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ABSTRACT 

A new three-parameter generalized equation of state 

for application to mixtures and multicomponent equilibrium 

systems has been developed. The equation of state is 

developed from isothermal and isochoric behavior of pure 

fluids. This equation of state is based on the hard 

sphere equation of state and is made to favor vapor-liquid 

equilibrium computations, and also gives satisfactory 

prediction of other properties. It models the second order 

perturbation theory expansion in powers of 1/KT for 

which there is a theoretical base for the mixing rules. 

This is much more effective than a completely empirically 

derived set of mixing rules. 

Methane, Ethane, and Propane were selected for 

testing this approach. Satisfactory results in the 

calculation of densities, compressibility factors, vapor 

pressure and fugacity over a wide range of temperature and 

pressure demonstrates the applicability of this equation 

of state. The possibility of a completely analytical 

expression of the methods previously developed, such as 

the van der Waals' one-fluid theory and the original 

Hard Sphere Expansion theory on vapor-liquid equilibrium 

is in sight. 
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Molar Quantity, Average Quantity 

Pseudo Conditions, Derivative 

Vector 

Ideal Gas State 



CHAPTER I 

INTRODUCTION 

The prediction of thermodynamic properties has 

always been one of the most important concerns of 

chemical engineers. Classical thermodynamics offers 

a basis for the relationships between equilibrium properties 

and is not concerned with the quantitative prediction 

of these properties. An analytical approach correlates 

experimental data to determine parameters in a pre¬ 

determined equation of state and through thermodynamic 

relationships one can estimate other properties. Many 

existing equations have theoretical inadequacies which 

become apparent when extrapolation is used to obtain 

thermodynamic properties remote from the measured values 

because of the unreliable selection of mixing rules for 

a mixture. Consequently, statistical thermodynamics 

must be employed to improve the current methods of 

predicting thermodynamic properties. 

Presently, statistical thermodynamics can accurately 

predict the properties of various pure simple fluids. 

Problems arise, though, in the application to complex 

systems because of insufficient knowledge of intermolecular 

potentials. Other problems are caused by the approximations 

and assumptions made during the derivational and 

computational aspects of mixture properties. 

Keeping in mind the unpredictability in the analytical 

correlation and the problems of statistical thermodynamics 
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for real mixtures, Mansoori and leland employed a 

molecular thermodynamics approach to mixture properties.^ 

Here the basis lies within statistical thermodynamics 

and the pure component data provides the necessary 

parameters. 

Earlier attempts to restore the development of the 

equation of state to molecular thermodynamics began in 

1954 with Zwanzig.g The implementation of this method 

with equations of state commenced with the Carnahan- 

Starling equation.^ This was the first analytical 

equation to give an accurate representation of the 

behavior of hard spheres, later, Henderson^ illustrated 

that all the van der Waals* type of equations are 

improved by replacing the Camahan-Starling equation for 

the repulsion term in place of the original van der Waals' 

form. Other pure component equations of state were 

later developed by Oellrich, Knapp, and Prausnitz.^ 

later the development of an equation of state for 

mixtures based on a hard sphere equation of state began 

with Snider and Herrington^ and was followed by the work 

of Rodosevich and Miller^ and De Santis, et al.g 

A more precise equation of state for hard sphere 

mixtures was then developed by Mansoori, Carnahan, Starling, 

and leland.g Mansoori and leland^Q later went on to 

develop a pure component reference equation to calculate 

non-polar mixture properties by corresponding states 

methods. The importance of this approach is that the 



3 mixture dependency is exact for the repulsion term, 

Also a more accurate representation for the attraction 

terms is obtained than would be with van der Waals* 

one-fluid mixing rules especially at lower temperatures 

and in mixtures with major molecular differences. 

The goal of this work is to develop a three-para- 

meter pure component equation of state in a form which 

allows an extension to mixtures in accordance with a 

statistical thermodynamic basis for mixture calculations. 

Present equations of state for mixtures use completely 

empirically derived mixing rules. The consequences of 

this are discussed on page 24. 



CHAPTER II 

STATISTICAL MECHANICS 

The goal of classical statistical mechanics is 

to apply the knowledge of intermolecular interactions 

and molecular distribution functions towards the prediction 

of the equilibrium properies of fluids in which quantum 

effects may be ignored. The equilibrium thermodynamic 

properties of a fluid can be predicted from molecular 

characteristics by combining an intermolecular potential 

function, U(r), and a radial distribution function, 

which gives a measure of the probability of finding two 

molecules i and j at a distance r apart. Usually g(r) 

depends on both density and temperature. 

Por a pure fluid in which the pair potential U(r) 

can be written as €f(r/CJ), the distribution function can 

then be expressed in terms of three dimensionless variables 

g(r) « g(r/T, €/KT,pCJ3) 

where the first two terms show the effect of the 

characteristics of interacting pair on the distribution 
7 

function, while the last term^O5, accounts for the 

molecular environment around the pair created by the 

interacting effects of other molecules near it. 

Por mixtures of conformal components in which all 

pair potential functions are factorable in the form of 

€^f(r/0^) for like pairs and €^f(r/0^) for unlike 

pairs, the distribution function, for a binary A-B mixture, 

can be written as; 
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Assuming a spherical central force field, pairwise 

additivity of potential functions, and neglecting three 

body interactions, the relationships "between equilibrium 

properties and molecular characteristics can "be shown ass^ 

For pure fluids: 

The distribution functions for a multicomponent 

system are usually difficult to evaluate. It "becomes 

apparent that a perturbation method must be used to 

determine the properties of the mixture. Since the 

properties of the hard sphere mixtures are well-known, 

the hard sphere mixtures are ideal for the unperturbed 

fluids. The basis for the hard sphere expansion theory 

lies in statistical mechanics and the mean density 

approximation discussed on page 10. 

Z = PV/RT » 1 - (27TÇ/3KT) u/dr g(r)r5dr 

For mixtures of R components: 



This theory provides a theoretically based composi¬ 

tion dependence for mixtures in which the pure component 

equation of state begins with a hard sphere equation 

to which is added the contribution of molecular attrac¬ 

tion in the form of a series of terms in powers of l/KT, 

Temperature effects not describable in powers of l/KT 

ideally must be included in the specification of the 

effective hard sphere diameters used. 



CHAPTER III 

CORRESPONDING STATES PRINCIPLE 

A. Introduction 

The principle of corresponding states may be regarded 

as the most useful by-product of van der Waals' equation 

of state. This principle has proven to be very effective 

in the correlation and prediction of thermodynamic and 

transport properties. The corresponding states principle 

(CSP) in modern form has been applied to the following 

properties: the critical state, the virial coefficient, 

the Boyle point, the densities of coexistent phases, the 

vapor pressure of the liquid, the entropies of evaporation 

and fusion, the coefficient of thermal expansion of the 

liquid, the triple-point temperature and pressure, the 

heat capacity of the liquid and the surface tension of 

the liquid, .jg 

Pitzer^ has stated a set of assumptions essential to 

the principle of corresponding states and they can be 

summarized as follows: 

1. Classical statistical mechanics must be used; 

i.e. quantum effects must be negligible; 

2. The molecules are spherically symmetrical, 

either actually or by virtue of rapid and free 

rotation; 

3. The potential energy must be only a function of 

the various intermolecular distances; 

• Intramolecular vibrations will be assumed to be 4 



8 

the same in the liquid and gas states; 

5. The potential energy for a pair of molecules 

can he written: 

U(r) « €f(r/0") 

where € is the minimal energy and O" is the 

collision diameter and f is a universal 

function. 

These assumptions lead directly towards the two- 

parameter CSP. The equation of state derived from 

statistical thermodynamics has the following form:^ 

Z * PV/RT « P((V/NCT3),( €/KT)) 

where P is a universal function, K is the Boltzmann 

constant, V, T, and N are volume, temperature, and 

number of molecules in the system respectively. 

Applying an equation of state’s characteristics 

at its critical point, i.e. ( ^P/ = 0 and 

Q 0 ^ 
( ï P/ m » 0, the two-parameter of the equation of 

“Ac 
state can be written in terms of initial constants: 

Z » f(T/Tc, V/Vc). 

B. Deviation from Simple CSP 

Deviation from the simple CSP has been discussed 

in a paper by Leland.^ Cook and Rowlinson^g later 

presented a theoretical basis for a deviation from simple 

CSP for fluids. Among the efforts made to develop the 

simple to "normal" fluids made of assymetrical or 

slightly polar molecules, the use of acentric and 
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shape factors were found most useful. 

The acentric factor is "based on vapor pressure 

deviations and was introduced by Pitzer and Curi.^ 

It is defined as: 

v - -1-log10(Pr)Tr.0>7 

where the reduced vapor pressure Pr is evaluated at 

reduced temperature Tr=0.7. 

Por elementary fluids, the value of w is basically 

zero, but with increasing polarity or molecular 

elongation its value becomes larger and smaller as the 

molecular shape is more spherical. The equation of 

state for these fluids can then be expressed as follows: 

Z « f(T/Tc, V/Vc, w). 

C. CSP for Mixtures 

The prediction of mixture properties is one of 

the most important aspects of CSP. However, to 

accomplish this task, some technique must be chosen to 

determine the correct mixture critical properties so 

that the pure component reduced state correlations will 

be valid. The best approach makes use of the pseudo- 

critical concept where the pseudocritical values are 

critical properties of a hypothetical pure substance 

which gives thermodynamic properties of the mixture when 

substituted into the pure component equations for the 

reference. Por example, the compressibility factor can 

be expressed by: 



(III-1) Zm - fr(T/T^ , V/V*) 

(III-2) Z®x= f®x(T/T", V/Vg) 

10 

where the subscripts m and. r refer to mixture and refer¬ 

ence fluid respectively, superscript "ex" indicates 

"excess property", Tg ,Vg and Tg , Vg are two different 

types of pseudocritical constants. 

Various forms of composition dependency are in¬ 

dicated in the pseudocritical constants with different 

assumptions involving the solution theory. The assump¬ 

tions introduced by Reid and Leland^Q were derived by 

equating the total mixture property to that of a pure 

reference fluid as in equation (III-1). Here the 

pseudocritical constants axe derived from equation 

(III-2), the equality of the excess over hard sphere 

mixture property to that of a pure reference fluid. This 

idea was first presented by Mansoori and Leland.^ 

The excess over the hard sphere mixture property 

is set equal to the corresponding pure reference fluid 

property calculated by substituting pseudoforce para¬ 

meter d^ into a pure reference fluid equation. A detailed 

treatment of the development of the pseudoforce para¬ 

meter defining equation is given by Mansoori and Leland. 

Consequently, the distribution functions for the mixture 

can be represented by the mean density approximation (MHA)s 

) - gref^/Oij.qj/KI.pï3) 
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where 

H5_ ijtvAi <»>
2 

given by the hard sphere expansion conformal solution 

theory. 



CHAPTER IV 

HARD SPHERE EXPANSION THEORY 

A. Introduction 

The "basic idea behind the Hard Sphere Expansion 

Theory (HSE) is to distinguish the effects due to 

repulsive forces from those due to attractive forces. 

By choosing appropriate hard sphere properties one can 

replace the repulsive contributions. Then by using the 

conformal solution theory on a reference fluid, one 

obtains the attraction contributions. This helps 

minimize any errors introduced in the original form of the 

conformal solution theory. However, the reference fluid 

must satisfy two conditions: 

1. The reference fluid must be similar to the 

given mixture. 

2. The accuracy of the properties of the 

reference fluid is essential. 

B. Perturbation Expansion about Hard Sphere Properties 

The perturbation expansion about hard sphere 

properties begins by separating the intermolecular potential 

into two terms. This type of potential separation allows 

the distribution function to be expanded into a power 

series in 1/KT beginning with the hard sphere term. 

Here the first potential term is that applicable to the 

hard sphere behavior at a suitable average diameter while 

the second term accounts for the attractive forces. 
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An example can "be illustrated by using a pure 

fluid of N molecules. First dividing the total 

intermolecular potential U into a hard sphere potential 

U° and a residual U1: 

U = U° + U1 

where 

(IV-1) u° 1 2 u°(ri1»d), u°(ri^,d) 
0, 

CO 

(IV-2) 
°» < d 

<°, rijÿd 

The assumptions made areï 

1. The pair potential can be represented by 

u(r,d, 6) as shown in Figure 1. 

2. Additivity of pair potentials holds for both 

hard sphere and attractive potential. 

3. The attractive potential can be factored 

into the product of an energy parameter 

and a dimensionless function of r/d. 

4. Three-body interactions are negligible. 

For pure fluids the total intermolecular potential 

Ü is related to the radial distribution function g(r) by: 

(IV-3) g(r) = (V2/N!Q)JJ... Jexp(-U/KT)d?3...drN 

where the configurational partition function, Q, is 

defined as: 

(IV-4) Q (1/N!) exp(-U/KT)dr1 



U(r) 

Pigure I (The HSE Potential 

with 7, T, and N "being volume, temperature, and the 

number of molecules of the system, respectively. 

Expanding the above exponential expression in terms of 

the hard sphere potential and a successive power series 

of 1/KT one obtains: 

(17-5) 

exp(-U/KT)=exp(-U°/KT)(l-U1/KTH(U1/KT)2+... ). 

By manipulating the above functions the distribution 

function then becomes:go 

(IV-6) 

g(r)=g°(r/d,pd3)(l+(€/KT)g1(r/d,pd3)+(€/KT)2g2(r/d,pd3) 

The term g° is the distribution function for a hard 

sphere fluid with molecules of diameter d. Substituting 
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this expanded distribution function into the equation 

of state discussed in Chapter II for pure fluids yields 

a series in 1/KT in the form: 

Z « Z° + (ê/KT)(pd3)Z1 + (€/KT)2(çd3)Z2 + 

where, the compressibility factor of the hard spheres, 

Z° is defined as: 

Z°« 1-(27T£d3/3KT)Jdu°(y)/dy (g°(y,£d3)y3dy 

Z1* -(277/3)^df,(y,çd3)/dy g°(y,pd3)y3dy 

Z2= -(27r/3)Jdf'(y,pd3)/dy g°(y,pd3)g*(y,pd3)y3dy 

and 
Y = r/d 

Using the technique discussed on page 10 called 

the mean density approximation.j (MDA), a similar 

expansion of the equation of state for a mixture of 

conformal components is possible. This approximation 

assumes: 

sAB^r^“ 

wherepis the number density of the mixture. An 

equation of state for the mixture is then obtained with 

the potential separated into the hard sphere and attractive 

portion. The result is: 

vz£ d>zn *t 4 X+ 
<* J U 4 

where the compressibility factor of the hard sphere 

mixture, Z° , is 

Z° * 1 ~ÇÇ(27rd|^/3KT)J^du°(y)/y g0(y,£cT3)y3dy 

Therefore it is the intention of this paper to 

develop an equation of state that models this second 



order perturbation theory expansion in powers of 1/K 

In the proceeding chapter, the development of this 

equation of state is discussed. 



CHAPTER V 

DEVELOPMENT OP A THREE-PARAMETER EQUATION OP STATE 

A. Introduction 

The "best form of a generalized three-parameter 

equation of state for application to mixtures and multi- 

component equilibrium systems is developed in this work, 

Por pure components, the equation must begin with the 

Camahan-Starling equation for the repulsion effects. 

In reduced form, the equation has three dimensionless, 

independent parameters; Tr, Pr, and the Pitzer acentric 

factor, w. 

(7-1) 
1+Vi+vî-VÎ 

<1-%> 

a( 77i,w1) 
♦ 

c( T) 
T 2 ri 

where 

V- b0<Tri>vi>Pri " 1/6l7pd? 

p is the number density, d^ is the hard sphere diameter 

of the i^11 component, and pr^ is the reduced molar density 

of the i^1 component. 

The functions a(77,w), bQ(Tr,w), and c(7},w) are 

all universal functions~the same for all fluids. 

B. Restrictions on the three-uarameter equation of state 

The temperature independent functions bQ(l,w), 

a(bQ(1,w),w), and c(bQ(1,w),w) at Vr, Tp»1 are determined 

by three critical conditions; 
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SP/S,T)j m1 = 0 
r 

£2PAV2)2 

r 

Z(Tr,V ‘ 

This leaves the temperature dependence of the 

universal function t>0(Tr,w) and the dependence of the 

universal function a(?7,w) and 0(77,w) on the function 

77 * ^0(Tr,w)pr ^determined. 

At temperature below the critical temperature, it 

is essential that the overall temperature dependence of 

the equation be fitted to predict vapor pressures and 

fugacity equality between saturated vapors and liquids. 

In order to do this while preserving the quadratic form 

of the temperature dependence in the attraction term, it 

is necessary that the bQ function have some temperature 

dependence instead of depending only upon w, as is 

usually the case for equations of the van der Waals' family. 

The rigorous perturbation methods predict a temperature 

dependence for b0 and a slight density dependence although 

any density dependence in the bQ term of an equation of 

state is difficult to fit without introducing additional 

parameters. 

The dependence on 77 at densities away from the 

critical for the van der Waals' family should be fitted to 

predict isothermal volumetric data. There are still the 
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restrictions on the density dependence which must be 

observed in all equations of state. The attraction 

term must vanish as densities approach zero. If the 

pressure is expressed as a polynomial in density, the 

highest power of the density must be an odd integer. 

Another restriction is placed in the value of 77 

due to the hard sphere freezing point. Ree22 concludes 

that the hard sphere freezing point is at a reduced number 

density of 0.667. 

Since the tightest packing of hard sphere is 

accomplished by face-center cubic (FCC), we assume this 

FCC structure to occur at freezing. 

FCC: 

volume of cube » R3 

For FCC there is an equivalent of four spheres per 

cube, thus; 

p0 » 4/16^2 R
3 

and since 

77= (7T/6)pd3=(-7r/6)(0.667po)d
3=((87TR3)/6)(0.667)(4/l6vf2 R3) 

and 

77=» 7T/3/2 (0.667) = 0.494 - 0.002 

the restriction on the value of 77 is approximately 0.494. 

C. Coefficients at Critical Conditions 

It was first proposed to redefine the equation 

of state as: 
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1 + 7?+7?2“7?5 c(îr,w)77 d(Tr,w)772 e(Tr,w)77
5 

2 ” (1-7?)3 Tr " l| Î2 

where 

77* t(Tr,w)pr 

and where the functions of c(Tr,w), d(Tr,w), and e(Tr,w), 

with respect to temperature, "best preserve the quadratic 

temperature dependence in the attraction term of the 

compressibility factor. 

Next by using the critical conditions of an equation 

of state, the experimental value of the compressibility 

factor, and the fugacity, one can solve for b(l,w), 

C(1,W), d(l,w) and e(l,w). 

It was found that the above form did not meet the 

restriction on the value of 7). Therefore, the equation 

of state was redefined this time as; 

Z = 

1+77 + 77 -77 c(Tr>w)77 d(Tr,w)77
2 e(Tr,w)77? 

(1 -7))3 T„ I2 T! r r ~r 

hereby maintaining the restriction of the odd integer 

power of density for pressure. Unfortunately, this 

form was also found not to meet the restriction on the 

value of T)• 

Finally the best form of the three-parameter equation 

of state was found to be: 
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1 + 7} +7?2-7}3 c(Tr,w)7? d(Tr,w)77
3 e(Tr,w>775 

Z s    ■>  -   -  5  -  A " — 
(1-77)^ Tr Tj 

and 

77 * b(Ir,w)pr 

which meets all restrictions. 

Prom the thermodynamic relationship: 
/e 

ln(f/P) * (2-1)dp»/^' +Z-1 - ln(Z) 
/O 

we obtain the expression for the fugacity: 

ln(f/P) » 1/0-77)2 - 2/( 1-77) - 4 + Z - ln(z) 

c(Tr,w)7) d(Tr,w)773 e(Tr,w)7^ 

Calculations for Methane, Ethane, and Propane are found 

in Table I. 

D. Coefficients in Saturated Region 

Below the critical temperature we must develop a 

method to find the values of the functions which meet 

all restrictions. It was first proposed to have the 

experimental vapor pressure and fugacity for each 

temperature and density equated to their appropriate 

functions; thus, having four functions and four 

unknowns. But it was soon discovered that the value of 

77 was larger than the hard sphere freezing point of 

0.494. 

The next proposal was to set 77 equal to about 
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0.5 at the triple point of the component. Then one 

solved for the other three variables with the two 

equation of fugacity (liquid and vapor density) and 

vapor pressure using only the liquid density; thus, 

determining c(T^,w), d(T^,w), e(T^,w), and b0(Tt,w). 

It was found that by using this method the error in 

the vapor pressure calculation using the vapor density 

was less than one percent. 

What was needed next was a method to solve for the 

values of the functions between the critical and triple 

temperatures. After a trial and error process, the 

best method satisfied all of the restrictions except the 

quadratic temperature dependence of the compressibility 

function. Instead there was an extra cubic term that 

could not be eliminated. 

The process called for the function c(Tr,w) to 

have the form 

c(Tr,w) » cQ + c^/Tr such that at T = 1 

c(Tr,w) » C(1,W) and that at Tr a 

c(Tr,w) » c(Tt,w) 

and d(Tr,w) to have the form 

d(T_,w) a d + d.T„ such that at T_ = 1 ' T
9 o 1 r r 

d(3L>w) a d(l,w) and that at T_ * T+ x x v 

d(Tr,w) a d(Tt,w). 

Then one solves for b(Tr,w) and e(Tr,w) using the 

liquid density in the vapor pressure function and equating 

the fugacities of the liquid and vapor. Through this 
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method, a set of values for b(Tr,w) and e(Tr,w) 

were obtained whereby 77 ranged from a critical value 

of 0.2448 to a triple point value of 0.499. The 

function e(T^,w) was in the form of 

e(Tr,w) * eQ + e.j/Ty + e2Tr 

which gave the compressibility function a cubic 

temperature dependence instead of the better quadratic 

dependence. Table II contains sample calculations for 

Methane, Ethane, and Propane. 

E. Coefficients above the Saturated Region 

Above the critical temperature, the same functions 

for c(T ,w) and d(T ,w) were used. Then b(T ,w) and 
X Jl Jm 

e(Tr,w) were solved for by using the pressure 

function and the first derivative of pressure with 

respect to density. Table III contains sample 

calculations. 

Having calculated the values of b(Tr,w) and e(Tr,w) 

for various temperatures, a least squares program was 

used to determine a polynomial fit for each function. 

P. Discussion and Result 

Tables IV, V, VI contain the predicted densities 

of Methane for several temperatures and pressures. The 

temperature range is from 90.68°K, the triple point 

temperature, to 394*0°K, over twice the critical 

temperature of 190.555°K. The pressure range is from 
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0.345 Bar, the triple point pressure, to 700 Bar. 

In the bulk of the saturated region, the density- 

prediction was less than two percent error. Away from 

the saturated region the density prediction is less 

than fifteen percent error. Error away from the saturated 

region is caused by a density dependency on b that was 

not introduced into the equation of state because of the 

difficulty in determining this dependency. Although 

there is error in density and pressure prediction, the 

ability of having exact mixing rules enables one to say 

that this method is superior to any other procedures 

presently existing. 

Table VII gives the dependence of the calculation 

of the compressibility on the hard sphere term, the 

linear and quadratic terms, and the cubic term. Even 

though the dependence on the cubic term is large for 

large density, by developing mixing rules for this term 

the error in the mixture calculations can be negligible. 

By using the mean density approximation, the 

analytical mixing rules can be developed. It is the 

lack of accurate mixing rules that causes present equations 

of state to produce errors in mixture properties. 

Sample composition dependencies of the BWRS equation 

of state and the generalized Soave equation are found 

in Table B-I (Appendix B) and Table C-I (Appendix C), 

respectively. No multi-property analysis is used in 

these tests and the interaction parameter, k^, value 
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for each is taken from a single binary system at 0°? 

for that particular pair. Even though ak^ value was 

found which predicted the K-value for each member of the 

pair within acceptable experimental error, the errors 

in the ternary mixture are all significantly higher 

than those in the fitted binaries. The work of McCarty^ 

indicates that fitting k^ parameters to binary systems 

should give much better results for ternary mixtures 

of the same components when theoretically based mixing 

rules are used. 



CHAPTER VI 

APPLICATION OP CSP AND THREE-PARAMETER 

EQUATION OP STATE TO HYDROCARBON MIXTURES 

.th 

A. Defining Equations 

The equation of state for the iw“ pure fluid can 

he written as follows: 

(VI-1) Z = Z HS 
c
0^
wi^7?i+<il^wi^ 7?i+e2^wi^ ^i 

TTT 
n 

- c1(wi)T7i+d0(wi)77£+e0(wi)?7^ _ e1(wi)77^ 

fp 
*ri •ri 

and 

(VI-2) 

r,HS 1 +b(T rl >Wj )piVci^
2(Trl,wi ) ) (pjVci ) 5 

(l-b(ïri,w1)plVci) T 

According to the perturbation theory for the 

attractive contributions and the mean density approximation, 

a tentative composition dependence is as follows: 

(VI-3A) 

„ „HSM f£ nr m co^wref^+d1^wref^2+e2^wref^4 

Zm " Z "fpi^^i^cid  T 

ir * * 

d A/ 

«4 
2 c1^wref)+do(wref)7? 'Heo(wref) ^ 

rr4 

V u A 

where 



(VI-3B) 
A/ * 

^13 ■ 

*011 - ‘W«i7c3)im'}li3/2) + (Tod5/2»5- 

For mixtures, the hard sphere contribution for N 

components is*23 

IS _ 1 + t1-?Yl)£m + (1-3Yg)^n ~ 
Y5^ 

(VI-5) ZHS 
3 
m 

where, 

and 

£m = ?£i * lir/VPaUA L ** 

T1 =||^3(di+d3)(did3r4 
t-| 

r2 -|l4id|,(^/^H(Vd)
4/dk) 

*3 ■ <I^i/^)2/M/3)3 

6-/ 

Ai3 = 

B. Procedures of Calculation 

Two types of information are required for the 

calculation of mixture properties; characteristic 
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properties and state properties. Characteristic 

properties include critical constants, T_, V , P , and 

acentric factor, w. State properties include 

temperature, pressure, composition, and number of 

components in the mixture. 

The d^ is calculated by: 

V = 7T/6 p*d3 = b0(Tr,w)pr 

where p* is the number density and pr is the reduced 
_ i 

molar density. One can calculate p by: 

P Pr Pc 
where NQ is Avogadro's number and pc is the critical 

molar density. 

Since 

V- (7T/6)N0pd3 - bo(Tr,w)p/p0 

therefore, 

= ((6b0(Irl.«i))/7rp0ill0)1/3. 

These diameters can then be used in equation (VI-5) 

to calculate the hard sphere mixture contribution. 

The attraction contributions can then be calculated 

from the latter part of equation (VI-3), where equation 

(VI-3) gives the compressibility of the mixture. Using 

the two-fluid corresponding states principle, the 

compressibility factor of the mixture can be calculated. 

Through thermodynamic relationships, other properties 

such as ln(f/P), (X-3*)/RT, ({x-£F*)/RT can be cal ciliated. 



CHAPTER VII 

CONCLUSION 

In this work, a three-parameter equation of state 

is developed for the calculation of mixture and multi- 

component properties. This equation of state has a 

statistical basis and models the second order perturbation 

theory expansion in powers of 1/XT for which there is a 

theoretical base for the mixing rules. This three- 

parameter equation of state begins with the Mansoori, 

Carnahan, Starling, and Leland equation which, in turn, 

reduces to the Carnahan-Starling equation for pure 

components. 

The advantage of this equation of state over 

previous equations is the rigorous mixing rules and 

the statistical thermodynamic base. Satisfactory results 

in the calculation of densities, compressibility factors, 

vapor pressure and fugacity, over a wide range of 

temperature and pressure, demonstrates the applicability 

of this equation of state. 

Further work must be devoted to the density 

dependence of the universal function T) = bQ(Tr,w)pr. 

It has been proposed to develop a function such as: 

V * b0(Tp,w)( psa-t+b-jC Pr“ Psat^ ••• M Pr" Psat^ 

for the region of densities above the saturated density. 

Some work has been done and coefficients can be found in 

Table IX. 

Although there is error introduced by neglecting 
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the density dependence of the universal function 77, 

the ability of having exact mixing rules enables one to 

say that this method is superior to any other 

procedures presently existing. 



APPENDIX A 



TAELE I 32 

COEFFICIENTS AT CRITICAL CONDITIONS 

ïiitwl cO»*> e(1,w) 

Methane: 0.2548 8.9014 26.9581 134.8428 

Ethane: 0.2476 9.0811 24.3362 147.5098 

Propane: 0.2527 9.0682 24.4308 147.6049 



TABLE II 33 

METHANE: SATURATED REGION COEFFICIENTS 

.T b(Tr,w) ç(Tr,w) d(Tr,w) e(Tr,w) 

190.555 0.2548 8.9014 26.9581 134.843 

190.0 0.2516 8.9126 26.6502 135.052 

180.0 0.2129 9.1245 21.1018 118.428 

170.0 0.2034 9.3615 15.5535 106.604 

160.0 0.1953 9.6280 10.0051 98.015 

150.0 0.1891 9.9301 4.4568 92.470 

140.0 0.1841 10.2754 -1.0916 89.637 

130.0 0.1801 10.6737 -6.6400 89.317 

120.0 0.1770 11.1385 -12.1883 91.354 

110.0 0.1749 11.6877 -17.7367 95.550 

100.0 0.1743 12.3468 -23.2850 101.591 

90.68 0.1772 20.2618 -28.4561 108.297 



TASIE II 34 

ETHANEi SATURATED REGION COEFFICIENTS 

T 

305.33 

300.0 

260.0 

220.0 

180.0 

160.0 

140.0 

120.0 

100.0 

90.35 

b(Tr,w) 

0.2476 

0.2709 

0.2012 

0.1908 

0.1822 

0.1782 

0.1757 

0.1699 

0.1650 

0.1623 

c(Tr,w) 

9.0811 

9.0968 

9.2349 

9.4233 

9.6953 

9.8824 

10.1228 

10.4435 

10.8924 

11.1801 

d(Tr,w) 

24.3362 

24.0084 

21.5496 

19.0908 

16.6320 

15.4026 

10.1228 

12.9438 

11.7144 

11.1211 

e(Tr,w) 

147.5098 

137.6996 

56.0476 

116.8635 

-18.9707 

-30.2429 

-36.8524 

-45.9691 

-51.0734 

-53.1216 



TABLE II 35 

PROPANE: SATURATED REGION COEFFICIENTS 

T b(Tr#w 

369.8 0.2527 

340.0 0.2092 

300.0 0.1981 

260.0 0.1891 

220.0 0.1814 

180.0 0.1740 

140.0 0.1654 

100.0 0.1521 

85.47 0.1449 

c(Tr,w) d(Tr,w) 

9.0682 24.4308 

9.1887 22.8871 

9.3881 20.8151 

9.6489 18.7431 

10.0044 16.6710 

10.5181 14.5990 

11.3252 12.5269 

12.7780 10.4549 

13.6424 9.7022 

e(Tr,w) 

147.6049 

88.9808 

41.3157 

6.7215 

-19.2571 

-38.0889 

-52.3815 

-66.9870 

-74.5040 



TABLE III 36 

METHANE: ABOYE THE CRITICAL TEMPERATURE 

T b(Tr,w) e(Tr,w) 

194.0 0.2674 142.2676 

210.0 0.3582 167.9904 

226.0 0.4096 202.9249 

234.0 0.4241 222.0715 

250.0 0.4447 263.5544 

274.0 0.4652 334.1871 

314.0 0.4873 475.0810 

354.0 0.5022 645.2610 

394.0 0.5132 844.8046 



TASIE III 37 

ETHANE: ABOVE THE CRITICAL TEMPERATURE 

T *(Tr,w) e(Tr,w) 

306.0 0.2490 149.5073 

322.0 0.3279 185.7904 

338.0 0.4269 220.9393 

354.0 0.4578 258.5125 

370.0 0.4762 296.5773 

386.0 0.4892 335.6860 

402.0 0.4990 376.1075 

418.0 0.5069 417.9902 

434.0 0.5133 461.4248 

450.0 0.5187 506.4696 

466.0 0.5233 553.1652 

482.0 0.5273 601.5407 

498.0 0.5309 651.6173 

514.0 0.5340 703.4112 



TABLE III 38 

PROPANE: ABOYE THE CRITICAL TEMPERATURE 

T b(Tr,w) e(Tr,w) 

374.0 0.2598 159.485 

390.0 0.3305 187.836 

406.0 0.4188 215.461 

422.0 0.4492 246.428 

438.0 0.4675 277.624 

454.0 0.4806 309.400 

470.0 0.4906 341.966 

494.0 0.5021 392.554 

510.0 0.5082 427.543 

526.0 0.5134 463.596 

542.0 0.5179 500.744 

558.0 0.5219 539.011 

574.0 0.5254 578.414 

590.0 0.5285 618.966 



TABLE IV 39 

METHANE: DENSITY PREDICTION IN SATURATED REGION 

_T  

190.0 

180.0 

170.0 

160.0 

150.0 

14-0.0 

130.0 

120.0 

110.0 

100.0 

90.68 

LIODEN 

1.2721 

1.7222 

1.9373 

2.0981 

2.2324 

2.3507 

2.4579 

2.5567 

2.6490 

2.7364 

2.8147 

LIQDENC 

1.1758 

1.7029 

1.9369 

2.0874 

2.2309 

2.3592 

2.4635 

2.5529 

2.6503 

2.7226 

2.8244 

TERROR 

-7.57 

-1.12 

-0.02 

-0.51 

-0.07 

0.36 

0.23 

-0.15 

0.05 

-0.50 

0.34 

VAPDEN 

0.7570 

0.3848 

0.2444 

0.1589 

0.1020 

0.0633 

0.0373 

0.0203 

0.0100 

0.0042 

0.0016 

VAPDENC 

0.7445 

0.3780 

0.2440 

0.1589 

0.1020 

0.0633 

0.0374 

0.0204 

0.0099 

0.0042 

0.0016 

TERROR 

-1.66 

-1.75 

-0.17 

-0.00 

0.02 

0.03 

0.33 

0.49 

-0.56 

-0.55 

0.40 



TABLE IV 40 

ETHANE: DENSITY PREDICTION IN SATURATED REGION 

T LIODEN LIODENC %ERRCR VAPDEN VAPDENC TERROR 

300.0 1.4843 1.4842 -0. 

280.0 1.8718 1.8967 1. 

260.0 2.0993 2.0792 -0. 

240.0 2.2769 2.2770 0. 

220.0 2.4282 2.4325 0. 

200.0 2.5637 2.5603 -0. 

180.0 2.6885 2.6770 -0. 

160.0 2.8062 2.8011 -0. 

140.0 2.9190 2.9260 0. 

120.0 3.0287 3.0357 0. 

100.0 3.1365 3.1355 -0. 

90.348 3.1882 3.1831 —0# 

01 0.5606 0.5203 -7.20 

33 0.2763 0.2733 1 —*
 

• o
 

00
 

95 0.1547 0.1568 1.37 

01 0.0853 0.0855 0.21 

18 0.0441 0.0439 -0.39 

13 0.0204 0.0204 0.04 

43 0.0080 0.0080 0.77 

18 0.0024 0.0024 -0.98 

24 4.92-4 5.0E-4 3.94 

23 5.2E-5 5.0E-5 -4.60 

03 2.0E-6 2.0E-6 0.08 

16 2.2E-7 2.32-7 2.45 



TADLE IV 41 

PROPANEî DENSITY PREDICTION IN SATURATED REGION 

T LIQDEN LIQDENC TERROR VAPDEN VAPDENC %ERR0R 

360.0 1.5788 1.6813 6.49 0.4817 0.4076 -15.38 

340.0 1.8817 1.9406 3.13 0.2696 0.2484 -7.85 

320.0 2.0790 2.0926 0.65 0.1640 0.1546 -5.75 

300.0 2.2369 2.2595 1.01 0.0992 0.0930 -6.29 

280.0 2.3728 2.3986 1.09 0.0578 0.0538 -6.99 

260.0 2.4946 2.5131 0.74 0.0316 0.0293 -7.25 

240.0 2.6069 2.6139 0.27 0.0157 0.0146 -7.24 

220.0 2.7125 2.7114 -0.04 0.0068 0.0063 -7.54 

200.0 2.8133 2.8180 0.17 0.0024 0.0022 -9.99 

180.0 2.9109 2.9191 0.28 6.6E-4 5.9E-4 -11.74 

160.0 3.0060 3.0192 0.44 1.2E-4 1.1E-4 -13.12 

140.0 3.0998 3.1118 0.39 1.3E-5 1.2E-5 -11.79 

120.0 3.1923 3.1999 0.24 6.2E-7 5.7E-7 -8.71 

100.0 3.2843 3.2878 0.11 7.8E-9 6.9E-9 -11.29 



TABLE Y 42 

METHANE: HIGH LIQUID DENSITY PREDICTION 

TEMP DENSITY DENCALC TERROR 

100.00 2.74 2.6983 -1.5201 

100.0 2.76 2.7848 0.8992 

100.0 2.78 2.8659 3.0883 

100.0 2.80 2.9406 5.0198 

100.0 2.82 3.0084 6.6811 

100.0 2.84 3.0694 8.0786 

100.0 2.86 3.1241 9.2329 

100.0 2.88 3.1729 10.1716 

120.0 2.58 2.6136 1.3030 

120.0 2.60 2.6591 2.2717 

120.0 2.62 2.7023 3.1413 

120.0 2.64 2.7435 3.9205 

120.0 2.66 2.7828 4.6169 

120.0 2.68 2.8203 5.2369 

120.0 2.70 2.8562 5.7861 

120.0 2.72 2.89-5 6.2699 

120.0 2.74 2.9234 6.6927 

120.0 2.76 2.9548 7.0587 

120.0 2.78 2.9849 7.3716 

120.0 2.80 3.0138 7.6347 

120.0 2.82 3.0414 7.8510 

120.0 2.84 3.0679 8.0232 

140.0 2.58 2.4179 1.5909 

140.0 2.40 2.4513 2.1382 



TABLE Y 43 

METHANE: HIGH LIQUID DENSITY PREDICTION 

TEMP DENSITY 

140.0 2.42 

140.0 2.44 

140.0 2.46 

140.0 2.48 

140.0 2.50 

140.0 2.52 

140.0 2.54 

140.0 2.56 

140.0 2.58 

140.0 2.60 

140.0 2.62 

140.0 2.64 

140.0 2.66 

160.0 2,14 

160.0 2.18 

160.0 2.22 

160.0 2.26 

160.0 2.30 

160.0 2.34 

160.0 2.38 

160.0 2.42 

160.0 2.46 

160.0 2.50 

180.0 1.80 

DENCALC TERROR 

2.4837 2.6320 

2.5151 3.0766 

2.5455 3.4760 

2.5751 3.8334 

2.6038 4.1518 

2.6317 4.4337 

2.6589 4.6816 

2.6854 4.8975 

2.7112 5.0834 

2.7363 5.2410 

2.7607 5.3718 

2.7846 5.4774 

2.8079 5.5590 

2.1486 0.4032 

2.2030 1.0544 

2.2551 1.5829 

2.3052 2.0007 

2.3533 2.3182 

2.3996 2.5455 

2.4441 2.6912 

2.4869 2.7636 

2.5281 2.7700 

2.5679 2.7171 

1.8395 2.1965 



TABLE V 44 

METHANE: HIGH LIQUID DENSITY PBEDICTION 

TEMP DENSITY 

180.0 1.85 

180.0 1.90 

180.0 1.95 

180.0 2.00 

180.0 2.05 

180.0 2.10 

180.0 2.15 

180.0 2.20 

180.0 2.25 

180.0 2.30 

180.0 2.35 

DENCALC TERROR 

1.8975 2.5658 

1.9534 2.8086 

2.0072 2.9345 

2.0591 2.9538 

2.1090 2.8772 

2.1570 2.7151 

2.2033 2.4769 

2.2478 2.1718 

2.2907 1.8080 

2.3320 1.3930 

2.3719 0.9338 



TABLE VI 45 

METHANE: HIGH TEMPERATURE DENSITY PREDICTION 

TEMP DENSITY DENCALC % ERROR 

194.00 1.00 1.1445 14.4524 

202.00 1.00 1.0292 2.9234 

242.00 1.00 1.0041 0.4097 

282.00 1.00 0.9879 -1.2137 

298.00 1.00 0.9762 -2.3848 

322.00 1.00 0.9956 -0.4415 

346.00 1.00 1.0076 0.7553 

394.00 1.00 0.9838 -1.6154 



TABLE VII 46 

CONTRIBUTION TO COMPRESSIBILITY FUNCTION 

HIGH DENSITY 

TEMP DENSITY ZHS L + Q TERM CUBIC TERM 

394.0 10.0 14.5223 -8.9883 -4.3993 

314.0 10.0 11.9968 -4.6019 -6.5679 

250.0 10.0 9.1376 -0.1417 -8.2718 

210.0 10.0 5.4268 -0.3635 -4.6295 

190.0 12.271 4.1146 -2.8534 -1.0253 

150.0 22.324 7.8951 2.4449 -10.2883 

100.0 27.364 11.3584 4.7891 -16.0286 

LOW DENSITY 

TEMP DENSITY ZHS L + Q TERM CUBIC TERM 

394.0 1.0 1.2358 -0.1777 0.0 

314.0 1.0 1.2213 -0.2234 0.0001 

250.0 1.0 1.1999 -0.2747 0.0001 

210.0 1.0 1.1566 -0.2787 0.0 

190.0 7.57 2.2849 -1.8131 -0.0916 

150.0 1.02 1.0810 -0.2433 0.0 

100.0 0.042 1.0030 -0.0174 0.0 



TABLE VIII 47 

CONSTANTS FOR POLYNOMIAL PIT OP 

COEFFICIENT b(Tr,w) WITH RESPECT TO TEMPERATURE 

•b(Tr,w) * AO(w) + Al(w)Tr + A2(W)T£ + A3(w)T^ 

TEMP RANGE .COMPONENT AO(w) A1 (w) A2(w) A?(w) 

Tr < 0.92 Methane 0.2638 -0.3401 0.3566 -0.0571 

Ethane 0.1225 0.1907 -0.2290 0.1331 

Propane 0.0899 0.3285 -0.4337 0.2371 

0.92<Tp< 1.0 

Methane 1.9894 -4.2313 2.4949 

Ethane 1.9223 -4.0109 2.3357 

Propane 3.0135 -6.3719 3.6116 

1.0 < Tr^1.1105 

Methane 0.2548 -0.9757 0.9702 

Ethane 0.2476 -1.4259 1.4243 

Propane 0.2527 -1.6822 1.6685 

1.1105 <Tr< 1.69 

Methane -4.0383 8.7788 -5.7396 1.2613 

Ethane 1.4652 -2.9232 2.5750 -0.6952 

Propane -0.6496 1.5613 -0.5508 2.0925 

1.69 < Tr 

Methane 0.3915 0.0593 



TABLE VIII 48 

CONSTANTS FOR FIT OF COEFFICIENT 

c(Tr,w) WITH RESPECT TO TEMPERATURE 

c(Tr,w) = cQ(w) + c-,(w)/Tr 

Component cQ(w) c.,(w) 

Methane 5.0967 3.8048 

Ethane 8.1990 0.8821 

Propane 7.7932 1.3750 

CONSTANTS FOR FIT OF COEFFICIENT 

D(T^,w) WITH RESPECT TO TEMPERATURE 
<*> t 

D(Tr,w) = DO(w) + Dl(w)Tr 

Component DO(w) D1(W) 

Methane -78.7686 105.7267 

Ethane 5.5674 18.7688 

Propane 5.2748 19.1561 



TABLE VIII 49 

CONSTANTS FOR FIT OF COEFFICIENT 

E(Tr,w) WITH RESPECT TO TEMPERATURE 

E(Tr,w) * EO(w)/Tr + E1(W) + E2(w)Tr 

TEMP RANGE 

Tr< 0.54 

0.54 Tr<0.812 

0.812^ Tr^ 1.0 

1.0 < T <11.69 

1.69 <Tr 

COMPONENT EO(w) 

Methane 52.3868 

Ethane -124.0021 

Propane -104.2090 

Methane -304.9172 

Ethane -455.6045 

Propane -495.2827 

Methane -1232.135 

Ethane -2522.264 

Propane -2764.502 

Methane -1615.270 

Ethane -1561.033 

Propane -1462.940 

Methane -2430.082 

E1(W) E2(w) 

30.1862 -15.8242 

7.5928 151.8424 

-0.2344 138.1242 

136.5674 284.3438 

95.1817 465.7852 

105.8319 500.2656 

517.118 850.625 

939.303 1729.938 

1054.103 1857.813 

768.382 985.125 

570.591 1141.875 

514.518 1101.313 

1322.257 1273.250 



TABLE IX 50 

COEFFICIENTS FOR HIGH DENSITY CORRELATION FIT 

b<ir.w)-*<!r.*)Mt-<b;rt;vbi#<p- peaX) 
,11 * « 9W „ . O +<VbiVW<P-p.«t> 

Component 
f 

T £ r 
» 

h 

1.2 
i 

Ï2 
If 

io 

ft 

h 
1» 

Ï2 

Methane -0.2268 1.1045 -0.9199 1.661 -2.488 0.7667 

Ethane -0.1904 0.6154 -0.5297 0.2508 -0.4775 0.3025 

Propane -0.1045 0.5792 -0.6159 0.2716 -0.7705 0.5387 

Tr >1.2 

Component 
f V 

ïa il 
1 n 

h„ h 2 o 
tf ft 

h. h 

Methane -1.3773 2.40 -0.9726 -0.644 1.0128 -0.3188 

Ethane 2.5050 -3.568 1.0835 0.6231 -0.9388 0.4317 

Propane 1.1622 -1.951 0.6044 -0.6157 0.7862 -0.1386 



APPENDIX 3 

BWRS EQUATION CP STATE 

1. Introduction 

Starling developed a modified Benedict, Webb, 

Rubin equation which has eleven parameters. The 

Benedict, Webb, Rubin, and Starling (BWRS) equation 

for pressure used in this study can be written in the 

form: 

P = pRT+(B0RT-A0-C0/T
2+D0/T

3-E0/T
4)p2 

+ ( bRT-a-d/T ) p 3 + oL ( a+d/T ) p 6 

+ cp3/T2(l + yp2)exp(-^ P2) 

where P is the absolute pressure in psia, T the 

absolute temperature in °R, p the molar density 

lb-mole/cu.ft., and R the universal gas constant 

(R = 10.7335 psia-cu.ft./lb-mole °R). 

The optimal set of parameters were obtained through 

a multi-property regression analysis procedure in which 

experimental density, enthalpy, vapor pressure, and 

K-value data of both pure component and mixtures were 

used. The values of the eleven parameters for several 

natural gas systems are listed by Lin and Hopke.25 

The eleven mixture parameters in the BWRS equation 

of state can be calculated using the relations:gg 

Bo * ?xiBoi 

Ao ■ l Ç xix3AolAo/1-klp 

co - | Î Vj0oi°tj(1-kij>3 
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y m (Çxi/|)2 

D = (Ç Vi/3)2 3 * 

a - ( Z x^a^5)5 

<* * ( r xi°<i^3)3 

c * (ZV
1/^ 

d - ( Ç ^/ï)5 
Eo ■^vji^1-kü>5 

L J 

where i and j are indices for the components and the 

summations range from i = 1 to i = n and j => 1 to j » n, 

where n is the total number of components BQ^, 
A
0±» etc., 

are the pure component equation of state parameters for 

the ix component. The interaction parameter k^ is a 

measure of deviation from ideal solution behavior for 
XU XU 

interactions between the ixn and 3 a components. 

Consequently, k^ is zero when i equals j (pure fluid 

interaction) and k^ is near zero for component pairs 

which form nearly ideal solutions. The numerical value 

k^ differs considerable from zero when the component 

pair forms highly non-ideal solutions. Tabulations and 

correlations of k^ values for component pairs were made 

by Rossini, et al.2y 

2. Conrpre ssibility 

Dividing the pressure form of the equation of state 

by pRT, one derives the compressibility factor form: 
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Z = PV/RT * 1+(B0-A0/RT-C0/RT
5+D0/RT

4-E0/RT
6)p 

+ (b-a/RT-d/RT2) P 2 + c<(a/RT + d/RT2) P 5 

+ Cp
2/RT(1+*p2)exp(-/p2). 

3. Internai Energy Deviation 

Using the relationship 

ïï-ïï 

RT 

te 
= -T 

T,Y 
6z/$T), *P /P 

r 

one obtains the expression for the internal energy 

deviation: 

= (A0/RT + 3C0/RT
3 - 4D0/ET

4 + 5EQ/RT
5
^P 

+ i(a/RT + 2d/RT2)p2 - c</5(a/RT+2d/RT
2)p 5 

+ 3c/^RT3(l+i)T p2)exp(-y p2)-3c/YRT3 

4. Helmholtz Free Energy Deviation 

Using the following relationship 
_ 
A-I 
RT 

re 
I T,Y 

(z-l)dp /p 

one obtains the Helmholtz free energy deviation: 

= (B0 - A0/RT-C0/RT
3
+D0/RT

4
-E0/RT

5
)P 

+ ^ ( b- a/RT -d/RT 2 ) P 2 + c</ 5 ( a/RT+d/RT 2 ) P 3 

+ c/* RT3(1-(1+* p2/2)exp(-tf p 2)) 
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TERNARY K-VALLES PREDICTED PROM k±.j PARAMETERS DETERMINED 

ONLY PROM BINARY DATA BY THE BWRS EQUATION 

Binary Data 

C2-C, 0°P 200 psia Optimum » 0.018 

Component % Dev. 

°2 1.08 2.6 

C3 0.283 0.0 

C^C^ 0°P 400 psia Optimum k^ » 0.019 

Component % Dev. 

ci 8.47 0.6 

C3 0.247 3.6 

Ci-C2 0°p 400 psia Optimum k^j * 0.00 

Component % Dev. 

C1 3.33 2.1 

C2 0.673 0.9 

Calculated Ternary K-values 

Mix. A. 0°P400x)3ia Mix.B.0°P200o3ia Mix.C.0°P400nsia 

m.f. Kexpt %Dev. m.f. ^exot %Dev. m.f. Kexpt %Dev. 

C1 .429 4.17 1.7 .045 6.33 7.6 .378 3.94 1.8 

C2 .282 0.63 2.2 .844 1.07 1.9 .436 0.65 0.0 

C, .289 0.17 0.6 .111 0.28 1.1 .186 0.18 1.1 



APPENDIX C 

SOAVE EQUATION OE STATE 

1. Introduction 

The Soave equation of state is a modification of 

the Redlich-Kwong equation of state. The original 

equation of state beingjgg 

(C1) P » RT/V-b - a/T2/V(V+b). 

Soave modified this equation by replacing the term 

a/T with a more general temperature dependent term a(T) 

P = RT/V-b - a(T)/V(V+b) 

allowing, 

(C2) V * ZRT/P 

(C3) aP/R2T2 » A 

(C4) bP/RT * B 

the Soave equation can be rewritten as:^ 

(C4) Z3 - Z2 + Z(A-B-B2) - AB = 0 

2. Eugacity Coefficient (Pure) 

Erom the general thermodynamic relationship: 

the expression for the fugacity coefficient of a 

pure component is obtained:^ 

ln(f/P) = Z-l-ln(Z-B) - (A/B)ln(Z+B)/Z) 

3. Eugacity Coefficient (Mixtures) 

Eor mixtures the parameters are obtained from the 

original generalized mixing rules: 
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a » (Sxjaf)2 

b
 - £ xibi 

whereby application to equations C2, C3> C4 and set¬ 

ting the first and second derivatives of pressure with 

respect to volume to zero at the critical point one 

obtains: 

A - 0.42747 P/T2 (Çx±(Tcio<|)/Pc;L)
2 

B = 0.08664 P/T (Ç^ci^ci5 

Then from the thermodynamic relationship; 
/V 

InCf^XjP) = JJ[lA-l/RT(dP/dni)2>p>ni)d7-ln(Z) 

the expression for the fugacity coefficient of a 

component in a mixture is obtained: ^ 

ln(fi/xiP) = hj/b (Z-1)- ln(Z-B)- A/B (2a|/a -b^b)* 

(ln(l+ B/Z)) 

where the ratios bj./b and a^/a are given by: 

4/a " KTci/Iii)/(Çxi^Tci/Ici^ 

Vb - (I0l/Pci)/(?XiT0i/î0i) 
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TERNARY K-VALUES PREDICTED PROM k^ PARAMETERS DETERMINED 

ONLY PROM BINARY DATA BY THE SOAVE EQUATION 

Binary Data 

C2-C3 Q°P 200 psia Optimum k^ = 0.0059 

Component % Dev. 

C2 1.08 0.2 

C3 0.283 0.0 

01-0? 0°F 400 psia Optimum k^ = 0.0070 

Component KeMt<53) % Dev. 

°i 8.47 0.12 

°3 0.247 2.02 

0
 

—k 1 o
 

ro
 O

 O
 

bd
 

' 400 psia Optimum k^ « 0.00 

Component Ke ^.(33) % Dev, 

C1 3.33 0.00 

C2 0.673 1.93 

Calculated Ternary K-Valuea 

Mir.A 0°P400-psia Mix.B QoP200-psia Mix.C 0°F400-Dsia 

m.f. ^exnt 9fiDev. m.f. ^expt %Dev. m.f. ^expt #Dev 

4288 4.17 4.8 .0453 6.33 9.6 .3780 3.94 TTê 
2820 0.63 7.0 .8440 1.07 0.9 .4362 0.65 3.7 

2892 0.17 1.7 .1107 0.28 0.4 .1858 0.18 3.3 
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