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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
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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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g, G = Gibbs!' free energy
h,H = enthalpy
H = Henry's Constant
J = pure n-umber
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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)
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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



-16-

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,
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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



C3H8

[

-47-

CH
N2
o
o
<
n

BT
CT
EC

Fl
FR
LS

- %
BUFFER TANK MP MAGNETIC PUMP
CRYOSTAT NC NITROGEN VAPORIZATION
EQUILIBRIUM CELL COiL
VP VACUUM PUMP
FLOW INDICATOR VR VOLUME REGULATOR

FREON COMPRESSOR VS VAPOR SALIPLING BULB
LIQUID SAMPLING BULB VT VAPOR SANMPLING TUBE

Figure 3.lb A Schematic Flow Diagram of the Apparatus



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



-76-

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,
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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,



-108-

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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Figure 4.28 The Constant Pressure Curves for the System Nitrogen(l)-Methane(2)-Propane(3)

at 114.05 K.
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Figure 4.29 The Constant Pressure Curves for the System Nitrogen(l)-Methane(2)-Propane(3)
at 118.32 K.
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Propane(2) Mixtures for Detailed Discussions
for the System.
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Figure 4.34 Critical Tempe.,-atures for the Methane(l)-
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Mixtures.



Pressure ( psia)

Critical

157 -

2800 |—

2400

2000 |

1600

1200

800

400—

-1 | l
Matschke and Thodos
Ruhemann

Modified R-K

R-K

0.8

l.O

Figure 4.38 Critical Pressures for the Nitrogen(l)-Ethane(2),
Ethane(l)-Propune(2), and Methane(l)-Ethane(2)

Mixtures.



Critical Volume ( cu. ft./ Ib.mole )

4.0

o
O

n
O

o

—  Modified R-K
--- R-K

0 | | | |
0 0.2 0.4 06 0.8 .0

X|

Figure 4.39 Critical Volumecs for the Nitrogen(l)-Ethane(2),
Ethane(l)-Propare(2), and Methane(l)-Ethane(2)
Mixtures.



Temp. (°R)

Critical

780

740

700

660

620

580

540

500

-159-

Ll

Clausius

Redlich-Kwong

Wohl

Poettmann and Katz

Figure 4.40

0.4

n~Butane(2)

Mixtures.

0.

1.

0

Critical Temperatures for the Carben Dioxidr:(1)-



( psia)

Press.

Critical

1200

1100

1000

900

800

700

600

500

Poettmann and Katz

Wohl

Modified R-K

Figure 4.4l

Clausius
R-K o
;
B —
! 1 ] ]
0.2 0 0.6 0.8 1.

Critical Pressares for the Carbon Dioxide (1)-

n-PButane(2)

N ixtures.



-161-

¢ Expt. (Olds et al)
. ____ Wohl —
— - Modified R-K _
P~
@ 6 — Clausius
©
g —--— R-K
_.9' — ]
™~
- 5 — —_—
Y
o 7
O T\ -
—r /I N ~
7/ ~ N\
4
(¢)]
&
=
(@)
>
3
©
13
=
S 2
1 | S P
r—.
0 | 1 1 | |
0 0.2 0.4 0.6 0.8 1.

Figure 4.42 Critical Volumes for the Carbon Dioxide (1)-
n-Butane(2) Mixtures.
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Figure 4.43

Critical Tempe ratures for the Carbon Dioxide (1)-
Ethane(2) Mixtures.,
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