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ABSTRACT

The phase behavior for mixtures containing nitrogen, methane,
ethane, and propane, essential for the design of equipment for the
storage and processing of natural petroleum fluids and natural gas,

has been studied in this investigation,

The vapor-liquid equilibria of binary and ternary mixtures at
14,05, 118,32 and 122, 24 K, together with the conditions of partial
miscibility in the liquid phase have been experimentally determined,
Liquid phase inversions have been experimentally investigated
for the binary and ternary mixtures containing nitrogen, methane, and
ethane; and the densities of these components have been found to be

a main factor of the occurrence of the phenomenon,

In addition to the direct usefulness in the industry, these data
also serve as a means to develope correlation and prediction methods,
from which information can be obtained in areas where experimental

data are not available,

It has been found, in this investigation, that the Redlich-Kwong
equation of state, when its parameters Q, and Qb are considered
as a function of temperature at both the subcritical and supercritical
conditions, is capable of predicting vapor-liquid equilibrium within
2% for binary systems, within 4% for ternary systems, and within 1%

for liquid-liquid equilibriumdata.

Attempts have been made to predict critical temperatures,
critical pressures and critical volumes of binary mixtures containing
nitrogen, methane, ethane, and propane. Equations of state by
Clausius, Wohl, and Redlich-Kwong have been used. It has been found
that the modified Redlich-Kwong equation is capable of yielding improved

results over those from existing methods. In the case of the system



-ii-

methane-propane, for which a complete set of experimental data
is available for comparison, the predicted results are within 0. 5%

for critical temperatures, within 0, 7% for critical pressures, and

within 2, 3% for critical volumes,
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NOMENCILATURE
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C = number of components in phase rule
d = deviation
f = fugacity
F = degree of freedom
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temperature
k =  pure number, or interaction parameter
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T = molecular size ratio
R = universal gas constant
S = entropy
T = temperature

v = molal volume
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CHAPTER 1

INTRODUCTION

In the steadily growing petrochemical industry, efforts have
been spent in collecting experimental data so that they can be used
in the industry. Also, correlation and prediction methods have
been developed so that necessary information can be obtained with the
minimum amount of actual data. In this study, the mixtures of some
of the major constituents of natural gas and natural petroleum
fluid, namely, nitrogen, methane, ethane and propane were chosen
as the systems for investigation. The molecular structures of these
compounds are relatively simple so that predictive relationship may
reveal its effects easier, They are major constituents of many kinds
of fuel and chemicals and the properties of their mixture are useful
in the design of equipment for storage and separation. In the

), (4
literature, data are available for the systems nitrogen-methane (3}, (4), (5),

(6) (7),(8)

nitrogen-ethane , nitrogen-n-butane , nitrogen-methane-

ethane (9), nitrogen-methane-n-but ane (10) , and nitrogen-ethane-n-
butane (8). But the phase behavior concerning mixtures containing
nitrogen and propane has been reported only partially for nitrogen-
propane by Schindler, Swift and Kurata (13) in 1966; and no work

has been done for the ternary system nitrogen-methane-propane,
Therefore in this research attention has been directed to experimental
investigation of these systems at cryogenic temperatures. To

carry out the study, an experimental scheme was designed to
investigate experimentally the three binary mixtures and the ternary
mixtures containing nitrogen, methane and propane at three
isothermal conditions. A complete set of experimental data of this
kind enables one to test many correlation and prediction methods, and

hopefully one method may be obtained so that minimum data are

needed to establish the necessary information for the industry,



The phasce behavior of these systems was found to be rather
comnlicated, Liquid phasc inversion and partial miscibility occur
in addition to vapor-liquid equilibriurm bechavior., When two liquid
phasces were in cquilibrium with the vapor phase, the cquilibrium
conditions were more sensitive to temperature control and to
pressure differences, and the sampling procedure became more
difficull. Ixperimental data were collected succeosfully even under
thosc conditions. These data served as a test of the applicability of
the Redlich-Kwong equation of state in a modified procedure, (77, (78)

for predicting phase behavior.

The modified Redlich-Kwong equation of state was further
applied in predicting critical loci of binary mixtures, which is impoztant
in the industry. and the experimental measurement of which has been
difficult. It is hoped that by the application of an equation of state,
such as the Redlich-Kwong equation, the Wohl equation, or the Clausius

equation, the critical properties, Pc, Vc and Tc can be predicted,
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CHAPTER 2

LITERATURE SURVEY

The study of phase behavior has been greatly advanced in
recent years, KExperimentally, equipment has been improved
continuously, and high precision of measurements has been attained.
Theoretically, due to the application of electronic computers,many

of the complicated calculations can be accomplished.

Among many results of the research work, a short survey
was made and discussions were made, only to those which are

concerned with this work,

2.1 EXPERIMENTAL METHODS

STATIC AND TOTAL PRESSURE METHODS

In the static and total pressure methods, a liquid mixture is
allowed to come to equilibrium with its vapor inside the equilibrium
cell at isothermal conditions, The conditions of temperature and

(14)

pressure are recorded. In a static method , samples of liquid
and vapor at equilibrium are withdrawn and analyzed,

In the total pressure method, the vapor phase compositions are
calculated directly from thermodynamic relationships based on the

(15), (16). Agitation can

liquid composition and total pressure data
be achieved by means by a magnetic stirrer or by the motion of

rotating, rocking or shaking of the equilibrium cell,

In these two methods, it is possible to attain very close
to true equilibrium. However, in the process of sampling in the
case of static method, the equilibrium can be greatly disturbed due

to the withdrawal of material which causes a pressure drop. Especially
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at low pressures, the amount of vapor required for analysis becomes
comparable to the total amount of vapor inside the equilibrium cell,

and hence the removal of a sample will cause sharp disturbance,

DEW-POINT AND BUBBLE-POINT METHOD

In this method, a gas mixture of known composition is introduced into
an equilibrium cell in measured increments, under isothermal
conditions. The equilibrium cell may be transparent or opaque, and
stirring device inside the cell is equipped to ensure well mixing,

As more increments of mixture at constant composition are introduced,
the mixture inside the cell comes to the dew point, and then goes
through the two-phase region and reaches the bubble point, The
conditions of dew-point and bubble-point are determined by direct
observation or by some sensing device, This procedure is repeated

at several temperatures for each constant composition mixture to
determine the dew-point and bubble-point loop. The vapor-liquid
equilibrium conditions are then determined through the intersection

of the dew-point curve of one composition with the bubble-point curve

of the other composition,

This method has been developed for many years and has

(17)

been frequently employed, Sage and Lacey improved this
apparatus and used it for measuring equilibrium data of light
hydrocarbons in the range of 20°C to 100°C. This apparatus was

also adopted by the IGT*group for the study of vapor-liquid equilibrium(3)’ (6)
at cryogenic conditions for the systems nitrogen-methane, nitrogen-

ethane and methane-ethane.

The technique of sampling is avoided with this apparatus since
the composition of the mixtures are pre-determined. However, the
technique for the determinations of the dew-points and the bubble-

points is difficult because to detect accurately the first minute drop

* Institute of Gas Technology



of liquid formed and the disappearance of the last small gas bubble
is not easy at all. Moreover, this method cannot be used to study

multicomponent systems,

DISTILLATION TOWER METHOD

In this method, the principle of a simple distillation is adopted.
A distillating tower can be built for large scale operation, and modifica-
tion of the tower or taking the tray efficiency into account can be
used to improve quality of data. This method is poor in the sense

(28)

of accuracy. Based on the acetone-water system by Chu et al,
and the study of argon-oxygen system by Wang (29), who construct
a still with several sieve plates, the general reproducibility of data was
+ 3%, prior to any correction, However, in the sense of practical

application, this method provides an apparatus for quick investigations,

and can be used to speed up the accumulation of data,

FLOW METHOD

In this method, a stream of gas mixture at constant flow rate is
passed through a cooler, upon which partial liquefaction takes place,
Continuous removal of the vapor phase in equilibrium with the liquid
phase upon condensation is monitored. The removed vapor and liquid

are stored and analyzed for composition.

(30)

Steckel employed this method for the study of carbon

monoxide-nitrogen system. Ruhemann and co-workers also adopted

1
this method for the investigation of the systems methane-ethane (3 ),

(32)

and methane-ethylene . This method was also adopted by Stutzman

(33)

and Brown to study systems containing natural gas components,

The temperature and pressure inside the cell is difficult

to control since rapid condensation takes place., Also, near the



critical region, the scparation bewwveen the vapor phase and the

liquid phasec becomes very difficult, However, large

vapor and liquid can be scparated casily with only a small experimental
assembly, and cquilibrium can be approached rapidly duc to the

intimate contact between the liquid phase and vapor phase,

FORCED-RECIRCULATION METHOD

Il the vapor phasc is continuously brought back and bubbles
through the liquid phase by recirculation, the vapor-liquid contact
will be continuous and hence equilibrium could be achieved fast,

On the other hand, the bubbling of the vapor phase supplies more
than enough stirring and an additional agitator system could be
omitted. This is the general idea of the force-recirculation metnod,

(18)

This method was first developed by Inglis and was later

(19)

modified and brougut into practical application by Dodge and Dunber ,

who used a mercury pump to recirculate the vajsor phase distilled

(20)

from the liquid. Later. Torocheshuikov adopted this apparatus

to study the system carbon monoxide-nitrogen; and Arogan and

21)

Katz ( for the system methane-hydrogen. Further application

(22)

J

of this method was made by Dovis, Rodewald and Kurata

(23) (24)

Harvey , Price and Kobayashi ., The use of a transparent
equilibrium cell and the use of bath fluid in the cryostat were adopted
by these researchers for the studies of systems containing methane,
ethane and propane, This apparatus is probably‘ the most accurate
and reliable one among the existing methods, and it has been widely
adopted (25) (26) (27).

In this investigation, this method was adopted, using a
maaonctic pump to recirculate the vapor phase. A detailed discussion
will be given in the next chapter and also by Chang

the lirst person using the apparatus in this department.
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2.2 METHODS OF CORRELATION

Researchers have developed many methods to correlate
experimental data of mixtures related to phase equilibria. The idea
of using correlation methods is to organize the available data and
put them into some generalized analytical expressions or generalized
charts so that one can put them into practical applications. Also
methods of data reduction and consistency test are important for
processing experimental data, Among the many, the following will

list a few methods, which are of interest in this work.

2,2.1 CONVERGENCE PRESSURE METHOD
(34)

Katz first observed that for mixtures of light hydrocarbons,
isothermal component K-values appeared to converge to unity when
plotted against pressure, This occursin binary systems as well as

in complex systems, as shown in Figure 2,2.1a. The pressure at which
the K-values converge to unity is the convergence pressure for an
isothermal plot of log K vs log P. It is found to be a function of
composition, Therefore, the convergence pressure is considered as

a parameter to represent the effect of composition at higher pressures
when the ideal solution approximation is not valid. As shown in

Figure (2. 2.1a) the dotted lines represent the behavior according to
Raoult's law. The solid lines represent the typical behavior of

hydrocarbons at which the K-values approaches unity when the pressure

approaches PC.

The Natural Gas ProducersiSupplier Association (NGPSA) of
Tulsa, Oklahoma published a set of charts for twelve hydrocarbons
plus nitrogen in its 1966 Engineering Data Book. The K-values are
presented as a function of temperature, pressure and convergence

pressure.
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Hadden and Grayson gave a set of diagrams in 1964 (41) for
more accurate d etermination of convergence pressure, Two
nomographs for different temperature ranges are given, One of
them goes down to -260°F. The convergence pressure can also be
used to correlate binary and multicomponent data to evaluate the
critical pressure and critical temperature of mixtures. This is

’lustrated in Figure 2.2, 1b,for a binary mixture,

The convergence method is relatively convenient to use and
yields generally acceptable results at pressures less than 80% of
the convergence pressure, Its disadvantages are the difficulty
of preparing the necessary charts and the uncertainties involved in
estimating the convergence pressure, Considerable personal judgement
is involved, with the result that different workers obtain different

solutions to the same problem.,

2.2.2 RKELLOGG CHARTS (42)

The Kellogg Charts were published in 1950, by the M. W,
Kellogg Company, 324 charts were included under the title ' Liquid-
Vapor Equilibria in Mixtures of Light Hydrocarbons, MWK Equilibrium
Constants, Polyco Data'., These charts were prepared in terms of
composition and MABP in degrees Fahrenheit. MABP stands for the
molar average boiling point, The construction of the charts is based

on the Benedict-Webb-Rubin (43)

equation of state. Twelve
hydrocarbons are included, namely, methane, ethane, ethylene,
propane, propylene, n-butane, i-butane, i-butylene, n-pentane,
i-pentane, n-hexane and n-heptane, These charts cover the temperature
range from -100°F to 400°F (MABP from -255°F to 180°F) and at 26

different pressures between atmospheric pressure up to 3600 psia.

It should be mentioned that this chart does not include nitrogen,
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2,2.3 LENOIR DIAGRAM

This also includes a set of diagrams and a nomograph, which

4
4) in 1960, K-values

were published by Canjander, Hipkin and Lenoir (
as a function of temperature at 10 psia are given in the diagrams.

Pressure correlation is given in terms of effective boiling point, which

is a composition-dependent parameter, This is included in the
nomograph, The method covers the temperature range 133 K to
466. 5 K.

(37)

A similar set of diagrams was also prepared by Lenoir
in 1958, for carbon dioxide in hydrocarbon systems, The non-ideality
caused by the presence of carbon dioxide in hydrocarbon systems

are covered, The temperature range is between -60°F to 100°F,

2.2.4 HAND METHOD FOR LIQUID-LIQUID SOLUBILITY CURVE

For a ternary system with one consolute and two immiscible

(45)

liquids, Hand found that with a distribution equation, all the
tie-lines can be converted to horizontal if the appropriate
composition units were selected. He proposed Equation (2.2, 4),

in which a, b and ¢ represent the mole or weight fractions of the
diluent, the solute and the solvent, respectively; K is an empirical

constant, and the subscripts denote liquid phases one and two

respectively.

= 2 (2.2, 4)

The use of Equation (2.2, 4) provides a method to predict the compositions

of all pairs of conjugate phases of a system if the isotherm and one
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tie-line are known. Good resuits were obtained for the system
acetic acid (a) - benzene (b) - water{c), when the correlation established

K = 9 for the system,

A
2.2.5 BLACK AND HARTWIG (£6) METHOD FOR 1LIQUID-IJIQUID

EQUILIBRIUM

This method was primarily intended to use molecular structure
to help correlate and predict distribution coefficients and solubilities
as a funcrion of the solvent distribution. It wasdesigned to develop
a model with the aid of a few equilibrium data for simple mixtures
of selected compounds. This model includes the definition of the
distribution coefficient Kj’ the extraction factor E , the solubility

function Kh’ the solvent distribution K and the basic quantity
S

K _.
T

A simple ternary system contains 3 components r, i and s, in
which r denotes the component which is more non-ideal with the solvent,
i refers to the component which distributes between the two phase,
and s denotes the solvent component., When the r-s binary is partially
miscible, the liquid phase r rich in r component is in equilibrium
with liquid phase s rich in s component. Then x will denote the
composition in the s phase and y denotes composition in the r phase,

The relationship with the parameters are given by

K. = yv./x. (2.2.52a)
J J/ J
= 2.2.
Kr yr/xr ( 5b)
- 2
K_ =y /%, (2.2.5¢)

5

A log-log plot of Kr’ Kb and Kj Vs Ks is shown in Figure (2.5)

(1-Vs)/(1 - %) (2.2.54d)



-12-

100

60

40

20

1.1.0

0.0.8

0.0.6

0.0.4

0.0.2

00

Figure 2.5 (a) 10

ppt

0.1 0.2 0.4 0.6
KS

Figure 2.5 (b)

Figure 2.5 (c)

Figure 2.5 Illustration of the Method by Black and Hartwig.

(2) Ternary liquid-liquid phase equilibrium for the
system (s)-(i)-(r).
(b) Log-log plot of K

1

1
(c) A plotof xj and y; vs Xg and yg

r,Kh,and K; vs Kg

1.0



- -13-

In this plot, r-s binary is partially miscible, Ks as well as Kr’
Kh and Kj approaches unity at the plait point. This condition is given
by Equations (2.2.5b) and (2.2.5d) as 1 - Ve approaches Y, and 1 - x_

approaches X .

In Figure (2.5), the limiting slopes of the curves at the
plait point are straight lines, Let a, b and ¢ be the values of the slopes.

Then the composition of the plait point is given by

- (a - ¢)
(xi)p. pt - (a - b)
S
(Xq) p.pt c -1
(Xr)p. ot 1- (xi)p.pt - (x) b.pt

At any fixed value of Ks’ the quantities Kr’ Kh

necessary and sufficient information for calculating complete ternary

and Ki provide the

liquid-liquid equilibria. A detailed discussion of this method will be

given in Chapter 4,

2.3 PREDICTION METHODS BASED ON SOLUTION THEORY

When two or more liquids mixed together to form a solution,
the most natural way is to postulate a model for solutions so that the
properties of the mixture can be established fromthe properties of
the pure liquids. Present theoretical knowledge has not yet reached
a stage of development where this can be done with any degree of
generality, although the solution theory may be considered as the
only rigorous way to solve the problem so far. Among the many

models, either in macroscopic or microscopic approaches, it is only
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intended to review a few in this work, namely, the regular solution

theory, the athermal mixing theory, and the theory of group interactions.

2,3.1 SCATCHARD-HILDEBRAND'S EQUATION - REGULAR SOLUTION
THEORY (47)

(48)

For some solutions , the excess entropy and the excess volume
of mixing can be neglected. Hildebrand (48) found that several solutions
of iodine behaved substantially in agreement with these simplified
assumptions. And he defined a regular solution based on these two

conditions, that is, when

E
AS =0 (2.3.1a)

E
AV =0 i (2.3.1Db)
the solution is called a régular solution.

Scatchard and Hildebrand (47) assumed that for molecules
whose forces of attraction are due primarily to dispersion forces there

is a simple relation between the cohesive-energy densities, Cll’ C22
(49)

and C Introducing g , the solubility parameter of a pure liquid

12
as the positive square root of its cohesive-energy density, they arrived

at the expressions for activity coefficients for a binary regular solution:

RT In Y1

I

2 2
V192[61'62] (2.3.1c)

2 2
RT In Y vzel [61-62] (2.3.14)

where §; 8 are volume fractions and Vl’ V_ are liquid volumes for

2
component 1 and 2, respectively. The regular-solution equations give
a good semiquantitative representation of activity coefficients for
many solutions containing non-polar components, and they are used

as a basis for many prediction methods.
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2.3.2 FLORY-HUGGIN'S EQUATION - ATHERMAL MIXING THEORY

The Gibbs energy of mixing consists of an enthalpy term and
an entropy term. In the theory of regular solutions for molecules
of similar size it is assumed that the entropy term corresponds to
that for an ideal solution. However, when cm sidering solutions of
molecules of very different size, it has been found advantageous to
assume zero enthalpy of mixing. These solutions are called athermal

mixtures and this behavior is found in many polymer solutions,

Using the concept of a quasicrystalline lattice as a model for

a liquid, an expression for the entropy of mixing in an athermal

(50) (51)

solution was derived independently by Flory and by Huggins ,
based on statistical arguments, which is beyond the scope of this

work and is not discussed here,

Flory and Huggins have shown that if the non-crystalline polymer
and the solvent mix athermally, the change in Gibbs energy and

in entropy are given by the remarkably simple expression

M M

AG "~ _AS _
RT = R = xilnei (2.3.2a)

where g i is the volume fraction of component i,

2.3.3 THE THEORY OF GROUP INTERACTIONS

The early work on group contribution to solution properties

(105) al (121) (122)

is due to Pierotti , De The Analytical
(123)

and Wilson

Solution of Groups developed by Derr and Deal provides a flexible
means for representing excess free energy data, Renon and Prausnitz (124),

(125)

and Wiehe and Bagley adopted a molecular association model in

(126)

their studies of alkane-alcohol solutions, Lee, Greenkorn and Chao

developed a partition function for the description of the configurational
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properties of non-polar and polar chain molecules by considering

group interactions., This application has been successful in representing
a variety of thermodynamic properties of pure liquids and solutions,
including molar volume and heat of vaporization, excess enthalpies

and free energies. Later, Coleman, Greenkorn and Chao (127) expressed
the temperature dependence of the thermodynamic properties in terms

of a Taylor series expansion about the base temperature at which the
group property values are evaluated, However, the concept of

additive group contribution is found inapplicable to structures that

contain cross-linking or extensive branching,

APPLICATIONS OF REGULAR SOLUTION AND ATHERMAL MIXING
THEORIES

With the solution models established, many researches
have been carried out based on these models, Among the many

important contributions, the following will be briefly reviewed:

(1) Method of Chao and Seader (52)

(2) Correlation of Chang, Chappelearand Kobayashi (53)

(3) Correlation of Orentilicher and Prausnitz (54)

(55)

(4) Correlation of van Horn and Kobayashi

2.3.4 CHAO AND SEADER METHOD

(52)

According to Chao and Seader , the K-value is expressed

in terms of three factors:
Y. fe
i i,
= = .Y')
K, k B )( 1/@9i (2.3.3a)

1 X.
1
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where (f°iL/P) is the liquid fugacity coefficient of pure component i.
®¢; is the vapor phase fugacity coefficient of component i

Yi is the liquid activity coefficient of component i
. . . (56)
Following the three-parameter law of corresponding states of Pitzer ,

the (f°iL/P) term is expressed .s the following:

(1)

' w log (f°./P) (2.3.3D)

log (f°i/P) = log (fi"/P) (o
(o)

Both the quantities (f°i/P) and (f°i/P) (M) can be expressed in terms
of reduced temperature and reduced pressure:

. (o) _ 2
log (f i/P) = (A0 + Al/Tr + A2 Tr + A3 T,

3 2
T A
AT )+ (A +A T +A TP

4

6 T

2
+(A8+A Tr) Pr - log Pr (2.3.3¢)

9

log (f°./P) M 423893 + 8. 65806 T -1.22060/T_

3.15224 Tr3 - 0.025 (P_ - 0.06)

(2.3.34d)

The » term can be calculated from the Redlich-Kwong (62) equation of
state, For the evaluation of the Yi term, the Scatchard-Hildebrand
regular solution model is adopted. Heats of vaporization and liquid
molar volume are not being used for the evaluation of the solubilities,
instead experimental vapor-liquid equilibrium data are used. The
correlation is applied to the systems containing paraffins, olefins,
aromatics and naphthenes, At high temperature ranges, the correlation
is successinl but at lower temperature ranges, the correlation fails

(52)

quite badly
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2.3.5 CORRELATION OF ORENTILICHER AND PRAUSNITZ (54)

Solubility data for hydrogen in liquids at low temperature and

high pressure have been correlated by a relationship:

In (15 /x5 )= |+ A/RT (xf - 1) + Q; (P-Psi)/RT

(2. 3. 4a)

'f"l.
where o= timie 2 (2.3.4b)

Xz -0 xZ

A 2
ln\/l = RT *2 (2.3.4c¢)

# A 2
Inyl =pg (-1 (2.3.44d)

AL sk

=y, 4 x (2.3.4c)

Equations (2, 3.4c) and (2. 3. 4d) involve a simple solution model for

the evaluation of liquid activity coefficients, From Equation (2, 3, 4a),
Z /x2 against total pressure at
constant temperature should give a straight line for small values of

»~
a semilogarithmic plot of the ratio {

%5. Orentilicher and Prausnitz have evaluated the constant A and
the Henry's law constant ,ﬂz for the following solvents: A, CO, CH4,

NZ’ C2H6’ C3H8’ C3H6 and C6H14'

2.3.6 CORRELATION OF CHANG, CHAPPELEAR AND KOBAYASHI (53)

The correlation of K-values of methane in paraffinic and
aromatic solvents at low temperaturesand high pressures was suggested

by Chang, Chappelearand Kobayashi. The correlation is based on an
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equation similar to that of Chao and Seader. This equationis;
L

K, - - (—;T—-> (v )/ 4 (2.3.5a)

The vapor phase fugacity coefficient was evaluated from the Redlich-
(58) (59)

Kwong equation of state

The liquid phase activity coefficient is taken as the sum of
the athermal effect and the thermal effect. The athermal effect is

calculated by the Miller -Guggenheim (60) (61)

relation, and an
empirical expression is used for the thermal effect, The expression

for the thermal effect is:

lnylth = X0 (2.3. 5b)

where g > is volume fraction of component 2;

n is taken as 2. 6

X is determined through the expression:

° 8th., -n
X = [ln(chpl)-].n(fi/P)-lnvl Jo , (2.3.5¢)

The correlated results are in good agreement with the K-values
of methane, having a relative deviation of + 5%, except in the vicinity
of the critical point. However, the results are not so successful
for heavier components.

5
2.3.7 METHOD FOR HYDROCARBONS BY VAN HORN AND KOBAYASHI (55)

In 1968, van Horn and Kobayashi (55) used an approach similar
., (54
to that of Orentilicher and Prausmtz( ), to evaluate K-values for
hydrocarbons in paraffinic and aromatic solvents, The Scatchard-

Hildebrand equation is empirically modified for the calculation of liquid
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fugacity and the B-W-R cquation of state is used to calculate the vapor

phasc fugacitics, The generalized form of the corrclation is:

AL L.

[ P-P
In — A= 4 & N o (2.3. 6a)
o T T M7 RT S
here A = A +A_( 5 _)°
where T AT A7 0,
2
= B -
B = By+B, (6, -,)
C = C+GC,/Y,
vV ® = D +D.(T/6%)
1 1 2 / 2
The K-values are calculated by:
I Y
K, = (— /) ( —=— (2.3.6Db)
i x, P ) ( y. P T
1

Excellent agreement of K-values was obtained by van Horn
and Kobayashi. However, f[or heavier components, K-values at

infinite dilution, required in the calculation, are not always available,

2.4 PREDICTION METHODS BASED ON AN EQUATION OF STATE

The prediction of phase equilibrium nceds the information concerning
the quantitative relationship between temperature, pressure and
compositions. For the analysis of phase equilibrium, the equilibrium

distribution of some component i between two phases ¢ and 3, we have
K. = . (2.4.0a)

where | is the chemical potential,

In terms of fugacity, it will be:

(7

. = £ 7 (2.4.0Db)
i i
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To calculate fugacity, volumetric data must be available, and
preferably in the form of an equation of state, Some people consider
that the more complicated an equation of state is, and the more
constants it contains, the better representation it gives for volumetric
properties. This is only true for a pure component if plenty of
volumetric data are available to determine the constants with confidence
and if the equation is used only under those conditions of temperature
and pressure which were used to determine the constants, However,
for predicting the properties of mixtures from pure component data
alone, the more constants one has, the more mixing rules are
required. Since these rules are subject to uncertainty, it frequently
happens that a simple equation of state containing two or three constants
is better for predicting mixture properties, The Benedict-Webb-

Rubin (43) and the Redlich-Kwong (62) equations of state are typical
of these kinds and a review will be made here,

2.4.1 BENEDICT-WEBB-RUBIN EQUATION OF STATE (43)

The following equation:
C
P=RTp+(B RT -A =),
o o TZ

2
+(bRT -a) p°

6 1 3 2 2
+agagp +"—[Cp (1+4vy p)exp(-y p )'](2.4.13.)

7

was proposed by Benedict and co-workers in 1940

(43)

, in which A |
o

Bo’ Co’ a, b, ¢, ¢ and y are constants; and p is the density.

The equation was used to represent volumetric properties of
pure non-polar gases and liquids satisfactorily. In 1942 (63), this
(64)

equation was used for hydrocarbon mixtures, In 1951 , this equation

was used for the calculation of vapor-liquid equilibrium,



With cight constants, the B-W-R is a complex cquation and
thevefore 1s usually reduced in the form of charts, for the purposcs
ol practical application, The Kellogg chart discusscerd in Scetion

(2.2.2) is onc cxample. Another is the DePricster's Corrcelation,

4

DePriester (7 found that the fugacity functions fiL/P %
and P Y; /Il v related to pressure in linear or nearly linear relations.
Theretore the Kellogg charts are simplificd, Two sct of pressure-
femperature-composition (12,7, Go) chavis arve proparved,. Lo one
sci of charts, K-values arce shown as funclions of (}Li /¥ :»;i) and
(P yi/iiv), for temperature from -100°F to +400°F, and pressures
up to 1000 psia, K-values for twelve light hydrocarbons from methane to
n-heptane Are shown in 24 charts. In the other set of charts, a
generalized correlation is also presented in the form of two nomographs;
one [or the temperature range of -100°F to 70°F, and the other 20°F
to 400°F., The geuneralized correlation serves for preliminary
calculations, with average absolute deviation from experimental data

of 15. 0%, while the P.T.C. charts give 6. 4%.

The B-W-R equation has been applied to predict vapor-liquid

equilibria for the system nitrogen-carbon monoxide satisfactorily

(66) (67)

by Schiller and Canjar . However, for propane-carbon dioxide ,

(68)

nitrogen-methane and the systems of light hydrocarbons containing

(69)

hydrogen , the B-W-R prediction of K-values docs not yield

satisfactory results,

Some attemptis have been made to modify the B-W-R equation

in order to yicld better results for the prediction of K-values, Lin

(70)

and Naphtali adopted the following form

-~

2
- P - B} g ) 3
P=RT® +(BRT-A_ -C_/T") o" + (b RT -a) p

6 2
taap +[(Ce3 /T (14 vw ) exp (v o ) ]

(2. % 1b)



for the systems nitrogen-methane, methane-carbon dioxide, propane-

(68)

carbon dioxide and n-butane-carbon dioxide, Stotler and Benedict

made a change of the combining rule for A

2 2
Ao =x 1Ao1 + X, AO2 + 2,874 X, x, (2.4.1c¢)

and consider CO as temperature dependent, for the system nitrogen-

methane,

2.4, 2 REDLICH-KWONG EQUATION OF STATE

In 1949, Redlich and Kwong (43) proposed the equation

P = —L J—._ (2. 4.2a)

(v - D) T%v (v + b)

which can also be transformed into

2
1 A h
Z = 73.n - 7B <1+h) (2. 4.2D)
where
h = BP/z (2.4.2¢)
2.5 2 2.5
Al = q % ) 1* P P)=a/R T (2. 4.24d)
a C C
= T = b/RT 2.4,2
B o T /TP_ / ( e)
q, = 0.4278 (2.4.219)
Qy = 0. 0867 (2.4.2g)

When applied to mixtures,the following combining rules were suggested:

a = L ¥ x.X a_ (2.2.4h)
i J N R N

b = I x, b (2. 4.21)
1 1 1
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a,. =fa., a_, (2.4.23)

This equation of state has been chosen for correlation purposes and

(50)

has been modified for prediction purposes by many researchers
(53), (71), (73), (74), (77), (78), (131)

The following will be a short
review of some which are of interest concerning this work,

CORRELATION OF CHAO AND SEADER (52)

As discussed in Section (2. 3. 3), the vapor-phase fugacity
coefficient of component i, 5‘{ , is calculated from the Redlich-
Kwong equation of state,

CORRELATION OF WILSON (71

(71)

Wilson proposed a modification of the Redlich-Kwong

equation, In this modification while Qb is considered as 0. 0867 in

all conditions, 0 1is considered as a temperature-dependent parameter,
a

according to the relations:

1.5 1 1.5
aii/RTci = 4,934 [1 + k( T " 1)]Tri b.1
Il
. (2. 4. 2Kk)
a..=g..a.+(1-0.)a, (2.4.21)
1) 1] 11 1) 1)

where k and § . are temperature-independent parameters and T .
ij ri

is reduced temperature of component i, Two vapor pressure points

were necessary to determine the temperature dependence of Q, at

a certain temperature,

This was used to correlate vapor-liquid equilibrium data of

(72)

the system: nitrogen-methane and helium-hydrogen. Later , Wilson



proposed another relation that combined Equations ( 2. 4. 2k), (2. 4. 21). Good
results were obtained for the system hydrogen-nitrogen., However, for
some other systems, especially those containing heavier hydrocarbons,
good agreement with experimental data could not be attained.

CORRELATION OF CHANG, CHAPPELEAR AND KOBAYASHI (53)

As discussed in Section (2. 3. 5), the Redlich-Kwong equation of
state was used to evaluate the vapor phase fugacity coefficient, $ i
Upon the application of the R-K equation, the modification of Wilson (72)

was simplified to the relation:

1.5
a,; = ¥ (TC/T , W) bi RT (2.4.2m)
where )
1.5
F(T /T,w)=a/(b RT"")
¢ T
c
=4.934 [1+ (145 + 1L 62 w) ( T 1.0)}
0.12 (2.4, 2n)
(T_/T)
c
2 2 2.5
= /(R
or Ai ail/( T )
The constants for mixtures were given by:
2
A = X YiAi (2.4.20)
i
= 2
B z Yl Bi (2. 4, p)_

The description of the non-ideality of the heavier components in
the vapor phase by using the Redlich-Kwong Equation in this way may
be responsible for the failure of the method as discussed in Section

(2.3.5).



METHOD OF CHUEH AND PRAUSNITZ (73)

In 1968, Chueh and Prausnitz proposed a data reduction method
to obtain binary parameters from binary vapor-liquid equilibrium data;
and from these binary parameters, the phase behavior of multicomponent
system could be predicted, When two phases are in equilibrium, the

following relation holds:

. y.P = y.x f{ (2.4.2q)

The modified van Laar's model is used for the evaluation of the

constant-pressure activity coefficient, Y-
r

P v 2 Vo4
my. T ) - A ¢ 18 9 (2. 4. 219)
i 2 2
r
w (P7) 1o Ve2 2 Vg2
In v* s A(—=—)(0° -20¢_nB
2 chl AR 2 chl )
4 4 3
- = 2
(¢, -5 ¢ (2.4.27)
X2 v >
where cbz =—= (:-x - (2.4.2s)
1 cl 2 c2
]
- 2
A a22(1) vcl (2.4.2t1t)
B - (2. 4.2v)

M2 22201 Yo

The asterisk in Equation (2, 4.2 r ) indicates the adoption of the
asymmetric convention for the normalization of activity coefficients,
Subscript 1 refers to the condensable component, and subscript 2 to

the non-condensable one, is called the self-interaction constant

222(1)
and nZ(l) the dilation constant,

For the evaluation of the vapor-phase fugacity coefficient, @

the Redlich-Kwong equation of state was used, with a modified procedure.
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Instead of taking Q, and Q, as universal constants, as originally proposed

b
by Redlich and Kwong, they evaluated the parameters for each pure
substance by fitting the volumetric data of saturated vapor. The mixing

rules used were:

b= zyb (2.4.2V)
LR T
bi = =5 (2.4.2w)
cl
- 2.4.2
@ R FR AT ( x)
i
2 2
o, R°T 1'5
a, =—= < (2.4.27)
11 P .
Ccl
2.5
@ .+q OR Toii -
a, = —= 2l J (2.4.2z2)
B 2 P
cij
P - Zeij * Tei (2. 4, 22a)
cij v ..
cij
/
v . Y3 - 1/ v .1/3+ v .1/3) (2. 4. 2bb)
cij 2 ci cj
wi+w.
7 . = 0.291 - 0,08 (——2=>) (2. 4.2 cc)
cij 2
T .. =(T. T )@Q-k.) (2. 4.24d4)
cij cii cjj ij

The parameter k,, represents the deviation fromthe geometric mean
i
for T ... It is a constant characteristic of the i~j interaction, To
cij
a good approximation k,. is independent of temperature, density or
- 1

composition, and is estimated from experimental binary data,



- -28-

The Redlich-Kwong equation was used again, for the evaluation
of the partial molar volume, which was used for the calculation of
pressure dependence of the activity coefficients, The mixing rule
for V .. was:

cij
Vi =32 (v..+tv..) (2.4. 2 ee)

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

mixed solvent, corrrected to zero pressure,

To predict multicomponent vapor -liquid equilibria from the

determined binary constants, the following relations were used,

~ ~1,
Voo (2. 4. 2 £f)
i i .
where ?V = @V v. P (2.4.2gg)
i i i
(P.) (P)
AL, T ° r r.o—
- - v
f i Y, x; fi exp [(P - P") iL/(RT)]

(2. 4. 2hh)

This method generally gives rather good results in systems
containing non-polar components, But an empirical relation like the
van Laar's model cannot represent the activity coefficient of the
heavier component reliably even for non-polar substances because it
is directly evaluated from the vapor-liquid equilibrium compositions.
The equilibrium vapor composition of the heavier component is
small at low temperatures, and therefore is subject to much greater
experimental error, Therefore the activity coefficient evaluated based

on this vapor composition is bound to be erroneous.
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METHOD OF ZUDKEVITCH AND JOFFE (/%)

The Redlich-Kwong equation of state was used to evaluate
fugacity coefficients of a component, both in the liquid and the vapor

(71) (58) and Chueh and Prausnitz (73)

phases. The approach of Wilson
were modified, The modified approach evaluated both Qa and Qy

from experimental data. It was intended to evaluate Q, and Qy,
separately for the saturated liquid phase and the saturated vapor phase,

But it was found that negative values would result for the vapor phase,

Therefore the values of Qa and (., were established from the saturated

b
liquid properties, In the establishment of Q 0 Qy values, the
generalized correlation of Lyckman, Eckert and Prausnitz (75) for
fugacity coefficients was employed:
0 (1 ..
logp = (1ogcp)( )+w(log ) ) (2. 4. 21ii)

where, (log o) (o) and (log ®) (1)

are functions of the reduced
temperature, tabulated by Lyckman, Eckert and Prausnitz. Most
of the combining rules were retained, except that for the interaction

constant, a,. ., From . experimental vapor-liquid equilibrium
1)

data, the following relation was used:

0.5 ..
a,. = (1-C.)(a,a) (2. 4. 2jj)
ij 1) 1

The constant C,. represents the deviation from the standard Redlich-
1)
Kwong combining rules for a_.. It was assumed that C.. was

ij 1)
independent of the temperature, pressure, and composition of the system.

The drawback of this method is that the fundamental condition,
~V ~L

Q. = O . would not be satisfied, To avoid this, a method was
i i
. 76 .
proposed by Joffe, Schroeder and Zudkevitch ( ). This method was
(132) (77)

similar to that proposed by Lu et al. , and Chang and Lu
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in the calculation of partial molar volumes of liquid mixtures, In

. " ~V ~ L
this method, the condition of @ i 5@y is imposed on the vapor-

liquid equilibrium. With the derived working equation:

In [(V_-b)/(V] -B)]-P(V_ -V )/RT ]

0y =0, [
b 3/2
(T/T TIn [V (V +b)/V, (V4 D)]
(2. 4. 2KkK)

a simultaneous solution with the Redlich-Kwong equation would yield
the values of Qg and Qy, at temperatures below the critical point,

But Equation (2. 4. 2 kk) becomes indeterminate at the critical point,

(74)

and therefore the previous method has to be used at that condition.

Of course, at conditions above the critical point, the temperature

dependence of the O, and Qb values were not taken care of.

(132) (77)

METHODS OF LU ET AL, , CHANG AND LU

AND Lu (78

, AND HSI

The Redlich-Kwong equation of state with a modified procedure
was used to predict liquid partial molar volumes, The parameters
Qa and Qb were treated as temperature-dependent. Values of these
parameters were evaluated as a function of temperature by using
vapor pressures and saturated liquid densities of the pure components.
It was shown that this modification did give a considerable improvement

for the representation of the behavior of pure liquids at high pressures.

Partial molar volumes of six binary systems methane-ethane,
methane-propane, ethane-propane, nitrogen-oxygen, nitrogen-argon
and argon-oxygen were studied and satisfactory results were obtained.
The differences between the calculated and experimental Vi values

are generzlly less than 0,2%. The success in the volumetric properties
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of normal fluid mixtures by employing the modified Redlich-Kwong
equation of state initiates some further applications for the prediction
of other thermodynamic properties such as vapor-liquid equilibrium

or excess thermodynamic properties of mixing, etc,

Hsi and Lu (78)

further modified this procedure, by evaluating
the Qg qb parameters as a function of temperature in the supercritical
state. The values of Q, and Oy for a supercritical component were
evaluated by means of existing properties of binary mixtures. It

was assumed that these values were unique for the component concerned,
Therefore, the Qa and Qb values of a supercritical component A
obtained from the properties of the A-B binary could be used for
predicting properties for the A-C, A-D etc,.. pairs, The solubility

of methane in n-hexane, cyclohexane, benzene and carbon tetrachloride
were predicted and were found in satisfactorir agreement with

experimental data of Lannung and Gjaldback (79).

Total pressures and
vapor compositions were also predicted for the systems methane-n-
pentane, methane-n-hexane, methane-n-heptane, methane-ethane-
propane and methane-propane-n-pentane, and were found in

satisfactory agreement with available data in the literature,

MODIFICATION OF THE REDLICH-KWONG EQUATION OF STATE BY

SOAVE
(130)

Soave proposed a modification of the Redlich-Kwong equation

of state by replacing the constant a by a more general temperature

dependent term, a(T), such that
a. (T) = a.. a. (T) (2.4.211)

where ¢. (T) is an adimensional factor which becomes unity at T = Tci'
gV

5 0.5 . . .
It was found that in a plot of aiO, vs Tri , straight lines were obtained,
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Hence the following relationship was proposed for the evaluation of a,

for pure substances:

0.5 0,
a. =1l+m (1+ T, 5) (2. 4. 2 mm)
1 1 rl

m, = 0.480 +1.574 w; - 0.176‘.0:_1Z (2. 4. 2nn)

where w, was the acentric factor of the substance. It was also claimed
that this modification produced good results for the methane-n-butane
mixtureup to the critical region. However it was found that the computed
vapor pressures showed slightly S-shape deviations and that greater

deviations were found for mixtures containing hydrogen.

2.5 CALCULATION OF CRITICAL LOCUS

The theory of critical state of mixtures was well established by

the work of Gibbs (12)

in 1928, Since that time only limited attempts

have been made to obtain quantitative predictions of the critical state
from the rigorous thermodynamic relations that define the critical

state of mixtures., Empirical correlations for either the critical
temperature or the critical pressure of mixtures were applied to
mixtures usually restricted to paraffins or light hydrocarbons, Recently,
efforts have been made to use an equation of state for the prediction

of critical locus. A few correlation and prediction methods will be

discussed here.

2.5.1 THE METHOD OF CONVERGENCE PRESSURE

As discussed in Section (2. 2,1), the method of convergence

pressure serves as a correlation method of calculating critical

. . 28
properties for binary mixtures and multicomponent mixtures (A ),
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2,5,2 CORRELATION OF MAYFIELD (80)

The additive law was adopted by Mayfield to correlate critical
temperature and pressure of a binary mixture, He found that the Tc
of a binary mixture could be quite well predicted from the pure component
properties if TC was expressed in terms of volume fractions, The

working equation was:

- L %H
Tem = Ten (100 ) T (oo ) (2.5.22)

For the correlation of P he proposed a relation, which is :

%L
= - P - —— -
PCD PCM CH 100 (PCL I-)CH) (2.5.2D)
where P was the deviation of the critical pressure fromthe values

CD
of the additive law, It was found that all these deviations passed through

a maximum value which fell near the point of 50% volume fraction,

A common plot was established for PCD/PCD max. based on the

hydrocarbon data, The author was aware of some limitations of this
correlation, that the method was applicable to binary paraffin hydrocarbon

systems, and that the method for PC was not recommended for

branched paraffins, olefins or cyclic compounds.

(81) FOR P_, AND

2.5.3 CORRELATION OF GRIEVES AND THODOS C

pe OF MIXTURES

Grieves and Thodos found that the relationship of the critical
pressure of the mixture to that of its pure components could be
described by the relationship of the vapor pressure behavior of the
mixture compared with that of its pure components, It was also

found that the same could be applied to the critical density, Plots



b

!
compositions for binary systems, The two ratios PC/P c and
!
pC/pC are ratios of actual critical pressure to pseudocritical

! 1 !
of PC/PC and pC/pC against T b /T, were constructed at constant

pressure (molar average), and actual critical density to the reciprocal

of the molar average of the critical molar volumes of the pure components,
The dimensionless parameter T'b /Tb was chosen t'o represent the
differences in the properties of the components, T b was the molar
average of the normal boiling points of the two components, and Ty

was the boiling point of the mixture at atmospheric pressure calculated
from the following equation by a trial-and-error procedure:

7= 14,7 = Plx1 + PZXZ (2.5.3a)

The correlation was mainly derived for hydrocarbon mixtures, and
different charts were established for "non-methane systems' and for
"methane systems!', This method was also applicable to multicomponent
systems, For example, for a quaternay system, the two heaviest
component was first considered; then the property of the mixture

was combinedwith a third component to form a binary mixture, and

so on until the last component was considered, The expected error

was claimed to be 2%,

2.5.4 METHOD OF HISSONG AND KAY (82)

In 1970, Hissong and Kay used the Redlich-Kwong equation of

state for the prediction of T, and PC for binary mixtures, and used

C
Dieterici equation for VC. This method put its attention in the evaluation
of the interaction parameters 2, and blZ' a5 and blZ were evaluated

by an optimization technique from experimental critical property data,

Comparing the results of using these a5 and blZ with the results from

a5 and b17 calculated by combining rules from the values of a and b
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for the pure components, this method yielded better results. Twenty-one
binary systems composed of mixtures of paraffinic, naphthenic and
aromatic hydrocarbons have been tested, A correlation curve for
reduced interaction parameters alZ:I: and one for blZ* were presented.

But in this method, experimental critical data are needed for the
evaluation of the interaction parameters and hence it is considered

as a method of correlation.

2.5:5 THE METHOD OF PAK AND KAY (83)

Pak and Kay calculated critical properties of binary hydrocarbon
mixtures in two different ways, The Redlich-Kwong equation of

state and the Redlich-Ngo equation of state were used separately,

g2
and results were compared, The approach of Hissong and Kay (82)

was adopted. Interaction parameters a5 and b12 were evaluated

by best fit from experimental data of critical properties. In this

approach, the best fit for 3, and b12 is based on P, and TC values

of the mixture, A weighing factor ¢ was used when the minimizing

factor F was calculated according to the equation

¥F = PD+‘1TD (2.5.5a)

where PD and TD are the differences of the calculated and experimental

PC and TC values.
1f experimental data of T | and PC were not available. Pak

C

and Kay presented a correlation method to evaluate the interaction

parameters a__ and blZ' In that correlation, the size, siructure and

12
chemical nature of the components were also considered. The correlations

are listed below:



With the Redlich-Kwong Equation, the correlations for 34 aliphatic systems

are;
*
a ., = 1,024862 - 0,323559 VR + 0. 019509 MRVR + 0.314712 ZR
(2.5.5Db)
sk
b = 0,650971 + 0,373944 P (2.5.5¢)

12 R

With the Redlich-KwongEquation, the correlations for 30 cyclic

systems are:

Al

a 12 = 1,270310 - 0, 045239 MRVR - 0,214428 TR (2.5,54d)
%
= - 2 - W
b 12 0.981005 - 0, 051121 MRVR + 0,079274 VR 0. 0141091 R
(2.5.5e€)

With the Redlich-Ngo Equation, the correlations for 24 aliphatic

systems are:

e

a 12 = 1,060929 - 0.405490 MR - 0. 366815 TR (2.5.51)

% 2
= 480 20709 P -

b 12 0,092480 + 0,720709 R + 0, 762800 ZR 0, 045713 VR

(2.5.5¢g)

With the Redlich-Ngo Equation, the correlations for 20 cyclic systems

are:
% 2 2 2
a 12 " 0.27116 + 0, 039951 MR -1,047819 TBR + 0,002928 w R
(2.5.5h)
- 0,472000 TR +2.432344 T B - 0.170396 VR
% 2
b 12 = 0. 861850 - 0,106540 MR - 0,033744 MR VR + 0,2279552 ZR

(2.5.51)
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MR is the molecular weight ratio, ml/mz, m, * m,,

T_ is the critical temperature ratio, T 1/T
c

R c2'’

V, is the critical volume ratio, V 1/V
c

R c2’

Z_ is the critical compressibility ratio, Z l/Z
c

R c2’

is th ) )
w ¢ is the acentric factor ratio, u)l/uJ‘2 ,

and TBR is the normal boiling point ratio, TBI/TBZ'

2.5.6 METHOD OF LIMITING SLOPES BY REDLICH AND KISTER (84)

In 1962, Redlich and Kister derived two expressions from the
condition of a critical point for a binary mixture, The derivation was
thermodynamically rigorous, and the equation were expressed in

terms of volumetric data,

v 2 ) 2
i (é___%_) dv _<£_> <_aa...V_> _ RT
ayl v, T oYy v, T 4} y» T A YZ
(2.5. 62)
Vo33 p 3°%p v
| G5 avez(=)  (H0)
» 3y T 1 3y, T ot ! p,T
2 P 3% v
5 () (57) (=)
3V eV Jgp N3V Jp, T /v, Nay Jp.T
_ Ty v, ) (2. 5. 6b)
(YlYZ)

From these equations, it can be shown that the limiting slopes of the

T . and PC curves are represented by

C
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2 2
ap P
' (YI_YZ)(B’H)V T/RT _(a" BYI)T
33) = —— (2. 5. 6¢)
1°C (3 P/a'I‘aV),Y
dP | - (22 - a1 2.5. 64
S () () (25 wse

Hence interpolation of the critical temperature and pressure between
the critical points of the pure components can be performed based on
these two equations. The limiting slopes at the critical points of the

pure components for critical temperature and pressure are given by:

p, = lim (‘;P ) (2.5. 6e)
yl‘—'l N17c

p, = lm ( SP > (2.5. 61)
yy = 0 N1 ¢

t, = lim ( ‘;T ) (2.5.6g)
Y, = 1 Y C

¢, = lm (—‘—id—T—) (2.5. 61)
yl =0 "1 C

And these values can be obtained from Equations (2, 5,6 ¢) and (2. 5. 6 d).

An interpol ation function for critical pressure was proposed
as the following:

(Poy - Pz = P) Py - Py - Py, v,

P. = vyv. P  +y P
@ 1 Cl 2 C2 (P (P -P

c1-Fcz2 " P)M c1” Fc2 "B Y,

(2.5.61)
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The same function was applied for critical temperature interpolation,

with the pressure terms replaced by temperature terms.

An equation of state was needed for the evaluation of the
necessary terms, and the Redlich-Kwong equation of state was used,

The combining rules used were:

1,25 0.5
0.5 .25, 0.5 2 Y)
= 5
a 0.6541R (y, T, /Py~ +y, T, cz
(2.5.6]))
b = 0.0867R (y, To, /Pe,+v, T, /Pg, ) (2.5. 6k)

The critical volumes of the pure components were given by:

Vgy = by 0.260 (2.5.61)

Ve, = b,/0.260 (2. 5. 6m)

The method was demonstrated for the systems containing paraffins,

2.5.7 THE METHOD OF SPEAR, ROBINSON AND CHAO (85)

The Redlich-Kwong equation of state was used to calculate
critical properties, The following combining rules were used:

2 2
an X + 2 a12 x1 XZ + b22 X (2.5.7a)

2 2
2.5,
by ¥ +2by, X X, b, X, (2.5.7D)

a

fi

b

t

The interaction parameters 215 and b12 were related to the pure

component properties by the relations:

alZ = e/all aZZ (2.5.7 ¢)



by, = d>}bnbzz (2.5.74d)

where gand (b were treated as empirical parameters, Empirical
adjustment was made on gwith the intention to improve the calculation
of critical pressure. It was found that with the adjustment, an
average error for critical pressure was 5, 3%, among the 38 binary
systems investigated, in which the following mixtures were included:
paraffin-paraffin, paraffin-non paraffin hydrocarbon, hydrocarbon-non
hydrocarbon and nonhydrocarbon-non hydrocarbon mixtures,

Certainly improvement was obtained when compared with g =1
and (b = (—Zi%) » which was the case as Redlich-Kwong originally

172

adopted when they treated a,,asa geometric average and blZ as an

arithmetic average of the pure parameters, °

2,.5.8 METHOD OF CHUEH AND PRAUSNITZ (86)

A correlation was proposed to express critical temperature

of 2 mixture as a quadratic function of the surface fraction gdefined

by:
xi Vci 2/3
e i = 2/3 (2. 5. Sa)
v x, V.,
1 ci

For a binary mixture,

T. =96,T . . +6, T +Zelez*r (2.5.8Db)

C 1 Cl 2 C2 12

where T __ was a parameter characteristic of the 1-2 interaction.

12

A similar expression was used for the correlation of critical

volume,

V. =8V

2 A%
C c1+ezvcz+ 6,6 (2.5.8¢)

2 12
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As for the critical pressure, the correlations of critical
temperature and critical volume were coupled with the Redlich-Kwong

equation of state with modifications,

The combining rules (2, 4,2v), (2.4.2w), (2.4.2x) (2.4.2vy)
and (2.4.2dd) were used. Also, the following combining rule was

ured:

1.5
1 , RT '
. . (it Q) RTgyy — Vg 7 V) (2.5.84)
ij 0,291 - 0, 04 (wi+wj) o

In these expressions, the following relationships were used:

2
= 0.0867 - 0,0125 ¢, + O, :
Q,, = 0.0867 - 0,0125 5, +0.01 w3 (2.5. 8e)
RT,.
0 Ci Pei Vei Ve t8)
ai “\Vo. -b, ~Fci ) z (2.5.81)
ci " P (RT_,)

where w, is the acentric factor of the pure components,

2.5.9 METHOD OF JOFFE AND ZUDKEVITCH (87)

(84)

The rigorously derived expressions of Redlich and Kister
for the existence of the critical state of a binary mixture was adopted,
Instead of using the limiting slopes calculation, Joffe and Zudkevitch
proposed a prediction method by solving simultaneously those two

expressions with an equation of state,yielding the values of TC’ VC

and PC of a binary mixture, The Redlich-Kwong equation was used,

and the combining rules (2. 5. 7a) and (2. 5. 7b) were used,

The interaction parameters a5 and blZ were evaluated from

the following procedures:



(1) The pseudocritical temperature and pressure values of Pitzer
(88)
and Hultgren were dt :
g reused to evaluate TC12 and PC12 by:
2.5 2.5
T =
Cm /PCm ? ;Z' LERE TCIJ /PCij (2.5.92)
T P -
Cm/ Cm Z 2 Y; Y. YC1_)/ Cij (2.5.9D)
2 Th 1 i
(2) e evaluated values of TCIZ and PClZ wereused to establish
a, and b12 by
2 2.5
. = 0,4278 R . . 5.
aiJ 78 TC1j /PCij (2.5.9¢)
= R
bij 0, 0867 TCij/PCij (2.4.94)

The critical loci for the systems carbon dioxide - n-butane,
and carbon dioxide-ethane were studied, Improvement was achieved
comparing with the results obtained by the limiting slopes method

of Redlich and Kister (84),

A short-cut method was also used to calculate critical loci
of binary systems as well as multicomponent systems, This short-cut

method was a modification of the limiting slopes method of Redlich

(89)

and Kister. They adopted the relation of Sutton for the correlation

of PC and TC

2 2
P.=P + P, Y , Y Y,/[A+ By -y,) +Cly; -v,)7]

2
c "c1¥
(2.5.9¢€)

2 2 2
D+ E (y. - i}
c a1 *Tcz Y2t v,/ 1 (yy = ¥,) + F (y) - v,)7]

(2.5.9f1)
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From these expressions, it followed that,

dpP _
(_d_;.) —ZPCI-I/[A+B+C] (2.5.9¢g)
1 y1=1

(-— ) ==2 P, +1/[A - B +C] (2.5.9h)
y, =0

Given one reliable value of the critical pressure at one composition
and the values of the terminal slopes, the equations (2.5.9¢€) (2.5.9 g)
and (2,5, 9h) were solved simultaneously for the three constants A,

B and C. Hence the critical pressures for the whole composition
range could be evaluated from this set of constants A, B and C. The
same could be done for critical temperatures by evaluating D, E and

F,

In 1969, Zudkevitch et al 190) used another modification
of Redlich-Kwong equation of state for the calculation of critical
locus, In this procedure, the parameters O'a. and Qb were considered
as temperature-dependent parameters, and were evaluated with
saturated liquid density data of pure components, The combining

rules used were:

a (2. 4. 2x)

n
™
™
o
w
©

b = vx. b (2.4.2vV)

1 i
h .= (1=-C.. ’ a. a, (2. 4. 233)
where aiJ ( 13) i % iJ

The parameter Ci' was evaluated by best fitting of vapor-

liquid equilibrium data,
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This modification has achieved improvement on the calculation
of critical loci of binary mixtures, However, at temperatures above
the critical temperature of a pure component the critical values of
Qa and Q, are used, In the calculation of critical locus of a binary
mixture, most of the time it occurs that the locus goes in between the
two critical temperatures of the pure components, Thus the critical
temperature of a mixture is often higher than the critical temperature
of one of the pure components, If the critical values of Q, and Qy,
are used all the time for this component, the idea of temperature-
dependence of the Qa.' Qb values is sacrificed partially. If the practice
of considering Q, and Qy @s temperature-dependent is successful,
it would be logical to consider that better results could be obtained
if Qg and Q, are also considered temperature-dependent at temperatures
above the critical values, This modification has been adopted in this

research and will be discussed later in Chapter Four.
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CHAPTER 3

EXPERIMENTAL INVESTIGATION OF PHASE BEHAVIOR OF

SYSTEMS CONTAINING NITROGEN , METHANE,
ETHANE AND PROPANE

The phase behavior of mixtures containing nitrogen and propane
has been reported only partially, and it is desirable to investigate
experimentally, as has been discussed in Chapter 1. A preliminary
study about the liquid phase inversion, the partial miscibility, the
vapor-liquid equilibrium, and the critical region of these mixtures
has been made, and a scheme has been designed to investigate
experimentally the vapor-liquid equilibrium, and partial miscibility
of the liquid phase for the binary and ternary systems containing
nitrogen, methane and propane, at 114,05, 118,32 and 122,24 K. Liquid
phase inversions of the systems nitrogen-ethane and nitrogen-methane-
ethane occur at lower temperatures and has been experimentally
investigated separately. According to the scheme, the critical loci
of these mixtures are to be investigated through the study of
prediction methods, The details of the experimental investigation

will be discussed in the following sections,

3.1 APPARATUS

A forced-recirculation type apparatus was used in this
investigation, The vapor phase was recirculated past a closed loop
and through the liquid phase until the two phases reached equilibrium,.
The whole apparatus included the feeding system, the equilibrium
cell, the recirculation loop, the sampling system, the analysis
apparatus, the cryostat, the temperature and pressure measurement
devices, and the temperature-controlling system. The experimental
apparatus is shown in Figure (3.1a), and a schematic flow diagram

is shown in Figure (3,1b).
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i

The Exper.mental Apparatus

Figure 3.la
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THE FEEDING DEVICE

Two vacuum pumps were connected to the main feeding line,
A calibrated pressure gage, three tanks of pure gases, and three
empty mixing-tanks were also parallelly connected, One of the
vacuum pump was a Welch '"dual-seal" vacuum pump for lower
vacuum, and the other was another Welch '""dual-seal' pump
equipped with a diffusion pump, for high vacuum. The three tanks
of pure gases were equipped with individual pressure regulators,
The three mixing-tanks, one of 2-litre and two of 300-ml capacity,

were used for the preparation of the feeding gas mixtures.

THE EQUILIBRIUM CELL

The equilibrium cell was made of 2 100-ml Jerguson transparent
gauge, The body was made of stainless steel, and was able to
stand a pressure of 3000 psia at 100°F, It was tested that it could
stand better than 1000 psia at cryogenic temperatures, Its visible
glasses were both 6-2 inches long and linch wide. Al fittings
were made of stainless steel and were tested to be able to stand
pressures greater than 1000 psia, The details of the equilibrium cell
are shown in Figure (3,2), and a schematic diagram of the equilibrium

cell and the cryostat is shown in Figure (3.3 ) .

THE RECIRCULATION LOOP

The recirculation of the vapor phase was produced by the
action of an electromagnetic pump. The circuit is shown in
Appendix B, It contains three sections: the power supply section,
the timing control section and the pumping section, The major part
of the circuit is similar to that of a Flip-Flop circuit to produce a

square wave-output, The action of the yump is within the range of
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1. 5 millisecond to 1 second per cycle, and can be adjusted through
a variable resistance. A portion of the recirculation loop was

in the form of a short coil, This portion was installed before the

entrance into the equilibrium cell at its bottom. This part would

bring the recirculating vapor phase to system temperature before

it entered into the equilibrium cell,

THE SAMPLING SYSTEM

Vapor and liquid phases were sampled separately. In the
case of two liquid phases in equilibrium with a vapor phase, all
three phases were sampled separately. The vapor phase was
entrapped in a sampling bulb of 2 cc capacity connected along the
recirculating loop, Three more sampling bulbs were connected
separately to three sampling tubes, which were made of 1/16"
stainless steel tubing and installed in the equilibrium cell in such
a way so that liquid samples at three different positions could be
withdrawn, Evacuation facilities were connected to the sampling
lines and a vacuum of 10_3 mm Hg could be ensured before a sample
was taken, DBetween the equilibrium cell and the sampling bulbs,
needle valves were installed so that only small samples were taken

for analysis all the time,

THE CRYOSTAT

A Dewar flask of 18 - litre capacity was used as the cryostat,
The Dewar flask was specially made such that there were two
transparent strips on opposite sides to allow visibility within the
equilibrium cell. Isopentane was used as the bath fluid, and at
temperatures lower than 110 K, a mixture of isopentane and propane
was used as the bath fluid, Two high power Hi Torque stirrers supplied

by Cole-Palmer Company was used to ensure well mixing of the bath

fluid. Two heating elements, one of 200 watts was used as a constant



heater: the other, of 100 watls, was connecicd to a

temperature controller, to rcegulate the cryostat temperaturc to

4 0.03 K. The Thermotrol temperature controller, model 1053, was
supplicd by Hallikainen Instruments Company. The ceontroller was
capable ol operatimg by anyone of the three mnoden: On-OIf,
Proportional or Proportional with Rescetl, The controlicr was sct

in the ""Proportion with Resct!' mode, in conncction with a resistance
lype sensing clement, The cryostat was cquipped with two
refrigeration coils, Liquid nitrogen was fed into the reflrigeration
coils, passed into a buffer tank and was vented into atmosphere

under controlled rates to give desired degree of refrigeration,

THE ANALYSIS FACILITIES

The samples were analyzed with a gas chromatographr model
GC 200/DIT supplied by the Micro-Tek Instruments Inc,, in con-
junction with a Laboratory Recorder, also supplied by the Micro-
Tek Instruments Corporation, The details of sample analysis will

be discussed later in this chapter.

THE PRESSURE AND TEMPERATURE MEASURING DEVICES

Three calibrated pressure gages supplied by Heise Bourdon
Tube Co. Inc,, were used. They cover pressure ranges of 200,
500 and 1000 psia, with 0.2, 0.5 and 1 psia subdivisions, respectively.
Each had been checked with a dead-weight gage, At lower pressure range
a mercury manometer was used to measure the system pressure,
to+ 0.5 mm Hg. The temperature of the system was measured
by two protected-type copper-constantan thermocouples, installed
in the equilibrium cell. One thermocouple was located at the upper

part of the equilibrium cell, the other was located at the lower part,
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meant to measure the temperature of the vapor and liquid phases
respectively, Measurements were made with a Leeds and Northrup
K-3 potentiometer and a Tinsley SRI galvanometer. The uncertainties
involved in the pressure and temperature measurements are believed
to be + 1 psi and 0. 05 K respectively, The details of error analysis

will be discussed later in this Chapter.

3.2 EXPERIMENTAL PROCEDURES

The apparatus was evacuated to lower than 10_2 mm Hg for
over 24 hours, at room temperature, The equilibrium cell was
then immersed into the cryostat, which was filled with isopentane,
The cryostat was well insulated, and the top of the Dewar flask was
appropriately covered, for the purpose of insulation and for the
purpose of preventing evaporation of isopentane at the beginning
of an experiment when the cryostat was under room temperature,
Nitrogen gas under a pressure of 10 psig was used to force liquid
nitrogen into the cooling coils of the cryostat, and the temperature
of the system was lowered graduately as the liquid nitrogen evaporated,
The rate of evaporation of the liquid nitrogen was controlled in
the buffer tank. The control was manipulated by a valve, and the

rate was indicated by a mercury manometer installed with a venturi,

About 4 to 6 hours were needed to bring the temperature
of the cryostat to the operation temperature of this work, approximately
to 115 K. The system temperature was checked from time to time by
taking readings on the potentiometer., When it was indicated that
the temperature was within a few degrees of the desired temperature,
the temperature controller was turned on, The pure gases were
charged into the equilibrium cell one at a time, with the heavy
component first and the light component last. As the saturation
préssure was reached, liquified gas would be obtained in the

equilibriumr cell, It was always arranged that approximately 50% of
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the equilibrium cell was filled with liquid, When the desired
temperature was reached indicated by the controller and by the
thermocouple measurements, the electromagnetic pump was activated
and the vapor phase was withdrawn from the cell, The vapor phase
was passed through the vapor sampling tube, the volume regulator,
the electromagnetic pump, the coil passage and was returned to the
equilibrium cell bubbling through the liquid phase, The temperature
of the vapor phase was raised in the path outside of the cryostat,

but it was brought back to the system temperature in the coiling
passage before returning to the equilibrium cell, From repeated
experimentation, it was established that 4 hours of continuous
recirculation was long enough for the establishment of equilibrium,

If two liquid phases were in equilibrium with the vapor phase, two
extra hours were allowed for recirculation, One hour was allowed
for the phases to settle a;[ter the recirculation had been stopped,

The vapor sample was entrapped in the vapor-sampling tube and
could be analyzed at the end of a run, Sampling of a liquid phase was
carried out by manipulating the needle valve which allowed the sample
to be sucked into the evacuated sampling tube, A smaller amount
was first sampled and discarded and was used to purge the sampling
tube and the connecting line, Then about 5 to 10 minutes were
allowed to take another sample, The sampling tubes were warmed
by hot air streams to ensure well mixing of the gases inside prior

to analysis, If the system pressure dropped slightly due to sampling,
the hand-operated volume regulator was used to maintain the system

pressure,

The complete time required for one experimental point was
approximately 7 hours, including the preparation of gas mixtures
and the analysis of samples., In the case of vapor-liquid-liquid

equilibrium, an extra 2-lhours were required, To prepare the apnzratus



for a new system, 2 days were required, including the procedure

of establishing the desired temperature for operation,

The operations of temperature controlling and sample
analysis were comparatively more complicated than the other
operations and both will be discussed separately in the lollowing

sections,

THE CONTROL OF TEMPERATURE

As described on page 52, the temperature of the cryostat was
controlled by a Thermotrol temperature controller, model 1053, supplied

by Hallikainen Instruments Company in conjunction with a sensing

element which was a resistence thermometer type, model 1358-As3
and was also supplied by the same company. The Thermotrol was
capable to working in either of the three modes: On-0Off, Proportional,
or Proportional with Reset, A complete description of the operation
was given by the instrumental manual, which was closely followed
to obtain maximum performance of the instrument, The On-Off
mode was used to search the desired operation temperature, The
Proportional mode was used to adjust the '"gain' to maximum value
possible without producing "hunting', which was indicated by the
larger fluctuation of the time cycle modulation of heat output. The
function of Reset was to reduce proportional offset to 1% of its value,
When a desired temperature had been established, the Thermotrol

was operated under the ""Proportional with Reset' mode.

METHOD OF ANALYSIS

Analyses of samples were carried out by gas chromatography.
A Micro-Tek gas chromatograph, model GC 200/DIT supplied by

the Micro-Tek Instruments Inc,, was used in conjunction with a
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Micro-Tek Laboratory Recorder, The gas chromatograph was
operated with a 4-[filament hot wire thermal conductivity detector
under the condition of 200°C and 200 ma of current, A 4-ft. long
and in, diameter column packed with Porapak  of 80-100 mczh in
an oven of 65°C was usced, together with hellum as the carricer gas
ac a rate of 85 cc per minute al 60 psig pressure, A 7-port
sampling valve with a 0. 5 ml sampling loop supplied by Micro-Tek
Instruments Inc, , was operated in an oven controlled at 35°C.  The
gas chromatograph was operated in conjunction with a Westronic
Rcecorder, of one millivolt span, supplied also by the Micro-Tek

Instruments Inc.

As shown in the schematic diagram in Figure (3, 4). the
sampling manifold was built of £" O. D, stainless steel tubings and
Autoclave high pressure valves., The unit consisted of the sampling
tube S, a precision pressure gage P, the gas chromatograph G,

a vacuum system A, a bubble counter C, and a mercury manometer

F. A small sample was first taken to purge the evacuated manifold
and the auxilliary parts. When a sample was collected in the sampling
tube S, the valve was opened to the evacuated manifold, The pressure
was shown on the pressure gage, usually about 35 psia, The sample
was passed to the evacuated sampling loop in the gas chromatograph,
and the excess was vented through the bubble counter C into the
atmosphere, When the bubble counter gave 20 bubbles, valve "V
from the sampling tube was closed and valve "b'" to the mercury
manometer was opencd, The excessive pressure in the unit was
released through the mercury manometer until 765 mum Hg, This
procedure was used to ensure all samples, including calibration

rvns, were of the same volume of 0, 5 ml under the same pressure

of 765 mm Hg., Of course, in some cases when the system pressures

were lower than atmospheric, this method was not applied, In those
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cases, the system was purged with the gas mixture for three times

before analysis was performed,

THE PHENOMENON OF LIQUID PHASE INVERSION

In the experimental investigation of liquid phase inversion,
the cryostat was initlally maintained at 113, 7 K (-255°F). Ethane
and methane gases were introduced into the system and a homogeneous
liquid mixture was formed in the equilibrium cell. The nitrogen
gas was gradually admitted and two liquid phases were formed., The
temperature of the cryostat was lowered less than 0,2 X by controlling
the evaporation rate of liquid nitrogen in the cooling coils, Then it
was observed that the recirculated vapor, which was condensed
before re-entering the cell, rose slowly in the form of large bubbles.
The speed was so slow that bubbles accumulated. When the bubbles
broke, the positions of the two liquid layers exchanged, as shown in
Figure (3.13), in which the sequence of the exchange of positions

was shown,

his liquid phase inversion was observed for the ternary
system N2 ~ C1 _ CZ’ in the temperature range of 111, 72 K (-258, 8°F)
to 113, 67 K (-255,4 °F). The recorded values of temperature,
pressure and compositions of both liquid phases are presented in
Table (3.15). It should be mentioned that the analyses of the
compositions were very difficult due to the fact that only small
amount of samples were taken so that the total composition

could be maintained fairly constant before and after the liquid phase

conversion took place,
For the binary system nitrogen-ethane, the liquid phase

inversion took place at 109.1 K (-263, 6° F), and the numerical

values are also recorded in Table (3.15). It should alsoc be mentioned



here that the liquid phases did not always inverse thoroughly. In
many times, there was a small portion of the original top layer

left behind and stayed at the top while it should be at the bottom
after the phase inversion, This is due to the fact that the densities
of the two liquid phases are close to each other and hence a complete
separation may not be obtained, A detailed discussion will be given

in the " Discussion of Results!',

3.3 MATERIALS

The pure gasesof research grade used in this investigation
were supplied by Matheson of Canada Limited, Whitby, Ontario,

Their purities are listed below:

Gas Minimum Purity
(mole %)
-Nitrogen 99.999
Methane 99. 65
Ethane 99.9
Propane 99.99

These gases were used without further purification. No
detectable impurities in these gases were shown from the results

of the gas chromatograph.

3.4 ERROR ANALYSIS

In the experimental measurement of phase equilibria, the
major part of error is contributed by the measurement of temperature ,

pressure, and composition.
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ERROR IN TEMPERATURE MEASUREMENT

The accuracy of the temperature measurement is estimated
tobe + 0.03 K. The estimation is based on the calibration of
temperature against vapor pressure of methane, The experimental
measurements of methane vapor pressure were compared with the
smoothed data of Armstrong et al, (133)_ The average absolute
deviation was 0,02 K. The comparison is shown graphically in
Figure (3.14). In this investigation, two thermocouples were
employed in the measurement of system temperature, one for the
vapor and one for the liquid. When the positions of these two
thermocouples were exchanged, the calibration showed an additional
average absolute deviation of 0, 01 K. It is therefore estimated that

the accuracy of the temperature measurement is + 0,03 K. The

calibration curve of thermocouple number 2is shown in Appendix D.

ERROR IN PRESSURE MEASUREMENT

The accuracy of the Heise Gages is 0.1% of full scale. In
this investigation, a 500 psia gage was used for the measurement
between 150-450 psia; a 200 -psia gage was used for the measurement
between 30-150 psia; and a 1000-psia gage was used for the
measurements of a few points between 450-490 psia. Hence the
major portion of the data is within the precision of (0. 1%) x 500 psia)
0,5 psia; a minor portion of the data is within (0.1% x 200 psia)
0.2 psia; and some points are within (0, 1% x 1000 psia) 1 psia,
Therefore the precision of the pressure measurement is estimated
to be within 0.1% of the values, For a few points the pressures
were below 30 psia, a mercury manometer was used, and the precision
is estimated to be 1 % of the pressure value, Tests with a dead-weight
gage were performed and the results confirmed that the accuracy

given by the Heise Gage manufacturer were reliable,
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ERROR IN CONCENTRATION MEASUREMENT

The concentration error is estimated by the reproducibility
of the calibration curves, The responses of the gas chromatograph
were calibrated against known synthetic samples, The peak area
and peak height responses were compared and it was found that
the peak height responses were simpler and they yielded better
reproducibility, The calibration curves were plots of composition
ratio against peak height ratio as well as reciprocal ratios and absolute

quantities so that the whole concentration range could be covered,

The synthetic samples were blended in a blending unit.
The mixture composition was determined volumetrically and

gravimetrically,

In the gravimetrical determination, an aluminum bottle of
300 cc and 220 gm. was :ased to prepare samples under a total
pressure of approximately 2 atmospheres, An analytical balance
with accuracy better than 0,1 mg was used for weight measurements,
The bottle was warmed and cooled a few times to ensure good mixing

of the gases inside,

In the volumetric determination, gases were forced into
the sampling bottle by a mercury manometer, the mercury level
of which could be varied by raising or lowering the mercury reservoir
and hence forced the gases into the bottle. The partial pressure
of each component was recorded, and the composition of the mixture

was calculated according to the recorded partial pressures,

It was found that both methods agreed with each other very
well, Hence the latter method was usually employed, due to its
simplicity. However, when the partial pressures of the components
were close to each other and the effect of gas diffusion might be

influential, the latter method was used for double checking,



The graph in Appendix B shows one of the calibration curves

from which the reproducibility was estimated to be 1%,

However, these estimations of errors are meaningless when
sampling problems are encountered, Experience from this experiment
reveals that in this equipment the sampling of vapor nas no problem
at all, while the sampling of the liquid phase creates plenty of
difficulties, especially in the vapor-liquid-liquid equilibrium experiments,
In those cases, the withdrawal of the sample was made very slowly
and the volume regulator was operated at the same time to maintain
the system pressure constant so as to avoid the least possibility of

disturbing the equilibrium.

3.5 EXPERIMENTAL RESULTS

Experiments were carried out according to the designed

scheme and the measurements were made for the following systems,

System Equilibrium lsothermal condition (K)
Nitrogen-Propane Vapor-Liquid 114, 05, 118.32, 122, 24
Vapor-Liquid- 114, 05, 118.32, 122.24
Liquid
M ethane-Propane Vapor-Liquid 114, 05, 118.32, 122. 24
Nitrogen-Methane - Vapor-Liguid 114, 05, 118. 32, 122.24
Propane
Vapor-Liquid- 114,05, 118.32, 122,24
Iiquid
Nitrogen-Methane- Liquid phase 111,32 ~ 113. 67
Ethane Inversion

Numerical data are shown in Tables 3.1 - 3.6



BINARY SYSTEMNITROGEN-PROPANI

The P-T liquid-liquid locus is shown in Figurc (3. 5), togcther
(13)

with the data by Schindler, Swift and Kurata This locus was
measurcd in order to establish confidence of the apparatus [or the
mecasurcment of pressurce and temperature for the system containing
nitrogen and propane, Also, these measurements served as a
preliminary study, which helped in the sclection of isothermal
conditions for later caperiments, It was found that the cryostat

could only be operated conveniently at temperatures above 110 K

when isopentane was used as bath fluid,

The vapor-liquid-liquid equilibrium compositions at saturation
pressures are presented in Figure (3. 6). Two data points are
obtained {rom extrapolation of the data by Schindler, Swift and Kurata(B),
and are compared with the exp erimental measurements of this work,
As it is shown in Figure (3. 6), some discrepancy is observed. Even though

the discrepancy is not serious, it shows that extrapolation of data

is not always reliable.

(133)

The vapor-pressure curves for the liquid region
which 1is rich in propane at the three isothermal conditions
are shown in Figure (3.7). The curves are shown until the solubility
line, at which two liquid phases separate from each other and are
in equilibrium with the vapor phase, The vapor phase compositions

are more than 99.94% in nitrogen and are not shown in Figure (3. 7).

The numerical values of the data are presented in Tables

(3.1), (3.2), (3.3), (3.4), and (3. 5).

BINARY SYSTEM METHANE-PROPANE

Vapor-liquid equilibrium data for the binary system Methane-

Propane are shown in Figure (3.8). Equilibrium data were delermined
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at the three isothermal conditions, The vapor phases are virtually
all methane, and are included in Figure (3.8). The data of Wichterle
and Kobayashi (100) at higher temperatures and the data of Wilson (221)
at lower temperature areincluded for comparison in Figure (4.16).
As will be shown later in Chapter 4, a consistent trend is indicated

from these sets of data, The numerical values of the data are

p-esented in Table (3. 6), (3.7), and (3. 8).

TERNARY SYSTEM NITROGEN-ME THANE -PROPANE

The vapor-liquid equilibrium data and vapor-liquid-liquid
equilibrium data are presented graphically in Figures (3. 9), (3.10),
and (3.11), Partial miscibility existed in the nitrogen-propane binary
and the solubility curve for the nitrogen-methane-propane extended
to the plait point, the composition of which will be estimated in
Chapter 4, Experimental tie-lines were determined, The binodal
curves obtained at the three temperatures indicate a gradual change
in shape only in the vicinity of the plait points, The numerical values
of the vapor-liquid equilibrium data and the va por-liquid-liquid
equilibrium data are presented in Tables (3.9) to (3,14). The amount
of propane in all vapor phases is generally very small, Figure (3,12)
depicts the vapor phase compositions of the vapor-liquid equilibrium

data at three isothermal conditions,

TERNARY SYSTEM NITROGEN-METHANE -ETHANE

Liquid phase inversion for the systems nitrogen-ethane, and
nitrogen-methane-ethane was investigated. The conditions of the
occurrence of liquid phase inversion are presented in Table (3.15),
which includes the conditions of temperatures, pressures, and

compositions,
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Figure 3.12 Vapor Phase Compositions of Vapor-Liquid Equihibrium for the System
Nitrogen(l)-Methane(2)-Propane(3).
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CHAPTER 4

THERMODYNAMIC ANALYSIS AND PREDICTION OF DATA

The basic equation of equilibrium between two phases ¢«
and B, which are at the same temperature, is given by the equality

of the fugacities for any component i in these phases:

However it is necessary to relate the fugacity of a component
to directly measurable properties, This can be done by studying
the dependence of fugacity on temperature, pressure, and composition,
which are most conveniently measurable parameters. For a
component i in a system containAing m components, the total differential

of the logarithm of the fugacity fi is given by:

- alnfi Ealnfi m-1
dmt, =(—57) c11"+<——a—P———>T dP +3
P,x X j=1
Blnfi de
dx,
J » Toxpe
K=11...j-1, j+L..m -1 (4-1)

On the right hand side of Equation (4-1), the three terms denote
the temperature, pressure and composition dependence on fugacity
respectively, The first term can be expressed in terms of enthalpy
by the thermodynamic relation:

0 ln fi h -h,

ey -2

°T P,x ( RT
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where Ei is the partial molar enthalpy of i, and ho is the molar

enthalpy of i in the ideql_gas state at the same temperature, At

the present time, very little is known about enthalpies of fluid

mixtures at high pressures, and usually experimental vapor-liquid
equilibrium data are analyzed as a function of pressure and composition
and empirical correlations are ~llowed to count for the temperature

effect.

The second term in Equation (4. 1) can be related to the partial

molar volume v ;i by

amf
( 3P RT

(4. 3)

This can be neglected at low pressures for liquid mixtures; but it

must be taken into account at high pressure ranges.

A considerable body of knowledge has been accumulated for
the third term, Many empirical and semi-empirical expressions have
been proposed. The equation of van Laar, the Redlich-Kister
equation, and the regular solution model of Scatchard and Hildebrand

are some of the usually employed ones,

The following sections will give some discussions about these

terms,

4,1 LIQUID PHASE ACTIVITY COEFFICIENTS

The fugacity of a compound i in a mixture is related to the

activity coefficient by

;I. = yv.x. f, (4. 4)
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where foi is the fugacity of i in its standard state, The choice of a
standard state is arbitrary; and to make a wise choice depends very
much on experience, For a compound in the liquid phase, the usual
practice is to have the temperature of the system, a fixed composition
and a specified pressure as the independent variables which determine
the standard state. For a mixture at the condition below the critical
points of all its components, a convenient choice of the standard state
is the pure liquid at the system temperature and a reference pressure
r

P, If P’ is chosen to be higher than all saturation pressures

encountered, then a hypothetical liquid state can be avoided.

In defining activity coefficients, there are two commonly used

conventions:

y, - las x = 1 (4. 5)

and
v, ~ l as x - 1 (solvent)

(4. 6)

ale
%

YZI -1 as x, - 0 (solute)
The convention described by Equation (4, 5) is symmetrical
and is easily extended to solutions containing more than two components

and will be adopted in this work.

The choice of P’ as the reference pressure gives the N
values as constant pressure activity coefficients. At isothermal
conditions, this enables one to correlate the activity coefficients as
a function of composition only so that the effect of temperature,
pressure and composition on activity coefficient can be considered

separately,
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The pressure dependence of activity coefficient is given by

the exact thermodynamic relation

dln vy, v,
i oo i (4.7)
3P p RT

The fugacity of componert i in the liquid phase at pressure

P, temperature T and mole fraction X, is given by

—

r Tr
s Y-(P) , (P P v
i i x, f epr* RT dP (4. 8)
Pr

o)
1

1 1

°(P)

where f i is the standard-state fugacity of i at system temperature

r
T, and reference pressure P .

The liquid phase activity coefficient can be evaluated by
using the Redlich—Kwong equation of state to evaluate the fugacity

and the partial molar volume.

Liquid phase activity coefficients can also be evaluated from

gas phase fugacity coefficients,

At the condition of equilibrium, the following equation holds:

v ° L
- £ 4
Py, ®, v, %t (4.9)
Also, AT A AT S - (4.10)
1 1 1 1
L °
. p_ - . \A (P, - P)

an Y; TY; S¥P RT (4.11)

Substituting (4.10) and (4, 11) into (4.9), it is obtained that,

- o VL. (P -PR)
v P °v i i
Pyje; =% %9 PieXp[ RT }

—

(4.12)
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or, after rearrangement,

v
P Pye;
Yi = 1. - (4.13)
° v ° \4 i(P-Pl)
xiCpi P ; exp[ RT :’

The gas phase fugacity coefficient can be evaluated from the second
virial coefficients, by means of Equation (4, 14)

-~

v 2 Pv
Ingp. = — . B.. B -
A v U3 Byt By - e (RT >

(4. 14)

In this investigation, the following combining rules were

used:
1

T.. = (T . T )% (1-k,.) (2. 4.2dd)
1) cl cj 1]

1 1
V.. = 3(v. T4y §° (2. 4. 2bb)
cij ci cj

= 1

wig = Ryt ey (4.15)

Virial coefficients can be evaluated from the correlation of Pitzer

and Curl (91) .

4,2 PARTIAL MOLAR VOLUME

The evaluation of partial molar volume for the compounds in
a mixture is necessary,to account for pressure effect on fugacity,

which becomes significant at high pressure conditions.

From Equation (4. 3) and (4. 4),

aln;:. B(Iny.x.fo.) v,
( 1) :.r 11 1] _ 1 (4.16)
o P L a P T RT
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which simplifies to

dny, d 1nf°i Ci
(-—— + ( ——L - (4.17)
= (
3 )T’x 3P )T,x RT

If the standard-state fugacity, f i’ is defined at a fixed reference
pressure, Pr,then the second term in Equation (4.17) vanishes, and
Equation (4,17) reduces to Equation (4. 7)., However, if f i is defined

at the system pressure, then Equation (4.17) becomes

3ln vy, v, - v

(5% ),, "~ ® (428

o

where v i is the molar volume of i in the standard state,

Provided an equation of state is used, the partial molar

volume of component i in a mixture can be expressed with the exact

_ (.B_Pa
_ ani T,v, n,
v = 1 (4.19)

i BP)
<8v

where v is the total volume of the mixture containing n, moles of

relation:

T, all n

component i, etc.

77
If the modified (77)

Redlich-Kwong equation of state is used,
Equation (4.19)becomes

2 (S xj aij) - abi/ (v + b)

RT (1 bi )- J
_ v -b v-b v(v+b)TO-5
Vi ° RT a 2v+b
2 - 2 ﬁ]
(v - b) T0,5 v&é (v +Db)

(4. 20)
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where the parameters a, b, bi and a.. are defined as

1)
a = X I X X, a,, (2. 4. 2x%)
.. 1§ i)
1)
b = ¥ x. b, (2.4.2v)
. 1d
i
by = Qy RT /P (2.4.2¢)
2 2.5
aij = QaiR TCij /Pcij (4.21)
In these equations,
0.5
T .. =(T.T.)) (- kij) (2. 4.24dd)
cij ci ¢j
= 2
Qaij (a_;* Qaj)/ (4.22)
P. =Z..RT _/V . (2.4.2aa)
cij cij cij’ " cij
1 i 3
V. = 3V.2+V 3) (2, 4. 2bb)
cij ci cj
Z .. = 0.291-0.08y.. (4.23)
cij 1)
= 2 4,

These parameters reduce to those of pure components
if i = j in Equations (2. 4.2x) to (4.21), It should be mentioned
that Equations (2.4.2x), (2.4.2v), (2.4.2¢e) and (4. 2]) follow the
proposal of Redlich and Kwong (62), Equations (2. 4.2dd), (4.22)

(94)’ and Equations (4. 23)
(88) (92)

and (2. 4.2 aa) those of Chueh and Prausnitz
and (4,15), those of Pitzer and his co-workers Equation

(2.4.2Dbb) is the well-known Lorentz relationship,
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4.3 EXCESS GIBBS FREE ENERGY

The Redlich-Kister (93) equation is a proper correlation in
many cases for activity coefficients at conditions of constant temperature
and pressure, The Excess Gibbs Free Energy for a binary system i-j
can be expressed by a series function of composition:

E
.G 2
Qij = RT —x_.xj[B-C(xi-xj)+D(xi-xj)+...]

(4.24)

The term x; Xj provides for the zero value of G at compositions

corresponding to the pure components.

Formulation of individual activity coefficients is obtained by

differentiation of Equation (4. 24), and the expressions are:

2

ln\/i = xj [B+C(3 x, - xj) + D (Xi -xj) (5xi -xj)]

(4. 25)

In I B+C(x. -3x.)+D(x, -x.)(x 5 x.)

vi=x L ! ] g7 g - 5xg)]

(4. 26)

(57) . C . . .
Wohl , in reviewing the various methods of representing activity

coefficients, pointed out that the series should be developed in such
a way that the higher terms are corrections of the terms of lower
order. Thus the Redlich-Kister equation for a ternary system takes

the form:

o0 3 a0
_ 123 123
Inv; =P+ 35 R < 3 x. ) (4.27)
1 i=] 1
where Q123 = O12 + 023 + 031
+x:.lx2x3 |:C+D1 (x2 -x3) +D2 (x3 —xl) +

D3(x) - x,) +... ] (4.28)
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in which the terms Ql ., and 031 are the binary excess-free-

2’ 23
energy functions as expressed in Equation (4.24); and C, Dl’ D2
and D3 are ternary constants, The terms containing C, Dl’ D‘2

and D3 are used to take into account the interactions between the

various binaries,

Combining Equations (4, 27) and (4. 28) (93), the activity

coefficients are expressed in the following equations:

2
= B - - -
In Yy 12 x2 (1 xl) + C12 XZ (le x2 2 x 1 + le XZ)
2 3 2 2 2
+ DlZ X, (3x1 - 3x1+ 6x1x2 - 4x1x2 - 3x1x2 +x2)
B 2C x_ x_) 3D ( )2
" a3 ¥2 s 23 X2 F3 ¥y T3 T 2F,3 ¥ T F
2
- =2 -2
+ B31 x3 (1 Xl) + C31 x3 (x3 Xy x3 + le Xl)

2 2 ‘2 2 3
+ D31 x3 (x3 + 6x1 x3 - 4-_xlx3 - 3x2 x, + 3x1 - 3x1

+ Cx x3(1—2x1)+D1x x, (x, -x_ -3x_x +3x1x3)

2 23 72 3 172
+ D_ x (x. -2x 3, x_ +3 2 )
2 %2 %3 3 s B SRR |
2
+ D3 X, x3 (le - XZ - ?;x1 + 3x1 XZ) (4.29)
= B 1 )+ C { 2 2x + 2 2 )
ln\(Z = IZXI( - X, 12x1 x) - 2%, 1x2 x,
2 2 2 2 3
+ D12 x1 (x1 - 4x1 %, + 3x2 - 3xl x, + 6x1 x5 = 3x2)
2
- 2% - -
+ B23 x3 (1 XZ) + C23 x3 ( x, x3 sz + sz x3)
2 2 3 2
+D23 x3 (x3+3x2 -4x2 Xy -3:’;;2 +6x2 x3—3x2 x3)
- -2 -
By X) X3 7 2Cqy ¥y %5 (x5 - %))
- 3D31 Xy x3 (x3 - Xl)
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+ C x) %3 (1- ZXZ)

2
D 2 - -
+ 1x1 x3 ( XZ Xy 3:-:2 +3x2 x3)

+

D - -
> x1 x3 (x3 x1 + 3x1 x2 3::;2 x3)

+

2
D - -
3 X %, (x1 sz 3x, x, +3x2) (4. 30)

and

- 2C

12 %1%, %y - %)

2
+ B

In y3 = -B12 xl x2

- 3D

(x, - x

12 51%2 23 %2 3

2
+ C23 x, (x2 - Zx3 - sz X, + 2x3 )

2 2 2 2 2
+ D23 x, (x2 - 4x2 X, + 3x3 + 3x2 X, +6x2 X, - 3x3 )

2
2X3-X -2x_ +2x_. X

(1 -x3) +C 1 3 1

B 31 % ¢

3
2 2 3 2 2
+ D31X1 (Xl + 3x3 - 4x1 x3 - 3x3 + 6x1 x3 - 3x1 x3)

-2
+Cx1XZ (1 x3)

2
-2 -
+D1 x x2 (x2 x3 3x2 x3 +3x3)

2
+ D, x x (-x1+2x3 -3x3+3xlx3)

27172

+ D3 x1 x, (x1 - XZ - 3xl X, + 3x2 x3) (4. 31)

Some systems can be correlated adequately with only binary
constants, meaning that all ternary constants can be considered zero,

(62)

4.4, THE MODIFIED REDLICH-KWONG EQUATION OF STATE

The Redlich-Kwong equation of state has been discussed in

Chapter 2, In this investigation, the procedure of modification by Lu
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(79) (78)

132
et al (13 ), Chang and Lu , and Hsi and Lu was adopted.
The evaluation of the parameters Q, and Qb as temperature-dependent
at both subcritical and supercritical states will be discussed in

the next section,

4.5 THE EVALUATION OF Qa and Qb

The Redlich-Xw»y1g equation, as given by the original authors,

is 2
1 A h
z =T S <1+h ) (2.4.2Db)
where h = BP/z (2.4.2¢)
2 2.5, 2.5 2 2.5
B} } . _ . >
A a, T, /T P_ a/R° T (2.4.24d)
= = ) 2
B Q, T,/ T P_=b/RT (2.4.2¢)

Expressed in terms of fugacity coefficients, Equation (2. 4. 2Db)

becomes:

1nch:ZL-l-anL-ln(l-hL)-(AZ/B)ln(1+hL)
(4.32)
v 2
or In ¢ :Zv-l—anV—ln(l-hv)—(A/B)1n(1+hv)
(4. 33)

where o L and cpv are fugacity coefficients of the liquid phase and

vapor phase respectively.

At equilibrium, the fugacity of a component i in the liquid
phase equals to the fugacity in the vapor phase, and so are the fugacity

coefficients,

(v - § L
1 1

(4. 34)
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»
<
’
.

i = ., (4. 35)

Combining Equations (4.32), (2.4.2b), (2.4.2c) and (4. 35), the

following relationship is obtained:
. [1- ZL (1- hL)](l +hL)

InZ, ® +1-Z +In(-h)

L - h
L ho(1-h)

In (1 + hL) =0 (4. 36)

(77)

An iteration loop of computation is set up to evaluate

Q, and Qy employing Equation (4. 36) as the working equation.

The first step of the iteration loop is the evaluation of hL

with a given value of Z while assuming @ V=1, The second step

L
is to calculate A and B. The third step is to compute ZV and hv, The

fourth step is to calculate ®' . The fifth step is to calculate hL'
The iteration loop comes to an end when the change of hL is less than

a specified tolerance of 0, 00005,

In this work, the Qa and Qb values for nitrogen, methane,

ethane, propane and carbon dioxide were evaluated. Vapor pressure

(95) (96)

and saturated liquid density data of Din , Klosek and McKinley

were used. Vapor-liquid equilibrium data were also used for the

4
systems nitrogen-methane (3) (4)
nitrogen-ethane (5) (6) , nitrogen-n-butane (7) (8)
methane -ethane (97) (98) , methane-propane (99) (100),
methane-n-butane "0 (:0%) , ethane-propane (97), and

ethane-hexane (103) .

The determined values of Q, and Q, are graphically presented

in Figures (4.1) to (4. 6).
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4,6 PREDICTION OF VAPOR-LIQUID EQUILIBRIUM

The fugacity coefficients of component i in vapor and liquid
phasescan be evaluated for vapor-liquid equilibrium data, by

equations (4, 32) and (4.33), For ¢ components, the relationships

are:
AL o~
£ = §" 21,2, 00nnn c (4.37)
1 1
in which f]__‘ = o L x. P
1 1 1
~v v
gy = o373 P

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 (4. 37). The ¢ simultaneous equations may be
solved by a trial and error procedure, Arbitrary values of P and

®, are assumed, © i is calculated with Equation (4. 36), and the

vapor phase compositions are calculated by:
~“L , -V
yi=(Cpi/Cpi)xi (4.38)

and the total pressure is calculated by

-~ ~

c
’ v
P = fi/CPi (4.39)
i=l
This value of P is compared with the value from the previous trial,
Thus q;‘; is recalculate again, until the difference of P is within

a specified tolerance of 0, 05 psia, Then the condition:
c

2oy, =1 (4. 40)
i=1 i



is tested unti a specified tolerance of 0. 0001 is met.

-

3) .. . . .
A scheme of thir ileration is shown in Figurc (4. 7).

4,7 PREDICTION OF LIQUID-LIOUID EQUUIBRIUM WITII TIE
(62)

REDLICII-KWONG EQUATION OI' STATIS

For a systcm with two liquid phases in equilibrium with the

vapor phasc, the [ollowing rclationship holds:

Moo f e

1 1

=t (4. 41)
1

where the supcrscript Lland L2 stand for liquid phase 1 and ligquid

phase 2, respcctively,

Expresscd in terms of [ugacity cocflicients, Equation (4. 41l)

becomes:

W ; Xi = 5 Xi (4:. 42)
and 1
- L1 ~ v
. = 4. 43
S S A ( )

also, it 1s necessary that
c

L
. 1
i=l
c
L2
X, = 1 (4.45)
. i
i=1
c
and T Vi =1 (4.46)
i=1

For a system with ¢ components, there are (3¢ + 2) variables, which

. L1 2

is the sum of ¢ (x i) +c (::i )+ c (y_l) + T + P; and there are (2¢c + 3)
equations, which is the sum ol ¢ times (4. 42) + ¢ times (4. 43)

+ (4,44 + (4,45 + (4.46). Ifc = 2, that is, the system is a binary
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mixture, then there are 8 variables and 7 equations; if ¢ = 3, that is,

the system in a ternary mixture, there are 11 variables and 9 equations,

For systems at isothermal conditions, if a liquid composition
is specified, the other unknowns can be obtained from the simultaneous
solution of the equations, An equation of state can be used to
calculate the fugacity coefficients, and a modified Regula-Falsi

(104)

method has been proposed by Yu for the numerical solution.

4,8 CORRELATION OF LIQUID-LIQUID EQUILIBRIUM DATA: THE
METHOD OF BLACK AND HARTWIG (46)

A simple ternary diagram for a system composed of components

r, i and s is shown in Figure (2.5). The symbol s denotes a solvent,

r denotes the component which is more nonideal with the solvent, and

i refers to the component which distributes between the two phases.

In this study, s represents nitrogen, r for propane and i for methane,
Figure (2.5) shows the case in which only the r-s binary is partially
miscible ; and the plait point, the binodal curve and the tie-lines

are all shown, The symbol x refers to the composition in the solvent

phase, and y refers to the r phase,

The distribution coefficient Kj is defined as Yj/xj for any
component j; the solubility function Ky, is defined as the distribution
coefficient for the total non-solvent material between phases r and s,

These important quantities are given in accordance with the relationships:

K. = v./x, (2.2.5b)
Ky = (1-y)/(0-x) (2.2.54d)
K, = v; /xi (2.2,5a)
K, = v /x, (2.2.5¢c)
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Phase equilibria for ternary systems are developed in terms
of the three basic quantities Kr’ K}, and Ki' Fach is correlated
in terms of KS, the " solvent distribution', Two basic plots serve
to correlate and determine the consistency of ternary liquid-liquid
equilibria, The first, Figure(2. 5b), shows Kr’ Ky and Ki plotted
Vs, Ks on log-log scales, In the second, Figure (2.5c), the composition

1
of the solven't phase X, is plotted against the solvent con'centr'ation X
Similarly, y; is plotted against Ve At the plait point x iV and
X, =Y, The solubilities X and yg are
x = Kp - D/(Ky - KS) (4. 47)

and Yo = X Ks’ which is defined in Equation (2.2.5c¢). The solvent-
free compositions, the '""aromaticity" when referred to an aromatic

compound, are given by

o
I

(K_-K )/(K_-K) (4.49)

]
and y x Ki/Kh (4.50)

The ternary compositions X; and y; are calculated by

ol
n

x'i 1 - xs) (4. 51)

y, 0-y,) (4.52)

Y3
As discussed in Chapter 2, the values of 2, b and ¢ were

evaluated from plots of log Kr’ log Ki and log K}, against log Ks.

(x ;) ppt (a - ¢c)/(a - Db) (4. 53)

(=) ppt = ¢/ (c-)) (4. 54)

Equations (4. 53) and (4. 54) were used to establish the plait points

in this study,
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4.9 LIQUID PHASE INVERSION

The phenomenon of liquid phase inversion has been observed
by Schindler, Swift and Kurata (13) in 1967. But only the description
of visual observations has been discussed that '"the distribution of
the two liquid phases changes ' ''at approximately -180°C', for the
binary system nitrogen-propane, No details of temperature, pressure
and composition were included, and no interpretation of the phenomenon
was given, In this investigation, a detailed observation of the liguid
phase inversion phenomenon was made, for the binary system nitrogen-
ethane, and ternary system nitrogen-methane-ethane () (2), With
some research of the densities of the pure components, a suitable

explanation of the phenomenon was also attained, This will be

discussed in Section (4,11, ¢)

4,10 THE CRITICAL LOCI OF BINARY MIXTURES

(12)

The critical state has been defined by Gibbs as that state
of a system at which all distinctions between the two coexistent phases
vanishes, A one-component system has only one critical state,
whereas a multicomponent system has an infinite number of critical

states, At a binary critical point, the conditions are:

2 3.
0 EN.- o, (2B \z-0 (4. 55)
()5

where g is the molar free energy, and ¥ is the mole fraction of

component 1 in the mixture,

Expressed in terms of fugacity coefficients Eél and (:732 of

the components 1 and 2 respectively, the conditions are
G
d In|—=—
[ h = == (4. 56)
o 2,1 N2
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2 q:’l
3 Im (—=— )
r > :I = —— (4.57)
L dy P,T vy, ¥
1 ’ 1 72

The fugacity coefficients can be expressed in terms of partial

molal volumes \71 and v, of components 1 and 2 respectively

272
o
In @ :f('{r/RT--i—)dP (4. 58)
170 P
P
In $ I - JRT - ——) d P (4. 59)
2 2 P

Applying the Gibbs-Duhem equation to the molal volume v, of the

mixture,

(2;’1 )_P’T = "1 -32 (4. 60)

the resulting expression is

- P
P _ _
m(f@:—) :Jo (v, - v, 5=
GB P
or In (-—CB—:—) =£ K-;Lyvl_)p,']_"% (4.61)

Differentiate with respect to y, at constant P and T, and rearrange,

two expressions are obtained:

J»v< d 2P > d a P 2 d v RT
v = =
ayzl v, T &ayl )V’T KaP)Y’T Y15,
<«

(2.5.6a)
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v 3
[F(222) dv+z(a__2§) 20 )
. 37, v,T oY , v, T ayl P, T
Ly (e (2P, 2%y s
(Bylav <3Y1 >P,T +\BY1> , T <aY21 )P,T
RT (y, - v.)
i} -9 (2.5.6b )

2
(V1 Yz)

These are the two conditions for the existence of the critical

state of a binary mixture, expressed in terms of volumetric data,

APPLICATION OF THE THERMODYNAMIC RELATIONS

The relations (2.5, 6a) and (2,5, 6b) can be solved together
with an equation of state to yield the values of Vc’ 'IC and Pc' An
equation of state gives the relationship of temperature, pressure
and volume of a mixture. For a mixture of fixed composition, the
derivative terms in Equations (2. 5. 62a) and (2.5, 6b) can be obtained
from the equation of state, With the convenience of electronic
computer calculations, the values of temperature and volume for
a mixture can be searched to satisfy the equations (2.5.6a) and (2.5, 6b)
simultaneously, And those values ‘are the temperature and volume
at the critical point of the mixture with the fixed composition,

With the substitution of the calculated Tc and VC into the equation of
state, then Pc will be calculated, This procedure was discussed

. 8
in details by Joffe and Zudkevitch ( 7),

APPLICATION OF THE MODIFIED REDILICH-KWONG EQUATION OF

STATE

In this study, the modified Redlich-Kwong equation of state

(134) (77)

was used, The modification by Lu et al, , Chang and Lu
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and Hsi and Lu (78)

which was discussed in Chapter 2, was adopted.
The values of Qa. and Qb presented in Figures (4.1) to (4. 6) were
used, In order to used Equation (2.5.6a) and (2. 5. 6 b) together with
the equation of state, the necessary terms were derived and will

be shown .in the following,

P - RT ) a
vV -b 1
TEV (vib)
2 2
a = ay T3y, *2a,%Y,

2 2
b =by +by,+2b

12 172
b2y p ¢, v = 2P V" 2B Y, T2, vy - WY
2 2 = 2a, +2 4
d2/3y Jp o,y = e0te2 %2y,
%b /3 y2) = 2b,+2b_ -4b
@2y ) p 1,y T 20 2 12
3 3 B 3 3
@%a/3y ) )p v =0, Fb/y{)p =0
M 2 2 2 2
J (aZP/aY 1) v TdV = -RT/(V-b) (d b/ay 1) -RT/(V-b)
2 1 2
(3b/3y) +22/T?b (3b/3y,) In((v + by v)
1 2 2
+1/T2 [23a/3y, d3b/ay, +2 3b/dy ]
2
[1/b(v+b) - 1/b" In((v + bYV)]

- Za/T% (3b/3 yl)2 [l/bz/(v +b) - 1/b3 In((v + b)/v)

+ 1/2by(v + b)Z]
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2
6P/2y) y ¢ = RT/v-B)° 6 b/ay’) - 2 RT/(v - 1)’

@b/ay) BV /3y, - ab/ay) - VEEy (v bl 2 %2/8v")

1 2 2
sYEy vamraeioay )+ @a/dy) By /oy

+2(Ba/y yl) (3b/d yl)] - Za/{'f%'v (v + b)ﬁ(a b/3 vy

(dv /3 y, tab /3 vt 1/T%v2 (v+b) (da/ay)) Bv /ay)

- a,/[T%-'V2 (v + b)z](a a/d Yl) (3v /3 yl)

(dP/3v) g T ° -RT/(v - b ta2v + b)/[fr%v2 (v + b)2]

v
J’ @°P/> y31) v, pdv = -RT/(v-D) (@ >0/ y31)= 3RT/(v - b)

-]

» T

2

(d@b/ay)) (3 %y /3v,) = 2 RT/(v - b)® (3 b/3 y1)3+ 1/'1“%
(3°2/3 y31) [ /b I((v+bYv)] + /T3 (3a/ay,)

3 3
(3%b/5y°) +3 (5°2/av") Nab/ay) +2 (3 b/ay )]

L
2

[1/b(v + b) - 1/b2 I((v + byv)] - 6/T

2 2, 2
[Ga/3y) @b/ay)) +alab/ay) (6 b/ay )]

(/b7 (v + b) = /b (v + by/v ) + /2 byl + %]
1 3 3 4
+ 6a/T2(3b/3 yl) [l/b/(v +b) - /b In((v + byv)

+1/2 DY (v +B)° +1/3 b(v + b))

2 2 2 3 2
(3°P/a yzl) v 7 = RT/(v-b)" (3 B/ay ) + 2RT/(v-b)" (3b/3y,)

1
TR (v 4 b (b e/ yzl) v L1 7 v (vi)2 ]
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2 1
[2(3a/5y) (3b/dy) +a (3 b/ay )]~ 2afT% v (v + b)’]

2
Gb/ay,)
) ZP/ayl dv) T = -2RT/(v - b)3 (3b/3 yl) +[( 2v + b)/(T%v 2 (v + b)z)]

i 2 2
(aa/ayl)- Za/[T%V (v+b)3](ab/a‘/1) - a./[T%v (v + b) ]

(3b/3v,)
Gv/av) pp = - (BP/ay) V',T/(ap/aV)le
2 2
v /3y ) p o = - [3/ay, GP/ay) v,T]P,T/(aP/a")le
2
A\ P P/
+[3/8Y1. (aP/av,XJ,TJP,T(B /3y 1/ @/2v) g1, 1

2 2 2 3
[a/ay, ®P/av) , plp 17 RT/(v - b)" (3 b/3y,) - 2RT/(v - b)
(ab/3y) (3v/3vy - 3b/3vy)
1 2
- 1/{T%Tv (v + b)) (3 Za/ayzl) fTEv (v + B)°]

2, .2
[2d b/ay | +0d2/ay,av/ay, +2323/3y, ab/3y,]

- 2afty (v 4 0)Jeb/ay) BV/oy, + 3b/ay,)
L 2 2
+1frE (v b)]aasay) b v/ay) - afTEv" (v + B)]

(a/avy) Bv/3vy)

3
[3/ay, 0F/3 ) rlp,T T 2RT/(v -b) (dv/3y, - ab/ay)
1

+ 1/[T'12"v2(v + b)z] 2 (3v/ayy +3b/ay) +(2vib) (3 a/3y,)]
L3 2
- 2/£T%v2 (V+b)3] [2(2 v+b) (3V/ay, +3P/ay))d- 2T (v+)]

[a (2 v+Db) av/ayl]
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APPLICATION OF THE CLAUSIUS EQUATION OF STATE

. 1
In 1880 Clausius (21) supplemented the van der Waals equation

by introducing a third constant, This supplementation makes a linear
transformation in the volurme coordinate for a pressure-volume plot
so that the equation will fit experimental data in a better curve near
the critical point, A compariscn of various equations of state with

experimental data by Shah and Thodos (112)

showed that the Clausius
equation of state was capable of predicting reasonably well the

critical isotherm up to the critical point. It is hoped that with three
constants, this equation will improve the prediction of critical properties

of a binary mixture,
The Clausius equation of state is:

RT a

P = - (4. 62)
- 2
v-b T (v + ¢)

where 27 RZ TC 2

a = 7D (4. 63)
c
RT

_ _ c
b = vC 7D (4, 64)

c

3R Tc

€T 78 P " Ve (2.65)

The Clausius equation of state was solved simultaneously together
with Equations (2.5, 6a) and (2. 5. 6b) following the same procedure
as described in last section. The necessary terms are derived and

are shown in the following :

p . _RT i a _
T (v + ¢)

v-b
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2 _ 3
27R° T
a = C
64 P
C
RT
b = J
Ve 2P
C
3RT
c=-———-———-—c-— - v
8P c
C

the mixing rules

2 2
2 = a2y, 3,7, +23, V)7,

b = b1 y'1+b2 Y,
c = Cl Yl + c2 YZ
0.
T .. =(T.T ) 5(1-1&..)
cij ci ¢j ij
RT i
P. =2z, —1-
cij cij ..
cij
= L
w3 (wi+wj) :
Z.. = 0,291 - 0,08 w..
i) 1)
v = L (V % + V %) 3
cij 8 " ci cj
T >
_ RZ ci
it Qai P .
ci
RT.
b = } ci q
i~ Ved P . bi
ci
RT .,
_ ci oy
Cj_i = Qe TP ci
ci > 3
R Tcij
= 1
alJ (Qai * Qaj) = P ..



RT ..
b.. = - —=L
1) clj P .. ( Qi ¥ ij)-%
cij
R Tcij
= 1 -
clJ (ch+ Qc) = P .. M cij
cij
(da/ay) p g, ¢=22 V)" 22V, 22, 0 =y
(3°a/ay ) p p, , = 23 t23, - 42,
3
@ a/ay )p o =0

(BC/BYI)P,T’ v = cl-cz

2 2
@%¢/a3y \)p,1,v ~

v

f (3%P/3 yzl) v o @V = -RT/(v-b) @ ®b/3 yzl) - RT/(v - b)

@

2

2

(ab/ay)” + YT/lv.+ e) (3 a/ay ) - YT v + o)

[a azc/ay21+ 2 9 a/ayl ac/ayl] + 2 a/T/(v+ c)Z
2

(3¢c/°y,)

@P/3y) ¢ = RT /(v - % (3 b/3y,) -(32/3y,/T/ v+ c)®

+2a/ T(v+c) 3 (ac/ayl)

b = /(3P
Gv/aP) g = YOP/av)y
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(P/> vg,l x = "RT/(v - b)% + 2 a/ T/(v + o’

v

3 3
J (3" P/ay N T dv = -RT/(v - b) (3 3b/a y31) -3RT/(v - b)2
© v
2 2 3
(3b/3y) (3 b/3y ) -2RT/ (v - b)° (3b/3 vy
]
+ l/T/(v +¢) (3 3a/a y31) - a/T/(v + c:)2 (a3c/a y“l )
- 3/T/(v + c)2 (da/3 yl) (3 2c/a yzl) - 3/T/(v + c)2
2 2 2 2
(3 a/3y ) (ac/ay) + 6a/T/(v+ 0 (3 c/avy) (3 /3y )
3 2 4
+ 6/T/(v + ¢) (aa/ayl) (3c/d yl) -6 a/T/(v+ c)
(3¢/3 Y1)3
- 2 2
(FP/27") y £=RT /(v -1 (3°b/3y") + 2 RT/(v - b)°
2
(3b/a yl)z - 1/'I/(v+c) 2 (3 Za/ay' 1) + Z/T/(v + c)2
2 2+2 c/ -6a/T)v+ )4
[2 3 </3av, 32/3y, 3¢/3V,] TV +c
2
(3c/3yy)

ev/ay) p ¢ = - @P/ay)y o/ BF/av) o
’ ’ 1»

3.
(3 ZP/ayl av ) . =2 RT/(v -Db)" (v /3y, - ab/ayl)
4
+2/T/v+ ) (3a/ay) - 6 a/Tflv+e) (3V/oy, +3¢/ay)

2 2
@v/3vy )pr ~ -[3/3y, GP/ay) V,T]P’T/(a P/av)yl,T

. 2
+ ¥y, BP/a 'Vl,T]P:T (3P/av), 1/av/> V)Y1"T
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P
[a/ayl (d /ayl) v, T ]P . RT/(v - b)2 (azb/ayzl)

3
- ZRT/v =B 3b/ay)) (av/ay - db/ay))
- T (v+ c)Z ) 2a/a yzl ) + 2/[T( v + c)3]

[aa’c/ay’y+aa/ay,0v/oy, + 23¢/ay, 02/ Y]
- 63/T/(v o)* (3 </av) (3v /oy, +23c/ay)

[3/av, (aP/av’)yL'T}P,T =2RT/(v - b)° (3 v/a yy = 3b/ay)
+2/T/(v + ) (32/3 y) - 63/1fv + 9 (3 /3 vy Tac/ayy

APPLICATION OF THE WOHL EQUATION OF STATE (I13)

The Wohl equation is:

RT a [
P = v-b T v (v -Db) + V3 (4. 66)
where a = 6 v2 P (4. 67)
c ¢
b = % vc (4‘. 68)
3p 4.6
c = 4v. P, (4. 69)

This equation was proposed in 1914 and was a modification of the

van der Waals equation, In this equation, the v, was not an experimental
value, but was recommended to be v_ = RTC/3. 75 P_. It was found (112)
that for pure substances, along the critical isotherm, the values
predicted by this equation agreed closely with the experimental values

for the gaseous region up to Pr = 1,0, It also predicted well the PVT

behavior a. higher temperatures and did not indicate significant

deviations for the gaseous state for pressures above Pr =10
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To use this equation for predicting critical loci of binary
mixtures by the method described, the necessary terms are derived

and are shown in the following:

RT a + c
v->b v (v - b) V3

(3P/5Y) 7 = (3b/aRPT/v -0 - (32/ay)/ v/(v - b)
. 2 2
- (ab/ay') a/v/(v -b) + (BC/B')’,) /v
GP/ay). - (6%b/3v%) RT /(v - b)°
3 \d BYIV,T BYI]P’T - e /BY, /V—
3
- (3v/3v, - 3ab/3y) (3b/3y) 2 RT /(v - b)
2 2 2 2
- (37a/ay )/ V/v -B) - [2 (3 b/3y,) - (32/ay)(3v/3y)
2
+2 (32/3y) (ab/ay)] o/ v -1 +2(3b/ay)
3 2
a (3v/ay, - 3b/ay)/v/ v -b)" - (33/3 NG v/ay)/v /(v-D)
2 2
+a(3b/ay) 3v/3y) /v/ (v -b)

2 2. 3 4
+(¢/ay) /v -3 (aC/ayl) 3v/a W~

2 2 2 2
(7P/ay) 1 = RT (37b/ay)/(v - B +2 RT (35/5%) /(v -

2 2 2
- (aza/av.,)/"/(v -b) - [a (3 b/ay ) +2(a/sy)
2
(3b /ay)]/ v/l - B’ - 2a (ab/ay) /vy - b
2 3
+ (aZC/aY,> /v

(P/av), p = - RTAv- B2 +a@v-b) /v -b)F -3 c/v?
l’

3 2
(aZP/aVl av) ¢ = - 2RT (3b /ay)/(v -D) +(2v-b) (3 a/ayl)/v/(v-b)z

2 3
ta (3v-b) (3b/ay)/ v /(v =D -3 Ge/ay)/ v
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(3P /35)p ¢ - 2RTGV/3y, -3b/3y) /(v - b)°

+[2(2 3v/5y,- ab/ay) + (33/3y) (2v-B)]/v7 (v -b)°

2
_Za(Zv—b)(av/ayl-ab/ay])/v/(v-b)3
3 2 4
-Za(Zv-b)(av/ay‘)/ v/(v—b) -3(30/3}")/v

+12 ¢ (3 v/3 YI)/VS

Vo2 2
J (3 P/ay,) v, T dV =-RT (azb/aylz)/(v-b)

[=-]

2 2
- RT (3b /ay) /(v -Db) - (aza/aylz)[ln(v - b) - lnv]/bT

2 2 \
-[2G™/3y) +2 (32/3y) (3b/3Y)]
{; 1/b/(v = b) = In [ (v - b)/v]/bzz/T
-2a(3b/3 y')z I1/b2/ (v = b) - 0.5 /b/(v - b)°

+In[(v- b)/v]/b3}/T - (3 2C/ay,?')/Z/TZ/’»’Z

v

3 3 3
j(63P/aY.)V’T dv  -RT (3 b/ay,)/(v-Db)

-]

- 3RT (ab/3y) (3 2b/av,z) /(v =)

S2RT (35 /3y)° /v =) - (3°a/3y)) {m (v - b)/v] }/bT
] ia (37b/3y) + 3 (33/5%) (3 b/ayD) + 3 (3°a/av0)

( ab/ax)z 1-1 /of(v =) = In [ (v - b)/v]/b° E/T

- e /ey 6 /ey + 320y (51 /4y

Yo7 - ) - 05w - 0 4 an [ (v - by/v ]
+6a(ab/ay) {l/b?;(v - b) - 0.5/b7(v - b)°

+In[(v-b)/v]/p*+ /Yb/v - D) 3} /T
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4,11 RESULTS AND DISCUSSIONS

A) BINARY SYSTEMS

Experimental vapor-liquid equilibrium data were determined

for binary systems containing nitrogen, methane, and propane.

For the system nitrogen-methane, data were available in

(3) (4)

the literature The experimental dew - and bubble - point

(3)

data of Bloomer and Parent and the isothermal vapor-liquid

(4)

equilibrium data of Cines et al. were adopted., Isothermal P-x-y
values at the conditions of 114, 05, 118, 32 and 122, 24 K were obtained
from graphically cross-plotting, and were shown in Figure (4,9). Also
shown were three experimental points measured in this laboratory, and

were found in good agreement with those interpolated values,

Data reduction was carried out for these three binary systemsg,
each of which included three isotherms, These binary vapor-liquid
equilibrium data were also used to test the applicability of the
Redlich-Kwong equation of state for prediction purposes, Detailed

discussions will be depicted in the following sections,

Liquid activity coefficients, Liquid phase activity coefficients

were calculated for the binary systems nitrogen-propane, and methane-
propane, and also for the smoothed values interpolated from the data

(4) (3)

of Cines et al, , and Bloomer and Parent for the system nitrogen-
methane, at 114, 05, 118,32 and 122,24 K, The evaluations were based
on Equation (4. 8), coupled with the Redlich-Kwong equation of state,
which was used for the evaluation of the component fugacities in the
mixture and also the partial molar volumes, The reference pressure

P’ in Equation (4. 8) was arbitrarily chosen to be 500 psia, which was

higher than any saturation pressure encountered in this study, In
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doing so the hypothetical liquid state could be avoided, The numerical
values are shown in Table (4.1) in Appendix A, and graphically
in Figures (4.10) - (4,14), The conditions under which the Redlich-

Kwong equation of state was applied were discussed in section (4, 4),

The evaluated activity coefficients were correlated with the
Redlich-Kister equation, Equations (4.25) and (4.26). The results
are shown in Table (4, 2) in Appendix A, in which the correlation
constants as well as average absolute deviation and average absolute %
deviation in y 1 and Yy, are reported, The data are well represented
by the Redlich-Kister equation, With three binary constants, the
data are represented better than 0, 3% in average; with two binary
constants, the data are represented with 1, 0% in average. The values

(3) (4)

for the nitrogen-methane system exhibit least deviation of
all due to the fact that the values were smoothed, The correlated
values are shown in Figures (4.10) to (4.14) as lines, compared to

the individual y values shown as points,
Y
A consistency test was performed by plotting In K_Y—l—) Vs x,

for the system methane (1) - propane (2) as shown in Figure (4.15),

The area test shows that the data are consistent for this system,
However it should be noticed that for the three isotherms 114, 05,

118,32 and 122,24 K, this plot is alinost identical , and this is probably
due to the small temperature interval such that the temperature effect

is small, This area test could not be performed for the system
nitrogen-propane since the vapor-liquid equilibrium data were
determined only in the region in which the liquid was not saturated

but was rich in propane; and this region was less than 0.1 mole fraction
of nitrogen. Beyond this region, two liquid phases appeared and vapor-

liquid-liquid equilibrium took place,



-106-

A consistent trend is indicated when the data of methane-
propane system was compared to those reported by Wichterle and
Kobayashi (100), as shown in Figures (4,16) and (4.17). It should be
pointed out that in Figure (4.,17) , as the activity coefficients at infinite
dilution are compared, the values for the isotherm 130,37 K of Wichterle
and Kobayashi show a greater discrepancy from the trend, This may

b.: due to the fact that only three experimental vapor-liquid equilibrium

points were reported besides the vapor pressures of pure substances,

Liquid activity coefficients were also calculated from gas
phase fugacity coefficients, by using Equation (4, 13), The results
are shown in Table (4.3)., Equation (4.13) involves directly the value
of vapor composition, and the activity coefficients thus evaluated
are sensitive to the accuracy of vapor composition of the data, The
conditions of this investigation were at low temperatures such that
the vapor compositions o.f propane in both nitrogen-propane and
methane-propane systems were always lower than 0. 003 mole fraction,
which was lower than the experimental error, the value of which was
0. 005 mole fraction, The results in Table (4, 4) reveal very well
this factor, as one can find that the activity coefficients for nitrogen
and methane are of reasonable magnitude and agree well with those
evaluated from Equation (4. 8); while those for propane are low and

scattering.

Prediction of vapor-liquid equilibrium, As discussed in

Section (4, 6), the modified Redlich-Kwong equation of state was used

to predict equilibrium pressure and vapor composition from experimental
data of temperature and liquid composition., The necessary pure
component properties and their resources are listed in Table (4, 5);

and the Redlich-Kwong equation parameters Q, and Qb are shown

in Figures (4.1) to (4. 6),the details of which were discussed in Section

4, 5. The numerical results are shown in Tables (4. 6) and (4. 7), ir
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which the predicted values are compared with the experimental data,
The deviation of the predicted pressure is less than 2% as an average
and the average absolute deviation of vapor composition isless than
0.005 mole fraction, It should be mentioned that at the temperatures
of 114, 05, 118,32 and 122, 24 K, the vapor pressure of propane at

those temperatures were estimated by the Frost-Kalkwarf-Thodos (134)
vapor-pressure correlation, and the estimated value was 0, 002 psia

at 122,24 K, The values of Q. Q and ki' used in this calculation

b
are listed in Table (4, 9).

Prediction of liquid-liquid equilibrium. The vapor-liquid-

liquid equilibrium data for the system nitrogen-propane were used
!

to test the applicability of the modified Redlich-Kwong equation of

state for prediction purposes. As discussed in Section (4,7), a

(104)

procedure of using a modified Rugula-Falsi method was used

to predict the propane-rich liquid phase (bottom liquid phase) compositions
from the experimental nitrogen-rich phase (top liquid phase)

compositions, The results are shown in Table (4, 8)., Compared with
experimentally measured compositions, the predicted values have an
average absolute percentage deviation of 0, 8%. The pure component
properties used are shown in Table (4.5). However, it is observed,

that the interaction constant kij of Eq. (2.4.2dd) for this calculation
exhibits a dependence on temperature, as shown in Figure (4.18). This
interaction constant ki' has been considered as independent of temperature,
pressure or compositiJon (94), and is the characteristic constant of

ani - j pair. However, the temperature-dependence was observed

here for a binary mixture, and composition dependence was also

observed for the three ternary isotherms. This will be discussed in

more details in next section,
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B) TERNARY SYSTEMS

The ternary system nitrogen-methane-propane was investigated
at three isothermal conditions, for vapor-liquid equilibrium and
vapor-liquid-liquid equilibrium. The equilibrium data were
thermodynamically analyzed and correlated, The Redlich-Kwong
enquation of state was tested for predicting the vapor-liquid equilibrium
and liquid-liquid equilibrium data, The detailed discussion will

be given in the following sections,

Liquid activity coefficients. Liquid phase activity coefficients

were evaluated according to Section (4.1)., The reference pressure
was arbitra.r)ily taken as 500 psia. The values of the activity
coefficients were listed in Table (4.10) to (4.12). For each isothermal
condition, the activity coefficients were evaluated for vapor-liquid
equilibrium data, and also for the two liquid phases each of which

was considered in equilibrium with the vapor phase in the case of
vapor-liquid-liquid equilibrium., The excess-free-energy function

0123 was calculated from the experimental y values according to

Q =xllnyl+len'yz+x3 lny3 (4, 91)

123
The ternary Redlich-Kister equation was used to correlate the y
values and the results are shown in Tables (4.13), In Table (4.13),
the values of Q123, the excess-free-energy function, evaluated from
correlation constants are compared with the experimental Q123
evaluated from Equation (4.91). It is indicated from the results that
ternary effect appears to exist in this system. The values of Q123
evaluated with binary and ternary constants together give an average
absolute deviation of 2. 5% from the experimental Q123 values., But

evaluated from the binary constants alone, a deviation of 12% was

resulted.
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Howcecver, altentions should be drawn to the fact that the
nitropen-propanc binary system cxhibited partial miscibility in
the liquid phase at these temperatures. The vapor-liquid equilibrium
data measured for this system covered a composition range ol 0, 038
mole fraction of nitrogen belore the liquid phase reached the liguid-
liquid boundary. Naturally the binary Redlich-Kister equation
represcents the activity cocllicients of this system up to the samec
composition range of 0, 088 mole [raction of nitrogcn, Il thesc

conslants were usced to calculate Q1 {for the ternary system over

23
a complecte ranze of composition, the long-range extrapolation would

ceriainly introduce considerable error.

Also, an attempt was made to cvaluate activity coefficients
from gas fugacity coeflicients with Equation (4,13). The numerical
valucs are reported in Table (4.14) in Appendix A. Also
included in these Tables are the comparison with the results from
Equation (4. 8). The results show a similar situation as for the

binary systems discussed in the previous section.

Correlation of liquid-liquid equilibrium data. The empirical

(46)

correlation of Black and Hartwig

was used to correlate the liquid-
liquid equilibrium data, As discussed in Section (4. 8), the values

of Kr, K Ki and KS were evaluated and are shown in Table (4.15)

in Appenlcjix A, Plots of log Kr’ log KI—I and log Ki against log Ks
are constructed as shown in Figures (4.19), (4.20) and (4. 21), from
which the slopes of the curves at the limiting condition as the plait
points are approached are evaluated, The values of the slopes, a, b
and ¢ are shown in Table (4.15). From these values, the plait
points were estimated for each isotherm, by Equations (4. 53) and
(4. 54); and the compositions of the plait points are shown in

1 1

Table (4.15). Also, the values of x. and y; were calculated by

1
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Equations (4. 51) and (4.52), and are shown in Table (4.15). The
1 t

values of x i and y ; 2T€ plotted against X and Yo respectively,

as shown in Figures (4.22), (4.23) and (4,24). From these plots,

consistency of the data is indicated by the curves,

Prediction of vapor-liquid equilibrium. Vapor compositions

and system pressures for the ternary system were predicted by
using the modified Redlich-Kwong equation of state as discussed in
Section (4, 6), The average absolute deviation between the calculated
and experimental values of vapor composition, Ay, is 0,003 mole
fraction; while the average absolute deviation between the calculated
and experimental total pressure values, AP, is 4%, If these results
were compared to those of binary systems, the deviation of AP is
higher for a ternary system, The results are shown in Tables (4, 16)
to (4.21)., A main contribution of the deviation ca;"rfe\ from those
points in the vicinity of the binodal curve near.the section where the
liquid was rich in propane, The Redlich-Kwong equation of state
could not predict accurately the phase behavior when the vapor phase
was considered in equilibrium with the bottom liquid phase at the
vapor-liquid-liquid boundary, But the results were very good when

the vapor was considered in equilibrium with the top liquid phase.

The predicted values, together with experimental data,

are shown in Tables (4.17) and (4. 20), for which the top liquid phase
(the nitrogen-rich portion of the binodal curve) is considered in
equilibrium with the vapor phase, The agreement is as good as that
for vapor-liquid equilibrium data, However, when the bottom liquid
phase is considered as in equilibrium with the vapor, as mentioned
above, convergency problem was encountered, and it is not possible
to yield reasonable results, Numerical values were shown in Tables

(4.18) and (4. 21).
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The prediction of liquid-liquid equilibrium. The liquid-liquid

cquilibrium data was used to test the applicabilily of the Redlich-Kwong
ecquation of state with a modified Regula-Falsi method (104),

discussed in Scction (4. 7). The calculated values, together

with experimental mecasurements and the differences between the

two arc reported in Table (4. 22) in Appendix A, The results show

good agrecement between the calculated and experimental valucs. The
average absolute deviations in composilion and pressure were below
1%, as observed {rom the calculations reported in Table (4,22).

However, looking at the method with scrutiny, two points should be

mentioned here,

First, this method is limited in predicting the section of binoclal
curve in which the liguid is rich in the heavier component, In this
case, the bottom liquid phase rich in propane was predicted from the
top liquid phase rich in nitrogen. Unfortunately, the system nitrogen-
methane-propane at the temperatures of 114, 05, 118.32 and 122.24 K
contains rather minute amount of propane in the top liquid phase
(rich in nitrogen). The experimental error on measurements may

have a profound effect on the outcome of the results,

Secondly, it was observed that the interaction constant kij
for the binary pairs containing propane and nitrogen exhibited
dependence on temperature and composition, This has been mentioned in
the previous section in the discussion of results about the prediction
of liquid-liquid equilibrium for the system nitrogen-propane., For
the system nitrogen-propane, the values of kij varied from 0,075 to 0,1
over the temperature range of 113, 22 to 125,15 K, as shown in
Figure (4.18). For the system nitrogen (1) - methane (2)- propane (3),
the values of k , was quite a constant with respect to temperature

12
(0.032 for 114, 05 K, 0,031 for 118,32 K and 0. 0304 for 122.24 K)
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and did not vary with composition at isothermal conditions. But

the values of k23 and k13 showed dependence on temperature as well
as on composition, as shown in Figures (4, 25), (4.26) and (4. 27).
However, a theoretically sound explanation or interpretation cannot
be given at the present stage, but nevertheless this is a point

worthy to notice,

The plait points established from the method of Black and

(46)

Hartwig were processed with the calculations using Redlich-

Kwong equation of state, The k23 and k13 values used were selected
from the trend established as shown in Figures (4,18), (4.25) to (4.27).
The results are shown in Table (4, 23). The maximum deviation in

the predicted pressure is lower than 3%,

Constant pressure diagrams, The modified Redlich-Kwong

equation of state was used to construct constant pressure curves

for the system nitrogen-methane-propane at the three isothermal
conditions., At each isothermal condition, liquid compositions

were selected systematically so that the whole ternary composition
range was covered, Vapor compositions and system pressures were
predicted from the values of temperature and liquid composition,

The predicted values of pressure were plotted against liquid composition,
From graphical interpolation, liquid compositions were established

at constant pressure conditions. The results are shown in Figures
(4.28), (4.29) and (4.30). It was established earlier in this discussion
that the modified Redlich-Kwong equation of state predicted system
pressures from liquid compositions and temperatures with an average
absolute deviation of 4%. It is therefore assumed that these constant

pressure curves are approximately 4% away from experimental data.

It should be mentioned here that the discrepancy between the

predicted and experimental values of pressure is high in the vicinity
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of the bottom liquid phase, the propane-rich portion of the binodal
curve, as have been mentioned earlier in this discussion. This
fact still stands when the constant pressure curves are constructed,
Therefore the constant pressure curves cannot always connect with
the experimental tie-lines, due to this discrepancy, Hence these
connections could only be shown at the vicinity of the plait point,
where the agreement between the predicted and experimental values

is good,

C) LIQUID DENSITY AND LIQUID PHASE INVERSION

The experimental data of Klosek and McKinley (96), and those

95)

of Din ( for densities at saturation pressure of pure nitrogen,
methane, ethane and propane were plotted in Figure (4, 8), as
functions of temperature, For the light hydrocarbons containing

1, 2, and 3 carbons, at low temperature ranges, as shown in

Figure (4. 8), the dependence of density on temperature is small,
However, the density of nitrogen does not behave in the same manner,
The density change is much larger due to change of temperature,

As a result, the density curve of nitrogen intersects the density curve
of ethane at 109.1 K. At this temperature, the densities of nitrogen
and ethane are identical, For a mixture of nitrogen-ethane at this
temperature, partial miscibility occurs. At this temperature, liquid
phase inversion also occurs, for a binary mixture with 0, 2014 mole

fraction of nitrogen at the bottom liquid phase and 0,9453 mole

fraction of nitrogen at the top liquid phase,

Also from Figure (4, 8), it is found that 94,2 K is the intersection
of the density curves of nitrogen and propane. This agrees very well
with the temperature of -180°C (93, 2 K) which is the liquid phase
inversion temperature for system nitrogen-propane, reported by

Schindler, Bwift and Kurata (13),
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D) CRITICAL LOCI OF BINARY MIXTURES

Mi;ctures containing nitrogen, methane, and propane have been
investigated experimentally at cryogenic temperature, and the
experimental data thermodynamically analyzed as shown in the
preceedings sections, As a part of the research scheme, the behavior
of these mixtures at the critical region was also studied, Th:

(84)

rigorously derived expressions of Redlich and Kister , Equations
(2.5.6a), (2.5.6b) were adopted. These two expressions were combined
with various equations of state, yielding different sets of critical loci

for these mixtures, Comparisons were made among the different

sets of results, and with available experimental data, From these
results, it was found that the modified Redlich-Kwong equation of

state, that with Q, and Qy, considered as functions of temperature at sub-

critical state and at supercritical state, was capable of predicting

the critical loci closest to experimental data, for binary mixtures.

THE CRITICAL LOCUS OF THE BINARY SYSTEM METHANE-PROPANE

The system methane-propane is one of those investigated in
this study. It has been experimentally studied more thoroughly
as far as the critical locus is concerned, The results reported
by Reamer, Sage, and Lacey (99) included PV T values at critical
conditions. The values of critical temperature, critical pressure,
and critical volume were reported for six compositions for this
system, In this study, the Clausius equation, the Redlich-Kwong
equation and the modified Redlich-Kwong equation with Q, and Qy
considered temperature-dependent at both subcritical and supercritical
states, were all used, together with Equations (2. 5. 6a) and (2.5. 6b) to

predict P , T and Vc for the mixture over complete composition
c c

ranges, The results are shown in Figur:s (4, 31), (4.32) and (4. 33),
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In Figure (4, 31), the calculated Tc is shown as a function of composition,
together with the results reported by Reamer, Sage and Lacey (99),
Only one curve is shown due to the fact that close results were
obtained from the three different equations of state, For the sake of
clarity, the presentation of this graph does not follow the conventional
way in which calculated results are presented as a curve and only
experimental values are presented as points, However, numerically
compared with the values reported by Reamer, Sage and Lacey,

the results from the modified Redlich-Kwong equation of state gave

an average absolute deviation of 0, 5%.

The results of the calculated P are compared with the

(é:g) in Figure (4.32), Itis

results of Reamer, Sage, and Lacey
obvious that the results from the modified Redlich-Kwong equation

of state are closest tothe experimental data. Numerical comparison
shows an average absolute deviation of 0, 7%, This result shows that
improvement has been achieved over thel, 9% of that obtained by

(85)

Spear, Robinson, and Chao , who were using the given TC to
calculate PC and were comparing to the experimental data of the

same authors,

The critical volumes are shown as a function of composition
in Figure (4.33). It is also obvious that those results from the
modified Redlich-Kwong equation of state agree better with the data
of Reamer, Sage, and lacey (99), Numerical comparison shows
an average absolute deviation of 6.0%. The point at 0. 6772 mole
fraction of methane from Reamer, Sage, and Lacey is far off the
trend of the other points, If this point is screened, the deviation
is reduced to 2.3%. The results from the Redlich-Kwong equation
without modification are also shown in Figure (4.33). A discrepancy

is shown from these results, It is that the predicted values do not

show a consistent trend with the critical volumes of the pure componcents,
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THE BINARY SYSTEMS NITROGEN-METHANE, NITROGEN-ETHANE,
AND NITROGEN-PROPANE

Figures (4,34), (4.35) and (4,36) show the results of calculated
Tc, Pc and VC respectively, for the systems nitrogen-methane, and
nitrogen-propane (results of system methane-propane are also shown
in these graphs). The results cf the system nitrogen-ethane are
shown in Figures (4.37), (4.38) and (4.39). It is specially interesting
to note that the calculated critical pressures of nitrogen-ethane
and nitrogen-propane mixtures are extraordinarily high as compared
to the critical pressures of the pure components, The highest PC
of the nitrogen-propane mixtures reaches a value 10-fold of those of
the pute components, The extrapolated values from the data of

(13)

Schindler, Swift, and Kurata for nitrogen-propane; and those of

(114)

Stryjek, Chappelear, and Kobayashi for nitrogen-ethane are
included in Figures (4, 35) and (4.38). Although these two points

for each system can not confirm the reliability of the predicted results,
they do indicate that the predicted Pc values are at the right order

of magnitude,

The experimental value of Tc and P_ for the system nitrogen-
methane from Bloomer and Parent (3) are also shown in Figures (4. 34)
and (4.35). Good agreement is ind.icated between these data and

the results predicted by the modified Redlich-Kwong equation of state,

as shown in Figures (4, 34) and (4. 35).

The predicted critical volumes for the systems nitrogen-
methane and nitrogen-propane are shown in Figure (4.36); and

those for system nitrogen-ethane are shown inFigure (4, 39).

A detailed comparison of the results obtained from different
equations of state, for the systems nitrogen-methane, and nitrogen-

propane zre presented in Figures (4, 46) to (4. 51).
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THE BINARY SYSTEMS METHANE-ETHANE AND ETHANE -PROPANE

The calculated curves of Tc’ Pc and Vc, respectively, for
the binary systems methane-ethane, and ethane-propane, together
with those of nitrogen-ethane are shown in Figures (4.37), (4.38)
and (4,39). The critical temperatures for the methane-ethane,
and ethane-propane mixtures are shown in Figure (4,37). The
results were calculated from the modified Redlich-Kwong equation,
The results from the Redlich-Kwong equation without modification
agree very well and hence are not shown in Figure (4.37). Also,

(115)

the TC data of Matschke and Thodos for the system ethane-propane,

(98)

and the data of Ruhemann for the system methane-ethane are
included in Figure (4.37), Good agreement ‘is indicated for both
systems, The calculated results of PC from both the Redlich-Kwong
equation and the modified Redlich-Kwong equation for the systems
methane-ethane and ethane-propane are shown in Figure (4. 38). The

data of Matschke and Thodos (115) and of Ruhemann (98) are also
included, It appears that the results from the modified Redlich-Kwong

equation of state agree better with the data in the literature.

The calculated Vc for the systems methane-ethane, and
ethane-propane from both Redlich-Kwong equation and the modified
Redlich-Kwong equation are shown in Figure (4.39). The results
from the latter show better agreement with the properties of the

pure components,

THE SYSTEMS CARBON DIOXIDE -N BUTANE AND CARBON DIOXIDE -

ETHANE

In order to compare the results obtained from different

equations of state, the critical loci of thi.se two systems were calculated
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and are shown in Figures (4, 40) to (4. 46). For the system carbon
dioxide-n-butane, the Clausius equation, the Redlich-Kwong equation,
the modified Redlich-Kwong equation, and the Wohl equation were
used. Critical temperatures are plotted against compositions in
Figure (4.40). Good agreement is indicated between the experimental

data of Poettmann and Katz (116)

and the calculated results, except
those from the Wohl equation of state, The critical pressures are
shown as functions of compositions in Figure (4, 41). Comparing

to the data of Poettamann and Katz (116)

, the results from the Clausuis
equation and the modified Redlich- Kwong equation show better agreement,
The curves of critical volume are shown in Figure (4.42). The results
from the Clausuis equation agree better with the data of Olds, Reamer,

Sage, and lLacey (117),

The critical temperatures and critical pressures, respectively
for the system carbon dioxide - ethane are shown in Figures (4, 43)

and (4. 44). The data of Kuenen (18

are used for comparison, The
results obtained from the Clausius equation, Redlich-Kwong equation
and the modified Redlich-Kwong equation are quite close to each other

It appears that those results from the modified Redlich-Kwong equation
of state are slightly better. The critical volumes of the carbon dioxide -
ethane system are shown in Figure (4,45), The data of Khazanova

(119)

and Lesnevskaya are also presented. None of the results obtained

from the Clausius equation, the Redlich-Kwong equation, and the
modified Redlich-Kwong equation seem to agree well with this set
of data, Attempts have been made to compare these results with

(87). Although these authors

)0.5
12 2

and b12 =1 (b1 + bz) instead of Equations (4. 24) to (4.26), the calculating

procedures were identical to those used here, It is found that the

those reported by Joffe and Zudkevitch

used a slightly different combining rules, namely, a_ = (a1 a

results obtained from the Redlich-Kwong equation in this study agreer
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well with those reported by Joffe and Zudkevitch., Since these authors
only reported their results in graphical form, the comparison was
difficult., However, the modified Redlich-Kwong equation of state
was found to be able to improve the results over the Redlich-Kwong

equation without the modification,

In this study of critical loci for binary mixtures, the Wohl
equation, the Clausius equation, the Redlich-Kwong equation, and
the modified Redlich-Kwong equation have been brought into application,
Results were obtained for the binary systems nitrogen-methane,
nitrogen-ethane, nitrogen-propane, methane-ethane, methane-propane,
ethane-propane, carbon dioxide-ethane, and carbon dioxide-n-butane,
These results were compared with the results of Reamer, Sage and

(99), Spear , Robinson and Chao (85), Schindler, Swift, and

(13), Stryjek, Chappelear, and Kobayashi (114), Bloomer and

(3) (115) (98)

Parent , Matschke and Thodos , Ruhemann , Poettmann
(116) (117) (118)
, Kuenen s

(87)

Lacey
Kurata

and Katz Olds, Reamer, Sage, and Lacey

(119)

Khazanova and Lesnevskaya , and Joffe and Zudkevitch

It was found that using an equation of state, together with
the Equations (2. 5. 62), (2. 5. 6b)derived by Redlich and Kister (84),
the critical properties TC, PC and Vc of a binary mixture could be
predicted with satisfactory accuracy, as was claimed by many
researchers (82) (83) (85) (87). It was found in this study, that with
the modified Redlich-Kwong equation of state considering Q, and
Q asa function of temperature at both subcritical state and
supercritical state, the results could be further improved. The system
methane -propane is a typical example, For this system, a complete
set of Tc’ PC and VC data is available and more complete comparison
can be performed, In general, the modified Redlich-Kwong equation
of state appeared to be able to yield better values of critical pressures

and more reasonable loci for critical volume of a binary mixture, v-hile

retaining the accuracy of the prediction of critical temperature.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

The results of the experimental determination for the system
nitrogen-propane show that the existence of partial miscibility is
confirmed in the temperature range of 112, 8 to 125,15 K, It is found
that the nitrogen - rich liquid phase contains more than 0, 9977 mole
fraction of nitrogen; and the propane-rich liquid phase contains more
than 0, 9158 mole fraction of propane, In all cases, the amount of
propane in the vapor phase is negligible, It is also found that the
extrapolated liquid composition deviates from the experimental

measurement to a value as high as 25%,

Experimental vapor-liquid equilibrium data of the system
methane-propane show that at 114, 05 to 122, 24 K, the vapor phase
contains more than 0, 9976 mole fraction of methane, It is also found
that a consistent trend is indicated between these data and those of

Wichterle and Kobayashi,

From the experimental results of the vapor-liquid equilibrium
and vapor -liquid-liquid equilibrium data for the ternary system nitrogen-
methane~-propane, it is found that the vapor phase contains less than
0. 0005 mole fraction of propane, which is less than the experimental
error, It is also found that in the temperature range of 114, 05 to
122,24 K, the critical solution points locate in the vicinity of 0,35
and 0, 45 mole fractions of nitrogen and methane respectively, The
binodal curves of the liquid-liquid equilibria differ from each other
only in the vicinity of the plait points. It is also found that the

tie-lines are horizontal and the slopes change only in the vicinity of

the plait points,
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The phenomenon of liquid phase inversion has been investigated
for the binary system nitrogen -ethane, and ternary system nitrogen-

(1 (2)

methane -ethane . It was found that the occurrence of the phenomenon
was related to the behavior of the densities of the pure components and

that of the mixtures,

Liquid activity coefficients have been evaluated for the
vapor -liquid equilibrium data,It was found that the activity coefficients
evaluated through gas phase fugacity was not suitable for systems with
one component almost absent in the vapor phase. The calculation
directly involved the vapor composition, the amount of which was so
small in this case that the experimental error would give a value of
a few hundred percent off the true values, Therefore the liquid activity
coefficients were calculated through liquid phase fugacity in this

investigation,

The Redlich-Kwong equation of state, with the parameters
Q, and b considered as temperature dependent at the conditions of
subcriticaland supercritical temperatures, has been used to predict
total pressures and vapor compositions., Vapor compositions have
been predicted to within experimental error; and total pressures
have been predicted to within 2% for binary systems, and within 4% for
ternary systems, The same equation has been used to predict

liquid-liquid equilibrium, to within 1%.

Different equations of state have been used to predict the
temperatures, pressures, and volumes of a binary mixture at the
critical state, The Clausius and Wohl equations have been used,
in hope that with a third constant, the critical state may be predicted
more accurately, However, it is found that the modified Redlich-Kwong
equation of state yields the best results, and these results indicate

improvement over the existing methods, For the system methane-propane,
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the predicted critical temperatures are within 0, 5%, the critical
pressures are within 0, 7%, and the critical volumes are within 2, 3% .
Tested systems are: nitrogen-methane, nitrogen-ethane, nitrogen-
propane, methane-ethane, methane-propane, ethane-propane, carbon

dioxide-n-butane, and carbon dioxide-ethane,

As a summary, this investigation can be outlined in the following:

A, Experimental

1) System nitrogen-propane: P-T liquid-liquid locus, vapor-
liquid-liquid equilibrium compositions at saturation pressures,
vapor-pressure curves for the liquid region which is rich in

propane,

2) Systern methane-propane: vapor-liquid equilibria at isothermal

conditions of 114, 05, 118. 32, and 122, 24 K,

3) System nitrogen-methane-propane: vapor-liquid equilibria

and vapor-liquid-liquid equilibria at three isothermal conditions.

4) System nitrogen-methane-ethane; liquid phase inversion.

B. Correlation and prediction

The modified Redlich-Kwong equation of state has been applied
in predicting vapor composition and total pressure for vapor-liquid
equilibria, in predicting total pressure and liquid composition in
liquid-liquid equilibria, and in predicting critical properties of a binary

mixture,
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TABLE 3,1

P- T liquid-liquid locus for the system Nitrogen (1)-Propane (2)

Pressure Temperature

(psia) (K)

443, 8 124.2
415.9 122.5
389.5 121, 7
361.5 119. 6
329.2 117.9
308.6 116.5
283,17 115.0
249.8 112.8
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TABLE 3,2

Vapor-liquid- equilibrium compositions at saturation pressures

Temperature

(K)

113,
115,
116,
117,
121,
123,
123,
125,

22
15
80
92
34
51
71
15

for the system Nitrogen (1) - Propane (2)

Pressure
(psia)

246,
2175,
301,
351.
384.
425,
430,
460,

w O » O

. 0842
. 0844
. 0841
. 0859
. 0876
. 0902
. 0903
. 0933

0.9158
0.9156
0.9159
0.9141
0.9124
0.9098
0.9097
0.9067

o O O O o O o o

.9984
.9982
.9981
.9983
.9978
.99717
. 9977
.9981

o O O O O o ©o o

.0016
.0018
. 0019
. 0017
.0022
. 0023
. 0023
. 0019
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TABLE 3.3

Vapor-pressure data for the liquid region which is rich in
propane for the system nitrogen(l)-propane(2) at 114.05 K

P X1 X2 Y1 Y2
(psia)
21.8) 0.0075 0.9925 0.9999 0. 0001
23.60 C.0086 0.5914 0.9999 0.0001
49.50 0.0169 0.9831 0.9999 0.0001
9544 0.0335 Je G665 J« 999G JeJ021
145.20 0.0486 0.9514 0.9999 0.0001
199.10 Js2640 0. 9360 0.999¢9 0.0001
232.50 0.0736 0. 9264 0.9999 0.0001
239.60 0.0773 0.9227 0.9999 0.0001
258.0) JeJdB42 0.6158 J. 9999 JedJ01

261.00 0.0845 0.9155 0.9999 0.0001
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TABLE 3.4

Vapor-pressure data for the liquid region which is rich in
propane for the system nitrogen(l)-propane(2) at 118.32 K

P X1 X2 Yl Y2

(psia)

27.20 0.0079 0.5921 0-9995 0.0005
61.80 0.0175 0.5825 0.9994 0.0006
107.35 0.0321 0.9679 0.9996 0.0004
145.25 040433 0. 5567 Je 9996 J. 2024
177.50 0.0511 0.5489 0.9998 0.0002
188.20 0.0557 0.9443 0.9998 0.0002
215. 80 0.0621 0.5379 0.9998 0.0002
280.00 0.0760 0.9240 0.9999 0.0001
297.5) 0.08J1 0.9159 Je 9992 J.0028

312.20 0.0854 0.9146 0.9999 0.0001
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TABLE 3.5

Vapor-pressure data for the liquid region which is rich in
propane for the system nitrogen(l)-propane(2) at 122.24 K

P X1 . X2 Y1l Y2

(psia)

44.00 0.0107 0.5893 0.9989 0.0011
51.80 0.0133 0. 5867 0.9989 J.0011
100. 80 0.0254 0.9746 0.9992 0.0008
152.62 0.0380 J.5620 Js 9994 0.0006
166.10 0.0410 0.9590 0.9995 0.0005
202.90 0.0486 0.6514 0.9996 0.0004
280.10 C.0672 Je 5328 Je 9699 J.0J01
341.70 0.0812 0.9188 0.9999 0.0001
369.52 0.J858 JeSl42 Je« 9999 0.0001
400.00 0.0869 0.9131 0.9999 0.0001
400.00 0.0885 0.9115 0.5998 0.0002

406.00 0.C888 J. 9112 Je 9998 J.0J332
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TABLE 3.6

Vapor-liquid equilibrium data for the system methane(l)-
propane(2) at 114.05 K

P X1 X2 Y1l Y2
(psia)
6.06 C.1812 0. 8188 0.9990 0.0010
8.60 0.2911 0.7089 0.9995 0.0005
11.17 04122 J. 5868 Je 9597 J.0233
13.96 0.6647 0.3353 0.9998 0.0002
13.9) 0.5488 J. 4512 1.0000 0.0

16.20 0.8812 0.1188 1.0000 0.0
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TABLE 3.7

Vapor-liquid equilibrium data for the system methane(l)-
propane(2) at 118.32 K

P X1 X2 Yl Y2

(psia)

7.88 0.1775 J. 8225 ). G686 0.0214%
10.95 0.2717 G.7283 0.9993 0.0007
14412 0.3929 0.6091 0.9997 0.0003
17.63 C.5714 C.4286 0.9992 0.0008
19.60 0.6540 0.3460 0.9999 0.0001
2.6) 0.7399 3. 2611 1.9020 0.0
22.90 6.9031 0.C969 1.0000 0.0

24.7) 1.339) 0.0 1.0000 0.0
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TABLE 3.8

Vapor-liquid equilibrium data for the system methane(l)-
propane(2) at 122.24 K

P X1 X2 Yl Y2
(psia)

7.06 0.1130 0.8870 0.9976 0.0024
9.25 0.1429 0. €591 0.9986 0.0014
13.06 C.2219 0. 7781 0.9996 0.0004
13.50 0.2253 047747 0.9996 0.0004
18.78 G.3701 06299 0.9999 0.0001
23.10 C.5297 0.4703 0.9999 0.0001
26.50 0.7099 0.2510  0.9999 0.0001
28.76 .8095 C.1905 1.0000 0.0
31.04 0.8910 0.1050 1.0000 0.0

33.20 1.0000 J. 90 1.2330 J.0
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TABLE 3.9

Vapor-liquid equilibrium data for the system nitrogen(l)-
methane(2)-propane(3) at 114.05 K

P X1 X2 X3 Y1 Y2 Y3
(psia)
70.68 0.0245 0.0161 0.9594 0.9886 0.0112 0.0002
127.20 0.0446 J. 0159 J.9395 J.9901 2.0098 J.2001
193.40 0.0637 0.0136 0.9228 0.9932 0.0067 0.0001
82.8) J.0388 0.2624 0.6588 0.8986 0.1013 0.0001
124.50 C.0620 0. 2606 0.6774 0.9314 0.0685 0.0001
65.80 0.0562 0.6126 0.3312 0.7851 0.2149 0.0
101.38 0.0589 J. 5779 J.3232 2.8644 J.1356 J.2
124.05 0.1797 0.5525 0.2679 0.9074 0.0926 0.0
43.4) 0.0503 0.8352 0.1145 0.6241 0.3759 0.0
41.80 0.0525 0.8657 0.0818 0.6057 0.3942 J.3001
77.60 0.1270 0.7679 0.1051 0.7902 0.2098 0.0
131.72 042999 0. €180 J. 0821 0.8866 J.1134 3.0
158.30 Co4184 0.5117 0.0699 0.9145 0.0855 0.0
173.00 0.5072 0.4373 0. 0555 0.9283 0.0716 0.0
185.30 (.6106 0.3566 0.0328 0.9353 0.0647 J.9
220.80 0.8059 0.1800 0.0141 0.9593 0.0407 0.0
233.7) 0.8644 J. 1248 J. 0108 0+ 9699 J.0301 P
253.70 0.9415 0.0547 0.0038 0.9811 0.0189 0.0

260.60 C.9750 0.0247 0.0003 0.9922 0.0078 0.0
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TABLE 3.10

Vapor-liquid equilibrium data for the system nitrogen(l)-
methane(2)-propane(3) at 118.32 K

P X1 X2 X3 Yl Y2 Y3
(psia)
50.75 0.0559 0.9126 0.0314 0.5299 0.4700 0.0
89.60 0.1501 0.8217 0.0282 0. 7490 0.2509 0.0
127.10 C.25C9 C. 7187 0.0304 J.8279 2.1721 NESY
155.90 0.3559 0.6287 0.0154 0.8633 0.1367 0.0
175.8) Ce4423 0.%481 J. 0116 J.8896 Jell04 0.0
191.50 0.4954 0.4979 0.0067 0.8938 0.1062 0.0
214 .40 0.5946 Ce 4007 0.0047 0.9156 0.0844 0.0
484,80 C.0207 0.4689 0.5104 J.6498 J.3501 JeJJ01
78.80 0.0399 0.4499 0.5102 0.7845 0.2154 0.0001
142.93) C.J820 J.4169 Je5011 0.8815 J.1184 0.0001
178,60 0.1221 0.3954 0.4825 0.9022 0.0977 0.0001
106.80 0.0970 0.6262 0.2768 0.8147 0.1852 0.0
150.50 0.1683 0.5672 0.2646 J.§TS1 J.1229 Jed
169.70 0.2258 0.5226 0.2516 0.8969 0.1031 0.0
193.8) 0.2843 J« 4869 J.2289 JeG122 2.0877 0.0
200,70 0.3033 Ce4792 0D.2175 0.9044 0.0956 0.0
59.00 0.0227 0. 2826 0.6947 0.8067 0.1931 0.0002
102.20 €.0470 0.2713 0.6817 0.8836 Je1154 JedJ1)
123.70 0.0601 0.2631 0.6768 0.9098 0.0892 0.0011
24.55 0.0371 Je 0628 J« 9301 J.8782 J.1217 0.0001
64.30 0.0199 C.0603 0.9199 0.9505 0.0494 0.0001
105.30 0.0324 0.C578 0.9098 0.9671 0.0328 0.0001

140.75 C.0443 0.C558 3.8998 J.9795 J.02J4 J.JJ01



-195-

TABLE 3.11

Vapor-liquid equilibrium data for the system nitrogen(l)-
methane(2)-propane(3) atl22.24 K

P X1 X2 X3 Y1 Y2 Y3
(psia)

30.60 0.CC80 0. 0501 Je 9419 0.8948 Jde1248 JeddI4
64480 0.0190 0.0458 0.9352 0.9564 0.0434 0.0003
67.3) 0.2203 J. 2628 Je 7169 0.7711 0.2288 0.0001
108. 60 £.03560 0. 2462 0.7178 0.8591 0.1469 0.0
145,20 0.0500 0.2388 0.7111 0.,8951 0.1048 0.0001
186.80 Ced767 Je. 2327 Je 6906 09227~ J.0793 J«J201
48.30 0.0156 0.4876 0.4968 0.5374 0.4625 0.0001
88.75 J«J378 J. 4576 0.5046 0.7492 0.2508 0.0
173.80 £.0823 0.4073 0.5103 0.8680 0.1319 0.0001
240430 0.1443 0.3789 0.4768 0.8875 0.1124 0. 0001
51.80 00215 0.6813 J.2972 04699 J.5301 Jed
79.40 0.0450 0.6528 0.3022 0.6528 0.3472 0.0
199.2) J«1669 J.5419 0.2882 0.8696 0.1304 0.0
83.80 C.0846 0. 8225 0.0929 0.6484 0.3516 0.0
137.30 0.1853 0.7294% 0.0853 0.7908 0.2092 0.0
185.10 Je3532 Je. €132 JeJ36T Je 8561 J.1438 Jed
255.10 0.5875 0.4019 0.0106 0.9023 0.0967 0.0010

327.40 J. 8468 0.1510 0.0022 0.5497 0.0503 0.0



p
(psia)

254,40
245.4)
238.95
230.00
219,85
2010V
195.26
183.50
178.25
167.70
165.40

TABLE 3.12

Vapor-liquid-liquid equilibrium data for the system nitrogen(l)-methane(2)-propane(3)

X1

0.0977
0.0935
0.1003
0.0983
C.1C75
0.1150
0.1250
C.1361
0.1491
C.1694
0.1755

X2

0.0145
J.0352
0.C607
0.0895
0.1316
0.1830
0.2429
0.2641
0.32300
J. 3584
0.4222

X3

0.8879
J. 8713
0.8390
0.8122
Q.76J9
0.7020
J. 6330
0.5698
0.5209
Je4323
0.4024

at 114.05 K

Y1l Y2
0.9921 0.0078
0.9886 0.0113
0.9829 0.0169
0.9779 0.0220
069693 D.03236
0.9613 0.0386
0.9530 0.0469
0.9446 0.0554
0.9416 0.0583
Je3345 D655
0.9337 0.0662

Y3

0.0001
0.0001
0.0001
0.0001
J.JJJ1
6.0001
0.0001
0.0001
0. 00C1
Jed

0.0

X1

C.5854
0.5588
0.59404
0.9022
0.8651
C.7558
0.7290
0.5254
C.4877
C.4015
C.6523

X2

0.0136
0.C396
3. 0569
0.0903
0.1258
0.1890
0.2480
0.4190
0.4450
0. 4819
Ca3147

X3

0.0010
0.0016
Je 2327
0.0075
0.C091
0.0152
0.0230
J+ 3555
0.0672
0.1166
0.0329

-961-



P
(psia)

309.00
283.23
269.30
25772
257,70
244.30
228.50
216.53
236.5)
204.50

TABLE 3.13

Vapoe-liquid-loquid equilibrium data for the system nitrogen(l)-methane(2)-propane(3)

X1

0.0907
C.1127
0.1170
0.1281
0.1280
0.1351
C.1545
0.1746
J.2176
C.2341

X2

0.0433
0.1239
0.1649
J.2353
0.2051
O.c481
Je 2171
0.3710
£.4326
C.4377

X3

0.8660
Je 1664
0.7181
J. 6666
0.6669
0.6168
Je 5284
0.4544
J.3518
0.3282

Y1l

0.9845
0.9672
0.9596
0.9520
0.9520
0.9429
J.9349
0.9275
0.9214%
0.9206

at 118.32 K

Y2

0.0154
0.3329
0.0403
0.0479
0.0479
0.0570
J.J3653
0.0724
0.0785
0.0793

Y3

0.0002
J.J3J1
0.0001
0.0001
0.0001
0.0001
Jed
0.0
0.0
0.0

X1

0.9555
0.8834
0.8396
0.7915
G.7924
0.7370
J.6481
0.5836
0.4793
04667

X2

0.0426
O. 1149
0.1540
0.13980
C.1971
0.2451
Je2219
0.3718
0. 4434
Je 4457

X3

0.0019
0.232347
0.0064
0.0105
0.0105
0.0178
0.3300
0.0446
0.6773
J. 0875

-L61-



TABLE 3.14

Vapor-liquid-liquid equilibrium data for the system nitrogen(l)-methane(2)-propane(3)
at 122.24 K

P X1 X2 X3 Yl Y2 Y3 X1 X2 x3 '
(psia)

386.52 0.0953 0.0227 0.8820 0.9880 0.0115 0.0005 0.9776 0.0211 0.0013 '
346. €5 C.1036 0.(993 0.7970 0.9638 J.0361 0.2001 0.8954 0.1023 J. 0223 E
330.00 0.1146 0.1422 0..7432 0.9545 0.0454 0.0001 0.8467 0.1513 0.0020 '
296485 0.1444 0.2304 0.6252 0.9356 0.0643 0.0001 0.7418 0.2497 0.0085
260.80 0.2051 C.3577 0.4372 0.9147 0.0853 0.0 C.5837 0.3765 0.0398
250.20 0.2451 04090 043459 0.9083 0.0917 0.0 0.4891 0.4423 0.0686

245.12 C.2829 C.4372 0.2799 0.9357 0.0943 Jed
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TABLE 3. 15

Phase inversion temperature and liquid-liquid equilibrium

compositions for the system nitrogen(l)-methane(2)- ethane(3)

Temp., Pressure Liquid phase I(B.L.) Liquid phase II (T.

K psia NZ c C2 N2 Cl
109.10 190.0 0.2014 0.7986 0.9453 0
189.8 0.9238 0.0762 0,2228 0
111.72 200. 8 0.2824 0.0960 0.6216 0.8396 0.0737 O,

200, 6 0.8276 0,0747 0.0977 0.2759 0,0938 O,

113. 39 208.5 0.3511 0.1487 0.5002 0,7443 0,1258 O,
208.3 0.7382 0.,1271 00,1337 0.3401 0.1463 O.
113, 67 213.0 0.4829 0,1850 0.3318 0,6324 0.1651 O.

212.3 0.6266 0.1662 0,2072 0,4829 10,1848 O,

1.)

2

. 0547
L7772

0867
6303

1299
5126

2025
3223



P
(psia)

21.80
23.6)
49450
95.4
145.20
199.10
232.5)
239.60
256.39
261.00

p
(psia)
27.20
61.890
107.35
145,25
177.50
188.20
215.8)
280.00
297.5)
212.20

-200-

TABLE 4.1

Liquid activity coefficients for the binary systems nitrogen(l)-
propane(2) and methane(l)-propane(2)

T =114.05 K

X1

0.0075
J.35J86
C.0169
J.3335
C.C486
0.C640
J.J736
C.0773
JeJB842
0.C845

T =118.32 K

X1l

0.0079
C.0175
0.0321
CeJ433
0.0511
0.0557
JeJ621
0.0760
C.08J1
0.C854

GAl

14.8415
14,8034
14.5180
13.6588
13.4633
12.97C17
12,6733
12.5557
12.3442
12.2351

GAl

14.22C¢
12,9133
13.4474
12.3655
12.8€10
12.7213
12.5268
12.1198
12.0007
11.8480

System Nitrogen(l)-Propane(2)

GA2

0.5999
1.3239)
1.0002
1.0012
1.0028
1.0051
1.3268
1.0075
1.0090
1.0091

LN Gl

2.6974
2. 654G
2.6754
2.6361
2.6000
2.5627
2.5393
2.5302
2.5132
2.5124

LN G2

-0.0001
Jed
0.C002
0.0012
0.0028
C.C050
J. )67
0.C075
0. 0C90
0. 0090

Qlz2

0.06202
Je0232
0.0454%4
0.0895
0.1290
0.1687
J.1931
0.2025
0.2198
0.2206

System Nitrogen(l)-Propane(2)

GA2

0.9599
1.2222
1.0310
1.33520
1.0030
1.0036
1.3245
1.0070
1.0079
1.0090

Ld Gl

2.6547
2.6326
25988
2.5726
25542
245433
2.5281
2.4548
24850
2.%722

LN G2

-0.0001
JeJJI2
0.CC10
0.C020
00030
0.C036
JeJI45
0.C070
0.0078
0.C090

Qlz

0.0208
J«J462
0.0844
0.1133
0.1333
0.1450
Je.lo6l2
0.1961
0.2063
0.2194



p
(psia)
44,00
51.80

100.80

150.60

166.1)

202.90

280.10

341,170

369.50

430.32

400.00

406, C0

(psia)

6.06
8.60
11.17
13.96
13.00

16.20

TABLE 4.1

T =122.24 K

X1

0.0107
0.0133
C.0254
0.0380
JeJ41)
C.C486
0.0672
c.C812
0.08538
J.JE869
C.C885
0.0888

GAl

13.95175
13.8751
13.4963
13.1053
12.01¢€3
12.7833
12.2422
11.843S
11.7111
11.6822
11.6354
11.6270

T =114.05 K

x1

C.1812
0.2511
Ce41d2
C.6647
C.5488
C.EE12

GAl

1.8300
1.6716
1.5363
1.2087
1.3362
1.3348
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(continued)

System Nitrogen(l)-Propane(2)

GA2

1.0001
1.0001
1.0007
l.0016
1.2301¢9
1.0028
1.0055
1.32382
1.0092
1.0094
1.0098
1.,0099

LI G1

2+6360
2. 6301
2.6024
245733
2.5664
25487
2.5049

2-4716\

2.4605
2+4579
244540
2.4533

LN G2

0.0001
0. G001
Je T
0.C0Ll6
0.0019
0.0027
0.0055
J. 2381
0.0091
0.0094
0.0097
0.00%8

Qlz2

0.0283
0.0351
J 66T
0.0993
0.1071
0.1265
0.1734
J.2282
0.2195
0.2222
0.2261
0.2268

System Methane(l)-Propane(2)

GA2

1.0147
1.0437
1.1235
1.4455
1.2363
25296

LN Gl

Je 6343
0.5138
Je 4116
0.1896
0.2898
Je I342

LN G2

JeJ1l46
0.0428
0.C985
0.3684
0.2121
J.G2E1

Qlz

Je.1214
0.1799
0.2269
0.2495
0.2548
Jel4 04



P
(psia)
7.88
10.95
14.12
17.63
19.60
20.6)
22.90
24470

(psia)
7.06
9.35

13.06
13.50
18.78
23.10
26490
28476
31.04
33.2)

TABLE 4.1

T =118.32 K

X1

J.1775
0.2717
33609
C.5714
0.6540
J«13G99
0.S031
1.0000

T =

X1

0.1130
J3.1409
C.2219
0.2253
Je3701
0.5297
0.7090
C.8C95
0.8910
1.C033)

GAl

1.84¢1
1.7076
1.5410
1.3132
1.2219
1.1383
1.0242
1.3000

122.24 K

GAl

1.9729
1.5287
1.8029
1.7677
1.5846
1.3716
1.1705
1.3828
1.03006
1.23392
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GAZ2

l.0141
1.0374
1.0921
1.2708
1.4251
1.6792
247852
4.5659

(continued)

System Methane(l)-Propane(2)

LN Gl

Je 6131
0.5351
0.4324
0.2725
0.2004
J. 1235
0.0239
0.0

LN G2

Je.Jdl4D
0.0367
0.C881
0.2397
0.3542
J.5183
1.0243
1.5186

Ql2

Jel203
0.1721
0.2227
0.2584
0.2536
Je23037
0.1208
0.0

System Methane(l)-Propane(2)

GA2

1.0054
1.0087
1.0240
1.0249
1.3821
1.2201
1.5894
2.0375
2.7067
4.7C86

LN Gl

0.6795
0. 6568
0.5894
0.5865
Je4 633
0.3160
C.1574
0.0756
0.0301
Je J

LN G2

0.0054%
0.0087
0.0237
0.0246
J. J789
0.1989
0. 4634
0.7117
0.5957
1.5494

Ql2

0.0816
0.1000
0.1493
0.1512
Je2201
0.2609
0.2465
J23J0
0.1354
0.0



Results of the Correlation of Liquid Activity Coefficients for
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TABLE 4,2

the Binary Systems

Temp lSys’cern | B3

(%)

|

|

!

1

e

!'“’“"”“““"‘““ ,

ot
b

NZ--C1

114,05 C, -C

118,32 Cl1-C

1 3

Nz’c3

122,24

Cy-C,

N-C,

3

I Redlich -Kister Constants

12

0. 7845
0. 7845
0. 7845

1.0395
0.9762
1 0.9959

, 2.8433
3.5157
3.6287

i 0.7557
0. 7557
0. 7559

1,0344
0.9819
11, 0046

2. 8106
3. 4724
3. 6494

0. 7463

!
|
!

N, - Cl 0, 7463

{ 0.7468

0. 9999
31.0129
11.0222

2,8202
3,4773
3.6778

* using

i
|
i
!
. TL B RV UP T UT
t
!
|

0.
0.

0.
0.

0.
1.

0.
0.

0,
0.

0.
1,

l

smoothed values from the literature (4)

C D Avg.abs., Avg.abs.
12 12 ] :
dev.in y % dev. in
and Y, % and YZ}
0.0188 0.92
0490 0. 0004 0.02
0490 0.0010 0,0003 0.01
0.1327 6.46
3528 0. 0279 1.1}
3396 0.1036 0.0048 0.18
0. 6550 4,37
8311 0. 0107 0.07
0946 0.1528 0.0044 0. 03
0.0202 1.01 .
0538 0.0012 0. 05 f
0538 0.004)1 0.0005 0. 03
0.1533 6,56
3794 0.3370 1.23
3469 0.1164 0.0061 0.21 ;
0.5293 3,43
. 8275 0. 0109 0.08
. 2400 0.0015 0.02
0.0238 1,19 '
. 0634 0. 0027 0.12
.0634 0.0096 0.0010 0. 05
0.1522 5,63
3445 0.0327 1.16
.3482 0.1176 0.0070 0.27
0. 0608 4, 40
8407 0.0113 0.08
3178 0.2830 0.0019 0.02
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TABLE 4.3

Liquid activity coefficients evaluated from gas phase
fugacity coefficients

T =114.05 K System Nitrogen(l)-Propane(2)
p X1 CEl GE2 LN GE1 LN GE2
(psia)
21.80 0.0075 15.7426 0.1880 2.7564 -1.6716
23460 340086 14.828) J.2010 246565 -1.6043
49.50 0.0169 15.2992 0.3498 2.7278 -1.0504
895.40 0.,0335 13.9826 0.4725 26378 -0+7498
145.20 (.C486 13.6733 0.4622 2.6154 -J. 7717
199.10 C€.0640 13,1253 03526 2.5745 -1.0423
232453 J0.0736 1246203 Je 2548 2+ 5353 -1.3672
239.60 00,0773 12.2325 0.2319 2.5041 -1.4616
258.00 0.0842 11.6570 0.1640 204593 ~1.8C78
261.C0 0.C3845 11.72327 31506 2.4616 -1.8931
T =118. 32 K System Nitrogen(l)-Propane(2)
P X1 GE1l GE2 LN GE1 LN GE2
(psia)
27.20 0.CCT79 14.9916 1.1513 2.7075 0. 14009
61.8) J.0175 14.7355 2.5354 2.6G03 J.S5124
107.35 0.0321 13.1775 2.1169 245785 0.7499
145.25 0.0433 12.5792 2.1393 25320 0.7605
177.50 0.C511 12.4721 0.9968 2.5235 -J. 0032
188.20 0.C557 11.9533 0.9597 24810 -0.C412
215.83 J.0621 11.8238 Je 8343 2.4699 -0.1812
280.C0 0.C760 11.3492 0.2203 2.4291 —1.5128
297.50 C.0801 11.08¢€1 0.9698 2.4057 -0.0306

212.20 C.C854 10.28¢E4 Je 1570 23310 -1.8516



TABLE 4.3

T =122.24 K

(pgia)

44 .0)
51.80
100.80
150. 60
166.10
2J2.9)
280.10
341.70
369.50
400.00
403430
406.00

6.06
8.60
11.17
13.96
13.3)
16.20

X1

$.0127
0.0133
0.0254
C.C380C
0.0410
J=J486
0.C672
0.0812
0.0E58
0.C869
J.JE85
C.C888

0.1812
0.2911
C.4102
0.6647
J.54£8
C.8812

GE1

14.97¢58
14,0562
12.5197
12,7029
12.7352
12.5165
11.2349
G.5862
5.2887
S.0612
€.8935
8.8458

GElL

1.9435
1.7066
1.5625
1.1976
1.3543
1.0426
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(continued)

System Nitrogen(l)-Propane(2)

GEZ2

2.7768
4.2502
4.4624
3.5855
249476
2.1616
0.3492
0.1767
0.1959
0.1946
J. 3882
0.3857

System Methane(l)-Propane(2)

GE2

0.6785
0.5360
Je 4836
0.6799
Je J
C.0

LN GE1

2.7367
26433
2. 6041
245418
2.5444
2.527)D
2.4190
243015
2.2288
2.2040
2.1853
2.1799

LN GE1

0.6645
0.5347
0e4470
0.1803
3.3233
0.0417

LN GE2

1.3289
1.4470
1.4957
1.2769
1.C810
Je 7739
-1.0520
-1.7335
—1.6304%
~1.6368
-J. G463
-0.9526

LN GE2

-0.3878
-0.6236
-Jd.7266
-043859
.G
0.0
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TABLE 4.3 (continued)

T =118.32 K System Methane(l)-Propane(2)

P X1 GE1 GE?2 LN GE1l LN GEZ2

(psia)

7.88 2.1775 1.8655 1.2172 J. 6236 de1966
10.95 04,2717 1.6830 0.9196 0.5206 -0.C839
14,12 $.3929 1.4982 0.5841 0.4042 —-0e 5377
17.63 0.5714 1.2688 26386 0.2381 0.9703
19.60 0.6540 1.2217 0. 4435 0.2051 -0.€131
20463 J0.7399 1.1380 0.0 0.1293 Jed
22.90 0.5031 1.0309 0.0 0.0305 0.0
24473 1.3330 1.323) 0.0 0.0 0.0

T=122.24 K System Methane(l)-Propane(2)
P X1 GE1l GE2 LN GE1 LN GE2

(psia)

7.06 01130 1.9845 1.7700 0.6854 0.5710
9.05 0.1409 2.0338 1.3379 0.7099 0.2511
13.06 (C.z219 1.84%9 9.5833 J.6151 =J+5363
13.50 0.2253 1.8816 0.6027 0.6321 -0.5064
18.78 J3.37J01 1.57¢€3 J.2432 J. ¥551 -1.4140
23,10 C.2267 1.3423 0.3815 0.2944 -0.9637
26.90 0.7090 1.1583 0.6872 0.1472 -0.3751
28.76 (C.8(S65 1.0835 Je D De 774 Jed
31.04 0.8910 1.0542 0.0 0.0528 0.0
33.2) 1.£32) 1.0239 J. 0 0.0 0.0



X1

0.0075
J.C386
C.0169
0.0335
J+J486
0.0640
0.0736
C.C773
0.0842
JeJE45

X1

0.CC79
J.0175
€C.C321
0.0433
JeJ511
0.0557
0.C&21
€.C760
C.0801
J.0854
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TABLE 4.4

[ f

Comparison of liquid activity coefficients evaluated from
Equation(4.13)to those evaluated from Equation(<.8),
binary systems.

T=114.05 K

CAl

14.8415
14.8034
14.5180
13.5588
12.4¢€23
12.9707
12.67C3
12.5557
12.3442
12.33¢£1

GEl

15.7426
14.3280
15.2992
13.9826
13.56733
13.1253
12.6200
12.2325
11.6570
11.7237

T=118.32 K

GAl

14.22C6
13.91C3
13.4474
13.CG5655
12.€€12
12.7218
12.2268
12.1158
12.00C7
11.84¢€2

GEl

14.5916
14.7359
13.1775
12.57%2

12.4721

11.9533
11.8208
11.3492
11.0861
13.2884

System Nitrogen(l)-Propane(2)

= DGl

~6.0714
-J,.,1661
~5.3307
-0.1705
-1.550)
-1.1913
0.3963
25745
5.2426
4.5563

System Nitrogen(l)-Propane(2)

% DG1

-5.4213
-5.9347
2.0070
3.9725
3.3237
6.0408
5.6584%
6.3581
7.6215
13.1632

GAZ2

C.9699
1.u000
1.0002
1,0012
1.3328
1.J051
1.0068
1.0075
1.0090
1.2391

GAZ2

0.9999
1.0002
1.0010
1.0020
1.2233)
1.0036
1.0045
1.0070
1.0079
1.23392

GEZ2

9.1680
U.201J
0.3493
0. 4725
J.bb622
0.3526
0.2548
J.2319
0.1640
J.15386

GE2

1.1513
2.5054%
2.1165
2.1363
J.9568
0.9597
0.83%3
J.2233
0.96638
0.1570

for
GAl, GA2 were obtained from Eq. (4. 8),
and GEIl, GEZ2 were obtained from Eg. (4.13).

3 DG2

81,2037
73.8573
65.3261
52.3117
53.6J357
64,5140
74.6504%
T6.9854%
83.7459G
85.3753

2 DG2

~15.1423
~150.4552
-111.468)
-113.4976

J.6172
4.3768
16.9452
T73.1245
3.7751
84.4413



X1

0.0107
0.0133
0.0254
J.038)
0.0410
0.0486
0.6672
.0812
0.0858
0.0869
0.0885
0.C888

X1

0.1812
J.2611
C.4102
0.6647
C.5488
0.8812

TABLE 4.4
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T=122.24 K

GAl

13.6575
13.87°¢1
13.4963
13.13¢3
13.01¢€3
12.7858
12.2422
11.8409
11.7111
11. 6802
11.€3%4
11.6270

GEl

14.2758
14,0592
13.5197
12.7329
12.7352
12.5165
11.2349
9.9892
9.2887
9.0612
B.8935
8.8458

T =114.05 K

GAl

1.8300
1.6716
1.5C63
1.2087
1.33¢€2
1.0348

GEl

1.9435
1.7369
1.5635
1.1876
1.3543
1.0426

System Nitrogen(l)-Propane(2)

2 DG1

~-7.3246
~1.3266
-0.1734
3.1032
2.1747
2.1372
8.2282
15.6385
2).6842
224227
23.5647
23.9197

System Methane(l)-Propane(2)

2 DG1

-6.2052
-2.1130
-3.5970

U.9217
~1l.3547
-0.7574

(continued)

GA2

1.0001
1.J001
1.0007
1.3016
1.0019
1.0028
1.32355
1.0082
1.2092
1.0064
1.0098
1.J5095

GAZ2

1.0147
1.0437
1.1035
le 4455
1.2363
2.5296

GE2

Z DG2

402532 —324.9646
be 4624 -345,9502

3.5855

=257.9705

2.9476 -19441927
2.1616 -115.5681

Je34G2
0.1767
0.1659
0.1946
0.3882
J.3857

GEZ2

0.6785
05360
0.4826
0. 6799
Jed
0.0

65.2663
B2.4764
805925
80.7212
61.5609
61.8332

Z DG2

33.1286
48.6429
56.1812
52.9655

103.3233)
100.0090



X1

0.1775
0.2717
03939
C.5714
0.6540
0.7399
0.5031
1.009)0

X1

C.1130
0.1409
0.2219
€.2253
0.3701
(.£297
0.7090
J.8095
C.8510
1.G000

TABLE 4.4
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T=118.32 K

GAl

1.8461
1.7076
1.541)
1.3132
1.2219
1.1383
1.0242
1.320)

GE1l

1.8655
1.6830
1.4682
1.2688
1.2277
1.138)
1.0309
1.2

T=122.24 K

GAl

1.8729
1.92¢&7
1.8329
1.79717
1.5846
1.3716
1.17C5
1.C828
1.0306
1. 0000

GEl

1.,9845
2.0338
1.8499
1.8816
1.5763
1.3423
1.1583
1.3835
1.0542
1.00C0

(continued)

System Methane(l)-Propane(2)

% DGl

-1.0529
1.4395
2.7786
3.3830

-0.4710
JeJ278

-0.6570

=J.JJJ3

GA2

1.3141
1.0374
1.5921
1.2708
1.4251
1.6792
2.7852
445659

GE2 % DG2
1.2172 -22.0326
0.9196 11.3593
0.5841 46.5191
2.63686 -107.6283
0.4435 68.8790
J.0 12040922
0.0 100.0000
0.0 100.0000

System Methane(l)-Propane(2)

2 DG1

-0.5871
-5.44{8
-2.636D
—4.6673
0.5265
2.1370
1.0384
J.2184
~-2.2958
0.0005

GA2

1.0054
1.0087
1.324)
1.0249
1.0821
1.2201
1. 5894
2.9375
2.7067
4.7086

GE2

1.7700
1.3379
J.5833
0.6027
0.2432
J«.3815
0.6872
J.J

0.0

0.0

% DG2

~716.3394
-32.6303
43.338)
41.1967
77.5269
68.7328
56. 7632
132.2300
160.0000
100.0000



TABLE 4.5
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Properties of Pure Components

Nitrogen
Methane
Ethane
Propane
n-Butane

Carbon Dioxide

126, 2

190, 55
305. 43
369. 82
425,16
304.19

550,
1070,

v
c

2
(£t” /1b mole)

1.44
1.59
2.37
3,26
4,08
1,51

Reference

95
106
106
106
106
106
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TABLE 4.6

Comparison of experimental values to vapor compositions pre-
dicted by the modified Redlich-Kwong equation of state for the
binary systems nitrogen(l)-propane(2) and methane(l)-propane(2).

T =114.05 K System Nitrogen(l)-Propane(2)
P X1 YL EXP Yl CAL Y2 EXP Y2 CAL
(psia)
21.80 0.0075 0.9999 1.0000 0.0001 0.0
23.6) J.0386 0.9999 1.2392 Je.0001 Je0
49.50 0.0169 0.9999 1.0000 0.0001 0.0
95.4J) J.0335 0.9999 1.0000 0.0001 0.0
145.20 C.048565 0.9999 1.0000 0.0001 0.0
199.10 0.0640 0.9999 1.0000 0.0001 0.0
232.5) J2.0136 0.9999 1.922) Je 231 Q.0
239.60 0.0773 0.9999 1.0000 0.0001 0.0
25830 J.0842 0.9999 1. 0000 0.0001 0.0
261.CO0 C.C845 0.9999 1.0000 0.0001 0.0
T=18.32 K System Nitrogen(l)-Propane(2)
P X1 Yl EXP Yl CAL Y2 EXP Y2 CAL
(psia)

27.20 0.0079 0.9995 1.0000 0.0005 0.0
61.8) J.0175 0.599%4 1.3330 J.0JJ6 JeDd
107.35 0.0321 (0.9996 1.0000 0.0004 0.0
145.25 0.0433 0.9996 1. 0000 0.0004 0.0
177.50 C.0511 (C.9998 1.0000 0.0002 0.0
188.20 0.0557 0.9998 1.0000 0.0002 0.0
215.8) 0.0621 (0.9968 1.3290 JedJI2 Jed
280.00 0.0760 0.9999 1.0000 0.0001 0.0
29750 00801 0.9992 1. 0000 0.0008 0.0

312.2G C.C854 (.9999 1.0000 0.0001 Jeld



TABLE 4.6

T=118.32 K

P
(psia)

7.88
10.95
14.12
17.63
19.60
20.60
22.90
24.7)

X1

deo11775
0.2717
J3639
Ge5714
0.€540
Je 7399
0.5031
1.303)

T=122.24 K

]
(psia)

T.06

9.05
13.06
13.50
18.78
23.10
26.90
28.76
31.04
33.2)

X1

0.1130
0.1409
0.2219
0.2253
J.3731
0.£297
0.7090
J« 8355
0.8910
1.0009

Yl EXP

C.5586
€.9993
J«9667
0.9962
0.9999
1.0000
1.0000
1.30099

Y1 EXP

C.9G676
0.9986
C.9996
0.9996
39999
C.5999
0.9999
1.3020
1.0000
1.00230
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(continued)

System Methane(l)-Propane(2)

Yl CAL

1.23299
1.0000
1.0000
1.0000
1.0000
1.3330
1.0000
1. 0000

Y2 EXP

J.JJ1l4
0.0007
0.0003
0.0008
0.0001
Je J

0.0

. 0.0

Y2 CAL

System Methane(l)-Propane(2)

Yl CAL

0.9999
0.9999
1.0099
1.0000
1.0339
1.0000
1.0000
1.3JQ90
1.0000
1.0000

Y2 EXP

0.0024
0.0014
J. DI04
0.0004
Jd. 2301
0.0001
0.0001
Je0

0.0

0.0

Y2 CAL

0.0001
0. 0001
Jed
0.0
C.Q
0.0
0.0
Jed
0.0
0.0
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TABLE 4.6 (continued)

T=122.24 K System Nitrogen(l)-Propane(2)
P X1 Y1 EXP Yl CAL Y2 EXP Y2 CAL
(psia)
44.C0 C.0107 0.9989 1.0000 0.,0011 0.0
51.80 04,0133 C.9989 1.0000 0.0011 0.0
100.80 C,0254 (.9992 1.0000 0,028 Jed
150.60 0.0380 0.9594 1.0000 0.0006 0.0
166.1) J.041) J.99%5 1.3009 Je 3305 JeD
202.90 C.0486 (.9996 1.0C00 0.6004 0.0
280.10 0.0672 C(.9969 1. 0000 0.0001 0.0
341.70 C.C8l12 (0.9999 1.0000 0.0001 J«D
369.50 0.0853 0,9999 1.0000 0.0001 0.C
43J3.0) J.0869 {.9999 1. 3239 J. 3301 Jed
400.00 0.0835 (0.99938 1.,0000 0.0002 0.0
406.00 0.0888 (€.9998 1.0000 0.0002 0.C
T =114.05 K System Methane(l)-Propane(2)
P X1 Y1 EXP Y1l CAL Y2 EXP Y2 CAL
(psia)
6.06 0.1812 0.999C 1.0000 0.0010 0.0
8.60 0.2911 (C.9995 1.0000 0.0005 0.C
11.17 C.4102 C€.9697 1.0000 Je 3203 Jed
13.96 0.6647 0.9998 1.0000 0.0002 0.0
13.0) 0.5488 1.33J) 1.3333 Je 0 De d

16.20 0.8812 1.0000 1.0000 0.0 0.0
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TABLE 4.7

Comparison of experimental values to predicted pressures
and vapor compositions by the modified Redlich-Kwong equat-
ion of state for the systems nitrogen(l)-propane(2) and
methane(l)-propane(2).

T =114.05 K System Nitrogen(l)-Propane(2)
X1 DY1 DY2 P EXP P CAL Z DP
(psia) (psia)

0.0075 0.0001 -0.0001 21.8000 21 .35 -2.08
0.3086 0.0001 ~-0.0001 23.6000 24.50 3.83
0.0169 0.0001 -0.0001 49.5000 48.57 -1.88
0.0335 0.0001 -0.0001 95.4000 98.22 2.96
0.0486 Ja0JJ1 —-2.3301 145.223) 145.75 Je38
00,0640 0.0001 -0.0001 199.1000 197.71 -0.70
0.0736 0.0001 -0.0001 232.5000 232.87 0.16
0.0773 0.0001 -0.0001 239.5999 247425 3.19
0.0842 0.0001 -0.0001 257.9998 275.92 6.95
0.0845 000031 -0.3001 26J0.9558 277.23 6.22
AVE. ABS. % DEV. IN PRESSURE 2ZDP = 2.83 ( 2 )

AVE. ABS. DEV. IN VAPCR COMP. = 0.0001 (MOLE FRACTION)
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- TABLE 4.7 (continued)
T=118.32 K System Nitrogen(l)-Propane(2)
X1 Dyl DY2 P EXP P CAL Z DP
(psia) (psia)

€.0079 0.0005 -0.0005 27.2000 25.63 -5.76
C.0321 C.0004 -0.0004 107.3500 107.65 J.28
0.0433 C.0004 ~-0.0004 145.2500 148.01 1.90
J.0511 JeJdJJ2 —J.3232 177.5229 177.38 -J .07
C.0557 0.0002 -0.0002 188.2000 195.30 3.77
G.0621 0.0002 -0.0002 215.8000 221.15 2.48
C-O763 3. 0331 '.)o JJ\J]. 279-9998 282-47 0088
0.0801 0.0008 -0.0008 297.4998 302.60 1.71
J«0854 0.JJJ1 -0.00061 312.1995 330.93 6.00
AVE. ABS. % DEV. IN PRESSURE ZDP = 299 ( 2 )

AVE. ABS. DEV. IN VAPCR COMP. = 0.0003 (MOLE FRACTION)

T=122.24 K System Nitrogen(l)-Propane(2)
X1 DY1 DYZ2 P EXP P CAL % Dp
(psia) (psia)

0.0107 Je0J11 -J.0011 4443020 39.53 -10.16
0.0133 0.0011 -0.0011 51.8000 49,32 -4,78
0.0254% 0.0008 -0.0008 100.8000 G6.01 -4,75
0.0380 C.0006 -0.0006 150.6000 147.02 -2 .38
0.0410 0.0005 -0.0005 166.1000 159.61 -3.91
0.2486 043334 —J.0034 2932.932) 192.44 -5.16
0.0672 0.0001 -0.0001 280.0994 280.69 0.21
0.0812 0.0001 -0.0001 341.6995 360. 85 5.61
C.0858 0.0001 -0.0001 369.4998 393.05 637
0.0869 0.0001 -0.0001 399.9998 401.638 O 42
0.2885 022202 —-0.,3032 399.99G8 415.43 3.86
0.0888 0.0002 -0.0002 405-9998 418.11 2.98
AVE. ABS. % DEV. IN PRESSURE Z2DP = 4.22 ( 2 )

AVE. ABS. CEV. IN VAPCR COMP. = 0.0004 (MOLc FRACTION)
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TABLE 4.7 (oo ntinued)

T =114.05 K System Methane(l)-Propane(2)
X1 CY1l DY2 P EXP P CAL Zz DP
(psia) (psia)

0.1812 0.0010 -0.0010 6.0600 5.81 -4,07
J.2911 CeJJJ5 —-0.0005 8.6000 8.57 -0.33
0.4102 €C.0C03 -C.00C3 11.1700 10.95 -2.00
C.6647 0.0002 -0.0002 13.3600 14,26 2.17
0.5488 Jed Je J 13.003) 13.20 J.0l
0.8812 0.0 0.0 16,2000 16.21 0.08
AVE. ABS. % DEV. IN PRESSURE XDP = le4d (2 )

AVE. ABS. DEV. IN VAPCR COMP. = 0.6003 (MOLE FRACTION)

T=118.32 K System Methane(l)-Propane(2)
X1 Dyl DY2 P EXP P CAL % DP
(psia) (psia)

0.1775 Je.JJ314 -0.0014 7.8830 7.91 J.36
C.2717 0.00G7 -0.0007 10.9500 11.27 2.89
0.3929 0.0003 -0.0003 14.1200 14.72 4.22
C.5714 C.C0C8 -0.00C8 17.6300 18.44 4,58
0.6540 0.0001 -0.00C1 19.6000 19.67 0. 34
C.7399 JeJ Je J 23.6J)) 223.75 D.73
0.9031 0.0 0.0 22.9000 22.84 -0.27
1.0000 0.0 0.0 24.7000 24.78 0.31
AVE. ABS. % DEV. IN PRESSURE 2Z0P = 1.71 ( 2 )

AVE. ABS. DEV. IN VAPOR COMP. = J.0004 (MOLE FRACTION)
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TABLE 4.7 (continued)
T =122.24 K System Methane(l)-Propane(2)
X1 Dyl DY2 P EXP P CAL %2 DP
(psia) (psia)

C.1130 0.0023 -0.0023 7-0620 6.98 -1.11
0.1409 0.0013 -0.0013 S5.0500 8.53 -5,.,69
J.2219 00334 —0.20J304 13.2623) 12. 66 -3.05
0.2253 (.0004 -0.0004 13.5000 12.82 -5.02
0.3701 0.0001 ~-0.0001 18.7800 18.77 -0.05
0.5257 C.00C1 -0.0001 23.1030 2344 1.48
0.7090 0.0001 -0.0001 26.9000 26.91 0.04
0.8085 Je Qe J 28.7600 28.47 -1.00
€C.8910 C.0 0.0 31.0400 29.88 -3.75
1.0000 0.0 0.0 33.2000 32.69 -1.54%
AVE. ABS. Z DEV. IN PRESSURE 23DP = 2.27T ( 2 )

AVE. ABS. DEV. IN VAPCR COMP., = J.02035 (MOLE FRACTION)



TABLE 4.8

Comparison of experimental values to the predicted values of
liquid-liquid equilibrium for the system nitrogen(l)-propane(2).

BOTTOM LIQUID PHASE TOP LIQUID PHASE
TEMP P EXP X1 EXP X2 EXP X3 EXP X1 EXP X2 EX? X3 EXP
K P CAL X1 CAL X2 CAL X3 CAL X1 CAL x2 CAL X3 CAL
D P DX1 D X2 D X3 DX1 DX2 DX3
113.22 24€,60 0.0 00842 0.9158 0.0 0.59:4 0.0016
23€. 87 0.0 0.0846 0. 9154 00 Qe 9234 0.0016
-9 73 O« 0 ~0.0004 0.0004 0.0 0.0 0.0
11515 27540 0.0 0.0844 0.9156 00 Oe F32 0.0012
263.92 0.0 00849 0, 9151 0.0 09982 0.0018
—11«48 0.0 —00005 00005 0.0 0.0 0.0
116480 301.00 0.0 0.0841 0.9159 0.0 09231 0.0019
28%Ge74 0.0 0.0842 0.9158 0.0 0,9981 0.0019
-11.26 0«0 —0.0001 0.0001 0.0 Oe 0 0.0
117.92 320.70 Ce0 0.0834 0.9166 0.0 05981 0.0019
302.22 C.0 0.0836 0.9164% 0.0 0.9981 0.,0019
-12.48 0.0 —0.0002 0.0002 0.0 0.0 0.0
119.72 351.70 Q0.0 0.0859 0.9141 0.0 0. 9983 0.0017
339,36 0.0 0.0863 09137 0.0 09943 0.0017

-12.34 0.0 —0.0004 0.0004 0.0 0.0 0.0

-81¢-



TEMP
K

121 .34

123.51

123.71

125.15

TABLE 4.8 (continued)

8D0TTOM L IQUID PHASE

X1 EXP
X1 CAL

DX1

X2 EXP
X2 CAL

X3 EXP
X3 CAL

TOP LIQUID PHASE

X1l EXP
X1 CAL

X2 EX?
X2 Ca_

0.9978
0.9978

425430

0.,0002

0.0902
0.0906

-—3.0002

0.9098
09094

0.N0023
0.0023

—— e e it ———— A — T . - - —— Y —— S —— - — — A — —— T — —— —— —— — —_— —— v~ — —— ——— o ——

4235.90

0.0903

0.90937

09977
Ce99I77

0.,0933
046939

Ce 9067
0.3061

~0.0006

0.0006

-612-
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TABLE 4.9

List of parameters used in the application of the modified

Redlich-Kwong equation to predict vapor -liquid equilibrium

Temp.
K

114,05
118.32
122,24

Temp.

115,04
118.32
122,24

Q
a

0. 41835
0.41875
0.41717

Oy,

0.08250
0.08220

0.08185
k..
1]
(N, -¢C)

0.0320
0.0310

0. 0304

0.40480
0.40635
0.40770

C
Qy Q,
0.08623 0.38350
0.08600 0,38723
0.08579 0.39070
kij
(C, -C,)
0.0132
0. 0145
0. 0162

0y

0.08020
0.08035
0, 08053



TABLE 4.10

Liquid activity coefficients for the ternary system nitrogen(l)-methane(2)-
propane(3) evalued from vapor-liquid equilibrium data.

T=114.04 K

P X1 GAl GA2 GA3 LN GAl LN GA2 LN GA3 Qle3
73.88 J0.0245 13.65171 2.3146 1.0012 2.636) J.730% 0.0012 0.0771
127.20 0.0446 12.3034 1.9629 1.3035 2.5880 0.6744 0.0035 0.1294
193.40 0.0637 12.7399 1.9179 1.0C63 2.5%47 0.6512 C.0063 0.1767
82.80 C.C388 $.3257 1.6226 1.3578 2.2328 J.4841 J.J1562 J+2529
124.50 0.C€20 8.7590 l.5738 1.0751 2.1701 0.4535 0.0724 0.3018
65.8J) J.0562 4.4925 1.1752 1.5362 1.5024 0.1614% 0.4293 0.3255
101.38 0.0589 4.1769 1.1477 1.6318 1.4296 0.1377 0.4897 0.3792
124.05 0.1797 3.3164 1.0737 20690 1.1989 0.0711 0.7271 0.4495
43.40 C(C.0503 Z.6861 1.0215 2.8331 J. 5381 Jed212 1.,0403 J.1865
41.80 0.0525 2.4610 1.0093 3.2888 C.9006 0.0092 1.1905 0.1527
T77.63 J2.127) 2.3732 1.2272 3. 45678 0.864%2 0.0072 1.2435 0.2459
131.70 0.2699 1.8167 1.0126 6.1752 05970 0.0125 1.8205 0.3362
158.30 0.4184 1.5524 1.0509 9.3771 0.4398 0.0496 242502 0.3695
173.00 C.5072 1.3765 1.1139 15.6387 Je3217 Je1343 2.74G7 J.3615
185.3) 0.6106 1.2065 1.2367 31.4872 0.1902 0.2125 3.4496 0.3050
220.80 (C€.8059 1.0503 1.6066 117.4054 0.0491 04741 4.7656 J. 1921
233.70 0.8644 1.0258 1. 7670 179.0534 0.0255 0.566G3 5.1877 0.1461
253473 C(C.9415 1.3247 200646 345.9551 JedI4T J.7249 5.8463 0.0662

260.60 0.S750 1.0008 2.2320 475.6299 0.0008 0.8029 61646 - 0.0222

-122 -



50.75
89.60
127.10
155.9)
175.80
191.50
21440
48.80
78.8)
142.00
178.60
106.80
150.50

16G.70
163.890

200.70
59.3)
1062.20
123.723
24455
64.30
135.3)
140.75

T=118.32 K

X1

0.0559
C.1501
C.2509
J.3559
0.4403
0.4954
05546
c.0207
J.J369
0.C82C
0.1221
C.0S572
0.1683

J.2258
0.2843

0.3033
Je0227
C.0470
J.J601
C.CC71
0.0199
J.J324
0.0443

GAl

2.0772
1.8423
1.6561
1.4367
1.3200
1.24389
1.1583
€.5436
6.32956
5.98C7
5.5010
2.6389
342417

209354
245960

2.4716
$.35%8
8.6301
g.43€5
13.1060
12.7572
12.42C8
12.1004

TABLE 4.10 (continued)

GA2

1.0003
1.0051
1.0219
1.3715
1.1250
1.1761
1.2836
1.3972

.1.3834

1.3440
1.2977
l.1112
1.0764

1.0516
1.0274

1.0199
1.6393
1.6001
1.5824
2.0026
1.9731
l.G444
1.9169

GA3

4.3735
5.7728
T.7363
12.7322
18.5379
24.9434
4le1242
1.1826
1.1648
le2347
1.2933
l.8l21
2.0572

2.3316
2.7901

3.0239
1.J554
1.0683
1.0750
1.0021
1.0035
1.0052
1.0072

LN GAl

0.7310
J.6110
0.5C45
J.3623
0.2777
0.2222
Jel47D
1.8785
1.8556
1.7885
1.7049
1.2917
lel761

1.C768
0.5540

0.5049
2.2138
2.1553
2.1326
25731
2.5461
2.51%4
2.4632

LN GA2

0.0003
J.JJ51
0.0217
0.0691
0.1178
0.1622
J.2473
0.3345
0.3245
0.2957
0.2606
J.1354
0.0736

0.0503
0.02170

0.0197
Je4943
0.4701
0.4590
0.6945
0.6795
J.665)
0.6507

LN GA3

1.4756
1.7531
2.0459
245441
2.,9198
3.2166
3.7161
0.1677
0.1780
0.2109
0.2572
J+5C45
0.7214

0.8466
1.0261

1.1065
JeJd539
0.0661
0.0723
J.JJ21
0.0035
J«2352
0.0072

Q123

0.08375
J.1453
0.2044
0.2115
0.2207
0.2124%
J.2J4)
0.28313
0.3109
0.3756

0.4353.

J+3559
0.4305

0.4324
0.5192

0.5246
J.2272
0.2739
0.2979
J.J)638
0.0494T1
0.1248
0.1533
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30.60
6448
67.30
108.60
145.20
186.80
48.3)
88.75
173.80
240.30
51.80
7940
199.20
83.80
137.3)
185.10
255.10
327.40

T=122.24 K

X1

0.0080
Je.J193
0.0203
0.0360
C.0500
0.C767
0.0156
C.C378
0.C823
C.1443
0.0215
J.J45)
C.16G9
0.0846
J.1853
0.3532
0.5875
C.8468

CAl

13.1228
12.8£60
9.2334%
S5.09€62
8.8665
8.3304
t.2424
6.1838
5.9510
£.1548
4.0558
3.5864%
3a.3416
2.2814
1.6572
1.4928
1.1717
1.0241

TABLE 4.10

GA2

2.0859
2.0625
1.7125
1.6594%
1.6770
1.6238
1.40343
1.398¢9
1.3755
1.2562
1.1702
1.1637
1.0995
1.0094
1.3312
1.0443
1.2383
1.7026

GA3

1.0016
1.22325
1.0481
1.0515
1.23579
1.0755
1.2J36
1.2087
1.2317
1.3325
1.6206
1.6438
1.9674
3.5248
4.6322
10.8489
38.0513
192.4386

{continued)

LN GA1l

2.5744
2.5546
2.2228
2.2079
2.1823
2.1199
1.8314
1.8219
1.7836
1.6477
1.4001
1.3836
1.2065
0.8248
).6918
0.4006
0.1584
0.J239

LN GA2

0.7352
J.7239
0.5380
0.5303
J«517)
0.4848
0.3396
0.3357
0.3188
J.2595
0.1572
0.1516
0.0949
0.0093
0.3J12
0.0433
0.2138
J.5321

LN GA3

0.0016
0.0025
0.0469
0.0502
J3563
0.0728
0.1853
0.1895
0.2084
J.287)
0.4828
04970
0.6767

1.2598
1.5330

2.3841
3.6389
5.2598

QL23

0.0590
0.03393
0.2201
D.2461
J.2121
0.3256
0.2862
0.3180
0.3831
J.&729
0.28Q7
0.3114
0.4514%
0.1945
0.2599
0.2553
0.2177
J.1121

-¢ce-



254.40
245.9)
238.95
230.00
219.35
207.00
165.26
167.70
165440
160.20
183.50

TABLE 4.11

Liquid activity coefficients for the ternary system nitrogen(l)-methane(2)-propane(3)
evalued from vapor-liquid-liquid equilibrium data. The nitrogen-rich liquid phase
is considered in equilibrium with the vapor phase.

T=114.05 K

X1 CAl GAZ GA3 LN GAl LN GAZ LN GA3 Q123 '
0.6854 1.0005 2.2658 504.5979 0.0005 0.8179 6.2238 0.0178
3.5588 1.0222 2.1515 4039.7139 0.0322 JeT661 60155 DeJ421 o
C.5404 1.0045 2.0711 350.6543 0.0045 0.7281 5.8598 0.0616 ?
09022 1.0135 1.9001 244.5254 6.0134 0.6419 5.4993 0.1113
C.8651 1.0241 1.7817 185.8155 0.0238 J.5775 5.2248 Jel426
0.7658 1.0560 1l.5791 108.4595 0.C545 0.4568 4.6864 0.2010
0.729J) 1.1323 1.4227 65.5257 2.0974 Je3512 4.1824 0.2545
C.5254 1.3569 1.1215 16.8326 0.3052 0.1147 28233 0.3651
0.4877 1.4411 1.0843 12.9822 0.365% 0.0809 2.5636 0.3866,
0.4015 1.7651 1.0194 6.5855 J.5682 J.J162 1.8849 De4572

0.6523 1.1744 1.2820 38.4095 0.1608 0.2484 3.6483 0.3332



309.00
. 283.23
269.30
257.73
257.7C
244.30
228450
216.53
206.5)
204.50

386.50
346.85
330.00
296.85
260.80
250.20

T =118.32 K

X1

0.9555
(.E804
C.8396
0.7G15
C.7524
0.7370
C.6481
C.5836
0.4793
C.4667

T=122.24 K

0.5776
C.8554%4
0.8467
J.7418
0.5837
0.4891

GAl

1.0026
1.0168
1.029¢6
1.0518
1.0515
1.0881
1.1682
1.2568
1.4718
l.5242

1.0009
1.0122
1.0240
1.,3718
1.24C3
1.4204%

TABLE 4.11

GA2

2.0828
1.8131
1.6939
1.5623
1.5640
1.4285
1.2665

1.1704

1.0620
1.0482

2.1334
1.8342
1.7041
1.4494
1.1654
1.0664

GA3

394.6741
218.2011
161.4224
111.2767
111.8317
72.0858
3841434
23.7064
11.3510
9.9624

522.5496
269.5752
193.2765
88.9187
25.8163
13.0856

(continued)

LN GAl

0.0026
JeJ1066
0.C292
C.G505
0.0502
0.0845
J.1555
0.2286
C.3865
0.4214%

0.0009
JeJl22
0.0237
JeJ695
0.2153
0.3509

LN GA2

0.7337
J«595)
05270
0.4462
0.4472
0.3566
J.2362
0.1574
0.0601
0.0471

0.7577
J+86266
0.5331
0.3712
0.1530
0.0643

LN GA3

5.9781
53854
5.0840
4.7120
4.7170
4.2779
3.6413
3.1657
244293
2.2988

6.2587
5.5668
5.2641
4.4877
3.2510
2.5715

Q123

0.0449
J.1J383
0.1333
0.1778
0.1775
0.2258
J.2861
0.3331
0.3997
0.4189

0.0251
J«2857
0.1111
0.182%
0.3126
0.3765

-G22-



254.40
245.40
238.95
230.0)
219.85
clTedd
165.26
183.50
178.25
167.70
165.40

TABLE 4.12

Liquid activity coefficients for the ternary system nitrogen(l)-methane(2)-propane(3)
evaluated from vapor-liquid-liquid equilibrium data.
is considered in equilibrium with the vapor.

T=114.05 K

X1

J.C0S67T7
C.CS35
C.1003
0.J0683
0.1075
J.115)
0.1250
0.1361
Jd.1491
C.1694
0.1755

GAl

11.6937
11.4674
10.8522
10.4427
5.5394
£.5899
1.5371
6.62387
£.5446
4.8466
4.514°¢

GAZ2

1.8329
1.8133
l.7611
l.7254
1.6469
1.5624
1.4669
1.3828
1.3189
1.2149
1.13835

GA3

1.0148
1.0173
1.0253
1.3322
1.0512
1.0803
1.1286
1.1916
1.2568
l.e4371
1.5186

LN GAl

2.4590
2.4395
2.3844
2.3459
2.2554
2.1506
2.0198
1.8914
1.7825
1.5783
1.5073

The propane-rich liquid phase

LN GA2

0.6059
0.5951
0.5659
J.5455
0.4989
0.4463
0.3832
0.3241
J.2768
0.1947
0.1685

LN GA3

0.0147
0.0171
0.0250
J.J315
0.0499
0.0773
0.1210
0.1753
J«2310
0.3626
0.4178

Q123

0.2619
0.2639
0.2944%
J«3J350
0.3462
0.3332
J.4218
0.4527
D.4774
0.5016
0.5037
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33%5.29
283.23
269.30
257.70
257.70
244 43D
228.50
216.53
cC6.50
204450

386.50
346.85
330.00
296.85
26J.8)
25C.20
245.12

T = 118. 32
X1 GAl

0.09C7 10.5915
0.1127 6.2273
0.1170 844935
C.1281 7.6912
0.1230 7.6952
J.13251 €.65G35
0.1545 £,7983
0.1746 4.8881
C.2176 Z.7306
0.2341 3.46S7

T = 122.24
0.0953 11.0736
C.1036 5.64173
C.1146 8.7471
C.l444 6.9127
Je2351 4.4724
C.2451 2.5035
C.2829 2.8853

GAZ2

1.82237
1.6598
1.5908
1.5144
1.51438
l. 4465
1.3289
1.2380
1.124)
1.0996

1.8962
1,7572
1. 6676
1.4797
1.2199
1.1179
1.0582

TABLE 4.12 (continued)

GA3

1.0176
1.0500
1.0723
1.1258
1.1056
1.1462
1.2536
1.3955
1.7554
l.8944

1.0153
1.0379
l1.0611
1.1470
1.4821
1.8605
2.3631

LN GAl

2.3971
242222
2.,1393
243401
2.0406
1.94406
1.7576
1.5868
1.3166
l.2441

2.4046
242667
21687
1.9334
1.4579
1.2538
1.C596

LN GAZ

0.5992
0.5067
0.4643
Je415)0
0.4153
0.3691
0.2844
0.2135
J.1169
0.0659

D.63299
0.5637
Je51l1l4
0.3918
0.1587
0.1114
0.0566

LN GA3

O
O«
O.
Je
0.
Oa
0.
O.
J.
0.

0.
0.
Je
0.

0

0.
O.

C1l74
U488
0698
1306
1004
1364
2260
3332
5627
6389

0152
0372
J593
1371
3934
6209
8600

Q123

0.258%
0.3490
0.3769
J.4136
0.4134
0.438%
0.4812
0.5077
J.5348
0.5425

0.2570
0.3205
J.3654
0.4552
0.5503
0.5676
0.5652
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TABLE 4,13

-228-

Summary of correlation results of y values for the

system nitrogen (1) -methane (2)-propane (3)

Temperature
(K)

114,05

118,32

122,24

BN
N
i
(o]
O

B
[
W
o
o

-88.

. 6942
.3324
. 5248

. 9450
.3565
66.

0236

. 5760
. 8471

1546

62,

3.
-90.

. 9421
L9151

. 7107

3774

6925
3078

-12,8571

58. 6667

-94.0



X1

0.0245
0.0446
J.0€37
0.0388
0.0620
J.0562
0.CS539
0.1767
0.0503
0.0525
Je1273
0.2S99
0.4184

C.5072
C.6106

0.8059
Je8E44
0+9415
0,9750

TABLE 4.14

Comparison of liquid activity coefficients evaluated from gas fugacity coefficient to
those evaluated from Equation (4. 8), for the system nitrogen(l)-methane(2)-propane(3).

(GAl refers to activity coefficient of component 1 evaluated from Eq. (4. 8) ,
GEl refers to activity coefficient of component 1 evaluated from gas fugacity coeff.)

T=114.05 K

GAl GEl
13.9571 14.5395
13.3034 13.2612
12.7369 12.8458
S.3257 9.58349
8.,7590 8.8216
4.4925 4.73417
4.1769 4.3199
3.3164 2.5574
2.6861 2.8435
2.4610 2.5525
2.3732 2.4333
1.8167 1.8187
1.5524 1.5548
1.3755 1.3919
1.2095 1.2243
1.0503 1.0712
1.23258 1.,0456
1.0047 1.0176
1.0008 1.0075

Z DG1

-3.9577

0.3173
-0.8310
-2.7794
-0.7144
-4.7227
-3.4243
10.8245
-5.8568
-3.7171
-2.5315
~0.1099
-0.1579

-1.2248

-1.9898
-1.6593
-1.27598
-0. 6643

GA2

2.J146
1.9629
1.6179
1.6226
1.5738
1.1752
1.1477
1.C737
1.0215
1.0053
1.2372
1.0126
1. 0509

1.1100
1.2367

1.6066
1.767)
2.0646
202320

GE2

2452333
3.4783
3.5186
l.5642
1.4477
1.1697
1.1084
0.9179
1.0400
1.0171
1.2435
1.0418
1.0625

1.3629
1.2454%

1.6546
1.7778
2.5264
2.3C09

% DG2

~-24.2632
-77.2045
-83.4611
325959
8.0102
Jde.4701
3.4182
14.5142
-1.8197
-0.7788
-3.6017
—-2.8858
-1.1027

1.5321

=2.9861
-J.6157
=22.3654%
-3.0867

GA3

1.J3312
1.0035
1.0063
1.0578
1.0751
1.5362
1.6318
2.0690
24831
3.2838
3.4679
6.1752
9.8771

15.6337
31.4872

117.4054
175.0534%
345.9551
475.6299

and

GE3

1.2536
1.3866
1.75G6
1.237%6
1.2286
J.JJ1J
0.0015
D.0021
J. 0321
2.3645
0.0037
0.0070
0.0092

J.J121
0.0210

0.0513
J.06T71
0.1881
2.8091

Z DG3

~24.9013
-38.1838
~74.8579
-2.23615
~-14.2832
9G.%329
$9.9089
99.9003
G6.G264
28.1059
99.8925
99.8863
59.5072

$9.6229
99.9332

99 .9563
99.9625
99.9456
99.4093
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X1

0.0559
0.1501
0.2509
J.3559
0.4403
0.4954%
0.5646
0.0207
J.J399
0.0820
0.°.221
J. 57
0.1¢€83

J.2258
0.2843

0.3033
Je3227
0.C470
0.0601
0.C071
0.0199
J.0324
0.0443

T = 118

GAl

2.0772
1.8423
1.6561
1.4367
1.3200
1.2489
1.1583
6.5436
€.3956
5.68C7
5.5010
2.63€9
3.2417

29354
2.5360

2.4716
$.J56G8
8.£301
8.43€5
13.1060
12.7572
12.4208
12.10C4

.32 K

GEl

2.0446
1.8078
1.6143
1.4328
1.2803
1.2186
1.12¢8
6.5124
6.34%416
5.7555
4.7369
3.5458
2.9324

244458
2.1854

2.0833
8.7893
T.6297
72343
13.253¢%
12.8042
12.4232
11.7379

TABLE 4.14

%z DG1

1.5675
1.8686
245260
2+4598
3.0074
24268
2.7182
0.4762
0. 8443
3.7653
13.8%902
2.5592
9.5423

16.5407
15.8157

15.7096
2.9851
11.5917
14.2499
-1.1287
=-0.3677
D267
2.9956

GA2

1.0003
1.0051
1.0219
1.0715
1.1259
l.1761
1.2836
1.3972
1.3834
1.3440
l1.2977
l.1112
1.07¢4

1. 0516
1.3274

1.0199
1.6393
1.6001
1.5824
200026
1.9721
l. 9444
1.9169

(continued)

GE2

1.0002
J <5645
0.6867
1.0266
1.0217
1.1294
1.1728
1.4045
1.3664
1.2687
1.2675
10743
0.9874

C.9829
J G634

1.0803
1.5275
1.503¢%
1.3835
1.9413
1.9€856
2.0655
1.6431

£ DG2

0.0112
4.3376
3.4414
4.1947
9.1878
3.9760
B.4134
-0.5268
1.2296
5.6029
2.3273
3.3196
8.2661

65257
6.2237

=-5.9209
6.8178
66,0139
12.5744
3.0625
-0.6345
—6.2274
14.2835

GA3

4.3735
5.7728
7.7363
12.7322
18.5379
24.9434
41.1342
1.1826
l.1%48
1.2347
1.2933
l.8121
2.0572

2.3316
2.79)1

3.0239
1.0554
1.0633
1.0750
1.J0021
1.0035
1.0052
1.0072

GE3

5.9499
5.3626
6.4331
14.5077
20.5539
37.0914
27.7513
0.6137
0.9264
1.045)
1.2364
1.2458
1.2339

1.3931
1.2922

l.1651
1.1347

Z DG3

-36.0448

7.1351
160 845’9

~13.9454
-10.8751
-48.7021

32.5342
48.10068
22.4655
15.3635

4.1697
31.2532
40.0214

40,2533
63.855)

61.4698
-7.5093

11.5857 -984.4590
14.8492-1281.3787

Je2313
0.6113
0.9216
0.9141

79.91)1
39.0834
8.3146
9.244)

-0€¢-



X1

0.0080
J.J19)
C.0203
J.3360
C.0500
C.0767
J.0156
0.0378
0.0823
Oel443
0.0215
JeJ45)
0.1699

0.0846
V.1853

0.3532
0.5€75
J«£468

T=122.24 K

GAl

GEl

12,1228 12.6€37
12.86€60 11.6282

G.2334
5.0962
£.8665
8.3304
€.2424
6.1838
56510
5.1948
44,0553
3.9864
3.3416

Z.281%
19672

1.4928
1.1717
1.0241

9.0927
8.7579
3.3961
6.8758
603563
6.1044
5.7146
4e2249
441167
4e X423
3.0783

242436
l.9162

1.3802
1.0987
J.89032

TABLE 4.14

2 DG1

3.4984
9.6221
1.5242
3.7188
5.3053
17.4616
2.9859
1.2851
3.9726
18.6708
-1.5019
-1.3261
7.8789

1.6550
4.0594

745443
6.2305
13.3759

GA2

2.0859
2.0625
1.7125
1. 69%4
1.6770
1.€238
1.4J43
1.3689
1.3755
le2962
1.17cC2
1.1637
1. 0985

1.C0%4
1.0012

1.0443
1.2383
1.7626

(continued)

GE2

1.9555
1.7610
1.6609
1.6253
1.5452
1.4076
1.3418
1.3172
1.2733
1.3574
1.1703
1.1613
1.0185

0.9757
09609

J.9583
l1.1227
1.5365

% DG2

6.2514
14.6181
3.0126
4.3649
7.8548
13.3166
4.4521
5.8393
74356
~4,7230
-0.0077
J.2076
7.3693

3.3374
4.0217

8.2297
9.3330
9.7522

GA3

1.0016
1.3325
l1.0481
1.0515
1.2579
1.0755
1.2036
1.2087
1.2317
1.3325
1.6206
1.6438
1.9674

3.5248
4.6322

1J.8489
38.0513
192 .438¢

GE3

l.1u44
1.5872J
0.4167
0.3694
1,3756
0.9190
1.0832
0.000U9
1.2018
1.4973
0.0010
0.0014
0.0027

0.7893
1.2510

3.5018

0.3794

% DG3

-10.2600
-58.3094

60.2401
64.8711

-3J.2271

14,5555
10.0070
99.9259

24274

-12.3724

99.9406
G99.9166
99.8609

17 .60617
72.9941

67.7218

1309.4468-3341.2703

99.8029
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X1

0.5854
C.5588
CeSC4l4
C.9022
0.8651
C.7G958
0.72%0
J.5254
O.4E77
0.4015
0.£523

GAl

1.0005
1.0022
1.30245
1.0135
1.0241
1.0560
1.1023
1.3565
1.4411
1.7651
1.1744

( top liquid phase is considered in equilibrium with the vapor phase)

T =114.05 K

GEl Z DGl
0.9848 1.5726
0.9900 1.2134
J.G872 1.7228
1.0006 1.2755
1.005%6 1.8133
1.0423 1.2971
1.0842 1.6463
1.3213 2.6247
1.4076 2.3211
1.6613 5.8780
1.14¢3 2.1438

TABLE 4.14 (continued)

GA2

2.2658
21515
2.0711
1.9001
1.7817
1.5751
l.42C7
1.1215
1.0843
1.0194
1.2829

GEZ2

4.2116
2.1112
2.2117
1.8052
1.7861
1.4746
1.3354
1.0279
0.9720
0.9391
1.20%6

%z DG2

1.8707
—~6.7920
4.9955
-0.2516
6.6191
6.0070
8.3440
10.3577
7.8802
5.6499

GA3

409.7139
350.654%3

244.5254

185.8155
1J08.4595
65.5257
16.8326
12.9822
6.5855
3844095

GE3

Z DG3

975.2676 —-138.0362

574.2476
177.3857
106.5762
73).6J358
40.7358
79630
6.52968
1.3587
24.40353

-63.7645

27.4571
426441
34.6012
37.8323
52.6929
49.7022
T71.7752
36.46)3
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0.6555
C.5804
0.8396
0.7915
Je 7524
0.7370
0.6481
0.5836
Ca4793
Ja4667

X1

0.6776
0.8954
D.8467
0.7418
0-5837
0.4891

T =118.32 K

1.0026
1.0168
1.62%¢
1.0518
1.J515
l.0881
l1.1682
1.2568
1.4718
1.5242

GAl

1.0009
1.0122
1.324)
1.071¢9
1.2403
1.4204

0.8986
0«9540
0.9659
0.9909
J. 5859
1.0201
1.1018
1.1706
1.3701
1.35¢3

10.3779
6.1692
6.1884
5.7946
5.86J)0
6.2539
5.6305
6.859)
6.9122
8.3915

T=122.24 K

GEI

0.7947
0.8498
J.8G55
0.G861
1.1345
1.306G4

Z 0G1

20.6037
16.0473
12.5453
8.0C76
8.5269
7.8116

TABLE 4.14

2.0828
1.8121
1.6939
1.5623
1.5640
1.4285
1.2665
1.17J4
1.0620
1. 0482

GA2

2.1334
1.8342
1. 7241
l.4494
1.1654
l.0664

(continued)

2.0634
1.6418
1.5284
1.4141
1.4195
1.3506
1.1534
1.3927
0.9745
0.9755

GE2

2.6156
1.6456
1.3889
1.2125
1.0€650
J.59645

0.9281
9.4484
G.7736
9.4838
9.2362
5.45006
8.G232
6.6435
8.2330
£.5332

% DG2

-22.6058

10.2831
18.4687
16.3473
8.6097
5.5566

394.6741 1019.6951

213.2011
161.4224
111.2767
111.8317
72.0858
38.1404
23.7J364
11.3510
9.9624%

GA3

269.5752
193.2765

88.9187
25.8163
13.0856

330.5015

237.1418

101.7506
101.6751
52.3911
17.5858
8.7416
4.9614
474492

GE3

522.5496 1771.J3269
732.2029
7064307
101.4789

T7.3040
2.1J11

-158.3637
-28.3228

8.5608
9.0821
27.3213
53.8920
63.1254
56.2913

-376.2832

%z DG3

-238.92)1
-171.6135
~265.5022

-14.1254

T1.7077
83.6G435

-¢ee-



X1

0.CS577
J.UG35
0.1003
0.C0583
J«1J075
0.1150
0.1250
0.13¢61
0.1491
J.1694
0.1755

GAl

11.6937
11.4674
1C.8522
10.4427
€.5364
8.5899
1.5371
6.6287
546449
4.84¢€6
4.5145

(Bottom liquid phase is considered in equilibrium with the vapor phase)

T =114.05 K

GEl

9.9364
10.1410
942595
9.1805
B. 3864
71.2129
63214
5.5063
4.9092
4.03963
3.9128

% DG1

15.0273
11.5665
14.6762
12.0865
15.1969
16.0305
16.12¢8
16.9324
17.4210
15.4196
13.3283

GA2

1.8329
1.8133
1.7611
1.72%4
1.6469
1.5624
l. 4669
1.3828
1.3189
1.2149
1.1835

TABLE 4.14

(continued)

GEZ2

Z DG2

3.9554 -115.8029

2.3784%
2.0712
1.8217
1.7283
1.5231
1.3684
1.2G46
1.1587
1.2812
1.0246

-31.1646
-17.6074

-5.5808
-3.7267
2+5206
6.7124
6.384)
G.1133
11.3336
13.4272

GA3

1.0148
1.0173
1.0253
1.0320
1.3512
1.0803
l.1236
1.1G616
1.2598
1.4371
1.5136

GE3

1.8692
1.7918
1.8685
1.6380
1.7414
1.5288
1.4828
1.41036
1.3074
1.0224
1.0909

% DG3

-84.1989
-76.1445
—-82.2373
-58.7230
-65.6606

-41.5139

-31.3807
-18.406G

28.8554

28.1611

-pE-



0.08C7 10.9915

J.1127
0.1170
0.1281
0.1280
0.1351
J.1545
0.1746
0.2176
0.2241

X1

0.0653
J.1336
0.1146
0.1444
0.2051
0.2451
De2829

S.2213
B. 4935
1.6912
1.6952
6.9205
5.7683
4.8881
2.7306
3.4657

GAl

11.0736
S.€4173
B.7471
€.9127
4.4724
3.5035
28853

T=1U8.32 K

9.4693
1.4545
6.9336
6.1231
6.1256
5.5661
4.6214
3.9133
3.0180
2.783)

T =122.

GEl

3.1532
T.3410
6.6142
5.0648
3.2289
2.6128
2.2269

13.8440
19.2124
18.3654
20.3874
20.3962
20.3769
23).2969
19.9418
19.1015
18.7907

K

2 DG1

26.3726
2349360
243841
2647322
27.8041
25.4242
22.8197

TABLE 4.14

1.8207
1.6558
1.5908
1.5144
1.5148
l.4465
1.3289
1.2380
1.1240
1.J9%6

GA2

1.89¢2
1.7572
1.6676
1.4767
1.2169
1.1179
1.2582

(continued)

2.0305
1.5608
1.4277
1.3635
1.3644
1.3344
1.1709
1.0950
1.0034
J.9€C33

GEZ2

2.3741
1.6658
1.4782
l1.3142
1.12209
1.0430
0.9679

~11.5255

5.9634
10.2544%
9.9652
9.G289
T.7495
11.8897
11.5511
106.7282
G.6725

Z DG2

-25.,2020

3.4955
11.3586
l11.1861

8.1136

6.6971

5.7013

1.0176
1.0500
1.0723
1.1058
1.1056
1.1462
1.2536
1.3955
l.7%54
1.8944

GA3

1.0153
1.0379
1.0611
1.1470
l.4821
1.8605
2.3631

2.1901
2.0268
1.8460
1.6027
1.6J39%
1.5120
0.9985
0.8579
1.0500
1.1663

GE3

7.0944
2.0854
1.8726
1.3829
Je 6646
0.4168
0.5126

~-115.2201
-G63.0279
~72.1563
~-44.59390
~44,7951
-31.9110
20.3542
38.5198
37.9040
38.4331

£ DG3

-598,7522
~100.9310
-76.4794
~20.5709
55.1541
77.5958
78.3099

-GeeZ-
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TABLE 4,15

Correlation of the liquid-liquid equilibrium data with the method

of Black and Hartwig for the system nitrogen (s) - methane (i) - propane(r)

at 114.05 K

P. X y K K K y! x!
(psia) s s s i r KH i i
254,4 0,9754 0,0977 0,1001 11,0648 887.9 36.70 - -
245,9 0.9588 0.0935 0.0975 0,.8880 544.6 21.98 0.0388 0.9612
238.9 0,9404 0,1003 0,1066 11,0679 307.3 15.09 0.0675 0,9542
230.0 0.9022 0.0983 0.1090 0.9644 161.8 9.22 0.0992 0.9487
219.9 0.8651 0.1075 0.1243 11,0456 84.0 6.62 0,1474 0.9328
207.0 0,7958 0.1150 0.,1445 0.9682 46,2 4,33 0,2068 0.9256
195.3 0.7289 0.1250 0.1715 0.9758 27.5 3.23 0.2766 0.0950
183.5 0.6524 0.1362 0,2087 0,9361 15.7 2.48 0.3371 0.8949
178.3 0.6141 0.1491 0,2428 10,9568 12.7 2,20 0.3878 0.8938
167.7 0.5253 0,1693 0,3223 10,9507 7.8 1.75 0,4798 0,8831
165.4 0,4879 0.1755 0,3598 0.9486 6.0 1.61 0.5519 0.8688
160,2 0,4015

= 21,7407 X, 0.3142
b = 0,0384 p. pt x. = 0.4944

c = -0,4582 x, = 0.1914



Table 4,15 (continued)

T =118.32 K

P
(psia)

326.
3009.
283,
269.
257,
257.
244,
228,
216,
206,
204,
199.
201,

ot gt WY W o

0.9981
. 9555
. 8804
. 8396
. 7924
. 7915
L7371
. 6438
. 5836
L4793
.4668
0,3728

o O O o O O o o o o

.9242
. 0396
. 5139
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O O H O =

. 0162
.0519
. 0705
. 0404
. 0371
.0122
.9851
.1529
.9712
. 9819

ppt

486,
456,
163,
112,
63.
63.
34,
17.
10,

ECENT T S - N BT N - N

486.
20,

o N W R s,
B O R W NN U N =

i

o O O O O O O o o c©
1A
o]
o
O

0.3395
0.4743
0.1862

o O O O O O O O O o



Table 4,15

(continued)

T=122.24 K

P

psia)

386.
346.
330,
296,
260,
250,
245,
406,

5

O w N 00 O O o

x

S

.9776
. 8954
. 8467
. 7418
. 5837
.4891

.9981

o O O O o ©

. 0953
.1037
L1146
L1444
.2051
.2451

. 0888

.3293
. 0633
-0,

5679

0.

o o O © o©
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0974

.1158
.1354
.1947
.3514
. 5012

. 0890

1

o o O O O

. 0743
.9704
.9396
.9226
.9502
.9247

678.
351,
379.
73.
10,

479.

ppt

o O O O O ©

o O o

.0251
.1108
.1606
.2693
. 4494
. 5418

.3622
. 4695
.1683

o O O O O o©

.9421
.9783
.9872
.9670
.9031
. 8657



p
(psia)

70. 88
127.20
193.40
82.80
124.50
65.80
101.38
124.95
43.40
41.80
17.60
131.70
158.30
173.00
185.30
220. 80
233.70
253.7)
260760
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TABLE 4.16

Comparison of experimental values to vapor composition pre-
dicted by the modified Redlich-Kwong equation of state for the
system nitrogen(l)-methane(2)-propane(3) at 114.05 K.

X1

0.0245
0.0446
JeJ637
0.0388
0.0620
0.0562
0.0989
J.1757
0.0503
0.0525
Cel270
0.2999
C.4184
0.5072
0.6106
C.8C59
0.8644
Jde« G415
0.S750

YL EXP

C.9886
0.9901
J. 5932
0.8386
C.9314
C.7851
0.8644
JoGI74
0.6241
€.6057
(7902
0.8866
(9145
0.9283
€C.9353
C.9553
0.9699
C.G811
C.9922

Y1 CAL

0.9938
0.9946
Je 5565
0.8946
0. G270
0.779%
0.8592
Js 9341
0.6187
0.6024%
0. 7955
0.8925
J. G184
0.9299
0. 9385
0.9626
0.9721
Je 5861
0.9932

P2 EXP

0.0112
0.0098
J. 0067
0.1013
0.0685
0.2149
0.1356
J. 3926
0.3759
0.3942
0.2093
0.1134
J« 3855
0.0716
V. 0647
0.0407
0.0301
Je 2189
0.0078

Y2 CAL

0.0092
0.0054
J.0035
0.1054
0.C730
0.2201
0.1408
Je J959
0.3813
0.3976
0.2045
0.1075
J. 0816
0.0701
0.0615
0.0373
0.0279
Je J14D
0.0068

Y3 EXP Y3

0.0002 0.0
0.0001 0.0
J«2J01 Jed
0.0001

0.0001 0.0
J d JeJd
0.0 0.0
Jsd Jeld
0.0 0.0
0.0001 0.0
Jed Jed
0.0 C.0
Jed Jed
0.0 0.0
0.0 0.0
Jed JeJd
0.0 0.0
Jed J.0
0.0 0.0
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TABLE 4.16  (continued)

Comparison of experimental values to vapor composition pre-
dicted by the modified Redlich-Kwong equation of state for the
system nitrogen(l)-methane(2)-propane(3) at 118. 32 K.

P X1l Yl EXP Yl CAL P2 EXP Y2 CAL Y3 EXP Y3 CAL
(psia)
50.75 0.0559 (€.5299 0.5269 0.4700 0.4731 0.0 .
89.60 J.1531 J.745) Je 7401 0.2529 J.2599 0.2 Jde
127.10 0.2509 0.8279 0.8239 0.1721 0.1761 0.0 .
155.90 J.3559 (.8633 0.8597 0.1367 0. 1403 0.0 0.
175.80 (C.4403 (.886G6 0.8819 0.1104 0.1181 0.0 JeJ
191.50 0.4954 (C.8938 0.8922 0.1062 0.1078 0.0
214.4) J.5%46 (0.9156 J.6113 0.J844 0.0887 Jed .
48.80 0.0207 (0.6498 0.6473 0.3501 0.3527 0.0001 .0
78.80 0.0399 C.7845 0. 7805 0.2154 0.2195 0.0001 0.0
142,00 C.C820 C.8815 0.8777 0.1184 0.1223 J.00J1 Jed
178.60 0.1221 0.9022 0.9099 0.0977 0.0901 0.0001 0.0
106.8) 2.0570 (C.8147 J. 8107 0.1852 J.1893 Q.0 Jed
150.50 0.1683 (C.8791 0.8778 0.1209 0.1222 0.0 0.0
169.70 0.2258 0.8969 0.9032 0. 1031 0.C%68 0.0 0.0
193.80 C.2843 (.9122 0.9172 0.0877 0.0828 Jed J.D
200.70 0.3033 0.9044 0.9198 0.0956 0.0802 0.0 0.0
5930 J.0227 J.8267 Jd. 7567 J.1631 J.2033 2.2002 0.0
102,20 0.0470 0.8836 0.8876 0.1154 0.1124 0.0010 0.0
123.70 0.0601 G.9098 0.9292 0.0892 0.0908 0.0011 0.0
24.55 (C.CC71 C.8782 0.8711 Jeo1217 J0.1289 J.J03J1 e
64.30 0.0199 C€.9505 0.9497 0.0494 0.0503 0.0001 0.0
135.30 J.03224 QJ.9611 J. 9685 0.3328 J. J315 0.0001 0.0
140.75 0.0443 0.97S5 0.9765 0.0204 0.0235 0.0001 0.0
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TABLE 4.16 (continued)

Comparison of experimental .alues to vapor composition pre-
dicted by the modified Redlich-Kwong equation of state for the
system nitrogen(l)-methane(2)-propane(3) at1l22.24 K.

P X1 Y1 EXP Y1l CAL P2 EXP Y2 CAL Y3 EXP Y3 CAL

(psia)

30,60 C.CC80 C.8948 0.8922 0.1048 0.1078 0.0004 0.0
64.80 0.0190 0.9564 0.9539 0.0434% 0.0461 0.0003 0.0
67.3) 0.0203 2.7711 2. 7682 2.2288 J.2318 3.0001 Je)
108.60 0.0360 C.8591 0.8579 0.1409 0.1421 0.0 0.0
145.20 0.0500 0.8951 0.8922 0. 1048 0.1078 0.0001

186.80 C.C767 C.920C7 0.9216 0.0793 J.3784 2.00)1 J.)
48.30 0.0156 0.5374 0.5330 0.4625 0. 4670 0.0001 0.0
88.75 0.0378 C.1452 2. 7397 0.2528 ). 2623 0.0 0.0
173.80 0.(C823 0.8680 0.8639 0.1319 0.1361 0.0001 0.0
240.30 0.1443 C.8875 0. 9072 0.1124 0.C528 0.0001

5180 €.0215 C(.4699 0.4657 0.5301 0.5343 J.2 0.2
79.40 0.0450 (.6528 0.6491 0.3472 0.3509 0.0 0.0
199.2) 0.1659 (.8656 ). 8656 0.1304 J.1304 0.0 0.0
83.80 0.C846 0.6484 0.6422 0.3516 0.3578 0.0 0.0
137.30 0.1853 (.79C8 0.7893 0.2CS2 €.2107 0.0 0.0
185.10 0.3532 (€.8561 0.8530 0.1438 Je147) NI J.0
255.10 0.5875 0.9023 0.9004 0.0967 0.C996 0.0010 0.0

327.4) J.8468 J.94S7 Js G518 Je U533 JeJ482 0.0 0.0



254.40
245.90
238.95
230.00
219.85
207.00
195.26
167.170
165. 40
160.22
183.50

X1

C.S5854
C.5588
C.5404
0.5022
0.8¢€51
0.7958
0.7290
C.5254%
0.4877
J«4315
0.£€523

TABLE 4.17
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Comparison of experimental values to vapor composition pre-

dicted by the modified Redlich-Kwong equation of state for

top liquid phase in equilibrium with vapor phase for the
system nitrogen(l)-methane(2)-propane(3).

T = 114. 05

Y1 EXP

C.9921
C.9886
€.5829
0.9779
J. 9663
0.9613
0.9530
C.9345
0.9337
0.5265
C. 9446

K

Yl CAL

0.9962
0.9895
0.5854%
0.9786
Js G716
0.9613
0.9532
0.9330
0.9305
0.9296
0.9450

P2 EXP

0.0078
0.0113
0.0169
0.0220
J« 2306
0.0386
0.0469
J« J655
0.0662
Je X T35
0.0554%

Y2 CAL

0.0038
0.0105
JeJ1l4b
0.C214
Je J284
0.0387
0.0467
JeJ6TJ
0.C695
JedT104
0.0550

Y3 EXP

0.0001
0.0001
J.30J1
0.0C01
0.0001
0.0001
0.0001
J 0

0.0

0.0

0.0001

Y3 CAL

0.0
Je)
0.0
0.0
0.0
0.0
Jad
0.0
0.0
0.0



309.00
283.23
269320
257.70
257. 79
244.30
228.50
216,53
206.50
234.50

386.50
346.85
330.00
296,85
260. 80
250,20

TABLE 4.17 (continued)
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T =118.32 K

X1

C.5555
0.EEC4
C.8396
0.7915
J.7524
C.7370
C.€481
J«SE36
C.4753
0.4667

X1

0.9776
J.8654
0.5467
0.7418
C.5837
0.4891

Y1 EXP

(.5845
£.96170
J.5566
0.3520
€.9520
C.5429
(.9349
£.G275
0.9214
C.9203

T =122.24 K

Y1 EXP

C.SEBO
CaG638
0.9545
C.9356
C.9147
0.9383

Y1 CAL

0.93865
0.9679
Je. 6594
0.9515
0.6515
0.9441
0.9332
J. G276
0.9200
0.9210

Yl CAL

0.9777
Js G648
0.9516
0.9313
0.9145
0.9068

P2 EXP

0.0154
0.0329
Je 403
0.0479
0.0479
0.0570
0.0650
Je 2724
0.0785
0.07S3

P2 EXP

0.0118
Je 3361
0.0454
0.0€¢43
0.0853
0.0917

Y2 CAL

0.0135
0.C321
J«J4J6
0.0487
0.0485
0.0559
0.0668
J.J724
G.0800
0.C790

Y2 CAL

0.cC210Q
Je 2352
0.,0484
G.C687
0.03854
0.0932

Y3 EXP

0.0002
0.0001
J.J001
0.0001
0.0001
0.0001
0.0
Jed
0.0

0.0003

Y3 EXP

0.0002
J.J0J1
0.0001
0.0001
Jed
0.0

Y3 CaL

C O O 0O O O oo v o ©
[ ]
v ©O U O o v o ©

.
Qo

Y3 CAL

0.0013
J.d
0.0
0.0
Jed
0.0



254440
245440
238.95
230.30
219.85
207.00
195.26
183.50
178.25
167.70
165.40
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TABLE 4.18

Comparison of experimental values to vapor compositions predict-

ed by the modified Redlich-Kwong equation of state for bottom

liquid phase in equilibrium with vapor phase for the system
nitrogen(l)-methane(2)-propane(3).

Xl

0.0677
€.C935
0.1003
J.05683
CelC75
0.1150
0.1250
0.1361
Jel4S1
C.1694
0.1755

T =114.05 K

Y1 EXP

0.9921
C.G886
0.9829
C.GT7S
(.9663
C.9613
C.G53)
0.9446
8.6416
CeG345
C.9337

Yl CAL

0.6832
0.9923
0.9868
J. G813
0.9736
0.6650
J+ 9562
0.9489
Je 5449
0.9364
0.9331

P2 EXP

0.0078
Je.J113
0.0169
Jeo 2220
0.0306
0.0386
Je J469
0.0554
0.0583
0.0655
0.0662

Y2 CAL

0.0129
Je JITT
0.0132
0.0187
0.0264
0. 0350
Je d44)
0.C511
0.C551
0.0636
0.C669

Y3 EXP

0.0001
J.JJ0J01
0.0001
0.0001
0.0001
0.0001
0.3001
0.0001
0.0001
C.0

0.0

Y3 CAL

0.0039

.
[

» e & o s o &
O o O O U O o O o

o O © O v O o ©O o o
.



309.00
283.23
269.30
257.70
257.170
264430
2284590
216453
206.50
204.5)

386450
346,85
330.00
296,85
260.8)
250. 20
245,12

T =118.32 K

X1

0.0907
0.1127
Ce1170
0.1281
€.1280
0.1351
J.1545
C.l746
0.2176
0.23241

X1

0.CG53
0.1036
C.1146
0.1444
J.2251
0.2451
0.2829
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TABLE 4.18(continued)

Y1 EXP

0.9845
C.S672
C.956%6
€C.9520
C.552)
€C.9429
C.G349
C.9275
C.G5214
0.9206

122. 24

Y1l EXP

€.5830
.5638
0.5545
0.9356
C.5147
C.9083
0.5057

Y1 CAL

0.9881
J.81729
0.9586
0.38504
Je G535
O.%444
J. G349
0.9284
0.9234
0.6239

Yl CAL

0.9757
0.8655
Je 8444
0.7357
J. 5709
0.9141
0.5141

P2 EXP

0.0154
0.0329
0.0403
0.0479
Je D479
0.0570
0.0650
0.0724
0.0785
0.J793

P2 EXP

0.0115
0.0361
J. 0454
0.0643
0.0853
0.0917
0.0643

Y2 CAL

0.0119
0.1194
0.0414
0.C0496
Je J495
0.G556
0.C651
0.0716
0.0766
2.3761

Y2 CAL

0.0213
0.C0992
Je 1470
C.2443
0.3745
0.0859
0.C859

Y3 EXP

0.0002
0.0001
0.0001
0.0001
J.JJ)1
0.0001
0.0
0.0
0.0
0.0

Y3 EXP

0.0005
C.0001
JeJJ01
C.0001
0.0
0.0
0.0

Y3 CAL

0.0
0.0077
0.0
0.0
J.J
0.0
0.0
0.0
0.0
JD

Y3 CAL

0.0030
0.0053
J.JIB6
0.0200
0.0546
0.0

0.0



T = 114.
X1 DYl

0.0245 0.0022
0.0446 €C.0045
0.0637 0.0033
J0.0388 =0.JJ42
0.0620 ~0.0044%
0.0562 -0.0052
€.0s89 -0.0052
0.1797 ~0.0032
0.9593 =J.JJ54
0.0525 ~C.0034
0.1270 0.0053
0.2999 0.0059
C.4184 0.0039
0.5012 0.0J16
C.6106 0.0032
0.8059 0.0034
C.8644 €C.0022
C.9415 0.0049
JeSG750 JeJdJll
AVE. ABS. % DEV.
AVE. ABS. DEV. IN
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TABLE 4.19

Comparison of experimental values to predicted pressures and
vapor compositions by the modified Redlich-Kwong equation of
state for vapor-liquid equilibrium, for the system nitrogen(l)-
methane(2)-propane(3) at 114,05, 118. 32, and 122. 24 K.

05 K
DY2 DY3
-0.0020 -0.0002
-0.C044 -0.0001
-0.0032 -0.0001
J. 3341 =0.23001
0.0045 ~0.0001
0.0052 0.0
C.0C52 0.0
0.0032 0.0
J.LUE4 .9
0.0034 0.0
-0.0053 0.0
~0.0359 Je
-0.0039 0.0
-J.0016 Jed
-0.0032 0.0
-0.0034 0.0
-J.0J)22 J.0
-0.0049 0.0
-J.JJ11 J.0
IN PRESSURE ZDP
VAPCR CGHMP.

= 0.0025

P EXP
(psia)

70.88
127.29
193.40

82.8J
124.50

65.80
1J01.38
124.05

43.40

41.80

17.60
131.79
158.30
173.00
185.30
220,80
233.79
253.70
260.60

2.59 (

P CAL Z DP
(psia)
70.13 ~-1.06
13).36 2.48
192.53 -0.45
83,369 0.35
127.05 2.05
64,62 -1.79
135.37 -1.00
145.93 17.64
42.13 —2.G2
41 .30 -1.21
T6+45 ~-1.48
132.82 JeB4%
159.65 0.85
173.05 0.03
183 .60 ~-0.92
213.76 -3.19
225 .32 -3.58
243 .09 -4.,18
252 .39 -3.15

Z)

{MOLE FRACTION)



X1

0.9559
0.1501
0.2509
C.3559
0.4403
Je4954
C.5946
0.0207
0.0369
0.0820
Je.1221
0.0970
0.1683
0.2258
0.2843
0.3033
0.0227
C.0470
0.0601
6.0071
0.0199
C.0324
0.0443

AVE. ABS.
AVE. ABS.

T =118.32 K

DYl

-04JJ33)
-0.0089
-0.0040
-C.JJ35
-0.0077
-0.0016
~C.0043
-0.0025
—J.JJ40
-0.0038

0.0077
-0.0041
-0.0013

0.J363

0.0050

0.0154
-0.01C0

0.0040
-J.J3J335
-0.CC71
~0.0C08

C.0014
-0.0030

Z DEV.

DEVe IN VAPCR COMP. = 0.0032

DY2

J.JJ331
0.0090
0.C040
Je JJ36
0.0077
0.0016
0.G043
0.0026
J.0J41
0.0039
-0.0076
0.0041
0.0013
-J.JJ€2
-G. 0050
-0.0154
0.0102
-0.0030
Je.JJ16
0.0072
0.0009
-0.0013
0.0031
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TABLE 4.19

DY3

J.0
0.0
0.0
Jed
0.0
0.0
0.0
-0.0001
= J.JJ01
0.0
0.0
0.0
0.0
Je J
0.0
0.0
-0.0001
~0,0010
-J.J0J11
-0.0001
-0.0001
- JeJIJ1
-0.0001

IN PRESSURE X¥D0P =

(continued)

P EXP
(psia)

50.75
89.60
127.10
155.90
175,80
161.50
214.40
48.80
78.82
142.00
178.60
106.80
150.50
169.79
193.80
200.70
59430
102.20
123.7)
24.55
64.30
135.39
140.75

5.53 %

(MOLE FRACTION)

P CAL
(psia)

50.30
89 .36
126.20
153.84
174 .94
186.76
209 .34
48.40
78.19
144 .12
204.47
107.18
163.61
202.63
230.01
234.28
60.72
114.09
144.02
24 .25
63.09
132.60
141 .69

)

Z DP

~0.88
-0.27
-0.71
-1.32
-0.49
-2.47
-2.36
-0.82
-JeTT7

1.49
14.48

Je36

8. 71
19.40
18.68
16.73

2.52
11.64
16.42
-1l.23
-1.89
-2.56

0.67
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TABLE 4.19 (continued)

T=122.24 K

X1l Dyl DY2 DY3 P EXP P CAL T OP
(psia) (psia)

0.0080 -0.0026 (0.0030 -0.0003 30.60 31.08 1.57
0.0190 -0.0025 0.0027 -0.0002 64,80 70.18 830
0.0203 -0.0029 0.00320 Je D 67.33 66 .79 -Je75
0.0360 -0.0011 0.0012 0.0 108.60 109.26 0.61
0.0539 -0J3029 0.00322 -0.J001 145.20 148.11 2.01
0.01767 0.0010 -0.00C9 0.0 186.80 223 .94 19.88
0.0156 -0.0044 0.C045 -0.0001 48.30 49423 1.93
0.0378 -0.0C95 J.JJS5 Je D 88.75 88.56 -J.22
0.0823 ~0.0041 0.0042 0.0 173.80 174.10 0.17
0.1443 JeJ167 —-0.01656 Jed 240.30 287.70 19.73
0.0215 ~C.0042 0.0042 0.0 51.80 50.36 -2.19
0.0450 ~-0.0037 0.0037 0.0 719.40 16460 ~-3.53
0.1699 0.0 Je 0 0e 199.29 207 .99 4.41
0.0846 -0.0062 0.0062 0.0 83.80 83.24 -0.67
0.1853 -0.0315 0.0315 0.0 137.30 137.45 O.11
0.3532 -0.0032 0.0032 0.0 185.10 191.20 3.30
0.5875 -0.0019 ©.0029 -0.0010 255410 251.81 -1.29
C.8468 3.232) -2.0322 J»J 327.40 327 .47 J.J2
AVE. ABS. % DEV. IN PRESSURE ZDP = 3.96 { 2 )

AVE. ABS. DEV. IN VAPCR COMP. = 0.0028 (MOLE FRACTION)
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TABLE 4.20

Comparison of experimental values to predicted pressures and
vapor compositions by the modified Redlich-Kwong equation of
state. Top liquid phase being considered in equilibrium with
the vapor phase for the system nitrogen(l)-methane(2)-propane(3)
at 114. 05, 118. 32, and 122. 24 K.

T=114.05 K

X1 DY1 DY2 DY3 P EXP P CAL % DP
(psia) (psia)

0.9854 0.0041 -0.0040 =-0.0001 254.40 255,39 0.39
0.9588 0.3339 -J.30C8  =-0.2021 245.9) 247.73 0.74
C.9404 0.0025 -0.0024 -0.0001 238.95 242 .76 1.59
0.9022 .00C7 -0.00C6 -0.0001 230.00 233,52 1.53
0.8651 C.0023 -0.0023 -0.23J01 219.85 225.19 2.43
€.7558 0.0 0.0001 =-0.0001 207.00 212.00 2.42
2.729) 040032 —-2.232381 -2.J001 195.26 201.56 3.23
0.5254 -0.0015 0.C016 0.0 167.70 176 .67 5.35
0.4877 -0.0032 0.0033 0.0 165.40 173.98 5.19
C.4015 €.23C2 -J.0001 Jad 162.20 176 .09 9.92
0.6523 €C.0004 -0.0003 -0.0001 183.50 151.15 4,17
AVE. ABS. % DEV. IN PRESSURE 2DP = 3.36 { % )

AVE. ABS. DEV. IN VAPCR COMP. = 0.0010 (MOLE FRACTION)
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TABLE 4.20 (continued)

T=118.32 K

X1 Oyl Dye2 DY3 P EXP P CAL % DP
(psia) (psia)

0.9555 JeJ3J32) -J.3018 -3J.0J01 3J9.0) 335.31 -1.19
0.8804 0.0009 -0.00C8 -0.0001 283.23 281.17 -0.73
0.8396 -0.0002 0.0003 -0.0001 269.30 269,82 0.19
0.7915 -€.00C7 (C.0008 -0.0001 257.70 258.19 J.19
0.7924 -0.0006 0.0006 ~0.0001 257.170 258.41 0.27
0,737 JeJO12 -3.3012 ~J.JJ01 244430 247 .26 l1.21
0.6481 -0.0017 0.0018 0.0 228.50 231.71 l.41
0.5836 0.0 0.0 0.0 216.53 223.78 3.35
Ce4793 -0.0015 0.0015 0.0 236.50 214 .81 4.23
0.45667 0.0006 -0.0003 ~-0.,0003 204.50 217.06 b.14
AVE. ABS. % DEV. IN PRESSURE ZDP = 1.87 { 2 )

AVE., ABS. DEV. IN VAPCR COMP. = 0.0006 (MOLE FRACTION)

T=122.24 K

X1 DY1 DY2 DY3 P EXP P CAL % oP
(psia) (psia)

0.9776 =-0.0103 0.00S2 0.0011 386.50 246450 ~36.22
0.8954 0.0010 -0.J339 -0.0001 346.85 345 .47 —0.42
0.8467 =0.0029 0.0030 -0.0001 330.00 327.39 -0.79
0.7418 -0.0244 0.0044 -0.9301 296.85 295.45 ~0.47
0.5837 -C.0C0l 0,000l 0.0 260.80 266 .06 2.02
0.4891 -0.0016 0.CO016 0.0 250.20 255.17 1.99
AVE. ABS. % DEV. IN PRESSURE %DP =  6.98 ( % )

AVE. ABS. DEV. IN VAPCR COMP. = 0.J323 (MDLE FRACTION)



X1

0.0977
€.0935
0.1003
€.0983
0.1075
0.115)
0.1250
0.1361
0.1491
0.1694
0.1755

AVE.
AVE.

ABS .
ABS.
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TABLE 4.21

Comparison of experimental values to predicted pressures and
vapor compositions by the modified Redlich-Kwong equation of

state.

Bottom liquid phase being considered in equilibrium

with the vapor phase for the system nitrogen(l)-methane(2)-

propane(3) at114.05, 118.32, and 122.24 K.

T =114.05 K
DYl DY2 0Y3
~J.3089 3J3.02351 0.0038
0.0036 -0.0035 -0.0001
0.0039 -0.0038 ~0.0001
0.0034 -J.2333 -0.2J001
0.0043 -0.0042 -0.0001
03337 —2.0036 -0.0001
€C.0030 -0.0029 -0.0001
0.0043 -0.0042 ~0.0001
040332 -J.00222 -0.J031
0.0019 -0.0019 0.0
-0.0007 0.0007 0.0
%2 DEV. IN PRESSURE ZDP
DEV. IN VAPCR COMP. =

P EXP
(psia)

254.40
245.40
238.85
23J0.90
219.85
207.00
195.26
183.50
178.25
167.70
165.40

103.62 (
J. 30225

P CAL
(psia)

2473.16
295.18
306.58
278.759
281 .95
268.40
252 .47
238.97
233.97
212.16
202 .89

zZ)
(MOLE FRACTION)

% DP

B72.15
20.28
28.30
2l.21
28.25
29.66
29.30
30.23
31.26
26.51
22.67
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TABLE 4.2]1 (continued)

T =118.32 K
X1 cYl DY2 DY 3. P EXP P CAL Z DP
(psia) (psia)
0.0907 0.0036 -0.0035 =-0.0001 309.00 327.01 5.83
0.1127 -0.0941 0.C866 0.0076 283.23  2€30.41 828.72
001173 =040010 J.2311  -0.)221 269.3) 343.94 27.72
€C.1281 -0.00l16 0.0017 -0.0001 257.70 343.91 33.45
0.1280 -0.0016 0.0017 -0.0001 257.70 343.97 33.48
0.1351 0.0015 -0.0015 =-0.0001 244.30 321 .69 31.68
0.1545 =0.0001 0.0001 0.0 228.50 299.15 30.92
0.1746 0.2339 -0.2209 0.9 216.53 279.79 29.22
0.2176 0.0020 -0.0019 0.0 206.50 261 .47 26.62
0.2341 0.0032 -0.0032 0.0 204.50 261.65 27-95
AVE. ABS. 2 DEV. IN PRESSURE %0P = 107.56 ( % )
AVE. ABS. DEV. IN VAPCR COMP. = 0.0073 (MOLE FRACTION)
T =122.24 K
X1 DY1 DY2 DY3 P EXP P CAL 2 DP
(psia) (psia)

0.0953 -0.0123 0.0058 0.0025 386.50 1078.27 178.98
0.1036 -0.C683 0.C631 0.0052 346.85 1411.51 306.95
0.1146 =0.1101 0.1016 0.0085 330.00  2299.78 596.90
0.1444  -0.1959 0.1800 3. 90199 266.85 5485.43  1747.88
0.2051 -0.3438 0.2852 0.0546 260.80 13846.45  5209.23
0.2451 0.0058 -0.CC58 0.0 250420 354.68 41.76
0.2829 C.0084 —-0.0C8% 0.2 245.12 325.63 32.84

AVE. ABS. % DEV. IN PRESSURE %DP =1159.22 { % )
AVE. ABS. CEV. IN VAP(R CCMP. = 0.0713 (MOLE FRACTION)



Comparison between predicted and experimental values of the liquid-liquid equilibrium

TABLE 4.22

for the system nitrogen(l)-methane(2)-propane(3).

TEMP

114.095

114.05

114.05

114.05

114.05

BCTTOM LIQUID PHASE

X2 EXP
X2 CAL

X3 EXP
X3 CAL

TOP LIQUID PHASE

0.9854

X2 EX?
X2 CA_

-0.0006

0.8713
0.8712

i . e . S e e e Sl . S et . T T o o —— - ——— - ———— — i — -~ — T — " — ———————————_—— o ———— ——— i — - ——

~0.0001

00607
0.0603

00001

0.8390
0.8395

0.9404

00569

———— . —— ——— —— ————————— ——— —— — ——— ———— —— ———— ——— o ———

-0.00235

0.7609
0.7630

O«125¢&
Cel259

e e s — —— i — et - ———— —— — — — i ——T_—— - — - —— ——— — _——— —_—————— - ——— —— - _ = A - ——— —

-0.0021

07020
0.7013

~0.0001

Oe 1390
Oel189D

P EXP X1 EXP
P CAL X1 CAL
D P DX1
254.40 00977
254,51 0.0974

C.11 00003
245690 00935
246417 0.0935

027 ~0.0001
238695 0.1003
236.60 Cs1002

Ce 65 00,0001
219.85 01075
220082 0.1066

CaG7 0.,0010
207.00 0.1150
207490 0.1153
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114.05

114.05

114.05

114 .05

114 .05

114 .02

118432

11832

TABLE 4.22 (continued)

042420
0+2402

02941

C-6330
0.6347

~0.0017

Cs5638
05724

07290
0.7290

06523
06523

02480
0.2482

Ce3147

0.0230
0.0228

—— —— e ——_————— - ———— — —— —— —— ——— — ——— - e —— —— Tt — " ——— o — o oy o o

0.0002

0.0329
0.0320

——— e ———— . —— i —— . — ———— . — - _— — — — T —_— — — A —— — - —— o —————— . — S — —— ———— T~ —

0+3300
0.3298

—0e0025

0.5209
05217

Oe 3449

00410
0.0409

e o e . e e —— - — e v — - ————— e —— —— A — A A W - —— A T————— ——— — — ——_— ———— —

0.0002

0.3984
043968

-0.0007

04323
0.4340

Qe 4190
04194

- —————— ————— o ——— i it Bt . e e Sl i o i it W e e S e e e e o o e e M e i . — - — T — — T ——— " — —

0.0016

0.4222
04220

-0.0018

0.4024
0.4037

08377
0.4877

0.4450
04453

0.C672
0.0670

e o . e T ——— ——— . —————— — —— —— o A o — ——— —— ——— T — —— — T ———— — . ————— ————— —

0.0002

0ed222
04259

-0.0013

0.4024
0+3899

-0.0002

0.4819
0s4730

0.0002

O.1166
0.1205

e . s e e e e e s e e e e i e e O S S e A i e o — —— o —— T — —— — —— — — T —— o . =y ——  —— ———

-0.0037

0.4377
0.4350

0.0125

0. 3282
0.3293

0, 0038

Ced4457
04454

-0.0038

0.C0C875
0.08£8

———— et ——— ——— —— — 7 ———— — = ot it i e . e T o —— Yo Tt it i B — i e . e e . o e s e o

0.0027

0+4306
0.4289

-0.,0011

0. 3518
0.3523

—-0.00027

0.4434
Ced437

0.0773
0.07€9

e i — s ——— —— — — — ——— T T — " ——— A —— — - ——— ——— —————— — — o ——— —— T —— ——— — — —— — —— —

195.26 0.1250
196. 39 0.1251
1.13 -0.0001
183.50 0.1351
184,81 0.1356
1.31 0.0005
178.25 0.1491
179.64 0.1485
1.59 0.0006
167+70 0.1694
16G.04 0e16932
1.34 0.0002
165440 0.1755
166464 0e.1744
1.24 0.0011
160.20 0.1755
163.28 01842
3.08 -0.0088
204.50 0.2341
205,31 042357
0.81 -0.0016
206450 0.2176
206.83 0.2188
0.33 ~0.0012

00017

-0.0005

0.0004

-G -



118.32

118.32

118.32

118.32

118.32

118.32

118.32

118.32

0
0

0

0
o

0.0037

0
0

o]

0
o

« 3710

« 3673
« 0037

« 3171

«3134

« 2481

« 2439
«0043

« 2053
+ 2011

TABLE 4.22 (continued)

0. 4544
0.4573

-0. 0029
0.5284
0.5308

—-0. 0024
0. 616)8
0. 6211

“Oo 0043

0.6666
0.6716

0.5836
0.5836

0.0

0.6481
0.6481

0.7370
C.7370

0.0

0.7915
07915

03718
s 3724

-0.0005
0.3219
063223

—0.C00%
0.2451
02455

-0.0004%

0.19530
Ce 13232

0.0446
0.0440

0.0006

0.0300
0.0296

e o e it o ot e A e i s e e o — ot . . T b i . M — T — — i o " " —— T ———— " — — - — -

C.0178
0.0174

s B it > At Tl i A Yl T e S S— i A . —— —— — — T — ————— T —— ——— —— ——— T —— —— ——— T ——— o —— o —— -

0.000

4

0.0105

0.010

2

0

0]
0

« 0042

« 2051
« 2030

~0.0050

0.6669
0.6690

0.0

0.7224
De7924

-0.00723

0.1971
01973

0.000

3

0

0]

0.1646

e 0021

«1649

-0. 0022

0.7181
0s 7185

0.8396
0.8396

- —— —— — ———— — ——— —— — —— - T — —— . ———————— A ——— W A Y - — — ————— —— — ————— ——— - — —— > W ——— =

216453 Cel746
217449 01754
0.96 -0.0008
228450 0.1545
22880 01558
0.30 -0.0013
244. 30 0.1351
244.70 0.1351
0.40 0.0
257470 0.1281
257 45 0.1274
~-0.25 0. 0007
25770 0.1280
257.68 0«1280
-0.02 0. 0001
265430 01170
256G« 29 01169
—C.01 0.0001
233.23 Oel1127
28C.68 0.1128
— 255 —0.0001
30900 00907
304480 0.0908
—4620 —0.0001

—~0.0004

0.7664
0.7675
~0+0011

0.8660
Oe 8656

0.8304
0.8804

0.9555
0+.9555

O.1149
0.1150

0.0425

0.0047
0.0046

s e ——— . ———— At S . i e o . — — s o — — . — . | W — T —— - - - - - T —— A W - An = —— S - - - — -

—— e = — ] —— — —— o ———— o ——— — o ——— ——— —_—— — ———n - ———— - o—
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122424

122.24

122 .24

122 .24

122.24

122 .24

0.
O.

TABLE 4.22

0227
0227

0.8820
0.8323

(continued)

09776
0.9776

" . s —— — — —— — — —————— T ————————————— —— — — — . 1 ———— S e T ————— 1 — T i e e e e

0.0993

O.

0380

—-0.0002

0.7970
0.8016

0.8354
08954

Oe

0023

O.

0013

01422

0.

1445

~-0.00456

0.7432
O.7405

—0 e

0.2304
Oe

noz24

2449

0.00C027

0.6252
0.6104

0e 24937
00,2490

O.

0085

— ——— . - — - 2D —— — ——— ——— M —— — — - . —— —— . — —, S ———— et — - ————— — T ———— ———— —

0.3577

O.

3558

0.4372

0.00C07

0. 3765
0.3768

O
O.

0398
0365

0.

0019

0«4090

O

4105

0.3459

0.4891
04891

064423
0.44109

Oe

O.
O.

0N03

0686
0690

386.50 Ce09353
380.43 0.0950
—-6.07 0.0002
34685 0.1036
344087 01003
—1.98 0.0033
33000 0.1146
326.76 0.1150

—3 .24 —0.0003
296.85 0.1444
294682 0.1446

—2.03 —0.0002
260.80 0.2051
260.88 02055
250.20 0.2451
243 .68 02449

~6e52 0.0002

0. 0004

=962~



TEMP
K

114.05

118.32

122 .24

TABLE 4.23

BOTTOM LIQUID PHASE

Compositions of the plait points evaluated from the method of Black and Hartwig
compared with the results predicted by the modified Redlich-Kwong equation of
state for the system nitrogen(l)-methane(2)-propane(3).

T32 _IQUID 2-4ASE

i — o - ——— A s — — — T — {— — . —— i o — — — _— T — — T~ — Ay o S it s et o S 1l W - i e it o e e o — o —————— -

X1 =XP X2 EX>2 X3 ZXP
X1 CAL X2 CA_ X3 CAL
DX1 X2 DX3
Oe.3142 0.4G44 0.1914
0.3142 Cs4344 01914

0.0 | 0.0 0.0
Ce3395 0.4743 0.1862
0.3395 Ce4743 0.1862
0.0 0.0 0.0
0.3622 Oe 4695 01683

. e e o i i S St A S, M T O . . Sk . S e, B T M S . Ay s . it e St . S S o i o o e > _— . . . = —— —— — ——— —

P EXP X1 EXP X2 EXP X3 EXP
P CAL X1 CAL X2 CAL X3 CAL
cC P DX 1 DXx2 DX3
157.00 0.3142 0.4944 0. 1914
161457 O0w3142 04944 0.1914
4.57 0.0 0.0 0.0
158.00 0.3395 0e4743 0.1862
203.64 03395 0.4743 0.1862
S04 0.0 0.0 0.0
241.00 0. 3622 0.4695 0.1683
244 .36 0.3622 04695 0.1683
2e306 0.0 0.0 0.0

0.0 0.0 0.0

-LGZ-
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APPENDIX B

The Electric Circuit of the Electromagnetic Pump

The circuit consists of three sections:

(1) the power supply section

(2) the timing control section

(3) the pumping section

The major part of the circuit is similar to that of a
Fl.ip—Flop circuit to produce a square wave-output.

The action of the pump is within the range of 1. 5 milli-
second to 1 second per cycle and can be adjusted through

a variable resistance.
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APPENDIX C

Computer programs
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Programs

@
(2)
(3)

(4)

(5)

(6)
(7)

Prediction of critical loci for binary mixtures
Evaluation of liquid activity coefficients

Evaluation of binary and ternary constants from activity
coefficients

Correlation of activity coefficients by the Redlich-Kister
equation

Prediction of P-x-y curve

Prediction of liquid-liquid equilibrium

Evaluation of Redlich-Kwong parameters

Subroutines

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)

RK
CLAUS
WOHL
SEXP
CUBEQN
FUGRK
VOLPAR
RKFIT
SOLVE
SUPT
CGAMA

262
263

269

270
272
277
281

285
287
289
291

293
294
296
298
302
303
305
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C PREDICT ION OF CRITICAL LOCI FOR BINARY MIXTURES

____JL_____DAVLD _POON___ _{SEPTEMBER _1970).

SUBROUTINE NEEDED. UNE OF THE FOLLOWINGS :
C RK,CLAUS y#0HLs UK SUGLUS,
IMPLICIT REAL*8({A—-H,0~2)
DIMENSION A(S559) F(5:5)s CIRKL(5),C2RKL(S) 2TC(S) 4PCIS)aVC(5H)

1 TCIJ(S5+9) s WIJ(S545)sW{5)sY(5 )H,CORRLI(S5+5) +TITLE(19),
CIRKV(S) +C2RKVI(S) yC3RKLI(5)
DIMENS ION VV({S0),C(5,5)
BO0O READ(1,5)(TITLE(TI),1=14519)
WRITE(3,6) (TITLE(L) »I1=1,19)

5 FORYMAT (19A4)

6 FORMAT (1HL!,19A4)
READ(1+510) T,ET
READ(1+510) VI,EV
DT=(ET-T)/15.000
DV=(EV-VI)/20.0D0
DO 600 1=1.,20

600 VV(I)=VI+FLGCAT(I-1) %DV

READ(1,500) NCOMP.NEQ,IJKsR
IFINCOMP.LE.0) GD TO 900
DO 400 1=1,MCOMP

READ(19510) PC(UI1) VC{I)TCH

400 WRITE(3,515) PC(I),VC(I),TC
CORRL{NCOMP+sNCOMP)=0.0
NCOMP] =NCOMP-1

)
sC2RKL(I)+C3RKLA(T)

O
—
Py
A
™ o~
—~
Pt

DO 101 I=1,.NCOMP]

[1=1+1
DO 101 J=I1,NCOMP
101 READ(] +520) CORRLI(TI J)
WRITE(3,200) CORRL{I»J)
READ(1:525) {(ry{(J)sJ=14sNCOMP)
WRITE(34515) (Y(J)sJ=1,NCCMP)
CALL RK (PCysVC s TCy W s CIRKL s C2RKL s C3RKL 4 NCOMP 4yCORRL Y $ET)
GO TC 800
200 FORMAT(S5X,5D20.9)
510 FORMAT (8F10.5)
515 FURMAT( /1H /,7D12.5)
520 FORMAT(3F10.5) T
525 FORMAT{(3F10.5)

900 STOP
500 FORMAT(3155,F10.4)

901 RETURN
END

C2RKL(TI) sC3RKLI(I]
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C DAV ID POON (CCTCBER,41970)

C (1) FROM LIQUID FUGACITY COEFFICIENTS (REDLICH-KWONG EQUATION OF
C (2) FROM GAS FUGACITY COEFFICIENTS (VIRIAL EQUATION OF STATE)
C SUBROUTINES NEEDED : SEXP,FUGRK, CUBEQN,VOLPARs AND EQNRKe
¢l EXPT 2__ _BARKER 3 POLY. FITTING
DIMENS ION PHI(5)sX(5)s F{ 95)+GAMMA(S) FREFER(S) +PVUL(5),Y(5),
1 PC(S)sVCIS)+TC(B )y WIS}, ClRKVI(5) 3C2RKV(S)+C1IRKL{(5)+C2RKL(5)
2 AMOLWTI(S) s COMPA(S) s CCMPB(5) yCORRVI(S +5) CORRL{S,5) y GAMALN(5),
3 A(A),Z(J),TlTLE(eglJD(S)La;QLélLMQD(5).TCU(sa.PﬁxJ(S),CQEhLS)'
4PP (50) ¢ XX(5033) +YY(S50+3)+P5(5)sPPVOL(4) ,YCALI(3)
DIMENSICN ARKV(5+5) s ARKL(545) 48RKV(5) s 3RKL (5)
DIMENSION GEMA(S5) 3PREF(S5)2.VOL(5)2DGMA(S5)PDGMA(S)
DIMENSION REQ(5)

DIMENS [ION RAG(5)
DIMENSION GEMALN(S)»Q(50)
COMMON /EIRST/ TCHyPCsVCOsWsAMOLWT » T3P 3s R NCOMPNONTUM

1 /SECOND/ Zs AsMTYPE
1 /THIRD/ ARKV 3 ARKL 9 BRKV s BRKL 9 ZU s ZV s AMRKV s AMRKL » BMRKV y 3MRKL.
EXTERNAL CUBEQN
C MM TO END READING PXYGIGII ON CARD QUTPUT
8C0 MM=])
C WRITE(2,1005) MM
1005 FURMAT (50X +11)
READ{] +5) (TITLE(I)»I-’—'l 2 19)
C 800 READ(1sSI{TITLE{(I)»1I=1+19)
6 FORMAT (19A4)
S5 FORMAT( 19A4)
WRITE(3,927)
WRITE(3,6)(TITLE(I), =1'19)
WRITE(2,6) (TITLE(I) +I=1,19)
WRITE(2+:500) NCOMP
C WRITE(2.,:5)(TITLE(I),,I=1519)
READ(1 500 INCOMP 4 NCNTUM T UK. R
IF{(NCOMP.LELD) GO TO 900
C WRITE(3,505)
DO 210 I=1,NCOMP
READ(loGlO)PCO(l),VCO(I) TCO(I)sW(TI)sCIRKV(I)C2RKVI(I),
1 CTIRKLE{I) »C2RKL{I) LAMOLWT(I),COMPA(IL), COMPBI{ 1)
READ(1'510) CIRKL{I)yC2RKL(I)
READ(1+510) PREF(I1),VOL(I)
CIRKV(I)=CIRKLI{I)}
CZRKV{T)Y=C2RKLITI)
210 CONTINUE

(I)LTCO(T) oW(I)s

C 210 WRITE(3,513)PCO( 0
AMOLWT (1), COMPA{I), COMPBI( 1)
0

I),VvC
C 1 CIRKL(I)sC2RKL({I1),
P)=0.

CORRLINCOMPsNCCM
NCOMPLI=NCOMP—1
C WRITE(3,519)

519 FORMAT(/10Xs12HINPUT DATA 1//4X s1HPs8X,2HX1 48X s2HX2 »9X ¢ 1HT 5 7X+ 3HR

11 7Xs 3HRBT 9 7Xs 3HRKAZ, 7Xs» 3HRB2//)
WRITE(3,920)

920 FORMAT(IH1////7)
IF(NCOMPL.EQ«2) GU TO 995

WRITE(3,518)
GO TO 994
995 WRITE(3,993)
954 CONTINUE o




N U1
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FORMAT (/7711 X4 1HP yIX 42HX1 98X +2HX2 48X s 2HX3 48X s 2HY 148X 2HY 2, 8X42HY3
FORMAT (/// 11X sl HP 3 IX2HX1,38Xs2HX28X 22HY 1 +8Xs2HY2)

DU 9 I=1.NCOMPI1
I1=1+1

DO 9 J=T1,4NCOMP
READ(1 4520 )CORRL{TI,J)

1000
1003
10

I=0
M=
READ(
FORMA
FURMA
I=I+1
SX=0.0
SY=0.0

PRESSURE IS IN CM HG
CO) M

1
1,10
T(11)
T(3F21.0)

C1001
1001

IF{MeEQesOeORaMeEQel) GO TO 1001

GO TO 1002

READ(1+520) PP{I)s IXX{I,2)sJ=14,NCOMP1)+(YY(IsJ)sJ=1,NCOMPL)
READ(] 9920) PP{1)+(XX{T+J})sJ=1+NCOMP) 3 {YY(I5J)sJ=1+NCOMP)

1002

IF(M«EQ+0) GO TO 1002
PP(I)=PP(13)%14.696/7760.,
PP(I)=PP(l)*14.696/76.
CONT INULE

15

DO 15 J=1.,.,NCOMP1
SY=SY+YY{(I ,J)
SX=SX+ XX(1.J
XX (I +sNCOMP

16

PP{1)=PP (
IF (PP 1)L

523

WRITE(3,523
FORMAT (/)
WRITE(3,521) PP(I)s (XX{IsJ)sJ=1+NCOMP ) y{YY{I+J) +sJ=1NCCMP )
IF(PP(]1)«GEO0) GO TO 10

20

NOB S=[-1

WRITE(2.525)N0BSs, NAONTUMR
READ{1+520)TTTsPSO» (PS(1)s1I=1,NCOMP)
IS(R«LT411.0) GO 7O 21

21

PS0=P5S0/14.097

CONTINUE
WRITE(3,520)TTTsPSO+(PS(1),I=1,NCOMP)
READ(1 4525 )1 UK KIJsCINI»CF I

525
30

FORMAT(2T15,2F10.4)
KIJ=KIJ+1

IF{(KIJ+sGE«2) GO TO 800
K=0

280

WRITE(B.be)IJK,KIJ'CINIQCFIN
KK=0

KK=20

CUNTINUE

924

WRITE(SZBI(TITLE(T) »I=1419)
WRITE(3,924)

FORMAT (/)

KK=KK+1

DO 220 1I=1.NCONMP]

WRITE(3+510)

DO 220 I=1,NCOMP1

CORRL{TII)=0.0 e




C

_ 214 CONTLINUE
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I1=1+1
0 220_J=11s NCOMP

IF(KK«GT«20) GO TO 214
CORRL({T s JI=CINI+{KK=1)*{CFIN=-CINI) /10
214 WRITE(3,530)1+JsCORRLI(I,4J)

CORRAL{JIs 1) =CORRL( T, J)
220 COUNTINUE

K=0

SSDY=0Q0.0

219 CONTINUE
IFINONTUMLGES1) GO TO 223
DO 221 I=1,NCOUMP
PC{1)Y=PCO(1)

vC(I)=vCo(1)
221 TC(I)=TCO(1)
120 T=T7TT

RY=R*T

DO 226 I=1+NCOMP
DD 224 J=1,NCOMP
X(J)=0.,0

224 CUNTINUE

X{(I1)=1.0

P=pP S0

Lv=1

CALL FUGRK ( PHI,X4CI1RKV,C2RKV,CORRL 4+ CUBEQN KIJs LV)

CALL VOLPARICLIRKL sC2RKLyCORRL X, CUBEQNLF sPVOL , 1 JK)
FREF{I)Y=F(I)*¥X(I)*PS0O
FREFER(I1)= I(I)%X(1)*%PSO

226 D{1;5;=PVOL

[alake

H
(1)
WRITE(3,521 )T +PSO.(FREFER(I )+ I=1.,NCOMP),,(D(I),I=1,NCOMP)
1 ¢ (FREF (1) ,I=1,NCOMP)
521 FORMAT(//5X,2F 102+ 11F 9e4//)
WRITE(3,927)

927 FORMATC(IHLY////77777)
IF (NCOMP.EQes2) GO TO 892
WRITE(3,535)
535 FORMAT{(//6Xs 1HP s 7Xs 2HX1 s9X+2HX2 s 8X+2HX3 18X +2HY 1 »

Ao

123X,2HY2,23X+20Y37/)

535 FORMAT{(//'12345675890123456739012345678901234567890123456789012345
178901234567390123456789012345678901')

535 FORMAT(//20X, PHX1 94X s *GAMMAL ® 4 3Xs *GEMAL? 44X " %DEVeGI* 93X

alaXa [l

1 TGOAMMAZY 44 X2 " GEMAZ Y 33X s T ADEVeG2T 44X GAMMA3® (44X, "GEMA 3T, 3X,
2 " YDEV e G3'/ /)
WRITE(B,é)(TITLE(I),Izlylg)
536 FORMAT( 777 11X 42HX1 93X e 2HX2 9 7X32HGL 99X +2HG2 s 7X s2HG3 437X »

(@]

1S5HLIN G1 45Xy oHLN G2s5Xs5ALN G3 )
WRITE(3,536)
GD TO 223

892 WRITE(3,891)

891 FORMAT(//V1234567850123456789012345678901234567890123456783012345
17390123456783C1234567850")

891 FURMAT{//6Xs1HP,9Xs2HX 147X, 2HY 1, 8X» 4HGAM1 36 X s 4HGE
1156Xs4H%IGL 50X s 4HGAM2 46X 94 HGEM2 3 6X 4 4H%D G2/ /)

[a¥eXalaKe!

G917 FORMAT(/ /70X, 1FD s 7Xs OHX13OXs ZH K22 3Ky ZHX3 +B8X+2AY1 38X+ 2HY2:BX+0HY3 /77
WRITE(3,6) (TITLE(I)s1=1,19)
WRITE(3+893)

893 FURMAT ( 77/ 11Xs 2HX 14 BXa2HX2 5 7X+s2HG1 s 9X»2HG 2,
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17X+ SHILN Gl «5XsSHLN G2 )
C 535 FORMAT (111, SUPPORT ING DATA ARE L ISTED IN_THE FOULLOWING_0ORDOER

C IARGDN:IQ METHANE-_—Z)Q P'XI’YI.P\/l'pV2,FLl1FL20FV1'FV200c-'///)
C 535 FORMAT (/26X 9HCUMPUNENT s 1 X9 IHX s 7Xs 4HYCAL 94 X34HYOBS 44X,
C 1 OHGAMALN 12X +SHOGAMMAGSX ¢4 HV (P) 46X+ SHV(PO) s SX 1 4HPHIL » 6 X,
C 1 4HPHIV.6Xy 5HPHILL /)
223 CUNTINUE
K=K+1
DO 234 J=1.NCOMP
. Y{J)I=YY(Ky J)
234 X(J)=XX(KyJ)
I1I=0
230 IIi=I11+1
IF(1I1.GT«1)GO TO 236
P=PSO0

CALL VCLPAR(CIRKL +C2RKL,CORRL,Xys CUBEQN,F sPVDOL s I JK)
DO 233 J=1,.NCOMP
PPVCL (U)=PVvOL (J)

233 CUNTINUE
GO TO 230
236 P=PP(K)
CALL VOLPAR(CIRKL +C2RKL yCORRL s Xs CUBEQN,F +PVOL » I JK)

LvV=1

C CALL FUGRK (PHIVsY sC1RKVsC2RKVCORRL ,CUBEQNyKIJsL V)
CALL FUGRK({ PHI +X+sC1RKV»C2KKV sCORRL » CUBEQNS KIJs LV)
DO 235 J=1NCOMP

C GAMALN (U )= ALOG(PHI(J)*P/FREFER(J) )
c GAMALN( D) =(Y () xPHIV(J)*P) /7 {X{(J)*FREFER(J))
GAMALN(J)=ALOG( FOJI*P/FREFER(JY) )
1 +{(PPVGOL (J)+PVOL(J))*(PSO—P)/2.0/RT

PHIV(J) =10

235 GAMMA(J )= EXP(GAMALN(J]} )
ITER=0
LV=0

C CALL FUGRK (PHIVsY +C1IRKV,C2R
RATIO=PHIV (1)x%xY(1)/PHI(1)}/X
240 ITER=ITER+1
SDY=0.0

KV sCORRL ,CUBEGQN,s KIJ, LV)
(1)

IF{ITER=-20)242,242+260

242 DI 245 J=1,NCOMP
YCALA{J)=PHI(II/PHIVJ)IXX{J)
SDY=SDY+YCAL(J)

245 CONTINUE
DO 246 J=1.NCOMP
IF(ITFR.LE.1) GO TO 250
246 YCAL(J)I=YCAL(J)/SDY

DO 247 J=1+NCOWMP

IF(ABS{YCAL(J)=Y(J)) «GT.0.00001) GO TO 250
247 CUNTINUE

GO 70 260

250 DI 255 J=1,NCUMP
255 Y{(J4)=YCAL(J)
Lv=0
CALL FUGRK{PHIV,Y .C1RKV,C2RKV,CORRL,CUBEQN, KIJ, LV)

GD TO 240
260 SODY=0.0
DO 265 J=1.NCOMP
265 SDY =5DY +ABS (YCAL(JU)-YY({KsJ))




C 266 WRITE(2+540)P« (X (J)+J=14NCOMP1)4{(YCAL(J),J=1,NCOMP1)
C 265 WRITL(34540)P+{X{J)sJd=1cNCUMPL) »(YY(KeJ)sJ=1 NCOMP1)

SSDY=SSDY+5SDY

P=P*14.097

_ JF(R.LTes11.) GO TO 266
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C {GAMALNA(J) s Ju=1,NCQOMP)
C WRITE(2+:540)Ps {X(J)sJ=1 ¢NCOMPL) o (YY(KyJ) 1 J=1,NCOMP1)
P=P/14.697
266 CONTINUE
_ DO 2567 J=1,.NCOUVP
TN YY (K, J)
267 X{J)=XX(kyJ)
CALL SEXP(TCsPCaVC W T yPsR XY s GEMA,PREF sVOL s NCOMP, CORRL,B8D)
888 DI 999 I=1,NCOMP
IF (GEMA(TI)«LE.0.0) GO TO 998
999 GEMALN(I)I=ALOG(GEMA(1))
GO TO 869
998 GEMALN(I)=0.0
869 COMNTIINUE
C DI 369 J=1,NCOMP
C B69 GEMA(J)I=GEMA(JII/ZEXRP( (PPVOL(J)+PVOL{(I))%(PSO~P)/240/RT)
540 FORIAAT(BF10,.4) —
C WRITE(33+611) PaX(I)+YY(K,1)+sPPVOL(1)+sPPVOL{2)PHI(1) sPHI{(2),PHIVI
C 11),PHIV(2)
DO 268 1=1,NCOMP
DGMA(I)=GAMMA(T)I~-GEMA(1)
268 PDGCMA({I)=DGMA({T)I/GAMMA(I)*100.0
DO 896 1I=1,NCOMP
896 REO(I)=X(I)*GEMA(I)
wRITE(3,879)
879 FORMATI(/)
IF (NCOMP.EQe3) GO TO 399
C WRITE(39520) PaX{1)+e X(2)sX{3)sY(1)Y{2),Y(3)
C WRITE(3:1521) X{IJ+X{2)sGAMMA(L )y GAMMA(2) s GAMALN(1)Y+sGAMALN(2)
925 FORMATI(F10e234F10e4+F10a232F 1044 4F10.2)
926 FORMAT { 3F8ed sF Be212F10645F 10e2492F 1064 ,4,F10e2)
QIKI=X(1)*GAMALN{1) +X(2)*GAMALN{2)
WRITE(Z2,935) PP(K)s{XX{KesJd) 2 J=I S NCCHMP) s {YY{(KyJ) s J=1 ., NCCMP)
WRITE(34931) PeX(1)saY(1)sGAMMA( 1)sGAMMA{2) sSAMALN(1) s GAMALN{2) 4 2(x
1)
WRITE(2,935) GAMMA(1),GAMMA{2) s, GAMALN{1)  GAMALN({(2), O (K
1)
WRITE(2+,935) GEMA{1) sGEMA(2)«GEMAILN(1),GEMALN(2)
931 FORMAT(SX,sFBe23s4FB844,3F10.4)
ARITE(2+335) GAMMA{ 1) s GEMA{1).PDGMA(1),GAMMA(Z2) ,GEMA(:
l),PDGﬁA(?)
C WRITE(3,521) X{1)e+X{2)sGEMA{ 1) »GEMA(2) ,GEMALN{1) sGEMALN(2)
C WRITE(3,925) PeX11)sY{1)sGAMMA(1)sGEMA(1),POGMA(1),GAMMA(2) +GEMA(:
C 1),PDGMAL(2)
GU TO 270
C 899 WRITE(3,520) P,L,REC(1),RED(2),REQ(3)
of WRITE(3+4520) PL,RAU(1)}.RA0(2) sRAD(3)
C 899 WRITE(Z2,520) P eX{1)sX(2)aX{(3)sY(1),Y(2),Y(3)
859 CONTINUE
QIKI=X(1)*GAMALNI{ 1)+ X(2)®*SAMALN(2) +X(3)*GAMALN(3)
WRITE(3+932) X(1)+sX(2)+sGAUWMA(L)yGAMMA(2) 3 GAMMA(3),
1 GAMALN(1) oGAMALN(2) +GAMALN(3)»G(K)
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WRITE(2+935) PP(K) s IXX{KsJ) ¢+ J=14sNCOMP)I s (YY (K3 J)s J=1+NCOMP)

WRITE(2,935) GAMM&LLLLGAWMA(Z),GAMMA( 3)
1 GAMALN(I)'GAMALN(Z)oGAMALN(3).O(K)
WRITE(24+935) GEMA(1) sGEMA(2) s GEMA(3)»

IGEMALN(l)cGEMALN(2)-GEMALN(3)

33) GAMBA(L) »
1 GEMA ( o f "

A{1)+PDGMA(1) s GAMMA(2),
(3)

GEM
)+ GEMA
3)

sGAMMA (1) s GEMA
(

wrl TE (

s PDGMA (1) s GAMMA(2),
1 GEMA PDGMA( 3)
)

611 FORMAT

GAMMA( 3) »GEMA

(1)
3)
a//

OO0 OO0

2
WRIT=(3
(
(
3

. e N~X]

(

)

s
1 F10e3+10X,6F10
WRITE (3, RA
DO 300 J
300 WRITE(3, COMPA(J)Y s COMPB(
1 GAMMA ( +PVOL (J) +PPVOL (J

vO-
~ L

GAMALN(J)
ER

J)
o 1
4

E e

), ’
» P )
500 FURMAT (3Xs31T= sFB.2:5H P= »F 8
610 FORMAT (27X +2A4 +SFB 44 +5F10 44,15

270 IF(K-NOBS)223,E50.,850

850 CONTINUF

STAR=-1.0
WRITE(2+,510) STAR
WRITE(3.620)S5DY
620 FORMAT (/ 10X»'ACCUMe SUM OF DEVe IN Y IS*+El244/)

IF(KK-10)280,530,30
900 STOP
500 FORMAT (31S,F10.4)
505 FOPMAT (1HO 34X s 2HPCe 10Xs2HVC + 6 X 2HTC s 10X s1HWs7X sSHC1I RKL +5X 95HC2RKL

-

5X s SHMOLANT + 4 X, 9HCOMPUNENT/ /)

510 FORMAT (4F 8e 4 SFBe442A4)

515 FORMAT (IH +4F10.3+s3F10.443X52A4)

516 FORMAT{(1H . 216X s 3HKT J /7 )

520 FORMAT(1F10a.c
521 FORMAT(5X,12
521 FORMAT(5X,F10
521 FORMAT(5X,F10

530 FORMAT {1H +6X

562 FORMAT (45X y2A4,

935 FORMAT (10F10.4)
END
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10 _POON

EVALUATION OF

SUPPLIED BY Se«D.CHANG

MODIFIED 8Y DAV

1 EXCESSH(I)
7 FORMAT{(1H
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2 1295XsF10s2,8F104+4)

I1+1
G0 T0 4
CALL RKFIT(TITLEsNsPsX1,X2+sGI+GII,.GITIIEXCESS,Q12,023,Q031)
GOD TO 6 .
5 RETURN

3 N=I-—1
END

I




-270-

C PROGRAM SUPPLIED BY SeDCHANG
C MODIFIED BY DAVID 200N (Ui Y 197203,
C CORRELATION OF ACTIVITY COoFFICIENTS BY THE REDLICH-KISTER CQUATI
C SUuROUUT INES NEED : SOLVE +»SECUNDe
DIMENSICN GAMAI(bO);bAMAII(SO)oA( 6)sH(D46)F(6)
DIMEMNSTION PUSC) o x (00 aY{SU)aGI(S 11 (501}
DIMENSIUN TITLE(2C)
COMMON PCIL sPCUs VUL o VCI+TCLsTCIsWIL s WIsPIsPJsVIaVJIIBIBJsRyBILJIDII
s NIJWsPCLlU,TC LY
] RPEADCI L 1C2I(TIIE 4 (1) 41=1420)
102 FURMAT(20A4)
DO 10 [=1s5
DO 1C J=1,06

10 H{I 43)=CL0
WRITE(S1C3)(TITLE(L)»I=1420)

103 FORMAT(//1HL1 ,2CA4//)
RLAD(IQICI)NOBS,IJKQR

101 FURMAT (2 15,F1 Qett])
IF (NOCOBSeLESD) U TO B8O
IF{ IUK «cQeC) GO TO 2
READ(1,10C)TTsPJIsPLVISVIWBI8J,DI1J
Bl=nl1/62:4
BJ=BJ/ 624
Dl1J=B1Jr/02 .4
RT=R#%#TT
IE( JJh ot Qel) GO TR 2
READ(1 ,1CO)YPCIWWCI,TCIl.WI
READ(1 s1CCIPCIVC I3 TCI I
CALL SECOND(TT)

2 D3 20 I=1NCBS
RZAD(1,1CCIPCL)Y o X(I)aY(T)aGI(I)eGITIA(T)
P(I) P(TI)/14 699
IF{(IJK.CQs0) GO TO 3
GI1=ALOG(Y ([ )=xP(T)/X{(1)/PT)
GI2=(BI-VII)=(P(I1)-PIL)/RT
GI3=P(I)*DIT Jx{(1.0-Y(1))%x%2/RT
GI(I)=G11+GI2+G13
GJI=ALOG{{1 0=-Y(I))*P(I)/(1.0=-X(I))/PJ)
GJ2=(BJ=VI)=(P(1)-PJ)/RT
GI3=P( 1) =DIJxY(1)x*%2/RT
GII(I)=GJU1+GJ2+GJU3

3 WRITE(3+3104)P(T1)+X(I)sY(I)GI(I)}GIT(I)

100 FORMAT(8F10.0)
XEJ=X{I)*x(1le=X(1))
FU1)=—(2e0%X(I)~-140)

F{P )= oeOXxXIJ~=] ¢8O
F{3)=-F(1)%(8sC%#=XIJ—-1eN)
FC4)=F{1)*F (1) *{(10.0%XIJ-1.0)
F(S)=—F (1) %%3%(12.0%xXIJ-10)
FO)=GI(I)—-GIT (1)
C FO)=ALUG(OI(I)/GLI(T1))

DO 2C L=1+5
DO 20 J=Ls6

20 H{L s J)=H{L s J)+F (L )xF(J)
DO 1lb I=1,5
DO 16 J=I1,5

16 H(Jy I)=H(I,J)
DY 12 1=1,MNMURS
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6 GI(I)= exXP(GL(1))
11 GIT (1)Y= £XP{GII(]1})
12 CONTINUE
NE Q=1
17 DO 15 1=1,5
DO 15 =146
15 A(I,J)=C.0C
NZ Q1 =NEQ+1
DO 18 I=1,NLQ
ACL oNEQL)=H(1.6)
DU 18 J=1,1iIQ
18 A{I+JI=H(I,J)
CALL SOLVE(NEQs A, INn:DIC)
Wl TE(3,103) (TITLE(1)1=14,20)
WRITE(3,106)(A(IyNLQL)yI=14NEQ)
106 FUHMAT(bX"FH B= 4FL ed 4t C= o FY ¢ed4 o4 D= ’F804’4H E= 'F804)4H F= .
1F8sar//)
ARITE(3,105)
105 FDRMA TUIXsLHP s 7 Xy 1 MXe7Xs1HY 77X /7))
SSI=0.C
SSJ= 0 o
SI=C.0
SJ=0.0
DO 30 1I=1,N0OBS
FF:2.4~X(I)—1.
GAMAT (1 )=(140=X(]))x%2E(A(L+yNEIL)IFA(2NZQL1)*(2.0%FF+1s0)
1 +A(I3YyNEQL)Y R (30> FF+2CIFFFFA( 4 NEQ L) ¥ (4o %FF+360)%FF x%2
3 +A(SWNEQL)®(S e CEFF+4 0 )*FF%%x3)
GAMAT LC L Y= X (T )ERX2%(A(L ZNEQL)Y+A(2,NFQ1) % (2+s%FF—-14)
1 +A(31NF—01)~‘<(‘5.4{F 2 )¥FF+A{4 4y NEQ1)Y*%{ 4 eXFF—34) ¥FF %FF
2 +A(S sNEQL) (5 e U»FF—4 40 )%FF%%3)
Al= EXP(GAMAI(I))
All= EXP(GAMALI(I))
46 DGl = Al -GIl(I)
DGJU= ATl ~GlIf(I)
SSI=5SI+DGI*DGI
SSJU=5S5SJ+0GUxDGJ
SI=SI+100CIO*AUS(DGLI/Z GI(I)
SJ=5J+100 0*ASS(DGI/GIIL]I})
WRITE(3+104) PLI) s X{(I)sY(I), Al +GI(I).DGI, ATl +GII(I),
1 DGJIr GAMALI(I) s GANATL(L)
104 FUKMAT (1H ,F8s1,11F84)
30 CONTINUE
SSDI=(SSI/Z(NOBS—NEQ) ) *x*%C
SJDJ:(SSJ/(NUBb—NEQ))**0.5
SDI=SI/INLBS
SDJ=SJ/NLSS
WRITE(3+3C0)SS5DI 550 Js SDI 432 J,NOBS s NEQ
300 FOPMAT{(/1H ,55H ST.DEV.CF GAMMA VALUES OF THE 1357 & 2ND COMDONENTS

ARE 2 F15 ¢4 34H ANDWF15e4/1H 5 53H AVaesd DEV.OF GAMMA VALUES 3F THE |

1
25T & 2ND CLdPUN'NTS ARE s FlDed4sdH ANDIF1IS 44/
2 20H NJsUF OBSERVATION =,15/

1 31H NUe OF ADJUSTAUBLE PARAMETERS =,15/)
NEQ=NEQ1

IF(NEQeGT ) GO TU 1

GO TO 17

800 RETUKRN
END
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C PRRIIDICT P-X-Y CURVF
C MODTET 2 BRLoL TOH-KaliNG FQUATTI Iy N5 STATL 1S USED
C FOR MULTICOAPONLNT SYSTEMS CALCULATIGN
C FRrROM THE PURL CuMPLNENT PRIPERIIES
C ONE CF THE COMPUNENTS IS AT ITS HYRPFRCRITICAL STATE
- W TT-y Y HU HST 2 CHZMICAL ENGINFERING DEPARTARNT, WMNIV. JE OT°
C SUBHOUT INLo SURPT LUK, LU=ZQN ARDC SUPPLIED BY SeDoCHANG
C FALSTI-RPOSITIUN METHUD I3 EM2LJAYED
C MAY 28,1971
C MU IETILD Y DAV L uUN (SEPTLMENER$1971) e
DIMINSTUN PAT(0) s XU )y L 52 5AAMA(S) yFREFFR(33.P7IL (35 Y(5),
i DC(‘S);VC(‘J)vTL(b),H(S)’Cll\&V( 7),CL"‘)KV(b)9C1"2KL(5)’CZRKL—(S)’
2 AMULWT (D) s LU TA(D) s CLUMPB (D) s CLRRV(395) 9 LU~ (595) s SAMALN(D)
3 AC4) 220 3) o T IV J 02" ) 9t () oW CAC) s VE (D) s TCUL (D) aPHIVID) FREr (5
4 2H(5),PP({ =, ),XX(U.)S);YY(CO;S)oYCAL(b)’pPVdL(S)rUClDT(5)’)C¢JT(E
30(0(5)’RAT1 (2)aVVLIBO ) s 22L (80 ) 2ZV80) s Y1(5)sG{(95), YU(S)
DIMENSTUN cv(92409) s PDEV(S50,5)
DIMENS TOUN f:V(C\!S)
DIMENSLION VM A(L0)

DIMLNSION VL' (50)
DIMENSTUN POVLM50)
DIMENSTON RCA(L 5 ), RVEM(SD)

COMMUN ZFEI-51/7 TCPCWVCU W s AMOLWT s Te P+ RsNCUMP ¢ NAONTUM, Z2ZL, 222V
1 /SECUND/ £, A,MTYPE
800 REAOV(1,5)(TLTL=(1),1=1,19)
O FORAATC(IHL 1 984)

5 FURMAT( 19 A4)
WRITZ(3,6)(TITLE(I) »1=1419)
READ(1» SUOINCUMPy NUNTUMs TUK 9 R
IF{CLMPLELZ) S0 TC CC

WRITE(3+50595)

DD 210 I=1.NCumMP
READ(1s510)PCO(I) s VCO(II)aTCO(IL) swW({I)sCIRKLA{I)»C2RKLA(I)
1 COMPA(I ) s COMPB (1)

CIRKV{I)=C1i kL (I)
C2RAV(I)=C2RKL(TI)

210 WRITE(3+513)PCO(1)sVCO(I),,TCO(I)W(I),CIRKL{I), ?RKL(I);
1 COMPACL) , COMPBIL

CORRLINCUMP ,NCCMP)=0 «0
NCUiMP1=NCCHP-1
WRITE(3+519)
519 TORMAT(/LI0XA 12 INPUT DATA 1//6% a1 HP,8Xs2HXL 93X e2HXZ , 9X s LHT 4 7X4 3HF

11974, 3REB1y (Xe 3HRAZ 27Xy 3HRD2//)
DO 9 i=1,NC3t"1

I1=1+1
DU 3 J=11,nC0AP
*] RtAD(l ,“JEO)CUnRL( IyJ)
R-=AD(1532C) 1TTT+PSI(YI{J)sJI=1,NCOMP)
PSI=PS1/14 097
PSII=P5I
PSI=PSI/Z75C .
I1=C
10 1=1+1
SX= oL
SY=9,.,0
C RZ/—\U(l.b2C)TTT,PP(I) 2 (XX (1 3J)sJd=1,NCOCMP) Q(YY(I'J)szl.NCOMQ)
C 1 +VVL(I)
READ( 1,520 PO(T ) (XXKLTyJ)y JT L, NCOMP ) s (YY (I s J) s J=1,NCOMP )
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1+VVLI(I)
20 1S =1 4NCOMPY

SY=S5Y+YY(1,4)

15 SX=SX+ XX(1,J)
XX{I «NCCMP)=1.0U-Sx
YY (T oNCUMP )= C=8SY
IF(RelLTell,4%) GO TOU 16
C PPII)=PI(L) /7760,
PPIIN=PP(1)/14.097
16 WRITE(IZ52C) PRI o (XX ([oJ)s I=1 ¢NCOMP ) 4 (YY (1) d=1,MNMCOMP )
C 1 »vvL (1)
IF(PP(I).GE«0) WL TD 10
20 NUBsS=1-1
BEAD(1,525) UK KT JaCINTLCFIN
525 FORMAT(21I5,2F10 o4 )
30 KlIJd=nlu+1l
IF(KIJeGFea2) GG TO 800
WRITE(3,525) 1 JKsKIJyCINI, CFIN
K=0
KK=0
KK=220
2890 TONTINUEL
WRITE(3,0)(TITLE(I)sI=1s12)
KK=KK+1
WRITE(3.+518)
RO 220 1=1,NCOMP]
CORRL(1I»I)=0eC
I1=1+1
DO 220 J=11.+NCLMP
IF(KK.\JF_IE(\) Gu TO 2Pl4a
CORRL(14J)I=CINI+(Kr—1)¥(CFIN-CINI)/10.
P51=PS11
214 WRITE(3+530)1 4,J,CORPL(TIJ)
CORRL (Jy 1)-COURRL (IyJ)
220 CUNTINUE
K=0
SDVLM=0.0
SPDP=0.0
SDP=0.C
SDV=0.0
SSYD=0.0
IZ(NUNTUMLGL 1) GO TO 223
DO 221 I=1,NCUMP
PC(1)=PCO(I) .
vC(I)=vco(l)
22) TC(I1)=TCJ(1)
120 T=77T7
RT=R*%xT
WRITE(3,6){TITLE(IL)»I=1419)
IF{NCCMP.EQe2) GO TO S34
WRITE(3+5312
531 FORMAT(///7 16X 42HX138Xs3HDY1» 7Xs3HDY2,7Xy 3HDY3)
GO TG 932
534 WRITE(3,533)
533 FORMAT(//710Xs2HX138Xs3HDY1, 7X, 3HDY2)
532 CTONTINUZ
C WRITE(3,535)

535

FORMAT (/ /710 Xa2HX1 37X s AHPEXT 46X 3 4HPCAL 3 7X4 PHIP 4 4 X, 301%D0 /)




223
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CONTINUE
NIP=0Q

MIP=0
P=PSI
K=K+1
ZZ2N=7ZN (K)

39
54

22721 =7:L(K)
20 39 J=1.NCOMP
PHIV(J)=1.,0
CONTINUL

40
42

DO 40 J=1,NCOMP

X{J)I=XX(Ky J)

CALL SUPTI(VL ,PHI yPPVOL +CIRKL yC2RKLsCORRL sXs14KIJ)
JY=O

63

IF(JY«GT«20) GU TO 61
SUMY=0,

DO 50 J=1,NCOMP

YOII=PHI (V) EX(J)/PHIV(J)

50
60

WRITE(2,600) Y(J)

SUMY=SJMY+Y (J)

IF(JY)004,45,60
IF(ABS({SUMYD=5UMY) /SUMY) el E«CWa0C05) GO TO 51

45

62

SUMYCG=5SUMY
JY=JY+1

DO 62 J=1.NCOMP
YOI I=Y(JI)LBUMY

CALLSURPT (VL PHIVsPVYOLyCIRKL,C2RKL s CORRL S Y»0,sKIJ)
GO 70 &3

CONTINUE

DY=35UMY =10

IF(ABS(LY)eLELO.CCiZ1) GO TO 110
IF(NIP.GT.12C) COU TO 105
IF(MIP:.sGT27) GO TO 105
IF(MIPJID2y 52450

S1

IF(NIPJLELO0) GO TO 51
I=((DY*UDY)-LT.0.0) GO TO 55
NIP=NIP+1]

IF(MIP—1)914+91,:92

91

POLD =P
DDY =DY
P=P+0.01
GO _TC_70

92

78

SLULPE=(P=-PCLD)/(DY-DDY)
DELP=SLOPEXDY ~ .
IF(ABS(DELP)~14C) 73479578
DELP=SIGN(1.0,DclP)

79

POLD=pP
DDY=DY
P=P-DELP
GO T0 7¢

IF((DY*DDY)LT40e0)GO TU 595
IF((DLY%DYG) eLT L e0) GO TC 57

IF (ABS((P-PCLD)/P).LE.CL,CC21) GO TO 105
PN= (DY ®POL D-DDY*P ) /( DY=-D0DY)

GO TO 53

IF{ABES((P=PU) /P)e L+ 0.0001) GO TO 1355
PN=(DY*PUO-DYU%P)/ (OY-DYU)

GL 10 59
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58 POU=POLD
DYG=DDY

59 POLD=P
DDY =DY
P=PN
MIP=WIP+1

70 DJ 53 J=1.NCOMP
53 Y{(JI=Y(J)/>UMY

CALL SUPTIVL +PHIVsPVOL sCIRKL +C2RKL yCORRL sY 2 0sKIJ)
GO _T0O S4q

105 IF(A0S(DY) LE.ua-CCS) GO TO 110
96 4RITE(3,601)
110 P=P*%k14.c97

PR(K)=PP(K)* 14,697

DP=P—P 3 (K)
PLP=ABS(DP) /P2 (K) %100.
SDP=SLP+ABS(DP)
SPDP=SPDP+ABS (PP )

WRITE(S+672) A(1)sPP(K)sPyDPPDP
PRPIK)I=PP{(K)/ 144097

600 FORMAT (/1 XeF1L e84 32F10a24F12e2)
DJ 111 J=}1 MNCOND

SYD=0.0

WRITE(3,6CC) Y (J) 2 YY(KyJ)
YO(0J)=Y({J)=-YY(K,J)
SYD=3YD+AS(YD(J)) . —
SSYD=SSYD+SYD
111 CONTINUF
IF (NCOMP.EQ.2) GO TG w92
WRITE(34600) X1 ) oY {1),YO(2)sYD(3)

GO TG 991
992 WRITEF(34+600) X(1)s¥D(1)sYD(2)
961 CUNTINMNUC

603 FORMAT(/ 12X+ 3F 10 e4)

S02 FURMAT (/+12F17 .
OV=vVL~-VVL(RK)
SDV=SDODV+AsS(D
WRITE(3,9C1)V

)

—~ <

s VVL(K ), DV
=
»

901 TIORHMAT(ISX sadVL= C10e4sDHVVLE sF1 064 +24rDV= #F1C o4 )
610 FURMAT(10X:2A4'4b12.404P10.49F3.4$215) .
BEO1 FURMAT(IHROs270FALILED TG CONVERGE:, RFEFSULTS BE_OW ARE NOT RZLIAQLZ

1= SUMY 1S MUCH DIFFERENT FROM UNITY)

P3l=pP

PSI=P51/14.0L97

IF(K-NGBS) 223, 850,85C

850 CUNT INUE
903 FNRMAT(/41C A2 10e5)

FNUSS=FLUATINGLAS)
IF(NCCMPEQ.2) U TOC 998
AS3YU=585YD/ 5e /F NG3S

Gu TLC Yud
993 AS3SYD=SSYD/2./FNUBS
993 CONTINUC
WRITE(3,62C) ASSYD

WRITE(3,60°20)FnLDBS
ASLP=S0DRP/NLLS
ASPOP=SPDP/NUES
WIRRITE(3 4mn2C) ASPLP
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WRITE (34020)S0P,55YD,SDV
620 EAEMAT(/Z1 0K P ANESAGE ARSOL UTE DEVIATION IN VAR (CMPOIITE oM 13

1 DY =t ,F7.4)

620 TORMAT(//15X," AVLIRAGE ADBSOLUTE PERCENTAGE DEVIATION IN PRESSURE
1°,F10e2,° ')
IF(RKK=1112833,30.3_

9C) ST

500 FIOIRMAT (3I5,F10.4) ~

500 FOURMAT (LHO 34X 3o HPCo 1CA s 2HVCy HERy ZHTCs 10X 9 1HN 3 7X s SHC I KL 95Xy AL 2RK
15X OHMUL WY 94X a0 tCCHPONE MNT /)

S1C FORMAT(OGFGedys 2F S by PAL) -
515 FORMATH(IH 40E12eD93Xs2A4)
516 FIRMAT(1H Z1H s 1OoA3HKIJ /7 )

523 FIORMAT (14F1¢C ¢5)
530 FORMAT(1H 42CXs2I2+:F10e432F10 46)
END
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C PROGRAM SUPPLIED BY P.YU
C MODIETED Yy DAVID 00N (JANUARY a1 272) W
C PREDICTION OF LIQUID-LIGUID BEQUILIBRIUM
C SUBROUT INES NEED . SNPT,CUBEQN += QNRK »
C INPUT CF DATA! TLMP. K, PRESSURE P3IA
C INPOUT F DATAS oINARY SYSTLM ALSUMED XX (1.1)XAND XX(1,.21) EQUAL
C TO 0.0000
C O SA21(3)+8I1(3)ATIRKL{3)
C 7 +PP(10)sBRKL{3)
C 8sPHI(3) o
C G $PHY1 (3) «PHYZ (3)
C G J(3)s XP(3)
C R I GAS COUNSTANT 17 .73
C CORRI (14 J) 2 Tetipy DEDPCNDLNT
C RKA(LLI) ¢ TEMP & LEP-NDENT
C RKB(L, 1) P TEMP. DEPEMDENT
C SOLVE THE SIMULTANFGUS NON-LINLAR EQUATION 38y THE MODIFIED
C FALSE PUSITION METHCD
DIMENSION PHVI(3) srHV2(3) sX1 (3)+X2(3)¢X10(3)+sX22(3)+sPH11(3),
2 PHIZ2Z(3),Y1(3).Y2(3), YRP1(3)sYP2(3)Ul(3)U2(3)
1 s ARKL(3,3)+REKLA{(3) RKA{(10+43),RK3(10 03),WIJ(303)'TCDIJ(3,3)
_______~_£41¥JJL_le4#i£LLJﬁ),QEBKL(J);PVUL(B)’CU L{3+3)+ZC{Z)slLV{1"™)
y TC(3),PC(3)yvC( 3);nvi(5)1/—\M(J)vVCL__(:JI)’TCL(B)sPC‘J(:')
DIMthIUN A2I(3) e BI(3) 3y AIFKL(Z3)sPP10)+8RKL{I3)+PHI(3) +PAYL(3) P
1{(3)»U(3)+XP(3)
1 «PHTI(3)sPHTZ2 (3) +DX1(3)+DX2{(3) -
1+sSUMYN(1OQ)
4 s XX{3+2)sQ(3)+sG(4)yD(3)sE(334242(3)PRIV(3),RATIOC(3)
COMLIN /Z/FIRSTY/
1 TCsPCHy VT sWww s AMUOLWT P« R+sNCOMP,NQNTUM
2 o7
CUMMON
1 /SECOND/D oG +MTYPE
11 READ(1,101) &
IF(MeEQeQ) OO TGO &0
REAO(IOlOE)(TC(I)lelsM)
RCAD(1s102)(PC(1)sl=14M)
READ(1 +102)Y(VC(I)+1I=1,M)
READ(1,102)(AMm(1),1=1,:4) _—
READ(1,102) (W AN {1)sI=14M)
READ(1 s102)R KRR
READ(1,115)CORRL{1,2)s CURRL(2+3),CORRL(1,3)
C DO 50 K=1sM
C S0 RZAD(1+115) (CORKRL(K,I) yI=1,M)
L=
READ(1,103) LLV(L),PP(L)
103 FORMAT(LbsFnHe™)
READ(1+110) (ARKA(Ly 1) s I=1sM)s {RKB(LsI)sI=1,4M)
DO 153 I=1+M
CIRKL(I)= FrA(L,T)
C2r<L{I)=RKHB(L,y 1)
153 ZC(I)=PC(I)*VC(I)/R/TC(1)
P=P2(L)
WRITE(3,403)
wRITE(3+:404) (TCUL)»sPCUI) o vC{LI) v AMCL) o WW(I)eZC(I)sIx=1,™M)
WRITE(3,311) R 4R
WRITE(3+112) CORRL(1+2)sCORRL(243),CORRL(143)
WRITE{3,112) (CIRKL{I) 2I=1 03) o {C2RKL{I)YI=1,33 __ _ _ _
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I0. .23

GU

T

READ(1,102)
IF(R ol T4101})
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86 DO g2 LJK=1,50

C

Bo DU 82 LJUK=1,20
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GO TO 90

IF(X2(1).E£Q.0.C000)

(1) /PHY1 (1) )*X1 ()

40 J2(1)=(PAYI(I)/PHY2Z(I))®=X2(1)

GU 7O oo

98 =2+ 3

PHY 1 (I)=PHIT (1) xX1(T)

43 PHY2(1)=PHI2(1)xX2(1)

90 D0

M

S oN
o o i
OO
i

—_—~Q
vt gt

S
~ O
250




60

SUMUL=SUMUL+U1(T1)
D3 €1 I=1,3
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61

XI(I)=(U1 (1) /SUMUL+X10(1))/2.0

SJdMUZ2=UZ2(2)+U2(3)
BATA=(1.C-X2(1))/50UMU2
X2 2) =( e ATAUL(2Y +220¢(

X2{(3)=(IATAXUZ( 3)+x20(
SUMXY1=0,.0
SUMXY2=2,0

IF(T 1T e 4CCY) GO IC 40D

1Y /2 o
)) .

DO 401 1=1,9

CALL SNPT{IVL yPHI1 4PVOLWIRKLyC2RKL sCORRL S 9 X1)
CALL SNPT(VL PHI?2 +PVOL,CIRKL,C2RKL ,CORRL , » X2)
PHT1 (1 )Y=PHI1(1)>xx1 (1)
PHTZ2(1)=PHI2 (1) %X2(1)
SUMXYIZSUMXY1+(ABQ(PHY1 I)-PHTI(I1))

401 SUMXYZ=SUMXY2+ (ABS(FPHY 1)=-PHT2 (1))
DL=(SUMXY1+SUMXY2)/ S,
IF(DLe LTe J4CCl)Y GO TO 201
GO TO 36

400 DU 91 I=1.3
CALL SNPT{VL sPHI1 32V0OL ,CIRKLA+C2RKLsCORRL S WK1 + X1
CALL SNPT(VLsPHIZ2 +PVULICIRKLyC2RKLsCURRL » +KI s X2)
PHTI(I)=PHII(L)}=®X1(1)
PHT2(IL)=PHIZ{1)%X2(1)
SUMXY1=SUMXY 1+ (AGS(PHYL1(I)-PHT

91 SUMXYZ2=SUMXY2+(ABS(PHY2 (1)-PHT

DL=(3UMXY1+S3SUMXYZ2)/ 5,
IF{DLLT2.2001) GU TO 2¢C1

82

CUNTINUL

201
600

25

DU 44 LIJ=1,H415

IF((T-4C0C)YeuTeCe0) GO TO 25

IF((T~124. x"l.d).(ﬂ.o )

Dl 23 1=1,5

23
23

Y1 (I)=pPHI2{I)=*xX2(1)/PRV1(I)

DO 238 I=1,.3

Y1I{(I)=PHII(I)®=X1(I)/PHVI(L]}

SUMY]1=C.0

24

45

DO 24 1I=1,3
SUMY1=SUMY1+Y1(1)
DO 45 1=1,3
Y1(13=Y1(T)/75UMY1

GG T0O 27

44
190

CALL SNPT (VL sPHV1sPVOLsCIRKL »C2RKL s CURRL s

CONTINUE

IF (SUMY1«4EQe1.0000) GO TO 910

IF{(P L Telel) GO TGO 9160

OsKIJHYl)

83

71

PU=P/S5UMYL
PO=rP-PU
IF(PC=0e1 ) 71s7Cs72
P=p—Ce3x (ABS(PC)I)

84

903

DP=PO1-P
IF(5UMY1.LLT.1.,00CC
IF{(UP«LT«0e3 ) GO
P=P-0.1

) GO
T0 9

TC 903
2

330
v22

GU TO 86
PUU=PO1
PLL=P

WRITE(3,120)PUYLPLL , SUNMYL ,5URY 32
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DO 908 J=1,5
PSU=PUU* {(SUMY I=1.00C0)

PSL=PLL*(5UMY2-1.0000)
SUMY12=5SUMY1 -5UMY2
P32=(PSU-PSL)/5UMY12
PJU=PO2

303
70

12

CUNTINUC
GJ TO 910
GO TO 910
P=P+ 0, 3%PQ

85

QU4

LP=PC1-P

IF (SUMY2.LT41.0C00) GO TO 904
IF(DP.LT.0e3) GO TO 923
BP0 .1

9290
923

GU TO 86

PUU=P

PLL=PO!

WRITE(S4120)PUULPLL s SUMY1,SUMY2

DO 918 J=1,5
PSU=PUUR{SUMY2~1.CCCO0)
PoL=PLL& (SU/1Y1—-140.C0)
SUMAY12=SUMY2-SUMY 1

918

POZ2 =(P5U-PSL)/S5UMYI12
PUU=PU2

CONTINUE

GO TO 910

910

T=T/1.3
WRITE(2,6C
WRITE(2,9
wr I T2 (3,
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FORMA 2e1)
FURMA
FORMAT
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e R PR o

,F8.3,'RR= +1F3s 3)
2w PTC Y s SXx ' PC P45 Xy " VCT 46X sPM*,

st

3
A
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~
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wie o w0

OX s Pt >
FIRMAT (]
FIRMAT (&F
FURVAT (G

~N ==

o 4Ly =
>

14F7e33F7e2+2F564)

ln

Pt Bt b e e PN
PN =00 (OO

OO NN &

FORMAT(BHF1L
FORMAT (6F 1
FORMAT (F12.
“OEMATL /G X

DN
e PO TOND

0 o~~~

o-—-oo
3

12 e4)
' b 3

9)(.'[))\['.9)(9'[))\2' s GXs?*DX3? 49X, DXY 0,
DX L IDX20aGX, PNX3, /)

989
800

FORMAT(/5Xs10E1245)
STOPR
END
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C EVALUATION OF R—-K PARAMETERS FROM MOLAR VOLUME DATA
C MUDIFIED 8Y DAVID PRPUCN {SEPTEMUBER 41971 ).
C SUBROUTINE USED SUPT s CUBECN.
C PREDICT P-X-Y CURVE
C MODIFIED REDLICH~K&UNG EQUATION OF STATE IS USED
C FOR MULTICOMPONENT SYSTEMS CALCULATION
C FRUOYM THE PuU2T COMPINENT PRCPERTILES
C ONE OF THE CUMPONENTS IS AT ITS HYPERCRITICAL STATE
C WRITTEN Oy CAU HSI +CHEMICAL ENGINEERING DERPARTMENT, UNIVe.e OF OT1
C SUBROUTINES SUPTLEOQNAK . CUIFEON ARE SUPPLIED BY S.T«CHANG
C FALSLI~POSITIJUN METHOD IS EMPLOYED
C MAY 28,1971
DIMENS TUN PHI(5) 3 X(5)s F{ 5)+GAMMA(S) ,FREFER(S),PVOL{S)sY(5) »
1 PC(9) 4 VCIS) yTCIS)Y 4y (5) sCIRKVI(5) yC2RKV(S5),CIRKL({5), C2RKL{5),
2 AMDLnT(b)-LO”PA(?);COWPB(S),CURRV(5.%),CORRL(5.5).bAMALN(5)o
3 ALA4) e Z(3) 4 TITLE(2C) sD(9)sPCO(H) 4 VCDIS) 2 TCO(S) yPHIV{S) +sFREF(5)
4 PS(S).PP(SO).XX(bOoS)oYY(BOoS).YCAL(S).PPVOL(S),DCIDT(S),DCZDT(E
Sy YO(S)s RATIU(S) WVVLIB0)+22L{B0)+ZZVIBO)sYI(3) +sG(5)sYL(5)
DIMENSICN EV(504+25),RPDEV(504+5)

DIMENSIGON DEVI(5C,95)
DIMENSION VLH4(50)
DIMENSTION EVLM(50)

DIMENSION PDVLA(S0)

DIMENSION RKA(S,5),DVLM(50)

COMMON /EIRST/ TCePCsVCO, N,AVOLNTyTyP RyNCOMP s NONTUM, 222, ZZZV
1 /SECUND/ Z4sAMTYPE

800 READ(l,J)(TITLL(I)sI—1019)
6 FORMAT(1HL s19A4)
5 FORMAT( 19A4)
WRITE{3+.6)(TITLE(TI),I=1+19)
READ {1 +SCO)INCUMP, NONTUMs1 JKy R

IF(NCUMP.L_E-O) GO TO 900
WRITE(3.,505)
D0 210 1=1,NCOMP

READ(T+910)PCI(II»VCGITI)»TCO(TI)sw (1)
1 COMPA(

I)
C2RKV (1)
210 WRITe (3,

1
CORRL {NCUMP s NC
NCOMPL =NCOMP -1

WRITE(3:519)
519 FORMAT (/1CXs12HINPUT DATA ://4X y1HP ,BX2HX1,8Xs 2HX2,9X o 1HT » 7Xy3HR

113 7Xe3HREBL s 7Xs3HRA2 27X s3HRB2/7)
DU 9 TI=1,NCUMP]

Il1=1+1
DO 9 J=11+NCCGMP
9 READ{1,320)CORRL(I,J)
READ{(1+520) TTT,PSI,(YI{(J)sJ=1,NCOMP)

PSI=PSI1/14s097
PSII=PSI
I1=0

10 1=1+1

SX=0.0
SY=0.0
READ( 1,520) PP(I) s (XX(13J)sJ=1+NCOMP )3 {Y¥YY(I14J)sJ=1,NCOMP )

1ly,vVLI(I)
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READ(14+520) (EV{14+J)sJ=1sNCOMP) LEVLM(I)
RO_1S5 J=1,.COMP]

15

SY=3SY+YY(I +J)
SX=SX+ XX{(1,J)
XX(I+NCOMP)=1 .0
YY(J NCOMP)=1,

16

Q

IF(ReLT 110} &
714 .69

) P s (XX(T9JU) s J=14NCOMP ) o {YY(I »J)»J=1NCOMP )

. g 10 10

20
525

0

KEAD(1 4525 ) TJUKWKIJyCINISCFIN
FORMAT (215 ,2F1 )

JJ=0

30

KIJ=KIJd+1
IF(KIJeObES2)
WRITE(3,525)
K=0

GO TO 800
J

IUKWKIJyCINILZCFIN

280

KK=90

KK=2

CONTINUE

WRITE(3,0) (TITLE(1)+1=1,+19)

I11=1+1
DO 220 J
IF (KK «GE
CORRL (I

214
220

PSI=pPSI

wRITE(3
CUORRPL(J
CONTINU

)f‘JsCO[\’RL( 1,J)
CORRL(1,4)

31

JI=JJI+1

IF(JJ.GT.11) GO TO 800

DO 35 L=1, NOBS

RKA(L 1)=CINI+(JJ-1)*(CFIN=-CINI) /1040

C2RKL{2)=RKA(L,1)
CONTINUE

K=0

SDVLM=0,.,0

SoP=0.0
SDV=0.0 .
SSYD=0.0

IF { NQNTUM 1) 60 TO 223

221

bu 221

12¢

535

RY=R*T
WRITE(3,535)
FORMAT (/5 X »1 HX 39X y4HEPV] 95X 3 3HPV 136X 4 HDEV 147X+ 5HADEV 1 55 X,

1

GHEDV 2, B8R 3HP Vs OX+ 4HDPVZ, 53X 4HAI VS s 5X s SHVLM s 8X s 4 HEVL 4

2 TXsy5HEOVLM)

223

CONTINUE
NIP=0O
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MIP=0
P=pPS]

K=K+1
2LIN=Z2ZNV (K}
ZZ2L=220L(K)

DO 39 J=1,NCOMP

39
54

40
42

PHIV(J)=1.0
CONT INUE

DO 40 J=1,NCOVP
X{JI=XX(Ked)

CALL SUPTI{VL +PHI,FPPVUOL+yCIRKL ¢ C2RKL 4 CORRL v Xs 1,K1J)
JY=0

IF(JY«GT20) GIJ TO 61

SUMY =0 «

50

D0 S50 J=1NCOMP
Y(JI=PHI{I I EX(JII/PHRIVIY)
SUMY=5UMY+Y {J)
IF(JUY)6D445,00

50
45

IFAES({SUmYU-35UMY )} /SUNRY) .LE . 0. 0005) GU TO 61
SUMYO=SUiayY

JY=JY+1

DO 62 J=1,NCOMP

61

Y{J)I=Y (J)/s5UMY
CALLSUPT(VLWwPHIV»PVOLsClRKLyC2RKLsCORRL 3Y+0,KIJ)
GO TO o3

CONTINUFE

DY=5SUMY—-140
IF(ABS (DY) +LE«0.C001) GO TG 110
IF(NIP.GT.100) GO TO 105
IF(MIP.GT420) GO TG 105

IF{MIP}I52+,52+56

IF(NIP.LE.O) GO TO 51
IF({DYXDDY )L T«0.0) GO TO 55
NIP=NIP+1

IT{NIP-1)91 «91 192
POLD=P

DLY=DY

P=P+0.,01

Q2

Gy TO 70

SLOPE=(P-POLD)/ (DY-DDY)
DILP=SLORPCXDY
IF(ABS(DELP)I—1 .C)79,79,78

73
79

DELP=SIGN(1+0,0ELP)
POLD=P

DDY=DY

P=P-DFLP

56

55

GG TO 70

IF((DY¥DDY)sLT.0.0)GD TO 55
IF{(DY*DYOD) «LT «0.C) GO TO 57

IS (ABS((P-PLLD) /P )eLE.D.0001) GO TO 105

57

PN= (DY *POLD-DOY*P )/ {DY-DDY)

GO TO 58 _
IF(ABS((P-PO)/P)eLEL0.0001) GO TO 105
PN={DY %P -DYOx%P)/ (DY—-DYOD)

S8

59

G TO S9
PLO=rOLD
DYO=0DY
POLD =P
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DDY=DY
P=PN

MIP=mIP+1
70 DO 53 J=1+NCOMP
53 Y(J)=Y(J)/SUMY
CALL SUPT(VL,PHIV yPVOL 3 CIRKL yC2RKL yCORRL 9Y,0,KIJ)

SO0 TO 54
105 IF(ABS(DY).LE.D.005) GO 7O 110
96 WRITE(3,001)
110 P=P<x14.697

PR(KIZPP(KI%14.097
DP=D-PP (K)
SDP=SDP+ABS(DP)
PP(K)=PP(K)/14,697

600 FORMAT(3Xs3HT= +F B2 95 H P= sF10e¢447HPP(K)= 4F10e4,34HLP= ,F10¢4)
SYD=0.0
DO 111 J=1,NCOMP

YO(J)=vy(Jdr-yvy(<
SYD=SYD+ABS (YL
SSYD=SSYD+SYD

v J)
J))

DEV(K,J)={ A3S(EVI(KsJ))-ABS(PPVOLI(J))})}
111 PDEV(KsJ)=( ABS(EVIKsJ))—ABSIPPVOL(J)II/Z/ABS(EVIK$J))*100.
VL 1K) =X (11 2PPVLL {1 )} +X(2)*PPVOL{(2)
DVLM(K)=EVLI{(K)=VLM(K)
SOVLHM=SDOVLM+ALdS{DVLM(K))
POVLMAK)=( ABS(EVLA(K)II—ABS(VLM(K)})})I/ABS{EVLM(K))I*100,0
WRITE(3,902) X{(1),8EV(Kksl)PPVOL( 1),DEV(K,1) sPDEV(K,1)
13EVIK2)4PPVIOL(2)sDEVI(K,2)sPDEV(Ks2) 2 VLM(K) SEVLM{K) sPDVLM(K)

902 FORMAT(/,+12F10.3)
DV=VL-VVL (K)

SDV=SDV+ASS(DV)
901 FORMAT(I1SX+4HVL= 4F1044,5HVVLE 2F10e4+4HDV= ,F10 +4)
610 FORMAT(IOX12A444E1264,4F 104 +sF Be44215)
601 FOUORMAT (1HO +B87HFAILED TO CUONVERGF, RESULTS BELOW ARE NOT RELIABLE

IF SUAY 1S MUCH DIFFERENT FRGOM UNITY)
PSI=P

PSI=PSI1/14.697

IF (K=NO3S) 223, 850,850

850 CONTINUE
WRITE(3,9C03) CIRKL{(1)s+C2RKL(1},»CIRKL(2)+sC2RKL (2)
WRITE(3,903) SDVLM

903 FORMAT (/+10X52F10.5)

620 FORMAT(/10XKsY ACCUM. SUM OF DEVe IN P IS ',EI2 <4, YACCUM. SUY OF
IDEVae IN Y IS ',E1244,%SDV IS %4E12.4/)
IF{KK=-11)2380,-,31,31
900 STOP

500 FORYAT (315.,F1044)

505 FORMAT (1HO s4X s 2HPCs 10X s 2HVCy 6Xs 2HTCy 10X+ 1HW,7X s SHC IRKL 45X s SHC2RKL
15Xs SHMUL wT s 4X s 9HCOMPONENT //)

510 FORMAT (4FBelys2F B4y 2A4)

515 FURMAT(1H 20EL12¢5,3Xs2A4)

516 FORMAT(IH » /1H s10Xs3HKIJ 7 )
520 FURMAT(14F10.5) ]

530 FORMATIIH s6X,212,F104442F1044)

END
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SUBROUTINE RK (PCaVCoyTCsWrCI1RKL+C2RKL yC3RKL¢NCOMPsCORRL Y +ET)

EDLICH-KWONG OR MODIFIED REDLICH-KWONG EQUATION OF STATE IS USED
IMPLICIT REAL*8(A-H,0-2)
DIMENSION A{5,5) +8¢( ) o CIRKL(S5)+C2RKL (5),TC(5)2PC{5) VC(5),

91

1 TCIJ(He5) Wl 5)sY(5 ) syCORRL(5+5) STITLE(19)
L(S)

2 CIRKV(5),C2RKYV
DIMENSION VV(50

100

«5)Y/PC(1)

O
~
o
~

) #%0.5D0%(10D0O-CORRL(I,J) )

wlid(I,u)

«D0I+VC(J)%x%X(1eD0/3D0))I*%3/8.0D0
JI/VvClJ
1 RKL(J)

CAC| >~ i}
NN ~—o
U |

) %0 5DO*RERR(TCIJ( [, )}%x%2.5)/PCIJ

ClrO~0OmC N
++ ~OTI~C %

[allakd

2RKL({J) D *0«SDOXRXTCIUI(L+J)/PCT Y

i O<e |Ce
[0 "W Ea Y N o N \VICWR o S 4
Pt o (VY 3=~}
o o N O~ -~
COCDLHFOFN

—~ o~

4 DT> U <NE
T~~~ =0
] G L e e P i R
—g e v wila O C LI (L rsr
Mo Orrm | Il H lljpar~sm~O+
-l e e N~ O o N

_-'

N e @
o

TO 800

—
AN~

O
X -0

Xs4D20.9)

It fom
T O

Y2%%2%A22 + Z2.0D0*Y1%Y2%A12

4+
+ Y2%%¥2%B22 + 2.0D0O*Y1%Y2%512

F2=v-8M . .
F3=B11+B22-2.0D0%B12
F4=A114+A22-2.,0D0%A12

FS=Y1%x311+Yy2%xBl2-Y1xB312-Y2%x822

FE=Y1%xA1l1+Y2%Al2-Y1xA12-Y2%A22

F7=DSQRT(T)

BIGA=—2 e ODO%RRT*F3/F2—4 e ODOXRTXFOS*FS/{F2)Y %2+ (2, 0D0%AM/(F7)I*F3

M|
—8.0DOXAM/F7/{(BM)%x%3)%FS%*X2%((V+2. 000%BM )% %2/2,D0/F 1%%2—,5D0
-DLOG ( F1l/Vv) )

+2.,0D0O/F7/BM¥F 43 DLOGI(F1/V)

Z{1le ODU/EM/F1-1.000/(BM)*x2%xDL0OGIF1I/V) )

NN -

TB.0D0/FTXFSAFER(1.D0/6M/F1—1+D0/ (B9 ) X%2%DL0G(F 1/
3I16B= 2+000%RT/(F2) ¥%2%F5+2 sDOXAM/FT7/V/FL%*%2%FS—2 D0/
BIGC= —RT/(F2)%%2 +AM/FT/N/(F1)%%*2 +AM/( F7%Vk*2%F 1)
DAADY=2 s 0DO%F6

V)
F7/V/F1%F6
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D2 AADY =2 ,0DO *F 4
D33DY=2.,0D0*F5

D2BBDY=2.0D00%F 3
OVDY=-(BIGB)/ (BIGQ)
D3D Y= RT/(F2)*%3%2%(D2BBOY) —~2.0D0%XRT/(

+AM/( F7%VX(F1)%%2 ) *(D2BBDY)-2

¥ (DVDY)+(DBDY) ) ~AM/A( F?*V*V*(F
—1.D0/( F7xV*(F1) ) *D2AAOY+1.D00/( F7x
+1eDO/(FE7xVR(F]1)x%x2) *(DAADY)*( (DVDY)+(DRBRADY)

F
* (OVDY) —(D3LDY ) J+1DI/(F7%VE(F 1
oC

U PN

DCOY=2,00%RT/{(F2)%%3 *{ (DVDY)}—=(DUBDY) J#+1.D0/( F7%5VE(F1)%%k2 )

1 ¥(DAADY ) —AM/( F7ARVxVE(F1)%%x2 ) #(DVDY)-2.D0%kAM/( F7¥Vx(F1)*xx%x
2 ( (DVDY)+(DOBBDY) ) +1.DO/(F7xVHVEFL) % (DAADY )-2 DO*AM/

3 (F7%RV¥xX3%F 1) *{(DVDY) —AM/( F7xVEVx(F1)Yx%x2) % {((DVDY)+(DBBDY) )

D2VDY=—(D3DY )/ (BIGC) +(NCOYIX(BIGB3)Y/(BIGC)x%x2
EIGD==3.DO0*RT/(F2)*%x2% (DBBDY)*{D2BBOY)I-2.D0%*RT/(F2)*%3 x(DEBDY) *
1 +3.00/F7/8M *(DAADY)*(D230DY) #(1.00/F1—=1.D0/8M%DLOG(F1/V) )
2-6: DOXAM/F7/(BYM)I**3*(DB3DY )% (D23RDY ) X{(V+2,D0%8M)*%x2/2.,D0/(F 1) %*

3-«500-0OLOG(F1/V))=6.D0/(F7*BM%x*3)*¥DAADY*DB3DY *¥2% ((VF+2.DOFBM ) %%k 2
4 /2.DO/(F1)%%2- (S5DC—DLOG(FI/V))
E=OC«DOXAM/F7/B8M% (DoBDY ) *%x3%(]1+D0/(3.DO0%(F1)*%%3)+1.D0/(BM)*%%3

7 F (VH2.D0%BM)*x*%2/2.D0/(F 1} %x2 ~DLOG{(F1/V)))

8 +3.DO/FT7/783M %(DBoDY)#*(D2AADY ) %(1 .DO/F1-1.D0/8M *DLOG(F1/V) )
BIGD=EIGD+E
BIGE=RT/(F 2) %2 *(D2BEDY) +2.D0*RT/(F2)*%%3 *(DBBDY) x%2

+AM/Z( F7xVx(F1)*x%2 ) #*{D2BB80Y)I-2.D0*%AM/( F7xVvXx(F1)%x%x3 )*x{DB3D

1
3 *k2+240D0/( F7xVx(F1)¥x%2 ) x=(DBBDY)*(DAADY)
4 —1.DO/( F7xvx%xF1) x{D2AADY)

BIGG=-2.DO*RT/(F2)xx3X(DE3DY) —AM/( F7HVARYX{F 1 )¥¥2 )£ (DBBDY)
1 ~2,DOXAM/( F7¥VR(F1)*%3 ) *{DBoDY)I+1.00/( F7xVEVXF]l )} %

2 (DAADY) +1.00/( F7HxVE(F1)%%2 } %(DAADY)
HRS10=RT/(Y1%Y2)
HLS10=(BIGA)-(3IGB) **2/(BIGC)

HRS11=RT*(Y1- Y2)/(Y1*Y2)4*2
HLS11=316G0 +2.00F(8IGE)*(DVDY)+(BIGG) *{DVDY)*%*24+(BIGB)*(D2VDY)
DD=(HLS10)-(HRS10)
DS=(HLS11)-(HRS11)
801 WRITE(3,200) V.0D,.0CS
GO TO 902
900 STOPRP
200 FORMAT{(5Xs5D209)
500 FORMAT(3I5+F10¢4)
901 RETURN

END
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SUBROUTINE CLAUS (PCsVC,sTCyWsCIRKL ¢C2RKLsC3RKLINCOMP,CORRL s YSET)

C DAVID PLOCN, OCTORER31971. N -
C SULRJUTINL FUKR THE CALCULATION OF CRITICAL LOCI FOR BINARY MIXTURES
C THE CLAUSIUS TQUATIGLHY UF STATE IS USED

IMPLICIT RZIALXE(A~H,C=2)
DIMENSION /‘\(Jvis)ot‘(go‘:))

CIRKL(S),,C2RKL{5)

)

y_ J_

1 T(_IJ(svb)|v'vlJ(3'5)'-‘v(5) Y(5 )'CORRL(SOS) (]
(

W TC(5)PC(S
. TIT )
2 CIKKVI(5) yC2RKV(E) 4 CIRKL (5)

LE(19

2 VC(5)y

DIMENSION VV(50)+({ 5+5)

.91 D3 1Ce _I=1w2
AT 3 L) SCIARL I ¥REPX(TC(IN £ /PC()
BUI s I)=VC(I)=2%TC(I)/PC(1)%C2RKL(1)

1CO CUI»I)=C3RKL{IIRRETC(IN/PCLI)=VCI{I)
1=1
l1=1+1
DO 102 J=I11,2
TCIJ(I+J)=( TC(OIIXRTC(J) ) %%045D0%(1e0DO-CORRL(I,4J) )
TCIJ(Js1)=TCIU(1,3)
WIJ(iad)=0 ~(1Y+u{(J) Y%0.5D0
ZCI1JU=0e29100~0608D0=WIJ(I+J)
VCLJ={VC{II*% {1 «DO/34UNI+VC(J)I%34(]1 «DO/3.D0))%*%3/8.,0D0
PCLJ=Z2CII%R*«TCIJ(14J)/VCILJ
ALy J)=( CI=KL({I)+CIRKL(J) VY *0.5D0%R*¥RX(TCIJ(I[,I3)%x%x3 I/PCIlJ
BUI 3 J)=VCIU~RETCIJ( I +J)/PCII=((C2KL{II+C2RKL{JIII*®0.5D0)
COI,U)=(C3RKL{II+CIRKLI(JI))I*0eS00FRAXTCIJ{E +J)/PCII-VCIJ
A(:}_;_I_)_'—;A(*ILJ 2
BlJHIY=u(1 +4)

102 ClJs1)=C(1,sJ)

902 T=T+0T
IF(T«GT.ET) GO TO 00
WRITE(3,201) 1
DO 801 I=1,20
v=vv(l)
RY=Rx=T
Yi=Y(1)
y2=v(2)
AL1=A(1,1)
A22=A(2,2)
Alz=A(1,2)
B11=0(1,1)
B22=8(2,2)
Bl12=u(1,2)
Cl1=C(1,1)
C22=C(2,2)
Cle=C(1,2)
AMZY]%%2%A11 + Y2%%2%¥A22 + 2.0D0*¥Y1%Y2%A12
BiA=Zsl 1 Xy [+822%Y2
CHM=CLLI%YI+C22%xY2
Fil=v+oM
F2=V~—i3M ~ o

) F3=p11+32722-2.000*B12
Fa=AL1+A22-2,000%A12
FOmYlxgll+Y2xrlo~Y1%312-Y2%322

FOSY1XALL+Y 2 SA12=Y14A12-Y2kA22

F7=05urT(T)
F8=Y1x%xC11—-Y2%x(C22+Y2*%Cl2-Y1%C12
FO=Cl11+C22-2.000%C12

F10=V+(CM
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DAADY=2 .0D0 *F6
D2AADY =2 QDO*E4
OoBDY=B11-B22
DCCDY=C11-C22
D2BBDY=0.000
D2CCODY=0.0019

e

BIGA = —RT7*(DB0DY)%x%2/(F2)%x*x2 +(D2AADY)/T/(F10)-2.000%(DAADY)
1 (DCCOY) /T/(F10)*%x%x2 +2 e ODOXAMX(DCCOY ) %%2/T/(F10) *%*3

BIGB=RT/ (F2)**2 % (DHBDY )—1.0D0/T/(F10)**%2%(DAADY) +2.,0D0X%AM/T/{F1
1 *E I (DCCDY)

BIGC= —RT/(F2)%%2+2.,0DO¥AM/T/(F10) %%3

DVDY==(BIGB)/ (81GC)

DBDY=RT/(F2)%%x2%x (C2EBDY)~-2+0D0%RT/(F2)%%3%(DBBDY)*((DVDY)-(D33DY
1 -1.0DO0/T/(F10)%%2%(D2AADY) +2.000/T/(F10)*%%3%(DCCDY)*%(DAADY)

2 +2.0D0/T7/(F10)%%3%(DAADY ) *{(DVDY)+{DCCDY))+2.0DO0%AM/T/(F10) %%3
3 *(D2CCDY)—6,0D0*%AM/T/(F10)*%4%{(DCCDY) %= ((DVDY)I+(DCCDY))
DCOY=2+0D0¥RT/(F2)%%3 %*({DVDY)~(DEBDY))+2.0D0/T/(F10)%%3%(DAADY)
1 6.0DOXAM/T/Z(F10)%%4 %{{DVDY)I+(DCCDY))

D2VOY=—(030Y) /(EIGC)I+(DCOYI*(BIGE) / (BIGCIx*2

BIGD=-3.D0%RT /(F2)%%2 %(D3BDY)*(D2BBDY)=2.0D0%RT/(F2)%*%3 %{D33
1 )%%3-3,0D0/T/(F10)%*2%(D2AADY )% {DCCDY)~3.0D0/T/(F10)%%2%(DAAD
2 ¥(D2CCIYI+6.0D0/T/(F10)%x3%{DAADY )% {DCCDY ) *%2+640D0/T/{F10 )%
3

(ODCCDY) *(D2CCDY) #*AM =G« 0ODO*AM/T/(F10) *%4%(DCCDY) %%3

BIGE= RT/(F2)¥%2%(D2BBDY)+2.0D0*RT/ (F2)%¥3%(DB3DY)*%x2-1+0D0/T/(F
Y= 28 (DP2AADY ) +4.D0/T/(F10) xx3%(DAADY ) *(DCLD“‘TZ ODO¥AM/T
/(F10)%%3%( L2CCDY)=56DOXAM/T/(F 10)%%4%(DCCDY) %

d[bG——? 0D 0*RT/(F2)*%3% (D3BDY )42 .0D0 /T/(FIO)**J*(DAADY) 6+D0%AM/
1 (F10)%%4%(DCCDY)
HRS10=(RT)/ (Y1 xY2)
HLS10=(31GA)=(BIGB)¥%2/(BIGC)
HRO1I=RTHR(YI-Y2) /(Y1XY2) x%2
HLS11=(BIGD)+2.0D0% (BIGE)*(DVDY )+{BIGG) *(DVDY) **24+(BIGB)*(D2VDY)
DD=(HLS10)—-(HRS10)
DS=(HLS11)—(HPS11)

801 WRITE(3,200) VsDD,sDS

201 FORMAT(/1H /+8X+4D20.9)
RETURN
END

No-
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SUBROUT INE wOHL

. DAVID_POONs _APRIL 1972,

(PCaVCyTC, WeCIRKL s C2RKL yC3RKL ¢ NCOMP,CORRL Y +ET)

C SUBROUTINE FOR THE CALCULATION OF CRITICAL LOCI FOR BINARY MIXTURES
C THE WOHL CQUATION OF STATE IS USED
IMPLICIT REALXS{A—-H,+0~-2)
DIMENS ION Al(Se5) +8(5+5) CIRKL (S) +C2RKL(S5) ,TC(S 5)yPC(S),VC(S),
1 TCIJ(SoJ)oV[J( S35)sW(S)sY(5 J)+sCORRL(5:+5) LTITLE( )
2 CIRKVI({S5) sC2RKV(9D)+C3RKLI(S)
DIMENSION VV(50)+sC(545)
91 DO 1060 1=1,2
VC(I)=R*TC(I)/PC{1)/3.75D0
A(TILI)=CIRKL{I)XTC(I)*PC(I)I%VC(I)*%x2
B(I ,I)=C2RKL{I)Y®xVvC(I)
100 CHIZI)=C3RKL(I)XPCLI)I*XTC(I)%**x2%VC(I)*%*3
1=1
I1=1+1
DD 102 J=11,2
CIJ(T sJ)=( TC(I)XRTC{(J) ) %*%0s5D0%(]10DO—CORRL(ILJ) )
TCIJ(J;I)=TC1J(I-J)
WIJ{I+d)=0 W{I)+w(J) 1%*0.5D0
ZCIL J=0291D0—-0.0800%xWIJ(1,J)
VCIJ=(VC(TI)*x%{(1D0/3sD0)+VC(U)X%{]1.D0/3D0))%x%3/8.0D0
PCIJU=ZCIUxR*TCIJ(I4+J)/7VCIJ
A(L sJ)=( CIRKL(I1I)+CIRKLA{J) ) *0.5SDO0*¥PCIJXTCII(1,J)XVCTIIHx*k2
B(IsJ)=( C2RKL{I)+C2RKL{J) I*0.5D0%VCIJ
CllsJ)=( CIRKLIUI)I+CIRKLA(JI) I *05D0*PCIIXTCII(I »I)%%2%VC]I I%k%x3
A(JsT)=A(1,3)
B(J!I):B(I'J)
102 C{lJ,1)=C(I,J)
902 T=T+DT
IF(T.GT.ET) GO TQ KOO
WRITE(3,201) T
201 FORMAT(/1H /+8X34D2049)
DD 801 1=1,20
VM=VV(I)
RT=R*T
Yi=vy(1)
Y2=Y{2)
Al1=A(C1,1)
A22=A(2,2)
A12=A(1.,2)
B11=8B{1,1)
b22=3(2+2)
B12=8B(1,2)
Cl1=C(1,1)
C22=C(2,2)
C12=C(1,2)
AM=Y1%%2%A11 + Y2%%2%¥A22 4+ 2.0D00%Y1%xY2%A12
BM=Y1%%2%B11 +Y2%%2%B822 +2.0D0%xY1%y2%812
CM=Y1%%2%C 11 +Yck%2%C22 +2.0D0%Y1*Y2%Cl12

F2=VvM-BM™m

F3=811+0822-2.0C0%*B12
Fa=A11+A22-2.0D0%A12
FS=Y1%x3114Y25%312-Yi%812-Y2%x322

FOSYLXAL1+Y2%A12-Y1I#A12-Y2*A22
F7=DSQRT(T)
FB=Y1%Cl1l1-Y2%C224+Y2%C12-Y1*C12
F9=C114C22-2.0D0%C12_
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DAADY=2.0D0%Fb
D2AADY=2,0D0%F &

DBBDY=2 .0D0%F5
D2BBDY=2,0D00%F3
DCCDY=2.0D0*F 8
D2CCOY =2 .,0DQ*F9

D383DY=0.0DO0
D3CCDY=04000
D3AADY=0.0D0

BIGA= —-RY*(D2UBuDY)/(F2) ~RT*(DB3DY)*%2/(F2)%%2 —{D2AADY) /T

1 #(DLGGIIVA—BM)I/VM) /DM  —( AMX(D255DY) +2.0D0*(DAADY)*(DB3DY))
3 % (~1.0D0/BM/{F2)-DLAG((VM=BM)/VM)/BM/BM)/T —(DBBOY)*%2%2,0D0
4 AM/T%(1.0D0/8M/BM/(F2) —045D0/BM/(F2)%x%2 +DLOG{(VM=-BM)/VM)/
5__{3M)*%3) —(C2CCDY)/2.0D0/T/T/(VM)%%2

BIGB= RIX(DBBEDY)/(F2)%x2 —(DAALDY)/T/VM/(F2) —-AM*(DBBOY)

1 /T/VM/Z(F2)%%2  +(DCCDY)/T/T/( VM) x%3

BIGC= —RT/(F2)%%2 +AM*{(2.0D0%VM=—BM)/T/(VM)%Xx*2/{F2)%%x2

1 ~3.0D0%CM/T/T/(VM)*%x4

DVDY=—=(BIG3)/(BIGC)

DEDy= RT® (D2BBDY )/ (F2)*x%x2 —2.,0D0O*RT*(DBBDY) *x(DVDY-DHBDY)/(F2) =
~(D2AADY) /T/VM/(F2) ~(AM*D2BBDY ~DAADY *DVDY +2 « ODOXDAADY
¥*DABDYI/T/VM/(F2) ®x%x2 +2.0D0O*DBADY* (AMX(DVD Y-DBBDY) ) /T/VM

ST/NM/VM/Z(F2) %%2  +(D2CCDY)/T/T/7{VM) %%3 -3.,0D0%(DCCDY)*(DVDY),
T/ (VM) x%x4
DCD Y= 2:0D00¥RT* (OVDY-0DBBDY) /(F2)3%3 +{AM* (2 .0DO*DVDY-D38BDY)

2
3
1/{F2)%%x3 +{(LDAADY )X (DOVDY)/T/VM/VM/(F2) +AM%(0OBBDY)*(DVDY)
4
S

1 +{20D0OXVM—BM)X{ DAADY)))/ T/VM/VIA/(F2) %%2 —2«0D0OXAME(2.0D0%VM

3 -BM) %*x{DVDY—-DBUDY )/ T/VM/VM/ (F2 }*%3 —~2.0DO0OXAAX(DVOY }Ix{( 2,000

3 AFVM—BM)Y/T/Z{IVM)x%3/(F2)%%2 —3«0D0X(DCCOY)/T/T/7{VM) %x*%4 +12.0D7
4 CME(DVDY )/ T/T/(VMm)%X*5

D2VDY==(DBDY)/ (BIGC) +(DCDY)I*(BIGB)/ (BIGC) %=*x2

BIGD = ~—RT%(D3BBDY)/(F2) =—3.0D0*RT*(DBBNY)*(D2BBDY)/(F2)%*2
1 2.000*%RT*(DBEBDYI**3/(F2)%%3 —(D3AADY) /T (OLOG((VM=BM) /VM)/8M)
2 - (AM%(D3EBDY)+3.0D0* (DAADY ) *(D2B3DY ) +3 «0D0* (D2AADY ) *(D3EDY) I/ T
T3 ®(=1.0D0/3M7(F2) —DLOG{(VM=Bi)/VM) /BM/BM) —6.CDO/ Th(AMx
3 (DBBDY)* (D2BBOY )+ (DAADY )% (D3BDY ) %k%2 )% (1 020/3M/BM/(F2)=0,500
5 /BM/(F2)%%2 +DLOG({VM=-BM) /VA)/(BM)%*%3) +5 0D0O*AM/T*(DEBDY)
6 ¥%3%(1.0D0/(BM)%%3/F2-0.5D0/3M/BM/(F2)%%2 +DLOG({VM=BM)/VM) /(8
6 %*%4  +1.000/3.0D0/BM/(F2)%%3)
BIGE= RT*(D2BBDY)/(F2)%%2 +2.0D0%RT*(DBBDY) **2/(F2)%%3 - (D2AA
1 )/T/VM/(F2) —(AM%(D2BBDY)+2.0D0%(DAADY)*(J3BDY))/T/VM/(F2)%%2
2 —2.0D0%AME(DBBDY)*%2/T/VM/ (F2)*¥3 +(D2CCDY)I/T/T/ (V1) %%3
BIGG= —2+CD0XRT*(DBBDY) /{F2) %53  +{DAADY) ¥ (2 00 0K VM—UM) ZT7 (V™)
1 ®%2/(F2)%%2 +AM%(3,000%VM—8M) *(DBBDY)/T/VM/VM/(F2)x%3
3 -3,0D0%(DCCDY)/T/T/ (VM) %%4
HRS10=(RT)/(Y1%Y2)
HLS10=(BIGA)I=(EIGB) **%2/(B1GC)
HRS11=RTH(Y1I=Y2) /(Y1*Y2)*%2
HLS11=(81GD)+2.0D0%(BIGE)*(DVDY)+(BIGG) *(DVDY)*%2+(BIGB) *{D2VDY)
DD=(HLS10) ~{HRS10)
D5=(HL S11)-(HRS11)
801 WRITE(3,200) VM,DD+DS
GO TO 902
800 CONTINUE
200 FURMAT (5X,5020.9)
500 FORMAT(315,F10.4)
901 RETURN

END
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SUBROUTINE SEXP(TCsPCyVCeWsTyPyRyXsYeGEMA, PREF +VOL NCOMP,CORRL B
DIMENSIGN TEF(S) TET(S)
DIMENS ION TC({S) +PC(D)sVC(S)sW(5) 4 X{(S5)sY(5) +B{S5) ,GEMA(S5) »TCIJ(5,:5)
i sPCLJ(945) e VCIJ(5+35)3idl1J(595)42CIJ{5+45)sTRIJ(S545)+VRIJI(5+5)sPRI
2 (5¢5)s31J(54S5)sFLNIS)aF(5) +3R(5)+BRIJ{S5+5)+FRLN(S)FR({(5),
3 PREF (S)sVOL(S5) 9 CLRERL(S25)s TRIS9) ,PRI{%) 4 VRPU(S5)
DO 99 1I=1,NCOMP
TROI)=T/TC(1I)
99 PR{1)=P/sPC(1)}
NCOMP1 =NCUOMP~-]
DO 100 1I=1,NCUMP1
I1=1+1
DO 100 J=11+NCOMP
TCIJ(I4J)=(TCLI)*TC(UI)I*%0e5%(1a0-CORRL(I +J))
TCLJ(J+1)=TCIJ(I,I)
WIJ(L s J)=(u(I)+w(I))*x0.5
WIJ(JsI)=WIJ(1sJ)
ZCI U(I1+43)=04291-0C8*WIJ(I,J)
ZCLJCJUeI)=2CTI(T,J)
VCIJ(IyJ)=(VC{I)%%{1ea/3)+VC({J)%k%k(1e/3.))%%3/8.0
VCI J(Js1)=VCTIJ(I+J)
. PCIJ(I,J)=ZCIlU(YIsJ)FREXTCIJ(I+J)/VCIJI(I,LI)
PCIJ{J+1)=RPCIJ(I,40)
TRIJ(I »J)=T/TCIL J{1,+J)
TRIJ(IHZII=TRIJ(I,J)
PRI J({I4J)=P/RPCILJ{1,J)
PRIJOJ L)Y =PRIJ(I +J)
100 CONTINUE
DO 101 I=1.NCOMP
101 B{I)=( (21445 +073%W{I) D)—=1{ +33 —e46*xW(l) Y/ TR{I)
1 ~( #1385 +,5xW(I) )/7TR(1)/TR(I) —{ 0121 +.097%W(I) }/(TR(I) X%
2 ) - Q073 *WA(IN)/(TR{ILI)*%8) )*RETC(II/PC(1)
D0 102 1=1,NCOMPI1
11=1+1
DO 102 J=11,.NCCMP
BIJ(I3J)=( (414454+073%WIJ(14J})={e33=o46%xWIJ{(1+J))/TRIJ(IHJI)
1-(el3854e5%%IJ(T1eJd) I/TRIJ(LI,I)/TRIJ{I+J) —(e01214+097%WIJ{(1+J)
2 Y/Z(TRIJ(I 5J)%%3) —e0073¥WI V(1 +J)/Z{TRIV(IL +3)*%Z3))ERXTCII(IvJI)
3 /PCLJU(I,J)
102 BL1J(J.1)=BIu(1,J)
IF{NCOMP.EQ.3) GO TO 132
BM=Y {1 )Y (1) xB{1)+2.,*Y(1)xY(2)xBI1J(1,2}+Y(2)%Y(2)%B8(2)
GO TO 133
132 BM=  Y(1)xY(1)*B(1) +Y(2)xy{2)%B{(2) +Y(3)*Y(3)%B(3)
1 +2e%Y (1) %Y (2)xBIU(1,2) +2.%xY(1)xY(3)1%*BIJ(1,3) +2 %Y (2)%Y(3) *
2 BI1J(24+3)

133 TAI=R*R®T*T
TAF=G o 0 %*R¥ T #P % BM
TAT=TAI-TAF
IF (TAT.LT.040) GO TO 144

C V= (RXT +SQRT (RRXT XT +4 ¢ P %R *T %3M } ) 72./P
C TR®T/P +8BM4
V= (R*T +SART(ABSI{R¥XRXT*T+4 . %R¥T%P*xBM) ) ) /2« /P
GO TO 145
C 144 Vv=R=T/P +BM
144 V= (R*T +SORT{ABS{R#AR¥kT*T+4 ¢ ¥*RXT*P%BM)) ) /2. /P
145 CONTINUE

DO 103 _I=1,NCOMP - ——— SR
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104 FIN(T)=2.0/sV *{Y{D)*B{I)Y+(1.0-Y(1))%BCR y-ALOG(P%XV/R/T)
104 FILN(I)=2.0/V_*(Y(I)*B{I)+(10=-Y(I))*BIJ{12))-ALOG(PXV/R/T)
103 FLI)=EXP(FLN(I))
D3 113 I=1,NCOMP
TEI=R¥R*T*T
TEF(I1)=4,0=R«T*PREFX (1)*B(1)
TET(I)=TEI-TEF(1)
IF (TET(I).LT.0.0) GO TO 134
VRPU(I)={(R*xT +SURT(R*RxT*T +4,0%R¥*T*B{I)*PREF( 1)) )/ 2.0/PREF(I)
VPU(II=R*xT/{PREF{I1)) +5(1)
VRPU(TI)=(R*xT+SQKT (ABS(R*R*T*T +4 + *R*T*8( [ ) ¥PREF( 1)) )} /2. /PREF (1)
L0 YO 135
134 VPU(I)=RXT/(PREF (1)) +8(1)
134 VRPUT)=(R¥T+SQRT (ADS {R*R%XT 4T +4 o« ¥*R*T*B( I )*PREF (1)) ))/2./PREF (1)
135 CONTINUE
FRUN(IDV)=B(I)*PREF{I)/R/T
FRULN(I)= —ALOG(1+0+4B(I)/VPU(1) ) +2.0%B(1)/VPU(I)
113 FROID=EXP{FRLN{I))

121

DO 121 I=1,NCOMP

GEMA(I)=PxY(I)x2F(1)/(PREF{I)*FR(I)*X(I)*EXP(VOLI(TI)*(P-PREF(I1))
1/7R/T7T))

WRITE(3,700) B(1)+8{2)+8(3) +81J(1,2)+81J{1+3)+8BI14(253)

700

FORMAT(5X,8E12.5)
RETURN
END
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SUBROUT INF CUBEON(INDEX,LIsL J)
C SCLVING FON F (/Y= (1 )37x%x3+4A(2 )7 k%2 +A(I)xZ+A(4)="

c 3Y SHINN-UEk CHANlG ( OEPT CF CHEM ENG s UNIV OF OTTAWA )
IMPLICIT KRLAL®EDA(A=M,0-2)
REAL®4 LI(a4),LJd(3)
DIMENSIUN A(4) ,7(3)

DU 15 =14

15 A(1)=LIC(I)
DO 25 I=1,3

25 Z{1Y=4v.J¢C1)
P=(A(3)—A(2)%%x2/A(1)/3.0uC)/7A(1)
Q=2 «0DO%(A(Z)/3eCD /A1) ) xx3-A(3)%A(2)/3.CD0/ZA(1)X**kx2+A(4)/74(1)
DE=(P/3 0D, )%%X34+(Q/2 0D ) %342
T=A(2) /3,000 /A01)
IF{DE«GE «C «DJ) GC TO S
THI=DARCUS(=(0/2 0D )/L3QART(—(P/3.0D0)*%3))
R=Z2 « CDO*DSQRT(-P/3.0D0)Y*DCUS{THI/3.20DC)
GU T 8

5 b=(~(O/?-tD YH+USART(DED))
U=(—-Q/72.CD2=DSQRT(UE))
IC(S) "179"‘

6 _S=S/0A05(8S)*x(5%G)**x (1.000/6.0D0)

7 IF(U) 9511,3

9 U=U/DASS(U)Ix(UxU) ¥*{1.0D0/5 CDO)

11 R=5S+U

8 DISC=xH—=4 40DIR(P+EXR)
IF(DISCY40;:1N0,30

10 INDLX=0
Z{1)=K-T

C 72 2)=-R/2.0D0-T
Z{(3)=z(2)
GO TO 26

30 INODLX=—1
Z{]1)=R-T
Z{2)==R/2.00C+USQRT(DISC)Y/ DOo-T
Z{3)=—R/2.0D0-DSGRT{DISC)/ O PR
GO TO 26

40 INDEX=1

DB8=DSQRT (DABS(DISC) )/2.0DD
DA=—-R/2.000-T
Z{2)=2(1)

Z(3)=2
c wRT T= ) DA DB _ _
HERL ARL TwO CUNJUSATE RIOTS » REAL PART= *,L1S5.6

PART = ',Elb-{)/)

1 /27X,
26 237 27
27 LJ(1)=

RETURN
END

(1
3,
100 FORMAT(
tf
I -
Z

)
LoD
/'

MAG
143
1)

«
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SUBROUTINE FUGRK(PHI»YsCIRKVC2RKY yCORRV 4CUBEQNsKIJoL V)

C Frid PRAULONITZ . MODIFEIED BY SaDeCHANGA
C CALCULATLE VAPOR-FPHASE FUGACITY COEFFICIENTS USING KEVISED REODLICH
C AND KwUNOG EQUATION
C JULY 75 1YrJ
DIMENSTUN TC{H)PCIS) VCO(S5) s W(5) AMOU WT(S) JAIRKV IS ) s ARKVY (S5 4%
1 SREVID ) s w1 J(5+9)s VCIJU(S+5)02CIJ(S45)s PHILN(S)sA(4)2(3),
2 TCUulJ(B49) sCIRKV{S) ,C2RKV(5), Y(5),PHI(S) AMNLTIJ(35:5)

3 sCCRIV 5y D)
RDIMEINSTON_ AKL (Se5) y BREKL(5)

ZAMeiUN /EIRST/Z TCoFPC oV Uswn s AMULWT ¢ TP o R,NCOMP s NONTUM
1 /SECOND/ Z+AMTYPE
1 /THIRD/ ARKV  ALKL ,BRKV yBRKL s ZL,ZV s AMRKYV  AMRKL ¢ BMRKV 4 BMRKL

C LV=0Ca"U VAPOK FHASE
C Lv=1,FUOR LIWUIO PHASE
C KIJ=0,y TCIJI=3QRAT(TCIRTCI) (1 +—CORRV)
C KIJ GT C» ALlJ=5QRT(AI*xAJ)I(1.0-CORRV)
1 CDNTINUF
RT=n*T
DO 9C I=1+NCUMP
ARKV(IL +1)=CIRKV (I )*R*R F(TC(I1)%*%2.5)/PC(1)
AxRVIT)=C2rEV])* R _®TC(I1)Y/sPC(1I) -

90 CUNTINUE
DO 100 1=1,NCOMP
TCOIU{I.1)=7TC(1)
IE (T SEQaNCCMP) GL TO 11C

I1=1I+1
DO 100 J=11,NCOMP

IF{(KLIJe GT.1) GU TN Q7
T:OIJ(IsJ)*(TC(I)nTC(J))r*O.S*(l-O—CDRRV(I J))
AAWT L J( I J)=2 e T xAMULLWTCI)®AMOLWT (J) Z/{ANMOLWT(I)+AMULWT(J))
TCUTJI(J 1) =TCO1U(I44)
WLJ{I2J)=(Ww({I)+w(J))%0.5
ZCGIJ:C.?QI—O'.O"VIXJ(I J)
ZCL J(1+s0)=2ZC0T Y

94 VCOTJ=(VCO(1)x%(1+/3)+VCO(J)EX(1e/3e))%%3/3,0
VCILJ(1+d)=VvCOIJ

96 PCUIJ=ZCOIJ=x R XTCOLIJ(I,0)/VCOLJ

I= (NQGNTUMe G el ) GO TO 92
PCIJ=PCOUILJ
GO 70 95
92 DCI1J=PCUIJI/(1e0+44e2%]) e 8/(AMWTII(LJI%*T))

95 ARKV(IsJd)=
1 (CIRKVI{IN+CIRKV(J))%R/2¢ ¥(TC(IIRTC{II* (]l «a—=CORRV{I,s4))
1 2.0)%%C e 795%VCIJ{1,3)/72C13(1Ts4)
G TO 98

e

2K JHRARKV (JeJ) ) %D aD*x (1 «O0—CORRV{(I1sd))
KV

S7 AnrKV(I ,Jd)={
93 ARKV(JsI)=AR
100 CONTINUE

119 CONTENUS

0"\

(LI
1+J)

AaRKV=240
BARKVZ=2e0
DJ 120 I:l,NCUMP

A[RKV(I)—

BARKV = JMPKV+Y(1) KV(TI})
DJ 120 —J.WLb/P .
AIRRKVII)IZAIRKV (1) +Y (J)FARKV I )

120 A4 KV=AMRKVEY(I)>xY(J)*ARKV (1,
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A2=AMRKV/RT*¥2/T%*C 5
B=nOMRKV/<T

A(l)=1.0

A(2)==-1.0

P3RT=P®EMRKV/RT

AoRT=AMRKV/ (BMBRKY.*® R T %] 51

A(3)=PUBRT*(ABRT—-1 L ~-F3RT)
A(4)==ALRT <(PBIKTH%240)
CALL CUBEQN

I {(Lv)
ZV=AMI N1

(SR

~— e

Zv=AMAXI1

GJd TO 15

Lv=2(1)

H=0B*xP/ 2V

Calll ZQONRK(A2 ,3,P - 42V ,LV)

1
(
GJ TO 150
(
0

i
Ud W Nuw
oo W

VV=2ZVXRT /P

QVV3B=ALOG(VV/ (VV—-EMRKV ) )
QIVE=10/{ VV-—oMRKV)
Q2RTB=2.0/( R HTxA ] « HEBMRKV)

QVBVZALOG({VV+3BMRKV )/VV)
QARTE=AMRKV/({ R FTAkH] e SXSMRKVEHD o)
QABV B3=BMKRKV/ (VV+3MRKV)

DY 160 I=]1,.NCOWP

PAILN(I)=QVV3+3rAV{I)*QIVL-AI~XAVI(I)*Q2RTB*¥QVBV+EBRKV (1) *<Q0ARTS
1 —Qdvb)—ALUG{ZV)

160 PHI(I)=EXP{PHILN(I))
RE T URN

END
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SUSROUTINE VOLPAR(CIRKL yC2RKL+CORRL +Xs CUBEQN,PHL,» PVOL, [JK)

C FROEM PRAUSNMITZ MODIFIFD 1Y Sal) 2(HANG
C CAL CUL ATL PARTIAL MLLAR VOLUMES IN A MULTICOMPONENT tIauilp I XTL
DIM=NSION (5)sPC(b)$VCO(O)o”(S)pAMOLWT(E) s ARKL {595 ) s URKL {5) 4
1 WIJ(boS)vTCOIJ(D SIsTCIJ(D95) sA(4) +2(3) 4CIRKL(5) +C2rKLI(S) »
1 PVDL(S).PHI(b)gCLR&L(S.S).X( ) 3 A21(5)BI(5) JAMSTI I(S,.9)
3 yALRKL(S)
DIMENSTIUN ANKV (99 S) ,BRKVS)
CUMMON /EIRST/Z TCiyPCoVCUs d s AMCLWT 9 T 9P s RyNCIMP, NOQNTUM
1 Lo CAIND Y LA ZMTIYPE
1 ; /THIRD/ ARKV I ARKL v BRKVsCRKL ¢ ZL 92V s AMRKYV y AMRKL ¢ MRKV ¢ 2MRKL
RT=R*T
91 DO 100 I=1,NCOMP
ARKL (T [)=CIRKL (I}% R%R FATCLII%%2e5)/2C (1)
BREKL(TI)=C2RKL(1)*x K *TC{(1)/7PC(1)
IF(1eEQeNCUMNP)Y) GU TGO 110
I1=1+1
D 100 J=]11aNCCiHP
AMETLII( Lo J)=20%AMOLWT (T )XAMOLWT(J) Z7(AMULWTLI)+AMOLWT(J))
TCOTJ(L,,I)=(TCULINTC(I) )% %0 e5%(1 e0~CORRL(I+J))
TCOTJ(Jy1)=TCOTI(I,J)
TCIJ(TI L 3)=TCO1J{I+4) R
WL J(I s ) =(w(I)+w(J))*x0 5
ZCO1J=Na291-003%WI J(I ,J)
C IF(IJK.GEs2) GU TUO 94
C VCOTJ=(VCO(1)+VCOU(J)II%XDNGS
C GO TO 9o
94 VCOLIJ=(VCU(I)&*X({]1 «/3e)+VCO(J)x%(1a/Te))}*x%x3/830
96 PCDIJ=LCO0I U* K #*TCOLJ(IsJ)/7VCOIJ
IFCNQNTUMLGE 1) GO TO 92
PClJ=PCULJ
GO TO 65
92 PCIJ=PCUII/{1+4CH44¢2%1 e B/(AMWTIJI(I »J)*T))
95 ARRL{L »J)=(CIPKL(I)+C] R L{J))*2 5% R ¥x2%TCLJI(1,J)*%k2,5/°,CT1Y
ARKL(Js I )=ArKL(1,4)
100 CONTINUE
110 CONTINUE '
AMRKL=J «(
BMRKL=C «0
DO 120 I=1,NCOMP
A2I(I)=ARKL{IIZI)/RT*%2/T%%0e5
QI(I)=iKL{TI)/ X1
BMREKL=UMRKL+X (1) *BRKL(1)
AIRKL(I1)=0.0
DO 120 J=1 4NCOMP
AIRKI(IN)=AIPKL(I)+XLJ)=2ARK ( o J)
120 AARKLZAMRKLFX{ D) A (J)*A~KL{I sJ)

A2 =AMKKL/RT «*x2/T%* % ¢«5
B=3MRKL/RT
A(l1)=1.0

A(Z)——lo
A{3)=0B%Px(A2/8~1e0-E%P)
A(G )=—(A2/0)%(B*P ) %2
CAL.L CUBEQN

135

142

IF{(MMTYPEL) 135451404140
ZL=AMIN1(Z(1),2(2),2(3))
GJ TO 150

Zl=251)
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1520 H=8%P/ /L

CALL. FONKK (A2 ¢ RaPatdgZ] 41 V)

123

VL=KTxU3/H

CUNT INUE

QD= (T*% 0D ) kVL*¥(VL+BMKKL )
QA= ( AMPKL Z{T%%0,5) )%

1

((2.0%VL +BMRKL) /( VL %x%2 (VL+BMIKL) %2

QK=RT/ {( { VL —OBMRKL ) *x%2 )
DJ 130 I=1,NCOMP

H)

)

(@]

1
1

=(A2/0) (24 0% (AL (1) /A )E%0,

PHILN =( A4 -1 .C)ra3I(I)/R-A 0DG(ZL )— AL
sl
—{A2/8) % 2¢ UXAIFKL(T) /A 4RKL 31

PAL(I)= OXP(PHILN )

G(1 0=
1)/8)%ALOG(L «0+H)
1)/8)

(
( AALCG (] o O¢rl)

O:1=O-O
DU 125 Jd=1,,~nCCHMP

125 UELI=QE1+X(J)¥*ARKL(1+J)
QE=2+CROQE1I-AMRKL*BRKL(I) /{VL+BMRKL)
Qo={RT/ (VL —OMPKE ) )= (] s0+bRrt (1) /(WL —-BMRKL ) )
PVOL(I) =((Qu/ubD)}—Qs )/ ( QH—-0K)

130 CUONTINUE

300 RETUKN

END
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SUBROUTINE RKFIT(TITLE,NOBSsyPs+X14X2:sGIsGII+GIII,EXCESS-Q12+Q23,

1)

(OCTOBER»1970) .
FIT REDLICH KISTER EQUATION FOR TERNARY SYSTEM

DAV ID POON

»Q12(50),Q23(50),Q31(50)

)
FC11)4A(10,11),T e
DIMENSION P{90)4X1(90)+X2(90)sX3(30)+GI(90)+GII(90)+GIII(90)

90 CONTINUE
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=1+20)
STER EQUATION REPRESENTATION OF ',20A4//

(I ,MNEQL) sI=1 s NEQ)
-1

*+F8

2 FBeds3XstC12=t3F3e68s3Xs%D12="? 4F8Bed ¢43X4'323

y11)
A(I+NEQ1)

Y+F(L)=F{J)
GO TO 809

A
2

i

i
)
13
J

NEQ1=NEQ+1
13 [=1,NEQ

GU TO 802
C 809 NEQI=NEQ+2
802 23

C
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wRITE(3,105)
200 FURMAT(2X s1HJ 95X 1HP e DX 2HX1 207X 24X2 36X a5HALEX) 35X+ 6HQUCAL) 27 X

- 1G61L/7)
5S1=0e0
SI=0.0
DD R I=laaenS o
- Q123(1)=
1 { X1{I)%X2(1) ) % ( A(1,NEQ1)
1A(2 NEQI)I®( X1(I1)=X2(I) ) + A(3.NLQl)*( X1(I[)=x2(L) )%x%2 )
1 o ( X2(1)*X3{1)_ ) * { A(4.NEQ1)__
TA(SWNEQL)*( x2(I)=X3(1) ) + A(6,NLQl)x{ X2(1)-X3(1) Drxxz2 )
1 ( X3(I)#X1{I) ) * ( A{7,NEQ1)
1ALBWNEQLI)I*( X3(I)=X1(I) ) + A(9,NEQ1)*({ XI(I)=X1(I) DI*xx%x2 )
1ACL1O0WNEQL) #X 1 (1) %X2 (1) *X3(1)
AT=Ql123(1)
46 DGI=AI-EXCESS(I)
DOGI=(DOGI/Z{UXCESS(I) ) )%*100.
48 SSI=SSI+(AI%0.05) %2
47 551=5ST14+DGI*DGI
49 SI=SI+1004C%xABS(DGI/EXCESS(I))
WRITE(3,104) I1.P(I)yX1(I1)4X2(1)sATIsEXCESS(I),DGIDDGI
104 FORMAT(1IH 512 3F1Ce250F10 647/ ) .
30 CONTINUZ
SSOI=(SSI/(NUBS-NEQ))%%0.5
SDI=SI/N0OYS
WRITE(3,300)55D1 SDI, NOBS s NEQ
300 FURMAT (/1H »¥ST. DEVe OF Q123 VALUES IS*sF15.4/1H »'AVe % DEVs
1 Q123 VALUES IS',F15¢4/1H »'ND. OF OBSERVATION='Y,I5/1H ,*NN, OF

2 ADJUSTABLE PARAMETERS =',I5/)
NEQ=NEQ1 o o
TIF(NEG.GT.10) GO TG 80O
GO TO 17

800 RETURN

END
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SULPOUTINL %o Lve ( LA A INDIC)

S all o ANG

DITiLNSTuUN
NAal=NA+ ]

AlS )

,
2

VARl SEES Sl
L= T S

T ~e e

N j— I bt et b s

2024253

LD 204 JU=T14,MAY
Al e JI=ALK S J)=C oA (T4 J)

CLINTINUFE
CUINT INJUE
INDIC=0
P TN

IFr(iNA=1) BCT 4304, 302
I1 = I+1
DJ LC3

(A, 3051

302

DJ 302

303
3C4

GO TC 2
CONTINU
INnDIC=1
WRITE(3.207)1

207

s

FURMAT (/7251 DIAGULINAL ELEMENT
AL TH PFLVIJUS UOUNF/7)

RETUKN

b ND

el

214,400 IS ZERU TRAMNSPOSE
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SUNFLUT Tine SUPTAVLse'HI s DMV L s U IHRKLsCORKLs LU Ly XsLVeKLJ)

C v UL oo o s T AN b 20 TIP3 1HE FUGASTITY Abys THE
C Par TrAL w_L-L vielLU L 0 tLUIo IXTURE S
o Sl NN— LR L] vy, WY T of - Qu“\\_M-‘_»Q.)-Q U ilVe L= UTTAW/‘-
| S S ¢ “~ T ( | Y ) v W { Yo {5 YN L. T () ,H‘KL('J’L‘)Q’<<L—(')
1 NEQUE GRS SRRV N QP I Ol VR G IS ITSN G AR S IPA G 0 JPRUS BNV I 20 IPY G2 N B G I
1 VLl O )ee T 0 ) a Pt r a9 ) e XA ) s AL (D) s i) sALlRKLI D)

1 _(uﬂ\ i o { )
CoOV LN ZELITST/Z TCaPLyVOD s s ALl AT v TeP s R SMNCTIP ¢ NANTUM e 2ZZL s 270V
1 VA S SURTETO AR SHE B

- LV=D)y LI Ve r o= Fllahobs
< LVv=1, 10~ L1120 1To FHiASE «
C Kid—1ls 1CLIm 5 0TIl 2T )w(l =K 1)
C Kid=2s AlJ=-0G TJT(AL AJY¥{]a.—=<1,J)
- KIJ™ 3y ALJ=( a1l nld+(la=n1J)®AJ)/ 2
RTZF'\T
91 OJ 1. I=1,4,0C0 %2
ATKL Ly T)=0 1% (1) ol A{TC{J)*r2aH)Y/RPC(])
sl (L) = LOi)- -~ ~TC(L)/22(1)
IF(letwenl . PJ) -4 TC 1 °
I1=1+1
BILENS KW =[]l d7 4 'Y
Ir({nldenaTsel) Gov Tu 37
TCIJUC Lo J)=ATCII»TC(I))> =<, a3(10-COrlL(14d))
TZIJ(0 Je1d=TC1J(0 L140)
WlJ(1eJd)=C (1) + (J})3)es
ZCULJ=De291 =00 33=WIJI(I +J)
94 VCOTIJ=(VLL(T) 3 {les/B3e)+VLU(I)~(1a/Ze))%%3/8.0
96 PLUTJI=CUl I~ = *TCIJ( Tsdd)/7veald
PCIo=rR O] J
93 AKRL(TI s J)I=(ClranL () +CIRRKL(JI ) a5~ A FR2EFTCLII( T+ ) ¥245/221 3
G TO 92
g? I‘(KIJ:(}T.Z) Gl TU 99
ARKL LTI o J) =0 e KL {T s I ) HArKL{JeJ))m=%0a0 (1 0-CORRL(TINJ))
GJ TO /3
Y A~KL{] s J)=(ARKL(T s 1) XCORRL(TI sU) 4+ ({1l e—Crmrl{(1.J))xARPKL(Jsd))
I8 AarkAbL{JesI)=r nlL(1sJ)
1017 CUWTINUE
AMRKL=Ce L
BrrAL=0 .0
DU 120 1=1.NCOMP
AcT(1)=ARKRL{TI 1)/ Tx%x2/T%%Le 5
GI(L)=cent(ID)/~T
BMRKL=OVRKL+X(1)*BRKL(TI)
Al RLOTI)=0 ou
Dl 120 Jd=1,nCN £
AL RLCL )y =Aa10 RLOL) X (J)=ARKL(T4d)
120 AVRKLIZADKKL+FX(I)#X(J)*AT KL{I,J)
AZZANIF\K\L/IT*’“Z/T**_,OS
H=c ARKL/ZRT
C w2l T (47110 0i-nNLoy erve 1 9i°
711 FuUuritaT({3Xsy5S 12450
A(l)=1.C

A(d):—l PRo]

A(o)=F-Px{A2/3~1.0
A(d)==(AZ2/ )~ (P ) 2
CALL QU =Qn( 1TY L, V4
| K R EE2-10 18 U5 Ha IS W I I |




1156

~-304-

I:(LVOL-\_)

«C) GO TO 145
( 2l = AL JI 701 ) /2 (2)a 7 03))
ZL=AMINI(Z(1)+7(2)42(3))
C JJ=0
. Do lar I=1leu
. L2 (1)= 09 .
C JJ=JdJ+1
o IFCZ(L) aLT e aN) Gl TU 146
C 7Z2(J4J)=2(1)
C 14 CoobiTENUL
C cL=AMINYCZZ(1 ) 22(2)94205))
GU TO 150
145 ZL=AMAXT(Z(1) 92(2)sZ7(2))
od Ty 150
147 2L=2(1)
C IF(ZL «GTeC el ) GU TL 126
C ZL=227L
C 125 JE(ZI 41 t-21C{06) GG TO 123
C =724V
123 CINTINUES
150 H=-»%P /L1
IF (Y el —H) 1274127,123
127 1 (LV.F_QQV) Gl TO 124
H=Ce wd
Ga T 128
124 H=y «C2
123 1F(1e0+HILIZ2 44129,101
129 IF(LV «EQeC) Gu TC 132
H=0 98
GO TO 131
132 H=J.C2
131 CUNTINUE
VL =R Tx3/H
C WRITE( 3,71 0)1L. Ve 71 s VL sussHMTYPC
710 FURMAT (33X s "LV= T3 I3,2Xs'ZL= '3 12e542Xs'VWL=E ' 4E12465+2X%
23T Vo1 e D 2R PHE TG 12653 2Xy P MTYRPE= 0 ,13)
C CALL EQANRK(AZ24+BePslisZL s V)
[IF{lLVecQo) GU 1O 125
WD=({T - 10«5 )¥VL=(VL+IUMRKL)
QHTZ (AMRRKL/ (THE*0 o5 ) )3 ( (2 AVL+BMRKL) Z{ VLR %x2X( VL+BVIRKL } %22) )
QR=RT/( (VL=3MRPKL) *%x2 )
135 LI 130 I-_-lgNC\]ﬂ’iF"'
C WRITEL (3,591 )20L,H
PHILN =(ZL-10)48I(1)/B-ALCs(ZL)—-ALODG(1 «0—-H)
—(A2/B)%R{2es ®=AI-KLI1)/ANRKL =3I (1) /3)xALUGI(] «OQO+H)
PA1(I)= > P{PHILN )
Cc WRITE(34992)PHI (1) 5LV

S92

FURMAT (/33X 9221259 2%+ 13)
IF(LV.EFQW0) GJ TV 130
Q= 1=0C e

125

DO 125 J:]’AVICL_M\'»P
ELI=WELT+X{J)y=ARKLI(I

Qu={(RT/ (VL -t KL ) )3x D+HRL (L) /Z7{VEL - 3MxKL ) )

130
300

o J)

JE=ZZ2 ev Ut l—AN ‘KL >3 kL (1) /(VL+nI1 KL )
(1,2
Y/ A

SVUL(L) =((Qt /L0) -6 Qri=QK )
CUNT LINUL

RETURN

END
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COM e LAMAY)

ANYS UV IS UIL N VLI G AT X T RS OIS |

END

o VALY AT T ON O Gat A Viabulls Froed ~Fuol ICH=-XISTLRE ZUONSTANTS
C ;J\MULATILN Fritewlto LxLCTLY =<0V JEaN FU' TriEs 1S
ol Toan e ) PR LT B )
/____________,C } ‘..\JL&’[TZ',‘J _{IJL‘\_L,‘ f‘£~3 FAl 1.{;1_!_“5.24;1‘.&‘_1&_1_1_1_3_111&41-\1 All,‘kl}_‘.ALg
Ssl=x(1). . AC0.0)
S2=A(2 )N (1)
S3=X(3)#Xx(1)
Stz A1 )=x( ")
So=A(a)=At3)
5= A(3)-4a(1)
S57=x(1)
S5=X(2)
SI=x(3)
Satt( 1)= AlR55:%(1e~57)
1 FAZERSAR{ L exS57-So-r e %0 7%57+2+%5]1 )
I FADRD T e 0T ST—3e¥ (37) <340, 837057559 =4 ¢S] =3 4%5] %50+ (53) ¥
3 2 )
< 4 —A4 XL 2 =2 R ADFL 2RGS0 —F e cASX(35 ) w2
4 —ARRS D Sl e ALY S2% 5T =3 e A {50 ) ®¥a. K504 833
i +AZESTI(Y 4= 7))
7 + AT g D t=2 e NS I ¥ a5 (Ll ~2 37 0)
C &) +AG RS x( ‘;3‘-)4~w:l'0'0o=- 37T = .,—4."-ag—jo-52 Lt B30 RO THRST=3e k(57173 )
5 FAIXS IR SURI94+ 0L e *¥E57H 3346 %3334 w5355 I43 4537357 —2ex(57)%"3 )
s +A1 Co 3?“’ (le—=2 ¢+57) +411 %22 %( 53=-59=32%51+3e%03 )
9 +Alex®S2%( Su-- -’?‘57-?- "S53+ de k3757 )
2 + Al 3RO L_'J(>7 S8-—3s%537+37+ 34351 )
So M 2)= A1 #374{1e—-58) + A2 45373 D7 =2 e%533=2 ¢<51+42 4 *53%58 )
1 +AT S 7R 0/ o7 ~be 51t DaF 0@ 33— 36wl %F07 353 e uliNu—3er {553 -
z ) + A1*S5 3% (] e—=55) +/\3-v”-5'*-~(2-*:‘.'3—3-)-2-'-55\“;«:36-*2.*)2)
C S FAERLOR( O SUFT eV SIB-53-4,2S52=",4(SR)kx3+H 6452 253- 3 ex520)
3 +FACEKSUX( SYRSO+ I 4 X567 33= 44 432=3eF(S3)%RR3+0s%¥52%SA="4%F02%5Y)
4 ~A7XSE —~ Q-E’A\-*QJM( S0) = Fe-thAadS3Ix( So)EF2 + A10HxL3F( ] a2 4%
5 ‘3) +Hll"rb,):‘( . 8 B3R~ 59— 3 ¢ S35 n3+ 3, 252) + »—\1;.)‘-:53:""( =57+ e %
7 3e*%52) + AlL3FL3%( S7—=2 03— T 4221+ 34 %55%53)
SGa( 3)= —AlL4S5] —2eXA2% 5]l L4 — 3evA3SLs (o4 )2 + A4 FSEAR(] oe~52)
1 +AS=§=5‘}’\‘<( ‘36)‘2.7439-;"-*5;*‘2-*3)«-%9) + AL¥SA¥( SLHST=4 ¢x5P
C 3 +3 e %59 xS H+3atH nS 240 . 2*3‘-1—3-'-)‘)*"9) + A7HS7xE{1e=33)
3 4+ 3¢ ¥SIRSI-B e ¥ 325240, #g 57-3e%35%+59) + A7TX®S7%(1e—-53)
5 + ABRST,R( 2eX0Y—97-2 ¢ 39-»39"'?-':—53) + A9RST-f LTVXZIT+HIex09%S )
7 — 4 ¢ MG 3~ e ¥ (S ) &340 o ¥ F3H3J=3 4 %x533%S57) + A1CxSI%k{(le—=" %3 1)
7 FALIFSIR(SO=2,. 0S5 Y=Der o +3eaxD35359) + ALLXSI*( —57+2e&FL -2 %5
o] SY+34%53) + A1DTES1I%{ 57-53-3.%53+3.%52)
FoAdA(1) = X2(S56 (1))
ESn Aal2)=t xr (5w (2))
FoAA(3)=t A (54 (31))
R TURN
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DUSRUUTINL L ONAR{ A2 BaP s sZy0LV)
T4 -1 o O —¢

IH= "
1J-.
45 I=(LVeLTal) GO TO 47
e IFlealTall2) Gl TU Al

Fzof=%el 2
IH—IP-H-I
IF(IHI.Te22) Gu TL 4o
E=l o2 4
uO TO a2
47 (eGT eJe) wu TUL 4b
E E+JeN1
Iid= b+ ]
IF(InelTe2C)Gu TL 47
E=C.02
460 ITu=1J+1
fe=—0%2 /5+1 /(1 e0=()=(A2/) % /(14 )
OF =443 /E=4t2 4+1./(1a=-F)ux%2~(A2/3)/ (] e +E)xH2
C wWRITE(S+B92)E s FE 0 T oLV
C 5932 FURIATAPOXN 4 3F 12435 X 12)
C lF(fL_o(Uf:T) L1 oleRr =2C) DE==DFE/A3S(DFE) %1 42C2-20
TCo T =rc/0F 2
c=E—-TES]T
15 (IdeGTe0lL)GUG TO 405
IF( AES(TIST/E) « GTTOL) G TUO 4o
43 7 =k P/ E
R=Z TURN
END
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APPENDIX D

The calibration curve of thermocouple# 2



Temperature (K )

13

IS5

7z

o

121

123

125

127

308-

l

464

4.68 4.72

— millivolts

4.76

4.80

484




