PROPOSED MODIFICATION AND PROCEDURE

3.1 Formulation of the Sphere Equation of State
Semiempirica ns of @ally express pressure as
the sum of two tey | ‘ 'ftl.bl and an attraction

(324 )
The equations of van i ls ich and Kwong , and Soave are
examples and all have the b __ i pressure expressed by the van der
Waals hard sphe ; ‘

(3.2)

ﬂUH’JVIEJﬂSWEJ'lﬂ’i
::; Slrﬁd wnhere eﬁatlo%of Stat, ﬁ ﬁﬂv}a et t.he repulsion

P, = RT (2V+b) (3.3)

VvV (2V-b)

However, the attraction pressure can be expressed as

P = a {3.9)
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where f(V) is a function of the molar volume V and the constant. b
which is related to the size of the hard spheres. The parameter a can
be regarded as a measure of the intermolecular attraction force.
Applying EquaLionA (3.1) at the critical point. where the first and

second derivatives of pressure

ith respect to volume vanish one can

obtain expressions for a ritical point in term of the

critical properties. treated as temperature
independent, a is Wwaals equation. For the
Redlich-Kwong Redlich-Kwong  equation,

dimensionless sc : cribe the temperature

dependence of the

VA
Table 3.1 Repulsion and _ ssure of Equation of State
6 = e - r :f‘ !

1Van der Waals

Redlich-KWOﬁ u Ej"ﬂj ﬁ':TEJ V] %}w EJW

Soave-Redlich-Kwong RT ¢

RN a\m‘im 19117 wma d

Peng-R@binson
V(V+b)+b(v -b)

Carnahan-Starling RT(1+y+y?-y?) a

v  (1-y) T%° V(V+b)
De Santis et al. RT(1+y+y*'-y?) a

vV (1-y)3 V(V+b)
Ishikawa,Chung & Lu RT(2V+b) a

V (2V-b) T%8.V(V+b)
This work RT(2V+b) a

V (2V-b) V(V+b)

S - - - - " e = S e = - e e e e = e . e

o — — ] ———— T —————————— ———



The modified hard sphere equation used in this work combines
the hard sphere repulsive term of Ishikawa et al. (8) and the

empirical attractive term as follows :

P= RT (2Vtbh) - a (3.5)

V (2V-b

7
To obtain tHE  parametérs wequation, the following

condit.ions that at th it ical poi

cop/oyll. £ FJL*ProvE 0 & (3.6)

which leads to

(3.7)

Y | (3.8)

_—
o o B AT A TR e o
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The references from which the saturated properties were obtained are

reported in Table 3.2. The calculated 0 _ and Q  values were further

correlated by means of Equations (3.9) and (3.10) :

1
(3.9)

o

%
> o, T
s

and

ng= g bo¥r (3.10)
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Equation (3.5) can be rewritten as

27° + (B-2)Z° + (2A-3B-B5)Z - (B° - AB) = O (3.11)
where

A=aP/R T (3.12)

B = (3:13)
Equation (3.11) yiel : three. roots" epending upon the number of
phases in the syst B¢ two phases region, the largest root is

'.\. while the smallest

positive root correspénd

Table 3.2 Literature Sources ©f 28 ati erties Used in the Investigation.

COMPOUND | Vapor Pressure
.......... S o e i S R
Methane i1Vennix et
1Goodwin et+ad.
: m ; I
Ethane 1Sage et al.(30), Pal et al.(31),and 1Sage > al,(30),Maass et al.(32),and
EHaass et al.(:izar!n QJ EPorter (33)
Ll .
Propane 1 Ream u.ﬂ)%s 81:“.%) :%}q ﬂ§34).l)eschner et al.(35)
:,s;gﬂ al.( ,and Stearns et al.(37) |,Sage et al.(36),and Stearns et al.(37)
: ¢ a

R YT SRy

i-Butane |Das et al.(41),Sage et al.(42) ,and
yWaxman et al.(43)

Das et al.(41),Sage et al.(42) ,and
Waxman et al.(43)
Sage et al.(44),and Das et al.(45)

n-Pentane |Sage et al.(44),and Das et al.(45)

i-Pentane }Isaac et al.(46),and Das et al.(47) Isaac et al.(46),and Das et al.(47)

Ethylene Maass et al.(32),and Calado et al.(51) Maass et al. (32)

Maass et al.(32),Vaughan et al.(52)
and Farrington et al.(53)

Propyvlene Maass et al.(32),Vaughan et al.(52)
a

nd Farrington et al.(53)

1
1
.
L]
.
.
.
.
1]
.
n-Hexane |Stewart et al.(48),and Kay (49)
H
1]
’
1]
.
.
L]
.
.
.
'

-

Stewart et al.(48), Huisman et al.(50)



3.2 Evaluation of O and O
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The modified hard sphere equation of state, Equation (3.5) ,is

rearranged as follows :

;
"\,

7
iy

"
a

. ¥

& M

N
N& N
\. "\ 5
AN\
A2\

i l‘; ‘:—:f.l 7
B= O, :5‘

i

Equation (3.16) ;“ . itt.en as follws

il m';,a.mn'mm
. AEamnsaiamingat

or in terms of fugacity coefficient

¢Iv =¢11

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)
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The quantity (j) ., for a pure component. may be evaluated from the

following equation

ng,

Z, - 1-InZ_ - 2In(2-h)) - A In(1+h) (3.23)

similarly

In(1+h ) (3.24)

It may be r v th ‘ Equat.mn (3.23) with

Equat.ions (3.16), \\

InZ, ¢_ + 1 - Z_ + 2In(2-h .', 2-h)1(1+h)) In(1+h, ) = ©
- A, s .

(3.25)

)12 N m £ 4 Mo
f°“°"sﬂ W mmm wnwma ¢

[1] For a given value of z, ., and an assumed value of ¢v

calculate h, by means of Equation (3.25).

(2] Calculate B from Equation (3.17) and A from Equation
(3.16).

[3] Substitute A and B values oht.aineg. from step 2 into
Equations (3.20) and (3.16) and solve simultanously for

another set of roots of z, and h . (As there are three
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roots of h in Equation (3.20), the largest root is h and
t.hé smallest one is h, . In this investigation, the roots
were located by means of the Newton’s 'rule which is
quadratically convergent.).

[4] Calculate ¢ from Equation (3.24) .

(51 Equation (3.25) and compare it

/ If dlsagreea.ble. repeat, the
m¢ obtained from step 4.

An . i ; S bht - til the change of h,
value is less than :
values are used to . t: L\ ralues from Equations (3.18)
and (3.19) , respecti : ‘ 3 I sed in this investigation
is 0.00005 . R ,.f, ng he evaluation is given in

Figure 3.1 .

3.3 Determinatidi/o pendence. of the Parameters

t.he‘mdlf ied hard sphere equation of state (Eq.3.5)

and the proc ug.l guw ﬂWi\Wxﬂ ’Jﬂ ﬁ saturated liquid
density data the temperatufe—de ndent=« parameter @/ and N, were
e A VAL A DAV AN N

and N values were further correlated by means of Equations (3.9) and
(3.10). The values of coefficients a_ , 8, 8, ,b, b ,Db were

determined using the method of least-squares. The details of the

computer program is shown in Appendix A.
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Figure 3.1 Diagram for Evaluation of n_adn, .
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3.4 Representation of Pure Component. Properties

The properties selected in this work for testing the
capability of Equation 3.5 together with then  and N values
represented by Equations 3.9 and 3.10 for representing pure component

properties include three saturated properties (vapor pressure, liquid

and vapor volumes). The Len o« OGS ted for the calculation are

listed in Table 3.~ ' The new i@here equat.ion of state is

tested by comparmg experlmental data for ten

compounds. These sa so calculated by three

other cubic equatioy ve—Redhch-hwong (SRK),

Peng-Robinson (PR ) for the purpose of

»

comparison. The foul this work are shown in

Table 3.4.

! COMPOUND Tcm!( , 8 Ref.
l ____________________________________________________________

o AUEDY %Jiilﬁm’m ey
TR e

i-Butane 408.13 36.00 58.1243 0.176 (41)

n-Pentane 469.65 33.25 72.1514 0.251 (45)
i-Pentane 460.39 33.37 72.1514 0.227 (47)
n-Hexane 507.40 29.30 86.1780 0.296 (61)

Ethylene 282.40 49.70 28.0540 0.085 (61)

Propylene 365.00 45.60 42.0810 0.148 (61)

Dl e e L T T ———

——————————————————————— T — . o . 1
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Table 3.4 Cubic Equations of State used in thié study.

SOAVE-REDLICH-KWONG PENG-ROBINSON

(SRK)

MODIFIED HARD-SPHERE
(THIS WORK)

Standard form :

P=RT - awx P
V-b V(V+b)

Parameters :

2 1

a = 0.42747T R Tc a
Pc

b = 0.08664 R Tc b
Pc

& [1sm(1-Te O] «

m = 0.48508+1.551716-0.15613"

P o SN TR \ A P = ll'l’ (2V0b) - a
V-b V(V4b)+b(V- T AN (2veb) L TO V(V+b) V (2Vv-b)  V(Veb)

1
- 0.45724 R Tc a:- NakRTe
f Pc Pc
= 0.,07780 R T 1h R Tc e N 1 b= bR Tc
- i . i34
P --v.-_“‘__m : L Pc
2 e
£ [1+-(1-'rr“11. m R +a2 Tr +a3 ™ Ng= a0 + al Tr + a2 Tr
*
= 0. 37464&1 542269‘)‘9926 N4 bOUsbl Tr +b2 T +b3 T Qu= b0 + bl Tr + b2 Tr

AUEIN Emiw gana.
q ‘W'] AINIURIINA Y

e® o ee ee e am e e e % m® = e e e em == ee oo o= =

Ly
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3.5 Application of the Modified Hard-Sphere Equation of State to Mixtures

: Vapor-Liquid Equilibrium

Extending a pure component equation of state to mixtures

requires expressing its constants as function of composition. For

sufficient rentiation of nmixture

1t.10n or moles of the

\ R~
\%%' A is required to determine

properties with r
individual

fugacities hor and liquid mixtures.

From the
, vy ) (3.26)

ng as many as the
slnﬂ U ANUNT VAR G 0wt

hard sphere equat.lon of state, it is, necessary gto express the

aerendtpob| of Bt b bl bd Ui dompob i ke o wixig

rules of the pure compounds constants. The rules most often applied

one can obtain &

number of componerﬂ .

are

a_ =);ZylyJ a,, (3.27)
vl

b = Z - (3.28)
]
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The same rule are used for liquid mixtures with x replacing y
in these equations. The parameter B s arises from interactions
between two dissimilar molecules. In this study, the mixing rule for
a as proposed by Redlich and Kwong (1) was modified by the

1J
introduction of a binary interaction coefficient, c,, »as suggested by

Zudkevith and Joffe (18).

13 (3.29)

for hydrocarbons, Sliggest.e x,sﬁx\:\ was zero.

Once the mi 3.27) to (3.29) ) are chosen,

from Equation (3.5) au he fugacity coefficient

<

RT In¢p, = ST - RTInZ (3.30)

it is possible to El‘,am 4) in a vapor nuxtuﬂ as

_Mﬂyﬂawﬂw§Wﬂ1ﬂi
ey Mﬂjguw g1 “bﬂil

2v-b_

1

RTb

+ ab 1n<V+b'_) - b |-z (3.31)
2

\Y v+b;

The same expression is applicable to the liquid fugacity
8

A
coefficient ( ¢, = f, /x, P) by replacing y by Bquation (3.31) with x.
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At equilibrium

f, = fi £ 332)

and
K‘ = $3.33)
Equations .\ orklng equations used in
this study for the bibbLi® ¢ ' i»\ e ~calculations. Figure 3.2
shows a schematic didcram 67 ] ) nt pressure calculations.

F’HJEJ’JVIEIVITW Jalir8
ﬂmmmmummmaa
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Figure 3.2 Diagram for Bubble Point Pressure Calculations.
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3.6 Another Modification of Hard-Sphere Equation of State

Anot.her modified hard sphere equat.ion combines the hard sphere
repulsive term of Ishikawa et al. (8) and the attractive term of Peng-

Robinson (3) equation of state as follows :

(3.34)
To obtain equatlon, the following
conditions that at tk
(3.35)
which leads to
A (3.36)
bez=d RT_ /P (3.37)

ﬂuuawawswywni

The const.ant.s fn_ad 00 were considered as tempepature-dependent

craraciridlid BSDI BRI TN B e o

sat.urat.ed liquid properties. The calculated Nn_ and N, values were
further correlated by means of Equations (3.38) and (3.39) :

2

O % 3 @ Ir (3.38)
:0

and

2
0% % b’ (3.39)
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Equat.ion (3.34) can be rewritien as

07® 4 13B-2)Z° + (2A-5B-4B>)Z° - (B° - ABVZ + B~

= 0 1 3.40)
where

A=aP/R° T (3.41)
B = bE/RIN : (3.42)

:Evaluation gfePhsslieters for Bquation (3.34)

The Equat.ion ‘3 84 ¢ Yoo 3 . follows :
VA (3.43)
(3.44)

r
|

iF |

I
dudsnensiens 7
QRANINIINGINY o

&3

Equation (3.43) is rewritten as follows:

Bh® + (B°P-A)h° + (2A-5B-4B°P)h” + (3B°P-2B)h + 2B°P = 0 (3.47)
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at, equilibrium

f£f.. =3k 13.48)

o, (3.49)
The quantity ¢ ’ ‘ senl may be evaluated from the
following equat.ior \
1n¢)1 =25 = 1 - " . 4 ' n(1+2.414h > (8.5@)
(1-0.414h_)
similarly
2
In¢p, =2, i 142.414h ) (3.51)

2/Z B“ (1-0.414h_)

QNN o
I TR AT I TN A

InZ, ¢;,+1- Z,+2In(2-h )+[(2+h )-Z (2-h )1(1+2h -h, %) Inc1+42.414h, ) =

Ad’s h1 (2—h1) (1—0.414h1 )

(3.52)

These equations were employed in the evaluation ofn_ and N, for
Equat.ion (3.34). The calculation procedure similar to the proposed

modified hard sphere equat.ion of state, Equation (3.5).
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