results either diverge or converge absolutely: 
if NDEEP is sufficiently large to prevent divergence, the accuracy of the 
calculation will not be improved by using a larger value. 

Simulation results for beds of 
In each case, it was assumed that the 
that the plate temperature was 40°C. 
mental data carried out on the first 
This bed puffed up to a thickness of 

various thickness are shown in Figure 35. 
dehydrated bed contained 80% voids, and 
For comparison purposes, the experi-

cycle of a 1.25 cm thick bed are shown. 
about 3 cm during methanolation. Since 
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the experimental results indicate that the rate after cycling (and swelling 
of the bed) are about the same as during the first cycle, the experimental 
results should actually be compared to the simulation run for a bed thickness 
around 3 cm. As can be ssen in Figure 35, the comparison indicates excel
lent agreement - better agreement than is in fact warranted by the accuracy 
of the model. 

The same model has been used to calculate the rate of demethanola
tion of a 3 cm bed at a plate temperature of 150°C. As can be seen in 
Figure 36, the predicted rate under these conditions is rather slow. 
However, it is expected that the rate will be adequate for a thinner bed, 
or a finned bed, even at lower plate temperatures, as was seen, for 
example, in Figure 34. 

It is also of interest to compare the predicted rates of reaction 
as a function of bed depth. As seen in Figure 35, the predicted time for 
50% reaction in a 1.25 cm bed is 1.5 hours, compared to 2.9 hours in a 
2.0 cm bed and 5.3 hours in a 3.0 cm bed. Thus, reaction time is predicted 
to increase somewhat faster than linearly with bed depth. 

We have noted that the thermal conductivity of the salt bed is a 
strong function of the bed porosity: the lower the porosity, the higher 
the conductivity. Use of lower-porosity beds is also desirable in order 
to increase the energy density and decrease the cost of the container/ 
heat-exchanger. We therefore carried out a brief study of the predicted 
rates of methanolation and demethanolation as functions of bed porosity. 
The results of the simulation are shown in Figure 37. 

It may seem surprising at first glance that the predicted rates of 
reaction are somewhat slower when the bed porosity is reduced. However, 
this is misleading. A bed of given depth with 70% voids contains three 
times as much material as a bed with 90% voids. Thus, while the rate of 
reaction per mole of CaC12 is reduced when the porosity is reduced, the 
rate at which CH30H is given off or taken up is sharply increased. Thus, 
reduction in bed porosity has a favorable effect on rates, and is desirable 
as long as the bed is not so dense as to interfere with vapor passage, or 
cause problems in packing the material. 

The one-dimensional computer model has been extensively modified 
to incorporate fins of arbitrary spacing and thickness. A copy of the 
program listing is given in Appendix B. While the program has not yet 
been extensively tested, it is believed to be correct, and the preliminary 
results are reasonable. For example, the model predicts that reasonable 
rates of reaction can be maintained in a "deep" bed (e.g., 10 cm) if the 
fin spacing is 2-3 cm. However, if the fin spacing is increased, reason
able rates cannot be maintained regardless of fin thickness. For a fin 
spacing in the range 2-3 cm, it appears that fin thicknesses of the order 
of 50 mils will be adequate to maintain adequate heat transfer. These 
results suggest that the heat exchanger for the salt bed can be relatively 
compact. 
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Fig. 37: Simulated rates of methanolation (&,a) with plate = 40°C and demethanolation (0,1) 
with plate = 150°C and bed depth = 1.25 cm for CaC12 void fractions = 0.7 (a,l) 
and 0.9 (&,0), 



5. Density Measurements 

We filled containers of known volume with the test salt and weighed 
the contents. Excess material was predried in an open dish in a 130°C 
oven and cooled in a desiccator. The containers were refilled and 
reweighed. The results are tabulated in Table 2. 

There are some differences in density of the starting material; in 
particular, the 12 mesh material appears less dense. In our bed depth 
experiments, 2 cm of 12 mesh material weighed 137 grams. whereas 2 em_of 
20 mesh material weighed 155 grams. The most significant change is 
observed in the methanolated salts. Once the salt has been methanolated 
it remains in its "puffed" condition. and does not appear to change volume 
upon further cycling. Drying and handling does not alter its apparent 
density and it does not repack. 

According to the literature, the density of crystalline CaC12 is 
2.15. Since its molecular weight is 111.0, the molar volume of CaC12 is 
51.6 cm3• The molar volume of liquid CH30H is 40.5 cm3, so we may expect 
that the molar volume of CaC12·2CH30H will be roughly 133 cm3 (density 
ca. 1.32). If crystalline CaCl2·2CH30H is demethanolated without a volume 
change, its density would be about 0.83. Thus, measured densities around 
0.4 imply a void fraction around 80% for the demethanolated material and 
around 50% for the methanolated salt. 

6. Corrosion Testing and Long-Term Cycling 

Corrosion test cells were prepared by sealing two of the arms of a 
Y-tube and placing CaC12 (plus a metal coupon) in one arm and CH30H in the 
other. The salt side was heated to remove H20 vapor and, subsequently, 
the CH30H side was chilled to approximately -50°C while a vacuum line was 
connected to the third arm and the arm was sealed off. We have cycled 
the temperature of the salt up and down while maintaining the CH30H at a 
constant temperature. In this way, we have been able to cycle the salt 
bed in a way that approximates the intended use. As of this writing, 
cycling has just begun. A summary of the materials used for corrosion 
testing is shown in Table 3; A1 and Cu are the most likely candidates 
because of their high thermal conductivity. 

The glass Y tubes have an ID of 1.0 cm and arms are each 7 cm long, 
sealed at two ends. In one arm is placed the preweighed, degreased coupon. 
Then 3.0 grams (0.027 moles) of anhydrous CaC12 is put in the same arm. 
In another arm we need 0.054 moles or 2.19 cc of CH30H for a completely 
methanolated salt (ca. CaC12·2CH30H). We did not want to have excess 
CH30H present, so we used 2.0 cc. A row of these tubes is set in a stand 
with one arm protruding. Heating tapes are wrapped around the salt and 
coupon arm and the Variac put on a timer so that the heating and cooling 
cycle can be continuously controlled. Thermocouples placed under the tape 
provide temperature profiles as a function of time. 
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TABLE 2 

DENSITY MEASUREMENTS ON CaC12 

Out of Bottle 24 Hrs 48 Hrs 72 Hrs 
(130°C) 

Mallinckrodt 
4 mesh 0.970 0.964 0.915 0.960 

Aldon Chemical 
8 mesh 0.965 0.937 0.934 0.947 

Baker Analyzed 
12 mesh 0.910 0.952 0.863 0.815 

Baker Analyzed 
20 mesh 0.941 0.900 0.869 

CaC12·2H20 0.753 
(assay 75-78%) 

Initially 

Methanolated 4 mesh 
after 14% reaction 0.909 0.871 0.876 0.878 

Methanolated 4 mesh 
(33% reac tion) 0.676 0.657 

Methanolated powder 
(after cycling) 0.498 0.392 

Methanolated 12 mesh 
(after cycling) 0.454 0.437 

Methanolated 0.495 
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TABLE 3 

MATERIALS SELECTED FOR CORROSION TESTING 

Designation Thickness Source 

Al, sheet 3003-H14 0.305 cm Admiral Brass, Woburn, Ma. 

A1, extruded 6063-T52E 0.305 cm Edgcomb Steel of New England, 
Inc., Architectural Sign, 
Waltham, Ma. 

0- Cu, sheet 
..0 

OFHC 0.305 em Admiral Brass 

Cu, alloy 704 Cu-5% Ni 0.081 em Olin Metals Research Lab, 
New Haven, Conn. 

Cu, alloy 715 Cu-30% Ni 0.081 em " " 

Brass HH 0.305 em Admiral Brass 

Mild steel WB1 AVC 0.158 cm C.F.A. 



For the actual corrosion and cycling test itself, the arm with 
CH30H was kept in a constant temperature bath at +5°C and the CaCl2 arm 
was kept at room temperature. However, complete methanolation did not 
take place even after 24 hours. The salt appeared to have a thick crust. 
The salt side was then heated to 150°C to try to demethanolate. Methanol 
was driven off but the salt appeared to retain some of its crust. After 
25 full cycles, 3 hours at each temperature, the ampule was opened and the 
aluminum sheet sample was weighed. The weight before rinsing was 1.6488 
grams, identical to the initial starting weight. After rinsing, the sample 
weighed 1.6477 grams. The salt indeed had formed a crust and was extremely 
hard and caked. The sample was even difficult to remove. 

A second system was set up with the 20 mesh CaC12, but the sample 
size was decreased to 1.0 gram and correspondingly the CH30H was reduced to 
0.70 cc. The commercial grade mild steel had an initial weight of 2.9270 
grams. Again after 25 cycles of attempting to methanolate and demethanolate 
(some exposures were 15 hours) the system was opened due to extremely slow 
kinetics of methanolation. The first weight prior to rinsing was 2.9323 
grams. After rinsing, the weight within experimental error was essentially 
the initial weight, 2.9268 grams. 

A third Y system was set up with 1.0 gram precycled 20 mesh CaC12 . 
and 0.80 cc of CH30H and a coupon of Cu alloy 30% Ni. Even with the pre
cycled material we observed some crusting and we only attempted cycling 25 
times. The initial weight was 2.9528 grams, the weight prior to rinsing 
was 2.9556 grams, and the weight after rinsing with distilled water and 
drying was 2.9268 grams. There was no visible change in appearance. 

The next system we tried was 1.0 gram of 8 mesh precycled CaC12 
and 0.65 cc of CH30H with a coupon of extruded aluminum. Again we cycled 
for 25 times, although as observed previously there was still some surface 
crusting which made each cycle very long. The weights observed were: 
initially - 1.7588 grams, prior to distilled water washing - 1.7596 grams, 
after rinsing - 1.7588 grams. 

Our final test cycle was extruded aluminum half buried in 1.0 gram 
of precycled 8 mesh CaC12 and 0.59 cc of CH30H in the other arm. With 
these conditions, we observed methanolation to take place in ~100 minutes 
and demethanolation in ~20 minutes. The tube was then cycled continuously 
with the CH30H pool side immersed in a constant temperature bath held at 
+5°C. The salt side was held at room temperature for 2 hours to methanolate 
followed by 1 hour at 150°C to demethanolate. At the completion of 300 
full cycles, the system was opened and no visible deterioration of the 
aluminum was observed. There was no differentiation due to the sample 
being imbedded in the salt. The initial weight was 2.5322 grams, after 
cycling 2.5338 grams but after rinsing with distilled water the weight 
was 2.5326 grams. The top of the salt was not crusted; however, the salt 
in the bottom of the tube was indeed difficult to remove. Measured 
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times of methanolation and demethanolation just prior to removal from the 
test cycle showed no deterioration or change from the initial rates 
observed. While these measurements are necessarily crude, due to limi
tations in reading the CH30H level, they do indicate that any deterioration 
of rates with cycling will be too small to measure over the course of tens 
of cycles, and may be too small to measure over the course of hundreds of 
cycles. 

We now have 20 more coupons set up in Y tubes, 3 each of the follow
ing: copper alloy with 5% Ni; 715 eu - 30% Ni, HH Brass, and Al sheet. 
Of the 3 samples of mild steel, two are the same configuration as above 
and one has an additional side arm which accommodates a break seal which 
when opened will allow evaluation of the trapped gases. Similarly, the 
3 samples of OFHC copper sheet were set up the same way. Since one sample 
of extruded aluminum has been cycled, only one more was set up with the 
standard Y configuration and one with a break seal. It is hoped that we 
shall be able to run one set of samples for 100 cycles and leave the rest 
cycling for several hundred additional cycles. 
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III. ENGINEERING DESIGN AND ANALYSIS 

1. Design of the Salt-Bed Heat Exchanger 

The salt-bed container and heat exchanger must be designed with 
several purposes in mind. These include: 

• Energy storage capacity 

• Rate of energy transfer 

• Temperature drops on the salt-side and air-side of 
the heat exchanger 

• Fan power required for the air-side 

• Ease of manufacture of the design 

• Adequate strength of the container 

• Minimization of container cost 

• Minimization of container heat capacity 

In order to obtain preliminary design data, we have begun design calcula
tions on a simple flat plate model shown in Figure 38. A single plate 
thickness TP was assumed for all six walls of the salt container. No 
provision was made for wall supports, or for the space required for vapor 
leaving or entering the bed. As a first attempt to minimize the container 
cost, we have instead minimized container weight, varying fin spacings, fin 
heights, fin thicknesses, and the container geometry (L and W) subject to 
constraints on temperature drops, fan power, energy storage capacity, and 
rate of energy transfer. At this stage, ease of manufacture has not been 
taken explicitly into account. 

For purposes of calculation, we use the nomenclature shown in 
Table 4. Where appropriate, we have indicated the numerical values of the 
parameters used. The assumed storage capacity, 106 BTU, is quite large, 
and the charge time, 6 hours, is sufficiently short to allow complete charge 
by solar collection in winter. Th.ese values are illustrative only; actual 
values can only be selected through a complete system analysis. 

Calculations are carried out as follows. First, we select preliminary 
values for all geometrical parameters shown in Figure 38. In addition, values 
for ~A (air temperature rise or fall) and bp (air-side pressure drop) are 
chosen. Next2 we calculate the air-side convection heat transfer coefficient 
hA (BTU/hr-ft _OF) from the equation (ref. 33). 

hA = 8.7 (
HAS + SAS )0.2 ( Ed.HSS.L ) 0.8 x 10'-3 kA ~~--::~-
HAS • SAS ~Ae'HAS'CA~A 
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• .. 
t 

• -~ TP 
TAS SAS 

TAS - THICKNESS OF AIR-SIDE FINS 
TSS - THICKNESS OF SALT-SIDE FINS 
TP - THICKNESS OF PLATE 
SSS - FIN SEPARATION) SALT-SIDE 
SAS - FIN SEPARATION) AIR-SIDE 
HSS - FIN & SALT-BED HEIGHT 
HAS - FIN HEIGHT) AIR SIDE 

Fig. 38: Schematic design of the salt-bed heat exchanger. 
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TABLE 4 

PARAMETERS USED IN SALT-BED HEAT EXCHANGER DESIGN 

Value 

13,0001 

0.04+ 

0.052t 

0.25t 

0.023t 

0.Ol6t 

l70t 

lZOt 

* 
* 
* 
* 

* 

Name 

E 

e 
~A 

~P 

~S 

~p 

Description 

Salt-bed volumetric energy density, BTU/ft3 

Salt-bed thermal conductivity, BTU/hr-ft-OF 

Air density, lb/ft3 

Air heat capacity, BTU/lb-oF 

Air viscosity, cp 

Air thermal conductivity, BTU/hr-ft-OF 

Plate and fin density, lb/ft3 (Al) 

Plate and fin thermal conductivity, BTU/hr-ft-OF 

Energy storage capacity, BTU 

Cycle time, hours 

Rise or fall in air temperature, OF 

Air-side pressure drop, inches HZO 

Salt-side rise or fall in temperature, OF 

Rise or fall in temperature through the plate, OF 

Variation of these design parameters has been examined. 

lEstimated from measured salt density, extent of reaction, and heat of reaction. 
+ Calculated from known salt and vapor phase thermal conductivity and estimated 

bed void fraction (ref. 3Z). 

tHandbook values for air and aluminum. 

anesign parameters. 

74 



. ' 

The salt- and air-side fin effectiveness parameters, nSS and nAS, are 
calculated next (ref. 34): 

( 
2kS ,)1/2 

~SS = 2HSS' kM8SS.TSS 

( hA t/2 
~AS = 2HAS' 2kMTAS 

nSS tanh (~SS) I~ss 
nAS = tanh (~AS) I~AS 

(51) 

In addition, the air-side pressure drop is calculated from the equation (ref. 35) 

= 11 ilA O• 25 (HAS + SAS)!' 25 ( EdHSS' L )1. 75 

6p 3.9 x lor L PA HAS • SAS BHAS.CA6A (52) 

Finally, the temperature drops on the air side, through the plate, and on 
the salt side are calculated: 

EdHSS. SAS 
6A = ~--~~--------~. 2BhA(HAS'nAS + SAS/2) 

EdTP •HSS 
BkM (53) 6p = 

In addition, the total weight of the container and the fins is calculated. 

The values of 6p, 6A, and 6S will not generally agree with those 
selected for the design. To reduce 6S. it is necessary to increase TSS, 
the salt-side fin thickness, or reduce SSS, the salt-side fin separation. 
Likewise, altering TAS, the air-side fin thickness, SAS, the air-side fin 
separation, and HAS, the air-side fin height, will affect both 6A and 6p. 
We have generally found it best to decrease 6p by increasing the air-side 
fin depth HAS, and to decrease 6A by decreasing the air-side fin spacing, 
while keeping constant fin thickness TAS. The changes must be made itera
tively to obtain the desired 6p and 6A. 

Preliminary calculations indicated no optimum fin thickness: it 
appears that the weight of metal is minimized by using extremely thin fins 
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spaced closely together. For this reason, we set the fin thickness at 
0.002' (24 mils) in all further calculations; it will be necessary to set 
fin thickness by criteria related to the ease and cost of manufacture. 
In the absence of further information, the plate thickness was set equal 
to 0.1" (100 mils); the same thickness was used for all six walls of the 
salt container. 

The fan power requirement was set equal to 0.53 hp, which corresponds 
to a pressure drop of 0.4" H20 when the air-side llA is 18°F (lOOC). A 
higher fan power is perhaps appropriate for a system operating at 106/6 = 166,667 
BTU/hr. Nevertheless, the calculations indicate that the heat exchange 
design need not be excessively elaborate to achieve high-rate operation at 
low parasitic power consumption. 

After selection of salt-side and air-side temperature drops, the 
remaining two independent geometrical parameters in Figure 38 -- the length 
L and salt-side depth HSS -- were systematically varied to obtain the 
minimum weight of the container. It was found that the weight was a 
rather weak function of L. Furthermore, near the optimum depth, HSS could 
be varied substantially with little effect on the weight -- the optimum 
is quite broad. These results are summarized in Table 5. 

We also briefly investigated the effect of using unequal tempera- . 
ture drops on the air and salt sides. These calculations indicate that 
the optimum occurs at very nearly equal values of llA and llS' This is 
not surprising since the thermal properties of the two sides are similar. 

The effect on total weight of varying the assumed temperature drop 
llA + llS is shown in Figure 39. Doubling the allowed temperature drop from 
36°F (20°C) to 72°F (40°C) reduces the total weight by about 30%, from 
1581 Ibs to 1110 lbs. Since the total weight of salt plus vapor for 106 
BTU storage is likely to be greater than 2000 Ibs, these weights are 
reasonable from the point of view of container heat capacity, and it 
appears possible to design a system for rather small llT and low parasitic 
power consumption without an excessive penalty in total container cost. 

It is also of interest to note that the optimum salt depth is of 
the order of 6". It should not be difficult to achieve bed depths in 
this range with pelletized desiccant material such as CaC12. No appreciable 
pressure drop should occur through a pelletized bed of this depth, so that 
vapor flow should not be hindered by diffusion. 

It is important to stress once again the preliminary nature of 
these results. We have not established the optimum storage capacity or 
rate, nor have we considered the ease and cost of manufacture of the 
design, nor the adequacy of the container strength. (All of these factors 
are of course under study.) Nevertheless, we have established a design 
procedure, and have shown that large storage capacity, high rate, and 
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TABLE 2 

SALT-BED HEAT EXCHANGER DESIGNS 
FOR VARIOUS TEMPERATURE DROPS 

Weight Fan Power flA LiS L W* HSS SSS HAS SAS 
(lbs) (hp) (OF) (OF) (ft) (ft) (ft) (ft) (ft) (ft) 

1858 0.56 18.2 18.1 2 192.3 0.20 0.048 0.029 0.028 

1591 0.52 18.1 18.0 2 109.9 0.35 0.037 0.050 0.022 

1581 0.54 18.0 17.9 2 96.2 0.40 0.034 0.056 0.021 

1600 0.56 18.0 18.1 2 76.9 0.50 0.0295 0.069 0.0195 

1668 0.55 18.0 18.0 2 64.1 0.60 0.026 0.085 0.018 

1581 0.54 18.0 17.9 2 96.2 0.40 0.034 0.056 0.021 

1582 0.53 17.9 17.9 3 64.1 0.40 0.034 0.087 0.027 

1285 0.52 27.1 27.0 3 64.1 0.40 0.0448 0.048 0.033 

1140 0.53 36.1 36.1 3 64.1 0.40 0.0543 0.032 0.041 

1110 0.55 36.2 35.9 3 51.3 0.50 0.0472 0.0385 0.036 

1112 0.53 36.2 36.2 3 42.7 0.60 0.0420 0.0462 0.0326 

* In actual manufacture, the width would be reduced to a reasonable 
value (e.g., 3 ft) by using stacked multiple units. 
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Fig. 39: Variation of calculated heat exchanger 
and container weight with total allowed 
temperature drop. 
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low parasitic power consumption can be achieved without an excessive con
tainer heat capacity and without excessive temperature drops. Calculations 
of this type will be continued when we have considered the manufacturing 
costs of these preliminary designs. 

2. Alternative Designs 

The evaluation of the preceding section was based on a salt contain
ment configuration involving the use of a series of horizontal flat plates 
to provide support for the salt, an area for vapor passage to and from 
the bed, and for passage of the heating/cooling medium through the unit. 
Such a design meets the essential requirements of supporting the salt, 
providing a simple means of configuring the required surface extension to 
obtain reasonable conductive heat transfer rates in the bed, and providing 
for adequate vapor passage through the salt bed. The latter requirement 
might be critical if, for design reasons, it proved necessary to use a 
very deep salt bed and/or small salt particles. 

It might prove difficult, however, to construct a low cost storage 
unit with this type of design. A large number of joints would have to be 
properly sealed, some additional stiffening - or heavier plate thicknesses 
might have to be provided for larger units, and some means of retaining 
salt in place might have to be devised. These problems would be more 
severe if shallow bed depths were used. Alternative styles of containment 

,vessels can be conceived, which would be equally effective in providing 
the required surface extension for heat transfer within the bed. However, 
the problem of vapor access to the depths of the bed, vapor phase pressure 
drops if small salt particles are used, and salt containment must be 
addressed for any alternative considered. 

We have recently begun design calculations on the heat exchange 
configuration shown in Figure 40. In this configuration, heat transfer 
fluid passes through tubes with internal fins. The tubes are connected 
to fins on the salt bed side, and the salt is supported on plates which 
are not, however, used for heat transfer. The salt bed support plates 
could be contained within a drum, as shown in Figure 41. In this arrange
ment, containment of the low pressure vapor is provided by the drum rather 
than by individual salt-bed containers. Since a cylindrical shape can 
withstand a given pressure force with a thinner wall than can a flat shape, 
this design will not only reduce the amount of metal, but should also 
greatly simplify vacuum sealing, which will only be required at the two 
ends of the drum. 

We have also begun to consider the use of pressurized water on 
other liquid heat transfer fluid as an alternative to air. This is 
particularly advantageous in the design shown in Figures 40 and 41, since 
water or other heat transfer fluids under pressure can be more effectively 
contained in relatively small diameter tubes than in a large, flat area 
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Fig. 40: Alternative salt-bed heat exchanger design 
using finned tubes. 
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Fig. 41: Schematic arrangement of finned-tube 
salt-bed heat exchangers within a vapor 
containment drum. 
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unless significant additional stiffening is provided. However, this design 
requires a second (water-to-air) heat exchanger for forced-air heat rejec
tion, which implies additional costs and temperature drops. We will 
evaluate this design more fully in Phase II, prior to construction of the 
test unit and the prototype. 

3. Overall Systems Analysis 

The salt bed heat exchanger must be designed with two primary 
functions in mind. First, it must act as a "generator," taking up energy 
from the solar collector and releasing CH30H vapor. Second, it must act 
as an "absorber," accepting vapor and releasing heat. The rate at which 
the system can be "charged" -- i. e., the rate at which it can accept 
energy from the collector -- depends on many factors, including the solar 
collector fluid temperature, the heating rate, the superheating required 
for vapor desorption kinetics, the approach temperature in the salt bed, 
the effective UA of the salt-bed heat exchanger, the thermodynamics of 
the vapor-salt reaction, the CH30H condensation temperature, and so on. 
In a similar way, the rate at which the salt bed can take up vapor and 
provide heat pumping-or air conditioning depends on the vapor pressure 
in the evaporator, the subcooling required for sorption kinetics, the 
thermodynamics of the vapor-salt reaction, the outdoor ambient temperature, 
and so on. It is obvious that a design optimal for sorption ("discharging") 
may be poor for desorption, and vice versa. One of the most important 
aspects of system design is the required relationship between the two 
modes of operation. In addition, it is necessary to consider both summer 
and winter operation, and to design the system with adequate storage 
capacity. 

We have tentatively decided to design the system to accept solar 
energy at a rate of 50,000 BTU/hr. In order to maintain a high coefficient 
of performance, it is desirable that the system not be switched from the 
charge to the discharge mode during solar collection; for this reason, 
the minimum storage capacity (for winter operation) should be about 
400,000 BTU. However, during summer operation, the maximum total energy 
collected daily will increase to about 800,000 BTU, which should provide 
about 400,000 BTU of cooling. In principle, it would be desirable to 
use two units, each with 800,000 BTU storage capacity, to avoid switching 
between modes during solar collection. One unit would act as the absorber 
while the other would act as the generator. Nevertheless, it is not clear 
that a storage capacity of this magnitude is justified: the total energy 
available for cooling may be sufficiently large that some operating 
inefficiency can be tolerated, and a smaller storage capacity may be 
adequate. 

Questions of this type are critical to system design, but are 
difficult to answer in the absence of a complete systems simulation. 
Fortunately, work we are carrying out on another contract -- EG-77-C-03-
4483 - Analysis of Advanced Thermal Storage Subsystems for Solar Heating 
and Cooling -- should provide most of the information needed. As part of 
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that contract, we have written simulation routines for methanol-based heat 
pumps, including all controls. We have tested these routines using realistic 
building loads and hourly solar and weather data, and they appear to 
represent our proposed systems adequately. We will use the data from this 
program to study the trade-off between storage size and system performance 
and, ultimately, in the design of the salt-bed heat exchanger. 

In the interim, we have been considering the design trade-offs 
between sorption and desorption. Our preliminary results indicate that, 
given the high performance solar collectors that are rapidly becoming 
available, the system should be designed for efficient sorption, i.e., 
pumping and delivery of heat from ambient to the indoors. Optimization 
of the system for this application will insure that the minimum tempera
ture from which heat can be pumped will be sufficiently low that the 
system can be used in a fairly wide variety of climates. 
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IV. CONCLUSIONS 

No major technical obstacles to the development of a CH30H-based 
solar heat pump/thermal storage system have been encountered. The reaction 
of CaC1Z with CH30H vapor to produce CaClz·ZCH30H appears both thermo
dynamically and kinetically suitable. Excessive vapor pressure drops 
through the bed can be prevented by use of CaClz pellets, which do not 
appear to expand/contract or decrepitate during repeated methanolation 
and demethanolation. Corrosion does not appear to be a problem at this 
time, although experiments to date have been limited to 300 complete cycles 
over a period of a month. Formation of a bed "crust", or pellet agglomera
tion, observed over this period, did not markedly affect the cycling rates, 
although it would be expected to cause problems in the long run. Analytical 
and experimental work indicate that the salt-bed heat exchanger can be of 
relatively compact construction, and the energy density for storage is 
about 13,000 BTU/ft3• 

In Phase II of the development program we will design and construct 
a prototype system. At the same time, a search for salts alternative 
to CaClz will be made in order to allow the design of CH30H-based systems 
for the widest variety of climates. Cycling and corrosion testing of 
CaClz will continue. Methods of preventing pellet. agglomeration through 
the use of coatings and binders will be investigated. Systems analysis 
through computer simulation and economic evaluations will be carried out 
to study the trade-offs among storage size, heat exchanger design, and 
system performance. Prior to the design of the prototype, additional 
performance data will be obtained from a small scale unit with a storage 
capacity around 1000 BTU. 
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I C6E3=XVM6LE/O.g 
I COE4=3600 •• AREA.OELT/DX L- COE5=WT--' • ..!.:X'--'--M'-"O'--'L'--"E'-"S'--:-____ ~ _____________________ _ 

I 
COE6=32 •• XVM~LE 
V6LUME=COE2+C6E3.FR 
VO I OFR_=VeLUME/DX ARE ... A~ __ --, __________ _ 

I 6NETH=1·/3. 
I C6ND=1.0/(1.~VeIDFR •• 6NETH) 
ir -- SLOP!;:..::.llHRCN_2-THRCN11170. -_ 

CEPT=THRCN1"50 •• SLOPE 
coNO=CeND.(CEPT+TEMPIN.SLOPEI 

, __________ DELCP=_~_~2 .. CP1 
I CP=CP1+FR.OELCP 

l C OJLJ.O J = 1 ~ N _ 
REAFRN(II=FR 

I TEMP(II=TEMPIN 
, CAPPA(II~CeND r-----------HETC: A P '-I ) =cp--
i 10 CONTINUE 
,---- ---<::_------------_ .... ---------------------

ICGtJNT=O 
! C 
, De 80 J=l,NTIME 
f--- -----11-,.])1' E-: rIFlE + D E LT-------

C BEGIN RATE LOOP 
! ___________ lI::_U:!_eDE_!_;_~l_Ge Te 13 

---------------

------------ ----------

----- ------------

, De 12 I=l,N 
DELMET(I)=COE1.EXP(ACTIVE/(273.+TEMP(IIII.{1.·REAFRN(II) 

________ tFJ_i·l~_Q.f:L !~~~_Q __ !_AN [)!_Lgtle..lIL.!. GL·TCR.~I1LJ>J..l,.I!.U tl_l=Q_~Q._-__ _ 
12 Cf:)NTINUE 

i GO T6 121 
I 13 06 131 I=lJN 
r---------DELMET (11 =-COElP'I'EXP (-ESUBA/ (273 o+TEMP (I)}) .REAFRN (I I 
, IF(MeDEL.EQ·O.ANO.TEMP(II·LT.TCRIT21 DELMET(II=O.O 

.1~ ~._ C:.~_N Tl I'!U_ E _______________ _______________ _ ___ .__ __ __________________ ________ _ _______________________ __ 
c 
C HAVING CALCULATED THE METHANeL RATE, WE New CALCULATE THE 
C ___ pRr;,f'~?U_ES __ ("f __ E:Ac:tL §~i'_t1.~N_:r_._________________________ __ ____________________________ _ 
C 

C 
C 

121 De 14 I=l/N 
_ _ __BEA F R Nt IJ_::_L~.Yt" ~l,.g'!'~.E::A~_~~J! I! DEJ-MJ:JJ.I -'J{'~_V_t:1 ~_h~ _____________________________________ _ 

HETCAPtI)=CP1+REAFP~'(II.DELcP 
CAPPA(ll=(CEPT+TEMPtI).SLOPEI/tl.·( (COE2+ceE3.REAFRN(II)/ 

1 DXAREt) •• CNETH) 
-i4ce~lf ii-JuF.:·---------- _ .. -- -----------------------
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I 

------_._--------

I 
: i 
, ! 

, 
.. i 

c 
c 

HEAT FLew AND THE CHANGES IN TEMPERATURE. 

\ IF(N.EQ.l) Gel Ta 17 
,/'---c--r-ep SEG~lENT ....:::...;----------.--.----------------
; FLUX=ceE~¥cAPPA(1)¥(TEMP(2'-TEHP(l') 
i DELTEM(11=(FLUX+HEAT.OELMET(1)'1 ... - -- . i-d ceE5+ce·E6¥REAF"RirfiTiJiRETCAPiTi-,----------------------------.. -.---.---------

IF(N.EQ.21 G6 Ta 2C 
I C MIDDLE SEGMENTS r---- ----·o-ej-i 6-'T';'-21 ~1 .. -1-------------------------------- .. ---------

I FLux=ceE4¥CAPPA(II>Io(.TEMP(I-l)+TEMP(I+1'.Z.>IoTEMP(I)) 
~ DELTEM(II=(FLUX+HEAT>IoDELMET(IJ)1 

I 
1 (C6E5+C6E6.REAFRN(I')>IoHETCAP(I)) 

16 CeNTINUE 
I C BeTTeN SEGMENT 

17 T ciPTE M= T=-'E:'-r~1p::-(:-1:-'-----~- -------
20 IF(N.NE.11 T5PTEM=TEMP(N-ll 

---'---

FLUX=CflE 4.CAPPA ( N) '" ( (PLATEN-TEMP (N' , >102 o+T6PTEM .. TEMP (Nc.:..'..!..' _______ _ 
DEL TE~i (N) = (FLUX+HEA hDELMET (N I II .------ . 

1 «C6E5+CflE6¥REAFRN(N)¥HETCAP(N)) 
C 

---C----CALC-OLATE CHA!~GES-I~'" TEMPER-AtORE AND AVERACrE-PRePER-ffES-------·----
C 

I . . FRA=O. 
r-" ---- -----CPA-.;,-O:-· 

TA=O· 
i CAPAV=O. 
~--- ------_ .. _---_ ..... - --:--:-:---

I 
De 18 I=l/N 
TEMP(I)=TEMP(I'+DELTEM(II 

, TA=TA+TEMP(II 
,- -----.---.,--.- _. --FR-A;:'F"RA +R'EAFFfN-i'-I ) 

CPA=CPA+HETCAP(II 
CAPAV=CAPAV+CAPPA(I) 

~---------T8--C-5NT I NUE -
XDEEP=NDEEP 
TA=TA/XDEEP 

>----.- ._- .... ------'-FFftf:"F"R ~\ / x"5 E E P---
CPA=CPA/Xi)EEP 
CAPAV=CAPAV/XDEEP 

---------IceGR-f= I c~jU:~T-Ti-·----·------
IF(IC3UNT.LT.NREPRTI GB TO 80 
I COUiH=O ---.. c-------·---.. ----- ----.---- . -------.---- ---.-----------------.. -----------

C PRINT RESULTS OF MAJeR IMPORTANCE 
C 

---;.;-RIIE:TrffuT~-n()r-~-TtMpTIT:;·TA-~-IE-M-p-ml-;RE-j\FRNfTT;FRA-,--------·-----------

1 REAFRNIN),CPA,CAPAV,FLUX 
~RITE(I0UT,115) (TEMp(I)II=l.NDEEP) 

-- .. - ... __ . -. --fF--(-MODt-·~-·E-·Q. 0 -;·-A~\jD;·F-FfA-~-LE-~-FR'ttfri-+ -;-tflrti"f:rt6-·-r----------- ~~'--.-'-' -.. ----.-----.. --.----.. --.----..... -------. 
IF(MODE.EQ.1.AND.FRA.GE.FRCTN2-.01)GBT6 1 

80 CONTINUE -. --'+o-a----'r"o- --1:--- . --.----- ---- -_._-_ .. -._--.. -'.--.-- -,-----., ... _.- -----.------.--.---.. -- --,-,-.... ".--- ... -----.--~---.------.--- ----.--.. -.---.---.-----~-.---.. ------.-...... -

l1C FeR~AT(lXJ15J3FI0.2J5XJ3Fl0.3J5X'Fl0.~12F10.51 
115 FBR~AT(1:E12'4) . 16o"-F'f;'Rf1-A',. (-'15iI~-'-'-"-'" - .. ---._-."" ----- -~ ... --.- .. 
101 FeRMAT(~F10·5) 

END 
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:( 
! 

NAME = HHlD I M 
' . 

. (-.-C~ HEAT TRAhSFER MaDEL ;;jWeJ DIMENsleNAl ... SA[T/METHANf.ll EXCHANG"'E"'R--~--
i C~·-~STREAMlINED VERsreN---
! DIMENSleN REAFR~12C/201,CAPPAI20/20I'TEMP(20/201, 
I . ..•.• ·-l~D£C-rE:M( 2 6;20-,·;HEfcAP ( 20120110 E-eM ET I 2 0120T il ffp-;fE·~i-i2 0'-_·--·-·_"--·-_··-··-
I 2 IFINFlX(201/PlTFlXI201/FINCAPI20I,FINTEMI201 

r.-.--- \~~i~~HK (20 II DElF IN I 2qL 

i IeUT=108 
L _______ 1_.READ ( IN, 1091 NDEEP, MW IDEI MeDE, MeDEL, NT It1.~.1 MelES, NREPRT IJSH_A-'-P_E ___ _ 
, C NOEEP -. # DIVISleNS FeR BED DEpTH - CA. 10 

C MWIDE -. t DIVISIaNS FeR BED WIDTH - CA. 10 
I C MaDE -- 0 FeR DEMETHANeLATION, 1 FeR METHAN6lATleN 
r-·-·C-l1ejDEL ... 0 FeR SHARP CUT-OFF RATE MeDEL 
, C NTIME -- # IN INPUT IS # eF TIMESTEPS IN 24 HRS. DIVIDED By 100 

C MelES - .. # eF MaLES eF CH3eH PER MelE OF SALT 
r--·--c--NREPRTfteJFT It1E ST()p·s BE-FaRE A RE-SUl TIS PR.-iI"'-'N""T""E=O-lfuT 
~ C ISHAPE -- =0 FeR RECTANGULAR FIN PROFILE, OTHERWISE TRIANGULAR 
: NTIME=NTIME.100 . 

r
-·---···-----wlrrnIIB u T-;T02T N D Et:-P , MiTIDE-;-filf DE.I M 6oEl.lNnHE-;A aLE-S, N Ri::PRt,TsHAPE 

N=NDEEP 
IFIN.LE.O) CALL EXIT l-.-~-.--------.- ...... - ... -----.----.=---------- .-.---------.--_ 

i M;MWIDE 
! DO 2 1=1.20 
I FINFLX(I)=O' ,·-------2 PL·rF[xT:rT';o~--- .-.. ---------.... -- .. - .. --.. -.--.------
, c 
i READIIN,101) DEPTH.WIDTH.ORYDEN.FRCTN1,FRCTN2,TEMPIN,WT,VOID 

----

.-. --WRTfE· ( Hli..if. i iY3T-o E plH,W t·o-nr;DRY O·EN i·F RcTN1,F RcTi.f2 , ·TE.MPIN;·Wr,\ren D-·-- ~.-.... 
C DEPTH-- BED DEPTH, CM. 
C WIDTH -- BED ~IDTH, CM.· EQUAL TO ONE HALF THE DIMENSION 

.-- ·C····-----------·-·BTf~EEN--nt;rS-·fJl="~HETGH'r-EQUAL Te BED O·EPTH ----. 
C DRYDEN -. ACTUAL OENSITY CF FUllY DEMETHANOLATED SALTI 
C NOT CORRECTED FeR velDS 

. C . FRcT~~ 1-;'" ';-F R,\ c1 Im\i--e-F·M):X~"p-e·ssYBL E ·ClT3alr-rN'E3Err-WHE~\J-----·---"--·-~--···---··-···· 
C DEMETHANOlATED (CA. 0.11 

I C FRCTN2 -- FRACTICN UF MAX. peSSIBLE CH30H IN BED WHEN I- .. ~ ··r·E~'~;·;-~·~~- I~Y~? ~.~ i1 ~ ~ ~A~·g~~~~~-T~1-~;g~·~~·--~·.· . -- .... -..... - ... -..... -._-. -..... --.. _-.. ---. 
: C WT -- MelECULAR WEIGHT SF SALT ;- . cnrro- -';;'-;'-VdTD-rnA 0-10 r.;--rl'r-roCC'{uEFfEfffANe-cATEIJ ·S-Eb----·----··-·- .. -----.. --.--... 

C 

C 
C 

c._ .. 
C 
C 
C 
C 
C 
C 
C 
C 
C 

READ(INJ101) PRE,PREP,ACTIVE,ESUBA,TCRIT1,TCRIT2,PLATEM 
--~. W-R rit·--cre-O"'fJ-iti3--T----P~R·t·,--p-REP;·A Ct- rVE", E S'U tfA-in:~Frrli-;'T-C~R fr-2', -pLAt-E M····-------· ----------- .----

PRE,PREPJACTIVE,ESUBA .-
-. RATE OF METHA~5lATI5N = EXP(PRE)¥EXP(ACTIVE/(273.+TEM P II 
·;;;-RATt··-6FOEMETri--;:·txf>CPREl'TiiExP-C";ESm3·A/{27-:r;"+fEF,-pT)---·--·"-~--·-"··-·-····· 

-- RATES ARE MOLES eF CH30H PER H~UR PER MOLE eF SALT 
-. WHEN MeDE~=O, RATES MAYBE SET EQUAL TO ZERO PER ----.. TH·E---ALG-e-R -rfHr~'---B-EL--ff~-"'--' -~---.-- -.- ----.-----.-.. -.- .-------- ---.. --.--.. ------.--

TC;UTl TE;,<PERATURE ABOVE WHICH RATE" 0 FOR '1ETHA~4elATIeN 
TCRIT2 .... TE~~PERArUPE BELfJW WHICH RATE = 0 FOR DEMETHANolATI'eN 

.-. -- .... _. ------... _--_. ----_. __ ..... _------ ----.... --- '--... _ .. _.- . __ . ----.... _------- ... - - - "._----------_. 

PLATE TEMPERATURE (CA. 50 DEa. C F5R ~ETHANelATleNI 
(CA. 130 DEG. C FaR DEMETHANeLATIDN) ---_ .. _---_.- -_.'-'-- ._-._--_._ .. _ .. '.'- .. - -.---. 
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r-~~-, , 
I 

.. ------------

-I READ(INJ1011 THRCN1JTHRCN2/CP1,CP2,HEATJTHKFINJTHRCNF,CPFIN 
I WRITE(IeUTJI03' THRCN1JTHRCN2ICP1~CP2JHEAT/THKFINJTHRCNF~CPFIN 

\ C_-'-T_H-'-R:..;.C-;-N;;I:----';A-::N:-::D:-;:;T:-::H:-':R:-"C'-:N:-:2"-':A~R.;...:E'-:::-;T;-;H-;-'E7;R7:M::_'A_'_;L;_.-C-;e~N::-;O;;--U'-;C=-T'-I"-V_I.:....T"--I E=-S_e=-F~C~H:::;.3 .::.~...;.H~A-'-T-=.5.::.0 _____ _ >--::: ( C AND 120 DEG C. IN BTU/HR-FT-OEG F 
i C CPl AND CP2 ARE SPECIFIC HEATS elF $ALT AND FULLY METH. SALT 
I CHEAT.- HEAT OF REACTIelN PER MOLE elF CH38H (POSITIVE' 
:-~--C--T-HKj:'IN--;:-;; HALF THE TOTAL FIN THICKNESS (CM., 
! C THRCNF -- FIN THERMAL CElNDUCITIVITY (BTUIHR-FT-OEG F, 
i . C CPFIN -. SPECIFIC HEAT elF FIN MATERIAL 
j-~ ----------THRCN1=T~HRCN-i/242, ---- ------
I 

~ 
THRCN2=THRC~2/2~2t 

_ THRCNF=~T~H~R~C~N.~'F~/~2L4~2~'~ ___________________ --
PRE=EXP(PREI 

, PREP=EXP(PREP, 

--~------------

'~--_-- ~~~~-~~f-~-~~ ----- ------------

DY=WIDTH/M 
_----'S=E G 1" N T = N lI' ~! 

,---- DXLeNG=DX-;LENGTH 
- OELVeL=DXLElNG",OY 

~-----~---%~~~: g ~~;{ ~ ~ ~ ~ ~ I D X----

I FR=FRCTNl 
f IF(MeDE.EQ.O) FR=FRCTN2 
I XMElLES=ll.-V~ID)"'DELveL"'DRYDEN/WT 
I OELT=24./NTIME -
i TIME=O. 
,--~~- ------YMeI'-E-s;-MEllES-
, XyMeLE=XMaLES",YMeLES 
I CeEl=PRE¥DELT.XMeLES 
f-----------~-----.... ------~- --- .~-
I ceE1P=PREP"'DELT",XMeLES 
I CeE2=XMeLES"'WT/DRYDEN 
I CeE3=XYMSLE/O.8 
r------ --~ CeEIt=3600' lI'O{C-T----------
i ceE5=~T.XMeLES 

ceE6=32. -I<XY~!(jLE 
i--~- -----Vel:uME;feE2+C-EJE3.FR 

VeIDFR=VelUME/OELVOL 
fJNETH=1./3. 

!-------- -~--.. ---c-e N D-,;~1;7i1~~veiD-F R -1<. fJ N E TH )-,--~ 
SLfJPE=(THRCN2-THRCN1)/70· 

I CEPT=THRCNl-50.",SLePE 
r-----------~celTO=CeND'" ( CEPH TEM-C;-,"P'='-I:-:-N-"''''''S'L=e'PE) 
- DELCP=CP2~CPl 

i CP=C P1+FR-I<DELCP 
C D Eil sIT-Cfj F--AL U MTt~-U-M -(GR-t; M~S--P-E:-i3-R~ -t-u --;-t-M-; . f-~--- -------~------- -~-------. -----------

: . 

ALDEN=2' 700 
C 
C N Or-CFfl C L e i,)ii~G---C_H-eIEE--oF---Sl.TB!;-CffI p-T~'-:-~ --------
C 
C 
C 

I FOR DEPTH SUBDIVISleNS WITH 1=1 AT HlP, I=N AT BElTTElM 
.J FeR WIDTH SUi3RIVISIfjN~_~IITf:! J=lNJ~!<ITe_tU~OLE~F EJN __ ?PACE, _ 

J=M NEXT H' FIN 
IF(ISHAPE.EQ.OI GO TO 5 
D _€J It r_:: t, t" _. _ _ _ __ _ _ ______ .. __ 

, FINTHK(II=THK~IN.(I-.5)/N 

GEl Te 7 
5 oe 6 I=l,N .. -... _- -.'.'-. ,-. _ ... -.... .. --_ ................ - .. 
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;------------------------------------~------------------------------~------I 
J 
i 

I 
i 6 FINTHK(II=THKFIN 

-I 7 De 10 I=l/N , 
I FINTEM(II=PLATEM >_._.. FI NCA P ( I I ::: CPFr N. D XU'NG. nfrl:T'f""T H"ki7T( T"1 ') -:-.'A r[""O.,...ETIN-----------------
r Of) 10 J=l/~ 
. REAFRN(I/JI=FR 
,"'-""'---:fEr-fPTf/-:Tl= fEMP I iii--------------·-.. -----------------

I CAPPA(I/JI=CaND . 
HETCAP ( II J) =CP i--' 10 CONTINUE .- -- ----------------------_.-----

C 
IceUNT=O 

c 
De 80 K=l/NTIME 

11 TIME=TIME+DELT 
i ---CBEG IN --R" A f E Leep "-'---.--------------------

l IFIMeDE.EQ.OI Ge TO 13 
De 12 I=l/N ; ----·---=-oe· 12 J =-'l'-"'-C-M-'-----------------,.------· 

I OELMET(I,JI=ceEl¥EXP(ACTIVE/C273.+TEMPIIJJII )¥(l.-REAFRN(IJJI) 

[
I~ I~l~eDEL.EQ.O.AND.TEMPIIIJ).GT,TCRIT1) DELMETII,J)=O.O -

12 ceNTI NUE 
Gel Tel 121 

13 De 131 I=l/N ,-- ...... '----oe-'T3i J-;;l;'M-----------' --.----- --.. -- ----------------.-.. ---
I OELMET(I,JI=-COE1P.EXPC-ESUBA/1273.+TEMP(I,J)').REAFRNII/J' 
L---...!.~~ Me~.~L .E_Q. O. AN~ .. TEMP I II ~~. LT. TCRIT2) DELMEr (I, J) =0.0 
I 131 ceNTINUE 
I C 

1

'= --'-2--~~-~~~R~~~{U~~T~~c~tE~~~~-~~eL RATEI WE New CALCUL~TE.I~_. _______ . ___ _ 
C . _ 

---- -----!?.!- g}-i ~ ~: 1 ; *-.~.----,-.-.--.--

c 

REAFRNII,JI=(XYMaLE.REAFRN(I,J)+DELMETII,J))IXYM6LE 
HETCAP(I,JI=C P 1+REAFRN(IIJ).DELCP 

---Cl~ pp A' ( I IJT';T C EP'f+TE M pTI"iJr.v;s La p'E'TT-·------·-·· .. ----- .. --·-- .......... --.. '----.--.-----_. --
1 11.-«((CeE2+CBE3.REAFRN(I,J)I/DELV6LI •• 6NETH,) 

. ,_!.,+ __ ~~N.T! r~.u E _________ ... __ .... ____ . ___ ...... ____ ... __ ,_. ____ . __ .. ____________________________ . _____________ _ 

C HAVING CALCULATED THE NEW PRBPERTIESI WE New CALCULATE THE 
C HEAT FL~~ AND TrlE CHANGES IN TEMPERATURE. ·-.. C--·----.. ,-----.. · --- .. _------------------.... -----.----.. ---.--------------.--

IF(N.EQ.l1 Gsre 206 
c ••••••• ••••••• •••• • •• • •• ••••••••••• •• •••••••••••• ••••••••••••••••••••• C ·T UP' HE 1<3 fiT -8 Us DIy! s fDH- '-'-._-.-.. .. "'-.----- ... ----- ..... ,.---- .. ---- .. -----.-.--.-----.. 

IF(M.EQ.l1 Gere 200 
C WIDTH SUBDIVISIBN AT INSULATED BOUNDARY 

-F"LUx;'C a E4 ;;CiJ>p/\',riTl¥(onrZ ., r tH pT2iTT-;;;'TEMPl riITr--- ---.---- ,-.... -... '---.-----
1 +DIM1¥(TEMP(l,21-TEMPll/11)' 

DELTEM(1.11-IFLUX+HEAT.DELMETI1/l))1 
'1·' «( C CE!5 + C eE6 ¥. RE'AFRr:: (·fiTYT.i.ftft AP'('lifYT .. '-- ---- -- , .......... --.... --., -----. . 

IF(M.EQ.2) GaTe 201 
C INTERIeR wIDTH SUBDIVISIONS 

6~ 199- J ~- 2', ~f .. i ~- "----.----, _ .. -.".-... -"--.- .. - . 
FLU X- C 0 E 4 >.< C'A P P A ( 11 J I • ( D H12. ( TEMP ( 21 J I .. TEMP I 11 J I I 

1 +DIM1>.«TEMP(1,J-ll+TEMPI1/J+11-2 •• TEMPI1,JII) 
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~. (.----~.~. 

:- t 

~! DELTEMII/J)=(FLUX+HEAT.OELMET(l/JIII 
- I 1 I(CeE5+CeE6.REAFRN(1,~II.HETCAP(1IJI) 

_ \.--____ ~99 C_~NTINUE 
( C WIDTH SUBDIVISI~N NEXT TO FIN 
. 200 SIDTEM=TEMP(1/1) 

201 IFIM.NE.l) SIDT~M=TEMP(1/M-l1 
-------------FfNTRN=Cti-EI+. ( (OV+F ir~THKTITr=/..:..1 ::-D:-:-Y-/-::C-A""'P;;:-'P=-A~C l:-/~MT+FINTHK Ii I ITH-ifcNF 1-,-----

1 .OXLONG.IFINTEMI1'·TEMPI1/M))/(.5.COY+FINTHK(11)1 
, FLUX=CeE~.CAPPA(1,M).(OIM2.(TEMP(2/MI-TEMP(1/M)I 
i-------·---l-+OIMi.,-SIDTEM-TEMPI1/MIII ------~---------------------
, DELTEM(1/MI=(FLUX+FINTRN~HEAT·DELMETClIMIII 
~ ___ L..UCOE5+COE6.REAFRN (1 .. H I I.HETCAPI 11 M I I 
I C TOP FIN SUBDIVISION - . -

I
- FLUX=C6E4.THRCNF.IFINTHKI11+FINTHKI211/2. 
__________ L~.b_ENGTH.I/o I F INTEt! ( 2~INTEM I...1.U/D.<:>X'--__ _ 
! DELFINI1,=(FLUX-FINTRNI/FINCAPC11 
i FINFLX(ll=FINFLXlll+FINTRN - -

C
- IFIN.EQ·21 GOTe 208 -

C INTERIOR HEIGHT SUBDIVISIONS -
C •••••••••••.••••••••••••••• ~ • .1/0 ••• .I/o.l/o.l/o ••••••••••••••••.••••••••••••••••••• 

___ D~_ 20;LI =2LN-l_ _ . _____ _ 
I IFIM.EQ.11 GaTO 203 
I C WIDTH SUBDIvISIa~ AT INSULATED BOUNDARY 
, FLux=caE4.CAPPAII/11.IDIM2.(TEMP(I-1/11+TEMP(I+1,11_2 •• TEMP(I/lll 1'--------------1--.-01"11-1 .T T EMF> (i~ 2'~TE r-i-p ,y;T'-,-j------------------------------ --------- ---------------------

I DELTEM(I/ll=(FLUX+HEAT.OELMETCI/llll 
'--______ U.!_~SI.;:_5+!=flE6.REAFRNI J! 1) I .HET~AP'-!!.l __ 1 _) _____ ~ ________ _ 
. - IF(M.EQ.2) G6T6 204 
! C INTERIOR WIDTH SUBDIVISleNS 
! D6 202 J~2JM-l -
r---------------FLUX-;;,;C-§E:4;CAPPA-IT;JT. (0 IM2.'TEMP!1-;T;-J) + TEMP C 1+ 1, J) -2 •• TEMPTfI-JT-,---

1 +OIM1.CTEMP(I,J·l)+TEMP(I/J+11-2.~TEMPII/J)I) 
OELTEMII,JI=(FLUX+HEAT.OELMETII,JIII .... ----- --- . ·'··-"--lCfc-ee:-s+c-eE-6" REA F RNfI-;:JTT.He: -t-c A P , I I J , ) 

!-- -

202 CONTINUE 
C WIDTH SUBDIVISIdN NEXT TO FIN --i6;3--sTofEM-~"-EMP(T;M ,--------------- ---------- -----------------------------------

204 IF(M.NE.l) SIDTEM=TEMPII .. M-l) 
FINTRN=CCE4.I(DY+FINTHK(I)I/(DV/CAPPA(1,M)+FINTHKII)/THRcNFJI 

-·-1--; D XLe-N G;-iTI N TEMi-I'';:-T-e:-'1 pOi!", ,.1»1"( ~·5.(b Y +FINTHKi-m-'---------------------------
FLUX=ceE~.CAPPA(I .. MI¥IDIM2.(TEMP(I-1'MI+TEMP(I+1JMI 

1 -2 •• TEMPII,M»)+DIM1¥(SIDTEM-TEMP(I,M)I' _ 
--- -----O"E CjEM,-i;i1-) = (FLUX-:; FINYRN + HEA r;o E L M"E:-TTf;;-Mfil- -------- --------------- - ------

1 I(COE5+ceE6.REAFR~(I,MI).HETCAP(I/H') 
C INTERIOR FIN SUBDIVISleNS FL U X =c e ·E·~·;·T H R C N F"JI. " ( F"r N T '~fK'( 1-1 ,'+ F i'NT H 1(' ( "1-- f") i2-'-"------'--- -,- ... __ ._ .... - ---- -.. -.... - -._-._- . --,·'---0----.. -

1 .'FWTEM(I~1)-FINTEM(III+(FINTHK(I+l)+FINTHK(II)/2. 
2 .( FINTEt1tl+_ll~F_INTEt1UJJI.LENG.IH/D~ _______________________ _ 

DELFINII)=IFLUx-FINTRNI/FINCAP(II 
FINFLXIII=FINFLX(II+FINTRN 

205 ceNTlNUE --
C.¥ •• ¥ •• ·.¥.~¥.¥· •• ¥¥~¥.¥·.¥ •• ¥··.~· .••. ¥··.·· •• ¥ •••• ¥ •• ¥ ••••• ¥ •••••••• 
C BOTTOM HEIGHT SUBOIVISleN 

IFIN.GT.11 GOT~ 208 
206 DO 207 L=ll t1 

TOPTEMILI=TEMPll/LI 
207 C6NTlNlJE 
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( 
t 

. t 

,,-------- ----------

nNT6P=FINTEt1( 1 I 
TePTHK=FINTHKtl) 

. GflTe 210 . ',.....----.--------. '=~7-~=----" 208 06 209 L=lJM 
I T6?TEM(LI=TEMPtN-l,LI 
! 209 C6NTINUE 

F I ~i.JT a P;; F ff~-ffMTI~;;;T) - ---.'----------------- ----------- ---- ---.- ---.--- ------ ----- .. 
I . TePTHK=FINTHK(N-l1 
I 210 IFIM.EQ.l) GaTe 212 . . 
~ .. ----- .. - -_ .. _- ----_ .. __ ._- . ------ .. ---.- .. _---------- ---... --------.-- .. _-----------------_.-
I C WIDTH SUBDIVISI6N AT INSULATED BOUNDARY . 
i FLux=ceE4.CAPPAtN,II.IDIM2.(PLATEM~TEMP(Nll1 1.2. 
I ___ . 1 + HlPTEM (II-TEMP (N,l I ) +DI~!'.!..IJEMP (N" 2}_-TEM~'-~_1J..l.L ______ .. ____ ._._. __ 
~ PLTFLX(11=PLTFLX·(11+ceE4.CAPPAIN,11¥OIM2. 
! 1 (PLATEM-TEMP(N,III.2. 
l DELTEM(N,II=(FLUX+HEAT.DELMET(N"lll/ 1--"- 1 (( ceE5+ceE6.REAFRN (Nil I I .HETCAP (N.!.., 7-1,) 7",---
I IFIM.EQ.21 GeTe 213 
I--_C_..!.N.l.ER I eR __ ~ 10TH sueD I v I S I eNS 
I 06 211 J=2JM w l 
I FLUX=C6E4",CAPPAIN,JI.IOIM2.(PLATEM-TEMPIN,JI 1.2.+TflPTEH 
L _________ l_ C J I "T_~ltp (N, J I I +0 I.t1~. ( TEMP (N, ~-1 ) + TEMP I NJ J:"J. I 
i 2 -Z •• TEMP(N/Jlll 
I PLTFLXIJI=PLTFLXCJI+C6E4·CAPPAIN,JI·DIM2. 
I 1 (PLATEM-TEMP(N,J))·Z. 
r-----· ------DET-n MIN I jT';;1F LUX + HEAT. 0 E 1.)1 Er-CN7JTY7-----

1 (COE5+ceE6¥REAFRNIN,J).HETCAP(N,J)) 
211 ceNTINUE --C-wIor H-SU Ef6TvTSI-e N--N E x'f-,. ff-F'TfC----·-
212 SIOTEM-TEMPIN,M) 
213 IFIM.NE.1) SIOTEM-TEMP(N,M-l) 

- .. -~- -- '··-F "rN'-f R 1~ = c-ffE'-4-","fTo y -~.:F-fNfRK--(-Nl"T 1-" c)-Y I cPjfp 'Fi~f f"N 1--~f)-+l:'I}~ r-H"K-c-N,--j-f-H R t}j FTl"' --------.--
1 .OXLeNG.(FINTEMIN'·TEMPIN~MI)/(.5.IDY+FINTHKIN») 

FLUX=CSE4.CAPPA(N/M).IDIM2·CCPLATEM-TEMPIN,M).2. 
----T+repfE}1(M ) '" n~-MpTN ;-M"T}+-rftfff'iTsI 0 n:-M- i"EMPTN, M m--------.. ---------

PLTFLX(t11=PLTFLXIM)+COE4.CAPPAIN/M)¥DIM2. 
1 (PLATEM-TEMP(NJM).2 • 

... .. --DELTE}lIN;f1")::: CFCUX-:;FiNTRN+lit"A T .. 0 E LMEnN;MT'/----------------·· .. ----·-·--.. -------· 
1 CIC6E5+C6E6.REArRNIN,M».HETCAP(N/M») 

C eeTTOM FIN SUBDIVlSle~ - -FeU j(~'c DE 4--';--r H FfC-N F-. -(--i-re-p-fH"K-+-F-i N-fHf~((N--rf·I-2;-.v:------ -'" ---- --.. ---------.-----,--.----~---.----.----.-.----.--
1 (FINTOP.FINTEM(N) 1+(THKFIN+FINTHK(NI)/2. 
2.(PLATEM-FINTEM(Nll.2.I.LENGTH/OX 

··----DE[F INfNT;;-TF Llix';'FtNt"RNT7F' liifCAPTN-)- ---"'---'- ------ .. - .. - .. -- -----.. -- .... --.. -----.. -.. --
FINFLX(N)-FINFLXIN)+FINTRN 

C.·· ... ·······¥···· ..... ·····•••· .. · •• ·.•·•···•··· ..••.........•..•.••• c· ...... -.......... .. ....... ----- ... -.. --...... ---... - .... --. ----- ... ----.. -.. --... -... --.. ---- ........ -- ---... --"-"- --- .... -----... - -.... -.. 
C CALcuLATE CHANGES IN TEMPERATURE AND AVERAGE PROPERTIES 
C -'-F-R'A~-O ~ .. _ .. ---.--- ._-_.-

CPA=O. 
TA=O. CAPAV;';'O. -.--- .. - -- .. -..--- .... -.----.---- ... ----------.. -. 

DO 18 I=1,N 
FINTEM(!,=FINTEM(I)+DELFIN(I) 
Of) 18J';; 11 M '. - .-"--'-- -
TEMPII/J,=TEMP(I/J)+DELTEMII/J) 
TA=TA+TEMP(l,J) 
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( 
! 
I 
I 
i 

FRAmFRA+REAFRNII/J) 
CPA=CPA+HETCAPCIIJ) 
CAPAV=CAPAV+CAPPACI/J) 

18 C(:)NTINUE 
TA=TA/SEGMNT ~ 
FRA=FRA/SEGHNT 

--------------CPA=CPA/SEG'-:-M!.:-'N'--:'T:------------------
CAPAV=CAPAV/SEGMNT 
I CeUNT"1 C fl U N T + J,-,-__ ~ ::c=---------------
IFIIceuNT.LT.NREPRTI Ga TtJ 80 
ICeUNT=O 

PRINT RESULTS fJF MAJeR INP6RTANCE 

_---'W-'---'--R I TE I I flUT 111 0 I KI TIME, TEMP C 11 1 ), TEMP 111 M I, TEMP C N, lU TEMP I_Ii! M I '-.TA __ 
WRITECIOUT,1111 REAFRN(l,l),REAFRNC1,Hl,REAFRN(N,ll, 

1 REAFRN(N,M),FRA 
_______ 1iR I T~LUi!llLll1J CPA_L~APAV 

i 
I 
I 
'-----; 

WRITE ( IflUT 1112) (FINFLX (Il, 1=1, N) 
WRITEllflUT,1121 (PLTFLX(J), J=l,H) 
OfJ 888 I=1,N 

--------WRCTE'-i-eUT, 115 I (TEMP I I, J), J= 1, MW I O-e:)lFI NTEM I I) 
888 CONTINUE 

_________ , __ u::JJt~Q.f:_~_~~_._!..9_._!..aJ:L!L. F_RA!1J~-.!.f ~1=_ T I'il'±'!J~ l_LJ! fJ T ~'--t ____ _ 
IF(MfJOE.EQ.l.ANO.FRA.GE.FRCTN2-.011 GeTO 1 

80 ceNTINUE 
_____ G5LLO ___ L ______________________________________ _ 
110 F6RMATI//,I5,Fl0 0 5,5F10.21 
111 FeRMATI6X,5F10.5) 

1..________U~E!;lB~A.I ( 1 O~_J_Q.!..~_L _____________ . ___________ _ 
115 FeRMATI/,10FI0.21 
100 FORMATII0151 
101 FORMAT(8Fl0.31 
102---FeRM-A-i-CioI'8,-----------------------
103 FeRMAT(8(Fl1.5,lH II 

---,------------. 

_________ EJ~J~ _____ . ___________________ . ___________________________ ." __________________ _ 

f--- - ,,- -.---------------- - -,,--- --------------------------" ---------------.--,-------------------- -~ 

~-... -.. -.-.--.-- ------------ --------------------------------------- ---------------------------------
, 

r- .--
i 
I 
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. f 
. I , 

I 
-J 

---------- -----

XMOLES=ll.~VOIDI.DXAREA.DRVDEN/WT 
-j DELT=21+./NTIME 
. \ TIHE=O. 
·r'-----~V~M6LES=MOLES 

. . XYMOLE=XM6LES""VMeLES 
- WEIGHT=XM6LES""wT+ 32 •• XYM6LE.FR 

,
:.---- ... --- --caET;-P-R E • DE C f "" xM'cCfef--- .--- -... -----------.--..... -.-----.-.. -.. ----.--......... ----.----------. - .. --

. COE1P=PREP.DELT""XMOLES 
L _______ ._ .. ____ ~~§:.?_= X M~LES"'W TID RY DE N 
, CeE3=XYMaLE/o.g 
I C6E4=3600 .... AREA.OELT/DX 
! ceE5=wT.XHOLES 

L
'- CeE6=32~.~.~X~Y~M=~~L~E---------------------------~ 

veLUME=COE2+COE3.FR 
VO I OF R.= VeLUME,.L/->:D""'X""A!.:.R!...E..cA'--__ --'-__________ _ 

I ONETH=1·/3. 
! ce NO=1·0/ll·-VeIDFR •• ONETHI 

rl . sLep~~~lHRCNF-THRCN11/70. 
CEPT=THRCN1~50 •• SLOPE 
CeND=CeNO.ICEPT+TEMPIN.SLOPEI 
DELCP=CP2"CP1 

i-------CP;. C P l-:;:-F R. ti E L C P 

I C 
~ ___ Of) _10 I=l~ N. 

REAFRN(II=FR 
I TEMP(II=TEMPIN 
~ .. __ ... ___ -{~~~: ~+~ ~~~~D ___________ _ 

10 CeNT! NUE 
... 1;.- _____ .. ___ .... ___ ._. ____ .. 

ICGlJNT=O 
C I 

: 
f.-- De 80 J=11 NT IME 

.. -"--ff-i'TffE= TT r1'E + D ELT-----· 
. C BEGIN RATE Leop 
1 IFIMeOE.EQ.OI Gel T6 13 '-··--·-----oe12-f,;T;N' --. 

----------- -----

OELMET(II=CeEl.EXp(ACTIVE/(273.+TEMP(IIII.~1.·REAFRN(III 
___ _ ____ IL( ~1 ~J2~ L!_~9_.!..QL~N D_!_U:!1e_l!.l.! g L' T C f;!II1J....J>j:..h ~~.I ttl" Q_~Q. ___ ___ --'-______ .:. _____ _ 

12 CeNTINUE 
i G6 TO 121 
I 13 D6 131 I=1/N 
r-·-------·OELMET (I I =-C6E1P.EXP ("ESUBA/ (273. +TEMP (1 J) ) .REAFRNI1T-----------
. IF(MeDEL.EQ·O,ANO.TEMP(II'LT,TCRIT21 DELMET(II=O.O 

... __ J.~ L t:.~.N Tl i'!lJ_E . _____ .. ______ .. __ ... ____ ._ .. ____ ... _ ...... _______ . _____ . ___ . ____ . ____ ... _._. ____ . ___ ._. ________ . _____ ._. ___ _ 
c 
C HAVING CALCULATED THE METHANOL RATEI WE New CALCULATE THE 
C __ pReJP_E:: R T LE$__(jf_E.~C: tI_ ~ ~..9_'i~tLL'_ _ __ . __________________ ... _ .... _ __ __ . __ . _____ ._ _________ . ____ ._. 
C 

c 
C 

121 Del 14 I=lJN 
_HEA FR HI U =j~_Y_!j ~_~~"'~~Ar::.~!:!JJ I.! D fJ..M_U.!_IJJ!..~Y..I'1~.L,,~ ___________ ... ____________________ ._ . 

HETCAP(II=CP1+REAFPN(II.OELCP 
CAPPAI!I=(CEPT+TEtiP(II.SLePEI/(l.·( (CtlE2+C6E3¥REAFRNCI)11 

1 DXAREtl •• CNETH) . -i"4c::e~JT" fi-JuF.:--------·· .... 

on 




