Many PIC can be expressed

1atios from ideality - example, t.hé reéidual

conveniently as dm

oo ) m.,mmm e
“e““"'&TW'l mm m"zfl‘ﬁ"r‘a it ’fﬁ‘EJ“ =

ubstanges in Figure 2.1 (a),(b). Other 1nformat,1ve plots of the
compressibility are shown in Figure 2.2. Ideal gas isotherms are
rectangular hyperbolas, but those of isopentane in Figure 2.3 deviate
sharply from that shape, particularly in the vicinity of the critical

temperature.
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2.1.2 Intermolecular Forces

Sizes, shapes, and structures of molecules determine the
forces between them and ultimately their P-V-T behavior. Attractive

forces tend to keep molecules ther, and repulsive forces prevent

them from mutual annihi r come into play at greater

separations of the are effective at close

range. The effects s in terms of potentials,

Figure 2.4 shows how the

s ,ance of separation of

the a ractive forces may .be
A% _

iﬂ, '
regarded. as resulting/fin'a pressur that is greater than that due to

quantities whose gra

/

e
4

potentials are v

molecules. Here ity

'y
|
3

\
(
1

the kinetic energi > moleeules, whereas repulsive forces

, molecules may be

‘ISR

qq ngﬂﬁlﬁ%ujamm ar-E] L g

3. Those having residual valences that may result in

classified as

association and hydrogen bonding.

Forces of repulsion and attraction are present in all
molecules, but they appear in exaggerated forms in associating and
polar molecules. The most success with P-V-T correlations has been

achieved for nonpolar substances, which includes the important. category



of hydrocarbons. Second virial coefficients even for polar substances,
héwever. have been well correlated in terms of certain geometrical and
electrical characteristics of the molecules. Several theoretical and
empirical relations for the effects of molecular attraction and
repulsion have been inco POTE in equations of state. Historically,
rather more attention has b l‘  : 1fy1ng the attraction term
a/v®  in the van der Waals e c@s the repulsion term has

--\*i

D, " him. Recently, however,

latt.er term; some useful

, no intermolecular forces:

b. Pohlofrqulonhnlheeenlenof
L7 the molecules:

3%8%5Wﬂ3ﬂ§
RINYIAY

c. Hard-sphere potential. Point of repul-
M is at surfaces of the molecules:
© r<eo.

SR NS

Figure 2.4 Some Commonly Used Potential Functions (Walas (9)).



2.2 Cubic Equations

2.2.1 The van der Waals Equation

Since the ideal equation was recognized early to be inadequate

for the demands of science and t logy, many other equations of

varying merits were p ‘. ‘ Almost, every one of these
has been shown, or some respects to earlier
EOS-because of a ~in some particular range
of temperature and o) fi . some. pa ' lar substances, or for
the evaluation of - ami¢ property, or for being
easier to use , oy e the inVento: )ecome interested in the
een accepted, not always

because they were inferiot" 51 np ] ecause they were not. superior.

The most famous-ant e of—the uitful equations of
nSe di,gert.ation was " on the

continuity of the ¢gas and liquid states ". In the van der Waals

cmim. AUEINYNINETNT
QRINNIUAMINGIAY ..,

(V-b) 'S

"a is called the attraction parameter and b the repulsion parameter.
The latter also is called the effective molecular volume, which van der
Waals theorized to be four times the actual volume of the molecules.

Related mat.hemat.icél material is collected in Table 2.1.
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Since the van der Waals equation is of the third degree in
volume, and the suberitical isotherm has three real positive roots,
whereas supercritical isotherms have only one real root. When there

are three real roots, the smallest is interpreted as the specific

, : that of the vapor phase, and
' &less.

Standard forms of the equation—ure' \ the formulas for a and b:
he critical condition. the first and second

P+ a/V3)(V - b)=RT, ‘
( a/' N e ' o ves with respect to V at constant T are zero. Per-
2= PV/RT = V/(V—b)—a/RT " ._i" ) ing these differentiations,

Polynomial forms are: RT, 2a

»

T A ey kol (11)
ey 3
l”—(b+R—PT)V3+—I'-— b (B0 . ¥

» 2RT, 6a G

a . e et (12)
p J o 2 v.-5)» 4
. (RT ')‘ (R R _,'.‘fx.#;x . :
Virial form: A

a \1 =

YT ol & e Vet b)=RT,. 13
1= (h RT)V ) 3 (13)

gs. 11-13 nr@lved simultaneously to obtain the results of
lines 7-9.

elhod 2: At the critical point, the three roots of the

A AT

Reduced form:

The parameters in te properties Comparison of coeflicients of like powers of Eqs. 3 and 14
a=3P V=21 R’Tz /64P,, will leadito the same results for.the parameters as by method
b=V, Wq a ﬂ ﬂ j m MV}M ﬂ“’.}@ pressed in terms of lhe
- 8PV, the combining rules:
.= 0.375. (IO) a=(Zy/a;)?= ILyiyyv/aia;= LEy 550 (1S)
The value of R given by Eq. 9 is not the same as the true gas b=Zypb;. e

constant, 8.314 joules/gmol-K; the true value should be used
for evaluation of the parameters a and b from Eqs. 7& 8.
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2.2.2 The Redlich-Kwong Equat.ion

Since van der Waals proposed his cubic equation of state, many

modifications have been made to improve the agreement with experimental

, k’)ﬂ‘ic&tions was that made by
:._4

4

data. One of the most

Redlich and Kwong (1)

Redlich-Kwong equation

of state retain e A do 1, pi ‘\\\ he van der Waals EOS:
I. As P—#iX, -, Jﬂ \.\
l. £

case of the virial #0 ne

sy ¥ \
h"". ignif ieance

>ct, if V—0, as in the

bin EOS.)
II. a and. :
ITI. The BoS s ! sree in volume

In addition to the wever, the Redlich-Kwong has

a significant.ly T volume anc (, bendence than the van

:
ﬁwm,nsmwmm
’Q RIAN f,mu NEAANIRY e

(V—b) V(V+b)

der Waals EOS. m

Redlich and Kwong not only succeeded in demonstrating that a simple
adjustment. in the terms of Equation (2.1) could considerably .improve
the prediction of vapor phiase propert.ies, but also that the cubic EOS
can be a reliable tool for engineering calculations. Comparisons of

sever_al such equations are made in Figure 2.5.
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Figure 2.5 Saturation curve and 394.2 K isoih of n-bui isons with predictioas from the ideal. van der
Waals and Redlich-Kwong equations of state. ==
Curve 1. Ideal gas: P = 0.0825 7/V. -'.'.“'«’-‘ %7
Curve 2. Redlich-Kwong: P = 0:082
Curve 3. van der Waals: P = - —— o -
Curve 4. van der Waals with R
Curve 5. Saturation curve. .
Curve 6. True isotherm, m m

ﬂ‘lJH’WIﬂ‘ﬂ‘ﬁwmﬂ‘i

Va.rlou forms of the equation and related guantities are

cvmar ok eble 4 ) B bkl bk L ons s,

t.he pa.rameters a and b are found in terms of the crit.ical properties.

Thus:
a =4 R T . 2.3
F'c
b=n_RT . (2.4



Table 2.2 The Redlich-Kwong Equation of State

o

Standard form:

RT a
yob  VTVW+S)
Parameters: (see Example 1.12):
a=N,R¥T?3/P, = 0.42148 RIT23/P,, (2)

P (1)

b= QuRT./P.= 0.08664RT, /P (3)
= aP/RIT?5 = 0.42748 (4)
B = bP/RT = 0.08664P (5)
Polynomial forms:
RT Y
73 — — Y2 4 —

} P V (6)
23—224 (4 =K AT
P A p?

23 -4 '9/0gss1 0. = 3704?,—, 0. (8

i Reduced form:
Compressibility relagio e A o
r— —— = ] (10)
o iJ A
z= - — L= e : ) an
s V— y_ - L) (12)
Mixtures: ﬂ ) J ;
;s i
a-EZy,)Jau )ia”+y§an+ +2(y,y2a,2 +y a3t
+)'2)':"zz (13)
; ‘%JEJ’JV]EWI‘?WEJ’lﬂ‘i
A YiYiij (15)
B 2y. i
”u' =(1-cijha;a; aa; (Zudkevich & Joffe 1970) _ (18)

QR + VIEYIO = kyWT,T )
%ij 8[0.291 — 0.04(w; + ;)]

(Prausnitz & Chueh 1968).  (19)

13



a_ = 0.427480 , (2.5)

0.086640 > (2.6)

ny

Usually the fit of data to the equation of state is improved

by allowing the coef fil ient.: to vary from substance to

2 coés have been correlated in

actor. Perhaps the most

substance. In recent tin
terms of reduced
widely used corr ), which is discussed
in the next section ~all satisfactory for
the liquid phase, for calculating wvapor -
liquid equilibria.

e
2.2.3 The Soave Eg

The tenm ’5‘A ’ Jof the RK equation was

replaced by a fumuon a(T,w) 1involving tm temperature and the

:e:::: ;ﬂﬁ ﬁﬁ ﬁ ET% %’Wg;] ﬂ 3 that the equation
AWAIAIANY) INAE

(V—b) V(V+b)

The parameter a(T,w) was formulated primarily to make the equation fit

the vapor pressure data of hydrocarbons, with the result

aT,w) = aol = 0.42748 (R° T_ ° /P_ )k . (2.8)



Table 2.3 The Soave Equation of State
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Siandard form: ;3—12+(AfB—B2)z—AB=().

RT aa Panly reduced form (sce Example 1.106).
P=V0 " wv+n B 3T, 38473a
Parameters: e v, — 0.2599 o VAV, +0.2599)
a= 0.42747R?T}/P,, Mixtures:

aa=XXyy(aa),;.

S
ST Y )y A
a = 1.202 exp(—0.30288T,) :

for hydrogen (Graboski & - B=21)B,.
A= aaP/R?T?=042747aP 10ss-parameters:

B = bP/RT = 0.08664P, — ki) (aa)(aa),.
1.12;

b= 0.08664RT /P,
a=1{1+(0.48508 +1.55171w —

Polynomial forms:

,

r hydrocarbon pairs and hydrogen.

(9)

(10)

(RRD]
(12)
(13)
(14)

(13)
(16)
(17)

\H action Parameters
: ﬁ pave Equation

of absolute differences between solubility
, and cf the inorganic gas.

¢ |2ﬂ:0222|6”c—712|2
N, —0.0836+ 01055 8,c — 4447 0.0100] ¢ — 4.44]2

f U8 IREs NN

2. Direct ‘yalues from vapor-liquid equilibrium measurements.

=% o

Ch B :

2 — 0. 3] -
q co, 0102 ° — —0022 —0.064
N, 0.140 -0.022 — 0.046

co — -0.064 0.046 -

Methane 00850 0.0973 0.0319 0.03

Ethane 00829 0.1346 00388  0.00

n-Propane 00831 0.1018 0.0807 0.02

2-Methylpropane - 00523 0.1358 0.1357 -

n-Butane 0.0609 0.1474 0.1007 -

2-Methylbutane - 0.1262 — -

_ n-Pentane 0.0697 0.1278 — -
n-Hexane — — 0.1444 -
n-Heptane 0.0737 0.1136 — -

.n-Octane - - — 0.10
n-Nonane 0.0542 — — -
n-Decane 00464 01377 0.1293 —
Propylene - 0.0914 - -
Cyclohexane - 0.1087 — -
Isopropylcyclohexane 0.0562 — - 0.01
Benzene 0.0810 0.213] - -

1,3,5-Trimethylbenzene ﬂiﬂé’ ? ()") b e
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%% = 14 a-T, "%)0.480 + 1.574 ® - 0.176 ©° ) (2.9

the coefficients of this term were modified by Graboski and Daubert

(10) to

P (2.11)
The effect of the 7 f or ' shape of reduced isotherms and
a comparison with the var der Wanl xquat.ion are shown in Figure 2.6.

For some i> . lLhe same as for the RK

equation, with the.mross- m
. Augnenawens .
o | ANTLABUA M ANENQ Y, ...

further changes are proposed by Soave (11), making
&= 14+@AA-T_ )m+nT_), (2.13)
where m and n are two adjustable parameters that must be derived from

experimental vapor pressure data for each pure substance. Simplified

methods for evaluating these parameters are described by Soave (12).
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20

P, atm
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Application to mixtures requires two binary interaction parameters:

10

a,, =0.5(a  +a, )1 -C, ) (2.14)
b,, =0.5(b, +b )1 -D, ) (2.15)
a = (2.16)
b =ZXV, %y | AN (2.17)
No generalizatio ) e 1 .ion parameters in this
study (12).
300 F| |
250 F e . |
\ H-K
&S
5
| RIAGENN
Saturati l l Saturation [
ak aturation l ! > VDI
H
)
l. ll -
0.01 0.1 0.2 0.5 1 2 s 10

V., liters/gmol

Figsure 2.6 Plots of 250° F isotherms of sulfur dioxide with the Harmens-
Knapp, Soave, and van der Waals equations, and comparison

with the true saturation curve (Walas (9)).



2.2.4. The Peng-Robinson Equation

Several goals were set by Peng and Robinson (3) in developing
a new two-parameter equation of state cubic in volume (see Table 2.5):

1. The parameters should be expressible in term of P_ ,T

&roved performance in the
c

2.
t, particularly for
density.
3. The more than one binary
should be independent.
of tempersitire, press and Gomposition.
4. The ‘ - e to all calculations of
all fluid pr _-:d-t V ‘: gas processes.
They pro 1'1: ]

—

a(T)

—bﬂummmwmm

9 mmnm UAINYIRY o

(V—b) v + 2bv - b°

At the critical point,

a(T_ ) = 0.45724 R T_ * /P_ 2.19)

b(T_ ) = 0.07780 RT_ /P, (2.20)



2. e 00T (2.21)

At, other temperatures the parameter a(T) is corrected to

a(T) = a(T_ ) o (Ty (2:.22)
similarly to the Soav

pressure curve up t

«°® =1+ a -3 FJ0387¥ (542200 - 0.26992° ) (2.23)

substance, 13 ar€ the Z_ of some other
two-paramet.er EOS. his is a pa.rt.ial explanat..1n of the fact that the

PR equatmnﬁsﬁzﬂﬂ%ﬂ,ﬂqﬁ%ﬁhqme accurately that

does the Soave equat.ion, vz)nch is ot.hermse qu1t.e similar in
erco e PRI I BRI e, st
has beeﬂ achieved by Fuller (14), who expressed the parameters a and b
of the Soave equation as functions of the temperature and used
critical volumes and parachors in their evaluation. Even such polar
molecules as water and ammonia are covered by this correlation. Liquid
density predictions by the Soave and Fuller methods also they are

discussed by Chung et al. (15).

Combining rules of the PR system for mixtures are the usual
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ones of cubic equation, but binary interaction parameters for the

cross-parameter are considered essential:

B . = (l-k“) /a‘ aJ (2.24)

They are found by optim ng dble point pressures over and

(1)

@
&)
TR @
(5)
(6)

ﬂugqnﬂﬂHWHWﬂi o

AN a\iﬂ”ﬁ‘mﬂ‘iﬂﬂ NYNAE

Data of Katz & Firoozabadi (16)

nitrogen + HC ki=0.12
CO,+ HC : 0.15
ethane + HC 0.01
propane + HC 0.01
r ethane 0
propane 0
nC4 0.02
nCS +0.02
nC6 0.025
_ nC1 7 0.025
methane + 4 8 0.035
nC9 ) 0.035
nC10 0.035
nC20 0.054
benzene 0.06
cyclohexane 0.03
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2.3 Other Modifications of Redlich-Kwong Equation

Since that time, numerous modified Redlich-Kwong equations
have been proposed. Some have introduced deviation functions to fit

pure substance PVT data whi thers have improved the equation’s

capability for vapor—li- | 1 ' _(VLE) predictions. Depending
on the form selectedto exp es&elationship between EOS
———

the following types :

variables, EOS may

The key lgommen at,.ic or making tl@Redlich—Kwong, or any
other, EOS ilson (17). He suggested
that the fmﬁﬁﬁ mg 1& a function of
Y\ BN P1EVRiS (1)
pressure. a

Equation (2.2) in the fom popularized by Soave (2):

P= RT - a €27}

(V-b) V(V+b)
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then Wilson’s recomendation makes o« a linear function of T, :

A=TrCl +m (Tr - DI (2.24)
m=1.57 + 1.62® (2.25)
Wilson’s recommendatloo largely ignored, even though he

26. It was not until Soave’s

(2.26)

. (2.27)

Soave’s modification

most popular me;-‘- culations.

é%
-
]
a1
i
e
$F
]
nJ?’

- Soave hu - 0.398)

q . IMANYAY:

04 0S5 0.6 0.7 0s 08 1.0 1.1 1.2 1.3 14 15 1.6

Reduced Temperature (T/T,)

Figure 2.7 Temperature-dependence of a parameter

(Tsonopoulos et al.(62)).
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The temperature-dependence of the a parameter, that is, the
parameter, is illustrated in Figure 2.7 for the original equation and
the modifications of Wilson and Soave. The Wilson and Soave o« ’s are
very similar for w=0, but are farther apart for w = 0.398 (the value

for n-octane). This is because W

’ % for low values of w (£ 0.2).

!-’

ilson emphasized light hydrocarbons,and
therefore his modificatio } :

r, that the Wilson and

Soave modifications”ar ictors d virial coefficients.
The RK & for T than the Wilson and
Soave o’s for modifications would

predict. too positi A <4 and Soave «’s are good

and b ). A choice

7
2.8.2 ifiéations with Twé.Temperature-Dependent parameters
Gk 7

ANENINEIN
O i1 Ml bl T T

recommended that both a and b in Equation (2.2) be functions of

temperature. Joffe et al. suggested that the temperature dependence of
a and b be determined by simultaneously matching liquid density and
forcing the vapor and liquid fugacities to be equal at the pure

component,’s vapor pressure.
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These constraints on a and b, along with the additional
constraint that Z_=0.333, lead to unusual temperature dependence for
T,<1.0. This is illustrated in Figure 2.8 for argon and n-octane. As T_
is approached, both N _ and Q,Z increase very rapidly. It would be

unwise to extrapolate above : 8 with these limiting slopes. Accordingly,

T_. Thus, a disco L it ists at. T '_ and therefore the Joffe-

Zudkevitch modifi enthalpy calculations,

although it is a

Two EOS also use two
t.emperat.ure-depende & ,' 3. b awve a total of three
parameters. One is Heye (45 ' , ’ ts the vapor pressure and

(2.28)

P =

AU ST
RINNINANINGAY

Unlike the Joffe-Zudkevitch modification, however, the a and b in

Heyen’s modification are well-behaved, continuous functions of
temperature, a result of using three parameters. As in the case of
Wilson’s and Soave’s modifications, however, the prediction of B is

inferior to that with the original RK EOS.



— 0.086

0.082

1.0

dependent. a and b parameters

o

(Tsonopoulos et. al. (62))

2.3.3. M

Redlich and Kwong madified the attractive term of the van der

=

Waals EOS. The-more Sat of the attractive term are

frequently  *} —FedTiohRven odific ong, even though they

actually are msz ications of the van der Waals EOS. However, RK

equation "showed itmﬁ: thefefore it is appropiate that the RK
EOS is consi 1‘41 ::l i ngm&nﬂ fications.

AAIMHAINYIRY, o o

uses only two parameters is the Peng-Robinson (3) EOS.

P =-"RF = a (2.18)

(V-b) V(Vib) + b(V-b)

The addition of the b(V-b) term in the denominator of the attractive

term resulted in an improved prediction of the liquid density without

25



26

making b a function of temperature . The Peng-Robinson EOS uses

Equation (2.26) for « ,but m is given by

m = 0.37464 + 1.54226 W - 0.26992 W~ (2.29)

The Peng-Robinsor y similar to Soave’s for VLE,

but, better than Soave’s « However, the Peng—Robinson

or any other two-p ot s imrita
NN

ously improve the vapor

5 added .

Three-par ., mak possible to have a component
\ \ been used, an ajusted

Z_ that is typically 10515 # darger), than experimental Z_ has been

Schmidt, |a5d Wenzel (20) recouiended @y attractive term that

introduces the ace@ric acto y as a@xird parameter:

AUEINENINEINT ..
e sl ITE A

a similar form was proposed by Harmens and Knapp (21).

P = RT - a _ (2:31)

(V-b) vZ 4 cbV - (c-1)b°

It is interesting to note that this EOS reduces to the Redlich-Kwong,

for ¢ = 1, or the Peng-Robinson, for ¢ = 2.



Heyen (19) used a different form:

P = RT - a (2.28)

(V-b) vZ 4+ (bte)V - be

Equations (2.28) were developed for VLE

calculat.ions; accordi e fit of vapor pressure and

liquid density wi s - two ase of Equation 2.28)

temperature-depend apamete \\ \ en, the Schmidt-Wenzel
and Harmen-Knapp" Foufs Ak /s \\ Jjusted Z_ ’s. It is also
shown that the ace it facto mcorporated in the Schmidt-

Wenzel EOS interp and Peng-Robinson ( W

=0.333) EOS, when ed 411 modifications of the

attractive term have one o8 t ‘ey have generally degraded
the prediction of, B comparé to the orij RK .

The discusgon in € on has highlighted the research on

modifying the attractive term; the ulsive term has been kept in the

o pmpﬂduﬂ AN I WA Vction  considers
'”“lfﬁwmﬁﬁiﬁﬁﬁ AEINa Y

2.3.4. Modifications of The Repulsive Terms

In the last two decades there has been much interest in
modifying the van der Waals repulsive term . If consider a hard-sphere
fluid, then there is no attractive term and the van der Waals EOS

becomes
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P = RT. 1 2.32)

\' (1-b/V)

This is a considerable improvement over the ideal-gas EOS - , which

also is the first term in the virial and Benedict-Webb-Rubin EOS:

(2533)

o the presentation of
the hard-sphere (2.32) is &a crude

approximat.ion.

Thiele (22) de r‘f:ﬁ scessful , closed-form hard

sphere EOS :

\ y_‘A ——

B
(1-y) (2.34)

ﬂuaawﬂmswawni
awwmﬁimumwmaﬂ

where y b/4v.

Carnahan and Starling (4) improved upon Thiele’s expression

by adding the term (—y:3 ) in the numerator:

P.s = RT . 14yty° -y~ (2.35)
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The ideal gas, van der Waals, and Carnahan-Starling Z _ are
plotted on Figure 2.9. What is most striking is the enormous
difference between Carnahan-Starling, the presumed correct result, and
van der Waals. What makes this difference more perplexing is that,

when an attractive term is‘ added to the Carnahan-Starling EOS,no

significant improvement re Its :ribing the real-fluid behavior.
”;‘ ed inate forms f
have proposed approximate forms for
NN

v could maintain a cubic

the hard-spher the e \\
1. ‘noed Scobt’s\ (23) approximate hard-sphere

form. Ishikawa \ \

EOS together wit "attis t 1% te \n VLE predictions with the
L. i F ) 4 ‘ R

resulting EOS e with the Joffe-Zudkewitch

modification of the igure 2.9, Scott’s hard-sphere

EOS is in excellent - arling up toy = 0.3.

- I > |
2 .=

AR B / .
H
~
LN o —
41~ -
———= Un el sl (1623)
2 ldul‘cn o
= 1 1 1 ] 1
° 0.1 02 0.3 04 X1

-
o

Figure 2.9 Compressibility factor of hard-sphere f1luid
(Tsonopoulos et al. (62)).
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2.4 Perturbed Hard-Sphere Equations of State

Consideration of the forces of repulsion between rigid sphere
leads to a virial equation for the repulsion pressure P, (Ree and

Hoover (24) ):

(2.36)

where

(2.37)

A
and b is a measure of th VO

regarded as 8 .* np
T i

For real ﬂases the pressure is madeap of contributions of

forces of a m iﬂm{mu\f ﬁ.ﬁarhan—starlmg (25),
the modifi

QW']ﬂﬂﬂ‘ifH SJWTJV]EHQEJ

ipied by the molecules but may be

(2.38)
v a-y° v"
similarly, the modified Redlich-Kwong equation becomes
2 3
P=RT 1 +y+y -y ) - a (2.39)

\' 1 - y)° %% v(vib)
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The parameters a and b in these equations may be related to the

critical properties by application of the mathematical conditions at

the critical point.

Several studies based as purturbed hérd—sphere equations of

"@

'.io f

\\\,
AN

state may be cited.

i) ( ith the modified van der-

Waals and Redlic ter was found to give

superior perfo lens? halpy deviations of pure

|.._

ll"

m‘d F

ii) De sSandis ' . ma n attempt to develop a

substances and son

hard-sphere repulsion €on ?LFE’ ibi ri or of Carnahan-Starling (4)
with a simple »..1-»_, L+ '_ : be attractive term for VLE
calculations. De &3

V.

P = R’} (1+y+y (2.40)

ﬂ‘LlEJ’J wsmwmm
mhe Bleblbiar 6| ahid 394 NN BY i o

t.emperat.ure for twenty-one substances.

The proposed hard-sphere EOS yields good results, for the case
of pure components, in the range spanning ideal gas to saturated
liquids. Extension to mixtures to predict vapor-liquid equilibria of
Pizer fluids allows good accuracy in a wide range of temperatures

and pressures.
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iii) Nagata and VYasuda (6) applied the Carnahan-Starling

-Redlich-Kwong equat.ion to saturated vapors.

ijv) Nakamura, Breedveld, and Prausnitz (7) studied the

hard-sphere equation in the form

P = (2.41)
where

g = t2ede)

ihows (2.43)

where parameter c i ure but is characteristic

of the substance, being Zero £o and slightly positive for

the few polar »i}._;. N

parameters are rB‘uir .

:; binary interaction
. of@e «’s. Constants for
fourteen substances are, given.

ﬂ‘UEJ’JﬂEJVlTHEJ’]ﬂ‘ﬁ

smple form he perturbed hard-gphere repulsion
term %sﬂola gn}m uxm ::Lq WH&Ma study on
the representation of pure component properties by means of the vdWw
and the RK equations of state together with their twelve variants.
These variants were obtained by replacing the RT/(V-b) term with the
analytical expressions of the hard sphere compressibility‘ factor
proposed by Thiele (22), Scott (23) and others, in addition to that
suggested by Carnahan-Starling (4). The results of the study indicate

that the variant which combines the hard sphere compressibility factor



33

of Scott and the RK empirical attractive term

P = RT (2Vib) = a (2.44)

\' (2V-b) T°'5 V(V+b)

appears to be superior to ariants of the vdw and the RK

equations mentioned .pure component, properties

which are relevant oure component. properties

selected for the & 2ssure,saturated liquid

and vapor volume and second virial

coefficient.. It ¢ that the parameters of

the variants were/c nstants in all of the

calculations.

Equation (2.44) iy & ive from the viewpoint that it

ors and remains a cubic

equation in terms E f t.Es study is to evaluate

the feasibility of improving Equatiens (2.44) for representing pure

component, m@equajt;] n&mgmﬁg mjﬂm and substance

dependent, ameters and to évaluate thew applicability of Equation
e ANAONN WAMNITEANL, s

paramet.ers s

The quantities a and b of Equation (2.44) are related to the

critical properties as follows :

o syt TalT 1R (2.45)

and
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b =A RT /P, (2.46)

Equatipns (2.45) and (2.46) were obtained by applying the two

conditions, ( @P/ ®V),_=0and (®° P/ &V ) _= 0 , to the

Tc

critical point. The parameters , and N, were evaluated from vapor

&} "'s for twenty two arbitrarily
re similar to that proposed
for modifying the 26)). The calculated (5
and O values s of Equations (2.47)

and (2.48) :

(2.47)
and

(2.48)

£

ése two equations are

also reported inaébié__ Lrj
Table 2.6 Vcﬁj uﬂlgcnﬂmgma aguat.lons (2.47)and (2.48)

e WLGNN RN U0 b o

The values of

Propane 0.24104 1.25456  —1.64596 0.59878 0.11493 0.17712 =0.31387 0.12452
n-butane 0.23612 1.35573  —1.81164 .  0.66445 0.10786 0.18583 =0.32067 0.12712
n.rnung 0.35919 0.85241 ~-1.08188 0.32006 0.12727 0.07694 -0.14135 0.03378
n-hexane 0.29758 1.18570  -1.62966 0.57754 0.09861 0.19188 ~0.20559 0.10457
n-heptane 0.24812 1.40351 —1.87158 0.65585 0.02042 047134 -).63328 0.24004
n-oclane —0.20656 3.10569  -3.63176 1.46918 —0.12905 1.00409 =1.26511 0.48801
i-butane —0.18450 2.89176  -3.65663 - 1.38G74 —0.03957 0.75459 =1.02007 0.40746
I-pentune 0.10878 1.81070  —2.34577 0.86703 0.02509 0.48251 —0.65068 0.26853
Ethylene 0.44641 0.3016) —0.29444  -0.00538 0.14054 0.07086 ~0.15209 0.04310
Propylene _ 0.11730 1.63885  —2.02328 0.71485 0.05773. 0.37461 —0.5324 0.20234
1-butene —0.22174 2.85561 -3.41073 1.21851 —0.00685 0.56051 =0.72161 0.25850
Acclylene 115110 —2.24265 2.62209  ~-).28905 0.33084 =0.67414 0.76921 -0.34625
Benzene 0.38836 0.65177  —0.76790 0.18743 0.11547 0.13103 =0.21122 0.06496
Carbon dioxide —0.66550 5.68232  —6.94321 2.67340 -0.31758 1.71076 =2.11569 0.82464
Carbon monoxide 0.16664 1.47381 -1.82735 0.74838 0.10783 0.24471 ~0.42244 0.17596
Nitrogen 0.78071 -1.07156 1.52277  —0.79841 - 0.26291 —0.36045 0.44178  —0.21436
Osxygen 0.46326 0.12814 -0.01032  -0.)3075 0.18070 =0.10512 0.06006 —0.04248
Argon 0.22914 1.02460  -1.16633 0.36604 0.12583 0.16172 —0.26468 0.11138
Sulfur dioxide 0.03616 2.08022 -2.66063 0.68686 0.02529 0.47173 —0.64878 0.25346

Ammonlfa —0.12433 2.43358  -3.10164 1.21720 - 00111 045682  -0.630G2 0.25746
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The calculated results are reported in Table 2.7. Furthermore,
the calculated results obtained from the cubic equation recently
proposed by Peng-Robinson and De santis et al. were also included in

Table 2.7 for-the purpose of comparison. The overall averages obtained

are shown in Table 2.7, i1 hat the proposed (ICL) equation

gives smaller devi ulated and the literature

“4

values than the m " De Santis et al. for all

of the four sat: Peng-Robinson equation

in the calculated values
L™ ‘
1 "v\d‘me but gives slightly

. of saturated vapor volume

gives larger dev
of vapor pres

smaller deviatio

e ICL equation would give

smaller average dev atfz;fs f;}i‘ ‘Peng-Robinson equation in all of

the four pro _ if caleulated results for ammonia were

Table 2.7 A summarv of dev1at.10ns between calculated and literature

G e PN BT e mee
ARINRIUNAIINGANY

This This This
PR De Santls  wawk De Santls  wark PR De Sanths  wark PR De Santis lhu‘;
M:‘t:um 20 16 510 048 :ua 712 182 - 773 B80S 054 344 450 1.60
:J ne 27 100 406 031 2271 8.1l 104 668 362 221 (14 572 o84
Npaae oL 0.81 031 298 282  0BS B35 06l 107 370 246 110
n-butine 28 097 087 022 150 295 206 450 113 081 242 3se 264
tane 30 08 088 of8 100 aes . .EsTiEd9 078 074 172 441 378
n hesane 4 140 295+ 028 133 7.97* 331 410 133 042 9284  S06c 413
-butane 20 147 206 004 235 3% 070 500 163 043 “234 709 43
E:. b 21 LIS 34 0T 188 68 182 6.45 220 038 140 438 230
r .p,tm 2 038 087 007 130 284 175 526 079 027 197 30 218
Acctylewe 2 157 153 032 097 548 350 8500 136 . 051 48 iase gy
Benarne 41 091 1081 016 280 2701 32 43y 084l 020 3  g08f 3. <
B dbside 2 065 294 018 131 s37 260 4.62 200 036 400 130 =
Ol engacide ~ S 181 30~ BEF BN M SARLRAN - GBI SO0 Beme i m
Nitrogen 18 141 7.01 074 436 1088 318 B2 45 088 .410 806 s
Aharionk 20 084 285 028 5927 757 055 1540 172 065 435 ges o
Average 1.08 274 030 232 58 276 643 215 067 310 g9 ';':
“N=X], : .
IN=a4.
cexem

‘H\“’l.‘l.F\‘&“\ﬁ"(
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Application of Equation (2.44) to mixtures requires the
definition of two quantities, a_ and b5 which replace a and b in

Equations (2.44), (2.45) and (2.46). The conventional mixing rules

8, =% 23: ¥, : (2.49)
i 4

and

were used for

mixtures with x

(2.50)

were used for liquid

a,, as proposed‘by &
Zudkevitch (18).

‘\\ modified by Joffe and

(2.51)

The calculated | e B vstems at fifty-three

T

isothermal condlt.g'ns, indi e ICL eguation is suitable for

% °“°“1?Tﬁ§?’%w%’?¢ﬂ”'1
- RIAINTNNNINYIAE

. The mixing rule for
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Figure 2. 15] &1’1@&@ m&i% ’}'}aqﬂq akElat.ed and experinental

VLE values for ethane-propane VLE values for n-hexane-

system (- - -,—,calculated). benzene system

(- = -,~—,calculated)
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