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FLOATI ttG LOOP METHOD FOR COOLING
I!t I'E('RATED VIOTORS AND INVISRTERS

USES('OT I,IQUID REFRI(IERANtT

CROSS REFERENCE TO RELATED
APPLICATIONS

llus applmdtion clanns the benclit ol U.S. Provlslolml
Application 60/544,289. filed I eb. 12, 2004 herein incorpo-
rated by reference I'his application is also related to U.S. Io

Pat. No 6,772,603, Issued Aug 10, 2004, and U.S. patent
application Ser. No. 10/716,060 filed Nov. 18, 2003, both
herein incorpomsted by reference in their entirety Tlus
dpphcauon is a divisional ol'1.S. Spplicalion Scr. No.
10/926.205 liled Aug. 2S. 2004, now U.S. Pat No. 6,993,
924

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

zo
'Ibis invention was niade with (ioverninent support under

( ontract No. Dl:-A('05-OOOR22725 awarded to U11Bat-
telle, LLC. by the U.S. Department of Energy. The Govem-
ment has certain rights In this invention.

TECHNICAI F]EI D

1'he field of the invention is methods and apparatus fiir
cooling of electrical devices and electronic components
using vapor compression air conditioning systems in large so
svstetns such as on electric or hvbrid vehicle.

DESCRIPTION OF THE BACKGROUND ART

I'or vehicles using electric motors and power electronic ls
inverters. nvo-phase cooling with the coolant changed front
the liquid phase to the vapor phase is far more effective thon
using single-phase such as liquid to liquid heat transfer The
sigluticant latent heat associated with the two phase heat
transli:r Is ttu: reason lor makulg two-ptmsc coolmg attrac- do
it c. tins type of cooing addresses flle netxl lbr incrcascd
polver density and associated higher heat fluxes in inverters
and tmction drive motors

Tht:Ic tilt: two cooluig liquids available ul Im intenml
combustion cnginc vchiclc. Onc is ihc 10S'. ethylene
glycol/water supply obniincd from Ihc radiator. Thc other
one is the 85" (1 transmission oil Strictly speaking,. there ls
also refri erant at high pressure avaihsble for passenger
conlpartment air conditioning Most people with the expe-
rience of their expensive household air-conditioning bills o

would luivc an unprcssion Ihat cooling the motors and
invcrtcrs with a tcclmology that is related to an air cond&-

uorung system would be impractical and expensive Ttus
invention teaches that such a negative impression is not
necessarily tnie when the floating-loop system is used to 1

cool the motors and Inverters in conjunction with the air-
conditioning system of a vehicle.

llic cooling of venous loads in a vclucle is currently
conducted in a piece-nleal fashion Separate cooling systems
are used for the interior. the motor, the electronic devices, to
etc. To date. innovations in the thermal mons ement of
semiconductor devices utilized in po~er electronics have
bcxn relent cly lunitcd Devices dissipating large quantities
ol heal have tradiuonally been rcstnclcd to passive coolulg
tccluliqucs. channel cooing. sohd heat sinks. or fms. With ss
the advent of larger. faster. higher current semiconductors
eflicient coolin methods are required to dissipate ever

increasing densities of wasic heat. It is cstimatcd tlmt SS%
of electronic product failures are due to excessive tempera-
tures. Universities and industry are currently w:orking to
develop nev; methods to provide therinal Inanagenient to
circuit board assemblies as welt as individual silicon dies.
Promising new teclulologies being examined include
luuuclslon, lct uuphlgcnu:ut, dnd sprtly'ooling. Dlclcctnc
fluids vvith high heat capacities and advantageous elcctncal
characteristics are bein investi ated to work with these netv
"wet*'echuoilogies New thernlosyphon cooling techniques
are also beginning bein applied to electronics at both board
and individual chip levels.

A method of cooling silicon chips is being researched at
Purdue Unit ersity lvherein senliconductors are immersed in
a dielectric ivhich vaporizes as the chips increase in tem-
perature. The vapor condenses as it nses and is cooled by the
water pipe, changes phase back to a hquld, and dmps back
into thc pool. Thc tcmpcrature dflPcrencc between thc vapor
and the liquid is negligible. Iior a lower vapor tempensture,
the water-cooled heat exchanger for a given heat extracted
from the nndtichip modules is compamstively large.

Semiconductors are also bein cooled through jet
impingement. This teclmique. as v,ell os spmsy cooling. is
presently being invcstigatcd by muluplc universities and
induslnal sources. In both cases thc liquid m typically
vaporized, cooled, retumcd to a hquld state mid then recir-
culated.

A thermosyphon assembly developed by I lewlett Packard
is utilized to implement a tv o-phase liquid cooling system
by indirect contact with electronics. In this system the
density difference between the liquid and vapor creates a
prcssure head, which drn ca thc tlow tluough thc loop, and
as such no additional drning force Is nccded. Hcwlclt
Packard's assembly reportedly dissipates 80 W of heat from
the P('rocessor

1lev lett Packard has also expanded their inkjet printer
teclmology to thermal management applications usin phase
change cooling. Using their existing inkjet knowledge-base
they are able to precisely target specific areas of chips as
well as control liow 1 olumc and rates. Ttus technique allows
spdtuil thcnuiil control tulto spcclfic regions ol thc chip
according to its heat level.

Research is also being perti1rnied in spray cooling senli-
conductor teclulologies at U('I.A. 'I'eats have been per-
formed on cooling I(iBT's with results of up to 34%
improvement seen in their power handling capabilities.
Water is being utilized as the coolant ui thcsc systcnm wifll
the semiconductors bcmg coated with a confonnal dielcc-
tnc Additionally, UCLA's tcclulology involves the con-
stniction of the nozzle array from silicon by reactive ion
etclfin

Isothermal Systems Research is developing thermal man-
agement of enclosed electronics ot small system levels.
Their thermal mana ement applications also include the
cooling of uldn ulual elccuonic dcmccs.

Thc Laboratory for Physical Sciences located adtticcnt to
thc University of Marylmlil's College Park Campus, Is a
facility where university and federal government personnel
collaborate on research liaculty and students from the
UMCP Departments of Physics. Electrical and Computer
Engineering, and Materials and Nuclear Engineering con-
duct research at the LPS ldboratoucs ln venous ticlds. The
Thermal Miumgcmcnt group at LPS Is currently dcvclopulg
advanced spray coolulg tcdunqucs for lugh-perfonnance
cmnputing platfomls Their ivork includes individual chip
cooling as tvell as circuit board and system level cooling.



US 7,191,605 B2

SI JMMAIIY Oii 'II IE INYEN'I ION sc

A floating loop vehicle component cooling and nir-con-
ditioning method w tnught compnsuig the steps Of. Iappuig
thc lxit liquid reingcrnnt of adid air conditionin sysImn,
flooduig a heat cxchangcr ui the vehicle component with si
said hot liquid refngerant, evaporating said ixit liquid refrig-
emnt into hot vapor refrigerant using the heat from said

Other companws arc currently dcvclopuig Bnd marketing
inunersion and spray cooling thermal manngemenr systems.
Moduic Mmiufactunng, which acquired Thcrmacore in
2001, markets a broad rmigc oi'loop ihcnnosyphon Imd heat
pipe cooiing solutions to military and industrial users at both
system and hoard levels. I ieat pipe technology consists of a
vacuunt tight envelope. a w ick structure and a working fluid.
The heat pipe is evacuated and then back-filled with a small
quantity of working fluid. just enough to snturare the wick.
Thc atmosphcrc insule thc heat pipe is set by equihbrium of ui

hqUBI dnd viipor. As hi Bt caters Bt Ihc cvapoi'Btoi; this
equilibrium is upset generating vapor at a slightly lfigher
pressure I'his higher pressure vapor travels to the condenser
end where the slightly lower tempemstures cause the vapor to
condense givin up its latent heat of vnporizarion. The
condensed fluid is then pumped back to the evaporator by
thc capillary forces dcvclopcxt ui thc wick structure. Tlus
contulUoils cvclc Iransfcrs bilge qUBntituw of hcBI with very
low thermai gradients. A heat pipe's Operation is passive,
driven only by the heat that is transferred Io

Thennacore is expandin their heat pipe cooiiitg applica-
nons by embcdduig heat pipes into heatsinks I'Or usc under
power semiconductors. For cxtunple heat pipes were cmbcxt-

under each oi'ight power amplflicr modules. 111c heat
pipes ivere 0 375" In diameter flattened into grooves in the
heat sink base with a thermal epoxy at the interface 'I'lus

approach reduced the thermal resistance of the heat sink by
SO;V. Thermacore*s cooling designtc speciTicaiiy geared
tow iirds pov:ci'pphciitlons ulclUdc'. loop thcnuosvphons
where the circuit board is csscntialiy inuuersed in thc
coolmit mid vapor chambers.

A vapor chamber is a vacuum vessel with a wick strucnue
lining the inside walls that is catumsted vvith a working fluid.
As heat is applied. the ihiid at that location inunediateiy 3i
I iipori Les dnd thc viipor rtlshcs 10 fill thc vdcinuu. Whincvcr
Ihe vapor comes into contact with d cooler wall surface it
will condense. releasing its latent heat of vaporization. 'I he
condensed fluid returns to the heat source via capillary
action. ready to be vaporized a ain and repeat the cycle. The

do
capillary action of the wici enables the vapor chmnber to
work in any onentation with respect to gravity. A vapor
ciuunbcr heat sink consists of a vapor ciumiber mtc~atcd
with cooluig Iins, pins, ctc. Duc to Ihc way the vapor
chamber operates. the heat source can be placed anywhere
on the base without affecting its thermal resistance In
addition, there can be multiple heat sources dissipating the
same or diflcrent amounts of power. The mte of fluid
vaporization at each source will stabilize and the vapor
clrdmber will bc nearly Isothennai. Themiacore is utihzing

0
Ibis technology In the cooluig oi power senuconductors.

1he cooling approaches described above are solving
thermal problems in a piece-meal fashion. This invenrion
looks into the cooling and heating of the hybrid. fuel cell
based. and full clcctnc vciucics Ibom B system approach. By
douig so. individual components in the system may carry
multiple functions. Thi~ rcsuits ui B lower cost, smaller
volume, and higher efliciency system

vchlclc conlpiincnt, rcuinung sall hot vapor Ichlgcidnt to
the hot vapor refrigerant line in said vehicle air conditioning
svstem

BRIEF DESCRIPTION OF THE DRAWINGS

IIIG I is a pressure vs. enthalpy diagrani of a vapor
coniprcssion cy'clc ui fllc invcotuul

FILI. Z is a schematic diagram show in elements of an
embodiment of the invention.

FILI 3 Is a schematic oi' floodcd Iackct heat exchanger
embodiment of thc invmition.

IIIG 4 is a schematic of distnbutor jacket heat exchanger
embodiment of the invention.

DET,ILILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

In IIIG I, the pressure versus enthalpy properties of a
refrigerant for a refrigeration cycle Is plotted. Starting from
the upper left corner of the cycle, the refrigerant liquid at a
high pressure P, and high temperature„T,.„,B. flov s through
an oniicc Or a capillary rmiucuig its prcssure to pc Thc
vertical drop at thc lefl-hand side of thc cycle indicaies B

constant cnthalpy process. Thc tower lef1 comer of the cycle
shows the beginning of the expansion process takino place
in the evaporator that radualiy chan es the liquid to vapor
The evaporator has a lower pressure p, and a lower tem-
perature T„„. When the refrigerant in the evapomtor
dbsorbs thc built thc cnthdlpv'1 thc rcfrigcrBBI ulcrcdsc's, Iis

represi nted by the bottom horizontal hne At tim lower nght
corner 01 thc cvclc thc rcf11gcriint caters d conlpu:ssor. Thc
refrigerant is compressed into a high-temperatme vapor that
follows a constant entropy line At the upper nght corner of
the cycie the refri erant starts to dissipate its heat in a
condenser and gradually cimnges its phase to a hquid. This
is indicated by thc upper horizontal lute oi'hc cycle, with thc
process moving to thc left.

I'he high energy requirement of the compressor of a
conventional air conditioning system is mainly caused by
the pressure difl'erence. P, P, that the compressor has to
ovcrcomc in order to produce a low tempcratureat thc
evaporator sslc. For cooimg motors aud invcrtcrs thc liquid
at thc condenser side tcmpcrature Is cold enough. Therefore.
it is not necessary to have a signihcant pressure difference
betweeit the evapomtor and condenser thus the instant
invention only requires a very small pump or fan to move the
fluid throuch the fkiating uvo-phase coohng sub-system.
Whereas, a thcnuosyphon depends ou hquid weight Ibr the
circulation and this rcquircs a level Installntion. Thc cooiuig
density oi'hc thcnuosyphon is not iugh, I.c. a low heat tiux
per unit voiume, and also ivould require separate cooling and
cmidensing components be added to the system. The tech-
nology given in this invention overcomes the problems of
the thermosyphon but retains its advanta e of iow power
consumption. FIG. I shows thc tioating loop prcssurc-
mitimlpy relatioiwiup for the subject uivmition coniigucd-
tions 0 Ith a liquid pump or d I apor blower Thc pressure Pd
is very slightly above the P,'I,.„,„ line. and this indicates use
of a small liquid punip in the floating loop to move the fluid
Ps is very slightly below the PI/T,.„,d line. indicatin the
system uses a vapor blower to move the fluid throu h the
loop. In cithcr case. Ihc diflbrmitial pressure (Pd—Pc, or
Pi—Pi) Is very small, which uidicatcs a low cncrgy require-
meu1 to operate thc additional '*floatuig" cooing loop.

FILI. Z shows an embodiment of the system of this
invention. I'he refrigerant vapor conipression floatuig loop
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20 is used to cool thc uuegratcd motor/mvcttcr 21 and
associated electronic components by iappmg uito hot hquid
refrigerant at the refrigerant reservoir 29 and using Bn
optional pump 24 to pump the hot liquid refrigerant tluough
a heat exchanger as shown in IT(ig 3 and 4 Au optional
level sensor 22 and liquid level cutotf valve 23 controls the
liquid rclbigerant level In the heat exchmlgcr. An optioiial
floatmg loop blower 25 pumps thc rcfiigcrmit vapor mto thc
vapor compression cycle. The heat from the integmted
motor converter 21 evaporatec the hot liquid refrigerant

I I I

thereby delivering hot vapor refrigerant into the vehicle
air-conditionin system 'I'he air-conditioning, compressor
26 pumps tlm hot vapor Iluough an opnonal uiudirectional
1 Blvc 27 and into thc condenser 28 where the heat is dumped
to atmosphere resulting in hot liquid refrigerant. The hot
liquid refrigerant collects in the refrigerant reservoir 29 and
a ponion of the hot refrigerant liquid not used in the tloating
loop passes through a valve 33 and is expanded in an onfice
30 or other suitable expansion device to gcnemtc cool hquid
rcfrigemnt fiir Ihe evaporator 31. Heat is traiwfbrrcd to thc
refrigerant in the evaporator 31 thereby cooling the indoor or Io
vehicle cabin atr and enerating hot vapor refri erant that
passes thmugh pressure controls 32 into the suction side of
the air-conditioning compressor 26 All devices are inter-
coiuux ted using rclbigerant pipui 34.

lq(i 3 is an example of a flooded jacket heat exchanger
used Io cool the Intcgratcd motor/invertcr 40. Hot hquid
rcfrigemnt 46 ts floodcxf Into a lacket at least partially
surrounding the integrated motor/inverter 40. A refrigerant
level sensor 41 controls the amount of liquid refrigerant in
the jacket Power electronic switching dies 43 are also liquid la
refrigerant cooled ('apacitors 45 are outside of the pressur-
ized cooluig zone but proximate thc heat exchanger thereby
Iict:Ivulg conducnvc coohug fioat thc hcdt exchanger
jacket. Poiver and contml wiring passes throu/~i a terminal
44. An optional thermal coating 42 is applied to the inte-

rated motor!inverter 40
FI( k 4 Is another embodiment usuig a distributor picket

ivith cooling tubes as the heat exchanger for cooling the
integrated motor/inverter 50. Hot liquid refri ermit 56 Is
flooded into a distributor jacket at least partially surrounding
the integmted motor/inverter 50 A refrigerant level sensor do

51 controls Ihe amount of hquid refrigerant ui Ihe picket.
Power electronic sw itching dies 53 Brc also hquid relhgcrmlt
cooled. Capacitors 55 are outside of the pressurized cooling
zone but proximate the heat exchan er thereby receiving
conductive cooling front the heat exchanger Power and
control wiring passes thnlugh a terminal 54. An optional
thermal coating 52 w applied to the uit cgra Ied motor/mv crter
50.

lq(ig 4 and 5 show motor/inverter geoinetries that pro-
t idc;m intcgratcd fluid chamber, allowing drmn-back of,.&
hquid to Ihc power invcrter Tlus Iccluiiquc provides hquid
submersion of the power clectrorucs ches lilr coolmg duruig
and after the initial startup of the system when no refrigerant
is yet floiving.

For total cooing managcmcnt, instead of a piece-meal
11

approach. a centml compressor, condenser. and refrigerant
'

reservoir are used. The refngerant from the reservoir Is
distributed through different orifices or capillary tubes and
valves to various objects The object can be an inverter, a
motor,;m evaporator such as Ihc evaporator for Ihc Intcnor
mr condttiomng, ctc. Thc back pressures of tim objects are
individually regulated by the pressure controller for main-
taining the proper temperature of each object.

Utuque Iecluiical features of thc invenuon Include. I)
floaiing refngcrauon loop Iiolmology where lower mnounts
of energy are needed for cooling the motors and inverter/ «
converters: 2) a total thermal management system that uses
a floating refrigeration loop floating within the conventional

atr-conditiotung refrigeration loop w hcrctn components and
relbigcrant aresharcd, 3) thc motors and utvcrtcr/convencrs
are Integrated and cooled in the floating loop. For example,
it is possibie to integrate the motor and the inverter/con-
verter v herein the frmne of the motor is used as an evapo-
mltor Three zones of cooling fi e. liquid, vapor, and non-
prcssurizcd zones) arc used for cooling. Thc min prcssurizcxf
zone is used to coul thc capacitors and other utveiter/
converter components tliat are not suitable for the pressur-
ized eniironment: 4) a total thermal management system
that shares a conipressor and condenser for cooling nniltiple
objects at ditferent tenlperatures: 5) a total thermal manage-
ment system that conuols fluid flow mtd back prcssure to
regulate tcmperaturc for Ihc spioilic component: 6) Ihe
liquid level is controlled usin a level sensor: 7) the level
sensor can be optional if the optional pump is used in the
floating loop when no small compressor is Included in the
tloating loop; 8) the systenl can be operated when the vehicle
is tilted.

Wlulc thcrc has bimn shown and descnbcd what arc at
present considered the preferred embodiments of the inven-
tion. It v, ill be obvious to those skilled in the Brt that various
changes and modifications can be made therein without
departing from the scope.

What is claimed is
I A method filr cooling vehicle components using the

vehicle air conditionin system comprising the steps of:
Idppiug Ihc hot hquul rcfilgt:I Bitt of saul dlr coudilionuig

system,
flooding a heat exchmtger in the vehicle component ivith

said hot liquid refrigemlnt.
evaporating said hot liquid refngerant into hot vapor

refri erant using the heat from said vehicle component,
returning said hot vapor refrigerant to saul vehicle air

condinomng system.
2 'I he Inethod for cooling vehicle components of claim I

v herein said vehicle component fiirther compnses at least
onc device selected Irom Ihc group consisting of intcgralcxf
motor/invcrtcr. capacitors. and power electronic switclung
dies.

3 Thc method for cooluig vcluclc components ol'claim I
wherein said heat exchanger further comprises a hot liquid
refrigerant flooded cooling jacket.

4 The method for cooling velucle components of claim I
wherein said heat exchanger further comprises a hot liquid
refrigerant flooded distributor v ith cooling tubes.

5 The method for cooling velucle components of claim 2
wherein said integrated electric motor/inverter further com-
ptlscs Bu A( fliotol'

The method for cooling vehicle components of claim 4
wherein said A('otor is a three-phase inductiioa motor or
d sulgli.-phase Bio(or.

7 The method for cooling vehicle components of claim 2
whcrcin said intcgrdtcd climtric motor/tnvertcr further com-
poses a brushlcss DC motor.

8 Thc method Ibr cooluig vciucle components ol'claim I
whcrcin said vducle component further composes a refrig-
erant lei el sensor.

9 Thc method Ibr cooluig vciucle components ol'claim I
v herein said vehicle component further composes a refri-
erant punlp.

10. The method for cooling vehicle components of claim
I wherein said vehicle component fiirther coniprises a
floating loop bloiver

I I. I he method for cooling vehicle components of claim
I wherein said vehicle component fiirther coniprises a
floating loop hqunl icvcl cutofl' alvc.


