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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. 1In 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 CaCly with CHg0H vapor to produce CaCl2-2CH30H is well
suited to both the heating and cooling applications. The heat of reaction
is about 20 kecal 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 CaCly is 85% or less. Vapor
pressure losses through the bed can be minimized by the use of pelletized
CaCl?. 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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I. 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 (100-150°C) thermal energy is used to drive a chemical decomposition:

AB -+ A+ B(g) (1)

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

B(g) +C =+ BC (2)

or B(g) =+ B(2) @"

Heat is absorbed in reaction (1) 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. 1In 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 pump comes from the difference in
thermodynamic affinity of the gas for the two substrates. 1In this sense,
the heat pump is "chemically driven." But the ultimate source of the
pumping energy is the decrease in the temperature of the heat from the
collector (100-150°C) to the point of 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 reactioms.

As we note in 3 below, the use of CH30H appears preferable to NH3.

1. A Chemically Driven Heat Pump with One Substrate

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

CaCly(s) + NH3(g) < CaCly-NH3(s) (3)
CaCly-NH3(s) + NH3(g) I CaCly+2NH3(s) (4)
CaClp® 2NH3(s) + 2NH3(g) < CaCly:4NH3(s) (5)
CaClp-4NH3(s) + 4NH3(g) < CaClp-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-°C. Ignoring heat capacity changes,

the equation of state for the equilibrium pressure of NH3 (PNH3, in
atmospheres) above a mixture of CaCly-8NH3 and CaCly-4NH3 is (ref. 2)

1 _ _
1.987 puPy = 32.1 - 9800/ (7

The equation of state for NHg gas condensing to liquid is

(2

1.987 EnPNH

) = 21,6 - 5100/, )

Here, T; and T9 are the equilibrium temperatures in degrees Kelvin.

To operate the two processes

CaCly*8NH3(s) I CaClp+4NH3(s) + 4NH3(g) (9



4NH3(g) < 4NH3(1) (10}

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.

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 T9 (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 kcal (39 BTU) per mole of NH3 released, while the heat given
off in condensation is 5.1 kcal (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) 1is used for heat exchange with liquid NH3. As can be shown by
substitution in Equations (7) and (8), heat pumping will occur sgpontaneousliy
provided that T2 is 40°C and Ty 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. 1In air conditioning, 20 BTU is absorbed from outdoors.

2. A Chemically Driven Heat Pump with Two Substrates

The reaction of anhydrous CaClz with NH5 can be coupled with the
reaction of anhydrous FeCly with NH3 to form a two-substrate heat pump,
in which the reactions are: ’

FeCly-6NH3(s) I FeCly'2NHj(s) + 4NH3(g) (11)
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CaCly* 4NH3(s) + 4NH3(g) T CaClyBNH3(s) (12)

The corresponding equations of state are {(2)

1.987 ¢np L)

Ny T 31.6 - 12550/T; (13)
1.987 1np(?) = 32.1 - 9800/T, (14)

NHq

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

If the CaCly salt is kept at 40°C during the storage mode, NH3 gas
will flow from the FeCly exchanger to the CaCls exchanger provided that the
temperature of the FeCly salts is kept above 125°C. The heat absorbed by
the FeCly systems is about 12,25 kcal (49 BTU) per mole of NH3 released,
while the heat given off in the reaction with CaCly is 39 BTU.

In the heat pump mode, the FeCly system is heat exchanged at about
40°C. Ammonia flows spontaneously from the CaCly side to the FeCly side
if the temperature of the CaCls salts is above -24°C. In air conditioning,
39 BTU is absorbed from indoors per mole of NH3. In heat pump operatiom,
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

AH1 + AH2
COP (heating) = ———— (15)
AHI_
For cooling, AL
COP(cooling) = (16)

AH3

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



COP (heating, one substrate) 1.78

0.78

1.52 COP(heating, two substrates)

il
1

COP(cooling, one substrate) 0.52 COP(cooling, two substrates)
The reason for the inherent disadvantage of the one-substrate system is
that the heat of evaporation of NH3 (AH?) is smaller than the heat of
reaction of NH3 gas with a salt (AHj). 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 solid-to-air heat exchanger.

The question, therefore, 1s whether a low-cost, one-substrate system
can be designed with (a) coefficlents of performance higher than for the
CaCly/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: dits 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 kecal 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 descyibed 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
alsc be used, as in the HZSO4/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

(17)




off. Whether this 1s 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 soclid-substrate chemical reactions.

5. Thermodynamic Principles

The general thermodynamic principles governing the operation of a
heat pump may be stated simply. Heat (qj) is absorbed from a low tempera-
ture source (T1) and is discharged at a higher temperature (T3). 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 (qy) is the sum of W and q3. From the second law, assuming
reversibility, the sum of the entropy changes is zero. Thus,

a1 _ 42
T, (18)
T1
qz=q1+w=Eq2+W . (19)
= [ IL =Xz .
! (1 Tz)q2 (T1 Y a 20

We see that the minimum work W necessary to pump heat is determined by the
ratio of the two absolute temperatures T2 and Tj.

The coefficient of performance of a heat pump is defined as

42

COP = =+ | (21)
Under reversible conditioms,
T2
COP = Ty-Tq (22)

For example, if heat is extracted from the environment on a cold day, such
that T1 = -10°C (263°K), and delivered indoors at Ty = 20°C (293°K), the
maximum coefficient of performance is 9.8, 1In practice, efficient heat
exchange requires that the heat be transferred at temperatures 15-25°C
different from the equilibrium values. Thus, realistic coefficients will
be in the range



To + 15 Iy + 25
T2—T1 + 30 to TZ'-T]_ 4+ 50

COP = (23)

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
(2.6-3.0) 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 ¢y is absorbed at the higher
temperature T, and heat qy = q,-W is discharged at the lower temperature
T1. The maximum work that can be done by the system is given in Equation
(20).

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 q, is discharged at Ty (40°C), the heat
delivered at Ts is

Ty

qy = Ty d3 (24)
and the maximum work done is
T2
W= ) q3 (25)

If this work is used to pump heat from the ambient temperature Ty to To,
the heat absorbed from the environment is

T T, { To-T
I W W B
UTT YT, (Tz-Tl)q3 (26)

and the additional heat delivered at Ty is

T, [ T,~T
1 - -2 __2(.3"2
U= o VT T\ T, (27)

The coefficient of performance of the system is the ratic of the total heat
delivered at Ty (qp + gq}) to the heat absorbed at Tg3:




COP = ——— & — ——= (28)

For T3 = 125°, Ty = 40°, and T; = -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 Tj up to Tj.

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 Tj to
the heat absorbed at T3:

i _0 (Ts"Tz)
coP = — = — | === 2
, q3 T3 \T2-T1 (2%

For T3 = 125°, T = 50°, Ty = 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 congtruction; (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. TFor 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 plamned 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 0°C 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, 0°C appears to be a reasonable maximum
if heat is to be extracted from outdoor air, from underground heat exchange,



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 soclar 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 BIU/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.

1A

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 IT 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 listings of the computer
programs used in the analytical work are given in the appendices,
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11. EXPERIMENTAL

1. Candidate Salt Screening

A Cahn RG electrobalance was used for salt screening. The complete
experimental setup comnsisted 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 additicnal 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 thermostatting 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:

A1C13- 6MeOH (16) CoBry* 6MeOH (29)
Al1C13+4MeOH (16) CoBr2- 4MeOH (13)
Ba(Cl04)2:8MeOH (26) CoBr2- 3MeOH (29)
CaBro- 4MeOH (1) CoBry- 2MeOH (13,29)
CaBry- 3MeOH (11) CoBrp-MeOH (17,29)
CaBrj+MeOH (11) CoCl2- 4MeOH (5,13)
CaCl2- 4MeOH (11) CoClp - 3MeOH (13)
CaClj - 3MeOQH (11) CoCly- 2MeOH (5)
CaCls* 2MeOH (23) CoClo-MeOH (17)
CaCly*MeOH (11) Co(NO3)2-6MeOH (20)
Ca(Cl04)2+-8MeOH (26) Co(NO3) 2+ 4MeOH (20,31)
Ca(C104)2-2MeOH (26) Co(N03)2°2Me0H (20)

11



Col,+ 6MeOH (13) MgS0y+ 3. 5MeOH (15)

CoIy-5MeOH (13) MgS0y - 2MeOH (22,24)
CuCl;- 2MeOH (19) MnBro*MeOH (8)
CuClg+MeOH (19) MnCLg+ 2MeOH (8,21)
CsC03- 6MeOH (7 MnCl3 * MeOH (8)
FeClg- 4MeOH (12) SbC15+MeOH (10)
FeCly* 2MeOH (12) ScCl3* nMeOH (6)
LiBr*4MeOH (25) ScBry* nMeOH (6)
K2CS4»MeOH ~ (28,30) SnCly * 2MeOH (18)
MgCl,+ 6MeOH (9,14,27) Sr(C104)2*8MeOH (26)
MgCly - 4MeOH (14) Sr(C104)2°6MeOH (26)
MgClo - MeOH (14) ZnS0y4 ¢ 2. 5MeOH (15)
Mg(C104)2° 6MeOH (26) ZnS0y, -MeOH (15)

*n not given

Information on these compounds was, In gemeral, 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 CoCly, CoBry, CuCl
and MnClp.

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 I.6, four salts were selected for further study:
CaClp, CoBrz, FeBrp, and MgCly;. 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.

Te narrow down the choice of salts, and to gain additional informa-
tion on the temperatures of complex formation and decomposition, additiomal
measurements on these four salts were carried cut at a CH30H pool tempera-
ture of ~10°C, corresponding to a vapor pressure of 15 torr. Results for
CoBrz, FeBrp, MgCly and CaCly are as follows:

(a) CoBr2

A 40.88 mg pulverized sample of CoBry-6H»0 was placed in the vacuum
balance and heated to 170°C. The weight loss, 12.22 mg, corresponds to
5.41 moles of H»0; 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

12



TABLE 1

RESULTS OF SALT SCREENING EXPERIMENTS

Salts that do not methanolate

Na2B407
NagCO3
Naj3S804
CH4COONa
Mg504

Salts that hydrolyze or decompose
FeClj
Co(NOj3)2
NasS

Salts that methanolate with CH30H at 15°C

Methanol, Temperature Range, °C
moles Amoles Formation Decomposition
A1NH, (S04) 2 0.3 55
CaBry 2.0 i 110-75 2-1 130-145
CaClsy 1.96 65=47 109-132
ca(N03) . 1.80 32 55
CoBra 3 0-1 82-73 113-132
1-2 65-47 87-108
2-3 45-38 65-80
CoCly n0. 5
FeBra 1.95 0-1 98-75 132-140
1-2 72-55 101-115
FeClg 1.93 0-1 95-52 135-145
1-2 32-26 _ 80-95
MgCly 3.92 0-2 90-50 0-4 95-120
2-4 50-30
MnClp 1.91 0-1 82-55 140-178
_ 1-2 30-26.,5 75-94
MnBro 1.87 0-1 80~55 130-159
1-2 53-43 85-96
NiCly >2 130-30 40-140
NiBro >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 CoBrp-1.12CH30H. Decreasing the temperature to 42°C for 16 hours
resulted in the stoichiometry CoBrp-1.19CH30H. Upon reheating, the first
sign of weight loss was seen at 60°C.

Based on the data obtained at 71 torr, we had expected CoBrsy 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 CoBrs appears limited to one mole of CH30H when used in a forced-air
heat pump cycle. With a source temperature above 0°C, it appears that
2 moles of CH30H can react.

(b) - FeBrp

A 37.60 mg pulverized sample of FeBry-6H70 was placed in the
vacuum balance and heated to 175°C. The weight loss corresponded to
5.02 moles of H3O0.

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 FeBry-0.76CH30H, Further cooling to 45°C
over a 90 minute period resulted in the complex FeBrjp+1l.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
FeBrs indicate that this salt should be useful in a forced~air heat pump
cycle.

(c) MgClp

A 44.00 finely pulverized sample of MgClg-6Hy0 was placed in the
vacuum balance, which was then pumped to remove the first 2 moles of H»O.
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 MgClo-1l.92CH30H.

14



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 MgCl2.2CH30H 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) cCaCl2

Preliminary experiments on the reaction of CaCl2 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 CaClp
might well be useful in a forced-air heat pump cycle. Furthermore, the
low cost of CaCly relative to FeBry and CoBrp is attractive: it is
doubtful whether a cost-effective storage system could be based on a salt
bromide. Relative to MgClp, CaCly appears attractive because both moles
of CH30H can be removed at a relatively low solar collector temperature.
For these reasons, CaCly 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 CaCl2

A 27.76 mg sample of CaClp-2H90 was dehydrated in the vacuum
balance and then heated to 138°C in vacuo. The final weight, 18.56 mg,
carresponds to a loss of 2.71 mole H20 per mole CaCljp.

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 12-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 B6°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

CaClp + 2CH30H -~ CaCly+2CH30H (30)

with equilibrium at 88°C at 70 torr. However, other data indicate the
possibility of two (closely spaced) steps.

15



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 CaCl2+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
corregponding to CaCls-0.3CH30H; weight loss was noted above 72°C, and
weight gain below 69°C. Taken together, these data point toward equilibrium
for the reactiom

CaCly + CH30H Z CaClp-CH30H (31)

at 70 ¥ 2°C at 15 * 2 torr.

A corresponding equllibrium temperature for the second reaction,
CaCl2-CH30H + CH30H ¥ CaClgy*2CH30H (32)

was determined by cycling the temperature of the salt at a composition
corresponding to CaCly-1.7CH30H; 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

CaCly + 2CH30H 2 CaClg-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 CaCl2-0.1CH30H, 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 CaClg-1.6CH30H,
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 weilght loss was noted. A distinct weight galn 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 :

CaClp+CH30H + CH30H < CaCly-2CH30H (34)

at 38 torr is 78 T 3°c.

Following this experiment, the sample was partially demethanolated
by reducing the CH30H vapor pressure, until the composition corresponded
to CaCly+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 CaCl? 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., TFinally, 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 t 3°c,

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

CaCly + CH30H ¥ CaClp-CH30H

fit the equation
nP = 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 CaCly and CH30H.
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CaClp-CH30OH < CaCls*2CH30H
fit the equation

¢nP = 24,16 - 9502/T (36)

within an average error of 1.5°C. For the first reaction, AH = 21 kecal/
mole and AS = 54 cal/mole-°C; for the second reaction, 4H = 19 kcal/mole
and AS = 48 cal/mole~°C. In both cases, AS is considerably higher than

we had expected A survey we have made of salt hydrate reactions indicates
that AS = 35.7 ¥ 1.6 cal/mole-°C; for the ammoniates, AS = 31.8 ¥ 1.5 cal/
mole-°C. 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 CaCl? with CH30B may be considerably smaller
than reported here. Assuming a possible error of ¥ 2°C in the estimation
of the equilibrium temperature, the data are consistent with entropy values
between 37 and 70 cal/mole-°C, and enthalpy values between 17 and 27 kcal/mole.

2.2 Kinetics of Methanolation of CaCl? Powder

Studies on the reaction of CaCly with CH30H vapor were carried out
in the Cahn RG microbalance. Initially, the CaCl2 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 -10°C, +5°C, or +15°C. The rate of reaction was monitored
by recording the sample mass.

Results of these experiments are given in Figures 3-9, TFigures
3 and 4 illustrate the course of reaction at a vapor pressure of 14 torr,
corresponding to the CH30H pool at -10°C. 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 38°C, two distinct reactions can be seen, the first,

CaCly + CH30H - CaCly-CH30H (37)

reaching completion in 4 hours, and the second requiring an additiomal 11
hours to reach 80%Z 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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Absorption kinetics of CaCly with CH30H at 14 torr as a function of bed temperature.

Fig. 3:
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Fig. 4: 1Initial absorption of CaCly at different temperatures while CH30H pool was maintained at
-10°C.



Figures 5 and 6 illustrate the reaction course at 37 torr, corre-
sponding to the CH30H pool at 5°C. 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 15°C (70 torr), reaction was 90% complete in
12 minutes at 50°C, in 50 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 1n Figure 9. Here the oil bath is maintained at ca. 50°C, while
the CH30H pool is at +15, +5, and -10°C, regpectively. 1In all cases, the
rate of reaction (37), addition of the first mole of CH30H, is more than
adequate. However, between +5°C 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 50°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 wvapor 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 CaCl2 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. 1In any event, the heating effect should
be small except at the higher reaction rates.

2.3 Intexpretation 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

CaCly + 2CH30H Z CaClp*2CH30H (38)
i.e., A+ 267 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

& - k(2-%) 40)
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Fig. 5: Absorption kinetics of CaCly with CH30H at 38 torr as a function of bed temperature.
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Fig. 6: Initial absorption of CaCly at different temperatures while CH30H pool was maintained
at +5°C, 1.e., 38 torr.



T4

NUMBER MOLES: PRESENT

Fig.

1:

Absorption kinetics of CaCly with CH30H

6

at 70 torr as a function of bed temperature.




TIME, MIN

Fig. 8: 1Initial absorption of CaCly at different temperatures while CH30H pool was maintained
at +15°C, i.e., 70 torr.




Fig. 9:

TIME, mIN

Comparison of absorption kinetics of CaClz at 50°C as a function of CH30H
pressure.




should be found, where x is the number of moles of CH30H reacted per mole
of CaCl?. In integrated form, we obtain

zn(l - %) = -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°C -- 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~l and 2.8 hr-l respectively. How-
ever, in the slowest case for which we have reasonably complete data (14
torr, 38°C), three distinct reactions can be seen, with the slowest
segment (k = 0.06 hr~1) occurring in the region around x = 1, and a faster
segment (k = 0.22 hr~1l) occurring after ca. x = 1.25.

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

A+CGZ B
B+G=zC

(42)

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 (i.e., CaClz-CH30H) rearranges to an "active'" form B':

A+G 2 B 7 B
B +¢ T C

(43)

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 CaCl2? Pellets

One of the potential obstacles to development of a heat pump storage
system based on & 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 um, 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 CaClz pellets,
held together with an appropriate binder, as is commonly done for CaClsy
desiccants. Such pellets would provide a path for wvapor 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 CaCls 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 CaCly 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 CaClz-2H,0 (assay 74-78%
CaCly) 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 cyecle. 1In
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 tc 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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Absorption of 100 mesh CaCly at 50°C while CH30H pool was maintained at +5°C.
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Fig. 13: Absorption of 100 mesh CaCly sample not completely dehydrated at 50°C while CH30H pool maintained
at +5°C. .
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Absorption of 12 mesh CaCly at 50°C while CH3OH pool was maintained at +5°C.
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Absorption of 4 mesh CaClpy at 50°C while CH30H pool was maintained at +5°C.
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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 extent of reaction sometimes exceeded
2 moles of CH30H per mole of CaCly. Second, it was observed that the CaCl?
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
ig, of course, limited to the operating temperatures employed.) Thus, it
may be possible to use large-mesh CaCly in the heat exchanger, and thereby
increase the bed depth substantially.

2.5 Kinetics of Demethanolation of CaCl)

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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Desorption of 4 mesh CaCly at 130°C while CH30H at 33°C.

Fig. 19:




important in practice, since the system could be operated between 0.3 and
1.7 moles of CH30H per mole of CaClz. Furthermore, reaction rates should
be faster for finer-mesh material.)

A final demethanolation 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 CaCl? at 184 torr
are compared in Figure 21. These initial rates are consistent with
the equations (rate in moles/hr per mole of CaClp)

&n .{rate) = 30.095 - 11950/T (44)

rate = 1.18 x 1013 ¢~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 7-17°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. Merthanolation and Demethanolation of CaCl? 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 conditiomns, which will be used as a
basgsis for design and construction of the heat pump storage system. It 1is
expected that the rate of heat pumping will be limited either by the
intringic 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 conmstruct a small test rig in which reaction rates
and temperatures can be monitored. The rig must be constructed so that
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Desorption of 4 mesh CaCly at 140°C while CH30H at +33°C.
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30H pool at 33°C.

Initial desorption of 4 mesh CaCl2 while CH

Fig. 21:
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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
o0il 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 cm? per second, is

0.331 —= - 1.56 x 107 &~4668/T (45)

T

where P is the pressure (in torr) and T the temperature (°K). (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 (Peq = 7.3 torr), the rate for a pres-
sure drop of 1 torr is 0.021 grams/cmZ-sec, or 75 grams/em2-hr, which is
more than adequate for the present experiments. 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 CaCl? Beds

Aphydrous 12 mesh CaCl2, 137 grams, was placed in the test rig
described above and heated to 150°C for 4 hours. The initial bed depth
was 2 em. (Since the inside diameter of the bed is 9 cm, the average
density of this material is ca. 1.1 g/em3. The density of crystalline
CaCly 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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of salt beds. The thermocouples shown were not actually installed during Phase I.



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 in Figure 23 the rate 1s 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 CaCl2 were varied. Figure 24 shows the
methanolation of a 2,0 cm bed of 20 mesh CaClz 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 e¢m 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 CaCl? 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 CH3OH, 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 1is 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 apprcach 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. 23: Absorption kinetics of 12 mesh CaCly from a 2 cm bed at 40°C and 38 torr (O, initial run,
4, subsequent run after removal of 1.03 moles).
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Absorption kinetics from a 2 cm bed depth of CaCls at 40°C and 38 torr.
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Fig. 25: CH30H absorption of 20 mesh CaCl2 as a function of bed depth. Plate temperature 40°C and
vapor pressure 38 torr. (A,A two different rums.)
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Absorption kinetics from a 1.25 c¢m bed depth of CaCly at 40°C and

CH30H at 38 torr.
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Methanolation of 20 mesh CaCly from an initial bed depth of 1.25 cm.
CH30H pool at 5°C.
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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 CaCl? 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
demethanolate from a fully methanoclated 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 toc completion.

Data for the demethanolation of a 20 mesh bed, initially 1.25 cm
deep, are presented in Figure 30. Methanolation was stopped at CaCl2-1.94
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 CaCl2-2.03CH30H,
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 demethanolation observed in Figure 31 become prohibi-
tively slow after the first few hours. For example, demethanolation of
the salt corresponding to CaClp-1.76CH30H, 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 methanolated bed (initially CaClp-1.1CH30H) is
faster than from a more fully methanolated bed (initially CaClg-1.46CH30H).

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 CaCl; +
CH30H -+ CaCly:CH30H to the reaction CaCly:CH30H + CaClp*2CH30H is involved:
the abrupt change in reaction rate seen after 5 hours in Figure 30 suggests
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Fig. 29: Methanolation of 12 mesh CaCls from an initial bed
depth of 0.5 cm. A = 1lgt ecycle; 0 = 2nd cycle.
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Demethanclation at 150°C, 38 torr of 20 mesh CaCly, initially 1.25 cm deep.
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simulation (depth = 3.0 cm)




Fig. 31:

Demethanolation at 150°C of 12 mesh CaClp initially 1.0 cm deep
(see text).
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Fig. 32: Demethanolation at 150°C of 12 mesh CaCly, initially 1.0 cm deep (3rd demethanolation cycle).
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Fig. 33: Demethanolation of 12 mesh CaClp; initially 0.5 em :
deep. Plate temperature = 150°C; pressure = 38 torr.
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Simulated demethanolation runs for plate
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that this may be the case. However, even if such a tramsition occurs, it
is difficult to comnect 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 unexpectedily 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

E = a(Tz4 - Tll') ' (46)

where T9 = 423 K is the temperature of the bed, Ty = 313 K is the approxi-
mate temperature of the surroundings, and a is the black body radiation
constant, 5.7 x 10-2 erg—cm‘z—sec' -deg'4. The rate of radiation under
these conditions works out to

E = 110 cal/hour-cm? - (47)

We next consider a bed of CaCly 1 cm in depth, containing 80% voids. The
total mass of CaCl located below 1 em? of surface area is 0.2 p = 0.43g,
or 3.87 x 103 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 cmZ
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 ohserved rates of demethanolation
for the effect of thermal radiation; among other difficulties, the actual
rate of radiation from a CaCly 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 degign work: agreement between the model
and the methanolation experiments, and between the model and demethanola-
tion experiments in the thicker beds, is satisfactory. It 1s 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 scale 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 1s
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
éxclusion 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 methanclation 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(3135/T)
Rate of demethanolation = exp{30.095) exp(-11950/T

(48)

where T is in Kelvins. The first expression is taken from measurements
on CaCls powder at 38 torr; the second expression was measured on 4 mesh
CaCls at 184 torr. These expressions are illustrative rather than
definitive, but should be reasonably accurate in the range of iInterest.
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 (49)
void fraction)).

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 CaCl?
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 elements, 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 various thickness are shown in Figure 35.
In each case, it was assumed that the dehydrated bed contained 80% voids, and
that the plate temperature was 40°C. For comparison purposes, the experi-
mental data carried out on the first cycle of a 1.25 em thick bed are shown.
This bed puffed up to a thickness of about 3 cm during methanclation. Since
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Fig. 35: Comparison of simulation calculations for various bed depths with
experimental methanolation of a bed initially 1.25 cm deep.



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 heen used to calculate the rate of demethanola-
tion of a 3 em 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 demethanclation 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 Call? 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 vet
been extensively tested, it 18 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. 36: Comparison of simulation calculation (bed depth = 3 cm, plate tempera-

ture = 150°C) with experimental demethanolation (bed depth = 6 cm,
plate temperature = 130°C).
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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 cm 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 cyeling. Drying and handling does not alter its apparent
density and it does not repack.

According to the literature, the density of crystalline CaClp is
2.15. 8ince its molecular weight is 111.0, the molar volume of CaCly is
51.6 cm3. The molar volume of liquid CH30H is 40.5 em3, so we may expect
that the molar volume of CaClp:2CH30H will be roughly 133 cm3 (density
ca. 1.32). 1If crystalline CaClp*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 Cvcling

Corrosion test cells were prepared by sealing two of the arms of a
Y-tube and placing CaCls (plus a metal coupon) in one arm and CH30H in the
other. The salt side was heated to remove Hp0 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; Al 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 i1s placed the preweighed, degreased coupon.
Then 3.0 grams (0.027 moles) of anhydrous CaClp 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. CaClp-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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DENSITY MEASUREMENTS ON CaClz

TABLE 2

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
CaCly- 2H90 0.753

(assay 75-78%)
Initially

Methanolated 4 mesh

after 14Z% reaction 0.909 0.871 0.876 0.878
Methanolated 4 mesh

(33% reaction) 0.676 0.657
Methanclated 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 enm Admiral Brass, Woburn, Ma.
A1, extruded 6063-T52E 0.305 cm Edgcomb Steel of New England,

Inc., Architectural Sign,
Waltham, Ma.

Cu, sheet OFHC - 0.305 cm Admiral Brass

Cu, alloy 704 Cu-5% Ni 0.081 cm 0lin Metals Research Lab,
New Haven, Conn.

Cu, alloey 715 Cu-30% Ni 0.081 cm " "

Brass HH 0.305 cm 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 4+5°C and the CaCly 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 demethanclate. 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 welght before rinsing was 1.6488
grams, ldentical 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 CaClp, but the sample
size was decreased to 1.0 gram and correspondingly the CH30H was reduced to
0.70 cec. 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 siow
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 CaCly .
and 0.80 cc of CHq0H and a coupon of Cu alloy 30% Ni. Even with the pre-
cycled material we observed some crusting and we only attempted cyecling 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 CaCls
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 cyc¢le 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 CaCly 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 V20 minutes. The tube was then cycled continuously
with the CH30H pocl 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 Cu - 307 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 evaluaticn 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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I1I. 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:

e Energy storage capacity
e Rate of energy transfer

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

e Fan power rgquired for the air-side
e Ease of manufacture of the design

e 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
provigion 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. These values are illustrative only; actual
values can only be selected through a complete system analysis.

Calculations are carried out as follows. TFirst, we select preliminary
values for all geometrical parameters shown in Figure 38. In addition, values
for Ap (air temperature rise or fall) and Ap (air-side pressure drop) are
chosen., NexXt, we calculate the air-side convection heat transfer coefficient
ha (BTU/hr—fté-°F) from the equation (ref. 33).

0.2 0.8
+ Ed- .
HAS + SAS ) ( d-HSS-L ) (50)

= 3
hy = 8.7 x 10~ kA(HAS . SAS up0+HAS: CAAA
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Fig.

L
|

= fulle L,
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Y
P
TAS SAS HAS
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
38: Schematic design of the salt-bed heat exchanger.
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TABLE 4

PARAMETERS USED IN SALT-BED HEAT EXCHANGER DESIGN

YValue Name Description

13,0001 Eg Salt-bed volumetric energy density, BTU/ft3
0.04% kg Salt-bed thermal coﬁductivity, BTU/hr-ft—°F
0.052" o Air density, 1b/ft3

0.25" Ca Air heat capacity, BTU/1b-°F

0.023+ A - Alr viscosity, cp

0.016" ka Air thermal conductivity, BTU/hr-ft-°F

170T oM Plate and fin density, 1b/£t3 (A1)

120" kym Plate and fin thermal conductivity, BTU/hr-ft-°F
106@ E Energy storage capacity, BTU

60 8 Cycle time, hours

* Ap Rise or fall in air temperature, °F

* Ap Air-side pressure drop, inches Hj0

* Ag Salt~side rise or fall in temperature, °F

* Ap Rise or fall in temperature through the plate, °F

&
Variation of these design parameters has been examined.
1Estimated from measured salt density, extent of reaction, and heat of reaction.

+Calculated from known salt and vapor phase thermal conductivity and estimated
bed void fractien (ref. 32).

1~Handbook values for air and aluminum,

eDesign parameters.
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The salt- and air-side fin effectiveness parameters, ngg and npg, are
calculated next (ref. 34):

) kg \1/2
tss = 2HSS*{{1555.Ts8
hp 1/2
Zas = 2BAS*\o mg (51)
ngs = tanh (Ess) /%8s
Nas = tanh (ﬁAs) /Tas

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

. 1.75
up0- 23 (HAS + SAS)l'zs( EgHSS L ) (52)

- 11 M
Ap = 3.9 x 107°° L o7 HAS - SAS GHAS- ol

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

. E4HSS - SAS
A = 26hy (HAS*npg + SAS/2)
E4TP-HSS
A1:’ - ekM (53)
EgHSS- 5§82

S ~ 86kg (HSS'ngg + $85/2)

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

The values of Ap, Ap, and Ag will not generally agree with those
selected for the design. To reduce Ag, it is necessary to increase TSS,
the salt-side fin thickness, or reduce 58S, 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 Ap and Ap.
We have generally found it best to decrease Ap by increasing the air-side
fin depth HAS, and to decrease Ap by decreasing the air-side fin spacing,
while keeping constant fin thickness TAS. The changes must be made itera-
tively to obtain the desired Ap and Aj.

Preliminary calculations indicated no optimum fin thickness: it
appears that the weight of metal is minimized by using extremely thin fins

75



spaced closely together, TFor this reason, we set the fin thickness at:
0.002' (24 wils) 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" Hp0O when the air-side Ap is 18°F (10°C). 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 cptimum
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 Ap and Ag. 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
Ap + Ag 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 1bs 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 AT 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 iIs of
the order of 6. It should not be difficult to achieve bed depths in
this range with pelletized desiccant material such as CaClz. 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 resulis. 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.) WNevertheless, 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 2A  A4g L W HSS $S8 HAS SAS
(1bs) (hp) (°F) (°F) (ft) (fr) (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 0.021L
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 umits.
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WEIGHT, LBS

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 conflguring 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 thils 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 [lulds under pressure can be more effectively
contained in relatively small diameter tubes than in a large, flat area
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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 ccllector -~ 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 e

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 BIU 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 suffliciently 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 ~i

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 falrly 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 CaCly with CH30H vapor to produce CaCl2:-2CH30H appears both thermo-
dynamically and kinetically suitable. Excessive vapor pressure drops
through the bed can be prevented by use of CaCl2 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 comnstruct
a prototype system. At the same time, a search for salts alternative
to CaCly will be made in order to allow the design of CH30H-~based gystems
for the widest variety of climates. Cycling and corrosion testing of
CaCly 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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el ARSI AL S S B

NAME = XCHANG

Cyo=nwSTREAMLINED VERSIHNmm=

¥ HEAT TRANSFER MO0EL = UNE DIMENSTONAL = SALT/METHANGL EXCAANGER

DIMENSIAN REAFRN(100):CAPPA(100lJTEMP(100)JDELTEM(100}:HETCAP¢100l

"1, DELMET(tc0)
IN=10C3
I16UT=108

1 READ(IN,100) NDEEP,NBDE,NODEL, NTINEs MBLESSNREPRT

€ NDEEP == # SEGMENTS F&R BED DEPTH = CA+ 10

C MBDE =~ 0 FOR DEMETHs, 1 FOR METHANBLATIEN

C MBDEL == 0 F8R SHARP CUT=8FF RATE MGDEL

C NTIME == # 8F TIME STEPS IN 24 HOURS

C MBLES =~= # €6F M8Les BF CH39H PER MOLE BF SALT

C NREPRT #€@F TIME STDPS BEFORE A RESULT IS PRINTED euT
N=NDEEP
IF(N.LEe0) CALL EXIT

o

READ (INs101) DEPTH,DRYDEN:FRCTNI:FRCTNZJTEMPIN;WT:VGID
€ DEPTH == BED DEPTHJs CM.,

[ C DRYDEN ==~ ACTUAL DENSITY OF FULLY DEMETHANGLATEDS SaALT.
’ (o NBT CORRECTED FER VOIDS _
C FRCTNi == FRACTION 6F MAX. PESSIBLE CH38H IN BED WHEN
N DEMETHANEBLATED {(CAs 01}
; C FRCTNZ =~ FRACTIBN 8F MAX: PESSIBLE CH30H IN BED WHEN
.. c FULLY METHANELATED (CAs 0+9)
T CTEMFIN == INITIAL BED TEMPERATURE, DEGe Co
C HWT == MOLECULAR WEIGHT 8F SALY
~ C v8ID =« VAID FRACTI®N IN FULLY DEMETHANBLATED BED .
o

READ(INs101) PREIPREP)ACTIVEJESUBAITCRITiITPRITalPLATEM
PRE,PREPJACTIVEJESUBA ==

C

C «= RATE BF HETHANBLATIEN = | EYPTPRE)¥EXP(ACTIVE/(273.+TEMP)1

Cc =e RATE 8F DEMETH = EXP(PREP)®EXP(=ESUBA/(273++TEMP)) :
C =w« RATES ARE MBLES 6F CH39H PER HOUR PER MOLE 8F 5aALT
e
C

e e e e Aot st e e e,

=e WHEN HMECEL=0, RATES MAY BE SET EQUAL TE ZERD PER
THE ALGERITHM BELOW
C TCRIT1 == TEMPERATURE ABEVE WHICH RATE
'C TCRIT2 == TEMPERATURE BELBW WHICK RATE
c

uH|<

0 FBR HETHANﬁLATIGN
)

FOR DEMETHANBLATIBN

C PLATEM == PLATE TEMPERATURE (CA. 50 DEGe. C FOR METHANBLATIEN)

BN ol T €AY 130 DEG. C FER DEMETHANGLATIBNG
READ(INS1C1) THRCN12THRCN2,CP1,CPRIHEAT
i C THRCN{ AND THRCN2 ARE THERMAL CONODUCTIVITIES ©F CH38H AT 50
¢ T ANDG 120 DEG € IN BTU/HR=FTsDEG F 7 T
C CPt AND CpP2 ARE SPECIFIC HEATS @F SALT AND FULLY MzTHe SALT
C HEAT == HEAT 8F REACTIEN PER MBLE ©F CH3BH (PBSITIVEI

T THRCN1=THRCWNI/242. L
THRCN2=THRCN2/242
PRE=EXF (PRE)
TPREP=EXP(PREP}Y T 77
AREA=1CCo
DX=DEPTH/N

"DXAREA=DX®AREA
FR=FRCTN1
IFIMBDEVEG.0) FR=FRCTNZ




XMﬁLES=(1o-VﬂIDl#DXAREA¥DRYDEh/NT
DELT=24+/NTINME
TIME=0»

\kg_;m;r;;%

YMOLES=MOLES .
XYMBLE=XMBLES*YMBLES
WEIGHT=XMOLES¥WT+ 32-¥XYM6LE¥FR

"COE1=PRE*DELT#XMBLES
COE1P=PREP*DELT#XMBLES
CHE2=XMBLES#*WT/DRYDEN

COE3=XYMOLE/D+8
COE4=3600++AREAXDELT/DX
COES5=WTs+XMBLES

COE6=32exXYMILE
VOLUME=COE2+COE3+FR
VBIDFR=vAL UME/DXAREA

BNETH=1+/3»
i COND=1+0/(1+=VAIDFR**GNETH)
SLOPE=( THRCN2«THRCN11/70Q

CEPT=THRCN1=50+#SLOPE
COND=CEND#{CEPT+TEMPIN+SLEPE)
DELCP=CPz=CP}

CP=CP1+FR%DELCP

PB 10 I=1,N

REAFRN{I})=FR
"TEMP{I ) =TEMPIN
CAPPA{I)=CEND

HETCAP(I)=CP
| 10 CENTINUE

T T TTICBUNT=0

D8 80 J=1,NTIME

C BEGIN RATE L@ap

f 7711 TIME=TIME+DELT
| IF(MBDE.EQsD) GB TE 13

D8 12 IsisN
! DELMET(I)-C5E1¥EXPIACTIVE/(273-+TEMP(I))I&(i--REAFRN(I))
L IF{MBDEL.EGs0sANDSTEMP(I)sGT+TCRITL) DELMET(I)u0.0"

12 CONTINUE
GO TO 121
13 0O 131 I=1sN

DELMET (1 )1==mCAELIPHEXP(~ESUBA/(273++TEMP(I) ) YXREAFRN(I)
IFIMEBDEL«EQ-QeANDTEMP(I)sLT+TCRIT2) DELMET(I)=0+0
131 CEBNTINUE

Mem s e T e 1 4 o ———

HAVING CALCULATED THE METHANOL RATE, WE NBW CALCULATE THE
. .PROPERTIES BF EACH SEGHMENT. '

o0o0o

121 DB 14 I=1,N
 REAFRN(I)=(XYHMHLE*REAFRN(I)+DELMET(I))/XYMOLE

HETCAP(I)1=CP1+REAFRM (I )*DELCP
CAPPA(]1)I=(CEPT+TENMNP(I)%SLOPE}I/(Leml (COE2+CHBEIXREAFRNII) I/
1 DXAREA)**BNETHY

14 CoNTINUE

C HAVING CALCULATED THE NEW PROPERTIES, WE NOW CALCULATE THE
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C  HEAT FLBK AND THE CHANGES IN TEMPERATURE

IF{(N«EGs1} GO TO 17

N

/TTC TP SEGMENT

i FLUX=CEE4*CAPPA(L1I¥{TEMP(2)=TEMP (1))

oo ... DELTEM(1)={FLUX+HEAT#DELMET(LY) 2
| 1 ((CEES+COEL+REAFRNEL) ) *HETCAP (1))

| IF(NsEGe2) GO Ta 20

C MIDDLE SEGMENTS

DO 16 I=gsNm]
FLUX=COE4xCAPPA(I I #(TEMP(I~ 11+TENP(I+1)-E-¥TEMP(IJJ
DELTEM(I)=(FLUX+HEATXDELMET(I))/ :

1 ((COES+COE64REAFRN(I))#HETCAP(I))
| 16 CONTINUE _
| € _BBTTEM SEGMENT

17 TOPTEM=TEMP (1)
20 IF{NeNE«1} TOPTEM=TEMP(N=1)
FLUX=CBE4xCAPPA(N)*{(PLATEM~ TENP(NIJ¥Eo+T5PTEH~TEMP(N))

DELTEM{(N)={FLUX+HEAT&DELMET(N) }/
1 {{CDES+COEG*REAFRN(N)y*HETCAP(N))

C .
T C CALCULATE CHANGES IN TEMPERATURE AND AVERAGE PRAPERTIES

FRA=Q.

!
[ c
L

: CPA=0.
| TA=0.
‘ CAPAV=0.

. D8 18 I=14N
TEMP(I}=TEMP(I)+DELTEM{I)
TA=TA+TEMP(I) .

FRA=FRA+REAFRNI{I}
CPA=CPA+HETCAPI(I}
CAPAV=CAPAV+CAPPAILI])

T 18 CBNTINUE
XDEEP=NDEEP
TA=TA/XDEEP

FRASFRA/XDEEP
; CPA=CPA/XDEEP
P CAPAV=CAPAV/XDEEP

ICOUNT=ICHUNT+1
; IF(ICIUNTLT+NREPRT) GE TE€ 80
| ICOUNT=0 -

3 C PRINT RESULTS BF MAJBR IMPERTANCE
C

CWRITE(ISUT, 11001 J,TEMP (L), TA, TEMP (NS REAFRN (11, FRA,
' 1 REAFRN(N)SCPAJCARPAV,FLUX
WRITE(I8UT,115) (TEMP(1)sI=1sNDEEP)

CIFIMADEJEQe O AND+FRACLESFRCTNI+ O1IGATE 1

IF(MODEeEQe12AND FRAWZGEFRCTN2=,01)GHTE 1

80 CGNT'VUE

e e 1

110 FERMAT(1Xs1543F10e225Xs3F104325XsF109422F10:5)
115 FARMAT(1CEL1Rs4)

100 FOHRMAT{1DIS)
101 FBRMAT(RF10«5)
CEND
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NAME = TuWo

DIM

¢ C¥THEAT TRAN
i Cw#==~STREAML
' .. . _DIMENS
1 DELTE
2 JFINF
3 SFINT

SFER MODEL = TW9 DIMENSIENAL = §KE|/HETHANﬂL XCHANﬁER
INED VERSIOBiwmn
ION REAFRN(20220),CAPPA(20220)1 2 TEMP(20,201),

M(20,201,HETCAP(20s20),DELMET (204201 TAPTEM(20)
LX(20)2PLTFLX{20) . FINCAP(EQJJFINTEM(EOJ
HK(20) 2 DELFIN(20}

IN=103
Is6UT=1
1 READ({I

08
Ns10C} NDEEP;MWIDE:HSDE:HBDELJNTIME;MELES:NREPRT:ISHAPE

NDEEP ==

MODE ==

DIVISIEGNS FBR BED DEPTH = CA. 10
DIVISIaNS FOR BED WIDTH = CA. 10
FOR DEMETHANGLATION, 1 FOR METHANGLATIAN

#
MWIDE ==
0
C

MBDEL ww=
NTIME == 3
MBLES ==

nnnnnni|

FAR SHARP CUT«OFF RATE MeDEL
IN INPUT IS # BF TIMESTERPS IN 24 HRS. DIVIDED By 100
AF MALEs 6F CH3IBH PER MELE 8F SALT

[T7¢ NREPRT #8F
C ISHAPE ==
NTIME=

TIME STDPS BEFURE A RESULT IS PRINTED 8UT
=0 FBR RECTANGULAR FIN PROFILE, STHERWISE. TRIANGULAR
NTIME*100

WRITE (
N=NDEE
IFIN.L

IeuT,102) NDEEP;MNTEE,HBDE;MEEECTNTTﬁfiﬁﬁffgiﬁﬁéﬁﬁfiIsHKPE'

)
E»0) CALL EXIT

M=MWIDE
DB 2 I
FINFLX

=1,20
{I}1=0s

2 PLTFLX

READ(1I
T T WRITE(
DEPTH ==
WIDTH =

DRYDEN ==

CFRCTN1 ==

FRCTNZ mw |

TEMPIN mw~
WT -

" BETWEEN FINS OF HEIGHT EQUAL TO BED DERTH

TFULLY METHARILAYED (Cas 0090

(I1=0e

Na101) DEPTH,WIDTH,DRYDEN,FRCTN1,FRCTN2, TEMPINs WT,VEID

I0UT,103) DERTHLWIDTH, DRYDEN:FRCTNI:FRCTNE;TEMPIh:NTnVGID
BED DEPTH, CMe
BED wWIDTH, CMe~ EQUAL T8 8NE HALF THE DIMENSIAN

ACTUAL DENSITY €F FULLY DEMETHANOLATED SALT,
NOT CORRECTED FOR VBIDS

FRACTIGN BF HAX. PESSTIBLE CH38H IN BED WHEN

DEMETHANOLATED (CAe 0Ol
FRACTIGON ©F MAX. PBSSIBLE CH3OH IN BED WHEN

INITIAL BED TEMPERATURE, DEGs Co
MELECULAR WEIGHT OF SaALT

cCoono00o0O0NnN0On

READ (I

PREsSPREP, A
~e RATE &
- =wm RATE ¢
-~ RATES
== WHEN
R T
TCRIT] ==
TCRITZ2 ==

PLATEN me=

TOoOOOO000ON0000

VOTE o

TOWRITE(

F DEMETH = EXP(PREPI¥EXP{«ESURAZ{Z73++TENPT)

Vern FRACTIEN IM FULLY DeEMETHANBLATED BED o

Ns101) PREsPREP,ACTIVE,ESUBAITCRITL,TCRIT2,PLATEM:

CTIVELJESUBA w»=
F METHANOLATIEN = EXP(PRE)#EXP(ACTIVE/{273¢+TEMP))

ARE MBLES 6F CH3EKH PER HOUR PER MOLE BF SALT
MEDEL=Q, RATES MAY BE SETY EGUAL 70 ZERS PER
ALGERITHM BELAW
TEAPERATURE ABOVE WHICH RATE = 0 FBR METHANGLATION
- TEMPERATURE BELOW WHICH RATE = 0 FOR D¢METHAN6LAT10N

PLATE TEMPERATURE (CA. 50 DEG. C FOR METHANOLATIEN)
(CAs 130 DEG. C F8R DEMETHANGLATIJN)
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READ (INs101) THRCN1s THRCN22CPL,CP2sHEAT, THKFIN, THRCNF CPFIN
WRITE(IBUT,103) THRCN1,THRCN2,CP1,CP2,HEAT» THKFINs THRCNF,CPFIN

. C THRCNi AND THRCN2 ARE THERMAL CoNDUCTIVITIES BF CH39M AT 50
¢ AND 120 DEG Cs IN BTU/HR=FT=DEG F
. € CP1 AND CP2 ARE SPECIFIC HEATS 8F SALT AND FULLY METHe SALT
| C HEAT w= HEAT 8F REACTIBN PER MALE BF CH38H (POBSITIVE)
T C THKFIN == HALF THE TOTAL FIN THICKNESS (CM.)
| C THRCNF == FIN THERMAL CONDUCITIVITY (BTU/HR-FT-DEG F)
__ _C CPFIN == SPECIFIC HEAT OF FIN MATERIAL
THRCN1=THRCN1/242+
THRCN2=THRCN2/242+
THRCNF=THRCNF /242
PRE=EXP ( PRE
PREP=EXP [ PREP)
- LENGTH=10. I
DX=DEPTH/N
DY=WIDTH/M
SEGMNT =N

DXLONG=DX*LENGTH
DELVOBL=DXLBNG*DY
DIMi=DXLONG/OY

DIMZ2=DY*#LENGTH/CX
FR=FRCTN1
IF(MBDE+EQ.D) FR=FRCTN2

XMELES=(1o-VSID)*DELVGL*DRYDEN/hT
DELT=24 ¢ /NTIME :
TIME=0.

YMBLES=MBLES
XYMBLE=XMBLES*YMBLES
COE1=PREXDELT*XMBLES

COEL1P=PREP*DELT®XMELES
COE2=XMEOLES*AT/DRYDEN
COE3I=XYMALE/O+3

COE4=3600+DELT
COES=WTx#XMALES -
COE6=32+ xXYMOLE
VOLUME=CCE2+CBE3%FR
VEIDFR=VOLUME/DELVDL
BNETH=14+/3,

COND=1+/(1e=({VBIDFR**BNETH))
SLOPE=({THRCN2=THRCN1}/70.
CEPT=THRCN1=500 xSLEPE

OO0 00n

o

CaND=CEND* (CEPT+TEMPIN*SLBPE)
DELCP=CP2=CP1
QR_CP1+FR¥DELQEmmn_"W__H o

"DENSITY SF ALUMINUM (GRAMS PEBR CU. CM+}
ALD;N=2-7GG

NBTE FALLEWING CHRICE ©F SUBSCRIPTS:

I FOR DEPTH SUBDIVISIONS WITH I=1 AT TOP, I=N AT BaTTOM

J FOR WIDTH SUBDIVISIONS WITH J=1 NEXT 18 MIDOLE 39F FIN. SPACEs
J=M NEXT 7O FIN

IF(ISHAPEEQel) GO TH 5
0O & I=i.N e
4 FINTHK‘ 1) 'THI’(FI"‘I“‘(I'IS)/N
Ga 19 7
8. DO & I=1.N



6 FINTHK({I)=THKFIN
7 D8 1C I=1,N
FINTEM(I)=PLATENM

Do FINCAP (1) =CPETR2 DXL ONGRF INTHRU T ¥ ALDEN

DB 10 J=1.M
REAFRN(IsJ)=FR

TEMP(I, N=TEMPIN
CAPPA{IsJ)=CEND
HETCAP{I,J)=CP

10 CBNTINUE

ICOUNT=C

[o ' i
D8 80 K=1 .NTIME
11 TIME=TIME+DELT

C BEGIN RATE LBOP
IF(MEDE.EQ«QC} GO TO 13
D8 12 I=1.N

0e 12 JsiaM

DELMET(I:J)-C3E1¥EXP(ACTIVE/(273Q+TENPCIldl))&(10-REAFRN(IIJ)’
PELMET(1,4)=0+0

IF(MEDEL«EQ+Q«ANDTEMP(I2sJ) +GT+TCRITY)

12 CONTINUE
G8 TO 121
13 0B 131 I=1,N

D8 131 Jd=1.M

DELMET€I;J)--CﬂE1P¥EXP('ESUBA/(273-+TEHP(I:J)))¥REAFRN(IJJ)
DELMET(Isd)1=0:0

IF(MODELWEQe Qe AND«TEMP({ I, J}+LToTCRITZ2)

131 CeNTINUE

HAVING CALCULATED THE METHANOL RATE, WE NBW CALCULATE THE

PREBPERTIES €F EACH SEGMENT.

OO0O00

121 DO 14 I=1,N

nuwr1n§

D8 14 J=1,H

REAFRM(I,J)=(XYMULE*REAFRN(T, J)+DELMET(IJJ))/XYM6LE

HETCAP{I,J)=CP1+REAFRN(I,J)*DELCP

T CAPPA(L )= CERPT+TEMP (I, J) #5LBPEY/

1 1-~€{(C6E2+CQE3¥REAFRN(IJJI)/DELVGL)*¥BNETH))

1% CENTINUE

 HEAT FLOd4 AND THE CHANGES IN TENPERATURE-

HAVING CALCULATED THE NEW PREPERTIES, WE NOBW CALCULATE THE

IFINSEQ~1) GOTH 206

C¥¥¥¥¥¥4¥¥¥¥¥44¥4¥¥4¥*4#4¥¥¥$¥¥¥¥¥+»¥44¥¥¥¥¥¥¥*¥¥¥¥¥4¥4%%444*%#*#4#**#&

€ TUP HEIGHT SUBDIVISIUN
IF({M«EQr1) GATA 200
C WIDTH SUBDIVISIﬁq AT INSULATED BBUNDARY

1 +DIM1T(TENP(1:2)~TCMP(1:1))l
DELTEM(1,1)=(FLUX+HEAT*DELMET (1,1)1/
Lolce Eb+C€F64REAFR“(131))*HETCAP(1:1})
IF(MeEGs2) GATE 201
C INTERIBR WwIDTH SUBDIVISIONS
T DB 199 J=2sM=1 o

FLUX=COE4*CAPPA(L1sJ) % (DIM2%(TEMP (2, J)I~TEMP(1,U))
1 +DIMLI%(TEMP (1, J~ 1)*TEWP(lJJ+1I*E:#TEMP(i{JI))
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DELTEM(1,J} = FLUX+HEAT*DELMET(1,d) 1/
i ((C@ES+C5£6¥REAFRN¢1)J))¥HETCAP(1!JP)‘
199 CEeNTINUE

C WIDTH SUBDIVISION NEXT 7@ FIN
200 SIDTEM=TEMP(1.,1)
201 IF(MsNE+1) SIDTEM=TEMP(1sH=1)

FINTRN= CﬂE#*((DY+FINTHKI1))/[DY/CAPPA(11N1+FINTHK(1)/THRCNFJ)
1 ¥DXLONG®(FINTEM(1)=TEMP(1sM) I/ (o5*(DY+FINTHK(1))) '
FLUX=COE4%CAPPA(1sM)»{DIM2¥(TEMP(2+M)=TEMP{1,M) )

1 +DIMI*(SIDTEM=TEMP(1sM}))
DELTEM(1,M)=(FLUX+FINTRN+HEAT*DELMET(1sM) )/
1 ({COES+CBE6XREAFRN(1sM) )¥HETCAP(12M))

C TGP FIN SUBDIVISIAN :
FLUX=CUE4¥THRCNF¥(FINTHK(1|+FINTHK(E’)/2:
1 _*LENGTH»(FINTEM(2)=FINTEM(1))/DX

DELFIN(1)=(FLUX~FINTRN)/FINCAP{1)
FINFLX(1)=FINFLX{1)+FINTRN.
— IF(NeEQ.2) GBTH_208

CHREPPPRIPRERFERRFRR R P LR R KRR SRR AP ERRRERF RSN RN E RN B EARER R AR R F R
C INTERIBR HEIGHT SUBDIVISIGNS
DO 205 I=2sN=1 ‘

IF{M+EQel) GATE 203
C WIDTH SUBDIVISION AT INSULATED BBUNDARY
_ FLUX=COE4*CAPPA(Is1) % (DIM2¥(TEMP( ]~ 1:1i+TEMP(I+1;11-2-¥TEMP(I:1))
1 +DIMI%(TEMP(Ls2)=TEMP(I41)))
DELTEMII,1)=(FLUX+REAT*RELMET(Is1))/
1 ({COES+CHE6*REAFRNIIS1))¥HETCAP(Is1))

IF(M«EQe2) GATH 204
C INTERIOR WIDTH SUBDIVISIGNS
DO 202 J=gsM=1 '

I

C_WIDTH SUBDIVISION NEXT T€ FIN

FLUX=COE4*CAPPA(I, ) »(DIM2H{TEMP(Im1sJ)+TEMP{I+1,J)=23TEMP(I2d)}))
1 +DIMI#(TEMP(I,)J=1)+TEMP({IsJU+1l}w2*TEMP(I»J})) ' '
DELTEMII,J)=(FLUX4HEAT*DELMET(I,J))/

1 ((CBES+CBEG#REAFRN(ISJYI*HETCAP(I2J))

202 CONTINUE

203 SIDTEM=TEMP(IsM]

204 IFIMsNEel) SIDTEMSTEMP(I,M=1)
FINTRN=COE4%((DY+FINTHK(I))/(DY/CAPPA(LsMI+FINTHK (I)/THRCNF))

1 ¥DXLEBNG* (FINTEM{I)=TEMP(I,H))/(+5%(DY+FINTHK(I)))

FLUX=COE4%CAPPAC I, M) #(DIM2* (TEMP(Im1, M)I+TEMP (I 44, M}

1 «2+%TEMP(I,M))1+DIM1%(SIDTEM=TEMP{I,M}))

DELTEM(IaM )"(FLUX+FINTRN+HEAT¥DELMET(I:Mi"?
1 ((CBES+COE6+REAFRN(ISM))*HETCAP(IsM))

" CINTERIBR FIN SUBDIVISIENS

FLUX=CBE4*THRCNF®{ (FINTHK{Iw1 ) +FINTHK(I)}/2.
1 #(FINTEM(I=13aFINTEM{I))+(FINTHK{TI+1)+FINTHK(I1}/2
2 #(FINTEMII+1)=FINTEM(]I)) Y ¥LENGTH/OX
DELFIN{I)={FLUX=FINTRN)/FINCAP{(I)
FINFLX{I)=FINFLX(I)+FINTRN
205 CONTINUE _ o
C¥¥¥4¥¥$¥¥¥#4¥$+44¥444¥¥¥4¥¥¥¥¥¥4¥¥¥¥¥¥¥¥¥#¥¥¥¥¥¥¥¥¥¥¥¥¥¥4¥¥¥¥¥¥¥4#4444
C BOBTTEBM HEIGHT SUBDIVISIEN
IF(N«GTs1) GOTHE 208
206 DB 207 L=1,M
TOPTEMILI=STEMP(1sL)
207 CONTINUE
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L

FINTAP=FINTEM(1)
TBPTHK=FINTHK{1)
GaTae 210

208 DO 209 L=isM
TAPTEM(L)sTEMP{N=1,L)

209 CONTINUE o
FINTAP=FINTEM{N=1)"
TUPTHK=SF INTHK (N=1)

210 IF(M+EQe1) GOTE 212

WIDTH SUBDIVISI®N AT INSULATED BBUNDARY
FLUX=CEE4*CAPPA(Ns1)#(DIM2% ({PLATEM=TEMP{N,1)1%2.
1 +TOPTEM(1)=TEMP(Ns 11} +DIMIx(TEMP (Ns2)=TEMP{Ns1))}

PLTFLX{11=PLTFLX(1)+*COE4®CAPPA(N,1}+¥DIM2+
1 (PLATEM=TEMP(Ns1))%2s
DELTEM(Ns1)=(FLUX+HEAT*DELMET(N,1})1}/

1 ((CHES+CBEG#REAFRN(N, 11 1#HETCAP(Ns1))
IF(MsEQ.2) GOTH 213
INTERIBR WIDTH SUBDIVISIONS

DB 211 J=2sM=1
FLUX= CSEQ#CAPPA(N;JI#(DIME¥((PLATEN“TEHP(N:JI)¥E-+TGPTEH
1 (JI=TEMP(N)JII+DIMIS(TEMP(NsJot ) +TEMPINsJ+1 )

TR =2eRTEMP (NS ))
PLTIFLX{J)=PLTFLX(J)+COE4*CAPPA(NsJ)¥DIM2¥
1 (PLATEMTEMP (N, J) %20

C

CELTEMINS JI = (FLUX+HEAT*DELMETIN, JY 1/
1 (tCﬁES+ca55»REAFRNcN;J>)*HETCAP(N;J:i
211 CONTINUE

“WIDTH SUBDIVISIBN NEXT T6 FIN

212 SIDTEM=TEMP(N,sM)

213 IF(MeNEs1) SIOTEM=TEMP(NsM=1)

FINTRN=CHE4%{ (DY+FINTHK (NI Y/ (DY/CAPPAIN,MY+FINTHKIN) /THRCNFI

1 *»DXLONG# (FINTEM(N}=TEMP(NsM) )/ ({«S#(DY+FINTHK(N)))
FLUX=CBOE4*CAPPA{N,MI»(DIM2* ((PLATEMTEMP(NJM))*2,

T +TOPTEM(M)=TEMP N MY Y +DIMI % {STIDTEN=TEAP (N M) 1)
PLTFLX(MI=PLTFLX(M)+COE4*CAPPA(N,M)#DIM2+
1 (PLATEM=TEMP(NsM}}#2s

DELTEM(N,My=(FLUX+FINTRN+HEAT*DELMET (N, M} )/

1 ({COES+COEG*REAFRNINSM) I ¥HETCAP(NaM) )
BUTTOM FIN SUBRIVISIEN

FLUX=COE4xTHRCNFx ( { TAPTHK+FINTHK(N) } /20 %

1 (FINTBP-FINTEM(N) 1+ (THKFINSFINTHK{N)})/2»

2 *»(PLATEM~FINTEM(N))*2+ ) %LENGTH/DX

~ DELFIN(NI=(FLUX~FINTRN]/FINCAP (N}
FINFLX(N)=FINFLX(N)+FINTRN

C4¥#¥¥¥¥¥&¥¥¥$¥&4#»44¥¥¥4¥44%##**#4##4&¥¥¥¥¥»¥¥¥¥&44#&&4444&444%*4*444*
T

c

C.

CALCULATE CHANGES IN TEMPERATURE AND AVERAGE PRAPERTIES

"FRA=0
CPA=(.

~ TA=0» -
CAPAY=0.
Dg 18 I=1sN
FINTEH(I)-FINTEN(I)+DELFINII)

DB 18 J=1sM
TEMP{I,»J)=TEMP(I,J)+DELTEMIINI)
TARTA+TEMP(Lsd)

[+T4]



-

Ve

FRAaFRA+REAFRN(I,J)
CPA=CPA+HETCAP(I»J)
CAPAV=CAPAV+CAPPA(]+J)

18 CONTINUE
TABTA/SEGMNT.
FRA=FRA/SEGMNT

CPA=CPA/SEGMNT
CAPAV=CAPAV/SEGMNT
ICOUNT=ICOUNT+1

IF{ICEUNT LTsNREPRT} GO T8 80
ICOUNT=0
c

C  PRINT RESULTS 8F MAJBR IMP@RTANCE
c S A | |
WRITE(IBUT,110) KsTIME)TEMP(1s1)}sTEMP{1, M) TEMPINS1)ILTEMP(N,MISTA

WRITE(IBUT,111) REAFRN(121),REAFRN{1,M),REAFRN(Ns1}s
1 REAFRN(N2M)sFRA
WRITE(IOBUTs111) CPAsCAPAV

WRITE(IBUT,L12) (FINFLX(I)s I=1,N)
WRITE(IBUT,112) (PLTFLX{J)s J=1,M)
DO 888 I=1sN : :

| WRITE(18UT,115) (TEMP(Isdls J=lsMWIDEIZFINTEN(T)
888 CONTINUE _
IF({MBDE.EQ.0sAND«FRACLEFRCTNI++01] GBTE 1

IF {MBDEEQ+1+AND+FRA+GE+FRCTN2=401) GBTO 1
80 CBNTINUE N
.68 _TO 1

11C FORMAT(//,15,F10+5,5F10+2)
111 FBRMAT(6Xs5F105)
412 FEGRMAT(10EL1De4) . .

115 FORMATI(/,10F10.2)
100 FORMATI(1015)
101 FORMAT(3F10+3)

102 FORMAT(10IS)
103 FORMAT(B(F11+5,1H ))
BN
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i — ¢ i e,

XMOLES={1¢wVAID ) ¥DXAREA#DRYDEN/WT
DELT=24-/NTIHE
TIME=Co»

~

YMOLES=MEBLES ,
XYMBLE=XMBLES*YMELES
WEIGHT=XMOLES*uWT+ 3E-¥XYM6LE*FR

"COE1=PREXDELT»XMELES
COELIP=PREPSDELT*XMOLES
COE2=XMOLES#*WT/DRYDEN

CBE3I=XYMELE/Q8
COE4=3600++AREAXDELT /DX
COES=wT*XMBLES

COE&6=32+xXYMALE
VOLUME=CBE2+CBE3*FR
VOIDFR=VEBLUME/DXAREA

ONETH=1s/3+
COND=1+0/(1+=VOIDFR**EGNETH)
SLOPE=(THRCN2=THRCNL) /70

CEPT=THRCN1=50.+4SLOPE
COND=CEND% (CEPT+TEMPIN®SLEPE)
QELCP=CP2=CP1

CP=CPi+FR%DELCP

PO_10 I=1,N

REAFRN(I}=FR
TEMP(I)=TEMPIN
CAPPA(I)1=CEND

o
]

HETCAP(I)=CP

10 CONTINUE

ICAUNT=0

DO 80 J=1sNTIME

e g = mari e
i
1

11 TIMESTIME+DELT

C BEGIN RATE LB9IP

IF{MCDE.EQ.0) GE& TE 13

12 CONTINUE

D8 12 I=1,N
DELMET(I)=COEL1XEXP(ACTIVE/(273¢+TEM
IF(HODEL«EQ+ Do ANDSTEMP(I1sGT«TCRITYL

P(I)J)*(i.-REAFRN(I))
) DELMET{I)=0.0"

G8 76 121

13 8 131 I=1.N

0o 0n;

c

C

431 CONTINUE

DELMET(I }==«CAE1P*EXP(=ESUBA/ {27347
IF(HEDEL-EQ-O.AND-TEMP(I)-LT:TCRITE

EMP({I1})1*REAFRN(I])
) DELMET(I)=0.0

HAVING CALCULATED THE METHANBL RATE, W
_ _PROPERTIES OF EACH SEGHMENT.

E NBW CALCULATE THE

121 DO 14 I=1.N

1 DXARE2)*%ENETH) =
14 CONTINUE

 REAFRN{I)=(XYMELE¥REAFRN (1) +DELMETI.

HETCAP({ I 1=CP1+REAFRM(I 1 *DELCP
CAPPA(L}=(CEPT+TEMNP{II*SLOPE!/ (L emi

(HAVING CALCULATED THE NEW PROPERTIES,

oNn

IV)/XYMELE

(COE2+COE3¥REAFRNII) )/

WE NBW CALCULATE. THE |





