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Abstract - A generalized Carnahan-Starling hard core equation of state
perturbed by attractive forces is presented for nonpolar fluids. The
information required is the critical temperature the critical pressure and
Pitzer's acentric factor. Realistic predictions of the critical
compressibility factor and second virial coefficients are ensured and
the representation of pure compound liquid molar volumes in the reduced
temperature range of 0.5 to 1.0 is improved significantly over cubic
equations of state. The equation of state is then modified for l-alkanols
and extended to mixtures by augmenting the mixing rules of Arai et al.

INTRODUCTION

The use of equations of state to represent volumetric properties and to correlate phase
equilibria of fluids has been very popular recently. The widely used cubic equations of
state, although simple and successful in most cases, have some inherent limitations: they
predict too large compressibility factors and they do not represent accurately second virial
coefficients. The first of these shortcomings causes cubic equations to give significant
deviations in 1liquid densities in the proximity of the critical point while the second
shortcoming affects the representation of fugacities in the vapor phase at low reduced
temperatures. A more precise representation of the volumetric properties and of phase
equilibrium conditions requires the use of multiparameter equations of state. These
equations are less attractive due to the large number of parameters required to describe
the volumetric properties of each pure compound.

In this work a multiparameter equation of state previously developed by Orbey and Vera
(ref. 1), which allows realistic estimations of critical compressibility factors and of
second virial coefficients is first generalized for nonpolar substances in terms of T,
P and Pitzer's acentric factor, w. This generalized form is then modified for l-alkanols
afid the equation is extended to mixtures by modifying the mixing rules of Arai et al.
(ref. 2).

THE GENERALIZED AUGMENTED HARD-CORE EQUATION OF STATE
As described previously (ref. 1), the equation of state has the form

4 .
o, 1
z=2z + .Z bi/v (1)
i=1
where z 1is given by the expression proposed by Carnahan and Starling (ref. 3) for non-
attracting hard spheres, that is
3 2, 2 3 3
z, = v+ voVTH Vv - vo) / (v - vo) (2)
The above formulation follows the generalized van der Waals theory (ref. 4, 5) and thus
is similar to other hard core médels presented in the literature (refs. 6-8). The basic
difference resides in the method used to evaluate the parameters v_ and b,, where i=1 to 4.
In this work we basically follow a method proposed earlier (ref. 1) but with generalized
terms. Based on the studies of the representation of the critical isotherms of alkanes,
we propose to use the following generalized form for Vs of nonpolar compounds

vy = 0.2272 ch Tc/Pc (3)
with z, obtained from the expression,

z, = 0.291 ~ 0.08 w (4)
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The terms of the energetic contribution are expressed in a virial coefficient-like way as

0 i
bi = bi + XV (5)
where the numerical constants Xy arising from the expansion of equation (2) take the values
4,10,18, and 28 for i from 1 to 4, respectively.

With the exception of b,, which corresponds to the second virial coefficient and is directly
taken from the Tsonopoulos correlation (ref. 9), the b, terms are related to their values
at the critical temperature, bic’ by relations of the form

. o 1
by = by (£] + w i) (6)
The bic values for i=2 to 4 are obtained from the conditions of the critial point i.e.,
@p/3v), =0 )
(3%p/3v%)_ = 0 8)

combined with the condition imposed by the relation given in equation (4) as detailed
elsewhere (ref. 1). The particular forms of the functions of reduced temperature fi and
f% proposed in this work are given in Appendix I along with expressions for bic'

By exact thermodynamics, the following relations are obtained from the present equation
of state
2 2 % 0, i
Ing=(z - 1)=Inz + 4 v _/(v=v )+v /(v=v )+ T (i+1)b,/(iv") (9
o o o’ o o io1 i
and

. 4 .
(b-n8)/(RT) = z-1-T [ T (3b(/8T)/(iv") ] (10)
i=1 .
where ¢ is the fugacity coefficient, h is the molar enthalpy and h'8 is the molar enthalpy
in the ideal gas state.

EXTENSION TO 1-ALKANOLS

Studies of saturation data of l-alkanols up to l-pentanol has shown that with the
modifications explained below, a reasonable representation of saturation behaviour of these
alkanols could be achieved with the present form of the equation of state.

With the exception of methanol, saturation liquid volume predictions of the alcohols studied
greatly improved when the z, value of 0.265 was used instead of z, that was calculated
from equation (4).

After changing z_ , in an attempt to improve saturation pressure predictions, fcz) and f%
functions were re efined, keeping all other procedures and functions the same. New versions
of f5 and f5 functions are given in Appendix II. In the evaluation of b, from the
Tsonopoulos (ref. 9) relation, the correction reported by Tsonopoulos for afcohols was
not employed.

EXTENSION TO MIXTURES

To extend the present equation of state to mixtures, the corresponding states approach
proposed by Arai et al. (ref. 2) was used with a modification to improve its flexibility.
Arai et al. propose the following equations based on the van der Waals one-fluid model
for the computation of pseudocritical properties:

v . =2 RT /P, (11)
cl cl cC1 1cC
_,.1/3 1/3.3
Veig = (g7 +vey) /8 (12)
Vem = T I XiXiVeyy (13)
i3]
“m = E *iW5 (14)
_ 1/2
Tcij = (Tcich) (l_xikij_ xjkji) (15)
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T =I%xx.T. v /" (16)
cm "y i"j7eij cij’ Tcm

Zep = ? X2 17)
em - zcmRTcm/vcm (18)

In the original Arai approach the power n in equation (16) is unity. In the present case
it was used as a constant which may assume values other than unity, and 0.75 was found
to be the best. In equation (15), kij=kji for alkane/alkane and for alcohol/alcohol couples.

RESULTS AND DISCUSSION

In this study, the critical constants used were those reported in TRC tables (ref. 10).
For alkanes experimental saturation pressures were obtained from TRC tables and from
Vargaftik (ref. 11) compilation. Saturation liquid molar volumes were obtained from the
correlation of Spencer and Adler (ref. 12). For alcohols saturation pressures compiled
by Boublik et al. (ref. 13) were used. For saturation liquid volumes Joffe~Zudkevitch
(ref. 14) correlation was used. For internal consistency Pitzer's acentric factor values
were back calculated from the data for all substances. These w values are given in Table 1.

TABLE 1. Pitzer's acentric factor values

methane 0.011 octane 0.397
ethane 0.099 methanol 0.572
propane 0.153 ethanol 0.635
butane 0.200 l-propanol 0.624
pentane 0,252 1-butanol 0.590
hexane 0.293 l-pentanol  0.580
heptane 0.350

In Table 2, the average absolute deviations (AAD) in saturation pressure and saturation
liquid volumes for the fluids investigated in this work are summarized. For comparison
results from Peng-Robinson (ref. 15) equation were also included. For alkanes there is
a significant improvement in the prediction of liquid saturation volumes. For alcohols
saturation volumes are comparable, whereas saturation pressure predictions are usually
better with the present approach.

TABLE 2. Results for pure compounds

substance TR range data AAD® in P AAD in v
. sat sat
POINLS  this work PR this work PR

methane .6-.95 10 0.737 1.185 0.303 8.30
ethane .6-.95 10 0.489 0.849 0.373 5.90
propane .6~,95 10 0.708 0.533 0.545 4.90
butane .6-.95 10 0.610 0.969 1.173 4,00
pentane .6~.95 10 0.652 0.929 1.102 2.70
hexane .6-.95 10 1.100 1.860 0.750 1.90
heptane .6-.95 10 0.399 0.500 0.586 2.70
octane .6-.95 10 0.334 0.310 0.507 4.10
methanol .56-.70 20 0.801 5.35 15.600 16.40
ethanol .57-.71 25 0.510 3.48 1.700 1.55
l-propanocl .62-.70 18 2.800 4,940 0.210 0.51
1-butanol .64-,71 19 4,201 4.490 1.040 1.01
l-pentanol ,59-.73 19 14,57 12.63 1.35 1.34

8AAD = (100/n) I abs(P y/ P
n

.~ P . .
exp,i cal,i exp,i
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For binary mixtures investigated in this work, a summary of the results are given in Table 3.
For three of these binary systems, the results are also depicted in Figs. 1 to 3. For
comparison, some alternative methods are also shown in these figures.

TABLE 3. Results for binary systems studied

System Temp/K data k12/k21 AAD in P AAD in data
points vapor composition source

ethane/ 449.8 5 0/0 7.93 2.99 ref. 16

hexane 394.3 5 0/0 11.80 1.86 :

methanol/ 54 9 ~0.005/-0.005 1.68 - ref. 19

ethanol

ethanol/ 454 9 0.007/0.007 1.27 1.75 ref. 19

1-propanol

pentane/ 45, 5 g 0.09945/0.05655  3.02 3.74 ref. 18

ethanol

hexane/

orhanc) 328.15 17 0.0890/0.0355 14,10 13.41 ref. 19

ethanol/ 454 15 g 0.1124/0.0650  10.52 7.48 ref. 19

heptane

heptane/ 4.0 45 9 0.0780/0.033 12.0 20.35 ref. 19

1-propanol

The method works well for the alkane-alkane couples. In Fig. 1 the results for ethane+
n-hexane binary system are presented. The experimental data are from Zais and Silberberg
(ref. 16). The performance of the Peng-Robinson (ref. 15) EOS is also indicated in the
figure. In this case, for both methods, kjp=0. Similarly good results are obtained with
alcohol/alcohol binaries with one single kiy. For these cases, Peng-Robinson EOS gives
comparable results. For example, for ethanol+l-propanol system, AAD in P is 1.69 and AAD
in vapor composition is 3.32 with a kl2 of 0.005 for Peng-Robinson model,

| — — Peng and Robinson (1976) |
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Fig. 1. Predictions of ethane-hexane Fig. 2. Predictions of pentane-ethanol

binary system binary system
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In the case of alcohol/alkane binary systems, it was necessary to use two different values
for kjj and kjj following Stryjek and Vera (ref. 17). The results for n-pentane+ethanol
system are depicted in Fig. 2. The dashed lines represent predictions by four suffix
Margules equation as given by Campbell et al (ref. 18), the solid line represents the results
obtained in the present study. Among the alcohol/alkane systems studied, the best results
are obtained for this system where pressures are above atmospheric (up to 1197 kPa), the
region for which the present EOS was originally developed. For other alkane/alcohol systems,
in general the present model performs satisfactorily in mid-concentration regions and becomes
less accurate at the limiting concentrations where pressures are subatmospheric. The
results for n-heptane+l-propanol system are depicted in Fig, 3. The dashed lines represent

1.00
0.80 - A
0.60 | A
Y, S
//
040 /o
4
/
020
/
0 i L 1 1 Fig. 3. Predictions of heptane-
0 020 040 060 080 100 l-propanol binary system

Xy

predictions by the NRTL model, and the solid line represents predictions by the present
method. The data are from Gmehling and Onken compilation (ref. 19). Since the generalized
temperature functions of the present model are multipurpose functions aiming at a rather
broad range of pressures, they are not particularly sensitive at subatmospheric pressures.
For such low pressure applications of the model presented in this work, the temperature
functions given in Appendices I and II can be further modified and upgraded using the
techniques described in the text.

REFERENCES

H. Orbey and J.H. Vera, Chem. Eng. Commun., 44, 95-106 (1986).

K. Arai, H. Inomata, S. Saito., J. Chem. Eng. Japan, 4,1~5 (1982).

N.F. Carnahan and K.E. Starling, J. Chem., Phys., 51, 635-636 (1969).

J.H. Vera and J.M. Prausnitz, Chem, Eng. J. 3, 1-13 (1972).

S. Beret and J.M. Prausnitz, AIChE J,, 21, 1123-1132 (1975).

P.R. Bienkowski, H.S. Denenholz and XK.C. Chao, AIChE J., 18, 167-173 (1973).

P.R. Bienkowski and K.C. Chao, J. Chem., Phys., 62, 615-619 (1975).

S.S. Chen and A. Kreglewski, Ber. Bunsenges Phys. Chem., 81, 1048-1052 (1977).

9. C. Tsonopoulos, AIChE J., 20, 263-272 (1974).

10, TRC Thermodynamic Tables, Hydrocarbons, Director K.N. Marsh, Texas, 1985.

11, N.B., Vargaftik, Tables on Thermophysical Properties of liquids and Gases, 2nd Edn.,
Hemisphere, (1975).

12. C.F. Spencer and S.B, Adler, J. Chem. Eng. Data, 23, 82-89 (1978).

13. T. Boublik, V. Fried and E. Hala, The Vapor Pressures of Pure Substances, Elsevier,
(1973).

14. J. Joffe and D. Zudkevitch, AIChE Symp. Ser., 70, no. 140, 22-26 (1974).

15, D.-Yu. Peng and D.B. Robinson, Ind., Eng. Chem. Fundam., 15, 59-64 (1976).

16. E.J. Zais and I.H. Silberberg, J. Chem. Eng. Data, 15, 253-256 (1970).

17. R. Stryjek and J.H. Vera, Canad. Chem. Eng. J., 64, 334-340 (1986).

18. S.W. Campbell, A.W. Richard and G. Thodos, J. Chem. Thermodyn., 19, 449-460 (1987).

19. J. Gmehling and U. Onken., Chemistry Data Collection, Volume I, (1980).

P

[oBENNe WU I L SV S
« e v e e .




1418 H. ORBEY AND J. H. VERA

APPENDIX |

o
b1c - blc-
correlation.

Using equations (4), (7) and (8) of the text,

4vo where b is the second virial coefficient as obtained from the Tsonopoulos

b5, = v2(10F1-SF2+F3)

b, = vi(—15F1+9F2—2F3)

by, = VA(6F1-4F24F3)

where

Fl = zc-<zo)_b;c/vc

F2 = -(ZO)C-VC@zo/av)c-zb‘l’c/vc

F3 = F2-(1/2)v2 (%2 /av?)_ - b3 /v with
(BZO/BV)c = 2(vg - zvivc ; ZVOVE)/(VC - vo)4 5

2 2, 3
(5 zo/av )C— 4(2vovc + 5vo Ve - vo)/(vC - vo)

b. values are calculated from the bgc using equation(5)in the text. Functions of reduced
téfperature are

£5 = 1.3683 = L4247/Tp 4.4192/T3 + 7.9349/T3 - 4.3297/Ty + 0.8704/T7
£3 = ~1.1368 = 1.7570/Te+ 10.9073/T5- 18.5242/T+ 15.0749/T5- 5.5618/T2+ 0.9976/T5
£5 = -1.5893 + 5.0608/Ty~ 4.1749/Ta+ 1.7062/T3- .0028/T3
£1 = =.728 + 2.0237/Ty- 4.3467/Th+ 3.0193/T2+ L0317/T3
£ = .2328 + .2592/Tp+ .2484/Tp+ .2600/To- .0004/13
£3 = -.4653 - .8728/Tp+ \5675/ T+ .7577/To+ .0129/T3
APPENDIX II
For alcohols, fg and f% in the above set (APPENDIX I) should be replaced by
£5 = 3.1394 - 3.0119/Ty~ 1.1537/Tx+ 2.0448/T3- .0186/T5
£3 = -3.3322 + 3.2670/T+ .0652/T3





