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mechanisms degrade the net transport of the heat energy from the cold sink
to the hot sink.

25 Fig. 1 schematically depicts a conventional Peltier type
thermoelectric element (TE) 1 with DC power supply 2 created the electric
field across TE 1 while at a load current 3. The desired heat transfer is
from cold sink 4, at temperature T.,;4. to hot sink 6, at temperature /
Thot- AS indicated in the eguation of Fig. 1, the net heat energy

30 transported is composed of three elements, the first representing the
Peltier effect (thermoelectric) contribution, the second defining negative
Joule heating effects, and the third defining negative conductivity
effects. The thermoelectric component is a function of the Seebeck
coefficient a, the temperature of operation (T ,;4) and the current being

35 applied. The Joule heating component reflects that roughly half the Joule
heating goes to the cold sink and remainder to the hot sink. Lastly, the
negative component attributable to thermal conduction represents the heat
flow through the Peltier device, as defined by the thermal conductivity of
the Peltier device, from the hot sink to the cold sink. See equation (1).
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Since the thermoelectric component of the heat transport increases
in direct proportion to the current, while the Joule heating increases in
45 proportion to the square of the current, and the thermal conduction is in
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cooling system 15 Fig. 2 schematically depicts a single switch, single
therm¥el ectric elenent. enbodi ment of the ifu&ntion. Fig. 3 schematically
depi cts a sj3pgl 6, L her mal stdcteh double 26—thernoel ectric el ement enbodi ment
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Note that the first factor in equation (3) is the Carnot efficiency,
which is the maximum efficiency possible for any heat pump operating
45 between two temperature sinks T.,;4 and T,... The second factor
represents the non-ideal thermoelectric cooling, which can also be
characterized by a figure of merit ZzT.
Note that MNpax - > (Teo14/AT) @85 ¥y --> o .
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First, multiple thernoelectric elenents are used. Secondly, the timng of
the el ectric powsigasl aphénaedcilyt Aepilcherareehenitibralelsestitasly Speepareat ed
fromthe tidengi&d sbbfre Bes1IBYy Swkbih coupling the cold end of the
thernmogl ectric elenents to the cold sink. Lastly, the switch connecting the
cold end of the thernpel ectric elepents to the cold sink is f 30 solely a
thermal switch, &*m hECPHFrARRIY) SRICTEA SR GRSV r SHRFLP HRSATCe LATE T i fie
Joul e | osseslgnenfoi arrodinent of ciper émtentieiw t hr ough the switch. The
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is i gyr 4 S e i vol t age source as
enabl ﬁ]t hr o%tﬁlghk%lgg%%ﬁ%\é\%}é%%t%ﬁ5§4,e“\§h?€ethﬁalvn?ﬁ}g}g%oo'd ends 16 and 17 of
respective thernoelectric elements 11 and 12 thernmally coupled through
thermal switch 1§iS0 térhengtigally ARRicEfelbivenging rdpty &fpihe iejectrical
t her noel ect roogee| aadetiies thdrmad derleZ gurteranbeonval par &hel ezbedimentaird yigormect ed
to respective hot sinks 22 and 23, which hot sinks 40 are electrically

separaj to effecijate sbhendtsanly ahilced ¥ RhLAGE 18011581 dndnt JEIAIBE thi
operation of_;the t n{lt'iegm%kegén@.gu&ltq nt, g{wbosl ment in Fig. 31is
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anal ogous tot e singl e théernoelectric eléement 45 enbodi nent in
Fig. 2, the isolation of the thermal switch and the electrical swtch

provi de greater fHigxibischenatipaler fericgs th&iFrrgIeEETaRechiRiFat \a3IsE8me n¢EMS)
sw t chi ng sydegheeni zati ons. Though electrical switch 14 3 0 MAY 2002 WO
99/ 30020 PCT/ GB98/ 03412 9 and thermal switch 18 will both operate with very

short duty cycl esssqani Ryhidd by rehahdiel ¥roaynedtiaBRUS, APELAbLE AlMaNEediRes

anot her, the tipmng.of..the,closure and opening cycles are likely to differ
dependi ng on the 1tranS| Nt characteristics of the thernoel ectric el enents

and conductive path 5 couplings to the hot and cold sinks. For exanpl e,

i mproved t her mal Boup? isehenardFe! WugeRistst hahewiqedertniagl cevlierces maychoswed

first,33 her nal ssiaimbhertScodlodetemyraeed airtyitshardkafé@tronet ewidniaal switch 14

open sonewhat |ater and thermal switch 18 open sonewhat after the opening

of electrical Swigigh ddondfit:UOAG b2, OBlePCki Rl udeNBs Sl EVeion to o
maxim ze he efficiency of the heat transter from
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40 Fig. 10 schematically depicts potential applications and benefits of
the invention as applied to various human residences and transportation
media.



Fig. 4 schematically depicts by plots illustrative voltage andggew 2002
energy transport waveforms associated with the operation of th

enbodiment in Fig. 3. The first plot shows the pul sed nature of the voltage
appl i ed acr qgg 9é/Bgos her noel ectric el ements. The second pl ot ipldrsissesas t he
thermal transient and associ ated decay of the thermal energy dissipated

into the hot sink. The last plot illustrates the thermal energy absorption
fromthe cold sink through the thermal switch. 20 The plots is Fig. 4 are
schematic in that they are intended to illustrate general concepts rather

than to portray peid. ¢ul sohepedicalie deplctisedhemppilicatdon ofi g.smBll
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of nick®l e §h?’§“aér@?1°§b‘l°8“{l(§y SR i s‘fﬁegcréo SHET By nERSEET ¢ hi n
flexi bl e mengaRacdsY29. | ntroduction of an electrical current into spiral
coil 29 produces a force adequate to translate the 5 nagnetic array in a
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actuati on of eid1®,S¥hd GRmpérfaiaterd@sfeinical SUlbeingCyedt BtprisSet qrent@ddt Oink

occur kB the,orgebu@ HEEANTSw:ddRer ehiiaRi dinky R%e06i, abeE ehidt 1kis| QhgELZ
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obj ect uges. The derderdiyiiAgm@oaéndray &l thbhmesvtiralkesidnsnt Q BBXUHE ZEnet bE
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Sti:ll further applications are schematically depicted in Fig. }0 S
concepts underlying the present invention are further refined Q QA%W

in size to enconpass mgjor heat transfer applications enconpassing

resi denti al wana$/30690i ce cool i ng, food transportation syst errs)PﬁTf@Bﬂé’P%‘éhal
vehicle cooling. 20 Fig. 11 schematically Ll lustrates an application
sonewhat at the other end of the spectrum where mcro size thernoelectric
coolers are selectively bonded to parts of an integrated circuit chip for
purposes of selectively cooling such selected regions to control integrated
circuit par &Tepies, oomirshmediataly PRAPeRE GRCBRS OBy rRRMHTcamItirgabiiaTeys
in part becagsee iheatingnend cuhsequenhecherpogipgtt id eletmatnowiductiore loas eaneal s
or el ectroniglaegst egfscbi ONhus Thee LAWDRLOORelidd bR Cthet Berddieh Bl indy ScH RS
of pulse ' QRAraiRAcsNRRADERCETdcer BLAMBRY SnbfG0BRdMREIGN Wi th miniature
thermal. 30 switches to isolate heat transfer characteristics and attain

hi gher "cooling efficiency. It will be seen that while the enbodinents of
the invention dedifiBASIEHEPICRRY FOEI HOY R% PEMSIEN DN AB cEesE - dbaft MAERI Iy to
t he hot sinkefexence @5 Fapt ¥, nexttidise gome ofessheranaueged byt fsgill donificant

t her noel ect rinefElcapetyt cbattiduearEectied mbst tphendimtes ichlkss Warteh the Stiut 6 heaaft ing

simlar strygt & chor When tHRN BB 4 CHoddh, tnthLermah E&kﬁuc@x&celléss’les 44

gh OHMIA\]I&l gtolo}hrgué s‘yltchv;twhgx t(%e ZWltC%SQg' n an ISpen Sta@e, and éhe h%at loss
. dueto heat capacu:y of thermoel’gggrélc alen]eft 1 o _
C7/~~1dS ~ . 1. A therm)el ectric cooling apparatus, eca pri SI ng 5 a first

thermal sink (4) 20fetrified dnafpisnaf thanpeaataits, peosidesnthathetidgrmleasi 1des
(22,23) of @uaeedade MUk NGpakCHPSEALRY Qheﬁmlmedaﬂeﬁap@ﬁ%t bbr Rk 1y
rel at"ée'y y %i &6 L omf‘erf!:&?a%ck reﬁenjc %H%?L:?%“Ehﬁ' ement

(11, 12]) econd. means connectin erno ectrl C to t

second t her FREEGIGIRRE a?ﬁdperf:%ﬁmce( 9? 1f18f abP Tyt IFF R del ¥ MPFE ety
el enent ; eh&legaexidedsd eRyatiopstéineans (26) for selectively switching a
thermal coupling (18) of the thernoel ectacic elenent to the first thernal
sink. 20 2. The apparatus as recited in claimZ whelrein said second neans
caagpritses astontinuous tdmr.gpi €OUFRLNgKQAT weBAT sai d thernoel ectric

el ement sad the Secdzid ratus as recited in claim
1 wherein said enabling neans iy coa~t( ridis g nesas (14) for selectively
swtching an electrical voitt~ge across the thernoelectric elenent. The
apparatus recited in claim3. wherein the second thermal sink is corrprl sed
o first® (22) and RetHiFir23%) ol &Gt FFTY Ry 38p%y 4T 965- Y LLECFTITEL 5 The
appar at us r eesiethncy andakhe HFFvereph qonduqtapse ofnthe swbrel ol Beg ONcal | y
separ at e secileatricadrmesiotgplcedrl of atipoweitcuppl rohvinliyhb® urghe t dmagd 1 nearthe
(14) for sel&pbhseby SWrbsdinggei ok eterhgflcon@diages x;1 6. The appar at us
recited in. clal ms 3 to 5 ~herain the duty cycle of x. the neans (14) for
sel ect ~hing an_el ectri cal ag to. the dut, cl e, of
The meihe (26) 1 GPegaperh an, Ml iy S er et o peFaihenty 3% GG nd
apparat us rdéet %’H"’Idém‘?ﬂfai‘ﬁs“f td G'heﬁmégﬁlﬂe%@%s%t%r”sé’lléﬁq #&| the hot
swi t chi ng a simkrvhrougibupki Ificsous pizearehbandoskaricrabf sy sveen NGARE)YPe
devi ce. 6 B.thtbeoqpparial dsertmtsl aiThetedyn tleahastidqf agdoeest@DWitprahei ng_ 27
APR ' 00 12=45 o839 RA98A56G0 e PAIRaPEd 2527 - BB 306r 13- 4re KH30r MAENGHEN 3

089239?5‘ 456099:'?‘?01%%%0;: 1%tl:l'e:r;atica?119 Mﬁé g%s the coefficient of performance to

be rewritten as set forth in equation (7).

(7 0ITeq1q - KAT

Ny =
40 I?2R + aIAT

The effect is that the maximum coefficient of performance is
slightly higher, typically 20%, than that associated with the single
switch implementation in Fig. 2, as mathematically described by eqguation

45 {3). See equation (8).

(8) Teola v-1

Nomax =

AT y+1
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the second nonmi nal t enper at ur e, ‘the third thermal sick bei ng electrically
separate fr cond thermal (22) sick; 5 a second ther mghast

el enent (12%%%?%& |y coupled to the thi rd thezmal sink; v~hereil ngrsg)g?é
means (26) for selectively Switching a thefnal coupling (16) Conpri ses
menus fox selectively switching a thermal 10 coupling of the first
mentioned and second theznoel ectric elenents to the first thermal ei~sJ:
(d) ; and said emakhbwh EREIenhsSnERFRE | 9L SoMTABSAL] 8} JeREomn@etisvabY
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t her noel ect r| glgclzaeéngns Qe anpar atys [eci % T g or 8)
wherei n the %% or seF MG FSPoEW feht n e Pfal SoR08tRs PRY eral‘? tife
means for sézlhéﬁ’f“?ex}éFF’s“oFP‘flcﬁ’fl Ay rﬁﬁrﬁ?eé’(‘ff’?qﬁ’etpe VOMEZAET otfe eaﬂﬁﬁdpéd(%’o
operat @ i n umngdetdtesathar0 thy makimny $aRPer@tufhds agfifaraived yrediote¢kd.n cl ai m 8~
wherein the first and second theznoel ectric el e~aents axe Pettier devices.
25 11. The apparatus zecitedqrn claim10, wherein the first and second

t hernoel ectric el enants ar e__of_opp05| te inpurity type, s2, The apparatus
recited in claim2 wherein th& apparatus is operable in an anbient. said
first ¥hermal sink neans is adapted to absorb thermal 3'~-J energy at a

t enper at ure bel owntheraRbi @t naSdiudl %@B&Jr@eé{@erédt'l'él'éﬁa% inSragapt ed
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t her noel ectri
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t her mé5 conddEetitcecnisidher 8ipi i FychrFabiretner fsppétcooyrtmepmhemw are

el enent and reheisdeoid ushfylndh wilitkge aodtsadildd meai3ldtors cphbbe Rgrestadapt ed
to enabl e thexéher 1o mReEE idmpel £ERB] la3eke] dhovcibHOS!T bADRar SHRC AL ON1SM

Wth the m%@ﬁefﬁtoéfé&mchwuﬂ/y tchy rege&t;ﬁazhfergg@' &9%&@&&; 40 13.

The app3. ratus re ans_Eor

enabi 1ng 1 5 SIRTT-CPET Gepbirs B bt 1508 P L O <o Amniifacie - s dFectae, et
switcfifng. M™itiHe Fepoisy lfé"p?eﬂ%ﬁegqnt}%lemntﬁu?ﬁ%éI’S%F@T‘q silpgtrdcal
second ~5 t lswingdebeotides sigaititantt betehtizk ashey miéidency @ndl eamprtatheieng
coupled to trb.ﬂgef.i rst ae~ction of the second thermal sink neans and the
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second, ,secti ons. of rst Si. nk aratus recite {
claim q’f V\ﬁgr h et he‘a‘a% ssl'mz‘iﬁt‘] ‘P”%"’ﬁ”’id“ ¥ h%lrengfugaﬁ ueEt r? "to the J
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t her noel ect rithercRAkk M APt US, Na¥hidd configuration allows the shared use of
35 single voltage source 13, as enabled through electrical switch 14, while
having cold ends 16 and 17 of respective thermoelectric elements 11 and 12
thermally coupled through thermal switch 18 to cold sink 4. Hot ends 19
and 21 of respective thermoelectric elements 11 and 12 are thermally and
electrically connected to respective hot sinks 22 and 23, which hot sinks
40 are electrically separate to effectuate the use of shared voltage source
13.

Though the operation of the two thermoelectric element embodiment in
Fig. 3 is analogous to that of the single thermoelectric element
45 embodiment in Fig. 2, the isolation of the thermal switch and the
electrical switch provide greater flexibility in defining the respective
duty cycles and switching synchronizations. Though electrical switch 14



ffirst thermal sink operable a first nomnal tenperature, a se&ﬂd%ﬁrqu
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energy fromthe thernoel ectric element to § he second thermal sick through a
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Z S&10%Z& ( pwitch timing to compensate for such effects as greater hot sink
temperatures or lower cold sink temperatures within the context of the

same cooling apparatus.

Fig. 6 schematically 1llustrates the structure of a representative
40 microelectromechanical systems (MEMS) thermal switch of the type
particularly suited to the present invention. Since MEMS technology is
still in its infancy, the switch depicted in Fig. 6 merely illustrates one
of many potential thermal switch configurations suitable to provide a
selective thermal coupling between the thermoelectric element and the cold
45 sink. The thermal switch shown in Fig. 6 is fabricated using conventional
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(10%&' ()-  conductivity when opened yet a relatively high thermal conductivity when
closed by actuation. If the MEMS device in Fig. 6 is to accomplish both
electrical and thermal switching, refinements are likely to be necessary
10 to lower the "on" resistance of the switch.

Fig. 7 illustrates the use of an array of MEMS devices to
selectively establish thermal connections between the Peltier type
thermoelectric devices and a cold sink. Peltier devices 32 and 33 are

15 electrically interconnected by copper conductor 34 to replicate the
functions associated with the depiction in Fig. 3. The spacing between
copper layer 34 and magnetic arrays 28 of MEMS switches 36 and 37 is
expected to be in the nominal range of half a micron. This dimension is
expected to allow a nominal size electrical coil 31 (Fig. 6) to initiate

20 actuation of the switch structures. Since switch cycling is expected to
occur in the order of seconds, the reliability associated with kilochertz
frequency switching of MEMS devices should not be a problem.

The MEMS type thermal switch described with reference to the

25 illustrations in Figs. 6 and 7 is merely one of many potential thermal
switch configurations. For example, it is fully contemplated that
electrostatic forces generated in capacitive switch structures could be
used to accomplish similar objectives. The underlying goal for all the
switches is to maximize the thermal conductivity extremes for switch

30 positions, such that when the switch is closed the thermal path between
the thermoelectric element and the cold sink has a maximum thermal
conductance while for the open switch the thermal conductance is the

minimum attainable.

35 The depiction in Fig. 7 portrays that the thermoelectric cooling
system of the present invention is preferably composed of plural
thermoelectric elements and MEMS switches configured in arrays. The
multiplicity of thermoelectric elements and switches ensures that the
transient characteristics which underlie the present invention can be

40 achieved within the dimensions of the thermoelectric element and switch
materials. Stated otherwise, it is expected that the isolation of the
thermoelectric heat transfer from the Joule heating and conduction
components is most effectively accomplished with relatively small thermal
capacity thermoelectric elements, commonly Peltier devices, and

45 correspondingly small MEMS type thermal switches.
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ically illustfrates of the thermoelectric
cooler in an extended array form to efficiently and cleanly operate a food
refrigerator. The high efficiency and lack of major moving parts
characterizing the present invention facilitates the migration of

10 thermoelectric cooling from highly selective and limited applications,
such as small portable coolers, to major appliances in substantially every
home.

Still further applications are schematically depicted in Fig. 10, as

15 the concepts underlying the present invention are further refined and

extended in size to encompass major heat transfer applications
encompassing residential and office cooling, food transportation systems,
and personal vehicle cooling.

20 Fig. 11 schematically illustrates an application somewhat at the
other end of the spectrum, where micro size thermoelectric coolers are
selectively bonded to parts of an integrated circuit chip for purposes of
selectively cooling such selected regions to control integrated circuit
parameters.

25

The present invention has very broad applicability in part because
it is not constrained to specific thermoelectric materials or electronic
configurations. The invention utilizes the thermal dynamics of pulse
operated thermoelectric elements in combination with miniature thermal

30 switches to isolate heat transfer characteristics and attain higher
cooling efficiency.

It will be seen that while the embodiments of the invention describe
the thermoelectric element connected continually to the hot sink, it is
35 within the scope of the invention for the thermoelectric element to be
connected to the hot sink with a switch of similar structure to the
thermal switch 18.
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second thermal sink; and
meansg (V) for enabling the thermoelectric element; characterised by

first means (26) for selectively switching a thermal coupling (18)
of the thermoelectric element to the first thermal gink.

2. The apparatus as recitad in claim 1 wherein seld second means
comprises a continuous thermal coupling between said thermoelectric
element and the gecond thermal sink,

3. The apparatus as recited in claim 1 wherein said enabling means
comprising means (14) for selectively switching an electrical voltage
across the thermoelactric element.

4. The apparatus recitad in claim 3, wherein the second thermal sink
is comprised of first (22) and second (23) electrically separate
sectiong.

s

5. The apparatus recited in claim &4, wherein the first and second
electrically separate sectiong are coupled to a power gupply (V} through
the means (14) for salectively switching an electrical voltage.

6. The apparatus recited in clalms 3 to 5, wherain the Quty cycle of
the means (14) for selectively sw;tching an electrical voltage is similar

to the duty cycle of the means (26) for selectively switching a thermal
coupling.

7. The apparatus recitad in claims 1 to 6, wherein the means for

selectively switching a thermal coupling is a microelectromechanical
System (MEMS) device.

B. The apparatus as claimed in claim 2 further comprising:
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thermal sink;

wherein said means (26) for selectively switching a thermal
coupling (18) comprises means for selectively switching a thermal
10 coupling of the first mentioned and second thermoelectric elements to the
first thermal gink (4); and

said enabling means comprises means (14) for selectively switching
an electrical voltage, (V) across the first mentioned and second
thermoelectric¢ elemants.

9. The apparatus racited in cleims 3 to 6 or 8, wherein the means for
selectively switching B thermal coupling and the means for selectively
switching an electrical voltage ere adapted to operate in functional

20 synchronism.

10. The apparatus recited in claim 8, wherein the first and second
thermoelectric elements are Peltiar devices.

25 11. The apparatus recited in claim 10, wherein the first and second
thermoalectric elements are of opposite impurity type.

12, The apparatus recited in claim 2 wherein the apparatus is operable
in an ambient, said £irgt thermal sink means is adapted to absorb thermal

s energy at a temperature below the ambient; said second thermal sink means

‘ is sdaptad to dissipate thermal energy at a temperature above the

ambient; sald thermoelectric element is adepted to transport thermal
energy therebetween: said means for selectively switching is adapted to
switch tha thermal conductance of the coupling between the first

35 thermoelectric element and the second thermal sink; and said means for
enabling is adapted to enable the thermoelectric element in relative
functional synchronism with the means for selectively switching the
thermal conductance.

40 13. The apparatus recited in claim 13, wherein the duty cycle of the
maans for enabling is small relative to the duty cycle of the means for
gelectively switching.

14, The spparatus recited in claim 4, further comprising a second
45 thermoelectric element, the first thermoelectric element being coupled to
the first section of the second thermal sink means and the second
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10 thermal energy is into the ambilent, and the absorbing thermal energy
is from one of a group of a food refrigeration gystem or a vehicle
pccupant cooling system or an electronic integrated circuit device. H

17. A method of operating a thermoelectric cooling apparatus having a
firat thermal sink operable a first nominal tempereture, a second thermal
gink operable at a second nominal temperature relatively greater than the
first nominal temperature, and a thermoelectrie element coupled to the
gecond thermal gink, comprising the steps of:

20 transmitting thermal energy from the thermoslectric element to the
second thermal sink through a coupling: and

enabling tha thermoelectric elament; characterised by
25 gelectively switching the transmission of thermel energy between

the thermoelectric element and the firast thermal sink.
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