ABSTRACT -

A modified Redlich-Kwong equation of state was employed
for the prediction and extrapolation of vapor -liquid equilibrium data
from limited information for the purpose of saving the cost and

labor of experimental determinations.

A detailed calculation procedure was proposed for the
determination of the equilibrium vapor composition and saturated
pressure of the system from the given liquid composition and system
temperature. Its applicability was tested on eleven binary systems

at eighteen isothermal conditions. The agreement obtained between

the predicted and literature data was very good with the exception
of the system methane-ethylene. Further experimental investigation
was required to substantiate the validity of the proposed method.
For this reason, vapor-liquid equilibrium data were measured in
this iﬁvestigation for the methane-ethylene system at -193.1°,
-173.1° and -156.1°F, the methane-ethane system at -173.1°F, and
the  methane-ethylene-ethane ternary system at -173.1°F and

at pressures up to 330 p. s.i. a. by means of a forced—r'ecirculation
apparatus. The experimental results agreed well with the values
predicted by the proposed method. In addition, adjustable activity
coefficients were evaluated by means of the modified Redlich-

Kwong equation of state and correlated by the Redlich-Kister equations.

The Redlich-Kwong equation of state was further extended
to the supercritical region for the sake of prediction of gas solubilities,
volumetric properties and phasei equilibria of normal fluid mixtures
with one supercritical component. The temperature -dependent

parameters of the Redlich-Kwong equation were established for pure




component methane from its critical temperature, -115.78°F, up
to'160°F. Solubilities of methane in various solvents have been‘
successfully predicted. The proposed method has been satisfactorily
applied to the prediction of vapor-liquid equilibrium data for five
binary and three ternary systems. Molal and partial molal volumes

of seven binary systems have also been evaluated.

In addition, values of excess enthalpy of mixing, excess
Gibbs free energy of mixing and excess entropy of mixing for the
hydrogen-nitrogen binary system over the complete concentration
range between 170° and 290°K, and up to 95 atm.. were evaluated
by using a limited amount of information; and a method for determin-
ing the limiting slopes of the binary vapor -liquid équilibriurn

composition curve was also proposed.
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NOMENCLATURE

constants in the Benedict-Webb-Rubin equation
of state

parameters in the
state

Redlich-Kwong equation of

binary parameters in equations (2-52) and (2-53)
constants (equations (7-17) and (7-18))

constants in the Clark equation (equations (7-13)
and (7-14))

constants in the Redlich-Kister equation for
binary systems

number of components

ternary constants in the Redlich-Kister equation
(equation (5-13))

interaction constant for pair of components i and

~j (equation (2-59))

constants in the Prahl equation (equation (7-19))
constants in equation (7-20)

fugacity

molal Gibbs free energy

molal enthalpy

dummy parameter in the Redlich- Kwong equation
of state (equation (2-17))

V|
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vaporization equilibrium ratio, y/x .

temperature-independent parameter in
equation (2-32)

binary interaction constant

number of moles or empirical constant in
equations (2-46) and (2-47)

pressure
vapor pressure of pure component
partial pressure of component i
excess free energy function

gas constant

molecular size ratio (equation (2-45))
molal entropy

temperature

molal volume

liquid mole fraction

vapor mole fraction

compressibility factor

number of nearest ne.ighbour (equation (2 -44))

mole fraction of the component i, either in the
vapor phase or in the liquid phase

Bunsen absorption coefficient (equation (6-3))

self-interaction constant of molecules 2 in the

environment of molecules 1 (equations (2-52) and

(2-53))
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second virial coefficient or adjustable constant
of the modified B-W-R equation of state of Lin
and Naphtali (equation (2-14))

activity coefficient

difference

solubility parameter

dilation constant of solute 2 in solvent 1
(equation (2-53))

fugacity coefficient

volume fraction (equation (2-45))
energy parameter (equation (2-46))
density

temperature-independent parameter in equation
(2-33)

chemical potential

characteristic parameters of the Redlich-Kwong
equation of state

. acentric factor

excess
ideal
reference state (equation (2-49))

reference state
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Subscripts

i, j» 1, 2,3

i

1

fugacity or fugacity coefficient in the solution
partial molal quantity
infinite dilution property

unsymmetric convention of normalization for
activity coefficients

critical property |
component identification
liquid phase

vapor phase

reduced state

total property




CHAPTER I

INTRODUCTION

The design of industrial equipment for separation processes
requires information on phase equilibrium properties of the system
concerned. Frequently, the prevailing conditions of temperature,
pressure and composition are different from those for which experi-
mental data may be available. On the other hand, the high cost and
time consumption of experimental investigation prevent us from making
many measurements. For rational design, therefore, it is necessary
to calculate phase equilibrium relationships by reducing and generaliz-
ing the available but limited experimental data. To perform such
calculations with confidence, suitable tools provided by thermodynamics
must be utilized. It is most desirable if the phase equilibrium relation-

ships could be represented by means of a suitable equation of state.

(1)

The Redlich-Kwong equation of state’ ' is recognized as the

(2)

which can be used to represent fluid

3,4 .
properties in both gaseous and liquid states( ). For this reason,

(3) is

best simple equation available

the Redlich-Kwong equation of state with a certain modification
chosen to be employed for the prediction and ektrapolation of vapor -
liquid equilibrium data from the limited information. The attention
is restricted to normal fluid mixtures such as those encountered in
the petroleum and related industries. The definition of normal fluid

(6) (7)

is that given by Pitzer In a simple statement’ ', a normal fluid

is one which is either nonpolar or else slightly polar, and which does
not associate strongly (e. g., by hydrogen bonding); further, itis a
fluid whose configurational properties can be evaluated to a sufficiehtly

good approximation by classical, rather than quantum, statistical
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mechanics. Hence, the following attempts are made in the present

study:

(1) to propose a detailed calculation procedure
for the determination of the equilibrium vapor
composition and saturated pressure of the
system from the given liquid composition and

system temperature,

(2) to obtain experimental vapor-liquid equilibrium
data for further justification of the proposed

method,

(3) to correlate the experimental vapor-liquid

equilibrium data, and

(4) to extend the Redlich-Kwong equation of state
to the supercritical region for the prediction
of gas solubilities, volumetric properties and
phase equilibria of normal fluid mixtures

involving one supercritical component.




CHAPTER II

LITERATURE REVIEW

A rather detailed review on the subject of vapor-liquid equilibria

(8)

has recently been given by Chang' '. An extensive review on the
engineering applications of various equations of state was also made

. ' 2
by many prominent workers - for instance, Shah and Thodos( )

(9) (10)

Stewart and Timmerhaus "', Martin , and recently, Tsonopoulos

(11)

and Prausnitz . In this thesis, only those publications which are

2

peftinent to the present study are briefly reviewed and discussed in

this chapter.

Many methods have been proposed to utilize equations of state
for the correlation and/or prediction of vapor-liquid equilibria. In
any of tl‘t;e equation-of-state methods, an equation of state is used to.
calculate either the values of the vapor -phase fugacity coefficient or
the value's of the vapor-phase as well as the liquid-phase fugacity
coefficient. The methoci places great demands on the equation of
state because it must be capable of representing the fluid properties,

such as P-V-T behaviour.

Of the many empirical equations of state, the Benedict-Webb-
e .
Rubin equation(lz) and the Redlich-Kwong equatmn( ) are widely used

in the calculation of vapor-liquid equilibria.

2.1 CORRELATIONS BASED ON THE BENEDICT-WEBB -RUBIN
EQUATION OF STATE

In 1940, Benedict and co-workers presented an equation of state

(12)

with eight adjustable constants

Al



P

where Ao’ Bo, Co’ a, b, ¢, a, y are the adjustable constants and

p is the density.

The equation represents satisfactorily volumetric properties

of nonpolar gases and liquids to densities up to about 1. 8 times the

(11

critical

applying their equation to hydrocarbon mixtures for calculation of

-4 -

RTp + (B RT - A
(o] o

- ——

C

T

)p

2

+ (bRT -

3 . 2 2
cp (1+yp ) exp(-yp )

6
+ aep +

T

2

a

)p

3

Benedict and co-workers were primarily interested in

(2-1)

K-values and enthalpies; combining rules for the eight constants were

proposed in 1942

(13)

"

[Z % (Aoi)%] 2
i

(2-2)

(2-3)

(2-4)

(2-5)

(2-6)

(2-7)
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e =[) = (ai)%]3 | (2-8)
i

Y = z éi (Yi)%]z (2-9)

i

where z is the mole fraction of component i in the v'apor or liquid

phase.

Constants for twelve light hydrocarbons from methane through
n-heptane were given by Benedict, Webb and Rubin in 1951(14) and their
utility for calculating vapor-liquid equilibria was demonstrated(15’ 16).
The K-value is calculated by means of the equation:

£/

Jx.
iL 1

= 2-10
Ki f.v7y, .( )

1 1

In which 'f\,L/x, and ?,V/y, are evaluated through the equation:
. i i i i .

RT 1n (£/2) = RT Infp RT]

P _APY
N f |'<3T) -RT]dlnp (2-11)
Lon /o v
o

T

By substituting Equations (2-1) to (2-9) in Equation (2-11) gives
A
RT In (£ /z) = RT lIa[p RT]

i
2

1,2
+ [(B +B )RT -2 (A A)® -2 (C C.)?/T ]p
(o] 0l o] 1 O

L 1
v 3/2 [RT (b° b,)% - (azai)3]p2
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+ 3/5 [a (azai)% +a (azai)%:l p5

_ 2. 2
+ 3p2 (czci)% I_l -exp (-yp ) exp (-yp )] /TZ

2 2
Yp
2 i 2 2 2
_Zp C(_zl)‘?[l-exp(-\(p )-ex (-y 2)_YP exp(-yp )
TZ Y YPZ P P 2
(2-12)

It should be noted that Equation (2-12) is applied to the liquid and the
vapor phases. Combining Equations (2-10) and (2-12), the K-value is

therefore calculated.

Because of its complexity, the correlation based on the Benedict-
Webb -Rubin (B-W-R) equation of state is usually reduced to chart form

to facilitate engineering application. Well-known correlations, such
(16, 17) (18)

as Kellogg charts and DePriester's correlation were therefore

brought out.

2.1.1 Kellogg Charts ')

A set of 324 charts was published by the M. W. Kellogg Company

in 1950. The preparation of these charts was based on the B-W-R

equation of state. The molal average boiling point (MABP) expressed
in degrees Fahrenheit was chosen as the composition-dependent para-
meter. The charts cover a temperature range from -100°F to +400°F
and a range of molal average boiling points from -255°F to +180° F.

At 26 pressures between 14. 7 and 1000 psia., the charts represent the
dependence of the equilibrium distribution ratio (K-value), for twelve
hydrocarbons,-namely, methane, ethylene, ethane, propylene, propane,

i-butane, i-butylene, n-butane, i-pentane, n-pentane, n-hexane and



n-heptane.- on the temperature and MABP of the vapor and liquid
phases. The Kellogg correlation gives an average deviation from

experimental data of 7. 1%.

(18)

2.1.2 DePriester's Correlation

Linear or nearly linear relations between the two fugacity
functions, fiL/Px_ and Py_/fiv, and pressure were found by
i

DePriester(lg). (17)

Therefore, the Kellogg charts were condensed
into 2 more manageable form. This contains two sets of charts,

the pressure-temperature -composition (P. T. C. ) charts and the
generalized correlation charts. The P. T. C. charts show K-values

as the product of the vapor-phase fugacity function (Pyi/f\iv) and
liquid-phase fugacity function (J".'\iL/Pxi) for temperatures from -100°F
to +400°F, pressures up to 1000 p.s.i.a., and a range of phase
compositions. K-values for twelve light hydrocarbons from methane
through n-heptane are shown on twenty-four charts. The generalized
correlation was presented on two nomographs, one for the temperature
range from -100°F to 70° F and the other for the temperature range
from 20°F to 400°F. The nomographs show K-values as a function

of temperature and pressure only and were developed for use in
preliminary calculations. The P.T. C. charts give an average deviation
from experimental data of 6. 4%. The generalized correlation is
inherently less accurate than the P. T. C. charts because the effects

of phase composition are not correlated. The average absolute

deviation from experimental data is 15.0% for the generalized

correlation.

Both the Kellogg correlation and the DePriester's correlation

are applicable to calculate K-values of light hydrocarbon mixtures of
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up to twelve components within the range of pressure, temperatuyre

and MABP of the charts with satisfactory results.

(19) have applied the B-W-R equation to

Schiller and Canjar
predict vapor-liquid equilibria for the nitrogen-carbon monoxide system
with satisfactory results. However, the prediction of the K-values of
mixtures of nitrogen-methane(zo), of propane-carbon dioxide(zl) and
of light hydrocarbons containing hydrogen(zz) were found to be far from
satisfactory. Even for the systems consisting purely of light hydro-
carbons, the predicted K-values were not satisfactory when the

23
temperature was low and the pressure was high( ).

Several modifications have been suggested to improve the K-

(20)

value prediction. Stotler and Benedict have made an attempt to
modify the combining rule for the constant Ao of the equation for the

nitrogen-methane system

A = zZA + zzA + 2.874 z_ = (2-13)
o l o 2 02. 1 2

and they considered the constant Co to be temperature-dependent. Lin
and Naphtali(24) modified the B-W-R equation into the following form in
order to predict the K-values of the nitrogen-methane, methane-carbon

dioxide, propane-carbon dioxide and n-butane-carbon dioxide systems:

' : 2 3
P = RTp + (B_RT - A_ - Co/Tﬁ) 0% + (bRT - a)p
3, 2 2 2
+ aL‘1P6+(CP /T7)Y (L+ vyp ) exp(-yp ) (2-14)

into which another adjustable constant, B, was introduced. Cullen and
Kobe(zu also indicated that the lack of success in certain cases outside

of the hydroca’rbons was thought to be caused by the increased interac-
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tion of the molecules of the components in the liquid phase. Therefore,
one or more interaction constants are likely required in some cases to

give a good overall representation of a binary mixture with the B-W-R

equation of state.

Finally, it should be born in mind that, to obtain eight constants
for a large number of substances would be a formidable task in view of

2 .
the complexity of the B-W-R equation(11 5). The eight constants

obtained from data reduction are probably not unique(u). Several

sets of constants may give equally good representation of the data.

The non-uniqueness of the constants is not an important matter as long
as attention is restricted to the properties of pure components but it
becomes extremely important when pure component constants are used

26,217
to predict mixture properties( 6 ).

2,2 CORRELATIONS WITH THE REDLICH-KWONG EQUATION
OF STATE

A two-parameter equation of state was proposed by Redlich and

Kwong in 1949(1) as follows:

P = | RT /(V-b) - a/T% V(V +b) (2-15)

It may be changed to the following form for practical use:

2
A h
z = 1/01-h -5 (333

) (2-16)

" ~where:

h = BP/Z (2-17)

2,2.5 2.5, 2,5
A* = a/mir®® - q T "0/P T (2-18)
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B = b/RT = Qy TC/PCT v (2-19)

Qa = 0.4278 .- _ (2-20)
Q, = 0. 0867 : (2-21)

For mixtures, Redlich and Kwong suggested the following combining
rules:

b = Z z, b, (2-22)
i
a = ZZ a..z z, (2-23)
ij 17
ij

with:

a.. = [/ a,. a, (2-24)

The Redlich-Kwong equation of state has been chosen by many
workers to represent the nonideality of fluid mixtures. It led to many

well-known methods of correlation and/or prediction of vapor -liquid

equilibria. ' . ' ‘

2
2.2.1 Correlation of Chao and Seader( 8)

.

Chao and Seader(ZS) calculated the K-values through a combina-

tion of three factors:

K = (5 /P) (v)/(6) (2-25)
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The liquid fugacity coefficient of a pure component i, (f, L/P)’
i

was correlated within the framework of Pitzer's modified form of the

(29)

principle of corresponding states Accordingly, (fiL/P) is given

by:

)

0
log (fiL/P) = log (fiL/P)( +w log (fiL/P)(l) (2-26)

) )

1
The quantities, (fiL/P)(O and (fiL/P)( , are dependent only

on reduced temperature and reduced pressure. They have been fitted

with the following approximating functions:

) 3

(0 2
1 P = A /T AT A T A T.
g (fiL/ ) Ao + 1/ r + 2 r + 3 r * 4 r

2 2
+ (At AT +A T )P +(Ag+A;T) P  -logP
(2-27)
log (£, L/P)“) - -4.23893 + 8.65808 T_ - 1.22060/T_
1
-3.15224 Tr3- 0.025 (P_ - 0.6) (2-28)

The liquid activity coefficient, y,, was calculated from the theory

30
of regular solutions of Scatchard and I—]ildebrand( ):
-2
Iny, = V, (5 -8 /RT (2-29)
i it

where

5 = v, ' 2-30

8 invi6i/zxi i (2-30)

i i

The solubility parameter, §,, was calculated from the heat of vaporiza-
1 .

tion and the liquid molal volume, Vi’ at 25°C for most of the hydrocar-

bons. For hydrogen and for a number of light hydrocarbons, such as

methane, ethane, and ethylene, the solubility parameter was treated
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as empirical one and determined from the best fitting of experimental
vapor-liquid equilibrium data, since these light gases are either in

the supercritical region or very close to the critical temperature

at the reference temperature of 25°C.

The vapor -phase fugacity coefficient of a component i, Q’B,V,
i
was calculated using the following equation:

B, 2 A, B
i

A _ ' A W 1 i
], = (Z-1) 5= -1n(Z -BP) - = Lz = - B]m (1+ BP/Z)

‘ (2-31)
with the aid of the Redlich-Kwong equation of state.

The correlation could be applied to hydrocarbons including
paraffins, olefins, aromatics, and naphthenes. Hydrogen in hydro-
carbon mixtures was also correlated. The correlation has failed
at low temperatures and high temperatures as well, but Grayson and

Streed(31)

have extended the applicability range to a higher tempera-
ture region. The failure of their method may be due to the following
reasons: (1) liquid molal volumes and solubility parameters were
considered as temperature-independent, (2) the correlation of the
liquid fugacity coefficient of a pure component was not successful at

low temperatures, and (3) the correlation of the fugacity of a component
in one phase did not possess much in common with the correlation of
the behavior of the other phase.

(3)

2.2.2 Correlation of Wilson

Wilson(3) proposed a method to correlate vapor-liquid equilibrium
data of the methane-nitrogen and helium-hydrogen systems by means

of the Redlich-Kwong equation of state with a modified procedure. In
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his modification, he suggested that one utilizes the parameter of.the
equation Qb = 0. 0867 at all temperatures andmakes the parameter a
to be temperature-dependent according to the following equations:

L5

a../RT "> = 4.934 |:1+k( L
11 Cl

Ty :

L5
1)‘} Ty, " b, (2-32)

a,, = 6,.2, + (1-0,.)a,, (2-33)
ij ij id ij° 73

where k and ei' are temperature-independent parameters and T,
_ J i
is the reduced temperature of component i. Two vapor pressure

points are necessary to determine the temperature dependence.

Vapor-liquid equilibria are calculated from the equation through
the application of the thermodynamic conditions of equilibrium, namely,
that the pressure be the same in both phases and that the fugacity of
.each component be the same in both phases. The equation for the

fugacity of a component is as follows:

nf =1 —-————RTZi+E-i-—-—PV-1)
nL = NSy (RT

57
rT>/% 2

. (32)

In a recent paper Wilson presents a complicated relation
that combines Equations (2-32) and (2-33) and further improves the
calculation of mixture properties. Wilson successfully applies his
lat‘est modification to the hydrogen-nitr'ogen system; for some other

systems, especially those containing larger hydrocarbons, agreement

is less satisfactory.
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2.2.3 Correlation of Chang, Chappellar and Kobayashi(33)

K-values of methane in paraffinic, naphthenic and aromatic

solvents at low temperatures and high pressures were correlated by

33
Chang, Chappellar and Kobayashi( ). K-values were expressed by

(28)

H

an equation identical with the work of Chao and Seader

K, = (. /P) (\)/1§,)

(2-25)

(28)

where the quantity of (fiL/P) was taken from Chao and Seader's work .

The vapor -phase fugacity coefficient, E\in’ was evaluated by

means of the Redlich-Kwong equation of state with a simplified form

(32)

of Wilson's modification The constants of the Redlich-Kwong

equation for pure component were given as:

a, = F(Tc/T, w)biRIJ'5
b, = 0. 0867 RTci/Pci
where:
F(Tc/T, @) = a/RT" ")
= 4.934 [1+ (1. 45 + 1. 62w)
(Tc/T -1.0)](Tc/110'12
or:

2 2.5
-Af: 2. /(R“T% )

B, = bi/RT

(2-35)

(2-36)

(2-37)

(2-38)

(2-39)
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The constants for mixtures were given as:

A=Yy A (2-40)
i

w
I

z y, B, (2-41)
. .

Then the vapor -phase fugacity coefficient may be evaluated through

Equations (2-16) and (2-17), and through the following equation:

log §,,, = 0.4343 (Z-1.0) (Bi/B) - Jog (Z-BP)

A‘Z\ A B,
- ( =) (2 - - E‘—) log (1 + BP/2Z) (2-42)

The liquid-phase activity coefficient was taken as a sum of the

athermal and thermal effects and was written in the form:

th

Iny, = In yiath tIny, (2-43)

: 34, 35
The expression of 1ln yiath was given by Miller -Guggenheim( ) as:

1
iy = [0 - g, x] - 2/2 I [1- (- 28,/2] (2-44)
1

where:

5. = T xz/(x1 + r XZ) (2-45)

2

in which r1 is the molecular size ratio., The number of nearest

neighbor sites, z, was chosen as twelve.
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. h
The expression of 1n yt was given as

th
Iny " = x ég (2-46)
where x and n were fitted to the experimental data through the
equation:
x = [In(K, §.) -In(f,_/P) -1Iny ath] " (2-47)
i v 1L/ i 2

The best results were obtained with n = 2. 6.

K-values were computed by the combination of Equations (2-46),‘

(2-44), (2-42) and (2-26).

Generally, the K-values of methane were predicted with the
deviation falling within + 5% of the experimental data up to 0. 70 mole
fraction of methane in the liquid phase; the failure in predicting the
K-value near the critical point was due to the sharp increase of the
concentration of methane in the liquid phase. However, the average
relative deviation for the heavy component K-values ranged from + 20
to -200%. This failure may be due to the following: (1) the application ‘
to low temperatures of the correlation based on Pitzer's corresponding

(28)

states principle (Equation (2-26)) for the liquid fugacity coefficient

is not as successful as at high temperatures, (2) the approximate

(4, 32) was unsuccessful in describing

Rédlich-Kwong equation of state
the nonideality of the heavy component in the vapor phase, because
the vapor -phase fugacity coefficients for the heavy components
decreased markedly from unity as the pressure increased. This
sharp decrease indicated the importance of the nonideality existing
in the vapor phase for heavy components. When the temperature
decreased, this behavior became more serious. As pointed out by

(33)

the authors a further modification for the equation of state would
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be the inclusion of the effect of the inter-molecular forces acting
between unlike molecules on the mixing rule which relates the constants

of a mixture to those of the pure components.

2.2.4 Method of Chueh and Prausnitz(36)

(36

Chueh and Prausnitz ) presented a method for reducing
binary vapor-liquid equilibrium data to thermodynamically significant
binary parameters, and predicted the phase behavior of multicomponent

mixtures by using these binary parameters.

Their method was mainly based on the following equation:

) = : 2-48
R (2-48)
The vapor -phase fugacity coefficient, @iv, was evaluated by means of

the Redlich-Kwong equation of state with certain modifications. In

(36

their modifications, the authors ) proposed to evaluate the parameters
of the Redlich-Kwong equation, Q, and Q,, for each component by
fitting the original equation to the volumetric data of the saturated
vapor. The temperature range used was that from the normal boiling

point to the critical temperature. The combining rules which relate

the parameters of a mixture to those of the pure components will be

discussed in the next chapter.

For the liquid phase, the constant-pressure (composition-
dependent) activity coefficients were expressed by the modified

van Laar's model:

(P7) = A" %, + B'Y, (2-49)
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Ve Ve

«(PT) 2 2 2 4 4 3
1 = ! - - —
nY, A (Vcl )(@2 H’z) + B (Vc1 )(§2 3 §2) (2-50)
where:
o = x2 ch
2 X, Vc1 + x, ch (2-51)
A' = aZZ(l) Vc1 (2-52)
' = 3 -
B nZ(l) e, 1) Vc1 (2-53)

and, subscript 1 refers to the condensable and subscript 2 to the
noncondensable component, and the asterisk (*) in Equaticn (2-50)
indicates that the unsymmetric convention has been used for normaliza-

tion of the activity coefficients. is called the self-interaction

%22(1)
constant and nZ(l) is called the dilation constant.

The pressure-dependence of the activity coefficients was

calculated with the aid of the liquid-phase partial molal volumes

using the following equation: w
9 1In Y; \-/'i
—_— = 2-54
( 3P RT ( )
T, x

The reference state was taken at 'a:fixed pressure. The liquid-phase
partial molal volumes were evaluated by means of the Redlich-Kwon'g
equation of state with the following modification for liquid mixtures:
The parameters, Qa and Qb, -of the equation were obtained by fitting
the Redlich-Kwong equation to the P-V-T data of the saturated liquid
for each pure component. The same combining rules (which will be
discussed in the next chapter) as were applied to the calculation of

the vapor-phase fugacity coefficient were used, except that the cube-
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root average for Vcij was replaced by the arithmetic mean of Ve,

and ch.

For a solvent component, the standard-state fugacity was the
pure liquid fugacity at zero pressure. For a solute component, the
standard-state fugacity was Henry's constant in the mixed solvent,

corrected to zero pressure.

The vapor -liquid equilibria were therefore predicted by using

their equations of binary reduction by the following basic relation:

A N
t. =% (2-55)

The vapor -phase fugacities were given by:

£ =8 P 2-56
iv: %v i » (2-360)
and the liquid-phase fugacities were given by:

r r
?iL = yi(P ) x, f;(P ) exp [(P-Pr) '\-/'iL,/(RT)] (2-57)
In general, this method can be applied to the systems containing
nonpolar (or slightly polar) components and it will give a satisfactory
result. The importance of the nonideality which exists in the vapor
phase for the heavier component is increased markedly as the tempera-
ture decreases., At low temperatures, the equilibrium composition
of the heavier component in the vapor phase is small; therefore, the
average experimental error is relatively large for the heavier
component. In such a case, the activity coefficients of the beavier
component, directly evaluated from the vapor-liquid equilise s
compositions, are erratic. For this reason, any empirical expression,

such as the modified van Laar's model, can not reliably represent the

activity coefficients of the heavier component.
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2.2.5 Method of Zudkevitch and Joffe'o ')

L3

Zudkevitch and Joffe(37) followed the approach of Wilson(3’ 4)
and extended it to the quantity of Qb. They evaluated the Qa and Qb of
the Redlich-Kwong equation of state separately for the saturated vapor
phase and saturated liquid phase. In the establishment of the values
of @ and Q_ , the generalized correlation of Lyckman, Eckert and

13)

Prausnitz' for fugacity coefficients was employed:

: 0 1
log ¢ = (log cp)( by (log cp)( ) (2-58)
(0) (1)

where (log c) are functions of the reduced temperature,

and (log o)
tabulated by Lyckman, Eckert and Prausnitz.

It was found that for most compounds the values of Qa and
Qb for the vapor phase ascend rapidly as Tr decreases. In several
cases, the vapor-phase values take an erratic course and become
adler

P-od
.l.csu

er passing through a maximum. Therefore, the values

-

of Qa and Q.b evaluated from the saturated liquid properties were

finally utilized for both phases.
The parameters of pure components were combined to give
that of a mixture in the form of the following relation:

0.5 N

a.ij = (1 - Cij) (aii ajj) (2-59)

where C_ represents the deviation of aij from the classical geometric
1)
mean assumption. The establishment of Cij was from experimental

data.

The K-values for each compone.nt were then calculated through

the fugacity coefficients in both phases,



K, = 8:/8y | (2-60)

-

A
i1

Redlich-Kwong equation of state with the modifications mentioned

and aiV were obtained from P-T-x-y data by means of the

above. It has been mentioned by Zudkevitch and Joffe(37) that in
actual engineering work, the compositions may be arrived at via
flash routine. However, in such a case, no actual working example

was given to illustrate their proposition.

It should be noticed that the temperature-dependent parameters
Qa and Qb, obtained with their method would not satisfy the fundamental

conditions, O/ This drawback may be attributed to two factors:

= CD. .
iL
(1) using generalized fugacity coefficients to evaluate Qa and Qb,

(2) using liquid phase Qa and Qb for both phases. It may be also
(3, 4)

mentioned here that the method of Wilson

(39)

recognized the above

has the same drawback.

Joffe, Schroeder and Zudkevitch
mentioned pitfalls; subsequently, they proposed an alternative
procedure for establishing the pure component Q, and Qb parameters
as temperature functions in their very recent publication. The
procedure is essentially similar to the method proposed by Chang

and Lu(s) in the calculation of partial molal volumes of liquid mixtures.
(38)

L

equalization of the fugacity coefficients in the saturated vapor and

Lyckman's correlated values of o were avoided by forcing the

thé saturated liquid. Therefore, the following relation was derived:

In [(V - b)/(V, -P)] - P (V - V. )/RT

QO =Q

a

(2-61)
b (Tc/T)3/2 1n;~[,vv (VL+ b)/vL(vV +b)] -

Equation (2-61) was solved simultaneously with the Redlich-Kwong

equation of state at each temperature below the critical point to yield
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values of Qa and Qb. The solution proceeded by a trial and error
procedure. But, Equation (2-61) becomes indeterminate at the
critical point. It is therefore necessary to use the previous method

to establish the values of Qa. and Qb at the critical point.

2.2.6 Method of Chang and Lu for Prediction of Liquid Partial
Molal Volumes(s)

The Redlich-Kwong equation of state was modified for the
purpose of obtaining the partial molal volumes of normal fluid mixtures
by Chang and Lu(s). The parameters Qa and Qb of the equation were
treated as temperature-dependent, and were obtained through a
rigorous thermodynamic approach. Therefore, the fundamental
condition of equilibrium state, Wiy = ©4p, WaS satisfied. The vapor
pressures and saturated liquid densities of the pure components are
the necessary information for evaluating the quantities of Qa and Qb.
The detailed procedure of the calculation of the values of Qa and Qb
is presented in Appendix B,

The applicability of treating Qa and Qb as temperature-dependent
parameters for the subcooled liquid was tested using n-heptane as an w
example. It was shown that this modification did give a considerable
improvement for the representation of the behavior of pure liquids at

high pressures.

Partial molal volumes of six binary systems, methane-ethane,
methane -propane, ethane -propane, nitrogen-oxygen, nitrogen-argon
and argon-oxygen, were satisfactorily predicted. The differences
between the calculated and experimental \-/'1 values are generally less
than 0.2%. The success in the prediction of volumetric properties

of normal fluid mixtures by employing the modified Redlich-Kwong
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equation of state invites a further application, to the prediction af
other thermodynamic properties, such as vapor-liquid equilibria,

excess thermodynamic properties of mixing, etc.

Although the modified equation may be readily applicable
for the evaluation of vapor -liquid equilibria, its application is restricted
to the situation when all components are in the subcritical region.
It seems to be sufficiently promising to develop a2 method for the
evaluation of the temperature -dependent parameters of the pure
component when it is in the supercritical region, so that the modified
Redlich-Kwong equation of state can be applied to the prediction of
gas solubilities, volumetric properties and phase equilibria of

normal fluid mixtures involving one supercritical component.

In summary, the conventional method of correlating vapor-
liquid equilibrium data is to separate deviation from ideality into
deviations occurring in the vapor phase and deviations occurring in
the liquid phase, and then to fit these deviations with separate
ther;nodynamically consistent correlation expressions. By this
method deviations from ideality occurring in the vapor are usually
calculated from an equation of state and deviations from ideality %
occurring in the liquid are calculated with reference to the pure A

21\
~r

liquid component. The Chao and Seader correlation( , the

(33) and the method

method of Chang, Chappellar and Kobayashi
of Chueh and Prausnitz(36) may be considered to be belonging
to this category. The difficulties encountered in the application
of this approach are: (1) at temperatures above the critical

temperature of a component, a hypothetical pure liquid state

is assumed, (2) relationships of liquid phase activity coefficients
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‘must be employed, (3) the critical region is not amenable to treatment
because of lack of continuity of the separate vapor and liquid equations.
The other method of correlating vapor -liquid equilibria is utilizing a
single equation of state which represents both the nonidealities in the
vapor and the nonidealities in the liquid. The above mentioned

difficulties may be avoided since the equation is continuous in going

6,

from vapor to liquid. The Kellogg correla’cion(1 17), the DePriester

correlation(18), the correlation of Wilson(3' 4) and the correlation of
37 . :

Zudkevitch and Joffe( ) belong to this group. This approach

relies greatly on the capability of the equation of state to represent
the fluid properties for pure components as well as their mixtures.
The equation of state employed, on the other hand, should apply to
versatile systems, wide temperature and pressure range, and over
the complete concentration range as well. The modified Redlich-
Kwong equation of Chang and Lu(S) appears promising to be followed
up in predicting vapor -liquid equilibria because of its simplicity

and wide application range.
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CHAPTER III -

PREDICTION OF VAPOR-LIQUID EQUILIBRIA OF NORMAL
FLUID MIXTURES WITH THE REDLICH-KWONG
EQUATION OF STATE

In view of the limitations of various methods for the correlation

(3,4

and/or prediction of vapor-liquid equilibrium data in the literature
16,17, 18. 28. 33. 36, 371)1: is most desirable to develop a new method for
the prediction of vapor -liquid equilibria by means of a suitable equation
of state. It also appears desirable to avoid, as much as possible,

the difficulties encountered by other workers.

3.1 -EQUATION OF STATE IN PHASE EQUILIBRIA CALCULATIONS

The basic relationship for defining phase equilibria is the
equality of the chemical potential of each component i when distributed

between two phases in equilibrium:

(3-1)

Mv T KL
But, for practical engineering work, it is preferable to treat
phase equilibria with the aid of fugacities rather than to use the chemical W

potentials directly(40’ 4,

A
The fugacity of any component i of a solution, fi’ may be

42
defined by the equation( ):

(3-2)
— - 1 as P =0
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where p; is a function of T only and has precisely the same value
as for the pure component i at the same temperature. If the mole
fraction of this component is supposed to be progressively increased
until it becomes equal to unity, the quantity P'io remains unchanged,
because the fugacity has been defined in such a way that p.; is a
function of temperature only. Therefore, it is the chemical potential

of pure i at unit fugacity.

For vapor-liquid equilibrium, substitution of Equation (3-2)

into Equation (3-1) gives
A A
= f ~ 3-3
fiV il ( )

The quantity of f and f'L must be represented by a suitable
i i

v
function of temperature, pressure and composition. In doing so, an

auxiliary function, the fugacity coefficient, is required, which is

defined by:

A - 7 3-4

Siv = fy/op P (3-4)
and:

A 3.5

i1, = G/ P (3-3)

The fugacity coefficient of component i in the mixture, .,

) . . 43, 44)
is rigorously related to the volumetric properties of the mixture

through the following equation:

m Ll
mg = —— 2P SR av -z (3-6)
"1 RT dn, \"A T
Vv i'T,V_n, T
T T 3
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where n, represents the number of moles of component i, V_is the
total volume of the mixture, and Z is the compressibility factor of
the mixture. The total pressure is designated by P, and the .absolute
temperature by T. The subscript nj in Equation (3-6) signifies that

all mole numbers except n, must be held constant.
1

To obtain numerical results from Equation (3-6), an equation

of state is required.

Of the many empirical equations of state, only t\}vq are widely
used in the calculation of phase equilibria. They are the Benedict-
Webb-Rubin(lz) and Redlich-Kwong(l) equations. These two equations
and their applications have been discussed in the previous chapter.

A brief comparison of these two equations is given in Table 3-1. In
view of the simplicity and the range of applicability, the two-parameter

Redlich-Kwong equation is more attrative.

3.2 REDLICH-KWONG EQUATION OF STATE

The working equation originally proposed by Redlich and
(1)

Kwong ' is of the following form:
2
1 A h
- - 3-7
Z = 1-n B ( 1+h ) (3-7)
where:
h = BP/Z (3-8)
‘ 2. 2.5 2.5
A% - a/RZT . Q, Te /PcT (3-9)
= b/RT = Q, Tc/PcT (3-10)
Q = 0.4278 (3-11)
a .
Q, = 0.0867 (3-12)
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2)

3)

4)

5)

6)

1)
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TABLE 3 -1

Comparison of the Benedict-Webb-Rubin Equation

of State and the Redlich-Kwong Equation of State

R - K Equation

B - W - R Equation.

Two parameters.

Applied to normal fluid.

One single set of con-
stants can best represent
the vapor pressure and
P-V-T behavior in both

gaséous and liquid states.

Only saturated liquid
properties are required
to determine the para-
meters for pure
substances.

Less accurate when
applied to a pure sub-
stance in vapor region
but accuracy increases
in liquid region.

Worked at low temperatures,

and high density region.

Binary interaction con-
stants are easily intro-
duced.

Eight parameters.

.Applied to light paraffinic and

olefinic hydrocarbons and their
mixtures. (some additional non-
hydrocarbons are included)

Ng¢ unique set of constants can
do the same job.

One needs much more experiment-
al data to determine the para-
meters for pure substances.

More accurate up to twice the
critical density.

Failed at low temperatures due
to density limitation.

It is relatively difficult to intro-
duce interaction constants.
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The values of Qa and Qb were obtained originally by setting
the first and second partial derivatives of pressure with respect to

volume equal to zero at the critical point. Namely, <_B_P> =0 and

%P . . oV

g;?) = 0. In this investigation, following up the approach of
Changg%d Lu( » Q_ and Qb are treated as temperature-dependent
parameters rather f:ha'i the universal constants, and are evaluated
for each pure component, below its critical temperature, from the
moial volumes and vapor pressures of the pure saturated liquid. The
method of evaluation of Qa and Qb is presented in Appendix B.

When the Redlich-Kwong equation of state is applied to mixtures,

(5, 36)

the following mixing rules are used :
= Ny ‘ 3-13
a Zz z, zj aij ( )
i '
b = Z z, b, (3-14)
i

where z, represents the mole fraction of the component i, either in
i . s

the vapor or in the liquid phase. The quantities aij and bi are defined

by:
2.
a. = a RO Tc > ’/Pc, (3-15)
ij a.. ij ij
ij
- 3-16
| B; Qbi R?cii/ Pey (3-16)
in'which:
0.5
Te. = (Tc.. Tc.) > (1-k ) (3-17)
1) 1l 1) 1]
Q =0.5(0 +Q_ ) (3-18)
a a.. a
1] il 13
Pc,. = Zc., RTc,,/Ve,, (3-19)
i3 ij i i
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1 13 :
Ve = 0.5 (Ve *® Ve.®)] 3-2
. [ ( .+ o )] (\ 0)
Zc,, = 0.291 -0.08 w,, (3-21)
1) 1)
w,. = 0.5 (w, +w,) (3-22)
1) 1 J '

It may be mentioned that the quantity kij in Equation (3-17)
is the binary interaction constant, which is a constant characteristic
of i-j interaction; as a good approximation, k,, is assumed to be
independent of temperature, density, and composition(36). A minimum
of one observation of a binary mixture property, such as vapor-liquid
equilibrium data, saturated liquid molal volume, second virial croés
coefficient, etc., is needed for evaluating the value of ki"

Equations (3-13) to (3-22) are identical with those employed

(5)

36
by Chang and Lu and Chueh and Prausnitz( ), If i =j, these

equations can be reduced to those of the pure component.

3.3 CALCULATION OF FUGACITY COEFFICIENTS

Upon substituting Equation (3-7) and the mixing rules,
Equations (3-13) to (3-22), into Equation (3-6), the fugacity coefficients
of component i in a multicomponent mixture for both phases may be
expressed as follows: w
: B,
Ing, = (Z, -V -1n(Zy) A-h)
2 2L
: 2

(5

- _.1_) In (L+h) (3-23)

B,
A B

and
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B
A _ _ ___1‘ _ _
2 ZZX, A2 B
N .
A 3 _ i
\'B )( i 5) I (1+hy) (3-24)

The compressibility factor Z is one of three roots of Equation (3-7)
rearranged in the following form:

2 2
3.2 |
£(Z) = 2~ -2" + BP (fg- -l-BP)Z -%— BP)® =0  (3-25)

The smallest root is taken as the compressibility factor of the saturated
liquid, ZL, and the largest root is taken as that of the saturated vapor,
ZV'

3.4 APREDICT.ION OF VAPOR-LIQUID EQUILIBRIA

(5) (37)

Chang and Lu ~ ', and Zudkevitch and Joffe have treated

Qa and Qb of the Redlich-Kwong equation of state as the temperature-

(5) applied their

dependent parameters. However, Chang and Lu
modified form of the Redlich-Kwong equation only to the prediction

of partial molal volumes of normal fluid mixi':ures. Zudkevitch and .
Joffe(37) employed their modified Redlich-Kwong equation to correlate
vapor-liquid equilibrium data, but the experimental P-T-x-y data have

been used directly in the correlation of K-values.

(5)

In the present work, the method of Chang and Lu" " is extended
to predict the vapor phase composition and the saturated pressure

from the specified temperature and liquid phase composition.

A
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For vapor-liquid equilibria of a C-component system, the
variables of interest are the system temperature, total pressure,
(C-1) independent liquid-phase mole fractions and (C-1) independent
vapor -phase mole fractions. Therefore, there are 2C variables in

total. At equilibrium, the following equation must be satisfied:

3 £ i = 1,2 C

iV - iL ’ 1 = s Ly o oo 00
in which:

A P

v =0y P

o ~

Ly = 8% T

If the temperature and (C-1) independent liquid-phase mole
fractions are specified, it should be possible to calculate the total
pressure and (C-1) independent vapor -phase mole fractions with the
aid of Equation (3-3). This is the so-called bubble-point calculation
The C simultaneous equations may be solved by a trial-and-error
procedure. Arbitrary values of P and c?)iV are assumed for the first
iteration; for example, P =100 p.s.i. a. -and c/biV = 1. From the
given xi's and T, c?)iL is calculated by means of Equation (3-24), the
vapor -phase compositions are calculated by:

- (& f4-JN
v = G /Ay

and the total pressure is calculated by:

c
« A A
P = Z £ /%y
i=1

(3-3)

(3-4)

(3-5)

(3-26)

(3-27)
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which is then compared with the previously assumed value. If it is
different, $iv's are recalculated by Equation (3-23) with the newly
obtained value of pressure and normalized yi's, and then c'_BiL's are
also recalculated with the new value of P. When the pressure is no

longer changed within a desired tolerance (in the present investigation,

AP/P = 0.0001), the relation:

C
Zvi = 1 (3-28)
et

is finally tested. Usually this is fulfilled while the pressure remains
unchanged. If it is not s.atisfied, the q’;}iv's must be recalculated and
the iteration is continued. A schematic diagram of the iteration is
shown in Figure 3-1. It may be mentioned that hypothetical standard
states are eliminated and any artificial relationships of liquid activity

coefficients are avoided in the present study.

3.5 COMPARISON WITH LITERATURE DATA

An extensive comparison was carried out for the results from
the proposed prediction method. The systems were normal fluid

mixtures and were arbitrarily chosen for the purpose of comparison.

Beﬂzéne-Cyclohexane: The predicted results for the benzene-

cyclohexane system at 39. 99° and 69. 96°C are compared with the
reported data of Scatchard, Wood and Mache1(45) in Table 3-2. The
agreement is very good. The average absolute deviation and maximum
absolute deviation in pressure are 0. 56 mm. Hg. and l. 22 mm. Hg.,
respectively. The average absolute deviation and maximum absolute

deviation in vapor-phase composition are 0. 0018 and 0. 0055 mole

fraction, respectively.
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7 INPUT
p‘l v‘ ’ 72’ w
RNa , o ki ¢2“. )
1 ﬂ (calnt svPT) 7
Lv=]
- P=roopsia ‘
dor /3 Iteration ;= 5 .
f¢.[. - L P xlo
1 :
w.u A A
@i~ i =(Pr Q-v)xi
for /5t 1taration T
! A n A
l P=3 fu / v -~
. ?EAD . ?S,-,,(P,T,],-)
' p T
T, A XS (Car SUPT)
! _ ‘}

1% =%e/5 .

o

PEINT RESULTS\ -
P ’ y ¢
covrpury |/

Figure 3-1 Schematic Diagram of Bubble Point Calculation
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TABLE 3 -2

Comparison of Calculated and Experimental Results

for the System Benzene (1) - Cyclohexane (2)

k.. = 0.0095%
i]

P. mm. Hg. Vi Deviation

T, _° C % . expt. (45) calc. expt. (43) calc. AP /_\.yl

39.99 0.1282 194.94 195.93 0.1657 0.1641 -0.99 0. 0016
0.2354 200.65 201.17 0.2766 0.2759 -0. 52 0. 0007
0.3685 204.75 205.05 0.3912 0.3950 -0.30  -0.0038
0. 4932 206.12 206.42 0.4950 0.4958 -0.30  -0.0008
0.6143 205.18 205.58 0.5909 0.5914 -0.40  -0.0005
0.7424 201.73 202.16 0.6979 0.6992 -0.43  -0.0013
0. 8656 195.04 195. 85 0.8205 0.8205 -0. 81 0. 0000

69.96 0.1186 567.60 566.66 0.1486 0.1504 0.94 -0.0018
0. 2409 584.90 583.68 0.2805 0.2796 1. 22 0. 0009
0.3759 596.16 595, 31 0.3982 0.4033 0. 85 -0. 0051
0. 4945 600.27 599. 87 0.4975 0.5030 0.40  -0.0055
0. 6180 599.32 599.18 0.6027 0.6044 0.14 -0.0017
0. 7248 593,48 593.79 0.6962 0.6957 -0. 31 0.0005
0. 8659 577.79 578.06 0.8311 0.8324 -0.27 -0.0013

3*

In this study, all ki,'s were determined from fitting experimental
vapor-liquid equilil:;]rium data at one temperature, using one to
several experimental values. However, for the binary system
under consideration, the same kij value was employed for
predicting vapor-liquid equilibrium data and volumetric properties

at other pressures and temperatures.
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Propane-n-Butane: The comparison of calculated and experi-

(46)

mental K-values for the propane-n-butane system at 160°F is

shown in Table 3-3. The calculated P-T -x-y values are also compared
with experimental data in Figure 3-2. The average absolute deviation
in pressure is 1. 69 p. s.i. a. which is less than 1. 0%. The average absolute

deviation in vapor-phase mole fraction for propane is 0. 0213.

Propane-n-Pentane: Good agreement between calculated and

experimental values was observed for the system propane-n-pentane

at 160°F. The data were taken from Sage and Lacey(47). The
comparison is made in Figure 3-3 and Table 3-4. The average
absolute deviation in pressure is 0. 38 p. s.i.a. and that in vapor-

phase mole fraction is 0.0109.

Propane-n-Decane: The vapor-phase of the propane-n-decane

system contains mostly propane. The data were taken from Reamer

and Sage(48).

The comparison is made in Table 3-5 for two tempera-
tures, 100° and 160°F. The results of 160°F are also shown in

Figure 3-4. Very good agreement between calculated and experimental
values was observed. The average absolute deviation in pressure is

1. 66 p. s.i. a. and the average absolute deviation in vapor-phase mole w
fraction is 0. 0009.

Propane-Carbon Dioxide: Mixtures of carbon dioxide and

(49)

hydrocarbons exhibit irregular behavior . Therefore, the system

propane -carbon dioxide deserves special attention. Satisfactory results
for the prediction have been obtained. ' The experimental data of

5
Reamer, Sage and Lacey( 0) were taken and compared with the

calculated results at 40°F. The results are shown in Figure 3-5 and
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TABLE 3 -3

Comparison of Calculated and Experimental Results

for the System Propane (1) - n-Butane (2) at 160°F

k. . =0.00
1)
P, psia K1 KZ Deviation
46 46
%) expt.( ) calc. expt. (46) calc. expt. (46) calc P K1 KZ
0.1223 150 151.20 2. 22 2; 16 0.830 0.839 -1.20 0.06 -0. 009
0.3241 200 201.26 1. 73 1.66 0.650 0.685 -1.26 0.07 -0.035
0.5158 250 249.63 1.43 1.37 0.542 0. 605 0.37 0.06 -0.063
0.6966 300 296.87 1.23 1.19 0.472 0.563 3.13 0.04 -0.091
0.8788 350 347.49 1.08 1.06 0.420 0.543 2.51 0.02 -0.123
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400
—— Experimental Results of
f ~ Nysewander, Sage & Lacey
(46 )
o Calculated
300+t
o
200t Y

I006——52 04 06 08
Mol. fr., C3H8

Figure 3-2 Comparison of Calculated and Experimental
Vapor-Liquid Equilibria of the Propane-n-
Butane System at 160°F

10
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TABLE 3 -4

Comparison of Calculated and Experimental Results

for the System Propane (1) - n-Pentane (2) at 160°F

k.. =0.0060
1)
P, psia Yl Devization
% expt. (47) calc. expt. (47) calc. AP Ayl
0.058 60 60.12 0. 295 0. 3099 -0.12 -0.0149
0.124 80 80.28 0. 482 0. 4996 -0. 28 -0.0176
0.189 100 100. 23 0. 600 0.6136 -0.23 -0.0136
0.270 125 125. 26 0. 701 0. 7066 -0. 26 -0. 0056
0. 350 150 151.20 0. 770 0. 7697 -1.20 0.0003
0.504 200 199.13 0. 863 0. 8507 0.87 0.0123
0. 657 250 249.76 0. 920 0. 9051 0.24 0. 0149
0.799 300 300.14 0.958  0.9455 -0.14 0.0125
0.925 350 350.05 0. 986 0.9790 -0.05 0. 0070
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400
O Data of Sage & Lacey(47)
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Figure 3-3 Comparison of Calculated and Experimental
Vapor -Liquid Equilibria of the Propane-n-

Pentane System at 160° F

1.0



- 41 -

TABLE 3 -5

Comparison of Calculated and Experimental Results

for the System Propane (1) - n-Decane (2)

kij = 0. 0450
P, psia . Y, Deviation
T,°F xl' expt.(48) calc. expt.(48) calc. AP Ayl
100  0.2973 50 49.44  0.9979 0.9987  0.56  -0.0008

0.5746 100 100. 41 0.9989 0.9995 -0.41 -0.0006

0.8253 150 150. 80 0.9996 0.9998 -0. 80 -0.0002
160 0.1652 ° 50 48. 61 0.9910° 0.9917 1. 39 -0.0007
0.3178 100 98. 50 0.9984 0.9959 1. 50 0.0025
0.4584 150 147.44 0.9961 0.9973 2.56 -0.0012
0.5899 200 196.98 0.9969 0.9981 3.02 -0.0012
0. 8275 300 296.96 0.9985 0.9990 3.04 -0.0005
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400 I
—— Experimental Results of /
Reamer and Sage (48 )
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200} o)
O
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Figure 3-4 Comparison of Calculated and Experimental
Vapor-Liquid Equilibria of the Propane-n-
Decane System at 160°F
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TABLE 3 -6

for the System Propane (1) - Carbon Dioxide (2) at 40° F

kij =0.095

P, psia vy Deviation

X expt. (50) calc. expt. (50) calc. AP A.yl
0.9753 100 98.47 0.7944 0. 8069 1. 53 -0.0125
0.9116 150 146.65 0.5324 0.5414 3.35 -0. 0090
0. 8398 200 197.84 0.3964 0.3969 2.16 -0. 0005
0.7598 250 250.74 0.3136 0.3069 -~ 0.74 0.0067
0. 6684 300 305.64 0.2569 0,2436 - 5.64 0.0133
0.5639 350 361.20 0.2124 0.1957 -11.20 0.0167
0.4468 400 415.06 0.1691 0.1569 -15.06 0.0122
0. 3286 450 462.07 0.1312 0.1245 -12.07 0.00567
0.2044 500 505.88 0.0898 0.0904 - 5.88 -0. 0006
0.0599 550 551.24 0.0298 0.0369 - 1l.24 -0.0071
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— Experimental Results of Reamer,
. Sage and Lacey (50 )
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Figure 3-5 Comparison of Calculated and Experimental'
Vapor-Liquid Equilibria of the Propane-
Carbon Dioxide System at 40°F
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Table 3-6. The average absolute deviation in pressure is 5. 89 p. s.i. a.

and that in vapor ~phase mole fraction is 0. 0085.

'Hydr.ogen Sulfide-n-Butane: The experimenfal data of

(51)

Robinson, Hughes and Sandercock were taken and compared

with the calculated values for the hydrogen sulfide-n-butane system

at 100°F. The results of comparison are shown in Figure 3-6 and
Table 3-7. The average absolute deviation in pressure is 3.17 p. s.i. a.

and that in vapor -phase mole fraction is 0. 014.

Ethane-n-Pentane: The prediction of phase behavior in the

ethane-n-pentane system at 40°F was tested against the data of

(52). The results are listed in Table 3-8

Reamer, Sage and Lacey
and shown in Figure 3-7. The average absolute deviation in pressure
is 1,56 p.s.i. a. and that in vapor-phase composition is 0. 0038 mole

fraction.

Ethane -Propane: Very recently, Djordjevich and Budenholzer

have reported vapor-liquid equilibrium data for the ethane-propane
system at low temperatures. These data were compared with the
calculated values in Table 3-9 for five temperatures from 0°F to
-200°F. The binary interaction constant, kij’ evaluated from this

set of data is -0. 025 which is different from the value established
from the data of Price and Kobayashi(54) at 50°F (kij = -0. 015).

The validity of some data points has been questioned. The average
deviation in pressure is less than 4% and that in vapor-phase composi-
tion for ethane is about 1. 5%. It was found that the calculation failed
to converge while the pressure lower than 10 mm. Hg. It may be
attributed to the supersensitivity of the pure component property to the

mixture property.

(53

)
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TABLE 3 -7

Comparison of Calculated and Experimentai Results

for the System Hydrogen Sulfide (1) - n-Butane (2) at 100°F

k,, = 0.062
+J
P, psia Y; Deviation

%) expt. (51) calc. expt. (51) calc. AP Ayl
0. 021 60. 4 60.63  0.133 0.152 -0.23  -0.019
0. 066 84.8 79.83  0.386 0. 366 4.97 0.020
0.131 111.0 107.19  0.539 0. 540 3.81  -0.001
0. 209 146. 8 139.35  0.655 0. 661 - 7.45  -0.006
0. 355 203. 4 197.07  0.763 0.783 6.33  -0.020
0. 468 239.3  238.96 0.818 0. 838 0.34 -0.020
0. 607 283.8 286.36  0.870 0. 886 -2.56  -0.016
0.716 315.8 319.83  0.904 0.916 -4,03  -0.012
0. 805 343.0 344.63 - 0.938 -1.63 -
0. 858 358.8 358. 44 - 0. 951 0.36 -
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Figure 3-6 Comparison of Calculated and Experimental
Vapor -Liquid Equilibria of the Hydrogen
Sulfide -n-Butane System at 100°F
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TABLE 3 -8

Comparison of Czalculated and Experimental Results

for the System Ethane (1) - n-Pentane (2) at <0°F

k.. =0.0098
ij
P, psia Yy Devization
x, expt. (52) calc. expt. (52) calc. AP Ayl
0 4.4 4.40 0 0 0o 0
0.1432 50 50.92 0.9158 0.9165 -0.92 -0.0007
0. 2891 100 100.13 0.9504 0. 92598 -0.13 -0.0094
0.4316 . 150 150. 04 0. 9659 0.0752 -0.04 -0.00093
0. 5659 200 188. 92 0.9763 0.9832 1. 08 -0.0069
0. 6950 250 247. 95 0.9838 0.9886 2.05 -0.004S
0. 8141 300 295, 90 0.9901 0.9928 4.10 -0.0027
0.9235 350 344.50 0. 9960 0. 9966 5.50. -0.0006
1. 0000 385 384. 82 1. 0000 1. 0000 0.18 0
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Figure 3-7 Comparison of Calculated and Experimental

Vapor -Liquid Equilibria of the Ethane-n-
Pentane System at 40°F
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TABLE 3 -9

Comparison of Calculated and Experimental Results

for the System Ethane (1) - Propane (2)

k.. = -0.025
i]

P Yl Dev. %

T,°F % expt. (53) calc. expt. (53) calc. P Yy
0  0.051 45, 37°*%44.50 0.1966 0.1914 1.75 2. 64
0.2495 75. 6 73.91 0.5854 0.5949  2.23  -1.62
0. 3435 90. 0 88.91 0.6815 0.6983 .21 -2.46
0. 5300 120.5 120.84 0.8116 0.8333 - 0.28  -2.67
0. 5370 121.0 122.09 0.8123 0.8372 - 0.90 -3.06
0. 5750 126.1  128.98 0.8357 0.8571 - 2.28  -2.56
0. 6000 131.2 133.58 0.8432 0.8693 - 1.81  -3.09
0. 7460 159.0 161.52 0.8970 0.9286 - 1.59  -3.52
0. 9460 204.8 202.74 0.9818  0.9872 1.00  -0.55
- 50 0.0645 15.03  16.86 0.3020 0.2922 -12.18 - 3.24
0.2515 28.00 29.90 0.6766 0.6725 - 6.81 0. 60
0. 4424 41.00 44.45 0.8480 0.8324 - 8.4l 1. 83
0.5935 54.90 56.81 0.8977 0.9033 - 3.47  -0.62
0. 7245 66.50 68.06 0.9409 0.9450 - 2.35  -0.43
0.8144 75.00 76.02 0.9631 0.9668 - 1.36  -0.38
-100 0.0705 4.75  4.53 0.4172 0.4119  4.14 1. 27
0.1918 8. 00 7.55 0.6923 0.6917  4.81 0.08
0. 4580 15.15 14.79 0.8852  0.8945 .78 -1.05
0. 6331 19.90 19.94 0.9380 0.9477 - 0.59  -1.03
0. 6365 20.00 20.05 0.9384 0.9485 - 0.60 -1.07
0. 7415 23.00 23.25 0.9596 0.9689 - 1.30  -0.96
0.9134 28.15 28.56 0.9867 0.9918 - 1.50  -0.51
-150 0.0280 30. 0™ 54 0.2997 0.3118  8.19  -4.03
0.0975 51.0  48.09- 0.6135 0.6338  5.70  -3.30
0.1873 80. 0 75.82 0.7754 0.7912  5.22  -2.03
0. 4445 165.0  162.27 0.9246  0.9347 1.65  -1.09
" 0. 6461 234.0 236.06 0.9633 0.9725 - 0.88  -0.95
0. 8095 291.0 297.84 0.9851  0.9888 - 2.35  -0.37
0.9470 341.0 349.33 0.9967 0.9975  2.44  -0.08
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(. .. continuation ...) Table 3 - 9
P Y, Dev. %
5
T,°F % expt. (53) calc. expt. (53) calc. P v,
mm. Hg.
-200 0.4435 21.0 18.26 0.9444 0.9697 13.04 -2.67
0.5690 25.5 23.89 0.9791 0.9826 6. 30 -0. 35
0.6629 29.5 28.25 0.9862 0.9889 4.23 -0.27

0.8384 37.0 36.50 0.9948 0.9962 1. 35 -0.14
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Ethane -Ethylene: The predicted results for the ethane-

ethylene system at -100°F are compared with the reported data 6f
Hanson, Hogan, Ruehlen and Cines(ss) in Table 3-10 and Figure 3-8.
The average absolute deviation in pressure is 0. 91 p. s.i. a. and that

in vapor -phase composition is 0. 0161 mole fraction.

Methane-Ethane: The predicted vapor-liquid equilibrium data

for the system methane-ethane at -150°F are listed in Table 3-11. The
predicted fugacity coefficients for both components in the.vapor and
liquid phases are also shown in the table. The calculated results

are compared with the experimental data reported by Ellington,

(56, 57)

Eakin, Parent, Gami and Bloomer in Figure 3-9. It may be

seen that very good agreement is obtained.

Méthane—Ethylene: The phase equilibria of the methane-
(58)

ethylene system was studied by Guter, Newitt and Ruhemann

(59)

and
by Volova The calculated values were tested against these
reported data. The comparison is made in Figures 3-10 and 3-1L
The disagreement was noted for both sets of data. It is not possible
to explain such disagreement with certainty. Therefore, further

experimental investigation is required to substantiate the validity of

the proposed method with confidence.

3.6 CONCLUSIONS

A detailed calculation procedure has been developed for the
determination of the equilibrium vapor composition and saturated
pressure of the system from the given liquid composition and system

temperature. Only the temperature-dependent parameters of the
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Comparison of Calculated and Experimental Results

for the System Ethylene (1) - Ethane (2) at -100°F

P, psia ¥, Deviation
z -

% expt. (53) calc. expt. (55 calc. AP Ayl
0.1100 35.90 36.96 0.2140 0. 2357 -1.06 -0.0217
0.1070 36.20 36.82 0.2100 0.2305 -0. 62 -0.0205
0.2615 42.60 43. 60 0.4240 0.4471 -1.00 -0.0231
0.3840 47.15 48.19 0.5600 0.5695 -1.04 -0.0095
0.6120 54. 60 55.42 6. 7500 0.7441 -0.82 -0.0059
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Comparison of Calculated and Experimental Results

for the System Ethylene (1) - Ethane (2) at -100°F

P, psia Yl Deviation
x1 expt. (55) calc. expt. (55) calc. AP Ayl
0.1100 35.90 36.96 0.2140 0.2357 -1.06 -0.0217
0.1070 36.20 36. 82 0.2100 0. 2305 -0.62 -0.0205
0.2615 42.60 43,60 0.4240 0.4471 -1.00 -0.0231
0. 3840 47.15 48.19 0.5600 0. 5695 -1.04 -0.0095
0.6120 54. 60 55.42 6. 7500 0. 7441 -0. 82 -0.0059
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Figure 3-8 Comparison of Calculated and Experimental
Vapor -Liquid Equilibria cf the Ethylene-
Ethane System at -100°F
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TABLE 3 -11

Predicted Vapor -Liquid Equilibrium Data for the

Methane (1) - Ethane (2) System at -150°F

P, psia

A A

*1 4! Y1 A3 v v

11.19 0.01 0.3659  36.4099 0.6248 0.9951  0.9756

15. 26 0.02  0.5357 26.5613 0.4586 0.9917  0.9680

23. 35 0.04 - 0.6975 17.1885 0.3005 0.9858  0.9537

31. 35 0.06  0.7756  12.6706 0.2244 0.9802  0.9399

39, 28 0.08  0.8216 10.0117 0.1796 0.9749  0.9264

47.13 0.10  0.8520 8.2606 0.1502 0.9696  0.9132

66. 39 0.15  0.8962 5.7171 0.1076  0.9568  0.8814

85.13 0.20  0.9202 4.3463 0.0849  0.9445  0.8510

103. 34 0.25  0.9354 3,4894 0.0708 0.9326  0.8219
121. 02 0.30  0.9458 2.9042 0.0614  0.9211  0.7941
138.17 0.35  0.9536 2.4794 0.0548 0.9100  0.7675
154. 83 0.40  0.9596 2.1571 0.0500 0.8992 07420
i71. 01 0.45 0. 9644 1. 9047 0.0464 0.8887 0.7175
186. 76 0.50  0.9685 1.7017 0.0438 0.8785  0.6940
202.14 0.55  0.9720 1.5351 0.0418 0.8686 0.6714
2117. 25 0.60  0.9751 1.3957 0.0405  0.8588  0.6493
232.19 0.65  0.9779 1.2776 0.0397  0.8492  0.6277
247.13 0.70  0.9806 1.1760 0.0393  0.8395  0.6064
262. 26 0.75  0.9832 1.0877 0.0394  0.8297  0.5850
277. 88 0.80  0.9858 1.0100 0.0400 0.8196  0.5630
294. 35 0.85  0.9886 0.9408 0.0411  0.8089  0.5401
312. 24 0.90  0.9917 0.8785 0.0429 0.7972  0.5155
332, 39 0.95  0.9953 0.8214 0.0455 0.7840  0.4880
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Figure 3-11 Comparison of Calculated and Experimental
Vapor -Liquid Equilibria of the Methane -
Ethylene System at -146. 06°C



- 59 -

Redlich-Kwong equation of state, established for each individual,
cofnponent at the temperature of interest (below its critical point)
from its vapor pressure and saturated liquid molal volume, and the
binary interaction constant, established from experimental binary
equilibrium data, are utilized. The applicability of the method was
tested on eleven binary systems at eighteen isothermal conditions
from -Z00°F to 160°F. In general, the agreement between predicted
and experimental results is very good. The average deviation in
pressure is less than 4% and that.in vapor-phase composition is less
than 5%. The systems tested contain paraffinic, olefinic, cyclic

and arornatic hydrocarbons, carbon dioxide and hydrogen sulfide.

In the calculation, the binary interaction constant has been
assumed to be independent of system temperature, pressure and
composition. As has been demonstrated in the present work, the
method based on this assumption yields satisfactory results. It may
be necessary to establish the interaction parameters as temperature
or pressure functions rather than pure constants if large changes

in temperature and pressure are envisaged.

It has been found from the present work that, in the ethane-
propane system, the binary interaction constants, kij's are somewhat
different with different temperatures. But no definite trend has been
obsefved. It is difficult, at this stage, to draw conclusions with
certainty, because the changes with temperature in the value of kij

may be due to the unreliable data for the system studied.

The established binary interaction constants employed in this

study are listed in Appendix A.

The disagreement between predicted and observed values for

the methane-ethylene system suggests a further experimental investiga-

tion in order to justify the applicability of the proposed method.
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CHAPTER IV

EXPERIMENTAL STUDY OF VAPOR-LIQUID EQUILIBRIA:
SYSTEM METHANE-ETHY LENE-ETHANE

Experimental study of vapor-liquid equilibria for the mixtures
containing methane, ethylene and ethane .at.low-temperature and high-
pressure conditions was carried out in this study to serve the following

purposes:

(1) The steady growth of ethylene industry requires more and
reliable vapor-liquid equilibrium information for the design of fraction-
ation facilities for the efficient separation of ethylene from the cracker
effluent. In the industry, demethanization is carried out at temperatures

within the range of -90° to -220°F(60).

The determination of vapor-
liquid equilibrium data for the mixtures éontaining methane, ethylene
and ethane is favorable within this temperature range.

(2) The disagreement between the predicted and experimental(SS’
59) results has been reported in Chapter III. Further experimental
investigation is therefore required to justify the validity of the proposed

method.

4.1 APPARATUS

The vapor-liquid equilibrium data were measured by means of
a forced-recirculation apparatus which was similar to that constructed
(8)

by Chang' '. A schematic diagram is shown in Figure 4-l The general

view of the assembly is shown in Figures 4-2 and 4-3.

The equipment assembly consists of a feed charging unit, a
closed circulation loop, a cryostat and its temperature control system,

sampling facilities, and temperature and pressure measuring devices.
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Figﬁre 4-1 Schematic Diagram of Experimental Apparatus
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Front View of the Equipment Assembly
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Figure 4-3 Side View of the Equipment Assembly
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4.1.1 Feed Charging Unit:

Three gas cylinders, installed with individual pressure

regulators and Autoclave valves, were connected to the system.

4.1.2 Closed Recirculation Loop: -

The closed recirculation loop mainly consists of an equilibrium
cell, an electromagnetic pPump, a volume regulator, é. vapor sampling
tube and a cooiing coil,

A 100 ml. Jerguson transparent level gauge with a stainless
steel body was used as the equilibrium cell. The top of the cell was
fitted with a2 & in. NPT nipple, through which the vapor outlet tube
and three 0. 036 in. liquid sampling tubes were inserted. A % in.
NPT connector was fitted to the bottom of the cell. And a £ in.

Autoclave adapter was welded to it and connected to the cooling coil

of the vapor inlet line. A view of the cell is shown in Figure 4-4.

The electromagnetic pump is es sentially a double acting plunger
pump with four check valves in the bodf, two inlets and two outlets.
One permanent magnetic piston rod which travels inside the cylinder
is driven by the electromagnetic coils mounted on both ends. The

coils are energized by a symmetric flip-flop circuit. The electric

circuit is shown in Figure 4-5.

4.1.3 Cr.yostat and Temperature Control System:

A Dewar flask of 18 liter capacity was employed as the cryostat
into which the equilibrium cell was submerged. Isopentane was used

as the bath liguid in the cryostat. The cryostat was equipped with a

i v AL
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Figure 4-4 A View of Equilibrium Cell
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liquid nitrogen evaporation coil, two stirrers, one heater and a
resistant-type temperature sensing element. The liquid nitrogen
evaporation coil was connected to a buffer tank at the outlet end.

A flow indicator and a needle valve were installed in order to keep
the nitrogen flow rate constant. A proportional-type Bayley
temperature controller, model 250, was used to control the

temperature.

4.1.4 Sampling Facilities:

Three 0. 036 in.-diameter liquid sampling tubes were extended
to different levels in the equilibrium cell. The liquid sampling tubes
were installed through a vapor outlet chamber to maintain them at
the bath temperature. A needle valve and a three-way valve were
installed between the liquid sampling bulb and the equilibrium cell.
The vapor sample was trapped in the vapor sampling bulb tl:xrough the
sampling tube. A schematic diagram of the sampling system is shown

in Figure 4-6.

4.1.5 Temperature and Pressure Measuring Devices:

Two protected-type copper-constantan thermocouples were
installed in the equilibrium cell at two different levels, one located
at one-quarter of the height, and the other located at three-quarters
of the height. These thermocouples were installed horizontally and
their tips were placed at the center of the cell. The equilibrium
temperature was measured by means of 2 Leeds and Northrup K-5
potentiometer facility. The thermocouples were calibrated against

(61)

the vapor pressure of methane
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The pressure of the system was measured by means of two
certified Heise Bourdon gauges. The ranges of the gauges are 0 to
200, and 0 to 1000 lb. /sq. in. abs. with 0.2 and 1 Ib. /sq. in. per

division, respectively.

4,2 MATERIALS

Research grade gases supplied by Matheson of Canada, Ltd.,
were used in this investigation without any further purification.

Specified minimum purities of these gases were as follows:

Methane 99. 99 mole % {
Ethylene  99. 98 mole % :

Ethane 99,9 mole %

4,3 EXPERIMENTAIL PROCEDURES

At room temperature, the system was first evacuated and
maintained under the vacuum with a pressure of 0.l mm. Hg. or less.
The Dewar flask was filled with isopentane as the bath liquid. The
liquid nitrogen was introduced to the evaporation coil to ccol down the

cryostat and the equilibrium cell. After a few hours, two stirrers

were turned on. In the starting period, the vaporization rate of

liquid nitrogen was preferably large in order to reduce the temperature
rapidly to a point slightly below the desired level. The temperature of
the bath could be adjusted near the desired value by regulating the
nitrogen evaporating rate through the needle valve and checking the

bath temperature simultaneously.

The various mixtures studied were synthesized and liquefied

within the eguilibrium cell. The heavier component was first charged
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into the cell. As the pressure reached the saturation point, the
liquid was formed. The charge was stopped when the liquid level had
risen to one-third of the cell capacity. The temperature controller
was then turned on and the temperature was controllable to + 0. 02°F.
Then the light component was charged into the cell. As the electro-
magnetic pump started, the vapor was withdrawn from the cell. The
vapor was heated up to room temperature when it passed

volume regulator and the sampling tube. But it was cooled down

to the bath temperature as it passed through the cooling coil inside
the cryostat before returning to the equilibrium cell. The returned
vapor was bubbling through the liquid phase in the cell. In this study,
the circulation was stopped after two or more hours' operation for

recording the equilibrium temperature and pressure.

The vapor sample was trapped as soon as the pump was stopped.

Then the liquid sampling valve was opened and the sample was withdrawn.

The first portion of the liquid sample was totally vaporized to purge
the line and to bubble through water in a small flask to estimate the
sampling rate. The sudden pressure change during the sarpling
process was minimized by adjusting the sampling rate. After the
sampling rate was appropriately adjusted, the three-way valve was
then switched to the liquid sampling bulb which was pre-evacuated.
Ten to twenty minutes were required to collect 10 -ml. of the sample
at room temperature and 20 p.s.i. g. If the system pressure dropped
while sampling, the pressure of the system could be kept constant by

adjusting the volume regulator.

Analyses of the samples were made with a Fisher Gas Partitioner
'Model 25V in conjunction with a Texas Instrument potentiorecorder of
Model SERVO/RITER II with one millivolt span. The gas partitioner

was of dual columns and a double-detéctor design. The first colurnn"
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was left empty and the second one was a 4-ft. long column packed
with 28-30 mesh silica gel. Helium was used as a carrier gas.

The gas partitioner was operated at 55°C. The flow rate of helium
was maintained at 75 ml. per minute at 20 p.s.i. g. A retention time
of 6 to 8 minutes was required for separating the three components.
The peaks were well spaced and completely separated in the sequence

of methane, ethane, and ethylene.

The analysis was repeated at least three times for each sample,

and then the average value was taken.

After the first experimental point had been determined, the

[Pt

more volatile component was then fed to the system by bubbling it

A namaxa
TR REAS A

through the liquid. The charging process should be kept as slow as

———

possible. Recirculation was resumed and then the second point was

AT

Az

determined by following the same procedure described before. For

the ternary system, this process could be repeated several times

4
H
¢
¢
!

without disturbing the constant ratio of the two heavy components in

the liquid phase.

4.4 MEASUREMENT ERRORS

The principle errors in the measurement of vapor -liquid equilibria

can be attributed to: (1} inaccuracy in the temperature measurement;
(2) inaccuracy in the pressure measurement; (3) error involved in the

analyses of vapor and liquid samples.

Temperature fluctuations of the cryostat were controllable to
+ 0.02°F., and the uncertainty involved in the temperature measurement

was believed to be 1+ 0. 1° F.



The uncertainty involved in the measurement of pressure was
+ 0.1% of the full scale of the pressure gauge. For instance, +11b. /
sq. in. and + 0.2 1b. /sq. in. uncertainties were involved for the

"0 - 1000 p.s.i.a! andthe "0 - 200 p.s.1i.a! guages,respectively.

The reproducibility of the analysis in general was good to 0.003
mole fraction. Extra care was taken when the sample was in the extreme
concentration region so that the reproducibility was improved to 0. 001
mole fraction. The comparison between the volumetrically prepared
samples and the chromatographic measurements is given in Table 4-1.

It is difficult to set forth meaningful average values of the uncertainty

3 meaw

of measurements, since the mole fraction of a particular component

A A

varies widely over the range of states covered in this investigation.

A a

However, it is believed that the uncertainty should not be more than

0. 005 mole fraction. At some states, the mole fraction of a given

A Aw BTN

component was below 0. 003 mole fractions; under these conditions, the

!
1
)
1
)
(
)

uncertainty in mole fraction was markedly less than the above mentioned

value.

4.5 RESULTS AND DIiSCUSSIONS

Equilibrium measurements were made for the following systems:

(1) Methane - Ethylene system at -193.1°, -173.1°,
A and -156.1°F.
(2) Methane - Ethane system at -173.1° F.
(3) Methane - Ethylene - Ethane system at -173.1°F.
The vapor pressure of ethylene and ethane were measured and
compared with those calculated from the Antoine equatiqn(62’ 63),

The results are listed as follows:
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TABLE 4 -1

Analysis of Samples

Mole Fraction

Methane Ethylene
Sample 1: (prepared) 0.97002 0.02998

Chromatographic Analysis

0.97192 0.02808
0.97207 0.02793
0.97180 0.02820 ¢
0.97192 0.02808 ‘g
0.97165 0.02835 t;
Deviation™ 0.00187 . 0.00185 le
Sample 2: (prepared) 0.91262 0.08738 9’;
‘ Chromatographic Analysis %4
0.91237 0.08763 '
0.91238 0.08762
0.91266 0.08734
0.91282 0.08718
0.91281 0.08719
Deviation 0.00001 0.00001
Sample 3: (prepared) 0. 7260 0.2740
Chromatographic Analysis
0.7248 0.2752
0.7264 0.2736
0.7239 0.2761
Deviation : 0. 0010 0. 0010
Sample 4: (prepared) 0. 4294 0.5706
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(... continuation...) Table 4 -1

Mole Fraction

Methane Etthene

Chromatographic Analysis

0. 4300 0. 5700
0.4327 0.5673
0. 4309 0. 5691
Deviation 0. 0018 0.0018
Sample 5: (prepared) 0. 2049 0.7951
Chromatographic Analysis ’
0. 2072 0. 7928 g
0.2076 0. 7924 %
0.2072 0.7928 I
0.2080 0. 7920 ﬁ
0. 2077 0. 7923 ?
Deviation 0.0026 0. 0026 !
NOBS
* Deviation - |({y  cywoss) - C,|
1
Cr = reference composition (prepared)

Cc = composition obtained from chromatographic analysis
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Component T,°F Vapor Pressure, p.s.i.a. ‘
Measured Calculated

Ethylene -193.1 3.45 3,411

-173.1 7. 64 _ 7. 695

-156.1 14. 26 14. 050

Ethane -173.1 2.95 2,936

The experimental vapor-liquid equilibrium data were compared
with those predicted by means of the method proposed in Chapter IIIL
Close-to-excellent agreement was observed. The comparison is made

in Figures 4-7 to 4-9 for the system methane-ethylene at three

ATITIT ALY Y

TAER AT A

temperatures, -193.1°, -173.1° and -156.1°F., and in Figure 4-10

>

for the system methane-ethane at -173.1° F. The results of comparison

are also tabulated in Tables 4-2 to 4-4 for the binary and ternary

AT WD

systems. The average deviation in pressure is less than 1% and that

0
1
0
i
!
{
7

in vapor -phase mole fraction for the volatile component (methane) is
less than 0.5%. The average absolute deviation obtained in this
investigation between the experimental and the predicted values of P

and y are summarized as follows:

Average Absolute Deviation

System T,°F AP, p.s.i.a. Ay
Methane -ethylene  -193.1 0. 51 0.0046
-173.1 0. 64 0.0035
-156.1 1.06 0.0033
Methane -ethane -173.1 0.96 0.0018
Methane -ethylene- =173.1 0.38 0. 0050

ethane
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Figure 4-7 Vapor -Liquid Equilibrium Data for the
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Figure 4-10 Vapor-Liquid Equilibrium Data for the
Methane -Ethane System at -173.1°F
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TABLE 4 - 2

Comparison of Experimental and Calculated Vapor -Liquid

Equilibrium Data for the System Methane (1) - Ethylene (2)

k.. = 0.0066
1)
P, psia Yy Deviation
T,°F x, Expt. Calc. Expt. Calc. AP Ayl
-193.1 0.1523 30.50 30.94 ©0.8969 0.8989 -0.44  -0.0020
0.1798 36.00 35.42 0.9070 0.9132 0.58  -0.0062
0.2262 42.10 42.66 0.9240 0.9302 -0.56  -0.0062 g
0.2419 45.80 45.20 0.9294 0.9346 0.60  -0.0052 2
0.2442 45.55 45.36 0.9374 0.9352 0.19 0.0022 Ly
0.3423 59,90 59.20 0.9510 0.9539 0.70  -0.0029 4t
0.3448 60.20 59.53 0.9503 0.9543 0.67  -0.0040 A
0.3483 60.00 60.00 0.9510 0.9547 O -0.0037 %
0.4004 65.35 66.74 0.9553 0.9611 -1.39  -0.0058 of
0.4329 72.00 70.77 0.9619 0.9644 1.23  -0.0025 ﬁ
0.4359 71.85 71.14 0.9593 0.9647 0.71  -0.0054 ¢
0.4938 78.00 78.03 0.9668 0.9696 -0.03  -0.0028 ’
0.5034 79.25 79.14 0.9690 0.9704 0.11  -0.0014
0.5522 85.00 84.70 0.9716 0.9739 0.30  -0.0023
0.5759 87.00 87.34 0.9730 0.9754 -0.34  -0.0024
0.5812 89.00 87.93 0.9694 0.9757 1.07  -0.0053
0.5911 89.30 89.03 0.9733 0.9764 0.27 -0.0031
0.6197 92.50 92.17 0.9765 0.978L  0.33 -0.0016
0.6814 99.05 98.90 0.9810 0.9816 0.15 -0.0006
0.7483 105.00 106.26 0.9832 0.9852 -1.26  -0.0020
0.8194 114.80 114.39 0.9894 0.9890 0.4l 0.0004
0.8921 123.13 123.33 0.9937 0.9930 -0.20 0.0007
0.9851 136.30 136.41 0.9975 0.9989 -0.11  -0.0014
173.1 0.1284 42,25 42.11 0.8263 0.8275 0.14  -0.0012
0.1469 47.00 46.77 0.8402 0.8461 0.23  -0.0059
0.1629 50.50 50.73 0.8572 0.8593 -0.23  -0.002l
0.2153 64.24 63.32 0.8930 0.8906 0.92 0.0024
0.2335 67.05 67.57 0.8934 0.8985 -0.52  -0.0054
0.2726 76.80 76.45 0.9150 0.9125 0.35 0.0025
0.3163 86.76 86.04 0.9202 0.9245 0.72  -0.0043
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(... continuation...) Table 4 -2 -

1

P, psia ¥, Deviation
T,°F % Expt. Calc. Expt. Calc. AP Ayl
-173.1 0.3617 96.00 95.65 0.9341 0.9343 0.35 -0.0002
0.4073 104.50 104.96 0.9377 0.9422 -0.46  -0.0045
0.4634 115.25 116.01 0.9490 0.9502 -0.76 -0.0012
0.5458 132.00 131.60 0.9564 0.9597 0.40 -0.0033
0.6210 145.00 145.41 0.9666 0.9668 -0.41  -0.0002
0.7385 168.05 166.97 0.9758 0.9767 1.08  -0.0009
0.8125 180.80 181.i4 0.9830 0.9826 -0.34 0.0004
0.8325 185.00 185.14 0.9850 0.9843 -0.14 0.0007
0.8653 188.70 191.90 0.9891 0.9870 -3.20 0.0021 :
-156.1 0.0408 28.41 28.93 0.5197 0.5200 -0.52 -0.0003 ;§
0.0557 35.00 34.27 0.6010 0.5968 0.73 0.0042 gt
0.0840 44.25 44.26 0.6902 0.6911 -0.01 -0. 0009 A
0.0919 48.00 47.02 0.7215 0.7.01  0.98 0.0114 %
0.0938 47.55 47.68 0.7194 0.7i43 -0.13 0.0051 i
0.1265 60.05 58.94 0.7761 0.7719 1L.11 0.0042 b
0.1352 61.30 61.89 0.7887 0.7835 -0.59 0.0052 ;
0.1719 75.42 74.16 0.8l65 0.8222 .26  -0.0057 )
0.1772 77.02 75.91 0.8230 0.8268 111  -0.0038 ;
0.2302 93.01 93.05 0.8631 0.8622 -0.04 0.0009
0.2398 97.00 96.09 0.8575 0.8673 0.91  -0.0098
0.2811 110.00 108.96 0.8784 0.8855 1.04 -0.0071
0.325] 122.50 122.30 0.8972 0.9006 0.20 -0.0034
0.3553 132.00 131.25 0.9070 0.9091 0.75 -0.0021
0.3875 140.00 140.61 0.911¢ 0.9170 -0.61  -0.0060
0.4080 145.69 146.49 0.9237 0.9215 -0.80 0.0022
0.4403 156.00 155.63 0.9256 0.9279 0.37  -0,0023
0.4570 160.27 160.29 0.9300 0.9309 -0.02  -0.0009
0.4617 162.00 161.60 0.9294 0.9318 0.40 -0.0024
0. 5040 170.80 173.25 0.9358 0.9387 -2.45 -0.0029
0.5132 176.50 175.76 0.9380 0.9401 0.74  -0.0021
0.5450 185.00 184.35 0.9430 0.9446 0.65  -0.0016
0.5711 191.00 191.40. 0.9449 0.9482 -0.40  -0.0033
0.5843 195.00 194.95 0.9479 0.9499 ©0.05  -0.0020
0.5848 196.50 195.06 0.9483 0.9499 1.42  -0.0016
0.6192 206.0 204.29 0.9518 0.9542 1.71  -0.0024
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(... continuation...) Table 4 -2 . -
P, psia Y, Deviation

T,°F x; Expt. Calc. Expt. Calc. AP Ayl

-156.1 0.6380 210.0 209.32 0.9540 0.9564 0.68 -0.0024
0. 6430 209.5 210.66 0.9621 0.9570 -1.16 0.0051
0. 6890 228.3 223.05 0.9615 0.9622 5.25 -0.0007
0.7042 227.8 227.17 0.9608 0.9639 0.63 -0.0031
0.7225 230.9 232.18 0.9654 0,9659 -1.28 -0.0005
0.7320 235.0 234.80 0.9670 0.9670 0.20 0
0.7327 235.0 234,99 0.9700 0.9670 0.01 0.0030
0.7794 247,.5 248.10 0.9733 0.9721 -0.60 0.0012
0.7860 250.0 249.98 0.9750 0.9728 0.02 0.0022 o
0.7893 249.2 250.93 0.9776 0.9732 -1.73 0.0044 z
0.8037 256.5 255.11 0.97€7 0.9748 1. 39 0.0019 Y
0.8330 260.1 263.81 0.9850 0.9780 -3.71 0.0070 gi
0.8424 264.5 266.67 0.9800 0.9791 -2.17  0.0009 A
0.8648 271.5 273.65 0.9856 0.9817 -2.15 0.0039 ‘%;
0.8780 275.0 277.86 0.9860 0.9833 -2.86 0.0027 0l
0.8816 280.3 279.02 0.9841 0.9837 1. 28 0.0004 3‘;’
0.8962 284.0 283.82 0.9920 0.9855 0.18 0.0065 3
0.9250 293.0 293.67 0.9914 0.9891 -0.67 0.0023 ’
0.9690 306.6 309.94 0.9967 0.9952 -3.34 0.0015
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TABLE 4 -3

Comparison of Experimental and Calculated Vapor -Liquid

Equilibrium Data for the System Methane (1) - Ethane (3)

k.. = 0.0070
ij
P, psia Yl Deviation

T,°F % Expt. Calc. Expt. Calc. AP Ayl

2173.1 0.1106 32.54 33.61 0.9130 0.9158 -1.07 -0.0028
0.1668 48.25 48.26 0.9400 0.9427 -0.01  -0.0027
0.2658 72.05 72.55 0.9611 0.9636 -0.50 -0.0025 >
0.3234 87.10 85.79 0.9676 0.9702 131  -0.0026 :
0.3990 102.00 102.24 0.9747 0.9762 -0.24 -0.0015 Q
0.4592 113.60 114.63 0.9791 0.9797 -1.03  -0.0006 at
0.5471 133,00 131.77 0.9831 0.9837 123  -0.0006 AV
0.6214 145.50 145.59 0.9863 0.9864 -0.09 -0.0001 %
0.7135 164.35 162.35 0.9893 0.9894 2.00  -0.0001 o
0.7779 172.22 174.22 0.9916 0.9914 -2.00 0.0002 4
0.8766 193.00 193.72 0.9943 0.9946 -0.72  -0.0003 ;
0.9173 201.4 202.67 0.9963 0.9962 -1.27-  0.0001 >
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TABLE 4 - 4

Comparison of Experimental and Calculated Vapor-Liquid

Equilibrium Data for the System Methane (1) - Ethylene (2)
- Ethane (3) at -173.1°F

P, psia v Y,

%, X, Expt. Calc. Expt. Calc. Expt. Calc.
0.1240 0.6812 38.14 38.70 0.8203 0.8291 0.1572 0.1498
0.2150 0.6116 60.43 60.37 0.8905 0.8957 0.0957 0.0916
0.3147 0.5185 84,31 82.40 0.9251 0.9292 0.0647 0.0614 .
0.4058 0.4578 102.00 101.65 0.9401 0.9461 0.0528 0.047] ;
0.4517 0.4161 110.00 110.81 0.9504 0.9528 0.0430 0.0410 %
0.5367 0.3572 127.97 127.51 0.9596 0.9622 0.0356 0.0331 %
0.6378 0.2840 147.03 146.77 0.9722 0.9711 0.0246 0.0255 A
0.7230 0.2163 162.89 162.87 0.9777 0.9778 0.0201 0.0196 0
0.1241 0.5775 38.00 37.94 0.8268 0.8361 0.1437 0.1333 ﬁ
0.2200 0.5189 59.90 60.63 0.8966 0.9025 0.0830 O.07%6 2
0.3313 0.4422 85.33 85.26 0.9306 0.9358 0.0565 0.0522 @
0.4241 0.3803 104,95 104.60 0.9505 0.9515 0. 0406 0.0394 >
0.5399 0.2986 127.25 127.48 0.9623 0.9649 0.0302 0.0283 ;
0.5878 0.2706 136.29 136.71 0.9660 0.9690 0.0280 0. 0251
0.1297 0.4356 38,70 38.63 0.8516 0.8548 0.1086 0.1046
0.2419 0.3812 64.42 64.97 0.9122 0.9191 0.0611 0.0581
0.3382 0.3280 86.70 86.20 0.9389 0.9433 0.0420 0.0403
0.4136 0.2981 103.00 102.03 0.9520 0.9546 0.0341 0.0325
0.5138 0.2499 123.00 122.13 0.9638 0.9655 0.0260 0.0247
0.6255 0.1911 143.43 143.69 0.9748 0.9747 0.0180 0.0179
0.1196 0.1844 36.00 35.80 0.8787 0.8815 0.0529 0.0548
0.2179 0.1693 60.19 59.77 0.9282 0.9323 0.0314 0.0313
0.3040 0.1453 80.00 79.57 0.9506 0.9525 0.0215 0.0211
0.3990 0.1262 100.86 100.07 0.9637 0.9649 0.0161 0.0153
0.5027 0.1066 121.08 121.06 0.9725 0.9736 0.0117 0.0114
0.6051 0.0814 141.22 140.82. 0.9810 0.9802 0.0077 0.0081
0.6761 0.0661 154.16 154,16 0.9839 0.9838 0.0061 0.0064
0.2127 0.2388 58.56 58.29 0.9151 0.9228 0.0445 0.0433
0.2782 0.2101 73.50 73.37 0.9398 0.9421 0.0319 0.0315
0.3574 0.1910 90.62 90.72 0.9540 0.9556 0.0243 0.024]
0.4228 0.1732 105.00 104.42 0.9629 0.9634 0.0204 0.0198
0.4867 0.1575 117.21 117.30 0.9687 0.9692 0.0174 0.0167



(. .. continuation...) Table 4-4
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P, psia _ 41 Y,

% %, Expt. Calc. Expt. Calc. Expt. Calc.
0.5535 0.1371 130.00 130.38 0.9749 0.9743 0.0140 0.0138
0.6587 0.1056 150.35 150.41 0.9804 0.9808 0.0108 0.0101
0.1143 0.2456 33.95 34,48 0.8551 0.8657 0.0754 0.0727
0.1973 0.2218 54. 22 54,71 0.9139 0.9194 0.0451 0.0431
0.2770 0.2060 73.78 73.13 0.9383 0.9422 0.0333 0.0310
0.3526 0.1827 89. 75 89.77 0.9563 0.9557 0.0233 0,0234
0.4588 0.1571 111.95 111.81 0.9658 0.9673 0.0184 0.0172
0.5518 0.1281 130.22 130.16 0.9720 0.9748 0.0149 0.0130

2
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It may be found that the equilibrium data of the ternary system
methane -ethylene -ethane are successfully.predicted without introducing
any ternary interaction constants; therefore, the binary interaction

constants suffice to describe all interactions in this ternary system.

In conclusion, the phase behaviour of the mixtures containing
methane, ethylene and ethane can be predicted with confidence by the
proposed method of Chapter III. And the disagreement between the
calculated values and the literature values(58' 59) for the system

methane -ethylene may be attributed to experimental error.
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CHAPTER V

CORRELATION OF VAPOR-LIQUID EQUILIBRIA

In this chapter, the liquid activity coefficients were evaluated

from the experimental vapor-liquid equilibrium data and correlated.

5.1 CONSTANT-PRESSURE AND CONSTANT-TEMPERATURE
ACTIVITY COEFFICIENT

The liquid activity coefficient depends on the liquid phase
composition and saturation pressure at isothermal conditions. For
effective thermodynamic analysis and correlation of high-pressure

gid ecuilibrium data, it is important to consider the effect

Wl

ressure on the liquid activity coefficient. .

[®]
H’
o]

At low or moderate pressures, liquid activity coefficients é.re
slightly dependent on pressure and, as a result, it has been customary
to assume that, for practical purposes, activity coefficients depend
only on temperature and composition. Hence, the isothermal and
ssobaric C.bbs-Duhem equation can be used. However, it can lead
to serious error when this assufnption is applied to the case of high-
pressure phase equilibria. Therefore, it is necessary to adjust the
liquid activity coefficient in the following manner. The activity
coefficient of component i in the liquid mixture at the system tempera-

ture T and reference pressure P° may be defined as:

<P°,T,x)/xi £, (P2, T) (5-1)

° _ N
Y; (P°,T,x) = fiL
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where f;L is the reference fugacity of component i at T and P°.
The fugacity of any component i of a solution, ?i' is defiiied by the

(42
following equation‘ ) :

-] ) A . . .
B, = "Li + RT In fi (3-2)
A
fi .
—_ = 1 as Pas o0
P

Partial differentiating Equation (3-2) with respect to pressure gives .

the pressure dependence of the fugacity:

31n f1 4 N BP-i
( 3P /oy, RT ("S'F)T,x
- Vi | . (5-2)
RT

Integrating Equation (5-2) from system pressure P to reference

pressure P° gives:

P°V :
A~ A i
f ° = — d 5-3
£ (P T% = L (PTx expj a7 9P (5-3)
P
Combining Equations (5-1) and (5-3) gives:
£ @1 P 7, .
° = : -4
y, (P, T %) = 5o exp [ w5 P (5-4)
i’iL
P
: : ., (64) -
This expression is similar to that given by Prausnitz . The activity

coefficients are normalized symmetrically; for a component i,

< o
AT A

ety

1~

a sy . .
AT X2 =i s

4
. i
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Y. = 1 as x. = 1 (5-5)

It should be mentioned that all components considered are below the
critical point of the volatile component of the system concerned.
Therefore, the reference fugacity f;L is simply the liquid fugacity
of the pure component i at system temperature T and reference

pressure P°.

At equilibrium, the fugacities of component i in both liquid

and vapor phases must be identical:

A A ’
= ‘ 5-6
L 7 by (5-6)
Since:
A A .
- 5.7
v = Yi0v ® (5-7)

la) o yd
Y. O pe V.
iV i
- — 5-8
Yi T x £ °%P f rT 9F (5-8)
i il P

Equation (5-8) may be employed to calculate constant-pressure
activity coefficients. Thus the activity coefficients satisfy the isother -
mal, isobaric Gibbs-Duhem equation. In this work, Equation (5-8) is
preferable to Equation (5-4), because Equation (5-8)includes the vapor-~ |

phase properties. The final results of calculation would clearly reflect

the quality of the experimental data.

TSRS T

FYETTIIe R

e

~
Tawr 2ARITN

Ay Y
T AAT LA ol
=

A



-90 -

5.2 PARTIAL MOLAL VOLUME

A3

The value of the partial molal volume of component i in the
liquid mixture is required while the constant-pressure activity
coefficient is evaluated. It is necessary to have a reliable method
for calculating partial molal volumes from a minimum amount of

experimental information.

The partial molal volume of component i in a mixture is
defined by:
A (_?.’_Vl) (5-9)

8% /p.T,n, (i #3)

J
The partial molal volume can be evaluated from a suitable
equation of state for the liquid mixture. Since most equations of
state are explicit in pressure, rather than in volume, it is convenient

to rewrite Equation (5-9):

) (ap-)
an. . 7.
T o= i T, Vpny ( i) f(x,T,V) (5-10)
i (aP - '
aVT)T,ni (all i)

With an equation of state, Equation (5-10) gives ’Vi as a function of
the composition, temperature and molal volume of the liquid mixture.
Pressure does not appear explicitly in Equation (5-10), but is implicit
in the volume, which depends on the pressure.

In the present work, it was decided to follow up the approach

of Chang and Lu(s) in which the modified Redlich-Kwong equation of

state was employed to evaluate the partial molal volume. Combining

e me emas v
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5.2 PARTIAL MOLAL VOLUME

The value of the partial molal volume of component i in the
liquid mixture is required while the constant-pressure activity
cdéfficient is evaluatAecvi.v It ié necessary to have a reliable method
for calculating partial molal volumes from a minimum amount of

experimental information.

The partial molal volume of component i in a mixture is

defined by:
v o= (YL
%= G (5-9

i P,T,nj (i #j)

The partial molal volume can be evaluated from a suitable

equation of state for the liquid mixture. Since most equations of

. state are explicit in pressure, rather than in volume, itis convenient

to rewrite Equation (5-9):

. (BP )
on, . .
V. = i'T, Vpnj (i 7 3) = f(x,T,V) (5-10)
i (BPT) - -
oV, T,n, (alli)

With an equation of state, Equation (5-10) gives \-fi as a function of
the composition, temperature and molal volume of the liquid mixture.
Pressure does not appear explicitly in Equation (5-10), but is implicit

in the volume, which depends on the pressure.

In the present work, it was decided to follow up the approach
of Chang and Lu(s) in which the modified Redlich-Kwong equation of

state was employed to evaluate the partial molal volume. Combining
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Equation (5-10) with the Redlich-Kwong equation and its mixing rules
(Equations (3-7), (3-8) and (3-13) to (3-22)) gives:

C ‘ab,
| 2 (z x, a) -
b 3 1) V+b
J

i,
V -b’

RT
V-b

(1+ - 1
V(V +b) T?
RT _ a [ 2V +b :‘

B .
(Vv -b)2 T* V2 (V + b)2

Vi = (5-11)

where V, which is the smallest real root of the Redlich-Kwong equation

of state, is the saturated liquid molal volume of the mixture.

5.3 CORRELATION OF ACTIVITY COEFFICIENTS WITH THE

REDLICH-KISTER EQUATION

The values of the activity coefficient calculated from Equation

65
(5-8) may then be correlated by means of the Redlich-Kister equation( )

for the binary system,

2
Iny = xZ[B12+C

3x
) (

1

12 - %,) + D, (%) - x))(5%) - x,)]

(5-12)

2
Iy, = % [By, + Cpp b - 3%p) + Dy (xy - xp)(x) - 5%,)]

The following equation; which was also proposed by Redli ch and
Kister(65), may be used to correlate the activity coefficients of the
ternary system,

_ C+D
Q3 = Qp + Ry + Q3 F¥ ¥ xg [C+

D, (x )4+ e ] (5-13)

273
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where:
0123 = % In \(1+x2 In Y, +x3 In Y, (5-14)
) )
le = x x, [BIZ + C12 (x:1 - XZ) + D12 (x1 - XZ) ] | (5-15)
Q.. = x,%x, [B,,+C,( ) + D )2 5-16
23 - FpF3 Pzt Y3 ¥y 7 3 23 (55 = %3) ] (5-16)
2
Q= %3 % [By + Gy ey -3 4 Dy (g = %)) ] (5-17)

The individual activity coefficient can be related with Q123 in

the following form:

3 Q 3 30
123 123 |
Iny, = Q,3 73 x 2 % o (5-18)
i=1
(66).

Combining Equations (5-13) and (5-18) gives

2
(1-x1)+C x, (2x, - % - 2X, + 2%

Iny, = Bpp* 12 X2 (85 - Fp m Xt e
2 3 2 2 2
- - -3
+ DlZ X, (3x1 3x1 + 6x1 %, 4:xl x, x, %, + XZ)
-B_..x.x, -2C_,x, x,(x -x.) -3D__, (x -X)Z
237273 237273 2 3 23 72 3

- 2
- -2 2 -2
+B x3 (1 xl) + C Xy (x3 x1 x3 + Xl xl)

31 31

2 2 2 2 3
+ D31 X, (x3 + 6x1 X3 - 4x1 x, - 3xZ X+ 3x1 - 3x1)

+ Cx_ X

2 3(1-2x1)+Dx x, (x, -x, -3x_x_+ 3x x

1 %2 %3 ¥ " %3 1%2 1%3
2 3x. x +3x2
+ D, x, X3 (x5 - &%) = 3% X5 1)

2
+ Dy x,y %3 (2%) - x, - 3xp ¥ 3% %)) (5-19)
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lnyz = Ble(l-xz)+C

2
1 1le(xl-Zx -2X. X +2x2)

2 12

2 2 2 2 3
-}-Dl‘?'xl(x1 - 4x x2+3x -3x, x_ +6x x2-3x2)

1 2 172

1
+B (1 -%)+C 2x°
2 - x2+2x

23 ¥3 (2%, - %3

3

23 %3 2 %3

2 2
+D23x3 (:'{3+3x2 - 3x_x.)

- 4x, X 3 2 %3

3 2
-3
X, + 6x2 x

-B - 2C,; %, %, (x5 - %))

31 %1 %3 1

- 3D,, %) ¥5 (x5 - %))

+ C xl X4 (1 - sz)

Ariha s3he a2l

2
+ D1 X Xa (sz - X5 - 3x2 + 3x2 x3)

+ D2 x) %4 (x3 - % + 3x1x2 - 3x2 Xy

)
Bl
)
;
%
[

+ D x (x1 - sz - 3x x_ + 3x§) ' (5-20)

3% %3 172
and

Iny, =-B, x %, - 2C, x %, (x - %)

2
- 3D12 x x, (x1 - xz) + B23 x, (1 - x3)

' 2
+ C (x, - 2x -2xx+2x3)

23 ¥2 %2 3 2

3
2 2 2 2 .2
- -3

+ Dyq %, (X, - 4%, ¥3 + 3%+ 3%, Xy ¥ bx, %3 - 3%3)

2
x1(2x3-x1-2x + 2%, x,)

T By x (1-%30+C 3t e¥ %3

3 31

2 2 3 2 2
- -3 -3
+ D31 % (xl + 3x3 4x1 Xq Xq + 6x1 X, % x3)

+ C x1 %, 1- 2x3)
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+ D ox.x_(x, -2x_ -3x_x +3x2)
11 272 3 2 3 3 !

2
D {- -
+ D, X x, (-x, + 2x3 3x3 + 3x1 x3)

+D_x x_(x, -x, -3x_x_+4 3x

1 2 173 2 X3) (5-21)

5.4 RESULTS AND DISCUSSIONS

In this study, the reference pressure was chosen to be 500 p.s.i. a.
which is above the highest saturation pressure encountered in this work.
Activity coefficients for the binary systems methane -ethylene and methane-

ethane were evaluated by means of Equation (5-8).

AL siés il
TRSAATANV AL

The correlation of the ternary system methane-ethylene -ethane

=i

TN TR

at -173.1°F required the information of the ethylene -ethane system.

However, available data for the ethylene-ethane binary system in the

(55, 67

literature ) are limited to temperatures at and above -100°F. It

is difficult to extrapolate the data to -173.1°F with certainty. On the

!

!
4
' P
8
D

other hand, the limitations of the sampling system of the existing appara-
tus prevented the author from determining the equilibrium data directly.
Hence, equilibrium data for the ethylene -ethane system at -173.1°F were
predicted by employing the method proposed in Chapter IIL The
predicted results are listed in Table 5-1.

The fitted constants for all the binary systems, which were
obtained by the least-squares method for the three-constant Redlich-
Kister equation, are presented in Table 5-2. The experimental and
calculated liquid activity coefficients are also compared in Figures 5-1

to 5-4, and in Tables 5-3 and 5-4.
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TABLE 5-1

Predicted Vapor-Liquid Equilibrium Data for the
System Ethylene (2) - Ethane (3)

_ Predicted

T,°F X, P, psia Y, Y, Y,
-173.1 0.05 3.3614 0.1682 1.4880 1.0010
| . 0.10 3.7501 0.2907 1.4328 1. 0040
0.20 4,4347 0.4591 1.3354 1.0166
0.30 5.0176 0.5720 1.2528 1.0386
0.40 5.5214 0.6559 1.1839 1.0706
0.50 5.9649 0.7233 1.1268 1.1148
0. 60 6.3636 0.7815 1.0811 1.1730
0.70 6.7278 0.8350 1.0457 1. 2478
0.80 7.0683 0.8873 1.0205 1. 3425
0.90 7.3901 0.9413 1.0052 1.4616
0.95 7.5447 0.9698 1.0013 1. 5351

AALIDU . s e
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TABLE 5-2

A Summary of Correlation Results for the Binary Systems

o

System T.°F B,, C; D, Iny, = Iny,
methane (i)-ethylene(j)  -193.1 0.6109 0.0918 0.0354 0.5545  0.7381
-173.1 0.5527 0.0897 0.0142 0.4772  0.6566
-156.1 0.5215 0.0955 0.0203 0.4463  0.6373
methane(i)-ethane (j) -173.1 0.6001  0.1405 0.0349 0.4945  0.7755
ethylene (i)- cthane (j) -173.1 0.4562 0.0213 0.0018 0.4367  0.4793

=l ALiDo
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CHg4 - CoHg -156.1°F

ogt © © Experimental
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Figure 5-1 Comparison of Experimental and Calculated v Values
for the Methane -Ethylene System at -156.1°F
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CHgq-CoHgq, ~-I173.1°F
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Figure 5-2 Comparison of Experimental and Calculated y Values
for the Methane-Ethylene System at -173. 1°F
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07l CHg-C2Hg, -IS3.I°F
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Figure 5-3 Comparison of Experimental and Calculated y Values
for the Methane-Ethylene System at -193.1°F
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' CHg- CpHg , ~I73.I°F
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Figure 5-4 Compar1son of Experimental and Calculated y Values for the
- Lceen Tlamamna Qeretorm at 173 1° R
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TABLE 5-3

Experimental and Calculated Activity Coefficients

for the Binary System Methane (1) - Ethylene (2)

Y Y2
T,°F % Expt. Calc. Expt. Calc.
-193.1 0.1523 1. 4807 1. 5140 1.0163 1.0115
0.1798 1. 4872 1. 4806 1.1027 1. 0160
0.2262 1. 3983 1. 4282 1.1000 1. 0254
0.2419 1. 4243 1. 4115 1.1239 1. 0290 ¥
0.2442 1. 4157 1. 4091 0. 9951 1. 0296 g
0.3423 1. 3244 1. 3150 1.1339 1. 0596 g
0. 3448 1. 3200 1. 3128 1.1592 1. 0605 ¥
0.3483 1. 3037 1. 3097 1.1459 1. 0619 5
0.4004 1. 2330 1. 2661 1. 2199 1. 0836 !
0.4329 1. 2548 1. 2406 1.1901 1.0995 :
0.4359 1. 2405 1. 2384 1. 2757 1.1010 1
0.4938 1.1893 1.1963 1. 2383 1.1346 :
0. 5034 1.1861 1.1897 1.1935 1.1408
0. 5522 1.1548 1.1577 1. 2799 1.1761 .
0.5759 1.1323 1.1431 1. 3076 1.1956
0.5812 1.1406 1. 1400 1. 5262 1. 2002
0.5911 1.1294 1. 1341 1. 3677 1. 2090
0.6197 1.1152 1.1178 1. 3288 1. 2362
0. 6814 1. 0823 1. 0856 . 1. 3475 1. 3054
0. 7483 1. 0395 1. 0557 1. 5702 1. 4003
0. 8194 1.0315 1. 0301 1. 4662 1. 5311
0. 8921 1. 0097 1. 0113 1. 5235 1. 7083
0. 9851 0.9982 1. 0002 4, 6384 2.0279
-173.1 0.1284 1. 4779 1. 4748 1. 0158 1. 0062
0.1469 1. 4541 1. 4567 1.0512 1.0082
0.1629 1.4323 1. 4413 1. 0211 1.0101
0.2153 1. 41 60 1. 3926 1. 0080 1. 0183
0.2335 1. 3596 1. 3764 1. 0662 1.0217
0.2726 1. 3524 1. 3425 1. 0048 1. 0304
0.3163 1.3107 1. 3064 1.1083 1. 0442
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(. .. continuation...) Table 5-3

Yl : YZ
T,°F ' xl' : Expt. Calc. Expt. Calc.
-173.1 0.3617 1. 2752 1. 2708 1. 0628 1. 0571
0.4073 1. 2266 1. 2370 1.1547 1. 0751
0. 4634 1.1899 1.1980 1.1235 1.1020
0. 5458 1.1456 1.1463 1. 2486 1.1527
0. 6210 1.1025 - 1.1050 1. 2202 1. 2136
0. 7385 1. 0578 1. 0527 1. 4004 1. 3459
0.8125 1. 0275 1. 0281 1. 4270 1. 4607
0. 8325 1. 0233 1.0227 = 1.4260 1. 4971
0. 8653 1. 0043 1. 0149 1. 3007 1. 5625
-156. 1 0.0408 1. 4915 1. 5209 0. 9841 1. 0006
0.0557 1. 5469 1. 5062 1. 0102 1. 0011 . y
0.0840 1. 4767 1. 4791 1. 0048 1. 0024 y
0.0919 1. 5251 1. 4717 0.9816 1. 0029 ]
0.0938 1. 4766 1. 4699 0. 9826 1. 0030 ¢
0.1265 1. 4749 1, 4401 1. 0032 1. 0056 )
0.1352 1. 4299 1. 4324 0. 9742 1. 0064 Ty
0.1719 1. 4144 1. 4006 1. 0575 1.0105 A
0.1772 1.4103 1. 3961 1. 0454 1.0112 2
0.2302 1. 3551 1. 3527 . 1. 0124 1. 0194 2
0.2398 1. 3431 1. 3451 1.1034 1.0212
0.2811 1. 3153 1. 3133 1.1009 1.0298
0. 3251 1. 2789 1. 2809 1. 0774 1. 0411
0. 3553 1. 2636 1. 2595 1. 0789 1. 0501
0. 3875 1. 2253 1. 2375 1.1336 1.0611
0. 4080 1. 2213 1. 2239 1. 0354 1. 0689
0. 4403 1. 2027 1. 2031 1.1186 1.0825
0. 4570 1.1914 1.1927 1.1049 1.0902
0. 4617 1.1893 1.1898 1.1319 1.0925
0. 5040 1.1472 1.1645 1.1561 1.1146
0. 5132 1.1606 1.1591 1.1614 1.1199
0. 5450 1. 1424 1.1413 1.1758 1.1396
0.5711 1.1214 1.1273 1. 2284 1.1576
0. 5843 1.1183 1.1204 1. 2131 1.1673
0. 5848 1. 1247 1.1201 1. 2106 1.1677
0.6192 1.1075 1. 1030 1. 2629 1.1953
0. 6380 1. 0941 1. 0940 1. 2809 1.2119
0. 6430 1. 0928 1. 0917 1. 0706 1.2165
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(... continuation...) Table 5-3

! Y2
T,°F %, Expt. Calc. Expt. Calc.
-156.1 0. 6890 1. 0902 1.0714 1. 3016 1.2628
0. 7042 1. 0643 1. 0652 1. 3910 1. 2799
0.7225 1.0543 1. 0580 1. 3178 1. 3016
0. 7320 1. 0578 -~ 1.0544 1.1969 1. 3135
0.7327 1.0378 1. 0542 1. 3189 1. 3144
0.7794 1.0387 1. 0380 1. 2785 1. 3790
0. 7860 1. 0347 1.0359 1.1627 1. 3891
0.7893 1.0371 1. 0348 1. 3119 1. 3942
0.8037 1. 0197 1. 0305 0. 9991 1,4172
0. 8330 1.0156 1. 0225 1.4171 1. 4679
0.8424 1.0139 1. 0202 1. 2008 1. 4854
0.8648 1. 0099 1. 0151 1. 5239 1. 5295
0.8780 1.0083 1. 0124 1. 2982 1. 5572
0.8816 1.0158 1.0117 1. 5269 1. 5650
0. 8962 1.0165 1. 0091 0. 8815 1. 59738
0.9250 1.0058 1. 00438 1. 3190 1. 6679
0.9690 0.9953 1. 0009 1. 2341 1. 7911
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TABLE 5 - 4

Experimental and Calculated Activity Coefficients

for the Binary System Methane (1) - Ethane (3)

Y1 Y

3

T,°F % Expt. Calc. Expt. Calc.

-173.1 0.1106 1. 4710 1. 5223 1. 0068 1. 0038
0.1668 1. 4656 1. 4701 1. 0565 1. 0093
0.2658 1. 3707 1. 3831 1. 0921 1. 0279
0.3234 1. 3500 1. 3352 1.1468 1. 0429
0. 3990 1.2713 1. 2759 1.1344 1. 0692 ;
0.4592 1. 2211 1. 2315 1.1237 1. 0983 ;
0.5471 1.1805 11719 1. 2025 1.1533
0.6214 1.1260 1.1267 1. 2299 1. 2214 7
0.7135 1. 0888 1. 0781 1. 3542 1. 3332
0.7779 1. 0404 1. 0498 1. 4007 1. 4419 >
0. 8766 1. 0138 1. 0170 1. 7885 1. 6970 :
0.9173 1. 0034 1. 0081 1. 7546 1. 8061
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Activity coefficients for the ternary system methane-ethylene-
ethane at -173.1°F were also evaluated by means of Equation (5-8) and
then correlated by Equation (5-13) with the assumption that there was
no third component effect. The experimental and calculated y-values

are compared in Table 5-5.

It was found in this investigation that a small difference in
vapor -phase composition would give a large difference in the activity
coefficient for the less volatile component, because the vapor phase
was extremely rich in the volatile component methane. TFor instance,
the binary system methane-ethylene at -193.1°F and 136.3 p. s.i. a.
the change of ethylene composition from 0.0011 to 0.0025 mole fraction :
would cause a change of y value for ethylene from 2. 0279 to 4. 6384. .
Therefore, the activity coefficient for the less volatile component
would show a large scattering although the absolute deviation in vapor

composition is not very significant. o

The In (yi/'yj) vs. composition diagrams for the systems
methane -ethylene and methane-ethane are shown in Figures 5-5 to
5-8, with the effect of vapor -phase composition on the 1n (yi/\{j) values
jndicated. The maximum values of Ay as indicated in the diagrams

afe summarized as follows:

System T, °F Max. Ay
Methane -ethylene -193.1 0.0063
-173.1 0. 0052
-156.1 0.0070
Methane -ethane -173.1 0.0026

The experimental data are therefore considered thermodynamically

consistent.



Ternary System Methane (1) -

Experimental and Calculated Activity Coefficients for the
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TABLE 5-5

Ethylene (2) - Ethane (3) at -173.1°F

Y Y2 Y3

X %, Expt. Calc. Expt. Calc. Expt. Calc.
0.1240 0.6812 1.3767 1.4158 1.0717 1.0333 1.3720 1.3193
0.2150 0.6116 1.3350 1.3339 1.0976 1.0490 1.4152 1.3221
0.3147 0.5185 1.2898 1.2530 1.1587 1.0824 1.4249 1.3145
0.4058 0.4578 1.2076 1.1940 12447 1.1171 1.3988 1.3323
0.4517 0.4161 11729 1.1651 L1813 1.1438 1.4158 1.3348
0.5367 0.3572 1.1378 1.12iz2 12702 1.1956 1.4188 1.3566
0.6378 0.2840 11,0922 1.0771 1.2114 1.2785 1.3951 1.3887
0.7230 0.2163 1.0553 1.0463 1.3829 1.3749 1.3038 1.4223
0.1241 0.5775 1.3813 1.4092 1.1520 1.0626 1.1702 1.2309
0.2200 0.5189 1.3025 1.3179 1.1139 1.0771 1.3789 1.2494
0.3313 0.4422 1.2460 1.2305 1.1987 1.1118 1.3395 1. 2689
0.4241 0.3803 1.1981 1.1706 1.1786 1.1539 1.2487 1.2913
0.5399 0.2986 1.1286 1.1089 L. 2848 1.2300 1.4512 1.3243
0.5878 0.2706 1.1040 1.0384 1. 3774 1.2661 1.3815 1.3443
0.1297 0.4356 1.3847 1.4179 1.1748 1.1184 1.1020 1.1435
0.2419 0.3812 1.2898 1.2975 1.1896 1.1332 1. 3288 11759
0.3382 0.3280 1.2489 1.2176 1.2179 1.1649 1. 3626 1.2055
0.4136 0.2981 1.2096 1.1670 1.2458 1.1939 1. 3055 1.2381
0.5138 0.2499 11529 1.1128 1.2916 1.2517 1. 3204 1. 2821
0. 6255 0.1911 1.0932 1. 0662 1.2984 1. 3427 1. 3202 1. 3372
0.1196 0.1844 1. 4441 1.5405 1. 2668 1.2736 1.1083 1. 0444
0.2179 0.1693 1.3662 1. 3733 1.3003 1.2594 1.1691 1.0799
0.3040 0.1453 1.3062 1.2698 1. 3208 1.2743 11344 1.1157
0.3990 0.1262 1.2450 1.1829 1.3700 L 3039 1.1360 1.1643
0.5027 0.1066 1.1722 1.1147 1. 3501 1.3551 12257 1. 2250
0.6051 0.0814 1.1218 1. 0675 1.2936 1.4308 1. 2030 1.2909
0.6761 0.0661 1.0842 1. 0436 1.3338 1.4935 1. 3593 1. 3415
0.2127 0.2388 1. 3450 1. 3563 1.2747 1.2134 1.2755 1.0987
0.2782 0.2101 1.3054 1. 2834 1.2623 1.2288 1.1570 1.1219
0.3574 0.1910 1.2496 1. 2093 1.2555 1.2488 1.1846 1.1594
0.4228 0.1732 12171 11608 1.3037 1.2755 1.1359 1.1929
0.4867 0.1575 1.1725 1.1220 1.3268 1.3077 1.1585 1.2288
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(... continuation...) Table 5-5

P! Y2 Y3

x X, Expt. Calc. Expt. Calc. Expt. Calc.
0.5535 0.1371 1.1352 1.0891 1.3198 1.3523 11586 1.2679
0.6587 0.1056 1.0860 1.0498 1.4543 1.4399 12901 1. 3361
0.1143 0.2456 1.3900 1.5139 1.2833 1.2315 11602 1.0589
0.1973 0.2218 1.3466 1.3838 1.3003 1.2263 1.1447 1. 0860
0.2770 0.2060 1.3135 1.2856 1.3481 1.2315 1.1526 1.1199
0.3526 0.1827 1.2586 1.2145 1.2492 1.2537 1.0747 1.1538
0.4588 0.1571 1.1909 1.1382 1.3602 1.2981 1.1821 1.2105
0.5518 0.1281 1.1372 1.0897 1.5047 1.3591 .1.2990 1. 2642
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Figure 5-5 Area-test for the Methane-Ethylene System at -156.1°F
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CHgq-CoHg, -173.I°F
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CH4" C2 H4, -193.1°F
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Figure 5-7 Area-test for the Methane-Ethylene System at -193. 1°F
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The super -sensitivity of the y-value of the less volatile

13

.component may be attributed to the major effect of vapor phase
composiﬁon on the vapor phase fugacity. The average absolute
deviations between the experimental y-values and the values
predicted by the modified Redlich-Kwong equation of state are

given below:

Ave rage Absolute Deviati ovn

System - Ay

1 AY, E

Methane (1) - ethylene (2)

-193.1°F 0. 0099 0.1075

-173.1°F 0. 0070 0. 0525

-156.1°F 0. 0082 0.1004
Methane (1) - ethane (3)

-173.1°F 0.0109 0.0495
Methane (1) - ethylene (2)

- ethane (3)

-173.1°F 0. 0348 0.0573 0.0673

It should be mentioned that in the comparison, the experimental

point discussed above for the binary system methane -ethylene at -193.1°F

was not included. The agreement obtained between the experimental

and the calculated values is indeed satisfactory.

The limiting values of the activity coefficient are temperature-

dependent. They increase with decreasing temperatures as shown in

Table 5-2.

Available literature data(ss' 59) for the methane -ethylene binary
system in the temperature range from -88. 56° to -146. 06° C have been

further examined. The calculated values of the activity coefficient are

TN o= S
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listed in Table 5-6. The In vy /Y, vs. x
(65)1 2

the result of the area test

are not consistent. R

1

indicates that the literature data

plot is shown in Figure 5-9,
(58, 59)



- 114 -

———_a vt

20L9 "0~ 280¢ "1 08€9 "0 2996 °0 006 0 091°0 860

0L¥%S "0- 16L2°1 182L °0 8866 '0 688 0 0¢T°0 88 0

9¢¢€9 0" 021€°1 $81.9 *0 8€G66 0 298 °0 G11°0 9L°0

6228 °0- 99s% " 1 LEE9 "0 61%6°0 Z08 0 060°0 19°0 @&oo.o«g-

G9¢1°0 %10 °0 6061°0 12L6°0 286 °0 008 "0 00 '02

68072 ‘0~ 6L17°0 0602 °0 €¥56°0 066 0 059 °0 00 "L1

0910 ‘0~ 26L2°0 2662 °0 22%6°0 Z¥6 "0 LSS "0 00 "GT

9110 °0" 1982 '0 G¥LZ "0 L626°0 26 °0 ¥LY "0 08 "1

Z¥€0 0" G$9¢ 0 €0¢c 0 L106°0 088 °0 L¥E 0 00 0T

0€¥%0 "0 £662°0 €2%€ 0 60680 ZL8°0 010 00°6

€110 °0~ L¥LE O $¢9¢ 0 GeG8 0 218 °0 922°0 00 "L

€610 °0" 606€ "0 91¢€°0 066L°0 ggL o GGg1°0 00°G

G9¢¢ 0 9L50°0 1$6€ °0 9%06 "0 8% "0 0%0°0 00°2 nmvoo.gﬂ.

168¢ ‘0~ 992% 0 ST1%0°0 L8L6 0 286 °0 L26°0 00 °G¢

$990 "0~ 68¢€T1°0 G2L0°0 6596 °0 9L6°0 898 "0 00°¢€

9160 "0~ 6L91°0 €911°0 8L¥6 "0 866 "0 $LL O 00 "0¢

10¥1°0" 210€°0 1191°0 1L26°0 626 °0 ¥69°0 0097

1100 "0~ 6€61°0 8761°0 2026 °0 6260 L19°0 00°S¢

6810 "0~ £€922°0 $,02°0 16°0 Gg16°0 G859 °0 00 %2

0890 °0 LPLT 0 LZ2%Z°0 6106°0 G060 6§26 °0 00 °22

0%60°0 22L1°0 2992 °0 5688 "0 068 "0 oLy 0 00°02

$6971°0 8G6¢T1°0 250€°0 %7218 °0 GL8°0 0% ‘0 06 °L1

8¥L2°0 6980 °0 ¢19¢°0 ¥Z¥8°0 068 °0 §2¢°0 00 "GT

LL8E°0 G620 °0 ZLT% "0 0608 °0 L28°0 092 °0 oL 2t

6%8% "0 8%00°0 L68Y 0 G6¥%L 0 6LL"0 S81°0 00 “0T

LEO0T "0 8201°0 906 0 9089 "0 069 "0 2¢1°0 00 °8

6%5¢ "0 SPLT O $626 °0 €096 °0 069 "0 6L0°0 00°9

91L0°0 86LZ°0 ¥ 16€ "0 1%8% "0 00% "0 860°0 00°9 vom.ww-
25 /Thu Chut hut s I Iy wge ‘g D, ‘L

pejeInoIed ele(] 9JINJeI]]

e1e( °INjeIDI] Y3 WOy (2)

suokusm- (1) sueyloN weyshg ay3 103

A Ul pue A Jo senfeA pojeInoTeD



- 115 -

- ——reneh

L60% "0~ 6209 °0 2€61°0 0566 °0 G660 GLL'O 88 ¢
€L82°0~ 1979 "0 884¢ "0 L1660 0660 009 °0 €9 ¢
6LLT "0~ 996L "0 L815°0 0L86°0 086 °0 02%v°0 91°¢
0Te1°0" 605, °0 6619 °0 8€86 "0 9L6°0 0%¢ "0 €61
£€€46°0~ 9%¥2°1 €169 °0 19L6°0 0%6 "0 02’0 144
ZL9% "0~ $621°1 2899 °0 L2L6°0 G€6°0 002°0 12°1 «mvoo.oﬂu
N>\a> uf n ut ;3 s I Iy uge ‘d Yy ‘L
pajeInd1ed BJg] o4njeiolr]

(*°*° pPONUIIUOD ° " " 9-g AIdV.L



|n'r'/7'2

06

- 116 -

O -88.56°C, Guter et al(58)
O @ -104°C, Guter et al(58)
G4t O o @ -146.06°C,Volova(59)
(@)
o2}
@)
'@
© (@)
O T 0 g8 @ 00 o _
® o
-0.2 @
& )
-04 2] ©
o
& e
06}
S
e
-0.8
0 5z 04 06 08 IO
| X
CH,

. Figure 5-9 In yl/yz vs. x, Plot for the Literature Data

1




- 117 -

CHAPTER VI

PREDICTION OF GAS SOLUBILITIES AND PHASE EQUILIBRIA
OF NORMAL FLUID MIXTURES WITH ONE SUPERCRITICAL
COMPONENT

As discussed and demonstrated in the previous chapters,
the modified version of the Redlich-Kwong equation of state was
successfully employed for the prediction and correlation of vapor -
liquid equilibria. However, the application of this method is
restricted to the situation when all components are in the subcritical

region.

The purpose of the present work is to develop a method
for the evaluation of the temperature -dependent parameters of the
pure co.r'nponent when it is in the supercritical region, so that the
modified Redlich-Kwong equation of state can be applied to the
prediction of gas solubilities, volumetric properties and phase
equilibria of normal fluid mixtures involving one supercritical

component.

6.1 FURTHER MODIFICATION OF THE REDLICH-KWONG

EQUATION OF STATE

When a pure component is in its supercritical state, saturated

5
liquid properties do not exist. The method proposed by Chang and Lu( )
for evaluating Qa and Qb for pure component at subcritical conditions

cannot be used. Hence, further modification is required.

[P



In the present investigation, it is proposed that values of
Qa and Qb for a supercritical component be evaluated by means
of existing binary mixture properties. It is assumed that these
obtained values are unique for the component concerned. Therefore,
the Q, and Qb values of a supercritical component A obtained from
the pronerhes of the A-B binary can be used for predicting the
desired properties for the A-C, A-D, ...... systems, the mixing
rules used here were identical to those employed in the previous

chapters.

The iteration procedure used in the evaluation may be

described as follows:

(1) Assuming a value of Qb, the available binary properties,
such as vapor -liquid equilibrium data, gas solubilities, or saturated
liquid molal volumes, are processed through the Equations (3-7) to
(3-10) and (3-13) to (3-22) so that a corresponding value of Qa may
be found to give a minimum deviation between the calculated and the

observed value.

(2) Using this obtained value of Qa, the same properties are
reprocessed in the same manner so that a corresponding value of
Qb may be obtained to give a minimum deviation between the calculated

and the observed value.

(3) Repeat the iteration until the deviation is within the permissible

or the estimated experimental error. The final set of Qa and Qb

values are therefore obtained.

It has been observed in this investigation that the parafneter

Qb is less temperature dependent in the vicinity of the critical point.

N
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For this reason, the iteration procedure begins with Qb. Its value

at the critical point is employed as the initial value.

Based on the proposed procedure the temperature-dependent
parameters, Qa, and Qb, were evaluated for the pure component
‘methane from its critical temperature -1 15. 78° F up to 160°F. The
vapor -liquid equilibrium data of the methane-propane system(54’ 69)

were used for determining the Qa and Qb values of methane in the

supercritical region. The values obtained are listed below:

Temperature, °F Q, Qb
-100 0. 43444 0.08584
- 50 0. 43560 0.08576
0 0. 43144 0.08420
50 0. 42584 0.08359
100 0. 42081 0.08295
130 0. 41803 0.08277
160 0. 41439 0.08252

The values are also plotted in Figure 6-1to show the trend of the

temperature dependence.

6.2 PREDICTION OF GAS SOLUBILITIES

In this study, the gas solubility is expressed as the mole
fraction of the gaseous component in the liquid mixture at its éartial
pressure of 1 atm. and at the system temperature. The solubility
of a gas in a liquid is determined by the equations of phase equilibria

as well. If a gaseous phase and a liquid phase are in equilibrium,
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then for any component i the fugacities in both phases must be the

same:
Agas Aliquid

f. = f
i i

(6-1)

Hence, the method employed for the prediction of gas solubilities
is essentially identical to that for vapor-liquid equilibria, provided
that the temperature -dependent parameters, Q_ and Qb, of the
Redlich-Kwong equation of state of the gaseous component are
available. In the calculation, the value of gas solubility is the
interpolated mole fraction of the gaseous component in the liquid
phase at the partial pressure of 1 atm. The partial pressure is

defined by the following equation:
p. = P yv. (6-2)

In order totest the validity of the proposed method, the
solubilities of methane jin n-hexane, cyclohexane, benzene and
carbon tetrachloride were then predicted and compared with the
experimental values reported by Lannung and Gjaldbaek(70). - The
reported experimental values are expressed in terms of the Bunsen
absorption coefficient, g, i.e. the number of ml. of the gas reduced
fo 0°C and 1 atm. which can be dissolvedin 1 ml. solvent at the
temperature concerned when the partial pressure of the gas is 1 atm. (71).
The Bunse'n absorption coefficients have been converted into the mole

fractions by means of the following equation in order to facilitate

the comparison.

a/22,360. 4
(e/22,360.4) + (l/vsolvent)

(6-3)
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where the molal volume of methane at 0°C and 1 atm., 22, 360. 4 ml. /
(61)

g. mole, is taken from the compilation of Din' . The comparison

is made in Table 6-1. The agreement obtained is indeed satisfactory.

6.3 PREDICTION OF PHASE EQUILIBRIA WITH ONE
SUPERCRITICAL COMPONENT

Following the approach employed in Chapter III, the total
pressure and vapor -phase compositions were predicted by using

the established Qa and Qb values of methane for the following systems:

(1) Methane - n-butane: The vapor -liquid equilibrium data for

the system methane-n-butane at 70° and 100° F were predicted and

(72, 73)

compared with the experimehtal values The comparison is

made in Figures 6-2 and 6-3, and also listed in Tables 6-2 and 6-3.

(2) Methane - n-pentane: The predicted vapor -liquid equilibrium

data of the methane-n-pentane system at 100° F were compared with
; 74
the experimental data reported by Sage, Reamer, Olds and Lacey( )

in Figure 6-4 and Table 6-4.

(3) Methane - n-hexane: The vapor -phase compositions and \“"!

saturation pressures of the methane -n-hexane system at 25°C were
redicted and compared with the experimental data of Shim and

Kohn(75) in Figure 6-5 and Table 6-5.

(4) Methane - n-heptane: The comparison between the predicted

and experimenta1(76) vapor-liquid equilibrium data for the system

ynethane -n-heptane at 40° F is given in Figure 6-6 and Table 6-6.

(5) Methane - hydrogen sulfide: The methane-hydrogen sulfide

system at 40° F was taken as an example of a methane -nonhydrocarbon
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TABLE 6 -1

Comparison of Calculated and Experimental Results

for the Solubility of Methane (1) in Various Solvents

Solubility, %) X 104

o (70) . s
Solvent T,°C kij Expt. Calc. Deviation, %
n-Hexane 18 0.0623 51. 31 52.82 2.94

25 50. 8 50. 92 0. 24

37 48, 61 48, 37 -0. 49
Cyclohexane 18 0.0720 33.69 33.63 -0.18

25 33.7 33,67 -0. 09 ]

37 31,18 31. 31 0.42 |
Benzene 18 0.0760 21.16 21. 22 0. 28

25 20.9 20. 88 -0. 09

37 20. 65 20.43 -1. 06
Carbon- 25 0.0603 28.6 28. 64 -0.14

tetrachloride
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Figure 6-2 Comparison of Calculated and Experimental Vapor-
Liquid Equilibria of the Methane-n-Butane System at 70°F
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2000¢

P, psia

1000}

—— Experimental Results of Wiese,
Jacobs and Sage (73 )

o) Calculated

Critical Point

Figure 6-3
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Mol. fr., CHa

Comparison of Calculated and Experimental Vapor-
Liquid Equilibria of the Methane-n-Butane System at 100° F
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TABLE 6 - 2

Comparison of Calculated and Experimental Results

forvthe System Methane (1) - n-Butane (2) at 70° F

k =0.0398
1)
P, psia v Deviation
x) Expt. (72) Calc. Expt. (72)1 Calc. AP Ly,
0 31. 30 31.30 O 0 0 0
0.0036 40 40.58 0.2103 0.2178 - 0.58 -0.0075
0.0111 60 59.98 0.4593 0.4586 0.02 -0.0007
0. 0186 80 79.24 0.5843 0.5823 0.76 0.0020
0.0263 100 99.25 0.6600 0.6603 0.75 -0.0003
0. 0452 150 148.66 0. 7591 0.7633 1. 34 -0.0042
0.0639 200 198.00 0.8088 0.8147 2.00 -0.0059
0.1011 300 297.38 0.8587 0.8658 2.62 -0.0071
0.1379 400 397.47 0.8831 0.8906 2.53 -0.0075
0.1744 500 498.41 0.8978 0.9048 1.59 -0.0070
0.2106 600 600.08 0.9074 0.9134 - 0.08 -0.0060
0.2804 800 800.29 0.9174 0.9218 - 0.29 -0.0044
0. 3490 1000 1001.46 0.9202 0.9238 - 1l.46 -0.0036
0,.4162 1200 1201.21 0.9178 0.9217 - 121 -0.0039
0. 4305 1250 1243.88 0.9162 0.9207 6.21 -0.0045
0.4775 1400 1383.56 0.9087 0.9163 16.44 -0.0076
0. 5100 1500 1479.18 0.9026 0.9121 20.82 -0.0095
0. 5450 1600 1580.41 0. 8942 0.9063 19.59 -0.0121
0. 5863 1700 1695.85 0. 8827 0.8976 4,15 -0.0149
0. 6105 1750 1760.52 0.8750 0.8913 -10.52 -0.0163
0. 6375 1800 1829.31 0. 8652 0.8831 -29.31 -0.0179
© 0. 6700 1850 1905.29 0.8511 0.8716 -55,29 -0.0205
0. 7152 1900 1993.03 0. 8253 0.8524 -93.03 -0.0271
0.7712 1923 1992.34 0.7712 0.8576 -69.34 -0.0864
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TABLE 6 -3

Comparison of Calculated and Experimental Results

for the Systerm Methane (1) - n-Butane (2) at 100° F

k.. = 0.0398
1)
P, psia ¥y Deviation
3 73
X, Expt. (73) Calc. Expt. (73) Calc. AP Ayl
0.0530 200 200.21 0.7027 0. 7040 - 0.21 -0.0013
0.1556 500 497.86 0.8473 0.8503 2.14 -0.0030
0.3171 1000 989.06 0.8809 0. 8871 10.94 -0.0062
0. 3974 1250 1238.85 0.8786 0.8868 11.15 -0.0082
0.4799 1500 1492.54 0.8665 0.8787 7.46 -0.0122
0.5586 1700 1721.99 0. 8440 0.8630 -21.99 -0.0190
0.7236 1912 2003.69 0.7236 0. 8357 -91.69 -0.1121
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Experimental results of Sage,

Reamer, Olds and Lacey( 74)
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Figure 6-4 Comparison of Calculated and Experimental Vapor- )
Liquid Equilibria of the Methane-n-Pentane System at 100° F
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TABLE 6 - 4

Comparison of Calculated and Experimental Results for

the System Methane (1) - n-Pentane (2) at 100° F

k,., = 0.0474
1)
P, psia vy Deviation
%) Expt. (74) Calc. Expt. (74) Calc. AP Ayl

0 15. 69 15.69 0 0 0 0

0.0015 20 19.95 0.2090 0.2070 0.05 0.0020
0.0085 40 40.30 0.5893 0.5966 - 0.30 -0.0073
0.0154 60 60.13 0.7160 0.7239 - 0.13 -0.0079
0.0221 80 79.63 0.7797 0.7874 0.37 -0.0077
0.0288 100 99.48 0.8178 0.8265 0.52 -0.0087
0. 0458 150 149. 53 0. 8696 0.8790 0.47 -0.0094
0.0625 200 199.52 0. 8940 0.9049 0.48 -0.0109
0. 0957 300 300.30 0.9195 0.9305 - 0.30 -0.0110
0.1288 400 402,98 0.9323 0.9429 - 2.98 -0.0106
0.1911 600 602.87 0.9430 0.9536 - 2.87 -0.0106
0. 2508 800 802.41 0.9460 0.9574 - 2.41 -0.0114
0. 3077 1000 999. 87 0.9470 0.9582 0.13 -0.0112
0. 3748 1250 1241.45 0. 9460 0. 9564 8.55 -0.0104
0. 4390 1500 1480.50 0.9410 0. 9524 19.50 -0.0114
0. 5041 1750 1728.23 0.9330 0.9457 21.77 -0.0127
C. 5788 2000 2013.39 0.9204 0.9337 - 13.39 -0.0133
0. 6770 2250 2365.39 0.8972 0.9074 -115.39 -0.0102
0. 8236 2455 2411.44 0.8236 0.8986 43,56 -0.0750

~imren s A
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Figure 6-5 Comparison of Calculated and Experimental Vapor-
' Liquid Equilibria of the Methane -n-Hexane System at 25°C
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TABLE 6 -5

Comyparison of Calculated and Experimental Results for

the System Methane (1) - n-Hex.ane (2) at 25°C

k,, =0.0623
1)
P, atm ¥y Deviation
x Expt. (75) Calc. Expt. (75) Calc. AP Ay1

0 0.1980 0.1980 O 0 0 0 ;
0. 0490 10 10. 05 0.9530 0.9762 0.05 -0.0232
0.0978 20 20. 29 0.9728 0.9857 0.29 -0.0129.
0.1450 30 30. 64 0.9795 0.9885 0.64 -0.0090
0.1890 40 40. 70 0.9830 0.9894 0.70 -0.0064
0.2316 50 50. 85 0.9850 0.9897 0.85 -0.0047
0.2710 60 60. 62 0.9863 0.9895 0.62 -0.0032
0. 3090 0 70. 41 0.9871 0.9889 0.41 -0.0018
0. 3447 80 79.96 0.9868 0.9881 0.04 -0.0013
0.3810 90 90. 01 0.9854 0.9870 0.01 -0.0016
0.4125 100 99. 04 0.9833 0.9858 0.96 -0.0025
0.4740 120 117, 47 0.9823 z.53

0. 5370 140 137. 42 0.9769 2.58

0. 6090 160 161. 25 0.9673 1. 25

0. 7446 193. 6 205, 61 0. 7466 0.9306 12.01  -0.1840
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3600' .—"' Experime.ntal results of ‘Reamer,
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Figure 6-6 Comparison of Calculated and Experimental Vapor-
Liquid Equilibria of the Methane -n-Heptane System at 40°F
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TABLE 6 - 6

the System Methane (1) - n-Heptane (2) at 40°F

k.. =0.0705
ij
P, psia Yy Deviation -
%) Expt. (76) Calc. Expt. (76) Calc AP Ayl
0 - 0.3248 0.3248 0 0 0 0
0.0753 200 202. 41 0.9964 0.9977 -1.20 -0.0013
0.1445 400 402. 70 0.9974 0.9983 -0. 67 -0. 0009
0.2084 600 602.10 0.9971 0.9983 -0.35 -0.0012
0. 2670 800 799.14 0.9970 0.9982 0.10 -0.0012
0. 3215 1000 996. 54 0.9966 0.9978 0.34 -0.0012
0. 3840 1250 1242. 50 0.9957 0.9971 0. 60 -0.0014
0.4410 1500 1488. 24 0.9940 0.9960 0.78 -0.0020
0.4930 1750 1732. 97 0.9920 0.9943 0.97 -0.0023
0. 5425 2000 1986. 29 0.9890 0.9918 0.68 -0.0028
0. 5900 2250 2248. 77 0.9850 0.9881 0.05 -0. 0031
0.6373 2500 2528. 21 0.9780 0.9826 -1.12- -0.0046
0. 6870 2750 2836. 25 0.9690 0.9743 -3.13 -0.0053
0. 7400 3000 3168. 23 0.9530 0.9612 -5.60 -0.0082
0. 8940 3328 3339.22 0.8940 0.9481 -0.33 -0. 0541
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system to test the proposed method. The predicted vapor-liquid
equilibrium data were compared with the observed data(77) in Figure

. 6-7 and Table 6-7.

(6) Methane - ethane - propane: The vapor -liquid equilibrium

data of the ternary system methane -ethane -propane were predicted
and compared with the experimental data(54) for five temperatures

from -150° to 50°F. The results are listed in Table 6-8.

(7) Methane - propane - n-butane: The predicted vapor-liquid

equilibrium data of the methane -propane -n-butane ternary system

(73)

at 40° F were compared with the observed data and the results

are shown in Table 6-9.

(8) Methane - propane - n-pentane: The vapor -liquid equilibrium

data of the methane -propane -n-pentane system at 100° and 160° F

(78.79)  ppe

were predicted and compared with the observed data
comparison is made in Table 6-10. The calculated and experimental
K -values for each component are also compared in Figures 6-8 and

6-9 to show the good agreement obtained.

It may be seen that at Pr < 0.9, the agreement is good. The
deviations increase as the critical points are approached. Comparisons
shown in Figures 6-2 and 6-7 illustrate the agreement at Pr <0.9

conditions.

6.4 PREDICTION OF VOLUMETRIC PROPERTIES

The volumetric properties such as saturated liquid molal volume
and partial molal volumes of each component in liquid mixtures with

one supercritical component should be predictable with the established
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TABLE 6 - 7 -

Comparison of Calculated and Experimental Results for

the System Methane (1) - Hydrogen Sulfide (2) at 40° F

k.. = 0.050
1]
P, psia vy Deviation
x Expt. (77) Calc. Expt. (77) Calc. AP Ayl

0. 0057 200 207. 38 0.1371 0.1661 - 7.38 -0.0290
0.0132 250 257.18 0.2783 0.3086 - 7.18 -0.0303
0.0212 300 309. 44 0.3896 0.4090 - 9.44 -0.0194
0.0284 350 355.72 0.4604 0.4731 - 5.72 -0.0127
0.0354 400 400. 04 0.5126 0.5204 - 0.04 -0.0078
0. 0424 450 443,67 0. 5551 0. 5574 6.33 -0.0023
0. 0493 500 486.03 0. 5879 0.5868 13.97 0.0011
0.0636 600 571. 76 0.6394 0. 6321 28.24 0.0073
0.0783 700 656. 97 0. 6755 0. 6643 43.03 0.0112
0.0930 800 739.33 0.6989 0. 6874 60. 67 0.0115
0.1083 900 821.98 0. 7141 0. 7047 78.02 0.0094
0.1250 1000 908. 66 0.7242 0.7183 91.34 0.0059
0.1433 1100 999. 46 0. 7299 0.7285 100.54 0.0014
0.1635 1200 1094. 65 0. 7321 0.7357 105.35 -0.0036
0.1750 1250 1146. 46 0.7319 0.7382 103.54 -0.0063
0.1868 1300 1197.94 0. 7306 0.7398 102.06 -0.0092
0. 2137 1400 1308. 70 0.7262 0. 7404 91.30 -0.0142
0. 2450 1500 1426. 27 0.7185 0.7365 73.73 -0.0180
0.2798 1600 1542. 90 0. 7075 0.7275 57.10 -0.0200
0. 3240 1700 1669. 98 0. 6931 0. 7097 30.02 -0.0166
0.3492 1750 1731. 9 0.6828 0.6968 18.09 -0.0140
0.3758 1800 1789. 29 0. 6686 0. 6811 10. 71 -0.0125
0. 4401 1900 1891.43 0.6130 0.6398 8.57 -0.0268
0.5500 - 1949 - 0. 5500 - - -
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Figure 6-8 Comparison of Calculated and Experiment’al K-Values
for the Methane -Propane -n-Pentane System at 100° F
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Figure 6-9 Comparison of Calculated and Experimental K-Values
for the Methane-Propane-n-Pentane System at 160° F
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temperature -dependent parameters of the Redlich-Kwong equation
of state. 1In this section, the saturated liquid molal volume and the
partial molal volumes are predicted to illustrate the applicability
of the established values of Qa and Qb of methane.

Saturated Liquid Molal Volume: The saturated liquid molal

volume can be evaluated by means of Equation (3-25) along with the
mixing rules (Equations (3-13) to (3-22)). The smallest root of
Equation (3-25) is taken as the compressibility factor of the saturated

liquid, ZL, therefore,

vV o= 2 RT/P (6-4)

Narimez

The saturated liquid molal volume of seven methane -aliphatic hydro-

carbon systems from n-butane to n-decane between 198.16°K and

L
U
7
b
7
7
[

348. 16°K were evaluated. The average difference between the calculated
and observed values of VL is generally less than 1%. A summary of
the comparison is given in Table 6-11.

Partial Molal Volume: It has been mentioned in Chapter V

that the partial molal volume may be evaluated by means of the follow-

ing equation:

S abi
2 ,> X, a -
Loy 1) V+b
RT (1 ‘ i > \1 I Y *
b ot ) T
i~ RT ' 2V+b ‘ '

rolw ®

L (V+b)
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TABLE 6 - 11

Summary of Results of Prediction of Volumetric Behavior

- molal volume of saturated liquid

System T, °K VgHml/g- Nobs av. abs. ma}ﬁ. Ref.
4 mole dev.% dev.%
Methane (1) - 294.27 68.73 24 0.97 5.50 (72)
n-Butane (2)
Methane (1) - 344.26 . 86.16 17 0.90 4.22 (74)
n-Pentane (2) 310.93 68. 62 19 0.47 3.95 (74)
Methane (1) - 298.16 60.19 15 0.66 130 (75)
n-Hexane 273.16 53. 83 11 0.19 0.71 (75)
223.16 45, 65 9 0.30 0.66 (75)
) : 198.16  42.29 13 0.35 1.30 (75)
Methane (1) - 344.26 72.15 16 0.65 2.88 (76)
n-Heptane (2) 310.93 61.09 16 0.40 3.18 (76)
277.59 53. 69 15 0. 52 2.95 (76)
Methane (1) - 348.16 70.23 8 0.23 0.31 (80)
n-Octane (2) 323.16 62. 51 9 0.59 2.48 (80)
298.16 56. 69 9 0.52 3.99 (80)
248.16 47,43 8 0.10 0.22 (80)
223,16 44, 42 8 0.21 0.48 (80)
Methane (1) - 298.16 55. 44 24 0.75 2.15 (81)
n-Nonane (2)
Methane (1) - 298.16 54.68 11 0.09 0.87 (82)

n-Decane (2)

7N

LSREETNY
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In this investigation, partial molal volumes of components in seven
systems were - . . . evaluated. The partial molal ';rolumes of
methane at infinite dilution conditions for the seven systems studied
are also listed in Table 6-11. The large temperature effect is shown
in Figure 6-10. In addition the partial molal volumes of methane in
n-hexane and benzene at 25°C were also calculated. The values
obtained are in agreement with the values reported by Gjaldbaek

and Hildebrand(83) as follows:

Ven,, ml /g. mole

Solvent 4

Literature(83) This Work
n-hexane 60.0 60. 2
benzene 52.0 50. 2

Tor the methane-n-heptane system, partial molal volumes
for both of the components were calculated at 40°F. The values
(84)
obtained are compared with the reported data of Reamer and Sage

in Figure 6-11.

The partial molal volumes of methane at infinite dilution
conditions and at 25°C in binary mixtures with aliphatic hydrocarbons
as the other component are shown in Figure 6-12 as a function of the
number of carbon atoms. It is seen that the longer the chain of the
solvent, the smaller the value of {TSH‘L.

6.5 DISCUSSIONS AND CONCLUSIONS

The modified Redlich-Kwong equation of state has been extended

to the supercritical region. A detailed procedure for the evaluation of
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Figure 6-11 Comparison of Calculated and Experimental Partial

Molal Volumes of the Methane-n-Heptane System at 40° F
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the temperature -dependent parameters for the super critical component
was proposed and the values of these parameters of pure component
methane were evaluated as sllustrated. An extensive comparison for
gas solubilities, phase equilibria and volumetric properties has been

carried out to demonstrate the validity of the proposed method. The

P

examples were chosen to i1lustr ate the versatility of the method. For
instance, methane in seven normal paraffins from n-butane through

n-decane represent applicability to systems with various differences !
in boiling points. Mixtures containing nonhydrocarbons are represented 1
by the methane-hydrogen sulfide and methane-carbon tetrachloride

binaries. Benzene and cyclohexane are also included in this study. :

It has been shown that the proposed method, based on pure
component data and some binary data, could be applied to ternary ;

systems without introducing any higher interaction constants.

The binary interaction constants, ki" employed in this inves-
tigation are listed in Appendix A, and those reported by Prausnitz

and Chueh

constants of the methane -n-paraffin mixtures as a linear function of

(85) are also listed for comparison. The binary interaction

the ratio of critical volumes is shown in Figure 6-13.

In the critical region, the solution to the equation of equilibrium
is very sensitive to small changes in the thermodynamic functions
(such as fugacity coefficients and partial molal volumes). Since these
functions in the critical region are not known with high accuracy,
convergence is difficult and may give jncorrect results. Zudkevitch
et al. (25) have recently used the experimental data of P-T-x-y as the

necessary information to calculate K-values within the critical region.

However, in the present investigation, only the specified values of T and

x are used in the prediction of saturated pressure and vapor -phase

compositions.
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CHAPTER VII

MISCELLANEOUS WORK

In this chapter, the following two topics are discussed:
(1) Evaluation of the excess thermodynamic properties for gaseous
mixtures by using a limited amount of information. (2) Method
for determining the limiting slopes of binary vapor -liquid equilibrium

composition curve.

7.1 EXCESS THERMODYNAMIC PROPERTIES FOR HY DROGEN-
NITROGEN MIXTURES '

At high pressure and low temperature conditions, the non-
ideality of gaseous mixtures cannot be ignored. Itis useful to evaluate
the excess thermodynamic properties for gaseous mixtures in engineer-
ing applications, such as in the design of compressors and 'pressure

vessels.

The purpose of this investigation is to evaluate the excess
thermodynamic properties HE, G, and SE for gaseous mixtures of
hydrogen and nitrogen over the complete concentration range. An
excess thermodynamic property is defined as the difference between
the thermodynamic property of mixing for the system concerned and
that for an ideal system at the same temperature, pressure and

composition.

Gunn, Chueh and Prausnitz(86) proposed a method for predicting
thermodynamic properties of dense gas mixtures containing one or

more of the quantum gases. These authors successfully calculated.
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compressibility factors and HE values for mixtures of hydrogen-
methane, hydrogen-argon and helium-nitrogen at low temperatures.
However, when their method was applied to the system hydrogen-
nitrogen, it was found in this investigation that the agreement obtained
between the calculated and experimental results was not as good.

‘A summary of the deviations obtained from the method of Gunn etal.

by using different references(87' 88, 89, 90), including the application

(29)

of Pitzer's correlation , for pure nitrogen enthalpies is shown in

Table 7-1. The average absolute deviations obtained vary from 7 to 22%.

Thermodynamic functions of 2 1 to 3 nitrogen-hydrogen

mixture have been calculated by Michels, deGroot and Lunbe ck(gl)
between 0° to 300°C. These authors based their calculation on the
P-V-T data given by Michels and Wassenaar for this m1xture( 2)
For other compositions of the binary system, P-V-T data are also

(93)

available in the literature, but limited to temperatures above 0°C

Beenakker etal. (94) indicated that the excess thermodynamic
properties VE and HE are much more significant at temperatures
below 293°K. This investigation is limited to the low-temperature

region.

E .
Numerical values of VE and H  for the hydrogen-nitrogen

system at temperatures below 293°K and pressure up to 100 atm.

(95, 96)

have been published by Beenakker and his associates In each

case, values were reported for three compositions. Using these
E E E
11m1ted results, consistent H , G and § wvalues were evaluated for

the system over the complete concentration range in this investigation.

7.1.1 Calculation of Excess Thermodynamic Properties

Thermodynamic expressions employed in this investigation are
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TABLE 7 -1

» Comparison of Predicted and Experimental HE Values

Using the Method of Gunn et al. for

A Gaseous Mixture of 47. 5% H‘2 and 52.5% NZ-—

E
H™  joules /mole

T,°K P, atm Smoo(té’xg,)d Pure H2 enthalpy (88) (88) (88) (88)
. om
“Expt T pure N, enthalpy _(90) _(87) _(89) _(29)

170 95 447 472.7 469.2 467.4 471.8
80 - 363 386.5 382.2 374.6 389.9
60 245 265.7 260.4 264.8 274.9
40 134 128.8 114.6 125.9 122.8
20 54 47, 7 33.9 45,5 40. 7
av. absolute 7.2% 13.7% 1.5% 11.6%
deviation
231 95 162 153. 6 170.1 163.1 171.1
80 137 123.4 146.2 133.2 147. 8
60 102 86.6 107.2 98.0 108.8
40 66 50. 8 63.5 59. 5 74.0
20 31. 5 17.1 24.0 18. 3 33.2
av. absolute 19.9% 8.8% 11.9% 7.4%
deviation
293 95 99.2 83.5 90. 7 98. 5
80 84.5 . 70.1 77.9 85.1
60 64.2 ' 52.9 60. 8 69. 3
40 43,2 33.2 29.5 51.2
20 21.3 13.7 24.0 26.6
av. absolute 21. 8% 13.3% 10.5%

deviation
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well-known and are presented briefly here. At constant temperature

and composition,

dGE = VE dpP (7-1)

E E
where G and V' represent the excess Gibbs iree energy and the

excess volume of mixing, respectively. They are defined as follows:

E

GE - aG - ac? (7-2)
and
vE - av - avi? = av | (7-3)
id

since AV'Y = 0.

Integration of Equation (7-1) from the zero-pressure state to

a pressure, P, at constant temperature and composition gives

P
Gt - J vE ap (7-4)
0
E .
as G = 0 atthe zero-pressure state.

When GE values are calculated by means of Equation (7-4)

at various pressures for fixed temperatures and compositions, the
. - .

excess entropy of mixing values, S~ , may be obtained at constant

pressure and composition by the following equation:

s€ - - @G /T (7-5)

By definition,

H = G+ TS . (7-6)
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Hence,
E E E
H =G + TS (7-7)
It is, therefore, possible to evaluate GE, HE and SE values

P O
if V values are available as a function of temperature and pressure

at constant compositions.

Primary Information: Since V' values are very small

compared with pure component and mixture V values, VE values
evaluated from P-V-T data generally are of only fair acc{lracy. It
was found that a difference of 0. 25% in Z values could give a 40%
difference in VE values. Zandbergen and Beenakker(gé) measured

the volume change of mixing for the gaseous mixtures of hydrogen

and nitrogen, and smoothed VE values were reported at three tempera-
tures (170. 5°, 231. 7° and 292. 6°K) with pressure up to 100 atm. for
three constant-composition mixtures (25%, 50% and 70% hydrogen).
These values were employed as the primary information in-this

calculation.

Procedure: Excess Gibbs free energy values were initially
evaluated at the three temperatures at which VE values were reported
by integrating Equation (7-4) graphically. An attempt to obtain GE
values at other temperatures using interpolated VE values was made,
but the results were rejected. As VE values were only reported at
three temperatures over a range of 122°K, the uncertainty involved in
the interpolation procedure is reflected in the GE values. At low
temperature and high pressure conditions, a difference of 0.3%in
GE values could give a 20% difference in the calculated SE values and
a 15% difference in the calculated HE values. These differences

decrease, however, with an increase of temperature and decrease
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of pressure. The difficulties encountered in the low temperature
and high ﬁressure region led to the application of experimentally
determined HE values to the éonstruction of GE vs. T plots at
constant pressure and composition conditions. Knoester, Taconis,
and Beenakker(gs) measured the HE values for three hydrogen-

nitrogen mixtures at the conditions shown in Table 7-2.

Experimental HE values were graphically smoothed on I—IE
vs. P plots at constant temperature and composition conditions.
The difference obtained between the smoothed and experimental
values are well within the experimental error reported by the
authors(gs). Interpolated HE values obtained from these plots, at
the pressure at which the GE values were computed, were then
employed to construct HE vs. T plots at constant pressure and
composition conditions for the purpose of obtaining interpolated HE _
values at the temperature at which the GE values were evaluated.
These values were then employed to obtain HE values at the correspond-
ing compositions on HE/ylyz vs. ¥, plots at constant temperature and
pressure conditions. No difficulties were encountered in these
interpolation steps. The interpclated HE values were considered
tepue'! values and were combined with the calculated GE values to
obtain the SE values by means of Equation (7-7), hence the (3 GE/a T)
values. The constructed GE vs. T curves were used to obtain GE w
values at regular temperature intervals. They were further smoothed ‘
on GE vs. P plots at constant temperature and composition conditions.
The interpolated isothermal GE curve were slightly adjusted, together
with the isobaric GE curves, until they were consistent with each
other and with the (3 GE/a T) values obtained from the interpolated

HE values. The corresponding SE values were computed by means
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TABLE 7 -2

(95)

Conditions of Experimental HE Values Reported in the Literature

Temperature, °K Composition, % Hydrogen Pressure range
atm

293 22 53.7 - 123.7
47.5 29.0 - 131.0

75 44.0 - 120.1

231 « 47.5 9.6 - 123.4
201 22 33.9 - 116.6
' 47.5 10.4 - 114.2

5 29.4 - 116.8

170 . 47.5 7.8 - 133.0
147 ' 22 34,6 - 113.6
47 5.6 - 134.0

75 58.6 - 112.0
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. E
of Equation (7-5), and the H  values by Equation (7-7). A similar

cross-plotting procedure was employed to obtain consistent values.
Following this procedure, values of GE, SE and HE were obtained
at regular intervals of temperature and pressure for the three
hydrogen-nitrogen mixtures (25%, 50 % and 70% hydrogen). To

extend these values over the complete concentration range, the

extrapolation method developed by Deshpande and Lu(97)

(98)

and Lu was employed.

and Jones

7.1.2 Results and Discussions

_E _E E
The calculated H , G and S values for the hydrogen-

nitrogen binary system between 170° and 290°K at intervals of 10°

are presented in Table 7-3 to 7-15. Values are listed at regular
'intervals of pressure and c;omposition. A typical exarnple is shown
in Figure 7-1, in which calculated HE, TSE and GE values are plotted
over the complete concentration range for the system at 200°K and

80 atm. The experimental HE_values(gs) are compared with the
interpolated HE values, using the calculated results listed in these
tables. The average deviation is less than 1% This is the magnitude
of error introduced by the cross -plotting procedure described above.
The comparison made for the Yy = 0. 475 mixture is shown in

2 e,
- Figure 7-2. \\

5
Knoester, Taconis, and Beenakker(9 ) reported that, in general,
the errors in the HE measuvrements were less than 5%. The uncertainty
of the calculated GE and SE values was estimated to be of the same

magnitude.
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xcess Thermodynamic Properties, joules/ g-mole

Ho-Ny
200°K, 80 atm.
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Figure 7-1 Calculated Excess Thermodynamic Properties for

the HZ—NZ Mixtures at 200°K and 80 atm.
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o Results for YH2 = 0.475 Mixture ‘
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Within the range of this investigation, at constant composition
conditions, the calculated HE, GE and SE values increase with
increasing pressure, but decrease with an increase in temperature.

In all cases, HE >TS > GE, and the quantity TSE contributes much
more than the quantity GE to the HE value at a given condition. Hence,
gaseous mixtures of hydrogen and nitrogen are neither regular nor

athermal solutions.

7.2 DETERMINATION OF LIMITING SLOPES OF BINARY
VAPOR-LIQUID EQUILIBRIUM COMPOSITION CURVE

7.2.1 Purpose

Limiting slopes of the vapor -liquid equilibrium composition
curve, lim (3 y,/a x.), are directly related to activity coefficients
x;- 0 i i
at infinite dilutions. At the equilibrium conditions,

Y, Y., L
i il flL | (7-8)
* 0 GV v
As x, approaches zero, the left-hand side approaches 0/0. Application %\‘
i
of 1'H8pital's rule gives =
oYV, Y. L
( 1) _ ( iL f1L (7-9)
3% Jx =0 NV iV =0

jn which f'V and f‘L are pure component properties.
i i

At low pressures, liquid activity coefficient may be represented

by'99).
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y P (P-P) (B, -V,
logy; = log % Pl t T27303 RT (7-10)

in which the vapor-phase is assumed to be an ideal solution, but not

an ideal gas. For binary systems, as x, approaches zero, Equation

(7-10) gives

(P' -PN(B,-V.)
| N 2" PPy
(log yl)xl 1og[_( ) ( )l{ 2.303 RT

(7-11)

for log yl; a similar equation may be obtained for log Y, These
limiting log Vs values may be identified with the constants of any
integrated two-constant Gibbs-Duhem equation, such as the equations
of van Laar and Margules. They may be obtained directly from the
limiting slopes as all the other quantities are pure-component
properties. If the vapor phase is assumed to be an ideal gas then
Equation (7-11) may be further reduced to

_ 9y
(log v))_ _o = 108 ‘_( —-——1—) ( )] . (7-12)
S TxE -

The limiting slopes are useful in the correlation and prediction
of vapor -liquid equilibrium data. Methods are available for correlating

limiting slopes and limiting log Yi values. For example, Carlson and

(100

Colburn ) made an attempt to correlate limiting log Y; values for
homologous series with solubility parameter in 1942. Recently,
Tassios and Van Winkle(ml) proposed an empirical relationship which
also correlates the limiting log Y; values for homologous series,

for the purpose of predicting binary vapor-liquid equilibrium data.

Methods are also available for the determination of limiting slopes
(101)

or limiting log y, values. For example, Tassios and Van Winkle
1 .
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obtained their limiting log Yy values by extrapolation of log YI/YZ‘
data in the low concentration range. A new and simple method for

obtaining the limiting slopes is propos ed in this section.

7.2.2 Method

02)

For binary systems the Clark equai:ion(1 has been used
successfully for representing the equilibrium composition data.
Clark suggested that the ratio of the mole fractions in one phase
is a linear function of the ratio of the mole fraction in the other

phase when the ratios are used such that the components in large

amounts appear in the numerator. Thus for high values of X

Y X
R a(-}-}-) + b (7-13)
2 2
and high values of %,
Yy p. 4
2 - a2y e (7-14)
b4 *

103
It has been shown by Iu, Li and Ting( ) that the Clark

equation may be obtained from the general equation developed from

the cluster theory.
It may readily be shown that from Equation (7-13)

2X) _ L ~(7-15)
ox a

x. =1

1

-

o
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and similarly from Equation (7-14)

dY. -1 |
(3% = o (7-16)
x1=0

The excellent representation of the experimental y - x data by
means of Equations (7-13) and (7-14), especially in the low and high
x regions, provides a simple and direct method for obtaining the

limiting slope values.

As the constants a and a' are directly related to the ratios

04)

1
of the pure-component vapor pres sures( , they may be conveniently

correlated with T in the following manner for a homologous series.

log a = A+ B/T (7-17)
and

log ' = A' + B'/T (7-18)

An empirical method, which involves the Redlich-Kister

(65

relationships ) and the van Laar equations as arranged by Carlson

104
and Colburn(loo), has been proposed earlier by Lu( ) for evaluating

the constants b and b' of Equations (7-13) and (7-14).

7.2.3 ExamBIe

Vapor -liquid equilibrium data for the binary systems consisting
of p-dioxane with n-hexane, n-octane and n-nonane were reported by
Tassios and Van Winkle(ml) at 80°C. Using these reported values,
limiting slopes (1/a and 1/a') were obtained for the three binary systems,

n-hexane - p-dioxane, n-octane - p-dioxane, and n-nonane - p-dioxane.
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Logarithms of these values were plotted against 1/T in Figure 7-3,
in which T refers to the normal boiling point of the n-alkanes in °K.
From this plot, a and a' values were obtained for the binary system

n-heptane - p-dioxane as follows:

0.379
0.278

a

1

al

Values of b and b' for the binary system n—heptane - p-dioxane

(104)

were therefore obtained by the empirical method of Lu as follows:

"

0.722
0. 632

[

bl

Using the predicted a, a', b and b' values, equilibrium
compositions were calculated by means of Equations (7-13) and (7-14).
The good agreement obtained between the predicted and the experiment-
al equilibrium compositions is shown in Figure 7-4. It shouldbe
mentioned that in this procedure, the vapor phase was assumed to

be ideal.

7.2.4 .Dis“cussion

(105)

For some systems. the three - constant Prahl equation
c,x (c, -x)
v -y 1-%) (c, +x) (7-19)
c3x(c1-x)+( - X 2
(106)

or the equation proposed by Kretschmer and Wiebe
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Figure 7-3 Correlation of log a and log a' with Temperature
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1.O .
O Experimental (101)

08+ —— Predicted

0.6

0.8 1.0

=

Figure 7-4 Comparison of Predicted and Experimental

Equilibrium Compositions for the Binary System .
n-Heptane (1) - p - Dioxane (2) at 80°C
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d
L (4, 1 .

- N © X -20)
Y, (x, +dj5) (1 2d, + d, xl) %,

- dz xl) x

may be more suitable for representing the equilibrium compositions
over the complete c_gncentration range. From Equation (7-19), one

may obtain

3y 2
(%) = T (7-21)
3% c3(c1—1) .
1
and
c.c
oy - 173
L) = — (7-22)
x,=0 2
1
Similarly from Equation (7-20)
2
(-a—Y-) = L% (7-23)
dx ' 4 d1 - d2
1
d
an - dl
(=) = (7-24)
3% _ _ ¢ d, (I -2d,)
1
The predicted limiting slopes using a logarithmic relationship as in
Equations (7-17) and (7-18) (i.e., log ¥ and log (2L)  are
RS x1=0 R xy=1

linear functions of l/T) may be substituted into Equations (7-21) and
(7-22) or into Equations (7-23) and (7-24) to provide two of the three
needed relations for obtaining the three constants. The logarithmic
relationship is similar to the assumption made by Tassios and Van Winkle
(Equation (8) of reference 101). The third one may be obtained by means

of the Redlich-Kister relationship(és).
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CHAPTER VI

SUMMARY AND CONCL "SIONS

The Redlich-Kwong equation of state has been modified

end employed for the prediction and extrapolation of industry-
needed vapor-liquid equilibrium data.

A detai'led calculation procedure for determination of the
equilibrium vapor composition and saturated pressure of the system
from the given liquid composition and system temperature was
proposed. Its applicability was tested on eleven binary sysiems

at eighteen isothermal conditions.

The experimental vapor-liquid equilibrium data were obtained
by means of a .for ced-recirculation apparatus for the following systems"
(1) Methane-ethylene system at -193. 1°, -173.1° and -156.1°F

(2) Methane-ethane system at -173.1°F,
(3) Methane-ethylene-ethane system at -173.1°F.

These data were then employed for further justification of the proposed
method. «

The constant-pressure and constant-temperature liquid activity
coefficients were evaluated for the experimental equilibrium data of the
systems containing methane, ethylene, and ethane by means of the

following equation:

v, = 14y expjﬁ ——LdP
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In the calculations,the modified Redlich-Kwong equation of staté was

again employed for evaluation of the necessary thermodynamic

. o A
functions, fiL’ Qv
500 p.s.i.a.

and Vi. The reference pressure was taken as

The y values were then correlated by means of the Redlich-
Kister relationships for both the binary and.ternary systems. It was
found that the limiting y values are temperature -dependent for the
methane -ethylene system. The limiting values of y increase with

decreasing temperature.

Because of the limitations of the available method, the
Redlich-Kwong equation of state was extended to the supercritical
region. Therefore, gas solubilities, volumetric properties, and
phase equilibria of normal fluid mixtures involving one super critical
component can be predicted. The applicability was tested on a
number of systems. In general, the method yields a satisfactory

result of prediction except in the vicinity of the critical point.

In conclusion, the modified Redlich-Kwong equation of state
with temperature - dependent parameters and empirically determined
binary interaction constants is capable of predicting the gas solubilities,
volumetric properties, and phase equilibria. It has been shown that
the method is apphcable to a wide range of temperature and pressure
(temperatures from -200°F to 160° F and pressures from 20 mm. Hg. w
to 5000 p. s.i.a. have been illustratedin this investigation), and
versatile constituents, such as paraffinic, olefinic, cyclic and
aromatic hydrocarbons, and carbon dioxide, hydrogen sulfide and
carbon tetrachloride non-hydrocarbons. It was also shown that a
single binary snteraction constant is sufficient to describe the inter -

action of two components and that binary interaction constants suffice
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to describe all interactions in the studied ternary systems. This is
particularly useful for engineering work where it is 6ften necessary
to predict from binary data the behaviour of a system containing

more than two components.

The author wishes to stress that, although progress has
been made in this investigation, further improvement can be expected.
Such improvement should be directed toward predicting the binary
interaction constant from pure molecular properties rather than from
experimental binary equilibrium data, and making the interaction
constant a temperature- or pressure-dependent parameter. Itis
also necessary to improve the prediction result in the critical

region for future work in this field.

In addition, values of the excess enthalpy of mixing, excess
Gibbs free energy of mixing, and excess entropy o‘f mixing for the
hydrogen-nitrogen binary system over the complete concentration
range between 170° and 290°K and up to 95 atm. were evaluated
by using a limited amount of information; and a method for determining
the limiting slopes of the binary vapor -liquid equilibrium composition

curve was also proposed.
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APPENDIX A ‘

Table A-1 Critical Constants and Accentric Factor of
Pure Fluids
Table A-2 Values of Qa and Qb

Table A-3 Binary Interaction Constants k12
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TABLE A-1

Critical Cdﬂstan’cs and Acentric Factor of Pure Fluids

Component

Ve, ml/g-mole Tc, °K

Pc, atm )
Methane 45. 8 98. 72 191. 06 0.013
Ethylene 49. 98 127. 64 282. 66 0.085
Ethane 48. 50 141.72 305. 50 0.105
Propane 42.10 195. 70 370.00 0.152
n-Butane 37. 47 254. 71 425.17 0.201
n-Pentane 33,27 310. 89 469. 78 0.252
n-Hexane 29.94 368. 50 507. 60 0. 290
n-~-Heptane 27.01 425, 76 : 540.17 0. 349
n-Octane 24. 63 490.06 569. 39 0. 398
n-Nonane 22.50 543.00 594.60  0.441
n-Decane 20. 80 602.00 617.60 0. 586
Cyclohexane 40.00 308.28 553.00 0.211
Benzene 48. 60 256. 69 562,20  0.215
Carbon tetrachloride 45. 00 276.00 556. 40 0.202
Carbon dioxide 72.90 94.00 304,20  0.225
Hydrogen sulfide 88.90 97.70 373.60 0.100




-195 -

TABLE A-2 .

Values of Q and Q
a b

Component ' T, °K Q Q
a b
Ethane 283.16 0.40222 0.077832
255.39 0.41212 0.080103
227. 61 0.41833 0.081929
199. 83 0.42151 0.083533
172.05 0.41834 0.084159
159. 20 0. 41499 0.084302
Ethylene 199. 83 0. 42085 0.083485
184. 56 0.41950 0.083751
169.16 0. 41665 0.083837
168. 69 0. 41649 0.083827
159. 20 0.41381 0.083786
148.13 0. 40980 0.083665
127.10 0.40157 0.083310
Propane 344,26 0.40548 0.078399
310.93 0.41515 0.079876
283.16 0.42236 0.081187
255. 39 0.42651 0.081918
2217. 61 0.42715 0.082295
199. 83 0.42292 0.082059
172. 05 0.41580 0.081792
n-Butane 344. 26 0.41831 0.079053
310.93 0.42697 0.080206
294. 44 0.42850 0.080326
277.59 0.43216 0.080956
n-Pentane 344.26 0.43155 0.079427
310.93 0.43481 0.079369
277.59 0.43510 0.079081
n-Hexane 310.16 0.44285 0.078134
298.16 0.44372 0.078023
291.16 0.44352 0.077934
273.16 0.44662 0.077803
223.16 0.43734 0.076671
198.16 0.43069 0.076025
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(... continuation...) Table A-2

Component T, °K Q Q
] a b
n-Heptane 344. 26 0. 44439 0.076623
310.93 0.44891 0.076325
277. 59 0.44196 0.075655
n-QOctane 323.16 0.45388 0.075070
298.16 0. 44962 0.074515
248.16 0.450567 0.073432
223.16 0.44562 0.072693
n-Nonane 298.16 0.45907 0.072872
n-Decane 344, 26 0.41831 0.079053
310.93 0.48626 0.073278
298.16 0.46622 0.071613
Hydrogen Sulfide 277.59 0.42030 0.082641
310.93 0.41611 0.081686
Carbon Dioxide 2177.59 0.40772 0.077838
Cyclo-Hexane 343.14 0.43524 0.080835
313.15 0.43488 0.080623
310.16 0.43456 0.080553
298.16 0.43394 0.080438
291.16 0.43344 0.080361
Benzene 343.14 0.43086 0.079883
313.15 0.42996 0.079630
310.16 0.42291 0.079626
298.16 0.42893 0.079454
291.16 0.42823 0.079344
Carbon Tetrachloride 298.16 0.42913 0.080306
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TABLE A-3

Binary Interaction Constants, k12

System k

12
1) (2) this work Chueh and
Prausnitz
methane ethylene 0.0066 0.01
ethane 0.0070 0.01
propane 0.019 0.02
n-butane 0.0398 0.04
n-pentane 0.0474 0.06
n-hexane 0.0623 0.08
n-heptane 0.0705 0.10
n-octane . 0.0840 0.12
n-nonane 0.0960 -
n-decane 0.118 -
cyclohexane 0.0720 0.08
benzene 0.0760 0.08
carbon tetrachloride 0.0603 -
hydrogen sulfide 0.050 0.05+ 0.01
ethane ethylene 0.0 0.0
propane -0.015%, -0.025%% 0.0
n-pentane 0. 0098 0.02
propane n-butane 0.0 0.0
n-pentane 0.006 0.01
n-decane 0.045 - w
carbon dioxide 0.095 0.11+0.01
n-butane  hydrogen sulfide 0.062 0.090
benzene cyclohexane 0.0095 -

(54)

* evaluated from the data of Price and Kobayashi

53)

«% evaluated from the data of Djordjevich and Budenholzer(
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APPENDIX B

Method for Evaluation of the Temperature -Dependent

Parameters, and Qb, for a Subcritical Component

a
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Evaluation of Qa and'Qb

The method developed by Chang and Lu( 5) for evaluation
of the temperature-dependeﬁt parameters, Qa and Qb, of the

Redlich-Kwong equation of state in the subcritical region is presented

in the following:

At equilibrium

= -’ B-1
fv = 5 (B-1)
or in terms of fugacity coefficient

B-2
Pv T PiL (B-2)

The quantity O,y and @, for a pure component may be obtaineéd from the

following equations:

v

2
= -1 - - -h.) - In{(l+h
lnch—ZV 1-1n 2 In (1 - hy) (A7/B) In (
‘ (B-3)

and ' AZ
_ 7 -1 - - - - (= 1+h B-4
In g = zL 1 1nzL In (1 hL) ( B)1n( + _L) (B-4)

Combining Equation (B -4) with Equation (B-2) and the Redlich-Kwong
equation (Equations (3-7) and (3-8)) gives

- 1-h )+
In Z gyt 1- 2y +1n 0

(1-2, (1-h) Q+hy)

- In(1+h;) = 0 (B -5)

hL (1 - hL)
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These equations were employed in the evaluation of Q_ and QB.
a

The calculation procedure may be bfieﬂy outlined as follows:

(1) For a given value of ZL, and assumed value of Py

calculate hL by means of Equation (B-5).

(2) Calculate B from Equation (3-8) and A from
Equation (3-7).

(3) Subst1tute A and B values obtained from step 2 into
Equations (3-7) and (3-8) and solve mmultaneously for
another set of roots of ZV and hV (As there are
three roots of h in Equation (3-17), the largest root
is hL and smallest one is hV' The approximate |
numerical values are in the ranges of 0.95 to 0.4 and
0.0 to 0.14 for h and h respectively. In this
investigation, the roots were located by means of

the Newton's rule which is quadratically convergent).
(4) Calculate Py from Equation (B-3).

(5) Obtain new hL value from Equation (B- 5) and compare
. it with that obtained in step 1. If not in agreement, repeat

the steps 1-5 using the new value of Py obtained from

step 4.

An iteration loop is thus built up until the change of hL value
is less than the specified tolerance. The final set of A and B values
are used to obtain Q and Q values from Equations (3-9) and (3-10),

respectively. The tolera.nce used in this investigation is 0.00005.

The schematic diagram for finding Qa and Qb by equalizing

f‘V and f,L is shown in Figure B-L The computer program is given
i i
in APPENDIX C.
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APPENDIX C

COMPUTER PROGRAMS

Evaluation of 0 and Q
a b

Prediction of Phase Behaviour, Solubilities

and Volumetric Properties
Evaluation of Activity Coefficients

Evaluation of Supporting Properties

(SUBROUTINE SUPT)

Fitting the Redlich-Kister Equation for

Binary System

Fitting the Redlich-Kister Equation for

Ternary' System

Evaluation of Activity Coefficients for

Ternary System with the Redlich-Kister

Constants
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C-1 Evaluation of Q@ and Q
a - b

EVALUATION OF THE AODJUSTABLE PARAMETER OF

THE REDLICH-KWONG EQUATION

-—

O0F STATE BY IMPOSING MAXWELL COMDITION.
THIS PROGRAM 1S SUPPIED BY Se. D. CHANG
CHU HSI (CHEMICAL CNGINEERING)

SEPTEMLIR 1741969,
R-K A ’B """"VI
SURROUTINE FUG 1S REQUIRED.

aoonoo00o

DIASNGICN TITLE (200, X(8)
DIMENSICN TT(50)
1 READ(lsBOG)(TITLE(I),I=1115)

300 FUORMAT(2044) :
NRITE(3,400)(TITLE(l)yI=lyl5) '
400 FDQMAT(1H1,10X,51HEVALUATION JF ADJUSTABLE

PARAMETERS OF R-X FQN F

TOR J15A4/7/77)

NOB S=3

10 READ(19100)PC’VCyTC1NyRyT9L
TETPCLE.0.01G) TO 200

100 FORMAT(EFI0.%)
SHOTHI=C.D
SDZV=0.0
WA=0,.4278
WB=0,0867

20 FEAD(1,10C)IP,VsT,VL

pr=pP/PC
Te=T/TC

BATA=(ALDUIO(PR)-ALJU10(TR)*B./B.-O.lBBZ*(Pp/TR/TR-l.C))/

l((l.-TR)/TF+ALOGlO(TR)*l.B)
REAC{ L, 100)P,V,sTsVL
TR=T/TC

ALFA=(VC/VL—1.Q-(l.—TR)**(1./3.))/((1.—TR)+(1.—IR)**(1./3.))

READ(1,100) (TT(I),I=1,NOBS)

WRIT:(B,IOO)ALFA,BATA
DO 80 I1=1,NOBS
T=T7(1)

X

—  RT=R*T
TR=T/TC
CALL'PFK(&ATA,TR,PR)

PEPREPC

VL=VC/(1.+ALFA*(l.—TR)+(1.+ALFA)*(1.-TR)**(1./3.))

V=R%T/P

7U=PEVL/R/T
IN=pP%V/R/T
A2=HA*TC**2.5/PC/T**2=5

°




B=WDB%*TC/PC/T
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H=BxP/ZL
E=B*P/LV
CALL FUG{W,PR,TRyTHI)

THISEXP [ 2, 20255%THL
WRITE(2,100)T,P,VLyV,THI
ZLL=z7L

TANEYAY
THIL=THI -
THIV=THI

39

HOLD=H
1JK=0
TJK=TJK+1

40

IF(]JK.GE.BO) GO TO 49
J=0C ‘
CONTINUE

41

IH=0
1F (H.T.1.0) GO TD 42
H::H"'O:OR

43

TH=TH+1
IF{TH,.,LT.20) GO T0 41
H=0.,98

42

J=J+1
RH=(1.-ZL*(1.-H))*(l.+H)*
FF\=ALGG(ZL*THIV)+1.0—ZL+

ALIGLL o +HY/H/(1e~H)
ALOG(L .~} #RH

1

DFFH=-1./(l.G—H)+RH*(ZL/(

T.-ZL={1.=H))

+(—1.+2.*H+H*H)/H/(l.—H*H)+l./(1.+H)/ALOG(1.+H))

TEST=FFH/DFFH

R=H=-TEST

IF({J.0T 40160 TO 45
IF(ABS(TEST/H).GT.TCL)GO

TO 40

45

B=A=ZL/P
A2=B*(1-/(1.-H)—ZL)*(1.0+
1J=0

47

[EF(E.GCT.0.C) GO T 40
E=E+0.01
[H=IH+1 °

H)y/d

46

lF(IH.tT-ZC)GO T &4f

E=0. 02

1J=1J+1

IH=0C
FE=°B“P/E+1./(I-O-E)‘(AZ/
DFE=B*P/E**2*1./(lo-E)**Z

BY#E/ (L4 +E)
Z(A2/B) /(1. $EVERD
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TEST=FE/OFE

E=E-TEST
IF{1J.6T.40)60 TO 48
. 1F (ABS(TEST/E).GT.TILIGO TG 47

zg IVV=B*P/t
THIV=ZVV-1.0—ALDG(ZVV*(1.0—5))-(AZ/B!*ALJG(1.+E)
THIV=EXP(THIV) )

WEITE(3,501) JylJy1JK
501 FORMAT(315)
IF(ABS(H-HGLD)/H.LE.TOL*lO.)GO T 43

C NRITE(B,ZOO)P,T,ZV'ZVV;VL,VLL,THIV;THILyNA,NB,THI,H,E
HOLD=H
GO TO 39

%9 ZLL=0*P/H
VLU=R=T=ZLL/P
THIL=ZLL—1.0—AL0G(ZLL-B*P)-(AZ/B)*ALOG(1.+B*D/ZLL)
THIL=L. /%P (-THIL)
WB=p3*PCxT/TC
WA=A2*PC*T**2.5/TC**2.5
5C0C rURMAT(IS,EFlD.éySFlO.b)
DTHI=THI-THIV
pZV=2IN-1IVV
SDTH1=§5THT+ASS(DTHI)
SDZV=SDZV+ABS(DZV)
51 HRITF(S,ZDO)P,TyZV,LVV,VL,VLL,THIV,THIL,wA,WB,THI,H,E
700 FURAAT(LH 7F10.41F8o29bF9.5!2F10-612F8-47E11.4)
20 CONTIMUE
ADTHI=SO{E1/NOBS
ADZV=50ZV/NOBS .
WRITE(3,311) ADTHI, ADZV
GO 10 1

311 FURHAT(//ZOX,'AV. DEV. IN FUGACITY = TFI0 .4
‘1 4'AV. DEV. IN ZV =1 F10.4/7)
§CO0 STOP .

END
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SUBROUT INE FUGIWy PRy TRy THI)

GENERALIZED CORRELATION OF FUGACITY COEFF[CIENTlﬂF PURE

COMPONENTS AT SATURATION.
CHU HS1 ,CHEMICAL ENGINEERING

apoo

SEPTEMBER 17, 1969

LO'IF(TR.GT.O.Sb) GO TO 20
THI=(PR/2.303)*((.1445~(.330+(.1385+(.OlZl)/TR)/TR)/TR)/TR - Z

1+N*(.O73+(.460—(.5+(.097+.0073/TR**5)/TR)/TR)/TR)/TR)

RETURN :
20 1F(TR.GT.0.70) GO _T0 30 i =

THI=(-.53746+(.58798— .l8226—.009499/TR)/TR)/TR)
1+N*(.11821-(.006542+(.O45992—.0116504/TR)/TR)/TR)

RETURN

30 IF (TR.GT.0.84) GO TO 40 :
THI=(-.65625+(.47890+(.13943—.12167/TR)/TR)/TR)

l+w*(—.47886+(.53604+l.08951-.14448/TR)/TR)/TR) . . .

RETURN
40 THI=(—0.87471+10.73459-(0.11130—(0.27772—0.20204/TR)/TR)/TR)/TR)

l+w*(—1.15987+(1.25872—(.13670-(.35086—.34700/TR)/TR)/TR)/TR) .

RETURN

END
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SUBROUTINE PFK(BATA,TR,PR]

ITER=0 .

“TOL=0,.,00001

PRC=-0.1832

, g

30

PR=BATA*(1--TR)/TR+(1.8*BATA+8./3.)*ALDGlO(TR)+PRC
PRC=O°l832*(EXP(PR*2.30259}/TR/TR"1.0)
ITER=1TER*1

@

<x

IF{ITER.GT.20) GO TO 32
IE(ITER.EQ.1) GO T0 31

31

32

IF(ABS((PR—PRULD)/PR).LT.TDL) GO TQ 32
PROLD=PR ,

GO TO 30

PR=EXP(PR*2.30259)

RETURN
END
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C-2 Prediction of Phase Behaviour, Solubilities and ‘ -

" Volumetric Properties

PREDICT P-X-Y CURVE

MODIFIED REDLICH-KWONG EQUATION OF STATE IS USED

FOR MULTICOMPONENT SYSTEMS CAL

CULATION .

FROM _THE PURE COMPONENT PROPERTIES ,"uﬁi

aloooiooo

ONE OF THE COMPONENTS IS AT 1TS HYPERCRITICAL STATE

WRITTEN BY CHU HSI ,CHEMICAL ENGINEERING DEPARTMENT, UNIV. OF DTTANfﬁ_ 

SUBROUTINES SUPT,EQINRK, CUBEQN

ARE SUPPLIED RY S.D.CHANG

JANUARY 14,1970

DIMENSION PHI(5),X(5), F( 5),GAMMA(S),FREFER(S),PVOL(S),Y(S)g

1 PC(S)yVC(S),TC(S);N(S)yClRKV(S

),CZRKV(S),CIRKL(S),CZRKL(S)y

2 AMOLNT(S),COMPA(S)1CDMPB(5)|CDRRV(5y5)yCORRL(595),GAMALN(5)9

3 A(4)'Z(3),TITLE(ZO),D(S),PCD(S
4 PS(S);PP(SO),XX(5095),YY(50v5)

)yVCD(S)pTCU(s),PHIV(SﬂvFREF(S)o .
,YCAL(B),PPVOL(S)yDClDT(S),DCZDT(S)y

5:YD(5)yRATIO(5),VVL(50)

COMMON /FIRST/ TC,PC,VCO,W,AMOLWT,T,PyR,NCOMP,NQNTUM

1 /SECOND/ Z,A,MTYPE

800 READ(lyS)(TITLE(I):I=1,19)
6 FORMAT{1H1,19A4)
5 FORMAT( 19A%4)

NRITE(B:é)(TITLE(I)11=1119)
READ(lySOO)NCOMP,NQNTUMyIJK,R
1F(NCOMP.LE.O) GO TO 900

WRITE(34505)
DO 210 I=1,NCOMP
READ{1,510)PCO(1),VCO(1),TCOLT)

1
C1RKV(T)=C1RKL(I)
C2RKV(1)=C2RKL(I)

210 NRITE(B:SIS)PCD(I),VCO(I)yTCD(I

1
CDRRL(NCOMP,NCOMP)=0.0

1N(I),C1RKL(I)vC2RKL(I)1
COMPA(I),COMPBI(I)

) yW(1),CLRKLUT) ,C2RKLETY,
COMPA (1), COMPBLI)

NCOMP1=NCOMP-1
WRITE(3,519)
519 FORMAT(/lOXLLZHINPUT DATA ://4X

,1HP,8X,2HX1,8X,2HX2'9X,1HT,7X,3HRA

1117X'3HR81q7X93HRA2y7X93HRBZ//)
DO 9 1=1,NCOMP1
11=1+)

DO 9 J=11,NCOMP
9 READ(1v520§CDRRL(I'J)
READ (15520} TTT,PSI

1=0
10 I=1+1
$X=0.,0
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SY=0.0
c READ(lySZO)TTT,PP(I).(XX(I,J),J=1,NCOMP),(YY(I.J),J=1,NCOMP)
1READ( 1,520) PP(I)9(XX(IyJ),J=19NCOMP1),(YY(I,J)'J=1,NCOMP1)
2 VVL(IT)

DO 15 J=1,NCOMP1
SY=SY+YY(I,J)
15 SX=Sx+ XXx(I,J)

XX({1sNCOMP)=1.0-5X
YY(I,NCOMP)=1,0-SY
IF(R.LT.11.0) GO TO 16

c PP(1)=PP(1)/760.
PPL{I}=PP(1)/14.697
PS1=PS1/14.697

- C pPSI=PS1/760.

16 WRITE{3,520) PP(I),(XX(I'J)’J=11NCOMP )9 LYY {14J)9J=14NCOMP )
1 sVVLET) :

IF(PP(1).GE.O) GO TO 10
20 NOBS=I1-1
READ(loSZS)IJKoKIJ,C[NI,CFIN

525 FORMAT(215,2F10:4) -
30 KIJ=KIJ+1
IF(KIJ.GE.2) GO T0 800

NRITE(31525)1JK;K1J9CINI,CFIN
K=0 :
KK=0

KK=20
280 CONTINUE
NRITE(3.6)(TITLE(I)vI=1.19)

KK=KK+1
WRITE{3,516) -
pg 220 1=1,NCOMP1

CORRL{1,1)=0.0
I1=1+1
Do 220 J=11,NCOMP

IF(KK.GE.20) GO T0 214
CORRL(IyJ)=CINI+(KK-1)*(CFIN—CINI)/10.
214 NRITE(3,530)IprCDRRL(IyJ)

CORRL(J:I)=CORRL(I:J)
220 CONTINUE
K=0

spP=0.0 ' o
SDV=0.0
SSYD=0 00
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1F(NQNTUM.GE.1) GO T0 223

DO 221 1=1,NCOMP
pc{I)=pPCO(I)
vC(I)=vCOo(1)

221
120

TC(1)=TCO( D)
T=TTT
RT=R*T

>

WRITE(3,535)

535 FORMAT(/10X19HCOMPONENT,1Xy1HX,7X,1HY,7X72HYY17X,2HYDy4X,4HV(P),6X

1

,SHV(PO)15Xy4HPHIL16X,4HPHIV,6X,4HSUMY,6X,

4HITER»4Xy3HNIY/)

223 CONTINUE

NIY=0
ITER=0

P=PSI
K=K+1
DO_40 J=1,NCOMP

- 40
42

PHIV{J)I=1.0
X{J)=XX{Ked)

CALL SUPT(VL:PHI,PPVOL,ClRKL1C2RKL'CORRL,X:1yKIJ)

41

SUMY=0.0

.SUMP=0.0

DO_50 J=1,NCOMP

50

'Y(J)=PHI(J)*X(J)/PHIV(J)

SUMY=SUMY+Y{J)
SUMP=SUMP+PxY(J)

DO 52 J=1,NCOMP
Y(J)=Y(J)/SUMY
[F{X{(J)+EQ.0.0) GO T0 51

TRATIO(J) =Y I/ XD

51

GO TO 52
RATIO(J)=0.0

52

CONTINUE
DY=SUMY-1.0
POLD=P

p=SUMP
ITER=ITER+1
IF(ABS((POLD—P)/P)—l=OE-4) 90490456

56 IE(ITER.GT.1501G0 TO 105

IF{ITER.LE.10) GO TO 80
1F ABS(DY).GT.ABS(DYOLD)) G0 _TO 105

80 DYOLD=DY

CALL SUPT(VLyPHIV,PVUL,ClRKL,CZRKLyCORRL,Y:

GO TO 42

0yKIIN
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90 IF(ABS(SUMY-I.O)—I.OE-k) 110,110,100

100 NIY=NIY+1
IF(NIY-1) 91,91,92
9] P=P+0,01

GO 10 93 "
92 SLOPE=(P~PU)/(SUMY-SYD)
DELP=SLOPE*DDY

IF (ABS(DELP)=1.0 ) 79:79,78
78 DELP=SIGN(1.0 +DELP)
79 P=P-DELP

93 DO 94 J=1,NCOMP
94 Y{JI=Y(J)/SUMY
PO=P

SYO=SUMY
DDY=SUMY-1.0
IE{NIY.LE.30) GO 10 95 .
IF(ABS(DDY).LE.0.00S) GO TO 110
GO TO 96
95 CALL SUPT(VL'PHIV,PVOL,ClRKL,CZRKL'CORRL’Y'OyKIJ)
GO TO 42
105:IF(ABS(DY).LE.U.005) GO 7O 110
96 WRITE(3,601)
110 DP=P=PP{K)
SDP=SDP+ABS(DP)
P=P*14.697

C p=P*760.
PP(K)=PP(K)*14.69T

C PP(K)=PP{K)*T60. -
WRITE(3,600) TP ,PP(K)DP

c PP(K)=PP(K)/T760.

PP(K)=PP(K)/14.697
600 FORMAT (3X,3HT= s FB.2y5H P= ,F10.4,7HPP(K)= y F10 o4y 4HDP= 2F10e4)

SYD=0.0

po 111 J=1,NCOMP
YD(J}=Y(J)-YY(K1J)
SYD=SYD+ABS(YD(J))
SSYD=SSYD+SYD .

111 WRITE(3,610)COMPA(J)7COMPB(J)’X(J)yY(J),YY(K,J),YD(J),PPVOL(J).

IPVUL(J)1PHI(J)9PH[V(J)7SUMY71TER!NIY
py=VL=-VVL{K)
SDV=SDV+ABS(DV)

NRITE(3,901)VL,VVL(K),DV
901 FORMAT(15X94HVL= ,F10.4y5HVVL= JF10.4,4HOVE 4 F10.4)
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610 FORMAT(1OX'2A4y4E12.4'4F10.4'F8.492153

<OL FORMAT(1HO,87HFATLED TO CONVERGE, RESULTS BELOW ARE NOT RELIABLE I
LF SUMY' 1S MUCH DIFFERENT FROM UNITY)
PSI=P

1F (K—NOBS) 223, 850,850 ' .
850 CONTINUE ' - -
WRITE(3162O)SDPySSYDrSDV

620 FORMAT(/10Xs*ACCUM. SUM OF DEV. IN P IS TE12.44' ACCUM. SUM OF DEV. .
1IN Y IS " E12.4+'SDV 1S 'El2.4/) -
I1F(KK=111280,30,30

900 STOP : | ,
500 FORMAT (315,F10.4) -

505 FORMAT(1H014X92HPC110X12HVC96X12HTC!10X11HWv7Xy5HC1RKL15X75HC2RKL'

15X15HMDLWT:4X99HCOMPDNENT//) : o K
510 FORMAT(4F8.492F8.412A4) : -
515 FORMAT(1H J6E12.523X92A%) :

516 FORMAT{1lH , /1H 2 16Xy 3HKLY /i ,
520 FORMAT(14F1044) -
530 FORMAT(1H 06X)2129F10.492F10o4)

END .
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C-3 Evaluation of Activity Coefficients

EVALUATION OF ACTIVITY COEFFICIENTS FROM B3ITH LIOUID AND VAPOR

PROFERTICS OF MIXTURES,
MODIF1ED REDLICH-KWING EQUATION OF STATE. IS USED.
FOR MULTICOMPONENT SYSTEMS CALCULATION. -

ORIGINALLY WRITTEN BY S. D. CHANGy CHEMe ENGay U. OF DTTAWA
MODIFIED BY CHU HSI, CHEM, TNGe, U OF OTTAWA
DIMEMSIOGN PHI(51,X{5), FI( 5)13AMMA(5)yFREFER(S),PVDL(S),Y(S)v

~AOICO OO

PC(S),VC(S):TC(S),N(S),ClRKV(S),CZRKV(S),CIRKL(S),CZRKL(S)q
AMGLWT(S)1COMPA(5),CUMPB(S)yCDRRV{5,5),CURRL(5,5)1GAMALN(5)a
A(4)9Z(3),TITLE(20)1D(5),°CO(5)yVCO(5lyTCO(5)ypHIV(5)yFREF(S)v

PS(S)yPP(SO),XX(50,5),YY(5015)1YCAL(5)1PPV9L(5)1DClDT(5),DFZDT(S)
s PCOR(S5)
COMMON  /FIRST/ TC,PC,VCO,W,AMBLHT,T,P,P,NCOMP,NQNTUM
1 7SECUNG7 Ly hoMTYPE
800 READ(I:B)(TITLE(I),I=1,19)
6 FORMAT(1H1,1924)
5 FORMATI 13A4)
HRITE(B,&)(TITLE(I)’I=ly19)
READ(lySOO)NCOMP,NQNTUM,IJK,R
TE(RCOMP.LE.Q) GU 70 900
WRITE(3,505)
DN 210 1=1,NCOMP -
R&AD(I,SlO)PCO(I),VCU(I),TCO(I),N(I)quR(L(I),CZRKL(I)y
1 PCLNT(I),DC2DTLT) ,COMPA(I),CDMPB(I) ]
ClRKV(I)=CLRKL (1)
CZRKV(I)=C2RKL(I) ‘
210 WRITE(31515)PCO(I)yVCO(I),TCO(I),W(I)yClRKL(I)7C2RKL(I)q
1 DClDT(I),DCZDT(I) ,CGMPA(I),CDMPB(I)
————CURKL(NCOMPy NCUM PY=0% :
NCUMPL=NCOMP-1

WRITE(3,519) .
sToFORFAT (710X IZHINPUT DATH ://qx,1HP,bx,24x1,sx,2sz.9x,1Hr,7x,3HRA

11,7X,3HR81,7X'3HRA2y7X,3HRBZ//)
DO 9 I=1,NCO#PL
T1=1+1
po 9 J=11, NCOMP
9 READ(lyBZO)CDPQL(IyJ) . f!!
=0 . :
10 I=1+1
SX=0.0

Y=0Co
C READ(115ZC)TTTyPP(I)1(XX(IoJ)1J=11N:OMP)7(YY(I1J)1J=1,NCQMP)
READ( 1,520) PP(I):(XX(I’J)1J=lgNCDMPl),(YY(IyJ)1J=quCOMPl)

(6, I RV )\ Sy
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DO 15 J=1,NCCMPL

SY=SY+YY(I,J)
15 SX=SX+ XX(1,J)
XX {14NCOMP)=1.0-5X

YY{T,NCCHP)=1,0-5Y
IF(R.LT.11.0) GO TO 15
PP(I)=PP(1)/760.

PP(I1=PP(11/14.697

16 WRITE(2,520) PPLI)y (XX(T5Jd)yJ=1,NOOMP 1o (YY(14J) s J=1,NCOMP )
[F(PP({1).5E.0) G3 TO 10

z0 NOBS=I-1
READ(I,SZO)TTT)PSC,(PS(}),I=l,NCDMP)
IE(F.LT.11.07) 60 T3 21

PSO=PSN/14.£37
21 HRITE(B,SZO)TTTyP507(PS(I),I=1yNCDMP)
READ(1’525)IJK:KIJ,CINI,CFIN

525 EORMAT(215,2F10.4) )
30 KIJ=KIJ+1
IF{KIJ.5E.2) GO T 820

WRITE(3’525)IJK,KIJyCINI,CFIN
K=0
KK=0

KK=20
220 CONTINUEZ
wRITE(B,b)(TITLE(I)11=1,19)

WRITE (Z,c)(TITLE(I)aI=l,19)
KK=KK+1]

WRITE(2,516)

BO 220 1=1,NCCHPL
CORRL(I411=C.C

11=1+1

D0 220 J=11,NCOMP
IF(KK.GE.20) GO TO 214
CORRL(I,J)=CINI+(KK-1)*(CFIN—CIMI)/10%

214 WRITE(3,530)I,J,CURRL(IvJ)
CDRRL(J,I)=CDRRL(I,J)
220 CONTINUE

K=0
SSDY=0.9
219 CONTINUEL
NGNTUA.GE .
DO 221 1=1,NCOHP
pctI1y=PCOL])
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VC{I)=VCOLT)
22T TC(I1=TCO(1] \
126 T=TTT .
RT=R*T
DG 226 1=1,NCOHP
DO 224 J=1,NCOMP
X(J1=0.0
72% CONTINUE
X{1)=1.0
P=PSO
ACL SUPT(VL; PHT, PVOL;CIFKL,C2RKLCORRL Xy 14K1J]
FREFER(I)=PRILI)I=X{1)%*PSO
226 DL1)=PVOL(T)

WFITE(3,521)T,PSO,(FREFER(I)yI:l,NCQMP),(D({),]:1,Nggﬁp)
521 FORMAT(//5X,2F10.2, 9E1l.4//)
WRITE(3,525)
535 FORMAT(/sz,QHCGMPaNENT,1x.1Hx,7x,4HYCAL,4x,4HYUBs,4x,‘
1 6HGAHALNy2X15HGAH4A,5X,4HV(°),6X,5HV(PO)y5X,4HPHIL.6X,
1 4HPHIV,6X5HPHILL/) :
7723 CONTINJE -
K=K+1
DN 234 J=1,NCOMP
Y(IT=YY (Kyd) -
234 X1J)=XX{KsJ)
p=PSO ..
CALL SUPT{VL, PHI,PPVUL,CIRKL,CZRKL,COPRL,X, 1,K1J)
236 P=PP(K)
CALL SUPTI(VL, PHI, PVOL g CLRKL y C2RKL 3 CORRL 9 Xy 1,K1J)
850 37 J=1 000D T
237 PCDR(J)=(PPVOL(J)+PVUL(J))*(PSO-P)IZ.OIRT
CALL SUPT(VL,PHIV,PVUL,ClQKL,CZPKL,CORRL,Y,O,KIJ)
wKITE13,7b@)PP(K),(Y(J),J=1,N:DMP),(PHIV(J),J=1,NCOMP3,(DCQR(J),
1 J=1,NCOHMP)
. 189 FORMAT (10X, 7F10.4)
‘"““_—RXTTU?PFTVTTTYWWTT7FHTTTT7X(1)
RATO=PHIV(2)*Y(2)/PHI(2)/X(2)
266 WRITE(3,600)T4P JRATIO,RATO
00 235 J=1ynCO0MP

C GAMALN(J)=ALOG(PHI(J)*P/FREFER(J) )
C 1 +(PPVOL(J)+PVOL(J))*(PSO-P)/Z.O/RT

“"”‘“CKﬂKtNTUT?KtﬁCTFﬁTVTTTﬂﬁﬁﬂTﬁ7TTﬁEFEﬁTJTFYTITTTIﬁtUﬁETr
PHIV(J)=1.0 | |
235 GAMMA(J)= EXP(GAMALN(JY )
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1TER=0

260 ITER=ITER+]
SDY=0.0
IE(ITER=-60)2424242,250

547 DO 245 J=1,NCOMP
YCAL(J)=PHI(J)/PHIV(J)*X(J)3
SDY=SDY+YCAL )

245 CONTINUE
DO 246 J=1¢NCOMP
1IF(ITER.LLE.1) GO TO 250

246 YCAL{JY=YCALTII/SDY
DO 247 J=1,NCOMP ’ .
IF(ABS{YCALL{JI=Y(JI) .GT.0.00001) GO TO 280

547 CONTINUE
- G0 TO 269
250 DU 255 J=1sNCOMP
25§—VTJ)=YCAL(J)
CALL SUPT(VL, PHIV,PVDL;CLRKL,CZRKLyCDRRLyYy 0,KIJ)
GO TO 242 '
760 SDY=0.0
DC 205 J=1,NCOMP
265 SDY =5SDY +ABS(YCAL(J)-YY(K,J))
SSDY=S§DY+S§Y
IF{R.LTL11.) GO T0 266
p=pP%x14,697
C P=P*160.
540 FORMAT(8F10.4)
pJ 300 J=14NCOMP

R

BOG‘WKTTﬁT?TgfﬁTfﬁﬁﬁA

(JT5CHRPB(d ) X 1) JYCAL () yYY (K J) yGAMAL_E\E(J) '

1 GAMMA(J),PVUL(J),PPVDL(J)yPHI(J),PHIV(J)y ITEPR
C WRITE(2,691)P|(X(J)1J=11NCOMP1)y(YY(K,J),J=11NCOMPl)q(GAMALV(J),
C T J=1snC0HP)

C 691 FORMAT(F10.2,7F10.4)

600 EORMAT{3X,3HT= yFB8 .2 95H 8H RATI0=,F3.4,7H

RATD=,F8.4)

P= ’F].O.Lf,

—_

VANl Vo et
€10 FURMAT(Z?X,2A4,5F8.4,4F10.4,15§
270 IF(K—NUBS)22378501850

850 CONTINUE

WRth(3162C)SSDY
620 FORMAT (/ 10X, Y ACCUM. SUM OF DEV. INY 1S *£12.4/)
{f(KK-ll)280130,30
go0 SToP
500 FORMAT (315,F10.4)

505 FﬂRMAT(1HO,4X12HPC110X12HVC|6X12HTC11OX11HW17X95HC12<L1

5X 4 SHC22KL 9

=
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15X o SHMOLWT 34Xy 9HCOMPONENT/ /)

510
515
516

FORMAT§4F8.4,2F8.412E12.512A4)
FORMAT (1H ,8E12.593Xy2A4%)
FORMAT(LH 5 /1H ,16X,3HKIJ

520
530
562

FORMAT(FL0.2,12F10,.4)
FDRMAT(IH.yéX,ZIZyFlD.4,2F10.4)
FORMATL45X ,244,2F10.4])

END
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C-4 Evaluation of Supporting Properties
(SUBROUTINE SUPT)

SUBROUTINE SUPT(VL,PHI, PVOL ,ClRKL,CZRKL,CORRLonLV,KIJ)

c EVALUTION OF SUPPORTING PROPERTIES,THE FUGACITY AND THE '
C PARTIAL MOLAL VOLUME OF FLUID MIXTURES. -
C SHINN-DER CHANG, DEPT.OF CHEM.ENG., UNIV. OF OTTAWA,
DIMENSION TC(5)+PCI5)4VCO(5) W (5} AMOLWT (5) J ARKL(595) ¢ BRKL(5),
1 er(S,S),TCOIJ(S,S),TCIJ(s,S),A(4).2(3),C1RKL(5),CZRKL(5). -
1 PVOL(S),PHI(S)yCDRRL(S,S)1X(5)yAZI(S).BI(5),AIRKL(S)
DIMENSION 2Z(3} -
COMMON /FIRST/ Tc,Pc,vco,w,AMOLWT.T.P.R,NCOMP,NQNTUM -
1 /SECOND/ Z2A MTYPE -
c Lv=0, FOR VAPOR PHASE. 8
o LV=1, FOR LIQUID PHASE.
C KIJ=1, TC1J=SQRTITCI*TCJII*(L.=KIJ)
o K1d=2, AIJ=SQRT(AI¥AJ)*(1.,-KI1J)
o KIJ=3, ATJ={AT#KIJ+{(La=KIJI%AI)/ 20
RI=R*T i
g1 DO 100 I=1,NCOMP
ARKL{Is1)=ClRKL(1)* R*R #{TC(I)%%2,5)/PCLI)
BRKL(I1)=C2RKL{T1)* R *«TC(I1)/PCLT)
IF (1.EQ.NCOMP) GO TC 100
Il=1+1
DO 100 J=11,NCQOMP
IF(KIJ.GT.1) GO TO 97
TCI1JI I,J)=(TC(I)*TC(J))**0.5*(1.0—CDRRL(I,J))
TCIJL J,10=TCTJL 1,J) , o
WId L) =TI +W(J) %05
7C01J=0.291-0.08%WIJ{1,J) -
94 VCOIJ=(VCD(I)**(1./3.,+VCO(J)**(1./3.))**3/8.0 e
96 PCOIJ=2C0IJ* R *TCIJ( 1,J4)/VCOLJ
pPCIJ=PCOIJ
95 ARKL(I,J)=(C1RKL(I)+C1RKL(J))*0.5* R wk2%TCIJ(I,J)%%2,5/PCLJ
Go TO 98 )
97 IF(KIJ.GT.2) GO TO 99
ARKL(I,J)=(ARKL1141)*ARKL(J,J)’**0.5*(1.0—CDRRL(I,J))
GO TO 98
99 ARKL(I:J)={ARKL(IyI)*CORRL(IgJ)+(1.—CDRRL(I,J))*ARKL(J,J))
98 ARKL(JsI)=ARKL(I,J} jﬂ@
100 CONTINUE : K
AMRKL=0.,0
BMRKL=0.0

DO 120 1=1 yNCOMP
A2T1(I)=ARKL(I,] ) /RT*%2/T*%05
BI(1)=BRKL(T)/RT
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BMRKL=BMRKL+X(I)*BRKL(I)

AIRKL(I)=0.0
DO 120 J=1,NCOMP
AIRKL(I)=AIRKL(I)+X(J)*ARKL(LJJ)

120

AMRKL=AMRKL+X(I)*X(J)*ARKL(I:J)
A2=AMRKL /RT*%2/T**0 45
B=BMRKL/RT

A{l1)=1.0
A(2)=-100
A(3)=B*P*(AZ/B-1.0—B*P)

Al4)=—(A2/B):(B%P)¥*2
caLL CUBEQN
TF{MTYPE)115,140,140

115

o

IF(LV.EQ.0) GO TO 145
ZL=AMIN1(Z(1)9Z(2)oZ(3))
ZL=AMIN1(Z(1),Z(2)'Z(3))

JJ=0
DO 146 1=143
22(11=9999.

JJ=JdJ+l
IF(Z{(1)«LT.0.0} GO TO 146
27(JJ)=72(1})

146

aoooonoo

CONTINUE
ZL=AMIN1(ZZ(1)1ZZ(2),ZZ(B))
GO TO 150

145

ZL=AMAX1(Z(1),Z(2):Z(3))
GO O 150

140 721=211) R

150
c
C_591

H=B*P/ZL '
WRITE (3,591) H,ZL?BvZ(l),Z(Z),Z(3)vLV
FORMAT(SXybElZ.é:IZ)

123

VL=RT*B/H
CONTINUE

IF(LV.EQ.0) GO TO 135
QD=(T**0.5)*VL*(VL+BMRKL)
QH=(AMRKL/(T**O.5))*((2.*VL+BMRKL)/(VL**Z*(VL+BMRKL)**2))

135
C

AK=RT/ ( (VL-BMRKL)**2 ]
DO 130 I=1,NCOMP
WRITE(3;591)ZL,H

PHILN =(ZL-1.0)*BI(I)/B—ALOG(ZL)—ALDG(l.O—H)
1 -(AZ/B)*(Z.O*AIRKL(I)/AMRKL -BI(I)/B)*ALOG(1.0+H)

PHI(T)= EXP(PHILN )
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IF(LV.EQ.0) GO TO 130

125

QE1=0.0
DO 125 J=1,NCOMP
QEL=QEL+X(JV¥ARKL(1,J)

-~

QE=2.0*QE1—AMRKL*BRKL(I)/(VL+BMRKL)
QG=(RT/(VL-BMRKL))*(1.0+BRKL(l)/(VL—BMRKL))
PVOL (1) =({QE/QD)-QG)/(QH=QK)

130
300

CONTINUE
RETURN
END
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A3

SUBROUTINE CUBEQN .
C SOLVES CuBIC EQUATION OF REDLICH=-KWONG EQUATION FOR COMPRESSESSIBILITY
. C FACTORS
DIMENSION_A{&),Z(3) $1B(3)
COMMON /SECOND/ Z Ay MTYPE
1 CONTINUE
B(l)=A(2)/A(1)
BlOV3=B(l)/3.0
B(Z)=A(3)/A(1)
BLQJEAJQ)/ALI)
ALF=B(2)“B(1)*BIOV3
BET=2.0*BIOV3**3 ‘B(Z)*810V3+B(3)
BETOV2=BET/2.0
ALFOV3=ALF/3-O
CUAOV3=ALFOV3**3 -
SQBDV2=BETDV2**Z
DEL=SQBOV2+CUADV3
IF(DEL)40920'30
20 MTYPE=C.0 -
GAM=SQRT(-ALFOV3’ ‘ )
IF(BET)ZZ!ZZ'Zl
21 Z(l)=-z:O*GAM‘510V3
Z(Z)=GAM-BIOV3
7(3y=2(2)
G0 T0 50
22 Z(l)=2-0*GAM-Ban3
Z(Z’=—GAM—BIDV3
2(3)=2(2)
Go TO 50
30 MTYPE=1
EP5=SQRT(DEL)
TAU=—BETOV2
RCU=TAU+EPS
SCU=TAU°EPS
SIR=1.0
S15=1.0
IF(RCU531932132
31 SIR=-1.0
32 IF(SCU)33134’34
34 R=SIR*(SIR*RCU)**O.33333333
S=SIS*(SIS*SCU)**O.33333333”
Z(l)=R+S-BlDV3
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2(2)=-(R+5)/2.,0-B10V3

40

2(3)=0.86602540%(R=-S)
GO T0 50
MIYPE==1

QUOT=SQBOV2/CUAOV3
ROOT=SQRT{-QUOT)
IF(BET)42+41.4]

41

42

PEI=(1.5707963+ATAN(RODT/SURT(l.O—RDOT**Z)))/3.0
GO TO 43

PEI=ATAN(SQRTLL,O-RODT**Z)/ROOT)/B.O

43

FACT=2.0%SQRT(-ALFOV3)
Z(1)=FACT*COS(PEI)-BIOV3
PEI2=PE142.0943951

Z(2)=FACT* COS(PEI2) -810V3

PE14=PE1+4,1887902

7(3)=FACT* COS{PE14) -Bl0OV3 _
50 RETURN

END
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SUBROUTINE EQNRK{A2,B4P,E.Z,LV]

TOL=1.0E-6
IH=0
1J=0

45

IF(LV.LT.1l) GO TO 47
E=E-0.02

[H=1H+1
IF{ IH.LT.20) GO TO 45
E=0.98

47

GO TO 46
IF(E.GT.0.0) GO 1O 46
E=E+0.01

[H=TH+1
IF{IH.LT.20)G0 TO 47
E=0.02

45

[J=1J+1
FE=-B*P /E+1./!1.0-E)-(A2/8)*E/(l.+E)
DEE=B*P /E**2‘+1./(1.-E)**2—(A2/B)/(1.+E)**2

C 592

WRITE(3o592)E,FE;DFE,LV'
FGRMAT(ZOX,BElZ.4y5XyIZ)
IF(ABS(DFElJLT.l.OE-ZO) DFE=DFE/ABS(DFE)*1.0E—ZO

TEST=FE/DFE
E=E-TEST
IF(1J.GT.60)60 TO 48

48

IF( ABS(TEST/E).GT.TDL) GO TO 45
7 =B%P/E
RETURN

END
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C-5 Fitting the Redlich-Kister Equation for Binary System

Cc EVALUATION OF EXCESS FREE ENERGY FROMFITTING REDLICH-KISTER

c EQUATION IN ONE TO FIVE CONSTANTS

c PROGRAM COPIED FROM D. GRAVELLE

Cc Ctl_U_‘_!ng__-DVEP_T_._“ .O.f_mg_!ﬂi_t‘_'\__[CAL___E_NGINEERING; UNIV. OF OTTAHA -
c EEBUARY 25,1970

DIMENSION TITLE(ZO),P(SO).X(SO)gGI(SO),GII(50),Y(SO’,EXCESS(SO)
6 READ(141,END=5) (TITLE(I),1=1,20)
1 EORMAT (2CA4)
WRITE(3,9) (TITLE(I),1=1,20)
9,EQRﬁAlilﬂ}129A&lLLL_
WRITE(3,8)
8 FORMAT(1HO,"J P X Y Gl GII GE
1///) .
1=1
> FORMAT{5F10.0,+11)
4 READ(l'Z)PLE),XLLllI(I)yGI(I)gGII(I),J
— GI(11=61{11%2.303
GII(1)=GII{I1)%*2.,303
IF(J.EQ.1) GO TO 3 ]
Exc555(1)=x(fT*Gii1)+(1.0-X(1))*611(1)
CWRITE(3,7) I,P(I)yX(I),Y(I),Gl(l),GII(I),EXCESS(I)
5&L§£9:§L§E}0-4’

3 N=I-1 B ~ ____W;_'?

CALL §KF1T(TITLE.N,P,X.GI,GII.EXCESS) :
Go TO 6

5 RETURN ~ 3

IR




- 225 -

SUBROUT INE RKFIT(TITLE:NDBS,P,XyGI,Gllv

c FITTING REDL ICH-KISTER EQUATION IN ONE TO

DIMENSION TITLE (20)
DIMENSION EXCESS(50) _

e

DO 10 1=1+5

)
FIVE CONSTANTS

ofﬁéﬂ§YdN”ﬁAMAi1501;GKEKTTTEETiA(S,si,H(5,6),F(b)
DIMENSION P(SO),X(50)'Y(50).GI(SO),GII(SO)

DO 10 J=116
10 H{I,J1=0.0
DO 20 1=1,NOBS_

—— e ——

XTJ=X(11%{1L.0-X(1))
F(1)=-12.0%X(1)-1.0)}
F(2)=6.0%X1J=1.0

F(3)=—F(1)*(8.0*XIJ-1.0)

E(4)=F(11#F(1)*(10.0%X14=1.0)
(5] =—F(1)%%3%(12,0%X1J=1.0)

P

F(61=61(1)=GIT(1]
c F(61=ALOGIGI{T)/GITLI)
DO 20 L=1,5
DO 20 J=L:6
20 HILyJ)=H(L JI+FLLIFFLID
_pol6 1=1,5 o
B0 16 J=115
16 H(J,T11=H(I+J)
DO 12 I1=1,N0OBS
CIT(11=ExXP(GIT(I))
GI(T)=EXPL{GI(I})
12 CONTINVE -
NEQ=1
17 DN 15 1=145
DO 15 J=l16

15 A(1+J1=0.0
NEQ1=NEQ+1
po 18 I1=1,NEQ
—A{T,NEQLI=H{T,+6)
DO 18 J=1sNEQ
18 All,J)=H(T.J)

-

——————————

e e PR

CALL SOLVETNEQ,A,INCIC)

wRITE(a,loa)(TITLE(I),I=1,20)
103 FORMAT(1H1., 'REDLICH-KISTER EQ
. 'WﬁTTE(é}ibbW}KTI,Neol),1=1.NEQ)
106 FORMAT(5X,4H B= JES.4,4H C= 1FBo4y

PRt

1F8.4//7/)

UAILQE_BEBE§§E§IAIEQN_EE

4H D= fFBaly&H E=

1920847770

gFBo&gtH F= 9

et
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WRITE(3,105) ' ,
105 FORMAT(3x,1HP,7x,1Hx,7x,1Hv,7x /7)

$S1=0.0 : -
_S54=0.0 _

S1=0.0 - -
SJ=OOO
DO 30 1=1,NOBS
FE=2.%X(I)-1.
GAMAI(I)=(l.O—X(I))**2*(A(l,NEQ1)+A(2,NEQ1)*(2.0*FF+1.0)
1 +AL3:N£Q1)*(3-O*FF+Z;O!ﬁFFrA(&lﬂﬁgll*(4-*FF+3-Ql?FF**2

PR, S APt

2 +A(5,NEQ1)*(5.0*FF+4.0)*FF**3)

GAMAII(l)=X(1)**2*(A(1,NEQl)+A(2.NEQ1)*(2.*FF-1,)

1 +A(3,NEQL1§L§1fEE:g:Lﬁgf+A(4,NEQl)*(4.*FF-3.)*FF*FF

2 +A(5,NE91)*(5.0*FF—é.O)*FF**B)

A1=EXP(GAMAT(I)]
_ ATI=EXPGAMALILIDY .
46 DGI=AI-GI(1) T

DGJ=ATI-GII{I)
$S1=5S1+DG1*DG] I
S$SJ=SSJ+DGJI%NGJ o
SI=SI+100.0*ABS(DGI/GI(I))
SJ=$J+100,0%ABS (D6J/GILLIN SR

wﬁ?¥5(3.104)1;91r),X(1),A1,01(1).DGI,AII,GII(I).DGJ.

1 GAMAI(I),GAMATII(L]
104 FORMAT(LH 12 FB.20F104110X,9F10.4//) I

e e e

30 CONTINUE
SSDI=(SSI/(NDBS—NEQ))**0.5
- S§9§E!§§J/(NQ§§1&€9)!ffﬁ:? e
SDI=S1/NOBS :
5DJ=5J/NOBS
WRITE&EL?QQJ§§91L§§EAL§QLL§Qi, S ———
366'?6§ﬁ§r(/fu ,55H ST1.DEV.OF CARMA VALUES OF THE ST E ZND COMPONENTS
1 AREsF1l5.4,4H AND,F15.4/1H +58H AV.% DEV.OF GAMMA VALUES 0OF THE 1
2ST & 2ND COMPONENTS ARE,Elﬁiﬁ,ﬁﬁ_AND.Fyﬁiﬁiﬂﬁwwnﬂ_ww"mw“__mmﬂﬂmp;_"
3 20H”N6T6F”6§§ERVKT16N”¥}15/31H Ni. OF ADJUSTABLE PARAMETERS =1
4 15/7) .
CALL E}E“EE(PlﬁlgéﬂAl,GAMAIIyEXCESS'NOBS,TITLE)
NEQ=NEQ1
IE(NEQ.GT.3) GO TC 800

6o 1T

800 RETURN
END

» NOBS yNEQ

e e

N

T
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SUBROUTINE SOLVE(NA,A, INDIC)
DIMENSION A(546) ~
NA1=NA+1 :
DO 205 1=14NA__
TE(A(1,111200,206,200
200 P=1./A(1,1)
DO 201 J=1,NAL
201 A(I,J)=P*Al1+J}
DO 202 K=1,NA
_IF_(1-K) 203,202,203 __
203 Q=A{K,I)
DO 204 J=1,NAl
204 ALK J)=ALK JI-QFALT,J)
202 CONTINUE
205 CONTINUE
INDIC=0 :
T RETURN T
206 IF(NA-1) 300304,300
300 I1=1+1 ~ ; -
DO 303 L=I1,NA
IF(A(L,I)) 301,303,301 _ )
301 DO 302 J=I,NAL ' [
HOLD=A(I,J}
A(T,J)=A(Lsd) .
302 A(LsJ)=HCLD A
GO T10 200
303 CONTINUE .
o aNpICEl R :
304 WRITE(3,207) 1
207 FORMAT(//25H DIAGONAL ELEMENT IN EQN ,14,40H 95 ZERD TRANSPOSE £QM
L WITH PREVIOUS ONE//)
RETURN
END

e ———
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SUBROUT INE EXFREE(P,XvGAMAI,GAMAII,EXCESS,NyTITLEl
C PROGRAM TO EVALUATE EXCESS FREE ENERGY
DIMENSICGN TITLE(ZO).EXCALC(SO)yP(SO)1X(50),EXCESS(SO),GAMAI(SO)y
1 GAMALI(S50) . __ . '
WRITE(2,12) (TITLE(1),1=1,20) "‘"
12 FORMAT(IHL,'PRESSURE-COMPOSITIDN—EXCESS FREE ENERGY FOR ',20A4)
WRITE(3,18) ' -
18 FORMAT(1HO»

1 1ox,-P',1ox,'x-,1ox,-G/RT-,13x,'DELrA-,2x,~pER CENT DEV'//)
$S1=0.0 -
S11=0.0

DO 10 I=1,N
EXCALC(;li5i;1fQQMAj(1)+(1.-X(1))*GAMAII(I) -
BGI=EXCESS( [1-EXCALC(I)
CENT=DGI/EXCESS(1)*100.
_ﬂg;lglatlyy,;,Pgi),xjtllngALC(Il,DGI,CENT -
STI=ST1+ABS(CENT) '
10 SI=S1+DGI*DGI
11 FORMAT(1H L 15,F10.2,2F10.4,10X,2F10.4)
STD=SQRT(SI/N) . .
CENT=SII/N )
 WRITE(3,13) STD
WRITE(3,14) CENT
13 FORMAT (1HO ' STANDARD DEVIATIGN IN GE/RT' ,F10.4)
14 FORMAT(1HO .'AVERAGE PER CENT DEVIATION IN GE/RT!',F10.4]
RETURN
END

JENENIRESEE E
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C-6 Fitting the Redlich-Kister Equation for Ternary System

c EVALUATLON OF EXCESS FREE ENERGY FUNCTION
C FROM REDLICH-KISTER EQUATION
c F1T REDLICH KISTER EQUATION FOR TERNARY SYSTEM f
C LEAST SQUARE FITTING Q-FUNCTICN FOR TERNARY SYSTEM '
C Chu HS1 » DEPT. OF CHEM. ENG 1U. OF OTTAWA —
o MARCH 641970 -
DIMENSION TITLE(ZO),P(SO),Xl(SO),XZ(EO),X3(50),YI(SO),YZ(EO)v
1Y3(50),61(503,011(50).0111(50).Q12(50),Q23(501,031(501,EXCESS(so)
6 READ(1sl¢END=5) (TITLE(I),1=1,20) -
1 FORMAT(20A4)
TRITE(3,9) (TITLE(I)41=1,20)
9 FORMAT(1HL,20A4///) ' ;
READ(1,11)012,C12,012
READ(1,111823,C23,023 _
READ(15111831,C31,D31 : -
11 FORMAT(3F10.4)
WRITE(3,20)512,012,012,323,023,923,831,c31.031
50 FORMAT (10Xs'B12= *F10.4,'C12= Lel0n4,1D12= TFLO.4/10X, 1B23= 1F10.4
1,1C23= "F10.4,"023= VF10.4/10X,'B3l= 'F10.4¢?C31= 1F10.44'031= '
2F10.47//)
WRITE(348)
g FORMAT (1HO,' J P X1 X2 vi2o
1 Y2 Gl GI1 GIIL GEV///) -
1=1 :
C_ 4 READ(l,Z)P(I).Xl(I),XZ(I),Yl(I),YZ(I)yGl(I)yGII(I),GIII(I):J o
4 READ(lyZ)P(I},Xl(I),XZ(I)le(I)yYZ(I),GI(I),GII(I)'GIII(I)
¢ 2 FORMAT(F10.047F8.4,11) ~
> FORMAT(8F10.0) . —
C [F(J.EQ.L)GD TO 3

IF(P(I).LE.0.0) GO 10 3
X3(I)=l.O—X1(I)—X2(I)

EXCESS(I)=Xl(I)*GI(I5+X2(1)*GII(I)+l1.0—Xl(I)—X2(I))*GIII(I)

QlZi1)=Xl(1)*X2(I)*(812+C12*(X1(I)—XZ(I))+DlZ*(Xl(I)-XZ@E?)#*Z)
Q23(1)=X2(I)*XB{I?*iBZB+CZB*£X2(E{ZES(I))+023*(&gill:}3(Lizﬁtfgxé)

Q3l(I)=X3(I)*Xl(i)*(B31+C31*(X3(Ii—XYTi))+D31 % (x3(1)-X
NRITE(3v7)IyP(I)gXl(I),XZ(I)le(I).YZ(If,GI(I)1GI¥(I),GIII(I),
1 EXCESS{I)

1=1+1 .
GO _TO 4
3 N=1-1 G111sEXCESSQ12,Q23,Q31)

7 FORMATI{1H .1215X,F10.2,8F10.4)

CALL RKFIT(TITLE:N:P:XI:XZ,GI,GII:
G0_TO_6




SUBROUTINE RKFIT(TITLE,
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NOBSonleXZ’leGllvGIII:EXCESS!Q129Q23yQ3l

1)

FIT REDLICH KISTER EQUATION FOR TERNARY SYSTEM
DIMENSIUN EXCESS(SO)'QlZ(SO),923(5031Q31(50)

90

DIMENSION H(6,6)4F16), A(S,b),TITLE(ZO),Q123(50)
DIMENSION P(SO),Xl(SO),XZ(SO),X3(50)yGl(SO),GII(SO)'GIII(SO)

CONTINUE

10

DO 10 1=145
DO 10 J=1+6
H{1,J)=0.0

801

FORMAT(1H ,6EL15.4)
DO 20 I=1,NOBS
X3(I1)=1.0-XL(1)-X2(1)}

F(1)=1.0
F(2)=(x1(1)=-x21

1))
F(3)=(X2(1)=-Xx3(1})
)i

CFl4)={X3(1)-X1I

F(51=

1 ( LEXCESS(I1)-Q1211)~

QZB(I)-Q31(I))/(Xl(l)*XZ(I}*XB(I)))

H(l,l)=H(l;1)+F(l)*F(l)
H(112)=H(112)+F(1)*F(2)
H(193)=H(1.3)+F(1)*F(3)

H(1y4)=H(1,4)+F(1)*F(4)
H(1:5)=H(115)+F(1)*F(5)
H(2,2)=H(2:2)+F(2)*F(2)

H(2y3)=H(213)+F(2)*F(3)
H(2,4)=H(2,4)+F(2)*F(4)
H(2v5)=H(2v5)+F(2)*F(5)

H(3g3)=H(313)+F(3)*F(3)
H(3y4)=H(3y4)+F(3)*F(4)
H(3,5)=H(3,5)+F(3)*F(5)

20

H(4y4)=H(4g4)+F(4)*F(4!
H(4,5)=H(415)+F(4)*F(5)
CONTINUE

H{Z2,1)=H{1,2)
H{3,1)=H(1+3)
H({3,2)=H(243)

Hids 1)=H{1s4)
Hidy2)=H{2+4)
H{4,3)=H(3,4)

NEQ=1
DO 20 L=145
DO 20 J=Ls6
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20 H(LvJ)=H(LvJ)+F(L)*F(J) . -
DO 16 I=1,5
DO 16 J=1,5
16 H{J,1)=H(1,J) -
NEQ=1
17 DO 15 I=145
DO 15 J=1,6
15 A{1,J)=0.0 :
IF(NEQ.EJ.2) GO TO 801
NEQ1=NEQ+1
C G0 TO 802
C 801 NEQl=NEQ+2
802 DO 18 1=14NEQ
A{I NEQL)=H(145)
WRITE(3,801) ALI,NEQL)
DO 18 J=1NEQ
AlI,d)=H{I,d)
18 WRITE(3,801) A{T14J) ' _
CALL SOLVE(NEQ,A'INDIC)
HRITE(3,103)(TITLE(I).I=1,20) .
103 FORMAT{1HL» ' QEDLICH-KISTER EQUATION REPRESENTATION OF 1 ,20A4//7)
NRITE(3,106}(AiI,NEQl).I=1,NEu)
106 EORMAT(SX,'C123= 1FBa4y'D3= 1ER.4y tD1= 1F8.4,41'02= vF8.4/7117)
WRITE(3,105)
105 FDRMAT(BX.lHP,7x'2HXl,7X,2HX2,7X,2HY1,7xv2HY2.7X//)
$S1=0.0
SI=0.0
po 30 I=1,N0OBS _
Q123(1)=Q12(I)+Q23(1)+Q31(I)+X1(I)*XZ(I)*XB(I)*(A(l,NEQ1)+A(2,NEQl
1)*(X1(1)—X2(I))+A(3,NEQ1)*(X2(I)—x3(1))+A(4,NEQ1)*(X3(I)—x1(I)))
AT=Q123(1)
46 DGI=AI—EXCESS(I)
$S1=5S1+DGI*DGI
SI=SI+100.0*ABS(DGl/EXCESS(I))
WRITE(3,104) I,P(I),XL(I),XZ(I),AI,EXCESS(I),DGI
104 FORMATI(1H ,12,F10.2,5F10.4//)
30 CONTINUE
SSDI=(SSI/(NDBS-NEQ))**0.5
sDI=S1/NOBS
NRITE(B.BOO)SSDI, SDI1, NOBS+NEQ
300 FORMAT(/1H ,1ST. DEV. OF Ql23 VALUES IS 'F15.4/1H ,VAV. % DEV. OF
1 Q123 VALUES 15 'F15.4/1H ,*NC. OF OBSERVATION= t15/1H 5 'NO. OF

2 ADJUSTABLE PARAMETERS = v15/)

Ao OO0

o

JESSSSEE
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NEQ=NEQ1 .

IF{NEQ.GT.4) GO TO 800
GO 1O 17
800 RETURN

END




- 233 -

SUBROUTINE SOLVE(NA,A, INDIC)

DIMENSION A(5,6)
1 CONTINUE
801 FORMAT(1H ,6E15.4)

NA1=NA+1 ~ ' ‘
802 DO 18 I=1,NA -
WRITE(3,801) A(I,N Al) '

DO 18 J=1,NA
18 WRITE(3,801) A(I+J) B
DO 205 1=1,NA.

IF(A{I,1))200,206,200
200 P=l./A(1,1) -
DO _201 J=1,NAl :

201 AlLI,J)=F*A(1,J) :
DO 202 K=14NA B
If (I-K) 203,202,203

203 Q=A(K,1)
: DO 204 J=1,4NAL
204 A{KyJ)=ALK,J)I=Q%¥A{T,J) -

202 CONTINUE
205 CONTINUE
WRITE(3,801) (A(I,NAL) ,I=14NAI}

INDIC=0
RETURN
206 1F(NA-1) 30043044300

300 1l=1+1
DO 303 L=I1,NA : .
IF{A(L,1)) 301,303,301

301 DO 302 J=1,NAl
HOLD=A{1+J)
All,J)=A(L,J)

302 Al(LyJ)=HCLD
G0 TO 200
303 CONTINUE

INDIC=1

304 WRITE(3,207) I
207 FORMAT{//25H DIAGONAL ELEMENT IN EQN +14440H 95 ZERD TRANSPOSE EQN

1 WwITH PREVIOUS ONE/ /)
RETURN
END
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C-7 Evaluation of Activity Coefficients for Ternary System

With the Redlich-Kister Constants

EVALUATION OF ACTIVITY COEFFICIENTS EOR TERNARY SYSTEM
WITH REDLICH KISTER CONSTANTS
CHU HSI, DEPT. OF CHEMICAL ENGINEERING, U. OF OTTAWA
MARCH 11,1970
DIMENSION P(50)|X1(50)1X2(50)7X3(50)qY1(50)vY2(50)’Y3(50)’
1GI(50)1611(50),GII[(50)'TITLE(ZO)
800 READ(lqu)(TITLE(1)9I=l120)
10 FORMAT(20A4)
» WRITE(3930)(TITLE(I)yI=1120[
30 FORMAT(lHly'ACTIVITY COEFFICIENTS FOR *'20A4)
READ(l,ll)BlZ,ClZleZ
READ(lvll)3231C23yDZ3 *
READ(1711)3311C311031
READ(lvll)C1231D3yDlyDZ
11 FDRMAT(4F10.4)
HRITE(3931)BlZvCquDlZvBZ37C23102398311C31qD311C123yD3levDZ
31 FURMAT(/10X9'812= 1E10.44%Cl2= *F10.49'D12= tF10.4/
1 10X,¥B23= tF10.49'C23= 'F10.4y1D23= 1F10.4/
2 10X,*B31= 1F10.49'C31= tF10.4,'031= *F10 .4/
3 10X,%C1l23= 1E10.4,'D3= 1F10.44+'D1= 1F10.44'D2= tF10.4//7)
WRITE(3,432)
- 32 FDRMAT(/5X11HP18X’2HX1y8X92HX2y8X12HY118Xv2HY218X12HGI18X93HGIIq
17X14HGIII//)
1=0 .
1 [=1+1
READ(lle)P(I),Xl([)yXZ(I,le(I)9Y2(I),GI(I)1GII(I)QGIII(I)
iz FORMAT!BFI0.0)
_ s1=0.,0
$J=0.0
SK=0.0
511=0.0
$JJ=0.0
SKK:’OOO
IF(P(I).GE.O)GO T0 1
NOBS=1-1
DO 40 1=1,N0OBS
X3(I)=1.0—X2(I)‘Xl(1)
‘ = *(l.O’Xl([))
2§=§§:§;*(2.0*X1(I)—XZ(I)"Z.O*Xl(I)**2+2.0*Xl(I)*XZ(I))
A3=X2(I)*(3.*Xl(1)**2~3-*X1(I)**3+6.*Xl(I)*Xl([)*XZ(I)-
14.*X1(I)*X2(I)‘3.*X1(1)*XZ(I)**Z+X2(I)**2)
A4=X2([)*X3(I)
A5=A4*(X2(I)—X3(I))

e ¥eXkelg
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A6= (X2(1)=X3{1))**2 —
AT=X3(1)%{1.-X1(1)) )
A8=X3(I)*(X3(I)-2.*X1(I)*X3(I)+2.*X1(I)**2—2.*X1(I))
A9=x3(1)*(x3(1)**2+6.*x1(x)*Xl(l)*xztt)-4.*x1(1)*x3(1)~

1 3.*x2(1)*x3(1)**2+3.*x1(1)**2-3.*x1(1)**3)

A10=A4%(1.0-2.%X1L11))
A11=A4*(X2(I)-XB(I)-B.*Xl(I)*XZ(I)+3.*X1(I)*X3(I))
A12=A4*(x3(1)—2.*x1(1)-3.*x1(r)*x3(1>+3.*x1(1)**2)
A13=A4*(2.*X1(I)—XZ(I)-3.*X1(I)**2+3.*X1(I)*XZ(I)) :
CGI=BlZ*Al+C12*A2+Dl2*A3-823*A4-2.*CZB*AS-B.*D23*A6+B31*A7+631*A8

1 +D31*A9+C123*A10+Dl*A11+DZ*A12+D3*A13
E1=X1(I)*(l-O—X2(I)) :
E2=X1(I)*(X1(I)-2.*X2(I)-2.*X1(I)*X2(I)+2.*X2(I)**2)

E3=X1(I)*(Xl(l)**2-4.*X1(I)*XZ(I)+3.*XZ(l)**Z—3.*X1(l)*X1(I)*X2(I)
1 +6.*Xl(1)*XZ(I)**Z-3.*X2(I)**3) :
E4=X3(I)*(1.0-X2(I))

—

Es=x3(1)*(2.*x2(1)—x3(1)—2.*x2(1)#*2+2.*x211)*x3(1))
Eé=X3(I)*(X3(I)**2+3.*X2(1)**2—4.*X2(I)*X3(I$—3.*X2(I)**3
1 +6.*X2(I)*X2(I)*X3(I)-3.*X2(I)*X3(I)) '
E7=X1(1)=x3(1)
E8=ET# (X3(11=X1(1))
E9=EB%(X3(1)-X1(1))
E10=E7%( 1.0-2.%X2(1)) :
E11=E7*{2.*X2(I)—X3(I)—3.*X2(I)**2+3.*X2(I)*XB(I)) :
E12=E7*(x3(1)-x1(1)+3.*x1(1)*x2(1)—3.*x2(1)*x3(1J)
E13=E7*(X1(I)-2.*X2(I)—3.*X1(I)*X2(I)+3.*X2(I)**2) :
CGII=812*E1+ClZ*E2+DlZ*E3+823*E4+CZ3*E5+DZ3*Eb—B31*E7-2.*C31*E8—
1_3.*&;}*E9+0123*ElO+Dl*E11+DZ*E12+DB*E13
Fl=xi(1)%x2(1) :
E2=Fla(X1(1)=-X2(1))
F3=F23(X1(1)1=-x211))
Ea=X2 (11%(Le=X3(1 1]
F5=x2(1)*(x2(1)-2.*x3(1)—2.*x2(1)*x3(1)+2.*x3(1)**2)
F6=x2(1)*(x2t1)**www
1 +e.*x2(1)*x3(I)**z—a.*xs(x)**a)
g7=xX1(1)%(1.-X3{1))
F8=X1(I)*(2.*X3(I)-X1(I)-2.*X3(I)**2+2.*X1(1)*X3(I))
F9=x1(1)*(xl(1)**2+3.*x3(1)**2—4.*x1(1)*x3(1)—3.*x3(1)**3+
1 b.*xlt13*x3(I)**2-3.*x1(1)*x1(1)*x3(1)>
£10=F1%(1.—2.%X3L1) ) I
F11=F1*(X2(I)-Z.*XB(I)—3.*X2(I)*X3(I)+3.*X3(I)**2)
F12=F1*(—X1(I)+2.*X3(l)-3. ey 3 (1) k243, 6X1LI)*X3LIND
F13=F1*(X1(I)-X2({)—3.*X1(I)*X3(1)+3.*X2(!)*X3(I))

\q
N,
N*_;




CGIII=-812*F1-2.*ClZ*FZ—B.*012*F3+823*F4+C23*F5+DZ3*F6+B31*F%

1 +C31*F8+D31*F9+C123*F10+DI*F11+DZ*F12+D3*F13
GAI=EXP(GI(I))
CGAI=EXP{CGI)

GAJ=EXP{(GII(I))
CGAJ=EXP(CGII)
GAK=EXP(GIII(I))

CGAK=EXP(CGIII)
DG1=GAI-CGAIL
CENTI1=DGI/GAI*100,

DGJ=GAJ-CGAJ
CENTJ=D6J/GAJ*100.
DGK=GAK-CGAK

CENTK=DGK/GAK*100.
WRITE(3!33)I)P(I)QXl(I)1GAI,CGAI,DGItCENTI
HRITE(3=33)IyPLI),XZLLLLGAJ9CGAJ9DGJ,CENTJ

NRITE(3133)I,P([39X3(I)vGAK,CGAKyDGK,CENTK
33 FORMATI(1H 715'F10.2;6F10.4[
. SII=SII+ABS(CENTI)

SJJ=SJJ+ABSICENTJI)
SKK=SKK+ABS(CENTK)
S1=SI1+DGI*DGI
SJ=5J+DGJ*DGY

40 SK=SK+DGK*DGK
STDI=SQRT(S1/NOBS)

ACENI=SI1/N0BS

STDJ=SQRT(SJ/NOBS)

ACENJ=SJJ/NOBS _

STDK=SQRT{SK/NOBS) —
ACENK=SKK/NOBS

leTE(3y35)STDI9STDJ,STDK

HRITE(3,36)ACENI1ACENJyACENK

35 FURMAT(IHO.‘STANDARD DEVIATION IN GAMAL 1F10.4/71H ¢
11 STANDARD DEVIATION IN GAMATI YF10.4/1H
2'STANDARD DEVIATION IN GAMAILI tF10.4)

36 FORMAT(1H0,'AV.%DEVIATION IN GAMAI tF10.4/1H 1 *AV. ¢ DEVIATION IN
1GAMAILL VELO.4/1H 9'AVe % DEVIATION IN GAMATIIL 'tF10.4)

RETURN .
END
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APPENDIX D

Calibration Results of the Gas Partitioner

Figure D-1

Figure D-2

Figure D-3

Figure D-4

Figure D-5
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Figure D-1 Calibration of the gas partitioner for the methane-
ethylene system
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Figure D-2 Calibration of the gas partitioner for the methane-

ethylene system
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Figure D-3 Calibration of the gas partitioner for the ethylene-
methane system
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Figure D-4 Calibration of the gas partitioner for the ethylene-
methane system
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Figure D-6 Cealibration of the gas partitioner for the ethane-
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Figure D-7 Calibration of the gas partitioner for the ethane-
methane system
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Figure D-8 Calibration of the gas partitioner for the ethylene-

ethane system
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Figure D-9 Calibration of the gas partitioner for the ethane-
ethylene system





