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f5uMMARY

Thedeterminationoftherateofvaporizationofa pureliquid
froma sphericalsurfaceexposedtoa gasstreamofvaryingstatic
pressurerequxedtheuseoftheheat-balanceequation

where din/deisthevaporizationrate,h istheheat-transfercoeffi-
cient,A isthesurfaceareaofthedrop,Hv isthelatentheatof
vapaization,and At isthedifferencebetweenthegastemperature
andthesurfacetemperatureofthedrop. Sensibleheattransferredby
theliquidwasnegligibleincomparisonwithlatent-heatrequirements.

Experimentaldatawereobtainedforfourpureliquidstestedover
anair-streamstatic-pressurerangeof450to1500millimetersofmer-
cury. Datawere also obtainedformethanolevaporatinginconstant-
pressurestreamsofhelium,argon,andcarbondioxide.Thefollowing
semiempiricalequationforpredictingtheevaporationrateofa drop
wasdetermined:

where kg and kv arethethermalconductivitiesofthegasandthe
vapor,respectively,d isthedropdiameter,Re and Sc arethe
ReynoldsandSchmidtnumbers,respectively,g istheaccelerati~ndue
togravity,2 isthemeanfreepathofthegasmolecules,and c is
theroot-mean-squsrevelocityofthegasmolecules.This~ression
wasobtainedforthecaseof isolateddropsanda verylowvalueof
approach-streamturbulence.

——... .— ..- .——..— . ——--
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Theevaporation-rateandthesurface-temperaturedataobtainedin
thisstudyshawtheheat-transfercoefficienttobe independentofthe
staticpressureofthesystem,andtheeffectofpressureonthevapor-
izationratetobe determinedMrectlybytheeffectofpressureonthe
surfacetemperatureofthedrop.An equationisalsopresentedforcal-
culatingthe At valueforwaterat a staticpressureof450to
1500millimetersofmercurybywe ofthe At valueforl-atmosphere
pressureanda calculatedcorrectionterm At!.

II!TRODUCTION

I?unerousinvestigationshavebeenmadeto determinetheeffectof
pressureonthevaporizationrateofdropletsinstillair(refer-
ences1 to4). However,atpresent,vaporization-ratedata,whichshow
theeffectofpressureontheevaporationrateofdropsinstreamsof
atior othergases,areunavailable.Sincecombustion-chaniberpressures
of1/3to4 atmospheresmaybe encounteredb theoperationofjet
engines,theeffectofair-streampressureonthevaporizationrateof
fueldropletsisofconsiderable@ortance inthestudyofcombustible
fuelvaporandairmixturesforjetctiustors.Suchmixturessxegen-
erallyformedby theinjectionoffueldropletsata pointupstreemof
thecombustionzone.Thus,theconcentrationoffuelvaporinthemix-
tureenteringtheburningzoneisdeterminedby thevaporizationrate
ofthedroplets.In orderto determinethisrateinairstreamsof
varyingpressure,an investigationwasmadeattheI?ACALewislaboratory
inwhicha rangeofpressureconditionsencounteredinaircraftcombus-
tionsystemswasstudied.

Inreference5,an equationispresentedforsimultaneousheatand
masstransferwhichshowedtheeffectofmolecularmasstransferand
turbulentmomentumtiansferontheheat-transfercoefficient.This
heat-balmceequationmaybe usedtopredicttheeffectofdropdiam-
eter,fluidvelocity,andtemperatureonvaporizationrates.However,
sincetheequationwasdeterminedforanair-streampressureof
740millimetersofmercmy,itcannotbe applieddirectlytovaporiza-
tionat differentafi-streampressmes.Thepresentreportwasthere-
forepreparedasan extensionofreference5.

Thevaporizationratesofpureliquidsingasstreamshavingstatic
pressuresof450to 1500millimetersofmercuryweredeterdnedfor
singleconstant-diameterdropssimulatedby wettedporousspheres.The
experimentswereconductedinah streamsundertheconditionsofcon-
stantfluidvelocitywithvaryingpressureandmass-flowrates,constant
pressurewithvaryingvelocityandmass-flowrates,andconstantmass-
flowrateswithvaryingpressureandair-stresmvelocity.Themass-
flowrateofairwasvariedovera Reynoldsnumberrangeof1360to

—- ——-— .———_— —. . . — ._—_ _ .
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3400basedondropdiametm,andsurface-temperaturedatawme obtained
inalltests.A limitednumberof exper~entswerealsomadeinstreams
ofhelium,srgon,andcarbondioxideat constantpressureandvarying
mass-flowrates.

An analysisoftheproblemofsimultaneousheatandmasstransfer
resultedinthedevelopmentofa semiempirical.equationwhichwasfound
to correlatetheexperimental.vaporizationdata. Thise~ressionwas
obtainedforthecaseofsingledropsmd sma12valuesofapproach-
streamturbulence.

SYMBOL8

Thefollowingsynibolsappearinthisreport:

surfacesxeaofdrop,sqcm

molecularmassdiffusivity evaluatedat tav,g/(cm)(sec)

root-mean-squaremoleculsrveloci~evaluatedat ts,cm~sec

root-mean-squaremolecularvelocityofinertgasinpresenceof
diffusingvapor,cm/sec

volumetricdiffusioncoefficientordiffusivityofvaporeval-
uatedat ~v, sqcm/sec(reference6)

dropdismeter,cm

vaporizationrate,g/see

ltroudenmiber,u2/dg

proportionalityconstant

accelerationdueto gravity,980cm/sec2

latentheatofvaporizationevaluatedat ts,g-cal/g

heat-transfercoefficient,g-cal/(see)(sqcm)(°C)

mass-transfercoefficient,g/(sec)(sqcm)

thermalconductivityevaluatedat ta~)g-c~/(sec)(sqcm)(°C/cm)

——— —–-——— -.————.— —,.
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Nu
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Pv

R

Re

ReSc

Sc

T

t

tav

At

At‘

At*

meanfreemolecularpathevaluatedat t~,cm

meantieemolecularpathof inertgasinpresenceofdiffusing
vapor,cm

molecularweight

quantityofmaterialvaporized,g

numberofmoleculesperunitvolume

Nusseltgroupforheattransfer,hd/k

Nusseltgroupformasstransfer,Kd/bg,w

staticpressure,atmormmHg

logmeanpartialpressureofinertornondiffusinggas,ah

differencebetweenpartialpressureofvaporat dropletsurface
andpsrtialpressureofvaporin Ar stremjortii~
potentisl,atm

universalgascons&nt,8.31x107ergs/(’%)(mole)

Reynoldsnumberbasedondropdiameterwith dup and p eval-
uatedat -tgand tav,respectively,dup/p

newcorrelativegroupwith dup and bg,w evaluatedat tg
and tavlrespectively,dup/bg,w

Schmidtgroupbasedonmassdiffusivityandevaluatedat tavj
P/bg,w

temperature,%

temperature,‘c

averagefilmtemperature,* (tg+ ts),‘c

differencebetweenairtemperatureandmrfacetemperatureof
dropordrivingpotential,tg - ts,‘C

temperature-differencecorrectionterm,‘c

At valueat1 ah pressure,‘c

u

— —— -. — .-
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“

u velocityofgas,Cmjsec

v molalvolume,cucm/g-mole

z rateofmomentumtransferperunitarea,g/(sec2)(cm)

z’ momentumtransferredpercollisionperunitarea,g/(sec)(cm)

e vaporizationtime,sec

v gasviscosity,poises

P gasorvapordensity,g/cucm

G dismeterofgasmolecule,cm

v prefixtidicatingfunction

Subscripts:

a air

f film

g gas

i inertiaforce

J gravi~force

m molecularscale

n macroscopicscale

s surface

t temperature

-v vapor

w water

Superscript:

n anyexponent

i —_——-—— .—— -— — .—. — -. ——— —..—— —--————
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Theapparatususedindeterminingvaporizationrates
air-stream-pressureconditionsisshowninfigure1. Air

underwrying
wassupplied

fromthecentrallaboratorysystemat50poundspersqusreinchgage
and16-per,centrelativehumidity.Theah wasmeteredby a rotameter
andthetemperaturewascontrolledovera rangeof22°to 93°C by an
electricresistanceheater.A3rleavingtheheaterwaspassedthrough
a calmingchanibercontainingtwosectionsof200-meshscreenplaced
normaltotheairstreamandthrougha nozzleintothetestsection.
Theinletductingwasdesignedtominimizeapproach-strewturbulence.
Controlvalvesplacedupstieamanddownstreamofthetestsectionmade
itpossibleto adjusttheati-stresmpressure,velocity,andmass-flow
rateto thedesiredvalues.Thespherewasplacedinthecenterofthe
testsectionandah temperaturesweremeasuredby a thermocouple
mountedinthesamehorizontal
pressuresweremeasuredfroma
testsectionata pofntinthe
Pressuresinvestigatedcovered
mercury.

planeasthesphere.M-stream static
pressuretapdriXledinthewallofthe
ssmehorizontalplaneas thesphere.
a rage of450to1500millimetersof

Thesurfacetemperatureofeachliquiddropforthepressureand
temperaturerangesstudiedwasobtatnedwitha finethermocouple
jqnctionof40-gagetion-constsatanwireflushwiththesm?faceofthe
sphere.A ftiethermocouplejunctionwasalsoplacedinthecenterof
thesphereto obtaintheliquid-coretemperature.Bymaintainingthe
liquidtemperaturenearthesurfacetemperature,thesensible-heat
transferredby theliquidwasnegligibleincomparisonwiththelatent-
heatofvaporization.

Thevaporizationunit(fig.2)consistedofa syringe,a hypoder-
micneedle,a corkspheremountedontheendoftheneedle,a rubber
stopper,anda stainless-steeltube.A screw-feedmechanismwas
reqyiredforinjecttigliquidintothesphereatair-streampressures
otherthanatmosphericpressure.

Vaporizationratesweremeasureddirectlybyweighingtheuniton
ananalyticalbslancebeforeandaftereachrun. Thetechniqueconsis-
tedin:

(1)Weighingthevaporizationunitonananalyticalbalance

(2)Ins-ing thestainless-steel-tubepcm’tionoftheunitinto
thetestsection(fig.1)

(3)Startingthevapmizatimp~icdby withdrawingthetube
partiallythroughtheholeinthetestsectionoppositethe
syringe,thusexposingthedroptotheairstreamfor2 min-
utes(fig.2(b))
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(4)Endingthevaporizationrunby replacingthetubeoverthe
sphereandsealingwiththerubberstoppa(fig.2(a))

7

(5)Removingtheunitfromthetestsection,reweighingtheunit,
andobtainingthevaporizationrateas thequantityofliquid
evaporatedperunittime

Vaporization-ratedatafor’airstreamswereobtainedforthe
followingconditions:(a)constantfluidvelocitywithvaryingpressure
andair-mass-flowrates,(b)constantpressurewithvaryingveloci~
andair-mass-flowrates,and(c)constantair-mass-flowrateswith
varyingpressureandfluidvelocity.

A Mmritednumberoftestsweremadeat constantpressure=d
varyingmass-flowratesinwhichmethanolwasevaporatedintostreams
ofhelium,argon,andcarbondioxide.Ineachcase,thel-inchpipe
wasdisconnectedfromtheoutletoftheairheater(fig.1)andconnec-
tedby meansofpipefitt3ngsanda coppertubeto a pressureregulator
mountedona cylindercontainingthecmpressedgas. Thus,thegaswas
passedthroughthecalmingchamberandthetestsection;evaporation
ratesandsurface-temperaturedatawereobtainedby themethoddescribed
forairstreams.Thevelocityofthegasstreamnearthesurfaceofthe
spherewasmeasuredwitha pitottubeconnectedtoa micromanometer.

RESULTSANDDISCUSSION

EffectofPressureonNusseltNumber

Thevaporizationrateofa dropmaybe detemed by eitherthe
mass-balancee&ation:

ortheheat-balanceequation:

(1)

(2)

where ~ isthedifferencebetweenthepartialpressureofthevapor
at thedropsurfaceandintheairstream,Nu’ istheNusseltnunber
formass-transfer,and.~ thelogmeanpartial.pressureofthenon-
diffusing@S. IY&sling(reference7)presentedthefollowlngexpres-
sionforthemass-transferNusseltgoup foran airtemperatureof
20°c:

.— ———— . -.— ———
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Nu’= 2 +0.552(Re)0“5(sc)0”33
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(2a)

However,ina morerecentinvestigation(reference5) itwasfoundthat
thisequationwasnotvalidoveran ah temperaturerangeof30°to
500°C,andthefollowingexpressionwaspresentedfortheheat-transfer
Nusseltgroup:

()

%
0.5

Nu = q

wheretheproductoftheReynolds
asa singledimensionlessnumber.

[

0.6
2 + 0:303(ReSc)1 (2b)
andSchmidtntiers ReSc wasdefined
TheRrandtlnumberdoesnotappear

inthisexpressionsinceitremainedapproximatelyconstantthrough-
outthetests,butthetherti-cotiuctitityratio ka/kv WM included
tomaketheexpressiondtiectlyapplicabletoanair-va>orfilm.

Equation(2b)wasdeterminalatanairpressureof 740millimeters
ofmercuryandtherefcmedoesnotnecessarilygivethecorrecteffectof
pressureontheheat-transfercoefficient.Itdoes,however,predict

Nu =q(Re)=~(P)

In orderto testthisprediction,evaporationratesandsurface-
temperaturedatawereobtainedforconstantvelocityairstreamsof
12.2feetpersecondanda static-pressurerangeof598to1494milli-
metersofmercury.DatafortheserunsaregivenintsbleI andshow
that,slthoughthepressurewasvariedby a factorof2*theNusselt
numberremainedrelativelyconstant.Thus,thepressureeffectonthe
Nusseltgoup predictedfromtheReynoldsnu.nberdoesnotappeartohold
forthiscaseofsimultaneousheatandmasstransfer.

Theeffectofati-mass-flowrateontheNusseltnumber(for
methanol)wasinvestigatedat differentair-streampressures,anddata
fortheserunsarerecordedh tableIIandplottedinfigure3. lbwm
thetwoplotsshowninfigure3, itisevidentthattheeffectofpres-
sureisnotadequatelyexpressedby therelationgiveninequation{2b).

Momentum-TransferGroups

Theanalogybetweenmomentumtransferandheattransferissimply
theconceptthatbothheatandmomentumaretransferredwhena molecule
collideswitha surfaceoranothermolecule.Thusjtheheattransferred
toa vaporizingdropby a molecularcollisionmaybe predictedfroma
knowledgeofthemomentumtransferredinthecollision.Wornthekinetic
theoryofgases,themomentum-transferratebetweenmoleculesanda sur-
facemaybe obtainedQ thefollowingmanner.Therateofmomentum
transferresultingfromgasmoleculesstrikinga surfacemaybe given
as:

.- ——
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where Zi,* istherateof
p isthegasdensity,and
molecules.Ifthisrateis

~olecularmomentumtransferperunitsreay
c istheroot-mean-squarevelocityofthe
dividedby therateofcollisionsat the

surface;/1, where 2 isthemean&ee molecularpath,

“i)m a) pF2 (3)

where Z’i,m isthemomentumtransferredpercolJisionperunitarea
dueto theforceof inertiaofsinglemolecules.

If groupsofmoleculesstrikea surfaceata velocitywhichisa
functionofthemain-streamvelocityofthegas u, therateofmomentum
transferperunitsreamaybe written

‘i,n al pu2

Therateofcollisionsata cylindricalor sphericalsurfaceispropor-
tionalto u/d sincethefilmthicknessisa functionofthediam-
eter d. Fortheforceofinertiaof~oups ofmolecules,themomen-

the
The

transferredpercollisionperunitareabecomes

“ijn a) pud (4)

Considerthecaseofmoleculsrgroupstransferringmomentumdueto
forceofgravity,wherefilmthicknessisagaina functionof d.
rateofmomentumtransferperunitaxeamaybe written

‘j ,n m pgd

where p istheaveragedensityofthegas. FoTtheforce
actingongroupsofmolecules,themomentumtram.sfmedper
perunitareais:

sincetherateofcollisionsatthesurfaceisproportional

ofgravity
collision

Forthecaseofmomentumtransferduetotheforceofgravity
actingonsinglemolecules,therateofmomentumtisnsferperunitarea
maybewritten

‘j ,m m pgl

.

. ..-. — ---- - .— ——. —. .—
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where 2 isthemeanfreemolecularpath. Therateofcollisionsat
the
per

for

surfaceisproportionalto &2/2~ andthemcmentumtransferred
collisionperunitsreabecomes

“J,m m PEZZ

theforceofgravityactingonsinglemolecules.

Thefourcasesofmomentumtransferaresummsrizedinthefollowing
table:

Force Scale Rateofmomentum Collision Momentumtransfer
transferperunit rateat percollisionper
axea,Z surface unitsxea,Z’
(g/(sec2)(cm)) (colJ-isions/see)(g/(see)(cm))

InertiaMolecular pF2 7/1 p=z
InertiaMacroscopic puz

2
ud pud

GravityMolecular pgz gljl Pml
GravityMacroscopic pgd &d/d P~dd

Ina gas,thereisa continuoustiansferofmomentumfromthe
gasmoleculestothecontaining‘surface.Thismaybe measuredasthe
pressur~ofthegas,andthemomentumtransferredpercollisionperunit
area pc2 isproportionaltotheviscosityofthegas. Ifa quantity
ofgasisforcedpastthesurface,mcmentumproportionalto pud is
tiansfmedtothesurface.When~ ratioof pud tothemcmmntum
transferredwithoutforcedflow pc2 isused,thefollowingReynolds
numberrelationcanbe obtained:

Re m dup/p~2

whichistheratioofmacroscopic-tomolecular-scaleinertiaforces.
Ifheatisalsotransfermxlacrossthefilmtothesurfacebecauseof
a temperaturedifferencetg-% thentheReynoldsnumbermaybe eval-
uatedatthegastemperatureandanoth=momentum-transferratiocon-
sidered.Moleculesinthefilmwilltransf=momentumproportionalto
(Pzz)tf h thesurfwewhenheatistransferredacrossthefilm.
Thus,& ratioofmoleculsr-mom~tumtran~ferwithoutheattransfer
tot’hatwithheattransferis (pc2)t,~(pc2)t,fwhere t,g indicates
gastemperatureand t,f averagefilmtemperature.Thisratioshould
be includedwiththeReynoldsnuniberinthecaseof simultaneousheat
andmomentumtransfer.

Considerthecaseofs~taneous momentumandmasstransfer.
Heretheratio pud/p#v appearstobe importantsincegroupsofair

\

.

.

.
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moleculestian8fermomentumequalto pud tothe
diffusing-vapormoleculestransfermomentumequal
thesurface.Themomentumtransferpercollision

l-l

surface,andthe
to P.& awayfrom
between_airmolecules

anda liquidsurfaceofunitareamaybe expressedas (~c2)ts ~ro-
videdthatthereisno dtifusionofvaporfromtheliquidsur}ace.
However,withevaporationanddiffusionoccurringat thesurface,the
effectivemeanfreepathbetweenairmoleculeswillbe greaterthan 2
since2‘ variesinverselywiththeconcentrationofairmolecules.
Also,~heroot-mean-squarevelocityoftheairmoleculesmaybe less
than c sincemomen~ islosttothediffusingvapor.Thus,the

/
collisionfrequenty c‘2‘ withmasstransfermustbe a functionofthe
collisionfrequency;2 okJainedwithnomasstransfer,butitis
considerablysmallerthan c/2.

On a macroscopicscale,Froude(reference8)hasshownthatifthe
collisionfrequencyu/d issmalltheeffect20fgravitybecomesvery
importantandthel?roude.group (pud/p@ d) isusedtodescribethe
momentum-_&ransferprocess.Thus,themolecular-scalegymup
P @ IIPC1whichisanalogoustothemacroscopi~-scalel?roudegroup,
maybe consideredimportantto theprocesswhen Cf/lf issmsll.asin
thecaseofmcnuentumtiemsfertoa_vapmizing-liquidsurface.The
groupsReSc and (PW2 z)@/(Pczl@ arethereforeimportantinthe
caseofsimultaneousmomentum,mass,andheatin?ansfer. ThiSdis-
cussionissummarizedinthefollowingtable:

Process Momentum-transfergroups

Momentumtransfer.
1

Momentumandheattransfer
~’*

Momentum,heat,andmasstransfer
*’*’ %#

ApplicationofMomentum-TransferGroupstoHeatandMassTransfer

Fromtheanalo~betweenheatandmmuentumtransfer,theratioof
macroscopic-tomolecular-scaleheattrsmsferorthelTusseltnumb=
hd/k wouldbe expectedtobe a functionofnotonlythegroupsgiven
inequation2(b),ReSc and k~kv}butalsothemolecular-scd_e
momentum-transferratioattheliquidsurface(P@ z)@P@tj#

.

—.——.—. —- -- --- _— __, .—_.. —— ..
., .Tc.
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Thus,equation(2b)maybe rewritten

been

hd/kg=cp~eSc,k~kv, (P@ Z)t,s/(P~Z)t,s] (6)

Theeffectof ReSc and k& ontheNusseltgrouphas*eady
shown(reference5),andequation(6)maybewritten:

hd/kg= f(k~kv)0“5(ReSc)0”6(g2&)n

where f isa proportionalityconstantand n an exponent.

Thedatah tablesI andII indicatethattheexponent
to0.6. b ordertoverifithis,vaporization-ratedatafor

(7)

n isequal
fourpure

liquidswereobtainedinw~ch thea-h-mass-flowratewasheldconstant
at 9.33gramspersecondandtheair-streampressuremmied overa range
of450to1500milltietersofmercury.Thesedata,recordedin
tsbleIIIandplottedinfigure4, confirmthefactthattheexponentn
isequalto0.6.

Thedtiensionlessgroup g2/G2

g=~=

c 6RTYMU2

maybe written:

8.86X10-7& (8)
Tnci2

.
since g = 980centtieters
ergsper (OK)(mole).!lhe
gasat anypressureP or

Persecondpersecond,snd R = 8.31X10’
‘&miberoftileculestia unitvolumeof
temperatureT maybewritten

6.02x1023P 273 19p
n= — — = O.966X1O22,400760 T E

where P isinmilltietersofmercuryand T iS in%. ~ substitu-
tingthisvaluefor n inequation(8):

Q = 9.18xlo-26x
;2 PU2

Thus,thedimensionlessgroup @52 isa functionofpressure,mole-
cuw d.i-terJ ad tiec~~ -U@t of’the g= ●

In thevaporizationstudies,ah wasusedas theinertheat-
transfermedium.ThebestavailablevaluesofcolJ.isiondiameterwere
usedhere,buttheymustbe regardedasapproximate.Sincenitrogen
andoxygenhavecollisiondiametersofapproximately3.77XI-O-8and

.

—.— — ——— .--. .—
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3.62X10-8centimeters,respectively,(reference9)~thediameterofanair
moleculemaybe takenasapproximately3.7~0-8centimeters.~us, for
air

M—=
~z

In ordertotestthe

(3.7:0-8)2=

applicability

2.12xlo’6

ofthegroup gl/Z2to gas
streamsotherthanair,vaporizationtestswereperform~inwhich
methanolwasevaporatedfromthesurfaceofa porousspheretito
constant-plessurestreamsofargon,helium,andcarbondioxide.By
thismeans,itwaspossibletotesttheeffectofmolecul~ properties
separatefromthepressureeffectgivenb thegroupglfi. l%andtl
nuuibersandvaluesof M/# forthesegasesandairareshownh the
followingtable:

Gas Molecular M/# Prandtl
(:) weight number

(references9 and10)

Air 3.7OX1O-8 29 2.12xlo160.74
Helium 2.20 4 0.83 .69
Argon 2.86 40 4.88 ●68
Carbondioxide 3.40 44 3.81 .80

By obtainingevapwationratesingasesotherthanair,itwas
alsopossibletovarythethermal-conductivityratiokg/kv by a fac-
torofapproximately10. DataforthesetestsarerecordedintableIV
andplottedinfigure5. DatagivenintablelXIarealsoplottedin
figure5,anda straightlinehavinga slopeof0.5,whichwasobtaind
inreference5, isdrawninthefigureforcomparson. Thus,by useof

@themolecular-scalemomentum-transfergroupg2c , itwaspossibleto
correlatevaporization-ratedataformethanolevaporatingin stieamsof
air,helium,argon,andcarbondioxidetiththethermal-conductivity
ratiofora givenvapor-gassystem.

Equation(2b)predictsthattheNusseltnumberfora stillgasmay
be expressedas:

0.5
Nu = 2(kg/kv)

Thedatausedinderivingequation(2b)(reference5)maybe replotted
as showninfigme 6. Theequationforthisplotis

Nu = 2 +0.303(ReSc)0“6(k~~)0”5 (2C)

.- —. --—. — — —.
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ThisequationshowstheNussel.tnuniber
ofthethermal-conductivityratio.

NACATN 2850

forstillairtobe independent

Thus,thedatainreference5 cannotbe usedtodeterminewhether
equation(2b)or (2c)istheccrrectformsincetheReynoldsnumbers
wererelativelyhigh.However,inthepresentinvestigation,evapor-
ationdataforthehelium-methanolsystemetiendedtherangeofthe
datato includehighvaluesofthethermal-conductivityratioatlow
Reynoldsnumbers,anddefinitelyshowthatequation(2c)isthecorrect
form.ThedataoftablesIIIandIV,plottedh figure7,yieldthe
followingexpressionforNusseltnumber

~g,way”’(~y”’–=2+2.58x106 ~g’hd
‘g

(9)

Databy R&sling (reference7)areincludedinthisplotto extend
thecorrelationtolow ReSc values.Inreference5, thevalueof
(@/E2)0”’iS 1.125x10-7.Thus,theproportionalityconstantf is
0.303dividedby 1.125X10-7or2.69X106whichisapproximately5 per-
centhigh= thanthevalueobtainedfor f inthisinvestigation.

Ifthetermsinequation(9)fortheNusseltnumberaresubstitu-
tedin equation(2),thefolbdng VapOriZatiOI1-~teequati~is
obtained:

whereAt isthedifferencebetweenthegasandthesurfacetemper-
aturein‘C,and ~ thelatent-heat-ofvaporizationingram-calories
pergall. h thisequation,thegroup (ReScg2/52)isindependent
ofpressure,andtheeffectofgas-streampressureontheevaporation
ratemaybe determineddirectlyfromtheeffectofpressureonthe
drivingpotentialAt.

In ordertotesttheapplicabilityofequation(10)tothecaseof
vaporizationofa fueldropina morehumidairstream,a seriesof
testswasperformedinwhich~-octanewasvaporizedinanairstream
havinga relativehumidityof48percent.Thevaporizationrateand
thesurfacetemperatureofthedropletwerewithin2 percentofthe
valuespreviouslydeterminedinan ah streamhavinga relativehumidity
of16percent.Fromthisstudy,therelativehumidityoftheairstream
appearedtohaveverylittleeffectonthevaporizationrateofthefuel
droplet;thisageeswiththefactthattheeffectofwatervaporonthe
valueof M/uz forthegasstreamwassmall.

.— .——
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EffectofPressureonDrivingPotential

.

,

Psychometricdataforwater,overa pressurerangeof147to
1523millimetersofmercuryareshowninfigure8. Valuesof At’ were
obtainedfromfigure8 at constantairtemperaturesabove100°C by use
oftherelationAt’= O at a totalpressureof1 atmosphere.These
changesin At withpressureat constanttemperaturemaybe plotted
againstthepressureinatmospheresas showninfigure9. Theequa-
tionofthestraightlineinthefigureis

At’= -33logP (U)

whereAt’ isthetemperature-differencecorrectionin ‘Cand P iS
staticpressureinatmospheres.Thus,the At valuesforwateratany
pressurefrom0.2to 2.0atmospheresmaybe determinedUrectlyfromthe
expression

At =At* -33logP (12)

whereAt* isthe At valueat1 amosphere.Itwillbe necessary
torelateAt and P forotherliquidsifequation(10)istobe
usedfordirectcalculationofevaporationrate.

ApplicationofGroup g2/& toDataonHeatTransferInside

Wetted-WallColumns

Vaporization-ratedataarereportedby Gi31UandandSherwood
(reference11)fortheevaporationofliquidsfromtheinsideofwetted-
wdd.cylindersintovaryingpressureandmass-flow-rateairstreams
Themass-transferNusseltnumberNut wasfoundtobe a functionof
onlytheReynoldsandtheSchmidtnumbersprovidedthattheair-stream
pressureisassumedtohavelittleeffectontheliquid-surfacetemper-
atureordrivingpotential~ (seeequation(l)).Intheirstudyit
wouldhavebeenverydifficultto obtainsurface-temperaturedata.
However,inthepresentinvestigation,theseda- wereobtainedandmay
be appliedtoGiJlilandandSherwood’sdataas shownintableV. In
thistable,a pm’tionoftheirdataonvaporizationofwater(tableI
ofreference9)hasbeenselectedforexaminationat air-streamReynolds
numbersofapproximately2150.EstimatedAt valuesobtainedfromthe
experimentaldatainfigure9 areincludedintibleV as arecalculated
valuesofthedimensionlessgroupsNu “andg2&’,whicharealsoplot-
tedinfigure10.

Inthecaseofevaporatin franinsidewetted-wallcolumns,the
4usefulnessofthegroup gl/c inexplainingtheeffectofpressme

.—. .. —-—- --- -.— .—. .-—— —— --- .—— ——
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on simultaneousheatandmasstransferisreadilyappsmentfromfig-
ure10whenboththeReynoldsandSchmidtnuuibersareconstant.Thus,
theirdataandthedatain thisstudyshowtheNusseltnumberforsimul-
taneousheatandmasstransfertobe a functionofthethreegroups
g2/c*,Re,and Sc. IftheGillilandsndSherwocxldatawereextendedto
airtemperaturesof90°C orabove,usingwater,theeffectofpressure
ontheReynoldsnumberwouldbe muchgreaterthantheeffectofpressure
onthedrivingpotentialAt,as showninfigureQ,andinthiscasethe
hportanceofusingthedimensionlessgroup
clearly.

CONCLUSIONS

gz/7 wouldbe shownmore

Theexperimentaldatashowthatthe
ontheevaporationrateofa pureliquid
equation

effectofgas-streampressure
dropmaybe describedby the

am J&kt
m= ~ [

2fid1 + 1.29X10
‘ke%$)O”6(2T

where din/deisthevaporizationrate;
%

isthethermslconductivity
ofthegas,t isthedifferencebetweent atitemperatureandthesur-
facetemperatureofthedrop,~ isthelatentheatofvaporization,
d isthedropdiamet-,Re istheReynoldsnumber,Sc istheSchmidt
nuuiber,g i~theaccelerationduetogravity,2 isthemeanfreemole-
cularTath,c istheroot-mean-squaremolec~ velocity,and kv is
theth~ conductivityofthevapor;ReSc isa newcorrelativegroup,
and g2/~ isthemoleculsr-scaleratioofgravitationalto inertial
forces.Thus,theNusseltnumberisindependentofthestaticpressure,
andtheeffectofgas-streampressureonthevaporizationratemaybe
determineddirectlyfromtheeffectofpressureonthedrivingforce
At. Theprecedingrelaticmwasevolvedforthecaseofan isolateddrop
anda verylowvalueofapproach-streamtwbulence. .

.

LewisFlightPropulsion@bOratory
NationalAdvismyCommitteeforAeronautics

Cleveland,Ohio,June10,1952

——
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APPEND= - CALCULATIONOFD135!TK510NLESS.

Nusseltgroupfor~-ocke (~bleI).

.
.
.

.

.

.

Spherediameter,d, cm . . . . . . . .
Airtemperature,ta,‘C . . . . . . .
Surfacetemperature,ts,‘c .”..”
Temperaturedifference,ta - ts,‘C .
Averagefilmtemperature,tav,‘C . .
Vaporizationrate,dm/d6,g~sec .. .

0.724
28°
18
10
23

5.5OX1O-4
89

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
.
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

. .

. .

. .

. . .

. .

. .

. .

. .

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.Latentheatofvaporizationat ts,q, #3-c~/g
ThermsJ-conductivityofairat tf~kaj
g-cal/(sec)(sqcm)(°C/cm). . . . . . . . . .

TheNusseltnumbermaybe expressedas

dm/d9~
Nu = fidkaAt

5.95X1O-5.

.

Thus

(5.50x104)(89)
‘u= (3.14)(0.724)(5.95X10-5)(10)‘36.2;

Reynoldsgroupfor~-octane(tableI).-

Mass-air-flowrate,lb/hr . . . . .
Spherediamet-,d, cm . . . . . . .
Areaofduct,sqcm . . ...6..
Averagefilmtemperature,tav, C .
ViscosityOfairat tf,Pa,poise.

. 60

. 0.724

. 21.2

. 23

. 1.825X10-4

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

. .

. .

. .

. .

. .

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

maybe calculatalas follows:Themass-flowrateperunitarea

lb)
m=

0.357g/(sec)(sqcm)‘“=d$%%
Thus,theReynoldsnumberis

Re = dup_ (0.724)(0.357)= 1413
Pa (1.82=10-4)

—
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Schmidtgroupfor~-octane,.(tableIII).-

Averagefilmtemperature,tav,‘C . . . . . . . . . . . . . 25
Viscosityof airat tfjpa,poise . . . . . . . . . . . . 1.835X10-4

Themolecularmassdiffusivitybg,w maybe calculatedfromthe
Gillilandexpression.(reference6)as roJ_Lows:

bg,w=% (0.0043)(298)0”5(0.00269)=2.77X10-4g/(cm)(sec)

Thus,theSchmidtnwiberis

-4
sc=~= l.835xlO = 0.662

bg,w 2.77X10-4

Molecular-scalemomentum-transfergroup gl/F2.-

Themeanfreemolecularpath 2 maybe expressedas

wherethenumberofmoleculesperunitvolumen is2.7X1019ata temper-
atureof0°C anda pressureof1 atmosphereandthediameterofair
moleculea is3.7X10-8cm.

Thus

2 = 6.11x10-6cm

Theroot-mean-squaremoleculsrvelocityF maybe expressedas

F
~ . 3RT

M

Thus

s=~ =23’”0’‘cm/sec)2

.

-’
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Since g is980centimet=spersecondpersecond,,-

.

1.

2.

3.

,,

4.

5.

6.

7.

8.

9.
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OF12.2FEETPERSECOKO

~, evaluated Re % ml
at ~~ (g-c2/g

‘( ‘)?

-Cal
(poiees) Sec ~q ~) (OC/~m

~
a (a) (a

~-Octane md air
J

7.57 598 10.05.5OX1O-41.825K10-4 1413 8069 5.95X1O-5 S6.2
9.47 747 8.3 4.53 1.630 1762 66.5 5.96 33.6

11.@3 934 6.7 3.65 1.632 2200 88.4 5.98 35.5

Carbon tetrachloride and air

7.57 598 33.6 30,6X1O-4 1.772x10-4 1452 52.5

9.47 7’47 30.1 27.5 1.775 1818 52.3

11.63 934 27.0 24.6 1.760 2262 52.1
14.20 lJ.21 25.4 23.3 1.785 2710 52.0

16.58 1307 24.0 2Z,0 1.790 3150 51.9

18.93 1495 22.0 20.8 1.795 36(XI 51.7 7
5.76x10-5 36.7
5.79 36.3

5.E$3 35.9

5.82 36.4

5.64 35.6
5.EM 36.7

I

‘%alues from reference 12.
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TABLEII - VAPORIZATIONOFMETHANOLFROMO.71-C!EIVTIMETER-DIAMETER

SPHEREINAIRSTREAMAT~ OF28°Ca

.mmass- P At
/
dm dQ Re Nu Nu ReSc

‘lowrate(mmHg) (“c:(gsee)
(glsec) (k~~)””s

f = 1.775x10-4yoises;~ = 285g-csl/g;ka = 5.7%10-5w

kv = 3.57X10-5g-csl/(see)(sqcm)(%/cm);and

bg,w= 1.765X10-4g/cmsec.

20.55 740 30 8.25Xl@ 3,87060.7 47.7 3,892
16.65 740 30 7.22 3,13653.1 41.7 3,154
13.00 740 30 6.42 2,44847.2 37.1 2,462
9.33 740 30 5.25 1,75738.6 30.3 1,767

-5
~ = 1.760X10-4poises;Hv = 286g-cal/g;ka = 5.74X1O and

kv= 3.54X10-5g-cal/(sec)(sqcm)(°C/cm);and

bg,w= 1.758x10-4g/cmsec.

9.33 506 36 7.52X10-41,77246.6 36.7 1,775
8.58 506 36 7.08 1,63043.8 34.5 1,634
7.82 506 36 7.02 1,48543.6 34.3 1,488
10.10 506 36 7.57 1,92047.0 36.9 1,923
10.72 506 36 8.07 2,10050.1 39.4 2,104
13.00 506 36 9.40 2,47058.3 45.7 2,475
16.65 506 3610.15 3,18063.0 49.5 3,185
20.55 506 3611.98 3>90074.4 58.4 3,905
29.20 506 3614.28 5,55088.5 69.5 5,557

~~ues for ~f,~, ka,and ~ fromreference12.

.

— — —— -—
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c

I

I
I

I

dm/d9 Till
(mmpHg) (::) (g/Bee) (L)

$“ (Rest @F2)0”’ &~ .@k’)O”’(%/%)O”’

~-octaneand air; ta = 29.4° C; spheredlam. = 0.78 cm; ~f = 1.835X10-4pofae8;Re w 1875j
$= 2.53x109 (c~sec)zj SC = 0.662;Hv . @8.5 g-cal/g;and ka = 6.06X.I.0-5and

~= 2.20X10-5g-cal/(sec)(6qcm)(0C/cm).

795 8.6 5.O6X1O-435,5 6.3’xlo-’2.45XI0-1’ 7,75no-6 12.8OX1O-6
795 8.6 5.01 3’.’ 6.32 2.45 7.75 12.00

1016 6.6 3.34 30,6 4.94 1.92 6.70 11.05
1295 5.5 2.25 24.7 3.69 1.55 5.80 9.73
1511 4.9 l,M 22.9 3.34 1.29 5.27 8.70
892 7.2 3.77 31.6 5.64 2.18 7.25 KL.95
1143 6.1 2.71 26.8 4.38 1.70 6.24 10.30
1016 6.6 3.13 28.7 4.94 ‘1.92 6.70 11.05
638 10.5 6.83 39.2 7.86 3.06 8.88 14.63
495 11.8 8.71 44.6 10.15 3.95 10.33 17.03
717 10.0 6.16 37.2 7.02 2.70 8.25 13.60

8enzeneand air; te = 27.8° C; sphere diam. = 0.78 cm; pf = 1.787X10-4Poises; Re = 1925j
$= 2.4RX109 (cm/sec)2;Sc u 0.750; ~ . 106.5 g-cal/g;and & = 5.82X10-5 and

$=2 .35X10-5 g-cel/(aec)(sqcm)(°C/cm).

798 24.4 12.4xlo-~38.0 6.17x10-62,44xlo-1’ 8.47X10-6 13.33xlo-6
798 24.4 12.9 39.5 6.17 2.44 8.47 13,33
798 24.4 12.5 38.2 6.17 2.44 8.47 13.33
892 23.2 10.8 34.7 5.53 2.19 7.94 12.50
892 23.2 11.o 35.4 5.53 2.19 7.9-4 12.50
495 30.0 20.3 50.5 9.95 3.95 11.33 17.83
1310 19.3 7.5 29.0 3.77 1.49 6.32 9.95

‘%alues of ~f, Hv, ka, and kv frcunreference12. s?
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.
‘l!K6mm - Concludefl.VAP3RUWIOIIFROMSPHERESIN~131REAMATAMMS-FLOWRA!LZ.

Y ml(mpHg)(%( s~)
OF9.33GRAMsPERSECOND* WY

(- d@)O”’@a/kV)0”5
Acetoneandair;~ = 27.8°C;aph=edlam..0.64cm;pf= 1.760X10Apotses;Re= 1602;
% = 2.2&xl&-(cm/sec)2;& = 0.83;~ = 135.5g-cd/g;and ka= 5.74XJ0-5and
kr= 2.43X10-ag-Ca

Jma. 34.0
1036 33.8
742 37.1
742 37.1
1.19632.4
1196 32.4
890 35.4
890 35.4

35.4
38.4

446 41.6
470 43.J

8.8x10_’
8.6
10.9
L1.3
7.6
7.2
9.8
9.5
10.0
12.8
18.5
17.0

/(se~

30.4
29.9
34.5
35.7
27.5
26.1
32.5
31.5
32.2
39.1
52.2
48.5

[Sq Cm)(’
4.44Kio-
4.38
6.12
‘.Ii?
3.&3
3.80
5.12
5.12
5.12
7.02
.0.20
9.68

/cm).

1.92XlCFU
1.89
2.63
2.63
1.63
1.63
2.19
2.19
2.19
3.01
4.39
4.16

6.98x10-’
6.90
8.44
8.44
6.34
6.34
7.56
7.56
7.56
9.15
I.1.’o
I.1.o’

10.72u0-’
10.50
12.98
12.98
9.75
9.75
11.62
1.1.62
1.1.62
14.06
17.70
17.00

Acetoneandafr;~= 93.0°C;spherediem.. 0.686cm;& = 1.945x10-4poises;Re= 1551;
52= 2.38X109(cm/sec)2;Sc= 0.80;Hv= 1.34.2g-cal/g;and ka. 6.37x10-5and
kV”3.~~0-5 g-c@(sec)(sqcm)(°C/cm).

798 89.029.3X10-4 52.1 5.94xlo-’2.4M0-12 8.32X10-’ 12.15xlo-6
798 89.028.5 31.2 5.94 2.44 8.32 12.I.5
1153 84.322.8 26.6 4.08 1.68 6.65 9.70
592 91.635.2 37.5 7.98 3.29 9.80 14.42
452 93.543.6 45.510.46 4.32 11.67 17.00
495 93.040.8 42.8 9.55 3.95 II.1O 16.18

Methanolandair;ta= 22.0°C;spherediam.= 0.688cm;pf. l.752xlO‘4poises;Re= 1732;
E2= 2.30X10g(cm/sec)2;Sc= 1.CQ;~= 285g-cal/g;and ka= 5.71x10-5and
kv=3.50X10-5g-cal/(sec)(sqcm)(°C/cm).

1321 22.82.33xlo-4 23.7 3.48X10-’1.48xlo-12 7.CxXlo-’
792 28.94.32

8.94X10-’
34.6 5.78 2.47 9.52 12.17

10I.I.25.83.23 29.0 4.53 1.93 8.20 10.48
1.17924.52.74 25.9 3.89 1.66 7.48 9.55
892 27.53.75 31.5 5.I.2 2.18 8.83 S1.28
508 32.03.61 44.8 9.oi) 3.84 12.40 15.e2

%1.uesof pf,Hv,ka,and kv frcsnreferenceI-2.

. —
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TABLE IV - VAPOKCUTION OF MEITHMOLIRCM O.71-CENTIMEI!ER—DIAMETERSPHEKSI?JGASS TUEAMSOF

Q

VARYINGMASS-FLOW’RATEa -~

din/de (ReSagl/#)0”6 (ReSC g@’)0”6 (k~kv)0”5
(ImnpE!Z)(% (g/see) (cJsec)

Nu Re Re& glp

Methanol end helium;t = -4

7

26° C; pg = 1.876X1O poises; Hv . 265 g-csl./g;?% = 33.6xl.O-5 ad
kv ~ 3.40X10-5g-csl (sec)(sqcm)(°C/cm);.am3 bg,v= 3.70~o-4 g/(cm)(sec).

740 28 lo.22%lo-4 556 15.88 340 172.5 1.024X10-121.4Mxlo-6 4.5X10-6
740 28 10.10 556 13.72 340 172.5 1.024 1.418 4.5
740 28 12.23 766 16.62 468 237.0 1.024 1.702 5.4
740 28 12.53 766 17.05 468 237.0 1.024 1.702 5.4

Methanol and Argon; tg = 15.5° c; Fg - 2.16X1O “poises; ~ = 286 g-ceJ./g;~ = 3.90XJ-O-5and

~ = 3.36X10-5g-csJ./(sec)(sqcm)(°C/cm);and b=.w . 1.61.XIO-4g/(cm)(sec).
-,

740 26.5 3.97xlo-4 231 49.3 1335 lslo 6.05X10
-12

16.7x10-6 18.0XIO-6
740 26.5 3.98 231 49.5 1335 1810 6.05 16.7
740 26.5 4.55

18.0
313 54.1 1935 2450 6.C6 20.1 21.6

740 26.5 4.s3 3U 53.9 1935 2450 6.05 20.1 21.6

Met~ol end C02; -tg. 13.0° C; Pg . 1.44KL0-4poiBet3;& = 286 g-cd/g; kg- 3.39xlo-3d

kv D 3.36X10-5g-cel/(Bec)(sqcm)(°C/cm); and bg,w= 1.60%J.0-4g/(cm)(sec).

740 24.0 3.7310-4 426 58.8 5870 34KI 4.72X10-12 21.3x10-6
-6

21.4xlo
740 24.0 2,56 240 41.o 2M3 1965 4.72 15.2 15.3
740 24.0 2.56 240 40.4 2M0 1965 4.72 15.2 15.3

I ‘%alue6 for pg, Hv, kg, end kv from referenceU.
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TABmv - VAPORI.Z4TIONOF WMER FRCM IIWIJE WIFITED-WALL~

Re

(a)

2120
2080
2160
2250
2140

dm(nunpHg)=5

(-$Sec

(a) I (a)

249 0.105
992 0.250
765 0.317
112 2.5CKI
1700 0.133

;b)

32
20
24
40
14

Hv
&&

(c)

592
585
587
597
581

(c) (d) (d)

5.94X1O-5 89.0 7.77X1O-12
6.06

I

32.8 1.95
6.06 34.7 2.54
5.88 72.5 17.30
6.15 24.5 1.14

%ata by Gilliland aad Sherwood (referencel?.).

?Data from fig. 9.

~eference 12.

Calculated.



i

. .

I

I 203
Ccmpreasedair
lbjw in.me;

..-

regulator

I

,----,.. - . . .

:+.........
..:+
:..<.
.“.\

4
;4
-s..,.,
..:

>.:
{ii
:~:
:,<;.:

.}::

.J
:.2
......
-.:;

%.,. .,.,.....................L.....
. .,,.’.:.:.

.....
;::;;,
U:
.......
:.:.:.,.
..J:;
....

\f7

~w co-Z594

I Figure1. - f3ctiesati0Ma- ofvapwizatlonequipmnt.



28

Movable~-3nch-O.D.
2

atainl.ess-steel

NACATN 2850

Brass

tn.lb

leak

(a)Baforeanilsfter

,.

test.

Al?ressuretap
●Thermocoupletialrstream
+ThemnocouPbontipsm%aoe

u.
CD-2693

(b)Durhlgtests.

—

~2. - Vaporizationunit.

_—.—— —



,. . .

,

I

I

I

I I

A

d

A
/

3
I

Static air I
pressure
(mm Hg)

o -740
A 506

z
1 2 3 4 5 &%lo3

Re9c, dup/bg,w

/
A

/o

-t-

1

N
al
u-l
0

Figure 3. - Vaporization of methanol t’rcnn0.71-centfme&r-diameter sphere
in (28° C) air stream at near a~Bph~ic and reduced prea8ure6, md
veriable air-mass-flow rate.



30 NACATN 2850
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Liquid Re +a Sc
d (Oc)

3
❑ Acetone1602 27.8 0.83

> 0 Acetone1551 93.0 .90

A t● D Methanol1732 22.0 1.00

‘25
I I

@G
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3a)
m
z
b

4

Liquid Re ta Sc

4
0 n~Octane1875 29.4 0.662
a ~enzene1925 27.8 .750

2
1 2 4 6 8 10x10-12

Molecular-scalemomentum-transfergroup,g2/C2

Figure4. - CorrelationofNusseltnuniberwithmolecul.ar-
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