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Abstract

The Lielmezs—-Merriman (LM)-modification of the Peng-Robinson (PR) equation of
state has been applied to the entire P~V -T surface except the critical iostherm. The
applicability of this modification has been presently tested for the saturated and subcritical
regions by comparing its predictions of thermodynamic properties (vapour pressure, liquid
and vapour volumes, departure functions—AH, A%/, AG, AS and AU, and fugacity) of
pure compounds with the experimental data and calculations made by the Soave-Redlich—
Kwong (SRK) and Peng—Robinson (PR) equations of state.

INTRODUCTION

Earlier, Lielmezs and Merriman [1] proposed a modification of the
Peng-Robinson equation of state [2] for predicting the saturated states of
liquid—vapour equilibrium. Cheok et al. [3] applied this modification to
calculate the P-V-T properties of saturated liquid-vapour binary mix-
tures. We extend this modification for pure substances to include the entire
(apart from the critical isotherm) P-V-T surface. We have divided the
P-V-T surface into four regions (Fig. 1): saturation, subcritical, supercriti-
cal and compressed. In this paper we test the saturated and subcritical
regions. The properties tested for the saturation region are: vapour pres-
sure, vapour and liquid volumes, and enthalpy and entropy of vaporization
(Fig. 2, Tables 1 and 2). In the subcritical region the properties studied are
volume, pressure, temperature, the departure functions AH, A, AG, AS
and AU, and the fugacity coefficient (Figs. 3-5, Tables 3, 4a and 4b). This
correlation is tested against the available experimental data (Tables 1, 2, 4a
and 4b) with the RMS% error and the AAD values of this work against the
RMS% error and AAD values obtained by means of the Soave modifica-
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tion of the Redlich—Kwong (SRK) equation [4-6] and the Peng—Robinson
(PR) equation of state [2].
The RMS% error is defined as
1/2
Y (%error)’ /
N

RMS% error =

where
experimental — calculated

% error = - X 100
experimental

AAD is defined as
|deviation |
N

where deviation = experimental — calculated and N is the number of data
points.

AAD =

EXTENSION OF LM EQUATION TO UNSATURATED VAPOUR AND LIQUID
STATES

The LM modification [1] of the Peng-Robinson equation of state [2] may
be written as

RT a(T)
“V=b V(V+b)+b(V—b)

P (1)
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TABLE 1
Summary of data ® and curve-fitted constants p, g (eqn. (5)) used
Compound MW P@m 7T,.K T,K o D q
Methane 16.042 45.80 190.65 111.70 0.008 0.19584 0.78426
Ethane 30.068 48.20 30542 184.47 0.098 0.25183 0.83742
Propane 44,094 42.01 369.96 231.10 0.152 0.27413 0.85176
n-Butane 58.123 37.47 42516 272.67 0.193 0.28984 0.87067
i-Butane 58.123 36.00 408.13 261.32 0.176 0.27968 0.87124
n-Pentane 72.1498 33.25 469.65 309.19 0.251 0.30395 0.86468
i-Pentane 72.1498 33.37 460.39  301.025 0.227 0.29387 0.85979
Neopentane 72.1498 31.54 43375 282.628 0.197 0.27709 0.87028
n-Hexane 86.170 29.91 507.87 341.87 0296 0.30876 0.81677
n-Heptane 100.205 27.00 540.20 371.60 0.351 0.32020 0.82035
n-Octane 114.232 24.50 568.80 398.80 0394 0.32632 0.81321
Benzene 78.108 48.70 562.65 353.25 0.212 0.30668 0.82281
Carbon

monoxide 28.010 34.52 132.92 81.70 0.049 0.20444 0.80737
Carbon

dioxide 44.011 72.80 304.19 194.70 0225 0.31364 0.89550
Carbon

disulphide 76.131 75.19 546.15 319.37 0.115 0.28184 0.72832
Hydrogen

sulphide 34.0758 88.20 373.07 212875 0.100 0.28655 0.84269
Sulphur

dioxide 64.066 77.79 430.65 263.00 0.251 0.36256 0.83570
Methanol 32.042 78.59 513.15 337.696 0.559 0.47075 0.80070
Ethanol 46.069 60.56 513.92 351.443 0.6436 0.47769 0.84658
1-Propanol 60.090 50.21 537.04 370.93 0.624 0.45585 0.91571
¢t-Butanol 74.1224 41.77 508.87 356.48 0.618 0.45101 0.90728
Acetylene 26.036 61.64 308.69 189.20 0.184 0.30632 0.80464
Ethylene 28.054 50.50 283.05 169.40 0.085 0.24542 0.81586
Propylene 42.078 45.60 36491 22545 0.148 0.27311 0.83694
1-Butene 56.104 39.67 419.59 266.90 0.187 0.29085 0.85773
Water 18.0152 2183 64730 373.15 0344 0.44221 0.73237
n-Deuterium 4.032 16.43 38.35 23.66 —0.130 0.06394 0.61602
n-Hydrogen 2.016 12.98 33.18 20.38 -0.220 0.01877 0.36720
p-Hydrogen 2.016 12.75 32976 20.268 —0.220 0.01582 0.30806
Nitrogen 28.016 33.49 125.95 77.40 0.040 0.20477 0.81713
Ammonia 17.032 111.3 405.59 239.70 0.250 0.38595 0.85842
Oxygen 32.000 50.08 154.76 90.2056 0.021 0.20734 0.81007
Neon 20.179 26.19 44.40 27.09 0.000 0.14466 0.76353
Argon 39.944 48.33 150.86 87.29 —0.004 0.18893 0.78649
Krypton 83.80 54.25 209.39 119.80 —0.002 0.19626  0.80560
Xenon 131.30 57.60 289.74  165.02 0.002 0.20060 0.79778

2 Physical properties that are not given in the original data source are taken from ref. 33.

where the coefficient b is given as

R
b =0.0777960 P

Cc

Cc

(2)
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and the temperature dependent a(T) function is written as
a(T) = a(T, P.)a(T*) 3)
Following the work of Lielmezs and Merriman [1] we write the first term of
eqn. (3) as

2T2
a(T,, P.) = 0.4572355— : (4)

[

The temperature dependent a(T*) term of eqn. (3) is modified as follows
[1,3,7-10]

(T*)=14p(T*)’ ()

where p and q are the two characteristic constants of the pure compound
determined at the saturated liquid—vapour equilibrium states and have the
same values for all P-V-T surface regions (Fig. 1). The (+) and (—) sign
conditions of eqn. (3) denote the two introduced separate regions of the
temperature field of the P-V-T surface, defined as T<T, and T> T,
respectively.

For the first temperature field 7 < T,, we introduce the dimensionless
temperature T * [1,3,7-10] as

(I./T)-1
- (Tc/Tb) -1 (6)

For the second P-V-T surface region, for which the temperature field is
set to be T > T, the dimensionless temperature T * is defined as

(T/T,) -1
T (T./T,) -1

T*

r* (7)

We rewrite a and b (eqns. (2) and (3)) as new parameters A and B,
respectively

A =0.4572355(T *)P,/T? (8)
B =0.0777960P,/T, 9)

Substituting 4 and B of eqns. (8) and (9) into eqn. (1) we obtain a cubic
equation for the compressibility factor Z

Z*~(1-B)Z*+(A—-3B*-2B)Z—-(AB—B*-B*) =0 (10)
The proposed modification of the PR equation must satisfy the thermody-
namic requirement that

1n(—£)=[op(%—%)d1) (11)
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Applying eqn. (10) to eqn. (11) we have

ln(£)=(z-’1)—ln(z—3)+ Z—0.414B)

A
2
22 B ln( Z +2.414B (12)

The solution of eqn. (12) and, hence, the determination of the values of the
characteristic constants p and g (eqn. (5)) must satisfy the thermodynamic
requirements of phase equilibrium for the pure substances

TF=TY PF=PY; fF =1 (13)

where T is temperature, P is pressure and f is fugacity in the saturated (s),
liquid (L) and vapour (V) states, respectively. The numerical values of
constants p and q (eqn. (5)) are determined by curve-fitting the experimen-
tal saturated vapour pressure data to the a-function [7]. When experimen-
tal data are not available, use of an independent vapour pressure equation
such as Frost-Kalkwarf-Thodos [11] or Gomez-Nieto-Thodos [12-14] is
recommended. The list of compounds studied, along with the least-squares
curve-fitted p and g values, are given in Table 1. The proposed a-function
(eqn. (5)) is applicable to the entire P-V-T surface for volumetric predic-
tion. For thermodynamic property calculations, where the derivative of the
a-function with respect to temperature is needed, the proposed function is
applicable in all regions (Fig. 1) except along the critical isotherm, where
its temperature derivative is not defined. However, this instability of the
a-T relation at T, does not pose any practical problem, because most
industrial processes do not operate near the critical state.

APPLICATION OF THE PROPOSED METHOD

In this section we compare thermodynamic property predictions made in
the saturated and subcritical states (Fig. 1) by means of three cubic
equations of state: SRK, PR, and LM (this work). All the relationships
needed to calculate these properties have been derived from the general-
ized equation of state [15] and are listed in the Appendix. For carbon
dioxide and acetylene their triple point pressures are above 1 atm; there-
fore, the saturated state temperature at 1 atm has been taken for each of
these compounds as their “normal” boiling point temperature (Tables
1, 2, 4a and 4b). The physical constants used as input data for calculations
have been listed in Table 1.

Region I—saturation

Properties tested in the saturation region (Fig. 1) include saturated
vapour pressure, liquid and vapour volumes, and enthalpy and entropy of
vaporization. The experimental data sources for 36 non-polar, inert and
quantum mechanical compounds are given in Table 2. To ensure internal
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Fig. 2. Region 1. Error distribution curves and enthalpy and entropy of vaporization of
methane.

consistency, the P-V-T data for each individual compound tested were
taken from the same source. The RMS% error plot (Fig. 2) for saturated
vapour pressure, liquid and vapour volumes against the reduced tempera-
ture T,, using methane as an example, suggest that for this work vapour
pressure has the least error within the temperature range considered,
whereas the SRK and PR equations present higher RMS% error values.
For saturated liquid and vapour volumes studied over the same tempera-
ture range (Fig. 2), this work shows a slight edge over the PR equation,
while the SRK equation gives almost double the RMS% error values
presented by this work or the PR equation. Figure 2 also shows that, for
enthalpy and entropy of vaporization, both this work and the PR equation
yield similar results. However, the PR equation gives better results in the
low temperature range, whereas this work yields better results at higher
temperatures. The separation is in the vicinity of 7,=0.7. The SRK
equation is the least accurate. Table 2 shows that, for all the five properties
compared from compound to compound in this region, this work is the
most accurate in estimating the vapour pressure and the saturated liquid
and vapour volumes. The PR equation of state gives the lowest deviations
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for the two derivative properties—the enthalpy and entropy of vaporiza-
tion.

Region II—subcritical

The subcritical region is the area between the saturated vapour curve
and the critical isotherm (Fig. 1). In this region, predictions of P-V-T
properties, the five departure functions (enthalpy, H — H®; entropy, S — S°
Helmholtz free energy, & —.°; Gibbs free energy, G — G°; internal en-
ergy, U — U°) and the fugacity coefficient f/P, obtained by means of SRK,
PR and LM (this work) equations, have been tested for 22 compounds
against the available experimental data (Tables 4a and 4b). Some enthalpy
and entropy departure function input data were taken from TRC Thermo-
dynamic Tables of Hydrocarbons [16], other input data sets were calculated
from P-V-T data using a modified Benedict-Webb—Rubin equation [17-
23] or the BACK [24-31] equation of state. The other departure functions
were calculated

G~-G°=(H—-H)—T(§-5 (14)

o —°=(G —G°)—RT(Z—-1) (15)

U-U°=(H-H"-RT(Z-1) (16)

A A e (17)
P RT R P

where P°=1 atm is the reference state pressure. The H° and S° values
were obtained from the data tabulations of Canjar and Manning [32]. The
tabulated H° and S° values were fitted by the least squares method to a
polynomial of the form (Tables 3a and 3b)

H°=A+BT+CT*+DT? (18)
S°=FE+FT+GT?*+HT? (19)
TABLE 3a

Coefficients of ideal gas enthalpy polynomial (eqn. 18)

Compound A B(10% Cc@o0% D@Q0% Temp. range Variance
n-Hexane —30.8531 7.19076 52.6134 —11.044 298-1500 0.0030616

Carbon dioxide —93.9989 6.16733 5.33631 —1.25588  200-1500 0.00020066
Sulphur dioxide -70.3422 7.15136 4.83196 —1.23718  200-1500 0.00016076

Acetylene 53.8343 8.07757 5.58979 —1.08690  298-1500 0.00013930
Propylene 8.74913 3.61053 223577  —4.58043  298-1500 0.00048150
Water —56.9968 7.14874 136210 —0.0135023 200-1500 0.00003452

Ammonia ~9.23274 6.82980 2.33560 0.704254 200~ 800 0.00001325
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TABLE 3b

Coefficients of ideal gas entropy polynomial (eqn. 19)

Compound E F(10% G@0° H@10° Temp.range Variance
n-Hexane 55.8375 133747 -—-3.36104  4.19050 298-1500 0.00020731

Carbon dioxide 40.7596  4.04572 -2.25648 5.70186 200-1500 0.01134
Sulphur dioxide 48.0444  4.44643 ~2.61622 6.73076 200-1500 0.01998

Acetylene 36.4355 4.53894 232769 5.58302 298-1500 0.003852
Propylene 474536 594086 —1.58523  2.24722 298-1500 0.00016728
Water 35.5415 3.84262 -2.54623 7.13967 200-1500 0.03261
Ammonia 33.7072 554379 ~5.65984 269856  200- 800 0.003709

The input data, H and §, were converted to departure functions

(H — H®°) = H(literature) — H°(eqn. 18) (20)
(S — §8°) = S(literature) — S°(eqn. 19) (21)
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The enthalpy function and fugacity coefficient equations derived from
the generalized cubic equation of state are to be found in the Appendix.

Tables 4a and 4b list the RMS% errors obtained in P-V-T value
predictions by means of the three considered equations of state: SRK, PR
and LM (this work). As may be seen from Tables 4a and 4b these equations
are similar in accuracy, the PR equation having a slight edge over the LM
equation (this work). Figure 3, chosen as a typical example, presents the
compressibility factors of water plotted against the reduced temperature
and pressure. These plots show that the PR and LM (this work) equations
predict with nearly the same accuracy; the SRK equation is more accurate
near the critical isotherm, while the PR and LM equations are better in the
region below 7, = 0.95. Table 4a shows that, for the subcritical region, the
PR equation is most accurate in volume prediction and the SRK equation
is the least accurate. The deviations from experimental data (AAD values)
have been obtained for the departure functions of enthalpy, entropy,
internal energy, Helmholtz and Gibbs free energies and for the fugacity
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water versus reduced temperature (P, = 0.31) and reduced pressure (7, = 0.96).
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Fig 5. Region 1I. Reduced internal energy departure functions and fugacity coefficients of
water versus reduced temperature (P, = 0.31) and reduced pressure (7, = 0.96).

coefficient by means of the three equations of state: SRK, PR and LM (this
work), and are tabulated in Table 4b. This table shows that the predictive
accuracy differs very little between the three equations of state compared.
Figures 3-5 present the plots of the five departure functions and the
fugacity coefficient of water versus the reduced temperature and pressure,
For the enthalpy, entropy and internal energy departure functions, the LM
equation shows rapid change in the region above T, =0.95; below this
temperature the predictions of the LM equation are similar to those of the
SRK and PR equations. This radical behaviour of the LM equation, as
already noted, is due to the fact that the derivative of the a-function with
respect to the temperature becomes infinite as it approaches the critical
temperature. The LM equation, however, does not show this behaviour in
the calculations of the Helmholtz and Gibbs free energy departure func-
tions and the fugacity coefficient because these three functions involve
both the enthalpy and the entropy and the subtraction of these two
functions cancels out the effect near the critical point. Thus, those three
functions are well behaved even near the critical temperature. Despite the
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rapid change of the enthalpy, entropy and internal energy departure
functions, the overall average deviations from the LM equation for the
prediction of the enthalpy, entropy and internal energy departure functions
are the lowest among the three equations compared (Table 4b, Figs. 3-5).
For the Helmholtz and Gibbs free energy departure functions and the
fugacity coefficients, the accuracy of prediction for all the considered
equations is nearly the same (Table 4b, Figs. 3-5).

SUMMARY

Along the saturated vapour-liquid equilibrium curve (Region I—satura-
tion; Tables 1 and 2; Figs. 1 and 2) for the given set of compounds, the LM
equation (this work) was found to be the most accurate equation for
predicting the saturated vapour pressure and the saturated liquid and
vapour volumes. For predicting the two derivative properties enthalpy and
entropy of vaporization the PR equation proved to be the most accurate. In
the subcritical region (Region II; Tables 3a, 3b, and 4b; Figs. 3-5) the
predictions from the SRK, PR and LM equations for the temperature
range below T, = 0.95 are very similar. The LM equation should, however,
be used with caution when derivative properties such as the enthalpy,

entropy and internal energy departure functions are calculated above
T,=0.95.
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number of data points

number of compounds

substance-dependent parameter in the LM equation
pressure

substance-dependent parameter in the LM equation
universal gas constant

root mean square

molar entropy

entropy of vaporization

absolute temperature

dimensionless temperature coordinate, eqn. (6)
generalized cubic equation of state parameter
molar internal energy

molar volume

generalized cubic equation of state parameter
compressibility factor

®

=
w

|93

<

*

NI SCE NN v 2=

Subscripts

normal boiling point
critical property
reduced property
saturated

[ B e W

Superscripts
L liquid phase
A% vapour phase

° reference state; ideal gas state

Greek symbols

a temperature dependence of the parameter a in the cubic equation
of state

K constant

Q, coefficient of parameter a

Q, coefficient of paremeter b

APPENDIX

The necessary constants and equations are derived from the generalized
cubic equation of state [15]

RT A(T)

P= -
V—b V2?+ubV+wb?

(A1)
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Critical compressibility factor

X(X2—2X—u—w)
Z = 3 (A2)
(X-1)(2X+u)
where

X=V,/b

Constants for cubic equation of state, this work

Soave—Redlich—-Kwong equation

u =1
w =20
X =3.8473221

Q= 0.4274802
Q, = 0.0866403
Z.=0.3333333

Peng—Robinson equation

u =2
w=-1
X =3.9513730

Q= 0.4572355
Q,= 0.0777960
Z_= 03074013

L—M equation, this work

u =2
w=-—-1
X =3.9513730

Q,= 0.4572355
Q,= 0.0777960
Z.=0.3074013

Constants A and B

aP P
A = R2T2 = a T2 (A3)
bP P,
B=—— =0, (A4)

where a = a(T))a, b =b(T,).
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Soave—-Redlich—Kwong equation
a=[1+m(1-T%)]’ (A5)

where m = 0.480 — 1.574w — 0.176w?, and o is the Pitzer acentric factor
for the given substance.

Peng—Robinson equation
a=[1+x(1-T1%)) (A6)
where « = 0.37464 + 1.54226w — 0.26992 w?

L-M equation, this work
For 7. < 1.0

a=1+p(T*)* (A7)

(Tc/T_ 1)
(Tc/Tb - 1)
For T.> 1.0

T* (A8)

=1-p(T*)* (A9)
(T/T,—1)
T (T./T,- 1)

The constants p and g are empirical factors for the given substance.

T* (A10)
Compressibility factor equation
Soave—Redlich Kwong equation

Z3-Z24+(A-B-B*)Z—-AB=0 (Al1)

Peng—Robinson equation

Z*~(1-B)Z?>+(A—-3B>-2B)Z— (AB—B*-B% =0 (A12)

L-M equation, this work

Z*~(1-B)Z?>+(A4—-3B>-2B)Z— (AB—B>~B%) =0 (A13)



Fugacity coefficient

| Z+0,B
n
2B8, Z+6,B

ln(i) =(Z-1)-In(Z-B) +
P
where 8% =[u?/4 —w); 0,=[u/2-6,]; 0;=[u/2+6,]

Soave—Redlich—Kwong equation

6,=05;6,=0.0;0,=1.0

ln(%) =(Z—1)‘1n(Z_B)+%ln(ZiB)

Peng—-Robinson equation

0,=V2;0,=1-v2;0,=1+y2

1n(—£)=(2_1)_1n(2_3)+ Z—0.414B)

1
22 B “( Z +2414B

L-M equation, this work

0=\/5;0=1—\/§;0=1+\/§

ln(£)=(z—1)—ln(Z—B)+ Z—0.414B)

A
1
22 B n( Z + 2.414B
Enthalpy departure function

a—T(da/dT)
20.b

H-H°=RT(Z-1)+ In

Z+6,B
Z+6,B

Soave—Redlich—Kwong equation

a=a(T,)a = a(T)[1+m(1 - T2%)]’

AT z
H——H°=RT(Z—1)+R(1+m)(B 05) l“(z+3)
-0
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(A14)

(A15)

(A16)

(A17)

(A18)

(A19)
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Peng—Robinson equation

a=a(T,)a=a(T)[1+«(1- Tro‘s)]2

He H°—RT(Z —1 R(1+K)A T (Z—0.414B) A0
—-H° = -1)+ — n
( ) 2y2 B a®® Z +2.414B (A20)
L-M equation, this work
For T, < 1.0
a =a(T,)a =a(T,)[1 +p(T*)"]
T da/dT=ad¢
aT, qT;
=1+ — (A21)
(T.-T)  a(l,-T)
For T>1.0
a=a(T)a=a(T,)[1-p(T*)"]
¢ [1 T al (A22)
=1~ +
(T_ Tc) a(T_ Tc)
H—H°+RT(Z — 1 RTo A Z~0.4148 A3
—H°+ -1+ |—=]In| ——m—m—
( ) 2Y2 B Z +2.414B (A23)
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