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Abstract. The structure of a dense fluid or liquid is largely determined by the repulsive intermolecular
forces, so the hard core potential has been extensively employed to model real fluids and fluid mixtures.
The properties of two dimensional hard body fluids and fluids mixtures have aroused a considerably
interest in recent years. This is because they are treated as models of real fluids or fluid mixtures
absorbed onto surfaces. The 2D hard-body fluids and fluid mixtures like their three-dimensional
counter part are useful reference system in framing a perturbation theory for 2D real fluids and fluid
mixtures of non-spherical molecules. The 2D hard-body systems are convex body (HCB) systems such
as ellipse (HE) and hard discorectangles (HDR) and hard non-convex body systems i.e., fused hard
discs (FHD) and planar hard dumbbell (HDB) systems. The equation of state of hard convex body fluid
mixtures (HCB) is studied. Analytic expressions are given for the equation of state of the fluid mixture
of the non-additive HCB. The numerical results are discussed for the non-additive hard dumbbell
(HDB) fluid mixtures under different conditions for different values of non-additivity A. They depend
on the conditions, shape parameters L}; and L,, mole fractions x; and x2 and A in general and
increase with the increase of packing fraction 7.
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1. Introduction

The purpose of present work is to develop a theory for calculating the equation of state of fluid
mixtures of hard-body molecules, which is of current interest. This is because they are treated
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as a model of real fluid mixture. Considerable progress has been made in understanding the
thermodynamic properties of hard-body fluid mixtures [1-5]] Almost all these attempts, however,
have been confined to the fluid mixture of additive hard-body molecules, where the distance of
closest approach between particles of different species is the arithmetic mean of the diameters
of both particles. On the other hand, non-additive hard-core mixtures, where the distance
of closest approach between particles of different species is no longer arithmetic mean, have
received less attention. However, they can be used to deal with interesting aspects occurring in
real systems (such as liquid-vapour equilibrium).

Recently, Kumar et al. [5] have developed a simple accurate method to calculate the equation
of state for the fluid mixture of additive hard convex body (HCB). This method can be extended
to derive the equation of state of the non-additive HCB fluid mixture.

In the present paper, we calculate the equation of state of the non-additive HCB fluid
mixture.

2. Basic Theory
We consider a fluid mixture of the hard non-sphere molecules of species 1 and 2. For such a
system, the pair interaction is the hard Gausian overlap (HGO) potential defined by
Uab(rwiwg) =00, 1 <0g(wiws),

=0, r>op(wiws), (2.1)
where r = |r; —ro| is the centre-to-centre distance, w;represents the orientational coordinate of
molecule i, and 04, (w1w2) is the distance of closest approach between two hard-core molecules
of species a and b. It can be expressed in terms of the Euler angles [5].
Oap(Wiwe)= ng[l—)wb(cc)s2 01 +cos> 02—2x4p cosBO1+cosBOzcos012)(1—xap cos> 912)_1]_1/2, (2.2)

0

where o, is a constant with the unit of length and the shape parameters y, is defined as

Xab = (K2, — DIEKZ, +1). (2.3)

Here ogb = 2b,p is the width of the molecule of species a and K, = 2a,,/2b,, is the length-to-
breadth ratio of the molecule of species a. The effective values of 0(1)2 and K19 of the molecules
of unlike species can be given by [1,2]

0%y = 095(1+A), (2.4a)
K19 =(K110Y; + K2209)/(K110%,), (2.4b)

where 09, = ((7(1)1 +022)/2, and A =0 for a binary mixture of additive hard-core molecule, whereas
A # 0 for non-additive hard-core mixture.

The equation of state of the HCB fluid mixture can be expressed in terms of radial
distribution function (RDF) of the hard sphere (HS) fluid mixture at contact gfl;g (UZ)S ) as [5].

BP/p=1+2n/3)p Zxaxb aab(aﬁs)g’gfbs(ais), (2.5)
a,b
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where p = N/V is the number density and x = N,/N is the mole fraction of species a.

Here afbs = aabKif is the effective diameter of the HS molecule of species a and b. In

eq. (2.5), the shape factor a,; is define as [5, 6]
Aab = RabSab/3U?b> (2.6)

where v™ = (1/6)(cf9) is the volume, S, is the surface and R,; the mean radius of curvature
ab ab
of species a and b.

3. Equation of State of Dense Hard-Core Fluid Mixture

Eq. (2.5) can be used to estimate the equation of state for the dense HCB fluid mixture. It is
valid for both additive and non-additive hard-core molecules.

3.1 Additive Fluid Mixture

We extend the van der Waals one (vdW1) fluid theory of mixture to the hard-body mixture. In
this theory, we approximates the properties of a mixture by those of a fictitious hard-body fluid
with the following parameters [5,9]

(@5 =Y xqxp (@), (3.1a)
a,b
oco(agls)3 = Zxaxbaab(aﬁs)3. (3.1b)
a,b

In the vdW1 theory of mixture, it is assumed that
ggzbs(ais) :gHS(Ung) (3.2)

for all @ and b, where g8 (O'OHS) is the RDF of the HS fluid at the contact with the effective
diameter aé{S = Ké/ 30¢. Then eq. (2.5) can be written as

HS
BP/p = 1+a0('61; —1), (3.3)

where pPH s /p is the equation of state of the HS fluid, given by [5]

BPT5/p = (L1410 + g —np)(1=no)’, (3.4)
where

1o = (1/8)p(ai®) = (1/6)p Y xxp Kap(02, )2, (3.5)

and a is obtained from Eq. (3.7).
For the binary mixture of additive HCB, 1o can be expressed as

ng=nl1+ x1x2(2K120(1)Z —K110(1)i —KzzagZ)/(anU?i + x2K2ng;)], (3.6)
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where
No = (7‘[/6),0(le110'?31 +x2K220(2);)3. 3.7

When applying the theory, we first define the corresponding HGO for a given HDB such that

0 _ 0 _ . .
Onco =%mpp and vaGo = vapp. Then K is given by

K =1+ 3L %/2)— (L %3/2). (3.8)

Table 1. The equation of state SP/pof the fluid mixture of the additive HDB for different values of x;
under different conditions

Condition  L},/L3, 7 Method BP/p
x1=0.25 x;=0.50 x1=0.50
0% =09 0600 030 Theory 4.15
Exact [[1]] 4.20
0.45  Theory 9.52 9.89 10.48
Exact [1] 9.78 10.15 10.76
V1 ="V9 0.6/0.0 0.30  Theory 4.16
Exact [[1]] 4.25
0.45  Theory 9.49 9.99 10.50
Exact [1] 9.76 10.27 10.82
0.6/0.3 0.30  Theory 4.23
Exact [1]] 4.30
0.45  Theory 10.12
Exact [1]] 10.52

We calculate the equation of state fP/p of fluid mixture of the additive HDB at x; = 0.25,
0.50 and 0.75 under the conditions of (i) 0’(1)1 = 032 and (i1) v1 —vy. The calculated results are
compared with the ‘exact’ simulation data [[1] in Table |1} The agreement is good.

3.2 Non-additive Fluid Mixture
For the non-additive HCB fluid mixture, Eq. (2.5) can be written as

BP - PY)p = (4n/3)x1xea12p (015 P gTy (015) - (015 gy (15 )], (3.9)

where P? is the pressure of the additive fluid mixture and the superscript ‘HSa’ refers to the
properties of the additive HS mixture. Eq. (3.9) can be written as

BP —P/p = arof(PHTS — pHSyp, (3.10)
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where BPHS/p is the equation of state for the non-additive HS fluid mixture, which is given
by [[7,8]

BPHS — PHSS) p = 2412097, a _1,7)2 + (16_65)3 A+0(A%), (3.11)
where

Na = (1/6)p(015%)3 = (/6)pK 12(0%,)°, (3.12)

n = (1/6)plx1K11(091)® + x9Ka(09,)%], (3.13)

& = (1/6)pla1 K23(09))% + 2o K25 (0551, (3.14)

p=(K11K92) 309 09 /K 1309, + KX od,). (3.15)

2 T T T T T T T T T
0010203 04 0506 07 0809 1
Xl

Figure 1. B(P —P%)/p of the non additive HDB fluid mixture as a function of the mole fraction x; at
1n=0.3 for 0?1 = ng and for L},/L3, = 0.6/0.0
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Figure 2. B(P — P%)/pof the non-additive HDB fluid mixture as a function of the mole fraction x; at
n=0.3 for v1 = vg and for Li,/Lj, = 0.6/0.0

The excess equation of state, S(P —P%)/p, of the non-additive HDB fluid mixture (Relative to
the additive HDB fluid mixture) is calculated at = 0.3 for L7,/L3, = 0.6/0.0 for different values
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of A. It is shown in Figures and respectively for 0(1)1 = 0(2)2 and v1 =vg as a function of x7.
They are zero at x1 = 0.0 and 1.0 and finite in the intermediate range of x1.

We calculate the equation of state, BP/p, of the equimolar fluid mixture of the non-additive
HDB under the conditions of (1) 0(1)1 = 0(2)2 and (ii) v = v9 for different values of A. The calculated
results are reported in Table [2| They increase with increase of A.

Table 2. The equation of state SP/pof the equimolar fluid mixture of the non-additive HDB under
different conditions and different values of A

Condition  L7,/Lj, n BP/p
A -0.3 -0.1 0.0 0.1 0.3
0% =0% 0600 0.30 1.67 3.32 415 498  6.29
0.45 0.82 6.87  9.89 1291 1896
0.6/0.3  0.30 1.51 3.32 423 514 695
0.45 0.11 6.78 10.11 13.44 20.10
vi=vy 0.6/0.0  0.30 -1.21 237 416 595  9.53
0.45 -68.83 -1628  9.99 36.26 88.81
0.6/0.3  0.30 0.76 3.07 423 539  7.70
0.45 -2.62 5.87 10.12 14.37 22.86

4. Conclusions

The purpose of the present work is to calculate the equation of state of the non-additive
HCB fluid mixture. The theory is extension of the previous work for the additive HCB fluid
mixture [5]. It is found that the properties depend on the conditions shape parameters L7, L5,
mole fractions x1, x2 and non-additivity A in general and on packing fraction 7. The theory is
applied to the HDB fluid mixture. For the additive HDB fluid mixture the agreement with the

simulation data is found to be good.

Competing Interests
The author declares that he has no competing interests.

Authors’ Contributions
The author wrote, read and approved the final manuscript.

References

[1] T. Boublik and I. Nezbeda, P-V-T Behaviour of hard-body fluids, Theory and experiment, Collect.
Czech. Chem. Commun. 51, 230 (1986).

[2] T.P. Singh, J.P. Sinha and S.K. Sinha, Equilibrium properties of hard non-sphere fluids, Pramana —
J. Phys. 31, 289 (1988).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 4, Nos. 1-3, pp. , 2017



Theoretical Study of Non-additive Hard Convex Body Fluid Mixtures: T.K. Dey 13

[8] R. Kumari and S.K. Sinha, Quantum corrections to thermodynamics of hard Gaussian-overlap fluid
mixtures, Physica A211, 43 (1994).

[4] TK. Dey, S.C. Singh and S.K. Sinha, Quantum corrections to equation of state of fluid mixtures of
hard non-spherical molecules, Indian J. Phys. 77B, 291 (2003).

[5] J. Kumar, T.K. Dey and S.K. Sinha, Semiclassical statistical mechanics of hard-body fluid mixtures,
J. Chem. Phys. 122, 224504 (2005).

[6] M.J. Maeso and J.R. Solana, An accurate equation of state for fluids of linear homonuclear fused
hard spheres, J. Chem. Phys. 101, 9864 (1994).

[7] U.N. Singh and S.K. Sinha, Equilibrium properties of a non-additive hard-sphere mixture in the
semiclassical limit, J. Chem. Phys. 78, 3191 (1983).

[8] S.H. Lee, Bull. Kor. Chem. Soc., 28, 1371 (2007).
[9] G.A. Fernandez, J. Vrabec and H. Hasse, H. Mol. Sim. 31, 787 (2005).

Journal of Atomic, Molecular, Condensate & Nano Physics, Vol. 4, Nos. 1-3, pp. , 2017



	Introduction
	Basic Theory
	Equation of State of Dense Hard-Core Fluid Mixture
	Additive Fluid Mixture
	Non-additive Fluid Mixture

	Conclusions
	References

