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SUMMARY

dataonturbulentheattransferin a tubeforthedis-
N204* 2N02 arein accordwiththeususlNusselt-

FYandtl-Reynoldsnumbercorrelationforthistypeof convectiveheat
transfer.

Thethermslconductivitiesandkinematicviscositiesneededto
formulatetheNusselt,Reynolds,andFrandtlnumbershavebeencomputed
usingrigorousexpressionsfromthekinetictheoryof gases.Thethermal
conductivityincludesa largecontributionsrisingfromthediffusions
transportof chemicalenthalpy.

Threemethodsof selectingaveragepropertyvalues fortheboundary
layerweretested.Allgavegoodcorrelationusingtheequilibriumtrsns-
portproperties.

An approximatemethodusingfrozengaspropertiesgavesomewhatpoorer
results,butshouldbe usefulforcomplexsystemswhereexactcomputations
wouldhe prohibitivelytedious.Thisapproximatemethodshoil.dalsobe
applicableto systemsinwhichchemicalequilibriumisnotattained,pro-
videdtheenthalpyof thegasesinthefreestreamandatthewallis
known.

Currently
ciatinggases>

INTRODUCTION

thereis considerableinterestinheattransferindisso-
becausesuchgasesmayexistintheexhaustnozzlesof Jet

enginesorwithintheboundarylayeron hypersonicaircraft.In reacting
gases,heattransportmaybe considerablyhigherthanin “frozen”(non-
reacting)mixtures.Largeamountsofheatmaybe carriedas chemical
enthalpyofmoleculeswhichdiffusebecauseof concentrationgradients.
Thesegradientsarisebecausethegascompositionvarieswithtemperature.
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Forexample,ina gaswhichabsorbsheatby dissociatingasthetemper-
atureisraised,heatistransferredwhena moleculedissociatesin the
high-temperatureregionanddiffusestowardthelow-temperatureregion
(thereis a lowerconcentrationof dissociatedmoleculesatlowtemper-
ature}. Inthelow-temperatureregionthegasreassociates,releasing
theheatabsorbedfromthehigh-temperaturedissociation. --

Heattransferinpracticalsystemswithchemicslreactionhasbeen
theoreticallyexsmined(e.g.,refs.1 and2). ParsJ_leltheoretical
studiesof thethermalconductivityofreactinggaseshavebeenmade:
inreference3 a generslexpressionforthethermalconductivityof gas
mixturesin chemicalequilibriumisdeveloped,whileinreference4
systemswithfinitereactionratesareconsidered.

RecentlyBealandLyerly(ref.5) haveexperimentallyinvestigated
turbulentheattransferin a tubeforthedissociatingsystemN204* 2N02.
Essentislfeaturesof theirapparatusincludeda 3/4-inch-diametertest
sectionwttha roundedentrance.Heatwasaddedata thermallyguarded
hotspot23diametersfromthetubeentry.Theguardheaterwasshort,
sothatthelength-diameterratioforthethermalboundarylayerwasonly
2. ‘Testswerecarriedout withairintheReynoldsnrmiherrangefrom
2500to34,000andwith N204* 2N02 mixturesin thera~e from18,000
to104,000.

BeslandLyerlywereunableto snalyzetheirresultsfully,because
of thedearthof experimentalconductivityandviscositydataforthe
N204*2N02 systemintheliterature.Thisreportshowsthatthedata
ofBealandLyerlyarein completeaccordwiththeusualNusselt-l%andtl-
Reynoldsnuuibercorrelationsforthistypeof convectiveheattransfer.
Thermslconductivitiesandviscositiesforthe N204* 2N02system
(neededtoformulatetheNusselt,FYandtl,ad Reynoldsnumbers]have
beencomputedusingrigorouskinetictheoryexpressions.
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specificenthslpydifferencebetweenwellendfluidbulk

heat-transfercoefficient

thermalconductivity

Nusseltnumber,hd/k

Prandtlnumber,cpp/k

Reynoldsnumber,Gd/I.Lor Gd/pv

absolutetemperature

pD~,f/kf(timensiofiess)

absoluteviscosity

kinematicviscosity

density

generalizedtemperaturedependentproperty

Subscripts:
w

B bulkfluid

e chemicelequilibrium

f chemicallyfrozen

i contributiondueto internelenergy

m vslueformixtureofmonatomicgases

r contribution

w wall

Superscripts:

meanvalue

* evaluatedat

dueto chemicslreaction

referencecondition
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Thecomputedthermsl

METHODSOFANALYSIS
.

TransportProperties
.—

t“

conductivities,kinematicviscosities,and
Prsmdtlnumbersforthe N204* 2N02 systemat1 atmosphereareshown
infigure1. Themethodsof computationaiedetailedin theappendix.
Calculatedconductivitiesagreewithrecent.experimentaldeterminations._
(ref.6)~ whicharealsoplottedinfigure:1. Frozenthermalconduc-
tivitiesandPrandtlnumberswe shownby thedashedlines. (Thefrozen
valuesreferto equilibriumgascompositionwithoutchemicalreaction.)
Thehorizontalbarsacrossthetopofthefigureindicatethetemperature
differencesbetweenthewsllandbulkfluidfortheindividualN204*2N02
heat-transfertestsofBeslandLyerlyjapproximateReynoldsnumbers&e
givenadjacentto thebars. (Theexactv~ues of theReynoldsnumbers
dependon thewaymeanpropertyvaluesarechosen.)Overthetempera-
turerangeof theheat-transferexperiments,theconductivityvariesby
a factorof 2.2,thekinematicviscosityby a factorof 2.3,andthe
=andtlnumberby a factorof1.4. Thesevariationsaremuchlargerthan
thoseencounteredwithnonreactinggases;overa comparabletemperature
range,conductivitymightincreaseby 10to-15percentandkinematicvis-
cosityby 30 to40percent,whilePrandtlnun.iberwouldremainsubstan-
tiallyconstant.Accordingly,forthe N204* 2N02 system,suitable
meanpropertyvaluesfor correlationmustbe selected.

SelectionofMeanPropertyValues

Inorderto formulatetheReyqolds,Nusselt,andPrandtlnumbers,
roes+valuesofviscosity,thermalconductivity,andI?randtlnuniberare
required.Inactualfact,a meanvalueofkinematicviscosityis_re-
quiredin theReynoldsnumber,whichmaybe writtenGd/ji= Gd/~vj
hence,

—

—

—

“

—

—

Meanpropertiesobtainedby thefollowingthreemethodsweretested:

(1)Temperature-integrated.propertiesIf a propertyis designated
as u, thentheintegratedaveragevslueis .—

8“

. .-—

——
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.
Thistypeof averagesuggestsitselfnaturallyforthermalconductivity
becauseitistheproperaverageforheattransferintheabsenceof con-

. vection(e.g.,themal-conductivitycells).

(2)Reference-temperatureproperties:Rcopertiesaretakenat a
referencetemperature,as suggestedinreference7.

T*= TB+0.58 (~- TB)

(3)Reference-enthalpyproperties:Propertiesareevaluatedat a
temperaturecorrespondingto a referenceenthalpyh*,definedas

h*=hB +0.58 (~-hB)

COMPARISONOF CORRELATIONS

CorrelationsUsingEquilibriumTransportProperties

Allthreemethodsof averagingpropertiesgivegoodcorrelationof
theairand N204# 2N02 heat-trsnsferdataof BeslandLyerly.Figure
2 showsa log-logplotof Nu/P#/3 againstReynoldsnumberfor

● temperature-integratedaverageproperties.A meankinematicviscosity
isrequiredinformulatingtheReynoldsnuriber.If a meanvslueof the
absoluteviscosityisused,correlationisverypoor,witherrorsof up

. tofiftypercentin theReynoldsnumber.Thisis shown
reference-enthalpy
absoluteviscosity
correlationsusing
of theform

or

equilibrium-propertycorrelation,in
wasused. Theexperimentaldatafor
meankinematicviscositywerefitted

I@lW

1
logm-~ 310gPr=

Foreachcorrelation,theconstant
fitof allthedata(airand ‘2°4]

in figure3, a-
whicha mean
eachof thethree
by anequation

t= AReO”79

logA+ 0.79logRe (la)

A waschosento givea least-squares
atReynoldsnumbersgreaterthan

9000to equation(la). (Theairpointsat Re< 9000wereexcludedbe-
causetheylieinthetransitionregion.}Resultsof thecorrelations
sresummarizedinthefirstthreecolumnsoftablell.

ll’tmightbe notedthatintheReynoldsnuuiberrsngeunderconsider-
?’ ation(9000to 110,000)equation(1),withthe A valuesof tableI)

agreestowithin4 percentwithColburn’scorrelation(ref.8):
Nu/&3 = 0.023Re0”8.Thisis somewhatsurprising,inviewof the. shortlength-diameterratioforthethermalboundarylayerinBed and
Lyerly!sapparatus.
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FromtableI it is seenthatallthreecorrelationsrepresentthe
N204* 2N02 dataverywell. (Thestandarddeviationsfortheairdata
s.ndover-allcorrelationsmerelyindicatetheconsistencyof thecorre-
lations.]Forengineeringheat-trsnsfercalculationsthereference-
enthslpyorreference-temperaturemethodswouldordinarilybe used,be-
causewiththesemethods,transportpropertiesneedbe calculatedatOIiLY
onecondition.

However,tableI showsthattheintegratedpropertycorrelationis
slightlybetter.Thisismerelya tentativeconclusion,”however,since
thedifferencesbetweenthecorrelationssrelargelytheresultof a
singledatapoint(albeitthepointwiththelargesttemperaturediffer-
ence).Moreexperimentalmeasurementswithlargertemperaturediffer-
encesarerequiredto firmlyestablishthemostreliablemethodforcom-
putingmeanproperties.In anyevent,forallthreecorrelationmethods,
deviationsfor N204 andairdatapointsaresimilar.Thisfactstrongly
supportsthenotionthatheat-transfercorrelationsfornonreactingsys-
temsmaybe appliedto dissociatingsystems,providedthattrans~rt
propertiesareproperlycomputedandsuitablemeanvaluesarechosen.

.

D

ApproximateCorrelationUsingFrozen!transpoz-tProperties
.

In reference3 it is shownthattheequilibriumandfrozenthermal
conductivitiesmaybe relatedtotheequilibriumsndfrozenspecificheats
by theequation

If thedimensiofiessgroup 5 is assumedtobe unity,then
Ike~ kfcp,ecp,f~ (Aerodynamicistssometimesreferto 5 asthe“Lewis

number.”However,thisusageisnotgenersJlyaccepted.)Hence,fora
systemtitha finitetemperaturedifference,it seemsreasonableto de-
finean approximatemeanthermalconductivityby

J Tw

() dT -
% % Cp’e .zf_Ah

h’~
p,f Tw - TB %,@

withthefrozenspecificheat
temperature.Subjectto this
hersare

md conductivityevaluated
approximation,_theNusselt

(2}

at a reference
andFrandtlnum-

.
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A reference-temperaturecorrelatio~usingfrozenpropertiesis shown
infigure4. (Ifthecorrectionterm

●
~,#/. werenotappliedto the

frozenNusseltnumber,Nusseltnumbersforthe ‘2°4* 2N02 systemwould

be eight-toninefoldtoohigh.)As expected,thecorrelationof figure
4 ispoorerthanthecorrelationof figure2j thisisreflectedin a
higherstandsrddeviation,shownin thefourthcolumnof table1. In
rea3itythedeviationsaresystematicwith 5 smdmightsmountto10
percentormoreundersomeconditions.Forthissystem5 actually
rangesfrom1.13at310°K to0.64at375°K. Thefrozenpropertycor-
relationcanbe improvedby introducinga correctionterminvolving5
andplotting

againstReynoldsnumber.Thecorrectiontermisreminiscentof similar
correctionsusedin treatmentsof hypersonicstagnation-pintheattrans-
fer(refs.2 and9]. Howeverjheattransferinmulticom~nentmixtures
cannot,in general,be characterizedby a singlediffusioncoefficient,
andthusthecorrectiontermisnotgenersllyuseful.2..

Theapproximatecorrelationwithoutthecorrectionshouldbe appli-
cabletomanycomplexsystemswherean exactcomputationwouldbe pro-.
hibitivelytedious(e.g.,jet-engineandrocketexhausts).Indeed,it
shouldbe applicableto systemsinwhichchemicalequilibriumis notat-
tained,providedthechemicalcompositions(andhence,enthslpy}of the
gasesin thefreestresmandat thewsll.areknown.

CONCLUSIONS

Experimentaldataforturbulentheattransferin a tubehavebeen
anslyzedandcorrelated.Thefollowingconclusionsmaybe drawn:

1.Experimentalheat-transferdatain a tubeforthedissociating
systemN204* 2N02 correlatewellwithairdatausingtransportprop-
ertiescomputedon thebasisof chemicslequilibrium.

Y

.

2.In computingReynoldsnumbera meankinematicviscosityis
required.

2Formulti.componentmixtures5 maybe definedas
[(Q%) - l~/[(~,e/~,f)- 11, andthecorrectiontermisvslid.T’IXLS
isnotuseful,however,sincetheequilibriumpropertiescalculatedto
obtain5 mightbetterbe ap@ieddirectlyinthecorrelationsof the
precedingsection.
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3. Thebestcorrelationwasobtainedusingtemperature-integrated
properties.Reference-temperatureandreference-enthalpypropertieswere
almostas good.

4.Errorsaresomewhatlargerforanapproximatecorrelationwhich
usesfrozenpro~erties.In thismethodthefrozenNusseltnumberis cor-
rectedby thefactor~p,#/~ anditisassumedthat pDcp,f/kf= 1.
(Meanvalueof the~pecificheatatconstantpressureandchemically
frozenconditions}cp,f;temperaturedifferencebetweenwallandfluid
bulk,ATj specificenthalpydifferencebetweenwsllandfluidbulk,Ahj
density,~jbinarydiffusioncoefficient,Dj specificheatat constant
pressureandchemicallyfrozenconditions,cP,f;chemicallyfrozenther-
malconductivity,kf.)

LewisFlightPropulsionLaboratory
NationslAdvisoryCommitteeforAeronautics

Cleveland,Ohio,December6,1957
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AFPENDIX- CALCULATIONOF

FORTHE N204*

EQUILIBRIUMPROPERTIES

2N02 SYSTEM

Transport-propertycalculationswerecsrriedoutassuminga Lennsrd-
Jones(6-12)potentialforthemolecularinteractions(ref.10). Gas
compositionswereobtainedfromtheequilibriumdataofI?odenstein(ref.
11). Themeansby whichvsriouspropertieswerecomputedareas follows:

Forceconstants.- Inorderto computethetransportproperties,
forceconstantsa and &/k ctiacteristicofmolecularinteractions
mustbe estimated.FortheN204molecule,theforceconstantswerees-
timatedfromcriticsltemperatureanddensity(ref.10,eqs.(4.1-17)
and(4.1-18)).ThecriticaltemperatureanddensityforpureN#14were
inturnestimatedfromtheboilingpointanddensityofliquidN204by
themethodsofreferences12 and13. (Itwasassumedthattheboiling
pointandliquiddensityof N204*2N02 equilibriummixturesis close
to thevaluewhichwouldbe e~e$ed forPureN204.)Forceconstants
chosenforN204were: u= 4.74A ~d .S/k= 383°K.

. TheforceconstantsfortheN02moleculewereassumedtobe simil~
to thoseof C02andN20(ref.10,p.llll]jvaluesusedwere fJ=3.9A

. ad S/k= 2300K.

FortheN204-N02interaCtiOII>u wastakenasthearithmeticmean
ofN02 ~d N204VduefijG/k wastakenasthegeometricmean(ref.10,
eqs.(8.4-8)and(8.4-9)).

Theseforceconstantsdiffersomewhatfromthoseusedinreference
3; theyarebelievedtobe morerealisticestimates.

Viscosities.- Viscositieswerecalculatedlyequation(8.2-22)of
reference10.

Thermalconductivities.- Thethermalconductivityof a reacting
gasmixturemaybe brokenintrothreeportions:

(3)

Thefirsttermon therightsideof equation(3)representscollisional
kineticenergytransport;itwascomputedusingequation(8.2-36)of ref-
erence10. Thesecondterm(inthenatureof anEuckencorrection)rep-

F resentsa diffusionaltransportof internalenergy(rotationsadvibra-
tion)andwascalculatedusingequation(75)ofreference14. Thethird

“
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anddominanttermforthesedissociatingmixturesistheIncreasein con-
ductivitydueto chemicalreaction.Itwascomputedfromequation(14)
of reference3. Thefrozenthermal.conductivityis simplythefirsttwo
termsof equation(3).

Diffusioncoefficients.- Diffusioncoefficientswerecomputed
accordingto equation(8.2-44}ofreference10.

Specificheats.- Thespecificheatmaybebrokenup intoa frozen
partanda contributiondueto chemicalreaction.Thefrozenspecific
heatswerecomputedfromtheknownvibrationalfrequenciesof theN02
andN204molecules.Thecontributiondueto chemical.reactionwascom-
putedaccordingtoreference3.

Heatofreaction.- Theheatofreactionat 298.16°Kwas computed
fromtheheatsof formationof theN02andN204moleculespresentedin
reference15. Vsluesatothertemperatureswereobtainedby correcting
the298.16°K valuefortheintegratedheatcapacitydifferencebetween _
productsandreactant.

Calculatedvaluesofviscosity,densitydividedby pressure,frozen
andequilibriumthermalconductivity,and@zen andequilibriumspecific
heatarecontainedintableII. Valueswerecomputedat10ointervals
from290°to490°K andforpressuresof1.0,0.74,and0.33atmospheres.
(Additionalthermalconductivitiescomputedforpressuresof0.5,0.2,
0.1,0.05,and0.02atmospheresmaybe fetidin reference6.) Onlythe
l.O-atmospherevslueswereusedinthecorrelationsof thisre~rt.

1.Altman,D.,andWisejH.:
Layeron ConvectiveHeat
1956,Pp.256-258j269.

2.Fay,J.A.,Ridden,F. R.,

.— .
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TABLE 1. - cOMPARISONOF W- WSFER CORRELATIONS

A (eq. l(a))

Standarddetiatlon
N204*2NO~data
Air(Re>9000)
Over-all(Re>90C0)

Integrated
properties

0.0261

,,.

2.4 percent

3.0 percent
2.9 percent

1

Reference-
temperature
properties

0.0262

i
3.3 percent

3.1 percent

3.1 percent

Reference-
enthslpy
properties

0.02s7

3.5percent
3.2percent
3.3percent

P
N

Reference-
temperature
frozen

properties,
5.1

0.0262

5.3 percent

-----------

-----------

I

. .
,.
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.

temperature,
‘K

290

%
320
330
340
350
360
370
360
390

410
420

a
450
460
470
460
490

290
300
310
320
330
340
350
360
370
3ea
390
4@J
410
420
430
440
450
460
470
480
490

290
3cKl
310
320

340
350
360
370
320
390
4CKI
410
42Q
430
440
450
460
470
480
490

TABLEII.- COMPUTEDPROPERT= FOR N204* 2N02EQUIIJ6RIUM
(a)Pressure,1 8trn06phere.

Vi.ccoeity,equilibriumthermalPFOzeUt.heI’RId Density+ Kquilibriu~
poises

Frozencmmductitit
Y

ConductivitCal\(cm)(sea)‘K) f $
8peciricbeet,cal/(cm)(sec)%) m’$?:sYaim) apeci~lccal/graheat,

@m
1.124x10-4
1.192
1.270
1.366
1.445
1.534
1.615
1.689
1.7s4
1.811
1.665
1.915
1.961
2.005
2.048
2.091
2.133
2.174

:k%
2.284

2Q.083X10-5
25.668
31.176
35.233
38.366
33.977
29.(?S6
23.308
18.037
14.067
11.262
9.478
8.375
7.742
7.397
7.219
7.143
7.163

;:s
7.436

3.lloxlo-5
3.337
3.567
3.660
4.143
4.427
4.693
4.838
5.163
5.566
5.561
5.745
5.923
6.098
6.272
6.446
6.617
6.791
6.956
7.127
7.300 1

3.414X1O-3
3.130
2.832
2.540
2.272
2.043
1.864
1.726
1.821

3.136~10-5
3.373
3.633
3.916
4.203
4.4.92
4.740
4.975
5.188
5.384
5.573
5.753
5.926
6.102
6.275
6.448
6.618
6.792
6.959
7.128
7.3cm

1.0168
1.2973

(b)Preseure,0.74atmosphere.

1.1.66x10-4 29.106xIO‘5
34.829

::%’ 37.844
1.435 36.481
1.523 31.189
1.600 24.217
1.667 10.109
1.727 13.554
1.7ea 10.557
1.826 6.752
1.877 7.663
1.922 7.076
1.966 6.781
2.009 6.667
2.051 6.657
2.093 6.711
2.134 6.796
2.175 6.918
2.215 7.048
2J255 7.191
2.294 7.346

.7558

.56W

.4415

.3622

.31.34

.2631

.2634

.2503

.2429

.2302

.2353

.2341

0.2017
.2042
.2060
.2075
.2063
.2069
.2094
.2099
.2106
.23X5
.2125
.2136
.2151
.2166
.2181
.2196
.2211
.2226
.2240
.2255
.2270

3.552X1O-3
3.053
2.745
2.449
Z.lik
1.974
1.811
1.668
1.596
1.526
1.469
1.422
1.360
1.343
1.310
1.278
1.249
1.223
1.194
1.169
1.145

3.221xI0-5
3.488
3.776
4.072
4.352
4.608
4.635
5.042
5-234
5.414
5.593
5.766
5.937
6.108
6.279
6.451
6.620
6.794
6.960
7.129
7.301

1.1603
.6677
.6410
.4841
.3866
.3258
.2690
.2666
.2522
.2427
.2377
.2344
.2328
.2322

0.2015
.2039
.2056
.2069
.2076
.2081
.2066
.2092
.2ml
.2111
.2123
.2136
.2.13a
.2164
.21@3
.2196
.ZzLo
.2226
.2240
.2255
.2270

(c)Pressure,0.33ati.osphere.
I I 1 —
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Figure1.- Equllibrfumtranaportpropertiesfor N204*21?02eyatemat
oneatmosphere.
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Figure 2. - Correlation of data with temperature-integrated equilibrium propert.les.
(Meankinematic viscosity .sedto formulate Reynolds number.)
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