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Abstract

An analytical equation of state is applied to calculate the thermodynamic properties for argon. The
equation of state is that of Song and Mason. It is based on a statistical-mechanical perturbation theory of
hard convex bodies and can be written as fifth-order polynomial in the density. There exist three temperature-
dependent parameters: the second virial coefficient, an effective molecular volume, and a scaling factor
for the average contact pair distribution function of hard convex bodies. We used Lennard-Jones (12-6)
potential for calculation temperature-dependent parameters. The equation of state has been applied to
calculate thermodynamic properties including the internal energy, the enthalpy, the entropy, the heat capacity
at constant pressure, and the speed of sound for argon. The theoretical results are in good agreement with

the experimental data.
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1.Introduction

Since the discovery of argon in 1893, this
substance has been the subject of numerous
experimental and theoretical investigations.
Due to the widespread use of argon in both
scientific and industrial applications, there
is special interest in its thermodynamic
properties. The chemically inert behavior and
the low market price resulting from its large
occurrence in air (about 0.934% by volume)
predestine argon for the generation of protective
atmospheres in industrial applications, e.g.,
as an inert-gas shield for arc welding and
cuttingor as a blanket for the production of
titanium and other reactive elements.
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From a thermodynamic point of view the
great importance of argon lies in its molecular
simplicity. Since the molecule is monatomic,
nonpolar and completely spherical, argon
is commonly used as a reference fluid to
establish and test molecular approaches for
the prediction of thermodynamic properties
and for the calibration of new apparatuses for
thermodynamic measurements.

For all these applications, knowledge of
the thermodynamic properties of argon is an
important precondition. An earlier compilation
of the thermodynamic properties of argon is
the international table edited and compiled
by Angus et al. [1]. This book was published
in 1972 and is based on the compilation by
Gosman, McCarty, and Hust [2], published
in 1969, and the compilations by Vasserman,
and Rabinovich [3], and by Vasserman,
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Kazavchinskii, and Rabinovich [4], published
in 1968 and 1966, respectively.

The correlation by Stewart etal. [ 5], published
in 1982, utilized a fundamental equation
based upon selected data, some of which were
published after the previous correlations has
been completed.

A central problem in the theory of fluids is the
relation of their thermodynamic parameters
in terms of intermolecular forces. One of the
fundamental approaches to this problem is
through the formulation of an accurate equation
of state, since the thermodynamic functions
can be easily derived once the equation of
state is known. The most successful theories
at present are perturbation theories based on
reference systems consisting of hard bodies
[6] analogous to the perturbation theories of
simple fluids based on hard spheres.

Recent work by Song and Mason on
a statistical-mechanical theory for the
equation of state of fluids has yielded simple
but remarkably accurate results for both
spherical [7] and molecular [8] fluids. Three
temperature-dependent parameters arise in
their formulation: the second virial coefficient,
an effective hard-sphere diameter, and a scaling
factor for the pair distribution function at
contact. All three parameter can be calculated
from the intermolecular potential. The purpose
of this work is to apply this equation of state to
calculate thermodynamic properties of argon.

2. Theory

Song and Mason [8] obtained an
analytical equation of state for convex-
molecule fluids based on statistical-mechanical
perturbation theory. The equation of state is of
the form,

P
S = FBDpraMAGm -1 ()

where P is the pressure, p is the molar (number)
density, B,(T) is the second virial coefficient,
o(7T) is the contribution of the repulsive forces
to the second virial coefficient, G(m) is the
average pair distribution function at contact

for equivalent hard convex bodies, and k7 has
its usual meaning. They adopted the following
form for G(n), which was found to be accurate
for hard convex bodies [8,9].

l—yn+7.n 2)
G(U) — 7/177 );277
(1-n)

where y, and vy, are chosen to reproduce the
correct third and fourth virial coefficients of
the bodies and m is the packing fraction. In
practice y, and v, can be approximated in terms
of a single nonsphericity parameter y, equal to
unity for hard spheres. The parameters y, and
v, have been defined in terms of y as [8]

2
y, =3 1EOrE3r” 3)
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, =3_2+2.647/+7;/2 (4)
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The packing fraction, 1, is given by

b (5)
n= P
1+3y

where b i1s the van der Waals covolume and
can be defined in terms of o as

boa+T X (©)
dT

Once the intermolecular potential is known,
the parameters B (T), o(T), and b(T) can be
found by integration:

B,(T)=2xN, j:’ (- Ny2dr  (7)
a(T)=2aN, [ (- )y2dr (8

where N is Avogadros number, and u, (1) is
the repulsive part of u(7).
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3. Comparison with Experiment

We used Lennard-Jones (12-6) potential
for calculation B(7), a(T) and b(T). The best
value of y for argon that is a noble gas is equal
1[8].,e/k=120 K and 5=3.405A.

3.1. Internal Energy and Enthalpy
The excess internal energy can be
found from

ex _ 7 1 dp
U —Opzp (dT)]dp 9)
this yields
-7 =130y
(b-0)-—————1,ll-1)
i - '
, 3 .
— = - 1
T . dby;n( ’7)1 | | (10)
=T Bopr-{len -5
b a1+ 3
1-n

The excess internal energy is the internal
energy relative to the ideal gas at the same
temperature and pressure. The internal
energy can be found by adding the excess
internal energy and the internal energy of the
ideal gas, which can be calculated via the
following equation [11].

v _3,u" (11
NKT 2 NkT

Shown in Fig. 1 are the isobars of internal
energy and their comparison with the
experimental values in Ref. 10. The average
absolute deviation is 5%.

The enthalpy can be found by the equation, H
=U+PJ.

Shown in Fig. 2 are the isobars of enthalpy and
their comparison with the experimental values

in Ref. 10. The average absolute deviation is
4%.

3.4. Entropy
The excess entropy is the entropy relative
to the entropy of the ideal gas at the same
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Fig. 1. The plot of internal energy, U, as a function of

temperature at 1 bar (o), 30 bar (V), 50 bar (), 100

bar (0), 150 bar (0), and 200 bar (m). The curves (solid

lines) represent the equation of state, and the points are

taken from Ref. 10.
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Fig. 2. The plot of enthalpy, H, as a function of
temperature at 1 bar (e), 30 bar (V), 50 bar (#), 100 bar
(0), and 200 bar ([1 ). The curves (solid lines) represent
the equation of state, and the points are taken from Ref.
10.

temperature and pressure and is defined as

S| —[( ~p)Jdp (12)

where S"‘ is the excess entropy. For the present
equation of state, this yields

N a’B (13)
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The entropy S can be calculated by adding
the excess entropy to the entropy of the ideal
gas [12] at the same temperature and pressure
via the following equation.

ex 312 572
Nk Nk 7> pN

where m is the molecular weight.

The isobars of S have been calculated with
Egs. (1), (13), and (14), and they are compared
with experimental data in Ref. 10 in Fig. 3.
The average absolute deviation is 2.4%.
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Fig. 3. The plot of entropy, S, as a function of tempera-
ture at 1 bar (¢), 50 bar ([1), 200 bar (¢), 500 bar ().
The curves (solid lines) represent the equation of state,
and the points are taken from Ref. 10.

3.5. Heat Capacities
The heat capacity at constant volume is
defined as

) 05
dT

For the present equation of state C, is
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The heat capacity at constant pressure can be
obtained through the thermodynamic relation,

Ta’s
Bp

C,=C, + (17)

where o, is the thermal expansion and  is
the isothermal compressibility. The parameter
a..and B are defined as

_-l(op) and :1(5/)) (18)
aT_P(aTjP ﬁ P aPT

The following formulas have been obtained

from the equation of state for the parameter o,
and .

o =p RTldB dj[G(q) ]+ jP Z+a(“)r’76(n)+2yzﬂz_flqﬂ/
4T dT PR bdT| 1-p  (I-p)
(19)
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and

(20)

2_
ﬂ=2p+ka—1+ap{3nG(n)+2y2n 37177]
I=n (-n)

The heat capacities can be calculated from
Egs. (1), (16), (17), (18), (19) and (20). The
calculated isobars of heat capacity at constant
pressure are shown in Fig. 5, and are compared
with the experimental values in Ref. 10.
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Fig. 4. The plot of heat capgeity at constant pressure,
C,, as a function of temperature at 1 bar (e), 30 bar
(V), 50 bar (e), 100 bar (0). The curves (solid lines)
represent the equation of state, and the points are taken
from Ref. 10.
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3.6. Speed of Sound
The speed of sound can be calculated from
the equation

% {&L(a_pj } b
C, M\op),

where W is the speed of sound and M is the
molar mass. Equations (1) and (21) together
with the experimental values of C/C, have
been used to calculate the speed of sound in
argon. The calculated isobars of the speed
sound are shown in Fig. 5 and compared
with the experimental data in Ref. 10. For
the higher—pressure isobars, the maximum
deviations extend to+ 8%.
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Fig. 5. The plot of speed of sound, /¥, as a function of
temperature at 1 bar (e), 50 bar (V), 100 bar (), 200
bar (¢). The curves (solid lines) represent the equation
of state, and the points are taken from Ref. 10.

4. Conclusion

In the present work we have predicted the
thermodynamic properties of argon using
a statistical-mechanical equation of state.
The present equation of state is accurate and
simple in form, needs less input data, and has a
statistical-mechanical basis. The temperature-
dependent parameters of the equation of state
can be calculated from three sets of integrations
if the intermolecular pair potential is known.

Our calculated results on the internal energy,
enthalpy, entropy and speed of sound are in very
good agreement with the experimental values
in Ref. 10 and 11. Higher deviations at low

temperatures can be attributed to the inherent
in accuracies in the low temperature second
virial coefficients. The heat capacity involves
a second differentiation of the temperature-
dependent parameters of the equation of state,
and consequently, the errors become order of
magnitude exaggerated.

Refrences

[1] S. Angus, B. Armstrong, A. L. Gosman, R. D.
McCarty, J. G. Hust, A. A. Vasserman, V. A.
Rabinovich, International Thermodynamic Tables
of the Fluid State, Argon, 1971 (Butterworths,
London 1972).

[2] A. L. Gosman, R. D. McCarty, J. G. Hust, NSRDS-
NIST Publication No. 27, U. S. Dept. of Commerce,
Washington, DC, 1969.

[3] A. A. Vasserman, V. A. Rabinovich, GS SSD
Monograph 3, Moscow 1968. English translation,
published for the U. S. Dept of Commerce, N.I.S.T.
and N.S.F. by the Israel Program for Scientific
Translations, Jerusalem, 1970.

[4] A. A. Vasserman, Ya. Z. Kazavchinskii, V. A.
Rabinovich, Akademiya Nauka SSSR, Moscow
1966. English translation, published for the U.
S. Dept. of Commerce, N.I.S.T. and N.S.F. by
the Israel Program for Scientific Translations,
Jerusalem, 1971.

[5] R. B. Stewart, R. T. Jacobsen, J. H. Becker, J. C.
J. Teng, P. K. K. Mui, Thermodynamic Properties
of Argon from the Triple Point to 1200 K with
Pressures to 1000 MPa in Proceedings of the
Eighth Symposium Thermodynamic Property:
Thermophysical Properties of Fluids, edited by J.
V. Sengeres, (ASME, New York 1982), Vol. I, pp.
97-113.

[6] C. Gray and K. E. Gubbins, Theory of Molecular
Fluids, Vol. 1. Fundamentals, Oxford University
Press, Oxford, 1984.

[7]1 Y. Song and E. A. Mason, J. Chem. Phys., 91
(1989)7840.

[8] Y. Song and E. A. Mason, Phys. Rev. A, 42 (1990)
4743 4749.

[91 Y. Song and E. A. Mason, Phys. Rev. A 41 (1990)
3121.

[10] Richard B. Stewart and Richard T. Jacobsen, J.
Phys. Chem. Ref. Data, 18 (1989) 639.

[11] E.W. Lemmon, M.O. McLinden, and M.L. Huber,
NIST Standared Reference Database 23 (REFPROP
Version 7.0), National Institute of Standards and
Technology Boulder, Colorado 80305, 2002.

[12] D. A. McQuarre, Statistical Mechanics, Harper

Collins New York, 1976.






