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LiquidusandGaseousLineinPhaseDiagram

TatsuhiroYOGI＊ａｎｄＭｉｎｏｒｕＹＡＧＡ＊

Abstract

Thispaperdescribesthatnegativepair-interactionenergyaveragedoverallparticlesanditsdensity
dependencegivesvanderWaals，equationofstatethroughmean-fieldInodelingandthatliquidusand
gaseouslinefbrvapor-liquidphasearerigorouslycalculatedfrolntheequationofstate,ｓothatlatentheat
ofvaporizationandvaporpressureareobtained・Phasediagramisconstructedfromtｈｅｓｅｌｍｅｓａｎｄｉｔｉｓ

ｓｈｏｗｎｔｈａｔｔｈｅｃｒｉticaltemperaturedependsnotonlyｏｎｔｈｅｓｉｚｅｏｆｍｏｌｅｃｕｌｅａｎｄｔｈｅａｖｅｒａgedmagnitude
ofinteractionenergｙｂｕｔａｌｓｏｏｎｔｈｅｍａｓｓｏｆｍｏｌｅｃｕｌｅＡｓａpropertyofsuchsystemKamerlingh-Onnes，
constantisobtajned．

ＫｅｙＷｂｒｄｓ：liquidusandgaseous

Kamerlingh-Onnes，constant
line,phasediagram,criticaltemperature,latentheat,vaporpressure，

YbvickequationofstatefbrtheLennard-Jones6-12po-

tentialderivednotonlyfromthecompressibilityfbrsev-

eralisothermsbutalsofromthepressureequationisnot

inagreementwithexperimentaldata・Particularlyinco‐

existentstateofliquidandvaporthisequationhasno・

solutionofexperimentalHatregion[181LiquiduSand

gaseouslinesareconventionallyunderstoodbytheex‐

istenceofdoublelocalminimumofGibbsenergyina

givensystem・Thepreviousworkofsuchproblemsfbr

matterhavenotgivensatisfactoryexplanationfbrre

sultsofexperimentsTheoccurrenceofthediscontiniu-

tiesassociatedwithphasetransitionswillbefUrtherulL

derstoodbythemorecorrectliquidusandgaseousline

ThisleadsusmUchintensivestudyfbrexistenceofliq-

uidusandgaseouslinasothatwecanconstructphase

diagramnotonlywithcoexistentstatebutalsowithsep-

aratephasesofvaporandliquidTherefbrethispaper

willbeconcernedwithtwocurvesrepresentingliquidus
andgaseouslinebelowcriticaltemperature、Wehave

studiedthefirst-orderphasetransitionfbrsimplematter

byusingcanonicalemsemblewithmean-fieldapproach，

whichisquitesimpleandfairlypracticalandindeedshow

theexistenceoftwoseparatephasesandcoexistentstate

ofbothliquidandvapor・Ifweneglecttheinteraction

betweenparticlesbothinliquidandvaporphases，the

partitionfunctionwiththemeanfieldapproximationis
availabletoobtainthedistributionofinteractionener‐

gyparparticleandthelineardependenceoftheenergy

OIldensityineachphasebyMDcomputersimulation・

Thecontributionofmean-fieldtheorytothedistribu-

tionanddensitynependenceofinteractionenergypar

particleisacceptableoverawidetemperaturerangefbr

manysubstance・ＴｈｅｃａnonicalpartitionfUnctioninthe

１．Introduction

Thephasetransitionproblemsh副ebeenalwaysat-
tractedphysicistandchemistsinfUndamentalandin-

dustrialapplicationfieldbothfromthepracticalview

pointofseekingfbrusefUltheoryofpropertiesofmat-

terandfromthefUrtherunderstandingthediscontinu-

itiesassociatedwithphasetransitionsinthermodynamic

fimctions・Soitisusefllltodescribesometypicalworks
fbrphasetransitionbrieHyhMaﾘer，ｓｗｏｒｋｈａｓｂｅｅｎｗｅＵ

ｋｎｏｗｎｍｔｈｅｆｉｅｌｄｏfthetheoryofcondensationofgaseｓ

(11~[51,howeverLeeandYapghaveshowntheinade-

quacyofMayer，ｓｍｅｔｈｏｄｆｂｒｄｅａｌｍｇｗithacondensed

phase[61～[７１.Theyhavealsoshownthatanexampleof

two-dimentionallatticeregionsinp-Vdiagramisexactly

calculatedHillhastreatedthequestionofwhetheror

not，，loop，，shouldbeexpectedin似一AWorp-AW
curvefbranexacttheoryoflirst-orderphasetransition

usingcanonicalensemble[８１AcarefUlargumenthas

beendescribｅｄｂｙＶａｎＨｏｖｅｓｈｏｗｉｎｇｔｈａｔｎｏｌｏｏｐｉｓob-
tainedfromcompleteevaluationofcanonicalensemble

partitionfilnctionoffluid[9IThephasetransitionis

tobecharacterizedbythefactthatthepartitionfilnc-

tionoffinitesystemsuffersasuddenchangeatsome

valueofparametersKatsurahascalculatedtheparti‐
tionfUnctionofthesystemwhichhasfinitenumberof

latticepointsasitsvolumeanddescribedthepossibility

ofcooperativephenomenaeveｎｉｎｐｒｅｔｔｙｓｍａｌｌｓｙｓｔｅｍ－

ｓ[101～[111.ＭanydesclMiononthelatticegasmodel

h…beenshownmtextbooks[121～[l51ThePercus‐

Ｒｅｃｉｅｖｅｄ２４Ｊｕｎｅ２００２

＊Dept･ｏｆＭｅｃｈＳｙｓｔｅｍｓＥｎｇ.，ＦＥＣ、ｏｆＥｎｇ．
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presentpapergivesvanderWaals，equationofstatem

eachphaseWesupposethatthermalandmechanical

equilibriumareestablishedinthesystem(Ｌｅ,Ｔｌ＝Zh

andp,＝p2),therefbreliquidusandgaseouslinesarede‐

rivedfromtheequationofstateonlywithoutMaxwell，s

equiarealruleandthevaporpressureareobtainedfOr

severalsimplesubstanceatanygiventemperature・We

shoWthatabovetwolinesseparatethepartsofliquid，
vaporandcoexistentstateinphase．iagramandexam-

inethethermodynamicpropertiesofsuchsystemThe

presentpapershowsthatMaxwelFsequiarealrulebased

ontheselinesissatisfiednearcriticaltemperatureOur

theoryprovidesthattheisothermsstayHatincoexis‐

tentstatebetweenliquidusandgaseoslineandthatthe

isothermsisafUnctiononlyoftemperatureThesefba-

tureisquitedifIerentfromMayer，ｓｔｈｅｏｒｙａｎｄＬｅｅａｎｄ

Ｙａｎｇ，stheory､Thecharacteristicfeatureofliquidusand

gaseouslineexperimentanydeterminedarewellrepro-

ducedbythetheory、Thermodynamicpropertiessuch

aslatentheatofvaporizationaresatisfactoryinthere-

gionbetweenliquidusandgaseousline、Itsholudbe

emphasizedthatthepurposeofthispaperistoderive

liquidusandgaseouslineinvapor-liquidcoexistentstate

andtoderivethermodynamicpropertiesofsuchsystem
throughmean-fieldappro錘hwewillshowthesolution

fbrthediscrepancyfbrmolecularsizｅｂｅｔｗｅｅｎｖａｎｄｅｒ

Ｗａａｌｓａｎｄｑｕａｎｔｕｍｍechanics・Insection21weintro-

ducepra妃ticalmethodfbrliquidusandgaeouslineand

constructphasediagramfbrsimplematter、Wbanalyze
anddiscusstheusefUlnessofthismethodfbrresultsm

sectionaTheconclusionisdescribedinsection4．

expecttheproblemtorepresentsomewhatlessserious

mathematicaldifIicultiesthanrigorousway、Wecalcu-

lateanaveragedinteractionenergyaparticlearoundall

otherparticlesbycomputersimulation(ＭＤ),soweob‐

taintheconcentratiolLdependenｃｅｏｆｅｎｅｒｇｙｉｎｅａｃｈｏｆ

ｌｉｑｕｉｄａｎｄｖａｐorphases,Weinvestigatethesubjectthat

anaveragedinteractionenergyisofattractivetype，so

wesupposethattheinteractionpotentialisofLennard-

Jonestypeastypicaloneofattractivefbrce、Weconsider

amonoatＯｍｉcgasorliquidwiththeinteraction

U=傘((急)'2-(急)`） (4)

whererfjisthedistancebetweenthei-thandj-thatoms
inaphaseandびｔｈｅｄｉａｍｅｔｅｒｏｆａｔｏｍｓａｎｄＥａｃｏｕ－

ｐlingconstant(themagnitudeofinteraction),indetaiL
4E＝32016Ｂａｎｄ◎＝3.56ＡｆｂｒＡｒ、ThevalueofEis

dilIbrentfromthatusedinRahman[16IAllsampling

fbrstatisticswasaveragedoverthenextlOOOOstepsafL

tertheinitial4000stepscalculationfbrequilibriumwith

6t*＝０.OO64asascaledtimestep）Theusualperiodic

boundaryconditiｏｎ１ｉｎｗhichthesimulatedboxissur-

roundedbyimagesofitself,isappliedandweusedNose，s

methodtocontrolethetemperatureofasystem[201,[211．
Letdbetheaveragedenergyaparticlelnthemost

probablestatefbrenergyobtainedbyMDsimulation，

therepresentativeparticlesisthoｕｇｈｔｏｆａｓｍｏｖｉｎｇｉn

someaveragedpotentialduetoalltheotherparticlesin

thesystem,wethusapproximatetheenergyfUnctionin

phaseasfbllows；

ⅣノＶ

ｚＺのが－１V①（５）
ｊ＝１Ｊ＞ｊ

＝１V(一k|β＋α))，（６）

２．Theoreticalrramc

Weconsideronecomponentclosedsystemandassume

thatoneparticleinteractswithotherparticleswithat-

tractivepotentialfUnctionLeMVandVbethenumber

ofparticlesandvolumemsystemwiththerestrictionof

N(const.）ａｎｄＶ(variable)．Wecanwritethecanonical

ensemblepartitionfUnctionasfbllows；

wherelElisanaveragedinteractionenergyaparticleand

pisdensityofphases(seefigl)￣

Itisshownfromeqs(5)and(6)thattheaveragedin-

teractionenergyisofattractivetype、discommonly

writtenbyalinearfUnctiononlyofdensityoverliquid

andvaporphases、Eachmoleculeisassumedtobefree

tomoveinthevolumeV-Mjo(uoisamolecularvolume)，
therefbreweobtainthecanonicalpartitionfUnctionas

fbllows；

Q-M壼俶(苧'等iv-lwo1い`。 （７）

゜-ﾎﾙｰ辨立佃〆醗亘血（リ
where

Ⅳ２

K=Ｚ藍
ｆ＝１

(2)

whereβ＝(んＢＴ)~landkBisBoltzmannconstant・The
theorycanbeeasilygeneralizedtodiatomicgasorliquid；

therotationalandvibrationalenergyareeasilycalculat-

edincanonicalpartitionfUnction,however,theseenergy

termsaredisappearedbythesettlementofthecondi‐

tionsofIl＝Ｚｈａｎｄｐ，＝ｐ２，whichmustbesatisfied

inanequilibriumstate、Theresultshowsthelinearde

pendenceofenelgyondensityandtheattractivetypeof

and

ＮＮ

Ｕ＝ＺＺｄが
ｉ＝１ｊ＞{

(3)

Sincetheinteractionbetweenparticlesexistsinsingle

phaseaboveequation(1)cannotbeanalyticallycalcu-
latedexceptsomesimplecases、Therefbreweshould
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FigLThedensitydependenceandattractivetypeofenergy

lbrArovcrawidetemperaturerange、Ｏｔｈｅｒｓｕｂｓｔａｎｃｅｓｈｏｗｓ

ｔｈｅｓａｍｅａｓｔｈelineardependenceofenergyondensityand

attractivetype．

２０４０６０８０１００１２０１４０１６０１ＢＯ２００２２０

Ｔｅｍｐ.(K）

Fig.２，LiquidusandgaseouslineNe1AraｎｄＫｒ１ｗｈｅｎｕｓｅｔｈｅｒｅ－

ｌａｔｉｏｎｄ/bc＝１/3,whichisindependentofthemolecularsize

Thesearenotquantitativelybutqualitativelyingoodagree-

mentwithexperimentaldata･Ｎｅ：dashedandsolidlines：cal-

culationI□ａｎｄｘ；experiments，Ａｒ：dash-dootedandd顕hed

lines：caIculation，ｘａｎｄ△；experiments・Ｋｒ：dottedlines：

calculation,。ａｎｄ＋：experiments．interaction,therefbreweprogresstocalculatethecanoL

icalpartitionfimctionfbrsystemdealingwiththeinter‐

actionenergybythemeanfieldtheory・Theproblemof

seekingtheliquidanｄｖａｐｏｒｃｕｒｖｅｓｉｓｔｏｆｉｎｄｔｈｅｓｏｌｕ－

ｔionwhichsatisfyZl＝ｒｈａｎｄｐ,＝p2inthecoexistent

state・Thestateequationfbrphasesare

c2＝1V/I'iinliquidphases,respectively,Theliquidus
andgaseouslineisobtainedatI11＝ｎａｎｄＰｌ＝ｐ2,if

thefbllowingrelationsissatisｌｉｅｄ

ｌ

－ｂｃ，＝dc2， （14）
１－ｃｌＵｏ

ａｎｄ
ｌ

－ｂｃ２＝。c,， （15）
１－c2Uo

wheretheconstantdisdeterminedbyexPerimentsas
showninlater・Therefbrewehaｽﾉｅ

ｏ１(T)一式('-,･I（'6）
and

･塾(r1-式('十gQI（'７）
whereノー１－．/６，９＝１＋ｄ/ｂａｎｄＱ＝

，＝一種等
＝AT(１，釜翻｡+β･(筈)製）（８）
＝；(｣三"ｏ －ｂｃ)，（９）

whereｂ＝β|E|mandcisnumberdenSityofphasejWV・

Aboveeqns.(8)ａｎｄ(9)areindeedvanderWaals，equaF

tionofstate，sowederivethecriticaltemperaturefrom

thelocalmaximumandmmimumvalue(denotedbyas

terisk)．

」(１－｡..(旱)Ⅱ（'0）Ｃｆ＝
３ｕｏ

。;‐上(l-c．．(竿)》（u）３ｕｏ

二('十・．富(:)Ｌ（'2）ｃ：＝
３uo

wheretan8＝６１/百万/(２７－，),Ｄ＝８６/ひ0-27.IfO＝O
atatemperatureineqs.(10)ａｎｄ(11),thencfandca
coincidewitheachother，therefbreweobtainthewell

knownrelationfbrcriticaltemPerature

m-鵜（'31
1tisremarkedthatthecriticaltemperaturedependsnot

onlyonuoandlElbutalsoonthemassofmolecule・

Wedelinethenumberdensitycl＝１V/1/binvaporand

1-4(uO/b)/(92/） ThismeansthatMaxwelrsequal-

arealruleisnotnecessarilyrequiredtodeterminethevaP

porandliquidlinesinacoexistentstate(seefigs2～5)．

Thevaporpressureincoexistentstateiswritten

，(昨；MMI（'8）
wherepisafilnctiononlyoftemperature(seefig6）

Ｔｈｅｒｅctilineardiameterruleisgivenby

β,＋化＝ｍ(c,＋c2）

ユノ
UO

andtheso-caUedorderparameteriｓ

(19）

'2-'Ｆ蓋，Ｑ (20）
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Fig.３．LiquidusandgaseouslinefOrN2，Ｏ２ａｎｄＣＯ２，whenuse

therelationd/６｡＝１/3,whichisindependentofthemoIecu-

larsizeAsshownin6g(2),thesearenotquantitativelybut
qualitativelyingoodagreementwithexperimentaldataN2：

。零hedandsolidlines：calculation,□ａｎｄｘ：experimentsO2：

dash-dottedanddashedlines：calculation1xamd△：experi-
mentsCO2：dottedlines：Ｃａ]culation，。ａｎｄ＋：experiments．

Ｆｉｇ．４．LiquidusandgaseouslinefbrNe，ＡｒａｎｄＫｒ，ｗｂｅｎｕｓｅ

ｕｓｅｅｑ.(24）ａｓ。/bDAgoodagreementwithexperimentis

betterthantbatoflig.(2)quantitativelylNe:dashedandsoIid

lines：calculation,□ａｎｄｘ：experiments、Ａｒ：。題h-dottedand

dashedIines：calculation，ｘａｎｄ△：ｅｇ(periments、Ｋｒ：dotted

lines：calculation，｡ａｎｄ＋：experiments．

l/E＝３Uolfoneusestherelationpc＝ｍ/(3りo),then
。＝9uo/8butthevalueofuowillnotgivecorrectmolec‐

ularsize，inthiscasethermodynamicpropertiesarenot

ingoodagreementwithexperiments(e・glatentheatof

vaporizationorvaporpressure）Thisdiscrepancycanbe

solvedby2pc＝ｍ(1-./bc)んo,ifonefitsthevalueofuo

withatruevalue,ｔｈenthevalueofd/bcisdetermined

atacriticaltemperature,sothatthecurvesofc,(T)and
c2(T),Ｌ(T)ａｎｄｐ(T)areingoodagreementwitheach

experiment、Thuswewillgivearoleoffittingparameter

tothevolumeofmoleculeuo、Thisistheadvantageof
ourtheory・Thevalueofuoisnotnecessarilydetermined

onlywithintheframeofthermodynamics・Weexamine

theMaxwell，sequiarealruleasanintegralofp(T)over
therangeoMandzatatemperaturewrittenby

ｗｈｅｒｅｐ１ａｎｄｐ２ａｒｅｄｅｎｓｉｔｙｏｆｖａｐｏｒandliquidstate，

respectively・Isingmodelsoflatticegashavegenerally
showntherelationofp,＋p2＝constI7],butthetheory
showsthateq(19）isafUnctiononlyoftemperature
Ourmethodwillgiveagoodqualitativebehaviorasan

approximatetheory・Ｔｈｅｌａｔｅｎｔｈeatofvaporizationis

givenbyClausius-Clapeyron，ｓｅｑｕａｔｉｏｎ

ｄｐＬ

ｄＴＴ(1/５－１/i）

志(等)念 (21）

Equation（21）yieldsthelatentheatL(T)afterusing
p(T)anddp/dTineq(18)(seeligs7and8)．
Ｔｈｉｓｉｓｎｏｔｉｎｇｏｏｄａｇｒｅｅｍｅｎｔｗｉｔｈｔｈeexperiments，

however,ifeq(21)isconnectedtotheempiricalequation
fbrvaporpressure[l7Ithegoodagreementisobtained
asfbllows：

ｄｐ

－－`叫芸（…ｃａｌ…1．I(22）ｐ

then

ﾉ(1mⅧ-,(T)ﾉ(W`' (25）

ThEruleisusuallyusedtodeterminethevaporpressure

,WandlGatadesiredtemperatureandholdsonnear
thecriticaltemperature,however,thecoincidenceoftwo

valuesisnotgoodinthelowtemperatureneartriple

pointwhenusingd＝９Ｕｏ/8．Ontheotherhand,this

ruleholdsonwellinourtheoryiｉｆａ、appropriatevalue
ofuoisemployed(seefigs・10～12）

KamerlinghOnnes，constantisgivenby

L-芋(等)-Ａ (23）

Abovelatentheatofvaporizationiｓｓｈｏｗｎａｓｆｉｇ９、Ｔｈｅ
wellknownexperimentalfactthatc,(四Ｊ＝ｃ２(Z1c)ａｎｄ
L(、)＝OrequiresQtovanishesatacriticaltempera尺
tｕｒｅｓｏｗｅｏｂｔａｉｎｔｈｅｖａｌｕｅｄ

Ｋ、＝ＰＣＭと，（26）
ｅ２

（27）－－

２ef，

whereel＝１－pcuo/ｍａｎｄｅ２＝２el-LThisisin

goodagreementwithexperimentalvaluafbrexample1
eq.(26)ｇｉｖｅｓＫｍ＝Ｏ３４１２ａｔｒ＝ｚ２００ＡａｎｄＫｍ＝

`=」(1-梺壯等)-2‘。 （24）
２ＰＣＤＤ

whereuoisamolecularvolume、VanderWaals，equa戸
tionofstateconventionallyyieldsthecriticalvolume
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Fig.５．LiquidusandgaseouslinefbrN2，Ｏ２ａｎｄＣＯ２，ｗｈｅｎ

ｕｓｅｅｑ.(24）ａｓｄ/bc,whichisdependentonamolecularsize

Asshownmfig.(4),thesearequalitativelyingoodag塵ement

withexperimentaldataN2：dashedandsoIidlines：calcu-

lation，□ａｎｄｘ：experimentsO2：dash-dottedanddashed

lines：calculation，ｘａｎｄ△：experiments・ＣＯ２：dottedlines：

calcuIation，can。＋：ｅＤ(periments．

６０８０１００１２０１４０１６０

Ｔｅｍｐ.(K）

Fig.７．TheIatentheatofvaporizationofN２，Ｏ２ａｎｄＡｒ,ｗｈｅｎｕｓｅ

ｄ/ｂｃ＝ｌ/3．Dashedandsolid1ines:calcuaItionfmmeq.(21)．

Boldlines:drawnfromeq(23）△,ｘａｎｄ＊：experime肋ts．
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Fig.８．Themolecula炉sizedependenceoflatentheatfbrN２，Ｏ２

ａｎｄＡｒｄｒａｗｎｂｙｅｑｓ(21）ａｎｄ（24)．Dashedandsolidlines：

ｒ＝２１３０ＡＩｂｒＡｒ,ｒ＝2.270ＡｆｂｒＮ２ａｎｄｒ＝z140AfbrO2・Tl1e

peculiarbeh誠ior1appearsinlowtemperatureregion，which

intendstodiverge･Boldlines：ｒ＝2.ｌＯ５ＡｌｂｒＡｒ，ｒ＝2.222Ａ

ｌｂｒＮ２ａｎｄｒ＝ｚ０９２ＡｆｂｒＯ２．
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Fig.６．ThevaporpressurecurvesofAr．（a)Experiments．（b）

ｗｈｅｎｕｓｅｅｑ(24）ｗｉｔｈｒ=2.105Ａ.（c）ｗｈｅｎｕｓｅｄ/ｂｃ＝１/3．

Ｗｈｅｎｕｓｅｒ=2.105Ａｉｎｅｑ.(24),theagr℃ementisbetterthan

thatofd/bc＝1/3．

vapor-liquidphasearerigorouslycalculatedfromthee-

quationofｓｔａｔｅＷｅｆｂｕｎｄｔｈｅｅｘｉｓｔｅｎｃｅｏｆｔｗｏｐhas-

esofliquidandvaporandcoexistentstatethroughthe

canonicalpartitionfUnctionwithmean-fieldapproach・

Thevapor，liquidandflatregionphasesarecontinuous-

lyconnectedinpllasediagram,thuswecanidentifythe

pvTdiagram、ThePercus-Yevickequationofstatefbr

theLennard-Jones6-12potentialderivednotonlyfrom

thecompressibilityfbrseveralisothermsbutalsofrom

thepressurefUnctionisnotinagreementwithexperi-

mentaldata・Particularlyincoexistentstateofliquid

andvaporthisequationhasnosolutionofexperimen-

talHatregion[181,[l9IThermodynamicpropertiesgiven

byeq.(21）arelesssatisfactoryinthelatentheatofva‐

O2548atr＝2300Awitheq.(24)fbrAr,ontheother

hand,ifoneemploystherelationofd＝９uo/8,theｎ

Ｋｍ＝O375Equation(26)alsogivesfairlygoodvalue

fbranothersubstanceandwecolljecturethattheinterval

ofKmandpcuo/mareO＜Ｋｍ＜O5andO＜pcuo/ｍ＜
0.5,respectively，

WbcanconstructtheisothermsinpvTdiagramfiPom

eqs.(8),(9)ａｎｄ(18)(seefigl3）

３．ResultandDiscussion

NegativepaiPinter錘tionenergya凡reragedoverallpa炉

ticlesanditsdensitydependencegivesvanderWaals，

equationofstateandthatliquidusandgaseouslinefbr
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Ｆｉｇ．９．Ｔｈｅ]atentheatofvaporizationofN2，Ｏ２ａｎｄＡｒｄｒａｗｎ

ｂｙｅｑｓ.(23）ａｎｄ（24)．ｒ=z105AfbrAr,ｒ=2.222ＡｆＯｒＮ２

ａｎｄｒ＝2.Ｏ９２ＡｆｂｒＯ２１ｏ,＋ａｎｄｘ:experiments・Boldlines：

drawnfromeq(23）Thesecurvesareingoodagreementwith

experiments．

０５０１００１５０２００２５０３００３５０

Ｔｅｍｐ.(K）

Fig.１１．TheMaxwelI，sequiarealrulewitheq.(24)andineq.(25)，

apartfromthefactorβ・Thisruleissatis6edinNe､Ｎ2,ＣＯ，

Ａｒ,KrandCO2well,whenr=2.126Ａ(Ar),1.755Ａ(Ne),2.282

Ａ(Kr),2.295Ａ(CO),2.302Ａ(CO2)and2.258Ａ(N2),respec-

tivclylfthesuitableｖａｌｕｅｏｆｕＤｉｓｅｍｐｌｏｙｅｄ１ｔｈｅｎａｇｏｏｄ

agreementwithexperimentsisobtainedOthersubstances

showsgoodagreementwitbrespectiveexperimentslwhenthｅ

ａｄｅｑｕａｔｅｖａｌｕｅｓｏｆｕｏａｒｅｕｓｅｄ
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瀞 ０２ berequiredfbrgoodagreementwithexperimentaldata

preciselyexamiｎｅｄａｓｓｈｏｗｎｉｎｆｉｇ８．ザ
急

シ
ｏ
Ｌ

4．Conclusion

Thecomputersimulationshowstheattractiveinterac-

tionasaveragedenergyovcrallparticlesandthedensitv-

dependenceofpairzinteractionenergyineachphase，Wb

showedalternativemethodderivingtheequationofs-

tatebothofliquidandvaporphasesthroughmeanfield

modelingwithattractivetypefbrceTherehavebeen

someattemptswithmodels,asseeninprevioussection，

ｏｕｒｔｈｅｏｒｙｗｉｌｌｂｅａｓｉｍｐｌｅａｎｄｏｎｅｏｆthepracticalap-

proximationmethods，Theliquidusandgaseouslinein

phasediagramarederivedandisingoodagreementwith

experimentaldatafbrseveralsimplesubstance，Ｗecan

identifytheliquid,vaporandtransitionregionsinthe

pvTdiagramandtheisothermsthusobtainedareHat

inthetransitionregionandriseveryrapidlywithde-

creasingvolumeintheliquidphase、Thevaporpres-

sureiscalculatedandissomewhathigherthanexper-

imentalvaluefbrsimplesubstanceinhighertemper鉦

ture，howeverinlowtemperaturethepressureisfairly

ingoodagreementwithexperimentfbrvaporpressure・

Itshouldberemarkedthatacriticaltemperatureiscon-

cemedwithstructureofmolecule,ｍａｓｓofmoleculeand

theaveragedmagnitudeofinteractionenergyaparticle

inthephase，Thelatentheatofvaporizationobtained

ineq(21)iscomparedwithexperimentalvalueandthe

agreementwithexperimentisnotgood（abouthalfof

experimentaldataLTheheatofvaporizationofeq.(23）
ismgoodagreementwithexperimant，Thediscrepancy
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Fig.１０TheMaxweII,sequiarealruleineq.(25)ｗｉｔｈ。/ＤＣ＝１/３，
apartftOmthefa鰹toraThisruleholdsonnearthecritical

temperaturewell1howeverｔｈｉｓｒｕｌｅｄｏｅｓｎｏｔｈｏｌｄｏｎｉｎｌｏｗ

ｔｅｍｐeraturereglonThecurvもsdenotedbyasteriskmeans

theleft-handsideofeq.(25)andtheothertheright-handside

ofeq.(25)．

porization,whichissmallerthanthevaluecalculatedby
empiricalfbrmula1howeverthisresultsfromthesecond

laｗｏｆｔｈｅｒｍｏｄｙｎａｍｉｃＳＩｆｔｈｅｖａｌｕｅｏｆｕoisconven-

tionallyemployedbypc＝ｍ/(3Uo）invanderWaals，

equationofstate,thenoneobtainsd/bc＝1/3.Howev‐
erthisvaluedoesnotcoincidewiththevalueobtained

fromtherelatｉｏｎｄ/bc＝１－２pcuo/mwithappropnate

valueofuo、Thepeculiarbehaviorinthelatentheatof

vaporizationandMaxwell'sequiarealruledisappearin

thelowtemperatureneartriplepoint,iftheappropriate

valueofuoisemployed(seefigs､９andll).Theappropri‐
atevalueofdensityalongliquidandgaseouslineshould
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1.4 icvalues．Ａlthoughourtheoryshouldberestrictedto

asystemwhosepotentialisofattractivetypethrough

themean-fieldtheoryibycomparisonofourresultswith

experimentaldata,weconcludethatsuchmean-fieldap-

proachworklnoresatisfactorilythanthoseofprevious

work[11~[31,[６１～[8１，[101,1181.Iftheinteractionbetween

particlesisofrepuIsivetypeasshownmeqs(5)ａｎｄ(6)，
wewillpredictthenegativecriticaltemperaturefrom

eq.(13）Thisremarkableresultcorlもspondstothesit-

uationofferromagnetismwithCurietemperatureand

antifbrromagnetismwithNeeltemperatureinthesecond

orderphasetransitionofmagnetism，Therefbrewewill

showtheclassificationofphasetransitionbywhetherthe

interactionbetweenparticlesinHuidsystemisattractive

orrepulsive．

1.2

１
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Fig.１２．TheMaxwelrsequiarealrulefbrO2ineq.(24)ａｎｄ(25)，

apartfmmthefactorβ､Thesecurv巳sdonotsatisfiedtherule，

ｅｖｅｎｗｈｅｎｒ＝2.129Ａ・Ｔｈｉｓｒｕｌｅｉｓｆｉ１ｌｎｌ１⑨dneartbecritica】

temperature1howeverdoesnotholdoninlowtemperature・

solidline:theIeft-handsideofeq(25）｡:theright-handside

ofeq.(25)．
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Ｆｉｇ．１３．ＴｈｅｉｓｏｔｈｅｒｍｓｆｂｒＡｒｉｎｐｖＴｄｉａｇｒａｍｓ、Onecaniden-

ti【ytheHatregionofcoexistenceofvaporandliquidOther

substancerevcａＩｓｔｈｅｓａｍｅｂｅｈａｖｉｏｒａｓＡｒ．

betweenourresultsandexperiments(orempiricalfbr‐

mula)willindicatenottoresultsfromneglectingthein-

teractionbetweenparticlesmbothphasesbuttoresult

fromthesecondlawofthermodynamics、Thethermody-

namicpropertiesarｅｓｈｏｗｎｔｏｂｅｓｅｎｓｉｔｉｖｅｔｏｔｈｅｍｏｌｅc-

ularsizeinthiSpaper;iftheequationpc＝ｍ/(3Ｕ０)is
usedtodeterminethevolumeofmolecule1thisvaluedoes

notcoincidewithothertheory(e9.,quantummechanics

etc),ontheotherhand,ourtheoryhasanadvantage

thatonecanemploycorrectvaluesofcriticaldensity

andmolecularsizeineq.(28）Liquidusandgaseousline，

thelatentheatofvaporizationandMaxwell，sequiareal

ruleshouklbesatisfiedbyusingsuitablevaluesofuo，

therefbrewewillhaN/ｅｔｏｒｅｅｘａminethesethermodynam-


