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1． Introduction

Therecentinclinationofhighheatfluxonelectronicequipmenthasrequestedtheprecise

techniqueforcoolingofit,especiallyofthelCchipswhichareingeneralenvelopedbypackages.

Therefore, itisveryimportanttoknowtheheattransferaroundthesmallblockssituatedonthe

planewall.TherearesomeworksforcoolingofthelCpackages[1-5].Mostofthemstudied

experimentallywiththe subliminationmethodof thenaphthaleneunder the turbulent flow

conditions,however. Itiswellknownthattheresultofheattransferbythesubliminationmethod

isequivalent tothatobtainedundertheconstant temperaturecondition.However, themodel

shouldbetreatedastheconstantheatfluxinviewofthepracticalcoolingofthelCpackages.

Moreover, theexperimentalblockistoolargetosimulatethecurrenthighheatfluxlCpackage.

However, itisverydifficulttomaketheblockmoresmaller,andthemeasurementsoftheheat

transferaroundtheblockarenotaccuratelyconducted.

Yanagidaetal. [4]havecarriedouttoestimatetheheattransferofrectangularpackages

developedalongonewalloftheflatrectangularductinlowReynoldsnumber(say,Re=100-300),

bythesubliminationofnaphthalenetechnique・Theyalsodemonstratedthepredictedformulaof

heattransfer.However, theirformulaisconstractedfromtheassumptionsthattheheattransfer

aroundtheplanewallofthepackagesisidenticalwiththatintheuniformflowfield,although

thepackagesaresituatedontheplanewall.

Ontheotherhand, therehavebeensomestudiesfortheimprovementofheattransferofthe

ductbyroughenedsurfacewithsmallsquareribs[6], [8]. However, inmostcasestheaverage

heattransferoftheducthasbeentreatedonly.Therefore,detailsofheattransferfromtheribs

themselveshavenotbeenclarified・ Furthermore, theflows intheducthavebeentreatedas

tubulentonesandtheReynoldsnumbershandledhavenotalwaysbeensmall intheprevious
studies[6],[8].

MostpreviousworksofthecoolingforlCpackageshavebeenconducted,consideringthem

asthree-dimensional・ However, thepackageheighthasbeenmadesmallmoreandmore,andthe

package shapes are not always squareas

treatedinpreviousworks[1-3],[5],but the

rectangular typesareregularmore・ In the

caseofrectangularshapes, itmaybepossible

that themodelingof package is done as

two-dimensionalwhen the streamwisepitch

betweenblocksissmall.

Asafirststep,inthispaper,numerical Fig． 1 Schematicdiagramandcoordinatesystem
withsymbol*Formerstudent
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analyseswereconductedconcerningtoheattransferofthesmallsquareribsmountedalongone

walloftheflatparallelandtheadiabaticwallsasshowninfigurelforthepurposeofobtaining

thefundamentalinformationsforcoolingtechniqueoftherecentlCpackage,underthefollowing

conditions: theconstantheatflux, thelowReynoldsnumber(Re=35-210)andthelaminarnow.

Nomenclature

heightofflowpassage,Figbl

ribheight,Fig.1

gapbetweenribs,Fig.1

ribnumber

"h/ス=Nusseltnumber

"'h/1=Nusseltnumber

ribwide,Fig.1

ribpitch

Prandtlnumber

heatflux

Reynoldsnumber=uoh/"

ternperature

velocitycomponentinx-direction

velocitycomponentiny-direction

downstreamdistance

distancefromthewall

dimensionlessdistanceofstreamwide=x/h

dimensionlessdistancefromthewall=y/h

heattransfercoefficient

heattransfercoefficientdefinedbytheconditionthattheobjectiveribofalltheribsisonly

heated

residuedefinedinequation(5)

dimensionlesstemperature=(T-T｡)/qh

thermalconductivity

kinematicviscosity

streamfunction

vorticity
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subscripts

distancebetweenthenodeofthewallandthenodenexttothewall

entrance

wall
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2. ModelledSystemandGoverningEquation

ThemodelledsystememployedisshownschematicallywiththecoordinatesysteminFig.1.

Thesteadyheattransferinthissystemwithfourribsistreatedtwo-dimensionally, considering
themostpopularlCpackage(DIL-Ptypewithl6pins)[4]. Theribheightiskeptconstantat
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3.5mandtheribwideratiol/hatl.71.Reynoldsnumberbasedonhanduo,whichistheentrance

flowvelocityofair,rangedfrom35to210,consideringtheexperimentalresultsthattheinstability
oftherecirculatingflowoccursattheReynoldsnumberaboutRe=250-300obtainedbyKangand

Chang[9]． Thenondimensionalpitchp/1wasvariedfroml.33to6.67(thatis,g/1=0.33-5.67).
Furthermore, theratioofductheightHtotheribheighthwas5,71.Theheattransferfromrib

wasinvestigatedundertheconstantheatnuxcondition.

Inthepreviousdataofheattransferaroundtheblock-likeelectriccomponentswhichare

arrangedinin-line[4,5],wecanfindthattheaverageNusseltnumberoftheblocksisinhighest
atthefirstrowanddecreasewithincreasingdownstreamdistanceandisseentobeconstantfor

thesecondorthethirdrow[4,5]. Thereforethemodelledsysteminthisstudyisconstructedby

fourribsasshowninfigurel.

2 1 DifferentialEquations

Inthecaseoftwo-dimensionallaminar,incompressibleandsteadystateflow,thegoverning

onsofthemomentum,andtheenergyaredescribedfollowingequationswiththevorticityequationsofthemomentum,

equationinCartesian:

momentumequation,
10

(器･鶚-器-蜑一式･v｡Q) (1）

８－
コ
之energyequatlon,
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vorticityequation,

▽2〃＝一Q

1
.▽28 （2） 6

Re・Pγ

4(3）
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2 ． 2 BoundaryConditionsandNumerical

Procedures

Theapproachinglengthtothefirstribxl

showninFi9.1iskeptconstantatl4.3hforall

analysesinthecaseoffourribs・ Theboundary

conditionsof theentranceofductare"=Y,

Q=0,8=0(thatis,Tb=0).Theoutletboundary

conditions of the channel are defined as

following:gradientsof",Qandealongthe

streamdirectionarenegligible(i.e、3/3X=0).

Onthesolidboundary, theno-slipconditionis

appliedfortheflowfieldofthesystem・ The

conditionofthevorticityofthewall isgiven

as[10],

Qw=-3("iww-WW)/n㎡－0.5QNw （4）

Thetemperatureconditionofribwasassumed

asconstantheat flux, that is,8w=8Nw+nNw,

when the ribwas heated･ Other thermal

boundaryconditionof thewalls except the

surfaceoftheribsmaybewritten68/3Y=0.

Where, subscriptNWdenotestheneighbouring
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Fi9.5 Variationof reattachment len9th
fromribwithRe

nodeandnNwrepresentsthenormaldistancebetweenthenodeofthewallandthenodenexttothe

wall_

Thegoverningequationswiththeboundaryconditionsaresolvedusingthefinitedifference

schemedescribedinreference[10]. Inthescheme, theupwindmethodisappliedtotheconvective

termandthecentraldifferenceisusedtothediffusionone. Non-uniformgridnodes(74×18)are

chosen, andthegridsnearthewallandthecornerarefine. ThegridsizerangesfromAX/H

(or AY/H)=0.025 to0.1.TheGauss-Siedel iterationmethodhasbeenappliedforobtaing

aconvergenceof",Qande. Theconvergencecriterionofthesevariablesisdefinedas

e=I(の､ーのn-1)/のnlmal< （5）

where,nisthenthiteration. Theresidual e islO~4for",QandislO~5fore. Anaveraging

methodhasbeenusedinodertoobtainthevariablesofthecornersofrib.

3． ResultsandDiScussion

Thecomputationalresultsofthevelocitydistributionforlaminarnowintheinletsectionof

thestraightchannelwereobtainedinordertocomparewiththeexactsolutionof it. Itwas

confirmed that thereweregoodagreementswitheachother. Beforedescribing the results

obtainedfromfourribs, itmaybenecessarytoshowthebehaviorsofheattransferinthecaseof

asinglerib,asafirststep. Figure2showsthevariationsoflocalNusseltnumberNularound

theribfortheReynoldsnumberRe=210． Inthefigure,thesymbolsA,B,CandDindicatethe

cornerofrib, respectively,andx,/hdenotesthedimensionlessdistancefromtheinletoftheduct

tothefront faceA-Boftherib・ ItcanbeseenthatNu, of thecornerBisverylargeand

independentonx,/h. This isresultedfromtheabruptvariationsof thevelocityaroundthat

Corner・ Nu, oftheA-Bwall inthecaseofxl/h=5.7islargeraboutlO-20percentthanthatfor

xl/h=28.6． It isconsideredthatthevelocityofoncomingflowtotheA-Bwallforx,/h=5.7is

largerthanthatforxl/h=28.6． Thatis,theboundarylayerthickness(whichisthethicknesswhen

theribdoesnotexistonthewallofchannel)atthepointofx,/h=5.7isalmostidenticaltothe

heightofrib,whilethethicknessforxl/h=28.6isaboutl.7h. However, theundisturbedmaximum

velocityintheparallelchannelincreaseswithincreasingofthedistancefromtheentrance, inthe

inletregionofthechannel・ Therefore,NuloftheB-Cwallforx,/h=28.6shownbythedottedline

is almost larger than that forx,/h=5．7, because theundisturbedmaximumflowvelocity
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mentionedaboveisacceleratedabout lOpercentthanthatoftheentranceofthechannel・ Itis

foundthatNu,oftheC-Dsurfaceisalmostindependentofxl/h・ Ithasbeenalsoconfirmedthat

thedistributionsofNuldonotvarywithx,/hintherangex,/h=28.6-48.6.

AverageNusseltnumberNuaroundtheentiresurfaceoftherib(that is,A-B-C-D) is

describedinFig.3, forRe=210withxl/h. ItcanbeseenthattheresultofNuchangeslittleby

xl/h,althoughitdecreasesomewhatwithincreasingofx,/h・ Figure4indicatesthedependencyof

NusseltnumberforReynoldsnumber. Inthefigure, thesymbolA-D(shorteningofA-B-C-D)

indicatestheentiresurfaceofrib. NuoftheB-CwallshowthehighestvalueandNuoftheC-D

wall isconsiderablysmallerthanthatofotherwalls・ Itcanbeseenthattherelationsbetween

NuandRearenotalwayslinearexcepttheresultofC-Dwall.

Itisimportanttoknowthereattachmentlengthoftheshearlayerfromtheribtotheduct

wallinrelationtothedesignofribarrangementinpractice[4]・ Figure5demonstratesthelength

ofreattachmentpointla/hwithReynoldsnumber. IntherangeofRe=35-210, la/hislinearly

increasingwithRe・ However, theinclinationof la/hforReincaseofx,/h=5.7issomewhat
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largerthanthatofxl/h=28.6. ThedottedlineistheresultshownbyOtaetal.[11],whichisthe

reattachmentlengthofshearlayerfromtheleadingedgeofthebluntflatplateintheuniformflow

field・ TheirdefinitionoftheReynoldsnumberisbasedonthehalfthicknessoftheplate. The

dependencyof此〃forReofthatcaseisstrongerthantheresultstreatedherein.

Figure6describes the typical localNusseltnumberdistributionsaroundthe thirdrib

(N=3orN3)offourribswithRe=210forthedimensionlessgapg/1. Theresultsshownbythe

dottedlineindicatethatthethirdribisonlyheated, andtheresultsbythesolidlinedothatall

theribsareuniformlyheated・ Thatis,Nul'meanstheresultobtainedundertheconditionthat

theobjectiveribisonlyheated.

Inpreviousstudiesconcerningtothecoolingoftheblock-likeelectronicpackages[4,5], the

heattransferratesaroundtheseareseentobeconstantforthesecondorthethirdrowwhenthe

objectivepackageisonlyheated. Therefore, inthisreporttheresultsofthethirdribaremainly

discussed, consideringalsotheeffectsofdownstreamribbehindN3・ Inthefigure, itisseenthat

thedistributionofNul' forg/1=5.67issimilartothatofthesingleribasshowninFig.2． The

maximumofNul' atthecornerBdoesnotappearwheng/1isverysmallsuchasO､33andthe

valueofNul' forg/1=0.33isconsiderablylowerthanthatofothergaps,especiallyintheupstream

surfaceoftherib. Ontheotherhand, theresultsofNul shownbythesolidlinesaresmall in

generalduetotheheatingofotherribs(especiallyofthefirstandthesecondribs), comparing
withtheseofNul'.

AverageNusseltnumbersforg/1=0.33areshowninFig､7withReynoldsnumber・ The

symbolsandthelinesinthefigureareidenticalwiththeseofFigs.4and6． Itisfoundthatthese

averageNusseltnumbersofA-B, B-C, C-DandA-Dincrease linearlywithincreasingof

ReynoldsnumberandthetendencyofthemisdifferentfromthecaseofsingleribshowninFig､4．
ThedependencyoftheseNu,Nu' forReisstrongintheuppersurfaceoftherib(B-C),wherethe
heat transferrateisconsiderablylargerthantheseofA-BandC-Dsurfaces. Therefore, the

behaviorsofNu'andNuaroundtheentireribareinfluencedbytheseofB-C surfaces.

Inthefigure, thesymbolofOshowstheresultobtainedfromthethree-dimensionalblock

byYanagidaetal.[4]. Thierresulthavebeenobtainedasfollowing. Thedimensionsoftheblock
areforH=20mm,h=3.5m, 1=6.3mm,g=3.7mmandthelengthperpendiculartolisabout5.5h.The

heatingcondition is equivalent toconstant temperaturesince thenaphthalenesublimination
methodhasbeenused.Furthermore,theirblockarrangementisin-line・ Theresultshowninthe

figurecorrespondstoNu'ofA-D. Theirexperimentalresultishigherabout60percentthanthat
ofthepresentstudy・ Thisdifferencemaybeexplainedbythefactsthattheheattransferofthe
sidewallsofblock(perpendiculartothestreamdirection) isnotnegligibleandthatincreaseof

heat transferiscausedbythethree-dimensionalflowaroundtheblock, especiallydownstream

surfaceof therib・ However, itmaybeconsideredthat theinnuencebytheflowdifference

decreaseswhenthegapbetweenribsissmall.

Figure8showsthevariationsofaverageNusseltnumberofA-Dforeachribwithg/1when
theReynoldsnumberisequalto35． NuandNu'ofN1(whichindicatesthefirstrib)arealmost
identicalwithNuofthesingleribasshowninFig.4forg/1≧1.67. Itcanbeseenthattheresults
forthesecondribN2decreaseaffectedbyN1・ Thatis,N2isburiedintheseparatedflowregion

(inwhich, thenowisverystagnant) ofN1・ These trendshavebeenconfirmedinthehigh
Reynoldsnumber(Re～104)whenthebluffbodiesaremountedontheplanewall,althoughthe
systemtreatedissomewhatdifferenct fromthepresentstudy[12].Furthermore,the thermal
wakefromN1causetodecreasethevalueofNuofN2,whenalltheribsareheatedandg/lis

small・ NuvalueofN2forg/1=0.33isaboutO．38timesofthatofN1forexample. Nudecreasesin
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generalwithincreasingofN(excepttheNuforN4). Ithasbeenfoundthatthustendenciesare
independentofReynoldsnumber.

Nu' forN3,N4(thefourthrib)changelittlebyN(exceptthecaseNu'ofN4forg/1=0.33).

Thesetrendscanbeseeninthepreviousstudies[4,5]・ TheresultsofN4aresomewhatlargerthan

theseofN3wheng/lissmall, althoughN4islocateddownstreamofN3. Itmaybeconsidered
thattheheattransferoftherearfaceofN4increasesbecausetheflowdownstreamofN4isnot

stagnantcausedbynopresenceeoftheribsbehindN4・ Moreover, it isobviousthattheheat

transferincreaseswithincreasingofg/l,buttheincreasingratiodecreaseswithincreasingofg/1

andsaturatesforg/1>3.0.WhenRetakeslargevalue, thevaluesofNu'changelittleforg/1≧3.0
asshowninFig.9(inwhichNu'withN3areindicatedagainstg/1). Intherangeg/1=0.33～3.0,

howeverNu' increase linearlywithincreasingofg/l independentofReandthereexistssuch

arelationNu' oc(g/1)o･237L Furthermore,itcanbefoundthatNu' ocReo･312intherangesof

g/1=0.33～5.67andRe=35～210. Therefore,Nu' ofN3arewrittenas

Nu'=0.448(g/1)0.237.Reo.312 （6）

fortherangeg/1=0.33～3．0,

Nu'=0.581Reo.312 （7）

fortherange3.0<g/1<6.0.

These results showninequations (6), (7)maybe consideredas those for the ribs

downstreamofN3assuggestedinFig.8.

AttentionwillnowbefocusedontherelationbetweentheresultsofNu' andthoseofNu.

ItismoreconvenienttouseNuthanNu'owingtodesignthethermalequipmentsinpractice. The

dimensionlesstemperatureofoncomingflowtowardstheribisdesignatedaseN/hereafter,when

alltheribsareheated. 91/whichdenotesthetemperatureforNlisequaltoeo.eN/fortheNth

ribincreasesofcoursewithincreasingN. Ifthedifferencesbetweene3/ande2/aredefinedby

A83-2,83/isdescribedas

83'=82/+A83-2 （8）

Furthermore, ifthesimilardefinitionforA84-3ismade,64/isgivenas

e4/=83/+Ae4-3 （9）

Whentheheatfluxfromeachribsisequal,thetemperaturedifference Ae(=eN/-eN-1,/)maybe

consideredequal.Then,it canbewrittenthatAe3-2=A84-3=AB.Therefore,937,84'are

describedas

93/=e2/+Ae

e4/=92/+2Ae

thatis,8N/=82/+(N-2)Ae

00)

(11）
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where,N≧2.

Ontheotherhand, theaverageNusseltnumberobtainedbyusingeN/underthecondition

thatall theribsareheatedmaybeequal toNuN'calculatedfromtheconditionthatonlythe

objectiveribisheated[13].Therefore,thereexistsfollowingrelationbetweenNuNandNuN'

NuN=1/(1/Nu，+8Nf) (12)

where,subscriptNdenotestheNthofrib.

Fromthis, ifeN/isobtained,Nuwillbecalculatedfromequation(6)or(7)forexample.

Inthisstudy,itismostreasonablethatAeshowninequation(11)isreplacedbythe

temperaturedifferenceA83-2(=e3/-92/).Ontheotherhand,e2/isgivenas

03)92/=1/Nu2-1/Nu'2
FromtheresultsofNu2andNu2',82ノareobtainedanddemonstratedinFigs・ 10andllasthe

functionsofg/landRe・ Asaresult,e2/isgivenas

92/=1．01Re-0.296(g/1)-0.53 u4)

within士5percenterrorband.

83/isalsoobtainedbythesimilarmanneras82jb Ae3-2(=83/-82f)aredescribedinFigs.

12, 13,andpresentedas

A93-2=0.737Re-0.366(g/1)-0.40 05)

withanextremedeviationof5percent.Therefore,8N/yields

8NJ=1.01Re-0･296(g/1)~0･53+0.737(N-2)Re-0.366(g/1)-0.40 06)

where,2≦N<4.

NuNcanbeobtainedfromequations(12)and(16)withNuN'shownbyequations(6)and(7).

Inordertoknowthebehaviorsof.eN/, typicaldistributionsofthedimensionlesstemperature

inthecentersectionsbetweentheribsareshownforg/1=1.67infigurel4(a). Thesolidlines

presentthetemperaturedistributionsatthesectionA-A(centersectionbetweenNlandN2)and

thedottedlinesat thesectionB-B(centersectionbetweenN2andN3). Thedistributionsfor

Re=35showthatthetemperaturefielddiffusestowardsthemainflowataboutY=2.5～3.5,while

thecaseofRe=210ataboutY=2.0．Moreover, whenRe is large thetemperaturedecreases

abruptlyataboutY>1.0. Inthefigure, thepositionsofeN/areshownbythehorizontalbar

symbol(-).TheyarelocatedintheneighborhoodsofY=1.3whichislargerthanthelevelsofthe

dividingstreamline,whichissituatedataboutY=1.0forg/1=1.67independentofReynolds

numbertreatedherein.

Theeffectofg/1 fortemperaturedistributionsispresentedinFig.14(b) forRe=210. Itis

obviousthateforg/1=0.33isverylargeintherangeY<1.2,andedecreaseswithincreasingg/1.
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ThelocationsofeN/arefromY=1.1tol.4,andtheyapproachtothedirectionofY=0,wheng/l

andRearesmall. Furthermore, itcanberecognizedthateN/atthesectionB-Bgenerallyare

locatedatthesmallerYthanthecaseattheA-Asection.

4. ConcludingRemarks

Heattransferofthesmallsquareribsmountedononesideoftheparallelflatwallswhich

areadiabatichasbeencalculatednumericallyinthelaminarflowfield. Thelocalandaverage

NusseltnumbersaroundribshavebeenobtainedvaringthegapbetweenribsandReynolds'

numberundertheconstantheatnux・ TheresultsofaverageNusseltnumberNu'whichare

obtainedbyheatingonlytheobjectiveribshowthatthebehaviorsofthefirstribareidenticalwith

theseofthesingleribexceptthecasewhenthegapsareverysmall,andthattheaverageNusselt
numbersNu'oftheribsbehindthefirstribareconstantvalues・ Nu'ofthethirdribareevaluated

bytheequation(6)or(7).Whenalltheribsareheated, theaverageNusseltnumbersNuofthe

firstribaresimilartothebehaviorsofNu'・ NuoftheribSbehindthefirstribdecreaseespecially

whenthegapsbetweenribsaresmall・ TherelationsbetweenNuandNu' fortheNthribare

obtainedbytheequation(12), byconsideringthecharacteristic temperatureasdescribedin

equation(16).
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