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AbstracトThep岬oseofthisstudywastoimprovetheperformancecharacteristicsofaconvergent-

divergentnozzleforflashingexpansionofinitiallysubcooledhotwater.Theslipbetweenthevaporand

liquidalongthedivergentpassageandthemaximumnonequilibriumpressuredropatthenozzlethroat

(thisisrelatedtothethermalnonequilibrium)causeadeclineinthenozzleefFiciency.Todecreasethe

maximumpressuredrop,anozzlewiththinwiresjustupstreamofthethroatandanozzlewithasmaller

convergentangleweremanufacturedandtested.Initiallysubcooledhotwaterataninletpressureof

O.47MPaandinlettemperaturesof409.9to421.8K(inletsubcoolingsofO.9-12.9K)wereusedwiththe

nozzlebackpressuresrangingfromSto101.3kPa.Thefollowingresultswereattained:(1)themaximum

nonequilibriumpressuredropatthethroatdecreasedandthethrustcoefficientincreasedbyIO%;(2)the

thrustcoefficientwasfoundtobeindependentoftheinletsubcoolingandexitstream-expansionratio;

(3)acorrelationbetweentheratiooftheexitpressuretotheinletpressureandtheappropriateexit

stream-expansionratiowasobtainedempirically;and(4)thecriticalflowratewasfoundtobelowerthan

thatforanordinaryconvergent-divergentnozzle.

KeツWords.'flashing,criticalflowratc,thrustcoe価cient,convergent-divergentnozzle,decompression

rate,pressureundershoot

1.INTRODUCTION
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Fromtheviewpointofutilizationofwater-dominatedgeothermalresourcesorwasteheatfrom

factories,itisnecessarytodevelopanefficientenergyconversiondevicewhichcanconvertthe

thermalenergyofsubcooledhotwateroraloes-qualitysteam‐watermixtureintopower.Onesuch

devicewhichhasbeenproposedisatotalflowturbine,i.e.atwo-phaseflowturbine(Austineetal.

1973).Recently,Akagawaetal.(1988a)analyzedtheperformanceoftotalflowturbinesystems,

includingtwo-phaseflowturbinesandaflash-steamturbine.Asaresult,itwasshownthatthe

overallefficiencyofthetotalflowturbinesystemdependsonthetwo-phaseflowturbineefficiency.

Furthermore,anotherreport(Akagawaetal.1984)clarifiedthatitismostimportanttodevelop

ahighlyefficienttwo-phaseflownozzlewhenadoptingaturbo-typeofmachineasthetwo-phase

flowturbine.

Whenthethermalenergyofhotwateroraloes-qualitysteam‐watermixtureisconvertedinto

kineticenergythroughanozzle,adecompressionflashingandacriticalphenomenonoccur.As

forthetwo-phaseflowinthenozzles,therehavebeenanumberofinvestigations(Schrocketal.

1977)onchokedtwo-phaseflowinrelationtothehypothetical"lossofcoolantaccident".Inthese

experiments,longducts,shortducts,nozzleswithvariousdivergentanglesandnozzleswithvarious

throatdiameterswereusedtoinvestigatetheeffectsoftheinletsubcoolingandinletqualityon

thecriticalmassflowrates.Intheanalysis,thecriticalmassflowratesandpressureprofileswere

calculatedfrom:atwo-fluidflowmodeltakingtheslipbetweenthevaporandliquidintoaccount

(Moody1966;Levy1965);amodelwhichconsidersthermalnonequilibriumassumingequal

velocityofthevaporandtheliquid;andatwo-fluidmodelwhichtakesboththethermal

nonequilibriumandtheslipintoaccount(Ardron1978;Richter1983).Wallis(1980)andIsbin

(1980)presentedoverviewsofthecriticalHowrate.Moreover,toinvestigatetheroleof



grid-producedturbulenceonthenonequilibriumchokeprocess,Finckeetal.(1977)performed

experimentswithgridsconsistingofwovenwiresplaced6cmupstreamofthenozzlecontraction .

Theyshowedthattheplacementofthegridsalteredthecriticalmassflowrateandthermodynamic

nonequilibrium.Zimmeretal.(1979)measuredthepressureandtwo-dimensionalvoidprofiles .

Theyfoundthatflashinginceptionsuperheatwasimportantindeterminingvoiddevelopment

downstreamoftheinceptionpoint.Theyshowedthattherewasnegligiblevoidatthethroat .Note,

however,thattheseworksdidnotpayattentiontothenozzleefficiencyornozzledesign .

Comfort(1977)showedthat,inthecaseofaturbo-typetwo-phaseflowturbine
,atwo-phase

flowwithalowslipandasmalldropletsizehasahigherefficiency .Moreover,amethodofremixing

flows(Alger1978),amethodofinjectingsteamintoinitiallysubcooledhotwater(lkeda&Fukuda

1980)andamethodofswirlinginletsubcooledhotwater(Hijikataetal .1985)resultedinincreased

efficiency.Inaddition,withaviewtonozzledesignAlger(1975)studiednozzleperformancefor

alow-qualitysteam‐watermixtureexperimentallyandHokkeson(1981)studiedanoptimal

configurationforatwo-componenttwo-phaseflowanalytically .However,bothstudiesseemtofall

shortintermsofnozzleefficiencyanddesign.Thus,intheauthors'previousreport(Akagawaet

al.1988a),thefollowingweredetermined:

(1)Anoptimumexpansionpressureprofilecouldbeobservedbyvaryingthenozzle

backpressure.TheoptimumpressureprofilewasaHヒctedbytheinletsubcooling

andthedivergentangle.

(2)Themaximumthrustcoefficientcouldbeobtainedattheoptimumbackpressure.

(3)Theeffectofthebackpressure,theinletsubcoolingandthedivergentangleon

thethrustcoefficientwereclarified.

(4)Therelationshipbetweenagivenratioofinletpressuretobackpressureandan

exitstream-expansionratiofordesignwasdiscussed.Moreover
,theslipbetween

thevaporandliquidalongadivergentpassageandthethermalnonequilibrium

atthenozzlethroat(thisisrelatedtothemaximumnonequilibriumpressuredrop

atthethroat)wereconsideredtocauseareductioninthenozzlee伍ciency.

Therefore,twotypesofnozzlesweredesignedandtestedtodecreasethemaximumnon-

equilib血mpressuredropatthethroatinthisstudy.Oneofthesenozzleshasthinwiresplaced

justupstreamofthethroattostimulateflashinginception.Themaximumnonequilibriumpressure

dropatthethroatisconsideredtoberelatedtothepressureundershootwhichoccursat
,so-called,

blowdown.Thus,theotherisanozzlewhichutilizestherelationship(Alamgir&Lienhard1981}

thatthedecompressionrateisrelatedtothepressureundershoot.Theaxialpressureprofile
,the

massflowrate,thethrust,thethrustcoefficient,andthemaximumnonequilibriumpressuredrop

atthethroatweremeasuredusingboththeimprovednozzlesandconventionalnozzles .

2.EXPERIMENTALAPPARATUS

Aschematicdiagramoftheexperimentalapparatusisshowninfigure1.Tapwaterwassoftened

bythewatertreatmentunit,fedbythedisplacementpumpviatheflowmeterandheatedinthe

once-throughboiler.Throughtheseparatorattachedtotheboilertheheatedwaterwassupplied

tothetestnozzleinstalledhorizontallyinthetestchamber.Thesubcooledhotwaterwasflashed

inthetestnozzleandwasdischargedasatwo-phasemixturejet.

Crosssectionsofthenozzlesareshowninfigure2(A)andtheirspecificationsaregivenintable1 .

Thenozzlesareaxisymmetricconicalconvergent-divergentnozzlesmadeofepoxyresinwitha

sharp-edgedthroat.Allthenozzleshaveadivergentangleof6°,sincenozzleswiththisangle

showedamaximumthrustcoefficientintheauthors'previousreport(Akagawaetal .1988b).

NozzlesBS,BandBLhavethesamethroatdiameterof3.5mm,thesameconvergentangleof

28°anddifl'erentdivergentaxiallengthsinthedivergentpassage,i.e .diveerentexitcross-sectional

areas.Thesenozzlesarecalledconventionalnozzles.NozzlesES,EandELhavethesame

configurationsasnozzlesBS,BandBL,respectively,buttwowiresofO .3mmdia(madeof

platinum)havebeeninstalledland2.5mmupstreamofthethroat,asshownrnfigure2(A).As

mentionedabove,themaximumpressuredropatthethroatisconsideredtoberelatedtothe
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Figure.1.Schematicdiagramoftheexperimentalapparatus.
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Figure.2(B).Crosssectionnearapressuretap.

pressureundershoot.Accordingtotherelationshipthatthepressureundershootdecreaseswith

decreasingdecompressionrate,theconvergentanglesofnozzlesFS,FandFLweresetlowinorder

toachievealowmaximumnonequilibriumpressuredropatthethroat.Thatis,nozzlesFS,Fand

FLallhadthesameconvergentpassageconfiguration,suchthattheconvergentangleswereO°,

3°and50°alongtheaxialdistancesofO-4.3,4.3-39.5and39.5-62.4mmupstreamofthethroat,

respectively.

Sinceaonce-throughboilerwasusedinthisexperiment,themassflowratetotheboileris

thesameasthatfornozzles.Thus,themassflowrateforthenozzleswasmeasuredupstreamof

theboilerusingtheintegratedflowmeter.Toobtainthedesiredpressureandtemperatureofthe

subcooledhotwaterattheinlettheauthorsrepeatedlyadjustedtheflowrateandheatinputto

theboilerlikeanumericaliteration.Inthissense,theinlettemperatureandpressureare

independentvariablesoftheexperimentsandtheflowrateisadependentvariable.Theinlet

pressurewasO.47MPaandtheinlettemperatureswere409.8-411.9,4iS.6-417.1and

420.7-421.8K.

Thestaticpressureprofilesalongthenozzleaxisweremeasuredthroughpressuretapsinthewall.

Ascanbeseeninacrosssectionofthepressuretapindetail[figure2(B)],theholeofO.6mmdia

wasconnectedtoacoppertubeandthistubewasconnectedtoapressuretransducer.Thepressure

wasdetectedbythepressuretransducerandwasrecordedviaanamplifier,Thenumberofpressure

tapsisgivenintable1.

Thetemperaturewasmeasuredattheinletcrosssectionofthenozzlebyachromel‐alumel

thermocoupleofO.lmmdia.Thethrustofthetwo-phasemixturejetwasmeasuredbyaloadcell

connectedtoamomentumgauge,consistingofwiremeshesofdifferentsizestoabsorbthe

two-phasemixturejet.Theloadcellwascooledbyawaterjacket.

Theaccuracyofthemeasuredthrustcoefficientmaybesubjecttosomeerrors.Sincethethrust

coefficientisdefinedin[6」,theaccuracyissubjecttoerrorsinthethrust,flowrateandadiabatic

heatdrop.Theadiabaticheatdropwascalculatedbasedonthemeasuredpressureandtemperature

atthenozzleinletandthebackpressure.Thus,theoverallaccuracywasestimatedfrom

measurementsofthethrust,flowrate,inletpressure,inlettemperatureandbackpressure.The

uncertaintyintheflowrateiswithin±2%ofthemeasuredvalueintherangeofthemeasurements.

Thethrustwasmeasuredwithin±2%.Theuncertaintyinthepressureiswithin±1%andthe

TableI.Nozzlespecifications

Nozz豊es

BS B BL ES E EL FS F FL

Convergentangle(deg)

Divergentangle(deg)
Throatdia(mm)
Nozzleexitdia(mm)
Lengthofthedivergentpassage(mm)
Exitstream-expansionratio

No.ofpressuretapsalongthepassage
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temperaturewasmeasuredwithinfO.5%.Theoveralluncertaintyinthethrustcoefficientwas

estimatedtobewithin±5%.Theuncertaintyinthecriticalflowrateissubjecttothemeasured

massflowrateandthecross-sectionalareameasuredatthenozzlethroat.Theoveralluncertainty

inthecriticalflowratewasestimatedtobe十4%.

3.EXPERIMENTALRESULTSANDDISCUSSIONS

¶

亀

3.1.Optimumpressureprofile

Infigure3,pressureprofilesfornozzleBwereplottedagainsttheaxialdistancefromthenozzle

throatz(theaxialdistanceispositivedownstreamofthethroat)undertheconditionsofaninlet

pressureofO.47MPa,inletsubcoolingsof1.3-1.5Kandbackpressuresof17.6,44.9,72.2and

100.4kPa.Itcanbeseenthattheaxialpressureprofilechangeswiththebackpressureaboveback

pressuresof40kPaandthattheaxialpressureprofileinthenozzledoesnotchangebelowback

pressuresof40kPa.Thepressureprofilewhichwasnotaffectedbythebackpressurewasdenoted

asanoptimumpressureprofileandthebackpressureasanoptimumbackpressureintheauthors'

study(Akagawaetal.1988b).Infigure3,apressureprofilecalculatedfromtheisentropic

homogeneousequilibriummodel(IHEmodel)isalsoshown(bythedashedline)forthesameinlet

ノ へ …diti・n・ ・1・thecal・u1・ti・n・th・p・essu・eatth・n・zzl・th・ ・ati・eq・ ・h・th・ ・at・・ati・・p・ess・ ・e
correspondingtotheinlettemperatureandflashingtakesplaceatthethroataboveinletsubcooling

oflK.Comparingthemeasuredpressureprofilewiththecalculatedone,itwasestimatedthat

flashingoccursnearthedivergentsideofthenozzlethroat.Apressurediflerencebetweenthe

saturationpressureandPf[shownasP瓢(7}.)-Prinfigure3】isdenotedasthemaximum

nonequilibriumpressuredropatthethroatinthispaper.Ingeneral,thedegreeofthermal

nonequilibriumdecreasesasthemaximumnonequilibriumpressuredropatthethroatdecreases.

Thus,themaximumnonequilibriumpressuredropatthethroatappearstoberelatedtothedegree

ofthermalnonequilib血m.

3.2.」 雅c'〔 ゾ'ぬ か1wか ε3'η5fα"84η θαrf乃θ8乃'oα'oπ'ぬ εpressure」profile

Infigure4,tpressureprofilesfornozzleE(thinwiresinstalledinanozzlewiththesame

configurationasnozzleB)areshownforaninletpressureofO.47MPa,inletsubcoolingsof

1.5-2.OKandbackpressuresof8.7,36.7,62.2and100.1kPa.Theoptimumpressureprofilefor

todirectcurrentof35mAat100VwassuppliedbetweenthetwothinwiresinnozzleEandobservationsconfirmedthat
hydrogenbubblesweregeneratedinapreliminarytest.Inthiscasethepressureprofileisalsoshownusingthesymbols
xinfigure4.However,itwasnoticedthatthepressureprofiledidnotdifi'erfromthatwithoutthecurrentandthe

criticalflowratewasnotinfluencedbythecurrent.



nozzleBisshownbythedashedlineforcomparison.Ascanbeseenfromthefigure,anoptimum

pressureprofile(shownbythesolidline)existsfornozzleEwhichdiffersfromthatfornozzleB

(shownbythedash/dotline)andthemaximumnonequilibriumpressuredropatthethroatfbr

nozzleEwasalsolowerthanthatfornozzleB.Thiscanbeconsideredtobeduetothefactthat

thedisturbancecausedbythethinwiresstimulatesaflashinginception,therebyshorteningthe

delaytimeforthevaporformation.

Infigure5,thepressureprofilesmeasuredfornozzlesBandEandthepressureprofilecalculated

fromtheIHEmodelareplottedagainstthedimensionlesscross-sectionalarearatiobasedonthe

throat(オ μ 巳),withtheinletsubcoolingastheparameter.Itwasconcludedthattheinstallation

ofthinwiresinthismannercanlowerthemaximumnonequilibriumpressuredropatthethroat

andchangetheoptimumpressureprofile」tisshownthatfbrinletsubcooling△71。b
.i,=1K,the

measuredpressureratiosPIPヒarehigherthanthevaluecalculatedbytheIHEmodelfbrthesame

cross-sectionalarearatioabove!彊 μ 亀=6;andfor△Tsub
.i,=11K,themeasuredpressureratiosare

smallerthanthecalculatedones.Thereasonmaybethatthehighermeasuredpressureprofilesare

primarilycausedbyalargermassflowrate@)thanthatoftheIHEmodel,f<)r△TS。b.i,=1K

(〃t=1{,G。=0.25π42c。=0.051kg!s,whereA竃isthecross-sectionalareabasedonthethroatand

G。isthecriticamowrate)and△Tsub
,i,=11Kthelowermeasuredpressureprofileismainlycaused

byalargervelocityratio,inspiteofthefactthatthemeasuredmassflowrateisalmostequalto

thatoftheIHEmode1(m=A,(7。=o.25nd2(7。=0.143kg!s). A

3.3.雌c'oftheconverge〃tangleonthepre∬ureprofiles

PressureprofilesmeasuredfornozzleF,whichhasaconvergentangleof3°,areshownbyasolid

lineinfigure6underaninletpressureofO.47MPa,inletsubcoolingsof1.5-1.6Kandvariousback

pressuresintherange20.3-100.8kPa.Infigure6,theoptimumpressureprofilefornozzleB

(convergentangleof28°)inthedivergentpassageisshownasadashedline.Ascanbeseenfrom

thefigure,anoptimumpressureprofileexistsfornozzleF,whichdiffersfromthatfornozzleB,

andthemagnitudeofthemaximumnonequilibriumpressuredropatthethroatislowerthanthat

innozzleB.Figure6alsoindicatesthatthemeasuredpressurefornozzleFislowerthanthe

pressurecalculatedusingtheIHEmodelupstreamofthenozzlethroat.Oneofthecausesmaybe

thefactthatthemassflowratefornozzleFislowerthanthatfortheIHEmodel.Then,apressure

profilewascalculatedfromBernoulli'sequationusingameasuredmassflowrate(fornozzleF)

ofO.116kg/swithoutflashingalongtheconvergentpassage.Thispressureprofileisshownbythe

dash/dotlineandthepressureprofilecalculatedfromtheIHEmodelwithevaporationisshown

bythedashedlineinfigure7.FromtheIHEmodel,amassflowrateresultsinm=0.0739kg/s

andflashingoccursatthenozzlethroatfbrPi,=0.47MPaand△Tsub
,i、=1.5K.(1)Itisshown
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thatboththemeasuredpressureandthecalculatedpressure(thedash/dotline)arelowerthanthe

saturationpressurecorrespondingtotheinlettemperatureinsomepartoftheconvergentpassage.

(2)Ascanbeseen,themeasuredpressuredecreasesalongtheconvergentpassage(z=‐40to

‐8mm)withaslightdeviationfromthatcalculatedusingm=0 .116kg/sintheconvergentpassage.

Thedeviationbecomelargernearthethroat(z=‐8toOmm).Thus,thissuggestedthatflashing

occursintheregionofz=‐8toOmmorupstreamofz=‐8mm.Themeasuredpressurewould

beapproximatelythesameasthatcalculatedusingm=0.116kg/s,ifflashingdoesnotoccurupstream

ofthethroat.Figure7alsoindicatesthatasmallerconvergentanglelowersthemaximum

nonequilibriumpressuredropatthethroat.

TheoptimumpressureprofilesfornozzlesBandFandthepressureprofilecalculatedfromthe

IHEmodelwereplottedagainstthecross-sectionalarearatio,withinletsubcoolingastheparameter,

infigure8.Ascanbeseenfromthefigure,theoptimumpressureprofilesfornozzleFdifi'erfrom

thosefornozzleBasmentionedabove.Theflashinginceptionupstreamofthethroatdoesnotalways

causethenozzleefficiencytoincrease,duetoalargepressurelossintheconvergentpassage(as

showninfigure7).Itwasconcludedthattheconvergentanglechangestheoptimumpressureprofile

1へanddecreasesthemaximumnonequilibriumpressuredropatthethroat.

3.4,ハtaxi,〃 躍 η2nonequ〃 め ア'翼〃2、ρアε∬ure〃opα'功 θthroat

Themaximumnonequilibriumpressuredropatthethroatcanbeconsideredasoneofthe

parametersforexpressingthedegreeofthermalnonequilibrium.Themaximumnonequilibrium

pressuredropsatthethroatfornozzlesBS,B,BL,ES,EandELwerereadfromthemeasured

pressureprofiles.Thesewereplottedagainstthedecompressionrate,withinletsubcoolingasthe

parameter,infigure9.'ThedecompressionratesEwereevaluatedfrom[1](Abuafecal.1983)by

substitutingthemeasuredmassnowratesC。andsettingtheunsteadyterm(thesecondtermon

ther.h.s.)tozero:

Σ一aPaZa
2ar÷ 審d(lnAdz)+aP8r・[1】

where.4,ρandσ 。arethecross・sectionalarea,1iquiddensityandcriticalmassnowrate,respectively.

Itisshowninfiguregthatthemaximumnonequilibriumpressuredropatthethroatdecreaseswith

increasinginletsubcoolingoradecreasingdecompressionrate.Itisseenthattheinstallationof

wiresplaysanimportantrole.Thus,itwasconfirmedthattheinstallationofwiresinthismanner

anddecreasingthedecompressionrateareeffectiveinloweringthemaximumnonequilibrium

pressuredropatthethroat.



0.2

窮 ≧・
ノ む ド

/◆ ◇◇ °1、
Pti=O・47MPao霧

o◆8
a=8

3

P
L
Σ

」0ち
♂

0
050010001500

ΣMPals

Figure9.Maximumnonequilibriumpressuredropatthe

throatvsdecompressionrate.

Next,

theperformancecharacteristicsofnozzles.

2

1

へ　
　

t-¥¥

　 帖一一一一こ8・、
、 、

℃ 一 鞠 亀 一 一一～_

齢α躍1●

誌墨臥
闘已巴

2.2～2.2

0

0

ムT納
.NK

5,8噌7,1

0

0

10.T^-129

●

○

、 、

6
',

茎

'

"

"

,髪

↓

ー

1

〆

ノ

ー
ー

〆
'

〆
ノ

ー

○

●
ー

ノ

100

OO50100150

Zmm

Figure10.Velocityandliquidphasevelocity.

の
、ε

3

thevelocityratioandthecriticalflowratearementioned.Theseareimportantregarding

3.5.Velocityratio,K

Sincetheexitqualityandvelocityratiocouldnotbemeasureddirectlyintheseexperiments,these

valueswereestimatedbasedonaseparatedflowmodel.Theestimationmethodisasfollows.

Assumingthatthermalequilibriumexistsatthenozzleexit,thecontinuity,momentumandenergy

equationsfortheseparatedflowmodelcanbeexpressedasfollows:

WL .e1‐EoWG.eEe
切ex・ ㍉

、」-x,=・G,,夏 ・

具 、P=m,、P[(1-X。)Wし,+X,WG,,1,

畦c　 γ乙、,乃
i。一 力,=(1X。)

2"十X`2

[21

[3]

コ4し

and

h。=(1-xC)乃L .,、、(P,、)+x,ゐG.阻,(P。 、), [5]

wherex。,ε 。,躍L .。,暁 、。,1㌔x,h。,hL,認,(1)。 、)and乃q、 、,(P,,)arethequality,voidf『action,actualliquid

velocity,actualgasvelocity,pressure,specificenthalpyoftheliquidatagivensaturationpressure

andspecificenthalpyofthegasatasaturationpressureatthenozzleexit;ゐinisthespeci負centhalpy

oftheliquidatthenozzleinlet.Substitutingthemeasuredvaluesofthemassflowratem,、p,thrust

瓦 叩jnlettemperatureandexitpressureP,、intotheseequations,wecansolvethesesi叩ultaneous

equationstoobtainx。,ε 。,〃L ,。,and%.。.Asmentionedinanauthoゼspaper,theoptimum

pressureprofilesfornozzlesBSandBoverlappedupstreamofthatfornozzleBL.Thus,acurve

whichconnectseachexperimentalpoint(exitvelocityratiosfornozzlesBS,BandBL)canbe

consideredtoshowthedistributionofthevelocityratioapproximatelyalongthenozzleBLaxis.

TheseresultsfornozzlesBLandELareshown,withinletsubcoolingastheparameter,intheupper

partoffigure10.Liquidvelocityprofilesobtainedinasimilarwayarealsoshowninthelower

partoffigure10.Itisshownthatthevelocityratiosdecreasedownstreamandbecome1.5-1.7at

z=165mm.Ascanbeseenfromthefigure,innozzleE,theinfluenceoftheinletsubcoolingon

thevelocityratioissmaller.

3.6.Criticalflowrate

Measuredcritica田owratesareplottedagainsttheinletsubcoolingunderaninletpressure

ofO.47MPafornozzlesB,EandFinfigure11.Thecriticalflowrateswerecalculatedfrom

theIHE,Henry‐Fauske(Henry&Fauske1971)andAbuaf[flowcoefficientCpissettounity
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(Abuafeto1.1983)]modelsandarealsoshowninfigure11.ThemeasuredG。fornozzlcsEand

FarelowerthanthatfornozzleBbyalmost30%.Thiscanbeexplainedasfollows.Thepressure

differencefbrnozzlesEandFbetweentheinletpressureand」Pf(describedinsection3.1)islower

thanthatfornozzleBduetoadecreaseinthemaximumnonequilibriumpressuredropatthe

throat.Ifthepressuredifference(.Pi。-1)r)isrelatedto(e.g.isapproximatelyproportionalto)the

differencebetweentheinletpressureandtheflashinginceptionpressure,Bernoulli'sequationcan

beappliedbetweenthelatterpressuredifference(liquidaloneflowsinthisregion).Thus,the

decreaseinthecriticalflowratewithadecreaseinthemaximumnonequilibriumpressuredrop

atthethroatappearsreasonable.

Aboveaninletsubcoolingof10K,themeasuredC。arelessthanthatfbrthcIHEmodc1.This

isbelievedtobeduetothefactthataboundarylayerdevelopsorflowseparationoccursnearthe

throat,sincetheliquidvelocityneartheflashinginceptionpointincreaseswithincreasinginlet

subcooling.Comparingthemeasuredσ 。withtheG。predictedbytheHenry‐FauskeandAbuaf

models,these(ヲ 。havethesametendency.AscanbeseenfromthefactthatthemeasuredG。f<)r

nozzlesEandFagreewiththeAbuafmodelinthecaseofaflowcoefficientofO.7.

6

ハ

3.7.Thrustandthethrustcoefficient

Thethrustandthethrustcoefficientaretheimportantfactorswhichaffecttheturbineoutput

andtheturbineefficiency.Theexperimentalresultsofthesefactorsarediscussedinthissection.

ThemeasuredthrustfornozzlesB,EandFareplottedagainstthebackpressure,withinlet

subcoolingastheparameter,infigure12.Themagnitudeofthethrustincreaseswithdecreasing

backpressure,becausethethrustistheproductofthemassflowrateandthemomentumofthe

unitmassflowrateatthenozzleexit,thereductioninthebackpressureincreasestheadiabatic

heatdropandthemassflowrateisunaffectedbythebackpressure.Also,ascanbeseenfrom

thefigure,thethrustsfornozzlesEandFincreasewithinletsubcooling,butfornozzleBtheeffect

ofinletsubcoolingissmall.Thistendencymaybeattributedtothefactthatthecriticalmassflow

rateincreasesandtheadiabaticheatdropdecreaseswithincreasinginletsubcooling.Therefore,

eachfactorinverselyaffectstheabsolutevalueofthethrust.Also,itisevidentthatthethrustfor

nozzleEislessthanthatfornozzleB.Thismaybeduetothefactthatthemassflowratefor

nozzleEislowerthanthatfornozzleB,asshowninfigure12.ThethrustfornozzleFisgreater

thanthatfornozzleB,sincenozzleFhasalargerthroatdiameterandthemassflowrateisgreater

thanthatfornozzleB.ItshouldbenotedthatthemagnitudesoftheflowratesfornozzlesB,E

andFaredifferent,duetothedifferencesintheflowresistanceandnozzlethroatdiameter.

Therefore,inordertoinvestigatethenozzleperformance,themagnitudeofthethrustperunitmass

flowrateisdiscussedasfollows.Themeasuredvaluesofthethrustperunitmassflowrateare

MF騒9/1-」
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improvednozzles.

showninfigure13.Ascanbeseenfromthefigure,thethrustincreaseswithdecreasingsubcooling.

Inaddition,thethrustsfornozzlesEandFhavehigherperformancethanthatfornozzleBfrom

theviewpointofaunitmassflowrate.Acomparisonofnozzleperformanceisdiscussedbyusing

thethrustcoefficientdefinedby

c・一
用謡 、・[6】

whereW,histheidealvelocityatthenozzleexitfortheisentropicprocess.

3.7.1.EfJ"ectoftheinstallationoffinewiresonthethrustcoefficient.Thethrustcoefficientsfor

nozzlesBandEareplottedagainstthebackpressure,withinletsubcoolingastheparameter,in

thelowerpartoffigure14.Asshowninthisfigure,thevalueofthethrustcoefficientfornozzle

EishigherthanthatfornozzleB,i.e.thenozzleperformanceisimprovedbytheinstallationof

thefinewires.Thereasonisbelievedtobeasfollows.Ascanbeseenfromfigure4,thedecrease

inthemaximumnonequilibriumpressuredropatthenozzlethroatinnozzleEresultsinagreater

pressuredifferencebetweenPrandtheexitpressurethaninnozzleB.Thus,thegreaterpressure

differencemaycausethetwo-phaseflowtoaccelerateinthedivergentpassagemorethaninthe

caseofnozzleB.Next,itcanbeseenthattheinstalledfinewireshavealargeeffectonthe

improvementofthethrustcoefficientwithincreasinginletsubcoolingandimprovethenozzlethrust

coefficientbyamaximumof14%.Finally,thethrustcoefficientfornozzleEtakesamaximum

valueatandslightlyabovetheoptimumbackpressure.

Whenthebackpressureischanged,thethrustcoefficienttakesamaximumvalue.Themaximum

thrustcoemcientisdefinedasCTm飢inthispaper.The(渥m自 貰fbrnozzlesBS,B,BL,ES,BandEL

areplottedagainsttheexitstream・expansionratio,i.e.、4。 μ ¢(adimensionlessexitcross・

sectionalareabasedonthethroat),withinletsubcoolingastheparameter,inthelowerpartof

丘gurel5.ThevaluesOfC'Tma、fbrnozzleEareO.7-o.75,independentof!望 。μ1,andarehigherthan

thoseofnozzleB.Thus,theinstallationofthefinewiresimprovesthenozzlethrustcoefficientin

therangeof4/At=10to25andhighinletsubcooling.ThemaximumvalueofCT,,,gスisO.75in

theseexperiments.

3.ス2.1励 α ρゾtheconvergentangle.Thethrustcoe伍cientfbrnozzleFisplottedagainstthe

backpressureintheupperpartoffigure14.Thetendencyofthethrustcoe丘icientfbrnoz21eF

issimilartothatfornozzleE.ThemagnitudeofthethrustcoefficientfornozzleFisapproximately

equaltothatfornozzleE,inspiteofthesmallermaximumnonequilibriumpressuredropatthe

throatfornozzleFthanthatfornozzleE.Thismaybeconsideredtobeduetothehigherenergy
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lossviafrictioninthelongconvergentpassageofO°and3°.ThevaluesofCTmexareplottedagainst

4μtintheupPerpartof丘gure15.Asshowninthisfigure,thecTm邸lbrnozzleFisimproved

by5-12%comparedwithnozzleBandthevaluesofCT　 　xareO.68--0.76.

3.8.Designoftheexitstream-expansionratio

Awaytodeterminetheexitstream-expansionratioisdescribedforanozzlewithasmaller
maximumnonequilibriumpressuredropatthethroat.Asmentionedaboveinsubsections3.7.1
and3.7.2,thethrustcoefficienttookmaximumvaluesatandslightlyabovetheoptimumback

pressure.Thus,itcouldberecommendedthataslightlylargerexitstream-expansionratiothanthat
correspondingtotheoptimumbackpressureshouldbeselectedforagiveninletcondition.Infigure
16anappropriateexitstream-expansionratioisshownonandjustabovethesolidline.For
example,inthecaseofaninletpressureofO.47MPa,aninletsubcoolingoflKandPb!P;n=0.1,
wedecidedthatvaluesof12andslightlyaboveareappropriateexitstream-expansionratiosfrom
observingfcgure16.

4.CONCLUSIONS

戸

`

Experimentsusinggdifferentnozzleswerecarriedoutforinitiallysubcooledhotwaterto

improvenozzleefficiency.ThenozzleinletpressurewasO.47MPaandtheinletsubcoolingandback

pressurewerevariedintherangesO.9-12.9Kand5-101.3kPa,respectively.Theresultsareas

follows:

(1)Theoptimumpressureprofilewaschangedbytheinstallationoffinewiresorby
decreasingtheconvergentangle.

(2)Decreasingthemaximumnonequilibriumpressuredropatthethroatimproved
thethrustcoefficientbyasmuchas10%.

(3)Themaximumthrustcoefficientwasindependentoftheinletsubcoolingandexit
stream-expansionratiofornozzleswithasmallmaximumnonequilibrium

pressuredropatthethroat.
(4)Acorrelationbetweenanappropriateexitstream-expansionratioandtheratio

oftheexittoinletpressureswasobtainedempiricallyforanozzlewithasmall
maximumnonequilibriumpressuredropatthethroat.

(S)Thecriticalflowrateforanozzlewithasmallmaximumnonequilibriumpressure
dropatthethroatwasfoundtobelowerthanthatforordinarynozzles.
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