
 第23卷 第4期 高 压 物 理 学 报 Vol.23,No.4 
 2009年8月 CHINESEJOURNALOF HIGH PRESSUREPHYSICS Aug.,2009 

文章编号:1000-5773(2009)04-0288-11

AnalyticEquationofStateforGeneralizedMorsePotentialFluid
andApplicationtoN2Fluid

*

XUEXin-Ying,SUNJiu-Xun,TIANRong-Gang
(DepartmentofAppliedPhysics,UniversityofElectronicScienceandTechnology,

Chengdu610054,China)

  Abstract:Theanalyticexpressionsforequationofstate(EOS)andthermodynamicpropertieshavebeen
derivedforthegeneralizedMorse(GM)potentialfluids,byusingtheRossvariationalperturbationtheoryand
theanalyticPercus-Yevick(PY)expressionofradialdistributionfunctionofhardspheres.Extensivecompari-
sonofthenumericalresultswithcomputersimulationsshowsthattheprecisionoftheanalyticRosstheoryis
equivalenttoorslightlybetterthanthenon-analyticmodifiedWeeks-Chandler-Anderson(mWCA)theory,and
ismuchbetterthanthecomplicatedoptimizedreferencehyper-nettedchain(RHNC)theory.Thisanalyticex-
pressionsforequationofstatehavebeenappliedtoN2fluidatambienttemperatureandlowpressure(below
1GPa)withtheparametersofthegeneralizedMorsepotentialareobtainedbyfittingtoexperimentaldata,re-
sultsofpredictionofthepressureabove1GPavalidatetheanalyticEOSwithgoodagreementwithinawide
rangeofpressureandtemperature.
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1 Introduction
  TheperturbationtheoriessuchastheBarker-Henderson[1],the Weeks-Chandler-Anderson
(WCA)[2]andtheRosstheories[3]aremostfrequentlyusedinresearchofthermodynamicproperties
forfluidsbothatnormalconditionandattheconditionwithhightemperatureandhighdensity.The
Rosstheory,amongthemostaccurateperturbationtheories,hasbeenwidelyusedtotheresearchof
shock-compressedpropertiesofmaterials[4-5].Itsmaindisadvantageliesinthevariationalprocedure
beingtime-consumingandinconvenientintheshock-compressingandmeltingproblemscalculations.
Inordertoovercometheseshortcomings,Tangetal.havealternativelydevelopedameanspherical
approximation(MSA)theory[6-8].However,theMSAtheoryitselfhassomedisadvantagesevenseve-
rerthantheRosstheory.ThemostimportantoneisthattheMSAtheoryisinapplicabletothefluids
withhightemperatureanddensity,andatotherconditionsthetheorygivesresultscomparablewith
theRosstheoryorevenpoorer.

Kangetal.[9]havemodifiedtheWCA(mWCA)theoryapplicabletothefluidsathightempera-
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tureandpressureconditionwithouttheintroductionofvariationalprocedure.AndLadoetal.[10-11]also
proposedanoptimizedreferencehyper-nettedchain(RHNC)theory.Talbotetal.[12]testedtheRoss,

mWCAandRHNCtheoriesforpredictingtheequilibriumpropertiesofsphericalfluidswithconclu-
sionthattheRossandmWCAtheoriesgiveverygoodresultsforthethermodynamicproperties,but
notforthestructure,whiletheRHNCtheoryrequiresmorecomputertimebutyieldssatisfactoryre-
sultsbothforthermodynamicpropertiesandstructure.Ifone’sinterestisrestrictedtothethermody-
namicproperties,thenitissufficienttousetheRossormWCAtheories,andnoneedforcomputer
simulationsofclassicalsystemsofparticlesinteractingwithsphericalpotentials.Recently,Vortleret
al.[13]alsotestedthemWCAandRHNCfortheExp-6fluidswithinwidertemperatureandpressure
ranges.TheirconclusionisinaccordancewiththatofTalbotetal.[12].

IftheRosstheorycanprovideananalyticequationofstate(EOS),itmayhavemoreadvantages
thanmanyotherinvariationalperturbationtheories.Duetolittleattentionpaidtotheinteractionwith
thegeneralizedMorse(GM)fluid,itisimportanttodevelopananalyticEOSfortheGMpotential.In
thispaperwewillshowthattheanalyticexpressionsforEOSandthermodynamicpropertiesforthe
generalizedMorsepotentialcanbedirectlyderivedbasedontheRosstheoryandthePercus-Yevick
(PY)HS-RDF[14-15].Thereisnoneedofotherapproximations,andtheapplicabilityoftheanalyticfor-
malismisassameastheoriginalnon-analyticRosstheory.Onaccountoftheabsenceofthedataavail-
ableforGMpotentialfluid,theformofwhichisdeterminedbyfittingExp-6potentialwithleast
squaremethodandtheparametersofwhichareobtainedbyfittingexperimentaldataforExp-6poten-
tialfluids.

Nitrogenhasbeenoneofthemostimportantreferencefluidsbothfortestofphysicalmodelsand
forcalibrationpurposes,theinvestigationofwhichisofgreatimportanceanddrawconsiderableinter-
estespeciallyathighpressureregion.Knowledgeoftheequationofstatefordensenitrogenisofim-
portancefortechnologiesaswellasforthegeneralunderstandingofthebehaviorofmatteratextreme
condition.Variousmodelsandtheorieshavebeenusedtostudythebehaviorofnitrogenatveryhigh
pressurewithabundantexperimentaldataandsimulationresults[16-21].Itispracticallymeaningfulto
examinetheapplicationofthenewEOStoN2fluidinawiderangeofpressureandtemperature.

Thepaperisorganizedasfollows:InsectionⅡ,themainformalismofRosstheoryisoutlined.
AndtheanalyticexpressionsofEOSandthermodynamicpropertiesofGMfluidsaredeveloped.In
sectionⅢ,thefittingresultsofGMpotentialtoExp-6potentialarepresented.InsectionⅣ,thevalidi-
tyofnewEOSisdemonstratedbycomparewiththeMDsimulations,non-analyticmWCAandRHNC
theories.InsectionⅤ,thenewEOSisappliedtoN2fluidwithfurtherintentiontoexaminetheappli-
cabilitytorealfluids.ThesummaryispresentedinsectionⅥ.

2 Theory
  IntermsoftheRossperturbationtheory[3],theHelmholtzfreeenergyisexpressedasfollows

F
NkT = F0

NkT + F1

NkT +
F12(η)
NkT

(1)

whereF0isthefreeenergyofreferencehard-spheresystem[22],and
F1

NkT =2πρβ∫
∞

d
φ(r)g(r)r2dr (2)

isthefirst-orderperturbation.φ(r)isthepotentialfunction,g(r)istheHS-RDF.F12(η)isafunction
makingEq.(1)reproducetheMCinverse12th-powerresults[3]
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F12(η)
NkT

(=- η
2

+η2+η4 )
2

(3)

whereη=πρd3/6,disthehardspherediameter,andηisemployedasthevariationalparameterthat
minimizestherightsideofEq.(1).Namely,ηshouldbedeterminedby

∂
∂ (η

F )NkT T,ρ
= ∂
∂ (η

F )NkT T,ηe
=0 (4)

TheintegralinEq.(2)canbetransformedtofollowingform[23]

F1

NkT =12ηβ∫
∞

1
φ(x)g(x)x2dx=12ηβ∫

∞

0
Φ(t)G(t)dt (5)

Wherex=r/distheradialcoordinationreducedtothehardspherediameterandΦ(t)istheinverse
Laplacetransformationofxφ(x)

Φ(t)=L-1[xφ(x)] (6)

G(t)istheLaplacetransformationof[rg(r)].ThePYexpressionofG(t)andderivativeswithre-
specttoηandthavebeengivenintheappendix.

TheGMpotentialhasfollowingform

φ(r)=ε0∑
n

i=1
Cieαi(1-r/re) (7)

Theparameterε0determinesthedepthofthepotentialminimumwhichislocatedatreandαdeter-
minesthesoftnessoftherepulsion.NotethattheparametersoftheGMpotentialareobtainedinnext
sectionbyfittingtheExp-6potentialinleastsquaremethodduetoabsenceofreferencedata.Introdu-
cingfollowingnotations

λ=re/d=(ηe/η)1
/3, ηe=πρr3e/6 (8)

ThepotentialfunctioninEq.(7)canbereformulatedas

φ(r)=ε0∑
n

i=1
Cieαi(1-x/λ) (9)

Bytheaidofthemathematicalformula
L-1[xe-λx]=δ′(t-λ) (10)

TheinverseLaplacetransformationofxφ(x)canbederivedas

Φ(t)=ε0∑
n

i=1
Cieαiδ′(t-αiλ-1) (11)

Whereδ(t)istheDiracdeltafunction,andtheprime‘′’representsthefirstorderderivativewithre-
specttothevariablet.SubstitutionofEq.(11)intoEq.(5)yields

F1

NkT =-12ηβε0∑
n

i=1
CieαiG′t(αiλ-1) (12)

Thecompressibilityfactorcanbederivedasfollows
pV
NkT

=1+ρ
∂
∂ (ρ

F )NkT T
=1+ηe

∂
∂η (

e

F )NkT T
=

1+ηe
∂
∂η (

e

F )NkT T,η
+ ∂
∂ (η

F )NkT T,ηe
·ηe

∂η
∂ηe

ConsideringEq.(4),thethirdtermintheequationequalszero,weobtain
pV
NkT

=1+ηe
∂
∂η (

e

F )NkT T,η
=1+ηe

∂
∂η (

e

F1 )NkT T,η
(13)

WithSubstitutionofEq.(12)intoEq.(13)yields
pV
NkT

=1+4ηβε0∑
n

i=1
Cieαi(αiλ-1)G″tt(αiλ-1) (14)
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Theequationfortheinternalenergyis

U
NkT =β

∂
∂ (β

F )NkT ρ
=β

∂
∂ (β

F )NkT η
+ ∂
∂ (η

F )NkT T,ηe
·β
∂η
∂β

ConsideringEq.(4),thesecondtermintheequationequalszero,andtheequationischangedas
U

NkT =β
∂
∂ (β

F )NkT η
=β

∂
∂ (β

F1 )NkT η
= F1

NkT
(15)

WithSubstitutionofEqs.(3,12)intoEq.(1),andEq.(1)intoEq.(4),theequationtodetermineη
canbederivedas

4-2η
(1-η)3

(- 1
2+2η+2η )3 + ∂

∂η
F1

NkT =0 (16)

∂
∂η

F1

NkT =1 [η
F1

NkT -
pV
NkT

+ ]1 -12ηβε0∑
n

i=1
CieαiG″ηt(αiλ-1) (17)

AlthoughEq.(16)isanonlinearalgebraicequation,byusingtheNewtonianiterationapproach,itsso-
lutionisinsensitivetotheinitialvalueandisabsolutelyconvergent.

3 FittingofGMPotentialtoExp-6Potential
  Asmentionedabove,wefirstfittheGMpotentialφ(r)totheExp-6potentialε(r)

ε(r)= ε0
α- [6 6e

α(1-r/re)- (α re )r ]
6

(18)

inleastsquaremethod,duringwhichthebestvalueofnisfoundtobeinteger3andtheparameterα1
tobeα,bestreproducingtheExp-6potential,thesameasthoseαgiveninthecaseofExp-6poten-
tial[13],whichcanbeeasilyexplainedinthattherepulsivepartgaindominanceovertheotherattractive
parts.Intermsofleastsquaremethod,φ(re)isrequiredtobeε0,thefirstandthesecondderivationof

φ(r)withrespecttoratequilibriumdistancereisrequiredtobeequaltothoseofε(r),whichyields
C1+C2+C3=-1
α1C1+α2C2+α3C3=0
α21C1+α22C2+α23C3=r2eε″(re

ì

î

í

ï
ï

ïï )
(19)

Fig.1 ThefittingresultsofgeneralizedMorsepotential
toExp-6potential

  IntermsofEq.(19),thereare
onlythreeindependentvariableleft,

andwechooseα1,α2andα3asparam-
eterstobeobtainedbyfitting.The
fitting,asshowninFig.1,issatisfac-
toryingeneral.Itshouldbepointed
outthatthefittingoverwholerange
ofdistancerisunfeasibleandthede-
viationfromExp-6potentialmaybe
increaserapidlyasdistancertendsto
zeroorinfinity.Inprinciple,thebest
fittingliesinthevicinityofequilibri-
umdistancereintermsofEq.(19),

butitcanbeseenfrom Fig.1that
thefittingisgoodoverwiderangeof
distancer,whichsuggeststhatthe
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fittingofGMpotentialtoExp-6potentialisresonable.Thevalidityandapplicabilityofthemodelwillbeex-
aminedinthenextsectionbycomparewithsimulationoverwiderangeofdensityandtemperature.

4 DemonstrationofValidity
  Wecomparethenumericalresultswiththeextensivesimulationsfromthemoleculardynamic
(MD)simulations,mWCAandRHNCresultsfromVortleretal.[13].Table1~Table4presentthe
comparisonoftheresultsofreducedpressure(pr3e/ε0)andreducedinternalenergy(U/Nε0)forthe
Exp-6fluidswithα=11.5,12.5,13.5and14.5,respectively,calculatedinthisworkwiththosefrom

Table1 Comparisonoftheresultsofreducedpressure(pr3e/ε0)andreducedinternalenergy(U/Nε0)fortheExp-6fluidswith
α=11.5calculatedinthiswork(XS)withthatofmoleculardynamicsimulations,mWCAandRHNCtheoriesbyVortleretal.[13]

kT/ε0 ρr3e
pr3e/ε0

MD ΔmWCA ΔRHNC ΔXS

U/Nε0
MD ΔmWCA ΔRHNC ΔXS

2

1.4
1.6
1.8
2.0
2.2
2.3
2.4

12.95
24.73
43.22
70.28
99.70
121.7
152.6

-0.27
-0.23
-0.56
-0.96
-9.68
-11.32
-7.10

-0.51
-0.75
-1.33
-2.40
-12.16
-14.50
-11.43

0.55
0.53
0.36
-0.04 
7.36
8.14
11.69

-5.33
-5.04
-4.18
-2.36
*-0.02
*0.68
 3.40

-0.05
-0.04
-0.16
-0.14
-0.56
-1.62
-0.88

-0.12
-0.16
-0.36
-0.48
-1.09
-2.27
-1.72

-0.02
-0.02
 0.06
-0.02
 0.27
 1.26
 1.11

3

1.6
1.8
2.0
2.2
2.4
2.6

32.45
53.12
82.13
121.5
173.4
232.4

-0.38
-0.50
-0.97
-1.85
-2.78
-10.57

-0.82
-0.97
-1.80
-3.26
-5.09
-14.63

0.91
0.59
0.39
0.06
-0.80 
4.98

-3.82
-2.58
*-0.69
 2.31
 6.30
*0.35

-0.05
-0.06
-0.21
-0.21
-0.24
-11.29

-0.15
-0.19
-0.44
-0.57
-0.79
-12.14

-0.01
-0.04
 0.06
-0.05
-0.18
 10.68

4

2.0
2.3
2.4
2.6
2.9

92.23
158.9
187.4
254.9
364.7

-1.21
-2.28
-2.87
-4.06
-27.73

-1.70
-3.27
-4.09
-6.43
-32.73

0.96
0.17
-0.20 
-0.90 
18.95

 0.94
 6.00
 8.24
 13.40
 21.60

-0.10
-0.20
-0.23
-0.36
-2.28

-0.25
 0.53
-0.61
-0.96
-3.33

-0.06
-0.11
-0.19
-0.24
 1.31

6

2.3
2.5
2.7
3.0
3.3
3.6

181.4
244.8
323.6
473.0
632.3
882.6

-2.53
-4.10
-5.10
-7.42
-41.89
-32.16

-2.60
-4.19
-5.72
-9.24
-46.43
-41.28

1.27
1.09
0.18
-1.37 
29.08
15.00

 9.09
 14.1
 20.10
 31.62
 40.80
 59.58

-0.23
-0.35
-0.54
-0.54
-5.52
-3.60

-0.41
-0.59
-0.93
-0.20
-6.67
-5.49

-0.08
-0.15
-0.16
-0.60
 3.91
 1.51

8

2.4
2.9
3.2
3.5
3.8

232.4
446.8
627.6
854.2
1085.8

-3.43
-6.99
-10.10
-12.40
-59.06

-2.92
-6.52
-10.09
-15.03
-

2.30
1.18
0.37
-1.14 
42.02

 14.24
 30.80
 44.16
 60.40
 74.64

-0.35
-0.72
-1.12
-1.20
-6.16

-0.45
-1.06
-1.61
-2.26
-

-0.05
-0.20
-0.34
-0.73
 3.59

15

2.4
3.2
3.6
4.0
4.4

294.4
722.0
1048.8
1466.0
1978.0

-2.23
-6.64
-16.62
-21.40
-29.06

-2.88
-
-
-
-

4.78
7.64
10.92
14.66
23.99

 22.35
 55.35
 78.75
 106.95
 139.95

-0.25
-1.20
-1.65
-2.10
-2.55

-0.52
-
-
-
-

-0.14
-0.30
-0.52
-0.82
-1.17

Averageerrors/(%)  2.59 3.69 1.82  4.65 10.2  2.96

  Note:(a)Theparameters(α2,α3)inthegeneralizedmorse-potentialusedinthecalculationare(5.22,1.52)forα1=11.5.
(b)NumbersincolumnslabeledasΔmWCA,ΔRHNCandΔXSdenotetherespectivedeviationsfromthesimulation
results,Δ(…)=Xsimul-X(…).Thedatapointslabeled‘*’havenotbeenincludedinthecalculationsoferrors.
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MDsimulations,mWCAandRHNCtheoriesbyVortleretal.[13].InTable5,thecalculatedresultsof
theanalyticRosstheoryareshowningoodagreementwiththeMCsimulationswithmuchbetterre-
sultsthanthatoftheRHNCtheoryandslightlyhigherprecisionthanthatofmWCAtheory,which
verifiesthereliabilityoftheanalyticRosstheoryandvalidityofthemodeldevelopedinthispaper.
Table6presentsfivesetsofparameters (α2,α3)correspondingtothefivecasesofvaluesof
parameterα1.

Ingeneral,themodelofthisworkisreasonableandtheresultsfromRosstheoryarepreferableto
thosefrommWCAandRHNCtheory.

Table2 Comparisonoftheresultsofreducedpressure(pr3e/ε0)andreducedinternalenergy(U/Nε0)fortheExp-6fluidswith

α=12.5calculatedinthiswork(XS)withthatofmoleculardynamicsimulations,mWCAandRHNCtheoriesbyVortleretal.[13]

kT/ε0 ρr3e
pr3e/ε0

MD ΔmWCA ΔRHNC ΔXS

U/Nε0

MD ΔmWCA ΔRHNC ΔXS

2

1.5
1.7
1.9
2.1

21.71
40.36
69.06
103.3

-0.39
-0.37
-0.63
-8.34

-1.02
-1.50
-2.72
-12.27

0.37
-0.14 
-0.99 
5.05

-4.92
-4.16
-2.32
*0.04

-0.04
-0.10
-0.06
-0.58

-0.16
-0.33
-0.44
-1.27

-0.25
-0.22
-0.39
 0.01

3

1.6
1.8
2.0
2.2
2.3

39.06
64.51
101.9
146.0
168.6

-0.32
-0.78
-1.06
-9.43
-19.53

-0.97
-1.81
-3.06
-13.05
-24.25

0.25
0.01
-0.94 
5.37
14.09

-3.27
-1.86
*0.75
 3.90
 4.50

-0.02
-0.18
-0.18
-0.84
-2.65

-0.14
-0.40
-0.57
-1.50
-3.48

-0.29
-0.19
-0.30
 0.20
 1.90

4

1.7
1.9
2.1
2.3
2.5

59.30
92.61
139.1
201.7
269.0

-0.55
-0.97
-1.52
-2.45
-18.10

-1.31
-2.04
-3.49
-5.88
-23.68

0.44
-0.11 
-1.00 
-2.69 
9.30

-1.38
*0.93
 4.20
 8.92
 13.80

-0.05
-0.07
-0.24
-0.24
-1.56

-0.20
-0.30
-0.64
-0.91
-2.56

-0.27
-0.34
-0.30
-0.48
 0.54

6

1.9
2.1
2.3
2.6

111.9
162.5
229.1
366.2

-1.04
-1.43
-2.60
-4.92

-1.70
-2.62
-4.56
-8.97

0.22
-0.69 
-1.88 
-5.37 

 3.54
 7.20
 12.30
 22.62

-0.13
-0.30
-0.36
-0.54

-0.25
-0.56
-0.79
-1.35

-0.34
-0.24
-0.36
-0.65

8

2.1
2.3
2.4
2.7
3.0

182.8
253.1
295.1
454.8
634.6

-1.50
-2.70
-3.65
-6.36
-45.08

-2.30
-3.84
-5.12
-9.20
-52.23

-0.37 
-1.33 
-1.90 
-5.90 
24.22

 9.84
 15.44
 18.56
 30.48
 41.60

-0.24
-0.21
-0.40
-0.72
-5.36

-0.49
-0.54
-0.79
-1.40
-6.73

-0.25
-0.50
-0.44
-0.67
 3.39

15

2.3
2.5
2.8
3.1
3.4
3.7

323.3
424.0
618.4
872.6
1197.1
1517.0

-2.22
-3.50
-6.98
-11.83
-40.42
-103.60

-9.18
-
-
-
-
-

-0.44 
-1.80 
-5.42 
-10.84 
-19.81 
51.02

 24.00
 31.80
 46.35
 64.65
 87.15
 106.35

-0.23
-0.45
-0.75
-1.20
-3.75
-9.15

-1.30
-
-
-
-
-

-0.52
-0.58
-0.78
-1.16
-1.96
 4.52

Averageerrors/(%)  2.55  4.15 1.57  6.65  14.1  6.95

  Note:(a)Theparameters(α2,α3)inthegeneralizedmorse-potentialusedinthecalculationare(5.60,1.74)forα1=12.5.
(b)NumbersincolumnslabeledasΔmWCA,ΔRHNCandΔXSdenotetherespectivedeviationsfromthesimulation
results,Δ(…)=Xsimul-X(…).Thedatapointslabeled‘*’havenotbeenincludedinthecalculationsoferrors.
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Table3 Comparisonoftheresultsofreducedpressure(pr3e/ε0)andreducedinternalenergy(U/Nε0)fortheExp-6fluids

withα=13.5calculatedinthiswork(XS)withthatofmoleculardynamicsimulations,

mWCAandRHNCtheoriesbyVortleretal.[13]

kT/ε0 ρr3e
pr3e/ε0

MD ΔmWCA ΔRHNC ΔXS

U/Nε0

MD ΔmWCA ΔRHNC ΔXS

2

1.0

1.2

1.4

1.6

4.176

8.88

18.31

35.10

0.10

0.02

-0.03

-0.23

-0.05

-0.22

-0.55

-1.43

-0.11 

0.08

0.21

0.26

-4.18

-4.70

-4.80

-4.32

-0.06

-0.02

 0.00

-0.10

-0.06

-0.06

-0.10

-0.31

-0.06

-0.09

-0.10

-0.01

3

1.3

1.5

1.7

1.9

19.18

34.46

58.96

96.58

-0.12

-0.01

-0.51

0.42

-0.38

-0.72

-1.77

-3.63

0.26

0.31

0.36

-0.13 

-4.02

-3.54

-2.19
*0.33

-0.12

-0.15

-0.15

-0.15

-0.19

-0.27

-0.39

-0.56

  0.01 

 0.04

 0.04

-0.07

4

1.6

1.8

2.0

2.1

2.2

54.36

87.36

135.7

166.6

181.9

0.02

-0.70

-1.58

-2.32

-24.20

-0.88

-2.19

-4.34

-6.19

-29.45

0.31

0.33

-0.28 

-0.59 

19.86

-1.80
*0.36

 3.76

 6.08

 7.48

-0.16

-0.16

-0.24

-0.18

-1.48

-0.32

-0.45

-0.71

-0.82

-2.30

 0.06

 0.04

-0.01

-0.13

 1.06

6

2.0

2.1

2.2

2.4

160.4

194.1

233.6

330.6

-1.48

-2.04

-2.28

-4.06

-3.47

-4.71

-5.95

-10.33

0.07

-0.39 

-1.39 

-3.53 

 6.78

 9.42

 12.18

 19.44

-0.30

-0.15

-0.30

-0.30

-0.63

-0.63

-0.95

-1.32

 0.05

-0.13

-0.03

-0.32

8

1.8

2.0

2.1

2.3

2.5

2.7

124.6

182.0

218.1

307.3

389.3

524.7

-0.72

-1.44

-1.81

-3.29

-38.90

-53.32

-1.68

-2.96

-3.80

-6.55

-44.68

-62.66

0.70

0.26

-0.33 

-1.95 

29.19

36.81

 5.31

 9.60

 12.16

 18.80

 24.56

 35.04

-0.05

-0.11

-0.32

-0.40

-3.28

-3.60

-0.23

-0.41

-0.68

-1.03

-4.28

-5.05

-0.12

-0.11

 0.01

-0.06

 2.52

 2.33

15

2.1

2.4

2.7

3.0

287.5

451.5

682.2

995.5

-1.35

-3.54

-7.52

-12.50

-6.88

-4.15

-

-

-0.13 

-2.64 

-7.59 

-16.49 

 20.55

 33.15

 49.80

 71.70

-0.15

-0.30

-0.90

-1.20

-0.90

-0.28

-

-

-0.17

-0.40

-0.46

-1.00

Averageerrors/(%) 1.97 3.71 1.56 4.08 9.16 2.31

  Note:(a)Theparameters(α2,α3)inthegeneralizedmorse-potentialusedinthecalculationare(5.93,2.10)forα1=13.5.
(b)NumbersincolumnslabeledasΔmWCA,ΔRHNCandΔXSdenotetherespectivedeviationsfromthesimulation

results,Δ(…)=Xsimul-X(…).Thedatapointslabeled‘*’havenotbeenincludedinthecalculationsoferrors.
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Table4 Comparisonoftheresultsofreducedpressure(pr3e/ε0)andreducedinternalenergy(U/Nε0)fortheExp-6fluids

withα=14.5calculatedinthiswork(XS)withthatofmoleculardynamicsimulations,

mWCAandRHNCtheoriesbyVortleretal.[13]

kT/ε0 ρr3e
pr3e/ε0

MD ΔmWCA ΔRHNC ΔXS

U/Nε0

MD ΔmWCA ΔRHNC ΔXS

2

1.0

1.2

1.4

1.6

1.7

4.500

9.920

20.58

39.92

51.53

-0.04

 0.01

-0.03

-0.21

-3.16

-0.22

-0.27

-0.69

-1.88

-5.58

0.05

0.11

0.25

0.28

2.82

-4.10

-4.66

-4.76

-4.00

-3.60

-0.06

-0.10

-0.12

-0.06

-0.42

-0.07

-0.13

-0.24

-0.33

-0.79

-0.01 

0.02

0.07

0.01

0.33

3

1.1

1.3

1.5

1.7

1.8

11.39

21.31

38.63

67.23

86.73

-0.30

-0.06

-0.07

-0.45

-1.34

-0.19

-0.40

-1.00

-2.40

-4.07

0.06

0.23

0.41

0.38

0.67

-3.78

-3.87

-3.27

-1.71
*-0.39

-0.09

-0.12

-0.15

-0.15

-0.11

-0.12

-0.20

-0.28

-0.46

-0.53

-0.01 

0.05

0.07

0.08

0.01

4

1.2

1.4

1.6

1.7

1.8

20.68

36.05

61.14

78.56

100.2

-0.06

-0.13

-0.24

-0.42

-0.74

-0.29

-0.62

-1.38

-2.12

-3.03

0.16

0.39

0.51

0.53

0.31

-3.16

-2.72

-1.44
*-0.16

 1.08

-0.08

-0.16

-0.24

-0.02

-0.20

-0.14

-0.25

-0.40

-0.29

-0.58

-0.01 

0.07

0.15

-0.04 

0.12

6

1.6

1.7

1.8

2.0

2.2

78.5

98.39

122.6

186.0

276.4

-0.03

-0.78

-0.74

-2.28

-2.52

-1.09

-1.72

-2.52

-5.57

-8.99

0.47

0.59

0.54

0.46

-2.10 

*0.78

 2.34

 3.84

 8.52

 14.82

-0.18

 0.03

-0.18

-0.12

-0.30

-0.36

-0.21

-0.48

-0.64

-1.24

0.12

-0.09 

0.09

-0.07 

-0.07 

8

1.7

1.8

2.0

2.2

2.4

114.2

142.1

209.2

305.8

434.2

-1.86

-0.75

-3.76

-3.26

-3.94

-3.09

-2.41

-6.32

-8.34

-13.10

2.16

0.78

2.14

-0.91 

-4.79 

 4.32

 6.24

 11.36

 18.08

 27.28

-0.17

-0.16

-0.16

-0.40

-0.40

-0.37

-0.44

-0.58

-1.17

-1.71

0.07

0.07

-0.04 

0.05

-0.21 

15

1.7

2.0

2.3

2.6

2.9

167.0

283.7

461.7

721.6

1091.0

 0.48

-0.70

-3.36

-8.87

-12.16

-1.17

-3.96

-7.84

-29.52

-

0.26

-0.40 

-2.15 

-5.87 

-17.34 

 10.80

 19.65

 32.85

 51.30

 76.35

 0.00

-0.15

-0.30

-0.90

-1.20

-0.18

-0.59

-1.07

-2.91

-

-0.22 

-0.13 

-0.15 

-0.25 

-0.85 

Averageerrors/(%)  0.95  2.91 0.93  3.99  10.1 2.25

  Note:(a)Theparameters(α2,α3)inthegeneralizedmorse-potentialusedinthecalculationare(6.21,2.32)forα1=14.5.
(b)NumbersincolumnslabeledasΔmWCA,ΔRHNCandΔXSdenotetherespectivedeviationsfromthesimulation

results,Δ(…)=Xsimul-X(…).Thedatapointslabeled‘*’havenotbeenincludedinthecalculationsoferrors.
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Table5 AverageerrorsofreducedpressureandreducedinternalenergycalculatedfromthemWCA,RHNCand
analyticRosstheories(XS)ascomparedwiththeMDsimulationresultsofVortleretal.[13] (%)  

α
pr3e/ε0

mWCA RHNC XS

U/Nε0

mWCA RHNC XS

11.5 2.59 3.69 1.82 4.65 10.2 2.96

12.5 2.55 4.15 1.57 6.65 14.1 6.95

13.5 1.97 3.71 1.56 4.08 9.2 2.31

14.5 0.95 2.91 0.93 3.99 10.1 2.25

Average 2.02 3.62 1.47 4.84 10.9 3.62

Table6 Thevalueofparametersofα1,α2andα3

α1 α2 α3 α1 α2 α3 α1 α2 α3 α1 α2 α3

11.5 5.22 1.52 12.5 5.60 1.74 13.5 5.93 2.10 14.5 6.21 2.32

Fig.2 Comparisonoftheresultsofpressureof
nitrogenatintegraldensitycalculated
inthisworkwiththoseofRef.[17]

5 ApplicationtoFluidN2

  WenowapplythenewEOStoN2fluid,The
valuesofparametersobtainedα1,α2,α3,ε/kandre
are14.8,6.267,2.36,97.6Kand0.4064nm,re-
spectively.AsshowninFig.2,thecalculatedre-
sultsareinasurprisedlygoodagreementwiththe
experimentwithonly0.9%deviation.Withfurther
intentiontoexaminetheapplicationtoawider
rangeofpressureandtemperature,theforegoing
parametersandtheanalyticexpressionarefurther
employedtotherangeofpressureabove1GPafor
prediction.In Table7,Accordingto Strak et
al.[20],numbersincolumnslabeledas“Ref.[20]”

isbelievedsuperiortothoseobtainedbyusingempiricalMorsepotentialinRef.[18],theagreement
withthemisverysatisfactorywith1.35%deviation,whichverifiesthereasonabilityofthisworkand
applicationtorealfluidsinawiderangeofpressureanddensity.

Table7 ComparisonofthenitrogenpressuresderivedfromRef.[20]andthiswork

Density
/(g/cm3)

T
/(K)

Pressure/(GPa)

Ref.[21] Ref.[20] Thiswork
Density
/(g/cm3)

T
/(K)

Pressure/(GPa)

Ref.[21] Ref.[20] Thiswork

1.3 1011.0 2.81 3.97 3.95 1.3 2036.4 3.94 5.68 5.70

1.5 1000.6 4.61 6.70 6.65 1.5 2041.0 6.13 8.99 9.06

1.7 985.6 7.25 10.79 10.69 1.7 2042.0 9.18 13.69 13.88

1.9 985.6 10.87 16.77 16.58 1.9 2023.0 13.19 20.13 20.53

2.1 993.7 15.83 25.12 24.78 2.1 2033.0 18.44 28.89 29.60

2.3 1006.2 22.22 36.41 35.81 2.3 1976.4 25.18 40.06 41.20
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6 Summary
  Wehaveshownthat,byusingtheanalyticPYexpressionofradialdistributionfunctionofhard
spheres,itispossibletoestablishsimpleanalyticEOSforthefluidswithgeneralizedMorsepotential
basedontheRossvariationalperturbationtheory.Theextensivecomparisonofthenumericalresults
withthecomputersimulationshasdemonstratedthevalidityofthemodelandhigherprecisionofthe
analyticRosstheorythanthatofmWCAandRHNCtheory.ApplicationtofluidN2showsthatthe
newEOSisapplicabletorealfluidoverwiderangeoftemperatureandpressure.Itispracticallymean-
ingfultoextendittootherrealfluidssuchasH2,O2,CH4,andCO2,αofwhichvarywithintherange
{13.34,14.48}andconsideredtemperature300K<T<4000KaccordingtoVortleretal.[13].

Appendix
G(t)=tL(t)/Q(t) (A1)

Q(t)=12ηL(t)+S(t)et (A2)

Q′η(t)=12L(t)+12ηL′η(t)+S′η(t)et (A3)

Q′t(t)=12ηL′t(t)+S′t(t)et+S(t)et (A4)

Q″ηt(t)=12L′t(t)+12ηL″ηt(t)+S″ηt(t)et+S′η(t)et (A5)

Q″tt(t)=S″tt(t)et+2S′t(t)et+S(t)et (A6)

L(t)=(1+η/2)t+(1+2η) (A7)

S(t)=(1-η)2t3+6η(1-η)t2+18η2t-12η(1+2η) (A8)

G′η(t)=G(t)L-1(t)L′η(t)-G2(t)[tL(t)]-1Q′η(t) (A9)

G′t(t)=G(t)[t-1+L-1(t)L′t(t)]-G2(t)[tL(t)]-1Q′t(t) (A10)

G″ηt(t)=G′t(t)L-1(t)L′η(t)+G(t)L-2(t)[L(t)L″ηt(t)-L′η(t)L′t(t)]-
G2(t)[tL(t)]-2[2Q(t)G′t(t)-L(t)-tL′t(t)]Q′η(t)-G2(t)[tL(t)]-1Q″ηt(t) (A11)

G″tt(t)=G′t(t)[t-1+L-1(t)L′t(t)]-G(t)[t-2+L-2(t)L′t(t)L′t(t)]-
G2(t)[tL(t)]-2[2Q(t)G′t(t)-L(t)-tL′t(t)]Q′t(t)-G2(t)[tL(t)]-1Q″tt(t) (A12)
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广义 Morse流体解析状态方程及对氮的应用

薛新英,孙久勋,田荣刚
(电子科技大学应用物理系,四川成都 610054)

  摘要:根据Ross变分微扰理论以及硬球流体Percus-Yevick(PY)径向分布函数表达式,
建立了广义 Morse势流体的解析状态方程。与模拟结果的比较一方面证实了广义 Morse势

模型的合理性;另一方面表明了解析 Ross变分微扰理论的精度相当或略好于非解析的

Weeks-Chandler-Anderson(mWCA)理 论,而 优 于 复 杂 的 优 化 超 网 络 链 积 分 方 程 理 论

(RHNC)。该解析状态方程被应用于拟合处于环境温度和压强小于1GPa情形流体氮的实验

数据,所得到的势能参数被用于预测高温高密度情形氮流体的压强,预测结果证实,该解析状

态方程可以很好地适用于较宽的压强和温度范围。

  关键词:状态方程;热力学量;解析性;变分

  中图分类号:O521.2   文献标识码:A
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