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(57) Abstract: Heat pump cycle provided with a fluidic loop connecting two heat exchangers. The fluidic loop is filled with an elec -
tro-caloric liquid as a heat transfer medium. Applying electric filed in one of the heat exchangers the temperature of the electro-cal -

oric liquid is changed.
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FIELD-ACTIVE HEAT PUMPING USING LIQUID MATERIALS

FIELD OF THE INVENTION

oo} The subject matter disclosed herein relates generally to the field of electrocaloric
materials and, move particularly, to 8 heat pamp system that ases Haguid-phase electrocaloric
materials.

BACKGROUND OF THE INVENTION
{0002]  Typical heating, ventilation, and air conditioning functionality (CHVAL ) is
provided by vapor compression, or reverse Rankine, oyeles. These devices use two-phase
fluorinated refrigerants which are under high pressare and exhibit significant global warnung
potential when they inevitably feak into the atmosphere. Also, the compression process
camnot be efficiently scaled to small sizes restricting energy savings achievable through
distributed heat pumping, Finally, sech compressors terd to be noisy. A scalable, quoet, and
environmentally friendly alternative is desmed.
{3063] Materials that exhibit adinbatic temperature change when subject to mechameal
strain, magnetic ficlds, or slectrical fields have beon used 10 create hoat pump oyeles. For
example, hield-active materials can 1nclade clectrocalonic and magnetocaloric materials.
Electrogaloric materials exlubit large entropy changes when an clectrie field is applied to
their stracture. A basic heat pump eycle that saplemonts an electrocaloric material is shown
w FIG. 1. At state 1, a material is at steady tomperature and is subject to a steady ficld
applied divectly to the material. An merease in the applied field strength increases matertal
temperatore at state 2. Heat is rejected to a hot ambient bringing the matonial temperatwre
down near the hot ambient value in state 3. This 13 best accomphished through direct contact
of the ambient air and the active materigl, Redaction of the ficld strength reduces material
temperature at state 4. The eycele 18 then completed by absorbing heat from a cold ambient,
agan preferably through direct contact, causing the matenal temperature to rise back to the
temperature value at state 1. This cyvele may approximate wdeal Carnot, Brayton, or Ertcsson
cyeles depending on the timing of ficld actuation in relation to heat rejection.
{0664}  The adiababie temperature Bt available with known electrocaloric or
magnetocaloric materials is typically lower than the bft required for most commercial heat
pump applications such as envirommental control. One well-known means of mcreasing
temperature 1t (at the expense of capacity) 1s thermal regencration. A typical regencrative
heat exchanger depends on thermal storage and reciprocating fluid motion to develop an axial

temperature gradient and thus ondtiply temperatare lift. Regenerative heat exchangers are
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common i oycles that use fhad compression vather than field-active materials to provide heat
pumping. For example, Stirling cyele coolers, and thermoacoustic coolers that apply a
madified Stirhing eycle, use regenerative heat exchangers as common practice. In these
regenerative heat exchangers, the work for beat pumping comes from compression‘expansion
of the fhad within the regenerator and the solid material of the regenerator provides the heat
capacity for regencration. Also, in a thermoacoustic or other pressare-based regenerative
cooling cycle, it is necessary o use a heat exchanger to separate the pressurized working fnd

from the ambsent air resulting 1n a significant loss in performance. Regenerative heat

exchanger use has also been reported in field-active magnctocalorie cooler prototypes.

BRIEF SLIMMARY OF THE INVENTION
{80051 In accordance with an embodiment, a beat pump cvele inclades providing a flaidic
foop between two heat exchangers in fluidic communication with cach other; encrgtzing at
least a first heat exchanger of the two heat exchangers to generate an electric ficld i the first
heat exchanger; advecting a field-active liquad through the fluidic loop; changing an entropy
of the fiekd-active liguid i1 response o advecting mio the aleetric Held of the at heast fivst heat
exchanger: and exchanging heat between the field-active Higuid and the two heat exchangers
i response to the changing of the entropy of the ficld-active hquid.
{HH00] In accordance with another embodiment a regenerative ficld-active heat pung evele
for heat transport having a regenerator and sceondary heat exchanger clements includes
encrgizing the regenerator and a first heat exchanger of the secondary heat exchanger
elements to apply an internuttont electric fleld; changing an entropy of the field-active lguid
resident 1n the regenerator and a fivst heat exchanger of the secondary heat exchanger
clements in response o the electric field; advecting the ficld-active liquid from the
regenerator into the first heat exchanger of the secondary beat exchanger cloments while
mantainng the electric feld) ransferring beat from the first heat exchanger to a hot ambient
temperature in response to adveeting the hot encrgized ficld-active Hiquid into the heat
cxchanger; releasing the ficld in the regenerator and a first hoat exchanger of the secondary
heat exchanger elements; changing an entropy of the field-active tiquid resident in the
regenerator and a first heat exchanger of the secondary heat exchanger elements in response
to releasing the eleetric field; advecting the cold field-active liquid from the regenerator mto
the second heat exchanger of the secondary heat exchanger clements while mangqining the

electric field; and transferring heat from the second heat exchanger to & cold ambient

b
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temperature in response (o advecting the cold de-energized feld-active liguad into the heat
exchanger.
{0007] Techmcal fnction of the one or more claiins desceribed above provides heat
gransfer through a field-active hiquid that heats or cools upon apphication of a field, and heat
gransfor occurs in a heat exchanger with the associated hot or cool envivonment ontil the
iquad comes into near-equiltbrium with the covirons while remaining in the field.
[0668]  Other aspects, features, and techmiques of the mvention will become more
apparent from the following deseription taken m compunction with the drawings.

BRIEF DESURIPTION OF THE SEVERAL VIEWS OF THE DRAWING
[6809]  The subject matter, which is regarded as the invention, 1s particalarly pomted owt
and distinctly claymed in the claims at the conclusion of the specificaton. The foregoing and
ather features, and advaniages of the invention are apparent from the followmyg detailed
description taken in conjunction with the accompanying drawings in which like clements are
mumbered alike 1 the several FIGURES:
{0814 FIG. 1 i a diagram of a ficld-activated heat pump ovele in avcardance seith the
Prior art;
{0011} FIG 2 s an exemplary system diagram for a heat pump cycle that utilizes a ficld-
active Haquid in accordance with an embodiment of the invention;
[0012}  FIG 3A s a general perspective view of an exemplary heat exchanger that has
multiple flow fubes and electrodes n accordance with an embodument of the twvention;
[8013] FIG. 3B is a side clevation view of an exemplary heat exchanger of FIG. 34 that
has mudople flow tebes and electrodes in accordance with an embodiment of the invention;
{0014 FIG. 4 g front elevation view of an exemplary regenerator in accordance with an
einbodiment of the invention;
[0015]  FIG. 5 llustrates an exemplary hybridized regenerator system for use in
accordance with embodiments of the invention; and
{8016}  FIGA. 6A-6C illustrates a cascade regenerator system that integrates nultiple

electrocaloric toops i accordance with an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION
{8017] Embodiments of the inventiom deseribed below include using Hguid-based
electrocaloric materials as the working fluids for heat pumping in heating, ventilation, and air

conditioning ("HVACTY and refrigeration systems, as well as in hyvbrid systems contaming

Lad
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ficld-active liguid and solid materials. In conbodiments, the ficld-active iquid 1s civculated
through at least two heat exchanger clements, wherein a heat teansfer process ocours i the
presence of an clectric field in one and in the absenee of field in the other, The ficld causes
the field-active liquid w ether heat or cool (depending on the specific hqoid composition},
and heat ransfor ocears in the heat exchanger with the assoviated hot or cool environment
wirtt] the higetd comes into near-cqailibrium with the environs while remaming 1n the fickd
As the iquid leaves the field it cools or heats {respectively} and the fhuid enters a de~
energized heat exchanger to once agmin transfer heat o the coolfhot environment.

{0818 Referrmg to FIG. 2, a basic system 200 for a heat panyp evele is tHustrated in
accordance with an embodiment of the inveation. System 200 meludes a plarality of heat
exchangers 2002 and 204 that are 1 fluidic communication with each other throagh a flow
tube or passage 206, Heat exchanger 202 meludes electrodes 212 and 214 10 order to generate
an electric field 1o the heat exchanger. Flow tube 206 contains a ficld-active lupnd matenat
that s circulated between heat exchangers 202 and 204 and through the flow tube 206
continuously. In an embodiment, flow tube 206 includes insulation 210 in order to prevent
heat exchange botween the finld-active Hguid material and an external cavironment. & pump
208 creates the pressure 1o adviect oo pump the feld-active Bguid material doough the flow
tube 206 and the heat exchangers 202 and 204, In some non-limiting examples, pump 206
can be a mechanical pump, an electrostatic electric fickd pamp, an clectrophboretic cleetric
field pump, or the bike. Also, the field-active Hguid material exhibits temperature change
when subject o the electrical ficld in heat exchanger 202 and can be an liquid electrocaloric
material. Non-limiting examples of iquid electrocaloric matenials can include Haquid orystals,
ionie hquids, or other similar hquoids that can extubit a temperatwre change in @y electric field
1t is to be appreciated that the ficld-active ligad matenal serves as the working fluid fr the

heat pumping cycle as well as enabling heat exchange between heat exchangers 202 and 204

and an external emvironment 216,
{119 Ficld-active materials inclading liguad orvstals respond to an applied clectric field,

creating internal order/disorder: and therefore are capable of storing or relcasing energy i the
form of caloric heat and electrical capacitive energy. The field-active material can alter 1ts
order parameter with the applied electric field. As the order parameter s directly related to
the system enfropy and free energy, cooling and heating are consequences of electric held
relcase or application, or of advection of the ficld-active material through a localized

continuous electric Aeld.
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{08240 In an exemplary operation for system 200, the ficld-active hguid material i3
circilated through heat exchanger clements 207 and 204, wherein an ¢lectric field is applied
ot not applied during 3 heat twansfer process. Field-active liguid material is pumped mto heat
exchanger 202 where an electric field is applicd. The electric field causes the field-active
tiuaid material to transfer heat © the associated bot environment 218 {e.g., outdoors in
cooling mude or mdoors in heating mode} untl the field-active higuid material comes o
near-equilibrium with the environs while remaining in the electrie field. As the ficld-active
hiquid material leaves the electrie ficld it cools and the field-active hquid material enters a de~
encrgized heat exchanger 204 to absorb heat from cold environment 216 {e.g., Indoors
conting mode or outdoors in heating mode). This cycle is repeated continuously. Itisto be
appreciated that, for maximizing performance of system 200, the ficld-active liquid material
is energized n the smne location that heat exchange ocowrs as any interruption of electric
field will retum the ficld-active hquid material to s original temperatwre. So, 3 heat
exchanger mfegrated with clectrodes that can apply the required unitorm ficld can be used,
for example, as heat exchanger 202,

{0021 FIG. 3A iHestrates an exemplacy heat exchanger that can be used with system 200
of FIG. 2 to provide an effective cooling dovice, Preforably, in smbodiments, a nudtiple
channel hiquid-air heat exchanger with & counter flow configuration or a cross-counter flow
configuration can be used, but other configurations of heat exchangers can also be used in
accordance with embodiments of the invention. In other embodiments, liguid-gas heat
exchangers or hquid-liquid beat exchangers i a counter flow or cross-counter flow
configuration can also be used. An exemplary counter flow heat exchanger 300 1s illustrated
i FIG. 3A. Heat exchanger 300 is a tube~fin structure heat exchanger and includes a pluraliy
of electrivally conductive channels that serve as tubes or condints 302 for a secondary heat
exchange fluid. In one cmbodiment, this fluid is a liud such as water or ¢il. In another
cibodiraent, this fluid is air. Each fluid-containing tube 302 s separated by an insulating
material 306 sach that cach tube 302 and its associated fins, if any, can be cnergized
independently. The space 304 between any two tubes 302 contains field-active iquid material
wherein a field can be applied o this liquid by applving a potential to the sarrounding
conductive tubes 302 without applying any field to the secondary heat wansfer fluid. Each
tube-fii structure of heat exchanger 300 serves as an clectrode and will be encrgized with
potential of oppesing polarity, The liquid heat exchanger 300 can be made out of metal wibes
but other materials could also be used given the low pressure of the process. Polvimer or

ceramc-walled heat exchangers with deposited electrodes can also be used. As shown in
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FHG. 3B, positive electrodes 310a-3 106 and acgative clectrades 312a-312¢ are placed with
opposing poelanity to create an clectrical field in the Howing field-active hiquid material, but
are placed with similar polarity surrounding the sceondary fhnd to avoid any clectrical
discharge through tus fluid. In embodiments, the walls of the heat exchanger coald be made
of a sohd field-active ceranue or polymer sach as PZT ceramie or PYDF polymer. One set of
cleetrodes can now energize both active liguid and active solid material simultancously,
mereasing the specific capacity of the overall device. The heat exchanger 300 serves a
function of a heat transport fluid, enabling a continually flowing pumped loop with
continuously apphied clectric fields.

{0022} It is to be appreciated that performance of the ficld-active hquid material can be
ncreased by utilizing a mixtre of dielectrie constituents; both hiquid and solid, to improve
entropy change andfor extend operating temperatwre range. For example, particles of an
cleetrocaloric ceramie with large pyroclectric effect can be mixed inte an active electrocaloric
hiquid crystal with lower performance 1o create a shury, gainmg the performance advantage
of the solid material while retaining the system flexsbility advantage of using a liquud. In
addition to the foatures of a slurry of an elecirocalornic coramic with an active electrocaloric
higuid, ether embodiments can inchade an inasctive hiquid diclectric materiad thatis added to s
solid electrocalorie material for the purpose of creating a flowable puxture. As an additional
example, two or more difforent Hguid crvstals with different active tomperature ranges may
be mixed fo broaden the temperature response of the lguid mixture in the systen. As an
additonal exanple, additives may be used to lower input requiements for entropy change,
such as nanoparticles to lower required field strength.  Also, solid-state pumping technotogy
such as electrophoretic pumping coold be used fo create an entirely solid-state cooling device.
{0023 FIG, 4 ilfustrates an exemplary variation of a systern 400 that uses 3 regenerative
heat exchanger to achieve higher temperature hift than that enabled by the physical properties
of the ficld-active fiquad material. System 400 includes a regenerative heat exchanger 402 (or
regenerator 402 that imcludes a regencrative matrix made from a solid material that stores
heat and acts as an clectrode, imposing an electric ficld on the field-active liqud. A field
active Hauid reciprocates back-and-forth between bracketed respective hot and cold heat
exchangers 404 and 406 and through the regenerative heat exchanger 482 1n synchromzation
with the applied clectric field to develop a temperature gradient in the regencrator and thus
mercase the tenperatire difference between heat exchangers 404 and 406, The ficld-active
liguid material can be wanslated back and forth through the regenerator 402 by an imposed

pressure fickd generated by a mechanical or electrostatic pump or hinear actuator.
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{0024 Heat exchangers 404 and 406 can inchude eleetrodes to apply an electrie ficld to

the field-active Hguid material. Unlike any othor regencrative cvele, the reciprocating field-
active liquid is best maintained wnder constant field, either on or off, when the fiqud s
reciprocated from regenerator 402 toward cither heat exchangers 404 and 406, When the
regenerator is energized and the hquoid is wanslated toward one heat exchanger, that heat
exchanger will also be energized. This requires integration of the three heat exchangers 402,
404, and 406 and specific spatial-temporal synchromzation of the applied ficld.

[6025] In operation, application of the field through mtimate contact to the field-active
higuid 1 regencrator 402 may increase the material entropy fe.g., temperature). Advecting the
now het ficld-active lkpaid into the bot heat exchanger 404 while also matntaming the field in
the heat exchanger 404 canses it to reject heat to the hot ambient 408, Once the heat
exchanger 404 cools 1o the hot ambient 408 temperature, the field in the regenerator 402 is
released causing the field-active liquad to cool. The field in bot heat exchanger 404 15 also de-
energized causing the ficld-active material inside to cool. Advecting the now cooled ficld-
active material from the hot exchanger 404 toward the cold hoat exchanger 406 causcs the
fivdd-active material 1o absorb heat from the cold ambient 410 and complete the evele. The
performance of the system 400 may dopend on tinring and synchronization of the applicd
ficld and flow, and that such timing may change with thermal propertics of the material, the
load, and the temperature Hift desired, so carefidd control of this process may be needed to
achicve satisfactory performance.

{6026] The regenerator matrix can be made with field-active materials to create a hybrid
hguid-solid matrix, ncreasing the heat pumping capacity and power density. In one
embodiment the regenerator niatrix 402 15 made from electneally insudating electroactive
coeramie or polyner with clectrodes on vach side and the ficld-active hquad between the
layers. Encrgizing these cleetrodes activate both liquid and solid field-active material
simultancously for inereased capacity. I another embodiment the regenerator matrix 402 can
be made from active solid magnctocaloric materials, elastocalovic materials, or optocaloric
materials. Electnie ficld applied to activate #he clectroactive liquid material is synchromzed
with a separatety applied magnetic, stram, or hght feld, respectively, to the solid matrix to
produce additional capacity. In another embodiment, heat exchangers 404 and 406 can also
be made from solid ficld-active material and encrgized with the ficld-active regenerator
matriy and ficld-active Liquud to further increase capacity.

{0027 FIG. 5 ilustrates an exemplary hybridized systemy 306 for use in accordance with

embodiments of the mvention. System 300 illostrates two repeating clements 302 and S04 of

et
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a smstti-channel regonerative heat exchanger that utilizes combnations of hiquid and solid
electrocalotic materials as well as materials sensitive to other fields such as magnetic, strain,
pressure or radiation fHields. In an example for regenerator element 302, a solid matrix 503 of

the regenerator 502 can be made of electrocalorie material such as ferroelectric ceramies or
polymers. This material provides thermal storage needed for regeneration as well ag
providing support for the electrodes 506 and 308, A patr of electrodes 506 and 508 can
energize the clectrocaloric solid. A pair of electrodes 08 and 310 can energize the
electrocalorie liqpud 512 flowing between a pair of solid mamices 1 regenerator elements 502
sad S04, These electrodes, e.g., electrodes 306, 508, and 318 can simultancously encrgize
both the field-active iquid (e.g., elecrocaloric hquid) and the ficld-active solid material of
the regenerator matrix, in effect offsetting the parasitic thermal difetive effect of the
regenerator material and thus increasing the specific capacity of the device. In another
cothodiment, the electrode pairs 366/308 and S08/516 can be energized i sequence to
provide additional temperature hifi.

{0028] in order to use the principle of offsetting parasitic loss of the regenerator matnix, a
solid matertal can be ased which exhubits entropy change in fields other than electric for the
regenerator matrix. Use of a magnetocaloric material or material that changes entropy when
exposcd to strain, prossure, or radiation {(including hight) as the regencrator matrix and
cleetrode support, combined with the imposition of the respective ficld syachronized with the
clectric fickd tmposed on the hiquid electrocaloric material, can also increase specitic capacity

of the device. Similarly, an electrocaloric solid material could be superposed with an

optically energized Hquid material.
{8029 Using a field-active Hquid material serves a function of a beat transport fhud,

enabling a contimnlly flowing pumped foop with continnously apphed clectric fields as
deseribed in the embodiments described above in FIGS. 2-3. However, using regeneration to
multiply temperature It as described in the embodiments described above 1n FIGS. 4-5
requires a fess efficient reciprocating fluid motion as well as potentially mefficient temporat
vartation of the eleciric ficld. To achieve high temperature Iift with contmuous fhad flow and
electric field, and thus improved efficiency, a cascaded cycle concept with appropriately
integrated heat exchangers 1s used as is described in FIG. 6.
{0034 FIGS. 6A-6C illustrate an excmoplary regonerator system GO that infegrates
vuittiple clectrocaloric loops through coupling heat ransfor in accordance with an
embodiment of the tnvention. System 600 integrates many individual electrocaloric loops

through coupling heat transfers using an clectrocaloric Higpad cerystal buy, in embodiments,

oo
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other ficld-active Ixpud matenals may also be utilized. As scen m FIG. 64, a first
clectrocalotic loop 15 itlusirated where a cold secondary fhuid or ambuent 1z connected through
a heat exchanger 604 with the de-energized end 608 of an electrocaloric foap 602 which s
driven by a liquad pump 606, In some non-Enuting examples, pump 606 can be a mechanical
pump, an clectrostatic electric field pump, an electrophoretic electnie field pump, or the tike,
The clecaocaloric foop 602 will continually transport heat from the low ambicat to a higher
temperatare. The energized {or hot) end 610 of the loop 642 15 in a heat exchange relationship
with another heat exchange clement 612 to the cold end of another independent loop 614 to
puvnp heat to an even higher temperature as tHustrated 1n FIG. 6B, Similardy, as Hustrated 1
FiGa, 6C, an energized hot end 616 of loop 614 s in a heat exchange relationship through
another heat exchange element 618 to the cold end of another independent loop 620 to pump
beat to an even higher temperatiwe. This process continges with another comection between
low ambient to a higher temaperatwre through an electrocaloric loop until adequate
temperature 141 1s achieved and then the hot end of the last loop 1s connected fo the hot
secondary fluid or mmbient through heat exchanger 622

{0631} As shovwn i FIGS. 0A-6C, combimation of clectrocaloric loops 602, 614, and 620
i enabled by stacking Tavers of loops and hieat exchangers and thon using headers 1o connect
the channels fogether such that many paralicl loops can be driven by one pump, which is
similar to brazed or welded plate-fin, mimichannel, or compact heat exchanger fabrication
known i the mdastry. In embodiments, a multichannel pamp such as a peristaltic pump or
other modular pump could be used to drive flow through nwltiple cascade clements using a
single motor and speed control. The system 600 allows heat pumping while saintaining
continuons active floid and secondary fhud flows combined with steadity applied clectric
ficlds to avend any wasteful reversal of tlow or current. Agam, many physical embodiments
may provide the same functionality of bringing active primary and secondary fluids together
at the appropriate temperatares for heat transfer resulting in additional {ift.

{H132] The terminology used herein is for the purposce of describing pasticudar
embodiments only and s not mtended to be lmiting of the mvention. While the description
of the present mvention has been presented for purposes of Hostration and deseription, it s
not intended to be exhaustive or limited to the invention in the form disclosed. Many
machfications, variations, altcrations, substitutions, ot equivalent srrangenient oot hereto
described will be apparent fo those of ordinary skill in the art without departing from the
scope and spirit of the invention. Additionally, while various embodiments of the myvention

have been described, it 1s to be understood that aspects of the invention may inchude only
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some of the deseribed embodiments. Accordingty, the invention ks not to be seen as limited

by the foregoing description, but 15 only limited by the scope of the appended claims.
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CLAIMS
What s claimed s
L A heat purap cycle for heat exchange, comprising:

providing a fluidic loop between two heat exchangers in fluidic communication with
cach other;

energizing at least a first heat exchanger of the two heat exchangers to generate an
electric field i the first heat exchanger;

advecting a field-active liquid through the fluidic loop:

changing an entropy of the fold-active Hauid in response to advecting into the electric
field of the af least first heat exchanger; and

exchanging heat between the field-active hiquad and the two heat exchangers in

response to the changing of the entropy of the field-active hguid.

2, The heat pump oyele of claim 1, further comprising wposing an electric ficld n the

tirst and the second heat exchangers,

el

The heat pump ovele of any preceding claim, further comprising at least one of
rejecting or absorbing heat i the fiekd-active hguid m response to the advecting of the ficld

active Haquid through the at least first heat exchanger.

4. The beat pump cycle of any of preceding clatm, further comyprisimg:

providing hguid-gas heat exchangers or Hquid-liquid heat exchangers w a counter
flow or cross~counter flow configuration; and

applying the electric field to one fluid stream of the liguid-gas heat exchangers or the

liquid-liquid heat exchangers.

s, The heat pump cvele of any preceding claim, furthor comprising using an active
clectrocaloric liquid as the field-active liquid that is sclected from one of a single componant
field-active Hiquid, a melti-component mixtore of field-nctive Hauids, a pumpable malti-
component nixture inchuding field-active ligpad and field-active solid materials, or an
mactive diclectric liquid added to a solid ficld-active material to enable pwaping of the solid

matenal ficld-potive material,
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6. The heat pump covelo of claim 5, further comprising using a Hauid orystal as the ficld-

active liquid.

7. The heat pump cycle of ary preceding claim, further comprising onergizing the at

teast first heat exchanger to contingously generate the electric field.

8. The heat punip ovele of any preceding elamm, further comprising cucrgizing the ficld-

ve hiquid to change entropy of the field-active hiquid.

9 The heat pump cyvele of any preceding claim wherein at least the first heat exchanger
of the two heat exchangers comprises two electrically conductive channels separated by an
nsulating material to define a flow channed for the field-active Hauid between the two

cleetrically conductive chamnels,

10, The heat pump cyele of any preceding claim wherein at Jeast the fivst heat exchanger
of the two heat exchangsrs comprises a polymer chamel defining a flow channel fr the
ficld-active liguid, the polymer chamnel inchuding a first clectrode on one side and a second

=

clectrode on another side to generate the electric ficld,

1. The heat pump cycle of any preceding clatm, further comprising:

providing a sceond flundic loop between two additional heat exchangers in fluidic
communication with each other;

placing the energized first heat exchanger in & heat exchanger relationship with a

deencrgized heat exchanger of tho second fluidie loop.

12, The heat pump oyele of clanm 11, further comprising:

energizing at least a first heat exchanger of the two additional heat exchangers.

13, The beat punip cyele of claim 12, farther comprising:

providing a third futdic foop between two further beat exchangers in flwidic
communication with cach other;

placing the energized first heat exchanger of the two additional heat exchangers ina

heat exchanger relationship with a deenergized heat exchanger of the third fhudic loop.
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14, The heat punp cvele of olaim 13, wherein placing the energized first heat exchanger ina
heat exchanger relationship with a deencrgized heat exchanger of the second fluktic loop
coraprises phvsically stacking the energized first heat exchanger and the deencrgized heat

exchanger of the second fluidic loop.

15, Avregenerative fleld-active heat pump cvele for heat transport having a regencrator
and secondary heat exchanger clements, comprising:

energizing the regencrator and a first heat exchanger of the secondary heat exchanger
elements to apply an internuttent electnie fiold;

changing an entropy of the ficld-active fiquid resident in the regenerator and a first
beat exchanger of the secondary heat exchanger elements in response to the electrie field;

advecting the field-active lquid from the regenerator into the first heat exchanger of
the secondary heat exchanger elements while mamtatrang the electric field;

transferring heat from the first heat exchanger to a bot ambient temperature i
response to advecting the bot energized ficld~-active hiquid mto the heat exchangen

vefeasing the ficld in the regenceator and a fivst heat exchanger of the secondary heat
exchanger clements;

changing an entropy of the feld-active pud resident in the regenerator and a first
heat exchanger of the secondary heat exchanger elements in response to releasing the elecirie
ficld;

advesting the cold ficld-active liquid from the regenerator into the second heat
exchanger of the secondary heat exchanger eloments while maintaning the electric field; and

transferring heat frony the second heat exchanger to a cold anshient temperature in

respovise 1o advecting the cold de-energized field-active hquid into the heat exchanger.

6. The regenerative field-active heat pump cycle of claim 13, further comprising
advecting the field-active liguid through the regenerator and the secondary heat exchangor
clements by pumping using & lncar actuator, 8 mechanical punp, an electrophoretic clectric

field purop, or an elecrostatic efectrie field pump.

17, The regenergtive ficld-active heat ponp oyede of clamm 13, wherein the field-active
liguid is static in the regenerator and a secondary fluid is advected through the regencrator

[=3

and the secondary heat exchanger elements.

st
153
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7
;

i8. The rogenerative ficld-active heat promp oycle of claim 17, further comprising

transferring heat from the field-active hguid and the secondary fuid m the regenerator.

1 The regenerative field-active heat pamp eycle of claim 13, further comprising

providing the regenerator with an active solid electrocaloric material.

200 The regenerative ficld-active heat pump cvele of claim 19, further comprising
energizing the regenerator active solid structwe and the ficld-active biguid with the same

electrodes.

21, The regenerative field-active heat pamp eyele of claim 15, further comprising
providing the regenerator and at feast the first of the secondary heat exchanger eloments with

an active solid electrocaloric material,

22, The regencratve field-active heat punp cvele of clasm 21, further comprising
envrgizing the at least first beat exchanger, the regenerator, and the field-active liquid with
the same clectrodes sinmdtancousty or in sequenee.

23, Thercgonerative field-active heat pamp cvele of elaim 13, further compnising:

hg -

providing at least one of the regencrator and the secondary heat exchanger elements

frinm magnetocaloric matenials, elastocaloric matertals, or optocaloric matertals; and
applying an clectric field w the feld-active fiquid while encrgizing at teast one of the

regenerator and the secondary heat exchanger elements with an applicd magnetic, stramn, or

hight ficld, respectively in an advantageous phase telationshap.
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