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HETEROGENEOUS ELECTROCALORIC EFFECT
HEAT TRANSFER DEVICE

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application is related to co-pending application serial number
PCT/US2010/039200, entitled, “Electrocaloric Effect Materials and Thermal Diodes,”
filed on 18-June-2010, and corresponding U.S. National Stage filing, application
serial number 12/999,684, entitled “Electrocaloric Effect Materials and Thermal
Diodes,” filed on 17-December-2010, each of which is herein incorporated by

reference in its entirety.

BACKGROUND

[0002] Unless otherwise indicated herein, the materials described in this
section are not prior art to the claims in this application and are not admitted to be
prior art by inclusion in this section.

[0003] Electrocaloric effect materials are materials that experience a
temperature change when subjected to an applied voltage. This temperature change is
reversible upon the removal of the applied voltage. By physically connecting and
disconnecting electrocaloric effect material to and from a heat source, and creating a
unidirectional heat transfer path, a heat pump can be created for transferring heat
away from the heat source.

[0004] The present disclosure appreciates that the electrocaloric effect and
other materials used in various types of heat pumps may experience various
performance efficiencies at various operating temperatures. As a result, the
performance of an electrocaloric effect material heat pump may undesirably change
throughout the operating temperature range of a heat source to which the heat pump is
thermally connected. Consequently, a conventional electrocaloric effect material heat
pump may not be suitable for use with a heat source operating within a relatively wide

temperature range.

SUMMARY
[0005] The present disclosure generally describes techniques for electrocaloric
effect heat transfer devices and methods effective to facilitate heat transfer over a

wide operating temperature range of a corresponding heat source. According to some
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example embodiments, a heat transfer device may include multiple heat transfer
stacks positioned adjacent to one another. Each heat transfer stack includes an
electrocaloric effect material and a thermal rectifier in thermal contact with the
electrocaloric effect material. The electrocaloric effect materials of at least two heat
transfer stacks have different effective temperature ranges that when combined,
encompass the operating temperature range of the heat source.

[0006] The present disclosure also generally describes methods for
transferring heat from a heat source at any temperature within an operating
temperature range of the heat source. Some methods may include applying an electric
field across an electrocaloric effect material that is configured in thermal contact with
the heat source at an operating temperature of the heat source. During the application
of the electric field, heat can be transferred from the heat source to a heat dump
through a thermal rectifier that is configured in thermal contact with the heat source
and the electrocaloric effect material. At a different operating temperature of the heat
source, an electric field can be applied across a second electrocaloric effect material
that is configured in thermal contact with the heat source. During the application of
the electric field, heat can be transferred from the heat source to the heat dump
through a second thermal rectifier that is configured in thermal contact with the heat
source and the second electrocaloric effect material.

[0007] The present disclosure further generally describes heat transfer
systems. According to example embodiments, a heat transfer system may include a
number of heat transfer stacks arranged in a coplanar array. The array may have two
heat transfer stacks with varying effective temperature ranges. Each heat transfer
stack has an electrocaloric effect material, two or more electrodes positioned effective
to apply an electric field across the electrocaloric effect material, and a thermal
rectifier configured in thermal contact with the eclectrocaloric effect material. A
controller configured to selectively apply the electric field to one or more heat transfer
stacks according to an operating temperature of a heat source that is adapted in
thermal contact with the array.

[0008] The foregoing summary is illustrative only and is not intended to be in
any way limiting. In addition to the illustrative aspects, embodiments, and features
described above, further aspects, embodiments, and features will become apparent by

reference to the drawings and the following detailed description.
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BRIEF DESCRIPTION OF THE FIGURES
[0009] The foregoing and other features of this disclosure will become more
fully apparent from the following description and appended claims, taken in
conjunction with the accompanying drawings. Understanding that these drawings
depict only several embodiments in accordance with the disclosure and are, therefore,
not to be considered limiting of its scope, the disclosure will be described with
additional specificity and detail through use of the accompanying drawings, in which:

FIG. 1 is a functional block diagram illustrating an example
electrocaloric effect heat pump system utilizing an electrocaloric effect heat pump
having multiple heat transfer stacks;

FIG. 2 is a perspective view of an example heat transfer stack of an
electrocaloric effect heat pump system;

FIG. 3 is a perspective view of an example electrocaloric effect heat
pump and a corresponding operating temperature range diagram illustrating a use of
multiple heat transfer stacks with differing electrocaloric effect materials to cool a
heat source over a wide operating temperature range;

FIG. 4 is a perspective view of an example electrocaloric effect heat
pump and a corresponding operating temperature range diagram illustrating the
operation of heat transfer stacks at an operating temperature within an effective
temperature range of a first electrocaloric effect material;

FIG. 5 is a perspective view of the example electrocaloric effect heat
pump and operating temperature range diagram of FIG. 4 illustrating the operation of
the heat transfer stacks at an operating temperature within an effective temperature
range of a second electrocaloric effect material;

FIG. 6 is a perspective view of an example electrocaloric effect heat
pump with an array of alternating heat transfer stacks configured in multiple columns
and rows;

FIG. 7 is a flow diagram illustrating an example process for
implementing an electrocaloric effect heat pump over a wide operating temperature
range of a heat source; and

FIG. 8 is a block diagram illustrating a computer hardware architecture
corresponding to an example controller,

all arranged in accordance with at least some embodiments described

herein.



WO 2012/144995 PCT/US2011/033220

DETAILED DESCRIPTION

[0010] In the following detailed description, reference is made to the
accompanying drawings, which form a part hereof. In the drawings, similar symbols
typically identify similar components, unless context dictates otherwise. The
illustrative embodiments described in the detailed description, drawings, and claims
are not meant to be limiting. Other embodiments may be utilized, and other changes
may be made, without departing from the spirit or scope of the subject matter
presented herein. It will be readily understood that the aspects of the present
disclosure, as generally described herein, and illustrated in the Figures, can be
arranged, substituted, combined, separated, and designed in a wide variety of different
configurations, all of which are explicitly contemplated herein.

[0011] This disclosure is generally drawn, inter alia, to an electrocaloric
effect heat pump capable of operating over a wide operating temperature range of a
heat source to which the heat pump is coupled. In an illustrative implementation, an
electrocaloric effect heat pump may be configured to utilize any number of rows and
columns of heat transfer stacks. Each heat transfer stack may include alternating
layers of electrocaloric effect material and thermal rectifier. While a single
electrocaloric effect material may be used for each electrocaloric effect material layer
of a single heat transfer stack, the electrocaloric effect material utilized within
adjacent heat transfer stacks may differ, resulting in adjacent heat transfer stacks
having dissimilar effective temperature ranges. The electrocaloric effect material
utilized in each heat transfer stack may be selected such that the combined effective
temperature ranges of the heat transfer stacks encompass the desired operating
temperature range of the heat source to be cooled.

[0012] Electrocaloric effect materials, as well as thermal rectifiers, may have
variable performance capabilities at different temperatures. Consequently, a heat
transfer stack that includes alternating layers of electrocaloric effect material and
thermal rectifier may be adapted for a particular temperature range depending on the
selection of electrocaloric effect and thermal rectifier materials. For the purposes of
this disclosure, the term “effective temperature range” with respect to the heat transfer
stacks encompasses a range of temperatures in which the corresponding electrocaloric
effect material and/or thermal rectifier within the heat transfer stack is effective to

approximately maximize the heat transfer capabilities of the stack. The configuration
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of heat transfer stacks with dissimilar effective temperature ranges create a
heterogencous electrocaloric effect heat transfer device that is operative over a wide
operating temperature range of the corresponding heat source.

[0013] FIG. 1 is a functional block diagram illustrating an example
electrocaloric effect heat pump system 100 utilizing an electrocaloric effect heat
pump 102 having multiple heat transfer stacks 104A-104N, arranged in accordance
with at least some embodiments described herein. Heat transfer stacks 104A-104N
may collectively be referred to as “104”. One surface 116 of the electrocaloric effect
heat pump 102 is thermally coupled to a heat source 106 to be cooled. An opposing
surface 118 of the electrocaloric effect heat pump 102 is thermally coupled to a heat
dump 108, which receives heat transferred from the heat source 106 by the
electrocaloric effect heat pump 102. The thermal coupling may include direct
surface-to-surface contact between the electrocaloric effect heat pump 102 and the
heat source 106, as well as between the electrocaloric effect heat pump 102 and the
heat dump 108, with or without a physical connection or coupling of the components.
Alternatively, any other intervening components may be utilized to thermally couple
the electrocaloric effect heat pump 102 to the heat source 106 and to the heat dump
108, provided that the intervening components provide a thermally conductive path
that facilitates heat transfer between the components of the electrocaloric effect heat
transfer system 100. Other example intervening components may include, but are not
limited to, thermal grease or paste, thermally conductive adhesives and adhesive
tapes, thermally conductive shims, and solder.

[0014] The electrocaloric effect heat pump 102 is electrically coupled to a
power source 110 via one or more electrodes 114. It should be appreciated that
although the electrodes 114 are represented in FIG. 1 as a single box or rectangle,
implementations may include any number and type of electrodes 114 positioned
appropriately throughout the electrocaloric effect heat pump 102 that are operable to
subject the various electrocaloric effect material layers of the heat transfer stacks 104
to electrical fields provided by the power source 110. For example, as will be
described in further detail below with respect to FIG. 2, each heat transfer stack 104
includes alternating layers of electrocaloric effect material and thermal rectifier.
According to one implementation, two electrodes 114 may be positioned on opposing
sides of the electrocaloric effect material layer, optionally encompassing an adjacent

thermal rectifier layer. The eclectrodes 114 are further described and illustrated in
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application serial number PCT/US2010/039200, entitled, “Electrocaloric Effect
Materials and Thermal Diodes,” filed on 18-June-2010, and corresponding U.S.
National Phase filing, U.S. application serial number 12/999,684, entitled
“Electrocaloric Effect Materials and Thermal Diodes,” filed on 17-December-2010,
cach of which is herein incorporated by reference in its entirety.

[0015] In some examples, an electrode control signal may be applied to the
electrodes 114 from the power source 110 effective to generate an electric field across
the associated electrocaloric effect material. The electrode control signal may be any
type of signal that is effective to produce the desired temperature change within the
electrocaloric effect material and corresponding heat pumping action that transfers
heat away from the heat source 106. According to one implementation, the electrode
control signal may be an oscillating voltage. The oscillating voltage may be provided
as any of a variety of voltage waveforms. In some examples, the oscillating voltage
may be provided as a pulsed signal with a direct current (DC) voltage of specified
amplitude that is pulsed on or off (or simply between an upper voltage and lower
voltage) with a specified duty cycle and period. In some additional examples, the
oscillating voltage may be provided as a sinusoidal signal with an alternating current
(AC) voltage of a specified amplitude, frequency, phase and DC offset. In still
additional examples, the oscillating voltage may be provided as a ramped or sawtooth
signal with a specified amplitude, rate, period and DC offset. In still other examples,
the oscillating voltage may be provided as a triangular signal with a specified
amplitude, first ramp rate (e.g., increasing), second ramp rate (e.g., decreasing),
period, and DC offset. Additional waveforms or combinations of waveforms are also
contemplated.

[0016] The electrocaloric effect heat transfer system 100 may include a
controller 112 that is operative to control the electrode control signal applied to the
electrodes 114 from the power source 110 to create the desired electric fields that
drive the heat transfer through the system. The controller 112 may be operative to
control the application of the electrode control signal according to an operating
temperature of the heat source 116, as detected with a temperature sensor 120 that
may be communicatively coupled to the controller 112. Examples of the types of
temperature sensors 120 may include, but are not limited to, diode-based sensors,
proportional to absolute temperature (PTAT) circuits, bi-metal junctions, and metal

film resistivity sensors. The controller 112 may include any type of computer
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hardware and/or software capable of providing the electrode control signal at the
desired waveform characteristics according to, inter alia, the electrocaloric effect
material used. The controller 112 may be included as part of the electrocaloric effect
heat pump 102, or may be an external component of the electrocaloric effect heat
transfer system 100 as shown in FIG. 1. The controller 112, as arranged in
accordance with at least some embodiments will be described in greater detail below
with respect to FIG. 8.

[0017] It should be appreciated that the heat source 106 may be any electronic
component, computer component, appliance, or any device that may generate or
absorb heat during operation. Similarly, the heat dump 108 may include any
thermally conductive material such as a metal or metal alloy heat sink material. In
some examples, the heat dump 108 may be comprised of a computer case or an
electronics case that is thermally conductive material capable of receiving heat from
the electrocaloric effect heat pump 102 at any operating temperature of the heat
source 106. Alternatively, rather than including a metal or other solid material, the
heat dump 108 may include gas or liquid. In some implementations, the heat dump
108 may include both conductive material and liquid or gas such as a heat pipe
apparatus where the inside of the heat pipe may be comprised of liquid/gas and the
exterior of the heat pipe is a metal alloy. Additional combinations of thermally
conductive materials, liquids and gases are contemplated. Example thermally
conductive materials may include, but are not limited to, aluminum, copper, silver,
gold, platinum, tungsten, and other metal or metal alloys. Although less thermally
conductive than the metal and metal alloys described above, other materials that are
suitable for high temperatures, such as ceramics, are also contemplated. Example
gases suitable for the present application may include air, nitrogen, helium, and other
gases. Noncorrosive gases may be suitable for the present application, including
multi-component gas mixtures such as a Helium-Xenon mixture. Example liquids
suitable for the present application gases include water, liquid nitrogen, liquid helium,
ethylene glycol, alcohol, and ionic liquids.

[0018] FIG. 2 is a perspective view of an example heat transfer stack 104 of
an electrocaloric effect heat pump system 100, arranged in accordance with at least
some embodiments described herein. The heat transfer stack 104 may be thermally
coupled to a heat source 106. According to this example, the heat transfer stack 104

includes alternating layers of electrocaloric effect material 202 and thermal rectifier
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204. A layer of thermal rectifier 204 may be positioned between the heat source 106
and the first layer of electrocaloric effect material 202 such that a first surface of the
thermal rectifier 204 abuts a surface of the heat source 106, and an opposing second
surface of the thermal rectifier 204 abuts a surface of the first layer of electrocaloric
effect material 202. In this manner, the first layer of electrocaloric effect material 202
is in indirect thermal contact with the heat source 106 and direct thermal contact with
the thermal rectifier 204. Alternatively, it should be appreciated that any thermally
conductive compound may intervene between the first layer of electrocaloric effect
material 202 and the heat source 106, between the first layer of thermal rectifier 204
and the heat source 106, or between the first layer of thermal rectifier 204 and the first
layer of electrocaloric effect material 202. Examples include, but are not limited to, a
silver gel compound, copper plate, thermal grease or paste, thermally conductive
adhesives and adhesive tapes, solder, and/or any type of thermally conductive shim.
As an oscillating voltage or other electrode control signal is supplied to the layers of
electrocaloric effect material 202, heat can be transferred away from the heat source
106 and through the layers of the heat transfer stack 104.

[0019] The electrocaloric effect material 202 may include any suitable
electrocaloric effect material that experiences a temperature change upon an
application of an applied voltage. As will be described in greater detail below with
respect to FIGS. 3-5, the electrocaloric effect material 202 used within the various
heat transfer stacks 104 may be selected according to the operating temperature range
of the heat source 106 so that the total aggregated effective temperature ranges of the
heat transfer stacks 104 may encompass approximately the desired operating
temperature range of the heat source 106. Various implementations may include
combined effective temperature ranges of the various heat transfer stacks 104 that
encompass the total operating temperature range of the heat source 106 or of a desired
portion of the operating temperature range of the heat source 106. Moreover, the
electrocaloric effect material 202 may be substantially homogenous throughout the
various layers of a single heat transfer stack 104 in that each layer may include the
same characteristics, including but not limited to the type of electrocaloric effect
material, as well as the layer dimensions and shape. Alternatively, the electrocaloric
effect material 202 layers may differ in any characteristics within a single heat

transfer stack 104.
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[0020] The thermal rectifier 204, or thermal diode, may have an asymmetrical
thermal conductance characteristic, in that heat may be transported more readily in
one general direction than in another, as indicated by the open arrow in FIG. 2.
Another way of stating the heat transfer characteristic of the thermal rectifier 204 is
that the thermal rectifier 204 may be configured to resist heat transfer in a direction
from the heat dump 108 to the heat source 106 after removal of the electric field from
the corresponding heat transfer stack 104. Although for clarity purposes, each layer
of the thermal rectifier 204 is illustrated as a uniform sheet, it should be appreciated
that according to various implementations, the thermal rectifier 204 may include any
quantity of suitable materials having different temperature coefficients of thermal
conductivity. The materials having different temperature coefficients of thermal
conductivity may be configured in thermal contact with one another, or may utilize
heat pipes, actuators, or any other implementation that allows heat to more readily
flow in one direction than the other. Morcover, similar to the electrocaloric effect
material 202 discussed above within a single heat transfer stack 104, the thermal
rectifier 204 characteristics may be substantially homogenous throughout the various
layers of a single heat transfer stack 104 in that each thermal rectifier layer may
include the same characteristics as other thermal rectifier layers, including but not
limited to the type of thermal rectifier material, as well as the layer dimensions and
shape. Alternatively, the thermal rectifier 204 layers may differ in any characteristics
within a single heat transfer stack 104.

[0021] The precise characteristics of a single heat transfer stack 104 may vary
according to the desired heat pump performance for the particular implementation.
For example, the clectrocaloric effect material 202, the materials used within the
thermal rectifier 204, the positioning of the electrodes 114 and corresponding voltage
application, and the method of creating a heat transfer stack 104 and associated layers
may vary according to any number and type of heat pump performance criteria
associated with the particular implementation. These heat transfer stack
characteristics and others are described in application serial number
PCT/US2010/039200, entitled, “Electrocaloric Effect Materials and Thermal Diodes,”
filed on 18-June-2010, and corresponding U.S. National Phase filing, U.S. application
serial number 12/999,684, entitled “Electrocaloric Effect Materials and Thermal
Diodes,” filed on 17-December-2010, each of which is herein incorporated by

reference in its entirety.
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[0022] FIG. 3 is a perspective view of an example electrocaloric effect heat
pump 102 and a corresponding operating temperature range diagram 302 illustrating a
use of multiple heat transfer stacks 104 with differing electrocaloric effect materials
202 to cool a heat source 106 over a wide operating temperature range, arranged in
accordance with at least some embodiments described herein. The open arrows on
the heat transfer stacks 104 are shown to illustrate a general direction for the transfer
of heat from the heat source 106 to the heat dump 108. According to this example
implementation of the electrocaloric effect heat pump 102, the heat pump includes
two heat transfer stacks 104A and 104B. A first heat transfer stack 104A may include
a first electrocaloric effect material 202A that is adapted to operate within a first
effective temperature range 312A (effective temperature ranges generally referred to
as “312”). As can be seen with the operating temperature range diagram 302, the first
effective temperature range 312A does not necessarily encompass a desired heat
source operating temperature range 310. Rather, the first effective temperature range
312A may span from a lower temperature of the heat source operating temperature
range 310 to a first temperature within the heat source operating temperature range
310.  Similarly, the second heat transfer stack 104B may include a second
electrocaloric effect material 202B that is adapted to operate within a second effective
temperature range 312B that also does not necessarily encompass the desired heat
source operating temperature range 310. The second effective temperature range
312B may span from a second temperature within the heat source operating
temperature range 310 to an upper temperature of the heat source operating
temperature range 310.

[0023] However, because the example electrocaloric effect heat pump 102
includes both the first and second heat transfer stacks 104A and 104B with varying
effective temperature ranges 312 that together may create a combined effective
temperature range that may encompass the desired heat source operating temperature
range 310, the electrocaloric effect heat pump 102 is capable of transferring heat at
substantially any operating temperature of the heat source 106. As will be described
in greater detail below with respect to FIGS. 4 and 5, when the operating temperature
of the heat source 106 is within the first effective temperature range 312A, the first
heat transfer stack 104A is effective to transfer heat from the heat source 106 to the
heat dump 108, while the second heat transfer stack 104B may remain inoperative or

less effective. The neutrality or ineffectiveness of the second heat transfer stack 104B
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may be due to a selective removal of the electric field, or predetermined exclusion of
the electric field, from the second heat transfer stack 104B while the operating
temperature of the heat source 106 may be outside of the second effective temperature
range 312B.

[0024] When the operating temperature of the heat source 106 rises into the
second effective temperature range 312B associated with the second heat transfer
stack 104B, then the controller 112 may be adapted to effectively remove the electric
field from the first heat transfer stack 104A and effectively apply the electric field to
the second heat transfer stack 104B so that the heat transfer operations shift from the
first heat transfer stack 104A to the second heat transfer stack 104B. Alternatively,
the controller 112 may be configured to maintain the application of the electric field
to both heat transfer stacks 104A and 104B substantially simultancously, where the
heat transfer stack 104 associated with the effective temperature range 312 that
encompasses the current operating temperature of the heat source 106 remains
effective.

[0025] According to the example illustrated by the operating temperature
range diagram 302 of FIG. 3, there may be an overlapping temperature range 314 that
represents a range of temperatures in which both the first heat transfer stack 104A and
the second heat transfer stack 104B are effective. At operating temperatures within
the overlapping temperature range 314, the controller 112 may be configured to
effectively provide the electric field to both of the heat transfer stacks 104A and 104B
so that heat can be transferred from the heat source 106, through both heat transfer
stacks 104A and 104B, to the heat dump 108 as indicated by the open arrows
positioned on the electrocaloric effect heat pump 102. Operation of the heat source
106 within this overlapping temperature range 314 may increase the heat transfer
capabilities of the electrocaloric effect heat pump 102 since all heat transfer stacks
104 may be operating efficiently. For this reason, the operating characteristics of the
heat source 106, particularly the operating temperatures of the heat source 106, can be
taken into consideration during the selection of the electrocaloric effect materials 202
and thermal rectifier 204 used within the heat transfer stacks 104 of a electrocaloric
effect heat pump 102. As will also become clear from the disclosure herein, any
number of heat transfer stacks 104 may be used with any number and type of
electrocaloric effect materials 202 and thermal rectifier 204 with any given

electrocaloric effect heat pump 102 in order to optimize the effective temperature
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ranges 312 and overlapping temperature ranges 314 according to the particular
implementation.

[0026] FIG. 4 is a perspective view of an example electrocaloric effect heat
pump 102 and a corresponding operating temperature range diagram 302 illustrating
the operation of heat transfer stacks 104 at an operating temperature 402 within an
effective temperature range 312A of a first electrocaloric effect material 202A,
arranged in accordance with at least some embodiments described herein. According
to this example, the electrocaloric effect heat pump 102 includes one row of four heat
transfer stacks 104. As stated above, it should be understood that the electrocaloric
effect heat pump 102 is not limited to any number of heat transfer stacks 104 and that
the number of heat transfer stacks 104 shown in FIG. 4 and the other drawings are
chosen for illustrative purposes only.

[0027] Out of the four heat transfer stacks 104 shown, two heat transfer stacks
will be referred to as first heat transfer stacks 104A because they are manufactured
with a first electrocaloric effect material 202A. The other two heat transfer stacks
will be referred to as second heat transfer stacks 104B because they are manufactured
with a second electrocaloric effect material 202B. The first heat transfer stacks 104A
may operate efficiently within the first effective temperature range 312A, while the
second heat transfer stacks 104B may operate efficiently within the second effective
temperature range 312B. For clarity purposes, it should be noted that there is no
overlapping temperature range as described above. Rather, the first effective
temperature range 312A spans between a lower temperature of the heat source
operating temperature range 310 and a first temperature within the heat source
operating temperature range 310, while the second effective temperature range 312B
begins at the first temperature and spans to the upper temperature of the heat source
operating temperature range 310. In this manner, the first effective temperature range
312A and the second effective temperature range 312B may aggregate to encompass
approximately the entire heat source operating temperature range 310.

[0028] In this example, the current operating temperature 402 is shown within
the operating temperature range diagram 302 as being within the first effective
temperature range 312A associated with the first electrocaloric effect material 202A.
According to one implementation, the controller 112 may be adapted to detect the
operating temperature 402. In response, the controller 112 may be configured to

select the first heat transfer stacks 104A for activation since the operating temperature
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402 falls within the first effective temperature range 312A. The controller 112 may
then be configured to provide the electric field to the corresponding electrodes 114 of
the first heat transfer stacks 104A to initiate the heat transfer away from the heat
source 106, as indicated by the open arrows. For clarity, the heat dump 108 is not
shown in FIG. 4.

[0029] The open dash depicted on the second heat transfer stacks 104B
indicates that these stacks are may remain inactive, or minimally effective, during this
period in which the operating temperature 402 is outside of the second effective
temperature range 312B. As mentioned above, according to one embodiment, the
controller 112 may not be configured to provide the electric field to the heat transfer
stacks 104 with effective temperature ranges 312 that do not encompass the current
operating temperature 402. According to another embodiment, the controller 112 is
configured to provide the electric field to all heat transfer stacks 104 at approximately
all operating temperatures 402, but the heat transfer stacks 104 associated with an
effective temperature range that does not encompass the current operating
temperature 402 may be minimally effective.

[0030] FIG. 5 is a perspective view of the example electrocaloric effect heat
pump 102 and operating temperature range diagram 302 of FIG. 4 illustrating the
operation of the heat transfer stacks 104 at an operating temperature 402 within an
effective temperature range 312B of a second electrocaloric effect material 202B,
arranged in accordance with at least some embodiments described herein. Continuing
the example from FIG. 4, after the current operating temperature 402 moved into the
second effective temperature range 312B, the controller 112 is configured to activate
the second heat transfer stacks 104B and deactivate the first heat transfer stacks 104A.
In doing so, the controller 112 may be configured to discontinue the electrode control
signal to the first heat transfer stacks 104A and provide the electrode control signal to
the corresponding electrodes 114 of the second heat transfer stacks 104B to initiate
the heat transfer away from the heat source 106. This operational shift from the first
heat transfer stacks 104A to the second heat transfer stacks 104B is represented by the
repositioning of the open arrows and open dashes on the respective heat transfer
stacks 104 from FIG. 4 to FIG. 5.

[0031] FIG. 6 is a perspective view of an example electrocaloric effect heat
pump 102 with an array of alternating heat transfer stacks 104 configured in multiple

columns 602A-602D and rows 604A and 604B, arranged in accordance with at least
13
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some embodiments described herein. As discussed above, an clectrocaloric effect
heat pump 102 may be constructed using any number of heat transfer stacks 104. The
term “array” may be construed as containing two or more heat transfer stacks 104
arranged according to a pattern or other organized configuration. In this example, the
array may include eight heat transfer stacks 104 arranged in four columns 602A-602D
and two rows 604A and 604B. The columns 602A-602D may collectively be referred
to as “602” and the rows 604A and 604B may collectively be referred to as “604.” Of
the eight heat transfer stacks 104, there may be two types of stacks, 104A and 104B,
corresponding to the two types of electrocaloric effect material 202A and 202B,
respectively, that they contain. For illustrative purposes, the top surface of the heat
transfer stacks 104A containing electrocaloric effect material 202A have been hatched
to more clearly illustrate the alternating configuration in which the heat transfer stacks
104A and 104B have been arranged.

[0032] According to alternative implementations, the heat transfer stacks 104
may be positioned within the array according to any pattern or configuration. For
example, groups of like heat transfer stacks 104, or heat transfer stacks 104 containing
similar electrocaloric effect material 202, may be positioned adjacent to groups of
dissimilar heat transfer stacks 104 according to an alternating pattern. One example
(not shown) might include two heat transfer stacks 104A positioned adjacent to one
another in positions 602A/604A and 602B/604A, followed by two heat transfer stacks
104B in positions 602C/604A and 602D/604A. The pattern would then alternate in
row 604B with heat transfer stacks 104B in positions 602A/604B and 602B/604B,
followed by two heat transfer stacks 104A in positions 602C/604B and 602D/604B.
Another example might include four heat transfer stacks 104A placed in positions
602A/604A, 602B/604A, 602A/604B, and 602B/604B. This group would then be
followed by four heat transfer stacks 104B in positions 602C/604A, 602D/604A,
602C/604B, and 602D/604B. It should be wunderstood that the disclosed
configurations are not limited to these examples, but rather any desired array
configuration may be utilized to optimize the transfer of heat from the heat source 106
to the heat dump 108 over the entire heat source operating temperature range 310.
[0033] In addition to the various placement configurations of the heat transfer
stacks 104 within the array discussed above, it should be understood that the
disclosure herein is not limited to other configurations shown and described above. In

particular, the electrocaloric effect heat pump 102 may include any number of
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electrocaloric effect materials 202.  Although two heat transfer stacks 104A and
104B were shown and described with respect to electrocaloric effect materials 202A
and 202B, it is contemplated that three or more electrocaloric effect materials could
be used depending on the characteristics of the heat source 106 and the corresponding
cooling requirements of the electrocaloric effect heat pump 102, coupled with any
number and type of environmental factors, cost, reliability, and other considerations.
Moreover, the distance between adjacent heat transfer stacks 104 may vary, as well as
the shape and size of the heat transfer stacks 104. While the heat transfer stacks 104
are shown to be generally rectangular in plan view, the heat transfer stacks 104 may
include any shape and size without departing from the scope of this disclosure.

[0034] FIG. 7 is a flow diagram illustrating an example process 700 for
implementing an electrocaloric effect heat pump 102 over a wide operating
temperature range 310 of a heat source 106, in accordance with at least some
embodiments described herein. The process 700 may include various operations,
functions, or actions as illustrated by one or more of blocks 702-710. It should be
appreciated that more or fewer operations may be performed than shown in the FIG. 7
and described herein. Moreover, these operations may also be performed in a
different order than those described herein.

[0035] The process 700 may begin at block 702 (Determine Heat Source
Operating Temperature), where the controller 112 may be configured to determine the
operating temperature 402 of the heat source 106. This determination may be made
from feedback from the temperature sensor 120 that is arranged in thermal
communication with the heat source 106. Block 702 may be followed by block 704.
[0036] At block 704 (Select Corresponding Heat Transfer Stacks), the
controller 112 may configured to determine an applicable subset of heat transfer
stacks 104 for receiving the electrical field from the power source 110. This
determination may be based on the effective temperature range(s) 312 that
encompasses the current operating temperature 402 determined at block 702. As
discussed above, there may be more than one electrocaloric effect material 202 with
an effective temperature range 312 that encompasses the operating temperature 402,
as illustrated by the overlapping temperature range 314. Moreover, in embodiments
in which the controller 112 is configured to effectively control the application of the

electrical field to all heat transfer stacks 104 at all operating temperatures 402, then
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the controller 112 may effectively select all heat transfer stacks during this operation.
Block 704 may be followed by block 706.

[0037] At block 706 (Apply Electric Field to ECE Material of Selected Heat
Transfer Stacks), the controller 112 may be configured to control the application of
the electrode control signal from the power source 110 to the selected subset of heat
transfer stacks 104 corresponding to the effective temperature ranges 312 that
encompass the current operating temperature 402 of the heat source 106. As
described above, the electrode control signal may include an oscillating voltage that is
provided as any of a variety of voltage waveforms to alternately activate and
deactivate the electrocaloric effect material 202 of the applicable heat transfer stacks
104. Block 706 may be followed by block 708.

[0038] At block 708 (Selectively Activate Heat Transfer Stacks), the
electrocaloric effect material 202 of the applicable heat transfer stacks 104 may be
effectively activated in response to the applied electric field, which initiates heat
transfer away from the heat source 106 as described above. Because of the thermal
rectifier 204 characteristics, a greater quantity of heat can be absorbed through the
layers of thermal rectifier 204 closest to the heat source 106, resulting in a net heat
flow through the heat transfer stack 104 away from the heat source 106. Block 708
may be followed by block 710.

[0039] At block 710 (Heat Source Temp Outside ECE Range?), the controller
112 is configured to determine via the temperature sensor 120 whether the current
operating temperature 402 of the heat source 106 is outside of the effective
temperature range 312 of the activated heat transfer stacks 104. If the operating
temperature 402 is not outside of the effective temperature range 312 of the activated
electrocaloric effect material 202, then the process 700 returns to block 708 and heat
transfer continues. However, if the operating temperature 402 is outside of the
effective temperature range 312 of the activated electrocaloric effect material 202,
then the process 700 returns to block 704 and continues as described above. The
process 700 continues until heat transfer from the heat source 106 is no longer needed
and/or the electrocaloric effect heat pump 102 is deactivated.

[0040] FIG. 8 is a block diagram illustrating a computer hardware architecture
corresponding to an example controller 112 configured in accordance with at least
some embodiments presented herein. FIG. 8 includes a controller 112, including a

processor 810, memory 820 and one or more drives 830. The controller 112 may be
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implemented as a conventional computer system, an embedded control computer, a
laptop, or a server computer, a mobile device, a set-top box, a kiosk, a vehicular
information system, a mobile telephone, a customized machine, or other hardware
platform.

[0041] The drives 830 and their associated computer storage media, provide
storage of computer readable instructions, data structures, program modules and other
data for the controller 112. The drives 830 can include an operating system 840,
application programs 850, program modules 860, and a database 880. The program
modules 860 may include a heat transfer stack control module 805. The heat transfer
stack control module 805 may be adapted to execute the process 700 for
implementing an electrocaloric effect heat pump 102 over a wide operating
temperature range 310 of a heat source 106 as described in greater detail above (e.g.,
see previous description with respect to one or more of FIGS. 1 - 7). In some
embodiments, the heat transfer stack control module 805 may detect an operating
temperature 402 of the heat source 106, and in response, control the application of the
electrode control signal from the power source 110 to the electrodes 114 of the
applicable heat transfer stacks. The controller 112 further includes user input devices
590 through which a user may enter commands and data. Input devices can include
an electronic digitizer, a microphone, a keyboard and pointing device, commonly
referred to as a mouse, trackball or touch pad. Other input devices may include a
joystick, game pad, satellite dish, scanner, or the like.

[0042] These and other input devices can be coupled to the processor 810
through a user input interface that is coupled to a system bus, but may be coupled by
other interface and bus structures, such as a parallel port, game port or a universal
serial bus (“USB”). Computers such as the controller 112 may also include other
peripheral output devices such as speakers, which may be coupled through an output
peripheral interface 894 or the like.

[0043] The controller 112 may operate in a networked environment using
logical connections to one or more computers, such as a remote computer coupled to a
network interface 896. The remote computer may be a personal computer, a server, a
router, a network PC, a peer device or other common network node, and can include
many or all of the elements described above relative to the controller 112.
Networking environments are commonplace in offices, enterprise-wide area networks

(“WAN?), local area networks (“LAN”), intranets, and the Internet.
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[0044] When used in a LAN or WLAN networking environment, the
controller 112 may be coupled to the LAN through the network interface 896 or an
adapter. When used in a WAN networking environment, the controller 112 typically
includes a modem or other means for establishing communications over the WAN,
such as the Internet or the network 808. The WAN may include the Internet, the
illustrated network 808, various other networks, or any combination thereof. It will
be appreciated that other mechanisms of establishing a communications link, ring,
mesh, bus, cloud, or network between the computers may be used.

[0045] According to some embodiments, the controller 112 may be coupled to
a networking environment. The controller 112 may include one or more instances of
a physical computer-readable storage medium or media associated with the drives 830
or other storage devices. The system bus may enable the processor 810 to read code
and/or data to/from the computer-readable storage media. The media may represent
an apparatus in the form of storage elements that are implemented using any suitable
technology, including but not limited to semiconductors, magnetic materials, optical
media, electrical storage, eclectrochemical storage, or any other such storage
technology. The media may represent components associated with memory 820,
whether characterized as RAM, ROM, flash, or other types of volatile or nonvolatile
memory technology. The media may also represent secondary storage, whether
implemented as the storage drives 830 or otherwise. Hard drive implementations may
be characterized as solid state, or may include rotating media storing magnetically-
encoded information.

[0046] The storage media may include one or more program modules 860.
The program modules 860 may include software instructions that, when loaded into
the processor 810 and executed, transform a general-purpose computing system into a
special-purpose computing system. As detailed throughout this description, the
program modules 860 may provide various tools or techniques by which the
controller 112 may participate within the overall systems or operating environments
using the components, logic flows, and/or data structures discussed herein.

[0047] The processor 810 may be constructed from any number of transistors
or other circuit elements, which may individually or collectively assume any number
of states. More specifically, the processor 810 may operate as a state machine or
finite-state machine. Such a machine may be transformed to a second machine, or

specific machine by loading executable instructions contained within the program
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modules 860. These computer-executable instructions may transform the processor
810 by specifying how the processor 810 transitions between states, thereby
transforming the transistors or other circuit elements constituting the processor 810
from a first machine to a second machine. The states of either machine may also be
transformed by receiving input from the one or more user input devices 890, the
network interface 896, other peripherals, other interfaces, or one or more users or
other actors. Either machine may also transform states, or various physical
characteristics of various output devices such as printers, speakers, video displays, or
otherwise.

[0048] Encoding the program modules 860 may also transform the physical
structure of the storage media. The specific transformation of physical structure may
depend on various factors, in different implementations of this description. Examples
of such factors may include, but are not limited to: the technology used to implement
the storage media, whether the storage media are characterized as primary or
secondary storage, and the like. For example, if the storage media are implemented as
semiconductor-based memory, the program modules 860 may transform the physical
state of the semiconductor memory 820 when the software is encoded therein. For
example, the software may transform the state of transistors, capacitors, or other
discrete circuit elements constituting the semiconductor memory 820.

[0049] As another example, the storage media may be implemented using
magnetic or optical technology such as drives 830. In such implementations, the
program modules 860 may transform the physical state of magnetic or optical media,
when the software is encoded therein. These transformations may include altering the
magnetic characteristics of particular locations within given magnetic media. These
transformations may also include altering the physical features or characteristics of
particular locations within given optical media, to change the optical characteristics of
those locations. It should be appreciated that various other transformations of
physical media are possible without departing from the scope and spirit of the present
description.

[0050] The present disclosure is not to be limited in terms of the particular
embodiments described in this application, which are intended as illustrations of
various aspects. Many modifications and variations can be made without departing
from its spirit and scope, as will be apparent to those skilled in the art. Functionally

equivalent methods and apparatuses within the scope of the disclosure, in addition to
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those enumerated herein, will be apparent to those skilled in the art from the
foregoing descriptions. Such modifications and variations are intended to fall within
the scope of the appended claims. The present disclosure is to be limited only by the
terms of the appended claims, along with the full scope of equivalents to which such
claims are entitled. It is to be understood that this disclosure is not limited to
particular methods, reagents, compounds compositions or biological systems, which
can, of course, vary. It is also to be understood that the terminology used herein is for
the purpose of describing particular embodiments only, and is not intended to be
limiting.

[0051] With respect to the use of substantially any plural and/or singular terms
herein, those having skill in the art can translate from the plural to the singular and/or
from the singular to the plural as is appropriate to the context and/or application. The
various singular/plural permutations may be expressly set forth herein for sake of
clarity.

[0052] It will be understood by those within the art that, in general, terms used
herein, and especially in the appended claims (e.g., bodies of the appended claims) are
generally intended as “open” terms (e.g., the term “including” should be interpreted as
“including but not limited to,” the term “having” should be interpreted as “having at
least,” the term “includes” should be interpreted as “includes but is not limited to,”
etc.). It will be further understood by those within the art that if a specific number of
an introduced claim recitation is intended, such an intent will be explicitly recited in
the claim, and in the absence of such recitation no such intent is present. For
example, as an aid to understanding, the following appended claims may contain
usage of the introductory phrases "at least one" and "one or more" to introduce claim
recitations. However, the use of such phrases should not be construed to imply that
the introduction of a claim recitation by the indefinite articles "a" or "an" limits any
particular claim containing such introduced claim recitation to embodiments
containing only one such recitation, even when the same claim includes the
introductory phrases "one or more" or "at least one" and indefinite articles such as "a"
or "an" (e.g., “a” and/or “an” should be interpreted to mean “at least one” or “one or
more”); the same holds true for the use of definite articles used to introduce claim
recitations. In addition, even if a specific number of an introduced claim recitation is
explicitly recited, those skilled in the art will recognize that such recitation should be

interpreted to mean at least the recited number (e.g., the bare recitation of "two
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recitations,” without other modifiers, means at least two recitations, or two or more
recitations). Furthermore, in those instances where a convention analogous to “at
least one of A, B, and C, etc.” is used, in general such a construction is intended in the
sense one having skill in the art would understand the convention (e.g., “ a system
having at least one of A, B, and C” would include but not be limited to systems that
have A alone, B alone, C alone, A and B together, A and C together, B and C
together, and/or A, B, and C together, etc.). In those instances where a convention
analogous to “at least one of A, B, or C, etc.” is used, in general such a construction is
intended in the sense one having skill in the art would understand the convention
(e.g., “ a system having at least one of A, B, or C” would include but not be limited to
systems that have A alone, B alone, C alone, A and B together, A and C together, B
and C together, and/or A, B, and C together, etc.). It will be further understood by
those within the art that virtually any disjunctive word and/or phrase presenting two
or more alternative terms, whether in the description, claims, or drawings, should be
understood to contemplate the possibilities of including one of the terms, either of the
terms, or both terms. For example, the phrase “A or B” will be understood to include
the possibilities of “A” or “B” or “A and B.”

[0053] In addition, where features or aspects of the disclosure are described in
terms of Markush groups, those skilled in the art will recognize that the disclosure is
also thereby described in terms of any individual member or subgroup of members of
the Markush group.

[0054] As will be understood by one skilled in the art, for any and all
purposes, such as in terms of providing a written description, all ranges disclosed
herein also encompass any and all possible subranges and combinations of subranges
thereof. Any listed range can be ecasily recognized as sufficiently describing and
enabling the same range being broken down into at least equal halves, thirds, quarters,
fifths, tenths, etc. As a non-limiting example, each range discussed herein can be
readily broken down into a lower third, middle third and upper third, etc. As will also

EE Y

be understood by one skilled in the art all language such as “up to,” “at least,”
“greater than,” “less than,” and the like include the number recited and refer to ranges
which can be subsequently broken down into subranges as discussed above. Finally,
as will be understood by one skilled in the art, a range includes ecach individual

member. Thus, for example, a group having 1-3 elements refers to groups having 1,
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2, or 3 elements. Similarly, a group having 1-5 elements refers to groups having 1, 2,
3, 4, or 5 elements, and so forth.

[0055] While various aspects and embodiments have been disclosed herein,
other aspects and embodiments will be apparent to those skilled in the art. The
various aspects and embodiments disclosed herein are for purposes of illustration and
are not intended to be limiting, with the true scope and spirit being indicated by the

following claims.
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What is claimed is:
1. A heat transfer device comprising:

a first heat transfer stack, comprising;:

a first electrocaloric effect material having a first effective temperature
range, and

a first thermal rectifier arranged in thermal contact with the first
clectrocaloric effect material; and
a second heat transfer stack positioned adjacent to the first heat transfer stack,

comprising:

a second celectrocaloric effect material having a second effective
temperature range, and

a second thermal rectifier arranged in thermal contact with the second

electrocaloric effect material.

2. The heat transfer device of claim 1, wherein cach of the first heat
transfer stack and the second heat transfer stack comprises a plurality of alternating

layers of electrocaloric effect material and thermal rectifier.

3. The heat transfer device of claim 2, wherein each layer of
electrocaloric effect material within the first heat transfer stack is substantially
homogenous and wherein each layer of thermal rectifier within the first heat transfer

stack is substantially homogenous.

4. The heat transfer device of claim 1, further comprising a plurality of
first heat transfer stacks and a plurality of second heat transfer stacks arranged in an

alternating pattern.
5. The heat transfer device of claim 4, wherein the alternating pattern
comprises an array of alternating first heat transfer stacks and second heat transfer

stacks.

6. The heat transfer device of claim 1, wherein the first effective

temperature range and the second effective temperature range together comprise a

23



WO 2012/144995 PCT/US2011/033220

combined effective temperature range that encompasses a heat source operating

temperature range associated with a heat source.

7. The heat transfer device of claim 6, further comprising first electrodes
positioned to apply an electric field across the first electrocaloric effect material, and
second electrodes positioned to apply an electric field across the second electrocaloric

effect material.

8. The heat transfer device of claim 7, further comprising a controller
operative to selectively control the application of the electric field from the power
source to one or more of the first electrodes and/or the second electrodes during
operation of the heat source at any temperature within the heat source operating

temperature range.

9. The heat transfer device of claim 7, further comprising a controller
operative to selectively control the application of the electric field from the power
source to the first electrodes during operation of the heat source at temperatures
within the first effective temperature range and to selectively control the application
of the electric field from the power source to the second electrodes during operation

of the heat source at temperatures within the second effective temperature range.

10. The heat transfer device of claim 7, wherein the electric ficld
comprises one of: an oscillating voltage, a pulsed signal, a pulsed direct current (DC)
voltage, an alternating current (AC) voltage, a ramped signal, a sawtooth signal, or a

triangular signal.

11. The heat transfer device of claim 7, wherein the first effective
temperature range and the second effective temperature range overlap in an

overlapping temperature range of the heat source operating temperature range.

12.  The heat transfer device of claim 11, further comprising a controller
operative to selectively control the application of the electric field from the power
source to the first electrodes and to the second electrodes during operation of the heat

source at any temperature within the overlapping temperature range.
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13. The heat transfer device of claim 7, wherein the first heat transfer stack
is configured with the first thermal rectifier disposed between the first electrocaloric
cffect material and the heat source, and wherein the second transfer stack is
configured with the second thermal rectifier disposed between the second

electrocaloric effect material and the heat source.

14. A method for transferring heat from a heat source at any temperature
within an operating temperature range of the heat source, the method comprising:

at a first temperature of the operating temperature range of the heat source,
applying a first electric field across a first electrocaloric effect material that is
arranged in thermal contact with the heat source;

during application of the first electric field, transferring heat through a first
thermal rectifier that is arranged in thermal contact with the heat source and the first
electrocaloric effect material to a heat dump;

at a second temperature of the operating temperature range of the heat source,
applying a second electric field across a second electrocaloric effect material that is
arranged in thermal contact with the heat source; and

during application of the second electric field, transferring heat through a
second thermal rectifier that is arranged in thermal contact with the heat source and

the second electrocaloric effect material to the heat dump.

15.  The method of claim 14, wherein the first temperature is within an
effective temperature range of the first electrocaloric effect material and outside an
effective temperature range of the second electrocaloric effect material, and wherein
the second temperature is within the effective temperature range of the second
electrocaloric effect material and is outside the effective temperature range of the first

electrocaloric effect material.

16. The method of claim 14, wherein a first surface of the first thermal
rectifier abuts a surface of the heat source and a second surface of the first thermal
rectifier abuts a surface of the first electrocaloric effect material such that the first

electrocaloric effect material is in indirect thermal contact with the heat source and
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such that the electrocaloric effect material is in direct thermal contact with the first

thermal rectifier.

17. The method of claim 14, further comprising:
removing the first electric field prior to applying the second electric field; and
resisting heat transfer through the first thermal rectifier in a direction from the

heat dump toward the heat source after removing the first electric field.

18. The method of claim 17, further comprising:

detecting a rise in operating temperature of the heat source from the first
temperature to the second temperature; and

in response to detecting the rise in operating temperature, removing the first

electric field and applying the second electric field.

19.  The method of claim 14, wherein applying the first electric field
comprises applying one of: a first oscillating voltage, a first pulsed signal, a first
pulsed DC voltage, a first AC voltage, a first ramped signal, a first sawtooth signal, or
a first triangular signal, and

wherein applying the second electric field comprises applying one of: a second
oscillating voltage, a second pulsed signal, a second pulsed DC voltage, a second AC
voltage, a second ramped signal, a second sawtooth signal, or a second triangular

signal.

20. A heat transfer system, comprising:

a plurality of heat transfer stacks arranged in an array having at least two heat
transfer stacks with varying effective temperature ranges, cach heat transfer stack
comprising:

an clectrocaloric effect material,

electrodes positioned effective to apply an electric field across the
clectrocaloric effect material, and

a thermal rectifier arranged in thermal contact with the electrocaloric

effect material; and

26



WO 2012/144995 PCT/US2011/033220

a controller operative to selectively apply the electric field to a subset of the
plurality of heat transfer stacks according to an operating temperature of a heat source

that is arranged in thermal contact with the plurality of heat transfer stacks.

21.  The heat transfer system of claim 20, wherein each of the plurality of
heat transfer stacks comprise a plurality of layers of alternating electrocaloric effect
material and thermal rectifier, and wherein the plurality of heat transfer stacks are
arranged in an alternating pattern within the array according to effective temperature

ranges.

22.  The heat transfer system of claim 21, wherein each layer of
electrocaloric effect material within a heat transfer stack is substantially homogenous
and wherein each layer of thermal rectifier within the heat transfer stack is

substantially homogenous.

23.  The heat transfer system of claim 20, wherein the controller being
operative to selectively apply the electric field to the subset of the plurality of heat
transfer stacks according to the operating temperature of the heat source comprises
the controller being operative to detect a change in the operating temperature of the
heat source from an operating temperature corresponding to a first subset of the
plurality of heat transfer stacks to an operating temperature corresponding to a second
subset of the plurality of heat transfer stacks, and in response, to remove the electric

field from the first subset and to apply the electric field to the second subset.

24.  The heat transfer system of claim 20, wherein the electric field
comprises one of: an oscillating voltage, a pulsed signal, a pulsed direct current
voltage, an alternating current voltage, a ramped signal, a sawtooth signal, or a

triangular signal.
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INTERNATIONAL SEARCH REPORT' International application No.

| ‘ PCT/US2011/033220
A. CLASSIFICA”IION OF SUBJECT MATTER | |
Int. Cl.
F25B 21/00 (2006.01) HOIL 35/32(2006.01)
HOIL 23/34 (2006.01)

According to Intexhational Patent Classification (IPC) or to both national classification and IPC

‘B.. . FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are Inc]uded in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
EPODOC and WPI: /IC/EC F25B21 or F28F27/00 or HO1L35 or HO1L37 and keywords (electro_ caloric+); EPODOC and WPI:
keyword (electro calor1c+) esp@cenet and keyword(s) (eIectrocanrlc and F25B21+), (electrocaloric effect).

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where apprdpriate, of the relevant passages | Relevant to claim
. No.
: WO 2006/056809 Al (CAMBRIDGE UNIVERSITY TECHNICAL SERVICES LIMITED)
1" June 2006
See the abstract; page 3 lines 15-29 page 5 lines 1-6, page 8 line 28-29, page 10 lines 16-23, :
X - page 12 lines 16-18, page 22 lines 9-22; and figure 21.° 1, 4-16, 19-20, 24
Y : . . : - _ 23
: 1 WO.2009/126344 A2 (STC. UNM) 15 October 2009 ’ ‘
Y See the abstract; para. [0008], [0029], [0031], [0048] [0049] and ﬁgure 1A. B 2-3
A US 6877325 B1 (Lawless) 12 April 2005

D Further documents are listed in the continuation of Box C. See patent family annex -

* Special categories of cited documents: . . . _ )
"A" document defining the general state of the art whlch is "T" - later document published after the international filing date or priority date and not in
not considered to be of particular relevance conflict with the application but cited to understand the principle or theory
: underlying the invention
"E"  earlier application or patent but published onorafterthe . "X" - document of particular relevance; the claimed invention cannot be considered novel
international filing daté¢ or cannot be COﬂSldCl’Cd to involve an inventive step when the document is taken
alone .
"L" - document which may throw doubts on priority claim(s) . "Y"  document of particular relevance; the claimed invention cannot be_ considered to
‘or which is cited to establish the publication date of . involve an inventive step when the document is combined with one or more other
another citation or other special reason (as specnﬁed) such documents, such combination being obvious to a person skilled in the art .
Q" document referring to an oral disclosure, use, exhibition- ot ) .
or other means ‘ & docurpent member of the same patent famlly
"P"  document published prior to the international filing date
but later than the priority date claimed ) .
Date of the actual completion of the mtematmnal search’ Date of mailing of the international search report ﬂ ﬁ J U N z U”
02 June 2011 o ' ,
Name and mailing address of the ISA/AU . Authorized officer N
AUSTRALIAN PATENT OFFICE , ‘ | JOHN DEUIS :
PO BOX 200, WODEN ACT 2606, AUSTRALIA AUSTRALIAN PATENT OFFICE
E-mail address: pct@ipaustralia.gov.au . .| (IS0 9001 Quality Certificd Service)
Facsimile No. +61 2 6283 7999 . ‘ Tclephone No: +612 6283 2146
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This Annex lists the known "A" publication level patent famlly members relating to the patent documents cited in the
above-mentioned international search report. The Australian Patent Office is in no way liable for these particulars
which are merely given for the purpose of information. _

Patent Document Cited'in . v " Patent Family Member

Search Report
WO - 2006056809 'GB 2420662
WO 2009126344 US 2010037624 . US 2010175392

US 6877325 - NONE

Due to data integration issues this family listing may not include 10 digit Australian applicatiohs filed since May 2001.
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