CHAPTER 1V

Since introduc
state, a century ago | juatiofis ate have been proposed for

VLE. The range ith only two, usually

adjustable, paraméfe; omplex las of more than 50
parameters. ‘ :

Cubic equatig he \ ple equations that can be
transformed into Cubile in f ve received much attention
during the last dec: ‘5 ¢\ simplicity and practical

success. Although the L equations have been utilized

for precise —__- they are not
[ = A

generally prefered f ations and in process

simulation studi. [15], partly because
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computations. It is for these reasons that in this work, attention

y require excessive

was given to cubic equations of state.

A large number of cubic equations of state have i:eeu
developed and include those of Berthelot, Beattie and Brideman,
Redlich and Kwong, and various modifications thereof, Only the
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current common used Re‘dliéh-l(mng type of equations will be discussed
as the earlier equations have essentially been replaced by these

formulations.

Since the time of Redlich-Kwong, about 40 years ago, more
than 50 modifications have been proposed for quantitative

predictions of VLE, g relatively uncomplicated. The

practicing engineer, ) :
of state, wants {@e-use-theqbe @le method and probably

chooses an EOS f

equation is reputed prodtice sults, the engineer will
tend to select a : ": ’ g its limitations and
properties. The gt of = ||I SACRN S to evaluate the most
relevant equations offfsgate/Eor nabufal g ds systems, especially at
high preésure- The gﬁ\;j : al form of the cubic equation of

state may be written as [TH= —

(4.1)

were . RUBTH N RENGIARF o toions o0

temperature "and of the acgntric factor of the ,gomponent. By
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literatt!.lre may be written under the form of Equation (4.1). 1In

table 4.1 are a number of examples.



Table 4.1 Some Cubic Equations of Stawe

Wan der Waals
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4.1 CRITERIA OF SELECTION

In order to choose the most appropriate EQS to predict
multicomponent VLE, one must consider the capability of predicting
the physical properties of pure substances. It has been common

practice in recent years to re the simple equations of state by

noting how well they predic liquid volumes and wvapour

pressures through nd gas fugacities [14,15].

But in this study e critical point were

studied, Z and J, 5ie counts were considered

1. at the critical point
2.

3. volume

4.

4.1.1 Predidti

[

Since the f;f ical isothe shows a point of inflection at

o s G4 A SR S
VRIoLMINNSY

J_; r at the Critical Point

For an equation with only two parameters, i.e van der Waals,
Soave, PR, the simultaneous solution yields a fixed value of
calculated critical compressibility factor, E = Pe/RTc)V _

c,cale.,
which is characteristic for the equation. .
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For an example, the van der Waals equation whichis defined by

P = RT - 4.3
™ | 4-3)

Then if the subscript c¢ denotes the critical point,

EP |
(3]7)‘: 0 (4.4)
a’p .
[a_ﬁ),; (4.5)
from (4.4) RTc (4.6)
from (4.5) ‘RTe (4.7)
iWhen Egs (4.6) ard (4. 7 .»5-';,,, he result is
Ve ﬁ;:: 4 (4.8)
:.I i¥
Substituting this valye.of Ve in Eq.{4.5) gives -
ﬂuﬂ’mamwmm @9
Z7Rb

@Wﬂﬁﬁﬂ%ﬁ”ﬂﬁﬂﬂﬁﬂﬁﬂ e

At the critica!. point, free from constants a and b, the calculated
critical compressibility is obtained such that

X m pere G ) e (4.11)
RTc 27b2(8a/27RbIR 8
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This equation is important because of the conclusion reached that
the critical compressibility is equal to 0.375 regardless of the
substance under cnn_sidefatiun. With reference to Table 4.2,it is
shown that this physical critical compregsibility factor' ., Zg .4
varies appreciably from this value and is by no means the same for

all substances.

In Table 4.3 1:.:_; ure! 4/ ' séented the calculated critical

L VR e

i §
"3'
]

fuitenineans
AR R

Carbon dioxide 0.276
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Table 4.3 Calculated critical compressibility factor {3] from several

cubic EOS [16-25]

o $

0.3750
0.3333
0.3333
0.3333
0.3074
S (p)
0.2862
0.25-0.375
¥ @)
| 3w
(1980) . £) 0.3152

R J ¥
petel~and Teja (1982) - J
¢ a o/

AW IET WO
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4.1 Calculnteﬁ critical compraas:.b:.lity factor in cubic equation
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4.1.2 Prediction of Pure Component Vapor Pressure

At the critical temperature, the constant critical

parameters can be obtained from Equations 4.9 and 4.10.

2. 235
a(Te) = )R Te /Pe : (4.12)
ac

b(Tec) (4.13)

critical omega, €*ac and

At temperat ‘ical, the two omega

functions were £ liquid density and

vapor pressure [284.As lata for vapor pressures
are available, it i§ g e omega functions which,
linked to the equation of*stat: = esents these data with all the
[

e

1
a = (4.14)

ﬂﬂﬂﬂﬂ@ﬂﬁﬂﬂﬂﬂi ek
QAR UM INGIAY

Table 414, 1is the calculated pure-component vapor pressure from

precision desirec

several cubic equations of state.



Table 4 .4 Comparison of

Snave
Methane 1.18
Erbane 1.24
Propame 089
Propyleme L4l
n-Hutane 491
n-Pentane 1.3
I-Pentane 1.25
Menpentane 0.7}
bellexane 1.09
nDetane 1.58
n-Monane im
€03 041
Nilrogen 1.99
Water 6.89
Osygen L

— s AR NN AN

T
(g N
1007 ~188.71 n
184.47-305 17
2301 =269 2% .
125.45-355.07 i3
1716541648 13
R0 4695 0 01
301024600 n
182634335 L]
173.15-505.37 n
198.15-560.0 £l
198.15-550.0 k!
116,58-204.00 n
63,15-126.00 18
$1204-6a422 - 1B
S0.21-149.82 12

62
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Table 6.4 Optimum Values of sz and Bubble Point Deviations Using

Leiva EOS For Nz-Hydro:arbon Systems.

System Experimental Data K12 AAD
Ref.|Temp.,K | Pressure,atm Hp Optimum ﬂP;’P% A L6
METHANE | [55]]|113.71 3.41- 17.03 7 | 0.0481 0.64 0.0039
122.04 2.76- 27.13 11 0.0447 0.76 0.0082

127.60 3.495 B4 ] | 186 0.0386 1.59 0.0930

138.47 0.0344 1.49 0.0131

149.8: #0.0329 | 1.66 | 0.0257
160-92 09514899 12 0.0202 | 1.66 | 0.0295

172.60 1.28 0.0174

177.60 1.57 0.0291

0.78 0.0216

ETHANE [56] 9.42 0.0054

13.14 0.0304
12.10 0.0464
[57] 2.52 0.0351

2.3 0.0220

0.0000 3.2 0.0495

| 29.50- 82.25

3.27 0.0042

YR

' PROPANE isa]ﬂ'luﬂ
%5 13.60-136.05 0.1271 | 4388 | 0.o08s

v FREANAET B8] 88 [ 0

9 273.16 13.60-136.05 6 0.0807 3.34 0.0299

=

298.16 113.60-136.05 | 6 | 0.0496 | 4.20 | 0.0539
323.16 |4c.82-122.45 | 4 | 0.0000 | 6.82 | 0.0867
333.16 140.82-108.84 | 4 [ 0.0000 | 9.13 [ 0.1013
343.16 140.82- 81.63 | 4| 0.0000 | 3.70 | 0.0773

353.16 40.82-68.03 3 0.0007 7.41 0.0427
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4.1.3 Prediction of Saturated Liquid Volume

Equation (4.1) expresses P in terms of V and T. In practice
this is inconvenient since our usual independent variables are T and
P. 1In term of the compressibility factor, Equation (4.1) has the

following form :

3 2
Z -Z + A2

t-ihereﬁandﬂarearg , N sisacuhicfcrrZas a
~ the desired V follows

'\

(4.16)

from

(4.17)

In Table 4.5 preser ;,e = aceuracy of the calculated

saturated liquid volume £rom” _) 10 cubic equations of state.

P,
A

Equaticm ﬁ :J cally or by numerical
!

iterative methods. ¢ I The possible forms of the £(z), eq (4.16), are

peseea. 8 SHIE) Y84 A G HHB ST e e rocs tom

IIT)s the ﬂu'gest represepts the vapor phase and the smallest
o SV A1 AR WA o o
vapor cmpressibity factor Z is to be predicted from curves IV or
V. 1In these cases, ZL incorrect value is obtained for the wvapor
composition. The similar situation appears for the liquid phase

with case 1 or 1I. These cases occured at high pressures especially

in the neighbornood of the critical point.
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Table 4.5 m- Saturated Liquid Volume.[17]
Soave * Llefva T
Subsiamce Equation ~ Equation K} N
Methane - 1092 1.02 1137 <188.71 ki
Ethane - 14.70 " 246 1B4.47-305 (i
Propame 20.86 298 2301 -369.5 2
Propylene 1L 0.54 225.45-355.37 " I3
m-Butane 10,74 60 276541648 . 2]
n-Pentane 24,54 1.88 1090 L6985 2
i-Penlane 2264 345 301.00-460.0 n
MNeopenianc 18.95 4,01 282634338 14
n-Hexane .50 187 273.15-508.37 12
n-Octane 21.20 559 298.15-560.00° 39
n-Noname 19.88 - S.BLT . 298.15-590.00 13
c03 17.96 S 2417 216.58-30400 32
Nitrogen 10.86 248 §3.15-126.00 I8
Water 44. %% 10,75 J22.04—544.22 8
Oxygen 7461 1.3s . 90.21-14%.82 12
_Note : data pcunts

1€
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Figure 4. E‘Fu sible fnrm of f{zl
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Gundersen [26] proposed a method for avoiding trivial
roots in VLE calculations with a cubic equation of state as show in
Fig.4.3.

T=1
B = B{1+F;/R)

AuL?
ARIAINTU

Fig. 4.3 BAlgorithm for the solution of the cubic SRK eguation of state.
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Gundersen [26] proposed a method for avoiding trivial

roots in VLE calculations with a cubic equation of state as show in
Fig.4.3.

Fy =Fl2,)
Fy =Fl{2;) | . ..

| y:;

=1, ¥4
find 7. - |t1+rn‘ltl = B = B{1+F;/R) =

ﬂuﬂ’ﬁaqmﬁwm |

ama\mmummaﬂ

|
.l

Fig. 4.3 Algorithm for the solution of the cubic SRK equation of state.



4.1.4 Consideration of Z-Chart Sum; &

Martin [15] defined Z-chart sum, ¥ , as follow

Z = J-k (4.18)
where J , the calculat ompressbility factor,
Be, ulated redu gond virial cﬁefficent at the
(4.19)
Martin obse g le Z-chartsum, .s nearly the same for

able 4.6 are the ¥ for

a number of substances r . e the ©  from several cubic

e value of ¥, the better

al | J ibc 7 ﬂaw b 22

Ralmlms l 0.6742
Pe:g-Rﬂbinsnn 0.30741 0.07780 0.45724  0.6868
Harmens 0.28619 0.07072  0.48487  0.6900

Ishikawa-Chung-Lu  0.3152  0.10876  0.4671  0.6736




Table 4.7 fot/aefumber of substances [13

)

b W)

0.634
0.630
0.625
0.618
0.621
0.621
0.624
0.618
0.619
0.616
0.622

0.624

0.620
0.614

Average ¢ o, /

0.62

FREINERINGANS
ARIANTAUNNING 1A Y

V| 1029B746
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4.2 SELECTED EOS

Referring to Section 4.1, there are not much difference in
numerical values of various properties produced from the mentioned
cubic EOS. For instance,one EOS may give a better value of saturated
liquid volume than others while it may give the same value of

calculated vapor pressurgd | Vy/

From the corfputat 1u&tufuew, the SRK EOS is
certainly the bEEE che \ ns only two parameters.
Unfortunately, satugdte ) ated from the SRK EOS

it gives a prediction
such as Peng Robinson

are greater than va

The Lleiva active from the viewpoint

that it contains only two pa nd remains in the same form of
equation as .;.L;;---;_i.‘:,:_—;;;.;.;;::;.{;i, is equally simple.

‘,v.-'
According to Table
saturated liquid vulmue than those ven by the SRK.

edield g 251819) ﬁl’ﬂﬂm s 34, s
- TR TR

in Equatiun 4.21

10 ;rj-: better results for

gl_nf_i) - U (4.21)
op JT RT

Equation 4.21 may be integrated to give f , at the system pressure.
; i
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Consequently, Leiva EOS was selected for further study in
this work.
Leiva EOS has the following form :

P = _RF = _& . (4.22)
( b) v(v + b)
The quantities a and ritical properties, as :
a - (4.23)
b = (4.24)
The pure - componen 1” a b were considered as
temperature - dependent Jas<-well bsu stance - dependent. The
generalized correlations .e";;.v : a et.al [17/] are
Q. - (4.25)
LA ' ,
.r:._- - nf +b Tr) &/ (4.26)
 UBTIRETIINEINS
vhere a , a a b ,b are cha-racterist constants @f ‘each substance.
ﬁﬁﬂaﬂhimm'aﬂma ¢)

a (w) = 0.60424 + 0.95362c0- 0. 33?6(11:0
2

1

a (w) = -0.65870 - 1.09907co+ 0.4649800
2 2
b (w) = 0.15389 - 0.73725c0+ 0.15117)
1 2

bzl&-‘-‘] = -0.23715 + 0.56228c0- 0.10689¢)
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