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Fullydevelopedlaminarheattransferofanon-Newtonianfluidflowingbetweentwoparallelplateswithonemoving

platewasanalyzedtakingIntoaccounttheviscousdissipationoftheflowingfluid.Applyingthevelocityprofileob-

tainedfortheplaneCouette-Poiseuillelaminarflow,theenergyequationwiththeviscousdissipationtermwasexactly

solvedfortheboundaryconditionsofconstantwallheatfluxatonewallwiththeotherinsulated.Theeffectsoftherela-

tivevelocityofamovingPlate,flowindexandBrinkmannumberonNusseltnumbersattheplatewallswerediscussed.

I.Introduction

Problemsinvolvingfluidflowandheattransferwithan

axiallymovlngCOreOfsolidbodyornuidinan annularge-

ometrycan befoundinmanymanufacturingprocesses,

suchasextrusion,drawlngandhotrolling,etc.Insuch

processes,ahotplateorcylindriCalrodcontinuouslyex-

changesheatwiththesurroundingenvironment.Forsuch

cases,thefluidinvolvedmaybeNewtonianornon-

Newtonian andthe爪ow situationsencounteredcanbe

eitherlaminarorturbulent.

Inthepreviousstudy'l',fullydevelopedlaminar heat

transferofaNewtoniannuidflowingbetweentwoparallel

plateswithonemovlngPlatewasanalyzedtakingIntoaC-

counttheviscousdissipationoftheflowingnuid.

In山epreviousreport̀2',anexactSOlutionofthemomen-

tumequationwasobtainedforfullydevelopedlaminarflow

ofanon-Newtonianfluidflowingbetweentwoparallel

plateswithonemovingplate.Theconstitutiveequation(i.e.,

theshearstressIShearraterelation)foranon-Newtonian

nuidisdescribedbythepower-lawmodelmostfrequently

usedinnon-Newtonianfluidflowandheattransfer.

Inthisreport,fullydevelopedlaminarheattransferofa

non-Newtonian fluidflowingbetweentwoparallelplates

wi山onemovlngplatewasanalyzedtakingIntoaCCOunt血e

ReceivedonApril21,2000
'GraduateStudent,SchoolofScienceandTechnology

H DepartmentofMechanicalSystemsEngineenng

viscousdissipationoftheflowingfluid.Applyingthevelo-

citydistributionobtainedfortheplaneCouette-Poiseuille

laminarflow,theenergyequationwiththeviscousdissipa-

tiontermwasexactlysolvedfortheboundaryconditionsof

constantwallheatfluxatonewallwiththeotherinsulated.

TheeffectsoftherelativevelocltyOfamovlngPlate,flow

indexandBrinkman numberonNusseltnumbersatthe

platewallswerediscussed.

Nonenclature

Br Brinkmannumber

Cp specificheatatconstantpressure

F parameter

f fhctionfactor

k thermalconductivity

LL dimensionlesslocationatthe

maximumvelocity

(seethepreviousreport'2')

m consistencyindex

n nowindex

Nu Nusseltnumber

P pressure

q wallheatflux

Re' GeneralizedReynoldsnumber
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T temperature

u axialvelocityoffluid

uM averageVelocityofnuid

u' dimensionlessvelocity=u/um

U axialvelocityofthemovlngPlate

U+ relativevelocityofthemovlngPlate

γ coordinatenomalto山e丘xedplate

y dimensionlesscoordinate=y/i

z axialcoordinate

GreekSymbols

p density
T Shearstress

O dimensionlesstemperature

Sub班ripts

B bulk

J' j=LforCaseA,)'=OforCaseB
L movlngplate

O flXedplate

2.Analysis

ThephysicalmodelfortheanalysisisshowninFig.1.

Thelowerplateisaxial1ymovlngataCOnStantVelocity.The

assumptionsusedintheanalysisare:

1.Theflow isincompressible,steady-1aminar,and

fu11ydeveloped,hydrodynamicallyandthermally.

2.Thefluidisnon-Newtonianandtheshearstressmay

bedescribedbythepower-lawmodel,andphysical

PrOpertleSareCOnStant･

3.Thebodyforcesandaxialheatconductionarene-

glected.

2.1FhjdFlow

Thegovermngmomentumequationtogetherwiththeas-

sumptlOnSdescribedaboveis

dT dP
dy dz

Theboundaryconditionsare:

(: ≡

0 aty - O

U aty -L

(1)

(2)

Theshearstresson血ele氏handsideofEq.(1),丁,isgiven

by也epower-lawmodel.

丁ニー欄■~1告 (3,

Thefrictionfactor,I,andgeneralizedReynoldsnumber,

Re',aredefinedas

Fixedplate
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Fig.1Schematicofparallelplateswithone
movlngplate

f-i(-i)
Re･≡Puヱ1'(2L)〟

m

Theaveragefluidvelocity,uH,isdefinedas

uM-uLudy (6)

Threekindsofvelocitypro丘lesacrosstheparallelplates'

passagemaybeassumed.Thethreecasesare,respectively,

referredtoasCaseI,CaseⅡandCaseⅢ.

●CaseI:Thefluidmaximumvelocityexistsbetweenthe

parallelplates.

●CaseⅡ:Thefluidmaximumvelocityexistsalwayson

themovlngplate.

+CaseⅢ:Velocityprofileswithconcaveshapes.

TheCaseIoccurspractically.Hereafterthevelocitypro-

Case 工

Case Z=
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filesforCaseIwillbeexamined.Thevelocitydistributions

forCaseIwereglVeninthepreviousreport'2'･

2.2HeAtTransfer

Theenergyequationiswrittenas

k% -T(%)-PCpu% (7,

ThefollowlngtwotypesOfthethermalboundaryconditions

arespecified:

CaseA(constantheatfluxatthemovingplatewith the

fixedplateinsulated):

(
-k%-Oaty - 0
kg- qLaty - L

(8)

CaseA(constantheatfluxatthefixedplatewiththemov-

ingplateinsulated):

(-kk_i==q.oaatt,y== : (9,

wherethewallheatflu又es,qLandq｡,a陀takenasposltlVe

intothefluid.

TBisthebulktemperaturedennedas

･B-牒 80'

dTB/diisevaluated,fromanenergybalance,forthepar-

allelplates,as

普 -嘉 [11£紫](lr+
Introducingthedimensionlesstemperature,0,definedas

O≡T/lq,L/k] 82)

Theenergyequationandtheboundaryconditionsmaybe

expressedindimensionlessform as

翠-u･･Brjlt/11告｢dylu･-1告｢]個
CaseA :

CaseB:

舶
一秒

%Fか
並
か
朗
Iか

- O at〆 - 0

- 1aty' - 1

- l l aty' - 0

-O aty' - 1

Br, isBrinkmannumber,deBnedas

Br,-[# ]
Whereノ-AfbrCaseAandノ-ちfbrCasea.

TheNusseltnumber,Nu"isdefinedas

(14)

し15)

(16)

J% , = lql/(T,-TB)]2Lk
2

βノー♂B
(17)

wherethedimensionlessbulktemperature,OB,isdefinedas

OB=TB/lq,i/k] (18)

(0,lob)iscalculatedas

βノーβB-
/ 1
u'(0,-0)dy (19)

solvingEq.(13)togetherwithEq.(14)orEq.(15),0,lobisob-

tained.ThedetailsoftheresultsareglVeninAppendix.

3.ResultsandDiscussion

Representativedimensionlesstemperatureprofllesbe-

tweentheparallelplatesareshowninFigs.2and3fわr

CasesAandB,regardingtotheeffectsofviscousdissipa-

tion(0≦Br≦1.0)andrelativevelocityU'=-1.0,0.0,1.0

fbr〃=0.5.

InFigs.4and5,dimensionlesstemperaturedifference

betweenwallandbulkareshownrespectivelyfわrCasesA

andB,regardingtotheBrinkmannumbers,theflowindex

(n=0.1-1.5)andrelativevelocityU'=-1.0,0.0,1.0.
Thetemperaturedifference,OL-OB,decreaseswithincreas-

ingrelativeveloclty,U',forCaseA.ForCaseBthetem-

peraturedifference,0.IeB,increaseswithincreaslngrela-

tiveveloclty,U'.

InFigs･6and7,Nusseltnumbersareshownrespectively

forCaseAandCaseB.Itisseenfromthese点guresthat

Nusseltnumbers,NuL,Changesharplydependingonthe

valuesofBrinkmannumber,BrA,andtherelativevelocity

ofthemovlngPlate,U',forCaseA.WhereasforCaseB

Nusseltnumber,Nuo,decreasesgraduallywithanincreasl

1ngBrinkmannumber,BrTB.Theeffectofviscousdissipa-

tiononNusseltnumberappearsmorestronglyinCaseA

血aninCaseち.Thisisdueto山atfわrCaseA,theviscous

dissipationeffectbecomesstrongnearthemovlngPlateow-

1ngtOthevelocityProfiledeformedbythemovlngPlate.

Nusseltnumber,NuL,increaseswithincreaslngrelativeve-

locityU'forCaseA.However,forCaseB,Nusseltnumber,

Nuo,decreaseswithincreasingrelativevelocityU'.Inci-

dentally,suchbehaviorofNusseltnumbers,NuLOrNu.,is

predictedbythetemperaturedifferences,0,-OB,Whichis

inverselyproportionaltotheNusseltnumber,asdefinedby

Eq.(A-1)andEq.(A-8).Theeffectofflowindex,n,On

NusseltnumberisseenmorestronglyforCaseA山anCase

B.
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4.CoTIClusions

TheplaneCouette-Poiseuilleflow ofpower-law non-

Newtonian fluidwasanalyzed.Thepresentstudyshowed

that:

1.Thedimensionlesstemperaturedifference,OL-OB,

(CaseA)decreaseswithincreasingvaluesofnforthe

caseofU'>0,wherease.leB,(CaseB)increases

withincreaslngValuesofn.

2.NuL(CaseA)increaseswithincreasingvaluesofBr

andnforU'>OwhereasNu.(CaseB)decreases

withincreasingvaluesofBrandn.

0.70L2 0.3 0.イ 0.50.80.70,80.9 7
】れ
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Fig･4 Dimensionlesstemperaturedifference(OL-OB)forCaseA
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Appendix:Nuseltnumber,NuLandNu.

CaseAwithCASEIvelocityProfile:

oL-OB-/Iu･{oL10,dy --lr u:(Oa10L,dy･･L ub･(Ob-OL,dy]

IntegratingEq.(A-1),wehave

oL- OB--(諾 )FilsAl.SJ
whereSAlandSA2are

+ n2
(2n+1)(3n + 1)

3ガ+1 1

〟+1
SA2-BrAF~"-[(1IU'(I-Li.)iDAl+DA2]

DA1andDA2are

DAl-(蓋 )[-
(n+1)2(9n+2)
3(3n+1)(4n+i)(5n+2)
.II+_-

･i(1-㍍ )3L憲 一

+

n(n+1)
(2n+1)(3n+ 1)

n(8n2+5n+1)
2(2n+1) ( 3 n + 1 ) ( 4 n + 1)

n3
(2n+1)(3n+1)(5n+2)

DA2-(a )[

12(

2,‡+1
4I‡+1

LLh:21烏詰)(1一局 ZLiT2
31I+1 2Jl十l

t1-Li,I■L,こ'

4n+1 -+1
(1-LL); L=

(i-LL)

(n+l)(2n+1)(9n+2)
2(3n+1)(4n+1)(5n+2)

)(ト LJ ":l己 1+

-(農法)(1-LLx,聖 Li '･'l

(3n+1)(5n+2)

51t+2

(1-L志)〟

TheNusseltnumberonthemovlngPlate,NuL,isobtainedas

NuL-

(謹)FilSAl+SA2】
Fixedp一ate 00

Fig.A-1Temperatureprofileassumedinthis

analysis(CaseAwithCaseI)

(A-1)

(A-2)

(A~5)

(A-6)

(A-7)

MoVingp一ate OL

Fig.A-2Temperatureprofileassumedinthis

analysis(CaseBwithCaseI)
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CaseBwithCASEIvelocityPro丘1e

oO-oB-Llu･･o0-0,dy･--lr u:tea-Oo,dy･･エ ub･(Ob-Oo,dy･]

ⅠntegratingEq.(A-8),wehave

o0-GB--(蓋 )FilsBl･SB2】
whereSBlandSB2are

SB1-- (n+1)(4n+1)
2(2n+1)(3n+1)憲一(1-LL･)震'L･'-1.(読 )(1-Lil)聖 LL･FiDBl

〟+1
SB2-BrBFT~[(1-U'(1-LL))DBl+DB2]

DBlandDBlare

DBl-(孟 )[-
n(32n3+39n2+15n+2)
2(2n+i)(3n+i)(4n+1)(5n + 2)LLT･喜LLT 一号LLr3T

-(読丁)(1一見 LLT十(1-LL)憲一(ぅ荒す)(1-㍍ )聖LLT

･i(請 )(1-LL)警 Lぎ ー(読了)(トLL)警上菩

+
8n2+7n+1)

2(2n + 1)(3n + 1 ) ( 4 n + 1)

411+l _N土1
(1-LL.).~㌃Lニ ー

2n2
(3n+1)(5n+2)(1-㍍ )

D--(㌫ )[-2(232nnlT,票≡2.'133'.22,LLT-(霊 室 )(1lLLl,LLriT

-i(憲法 )(1-LL )聖 LS ･喜(1-LL)聖 だ -(1-LL)警 LS
4Il+l旦±旦

(1-LL)ー~~｢LL'-
n2 2n(2n+1)

(3n+1)(4n+ 1)､~~~W′ ~~W (3n+1)(5n + 2)

TheNusseltnumberontheflXedplate,Nu.,isobtainedas

Nu.-

-(謹 )FilsBl･SB2]

(1-LL,)響]

(A-8)

(A-9)

(A-12)

(A-13)

(A-14)


