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Monte Carlo simulation results for binary mixtures of diatomic molecules with 
spheres, diatomic molecules of different bond lengths, and triatomic molecules with 
spheres, all interacting with the site-site Lennard-Jones potential, were obtained at 
three different volume ratios and a range of densities and compositions. We report 
the configurational internal energy of the mixture and of the 1-1, 1-2 and 2-2pairs, 
and the compressibility factors at I95 state points. The site-site correlation functions 
also computed are available from the authors. Equations of state derived previously 
(Sowers and Sandler, 1991, 1992 1 for pure site-site Lennard- Jones fluids from a 
combination of perturbation theory and a three-parameter corresponding states 
principle are extended to mixtures using simple one-fluid mixing rules. These simple 
mixing rules allow us to make satisfactory predictions of the compressibilities com- 
puted from simulation without the use of binary interaction parameters. We also 
show that the effect of composition on the perturbation free energy @A,/N not 
accounted for by one-fluid mixing rules is quite small, and therefore a more com- 
plicated mixing rule is not necessary in our equations of state for the mixtures 
studied. 

Introduction 
In previous work (Sowers and Sandler, 1991, 1992), we pre- 

sented new simulation results for pure fluids of nonspherical 
molecules, and two new analytic equations of state that cor- 
relate the simulation data with good accuracy. These equations 
are based on a three-parameter corresponding states principle 
similar to that used in perturbed-hard-chain theory. Here, we 
consider binary mixtures of nonspherical molecules that differ 
both in size and shape. Because only a limited quantity of 
simulation results for mixtures of molecular fluids has been 
published in the literature, we present new simulation data for 
mixtures of spheres with diatomics and linear triatomics, and 
for mixtures of diatomics with different bond lengths, all in- 
teracting with the site-site Lennard-Jones potential. In each 
mixture, the ratio of the molecular volumes of the two species 
varied from one to six, and results were obtained for the com- 
pressibility 2 = P/pkT and configurational internal energy 

of the mixture over a wide range of densities. Also, 
we use one-fluid mixing rules in our equations of state to make 
predictions for the model fluids and evaluate different mixing 

E - Eideal gas 
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rules by comparing the predictions with simulation data. We 
find that the compressibility can be predicted with an average 
error of approximately 5% using one-fluid mixing rules with 
no binary interaction parameters. By dividing the configura- 
tional Helmholtz free energy into reference and perturbation 
parts and directly calculating the value of the perturbation 
contribution using the simulation results, we show that for the 
mixtures studied here the deviation of the perturbation free 
energy from that predicted using a one-fluid model is quite 
small. 

Before proceeding further, we briefly review the available 
simulation and theoretical results for mixtures of nonspherical 
molecules. Binary mixtures of hard diatomics were studied 
using Monte Carlo simulation by Aviram and Tildesley (1978) 
and Wojcik and Gubbins (1983). Mixtures of hard spheres 
with hard diatomics and linear hard triatomics were simulated 
by Nezbeda et al. (1985). This study was extended to mixtures 
of nonlinear hard triatomics with several different types of 
molecules by Vortler et al. (1989). These simulations of mix- 
tures of nonspherical hard molecules showed that the com- 
pressibility of the mixture is influenced substantially by the 
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shape of the molecules. One of the earliest simulation studies 
of binary mixtures of nonspherical molecules interacting with 
site-site Lennard-Jones potentials was done by Tildesley et al. 
(1983), but only two state points for diatomic/diatomic mix- 
tures were presented. A study of argonlnitrogen and argon/ 
oxygen mixtures was published by Gupta and Coon (1986). In 
later work, Gupta (1986) presented results for the excess prop- 
erties of equimolar mixtures of nitrogen and oxygen. Fincham 
et al. (1986, 1987) computed excess properties of model C02/ 
C2H6 mixtures at 60 state points. Poor agreement with exper- 
imental data for real C02/C2H6 mixtures was found, presum- 
ably due to uncertainty in the intermolecular potentials and a 
relatively large statistical error in the simulation results. Mas- 
sobrio et al. (1988) presented results for the configuration 
energy of diatomiclsphere and diatomic/tetratomic mixtures 
at 30 state points, and Mittag et al. (1989) have published 
simulation results for model CC14/CS2 mixtures. 

With the exception of the work by Massobrio et al., the goal 
of most of these simulations was to determine potential pa- 
rameters that produce the best agreement between the simu- 
lation data and the experimental data for real mixtures. The 
simulation results were obtained at only a few state points in 
a limited range of composition and density. Since it is difficult 
to judge the accuracy of any theory of mixtures based on such 
limited simulation data, we present new simulation results over 
a wider range of density and composition. Our results provide 
a more comprehensive database for testing theories of molec- 
ular fluids mixtures than was previously available. 

Perturbation theories have been successfully applied to mix- 
tures of small, nonspherical molecules. The Lee-Levesque per- 
turbation theory (Lee and Levesque, 1973) for mixtures of 
monatomic Lennard-Jones fluids was extended to mixtures of 
nonspherical molecules by Fischer and Lago (1983). The Leon- 
ard-Barker-Henderson theory (1970) was extended to mixtures 
of nonspherical molecules by Encisco and Lombardero (1981). 
The excess properties of binary mixtures of spheres and dia- 
tomics (Bohn et al., 1985), diatomics with different bond lengths 
(Bohn et al., 1986), and spherical and tetrahedral molecules 
(Bohn et al., 1988) have also been computed using perturbation 
theory. These theories give reasonably good agreement with 
simulation data and measured thermodynamic properties, but 
are difficult to implement and use, especially to compute phase 
diagrams. None of this work suggested improved mixing rules 
for equations of state. 

A simpler alternative to perturbation theory is the conformal 
solution theory proposed by Longuet-Higgins (1951). Con- 
formal solution theory is applicable to mixtures in which the 
interaction potential between a species i molecule and a species 
j molecule is of the form: 

where eij and uij are characteristic energy and length parameters 
in the pair potential r(r/uij) .  The most commonly used con- 
formal solution mixing rules are the van der Waals one-fluid 
(vdW 1) mixing rules, given by: 

and 

and 

a: = c c xixju; (3) 
i j  

discussed in detail by Leland et al. (1968). In this model, the 
mixture radial distribution functions g, ( f l u i j )  are assumed to 
be equal to the radial distribution function go(r/ux) of a pure 
fluid with potential parameters E, and a,, evaluated at reduced 
temperature kT/E, and reduced density pd,. The compressibility 
of the mixture is equal to that of a hypothetical pure fluid 
whose potential parameters are given by Eqs. 2 and 3. 

As written, the vdWl mixing rules are strictly applicable 
only to mixtures of monatomic fluids. Waisman et al. (1984) 
proposed using Eqs. 2 and 3 for the size and energy parameters 
in mixtures of Lennard-Jones diatomic molecules, and a linear 
mole fraction average of the bond lengths PI and P2 to obtain 
the bond length of a molecule in the reference fluid. Another 
one-fluid theory has been proposed by Deiters (1989) in which 
the exponent of uij in Eqs. 2 and 3 is not an integer. When 
Deiters applied this model to real binary mixtures he also 
treated q2 as an adjustable parameter, so it is difficult to judge 
whether his mixing rules offer any advantages over vdW1. 
Haile and Lee (1988) proposed a two-fluid theory based on 
the definition of a group-group distribution function that pre- 
dicts their simulation data for the configurational energy of 
diatomic/sphere and tetratomiclsphere mixtures with reason- 
able accuracy. 

Mixtures simulated in this work 
Because simulation data for molecular fluid mixtures are 

relatively scarce, we have simulated three different mixtures 
at three volume ratios and a range of densities and composi- 
tions. The purpose of the simulations was to accumulate a 
database of results large enough to reach definite conclusions 
about mixing rules in our equations of state. We simulated 
binary mixtures of spheres and homonuclear diatomics, binary 
mixtures of homonuclear diatomics of different bond lengths, 
and binary mixtures of spheres and linear symmetric triatom- 
ics. The site-site Lennard-Jones potential 

(4) 

was used in all the simulations. In Eq. 4, we use 4; to denote 
the interaction energy between an a-site on a molecule of 
species i and a y-site on a molecule of species j. The potential 
parameters for interactions between two molecules of the same 
species are ej i  and uii, and the cross parameters for interactions 
between different species are given by: 

€,a: = y,xixjEiju; 
i j  

E j j  = 

(2) 
All of the molecules in the mixtures we simulated were sym- 
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Table 1. Binary Mixtures Simulated in This Work Using the 
Monte Carlo Method* 

~ 

Component I-Diatomic, P= 0.670,~ 
Component 2-Sphere UII A 
Case 1, V, = 6.25 V2 
Case 11, V, = V, 
Case 111, (rl, 

5.1 
2.7673 
3.4 

Component I-Diatomic, P=0.670,, 
Component - 2-Diatomic, P= 0.32920~~ 011 A 
Case I,  V ,  =6.25V2 5.78 

Case 111, ull =u= 3.4 

ComDonent 2-s~here u,,  A 

Case 11, V ,  = V, 

Component 1-Triatomic, P= 0.670,~ 

3.1508 

Case I,  V ,  = 6.25 V2 
Case 11, V ,  = V, 
Case 111, u, ,  =uZ 3.4 

4.42 
2.4389 

* In all cases, uZ2== 3.4 angstroms and e l l / k=ru /k=  120 K. The molecular vol- 
umes of both species, V ,  and V,, were computed using the formulas given by 
Sowers and Sandler (1992). 

metric. The energy parameters Ell/k and EZ2/k were both set 
equal to 120 K. The value of the size parameter of species 2, 
u2*, was set equal to 3.4 A, and in all cases a species 2 molecule 
was equal in size or smaller than a species 1 molecule. 

Descriptions of the mixtures simulated are given in Table 1. 
Three different cases were studied for each mixture. For Case 
I mixtures, the ratio of molecular volumes V, and V, of the 
two species was fixed at V,/q=6.25, and the size parameter 
of species 1, u,,, was calculated from this ratio. For Case I1 
mixtures, the molecular volumes of the two species were equal; 
for Case 111 mixtures, the size parameters ull and uu were equal. 
The critical properties of these mixtures were estimated using 
a linear mole fraction average of the critical properties of the 
pure species taken from reference 2. For all Case I mixtures, 
simulations were done at two different temperatures: T/T,= 1.1 
and 1.3, where K.  is the estimated critical temperature of the 
mixture. For Case I1 and 111 mixtures, simulations were done 
at one temperature, T/T,= 1.1. For all three cases, simulation 
runs were done at four to eight densities in the range O< p 5 3pc, 
where pr  is the estimated critical density of the mixture. The 
total number of molecules in the mixture was fixed at 112, and 
the three mole fractions were studied: Nl/N= 32/112, 56/112, 
and 80/112, or approximatelyx, =0.286,0.5, and0.714. Results 
for the compressibility and configurational internal energy of 
the mixture and for each ij pair are tabulated in the Appendix. 
The site-site and center-of-mass distribution functions were also 
computed and stored in a database available from the authors. 

Theory 
The goal of this work was to test equations of state for 

molecular fluid mixtures using simple one-fluid mixing rules. 
We have used the equations of state derived previously for 
pure fluids from a perturbation expansion of the configura- 
tional Helmholtz free energy. To extend these equations to 
mixtures we consider a mixture of v species, in which the 
molecules interact with site-site potentials $1. The site-site 
potential can be divided into reference and perturbation parts 
according to: 

where uogl is the site-site pair potential of the reference system, 
Up,' is the site-site perturbation potential, and h is a pertur- 
bation parameter between 0 and 1. There are mi sites on a 
molecule of species i. Using this division of the potential, the 
configurational Helmholtz free energy of a mixture of v com- 
ponents is (Encisco and Lombardero, 1981): 

@A:oNF @A 
N N  

- -- +L. (9) 

The second term on the righthand side of Eq. 8, @A,/N, is 
the perturbation free energy. The configurational Helmholtz 
free energy can be computed to first order from Eq. 8 by 
expanding the perturbation free energy about the point h = 0 
and retaining only the first term, and using an equation of 
state for the free energy of the reference system together with 
simulation data or the solution of an integral equation for 
s",'(X = 0), the site-site distribution functions of the reference 
system. 

The numerical computation of the configurational Helm- 
holtz free energy from the perturbation expansion, however, 
does not lead to a simple, analytic equation of state. In previous 
work, we computed the perturbation free energy of a mona- 
tomic Lennard-Jones fluid by integrating the relation: 

where Z, is the compressibility of the reference system com- 
puted from an equation of state, and Z is the compressibility 
of the Lennard-Jones fluid computed from simulation. We 
developed two models for the perturbation free energy based 
on a hard sphere and a square well reference system, respec- 
tively. These models were extended to molecular fluids using 
a three-parameter corresponding states principle similar to that 
used in perturbed-hard-chain theory (Beret and Prausnitz, 1975; 
Donohue and Prausnitz, 1978). 

In perturbed-hard-chain theory, the configurational Helm- 
holtz free energy @ACoNF/Nof a molecular fluid at temperature 
T and density p is: 

(1 1) 
@ACoNF( T, p )  - c/3,4zoNF( T', p * )  

N N 
- 

where /3A;ONF/N is the configurational Helmholtz free energy 
of a monatomic fluid with potential parameters Eq/c and ru3, 
evaluated at reduced temperature T* = c k T / q  and reduced 
density p* = pru'. There are three corresponding states param- 
eters: c, q, and r. This corresponding states principle can also 
be applied to the reference and perturbation free energies sep- 
arately: 
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equation of state as the CSl/CSP equation. This equation is 
used as the reference term in most perturbed-hard-chain equa- 
tions of state. 

The Boublik-Mansoori (Boublik, 1970; Mansoori et al., 1971) 
equation is more accurate for hard-sphere mixtures than the 
Carnahan-Starling equation with a one-fluid mixing rule. 

(12) 

(l3) 

where pA:moNF/N and /3Ap,/N are the reference and pertur- 
bation free energies of a monatomic fluid evaluated at T* and 
p * .  The most straightforward way to apply this corresponding 
states principle to mixtures is to use a one-fluid theory, in 
which the configurational Helmholtz free energy of a mixture 
of nonspherical molecules is given by: 

where PA:ONF/N is the configurational Helmholtz free energy 
of a mixture of monatomic fluids evaluated at the reduced 
temperature T* = (ckT/Eq), and reduced density p ( ru3) ,  of 
the mixture. As in perturbed-hard-chain theory, we will use a 
one-fluid mixing rule for c,, 

c, = c x,c, 

where c, is the c parameter for pure species i. We will investigate 
two different mixing rules for ( c k T / q ) ,  and p ( ru3),: the mix- 
ing rule used originally in perturbed-hard-chain theory, and a 
new mixing rule based on vdW 1 theory. 

Equations of State for the Reference System 
From Eq. 9 we see that the configurational Helmholtz free 

energy, and therefore the equation of state, can be divided 
into two parts: the reference system free energy and the per- 
turbation free energy, given by Eqs. 12 and 13. Models for 
both are required to construct the complete equation of state. 
We will use a mixture of fused-hard-sphere molecules as the 
reference system. Equation 14 implies that the compressibility 
of a mixture of fused-hard-spheres, denoted by Zo, is given 
by: 

where TJ = pCixiVi is packing fraction of the fused-hard-sphere 
mixture, and V ,  is the volume of a molecule of species i. The 
compressibility Z ,  of the hard sphere mixture is evaluated at 
a packing fraction TJ,, where ~ ~ , = p . E ~ x , ( r d ~ ) ~ ~  and dii is the 
diameter of a constituent atom in a reference system molecule. 
If the Carnahan-Starling equation of state (Carnahan and Star- 
ling, 1969) with a one-fluid mixing rule for T J ~  is used to com- 
pute Z,, the compressibility of the fused-hard-sphere reference 
system is: 

Since this is a combination of the Carnahan-Starling equation 
of state with a one-fluid mixing rule, together with a three- 
parameter corresponding states principle, we will refer to this 

Therefore, we propose an alternative to the CSl/CSP equation 
that has not been previously tested for mixtures of fused-hard- 
sphere molecules. We use the Boublik-Mansoori (BM) equation 
of state to compute Z,, rather than the Carnahan-Starling 
equation. The resulting corresponding states equation for the 
compressibility of a fused-hard-sphere mixture is: 

where 
3ED 3E3 3ED ,4=-----2 B = - - - +  1 

F2 F F 

E3 
F 2  

C=- D =  ~ ~ , r ~ / ~ d , ,  
I 

E= x x i c 3 d ;  F= ~ x i r i d ~ i  
i I 

(19) 

We will refer to this equation of state as the BM/CSP equation. 

One-Fluid Models and Comparison with Simula- 
tion Results 

The BM/CSP and the CSl /CSP reference system equations 
of state must be combined with a model for the perturbation 
free energy PAP/N to obtain complete equations for the con- 
figurational Helmholtz free energy. Two models for the per- 
turbation free energy that were developed previously for pure 
molecular fluids will be considered here. These two models are 
discussed in detail in Sowers and Sandler (1991, 1992), in- 
cluding comparisons of the models with simulation data for 
pure fluids. We use one-fluid mixing rules exclusively to extend 
the models to mixtures, and then test the mixing rules by 
comparison with our simulation data for molecular fluid mix- 
tures. There are three principal goals. First, we would like to 
know if one-fluid mixing rules allow us to predict the com- 
pressibilities obtained from simulation with good accuracy, or 
if there is evidence that more complicated density-dependent 
mixing rules are required. Second, we would like to know which 
of the two reference system equations, BM/CSP or CSl/CSP, 
performs best in a complete equation of state for mixtures of 
soft nonspherical molecules. Only the latter has been used in 
existing perturbed-hard-chain equations of state. Third, we 
will test both the one-fluid mixing rule that is used in most 
perturbed-hard-chain equations of state and a new one-fluid 
mixing rule that is similar to the vdWl theory for monatomic 
fluids, as we would like to know which of these two is better. 
Our criterion will be the magnitude of the deviation of the 
equation of state and its mixing rule from the simulation data. 
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Table 2. Values of the Parameters a,+ and bl-b3 Used in 
Eqs. 26, 36 and 37 

Eq. 26 Eqs. 36 and 37 
-. - 

a,= 8.042 bl= - 9.459 
a?= 0.131 b2 = - 1 .I83 
a, = - 2.777 x lo-’ b3= 4.581 

The first model for the perturbation free energy that we 
consider is: 

where 

and 

This model has adjustable parameters a, ,  a2, and a3 that were 
fit to simulation data for monatomic Lennard-Jones fluids 
(Sowers and Sandler, 1991), and three corresponding states 
parameters c, q, and r that were fit to simulation data for pure 
molecular fluids (Sowers and Sandler, 1992). These parameters 
are listed in Tables 2 and 3. A complete equation of state 
results from combining this model for the perturbation free 
energy with a model for the free energy of the reference mixture 
of fused hard spheres and using the relation Z - 1 = pa(OACoNF/ 
N ) / a p .  From Eq. 23 we obtain: 

x ( 2 ~ * ~  - p*)exp[ - 2p*(p* - l)] (26) 

where 2, is the compressibility of the fused-hard-sphere ref- 
erence mixture. For Z, we will use either the BM/CSP equation, 
Eq. 18, or the CSl/CSP equation, Eq. 17. The diameter of a 
constituent atom in a reference system molecule will be made 

temperature-dependent , as suggested by perturbation theories 
of molecular fluids. We will use the “hybrid” Barker-Hen- 
derson diameter (Aim and Nezbeda, 1984) given by: 

2”“,, 

dij( T )  = 1 1 - exp[ - /3( u;’(r) +e l ,  ]]dr.  (27) 
0 

For a discussion of this choice of the temperature-dependent 
diameter, see Sowers and Sandler (1991). 

We will test two different sets of mixing rules for (ru3), and 
(eq/ckT),. The first set was used in the original perturbed- 
hard-chain (PHC) theory (Donohue and Prausnitz, 1978): 

(eq/ckT),= c ~xix j r jq i e i ju~ / ( ru3)&cT.  (29) 
i j  

The combining rules for el j  and ulj are given by Eqs. 5 and 6. 
We will refer to this set of mixing rules as the “original PHC” 
mixing rules. The second set of mixing rules is given by: 

(ru3), = c xi ( r U 3 ) i i  

with combining rules 

L J 

This set of mixing rules is similar, but not identical to, the 
usual van der Waals one-fluid mixing rules for a monatomic 
fluid mixture with potential parameters (eq/c)ii and 
The vdW 1 mixing rules give good results for monatomic fluid 
mixtures in which the species are not too different in size. 
Therefore, for mixtures of small nonspherical molecules, Eqs. 
30 and 31 seem more appropriate than the original PHC mixing 
rules, which are based in lattice theory. We will refer to Eqs. 
30 and 31 as the “new PHC” mixing rules. 

To test these mixing rules we computed the absolute average 
percent deviation between the equation of state and the sim- 
ulation data, defined as: 

Table 3. Value of Corresponding States Parameters c, q, and r Used in Eqs. 26, 36, and 37* 

Eq. 26 Eqs. 36 and 37 
Fluid C 4 1 C 4 r 

- 
Sphere 1 .Ooo 1 .Ooo 1 .Ooo I .Ooo 1 .Ooo 1 .Ooo 
Diatomic, P=0.32920 1.056 2.714 1.311 1.056 2.674 1.298 
Diatomic, t= 0.670 1.236 1.941 1 .I56 1.236 1.902 1.731 
Linear triatomic, P= 0.670 1.538 3.048 2.532 1.538 3.01 1 2.501 

‘These parameters were fit to simulation data for pure molecular fluids (Sowers and Sandler, 1992). 
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Table 4. Comparison of Eq. 26 with Our Simulation Data for Diatomic/Sphere (D/S), Diatomic/Diatomic (D/D),  
and TriatomidSphere (T/S) Mixtures at Three Volume Ratios* 

2 0  Mixing Rule D/S D/D T/S V , / V 2  = 6.25 v, = v, Q I  I = Q22 All 

BM/CSP New PHC 5.55 2.58 5.94 3.04 7.90 4.37 4.65 
BM/CSP Original PHC 3.57 3.10 10.76 6.02 4.29 6.18 5.62 
CSl/CSP New PHC 8.71 5.03 10.14 10.15 7.90 3.94 7.89 
CSl/CSP Original PHC 16.31 10.50 9.21 20.58 4.29 4.87 12.12 

'The entries in the first column denote the choice of reference system equation of state. The second column denotes the choice of mixing rule used in the equation 
of state. The entries in columns 3-9 of the table are absolute average percent deviations between the equation of state and the simulation data. The results for 
each type of mixture are given in columns 3, 4, and 5 ,  while the results for the three volume ratios, independent of the type of mixture, are given in columns 6, 
7, and 8. The results for all 195 state points are given in column 9. 

The results are shown in Table 4, where the equation of state 
for the reference fluid, Z,, and the choice of mixing rule are 
given in columns 1 and 2. The performance of the equation 
of state/mixing rule pair is shown for each type of mixture 
simulated in columns 3-5. Results for each volume ratio, in- 
dependent of the type of mixture, are shown in columns 6-8. 
Finally, the performance of the equation of state for all 195 
state points is shown in the rightmost column. 

We can make a few observations based on the results in 
Table 4. The BM/CSP reference term combined with the new 
PHC mixing rules for the perturbation term gives the best 
overall performance. The prediction of the simulation com- 
pressibilities is shown for diatomic/sphere and triatomic/sphere 
Case I mixtures at T/T, = 1.1 in Figures 1 and 2. The percent 
deviations are quite low and, although higher than the devia- 

7.0 

6.0 

5.0 

4.0 
N 

3.0 

2.0 

1 .o 

0.0 

I I I 

4 
I 

- 
il xI  = 0.29 

0 x1 = 0.50 
A x1 = 0.71 

I 

I 

0.00 0.25 0.50 0.75 1.00 1.25 

P 6  
Figure I. Prediction of the simulation compressibilities 

using Eq. 26 with the BMlCSP reference equa- 
tion and the new PHC mixing rules. 
The symbols are the compressibilities of a mixture of diatomics 
with bond length 0/0=0.67 (component 1) and spheres (compo- 
nent 2). The ratio of molecular volumes is V, /V2=6.25 .  

tions we computed for pure fluids, are acceptable given that 
we are using a one-fluid mixing rule with no adjustable pa- 
rameters. The deviations would be smaller if a single binary 
interaction parameter is fit to the simulation data, but there 
is no justification for doing this because the cross parameters 
e l 2  and uI2 are known exactly. For large volume ratios the use 
of the BM/CSP reference term gives substantially better per- 
formance than the CSl/CSP reference term, and for molecules 
of equal volume the two equations are identical. The new PHC 
mixing rules are superior to the original PHC mixing rules for 
large volume ratios and when the molecules in the mixture 
differ appreciably in shape, but are not as good for mixtures 
of molecules with equal volumes. In general, one-fluid mixing 
rules give reasonable predictions of the simulation data. 

We also consider a model for the free energy that is based 
on an equation of state for the square well fluid, extended to 
Lennard-Jones monatomic fluids (Sowers and Sandler, 1991) 
and site-site Lennard-Jones molecular fluids (Sowers and 
Sandler, 1992). The model is: 

6 .0  

5.0 

4 .0  

N 3.0 

3.0 

1 .o 

0.0 

I ,  
c1 s, = 0.29 
'3 s, = 0.50 

3 sI = 0.71 

0.0 0.2 0.4 0.6 0.8 1.0 

P 4 1  

Figure 2. Prediction of the simulation compressibilities 
using Eq. 26 with the BMlCSP reference equa- 
tion and the new PHC mixing rules. 
The symbols are the compressibilities of a mixture of linear tria- 
tomics with bond length P/o=O.67 (component l )  and spheres 
(component 2). The ratio of molecular volumes is V,/V,=6.25. 
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Table 5. Comparison of Eqs. 36 and 37 with Our Simulation Data for DiatomidSphere (D/S), DiatomidDiatomic (DID), 
and TriatomidSphere (T/S) Mixtures at Three Volume Ratios* 

N 
Zrn(crd’Y)p 

Z = Z , -  3.0 

2.0 

( c r d ’ y ) ~  
c x  

2b + cx-+ exp( - - )p*2+ c, [ + + +] p* (37) 
1.0 

where 
0.0 

-% 
BM/CSP 
BM/CSP 
BM/CSP 
cs I /CSP 
CSl/CSP 
CSl/CSP 

0 1 - 
i ”  

/ / - 
/ 

- 

’ 

Mixing Rule D/S D/D 
New PHC, Eq. 36 5.52 3.33 
Original PHC, Eq. 36 5.31 4.66 
SPHC, Eq. 37 18.65 3.95 
New PHC, Eq. 36 9.60 6.17 
Original PHC, Eq. 36 13.61 10.29 
SPHC, Eq. 37 13.32 10.14 

T/S 
6.84 

12.58 
53.52 
11.33 
7.36 

37.91 

V,/V2=6.25 V , = V 2  All 

4.18 7.51 4.68 5.17 
8.58 4.63 7.69 7.32 

23.61 19.70 29.94 24.33 
11.68 7.51 5.57 8.96 
16.91 4.63 5.08 10.55 
17.06 19.70 24.62 19.79 

The meaning of each column heading is the same as in Table 4. 

our simulation data for molecular fluid mixtures. The results 
are given in Table 5, which has the same format at Table 4. 
Once again, we find that one-fluid mixing rules give satisfac- 
tory results for the mixtures studied. Equation 36 with the 

forms the best overall. Clearly, the CSl/CSP reference term 

N 

P* (35) BM/CSP reference term and the new PHC mixing rules per- 

where p* and T* are defined in Eqs. 24 and 25. This model 
also has three parameters b,, b2 and b3 that were fit to simu- 
lation data for the monatomic Lennard-Jones fluid, and three 
corresponding states parameters c, q, and r that were fit to 
simulation data for pure molecular fluids. The values of these 
parameters are given in Tables 2 and 3. The complete equation 
of state, obtained by combining this model with an equation 
for the free energy of a fused-hard-sphere reference system 
mixture, is: 

is a poor choice for mixtures in which the molecular volume 
or the shapes of the components are much different. With the 
BM/CSP reference term, the original PHC mixing rules are 
superior only for mixtures where the molecular volumes of 
each species are the same. Equation 37 performs poorly for 
these mixtures and gives reasonable results only for diatomic/ 
diatomic mixtures, where the shapes, and thus the correspond- 
ing states parameters c,, qi, and r,, are similar. The predictions 
of the simulation compressibilities computed from Eq. 36 for 
diatomidsphere and diatomic/diatomic Case I mixtures at T/ 
T, = 1.1 are shown in Figures 3 and 4. 

Alternatives to One-Fluid Mixing Rules 
One-fluid mixing rules are commonly used in engineering 

equations of state because of their simplicity. However, it has 

C J r n  [exp(&kk T )  - 1 17 
7&/6 + [exp(q/ZckT),- 119 

z=z,- 

+cx$exp(-fl)p*2+c, 2b 

For Z ,  we will again use both the BM/CSP and CSl/CSP 
equations. We will test the original PHC and the new PHC 
mixing rules in Eq. 36, as well as a third mixing rule used in 
the simplified perturbed-hard-chain (SPHC) equation (Kim et 
al., 1986). This mixing rule is applicable only to the second 
term on the righthand side of Eq. 36, which is derived from 
the Lee-Lombardo-Sandler (LLS) model for square well fluids 
(Lee et al., 1985). With the SPHC mixing rule, the equation 
of state is: 

7.0 

6.0 

5.0 

4.0 

3 x, = 0.29 a 
0 x, = 0.50 

A x, = 0.71 i 
/ 

/ 

Figure 3. Prediction of the simulation compressibilities 
using Eq. 36 with the BMESP reference equa- 
tion and the new PHC mixing rules. 

and T* and p* are defined in Eqs. 25 and 24. 
Equation 36 separately with either the BM/CSP or CSl/ 

CSP reference term and the original PHC or new PHC mixing 
rules, as well as Eq. 37 with either the BM/CSP or CSl/CSP 
reference term and the SPHC mixing rule, were compared to 

The symbols are the compressibilities of a mixture of diatomics 
with bond length P/o=O.67 (component I)  and spheres (compo- 
nent 2). The ratio of molecular volumes is V , / V ,  =6.25. 
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9.0 I 
C xI = 0.29 

0 s, = 0.50 

6.0 

5.0 1 
4.0 

N 

3.0 1 
2.0 1 

‘3 

i I 

i 1.0 1 
0.0 ‘ 

0.00 0.25 0.50 0.75 1 .00  1.25 

Figure 4. Prediction of the simulation compressibilities 
using Eq. 36 with the BMlCSP reference equa- 
tion and the new PHC mixing rules. 
The symbols are the compressibilities of a mixture of diatomics 
with bond length P/o=O.67 (component 1) and diatomics with 
bond length P/a=0.3292 (component 2). The ratio of molecular 
volumes is Vl/V,=6.25. 

been shown (Huber and Ely, 1987) that the performance of 
one-fluid mixing rules deteriorates as the size ratio of the spe- 
cies in the mixture increases. In comparison with the available 
simulation data for monatomic fluids, vdWl mixing rules are 
usually adequate as long as the ratio of atomic diameters 
uzz/ul, is less than about 1.3 (Henderson and Leonard, 1971). 
When equations of state with one-fluid mixing rules are used 
to compute phase diagrams of real fluid mixtures, however, 
the agreement with experiment is sometimes poor, especially 
for highly asymmetric mixtures. 

One approach that leads to improvement in some cases is 
to allow the mixing rule to depend on both composition and 
density. Density-dependent mixing rules have been proposed 
which have the theoretically required quadratic dependence on 
composition at low density, and a different, nonquadratic com- 
position dependence at higher densities. Since these mixing 
rules often contain adjustable parameters that are fit to ex- 
perimental data, they sometimes improve the correlative ability 
of the equation of state. Density-dependent mixing rules have 
been reviewed by Copeman and Mathias (1986). 

The accuracy of our one-fluid models can be evaluated by 
considering the effect of composition on the perturbation free 
energy /3Ap/N, given by: 

distribution functions fi  depend on composition, density, and 
temperature. Our mixture equations of state are derived by 
making two assumptions. First, we assume that the three- 
parameter corresponding states principle given by Eq. 14 re- 
lates the free energy of a molecular fluid mixture to the free 
energy of a monatomic fluid mixture. Second, we assume that 
a one-fluid theory with mixing rules given by Eqs. 30 and 31 
is exact. The perturbation free energy can then be written: 

If the composition is varied while c,, (q/ckT), ,  and p(ru’ ) ,  
are held constant and our assumptions are valid, then the 
perturbation free energy will also remain constant. (Note that 
the integrand does not depend on composition, because go is 
the radial distribution function of a hypothetical pure mon- 
atomic fluid.) 

We now wish to determine if the perturbation free energy 
has a more complicated composition dependence that is not 
accounted for by one-fluid mixing rules. To do this we define 
a quantity A, by rearranging Eq. 40: 

If our one-fluid theory was exact, there would be no observable 
composition dependence in A, when ( fa’) ,  is held constant. 
If A, were plotted against the reduced density p(ru3) ,  at con- 
stant (Eq/ckT), at a series of compositions, the results would 
lie on a single curve. Composition dependence in the pertur- 
bation free energy that is not accounted for by a one-fluid 
theory would lead to separate curves for each composition. 

We computed PAp/N numerically for the mixtures we sim- 
ulated using the relation: 

the BM/CSP equation for the reference system compressibility 
Z,, and the data in Table 6 for Z. We then computed A, at a 
constant value of (eq/ckT), and plotted the results against 
reduced density p ( ru’), at three different compositions. The 
results for Case I diatomic/sphere mixtures at ( E q /  
ckT),=0.588 are shown in Figure 5 ,  where the symbols rep- 
resenting each of the three compositions lie on essentially the 
same curve. The results for the other mixtures we studied are 
similar. Since we obtained reasonably good agreement with 
our simulation data using one-fluid mixing rules and the results 
for A, at different compositions lie on a single curve, we con- 
clude that a more complicated mixing rule with density de- 

Conclusions 
The species compositions appear explicitly and implicitly in 
the double summation over mole fractions, since the site-site 

We have presented new simulation results for mixtures of 
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Figure 5. Quantity A, = (BA,/N)lc,(tq/ckT), computed for 

Case I diatomidsphere mixtures with (tq/ckT), 
= 0.588. 
The reduced density is defined as p ( r ~ ’ ) ~ = C $ ~ p r ~ u : .  

site-site Lennard-Jones diatomics and spheres, mixtures of dia- 
tomics with different bond lengths, and mixtures of linear 
triatomics and spheres. Three volume ratios, three composi- 
tions, and four to eight densities a t  a t  least one temperature 
were studied, and results for 195 state points were reported. 
These results were used to  test two one-fluid models based on 
perturbed-hard-chain theory. We proposed an equation for 
the reference mixture of fused-hard-spheres, the BM/CSP 
equation, that has not been previously used in perturbed-hard- 
chain equations of state. We also proposed one-fluid mixing 
rules that are more similar t o  the usual vdWl mixing rules 
than the mixing rules used in the original perturbed-hard-chain 
theories. Based on comparisons of the predictions of the equa- 
tions of state with the compressibilities from simulation, we 
found that the use of the BMKSP reference term improves 
the overall performance of each equation of state, especially 
for mixtures in which the volume or shape difference is large. 
For mixtures of species with identical molecular volumes, there 
is no difference between the BM/CSP and the currently used 
CSl/CSP reference equations. For a given reference system 
equation, the new PHC mixing rules are superior to  the original 
PHC mixing rules in most cases studied. They are slightly worse 
only when used in Eq. 26 with BM/CSP reference term for 
diatomic/sphere mixtures and for Case I1 mixtures. We also 
found that the effect of composition on the perturbation free 
energy bA,/N that is not accounted for by one-fluid mixing 
rules is quite small, and therefore a more complicated density- 
dependent mixing rule is not necessary in our equations of 
state for the mixtures we simulated. Both of our equations of 
state predict the compressibilities of the mixture with an av- 
erage error of approximately 5% without the use of binary 
interaction parameters. 
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Appendix: Simulation Results 

Table 6. Compressibilities of Diatomidsphere Mixtures for 
Case I, Where = 1.5u,* 

Nl kT/cll  pa:, Z ZhoNF ZpNF ZgNF 

32 1.90 0.20 
32 1.90 0.40 
32 1.90 0.60 
32 1.90 0.80 
32 1.90 1.00 
32 1.90 1.20 
32 2.67 0.20 
32 2.67 0.60 
32 2.67 0.80 
32 2.67 1.20 

56 2.00 0.10 
56 2.00 0.20 
56 2.00 0.40 
56 2.00 0.60 
56 2.00 0.70 
56 2.00 0.80 
56 2.00 1.00 
56 2.75 0.20 
56 2.75 0.40 
56 2.75 0.60 
56 2.75 0.80 

80 2.35 0.10 
80 2.35 0.20 
80 2.35 0.30 
80 2.35 0.40 
80 2.35 0.50 
80 2.35 0.60 
80 2.35 0.70 
80 3.25 0.05 
80 3.25 0.20 
80 3.25 0.40 
80 3.25 0.60 

0.7185 
0.5515 
0.4644 
0.6181 
1.4169 
3.3508 
0.8921 
0.9472 
1.3235 
4.0448 

0.7475 
0.5582 
0.3420 
0.6366 
1.3308 
2.7553 
8.9833 
0.8252 
0.8528 
1.4397 
3.5039 

0.731 1 
0.5906 
0.4701 
0.6488 
1.2904 
2.9132 
6.3149 
0.9375 
0.8816 
1.2874 
3.7310 

-0.1183 
-0.1950 
- 0.2758 
- 0.2752 
- 0.0552 

0.5629 
- 0.0554 
- 0.0998 
- 0.0341 

0.8141 

- 0.1708 
- 0.3029 
- 0.4895 
- 0.3847 
- 0.0442 

0.8061 
4.5174 

-0.1361 
-0.1742 

0.0975 
1.2872 

-0.2315 
- 0.3604 
- 0.4867 
-0.3838 

0.0827 
1.3330 
4.0522 

- 0.0584 
-0.1298 

0.1280 
2.0217 

-0.1269 
- 0.2034 
-0.2137 
-0.1 177 

0.2961 
1.2998 

-0.0461 
0.0106 
0.241 1 
1.6415 

-0.0736 
- 0.1252 
-0.1579 

0.0033 
0.3144 
0.8182 
3.0670 

- 0.0378 
0.0145 
0.2902 
1.0535 

-0.0356 
- 0.0472 
- 0.0429 

0.0269 
0.1934 
0.5546 
1.2006 

- 0.0045 
0.0099 
0.1496 
0.6720 

- 0.0363 
- 0.0500 
- 0.0461 

0.01 10 
0.1759 
0.4881 

- 0.0064 
0.0364 
0.1165 
0.5891 

-0.0081 
- 0.0137 
-0.0106 

0.0181 
0.0607 
0.1311 
0.3989 

- O.Oo09 
0.0125 
0.0521 
0.1640 

- 0.0017 
- 0.0018 
- 0.0002 

0.0057 
0.0143 
0.0256 
0.0621 
O.OOO4 
0.0015 
0.0097 
0.0377 

Table 7. Compressibilities of DiatomidSphere Mixtures for 
Case 11, Where Vll= Vzz* 

N l  kT/cII pa:, Z ZhoNF Z,TONF G O N F  

32 1.79 0.05 0.7838 -0.0359 -0.1106 -0.0696 
32 1.79 0.10 0.6193 -0.0618 -0.1920 -0.1269 
32 1.79 0.20 0.4434 -0.0969 -0.2997 -0.1600 
32 1.79 0.30 0.6265 -0.1096 -0.2545 -0.0094 
32 1.79 0.40 1.7725 -0.0261 0.1673 0.6313 
32 1.79 0.50 5.0778 0.1681 1.6582 2.2515 

56 2.00 0.05 0.7827 -0.0855 -0.1076 -0.0242 
56 2.00 0.10 0.6146 -0.1484 -0.1940 -0.0429 
56 2.00 0.20 0.4461 -0.2340 -0.2765 -0.0434 
56 2.00 0.30 0.5735 -0.2623 -0.2049 0.0406 
56 2.00 0.40 1.6839 0.0076 0.3174 0.3591 
56 2.00 0.50 4.9568 0.7802 1.9827 1.1941 

80 2.25 0.05 0.7896 -0.1370 -0.0664 -0.0070 
80 2.25 0.10 0.6394 -0.2397 -0.1111 -0.0097 
80 2.25 0.20 0.4516 -0.3757 -0.1661 -0.0067 
80 2.25 0.30 0.6520 -0.3210 -0.0613 0.0342 
80 2.25 0.40 1.7231 0.1877 0.4012 0.1343 
80 2.25 0.50 5.4588 1.6359 2.1545 0.6681 

The quantity CoNF= c o N F / p k T ,  where PCoNF is the configurational pressure. 

Table 8. Compressibilities of DiatomidSphere Mixtures for 
Case 111, Where ut, = uz2* 

N ,  kT/ell  pa:, Z ZhoNF ZgoNF ZgONF 

32 1.79 0.10 0.7234 -0.0650 -0.1421 -0.0695 
32 1.79 0.20 0.5206 -0.1208 -0.2417 -0.1169 
32 1.79 0.30 0.4096 -0.1545 -0.3059 -0.1300 
32 1.79 0.40 0.4743 -0.1709 -0.2781 -0.0767 
32 1.79 0.50 0.8279 -0.1295 -0.1465 0.1038 
32 1.79 0.60 1.7209 -0.0373 0.2835 0.4748 

56 2.00 0.10 0.6895 -0.1604 -0.1269 -0.0233 
56 2.00 0.20 0.4937 -0.2735 -0.2008 -0.0320 
56 2.00 0.30 0.4137 -0.3237 -0.2407 -0.0218 
56 2.00 0.40 0.5525 -0.3274 -0.1438 0.0237 
56 2.00 0.50 1.3585 -0.1048 0.2963 0.1670 
56 2.00 0.60 3.1856 0.5176 1.2082 0.4597 

80 2.25 0.10 0.6635 -0.2483 -0.0824 -0.0058 
80 2.25 0.20 0.4824 -0.4033 -0.1100 -0.0043 
80 2.25 0.30 0.4417 -0.4714 -0.0897 0.0028 
80 2.25 0.40 0.9126 -0.2124 0.0941 0.0310 
80 2.25 0.50 2.4353 0.6847 0.6539 0.0967 
80 2.25 0.60 6.0998 3.0307 1.8043 0.2649 

~~ 

The quantity CON‘= e o N F / p k T ,  where FoNF is the configurational pressure. 

*The quantity r = e o N F / p k T ,  where pNF is the configurational pressure. 
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Table 9. Configurational Internal Energies of Diatomic/ 
Sphere Mixtures for Case I, Where ull = 1 . 5 ~ ~ ~  

Nl 

32 
32 
32 
32 
32 
32 
32 
32 
32 
32 

56 
56 
56 
56 
56 
56 
56 
56 
56 
56 
56 

80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

1.90 0.20 
1.90 0.40 
1.90 0.60 
1.90 0.80 
1.90 1.00 
1.90 1.20 
2.67 0.20 
2.67 0.60 
2.67 0.80 
2.67 1.20 

2.00 0.10 
2.00 0.20 
2.00 0.40 
2.00 0.60 
2.00 0.70 
2.00 0.80 
2.00 1.00 
2.75 0.20 
2.75 0.40 
2.75 0.60 
2.75 0.80 

2.35 0.10 
2.35 0.20 
2.35 0.30 
2.35 0.40 
2.35 0.50 
2.35 0.60 
2.35 0.70 
3.25 0.05 
3.25 0.20 
3.25 0.40 
3.25 0.60 

F O N F  - 
NfII 

- 1.3028 
- 2.4649 
- 3.5239 
- 4.6665 
- 5.8585 
- 6.9056 
- 1.1313 
- 3.2840 
- 4.3963 
- 6.2923 

- 1.2030 
- 2.2257 
- 4.0289 
- 5.9785 
- 7.0001 
- 7.9333 
- 9.0295 
- 1.9302 
- 3.7555 
- 5.6486 
- 7.3848 

- 1.6597 
-3.1471 
-4.4716 
- 5.91 16 
- 7.4052 
- 8.8326 
- 9.8299 
- 0.7296 
- 2.8101 
- 5.5475 
- 8.1403 

F O N F  - 
NfII 

- 0.4497 
-0.8210 
- 1.1107 
- 1.4706 
- 1.8234 
-2.1397 
- 0.3850 
- 1.0462 
- 1.3845 
- 1.9977 

- 0.7586 
- 1.3620 
- 2.3619 
- 3.4579 
- 4.0420 
-4.5763 
- 5.2001 
- 1.1542 
- 2.1976 
- 3.2860 
- 4.2988 

- 1.3451 
- 2.5236 
- 3.5445 
- 4.6756 
- 5.8479 
- 6.9614 
- 7.7572 
- 0.5891 
- 2.2432 
- 4.3985 
-6.4550 

- 0.6458 
- 1.2322 
- 1.7972 
- 2.3559 
- 2.9910 
- 3.5529 
- 0.5610 
- 1.6620 
- 2.2510 
-3.1938 

- 0.3945 
- 0.7634 
- 1 .4661 
-2.2131 
- 2.6056 
- 2.9566 
- 3.3725 
- 0.6858 
- 1.3726 
-2.0810 
-2.7155 

- 0.2992 
- 0.5926 
-0.8806 
- 1.1714 
- 1.4750 
- 1.7827 
- 1.9683 
-0.1341 
- 0.5386 
- 1.0883 
- 1.6018 

- 0.2074 
- 0.41 17 
-0.6160 
- 0.8399 
- 1.0441 
- 1.2130 
-0.1853 
- 0.5758 
- 0.7607 
- 1.1008 

-0.0499 
-0.1003 
- 0.2009 
- 0.3075 
- 0.3525 
- 0.4005 
- 0.4569 
- 0.0904 
-0.1852 
-0.2813 
- 0.3727 

- 0.0153 
- 0.0309 
- 0.0464 
- 0.0646 
- 0.0823 
- 0.0885 
- 0.1043, 
- 0.0068 
- 0.0285 
- 0.0604 
- 0.0842 

Table 10. Configurational Internal Energies of Diatomic/ 
Sphere Mixtures for Case 11, Where V,, = VZ2 

F O N F  Ey"  Ji-yF P O N F  22 - - - -  
N ,  kT/cII pa:, Neil Neil Neil Neil 

32 1.79 0.05 -0.8738 -0.1334 -0.4176 -0.3228 
32 1.79 0.10 -1.7079 -0.2641 -0.8126 -0.6312 
32 1.79 0.20 -3.1536 -0.4622 -1.4833 -1.2080 
32 1.79 0.30 -4.5773 -0.6425 -2.1445 -1.7903 
32 1.79 0.40 -6.0244 -0.8327 -2.8387 -2.3530 
32 1.79 0.50 -7.0907 -0.9095 -3.5259 -2.6554 

56 2.00 0.05 -1.0130 -0.3755 -0.4860 -0.1519 
56 2.00 0.10 - 1.9670 -0.7375 -0.9329 -0.2966 
56 2.00 0.20 -3.6539 -1.3108 -1.7772 -0.5654 
56 2.00 0.30 -5.2586 - 1.8234 -2.5858 -0.8498 
56 2.00 0.40 -6.9415 -2.4398 -3.3821 -1.1220 
56 2.00 0.50 -8.2750 -2.9944 -4.0263 -1.2586 

80 2.25 0.05 -1.1349 -0.7115 -0.3758 -0.0477 
80 2.25 0.10 -2.1939 -1.3804 -0.7222 -0.0913 
80 2.25 0.20 -4.0504 -2.5156 -1.3511 -0.1833 
80 2.25 0.30 -5.9435 -3.6406 -2.0370 -0.2667 
80 2.25 0.40 -7.8661 -4.8295 -2.6877 -0.3519 
80 2.25 0.50 -9.2174 -5.6747 -3.4470 -0.1006 

Table 11. Configurational Internal Energies of Diatomid 
Sphere Mixtures for Case 111, Where ull = an 

P O N F  F O N F  F O N F  F O N F  
12 22 - - - -  

Nl kT/eII pa:, N ~ I I  N ~ I I  N ~ I I  N ~ I I  

32 1.79 0.10 -1.1931 -0.2608 -0.5836 -0.3488 
32 1.79 0.20 -2.2595 -0.4701 -1.1112 -0.6783 
32 1.79 0.30 -3.1922 -0.6385 -1.5658 -0.9879 
32 1.79 0.40 -4.1376 -0.7824 -2.0384 -1.3168 
32 1.79 0.50 -5.1500 -1.0106 -2.4809 -1.6585 
32 1.79 0.60 -6.1414 -1.1409 -3.0586 -1.9420 

56 2.00 0.10 -1.5697 -0.7307 -0.6753 -0.1636 
56 2.00 0.20 -2.9537 - 1.3406 - 1.2993 -0.3139 
56 2.00 0.30 -4.1775 -1.8476 -1.8609 -0.4690 
56 2.00 0.40 -5.4381 -2.3349 -2.4786 -0.6247 
56 2.00 0.50 -6.7831 -2.8771 -3.1406 -0.7653 
56 2.00 0.60 -8.0311 -3.4455 -3.7102 -0.8753 

80 2.25 0.10 -1.9491 -1.3740 -0.5238 -0.0514 
80 2.25 0.20 -3.5810 -2.4810 -1.0005 -0.0994 
80 2.25 0.30 -5.1867 -3.5476 -1.4913 -0.1478 
80 2.25 0.40 -6.9113 -4.7337 -1.9772 -0.2005 
80 2.25 0.50 -8.5915 -5.8842 -2.4693 -0.2379 
80 2.25 0.60 -9.8391 -6.8037 -2.7807 -0.2548 

Table 12. Compressibilities of DiatomidDiatomic Mixtures 
for Case I, Where P,, = 0.67ull, h2 = 0.3292u2, and ull = 1.7u2,* 

Nl kT/e, ,  pa:, Z Z p N F  Z p N F  G O N F  

32 3.60 0.10 0.8905 -0.0126 -0.0568 -0.O400 
32 3.60 0.20 0.7969 -0.0215 -0.1067 -0.0749 
32 3.60 0.40 0.6787 -0.0264 -0.1705 -0.1243 
32 3.60 0.60 0.6563 -0.0051 -0.1904 -0.1482 
32 3.60 0.80 0.8708 0.1170 -0.1190 -0.1272 
32 3.60 1.00 1.4870 0.3412 0.1777 -0.0319 

32 4.92 0.20 0.9338 0.0016 -0.0321 -0.0356 
32 4.92 0.60 1.0560 0.0812 0.0302 -0.0554 
32 4.92 0.80 1.4107 0.2189 0.1979 -0.0059 

32 3.60 1.20 3.0264 0.9385 0.8975 0.1904 

32 4.92 1.20 3.5433 0.9752 1.2110 0.3582 

56 3.30 0.20 0.7302 -0.0830 -0.1476 -0.0392 
56 3.30 0.40 0.6346 -0.0869 -0.2159 -0.0626 
56 3.30 0.60 1.1007 0.2376 -0.0918 -0.0451 
56 3.30 0.80 2.8633 1.3630 0.4766 0.0238 
56 3.30 1.00 7.8558 4.4797 2.1170 0.2590 
56 4.50 0.20 0.9321 0.0073 -0.0542 -0.0210 
56 4.50 0.40 1.0601 0.1098 -0.0210 -0.0287 
56 4.50 0.60 1.7015 0.5003 0.2020 -0.0005 
56 4.50 0.80 3.5645 1.6781 0.8038 0.0834 

80 3.00 0.05 0.8752 -0.0771 -0.0431 -0.0045 
80 3.00 0.10 0.7768 -0.1350 -0.0798 -0.0084 
80 3.00 0.20 0.6474 -0.2024 -0.1361 -0.0141 
80 3.00 0.30 0.6332 -0.1862 -0.1627 -0.0179 
80 3.00 0.40 0.8025 -0.0217 -0.1598 -0.0160 
80 3.00 0.50 1.4534 0.5338 -0.0634 -0.0170 
80 3.00 0.60 3.0074 1.8290 0.1805 -0.0021 
80 4.08 0.05 0.9500 -0.0270 -0.0203 -0.0027 
80 4.08 0.20 0.9386 -0.0027 -0.0522 -0.0065 
80 4.08 0.40 1.4101 0.4130 0.0057 -0.0085 
80 4.08 0.60 3.6407 2.2242 0.4032 0.0139 

The quantity GONF = F / p k T ,  where P O N F  is the configurational pressure. 
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Table 13. Compressibilities of Diatomic/Diatomic Mixtures 
for Case 11, Where P,, = 0.67ull, h2 = 0.3292un, and V,, = V,* 

N, kT/e, ,  poil Z ZEoNF ZkoNF Z 2 0 N F  

32 3.50 0.05 0.7944 -0.oO60 -0.0702 -0.1293 
32 3.50 0.10 0.6482 -0.0103 -0.1143 -0.2272 
32 3.50 0.20 0.5049 -0.0116 -0.1478 -0.3357 
32 3.50 0.30 0.5855 0.0141 -0.0942 -0.3343 
32 3.50 0.40 1.3066 0.0958 0.2391 -0.0283 
32 3.50 0.50 3.7267 0.3282 1.2943 1.1042 

56 3.21 0.05 0.7910 -0.0313 -0.1033 -0.0745 
56 3.21 0.10 0.6611 -0.0429 -0.1698 -0.1262 
56 3.21 0.20 0.5064 -0.0413 -0.2435 -0.2087 
56 3.21 0.30 0.5976 0.0163 -0.2026 -0.2160 
56 3.21 0.40 1.4302 0.3011 0.2280 -0.0988 
56 3.21 0.50 4.0690 0.9407 1.6716 0.4573 

80 2.88 0.05 0.7834 -0.0799 -0.1056 -0.0311 
80 2.88 0.10 0.6321 -0.1319 -0.1796 -0.0564 
80 2.88 0.20 0.4618 -0.1774 -0.2790 -0.0818 
80 2.88 0.30 0.5602 -0.0736 -0.2617 -0.1045 
80 2.88 0.40 1.4904 0.4559 0.0987 -0.0641 
80 2.88 0.50 4.4436 2.0427 1.3163 0.0846 

* The quantity zoNF = coNF/pkT, where P O N F  is the configurational pressure. 

Table 14. Compressibilities of Diatomic/Diatomic Mixtures 
for Case 111, Where Pll = 0.67ull, Pn = 0.3292u2,, and u,, = a,,* 

Ni kT/cll   PO:^ Z ZEoNF ZkoNF Z,T"" 

32 3.54 0.10 0.6946 -0.0096 -0.1083 -0.1875 
32 3.54 0.20 0.5492 -0.0124 -0.1466 -0.2918 
32 3.54 0.30 0.5474 0.0042 -0.1438 -0.3129 
32 3.54 0.40 0.8087 0.0572 -0.0070 -0.2415 
32 3.54 0.50 1.8012 0.1770 0.4907 0.1339 
32 3.54 0.60 4.2573 0.4422 1.6639 1.1514 

56 3.25 0.10 0.7014 -0.0440 -0.1496 -0.1050 
56 3.25 0.20 0.5521 -0.0592 -0.2311 -0.1577 
56 3.25 0.30 0.5856 -0.0131 -0.2280 -0.1733 
56 3.25 0.40 1.0361 0.1624 0.0040 -0.1303 
56 3.25 0.50 2.5258 0.6493 0.7496 0.1269 
56 3.25 0.60 6.0081 1.7123 2.5699 0.7259 

80 2.92 0.05 0.8060 -0.0809 -0.0904 -0.0227 
80 2.92 0.10 0.6784 -0.1271 -0.1520 -0.0426 
80 2.92 0.20 0.5224 -0.1695 -0.2450 -0.0631 
80 2.92 0.30 0.5886 -0.1029 -0.2325 -0.0760 
80 2.92 0.40 1.2485 0.3316 -0.0222 -0.0609 
80 2.92 0.50 3.4024 1.6200 0.7560 0.0264 

The quantity .7$oNF=coNF/pkT, where PcoNF is the configurational pressure. 

Table 15. Configurational Internal Energies of Diatomic/ 
Diatomic Mixtures for Case 111, Where P,, =0.67ull, 

h2 = 0.3293u2,, and u,, = 1 . 7 ~ ~  

32 
32 
32 
32 
32 
32 
32 
32 
32 
32 
32 

56 
56 
56 
56 
56 
56 
56 
56 
56 

80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

3.60 0.10 
3.60 0.20 
3.60 0.40 
3.60 0.60 
3.60 0.80 
3.60 1.00 
3.60 1.20 
4.92 0.20 
4.92 0.60 
4.92 0.80 
4.92 1.20 

3.30 0.20 
3.30 0.40 
3.30 0.60 
3.30 0.80 
3.30 1.00 
4.50 0.20 
4.50 0.40 
4.50 0.60 
4.50 0.80 

3.00 0.05 
3.00 0.10 
3.00 0.20 
3.00 0.30 
3.00 0.40 
3.00 0.50 
3.00 0.60 
4.08 0.05 
4.08 0.20 
4.08 0.40 
4.08 0.60 

- 1.0050 
- 1.9806 
- 3.8585 
-5.7031 
- 7.5819 
- 9.5070 
- 11.1663 
- 1.7590 
- 5.2779 
-7.0631 
- 10.2810 

- 2.7094 
- 5.2450 
- 7.8751 
- 10.3891 
-11.7561 
- 2.441 1 
- 4.8644 
- 7.3348 
- 9.4813 

- 0.9280 
- 1.8163 
- 3.4849 
-5.1618 
- 6.7919 
- 8.5205 
- 10.1036 
-0.8176 
- 3.1775 
- 6.3563 
- 9.3337 

- 0.1747 
- 0.3412 
- 0.6594 
- 0.9808 
- 1.3175 
- 1.6268 
- 1.8030 
- 0.3072 
- 0.9296 
- 1.2141 
- 1.6052 

- 1.0833 
- 2.0873 
-3.1650 
-4.1143 
- 4.2528 
-0.9915 
- 1.9673 
- 2.9402 
- 3.6638 

-0.6107 
- 1.1882 
- 2.2769 
- 3.3518 
- 4.4487 
- 5.5929 
- 6.5924 
- 0.5442 
- 2.1008 
- 4.1774 
- 6.0423 

- 0.5274 
- 1.0361 
- 2.0062 
-2.9151 
- 3.8335 
- 4.8396 
- 5.8467 
- 0.9277 
- 2.7277 
- 3.6664 
-5.3231 

- 1.3120 
- 2.5356 
- 3.7733 
- 5.0572 
- 5.9754 
- 1.1787 
- 2.35 10 
- 3.5658 
- 4.6932 

-0.2913 
- 0.5745 
- 1.1028 
- 1.6439 
- 2.1402 
- 2.6635 
- 3.1776 
-0.2511 
- 0.9872 
- 1.9971 
-3.0016 

- 0.3028 
- 0.6033 
- 1.1929 
- 1.8072 
- 2.4310 
- 3.0406 
- 3.5166 
- 0.5252 
- 1.6205 
- 2.1820 
-3.3516 

-0.3141 
- 0.6221 
- 0.9369 
- 1.2176 
- 1.5279 
-0.2717 
- 0.5459 
- 0.8283 
- 1.1234 

- 0.0260 
- 0.0536 
- 0.1053 
-0.1661 
- 0.2030 
- 0.2641 
- 0.3335 
- 0.0225 
- 0.0897 
- 0.1814 
- 0.2891 

Table 16. Configurational Internal Energies of Diatomic/ 
Diatomic Mixtures for Case 11, Where P,, = 0.67ull, 

h2 = 0.3292uz2, and V,, = VZ2 

- P N F  P O N F  1 P O N F  E&ONF - _ _ _ _ -  
Ni kT/c, ,  pa;i N c i i  Neil Neil N c i i  

32 3.50 0.05 - 1.5987 -0.0887 -0.5854 -0.9246 
32 3.50 0.10 -3.1091 -0.1701 -1.1434 -1.7956 
32 3.50 0.20 -5.8222 -0.3334 -2.1433 -3.3455 
32 3.50 0.30 -8.4587 -0.5116 -3.1528 -4.7944 
32 3.50 0.40 -11.2467 -0.6759 -4.2610 -6.3098 
32 3.50 0.50 -13.7074 -0.8323 -5.1559 -7.7192 

56 3.21 0.05 -1.5152 -0.2894 -0.7526 -0.4738 
56 3.21 0.10 -2.9245 -0.5584 -1.4487 -0.9175 
56 3.21 0.20 -5.4743 -1.0748 -2.7159 - 1.6828 
56 3.21 0.30 -7.9527 -1.6101 -3.9338 -2.4081 
56 3.21 0.40 -10.5865 -2.1585 -5.2872 -3.1424 
56 3.21 0.50 -12.9080 -2.5622 -6.6435 -3.7076 

80 2.88 0.05 - 1.4354 -0.6226 -0.6528 -0.1600 
80 2.88 0.10 -2.7630 -1.2002 -1.2530 -0.3099 
80 2.88 0.20 -5.1466 -2.2843 -2.2940 -0.5683 
80 2.88 0.30 -7.4785 -3.3474 -3.3556 -0.7756 
80 2.88 0.40 -9.9837 -4.4959 -4.5322 -0.9586 
80 2.88 0.50 -12.1509 -5.4370 -5.5667 -1.1534 
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Table 17. Configurational Internal Energies of Diatomid 
Diatomic Mixtures for Case 111, Where Pll = 0.67u1,, 

f,, = 0.3292un, and ull = an 
E O N F  E P N F  E O N F  F O N F  

I2 22 - - - -  
N ,  kT/e , ,  pa:, Neii Neil Neii Neil 

32 3.54 0.10 
32 3.54 0.20 
32 3.54 0.30 
32 3.54 0.40 
32 3.54 0.50 
32 3.54 0.60 

56 3.25 0.10 
56 3.25 0.20 
56 3.25 0.30 
56 3.25 0.40 
56 3.25 0.50 
56 3.25 0.60 

80 2.92 0.05 
80 2.92 0.10 
80 2.92 0.20 
80 2.92 0.30 
80 2.92 0.40 
80 2.92 0.50 

- 2.6125 
- 4.9737 
- 7.1924 
- 9.4880 
- 11.8466 
- 13.7663 

- 2.5812 
- 4.8827 
- 7.0621 
- 9.3976 
- 11.6460 
- 13.2884 

- 1.3164 
- 2.551 1 
- 4.8289 
- 6.9493 
- 9.3190 
- 1 1.4599 

-0.1726 
-0.3345 
- 0.5062 
- 0.6838 
- 0.8287 
- 0.9082 

- 0.5588 
- 1.0641 
- 1.5710 
-2.1303 
- 2.6233 
- 2.91 12 

- 0.6152 
- 1.1861 
-2.2919 
- 3.3321 
- 4.4986 
- 5.5104 

- 1.0164 
- 1.9226 
- 2.7633 
- 3.6776 
-4.7165 
- 5.5550 

- 1.2864 
- 2.4622 
- 3.5600 
- 4.7076 
- 5.8976 
- 6.8272 

- 0.5727 
- 1.1124 
- 2.0809 
- 3.0003 
- 3.9855 
- 4.9902 

- 1.4237 
-2.7161 
- 3.9224 
- 5.1274 
- 6.3042 
- 7.3089 

- 0.7360 
- 1.3565 
- 1.93 12 
- 2.55% 
- 3.1252 
-3.5499 

- 0.1285 
- 0.2526 
- 0.4561 
-0.6169 
- 0.8249 
- 0.9593 

Table 18. Compressibilities of TriatomidSphere Mixtures 
for Case I, Where Pll = 0 . 6 7 ~ ~ ~  and ull = 1 . 3 ~ ~ ~ '  

NI kT/cll  pa:,  Z ZhoNF Z g J N F  Z p N F  

32 2.08 
32 2.08 
32 2.08 
32 2.08 
32 2.08 
32 2.08 
32 2.88 
32 2.88 
32 2.88 
32 2.88 

56 2.50 
56 2.50 
56 2.50 
56 2.50 
56 2.50 
56 2.50 
56 3.46 
56 3.46 
56 3.46 
56 3.46 

80 2.88 
80 2.88 
80 2.88 
80 2.88 
80 2.88 
80 3.96 
80 3.96 
80 3.96 
80 3.96 

*The quantity 

0.05 0.8466 - 0.0826 - 0.0576 - 0.0132 
0.10 0.7354 -0.1465 -0.0987 -0.0194 
0.20 0.5853 -0.2182 -0.1644 -0.0321 
0.40 0.4111 -0.3420 -0.2261 -0.0209 
0.60 0.8014 -0.3187 0.0067 0.1134 
0.80 3.2951 0.3686 1.4061 0.5211 
0.10 0.8745 -0.0720 -0.0490 -0.0046 
0.40 0.8978 -0.1682 0.0156 0.0503 
0.60 1.6338 0.0104 0.4089 0.2147 
0.80 4.0492 0.7832 1.6261 0.6408 

0.05 0.7941 -0.1585 -0.0436 -0.0039 
0.10 0.6448 -0.2743 -0.0764 -0.0045 
0.20 0.4734 -0.4450 -0.0790 -0.0028 
0.40 0.6687 -0.4851 0.1098 0.0440 
0.50 1.9324 0.1574 0.6562 0.1188 
0.60 5.2403 2.1454 1.8340 0.2608 
0.05 0.9185 -0.0711 -0.0105 0.0001 
0.20 0.8467 -0.1886 0.0234 0.0120 
0.40 1.5602 0.1203 0.3690 0.0711 
0.50 2.9565 0.8930 0.9184 0.1463 

0.05 0.7636 -0.2128 -0.0230 -0.OOO6 
0.10 0.6051 -0.3680 -0.0264 -0.0005 
0.20 0.4337 -0.5688 -0.0010 0.0033 
0.30 0.7499 -0.3733 0.1102 0.0129 

0.05 0.9112 -0.0897 O.OOO4 O.ooo4 
0.20 0.9621 -0.1200 0.0747 0.0073 

0.40 2.7375 1.1296 0.5644 0.0442 

0.30 1.6317 0.3530 0.2612 0.0176 
0.40 3.7927 2.0485 0.7056 0.0391 

'NF= c o N F / p k T ,  where P O N F  is the configurational pressure. 

Table 19. Compressibilities of TriatomidSphere Mixtures 
for Case 11, Where P,, =0.67ull and Vll = V2** 

N ,  kT/eII pa:, Z ZhoNF Z S O N F  Z p N F  

32 2.08 
32 2.08 
32 2.08 
32 2.08 
32 2.08 

56 2.50 
56 2.50 
56 2.50 
56 2.50 
56 2.50 

80 2.88 
80 2.88 
80 2.88 
80 2.88 

0.025 
0.075 
0.100 
0.200 
0.300 

0.025 
0.075 
0.100 
0.200 
0.300 

0.075 
0.100 
0.200 
0.300 

0.8302 
0.6077 
0.5210 
0.6569 
2.7530 

0.8348 
0.6057 
0.5413 
0.6519 
2.8007 

0.6127 
0.5337 
0.6322 
2.8155 

- 0.0426 
- 0.0873 
-0.1187 
- 0.1295 

0.0089 

- 0.0807 
- 0.1958 
- 0.2304 
- 0.2722 

0.2394 

- 0.2865 
- 0.3433 
-0.3691 

0.7124 

- 0.0906 
- 0.2207 
-0.2754 
- 0.2934 

0.4948 

- 0.0748 
- 0.1795 
-0.2152 
- 0.1753 

0.8628 

- 0.0997 
- 0.1235 
- 0.0406 

0.9010 

- 0.0367 
- 0.0844 
- 0.0850 

0.0797 
1.2498 

-0.0098 
-0.0191 
-0.0131 

0.0994 
0.6985 

-0.0011 
0.0005 
0.0419 
0.2021 

* The quantity G O N F =  PzoNF/pkT, where PCoNF is the configurational pressure. 

Table 20. Compressibilities of Triatomic/Sphere Mixtures 
for Case 111, Where Pll = 0 . 6 7 ~ ~ ~  and ull = a,** 

Ni kT/eII pa:, Z ZEoNF ZsoNF Z p F  

32 2.08 0.10 0.6594 -0.1377 -0.1586 -0.0442 
32 2.08 0.20 0.4850 -0.2110 -0.2494 -0.0545 
32 2.08 0.30 0.4318 -0.2653 -0.2870 -0.0159 
32 2.08 0.40 0.7300 -0.2332 -0.1538 0.1170 
32 2.08 0.50 1.7629 -0.1156 0.3973 0.4812 
32 2.08 0.60 4.3287 0.3103 1.8460 1.1725 

56 2.50 0.05 0.7737 -0.1531 -0.0676 -0.0056 
56 2.50 0.10 0.6104 -0.2679 -0.1150 -0.0068 
56 2.50 0.20 0.4758 -0.3777 -0.1486 0.0021 
56 2.50 0.30 0.5904 -0.4213 -0.0403 0.0520 
56 2.50 0.40 2.5348 1.7788 0.3751 0.1311 
56 2.50 0.50 5.1925 1.4478 2.1785 0.5661 

80 2.88 0.05 0.7401 -0.2198 -0.0391 -0.0011 
80 2.88 0.10 0.5778 -0.3753 -0.0465 -0.0005 
80 2.88 0.20 0.4748 -0.5090 -0.0233 0.0070 
80 2.88 0.30 1.1504 -0.1152 0.2305 0.0352 
80 2.88 0.40 4.3241 1.9981 1.2114 0.1149 

* The quantity G O N F  = v / p k T ,  where PCoNF is the configurational pressure. 
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Table 21. Configurational Internal Energies of Triatornid 
Sphere Mixtures for Case I, Where Pll =0.67ull 

and ull = 1 . 3 ~ ~ ~  
F O N F  ECONF P O N F  F O N F  

I 1  22 - - - -  
N, kne l l  pa:, Neil NEll Neil NCll 

32 
32 
32 
32 
32 
32 

56 
56 
56 
56 
56 
56 
56 
56 
56 
56 

80 
80 
80 
80 
80 
80 
80 
80 
80 

2.08 0.05 
2.08 0.10 
2.08 0.20 
2.08 0.40 
2.08 0.60 
2.08 0.80 

2.50 0.05 
2.50 0.10 
2.50 0.20 
2.50 0.40 
2.50 0.50 
2.50 0.60 
3.46 0.05 
3.46 0.20 
3.46 0.40 
3.46 0.50 
2.88 0.05 
2.88 0.10 
2.88 0.20 
2.88 0.30 
2.88 0.40 
3.96 0.05 
3.96 0.20 
3.96 0.30 
3.96 0.40 

- 0.7706 - 0.3949 - 0.2980 - 0.0778 
- 1.5163 -0.7787 -0.5852 -0.1524 
-2.6192 -1.1994 -1.1119 -0.3079 
-4.4392 - 1.7942 -2.0320 -0.6126 
- 6.421 1 - 2.3963 - 3.0908 - 0.9372 
-8.4927 -3.1518 -4.1704 -1.1763 

- 1.3097 - 0.9420 - 0.3320 - 0.0357 
-2.3952 - 1.6787 -0.6453 -0.0712 
-4.1827 -2.8150 - 1.2245 -0.1430 
-7.6697 -4.8971 -2.4751 -0.3013 
-9.6766 -6.1709 -3.1465 -0.3591 
- 11.3066 -7.2729 -3.6188 -0.4230 
- 0.9948 - 0.6728 - 0.2894 - 0.0327 
-3.6748 -2.3987 - 1.1422 -0.1339 
- 7.2459 - 4.6707 - 2.3063 -0.2686 
-9.0247 -5.8345 -2.8572 -0.3361 

- 1.8944 - 1.6298 - 0.2535 - 0.01 13 
- 3.4369 - 2.9184 - 0.4963 - 0.0224 
-6.1603 -5.1366 -0.9793 -0.0442 
-9.0283 -7.4819 - 1.4808 -0.0690 
- 12.0886 - 10.0155 - 1.9845 - 0.0946 
- 1.5098 - 1.2714 -0.2284 -0.0104 
-5.6391 -4.6835 -0.9139 -0.0418 
- 8.4810 - 7.0240 - 1.3981 -0.0586 
- 11.2383 - 9.3603 - 1.8053 - 0.0766 

Table 22. Configurational Internal Energies of Triatomid 
Sphere Mixtures for Case 11, Where ell = 0 . 6 7 1 ~ ~ ~  and VI1 = V,, 

32 
32 
32 
32 
32 

56 
56 
56 
56 
56 

2.08 
2.08 
2.08 
2.08 
2.08 

2.50 
2.50 
2.50 
2.50 
2.50 

0.025 
0.075 
0.100 
0.200 
0.300 

0.025 
0.075 
0.100 
0.200 
0.300 

-0.8135 
- 2.2166 
- 2.9472 
- 5.2980 
- 7.6258 

- 0.9955 
- 2.7867 
- 3.6033 
- 6.5427 
- 9.5660 

-0.1944 
- 0.4734 
-0.6714 
- 1.0572 
- 1.3801 

- 0.4562 
- 1.2473 
- 1.6086 
-2.7164 
- 4.0366 

- 0.3930 
- 1.0874 
- 1.4094 
- 2.5504 
- 3.8523 

- 0.4353 
- 1.2345 
- 1 5932 
- 3.0443 
- 4.41 81 

- 0.2266 
- 0.6557 
- 0.8660 
- 1.6905 
- 2.3972 

-0.1040 
- 0.3049 
-0.4014 
- 0.7820 
- 1.1113 

80 2.88 0.075 -3.2996 -2.2545 -0.9517 -0.0933 
80 2.88 0.100 -4.2100 -2.8630 -1.2233 -0.1237 
80 2.88 0.200 -7.8534 -5.2374 -2.3676 -0.2484 
80 2.88 0.300 -11.6100 -7.6326 -3.6659 -0.3115 

Table 23. Configurational Internal Energies of Triatomid 
Sphere Mixtures for Case 111, Where Pll = 0 .670~~  and ull = uu 

32 2.08 0.10 -1.8954 -0.7157 -0.8489 -0.3308 
32 2.08 0.20 -3.2660 -1.0338 -1.5858 -0.6464 
32 2.08 0.30 -4.5328 - 1.3435 -2.2290 -0.9603 
32 2.08 0.40 -5.8863 -1.6536 -2.9524 -1.2802 
32 2.08 0.50 -7.3043 -2.0528 -3.6650 - 1.5865 
32 2.08 0.60 -8.4775 -2.3071 -4.4193 -1.7510 

56 2.50 0.05 -1.5008 -0.9371 -0.4869 -0.0768 
56 2.50 0.10 -2.7524 -1.6705 -0.9287 -0.1532 
56 2.50 0.20 -4.8704 -2.7964 -1.7696 -0.3044 
56 2.50 0.30 -6.8376 -3.7325 -2.6516 -0.4535 
56 2.50 0.40 -8.8880 -4.5153 -3.7832 -0.5894 
56 2.50 0.50 -11.0227 -6.0783 -4.2914 -0.6530 

80 2.88 0.05 - 1.9983 - 1.6068 -0.3673 -0.0244 
80 2.88 0.10 -3.7618 -2.9993 -0.7147 -0.0478 
80 2.88 0.20 -6.5972 -5.1005 -1.4035 -0.0930 
80 2.88 0.30 -9.7705 -7.5109 -2.1238 -0.1400 
80 2.88 0.40 -12.8551 -9.9236 -2.7783 -0.1600 
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