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CALORIMETRICDETERMINATIONOFCONSTANT-PRESSURESPECIFIC .

HEATSOFCARBONDIOXIDEATELEVATED

PRESSURESANDTmmRmmEs
ByVirgilE. Schrock

. SUMMARY

Theconstant-pressurespecificheatof carbondioxidehasbeen
measuredovertherangeofpressures,andtemperaturesfromambientcondi-
tionsto1000poundspersquareinchgageand1000°F usinga steady-
flowcalorimeteroperatingonanopencycle.Itappearsthattheappa-
ratusasusedinthisdeterminationwillyieldvalueswitha probable
errorof0.5percentatthehighesttemperaturelevelconsidered.The
resultsofthesetestscheckthewidelyacceptedspectroscopicdata
within1 percent.Thevaluesatelevatedpressuresareinreasonable
agreementwiththosederivedfromthezero-pressurespectroscopicvalues
and

but

theapplicationoftheBeattie-Brid&maneqyationof st@e.

Onlyverylimitedcalorimetricdataareavailableintheliterature
substantialagreementexistswiththoseconsideredreliable.

INTRODUCTION

ThepresentinvestigationwasconductedattheUniversityof
Californiaunderthesponsorshipandwiththefinancialassistanceof
theNationalAdvisoryCommitteeforAeronautics.

ObjectiveandScopeofInvestigation

Inthepresentresearchprogramtheuseofa steady-flowcalorimeter
forthemeasurementof specificheats”ofgasesathightemperaturesand
pressureshasbeeninvestigatedto determinethevalidityandlimita-
tionsofthemethod.Thepurposeofthisreportistopresenttheresults
oftestsmadeon carbondioxideintherangefromambientconditionsup
to1000poundspersquareinchand1000°F. Forthesetestsa calorti-
eterbuiltof Inconelandoriginallydesignedtooperatewitha closed

.
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2 NACATN 283

cyclewasused,butbecauseofdifficultiesinmetering,pumping,and
regulatingtheflowitwaselectedto operatewithan opencycle.
Certainlya closedcyclewouldhavesomeadvantageinthatitwould
allowlongerrunsata singlecondition.It seemedadvisabletomake
testsusingtheopencyclebeforeexpendinganygreateffortin solving
problemsconnectedwiththeclosedcyclethatwerenotassociatedwith
theformer.

Of considmableimportancetotheengineersrethespecificheats
oftheconstituentsoftheproductsofcombustion.Becausecarbon
dioxideisa prominentconstituentinmostcombustiongasesitwas
selectedforthesetests.Otherfactorsinfluencingtheselectionof
thisgaswere: (a)Itsspecificheatisaffectedto greatextentby
pressure,whichappesredtobe desirableforthepurposesoftheinves-
tigation,(b)itis quiteinert,and(c)itisavailableatlowcost
andhigh

The
as:

(1)

(2)

(3)

(4)

purity.

MethodsforDeterminingSpecificHeats

methodsofobtainingspecificheatsof gasesmaybe classified

Directmeasurement

Determinationofratio 7 = c-p/cv ●

DeterminationofJoule-Thomsoncoefficients ,

Spectroscopicmeasurements

directmeasurementoftheconstant-volumespecificheatof
gasesusinga nonflowcalorimeterisimpracticalbecauseofthehigh
capacityofthecontainingvesselcomparedwiththegascontained.This
wasusedonlybyveryearlyexperimenters.Themeasurementofthe
constant-pressurespecificheatusinga flowcalorimetercan,however,
bemadewitha highdegreeofprecision.

Themethodsof determiningtheratioof specificheatsby the
measurementofthespeedof soundorthereversibleadiabaticexpansion
methodhavedefiniteshortcomings.E&h requireaccuratepressure,
volume, andtemperaturerelationsoranappropriateequationof state
forthegas. Considerfor
andNewtonshowedthatthe

examplethevelocity-of-soundmethod.Maxwell
localacousticveloci@is

a=E=E
(1)
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where k isthebulkmodulusofthegasand p isthemassdensity.
LaplaceandPoissonsuggestedthatthesoundcompressionwaveis
isentropic,hence,

pvy= Constant= c

and

k=- <)
b~ isentropic

.()=(-v)= =7p
~7+1

then

(2)

(3)

andfora perfectgas

a= E7 (4)

Theperfect-gaslawdoesnotapplyfortherealgasexceptatzero
pressuresothetrueequationof statemustbe knowninordertoput
equation(3) intermsofthetemperature.Thatis, p, v, and T data
mustbe availablefromwhich p maybe determinedfrommeasurementsof
pressureandtemperature.

Whenthevalueof 7 fromthemeasurementoftheacousticveloci~
hasbeenobtained,thespecificheatsmaybe determinedfromthethermo-
dynamicidentities,usingtheappropriateequationof state.For
example,

% 00ap NJ
-Cv= ~v--p

andtherefore

(H)apav
CV=(7:1)’12%V%P

(5)

(6)

—.—— .—— — _ . _ —-——— .- ——
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Knowingthevalueof 7 thespecificheatsmaybe determinedifthe
derivatescanbe evaluated.Notehowever,thevalue 7 - 1 willbe
smallerthan 7 andthereforethevalueof specificheatwillbe less ~
accuratethanthevalueof 7 measured.Sincethespecific-heatdata
obtainedinthisindirectmannerrequiretheuseofanequationofstate
intwowaysandtheresultsarelessaccuratethanthevalueof 7
obtained,itisprobablyoflessimportancethantheothermethods.

High-pressurespecificheatsmaybe determinedfromJoule-Thomson
measurementsifthezero-pressuredataareavailable.Thepressure-
temperaturerelationshipisdeterminedby allowingthegasto expand
adiabaticallywithoutdoingworkandwithnochangeinkineticenergy.
Dataobtainedarelinesofconstantenthalpyona temperature-presmre
plot. Theconstant-pressurespecificheatisgivenby

Cp = ()&
@p

orfora smalltemperatureinterval

fromwhichitisevidentthatthespecificheatsatvariouspressures
areproportionalto the AT spacingoftheconstantenthalpylinesand
maybe calculatedfrom AT betweenthesametwoenthalpylinesandthe
know valuesof Cp atzeroPressure.

.
Thedifficultiesinvolvedinthismeasurementarethemaintenance

ofadiabaticconditionsandprecisemeasurementofthetemperature.It
yieldsthepressureeffectbutisnotdirectlya measureofthespecific
heat.A numberofauthors(references1 to 3) haveusedthismethod
withsuccess.

Thevaluesobtainedspectroscopicallyarethezero-pressureconstant-
volumespecificheats.Sincegasesobeytheperfect-gaslawatzeropres-
suretheconstant-pressurevaluescanbe obtainedby addingthegascon-
stant.Specificheatscalculatedfromspectroscopicdataassuminga
simpleoscillatorare
specificheatsmaybe
dynamicidentitiesas

consideredaccurateto0.5 percent.High-pressure
obtainedfromthespectroscopicdataandthethermo-
follows(reference4):

(7)

—.———.
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and

whereagainthe

Cp-cv=

equationof state
Gay(reference5)havecalculated

(8)

mustbe known.Ellenwood,Kulik,and
thehigh-pressurevaluesof specific

heatsforeightcomon gasesu8ingthespectroscopicdataofJohnston
(reference6) andtheBeattie-Bridgemanequationof state(reference7).

At presenttheBeattie-Bridgemanequationisbeingusedinan extra-
polatedform(references5 and8). Theconstantsgivenby theauthors
ofreference7 wereevaluatedfromtheavailabledataon carbondioxide
inthetemperaturerangefrom-lm” to 430° F. All ofthesedatawere
determinedintheperiodfrom1869to 1903exceptthoseatlessthan
1 atmospherewhichwereobtainedimx6. The equationtiththecon-
stantspresentedby theauthorschecksthedatawithanaveragedevia-
tionof0.2percent.Themaximumdeviationforcarbondioxidefo&d in
theirtableofcomparisonvalue~was1.3 percentwhichoccursnearthe
criticalpoint.

Useofthesecondderivativesofthe13eattie-Bridgemanequation
probablyplacesconsiderablestrainonitsaccuracy,andcertainlyits
extrapolationtotemperaturesof 4000°F is somewhatquestionable.
Crown(reference8) statesthatthechiefjustificationof sucha pro-
cedure,apartfromtheabsenceof a betterone)iSthegood%mement
existingintherangewhereexperimentaldatadoexistfora largenwnber
ofgasesevenapproachingthecriticalcon~tionsorliquefaction.There
isan obviousneedformoreextensivepressure,volumejandtemperature
data.

An abundanceofempiricalequationsareavailableintheliterature
(referencesgto 14). Theseequationsarebaseduponthespectroscopic
data.Heckgivestabularthermodmc properties,inengineeringunits,
fromthespectroscopicdata(reference15).

Thedirectmeasurementofspecificheats’has,inthepast,been
seriouslylimitedinrangebecauseoftheinabilityofavailablemate-
rialsofconstruction.tosustainhighstressat”hightemperatures.In
recentyearsmetallurgicaladvanceshavebeenmadeto a pointwhere
sustainedstressesup toabout10,~0poundspersquareincharenow
possibleat2000°F,makinga high-temperaturehigh-pressurecalorimeter
feasible.Sincetheonlyextensivespecific-heatvaluesavailablein
therecentliterature,thespectroscopicvalues,areessentiallyindi-
rectlymeasured,thereseemsa needforconfirmationby direct
measurement.

_.— .—...— —.——_.— —— —.—
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SYMBOLS

atconstantpressure,Btu/(lb)(%)

~, Btu/(lb)(%)

atconstantvolume,Btu/(lb)(%)

ratio,%/%

ft-lb/(lb)(%)

NACATN2838

speedof sound,ft/8ec

hulkmodulus,lb/sqft

massdensity;lbsec2/ftk

weightdensi@,lb/cuft

gravitationalacceleration,ft/sec2

specificvolume,I/pr,CU ft/lb

absolutetemperature,‘R

meantemperature,OF

pressure,lb/sqft

constant,pv7

weightrateofflow,lb/hr

volumetricrateofflow,cuft/min

rateofheataddition,Btu/hr

netheataddedto gas

time,min

precedinganysymboldenotesa changeinthatquantity

heat-tramfercoefficientforradiation,Btu/(hr)(sqft)(%)

enthal~,Btu/lb

.- —
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G emissivity

M molecularweight

%? heatduetoradiation,Btu/br

Fe emissivityfactor

Fa geometricshapefactor

D1,D2 diametersofflowtubeandradiationshield,respectively,ft

DESCRIPTIONOFAPPARATUSANDTESTPROCEDURE

Theprimarycomponentsofthesystemusedinthisinvestigation
are(fig.1)thegassupply,theheaterstobringthetemperatureofthe
gastothetestlevel,thecalorimeter,theaftercooler,andthemeter.
Schematicdiagramsandsectionaldrawingsappearinfiguree1 to4.

.

Calorimeter

Thecalorimeterconsistsofa shieldedInconeltubewithl-inch
insidediameterhousinganelectricalheateranddifferentialthermo-
coupleswhichareshieldedfromtheheater.Oneradiationshield,made
of sheetInconel,surroundsthetesttubeoveritsentirelength,anda
coiloffourZ/k-inchInconeltubessurroundstheshield..Thegasenters
throughthecoiledtubingandpassesbackthroughthetesttube.This
entireassemblyiscontainedinanevacuatedcasingmadeofa l-foot
lengthof8-inchInconeltubing.Thecasingvacuumwasproducedby a
Hy-Vacvacuumpumpratedat0.10micron,thuseliminatingconvection
withinthecalorimetercasing.A sectionaldrawingofthecalorimeter
isshowninfigure2. Detailofthetesttubeisalsoshowninthis
drawing.

Thermocoupleswereattachedto thetesttubeandthecalorimeter
casinginorderto determinesteady-stateconditionsandestimateradia-
tionlosses.Thecasingofthecalorimeterandtubingleadingto it
werewrappedwithasbestoscloth.Guardheaterswerewrappedasuniformly
aspossibleontheasbestosclothtoeliminateheatlossfromthecalorim-
eter.Twolayersofpipeinsulationconsistingof2 inchesofhigh-
temperatureand5 inchesof standardinsulationwerethenapplied.

.

—---- ——-——.--——---- -. .———— ---———
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TestGas
.

Gassupply.-Commercialcarbondioxidewasobtainedin~-pound w
cylindersfromthePureCarbonicCo. Purityoftheliguefiedcarbon
dioxideisclaimedtobe 99.5percentorbetter.Threecylinderswere
manifoldedtogethertoconstitutethesupplyreservoir.Eachcylinder
waswrappedwithanelectricalheaterofl-kilowattcapacityand
insulatedwithasbestoscloth.Heatingofthecylinderswasnecessary
toobtainpressuresabove950poundspersquareinchabsolute,.thevapor
pressureatroomtemperature,andtomaintainthepressureasthegas
wasboiledoff. Tobe effective,theheatingmustbe donemostlyat
thelowerportionofthecylinder.

Controlofthegaspressurein thecalorimeterwasaccomplishedby
Grovepressureregulators.Thelinestoandfromtheregulatoraswell
asitsbodywerewrappedwitha resistanceheatertopreventtheregulato
tmm icing.Theflowwascontrolledbya high-pressurestainless-steel
needlevalve.

Heatingofgas.-Inadditiontotheheatingat therese~oirjthe
gaswaspassedthrougha 3-inch-diametercoilof20turnsofheavy-wall
Moneltubing.Heatingwasprovidedby a forcedprimaryairgasburner.

-

Close-fittingguidesdirectedthehotfluegasesoverthecoiledtubing.
Finalheatingandclosecontrolofthegastesttemperaturewereprovided
by a seriesofeightcross-wireelectricalheatershavinga totalcapac-
ityof 4 Hlowattsat110volts.Thedesignwaschosensoasto give
themaximumheatingina minimumof space.Theseheaterswerecontrolled
by a variableautotransformer.

Thetest-gasheatinginthecalorimet=wasprovidedby an elec- .
tricalheater(fig.3)ofthesametypeasthosejustdescribed.

Meteringofgas.-Therateofgasflowwasmeasuredbymeansofa
10-cubic-footmeterprover.A watermanometerconnectedto theinlet. tothetankindicatedtheincreaseinpressurenecessaryto overcomethe
frictioninthebalanceassemblywasonly0.2to0.3inchofwater.This
wasconsitiednegligible.

ThehotgaS leavingthecalorimeterwascooledandh~~fied before
beingpassed.to thevolumetricmeter.Coolingwasaccomplishedby a two-
passshellandtube@at exchangercontainingninety-sixl/4-inch-diameter
brasstubes.Watersurroundingthetubeswasusedto coolthegasflowing
throughthetubes.

Humidificationwasnecessarytopreventtheevaporationofthewater.
inthevolumetrictank.Thegaswaspassedthroughtwobottlescontaining
ceramic-beadcolumnpacldng.Onlybubblesofappro-tely 1 centimeter
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indiameteror smallerwereobserved,withno channelingoftheflow.
Thegasleavingthehumidifyingbottleswasassumedsaturatedwith
watervapor.

9

Applyingthevolumetricmeasurementtothedeterminationofthe
weightrateofflow,thedensityusedwasobtainedfromreference16
at1 atmosphereand32°F, thisvaluebeingcorrectedfortemperature
andpressureby theperfect-gaslaw. Thecorrectionis quitesuitable
inviewofthesmalldeviationofthemetercon~tionsfromthestandard.
Thecalculationisgivenin appendixA.

Instrumentation

Temperaturedetermination.-Theinstrumentationfortemperature
determinationwasasfollows:

(a)Thetemperatureriseusedinthecalculationofthespecific
heatwasmeasuredby differentialiron-constant-anthermocouplestogether
witha Whitedoublepotentiometer.Leeds&I?orthrupthermocouplewire
andcalibrationslopes(fig.5) wereused.Allthermocoupleswere
checkedatthemeltingpointofpureleadandattheicepoint.The
maximumvsriationoftheelectromotiveforceofthevariouscoupleswas
O.O3Omillivoltatthemeltingpoint,621.6°F. To obtainthetempera-
turedifference,thedifferenceinelectromotiveforcewasrecordedwith
thetwojunctionsatthesametemperature(fig.6) andagainafterthe
additionofheat.Netelectromotiveforceswerethenusedto calculate
thetemperaturedifferential.A Leeds&NorthruptypeR galvanometers
wasusedwiththeWhitedoublepotentiometer.Thiscombinationallowed
observationoftheelectromotiveforcewitha precisionof0.5 microvolt.
IntermsoftemperaturethisrepresentsapproximatelyO.OIPF. In
orderto insureaccuratemeasurementsofelectromotiveforcetheEppley
standardcell,usedto standardizethepotentiometercurrent,waskept
ina thermostaticallycontrolledbathwitha differentialof0.5° F.

Thedifferentialthermocoupleswerearrangedsothattheupstresm
thermocouplecouldbe usedto determinethetemperatureofthegas
enteringthetestsection.Thesethermocouplesweremountedindouble-
boreceramicinsulatorsandcenteredinthetesttube.

(b)Othertemperatfiemeasurementsweremadeusingiron-constantan
thermocoupleswitha Leeds&NorthrupModel8662potentimneter.A
commoncoldjunctionwasused;thethermocoupleswereconnectedthrough
a selectorswitch.

(c)Thermocoupleleadswerebroughtoutofthehigh-pressurecalorim-
eterthrougha sealassembly(fig.4). Eightwireswerebroughtthrough
a singleseal.Theleadswerestrungthrougha 2-footlengthof

- .—. ——— ———-— .— -—
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l/4-inch-diameterstainless-steeltubinginorderto getthesealaway ‘
fromthehigh-temperatureregion.Theinnerlayerof glassinsulation
wasleftonthewiresas’theywerepassedthroughtheseal.Theseal
wasmadewithSauereisenLiquidPorcelaincement.

Pressuredetermination.-Test-gaspressurewasmeasuredwitha
@ad-weightgagetester.A Bourdontypepressuregagewasusedfor
visualobservationofthepressurelevel.

Electricalheaterinput.-Heataddedto causea riseintemperature
ofthetestgaswasdoneelectricallyby theheateralreadydescribed.
Theinputtotheheaterwasmeasuredwitha Westonstandardwattmeter
No.326,havinga precisionof1/750ofthefull-scaledeflection,
uniformoverthescalerange.Accuracyis claimedby themanufacturer
tobe betterthan0.1percentofthefull-scalereading.Supplyvoltage
wasregulatedby a voltagestabilizertoeliminatevsriationofthe
heating.

#

ExperimentalProcedure

Preparationof systemandpreliminarytests.-As thecalorimeterwas
assembledallpartswerecleanedaswellaspossibleusingcarbontetra-
chlorideinordertoremoveoiland.dirtleftafterthemachiningopera-
tions.Thebindingmaterialontheglassthermocouplewireinsulation
wasremovedfromallleadswithinthecalorimeterbyburningitaway
witha smalloxidizingflame.Carewastakentoavoidfusingtheglass
insulation.Thisprocedureleftthewiresinsulatedwithclean,white,
andflexibleglassinsulation.

Allsealswerepressure-testedwitha soapsolutionpriorto
insulatingthecalorimeter.A negligibleleakagecouldbe detectedfrom
thetest-gasheaterleadsealsbutnoneco~d be detectedfromthe
thermocouplesealsoranyfittingsonthecalorimeterordownstreamfrom
it.

Thesystemwaspressurizedto1000poundspersqusreinchgageand
allowedto standfor24 hours.A lossofonlySOpoundspersquareinch “
occurredduringthistime.This’rateofleakageisnegligibleforthe
flowsusedandintiewoftestsmentionedabuveitappearsthatthe
majorportionofthisoccurredupstreamfromthecalorimeteratthe
electricalheaters,wherethegreatestdifficultyineffectinga seal
wasencountered.Onlyleakagefromthecalorimeterandpartsdownstream
wouldaffecttheresults.

Preparationfortests.-Theguard
continuedbringingthecalorimeterand

heaterswereturnedonandheating
tubingleadingto ittothedesired

.

.— .—
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testtemperaturelevelandthensupplyingthe
maintainthattemperaturelevel.A periodof

I-1

heatlossnecesssryto
24hourswasallowedfor

thisoperation,ontheaverage.Heatingofthereservoircylinderswas

begunabout~ hoursbeforethe”establislunentofthegasflowandwas

continueduntil.apressureof18OOto2000poundspersquareinchgage
wasreached.Heatwasthensuppliedto
afterestablistientofflow.

Tests.- Whenthetemperaturelevel
thedesiredconditionsthegasflowwas
1000poundspersquareinchgagein the
adjusteduntilthegasenteredthetest

maintainthereservoirpressure

andresenroirpressurewereat
establishedata pressureof
calorimeter.Heatingwas
sectionatthetemperatureof

thecalorimeter.Afterobservingthereadingofthedifferentialthermo-
coupleforisothermalconditionsatthattemperaturelevelthetest-gas
heatingwasstartedandadjustedtoproduceatemperatureriseofthe
gasof20°to 35° F.

Datawererecordeduntiltheconditionsremainedunchangedfora
Teriodofabout20minutes;thusa valueof specificheatwasobtained
ata particularteweratureandat1000poundspersqusreinchgage.

. Thepressurewasthenreducedbuttheweightrateofflowmaintained
constant.Followingthisprocedurethesteady-stateconditionswere
affectedonlyby theinfluenceofpressureuponthespecificheatand
a newsteady-statecontitioncouldbe reachedmuchmorerapidlythanthe
first.Inthiswaya seriesofmeasurementswasmadeateachtempera-
turelevelandvariouspressures.Inmostcasesdatawereobtainedat
fourpressurelevelsateachtemperature.

DISCUSSION

ValidityofResults

Specificheatsobtainedhereinaremeanvaluesfora temperature
rangeof20°to 35° F andwereobtainedfrom

~ _%et
P WAT

Thenetheataddedwasobtainedfromthewattagesuppliedandthe
calculatedheatlossfromthetestsection.Intwocasestheloss
includeda smallcorrectionduetoa slighttransientcondition.It
hasbeenpointedoutthattheveloci~of soundandspectroscopicmethods
havetheadvantageofyieldinginstantaneousvalues,whereastheflow

..——.— —— —-. —. —
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calorimetergivesa meanovera temperaturerange.Thevaluesobtained
inthisinvestigationarereportedatthearithmeticmeantemperature,
whichisequivalenttoassumingthatthespecificheatisa linearfunc-
tionofthetemperatureinthatrange.Therateof changeofthe
specificheatwithtemperatureovera 20°to 35°F rangeissufficiently
constantsothatno seriouserrorwilJ-resultfromthisassumption.

An analysisoferror(appendixB) indicatesa maximumerrorof
0.42percentanda probableerrorof0.25percent.Inviewofother
uncertaintiessuchastheaccuracyofthecorrectionappliedtoheat
inputtheresultsareconsideredaccuratetoonlyO.~percent.The
maximumcorrectionappliedwas4.3percentandwasatthemaximumtem-
perature,950°F. At the685°F levelthecorrectionwasonly2.0per-
cent.Becauseofthedependenceofradiationuponthefourthpowerof
theabsolutetemperaturetheheat-lossuncertaintywouldbecomesignif-
icantabove1000°F. Additional.shielding,theuseofa higherflow
rate,anda lowertemperaturedifferentialshould
mentsupto2000°F.

PresentationofResults

allowaccuratemeasure-

Theexperimentalvaluesofthespecificheatsareplottedinfig-
ures7 to 12asa functionofpressureat eachtemperaturelevelemployed
duringthetests.In eachcasethedatahavebeenshownin comparison .

withthoseofEllenwood,Kulik,andGaysincetheirdataarethemost
extensiveandprobablythemostreliableto tite.Otherlow-pressure‘
data(references17 and18) areinagreementwiththoseofJohnstonetalii
(reference6).

Figures13 to 18 sh~ thespecificheatsasa functionoftempera-
tureforconstantpressuresandwereobtainedby interpolationbetween
pointsandextrapolationto zeropressure.Pointswereshownonthe
curvesofexperimentaldatainorderto indicatethemagnitudeofthe
deviationfromthemeanlines.Experimentalcurvesfromfigures13to 17
have beenplottedtogetherinfigure18 to showtheeffectsoftempera-
tureandpressuresimultaneously.TheresultsaretabulatedintableI.

A comparisonoftheexperimentalresultswithdataofGmdenough
andFelbeck(reference19), Partin@onandSchilling(reference20),
andJohnston(reference6) is showninfigure19. These dataarefor
lowpressure.Theeffectofa pressureof1 atmosphereinthistempera-
turerangeisverysmall.Twopoints,thedataofSwarm(reference21)
at1 atmosphere,wereincludedin-thiscomparisonbecausetheyrepresent
accuratecalortietricmeasurementsandarein goodagreementwiththe
resultsofthesetests,especiallyintrend.

— —
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ThedataofPartingtonandSchil.lingrepresenttheaverageofa
largecollectionof dataobtainedbyvariousmethods,themajoritybeing
fromveloci@-of-soundmeasurements.No comparisonsoftheearlierhigh-
-pressuremeasurements
inconsistent,showing

Factorsinvolved

havebeenincludedsincethosedatawerefewand
onlyqualitativelytheeffectofpressure.

LimitationsofCalorimeter

intheoptiqumcalorimeterdesignconditionsare:

(1)Limitationoftemperaturerisetoallowaccuraterepresentation
ofthedatabymeanvalues,butlargeenoughto allowaccuratemeasurement

(2)L@Ltationoftheflowveloci~toeliminaterecoveryinte~er-
aturemeasurements

(3) A highratio

(4)A largeheat

ofgascapacitytocontainercapacity

inputcomparedwiththelosses

Unfortunatelythesefactorsopposeoneanother,requiringa com-
promisecondition.Ithasalreadybeenpointedoutthatthetemperature
differentialusedwasZ13°to 35°F andthatthissatisfiesthefirst
condition.~hiswasconsideredtobe anindependentrequirementand
theotherconditionsselectedonthisbasis.

Theflowveloci~duringthesetestsvariedwithpressureandtem-
peraturesincetheweightrateofflowwasmaintainedconstant,forthe
reasonspreciouslystated.Themaximumveloci~obviouslyoccurredat
the “ temperatureandminimumpressure.Approximatecalculations,
basedontheassumptionofa perfectgas,indicatethatthemaximumllach
numberwas0.026wl$chcorrespondstoa stagnationtemperatureriseof
onlyO.O1°F.

Thethirdconditionisnecessarytominimizetheeffectoftransient
conditions.A highweightrateofflowandasthina tubeaspossible
=e desired.Condition(4)alsorequiresa highwei~t rateofflowand
minimizationof theheatlosses.Boththeseconditionsweremetsatis-
factorily.However,foranextendedtemperaturerangea higherflow
rateandadditionalshieldingseemadvisable.It appearsthata practical
limitofthetemperaturerangewillbe dictatedby theradiationloss
becauseofitsrapidincreasewithtemperature.

—----—— ——. —
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CONCLUSIONS

Thefollowingconclusionsweredrawnfroman investigationofthe
calorimetricdeterminationoftheconstant-pressurespecificheatsof
carbondioxideatelevatedpressuresandtemperatures:

1.Theresultsarea reasonableconfirmationofthespecific-heat
valuesof carbondioxideobtainedspectroscopicallyforthezero-pressure
stateandovertherangeoftemperaturesfrom100°to700°F. Theexperi-
mentaldataareapproximately1 percentlowerthanthespectroscopicdata.
Thissmalldifferencemaybe dueto lackof completeequilibrium;thatis,
thevibrationalenergymaynotbe fullyactivatedatthepointwherethe
temperatureriseisobserwed.

2.Greaterdifferenceexistsbetweenthehigh-pressurevalues
measuredandthosecomputedbyEllenwood,Kulik,andGay. Themaximum
deviationisapprod.mately3 percentandoccursata pressureof
1000poundspersguareinchabsoluteandwOO F. Theagreementismuch
closeratthispressureforbothhigherandlowertemperatures.This
detiationmaybe e~lainedby thestressplacedontheBeattie-Bridgeman
equationh obtainingthesecondderivatives.

3. A singlemeasurementat 950°F and1000poundspersquareinch .
gageseemsto offerconfirmationofthespectroscopicdataatthis
highertemperaturelevel.

4.Theresultsshowthattheeffectofpresswquponthespecific
heatbecomeslesssignificantathighertemperatures,aspredictedby
thethermodynamicidentitiesandtheBeattie-Bridgemanequat~onofstate.

5. Theeqtipmentshouldbemodifiedtoreducetheradiationloss
furtherwhenusedathighertemperatures.

UniversityofCalifornia
Berkeley,Cslif.,January31,1952

——z. —-
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CALCULATIONS

Thespecificheatsweredeterminedfrom:

CP= (E)p = (Z)p ‘%

Flow

Sincetheflowratewasmetered
determinationwasnecessary.Itwas

Rate

volumetrically
determinedfrom

reference16at0°C and1 atmosphereasfollows:

~nsi~ = ~.g769gram/liter

1 wuu = 0.002205lb

1 liter= 0.03531Cuft

fromwhich

and

ThisiE

0.002205P! =1.9769x o 03531
.

R=~= 14.6g6X 144
P’T 0.1235X 491.6

notthetrue
ularweight),butitsuse
accurateresultsthan

gasconstant

inaccuratedensi~
thevaluegivenin

= 0.1235lb/cuft

= 34.88 ft-lb/(lb)(%)

154-4/M(whereM isthemolec-
nearthestandardconditionswillyieldmore-

R = 1544/M= 35.11

——. .——— ——. ..
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The
the

useofthevslue34.88
smalldeviationofthe

saturationpressureofthe

yACATN2838

foot-poundsperfootperOFis justifiedby
.

meterconditionsfromthestandard.The
watervaporwassubtractedfromthebarometric

toobtainthepartialpressureofthecarbondioxideatthemeter.

TemperatureRise

Readingsoftheelectromotiveforceofthedifferentialthermo-
coupleswerecorrectedby subtractingtheelectromotiveforceobserved
withthetwojunctionsatthesame,temperature.A curveoftheisothermal
differenti~isgiveninfigure$6.Thenetdifferentialwasconvertedto
temp~atureby usingtheLeeds& Northrupcalibrationslopes(forstandard
lJ.031thermocouples)giveninfigure5.

Net

Thenetheataddedtothe
lossesasfollows:

HeatAddition

gaswasfoundby correctingfortheheat

.’
(a)Measurementofwalltemperaturesindicatesthatnonetheat

lossoccurredbecauseofconductionalongthetestsection.Apparently
heatwasconductedbackintothedownstreamendatthesamerateitleft .
theupstreamend,withintheaccuracyofexperimentalmeasurements.

(b)Theradiationlos~wascalculatedfromthe
asfollows:

Stefan-Boltzmann

wherethesubscriptr refersto
factor,and Fa isthegeometric
theform

radiation,Fe istheemissivity
shapefactor.Thiscanbewritten

law

in

where ~ istheheat-transfercoefficientforradiationandisa func-
tionofthetemperaturelevelandthedifferenceT1 - T2. Theshape
factorFa = 1. Theemissivityfactorforthisgeometryisgivenby

—..—— .—. ——
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andactud-~ssion
linearvariationof

Theuseofthe
shieldcalculation;

inwhich 6 istheemissivityand D1 and D2 arethediametersof
theflowtubeandtheradiationshield,respectively.

Theemissivitywasobtainedfromspectralmeasurementsmadeonan
equivalentnickel-chromealloy(fig.20). Totalemissivitieswere
obtainedby graphical,integrationofthecurvesofPlankianradiation

atvarioustemperatures.Theresultsindicatea
totalemissivitywithtemperature(fig.21).

linearrelationshipforradiationsimplifiesthe
thatis,

.
F=6,-2 1-+($(+)

.,2-3 ‘++ (-($-‘)
then

theresultsofthiscalculationaregiveninfigure22.

Values.ofhr werecomputedatvarioustemperaturesusingthemean
temperatedifference(tableII)andthesevaluesusedtocomputethe
radiationlossfromthetestsectionperhourperdegreemeantemperature
difference(fig.23).

(c)Usingheatcapaciwanddensitydatafurnishedby theInternational
NickelCo.,producersofInconel,thecapacityofthetestsectionwas-
determinedanda correctionappliedbecauseofa slighttransientcondi-
tionduringtwooftheruns.Thiscorrectionwas2.8percentoftheheat
addedforrun1 and1.0percentforrun5.

.

-..—- -.—— —..——_ .- -— .—..—— —..—— — -_ __
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.

Theerrorsof
where

APPENDIXB

ANALYSISOFERROROFOBSERVATION

observationinrun16,

Q. 229.3——
WAT 30.19X33.55=

whichisusedasanexample,

0.2263Btu/(lb)(%)

aregivenbelow.

Errorin Q (Q= 229.3Btu/hrreadto ii/kwattwithscale
factor1/4):

i~X~X 3.413= *0.21Btu/hr

+“”~ – M0091percent
’229.3

Errorin AT (AT= Potentiometerindication/Calibrationslope):

potentiometerindication= 1.2065t 0.0005mv

Calibrationslope= 0.03063* 0.00005mv/OF

, AT = 33.55°F

Errorduetopotentiometertolerance:.

0.0005= 0.00041
1.=65

Errordueto slopetolerance:

o.moos = 0.0016
0.0306C,

*

4
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. Maximumerror:

3.44(o.cm6+0.00041)=to.067

T = 33.55 i 0.067° F

Probableerror:

●

(33.44x0.0016)2+ (33.55x0.00041)2=io.0555

AT=33.55* 0.056°F

[
6op’vErrorin w W=7=

)
30.19lb/hr

P’=&

No errorresultedfrom p or R.

Ap’. p’~=o.1089x~ = 0.000051

v= 9.82 tO.0025 tuft

t = 2.126”t0.oo2min

Maximumerrorin w:

Aw
( )

.w~+~+$

(. 30.19~ +3+

w = 30.19 t 0.05

)0.002
izzm = 0.05

19
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l%robableerrorin w:

(30.19X 0.0047)2 + (30.19X 0.00025)2+ (30.19 x 0.00094)2

w= 30.19 2 0.032

Maximumerrorin Cp:

[ 1AW+AB.+A~=cyy AT

( 0.056=o.2263&+— )
0.21

33.55
— = 0.00095. + 229.3

“ ~ .0.2263 t 0.00095Btu/lb/°For tO.@ percent

4
Probableerrorin Cp: .

%—= 0.001652+0.001652+ 0.000912= to.oo25or to.25percent
‘P

CustomarilyitisfeltthattheprobableerrorascalculatedHere
ismoreapplicable,butinviewofotheruncertaintiessuchascalculat-
ion ofradiantlossesandpossibilityofa slighttransientcondition
a morepessimisticviewshouldhe taken.Theresultsarebelievedto
be accurateto0.5percent.

.

,

.

.

.
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Run

B1
2
3

:

7
8
9

10
u.
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Flow
rate

(lb/hr)

30.71
;;.:;
31:45
28.75
28.13
31.21
33.40
30.42
29.10
32.71
37.58
28.10
32.67
30.38
30.19
28.08
29.93
28.92
30.12
32.78
31.10
30.00
30.42
30.68
30.23

Netheat
input
(Btu/hr)

174.2
252.5
217.4
200.7
213.2
208.2
208.4
207.5
425.9
286.7
283.3
264.1
259.9
234.5
234.0
229.3
234.8
234.2
233.1
232.2
251.8
264.7
263.5
279.2
279.1
282.0

TABLEI

TABULATEDRESULTS

Temperature
rise
(OF)

21.23
31.57
25.68
27.83
28.50
28.82
26.40
25.08“
38.10
34.32
36.82
34.50
34.40
28.40
31.82
33*55
32.u
30.62
32.05
31.40
31.52
31.20
32.63
34.78
35.10
32.70

Mean
temperature

(OF)

339.0
338.0
339.0
339.0
540.5
537.5
535.5
533.5
145.0
101.5
99.5
99.5

297.0
292.0
293.0
293.0
456.o
453.0
453.0
454.0 ‘
455

%
686
687
951

%orrectedfora slighttransientcondition.

Pressure
(psia)

1015
715
415
20

1015
715
415
20

1015
515
315
20

1015
715
415
20

1015
715
415
215
20

1015
715
415
20

1015

Btu/;b)(%

0.2669
.2537
.2435
.2293
.26r2
.2569
.2531
.2475
.3672
.2870
.23TL
.2038
.2687
.2530
.2420
.2263
.2605
.2555
.2514
.2457
.2435
.2727
.2691
.2683
.2589
.2853

(SeeappendixA.)

~
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TABLEII

VALUESCOMPUTED‘US~GMEAN~ DIFFERENCE

Temperature % % Qg
(%) ~AT m

100 1.40 0.0186 0.0260
200 2.00 .0210 .0420
400 4.40 .0260 .1144
600 8.20 .0310 .25ti
800 14.0 .0360 .4890

1000 22.0 .0410 .9020

.

.

.

—
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