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APPARATUS AND METHOD FOR RAPID THERMAL CYCLING

USING TWO-PHASE HEAT TRANSFER TO CONVERT HEAT

TO ELECTRICITY AND FOR OTHER USES

CROSS-REFERENCE TO RELATED APPLICATIONS

This PCT application claims the benefit of Provisional U.S. Patent Application

Serial No. 61/41 1,284, filed November 8, 2010, and U. S. Patent Application No.

13/288,791, filed November 3, 201 1, both pending.

This PCT application is also a continuation-in-part of U.S. Patent Application

Serial No. 13/226,799, filed September 7, 201 1, pending, which is a continuation-in-

part of U.S. Patent Application Serial No. 12/465,924, filed May 14, 2009, now U.S.

Patent No. 8,035,274, which claims the benefit of provisional U.S. Patent Application

Serial No. 61/387,752, filed September 29, 2010, expired.

This application is also a continuation-in-part of U.S. Patent Application Serial

No. 13/228,051, filed September 8, 201 1, pending, which is a continuation-in-part of

U.S. Patent Application Serial No. 12/465,924, filed May 14, 2009, now U.S. Patent

No. 8,035,274, which claims the benefit of provisional U.S. Patent Application Serial

No. 61/387,760, filed September 29, 2010, expired. Each of the above applications is

incorporated by reference herein in its entirety.

Some references, which may include patents, patent applications and various

publications, are cited and discussed in the description of this invention. The citation

and/or discussion of such references is provided merely to clarify the description of

the present invention and is not an admission that any such reference is "prior art" to

the invention described herein. All references cited and discussed in this specification

are incorporated herein by reference in their entireties and to the same extent as if

each reference were individually incorporated by reference.

FIELD OF THE INVENTION

The present invention generally relates to the thermal cycling of materials,

devices, and other systems using two-phase heat transfer, and more particularly to



methods and apparatus that allow the rapid addition and removal of heat to materials,

devices, and other systems. Rapid thermal cycling is achieved using two-phase heat

transfer with a working fluid that alternates between gas and liquid phases as a result

of controlled changes in temperature and pressure, causing rapid removal and addition

of heat as the system cycles around a desired temperature. Such rapid thermal cycling

can be used with many and varied technologies, for example, to generate electricity

from heat, to cool or heat with electric power, and for many other applications and

purposes.

BACKGROUND OF THE INVENTION

Heat exchangers have long been used for many purposes. In more recent

years, two-phase heat exchangers have been used to achieve high heat transfer rates,

exploiting the fact that the latent heat of evaporation is generally much higher than the

sensible heat required to increase the temperature of the same mass of fluid over a

given temperature differential. That fact allows two-phase heat exchangers to transfer

thermal energy more rapidly across the same area for a similar temperature gradient,

∆ Τ , than can be achieved with a one-phase heat transfer system. Two-phase heat

transfer technology generally is well known to those skilled in the art and is well

described in the literature. The transfer of heat by heat exchangers is also well

known, and many well-recognized texts address the design and engineering of heat

transfer and heat exchanger mechanisms.

There is a well recognized need for new technologies that permit rapid thermal

cycling of materials, devices, and other systems. The present invention discloses a

novel way of using two-phase heat transfer to rapidly input heat to, and remove heat

from, systems in general so that rapid thermal cycling of the system occurs over a

desired temperature range. Thermal cycling is achieved by varying the pressure of a

working fluid in a chamber so that some portion of the fluid rapidly cycles back and

forth between liquid and gas phases. As condensation and evaporation alternately

occur during those phase changes, large amounts of latent heat are expelled and

absorbed by the fluid, respectively. That large amount of latent heat expelled and

absorbed by the fluid, in turn, is used to input and remove heat from the desired

system, respectively. Rapid thermal cycling of the system is achieved thereby.



Thermal cycling with the invention can be used in a wide range of

applications. One such application is for the generation of electricity from thermal

energy using ferroelectrics or other electrically polarizable materials. Apparatus and

methods for using the inherent spontaneous polarization of ferroelectrics and

polarizable amorphous polymers, and the rapid change in such polarization that

occurs with temperature cycling, are disclosed, for example, in the U.S. patents and

patent applications referenced above. More rapid thermal cycling with the present

two-phase invention allows for more effective use of those materials and devices. In

the case of power generation, for example, the specific power of the material may

increase in proportion to the square of the cycling speed under some circumstances.

There are other applications where rapid thermal cycling is desirable, and the

invention can generally be used with such applications to achieve more effective

cycling and more robust thermal transfer. It is also expected that additional

applications will be developed in the future that require or benefit from rapid thermal

cycling, and the invention will be useful with those applications as well.

SUMMARY OF THE INVENTION

In accordance with the purposes of this invention, as embodied and broadly

described herein, this invention, in one aspect, relates to an apparatus and method for

using two-phase heat transfer in order to provide a rapid addition and removal of heat

to materials, devices, or other systems. That addition and removal of heat can be used

to rapidly cycle the temperature of the designated system over a specified temperature

range for any desired purpose, including the generation of electricity from heat. The

invention can also be used, as embodied and broadly described herein, in one aspect

for refrigeration or as a heat pump. In those latter modalities, the material, device, or

other system is thermally cycled through the input of electrical or magnetic work

around a specified temperature such that, during the course of the cycle, heat is moved

from a colder reservoir to a hotter reservoir.

In one embodiment, the invention utilizes separate reservoirs, each of which

contains a working fluid. In each reservoir, the fluid is maintained in a two-phase

vapor-liquid mixture. In each reservoir, the mixture is maintained in approximate

equilibrium between the vapor and liquid phases. In the hot reservoir, the mixture is



maintained at a higher pressure and temperature, P H and TH, respectively. In the cold

reservoir, the fluid is maintained at a lower pressure and temperature, P L and TL,

respectively. Generally, the equilibrium (or saturation) vapor pressure of a liquid

increases as a function of temperature.

The invention is not limited to any particular working fluid. Rather, it can be

used with any working fluid appropriate to the particular use in light of the desired

cycling temperature range, desirable pressures, the latent heat of evaporation, and

other such factors. Generally, it is desirable to utilize a fluid with high values for the

latent heat of evaporation, including heat transfer fluids. It may also be desirable in

some applications to use a fluid wherein the equilibrium vapor pressure at the desired

temperature is greater than the external or ambient atmosphere, to minimize the

possibility of air or another ambient fluid entering the system through leakage. In

other applications, working pressures can be smaller than the ambient atmospheric

pressure where a leak tight system is maintained.

In one embodiment, the system that is to be thermally cycled is contained in a

thermal chamber that is constructed to allow for the passage of vapor. The chamber is

connected through valves to the hot and cold reservoirs such that, when the valve to

the hot reservoir is open and the valve to the cold reservoir is closed, the chamber will

contain vapor at P H and ¾ . When the valves are reversed so that the valve to the cold

reservoir is open and the valve to the hot reservoir is closed, the vapor in the chamber

containing the module rapidly changes to P L and T L. When the vapor in the chamber

is changed to P H by the appropriate positioning of the valves, heat is rapidly input into

the module on account of condensation occurring at or on the surface of the module.

Conversely, when the vapor pressure in the thermal chamber is lowered to P L, heat is

rapidly removed from the module as a result of evaporation of the working fluid from

the surface of the module. When the desired quantity of heat has been input into or

removed from the module, the positions of the valves can be reversed and the cycle

repeated.

Because rapid heat transfer occurs during condensation and evaporation of

fluid on the surface of the module that is being thermally cycled, it is desirable that a

fluid layer be maintained thereon. In various embodiments, that can be achieved, for

example, if the surface of the module consists of a hydrophilic surfactant, a porous



membrane, or another surface configuration or material that causes a fluid layer to

remain during thermal cycling.

In various embodiments, heat is used for thermally cycling a ferroelectric or

other polarizable material to convert thermal energy to electricity. As with any

conversion of thermal energy to another form of energy or work, heat must also be

rejected in compliance with the Second Law of Thermodynamics. A heat sink is used

for that purpose, wherein one or more of the working fluids that cool the polarizable

material are cooled, either by direct thermal communication with the heat sink or by a

heat exchanger that is in thermal communication with the heat sink. In such

embodiments, the ferroelectric generator includes a ferroelectric material in which,

when in its ferroelectric phase, electric polarization develops spontaneously in the

medium, without induction by application of an external field. By poling those

electric dipoles so as to align the polarizable units and domains, the polarization of the

cooperatively acting individual electric dipoles combines to produce an extremely

large net spontaneous polarization in the overall material system, designated as P s . In

one embodiment, the invention utilizes the spontaneous polarization, together with the

rapid change in that polarization that occurs during thermal cycling, to convert heat to

electrical energy. Using the two-phase heat transfer apparatus and method of the

present invention, the temperature of the ferroelectric material is controlled so that it

undergoes transition into the ferroelectric phase. During that transition, a relatively

small electric field poles the ferroelectric. That poling field aligns the spontaneous

electric dipoles to the extent allowed by the molecular and crystal structure of the

particular material.

In the apparatus and method set forth in U.S. Patent Nos. 7,982,360 and

8,035,274, for example, the poling field is created from an external DC voltage

source. In the apparatus and method set forth in U.S. Patent Application No.

13/228,051, for example, the poling field is generated from residual free charges on

the electrodes on the surfaces of the ferroelectric material. Both such apparatuses and

methods may be utilized with the present invention.

The spontaneous polarization resulting form the aligned dipoles gives rise to

very dense bound charges on the surfaces of the ferroelectric, which in turn induce

opposing screening charges on electrodes that are on the surfaces of the ferroelectric



material. By removing or adding heat through evaporation or condensation,

respectively, using the two-phase heat transfer apparatus and method of the present

invention, the temperature of the ferroelectric is then changed so that it becomes

either paraelectric or antiferroelectric, rendering the bound surface charges negligible.

The screening charges on the electrodes then become unscreened and can be removed

to external circuitry at high voltage.

As disclosed in the above-referenced U.S. patents and patent applications, the

temperature of a ferroelectric material can be cycled around the phase transition

temperature so that thermal energy can be effectively converted to electrical energy

with the invention operating between a heat source and heat sink. Various

thermodynamic cycles can be used to exploit spontaneous polarization in

ferroelectrics for the purpose of converting heat to electricity, including the general

cycle set forth in U.S. Patent Nos. 7,982,360 and 8,035,274. Heat is input and

withdrawn in the course of such thermodynamic cycles during the condensation and

evaporation, respectively, of the working fluid that occurs with the system of two-

phase heat transfer utilized by the present invention.

Among the thermodynamic cycles that can be used with the invention is a

cycle with two isothermal steps and two steps at constant polarization, as disclosed in

U.S. Patent Application No. 13/226,799. During a first step of that cycle, the

ferroelectric is cooled by evaporation of fluid on or at its surface to a low temperature,

TL, while total polarization is held constant at the relatively low value, P L, and the

electrical circuit is open. During the next step, heat is withdrawn isothermally, by

evaporation, until polarization is increased to the maximum value for the cycle, P H, at

which point a very dense bound charge is present on the surface of the electrode.

During that step, the electrical circuit is closed so that a current flows from the

electrode on one side of the ferroelectric to the electrode on the opposite side of the

ferroelectric. Screening charges that develop on the electrodes equal the opposing

bound charges at the surfaces of the ferroelectric. It is during that step that the poling

field causes the resulting dipoles to be biased in one orientation - i.e., they become

poled.

In the next step of the cycle, the circuit is opened while the ferroelectric is

heated to a relatively high temperature, T H, by condensation of fluid on or at the



surface of the material while total polarization remains constant. During the final step

of the cycle, the circuit is again closed and heat is input isothermally through

condensation of fluid on the surface until polarization is reduced to P L. During that

step, the screening charges on the electrode become unscreened and are discharged

into external circuitry at a self-generated high voltage. In one embodiment as

disclosed in U.S. Patent Application 13/228,051, the circuit is opened during that step

at a point where a great enough residual charge remains to establish a field sufficient

for poling.

The cycle is then repeated continuously so that thermal energy is continuously

converted to electrical energy at high voltage. The invention can be used in some

embodiments with ferroelectrics that are in either solid or liquid form, the latter

including liquid ferroelectrics and ferroelectric fine crystals suspended in liquid. For

example, the solid materials that can be used include ceramic ferroelectrics,

ferroelectric polymers, and other polarizable polymers. In addition to the ordinary

ferroelectrics, extrinsic (or improper) ferroelectrics, such as boracites and sodalites,

can be used with the invention.

A single stage ferroelectric power conversion module includes a single

ferroelectric material that generally has a single phase transition temperature. It may

be desirable, however, to use a series of ferroelectric materials that have a succession

of phase transition temperatures that incrementally cover all, or at least some, of the

range of temperatures between the heat source and heat sink. The use of heat

regeneration techniques may also affect the number of stages that may be desired.

In one aspect, the present invention relates to an apparatus for converting heat

to electricity. In one embodiment, the apparatus has a ferroelectric layer having a first

surface and an opposite, second surface, where the ferroelectric layer is comprised of

a ferroelectric material with a phase transition temperature such that, when the

material is in a ferroelectric phase spontaneous polarization is established in, and the

ferroelectric layer, when poled, develops an overall net spontaneous polarization; and

such that, as the temperature of the ferroelectric changes so that it traverses the

transition temperature, the material enters a paraelectric or antiferroelectric phase

wherein the ferroelectric layer has negligible or no overall net polarization. The

apparatus also has a pair of electrodes respectively positioned on the first surface and



the second surface of the ferroelectric layer, wherein the electrodes consist of a

thermally and electrically conductive material, and means positioned in relation to the

pair of electrodes for alternately inputting and removing heat to and from the

ferroelectric layer by condensation and evaporation of fluid so as to, respectively, heat

the ferroelectric layer at a temperature TH that is higher than the phase transition

temperature, and alternately cool the ferroelectric layer at a temperature T L that is

lower than the phase transition temperature. The ferroelectric material thereby

undergoes alternating phase transitions between (1) the ferroelectric phase and (2) the

paraelectric or antiferroelectric phase.

In another aspect, the present invention relates to an apparatus for converting

heat to electric energy. In one embodiment, the apparatus includes a ferroelectric

layer having a first surface and an opposite, second surface. The ferroelectric layer

consists of a ferroelectric material characterized with a Curie temperature, Tc, such

that when the temperature of the ferroelectric material is lower than the Curie

temperature Tc, the ferroelectric material is in a ferroelectric phase in which

spontaneous polarization is established, and when the temperature of the ferroelectric

material is greater than the Curie temperature Tc, spontaneous polarization is not

established in the ferroelectric material. The apparatus also includes a pair of

electrodes positioned respectively on the first surface and the second surface of the

ferroelectric layer. The pair of electrodes is comprised of a thermally and electrically

conductive material.

Furthermore, the apparatus includes means positioned in relation to the pair of

electrodes for alternately delivering a cold fluid and a hot fluid so as to alternately (1)

cool the ferroelectric layer at a first temperature T L that is lower than the Curie

temperature Tc, and (2) heat the ferroelectric layer at a second temperature T H that is

higher than the Curie temperature Tc. The ferroelectric material of the ferroelectric

layer thereby undergoes alternating phase transitions between the ferroelectric phase

and the paraelectric phase with temperature cycling. Heating and cooling occur

during condensation and evaporation, respectively, pursuant to the two-phase heat

transfer mechanism and method of the invention.

Additionally, the apparatus may have a pair of electric leads electrically

connected to the pair of electrodes such that when the ferroelectric material is cycled



to diminish the total polarization of the ferroelectric layer, the electric energy

corresponding to the electrically-opposite screening charges is output to the pair of

electric leads at high voltage. The electric leads may also be connected through a

switch to permit application of a DC voltage between the pair of electric leads so as to

apply a poling field when the ferroelectric material is in, or transitioning into, its

ferroelectric phase. Moreover, the apparatus may include means for monitoring one

or more of the temperature and capacitance of the ferroelectric layer, the temperature

and pressure of the heating and cooling fluids, and other system data.

In another embodiment, the delivering means comprises fluid passages such

that a hot fluid passes through at least one of the fluid passages at high temperature

and high pressure, TH and P ¾ to a chamber containing the ferroelectric module,

thereby causing rapid condensation of fluid on or at the surface of the ferroelectric

module, which in turn causes heat to be rapidly input into the ferroelectric module;

such that when the high pressure, high temperature fluid exits the chamber through

one or more of the passages, the pressure of the vapor in the chamber decreases

rapidly to P L, thereby causing rapid evaporation of fluid from the surface of the

ferroelectric module, which in turn removes heat rapidly from the ferroelectric

module; one or more heat exchangers positioned such that, by alternately cycling fluid

through the first and second fluid passages to cause one or more of the external

surfaces of the ferroelectric layer to alternately be in contact with a cold, evaporating

fluid and a hot, condensing fluid, thereby alternately removing heat from the

ferroelectric layer at a first temperature T L, and adding heat to the ferroelectric layer

at a second temperature T H, through alternate evaporation and condensation of the

fluid; and a plurality of control valves in communication with the one or more heat

exchangers for controlling the flow of cold and hot fluids. The plurality of control

valves is controlled by microcontrollers, and they are coordinated by computer control

with the electrical circuitry of the device through a control circuit to achieve the

desired cycle.

In yet another aspect, the present invention relates to a method for converting

heat to electricity. In one embodiment, the method includes the steps of providing a

ferroelectric layer having a first surface and an opposite, second surface, wherein the

ferroelectric layer is comprised of a ferroelectric material with a phase transition



temperature such that, when the material is in a ferroelectric phase spontaneous

polarization is established in the ferroelectric, and the ferroelectric layer, upon poling,

develops an overall net spontaneous polarization; and such that, as the temperature of

the ferroelectric changes so that it traverses the transition temperature, the material

enters a paraelectric or antiferroelectric phase wherein the ferroelectric layer has

negligible or no overall net spontaneous polarization; and including a pair of

electrodes positioned respectively on the first surface and the second surface of the

ferroelectric layer, the electrodes being comprised of a thermally and electrically

conductive material.

The method also includes the steps of alternately delivering a cold fluid and a

hot fluid so as to alternately cool the ferroelectric layer through evaporation to a

temperature that is lower than the Curie temperature, T , and heat the ferroelectric

layer through condensation to a second temperature that is higher than the Curie

temperature Tc. During these steps, the electrical circuit is opened and cooling and

heating occur under constant polarization.

The method also includes in one embodiment the steps of adding and

removing heat to and from the ferroelectric layer, isothermally, by alternately

providing a hot fluid and a cold fluid to the ferroelectric layer and alternately

condensing and evaporating, respectively, fluid at the surface of the ferroelectric

layer, while total polarization changes to corresponding low and high levels denoted

as PL and P H respectively. During these steps, the electrical circuit is closed to allow

changing polarization, and the heat removed or added corresponds to the enthalpy of

transition.

The method also includes poling the ferroelectric material of the ferroelectric

layer in the ferroelectric phase at temperature T L. In one embodiment, the poling is

performed by a field that results from residual free charges on the electrodes that are

on the surfaces of the ferroelectric. The method also includes the step of discharging

the electrical energy generated in the ferroelectric material of the ferroelectric layer

into external circuitry by closing the circuit while heat is being input into the

ferroelectric layer which, in one embodiment, is done isothermally and polarization

diminishes to a minimum level, PL. In one embodiment, PL corresponds to the

residual charge that is adequate to establish a field sufficient for poling. In another



embodiment, poling is accomplished by applying a small poling field from a DC

voltage source. In that embodiment, the minimum polarization can become negligible

or zero during the step in which the electrical energy generated in the ferroelectric

material of the ferroelectric layer is discharged into external circuitry, with the circuit

closed, while heat is input into the ferroelectric layer isothermally by condensation of

fluid on the surface of the ferroelectric layer.

In one embodiment, the thermal delivering step is performed by one or more

two-phase heat exchangers that are in thermal communication with a heat source and

a heat sink for inputting heat from the heat source to the ferroelectric layer so as to

heat it during condensation of the working fluid, and withdrawing heat from the

ferroelectric layer to the heat sink so as to cool it during evaporation of the working

fluid. In another embodiment, the thermal delivering step is performed by one or

more two-phase heat exchangers and a plurality of control valves in communication

with the one or more heat exchangers, wherein are positioned first and second fluid

passages for alternately delivering a cold fluid and a hot fluid to the external surface

of the ferroelectric layer, so as to alternately remove heat from and add heat to the

ferroelectric layer by alternate evaporation and condensation of fluid on the external

surface of the ferroelectric layer, and wherein the plurality of control valves is adapted

for controlling the flow of cold and hot fluids. In each instance, the electrical circuit

is switched between open and closed positions in coordination with the heating and

cooling cycling described herein.

In other embodiments, instead of cycling the ferroelectric material through

phase transition, it remains in a ferroelectric phase throughout and is cycled from a

greater degree of polarization to a lesser degree of polarization.

In addition to materials with a crystal structure, amorphous polymer materials

that are electrically polarizable can be used with the invention. For such amorphous

polymers, the polarizable units exhibit electric dipolar behavior at the atomic and

molecular level. An overall net polarization occurs with such polarizable amorphous

polymer and copolymer systems, when poled, and that net polarization diminishes and

disappears when the temperature of the material traverses the depolarization transition

temperature. The changes in polarization that occur with cycling of such amorphous

polymer systems around their depolarization transition temperatures are exploited by



the invention in the same general fashion as the invention uses the spontaneous

polarization, and changes in polarization, that occur in crystalline ferroelectric

materials. For amorphous materials, the depolarization transition temperature is

analogous to Tc or to the ferroelectric phase transition. Where reference is made to

the use of ferroelectric materials and ferroelectric layers in the invention, it should be

understood that polarizable amorphous polymers (and copolymers) with appropriate

polarization and transition characteristics can also be used with the invention.

In a further aspect, the present invention relates to an apparatus for converting

heat to electricity. In one embodiment, the apparatus has a plurality of ferroelectric

modules, {FM }, arranged in a stack, where n = 1, 2, 3, . . . N, N being an integer

greater than one. Each ferroelectric module FM includes a ferroelectric layer having

a first surface and an opposite, second surface, wherein the ferroelectric layer is

formed of a ferroelectric material characterized with a transition temperature, T , such

that when the ferroelectric material is in a ferroelectric phase, spontaneous

polarization is established in the unit cells of the ferroelectric, and the ferroelectric

layer, upon poling, develops an overall net spontaneous polarization, and such that, as

the temperature of the ferroelectric changes so that it traverses the transition

temperature, the material enters a paraelectric or antiferroelectric phase wherein the

ferroelectric layer has negligible or no overall net spontaneous polarization. In one

embodiment, a pair of electrodes consisting of a thermally and electrically conductive

material is positioned on the first surface and the second surface of the ferroelectric

stack. In another embodiment, such electrodes are also positioned on the first surface

and the second surface of each ferroelectric module, FM ; and in yet another

embodiment, such electrodes between adjacent ferroelectric modules are separated by

an electrical insulator. The transition temperatures {T } of the plurality of

ferroelectric modules {FM } may vary successively across the range between

temperatures of a heat source and a heat sink.

The apparatus further includes means positioned in relation to the stacked

ferroelectric modules {FM } for alternately inputting and removing heat to and from

the stacked ferroelectric modules {FM } by cyclical condensation and evaporation on

or at the surface(s) of the modules, so as to alternately cool the stacked ferroelectric

modules {FM } at a first temperature that is lower than each transition temperature T



, and heat the stacked ferroelectric modules {FM } at a second temperature that is

higher than each transition temperature T , such that each ferroelectric layer of the

stacked ferroelectric modules {FM } thereby undergoes alternating phase transitions

between (1) the ferroelectric phase and (2) the paraelectric or antiferroelectric phase.

The apparatus may further include devices to monitor, among other things,

one or more of the temperature and capacitance of one or more ferroelectric modules

FM and the temperature and pressure of the heating and cooling fluids. Thermal

cycling is coordinated with the electrical status of the ferroelectric modules {FM }

under computer control so as to synchronize heating and cooling with electrical input

and output, pursuant to the general cycle of the invention, including poling and

electrical discharge.

In yet a further aspect, the present invention relates to an apparatus for

converting heat to electric energy. In one embodiment, the apparatus has a plurality

of ferroelectric modules, {FM }, arranged in a stack, where n = 1, 2, 3, . . . N, N being

an integer greater than one. Each ferroelectric module FM includes a ferroelectric

layer having a first surface and an opposite, second surface, wherein the ferroelectric

layer is formed of a ferroelectric material characterized with a Curie temperature, Tc ,

such that when the temperature of the ferroelectric material is lower than the Curie

temperature, Tc , the ferroelectric material is in a ferroelectric phase in which

spontaneous polarization is established in the ferroelectric material, and when the

temperature of the ferroelectric material is greater than the Curie temperature, Tc ,

spontaneous polarization is not normally established in the ferroelectric material; and

in one embodiment a first electrode and a second electrode are positioned on the first

surface and the second surface of the ferroelectric stack, respectively; and in another

embodiment a first electrode and a second electrode are positioned on the first surface

and the second surface of each ferroelectric module, FM . Different ferroelectric

layers of the plurality of ferroelectric modules {FM } are comprised of an identical

ferroelectric material or different ferroelectric materials. In one embodiment where a

first electrode and a second electrode are positioned on the first surface and the

second surface of each ferroelectric module, FM , each two adjacent ferroelectric

modules are separated by an electrical insulator. The Curie temperatures {T c } of the

plurality of ferroelectric modules {FM } may vary successively across the range



between temperatures of a heat source and a heat sink.

The apparatus further includes means positioned in relation to the stacked

ferroelectric modules {FM } for alternately providing a cold fluid and a hot fluid over

the stacked ferroelectric modules {FM }, whereby the stacked ferroelectric modules

{FM } are cooled and heated, respectively, by alternate evaporation and condensation

at a first temperature that is lower than each Curie temperature Tc , and at a second

temperature that is higher than each Curie temperature Tc . Thereby each ferroelectric

layer of the stacked ferroelectric modules {FM } undergoes alternating phase

transitions between the ferroelectric phase and the paraelectric phase with temperature

cycling.

In yet another embodiment of the invention for a multi-stage apparatus and

operation, N individual modules {FM } are comprised of ferroelectric materials and

other components as described herein, each module having a different phase transition

temperature, Tc to TC
N, varying in an increasing sequence between the temperature of

the heat sink, TL, and the temperature of the heat source, TH. Each ferroelectric stage,

or module, FM , is thermally cycled around its respective phase transition

temperature, Tc , using the two-phase apparatus and method of the invention. In one

embodiment, this is accomplished by using the cold reservoir for the n stage as the

hot reservoir for the stage FM l with the next lower transition temperature, Tc
l .

Regenerative heating may also be used in one or more of the stages.

In yet another embodiment of the invention, the module that undergoes

thermal cycling with the invention generally, and thermal and electrical cycling in the

case of ferroelectric conversion of heat to electricity, in particular, is located in the

vapor region of a hot reservoir, rather than being contained in a thermal chamber that

is separated from the hot reservoir by a valve. The hot reservoir is at high

temperature and pressure, TH and P H, as a result of heat being input thereto. At the

top of the hot reservoir in this embodiment, there is a valve that is opened and closed

to connect the vapor region of the hot reservoir to the cold reservoir, which is at a low

temperature and pressure, TL and P L. Heat is withdrawn from the cold reservoir to a

heat sink, and heat regeneration may also be used with this configuration. In one

embodiment, thermal cycling of the module occurs in conjunction with the opening

and closing of the valve to the cold reservoir, which causes two-phase heat transfer on



the surface of the module through cyclical evaporation and condensation,

respectively.

In yet another embodiment of the invention, the apparatus just described

utilizes a working fluid that is a mixture of fluids that have different boiling points

depending on the fluid composition, which is then used to cause cyclical evaporation

and condensation to occur around a series of progressively decreasing Tc as n varies

from 1 to N, which decreasing transition temperatures, Tc , correspond to different

ferroelectric layers, or modules, {FM }. The sequence of modules {FM } are

situated at levels so that they are thermally cycled around their respective transition

temperatures as the fluid mixture at the respective level of the apparatus cyclically

undergoes condensation and evaporation as a result of the opening and closing of the

valve to the low pressure reservoir. Rapid two-phase heat transfer thus occurs for

each module FM as described herein, and the temperature of each module cycles

around Tc in conjunction with cyclical condensation and evaporation on the surface

of the module. In the case of ferroelectric power generation, electrical cycling is also

performed for each module FM in conjunction with thermal cycling, as described

herein for other embodiments.

In yet another embodiment, a multistage series of ferroelectric modules {FM }

is contained in a thermal chamber that is separate from hot and cold reservoirs. The

ferroelectric modules are arrayed with progressively decreasing transition

temperatures, Tc . The working fluid in this embodiment is a mixture of fluids with

different boiling points such that it alternately evaporates and condenses around the

sequence of temperatures Tc as the fluid is cycled between TH and P H and TL and P L

by connecting the thermal chamber and modules {FM } alternately to the hot and cold

reservoirs through valves. Cyclical condensation and evaporation occur around

temperature Tc at the level in the thermal chamber where the module FM is situated,

such that each module FM undergoes thermal cycling, as described herein, in

conjunction with electrical cycling. By cycling the valves in conjunction with the

electrical and thermal cycling methods described, electricity is thereby generated by

each module FM across the range of Tc represented by the modules {FM } in the

series.



The apparatus may further include devices to monitor the temperature and

capacitance of one or more ferroelectric modules {FM }and the temperature and

pressure of the heating and cooling fluids. Thermal cycling is coordinated with the

electrical status of the ferroelectric modules {FM } under computer control through a

control circuit so as to synchronize heating and cooling with electrical input and

output.

These and other aspects of the present invention will become apparent from

the following description of the preferred embodiment taken in conjunction with the

following drawings, although variations and modifications therein may be effected

without departing from the spirit and scope of the novel concepts of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate one or more aspects or embodiments of

the invention and, together with a written description, serve to explain the principles

of the invention. Where practical, the same reference numbers are used throughout

the drawings to refer to the same or like elements of an embodiment, wherein:

FIG. 1 is a schematic illustration of the basic components of a two-phase heat

transfer and thermal cycling apparatus of the present invention.

FIG. 2 is a schematic illustration of the basic components of a two-phase heat

transfer and thermal cycling apparatus of the present invention similar to FIG. 1, but

with a heat regenerator included.

FIG. 3 is a schematic illustration of the basic components of a two-phase heat

transfer and thermal cycling apparatus of the present invention similar to FIG. 2. The

specific module that is the object of thermal cycling in this figure includes electrical

leads that are connected to external circuitry.

FIG. 4 is a schematic illustration of a ferroelectric device comprised of a

ferroelectric layer, electrodes on each side of the ferroelectric layer, and a porous

membrane on the electrodes that maintains a layer of fluid during thermal cycling.

FIG. 5 are the measured results of pressure cycling by switching a valve

between open and closed conditions in an apparatus with elements similar to those

depicted in FIG. 1.



FIG. 6 are measured results showing temperature and pressure variations as a

function of time during cycling, and showing that temperature varies with pressure

with very little time delay

FIG. 7 illustrates the equilibrium (saturation) vapor pressures as a function of

temperature for two fluorinated dielectric working fluids.

FIG. 8 illustrates one way of configuring a ferroelectric strip.

FIG. 9 illustrates schematically a ferroelectric device for converting heat to

electric energy according to another embodiment of the present invention.

FIG. 10 illustrates schematically a multi-stage ferroelectric device for

converting heat to electric energy according to another embodiment of the present

invention, using a working fluid that includes multiple constituents.

FIG. 11 illustrates schematically another multi-stage ferroelectric device for

converting heat to electric energy according to another embodiment of the present

invention, using a working fluid that includes multiple constituents.

FIG. 12 is a cross-sectional schematic view of a ferroelectric device for

converting heat to electric energy that utilizes changes in spontaneous polarization

that occur in temperature cycling to generate electric charges that can be removed to

external circuitry at high voltage, according to one embodiment of the present

invention.

FIG. 13 illustrates schematically the alignment of the domains in a

ferroelectric where (a) illustrates unpoled, random orientation, with each domain

consisting of a large number of electric dipoles that would be similarly oriented

within that individual domain; (b) illustrates a substantially poled material where the

dipoles are oriented in the same overall direction; and (c) illustrates an ideal,

completely poled ferroelectric that is generally attained only under special-conditions

pertaining to the atomic and molecular structure of the material.

FIG. 14 illustrates schematically bound charges on the surfaces of a

ferroelectric structure/layer and the opposing screening charges that are induced on

the adjacent surfaces of the electrodes when there is substantial net spontaneous

polarization, P s, which may be denoted as P in the absence of an external field.

FIG. 15 shows schematically a cross-sectional view of a ferroelectric device

for converting heat to electric energy according to one embodiment of the present



invention.

FIG. 16 shows schematically a perspective view of the ferroelectric device as

shown in FIG. 15.

FIG. 17 shows schematically a ferroelectric power generator for operation

with a resistive load according to one embodiment of the present invention.

FIG. 18 is a flow chart of a process for converting heat to electric energy

according to one embodiment of the present invention.

FIG. 19 shows schematically a ferroelectric device for converting heat to

electric energy according to one embodiment of the present invention.

FIG. 20 shows schematically a ferroelectric device for converting heat to

electric energy according to another embodiment of the present invention.

FIG. 1 shows schematically a ferroelectric device for converting heat to

electric energy according to yet another embodiment of the present invention.

FIG. 22 shows schematically a ferroelectric device for converting heat to

electric energy according to an alternative embodiment of the present invention.

FIG. 23 shows schematically a ferroelectric device for converting heat to

electric energy according to a further embodiment of the present invention.

FIG. 24 illustrates schematically the shift from (a) the paraelectric cubic state

of a Perovskite crystal to (b) the tetragonal configuration, the latter reflecting the

ferroelectric state with displaced ions that arise from deformation of the unit cell,

thereby making the unit cell an electric dipole, which in the aggregate with the other

dipoles throughout the material give rise to spontaneous polarization, Ps.

FIG. 25 illustrates the magnitude of the ionic displacements that occur in the

unit cell of the Perovskite barium titanate, BaTi0 , when in the ferroelectric phase

and that give rise to spontaneous polarization, Ps.

FIG. 26 is a plot of the free energy functional in terms of temperature, T, and

polarization, P, using parameters for a sample of lead titanate, PbTi03. G is the Gibbs

free energy. Temperature is measured in Kelvin; polarization in C/m ; and the free

energy, G, in J/m . Polarization is a full thermodynamic variable, and it represents the

full polar system described by G(T, P).

FIG. 27 is a plot of free energy as a function of temperature for a sample of

lead titanate, PbTi0 . Polarization is constant at P = 0.4 C/m2.



FIG. 28 is a plot of polarization at various electric field values, E.

Temperature is measured in Kelvin, and the E field value is in volts per meter.

FIG. 29 is a plot of entropy for a sample of lead titanate, PbTi0 , as a function

of temperature for various E field values. Temperature is measured in K, and entropy

is measured in units of J/m -K.

FIG. 30 is a plot of free energy for various temperature values as a function of

polarization. Superimposed on the plot are the steps of one thermodynamic cycle that

can be used with the present invention. Polarization is a full thermodynamic variable,

and it represents the full polar system described by G(T, P).

FIG. 31 is a plot of free energy for various temperature values as a function of

polarization. Superimposed on the plot are the steps of a thermodynamic cycle that

can be used with the invention. This cycle provides for poling by an internally

generated poling field. During the electrical discharge step of the cycle, BC,

sufficient charge is retained to pole during the next cycle. The value of P L is

determined by the value of P that occurs at the local free energy maximum for the

cycle.

FIG. 32 is an illustration of a thermodynamic cycle of a ferroelectric wherein

two steps are isothermal and two are iso-polarization. Q L and Q H indicate the removal

and addition of heat, respectively, during the isothermal steps.

FIG. 33 illustrates entropy as a function of temperature for the cycle depicted

in FIG. 32. Only the polarization contribution to free energy is considered. Other

degrees of freedom, such as lattice heat and polymer backbones, are disregarded.

FIG. 34 shows the measured electric current generation during the heating

phases, resulting from changes in the permanent polarization that correspond to

different relay turn-on temperatures for a P(VDF-TrFE) copolymer film of 50 µιη

thickness.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is more particularly described in the following exampli

that are intended as illustrative only since numerous modifications and variations

therein will be apparent to those skilled in the art. Various embodiments of the

invention are now described in detail. Referring to the drawings, like numbers



indicate like components throughout the views. As used in the description herein and

throughout the claims that follow, the meaning of "a", "an", and "the" includes plural

reference unless the context clearly dictates otherwise. Also, as used in the

description herein and throughout the claims that follow, the meaning of "in" includes

"in" and "on" unless the context clearly dictates otherwise. Additionally, some terms

used in this specification are more specifically defined below.

The terms used in this specification generally have their ordinary meanings in

the art, within the context of the invention, and in the specific context where each

term is used. Certain terms that are used to describe the invention are discussed

below, or elsewhere in the specification, to provide additional guidance to the

practitioner regarding the description of the invention. The use of examples anywhere

in this specification, including examples of any terms discussed herein, is illustrative

only, and in no way limits the scope and meaning of the invention or of any

exemplified term. Likewise, the invention is not limited to various embodiments

given in this specification.

As used herein, "around", "about" or "approximately" shall generally mean

within 20 percent, preferably within 10 percent, and more preferably within 5 percent

of a given value or range. Numerical quantities given herein are approximate,

meaning that the term "around", "about" or "approximately" can be inferred if not

expressly stated.

As used herein, the term "Curie temperature" or T refers to a characteristic

property of a ferroelectric material or a ferromagnetic material. At temperatures

below the Curie temperature, a ferroelectric material generally is in a ferroelectric

phase in which spontaneous polarization is established in the ferroelectric material.

As the temperature is increased towards the Curie temperature, the spontaneous

polarization established in the material decreases. Above the Curie temperature, the

ferroelectric material is generally in a paraelectric phase in which spontaneous

polarization is not established in the ferroelectric material normally. There are

ferroelectrics, however, where a ferroelectric phase exists at temperatures above the

transition temperature, and the material is paraelectric below that transition

temperature. Also, there are transition temperatures between ferroelectric and

antiferroelectric phases that are relevant to the invention, as described herein. There



does not appear to be a clearly established usage as to whether "Curie temperature"

also applies to the transition temperatures for these latter kinds of phase transitions.

The terms "phase transition temperature" and "transition temperature" are used herein

to include all of the foregoing types of phase transitions. "Curie temperature" or Tc

may be used only in conjunction with the first type of phase transition, or it may be

used more broadly when apparent from the context. Whenever the use of ferroelectric

materials are disclosed herein, it is intended that such use include both ordinary and

improper ferroelectrics, with the ferroelectric material being cycled with respect to its

phase transition as described. With extrinsic ferroelectrics, polarization represents a

second order parameter, which is coupled to some primary order parameter.

For ferromagnetic materials, generally there is a ferromagnetic phase in which

magnetic dipoles are spontaneously established in the ferromagnetic material. As the

temperatures increase towards the Curie temperature, the magnetization in the

material decreases. Above the Curie temperature, the ferromagnetic material is

generally in a paramagnetic phase. There are ferromagnetic materials, however,

where the ferromagnetic phase exists at temperatures above the transition

temperature, and the material is paramagnetic below that transition temperature.

Also, there are transition temperatures between ferromagnetic and antiferromagnetic

phases that are relevant to the invention, as described herein. As with ferroelectric

materials, the terms "phase transition temperature" and "transition temperature" are

used to include all of the foregoing types of phase transitions for ferromagnetic

materials. "Curie temperature" or Tc may be used only in conjunction with the first

type of ferromagnetic phase transition - where the material goes from ferromagnetic

to paramagnetic as temperature increases and traverses Tc - or may be used more

broadly when apparent from the context.

In practice, for all of the above described types of phase transitions, the

sharpness of the phase change as the material temperature crosses the transition

temperature is determined by the homogeneity of the composition and the material

structure, such that the transition between phases may take place progressively as the

temperature of the material increases or decreases, respectively, over a temperature

range around the designated transition temperature of the material.



In addition to materials with a crystal structure, amorphous materials that are

electrically polarizable can be used with the invention to convert heat to electricity.

For such amorphous materials, the depolarization transition temperature is analogous

to Tc or to the ferroelectric phase transition as described above. In such amorphous

materials and in polymeric ferroelectric or ferromagnetic materials, the polarizable

units exhibit dipolar behavior at the atomic and molecular level. Where reference is

made to the use of ferroelectric or ferromagnetic materials, it should be understood

that polarizable amorphous polymers (and copolymers) with appropriate polarization

and transition characteristics, as described herein, can also be used with the invention

and such use is intended to be disclosed as well. In these instances, "transition

temperature," or the "Curie temperature," or "Tc" shall be considered to refer to the

depolarization transition temperature.

On occasion, "polarization" is used herein where it might be more precise to

refer to "electric displacement." Since there is no significant difference between the

terms in this context, polarization is used throughout for simplicity and clarity.

The parameter "P" is used herein to designate both electrical polarization and

pressure to be consistent with common use in the literature. Which meaning is

intended in a given instance will be apparent from the context.

It will be recognized by persons skilled in the art that a temperature gradient

will exist between any two objects or materials between which heat flows. That

gradient is often disregarded in quasistatic thermodynamic analyses that assume an

ideal isothermal heat transfer between a working medium and a heat source or sink.

For simplicity, that gradient is disregarded here and TH may be used to designate

either the temperature of a heat source or the temperature to which an object, such as

a ferroelectric module, is heated. Similarly, TL may be used to designate either the

temperature of a heat sink or the temperature to which an object, such as a

ferroelectric module, is cooled. In practice, the extent of the actual gradient may

affect the overall thermal efficiency, power density, the coefficient of performance in

cooling applications, and other factors.

Without intent to limit the scope of the invention, exemplary apparatuses and

methods according to the embodiments of the present invention are given below.

Note that titles or subtitles may be used in the examples for convenience of a reader,



which in no way should limit the scope of the invention. Moreover, certain theories

are proposed and disclosed herein; however, in no way, whether they are right or

wrong, should they limit the scope of the invention so long as the invention is

practiced according to the invention without regard for any particular theory or

scheme of action.

The invention discloses a novel way of using two-phase heat transfer to

rapidly input heat to, and remove heat from, systems in general so that rapid thermal

cycling of the system occurs over a desired temperature range. Thermal cycling is

achieved by varying the pressure and temperature of a working fluid in a chamber so

that a portion of the working fluid rapidly cycles back and forth between liquid and

vapor phases. As condensation and evaporation alternately occur during those phase

changes, large amounts of latent heat are expelled and absorbed by the fluid,

respectively. That large amount of latent heat expelled and absorbed by the fluid, in

turn, is used to input and remove heat from the desired system, respectively. Rapid

thermal cycling of the system is achieved thereby.

Two-phase heat transfer provides considerable advantages over conventional

heat transfer systems, such as higher heat transfer coefficients, better temperature

uniformity, and smaller coolant rates. Two-phase heat transfer can cause the

temperature in the sample chamber to be rapidly cycled therein by controlling the

synchronized opening and closing of the one or more valves that access the chamber.

The potential uses of the invention are wide-ranging, and there are many ways to

design, implement, and use the apparatus. Several aspects of the two-phase heat

transfer process may be considered in conjunction with the system design for a given

application. These factors include, among others, two-phase flow in micro-channels,

boiling, condensation, pressure drop, bubble activity and flow patterns, heat transfer

characteristics, and critical heat flux. In the two-phase thermal cycling of the modules

(for example, 710 in FIG. 1) described herein, and in particular in the case of thermal

cycling of ferroelectric modules for the purpose of generating electricity from heat as

described herein, heat transfer will be largely determined by the vapor mass flow rates

across the valves (735 and 745 in FIGS. 1-3, for example) and the heat transfer rates

due to boiling and condensation.



The flow rate across a valve in a sonic flow with a flow coefficient of Cv is

given by

where N 2 is the numerical constant for a given set of units, i the upstream pressure,

P 2 the downstream pressure, Gg the gas specific gravity (air = 1), and Ti the absolute

upstream temperature in K, for example, when q, p and T are expressed in standard

units of L/min, kg/cm2 and K, respectively, and N 2 = 6816 . The parameters Cv and

pi can be chosen as design parameters to have sufficient flow rate across the valves.

The cooling of a ferroelectric module, for example, due to evaporation can be

estimated by using the Rohsenow correlation for the boiling of the dielectric working

fluid, which assumes nucleate pool boiling. Such a module may be depicted as 710 in

FIG. 3, for example. As described hereinafter, a sufficient amount of fluid layer can

be maintained by using a porous membrane on the ferroelectric layers. The heat flux

due to nucleate boiling is given by

Characteristic properties of a fluorocarbon dielectric working fluid, for example, are

the liquid phase specific heat capacity C
P

i = 1100 J/(kg-K); the evaporation latent

heat hfg = 84,400 J/kg; the liquid density i = 1619 kg/m ; the vapor density p = 13.4

kg/m ; the surface tension σ = 8.1xl0 3 kg/s2; the liquid viscosity µι = 440xl0 6

kg/(m-s); and the Prandtl number Ρ = 9.01. In addition, the nucleate boiling

constraints are Cs,f = 0.005 and n = 1.7. The heat flux q is in W/m2. The excess

temperature is defined by A Te = TS - Tsat , where Ts is the surface temperature and Tsat

is the vapor saturation temperature. The heat flux can be very large, exceeding 100

kW/m2.

Condensation can also deliver heat at very large rates when the temperature of

the vapor is reduced below its saturation temperature. In condensation, the latent heat

of the vapor is released, heat is transferred to the surface, and condensate is formed.



For a laminar film condensation process on a vertical plate, the heat flux

expressed as

where the heat transfer coefficient is given by

and the Reynolds number is given by

The parameter hf
'
g is the modified evaporation latent heat expressed in terms of the

Jakob number Ja, where

g =h g l + .6 Ja)

The Jakob number is defined b

Both film and drop-wise condensation can achieve very high heat flux delivery rates,

exceeding 100 kW/m2. The high heat flux rates that can be achieved with a two-phase

heat transfer system are integral to the rapid rate of thermal cycling that can be

achieved with the present invention.

As embodied and broadly described herein, this invention, in one aspect,

relates to an apparatus and method for rapid thermal cycling of a material, device, or

other system using two-phase heat transfer. Such an apparatus in one embodiment is

represented schematically in FIG. 1. As show in FIG. 1, a module 710 is located

inside a thermal chamber 720, where the module 710 is the material, device or other

system that undergoes thermal cycling. The thermal chamber 720 is connected to the



hot and cold reservoirs, 750 and 760, by conduits 730 and 740, respectively, which

preferably are thermally insulated. The hot reservoir 750 contains a two-phase

mixture of a working fluid maintained at high pressure and high temperature, P H and

T H. The cold reservoir 760 contains a two-phase mixture of the same working fluid

maintained at a lower pressure and lower temperature, PL and T L. The conduit 730 is

attached to the hot reservoir 750 so that the conduit opens into the vapor portion of the

mixture in the hot reservoir 750, and the conduit 740 is attached to the cold reservoir

760. Both conduits 730 and 740 are attached to thermal chamber 720 so as to provide

a passageway through which vapor can pass from the hot reservoir 750 to the chamber

720, and a passageway through which vapor can pass from the thermal chamber 720

to cold reservoir 760.

The relative dimensions of the conduits 730 and 740 are such that the vapor in

the hot reservoir 750 can pass rapidly with minimal resistance to the chamber 720

when valve 735 is open and valve 745 is closed, and the vapor in the thermal chamber

720 can pass rapidly with minimal resistance to the low temperature reservoir 760

when valve 745 is open and valve 735 is closed. In one embodiment, to facilitate

temperature cycling within the thermal chamber 720 at temperatures closely

approaching T H and T L, the volume of vapor in both the hot and cold reservoirs 750

and 760 is substantially greater than the volume of vapor in the chamber 720. If the

quantity of vapor in either the hot or cold reservoir is not significantly greater than the

volume of vapor in the thermal chamber, temperature variations may occur in the

vapors in the reservoirs during operation when the respective valve is open between

that reservoir and the thermal chamber 720.

Pump 770 returns working fluid from the low temperature reservoir 760 to the

high temperature reservoir 750 via a conduit 775, which in one embodiment is

insulated. In the absence of leakage, the working fluid is in a self-contained

circulating system and need not be replenished. In the event there is material leakage

during operation, however, a source of working fluid (not shown) is in

communication with the device 700 so that the working fluid can be replenished as

necessary.

The hot reservoir 750 receives heat from a heat source (not shown) which heat

source can be general and of many kinds, so long as the temperature, heat flux, and



other characteristics are appropriate for the particular use. Heat is transferred from

the heat source through one or more heat exchangers to the hot reservoir 750.

Through controlled input of heat and controlled pressure, the two-phase mixture in the

hot reservoir 750 is maintained at pressure P H and temperature T H during operation.

Similarly, the two-phase fluid in the cold reservoir 760 is maintained at T L and PL

through control of pressure and by thermal communication, through one or more heat

exchangers, with a heat sink (not shown). Heat exchangers that can be used to

provide heat to the hot reservoir 750 and to remove heat from the cold reservoir 760

are well known to those skilled in the art.

FIG. 2 is a schematic depiction of another embodiment of the invention which

is like the apparatus illustrated in FIG. 1, but a heat regenerator 780 is included. Heat

generation is well known to those skilled in the art. In this embodiment, the conduit

740 from the thermal chamber 720 to the low pressure reservoir 760 is routed to and

through the regenerator 780.

In the exemplary embodiment illustrated schematically in FIG. 1 and FIG. 2,

the controlled and synchronized opening and closing of the valves 735 and 745 causes

a rapid change in the pressure and temperature of the vapor in the thermal chamber

720, cycling between the vapor states at TH and P H, and at T Land PL. When valve 735

is open, valve 745 is closed, and conversely. When valve 735 is open, the thermal

chamber 720 immediately receives vapor from the hot reservoir 750 at P H and TH,

thereby exposing the module 710 to vapor at TH and, as described in detail herein,

rapidly raising the temperature of the module 710 to T H as heat is input into the

module 710 as vapor in chamber 720 condenses on the surface of module 710. Valve

735 is then closed and valve 745 is opened. The pressure and temperature of the

vapor in the thermal chamber 720 changes immediately to P L and T L as vapor passes

from chamber 720 to the cold reservoir 760. The module is rapidly cooled to T L as

condensate on the surface of module 710 evaporates. As described in detail herein,

the temperature of the module 710 is thereby rapidly lowered to T L as heat is removed

from the module. In one embodiment of the invention, the foregoing sequence is

repeated continuously, causing an ongoing cycling of the module 710 around a

desired temperature T, where TL < T < TH.



The plurality of control valves 735 and 745 are controlled by a computer,

which may receive temperature and pressure data from the fluid mixture in reservoirs

750 and 760; temperature and other data from the module 710; temperature and

pressure data from the thermal chamber 720; and other data, depending upon the

application.

Rapid temperature change of the module 710 can be achieved because the

temperature and pressure of the vapor in thermal chamber 720 changes virtually

instantaneously when the respective valve to the hot reservoir 750 or cold reservoir

760 is open and the opposite valve is closed. The pressure and temperature

characteristics of the fluid propagate from the hot reservoir 750 to chamber 720, and

from the chamber 720 to the cold reservoir 760, through the conduits 730 and 740 at

approximately the speed of sound for the particular fluid. The temperature of the

vapor in the thermal chamber 720 thus cycles rapidly between T H and T L, coinciding

with which of the valves 735 or 745 is opened at a given time, the opposite valve

being closed in synchronization. The pressure of the vapor in the thermal chamber

720 cycles equally rapidly between P H and PL.

The speed at which the temperature of the module 710 changes as a result of

the temperature and pressure change of the vapor in the thermal chamber 720 depends

on a number of factors, including the ratio of the surface area of the module 710 to its

thermal mass. Thermal energy is added to or removed from the module 710 primarily

by the alternating condensation and evaporation of the working fluid on the surface of

the module 710. Because the latent heat of evaporation or condensation is generally

very large compared to the sensible heat of the working fluid in chamber 720, such

two-phase heat transfer and thermal cycling is much more rapid than what might be

achieved with other heat transfer systems.

In one embodiment of the invention, the surface of module 710 is treated

and/or configured so as to cause a thin layer of the liquid working fluid to remain on

the surface of module 710 during temperature cycling. The effect of such a liquid

layer is to enhance the rate of heat transfer into, and out of, the module 710 during

cycling. The liquid layer rapidly gives up, and removes, large quantities of heat

during condensation and evaporation, respectively. The liquid layer in turn transfers

heat into and out of the module 710 at much higher rates than would occur if the



interface between the module 710 and the working fluid in chamber 720 was a strictly

vapor-module interface. The thickness of the liquid layer in such an embodiment

should be sufficient to avoid complete evaporation (dry-out) from the surface of the

module during cooling to temperature TL, but not unnecessarily thick since excess

thickness would add additional thermal mass that could slow thermal cycling of the

module 710. The particular characteristics of such a liquid layer on the module 710

will depend on the specifics of the application, the nature and configuration of module

710, the specific working fluid, and other factors that are determined by a given

application.

As noted, a factor that affects the rate at which module 710 cycles between T L

and T H is the relative surface area of the module where condensation and evaporation

occurs in comparison to the overall thermal mass of module 710. In certain

embodiments, the area of module 710 in comparison to its thermal mass may be

enhanced by constructing the module so that it is comprised of thin strips or sheets of

material, which may also be configured into various geometrical shapes that permit

the vapor to permeate that geometry, thereby increasing the available surface area

over which thermal transfer occurs into and out of module 710 during evaporation and

condensation.

In one embodiment, for example, as described elsewhere herein, the module

710 may include an amorphous polymer material, which with thermal cycling may be

used, for example, to convert heat to electricity. The polymer may be formed, for

example, into a strip of a thickness of approximately 100 microns and a width of

approximately 2cm, and the strip may be wound into a more or less spiral geometry

wherein there is space between the adjacent layers of the spiral to generally allow the

vapor in the thermal chamber 720 to access the entire surface area of the loosely

wound spiral strip from both directions. For such a module, where the surface has

been treated so as to maintain a thin liquid film of the working fluid to facilitate

thermal transfer, the temperature of the module changes almost immediately when the

temperature and pressure of the vapor in the thermal chamber is changed as described

herein.

For example, FIG. 6 presents measured results for the temperature change of

such a module as a function of changing pressure. The measurements were made



using an apparatus like that depicted in FIG. 1. In this example, the decrease in

pressure from approximately 16 psig to 10.5 psig in the sample zone occurred over

~0. 1 s . The decrease in temperature in the sample from -90.2° C to -85.6° C also

occurred over -0.1 s . As reflected in FIG. 6, the change in temperature closely

tracked the change in pressure as a function of time. The changing temperature of the

module lagged changing pressure by only ~0.05s. The rate of pressure (and

temperature) cycling in the chamber 720 depends on many factors, including the

characteristics and speed of the switching valves, 735 and 745. The results presented

in FIG. 6 are not intended to suggest that they are a limitation of the cycling speed

that may be achieved with the invention. More rapid cycling may be achieved in

certain applications, and cycling may also be limited to slower speeds in other

applications, depending upon many factors, including the ratio of the surface area of

module 710 to the thermal mass of module 710.

In one example using an apparatus like that illustrated schematically in FIG. 1,

cycling measured at 1 Hz is presented graphically in FIG. 5, which presents pressure

as a function of time over a course of five cycles. The pressure cycle range of -20 psi

corresponds to a temperature cycle range of -20-25° C for certain working fluids.

Again, faster cycling can be achieved in various applications, depending upon various

factors.

The invention, in one aspect, relates to an apparatus and method for

converting thermal energy directly to electrical energy by rapid thermal cycling of a

ferroelectric or other electrically polarizable medium. Rapid thermal cycling exploits

the change in polarization that develops in such materials when they are cycled

around their transition temperatures, such polarization being inherent to the materials

and occurring without induction by application of an external electric field. With

ferroelectric materials, spontaneous unit cell polarization occurs as a result of the

material transitioning into a ferroelectric phase. The powerful inherent polarization of

the unit cells that occurs spontaneously produces a large overall net polarization in the

ferroelectric material as a whole when the unit cells and domains are aligned by

poling. The invention further exploits the large changes in overall net polarization

that occur when a change in the temperature of the ferroelectric material causes a

transition to a phase (whether paraelectric or antiferroelectric) that has negligible net



polarization. Whenever the use of ferroelectric materials are disclosed herein, it is

intended that such use include both ordinary and improper (or extrinsic) ferroelectrics,

with the ferroelectric material being cycled with respect to its phase transition as

described. With extrinsic ferroelectrics, polarization represents a second order

parameter, which is coupled to some primary order parameter.

Similarly, an overall net polarization occurs inherently in the case of

polarizable amorphous polymer (and copolymer) systems, when poled, and that net

polarization diminishes and disappears when the temperature of the material traverses

the depolarization transition temperature. The changes in polarization that occur with

cycling of such amorphous polymer systems around their depolarization transition

temperatures are exploited by the invention in the same general fashion as the

invention uses the spontaneous polarization and changes in spontaneous polarization

that occur in ferroelectric materials.

Various polarizable amorphous materials are of particular utility with the

invention because their depolarization transition temperatures are in a useful range for

many applications, generally less than -250° C, although they may also be at greater

temperatures, and they produce a robust discharge of electrical energy when cycled.

The relationship between energy, polarization, and permittivity is:

U = Ρ /2εε0.

While P is generally smaller with such amorphous polymers than is the case, for

example, with ferroelectric ceramics, the permittivity for such materials is much

smaller, yielding a high energy density, U. Examples of polarizable amorphous

materials that can be used with the invention include MXD6 Nylon, which has a

transition temperature of approximately 78 ° C and has produced measured discharge

voltages of approximately 800 V for a sample 70 µιη thick. A PANMA-4

acrylonitrile copolymer sample 50 µιη thick has produced a discharge voltage of

approximately 1,300 V with a transition temperature of approximately 100° C.

The invention permits the removal and use of the electrical energy generated

in ferroelectric materials by the spontaneous polarization that occurs when the

material is in the ferroelectric phase. The electrical energy so generated can be

exported to external circuitry in conjunction with phase transition of the material from

the ferroelectric phase to a non-polar phase. The inherent net spontaneous



polarization, P S, disappears as the material transitions to a non-ferroelectric phase.

Commonly, the phase transition that renders P S negligible will be from the

ferroelectric phase to the paraelectric phase, but it may also be from the ferroelectric

phase to the antiferroelectric phase, since the antiferroelectric phase produces

negligible net spontaneous polarization in the material overall.

To allow the conversion of thermal energy to electrical energy with the

invention, the basic ferroelectric module is cycled around its phase transition

temperature. That temperature cycling is accomplished with one or more two-phase

heat exchangers that interface between the ferroelectric module and a heat source and

heat sink. The heat source and heat sink are not limited, any they may be thermally

linked to the two-phase heat exchangers that cycle the ferroelectric converter by any

mode through which thermal energy is transferred, including convective, conductive

and radiative transfer, and one and two-phase thermal transfer systems. The invention

can be used generally to convert thermal energy where: (1) at least a portion of the

temperature range between the heat source temperature, T H, and heat sink

temperature, TL, are within the range of phase transition temperatures for one of the

many ferroelectric materials that exist; and (2) the temperature difference, ∆ Τ = (TH -

TL), is sufficient to allow effective conversion. There are ferroelectrics with phase

transition temperatures that range from as low as about 0° C to 700° C and higher.

There is no theoretical limit to the operating temperature of the apparatus or method,

and they can also be used at temperatures below 0° C and above 700° C insofar as

appropriate ferroelectrics are available and a heat source and heat sink are available

for such temperatures.

Many first order transition materials are appropriate for use with the invention,

but ferroelectric materials with second order transitions may also be used. Lead based

ferroelectric materials systems, for example, provide a wide range of materials

combinations, such as PZT, PZST, PLT, etc., that may be used. The particular

percentage compositions of the constituent elements will affect the specific

performance characteristics of the material, including the phase transition

temperature. In polymer systems, the phase transition temperature can be varied and

controlled by forming copolymers and blends. A list of many ferroelectrics and

antiferroelectrics that may be used with the invention is set forth in M. Lines and A.



Glass, PRINCIPLES AND APPLICATIONS OF FERROELECTRIC S AND

RELATED MATERIALS, APP. F (1977, Oxford reprint 2004), though the list is not

exhaustive. That Appendix F is incorporated herein. The invention can be used with

ferroelectrics that are in either solid or liquid form, the latter including, for example,

liquid ferroelectrics and ferroelectric fine crystals suspended in a liquid appropriate

for a particular application.

By way of example, the invention can be used with a number of Perovskite

ferroelectrics, such as PZT or PLT, which mostly undergo first order transitions when

the unit cell structure undergoes transition from cubic (paraelectric phase) to

tetrahedral (ferroelectric phase). FIG. 24(a) illustrates the unit cell structure for a

Perovskite crystal in the paraelectric phase where T > Tc. In the example, the eight

corners of the cube are occupied by lead atoms; the six faces of the cube are occupied

by oxygen atoms; and the center of the cube is occupied by a titanium or zirconium

atom. FIG. 24(b) depicts the shift in the positions of the ions when the material is in

the ferroelectric phase and T < Tc. It is that shift that gives rise to the local electric

dipole of the unit cell, and it is those electric dipoles that, in the aggregate, produce

the spontaneous polarization of the ferroelectric material, P s . FIG. 25 illustrates the

magnitude of the physical displacement, in angstroms, that may occur among the ions

in the unit cell in the ferroelectric phase, which displacement gives rise to the unit cell

electric dipole.

Criteria that affect the usefulness of a ferroelectric material, or a polarizable

amorphous polymer, include: (1) a phase transition temperature that matches the

available heat source and sink; (2) the sharpness of the phase transition as a function

of temperature; (3) the energy released during transition from a polarized state to a

non-polarized state, as expressed by U = Ρ /2εεο (with high permittivity ferroelectrics,

spontaneous polarization in the ferroelectric state is preferably > 2 µ cm 2 , but

amorphous polymers with much lower polarization may be used where they have low

permittivity); (4) a sufficiently high resistivity to avoid the charges on adjacent

electrodes from leaking through the medium before the stored electrical energy can be

removed externally at high voltage; (5) the ability to pole during the transition to the

ferroelectric or other polarized state with a field that is comparatively small, so that

the poling voltage is substantially less than the voltage at which the charge is removed



(generally, it is desirable that the poling voltage be less than about 20% of the

generated voltage, and preferably less than about 5%); and (6) a relatively high

transition energy, or enthalpy, in comparison to the energy required to heat the lattice

during cycling (this factor will depend in part on the magnitude of the temperature

difference between the high and low cycling temperatures).

In one embodiment of the present invention relating to the conversion of

thermal energy to electricity, FIG. 12 schematically shows a single-stage ferroelectric

conversion device/apparatus 100 that utilizes the change in spontaneous polarization

that occurs from temperature cycling to generate electric charges that are discharged

to external circuitry at high voltage. The apparatus 100 includes a ferroelectric layer

110 having a first surface 112 and an opposite, second surface 114. The ferroelectric

layer 110 consists of a solid or liquid ferroelectric material that is characterized by a

phase transition temperature at which the material undergoes a phase change from the

ferroelectric phase to either the paraelectric or antiferroelectric phase and back again

as the temperature change is reversed. The ferroelectric layer 110 may consist of a

ferroelectric material that is characterized with a Curie temperature, Tc, such that

when the temperature of the ferroelectric material is lower than the Curie temperature

Tc, the ferroelectric material is in a ferroelectric phase in which spontaneous

polarization is established in the unit cells of the ferroelectric material, and when the

temperature of the ferroelectric material is greater than the Curie temperature, Tc,

spontaneous polarization is not established in the unit cells of the ferroelectric

material or is negligible. The ferroelectric layer 110 may also consist of a

ferroelectric material that undergoes phase transition from ferroelectric to paraelectric

as the temperature of the ferroelectric material decreases below the transition

temperature. The ferroelectric layer 110 may also consist of a ferroelectric material

that undergoes phase transition from the ferroelectric phase to the antiferroelectric

phase at a phase transition temperature, such material changing back to the

ferroelectric phase when the temperature change is reversed. The ferroelectric layer

110 has a thickness defined between the first surface 112 and the second surface 114.

The thickness required in practice depends upon several parameters including the

particular application and the characteristics and amount of heat available to be

converted to electricity; the particular ferroelectric material utilized; and the thermal



conductivity of the ferroelectric material.

Typically, the thickness of the ferroelectric layer 110 in one stage of the

apparatus 100 is between about 0.01 mm and about 1 cm. Other values of the

thickness can also be utilized to practice the invention. The ferroelectric layer 110

may be planar in shape or of any other shape, its configuration being limited only by

manufacturing technology and operational considerations for the device. Polarizable

amorphous polymers (and copolymers) in particular can be fabricated and applied in a

very wide range of shapes through techniques well know to those skilled in the art,

and flexible polymers in sheets, strips or other shapes can be applied to many

different surfaces in implementing the energy conversion device. In one such

embodiment, the strip or sheet may be thick enough to maintain structural integrity

during use, but no thicker than necessary for that purpose since additional thickness

adds thermal mass and can slow cycling speed. In other embodiments, the strip or

sheet may be used in combination with very thin support structures for structural

integrity, particularly if the thickness is less than a few micrometers thick.

The width, length and shape of the ferroelectric layer 110 of FIG. 12 is

determined by the nature of the ferroelectric material, the particular application, the

characteristics and amount of heat available to be converted to electricity, the heat

transfer mechanism, and other factors. There is no theoretical limit on the thickness,

width and length of the ferroelectric layer 110. Limitations are practical

manufacturing limitations that may exist from time to time for a particular

ferroelectric material and operational factors of a particular application. Where the

width and length of the ferroelectric layer 110 is limited by practical considerations, a

number of similar or identical devices can be arranged in an array or in a stack to

effectively expand the surface available for communication with the heat exchangers

that interface the device depicted in FIG. 12 with the heat source and heat sink. In

such an application, the conductive leads from the electrodes may be joined to

electrical buses, and the cumulative array would then act as a larger device having a

heat exchanger area approximately equal to the total area of the individual devices,

thereby permitting generation of electric power limited only by the quantity and

character of the available thermal energy. One example of such an array is illustrated

by FIG. 19.



A pair of electrodes 122 and 124 is respectively positioned on the first surface

112 and the second surface 114 of the ferroelectric layer 110. The electrodes 122 and

124 consist of a thermally and electrically conductive material. Such electrodes 122

and 124 are substantially in contact with the first and second surfaces 112 and 114 of

the ferroelectric material/layer 110 so as to provide electrical contact and maximize

thermal conductivity. The pair of electrodes 122 and 124 may be comprised of, for

example, a thin coating of silver of a thickness sufficient to permit the conduction of

the current that is generated, but sufficiently thin to minimize interference with

thermal conductivity between the heat exchangers and the ferroelectric material. The

thickness of the silver electrodes can be about 1-5 microns, for example. In some

embodiments, it may be desirable to have the electrode set back slightly from the

edges of the ferroelectric layer 110 by, for example, 1 mm, to avoid electrical

discharge around the edge of the ferroelectric layer 110. In certain embodiments, the

polarizable material, and polarizable amorphous polymers in particular, may be

applied or affixed to conductive sheets, strips, or objects of a desired configuration,

and such sheet may then serve as one of the electrodes.

In one embodiment, the ferroelectric layer 100 of FIG. 12 is treated, surfaced,

and/or configured so as to cause a layer of the liquid working fluid to remain on the

surface of the ferroelectric layer 100 during temperature cycling. In yet another

embodiment, a sufficient amount of fluid layer is maintained thereon by applying a

porous membrane (or any other layer with open porous structure) to the ferroelectric

layers, as described elsewhere herein. The effect of such a liquid layer is to enhance

the rate of two-phase heat transfer into, and out of, the ferroelectric layer 100 during

cycling. Such a configuration in one embodiment is illustrated schematically by FIG.

4 where the ferroelectric layer, 1, has an electrode, 3, on each side, and an additional

porous material is then applied to ensure that a sufficient amount of the fluid layer is

present during thermal cycling to facilitate heat transfer as described herein. Such a

surface may consist of a hydrophilic or hydrophobic surfactant, a porous membrane,

or another surface configuration or material that causes an adequate fluid layer to

remain during thermal cycling. The particular characteristics of such a fluid layer will

depend on the specifics of the application, the nature and configuration of the

ferroelectric layer 100, the specific working fluid, and other factors specific to a given



application. In one embodiment, the surface treatment 2 depicted in FIG. 4, whether a

porous membrane or otherwise, is applied beyond the electrode 3 to the end of the

ferroelectric material 1 to minimize the possibility of electrical shorting.

In another embodiment, a polarizable material is affixed to a conductive strip;

the second electrode is applied to the polarizable material; such other substances as

may be desired and are applied (e.g., hydrophilic surfactants); and the strip is then

shaped into a desirable geometry for thermal and electrical cycling as described

herein. In one embodiment, the strip is so fabricated and then configured into, for

example, a module that has the geometrical shape of a spiral. In such a shape, the

separation of the adjacent coils of the spiral is sufficient to allow the working fluid to

permeate the geometry so that thermal transfer occurs effectively on most or all of the

available surface.

As illustrated in FIG. 8, in one embodiment two strips of polarizable material

may be coiled more or less concentric to one another to configure the module 710 of

FIG. 3. The polarizable material is represented by strips 10 and 20 in FIG. 8. Each

layer of polarizable material 10 and 20 has an electrode on each of its surfaces as

described herein, such electrodes being depicted as 30, 40, 50 and 60 in FIG. 8.

Further, additional material layers (not shown) may be applied to the electrodes as

described herein to maintain a liquid layer on the surfaces thereof to facilitate heat

transfer to and from the module during evaporation and condensation of the working

fluid in the chamber 720 of FIGS. 1, 2, or 3. In one embodiment, the strips may be

configured so that physically opposing electrodes, 40 and 50, for example, are at more

or less the same voltage, thus minimizing the possibility of shorting between adjacent

electrodes. In that embodiment, electrodes 40 and 50 of FIG. 8, for example, could

either both be at low voltage or ground, and both electrodes 30 and 60 could be high

voltage electrodes. In various embodiments, separators can be used to maintain a

physical separation between adjacent strips. FIG. 8 includes an illustration of one

kind of separator 70, but the separators may have varied geometries different than the

example depicted in FIG. 8. For example, the separators can be insulating short

pieces of thread or thin strips of kapton attached to the surface of the active strips, or

appropriately embossed insulating thin sheets.



In one embodiment, the strip may be made, for example, of P (VDF-TrFE)

copolymer with a thickness of about 100 µιη. The width of the strip can vary

substantially and can be as narrow as 10 µιη or as wide as 50 cm. Other dimensions

can also be used with the invention. The length of the strip may also vary

substantially, and can be as short as 1 cm or as long as 100 m, and other lengths can

also be used with the invention. If formed into a spiral coil, the coil may consist of a

few or many loops, such as 5 or more, and the diameter of the coil may be as small as

less than a centimeter or as large as greater than a meter.

Additionally, the apparatus 100 in FIG. 12 includes means positioned in

relation to the pair of electrodes 122 and 124 for alternately transferring heat 140 to

and from the first surface 112 and the second surface 114 of the ferroelectric layer

110, so as to alternately cool the ferroelectric layer 110 at a first temperature TL that is

lower than the transition temperature, and heat the ferroelectric layer 110 at a second

temperature T H that is higher than the transition temperature. The ferroelectric

material of the ferroelectric layer 110 thereby undergoes, with temperature cycling,

alternating phase transitions between (1) the ferroelectric phase and (2) the

paraelectric or antiferroelectric phase. The delivering means consists of the two-

phase heat exchanger described herein. The reservoirs or heat exchangers 132 and

134 of FIG. 12 contain a two-phase working fluid mixture, the fluid in one

embodiment being a dielectric, under two different respective pressures and

temperatures, a higher temperature and pressure, TH and P H, in reservoir 132, and a

lower temperature and pressure, TH and P L, in reservoir 134, such that the equilibrium

vapor temperatures of the working fluid at pressures P H and PL are, respectively, TH

and TL. The vapor and liquid phases of the working fluid in each reservoir 132 and

134 are maintained in approximate equilibrium. As described herein, the vapor phase

of the fluid in reservoirs 132 and 134 are alternately caused to be in direct

communication, by operation of one or more valves, with one or both of the external

surfaces of the ferroelectric layer, so that the ferroelectric material is alternately

heated at T H and cooled at T L in accordance with the thermodynamic cycles described

herein and in the patents and patent applications by Erbil et al. referenced

hereinabove.



When the ferroelectric is in communication with the higher pressure reservoir

132, heat is rapidly transferred to the ferroelectric (and other materials that may be

integral thereto, such as the electrodes) as condensing vapor delivers the latent heat of

condensation. Conversely, when the ferroelectric is in communication with the lower

pressure reservoir 134, heat is rapidly removed from the ferroelectric (and other

materials that may be integral thereto, such as the electrodes) as liquid evaporates,

thereby removing the latent heat of evaporation.

Thermal transfer into and out of the ferroelectric layer may be enhanced in one

embodiment by applying a layer of hydrophilic (or hydrophobic depending on the

fluid used) surfactant or a similar substance to one or both of the electrodes to

facilitate condensation on the surface of the ferroelectric module during heating of the

module, and to facilitate evaporation from the surface of the ferroelectric module

cooling of the module. The variation of the pressure and the flow of the working fluid

to achieve rapid thermal cycling of the ferroelectric module is controlled by a control

circuit, as described herein, in conjunction with the electrical cycling of the

ferroelectric. During cycling, working fluid in the vapor phase migrates from

reservoir 132 to reservoir 134. The working fluid in its liquid phase is transferred

back (not shown on FIG. 1) from reservoir 134 to reservoir 132. Further, heat is input

to the reservoir/heat exchanger 132 from the heat source used with the device, and

heat is withdrawn from the reservoir/heat exchanger 134 to the heat sink used with the

device.

The apparatus 100 of FIG. 12 also has a pair of electric leads 152 and 154

electrically connected to the pair of electrodes 122 and 124, respectively. Poling the

domains of the ferroelectric material enables a very large overall net spontaneous

polarization to develop in the ferroelectric layer. That overall net spontaneous

polarization in turn induces very dense electrically-opposite screening charges

respectively on the pair of electrodes 122 and 124. The poling field can be

established by an external DC voltage applied during each cycle, as described in U.S.

Patent Nos. 7,982,360 and 8,035,274, or by a residual charge on the electrodes that

remains after the electrical discharge step of the cycle, as described in U.S. Patent

Application No. 13/228,051. While a DC voltage thus need not normally be applied

in that implementation of the invention, a DC voltage source should still be available



to establish a poling field for the initial cycle and in the event the residual charge

diminishes during operation below what is required to establish a poling field.

In one exemplary cycle, after the spontaneous polarization increases to a

maximum value, the circuit is opened while the ferroelectric material of the

ferroelectric layer 110 is heated to temperature T H through the addition of heat to the

lattice, while total polarization remains constant at P H because the circuit is open to

prevent discharge of the charges on the electrodes. The circuit is then closed while

heat is added to the ferroelectric layer isothermally, causing the electrically-opposite

screening charges to discharge to the pair of electric leads 152 and 154 at a high

voltage. The pair of electric leads 152 and 154 permits the conduction of the

discharge current from the electrodes to whatever external load may be used or to

busses to collect and distribute the electricity generated by multiple devices.

When poling is achieved by the field that results from the residual unscreened

charges on the electrodes 122 and 124, a current will flow between those electrodes in

response to the change in net spontaneous polarization that occurs in the ferroelectric

layer. That current can be exploited as an additional source of electrical energy

output to the external load. That energy output is represented by the downhill

relaxation between points D and A in the free energy plot of the TL isotherm shown in

FIG. 31. This occurs at T L as Q L is being removed from the ferroelectric layer. In

one embodiment, the direction of the current during the DA portion of the cycle can

be made to coincide with the direction of the current during the primary discharge

(step BC as depicted in FIG 32 and described elsewhere) by causing the current

during the DA step to pass through a full-wave rectifier (not shown) that is also

included in the circuit when the switch SI is in position B in FIG. 17. Such a rectifier

may, for example, be a bridge circuit. The rectifier causes current flows to and from

the electrodes 822 and 824 to have the same direction at the load RL whether the

current occurs during the BC or DA steps of the cycle.

FIG. 13 shows schematically the alignment of the domains 215 in a

ferroelectric 210 in the ferroelectric phase, i.e., the temperature of the ferroelectric

210 is lower than the Curie temperature Tc of the ferroelectric 210. The ferroelectric

210 has a first surface 212 and an opposite, second surface 214 defining a

ferroelectric layer body 216 there between. The ferroelectric layer body 2 16 is



characterized with a plurality of domains 215 having a large number of polarizable

units. As shown in FIG. 13(a), each domain 215 is characterized by a spontaneous

polarization indicated by a dipole arrow 217, but randomly orientated so that there is

no overall net spontaneous polarization in the ferroelectric 210. FIG. 13(b) shows the

dipoles 217 aligned towards the same overall direction, so that a very powerful net

spontaneous polarization exists in the ferroelectric 210. Such alignment can be

achieved by applying a poling field to the ferroelectric layer body 216. FIG. 13(c)

illustrates an ideally aligned ferroelectric that generally is attained only under special

conditions pertaining to the crystal or molecular structure of the material.

The electrical energy that can be extracted by exploiting changes in

spontaneous polarization during thermal cycling of a given ferroelectric can be

calculated from the Landau phenomenological model of material systems in and

around phase change. Such modeling is a more comprehensive thermodynamic

representation of the system than traditional quasi-static thermodynamic analysis.

The latter is effectively restricted to equilibrium conditions, whereas Landau

modeling is a broader dynamic representation that includes non-equilibrium

conditions, such as relaxation from a metastable state towards a more stable state

pursuant to the Landau-Khalatnikov equation. For ordinary ferroelectrics, the

Landau-Ginzburg-Devonshire free energy functional expresses the free energy of a

ferroelectric material system in terms of the independent parameters temperature, T,

and the order parameter, P, which represents the total polarization produced by the

dipoles in the system, both spontaneous and induced if there is an electric field. An

electric field may be due to the application of an extrinsic potential across the

electrodes or it may be due to the unscreened charges on the electrodes. The Landau-

Ginzburg-Devonshire free energy functional is expressed as:

G(T, P) = αι(Τ) ·Ρ2 + αιι ·Ρ4 + a -P 6

where G is the free energy functional. G is in units of J/m , and P is in units of C/m2.

Polarization is a full thermodynamic variable, and it represents the full polar system

described by G(T, P). The a parameters are specific to a given material system, and

for those given parameters, the Landau-Ginzburg-Devonshire free energy functional

provides the full information for the thermal cycles of a ferroelectric material system

through and around phase transition, and for polarizable polymer systems through and



around their depolarization transitions.

FIG. 26 is an example of plots of the free energy functional in terms of

temperature, T, and polarization, P, with the material parameters representative of a

sample of lead titanate, PbTi0 , with Tc ~ 766K. The individual plots are for various

temperatures of the material. The free energy value, G, is measured in J/m . G is

assigned the value of 0 when the material is in a nonpolar state (i.e., where P = 0).

The free energy, G, is then plotted as calculated from the Landau-Ginzburg-

Devonshire functional for various temperature values from 750K to 820K. For

temperatures above the transition temperature, the free energy is never below the

reference value assigned for the material in the paraelectric state. The global minima

in the various plots represent equilibrium states.

Where a material is in its ferroelectric phase, the system will have two free

energy minima, one at each of the low points of the two wells. Each of those

equilibrium points is equally likely in the absence of a field, and the decrease in free

energy is the same in both wells because the material system is symmetrical. By

poling the dipoles as the material system enters the ferroelectric phase, the system is

biased so that the system will drop down into the particular well that corresponds to

the poled orientation. Poling does not materially affect the free energy of the system.

FIG. 27 is a plot of free energy as a function of temperature where polarization

is held constant at 0.4 C/m2. Again, the parameters used in plotting the free energy

functional are those characteristic of a sample of lead titanate with Tc ~ 766K. This

linear relationship between free energy and temperature can be a consideration in

determining the appropriate thermodynamic cycling of the ferroelectric material used

in the invention. FIG. 27 indicates that it may be desirable in some instances to cycle

the ferroelectric over a wide temperature range since the change in free energy

increases as the temperature range of the cycle increases. Ideally, this can be

performed as a perfect Carnot engine providing the highest possible efficiency. The

thermal efficiency realized by cycling over the wider temperature range may decrease,

however, because of increased lattice heat contribution for the wider temperature

cycling if a perfect regeneration cannot be performed. It should also be recognized

that the accuracy of the Landau-Ginzburg-Devonshire model generally decreases as

temperature departs farther from the phase change temperature, so the linear



relationship may not be as accurate over large temperature ranges.

FIG. 28 presents plots of polarization versus temperature for various electric

field values for the same lead titanate parameters. The relationship between E; free

energy, G; P; and T, is derived from the free energy functional and can be expressed

as:

E = dG/d? = 2ai(T)P+4anP +6a P5.

With the present invention, the E values represent the field generated by the

unscreened charges on the electrodes. The electric field value E can also include a

small poling field applied from a DC voltage source in the event an external poling

field is applied.

FIG. 29 is a plot of entropy, S, as a function of temperature for various E

values where the parameter E is measured in volts per meter. Entropy is proportional

to P2, and

-a0-[Ps(T, E)]2

where entropy is measured in J/(m -K). The parameter ois related to the material

parameters by the expression

i = ao(T-To),

where T0 is the Curie-Weiss temperature, which is the phase transition

temperature for materials that have second order phase transitions, but has a different

value for first order transition materials.

The invention can be practiced pursuant to various thermodynamic-electrical

cycles, and the examples of cycles herein is illustrative only and in no way limits the

scope and meaning of the invention. An example of one such thermodynamic cycle

that can be used with the present invention is depicted in FIG. 32 in an ideal form. It

has two isothermal steps, BC and DA, and two steps where polarization is held

constant, AB and CD. The specific operation of this cycle is described in more detail

herein.

In some thermodynamic cycles, the discharge of the electrodes to an external

load during the course of the cycle may be complete or nearly complete. With other

cycles, the discharge of the electrodes is not complete. Instead, a small unscreened

residual charge is left remaining on the electrodes before discharge is complete, and



that residual charge serves to pole the material during the next cycle. Other than as

necessary to provide a poling field, it is generally desirable to allow for removal of the

charges from the electrodes so as to maximize the amount of electrical energy

withdrawn during that step of the cycle. The amount of the residual charge left

remaining, corresponding to P L, that is sufficient to establish a field to pole the

spontaneous electric dipoles during transition into the ferroelectric phase will depend

on the material system, the configuration of the ferroelectric layer, and other factors.

The impedances of the system and the load must be matched so that the depolarization

field does not exceed the coercive field at any time after the external poling field is

turned off. The value of PL is determined by the value of P that occurs at the local

free energy maximum for the cycle. In one embodiment using an exemplary cycle

described herein, that local free energy maximum is depicted as point D on the free

energy isotherm in FIG. 31. By way of example, for a ferroelectric sample of PbTi0 ,

P L ~ 0. 15 C/m2 generally creates an adequate poling field, as indicated in FIG. 31.

The invention can also be practiced by letting PL go to zero, with subsequent poling

performed by applying an external field during the DA step of the cycle.

Starting at an arbitrary point C of the specific cycle illustrated by FIG. 32, the

material is at a relatively high temperature, TH, and in a paraelectric or

antiferroelectric phase. In one embodiment, the electrodes on the surfaces of the

ferroelectric have discharged at point C so that only enough residual charge remains

on the electrodes to provide a field sufficient to pole the ferroelectric when it is cycled

back into its ferroelectric phase. Then, during the CD step of the cycle, the

ferroelectric is cooled to a relatively low temperature, TL, while the electrical circuit is

open so that total polarization remains constant at the minimum value, P L. The heat

withdrawn during the CD step corresponds to the sensible lattice heat to cool the

material. During step CD, the ferroelectric material goes from point C to a metastable

state at point D.

The circuit is closed at point D of the cycle. During the DA step, heat QL is

withdrawn isothermally while the ferroelectric is at T Luntil the spontaneous

polarization attains the maximum value, P H. That value of P H may be as great as is

permitted by the particular ferroelectric material system without causing electrical

breakdown or significant electrical leakage through the ferroelectric layer. All other



things being equal, attaining high PHvalues will generally correspond to larger output

of electrical energy in each cycle. P Hwill vary depending upon the ferroelectric

material system, the configuration of the ferroelectric layer and other factors. In the

illustrative case of a lead titanate sample, Pnmay have a value of 0.4 C/m2 as shown

in FIGS. 30 and 31.

During the DA step, the electrical circuit is closed and a current flows from

the electrode on one side of the ferroelectric to the electrode on the opposite side of

the ferroelectric until screening charges develop that equal the opposing bound

charges on the surfaces of the ferroelectric. Also during the DA step of the cycle, the

small residual field resulting from the unscreened charges on the electrodes at point D

causes the resulting dipoles to be oriented towards one direction - i.e., they are poled.

In another embodiment, the poling field can be the result of an externally applied

potential. The heat Q L withdrawn during the DA step corresponds to the latent heat of

the phase transition. During the DA step, the material system relaxes from a

metastable state at point D to a stable state at point A, as shown in FIGS. 31 and 32.

During the DA step, electric energy is generated in those embodiments where

poling is done other than by an externally applied voltage. The energy so generated

during step DA can be discharged into external circuitry to perform electrical work.

In one embodiment, a full-wave rectifier can be utilized to rectify the current flows to

and from the electrodes 822 and 824 to have the same direction at the load whether

the current occurs during the BC or DA steps of the cycle. Such a full-wave rectifier

may consist, for example, of a bridge circuit. As noted elsewhere, poling may also be

achieved by applying an external field from a DC voltage source across the electrodes

on the surfaces on the ferroelectric layer. On those occasions, electrical work is

performed on the system rather than generated by the system during step DA.

In the next step of the cycle, AB, the circuit is open and the ferroelectric is

heated to T H above the material transition temperature at constant polarization. At

point B of the cycle, the ferroelectric is in a metastable state, and the circuit is then

closed. During the BC step of the cycle, heat is input isothermally as polarization is

reduced to P L and the ferroelectric relaxes from the metastable state at point B

towards point C. The heat Q H added during the BC step is equal to the enthalpy

change that corresponds to the change in polarization. During that step, screened



charges on the electrodes become unscreened and are discharged into external

circuitry to perform electrical work, total polarization at point C being reduced to PL

at which point the circuit is opened to prevent further discharge.

The transitions of the material system from a stable state to a metastable state

or vice versa during the several steps of the cycle are described by Landau-

Khalatnikov time dependent phase transition theory, which can be used to match the

response time of the load to the transition time from the metastable state.

TH and TL are above and below the transition temperature, respectively, so as

to allow for phase change. Depending upon characteristics of the material, such as the

homogeneity of the crystal structure, for example, T H and TL may differ from the

transition temperature by a few degrees centigrade or less. TH and TL may also differ

from the transition temperature by a substantial amount, for example, by 20 degrees

centigrade or more. In another implementation T H and T L can both be below the

transition temperature, if the material is cycled between a greater polarization value

and a lesser polarization value.

It will be recognized by persons skilled in the art that the cycle illustrated in

FIG. 32 depicts a cycle performing in an ideal fashion. In practice, there generally

may be deviations from ideal or perfect isothermal or constant polarization steps of

the cycle and deviations from perfect cycling between P H and PL. It should be

recognized that the invention will generally be practiced such that the actual cycling

and actual poling may depart to some degree from the ideal.

In some embodiments of the invention the ferroelectric phase occurs at a

temperature higher than the transition temperature, and the paraelectric phase, or

antiferroelectric phase, occurs below the transition temperature. In such

embodiments, the cycle depicted in FIG. 32 operates the same except in the opposite

direction. The four steps are DC, CB, BA, and AD. Steps DC and BA occur at

constant polarization, PL and P¾ respectively. Only lattice heat is input and

withdrawn, respectively, during steps DC and BA. Heat QH is input isothermally

during step CB, and heat QL is withdrawn isothermally during step AD. During step

CB, the electrical circuit is closed; poling with a DC voltage or an internally

generated field occurs; and a current flows from the electrode on one side of the

ferroelectric to the electrode on the opposite side until screening charges develop that



equal the opposing bound charges on the surfaces of the ferroelectric. The electrical

circuit is closed and electricity is discharged to a load during step AD.

The robustness of a particular thermodynamic cycle can be evaluated using

values calculated from the free energy functional. FIGS. 30 and 31, like FIG. 26, are

examples of plots of the free energy functional in terms of temperature, T, and

polarization, P, with the material parameters representative of a sample of lead

titanate, PbTi0 , where Tc ~ 766K. The individual plots are for various temperatures

of the material. FIG. 30 includes designations of the points of the cycle (A, B, C and

D) depicted in FIG. 32 with two isothermal steps and two steps where polarization is

constant. In FIG. 30, P L is reduced to a negligible level or zero during the course of

the cycle. FIG. 31 is a similar plot of free energy for the cycle depicted in FIG. 32

with the points of the cycle designated thereon, but PL is not allowed to go to zero.

Instead, during the electrical discharge step of the cycle, BC, sufficient charge is

retained to pole during the next cycle. The value of P L is determined by the value of P

that occurs at the local free energy maximum for the cycle, as shown on FIG. 31. The

values for T and P in FIGS. 29, 30, and 31 are illustrative only and are not intended to

suggest that they are ideal or unique.

FIG. 33 illustrates entropy as a function of temperature for the cycle depicted

in FIG. 32. Only the polarization contribution to free energy is considered. Other

possible degrees of freedom that could contribute to entropy changes, such as lattice

heat and polymer backbones, are disregarded in the illustration. Where those other

factors are negligible, the cycle is isentropic even in the absence of regeneration

during steps AB and CD.

FIG. 34 shows the measured electric current generated during the heating

phases resulting from the change in permanent polarization that correspond to

different relay turn-on temperatures for a P(VDF-TrFE) copolymer film of 50 µιη

thickness. The load resistor RL had a resistance of 10 ΜΩ , and the measure resistors

R l and R2 were chosen at 0 and 22 k , respectively. The horizontal axis has been

largely expanded due to the somewhat broad transition of the copolymer, which

makes the original peak (line 1) look flat. Lines 2 - 6 in FIG. 34 show the electricity

generated with increasing delay temperature (time). These lines correspond to the AB

step in the thermodynamic cycle shown in FIG. 32. The electric potential (field)



generated across the sample dramatically increases with larger delay temperatures,

reaching about 10 times the potential attained with the original peak of line 1. The

increasing potential with larger delay temperature corresponds to the enlargement of

the rectangular cycle along the temperature axis at constant polarization (AB step).

Thermodynamically, this leads to a larger efficiency. The integrated intensities remain

largely constant, as expected.

FIG. 14 shows schematically a ferroelectric module 500 in the ferroelectric

phase with bound surface charges generated on the surfaces of the ferroelectric layer

510 and corresponding screening charges generated on the electrodes 522 and 524. In

the exemplary embodiment, the electric dipoles 517 are aligned, for example, by a

small poling field, thereby enabling a large overall net spontaneous polarization to

occur in the ferroelectric layer 510. The resulting large net spontaneous polarization

produces very dense bound charges 5 11 and 513 on the surfaces 512 and 514 of the

ferroelectric layer 510. As a result, a current flows to the electrodes 522 and 524.

Screening charges 521 and 523 are thereby produced on the electrodes 522 and 524

that equal, but are opposite in charge to, the bound charges 5 11 and 513 at the

surfaces 512 and 514 of the ferroelectric layer 510. At that point, the net electric field

in the electrodes 522 and 524 is necessarily negligible or zero since the electrodes 522

and 524 are conductors. The bound charges 511 and 513 in the ferroelectric layer 510

result from the aligned electric dipoles 517 and P s, while the screening charges 521

and 523 on the electrodes 522 and 524 result, in turn, from the bound charges 511 and

513, and are in opposition to those bound charges 511 and 513.

As the ferroelectric goes through phase transition and becomes paraelectric or

antiferroelectric, the spontaneous polarization in the ferroelectric layer 510

disappears. As a result, the screening charges 521 and 523 on the electrodes 522 and

524 become unscreened at an extremely high potential difference between the

electrodes 522 and 524. The exact potential difference will depend upon the particular

ferroelectric and the configuration of the module, but potentials in excess of 30,000

volts may be attained with appropriate materials before dielectric breakdown.

FIGS. 15 and 16 show another embodiment of a heat-to-electric conversion

device 600 according to the present invention. In the exemplary embodiment, the

device 600 has a ferroelectric layer 610, a pair of electrodes 622 and 624 respectively



formed on the surfaces of the ferroelectric layer 610, and a delivering means in

relation to the pair of electrodes 622 and 624 for alternately delivering a cold fluid

and a hot fluid over the surface of the ferroelectric layer so as to alternately cool the

ferroelectric layer 610 at a first temperature T L < Tc, and heat the ferroelectric layer

610 at a second temperature T H > Tc; thereby the ferroelectric material of the

ferroelectric layer 610 undergoes alternating phase transitions between the

ferroelectric phase and the paraelectric or antiferroelectric phase with temperature

cycling.

In one embodiment as illustrated in FIG. 3, the ferroelectric generator module

710 is located inside a thermal chamber 720. The module 710 includes the

ferroelectric layer 610 and the electrodes 622 and 624 thereon as depicted in FIG. 15,

and also depicted as 110 (ferroelectric layer) and 122 and 124 (electrodes) in FIG. 12.

The electrodes are connected to leads 711 and 712 that connect the module to external

circuitry. The module 710 may also include the additional surface treatment or other

features described herein to maintain a layer of liquid on the surface of the module to

enhance thermal transfer with the ferroelectric module 710 as the chamber 720 is

cycled. The chamber 720 in FIG. 3 is connected to conduits 730 and 740, preferably

thermally insulated, which conduits are also connected to the hot and cold reservoirs

750 and 760, respectively. The hot reservoir 750 contains a two-phase mixture of a

working fluid that is maintained at high pressure and high temperature, P H and TH.

The cold reservoir 760 contains a two-phase mixture of the same working fluid

maintained at low pressure and low temperature, P L and TL. The conduit 730 is

attached to the hot reservoir 750 so that the conduit opens into the vapor portion of the

mixture in the hot reservoir 750, and the conduit 740 is attached to the cold reservoir

760 so that conduit 740 opens into the vapor portion of the mixture in cold reservoir

760. Both conduits 730 and 740 are attached to thermal chamber 720 so as to provide

a passageway through which vapor can pass from the hot reservoir 750 to the chamber

720, and a passageway through which vapor can pass from the thermal chamber 720

to the cold reservoir 760, respectively.

The dimensions of the conduits 730 and 740 are such that the vapor in the hot

reservoir 750 can pass rapidly and with little resistance when valve 735 is open and

valve 745 is closed, and the vapor in the thermal chamber 720 can pass rapidly and



with little resistance to the low temperature reservoir 760 when valve 745 is open and

valve 735 is closed. Pump 770 returns working fluid from the low temperature

reservoir 760 to the high temperature reservoir 750 via a conduit 775, which in one

embodiment is insulated. In the absence of leakage, the working fluid is in a self-

contained circulating system and need not be replenished.

The hot reservoir 750 receives heat from a heat source (not shown) which heat

source can be of any kind or character, so long as the temperature, heat flux, and other

characteristics are appropriate for the particular apparatus. Heat is conveyed through

one or more heat exchangers to the hot reservoir 750 so that the temperature of the

mixture is maintained at T H while pressure is also maintained at P H. Similarly, the

two-phase mixture in the cold reservoir 760 is maintained at T L by thermal

communication, through one or more heat exchangers, with a heat sink (not shown)

while pressure is maintained at PL. The pressure in the hot and cold reservoirs 750

and 760 is monitored and controlled, and may be augmented if necessary from an

external pressure source, such as a pump or compressor. Some of the possible heat

sources and heat sinks that may be used with the invention are described in U.S.

Patent Application No. 13/247,525, which application is incorporated by reference

herein in its entirety. Heat exchangers that can be used to provide heat to the hot

reservoir 750 and to remove heat from the cold reservoir 760 are well known to those

skilled in the art.

FIG. 3 is a schematic depiction of an embodiment of the invention which is

like the apparatus illustrated in FIG. 1, but a heat regenerator 780 is included in FIG.

3. Heat generation is well known to those skilled in the art. In this embodiment, the

conduit 740 from the thermal chamber 720 to the low pressure reservoir 760 is routed

to and through the regenerator 780. Fig. 3 also shows leads 7 11 and 712 coming from

the ferroelectric module, those leads being connected to electrodes on the surfaces of

the ferroelectric layer(s), as described herein.

The hot reservoir 750 and cold reservoir 760 in FIG. 3 correspond to the heat

exchangers, or reservoirs, 632 and 634 in FIG. 15, which is a more generalized

schematic illustration of the overall device, showing the ferroelectric layer and

electrode in one embodiment. In the exemplary embodiment illustrated schematically

in FIG. 3, the controlled and synchronized opening and closing of the valves 735 and



745 by a control circuit causes a rapid change in the pressure and temperature of the

vapor in the thermal chamber 720, cycling between T H and P H, and T Land PL. When

valve 735 is open, valve 745 is closed, and conversely. When valve 735 is open, the

thermal chamber 720 immediately receives vapor from the hot reservoir 750 at P H and

T H, thereby exposing the ferroelectric module 710 to vapor at T H and P H, as described

in detail herein, rapidly raising the temperature of the module 710 to T H as heat is

input into the module 710 when vapor in chamber 720 condenses on the surface of

module 710. In accordance with certain of the thermodynamic-electrical cycles

referenced herein, heat is further added to the module while polarization is controlled

and held constant. Valve 735 is then closed and valve 745 is opened. The pressure

and temperature of the vapor in the thermal chamber 720 changes immediately to P L

and TL as vapor passes from chamber 720 to the cold reservoir 760. The ferroelectric

module 710 is rapidly cooled to TL as condensate on the surface of module 710

evaporates. In accordance with certain of the cycles described herein, heat is further

removed from the module while polarization is controlled and held constant. In one

embodiment of the invention, the foregoing sequence is repeated continuously,

causing ongoing cycling of the module 710 around a desired temperature T, where TL

< T < TH.

The plurality of control valves 735 and 745 are controlled by a computerized

control circuit, which may receive and act on temperature and pressure data from the

fluids in reservoirs 750 and 760; temperature, capacitance, and electrical polarization

data from the electric generator module 710; temperature and pressure data from the

thermal chamber 720; and other data.

As described elsewhere, in one embodiment of the invention the surface of

module 710 is treated and/or configured so as to cause a thin layer of the liquid

working fluid to remain on the surface of module 710 during temperature cycling.

The liquid layer rapidly removes, and expels, large quantities of heat during

evaporation and condensation, respectively, thereby facilitating a rapid transfer of

heat into and out of the module 710. The particular characteristics of such a liquid

layer on the ferroelectric module 710 depends on the nature and configuration of

module 710, the specific working fluid, and other factors specific to a given

application. In another embodiment, the rate at which the ferroelectric module 710



absorbs and rejects heat can be increased by configuring the module so that the ratio

of the surface area of the module on which condensation and evaporation occur is

increased relative to the overall thermal mass of the module. In certain embodiments,

the area of module 710 relative to its thermal mass may be enhanced by constructing

the module so that it is comprised of thin strips or sheets of material that may be

configured into various geometrical shapes which permit the vapor to permeate that

geometry, thereby increasing the available area at which thermal transfer occurs

between the working fluid in chamber 720 and the module 710, in comparison to the

thermal mass of the module.

The addition and removal of heat to and from the ferroelectric module 710 is

coordinated by a control circuit with the opening and closing of the electrical circuit

in conformity with a thermal and electrical cycle as described herein, including for

example the cycle depicted in FIG. 32. Electrical and thermal cycling are coordinated

by directly monitoring and processing the temperature of the ferroelectric with a

device such as a thermocouple or thyristor; the capacitance of the ferroelectric system,

as capacitance is correlated to the temperature of the ferroelectric layer as a whole; the

polarization of the ferroelectric layer; and/or by monitoring and processing other data.

The extent of unbound charges on the electrodes 622 and 624 in FIG. 15 may also be

monitored and used in controlling the cycle and, among other things, determining

when the field resulting from that charge remains sufficient to pole the dipoles during

the transition of the ferroelectric layer 110 in FIG. 12 into its ferroelectric phase.

FIG. 17 illustrates schematically a heat-to-electric energy conversion device

800 connected to a DC power supply that may be used for poling when necessary, and

to an external load resistance, RL, for receiving the electrical discharge generated,

according to one embodiment of the present invention. According to one

embodiment, one or more monitoring devices (not shown) are attached to or

imbedded in the ferroelectric device to monitor the temperature of the ferroelectric

material. Such monitoring may be done, for example, by one or more thermocouples

or thyristors or by monitoring the capacitance of the device. Additionally, resistors

R l and R2 which may remain in the circuit to monitor the current, as they have

negligible resistance compared to the load resistance RL. Polarization may be

monitored by integrating the current flow through resistors R l and/or R2.



Throughout the cycle, the ferroelectric module 800 undergoes actions controlled by

one or more computers acting through a control circuit (not shown) that control

heating and cooling and control the switch S1 as described herein.

In practice, the cycling of the ferroelectric modules 600 and 800 are repetitive

and ongoing so long as the device is to be used to generate electricity from heat.

Thus, a description of a cycle could begin at any point in the cycle. For the purpose

of illustrating the operation of the device in one embodiment, the ferroelectric module

600 or 800 is initially assumed to be at point C of the cycle depicted in FIG. 32. At

that point, switch SI depicted in FIG. 17 is opened and the ferroelectric layer 810 is at

TH and polarization is at P L. As described elsewhere the value of PL may correspond

to a residual unbound charge that creates a field sufficient for poling the electric

dipoles that arise spontaneously when the ferroelectric layer 810 transitions to the

ferroelectric phase. While the switch S1 remains open at the mid-position, the

ferroelectric layer 810 is cooled to T L by the withdrawal of heat, bringing the cycle to

point D in FIG. 32. Keeping the switch SI open prevents the flow of charge to or

from the electrodes 822 and 824, such that polarization remains at PL during the CD

step of the cycle.

At point D of the cycle in the usual operation of the invention after the first

cycle in those embodiments in which a residual charge is used for poling, switch SI is

switched to position B as shown on FIG. 17, which closes the circuit between the

electrodes 822 and 824 and the load resistance, RL. While the switch SI is in position

B, heat is withdrawn from the ferroelectric layer 810 isothermally at TL,

corresponding to step DA of the cycle depicted in FIG. 32. In step DA, the

polarization retains its direction but increases to the value P H. The resulting overall

spontaneous polarization, Ps, produces very large bound charges on the surfaces of the

ferroelectric layer 810. Those bound charges cause screening charges to develop on

electrodes 822 and 824 that are equal and opposite to the bound charges at the

surfaces of the ferroelectric layer 810. Heat QL withdrawn during the DA step of the

cycle corresponds to the enthalpy of phase transition. At point A, spontaneous

polarization in the ferroelectric layer 810 is at the maximum, P H, and the net electric

field in the electrodes is negligible since the electrodes now carry sufficient charges to

balance the bound charges due to P H. Large amounts of electrical energy are



generated spontaneously during step DA corresponding, for example, to the free

energy difference between points D and A in FIG. 31.

FIG. 14 illustrates (1) the bound charges in the ferroelectric that are the result

of the aligned electric dipoles and P S and (2) the screening charges that arise on the

electrodes in opposition to those bound charges, as would occur at point A of the

cycle (though at point A the load resistance RL would not be in the circuit as it is

depicted in FIG. 14).

In one embodiment, a DC voltage source is included in the circuit when the

switch SI is in position A, and that voltage source can be used for poling in the first

cycle or for any reason if during operation the field from the residual charges on the

electrodes 822 and 824 at point D of the cycle becomes insufficient to pole the

ferroelectric layer 810. In that event, switch S1 is switched to position A at point D of

the cycle and a DC voltage is applied across the ferroelectric layer to pole the dipoles

that spontaneously arise during transition. The voltage required for poling is material

dependent, but is small compared to the voltage at which the charge is discharged

from the ferroelectric device 800. Other than the minimum required for poling in

such instances, a voltage need not be applied across the ferroelectric layer 810 and is

discontinued. When polarization reaches P H, the switch SI is opened to the mid-

position illustrated in FIG. 17, and the device is at point A in the cycle of FIG. 32.

The field that is sufficient for poling depends upon the particular material, its

geometry, whether the device is operated in a single- or multi-stage configuration, and

other factors. The minimum poling field generally will be of comparable strength

whether it is created by the residual charges on electrodes 822 and 824 at points C and

D of the cycle, or whether it is imposed from an external DC voltage source. By way

of an example, for some single stage, lead-based ceramic ferroelectrics of

approximately 1.0 mm thickness, an adequate poling field may be achieved by a

voltage of approximately 200 volts. By contrast, the generated voltage for such a

material can exceed 6,000 volts during electrical discharge. Without poling, the

polarizable material would spontaneously exhibit electric dipoles when the material is

in the ferroelectric phase but, in the overall aggregate, the dipoles would not be

aligned. Such alignment is essential to achieve the high overall P S values that are

exploited by the invention.



During the AB step of the cycle depicted in FIG. 32, the switch SI is open,

and the ferroelectric layer 810 is heated to TH so that it transitions out of the

ferroelectric phase. Because the switch is open, the unbound charges on the

electrodes are prevented from discharging during the lattice heating that occurs during

the AB step, and total polarization remains at PH.

At point B of the cycle, switch SI is switched to position B in FIG. 17, and

heat is added to the ferroelectric layer 810 isothermally at T H SO that large amounts of

electrical energy are released to the load RL from the ferroelectric module 800. As

the electrical charges are removed from the electrodes 822 and 824, the charges are

received at a very high voltage by the load resistor, RL, or by any other suitable

device that can be used to store, transmit, or utilize electricity for work. When the

free charges remaining on the electrodes 822 and 824 have diminished to the

minimum that is sufficient to establish a field to pole the spontaneous dipoles during

the transition back to the ferroelectric state, in those embodiments in which poling is

achieved through an internally generated field, the withdrawal of electrical energy

from the electrodes is stopped by opening the switch SI, which corresponds to point

C of the cycle. Total polarization at that point is P L, and the ferroelectric layer 810 is

at TH.

In one embodiment, a full-wave rectifier (not shown) is included in the circuit

when the switch SI is in position B. The rectifier causes current flows to and from

the electrodes 822 and 824 to have the same direction at the load RL whether the

current occurs during the BC or DA steps of the cycle. Such a full-wave rectifier may

consist, for example, of a bridge circuit. Rectifying the signal in this fashion may

simplify the subsequent use or storage of the electrical energy generated during

cycling.

In another embodiment, the ferroelectric material is not cycled pursuant to the

thermodynamic cycle set forth in FIG. 32 and as otherwise described herein. Rather,

the ferroelectric module may be cycled using any thermodynamic cycle that allows

the ferroelectric material to be cycled from a ferroelectric state in which the

spontaneous dipoles are poled, to a paraelectric or antiferroelectric state wherein

polarization is maintained so that it does not decrease below a minimum level, PL,

where P L corresponds to a level of polarization that produces a field sufficient to pole



during the transition to the ferroelectric phase. In yet another embodiment, P L is

allowed to become negligible or zero and poling is achieved by application of an

applied DC voltage with the switch SI in FIG. 17 in position A during step DA of the

cycle depicted in FIG. 32.

In yet another embodiment, instead of cycling the ferroelectric material

through phase transition, it is maintained at all times in a ferroelectric phase, and is

cycled from a greater degree of polarization to a lesser degree of polarization.

The thermal cycling and the electrical inputs and outputs are computer

controlled with a control circuit throughout the cycle. Heating and cooling during the

various steps of the cycle are accomplished by microcontrollers causing hot and cold

fluids to be directed alternately to the ferroelectric module 800, those hot and cold

fluids corresponding to the respective vapors at TH and P H, and TL and P L, pursuant to

the invention. Different controls, as may be appropriate to a particular application

and to a particular heating and cooling system, can be obtained by using

microcontrollers in combination with computers. The computer controls (not shown)

receive temperature values from thermocouples or other devices that monitor the

temperature in the heating and cooling fluids and in the ferroelectric materials.

Pressures in the hot and cold fluids may also be monitored. The computer controls

also monitor polarization and load currents as measured, for example, by resistors R l

and R2, as shown in FIG. 17. Polarization may be monitored by integrating the

current flow through resistors R l and/or R2. Computers and a control circuit control

the heat exchangers to cause appropriate thermal cycling of the ferroelectric module

in accordance with the thermodynamic cycle being used. Microcontrollers that

receive such monitoring data under computer control also direct the position of the

switch SI. Instead of or in addition to thermocouples or thyristors, capacitance or

other measurements of one or more control ferroelectrics may be used as monitors

and to control the timing of the cycling and switching with the control circuit.

Referring to FIG. 18, a method 900 for operating the device for converting

heat to electrical energy is shown according to one embodiment of the present

invention. In one embodiment, the method 900 includes the following steps: at step

910, a ferroelectric layer is provided. The ferroelectric layer is comprised of a

ferroelectric material characterized with a Curie temperature, Tc. A pair of electrodes



is positioned respectively on the first surface and the second surface of the

ferroelectric layer, with electrical leads going from the electrodes to external circuitry.

The electrodes are comprised of a thermally and electrically conductive material.

At step 920, a cold fluid and a hot fluid are alternately delivered so as to

alternately cool the ferroelectric layer to a first temperature T L that is lower than the

Curie temperature Tc, and heat the ferroelectric layer to a second temperature T H that

is higher than the Curie temperature Tc. Such heating and cooling result from

condensation and evaporation of fluid on the surface of the ferroelectric layer. During

step 920, the electrical circuit is opened so that cooling and heating occur under

constant polarization, PL and P H, respectively, while lattice cooling and heating occur.

The cold fluid and the hot fluid can alternately be delivered by heat exchangers,

control valves, or the likes, controlled in coordination with data monitors and under

direction form a computerized control circuit.

At step 930, a cold fluid and a hot fluid are alternately delivered so as to

alternately remove heat from the ferroelectric layer isothermally at a first temperature

T L that is lower than the Curie temperature Tc, and add heat to the ferroelectric layer

isothermally at a second temperature T H that is higher than the Curie temperature Tc.

Such heating and cooling result from condensation and evaporation of fluid on the

surface of the ferroelectric layer. During step 930, the electrical circuit is closed so

that the removal of heat occurs as polarization changes from PL to P H, and the addition

of heat occurs as polarization changes from P H to P L. A cold fluid and a hot fluid can

alternately be delivered by heat exchangers, control valves, or the likes, controlled in

coordination with data monitors and under direction form a computerized control

circuit.

At step 940, with the ferroelectric material initially in a metastable state, the

spontaneous polarization of the domains in the ferroelectric material is poled at

temperature T L SO as to generate electrically-opposite screening charges on the pair of

electrodes. The poling field is provided by residual charges on the electrodes that are

on the surfaces of the ferroelectric layer, which residual charges are not withdrawn

during the discharge step of the cycle. The residual charges remaining are that which

are sufficient to create a poling field as the ferroelectric layer transitions back into its

ferroelectric phase. In another embodiment, the poling is performed when necessary



by applying a small external electric field to the ferroelectric layer.

At step 950, heat is added to the ferroelectric material isothermally at Tnby

condensation of fluid on the surface while the circuit is closed. Electric energy

corresponding to the generated electrically-opposite screening charges on the pair of

electrodes is output to an external circuitry at high voltage. In one embodiment, the

circuit is opened to allow a sufficient residual charge remaining on the electrodes to

provide a field for poling during the next cycle.

It should be noted that, while the essential function of the device occurs in a

single layer with a given ferroelectric material, the invention may be more useful in

practical applications and may produce greater quantities of electrical energy from a

particular heat source where a number of ferroelectric materials are combined in a

series of stages. The maximum efficiency of any system that converts thermal energy

to another form of energy, or to work, is the Carnot efficiency, nc = ∆Τ/ TH. In

applications where ∆Τ is larger, it may be desirable to utilize a multistage conversion

module that includes a series of ferroelectric materials with a succession of phase

transition temperatures that correspond to the available temperatures between TH and

TL. The magnitude of ∆Τ that warrants multi-stage treatment varies depending upon

the specific application and materials system used. There may be applications where

it is appropriate to operate a single-stage device over a relatively large ∆Τ , for

example 100° C or more, and that may be the case in particular in conjunction with

heat regeneration techniques.

There are a number of configurations or embodiments whereby the basic

principle of the present invention can be used in a multistage format with multiple

ferroelectrics that have multiple phase transition temperatures, several of which

embodiments will be described here. By providing these descriptions, it is not the

intention to limit the invention to these configurations, which are merely illustrative.

Also, where these descriptions and embodiments refer to Curie temperatures, Tc, it

should be understood that the descriptions are equally applicable for ferroelectrics

where the ferroelectric phase exists at temperatures above the transition temperature

and the material is paraelectric below that transition temperature, for ferroelectrics

where the transition is between ferroelectric and antiferroelectric phases, and for

polarizable polymers.



FIG. 19 shows an apparatus 1000 having a plurality of ferroelectric modules,

FM1, FM2, . . . FMn-1 and FMn, arranged in an array to expand the working surface

that interfaces with the heat exchangers so as to increase the amount of thermal

energy that can be received from the heat source and be converted to electrical

energy. The electrical output is removed by buses 1001 connected to the electrodes of

each module. The individual modules and the thermal chambers (720 in FIG. 3, for

example) can be thermally cycled in such an array using individual hot and cold

reservoirs, or a number of modules and thermal chambers can be connected to one or

a plurality of hot and cold reservoirs where the number of hot and cold reservoirs is

each less than the number of modules in the array.

In a multilayer configuration, a series of ferroelectric layers may be arranged

in a stack formed in order to maximize thermal conductivity. The resulting

multilayered ferroelectric structure is placed between a pair of electrodes, which is

similar to the single layer device as disclosed above. Such a configuration is

illustrated diagrammatically by FIGS. 20 and 21. The sequential layers, FE1, FE . . .

FEn l and FEn, are formed of an identical ferroelectric material or substantially

different ferroelectric materials. The Curie temperatures, , Tc . . . Tc
l and Tc ,

correspond to the ferroelectric materials in the sequential layers FE1, FE . . . FE l

and FE . In one embodiment, the multilayered ferroelectric materials are arrayed so

that Tc
i+1 > T c . In one embodiment, the combined multilayer module is cycled using

two-phase heat transfer in accordance with the principles of the invention, so that each

individual layer cycles around its phase transition temperature, and the combined

multilayer module is cycled in accordance with the various thermodynamic-electrical

cycles described herein. Each layer, during the course of a cycle, undergoes

ferroelectric -paraelectric or ferroelectric-antiferroelectric cycling with poling and

discharge as described herein for a single layer device. With this multilayer

configuration, as shown in FIGS. 20 and 21, the electrical energy removed at high

voltage during the discharge step of the cycle is related to the total spontaneous

polarization, P s, at the junctures of the electrodes and the ferroelectric materials

designated as FE1 and FE , which polarization results from the cumulative

spontaneous polarization of each FE layer acting together.

Referring to FIG. 22, another embodiment of a multilayered ferroelectric



device 1300 is shown according to the present invention. This configuration of the

multilayered ferroelectric device 1300 is similar to the device as disclosed in FIG. 22,

but separate electrodes are placed between each ferroelectric layer. For example, the

ferroelectric layers FE1 and FE2 are separated by the electrode 1321, while the

ferroelectric layers FE l and FE are separated by the electrode 1328. These

electrodes 1320, 1321... 1328 and 1329 are formed of a thermally and electrically

conductive material. The thermal and electrical cycling and operation of the device

1300 are similar to the device as disclosed in FIGS. 20 and 21. However, the

extraction of the electrical energy from the device is different. In this configuration,

the electrical energy is withdrawn during the discharge step of the cycle from all of

the electrodes 1320, 1321... 1328 and 1329, as shown in FIG. 22. The electrical

energy withdrawn from the electrodes 1320, 1321... 1328 and 1329 can then either be

transported via the connective leads to a load resistance or to a bus for exportation to

such external circuitry and use as may be desired.

FIG. 23 shows schematically an alternative embodiment of a multilayered

ferroelectric device 1400. This configuration of the multilayered ferroelectric device

1400 is similar to the device as disclosed in FIG. 22, but each ferroelectric layer is

separated from the adjacent layer of ferroelectric material by two electrodes which, in

turn, are separated by an electrical insulator 1480, which is selected to minimally

impede thermal transfer.

In yet another embodiment of the invention in a multi-stage implementation, N

individual modules {FM }, where n is an integer from 1 to N, are arrayed such that

each module FM includes a ferroelectric module 710 characterized by a transition

temperature Tc , which module 710 is contained within a thermal chamber 720, as

described herein in connection, for example, with FIG. 3. Each thermal chamber 720

has conduits leading to hot and cold reservoirs, which conduits contain valves as

described above so that the vapor in the thermal chamber 720 is cycled between a

higher temperature and pressure, and a lower temperature and pressure, whereby the

module 710 is thermally cycled around its respective transition temperature Tc . The

modules {FM } are characterized by a series of different phase transition

temperatures, Tc to TC
N where Tc

+1 > Tc , and the modules are arrayed such that their

phase transition temperatures Tc are in an increasing sequence from the lowest, Tc



(where Tc is greater than the temperature of the heat sink), to the highest, TC
N (where

TC
N is less than the temperature of the heat source). Each ferroelectric stage, or

module FM , is thermally cycled around its respective phase transition temperature,

Tc , using the two-phase apparatus and method of the invention. In one embodiment,

this is accomplished by using the cold reservoir 760 of the n stage as the hot

reservoir 750 for the (n-l)" stage, which has the next lower transition temperature,

Tc
l . Each module FM is further cycled so that such two-phase thermal cycling is

performed in conjunction with electrical cycling as described herein. Regenerative

heating may also be used in the various stages, as illustrated in FIG. 3, as well as in

other configurations and methods, which techniques will be apparent to those skilled

in the art. The electrical energy withdrawn from the electrodes can be transported via

the connective leads either to a load resistance or to a bus for exportation to such

external circuitry and use as may be desired.

In yet another embodiment of the invention whereby heat is converted to

electricity, the ferroelectric module 710 is located in the vapor region of a hot

reservoir 750, as illustrated schematically in FIG. 9, rather than in a thermal chamber

that is separated from hot and cold reservoirs, as in FIG. 3. The hot reservoir is at

high temperature and pressure, T H and P H, as a result of heat input from a heat source

in the manner and method described for hot reservoirs generally. As illustrated in

FIG. 9, a conduit 740 is connected to the top of the hot reservoir 750, and a valve 745

is in that conduit. When valve 745 is open, the vapor region of the hot reservoir,

which contains the module 710, is in communication with the vapor region of the cold

reservoir 760. The cold reservoir 760 is at a low temperature and pressure, TL and PL.

Heat is withdrawn from the cold reservoir to a heat sink as described herein. In one

embodiment, thermal cycling of the module 710 occurs in conjunction with the

opening and closing of the valve 745, pursuant to a computerized control circuit,

which causes two-phase heat transfer on the surface of the module 710 through

cyclical evaporation and condensation, respectively, as described herein. The flow

conductance of the module 710 is such that it undergoes full thermal cycling without

substantially changing the temperature of the hot reservoir. Electrical energy is

generated from heat as the ferroelectric module 710 is thermally and electrically

cycled as described elsewhere herein. Electricity generated is removed by leads 7 11



and 712. Heat regeneration may also be used with this configuration by, for example,

routing conduit 740 to a regenerator (not shown) before it returns fluid to the cold

reservoir 760, so as to transfer heat to the working fluid before that fluid is recycled

into the hot reservoir.

In yet another embodiment of the invention depicted schematically in FIG. 10,

the apparatus depicted in FIG. 9 is modified to include a series of N modules {FM },

where n is an integer ranging from 1 to N, and the modules are situated in a series in

the vapor section of the hot reservoir 750. Each module FM contains a ferroelectric

with a transition temperature of Tc . The hot reservoir 750 is at high temperature and

pressure, T H and P ¾ as a result of heat input from a heat source in the manner and

method described for hot reservoirs generally. As with the embodiment illustrated in

FIG. 9, valve 745 in conduit 740 of this embodiment, when opened, connects the

vapor region of the hot reservoir 750 to the vapor region of the cold reservoir 760 via

conduit 730. When valve 745 is closed, the vapor in chamber 750 is isolated from the

cold reservoir 760. The cold reservoir 760 is at a low temperature and pressure, TL

and P L. Heat is withdrawn from the cold reservoir to a heat sink as described herein.

The stack of modules in the hot reservoir 750 have progressively decreasing

transition temperatures, Tc , as one proceeds from FM1, the module farthest from the

cold reservoir 760, to FMN, the module closest to the valve 745 and the cold reservoir

760. The working fluid in this embodiment is a mixture of fluids with different

boiling points. Using well-known principles and methods of fractional distillation,

the constituents of the working fluid are determined, both in kind and relative

quantity, so that, as valve 745 is opened and closed and the pressure at the top of the

chamber 750 is thereby changed, the working fluid mixture alternately evaporates and

condenses around the sequence of temperatures Tc . The alternating condensation and

evaporation around Tc occurs at the location of the specific module FM in the series

that has transition temperature Tc . Heat is alternately removed from and input into

each module FM as fluid on the surfaces thereof evaporates and condenses,

respectively. The sequence of modules FM are thereby thermally cycled around their

respective transition temperatures as the fluid mixture at the corresponding level of

the apparatus cyclically undergoes condensation and evaporation as a result of the

opening and closing of valve 745. To achieve ferroelectric power generation,



electrical cycling as described herein is performed for each module FM in

conjunction with thermal cycling. As with the other embodiments, thermal and

electrical cycling are controlled by a control circuit utilizing one or more computers

that receive data which may include, among other things, the temperature,

capacitance, and polarization of the various modules FM1to FMN, and the temperature

and pressure of the working fluid at various locations, for example, in the chamber

750, the conduit 740, the cold reservoir 760, and the regenerator. Where feasible, a

gravity aided liquid flow may be used instead of a pump to return liquid from the cold

reservoir to the hot reservoir. Electrical leads 711 and 712 (shown, but numbered

only in part) are attached to the electrodes of each module FM and serve the

functions described elsewhere. Heat regeneration may also be used with this

implementation of the invention.

In yet another embodiment, as illustrated schematically in FIG. 11, a

multistage series of ferroelectric modules {FM } is contained in a thermal chamber

720 that is separate from the hot reservoir 750 and the cold reservoir 760. The

ferroelectric modules are arrayed in this embodiment in an order whereby they have

progressively decreasing transition temperatures, Tc , as one proceeds from FM1 to

FMN, where FM1 is the module closest to the hot reservoir 750, and FMN, is the

module closest to the cold reservoir 760. The hot reservoir 750 contains a two-phase

vapor-liquid mixture at high temperature and pressure, T H and P H, and the low

temperature reservoir 760 contains a two-phase vapor-liquid mixture at low

temperature and pressure, TL and P L. The working fluid in this embodiment is a

mixture of fluids with different boiling points. Using well-known principles and

methods of fractional distillation, the constituents of the working fluid are determined,

both in kind and relative quantity, so that, as valve 735 is opened and valve 745 is

closed and vice versa, the working fluid mixture alternately evaporates and condenses

in chamber 720 around the sequence of temperatures Tc . Such cyclical condensation

and evaporation occur around temperatures Tc at the level in the chamber 720 where

the module FM is situated such that each module FM undergoes thermal cycling.

By cycling the opening and closing of valves 735 and 745 in conjunction with the

electrical and thermal cycling methods described herein under a control circuit

utilizing one or more computers and system data as described herein, including such



data at each module site, electricity is thereby generated from heat with each module

FM across the range of Tc represented by the modules in the series. Regeneration

can also be achieved with this implementation of the invention by, for example,

routing the conduit 740 to a regenerator (not shown) before fluid is returned to the

cold reservoir 760. Electrical leads 7 11 and 712 (shown, but numbered only in part)

are attached to the electrodes of each module FM and serve the functions described

elsewhere.

In yet another embodiment, a multistage series of ferroelectric modules {FM }

is contained in a thermal chamber that is separate from hot and cold reservoirs. The

ferroelectric modules are arrayed with progressively decreasing transition

temperatures, Tc . The working fluid in this embodiment is a mixture of fluids with

different boiling points such that it alternately evaporates and condenses around the

sequence of temperatures Tc as the fluid is cycled between TH and P H and TL and P L

by connecting the thermal chamber and modules {FM } alternately to the hot and cold

reservoirs through valves. Cyclical condensation and evaporation occur around

temperature Tc at the level in the thermal chamber where the module FM is situated,

such that each module FM undergoes cycling as described herein. By cycling the

valves in conjunction with the electrical and thermal cycling methods described,

electricity is thereby generated by each module FM across the range of Tc

represented by the modules {FM } in the series.

In sum, the present invention, among other things, discloses apparatuses and

methods for rapid two-phase thermal cycling of materials, devices and other systems,

and for using the apparatus and methods in particular to convert heat to electricity by

cycling one or more ferroelectric or polarizable amorphous polymers that exhibit

changes in electrical polarization with temperature change. The present invention can

also be used in any device involving rapid thermal cycling of electric polarization and

magnetization, such as, for example, electric and magnetic heat engines for electric

generation, refrigeration, and heat pumping. The foregoing description of the

exemplary embodiments of the invention has been presented only for the purposes of

illustration and description and is not intended to be exhaustive or to limit the

invention to the precise forms disclosed. Many modifications and variations are

possible in light of the above teaching. The embodiments were chosen and described



in order to explain the principles of the invention and their practical application so as

to activate others skilled in the art to utilize the invention and various embodiments

and with various modifications as are suited to the particular use contemplated.

Alternative embodiments will become apparent to those skilled in the art to which the

present invention pertains without departing from its spirit and scope. Accordingly,

the scope of the present invention is defined by the appended claims rather than the

foregoing description and the exemplary embodiments described therein.



CLAIMS

What is claimed is:

1. A method of thermally cycling an object comprising:

(a) contacting the object with vapor from a first liquid/vapor two-phase

mixture of a working fluid at a first pressure and a first temperature

such that the temperature of the object increases;

(b) subsequently contacting the object with vapor from a second

liquid/vapor two-phase mixture of the working fluid at a second

pressure and a second temperature such that the temperature and of the

object decreases, wherein the first temperature is higher than the

second temperature and wherein the first pressure is higher than the

second pressure; and

(c) optionally repeating (a) and (b) one or more times.

2. The method of Claim , wherein the object comprises one or more layers of

electrically polarizable material.

3. The method of Claim , wherein the object comprises one or more layers of

magnetically polarizable material.

4. The method of Claim 2, wherein each of the one or more layers of electrically

polarizable material has a phase transition temperature at which the material

transitions between a phase in which the material exhibits spontaneous

polarization and a phase in which the material does not exhibit spontaneous

polarization.

5. The method of Claim 3, wherein each of the one or more layers of

magnetically polarizable material has a phase transition temperature at which

the material transitions between a phase in which the material exhibits

spontaneous polarization and a phase in which the material does not exhibit

spontaneous polarization.



6. The method of Claim 1, wherein the object comprises:

(a) a first electrode formed of a thermally and electrically conductive

material;

(b) a second electrode formed of a thermally and electrically conductive

material, wherein the second electrode is spaced from the first

electrode;

(c) one or more layers of electrically polarizable material between the first

and second electrodes.

7. The method of Claim 6, wherein the object comprises a plurality of layers of

electrically polarizable material arranged in a stack between the first and

second electrodes.

8. The method of Claim 7, wherein each of the layers of electrically polarizable

material has a phase transition temperature at which the material transitions

between a phase in which the material exhibits spontaneous polarization and a

phase in which the material does not exhibit spontaneous polarization.

9. The method of Claim 1, wherein the object is housed in a chamber, wherein

the first liquid/vapor two-phase mixture is contained in a first reservoir,

wherein the second liquid/vapor two-phase mixture is contained in a second

reservoir and wherein (a) comprises allowing vapor from the first liquid/vapor

two-phase mixture to flow into the chamber and wherein (b) comprises

allowing vapor from the chamber to flow into the second reservoir.

10. The method of Claim 9, further comprising transferring working fluid from

the second reservoir to the first reservoir.

11. The method of Claim 10, further comprising pumping the working fluid from

the second reservoir to the first reservoir.



12. The method of Claim 10, further comprising transferring thermal energy from

the vapor flowing from the chamber into the second reservoir to the working

fluid being transferred from the second reservoir to the first reservoir.

13. The method of Claim 1, wherein the first liquid/vapor two-phase mixture is

contained in a first reservoir having an interior volume comprising a liquid

region and a vapor region, wherein the second liquid/vapor two-phase mixture

is contained in a second reservoir, and wherein the object is housed in the

vapor region of the first reservoir and wherein (a) comprises preventing vapor

from the first liquid/vapor two-phase mixture in the first reservoir from

flowing into the second reservoir and wherein (b) comprises allowing vapor

from the first liquid/vapor two-phase mixture in the first reservoir to flow into

the second reservoir.

14. The method of Claim 13, further comprising transferring the working fluid

from the second reservoir to the first reservoir.

15. The method of Claim 13, further comprising pumping the working fluid from

the second reservoir to the first reservoir.

16. The method of Claim 14, further comprising transferring thermal energy from

the vapor flowing from the first reservoir into the second reservoir to the

working fluid being transferred from the second reservoir to the first reservoir.

17. The method of Claim 1, wherein the working fluid condenses on a surface of

the object during (a) thereby heating the object and wherein the working fluid

condensate on the surface of the object evaporates during (b) thereby cooling

the object.

18. The method of Claim 17, wherein a layer of working fluid in liquid form

remains on the surface of the object during (a) and (b).



19. The method of Claim 4, wherein the working fluid comprises a mixture of

fluids with different boiling points.

20. An apparatus comprising:

a thermal chamber;

a first reservoir comprising a liquid/vapor two-phase mixture of a

working fluid at a first pressure and a first temperature, the first reservoir

having an interior volume comprising a liquid region and a vapor region;

a second reservoir comprising a liquid/vapor two-phase mixture of the

working fluid at a second pressure and a second temperature, the second

reservoir having an interior volume comprising a liquid region and a vapor

region;

a first conduit connecting the first reservoir to the thermal chamber;

a second conduit connecting the second reservoir to the thermal

chamber;

a first valve in the first conduit;

a second valve in the second conduit; and

a third conduit connecting the first reservoir to the second reservoir;

wherein the first temperature is higher than the second temperature and

wherein the first pressure is higher than the second pressure.

21. The apparatus of Claim 20, further comprising a pump configured to pump the

working fluid from the second reservoir to the first reservoir through the third

conduit.

22. The apparatus of Claim 20, further comprising a heat regenerator, wherein

fluid transferred from the second reservoir to the first reservoir through the

third conduit passes through the heat regenerator and wherein fluid flowing

from the thermal chamber to the second reservoir through the second conduit

also passes through the heat regenerator after passing through the second

valve.



23. The apparatus of Claim 20, further comprising a heat source configured to

transfer thermal energy to the working fluid in the first reservoir.

24. The apparatus of Claim 20, further comprising a heat sink configured to

remove thermal energy from the working fluid in the second reservoir.

25. The apparatus of Claim 20, wherein the volume of the vapor region of the first

reservoir is greater than the volume of the thermal chamber and wherein the

volume of vapor region of the second reservoir is greater than the volume of

the thermal chamber.

26. The apparatus of Claim 20, further comprising a source of the working fluid,

wherein the source of the working fluid is configured to supply working fluid

to the apparatus.

27. The apparatus of Claim 20, further comprising a controller, the controller:

(a) opening the first valve while the second valve is closed to allow vapor

from the first reservoir at the first temperature to flow into the chamber

such that the temperature and pressure inside the thermal chamber

increases;

(b) subsequently closing the first valve;

(c) subsequently opening the second valve to allow vapor in the thermal

chamber to pass to the second reservoir such that the temperature and

pressure inside the thermal chamber decreases;

(d) subsequently closing the second valve;

(e) optionally repeating (a)-(d) one or more times.

28. The apparatus of Claim 27, further comprising an object inside the thermal

chamber, wherein the working fluid condenses on a surface of the object

during (a) thereby heating the object and wherein the working fluid

condensate on the surface of the object evaporates during (c) thereby cooling

the object.



29. The apparatus of Claim 28, wherein a layer of working fluid in liquid form

remains on the surface of the object during (a)-(d).

30. The apparatus of Claim 27, wherein the object comprises one or more layers

of electrically polarizable material.

31. The apparatus of Claim 30, wherein the one or more layers of electrically

polarizable material are in the form of a strip wound into a spiral configuration

such that a space exists between adjacent layers of the spiral.

32. The apparatus of Claim 27, wherein the object comprises:

(a) a first electrode formed of a thermally and electrically conductive

material;

(b) a second electrode formed of a thermally and electrically conductive

material, wherein the second electrode is spaced from the first

electrode;

(c) one or more layers of electrically polarizable material between the first

and second electrodes.

33. The apparatus of Claim 32, wherein the object comprises a plurality of layers

of electrically polarizable material arranged in a stack between the first and

second electrodes.

The apparatus of Claim 33, wherein each of the layers of electrically

polarizable material has a phase transition temperature at which the material

transitions between a phase in which the material exhibits spontaneous

polarization and a phase in which the material does not exhibit spontaneous

polarization.

35. The apparatus of Claim 34, wherein the object is positioned in the first

reservoir such that each of the layers of electrically polarizable material is at a

different distance from the end of the first conduit in the vapor region of the



first reservoir and wherein the phase transition temperature of each of the

layers of electrically polarizable material decreases with decreasing distance

from the end of the first conduit in the vapor region of the first reservoir.

36. The apparatus of Claim 35, wherein the working fluid comprises a mixture of

fluids with different boiling points.

37. The apparatus of Claim 20, further comprising an object inside the thermal

chamber, wherein the object comprises one or more layers of magnetically

polarizable material.

38. An apparatus comprising:

a first reservoir comprising a liquid/vapor two-phase mixture of a

working fluid at a first pressure and a first temperature, the first reservoir

having an interior volume comprising a liquid region and a vapor region;

a second reservoir comprising a liquid/vapor two-phase mixture of the

working fluid at a second pressure and a second temperature, the second

reservoir having an interior volume comprising a liquid region and a vapor

region;

a first conduit connecting the vapor region of the first reservoir to the

vapor region of the second reservoir;

a first valve in the first conduit; and

a second conduit connecting the first reservoir to the second reservoir;

wherein the first temperature is higher than the second temperature and

wherein the first pressure is higher than the second pressure.

39. The apparatus of Claim 38, further comprising a pump configured to pump a

fluid from the second reservoir to the first reservoir through the second

conduit.

40. The apparatus of Claim 38, further comprising an object in the vapor region of

the first reservoir.



41. The apparatus of Claim 40, wherein the object comprises one or more layers

of electrically polarizable material.

42. The apparatus of Claim 41, wherein each of the one or more layers of

electrically polarizable material has a phase transition temperature at which

the material transitions between a phase in which the material exhibits

spontaneous polarization and a phase in which the material does not exhibit

spontaneous polarization.

43. The apparatus of Claim 40, wherein the object comprises:

(a) a first electrode formed of a thermally and electrically conductive

material;

(b) a second electrode formed of a thermally and electrically conductive

material, wherein the second electrode is spaced from the first

electrode;

(c) one or more layers of electrically polarizable material between the first

and second electrodes.

44. The apparatus of Claim 43, wherein the object comprises a plurality of layers

of electrically polarizable material arranged in a stack between the first and

second electrodes.

45. The apparatus of Claim 44, wherein each of the layers of electrically

polarizable material has a phase transition temperature at which the material

transitions between a phase in which the material exhibits spontaneous

polarization and a phase in which the material does not exhibit spontaneous

polarization.

46. The apparatus of Claim 45, wherein the object is positioned in the first

reservoir such that each of the layers of electrically polarizable material is at a

different distance from the end of the first conduit in the vapor region of the

first reservoir and wherein the phase transition temperature of each of the



layers of electrically polarizable material decreases with decreasing distance

from the end of the first conduit in the vapor region of the first reservoir.

47. The apparatus of Claim 46, wherein the working fluid comprises a mixture of

fluids with different boiling points.

48. The apparatus of Claim 41, wherein the one or more layers of electrically

polarizable material are in the form of a strip wound into a spiral configuration

such that a space exists between adjacent layers of the spiral.

49. The apparatus of Claim 40, wherein the object comprises one or more layers

of magnetically polarizable material.

50. The apparatus of Claim 38, further comprising a heat regenerator, wherein

fluid pumped from the second reservoir to the first reservoir through the

second conduit passes through the heat regenerator and wherein fluid flowing

from the first reservoir to the second reservoir through the first conduit also

passes through the heat regenerator after passing through the first valve.

51. The apparatus of Claim 38, further comprising a heat source configured to

transfer thermal energy to the working fluid in the first reservoir.

52. The apparatus of Claim 38, further comprising a heat sink configured to

remove thermal energy from the working fluid in the second reservoir

53. The apparatus of Claim 38, further comprising a controller, the controller:

(a) opening the first valve to allow vapor from the first reservoir at the

first temperature to flow into the second reservoir such that the

temperature of the vapor region of the first reservoir decreases;

(b) subsequently closing the first valve;



(c) allowing the temperature of the vapor region of the first reservoir to

increase;

(d) optionally repeating (a)-(c) one or more times.
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