; e3enmhhi dj LHkI 6mTnnmdpD  BACKGROUND OF THE | NVENTI ON devi ces and, nore
particularly, to a spray cooling systemand a nethod of using the spray
cool i'ng systemto cool a heat source. This invention relates generally to
cool i ng heat - generating 5 Wth the advent of sem conductor

devi ces mmmlmgmﬂlmﬁ”wam ngly large 10 conponent densiti es9 Mdreh 2@4oval of
heat generated by e devi ces has becone an increasingly challenging

t echni cal i sS%&¥" Furt her nore, typi cal processor boards can, in sone

i nstances, include nmultiple CPU nodul es, application-specific integrated 4
circuit static ra RAM, as well as a dc-do
converti’"’ﬂ"”%ﬂﬂ"’”lﬂ’”’ﬂks can be l‘aj’gg([?&?g%mggggﬁ%}%heat-di ssi pating surface
area of suchkgglgvi ces. However, heat sinks, and their interfaces to the

cool ed devices, can provide ' interference in the heat flow, and can | ead
to uneven cooling. Known BACTKOROWNDIAE TiHE IS¥ENIdIOMIct ors i ncl ude
free-flowng and 15 20 forced-air convection, free-flow ng and
forced-1iquid convection, pool boiling (i.e., boiling a liquid cooling
fluid off of a sub ' ' ' : iling.a liquid
cooling fluid of f gﬁtggg‘é@?{éléﬁgéelﬁtﬁggg‘@%ﬁ %C'ﬁ%?’hé?ﬁsetéﬂ“? °Ji}b‘?{.)‘g%$e"é e

l'i qui ds tygdeviatd and) e pattionlarlygt@nisplagabolig Yk aAdhinithod 6E8dng @iid er two
met hods SPRAY COOLI NG SYSTEM 9 March 2004 provide for a high heat-transfer
ef f i cilencySPTaY §eRImgsystem torepol gligat sousceof heat at a constant tenperature.
Typically, the cooling fluid used has a, relatively |low boiling point (the
tenperature to maintain) and is inert to the heat source. For sem conductor

devi ces, FED. CIR - &gihithe- ' dq&y r i: i.s._one of

a nunber of known su@%ﬂa}bqlg aéiggﬂlnt{‘%b%hlﬁéé?d&@%l_ ﬁf@qu@g%&%% 488~. 1

1999- 0910 ecéomprateatienlitids| tled removVARLE 6O 4bnerated\Vby i 20hces THie besemefant hese
hods is limted to a maximum5 10 15 power density,

boi l'i ng/ va oriz,inf;rﬂg 1m )
the criti cHcraagiagly shallengipg rechnicahissiee (Fugtheaneree typicah progasser boards ¢8n) i ng

fluid f | ' af t h [ f the.Liquid i
Flud, enos SERRRE, ihehb gl CPU NBAREY BhichRlk Gt Mg ' ™
gr eatlly. Tﬁtaxi@gmsgv,rmamﬁb;aﬁ@mdceg hé&nés (BRANI)) ds wi §6a dc-a0 ebivtrtel S
properly s&raye , It can disperse such a vapor layer, and its CHF can be

wel | over Hpatsinkscanbemsgdito indecasé tiedreat-tissipating Sbifacefarea pbsichdeiviceng
system Thi,s hi gh i§ reliant,on having a uniform spray. Thus, spray
cool i ng pr ggﬁyﬁy hglfjgﬂla‘és apfe sl".t%"?‘f‘ieéit@nfhecﬁB‘PlFﬁ GVEficSa cﬁ’éaﬁfﬂy@%er' ating
devi ce, Suﬁ&ré?e&eﬁfﬂe;lﬁe)é&@'ﬁ?%ﬁ?%&'@&iféﬁdtoTXxEHvEﬂlcl)éﬂin current sprayer designs

enpl oy either pressuri sprayi ng or pressutized gas atom zing. A
nunber of factors affect the performance of spray cooling, thus affecting
the heat transfer cogefficient h and/or the CHF. It is commonly understood

that surface roughn&8d@vanepalingiraetheds fpr semiceadugiprsyiaclude fiserftowingaadt wo of
thra - fSfetu i Codvaguh, L AbAR G forieantepif SEnEHER mel BbEingiieur  aces
Ghs 2t o 2o e A e I ) i Shia R fial 188, o' 10
mar gi nal ibedlingaliquid cooling fnidoff of o devins being sprayedmiithahé lquidhoBecquses t he
controll eqiq%PcPsl gy%%tah)cl) %a%]; a2 ig%xSIatent 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.
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the lLiquid cooling fluid in a desired distribution, flowrate, and

vel ocity. For exanple, at a low nass flowrate, CHF and h increase with the
mass ‘fl ow rate. However, at a critical mass flow rate, the advantages of
increased mass flow are dim nished due to pooling and/or due to a
transition to single phase heat transfer. , Thus, a spray MaohR0® systemis
preferably operated-uniformy at a mass flow rate defined at a point before
the critical mass flowrate is reached. Al of these factors nake critical
t he design of the sprayer, i. e., the design of the nozzle and its rel ated
spray devices. LN L T Raval ey .l =29 2. pLi W i on
WAH. 69744 9 I\/archq%%ﬁs zggggmortgg#%lﬁéeggg% ?sn}gu%%{f/g?%%q%%@ﬁgn isits
oper ating pewprdausity,she Eritical heattflux (CHFE). iAlt highepddiisitiab) the Vapoiizel 'bﬁél[r% the
systemto gperate at a high h, which will occur with a design tenperature

above the Huid fomys acvaper bemies inswlating the device from theuliguid eabling fluidjthusout t he
sprayed coofant. .The unt of heat to.be dissipated nust he | ess than the
e For e 480 Sl IR perafire 0 s debisade Gichemst cronlyr Jhiseheagmapomis

requi rses 1 I, i i i ressure
o pupt hTRRE Bs PRetind\Wherbk it SHOBRYY S BledP ) BSp OB a Vit 7

di stri but i biyemadd its€CHF can bewellafvet he ofder af arighiters Idghethah ACHRioF &
vari ations ir] e driving_ pressure and/or small variations in the nozzle

t . - .
const ruct i BYP b‘?ﬂ%, systgm. cBus high YR isgalians oa hgwingatuniform sprayoThns, ispiayy
expensi ve j n. a chal len tq.control . For gas,atom zjng,
consi st ent 9&2%1%?) F%Pﬁ@%ﬁ’@’&@?g P}FJHQSZ&{’I&%& °%&B\839%%}Ha£'8an°£%‘%b€a%evi%ai“°hs
del i vered i sengBbdiltestHedRel 9N in a precise manner. Because the gas nust
be pressurized separately fromthe cooling fluid, such systens are not
typically closed systenms. The gas nust be bled out for the condenser to run

ef fi (ii ently. Furthernore, both the distribution and the flow rate of the
cool il f1uid can cHIMiRUY; Cwrrent, spaaYes rissigns iemplow Sither pesserizethliguidt he

i i Lhl . Dot iall ' devi t hat b
o Chal T enadr o Br freS A b BER RblrBet o AERROTE P U Rl Pttt ™"
accurate, spedy ebdlingamishsCafféctiaf thé hedt ®asfeRIoRIGaR! A Bﬂd@’%ﬁ@@HFThﬁ ipr esent

i nvention satisfies these and ot her needs, and provides further related
advant agescommonlyunderstpoditaesurfaceraphresasd wetsilinaf thdspra/eBabmpbnent

lieuio . 69344 9 March 2004 SU Y OF THE. | NVENTI ON The present
f\g\pl)e nt i onr‘bﬁ%{\@g‘?ﬂé Sy f@ﬁf’g‘y Be PRgntafen ghthe surfacs deingspaayed gan %Eﬂg@; )

enbodsnmentg icOTHr Cifiste e ted thidi A i , iablli or cost
efficiency. pgr?bcomc}ilr'?rlglnt S Sf thgﬂ}i{lﬁv g{e?gcﬁ‘il?%l cai F%S Y%ﬁ%@gé Jélhltel)"(‘c’rlugir}gmsnt al
sprayer 5 liguid spuayednd dorjsmobtlasurfaves avient adinggasi atomibirighe Saadesngith | ui d on
t he heatvﬁfurce. The .¢ooling fl :Illi dis spra}xc/igd in response to a control

si gnal , egreased wettability appeardp hayes mageinaldnererssiindr . Advant ageously, these
features provide for accurate delivery of cooling

Critical to consistent, controlled cooling is the controlled application of

the liquid codling fluid in a desired distribution, flow rate, and velocity. For example,

20 at a low mass flow rate, CHF and 4 increase with the mass flow rate. However, at a
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.
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fluid at precise and controll able rates. The technology for this type of
incremental 10 sprayer is well developed in the ink jet printer arts, and
it is relatively inexpensive to manufacture. Furthernore, the design can be
nodul ar, offering quickly and easily replaceable units. The invention
further features the use of thermal ink jet technol ogy i Mash@@ling t he
sprayer. In particular, the enbodi nent of the invention may have a body 15
defining a chanber configured to hold a volunme of the cooling fluid, and
defining an orifice in conmunication with the chanber. A heating elenent is

in thermal comuni catyien; fpﬂ{t @(ﬂ‘gﬁr kS G i ize a
portion of the cooli rfggﬂdé}?& eF@h&\Pt I sﬁ@&?zﬁ%gﬁg%g@ it§@%§g@gé'

conf i gured Impatieutar itisdedinblé tosohfigurtit bystahasrbperateatuiidgibabhishwille upon
the heating el enent vaporizing a portion of 20 the cooling fluid held
within the m&admmtmmmmgpv@habomhg tenypevatirieand beloved temperatiire
delivery of ,the.cooling fluid,to the heat sourge. Sqne,.kno i nert cooling
hui de. havetiol €T onESe sHiRvERFFORRE I HIOUSt GERHOHS disvRaNmISbe {688 | nk
and the i nkphineSEERYErs are typically adaptable to use with the cooling
fluids. Furthernore, unlike typical ink jet ink, cooling fluid does

LA3: LQI\OTt -t ER\V121074883. 1 Pat ens Application 1999-09-10 ~4- WAH- 69344

9 March 2004 not contain particulate matter that can clog the system Thus,
the systemis both r&Prpassuraragsisted spraymgceansistans, epagioled spraging seqwines on

further fe r .l ection _of increnmental anpunts of ool iyng.fl.uid on
Lhe heat | ooott 6 mdydhigh SR ofin Mift SERRAC s OB DG sl By SR iiiquid O
time incre i r I G i : i n be
varied to m‘gl atEl t?tezafﬁf gsvélf?aﬂt e ){ogglr?%g%ttéis'rrg()ﬂ?g}/ée %‘?ﬁg&ggﬁg‘fﬁ‘?ﬂﬁfﬁg
controlled ersprayert liqujd cantchamgedwitle watigtioms in thii drixdhg pressure ahdopsmali ur e of

t he hegt source and the anpunt of pooljng of dry-out that is occurring, if
any. $ﬁ| s cHRapPH Iy ef%%p??ﬂm%@‘bogﬂl‘% ®CoQling: AYSIYR d§ @Senyihvernd
features a : ,M}-&' venti A pparent fromthe

foll ow ng Q&tal gg%ggégis%%gl on %?t faﬁgeg‘&e el!?“lrl egggcﬁgga?rrent s, taken in
conjunction with the acconpanyi ng drawi ngs, which illustrate, by way of
exanpl e, the principles of the invention. BRI EF DESCRI PTI ON OF THE DRAW NGS
15 FIG 1 is a schendef gasatgmizinghcensistent,sfontrolesbspraying sesjuires apriossiyizedy
features of tﬂgatggcg?ent di nventiﬁn. EJ?G .2 1S a cross-sectional view of a
sprayer for8% IVe15d 40 aspravPead designiin @ prepise manner. Peeause thegas must * anay
perspect i Veye\Wredsuls j eahpd ; i sented
h F G 1 e e R el ef At o P LRI BB

FIG 33 LA3yst€hs OThERASTOdtHb14863: for tHeBn8éhsdOto-ran efdianly. Mipthefraéreon
WAB- 69349 b&&%%rch,é(})o4 FIG 5 is a cut-away perspective view of a second
enbodi ment distr) tiqnyand 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 existed 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.
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systemrepresented in FIG 1. FIG 6 is a cross-sectional viewof a third
enbodi nent o the cooling systemrepresented in FIG 1. 5 FIG 7 is a
control system bl ock diagramfor controlling the operation of the

enbodi nent depicted in FIG 6. FIG 8 is a control system bl ock diagram for
controlling the operation of the enbodi ment depicted in BiNarch2003ETAI LED
DESCRI PTI ON OF THE PREFERRED EVMBODI MENTS 10 An enbodi nent of a cooling
assenbly 10 for cooling a heat-generating sem conductor device 12,
according to the present invention, is schematically shown in FIG 1. The
assenbly includes a one or £ \2é;i a2k ‘Bl 14 for spraying an

i ncremental anount of a qu:%—%ﬁrﬁm, erably froma
reservoir 18, onto the sem conductor device to evaporatively cool the

sem conductor device. The 15 assenbly al so includes a heat .exchanger 20 to
extract the heat fronThépresempmviention proidesq spraycoblingrsystehefoebgolinggliefty or

condense it. The assenbly further includes a punp 22 to punp the liquified
cooling fl L SRIEG R admedts ef Qﬁ@iqadu%w%\@éwwe%gpﬁyﬁy anglfgr|cest

i ncrement al . . C : L

i nvention cgﬁp‘{%g’yﬁz%%ﬁS‘?\‘R%ﬁ’ﬁe‘?p&h?;‘Eg&?g“ﬁﬁ&@ jﬁb{ fe%i‘g% P@tlﬂ‘é%g%ﬂfai] %g’ayef

t echnolSgy, configurédtoj€st ar iRedrhértal KEMER bOHY cooliry fluilioR2REh&E Sdiire. Mz ! €s)
they are preferably based on thermal ink jet technol ogy. Exanples of this

t echnol ogy &ealing fiitid ésspdayed im cesponsestolarontralisigral, RvAicEiveny athe spragatbynt
APpti eetion moé). io -6- wns.s93e4 9 March 2004 U.S. Patents, including
Nos. 5,924, 3§80 911,%00, 895, and 4, 683,481, which are incorporated herein by
reference. Qther thermal ink jet technol ogies can |ikew se be appropriate
for use with this invention. A highly preferable cooling fluid for use with
a thermal increment al Advantageously, tBédeHeatares peovide fohacdurate delisérywf estdingabl e
to existing,5 thermal ink jet technol og%bbecause it has a viscosity and

boi I'i ng poi HRidsatprecise and controliable rates. nikhe teghnlegy for fhisctype of Hcrresntal

printefps. W i.ch, jctsg.two.si.npli.fied .exenplary
i ncr ererleoflt a?/!ﬁg %%%%ﬁ%?ei&ﬁ%{ﬁ%?wiy C1s g’@% %25 Fﬂ\é\?ﬂf‘é‘gﬁgﬁ%?%wf% hanmber
30 for receindhificfrd) PdRh&iibre)atle RIRSizh ¥an Ve hbdul&0dkferitg 'quitidy anfleailpeat er
32 for vaporizing 10 a portion of the cooling fluid, to create the pressure
to eject anreplase pnd$. anount of the cooling fluid through an orifice 34
that directs the ejected cooling fluid toward the sem conductor device |2
(FIG 1). The orifices are forned in a flexible polyner tape 36, e.g., tape

comercially avail ablﬁealﬁvéﬁ?igg%rtﬁé\p fodfdSes th Bﬁ%gﬁ%ﬁ%ﬂi&gqg‘%n&g. dto a

back surface 38 of the tape Is asilicon s aming the

heat ers 32,ddsignitgtht sprayed In paiticilyahé ymbodimentiditeciniéntiod mhyhsveibstr S.
Each Hgater eig,s]-“é)tﬁ)refer bly | gcated on a side of the chanber 30 across from
the cHamberd § 4 chamber configired do hold aivelump o€ thercoplipg fluidiand definingaed i nt o

th hanb il .acti . i t i | . ink et .t devi .
A comput or 1 ST 3R coutbni o Vimothe) Shanlfte: S heioRneletént S g dhemiay ¢ e
portion of donememeAtidtiowithuhe chdinde£Nind B donfighteaits rvagrglﬂ%%— ?e%%i‘gpfl? F%‘Ztﬁf]w q

cooling fluid expands, expelling nost of the~ non-vap
out of the @ofing ;dh%wv&mye chamber. The orifite is configired to diptattoolgfhndi ng on

the config i of .th rayer. the incr ntal ampunt of the f| ui
sprayed frol*%n ﬁlgg%mlﬁféfo @%&F SSQI‘?erPR%gﬁ? E%PSFICQ‘%tH@W&?)P@FPHB in
the fQom OfthéTﬁéélh@ﬁuiG’}{ém&itﬁmeh&ﬁtf‘r dropl ets could be produced by
multiple orifices 25 related to a single heater, or by sprayers having

| arger chanber vol umes and appropriately shaped orifice nozzles to cause
the increnmental anoupt.of .fl Pi d to break LA3:fj.C3 \ZI ~R\ TaG 21074883. 1
Pat ent Application sgedue °gy§°9ﬁ‘failb{ ppoides 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

=y
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into . droplets. After the chanber has been fired by the heater, capillary
action again | oads the chanber for a subsequent firing. The liquid spray
fromthe incremental sprayers 14 can be highly controllable. For exanple,
by increasing or decreasing the frequency that the sprayers 5 are

energi zed, the flow rate can be accurately adjusted. Furt9dabh2@)4 because
the sprayers can be configured to deliver very small quantities of cooling
fluid, and because a | arge nunber of sprayers can be fit into a snmall area,
the heat distribution over that area can be accurately controlled by

energi zi ng t

cprayers. 15 Cfh SpSoBe et i Gl Pl ST, [ORE, Wk 8 86 |
provi di ng tdlableealdicegt éfficidht toddstpm. | ncrement al sprayers 14, the reservoir
can be configured with a spring assist nmechanism42. Alternatively, the

reservoir can be positioned such that the cooling fluid receives a gravity
assist in flowing tq.,the sprayers 4. In addjtion t.o serving as a source of
liquid cooling flui g‘:hetlﬂé(e t&“eﬁvg?rrfeéq“éﬁ @EF&?E@OQ lgéfﬁa’rea@égawyﬂtj CTIES

| eavi ng t hgo iR RIS B - il ( a?nﬁ S ' ' he
reservoir or )?lg sorrghct)lt1 ﬁle%dt;%%l?tﬁf’odr%ﬁ{& t gﬁé‘@f& eréﬁ ¥ég’ &éﬁ%@gbﬁ? Jével

cont arfi nanbftimbicrements Eithaf therinéroefitad tifi® or thearROU cfodtelbtanttie vaRied
repl eni sh the reservoir 18, and can be a | ow cost 20 apparatus that does

not provi dt adjushithe flawgratetosaoptimablevelo Adie system cambe cmtroﬁod by monitoring,
Preferably the pu shauld bhe self primng renove trapped gas. The

preci se orﬁ‘g}erﬁef OF JRdis t?‘ecfﬁﬂppﬁfé"t‘&r%‘?é@? hﬁétrsoékcﬁnﬁf)‘ﬁﬁmt 0T °2urrp 22
could be p i I ‘ol np both
vapor's andr g go dnfbpl hal SRcqRhe TH ERRTHRS o prodle (A EhRiZE oSlfhgB P
reservoir tbedtdotreeel i m nated, and the punp coul d be used to directly feed

_the sprayers 14. The entire assenbly 10, including the circuit board, is
preferably a field-replaceable unit. LN LanpTf.|ERL1TQ12107488J.1 1999-0910

Fr 6193 ang 4 i ¢ Ogher S A advaniddes o o gentlon iiE bECHRE Foe, ©
devi ce) caftoretheofollogHhg Hetaled "dsEripiP 0N aRE JreflRtd CRINMMIBENS ABkeR A AI N

plurality of circuit boards 50 carrying heat-generating conponents 52 such
as CPUs, eefiiingtion with the secompapyiog drawibgs, michollnsteate, by veayiefekahplegth®4. 5

I ncrenent al . spraye 56 are |l ocated adjacent to the conmponents, and are
configured"Pgfgﬁ%gaifﬁEW3WWﬁonents with a cooling fluid. The conponents and
sprayers are enclosed in a conpartnent 58 that prevents vaporized cooling
fluid fromescaping the system A roll bond panel 60 serves as a first heat
exchanger, condensing sone or all of the vapor. The roll bond panel is
formed as a wall of the_sealed conpartnent. Suitable 10 roll bond panels
can be obtai ned from SHBELRESCRIPTION QF THEJARANWINGS yo, Japan, or from
Al goods, of Toronto, Canada. A suitable | ow boiling point working fluid,
e.g., 3MFluorinert, is carried within fluid channels in the roll bond
panell5 Al ternafFi@el i4.a s6BEMb etat # ohol
could be used. A second heggggggﬁgﬁggéygg?aﬁ%@%ﬁyﬁgﬁ%gﬁggyﬁgfgﬁggﬁkpbond
panel ) is theprespnidrvensioner nal |y fromthe circuit board conpartnments 58, and
provi des for the additional condensing of vaporized cooling fluid. The
second heat exchanger receives the cooling fluid, which can be both liquid
and vapori zed, FIG. $NERR6ATS R i | d1; t he
cooling fluid hasqgggﬁﬂ?urthgﬁﬁcooﬁéggg¥ﬁt eﬁggé%ﬁgﬁﬁgg?&gQQﬁ%ﬁé%ﬁafa
commonl y #mBKadl.punp 64 delivers the cooling fluid to a coomonly 20 shared
reservoir 66, which in turn returns the cooling fluid to the sprayers 56 of
each circuit board. Wth reference nowto FIG 5, the entire cooling system
can be incorpo id B b .CLL 7 Th jrcuit
board assenbl yF{/i\n}'lesljlgt 5%?53?"? [blg}r?gfgu%‘yee ﬂg%t&gégﬁgsrt %{Qﬂl% ﬁga‘é%ﬁwgn%ﬁ@ such as
CPUs20 nousystem oepresentectin FIG3. board 74. Increnental sprayers 76 are |ocated
adj acent to the conponents, and are configured to spray the conponents wth
a cooling fluid. The conponents and sprayers are enclosed in a seal ed

A3, LOAOTFLERI TS DT e T it R R Sl B TIG: Suiant 6344

LAYLGNOTHER\TGG\21074883.1 Patent Application
1999-09-10 -5- WAB-69344




9 March 2004 5 escaping. One or nore roll bond panels 80 preferably are

i ncorporated into one or nore conpartnent walls, and are configured to
condense vapor and release it into a collection reservoir 82 in the bottom
of the circuit board assenbly. The pool al so receives non-vaporized cool ant
that drips fromthe conponents. A punp 84 punps the cool i9gach@0@ up into a
mai n feed reservoir 86, preferably being above the sprayers, which provides
the cooling fluid to the sprayers. As an alternative to the reservoir's
bei ng | ocated above the sprayers, which causes a gravity feed effect, the

reservoir coul d y rRQrad ¢ - W pr I a
spring. GCeneral |5@%&3%‘%13%‘@8:5%{3%@5?%%\?g?§§g§(ﬁlg%%?@#fﬁﬁgE%(ﬂﬁ}gl on at
10 15 opt i neysterd fdpeesented. intRig. gprayers' nmass flow rate (rid should be
adjusted to avoid having the sem conductor device becone either dry or
imersed. This rate is controlled by having a controller adjust the rate
that the thermal,jets are fired. The opti mass .fl ow fate can change as
the heat flux off Ibhg l§é‘rﬁr8§§ﬁ§ﬁ%?‘@1 VMB&%%E@BQ@W&QES‘F&OO&E&WW | er
to correct! yepfRBite®in Ffts rBss flow, parameters of the sem conductor device
and/ or cool i Rg system need to be sensed. To determ ne whether the mass flow

rate is at an optinal |evel, sensors 20 can be used to track one or nore of
the system paraneters. The tf/pes of paraneters that are available vary with

the type of systfdth diprspatrol systerehloek|diagram fon sontzelling thehapegation f thet er nal
to the chan;fmg e.th I A occurs, then the liquid and the vapor can
be renoved roﬁ@ﬁ@%ﬁéﬁﬁi&m'%gh separ ate passages (wth the assistance
of a resistive mesh to inhibit entry of vapor into the liquid passage), and

the mass flow of the vapor (nf) and/or nmass flow of the liquid (m) are

avai |l abl e to be FiGa8us adcontimheystem bidekshiagiam foptomvallih@iecopetatidicofhat
exchanger is wthin the spr chanber, such as in the enbodinent of FIG 5.

| nst ead, t HEWRPGRentdepicted M KGR n the spray 25 chamber (P,,) and the
sem conductor device's junction tenperature can be sensed.

LA3: LC3J~OTl ~RVTGG~-2t 074883. 1 1999-09-L 0 -10 Patent Applicati on WAH. 69344
9 March 2004 FIG 6 depicts a cooling system 90 having a heat exchanger 92

external to a spray chanber 94. The spray chanber contains increnental
sprayers 96 thakE ' FATHE{RR ERPR R BOdENRBODREENGSs 98 on a
circuit board 100. Depending on the tenperature of the sem conductor

devi ces, sone of the cooling fluid may vaporize, 5 and sonme nay run off to

form g0 pool 102. Vap i -8V r ssage 104,
Wi 16Ul d exi to v hodimbl o aeane ARGty 1048 el LRI ESRERIC ony
vapor fromsenicendunjor devide 2jiadcqrdingag ehe protdne ieatlon, s SehRMRBES]Y Seovin qui d

fromenteri, ngéhe apor passage. The vapor and |iquid are conbi'ned and
inserted i M HGHe ssemblyngladesoponegrinaore inoromentahspaayeanté forgpedyiegs t he

1157 wner o At Erciebferi o0 e oiopia SO ing Tufd b aidreranti omaresraiotbonian |y
usef ul systienyenitaitRicesrSdedee b &g%’(?ﬁﬁ'vélﬁ éﬂeg %ﬁﬁx&ﬁ%&l%«:‘g&j Hé@i?&: THe

t enmperature of the sem conductor i ces ( unction
t errpelr5at ur 85sembly; elpo dreludes: & heascexshanger 20 rto rextratththe hichiefromvthe &/apdHfedanbi ent

the spr ay TR wB TEb e HwE op Eonditsc i hergpspe eﬁlg?efglm(;rv Lisure
1 o : ; .

and the mabe P o, Gy RPLAER ERAkdd Bl peERIaRERR Ser Yo I B E B 1 ot e

sensors 118rayds.i n respective vapor and |liquid passages 120, 122; The

tenperature (Tso of the sub-cooled liquid com ng out 'of the heat punmp 92,
whi ch can be sensed by a tenperature sensor; And the 20 tenperature (T,) of

the liquid being reqehiethd¥miMa HPLRAYCI4 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.e., piezoelectric nozzles), they are preferably based on

thermal ink-jet technology. Examples of this technology are discussed in numerous

LA3:LGAOTHER\TGG\21074883.1 Patent Application
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Wth reference to FIG 7, a nmethod of adjusting.the sprayers' mass flow
rate' (rii,) 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
flowrate at an initial value (nms, init) This value typically would be
based on prior experience with this 25 system or wth sysMerh2004 its type,
but could al so be based on cal cul ated heat generations rates and cooling
rates. Alimted anount of tine (t) is preferably allowed to pass 124 so
that the system can begin functioning, and then the sensing |ogic begins
LA3: LGIWIHER\T 7 : n LbCatd 999-.09- 1-,.\WA8. 69344
9 March 205‘1}\ St ?%tgl&g’ %ﬁg Fil%g ?’%ngbgréoﬁg%gisysﬁ%gm%b%g?{é’ m¥@° and
moni tori ng inesrporitel KersinhyardfereideN DthBEtheMi Y& et BRRR0TERY chRliRewikdibe
particular, the tenperature of the sem conductor devices (T~) Is sensed 5
10 126, ancPPFp useyith éhis inventionieAilighly preferablelc28ling flaidsfet wsetveith

maxi mum val T~"+~. |f the result] sensor, val ye i s pelow the sel ected
maxi mum valﬁemmﬁwmﬁﬂﬁaﬁé 13 %&@ﬂ?ow”t Wi wﬁdm%& %P@Lgﬁaﬁﬂm&‘r s is
repeatgd. | i i . ; el ect ed
o i val g HERRE techflony BRAREH Hadh BN altoilifE BOGN il ERUF, h.
Pr ef er abl y oftthe ohks eyqticablyaised én irkRjet prterst | ow of the vapor (gynt) is sensed

130 and conpared 132 to a selected m ninmumvalue (ri~",m,~ to verify that
it is above that value m',m". The selecte-mininumvalue (ii~",m,~

typically would be b d riqr rience with this,sysiem or with
systens of its type,ﬁﬁﬁ} r%g{ﬁ%&e g?slﬁégg’ HggéﬂdmcﬁaMF%élﬁqaeﬁl‘ﬂﬁ@ﬁ@r ations
rates and Ge@kmBstal hf & : f . ' t he
sel ect ed .m ni mgn‘vals’;lfjrgferiS ’ZO&?h n pgg}c?%agcgisgﬁﬁgfé/ggpro Irgele%ah%ﬁg?@gr
sprayers' Meestving o prodatermired pottitre of thercoekiegifllidhnda keater2 foheagoeizigyr at ur e
(Tj).ld—bwever .ifwtdge nass l.ow rate of the vapor is not above the m ni num
val ue:’ t heft BREIN ofthe go &ﬂﬁrlmfln@ capate thepressurgye eject aminsremantal amount of

decr eased ' i stem.,s effecti veness, After the
sprayers' %s&?f’ g\?\lﬁ1 Eﬁ@g&}@ Q’l?lr? ﬁﬁg%&ﬁ@e R sﬁl%ﬁ?gﬁ?#%ﬁf%ﬁtwg%, t he
noni t or i ng s¢rficondidtarudReidey 298G N ) i W L i

sem conduct or devices (T~). E(It S%?P%o@%ic%%?g t atﬁtﬂég@%ghpg}?éa ®of the
sprayed suPfatg., tapecommespially availablenas KaptomiTyh tapepftomeBMeaCdrperation t he
accurate sensing of pooling, and that experinmentation can be used to verify
and/ or adjust the selected m ninmumvalue mv, mn accordingly. In the

al ternative, other sggsa I pe . ool ing .i
occurring. For exanple, {lﬁg%\?ﬁhﬁ?ﬁs\%‘?‘ggggﬁoﬁﬁﬁw fér:gt‘g’hé s@b@&f”@%ép is a
mor e 18i r ecconfiningzthe heatofs 3ghéii HerfopafindvidealBeéntigizB8le thin-film resistors,

LA3: LG\ OTHER\ TGO\ 21074883, 1 1999-091 0 -12 gdent Appl i udon WAB-69344 9
Mar ch 2004E#Ghcheater fspraferablyilosated onasidetof thy chamberadkacosss fiimutht chaynticr's

onchanger , 26 34, Lbditb i dsbort Btabfy 3% ahicatea ko i hambstbwpiy wi | b
the steps mion} it typcal e #qakjctdy S/ Edvide %?ou cﬁfécfc@_d%@rgﬁ&g(nﬁﬁhg’%\ﬁ}zsl

initial mass flow rate 142 at an initial va re~,,,; | ue
typi cal |y Sistateestthe heaterd vaperizingthe pertioatdf thre coatidg fhuidadjacenetothe henae Wi th

t hi s»gyst stens,.of Lits t , but.. it could be based on an anal ysis of
t errpgg at u?@egéﬁéﬁﬁ‘f"gﬁll}%ﬂg@sﬁgﬁ%rﬁ)%ogmehglgmsé themon-yaparized ferling fwid t i ne
(t) is preflﬁbﬁﬂic)’orﬁideokﬁﬁ’call iR rdi O arting the actions of the
sensing |l ogic, so that “the gys??ﬁ%éﬁ%e%&#%ﬁ%i oni ng, and the cooling
system can begi n sensing and nonitoring paraneters .

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

LA3:LGNOTHER\TGG\21074883.1 Patent Applicstion
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.10 and adjusting the sensors' mass flow rate. The tinme (t) is related to
the tinme constant of the system i.e., the tinme needed for the systemto
reach operating tenperatures. In particular, the tenperature of the

sem conductor devices (Tj) is sensed 146, and the resulting sensor value is
conpared 148 to a sel ected maxi mumvalue Tn't. If the redfuiMaichgo®ensor
value is below the sel ected maxi num val ue then no action is |I S taken, and
the nonitoring of paraneters is repeated. |If, however, the sem conduct or
devi ce has reached the sel ected maxi num val ue, then sensors are used to

det er m ne ifito e 1 LG I &g . g, @e vapor
pressure (P-~) Ri?ﬂ;btﬁg i%rrggg%%mn%rhagggésﬁﬁggw 1tgg(ﬁgn f’?g#ggﬁg%#n?gfg% a P
sel ect ed miloAdsithe chamber (02"a-subsequent fising.hat it is above the sel ected m ni num
value. To aid in the accurate sensing of the vapor 20 pressure, the system
is preferably configured with an internal pressure bel ow atnospheric

pressure. The sel ect i niyoum value (P~ ,0;,~ 1S not egsy to,cal.cul ate,
and is preferably deﬁ%r quléids%r%%?xga ¢ inciefrental spraysrs gf‘eeaéhbéalyahly in the
spray chanmbentrdlRbRb e ekdifipie SheimbRdsi 'P'é&kf?s | leRGral,Sr N0t @
problem and the spra erésﬂ'li‘p mas)§ flosvmggt% S o#ﬁggei%ﬁ?%gggglgggmﬁrﬁ to
reduce t heaieeansegizad, the (Iow) rattoame bemecirhtelyhadjustpdr Farthesnore, Bdadsd e ot
above the mni num vi)l ue, Jhen ling is occurring and the sprayers' mass

0

flow rate PRISYRIR Ca deconfigured F%gP]é‘@Sé’eﬂhéH@HdluaﬁgﬁQ%/Qf enolingefliud; tandeness.
After the BRiaade] B : - 1 £3~21074883. | Pst.nt  Appli cation
1999- 09- 10 ~alsﬁ%¢@§8§%ﬁﬁ9§yﬁtﬁh@ﬁ“éﬂ%§“ﬁ 853 E}eeh%éi% RBntal |y
adj ust ed, ever ket atep cani bel@yduratt R oRRBIEY &HdrdiSing Bk Yo ' nsing
the tenperature of the sem conductor dev){ ceggx(Tg). N@?gﬂigsg%a ral )Q/raQtI@t Wil |
be seen t h&eatshthas ghat of otheasprayeisndi cative of the 5 10 seniconductor's
tenperature, including direct readings or indirect readings (such as heat
di ssi pati on when the heat generation rate is known) can be used to judge
whet H6r the cool i ngyWish AR ; r -4 1) il een .that, any
sensor reading indicative o?e%g%ﬁl?%?@ulgﬁé glg d\}éﬁ%glfufof};@ &'gﬂ’%‘,"dﬂg&l}?d fl ow
rate, vapotoolingfkid to therinaehental sprapersd 4y grckeldrvbid ¢a8 belehfi@ired RALCLHO! | NY
woul d be i rovedswt%{ flncreasiggpor .decreasing the spray flowrate.

Addi t i onal YN8 pesishmechanasmAd, Alematively rthe resoivoirsan hepasttitmed stichethattherg and
deci si on rgki; I S e. effici enc f the sysie i 1. .can be
varied wit hFlnlﬁ?ﬁlngs]%e(rg%%g%g gr%‘gn% E%‘ﬁf‘? gﬂw%% 'g’ﬁzﬂ?fﬂyéfs ﬁ‘{)t E} petiper B ure and
pool i ng caervirg wensettenfiliqnid oRAY IRRTBR e&Pir alsh K&%sst%’scf%ﬂe'aggggén be
sensggl and conpared to a reference value prior to sensing e's onduct or
(or her lepving the Gendanisery Adilter €hottshowr) edn ivecuse[ either e tHeQe 8406iP8r in
descripti it Wll. be reci ated that the present 15 invention provides
an accur at(:g glzne P g\ef Bﬁh@nﬁ‘gﬁ&}'\éfﬂ%ft‘? remeyetboarst lsyel coptaminants thatere presentsy st em

i ncl udes @gﬁrs?y@ﬁ,. configured to deliver cooling fluid to a heat-generating
device in limfed increments. Preferably, the sprayer is thermally driven
in a fashion simlar to that of an ink jet print head. Wile a particul ar
formof the i nventi(;ﬂge has been illustrated and 20 25 described, it will be
apparent that vari RIBER £2 serveoiedeplarish therrespavair { 8,cmd car panlowgobtr om t he

spirit an [ at ] op. _JThus. al t hough.the inventi has been
deSCZrQig beds?iﬁggt?g@f d(\%}?ﬁ)'tﬁ gﬂ&eﬁg‘grMﬁ?kﬁsﬁmfﬁécg?séﬁ‘t%‘}tta@g °M&Q‘rﬂ§m-s, t hose
havi or Brefierablythé plimprshbild R selfWirinhi ival various nodifications
can be nmade wt houtbdegarti ng frg\r?l t heg?ﬁtﬁ?o%pbg%%%sr’di ngly, the

invention is not intended to be limted, and is defined with reference to

the follow ng clairg,. L. NOTF=R\ TG3 21074883,1 1999-09 10 -14 Patrnt
Appl i 0st i on 8\A8~ 69?312 ﬂrem?gord?; of E\e 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.
LA3:.LGRNOTHER\TGG\21074883.1 Patent Application
1999-09-10 -8-
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W claim 9 March 2004 1. A cooling assenbly far cooling a heat source with
a cooling fluid, conprising: an increnmental sprayer configured to eject an
i ncremental amount of the cooling fluid on the heat source in response to a
control signal, the increnental sprayer including a body defining a chanber
configured to hold a volune of the cooling fluid, and defdMamwh260% orifice

I n communi cation wth the chanber, and a heating elenent in thermal

comuni cation with the chanber, the heating el enent being configured to
vaporize a portion of the cooling fluid held within the chanber, wherein
the orifice is confi oyitRefefendt hBH toFIGS] B_Qm_flhyinqnfglé’@béﬁ}% ga@ﬁk% iff the
heat source upon the heating el enent vaporizing a portion of the cooling
fluid hel d estetdomputérdocothedavicednsh be comfiguredite shacocdmporents. tthesomgutehe
control signal to.the ingrenental sprayer. 2., The cooling.assenbly of claim
1, wher ei n: CHUFONERYY Rlwalincekeibcuithawds soaiiag PeAteLCARRRIAR IsampPRRts $De

Cubstrate Bune GReR salt oot RRRE AR BLO BASdy G R plekBiahe o oy

subst 18t e; [bkdniehtal Bprayérd 86 akectoRAted adjaderlt b the bhBbAGH, Shfre hnfiERdF00! | G

assenbly of claiml1, erein the increnental anount o e cool Fng uidis
a singl e drsppiyethe oémpamdntswgith b cooling flifid. The ddmponeRBRAAd 4praybm acosclosed
assenbly of, claiml|, and further conprising a heat exchanger configured to

cool and cdRd&SoEmParEent A8 that preyentsMaporizedcopbing fuid figmieseapiegithesysteme af t er

bei ng ej ect | . e | ing assenbly .of claim

4, wherein @ﬂ%ﬁﬁgg@%&)}c éa(gg%?ésiadss azﬁfsg?ﬂgtﬁéaﬁmg%n8?’?‘9‘%‘?“%&8“{?0"& 'lrﬂﬁg%senbl y

of claiml vapord The idiEborbpae] fifofmed 485 Mall O theCAlddLonGhrintent! SNitbge | | qui d

cool i ng fluid to the incremental sprayer. 7. The cooling assenbly of claim
f

1, and0f ur rad pordpancisoan §e obtainsddromx § inurhiGpupardtiom, of Fokymdapanpndense
cooling fluid th S oriz by the .heat. squr.ce after heing .ejected by
the incr ené)ﬁg'zgfn gtgo\é\?%ro?f%grqn@%%aaq. "Qé‘ﬂfai% PE‘g’oc‘]én&)P%¥ ‘ﬂer?qm&ﬂmg» €bol i ng
fluid to t ' tal Qre cpl i 1 qui d
ool i ng 11 0r TR 8 catfaifin (RATCRRRE: 301 94 EBaddl. AL cui
board, conprdrkingdluids siichasihydivdfhrotioethersoe looholdiontdbe deadi ce nmounted on the

circuit board; and the cooling assenbly of claim1l configured to cool the
sem conductor device. - | 6

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, which in turn 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

LA3:LGNOTHERTTGG\21074883.1 Patent Application
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.9 March 2004 9. The cooled circuit board of claim8, and further
conprising: a heat exchanger configured to cool and condense cooling fluid
that was vaporized by the sem conductor device after being ejected by the

i ncrenental sprayer; a reservoir configured to provide liquid cooling fluid
to the increnmental sprayer; and a punp configured to pun® Maghi280& 00! i ng
fluid fromthe heat exchanger to the reservoir. 10. A cooled circuit board
assenbly, conprising: a plurality of the cooled circuit boards of claimS8,;
a heat exchanger configured to cool and condense cooling fluid that was

vapori zed Rycapfig. SOt 0P Reb#6 FAIl borl hael9 B0 Paefbrably drbénqorporated: intoobnecerol ed
circuit boards after being ejected by the increnental sprayer; a.reservoir

conf i gur ed ntose porpantimeni walls) andate sogpfighraddtotcondense vaperaandrielgase Bintoar of
h of the plurality of | ed, circuit, boards; and fi d t
purp | i qui GoBsEPREseryeir $21iR sk bOOT Ofthe S Jard sy T o LY BT A0 1 “ne
P g de . . TP
cool ed ci r (helveRBa-SaPRHE sy tlaft thin iRk e BERBORARE L pdiplsapubippe |V ©

condenge ¢ h%gﬂ idUirfintd @ tmalf feedaRS¥rv ie 86 byrefdisbly beingoatsbietthe sprayérs,e af t er
bei ngr§ej ecteg%l y lE‘H(Laupijlrrllcrem&*nt al‘3 sSprayer. -?L? 99March 2004 12. A nethod

of cool i ngwhidheproviies thecootingifhiid itmthe sprayers. ndys am akteroatévecter the resepionts of a
cooling fluid onto the heat source using an ingcr n{.al rayer rein
the step o eigg _tqﬁl@bpﬁgﬁﬁa@@yvzrw@ﬁﬁﬁ@%a?a&ﬂm @E&gﬁﬁ%ﬂigﬁ _f‘foéﬁc\é,{l]]‘tao a
chanber defiﬂcgﬁl%gg -ST"H‘%Mﬁf’fﬁ%%a@%ﬂﬁﬁ”w%%QEM a heating elenent in

t hermal comu ion er to vaporize a portion of the cooling
fluid within the chanber, wherein the increnental sprayer defines an
orifice in comunication with the chanber, the orifice bein ﬁgntigured to

direct cooling flui dGenesally speakingifer embodimentscol the dnyention,Onfunsiiomatyt i ng

| ( r ¢ . t ih s ar 4 . ; q
o ereny S e Ak oL g boLLL o eledDeochel i LA g iR o
12, wherei g éeﬂli&nﬁlu%g?'?leqce B%Hb{uﬂéi'ﬂ%r c%r?%r ThAMREd. ThisFafedy !cbﬁtrélfé_rdfwg in a

backi ng, the cavity adjoining a In-Tilmsubstrate; the orifice is

ﬁassage tlhham‘gg atdoetrbﬂﬁmdj?dt:ﬂhesnbsthaaﬂm;mamml jats mhé’uﬁd.gﬂ“h?foplﬁmn mgss t he
ti t o thin-f| ister. 14, T t Lm 1
whor ei n ¢ hoStials n chapemes te M Thbrldhe sTRiGPGHCOT CPRgE SREREEN AT 105 s
wth a sengedndsl (8ol coRER thfhald 160 HaBAAUS I BRIkMbridubiodevice

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 can 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 (th,) and/or mass flow of the liquid (rh,) 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.

LA3:LGNOTHER\TGG\21074883.1 Patent Application
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.-18 + 15. The method of claim 12, and further conprising: sensing the
tenperature of the heat source; sensing whether pooling is occurring; and 9
March 2004 varying the frequency with which the step of repeating is
conduct ed based upon the sensed tenperature and the sensed result of

whet her pooling is occurring; wherein if the sensed tenperMaith@0of4s above a
previously determ ned maxi numtenperature and the sensed result of whether
pooling is occurring indicates that pooling is occurring, the frequency
with which the step of repeating is conducted is varied dowward in the
step of varying; andFiBes _ﬂl:;Sictsfacbbﬁr@f;})?.&:‘i&‘ij9@)iilﬁiai@lg@;111'éﬁﬁ:x'c:liian%'éfJ92"cfi‘temva]”|

previ ously determ ned maxi numtenperature and thé sensed result of et her
pool i ng i s te@spray chamberfi4 dkhesprayahamber dontpinssinorementat sprayengy96 thaesgragquency

D i B S A B
| nor eont al i Sory astte cRUEA Rl et ek oE o AR oAU Bl i, o

sensi n§ t hantsome nedyui@ off td REmEPE01900! OBipos exiEd G shA§ dhaRbenGroigh he
sprayed cooling fluid; adjusting the nean fploow r at esgf 9cool i ng fﬂﬁhdé]

ej ect ed by veper pagsage B while hquidexitbuig @diquid passageckiSe d\ mestpt0Sisursed of t he
heat | | f th d [ i flujd. 17. The, d of
o o ob SR AR O e e MR, Wl bl et P SR ey
wi th whi ch ehft@ing HRPvapor Pheaks "Thi %gﬂ&aﬁa&igqfﬂ at!rg cgmp&ea%mgeﬁg% gfltelure 16,

wherein the step of repeatihg i s conducte requency vari es
with a sendeatexehiinget 92)whith rawvesheadind liqueies theadpoo gl puigp 110didwsthHed 9
Mar ch, 2004 191.E T&ﬁ, e had of claim 16, wherein; if the sensed tenperature
is abtfle acprledr Eag;ﬁla UBARPAJESSRYON WZmwhermis isagaingravided todhe sprapersr esul t
of whether pooling is occurring indicates that pooling is occurring, the
frequency with which the step of repeating is conducted is varied dowward
in the step of varyi Agundefof i : vi ously
det erm ned maxi num te%per aggtr.iémgﬁgdl?ﬁgé@g%%%ﬁﬂ?esu ttgg#;&mﬁg%g?&gg%ﬁ ng is
occurring Pysitn,andudingaTheteoiperafuieof thetseméondustogdevides (1)) @@l divgunoonh Whi ch

the step of repeating,i.§ condycted is varjed upward in the step of varying.
20. A n‘gt hieanp&?aef%r& &v,};b&bc%&‘hego Sgnsed oirpm, we% the, dayiceig The Emblcmg 1¥| uigd
onto the h : i r i f e r d cooling fluid
IS occurri ﬁg?pe%e\c/(g‘r‘)y%ﬁgﬁ ﬁeﬁg“m}bﬁa‘?@?g% h{%ﬁ\é‘f)g B&Jg?ﬁsﬁlg g]?'{i'g’elﬂ tﬁﬁ&hmg'he N

sensdd i ndcleattieo 84,0 hivhedah die samkiiu'mﬁitanp@rﬁtiﬁé Bfi@ipredshre Jé13of¥EL1R0WtREh Cl ai m

20, and further conprising sensing the tenperature of the heat source,
wher ei n, | RetSpRAYsqompastment; Yhe gass Aewr ofothe vaper (1s,) angd shes srase flobasftheupon

h . Th hod of.claim 2 f he i Sing:
sensi ng. ¢ ni P MHER carte sehaltyBine BBuabsiale Fnsss o, S insesnsclive s4P%ar yi no,
the flow raidiquid jdicagesnay, 129; The fhnffratdfei(Td oPﬂég%-eaoMg%xﬁa%@?n out.

tenperature of the heat source. 23. "The met lod of claim nin the
step of spifathenheat tpuamp o,i whichl cind be sengedabpda itemperstumneaiset; And thbe flow

rate Zb sV a‘-’Hﬂ%Qf a%e i‘fl,j) %%ttﬁenﬁqu%d fbgl'%g l%eecrég%dvg)} ?RC Vs:{)]}a(}:rgr . the increments

With reference to FIG. 7, a method of adjusting the sprayers' mass flow
rate (mh,) 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 (th,;;). 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 calculated 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
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.are sprayed. -za 9 March 2004 24. The nethod of claim 22, wherein in the
step of varying: if the sensed tenperature is above a previously determ ned
maxi num t enperature and the sensed result of whether pooling is occurring

i ndi cates that pooling is occurring, the nean flowrate is decreased; and

I f the sensed tenperature is above a previously determ nedvamk2004m
tenperature and the sensed result of whether pooling is occurring indicates
that pooling is not occurring, the nmean flowrate is increased. 25. A
cooling assenbly for cooling a heat source with a cooling fluid,

o na: ' ; . . . N
Cource at 1o PERCRIEer B HIEGHBRTRER SrifibdRohiditt PIARCkRREE
cooling fl lﬂhjﬂ,sﬁ%@,@%ﬁgwg' nedds flaweapd. rol 1 er configured to adjust the

sprayer's nean ow rate for the sprayed cooling fluid based on the pooling
sensor's reading on whether the sprayed cooling fluid is pooling. 26. The

cool ng assently o o g i S0 UL B ATENSl SRS,
Ihe <00l "985l ling bl e SIS0 F RERELE B ATRETILLY

sensor confi qur enperature o eat source; ef€in the

contrd | er If theqre§\flfifes@mof Paladiid/béloivithe s¢leay® maximmmvaldeothen ab actien ist he
sprayed cooling fluid based on the sensed tenperature of the heat source.

28. The coddkengandsthe muinjtoning of paranmerers wrepeated. t ehewevarothe semicendusten gur ed
Sprayer  splsyiee Riteaste s st Rt S8hfer GRS MU GuRnite 00, 2o
2 st t he DB o e o ayer
sprays i ncrsemsedtla andoemparedfl32dohisalgeted miinimum value (1, .;,) to verify that it is

10 above that value i, ;. The selected-minimum value (th, ) typically would be based

on prior éxperience with this system, or with systems of its type, but could also be

based on calculated heat generations rates and cooling rates.

If the mass flow of the vapor (1) 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 m, ., 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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.30. The cooling assenbly of claim 26, and further conprising: a roll bond
panel configured to cool and condense cooling fluid that was vaporized by
the heat source after being ejected by the incremental sprayer; wherein the
sprayer is configured to received cooling fluid condensed by the heat
exchanger. 31. The cooling assenbly of claim25, and furthbarch@ip4i sing: a
tenperature sensor configured to sense the tenperature of the heat source;
wherein the controller is configured such that, if the tenperature sensor
senses that the tenperature is above a previously determ ned maxi mum

temperature and the PG!S RQ RAMMAF dopitinglusfeibPf adRalingthe sprayenstivabsno,
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109%& () -s! 109%& () 1@ hleo'(:'/é‘pgélr (p)résgurse (P,,) in the spray chamber is above the selected

[ =]

minimum value, then pooling is not a 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 pooling is occurring and the sprayers' mass flow
rate is decreased 156 to increase the cooling system's effectiveness. After the sprayers'
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continued by again sensing the temperature of the semiconductor devices (T;).

More generally, it will be seen that any sensor reading indicative of the

semiconductor's temperature, including direct readings or indirect readings (such as

5 heat dissipation when the heat generation rate is known) can be used to judge whether
the cooling is adequate. Furthermore, it will be seen that any sensor reading indicative

of pooling, such as vapor flow rate, liquid flow rate, vapor pressure, or others, can be

used to judge whether the cooling would be improved by increasing or decreasing the

spray flow rate. Additionally, it will be appreciated that, while the order of sensing and

10 decision making contributes to the efficiency.of:the system, it can be varied within the
scope of the invention. For example, both témperaturc 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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;) SSKK<Z<UVT 1Y & 10%88dling fluld)%8d dfinid ad Orifice in communication with the
chamber, and
a heating element in thermal communication with the chamber,
the 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; and

a controller configured to send the control signal to the incremental sprayer.

2. The cooling assembly of claim 1, 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;

the orifice is a passage through the thin-film substrate; and

the heating element is a thin-film resister.

3. The cooling assembly of claim 1, wherein the incremental amount of the

cooling fluid is a single droplet of cooling fluid.
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configured to provide liquid cooling fluid to the incremental sprayer.

7. The cooling assembly of claim 1, and further comprising:

a heat exchanger configured to cool and condense 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
sprayer; and

a pump configured to pump liquid cooling fluid from the heat exchanger to

the reservoir.

8. 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 device.
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a reservoir configured to provide liquid cooling fluid to the incremental

sprayer; and
a pump configured to pump liquid cooling fluid from the heat exchanger to

the reservoir.

10. A cooled circuit board assembly, comprising:

a plurality of the cooled circuit boards of claim 8;

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 after being ejected by the incremental sprayer;

a reservoir 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.

11. The cooled circuit board assembly of claim 10, 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.
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F, _ 3 Jjecting an’'incremental amount of a coolmg fluid onto the heat source using
an incremental sprayer, wherein the step of ejecting includes the steps of
providing cooling fluid to a chamber defined in the incremental
Sprayer,
energizing a heating element in thermal communication with
the chamber to vaporize a portion of the cooling fluid within the
chamber,
wherein the incremental sprayer defines an orifice in
communication with the chamber, the orifice being configured to
direct cooling fluid from the chamber to the heat source upon the
heating element's vaporizing of a portion of the cooling fluid in the
chamber; and

repeating the step of ejecting at time increments.

13, The method of claim 12, wherein:

in the step of providing, the chamber 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

in the step of heating, the heating element is a thin-film resister.

14. The method of claim 12, 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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varying the frequency with which the step of repeating is conducted based

upon the sensed temperature and the sensed result of whether pooling is occurring;
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 occurring, the frequency with which the step of repeating is

conducted 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.

16. A method of cooling a heat source, comprising;:

ejecting an incremental amount of a cooling fluid onto the heat source using
an incremental sprayer;

repeating the step of ejecting at time increments;

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
sprayer based on the sensed temperature of the heat source and pooling of the

sprayed cooling fluid.

17.  The method of claim 16, wherein the mean flow rate is adjusted by adjusting

the frequency with which the step of ejecting is repeated.

18.  The method of claim 16, 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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if the sensed temperature is above a previously determined maximum
temperature and the sensed result of whether pooling is occurring indicates that

pooling is occurring, the frequency with which the step of repeating is conducted is
varied downward in the step of varying; and

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.

20. 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

whether pooling is occurring.

21, The method of claim 20, 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.

22.  The method of claim 20, and further comprising:
sensing the temperature of the heat source;

wherein in the step of varying, the flow rate of the spraying is also varied

based on the sensed temperature of the heat source.

23.  The method of claim 22, wherein in the step of spraying:
the cooling fluid is sprayed in increments; and

the flow rate is varied by adjusting a frequency with which the increments

are sprayed.
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24.  The method of claim 22, wherein in the step of varying:

if the sensed temperature is above a previously determined maximum
temperature and the sensed result of whether pooling is occurring indicates that
pooling is occurring, the mean flow rate is decreased; and

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 mean flow rate is increased.

25. A cooling'assembly for cooling a heat source with a cooling fluid,
comprising:

a sprayer configured to spray a cooling fluid onto the heat source at a mean
flow rate;

a pooling sensor configured to sense if sprayed cooling fluid is pooling; and

a controller configured to adjust the sprayer's mean flow rate for the sprayed

cooling fluid based on the pooling sensor's reading on whether the sprayed cooling

fluid is pooling.

26. The cooling assembly of claim 25, wherein sprayer is an incremental sprayer

configured to repeatedly spray incremental amounts of cooling fluid.

27.  The cooling assembly of claim 26, and further comprising:
a temperature sensor configured to sense the temperature of the heat source;
wherein the controller is configured to adjust the sprayer's mean flow rate for

the sprayed cooling fluid based on the sensed temperature of the heat source.
28.  The cooling assembly of claim 27, wherein the controller is configured to

adjust the mean flow rate by adjusting the frequency with which the sprayer sprays

incremental amounts of cooling fluid.
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30. The cooling assembly of claim 26, and further comprising;
a roll bond panel configured to cool and condense cooling fluid that was
vaporized by the heat source after being ejected by the incremental sprayer;

wherein the sprayer is configured to received cooling fluid condensed by the

heat exchanger.

31.  The cooling assembly of claim 25, and further comprising:

a temperature sensor configured to sense the temperature of the heat source;
wherein the controller is configured such that, if the temperature sensor
senses that the temperature is above a previously determined maximum temperature
and the pooling sensor indicates that pooling is occurring, then the sprayer's mean

flow rate is decreased; and

wherein the controller is configured such that, if the temperature sensor
senses that the temperature is above a previously determined maximum temperature
and the pooling sensor indicates that pooling is not occurring, then the sprayer's

mean flow rate is increased.

32.  The cooling assembly of claim 25, and further comprising:
a heat exchanger configured to cool and condense cooling fluid that was
vaporized by the heat source after being ejected by the incremental sprayer;

wherein the sprayer is configured to received cooling fluid condensed by the

heat exchanger.
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