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ABSTRACT

The statistical-mechanical local composition model
has been applied to describe the composition dependence of a
recently developed equation of state for use in vapor-liquid
equilibria calculations. The composition-dependence for the
mixture properties is derived from a local composition model
expression for the Helnholtz free energy. The 1local
composition mixing rules have been tested for a wide variety
of binary mixtures: mixtures containing carbon dioxide,
acetone, hydrogen sulfide, ammonia, methanol, ethanol,
i-propanol, water, etc. VWhen comxpared with the conventional
conformal solution model, a significant improvement is
obtained for vapor-liquid equilibria predictions for
strongly nonideal mixtures. This local composition model
can be used to extend any corresponding-states type equation

of state to mixtures.

ix



APPLICATION OF THE LOCAL-COMPOSITION MODEL TO A GENERALIZED
ZQUATION OF STATE FOR REPRESENTING VAPOR-LIQUID

EJQUILIBRIA OF NONIDEAL MIXTORES

CHAPTER TI.

INTRODUCTION

Many engineering processes involve vapor-liquid
separatiou processes suck as flash separation, distillation,
absorption, etc. Knowvledge of phase eguilitria is necessary
for understanding these separation processes and efficient
design of the separation process units rejuires gquantitative

information on the phase equilibria of mixtures.

The thermodynamic methods for calculating vapor-
liguid eguilibria (VLE) usually are based on use of an
expression for activity coefficieunts for the 1liquid phase
along with the use of an ejguatiot of state for vapor
fujacity coefficicents or use of fugacity coefficients fron
an equation of state for both liguid and vapor phases. The
activity coefficient approach wvorks well at lov reduced
temperatures vhere the 1liquid phase is relatively
incoapressilble anl up to moderate pressures. However, whelL

supercritical coaponents are involved in the mixture, it is



‘necessary to use a hypotketical reference state for each of
the supercritical components, which makes the calculations
cunhersone. Also, the mixture critical reyion cannot be
accurately describei. The approach of usinjy an equation of
state for bothk the 1liquid and vapor phases, mixture
contairings supercritical components does not require the use
of hypothetical standard states. Also, because the vapor
and liquid phases are both described Lty the same eguation of
state, accurate descriptions of vapor liquid equilibrium at
state conditions nearer the mixture critical point are

possible.

The <conventional method for eguation of state
prediction of uwixture properties 1is based on the van der
waals one-fluid nixing rules, or tie so-called Conformal
Solution Model (CSM). It is supposed in the CS% that thLe
properties of a mixture at teaperature T, and pressure P,
and composition x are the saze as those of a hypothetical
pure fluid (at ¢tte same T and P) whose characteristic
parameters are functions of the ccaposition x. These
functions, called mixing rules, are gquadratic in mwmole
fraction. Thkis model has been shown to work well for
mixtures of nonpolar and slightly polar substances {Starling
et al., 1977; Peng et al., 1976; Robinson et al., 1977).
one of the reasons that the conveutional mixing rules do rot
wvork well for polar fluids is that the guidratic mole-

fraction nmixing rule for parazeters does not Lold at liquid



densities for non-sipple mixtures !whiting and Prausnitz,

1932) .

Since the presentation of the local-composition
concept (Wilson, 1964), this concept has been widely applied
to develop models for 1liguid activity coefficients. The
activity coefficient approach based on the local composition
model has been tested for a wide variety of fluid mixtures
including strongly nonideal 1liquid aixtures (Renon and
Prausnitz, 1968; Bruin, 1970, 197%; Abraams and Prausnitz,

1975; Fredenslund et al., 1975).

Due to the successful applications of the local
coaposition model to the activity coefficent approach 1ia
prelictionr of vapor-li4uid ejuilibpria, some attempts have
been made to bridge the gap betweeu the eguation of state
approach and the activity coefficient approach by gsing the
local composition concept in equations of state. Huron and
vidal (1979) have 1introduced the excess Gibbs free energy
formulation by Renon and Prausnitz {1968) into the energy
parameter *a' in the Kedlich-Kwong eguation of state.
Vachhani and Anderson (1982) have applied the 1local
composition formulism to the attractive part of the Soave-
Pedlich~Kwoij egation of state and empirically introduced
dernsity dependcnce into the mixing rules. Whiting and
Prausnitz ?1982) have developed 1local composition demnsity-

dependent mixing rules for tne attractive part of the van



~der Waals ejuation of state. Matkias and Copeman {1983)
have developed density-dependent local composition mixing
rules to extend the Peng-Robinson eguation of state to

highly nonideal mixtures.

It is the purpose of this study to apply the local
conposition model to a recently developed equation of state

for vapor-ligquid equilibria prediction for strongly nonideal

liguid mixtures.



CHAPTFR II

LOCAL COMPOSITIUN NODEL

The 1local composition concept originates from the
quasi-chemical theory of Guggenheim f1935, 1952 and 1966)
for lattice gases. 1t is believed that the motiom, position
and orientation of a given molecule are strongly affected,
due to intermolecular forces, by its neighborhood molecules.
The neighborhood molecules are, in turn, affected by the
given ‘central) molecule. When different types of molecules
coexist in a @mixture, a given (central) molecule may
"prefer" to surround itself with one type of molecule rather
than anotker type of molecule. Due to this preference, the
molecules Jdistribute non-randomly in the w@ixture. To
visualize the physical meaning of the local composition
model, we consider two representative fluid regions in a
binary mixture as shown in Fiy. 1. These two fluid regions
have a type *'A' nmolecule and a type 'B' molecule as the
center molecule, respectively. The local composition of the
fluid region with a type *A' molecule as the center, 1is
different from that of the fluid region with a type B

nolecule as the center.



Type 1 Region Type 2 Region

Center Center

A O B @

The Number of Nearest Neighbors

Y "AB = 3
Nup = 3 Mos = 2
Coordination Number
Zp Zp
BA + LYY =6 L + Non =5
Local Compositions
S - - T v, = —hB _ 3
BA ZA 6 AB B 5
_ "™ _3 . . BB _ 2
AA ZA 6 BB B 5
Figure 1. Local Composition Model.



ATISTICA CHANICAL

A statistical mechanical intergretation

composition model has been given

a bimary mixture of N, molecules

NTERPBRETATION OF LOCAL COMPOSITION

of the local
by Lee, et al. (1983). For

of type A and Ng molecules

of type B, the expression for the nuaber of neighborhood
molecules surrounding a central =molecule is given by the
distribution functions(for simplicity a spherically
syametrical pair potential is assumed here), gir)
L. )
“AA(LAA) 20, Idt &nr 'AA(r) (2.1)
0
T
nnA(LBA) 2 0y !dr nr Q‘A(r) 2.2)
0
LAB )
“AS(LAB) = £, ‘dr 4nr 8 (T) (2.3)
0
Iap )
“BB(LBB) LA ’dr bny 'nz") (2.4)
0
vhere ny; is the number of i molecules surrounding one
central j rolecule with a spherical volume of radius I&j'

which 1is the

neighbors of a central molecule.

radius appropriate

for finding tke first

Only the nearest-neighbor

interactions are taken into account in the local composition

model.



Applying the potential of mean force(accordinjy to

Kirkwood, 1935), egn. '2. 1) becomes
LM .
"AA(LAA) 20, Idr &ny ‘AA(r)
0
lAA ,
*D dr & -
A !, S R O)

20, V,,exp [' .M] | 2.5)

ard egn. (2.2) becomes

taa

0
2T
= 0y ‘dr 4nr® exp [- BA(r)I
(o]
20y Yy, e&xp |- IA] (2.6)
vhere V,  is the spherical voluse ﬁ-nL 3 and v ==£ﬂL 3 The
AA 3 "FaA’ BA 3 7BA°

latter equalities are obtained using the mean-value theorea
of calculus, i.c., the potential of mean force ‘Hj is
evaluated at some mean location in the region of integration
to obtain W.,. B is 1/kT and k is the Boltzmann constant.

ij
Similar expressions can be obtained for egms. {2.3) and

(2.4) .

The local compositions are defined as follows:



x,, £ (2.7)
AL T my, + oy,

Pra
‘lA'nM'l-n“ (2.8)

Combining the egns. (2.5)~(2.8), the local compositions have

the followving foras,

X
T, @9
Xy
XA ";:1;-—F-- (2.10)

where ABA is

vBA exp( -BﬁnA) exp( 'NavﬁBA/ RT)
A = = F (2 .11 )
BA - BA =
Vaa exp(-BWAA) exp( NavﬂAA/RT)
. . N .
vhere FBA is the ratio of vBA to vAA , and ay 1S the

Avogadro*'s nuxber.

Thus, the local compositions are proportional to both
tke bulk composition and the Boltzmann factor whose argument

characterizes the interaction of molecule pairs.



CONPIGURATIONAL HELMAOLTZ FREE ENERGY PRON LOCAL COBPOSITION

Assuming additivity, tke total configurational
internal energy of the binmary fluid mixture can be obtained.

from the contributions of two types of regioms. The total

configurational internal energy u'{u'=lbuidaﬂ.gas) is
determined (¥hiting and Prausnitz, 1982) by
' L]
U ' ' ( ' 2 2.12)
= % Oxpyupg # Xggugy ) F Xp(xgpupp + X908 .

vhere gﬁ is the molar comnfigurational internal energy of a
fluid vhose molecules interact according to ij potential and
N is the total number of moles. Substituting the local

composition, x into tke egqn. (2.12), wvwe have

ij’ '
;Z xj Fji usi exp(-Nav ji/RT)

i -
;Z xj Fji exp(-Naiji/RT)

U'

A relation for the configurational Helmholtz free
energy wvhich 1is consistent with the thermodynaamic relation
betveen the configurational Helmholtz free energy and the

configurational ianternal energy,

A'
a( NRT ) u' (2.14)
1 N *
o ——i.r—)

10



is (Lee, et al., 1983)

a'A’

- - i x, in ;1: x:j Fji exp(-Naiji/RT) (2.15)

In egn. (2.15) a' is a proportionality factor which relates
the mean potential of mean force and the configurational

internal energy,

(2.16)

al

' 1 [ a( N“ﬁjiln'r)
3 3( 1/ RT)

11



CHAPTER III

MIXING RULES FPROM THE LOCAL CONPOSITION HNODEL

The composition dependence for equation of state
calculations of mixture properties(VLE, PVT, etc.) can be
derived from the local composition model expression for the

Aelmholtz free energy.

LOCAL CONPOSITION MIXING ROLES

The form of the configurational Helaholtz free energy

A' used in this study is ’‘Lee, et al., 1983)

Q'A' -
- "IxIn I x, rji exp(-NaijilkT) 3.1)

i b

vhere ﬁﬁ_is the mean potential of mean force for a pair
molecules of types j and i. Fji is the volume ratio given
by the following relation:

v }'31‘2
nr-dr
Fi-vjing——.—.—_—-_.

3 11 }‘11 )
0 4nrdr

3.2)

vhere Lji is the radius appropriate for selection of first-

neighborhood coordination. For equally sized wmolecules,
Lji=l.jj=Lii s and FJ.i is equal to unity. Therefore, Fji is
equal to 1 for pure fluids.

12



The configurational Helmholtz free energy and the
mean potential of mean force can be related by considering a

pure fluid. Por a pure fluid, egu. {3.1) becoames

x R (3.3)

Therefore, @' is a proportinnality factor between the mean
potential of mean force and the configurational Helmholtz

free energy per mole.

Combicing eqgqns. ?3.1) and '3.3), the configurational

Relaholtz free energy has the following fora:

"t
a' A' & éji
- ——— =3I x, 1nI x, F _ exp(- ) (3.4)
RT i 1 3 33 RT

vhere éji is the molar configurational Helaholtz free energy

of a system of molecules which have j-i interactions only.

The Helmholtz free energy and the internal energy

follow the relation,

é'
3(.1.—)

1
3(.1._ V,n

- U (3.5)

Thus, differentating egqn. (3.4) with respect to 1/T yields
the molar configurational internal energy (assuming that Fji
is independent of temperature)

13



'A'
Ix F exp (- .a_'_'Ji_)

U'
j J 31 =34 RT
U - Ix (3.6)
i i 'A'
pX x4 F., exp(- e-ii,
g 33 RT

vhere g;iis the molar configurational internal energy of a

system of molecules with j-i interactions.

The expression for the configurational Helamholtz free
enerqgy, eqn. ‘3.4), with addition of the ideal gas part, can
be differentiated with respect to volume to obtain the

equation of state

_a =i
;L xj Fjipji exp ( - )
P = z xi (3.7)
i u'é'
z x Fji exp (- —Ji—)
4 RT

é}i R 931, and Pji in egns. ?3.4) =~ (3.7) are the
properties of a system of molecules with j§-i interactions
and are calculated using the equation of state for pure
substances. The eguation of state for pure fluids used
herein is a recently developed generalized equation of state
for polar fluids {Khan, et al., 1983). The ejuation of

state has teen tested for different groups of substances,

14



including normal paraffins(C2-nC20), ring compournds, and
polar compounds(C02, H2S, etc.), and polar and associating
cozpournds ‘NH3, water, and alcohols, etc.). The results
using the pure fluid equation of state are accurate enough
for engineering design calculations. The eguation of state

and the pure fluid parameters are given in Appendix A.

REDUCED TEMPERATURE AND DENSITY
For the egquation of state used herein, éij ¢ gij ’
*
and Pijare functions of the reduced temperature, th « the

*
reduced density, pij and the structure parameter, Aij {see

* *
Appendix A). Herein the relations used for Tij and pij

are
T, = KT/ (3.8)
13 €13 :
®* *
3.9
pij p Vx ( )
vhere
v o-rs *
= x x V
*
The use of the above relation for T corresponds to a

ij
multifluid model, while the use of the above relation for

*
pij corresponds to a one fluid model. Appendix. C presents

*
relults using a sultifluid wamodel for p 14 ( = pv* ), which

i}

yields exceptionally good results for mixtures of similarly

sized molecules. Unfortunately, the multifluid model for

15



p:j cannot be used for large molecular size differences.
The one fluid model for p:j vas chosen for use herein so
that the probleas encountered using the multifluid model for
p:j for aixtures with large molecular size differences are
not encountered {see Appendices D énd E). It should be
noted that by virtue of the choices for the relations for
T:j and p:j used herein, the present formulation of the
local composition model has characteristics of both one
fluid and aultifluid models. Because the present
foraulation can be applied regardless of aixture coamponent
molecular sizes, it is the most broadly applicable aethod

considered.

THE COMBINING RULES

The pair characterization parameters, Xij ¢ v;j s and

Eij are functions of the corresponding pure fluid
characterization parameters for coaponents i and j, and are

calculated herein using the following combininj rules:

A+
U & S & I (3.11)
13 )
v tuh e (3.12)
13 i1 V343
(o] - 0 (o] li .13
€ t(eyy ejj) (3.13)

16



D + D
Dy, = A 43 (3.14)
2

D

0 1]
eij / k = eij / k + n

(3.15)

vhere the subscripts 1ii and jj refer to the pure component
parameters for couponents.i and j, respectively, and £ and
I are binary interaction parameters. It would be nmore
logical theoretically to Lase the relation for Dij on known
rules for dipole monments (geometric mean) than the arbitary
arithmetic rule; howvever, it is necessary to estimate the
induced polar effect for a mixture of nonpolar and polar
fluid if the geometric mean for Dij is used. For the sake
of simplicity, an arbitary aritheetic rule, eqn. (3.14), is

chosen. The values of characterization parameters for j-i

interactions are set equal to those for i-j interactions.

COBPONENT FUGACITY

When dealing with phase equilibria problems, the
fugacity coefficients for the copponents in solution aust be

evaluated. By applying the thermodynamic relation

(3.16)
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The fugacity of ith coaponent in solution has the followinj

form:

'A'
a 4§
Fggox & 55

f W'
4._2 ot
in % g [1n E xkf'kiexp(- RT ) -1+ 3‘: xj O,Ak,
1 . Fy
-_r-—,-[lntxkai— 1+ zxj—l-
a k 4 I xF
. k3
+ (z-l)[1+ii] (3.17)
The derivative ii.in egn. (3.17) is:
*
_ . ave ARERET
Ri = - 3 X = 2 - 1 (3.18)
n *
Vx i vx
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CHAPTER 1V

RESULTS AND DISCUSSION

For purposes of comparison, vapor-liquid eguilibria
calculations vere performed using both local coamposition and
conformal solution =mixing rules. The conformal solution
model assumes that the mixture ptoperfies are the same as
those of a hypothetical pure fluid characterized by equation
of state characterization parametersf V*,e s and X ) which
are functions of coamposition. In Appendix B the conformal
solution mixing rules for V*, € and A are given, along with

relations for pertinent derived properties.

The value of o' in eqn. (3.4), 1is related to the
coordination number, and is the proportionality factor
between the mean potential of &=mean force and the
configqurational Helmholtz free energy. 1In the quasichemical

theory (Guggenhein, 1952), for a lattice gas at 1low

densities,
2
' =
o 7 (4.1)
vhere Z 1is the <coordination number. For a siample cubic

lattiée 2=6, for a body-centred cubic lattice Z=8, and for a
face-centred cubic lattice 2=12. If the coordination nuaber
in a dense fluid is approximately 8, the value of @' should

be around 0.25. In the original work of Wilson ({1964), the

19



value a'=1 vas used. In the vork of Renon and Prausnitz
(1968), o' 1is an empirical parameter which varies between
0.3 and 0.47. Abrams and Prausnitz ’1975) used a'-=1. It
has been stated by Whiting and Prausnitz (1982) that o
should be an universal constant, otherwise the 1locai
" composition model cannot be extended to Bmulticomponent
mixtures, and they use a' =0.5 in their work. We also
choose @' equal to 0.5 in this work, the value used by

Whiting and Prausnitz.

. F . . £ v v
The quantity 1j is the ratio of 1j to T vhere
Vij is the volume appropriate for the selection of first-

neighborhood coordination.

Vs
Fiy = Vv, (4.2)
3]
For mixtures of equal sized molecules, the Fij would be
unity. To account for the value Fij(i#j) the binary
interaction parameter s is introduced, vhere
1
V,, = 6301 v..)? - BHerein it is assumed that tkhke first-
ij ii jj
neighborhood volunme, vii ’ is proportional ¢to the molar
*
covolume parameter, Vii, so that
V*
Po= 60 (—il ) (4.3)
ij v *
i]

Hereafter, We refer to the tvo mixing rules under
study as CSM!conformal solution mixing rules) and LCY'’local
comnposition mixing rules).
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The number of parameters used in the mixing rules
generally affects the results in vapo:-liquid equilibria
calculations, The more binary interaction parameters are
used, the more accurate results are expected. The mixture
of methanol-CO2 was selecFed to test the effects of choosing
varying numbers of binary interaction parameters used in the
Cs® and LCH. The experimental vapor-liquid equilibria data
ranges used in this study are given in Table 1. In Table 2
results calculated froe both the CSM and the LCHM are given.
The nuabers of binary interaction parameters for the CSH are
two, three, and four, and for the LCM are two, and three.
Even with four binary interaction parameters, the CSM still
cannot work well for the methanol-CO02 system!{see Table 2).
This indicates the composition deperdence deficiency of the
CsM for strongly nonideal mixtures. However, tke LCHM
greatly improves on the CSM for vapor-liquid equilibria
calculations for the methanol-~C02 systea. The improvement
in the fit of the m=methanol-C02 data by use of the LCHM is
dramatical good using either two or three binary interaction
parameters. In Fig. 2 the comparisons of results froam the
CsM with four binary interaction parameters and from the LCHN
with tvo and three binary interaction parameters are showvn

to illustrate the above remarks.

Based on nultiproperty analysis(Starling, et al.,
1971), it 1is believed that a reasonable m»ixing rule, in

principle, should describe not only vapor-liquid equilibria

21



Table 1.

Systen

Ethane-
n~-Butane

Methane-
n-Decane

Methane-
co2

co2-
n~Hexane

co2-
Benzene

c02-
n-Decane

co2-
n—-Hexadecane

Ethane-
Acetone

Propane-
Acetone

n-Pentane~-
Acetone

Acetone-
Benzene

Acetone-
n-Heptane

D - D — - WD D - —— T W T W T - D — - —— P P vy SD D W

Vapor-liquid equilibria and density data

Prop-
erty

VLE
dene.

VLE
dene.

VLE

VLE

VLE

VLF

VLE

VLE

VLE

used in this study

Reference

Mehra, 1965
Kay,19“0

Sebastian, 1979
Reamer, 1942
Eraw, 1978
Ohgaki, 1976
Ohgaki, 1976
Sebastian, 1980
Sebastian, 1980
Katayama, 1976
Thodos, 1978b
Karr, 1962

Tasic,1978

Ratcliff, 1972

No. of
data
pts

19
49

12
36
20
10
17

16

16

1

11

Temper-
ature

65-121
0= 140

270-310
37-238

-54 -613
25
25-40

189-310

189-1390

717

31-49

25

65

Pressure
range
atn

32-55
5-55

30-125

136-612

6-63

4-51

8-76

14-51

19-50

4.7-39

3- u-27

L] 15‘. 30

«76-1.35



Ethane-
Methanol

Net hanol-
Benzene

Propane-
Ethanol

Benzene~
Ethanol

tthanol~-
n-Decane

n-Hexane-
1-Propanol

Benzene-
1-Propanol

1-Propanol-

n-Decane

Methane-
Water

Ethane-
Rater

Acetone-
co2

Methanol-
co2

- D - SN e W — - D W D WS D WD > R G T D DGO D D T - - - >y -

Prop-
erty

VLE

VLE

VLE

VLE

VLE

VLE

VLE

VLE

Table 1.

(Continued)
Reference No. of
data
pts
Katayaaa, 1976 5
Nagata, 1969 18
Sumer,1967 15
Todos,1978a 16
Saith,1970 9
Ellis, 1961 1
Prabhu, 1963 3
Tojo, 1973 50
Ellis, 1960 10
Culberson, 10
1951
Culberson, 10
1950
Katayama, 1975 1
Katayama, 1975 13

23

Temper- Pressure
ature range
o atn
25 11-41
58-76 1
20-40 1
127-151 6.8~-54
25 «11+-,16
80-169 1
66-89 1
77-96 1
75-98 0.39
171 13-204
171 13-204
25 4-55
25 2-60



Table 1., !Contiaueil)

Systen Prop- Reference No. of Teamper~ Pressure

erty data ature range
pts c ata

Acetone- VLE Amer, 1956 9 57-76 1

Ethanol

Acetone- VLE Griswvold, 1952 25 200 18-29

Water den. Noda, 1982 9 25 1
den. Thomas, 1957 34 20~-80 1

Methanol~- VLE Schmidt, 1926 9 50 «16-.51

1=-Propanol

Methanol- VLE Griswold, 1952 9 150 5.3-13.2

water den. Mikhail, 1961 25 25-50 1

Ethanol- VLE Kojima, 1969 9 80-94 1

1-Propanol

Ethanol- VLE Paul, 1976 12 78~-96 1

Water

cn2- VLE Takenouchi, 9 275 99-690

Water 1961

H2s- VLE Selleck, 1952 1 171 13-170

Water '

Amnonia- VLE Clifford, 1933 20 10-170 1-10

Water

R . A P D W A T D P G D D T D D AT D = TR W D D —— P - -— P A O > wmp = L - - -
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Table 2. Vapor-liquid equilibria calculatioas using
local cosposition and conforsal solution
mixing rules for methanol-C02 at 25 C

fixing ¥o. of Bipary Interaction Patuetc:sa A.d.D. ‘c
Rules BIPs - -
£ 14 v T § K1 X2
csA 2 0.9638 1.,0968 - - - 22.7 27.8
csn 3 0.9614 11,1239 0.9498 - - 22.7 2646
csn 4 0.98e3 11,0835 0.8882 11,0532 - 37.9 9.78
L .
ice 2 0.7815 0.9531 - -~ - 18.7 5.72
1cy k) 2.9997 n.8%404 - - 1.0722 9.13 3.24
a : -
v:j . 53(Vi: vj;) . b set Fij 1
C : AWMAD.Ze=c-7§ fexp Fea1 | 100
AR T kg

by - v (_1.2‘.—4-1—)
1) 2
D, +D
R e i B
2

25

NP: number of data pdin:s
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but also bulk properties, such as mixture density.
Therefore, both vapor-liquid equilibria and mixture density
data can be used to test the mixing rules. Pive systeass,
ethane-n-butane, methane-n-decane, acetone-vater, metharol-
benzene, and methanol-vater were selected in the test. The
vapor~liquid equilibria and the mixture density data were
used simultaneously in multiproperty regression apalysis to
determine the optimal values of the binary interaction
parameters for each systesn. A sumnary of the results is

given in Table 3.

For mixtures of ethane-n-butane, and methane~-n-~
decane, although both the CSM and the LCHM fit the VLE and
tre mirxrture density data reasonably well, the LCM calculates
mixture density slightly better. For mixtures of acetone-
vater, the CTSH shovs its poor results for both the VLE and
the amixture density. For mixture density, the average
absolute deviation percentage from the CSH is 7.9 % and from
the LCH is 2.3 %. Fig. 3 is a plot of percentage deviation
of calculated density versus density for the acetone-vater
system. As shown in Pig. U4, the acetone-vater system forms
a maximum pressure azeotrope at 200 C. The CSM gives very
poor results for VLE near the azeotrope region; . similar
results were noted by Hurom and vidal ?1979). The LCM gives
guite accurate results near the azeotrope region, as shown

in Fig. 4.
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8¢

Systen

Ethane-
n-Butane

Rethane-
n-Decane

Acetone-
Water

Nethanol
-Benzene

Rethanol
-Water

Tahle 3. Vapor-liquid ejuilibria and density calculations using
local composition and conformal solution mixing
rules for five binary systeas

Mixing Py

rules & ¢ den.
CSHM 1.0006 0.9992 - 2.15
LCH 1.0047 0.9843 11,0283 1,96
LCH 1.0884 0.5675 0.6281 1,04
CSM 0.9797 11,0012 - 7.90

LCH 1.0862 0.8R50 1.1613 2.26

o), ] 1.0027 0.9210 -- 3.10

LCH 0.9954 0.7943 0.7570 2.20

csM 1.01746 11,0094 - 3. 18

LCHM 1.0184 0.9825 1.0934 2.83

K1

K2 x1

A.A.D.
2.19 2.28
2.29 2.94
4.28 4.33
2.35 u4.94
S.54 4.uu
5.43 3.u45

x2

.
2.07
3.03

2.13
1.98

¥

1.91

2.06

3.07

1. 18

Y2

D D D - D - D WD R D A T D - D - - D D D - G - - . - D e D CE D G D W D D e D SR D G T -

csH
1CH

Conformal Solution Mixing Rules
Local Composition Mixing Rules
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For the methanol-benzene system, the CSM gives a
reasonable fit to mixture density data; however, the CSH
Calculates thke VLE very poorly(see Fig. 5). The LCHM
calculates the VLE quite well except in the high methanol
concentration range. The pure fluid equation of state
predicts the boiling point(at one atmosphere) of methanol
with an error of 2.4 C!expermental, 64.7 C; predicted, 62.3
C). The inaccurate pure component boiling point prediction
for methanol from the equation of state artifically distorts
the VLE calculations near the range of pure methanol. In
order to prove this point, one of the equation of state
paraneters for methanol, A , vas redeteramained to match the
experimental boiling point at one atmosphere. The
redetermined A 1is 2.1495, which gives the correspondiny
boiling point 64.71 C. Using this new A for pure
methanol, both the CSM and the LCM binary interaction
parameters for the methanol-benzene system were redetermined
and are given in Tatle 4. As is shown in Fig. 6, the LCH
VLE results have been greatly iamproved in the high methanol
concentration range. This test demonstrates that the
accuracy of the equation of state predictions of pure fluid
properties 1is of great importance for calculations of

mixture properties.

Even though m@methanol and wvater are both polar and
associating substances, ¢the gmethanol-water system is not a

strongly nonideal systen in teras of the activity

N
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FIGURE 5. TEMPERATURE~COMPOSITION DIAGRAM
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Table 4. The redetermined binary interaction paraceters
for methanol-benzene system at one atm using
the redetermined X for metkanol

*¥ixing Binary Interaction Paranmeters
kules = 2  <=ccemcmcccccccer e crr e —e—
3 4 8
csM 0.9722 0.9165 -
LCH 1.1736 J0.7456 0.9144

D - - - — - — - — - — - - - — - -

note: The redeterpined A for methanol is 2.1495
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FIGURE 6. TEMPERATURE-COMPOSITION DIAGRAM
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cnefficients. The activity coefficients at dilute
conpositiorns at 150 C are 2.6 and 1.6 for methanol and
wvatoer, respectively (Griswold, 1353). The €SN gives good
results for botk mixture density and VLE for the methanol-
vater system!see Table 3). The LCM yields slightly better
VLE results thkan the CSM for the methanol-wvater system, as

shown in Fige 7.

Overall, for nonpolar mixtures such as ethane-n-
butane, and methkane-n-decane, the LCM gives as good or
slightly retter results than the CSM. For strongly nonijeal
mixtures such as acetone-vater, met hanol-benzene, and
pet hanol-carbon dioxide, the LCM is obviously superior to

tke CSHM.

The applicability of the LCH has also been tested for
other polar wixtures, including systems containing carbon
dioxide, acetone, methanol, ethanol, 1-propanol, water,

ammonia, and hydrogen sulfide.

For mixtures of carbon dioxide with hyidrocarbons,
five systenms, methane-carbon dioxide, carbon dioxide-n-
hexane, carbou dioxide-benzene, carbon dioxide-n-decane, and
carton dioxide-n-hexadecane were selected for test. A
sunzary of the results is given in Table S. The LCHM gives
Guite good results as shown in Figs. 8-14. For system of
carlkon dioxidle-benzene, the iaprovements in the calculatioas

of the liguid composition by use of the LCY are shown in
41 P
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Lt

Nethane-
co2

co2-
n-Hexane

cn2-
Benzene

co2-
n-Decane

co2-
n-Hexa-
decanc

Table 5. Vapor-liquid equilibria calculations using

local composition and conforamal solution
mixing rules for CO2 binary mixtures

Mixing £ r S
rules

CSHM 0.9867 0.9718 -
LCH 1.0829 0.8459 11,1320
CsSH 1.0430 00,8723 --
LCH 11,1736 0.7819 1,124
csH 1.0286 0,9405 -
LCH 1.204848 0,7870 11,1369
CsH4 1.0539 (0.9012 --
1LCH 1.2433 0,7511 1.1255
CSH 1.0799 0.9051 -
LCH™ 1.3504 0.7200 1.1274

K1

K2

5. 00

15. 4

-
W
L]

-5
w
.
- N

x1

A.A.D.
3.34

2.90

9.73

X2

4. 30

2.

12.1

5.70

1.18

0.50

2.72

2.32

1

2.25

1.45

0.45
0.33

0.29

o.M

2.52

1.24

.19

1.72

y2

6.91

2.99

22.9
13.7

24.1

9.18

4.34

2. 44

8. 14

10.2
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csHM

LCH

Conformal Solution Mixing Rules
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* + : DATA OF MRAVW, 1978
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Figs. 11-12, For the carbon dioxide-n-kexadecane systen,
the ratio of the v* is 7.6 : 1 fv* are 0.21, and 1.59 for
carbon dioxide and n-hexadecane, respectively). The LCH
and tke CsM bave similar results for carbon dioxide-n-

hexadecane systen.

For cixtures of acetone and hydrocarbons, five
systems, ethane-acetone, propame-acetone, n—-pentane-acetone,
acetone-benzene, and acetone-n-heptane vere selected to test
the model; In Table 6 a suammary of the results for
mixtures of acetone and hydrocarbons is given. For the
ethane-acetone system, the LCM yields accurate results for
tte liguid compositions as shown in Fig. 15. Fig. 17 shovws
results for the n-pentane-acetone system, having a ainimun
azeotrope temperature. Thke phase behavior of the n-pentane-

acetone system is very well represented by the LCM.

For mixtures of alcohkols and hydrocarbons, seven
systews, ethane-methanol, propane-ethanol, benzene-ethanol,
ethanol-n-4ecaune, n-hexane-1-propanol, benzene-1-propanol,
acd 1-propanol-n-decane were selected to test the model.
For mixtures of water with hydrocarbons, methane-water, and
ethane-water were selected for test. In Table 7 a sunmmary
of the results for these nine systems is jiven. The systems
of alcohol-hydrocarbon are typically difficult to fit. For
tte ethane-gzethanol system, the LCM greatly improves results

for lizuid phase compostions, compared to the CS% as shown
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9%

Bt hane-
Acetone

Propane-
Acetone

n-Pentane
Acetone

Acetone-
Renzene

Acetone-
n-Heptane

Mixing
rules

CSHM

LCH

CSHM

LCH

CSHM

LCH

CsHM

LCHM

CSM

LCM

0.9588

0.R993

1.1227

1. 1459

0.9888

0.9677

0. 9480

1.25u4

Table 6. Vapor-liquid eguilibria calculations using

conformal solution and local conposition
mixing rules for acetone hinary mixtures

0. 9644

0. 8914

0. 8048

0.9767

0.9820

0.8919

0.6902

0. 9886

K1

19,6

9.95

K2 x1
A.A.D.
ig.4 27.3
130 1.7
5.82 7.35
% 01 3.81

x2 Y?
%
25.5 0.36
15.6 0.40
3.1 2.75
7.96 1.39

y2

18.9

21.2

CsH

LCH

Conformal Solution Mixing Rules

Local Composition Mixing Rules
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ETHANE(1)-ACETONE(2)

TEMPERATURE : 25 C
* + : DATA OF OHGAKI, 1976
------ : CSM
——— 0 LCM
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FIGURE 15. PRESSURE-COMPOSITION DIAGRAM
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X~D* MIOLULMDO
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PROPANE(1)-ACETONE(2)

TEMPERATURE : 76.9 C
* + : DATA OF THODOS, 1978
—_— : LCM
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FIGURE 16. PRESSURE-~-COMPOSITION DIAGRAM
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O * MDOADIMVRM =~

N—PENTANEU( R% )-ACETONE(Z)

* + : DATA OF KARR, 1962
ep——————* 1L C M
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FIGURE 17. TEMPERATURE-COMPOSITION DIAGRAM
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RX=-4D* MICLLMDD
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FIGURE 18. PRESSURE-COMPOSITION DIAGRAM
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R=-D* MB$@CSLVLULMDO

ACETONE(1)-HEPTANE(2)

TEMPERATURE : 65 C
* + : DATA OF RATCLIFF, 1972
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FIGURE 19. PRESSURE-COMPOSITION DIAGRAM
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Ethane-
Nethanol

Propane-
Ethanol

Benzene-
Ethanol

Ethanol-
n-Decane

n-liexane-

Propanol

Table 7. Vapor-li-uil e uilibria calculations using

Mixing £
rulns
(O | 0.9448

LCH 0.7210

CSy 0,291
LCH 1.1193
CsN -

LCH 1. 3106
csH 1.1086
LCH 1.3027

csy -

LCH 0.9090

local composition and conformal solution

mixiny rules for nine binary wmixtures

1. 0R79

0.9322

1.0328
0. 8505

0. 6930

0. 9429

e 6152

0. 9305

K1

6.47

5. 16

19.9

K2

5.62
3. 47

x1

A. AO D'
62.3
19.3

8. 35
4.89

x2

L]
3.55

3.56

‘Al

0.12

0.06

1.82

Y2

14.3

T4

8.91
5.57
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Conformal Solution Mixing Rules

Local Composition Mixing Pules
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Table 7. Continucd)

Systenm Mixing

rules E 4 s K1 K2 x1 x2 VA y2

A.A.D. %

Renzene~ CSHM -- -- -- -- -- -- -- -- --
Propanol

LCM 1.7644  0.9373 0.91327 -- - -- - - --
Propanol- CSHM 1.1232 0.R840 -- 6.90 10.5 7.42 15.6 0.9 9.19
n-Necane

LCH 1. 2883 0.7440 0.9935 5.39 9.00 6.23 9.64 0.93 B8.u47
Water

LCY 0.9523 0.5952 1.1666 2.27 1,40 2.3 0.0' 0.69 1.40

Fthane- CcSsM 0.8169 0.7889 -- 4,32 1,69 4.88 0.01 0.62 1.69

¥ater
LCH 1.0321 0.6198 11,2492 .97 2.27 2.00 0.01" Q.93 2.27

- -, WD S S WD WE WD WE WD TE D SR W D VI G WD T D G I G G GE S D RGP S G G WD W ED TN S Gy D G TR T el S W D W WD D D WD R D A g S G GD D WP WD TP I W an e - -

CSM : Conformal Solution Mixing Rules

Local Composition Mixing Rules
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in Figjg. 20. Mixtures of benzene-ethanol and
benzene-1-propanol form azeotropes, as shown in Figs. 22,
and 25. The LCM describes bekavior reasonably well for the

benzene-ethanol, and benzene-i1-propanol systems.

For polar mixtures, eight systems, acetone-carbon
dioxide, acetone-ethanol, met hanol-1-propanol,
ethanol-1-propansl, ethanol-vater, carbon dioxide-water,
hydrogen sulfide-water, and ammonia-vater wvere selected to
test the model. A sunpary of the results is given in Table
8. Comparisons of ¢thke experimental and the predicted
conpositions for these eight systems are shown in Pigs.
29-37. The LCM generally provides a better fit to the

experimental values than the CSH.
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: CSM

TEMPERATURE : 25 C

* + : DATA OF OHGAKI, 1976

ETHANE(1)-METHANOL(2)

: LCM

LEWNNDIEW X—K

0.6 0.7 0.8 0.9 1.0

0.5
X1

0.1 0.2 0.3 0.4
20. PRESSURE-COMPOSITION DIAGRAM

FIGURE
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" PROPANE(1)-ETHANOL(2)

TEMPERATURE : 127 C
* + : DATA OF THODOS, 1978
—————— : CSM
—— 1 LCM
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X1

FIGURE 21. PRESSURE-COMPOSITION DIAGRAM
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g.21

0.19
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BENZENE(1)-ETHANOL(2)

TEMPERATURE : 25 C
* + : DATA OF SMITH, 1970
———— LCM

0.0

.1 0,2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
. X1

FIGURE 22. PRESSURE~COMPOSITION DIAGRAM
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O e MICHUDIMOVOXM4

ETHANOL(1)-N-DECANE(2)

PRESSURE : 1 ATM

* + : DATA OF ELLIS, 1961
------ : CSM

: LCM
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FIGURE 23. TEMPERATURE-COMPOSITION DIAGRAM
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N-HEXANE(1)-PROPANOL(2)

PRESSURE : 1 ATM
* + : DATA OF PRABHU, 1963
——————— . LCM

$0.0
87.

85.0
82.5
80.0
77.5
75.0
72.5

70.

67.

65.0

9.0 0.1 O0.2 0.3 0.y 05 0.6 0.7 0.8 0.9 1.0
X1

FIGURE 24. TEMPERATURE-COMPOSITION DIAGRAM
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) s MPC~HDIMOVRM=

BENZENE(1)-PROPANOL(2)

PRESSURE : 1 ATM
* + : DATA OF T0JO, 1973
— LM

76

L
.0 0.1 0.2 0.3 0.4y 0.5 0.6 0.? 0.8 0.9 1.0
X1
FIGURE 25. TEMPERATURE-COMPOSITION DIAGRAM
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PROPANOL( 1 )-N—DECANE(2)

PRESSURE : 0.395 ATM
* + : DATA OF ELLIS, 1960
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FIGURE 28. TEMPERATURE~COMPOSITION DIAGRAM
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X=4D* MICHNMD D

METHANE(1)-WATER(2)

TEMPERATURE : 171 C

¢ + : DATA OF CULBERSON, 1951
------ : CSM
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FIGURE 27. PRESSURE~COMPOSITION DIAGRAM
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X=D* MIONVMDO

ETHANE(1)-WATER(2)

TEMPERATURE : 171 C
¢ + : DATA OF CULBERSON, 1950
—————— : CSM
: LCM
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FIGURE 28. PRESSURE-COMPOSITION DIAGRAM
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Systen

Acetone-
co2

Acetone-
Et hanol

Methanol-

Propanol

Ethanol-
Propanol

Ethanol-
Water

LCH

CsH

LCHM

CsH

LcH

CSHM

LCY

Table

1.0268

1.2054

0.9857

0.R655

0.994n
0.7969

1.0126

1. 1R17

vapor-liquid ecquilibria calculations using
local composition and conformal solution

mixing rules for polar binary mixtures

0. 96 U4y

0. 8265

0.9819

1.0133

0. 9851
1.0379

0. 9954

0.9368

1. 0986

0.9858

1. 0744

K1

19.8

%.02

7.89

J.98
3.97

J.un

3.03

K2

5. 62
5. 12

3. 32
2. 95

x1

A.A.D.

4.54

10.7

6.60
5.10

9. 74

6.84

x2

)
S5.43

2.70

16. 2
12.2

1.1

9.77

A

21.8
10.6

8.39

6.53

Y2

0.30

0.19

J. 46

19.8

15.6

12.6
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Conformal Solution Mixing Rules

Local Composition Mixing Rules



<9

co2-
Water

H2S-
Water

Ammonia-
Water

CSH

LCH

CsSH

LCH

CSHN

LCH

Table

0.6735

1.0615

0.9757

0.79139

1.0641

1.0216

8. {Continued)

- e . -

0. 3424

0. 92A9

1. 0798

0. 9455

1. 1797

1.0876

K1

K2

x1

A.A. Do
44.1

4.0

x2

y?

54.4

10.2

1.06

0.62

3.71

3.10

Y2
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XE=-D* MICNLMDD

ACETONE(1)~-C02(2)

TEMPERATURE : 25 C
* <+ : DATA OF KATAYAMA, 1975
------ : CSM
— 1 LCM

0.2 0.3 O.4 0.5 0.6 0.7 0.8 0.9 1.0

FIGURE 29. PRESSURE-COMPOSITION DIAGRAM
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ACETONE(1)-ETHANOL(2)

PRESSURE : 1 ATM
* + : DATA OF AMER, 1956
—————— : CSM
: LCM
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X1

FIGURE 30. TEMPERATURE-COMPOSITION DIAGRAM
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BAD MBS VLMD

METHANOL(1)-PROPANOL(2)

TEMPERATURE : 50 C
* + : DATA OF SCHMIDT, 1926
-~ == == = :(CSM
: LCM
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FIGURE 31. PRESSURE-COMPOSITION DIAGRAM
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M * MPOC~“DIMUXM~

ETHANOL(1)-PROPANOL(2)

PRESSURE : 1 ATM
* + : DATA OF KOJIMA, 1969
------ : CSM
: LCM
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FIGURE 32. TEMPERATURE~COMPOSITION DIAGRAM
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PRESSURE : 1 ATM
* + : DATA OF PAUL, 1976
—e— 1 LCM

L
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FIGURE 33. TEMPERATURE-COMPOSITION DIAGRAM
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R=4D* MD$DCAHVLMDD
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FIGURE 35. PRESSURE~COMPOSITION DIAGRAM
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AMMONIA(1)-WATER(2)

PRESSURE : 1 ATM

* + : DATA OF CLIFFORD, 1932
------ : CSM

: LCM

FIGURE 36. TEMPERATURE-COMPOSITION DIAGRAM
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: CSM

PRESSURE :
* + : DATA OF CLIFFORD, 1832
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CHAPTER V

CONCLUSIONS

A local coamposition =model has been applied to
describe the composition dependence of mixture thermodynaaic
properties. The method has been applied using a recently
developed equation of state for use in vapor-liguid
equilibria and mixture density calculations. The eqguation
of state utilizes reduced temperature and reduced density as
the independent variables for calculation of all dependent
variables, such as pressure, Helmholtz free energy, etc.
The composition dependence for the equation of state mixture
properties is derived from the local coaposition model
expression for the Helamholtz free energy, vhich is, in
essence, a multifluid model for the thermodynamic propertics

of mixtures.

In this vork, a multifluid model is adopted for the
reduced temperature and a one fluid model is adopted for the
reduced density. Choosing these relations for the reduced
temperature and reduced density, the present formulation of
the local composition model has characteristics of both ore-

fluid and maultifluid aodels.
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It is demonstrated that if aultifluid models are
adopted for both the reduced temperature and the reduced
density, the local composition model expression used for the
mixture pressure can becoae infinite when component
molecular size differences are sufficiently large (even at
conditions where the real fluid mixture is knovwn to exist at
finite pressure). On the other hand, it is shown that the
present forasulation, in which a one fluid model is used for
the reduced density, works vwell even for mixtures whose
component molecules differ appreciably is size, 1i.e., the
CO02-n-hexadecane and acetone-water systess. In fact, the
present formulation can be applied to any mixture regardless

of the mixture component molecular sizes.

For strongly nonideal mixtures, such as acetone-wvater
and methanol-benzene, the present foraulation describes
vapor-liquid equilibrium behavior accurately. Oon the other
hand, it is demonstrated that the conformal solution molel,
vhich is a totally one fluid model does not work well for

these strongly nonideal mixtures.

It should be noted that the present local composition
mixing rules can be applied to extend virtually any

corresponding-states type equation of state to mixtures.

As a summary, the present formulation of the local
composition model has the following desirable
characteristics:

1) The method works well for both mixture density
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- and vapor-liquid equilibria.

2). The method works for mixtures in wvhich components
differ appreciably in size.

3). The method works well for a wide variety of fluid
mixtures, ranging from nonpolar to highly polar
fluids,

4). The method can be applied to extend any corresponding-

states type equation of state to mixtures.
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(0)
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BA

av

NOMENCLATURE

total configurational Helmholtz free energy
molar configurational Helmholtz free energy

equation of state constants
equation of state universal constants, isotropic reference

equation of state universal constants, perturbation
contribution
equation of state constant in eqn. (A2)

equation of state characterization polar parameter

component fugacity in solution

radial distribution function
molar enthalpy departure

Boltzmann's constant

equilibrium constant

radius of sphere appropriate for finding first-neighborhood
molecules

Avogadro's number

pressure
radius of sphere
gas constant

molar entropy departure

temperature
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molar internal departure

equation of state characterization volume parameter

first neighborhood volume

potential of mean force

mean potential of mean force

mole fraction of component i

local composition of j molecules around a i molecule

compressibility factor

a proportionality factor between Wii and Aii

1/kT

a binary interaction parameter in Fji

equation of state characterization parameter, nonpolar
equation of state characterization energy parameter

a binary interaction parameter

equation of state characterization strucfure parameter
a binary interaction parameter

a binary interaction parameter

density

a binary interaction parameter
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Appendix A

EQUATION OF STATE POR PURE SUBSTANCES

The equation of state for pure fluids used herein is
a recently developed generalized equation of state for polar

fluids(Xhan, et al., 1983), i.e.

z=1+422 @ + (a-12 P (a1)

vhere z(® and z(p) are configurational compressibility
factors: the isotropic reference and the pertubation
contributions, respectively. Tﬁe guantity A is a
structural parameter whichk characterizes the steric effects
of structured molecules. Both 2(0) and z(p) are assumed to

have thke same functional form

N ] ‘3 W Ay 22, , 43
z = (A ) p + (Ag +—2) P p
conf. 1t T’ T r-; 5 T + Ag
.4 Ay
- ('r "t 1) p"Zexp (-cp"?)
+ ( 12 13 + Ala) *, 15 ts
T.3 T 1.5 o] RP(‘cp ) + — T (AZ)

*
vhere p*= p V* , T#= kT/€, and V and € are characteristic

volupe and energy parameters, respectively. Note that the

84



constant *'c' in egn. {A2) is egual to 31.67113. The other

constants A; are given in Table A1.

The energy parameter for polar and associating

substances is assumed to be temperature dependent

€/k= €1k + — (A3)

vhere ¢€° corresponds to the energy parameter for nonpolar
contributions, and D is a polar parameter vhich

characterizes nmultipolar and associating effects.

The equation of state parameters for pure substances

are given in Table A2.

The configurational Helemholtz free energy is given by

the folloving relation

]
ﬁ"f- ‘gp z -~ 1)-3-%'0- 1n(pRT)

e B B S N
*
R S et B

= In(pRT) 4 (Al

A A A
7. 2 * 1,4 0 *
+,’(A6+;=)p +%A8°3 +§‘E(-r*3+r:"*ri;)u-m(-cpz)

A A A
1 12 13 14 ®2 *2
+ ¢ + + (= (Q+cp)eexp (=cp”)
2c2 '3 % 'r's[ ]
1 As. o
+35 (=) " (A4)
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Table A1l.
Oniversal constants Bio) and Bip)to be used

in eqn. A1

(0) (r)
Ai”"Bi +(>‘-1)xe,Jl

- - —— - —— i —— D > > . . ———— .

i Bio) Bip)
1 2.502374 0.52182
2 -7.269612 -0.7378
3 -4.530912 -2.5604
4 -1.5257331 -5.2527
5 0.3796055 ~0.12

6 5.3624275 -3.3753
7 -2.8683227 17.1053
8 15.288658 -19.274
9 20.989132 79.29
10 24.738498 6. 8475
11 -36.289745 15.57
12 -207.76901 -104.

13 1152.7599 -453.804
14 286.49642 149,091
15 229.89942 850.

- . S - D D D 2 P Y O TP A P YDA - - —— - o
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Table A2. Pure-component parameters for eqn. (A1)

Component e/k V¥ D
R cu.ft./lbmole A R?
Methane 270. 8 0. 2591 1.0333 0
Etkane 390.3 0.3359 1.4097 0
Propane 449.8 0.4252 1.6470 0
n-Butane 501.9 0. 5145 1.8190 0
n-Pentane 534.2 0.6039 2. 0582 0
n—-Hexane 556. 5 0.6932 2.3028 0
n-Heptane 573.6 0. 7826 2.5514 0
n~Decane 619. 6 1. 0506 3.1904 0
n—-Hexadecane 655. 2 1. 5855 4.6499 0
Benzene 669, 3 0. 5066 1.8279 0
co2 358, 9 0.2090 1.3665 21287.5
H2S 498.5 0. 2544 1.0250 24570.7
Acetone 599. 1 0. 4485 1.6208 40ug98.6
- Ammonia 492. 1 0. 1536 1.6566 10909.5
Methkanol 525. 8 0.2673 2.1111 59193.7
Ethanol 476. 3 0. 3330 2.1563 99107.9
1-Propanol 506. 0 0.4042 2.4794 73636.1
Water 789. 4 0. 1088 1.8376 15847.9
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The egquation of state has Leen tested for different
groups of substances, including normsal paraffins(C2-nC20),
ring compounds, and polar compounds {C02, H2S, etc.), and
polar and associating compounds (NR3, wvater, and alcohols,
etc.). The results are accurate enough for engineering

design calculations.
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Appendix B
COBPORMAL SOLUTION NIXING RULES

The conformal solution mixing rules, a so called
'one-fluid model’, assune that the mixture properties are
the same as those of a hypothetical pure fluid characterized
by equation of state characterization parameters which are
functions of composition. The folloving mixing rules are
used to obtain amixture characterization parampeters as

functions of composition (Lee et al., 1977):

V. eIZsxv® (1)
15 371
®
eV =2 * (82)
xx 1y 1y
along wvith the mixing rule
* ®
‘va - f ;: xigjxij vij (B3)

The subscript x represents the mixture characterization
parameters for the hypothetical pure fluid. The coabining
rules used to calculate the pair characterization parameters

are the same rules as egns. {3.11) - (3.15).

The reduced density and the reduced temperature are

evaluated as follows:
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'I"'=k'.l‘/£x (B4)

*
p* = PV, (BS)

* *
By substituting the values of Ax, T , and p into egn.

(A1), the equation of state for mixtures is obtained.

The expressions for enthalpy departure and entropy
departure iavolve the derivative of compressibility factor
with respect to teamperature. Since the energy parameter for
polar fluids is tesperature dependent, the derivative of the
compressibility factor of mixtures vith respect to

temperature is the following relation,

[
92 - I-YA - x
TOgT ) = ™ ar*;* 1-T=p )p*] (86)
aex .
vhere 5T 1s
¥ v* %
3e . Lxg % Vyy )
(—==) - -id (B7)
oT ‘p* «
v
X

The internal energy departure is related to the equation of

state hy the following egquation:
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o p
U-U - - az dp

. Jo T(m2% o (88)
Coabining eqns. (A1), and (B6)-{B8), the internal energy

departure has the fora,

v- 2y Cfo* e 3z, 4ot 1
RT - [I-T*( oT )o*]"[ [0 T*( 37a )p* p* ]

- [1-1*(-2;-’5)0*]x

{ A, 2A 34, SA
( 2

+ + ) p
T ™ 3 ™*

A7

+ 0.5 — &
™ P 2c T ot
4A sA

3A9 loAl 0 5A

14
T T#5
A
185 o5
i p*} B9
5 (89)

The enthalpy departure can be obtained as follows,

o (o)
-8B . - —Xx-v
T (z-1)+ —== (B10)

The entropy departure can be obtained using

- g° - u° - a©

vhere the Helmholtz free energy departure can be obtained

fror egn. (A4).
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The fugacity, fi , of the ith component in a mixture

f -
1 3 nz av
E) Iv [Tni_ IT'V'nh‘i -I]T Tt e

Combining the egns. (A1), and (B1)-(B3), the fugacity of ith

coaponent in solution has the following fora:

f o 0
i,,. 3 _ - _ 8-
(5= B (z-n o+ Bl - SRR

- u°

d€e
= H-H x
+Ei‘[nr -(z-1)]/[1-‘r* 3T ]

- p*
+1 -9z _dopx .
£ )y B Tor (B13)

The integral function in egn. {B13) is:

p* C c c c
I _._3..2..._‘12.'5.((;+2+ 3+"+§)p*

o % p* R T A
c . x3
+(cg+—2) ot + cg £
™ 3
Cq 10 Ci1 .1 2
+ =5 + 7+ =) 3o 1 = exp(-cp*”)
T* T* T*

Cc Cc o

R e = Ty [ 1 - (4ep*d) exp(-cp*z)]
LSRN SR o
o

1 715 5
+ = —= pt (B14)
5 e
- n(® (p) -
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The derivatives in eqn. (B13) are:

9 V* z x V *
- 1
Ri'?’" an: - z[—-’l—-,'{-—ii—-1] (B16)
\Y
x x
T,V,nk#i.
9 € z X, € V"r
E = x - 173 C13 "14 -
Ei €x ani 2[ €, v - 1]" Ry (B17)
x
T,V,nk*i
3 A L *
L= e =2 { z[j xi 1ty 1 ] -R } (B18)
i x * i
x Vx
T.V,nk"i
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Appendix C
LCH RESULTS USING A BULTIPLOID HODEL POR REDUCED
DENSITY
This appendix is devoted ¢to the LCH, using a
multifluid model for reduced density, D:j (==DV:j ) , for
sixtures of similarly sized nolecules. The fugacity
coefficients for the components in solution has the
folloving fors,

f ' lal

1 ! P, exp(c 8011
lﬂx—'-a—f anxkF exp(-aﬁi)-l.,.zx _1.1281,( RT )
17z Ay

k kg P w )

1 F
i
+;r[1n£xkl-‘ki-1+}:xj__i_
k b IIxiij
k

+ (z2-1) (c1)

vhere 551 is the molar confiqurational Helmholtz free
energy of a systea of @wmolecules which have j-i interactioms

only.

The value of a'in egn. (3.4), 1is related to the
coordination aumber, and is chosen to be 0.5 in this wvorke.
The Fij values are calculated using eqn. (4.3). The § 1is
introduced as a binary interaction parameter for each binary

mixture.
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Five binary systeams, methane-carbon dioxide, carbon
dioxide-n-Hexane, acetone-carbon dioxide, ethane-acetone,
and methanol-carbon dioxide vere selected in the test. In
Table C1 a suamary of the results is given. PFigs. C1 to C5
are plots of pressures versus experimental and calculated

conpositions,

Overall, the results calculatéd from the LCKH are
better than those froa the CSM. Por the methane-CO2 systean,
(V¢ for methane is 0.26 and for CO2 is 0.21), both the CSK
and the LCM calculate the VLE reasonably well, as shown in
Pig. C1. Por mixtures in vhich components differ is size,
such as the CO2-n-Hexane (V¢ for C02 is 0.2, and for n-
hexane is 0.69), the LCM yields accﬁrate calculations for
tke liquid phase compositions, as shown in Pig. C2. For the
acetone-CN2 system, a significant improvement is obtained in
k-value calculations by use the LCM fsee Table C1). Both
the ethane-acetone and the methanol-carbon dioxide are
strongly non-ideal aixtures. The CSH apparently does not
vork well for these two strongly nonideal systeas{see Pigs.
C4, and C5). However, the LCM greatly improves on the CSM
for wvapor-liquid equilibria calculations for these two

strongly nonideal systeas.

At this point, a conclusion can be drawn that for
strongly nonideal mixtures of similarly sized coamponents |
vI/v; _ less than 3.3), the LCH, using a multifluid model

for reduced density, is obviously superior to the CSAM.
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Hethane-
co2

o2
n-Hexane

Acetone
co2

Et hane
Acetone

Sethanol
co02

Table C1. Vapor-liquid equilibria calculations using

CSHN

LCH

CsSHM

LCH

s

LCHY

CcsH

LCY

0.9867

1.0325

1.0430

1.2752

1.0272
1.1029

0.9588

1. 0460

0.9634

1.0503

local composition and conformal solution
mixing rules for five hinary mixtures

0.9718

0. 8618

0.8723
0. 6485

0. 9647

0.8232

0. 96044

0;7906

1.0968

0. 7931

0.

K1

3.71
3.26

8.93

2.22

22.7
2.33

K2

x1

A.A.D.
3.84

3.40

9.73

2.43

x2

1

2.25
1.60

0.u45
0.29

21.8
10.0

0.36
0.13

5.14

Y2

6.91
3.91

22.9
12.0

0.30
0.16

CSM

.0

LC™

Conformal Solution Mixing

Rules

Local Compnsition Mixing Rules
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€02(1)-N-HEXANE(2)
TEMPERATURE : 25 C
¢ + : DATA OF OHGAKI, 1976
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ACETONE(1)-C02(2)

TEMPERATURE : 25 C

* + : DATA OF KATAYAMA, 1975
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Appendix D

ELUCIDATION OF NIXTURE PRESSURE PROBLEMS USIKEG A
NULTIFLUID MODEL POR REDUCED DENSITY

*

ij) ’

has been shovn to vwork well for nonideal mixtures of

*
The LCHN, using a multifluid model for Pyy ( =pV

similarly sized molecules such as methanol-carbon dioxide,
and ethane-acetone. However, for mixtures with large
molecular size differences, problems are encountered using
the multifluid model for p:j @=DV:j). Using the multifluid
rodel for o:j (==DVLR . the local coaposition model
expression used for the mixture pressure (egn. 13.7)) can
become infinite vhen component molecular size differences
are sufficiently 1large feven at conditions where the real
fluid mixture is knovwn to exist at finite pressure). For
exanple, the ratio of V*(volume parameter) is 4 : 1 for the
acetone-vater system (V¥ for acetone is 0.45, and for wvater
is 0.11 cu.ft./lbmole). The experimental pressure for the
acetone-vater system at 200 c ranges from 15.8 to 30.1 atm
'‘Grisvold, 1952). Pig. D1 shows plots of pressure versus
reduced density, based on multifluid model, for pure acetone
and pure water on the same diagram. The saturated liquid

densities at 200 C are 0.55 and 2.99 lbmole/cu.ft. for pure
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ACETONE(1)~WATER(2)

TEMPERATURE : 200 C
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4000 j
3000 j
P 2000 s
a 'l
E 't'
S K
5 g
U 1000 s
[ &
E Acetone o
A 0
1
"
-1000
-2000
-3000
-4000
1} 1] g ¥ 1] L i 4 1] 1]
0.00 0.06 0.12 0.18 0.2y 0.30 0.36 0.42
REDUCED DENSITY
FIGURE D1, PLOT OF PRESSURE VS. REDUCED DENSITY
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acetone and pure vater, respectively. In this and most
cases, the excess volume is small, of the order of 5 % of
the total volume at wmost, so the mixture density for
acetone-wvater generally will fall betwveen the pure £fluid
densities (in this instance 0.55, and 2.99 lbmole/cu.ft.)
Por a mixture density (p) of 1.5 lbmole/cu.ft., the
corresponding pressure P for acetone is 6.8:10S ata,
using p), =1.5%0.45=0.675. When a density of the mixture
(p) is 2.5 1lbmole/cu.ft., the corresponding pressure Py
for acetone is 2x107 ata, using p:1=2.5*0.u5=1.125. In
Table D1. the estimated pressures at these two mixture
densities for the acetone-water system at 200 C is given.
Por a wmixture density approaches ¢to 2.99 lbmole/cu.ft.
{pure fluid density for water), the corresponding pressure
for acetone approaches to infinite. This phenomena cause
the 1local composition nmodel expression for the mixture
pressure to be infinite; consequently, there is no

calculated mixture 1liquid density exists to match the

experimental mixture pressure.
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Table D1,

Estimated P11 and P22 in egn.

(3.7) using

a aultifluid aodel for reduced density

P
lbmol/cu.ft.

for Acetone(1) ~-Hater(2)

*
P11

0.675

1.125

- - - - —— - —— - - - — —— = —— - g -~ — - - —— -

Acetone 1)

Watrer {2)

system
at 200 C.
P11 % p22
atm p22 atn
6.8%x10° 0.165 -699
2.0x197 0.275 -1402
den. !saturated, 200 C) v*
lbmole/cu.ft. cu.ft./lbmole
0.5525 0.45
2.9989 0.11
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Appendix E

ELIBRINIATION OF THE MIXTURE PRESSDRE PROBLERES
USINKG ONE PLUID HODEL FOR REDDCED DENSITY

In this study, the one fluid model for p:j vas used.
it is now of interest to check wvhether the same mixture

pressure probleas, which impedes the LCM, using a multifluid

*
ij
of dissimilarly sized molecules (acetone-water systea),

model for p:j@=pv ), to calculate the properties of mixtures
still occurs(see Appendix D). To calculate P11 and P22 for
acetone-water systen, we need to calculate p:j fron v: ’
vhich involves the binary interaction parameter, £, and the
composition. The binary interaction parameter , § , set
equal to 1.0862, vhich 1is an arbitary choice. Three
compositions, 0.25, 0.5, and 0.75 are chosen for
illustration. The values of V. are 0.195, 0.281, and 0.365
for composition of 0.25, 0.5, and 0.75, respectively. In
Pig. E1' plots of pressure verse reduced density, based on
one fluid model eqn. (3.9), for pure acetone and vater on
the same diagram are givene. The P11 and P22 have the same

p*, but they have different T* . and X\ .

The mnixture density, based on the ideal solution

mixing, can be estimated from the composition and the
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saturated liguid densities for pure components’assumed both

exist) as follows,

1 1

p - - (El)
1 v
1 x, / P, *+x, / P,

vhgre Py and p, are the saturated liquid densities at
systea temperature for pure coamponent 1 and 2, respectively.
The mixture densities, based on the ideal solution mixing,
are 1,423, 0.933, and 0.694 lbmoie/cu.ft. for compositions
of 0.25, 0.5, and 0.75, respectively. The corresponding
calculated P11 and P22 at mixture densities, based on the
ideal solution mixing, are given in Table E1l. Since the
excess volume usually is small, if is expected that the
pixture density should fall in the meighborhood of the
density, based on the ideal solution mixing. Therefore, the
pressure, calculated from the the lixtute density, should
close to the pressure, estinmated froam the mixture density
based on the ideal solution aixing. Since neither P11 nor
P22 is an extremely large value, the calculated @wmixture

pressure, eqn. {3.7), can match the exberinental pressure.
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Table Z1. Estiaated P11 and P22 in egn. !3.7) using a
one fluid model for reduced density
at ideal solution mixture densities
for Acetone(i)-Water(2) systen

at 200 C.
a
Composition * v P * P11 p22
x1 v Ideal 1l1lbomol/ft3 Py atm atm
X Solution 7‘

0. 25 © 0.195 0.703 1. 423 0.278 284 -177

de Tc, C den. !saturated, 200 C)

lbmole/cu.ft.
Acetone 1) 235 0.5525 {denl)
Water (2) 318. 7 2.9989 {den2)

Tdeal solution mixing,
Volume;
Va= x1 v1 ¢+ x2 v2 = x1/denl + x2/den2
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Appendix F

Samples of the detailed calculations of
vapor-liquid equilibria

and mixture density
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Table F1. Detailed calculations of vapor-}iquid

equilibria from LCM(see Table 2)

VO NEWN =

O XN NE W

-— ewd b -
W) O

MIXTURE IS : METHANOL'1) - CO02(2)
DATA SOURCE: RATAYA4A, 1976

T 'R) P{PSIA) X17EXP) X1[CAL) DEV. Y1{EXP) Y1(CAL) DEV.
536.670 31.699 0.98500 0.98479 -0.0 0.0798 0.0789 ~-1.1
536.670 81.974 0.95900 0.95797 -0.1 0.0315 0.0315 0.0
536.670  137.951 0.93000 0.92708 =-0.3 0.0203 0.0194 -4.3
536.670  251.008 0.86900 0.86089 =-0.9 0.0122 0.0115 =5.5
536.670  435.295 0.74400 0.73949 -0.6 0.0083 0.0076 =-8.1
536.670  599.597 0.63900 0.61059 -4.4 0.0072 0.0064 -11.5
536.670  690.271 0.55000 0.52493 -4.6 0.0070 0.2060 -13.7
536.670  791.821 0.3900C 0.39876 2.2 0.0071 0.0059 -17.1
536.670 A19.596 0.33800 0.34770 2.9 0.0078 0.0059 ~24.8
536.670 848.988 0.19000 0.12856 -32.3 0.0074 0.0058 -=21.0
536.670 867.799 0.07750 0.05759 -25.7 0.0070 0.0053 -24.9
536.670  873.824 0.06759 0.04897 -27.5 0.0074¢ 0.0050 -32.7
536.670 888.814 0.04270 0.03266 -23.5 0.0063 0.0042 ~-33.9
T (R) P{PSIA) X2'EXP) X2(CAL) DEV. Y2!EXP?) Y2‘CAL) DEV.
536.670 31.699 0.01500 0.01527 1.4 0.9202 2.9211 0.1
536.670 81.974 0.04100 0.04203 2.5 0.9635 0.9685 =0.0
536.670  137.951 0.07000 0.07292 4.2 0.9797 0.9806 0.1
536.670 251.008 0.13100 0.13911 6.2 0.9878 0.9885 0.1
536.670  435.295 0.25600 0.26051 1.8 0.9917 0.9924 0.1
536.670 599.597 0.36100 0.38941 7.9 0.9928 0.9936 0.1
536.670 690.271 0.45000 0.47507 5.6 0.9930 0.9940 0.1
536.670  791.821 0.61000 0.60124 -1.4 0.9929 0.9941 0.1
536.670 819,596 0.66200 0.65230 -1.5 0.9922 0.9941 0.2
536.670 848.988 0.81000 0.87144 7.6 0.9926 0.9942 Q.2
536.670  867.799 0.92250 0.94241 2.2 (.9930 0.9947 0.2
536.670  873.824 0.93250 0.95103 2.0 0.9926 0.9950 0.2
536.670 888.814 0.95730 0.96734 1.0 0.9937 0.9958 0.2
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Table F1,

T 'R) PIPSIA)
536.670 31.699
536,670 81.974
536.670  137.951
536.676  251.008
536.670 435,295
536.670 599.597
536.670  690.271
536.670 791.821
536.670 819.596
536.670 848,988
536.670 867.799
536.670  873.824
536.670 88B.814
A.-A.D. % OF K1
9.13
A-A.D. ¥ OF K2
3.24

(Continued)

K1 'EXP)

0.08102
0.03285
0.02183
0.01404
0.01116
0.01127
0.01273
0.01821
0.02308
0.03895
0.09032
0. 10963
0. 14754

K1'CaL)

0.08011
0.03289
0.02095
0.01340
0.01032
0.01043
0.01151
0.01475
0.01688
0.04547
0.09123
0.10177
0.12743

NPTS

13

NPTS

13
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DEV.

-1.1
0.1
-4.0
-4.6
-7.5
-7.4
-9.6
-13.0
-26.9
16.7
1.0
-7.2
-13.6

K 2 {EXP)

61.3467
23.6219
13.9957
7.5405
3.8738
2.7501
2.2067
1.6277
1.4988
1.2254
1.0764
1.0645
.0380

K2 [CAL)

60.5424
23.0455
13.4465
7.1055
3.8094
2.5516
2.0922
1.6534
1. 5240
1.1408
1. 0555
1.0462
1.0295

DEV.

-1.3
-2.4
-3.9
-5.8
~1.7
-7.2
-5.2

1.6

1.7
-6.9
-1.9
-1.7
-0.8
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MIXTORE IS

Table F2.

Detailed calculations of vapor-liquid

equilibria from CSM(see Table 2)

: METHANOL(Y)

DATA SOURCE:

T (R)

536.670
536.670
536.670
536.670
536.670
536.670
536.670
536.670
536.670
536.670
536.670
536.670
536.670

T ’R)

536.670
536.€670
536.670
536.670
536.670
536.670
536.670
536.670
536.670
536.670
536.670
536.670
536.670

P(PSIA)

31,699
81.974
137.951
251,008
435. 295
599.597
690.271
791.821
819_.596
848.988
867.799
873.824
888.814

P{PSIA)

31.699

81.974
137.951
251.008
435.295
599.597
690.271
791.821
819.596
848.988
867.799
873.824
888.814

KATAYAM
X1 (EXP)

0.98500
0.95900
0.93000
0.86900
0. 74400
0.63900
0.55000
0. 39000
0. 33800
0. 19000
0.07750
0. 06750
0. 04270

X2 1EXP)

0.01500
0.04100
0.07000
0. 13100
0.25600
0. 36100
0.45000
0.61000
0.66200
0.81000
0.92250
0.93250
0.95730

- C02(2)

A, 1976

X1 (CAL)

0.98571
0.96118
0.93375
0.87683
0.77231
0.63968
0.47815
0.12579
0.08889
0.05870
0.04278
0.03815
0.02749

X2 {CAL)

0.01429
0.03882
0.06625
0.12317
0.22769
0.36032
0.52185
0.87421
0.91111
0-94130
0.95722
0.96185
0.97251
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DEV.

0.1
0.2
0.4
0.9
3.8
0.1
-13.1
-67.7
-73.7
-69.1
-44.8
-43.5
-35.6

DEV.

Y 1(EXP)

0.0798
0.0315
0.0203
0.0122
0.0083
0.0072
0.0070
0.0071
0.0078
0.0074
0.0070
0.0074
0.0063

Y2 (EXP)

0.9202
0.9685
0.9797
0.9878
0.9917
0.9928
0.9930
0.9929
0.9922
0.9926
0.9930
0.9926
0.9937

Y1 (CAL)

0.0793
0.0319
0.0159
0.0121
0.0084
0.0074
0.0071
0.0060
0.0053
0.0044
0.0037
0.0034
0.0027

Y2 'CAL)

0.9207
0.9681
0.9801
0.9879
0.9916
0.9926
0.9929
0.9940
0.9947
0.9956
0.9963
0.9966
0.9973

-2.0
-0.9
1.0
2.2
1.9
-15.8
-32.3
-41.1
-47.8
-54.0
-56.5

DEV.
-0.0

0.0
0.0
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Table F2.

T (R) P’PSIA)
536.670 31.699
536.670 81.974
536.670 137.951
536.679 251.008
536.670 435,295
536.670 599.597
536.670 690. 271
536.670 791.821
536.670 819.596
536.6790 a4 8,988
536.670 867.799
536.670 87 3.824
536.670 888.814

A.A.D. ¥ OP X1
37.9
A.A.De % CF K2
9.78

(Continued)

K1 {EXP)

0.08102
0.03285
0.02183
0.01404
0.01116
0.01127
0.01273
0.01821
0.02308
0.03895
0.09032
0.10963
0. 14754

K1!CAL)

0.08044
0.03323
0.02130
0.01379
0.01086
0.01150
0.01492
0.04753
0.05944
0.07425
0.08533
0.08921
0.09966

NPTS

13

NPTS

13
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DEV.

-0.7
1.2
~2.4
-1.7
-2.7
2.0
17.2
161.1
157.6
90.¢
-5.5
-18.6
-32.5

K2 /EXP) K2°CAL) DEV.

61.3467
23.6219
13.9957
7.5405
3.8738
2.7501
222067
1.6277
1.4988
1.2254
1.0764
1.0645
1.0380

64,4140
24.9387
14.7941
8.0209
4.3552
2.7549
1.9026
1.1370
1.0918
1.0577
1.0409
1.0361
1.0255

5.0
5.6
5.7
6.4
12.4
0.2
-13.8
-30.1
-27.2
-13.7
-3.3
=2.7
=-1.2



Table F3.

BIXTURE IS

from LCM(see Table 3)

: ACETONE (1)

DATA SOURCES: NODA, 1982

T(R) P (PSIA)
536.670 14.700
536.670 14.700
536.670 14.700
536.670 14.700
536.670 14.700
536.670 14.700
536.670 14.700
536.670 14.700
536.670 14.700
527.670 14.700
527.670 14.700
527.670 14.700
527.670 14.700
527.670 14.700
527.670 14.700
527.670 14.700
527.670 14.700
527.670 14.700
$27.670 14.700
536.670 14.700
536.670 14.700
536.670 14.700
536.670 14.700
536.670 14.700
536.670 14.700
$36.670 14,700
559.673 14.700
559.673 14.700
559.673 14.700
559.673 14.700
559.673 14.700
559.673 14.700
559.673 14.700
581.760 14.700
581.760 14.700
581.760 14.700
581.760 14.700
581.760 14.700
581.760 14.700
599.867 14.700
618.030 14.700
618.030 14.700
636.300 14.700
AVE. ABS. PERCENT.

2.25967

- WATER(2)
(NPTS=9)
THOMAS, 1957 (NPTS=34)
X1 DEN(BXP) DEN (CAL)
LBNOLE/CU.FT.

0. 05830 2.9905 3.0536
0. 13600 2.4705 2.4531
0. 20560 2.2006 2.1614
0. 30200 1.8618 1.8097
0. 45970 1.4763 1.4246
0. 52660 1.3539 1.3054
0.61810 1.2145 1.1710
0. 76990 1.0351 1.0008
0.81950 0.9871 0.9562
0. 99920 0.8496 0.8347
0. 99820 0.8503 0.8353
0. 99340 0.8536 0.8382
0. 99240 0.8543 0.8388
0. 98880 0.8568 0.8409
0. 98740 0.8577 0.8418
0. 78840 1.0238 0.9916
0. 49060 1.4247 1.3774
0. 25010 2.0408 1.9979
0. 14500 2.4863 2.4750
0. 99580 0.8460 0.8300
0. 80310 1.0029 0.9704
0. 48210 1.4321 1.3824
0. 38020 1.6497 1.5966
0. 25300 2.0211 1.9734
. 0. 14550 2.4741 2.4558
0.06935 2.9152 2.9627
0. 99580 0.8302 0.8129
0. 76460 1.0221 0.9853
0. 50120 1.3755 1.3221
0. 37220 1.6450 1.5862
0. 25020 2.0049 1.9487
0. 14520 2.4501 2.4161
0. 07166 2.8787 2.8962
0. 99580 0.8145  0.7965
0. 78130 0.9875 0.9506
0. 48550 1.3814 1.3244
0. 24860 1.3849 1.9213
0. 14400 2.4303 2.3835
0. 07152 2.8567 2.8520
0. 11000 2.5938 2.5494
0. 04716 2.9885 2.9753
0. 02063 3.1992 3.2215
0.02109 3.1792 3.1765

NO. OF PTS.

43
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Detailed calculations of mixture density

% DEV

2.1089
-0.7055
-1.7833
-2.7968
'3 05070
-3.5798
-3.5801
-3.3117
-3.1398
-1.7503
-1.7597
-1.8037
~-1.8153
-1.8470
-1.8598
-3.1506
-3.3163
-2.1044
-0.4519
~1.8957
-3.2377
-3.4699
-30 2186
-20 3570
-0.7357

1.6296
-3.6025
-3.8796
-3.5770
-2.8072
-1.3873

0.6087
-2.2041
-4.1255
-3.2057
-1.9277
-0.1646
-1.7100
~0.4439

0.6954
-0.0846



Table F4. Datailed calculations of mixture density
from CSM(see Table 3)

MIXTUBRE IS : ACETONE(1) - WATER(2)

DATA SOURCES: NODA, 1982 {NPTS=9)
THONAS, 1957 {NPTS=34)

T(R) P {PSIA) X1 DEN{EXP) DEN(CAL) % DEV
- LBNOLE/CU.FT.

536.670 14.700 0. 05830 2.9905 3.2574 8.9244
536.670 14.700 0. 14600 . 2.8705 2.7722 12.2113
536.670 14.700 0. 20560 2.2006 2.4952 13.3842
536.670 14.700 0. 30200 1.8618 2.1204 13.8911
536.670 14.700 0. 45970 1.4763 - 1.6566 12.2093
536.670 14.700 0.52660 1.3539 1.5021 10.9476
536.670 14.700 0.61810 1.2145 1.3219 8.8447
536.670 14.700 0. 76990 1.0351 1.0846 4.7783
536.670 18.700 0. 81950 0.9871 1.0203 3.3539
527.670 14.700 0. 99920  0.8496 0.835¢C -1.7190
527.670 14.700 0. 99820 0.8503 + 0.8359 -1.6893
527.670 14.700 0.99340 0.8536 . 0.8404 -1.5464
527.670 14.700  0.99240 0.8543 0.8413 -1.5191
527.670 14.700 0. 98880 0.8568 0.8447 -1.4113
527.670 14.700 0. 98740 0.8577  0.8460 -1.3700
527.670 14.700 0. 78840 1.0238 1.0682 4.3366
527.670 14.700 0. 49060 1.4247 1.5942 11.9007
527.670 14.700 0. 25010 2.0408 2.3278 14.0635
527.670 14.700 0. 14500 2.4863 2.7956 12.4419
536.670 14.700 0. 99580 0.8460 0.8314 -1.7316
536.670 14.700 0. 80310 1.0029 1.0409 3.7901
536.670 14.700 0.48210 1.4321 1.6025 11.8985
536.670 14.700 0. 38020 1.6497 1.8707 13.3919
536.670 14.700 0. 25300 2.02M 2.3006 13.8313
536.670 14.700 0. 14550 2.4741 2.7747 12.1513
536.670 14.700 0. 06935 2.9152 3.1906 9.4480
559.673 14.700 0. 99580 0.8302 0.8142 -1.9249
559.673 14.700 0. 76460 1.0221 1.0702 4.7009
559.673 14.700 0. 50120 1.3755 1.5292 11.1747
559.673 14.700 0. 37220 1.6450 1.8602 13.0773
559.673 14.700 0. 25020 2.0049 2.2714 13.2925
559.673 14.700 0. 14520 2.4501 2.7297 11.4145
559.673 14.700 0.07166 2.8787 3. 1251 8.5588
581.760 14.700 0. 99580 0.8145 0.7979 -2.0382
581.760 14.700 0. 78130 0.9875 1.0279 4.0925
581.760 14.700 0.38550 1.3814 1.5368 11.2532
581.760 14.700 0. 24860 1.9849 2.2398 12.8404
581.760 14.700 0. 14400 2.4303 2.6918 10.7615
581.760 14.700 0. 07152 2.8567 3.0773 7.7199
599.867 14.700 0. 11000 2.5938 2.8273 9.0050
618.030 14.700 0.04716 2.9885 3. 1417 5.1243
618.030 14.700 0. 02063 3.1992 3.3065 3.3517
636.300 14.700 0. 02109 3.1792 3.2621 2.6094
AVE. ABS. PERCENT. RO. OF PTs.
7.90054 83 -
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