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(57) Abstract

A combination heating and cooling apparatus which comprises a compartment (276) into which an item to be heated or cooled may be
placed; an electromagnetic wave generator (16, 278), wherein during a first mode of operation of the apparatus, the electromagnetic waves are
directed into the compartment (276) to heat the item; at least one sorber (12) having a housing (66) defining an enclosure; a sorbate/sorbent
compound located within the enclosure; a waveguide (14, 288) for coupling electromagnetic waves generated by the electromagnetic wave
generator (16, 278) to the sorber (12), wherein electromagnetic waves transmitted by the electromagnetic wave generator (16, 278) are |
propagated through the enclosure to desorb the sorbate from the sorbate/sorbent compound; a condenser (38) connected to the sorber (12);
an evaporator (42) connected to both the condenser (38) and the sorber (12) and positioned in heat exchange relation with the compartment
(276); and a controllable valve (48) interposed between the condenser (38) and the evaporator (42); wherein sorbate which is desorbed in
the sorber (12) is condensed in the condenser (38) and then, during a second mode of operation of the apparatus, controllably released into
the evaporator (42) to create a cooling effect and cool the item, after which the sorbate is drawn back into the sorber (12).




AL

AT
AU
AZ
BA
BB
BE
BF
BG
BJ
BR
BY
CA
CF
CG
CH
Cl
CcM
CN
Cu
Ccz
DE
DK
EE

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT.

Albania ES Spain LS Lesotho SI Slovenia
Armenia FI Finland LT Lithuania SK Slovakia
Austria FR France LU Luxembourg SN Senegal
Australia GA Gabon LV Latvia Sz Swaziland
Azerbaijan GB United Kingdom MC Monaco D Chad

Bosnia and Herzegovina GE Georgia MD Republic of Moldova TG Togo
Barbados GH Ghana MG Madagascar TJ Tajikistan
Belgium GN Guinea MK The former Yugoslav ™ Turkmenistan
Burkina Faso GR Greece Republic of Macedonia TR Turkey
Bulgaria HU Hungary ML Mali TT Trinidad and Tobago
Benin IE Ireland MN Mongolia UA Ukraine
Brazil IL Tsrael MR Mauritania UG *© Uganda
Belarus IS Iceland Mw Malawi Us United States of America
Canada IT Ttaly MX Mexico Uz Uzbekistan
Central African Republic JP Japan NE Niger VN Viet Nam
Congo KE Kenya NL Netherlands YU Yugoslavia
Switzerland KG Kyrgyzstan NO Norway w Zimbabwe
Cote d’Ivoire KP Democratic People’s NZ New Zealand

Cameroon Republic of Korea PL Poland

China KR Repubilic of Korea PT Portugal

Cuba KZ Kazakstan RO Romania

Czech Republic LC Saint Lucia RU Russian Federation

Germany LI Liechtenstein SD Sudan

Denmark LK Sri Lanka SE Sweden

Estonia LR Liberia SG Singapore




10

15

20

25

30

WO 98/41802 PCT/US98/05691

1

Sorption Refrigeration Appliance

This is a continuation-in-part of U.S. Patent Application No. 08/811,759
filed on March 6, 1997, which is a continuation of U.S. Patent Application No.
08/533,153 filed on September 20, 1995, now abandoned.

Backeround of the Invention

The present invention relates to sorption systems wherein a sorbate is
alternately adsorbed onto and desorbed from a sorbent. More particularly, the
invention relates to an cooling appliance which incorporates a refrigeration sorption
system wherein the sorbate is desorbed from the sorbent using electromagnetic
waves.

In adsorption and absorption systems, which will be referred to herein as
sorption systems, a first substance called a sorbate is alternately adsorbed (or
absorbed) onto and then desorbed from a second substance called a sorbent.
Specific sorbates and sorbents will usually be selected for a particular sorption
system to produce a desired effect which is dependent on the affinity of the two
substances. During an adsorption reaction, which is also referred to as the adsorb
cycle or the adsorb portion of the sorption cycle, the sorbate is drawn onto and
combines with the sorbate to produce a sorbate/sorbent complex, which will be
referred to herein simply as a sorbate/sorbent compound. During the desorption
reaction, which is also called the desorb cycle or the desorb portion of the sorption
cycle, energy is supplied to the sorbate/sorbent compound to break the bonds
between the sorbate and sorbent molecules and thereby desorb, or in other words
separate or drive off, the sorbate from the sorbent. Substantial energy is imparted
to the sorbate during the desorption reaction, and this energy can be harnessed for
various uses.

An exemplary refrigeration sorption system may use a polar refrigerant,
such as ammonia, as the sorbate and a metal halide salt, such as strontium bromide,
as the sorbent. During the desorption reaction, which occurs in an enclosure called
a sorber, the refrigerant molecules are driven off of the salt and into a relatively
high pressure, high energy gaseous state. The refrigerant gas is subsequently
condensed and then evaporated to produce a cooling effect. The evaporated

refrigerant gas is then channeled back to the sorber, where it is once again adsorbed
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onto the salt in an adsorption reaction. The sorption cycle is repeated numerous
times depending on the cooling requirements of the refrigeration system.

In certain prior art sorption systems, the desorption energy is supplied by a
conventional heater. In such a system, a great deal of thermal energy is required to
stochastically heat the sorbate/sorbent compound to the degree sufficient to break
the bonds between the sorbate and sorbent molecules. As a result, the sorbate,
sorbent and sorber are significantly heated, and substantial time and/or energy are
required to remove this sensible heat and cool the sorber and sorbent before the
next adsorption reaction can proceed.

In the refrigeration system described in the above-mentioned application, the
desorption energy is supplied in the form of electromagnetic waves, such as radio
frequency waves or microwaves, generated by, for example, a magnetron. Instead
of heating the sorbate/sorbent compound, the electromagnetic waves selectively
pump electrical energy into each sorbate-sorbent bond until the bond is broken and
the sorbate molecule is separated from the sorbent molecule. Therefore, the
sorbate, sorbent and sorber are not heated during the desorption reaction and
consequently do not need to be cooled before the next adsorption reaction can
proceed. As the desorption reaction is essentially isothermal, the overall
performance of the refrigeration system is greatly improved.

Summary of the Invention

According to the present invention, a cooling appliance is provided which
comprises at least one sorber having a housing defining an enclosure, a
sorbate/sorbent compound located within the enclosure, the sorber including a port
through which a sorbate may be communicated into and out of the enclosure, and
means for electrically coupling the sorber to an electromagnetic wave generator,
wherein electromagnetic waves transmitted by the electromagnetic wave generator
are propagated through the enclosure to desorb the sorbate from the sorbate/sorbent
compound. The cooling appliance also includes a condenser connected to the port
downstream of the sorber, an evaporator connected between the condenser and the
port, and a controllable valve interposed betwéen the condenser and the evaporator.
In this manner, sorbate which is desorbed in the sorber is condensed in the

condenser and then controllably released into the evaporator to create a cooling
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effect, after which the sorbate is drawn back into the sorber.

In another embodiment of the invention, the cooling appliance comprises
two sorbers, valve means for respectively connecting the sorbers alternately with
the condenser and the evaporator, and means for alternately coupling each sorber to
the electromagnetic wave generator. In this manner, an adsorption reaction can
occur in one sorber while a desorption reaction is occurring in the other sorber, and
vice-versa, to produce a continuous cooling effect.

In another embodiment of the invention, a combination cooking and cooling
appliance is provided by combining a microwave cooking appliance having a
magnetron, a power circuit for controllably activating the magnetron, a cooking
compartment and means for transmitting microwaves from the magnetron to the
cooking compartment with a refrigeration sorption system comprising a sorber, a
condenser connected to the sorber, an evaporator connected between the condenser
and the sorber in close proximity with the cooking compartment, and a controllable
valve interposed between the condenser and the evaporator. In this manner,
microwaves generated by the magnetron can both cook an item of food located in
the cooking compartment and desorb the sorbate from the sorbate/sorbent
compound in the sorber. When cooling is required, the sorbate which is desorbed
in the sorber is condensed in the condenser and then controllably released into the
evaporator to create a cooling effect in the cooking chamber, after which the

sorbate is drawn back into the sorber.

These and other objects and advantages of the present invention will be
made apparent from the following detailed description, with reference to the
accompanying drawings.

Brief Description of the Drawings

Figure 1 is a schematic representation of an exemplary refrigeration sorption
system incorporating the coaxial waveguide applicator of the present invention;

Figure 1A is a schematic diagram of the power supply and electromagnetic
wave generator of the sorption system depicted in Figure 1;

Figure 2 is a flow diagram of the process control steps of the sorption

system depicted in Figure 1;
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Figure 3 is a schematic representation of an exemplary refrigeration sorption
system incorporating two coaxial waveguide applicators of the present invention;

Figure 4 is a longitudinal cross-sectional view of a portion of one
embodiment of the coaxial waveguide applicator of the present invention;

Figure 5 is a partial perspective view of the coaxial waveguide applicator
depicted in Figure 4;

Figure 6 is a radial cross-sectional view of the coaxial applicator taken
along line 6-6 of Figure 4;

Figure 7 is a longitudinal cross sectional view of a second embodiment of
the coaxial applicator of the present invention;

Figure 8 is a longitudinal cross sectional view of a third embodiment of the
coaxial applicator of the present invention;

Figure 9 is a longitudinal cross sectional view of a fourth embodiment of
the coaxial applicator of the present invention;

Figure 10 is a longitudinal cross sectional view of a fifth embodiment of the
coaxial applicator of the present invention;

Figure 11 is a longitudinal cross sectional view of a sixth embodiment of
the coaxial applicator of the present invention;

Figure 12 is a longitudinal cross sectional view of a seventh embodiment of
the coaxial applicator of the present invention;

Figure 13 is a longitudinai cross sectional view of an eighth embodiment of
the coaxial applicator of the present invention;

Figure 14 is a longitudinal cross sectional view of a ninth embodiment of
the coaxial applicator of the present invention;

Figure 15 is a plan view of another embodiment of the coaxial applicator of
the present invention;

Figure 16 is a plan view of yet another embodiment of the coaxial
applicator of the present invention;

Figure 17 is a top plan view of a refrigeration sorption system of the
present invention specially adapted for use in cooling electrical components;

Figure 18 is a plan view of another embodiment of the refrigeration sorption

system depicted in Figure 17;
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Figure 19 is a cross-sectional perspective view of an evaporator constructed
in accordance with the present invention which is useful with the refrigeration
sorption systems described beginning with Figure 17;

Figure 20 is a top plan view of yet another embodiment of a refrigeration
sorption system of the present invention specially adapted for use in cooling
electrical components;

Figure 21 is a cross-sectional perspective view of a sorber constructed in
accordance with the present invention which is useful with the embodiments
depicted in Figures 17, 18 and 20;

Figures 22 and 22A are perspective and schematic views, respectively, of an
example of an electromagnetic wave generator which is useful with the present
invention;

Figures 23 and 23A are perspective and schematic views, respectively, of
another example of an electromagnetic wave generator which is useful with the
present invention;

Figure 24 is a plan view of an embodiment of a combination microwave
cooking and cooling appliance of the present invention;

Figure 25 is a plan view of another embodiment of a combination
microwave cooking and cooling appliance of the present invention;

Figure 26 is a plan view of yet another embodiment of a combination
microwave cooking and cooling appliance of the present invention; and

Figure 27 is a plan view of still another embodiment of a combination
microwave cooking and cooling appliance of the present invention.

Detailed Description of the Preferred Embodiments

The coaxial waveguide applicator described and claimed herein may be used
in a variety of sorption systems; however, for simplicity sake the operation of the
preferred embodiment of the coaxial waveguide applicator will be described in
conjunction with an exemplary refrigeration sorption system. In addition, although
the coaxial waveguide applicator of the present invention may be designed to
operate within a wide range of electromagnetic frequencies, the preferred
embodiment in particular will be described in the context of the radio frequency or

microwave bands of the electromagnetic spectrum.
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Furthermore, while the coaxial waveguide applicator described herein may
be designed for use with any of a variety of sorbate and sorbent substances, the
preferred embodiment of the invention contemplates using a polar gas, such as
ammonia, methane or alcohol, as the sorbate and a metal halide salt, such as
strontium bromide, as the sorbent. It should be understood that the selection of
particular sorbates and sorbents depends upon the desired objective of the sorption
system. In the refrigeration system described below, for example, a desired
temperature drop may be achieved by using ammonia as the sorbate and strontium
bromide as the sorbent.

Referring to Figure 1, an exemplary refrigeration sorption system according
to the present invention is shown to comprise a waveguide applicator 10 having a
sorber 12 which houses a sorbent, such as strontium bromide. In the context of the
present invention, a sorber is generally defined as a sealed enclosure which contains
a sorbent and in which the adsorption (or absorption) and desorption reactions take
place. Further details of the waveguide applicator 10 will be presented in
connection with the description of Figures 4 through 16.

As will be described more fully hereafter, the waveguide applicator 10
includes a waveguide coupler 14 for coupling the sorber 12 to a magnetron 16 or
any other suitable means for generating electromagnetic waves in the frequency
band of interest. Magnetron 16 is powered by a power circuit 18 which preferably
includes, with reference to Figure 1A, an alternating current power source 20
connected to a solid state switch 22 which feeds a transformer 24 which in turn
drives the magnetron 16. The power circuit 18 also includes a programmable
microcontroller 26, such as the Motorola MC68HCO05 microcontroller, for
controlling the operation of the switch 22 and other components of the sorption
system, as will be described. The microcontroller 26 includes a clock 28 and an
associated memory device (not shown) for storing program operating instructions.

The selection of the magnetron 16 depends upon the power requirements of
the particular system in which the waveguide applicator 10 is used and the desired
operating frequency of the system. For the exemplary refrigeration sorption system
depicted in Figure 1, a suitable magnetron 16 is the Samsung 900 Watt cold
cathode magnetron, which has an output frequency of 2.54 GHz. The
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representative magnetron 16 depicted in Figure 1A is shown to comprise a cathode
30, an antenna 32 and an outer conductor 34. The structural details of the
magnetron 16 are well understood by those skilled in the art and form no part of
the present invention. Of course, any other electromagnetic wave generator may be
used in conjunction with waveguide applicator 10, such as a klystron, a traveling
wave tube or any solid state device that is capable of providing a desired level of
power at the required frequency.

Referring again to Figure 1, the exemplary refrigeration sorption system is a
closed loop system which comprises an input/output line or conduit 36
communicating with the interior of the sorber 12, a condenser 38 connected to the
input/output line 36, a receiver or refrigerant reservoir 40 in communication with
the output of the condenser 38, and an evaporator 42 connected between the
receiver 40 and the input/output line 36. Suitable check valves 44, 46 are provided
between the input/output line 36 and the condenser 38 and evaporator 42,
respectively, to control the flow of the sorbate through the system and into and out
of the sorber 12. It should be understood that separate lines could be provided to
connect the sorber 12 respectively with the condenser 38 and the evaporator 42.

The design of the condenser 38 is dependent upon the volume of the sorbate
employed in the system, which in turn depends upon the temperature drop desired
at the evaporator 42 and the specific sorbate and sorbent employed in the system,
as will be described hereafter by way of example. In the exemplary refrigeration
system of Figure 1, wherein the sorbate is ammonia and the sorbent is strontium
bromide, the volume of the condenser 38 is preferably sufficiently large to maintain
the liquid sorbate at a pressure between approximately 130 psi and 140 psi, which
results in a condenser temperature of around 30° to 50° C. The condenser 38 may
be provided with cooling fins or other means to dissipate the heat of condensation
from the sorbate during the time required for the desorb cycle. Since the present
invention does not result in thermal energy being transferred to the sorbate during
the desorption reaction, a smaller condenser may be used than is typically required
in sorption systems. In addition, depending on the system, the condenser 38 may
be dispensed with and the sorbate vented directly into the receiver 40, or, if the

volume of the conduit between the check valve 44 and the evaporator 42 is
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sufficiently large, both the condenser 38 and the receiver 40 may be omitted.

The evaporator 42 is designed using conventional refrigeration techniques to
have the capacity and configuration required to achieve a desired cooling effect. A
flow control valve, for example a TEV 48, is preferably provided upstream of the
evaporator 42 to selectively discharge the liquid sorbate into the evaporator 42.
The TEV 48 is a conventional electrically-controlled, solenoid-actuated vaive. The
particular TEV selected should have a capacity large enough to accommodate the
mass flow rate of the sorbate in the system. In accordance with the exemplary
refrigeration sorption system described herein, the operation of the TEV 48 is
dependent on the pressure in the evaporator 42, which is measured by a suitable
pressure sensor S0 which is preferably located at the output of the evaporator 42.
The pressure sensor 50 transmits a signal indicative of the evaporator pressure to
the microcontroller 26 over a lead 52, and the microcontroller 26 controls the
operation of the TEV via appropriate signals communicated over a lead 54. In
order to prevent the sorbate from evaporating inside the TEV 48, a capillary tube is
inserted into the outlet of the TEV 48 and extends into the evaporator 42 to a point
where the load to be cooled is expected to be concentrated. The diameter of the
capillary tube is typically selected to be between about 0.004 to 0.030 inch,
depending on the mass flow rate of the sorbate. Any other suitable flow control
valve, for example a thermal expansion valve, may be used in place of the TEV 48.

The sorbent is preferably combined, or charged, with the sorbate prior to
being placed in the sorber 12. Before this is done, however, the sorbent should be
thoroughly dried to remove any moisture. Such moisture may cause arcing in a
coaxial applicator 10 which is not designed to use water as the sorbate. The
removal of the moisture may be accomplished by subjecting the sorbent to a
vacuum and exposing it to microwaves. The vacuum removes the moisture
molecules which are desorbed from the sorbent by the microwaves. Then, in a
moisture-free enclosure, a predetermined amount of sorbent is combined with a
predetermined amount of sorbate, which amounts depend on the requirements of
the system, as will be explained hereafter by way of example. The sorbate
molecules bond with the sorbent molecules to form a sorbate/sorbent compound,

and the compound is preferably packed into the sorber 12 to a pressure of about 50
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psi to ensure that the compound makes good contact with the surrounding structural
elements.

During the desorb cycle, microwaves from the magnetron 16 are propagated
through the sorbate/sorbent compound by waveguide applicator 10 to desorb the
sorbate from the sorbate/sorbent compound. The microwaves selectively pump
electrical energy into each sorbate-sorbent bond until the bond is broken and the
sorbate molecule is separated from the sorbent molecule. It is believed that the
microwaves induce dipolar rotation in the sorbate molecules, imparting sufficient
kinetic energy to allow them to escape from the electrical potential binding them to
their associated sorbent molecules. The sorbate is thus driven off of the
sorbate/sorbent compound and into a relatively high pressure, high energy gaseous
state. The high pressure sorbate gas expands isothermally past check valve 44 into
the condenser 38, where it condenses to a relatively high pressure liquid state. The
liquid sorbate is then communicated into the receiver 40, where it is held by the
TEV 48 until a cooling cycle is to begin.

After the desorption reaction has been completed, the system is immediately
ready to commence an adsorb cycle. Due to the chemistry involved, the speed of
the adsorption reaction depends in part on the temperature of the sorbent: the
cooler the sorbent, the faster the sorbate molecules can be combined with the
sorbent molecules. In the present invention the electromagnetic waves do not
transmit thermal energy to the sorbent during the desorption reaction; thus, the
sorbent does not need to be cooled prior to commencing the adsorption reaction.
Therefore, an adsorption reaction may begin immediately following a desorption
reaction in the sorption cycle.

During the adsorb cycle, which corresponds with the cooling cycle in the
embodiment of the refrigeration sorption system depicted in Figure 1, liquid sorbate
is released by the TEV 48 into the evaporator 42. The sorbate evaporates to
produce a cooling effect and, due to the affinity between the sorbate and the
sorbent, the evaporated sorbate is drawn through the check valve 46 and the line 36
into the sorber 12. The sorbate combines with the sorbent in a chemical reaction
that produces the sorbate/sorbent compound, as discussed above. This chemical

reaction generates a heat of adsorption, which heat must ideally be dissipated
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before the next adsorb cycle may begin. Accordingly, the waveguide applicator 10
may be provided with cooling means, examples of which are described below, to
dissipate the heat of adsorption during the adsorb and desorb cycles. Consequently,
the sorption cycle may proceed repeatedly from the desorb cycle to the adsorb
cycle without requiring a sorbent cooling cycle in between.

In the preferred embodiment of the invention, the microcontroller 26
controls the operation of the sorption system and, consequently, the execution of
the desorb and adsorb cycles, in response to preprogrammed process control
software stored in the associated memory device. Referring to Figure 2, the desorb
cycle begins when the microcontroller 26 sends a signal to switch 22 to activate
magnetron 16. Simultaneously, the microcontroller begins to track time, or count
pulses, from its clock 28. Once the time reaches the predetermined desorb cycle
time, the derivation of which will be described hereafter by way of example, the
magnetron sends a signal to switch 22 to deactivate the magnetron 16.

Alternatively, the end of the desorb cycle can be determined by sensing the
temperature of the magnetron 16. In this embodiment, which is illustrated in
Figure 1A, the sorption system of the present invention includes a suitable
temperature sensor 56 which is positioned adjacent the cathode 30 and
communicates with the microcontroller 26 via a lead 58. As the sorbate is
desorbed from the sorbate/sorbent compound, the characteristic impedance of the
waveguide applicator will change. Consequently, a percentage of the power will
not be transmitted to the waveguide applicator 10, and this will cause the cathode
30 to heat up. Once the temperature of the cathode 30 increases by a
predetermined amount, for example 15° C, the microcontroller 26 deactivates the
magnetron 16 to end the desorb cycle. The specific temperature rise will depend
on the given system and magnetron employed and may be determined empirically.

After the desorb cycle has been completed, the microcontroller senses the

evaporator pressure (P,,) and compares this to the vapor pressure of the sorbate at

evp
the desired evaporator temperature (P,). If P, is less than or equal to P,, then the
microcontroller 26 pulses the TEV 48 to release the sorbate into the evaporator 42
and thereby begin the adsorb cycle. The pulse width and initial cycle of the TEV

42 are determined empirically for a given system, the objective being to ensure that
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all of the sorbate evaporates and a superheat of around 3° to 5° C 1s maintained so
that the sorbate remains in the gas state when it leaves the evaporator 42. The
microcontroller 26 then optimally executes a proportional integral derivative (PID)
control routine to modulate the frequency of the pulse cycle. If, however, P, is
greater than P, which may indicate for example that the TEV 48 is stuck open and
the evaporator is flooded, an alarm will preferably sound so that the malfunction
can be addressed.

During the PID routine, the microcontroller samples P, at a rate at least
twice the pulse frequency and modulates the pulse frequency depending on the
measured changes in P,,, to maintain P, less than or equal to P, Alternatively,
the microcontroller may modulate the pulse width to achieve the same effect. The
PID routine requires several input variables, including the phase margin, the phase
margin frequency, the percent overshoot and the peak time. These input variables
are determined by measuring the response of the system, for example the pressure
at the pressure sensor 50, to known inputs. The implementation of the PID control
routine in software and the derivation of the input variables is achieved using
known techniques. As an alternative to the PID control routine, the microcontroller
26 may pulse the TEV 48 in accordance with any suitable fuzzy logic or heuristic
control routine to achieve the results described above.

The process control software preferably includes a software trigger to
determine the end of the adsorb cycle. In one embodiment, the microcontroller
may simply compare the elapsed time from the clock 28 with the total cycle time.
If the elapsed time is equal to the predetermined desorb cycle time plus the
predetermined adsorb cycle time, the derivation of which will be described
hereafter by way of example, the microcontroller will close the TEV 42 and begin
another desorb cycle. Alternatively, if the microcontroller 26 determines that P,
is not equal to P, within two settling times of the system, which condition indicates
that the evaporator may have become flooded, then the microcontroller 26 will
close the TEV 42 and begin another desorb cycle. Otherwise, the microcontroller
26 will continue pulsing the TEV 42 as part of the adsorb cycle. Of course, the
above software triggers may both be used to provide redundancy, if desired.

After the adsorb cycle and prior to the desorb cycle, the pressure within the
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sorber 12 is relatively low. Consequently, a possibility exists that a plasma ignition
may occur in the sorber 12 as a result of the Geissler effect once the magnetron 16
is activated to begin the desorb cycle. A plasma ignition may destroy the sorbent
and reduce the performance of the sorption system. In order to prevent the
occurrence of a plasma ignition, a preferred embodiment of the present invention
contemplates increasing the pressure in the sorber 12 prior to or at the onset of the
desorption reaction. Accordingly, the microcontroller 26 may be programmed to
pulse the TEV 48 briefly, for example three times, prior to actuating the magnetron
16 in order to bring the pressure within the sorber 12 to a level sufficient to avoid
the Geissler effect. Alternatively, with reference to Figure 1A, the power circuit 18
of the sorption system may include a power mosfet 60 to control the current of the
cathode 30. Mosfet 60 is controlled by the microcontroller 26 to gradually increase
the current in the magnetron 16 to initiate desorption and thereby gradually increase
the pressure in the sorber 16 before the full power of the magnetron 16 is
transmitted to the sorber 12.

The requirements of the exemplary refrigeration sorption system determine
the types and amounts of the sorbate and sorbent to be used. If the cooling
requirements, in terms of cooling capacity or rate, are greater than the capacity of
the magnetron, then a single waveguide applicator 10 may be used in a batch
cooling system.

Example 1

For example, assume that a 900 W magnetron is available and that the
system is required to provide 3 kW of cooling to maintain an evaporator
temperature of -50° C for 30 seconds. The required evaporator temperature
suggests the use of ammonia as the sorbate or refrigerant. Since as mentioned
above it is desired to maintain the condenser temperature between 30° and 50° C, a
sorbent must be selected that will allow the ammonia to evaporate from a liquid at
30° to 50° C to a vapor at -50° C. Accordingly, from the vapor pressure curves
for various ammonia-sorbent compounds, one is led to select strontium bromide as
the sorbent. The high affinity or bond strength between ammonia and strontium
bromide produces a sufficiently low vapor pressure upon adsorption to allow the

ammonia to evaporate at -50° C from a liquid at 50° C.
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Once the sorbate and sorbent are selected, the mass flow rate and the
amount of sorbate required to achieve the desired cooling effect may be
determined. From the saturation properties table for ammonia, the change in
enthalpy from the liquid ammonia at 50° C to vapor ammonia at -50° C is known
to be about 1050 joules per gram. The mass flow rate (MFR) of the ammonia is
then determined as follows:

MFR = cooling capacity / change in enthalpy
= (3000 J/s)/(1050 J/g) = 2.86 g/s NH,.
Thus, 2.86 grams of ammonia will evaporate each second at an evaporator
temperature of -50° C. Since it is required to maintain this temperature for 30
seconds, a total of 2.86 g/s x 30 s = 85.80 grams of ammonia are required in the
system.

Once the amount of sorbate has been determined, the required amount of
sorbent may be calculated. Since the molecular weight of ammonia is about 17.03
g/mole, 85.80 grams of ammonia is equivalent to roughly 5.04 moles. It is known
that each molecule of strontium bromide can combine with eight molecules of
ammonia. Therefore, assuming complete adsorption of the ammonia onto the
strontium bromide, (5.04 moles NH;)/(8 moles NH,/mole SrBr,) = 0.63 mole SrBr,
is required. Since the molecular weight of strontium bromide is about 247.43
g/mole, the amount of strontium bromide required is thus 155.88 grams. Of course
other factors, for example the time required to dissipate the heat of adsorption, may
require that more sorbent be used. These factors depend upon the design of the
particular sorber and waveguide applicator.

It is known that approximately 2550 joules of energy are required to desorb one
gram of ammonia from strontium bromide. Therefore, to desorb 85.80 grams of
ammonia requires 218,790 joules of energy. The time required to do this with a
900W magnetron is thus 218,790J / (900 J/s) = 243.10 s, which is roughly 4
minutes. Thus, in the example of the batch refrigeration sorption system just
described, the desorb cycle will last 4 minutes and be followed by an adsorb cycle
of 30 seconds. This cycle may be repeated as required.

Referring to Figure 3, an example of a refrigeration system incorporating two

waveguide applicators of the present invention is illustrated. In this embodiment,
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the same reference numbers will be used to describe elements similar to those
depicted in Figure 1. The exemplary refrigeration sorption system of this
embodiment comprises first and second waveguide applicators 10a, 10b, each
having a sorber 12a, 12b containing a sorbent. Microwaves from a magnetron 16
are transmitted alternately to the sorbers 12a, 12b through a suitable switch 62 and
waveguide couplers 14a, 14b, the latter of which will be described in more detail
hereafter. Switch 62 can be of any known type and is preferably actuated
automatically by the microcontroller 26. Alternatively, two magnetrons 16 may be
provided, in which event the microcontroller would activate the magnetrons
successively.

The condensing and evaporating apparatus are similar to those described with
reference to Figure 1. In this embodiment, however, a two-way valve 64 is
provided to alternately connect each sorber 12a, 12b respectively with the
condenser 38 and the evaporator 42. Valve 64 is preferably an electrically-actuated
valve which is controlled by microcontroller 26. However, valve 64 may be any
suitable means to perform the required function, and other valving arrangements,
such as combinations of check valves, may be provided for this purpose.

In one position of valve 64, which is depicted in Figure 3, the sorber 12a is
connected with the condenser 38 and the sorber 12b is in communication with the
evaporator 42. In this position, the microcontroller 26 actuates the switch 62 to
direct the microwaves to the waveguide applicator 10a and commence a desorption
reaction in sorber 12a. The sorbate gas from sorber 12a is condensed in the
condenser 38. At the same time, liquid sorbate in the receiver 40 is released by the
TEV 48 into the evaporator 42 and drawn into the sorber 12b in an adsorption
reaction. Thus, sorber 12a may undergo a desorption reaction while sorber 12b is
undergoing an adsorption reaction.

After the longer of the desorb cycle in sorber 12a or the adsorb cycle in sorber
12b is completed, the microcontroller 26 switches valve 64 to the position shown in
phantom in Figure 3 to connect the sorber 12b with the condenser 38 and the
sorber 12a with the evaporator 42. The microcontroller then actuates the switch 62
to direct the microwaves to the waveguide applicator 10b and commence a

desorption reaction in sorber 12b. The sorbate gas from sorber 12b is condensed in
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the condenser 38, while simultaneously liquid sorbate in the receiver 40 is released
by the TEV 48 into the evaporator 42 and drawn into the sorber 12a in an
adsorption reaction. Thus, sorber 12b may undergo a desorption reaction at the
same time sorber 12a is undergoing an adsorption reaction.

If the refrigeration sorption system depicted in Figure 3 is designed so that the
adsorb cycle time is greater than or equal to the desorb cycle time, then sorbate
may continually be evaporated in the evaporator 42 to provide continuous cooling.
The process control software for the system of Figure 3 may be implemented in a
manner similar to that discussed above for the system of Figure 1. The continuous
cooling system of Figure 3 is ideally suited for use when the cooling requirements
are less than or equal to the capacity of the magnetron.

Example 2

For example, assume that the system is required to provide 100 W of cooling to
maintain a constant evaporator temperature of -50° C. With ammonia as the
sorbate and strontium bromide as the sorbent, the mass flow rate of the ammonia
for this system is calculated as follows:

MFR = cooling capacity / change in enthalpy
= (100 J/s)/(1050 J/g) = 0.095 g/s NH,.

In a multiple sorber system, a minimum amount of sorbent is desired for each
sorber. In the two sorber system of Figure 3, an appropriate amount of strontium
bromide for each sorber is 20 grams, which is equivalent to 0.081 mole SrBr,.
This amount of strontium bromide can adsorb (0.081 mole SrBr,)x
(8 moles NH;/mole SrBr,)x(17.03 g NH /mole) = 11.035 g NH ; The minimum
time required to adsorb this amount of ammonia is (11.035 g NH,)/( 0.095 g/s
NH;) = 116.16 seconds.

The adsorb cycle time in this example determines the power of the magnetron
that the system will require. In order to have continuous cooling, the desorption
reaction in the second sorber must be completed in 116.16 seconds. From the
previous example, 2550 joules of energy are required to desorb one gram of
ammonia from strontium bromide. Accordingly, 11.035 g NH, x 2550 ] =
28,139.25 joules of energy are required to completely desorb the ammonia from the

strontium bromide in the system. Since this energy must be expended in 116.16
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seconds, approximately 242.24 Watts of power are required for the desorption
reaction. Thus, a standard 250 W or 300 W magnetron may be used in this
example.

The nature of the electromagnetic wave-activated desorption reaction of the
present invention allows for partial desorption of the sorbate from the
sorbate/sorbent compound, or in other words, desorption of less than the entire
amount of sorbate from the sorbate/sorbent compound. Thus, single or dual sorber
systems may be designed to perform a multitude of functions. For example, a dual
sorber system may be designed to provide both continuous cooling and rapid
freezing on demand.

Example 3

In this example, assume that a refrigerator/freezer appliance is required to
provide 100 W of continuous cooling to maintain a constant evaporator temperature
of -50° C. In addition, assume that the appliance incorporates an ice maker which
is required to generate 3 kW of batch cooling in order to freeze a predetermined
volume of water in 30 seconds, which because of the evaporator design would
require that the evaporator temperature be maintained at -50° C for this length of
time. Finally, assume that the system comprises a single 900 W magnetron to
generate these cooling requirements.

From the first example above, we know that in order to obtain the 3kW of
batch cooling, the system requires at least 155.88 grams of strontium bromide and
85.80 grams of ammonia having at a mass flow rate of 2.86 g/s. Thus, the first
sorber must be designed to contain this amount of strontium bromide and the rest
of the system must be designed to accommodate this mass flow rate.

In addition, we can assume from the second example above that the second
sorber comprises 20 grams of strontium bromide, and we therefore know that each
sorber is alternately required to desorb 11.035 grams of ammonia in order to
achieve 100 W of continuous cooling and that the energy required to do this is
28,139.25 joules. Since the system of the present example employs a 900 W
magnetron, the desorb cycle time is determined to be 28,139.25 J/(900 J/s) = 31.26
seconds. However, we also determined from the previous example that to provide

the required 100 Watts of continuous cooling, a mass flow rate of 0.095 g/s is
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required and the minimum adsorb cycle time is therefore 116.16 seconds.

Thus, assuming the mass flow and heat diffusion characteristics of both sorbers
are approximately the same, each sorber may be alternately desorbed for 31.26
seconds to provide 100 Watts of continuous cooling at an evaporator temperature of
-50° C. While a desorb cycle is underway in one sorber, the microcontrolier
controls the TEV to discharge liquid sorbate into the evaporator at a rate of 0.095
g/s to maintain an adsorb cycle time of 116.16 seconds in the other sorber.
Therefore, the total sorption cycle is roughly 147.42 seconds for the 100 W
continuous cooling demand.

Although the desorb cycle time for continuous cooling in this example is only
31.26 seconds, we know from example 1 that roughly four minutes are required to
completely desorb the first sorber to meet the batch cooling requirement. Thus,
while operating in the continuous cooling mode, the first sorber will undergo only a
partial desorption reaction for 31.26 seconds, after which it will fully recharge, or
adsorb, during the 116.16 second adsorb cycle.

In order to provide the batch cooling on demand, the first sorber must be
completely desorbed for four minutes. This can be accomplished by interrupting
the continuous cooling cycle, or operating the batch cooling cycle in off peak hours
when continuous cooling is not required. In order to meet the specific cooling
requirements, the microcontroller is programmed to actuate the TEV to release the
liquid sorbate into the evaporator at the predetermined mass flow rates to maintain
the predetermined adsorb cycle times.

Alternatively, a system of three sorbers may be employed to meet the cooling
requirements of example 3. The first two sorbers can be substantially as described
with respect to example 2 to provide the required 100 W of continuous cooling.
The third sorber can be substantially as described in example 1 to provide the
required 3 kW of batch cooling. During each continuous cooling cycle, the
magnetron is not utilized for a time equal to the difference between the adsorb
cycle time and the desorb cycle time, or in this example about 85 seconds. During
this time, the magnetron may be activated and the microwaves directed to the third
sorber to partially desorb the third sorber. Since four minutes are required to

desorb the third sorber, it may be completely desorbed in roughly three continuous
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cooling cycles. This allows the appliance to provide continuous cooling without
interruption.

Referring now to Figures 4 - 6, an embodiment of the coaxial waveguide
applicator 10 of the present invention is shown to comprise a sorber 12 having a
generally tubular metallic housing 66 which defines an outer conductor of the
waveguide applicator 10. An end plug 68 is positioned in a first end 70 of sorber
12 and sealed therein by means of preferably elastomeric O-ring seals 72, and an
end cap 74 is positioned over a second end 76 of sorber 12 and similarly sealed
thereagainst by means of O-ring seals 78. End plug 68 and end cap 74 are secured
within ends 70, 76 by any suitable means, such as bolts 80 in the case of end cap
74, to thereby define a sealed enclosure within the outer conductor 66.

In this embodiment of the invention; a metallic inner conductor 82 is provided
which includes a first end 84 beginning beyond the left end (as viewed in Figure 4)
of the outer conductor 66 and a second end 86 extending into the outer conductor
66 parallel to the longitudinal axis of the sorber 12. The first end 84 is received in
a bore 88 formed in the end plug 68 and is sealed therein by O-ring seals 90. The
second end 86 is received in a bore 92 formed in the end cap 74 and is sealed and
secured therein by any suitable means, such as swaging or welding. In this
embodiment, end plug 68 is secured in end 70 of sorber 12 by means of a bolt 94
which is threaded into a corresponding hole 96 formed in the first end 84 of inner
conductor 82. The inner conductor 82 also preferably comprises a plurality of
radial metal fins 98 secured thereto or formed integrally therewith. The inner
conductor 82 may also include radial flanges 100 flanking the fins 98 and an inner
axial bore 102 extending substantially through the second end 86 thereof, the
purpose of which will be made apparent below.

An appropriate sorbent 104, which in the Figures is represented as a salt, is
prepared with a sorbate as discussed above and packed into the spaces between the
fins 98. In addition, a port 106 is formed in the end cap 74 to allow the sorbate in
line 36 to enter and exit the sealed enclosure of the sorber 12 during the adsorption
and desorption reactions. A suitable filter 108, such as a perforated Polyethylene
or Teflon disk, is preferably positioned at the interface of the port 106 and the

sealed enclosure to prevent the sorbent from migrating out of the sealed enclosure



10

15

20

25

30

WO 98/41802 PCT/US98/05691

19

and into the line 36. In addition, a manifold sleeve 110 is positioned between the
outer conductor 66 and the sorbent 104 to facilitate the communication of the
sorbate into and out of the sorbent 104. The manifold sleeve 110 of this
embodiment is preferably formed of perforated Polyethylene and includes a
plurality of longitudinal grooves 112 formed in the outer surface thereof (see
Figures 5 and 6). Thus, sorbate gas is allowed to flow down the grooves 112 and
through the manifold sleeve 110, and vice-versa. The perforated material of the
manifold sleeve 110 also functions as a filter to contain the sorbent in the sorber
12.

The dimensions of the sorber 12 are preferably chosen to minimize the mass
flow and thermal diffusion path lengths. These factors determine how quickly the
sorbate can be adsorbed and the time required to dissipate the heat of adsorption,
respectively. While the mass flow and thermal diffusion rates may be minimized
through the selection of sorbates and sorbents, the mass flow and thermal diffusion
path lengths are typically minimized by reducing the thickness of the sorbate.
However, for a given sorption system that is designed to meet specific
requirements, a certain minimum amount of sorbent is required, and reducing the
thickness of the sorbent would require increasing the length or diameter of the
sorber 12 to maintain this minimum amount of sorbent. Therefore, in the
embodiment of the waveguide applicator depicted in Figures 4 - 6, the thickness of
the sorbate is maintained at a minimum through the use of the fins 98. Since the
fins are constructed of a metallic material and can therefore dissipate heat, the fins
also contribute to reducing the thermal diffusion path length. In the absence of fins
98, it has been determined that a suitable thickness for the sorbent in an ammonia-
strontium bromide sorption system is between about 1/16 and 1/8 inch.

The diameters of the inner and outer conductors 82, 66 are chosen to provide
the sorber 12 with a characteristic impedance that matches the characteristic
impedance of the source of the electromagnetic waves as closely as possible. The
impedance of the source is either the characteristic impedance of the
electromagnetic wave generator or the characteristic impedance of the waveguide
coupler 14 which couples the sorber 12 to the electromagnetic wave generator.

However, in the present invention the waveguide coupler 14 is preferably designed
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to have an impedance close to that of the electromagnetic wave generator.

The impedance of the sorber 12 is the combined impedance of the inner and
outer conductors 82, 66 and the sorbate/sorbent compound. The equation for the
characteristic impedance of concentric cylinders is as follows:

Z, = (2/c)x((u/e)*)x(In(ID/OD)),
where c is the speed of light, u is the magnetic permeability of the material
between the cylinders, € is the dielectric constant of the material between the
cylinders, ID is the inner diameter of the outer cylinder and OD is the outer
diameter of the inner cylinder.

In an ammonia-strontium bromide sorption system, the value for p can be
assumed to be that for air, that is 1.26X10¢. Also, the value for € for liquid
ammonia is about 20 and the dielectric constant of strontium bromide can be
assumed to be negligible. Since we know that ammonia accounts for roughly 30 to
35 % by volume of the ammonia-strontium bromide compound, we can estimate
the value of € for the compound to be about 6.5. Alternatively, the dielectric
constant for the sorbate/sorbent compound may be measured directly. Once these
values are obtained, they may be plugged into the above equation to determine the
desired ratio of the diameters of the inner and outer conductors 82, 66. Usually,
however, the maximum outer diameter is limited by the desired size of the coaxial
applicator 10.

As an alternative to the above derivation of the characteristic impedance of the
sorber 12, this value may be determined by modeling the sorber 12 using
conventional numerical modeling techniques. These modeling techniques may also
be used to optimize the diameters of the inner and outer conductors 82, 66 and
design the waveguide coupler 14 so that an optimum impedance match between the
electromagnetic wave generator 16 and the sorber 12 may be obtained.

The inner and outer conductors 82, 66 are formed of metallic materials which
optimally transmit the electromagnetic waves through the sorbate/sorbent
compound. In addition, the materials for these components are preferably selected
to take advantage of the skin effect, which recognizes that at high frequencies the
current is transmitted at the surface of the conductor. Thus, in the present

embodiment, the electromagnetic waves will be transmitted over the surfaces of the
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inner conductor 82 and the fins 98. This results in a highly uniform and effective
propagation of the electromagnetic waves through substantially the entire volume of
sorbent 104. In the preferred embodiment of the invention, the inner conductor 82
is formed of aluminum and the outer conductor 66 is constructed of stainless steel.
In addition, the fins 98 are approximately 0.02 inch thick and are spaced about six
fins per inch along the inner conductor 82.

As will be described below, the first end 84 of the inner conductor 82 is
coupled to, for example, the antenna 32 of the magnetron 16 by a suitable
waveguide coupler 14. The end plug 68 is thus manufactured out of an
electromagnetic wave-transparent material, such as Teflon, so as not to interfere
with the transmission of the waves. In addition, in the embodiment of the
waveguide applicator depicted in Figures 4-6, the second end 86 of the inner
conductor 82 is short circuited to the outer conductor 66 via the end cap 74, which
is constructed of a metallic material such as stainless steel. This prevents the
waves from being transmitted out of the second end 76 of the sorber 12.

The design of the individual components of the sorber 12 and the waveguide
coupler 14 should be undertaken in accordance with conventional radio frequency
engineering techniques so as to avoid creating undesirable field concentration points
in these components. Thus, edges which are exposed to the electromagnetic field
should be smooth or rounded and gradual transitions should be employed between
individual components.

Various means may be incorporated with the waveguide applicator 10 to help
dissipate the heat of adsorption. With reference to Figure 7, for example, a heat
tube cooler 114 is shown having a hollow metallic heat tube 116 which is attached
to the inner conductor 82 by a suitable connector 118. The distal end of the heat
tube 116 is in communication with a reservoir 120 containing a volume of
refrigerant 122. The heat tube cooler 114 also includes a wick 124, for example a
325 mesh stainless steel screen tube, which extends from the reservoir 120 through
the heat tube 116 and substantially entirely into the bore 102 of the inner conductor
82. In addition, a plurality of cooling fins 126 are preferably attached to the heat
tube 116. In operation, the wick 124 draws liquid refrigerant from the reservoir

122 into the bore 102. The heat of adsorption produced in the sorbent 104 is
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conducted by the fins 98 and the inner conductor 82 to the liquid refrigerant in the
wick 124. Upon being heated, the liquid refrigerant evaporates and expands into
the heat tube 116. The heat of the evaporated refrigerant is then dissipated through
the fins 126. Once the refrigerant is cooled sufficiently, it will condense and return
to reservoir 120. This cycle is repeated automatically. A fan 128 may also be
provided to increase the rate at which the heat is dissipated by the fins 126, which
will result in a corresponding decrease in the time required to dissipate the heat of
adsorption.

Another embodiment of the waveguide applicator of the present invention is
depicted in Figure 8. In this embodiment, the waveguide applicator 130 is shown
to comprise a sorber 12 having an outer conductor housing 66 and a solid inner
conductor 82. The first end 84 of the inner conductor 82 extends through the end
plug 68 and is connected to a waveguide coupler 14. The waveguide coupler
includes a conventional coaxial cable connector 132, such as is described in U.S.
Patent No. 5,216,327. Cable connector 132 comprises an inner conductor 134,
which is connected to the inner conductor 82 through a metallic socket 136, and an
outer conductor 138, which is connected to the outer conductor 66 via a conducting
cap 140. The conducting cap 140 is attached to the outer conductor using any
suitable means, such as by bolting, welding or a threaded coupling sleeve (not
shown). An appropriate dielectric material 142 is preferably included in the
conducting cap 140 to, among other functions, provide support for the end plug 68.
In this embodiment of waveguide coupler 14, a standard coaxial cable is used to
connect the sorber 12 to an electromagnetic wave generator which is provided with
a similar coupler 14.

In the embodiment of Figure 8, the check valves 44, 46 are incorporated into
the end cap 74. The check valves 44, 46 are positioned in corresponding bores
144, 146 formed in the end cap 74 and are preferably secured therein by threaded
nipples 148. In this embodiment, the end cap 74 includes an inlet port 150 and an
outlet port 152, which are connected respectively to the evaporator and the
condenser. The sorbate gas is communicated through the filter 108 and a gas path
sleeve 154 to the sorbent 104. The gas path sleeve 154 may be, for example, a

porous Polyethylene cylinder. The sorbent is positioned adjacent the outer
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conductor 66, and radial cooling fins 156 may be provided to help dissipate the
heat of adsorption. In addition, a spacer cylinder 158 may be provided to align the
gas path sleeve 154 with the inlet and outlet ports 150, 152 or to ensure that the
sorbent layer is positioned adjacent the outer conductor 66.

Referring now to Figure 9, yet another embodiment of the waveguide applicator
of the present invention, which is indicated generally by reference number 160, is
shown to comprise a sorber 12 having a metallic outer conductor housing 66 and a
substantially hollow inner conductor 82. The inner conductor 82 extends through
end plug 68 and is coupled via a waveguide coupler 14 directly to, for example, a
magnetron 16. The waveguide coupler 14 includes a plug coupler 162 for
connecting the inner conductor 82 to the antenna 32 of the magnetron 16 and a
conducting sleeve 164 for connecting the outer conductor 34 of the magnetron 16
to the outer conductor 66 of the sorber 12. Of course, the magnetron 16 and the
sorber 12 could be made as an integral unit, in which event the antenna 32 of the
magnetron would function as the inner conductor 82 and the outer conductor 34 of
the magnetron would function as the outer conductor 66 of the sorber 12.

In this embodiment, the end cap 74 includes a single inlet/outlet port 166 and
the check valves (only one of which is visible in Figure 9) are mounted radially in
end cap 74 in communication with port 166. The sorbate enters the sorber 12
through port 166 and is communicated to the sorbent 104 through a gas path sleeve
154. The sorbent is positioned adjacent the inner conductor 82, and suitable
means, such as the heat tube cooler 114, may be connected to the inner conductor
82 to help dissipate the heat of adsorption.

A further embodiment of the waveguide applicator of the present invention is
depicted in Figure 10. In this embodiment, the waveguide applicator, indicated
generally by reference number 168, comprises a sorber 12 having an outer
conductor housing 66 and an inner conductor 82. The left end (as viewed in
Figure 10) of the inner conductor 82 extends into or through the end plug 68 and
into a waveguide coupler 14 comprising a waveguide 170. The outer conductor 66
is connected directly to the waveguide 170. Electromagnetic waves from the
magnetron 16 are thus coupled to the sorber 12 through the waveguide 170.

In this embodiment, the inlet and outlet ports 150, 152 in end cap 74 are
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connected to an axial bore 172 extending most of the way through the inner
conductor 82. Bore 172 is connected to a plurality of radial bores 174 formed in
inner conductor 82 to communicate the sorbate through a filter sleeve 176 to the
sorbent 104. The filter sleeve 176 may be a perforated Polyethylene cylinder. The
sorbent 104 is positioned adjacent the outer conductor 66, and a plurality of non-
metallic fins or discs 178, made of Teflon for example, may be provided to reduce
the mass flow and thermal diffusion path lengths of the sorbent 104. In addition,
longitudinal fins 180 may be connected to the outer conductor 66 to help dissipate
the heat of desorption.

Figures 11 and 12 illustrate embodiments of the present invention wherein the
inner conductor is inserted transversely into the outer conductor. The waveguide
applicator shown in Figure 11, indicated generally at 182, includes a sorber 12
having an outer conductor housing 66 and a T-shaped inner conductor 82. Inner
conductor 82 includes a transverse stem 184 which extends through a plug 186
secured in an opening 188 formed in the outer conductor 66. In this embodiment,
the left end 190 and the right end 192 of the inner conductor are short circuited
with the outer conductor 66 through respective metallic end caps 74 and the stem
184 is coupled to a source of electromagnetic waves via a suitable waveguide
coupler (not shown).

The waveguide applicator of Figure 12, which is indicated generally by
reference number 194, is similar to waveguide applicator 182. However, in this
embodiment the ends 190, 192 of the inner conductor 82 are not short circuited to
the outer conductor 66. Rather, the ends are terminated a predetermined distance
from the metallic end caps 74. This distance and the dimensions of the inner and
outer conductors 82, 66 are specifically designed to create a resonant cavity within
the sorber 12 using standard microwave engineering techniques. The resulting
standing electromagnetic wave may have an intensity greater than that which is
achieved in the coaxial waveguide applicators of the previous embodiments, which
generate traveling plane waves. In this embodiment, the ends 190, 192 of the inner
conductor may be supported in non-metallic end plugs 68, and a suitable waveguide
coupler 14, such as that described with reference to Figure 8, is employed to couple

the sorber 12 to an electromagnetic wave generator.
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Referring now to Figure 13, a waveguide applicator 196 is shown which
comprises a sorber 12 having an outer conductor housing 66 and an inner
conductor 82 which includes multiple probes 198 extending through the sealed
enclosure formed in the sorber 12. The multiple probes 198 allow the
electromagnetic waves to be transmitted directly and propagated uniformly through
the sorber 12. In this embodiment, the waveguide applicator 196 may include a
gas inlet/outlet cylinder 200 supported between the end plug 68 and the end cap 74.
The cylinder 200 preferably includes an axial bore 202 in alignment with the port
106. In addition, the cylinder 200 is preferably made of perforated Polyethylene or
a similar material to permit the sorbate to be communicated to the sorbent 104 and
to prevent the sorbent 104 from exiting the sorber 12 through port 106.

In the embodiment depicted in Figure 14, the waveguide applicator 204 also
includes a sorber 12 having an outer conductor housing 66. However, in this
embodiment the inner conductor 82 is designed to extend only a predetermined
amount into the outer conductor. This results in the electromagnetic waves being
broadcast through the sorber 12 in a transverse magnetic wave pattern. The
distance that the inner conductor extends into the outer conductor is selected to be
a multiple of one-quarter wavelength of the operating frequency. A suitable
waveguide coupler 14 is provided to couple the inner and outer conductors 82, 66
to an electromagnetic wave generator. Conventional radio frequency design
techniques, including for example numerical modeling methods, are preferably
employed to determine the ideal dimensions of the sorber 12 in this embodiment of
the invention.

In this embodiment, a support sleeve 206 may be provided to support the inner
conductor 82 and displace the salt 104 toward the outer conductor 66. The support
sleeve is constructed of a material which will not interfere with the transmission of
the electromagnetic waves, such as Teflon.

Referring now to Figures 15 and 16, the coaxial waveguide applicator 10 of the
present invention may take many configurations. Thus, the sorber 12 may be
coiled (as shown in Figure 15) or otherwise bent (as shown in Figure 16). In
addition, since the housing of the sorber 12 must be strong enough to maintain the

internal pressures generated during the desorption reactions, the sorber 12 may
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form a structural component of an apparatus incorporating the sorption system of
the present invention. Furthermore, provided a sufficiently strong outer conductor
is provided and the required electrical configuration is maintained, the sorber 12
may be implemented in a flexible housing.

The sorption system of the present invention is particularly suited for cooling
electrical components in computing and superconducting applications. Depending
on the cooling requirements, the above teachings can be applied in the
determination of an appropriate electromagnetic wave generator, the design of a
waveguide applicator, and the selection of suitable sorbates and sorbents. While
the embodiments of the coaxial waveguide applicator 10 described above may be
used in such a refrigeration sorption system, other waveguide applicators may be
derived from the above teachings to meet particular requirements.

Referring now to Figure 17, a refrigeration sorption system for cooling, for
example, a microprocessor 208 mounted on the motherboard 210 of a computer
212 is shown. The refrigeration sorption system of this embodiment may be
located in a housing 214 separate from the computer 212 and preferably comprises
many of the elements described with reference to Figures 1 and 1A. Thus, the
sorption refrigeration system includes a power circuit 18 for controllably activating
an electromagnetic wave generator 16 which is coupled to a sorber 12 of a
waveguide applicator 10 by a suitable waveguide coupler 14. In this embodiment,
an appropriately designed evaporator 42 is mounted or attached to the
microprocessor 208 and is connected through the cabinet of the computer 212 to
the housing 214 through a suitable pressure coupling 216. Power for operating the
refrigeration sorption system may be provided over a cable 218 which is connected
to a suitable power source, for example a standard socket 220 located on the
computer 212. In addition, a fan 222 may be provided to help dissipate the heat of
adsorption from the sorber 12 and the heat of condensation from the condenser 38.

The refrigeration sorption system may also be located inside the computer or
other apparatus containing electrical components to be cooled. With reference to
Figure 18, the refrigeration sorption system is shown mounted on a PC board 224
which may be plugged into an expansion slot 226 connected to the system bus 228

of the computer 212. As in the previous embodiment, the refrigeration sorption
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system shown in Figure 18 comprises many of the same components depicted in
Figures 1 and 1A. The components are mounted to the board 224 using
conventional techniques, and the elements of the power circuit 18 and the
electromagnetic wave generator 16 are preferably interconnected via the conductive
5 tracings on the board 224.
While the power circuit 18 may be substantially as described with reference to
Figure 1A, control of the operation of the refrigeration sorption system of Figure
18 may be provided through the main microprocessor of the computer 212. In
addition, the power required to operate the refrigeration sorption system may be
10 obtained from the computer 212. The system accordingly preferably includes a
local bus 230 which is connected to the system bus 228 and power supply of the
computer 212 through conductors 232 and the expansion slot 226. The power
circuit 18 includes conventional voltage and current converting circuitry to convert
the power from the computer 212 into the form required by the electromagnetic
15 wave generator 16, and the components of the power circuit 18, as well as the
valve 48 and the pressure sensor 50, if required, are preferably connected to the
local bus 230.
Furthermore, although the condenser 38 is shown mounted on a portion of the
PC board located inside the computer 212, the condenser may be mounted on the
20 rear edge 234 of the PC board, which is exposed externally of the cabinet of the
computer 212 when the PC board 214 is mounted in the computer 212. In this
manner, any heat dissipated by the condenser 38 will not be communicated to the
electrical components inside the computer 212. Similarly, the sorber 12 may be
mounted outside of the cabinet of the computer 212 so that the heat of adsorption
25 will not be communicated to the electrical components.
Referring to Figure 19, an evaporator 42 which is especially adapted for use in
cooling electrical components is shown. The evaporator 42 comprises a housing
236 having a depending shroud 238 adapted to be positioned over and secured to
the electrical component to be cooled (not shown). A manifold 236 comprising
30 preferably several interconnecting branches 242 is formed in housing 236 above the
shroud 238. The manifold 240 is connected to the condenser 38 and the sorber 12

of the refrigeration adsorption system (not shown) by an inlet line 244 and an
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outlet line 246, respectively. A plurality of preferably capillary-size holes 248 are
formed in the housing 236 to connect the manifold 240 to the space 250
encompassed by the shroud 238 and the electrical component to which the
evaporator 42 is attached.

In operation of evaporator 42, a liquid sorbate refrigerant will enter the
manifold 240 through inlet 244 and be discharged into space 250 through holes
248. The liquid sorbate will evaporate in space 250 and absorb the heat generated
by the electrical component, thereby cooling the component. The evaporated
sorbate will then be drawn through outlet 246 and back to the sorber 12.

Referring to Figure 20, the refrigeration sorption system is shown mounted
directly to the motherboard 210 of the computer 212. In this embodiment, the
evaporator 42 may be positioned beneath the microprocessor 208 (depicted in
phantom) or etched directly into the substrate of the motherboard 210. The sorbate
flow line 252 may also be etched directly into the substrate of the motherboard 210
using conventional techniques. In addition, the check valves 44, 46, as well as the
flow control valve 48, may be micromechanical devices which are also etched into
the substrate. In this manner, the refrigeration sorption system depicted in Figure
20 may occupy a relatively small portion of the motherboard 210. Alternatively,
many of the components of the refrigeration sorption system, such as the valves
and the waveguide applicator, may be placed on a separate integrated circuit chip
which is mounted to the motherboard 210 and connected to the other components
of the refrigeration sorption system by appropriate means.

A waveguide applicator 10 suitable for use in any of the previous embodiments
is depicted in Figure 21. In this embodiment, the waveguide applicator 10 is
implemented using stripline transmission line, or microstrip, technology, such as
discussed in the textbook Practical RF Power Design Techniques by Irving M.
Gottlieb (TAB Books, 1993). The sorber 12 is formed by etching a chamber 254
directly into a circuit board substrate 256, which is typically a dielectric material
and then sealing the chamber to define a pressure tight enclosure. Prior to sealing
the enclosure, the sorbent 104 is placed in the chamber 254. Electromagnetic
waves are transmitted to the sealed enclosure and propagated through the sorbent

104 via a ground plane conductor 258 positioned on one side of the enclosure and



15

20

25

30

WO 98/41802 PCT/US98/05691

29

a stripline conductor 260 positioned on a side of the enclosure opposite the ground
plane conductor 258. The ground plane conductor 258 and the stripline conductor
260 are preferably coupled to the electromagnetic wave source by striplines (not
shown). The sorbate is communicated to the sorbent through a port 262 formed in
the substrate, and a suitable filter may be provided to prevent the sorbent 104 from
exiting the sealed enclosure through port 262. Alternatively, any suitable solid
sorbent may be used, in which event a filter would not be required.

Although a microwave tube such as a magnetron may be a suitable
electromagnetic wave generator for the refrigeration sorption systems depicted
above, various solid state oscillator devices may also be employed. One example
of such a solid state electromagnetic wave generator 16 is the stripline microwave
amplifier circuit depicted in Figures 22 and 22A. This microwave amplifier, which
is discussed in detail in the Practical RF Power Design Techniques text, comprises
appropriate components to generate between 6 and 13 Watts of power. In this
embodiment, a 28 Volt D.C. power supply is connected as shown in Figure 22A,
and the resulting radio frequency waves are coupled to the sorber (not shown) via a
coaxial output connector 264. Alternatively, the output stripline 266 may be
coupled directly to, for example, the stripline conductor 260 in the sorber depicted
in Figure 21. The input connector 268 or input stripline 270 may be connected to
another oscillator, in which event the stripline microwave amplifier would function
to amplify the input wave.

Another exemplary electromagnetic wave generator 16 is shown in Figures 23
and 23A. In this embodiment, a microwave oscillator is implemented using
conductive tracings on a PC board, as discussed more thoroughly in the Practical
RF Power Design Techniques text. This embodiment is particularly suited for the
embodiments of the sorption system depicted in Figures 18 and 20 or in a sorption
system that may be contained in a single integrated circuit.

Although not depicted in the Figures, it should be understood that the
refrigeration sorption systems described with reference to Figures 17, 18 and 20
could include two or more sorbers 12. This would be the case where, for example,
continuous cooling of an electrical component is required. Specific embodiments

of such systems can readily be derived from the above teachings.
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The refrigeration sorption system of the present invention may be ideally
incorporated into conventional consumer appliances to provide any desired cooling
effect. Referring to Figure 24, the refrigeration sorption system is shown
incorporated into a conventional microwave cooking appliance 272. Microwave
appliance 272 includes a housing 274 having an insulated cooking compartment
276, a magnetron 278 and a power circuit 280 for supplying power to the
magnetron 278. The magnetron 278 is typically a 900 W magnetron, and the
power circuit 280 conventionally includes a microcontroller 282 for controlling the
activation of the magnetron 278 in response to a timer 284 which may be set or
programmed by a user. The power circuit 280 also usually includes a transformer
(not shown) for converting standard household voltage communicated through a
plug 286 into a form required by the magnetron 278 and the power circuit 280. In
operation, microwaves from the magnetron 278 are transmitted via a waveguide
288 through a window 290 into the cooking compartment 276.

In accordance with the present invention, a waveguide applicator 10 similar to
any of the previously described embodiments is mounted in cabinet 274, for
example above cooking compartment 276. The waveguide applicator depicted in
Figure 24 includes a sorber 12 having an outer conductor housing 66 and an end
cap 74 having integral check valves 44, 46 (which are not visible in Figure 24).
Waveguide applicator 10 also includes an inner conductor 82 which extends beyond
the right end (as viewed in Figure 24) of the outer conductor 66. Microwaves
from magnetron 278 are coupled to the inner and outer conductors 82, 66 via the
waveguide 288. A pivotable metallic shutter 292 is movable to the position shown
in phantom in Figure 24 to close the window 290 and allow the microwaves to
pass to the inner and outer conductors 82, 66.

In the embodiment depicted in Figure 24, the output port of the sorber 12 is
connected to a condenser 38, which is preferably located on the back of the
microwave appliance 272 outside of cabinet 274. The output of the condenser 38
is connected through an optional sorbate receiver (not shown) to a TEV 48 or
similar electrically-controlled valve. In this embodiment, microcontroller 282 is
programmed to control the TEV 48 to selectively discharge the condensed sorbate

into an evaporator 42 to produce the desired cooking effect. Evaporator 42 is
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shown surrounding a portion of the cooking compartment 276, but any other
suitable configuration may be employed.

In practice, the refrigeration sorption system depicted in Figure 24 is preferably
designed using the above-discussed teachings to meet the most taxing cooling
requirements contemplated by the manufacturer of the appliance. For example, the
manufacturer may require that the system be able to freeze a specific volume of
water in a specific amount of time.

In operation, microcontroller 282 is preferably programmed to desorb sorber 12
when the microwave appliance 272 is not being utilized for another purpose. Prior
to beginning a desorption reaction, however, the microcontroller 282 ideally
activates a motor 294 to close the shutter 292. Then, when cooling is required, the
system is immediately ready to begin the adsorption reaction, which as discussed
above corresponds to the cooling cycle in a single-sorber system.

Referring now to Figure 25, a combination microwave cooking and cooling
appliance, which is indicated generally by reference number 296, is depicted which
is similar in many respects to that described in the previous embodiment. However
in the Figure 25 embodiment, the waveguide applicator 10 described with reference
to Figure 11 is preferably employed. In this embodiment, the stem 184 of the
inner conductor, re-radiated 82 extends into the cooking compartment 276. Thus,
microwaves transmitted to the cooking compartment 276 are received by the inner
conductor 82 and propagated through the sorber 12. In this manner, the sorber
may be charged, or desorbed, while the appliance 296 is being used to heat food in
compartment 276 and will therefore be immediately ready to begin a cooling cycle
when required. Ideally, the dispersion of the microwaves in compartment 276 is
estimated using numerical modeling techniques to determine the optimum size and
location of stem 184.

Figure 26 illustrates yet another embodiment of a combination cooling and
cooling appliance. The appliance of this embodiment, indicated at 298, is similar
to those described in the previous embodiments. However, the waveguide
applicator 10 of this embodiment comprises a sorber 12 having a non-metallic
housing 300 which forms a sealed enclosure within sorber 12. Thus, sorber 12

does not have an outer conductor. However, waveguide applicator 10 does include
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an inner conductor, such as the inner conductor 82 illustrated in Figure 4.
Consequently, microwaves transmitted to the cooking compartment 276 will be
received by the inner conductor and propagated through the sorber 12. The
housing 300 is mounted within compartment 276 using any suitable means, and
numerical modeling techniques are preferably used to determine the ideal shape and
location of sorber 12.

Referring to Figure 27, another embodiment of a combination cooking and
cooling appliance is shown. Once again, the appliance of this embodiment,
indicated generally by reference number 302, is similar in many respects to those
of the previous embodiments. However, in this embodiment the sorber 12 is
located in a chamber 304 formed in or connected to the cabinet 274 of the
appliance 302. After the sorbent 104 is loaded into the chamber 304, a microwave-
transparent cover 306 is secured over the chamber 304 to form a sealed enclosure
within sorber 12. In addition, numerical modeling techniques are preferably
employed to determine the optimum size, shape and location of chamber 304,
which may comprise a plurality of interconnected smaller compartments.

From the above description, it should be apparent that other combination-type
appliances may be constructed using the teachings of the present invention. Thus,
a refrigerator appliance may be designed which includes conventional cooling and
freezing compartments and an ice maker which operates to provide ice on demand
in a manner described in Example 3 above. In addition, a refrigerator appliance
may be designed which includes these components and also a microwave cooking
chamber, all powered from a single magnetron or other source of electromagnetic
waves. Furthermore, non-household appliances may be designed using the
teachings of the present invention. For example, a vending machine that is capable
of serving both warm and chilled items may be constructed which incorporates the
inventive refrigeration sorption system described above and a conventional
microwave heater, both activated using the same magnetron.

It should therefore be recognized that, while the present invention has been
described in relation to the preferred embodiments thereof, those skilled in the art
may develop a wide variation of structural and operational details without departing

from the principles of the invention. For example, the various components
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illustrated in the different embodiments may be combined in a manner not
illustrated above. Therefore, the appended claims are to be construed to cover all

equivalents falling within the true scope and spirit of the invention.
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What is Claimed is:

1. A combination heating and cooling apparatus which comprises:

a compartment into which an item to be heated or cooled may be
placed;

an electromagnetic wave generator;

wherein during a first mode of operation of the apparatus, the
electromagnetic waves are directed into the compartment to heat the item;

at least one sorber having a housing defining an enclosure;

a sorbate/sorbent compound located within the enclosure;

means for coupling electromagnetic waves generated by the
electromagnetic wave generator to the sorber;

wherein electromagnetic waves transmitted by the electromagnetic wave
generator are propagated through the enclosure to desorb the sorbate from the
sorbate/sorbent compound;

a condenser connected to the sorber;

an evaporator connected to both the condenser and the sorber and
positioned in heat exchange relation with the compartment; and

a controllable valve interposed between the condenser and the
evaporator;

wherein sorbate which is desorbed in the sorber is condensed in the
condenser and then, during a second mode of operation of the apparatus,
controllably released into the evaporator to create a cooling effect and cool the
item, after which the sorbate is drawn back into the sorber.

2. The apparatus of claim 1, wherein the sorber comprises a hollow outer
conductor and an inner conductor coaxial with the outer conductor, the inner and
outer conductors being sized and spaced to form a waveguide for the
electromagnetic waves.

3. The apparatus of claim 2, wherein the inner conductor extends
substantially the length of the outer conductor and the sorbent is positioned
between the inner and outer conductors.

4. The apparatus of claim 2, wherein the coupling means comprises a

waveguide connected between the electromagnetic wave generator and the sorber.
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5. The apparatus of claim 4, wherein:
the waveguide comprises a first section positioned adjacent the
compartment;
the compartment comprises a window through which electromagnetic
waves may be transmitted from the first section to the compartment; and
the apparatus further comprises means for selectively directing the
electromagnetic waves to either the window or the sorber.
6. The apparatus of claim 1, further comprising:
a waveguide electrically coupled to the electromagnetic wave generator
and having a first section adjacent the compartment;
the compartment comprising a window through which electromagnetic
waves may be transmitted from the first section to the compartment;
wherein the sorber is positioned in or adjacent the compartment and
comprises a portion which is exposed to the compartment;
wherein the coupling means comprises the waveguide and the
compartment; and
wherein electromagnetic waves are directed through the waveguide, into
the compartment and to the sorber to desorb the sorbate from the sorbate/sorbent
compound.
7. The apparatus of claim 6, wherein:
the sorber comprises a hollow outer conductor and an inner conductor;
the inner conductor comprises a first portion extending coaxially within
the outer conduétor and a second portion extending from the first portion into the
compartment; and
electromagnetic waves in the compartment are received by the second
portion and propagated through the sorber to desorb the sorbate from the
sorbate/sorbent compound.
8. The apparatus of claim 7, wherein the second portion of the inner
conductor is perpendicular to the first portion.
9. The apparatus of claim 6, wherein:
the sorber comprises a non-metallic housing and an inner conductor

located within the housing; and
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electromagnetic waves in the compartment are received by the inner
conductor, re-radiated by the inner conductor and propagated through the sorber to
desorb the sorbate from the sorbate/sorbent compound.

10. The apparatus of claim 6, wherein:

the sorber comprises at least one chamber adjacent the compartment and
an electromagnetic wave-transparent cover secured over the chamber to form a
sealed enclosure;

electromagnetic waves in the compartment are propagated through the
cover and into the sorber to desorb the sorbate from the sorbate/sorbent
compound.

11.  In combination with a microwave oven having a cooking compartment,
a magnetron and means for directing the microwaves generated by the magnetron
into the cooking compartment, the improvement comprising:

at least one sorber having a housing forming an enclosure;

a sorbent located within the enclosure;

an evaporator in fluid communication with the enclosure and connected
in heat exchange relation with the compartment;

a condenser in fluid communication with both the enclosure and the
evaporator;

wherein during a first portion of a cooling cycle a sorbate is evaporated
in the evaporator to cool the compartment and then adsorbed by the sorbent;

means for coupling microwaves generated by the magnetron to the
sorber;

wherein during a second portion of the cooling cycle the sorbate is
desorbed from the sorbent by the microwaves and then condensed in the
condenser.

12.  The apparatus of claim 11, wherein the sorber comprises a hollow outer
conductor and an inner conductor coaxial with the outer conductor, the inner and
outer conductors being sized and spaced to form a waveguide for the
electromagnetic waves.

13.  The apparatus of claim 12, wherein the inner conductor extends

substantially the length of the outer conductor and the sorbent is positioned
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between the inner and outer conductors.
14. The apparatus of claim 12, wherein:
the directing means comprises a waveguide electrically coupled to the
magnetron;
the waveguide includes a first section positioned adjacent the
compartment;
the compartment comprises a window through which microwaves may
be transmitted from the waveguide to the compartment;
the waveguide comprises a second portion electrically coupled to the
sorber; and
the coupling means comprises the waveguide.
15.  The apparatus of claim 14, further comprising:
means for selectively directing the microwaves to either the window or
the sorber.
16.  The apparatus of claim 11, wherein:
the directing means comprises a waveguide electrically coupled to the
magnetron,
the waveguide includes a first section positioned adjacent the
compartment;
the compartment comprises a window through which microwaves may
be transmitted from the waveguide to the compartment;
the sorber is positioned in or adjacent the compartment and comprises a
portion which is exposed to the compartment;
the coupling means comprises the waveguide and the compartment; and
microwaves are directed through the waveguide, into the compartment
and to the sorber to desorb the sorbate from the sorbate from the sorbent.
17.  The apparatus of claim 16, wherein:
the sorber comprises a hollow outer conductor and an inner conductor;
the inner conductor comprises a first portion extending coaxially within
the outer conductor and a second portion extending from the first portion into the
compartment; and

microwaves in the compartment are received by the second portion and
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propagated through the sorber to desorb the sorbate from the sorbent.
18.  The apparatus of claim 17, wherein the second portion of the inner
conductor is perpendicular to the first portion.
19.  The apparatus of claim 16, wherein:
the sorber comprises a non-metallic housing and an inner conductor
located within the housing; and
microwaves in the compartment are received by the inner conductor, re-
radiated by the inner conductor and propagated through the sorber to desorb the
sorbate from the sorbent.
20.  The apparatus of claim 16, wherein:
the sorber comprises at least one chamber adjacent the compartment and
a microwave-transparent cover secured over the chamber to form a sealed
enclosure;
microwaves in the compartment are propagated through the cover and

into the sorber to desorb the sorbate from the sorbent.

21. A method of selectively heating or cooling an item comprising the steps
of:
providing a source of electromagnetic energy;
directing electromagnetic energy from the source to the item to heat the
item;

providing a sorbate;

providing a sorbent;

positioning the item in heat exchange relation with a heat exchanger;

evaporating the sorbate in the heat exchanger to produce a cooling
effect and thereby cool the item;

adsorbing the evaporated sorbate onto the sorbent;

directing electromagnetic energy from the source to the sorbent to
desorb the sorbate from the sorbent;

condensing the desorbed sorbate.

22. An apparatus for selectively heating or cooling an item, the apparatus

comprising:

means for generating electromagnetic waves;
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means for directing the electromagnetic waves to the item to heat the
item during a first mode of operation of the apparatus;

means positioned in heat exchange relation with the item for
evaporating a sorbate to produce a cooling effect and thereby cool the item during

5 a second mode of operation of the apparatus;

a sorber containing a sorbent on which the evaporated sorbate is
adsorbed;

means for coupling the electromagnetic waves to the sorber to desorb
the sorbate from the sorbent;

10 means for condensing the sorbate which has been desorbed from the

sorbent.
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