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VirialCoeificientsofMethane,Ethane,andTheirMixturesatLowTexnperatures
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(Receivedl7Februaryl967)

ABurnettapparatusdesignedspecincallyforthemeasurementofvirialcoeiEcientswasconstructedand
usedtoestablishthesecondandsomethirdvirialcoefEcientsofmethane,ethane,andfiveequanyspaced
compositionsat273.15｡,240.00･,and215.00･K.Secondandthirdvixialcoe伍cientsformethanewerealso
detern血edat200｡,191.06｡,andl31.93｡K.Byusmgagas-lubricateddead-weightgagelocatedinavacuum
ofapproximately25"Hg,absolutepressurescouldbereaddirectly.Thegagelocatedmanambientvacuum
alsoanOwedthedetern血ationofaccuratecompressibilityfactorsfrom40atmdowntotheneighborhood
ofoneatmospherepressure.Arecentlydevelopedmethodforthedetermmationofvirialcoe缶cientsdirectly
fromBurnettpressuremeasurementswasapplied・Therangeoftheexperimentalapparatusenabledthe
detern血ationofseveralnegativevaluesofthethirdvi血lcoeificientsatlowreducedtemperaturesalong
withpositivevaluesatthehighertemperatures.Theexperimentalsecondandthirdvirialcoe缶cientsofthis
andpaststudieswereusedtodeterminetheKihara,Lennard-Jones,andsquarewellpotentialparameters，
Theaccuracyoftherepresentationofthevi血ldatabytheparametersoverawiderangeoftemperatures
●●

Isglven．

I・INTRODUCTIONsomeofitsadvantagesforthedeterminationofsecond
andthirdvirialcoe伍cients.Theauthorshavediscussed

SeriouseHortshavebeenmadetodevelopvarious;
methodsforthemeasurementofvirialcoe伍ti:;W!nanearlierpapgrMthCUW""h9WHF
gases.Methodsrecentlyusedﾋ゚伽…v捌篭柵溌柵臘謬淫愚爵艘謡篭
coe缶cientsareasfonows:

sibilitiesofargon,nitrogen,andthreemixturesof
(1)theapplicationoftheprincipleofgasther-argOnandnitrOgendoWntotemperatures_4s_lo""

l43oK.Theyderivedbothsecondandthirdvirialmometry,1
(2)thecomparisonofvolumetricbehaviorofonecoe伍cientsfromthecompressibilitydata.Manyothers

gaswithanother,2 haveappliedtheBurnettmethodtoobtainPVTdata
(3)themeasurementofJoule-Thompsoncoe伍-athighertemperaturesfromwhichvirialcoe出cients

CientS,3-6 havebeenderived・'4,16-21

(4)theuseoffxed-volume-va㎡able-massmethods,7-9 Areviewoftheexistingdataindicatedthatthe
andmeasuredsecondvi血lcoe伍cientsformethanefrom

(5)theBurnettexpansionsequence'oalongwithseveralsoUrceswereinsubstantialOgreeIIleptabQye
230･K.1,2,22-29AIsothesecondvirialcoe伍cientsforvariousproceduresofevaluatingthecoe伍cients.''-'4
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sourcesexistatantemperatures,butthedisagreement
amongtheexperimentaldataandthediscrepancy
betweentheexperimentaldataandthecorrelations
ofMcGlashanandPotter,3oandPitzerandCurl31
appeartoincreasewithdecreasingtemperatures・Con-
sequently,inthisstudyrenewedexperimentaleHorts
havebeendirectedtowardthemeasurementofethane

secondvi血lcoe伍cientSatlowtemperature・Forthe
twogasesunderconsiderationthethirdvirialcoe伍一
cientshavebeenmeasuredintheneighborhoodof
ZTB=1.0andgreater・Thegeneralproblemofthe
accuratemeasurementofthethirdvirialcoencients

foranysubstanceatlowerreducedtemperatUres
remainsdimcult・EHortsdirectedtowardsthedevelop-

mentandappUcationsofanapparatuscapableof
measuringthethirdvirialcoe缶cientsatlowreduced
temperaturesareneeded.

TTlerearenoknownvaluesfortheinteraction
secondorthirdvirialcoe伍cientsformethane-ethane

mixturesandanycontributionofsuchdatawould
addmateriallytotheformalstudyofgasmixtures.

methaneappeartobereasonablyrepresentedbytwo
correspondingstatescorrelations・釦,31Theexperi-
mentalsecondvirialcoemcientsformethanebelow

230･Kwhichhavebeencontributedfromfoursources:

Price,1Muenere2(zJ.,29Kanda,3andThomaesand
vanSteenwinkel,2appeartobeinseriousdisagreement.
Oneoftheobjectivesofthisstudywasaredetermina-
tionofthesecondvirialcoe伍cientformethaneat

lowtemperaturestosubstantiateboththevalidityof
thegeneralcorrelationsandthepreviouslyreported
experimentalvalues.

Thesecondvirialcoe伍cientsforethanehasalso

beenreportedpreviously4,32-34andcorrelatedwiththe
correspondingstatesmethodcitedabove・Serious
iisagreementsinthevirialcoe伍cientsfromthevarious

TABLEI．Gasesstudied.
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31.73
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II．面又PERIMENTALAPPARATUS

ExperimentalBurnettapparatusforlow-temperature
applicationhasbeendescribedpreviously.29However,
f6ftheensuingdiscussionandbecauseofseveral
specialfeaturesincorporatedinthepresentapparatus!
arsimplihedaowdiagramoftheapparatusispresente4
inFig．1.SinceinaBurnettseqIlenceofexpansions'0
onlyPressureandtemperaturemeasurementsneedto
bemade,considerationsregardingtheirmeasurement
andcontrolarecrucialintheapparatusdesign.
Acomparisonofthepresentandpreviouslow-tem-

peratureBurnettapparatus29indicatesthefollowing
revisedfeatures:

(1)athree-chamberedpressureceUwithspherical

80M．L.McGIMhanandD．L、B・Potter,Proc.Roy･Soc.
(London)A267,478(1962).
弧K・S・PitzerandR.F.Curl,J.-Am.Chem・Soc､79,2369

(1957)．
32J.A.Beattie,C.Hadlock,andN.PoHenberger,J.Chem・Phys.

3，93（1935)．
33S.D・HamannandW.』・McManamey,Trans.FaradaySoc.

棚,149（1953)．
84A・Michels,W.vanStraaten,andJ.Dawson,Physica20,17

(1954)．
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e

IOchambersanowinggreaternexibilityintheselection
ofthecellvolumeratios(uptol2),

(2)anendosedgasdead-weightgage(DWG)
operatingonnitrogeninanambientpressureofabout
25"Hgallowingdirectmeasurementofabsolute
pressures,

(3)adiaphragm-differential-pressurecell(DPC)
operatingonthelinear-di圧erential-transformerprin-
ciplepermittingisolationoftheHuidinvestigatedfrom
thenitrogengaswhilesensitivelytransmittingpressure
betweenthem,and

(4)abridgecircuitmonitoringtemperatureswith
sensitivitvtoELO.0005｡C.

Inadditionatwo-stagecascaderefrigerationsystem
wasconstructedtosupplyconstant-loadlong-period
refrigerationinthetemperaturerangebetween32oand
-116｡F・Detailsoftheseandotherexperimentalfea-
turesoftheapparatusaredescribedbyHoover､35
Althoughthebulkoftheapparatuswasdesignedfor

foranupperoperatingpressureof500atm,theupper
pressureUmitof40atmwasplaceduponthisworkby
thelimitationofthedead-weightgage.Thelower
temperaturenmitonthestudyofvariousgasesis
determinedbvacombinationoffactorssuchasthe

″

cellconstant,thevaporpressureofthesubstance
linderstudy,theclosenessofthecompressibility
factorstounity,andthelowestpressureswhichcan
bemeasuredaccurately.Theinterrelationshipofthese
factorswillbediscussedfurtherinthesectiononerror

analvsis.
‐
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FIG.2.Dimensionlessrelativeerrormsecondvirialcoe伍ciEnfE

duetosmallerrorsinexperimentalpressuresversuscomPressi-
bnity.

III．BASICMEAsUREMENTSTAKFNDURING

BURNETTEXPANSIONS

ThesequenceofexpansionsrequiredintheBurnett
methodhasbeendiscussedpreviously・loTheanalytical
relationsforthemethodindicatethatpressureisthe
primarymeasurementforarunconductedunder
isothermalconditions.

Ingeneral,apressuremeasurementusingaliquid
dead-weightgagerequires:

(1)correctionsduetoweightbouyanCy,
(2)correctionsduetodi圧erencesintheoperating

andcalibrationtemperature,
(3)correctionsduetothedistortionofthepiston

areawithpressure,
(4)correctionsduetothehydraulicheadofthe

conhningnuidbetweentheDPCandthegage,
(5)correctionsduetozeroshiftoftheDPCwith

pressureandtemperature,and
(6)correctionstoconvertambienttoabsolute

pressures,

Byrecoursetoagas-lubricated,dead-weightgage
placedmaconstantambientgaspressureofabout
25"Hgitwaspossibletoeliminatecorrections(1),
(4),and(6)｡DuetothemoderatepressureaPpliF
cation,correction(3)wasfoundtobenegligible,

TABLEII｡Acomparisonofthevaluesofvirialcoe伍cients
oI)tamedinthisworkwithsimilarvaluesobtainedbyotherin-
vcstigators.
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PValue=-53.28wasco吐色ctedforO.03%CO2,0.2%N2.
bVaue-_53:66"E5ffEEEi~Ibf6.""""~6fBCE4$2E･

fromthiswork,TableVIIwasusEd.
9Saville'8iudgmentafterevaluationofdataofRefs.2327.
dO.C=27j.iS:KiIifiiWbff

－－－

36A.E.Hoover,Ph.D.thesis,RiceUniversity,Houston,Tex.,
1965,AvailablefromUniversityMicro51ms,AnnArbor,MiChigan．
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Contl･olledtemperatureapplications.alsocausedcor- Ithasbeennotedthattheresolutionofthedead-

rection(2)tObenegligiblesinceitisestimatedtobeweightgageisintimatelyrelatedtothetemperature
tl"opartgilllO6ofthepressuremeasuredper0.1｡CregnlatiOnbfthecryostafWithtemperatureregulation
changeofthepistontemPerature・Theonlyremainingto士0.0005｡Capressureresolutionofashighasa=1
correWn,item(5),Wasdeterminedb)Fmeasuringpartsin600000Rasobtainedneartheupperpressure
anyDPCzeroshiftaftereachpressurexfieasuremenf・limitoftheDWG.
Theprimaryerrorscontribtitingtothepressure Thedetailsoftheoperationalprocedureandthe

measurementsare: primaryreadingstakenarereportedelsewhere.35

(4)j"ofknowledgeofpreCisepistonarea Ⅳ、MATERIALSINVESTIGATED
(士0.01%),and

(2),､MWaintiesinthemassoftheweights Thegasesstudiedinthisinvestigationweremethane,
(士0.0005%).'ethane,andfvemixturesofthetwo.

Theresearchgradeethanewasdonatedbythe
Thetemperaturewascontrolledto士.0005.CwithPhillipsPetroleumCompanywithareportedpurity

PrRW:､kno"ledgeof_theabsolutetemperathretoof~mOIri5ig~Z~Zsa"ffiifiedljy""6MM&
士0.O1oCbasedontheplatinumresistancetemperatureanalysis･Theprincipleimpuritywasstatedtobe
calibrationandreadingS.-~"--5IMIE・Nofurtherpurificationoftheethanewas

TABLEIII.ValuesoftheexperimentalSefondvirialcoemcientsformethane,ethane,andfivemixturesincc/mole
andtheirmaximumprobableerrors(MPE).a－ _

Gas 273.15｡KMPE 240.00･KMPE 215.00･KMPE
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9､0％－116．31

aMPE=errorsingasanalysig+2calculatederrorsinexperimental
● ●

measurennents、

bThesesixvalueswerecakulatedbyusingtheapparatuSconstant
g ●

method.Allothervalueswerecalculatedbyusingthedirectmethod.
CValuesof@incubiccentimeterspermolearethestandarddeviationg

oftheordinatevaluesofB=@+6xcc9H6＋c弄粕2HefOreachisctherm.
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notremovedfromthegasinthepreliminarypuri-
ficationprocess.
Themethane-ethanemixturesweremadeupfrom

theresearchgradeethaneandthemethaneasreceived.
Asaresulttracesofcarbondioxideandmtrogenwere

presentinthefinalgasmixtures.Thedetailedanalysis
ofthemixturecompOsitionsarereportedelsewhere､35
Anerroranalysisshowedthatthesmallconcentrations
ofcarbondioxideandnitrogen(uptoafewtenths
ofl%)couldbereassignedasmethanewithoutsig-

performedafteritwasdeterminedthatthereported
analysiswascorrectbytwootherindependentmassF
spectrometeranalyses.
ThemethanegaswasobtainedfromtheNorth

LouiseGasFieldfromtheTennesseeGasTransmission

andtheAssociatedOilandGasCompanies.The
methanewaspartiaUypurihedbypassingitthrough
silicagelatthewellhead・Forthemethanestudiesit
wasfurtherpurifedbypassingthroughanadsorbent
traintoremovethetracesofcarbondioxideandethane
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compressibilityfactors.First,the"apparatusconstant'l
method,asmodifedbyCalmelde#αI.,'1wasemployed
at215.00and240.00･K．ThismethodreqUiresacali-
brationtodeterminetheapparatusconstantZVbowhiCh
measuresthevolumeratiosofthechambersinthe

Burnettequipment、Atthesetemperaturesmethane
wasusedasthecalibratinggasratherthanheliumas
usedbyCanneld・Atl31.93｡Kasinglehelimncali-
brationrunwasmade・Thismethoddeterminescom-

pressibilityfactorsfromtheBurnettexpansioninth@
usualmanner.Virialcoe伍cientsarethencalculatcd

fromthelimitingbehavioroftherelationbetween

nificantlyaHectingtheerrorsinthecalculatedvirial
coe伍cients.At273.15｡Ktherewereasu伍cientlylarge
numberofexperimentairunstoevaluatethissmall
concentrationerror(seeTableII).

Thegascompositionbasedonthreeindependent
mass-spectrometricanalyseswhichwereusedmthe
computationscarriedoutinthisworkarelistedin
TableI.

V.CALCULATIONMETHODS

Twodifferentmethodswereusedtoreducethe

basicdatatosecondandthirdvirialcoe伍cientsand/or
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thesecompressibilityfactorsanddensityatlowpres‐cientofthepressureanddensityvirialexpansions
developedbyPutnamandKilpatriCk,"tlleexpmSsionSures･

Tibsecondmethodusedwascanedthe$@direct''forcy@intermsoftheBandCvirialsofEq.(3)be-
methodandwasusedatl91.06｡,200.00｡,and273.15.K．comes：
ItdoeSnotrequireacalibrationexper肋enttodeter-

●

脆≦"/2(－1)"-随十J(2"一ルー2)!B"-2kC&

EFI7rTFZ而雨.(5)minethecenconstant･StartingwiththeBurnett [M"=ZM-FRW-
g(RT)"expressionrelatingthepressureofthejthexpansion,

",tothecompressibilityfa"r,_Z2andthe.PressureSubstitutionofEq.(5)intoEq.(1)andrearranging
●

fOrthe(j-1)thandthe(j+1)themansion,onegives
obtains'2:

(1)"/(Pj+'Pj=')(Pj/Zi)2-(Pj-,Pj+,)/(ZMZi-')=0.
m

Ithasbeendetern血ed36thattheassumptionequal-(1+zα"Pj")2/[(1+堂｡耀恥認)(1+Z｡"Pj,")1=0.
m

9uccessivevaluesofthecenconstantintr6ducesneg-"='"='"='
（6）ligibleerrors.Consequently:

(2)Atconstanttemperaturethecoe伍cients(z"arefunc-ZVj=ZVj+,=ZVj=,.
tionsofBandCasindicatedbyEq.(5).

Asahrstapproximationinan皿tingprocessfor Tostartthecomputationforthecoe伍cients,an
Waluationofthevirialcoe伍cientsitisassumedasa approximatevalueofCwaschosenandEq.(6)was
irsttrialthatintheregionofthisinvestigationthe

聡艦撫職墨駕蹄f鰕蝋駕職a麗辮も無withvaluesoftheexpansionindex(1,2,3),(2,3,4),withvaluesoftheexpansionindex（1,2,3)，（2,3,4)，
tO:

Z=(1+B/r+C/r2).(3)星挑艦蝋t雛磯,"Wy")"
Thisexpressionmustberelatedtothepressureexpan-TllevalUesofBdeferWjnC.,f"".(6)werelabeled

●

GCinstantaneousvalues''andgivenasubscriptequalsionfdithecompressibilityfactorssincepressUre
ratherthanvolumeisthebasicmeasurement・Equationtothesubscriptofthecentralpressureinthegroup
(3mgrgeWMiiX~~~~-~~--~~､ofthreePressU"usejfqr".eValU.tion.IIRinSthe

trialCvalueandthecalculatedinstantaneousBvalues,

（4）鮮誰蹴撫雛鯛形離職i蝿
一

z=1+Z(z,@P".
”＝1

errorsWereconsideredintheordinatevalues,Yj=
Usingthegeneralrelationshipbetweenthecoefn- (B,+C/fj),andintheabscissavalues,Xj=1/Vj．

..，ー _

bW.Reference35,AppendixGnicgXMXW55FMfiI;3MI"..E・HooverandB.W、37W.E､PutnamandJ.E・Kilpatrick,J・Chem・Phys､21,1112HiCkS,Advan､Cryog.En9.11,390(1966)． （1953)．
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TABLEIV.Valuesoftheexperimentalthirdvirialcoe缶cientsformethane,ethane,andEvemixturesin(cc/mole)2
andtheirmaximumprobableerrors(MPE).

273.15･KMPEGas 240.00･KMPE 215.00｡KMPE

Ｅ
Ｄ
Ｃ
Ｂ
Ａ

ｅ

》
》
》
》
》
》
伽
伽
伽

Ｍ
Ｍ
Ｍ
Ｍ
Ｍ
Ｍ
Ｈ
Ｍｅ

％
％
％
％
％
％
％

２
６
４
２
３
５
１

2669．6

3945

4972

6562

8036

9265

＋11373

200.00･K

4351

3508

5720a

6800

7957

＋8891
●●●

-2570

191.06･K

＋4741

％
％
％
％
％
亜
％
Ⅶ
％

３
８
６
８
７
．
４
Ｍ
脚

％
％
％
％
％
亜
％
Ⅲ
％

４
６
６
蛆
㈹
・
岨
Ｍ
帥

4169

6550

8197a

9886a

+4017a
●●●

-71100a

131.93･K

-13600a

MPE

10％

aThesesixvalueswerecalculatedbyusingtheapparatusconstantmethod・Anothervalueswerecalculatedbyusingthedirectmethod.

Theseerrorweightsweregivenby

"j=[(Wj)2-2C(6IZj)(6Xj)+C2(6Xj)2]-]．(7)

Thestraightlineselectedwastheonewhichmini-
mizedthevalue"of:

Zz"J(I'j-B-C"j)2, （8）
J

wherez"jisgivenbyEq.(7).Thevaluesof(6Xy)
and(6yj)are

belessthanorequaltolO6・Exampleapplications
ofthedirectmethodmaybefoundelsewhere.12

Ⅵ、COMPARISONOFTHEAPPARATUS

CONSTANTMETHODANDTHE

DmECTMETHOD

Otherthantheusualassumptionsofconstanttem-
perature,absenceofleaks,completeevacuation,etc.,
themajorassumptionsofthedirectmethodasapplied

TABLEV・CompariSonofcalculatedandexperimentalsecond
virialcoefHcientsformethane.

(卿，=㈲
‐

アα鰯乃")-］((1＋
肺＝1

B(exptl-calc)(cc/mole)

x{1-[量α嬢"Pj"]/(1+量｡"Pj")})2(6Pj)2,
卸＝1 匁＝1

(9) Kihara

B(exptl)
(cc/mOle)T(｡K) SWI I1 L-J

(6I'j)'=(RT)'[('+Z｡蝿〃)(量α縦(2"-1)Pj"-2)
”==l 邦＝1

191.06

200.00

215.00

240.00

273.15

273.16

298.153

303.152

323.151

348.153

373.160
398.170

423.183

448.197

473.213

498.229

523.245

548.260

573.274

598.285

623.294

rms

Kiharalc
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CO

-Z｡""〃－2]2(6Pj)2.(10)
郡==1

Thevalueof(6Pj)wascalculatedfromanestimate
ofO.01%astherandomerrorinpressuresobtained
fromthedead-weightgage・Theα,‘coe伍cientsare
givenbyEq.(5)．Thisprocedureisessentiallythat
outlinedbyHoovere/(zI､12exceptthatthecrosscor-
relationterm2C(6Yj)(6Xj)hasbeenintroducedin

Eq.(7).Thistermshouldbeincluded,althoughits
omissionapparentlydoesnotappreciablyeffectthe
hnalresultsobtainedforBandC・Theoriginaldis-
cussion'2alsocontainedsomemisprintsintheequations
givenfor(6Xj)2and(6yj)2.Equations(9)and(10)
arecorrect.

Thehnalstepinthedirectmethodistousethe
slopeofthe(Bj+C/Vj)versusl/Vjfittogiveabetter
valueofC.TheinterceptisthevalueofB61terations
werecarriedoutusingthissequenceofstepsuntil
thediHerenceinsuccessiveBValueschangedbyless
thanO.001%ofthenewvalueforB.Thecriterionused

toterminatetheseriesZ蝿α鰯P''was伽t(Z"-Z"_,)/Z"

灘景創;,38e/h=204.3･K
e/ル=207.5。K

３
３

’
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ぴ
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TABLEVI・Comparisonofcalculatedandexperimentalsecondvirialcoe伍cientsforethane.

B(exptl-calc)(cc/mole)
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FIG、9．Reducedthirdvirialcoe伍cients.
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TABLEVII.ComparisonofcalculatedandexperimentalB,2for
methane-ethanemixture.

Ⅵ1．SUMMARYOF面pRORANALYSIS

Thedetailedaccountoftheerroranalysisisreported
elsewhere35andonlytheimportantconclusionsare
outnnedhere.

Thekindsoferrorsdiscussedinthefollowingsection
are：

(1)errorsintheprimarytemperatureandpressure
Ineasurenlents,

(2)errorsintheimpuritiesandanalysesofthegases,
(3)errorsduetodiscrepanciesbetweentheexperi_

mentalproceduresandtheanalyticalexpressions
representingtheBurnettprocedureas,forexample,
errorsduetoincompleteevacuation,failuretoreach
thermalequilibriumaftereachexpansion,etc.,

(4)errorspropagateddirectlytothevirialcoefn-
cientsthroughthedirectmethod,and
(5)errorspropagatedtothecompressibintyfactor

andthencetothevirialcoemcientswhenusingthe
apparatusconstantmethod.

Thetemperaturecontrolandmeasurementofthe
cell(a=0.0005｡Cwithknowledgeofabsolutetem-
peratureto士0.01｡K)wassuchthatitcouldbeshown
thatthetemperaturecontrolcontributednegligiblyto
theerrorinthepressuremeasurement(士0.02%)and,
therefore,negligiblytothecompressibilityfactorsand
thevirialcoeaicients.

Theuseofthegas-lubricatedpistongagewiththe
DPCzeroshiftmeasuredaftereachpressuremeas-
urementleavestheuncertaintyintheknowledgeof
thepistonareaasthemajorerror・Thisuncertainty
alongwithotherminorerrorsissu伍cienttocausea

Temp(｡K)

Experimental
cc/mole

Calculated

cc/mole
Kiharaa

215

-192.29

240

－158．17

273．15

－111．86
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７
７
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１
１
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１
１
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一
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一
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”
妬
妙
帥
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認

弼
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製
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卿
必

１
１
１
１
１
１

一
一
一
一
一
一

１
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９
８
９
２

２
７
０
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３
１

●
●
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●
旬
●

０
１
１
３
４
１

１
１
１
１
１
１

１
１
１
１
１
１

一
一
一
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Ｊ
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al,spherefOrmethane(Ref.45)andspherefOrethane(thiswork);

2.spherefOrmethane(Ref.45)andlinefOrethane(thiswork);3,sphere

fOrbothmethaneandethane(thiswork);4,spherefOrmethaneandline

fOrethane(thiswork).

inthisworkare:

(1)theapparatusconstantZVjisindependentof
pressurebetweenadjacenteXpansions,and

(2)thetruncatedformofthevirialexpansionin
Eq.(3)isvalid.

Forthepressurerangeofthisstudy(1-40atm)it
hasbeenshownS5thatassumption(1)introduces
negngibleerror.Itisnecessarytousedataobtained
inadensityrangeinwhichassumption(2)doesnot
introduceexcessiveerrorsinthedeterminationofB

andC.Thisassumptionmaybetestedbyexcluding
thehighestpressure,recalculatingBandC,andcom-
paringthevaluesobtainedbyincludingthehighest
pressure.

Someadvantagesofthedirectmethodoverthe
apparatusconstantmethodare:

(1)theheliumcalibrationtoobtainthecencon-
stantZVc｡withhighprecision(stO.001%)isnotre-
quired,

(2)theeliminationofthedetern血ationofthe
ratioPO/Zbathighpressures,12and

(3)then血imizationofsystematicerrorinthe
pistonareauncertaintiesduetothenatureofEq.(6).
Theover-allresultisthatadvantages(1)through(3)
canpermitanimprovedevaluationofB.

Somedisadvantagesofthedirectmethodare:

(1)theneedforaninitialestimateofBandCfor
theiterativesolutionfortheirtruevalues,and

(2)theneedforalargenumberofpressuremeas-
urementsduringtheexpansion,limitingthemethod
tO乃>0.75forpresentpressuremeasuringequip-
Inent.

Inthisstudy,initialestimatesofBwereobtained
fromRefs.30and31;andforCfromRef､38.

TABIEⅥ11．Comparisonofcalculatedandexperimentalthird
virialcoemcientsfOrmethane.

C(calc)(cc/mole)2

Cexptl
(cc/

mole)2

Kiharaa

SWT・K 2 3 L-J1

4522489147994097
4272463345703981
3871421542153716
3306360637203229
2756300431932640
2456267629392351
2048222425601883
1812196123011596
1663179821321416
1558168020111299
1491160119231224

，ns

[cc/mOlf
鱗α(A)inB(r)]

0．20．300．76
0．21380．320．35
0．2250．330．41

4741b4745

4351b4499

4169b4092

3508b3517

2669.6b2937

237002621

1975o2191

1727cl893
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1465。1653

1380cl576
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妬

o(A)ae/"(｡K)

1204．3

2207．5

3209．6

3．620

3．633
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88J.0.girschfelder,C.F2CUrtiSS,andR.B.Bird2"0J"''J"
T"eOryq/Gasesα鯏邸卯〃S(JohnWiley&Sons,Inc.,NewYork,
1954)．

BKih盆ra＝

bThiswork.

oDouSlin(Ref､9).
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maximumerrorofO.015%andO.0097%forpressures
measuredusingthehigh-andlow-rangepistons,respec-
tively.
TheO.01mole%加purityinthepureethanecaused

negligiblecontributionstothemeasuredvirialcoefB-
cientsforethane・Thesecondvirialcoe伍cientof

methanecontainingO.03%CO2andO.2%N2at
273.15｡Kwasdeterminedas-53.29cc/molewhereas
thisvaluecorrectedtopuremethaneisestimatedto
be-53.36cc/mole.Thecorrectedanduncorrected

secondvirialcoe伍cientsforgasfromthisworkand
fromothersourcesarereportedinTablell・Atlower
temperaturesthesecondvirialcoefEcientsformethane

arenotcorrectedfortracegasesbecausethemost
probableerrorisgreaterthanthesmallcorrectiondue
totheseimpurities・Themostprobableerrorinthe
thirdvirialcoe伍cientsaresuchthatthecontribution

ofthetraceimpuritiesisquitenegligible.Asimilar
statementholdstrueforanyinteractionvirialcom-
putations.
Thebasicequationusedinthedirectmethodis

Eq.(1).ExaminationofEq.(1)showsthatitisnot
afunctionofthepistonarea,hencethereisnoerror
duetouncertaintyinthevalueofthisarea.
The:Ginstantaneousvalue''ofBjdependsuponthe

threepressuresappearinginEq.(1):

Bj=Bj(Pj+,,Pj,Pj-,).(11)

AIso,forthelowtomoderatepressureregionandfor
purposesofthiserroranalysis,onemaywrite:

Zj=Zj(Bj,Pj).(12)

DiHerentiatingBjimplicitlygivesrelationsforthe
differentialsOBj/6Pjf,and6Bj/aPjasfollows:

(1/乃士,)､aZj士,/a乃士,)ZMF'
一
一

一
州

●
ぬ
〃
Ｊ

Ｂ６

(13）
(6Zj+'/6Bj)Zj+'F-'+(8Zj-'/8Bj)Zj_r･'-2(aZj/6Bj)Zj-''

-2[(1/Pj)-(aZj/6Pj)/zj]
一
一

塗
鵬 (14）

(6Zj+'/6Bj)Zj+'f-x+(8Zj-'/8Bj)Zj_IF-'-2(6Zj/6Bj)Zj-'.

Itisnotedthat6Bj/6Pjisoppositeinsignfromthe
errors6Bj/3Pj+,and6Bj/6安先,､Thismeansthatgiven
an_prrormPj,thevalueof(B"+C/Z)plottedversus
1/Vkfor"=j+1,j,andj-1winfallinthesequence
high-low-highorlow-high-low.Therefore,partbfthe
eHectofrandomerrorscancels・Shouldpressures
adjacenttoPjcontainerrors,thesituation~becomes
morecomplicated.Equations(13)and(14)maybe
appUedtostudytheactualmagnitudesofaBj/6Bor
of6Bj/aB生,．
BeforestudyingtheeHectoflfandOmpressureerrors

ontheerrorsinthesecondvirialcoe伍cientsitis

adVantageoustorenderEq.(14)dimensionlessby
multiplying6Bj/aPjbyPj/Bj.Thisproductplotted
versusZjisshowninFig.2.
ForagivenapparatusconstantjVGDandagiven

sequenceofpoints,theplotof[-(Pj/Bj)(8Bj/8Pj)]
versusZjisseentogiveasinglefunctionforallgas
compositionsstudied・Twosignihcantfeaturesshown
inFig.2are:(1)foragivenⅣ｡｡agivenerrorinthe
pressuremeasurementresultsinacorrespondingly
greatererrorinthesecondvirialcoefncient;and(2)
asonedecreasesZVb｡toobtaintherequisitenumberof
expansions,forexample,intheregionbelowthe
Criticaltemperature,therelativeerrorinBjincreases.
Thus,itwasfoundthattomaintainarelativeprecision
inBjbetterthanl.0%itwasnecessarytoworkat
temperaturesequaltoorgreaterthanO.75nfora
puregas・Highervaluesof〃･ogenerallygivesmaller
errors．

Withthedirectmethodthereisawaytolowerthe
relativeerrorsinBjfordatatakenataparticular
apparatusconstantvalue・ThisisdonebysoMngthe
basicrelation,Eq.(6),formanydifferentgroupingsof
thethreepressureexpansions.Forexample,theequa-
tionmaybesolvedforthesequenceofvaluesofj=
(1,3,5)，（2,4,6)，…,etc.combinedalsowiththe
sequencej=(1,2,3),(2,3,4),…,etc.,andallother
possiblecombinationsof(j－た,j,j+")where"takes
onintegralvaluesequaltoorgreaterthanone・This
procedureeHectivelyraisesthesinglesequencevalue
ofZVmtoapowerequaltothenumberofoverlapping
sequences.ThiseHectivevalueofIVmisnotneededin
thedirectcalculationitself,butitsvaluedoesaffect
theerrorsinthemethodproducedbyerrorsinmeas-
uredpressures.Therelativeloweringoftheerrorin
BjisshowninFig.2.Thecurveusingtwooverlapping
sequenceswith"=1andル=2islabeledZVb.2=(1.16)2=
1.34.Thesinglesequenceusingonlyル=1isshownwith
Ⅳc｡=1.16andhasasignincantlylargererrorfunction.
ThecurveforⅣ｡｡=1.58wasdeterminedbyactually
changingthevolumeratioofthechambers.

Calculationsshowthatwiththedirectmethoda

systematicerrorinthepressureofO.01%wouldcause
anerrorofaboutO.013%inBandO.04%inC.35This

erroriscumulativeintheZjvaluesintheapparatus
constantmethod.

EvaluationsoftheerrOrstothecompressibility
factorandthencetothevirialcoefBcientsweremade

fonowingtheproceduredevelopedbyCanfelde#(zJ.1'
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TABLEIX・ComparisonofCalculatedandexperimentalthird Sinceatconstanttemperature
Virialcoe伍cientsforethane.

B"@="/a"jB" （15）
C( c a l c ) - = r - 7
(cc/mole)2

Cexptl_､･_--__themixturesecondvirials,BM,canbee"ressedasa
Z,(･K)(cc/mble)2KiharaL-JSW secondorderpolynomialinthemolefractionofethane.

Thestandarddeviationoftheordinatevaluesisthen

":UM-Z"61;;i;"3i-"Magoodmeasureoftheinternalconsistencyofthedata.5370240．00－257012985221325372agoodmeasureoftheinternalconsistencyofthedata、
2735151137313261196929253Thesecalculationsweremadeandthecurveswere
273.151060713261196929253 drawnasshowninFig.3andtabulatedinTableIII
298.1381073712208179549531"5MimIi6""Zalongwithtabulationsofthemaximumprobable322.748967111012164789082alongwithtabulationsofthemaxunumprobable

experimentalerrors.Thevaluesofrelativestandard347.65285769874152178393
372.52277098882141717673

deviationsareO.25%at273.15｡K,0.6%at240.00･K,
397":70063757318126296370andl.6%at215.00･K.U84470018035132876980422.7帥63757318126296370and1.6％at215.00.K．U㎡ortunatelythereareno

othersecondordervirialdataonmethane-ethane

mixturesavailableforcomparison.
InFig、4thevaluesofBmeasuredinthiswork

Theanalysisshowedthatatlowreducedtemperatures,vergugtemperatureatconstantcompositionarepre-
e､g､,beldTvO.85,thegenerallylessaccurate&pparatuSsented.
constantmethodispreferredtothedirectmethod 2.CO""iSO"q/BcH4(M@(IBc2H･測肋SiWJ"
becauseofthem皿tationonthenumberofexpansions

W"esjyo"O伽γI"z)es"gajol's
imposedbythetwo-phaseboundaryofthesystemand
theminimumpressurewhichtheapparatuscanmeas- AtOoCseveralinvestigatorshavemeasuredthe
ure.secondvirialcoemcientsofpureCH4andpureC2H6.

SeveralofthevaluesforBCH4wereallsoclosetogether
VIn.DISCUSSIONOFEXPERIMENTALRESULTSthattheyappearasasinglepointinFig､5.Thevalues

ofBcH4andBc2H6arecomparedinTablesVandVI.
Inthissectionthevaluesofthevirialcoefncients

Saville39hasrecentlyevaluatedthevaluesofBcH4

蝋鰡撫辮篭餓患蝋i溌撫驚溺麓辮琶辮さ鯛搬急激鵬駕
theself-consistencyofthedataofthiswork・ThesecondMMe"mm.2Savine39recommends-53.44士0.06
virialcoe価cientsarecomParedwithtworecentlycC/moleforthevalueofBCH‘at273.15.K.Thevalue
publishedcorrelations.
HWSWWationbyMcGlashanandPotter"RM"WgWWaWWMW*lseisequaltothecalculatedvalue-53.28plusthecor-

isbagedOnd"take"trejugedt""atllresaglowfMjiI~f6i~fiie~EOZ~aridNimentionea.Michels'"
asq5andashighas"forthe"teigllfhydmcarbons.fiiEMie~66nfaihed56oM､2%ethaneandacorrected
Jtalgoagre¥wellwi"thR.publish94､d"fpr""VaiIEEalEdiim67Mauthisalsopresentedin
kryp",alidxenOn:TIlePitzerandCurl"corrglationmibirriIMltigof~EbmaiiertO~Sclianm〃αJ.25waS

臆溌譲‘驚窯i慨r鎌.雪麓餓総無a辮撫,蕊g幾至h§職鴛'職舞
asmuChstructuraldifferenceasbenzeneandargon0.07tCO・10cc/mole・Theprecisionofthemeasurement
areincluded・Thedata,however,areatreducedtem-

peratures…伽｡乢Thedatainthi…x"､識語瀦鰯脇淵撫赫蝋
fanbetweennevaluesofO.7andl.4.

FinaUy,theforcep…畑f･rs…lp･剛ial流駕綱i無基柵r羅暴掘熊蕊溌
fu¥ction"representedaPdcWWe4.yvit#simila"Tliga6&fW~of~fliemiigOfBCE@cOrrectedforCO'
valuesoftheseparametersfoundintheliterature. andN2impuritiesisaboutO.03cC/mole.McGlashan-

Potter3ocurvesforCH4andC2H6areshowninFigs､5
A.ComparisonandDiscussionofSecond and6,respectively.PitzerandCurl's31correlationis

VirialCoe伍cientsalsoshownforCH4andC2H6inFigs.5and6.Asshown
inFig.5,thesecondvirialcoe伍cientsatl91・06･K

I.I"〃"αJCof@sis/encyq/伽Seco"d andhighertemperaturesformethanefromthiswork
y勿刎Co"cie"q/"sW0γル

InFig.3theexperimentalsecondvirialcoe缶cients 39G．Saville,Ph.D.thesis,UniversityofOxford,0㎡ord,

ofthisworkat273.15｡,240.00｡and215.00｡KversusEWn441M4040R､H.Olds,H.H.Reamer,B.H・Sage,andW.N・Lacey,
molefractionethanearepresented．Ind.Eng・Chem.35,922(1943).
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areingoodtoexcellentagreementwithotherpublished
dataandthetwocorrelations.
ThomaesandvanSteenwinkel2assumedthat(Z=

1+B/y)becausetheywereoperatingbelowone
atmosphere.Thethirdvi血lcoe伍cientattheircoldest
temperatureatZYR=0.57islessthan-100000(cC/
mole)2asestimatedfromFig.9､Ignoringthislarge,
negativethirdvirialcoe伍cientattheirlowtemper-
atureswouldcausetheirvaluesofthesecondvirial

coemcienttobealgebraicallylow.
Price'reportedvaluesofBz,･c=(Bm…red-Bo･c).

SincehisvalueofBatO｡Cisaboutl9cC/moletoo

high,allofhisreportedvaluesaretoohigh.
MuellerejaJ.29usedaBurnettexpansionandthe

apparatusconstantmethod.Aprobableerrorofl.0%
inthevaluesofBwasgiven;however,thiswasbased
ononlyfourexpansionsforthelowesttemperature.
Furthermore,heliumcalibrationrunsforallofthese
isothennswerenotmade.

Kanda3usedanexpansionmethodtohrstmeasure
(3H/6P)ratseverallowpressuresandthenusing
onlythreepointsextrapolatedtozeropressuretonnd
(6H/6P)z,o.Thiswasrelatedtothesecondvolume
vi血lcoemcientwheretheassumptionZ=(1+B'P)
wasmade・Wisvaluesofthesecondvirialcoe伍cients

arehigherthanMcGlashanandPotter'scurve.
Forethane,onlyEuckenandParks4havepublished

secondvirialcoeaicientsbelowO｡C・Theyarenoticeably
belowvaluescalculatedusingtheMcGlashanand
Pottercorrelation・However,thevalueofVc,which
mustbeusedinthiscorrelation,isuncertainby4､5%.
Din41reportsavalueofl41.7cc/moleandRossini42
reportsavalueofl48.TheMcGlashan-Pottercurves
inFig．6arebasedontheformer・Theethanevirial
coencientsofthispresentworkagreewellWiththe
McGlashan-Pottercorrelationandarehigherthanthe
valuesofEuckenandParks･EuckenandParkS,like

Kanda,measured(6H/6P)z,.Theassumptionthat
C'=0,whichisrequiredbythismethod,wouldcause
EuckenandParks'4numberstobelowiftheassump-
tionisnotcompletelyvalid・Thecorrespondingstates
plotforthesecondvirialcoemcientsisshowninFig.7.

B･CorrespondingStatesPlotofmleThirdVirial
CoemcientsofThisWorkandOther

Investigators

Figure8isdrawntoshowtheself-consistencyofthe
thirdvirialcoeHicientsofthiswork.TablelVpresents
theexperimentalvalues.OnlyMichelse#aJ.34and
Douslin9presentvalues(giveninTableIIforOoC)
whichmaybedirectlycomparedwiththoseofthiswork.
Figure9presentsC/Vb2versusZ)atoshownthatthe

4W.Dm,r"""'O"y邦α"ziCF@"zc"ofzsq/G@SeS(Butterworths
PubUcationSLtd.,Londonl961),Vol､3.
42APIPγ小c#",F.D・Rossmi,Ed.(CarnegiePress,Pitts-

burgh,Pa.,1953).

agreementofthevaluesformethaneandethaneWitl]
tlioseofothersisgoodatZIzvaluesgreaterthanO.9g
BelowthevalueOfrR=0.8nootherexperimental
thirdvirialcoemcientdataareknowntoexistforthe

gasesstudied.

C･VirialCoemcientsofMemaneinThis

Workatl31.,3･K

Theerrorindex[-Pj(6Bj/6Pj)(Bj)-']indicates
thatthedirectmethodisinappropriateforanaccurate
determinationofthevirialcoe伍cientsatthislow

temperature・Furthermore,onlyoneheliumexpansion
serieswasmadeforevaluationoftheapparatuscon-

stant・Thisheliumexpansionseriesgivesasecond
● ●

virialcoe伍cientforhenumwhichistoohigh,13.71

cc/moleversusaliteraturevalueatthistemperature
ofaboutll.8.'2Usingarevisedapparatusconstant
consistentwiththell.8valueforheliumgivesaconsistentwiththel1．8valueforheliumglvesa
methanesecondvirialcoemcientof-224cC/mole
andathirdvirialcoe缶cientof-13600(cc/mole)2.

Thus,thevirialvaluesobtainedformethaneat
139.13｡Karenotexactlyabsolutevaluesastheother
reportedvaluesarebutarerelativetotheemerimental

●

secondvirialcoe伍cientreportedforhenumatthesame
temperature.

Ⅸ、POTENTIALFUNCTIONS

Withthenewvi血Icoemcientdataatlowtem-

peraturesinthepresentinvestigation,theparameterg
6fvariouspotentialfUnctionshavebeenredetermined
fromsecondvirialdataoverawidertemperature

range.ParametersfortheKihara,LennardJoneS,
andsquare-wellpotentialshavebeenre-evalUated.
Kihara43proposedapotentialbetweenmolecules

havingacharacteristicimpenetrablecore・Theinter-
actioxipotentialenergyisexpressedasafunctionofthe
shorteStdistancepbetweenthesurfacesofthemolec-
ularcores:

U(p)=e[(p｡/p)皿－2(Po/p)6], （16）

whereeisthemaximumenergyofattractionandpois
itsposition.Kiharaderivedthefollowingexpression
forthesecondvirialcoe伍cient:

B/JV=骨叩03F3+MoPfFh+[Sb+(Mf/4汀)]

XPoF,+Fb+(MbSb/4T),(17)

whereMO,SO,andrbcanbecalculatedfromthesize
andshapeofthecore.F,,F2,andFadependonthe
reducedtemperaturer*=ﾙZｿeandaregivenby

●

F8=-

Inthepresent

43T･Kihara,Re

菫麦rF
ga[lon[n上

（18）

termi-

'子g誠一手イ4/チ
ノ
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natedwhenthelasttermbecamelessthanlO5.For

asphericalmodelthefollowingpotentialformwas
used:

U(")=" γ≦2α

憾 孟鮒
=4E

瓜＊＝2
whereaisthe

U('')=0.TheKiharapotentialreducestotheLennard-
Jonespotentialifthecoresizebecomeszero・The
square-wenpotentialisthesimplestthreeparameter
potentialandisgivenby:

U(")=" γ＞ぴ

＝－eび<7<Ro･

＝0 'y>Rぴ． （20）

Ristheratioofwellwidthtoぴ．Thesecondvirial

coe伍cientforthesquare-wellpotentialis

B(T)=60[1-(R3-1)(ee"-1)], （21）
where

60=;wrIV･3.

X･DETERMINATIONOFPOTENTIAL

PARAMETERSFROMSECONDVIRIAL

COEFFICIENTDATA

Potentialparametersweredeterminedbytheleast
squaremethodbyminimizingtheroot-mean-square
deviationbetweencalculatedandexperimentalsecond
virialcoe伍cientdata・TablesVandVIshowthe

experimentalvaluesandthenumericalvaluesofthe
potentialparameters・Theagreementbetweenthe
experimentalandcalculatedsecondvirialcoe缶cients

usingtheKiharamodelwasincloseagreementwith
previouslycalculatedvalues・Thetriangularprismcore
modeloftheKiharapotentialfortheethanemolecule
describedbyPrausnitzandMyers44wasusedinthe
presentinvestigation・Calculatedvaluesbelowthe

icepointshowedincreasingdeviationsfromtheexperi-
mentalvalueswithdecreasingtemperature･Another
cylindricalcoremodel,whichtightlyenclosesthe
triangularprismcore,yieldedevenpooreragreement
withtheexperimentaldata.OftheKiharacoremodels
tested,thennemodelgavethesmaUestdeviationfrom
theexperimentalresults.Ithasbeengenerallyfound
thattheKiharapotentialissuperiortotheLennard-
Jonespotential,especiallyinthecalculationofB(T)
formethane,propane,andothernormalparamns､45,46
However,itistobenotedthattheLennard-Jones

44J.M・PrausnitzandA.L・Myers,A､I.Ch.E.J､9,5(1963).
"AE.SherwoodandJ.M.Prausnitz,J.Chem.~Phjrs.41,429

(1964)．
46J.F・ConnollyandG．A.Kandalic,Phys.Fluids3,463

(1960)．

potentialinthisstudywassuperiortotheKiha,･a
potentialinrepresentingB(T)dataforethane.
Thesecondvirialcoe伍cientforamixtureisgiven

byEq.(15).
FortheKiharapotentialtheinteractionvirialfor

unlikepairsB,2isexpressedby:

B,2=;7rp,23FM+;(Mb,+Mb2)p,22FM

+B(Sb,+Sb2)+(MO1+MO2)/47r]pl2Fl

+3(Vb,+Vb2)+(MbnSb,+Mb2Sb2)/8T,(22)

wheree,2andp,2ofthemixturearecalculatedby

e,2､e,E2)'ﾉ21 （23）

p,2=;(p,,+p,2)．(24)

Theseempiricalcombiningruleswerealsousedfor
anotherpotentialfUnctionsstudied.Anequation
s血nartoEq.(24)wasusedforo,2.Thenumerical
valuesofB,2werecalculatedusingthethreepotential
functions.TableVIIgivesthecomparisonofexperi-
mentalvalueswithcalculations・Forthesquare-well
potentialitwasassumedthatR,2=(R,+R2)/2.Table
VIIshowsthattheKihara,theLennard-Jones,and
thesquare-wenpotentialsgaveB,2valuesclosetothe
experimentalvalues.IntheKiharapotentialtheuseof
asphericalcoreformethaneandlinecoreforethane
gaveslightlybetterresultsforB,2thanthosepredicted
bytheapplicationofsphericalmodelformethane
andethane.

XI．THIRDVIRIALCOEFFICIENTS

Calculatedthirdvirialcoe伍cientcurveswere

obtainedbyusingtheparametersgiveninTablesV
andVIfromthefollowingrelations:

c(r)=602c*, （25）

C*=Cadd*+AC*, （26）

Ac*=cM*(6AC*/6cM*)α･=0， （27）

wherereducedpolarizabilityisgivenbycu*=cY/03
andtheaveragepQlarizabintiesofmethaneandethanc

離respectively.47are2．60and4．4

Thereducedadditivecoe缶cientsCadd*andthe

nonadditivederivative6AC*/aq*aretabulatedby
SherwoodandPrausnitz.48Theadditivesquare-well
thirdvirialcoencientswerecalculatedbyusingan
analyticalequationbyKihara.38TableVIIIshowsa
comparisonofcalculatedandexperimentalresults
formethaneatseveraltemperatures・Thistablein-
cludestheresultscalculatedusingtheKiharapotentials
withdiHerentsphericalcoresizes.Thechoiceofcore

47H、H、Lα"do"-B6γ"s＃e伽,Zα〃e"""jez"zJF""ﾙ"0""’
(Springer-Verlag,Berlin,1951))Vol､1,pt.3,p.509.
48SherwoodandPrausnitz,J･Chem・Phys.41,413.(1964).
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