WO 0 0962 Pi;é950€n5360 SPRAY COCLI NG SYSTEM BACKGROUND OF THE | NVENTI ON
This inve | ates generally to cooling systens for ﬁf ating

devi ces a , n%&g particularly, to a spray cooling syste %gggﬁﬁethod of
using the 5 spray cooling systemto cool a heat source. Wth the advent of"’
sem conduct or devices having increasingly |arge conponent densities, the
renoval of heat generated by the devices has becone an increasingly
chal I engi ng technical issue.. Furthernore, typical processor boards can, in
sone instances, include nmultg |'i cation-specific
integrated 10 circuits (IGCs), ﬁkﬂg@ﬁ? t1c rgiﬁEﬁﬁgccess menory (SRAM), as
wel |l as a dc-dc converter. Heat sinks can be used to increase the heat

di ssipating surface area of such devi ces. Fbwever heat sinks, and their
interfaces to the cool edBAAKGROUNDORTHE O gINf erence in the heat
flow, and can | ead to uneven cooling. Known cooling nethods for

sem conduct ors i nclude free- flomﬁng and 15 forced air convection,

free-flowing and f éﬁ}%ﬁﬁ i i ng a
l'iquid cooling fl u?gﬁgﬁ o% sugpn%r ge evi gﬂégggégksg%?%at&enﬂaﬁgg .e.,
boi | i ng adeviges md;mﬂre partichlarly, of 4 spriy sosling systeheindoa miettavast usidgthe he
liquid). Becausa I qui ds tyﬁbial |y have a high | atent heat of

vapori zat PRJAY ©@ orcoold heasRBPS. provi de for a high heat transfer
efficiency, absorbing a large quantity of heat at a 20 constant
tenperature. Typically, the cooling fluid used has a relativel y | ow boiling

poi nt (the tenperatWith the adwénttaf semicotduttor idedicés havih %'Qn&i@&in . For
sem conductor devices, FED. CIR -72, i.e., Fluoriner d by 3M

Cor por at i mmm@nbﬁ@n%esamal of heat grperstedibythe d%wle-? becomeign WO

01124962 T, t boi | in orizi t hods is

linited t@%yana mum g’%ﬁggﬁgﬁt% .[R-‘egrshﬁ?rﬁqri, 0?78595 Caln:  hi gher

densi ti esin $omte itBRMCES; 4Aclade muddple CPU modules, application-specific integrated
10 circuits (ICs), and static random access memory (SRAM), as well as a de-dc converter.
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Heat sinks can be used to increase the heat-dissipating surface area of such devices.
However, heat ginks, and their interfaces to the cooled devices, can provide
interference in the heat flow, and can lead to uneven cooling.

Known cooling methods for semiconductors include free-flowing and
15  forced-air convection, free-flowing and forced-liquid convection, pool boiling (i.e.,
boiling a liquid cooling fluid off of a submerged device), and spray cooling (i.c.,
boiling a liquid cooling fluid off of a device being sprayed with the liquid). Because
liquids typically have a high latent heat of vaporization, these latter two methods
provide for a high heat-transfer efficiency, absorbing a large quantity of heat at a
20 constant temperature. Typically, the cooling fluid used has a relatively low boiling
point (the temperature to maintain) and is inert to the heat source. For semiconductor
devices, FED. CIR.-72, i.e., Fluorinert®, sold by 3M Corporation, is one of a number

of known suitable cooling liquids.



fluid forms a vapor barrier insulating the device fromthe |iquid cooling
fluid, thus allowing the wall tenperature of the device to increase
greatly TP 8UB&nonmenon is 5 referred to as pooling. WREHUBMREHP ant is
properly sprayed, it can disperse such a vapor layer, and its CHF can be
wel | over an order:of magnitude higher than the CHF of a pool boiling
system This high CHF is reliant on having a uniformspray. Thus, spray
cooling presently provides the nost efficient cooling for a heat-generating
device, such as a sem conductor device. 10 Tﬁglcal current sprayer

desi gns errpl oy eutha‘heprségﬁmesezb@llmg/q@pmum pdyi imm tosymaxEpug as

hus af f ScRdiS dopst, B orbahen s CEIm)| AFbREe SRSt ind yapobid o "

commonl yunggrashiada b M%ﬁﬁeuiawﬁemcerﬁbﬂﬁiéﬁ@ha chgl%ﬂg filvg, ARsayed

conponent are two O ese factors, and the orient he surface
bei ng spr aallowving thebwealhtedyierature b therdepmetto increase grdatly.s Thrslphenmdendnas hi s
hi gher for rough surfaces,_when using a ssur ed .qui d spray, and for
smoot A surfefared toaeRooliagnWhea s caelaRRI A aer cm é‘FPef%Féb‘ Ra kapgr

wettabilit al

consi st entls“4 %p%f(fl sff:ﬁah%}ééelavﬁ%%‘%& é)r%eg%?ﬁ?a% | ca |£(i)1n C()I-Pg’o{%e liquid
cool i ng f|}§ddﬂbblﬁn £ sykbérh 1 tfﬂlstligi(clmwxieﬁmohllﬁ aﬁmfoﬁﬂdpmszlms,yprafor

exanpl e, 0O at alow mass flow rate, CHF and increase wWith the mass fl ow
rate. Howesoohing presentlymrovides themost efficient coeling formhestrgennratingdeyice; sygh eased
mass fl ow are_ di. I shed due to pooling and/or due to a transition to
single pha%séi% "[&‘P%% & Thus, a spray cooling systemis preferably
operated uniformy at a mass f low rate defined at a point before the
critical mass flowrate is reached. Al of these factors nake cr_it.ical t he
desi df of 25 the sPypigaly, dument sprayeradssigns employiecither pressunzedi liguid el at ed

sSpray deV| ces. 2 WO 01/.20962 US 25360 | sQ i ant, to the.cooling

syst em desTPERH Inrgssgragq%iqag G“F‘ &“Efn °fﬁ % #%gfh&perﬁopm&ceagy rabl e

to confi 9 Ugpfay! %lﬁésﬁﬁ@amcﬁgeﬁﬁtlﬁat ghnFerédtfidlentWiand/opithd CHF. It is
commonly understood that surface roughness and wettability of the sprayed component

are two of these factors, and the orientation of the surface being sprayed can be a third.
15 In particular, 'it is believed that A is higher for rough surfaces when using a pressurized
liquid spray, and for smooth surfaces when using gas atomizing. Surfaces with
decreased wettability appear to have a marginal increase in 5.
Critical to consistent, controlled cooling is the controlled application of
the liquid cooling fluid in a desired distribution, flow rate, and velocity. For example,
20 at 2 low mass flow rate, CHF and h increase with the mass flow rate. However, ata
critical mass flow rate, the advantages of increased mass flow are diminished due to
pooling and/or due to a transition to single phase heat transfer., Thus, a spray cooling
system is preferably operated uniformly at a mass flow rate defined at a point before
the critical mass flow rate is reached. All of these factors make critical the design of
25 the sprayer, i.e., the design of the nozzle and its related spray devices.



occur with a design tenperature above the boiling tenperature and bel ow a

t enper at t will dry out the sprayed cool ant. Thep@i heat to
be di ssi lég(?gﬁiorgr%st be less 5 than the CHF. For pressu?%- asspé?g% sprayi ng,
consistent, controlled spraying requires one or nore high pressure punps
that provide a precise pressure to punp the liquid through a nozzle, even
at varying flowrates. Both the distributiorn and the flowrate of the
sprayed liquid can change with variations in the driving pressure and/or-
smal | 10 variation ﬂﬁﬂ&ﬁfﬁ% dofin \ : drifreSystemis
a sensitive and pc%‘fléentla y ey;l)%?m vgkﬁ%?gﬁ%ﬁ?g?gﬁhggg%al I Qezge to
cont rol . IhGiartidarpitdniesinble toconfigtrerthe system twopezate apa highy whicuwilts a
pressuri ze gas that is deIiveged éo a,sprayhead_deéi’ nin a precise
manner . Bwcurwih 8 designtsmperature ghovsthe borling tempeEatuge an &OV"r”dFﬁﬁnP WEol i ng

fluid, sugh sysiens, ar | ca Igﬁﬁ} tdfsgﬁ,g st be
bl ed out Bﬁ%ggﬁ%&&@%‘}%&% :arwla@loen ;‘.%;tlfétrt)tgher Fe-eﬁf}ﬂu%gﬂlé%s'he

di st gi butg,angal he flow rate of the cooling fluid can change with
variations 1 n the gas pressure. Thus, the cooling systemis a sensitive

and potentially expensive device that can be a challenge to control.
Accordingly, there_has existed a,need. for an ,accur rel)igﬁgl cost -
S

20 efficient spray ObBIeSTHIC-a5uIstad SPRKINE, FORSISIFIY, Rﬁ?%ﬁ"g t hese

and ot her ' id€ ladrédis@phéssnr@ i pump theQighlid 20962
PCT/ USOO/%%%EQ%L%%%E%& ﬁ%‘pmvﬁé dIEWCIJ\I 'Igflﬁe psr)egfeént inventlgon p@gvi des a

spray coothroughsaysizzle, ven atomrying flovhesses. Both theedistibution andthe flgwwatech can.
exhibit i oved agqurgcy, reliabi]ity and/l.or, cost. GU' ciengy. odi nent s
of the in%&i?isﬂi‘y?‘igﬂ@glq%? ¢€%%V@LXHX?WM§F“§%P§, e é}éﬁﬂ%ﬁr ed to
ol S an yalaioHE Bt fHe pweoﬂ%&u&b@n.cq%s,rmefcbu il Spstérias ResioLang. The
cooling flurd 1s sprayed In response to a control Ssignal, which is sent to
t he spr aypoteiially expensive device that can be a challenge to control.

For gas atomizing, consistent, controlled spraying requires a pressurized
gas that is delivered to a sprayhead design in a precise manner. Because the gas must
be pressuﬁzed separately from the cooling fluid, such systems are not typically.closed

15 systems. The gas must be bled out for the condenser to run efficiently. Furthermore,
both the distribution and the flow rate of the cooling fluid can change with variations
in the gas pressure. Thus, the cooling system is a sensitive and potentially expensive
device that can be a challenge to control.

Accordingly, there has existéd a need for an accurate, reliable and cost-
20 efficient spray cooling system. The present invention satisfies these and other needs,
and provides further related advantages.



a controller. Advantageously, these features provide for accurate delivery
of coolin fluid at precise and controllable rates. The technol ogy for
this typeqﬁ?nmm%?enentaL 10 sprayer is well devel oped PRTURW25HR | et
printer arts, and it is relatively inexpensive to manufacture. Furthernore,
t he design can be ' nodul ar, offering quickly and easily replaceable units.
The invention further features the use of thermal ink jet technology in
designing the sprayer. In particular, the enbodi ment of the invention may
have a body 15 defining a, Ranbe anfjgured. to gold a volune of the
cooling fluid, and defi ni ng-adNM L QI HE I B Nt j on with the chanber. A
heating elenment is in thermal conmunication with the chanber, and is
configured to vaporize a portion of the <cooling f luid held within the
chanmber. The orifi c¥he pregentiinemtion picvidbs a epriay coslirigngstetmnfoticooling Ahedte
chanber to the heat source upon the heating el enent vaporizing a portion of
20 the cootourss, embedimentspfiwhiph ean exbubitimpyeyed apnm@cy,ésﬁ@h;w gostal | y

provi des f efficient delive of the cooli | uid.to the heat source.
Bome. knowrEHosEnsy-c EBHodtiSent Sh e iavetppCiBicn Ry featurl 4B hemifial Seveic

si m | ar t ocdnifighre@ito bRkt dnShereflentaPitflohrt f ﬂl@‘éobﬁi%ﬁtﬁfl%ﬁ@liéhe%f SourcdiTeal |y
adaptable to "use with the cooling f luids. Furthernore, unlike typical ink
jet ink, ceolingfiuldissprapiedin respong Bl QReelsipEl; wHCic@a0to thosprayanbyi n
particulate matter that can clog the system Thus, the systemis both
reliable dhtPM®IE efficient to design. The invention further features the
ejection of increnental anmobunts of a cooling fluid on the heat source,
using an increnental sprayer, spaced over .a nunber 5 of time increnents.

Ei t her the -« i ncr emreAtlsintagevaslyy theseefeatumsprovafiefir adcurate dekverpof esbling adj ust

the flowrate to an optiml |evel. The sysiem can be contrglled b

moni t or i ng&mﬁé'?: PHEse e"t?PF?thPle es-r i}}? ¥‘§P§‘“$HS’ ?Qé’rfﬁ@r%(?ﬁP mgrematal heat

SOUr q9 andgfeRier WM evRioped in the ink-jet printer arts, and it is relatively inexpensive to
manufacture. Furthermore, the design can be modular, offering quickly and easily

replaceable units.

The invention further features the use of thermal ink-jet technology in
designing the sprayer. In particular, the embodiment of the invention may have a body
15 defining a chamber configured to hold a volume of the cooling fluid, and defining an
orifice In communication with the chamber. A heating element is in thermal
communication with the chamber, and is configured to vaporize a portion of the
cooling fluid held within the chamber. The orifice is configured to direct cooling fiuid
from the chamber to the heat source upon the heatiﬁg element vaporizing a portion of

20 the cooling fluid held within the chamber.

This technology generally provides for efficient delivery of the cooling
fluid to the heat source. Some known inert cooling fluids have viscosities and boiling
points similar to that of ink-jet ink, and the ink-jet sprayers are typically adaptable to
use with the cooling fluids. Furthermore, unlike typical ink-jet ink, cooling fluid does



pooling or dry-out that is occurring, if any. This can provide for

optim Ze@{&ﬁ’ﬂobﬁg of a heat source. 10 Ot her features @RAdseshaacy ages of
the invention wll becone apparent fromthe foll.owijng detail ed description

of the preferred enbodi ments, taken in conjunction with the acconmpanying
drawi ngs, which il-lustrate, by way of exanple, the principles of the
I nvention. BRI EF DESCRI PTION OF THE DRAWNGS 15 FIG 1 is a schematic
representation of a. cooling system enbodying features of the present

i nventi ofos EdrBrin Dakiordats iRitfer TRt danelog the'wyém A Bisaitey sylseem ihbothool i ng
systemrepresented in FIG 1. FIG 3 I's a cut away perspective view of a
first entebidblecamd cokt ¢fficicobtol design. 20 systemrepresented in FIG 1. FIG 4 is
a cross-sectional view of the enbodi nent depicted in FIG 3. 5 Vii.: WO
01/ 20962 PCTI USOO 25360 FIG 5 is a cut-away perspective view of a second

enbodi mentof _the Gk Rgon A ETeEARREEEjo8or IF iibi@mehtal EhfGund ds 2

cross-sectional view of a enbodi nent” of the cooling system

r epr esenggslingrfidil On the héat Sbiice, using an inaremental syrayenrsgriced lovel amumaberf or
controlling the operatign of the enbodi nent depicted in FIGtL) 6..EIG 8 is
a cdnt r obf tinetinerementsk Eithsgthe-inersmental fims, gritheamount Siected ¢an.be yarjed,

enbodi nent _depi.cted i I D

ENBODI NERPRGNR Hi o et Vel e s ety bl B miomoaE -

heat - gengfdr! difectly or indirectly, the temperature of the heat source and the amount of
pooling or dry-out that is occurring, if any. This can provide for optimized cooling of

a heat source.

10 ~ Other features and advantages of the invention will become apparent
from the following detailed description of the preferred embodiments, taken in
conjunction with the accompanying drawings, which illustrate, by way of example, the

principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS -

15 FIG. 1 is a schematic representation of a cooling system embodying features of

the present invention.

FIG. 2 is a cross-sectional view of a sprayer for the cooling system represented
in FIG. 1. '

FIG. 3 is a cut-away perspective view of a first embodiment of the cooling
20 system represented in FIG. 1.

FIG. 4 is a cross-sectional view of the embodiment depicted in FIG. 3.
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sem conductor device 12, according to the present invention, is
schematically shown in FIG 1. The assenbly includes a one or nore

i ncr enent AWO9E§%er s 14 for. spraying an increnental amBGHUSWREP qui d
cooling fluid 16, preferably fromareservoir 18, onto the sem conductor
device to evaporatively cool the sem conductor device. The 15 assenbly al so
I ncl udes a heat exchanger 20 to extract the heat fromthe vaporized

cooling fluid, and thereby liquify or condense it.” The assenbly further
includes a punp 22 to punp the liquified cooling fluid back intg the
reservoir that FIGeSlis a tnt-aveayrpeyspestivewiew of iasesondembadinent 8§ thecopbng hat  can
be used as part of the, pr t 20 invention can be based on other types of
ink jet dﬁﬁﬁp@ﬂqgﬁﬂﬁﬁ¢1ﬁbﬁﬁighnology, such as piezoelectric technol ogy
(i.e., piezoelectric nozzles), they are preferably based on thermal ink

j et technol ogy- Exanples of this technology are discussed in nunmerous 6 WO
01/ 20962 PCT/ USENS 354 cross-Sectidasleview of iarthird dinbgditdeat ofthe 20plieBsysten500, 895,
and 4, 683,481, which are incorporated herein by reference. Qther thernal
ink jet taecpnesanted iaFIGad. | i kewi se be appropriate for use with this
invention. A highly preferable cooling fluid for use with a thernal

I ncrenmental sprayer is 3MFluorinert(r), which is easily adaptable to

exi stkng 5 t herig! 7 ik chritbol s9RBRBIOGY diagR@fee cohtrélling thederativnt of thed
boiling point simlar to that of the inks typically used in ink jet
printers. editodimeftaepicted in&IGI & 2, which depicts two sinplified, exenplary
I ncrenmental sprayers 14, each sprayer includes structure defining a chanber
30 for receiving a predeterm ned portion of the cooling fluid and a heater
32 for vaporizigfg. §9s & cBffrbl §8tedf bloble diagin Rt cohtélling tige eperstion éffthe pressur e
to eject an increnental amount of the cooling fluid through an orifice 34
t hat di r eensbodimentjdepicted ind0Gi g fl uid toward the seniconductor device 12
(FIG 1). The orifices are fornmed in a flexible polyner tape 36, e.g.,
tape commercially available as Kapton TM tape, from 3M Corporation

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

10 An embodiment of a cooling assembly 10 for cooling a heat-generating
semiconductor device 12, according to the present invention, is schematically shown
in FIG. 1. The assembly includes a one or more incremental sprayers 14 for spraying
an incremental amount of a liquid cooling fluid 16, preferably from areservoir 18, onto
the semiconductor device to evaporatively cool the semiconductor device. The

15 assembly also includes a heat exchanger 20 to extract the heat from the vaporized
cooling fluid, and thereby lignify or condense it. The assembly forther includes a
pump 22 to pump the liquified cooling fluid back into the reservoir that feeds the

sprayers.

While incremental sprayers 14 that can be used as part of the present

20 invention can be based on other types of ink-jet droplet expelling technology, such as
piezoelectric technology (i.c., piezoelectric nozzles), they are preferably based on
thermal ink-jet technology. Examples of this technology are discussed in mumerous

6



Affixed to a back surface 38 of the tape 36 is a silicon substrate 40 15
cont ai ni eaters 32, in the formof individually ' | e
thin-filgg%@@@??ors. Each heater is preferably Loca;ed%%ﬁk%;5| e of the
chanmber 30 across fromthe chanber's orifice 34. Cooling fluid is
preferably drawn and | oaded into the chanber by capillary action, as is
typical for an ink jet type device. A conputerized controller (not shown)
energi zes the heater, vaporizing the portion of the cooling fluid adjacent"

o the oSt FRRATEANS St Ba0DHES HECRAB 1 B
t ﬁremi ﬁcr gnma n% al ﬁggfoeﬁgrﬁl ﬂ?g?ﬂfﬁ%gélf Iogfbé spr ay%ﬁ-&%ﬁg@gﬁﬁglgd‘gﬁ%aﬁgr in

t he for mapprogristerfot wsedwitlpthis inventiann A highlyf preferalile vaoling:theiddomysesvith
A R A A T
o151 o il mbRORCh M GGt hESs Ks BN ind S SORTRIE PR ©f
chamber lpf thebiakatyipicallg usgd inhimkdjetpriaterscapi | | ary action again |oads the

chanber for a subsequent firing. The liquid spray fromthe increnental
sprayers 14 can be highly controllable. For exanple, by increasing or

decreasing the fr phay.ss: e e ai , flowrate
can be accuratel yegﬁjﬁﬂg‘%%%g@{:&&r]? flg'r ?b%‘g@&bgg%%e“ﬁ'gﬁ@%gé%&g%%e
conf i gur gacremental sptayery @4y eshnsptayet iithides etrucfure defining o ¢Hantber 30dor because

a | arge nunbes,_ of sprayers can be fit into_a small_ area, the heat

di st r i bueesiving g predetermingdportiomofithe soeling fuid andsheattn 32£op yaparizing 2i ng

W EP  er aonia! 8 ofling it 6 crfl e Breds ol af nolielihal MUHENT (1
cool i ng ftheiégbling fhulibthroipheniotifive 34 tlidtiérests the cjedted tosiiigfiid tovadd e o
configured with a spring assist nechanism42. Al ternatively, the reservoir

can be psésmicopductondayice RFIGhD. The orifices are formed in a flexible polymer tape
- 36, e.g., tape commercially available as Kapton TM tape, from 3M Corporation.

Affixed to a back surface 38 of the tape 36 is a silicon substrate 40

15 containing the heaters 32, in the form of individually energizable thin-film resistors.

Each heater is preferably located on a side of the chamber 30 across from the chamber’s

orifice 34. Cooling fluid is preferably drawn and loaded into the chamber by capillary

action, as is typical for an ink-jet type device. A computeriz_éd controller (not shown)

 energizes the heater, vaporizing the portion of the cooling fluid adjacent to the heater.

20 The vaporized cooling finid expands, expelling most of the non-vaporized cooling fluid
out of the orifice, typically in the form of a single droplet.

Depending on the configuration of the sprayer, the incremental amount
of the fluid sprayed from the sprayer could be in the form of a single droplet, or in the
form of multiple droplets. Multiple droplets could be produced by multiple orifices

25 related to a single heater, or by sprayers having larger chamber volumes and
appropriately shaped orifice nozzles to cause the incremental amount of fluid to break
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cooling fluid receives a gravity assist in flowng to the sprayers 14. In
addition to serving as a source of liquid cooling fluid, the reservoir
al so serveROBW8&par ate any gas 15 | eaving the condensePCTESINI®, (not
shown) can be used, either in the reservoir or in sone other portion of
the system to renove board | evel contam nants that are present in the
system _ The punp 22 serves to replenish the reservoir 18, and can be a
| ow- cost apparatus that does not provi‘de either high pressure or
consistent_ and controlled flow, 20 Prefer abléet he punp,shoul d be self

prining t ointedeopdets.r Afise therhamberbashesn fised by theheater, capllapndionsgaincan be
varied. Fo Xanmphe. 11 o] 2. .could be placed prior to the heat
exchanger ) %Waeg@fﬁé‘%@%ﬂ%ﬁ}fﬁ&“&m h vapors and fluids. Likew se,
depending on the type of sprayer, the reservoir could be elimnated, and
the punp could be used to directly feed the sprayers 14. The entire 25
assenbly 10, incl udiThg Yiduid csprayuiftonbdbe dycremsengale $prayass yl4a cin dedhighlyl aceabl e

unit. 8 WD 01/20962_PCT/ USQ0/ 25360 Wth, reference now ta FLLGS. 3 and 4,
mil i pl e ceRHaNable, EPRFRamRle, by i Rasing AR S ieR e e SreAusacy At B PEYASy e

confi gured,t.0 T a &bt : N Biite ot vy Of
Ci rcui%'ltJ bo%&fﬁ%@amﬁﬁgi?@g%ﬁgrat | ﬁge‘?‘gﬁ%ghents gg&%g%ﬂggm&w,
each ci rcu?mi@ﬁmdnmtlﬁ&mﬁ dbwei delivep vedyesinalh qaartitiek wf ovelifg fluid, | andr enent al
sprayers 56 are | ocated adjacent to the conponents, agg_ gre configured to
spray the besapssnalerze pymberof sprayerssan bgifig intea ghdhe beatdista rs are

cocapi ng xRy AR ah HERlgurielk oBhu Ryl RO LInA R P ekl behafl 11O
exchanger,'ﬁg@ﬂgﬁﬁimﬁ@ﬂﬁrgpmyérk‘ of the wvapor. The roll bond panel is

formed as a wall of the sealed conpartnent. Suitable 10 roll bond panels
can be obtained from Showa Al um num Corporation, of Tokyo, Japan, or from

Al.goads, of Toronto n . Skl I Nele YR iRt ki | ui d,
e.qg. 01% 3M Fl uori nert ﬁ;ﬁ?@nﬁ}gﬁ@ﬁ@% g"%ﬁ@##%%&nné?é“?ﬁ&% ﬁagg%l | bond
panel . Al t gdgkmiflifd Yo the incremental sprayers 14, the reservoir can be configured with a

spring assist mechanism 42. Alternatively, the reservoir canbe positioned such that the

cooling fluid receives a gravity assist in flowing to the sprayers 14. In addition to
‘serving as a source of liquid cooling fluid, the reservoir also serves to separate any gas
15 leaving the condenser. A filter (not shown) can be used, either in the reservoir or in
some other portion of the system, to remove board level contaminants that are present

in the system. ' -

The pump 22 serves to replenish the reservoir 18, and can be a low-cost
apparatus that does not provide either high pressure or consistent and controlled flow.

20 Preferably the pump should be self priming to remove trapped gas.

The precise order of the components can be varied. For example, the
pump 22 could be placed prior to the heat exchanger 20, so long as it can pump both
vapors and fluids. Likewise, depending on the type of sprayer, the reservoir could be
eliminated, and the pump could be used to directly feed the sprayers 14. The entire

25 assembly 10, including the circuit board, is preferably a field-replaceable unit.
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wor ki ng fluids such as hydrofl uoroether or alcohol could be used. A second
heat exchgaQ$hegs: Which can also be a roll bond panel, ;i s%é cated
external ly f?%wlthe circuit board conpartnents 58, and E?@HI €s tor the
addi tional condensing of vaporized cooling fluid. The second heat exchanger
receives the cooling fluid, which-can be both |iquid and vaporized, from
the conpartnents of each circuit board 50. After the cooling fluid has
been further cooled by the second heat exchanger, a conmonly shared punp -
64 delivers the cogyjthefbleHtcnéw 16 FEGSTPRAY 4,50 w%@g§g£t¢%ﬁ5 Wwifta Whi ch
in turn returns the cooling fluid to the sprayers 56 of “eac circuit
board. Wdre coafpaterifemothendevize)¢ad besonfigured td shaee companentss The eampater be

i ncorporated into a_.sipgle circyit pboard assepbly 70. The circuit_board
assenbl y S qonwﬂ%ipé‘gﬁﬂg qfrﬁHcHHzmﬁﬁgt B8 DeRi-2CBEFAUAG AOBPENLS 32 as
CPUs, no 0 ci i \ : r r rre | ocated
adj acent L@%E%eegg g%ﬁtc fgc\%gr@ggtfr g}'ﬁé%l fpéég e@%@%’?‘a@@?@"%@"m@éhem S

Wi thsa cdqatrefi@nfal sprdyers 56 afedopatedadjscenetb thp camporents? atd %@oﬁﬁ%e& B a seal ed
conpartnment 78 that prevents vaporized cooling fluid from 9 01120962

PCT/ USOO'speaydbe cempenentsyvitioneoing fb1id. The compongntsand sprapas presheloa¢d y ar e

I ncorporated intg on nore conpakt nent..wakl s,~and are confiqured to
condense 3 SEMF H'EF'&gﬁﬂaépﬁve?tﬁt %ugecﬁoplé%hﬂﬁﬁ%‘géfm ¥#Phe bott om
of the cig ¢sll boRd paflelostPRiNsYas alfikdt RER lexéllahfer, EEERNYIAS sBRE of ANVFiked _
coolant that drips fromthe conponents. A punp 84 punps the 5 cooling fluid

‘up into aaper.nThcredl baxipanel is feanedrasss walliof ghesealed compagment Switableer s,

ros80, b1 Tl BSRapmgtscaRbe Bfainst siom Shovaf ARBHANE' GirpuRe R rolile Thmats +, °r ce
effect, tdironfAROYAS, bf TEkYNEL, Callad. D‘Qﬁﬁfaﬁleilmcﬁ.ﬁxﬂ?%&ﬁt\% fid g hani sm

such as a spring. Generally speaking, for enbodinents of-tHhe inve ition to
f unct i on 3 Flucginept®; iswarrietiwithin flaid chanuels in theaol bondipanel.| Altermatively;m )

shoul d be a _ léstiu?gs LAY ?1'}!9:0%\@1'&%1& or alcohol could be used.

)= {®)

A second heat exchanger 62, which can also be a roll bond panel, is

15 located externally from the circuit board compartments 58, and provides for the
additional condensing of vaporized cooling fluid. The second heat exchanger receives

the cooling fluid, which can be both liquid and vaporized, from the compartments of

each circuit board 50. After the cooling fluid has been further cooled by the second

heat exchanger, a commonly shared pump 64 delivers the cooling fluid to a commonly

20 shared reservoir 66, whibh in tum returns the cooling fluid to the sprayers 56 of each

circuit board.

With reference now to FIG. 5, the entire cooling system can be
incorporated into a single circuit board assembly 70. The circuit board assembly will
typically include heat-generating components 72 such as CPUs, mounted on a circuit

25 board 74. Incremental sprayers 76 are located adjacent to the components, and are
configured to spray the components with a cooling fluid. The components and sprayers
are enclosed in a sealed compartment 78 that prevents vaporized cooling fluid from
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t he sem conduct or device becone either dry or immersed. This rate is
controlled by having a controller adjust the rate that the thernmal jets
are fired wohmogti rum mass flow rate can change as t hBCHES25360x of the
sem conduct or devi ce changes. Thus, for a controller to correctly control
the mass flow, paranmeters of the sem conductor device 15 and/or cooling
system need to be sensed. To determi ne whether the nass flowrate is at an
optimal |evel, sensors can be used to track one or nore of the.system
par anet ers. The té)pes of parameters _that are available var with the type

of syst em esegping:etPne o5 maerg aphh bend panaly, 80 peeferably,aze inrgarorptsd é‘?&tpé%nﬁaﬂr to the

Fempved | FBARBRERRL Ml B0 e ol Sobtdih buRi AR N ARER 00 O
a resistiy, %f&eﬂv@ﬁ'@'ﬁltﬁé‘bbﬁorﬁfoﬂﬁé)eﬁcﬁlf‘b@arﬁfh@sdmmyl d'hegmohelp, and

the mass f t he vapor (m) /or mass flow of the liquid (m) are
avai | abl e teceibes nonamporized coblantthet dripss firopethe comperntentsv & purtp 34 pumpsibeheat

exchanger is_wthi the spray anber uch,a 1 he.enbadi nent of FI G
5. 1 n8t eaccooling ggggpé‘eq%qeﬁﬁrﬁoqﬁ fegjﬂyzge %tel:ﬁp T2t he

sem conduc Hﬁﬁ%l &@5}! fR=ad th 6@/ 20962
PCT/ USO0/ 2‘&%@?‘?@&@ epic fidld téggféesrﬁg syst'em g rg\“ ngcg ehxéeg% exchanger

92 ext er naein, l@cﬁe&iﬂo&&tﬁébpﬁbetfs WHich thsespgrayityfeedtifect thetestrveir comddenent al
sprayers 96 that spray a cooling fluid onto sem conductor devices 98 on a

circuit bozeerporats soms yRe ofpressure meehanisyp sugh a5 @SRIME he seni conduct or
devi ces, sone of the cooling fluid may vaporize, 5 and sone may run off to
forma pooI 102. Vapor exits the spray chanmber through a vapor passage

104, while liquid eGehérally 3p %}%ﬂeﬁb&&ﬁ@tslﬁﬁthe&xmbnw&hﬁmmsad to
prevent vapor fromenteri ng the i qui d passage, Wwhil raV| ty. prevents t he
li quil@ frmpunm:rﬁicmgy,tthesmm mass:Henyzate (tha %ﬁ&l}ﬂ’ ‘F tqaveiddaeingonbi ned

and insertgd int piauefies
t he vapor. tﬁ SR n‘i“f%"dﬁi‘ﬁé "?ﬁ‘&“%g%s&%a’ %@é&%‘% E%génrﬁb #leser voi r
112, wher ehdvfng' asca'&%ller £Jja8ttREFhtd hat he thafral ftsare ﬁred The optimum mass

flow rate can change as the heat flux of the semiconductor device changes. Thus, for

a controller to correctly control the mass flow, parameters of the semiconductor device

15 and/or cooling system need to be sensed.

To determine whether the mass flow rate is at an optimal level, sensors
can be used to track one or more of the system parameters. The types of parameters
that are available vary with the type of system employed. For example, if the heat
exchanger is external to the chamber where the spraying occurs, then the liquid and the

20 vapor ¢an be removed from the chamber through separate passages (with the assistance
of a resistive mesh to inhibit entry of vapor into the liquid passage), and the mass flow
of the vapor (i) and/or mass flow of the liquid (tit) are available to be measured.
However, these are not available if the heat exchanger is within the spray chamber,
such as in the embodiment of FIG. 5. Instead, the vapor pressure within the spray

25 chamber (P,) and the semiconductor device's junction temperature can be sensed.
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A nunber of potentially useful system paraneters can be sensed in this
system | | ng: The tenperature ofthe sem conductor ' T1) (i.e.,
t he juncwtgh%%égnperature), whi ch can often be sensed fl%%#ﬁiﬁ?sﬁ n the _
devi ce; The anbient tenperature (T,) and pressure (P.), as well as the
vapor pressure (P ), in the spray 15 chanber 94, which can be sensed using
tenperature and pressure sensors .114 within the spray conpartnent; The
mass flow of the vapor (nf') and the mass flow of the. [liquid (rn,), which’

Taui d passages. 1261 GS8eHE 2loREnSRt S Havidy'a i ERAEEL Y2 XBRRY, "
comi ng O%as?rﬁybhmbﬁ@u. Thespay chitibéitofifinsifcremeatlispriyets Y6 tHaesphy " €
sensor; And the 20 tenperature (T,) of the liquid béing received by the

fslor ayer. ta\mph'p'g ﬂﬂ:ﬂr e\ltoﬁemgnonﬂ@toréde\écats&gm Ercmb%mﬁd 16 th?ﬁh:gagmr f rrasfs
ow rate (Il or e devl Ge deplcted I n el NS W e steps O
by st ar ¢ HiRfeTEtauB of ik seRionaRe s Bevioes. st o1l ao e id K YBRGES, ni ¢ o
255 1 0Yind S By IF i ok &/Bb1906! Vgt ckis HBispraY LsGioky Bl o woul o

be based on prior “experience w 'S system Or “wth syste its
type, butvapanpadsaged64pwhilelkiquid enits viaaligmidpasssge 1069 coaresh 10815 used &5 and
cooling rates, Alimted anount, of tine (t).is preferably allquwed to pass
124 so t REVERhERRsy fophenishn Yignd prssags v ,sv&waywrérﬁntsmak@ﬁé ¥ | ogi c

begi ns tlxgéﬁ( 4 ,@ﬁ,@% E}%@ fi ' ' e

cool i ng g’tseﬁlé% eqgl r?giégeg%gig'ng%n rmnlat Tl n%gggﬁg%?&gqgsrﬁedg&bﬁé{]i ng the
sensors' hemexchimper 92)twhich semuves heaﬁhﬂdliqttdffestl&lmpbﬁtAJpﬂanlm&ramrméiondUCt or
devi ces- (Til?g S segr]ltie, 126, and the_ resultjng sensor, value is conpared 128
to 1 sel ceeled caabingiividpapnfe areservayr {12, prhers it ig asaim pokided & the sprayerss bel ow
t he sel ected maxi num val ue then no action is taken, and the nonitoring of
paraneters is repeated. If, however, the sem conductor device has reached

‘the sel ect ed maxi nAmuwsben of pétentialheusefifl System pardineterd cdftbe sensad in this
system, including: The temperature of the semiconductor devices (T;) (i.e., the junction
temperature), which can often be sensed from within the device; The ambient

%

temperature (T,) and préssure (P, as well as the v;por pressure (P,), in the spray
15 chamber 94, which can be sensed using temperature and pressure sensors.114 within

the spray compartment; The mass flow of the vapor (1) and the mass flow of the

liquid (i), which can be sensed using appropriate sensors 116, 118 in respective vapor

and liquid passages 120, 122; The temperature (T, of the sub-cooled liquid coming out

of the heat pump 92, which can be sensed by a temperature sensor; And the
20 temperature (T,) of the liquid being received by the sprayer.

With reference to FIG. 7, a method of adjusting the sprayers' mass flow
rate (m,) for the device depicted in FIG. 6 begins with the steps of by starting the
cooling system 120 and setting 122 the sprayers' initial mass flow rate at an initial
value (b, ;;). This value typically would be based on prior experience with this

25 system, or with systems of its type, but could also be based on calcnlated heat
| generations rates and cooling rates. A limited amount of time (t) is preferably allowed
to pass 124 so that the system can begin functioning, and then the sensing logic begins

11



pooling is occurring. Preferably, to detect pooling, the mass f | ow of the
vapor (m') is sensed 130 and conpared 132 to a selected m ninmumvalue to
verify thathQ@i20%2 10 above that value m,,m,,. The sel RGTAHN?B num val ue
(m,.j. typically would be based on prior experience with this system or
with systens of its:type, but could also be based on cal cul ated heat
generations rates and cooling rates. If the mass f |low of the vapor (m,)

i s above the selected mi ninmum value, then pooling is not a problem and
the sprayers' mass f |low rate should be increased 134 15 to reduce the

t enper at ur &0 take petiqnghg.y the copling pystern begins sansingtand sfonitoring parametess and  above
t he m ni num,val ue Qol | IS _occurring and the sprayers' nmass flow
rate is dgéiﬁé%@:%%%ﬂfsgqaﬁécﬂggémt he cooling system s effectiveness.
After the sprayers’ nass flowrate is increnentally adjusted, either up or

down, the nonitoring is continued by again sensing the tenperature of the
seni conduct or devi cdupgrtisplar,ithe 2pstature df the semicenidctaridevioes (@})iiesenséd on of

t he spraye urface i.th respect .to gravjt m ght have an effect on the
accurate sgﬁ g %&@85@?0’ et‘%‘étm@i?f{aﬁ/%ﬁts@@%ﬁn@mmﬁémﬂégdﬁo

veri fys and | C el I - | V. .1n the
i ter vt vt M piitle denfor VBRI Bl RBAR ABfilon vy R BBt s

occurring. tdken, daliPnenitring SBREIMELR IS tpRate®J If, Aowbeershe a¥mivondigsr i S a
nore direct, ,25 neasure of whether pooling is occurring. 12 WD 01120962

PCT/ US00/ 2984ee hasaeached the selertedmaximumaslug; then sensptstaneusedito detemming ify t he

cchanger , BEoting 5 bCiel ey 3y e Soortil, BEMASTRAR Ll Blon S (0
the steps génsed 230 andp SOIH2 100 sefeétddafiinifimaatie @, LING veARy thiligker s’

initial mass flowrate 142 at an initial value 5 This value typically would

be balkd onbevethat valie tiagi-oFbe selettesdminimpm valysri, g)dypiaklihwouldibe baseslt em or

systens of its type.. but.- oul d be based on _an_.anal ysi,s, of .te rature
gener at i ono?gflggg’%?&e%%eoﬁ VRN A VG SyEem %%M‘?’ bt ﬁ‘@"lﬂ&?ggﬁ?
pr ef er abl ybadell @Ratculated heat generations rates and cooling rates.

Q)

I
@

If the mass flow of the vapor (th,) is above the selected minimum value,
then pooling is not a problem, and the sprayers' mass flow rate should be increased 134
15 to reduce the temperature (T;). However, if the mass flow rate of the vapor is not
above the minimum value, then pooling is occurring and the sprayers' mass flow rate
is decreased 136 to increase the cooling system's effectiveness. After the sprayers'
mass flow rate is incrementally adjusted, either up or down, the monitoring is
continued by again sensing the temperature of the semiconductor devices (T;). It
20 should be noted that the orientation of the sprayed surface (with respect to gravity)
might have an effect on the accurate sensing of pooling, and that experimentation can

be used to verify and/or adjust the selected minimum value 1h,;, accordingly.

In the alternative, other sensors can be used to determine if pooling is
occurring. For example, the vapor pressure (P,) in the spray chamber is a more direct

25 measure of whether pooling is occurring.
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to pass 144 prior to starting the actions of the sensing logic, so that the
system can __begin functioning, and the cooling system /TUP s§koSENSI Ng and
nonitori Wé’%?’gﬁeters 10 and adjusting the sensors' mag?? gn{?vj rate. The -
time (t) is related to the tine constant of the system i.e., the tine

needed for -the systemto reach operating tenperatures. |n particular, the
tenperature of the sem conductor devices (T) is sensed 146, and the .
resulting sensor value is conpared 148 to a selected nmaxi numvalue T. |If

the resulting sens | uey | I . t ¢l ' no
action is 15 taker ,G'ﬁa aﬁ}?ﬁc |@§§r°|h$\ ag'%hgogroanejnegr Sgl S S)Sggggstltg .?{'I f,
hovever, ﬁob@rﬁ@@hs%ﬂuwlmg%me Havingr@ciateenkl tHeat exdhanger suchasde val ue,
then sensors are used to determne if  pooling is occurring., Preferably, to

det ect pdeticadepicted ina&fGr SpThe snetbod begins withithe sispspf startingihe coalingansed 150
and conpared 152 t9 a.selected m.nimumvglue (P o) b.a verify (that it~
i s abo\r/rg systemddp an m%mﬁwﬁw Noid }Wt&%}i‘ﬂi’&@f‘%ﬂ’gw\%g of t he
vap 20 -pE e . wohd | rﬁﬁ’én\fa n§ | r"&xﬁ : ' r nal

pr e%ure%ﬁ%@vﬁg(gp%ggher |&c€é|;ir’des§‘si9¥1§;‘ﬁr e se@eﬂ’c%%‘gwﬁ nmu &\lgilaﬁgq{(hg, vy )
I's not egsiy¥ syfemdr ystehsof ROYpe] butiit edudd hbbssed ehanmnalysisefitimperatittey. | f t he
vapor pressure (P") in the spray chanber is above ge se@g’aﬁ mcfl nmum

val ue, t Igenerpbion raies and %@&ﬁiﬁab‘?‘@ﬂ‘“&ﬁ&‘%@éﬁ?ﬁ{’ Ispre loyed: at e
shoul d 5 _be jncreased u if the
vapor préggﬁsei‘?‘Fp‘?@ri t§ sﬁ%—?ﬁ%%lgeve e%r%k}%%uhﬁﬂggf)%%’, gﬁ#gghbeo!él | nggilins

occur ri ngegiduhdtonidy, aydhe coslafpsyblenitan bedir sémingand amnitdrif@parameterscr ease

the cooling systenm s effectiveness. After ,thztaspr ye‘gs' 13 Vii. WO
01120962 and adjustbag thesensorsranass flogratet Ehe me HERPH 1q the fme copstant ¢ ¢ her

of Che SORERNAELae-gat Alesbedtd R SRl oS okl b PRRREET S P

sensor reading indicative of the sem conductor's tenperature, imcluding

direct readings or indirect readings (such as ) ) :
- In particular, the temperature of the semiconductor devices (T;) is sensed

146, and the resulting sensor value is compared 148 to a selected maximum value T,
If the resulting sens;ar value is below the selected maximum value then no action is
15 taken, and the monitoring of parameters is repeated. If, however, the semiconductor
device has reached the selected maximum value, then sensors are used to determine if
pooling is occurring. Preferably, to detect pooling, the vapor pressure (P,,) in the spray
chamber is sensed 150 and compared 152 to a selected minimum value (P, .;,) to verify
that it is above the selected minimum value. To aid in the accurate sensing of the vapor
20 pressure, the system is preferably configured with an internal pressure below
atmospheric pressure. The selected minimum value (P, ;) is not easy to calculate, and

is preferably determined empirically. '
If the vapor pressure (P,) in the spray chamber is above the selected
minimum value, then pooling is not 2 problem, and the sprayers' mass flow rate should
25 be increased 154 to reduce the temperature (T)). However, if the vapor pressure (P,)
is not above the minimum value, then pobling is occurring and the sprayers' mass flow

rate is decreased 156 to increase the cooling system's effectiveness. After the sprayers’
13



5 heat dissipation when thmte I s known) can be used to

j udge whether the cooling is adequate. Furthernore, it will be seen that
any sensowg@®®09®g i ndi cative of pooling, such as vapoPCTA#2536ke, |iquid
flow rate, vapor pressure, or others, can be used to judge whether the
cooling woul d be inproved by increasing or decreasing the spray flow rate.
Additionally, it will be appreciated that while the order of sensing and 10
deci sion making contributes to the efficiency athe system it can be varied
within the scope ofthe invention. For_ exanple, both tenperature and

pool i ng camashdlave natedispincrsmentallyasdjusedprittics opsor dowwihecmopBeingds can be

(or ot hor cAEMegdRcreat rgoae S orage LRl seRlcbRaRFRR SR £ 0" !

description, it will be appreciated that the present 15 invention provides
an accurate, reliable and cost efficient spray cooling system The system
i ncludes a sprayer Niord ganerally, itovilldeiseen thatalyisemsof readihgtipdicatreof thener at i ng

device in limted increnents..- Preferafhly, the sprayer is therpal driven
in -a faslsemiconduotersstempgratyrg, ingluding tﬁmf }eéamsfr glhlc dllré%rea‘iﬂg? Es?lsﬂ éér ticul ar
formpf the jpvent.iqgn ' s | j L1 1 be
hoparont | dreadGE A e R alrerdBlrits S0t oAb BRATS R whkttth | O,
spirit anghsS&hiifig ¥ adeh@ate MigtHen@bre, itwil be Séenliit gity sensorreading indivaties been

described in detail wth reference,or_llﬁ to the preferred enbodi nepts, those
having orofipnoling, skeh as vapor flew zate, liquid flayysatecyaporprepmre. of Oftses can be

nodi fi cati ong, can be d ' t | ' '
Accor di ng|“§?f$°d83$%vk?r¥ﬁ?rﬁh%é°%“’?‘ﬂ&§§§W§%‘ﬁ§}§ﬁﬁ m ¥g§¥&&:§{g the foe
defi ned WEE*% RvEraf) i ditionially, if will kesppeeciated that, while the order of sensing and\O
01/ 20962 yUSOOI 25360 W G ai m 1. A cooling assenmbly for cooling a heat
sour @ wi tdecisionmudkingcontmitiutes tg@lm;ﬁﬁig@@f.oﬁhﬁsmm,émtb&mﬁwtb@nf i gur ed
to e ect asgoﬂeno(iftfemzﬁ%n on® oruenxampt 2 e, %‘ﬁ temperature and pooling can be sensed prior

to any comparisons. Likewise, pooling can be sensed and compared to a reference

value prior to sensing the semiconductor (or other heat-generating device) temperature.

From the foregoing description, it will be appreciated that the present
15 invention provides an accurate, reliable and cost efficient spray cooling system. The
system includes a sprayer configured to deliver cooling fluid to a heat-generating
device in limited increments. Preferably, the sprayer is thermally driven in a fashion
similar to that of an ink-jet print head.

While a particular form of the invention has been illustrated and
20 described, it will be apparent that various modifications can be made without departing
from the spirit and scope of the invention. Thus, although the invention has been
described in detail with reference only to the preferred embodiments, those having
ordinary skill in the art will appreciate that various modifications can be made without
departing from the invention. Accordingly, the invention is not intended to be limited,

25 and is defined with reference to the following claims.
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cooling fluid on the heat source in response to a control signal; and a
controller figured to send the control signal to th taI
sprayer .&?;'ﬁ%@i cooling assenbly of claim1l1, wherein tﬁéﬂﬁ@ﬁgﬁgnt al
sprayer conprises: a body defining a chanber configured to hold a vol une
of the cooling fluid, and defining an orifice in comunication with the
chanber; and a heating element in thermal comrunication with the chanber,
the 5 heating elenment being configured to vaporize a portion of the

cool i ng w g@ held within the chanber; wherein the orifice is configured
to direct"% ‘ng fluid fromthe chanber to t he heat source upon the
heating el enent vaporizing a portion of the cooling fluid held within the
chanber. 3. The cooling assenbly of claim 2, wherein: t he body incl udes
athin-film sAlloeolmgasanblyd‘obmdhnggheafmundmibbasodmgﬂmd; comprisimgit are

formed adjoining one side of the thi | m.substrate by, the ba ng; 5 the
orifice is a pass&§dng WPH?&BWF¢W§%§PF“&F@“ ‘gﬁld’m‘ﬂ?g ﬁéﬁtl ng

el enent | ' ly of claiml1,
wherein ioéﬂigkmfl Prelﬂ%a éag.?r%%h %eé'? l;egpg%(&) %%&%fwgms a single droplet of
cool ing fluid. Thiascéitestler Idaﬁﬁgmmt&eakhmmﬂol Isignal td thelincrementall | 1111111

l 11121111121112121121112121111211 * M'S W01/2090 PCTJUSOON5360
5 sprayer.
2. The cooling assembly of claim 1, wherein the incremental sprayer comprises:

a body defining a chamber configured to hold a volume of the cooling
fluid, and defining an orifice in communication with the chamber; and ~

a heating element in thermal communication with the chamber the

5 heating element being configured to vaporize a portion of the cooling fluid held within

the chamber;

wherein the orifice is configured to direct cooling fluid from the chamber
to the heat source upon the heating element vaporizing a portion of the cooling fluid
held within the chamber.

3. The cooling assembly of claim 2, wherein: )
the body includes a thin-film substrate and a backing; _
the chambers are cavities that are formed adjoining one side of the thin-
film substrate by the backing; .
5 the orifice is a passage through the thin-film substrate; and
| the heating element is a thin-film resister. ‘
4. The cooling assembly of claim 1, wherein the incremental amount of the cooling
fluid is a single droplet of cooling fluid.

is Sheet Has Been Replaced
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5. The cooling assenbly of claim1, wherein the increnental sprayer
conprises a piezoelectric nozzle. 6. The cooling assenbly of claiml, and
further cogpobirfbey a heat exchanger configured to cool PaRUSYEA¥RNSE
cooling fluid that was vaporized by the heat source after being ejected by
the incremental sprayer. 7. The cooling assenbly of claim6, wherein the
heat exchanger is a'roll bond panel. 8 The cooling assenbly of claimi1,
and further conprising a reservoir configured to.provide |iquid cooling
fluid to the increnental sprayer. 9. The cooling assenbly of clajm1, and
further compri sThecoalingzasenbly bicigim 1 cohdreigukeincrementsd SpiNer OFRISAS2
cooling f lyid that wa vapori zed by the heat source after being ejected
by the i ncPagReplestnc Faﬁer; a reservoir configured to provide liquid
cooling fluid to the increnmental 5 sprayer; and a punp configured to punp
liquid cooling fluid fromthe heat exchanger to the reservoir. 10, A
cooled cirquit lparc@olin®aseindlynef clain dj and fitrthen aoniprisingeaiheatrexghanger devi ce

nounted on the circuit board; and the cooling assenb] f claiml
conf i gur ed coofigured to emlgedrpmmlmgélmmag&as m@%ﬂg&‘ﬁ%ﬁ%ﬁt Sqycq 1
01011111111 @1'1211111 1 Been Repl *CLMS * ~1 WO 01/ 20962
PCTI US00/ 25‘%65%?&5 ejfﬁ{?di’gdﬁ%ﬂmﬁqweg@%%gg’d of claim 10, and further
conpri si ng:

7. The cooling assembly of claim 6, wherein the heat exchanger is a roll bond

panel.

8. The cooling assembly of claim 1, and further compﬁsing a reservoir configured
to provide liquid cooling flnid to the incremental sprayer.

9. The cooling assembly of claim 1, and further comprising:
a heat exchanger configured to cool ati_d co.ndense cooling fluid that was
vaporized by the heat source after being ejected by the incremental sprayer;
a reservoir configured to provide liquid cooling fluid to the incremental
5  sprayer; and -
a pump configured to pump liquid cooling fluid from the heat exchanger

to the reservoir.

10. A cooled circuit board, comprising;
a circuit board;
a semiconductor device mounted on the circuit board; and
the cooling assembly of claim 1 configured to cool the semiconductor

5 device.

_—
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a heat exchanger configured to cool and condense cooling fluid that was
vapori ze sem conduct or device after being ejected by the
increnenﬁ%?xgéggyer; a reservoir configured to providé‘?ﬂ&ﬁ?ﬂ“@boling
fluid to the increnmental 5 sprayer; and a punp configured to punp liquid
cooling fluid fromthe heat exchanger to the reservoir. 12. A cooled
.circuit board assenbly, conprising: a plurality of the cooled circuit
boards of claim 10; a heat exchanger configured to cool and condense t

cooling fiuid . | - ] , devi ce of each of

t he pl ura‘#ty%actgg%@zcér °§?ﬁ’§%¥%&§¥‘d§&%§a§ﬂ%ﬂgﬁﬁ§{“§; ected by the

i ncrenental sprayeahest éxehfigéptanfipardd t6 ¢osindRoRddist 86olingdiidtHapgki Ny f ! ui d
to the increnental sprayer of each of the plurality of-cooled circuit
boards; avaporzes ythe semicgnduaton devingrafter bejng cjected by it incremental sprayére heat
exchanger to the reservoi{ﬂnﬁ-& 'I;he co‘geloﬁd .ﬁir Ui t bagrﬂ&assenbl of claim
12, wherein each of T¢fEYH gifed 19 provide liqnid cppling fluid fo fagancremen@ls 4 r ol |
bondspanelpriepidngured to cool and condense cooling fluid that was

vapori zed by the sem conductor device after being ejected by the-

i ncrenent al spr ayeaputhp corfigertd toipurhp liquil icooling fheid fromothe beat exohgirgesi ng:

ej ecting an increnental anount of a cooling fluid onto the heat source

usi ng an PARSEERENPEY sprayer; and repeating the step of ejecting at tinme
increments. | LI~ FEEErE reer rrer” 1 1™l 17 This Sheet Has Been
Replaced C LMS* LILIILEIEIIT22biiil il W 01120962 PCT10SOQO 25360 15.
The met hal2. of Acteuled dificuivbeard asseibly, comprisingspr ayi ng conpri ses:

a plurality of the cooled circuit boards of claim 10;

a heat exchanger configured to cool and condense cooling fluid that was
vaporized by the semiconductor device of each of the plurality of cooled circuit boards
5 after being ejected by the incremental sprayer;
areservoir configured to provide liquid cooling fluid to the incremental
sprayer of each of the plurality of cooled circuit boards; and |
a pump configured to pump liquid cooling fluid from the heat exchanger
to the reservoir.

13.  The cooled circuit board assembly of claim 12, wherein each of the plurality of
cooled circuit boards includes a roll bond panel configured to cool and condense
cooling fluid that was vaporized by the semiconductor device after being ejected by the
incremental sprayer.

14. A method of cooling a heat source, comprising:
ejecting an incremental amount of a cooling fluid onto the heat source
using an incremental sprayer; and

repeating the step of ejecting at time increments.
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providing cooling f luid to a chanber defined in the increnental sprayer;
energi zing a heating elenent in thermal comunication with the chanber to
vapori ze avparwdaan of the cooling fluid within the chanBeTUS®2568rei n t he

i ncrenental sprayer defines an orifice in communication with the chanber,
the orifice being configured to direct cooling fluid fromthe chanber to
the heat source upon the heating elenert's vaporizing of a portion of the
cooling fluid in the chanber. 16. The nethod of claim15, wherein: in the
step of providing, the chanber is a cavity forned in a hacking, the cavity
adj oi ni ng 1.t hiThefméthod ofelnina 4, whereinghe step of spraying aempHest hr ough t he

thin-filmsubstrate; and 5 in.t .step ,of heatin he hea |l epent is a
thin-filmresister. prmgmgw@mﬁgf@@%?m&b&{%@&gﬁh‘hﬂ v uﬁ%@g‘ﬂﬁﬂesi ng:

sensing (e Lerper ALyt fle dHIGHHFALBRY HRmal BRSO igbir (e

sprayed cooling fluid; nean ow rate of cooling fluid
ej ect ed byitvagoiincd portioh alf theccopling flaid withindhechdniber;sensed tenperature of

t he heat source and pooling of the_ sprayed_ cooling fluid. 18.. The nethod
of cl & m 17, wherei mkmmemrmmmaﬁeridsﬁa@jangngawcamqmnm@
frequency wt I ch the. step of g]ecking.] e Em?m od of
claim 14, %éﬂg\ﬁﬂ%ﬁ’g@ﬁ%ﬁﬁcgﬂgg?%ﬁégﬁg&igéﬁJ gta%‘ggvﬁm’o%xﬁmg rgglfjééncy t hat
varies wit b4 HfeAcafife SEmBRG Vaperifihg bhepsrioa e thewoolmgifiuid ui d.
11t ~ 111%5%3?%@1%1198% Thi s&;ﬂ%eet Has Been %%& aced 1f ICl WO

01/ 20962 POfht/ehiR5360

=

16. The method of claim 15, wherein:
_in the step of providing, the chamb;:r is a cavity formed in a backing, the
cavity adjoining a thin-film substrate;
the orifice is a passage through the thin-film substrate; and
5 in the step of heating, the heating element is a thin-film resister.

17.  The method of claim 14, and further comprising:
sensing the temperature of the heat source;
sensing the pooling of the sprayed cooling fluid;
adjusting the mean flow rate of cooling fluid ejected by the incremental
5 sprayer based on the sensed temperature of the heat source and pooling of the sprayed
cooling fluid.

18.  The method of claim 17, wherein the mean flow rate is adjusted by adjusting the
frequency with which the step of ejecting is repeated. ,

19. The method of claim 14, wherein the step of repeating is conducted with a
frequency that varies with a sensed indication of pooling of the sprayed cooling fluid.
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20. The nethod of claim 14, and further conprising: sensing the
terrperaturg) ?f he heat source; sensing whether pooling is occurring; and
varyi ng t W °’?'@éﬁjency with which the step of repeating CINEF % ed 5 .
based upon the sensed tenperature and the sensed result of whether pooling
I's occurring; wherein if the sensed tenperature is above a previously
determ ned nmaxi mum tenperature and the sensed result of whether pooling is
occurring indicates that pooling is occurring, the frequency with which -

the step of repeati i pondyct e 0 is varied downward in the step of
varyi ng; hd @Pﬂgﬁf’?i‘ﬁgnggﬂ?&ﬂ@éﬁﬁ)mﬂ s above a previously
determ ned rmaximnu result of whether pooling is
occurring indicat eywegﬁ?%ﬁgfﬁgﬁgﬁﬁgﬁ ng, the frequency with

whi ch the step of @ama%whahéﬁpo&QQQQGMgmari ed upward in the step of
varying. 21. A nethod of cooling a heat_source, conprising; spraying a
cooling fluid ontovatyingtet fregeney withewhichgthestephefr repedfinignly asndueted spr ayed
cool Lng fluid is ogcurring: and. varyg the flow. rate,of the rayi ng
based s pdimsehatrdn 106 dented femtitapoetand Bt deded reili G et BoaRRE 3 "9,
The neth sf-aim 21, and further conprising sensing the tenperature of
the heat source, wherein, in the step of varying, the flowrate is also
varied based upon whereis éfithedsensed éeraperatere is! abive jal previonsly( deterntihed 11 1111
cLsis max.lmhI 5 %m@@eteetmpt?a%ur%eagﬁ ﬂ'x%e eln‘sfjlecde r%sult of whether pooling is occurring indicates

that pooling is occurring, the frequency with which the step of repeating is conducted

10 is varied downward in the step of varying; and
wherein if the sensed temperature is above a previously determined
maximum temperature and the sensed result of whether pooling is occurring indicates
that pooling is not occurring, the frequency with which the step of repeating is
conducted is varied upward in the step of varying.

21. A method of cooling a heat source, comprising:
spraying a cooling fluid onto the heat source;
sensing whether pooling of the sprayed cooling fluid is occurring; and
varying the flow rate of the spraying based upon the sensed indication of
5 whether pooling is occurring.

22. The method of claim 21, and further comprising sensing the temperature of the
heat source, wherein, in the step of varying, the flow rate is also varied based upon the
sensed temperature. _ '
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