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(57) La présente invention concerne un appareil de (57) A heat transfer apparatus (2) that uses an adsorbent
transfert de chaleur (2) utilisant un matériau adsorbant ~ material to generate a cooling effect. The heat transfer
pour produire un effet de réfrigération. Cet appareil de apparatus (2) includes a first vessel (4) containing
transfert de chaleur (2) comporte une premiére enceinte adsorbent material (10) and a second vessel (6)
(4) renfermant un matériau adsorbant et une seconde interconnected to the first (4). A working substance is
enceinte (6) interconnectée a la premiere (4). Une contained within the two interconnected vessels (4, 6).
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substance de travail est confinée 4 I'intérieur des deux
enceintes interconnectées (4, 6). Le matériau adsorbant
(10) et la substance de travail (26, 28) sont dimensionnés
de fagon que la substance de travail soit totalement
adsorbée, aussi bien a ’état liquide qu’a ’état solide
(26, 28), par le matériau adsorbant (10) vers la premicre
enceinte (4) a partir de la seconde enceinte (6), ce qui
refroidit la seconde enceinte (6) et réchauffe la premicre
(4). L adsorption compléte comprend une adsorption de
la substance de travail par vaporisation, pour la phase
liquide (26) de ladite substance, et d’une adsorption par
sublimation pour la phase solide (28) de ladite substance.
La seconde enceinte (6) contient une mousse
compressible qui s’adapte a la dilatation de la substance
de travail lorsqu’elle passe de la phase liquide a la phase
solide, et prévient la rupture de cette enceinte (6).
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The adsorbent material (10) and working substance
(26, 28) are sized such that the working substance is
completely adsorbed in both liquid and solid states
(26, 28) by the adsorbent material (10) from the second
vessel (6) into the first (4), cooling the second vessel (6)
and heating the first (4). Complete adsorption includes
adsorption of the working substance by vaporization
when the working substance is in a liquid phase (26) and
adsorption by sublimation when the working substance
is in a solid phase (28). The second vessel (6) contains a
compressible foam which accommodates the expansion
of the working substance when it changes phase from a
liquid to a solid and prevents the second vessel (6) from
breaking.
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(57) Abstract

A heat transfer apparatus (2) that uses an adsorbent material
to generate a cooling effect. The heat transfer apparatus @)
includes a first vessel (4) containing adsorbent material (10) and
a second vessel (6) interconnected to the first (4). A working
substance is contained within the two interconnected vessels (4,
6). The adsorbent material (10) and working substance (26, 28)
are sized such that the working substance is completely adsorbed
in both liquid and solid states (26, 28) by the adsorbent material
(10) from the second vessel (6) into the first (4), cooling the
second vessel (6) and heating the first (4). Complete adsorption
includes adsorption of the working substance by vaporization when
the working substance is in a liquid phase (26) and adsorption
by sublimation when the working substance is in a solid phase
(28). The second vessel (6) contains a compressible foam which
accommodates the expansion of the working substance when it
changes phase from a liquid to a solid and prevents the second
vessel (6) from breaking.
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BALANCED ADSORBENT REFRIGERATOR

CROSS-REFERENCE TO PRIOR APPLICATION
This application claims priority from U.S. Provisional Patent Application
No. 60/010,335, filed on November 1, 1995.

TECHNICAL FIELD
The present invention is generally directed to a heat transfer apparatus

that uses an adsorbent material to generate a cooling effect.

BACKGROUND OF THE INVENTION

Adsorption has previously been employed to generate a refrigeration
effect. Adsorption is a process which utilizes the natural affinity certain adsorbent
materials have for adsorbates. A typical refrigeration cycle employing adsorption
includes two phases. During one phase, the dried or charged adsorbent material is
exposed to a liquid adsorbate. The affinity the adsorbent has for the adsorbate causes
the adsorbate to enter a vapor state as it is attracted to the adsorbent. The conversion of
the adsorbate from a liquid state to a vapor state is an endothermic reaction which
extracts heat from the environment surrounding the liquid, and therefore cools the
environment and heats the adsorbent. During the second phase, additional heat is
supplied to the adsorbent to expel or desorb the adsorbed vapor, thereby recharging the
adsorbent. The desorbed vapor is condensed and cooled, and the two phase cycle is
repeated.

Zeolite (also called a molecular sieve), is a general term for crystalline
metal-alumosilicate adsorbents which are similar to sand in chemical composition. More
than 40 natural and 100 synthetic zeolites are presently known. Zeolite has a large
internal surface area of up to 100 m%*/g, and a crystal lattice with strong electrostatic
fields. Zeolite retains adsorbates by strong physical forces rather than by chemisorption.
This means that when the adsorbed molecule is desorbed by the application of heat or by
displacement with another material, it leaves the crystal in the same chemical state as

when it entered. The very strong adsorptive forces in zeolite are due primarily to the
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cations which are exposed in the crystal lattice. These cations act as sites of strong
localized positive charge which electrostatically attract the negative end of polar
molecules. The greater the dipole moment of the molecule, the more strongly it will be
attracted and adsorbed. Polar molecules are generally those which contain O, S, CI, or
N atoms and are asymmetrical. Water is one such molecule. Under the influence of the
localized, strong positive charge on the cations, molecules can have dipoles induced in
them. The polarized molecules are then adsorbed strongly due to the electrostatic
attraction of the cations. The more unsaturated the molecule, the more polarizable it is
and the more strongly it is adsorbed.

Desorption from zeolite powders shows no hysteresis. The adsorption
and desorption are completely reversible. With pelleted zeolite material, however, some
further adsorption may occur at pressures near the saturation vapor pressure through
condensation of liquid in the pellet voids external to the zeolite crystals. Hysteresis may
occur on desorbing this macro-port adsorbate.

In a typical installation, an adsorbent vessel and a condensing vessel are
interconnected. The adsorbent vessel contains an adsorbent such as zeolite and the
condensing vessel contains a working fluid, such as the water brine mixture disclosed in
U.S. Patent No. 4,584,842, Assuming the adsorbent is in an uncharged state, the
adsorbent vessel is heated to vaporize any working fluid contained therein and drive the
fluid from the adsorbent vessel to the condensing vessel where it condenses. Both
vessels are then cooled. As the adsorbent vessel cools, it begins to adsorb vapor from
the working fluid in the condensing vessel. As the working fluid enters the vapor state,
it adsorbs the heat of vaporization from its surroundings, which cools the condensing
vessel and the working fluid remaining in the condensing vessel. When the adsorbent is
saturated with working fluid vapor, the cycle is complete. The adsorbent vessel is then
reheated, causing the vapor to return to the condenser and condense, repeating the
previous cycle.

One drawback of the devices described above is that the working fluid,
which is typically water, requires the addition of salt to form a brine mixture. Without
the brine, the water will completely freeze and expand, breaking the condensing vessel

and associated hardware. For example, the condensing vessel ideally includes thin,
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finned heat exchanger tubes to maximize the cooling rate in the condensing vessel. Such
tubes are particularly prone to failure when subjected to freezing water. In addition, the
brine remaining in the condensate vessel tends to harden when the working fluid is
adsorbed, reducing the efficiency of heat transfer from the condensate vessel.

A further drawback of existing adsorbent refrigerators is that the capacity
of the adsorbent is not matched to the volume of working substance. If the adsorbent
capacity is too low, the adsorbent becomes saturated while there is still working
substance in either a fluid or a solid state. This is inefficient because the adsorbent must
be recharged more often than it would if it were sized to completely adsorb all the
working fluid. If the adsorbent capacity is too high, the adsorbent vessel is larger than
necessary and therefore inefficient to heat.

Accordingly, there is a need in the field for an adsorption apparatus which
matches the quantity of the working substance to the capacity of the adsorbent and
which can continue to adsorb the working substance whether the working substance is in
a fluid state or a solid state without causing damage to the apparatus. The present

invention fulfills these needs and provides further related advantages.

SUMMARY OF THE INVENTION

In brief, this invention is directed to a heat transfer apparatus that uses an
adsorbent material to generate a cooling effect. The invention provides an improvement
over the prior art because it is capable of adsorbing a working substance from the solid
phase as well as the liquid phase, thereby eliminating the need for brine or other additives
which reduce the freezing point of the working substance. The invention provides a
further improvement over the prior art because the amount of adsorbent material is
balanced to adsorb substantially all the working substance, thereby maximizing the
cooling effect of the working substance contained within the heat transfer apparatus.

In one embodiment of the prescnt invention, the apparatus includes a first
vessel containing adsorbent material and a second vessel connected to the first with a
conduit. The conduit provides a fluid passage between the vessels and the vessels
together with the conduit form a sealed volume capable of maintaining a pressure below

atmospheric pressure. The sealed volume contains a quantity of working substance
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which is selected to be substantially completely adsorbed by the adsorbent material. As
the working substance is adsorbed, it cools the second vessel. Once the working
substance has been completely adsorbed, the first vessel is heated to desorb the working
substance back to the second vessel.

In a further aspect of the invention, a portion of the working substance
located in the second vessel is in the solid state. The solid state working substance is
completely adsorbed by sublimation into the adsorbent material contained in the first
vessel.

In a further embodiment of the invention, the second vessel is housed
within an insulated refrigeration chamber. During adsorption, the second vessel cools
the refrigerated chamber in a manner suitable for storage of foodstuffs or other
substances which require refrigeration.

In still a further embodiment of the present invention, a second vessel is
adapted to be used with working substances which expand upon freezing. The second
vessel contains a compressible material which compresses as the working substance
changes from a liquid state to a solid state. The amount of compressible material
contained within the second vessel and the amount of working substance contained
therein are selected such that when the working substance freezes, the force exerted by
the working substance and the compressed compressible material on the second vessel is
less than the burst pressure limit of the second vessel.

In yet a further embodiment of the invention, the first vessel is used to
heat the hot reservoir of a Stirling engine and the second vessel is used to cool the cold
reservoir of the engine. The first and second vessels thereby increase the temperature
differential of the reservoirs between which the Stirling engine operates and increase the
efficiency of the engine.

In another embodiment of the invention, the conduit between the first and
second vessels contains a turbine. The turbine is coupled to a power transmission device
outside the conduit such that when vapor is passed from the second conduit to the first
conduit by adsorption, the vapor rotates a rotor in the turbine, generating power which

is transmitted to the power transmission device.
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In a further embodiment of the present invention, the heat transfer
apparatus includes a thermal voltaic device having a hot side and a cold side. The
apparatus is positioned to increase the temperature of the hot side with the adsorbent
vessel and decrease the temperature of the cold side with the condensing vessel, thereby
increasing the voltage output of the thermal voltaic device.

The present invention also provides a method for transferring heat and a
working substance between a first vessel containing an adsorbent material and a second
vessel connected to the first vessel with a conduit. The method comprises allowing a
liquid portion of the working substance to vaporize by adsorption and transfer from the
second vessel to the first vessel, thereby causing a remaining portion of the liquid
working substance in the second vessel to freeze, and continuing to adsorb the frozen
portion of the working substance by sublimation until the working substance has been
completely adsorbed.

These and other aspects of this invention will become evident upon

reference to the following detailed description and attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a partially cut away side view of an embodiment of the present
invention with an adsorbent vessel coupled to a condensate vessel.

Figure 2 is a cross-sectional view of an embodiment of the invention in
which the condensate vessel includes heat exchanger tubing and is housed in a
refrigerated box.

Figure 3 is a side view detail of the heat exchanger tubing of Figure 2
including a compressible material insert and fins. 4

Figure 4 is a cross-sectional view taken substantially along line 4-4 of
Figure 3.

Figure 5 is a detail of the compressible material insert of Figure 3.

Figure 6 is an embodiment of the present invention in which two

adsorbent vessels are connected to a single condensate vessel.
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Figure 7 is an embodiment of the present invention in which two
adsorbent vessels are each connected to separate heat exchangers to provide for
continuous cooling of the refrigerated box.

Figure 8 is a schematic view of an alternate embodiment of the present
invention in which two adsorbent vessels are used in conjunction with the condensate
vessel to drive a turbine.

Figure 9 is a schematic of an alternate embodiment of the present
invention in which the adsorbent vessel and condensate vessel are integrated into a basic
Stirling engine cycle.

Figure 10 is an embodiment of the present invention in which two
adsorbent vessels are connected to a single condensate vessel and includes accumulators
for pre-condensing a working substance.

Figure 11 is an embodiment of the present invention which includes both
gas-fired and electric heat sources.

Figure 12 is an embodiment of the invention which includes an internal
heat source, retaining machined adsorbent material, and an external annular heating or
cooling device.

Figure 13 is a cross-sectional view of the embodiment of Figure 12 taken
substantially along line 13-13.

Figure 14 is an embodiment of the invention which includes a hollow
internal heat transfer source and an external annular heat transfer source, both heat
transfer sources being suitable for heating or cooling the adsorbent material.

Figure 15 is a cross-sectional view of the embodiment of Figure 14 taken

substantially along line 15-15.

DETAILED DESCRIPTION OF THE INVENTION

As mentioned above, the present invention is directed to an apparatus for
using a heat source to generate a refrigerating effect. The apparatus includes an
adsorbent material which cyclically adsorbs and desorbs a working substance, causing a
transfer of heat. The present invention increases the efficiency of the adsorption cycle by

matching the capacity of the adsorbing material to the quantity of working substance.
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The invention further increases the efficiency of the adsorption cycle by retaining the
working substance in a vessel which does not burst when the working substance
solidifies, thereby permitting adsorption to continue after the working substance has
solidified.

A representative apparatus in accordance with the present invention is
shown in the figures for purposes of illustration. As shown in Figure 1, an adsorbent
vessel 4 of an apparatus 2 is connected to a condensate vessel 6 with a pipe 8 which
passes through an aperture 9 located in the base of the adsorbent vessel. The adsorbent
vessel 4 is packed with an adsorbent material 10 which has a strong affinity for polar
working substances. The pipe 8 extends through the adsorbent vessel 4 and is
surrounded by the adsorbent material 10. The pipe 8 contains perforations 12 which
permit vapor to pass back and forth between the adsorbent material 10 and the pipe. A
mesh cloth 14 covers the perforations 12 and prevents adsorbent material 10 from
entering the pipe 8 through the perforations. The adsorbent vessel 4 contains a plug 16
for draining of the adsorbent vessel and for access to the vessel for purposes of
maintenance.

A heat source 18 is located adjacent to the adsorbent vessel 4 and is
positioned to heat the adsorbent vessel and its contents. The heat source 18 may be
cycled between an active position in which it generates heat, heating the adsorbent vessel
4 and causing the adsorbent material 10 to release vapors (desorb), and an inactive
position in which the adsorbent vessel 4 and its contents are permitted to cool. The heat
source may take the form of an electric heater, combustion heater, the sun, or heating
may be accomplished by passing magnets over copper tubing, for example, the vessel 4.
Other heating methods known in the art may be used as well.

In one embodiment, the pipe 8 contains a vacuum valve 20 and a bellows
22. The vacuum valve 20 is movable between an open position, as shown in solid lines
in Figure 1 wherein the condensate vessel 6 may communicate with the adsorbent vessel
4 through the pipe 8, and a closed position indicated in phantom lines in Figure 1
wherein the condensate vessel is sealed from communication with the adsorbent vessel.
The condensate vessel 6 contains a viewing window 24 which permits viewing the

condensed liquid working substance 26 and solid working substance 28 contained in the
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condensate vessel. In another embodiment, the vacuum valve 20 and bellows 22 are
replaced with a commercial-grade vacuum valve, or other suitable valving device.

The adsorbent vessel 4 contains a second aperture 30 which is connected
to a vacuum valve 32 by a pipe 34. The vacuum valve is connectable to a vacuum
source 33 for purposes of evacuating the adsorbent vessel 4. It is desirable to reduce the
pressure in the adsorbent vessel 4 in order to lower the temperature at which the liquid
working substance 26 will vaporize and be adsorbed by the adsorbent material 10.
However, depending upon the characteristics of the adsorbent material 10 and the
working substance, pressures at and above atmospheric pressure are possible as well.
The vacuum valve 32 is positionable between an open position which permits
communication between the adsorbent vessel 4 and the vacuum source 33, and a closed
position in which the adsorbent vessel 4 is sealed from the vacuum source.

Prior to operation of the apparatus 2, the vacuum valve 32 is opened,
providing a fluid connection between the adsorbent vessel 4 and the vacuum source 33.
The vacuum valve 20 is then opened, providing a fluid connection between the adsorbent
vessel 4 and the condensate vessel 6. The pressure in the adsorbent vessel 4 and
condensate vessel 6 is reduced. The vacuum valve 32 is then closed and the apparatus 2
is ready for operation. In one embodiment, the pressure within the vessel 4 is reduced to
an absolute pressure of 4 mm of mercury (i.¢., 4 mm of mercury above total vacuum),
however other pressures are possible as well, depending on the type of adsorbent
material 10 and working substance contained within the apparatus, as well as the
temperature the apparatus is subject to.

In operation, the apparatus 2 cycles between an adsorption phase and a
desorption phase. In the desorption phase, the heat source 18 is activated and heats the
adsorbent vessel 4 and the adsorbent material 10, causing any liquid working substance
contained in the adsorbent material 10 to vaporize. The working substance vapor passes
from the adsorbent material 10, through the mesh cloth 14 and perforations 12, into the
pipe 8 and then into the condensate vessel 6 where it condenses, forming a pool of liquid
working substance 26. In one embodiment, wherein the working substance is water, the
adsorbent vessel is heated to a temperature of 250°F to desorb the working substance

vapor. Other temperatures are possible as well, depending upon the characteristics of
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the adsorbent material 10, the working substance, and the amount of working substance
which is desorbed during the desorption process. As shown in Figure 1, the condensate
vessel is preferably positioned beneath the adsorbent vessel 4, allowing gravity to aid the
passage of condensate from the adsorbent vessel to the condensate vessel.

Once the working substance vapor has been desorbed from the adsorbent
vessel 4 into the condensate vessel 6, the vacuum valve 20 is closed and both the
condensate vessel 6 and the adsorbent vessel 4 are permitted to cool. In a one, both the
adsorbent vessel and the condensate vessel cool to room temperature, approximately
70°F. The cooling rate of the adsorbent vessel 4 may be accelerated by adding a cooling
source 36. However, the cooling source is not required for operation of the apparatus 2.
Examples of cooling sources include fans, water jackets and other thermal dumps.
Though the cooling source shown in Figure 1 is external to the adsorbent vessel 4, it
may also extend within the adsorbent vessel to more efficiently cool the adsorbent
material 10 therein.

When the adsorbent vessel 4 and condensate vessel 6 have cooled, the
adsorption refrigerator 2 is ready to begin the adsorption phase. The vacuum valve 20 is
opened permitting fluid communication between the adsorbent vessel 4 and the
condensate vessel 6, and providing an immediate, sudden cooling effect. The adsorbent
material 10 adsorbs the liquid working substance 26, causing it to change phase from a
liquid to a vapor and pass through the pipe 8, the perforations 12, the mesh cloth 14, and
into the adsorbent material 10. As the liquid working substance passes from the liquid
state to the vapor state, it extracts the heat of vaporization from the surrounding liquid
working substance and from the condensate vessel 6 causing the water and condensate
vessel to cool. As the condensate vessel 6 and its contents cool, the liquid working
substance begins to form solid working substance 28. As the adsorption phase
continues, the liquid working substance 26 disappears either because it is adsorbed by
the adsorbent material 10 or because it turns entirely to solid 28.

Once the liquid working substance 26 has disappeared from the
condensate vessel 6, adsorption continues as the solid working substance 28 sublimates
directly to a vapor which is adsorbed by the adsorbent material 10. When the liquid 26

and solid 28 have been substantially completely adsorbed, the cycle is complete. The
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10

heat source is then reactivated, driving water vapor through the pipe 8 back into the
condensate vessel 6 to repeat the refrigeration cycle. As used herein, the term
substantially completely adsorbed means that substantially all the working substance,
whether liquid phase or solid phase, has been adsorbed to a vapor phase, and transferred
from the condensate vessel 6 to the adsorbent vessel 4.

The capacity of the adsorbent material 10 (i.e., the maximum amount of
working substance it retains) relative to the amount of working substance in the
apparatus 2 is an important feature of the invention. In one embodiment, the adsorbent
material 10 is MOLSIV Type 13X zeolite manufactured by UOP Inc. of Des Plaines,
Illinois, and the working substance is water. In this embodiment, the capacity of the
adsorbent material 10 is set at a value such that the adsorbent material completely
adsorbs both the liquid water 26 and the ice 28. The volume of the adsorbent material
10 is selected based on the desired cooling load and rate to be 22 cubic inches (i.e., 0.51
pounds). The working substance is selected to be 60 cubic centimeters of water, (i.e.,
28.5% of the weight of the adsorbent material 10), and the volume of the condensate
vessel 6 is sized to be equal to the volume of the working substance. The amount of
water desorbed by the adsorbent material 10 is 20 cubic centimeters when the adsorbent
material is heated to 250°F. The remaining 40 cubic centimeters of water remains in the
adsorbent material 10 after desorption. With this combination, residual water in the
condensate vessel 6 is completely frozen approximately 11 seconds after vacuum valve
20 is opened and the adsorptive phase of the cycle begins. With no direct working load
applied to the system (i.e., no source applying heat to the condensate vessel), the frozen
residual is completely adsorbed by the adsorbent material 10 approximately 120-160
minutes later.

The adsorbent-to-working-substance ratios and temperatures selected
above were selected to provide the cooling times indicated. Other ratios and
temperatures are possible which adsorb and desorb more of the total working substance.
Such ratios will reduce the frequency with which the adsorbent material 10 must be
desorbed.

As discussed above, the adsorbent material 10 is zeolite and the working

substance is water in one embodiment. Other working substances and other adsorbent
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materials, which have an affinity for the working substances are possible ‘as well. Such
working substances include NHj3, Ha, S, N,, CO,, etc., as well as both fluoro, chloro,
and hydrocarbons, and mixtures of the same. These substances have varying affinities
for adsorbent materials, as discussed below. Other adsorbent materials include
molecular sieves, silicon gel, activated alumina and other similar sodalite type structures,
including powders, pellets, particles, solid forms and gels of the same.

The external surface area of the adsorbent molecular sieve crystal is
available for adsorption of molecules of all sizes, whereas, the internal area is available
only to molecules small enough to enter the pores. The external area is only about 1%
of the total surface area. Materials which are too large to be adsorbed internally will
commonly be adsorbed externally to the extent of 0.2% to 1% by weight. Molecular
sieves are available in a wide variety of types and forms. By choosing the appropriate
adsorbent and operating conditions, it is possible to adapt molecular sieves to a number
of specific applications. Not only will molecular sieves separate molecules based on size
and configuration, but they will also adsorb preferentially based on polarity or degree of
unsaturation. In a mixture of molecules small enough to enter the pores, the less
volatile, the more polar or the more unsaturated a molecule, the more tightly it is held
within the crystal.

For example, in one embodiment of the present invention, the working

fluid is a mixture of CO; and water. The CO; more easily vaporizes than does the

water. At the beginning of the adsorptive phase of the cycle, the CO, immediately
vaporizes providing an immediate cooling effect. The water vaporizes more slowly but
over a long period of time, providing for a long-term cooling. The CO., in addition to
providing for an immediate cooling effect, improves the heat transfer rate from the heat
source 18 to the adsorbent material 10, thereby reducing the time and energy required to
desorb the adsorbent material. Substances such as nitrogen may be used in combination
with water as well. The nitrogen provides thermal conductivity, increasing the efficiency
with which heat may be transferred away from the adsorbent material during desorption.
Because the adsorbent material 10 does not adsorb nitrogen as strongly as water, the

nitrogen does not prevent the adsorbent material 10 from adsorbing water.
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In one alternate embodiment of the device illustrated in Figure 1, the
vacuum valve 20 is eliminated. As a result, the adsorbent material continuously adsorbs
the working substance and continuously rather than suddenly cools the condensate vessel
and its contents.

In the embodiment illustrated in Figure 1, the diameter of the adsorbent
vessel 4 is 2.4 times the diameter of the pipe 8; however, other pipe diameters and
configurations are possible as well. For example, the portion of the pipe 8 which is
positioned within the adsorbent vessel 4 may be divided into a plurality of smaller pipes,
each with perforations 12 and mesh cloth 14. The increased number of pipes increases
the rate of vapor transfer between the adsorbent 10 and the condensate vessel 6.

As illustrated in Figure 1, the heat source 18 is located external to the
adsorbent vessel 4, however other arrangements are possible. For example, the heat
source 18 may be placed within the adsorbent vessel 18 so as to more efficiently heat the
adsorbent material 10. In one such embodiment, the heat source 18 includes a water
resistant incalloy element, and the adsorbent material 10 is adhered directly to the
element to provide an intimate bond for efficient heat transfer. In this embodiment, the
incalloy, or other suitable material, is capable of being exposed to air without melting
while under a heat load. The binder material may be polyphenylene sulfide (PPS) or
aluminum phosphate. Aluminum phosphate is advantageous as a binder because it adds
structural strength by combining activated alumina and/or aluminum oxide with the
zeolite and can be heated above 600°F. PPS does not add as much strength but does not
require the addition of activated alumina or aluminum oxide, so that 100% of the
adsorbent can be zeolite.

In one embodiment illustrated in Figures 12 and 13, the adsorbent
material is in the form of machined adsorbent disks 50 which are stacked on a solid
heating element 52 formed from a material such as incalloy, which can be electrically
heated by applying a voltage to cables 53. Each adsorbent disk 52 has holes 54 which
permit desorbed vapor to be passed between the adsorbent disks 50 and the pipe 8. The
adsorbent disks 50 may be machined to provide rough surfaces 55 which allow air to
pass between the adsorbent disks to cool or heat the adsorbent disks as desired. A heat

transfer jacket 56 annularly surrounds the external surfaces of the adsorbent disks 50.
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The heat transfer jacket is connected to a heat exchange source 57 to vary the
temperature of the adsorption vessel 4. A fluid 58 such as water passes between the
heat transfer jacket 56 and the heat exchange source 57 to transfer heat between the
adsorbent disks 50 and the heat exchange source 57. The adsorbent disks 50 may be
machined to any desired shape and may be stacked on heating elements 52 having
varying lengths so as to fit within adsorbent vessels 4 having varying dimensions.

As shown in Figure 12, the heat exchange source 57 and heat transfer
jacket 56 may act to transfer heat to or from the adsorbent disks 50. When the heat
exchange source 57 and heat transfer jacket act 56 to heat the adsorbent disks 50, they
increase the rate at which the adsorbent disks desorb the working substance, reducing
the time required to desorb the adsorbent vessel 4, thereby reducing overall cycle time.
When the heat transfer jacket 56 and heat exchange source 57 act to cool the adsorbent
disks 50, they immediately quench the adsorbent disks, reducing the time required to
cool the adsorbent disks prior to the next adsorption phase, again reducing overall cycle
time.

In another embodiment illustrated in Figures 14 and 15, the adsorbent
material 10 is in the form of powder or pellets. A heating element 300 formed from a
material such as incalloy passes through the adsorbent material 10 and is connected to
the heat exchange source 57. The heating element 300 has an annular cavity 302
through which fluid 58 passes. The heat transfer jacket 56 is also coupled to the heat
exchange source 57, and also contains fluid 58.

As shown in Figures 14 and 15, the pipe 8 is bifurcated into perforated
sections 310 and 312. The perforated sections 310 and 312 contain perforations 12 to
permit vapor to pass between the adsorbent material 10 and the perforated sections, and
mesh cloth 14 to prevent the adsorbent material from entering the perforated sections.
Although two perforated sections 310 and 312 are shown in Figures 14 and 15, a greater
number of perforated sections is possible as well to maximize the rate of vapor transfer
between the adsorbent material 10 and the perforated sections. As discussed above in
relation to the embodiment illustrated in Figures 12 and 13, the heat exchanger source
57, heat transfer jacket 56 and annular heating element 300 may act to heat or cool the

adsorbent material 10. When hot fluid, such as water or other suitable fluid, is passed
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from the heat exchange source 57 through the heat transfer jacket 56 and through the
annular cavity 302 and the heating element is heated with an electric current supplied
through cables 53, the rate at which the adsorbent material 10 desorbs is increased,
reducing the time required to prepare the adsorbent vessel 4 for adsorption. When cold
fluid, such as water or other suitable fluid, is passed from the heat exchange source 57
through the heat transfer jacket 56 and through the annular cavity 302, the adsorbent
material 10 is immediately quenched, further reducing the time required to prepare the
adsorbent vessel 4 for adsorption after it has been heated and prior to desorption.

In another embodiment illustrated in Figure 2, the condensate vessel is
replaced by a heat exchanger 36 which is positioned within an insulated box 38. The
operation of the adsorbent vessel 4 is substantially the same as operation of the
adsorbent vessel discussed above in relation to Figure 1. As the heat exchanger cools
during the adsorption phase, it cools the box 38. The box 38 may then be used to store
any items, such as foodstuffs, which require refrigeration. The heat exchanger 36
contains heat exchanger tubing 40 which serves the same purpose as did the condensate
vessel 6 of Figure 1. However, the heat exchanger tubing 40 provides a greater heat
transfer surface area than does the condensate vessel 6 and therefore more efficiently
cools the box 38. The heat exchanger tubing 40 is oriented at a downward angle to take
advantage of gravitational forces as the heat exchanger tubing is filled with condensate.

The heat exchanger tubing 40 is shown in greater detail in Figure 3. In
this embodiment, the working substance is a material which expands when solidified,
such as water. As seen in Figure 3, the heat exchanger tubing 40 contains a foam or
other compressible material 42 which accommodates the expansion of the working
substance 26 as it freezes. The freezing water exerts pressure on the walls of the heat
exchanger tubing 40, creating a hoop stress, and on the compressible material 42.
Because the compressible material 42 is more compressible than the walls of the heat
exchanger tubing, it deforms thereby preventing the pressure from exceeding the hoop
strength of the heat exchanger tubing 40 as the working substance freezes completely.
Once the working substance has completely frozen, it continues to sublimate and be

adsorbed by the adsorbent material 10 as discussed previously. As used herein, the hoop
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strength refers to the stress beyond which the walls of the heat exchanger tubing 40 or
other vessel in which the compressible material 42 is placed burst.

It is desirable to size and position the compressible material 42 in the heat
exchanger tubing 40 to leave a flow area in the heat exchanger tubing adequate to permit
the flow of working substance vapor through the heat exchanger tubing during
adsorption. At the same time, it is desirable to provide sufficient compressible material
42 so that the freezing working substance does not completely compress the
compressible material 42 and then burst the heat exchanger tubing 40. Therefore, in a
one, the ratio of the working substance volume to compressible material 42 volume is
selected such that when the working substance freezes and expands, compressing the
compressible material 42, the combined pressure exerted by the frozen working
substance, any remaining liquid working substance, and the compressible material 42 is
less than the hoop strength of the heat exchanger tubing 40.

In the embodiment illustrated in Figure 3, the heat exchanger tubing
comprises a single section having openings 46 which communicate with the adsorbent
vessel 4. Other embodiments are possible as well. For example, the heat exchanger
tubing 40 may be divided into several lengths, each having openings 46 which
communicate with the adsorbent vessel. Such an arrangement increases the exposure of
the fluid within the heat exchanger tubing to the adsorbent vessel 4. In a further
embodiment, the heat exchanger tubing 40 may be fitted with fins 48 which increase the
rate of heat transferred from the box 38 to the heat exchanger tubing, thereby increasing
the rate at which the box is cooled.

In one embodiment of the invention, the compressible material 42 has a
triangular cross-sectional shape as is shown in Figure 4. This. shape permits the working
substance 26 to pass through the tube around the compressible material 42. This shape
also forces the working substance 40 contained within the heat exchanger tubing 40 to
the walls of the tubing for maximum heat transfer efficiency. Other shapes which serve
to position the working substance at the walls for maximum heat transfer are possible as
well. As is shown in Figure 5, notches 44 allow the working substance 26 to pass from
one side of the compressible material 42 to the other, thereby enhancing the rate at

which liquid and vapor pass through the tube 40. In this embodiment, the notches 44 are
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arranged in a helical pattern as shown in Figure 5 to permit the liquid and vapor to more
easily pass from one side of the compressible material 42 to another without
compromising the structure of the compressible material 42. The helical arrangement of
the notches also serves to minimize the hoop stress on the heat exchanger tubing 40
created when the compressible material 42 is compressed.

Although the compressible material 42 is shown in Figure 3 positioned in
the heat exchanger tubing 40, the compressible material 42 may be placed in any vessel
which is subject to bursting when liquid contained therein freezes and expands. For
example, the compressible material 42 may be placed in an outdoor water faucet to
prevent the faucet from breaking when the ambient temperature falls below freezing. In
these embodiments, the compressible material 42 may have any shape conforming to the
shape of the vessel in which it is positioned, and need not be triangular or elongate, as
shown in Figures 3 and 4. The compressible material may be positioned within the
vessel such that it is adjacent to a first wall of the vessel and spaced apart from a second
wall of the vessel. In this way, the compressible material acts to insulate the first wall of
the vessel, and to position the working substance adjacent to the second wall of the
vessel for maximum transfer of heat between the working substance and the second
surface.

Compressible material pellets may be used in vessels where the vessel
shape does not easily accommodate a single piece of compressible material. Although
the heat exchanger tubing 40 is typically made from a thin walled, rigid, thermally
conductive material, the compressible material 42 may also be installed in a vessel having
flexible walls. In this embodiment, both the vessel walls and the compressible material
42 flex when the liquid contained therein freezes. Other such applications of the
compressible material 42 will be known to those skilled in the art.

In another embodiment of the present invention, illustrated in Figure 6,
two adsorbent vessels 4 are connected to the condensate vessel 6. Each adsorbent
vessel 4 is operated in substantially the same manner as discussed previously, but the two
adsorbent vessels are operated out-of-phase so that when one adsorbent vessel is
adsorbing working substance from the condensate vessel, the other adsorbent vessel is

being heated by a heat source 18 and desorbing vapor and condensate into the
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condensate vessel 6. While the heated vessel is desorbing vapor, the vacuum valve 20
directly connected to the vessel is closed to prevent the condensate from being
immediately adsorbed by the adjacent adsorbing vessel. Valve 21 is opened to permit
the condensate to condense in an accumulator 23 without disturbing the simultaneous
adsorption conducted by the other adsorbent vessel 4. When desorption from the
desorbing vessel is complete, the valve 20 associated with the desorbing vessel is
opened, allowing the working substance to flow from the accumulator 23 into the
condensate vessel 6. In a one, the heat sources 18 and adsorbent vessels 4 are sized so
that when one adsorbent vessel is completely desorbed, cooled, and ready to adsorb, the
other adsorbent vessel is saturated and ready to desorb. The roles of the vessels are then
reversed; the formerly desorbing vessel adsorbs from the condensate vessel 6 and the
formerly adsorbing vessel desorbs into the accumulator 23. Although two adsorbent
vessels are shown in Figure 6, other configurations utilizing more adsorbent vessels are
possible as well. Such embodiments are advantageous because they eliminate the need
to exactly match the desorption time for one vessel to the adsorption time of the other.
Figure 7 illustrates a continuous cycle using multiple adsorbent systems
together. Each adsorbent vessel 4 is coupled to a separate heat exchanger 36 containing
heat exchanger tubing 40. As with the embodiment illustrated in Figure 6, the adsorbent
vessels 4 are operated out-of-phase, so that when one adsorbing vessel 4 is adsorbing the
working substance from the heat exchanger 36 to which it is connected, the other
adsorbing vessel is desorbing the working substance to its heat exchanger. In this
manner, the insulated box 38 may be maintained at a substantially constant temperature.
The box 38 has an upper freezer portion and a lower refrigerator portion.
The upper freezer portion contains a relatively high density of heat exchanger tubing per
unit volume of the box to achieve the low temperatures typically required for freezing
foodstuffs. The lower refrigerator portion contains a lower density of heat exchanger
tubing per unit volume of the box than does the freezer portion, and is suitable for
maintaining foodstuffs at typical refrigerator temperatures above 32°F. Other
embodiments employing more than two adsorbing vessels and heat exchangers are
possible as well. Such embodiments are advantageous because they eliminate the need

to exactly match the desorption time for one vessel to the adsorption time of the other.
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Figure 8 illustrates an embodiment of the present invention in which two
adsorbent vessels 60 and 62 are connected to condensing vessel 66. The flow of
adsorbing vapor between the adsorbent vessels 60 and 62 and the condensing vessel 66
drives a turbine 68 located at the entrance 70 of the condensing vessel to provide power
to the power transfer equipment 72. Valves 74 and 76 may be opened or closed as
desired to permit communication of one or the other of the adsorbent vessels 60 and 62
with the condensing vessel 66. Bypass valves 75, 76, 77 and 78 allow condensate to
return to the condensing vessel 66 through accumulators 79 and 71.

In operation, adsorbent vessel 60 is in a fully saturated state and
adsorbent vessel 62 is in a fully desorbed and charged state, valve 76 is opened, valve 74
is closed, valve 75 is closed and valves 77 and 78 are closed. In a typical installation, the
flow rate of working substance during desorption is too low to generate power at the
turbine 68. Therefore, when the first adsorbent vessel 60 is heated, vapor leaving the
vessel is routed through the bypass pipe 64 around the turbine 68 and into the
accumulator 79. The second adsorbent vessel 62 adsorbs vapor from the condensate
vessel 66, causing the vapor to pass through the turbine 68. As the vapor passes
through the turbine 68, it rotates the turbine. The rotational motion of the turbine is
transferred by power transfer equipment 72 using means known in the art, such as a
tightly sealed shaft or an eddy current coupling. Once the second adsorbent vessel 62 is
saturated with vapor and the first adsorbent vessel 60 is fully charged, the roles of the
vessels are reversed. Valves 75, 76 and 77 are closed, and valves 74 and 78 are opened.
The first adsorbent vessel 60 adsorbs vapor from the condensate vessel 66, driving the
turbine 68, while the second adsorbing vessel 62 desorbs vapor through the bypass pipe
65 into the accumulator 71.

Other applications of the adsorbent refrigerator device disclosed in the
present invention are possible as well. For example, the apparatus can be used to lower
the cold side temperature of a Stirling engine, thereby increasing the efficiency of the
engine. Figure 9 illustrates a basic regenerative Stirling engine cycle, as disclosed in
U.S. Patent No. 5,456,076 which is incorporated in its entirety herein by reference. The
basic Stirling engine cycle at a minimum comprises: a heat source 81 supplying heat

energy to a hot region 82, a heat sink 84 removing heat from a cold region 83, a
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thermally conductive gaseous working fluid 85 which transports heat energy between the
hot cylinder region 86 and cold cylinder region 87, a displacer piston 88 reciprocating in
a displacer cylinder 89 having a hot chamber 90 and a cold chamber 91, the hot and cold
chambers being connected by a thermally insulated regenerative heat exchanger 92, a
power piston 93 reciprocating in a power cylinder 94, a means for converting motion of
the power piston into useful power such as a rotating crankshaft, and a means for
controlling the timing of the movement of the displacer relative to the power piston.
The power piston 93 and displacer piston 88 may be free floating, as in a free floating
Stirling linear generator, or mechanically connected. In this embodiment, the heat
source 81 includes an adsorption vessel, and the heat sink 84 includes a condensate
vessel of the type previously discussed. The adsorption vessel and condensate vessel
heat and cool the heat source 82 and heat sink 83, respectively, increasing the engine
efficiency. In addition, the regenerative heat exchanger 82 may be replaced with an
adsorbent vessel/condensate vessel combination of the type previously discussed. The
heat source 81 may include solar energy, so that during the day, the heat source heats
adsorbent material, charging the adsorbent vessel. At night the adsorbent vessel adsorbs
the working substance from the condensate vessel, heating the adsorbent vessel and
cooling the condensate vessel. In this manner the inclusion of the adsorbent vessel and
condensate vessel serves to store solar energy and keep the Stirling engine operating,
even at night.

In another alternate embodiment of the invention the adsorptive
refrigerator may be used to improve the efficiency of thermal voltaic cells. The
adsorptive refrigerator is used to reduce the cold side temperature of the voltaic cells
and therefore increase the voltage output. Further embodiments are possible as well.
For example, the heat transfer apparatus may be used to cool a flat plate used for fish
processing, or to cool computer chips, power substations or cars. In each embodiment,
relatively low grade heat which is readily available is used to generate the desired cooling
effect.

Figure 10 illustrates an embodiment of the invention in which first and
second adsorbent vessels 4 and 104 operate with a single condensate vessel 6 to cool a

computer chip 180. While the first adsorbent vessel 4 is desorbing to an accumulator 23
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with valve 21 open and bypass valve 27 and vacuum valve 20 is closed, the second
adsorbent vessel 104 is adsorbing from the condensate vessel 6 with vacuum valve 120
and valve 121 closed and bypass valve 127 open. When the second adsorbent vessel 104
has completed adsorption and the first adsorbent vessel 4 has completed desorption, the
positions of the valves are reversed and adsorbent vessel 4 begins to adsorb as adsorbent
vessel 104 desorbs into the accumulator 123. In this way, the computer chip 180 is
continuously cooled.

Figure 11 illustrates an alternate embodiment of the present invention in
which the adsorbent vessel may be heated by a gas burner assembly 201 which exhausts
through gas port 202 or an electric heater element 203 or by hot gas or liquid which
flows in through inlet port 212 and out through outlet port 214. The method of heating
the adsorbent material 10 contained in the adsorbent vessel 4 may be chosen based on
the availability of the heating source at the time of desorption. The inlet port 212 and
outlet port 214 may be connected to any convenient heat source, such as a car radiator.
A cooling heat exchanger 210 is also provided to reduce the temperature of the
adsorbent vessel 4 once it has been desorbed. An entry port 205 is supplied to permit
maintenance of the adsorbent vessel 4 and its controls 207. Vacuum port 32 is
connectable to a vacuum source (not shown) for evacuation of the adsorbent vessel to
pressures less than atmospheric pressure.

From the foregoing it will be appreciated that, although specific
embodiments of the invention have been described herein for purposes of illustration,
various modifications may be made without deviating from the spirit and scope of the

invention. Accordingly, the invention is not limited except as by the appended claims.
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CLAIMS
1. A heat transfer apparatus which uses a heat source to generate a

cooling effect, the apparatus comprising:

a first vessel having a first aperture and containing an adsorbent material having
an adsorbing capacity;

a second vessel having a second aperture, the second aperture connected to the
first aperture of the first vessel with a conduit, the conduit providing a fluid passage between
the vessels, the vessels and the conduit forming a sealed volume capable of maintaining less
than atmospheric pressure therein; and

a quantity of working substance within the sealed volume, the working
substance capable of being strongly adsorbed by the adsorbing material, the quantity of
working substance being not greater than the adsorbing capacity of the adsorbent material at a
selected temperature and pressure of the sealed volume such that the working substance is

capable of being substantially completely adsorbed by the adsorbent material.

2. The heat transfer apparatus of claim 1, further comprising a valve
positioned in the conduit and moveable between an open position with the working substance
free to move between the first and second vessels and closed position with the working

substance constrained from movement between the vessels.

3. The heat transfer apparatus of claim 2 wherein the valve is in the closed

position and substantially all the working substance is retained by the adsorbent material.

4. The heat transfer apparatus of claim 1 wherein the second vessel has a
third aperture therein, further comprising a third vessel connected to the third aperture, the
third vessel having an adsorbent material and an adsorbent capacity, wherein the third vessel is
capable of being heated by a heat source while the first vessel is adsorbing the working
substance, and the first vessel is capable of being heated by the heat source while the third

vessel is adsorbing the working substance.
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5. The heat transfer apparatus of claim 1 wherein the second vessel is a

refrigeration element for cooling a volume surrounding the second vessel.

6. The heat transfer apparatus of claim 1 wherein a portion of the working
substance located in the second vessel is in a solid state and the solid state working substance

sublimates to a vapor state and is substantially completely adsorbed by the adsorbent material.

7. The heat transfer apparatus of claim 1 wherein the sealed unit has an

internal absolute pressure of 4 mm of mercury.

8. The heat transfer apparatus of claim 1 wherein the adsorbent material
has a weight and the working substance has a weight that is 28.5% of the adsorbent material

weight.

9. The heat transfer apparatus of claim 1, further comprising a heat source
positioned proximate to the adsorbent material for heating the adsorbent material and
evaporating the working substance therefrom, the heat source being controllable between an

active state wherein the heat source heats the adsorbent material and an inactive state.

10. The heat transfer apparatus of claim 9 wherein the heat source is

positioned external to the first vessel.

11. The heat transfer apparatus of claim 9 wherein the heat source is

positioned within the first vessel.

12. The heat transfer apparatus of claim 11 wherein the heat source is

thermally coupled to the adsorbent material.

13. The heat transfer apparatus of claim 11 wherein the heat source is

bonded to the adsorbent material.
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14. The heat transfer apparatus of claim 9 wherein the first vessel is capable

of achieving a temperature of approximately 70°F when the heat source is in its inactive state.

15. The heat transfer apparatus of claim 9 wherein the heat source is heated

by solar energy.

16. The heat transfer apparatus of claim 1 wherein the adsorbent material is
a zeolite.

17. The heat transfer apparatus of claim 1 wherein the working substance is
water.

18. The heat transfer apparatus of claim 1 wherein the working substance is

a first adsorbate, further comprising a second adsorbate, the first adsorbate being adsorbed by
the adsorbent at a slower rate than a rate at which the second adsorbate is adsorbed by the

adsorbent.

19. The heat transfer apparatus of claim 18 wherein the first adsorbate is

water and the second adsorbate is carbon dioxide.

20. The heat transfer apparatus of claim 1 wherein the adsorbent is a first
adsorbent and the working substance is a first adsorbate, further comprising a second
adsorbent and a second adsorbate, the first adsorbate being adsorbed by the first adsorbent at

a rate different than a rate at which the second adsorbate is adsorbed by the second adsorbent.

21. The heat transfer apparatus of claim 1 wherein the second vessel has a
burst pressure limit, further comprising compressible material positioned within the second
vessel, the compressible material compressible by the working substance as it changes from a
liquid state to a solid state between an uncompressed volume and a smaller compressed
volume, the compressible material and working substance exerting a selected pressure on the

container which is less than the burst pressure limit.
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22, The heat transfer apparatus of claim 1 wherein the first vessel has a
vacuum aperture therethrough and an internal pressure, further comprising a vacuum valve
connected to the vacuum aperture, the vacuum valve connectable to a vacuum source and
moveable between an open position with the vacuum source in fluid communication with the
first vessel for reducing the internal pressure of the first vessel and a closed position with the

first vessel sealed from the vacuum source.

23. The heat transfer apparatus of claim 1, further comprising a Stirling
engine having an engine efficiency and operating between a hot reservoir and a cold reservoir
wherein the second vessel is positioned to cool the cold reservoir, lowering a temperature at
which the cold reservoir removes heat from the Stirling engine, and the first vessel is
positioned to heat the hot reservoir, thereby increasing the engine efficiency relative to a

Stirling engine lacking the heat transfer apparatus.

24 The heat transfer apparatus of claim 1, further comprising a thermal
voltaic device having a hot side and a cold side and a voltage output wherein the second vessel
is positioned to cool the cold side, and the first vessel is positioned to heat the hot side thereby

increasing the voltage output relative to a voltage device lacking the heat transfer apparatus.

25. The heat transfer apparatus of claim 1, further comprising a turbine
device positioned in the conduit between the first and second vessels, the turbine device
having a turbine rotor capable of converting linear motion of the working substance as it is
adsorbed by the adsorbent material from the second vessel to the first vessel to rotational

motion and transferring energy associated with the rotational motion outside the conduit.

26. The heat transfer apparatus of claim 1 wherein the first and second
vessels, conduit and working substance define a first refrigeration unit, further comprising at
least a second refrigeration unit, the second vessels of the refrigeration units being contained
within a refrigeration chamber defining a refrigerated volume, the refrigeration units being

controllable to maintain the refrigerated volume at a selected temperature.
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27. The heat transfer apparatus of claim 1 wherein the first vessel has an
interior area and the conduit has a perforated portion projecting into the interior area, the
perforated portion having a plurality of perforations of a selected size, for passage of the

working substance between the adsorbent and the conduit.

28. The heat transfer apparatus of claim 27, further comprising a mesh layer
positioned between the perforated portion and the adsorbent, the mesh layer having a plurality
of openings, the openings having a size that is smaller than the selected size of the perforations
of the perforated portion of the conduit to prevent the adsorbent material from entering the

perforations.

29. The heat transfer apparatus of claim 1, further comprising a refrigerator
chamber defining an interior area having a temperature, wherein the second vessel is
positioned within the interior area of the refrigerator chamber, the conduit passes through an
aperture in the refrigerator chamber, and the first vessel is positioned outside the interior area,
the heat transfer apparatus capable of lowering the temperature of the interior area below a

temperature outside the interior area.

30. The heat transfer apparatus of claim 1 wherein the second vessel is a
length of tubing.
31. The heat transfer apparatus of claim 1, further comprising a plurality of

fins projecting outwardly from an exterior surface of the second vessel.

32. The heat transfer apparatus of claim 1 wherein the quantity of working

substance is approximately equal to the adsorbing capacity of the adsorbent material.

33. The heat transfer apparatus of claim 1, further comprising a heat
transfer source for transferring heat between the adsorbent material and a region outside the

first vessel, the heat transfer source being in thermal contact with the adsorbent material.



CA 02236596 1998-05-01

WO 97/16685 PCT/US96/17889

26

34. The heat transfer apparatus of claim 33 wherein the heat transfer source

is a water jacket surrounding the adsorbent material.

35. The heat transfer apparatus of claim 33 wherein the heat transfer source

is positioned within the first vessel.

36. The heat transfer apparatus of claim 33 wherein the heat transfer source

is capable of cooling the adsorbent material.

37. The heat transfer apparatus of claim 33 wherein the heat transfer source

is capable of heating the adsorbent material.

38. A vessel for containing a substance which expands when changing
phase from a liquid to a solid, comprising:

a container having a burst pressure limit; and

a compressible material positioned within the container, the compressible
material compressible by a frozen portion of the substance between an uncompressed volume
and a smaller compressed volume, the compressible material and substance exerting a selected

pressure on the container which is less than the burst pressure limit.

39. The vessel of claim 38 wherein the container is a pipe and the burst

pressure limit is the hoop strength of the pipe.

40. The vessel of claim 38 wherein the compressible material is foam.

41. The vessel of claim 38 wherein the container has container walls, the

container walls being substantially rigid.

42, The vessel of claim 38 wherein the container has container walls, the
container walls being flexible to permit expansion of the container when the substance

expands.
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43. The vessel of claim 38 wherein the container has a first wall and a
second wall, the compressible material being substantially adjacent to the first wall to insulate
the first wall from transfer of heat from the first wall, and spaced apart from the second wall to

allow transfer of heat from the substance to the second wall.

44, A method for transferring heat and a working substance between a first
vessel containing an adsorbent material and a second vessel connected to the first vessel, the
two vessels defining a sealed volume containing a working substance in a liquid phase, the
method comprising:

allowing a portion of the working substance to vaporize by adsorption and
transfer from the second vessel to the adsorptive material in the first vessel, thereby causing a
remaining portion of the working substance to freeze, creating a frozen working substance;
and

continuing to adsorb the frozen working substance by sublimation from the

second vessel to the adsorptive material in the first vessel.

45, The method of claim 44, further comprising continuing to adsorb the

frozen working substance by sublimation from the second vessel to the adsorptive material in
the first vessel until the frozen working substance is substantially completely adsorbed by the

adsorbent material.

46. The method of claim 44, further comprising:
heating the adsorbent to drive the working substance in a vapor state from the
adsorbent to the second vessel; and
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