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ABSTRACT 

Defining the dimensionless temperature T* as 

T*=(;-1),($-l) 

the attractive pressure term of Van der Waals equation of state has been modified by 
introducing a new temperature-dependent function 

cy(T*)=l+pT*+’ 

The new modified Van der Waals equation predicts the saturated liquid-vapour states 
satisfactorily over the whole range of investigation from the triple point to the critical point. 
A comparison was made with experimental data for a series of selected fluids (19 compounds, 
447 data point pairs) and results obtained by the use of Van der Waals and Redlich-Kwong 

equations, and Lielmezs, Howell and Campbell, and Soave modifications of the 
Redlich-Kwong equations of state. 

INTRODUCTION 

In this work the temperature dependence of the attractive force term of 
the Van der Waals equation of state [l] is introduced by means of a newly 
proposed reduced temperature T* term [2], associated with the phenomeno- 
logical scaling and renormalization group theory [3-61. This reduced temper- 
ature T* term is expressed as a function of temperature T, the normal 
boiling point temperature TNB, the critical point temperature T, and two 
substance-dependent constants, p and q, derived from saturated 
vapour-liquid equilibrium data. The proposed modification of the Van der 
Waals equation predicts the saturated liquid-vapour equilibrium states for 
the types of liquids studied with an improved accuracy over the entire range 
of investigation from the triple point up to the critical point. 

0040-6031/85/$03.30 0 1985 Elsevier Science Publishers B.V. 
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PROPOSED MODIFICATION 

The Van der Waals equation of state is 

If we let the characteristic constants, a and b, be functions of the critical 
state variables, T, and PC, then we have 

a = a(T,, PC) 

b=b(T,,P,) (2) 

If we further apply to eqns. (1) and (2) the critical state thermodynamic 
criteria for stability 

we obtain for a one-component system 

2’iR=T= 
4L PC> = (+jpc 

c 

b(T,, P,,=$ 
c 

(44 

(4’4 

If, on the other hand, we let parameter a be temperature dependent, we may 
define it as a product of two terms (compare with Lielmezs et al. [2]) 

a(T) = a(T,, PC)@*) (5) 

where the a( T*) function has been introduced by Lielmezs et al. [2] as 

a(T*) = 1 +PT*~ (6) 

in which p and q are characteristic curve-fitting constants of a given pure 
substance along the saturated liquid-vapour equilibrium states, but T* is 
defined as [2] 

T*=(+),(&-Ij (7) 

where T, T,, and TNB are temperatures, in K, of the given state, the critical 
point and the normal boiling point, respectively. Substituting eqn. (5) into 
eqn. (1) we obtain the modified form, this work, of the Van der Waals 
equation of state 

RT a(T,, P,b(T*) -- 
‘= V-b V2 

The modified Van der Waals equation of state (eqn. 8) may be equiva- 
lently re-written in terms of compressibility factor 2 as 

z3-(B+1)z=+AZ-AB=0 (9) 
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in which 

A = a(T)P 27P,@*) ---= 
R2T2 64T, (10) 

and 

bP P, 

B===8T, 
(11) 

where the reduced pressure, P, = P/P,, and the reduced temperature, T, = 
T/T,. Equation (9) is subject to the general thermodynamic requirement 

f pv 
Inp=J -- IdP 

oRT P 

Combining eqns. (9) and (12), we have 

ln$=Z--I-$-ln(Z-B) 

(12) 

(13) 

Since the saturated equilibrium curves represent states of coexistence of pairs 
of phases (i.e., liquid-vapour) and the system is thermodynamically uni- 
variant, we can say that for a pure substance at saturated state at a given 
temperature T and for a given value of a(T), a single value of P exists for 
which the chemical potentials of both phases, liquid and vapour are equal as 
are fugacities, i.e. 

f,” = fs" (14 
Consequently, from eqn. (14) it follows that a necessary and sufficient 
condition of the saturated vapour-liquid equilibrium is that along the 
saturation curve the compressibilities of each phase yield equal values of the 
fugacity coefficient when substituted into eqn. (13). 

Equation (9) is solved for the compressibility factors, 2” and ZL; and 
eqn. (13) is used to calculate the fugacity coefficients, f,” and fsL, subject to 
relation (14). If the fugacity coefficients for the two saturated phases are not 
within a special tolerance limit, the a( T*) function value is slightly changed; 
thus changing the value of the parameter A and repeating the process of 
calculation until condition (14) is met, i.e., the fugacity coefficient f L had 
approached the value off” within the specified tolerance range assuring that 
the desired value of the a( T*) function is uniquely defined. Using non-linear 
regression methods it is now possible to obtain thep and q values for each of 
the given pure substances. 

EXPERIMENTAL DATA USED 

Table 1 gives a summary of experimental data used. These saturated 
vapour-liquid equilibrium data were considered to be of sufficient reliabil- 
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ity, and we did not make any further studies to re-evaluate their accuracy. 
The presently used data set, therefore, is only a representative one. The 
RMS% error (Tables 2 and 3) is used as a basis for comparison introducing a 
measure of accuracy of fit for this work and the Van der Waals equation of 
state [l], the Lielmezs, Howell and Campbell modification of the 

Redlich-Kwong equation [2] and the Soave-1980 relation [7]. 

RESULTS AND DISCUSSION 

The introduction of temperature dependence by means of the proposed 
a( T*) function (eqns. 5-8) into the a-term of the Van der Waals equation of 
state (eqns. 1 and 8) has permitted us to calculate the saturated state vapour 
pressures and vapour and liquid state compressibilities (Tables 2 and 3) for 
pure compounds along the entire liquid range from the triple point up to the 
vapour-liquid critical point. 

The introduced (w( T*) function modifies the Van der Waals equation 
without directly referring to the nature of the saturated vapour-liquid 
equilibrium, the type and magnitude of the intermolecular forces involved 
and the molecular structure of the fluids present. Instead the proposed 

-0.4 -q2 0.0 0.2 0.4 0.6 0.8 

OMEGA 

Fig. 1. The p and q parameter plot versus the Pitzer acentric factor, o. 
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method requires the knowledge of the vapour-liquid critical point tempera- 
ture and pressure, the normal boiling point temperature and the two empiri- 
cal, substance dependent constants p and q, determined from the available 
saturated liquid-vapour equilibrium data. If the experimental data needed 
are not readily available, Fig. 1 implies that it may be possible to express the 
a( T*) function constants p and q through the Pitzer acentric factor w (Table 
1). As seen from this figure, the parameter q tends to converge to a constant 
value of q = 0.81, and appears to be scarcely dependent on w, i.e., it is not 
affected to a large extent by the intermolecular forces. On the other hand, 
parameter p tends to correlate with o (Fig. 1). For a given 19 compounds by 
means of non-linear regression techniques, the following p-w correlation was 
obtained 

p = 0.229 + 0.814~ - 0.486~~ (15) 

with correlation variance of 0.001449. Table 2 compares the results, in the 
form of RMS% error, for this work, the original Van der Waals equation [l], 
the Lielmezs, Howell and Campbell (LHC) modification of the 
Redlich-Kwong equation [2] and the Soave-1980 relation [7]. Table 3, by 
means of RMS% error estimates, compares the results of the 19 compounds 
tested separated into the following compound groups: 
Paraffins: isobutane, n-butane, ethane, hexane, isopentane, n-pen- 

tane, neopentane 
H-bonded: tertiary butanol, ethyl alcohol, methyl alcohol, water 
Quantum fluids: deuterium, hydrogen, parahydrogen 
Simple fluids: neon, xenon 
Sulphur compounds: carbon disulfide, hydrogen sulfide 
Aromatic: benzene 

Tables 2 and 3 indicate that the proposed modification of the Van der 
Waals equation is significantly better than the original Van der Waals 
equation for calculating all three properties considered: saturation state 
vapour pressure, P, and vapour and liquid compressibilities, Z” and ZL. 
However, in an overall estimate, when compared with the LHC and Soave- 
1980 modifications of the Redlich-Kwong equation of state, as expected, 
both these modifications show significantly better results for all three 
properties (P, ZL and Z”) considered either for separate pure compounds 
(Table 2) or for compound groups (Table 3) than the modified Van der 
Waals equation, this work. 

Following the calculation procedures already established by Lielmezs et 
al. [2], the proposed modification of the Van der Waals equation, this work, 
satisfies the conditions listed below. 

(a) It has two adjustable, substance-characteristic parameters, p and q, of 
which p can be expressed as a non-linear relation of the Pitzer acentric factor 
(eqn. 15). 

Presently, it is suggested that p and q values be determined from the 
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available saturated liquid-vapour equilibrium data. The normal boiling 
point temperatures are considered to be available. 

(b) The new attractive force a(T*) function (eqns. 5-8) is temperature 
dependent, and it becomes unity at the critical state, i.e. 

a(T*)+l.O whenT+T, (16) 

so that the proposed modification of the Van der Waals equation of state, 
this work, satisfies the necessary conditions at the critical point. 

The results obtained (Tables 2 and 3) strongly support the proposed 
modification of the Van der Waals equation. 
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NOMENCLATURE 

a, b 

0) 

Van der Waals equation coefficients which are functions of critical 
temperature and pressure 
temperature dependent parameter of the Van der Waals equation 
of state, eqn. (5) 

a(T,, PC) coefficient, eqn. (4a) 
b(T,, Z’,) coefficient, eqn. (4b) 

A, B dimensionless parameters, eqns. (10) and (11) 

f fugacity coefficient 

P? 4 coefficients, eqns. (6) and (7) 
P pressure (atm) 
R universal gas constant 
RMS root mean square 
T absolute temperature (K) 
T* reduced dimensionless temperature, eqn. (7) 

L 
volume 
liquid compressibility factor 

Z” vapour compressibility factor 

Subscripts 

c critical state 
r reduced 
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saturated 
normal boiling point 

Superscripts 

L liquid phase 
V vapour phase 

Greek Letters 

4T*) dimensionless temperature-dependent function, eqns. (5)-(S) 

0 Pitzer’s acentric factor 
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