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PREFACE

A better model for the a-term in the SRK equation of state
has been proposed. Parameters for use in the new model have been
obtained for thirty seven pure compounds. For easy application,
these parameters have been accurately correlated as simple algebraic
functions of acentric factor. The parameters in turn have been used
to obtain interaction coefficients for several hydrocarbon-hydrocarbon
and non-hydrocarbon-hydrocarbon binary mixtures. The model not only
represents a correctly as a monotonically decreasing function of
reduced temperature, but also very closely predicts vapor pressures
of pure compounds.

The new modified SRK equation of state has been used to predict
the K-values of several hydrocarbon-hydrocarbon and non-hydrocarbon-
hydorcarbon binaries with reasonable accuracy. Pure component and
mixture enthalpy departures of hydrocarbons and non-hydrocarbons have
also been calculated with minimal errors, using the modified equation.
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and the special understanding he has shown me throughout the time he
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Dr. J.H. Erbar for his advice, immediate positive re-inforcement and
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I want to take this opportunity to express my indebtedness to

my initial sponsor to this country, Dr. Alex Ekwueme, now Vice President

1ii



of the Federal Republic of Nigeria. The same goes to Mr. Simon Okeke,
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Without the support from these two people, graduate study in this
country may have been an unfulfilled dream for me.
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NOMENCLATURE
MAJOR SYMBOLS

English Letters

P = Pressure , psia

V = Volume, ft-/lb-mole

T = Temperature, °F

R = Gas Constant, Btu/lb mole—OR, equation (1-1)
K - Equilibrium ratio

Liquid mole fraction

bel
]

y = Vapor mole fraction
Z = compressibility factor, equation (1-1)

a = RK parameter, equation (1-1)

(ox
i

RK parameter, equation (1-1)
H = Enthalpy, BTU/lb-mole
k = binary interaction parameter

Greek Letters

I = sumation

a = Soave coefficient, equation (3-1)

€ = Tolerance limit

w = Accentric factor \

Q = Chueh and Parusnitz parameter, equation (2-17)

A = Change in a property

Fugacity coefficient

-
il
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Subscripts

i = component number
j = component number
m = mixture property

mas. = maximum value
min. = minimum value
V,g = Vapor phase

L,1 = Liquid phase

C,C_ = critical phase

r
r = reduced property

a = RK parameter, equation (2-14)

b = RK parameter, equation (2-15)

k = component number, equation (2-26)
Superscripts

Ja
~

ideal gas property

] = saturated phase

L = Liquid phase

\% = vapor phase

' = Prime

- = average value
Abbreviations

RK = Redlich-Kwong

SRK = Soave-Redlich-Kwong
HyS = Hydrogen Sulfide
C0, = Carbon Dioxide

N, = Nitrogen

ESDU = Engineering Sciences Data Unit

APT 44 = American Petroleum Institute Project Number 44



Hydrocarbon

Bubble Point Temperature

Methane

Ethane

Propane

Propane plus other hydrocarbons higher than C
Benzene

Vapor Liquid Equilibrium

xi
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CHAPTER I
INTRODUCTION

Phase-equilibrium predictiéns have become very important in all
phases of the petroleum and chemical industries, including all kinds
of petroleum production operations, gas-processing plants, enhanced
0il recovery techniques such as Co, displacement, hydrocarbon solvent
injection, et cetera. Knowledge of the properties and phase behavior
of petroleum reservoir fluids used to be obfained experimentally,
especially when made complex and complicated by the presence of such
non-hydrocarbon gas mixtures as COZ’ H,S and nitrogen at high temper-
atures and pressures. With an accurate and reliable phase equilibrium
prediction method, this information will be obtained with
enormous savings of time and cost.

Previous studies by Yarborough (87 )have shown that the Redlich-
Kwong equation of state can be adapted for use in the calculation of
typical hydrocarbon phase behavior relationships. Besides phase-
equilibria predictions, the R-K equation can also predict reliable
enthalpy departures and selected P-V-T relation calculations. The
most widely accepted modification of the R-K equation is the one
proposed by Soave (79) in 1972. The SRK equation is
preferred to other equations with numerous constants, because it
is not only simple to use, but also gives reasonably accurate results.
According to Erbar and West (83), its only shortcoming is in the

prediction of liquid densities, having been found accurate in



prediction of equilibrium coefficients, vapor densities, enthalpy and
entropy departures.

Details of the Soave equation of state are given in the next
chapter. Only an outline is given here for the purpose of illustra-

tion. The original form of R-K equation is:

RT a

P = - (l-l)
- 1, .
Vb wab)
Soave's form is :
P = RT  a(T) (1-2)
V-b  V(V+b)
Soave proposed that
b(T) = b(TC) (1-3)
a(m) =a(r) (T,) (1-4)
b } 5 )
and that @i =1 + mi(l Tri ) (1-5)

This form of equation (1-5) predicts that g vanishes and then starts

to increase again at high Tr' This is contrary to the observation
of Heyen (27) that o is a monotonically decreasing function of Tr'
The primary objective of this study was to find a

better model for &. Values of parameters from the new a model were

to be computed by forcing the SRK equation of state to match experi-
mental pure component vapor pressures from triple point to critical
point. Vapor pressure and vclumetric data to be used were to be those
of NZ’ COZ’ H,S and light hydrocarbons including paraffins, alkenes
and aromatics. The parameters obtained from the new ¢ model were to

be correlated as functions of the acentric factor, w.



This work was then to be extended to binary mixtures of H,S,

CO N, and light hydrocarbons, where standard mixing rules were

29
to be used to obtain optimal interaction parameters for these binaries.
An expression for pure component and mixture enthalpy departure
which would reflect the new model was to be derived. This expression
would then be used to test how good the new modified SRK equation of
state would be in enthalpy departure predictions.
The main tool to be used for this study was to be Multiproperty
and Multicomponent Fit Program '"MPMCGC'" for the PFGC Equation of State (20).
MPMCGC was to be modified to handle SRK equation of state and the new a

model.



CHAPTER II
LITERATURE SURVEY

The original Redlich-Kwong equation of state is:

p==L_ . a (2-1)

Vb iy s

where the constants a and b are related to the critical properties

of the substance in question:

O.4278R2TC2'5
a = (2-2)
p
C
0.0867RT_
b=—C (2-3)
P
C

For binary or multicomponent system, like in the case of a gas

mixture, the following mixture rules are used:

b, =z y.b. (2-4)
1

A T I L YiYi8y5 (2-5)
ij

In terms of the compressibility factor; equation (2-1) can be

written as:

25 .22 7A-B-BY -AB=0 (2-6)



RT

where : V= (2-7)
P
f o P L (2-8)
RZTZ.S
B = bP (2-9)
RT

Equation (2-6) is a cubic equation which can be solved analytically
to obtain three roots. The maximum root, Zmax’ is picked to determine
the vapor mixture volume, while the minimum root, Zmin’ is picked to

claculate the liquid mixture volume.

_ ZRT ]
V= (2-7)

For a one component system, the fugacity coefficient ¢ is obtained

from the R-K equation as

¢ =pn—NL +<P_‘1 ; 1)- ( — )zn V+b (2-10)
RT b

P(V-b) RT \

For a component k in a multicomponent vapor mixture, the fugacity

coefficient is given by

n
2 L y.a.
b .71k
In ¢X = /n _y_. + __k + /n BI._ _E:l_____ /n Yih
V-b V-b PV RT3/2 b Vv
. [ V+b -L_] (2-11)
RTS/ZbZ Vv V+b

The residual enthalpy for a gas mixture can also be computed from

the following derived expression



1.5a Teb o
m B G (2-12)
b v ORT

=l

= —a—— . In
RTl‘S

PR
<

parameter equation of state available. Its greatest assest are its
simplicity and its accuracy relative to other equations with numerous
constants. It is easily applied in the calculation of P-V-T relations,
enthalpy, and vapor-liquid equilibrium data, fugacity coefficients,

g
compressibility factors, heat capacities, et cetera for single or multi-

=
component systems. The shortcomings of the Redlich-Kwong equation
include: its failure to give consistently good results for mixtures
which Prausnitz et al (13 attributed to the inflexible mixing rules

for the composition dependence to the equation-of-state constants and
its inability to accurately describe the liquid phase volumetric proper-
ties. ﬁ?ﬁ first inadequacy is most marked in the prediction of fugacity
coefficient for components in the mixture. The R-K equation shows in-
creasing errors as the acentric factor of the compound in question in-
creases. In addition it predicts a value of oﬁe-third for the critical
compressibility factor ZC for all compounds, whereas Zc varies from a
value of 0.290 for compounds with spherical molecules down to a value of
0.260 for n-hepfane.

Consequently, a barrage of publications has been published in the
chemical engineering literature within the last two decades; all of
these papers report attempts to modify the R-K equaticn of state to
reduce the above-mentioned and other inadequacies. Only the highlights
of these publications will be reviewed here. These modifications may

be divided into four categories:



1. Improvement of the R-K mixing rules

2. Improvement of the R-K equation by changing the tempera-
ture dependence of the a term or a and b terms

3. Improvement of the R-K equation by changing the
expression for determining the constants

4. Improvement of the R-K equation by adding a correction

term to the original equation.

Wilson's Modification

The first paper was Wilson 85,86) in 1964 and 1966 who proposed
temperature dependence for the a term in order to match the pure
component vapor pressures. Wilson 86) proposed that the R-K
equation be written as

T
.V <_££ , w) b (2-13)
V+b :

T T
where f <_E , 4) = 4.934 1 [+ (1.57 + 1.62w) <—E- - l>} (2-14)
T T

For computing enthalpy, he derived the expression:

- - b
H = H* + PV - RT - 4.93R [ixi(l.57 +1.62u,) Tci] o (1+g)

(2-15)
His modification had limited success, particularly at high pressures

where deviations for vapor pressure predictions are very high.

Barner, Pigford and Schreiner's Improvement

Barner et al (6) tried to improve on Wilson's work by

. . L. .. .
proposing another expression for a/T* in original equation (2-1):



1+ 4.73 3/ZTr'S/2

= (0.4275

—3

” , (2-16)

Ne

1+ 4.73w

The Barner modification gave improved estimates of enthalpy deviations

for non-polar vapors and for vapor-phase mixtures of hydrocarbons,

but was unsuitable for fugacity calculations.
Chueh and Prausnitz Proposal

Cheuh and Prausnitz (13,14) proposed that equations (2-2)

and (2-3) be written as

a RZT 2.5 :
q=-2_¢C (2-17)
P
C
RTC
and b =g —= (2-18)
% b

where the critical constraints on the R-K equation are relaxed and
the parameters 2, and Q are treated as empirical constants which
are in turn determined separately for the liquid phase and for the
vapor phase of a given substance. If the constants are solved by

the classical method of van der Waals:

(22) =Gﬁ§ =0 (2-19)
V. Tc BVZ TC

or by an alternate equivalent technique of using three equal

volume roots at the critical point:

V-v)>=0 (2-20)
C



the results are: Qa 0.4278

and )

Redlich and Kwong. Prausnitz (14 argued that adoption of these

]

0.0867 for all fluids as obtained by

values is equivalent to fitting the equation of state to experi-
mental results in the critical region, which although fhé most
sensitive, does not provide the best fit over a wide range of
conditions. Since, in vapor liquid equilibrium, we are interested
in the volumetric behavior of saturated vapors over a relatively
wide range of temperature, rather than in the critical region

only, Prausnitz (3) proposed to evaluate o, and o for each pure
component by fitting equation (2-1) to the volumetric data of the
saturated vapor, using the temperature range from the normal boiling
point to the critical temperature. This he hoped, would enhance
thermodynamic property predictions at high pressures. He also made

changes in the mixing rules as follows.

n
b=2 ylbi (2-21)
i=1
.RT _.
where bl = ﬁhi_lil (2-22)
Pci
n n D

and a=3 % .y.a. . a..#a..a.. 2-23
i=1j=1 ylyJ 1] ( ij7 i JJ) ( )

QaiRZTCiZ.S
where a;; = (2-24)

P .
ci
2 2.5
(.. + 9 )RT...

. ai - aJ ClJ (2_25)

J 2P ..

cij

..RT ..

PClJ = Cl Cl] (2_26)

cij
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1/3 _ 1 1/3 1/3
vCij =7 V7 Ve ) (2-27)
wi + Ww.
Z .. =0.291 - 0.08 —-———J-> (2-28)
cij 2

where kij is a binary constant representing the deviation from
geometric mean for TCij and is approximately independent of temperature,
density and composition.

Using equation (2-1) and his new mixing rules, he derived an

expression for the fugacity coefficient of component k in the mixture

as:
voobe (5 v V+b
i 3/2 a7
Rt %
ab " .
-_5/_12(_5 [m%-v}i—b] - (2-30)
RTY %

One limitation of the Chueh and Prausnitz (3,14 modification is

that with the change in the pre-multiplier, the condition at which

2
(%%) T, = 0 and <§;§> . = 0 no longer corresponds to the component

critical temperature afid pressure, thus introducing a slight
inconsistency in the extent of the two-phase region. To be thermo-
dynamically consistent, the same value of fugacity coefficient
should be obtained for a pure component at same conditions of
temperature and pressure irrespective of phase. Unfortunately,
with the constants established by Chueh and Prausnitz (3,14),
different coefficients are obtained using volumetric data on the

different saturated phases, and therefore do not yield equal



fugacities, a fundamental requirement for phase equilibrium.
Joffe and Zudkevitch Proposal

The first proposals to make the Chueh and Prausnitz constants
temperature dependent came from Joffe and Zudkevitch (89,9() and
Chang and Lu (1) in 1970. Zudkevitch 00) used an additional
constraint that ¢3 = ¢z | (2-31)
and equation (3-10) to obtain for a pure component:

£n (Vg - b)/(Vz -b) - P(Vg - ﬂ)/RT (2-32)

a b
3/2
(TC/T) mn Vg(Vz + b)/VZ(Vg + b)

Joffe, Zudkevitch and Schroeder O then solved equations
(2-1), and (2-32) simultaneously at each temperature below the
critical point by trial and error to yield values of 2, and 9, -

A trial and error procedure set up by them is outlined below:

(1) Guess Qb and use experimental values of T, P and Vk,

solve equation (2-1) for a and for Q- This is QaI.

(2) Knowing a and b, solve equation (2-1) for Vg using

Newton-Raphson method for largest root.

(3) Substitute known values of Vg’ VK’ P, T and N in

equation (2-32) ‘to obtain 2. This is o IT.

(4) If lQaI - QaIII > ¢, go back to (1).

(5) If [QaI - QaIII < ¢, convergence achieved and solution

obtained.
This method gave one set of 2, and 2 for both liquid and vapor
phases at each temperature point for a pure component and, therefore,

solved the phase continuity problem inherent in the. Chueh and Praus-



nitz work. Unfortunately, it was not widely adopted because of its

complex nature.

Soave's Modification

In 1972, Soave (72, 80) presented an extremely simple

temperature dependent expression for the a term, along the same line
of thought as Wilson (85,86 and Barner et al (6. Much of the
popularity of the R—K method stems from Soave's modification. Soave
(79) replaced the term a/T% in equation (2-1) with a more general
temperature dependent term:

RT _  a(T)
V-b V(V+b)

P =

(2-33)

Letting - R (2-7)

P

A =2 (2-34)

R2T2

and = bE (2-35)

RT
equation (2-33) can be written in terms of compressibility factor

Z as:

2

73 - 72 + 7 (A-B-B%) - AB = 0 (2-36)

For a pure component:

0.4274832T§i
a (T) = (2-37)

ci

Ai(T) = ai(Tc) "a(T/Tci) (2-38)

12



1
]

where af =l+m (1-T.% (2-39)
and m = 0.480 + 1.574w,~ O.l76wi2 (2-40)
0.08664RT .
b; = - c (2-41)
Pci
0.42748 a.P_.
Thus A= L ri (2-42)
2
ri
0.8664 P_.
and B = ————ll (2-43)
Tri

The fugacity coefficient for a pure component is therefore given
by

tn ¢ =2-1-4LnZb) -5 L2 (2-44)

For mixtures, Soave (79) used the original mixing rules:

[45]
]

%.2
(inai ) (2-45)

and b = x.b. (2-4)

11

which he claimed were adequate for non-polar mixtures. Using these

rules, he obtained:

5\ 2
T .o
A = 0.42748P Ix; cii (2-46)
%
Pci
0.8664P Tei
B="° = in —_ (2=47)
T P

ci

13



and the fugacity coefficient of a component in a mixture as

g =sL-L (£ dv - 0z (2-48)
V RT \dn., T, P, n.
1 ]
¥ b
" (z-1) - £n (a-B) - & i 2 <3> -Elm(1+3) (29
b B a b Z
The ratios ak/a and bk/b are given by
a,\% 1/ZT ./P -%
<_§§ - Kk teiffed (2-50)
a % %
2830 Toi /ey
and b T ./P..
_k _Tci’ci (2-51)
b ZXiTci/Pci

In order to impove the performance of his equation on polar

compounds, Soave (80) made the following improvements on his work:

a(T/TC) =1+ (1~ T/TC)(m + n-;s) (2-52)
a = E ? Xix'aij (2-53)
bm = ? ? xiijij (2-54)
where aij = (1 - Cij)(ai + atj)/2 (2-55)
and bij =(1- Dij)(bi + bj)/Z (2-56)

C.. and Dij are adjustable, empirically determined coefficients.

Fugacity coefficients ¢£ and ¢E are given by:

14



RT b RT

z x.b, .
Sa, . -"17k]
—(-i-> (1 + 2) pp i 1 (2-57)
RTb \ a b

and the same for ¢§, by replacing in equation (2-57) Xj with ;-

;ijkj
tn of =<-P-‘l - 1)(2 1= - 1) - fn [(V—b) -P—]

The S-R-K equation gained acceptance by the hydrocarbon
processing industry because of its relative simplicity as well as
its capability for generating reasonably accurate equilibrium
ratios in vapor—liquid equilibrium calcuations. However its
shortcoming lies in its failure to generate satisfactory density
values for the liquid, even though the calculated vapor densities

are generally acceptable.

" The Peng-Robinson Equation of State

Peng and Robinson (39, 40, 41), (1967, 1977), published an
equation that yields improved correlation for pure—component vapor
pressures and better estimates of liquid densities. Peng—Robinson

(39) proposed an R-K type equation of the form:

RT a(T)

p =R _ (2-58)
V-b  V(V+b) + b(V-b)
which can be written as
z3 - (1-B)z% + (A - 38% - 2B)Z - (4B - B? - B°) = 0 (2-59)
where A= Rz§2 | (2-34)
bP

B == (2—35)

15
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z=% (2-7)
RT
In the two phase region, the maximm and minimum roots of equation

(2-56) arethe vapor and liquid compressibility factors, respectively.

- 0.45724R%T *
At critical, a(T,) = (2-60)
Pe
0.07780RT,
B(T,) = ———= (2-61)
Pe
and Zc = 0.307 _ (2.62)
Similar to SRK equation,
ai(T) = ai(Tc) ai(Tri,wi) (2-38)
bi(T) = bi(TC) (2-41)

: . %
3 = + m. -T.
ai 1+m ( ri

) (2-34)

But correlation for m, is different:
m = 0.37464 + 1.542260; - 0.26992u% (2-63)
The mixing rules used were

am = ? ? Xixjaij (2—53)

1
2

1
= - )
where a.. = (1 kij) a; aJ

1]

(2-64)

kij being an empirically determined binary interaction coefficient

characterizing the binary formed by component i and component j.



Peng and Robinson derived the following expression for the fugacity

coefficient of a pure component:

tné=7-1-4n(Z-B) - —2 ppfLF 2.4148 (2-65)
s o5 \Z - 0.414B

and that of a component k in the mixture:

Ix.a.
b 151k b
£n¢k=—E(Z-l)—£n(Z—B)—A 2 X —-b—k-
2 2B a

(2-66)

. pgfZt 2.414B
kz ~ 0.414B

The enthalpy departure of a fluid that can be derived from the Peng-

Robinson equation of state is given by

T %% -a 7 + 2.414B
H=H¥=RT(Z~- 1) + —=—— {n (£l 200 (2-67)
2 % Z - 0.414B

Gray et al. and Chaudron et al. Approach

Gray et al (26) (1970) and Chaudron et al.(12), (1973)
modified the R-K equation by adding a deviation function to the
compressibility factor of the original R-K equation to improve
agreement with data. This deviation function Zy is made a function of

temperature, pressure and acentric factor, w.
Z= ZRK + Az (Tr, Pr’ w) (2-68)
Simonet-Behar and Graboski-Daubert Improvements

One of the two latest RK equation modifications worth mentioning
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in this review is the attempt by Simonet and Behar (78) in 1976 to
find analytic functions for Qa and Qb previously computed by
Zudkevitch and Joffe. The second is the improvement on SRK
equation by Graboski and Daubert (20) in 1978. They used the

following mixing rules:

_ n m
and retained b = I x.b. from the original R-K equation where
3=l
O‘ijai1 (1 - C )(oalalocJaJ) (2-70)

Cij is a binary interaction coefficient which corrects for the effect
of deviation from geometric mean combining rule for o a and is
obtained by fitting binary mixture data. They retained the Soave original

form for a:

N

=1+m(l~- Trlé), but re-correlated the regression for m as:
m = 0.48508 + 1.55171w = 0.15613u (2-71)

Their equation derived for the fugacity coefficient of component k
in a mixture is:

b.

1n¢k=-l“-<z-1)—1n (Z-B) -
b
n
2 Z Xo‘kak b
3%3%K3 ~
A -l ma-+d (2-72)
B 33 5 Z



CHAPTER ITI

PROCEDURE

Governing Equations

The governing equations used in this study were the original SRK

equation of state, with standard mixing rules, but a new o model:

- RT _ a(T) -
P =73 - Ty (2-33)
Letting V = E%E
aP
A= > (2-34)
RZT
_ bP
and B = ®T (2-35)

equation (2-33) can be written in terms of compressibility factor as:

25 - 7% « 7(A-B-B%) - AB = 0 (2-36)
3P, _ (82P, _ )
for pure substances, Let (Sva = g;;ﬂ 0 (2-19)

at critical point, then we obtain:

_ 0.4274R%Tci?
ci

ai(Tci) T %

(2-7)

(2-37)

ai(T) = aciai(T) (2-38)

where a new model for o was proposed as:

19
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ai/z = exp mi(l-T?i) (3.1)

m; and n, are empirical constants that were to be determined.

Thus A = 2%27 = E§1;12 (3-2)
R™T R™T
B:E_i_Pi.
RT

the pure component fugacity coefficient remained as:
In g = (2-1) - In(Z-B) - § In(1+B/2) (2-44)

For mixtures, the standard mixing rules used by Soave (78) were
retained:

_ _ _ n
a=ao=212
i

n
c ?X. X. a.. (3-4)

where a.. a ..0..
ij cij ij

2 a'l/Z

1/
(1-k5)a

1/2

(1- k )(a O e@ .0

ci*i %™y’ (3-5)

kij is the binary interaction parameter to be determined empirically

and characterizing the binary formed by components i and j.

n
D= % x;b; (2-4)
_abP _ Eé&p
thus A = —R-Z-T—‘Z = EZ?- (3'6)
B = g—}; (3-7)

Hence the expression for the fugacity coefficient of a component i in

the mixture remained as:



b n
(Z-1)-mZ-8)-A [2 2

Rn¢i =i
E B 1=1

*an (1 + B/Z) (3-8a)

Equation (3-8a) is used to calculate K-values of components in a

mixture:
_ L
K; = fi
v
d’i (3-8b)

Development of AH”/RT Equation

The expression for the residual enthalpy, which was to be used
in the 'MPMCGC' program for prediction of enthalpy departures, was de-
rived as follows:

Thermodynamic isothermal definition of enthalpy departure is given as:

H-H =M" =1-2+ 1 v P-T/(3P dv (T const.) (3-9)
RT RT RT/J o oT v

or AH® = ?/Argg_ dv - (Z-1) (T const.) (3-10)
RT o\ 0T JV VvV

Equation (3-9) is preferred here because it leads to easier and
shorter calculations and reductions. An alternative derivation using
equation (3-10) is shown in Appendix

Soave equation is given as:

P= RT - a(T) - (2-32)
v-b v(v+b)4 iy Y

21
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a() =a_ - o) (2-39)
and o? = exp {m(l-Trn)} (3-1)

Using the volume integral equation,

5T —

T (3P = RT - T . 23a(l)
v -b V(V+b)+1 (v » 9T

s P-T(3P\= RT - a(T) - RT + T . 3a(D)
<3T> v-b  V(*) Vb V() TaT

v 4 V)(v, )

T.da(T) - a(T)
dT

= 1
V(V+b)

1fVfp-1p Jav=1
RT T RT

T-da(T) - a(7T)

SV v ; T const:
V(V+Ej l»-y" TREN

dT
SoMT = 1-Z+ 1 )Tda(m) -aM{-+1-@mV_
RT RT T b« Vb
limitan V = n 1.0 = 0.0 W g
Vo V+b /
s, M = 1-2+ 1 sn V « {Teda(T) - a(l) (3-11)
RT RTb V+b dT v
[ e
From equation (3-3), b = BRT 5 ‘) oo 2k
P e
From equation (2-7), V = ZRT Mo Cen b f
P D ‘
£3i ;_3
Hence V+b = ZRT/P + BRT/P Lo Lo VAL 5T L )
V ZRT/P . ™y Yyt ! P f:\, 3
VY . al? 1 gv-,oa
=Z+B = 1+ B/L g e B0 Lo
AR o ,“ 29 )

Z
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N ' RCRT

s M” = (1-2) + 1 n (1+B/Z) -] a(T) - T-da(T)
. RTb T
Let a(T) = a_a(T)
- a_ - 2m(1-Tr™)
=a_ - S e-(Zm/Tcn)-Tn
. 2a(T) =a -eM. e-(Zm/Tcn)-Tn}
oT ¢ 3T
n
= acezm . (-Zm/TCn) . e('ZIﬁ/TC )'Tn . nTn—l
n
= -Zmnac . Trn-l . eZIM].-TI‘ )
Tc
TBa(T) = -Zn'mTrn . ac . O(,(T)
oT
sa(T) = -2mTrl . a(m)
oT Tc

This is the form for ;5o hence for a pure substance, it becomes

n.-1 n.-1
a.(T) = -2m.n. T_. 1
i iiri

T.. T .
ci ci

2,123 (T)

Substituting (3-12) and (2-37) in (3-12):

M = (1-2) + 1 - g0 (1 +B/2) « {a(T) + 2mTr'a(T) }
RT RTb

(3-12)

1/‘.\
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= (1-2) +a(T) » fn (1 +B/2) - {1 + 2mTr"}
RTb

From equation (3-2), a(T) = ARZT2
P

From equation (3-3), b = BRT

p
2 2
hence a(T) = AR T /P
RTb RT<BRT/P
= A/B

ca MHT = (1-7) + A {1 * ZmnTrn} - n(l + B/Z)
RT B

(3-13)

Equation (3-13) could be used for calculation of enthalpy departure of

a pure component.

For mixtures:

) nn 7, 7.
a = LI x.X.a.. ; where a.. =
ij 17] 1]

Expanding for a binary,

2 2

a = xXxa +2xxa + xa
1 11 1 2 12 2 22

2 5
xa +2xx (1-k ) a“® -
1 11 1 2 12 11

2 2 ; ) 1/2
Xxa_ o +2xx (1-k )a‘t -« a
1 C1 1 1 2( 127 C1

Note thata = a anda = a
11 1 22 2

Ny

Ca

+Xx a_ o (3-14)
2 Ca2 2



- L oL L
- da = a + 2 *a’ (1- . 2o
** 3T X1 Ci1 %%L Xlxzaclacz(l k12) 5% (al OLz
2
2 2 8T
From (3-12),
n.-1
98 - 4, Ba; - —Zmini «TT +a.a
=T ci — T i ci’i
ci
5k R T e
A (@?a® = g2+ %% 447 2
or 1 2 2 oT LOTRT
Now a% em(l—Trn) . -(m/Tcn) . 0
L - oy, i -
soat= e« (-m/TcD . e( m/Te) - T, nT" 1
9T
n.-1
302 m.n.Tri * ml(l-Trl D
-1 = 11
oT Tci
ni—l 1L
= - m.n.Tri .« ar
i1 i
Put (3-18), (3-17) and (3-13) in (3-15)
2 n. -1 2 nz-1
24 = xa. o fomnTr 1 ¢ XA 0 -ZmznzTr2
oT Tc Tc
1 2
nl-l
L L4 1L -
+2xxa‘a’(l-k ) |a?a (mlanrl )
C C 2 1 TC
1
n2-1
L L -
+ u;a: mznzTr2

N

)

25

(3-15)

(3-12)

(3-17)

(3-18)
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Il 5 2 1/21/2
= X2, % (-2m n-Tr ) tix 8% 2(1 k )
Tc 1 1
1
n;-1 np-1
-min;Tr; + [ -mena2Tro
Tc, Tc,
2
n -1
* Xzsz (ZmnTrz)
TC 2
2
So in general, for a multicomponent mixture,
2 = s n;-d
da = LI leiaciacjaiaj (1 ) —miniTri
3 1]
Tc.
i
n.-
- m.n.Tr. J
Tc.

(3-18)

(3-19)

Check if (3-19) reduces to expression (3-12) for a pure component:

Expanding (3-19),

. n -1 n -1
aall =,#é % 2% o3 (1/K/ ) . m anr ! mlanr 1
oT Feafe ™™t Tc TC
1 1
nl—l
B _Zmlanr tage which is equation (3-12)
Tc

So put (3-19) into equation 3-12:

AH”

g = (1-2) +am(@+B/2) - | a - da/sl

RTH Rb

26
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i
%N
H
N
~
d
fi
ool =

n
RT B Rb
n.-1 nJ-l
L L L L
where v.. = a’.+a >, ~02+0.2 m.n. Try + m.n.Tr.
- = t) Tc: Tc.
1 J

1, L
azi = (0.42747)2 RTci = 0.65381 RTci
Pci Pcio-s ’

ni_l
L m. (1-Tr. )
and a; = el 1

(3-20) is the required equation.

'MPMCGC' Program Modification

27

(3-20)

'MPMCGC' is a multiproperty and multicomponent fit program for

the PFGC equation of state, about 4000 lines and consisting of 46 sub-

programs. 'MPMCGC' is a very elaborate program and can be divided into

five main functional parts: Input, Setting, Property Evaluation, Fitting,

and Output. The Input program segments read in the data to be used in

the program, while the Setting part is essentially a subroutine named

"SRKST' which transfers values from names used in the Input part into

names that are used in the Property Evaluation and Fitting parts of the

program. The Property Evaluation part of the program is comprised of a

number of subprograms dealing with solution of the cubic equation of

state in terms of compressibility factor Z; equilibrium calculations;



28

calculation of several thermodynamic properties and comparing calcu-
lated with experimental values. The Fitting part consists of several
subprograms that handle the noﬁ—linear fitting process in the program;
while the Output program segments at different points in the program
write out both the input and computed results.

During the modification, the fitting, input and output parts
remained unchanged. The setting part was slightly changed, while all
the subprograms in the Property Evaluation part were completely changed,
in order that the program could handle the SRK rather than PFGC equation
of state.

Deatils of this 'MPMCGC' program can be found in Erbar (20).

Fitting the Pure Component Parameters and Prediction

of Pure Component Vapor Pressures

Having modified the program 'MPMCGC' to handle the SRK equation
of state with the new o expression, pure component vapor pressure and
occasionally volumetric data were obtained. The complete set of pure
component data used in the program included: critical temperature and
pressure, acentric factor, and vapor pressures over a temperature range
from the triple to the critical point. For some pure substances, volu-
metric data had to be supplied as well, at low pressures, in order to
get the program to work. ESDU (91) vapor pressure data were used for
paraffins ranging from C, to CS; all the alkenes, and all the aromatics.
Revised API-44 (95) vapor pressure data were used for the rest of the
paraffins ranging from C9 to CZO' The Steam Tables (92) was used for
water, while the rest of the sources of vapor pressure data used for

C0,, HyS and N, are shown in Table IV.



Values of the fitted paraméters m and n in equation (3-1) were
obtained by fitting the SRK equation of state with the new o model,
using non-linear regressions analysis. Summary of the results obtained
from the program were final values of m and n, total number of points
fitted, average percent deviation between experimental and predicted
vapor pressures for a complete data set. The program each time selected
the set of m and n that minimized this deviation. Also, for each point
in the fit, the modified 'MPMCGC' gave experimental, predicted and percent
deviation between experimental and predicted values for vapor pressures.

Very good estimates of m and n were required to obtain an optimal
set of values. The criteria used to obtain the best set of fitted values
for m and n was that the average deviation between the experimental and
predicted vapor pressures for a complete set of data points must be less

than or equal to one percent.

Correlation of Pure Component Parameters as

Functions of Acentric Factor, w

For applicaiton of correlation to components for which data are
not available, the parameters m and n had to be correlated as functions
of acentric factor, w. First, m and n and different combination of m and
n were plotted against w, using the SAS PLOT program, in order to find
out which plots best matched various algebraic functions. Figures 1 and
2 show the plots that were finally chosen.

m and n were fitted to the functions:

m=A+ Bw (3-21)

3
I

1 (A + Bw) (3-22)
m

29



30

The constants A and B in each equation were obtained using Chandler's
(10) modified version of Marquardt's non-linear least squares fit

program.
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PURE COMPONENT PARAMETER, n
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Fitting the Binary Mixture Interaction
Coefficients, kij and

Prediction of K-Values

Large numbers of experimental binary vapor-liquid equilibrium data
were used to determine the interaction coefficients kij in equation
(2-64). The value of the optimal kij obtained for each binary was the
one that gave the minimum deviation between the predicted and experimen-
tal K-values. Most K-values were predicted via flash calculations. For
cases where errors in calculating fraction of liquid in the feed, L/F,
were high or flash calculations were unstable, the bubble point tempera-
ture calculation method was used. The sources of all the data used are

listed in the tabulation of results in the next chapter.
Enthalpy Departure Prediction

Program inputs for this phase of the work were the fitted pure
component parameters, fitted binary mixture kijs; temperature, pressure,
composition, experimental enthalpy departures, BTU/lb-mole, and the option
to calculate vapor or liquid enthalpy. Results obtained were total number
of points, total points for vapor and liquid enthalpy calculations respec-
tively, average deviations between experimental and predicted enthalpy
departures in BTU/lb-mole for vapor phase, liquid phase, and for the entire
set of points. Predicted enthalpy departures and deviations were also
given for each point. Only the evaluation part of the program was used,

since all the fitting required had been done.



CHAPTER IV
RESULTS

A new model was proposed for the o term in the SRK equation of

state:

- exp { mi(l-Trini) } (3-1)

Hea™

o

where m, and n. are empirical constants to be determined for each pure
component. Values of m and n determined for 37 pure compounds are-pre-
sented in Tables I through IV. Values of m and n obtained are shown
in Table I for paraffins ranging from C1 to CZO’ Table II for alkenes
ranging from ethene to hex-1l-ene, TableIII for aromatics ranging from
benzene to para-xylene, and Table Iy for non-hydrocarbons CO,, N,, HZS
and water. Each of the tables, I through IV, also show the average
percent deviation between predicted and experimental vapor pressures,
the temperature and pressure ranges and number of points used in the

fit. The regression equations obtained for m and n are:

m; = 0.266 to 0.4459 r“wi (4-1)
n, = 1 (0.2469 + 0.7495 w.) (4-2)
m.
1

Tables V to X show the fitted values of binary interaction coefficients,

kijs’ obtained for COZ’ N,, H,S, Cl’ CZ’ C3 and the other higher carbon

2’ 2

number binary systems considered in this work, using values of m and n

35
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obtained earlier and the proposed o model. Each table also gives the
average percent deviations between predicted and experimental K-values
and the number of points used in the fitting process; as well as the
temperature and pressure ranges.

Tables XI and XIT show the average percent deviations in calcu-
lation of pure and mixture enthalpies, using the new modified SRK
equation of state. For each system considered, the average deviation
in BTU per 1b. is given for the vapor phase, the liquid phase and for
the two phases combined. Results for each system are also directly
compared with those obtained by Lee and Kessler using modified BWR

equation of state.



TABLE I

PURE COMPONENT PARAMETERS AiiD DEVIATIONS IN VAPOR PRESSURE
PREDICTIONS FOR PARAFFIN HYDROCARBONS

ABS. AVG

oy TP T P TEMP, RANGE ~ PRES. RANGE No. OF  m n
NUE °F oF psiA SF PSIA ERROR IN  POINTS
(& ‘Z;‘[) (Tc> (Tr RA.\'GE) <pr RANGE) VAP, PRES.
o\ ., OR
1 ~206.464 ~116.7159 866.5675  -279.4r-117.4 1.56-655.429 0.2 21 0275 0.9721
(eso) (342.9541%R) © (0.473-0.998)  (0.002-0.983)
2 ETRME ~297.868  90.0861 707.7859  -234.4+89.6  0.101.701.263  0.91 37 0.3%42  0.8330
(£50U (549.75619R) (0.410-0.999) (0.0001-0.991)
3 PROPANE - -305.673 206.3351 616.51  ~180.4r197.6 0.072-565.845  0.97 43 0.4425  0.8058
(£300) (666.0051R) ‘ (0.415-0.987)  (0.0001-0.918)
4 N-BULNE 216,67  305.9241 550.9561  -117.4-305.6 0.121,549.072  0.94 47 0.4672  0.8410
(ESDU) (765.6541°R)  (0.44%1.0)  (0.0002,0.997)
5 ISO~BUTANE  =256.27  274.9821 529.2971  -135.4r269.6 0.108-502.541  0.98 46 0.4559  0.8395
(E£00) (734.6521°R) (0.641-0.993)  (0.0002-0.949)
6 N-PINIME  -202.27  386.1921 488.9099  -99.537736 © 0.029.455.198  0.91 54 0.4910  0.8788
(ESDU) (845.8621%R) (0.426+0.990)  (0.0C00» 0.931)
7 ISO-PENTWE  -256.27  369.1039 490.8252  -72.%»368.6  0.178:487.417 1.0 50 0.4682  0.8931
(ESU) (828.77350R) " (0.467+0.999) (0.0004+0.993)

LE



TABLE I (Continued)

CQP0UND T.P. T P TEMP. RANGE  PRES. RANGE  ABS. AVG  No. OF m n
°F ¢ PO °F PSIA ERROR IN  POINTS
s °F PSIA _
DATA T ' , 1 3
(: RCE) (; ) (7 mma) (PT RAI\GE) VAP. PRES.
& N-HECRE 45,55 439.8975  8.6+449.6 0.145:421.718  0.98 50 0.4942
(3D (914.220R) - (0.512,0.995) (0.0003-0.959)
NP TANE 512.5099 396.8799 . 35.6+512.6  0.247+396.111  0.99 54 0.5252
(ESbU) (972.1795°R) (0.509+1.0)  (0.0006+0.998)
N-OCT.ANE 564.1879 360.9524  89.6+557.6  0.393+342.07 1.0 53 0.5339
(ESIU) (1023.8579°R) X (0.537+0.994)  (0.001+0.948)
N-NCLIE 610.43 331.8 100-350 0.180+31.52 0.62 53 0.58%
(API-44) (1.070.21°R) (0.523-0.766)  (0.0005+0.095)
1-DECANE 651.83 305.0 135+405 0.189+31.81 0.59 55 0.5992
(API-44) (111.5°R) (0.535+0.778)  (0.0006+0.104)
BCy 1, 690.04 285.0 1657445 0.181+31.3 0.71 57 0.6069
(API-44 (1149171°R) (0.543+0.787)  (0.0006~0.110)
N=C il 725.13 264.0 195+485 0.185+31.83 0.65 59 0.6223
(AP1-44) (1184.8°R) (0.553+0.797)  (0.0007+0.121)

g€



TABLE I (Continued)

COH5OUND T.P. T P TEMP. RANGE  PRES. RANGE  ABS. AVG  No. OF n n
SvdE °F of pSIA °F PSIA ERROR IN  POINTS
(;l‘fcj (Tﬁ) (Tr mca) (Pr RA\'GE) | VAP, PRES.

15 N-Cslyg 756.73 250.0 225+520 0.194+31.4 0.80 60 0.6206 1.1269
(API=44) (1216.39959R) (0.563+0.805)  (0.0008+0.126) ' _

16 By ily 785.53 235.0 250+555 0.187+31.7 0.97 62 0.6157  1.1541
(API=04) (1245,29R) (0.570+0.815)  (0.0008-0.135)

17 NG gily, 812.53 220,00 280+585 '0.212+30.9 0.97 62 0.6209 1.2306
(API-44) (1272.29R) (0.58120.821)  (0.001+0.14G)

16 -Cy iy, 837.43 206.0 305+615 0.216+30.8 0.97 63 0.6323  1.2491
(API-44) (1297.1001°R) (0.509-0.829) (0.001+0.150)

19 Nyl £60.43 191.0 330:645  0.237-31.1 1.0 64 0.6317  1.2817
(APILA) (1320.1°R) (0.598+0.837)  (0.001+0.163)

20 N-Cpglise 851.8 176.0 340+690 0.184+30.4 0.93 64 0.6576  1.2429
(AFT-44) (1261.4°R) (0.595-0.842) (0.001+0.173) ' '

21 N g, 901.0 162.0 360+690 10.181+28.4 0.68 66 1.1557
(API-44) (1361.0°R) (0.602-0.845) (0.00i+0.178)

22 NGy, 921.0 162.0 385715 0.176+29.2 0.60 67 0.7186  1.2222
(SPI4L) (1381.0°R) (0.612+0,851) (0.001+0.180)

6¢



TABLE IT

PURE COMPONENT PARAMETERS AND DEVIATIONS IN VAPOR PRESSURE
PREDICTIONS FOR UNSATURATED IHYDROCARBONS

CCMPOUND T.P. T, P, TEMP. RANGE™ PRES. RANGE ABS. AVG  No. OF n n
NAME °F o oF PSIA ERROR IN POINTS
_ F PSIA

DATA T R .
(samcn) (fz) (T, RaveE) (pr RANGE) VAP, PRES.

23  ETHENE -272.524 48,92 732.6399  ~261.4+44.6  0.048+692.216 0.95 34 0.4276 0.7079
(ESDU) (508.5901°R) . (0.390+0.992) (0.00007+0.945)

24 PROPENE -301.45 197.06 667.1741  -171.4+188.6  0.176611.842 0.9% 41 0.439%  0.7983
(ESDU) (656.73°R) . (0.439+0.987) (0.0003+0.917)

25  BUT-I-INE -301.63  295.556 583.3206  -117.4+287.6 0.168+541.416 0.99 46 0.4698  0.8236
(ESDU) (755.226°R) \ (0.453+0.99)  (0.0003+0.928)

26 DOENT-I-ENE  -265.27 376.934 511.386 -108.4+368:6  0.027+476.717 0.91 54 0.4988  0.8329
(ESpU) . (836.604°R) _ (0.420~0.990) (0.00005+0.932)

27  HEX-I-ENE -220.27  447.5839 451.7041  ~72.4+440.6 "p.ozm426.619 0.99 58 0.5342  0.8362
(ESDU) (907.2539°R) (0.427+0.992)  (0.00004+0.945)

0%



TABLE ITI

PURE COMPONENT PARAMETERS AND DEVIATIONS IN VAPOR PRESSURE
PREDICTIONS FOR ARGMATIC HYDROCARBONS

CCMPCUND T.P. T, P TEMP., RANGE ~ PRES. RANGE ~ ABS. AVG  No. OF m n
NAME °F op < °F PSIA ERROR IN  POINTS

F PSIA
DATA T - , :
( souncrs) (E) (Tr R-\NGII) (Pr RA\‘GE) VAP. 'PRES.
BENZENE 41.95  552.2179 710.571  44.6v584.6  0.744+691.592  0.91 57 0.4906  0.8170
(ESHU) (1011.8879°R) (0.498>0.996) (0.001~0.973) ' ‘
TOULENE -138.946 609.53 590.0073  53.6+602.5 .259+582.364 1.0 62 0.493C  0.8968
(ESDU) (1069.2°R)  (0.48+0.994)  (0.00005+0.987)
ETHYL-BZ -138.964 651.29 522.3528  80.6647.6  0.206508.53 1.0 . 64 0.5186  0.9069
(ESDU) (1110.96°R) (0.4836+0.997)  (0.0004+0.974)
O-XYLENE -13.27  €74.924 541.1731  98.6+674.6  0.252+538.805  0.99 65 0.4949  0.9750
(ESDU) (1134.594°R) (0.492+0.9997) (0.€005+0.996)
M-XYLENE -54.67  651.0199 512.9141  §0.6v647.6  0.179-500.119 1.0 64 0.4991  0.9838
(ESDU) (1110.6899°R) (0.486+0.997)  (0.0004+0.975)
P-XYLENE 55 6495441 509.3159  107.6»547.6  0.423+501.555  0.98 61 0.4790  1.0333
(ESDU) (1109.2141°R) (0.511+0.958)  (0.0008+0.985)

1y



PURE COMPONENT PARAMETERS AND DEVIATIONS IN VAPOR PRESSURE

TABLE IV

PREDICTIONS FOR MNON-HYDROCARBONS

TEMP. RANGE
©

COMPCUND T.P. T P PRES. RANGE ~ ABS. AVG  No. OF m n
RAME °F oF PSIA F PSIA ERRCR IN - POINTS
DATA T ;
(sw;ac&) | (ﬁ ) (T PocE) (P, RvcE)  vap. pees.,
3% WATIR 31.73 705.34 3206.2 78+705.34 0.474+3206.2 0.98 169 0.4501  1.148%
(STEA TABLES) (1185.01°R) (0.662-1.0)  (0.0002+1.0) ;
33 1S -121.954 212,702 1306.83 =121.954+212.702 3.292-1306.83 0.83 38 0.3763  0.8565
LANDOLT
 BORNSTEIN (672.1021%) (0.503+1.0)  (0.0025+1.0)
36 o, -69.88  87.602 1070.895  -69.88+87.872 75.146+1070.895 0.64 20 0.5080  0.8038
(a) LATOLT . .
BCRNSTEIN (547.272%) (0.71251.0).  (0.07+1.0)
36 o, -69.9 87.93 1070.0 -69.9+87.8 75.1+1072.4 0.47 47 0.5060  0.8055
() GULF PUB. CO, o ' ' '
ASHRE (547.6°R) (0.712+1.0)  (0.07+1.0)
38 0, -69.9 87.93 . 1070.0 ~69.9+87.0  75.146-1070.0  0.53 33 0.5077  0.3055
(¢) GRUNR & : i
MNDIG (547.6°R) (0.712+1.0)  (0.07-1.0)
36 Co, . -69.9 87.93 1070.0 ~70.87+87.5  73.33+1066.25  0.26 89 0.4247  0.9828
(d) NBS CIRC o
#5584 (547.5%R) (0.71+0.999)  (0.0665+0.9965)

% Used for parameter correlation

4



TABLE IV  (Continued)

COMPOUND T.P. T P TEMP. RANGE PRES. RANGE ABS. AVG No. OF m n
NAME °F o <. °p PSIA . ERROR IN POINTS
F PSIA
DATA T . - - ,
(scuzacs) ( °E) <rr RAI\uL) (Pr wa) VAP, PRES.
37 N, -345.982 ~232.518 492.2954 —=345.982+-232.618.2.1083+492.295  0.37 35 0.3168 0.8776
(2) LANDBOLT
LORHSTEIN (227.052°R) (0.5007~1.0)  (0.004+1.0)
37N, ~345.980 =237.627 492.2 ~347.17+-228.9 1.611+544.488 0.38 41 0.3160 0.880G4%
(b) NBS CIRC ,
#564 (227.043°R) (0.496>1.016) (0.003~1.106)
37 W, -345,989 -232.627 492.2 -346.0+233.67 1.813+477.104% 0.51 58 0.3159 0.8787
(c) NBS TECH. '
HOTE 1264 (227.043°R)

(0.5007+0.9954) (0.0037+0.9693)

% Used for parameter correlaticr

ey



TABLE Vv

CO2 BINARY SYSTEM INTERACTION PARAMETERS AND DEVIATIONS
IN K-VALUE PREDICTIONS

% ABS AVG ERRORS IN

SYSTEM  TEMPERATURE PRESSURE NS OF  OPTIMAL
(REFERENCIS) RANGE (°F)  RANGE (PSTA) POINTS ks o, Knd o kégvgf
1 00,(2) - G (1) 26.33++50.00  515.683+1187.44 19 0.108295 1.27  4.47  5.21
(18, 17, 30) ~9.67++8.00 293.92 +1175.68 21 0.091536  2.45 3.79  5.72
| ~57.0++25.0 220.44 +1098.0 31 0.091238  5.06 4.63  2.89
-100.0++65.0  651.0 +932.0 8 0.097174 10.36  3.52  8.69
% -100.0-465.0  220.44 +1175.68 79 0.09255  4.21  5.03  4.89
2 00y(2) - (1) 20.0 +68.0  355.5 +827.4 22 0.141282  3.04  1.62  24.40
(23, 61, 74, 17, 38) =—20.0++14.0 209.18 +419.84 30 0.137269 3.59 3.29 20.6
~60.0~22.0 90.49 +237.54 18 0.135358  4.23  4.65  11.55
*  -60.0-+68.0 90.49 +827.5 64 0.137929  3.20  3.45  15.91
3 C0y(1) - Cyfig(2) 75 +160 200.0 +1002.5 43 0.144669  3.86  3.15  8.17
(46, 39, 38) 32 70 80.79 -+800.0 30 0.128657 3.93 3.21 8.09
20 ++20 66.1 +379.0 30 0.121933  5.08  3.35  7.47
% =20 ++160 66.1 +1002.5 103 0.133711  4.51  3.48  9.60

* All Points Together



TABLE V (Continued)

% ABS AVG LERRORS IN

SYSTIM TEMPERATURE PRESSURE NS OF OPTIMAL
SRERIENCE IANCE (OR NERARIS " - L/t or
(REFERENCEES) RANGE (TF) ~ RANGE (PSIA) POINTS kij KCOZ Kznd comp BUBPT,
COz(l)—N—C4H10(2) 160 -+ 280 150 - 1184. 41 0.157221 4.15 0.93 5.25
(63, 43, 38) 50. + 150 51.9 - 1095.0 41 0.124212 4.59 3.56 4.65
1.1 -+ 32.0 35.26> 462.74 18 0.119923 3.74 8.76 2.73
* 1,1 - 280.0 35.26+ 1184.0 100 0.136974 5.08 3.98 6.34
COz(l)‘I—C4H10(2) 32 + 220 39.69+ 956.0 31 0.125262 5.05 4.58 5.19
(57, 38)
CO?(l)—N—CSle(Z) 40.1 -+ 220.0 60.0 » 13.97.0 39 0.124252 5,06 5.49 3.34
(58)
002(1)—I_CSH12(2) 40.0 - 220.0 22.0 - 1290.0 33 0.126900 4.46 4.06 3.40
(60)
C02(1)~N—C6H14(2) 104.0 -~ 248.0 1130 -+ 1593.0 35 0.127699 3.63 4.70 2.90
(65)

%



TABLE V (Continued)

% ABS AVG ERRORS IN

SYSTEM TEMPERATURE PRESSURE NS OF OPTIMAL
WELEERENCE ) : (OR UANGE (DS i L/F or
(REFERENCES) RANGE (OF) RANGE (PSTA) POINTS ks o, Kond Conn Hhpr
9 COZ(l)_N_C7Hl6(2) 99.5 ~ 399.3 27 ~ 1746 47 0.133650 6.09 8.08 7.52
(63)
10 C02(1)-N-C10H22(2) 40,0 ~ 460.0 100 - 2000 52 0.119541 3.86 8.92 2.91
(53, 76)
11 COZ(l)—N—C16H34(2) 373.82 +735.08 291.06 +737.9 13 0.140023 9.33 8.41 1.92
(76)
12 C02(l)—1bluene(2) 100.6 +399.0 54.6 -+ 2004.0 21 0.097340 4.93 8.99 4.98
(62)
13 COZ(Z)—C2H4(1) 42,88+ ~.436 151.4 ~ 372.645 14 0.052550 0.81 1.47 0.10 **
(38)
14 COz(l)—C3H6(2) -4.36 ~ +32.0 116 + 485.1 16 0.096518 3.51 3.76 8.35
(38)

% All Points Together

“% Percent Absolute Average Error in Bubble Point Temperature



TABLE V (Continued)

% ABS AVG LERRORS IN

SYSTEM TEMPERATURE PRESSURE NS OF OPTIMAL
TRERENCE T (O e . o . V L/I or
(RELERENCES) RANGE (7F) RANGE (PSTA) POINTS i3 KCO2 Kznd comp BUBPT,
15 C02(1)-C4H8(2) 32 45.57 +463.05 8 0.068143 3.99 10.24 2.91
(38) )
16 662(2)-N2(l) 26.6 496.86 +1603.476 24 0.000024 1.8 6.04 3.61
(31)
17 co (2)_HZS(1) 3.2 -+176.0 294 -+ 1176 25 0.121827 3.43 1.22 0.26 **

N

gt
ey

Percent Absolute Average Error in

Bubble Point Temperature

LY



TABLE VI

N2 BINARY SYSTEM INTERACTION PARAMETERS AND
DEVIATIONS IN K-VALUE PREDICTIONS

% ABS AVG ERRORS IN

SYSTEM TEMPERATURE PRESSURE N2 OF  OPTIMAL

(REFERENCES) RANGE (°F ~ RANGE (PSTA \ | L/F or

5 ( ) POINTS kij KNZ Kan comp BURPT.

N, (1)-H,5(2) -99 -+ -49 70 > 1993 12 0.162460 8.31  8.52 0.37
(M)
N, (2)~CH, (1) -280 -+ =130 50 + 730 159 0.046562 5.48  2.57 9.87
(81, 16)
N, (1)-C,H, (2) -99 - > 8.6 223.6 +1028.85 8 0.079515 4.9  1.95 3.78
(22) | |
Ny (1)=C,H(2) -110 - +62.31 51 -+ 1283 37 0.038470 3.94  3.91 4.73
(82, 22)
N, (1)-I-C,H; ,(2) 50.1 =+ 240 82 -+ 1511 41 0.098963 7.03  4.10 1.86
(55, 88)
Ny (1)-N-CcH 42) 40 > 220 36.3 + 2645 34 0.075677 4.72  5.45 1.77
(56)
Ny (1)=N-CoH, ((2) 90 -+ 435 1020 - 12,150 56 0.121826 5.84  26.69  3.51
(3, 8, 89)
Ny (1)-N-C; gHy (2) 100 -+ 280 100 =+ 4750 76 0.098535 4.58  10.16  1.53
(5)

8y



TABLE VII

HZS BINARY SYSTEM INTERACTION PARAMETERS AND
DEVIATIONS IN K-VALUE PREDICTIONS

% ABS AVG ERRORS IN

SYSTEM TEMPERATURE PRESSURE N2 OF OPTIMAL
RPN, . X . On - . , , L/F or
(REFERENCES) RANGE (°F) . RANGE (PSTA) POINTS k; I\HZS Kond oo BURPL
HZS(I)-Coz(Z) 3.2 » 176 294 ~» 1176 25 0.121827 1.22 3.43 0.26 *
(mm) '
HZS(l)—C2H6(2) -99.8 > +50 31.6 ~ 442.7 25 0.094046 5.44 3.93 49.93
(55) A
HZS(I)_CBH6(2) =22 > 459 44  + 239.6 12 0.036759 4.28 3.65 0.59 *
(107)
HZS(l)_CBHS(Z) =22 188 50 -+ 599 36 0.076951 3.02 3.67 0.89 =
(24) >
I{ZS(l)~N-C4H10(2) 100 ~» 250 69 -+ 1080 57 0.051550 3.31 5.51 0.50 *
(mm)
HZS(l)—I—C4I110(2) 40 + 220 30 > 872 24 0.049992 6.44 5.88 8.10
(59)
HZS(l)-N'-CSle(Z) 100 -+ 340 100 -+ 1100 35 0.049531 6.22 7.51 13.09
(47)
HZS(l)—N—C7H16(2) 100 ~+ 400 23 -+ 1093 23 0.076592 5.44 7.80 4.82
(64) .
1125(1)-N—C10H22(2) 100 =+ 340 100 - 1000 - 20 0.042598 1.70 13.99 1.79

(48)

6



TABLE VII (Continued)

% ABS AVG ERRORS IN

SYSTEM TEMPERATURE PRESSURE N OF OPTIMAL
TRERENCE n (Op 2 ) L/F or
(REFERENCES) RANGE (TF) RANGE (PSTA) POINTS k.1j KHZS Kznd comp BUBPT,
10 HZS(l)“ Toluene 175 = 400 200 - 1679 12 0.007305 3.89 6.24 11.45

(64)

* Percent Absolute Average Error in Bubble Point Temperature

0s



TABLE VITI

C1 BINARY SYSTEM INTERACTION PARAMETERS AND
DEVIATIONS IN K-VALUE PREDICTIONS

% ABS AVG ERRORS IN

SYSTEM TEMPERATURE PRESSURE NS OF OPTIMAL
WFERENCES NANGE (O 2 2 . L/F or
(REFERENCES) RANGE (F) . RANGE (PSTA) POINTS kij Kcl Kznd comp BUBPT,
CH4(1)‘(K&(2) -100.0 ++50.0 220.44 +1175.68 79 0.092550 5.03 4.21 4,89
(18, 17, 30) .
CH4(1)—N2(2) =280 =+ -130 50 = 730 150 0.046562 2.57 5.48 . 9.87
(81, 16)
CH4(1)—HZS(2) -100 - +160 400 -» 1600 39 0.073000 5.56 5.98 1.47%
(33) -
CH4(1)-C2H6(2) =225 -+ -99 25 = 740 80 0.004508 3.28 5.85 4,74
(1)
CH4(1)—C3H8(2) -109 - +190 100 -+ 1450 211 0.000053 4.09 4.18 6.16
(44, 2)
CHa(l)—N—C4H10(2) =140 - +280 20 > 1652 206 0.000068 4.31 4.37 5.65
(67, 54, 28, 19)
CH4(1)—I-C4H10(2) 100 -+ 220 80 - 1300 38 0.000076 4.67 2.47 5.79
(70)
CH4(1)—N—C5H12(2) 100 ~» 340 20 > 2455 52 0.000000 2.65 4,62 4.93
(69)

15



TABLE VIII (Continued)

% ABS AVG ERRORS IN

SYSTEM TEMPERATURE PRESSURE N?_ OF OPTIMAL
SFERENCE ) 1 (Op - . . L/F or
(REFERENCES) RANGE (°F) RANGE (PSTA) POINTS ki 1<C1 Kond oo BB
9 CH4(1)—I~C5H12(2) 160 + 340 500 =+ 1000 11 0.000003 8.02 4.43 7.95
(73)
10 CH4(1)“N—C6H14(2) 77  +» 302 147 1470 41 0.009674 2.09 9.38 1.86
an)
11 CH4(1)—N—C7H16(2) 40 > 460 200 2500 82 0.004911 2.76 5.90 3.18
(49)
12 CH4(1)—N-C8H18(2) -58 » 302 147 3966 45 0.011940 4.73 11.10 0.43
(32)
13 CH4(1)—N-C10H22(2) 100 - 460 20 4750 134 0.024672 3.79 5.83 1.48
(42)
14 C—H4(1)-Toluene(2) 0.0 - 40 50 2000 24 0.021237 13.74 6.04 4,65

(35)

A9



CZBINARY SYSTEM INTERACTION PARAMETERS AND
DEVIATIONS IN K-VALUE PREDICTIONS

TABLE IX

% ABS AVG ERRORS IN

SYSTEM TEMPERATURE PRESSURE NS OF  OPTIMAL

(REFERENCES ) RANGE (°F) RANGE (PSTA) POINTS ki K, Ko cony };{ﬂlnfl”"
1 G, (1)=00,(2) (38)  ~42.88> ~4.36 151.4 + 372.65 14 0.052550 1.47  0.81  0.10%*
2 G (D-CH(2) (21) =155 > +60 7 74 28 0.009950 5.26  7.47  0.33%%
3 Gl (1)=CaH(2) (73) 100 -+ 150 250 -+ 705 11 0.000074 2.99  5.62  1.27%%k
b CH(1)=CyH(2) (36) 0.0 » 200 50+ 750 53 0.005000 2.76  3.11  16.11
5 CH (1)-N-CH; 1(2) () 0.0 » 250 100 - 600 19 0.005096 2.08 3.3  2.76
6 Cyll(1)-I-C,H)((2) (1) 100 - 219 207 > 779 27 0.005074 4.11  5.04  0.93%
7 CH(1)-N-CaHyo(2) (50) 40 = 340 50 - 900 52 0.013118 3.63  4.32  5.22
8 Cylg (1)l ,(2) (M) 150 - 250 200 - 800 12 0.007086 5.80  6.75  6.29
9 CH(1)-N-Cyl ((2) (M) 40 > 450 100+ 800 19 0.004348 4.04  4.36  2.68
10 GyH(1)Cy gy (2) (51) 100 - 460 100 - 1640 43 0.019800 3.29  6.26  2.77

% Percent Absolute Average Error in Bubble Point Temperature

€s
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TABLE X

* BINARY SYSTEM INTERACTION PARAMETERS AND
DEVIATIONS IN K-VALUE PREDICITONS

% ABS AVG ERRORS IN

SYSTEM TEHPERATURE PRIESSURE: N9 OF OPTTMAL
L/F or
REFERENCES RANGE (°F) RANGE (PSIA) POINTS kij Ky K, BUBPT
1 Caig(1)=C4Hg(2) 100 + 190 197 -+ 603.5 13 0.000002 7.85  8.14 0. 874
(45)
2 CgH(1)~C4Hg(2) 40 -+ 160 30 -+ 400 26 0.002447 0.97  2.61 0.12%%
(72)
3 C4lig(1)~T~Colly o (2) 32+ 356 14.7 + 632 73 0.010323 5.12  5.42 17.57
- (84)
b Cag(1)-C) g,y (2) 150 + 460 50 - 800 42 0.008688 3.49  3.89 3.80
(MM)
5 Cqllg(1)-BZ(2) 100 - 400 40 + 867 64 0.015991 2.56  3.10 5.77
(66) .
6 N-CyH ((1)-I-C,H; ((2) 100 » 280 52.5 + 484.5 16 0.000099 &4.44  4.983 0.75%
(71)
7 ,Hyo(D-N-CoH (2) 200+ 440 100 -+ 400 15 0.000000 1.33  1.39 3.51
<MM)
8 NG/ o (1)-N-C jHyo(2) 100 + 460 25 -+ 714 109 0.023533 2.85  4.74 6.27

(53)

alat.
Ay

Percent Absolute Average Error in Bubble Point

Temperature
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TABLE X (Continued)

% ABS AVG ERRORS TN

SYSTEM TEMPERATURE PRESSURE N—q OF OPTIMAL
(REFERNECES) RANGE (°F) RANGE (PSIA) POINTS kij Ky K, g{/}gpzr
9 BZ(1)=H-C,H; o(2) 103 + 206.1 3.5 + 14.7 33 0.006027 1.78  2.20 0.15%%
(M)
10 BZ(1)-Toluene(2) ~180.1+ 536 14.7 ~ 560 22 0.005258 2.39  2.59 0.18
()
11 BzZ(1)-M-Xylene(2) 320 + 572 60 » 4449 8 0.000349 3.25  4.15 1.01%%
(1)
12 ETHBZ(1)-H-CgH, o(2) 122 » 239 0.970+ 14.7 43 0.002364 1.95  1.87 0.10%

(88)

% Percent Absolute Average Lrror in Bubble Point Temperature
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TABLE XTI

PURE COMPONENT ENTHALPY PREDICTION USING THE NEW MODIFIED
SRK EQUATION OF STATEL

SYSTRM  COHPOSITION TIMP PRESSURE. NO. OF POINTS ABS. AVG,
RANGE RANGE TN THE SYSTEM DRVIATION (RTIT/1b)
(°F) (PSIA;
VAPOR  LIQUID VAPOR LIQUID

PHAGR,  PHASE  TOTAL PHASE PHASE  TOTAL

1N, 1.0 —-250+-+50  200»2000 43 6 49 0.563  0.415¢ 0.6
0.387 0.422 0.4%

2 Co, 1.0 -60~-+300  80+2000 34 20 54 0.594%  0.849 0.74
0.856  0.833 0.8"

3 HS 1.0 -110++200  20-2000 15 33 48 1.294  3.038 2.5
1.164  2.601 2.1%

4 CH, 1.0 -250++50 2502000 17 17 34 0.875  2.758 1.8
0.296  1.577 0.9%

5 Gyl 1.0 —-240++280 2002000 26 43 69 0.124%  0.035¢  0.14
1.029  1.063 1.1%

6 Gyllg 1.0 -250++250  500+2000 4 39 43 2,778 2.743 2.8
0.765 1.467 1.4%

7 NGy, 1.0 75+700 200+1400 124 36 160 1.3914  1.5914  1.44
1.479  1.802 1.6%

& NG/, 1.0 50+600 50+2500 28 80 108 4.084  4.478 b.h
2.817  4.688 b, 2%

*Lee-Kessler Fvaluation

ABeat Lee-Kessler evaluation method.

9¢



TABLE XI (Continued)

SYSTEM COMPOSITION TEMP PRESSURE NO. OF POINTS ABS. AVG
RANGE RANGE IN THE SYSTEM DEVIATION (BTU/lb)
(°F) (PSIA)
VAPOR  LIQUID VAPOR  LIQUID
PHASE  PHASE TOTAL. PHASE  PHASE TOTAL
9 N—CSHIS 1.0 75+600 200+1400 35 33 68 3.109 2.378 2.8
2.289 0.851 1.6%
10 Toluene 1.0 50~+650 50+2500 24 78 102 2.528%  4.475 4.0
2.3869 1.906 2.1%

% Lee-Kessler Fvaluation
4 Beat Lee-Kessler evaluation method

LS



TABLE XIT

MIXTURE ENTHALPY PREDICTION USING THE NEW

MODIFIED SRK EQUATION OF STATE

SYSTEM  COMPOSITION TRAP PRESSURE NO. OF POINTS ABS, AVG.
RANGE RANGE IN THF SYSTEM DEVIATION (BTU/1b)
(OF) (PSTA)

VAPOR  LIQUID VAPOR  LIQUID
PHASE PHASE  TOIAL PHASE PHASE TOTAL
1o, 0.50 ~50-300 1002000 39 7 46 1.3784  4.352¢+ 1.8t
0, 0.50 5 bty 1.456  8.924 2.3%
2 o, 0.566 ~250++250 2502000 45 9 54 0.809  0.626% 0.8t
N, 0.434 0.678  4.017 1.2%
3 0.50 ~110++200 202000 25 6 31 1.7614  7.5894  2.94
H,S 0.50 2.559 11.686 4. 3%
b oc, 0.9483 -250++250 2502000 30 17 47 0.766  3.425 1.7
CoHg 0.766 | 0.518  1.678  0.9%
5 0.494 -250++250  250+2000 8 37 45 1.464  2.383 2.2
G4 0.766 0.893  1.764 1.6%
6 a1, 0.494 -250++250  250+2000 16 29 45 1.5844  1.9904 1.9+
G4 0.506 2,163 3.270 2.9%,
7 al, 0.720 ~250++250 25052000 23 22 45 0.7294  1.725¢  1.24
C4Hg 0.280 1.496  2.321 1.9%
8 o, 0.883 ~250++250 2502000 28 19 47 0.598+ 1.632¢  1.0%
G4, 0.117 0.765  1.502 1.1%

*Lee Kessler Evaluation
+Beat Lee Kessler evaluation method



TABLE XII {Continued)
SYSTEM COMPOSITION TEMP PRESSURE 1O.OF POINTS ABS. AVG.
RANGE RANGE - IN THE SYSTEM DEVIATION (BUT/1b)
(°F) (PSIA)
VAPOR  LIQUID VAPOR  LIQUID
PHASE  PHASE TOTAL. PHASE  PHASE TOTAL

9 CH4 0.951 150~600 50+2500 79 1 30 2.328%  3.663% 2.3%

C/H; 6 0.049 2.347 4,185 2.4%
10 CH4 0.491 50+600 50~+2500 39 4 43 2.5914  1.030% 2.54

C7H16 0.509 3.791 4.914 3.9%
11 CH4 0.249 50+600 60+2500 36 22 58 3.185 2.429 2.9

C7H16 0.751 3.008 1.101 2.3%
12 CH4 0.500 50+600 60~>2500 33 1 34 1.714%  5.6374 1.84

Toluene 0.500 3.039 14.12 3.4
13 C2H6 0.276 =240~+240  500+2000 6 12 18 1.519% 2.243 2.0

C3H8 0.724 2.928 0.846 1.5%
14 C2H6 0.763 =240>+240  250-2000 12 18 30 1.741 2.069 1.9

Callg 0.237 0.810 1.093 1.0+
15 C2H6 0.498 =240-+240  250-2000 11 18 29 1.663 2.077 1.9

C3H8 0.502 0.519 0.873 0.7%

* Lee-Kessler Evaluation

4 Beat Lee-Kessler Evaluation method
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CHAPTER V
DISCUSSION OF RESULTS
The New o~model

The proposed expression for o appears to be a better representation
of o as a function of Tr than the Socave (9 ) expression. The new model
correctly portrays o as a motonically decreasing function of reduced
temperature, Tr, rather than Soave's model which incorrectly suggests
that o decreases at low values of Tr, then goes to zero and finally in-
creases at high values of Tr. With the new o model, the modified SRK

equation colsely reproduces the vapor pressures of pure components.

Quality of Correlation Development

for Pure Hydrocarbons

Accurate correlation of vapor pressure would enable the new modi-
fied equation of state to accurately predict fluid fugacities and conse-
quently the phase equilibrium behavior. Soave (1972) used the Antoine
expressions reported by API Project 44 (95) as experimental vapor pressures.
Also Soave (1972) used the critical point and acentric factors for a number
of compounds to determine the function required to correlate vapor
pressures. Graboski and Daubert (25) in an attempt to avoid anchoring
the equation at Tr = 0.7, used hydrocarbon vapor pressure data compiled
by the Penn State API research staff. In the current work, the ESDU (91 )
data which has the wider temperature ranges (triple point to the critical

point) were used for all the hydrocarbons, except of C9 to cohq whose ESDU

80
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data were not available. Graboski-Daubert's modified SRK equation
yields vapor pressures with large errors at reduced temperatures be-
low 0.45. The new modified SRK equation can predict vapor pressures
of most pure substances down to reduced pressures of 0.41, with reason-
albe accuracy. The fitting of the pure component parameters to very
simple two constant straight-line form algebraic functions of acéntric
factor, instead of the usual quadratic form used by previous investiga-

tors, makes this correlation much more attractive to use.
Quality of Vapor-Liquid Equilibrium Calculations

For correlation testing and development, good binary VLE data
are very valuable. Availability of such data helps to evaluate the
model in terms of the effect of different families and molecular sizes
on equilibrium predictions. It also permits determination of binary
interaction parameters, kijs, which are used for scaling up to multi-
component systems based on the assumption of pairwise mixing. In this
work, a total of 3,329 data points were used in fitting the kijs‘ This
is considered a large number of data points when compared with previous
investigators in this area. For example, Graboski and Daubert (25) had
a total of 1966 data points available in the Penn State Binary Vapor-
Liquid Equilibrium Data Set and this included those points that were
not used inthe final fit. Use of more data points often improves the
quality of the fit, hence the kijs obtained in this work should be highly
reliable.

All the interaction coefficients obtained are between the order of 0.0

to 0.2. In agreement with previous authors, hydrocarbon-non-hydrocarbon
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kijs were larger than hydrocarbon-hydrocarbon ki.s. This can be ex-
plained by the greater molecular interactions in the non-hydrocarbon-
hydrocarbon binaries. For most hydrocarbon-hydrocarbon binaries,
where molecular similarities are very high, the kijs obtained were
zero or nearly so. Previous authors had recommended a value of zero
for all hydrocarbon-hydrocarbon binary kijs' This ought to be done

with some caution. A look at Table V shows that kijs for C;-n-Csg,

C,-n-C,, and leToluene are significantly higher in order of magnitude
than for the rest of the binaries in the same table, and cannot be
approximated to zero in cases where very accurate work is required.
The guideline recommended here therefore is that for HC-HC binaries
which belong to the same family, for example paraffin-paraffin or
aromatic-aromatic and having a carbon content difference of not more
than five, a value of zero can be assumed for the kij value. Other-
wise the real k.lj value should be determined and used.

According to previous authors (14, 15,79, 80, 39, 40), kij was assumed
a univefsal constant for a given binary pair and was therefore indepen-
dent of temperature and pressure. In this work, this assumption may
hold for most HC-HC binaries, but for non-HC-HC or non-HC-non-HC pairs,
kijs were found to be temperature dependent. Thus, whenever a large
amount of data was available at different‘temperature, the data were
fitted separately in narrow temperature ranges and the weighted average
of the results of these separate fittings used as guess for the total
fitting. This was the approach used to obtain kijs for the binaries of
CO2 and Ci, Cz, C3, n-Cy in Table V . For very accurate work, ki.s

J
for systems of this kind should be determined at temperatures and
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pressures where they will find the most usage. Meamwhile, accurate
correlation of kijs as functions of temperature have become very
necessary.

The equilibrium ratios (K-values) predicted by the modified SRK
equation of state are also very reliable. The percent absolute average
deviation between predicted and experimental K-values for 55 out of 72
vinary systems used in this study be between 1 and about 6 percent.

High errors in K-value prediction were more frequent with the N, sys-
tems, in particular binaries of N, with heavier hydrocarbons. Nitrogen
is mostly in supercritical state at normal conditions, resulting in
almost all the nitrogen being in gaseous phase in most of its mixtures
with hydrocarbons. Hence the results obtained were reasonable in view
of the circumstances. Robinson et al., (65) used the Soave (.79
equation of state to correlate their CO,-Hexane data and had average
absolute errors in predicted K-values of 4% and 13% for CO, and n-hexane
respectively. When the same data were correlated using the new modified
SRK equation, absolute average errors were 3.63% and 4.70% for CO, and
n-hexane respectively. However, the kij value obtained for the CO2-n-
hexane system by Robinson et al., agree with the one from this study

to two decimal places. (See Table V j
Test of the New Equation on Enthalpy Prediction

The modified SRK equation, coupled with the pure component para-
meters and the fitted kijs’ was tested on enthalpy departure prediction.

The errors in predicted enthalpy departures stayed within 0.1 to 4.4



BTU/1b. and 0.8 to 2.9 BTU/1b. for the pure components and mixtures
used respectively. This is the same degree of error reported in Lee

and Kessler's evaluation for the same systems. (See Tables XI and

XII.)
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS
Conclnsions

A new modified SRK equation of state has been obtained by proposing
a new model which more correctly represents the o term in the original
SRK equation as a motonically decreasing funétion of reduced temperature,
Tr. The new equation is capable of reproducing the vapor pressures of
pure components very closely. Values of the parameters m and n in the
new o expression have been obtained for thirty seven different compounds
including water, NZ’ HZS’ COZ’ and paraffin, alkene and aromatic hydro-
carbons. Simple generalized correlations of these parameters as algebraic
functions of acentric factor have been provided.

With the use of the same mixing rules as originally used by Soave,
the new equation was successfully used to predict binary VLE computations,
for mixtures of NZ’ HZS’ CO2 and light paraffin, alkene, and aromatic
hydrocarbons. Binary interaction coefficients were fitted for seventy-
two systems and K-values were also predicted with reasonable accuracies
for the same systems.

The equation was also found to be good in both pure component and
mixture enthalpy departure predictions. By proper characterization, the

new equation can be used to treat petroleum fractions.

65
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Recommendations

For future work, further modification of the mixing rules is
suggested, with the hope of improving the VLE mixture calculations.

The a term should be retained as in this work:

n n
- LI I .5 00
a i=1 j=1 xixjaiaj(l kij)

n.
while the b term changes from b = & Xibi to
i

n n

b = izl jzl xixj(l-zij)(bi+bj)/2.0
Attempt should be made to correlate binary interaction coefficients,
kijs as functions of temperature for different binary systems.

Finally, the correlation should be tested on multi-component vapor-
liquid equilibrium data, including such components as hydrogen, water,
sulfur and nitrogen oxides.

The present correlation is based heavily on data of light hydro-
carbons, hence caution should be exercised when trying to extrapolate
its use to mixtures containing heavier components. Efforts in experimen-
tal research should be geared towards providing more accurate experimental
VLE data on these heavier components, in particular aromatic, naphthene
and alkene systems, because data on these systems are essential to further

improve the generalized equation of state for better equilibrium calcula-

tions.
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