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ABSTRACT

The Lielmezs—Howell-Campbell modification of the Redlich-Kwong equation of state

p= RT a(T)
V=b TY(V+b)

where

a(T) =a(T,, P.)e(T*)

and

a(T*)=1+p(T*)*

has been extended to include unsaturated states in terms of a correcting function C; such that
the a(T*) term becomes

a(T*) =1+ pCe(T*)?

A comparison has been made for pure substances in the vapour state (14 compounds, 1330
data point pairs) and in the liquid state (12 compounds, 827 data point pairs) with the results

obtained by means of this work and the Soave 1972 modification of the Redlich-Kwong
equation and Lee—Kesler equation of state.

INTRODUCTION

This work extends the recent saturated state modifications of the Red-
lich—Kwong equation of state for pure substances [1] and binary mixtures [2]
to include unsaturated vapour and liquid regions at and below the critical
isotherm and isobar. This is done by introducing a temperature and pressure
dependent term C; relating the saturated vapour-liquid equilibrium curve to
the given unsaturated state of the fluid.

The correlation is tested by comparing the RMS % error values of this
work, against the RMS % error values obtained by means of the Soave
modification of the Redlich—-Kwong equation [3] and the Lee-Kesler equa-
tion of state [4] for volumes for 14 compounds with 1330 data points in their
unsaturated vapour state and for volumes of 12 compounds with 877 data
points in the unsaturated liquid state.
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L—-H-C equation extension to unsaturated fluid states

The L-H-C modification of the Redlich—-Kwong equation of state is [1]

RT a(T)
P= - 1
V=b TYV2P(V+b) (1)
where
a(T)=a(T, P.)a(T*) (2)
RT
b=0.08664 = (3)
PC
with
R2 2
a(T., P,) =0.42748 P° (4)
and
a(T*)=1+p(T*)? (5)
in which T* is defined as
T,/T)—-1

[(Tc/TNB) - 1]

while parameters p and g are characteristic constants of the substance at its
saturated vapour-liquid equilibrium state.
We rewrite a and b (eqns. 2-5) as new parameters

Pr
A= 0.427480(T*) {755 (7)
P
— 0.42748[1 + p(T*)9] —=
[1+p(T*) ](T,)2
P
B =0.08644-% (8)

T

r

Putting 4 and B into eqn. (1) we obtain a cubic equation for the com-
pressibility factor, Z

Z3- 2>~ (A—B-B*)Z—-AB=0 (9)

The L-H-C modification of the Redlich-Kwong equation must satisfy the
thermodynamic requirement that

1] - ”[L _ l]
ln[P —fo =7~ 7| 9P (10)
Applying eqn. (9) to eqn. (10), we obtain

1n[%]=2—1—1n(2—3)—%[1+%] (11)
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For the univariant saturated vapour-liquid equilibrium the chemical poten-
tials of vapour and liquid phases are equal. Therefore we write for the
fugacities

fs:l‘t =fs;,t (12)
The numerical evaluation of the constants p and g (eqn. 5), subject to the
restrain of eqn. (12) at the saturated vapour-liquid equilibrium state,
designated as p,, and ¢, follows the method described by Lielmezs et al.
[1]. To extend the L-H-C modification of the R-K equation to the
unsaturated vapour and liquid states, we introduce a new correction func-
tion C;, linear in temperature and pressure, so that the a(7*) term (eqn. 5)
becomes

a(T*) =1+ puC;(T*)™ (13)

We express the new correction function, C;, in terms of dimensionless
temperature, T, and dimensionless pressure, P, as

C=1+mTh+nPh (14)
where
IT;xp - Tsat |
h — T;at (15)
P
I Pexp - Psat I
h— Psat . (16)

Coefficients m and n of eqn. (14) are constants characteristic of a given
pure compound while subscript exp (eqns. 15 and 16) represents the experi-
mental (thermodynamic state) temperature and pressure, respectively. The
term T, (eqn. 15) is defined as the temperature which would be found on
the saturated vapour-liquid equilibrium curve for the given state pressure,
P,.,- Similarly, the term P, (eqn. 16) represents the pressure which would
be located on the saturated vapour-liquid equilibrium curve for the given
state temperature, T,

The coefficients m and n (Table 1) were determined by multiple linear
regression techniques using a set of calculated C;, P, and T, values.
Calculation of C; was performed employing eqn. (1) and associated condi-
tions (eqns. 2-12) using unsaturated state, P, VV and T data and assuming
that initially C; =1 at the saturated state. Coefficients p,, and g, of eqn.
(13) were taken from ref. 1 and T, and P, values (eqns. 15 and 16) were
calculated using saturated liquid—vapour equilibrium data by means of
Aitken’s interpolation method. For the case where saturated liquid—-vapour
equilibrium data are not readily available, the necessary P,,, and T, values
may be calculated by the method suggested in ref. 1 or independently by
means of a saturated vapour-pressure-temperature relation such as the
Harlacher—Braun equation [5].
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Data used

The P-V-T data of saturated and unsaturated states were taken from
several representative sources listed in Table 1. All p_,, and ¢, values (eqn.
5) were taken from the paper by Lielmezs and co-workers [1]. All these data
were thought to be sufficiently reliable. Therefore, no further assessment of
their accuracy was made. The RMS % error is used as a basis of comparison
of the accuracy of fit.

RESULTS AND DISCUSSION

Lielmezs et al. [1] discussed the theoretical assumptions regarding the
L-H-C modification of the Redlich-Kwong equation of state for pure
compounds along the saturated vapour-liquid equilibrium curve. The calcu-
lated results provide a basis for extending the previously proposed L-H-C
modification of the Redlich—-Kwong equation to unsaturated liquid and
vapour states at and below the critical isotherm and the critical isobar. Table
1 presents in terms of RMS % error a comparison between the unsaturated
vapour and liquid state volume values obtained from this work and those
calculated by the Soave 1972 modification of the Redlich—-Kwong equation
[3] and the Lee—Kesler equation of state [4]. Of the two cubic equations of
state compared, this work exhibits better behaviour for both vapour and
liquid states, than the Soave 1972 modification of the R-K equation. As
expected, the more complex Lee—Kesler equation gives the lowest RMS %
error for all volumes, except for the quantum fluids, n- and p-hydrogen. The
proposed method satisfies the general requirement of the L-H-C modifica-
tion of the R-K equation [1].
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NOMENCLATURE

a, b coefficients defined by eqns. (1-4) as a function of critical tempera-
ture and pressure

a(T) temperature dependent parameter of the Redlich-Kwong equation
defined by eqns. (1) and (2)

A, B dimensionless parameter introduced by eqns. (7) and (8)



G correcting function defined by eqn. (14)

f fugacity

m, n coefficients, defined by eqn. (14)
P pressure

p, q coefficients defined by eqn. (5)
R universal gas constant

RMS root mean square

T absolute temperature

T* dimensionless temperature, defined by eqn. (6)
v volume

Z compressibility factor

Subscripts

c critical state

exp  experimental

f correcting function, eqn. (14)

h identifies dimensionless T and P, defined by eqgns. (15) and (16)
NB  normal boiling point

r reduced state

s reduced saturated state
sat saturated

Superscripts

L liquid state
\% vapour state

Greek notation

a(T*) dimensionless temperature 7 * dependent parameter, eqns. (3) and

&)
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