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Abstract: The analytic expressions for equation of state (EOS) and thermodynamic properties have been
derived for the generalized Morse (GM) potential fluids,by using the Ross variational perturbation theory and
the analytic Percus-Yevick (PY) expression of radial distribution function of hard spheres. Extensive compari-
son of the numerical results with computer simulations shows that the precision of the analytic Ross theory is
equivalent to or slightly better than the non-analytic modified Weeks-Chandler-Anderson (mWCA) theory,and
is much better than the complicated optimized reference hyper-netted chain (RHNC) theory. This analytic ex-
pressions for equation of state have been applied to N, fluid at ambient temperature and low pressure (below
1 GPa) with the parameters of the generalized Morse potential are obtained by fitting to experimental data,re-
sults of prediction of the pressure above 1 GPa validate the analytic EOS with good agreement within a wide

range of pressure and temperature.
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1 Introduction

The perturbation theories such as the Barker-Henderson'’, the Weeks-Chandler-Anderson
(WCA)™ and the Ross theories™ are most frequently used in research of thermodynamic properties
for fluids both at normal condition and at the condition with high temperature and high density. The
Ross theory,among the most accurate perturbation theories, has been widely used to the research of

st Its main disadvantage lies in the variational procedure

shock-compressed properties of material
being time-consuming and inconvenient in the shock-compressing and melting problems calculations.
In order to overcome these shortcomings, Tang et al. have alternatively developed a mean spherical
approximation (MSA) theory™®® . However,the MSA theory itself has some disadvantages even seve-
rer than the Ross theory. The most important one is that the MSA theory is inapplicable to the fluids
with high temperature and density.and at other conditions the theory gives results comparable with
the Ross theory or even poorer.

Kang et al. ") have modified the WCA (mWCA) theory applicable to the fluids at high tempera-
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ture and pressure condition without the introduction of variational procedure. And Lado et al.
proposed an optimized reference hyper-netted chain (RHNC) theory. Talbot et al. "'* tested the Ross,
mWCA and RHNC theories for predicting the equilibrium properties of spherical fluids with conclu-
sion that the Ross and mWCA theories give very good results for the thermodynamic properties, but
not for the structure,while the RHNC theory requires more computer time but yields satisfactory re-
sults both for thermodynamic properties and structure. If one’s interest is restricted to the thermody-
namic properties,then it is sufficient to use the Ross or mWCA theories, and no need for computer
simulations of classical systems of particles interacting with spherical potentials. Recently, Vortler et
al. %) also tested the mWCA and RHNC for the Exp-6 fluids within wider temperature and pressure
ranges. Their conclusion is in accordance with that of Talbot et al. M%),

If the Ross theory can provide an analytic equation of state (EOS),it may have more advantages
than many other invariational perturbation theories. Due to little attention paid to the interaction with
the generalized Morse (GM) fluid,it is important to develop an analytic EOS for the GM potential. In
this paper we will show that the analytic expressions for EOS and thermodynamic properties for the
generalized Morse potential can be directly derived based on the Ross theory and the Percus-Yevick
(PY) HS-RDF™ ' There is no need of other approximations,and the applicability of the analytic for-
malism is as same as the original non-analytic Ross theory. On account of the absence of the data avail-
able for GM potential fluid, the form of which is determined by fitting Exp-6 potential with least
square method and the parameters of which are obtained by fitting experimental data for Exp-6 poten-
tial fluids.

Nitrogen has been one of the most important reference fluids both for test of physical models and
for calibration purposes,the investigation of which is of great importance and draw considerable inter-
est especially at high pressure region. Knowledge of the equation of state for dense nitrogen is of im-
portance for technologies as well as for the general understanding of the behavior of matter at extreme
condition. Various models and theories have been used to study the behavior of nitrogen at very high

o210 Tt is practically meaningful to

pressure with abundant experimental data and simulation results
examine the application of the new EOS to N, fluid in a wide range of pressure and temperature.
The paper is organized as follows:In section [I ,the main formalism of Ross theory is outlined.
And the analytic expressions of EOS and thermodynamic properties of GM fluids are developed. In
section [l ,the fitting results of GM potential to Exp-6 potential are presented. In section IV ,the validi-
ty of new EOS is demonstrated by compare with the MD simulations,non-analytic mWCA and RHNC
theories. In section V ,the new EOS is applied to N, fluid with further intention to examine the appli-

cability to real fluids. The summary is presented in section VI.

2  Theory

In terms of the Ross perturbation theory™' ,the Helmholtz free energy is expressed as follows

F F, F, Fw(’i)

NET ~ NeT ' NET  NeT o
where F, is the free energy of reference hard-sphere system * ,and
F J )
NAT = 2mpp ) e(rg(rridr (2)

is the first-order perturbation. ¢(r) is the potential function, g(r) is the HS-RDF. F; (%) is a function

making Eq. (1) reproduce the MC inverse 12th-power results™
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F12 (7])
NEkT

where p=mpd’/6,d is the hard sphere diameter,and 7 is employed as the variational parameter that

(" o1
f(2+,7+2) (3)

minimizes the right side of Eq. (1). Namely,# should be determined by

d F _d F _
7y (~er )™ P (NeT )2y =0 “
The integral in Eq. (2) can be transformed to following form-*!
R
NET =1298| (gl x’dx=1298| PGt (5

Where x=r/d is the radial coordination reduced to the hard sphere diameter and ®(¢z) is the inverse
Laplace transformation of x¢(x)

O(t) =L "[xp(x)] (6)
G(1) is the Laplace transformation of [rg(r)] . The PY expression of G(¢) and derivatives with re-
spect to n and ¢ have been given in the appendix.

The GM potential has following form

o(r) =¢, ch_ea(_uﬂwc) (7)
i=1

The parameter ¢, determines the depth of the potential minimum which is located at r. and a deter-
mines the softness of the repulsion. Note that the parameters of the GM potential are obtained in next
section by fitting the Exp-6 potential in least square method due to absence of reference data. Introdu-
cing following notations

A=r./d=./ P, 5. =mpri/6 (8

The potential function in Eq. (7) can be reformulated as

o(r) =¢ ZC,-e“f”f"’” (9
i=1
By the aid of the mathematical formula
L' [xe™]=8G—2) (10)
The inverse Laplace transformation of x¢(x) can be derived as

D(1) =¢, »,Coe0" (t—ad ™) (1
i=1

Where 8(¢) is the Dirac delta function,and the prime ¢ '’ represents the first order derivative with re-

spect to the variable . Substitution of Eq. (11) into Eq. (5) yields

F C i .
NLT :—1277550;0@1(, @A) (12)
The compressibility factor can be derived as follows
Vo 9 ( F F
NeT o f ap(N/eT)’l‘ b5, (NkT)
F
g, (NizT ).+ ay,(NkT)
Considering Eq. (4) ,the third term in the equation equals zero,we obtain
PV F J F,
NET LT 770(N/eT)17 LS e (et ) (s
With Substitution of Eq. (12) into Eq. (13) yields
\4 S ” _
Lzl-}-lhj,@eo EC,e"f(a,-/Vl)G,,(a,/\ D (14
i=1

NkrT
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The equation for the internal energy is

u 9 F ) F J F Iy
NeT P B ( NET )p =8 B ( NET )7 Iy ( NkT )T.,% P B
Considering Eq. (4) ,the second term in the equation equals zero,and the equation is changed as
u a9, F \ o, F \ _ F
NeT P aﬂ(NkT),fﬁ 93( N/eT)ﬁ NeT (15

With Substitution of Egs. (3,12) into Eq. (1),and Eq. (1) into Eq. (4),the equation to determine 7

can be derived as

4—2y 1 3 J Foo_

a—p ( 5 T 20+ 2y ) + Iy NET (16)
9 F, 17 F,_  pV - QPR o

Gy NET [ Nit T +1] 1277[%0;C,-e G, (e ™) an

Although Eq. (16) is a nonlinear algebraic equation, by using the Newtonian iteration approach,its so-

lution is insensitive to the initial value and is absolutely convergent.

3 Fitting of GM Potential to Exp-6 Potential

As mentioned above,we first {it the GM potential ¢(r) to the Exp-6 potential ()

6

e(r) == [6e 7 —a( 1) ] (18)

r

in least square method,during which the best value of n is found to be integer 3 and the parameter «,
to be a,best reproducing the Exp-6 potential,the same as those a given in the case of Exp-6 poten-
tial'**!, which can be easily explained in that the repulsive part gain dominance over the other attractive
parts. In terms of least square method,¢(r.) is required to be g, ,the first and the second derivation of
¢©(r) with respect to r at equilibrium distance r. is required to be equal to those of e(+) , which yields
Ci+C+C=—1
a1 Cy +a,Cy +a;C; =0 (19)
dCr +aiCy + a2 Cs =rie" (r)

In terms of Eq. (19), there are 5
only three independent variable left, 5 ° g’l‘\z‘(’
and we choose a; ,a, and a; as param- & &
. o : ! o=11.5 S
eters to be obtained by fitting. The S S
0
fitting,as shown in Fig. 1,is satisfac-
. . -1 -
tory in general. It should be pointed 08 10 12 14 16 18 20 08 10 12 14 16 18 20
out that the fitting over whole range LUE i,
of distance r is unfeasible and the de-
viation from Exp-6 potential may be
increase rapidly as distance r tends to =
o o S
zero or infinity. In principle, the best
fitting lies in the vicinity of equilibri- -9
. . . 08 10 12 14 16 18 20 08 10 12 14 16 18 20
um distance r, in terms of Eq. (19), i r

but it can be seen from Fig. 1 that

e . . Fig. 1 The fitt sults of alized Mors tential
the fitting is good over wide range of ig e fitting results of generalize orse potentia
. . to Exp-6 potential
distance r, which suggests that the
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fitting of GM potential to Exp-6 potential is resonable. The validity and applicability of the model will be ex-

amined in the next section by compare with simulation over wide range of density and temperature.

4 Demonstration of Validity

We compare the numerical results with the extensive simulations from the molecular dynamic
(MD) simulations, mWCA and RHNC results from Vortler et al. *. Table 1~ Table 4 present the
comparison of the results of reduced pressure (pri/ey) and reduced internal energy (U/Ne,) for the

Exp-6 fluids withe = 11.5,12.5,13.5 and 14. 5, respectively, calculated in this work with those from

Table 1 Comparison of the results of reduced pressure(pr? /e,) and reduced internal energy(U/ Ne,) for the Exp-6 fluids with
a=11.5 calculated in this work(XS) with that of molecular dynamic simulations,mWCA and RHNC theories by Vortler et al. "%’

pri/e U/ Ne,
kT /e, ord
MD AmVV(‘,'\ ARH\'(‘ AXS MD Amw(:l\ ARH\’(‘ AXS

1.4 12.95 —0.27 —0.51 0.55 —5.33 —0.05 —0.12 —0.02

1.6 24.73 —0.23 —0.75 0.53 —5.04 —0.04 —0.16 —0.02

1.8 43.22 —0.56 —1.33 0. 36 —4.18 —0.16 —0. 36 0. 06

2 2.0 70.28 —0.96 —2.40 —0.04 —2.36 —0.14 —0.48 —0.02
2.2 99.70 —9.68 —12.16 7.36 " —0.02 —0.56 —1.09 0.27

2.3 121.7 —11.32 —14.50 8. 14 “0.68 —1.62 —2.27 1.26

2.4 152.6 —7.10 —11.43 11.69 3. 40 —0.88 —1.72 1.11

1.6 32.45 —0.38 —0.82 0.91 —3.82 —0.05 —0.15 —0.01

1.8 53.12 —0.50 —0.97 0.59 —2.58 —0.06 —0.19 —0.04

2.0 82.13 —0.97 —1.80 0.39 ©—0.69 —0.21 —0.44 0.06

5 2.2 121.5 —1.85 —3.26 0.06 2. 31 —0. 21 —0.57 —0.05
2.4 173. 4 —2.78 —5.09 —0. 80 6. 30 —0.24 —0.79 —0.18

2.6 232.4 —10.57 —14.63 4.98 “0.35 —11.29 —12. 14 10. 68

2.0 92.23 —1.21 —1.70 0.96 0.94 —0.10 —0.25 —0.06

2.3 158.9 —2.28 —3.27 0.17 6.00 —0. 20 0.53 —0.11

4 2.4 187. 4 —2.87 —4.09 —0. 20 8. 24 —0.23 —0.61 —0.19
2.6 254.9 —4.06 —6.43 —0.90 13. 40 —0. 36 —0.96 —0.24

2.9 364.7 —27.73 —32.73 18.95 21.60 —2.28 —3.33 1.31

2.3 181.4 —2.53 —2.60 1.27 9.09 —0.23 —0.41 —0.08

2.5 244.8 —4.10 —4.19 1.09 14.1 —0.35 —0.59 —0.15

2.7 323.6 —5.10 —5.72 0.18 20.10 —0. 54 —0.93 —0.16

6 3.0 473.0 —7.42 —9.24 —1.37 31.62 —0.54 —0. 20 —0. 60
3.3 632.3 —41.89 —46. 43 29.08 40. 80 —5.52 —6.67 3.91

3.6 882.6 —32.16 —41.28 15. 00 59.58 —3.60 —5.49 1.51

2.4 232.4 —3.43 —2.92 2.30 14. 24 —0.35 —0.45 —0.05

2.9 446.8 —6.99 —6.52 1.18 30. 80 —0.72 —1.06 —0. 20

8 3.2 627.6 —10. 10 —10.09 0. 37 44,16 —1.12 —1.61 —0. 34
3.5 854.2 —12.40 —15.03 —1.14 60. 40 —1.20 —2.26 —0.73

3.8 1085.8 —59. 06 — 42.02 74. 64 —6.16 — 3.99

2.4 294. 4 —2.23 —2.88 4.78 22.35 —0.25 —0.52 —0.14

3.2 722.0 —6.64 — 7.64 55.35 —1.20 — —0. 30

15 3.6 1048.8 —16.62 — 10. 92 78.75 —1.65 — —0.52
4.0 1466.0 —21.40 — 14. 66 106. 95 —2.10 — —0.82

4.4 1978.0 —29.06 — 23.99 139. 95 —2.55 — —1.17

Average errors/ (%) 2.59 3. 69 1. 82 4,65 10. 2 2.96

Note: (a) The parameters(a; sa;) in the generalized morse-potential used in the calculation are (5.22,1.52) for ay =11.5.
(b) Numbers in columns labeled as A,wea s Arine and Axs denote the respective deviations from the simulation

results, Ac.., = Xgna — X (.., . The data points labeled ‘ * ” have not been included in the calculations of errors.
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MD simulations, mWCA and RHNC theories by Vortler et al. **I. In Table 5,the calculated results of

the analytic Ross theory are shown in good agreement with the MC simulations with much better re-

sults than that of the RHNC theory and slightly higher precision than that of mWCA theory, which

verifies the reliability of the analytic Ross theory and validity of the model developed in this paper.

Table 6 presents five sets of parameters (a;, a;) corresponding to the five cases of values of

parameter a;.

In general,the model of this work is reasonable and the results from Ross theory are preferable to

those from mWCA and RHNC theory.

Table 2 Comparison of the results of reduced pressure(pr?/e,) and reduced internal energy(U/ Ne,) for the Exp-6 fluids with

a=12. 5 calculated in this work(XS) with that of molecular dynamic simulations,mWCA and RHNC theories by Vortler et al, ">/

ET /e or? pri/e U/Ne,
MD Anwea Agnne Axs MD Anwea Agune Axs
1.5 21.71 —0.39 —1.02 0. 37 —4.92 —0. 04 —0.16 —0. 25
1.7 40. 36 —0.37 —1.50 —0.14 —4.16 —0.10 —0.33 —0.22
: 1.9 69. 06 —0.63 —2.72 —0.99 —2.32 —0.06 —0. 44 —0.39
2.1 103. 3 —8.34 —12.27 5.05 0. 04 —0.58 —1.27 0.01
1.6 39. 06 —0.32 —0.97 0.25 —3.27 —0.02 —0.14 —0.29
1.8 64.51 —0.78 —1.81 0.01 —1.86 —0.18 —0.40 —0.19
3 2.0 101.9 —1.06 —3.06 —0.94 0.75 —0.18 —0.957 —0.30
2.2 146.0 —9.43 —13.05 5.37 3.90 —0. 84 —1.50 0. 20
2.3 168.6 —19.53 —24. 25 14. 09 4. 50 —2.65 —3.48 1.90
1.7 59. 30 —0.55 —1.31 0. 44 —1.38 —0.05 —0. 20 —0. 27
1.9 92.61 —0.97 —2.04 —0.11 ©0.93 —0.07 —0. 30 —0. 34
4 2.1 139.1 —1.52 —3.49 —1.00 4. 20 —0. 24 —0. 64 —0. 30
2.3 201.7 —2.45 —5.88 —2.69 8.92 —0.24 —0.91 —0.48
2.5 269.0 —18. 10 —23.68 9. 30 13. 80 —1.56 —2.56 0.54
1.9 111.9 —1.04 —1.70 0. 22 3. 54 —0.13 —0.25 —0. 34
2.1 162.5 —1.43 —2.62 —0.69 7.20 —0.30 —0.56 —0. 24
. 2.3 229.1 —2.60 —4.56 —1.88 12. 30 —0. 36 —0.79 —0. 36
2.6 366. 2 —4.92 —8.97 —5.37 22.62 —0. 54 —1.35 —0.65
2.1 182.8 —1.50 —2.30 —0.37 9. 84 —0.24 —0.49 —0.25
2.3 253.1 —2.70 —3.84 —1.33 15. 44 —0.21 —0. 54 —0.50
8 2.4 295.1 —3.65 —5.12 —1.90 18. 56 —0.40 —0.79 —0.44
2.7 454. 8 —6.36 —9.20 —5.90 30. 48 —0.72 —1.40 —0.67
3.0 634. 6 —45.08 —52.23 24,22 41. 60 —5.36 —6.73 3.39
2.3 323.3 —2.22 —9.18 —0. 44 24. 00 —0.23 —1.30 —0.52
2.5 424.0 —3.50 - —1.80 31. 80 —0.45 — —0.58
. 2.8 618.4 —6.98 - —5.42 46. 35 —0.75 - —0.78
o 3.1 872.6 —11.83 — —10. 84 64. 65 —1. 20 — —1.16
3.4 1197.1 —40.42 — —19.81 87.15 —3.75 - —1.96
3.7 1517.0 —103. 60 - 51.02 106. 35 —9.15 — 4.52
Average errors/ (%) 2.55 4.15 1.57 6.65 14.1 6.95

Note: (a) The parameters(a; »a;) in the generalized morse-potential used in the calculation are (5. 60,1.74) for a; =12. 5.

(b) Numbers in columns labeled as A,wca s Arune and Axs denote the respective deviations from the simulation

results, Ac..y = Xgma — X (.., . The data points labeled ¢ * 7 have not been included in the calculations of errors.
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Table 3 Comparison of the results of reduced pressure( pr?/e,) and reduced internal energy(U/Neg,) for the Exp-6 fluids
with a=13. 5 calculated in this work(XS) with that of molecular dynamic simulations,

mWCA and RHNC theories by Vortler et al. />

pri/e U/ Ne,
kT/e, ors
MD Anwea AgnNe Axs MD Anwea JAVETING Axs
1.0 4,176 0.10 —0.05 —0.11 —4.18 —0.06 —0.06 —0.06
1.2 8. 88 0.02 —0.22 0.08 —4.70 —0.02 —0.06 —0.09
’ 1.4 18. 31 —0.03 —0.55 0.21 —4.80 0. 00 —0.10 —0.10
1.6 35.10 —0.23 —1.43 0. 26 —4.32 —0.10 —0. 31 —0.01
1.3 19. 18 —0.12 —0.38 0. 26 —4.02 —0.12 —0.19 0. 01
1.5 34. 46 —0.01 —0.72 0. 31 —3.54 —0.15 —0.27 0. 04
’ 1.7 58.96 —0.51 —1.77 0. 36 —2.19 —0.15 —0.39 0. 04
1.9 96. 58 0.42 —3.63 —0.13 ©0.33 —0.15 —0.56 —0.07
1.6 54. 36 0.02 —0.88 0.31 —1.80 —0.16 —0.32 0. 06
1.8 87. 36 —0.70 —2.19 0.33 " 0.36 —0.16 —0.45 0. 04
4 2.0 135.7 —1.58 —4,34 —0.28 3.76 —0.24 —0.71 —0.01
2.1 166. 6 —2.32 —6.19 —0.59 6. 08 —0.18 —0. 82 —0.13
2.2 181.9 —24. 20 —29.45 19. 86 7.48 —1.48 —2.30 1. 06
2.0 160. 4 —1.48 —3.47 0.07 6.78 —0.30 —0.63 0.05
2.1 194.1 —2.04 —4.71 —0.39 9.42 —0.15 —0.63 —0.13
: 2.2 233.6 —2.28 —5.95 —1.39 12.18 —0. 30 —0.95 —0.03
2.4 330. 6 —4.06 —10. 33 —3.53 19. 44 —0.30 —1.32 —0.32
1.8 124.6 —0.72 —1.68 0.70 5.31 —0.05 —0.23 —0.12
2.0 182.0 —1.44 —2.96 0. 26 9. 60 —0.11 —0.41 —0.11
2.1 218.1 —1.81 —3.80 —0.33 12.16 —0.32 —0.68 0.01
’ 2.3 307. 3 —3.29 —6.55 —1.95 18. 80 —0.40 —1.03 —0.06
2.5 389.3 —38.90 —44, 68 29.19 24.56 —3.28 —4.28 2.52
2.7 524.7 —53.32 —62. 66 36. 81 35. 04 —3.60 —5.05 2.33
2.1 287.5 —1.35 —6.88 —0.13 20.55 —0.15 —0.90 —0.17
2.4 451.5 —3.54 —4.15 —2.64 33.15 —0. 30 —0.28 —0.40
o 2.7 682.2 —7.52 - —7.59 49. 80 —0.90 - —0.46
3.0 995.5 —12.50 — —16.49 71.70 —1. 20 — —1.00
Average errors/ (%) 1. 97 3.71 1.56 4.08 9.16 2.31

Note: (a) The parameters(a; ;) in the generalized morse-potential used in the calculation are (5. 93,2.10) for o =13. 5.
(b) Numbers in columns labeled as A,wea s Arine and Axs denote the respective deviations from the simulation

results, Ac..y = Xgna — X (.., . The data points labeled ‘ * ” have not been included in the calculations of errors.
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Table 4 Comparison of the results of reduced pressure( pr?/e,) and reduced internal energy(U/Neg,) for the Exp-6 fluids
with a=14. 5 calculated in this work(XS) with that of molecular dynamic simulations,

mWCA and RHNC theories by Vortler et al. />

pri/e U/ Ne,
kT/e, ors

MD Anwen Agnixe Axs MD Anwea Agrine Axs
1.0 4. 500 —0.04 —0.22 0.05 —4.10 —0.06 —0.07 —0.01
1.2 9.920 0.01 —0.27 0.11 —4.66 —0.10 —0.13 0.02
2 1.4 20. 58 —0.03 —0.69 0.25 —4.76 —0.12 —0. 24 0.07
1.6 39.92 —0.21 —1.88 0.28 —4.00 —0.06 —0.33 0.01
1.7 51.53 —3.16 —5.58 2.82 —3. 60 —0. 42 —0.79 0.33
1.1 11. 39 —0.30 —0.19 0. 06 —3.78 —0.09 —0.12  —0.01
1.3 21.31 —0.06 —0. 40 0.23 —3.87 —0.12 —0. 20 0.05
3 1.5 38.63 —0.07 —1.00 0.41 —3.27 —0.15 —0.28 0.07
1.7 67.23 —0.45 —2.40 0.38 —1.71 —0.15 —0.46 0.08
1.8 86.73 —1.34 —4.07 0. 67 *—0.39  —o0.11 —0.53 0.01
1.2 20. 68 —0.06 —0.29 0.16 —3.16 —0.08 —0.14  —0.01
1.4 36.05 —0.13 —0. 62 0. 39 —2.72 —0.16 —0.25 0.07
4 1.6 61.14 —0. 24 —1.38 0.51 —1.44 —0. 24 —0. 40 0.15
1.7 78.56 —0. 42 —2.12 0.53 *—0.16  —0.02 —0.29 —0.04
1.8 100. 2 —0.74 —3.03 0.31 1.08 —0. 20 —0.58 0.12
1.6 78.5 —0.03 —1.09 0.47 " 0.78 —0.18 —0. 36 0.12
1.7 98. 39 —0.78 —1.72 0.59 2.34 0.03 —0.21 —0.09
6 1.8 122.6 —0.74 —2.52 0.54 3. 84 —0.18 —0.48 0.09
2.0 186. 0 —2.28 —5.57 0. 46 8.52 —0.12 —0.64 —0.07
2.2 276. 4 —2.52 —8.99 —2.10 14.82  —0.30 —1.24  —0.07
1.7 114.2 —1.86 —3.09 2.16 4,32 —0.17 —0. 37 0.07
1.8 142.1 —0.75 —2.41 0.78 6.24 —0.16 —0. 44 0.07
8 2.0 209. 2 —3.76 —6.32 2.14 11.36  —0.16 —0.58  —0.04
2.2 305. 8 —3.26 —8.34 —0.91 18.08  —0.40 —1.17 0.05
2.4 434.2 —3.94  —13.10  —4.79 27.28  —0.40 —1.71 —o0.21
1.7 167.0 0.48 —1.17 0.26 10. 80 0. 00 —0.18 —0.22
2.0 283.7 —0.70 —3.96 —0. 40 19.65  —0.15 —0.59 —0.13
15 2.3 461.7 —3.36 —7.84 —2.15 32.85  —0.30 —1.07 —0.15
2.6 721.6 —8.87  —29.52  —5.87 51.30 —0.90 —2.91  —0.25
2.9 1091.0  —12.16 — —17.34 76.35  —1.20 — —0.85
Average errors/ (%) 0.95 2.91 0.93 3. 99 10. 1 2.25

Note: (a) The parameters(a; »a;) in the generalized morse-potential used in the calculation are (6. 21,2, 32) for a; =14. 5.
(b) Numbers in columns labeled as A,wca s Arune and Axs denote the respective deviations from the simulation

results, Ac.., = Xma — X (.., . The data points labeled ¢ * * have not been included in the calculations of errors.
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Table S Average errors of reduced pressure and reduced internal energy calculated from the mWCA ,RHNC and

analytic Ross theories(XS) as compared with the MD simulation results of Vortler et al, ['*] (%)
pri/e U/ Ne,

‘ mWCA RHNC XS 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
Table 6 The value of parameters of «; ,a; and a;
a a: a; a a; ay a a; a; a a a;

11.5 5.22 1.52 12.5 5. 60 1.74 13.5 5.93 2.10 14.5 6.21 2.32

S Application to Fluid N,

We now apply the new EOS to N, fluid, The
values of parameters obtained a; ,a;,a;5.6/k and r. g
are 14.8,6.267,2.36,97.6 K and 0.406 4 nm, re- g
spectively. As shown in Fig. 2, the calculated re- g’
sults are in a surprisedly good agreement with the
experiment with only 0. 9% deviation. With further
intention to examine the application to a wider 0 030 035 040 045 050
range of pressure and temperature, the foregoing Density/(mol/cm?)
parameters and the analytic expression are further Fig. 2 Comparison of the results of pressure of
employed to the range of pressure above 1 GPa for nitrogen at integral density calculated
prediction. In Table 7, According to Strak et in this work with those of Ref . [17]

al. " ,numbers in columns labeled as “Ref. [20]”

is believed superior to those obtained by using empirical Morse potential in Ref. [18],the agreement
with them is very satisfactory with 1. 35% deviation,which verifies the reasonability of this work and

application to real fluids in a wide range of pressure and density.

Table 7 Comparison of the nitrogen pressures derived from Ref. [20] and this work

Density T Pressure/(GPa) Density T Pressure/(GPa)
/(g/cm®) /(K) Ref.[21] Ref.[20] This work| /(g/cm®) /(K) Ref.[21] Ref.[20] This work
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




54 XUE Xin-Ying,et al: Analytic Equation of State for Generalized Morse Potential Fluid and Application to Ny Fluid 297

6 Summary

We have shown that, by using the analytic PY expression of radial distribution function of hard
spheres,it is possible to establish simple analytic EOS for the fluids with generalized Morse potential
based on the Ross variational perturbation theory. The extensive comparison of the numerical results
with the computer simulations has demonstrated the validity of the model and higher precision of the
analytic Ross theory than that of mWCA and RHNC theory. Application to fluid N, shows that the
new EOS is applicable to real fluid over wide range of temperature and pressure. It is practically mean-
ingful to extend it to other real fluids such as H,,0,,CH, ;and CO, ,a of which vary within the range
{13.34,14. 48} and considered temperature 300 K<CT<(4 000 K according to Vortler et al. [**'.

Appendix
G =tL(D/QW) (AD
Q) =12q9L (1) + S(p)¢€ (A2)
Q, () =12L() +129L" () + S, (D¢ (A3)
Q. () =12q9L" () + 5", (e + S (AD
Q@ =12L" () +129L",, () + S, (De + S, (e (A5)
Q. =5, (e +25, (e +SWe (A6)
L) =+ g/2t+ (1+2p (AD)
S == + 691 — P + 187t — 129(1 + 2 (A8)
G () =GWOL T (OL () — G (DL DO]'Q, (1) (AD
G, () =G+ L' WOL, ] =G DLW Q, () (A10)
G (=G, (WL WOL () +GWL* LWL, () —L (DL (] —
G OLLW]2QG () — L —:L',»]Q,(») =G (D[ L(»] ', (» (A1D
G, =G, W'+ L"OL W]—GWr*+L*L (DL ()] —
G WL 2QG () — L) — (L', (0]1Q () —G* (W[ L(D 1@, (D) (A12)
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