ABSTRACT

Experimental vapor-liquid equilibrium data for the binary mix-
ture argon-ethane at 115. 5°K and the ternary mixture argon-methane
ethane at 115. 5°K were obtained by means of a forced circulation method.
In addition, a total pressure method was used to determine vapor-
liquid equilibrium data for the binary system argon-methane at 115. 22°K,

nitrogen-argon at 110°K, and ethylene-propane at four isothermal con-

ditions.

The Clausius equation of state has been modified by considering
its parameters temperature-dependent. Vapoi‘ pressure and saturated
molar volumes of liquid and vapor for pure substances were used for
evaluating these parameters. The equation was successfully employed
in calculation of compressibilities in the homogenous region for pure
nitrogen, oxygen and argon. The absolute average deviation was found
"to be 0. 07. The modified Clausius equation of state was successfully
applied in calculation of phase equilibria, fér systems at high‘pre'ssure,
. from total pressure-liquid phase composition measurements.i The
absolute average deviation in the vapor phase corhposition (more vola-
tile component) was found to be 0.1 mole percent. Also, the .modiﬁed
eqﬁation was used to predict'phase equilibrium data in the binary and
multicomponent system containing the components nitrogen, oxygen,

argon, methane, carbbn dioxide, propane, n-butane and hydrogen sul-
phide. The agreement obtained between the predicted and literature

was good.

For systems at moderate pregsu;re, (approx. 50-200 lb/sq.in. )
a method was propdsed for computing vapor phase composition from
total pressure-liquid phase composition measure_n‘ients. In this method‘ )
the hypotheﬁcal component concept was emplo{yed and thus extended a

method for binary systems to t}e‘rné.i'y_' sys'tefns at isothermal conditions.



.

The proposed method was successfully applied to the ternary system

argon-methane-ethane.

An analysis technique was proposed for the evaluation of cali-
bration constant using gas chromotography in the absence of pui'e com-
ponents. This situation applies, for.exarnple, to the determ.iné,tion of
equilibi'iurn composition of liquid and va.i;or phase in a phase equilibrium

‘study.

Moreover, vapor-liquid equilibrium data ava?lab le in the lite-
rature for binary and fernary mixtures of nitrogen, argon, and oxygen..
were tested and screened over the range from 90 to 120°K. Activity -
coefficients for the consistent i's_o_thermalrbinary data were cor.related
by means of-the Redlich-Kister equation. The binary constants were
sﬁccessfully employed for predicting the ternary data, \_Nithout requirir}g'

a ternary constant.
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CHAPTER 1

INTRODUCTION

An adequate knowledge of the relevant equilibria déta is a basic
requirement for the successful design of separation equipment. Such
equilibria data are also increasingly important in feasibility studies
of separation and in the interpretation of the operation and performan--

ce of existing industrial plants.

At the present time with an ever increasing number of éompleﬁ;
vapor -liquid equilibria problems arising from numerous new industrial
processes there is a need for more rapid methods in the determination
and prediction of vapor-liquid equilibria data. Such rapid evaluation
_are being greatly aided by the use of improved analytical techniques
and by the increasing use of digital computers. Computers have
removed the tedium from phase equilibria calculations and now make
possible the rapid application of various consistency tests and corre-
lating and predicting equations in the binary and multi-component
systems. Further more, when only limited vapor-liquid equilibrium
data or indirect physical measurements are available, computers can
be of considerable value in searching for and finding the necessary pa-

rameters required in various predicting equations.

Phase equilibria data can be predicted using two approaches.
First, the statistical thermodynamic approach which seeks to establish
relations between macroscopic properties and intermolecular forces
through partition functions. However, useful configurational partition
functions have been constructed only for nearly ideal situations. There-"

fore, this approach is at present insufficient for many practical purposes.



Second, the empirical approach which is based on classical thermo-
dynamic but relying on molecular physics and statistical thermodyaa-

mic to supply insight into the behavior of matter.

In this work we have modified the total pressure method, pre-
(1)

viously proposed by Ho' ', to predict vapor phase composition for

ternary systems at moderate pressures using the hypothetical '"pure"

component approach.

Since our ultimate aim is to use our theoretical knowledge, to
make predictions of phase equilibria of mixtures on the basis of those
of pure components. For this purpose, an adequate equation of state
must satisfy the three conditions at saturation. Therefore, an equation

of state suitable for this kind of calculation should contain a minimum

of three constants.

Although there are few three-constant equations of sta.te(z' 3)
available in the literature, none of them is capable of describing the be-
havior of pure substances perfectly. The Clausius equation of state(z)
appears promising, because it does reproduce so perfectly the qualita-
tive behavior of substances that the belief is justified that the basis
~upon which it rests is not wholly incorrect, but rather not sufficiently
complete. Therefore, in this work, an attempt has been made to im-
prove the Clausius equation of state by considering its parameters
temperature dependent. With this modification, the Clausius equation
of state was found to be capable of predicting pure component compres-
sibilities in the homogeneous region, as well as phase equilibria data

for mixtures.

The experimental part of this work discusses the design of a
low temperature phase equilibrium apparatus and determinations were
made for the argon-methane, nitrogen-argon, and ethylene -propane *

systems. Also, a forced circulation apparatus was used for the




determination of vapor-liquid equilibrium data for the binary system

argon-ethane and the ternary system argon-methane-ethane.



CHAPTER 1II

LITERATURE REVIEW

2.1 VAPOR-LIQUID EQUILIBRIA DATA

In this work, new experimental data are reported for binary
and ternary systems made of air components and hydrocarbon gases.
For this reason a review of previous experimental determination was
made for this class of mixtures.

A complete literature survey up to October 1959 was prepared
by Flynn(4). It gave a bibliography of phase equilibria data of cryogenic
fluids, such as helium, nitrogen, methane etc. Another review has

(5)

been recently prepared by Ruhemann and Harmens In fhis survey,
which covers the period up to 1966, phase equilibria data of low boiling
nmixiures are classified into 8 groups. In addition, the authors of this
survey draw a special attention to the‘extensive bibliography published
in Russia in 1963 by Malkov et al. (6). This survey may be summarized
in Table 2-1. More over, the book b.y Hala, Pick, Fried and Vilim(7)
provides useful references. In the third part of this book a review of
the literature is given which covers the period up to 1965. In view of
the fact that these reviews are quite exhaustive and up to date, in this

work a brief review has been done and the current publications will be

quoted accordingly.

2.2 PREDICTION METHO DS

One of the most practised applications of vapor-liquid equilibria
calculations is in the prediction of binary vapor-liquid equilibria from

indirect measurements or knowledge of other physical properties.




TABLE 2-1

SUMMARY OF THE BIBLIOGRAPHY PREPARED BY
RUHEMANN AND HARMENSs'>)

Pressure Temperature
4 No. of Range in Range in
Systems Containing Ref. Bars " °K
l. Atmospheric gas 26 0.55 - 26 54 - 139
2. Carbon dioxide 16 1-180 87 - 384
3. Hydrogen sulfide 8 1-130 90 - 422
4. Hydrocarbons only 31 1 - 690 89 - 510
5. Hydrogen and hydrocarbons 18 7 - 550 67 - 336
6. Nitrogen and/or carbon mono-
xide with hydrogen and/or
hydrocarbons 22 0.5 - 200 25 - 363
7. Helium : 18 0.07 - 300 15. 5 - 358
8. Miscellaneous 8 0.12 - 1000 67 - 395




Such predicted data are not only important for binary separation studies,
but also are the starting point for multi—coinponent vapor-liquid equi-

libria calculations.

It is the custom to characterize vapor-liquid equilibrium

(particularly for technically important systems) by the equilibrium ratio

K, which is defined by the relation
(2-1)

In general Ki may be calculated from the following equation:

L L
, &
K =TV .V (2-2)
Yi i
where:
x, = mole fraction of component i in the liquid phase
v, = mole fraction of component i in the vapor phase
fiL = liquid fugacity of pure component i of the temperature
and pressure of the mixture
fiv = wvapor fugacity of pure component i at the temperature
and pressure of the mixture
L L. - . -
Y, = 1iquid phase activity coefficient
v - __
Y = vapor phase activity coefficient

Equation {2-2) is a general equation applicable to non-ideal systems at

high pressure.



Since vapor -liquid phase equilibria ratios (K - values) were
introduced over 30 years ago a large number of graphical correlations
have been published to provide engineering estimates of the K - values

to be expected under a wide range of operating conditions.
Computation methods may be divided into:

Composition-independent K - values

For composition-independent K - values the liquid phase activity
coefficient is equal to unity and unless the pressure is greater than

500 Ib. /sq. in. the vapoi'-‘phasé activity coefficient is usually unity and

consequently Equation (2-1) reduces to: ‘ S

L
Y. f, :
K- - —1— - 1 (2_3)
i v
x. £
i i

At pressures less than 50 lb. /8q.in. it is usually to replace the
fugacity by pressure terms such that: '

. P, » . ' .
T (2-4)

where:

va.pdr pressure of the pure component

P

total pressure of the system

For'pressures in the range of 50 lb. /sq.in. to 200 lb. /sq. in.

Equation (2~4) may be modi'ﬁed as follows to take into account deviations

.(8)

from the ideal gas laws:

<

(viL- ﬁii)(P? 1_)
"RT

SR U S
i0x; P

= . Exp (2—5)



where:

AY

iL molal liquid volume of pure component i

™
"

i second virial coefficient of pure component i
According tc the theory of corresponding states for simple
fluids, pure components manifest the same fugacity coefficient, ({/P),

when measured at the same reduced conditions of pressure and tem-

perature. Thus:

/P = F(PL . TR) : , ' (2-6)

where:

PR

Tr

reduced pressure

reduced temperature

Based on this principle, generalized charts have been developed

I

in the form of ({/P) plotted against PR and Tﬁ by Lewis and Kay(g)
(19) (11)

Newton 19 , and Souders, Selheimer, and Brown

In these methods the vapor-phase fugacity is found by the

equation:

v PR :
f, dPR .
In ’P = (z-1) —— . (2-7)
' "R .
0
where:
z = compressibility factor.

Using an equivalent fugacity coefficient chart, while the fugacity of the



liquid phase is found from the same generalized chart using the vapor

pressure p; in the fugacity coefficient and in the definition of the

reduced pressure. In this application of Souders, Selheimer, and Brown
(11)

method a correction is made for the variation of the liquid-phase RN

fugacity with pressure between p; and P by the relationship:

L °
L L Vi (P -p%)
i P i "p° RT

(2-8)

In many cases the two-parameter theorem of corresponding
states is too much of an approximation, as (f/P) is not an exact function
of PR and TR. Equaﬁon (2-6) is based on simple fluids but because
of orientation effects and clustering of the molecules deviation can occur.

The -above ment1oned generahzed charts are based on P-V-T

data for low molecular we1ght hydrocarbons, w1th close boiling point, but some -

expenm ental equilibriunr data for mixtures of hydrocarbons are included.

For application to wider range of hydrocarbon mixtures and to
allow for deviation from ideal pui‘e-componént fugacitie_:s efforts have
been made to introduce one or two a.dditioha.l parameters to improve
the theorem of corre8pondinlg‘st'ates(lz-ls). Hougen and Wats on(16)
introduced a criticai comp;ressibility factor, as a third parameter and
with modification, the theorem of corresponding states becomes as

follows:

zZ ) ‘ (2-9)

- £f/P = F‘(PR', Tp » Z,

where:

Zc = the compressibility factor at the critical state



-10 -

Generalized tables and fugacity coefficients of pure componenté
are given by Hougen et al. at Zc = 0.27 as a function of TR and PR"
The fugacity coefficients for substances whose compressibility is
other than 0. 27 may be calculated by the use of deviation or correction

terms, D, which are also tabulated. The fugacity coefficient is then

obtained from the following equation:

| - p(Zc-0.27) o
£/P = (f/P)O‘Z.?. 10 (2-10)

Another three pa_.ré.mi;zter generalized correlation for purle

subsfa'nces has b‘een~'u"sed by Edmister(17' 1_8) and is of the fo'rfn:
. © |
0 1 S :
(£/P) = (£/P)  |(£/P) : (2-11)
where: _
(f/P)0 = wvalues of (f/P) for a simple fluid
(f/P)1 = correction for the deviation of values of (£/P)
from that of a simple fluid ’
d) " = acentric factor(ls)

\

The acentric factor is defined by:

®= - log Pp = L0 L (2-12)

where:

PR = reduced vapor pressure at the reduced temperature 0. 7.

0. - 1 .
Generalized charts were prepared for (f/P)" and (f/P) as function of

PR and TR.

' 12)
Several other third parameters have been tried( ) such as the
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reduced dipole moment, bond length, and normal heat of vaporization,

but according to Hougen and Watson these parameters give less favoura-

4
ble results. Reit:lel(l ) introduced the slope of vapor pressure at the

critical temperature as the third parameter. Bloomer and Peck(lg)
used the slope of the critical isometric curve on a P-T chart as the
third parameter. For polar substances, Black(zo’ 21) has shown that

one additional parameter is required.

Composition-dependent K - values

The effect of composition can be incorporated into K - value

.definition (Equation 2-1) as follows:

N f°
?iL O W (2-13)
@ v 8ivP '

siL ;and ¢ v fugacity coefficients of component i in liquid

and vapor phase respectively

v
)
]

1 fugacity of pure component i in the reference

state

In the use of Equation (2-13) the effects of deviation from the ideal gas

laws are incorporated in the vapor phase fugacity coefficient, giv',

whereas for the liquid phase these deviations are separated into the fu=
A

gacity coefficient &iL or fugacity fiL and liquid phase activity coef-

ficient, Y;» depending on the method used for calculation.

Other methods of correlation and prediction include the use of.
convergence pressures and equations of state, but undoubtedly the most
common methods involve the evaluation of liquid and vapor phase acti-

vity and fugacity coefficients.

Methods of calculation of the composition-dependent ' K-values
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may be conveniently classified intoc two main groups:

i) Convergence Pressure Method

The convergence pressure method(zz-27) has its basis in the

mathematical statement that the K - ratio at equilibrium is dependent

upon four parameters:

K = Fx, T, P, P ) : (2-14)
conv.
where:
x = composition of component
T = system temperature
P = system pressure
P = convergence pressure
conv.
The convergence pressure, P , is defined as the pressure

conv.
at which the K - values for all components become unity simultaneously

in isothermal plot of log K vs. log P as shown in Figure (2-1).

/7
log K

N

NN

|
|
{
{
|
i
P

log K

/

wp-—-————-—
/

2 i cv 0 cv

L4

0 log P

Binary system, T = constant Complex system, T = constant

Fig. 2-1
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(23, 24)

27 2
Hadden Lenoir( ) and White( 5) have discussed methods

for predicting the convergence pressure.

The National Gasoline Association of Atnerica.(zs), (N.G.A.A.),
has proposed charts containing plots of log K against log P for each
of several convergence pressures. There are a total of 135 charts with
convergence pressure ranging from 600 to 20,000 lb. /sq.in. . The
good agreement between K - Qaluea based on the N. G. A. A. charts and
those given by Kellogg charts(zg) is taken as supporting evidence for

the validity of the proposed method.

ii) Equation of State

A detailed review on the equations of state was prepared by many
(30-35)

" authors

Of the many empirical equations of state, the Benedict-Webb-

Rubin(36), B. W. R. and the Redlich-Kwong Equation(37) are the most

widely used in the calculation of vapor-liquid equilibria.

The B. W. R. equation of state containing eight constants relating
pressure and density applies to liquid and vapor phases and gives
fairly accurate results for mixtures of similar compounds. This equa-
tion is widely applied in phase equilibrium studies for hydrocarbons. of
low and moderate molecular weight because of its réliabilitjr in this

area.. The results have been summarized in 350 charts for 12 hydro-
carbons and are known as the Kellogg charts(zvs). The number of.
Kellogg charts required to present the data has been reduced by De

15) °
Priester(ss), and by Edmister and Ruby( ).

In addition to the B. W. R. equation of state the two-constant

(37

Redlich-Kwong equation of state ) , R-K, has been applied extensively

to phase equilibria calculations. Numerous modifications on the R-K

equation have been proposed(39-4z) to improve the agreement between
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the experimental and predicted equilibria properties for mixtures.

The literature shows that, only two equations of state are

widely used in the calculation of phase equilibria. They are the B. W. R.

and R-K equations of state. A comparison between the two equations

.(43 . . '

was prepared by Hs1( ) which was in favour of R-K equation of state.

As a result, the R-K equation of state appears to possess a combina-

tion of advantages in simplicity and reasonable accuracy over wide ran-

ges of temperature and pressure.

2.3 EXPERIMENTAL DETERMINATION OF EQUILIBRIA DATA

Many types of equilibrium stills have been reporfed in the lite-
rature for determination of vapor-liquid equilibria. The most commonly
used are the forced circulation and the static methods. A comprehen-; |
| sive and well illustra.ted review of equiiibrium stills is given by Ha.la.(7)et al.

These methods of determination can.be calssified into the following '

groups: . ‘ ’

a) Forced Circulation Method

This is a common method for obtaining vapor-liquid equilibrium
data. In this method the vapor phase is circulated through the liquid
phase until no further change in the composition of vapor and liquid
phaées takes place. Circulation of the vapor phase is achieved by means

(44) . (45, 46)
of a mercury pump or an electro-magnetic pump .

' 47-50
b) Dew-Point and Bubble -Point Method( )

This technique consists of introducing a mixture of known compo-
sition into an evacuated container of variable volume. The system is
maintained at a constant temperature, and by Qa.rying the volume, the
pressure is obtained at which condensation commences and completed.
From such data, the saturation curves of two phases at constant tempe-

rature can be plotted against composition.
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The main disadvantages are that the dew-~point and bubble-point
are not sharply defined, hence they must be made with highly refined

precision instruments, and the materials used should be pure and free

from traces of gases.

c) Flow Method( 3, 51, 54)

Another method that has been widely used for the determination
of vapor-liquid equilibrium data, is one which the vapor is passed
through a series of vessels containing a liquid of suitable composition.
The vapor entering the veséel may be of composition somewhat different
from the equilibrium vapor, but as it passes through the system it tends
to approach equilibrium. It is obvious that it cannot be an exact equi-
librium because of the fact that a pressure drop is involved in passiﬁg
the vapor through the system, ie. there are pressure variation which

will effect the equilibrium. There is alsb the danger of entrainment.

d) Static and Total-Pressure Methods(ss) ‘ e Y

In these methods the liquid mixture is introduced into a closed”
evacuated vessel. It is then agitated at a constant temperature, either
by shaking the vessel or using a magnetic stirrer, until equilibrium is

"attained between the vapor and liquid phases.

In the static method samples of the vapor and liquid phases are
withdrawn and analysed, where in the total-pressure method only the

liquid phase is analysed.

The selection of an equilibrium still for the mixture being inves-
tigated depends on the physical properties of the system, the quantities
available, the operating conditions, the time available, and to some
extent the method of analysis used. When the equilibrium still has been

selected considerable care and experience is required in its operation.




CHAPTER III

EXPERIMENTAL STUDY OF
VAPOR - LIQUID EQUILIBRIA

Experimental studies of phase equilibria of hydrocarbons and
air component mixtures are of great help in the design of separation
equipment. Although vapor-liquid equilibrium data are available for
many binary combinations, for the binary systems argon-ethane and
ethylene-propane and the ternary system argon-methane-ethane, there
are no equilibrium data available in the literature. Therefore, it was
decided to measure equilibrium data for the above mentioned binary and
ternary systems and to remeasure the binary systems nitrogen-argon

and argon-methane for the purpose of testing the new equipment.

3.1 FORCED CIRCULATION APPARATUS

3.1.1. APPARATUS

A forced circulation apparatus was used for part of this work.

(46, 56)

Design details are available elsewhere and only a brief description

is given here. A schematic diagram is shown in Figure (3-1).

The apparatus assembly consists of a feed charging unit, a trans-
parent equilibrium cell, a closed circulation loop, an electro-magnetic
pump, a cryostat and its temperature control system, sampling facili=-

ties, and temperature and pressure measuring devices.

a) Feed Charging Unit

A group of gas cylinders, each equipped with a pressure regu-
lator, were connected to the system.' The number and type of these

cylinders will depend on the system under study.
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BT BUFFER TANK. LS LIQuID SAMPLING BULB.

CS ' CRYOSTAT. | MP MAGNETIC® PUMP.
EC EQUILIBRIUM CELL. VP VACUUM PUMP.
PG PRESSURE GAUGE - VR VOLUME REGULATOR -
'VS VAPOR SAMPLING
~ BULB.

Figure 3-1 Schematic Diagram of Experimental Apparatus

1 .
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b) Closed Circulation Loop

The closed circulation loop consists of the equilibrium cell, the
electro-magnetic pump, a volume regulator, a vapor sampling tube,
and a cooling coil. A stainless steel 100 ml. Jerguson transparent level
gauge was used as the equilibrium cell. A l_/ZV" NPT nipple was installed
at the top of the cell, through which three¢ i/16'" diameter liquid sampling
tubes were inserted at different levels. The bottom of the cell was
fitted with a 1/2'" NPT connector and welded to it was a 1/8" autoclave
adapter which was connected to the cooling coil of the vapor return line.

A cross section view of the cell is shown in Figure (3-2).

The electric circuit of the electro-magnetic pump is shown in
Figure (3-3).

c) Cryostat and Temperature Control System

A Dewar flask, of 18 liter capacity filled with isopentane, was
used as the cryostat. The cryostat was equipped with two variable speed
stirrers, a heating element, a refrigerating coil, and a resistant type
temperature sensing probe connected to a proportional-type Bayley tem-
.perature controller, Modei 250. The temperature of the cryostat was
regulated by controlling the evaporation rate of liquid nitrogen in the

refrigerating coil.

d) Temperature and Pressure Measuring Devices

The equilibrium temperature was measured by means of two ca-
librated thermocouples of the protected-type, one for the liquid phase
and one for the vapor phase, in conjunction with a Leeds and‘ Northrup
K-3 poteniometer, and a Tinsely SRI galvanometer. The thermocouples

(57)

were calibrated against the vapor pressure of p{;re methane .

The pressure of the system was measured by means of three

pretested 12-inch certified Heise-Bourdon gauges (0-60, 0-250, & 0-500 psia. ).

-
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CONTROL HEATE STIRRER
_TEMRSENSING ELEMEN OEWAR FLASK]

p? o )

LI0. SAMPUNG TUBES V:POR QUTLET
THERMO COUPLES CONSTANT HEATER
NITROGEN COI e FREON COIL

RETURN VAP.
COOLING

Coit.
N

! | | |

Fig. 3.2 Equilibrium cell and oryostat,
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e) Sampling

The liquid sample was withdrawn from a tube 1/16'" in diameter.

Vapor samples were trapped either in the volume regulator or in the

vapor sampling tube. A schematic diagram of the sampling system is

shown in Figure (3-4).

3.1.2 MATERIAILS

Research grade gases, supplied by Matheson of Canada Ltd.,

were used without further purification. The specified minimum purities

of these gases were as follows:

Argoﬁ 99.998 mole %
Methane 99. 99 mole %
Ethane 99.9 mole %

'3.1.3 EXPERIMENTAL PROCEDURE

The experimental procedure followed during this work can be

summarized in the following steps:

L.

The system was evacuated at room temperature, purged

with the more volatile component of the system under study,

‘evacuated, and maintained under vacuum.
.The Dewar flask was filled with isopentane and the equilibrium

. cell was immersed into it.

The liquid nitrogen tank was pressurized with compressed

nitrogen gas to about 10 psig., and the flow rate ‘of the

liquid nitrogen was adjusted.
The bath stirrers were turned on. '
The temperature controller was turned on when the required

temperature range was reached (+ 10°K).



woysAg Surdweg jo weadelg dHewayds p-¢ 2angdig

INTVA 3703aN o9

1YLSNIVA oo : JAIVA  3AVI00LNY G

39NV
34NSS3Yd

; O

! v r NI
% F.Tl.lﬁlllfl
NINOILILHVd T I1dNYS

Sv9 Ol gng aindIn
ONINdWVYS alndii

— L

0

g _
‘T Ny
g7ne
ONITdWYS HOdVA

e
NI 37dWVS YOdVA

{1




- 23 -

6. After the desired temperature was achieved, the components
of the system under study were fed into the cell, starting
with the less volatile, until the liquid level had risen to
about half of the equilibrium cell height.

7. The electro-magnetic pump was started and was kept on
until equilibrium was attained.

8. As soon as the pump was stopped, pressure and tempex.‘a.ture
of the system was recorded; also, vapor phase éarnple was
trapped.

9. Liquid sample was obtained by very slow vaporization of
liquid phase through the sampling tube, and maintaining
the system pressure by adjusting the volume regulator.

10. Analysis of the liquid and vapor phase samples followed
using the gas partitioner.

1l. After the first experimental point had been obtained, the
above steps were repeated for different composition until

the whole P - X - Y curve was obtained.

Analysis of the samples was made with a Fisher/Hamilton gas
-partitioner, model 29V, using silica gel (28-30 mesh) as the column
(6 ft. ) packing material, and helium as the carrier gas. The tempera-
ture of the gas partitioner cell was maintained at 70°C, and the flow
rate of helium was maintained at 100 ml. /min. at 35 psig. A retention

time of 6 min. was required for three component mixture.

The gas partitioner was calibrated using known composition
samples. The result of the calibration was plotted as composition ratios

versus peak height ratios of first component to the second component.

3.1.4 MEASUREMENT ERRORS

Measurement errors may be attributed to:
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a) Temperature measurement error

The temperature of the cryostat was controllable
to + 0.02°C and the temperatures measured were probably

accurate to about + 0.01°C.

b) Pressure measurement error

The accuracy of the pressure gauges used was
+ 0. 1% of the full scale.

c) Composition analysis error

The analysis technique used'in this work yielded
analysis of binary mixtures reproducible to about 0.003-0.004
mole fraction. The average deviation obtained in the cali-
bration was between 0. 001-0. 002 mole fraction.

-

3.1.5 EXPERIMENTAL RESULTS

Vapor -liquid equilibrium data for the binary system argon-ethane

" and the ternary system argon-methane-ethane were determined at 115. 5°K
as part of a continuing programme to investigate the non-ideal behaviour
.of mixtures of simple molecules. Phase equilibrié of these systems

are important for design purposes and for testing solution theories.
Equilibrium data for the binary system argon-ethane was previously re-
ported by Eckert and Prausnitz( 58). However, there were only six ex-
perimental points, each measured at a different temperature. In this

investigation, 38 experimental points were determined for the binary

system, and 23 experimental points for the ternary system.

The experimental equilibrium temperature, pressure, and liquid
composition determined in this investigation for the bihary system argon-

ethane are listed in Table 3.1, and shown in Figure (3-5). The concen-

tration of ethane in the vapor phase was found to be extremely low, and

-
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TABLE 3-1

Experimental Results for the Binary System Argon-Ethane at 115. 5°K

P . x
psia A
24. 6 0. 0690
25.2 - 0.0710
25.2 0.0712
29.7 0.0926
29.7 0.0928
30.8 0.0980
33.8 0.1119
34,1 0.1135
36.0 0.1222
41.2 0.1450
43. 4 0. 1546
48. 4 0.1760
51.0 0.1873
57. 8 0.2176
63.9 0. 2470
70.7 0.2835
80.1 0. 3422
81.8 0. 3540
87.2 0. 3946
87.4 0. 3969
90.9 0. 4259
94.3 0. 4577
98. 6 0. 5046
100.9 0. 5355
105. 5 0.6120
108.1 0. 6638
109. 8 0.6978
110. 8 0. 7304
113.0 0. 7581
115.2 0. 8004
116.2 0. 8210
116.3 0. 8230
118.5 0.8619
123.1 0.9151
124.5 0.9265
129.1 ‘0. 6570
130.5 0.9654
133.1 0.9813
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Figure 3-5 Total Pressure-Liquid Composition Diagram
for the System Argon-Ethane at 115. 5°K 3
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TABLE 3-2

Experimental Results for the Ternary System Argon-Methane-Ethane

at 115. 5°K
Psia *A xC1 Ya Y(;1
59. 8 0.2572 0.1859 0.9164 0.0836
71.1 0. 3241 0.1743 0.9332" 0. 0668
80.0 0.4177 0.1521 0.9525 0. 0475
89.5 0. 5148 0.1271 0. 9646 0.0354
94. 4 0. 5889 0.1079 0.9761 0.0279
98.5 0. 6553 0.0980 0.9762 0.0238
51.0 0.1977 0. 3081 0. 8400 0.1600
64. 6 " 0. 3046 0. 3066 0.8852 0.1148
70.7 0. 3547 0.2737 0.9056 0.0944
79.1 0. 4521 0. 2351 0.9300 0. 0700
84. 4 0. 4925 0.2187 0.9377 0.0623
90. 4 0. 5571 0.1887 0. 9489 0. 0511
99.5 0. 6625 0.1481 0.9617 0.0383
107.5 0. 7564 0.i1071 0.9730 0.0270
51.8 0.2810 0.5164 0.8018 0.1982
59. 8 0.3398 0.4746 0.8359 0. 1641
69.5 0. 4198 0. 4143 0.8715 0.1285
79.5 0. 5083 0. 3551 0. 8984 0.1016
89.2 0. 6135 0.2803 0.9242 0.0758
98.0 0. 6924 0.2044 0.9469 0. 0531
78. 3 0. 4431 0.2317 0.9309 0. 0691
81.0 0. 4606 0.2096 0.9380 0. 0620
84.0 0. 4854 0.1675 0.4510 0. 0490
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the error in its determination was rather high. For this reason, it was
decided to evaluate the ethane composition of the vapor from the total
vapor pressure-liquid composition measurements. At 115. 5°K the
system pressure was relatively low, and the total pressure method

(1)

previously proposed’ ' was employed for this purpose.

The experimental points for the ternary system argon-methane-

ethane were determined along constant x /x and constant x,/x
, C1 Cz A'TC

2
secants. This arrangement is shown in Figure (3-6) and listed in Table

(3-2) and was planned for the purpose of reducing the ternary system
to a hypothetical binary so that the total pressure method proposed for

binary systemu) could be extended and applied.

3.2 TOTAL PRESSURE APPARATUS

3.2.1 APPARATUS

The apparatus consists mainly of an equilibrium cell, an electro-
magnetic stirrer, a cryostat and its temperature and pressure controllers,

and temperature and pressure measuring devices. A schematic diagram

is shown in Figure (3-7).

a) Equilibrium Cell

The equilibrium. cell was constructed by drilling out ‘on the' top of a
copper bar of 24' length and 5'* diameter. The dimensions of the cell

-were 4" length and 3/4' diameter.

Two windows were made opposite to each other on the sides of
the cell. The windows were covered with high pressure gauge glass and
were held tight with two brass plates and a’set of 8 bolts. This arran-
gement pefmits visual observation of the cell contents. A diagram of the

cell is shown in Figure (3-8).
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Agitation of the liquid phase was performed by means of an elec-

tro-magnetic stirrer which moves upwards and downwards.

c) The Cryostat

Operation at low temperature was achieved by the use of a vacuum

cryostat, Figure (3-8). The copper bar, that has the equilibrium cell

at one end, was placed in a circular steel tank (15-lit. ) which was filled
with liquid nitrogen. The entire assembly was suspended inside a steel
chamber. The temperature of the cell was controllable to + 0.02°C
using a Hallikainen controller (Thermtrol model-1109), and a heater
placed at the middle i)ortion of the copper bar. The controller element
(model 1358-AS3, for solids) was placed in a hole beside the cell, which

was filled with copper powder.

The vapor pressure of the liquid nitrogen was controlled by means

of a pneumatic pressure controller supplied by Foxboro Co. of Canada.

Thermal insulation was achieved by evacuating the steel chamber
-4 .
to a pressure about 10 mm-Hg, and the outside parts of the cryostat

were polished and painted with aluminum paint to minimize radiation.

Visual observation of the cell was made through two opposing
windc;ws in the outer shell with the corresponding windows of the equili-
brium cell. A light bulb was placed near one window and the visibility

through the other was excellent.

The cryostat was designed for low t'emperatu.re operation, from
the triple point of liquid nitrogen to 120°K, using the temperature con-
troller and the pressure pneumatic controller (closed mode). This tem-
perature range was extended to over 120°K using the temperature con-

troller and controlling the flow rate of liquid nitrogen (open mode).

d) Temperature and Pressure Measurements

Equilibrium temperature was measured by means of two calibrated
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thermocouples one for the liquid and one for the vapor phase, in conjunc-

tion with a Leeds and Northrup K-3 potentiometer and a Tinsely SRI

galvanometer.

The system pressure was measured by a pretested 12'' Heise

gauge (0-500 psia). The accuracy of this gauge is 0. 1% of the full scale.

e) Feed Preparation

The mixture under study was prepared in advance in a separate
gas tank. The less volatile component was introduced first. The gas

tank was left overnight to insure good mixing and then analysed to deter-

mine its composition.

3.2.2 EXPERIMENTAL PROCEDURE

This apparatus was used to determine vapor-liquid equilibrium
data for the system ethylene-propane. Before this study, a series of
test runs were performed on the binary systems nitrogen-argon at 100°K

and argon-methane at 115. 22°K.
The experimental procedure may be summarized as follows:

L. The cryostat was purged with helium and evacuated.

2. The equilibrium cell was purged with the more volatile
component of the system under study, and then evacuated.

3. The liquid nitrogen tank was connected to the cryostat which
was operated either in the closed or in the open mode
depending on the temperature of interest.

4. The heater was turned on until the required temperature
range was reached, then the temperature controller was
turned on to achieve the desired temperature exactly.

5. The premixed gas mixture was introduced into the equili-
brium cell until the liquid level had risen to more than 3/4

of the cell height,
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TABLE 3-3

Phase Composition for the System Ethylene-Propane

Premixed gas Liquid phase

composition composition
Pressure mol. fr. mol. fr.
atm. (ethylene) (ethylene)
' Temp. = 273.06°K
15.24 0. 3402 0.3382
20.13 0. 4915 0. 4905
32.15 0. 8238 0. 8208
Temp. = 255. 38°K
11. 27 0. 4000 0.3970
12. 67 0. 4630 0. 4620
17.09 0. 6560 0. 6530
Temp. = 227. 9°K
4.0 0.2755 0.2710
9.15 0. 7485 0. 7455
Temp. = 199. 83°K
2. 56 0. 5220 0.5170
3. 66 0. 7999 0. 7959

y
yexpt (Chapter 1V)
Difference mol, r. mol. fr.

0.002 0. 7325 0.7316
0, 001 0. 8220 0.8175
0. 003 0. 9371 0.9350
0. 003 0. 8221 0. 8169
0. 001 0. 8500 0. 8466
0.003 0.9138 0.9127
0. 005 0. 8259 0. 8226
0.003 0. 9649 0. 9636
0. 005 0. 9592 0.9567 .
0. 004 0. 9848 0. 9851
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The electro magnetic stirrer was started and kept on

until equilibrium was attained (5-6 hrs. ).

After the stirrer was stopped, the pressure and the

temper ature of the system were recorded.

Analysis of phases followed, using the gas partitioner (for

certain runs). This step was not necessary, but was per-

formed to prove the following assumptions:

i)

ii)

If the liquid phase has much larger volume than the
vapor phase, it can be considered to be of the same
initial composition from which it was condensed i. e.
analysis of evaporated sample of the liquid phaée is
then avoided. This assumption was found to be valid
by Din(ss) and by the results reported in Table (3-3).

Vapor phase composition can be evaluated from the

method proposed in Chapter 1IV.

3.2.3 ANALYSIS

Analysis was done on a Fisher/Hamilton gas partitioner, model

29V, equipped with a 3 ft. DEHS (di-2 ethyl-hexylsebacate) and 6 ft.

silica gel column supplied by Fisher.

Calibration procedure was the same as that reported in section

3.2.4 MATERIALS

Research grade gases supplied by Matheson of Canada Ltd., were

used without further purification. Minimum purities are as follows:

Ethylene 99. 9 mole %
Propane 99.99 + mole %
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3.2. 5 EXPERIMENTAL RESULTS

Equilibrium T-P-x measurements were made for the following

systems:

1. Argon-methane system at 115.22°K

2. Nitrogen-argon system at 100, 0°K

3. Ethylene-propane system at 273.06, 255. 38, 227.9, and
199. 83°K

The results of these measurements are listed-in Table (3-4)
and shown in Figure (3-9) - {3-14).

The experimental T-P-x data for the system argon-methane and
nitrogen-argon were compared with those of Gravelle(59),, and Narinskii

Results of the comparison are shown in Figure (3-13) (2-14) and discussed

in Chapter 1IV.

(60

)
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TABLE 3-4

P -x Data for the System Argon (1) - Methane (2) at 115.22°K

P, atm. : x1
1.87 0.0551
3.58 0. 2492
4,06 0.3213
5.56 0. 5075
7. 45 0.7780
8.76 0. 9561

P -x Data for the System Nitrogen (1) - Argon (2) at 100.0°K

3.89 0.1389
5.00 0.3792
5.36 0. 4613
5.65 0. 5287
6.28 0. 6721
6. 60 0. 7459
7.27 0. 8999

P -x Data for the System Ethylene (1) - Propane (2) at 199. 83°K

1.4l 0. 2505
1.64 0. 3025
1.84 0. 3469
- 2.56 0. 5220
3.66 0.7999
4.13 0.9159

P -x Data for the System Ethylene (1) - Propane (2) at 227.9°K

2.99 0.1856
4. 00 0.2755
5.43 0. 4065
7.07 0. 5577
9.15 0. 7405
'11.34 ' 0. 9355
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TABLE (cont'd)

P -x Data for the System Ethylene (1) - Propane (2) at 255. 38°K

P, atm. xl

3. 77 ' 0.054
"8.08 0. 2540
11.27 0. 4000
11.82 0. 4250
12. 67 0. 4630
12.82 0. 4070
17.09 0. 6565
19. 37 0. 7505
24.78 0. 9490

P -x Data for the System Ethylene (1) - Propane (2) at 273.06°K

7,72 0. 0996
10.53 0.1905
11.79 0. 2308
15.24 0. 3402
17.66 0.4157
20.13 0. 4915
22.00 0. 5466
24.53 0. 6212
25,96 0. 6617
29.13 0. 7478
32.15 0. 8238
35. 4 0. 8980

38. 69 0. 9635
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Figure 3-9 P-x Data for the System Ethylene-Propane
at 199. 83°K
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CHAPTER 1V

CORRELATION AND PREDICTION OF PHASE
EQUILIBRIA DATA USING A MODIFIED
CLAUSIUS EQUATION OF STATE

Two approaches to the development of an equation of state may
be followed. One is the theoretical approach based on either kinetic
theory or statistical mechanics involving intermolecular forces, for
example Van der Waals equation etc... . The other approach is em-

pirical or at best semitheoretical. This is examplified by equations such

as Clausius, Redlich-Kwong etc. .. .

Equations of state serve essentially three purposes:

1. Representation of P-V-T data for data smoothing and inter-
polation, and integration of P-V-T data for calculation of
derived thermodynamic properties.

2. Prediction of gas phase equilibria of pure fluids and their
mixtures from a minimum experimental determination.

3. Prediction of vapor-liquid equilibrium of mixtures.

There is no single equation of state which can satisfactorily
achieve all of these three purposes for a variety of fluids. Indeed there
is not even one equation of state which can, with complete satisfaction,
achieve just one of them over a wide ranges of conditions. There are
numerous equations of state and we must remember that cach has its li-
mifed usefulness; each has its strengths and its weaknesses. The choice
of an equation of state must always be determined by the application for

which it is intended.

Equations of state have two extremes, either an equation that has
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multiconstant or an equation that has the minimum number of constants.
A multiconstant-equation of state requires an extensive number of expe-
rimental data in order to evaluate the constants, also it requires an
extensive number of mixing rules for the prediction of phase equilibrium
in mixtures. Therefore, this type of equation of state is suitable for
representing extensive experimental data over wide range of conditions
i.e. its primary.use is for smoothing and interpolation purposes. On the
other hand a two-constant equation of state requires a minimum number
of experimental data to determine its constants (for example PC, v c and
Tc)' Such an equation of state will produce inaccurate results, since its
constants can be expressed in different combinations of the critical pro-
32
perties( ) i. e. (Pc’ Tc)' (PC, vc), and (Tc' v c)' The (Pc’ VC) and
(Tc' vc) combinations will give results which are completely far from
the experimental data. On the other hand the (PC, TC) combination was
so far the best but it is shifted towards the right as shown in Figure 4-1, a.
Then, an equation of state expressed in terms of (Pc, Tc) combination
has ihe general appearance of the irue curve with the exception of a
‘horizontal displacement in volume. Thus, a linéar translation in the
volume coordinate is indicated as a good possibility particularly because

it has no effect on the two pressure-volume derivatives i. e.

This is accomplished by merely adding a constant to the volume term in
equation of state. Now if this constant is set equal to 0.29 v ! the
calculated critical point will fall precisely on the true critical point. Un-
fortunately when this is done, the result'is as shown in Figure 4-1.b, and
it is seen that the translatio\n is carried too far to the left. To overcome

this difficulty in a two-constant equation of state some researchers tend
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to consider the equation parameters temperature dependent(4l’ 42). By

doing so, one of the following important conditions must be sacrificed

fL v

4 = fi (at constant T) (4-1)
L
a Zi = 0 (at constant T) (4-2)
v -
AZi = o (at constant T) (4-3)
where:
£Y and £’ =

fugacities of the pure liquid and vapor phase
respectively.

expt. - anlc.

For example, Chang and Lu(41) sacrificed condition (4-3) and Joffe and
Zudkevatich(‘tz) sacrificed condition (4-1).

Therefore, a three constant equation of state is capable of satisfying
conditions 4-1 to 4-3.

In 1880 Clausins(z' 30, 35, 61) proposed the following equation of
state:

P = RTb - 2 (4-4)
(v-Db) T(v+c)

27 2 2 .

P 4
a = 64 S v c Pc Tc (4-5)
b = v (L -S/4) (4-6)
c = v C(3 5/8 - 1) (4-7)
- 4.8
S = R Tc/ r—>C vc ( )
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These constants, a, b, and ¢, can be obtained from Equation (4-4) by
equating the derivatives (aP/av)T and (aZP/av Z)T, at the critical point,
to zero. Clausius postulated the existence of clusters of two or more
molecules which are formed by collisions. These clusters are formed at |
lower temperatures and break up more readily at highef ones. Clausius
proposed his equation shortly after the appearance of Van der Waals
equation, but his technique was not fully appreciated, possibly because
he offered a kinetic explanation, rather than a mathematical explanation
based on linear translation of the independent variable. It was found(3o)
that this equation is capable of predicting the critical isotherm up to the
critical point. However, in the liquid phase region it fails to predict
acceptable values.

(3,30,35

In 1914 Wohl ) suggested an equation of state which repre-

sents a modification of Van der Waals equation. The form of this equation

is as follows:

p = 2L . 2 == (4-9)

(v-b) T v(v-b) ¢y

The constants a, b, and c are as follows:

s = 6P T v?2 ' (4-10)
C C C
b = vc/4 : | (4-11)
c = 4P T2v3 (4-12)
C C C ‘
(30

Along the critical isotherm, the values predicted ) by Equation (4-9)
agree closely with the experimental values up to PR =1.0 . The isotherms
of this equation have a tendency to reach a peak and then decrease, never

to rise again.

-




From the previously mentioned discussion, one may conclude that
the three-constant Clausius equation of state is capable of satisfying the
three conditions (4-1) - (4-3) and it possesses the ability to predict
reasonably the P-V-T behavior of pure substances. In this work the
Clausius equation of state was modified in order to obtain better agreement
between the computed and experimental phase equilibria data. In the
modification the three parameters of the equation were considered tem-

perature dependent and may be computed from the following expressions:

a = q_sv P T (4-13)
b = a, v _(4-5) (4-14)
c = Q c V. (3S - 8) , (4-15)

where Qa.’ Qb and Qc are the temper ature-dependent parameters.

4.1 DERIVATION OF THERMODYNAMIC RELATIONSHIP

In any problem concerning the equilibrium distribution of a com-

ponent i between two phases, the following condition should be sahsﬁed

Piv B

where p is the chemical potential. For practical work it is convenient

to introduce certain auxiliary functions such as fugacity rather than to

use chemical potential dire ctly. To predict phase equilibria data, we need

to obtain an expression for the fugacity of pure components, and to eva-

luate the parameters of Equation (4-4) at the-temperature: of-interest.




- 5] -

4.1.1 FUGACITY OF PURE SUBSTANCES

The fugacity coefficient of pure substances may be calculated by

R T In(£/P) =J'adp j' (v-—) aP
o . |
P P | ,
= -J'v dP - RT j’ dln P (4-16)
o ' 0

Differentiating Equation (4-4) with respect to volume at constant tempera-

. ture results

dP = - —13""1'.'? -+ _"‘"Z_'a;—E dv (4-17) '
(v~Db) T (v+c)

Mulhplymg both sides of Equat;on (4- 17) by v and performmg integration

from very low pressure to any pressure,. P, then,

P R

[ vap=-rT [ 5 aw_ , za [ = S  (4-18)
0 ' Ve (v-b) -. T » (Vic)
P ' v v v :
' 2 C
j vdP = -RT In (v-b) | - 2 § —2— | (4-19)
0 T(v+c) - T (v+c) .
By subst1tut1ng the 1ntegrat1on limits and subtract1ng the quantity
P
(RT J‘ d-in P) from both sides of Equation (4-18). The follow1ng
0

expression was obtained for the fugacity coefficient of a pure substance,




- 52 -

f _RT '
1n(-13-)=lncp=ln‘R—— 42 _ 2= ,_ ac (4-20)

P(v-b) (Y-b) RTz(v+c) RTz(v+c)

4.1.2 FUGACITY OF A COMPONENT IN A MIXTURE

The fugacity of a component i in a mixture may be expressed as

follows:

-]
A
RTIng, = [ [(gf) --I—‘;T-]dv-n'rlnz . (4-21)
‘ v 1T.V,nj

The Clausius equation of state may be written as follows:

p ==L . —2 (4-22)
¥-b T (v+c) -

In Equation (4-22), ¥ is the molar volume of the mixture and a, b and

c are constants which depend on the composition.

In order to substitute Equation (4-22) into Equation (4-21), we
must first transfer it from a molar basis to a total basis by the following
tieﬁnition: _

¥ = V/n (4-23)

where n is the total number of moles. Equation (4-22) then becomes

2
P = nRT _ n a (4-24)

(V-nb) T (V+ nc:)2

By differentiating Equation (4-24) with respect to n, at constant T, V,

and nj one obtains
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aP’ RT n RT (dn -b/ani) g( anza_/ani)
(= = + , x

2n? a (an c/ani)

- 3 (4-25)
(V+n c) N

If the parameters of the mixture are related to those of the pure

components by the following relations:

1 .
= = — 4-26
a =.TExx a,=3 TInn 3, (4-26)
i) n i) ‘
1 .
= = — -2
b T x b, — T on b, (4-27)
i i
1
= e, = — 4-28
¢ TXe TRING | (4-28)
i i
then, .
2 .
(an 2) = 2 £ n a. . (4-29)
an, . J i)
i J .
(2B - p (4-30)
on. i
. 1
ongc, _ - (4-31)
( an, ) =G

P

. . ) N ” .

--ac./(v+c

AP RT b L, T x, & .- ac/(vic)
(25) —— W

. _ S
i T,V (V -b) T (V+c)
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Substituting Equation (4-32) into Equation (4-21) and performing the inte-

gration yields the required expression for the fugacity coefficient for a

component in a mixture,

.. ¢ b, 25k 2 ac.
A =1 1 3 J 1
.lngi- n('.' ) +

- - . -InZ  (4-33)
_ 2
¥-b (9-b) RTY%+c) RT>G+cf -

4.1.3 EVALUATION OF THE PARTIAL MOLAL VOLUME IN A
" MIXTURE

The partial molal volume of a component in a mixture may be com-
puted by the following relation: | |

(3P/on )P, V,n; 434
(aP/av-)T.n{ | . ;

v,
i

Differenﬁaﬁng Equation (4-24) with respect to V at constant T and n,

give 8,

P 1 RT 2 a .
(L = — - + (4-35)
3V " n G-0)° T &+’

Substituting Equation (4-25) and (4-35) into Equation (4-34) yields the

required equation for the partial molal volume for a component in a

mixture, .
RT [1+ b, ~ Tx oa.-ac/(¥+c)
, i . 2 i 3 1) i
R S e - o 2
-\-,-‘. _ (v-=b) (v-b) : T(v+c)
v, =

RT _ _2a - - (4-36)

&-v)° (T (V+¢)
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4.2 EVALUATION OF THE CLAUSIUS EQUATION PARAMETERS

The primary information required for the evaluation of the tem-
perature dependent parameters are the saturation pressure and the satu-
rated vapor and liquid molar volumes of pure substances. For conve-

nience Equation (4-4) was rearranged in the following form:

z = =L _ g y -2 > (4-37)
l1-h (1+h)

where: _

Z = Pv/RT (4-38)
2.3 2 2 2.3
A = a/R° T = QaS v. T PC/R T (4-39)
B = b/RT-= Q v (4- S) /RT . (4-40)
C = c¢/RT= Q_v HER 8) /RT (4-41)
h = b/v=BP/Z . (4-42)
H = ¢/v=CP/Z (4-43)
At equilibrium
= f
fv L
or B} 'S

From Equation (4-20), the fugacity coefficient for a pure substance in the

pure liquid phase may be written in the following form:

h

1
= — - - - (= - 2 4-45
Zn @, (l’hz) ¢n ZI, gn (1 hz) (1-h£ Zz)( +Hz) ( )
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Similarly, for the vapor phase,

h

v 1
in O u_——tg-) - 4n Zv- in (l-hv) -(i_-l_x;' Zv)(Z-!-Hv) (4-46)

By combining Equations (4-45) and (4-46) one obtains

h
= L L
e, 2, = Tk + zn(l-hz)+(l_hz- Z )(2+H) (4-47)

These equations were used to evaluate the temperature dependent
parameters Qa, Qb. and Qc. The galculation procedure contains two
iteration loops, as shown in Figure (4-2) and may be suminarized as
follows:

1. Assume initial values of Qa, nb and Qc (Qa = 0. 42,

Qb = 0.25, and Qé = 0. 125 which are the values obtained
by Clausius).

2. For a given value of ZL’ (experimental) and an as sumed

value of 9, (qpv = 1. 0), calculate hz by means of Equation
(4-47).

3. Calculate B, and A from Equation (4-42) and Equation (4-37).

4. Substitute the new values of A and B into Equation (4-37)

and (4-42) to obtain values for Zv and hv'
5. Using the calculated values of Zv and hv from Equation
(4-46).

6. Using the calculated values of ®,» 2Dew value of h!‘ is
obtained using Equation (4-47).

7. Compare the new value of h.z with that of step 2. If

disagreable repeat the calculation. (Speciﬁed tolerance,
A h‘ = 0. 00005).
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h =----Eq.(4.47)

ASSUME : +

'Q'O: \Qb, ¢ and
v

¢ = 10

h s.......Eq. (4.4Tj
B =,.....Eq.(4.42

= ..... Eq.(4.37)
C=..-.. Eq.(4.43)

!

zv‘: eee oo Eq. (4.37)

v
$= -----Eq.(4.46)

>

Figure 4-2 Schematic Diagram for the Evaluation of the Modified
Clausius Equation Parameters
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If the change in hl. is less than the specified tolerance,
the second iteration loop starts by comparing values of
Zv’ from step 4, with the experimental ones.

9, If the comparisons of Z'v are disagreable, start from
the beginning with an incremented value of Qc, and the
calculated values of Qa and Qb from the last step;
step 8.

10. ‘The second iteration loop is completed when the values of

Zv calculated agree with Zv experimental.

4.3 PREDICTION OF PHASE EQUILIBRIA DATA

The modified Clausius equation of state was used to predict equi-

librium data using the mixing rules which were previously proposed by

Chueh and Praﬁsnitzwz).

The mixing rules were as follows:

N N
= 4-.48
a > z x, xJ. aij | ( )
T )
N .
b = T x b, (4-49)
. 1 1
b 3
N . |
c = ¥ x c, : (4-50)
. i i
1
where: : v h
2
= T 4-51)
a‘ij Qa;. (v c, ./ Zc. .) I:'c.. C.. (
. 1) 1) 1) 1) 1)
. = A " | (4-52)
b, 0y, V. (4-1/2Z.) ‘
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c, = a_ v_ (3/zc.- 8) (4-53)
1 1 1 .
1/2
T = T - -
c.. ( c.. Tc..) (1 kij) (4-54)
1) 11 3] :
a, = 1/2 (Qa_+ Qa,) (4-55)
1) i hj
Pe.. 7 2., RTe ./v c.. (4-56)
i) i) i} ij
1/3 1/3 3 '
V.= [1/2 (v / + Vv C./ ) ] (4-57)
i) i ) :
Z = 0.091 -0.08uw., (4-58)
C.. 1)
1)
w3 = 1/2 (w, + ‘”j) (4-59)

The kij is a constant characteristic of i-j interaction and was considered
62
independent of temperature, pressure and composition( ). A minimum

of one observation of a binary mixture property e. g. vapor -liquid equi-
librium data, is required for the evaluation of kij’ -

For vapor -liquid equilibria of a N-component system, the follo-

wing equation must be satisfied

N N
. = f . i=1 2, , N (4-60)
il iv
in which
A A '
= P 4-61)
P (4-¢
~ A
£ 0= ¢;, ¥V P (4-62)
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Incorporating with Equations (4-48) - (4-59), and Equation (4-33), the

fugacity coefficients for both phasés may be expressed as follows:

R b, h H
Ing,, = In(j v) -1ln Z +(—>(——-v) (A" /) ()
v
N
2 ';3 X, a5 H |
v

and similarly for the liquid phase

ro 1 b, by Hy
n gy = 1o Gzp) - I 2+ () (mg ) - (A /o) (g )
T
2 X. a.. H_
[— = - (1+1fIJL) (e;/e) ] (4-64)

if the temperature and (N-1) independent liquid phase mole fractions are
specified, the total pressure P and (N-1) independent vapor phase
mole fractions could be calculated with the aid of Equation (4-60). This
is the so called bubble-point calculation. The N simultaneous
equations are solved by a trial and error procedure, which is shown in
Figure (4 3), and may be summarized as follows:
1. Initial guesses for P and cp are made for the first
iteration. .
2. From the given xi's a.nd T, . a’iL is calculated by means
of Equation (4-64).
3.. ‘Vapor phase compositions are then calcuiated by

no M ' . (4-65
v, = (05 /0500 % (4-65)
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4. The total pressure, P, is calculated by

N ~
P=1% f_ /@ , . (4-66)
. il Yiv
i=1
5. The calculated total pressure is then compared with the

assumed one, if it is different, g_giv's are recalculated
with the last obtained value of P and the normalized vapor
phase composition.
6. giL's are recalculated with the last obtained P.
7. As soon as the change in P satisfies the specified tolerance
(AP/P = 0.0001), the relation
N

£y, = L0, (4-67)
i .

is finally considered. Usually this is satisfied when the

pressure has attained an unchanging value.

4.4 RESULTS AND DISCUSSIONS

The saturation properties (T, P, VV,V ) available in the literature

(63) 64) (63) (64)

for methane s propane , n-butane(65), nitrogen , argon

oxygen(éé), carbon dioxide(67) and hydrogen sulfide(67), were employed
for the evaluation of the temperature dependent parameters Qa, Qb and
Q. by means of the proposed procedure. The calculated values of these

parameters are listed in Table A-I. L.

The proposed method was used for the prediction of P-V-T data
in the liquid and vapor phase region for pure oxygen, argon and nitrogen.

(66) and calculated P-V-T data, for oxygen, from the

The experimental
. . (41

proposed modification and from the modified R-K equation ) were com-

pared. Results of the comparison indicated that the modified Clausius

equation of state is capable of predicting better results in the vapor phase
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TABLE 4-1

Comparison of the Average Absolute Deviations From Various Equations

of State for Argon

Equation . IA Zl
Redlich-Kwong(s’?) 0.0133
Redlich et al. (73) . 0.0086
Sugie-Lu(74) : . 0.0025

Modified Clausius 0.0040
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region. The absolute average deviation in vapor phase compressibilities
was found to be 0.0076 as shown in Table A-I.2. In addition, the proposed
method was tested for the prediction of the critical isotherm for argon

and nitrogen. The average absolute deviation for argon is 0.058 and for
nitrogen 0. 083 as shown in Tables A-I. 3 and A-1.4. The calcula.ted values |
using the proposed method, for argon as.an example, were compared

by those calculated by other equations of state in the range of PR =0.15

to PR = 0.90. Results of comparison are listed in Table (4-1).

The proposed method was also employed for predicting system
pressure, P, and equilibrium vapor phase compositions, y, from a
given liquid phase compositions, x, and system temperature, T. The
calculated results obtained from the proposed modification and from the
modified R-K(.“) equation were compared with the experimental litera-
ture values for several systems. These systems were for normal fluid

mixtures and were arbitrarily chosen for the purpose of comparison.

Nitrogen-Argon

The predicted results for the nitrogen-argon system at 110.0°K
(75)

were compared with the reported data of Narinskii Results of com-
parison are listed in Tables A-l. 5 and A-I. 6 as shown in Figure (4-4) and

(4-5).

Nitrogen-Oxygen

A good agreement was obtained between calculated and experimen-
tal( ) values of phase equilibrium data for the system nitrogen-oxygen
at 110. 05°K. Results of comparison are shown in Figure (4-6) and (4-7)
and listed in Tables A-I. 7 and A-I. 8.

Nitrogen-Methane

(76)

The comparison of the calculated and experimental phase
equilibrium data for the system nitr ogen-methane at 110. 94°K is shown

in Figure (4-8) and (4-9) and listed in Tables A-I. 9 and A-1.10.
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Argon-Oxygen

. 7
The experimental data of Narinskii( ) were taken and compared
with calculated values for the argon-oxygen system at 110. 0°K.

Results of comparison are listed in Tables A-I. 1l and A-I 12 and are shown

in Figure (4-10) and (4-11).

"Argon-Methane

The prediction of phase equilibrium data for the system argon-
- 78
methane at 115. 22°K was tested against the data of Gr avelle( ). Results

of the comparison are listed in Tables A-I1.13 and A-I. 14 and shown in

Figure (4-12)and (4-13).

Systems containing carbon dioxide and/or hydrogen sulfide as
one of the constituents deserve special attention since these mixture
exhibit highly non-ideal behavior. In this work the binary systems car-
bon dioxide-hydrogen sulfide, carbon dioxide-propane and hydrogen sulfide-

n-butane were studied for this purpose.

Carbon Dioxide-Hydrogen Sulfide

(79)

The experimental data of Sobocinski and Kurata at five iso-~
thermal condition, 40°F, 50°F, 60°F, 70°F and 80°F were used for the
purpose of comparison. Results of comparison are listed in Tables A-I. 15
to A-1.17 . 1t was observed that the interaction binafy constant, ki"

are not the same at these five isothermal conditions. Then, the calcula-

tion was repeated with an average value of kij equal to 0.072. Results

of comparison are given in Table A-I. 16.

Carbon Dioxide-Propane

The predicted results for the carbon dioxide-propane system at
(80)

40°F were compared with the experimental data of Reamer et al.
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Results of the comparison are shown in Figure (4-14) and listed in Tables

A-I.18 and A-I1.19.

Hydrogen Sulfide-n-Butane

The experimental data of Robinson et a1(81) were taken and com-
pared with calculated values for the hydrogen sulfide-n-butane system

at 100°F. Results of the comparison are listed in Tables A-I. 20 and A-I.21

and also shown in Figure (4-15).

Nitrogen-Argon-Oxygen

The binary intéraction constants, kij’ computed from experimental
phase equilibrium data for the binaries nitrogen-argon, nitrogen-oxygen
and argon-oxygen sys tems‘ were employed to predict vapor-liquid equili-
bria data for the ternary system nitrogen-ar gon-oxygen at 110. 0°K.

Using the proposed method and the modified R-K equation. The calcu-
lated results were compared with the experimental data of Narinskii(sz)

and W'ilson(83) in Tables A-1.22 to A-I.25.

4.5 A TOTAL PRESSURE METHOD FOR SYSTEMS AT HIGH
PRESSURES

The theoretical correlation of activity coefficients for any multi-

component mixture derived from the Gibbs-Duhem equation

N E
> x d(lny) = — dP - —5 4T (4-68)
j=1  * : RT RT

At constant temperature Equation (4-68) reduces to

N E

v
= : (4-69)
i—,l x d (In yi) RT dP |
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At low pressure various workers(84' 85) have suggested that for many

isothermal systems the right hand side of Equation (4-69) is small and
_can be taken as zero. This implies. that we are using for isothermal con-

ditions the isothermal-isobaric form of Gibbs-Duhem equation.

At high pressure this assumption is not valid. Due to this reason,
a method has been proposed to calculate vapor-phase composition from

total pressure-liquid phase composition measurements for binary

systems at high pressures.

.4.5.1 DERIVATION OF EQUATIONS

For vapor-liquid equilibria of a binary system the following
equation must be satisfied |

Ay [ A .

£ o= Y i=12 | (4-70)
i i '

where,
’ Av - AV 4_71)

£ = ve P (

I;:' Lo x, © L P=vy x, £° ' | (4-72)
3 i P4 i7i iL

(86)

The activity coefficient of component i in the liquid-phase

is given by

tH (e, T.x)
Y (PLTLX) = TR, T 5

(4-73)

iL

where f.L .a.nd x. are the fugacity and composition of component i in
i i

the liquid mixtures, and f°.L is the reference fugacify of component i
i :

at the reference pressure P°. The pressure effect on the fugacity
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coefficient is

31n foiL —‘;1
(=% 't = RT (4-74)
then, N o _
B Tox) i V3
v, (P T,x) = m e gya %P f < 4P (4-75)
iLL i P :

For convenience Equation (4-75) may be written in the following form:

[N Po
f'.b . .i
—— 1 -
Y, = po5 exP j‘ == 4P (4-76)
iLb i
P

The following. convention was used to normalize the activity coefficient

Y- —p l-- 0 : i . .(4-77)

Combining Equations (4-70) to (4-72), the total pressure and the vapor-~

phase composition are given by the following equations:

N v, 7. %,
P - 1 il i (4-78)
i=1 @ . .
1.— Piv
and
- n n
Vi = (oy/05) X

(4-79)

Equations (4-78) and (4-79) are the gene'ral and basic equations

for computing vapor phase compositions from total pressure-liquid phase

compositions data of isothermal conditions. The supporting properties
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such as 9, and v, are calculated using the modified Clausius equation

of state.
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4.5.2 RESULTS AND DISCUSSIONS

The modified total pressure method was used to predict vapor-

phase composition for the binary systems ethylene-propane, argon-

methane, and nitrogen-argon. The fugacity coefficients, and partial molal

valumes were calculated using the modified Clausius equation of state.

As mentioned previously, the temperature dependent parameters (O a’

Qb, and Qc were evaluated using vapor pressure and saturated liquid

and vapor molar volumes of pure components

(64, 87, 88). ~Values of the

parameters are listed in Table

The numerical routine for determining vapor -phase composition

is shown in Figure (4-16) and may be summarized as follows:

1.

Initial values of yi's and &;iv"s ({aiv = 1, 0) are assumed
for the first iteration. )

Liquid-phase fugacity coefficients, cgiL's, and activity
coefficients, yi's, are ca!cula.ted us ing Equations (4-64)
and (4-79).

The total pressure, P, is calculated from Equation (4-78)

and vapor-phase composition using Equation (4-79).

The calculated and experimental.total pressure values are
then compared. If they are disagreable, yi‘s are used
to calculate new values of giv and the whole procedure is
repeated until a good agreement is obtained between

experimenta.l and calculated values of total pressure.
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TABLE 4-2
Values of Redlich-Kister Equation Constants

System Ethylene-Propane

Temp. °K B C D
199. 83 0.3103 0.0553 0.009
277.9 0.2086 0.0334 0.0004
255, 35 0.1129 : 0.0347 0.0160
173.06 0. 2509 0.0698 0.0420

System Argon - Methane
115.22 0.3477 0.0420 0.0045

System Nitrogen-Argon
100 0.1235 ' -0. 0090 0.0011
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The modified equation of state was tested for the prediction of
vapor -phase composition from total pressure-liquid phase composition

measurements. The calculated values were compared with experimental

data for several system.

Argon-Methane

The predicted results for the argon-methane system at 115. 22°K
were comparcd with the reported experimental results in Chapter III. .
Results of comparison are listed in Table A-L 26 and shown in Figure (4-17).

The maximum average absolute deviation in vapor phase composition is

0.19%.

Nitrogen-Argon

A comparison of calculated and experimental results reported in
Chapter III for the system nitrogen-argon at 100. 0°K was made. A good

agreement was obtained. Results of comparison are listed in Table A-L 27

and shown in Figure (4-18).

Ethylene-Propane

The experimental results reported in Chapter III were used to
predict vapor phase-composition for the system ethylene propane at four
isothermal conditions namely, 273. 06°K, 255.38°K, 227.9°K,, and
199. 83°K. Results of calculation are shown in Figure (4-19)to Figure (4-22)
and listed in Table A-I. 28.

The activity coefficients of these systems were also correlated
by means of Redlich-Kister equation. Values of these constants are
listed in Table (4-2). It was found that the two isotherms, 273.06°K and
255, 38°K, exhibit a slight negative deviation from Raoult's law which is

(89)

in agreement with the conclusions established by King
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4.6 CONCLUSIONS

An attempt has been made in this study to improve the Clausius
equation of state by considering its parameters temperature dependent.
With this modification, the Clausius equation of state was found to be capa-
ble of predicting the volumetric dat?. of pure substances in the homoge-
nous region. In order to illustrate the capabilities of the modified equation,
the calculated results were compared with those of the modified R—K(4~l)
equation of state. In the liquid phase region results of comparison
indicated that the modified Clausius equation of state i:s comparable with
the modified R-K equation. In the vapor phase region, the modified
Clausius equation was found to be superior than the modified R-;K equ‘ation
of state. At saturation the modified Clausius equation satisfies the three
conditions (4-1) - (4-3) while the modified R-K equation of state relaxes
the third condition (4-3). This relaxation in condition (4-3) will produce
high error in the calculation of the compressibility factor, for example,

the error may be as high as 100% as in the case of pure carbon dioxide

at 80°F,

A detailed calculation procedure has been developed for the cal-
culation of system pressure, P, and vapor phase composition, vV,
from a given liquid phase composition, X, and system temperature, T.
The only requirements for the calculation were the modified Clausius
equation of state with a single set of parameters established at the tem-
perature of interest, and a minimum of one observation of a binary mixture
property. These parameters were determined from vapor pressure and

saturated molar volumes of liquid and vapor phase of pure substances.

The applicability of the proposed method was tested on binary and
ternary systems. It was also compared with the results obtained from
the modified R-K equation of state as well as the experimental values

reported in the literature. Results of the comparison showed that the
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proposed method is comparable to the modified R-K equation. A summary
of the comparison, in terms of average absolute deviations for AP and

Ay for the arbitrarily chosen systems is given in Table 4-3,

The absolute deviation for AP (at x, = 1.0 and x, = 0.00) were
found not equal to zero as expected. This can be attributed to the diffe -
rence between the vapor pressure vélues of'the pure components reported
with the volumetric data used in the evaluation of the parameters and

those reported with the experimental phase equilibrium data at the same

temperature.

The calculated results for the systems nitrogen-methane and
argon-methanc indicate the highest deviation in Ayz (3.6 and 5.01
respectively). This is partly due to the low relative volatility of methane.
When the difference between the calculated and experimental Y, is
expressed in terms of mole fractions, the average absolute deviations are

only 0. 004 and 0. 005 respectively.

The binary interaction constant kij was involved in the calcula-
tions. It was considered to be independent of temperature, pressure
and composition. As has been demons trated in the present work, the

method based on this assumption yields satisfactory results.

However, from the present work, it has been found that the binary
interaction constants, ki,'s, for the system carbon dioxide-~hydrogen
sulfide are different at diJfferent isotherms. Since there is no definite
trend indicated, it is difficult to make any conclusions at this moment.

In addition, these changes in the values of kij with temperature may be

due to the uncertainty of the data for this system.

The numerical values obtained from phase equilibrium data are

found to be close to those calculated from the ionization potential of

(90)

pure substances as suggested by Hiza and Duncan
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In conclusion, it may be stated that the satisfactory results ob-
tained in this investigation indicate the applicability of the proposed pro-

cedure for calculating phase equilibrium by means of the modified

Clausius equation of state.



CHAPTER V1

MISCELLANEOUS WORKS

5.1 CALCULATION OF PHASE EQUILIBRIUM DATA FROM TOTAL
PRESSURE-LIQUID PHASE COMPOSITION DATA

The usual technique for obtaining vapor-liquid equilibrium data
is by direct measurement ie., equilibrium is establiéhed and phases
are analysed. The experimental technique used in such experiments
must be delicate and accurate in order to ensure meaningful results.
This fact, coupled with the necessity for much analytical work tends to
enhance inter-est in methods for determination of equilibrium data that do

not involve sampling and analysis of phases.

Ljunglin and VanNess have suggested the classification of
these methods into two groups, direct and indirect methods. The direct
methods (92,93) involve calculation of vapor phase composition by inte-
gration of the coexistence equation, a first order differential equation de-
rived from the Gibbs—Duhem(l’ 94-103) equation relating phases. The in-
direct methods involve first the calculation, by some appropriate form
of the integrated Gibbs-Duhem equation, of the liquid phase activity
coefficients and subsequent calculation of vapor phase therefrom. These
methods usually involve ascertaining of which selected solution equations
to the Gibbs~Duhem equation lead to the best fit of the experimental
vapor pressure data, and of the determination of the parametric values
producing the best fit, Barker(94), for example has developed a procedu-

re based on the assumption that the excess Gibbs free energy can be re-

presented as a polynomial function of composition.

There is a basic difference in the degree of rigor associated with



- 96 -

the direct and the indirect methods. In the former, one makes no as-

sumptions about the solution behavior. Solution behavior is determined

directly from the experimental vapor pressure data.

The indirect method necessitates the assumption of a particular
model and the estimation of its parameters. This deficiency in the in-

direct methods has been recognized by Tao(103) who has pre.sented another

indirect method in which the necessity for a priori assumption of a par-
ticular functional form for the excess Gibbs free energy has been removed.
Tao's procedure involves calculation of the activity coefficients essentially
by integration of an equation resembling the coexistence equation. His

procedure, though indirect, retains the rigor usually associated with

direct method.

Virtually all of the methods for calculating vapor phase composi-
tions from total pressure measurements have been applied mostly to
binary systems. If one considers the application of the direct method to
ternary systems, one finds that the problem increases in complexity
from the solution of one first-order differential cquation to the simulta-
neous solution of two first-order partial differential equations. Not only
are two independent variables involved (the two independent liquid phase
compositions) but also two dependent variables (the two independent
vapor phase compositions).

The work in this chapter presents the rnodificatiim and extension
of an indirect method, previously proposed by Ho et al. , to evaluate

the liquid phase compositions for ternary systems at moderate pressures

and binary systiems at high pressures.

5.1.1 EVALUATION OF TERNARY VAPOR PHASE COMPOSITION
FROM P-T-x DATA FOR SYSTEMS AT MODERATE PRESSURES

When the components of a ternary solution vary along a constant
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xl/x2 secant, Figure (5.1), the mole fractions of components 1 and 2

depend on that of component 3 as follows:

Xl = x' (1 - x3) | (5-1. a)

%
n

, = (L=xN-xg) (5-1.b)

where x' represents the mole fraction of component | in the initial
binary solution 1-2. The mole fraction of the third component along the
secant, is taken as the independent variable. and the ternary mixture
may therefore be reg.arded as a binary one. Assuming that the vapor
phase is an ideal solution, but not an ideal gas, the total pressure of the
system may be represented by the following equation:
-x,) P° '
o - N (L-x3) P75 Y12 (5-2)

K3 I?IZ

Figure 5-1
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where

(Byy- v3) (P = PY)

RT ]

K, = exp [

(B2 - "12) (P - P°12)
RT

K,, = exp [

In this investigation liquid phase activity cocfficients

by means of the Redlich-Kister equation as follows:

lny3 =

lnylzf-‘ xZ3 [B+C(4x3- 3)+D(2x3- 1)(6x3— 5)]

(1-x3)_2 [B+C(4x,- 1) + D(2xg- 1) (6x5-1)]

vy, were correlated

(5-3. a)

(5-3.Db)

Equations (5-2) and (5-3) indicate that the total pressure is a function of

the Redlich-Kister constants and the liquid composition Xj.

constant temperature,

P = P(B,C,D, x3)

Assuming a set of initial values for the constants B, C and D,

P 3 ., 2P

o

= T B+ &= 5C+ T 8D
5P = 25 0 e 5
where
5P = Pexpt T " calc
and
sp _ap Y3, ap T2
) 3Y3 3B 9Y, 2B
. . 2P
Similar equations may be written for —= and 3D

Hence at

(5-4)

then

(5-5)

(5-6)

(5-7)

Furthermore from
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equations (5-3. a) and (5-3.b)

BY3

32 - 2 '

55 - Y3 ll-%3) ‘ (5-8. a)
3 _ 2 |
5B~ W2 *3 - (5-8.b)

and
22 . 223 (5-9. a)

- -9, a
3V, B, o
3P _ (r-x;) Py,
Y B (5-9.b)
12 12 |

By substituting equations (5-8) and (5-9) into equa.ti‘on (5-7), the following

expression is obtained

Z (-] 2 (-]
oB . K3 KIZ

Similar expressions for g—g and %!1; may be obtained in the same manner.
aP 3P , oP . . ‘
== = - t ti 5-5) for all the
Substituting 3B’ 3C and 5D into equation ( )

experimental poxnts give the following set of normal equations:

w3 (e (B0 LD -5 o2 () o

6B§=jl( )( )+GCE(§-—)+5DZ(BD)( ) Zap(a) (_5_1,_)'
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and
'n S n n 2 n '

0§ (BEYE)+ e (D)) o0 oe ()Y o2(F) o
i=1 i=1 | i=1 izl

T.hese corrections for B, Cand D are employed to calculate
the actual vé.lues of B, Cand D which-in turn are used to evaluate the
liquid phas'e activity coefﬁcients, Y3 and Y)2° Using the liquid phaée
activity coefficients, equation (5-14) may be applied to evaluate vthe -

vapor phase compositions.
g = (%, Py /% -
i %P v,/ K]+ [P jkyjk)/ K] (5-14)

5.1.2 RESULTS AND DISCUSSIONS

The experimental equilibrium temperature, pressure and liquid
composition, determined earlier in C}:xapter 111 for the binary system
argon-ethane and the ternary system argon-methane-ethane, were utilized.-
in this chapter. In the binary systerh argon-ethane, the copcentrati‘on
of ethane in the vapor phase was found to be extremely low, and the
error in its determination was rather high. For this reasomn, it was de-
cided to evaluate the ethane composition of the vapor from the total
vapor pressure-liquid compositi&n measurements. At 115. 5°K the system
pres suré is relatively low, and the total pressure method previously
PI'Oposed(l) was employed for this purpose. The calculated values of
liquid phase activity coefficient, y,b and the vapor phase composition, Y,
are listed in T%ble 5«-1. In Figure 5-2, Iny values were plotted against
~liquid composition, X, to illustrate the non-ideal behavior of the binary

system.
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TABLE 5-1

Experimental and Calculated Results for the Binary System Argon -

Ethane at 115. 5°K

Plb in:g

(1bin = N v )

6.9 kN m A Ya’cale YA YCZ
24.6 0. 0690 0. 9990 2. 7434 1.0421
25.2 0.0710 0. 9990 2.7343 1.0419
25.2 0.0712 0.9990 2.7334 1.0424
29. 7 0. 0926 0.9992 2. 6368 1.0469
29. 7 0.0928 0.9992 2. 6362 1.0476
30, 8 0. 0980 0.9993 2.6127 1.0475
33.8 0.1119 0. 9993 2.5550 1.0513
34,1 0.1135 0.9993 2. 5480 1.0509
36.0 0.1222 0.9994 2.5131 1.0529
41.2 0.1450 0.9995 2.4247 1.0589
43. 4 0.1546 0. 9995 2. 3891 1.0619
48. 4 0.1760 0.9995 2.3129 1.0691
51.0 0.1873 0. 9995 2.2749 1.0735
57. 8 0.2176 0. 9996 2.1770 1.0859
63.9 0.2470 0. 9996 2.0886 1.1006
70. 7 0.2835 0.9997 1.9867 1.1216
80. 1 0. 3422 6. 9997 1.8387 1.1635
81. 8 0. 3540 0.9997 1.8096 1.1775
87. 2 0. 3946 0.9997 1.7175 1.2109
87. 4 0. 3969 0.9997 1.7125 1.2131
90. 9 0. 4259 0.9997 1.6509 1.2436
94, 3 0. 4577 0.9997 1.5866 1.2853
98. 6 0. 5046 0.9998 “1.4980 1.3587

100.9 0. 5355 0.9998 1. 4432 1.4110
105. 5 0. 6120 0.9998 1.3200 1.5923
108.1 0. 6638 0.9998 1.2468 1.7624
109.8 0.6978 0.9998 - 1.2033 1.9054
110.8 0. 7304 0.9998 1.1649 2.0600
113.0 0. 7581 0.9998 1.1351 2.2326
115.2 0. 8004 0.9998 1.0946 2.5291
116.2 0. 8210 0.9998 1.0772 2.7114
116.3 0. 8230 0.9998 1.0757 2.7267
118.5 0.8619 0.9999 1.0474 3.1422
123.1 0.9151 0. 9999 1.0187 3.9233
124. 5 0.9265 0.9999 1.0142 4.1604
129. 1 0.9570 0.9999 1.0050 4. 8089
130.5 0.9654 0.9999 1.0032 4. 9761
133.1 0.9813 1.0000 1.0009 5. 4854



Argon Ethane
: - 118.5 K

S

0.8~

OOG -

Q& =

.z~

~O
- N ,(r J\) ;
O' C‘I L——\’gﬂ >.m,.,....‘ 2
Y 2 04
V]
f‘ ;':; . . o
Figure 5-2 Liquid Phase Activity Coefficient-Composition Curve

for the Binary Argon-Ethane at 115. 5K




- 103 -

| Bpew ~
T, P, X, TOL. Cony =

* Dnew = +

SP = Peyp-  Peacc.

X
1 f

]
P
| i
T
\._::(\)
ol
o

SOLVE FOR
S8, 8¢, and D
Eq. (5.11 - 5.13)

tion
Figure 5-3 Schematic Diagram of Vapor-Phase Calculatio



- 104 -

The experimental points for the ternary system argon-methane-

ethane were determined along constant x /x and constant x,/x
C1 C2 ' A Cz

gecants. This arrangement was planned for the purpose of reducing

the ternary system to a hypothetical binary system so that the total pres-

sure method proposed for binary systems(l) could be extended and applied.

The modified total pressure method was used to predict the va.pdr

phase composition of the ternary gystem argon-methane -ethane.

The numerical routine for determining the vapor phase compo-

sition is shown in Figure 5-3 and may be summarized as follows:

1. Initial values of B, C and D were assumed.
2. Liquid pb_age. activity coefficients values were calculated from.
Equation (5-3. a) and (6-3.b).
3. Total pressure of the system was calculated at each experi-
mental point, using the pure components properties.
Second virial coefficients values for pure componehts and
the hypothetical binaries were evaluated using the method
of O'Connell and Prausnitz(104).
4, 8B, 6C, 6D were evaluated from Equations (5-11) - (5-13).
5. New values of B, C and D were obtained.

6. The process was repeated until the tolerance of pressure

was satisfied.

This procedure was first applied to the secants of constant
%, /% for the evaluation of y, and then applied to the secants of
Cl C2 CTA T
constant xA/xC . which were fixed in such a manner that they intercept
2
the secants of constant X /xc at each of the experimental points, for
1 2 :

the evaluation of .y c.° The vapor phase composition of the least vola-
. 1 e '

tile component, 'yc was determined by Equation (5-15).

_ . | 2 .
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YCZ = 1- (YA + YC1) (5-15)

An IBM 360 computer program was written to perform the above

calculations. The required binary equilibrium data of the system metha-

ne-ethane were interpolated from those of Chang Lu and Canfield(46’ 105).

The calculated results for the ternary system are given in Table 5-2.

The root mean square deviation, which is defined by

0.5

(y )

L expt
i=l

A = \ N — ) (5-16)

Yc:alc

is only 0.002 in the vapor phase compoéitions of argon and methane, in-
dicating the good agreement obtained betwecen the -experimental and calcu-

lated results, and the validity of the proposed calculation procedure.

5.2 EVALUATION AND CORRE LATION OF VAPOR- LIQUID

EQUILIBRIUM DATA FOR AIR COMPONENTS MIXTURES

In the low temperature separation of air constituents, vapor-
liquid equilibria for mixtures of nitrogen, argon and oxygen play an im-
portant role in the design of the fractionating columns. Although equili-
brium data for the binary and the ternary systems have been previously
investigated experimentally, the agreement'between the numerous set of
data is not always good. Latimer(m?) in 1957, correlated the liquid
activity coefficient data by means of the regular solution equations over
the pressure range from 0.2 to 20 atmospheres, using published binary
and ternary experi_ment.al values together with the plant performance data.
Wilson(83) in 1964 made a literature survey for all existing data relating

to vapor.-liquid equilibrium and enthalpy of the nitrogen-argon-oxygen
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system up to 1963, and experimentally determined 1962 data points over
the pressure range from 1 to 26 atmospheres. The liquid activity coef-
ficient data calculated from the experimental data were correlated by
means of the Van Laar equation. Since the publication of Wilson's data,
additional experimental investigations have been reported in the literature.
In this investigation, binary vapor -liquid equilibrium data compiled from
different sources over the temperature range from 90° to 120°K, were
first tested for their consistency, then correlated by means of the Redlich-
Kister equation. In order to avoid the uncertainty due to the temperature
effect on liquid activity coefficients, ‘only isothermal data were tested

for thermodynamic consistency. The binary constants obtained in this
manner were then uscd to evaluate the ternary liquid activity coefficients
for the purpoée of determining whether ternary constants are required

in the correlation.

5.2.1 EVALUATION OF LIQUID PHASE ACTIVITY COEFFICIENTS

In the thermodynamic treatment of the data, the constant-pressure

constant-temperature liquid activity coefficient is defined by

f_(P°,T, x) P° Vv

il A il,
o - ex dPr (5’17)
V(P T, x) = =% —pe 1) TP RT
i iL ‘ P
and
- - 1 (5-18)
Yi 1 as xi

In Equation (5-17), fiL(P’ T, x) represents the fugacity of component i in
the liquid mixture at system temperature, T, and pressure, P and
foiL(Pc’, T) represents the fugacity of pure liquid i at.the system tempe-
rature, T, and the reference pressure P°. In this investigation, Pe,

was arbitrarily taken to be 500 psia, which is above the highest saturation
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pressure encountered in this work, hence the hypothetical liguid state

was avoided. The cxponential term represents the pressure correction

of y from P to P°. The fugacities and the partial molal volumes were

obtained from the Redlich-Kwong equation of state by means of a modlfled

41)

procedure( . In the equation

RT a

(5-19)
v-b 10 2 ¢(vib)

the parameters Q and Qb , which are related to the quantities a and
a

b as follows

2.
Q, R2 Tc S/Pc (5-20)

o
i

=2
i

. R Tc/Pc ' ' (5-21)

were considered ten'lperature—dependent. The parameters were evaluated

using molal volumes and vapor pressures of purc saturated liquids. This

(41)

modification has been recently presented Values of Q, and Qy

used in this work are listed in Table A-I. 29. The mixing rules cmployed

(41)
in this investigation are identical to those reported earlier . Values

of the binary interaction constant kij’ which represents the deviation
from the geometric mean of the critical temperatures as defined by Chueh

(86)

and Prausnitz , were obtained from the vapor -liquid equilibrium data

of the binary systems.

5.2.2 CONSISTENCY TEST

Thermodynamic consistency of binary isothermal data were tested

by means of the Redlich-Kister relationship



x, =71
1 Yl
_f in == dx =0 (5-22)
x1 =0 Y.?,

in which y values were those obtained from Equation {5-17) at constant
T and P°.

For ternary isothermal data the method proposed by Chang and

Lu(108) was employed. A brief description of the method is presented

below.

At constant temperature and pressure, the Gibbs -Duhem equation
is: '

n

z x.dlny, = 0 (5-23)
i i |

=1

Integrating from point a to its adjacent point ‘b by the trapezoidal rule
gives
n
- ).=0 - (5-24)
Nl xy) (n g, Y ). (

i=1

The assumption involved here is that all the Iny vs. X curves can be
approximated by segments of straight lines connecting the points. This

. 109)
approach is identical to that employed by Li and Lu( and by McDermott

and Ellis(uo). At equilibrium
A A
LL © fiv
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Hence A
v, e P BT Vi
v(P*, T, %) = - exp j’ == dP (5-25)
i 1L P '

Substituting Equation (5-25) into Equation (5-24)

/\
\rl Ko < ®. P
i _ _ i a
Vo byt ) g T E‘ (=t %) 5P
. ia L ib " b
i=1 i=1
n P T
b . V
T iL
£ Gy bR ) fp —= dp (5-26)
i=1 a

in which Ki = y_l/xi. The left-hand side of Equation {5-26) contains only
the experimental equilibrium data while the right-hand side contains the
quantities which can be evaluated from the Redlich-Kwong equation of
state as modified above. In order to make a test conclusive, maximum
cxperimental error bounds must be established.  For isothermal data,

the overall deviation resulting from experimental errors of the pair tested

may be obtained by rearranging Equation (5-26) as follows

v
iaPa Pb __1_1__,
{7 =%

B8

A=) (x,b+x,)[lni€—-1n
-t 1a ia ib” b P
i=1 a

dpP ] (5-27)

8372
o)

Differentiating Equation (5-27) and replacing 4P, dT and dx by
the mecasuring errors, E(P), E(T) and E(x) respectively, the maximum

experimental error bounds are established as follows
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Kb iafa b iL
+2|'(ln—l-<——-.ln - J‘ AL ap)| ] Emx)
P

ia 5. P RT

n
' P V., dP
1 . L 3 b _iL

+ 2 =, tx )5+ 5 *| 3P I = ) E®@)

s _ a b P

i=1l a

n P, V._dP ,
b il,

}: x, + %0 | G IR = | E(T) (5-28)

. i=l a

" where

E(x) = errorin composition x or Yy measurement
E(P)
E(T)

error in pressure measurement

error in temper ature measurement

Experimental data which are widely separated are arranged along
any arbitrary path, and tested in pairs by means of Equation (5-27) and
{5-28). Each experimental point appears twice in the test, with the
exceptions of the first and the last points of the chosen path. An experi-
mental point is considered inconsistent if A is greater than 'Dlmax

In doing so, a point-by-point evalua.t1on of the data is a.clneved.

5.2.3 RESULTS AND DISCUSSIONS

Nitr ogen-Ar gon Mixtures

Most of the equilibrium data reported in the literature for the

fa
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binary system nitrogen-argon were restricted to the low temperature
region. Since the publication of Wilson's data, additional experimental
values were reported by Narinskii(75) and by Thorpe(lu). A static

method was used by Thorpe to determine vapor pressures and composi-
tions of this system at pressures up to 10 atm. Unfortunately, isothermal
data interpolated from his results did not cover the complete concentra-
tion range. On the other hand, the experimental results of Narinskii

were reported over the complete concentration range at four isothermal
conditions, namely 90. 5°, 100°, 110° and 120°K. Liquid activity coefficient
values obtained from Equation (5-17) for Narinskii's data satisfy the arca-

test as shown in Figure (5-4).

Argon-Oxygen Mixtures

B
For the binary system argon-oXygen, available literature data

2 . 113
include those of Brube and Ishkin(11 ), Sagenkahn and Flllk( ), Clark

6 .. (82
al. (“4), Fastovski and Petrovski(ns’ i ), Narinskn( ) and Burn and

82,114, 117
Din(ll7). Results of the three investigations( )

et

which cover. the
complete concentration range werc tested for their thermodynamic con-
sistency by means of the arca-test method. The results of the test indi-

(114) (117)
cate that the data of Clark et al.

are inconsistent. Burn and Din
studied this system over the complete concentr ation range and over a
pressure range of 1 to 10 atm. using a static method, and stated that their
data agree well with the isothermal data of Narinskii(sz) who reported
the data of 90.5°, 100°, 110°, and 120°K. The results of the area-~test as

shown in Figure (5-5) indicate that the data of Narinskii are thermody -

namically consistent.

Nitrogen-Oxygen Mixtures

In the temperature range of this investigation, literature data for

the binary system nitrogen-oxygen system include those of Dodge and

5
Dunbar(44) and Din(5 ).
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TABLE 5-3

Values of Binary Redlich-Kister Constants

System

Nitrogen-Argon

(k;, = 0.0)

Argon-Oxygen

(k,, = 0.016)

Nitrogen-Oxygen

(k1 3 = 0. 001)

(Ref. Pressure = 500 psia)

T, OK o [ee]

Bij Cij Inya In vy,
90.5 0.1655 -0.014%4 0.1829 0.1541
100. 0.1459 -0.0155 0.1574 0.1344
110. 0.1295 -0.0080 0.1375 0.1215
120. 0.1266 -0.0009 0.1275 0.1257
90.5 0.1878 -0.0027 0.1905 0.1851
100. 0.1681 - -0.0027 0.1708 0.1654
110. 0.1385 -0.0026 0.1411 0.1359
120 0.1139 -0.0025 0.1164 0.1114
90.5 0.2267 0.0198 0.2069 0.2965
99.94 0.1988 0.0155 0.1833 0.2143
110.05 0.1787 0.0113 0.1674 0.1900
119.92 ©0.1715 0.0046 0.1669 0.1761
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Results of the area-test indicate that the jsothermal data of Din
are thermodynamically inconsistent, while the isothermal data of Dodge
and Dunbar satisfy the test. The area-test of the data of Dodge and

(44

Dunbar ) is shown in Figure (5-6).

Correlation of Binary ILiquid Activity Coefficients

The ther_rnodynamically consistent liquid activity coefficients for
the three binary systems were successfully correlated using the least

118 .
square method by a two~-constant Redlich—Kister( ) equation as follows:

2
= C 3 R . 5—29
In Y Xj [ Bij+ i ( x, xJ) ] ( )
and .
2
= X + C - 3x, 5-30)
In Y x, [ Bij i3 (¢, kJ)] (

1
J

Values of B.. and C,. obtained at four temperatures for the three binary
i ij
systems are listed in Table 5-3 . Values of Iny at infinite dilutions

are also listed in this table.

The calculated y values agrce well with the experimental data.

A comparison at 100°K for the three binary systems is given ir. Tables

A-I1.1 to A-IL 12.

Comparison With Binary Data of Wilson

Wilson studied the three binary systems at isobaric conditions and
graphically reported InYy values at 20°R intervals. The binary constants
obtained in this investigation were used to obtain the Iny curves at’
constant temperatures which were then compared with the isobaric data
reported by Wilson over the appropriate intervals. The reference pres-

surec uscd in this comparison is jdentical to that employed by Wilson. The

. . o a 1 1Y
agreement obtained appears to be as satisfactory as Wilson's own
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(83)

correlation . The comparisons made at the interval between 100° and

110°K for the three binary systems are shown in Figures (5-7 - 5-9) as

examples.

Nitrogen-Argon-Oxygen Mixtures

Very limited data for the ternary system were available in the
literature prior to Wilson's experimental investigation, which includes a
. 2
total of 1962 data points. Recently, Na.rinskii(8 ) studied the ternary

mixtures by means of a circulation method at temperatures of 90.5°,

100°, 110° and 120°K.

In this investigation, the binary constants obtained at isothermal
conditions were used to cvaluate the ternary liquid activity coefficients

by means of the following expressions

ln\(l: B _x_ (l-x

122

2
. .- - 2
1)+C x (Z};l.x2 le +2x,x,)

1272 172

- B23x2x3— 2023:-:2}:3 (xz— x3)

+ B %, (1—x1)+C

2
- 2 -2 5-31
31 x3(x3 lex +2x xl) ( )

31 3 1

= - x - 2x_- 2% %X+ 2%
iny, B ,x x,) +C % b7 £%,7 H % 2
C 2 sz + 2x_x
-X - X -
+ B,y %y (1-x,) 7 Cyyx5 (23,7 %3 ot 2¥y%3
- -2 - X (5-32)
B, g% %57 2C3%) xy (egm %)
and
1ny3= - Bllexz- 2C12 1X2(X xz)
L 2x. - 2% %X, 2
1 B23x2(1 -X )+C 3x2(x2 2>,.3 2::x2x3. x5
2
5-33
+ B31x1(1—x )+C 1(2:’<;:,’—x1-2x3+ 2x1x3) ( )
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In these expressions the ternary constants were neglected and only binary

constants were involved.

The thermodynamic consistency of the isothermal data of
Narinskii and Wilson were tested by means of the test method described
in 5.2.2. Results of the test are listed in Tables A-II. 13 to A-II. 20. The
calculated y values obtained were then compared with the consistent data

of Narinskii. The comparison is shown in Tables A-1I. 21 to A-II. 24.

The calculated y values obtained from Equations (5-31) -~ (5-33)
were then compared with the consistent data of Wilson. Although Wilson
studied the ternary system at isobaric conditions, it was pos sible to
select a sufficient number of data points at constant temperatures. These
values were tested for consistency and screened. In this comparison,

v values of Wilson's data were obtained at the reference pressure of this
investigation. A summary of the comparison is given in Table 5-4.

The average absolute deviation is gecnerally less than 2%.

In conclusion, it may be stated that available vapor -liquid equili-
brium data for binary and ternary mixtures of nitrogen, argon and
oxygen in the temperature range from 90° to 120°K have been tested and
screencd. The binary Redlich-Kister constants obtained from consistent
isothermal data at four temperatures have been success fully employed
for predicting the ternary data without including any ternary constants.
The calculated ternary Y values agree well with the data of Narinskii and

Wilson.



TABLE 5-4

Summary of Comparison of Calculated and

Experimental y Values for the Ternary System

Source Temp. No. of Expt Average Absolute Deviation, %o
‘K points Y a Y Yy

_— 2z 2

Narinskii (82) 90. 5 21 1.14 2. 04 1.24
100. 21 - 1.45 1. 42 6.95

110 27 1.25 1.26 0.97

120 25 1.3 1.23 0.83

Wilson(83) 90. 5 13 0.73 0. 96 0.82
100. 24 0. 30 0. 39 0. 41

110 41 0. 30 0.4 0.59

120 22 1.09 1.05 - 0. 43
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5.3 EVALUATION OF CALIBRATION CONSTANT FOR BINARY

MIXTURES IN THE ABSENCE OF PURE COMPONENTS

In the determination of mixture compositions the gas chromato-
graphic technique has been used extensively. A calculation procedure
has been developed in this investigation for the evaluation of calibration
constant when two mixtures of a binary system are available, but pure
components of the binary are absent. This situation applies, for example,
to the determination of equilibrium compositions of liquid and vapor
phases in a phase equilibrium study. Normally, mixtures of known com-
positions, prepared from pure components, are required to establish
the calibr ation constant. Furthermore, itis generally necessary to
che ck the calibration from time to time. The proposed method would
eliminate this time-consuming procedure. The simple relation developed
in this investigation is however restricted to the situation, when the peak
height or pcak area ratios (P.R) are directly proportional to the mole

(“9). Namely,

fraction ratios (X1/x2)

(x1/xz’ = M (P.R) | (5-34)

Let the peak height or peak area ratios obtained for mixtures a and

b are A and B respectively,

= K, A (5-35)
1a/x2a *
= K, B (5-36)
%/ %2n
where
K = calibration constant

A third mixture C may be prepared by combining mixtures a and b in

. . . it 1rts
an arbitrary but known proportions, say m  partis of a with n pa
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of b, andthe P, R value obtained for the mixture is C. Then

xlc/xzc = K.C (5-37)
Furthermore,
mx) ¢ nx
K-C = =5 7Tx ' (5-38)
2a 2b :

By combining Equations (5-35) - (5-38) together with the relationships
that

x, + x, = LO - (5-39)
it may be readily shown that

m (A-C) - n (C-B)
mB (C-A) - n A (B-C)

(5-40)

In Equation (5-40) the calibration constant K can be evaluated by knowing
the P. R, values of A, B, and C, and the arbitrary manner the ¢

mixture is prepared.

The system ethylene-propane was used to test the validity of the
proposed method. The calibration curve obtained in Chapter III was
used for the purpose of comparison. Two known composition mixtures
were prepared. A third mixture was prepared by combining the two
mixtures in a known proportion, for example 13 parts of propane to 17 parts
of ethylene. The peak height ratios of these mixture were obtained and
substituted in Equation (5-40) to obtain the calibration constant K. A
comparison between the experimental and calculated results is shown in

Figure (5-10).
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CHAPTER VI

SUMMARY AND CONCLUSIONS

In this work some new proposals were s_ug_géste'd for the deter-

mination and calculation of phase equilibria data.
A summary and conclusions ‘are as follows:

Experimental Work

A total pressure appa.ra.tus was designed and constructed for the

experimental study of phase ethbna..

' Experzmenta.l total pressure-hq\nd phase compos1t10n data for
the binaries a.rgon-methane, mtrogen-argon and ethylene -propane were

obtained by means of the total pressure apparatus.

In addition a forced circulation a.pparatus was used to determine
vapor sliquid equilibrium data for the binary system argon-ethane and

the terna.ry system argon-methane-ethane.

From the nature of the present experimental work it may be con-
cluded that the forced circulation apparatus is the most suitable and
practical for obtaining vapor-liquid ethbnurn data in this ra.ngg of study

for the following reasons:

L. It requires ahorter time to reach equilibrium.

2. There are no preparations required prior. to the experiment.

ualcula.t;on of Phase Egmhbna Data

| The Clausius equation of state was modified for the calculation of
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phase equilibria in the binary and multicomponent systems. In the modi-

fication, the three parameters of the equation were considered tempe-

rature dependent. Molal volumes of saturated liquid and vapor together

with the condition that the fugacities of the vapor and the liquid phase

are equal at the condition of equilibrium were used for evaluating the pa-

rameters. The equation was tested successfully for the calculation of

volumetric data of pure substances in the liquid and vapor phases. Appli~-

cations were also made successifully to calculate phase equilibria data
for the systems nitrogen-argon, nitrogen-oxygen, aréon-oxygen, argon-

methane, nitrogen-methane, carbon dioxide-hydrogen sulfide, propane-

carbon dioxide, hydrogen sulfide - n-butane and nitrogen-argon-oxygen.

The results obtained from the modified Clausius equation of state
were compared with those obtained fror1;1 the modified R-K equation.
Results of the comparison for the pure cornponénts showed that the mo-
dified Clausius is superior in the vapor phase and the saturation region.
In addition the author feels that the modified Clausius equation of state

is more adequate since it satisfies the three requirements at saturation.

It may be suggested that in order to improve the quality of the
calculated results using the proposed method the following points may

be considered:

1. Accurate volumetric data shﬁuld be used for cvaluation
of the equation parameters.

2. Vapor pressure of the pure components should match with
those reported with the experimental volumetric data used

for the evaluation of the equation parameters.

Moreover, the author wishes to siress that, although progress
has been made, further improvement can be expected. Such improvement

may be directed toward predicting the binary interaction constant, kij’
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from pure molecular properties rather than from experimental binary

equilibrium data.

The Total Pressure Method for Systems at High Pressures

At high pressure the is othermal isobaric Gibbs-Duhem equation
is not valid duc to the appreciable effect of pressure on activity coefficient.
To overcome this problem an adjusted activity coefficient was introduced
with appropriate symmetric convention. As a result, a rigorous method
has been proposed for calculating vapor phase compositionss from total

pressure-liquid phase composition measurements at high pressure and

jsothermal conditions.

Data of the three systems ar gon-methane, nitrogen-argon and
ethylene-propane have been successfully used to show the applicability

of the proposed procedure.
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APPENDIX I

Tables A-I.1 to A-I. 31 for Chapter IV



Methane

Argon

Nitrogen

Values of Clausius Parameters
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TABLE A-I. 1

OOOOOOOOOOOOOOO

OOOOOOOOOOO OOOOOOOOOO

. 576
. 602
. 628
. 654
. 680
. 707
.733
. 159
. 785
. 811
. 837
. 890
. 916
. 942
. 968

. 556
. 579
. 627
.658
. 703
. 736
L1775
. 824
. 895
. 922

. 570

590

.613
. 664
. 698
. 746
. 781
. 822
. 876
.917
. 952

OOOOOOOOOOOOOOO

(@]

OOOOOOOOOOO cCO0OO0OCO0O00O0

. 30007
. 31820
. 33023
. 33241
. 34742
. 35507
. 37371
. 36986
. 38229
. 38708
.39100
. 39879
.39653
. 40186
. 40289

.23080
.23996
.27104
. 29431
. 32740
. 34305
.36456
. 38045
. 40307
. 40760

. 26704
. 320438
. 33304
. 36835
.36268
. 33307
.33619
. 34813
.37782
. 39325
. 40291

OOOOOOOOOOOOOOO

OOOOOOOOOOO OOOPOOOOOO

. 56108
. 55191
. 54607
. 54851
. 53663
. 53093
. 50851
. 51720
. 49915
. 491091
. 48340
. 45815
. 46259
. 42894
. 42928

. 55792
. 56098
. 55304
. 541 39
. 52164
. 51346

48861

. 46868
. 42240
. 41079

. 54517
. 51468
. 50938
. 48610
. 49463
. 53679
. 54600
. 54370
. 49982
. 45918
. 41302

Q

C

0.05300
0.06130
0.06450
0.05940
0.06630
0.06710
0.07900
0.
0
0
0
0
0
0
0

06940

.07660
.07665
.07655
.07900
.07280
.08019
.07710

0.
0.
. 01390
. 02600
. 04400
. 04980
. 06290
. 06930
. 08390
. 08540

0
0
0
0
0
0]
0
0
0.02200
0.
0
0
0
0
0
0
0
0
0

c0010
60060

06214

. 06690
. 08520
.07230
. 03350
.02719
. 02861
.05024
. 06435
.07761



TABLE A-I.l1(cont'd)

Oxygen

Carbon dioxide

Hydrogen sulfide

Propane

o0 0O OO0 0000 OOOOOOOOOOO

OOOOOOOOOOOOOOO

. 518
. 582

647

.72
.776

841

. 906
. 388
. 453
. 518
. 582
. 647
. 712

776

. 841
. 906

.913
.928
. 931
. 949
. 950
. 953
. 958
.962
.968
. 986

. 744
. 759
774
. 788
. 803
. 832

. 324
. 616
. 690
. 738
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o

OO0 oo Rl oo o) OO0 00000CO0

.34172
.35124
. 36452
.37469
. 38500
.39525
. 40262
.19923
.27932
.34170
.35121
. 36450
. 37470
..38500
.39525
. 40262

. 41836
. 41732
L41734
. 41678
. 41636
. 41640
. 41589
. 41 541

. 41504
. 42072

. 43557
. 41734
. 39416
. 43795
. 42308
. 42590

. 37460
.37476
.40602
. 40081

OOOOOOOOOOOOOOOO

oloNelo) OO0 OO0 O0 OOOOOOOOOO

. 53264
. 53301
. 52796
. 52215
. 51144
. 50859
. 46447
. 58056
. 55868
. 53265
. 53303
. 52798
. 52214
. 51145
. 50859
. 46448

. 61937
. 56350
. 59541
. 55101
. 55355
. 54220
. 52933
. 51680
. 50705
. 66165

. 49964
. 48189
. 55633
. 47828
. 49895
. 48195

. 89480
. 90440
. 85685
. 86115

[eNeoN N o000 OO0 OOOOOOOOO

OOOOOOOOOOOOOOOO

o

.10370
.091853
.08610
.08014
.07681
.07300
.07760
.02440
.07170
.10368
.09181
.08608
.08015
.07680
.07300
.07760

.08154
.08636
.08308
.08750
.08713
.08825
. 08949
.09067
.09125
. 06900

.11640
.12123
.07761
. 114453
.10039
.10132

. 08553
.07128
.08179
.07267



TABLE A-I.1 (cont'd)

Ethylene

Butane

o OOOP

707

. 806
. 903
. 966

. 131
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o 0000

.22911
.39087
.41023
.42009

. 47501

c OO0 00

. 98547
. 74881
. 64375
. 57983

. 65018

o 0000

. 03451
.06473
.07741
.11107

.12505




Com

TABLE A-1.2
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parison of Calculated and Experimental Compressibilities for

Pure Oxygen

Experimenta1(66) Clausius
T,K P, atm. Z Z
60 1.0 0. 00507 0.00507
9. 87 0.04999 0. 05002
49. 35 0. 24907 0. 24950
98. 69 0. 49593 0. 49757
197. 38 0.98343 0. 98994
70 1.0 0.00450 0. 00450
9. 87 0. 04440 0.04438
49, 35 0.22095 0.22060
98. 69 0. 43951 0.43822
197. 38 0. 87009 0. 86619
80 1.0 0.00409 0.00409
9. 87 0.04035 0.04029
49, 35 0. 20063 0.19992
98. 69 0.39855 0.39346
197. 38 0. 78689 0.77067
90 1.0 0.00379 0.00379
9. 87 0.03738 0.03731
49, 35 0.18555 0.18391
98. 69 0. 36790 0. 36216
197. 38 0.72431 0. 70619
100 1.0 0.97530(v) 0.97492
9. 87 0.03%522 0.03515
49,35 0.17433 0.17235
98. 69 0. 34482 0.33775
197. 38 0. 67617 0. 65408
110 1.0 0.92602(v) 0. 98106
9. 87 0.03373 0.03367
49, 35 0.16636 0.16387
98. 69 0.32780 0. 31899
197. 38 0. 63941 0. 61241

~
1
=

298 19AUO0D
joUu Op SI9}
-owered JO

o000

o O

o000 ol eNeNele) ocooo0co00 OO0

N

UOT}BN]BAD

. 00450
. 04439
. 22094
. 43949
. 87064

.00490
.04034
.20038
. 39776
. 78525

.00379
.03736
.18505
. 36626
.71979

.97756
.03519
. 17360
. 34221
. 66849

. 98259
.03370
.16520
.32373
.62732

Clausius R-K

AZ AZ
0.0
0. 00001
0.00043
0. 00164
0.00651

.0 0.0

. 00002 0.00001
0.00036 0.00001
0.00129 0.00002
0. 00390 0.00055
0. 000 0.00000
0. 00006 0. 00001
0. 001! 43 0.00025
0.00597 0.00081
0.01622 0.00164
0. 000 0.0000
0.00006 0.00002
0. 00164 0. 00050
0.00573 0.00164
0.01812 0.00452
0. 00031 0.00226,
0.00006 0.00003
0.00198 0.00073
0.00709 0.00262
0.02209 0.00768
0.05504 0.05657
0.00006 0.00003
0.00249 0.00157
0.00881 0.00407
0.02700 .0.01209
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TABLE A-I. 2 (cont'd)

Experimental(éb) Clausius R-K Clausius R-K
T,K P, atm. Z Z Z AZ AZ
120 1.0 0.98564(v) 0.98531 0.98628 0. 00034 0.00064

9. 87 0. 83528(v) 0.83514 0.84717 0.00014 0.01189

49. 35 0.16132 0.15815 0.15969 0.00317 0.00162

98. 69 0.31592 0. 30460 0.31013 0.01132 0.00579

197. 58 0.61139 0.57754 0.59432 0.03385 0.01706

130 1.0 0.98869(v) 0.98839 0.98896 0. 00029 0.00027
9.87 0. 87625(v) 0.87462 0.88103 0.00163 0.00478

49. 35 0.15955 0.15831 0.16005 0.00124 0.00050

98. 69 0. 30910 0.29955 0. 30585 0.00955 0.00325

197. 38 0. 59137 0. 55805 0.57632 0.03332 0.01505

140 1.0 0.99092(v) 0.99061 0.99120 0. 00031 0.00027
9. 87 0.90358(v) 0.90123 0.90744 0.00235 0.00387

49. 35 0.16254 0.15727 0.16024 0. 00527 0.00230

98. 69 0.31913 0.28644 0.29774 0.02163 0.01033

197. 38 0.57817 0.51756 0. 54832 0. 06061 0.02985



- 143 -

TABLE A-1.3

Comparison of Calculated and Experimental Compressibility Factors

OO\IO\U'I»b-wNN""'"OOCOOOO.CDO

OOOOOOU‘!OON\OCDQO\‘S

.15

.25
.30

for A = 1.
or Argon a:'rR 1.0

(68-71)
xpt

0
0
0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0
1

. 94449
. 92530
. 90709
. 88149
. 84981
. 75245
. 69245
. 61896
. 53950
22906
. 27562
. 32645
. 39210
. 46833
. 58099
. 70449
. 82090
. 93760
. 05065

calc

0.94475
0. 92547
0.90570
0. 88540
0.84283
0. 74672
0.69228
0. 62789
0. 54643
0.21999
0.25204
0.29032
0.33850
0.38577
0.47700
0. 56437
0. 64854
0.73034
0. 80997

jaz |

0
0
0
0
0
0
0
0
0
0.
0
0
0
0
0
0
0
0
0

. 00026
.00017
.00139
.00390
. 00698
. 00480
. 00220
.00893
. 00692
00907
. 02357
.03610
.05360
.08260
.10399
.14012
.17236
.20726
.24068



Compa

TABLE A-1. 4

rison of Calculated and Experimental Céngaressibility Factors

P—""‘OOOw
OOOOOOO‘G‘»&NOOO‘&P

e Rk LA e

for Nitrogen at TR =1.0

(72)

expt anlc
0. 85072 0. 84168
0.76914 0. 74568
0. 63163 0. 62493
0.22620 0.22869
0. 24677 0. 238160
0.27316 0.25247
0. 29944 0.27126
0.32572 0. 29041
0. 45587 0. 35210
0.57919 0. 47581
0.82158 0.64613
1.04650 0. 80614
1.26730 0.95900
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TABLE A-I.5

Comparison of Calculated and Experimental Results

for the System Nitrogen (1) - Argon (2) at 110. 0° K

k.. 0. 000
ij .
i (75)
Experimental Clausius Deviations
X, P, atm Yy P, atm. Yy AP Ay
atm. % mol. fr. %o
0 6. 56 0 6. 57 0] 0.01 0.2 0 0
0.1365 7.74 0.2420 7.74 0. 2468 0.00 0.0 0. 005 2.1
0.2134 8:-35 0. 3499 8.38 0. 3548 0.02 0.2 0. 005 1.4
0.2156 8. 38 0.3539 8.39 0.3577 0.01 0.1 0. 004 1.1
0. 3469 9. 42 0. 5033 9.45 0. 5092 0.04 0.4 0. 006 1.2
0.4785 10. 41 0.6283 10. 50 0. 6336 0.09 0.9 0. 005 0.8
0.4959 10. 61 0. 6411 10. 64 0. 6485 0.03 0.3 0. 007 1.1
0.4988 10. €7 0. 6458 10.66 0.6510 0.01 0.1 0. 005 0.8
0. 5021 10. 64 0. 6486 10. 469 0. 6538 0.05 0.5 0. 005 0.8
0.6472 11. 67 0.7618 11.84 0.7677 . 0.16 1.4 0. 006 0.8
0.7750 12. 69 0. 8519 12. 86 0. 8571 0.17 1.3 0. 005 0.6
0. 8296 13.09 0. 8900 13,31 0. 8931 0.22 1.7 0.003 0.3
0.8747 13.48 0.9195 13.68 0.9221 0. 20 1.5 0. 003 0.3
0. 8854 13.56 0.9257 13.77 0.9289 0.22 1.6 0.003 0.3
0. 9442 14. 00 0.9643 14,27 0.9657 0.26 1.9 0. 001 0.1
1.000 14. 45 1.0 14.75 1.0 0.29 2.0 0.0 0.0
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TABLE A-I1.6

Comparison of Calculated and Experimental Results

for the System Nitrogen (1) - Argon at 110. 0°K

k__ = 0.000
ij .
Experimenial(75) R - K Deviations
x P, atm. Yy P, atm. Yy AP AYI
atm. Yo mol. 1r. %o
0 6. 56 0 6.57 0 0.01 0.2 0 0
0.1365 7.74 0.2420 7.68 0.2417 0.06 0.8 0.0003 0.12
0.2134 8..35 0. 3499 8.30 0. 3495 0.06 0.7 0.0004 OC.11
0.2156 8. 38 0. 3539 8. 31 0. 3523 0.07 0.8 0.0016 O0.45
0. 3469 9. 42 0. 5033 9. 35 0. 5048 0.07 0.7 0.0015 0.30
0.4785 10. 41 0.6283 10. 31 0.6307 0.04 0.4 0.0024 0. 38
0. 4959 10. 61 0. 6411 10.52 0. 6459 0.11 1.0 0.0048 0.75
0. 4988 10. 67 0.6458 10.53 0. 6484 0.13 1.2 0.0026 0.40
0. 5021 10. 64 0.6486 10. 56 0. 6512 0.08 0.8 0.0026 ©0.40
0.6472 11.67 0.7618 11.70 0. 7665 0.03 0.3 0.0047 0.62
0.775 12. 69 0.8519 12.72 0. 8569 0.03 0.2 0.0048 0. 56
0. 8296 13.09 0.8900 13.16 0. 8929 0.08 0.6 0.0029 0.33
0. 8747 13. 48 0.9195 13.53 0.9220 0.05 0.4 0.0025 0.27
0. 8854 13. 56 0.9257 13.62 0.9288 0. 06 0.4 0.0031 0.33
0. 9442 14. 00 0.9643 14.12 0.9657 0.12 0.9 0.0014 O0.15
1.0 14. 45 1. 14. 60 1.0 0.15 1.0 0 0



- 147 -

TABLE A-L.7

Comparison of Calculated and Experimental Results

for the System Nitrogen (1) -Oxygen (2) at 110. 05°K

k.. = 0.0016
1)
. 44

Experimental (44) Clausius Deviations

x P, atm. Yy P, atm. Yy AP Ayl
atm. Yo mol. fr. %o

0. 0616 6. 03 0.1517 5.97 0.1413 0.06 0.99 0.9104 6. 86
0.1266 6. 61 0.2626 6.58 0.2631 0.03 0.45 0.0005 0.19
0.2017 7..29 0.3750 7.27 0.3787 0.02 0.27 0.0037 0.99
0. 4169 9.23 0.6144 9.24 0. 6187 0.01 0.11 0.0043 0. 69
0. 5808 10. 73 0.7436 10.74 0.7498. 0.01 0.09 0.0062 0.83
0. 6309 11.14 0.7787 11.2 0.7845 0.06 0.54 0.0058 0.74
0. 7982 12.65 0. 8839 12.78 0. 8888 0.13 1.03 0.0049 0. 55
0.9045 13.66 0.9463 13. 82 0. 9486 0.16 1.17 0.0023 0.24
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TABLE A-L 8

Comparison of Calculated and Experimental Results

for the System Nitrogen (1) -Oxygen (2) at 110. 05°K

k,, = 0.0014
1)
Expcrimental (44) R-K Deviations
x) P, atm. ¥y P, atm. vy AP AYI
atm. %o mol. fr. %

0.0616 6.03 0.1517 6.04 0.1503 0. 01 0.17 0.0014 0.92
0.1266 6. 61 0.2626 6.70 0.2744 0.09 1.36 . 0.0118  4.49
0.2017 7.29 0.3750 7.43 0.3886 0.14 1.92 0.0136 3.63
0. 4169 9.23 0.6144 9. 40 0.6195 0.17 1.84 0.0051 0.83
0. 5808 10.73 0.7436 10. 84 0. 7459 0.11 1.02 0.0023 0.3
0. 6309 11.14 0.7787 11.28 0.7799 0.14 1.26 0.0012 0.15
0.7982 12.65 0. 8839 12.76 0. 8842 0.11 0.87 0.0003 0.02
0.9045 13. 64 0.9463 13.73 0. 9459 0.07 0.51 0.0004 0.04
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TABLE A-1.9

Comparison of Calculated and Experimental Results

for the System Nitrogen(l) - Methane (2) at 110. 94°K

k . = 0.025
1)
. (76) .
Experimental Clausius Deviations
X, P, atm. Yy P, atm. Y, AP Ayl
atm. %o mol. fr. To
0.0320 1.70 0.4270 1.72 0. 4283 0.02 1.2 0.0013 0.30
0.0470 2.04 0. 5240 2.04 0.5221 0.0 0.0 0.0019 0.36
0.0630 2.33 0. 5980 2.39 0. 5925 0. 06 2.6 0. 0055 0.92
0. 0800 2.72 0. 6490 2.74 0.6470 0.02 0.7 0. 0020 0. 31
0.1150 3. 40 0.7210 3.43 0.7219 0.03 0.9 0. 0009 0.12
0.1520 4,08 0. 7680 4.13 0.7719 0.84 0.9 0.0039 0. 5t
0.1900 4. 76 0.8010 4. 80 0. 8068 0.04 0.8 0.0058 0.72
0.2340 5. 44 0. 8290 5.52 0. 8355 0.08 1.5 0. 0065 0.78
0.2830 6.12 0. 8510 6.28 0. 8587 0.15 2.5 0.0077 0. 90
0. 3380 6. 80 0.8700 7.06 0. 8780 0.26 3.8 0.0080 0.92
0. 4860 8. 51 0.9070 8.93 0.9127 0.42 4.9 0. 0057 0. 63
0.6380 10. 21 0. 9330 10.65 . 0.9374 0.45 4.4 0.0044 0. 47
0. 7800 11.91 0.9550 12.31 0. 9586 0.40 3.4 0.0036 0. 38
0.9020 1 3. 61 0.9770 13.95 0.9792 0.34 2.5 0.0022 0.23
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TABLE A-IL. 10

Comparison of Calculated and Experimental Results

for the System Nitrogen (1) -Methane (2) at 110. 94°K

= 0.026

.07

k.
1)
Experimental (76) R-K Deviations
%, P, atm. y'l P, atm. Y, AP Ay,
atm. %o ~ mol. fr. Yo

0.0320 1. 70 0. 4270 1.65 0. 4267 0.05 2.9 0.0003 0
0.0470 2,04 0. 5240 1.96 0. 5207 0.08 3.9 0.0032 0. 61
0.0630 2.33 0. 5980 2.29 0.5914 0.04 1.7 0.0066 1.10
0.0800 2. 72 0. 6490 2.63 0. 6462 0. 09 3.3 0.0008 0.35
0.1150 3. 40 0.7210 3.30 0.7218 0.10 2.9 0.0008 0.11
0.1520 4,08 0. 7680 3.98 0.7722 0.11 2.7 0.0042 0.55 "
0.1900 4, 76 0.8010 4,63 0.8075 0.13 2.7 0.0065 0. 81
0.2340 5. 44 0. 8290 5.34 0. 8365 0.10 1.8 0.0075 0.¢20
0.2830 6.12 0. 8510 6.08 0. 8599 0. 04 0.7 0.0089 1.05
0.3380 6. 80 0.8700 6. 86 0.8795 0.06 0.9 0.0095 1.09
0. 4860 8. 51 0.9070 8.73 0.9145 0.22 2.6 0.0075 0.82
0. 6380 10. 21 0.9330 10. 47 0.9392 0.27 2.6 0.0062 0.67
0. 7800 11.91 0. 9550 12.14 0.9600 0.23 1.9 0. 0050 0.52
0.9020 13. 61 0.9770 13.79 0.9800 0.18 1.3 0.0030 0. 31
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TABLE A-L 11

Comparison of Calculated and Experimental Results

for the System Argon (1) -Oxygen (2) at 110. 0°K

k, = 0.0077
1)
Ex : (77) . e
perimental Clausius Deviations
%, P, atm. yl P, atm. ¥, AP Ay,
atm. %  mol.fr. %

0 5. 35 0 5.36 0 0. 01 0.2 0 0
0.0452 5. 45 0.0602 5.46 0. 0593 0.01 0.2 0.0069 1.50
0.0841 5. 53 0.1098 5. 54 0.1081 0.01 0.2 0.0017 1.55
0.1624 5. 67 0.2006 5.68 0. 2010 0.01 0.2 0.0004 0.20
0.2668 5. 84 0.3163 5. 86 0. 3155 0.02 0.3 0.0008 0.25
0. 3457 5. 98 0.3960 5.98 0. 3964 0.00 0.0 0.0004 0.10°
0.3885 6.04 0.4372 6.04 0. 4387 0.00 0.0 0.0015 0.34
0. 5664 6.24 0. 6050 6.26 0. 6058 0.02 0.3 0.0008 0.13
0. 6986 6. 37 0.7230 6. 39 0. 7247 0.02 0.3 0.0017 O.2-
0.7734 6. 44 0. 7907 6. 45 0.7915 0.01 0.2 0.0008 0.10
0.7855 6. 45 0.8025 6. 46 0.8024 0.0l 0.2 0.0001 0.0L
0.8504 6. 49 0.8608 6. 50 0. 8608 0.01 0.2 0. 0000 0.00
0.9251 6.53 0.9296 6. 54 0.9293 0.01 0.2 0.0003 0.03
0.9425 6. 54 0. 9460 6. 55 0. 9455 0.0l 0.2 0.0005 0.05
1.0 6. 56 1.0 6.57 1.0 0.01 0.2 0.0 0
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TABLE A-I.12

Comparison of Calculated and Experimental Results

for the System Argon (1) - Oxygen (2) at 110. 0°K

k = 0.0104
1)
Experimental (77) R-K Deviations
X, P, atm. Yy P, atm. Yy AP AYl
atm. Yo mol. fr. T

0.0 5. 35 0.0 5. 36 0.0 0. 0l 0.2 0 0 ;
0.0452 5. 45 0.0620 5. 46 0.0596 0.01 0.2 0. 0006 0.97 %
0.0841 5.-53 0.1098 5. 54 0.1086 0.01 0.2 0.0012 1.09 3
0.1624 5. 67 0.2006 5.69 0.2014 0.02 0.4 0. 0008 0.40
0.2668 5. 84 0.3163 5. 87 0.3156" 0.03 0.5 0. 0007 0.22 :
0. 3457 5.98 0.3960 5.99 0. 3962 0.01 0.2 0. 0002 0.05
0. 3885 6. 04 0.4372 6.05 0. 4384 0.01 0.2 0.0012 0.27 71
0. 5664 6. 24 0. 6050 6.27 0. 6051 0.03 0.5 0. 000! 0.02
0. 6986 6.37 0.7230 6.39 0. 7241 0.02 0.3 0.0011 0.15 °
0.7734 6. 44 0.7907 6. 45 0.7911 . 0.01 0.2 0.0004 0.05 -
0. 7855 6. 45 0.8025 6. 46 0. 8020 0.01 0.2 0.0005 0. 06

0. 8504 6. 49 0.8608 6. 50 0. 8606 0.01 0.2 0.0002 0.02
0.9251 6. 53 0.9296 6.54 0.9293 0.01 0.2 0.0003 0.03
0.9425 6. 54 0.9460 6.55 0.9455 0.01 0.2 0.0005 0.05
1.0 6. 56 1 6.57 1.0 0.01 0.2 0. 0
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Comparison of Calculated and Experimental Results

for the System Argon (1) -Methane (2) at 115. 2°K

41

k = 0.0184
1]
Exoerimental (78) . .
xperimental Clausius Deviations
X, P, atm. Yy P, atm. v, AP Ay,
atm. %o mol. fr. %o

0.044 1.95 0.2640 1. 77 0. 2629 0.18 9.2 0.0011 0.
0.1050 2.37 0. 4690 2.33 0. 4666 0.04 1.7 0.0024 0.51
0.1170 2. 45 0. 4930 2.44 0,4950 0. 01 0.4 0.0020 0.4l
0.1700 2.99 0. 5940 2.91 0.5941 0.08 2,17 0. 0001 0.02
0.2210 3.38 0. 6470 3.34 0. 6621 0.04 1.2 0.0151 2.33
0. 3330 4.15 0.7470 4.24 0.7614 0.09 2.2 0.0144 1.93
0. 4350 5.10 0. 8180 5.01 0. 8204 0.09 1.8 0.0024 0.29
0. 4760 5.31 0. 8310 5.31 0. 8394 0.00 0.0 0.0084 1.01 °
0. 4810 5.29 0. 8430 5.35 0. 8416 0.06 1.1 0.0014 0.17 -
0.6020 6.26 0. 8850 6.21 0.8874 0.05 0.8 0.0024 0.27
0. 6150 6.19 0. 8630 6. 30 0.8917 0.11 1.8 0.0287 3.33
0. 656 6. 53 0. 8870 6.58 0. 9048 0.05 0.8 0.0178 2.0l
0.658 6. 51 0. 8960 6. 60 0.9054 0.09 1.4 0.0094 1.05
0.7082 7.04 0.9240 6.95 0.9204 0.09 1.3 0.0036  0.39
0.7250 7.00 0.9230 7.07 0. 9253 0.07 1.0 0.0023 0.25
0.7290 7.07 0.9240 7.09 0. 9264 0.02 0.3 0.0024 0.26
0.8020 7. 62 0. 9470 7.61 0. 9467 0.01 0.1 0.0003 0.03
0.8070 7.68 0.9480 7.65 0. 9481 0.03 0.4 0. 0001 0.01
0. 8610 8.03 0.9620 8.04 0.9626 0.01 0.1 0.0006 0.06
0. 8760 8.14 0.9620 8.15 0. 9666 0.01 0.1 0.0046 0.48
0.9160 8. 45 0.9780 8.45 0.9773 0.0 0.0 0.0007 0.07
0.9310 8. 57 0.9830 8. 56 0.9813 0.0l 0.1 0.0017 0.17
0.9530 8. 73 0.9860 8.73 0.9872 0.01 0.1 0.0012 0.12
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TABLE A-1. 14

Comparison of Calculated and Experimental Results

for the System Argon (1) -Methane (2) at 115. 2°K

k ., = 0.0229
1)
Experimental (78) R-K Deviations
%, P, atm. y'l P, atm. Yy AP A Yy
atm. Yo mol. fr. %

. 0440 1.95 0. 2640 1.76 0.2623 0.18 9.2 0.0017 0.64 ¥
.1085 2. 37 0. 4690 2.33 0. 4661 0.04 1.7 0.0029 0.62
.1170 2. 45 0. 4930 2. 44 0. 4946 0. 01 0.4 0.0016 0.32
.1700 2.99 0. 5940 2.90 0. 5939 0.09 3.0 0.0091 0.02
.2210 3.38 0. 6470 5.33 0. 6621 0.05 1.5 0. 0151 2.33
. 3330 4.15 0. 7470 4.24 - 0.7617 0.09 2.2 0.0147 1.97
. 4350 5.10 0. 8180 5.01 0. 8208 0.09 1.8 0.0028 0.3%
. 4760 5. 31 0. 8310 5.31 0.8398 0.0 0.0 0.0088 1.06
. 4810 5.29 0. 8430 5.35 0. 8420 0.06 1.1 0.0010 0.12
. 6020 6. 26 0. 8850 6.21 0. 8878 0.05 0.8 0.0028 0.32
. 6150 6.19 0.-8630 6.30 0. 8921 0.11 1.8 0.0291 3.3'7
. 6560 6. 53 0. 8870 6.58 0. 9052 0.05 0.8 0.0182 2.05
. 6580 6. 51 0. 8960 6. 60 0. 9058 0.09 1.4 0.0098 1.09
. 7080 7.04 0.9240 6.95 0.9207 0.09 1.3 0.0033 0. 36
. 7250 7. 00 0.9230 7.07 0. 9256 0.07 1.0 0. 0026 0.28
. 7290 7.07 0.9240 7.09 0.9268 0.02 0.3 0.0028 0. 30
. 8020 7.62 0.9470 7.61 0.9470 0.01 0.1 0.0 0.0

. 8070 7.68 0.9480 7.65 0.94853 0.04 0.5 0.0003 0.03
. 8610 8.03 0.9620 8.04 0.9628 0.01 0.1 0.0008 0.08
. 8760 8.14 0.9620 8.15 0.9668 0.01 0.1 0.0048 0. 50
. 9160 8. 45 0.9780 8. 45 0.9774 0.0 0.0 0. 0006 0.06
.9310 8. 57 0.9830 8. 56 0.9814 0.01 0.1 0.0016 0.16
. 9530 8.73 0. 9860 8.73 0.9872 0.0 0.0 0.0013 0.13
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TABLE A-I.18

Comparison of Calculated and Experimental Results for the

System Propane (1) - Carbon Dioxide (2) at 40.0F

k.., = 0.0762
1)
. (80) . . s
Experimental Clausius - Deviations
x1 P, atm. yl P, atm. | yl AP AY 1

atm. %  mol.fr. % \,
"
wt
0.9753 6. 80 0. 7944 6.55. 0.8061 0.25 3.67 0.0117 1. 47 %
0.9116 10.21 0.5324 9. 80 0.5412 0.4l 4.01 0.0088 1.65 s'j
0. 8398 13. 61 0.3964 13.24 0. 3981 0.37 2.72 0.0017 0.42 |
0. 7598 17.01 0.3136 16.79 0. 3092 0.22 1.29 0.0044 1. 40 «:
.6684 20. 41 0.2569 20. 48 0. 2469 0.06 0.29 0.0100 3.89 7
. 5639 23.82 0.2124 24.20 0.1998 0.38 1.60 0.0125 5.88 -
. 4468 27.22 0.1691 27.83 0.1615 0. 61 2.24 0.0076 4,49 ..

. 3286 30. 62 0.1312 31.04 0.1289 0.42 1.37 0.0023 1.75

. 2044 34.02 0.0898 34.12 0. 0936 0.09 0.26 0.0038 4,23

. 0599 37.43 0.0298 37.41 0 0.02 0.05 0.0075 25.17

00000 O0

.0373
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TABLE A-I.19

Comparison of Calculated and Experimental Results for the

System Propane (l) -Carbon Dioxide (2) at 40. 0'° F

k,. = 0.095
1)
Experimental (80) R-K Deviations
x, P, atm. .Yl P, atm. ¥y AP Ayl
atm. % mol. fr. %

0.9753 6. 80 0. 7944 6.70 0. 8069 0.10 1.53 0.0125 1.57
0.9116 10.21 -0.5324 9.98 0.5414- 0.23 2.23 0.0090 1.69
0. 8398 13. 61 0.3964 13. 46 0. 3969 0.15 1.08 0.0005 0.13.
0. 7598 17.01 0.3136 17.06 0. 3069 0.05 0.30 0.0067 2.14 |
0. 6684 20. 41 0. 2569 20. 80 0. 2436 0.38 1.88 0.0133 5.18
0. 5639 23. 82 0.2124 24.58 0.1957 0.76 3.67 9.0167 7.86
0. 4468 27. 22 0.1691 28.24 0.1569 1.02 3.77 0.0122 7.21

- 0.3286 30. 62 0.1312 31. 44 0.1245 0. 82 2.68 0.0067 5.11
0. 2044 34,02 0.0898 34,42 0. 0904 0.40 1.18 0.0006 0.67
0.0599 37.43 0.0298 37.49 0.0369 0.08 0.22 0.0071 23.83




Comparison of Calculated and Experimental Results for the
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TABLE A-I1.20

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

k.., = 0.0489
ij
Experimental (81) Clausius Deviations
x, P, atm. Y, P, atm. Yy AP Ayl
atm. L) mol. fr. % ..‘

0. 021 4.11 0.133 4.08 0.1438 0.03 0.73 0.0108 8.12
0.066 5.77 ~0.386 "5.34 0.3492° 0.43 7.45 0.0368 9.53 °
0.131 7. 55 0.539 7.15 0. 5222 0. 41 5.43 0.0168 3.12 ,
0. 209 9.99 0.655 9. 31 0. 6436 0.68 6.81 0.0114 1.74
0. 355 13.84 0.763 13.29 0. 7691 0.55 3.97 0.0061 0.79 =~
0. 468 16.28 0.818 16. 26 0. 827 0.02 0.12 0.0090 1.10 .
0. 607 19. 31 0.870 19.71 0.8775 . 0.40 2.07 0.0075 0.86
0.716 21. 49 0.904 22.17 0.9089 0.68 3.16 0. 0049 0. 54
0. 805 23. 34 23.93 0.932 0. 59 2.53
0. 858 24. 41 24.86  0.9457 0. 44 1.80
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TABLE A-I.21

Comparison of Calculated and Experimental Results for the

System Hydrogen Sulfide (i) -n-Butane (2) at 100° F

K = 0.062
ij
Experimental (81) R-K h Deviations
x). P, atm. Yy . P,atm. Y, . AP . A LA |
atm. % mol. fr. % "w

0.021 4.11 0.133 4.13 0.152 0.02 0.49 0.019 14.29 &
0. 066 5. 77 0. 386 5.43 0.366 0. 34 5.89 0.02 5.18 ~
0.131 7. 55 0.539 7.29  0.540 0.26 3.44 0.001 0.19 &
0. 209 9. 99 0. 655 9. 48 0. 661 0.51 5.11 0.006 0.92 %
0. 355 13.84 0.763 13. 41 0. 783 0. 43 3.11 0.020 2.62 ¢
0. 468 16.28 0.818 16.26 0.838 0.02 0.12 0.020 2.44
0. 607 19. 31 0.870 19. 49 0. 886 0.17 0.88 0.016 1.84°
0.716 21. 49 0.904 21.76 0.916 0.27 1.26 0.012 1.33
0. 805 23. 34 - 23.45 0.938 0.11 0.47
0. 858 24. 41 24.39 0.951 0.02 0.08
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TABLE A-I.26

ated and Experimental Results for the System

Argon (4) - Methane (2) at 115. 22°K

k,, = 0.025
1)
Experimental Calculated Deviations
P, atm. %, ' Y, In v, In v'yz | Ayl.l
mol. fr. Yo

1.87 0.0551 0.3107 0. 3101 0.2828 0.0 0.0006 0.19
3.58 0. 2492 0. 6930 0. 6934 0.1954 0.0169 0.0004 0.06
4,06 0.3213 0.7549 . 0.7543 0.1650 0.0289 0.0006 0.08
5. 56 0. 5075 0.8532 0. 8536 0.0951 0.0793 0.0004 0.05
7.45 0.7780 0.9410 0.9405 0.0221 0.2128 0.0005 0.05
8. 76 0. 9561 0.9889 0.9880 0.0010 0. 3523 0.0004. 0.09
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TABLE A-L 27

Comparison of Calculated and Experimental Results for the System

Nitrogen (1) - Argon (2) at 100.0°K

k.. = 0.0
1)
Exl:;erimenta.l Calculated

P, atm x, ¥y Yy In Y, In Y,
3.89 0.1389 0.2780 0.2789 0.0970 0.0022
5.00 0.3792 0.5771 0.5768 0.0467 0. 0201
5.36 0.4613 0.6518 0.6512  0.0346 0.0295
5.65 0.5287 .0.7066 0. 7060 0.0258 0.0378
6.28 0. 6721 0.8083 0. 8087 0.0119 0.0585
6. 60 0. 7459 0.8554 0.8559 ~-0.0074 0.0710
7.27 0. 8999 0.9469 0. 9460 0.0011 0.0987

Deviations
|ay,]
mol. fr. %o
0. 0009 0.32
0.0007 0.12
0. 0006 0.09
0.0006 0.08
0.0004 0.05
0.0005 0. 06
0.0009 0.10

Za
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TABLE A-I. 28

Vapor -Liquid Equilibrium Data for the System Ethylene(l)-Propane(2)

P, atm.

1.
10.
11.
15.
17.
20.
22.
24.
25,
29.
32.
35,
38.

11.
11.
12.
12,
17.
19.
24,

— O ;N

72
53
79
24
66
13
00
53
96
13
15
41
69

.17
.08

27
82
67
82
09
37
78

.99
.00
.43
.07
.15
.34

*1

0.0996

0.1905
0.2308
0. 3402
0.4157
0.4915
0. 5466
0.6212
0.6617
0.7478
0.8238
0.8980
0.9635

0.0540
0.2540
0. 4000
0. 4250
0. 4630
0.4702
0. 6565
0. 7505
0. 9490

0.1856
0.2755
0. 4065
0.5577
0.7485
0.9355

k., = 0.0

ij

T = 273.06 °K

Y,

. 4101
. 5818
. 6329
. 7316
. 7793
0.3175
0. 3410
0. 3693
0.8832
0.9111
0.9350
0.9593
0.9836.

00000

255.38 °K

0.3198
.71 47
. 8169
. 8294
. 8466
. 8495
L9127
. 9377
. 9865

00000000

227.9°K

. 7444
. 8226
. 8858
. 9284
. 9636
. 9909

e NeNeoNele)

o0 OO0 P C)F)P o P O OO
(@
~
o
o

© 0.1393

0.1021
0.0730
0.0685
0.0613
0.0599
0.0282
0.0157
0.0007

0.1326
0.1113
0.0808
0.0488
0.0174
0.0010

In Y,

0.0004

0.0025
0.0043
0.0133
0.0239
0.0391
0.0536
0.0784
0. 0946
0.0136
0.1823
0. 2363
0.2921

0. 6003
0.0070
0.0215
0.0249

"0.0307

0.0318
0.0732
0.1030
0.1895

0. 0046
0.0110
0.0269
0.0569
0.1167
0.2042



TABLE A-I.28

P, atm.

1.41
1. 64
1.84
2.56
3.66
4.13
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(cont'd)

*

0.2505
0.3025
0. 3469
0. 522

0.7999
0.9159

T =199.83°K

Yy

0. 8890
0.9098
0.9233
0.9567
0.9851
0.9924

hlyl

0.1743
0.1565
0.1414
0.0847
0.0173
0.0033

0O00O0O00O0

.0126
.0194
.0267
.0708
. 2656
.2913
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TABLE A-l.29

R-K Equation of State Parameters

T, °K Q
_ a
Argon . 90. 5 0. 40582
100.0 0. 41063
110.0 0.41316
115.2 0. 41296
120.0 0. 41399
Nitrogen 90. 5 0.42325
100 0. 42088
110 0. 41 397-
110.05 0.413797
110.94 0. 41331
120 : 0. 40826
Oxygen 70.0 0. 38983
80.0 0.40077
90.0 0.40850
90.5 0.41029
100.0 0.41358
110.0 0. 41606
120.0 0.41618
130.0 0. 41843
140.0 0. 41004
Methane 110. 94 0.40324
115. 20 0. 40541
Carbon dioxide 277.5 0. 40737
283.0 0.40453 -
288. 6 0.40110
294. 27 0. 39792
299.8 0. 41730
Hydrogen sulfide 271.5 0. 42311
283.0 0.42216
288. 6 0. 41840
294.3 0.42129
299. ' 0. 41872
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TABLE A-IL 30

Critical Constants and Acentric Factor of Pure Fluids

Component

Methane

Ethylene

Ethane

Propane
n-Butane

Cé.rb on dioxide
Hydrogen sulfide
Nitrogen

Oxygen

Argon

»

Pc, atm. Ve, ml/g-mole Tc, °K
45.8 98. 72 191.06
49.98 127. 64 282. 66
48. 50 141. 72 305. 50
42.10 195. 70 370. 00
37. 47 254. 71 425.17
72. 90 94.00 304.20
88. 90 97. 70 373. 60
33.5 90. 09 126.2
49. 77 73.38 154. 58
48. 0 75.2

150. 72

]
(=]

OOOOOOOOC

.013
.085
.105
.152
. 201

225

.100
.04

.021
.002
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APPENDIX II

Tables A-II.1 to A-II. 28 for Chapter V
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TABLE A-IIL 1

Comparison of Calculated and Experimental y Values for the Syétem

psia NZ
20.98 0.0197
22.33 0.0496
24. 09 0.0967
27.00 0.1688
29. 36 0. 2344
32. 47 0.3199
32. 63 0.3268
36. 25 0. 4344
39. 68 0. 5353
40. 93 0. 5811
43.78 0. 6657
43.99 0.6718
46. 77 0. 7569
47. 65 0.7873
49.95 0. 8580
50. 58 0.8764
52.34 0.9340

. Nitrogen - Argon at 90. 5°K

YNé

Expt (73) Calc
0.9964 1.000

1.0014 1.0003
1.0065 1.0015
1.0103 1.0047
1.0137 ©1.0090
1.0245 1.0170
1.0224 1.0182
1.0383 1.0315
1.0517 1.0481
1.0629 1.0576
1.0814 1.0757
1.0932 1.0779
1.1064 1.0997
1.1178 1.1086
1.1376 1.1298
1.1673 1.1354
1.1474 1.1560

YA
Expt (73) Calc
1.1709 1.1723
1.1781 1.1618
1.1210 1.1445
1.1242 1.1208
1.1022 1.1019
1.0827 1.0800
1.0788 1.0779
1.0530 1.0544
1.0403 1.0367
1.0256 1.0294
1.0190 1.0182
1.0168 1.0182
"1.0120 1.0101
1.0077 1.0074
1.0050 1.0033
1.0036 1.0025
1.0020 1.0006
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TABLE A-IL.2

Comparison of Calculated and Experimental y Values for the System '

psia

48.
50.
53.
57.
58.
62.
68.
72.
5.
1.
82.
85.
90.
.92

92.

98.

99.
100.

91

101

56
90
07
40
58
87
98
12
84
79
27
45
69

27
28
45
20

.91
103.
104,
105.
106.
106.
109,

47
78
93
83
69
56

0
0
0
0
0
0

x
NZ

.0195
. 0480
.0813
. 1400
.1565
.2222
0.

3092

0.3618
0. 4142
0. 4421
0. 5169
0.5703
0. 6483
0. 6597
0. 7485
0.
0
0
0
0
0
0
0
0
0

7691

. 7888
. 7982
. 8230
. 8514
. 8685
. 8903
. 9001
. 9444
. 9470

Nitrogen - Argon at 100°K

YNZ
Expt(75) . Calc
1.0001 1.0001
1.0005 1.0004
1.0012 1.0012
1.0035 1.0034
1.0044 1.0043
1.0086 1.0034
1.0161 1.0160
1.0217 1.0217
1.0281 1.0281
1.0318 1.0318
1.0426 1.0427
1.0512 1.0514
1.0650 1.0653
1.0672 1.0675
1. 0849 1.0852
1. 0893 1.0896
1. 0936 1.0938
1.0957 1.0959
1.1012 1.1014
1.1078 1.1078
1.1119 1.1118
1.1171 1.1169
1.1195 1.1192
1.1307 1.1300
1.1313 1.1306

Ya
Expt (75) Calc
1.1635 1.1624
1.1518 1.1510
1.1389 1.1385
1.1182 1.1181
1.1128 1.1128
1.0930 1.0931
1.0706 1.0707
1.0590 1.0590
1.0487 1.0486
1.0437 1.0436
1.0319 1.0317
1.0248 1.0245
1.0163 1.0159
1.0152 1.0148
1.0082 1.0078
1. 0069 1.0065
1.0057 1.0054
1.0052 1.0049
1.0041 1.0038
1.0029 1.0026
1.0023 1.0020
1.0016 1.0014
1.0014 1.0012
1. 0006 1.0004
1. 0005 1.0003



- 178 -

TABLE A-II. 3

Comparison of Calculated and Experimental y Values for the-System

X

psia qu

113.93 0.1365
122. 89 0.2134
123. 31 0. 2156
138. 39 0-. 3469
153.18 0. 4785
155. 74 0. 4959
156. 60 0. 4988
156. 31 0. 5021
171. 81 0.6472
186. 46 0. 7750
192. 58 0. 8296
198.13 0. 8747
199.12 0. 8854
205,95 0.9442

Nitrogen - Argon at 110. 0°K

YNZ
Expt (73) Calc
1.0091 1.0024
1.0101 1.0060
1.0095 1.0061
1.0203 1.0161
1.0322 1.0304
1.0437 1.0336
1.0401 1.0337
1.6373 1.0339
1.0644 1.0566
1.0936 1.0822
1.0952 1.0953
1.1098 1.1063
1.1235 1.1085
1.1319 1.1252

YA
Expt (7> Calc
1.1030 1.1030
1.0366 1.0854
1.0910 1.0844
1.0591 1.0576
1.0383 1.0366
1.0354 1.0346
1.0413 1.0336
1.0375 1.0328
1.0151 1.0161
1.0057 1.0070
1.0040 '1.0040
1.0032 1.0020
1.0012 1.0017
1.0005 1.0004
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TABLE A-IL. 4

Comparison of Calculated and Experimental y Values for the System

psia
199.
216.
21 6.
237,
260.
261.
265.
293,
315.
336.
338.

69
05
47
52
14
55
26
14
89
09
65

Nitrogen - Argon at 120.0°K

YNZ
XN Expt (73) Calc
2

0.1275 1.0014 .1.0020
0. 2169 1.0069 1.0060
0. 2201 1.0067 1.0061
0. 3352 1.0183 1.0141
0. 4536 1.0306 1.0274
0. 4661 1.0314 1.0284
0. 4829 1.0325 1.030
0. 6316 1.0596 1.0523
0. 7603 1.0770 1.0779
0.8677 1.1063 1.1019
0. 8800 1.1293 1.1052

Expt

(7

.1086
.0798
.0782
. 0531
.0413
. 0376
. 0375
. 0200
. 0084
. 0015
. 9996

5)

Calc

.0030
.0822
.0811
.0586
.0398
1.0377
1.0346
1.0182
1.0070
1.0020
1.0018

— e e e
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"TABLE A-II. 5

Comparison of Calculated and Experimental y Values for the System

psia
19.
19.
19.
19.
18.
18.
18.
16.
16.

99
74
43
27
56
03
47
83
17

.100
200
. 300
. 400

. 600
. 700
. 800
. 900

Oxygen -~ Argon at 90. 5°K

Yo

. 500 -

Expt (117)

1. 0004
1.0078
1.0182
1.0432
1.0463
1.0662
1.0922
1.1141
1.1623

1

1
1
1

p— - - =

Calc

.0017
.0068
.0154
L0271
l.
.0643
. 0891
.1186
.1534

0440

Ya
Expt (117) Calc
1.1585 1.1505
1.1248 1.1179
1.0982 1.0896
1.0854 1.0655
1.0508 1.0453
1.0336 1.0289
1.0216 1.0163
1.0166 1.0072
1.0133 1.0018
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TABLE A-II. 6

Comparison of Calculated and Experimental Yy Values for the System

sia
46. 36
45. 84
45,20
44, 41
43. 44
42. 38
41.22
39.93
38.33

0.
. 200

OOOOO0.00

100

300

. 400
. 500
. 600
. 700
. 800
. 900

Oxygen - Argon at 100. 0°K

Yoz
Expt(u7) Calc
0.9971 1.0014
1.0022 1.0056
1.0104 1.0128
1.0208 1.0231
1.0333 1.0368
1.0487 1.0540
1.0692 1.0751
1.0936 1.1003
1.1172 1.1301

Exp

1.1303
1.1024
1.0784
1.0571

. 0248
.0138
. 0062
. 9983

o._..—a.-a,—o

L (117)

.0388 .

Ca.lc'

1.1257
-1.0992
1.0759
1.0559
1.0389
1.0250
1.0141
1.0063
1.0016
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TABLE A-IL 7

Comparison of Calculated and Experimental Yy Values for the System

psia 02
96.02 0.100
95.09 0. 200
93.93 0. 300
92. 50 0. 400
90. 73 0. 500
88. 80 0. 600
86.73 0. 700
84. 42 0. 800
82.08 0. 900

Oxygen - Argon at 110. 0°K

Yoz
Expt (117) Calc
1.0038 1.0013
1.0078 1.0053
1.0142 1.0118
1.0226 1.0200
1.0325 1.0327
1.0507 1.0472
1.0628 1.0643
1.0822 1.0843
1.1008 1.1071

Ya
Exp (117) Ca.lc‘
1.1148 1.1093
1.0903 .1.0848
1.0699 1.0639
1.0519 1.0463
1.0354 . 1.0317
1.0185 1.0200
1.0131 1.0112
1.0067 1.0049
1.0054 1.0012
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TABLE A-II. 8

Comparison of Calculated and Experimental v Values for the System

psia
176.
174.
172.
170.
167.
164.

161

13
68
81
50
64
49

.19
1 57.

152.

53
87

0.
0.
0.
0.
. 500 -

o © © ©O

100
200
300
400

600
700

. 800
. 900

Oxygen - Argon at 120°K

Yoz
Expt(u7) Calc
1.0088 -1.0011
1.0120 1.0045
1.0218 1.0100
1.0240 1.0178
1. 0324 1.0276
1. 0431 1.0396
1.0579 1.0538
1.0750 1.0701
1.09 1.0887

1
1
1.0521
1

Expt (117)

.1042
. 0830

. 0491
1.0345
1.0232
1.0148
1.0091
1.0027

Calc

1.0913
1.0708
1.0532
1.0385
1.0263
1.0166
1.0092
10040
1.0010



- 184 -

TABLE A-IL.9

Comparison of Calculated and Experimental y Values for the System

psia
17.25
19.91
22.78
23.00
23.53
26. 57
31.27
33.36
35.29
36.12
36. 62
41.84
49.10

x
NZ

0. 9458
0. 8900
0. 8241
0. 8212
0. 8060,
0. 7287
0. 6097
0. 5511
0. 5043
0. 4931
0.4964
0. 3521
0.1626

Nitrogen - Oxygen at 90.5°K

Y,

Expt (44) Calc
1.1056 1.0010
1.1135 1.0040
1.1163 1.0090
1.1205 1.0091
1.1089 1.0111
1.0868 1.0212
1. 0641 1.0450
1.0465 1.0597
1.0391 1.0736
1.0467 1.0768
1.0338 1.0855
1.0407 1.1298
1.0247 1.2251

Ya
EXpt(44) Calc
0. 9883 1.2956
1.0069 1.2586
1.0088 1.2361
1.0129 1.2165
1.0122 1.2068
1.0151 1.1653
1.0272 1.1140
1.0359 1.0920
1.0604 1.0768
1.0838 1.0736
1.0707 1.0661
1.1034 1.0359
1.1623 1.0076
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TABLE A-II. 10

Comparison of Calculated and Experimental Yy Values for the System

Oxygen - Nitrogen at 99. 94°K

Yoz YNZ
P . X0 Expt (44) Calc Expt (44) Calc
psia : 2
40.11 0.9500  1.2110 1.2099 1.0006 1.0006
42. 66 0. 9299 1.1997 1.1990 1.0012 1.0012
44, 41 0. 9005 1. 841 1.1838 1.0025 1.0024
47, 85 0: 8640 1.1660 1..1661 1.0045 1.0044
50. 73 0. 8209. . 1.1464 1.1467 1.0077 » 1.0075
56. 51 0. 7488 1.0428 1.0426 1.0593 1.0596
69.95 0. 5752 1.0641 1.0642 1.0403 1.0403
74.11 0.5125 1.0496 1.0495 1.0523 1.0524
82. 64 0.4103 1.0307 _ 1.0307 ©1.0748 1.0753
85. 84 0. 3624 1.0236 1.0232 1.0866 1.0872
97.58  0.1944  1.0066 1.0062 1.1346 1.1352
105. 52 0.0914 1

.0016 1.0016 1.1681 1.1688
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TABLE A-

II. 11

Comparison of Calculated and Experimental vy Values for the System

Oxygen - Nitrogen at 110.05°K

psia xOZ
88. 54 0. 9348
97. 46 0.8734
107. 00 0. 7983
135.75 0. 5831
157. 56 0. 4192
163. 55 0. 3691
185.92 0.2018
200. 79 0.0955

Yoz
Expt(44) Calc
1.1655 1.1445
1.0292 1.1252
1.0960 1.1030
1.0563 1,0534
1.0303 1.0274
1.0215 1.0212
1.0059 1.0060
1.0022 1.0010

Expt (44)

0.
1.
1
1.
1
1
1
1

9957
0056

. 0034

0315

.0678
. 0756
.1291
.1610

Calc

1.0010
1.0020
1.0060
1.0274
1.0408
1.0629
1.1030
1.1343



Comparison of Calculated and Experimental y Values for the System
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TABLE A-IL. 12

psia xoZ
174. 04 0.8798
189.18 0. 8082
213. 50 0. 6910
234. 43 0. 5889
264.95 0. 4474
277. 75 0. 3751
315. 54 0.2100
337. 39 0.1162

Oxygen - Nitrogen at 119. 92°K

YOZ

Expt (44) Calc
1.1276 1.1096
1.1153 1.0920
1.0756 1.0661
1.0568 1.0471
1.0388 1.0274
1.0248 1.0192
1.0108 1.0060
1.0035

1.0020

Exp

1
1

p—

p— - =

. 0022
. 0056

. 0254
. 0388
. 0644
. 0701
L1197
.1649

¢ (44)

Calc

1.0020
1.0050
1.0131
1.0233
. 0408
. 0534
.0876
1.1107

-
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A-1I1 - 1 Evaluati
- va p.a ion of Qa’ Qb and Qc

G LEVEL 19 MAIN DATE = 71169 12731/

c EVALUATION OF THE ACJUSTASLE PARAMETER OF THR CLAUSIUS EQUATIOM

¢ DOF STATE L 7 CLING PHE MA C:ELL CONDITION,
c**#x***r*****************************************#*****#*****s*******z
C ok Feok

CHeesk

CrezmkrkrtxkxxSFT95154 I.M.ELSHAYAL********************************t*n
C ok k

Chtk & . .
c****t****z********************#**************************************z

I.v. ELSHAYAL

CHEM, =NGe. DEPT.

OO0 OON

SUSROUTINE FUG IS REQUIRED.
IMPLICIT REAL*S(A-H,0-7)
DIMENSICGN TITLE(2C) +X(8B)
IIMENSINN TT(S57)
1 READ(I.BOO)(TITLE(I),I=1.15)
300 EORMAT(27A4)
NRITE(37400)(TITLE(I)vI=1q15)
ARITE(2,402) (TITLE(Y) 41=1,15)
400 FORMAT(1H1,10X, ' SVALUATICN OF ADJUSTABLE PARAMETERS OF CLAUSIUS
2 EQUATICN FOR',15A4//7) . .
4C2 FORMATI( + EVALUATION OF ADJUSTABLE PARAMETERS OF CLAUSIUS
2 FQUATICN FOR',1544///)
EL
LL 1
C WC 0.125D0
NGB S=3
10 READ(1,1111) PCyVCsTCoW Ry TOL
cC 10 READ(lvIQO)PC9VC'TCvaquDL
IT({PC.LE.N.NDD) GC TO 800
1CO SOPMAT(8F10.4)
SDTHI=C.CDO
SDZV=0.000 :
20 READ(1l,1111)} PeVsTsVL
1111 FORMAT(6F1C.?2)
C 20 REAG(141CO)IP,V,T,VL
Pr=pP/PC
TR=T/TC

(@)

1.080
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A-III - 1 (cont'd)

G- LEVEL 19 MAIN DATE = 71169 12/31/

BATA = (DLOG1O(PR)-DLOG1IO(TR)*8.0D7/3,0D0-0.1832D0% (PR/TR/TR-
2 1.000))7((1.0D0=TR)/TR+DLOGLO(TR)*1.8D0)
C READ(1,100)P,V,T,4sVL :
READ{1,1111) P,V,T,VL
TR=T/TC |
ALFA = (VCIVL-I.ODO-(1.000-TR)**(1./3.))/((I.ODO—TR)+(1.0DD—TR)
2%%(1./3.))
REAC(1,100) (TT(I),1=1,N0OBS)
READ(15,1111) WC,DELWC
WRITE(3,100)ALFA,BATA
999 CONTINUE
DO 80 1=1,N03S
T=TT(1)
RY=R*T
TR=T/TC
CALL PFK(BATA,TR,PR)
P=PR*PC - :
VL = VC/(l.CDO+ALFA*(1.0DO—TR)+(l.CDO+ALFA)*(1.0DO—TR)**(1./3.))
o V=R%T/P '
ZL=PxVYL/R/T
IV=P*V/R/T
$SS = (R*TC)/(PC*VC)
WA = 00422000
WB = 0.250N0
EL2 = EL + 2.000°
A2 = (WA%XSSS*#2*VCk*x2%TCHx*EL*PC)/
2 (RA#2ETH%EL2)
C A2 = (WA*SSS¥*2#VC*%x2*xTC*PC) J(R#H2%ET*%3)
8 = ((WB*VC)}/(P&T))%(4.9D0 — SSS) -
CCC = (WC*VC*(3.0D0%SSS — 8.000)) / (RxT)

c CCC = VC*({3.0DN%SS5/8.,0D0) - 1.0D0) Z{R*T)
o WRITE(3,1001) ZL, 2V 955S+A2+B4CCC
1901 FORMAT('ZL'.FIO.S.'ZV',F10-5v4515~3’
‘ H=B%P/ZL
E=R3%P/ZV

HHL = CCC#*P/ZL
EEV = CCC * P/IV
c ) HRITE(B,lO“Z)HoEvHHL’EEV
1902 FORMAT(1H ,*'H',4515.8)
CALL FUG(W,PR,TR,THI)
THI = DEXP(2.30259D0%THT)
c NRITE(B-IOO)ToPyVLonTHI
ZrL=ZL
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A-IIT -1 (cont'd) iy

G LEVEL 1° MATN DATE = 71169 12731
ZVV=12V o
THIL=THI
THIV=THI
HOL D=H
1JK=C
30 T1JK=1JK+1
IF(1JK.GEL30) GO T3 49
3=2
40 CONTINUE < -
1H=0
41 IF(H.LT.1.CDJ) GO TO 42
H = H - 0.75D0
IH=TH+#]
IF(IH.LT.20) GC TO 41
43 H = 0.98C0
42 J=J+1 |
FFH = DLOG(THIV=ZL) + DLOG(1.CDC — H) -
1 H/11.0D0-H) + (HHL + 2.000) =*
2 ((1.0D07(1.0NC-H)) = IL)
DFFH = (HHL+1.0D9)/ (1.0D0-H)=%2 —(1.0D0/(1.2D0-H))
TEST=FFH/DEFH |
c WRITE(3,1003) FFH,DFFH,TEST
1063 FDRMAT(1H ,*FFH?,3E15.3}
H=H-TEST
IF(J.3T.40)60 T3 45
1F (DABS(TEST/H) .GT.TOL) GO TO 40 :
45 B=H®ZL/P
N3 o 5% ((1.0D0/(1.0D2=H1) = ZL)I*(1.ODO+HHL)==2/H
WRITE(2,1004) ByA2
1004 FORMAT(1H »"BY,E15.8,10X,*82¢,E15.5)
13=0
47 IF(E.GT.0.000) GO TO 46 w | -
E = € + 0.0100 .
1H=TH+1
IE(IH.LT.20150 T2 47
£ = £.0200
46 14=1J+1
1H=0
I ap/E+1./ (1.—E)-(A27BI*E/ (1. +EEVIZT2
OFF = BAP/E*%2 + lo/(le—E)**2 - (A2/3)/ (1o +EEV)**2
TEST=FE/LFE
c WRITE(3,1005) FE,DFE,TEST
1905 FORMAT(LH ,5Xs*FE7;3715.8)

@]
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A-III -1 (cont'd)

G LEVEL 19 MAIN DATE = 71169
e=2f-TEST
1F(1J.GT.42)16G0 TO 48
IF(CABS(TEST/E) GT.TOL) GO TO 47
48 2VV=B*P/E :
THIV = E/(1.200-F) - DLOGLZVYV) - DLNG(1.GDO-E) -~
2 (AZ/B)*((2.000+EEV)/((10000+EEV)**2)) *E
c WRITE(3,1996)THIV
1906 FORMAT(1H o 33X"THIV'9515.8)
THIV = DEXP(THIV)
ARITE(3,5021) JqlJ,IJK
501 FORMATI(31I5) .
IF(DABS(H—HOLD)/H.LE.TQL*IOoODO) GO TO 49
C NQITE(3,200)P,T,ZV,ZVV.VL.VLL,THIV,THIL.HA,NB,THI,H,E
HAQLD=H . .
GQ TC 39
49 ILL=B*P/H
VLL=R*xT*ZLL/P :
THIL = H/(1en"DO-H) - DLOGLZLLY - DLOG(I.ODO—H, -
2 (AZ/B)*H*((2.000+HHL)/((1.0DC+HHL)**2’)
1207 FIRMAT(IH SOX,'THIL',Els.S)
THIL = I.ODO/DEXP(-’THIL,

WB = (B&R*T/VC)*(1.CDA/(4."DI-SSS))
_ WA = (AZ*R#EE2ETE%EL2) 7(SSSk*2#VCEE2XTCH¥EL*PC)
C NA = A2#n#2sTE%3 / (SSSEVC)=#2*¥TCHPC

C WRITE(3,1008) WBsWA
1208 FORMATI(1H zox,'wa-,Els.s.sx,'wA'.FIS.Bl
590 FORMAT(15,3F10e4,5F1Ce6)
DTHI=THI-THIV
NZV=ZIV-1IVV
SDTHI = SDTHI + DABS(DTHI)
SspDZV = SCZV + CABS(DZV)
C 51 WRITE(3,200) PyTeZVyWA,UB
51 WRITE(3.200)P.T,ZV,zvv,VL,VLL.THIV.THIL,NA.WB,THI,H'E
C 200 FOPMAT(1H 45X35(D158:5X)) ‘
200 FORMAT(1H 1011.4,F8.2,6F9.5,2F10.612F8-4s011-4)
o WRITE(2,1000) EL
c WRITE(2,1000) TeWA,WB
1000 FORMAT(3D15.3)
80 CONTINUE
ADTHI=SDTHI/NOBS
ADZV=SDZV/NOB5
WRITE(3,311) ADTH1,ADZV
c ARITE(3,2111) EL

N
W

A
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A-II1 -1 (cont'd)

G LEVEL

o0 O

O

9399
3111,

c2t11

311

1

800

12 MAIN DATE = 71169
ARITE(3,3111) WC

TOLZV = 0,C05DC

TOLZV = C.00000D0

TOLZV = 0.792500

TOLZV = C.DNC1D09

IF(ACZV.LE.TOLZV} GO TC 9999

WC = WC - 2.701

WC = WC - DELWC

IF(WC.LT«0.0D0O) GO TO 99939

IF(LL+EGe2D) GO TO 9999

LL = LL + 1

€L = EL - 025003

IF(EL.EQeN.0D0) GO TO 9999

SDTHI=0.NDO

SDZV=0.000

GO TO 999

G0 TC 1

FORMAT(///25X,* WC = ',5XyD14.8)

FORMAT(///25X, " TEMP. EXPN=9,2X,F10e5)

FORMAT(//20X,"AV. DEV. IN FUGACITY = *'El4.8
s 'AVe CFV. IN ZV = ! El14.8/)

sTOP

END

12/31
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A-I1II -1 (cont'd)

. G LEVEL 19 FUG

DATE = 71169 12731,
SUBROUTINE FUG(W,PR TR, THI) E

c CEMERALIZED CORRELATION OF FUGACITY COEFFICIENT OF PURE

c COMPCNENTS AT SATURATION.

IMPLICIT REAL*8(A-H,0-2)
10 IF(TR.GT.0.56D0) GO TN 2€

THI=(PR/2.303)*((.1445—(.330+(.1385+(.0121)/TR)/TR)/TR)/TR

1+w*(.073+(.460—(.5+(.397+.0073/TR**S)/TR)/TR)/TR)/TR)
RETURN : -

20 IF(TP.GT.N.70D%) GO TO 30
TH!=(—.53746+(.58798—(.18226—.C09499/TR)/TR)/TQ)
1#”*(.11821-(.096542+(.ﬁ45992-.0116564/TR)/TR)/TR)
RETURN )

30 IF(TR.GT.0e8400) GO TO 40
THI=(—.65625+(.47890+(.13943-.12167/TR)/TR)/TR)
1+W*(—.47386*(.53604+(.08951—.14448/TR)/TR)/TR)
RETURN

40 TH!=(—O.87471+(0.73459-(0.11130—(0.27772—0.ZOZOQITP)/TQ)/TQ)/Tﬁi
1+W*(—1.15937+(1.25872—(.13670-(.35086—.34700/TR)/TR)/TR)/TQ)
RETURN '
END
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A-IIT -1 (cont'd) .

- G LEVEL

30

31

32

19 _ PFK DATE = 71169

»

SUBROUTINE PFK(BATA,TR,PR)

IMPLICIT REAL*8(A-H,0-7)

ITER=0

TOL=0.00C21D0

PRC=-0.183200
PR=BATA*(1e-TR)/TR+(1.8%¥BATA+8./3. ) %*OLOGLO(TR) +PRC
PRC=M.183200*(DEXP(PR*2,30259D0)/TR/TR-1. ODO)
ITER= ITEQ+1

IF(ITER.GT.20) GO TO 32

IF{(ITER.EQs1) GO TO 31

IF{DABS( (PR-PROLDI/PR).LTL.TCL) GO TO 32
PROLD=PR

GO 10O 390

PR = DEXP(PR*2, 3025900)

QETURN

END

12/31..
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A-III - 2

LEVEL 29 ' MAIN DATE = 72282 18/02/39

PREDICT P=XeY CURVE
MODIFIED CLAUSIUS EQUATION OF STATE IS USED
THREE PARAMETERS ARE FUNCTION OF TEMP,
FOR MULTICOMPOMENT SYSTEMS CALCULATION
FROM THE PURE COMPONENT PROPERTIES

IT.M, ELSHAYAL,

CHEM, ENG, DFPT,

ﬂﬁﬁﬂﬁﬂﬁﬁﬂﬂﬁ@ﬂﬂﬂﬂn

IMPLICIT REAL%B(A=H,0=2)
DIMENSION PHI(S),X(5), F( 5),GAMMA(S),FREFER(S),PVOL(5),Y(5),
A CIRKL(S),C2RKL(S),CSRKL(S), '
2 AMOLWT(S)oCOMPA(S).COHPB(S)'CORRV(S.S),CORRL(S.S),GAMALN(S),
3 A(ﬂ)11(3)o11TLE(29)pD(S).PCUCS)pVCD(S)pTCO(S).PHIV(S)nFREF(S),
4 PS(s),pp(au).xx(au,sy,Yv(em,s).¥caL(5).PPVOL(SJ.oc1DT(5),DcaDT(S).
5,YD(5),RATIO(S),VVL(8@) . .
COMMON /FIRST/ TC,PC,VCU,w,AMOLWT,T,P,R,NCOMP,NQNIUM
1 /SECOND/ Z.A/MTYPE
822 READ(I,S)(TITLE(CI),I=1,19)
6 FORMAT(1H]1,19A4)
S FORMAT( 19A4) .
WRITE(3,6)(TITLE(I),1=1,19)
READ(1,5@n)NCOMP,NONTUM, IJK,R
IF(NCOMP.LEL.9) GO TO 908
WRITE (3,585) ,
DO 210 I=1,NCOMP
READ(I,Sl@)PLO(I)pVCU(I).TCU(I),W(I).CiRKL(I).CERKL(I):CBRKL(I)p
1 COMPACL),COMPB(I) :
C1RKV(I)=CiRKL(I)
C2RKV(I)=C2RXL (1)
C3RKV(1I) = C3RKL(I)
2190 wRITE(S:SlS)PCO(I)uVCO(I)'1C0(I):w(I):ClRKL(I)pCZRKL(I)aCSRKL(I),
1 COMPA(I),COMPB(I)
CORRL (NCOMP,NCOMP)I=0,0
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A-III - 2 (cont'd)

s LEVEL 29 MAIN : ‘DATE = 72202 10/02/39
NCOMP 1 SNCOMP=1
WRITE(3,519) '
. 519 FORMAT(/1eX,12HINPUT DATA $//708X, 1HP ,8X, 2HX 18X, 2HX2,9X s 1HT» 7X s 3HRA
.1!07Xa3HRBIp7Xa3HRA2'7XI3HRBa//)
DO 9 I=1,NCOMP} :
11=1+1
DO 9 J=11,NCOMP
9 READ(1,520)CORRL(I,J)

READ(1,52¥) TTT,PSI
1=0

18 1=1+)
SX=0.,9
SY=Y,. ¥

INPUT FOR MULTI COMPONENT SYSTEMS

READ(1,666) PP(I)'(XX(IOJ)’J=1ONCOMP)O(YY(IOJ}OJ=1'NC0MP)

INPUT FOR BINARY SYSTEMS

READ( 1,666) PP(Ilf(XX(IoJ)pJ=11NC0MP1)'(YY(IpJ)fJ=1pNCOMP1)

e Be e AN OO0

READC 1,529) PP(I)o(XX(I:J):J=1:NC0MP1)c(YY(IOJ)0J=10NC0MP1)
666 FORMAT(BF10,8)
f ,VVL(D)
DO 15 J=1,NCOMPIL
SY=SY+YY(I,J)
15 SX=5X+ XX(I,J)
XX(I;NCOMP)=1;@-SX
YY(I,NCOMP)Y=1,@=5Y
1IF(RLT,11.0) GO TO 16
PP(I) = PP(I) /14,696
PP(1I) = PP(I) * (735.56/76@,@)
PRP(1)=PP(1)/760,
PSI=PSI/14,.,697 .
PSI=PSI/760Q
16 WR11E(3152@; PP(I)'(XX(I'J)'J=1INCOMP )'(YY(I,J),J=1'NCOMP )
c 1 ,vVL(I)
IF(PP(1).GE,n) GO TO 10
20 NOBS=I-1

e

MO0
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A-II1 - 2 (cont'd)"

EVEL 20 . MAIN DATE = 72282 10702739
. READ(1,525)IJK,KIJ,CINI,CFIN
52% FORMAT(215,2F10,4) L

30 KIJSKIJ+1
IF(KIJ.GEL,2) GU TO 89v@
wRIttts.sesJIJK KIJ»CINI, CFIN
K=@
KK=2@
. KK=0
28¥ CONTINUE -
' WRITEC3,6)(TITLECI),I=1,19) -
KK=KK+1
WRITE(3,516)
DO 220 1=1,NCOMPY
CORRL(I,1)=0,0
11=1+1
DO 22@ J=131,NCOMP
IF (KK GE,20) GO TO 214
CURRL(IvJ) CINI+(KK= 1)*(cr1~-c1~1>/1a.
214 WRITF(3,530)I¢JsCORRL(LI,J)
CORRLC(J,IX=CORRL(I,J)
P22 CONTINUE
K=d
SOPz=R,®
Shv=n ¢
SSYD=@,©
1F(NGNTUM,GE,1) GO TO 223
DO 221 I=1,NCOMP
PC(I)=PCOC(I)
VC(I)=ven(l)
221 TC(IX=TCO(Y)
120 T=77T7
RT=R%T
WRITE (3,53%)
535 FO;;A%(;IZX.QHCOMPONENT'1Xo1HXr7X LHY , TXs 2HYY , TX ¢ 2HYD 14X/ 4HV (P X
1 ,SHV(PO) s 5Xs AHPHIL r6Xs U4HPHIV»6Xr 4HSUMY, 6Xs U4HITER,, 4Xy 3HNIY/) -
223 CONYTINUE
NIY=0
ITER=O
P=PS1
K=sK+1
DO 40 J=1,NCOMP
PHIV(J)=1,0
PHIV(J)=@,.85
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A-TI1 - 2 (cont'd)

VEL 2@ MAIN ' DATE = 72202

a4n XC(JI=XX(K,J) . ]
42 CALL SUPT(VL,PHI,PPVOL¢CIRKL,C2RKL,C3RKL,CORRL X y1sK1J)
41 SUMY=Q,.¥
SUMP=0,4
DO S@ J=1,NCNMP
YOI SPHICIIAX (I /PHIVWJ)
SUMYS=SUMY+Y (J)
S@ SUMP=SUMP¥PxY(J)
D0 S2 J=1,NCOMP
Y(J)=Y(J)/SumMY :
IF(X(J) EQ,0,8) GO TO S1
RATIO(J)=Y(J)/X(J)
GO T0 S2
S1 RATIC(J)=0.0
52 CONTINUE
DY=SUMY=1,0
POLD=P
PESUMP
ITERSITERTY -
IF(DABS((POLE=P)/P)=1,0D=4) 94,9@8,56
56 JFC(ITER.GT.150)60 TO 195
IFC(ITER.LE.1?) GO 70 an
,IF(DAHS(DY),GT.DABS(DYOLD)) GO TO 105
89 DYOLOD=DY
CALL SUPT(VLbPHIV'PVOL.ClRKL.CZRKL,CSRKLpCORRL,Y.E,KIJ)
GO TO 42 :
9@ IF(DABS(SunY-l,Q)-l.UD-a)-ll@:ll@clza
19€ NIYsSNIY+1
IF(NIY=1) 91,91,92
91 P=P+0,71
GO0 10 93
92 SLOPE=(P=PN)/(SUMY=SY0D)
DELP=SLOPE*DDY
IF(DABS(DELP)=1.,9) 79,79,78
78 DELP=DSIGN(1,4D0/DELP)
79 P=P=DELP
93 DO 94 J=1,NCOMP
94 Y(J)=Y(J)/SUMY
PO=P
SYO=SUMY
DDY=SUMY=1,0
IF(NIY.LE,.3Q) GO T0 95
IF (DABS(DDY) oLE 4 2,005) G0 TO 110

1]
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A-III - 2 (cont'd)

LEVEL c@ MAIN DATE = 722082 18/412/ 38
GO TO 96 A : ‘
95 EGL#USUZ1(VLoPHIV;PVOL.ClRKLpCERKLpCSRKLpCORRL'Y.U,KIJ)'
4 .

OO0

(e Re]

C

105 IF(DABS(DY).LE.2.0@5) GO TO 110
96 WRITE(3,601)

110 DP=P=PP(K)

SDP = S0P + DABS(DP)

P=Px14,697

P=Px760,

PP(K)ISPP(K)*x1d,697

PP(KI=PP(KRIX®THY,

WRITE(3,600) T,P,PP(K),DP

PP(K)I=PP(K)/760,

PP(K)=PP(K)/14,697
6d@ FORMAT(3X,3HT= ,FB,2,5H P= JF10.8,THPP(K)= ,F10.4,4HDP= JF10,4)

sYbD=@,0 .

DO 111 J=1,NCOMP

YDCJI=Y(J)=YY(K,J)

SsYD = SYD + DABS(YD(J))

SSYD=SSYD+SYD

WRITE(2,3111) PyX(J)YC(J)
1111 FORMAT(3F1@,5) . : :
111 WRITE(3:61@)COMPA(J)oCOMPB(J)pX(J)oY(J)oYY(KoJ)'YD(JJcPPVOL(J)r

lPVOL(J)vPHI(J)cPHIV(J)oSUMYgITERoNIY

DV=VL=VVLI(K)

SDVv = SOV + DABS(DV)

NRITE(3;9%1)VL;VVL(K).DV
931 FORMAT(1S5X,4HVL= dF1a,4,5HVVL= 'FIG.Q,OHDV= yF16..4)
610 FORMAT(lﬂX.ZAU,GDIE.ﬂp4F16.41F8.40215)
601 FORMAT(1HQ,B7HFAILED TO CONVERGE, RESULTS BELOW ARE NOT RELIABLE I

{1F SUMY IS MUCH DIFFERENTY FROM UNITY)

PS1I=P

IF(K=NOBS) 223, 854,850
85@ CONTINUE - | R

WwR (3,620 DP,SSYD,SOV
620 Foéaivc;lmxz?ncéum. SUM OF DEV, IN P I87,D12,4,'ACCUM, SuM OF DEV,

1IN Y IS?', D12.,4s'SDV 18’0012.4/)‘
: IF(KK=11)280,30,30
9908 STOP
S0 FORMAT 315,F10,4) i
525 FORMAT( iHUtZ‘X’E;PC' lﬂX'aHVC:fDXcZHTCo 10X, IHW'7X'5HC1RKL'SX'5HC2RKLI

lSXpSHMOLwT,uX'QHCOMPONENT//)
510 FORMAT(TFlﬂ,UoZX:ZAﬂ)
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6 LEVEL e? MAIN | DATE = 72292
c S1@ FORMAT(UFB,4,2FB,4,2A4)

515 FORMAT (IR ,7012,5,3x.2Au)
C 515 FORMAT(1H ,6E12,593%X,2A4)

516 FORMAT(1H , /1M p 16X, 3HKIJ 7))

52¢ FORMAT(14F12,4)

530 FORMAT(1IH ,bx,ala,F1u.a,2F1w.aa

END
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A-1II - 3

LFVEL 19 : MAIN ' CATE = 71176 11/01/01
C . .
C EVALUATION OF ACTIVYTY COEFFIECIENTS FROM LIQUID PROPERTIES OF.M/XITURES
C MOCIFIED CLLSTUS EQUATINN OF STATE IS USED
C. THREE PARAMETERS ARPE FUNCTION NOF TEMP,
C
C I1.M. FELSHAYAL
C
¢
( CHE.“O ENG. DEPT.
¢
C 4
CIMENSICN PHI(S5),X(5), FI( S)qGAMMA(S),FRFFED(S),PVOL(SI.Y(S)v
IPC(S)yVC(S)gTC(S)yN(Sl1C1RKV(5),C2RKV(S)oCBRKV(5)v
P CIPKL(S) 4C2RKL{S) C3RKL(S), co - - : :
¢ AMOLNT(S)'CC"DA(S)oCGMDB(S)oCORRV(SyS),CORRL(S,S)'GAMALN(S),
2 A(4)o2(3).TITLE(?O)»D(S).PCO(S)oVCD(5),TCO(5).PHIV(5)'FREF(Si'
4 PS(SJ,PP(PO)'XX(BO,S),YY(SO,S,,YCAL(S)yDDVﬂL(S)yDCIDT(S)'DCZDT(S)v
CCMMON /FIREST/ TC,PC,VCO,W'AWDLNT,T.P,RgNCOMP,NQNTUM
1 /SECCND/ 2,A,MTYPE
800 PEAD(145)(TITLE(I) 1=1,19)
5 FORMAT( 15A4)
€ FCRMAT(1H1,19A4)
WRITE(2,6)(TITLE(]I) ,1=1,19)
REAC(15500)NCOMP,NQNTUM, TJK,sR
IF(NCONP.LEL.C) GC TO 9S00
WRITE(2,5CS)
£C 210 I=1,NCCMP _
READ 5 -
2 (1.4 67;C0(!)1VCO(I)9TCO(I),N(I)oClRKL(I),CZRKL(I),CBRKL(I)’
1 coMpPa (1),COMPBI(T) .
4567 FCRMAT(7F10.Ce2A4) O : .

C1RKV(I)=C1RKL{I)}
C2RrKV(I)=C22KLLT) ' .
210 hPITE(3.515)PCO(I),VCO(I)pTCO(I)'w(I)yClPKL(I)yCZRKL(I).CBRKL(I)o
1 COMPA (T),COMPB(T)
CCRRL(NCCMF,NCCNMF)=0.0
ANCCMPL=ATOMP-1
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A-III - 3 (cont'd)

i LEVEL 19 - MAIN CATE = 71176 © 11/01%

WRITE(2,519) : ' '
519 FCRMAT(/1nX,12FINPUT DATA ://4X,1HP,BX,ZHXI,8X,2HX2,9X,1HT,7X,3H

11,7X,3HRBL 4 TXy3HRA2,7Xy3HRB2//) :

CC 9 I=1,NCCMPL

I11=1+1

€C 9 J=I1,NCCNMP

9 REAR(1,RS10) CORRL(I+J)

2910 FCRMAT(RF10.C)

1=0
10 I=1+1
EX=0.0
SY=0.0
C INPLT FOR MULTI CCMPCNENT SYSTEMS
C A o
C
c REAC(1,666) PP(I)’(XX(I’J)9J=1yNCCMP)9(YY(I:J)9J=19NC0MP)
C .
C
C INPLT FOR BINARY SYSTEMS
c
o
REAC( 1,66€) PP(I,v(XX(IvJ’1J=1|NCDMP1)v(YY(I1J)vJ=11NC0MPI)
C
C
c READ( 1,520) P (114 (XX{Tsd) s d=1sNCOMPLY 4 (YY (I 4314 3=1,NCOMPL)
666 FCRMAT(3F10.0) '
C 1 SVVLIT)
£C 15 J=1,NCCMP]
CSy=SY+YY{(1,J)
15 Sx=SX+ XX(1,4J) ' .
T XX(I,NCCMP)=1.0-5X . D ) R
YY(TI,NCCNP)=1,0-5Y )
IF(R.LT.11a2) GO TQ 16
c PF(I) = PP(I) * (735.56/760.)
PP(I) = PP(I) / 14,4970
C PP(1)=PP(1)/760.
C . FSI=PSI/14.6¢7
C PSI=PS1/760C. .
16 WRITE(3,52C) DD(I)’(XX(I’J)1J=1’NCOMP )Q(YY(IvJ)1J=19NCOMP )
c 1 ,vvL( D) . . o

1F(FPP(1).GE.C) GC TOQ 1¢C
20 NCRS=I-1
FEAD(1,89190) TTT,PSO'(PS(I)'I=1'NCOMP)



A-TI - 3 (cont'd)

LEVEL

5555
21

525
30

280

214

220

219

221
120

224

- 248 - E

A MAIN -  DATE = 71176 117017

FSC = PSO / l14.,6S7

CC &5€& I=14,NCCMP

PS(TI) = PS(1) / 14,697
IF({R.,LT.11.2) GC TC 21
WRITE(2,520)TTT,PSO,(PS(I),I1=1,NCCMP}
FEAD(I,EZS)IJK,KIJ,CINIyCFIN
FCFMAT(215,2F10.4)

K1J=K1J+1 '
1Ft{KIJ.(F2) GO TO s8C0
hFITE(BoEZS)IJKJKIJ.CINI.CFIN
K=0 )

KK=20

Kk=0

"CCNTINLE

WRITE(2,9)(TITLE(I),1=1,12)
KK=KK+1 :

WRITE(3,516)

CC 220 I=1,NCCMP]

CCRRL(I,1)=0.0

T1=1+1

rc 220 J=11,NCOMP

IF(KK.CE.20) GO TO 214 .
CCRQL(IqJ)=CINI+(KK-1)*(CFIN-CINI)IIO.
WRITE(3,530)1,J5CORRLII,J)

CCRRL(J1)=CCPRL{I+J) e e e
CONTINUE

K=0

gsLY = C.0:

CCNTINLE

IF(NGNTUM,GE.1) GO TO 223 .

CC 221 I1=1,NCCNMP S T
PC{I)=PCC(I])

vC{1)=vCC(1) .
TC(I)=TCC(I) C e : . e
T=TTT -
RT=R*T

CC 226 1=1,NCGNP

Or 224 J=1,NCOMP

Xx(J)=0.0

CCNTINUE

X{1)=1.0

P=PSO

CALL SLPT(VL,PHI,PVOL,ClRKL,CZRKL.C3RKL,CORRL,X,1oKIJ)
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j
{

A-1III - 3 (cont'd) .
1

. DATE = 71176 11/¢1/70

FREFER(I)=PHI(I)*X(I)*PSO
22& CA1)=PVOLI(T) :
hFITE(?,SZl)T,PSO,(FREFER(I),I=1vNCOMP),(D(I’,I=1,NCOMP)
621 FCRMAT(//5X%X,2F10.2,11F Qe4//)
WRITF(3,535)
535 FCFMAT(/26X,QHCCMPCNENT,IX,lHX,7X,4HYCAL.4X,4HYOBS,4X,
1 6HGAMALN,2XQSHGA”MAySXyéHV(P),6X,5HV(PO)tSX,4H°HIL;6Xa
1 4HPHIV,6X,y EHPHILL/)
223 CCATINUE
K=K+ _
CO 234 J=1,NCOMP
Y(J)=YY(K,J)
234 X{J)=XX{KsJ)
111=0
230 111=111+1
IF(IT1.GT.1)CO TGO 236
P=pPSO
catL SLPT(VL,PHIRF,PVOL.ClRKL,CZRKL,CBRKL,CORRL,X'I,KIL)
CC 232 J=1,NCCVP : )
epvoL(J)=PVOL(J)
232 CCATINUFE :
¢C 0O 23C
236 F=PP(K)
caLL SLPT(VL,PHI,PVOL,CIRKL,CZRKL,CBRKL,CORRL.X,l,KIJ)
CC 235 J=1,NCOMP
GAPALN(J)=ALCG(PHI(J)*P/FREFER(J) )
1. +(PPVOL(J)+PVCL(J))*(PSO—P)IZ.OIRT
PHIV(J)=1.0
235 GAVMMA(J)= ExP(GAMALN(J) )
[TER=0
, PATIO=PPIV(1)*Y(l)lPHI(l)IX(l)
240 1TER=1TER+1
SDY.—-O.C
IF(ITER—20)242,242,260
242 DC 245 J=1,NCCVP
YCAL(J)=PHI(J)/PHIV(J)*X(J)
SCY=SNY+YCAL {J) :
245 CCNTINUE
DC 246 J=1,NCCMP
IF(ITE®P.LE.1) GO TO 250
546 YCAL{J)=YCAL (J)/SDY
CC 247 J=1,NCOMP
IF(ABS(YCAL(J)—Y(J)) .GT.0.00001) GO 10 250
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A-1I11 - 3_(cont'd)

CATE = 71176

247 CCANTINUF
CC TO 260

250 CO 255 J=1,NCCMP

255 Y(J)Y=YCAL(J) ‘ .
cAaLL SUPT(VL,PHIV.PVDL,ClRKL,CZRKL.CBPKL,CORRL,Y'O.KIJ)'
CC TO 240 .

260 SCyY=0.C .
CC 265 J=1,NCOVMP

265 SCVY =Sy +ABS(YCAL{J)=YY(K,yJ))
LSSCY=SSCY+SDY - B
IE(R.LT.11.) GO TN 266

266 kRITE(ZoSLO)P.(X(J),J=1oNCOMP1),(YY(K.J).J=1,NCCM91)

266 kQITE(Z,Séo)D,(X(J),J=1,NC0MP1).(YCAL(J).J=1.NCDMP1)
1 '(GANALN(J).J=1,NCCMP) : :

2¢ & CCANTINUE

540 FCFMAT(RF10.4)
WEITE(3,600)T,P HRATIC
CC 200 J=1,NCCMP

300 hFlTE(B.blo)CC"PA(J)aCOMPB(J),X(J).YCAL(J),YY(K,J),GAMALN(J),
1 GAMMA(J),PVOL(J),PPVOL(J),PHI(J),PHIV(J),F(J),ITER

6C0O FCBMAT(3X,3HT= sFR,2,5H P= 4F10.4,8H PATIO=4F8.4%) i

610 FCFMAT(27x,2A4.5F8.4,5F10.4o15) . >

270 1F(K-NCBS)222,850,850

~850 CCNTINUE
WRITE(3,620)SSCY : - : :

620 FCRMAT {/ 10X,*ACCUM. SUM 0OF DEV. IN Y IS fE12.4/|

" IE(KK=10)280,30,30
900 S1ICP
SO0 FCEMAT (315,F10.4) . . :
505 FcpMAT(1+o,4x;2HPc,1ox,2ch,6x,zHTc,1ox.1Hw.7x,5Hc1RKL,5x,5chnxg
IEX,SHMCLMT,AX,QHCOMPGNENT//) .
510 FCRMAT (4FS.4 5F8.492A%)
515 FCRMAT(1H ,4F1ﬁ.3,3F1004,3X,2A4)
516 FCRMAT(1H , /1H sy 16X, 3HKTJ /)
520 FCRMAT(F10.2512F10.4) .
5230 FCORMAT(1H LEX9212,F10.3,2F10.4)
562 FCRMAT(45X,2A4,3F1C.4)
_ END
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1@
-3

50

4o
a1

S1
5¢
572
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A- II - 4
MAIN ' DATE =

EQUATION OF STATE

1M JELSHAYAL

CHEM ENG.

M=

DEPT,

1 FOR VAPOR PHASE
2 FGR LIRUID PHASE

IMPLICITY REALXB(A=H,0=2)

DIMENSIGN TITLE(8E)

DIMENSION PP(SA),VV(58),TT(5E)
DIMENSICN VL(SM)'VAP(SW).DVL(S@):DVAP(S@);DV
DIMENSICN ACU),Z2(3) ’

READ (1,12) (TITLECI).1
WRITE(3,2¢) (TITLECL),I

FORMAT(80CAL)
FORMAT(1h1,B0A1)

READ(1,30) MyN

DO 3 I=1.N

ovi(l
DZ =

FORMAT (BF10.9)

)

D0

Del
1F(N.ER.B) GO TO 40¢
FORMAT(2ID)
READ(1,47) PC-TCoVvaoWAvWBv“C1R
WRITE(3,41) PC’VC’TC’N'WA'WBIwC'R

=1,80)
=1

FORMAT(///SX,S(Flﬁ,S))
00 51 I=i,N
READ(1,5%) PP(I)uVV(I)lTT(I)
WRITE(3,52) pP(I)OVV(I)lTT(I)

FORMAT(3F10.@)

FORMATC(/ /720Xy
S =

8 =

C =

Dot 1=1, N
RY = RxTT(I)
AC1) = 1,0

F(F10.5,10X))

(R*TCJ/(PC*VC)

AA =(wA*(S**B)*(VC**a)*PC*TC)
WBAVC*(4.=S)

WCRVC ((3,%S)=8,)

72207

(59)

11/3¢

ZV,ZL CALC, FROM MODIFIED CLAUSIUS



6 LEVEL

LY IR

14

8iA

- 252 -
A-III - 4 (cont'd)

2o MAIN . DATE = 72207 11/36/01
AC2) = (2.¥%C) =~ B = (RT/PP(1)) . '

A(3) = (C%%x2) = (2,04BxC) = (2,0xRT*C/PP(I)) + (AA/(PPCI)XTT(I)))
A(4) =

(«RACCA*2))= ((RTX(Cx%x2))/PP(1)) =(AAxB/(PP(I)*xTT(1)))
CALL CUBEQNC(INOEX,A,2)

WRITEC4,30@) Z2(1),2€2),2(3)

FORMAT(12X,3D15,8)

IF(M,EQ.,1) GO TO 62

IF(M,EQ.?) GO TO 7@ 4

VAP(1) =DOMAX1(Z(1),2(2),2(3))

DVAPCI) = VV(I) = VAP(I)

WRITE(3,8¢) PP(I)cTT(I)oVV(I)cVAP(I)rDVAP(I)

FORMAT(SX,'PS ",F1R,9,2X,'T= VoF10.5,2X, V= .'EIGQSIZXI'VCAL= Yy

-

2 F10.5,2Xs VOEVE ',D15,8)

(A%

121
100

43%

2un

4@

DVCI) = DV(I) + DABS(DVAP(I))

2V = (PP(I)AVV(I))I/RT

ZVCAL = (PP{I)*VAP(I))/RT

DZV = Zv = ZVCAL

WRITEC(3,9¢) ZV,ZVCAL,DZV .
FORMAT(SX,'Z= ',0D15.8,2X,'ZCAL= ',D15,8,2%,'02= ',D15,8)
DZ = D2 + DABS(DZV)

G0 T0 1m%

VLCI) = DMINTI(Z(€1),2(2)02(3))

DVLCI) =vv(I) = VvL(I) -

WRITE (4¢80) SPCI), TTCIVV (I VL(T)DVL(I):

DV(I)= Dy(I) + DABS(OVL(I))

2L = (PP(I)xvv(1))/RT

ZLCAL = (PPCI)AVL(I))/RT

DZL = ZL = Z2LCAL

WRITE(3,99) ZL,ZLCAL,DZL

DZ = D7 + DABS(DZL)

GO TO 101

CONTINUE

CONTINUE -

DOV=g .4

DOUYE K=1,N

DOVEDDV NV (K)

DOV =DLODV/N

DZ = DZ / N oz

W 3 2y oDV

Fg;;i%%;iigésx,'Av. DEV. IN MOL, VOLUME = 1,2X,D15,87/7
2 25X ,'AvV, DEV., IN COMPRESSIBILITY = ' ,2%X9015,48)
GO TO % .

RETURN

END
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A-IIT - 4 (cont'd) :

¢ LEVEL 2@ . MAIN DATE = 72207 11/36/¢

C SOLVING EGN FCZ)=A(1)XZx23+A(2)%x2xx2+A(3)xZ+A(4)=@
. SUBROUTINE CUBEQNCINDEX,A,Z)
IMPLICIT REAL®B(A=H,0=2)
DIMENSION A(4),2(3) T
P=(A(3)=A(2)**x2/A(1)/3,@D0B)/A(1) . )
9=P.RD¢*(A(2)I3.80@/A(1))**S-A(S)*A(2)/3.@08/&(1)**2+A(0)IA(1)
DE:(P/S.EDQ)**s+(Q/2.ﬁu@)t*2 -
T=A(2)/3,.,9D3/74A(1)
IF(DE «GE o 4D3) GO TO S
rhlzeancss(-(ulz.aoa)/osaat(-(P/S.aoa)atSJJ N
GO 1¢ B
6§ 5=(=(3/72.723)+DSART(DE)) -
M= (=G/2.2D0%=DS3RT(DE))
IF(S) 6s1+6
S=S/DAHS(S)*(SxS)ax(1,300/6,E00)
IF(U) J.11,9
u=U/DA83(U)*(U*U)**(1.300/6,900)
R=S+!;
DISC=RxR=4 ,AD%* (PERxR)
IFC(LISC)AE,1¥,34
12 INDEX=D
2(1)=R=T1
2(2)==r/2,%D8~7
2(3)=4(2)
RETURN
3y INDEXS]
2C(1)=R=T
Z(Z):-R/Z.ZDUfDSORT(DISC)/&,@DQ-T
Z(3)=-Q/2.@9¢fDSGRT(DISC)/2.@0@-T
R T RN
42 INDEX==1
2(1)=R=1
Dd:DSGRT(OABS(DISC))/Z,aDa
2(2)=z(1)
2(%)=2(1)
RETURN
END

PV YN



LEVEL
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91

94

96

97

99
98
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A-III - 5 Evaluation of Supporting Properties (Subroutine SUBT)

20 SUPT . ' DATE = 72202 10/62/39

SUBROUTINE SUPT(VL,PHI, PVOL »C1RKL,C2RKLyC3RKLyCORRL,yXsLV,K1J)
EVALUTION OF SUPPORTING PROPERTIES,THE FUGACITY AND THE
PARTIAL MOLAL VOLUME OF FLUID MIXTURES,

IMPLICIT REALXB(A=H,0=2) .

DIMENSION TC(S5)PC(S),VCO(5),W(5),AMOLWT(5) ,ARKL(5,5)/BRKL(5),
A CRKL (%), ~ .

i WIJ(SoS)fTCOIJ(SvS)pTCiJ(SoS)oA(Q)pZ(S),ClRKL(S);CZRKL(S)u
BC3RKL(5), .

1 PVOL(S)oPHI(5)9C0RRL(505)aXCSJ'AZI(S)oBI(S)cAIRKL(S)r
CCI(5) .
DIMENSION Z2Z(3) )

COMMON /FIRST/ TC'PCaVCO'WlAMOLWTcTuP:RoNCOMvaQNTUM
1 /SECOND/ Z,A,MTYPE

Lv=@, FOR VAPOR PHASE,

Lv=tl, FOR LIQUID PHASE, ‘

KIJ=1, TCIJ=SORTC(TCI*TCJII*x(1,=KIJ)

K1J=2, ATJ=SQRTC(AI*AJI*(1,=KIJ)

K1J=3, ALJS(AIXKIJ+(1,~KIJ)*AJ)/2,

RTY=RxaY .

DO 178 I=1,NCOMP

7C = (PCCI)AVCOCI)I/C(R*xTC(I)) o

ARKL(1.,1) = CIRKL(I)*(VCO(I)**E)*PC(I)*TC(IJ/(ZC**Z)

BRKL(I) = C2RKL(I)* (4,0 = (1.0/2C))*VCOC(I)
CRKL(TI) = C3RKL(I)* €(3,72C)=8,)*xvCO(L)
IF(I.EQ,NCOMP) GO YO 1080

I1=1+1

DO 188 J=11,NCOMP

1IF(KIJ,GT.1) GO TU 97 ,

TCI1J( IoJ)=(TC(I)*TC(J))**ﬂ,S*(l.@-CORRL(I:J))
TCIJC J,I)=TCLJ( 1,J)
WIJ(I,J)&(w(11+w(J))*0.S
2C01J=0.291=0,08%WIJ(1,J)
VCOIJ=(VCO(I)**(l./3.)+VCO(J)**(1./3.))X*3/8.@
PCOTIJ=Z2C0IJx R *TCIJ( I,J)/7VvCOLJ

PC1JsPCOIJ

-95 ARKL(IuJ)=(C1RKL(I)+ClﬁKL(J))*pr*

2(VCOT ) x%2#PCOTI*TCII (1, /((ZCOTII *%2)

GO TO 98 .
IF(K1J.GT.2) GO TO 99 -
ARKL(I:JJ=(ARKL(I:I)*ARKL(JcJ))**ﬂ.S*(lpﬂ-CORRL(IoJ))

GO TO 98
ARKL(I.J)=(ARKL(I.I)*CORRL(I,J)+(1.-C0RRL(IvJ))*ARKL(JoJ))
ARKL(J'I)=ARKL(IOJ)
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A-III - 5 (cont'd)

EVEL 20 _ SUPT.  DATE = 72282 18/02/39

108 CONTINUE
AMRKL=0,0
BMRKL=EZ,9
CMRKL = @,0
DO 12¥ I=1,NCOMP .

A2IC1) = ARKL(I,I)/C(Rx*x2)*x(T%xx3))

BICI)=BRKL(I)/RT

C1(1) = CRKL(I)/RT

BMRKL=BMRKL+X(I)*BRKL(I)

CMRKL = CMRKL + X(I)*CRKL(I)

AIRKL(1)=0,0

DO 128 J=1,NCOMP

AIRKL(J)=AIRKL(I)+X(J)*ARKL(I:J)

12v AMRKL:AHRKL+X(I)*X(J)*ARKL(IIJ)

A2 = AMRKL/((R*x%2)x(Tx%x3))

B=BMRKL/RY

C = CMRKL/RT

A(1)=1,0

A(2) = (CxPx2,8) = (BxP) = 1,0 :
A(3) = ((Cxx2)&x(P%x2)) = (2,9*CABx(Px*2)) = (2,0%xC*P)
2 + ((A2/B)*Bx%xP)

ACU) = (=BA(CAX2)IA(P*xx3)) = ((CAxR2)IA(PA%x2)) = ((A2/B) X (Bxx2)x (Pr*2
2))

CALL CUBEGN

IF(MTYPE) 115,140,140

115 IF(LV.EQ,8) GO YO 145
ZL=AM1N1(Z(1)'Z(2).Z(3))

L = DMINl(Z(l)'l(Z)vZ(3))
JJ=@

DO 146 1=1,3

22(1)=9999,

JJ=JJ+i

IF(Z(I).LT.8,8) GO TO 146
22¢JJ)=2(1)

146 CONTINUE

- ZL:AMINl(ZZ(l)pZZ(E)cZZ(3))
GO TO 150

145 ZL = DMAXL(Z(IJ.th)pZ(B))
GO TO 150

149 ZL=2(01)

150 H=BxP/ZL
HH = C*P/ZL

c WRITE(3,591) HJHH'PJAE'B'ZLaLV

(g ]

OOOOOOO0
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LEVEL
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13@
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- 5 (cont'd)

2 SUPT DATE = 72202

FORMAT(5X,6D12,4,12)

CALL EnNRK(AE.B,P.H.HH.ZLpLV)
VL=RTAHB/H

CONTINUE

IF(LV,EQ,€) GO T0 135

QD = Tx(VL+CMRKL)*®x*2

QH = (Z.QtAMRKL)/(T*(VL*CMRKL)**3)
QK = RTZ((VL=BMRKL)*%2)

DO 130 I=1,NCOMP

WRITE(3,591)ZL,H :

PHILN = DLOG(1.0/7(1.8=H)) = DLOG(ZL) +

2 (H/(I.U'H))*(BRKL(I)/BHRKL)-(AZ/C)*(HH/(i,@*HH))*

3((2.@*AIRKL(I)/AHRKL)’((HH/(1,@*HH))*(CRKL(I)/CMRKL)))
PHI(I)=DEXP(PHILN )
IF(LV.EQG,?) GO TO 139
QEYl = 0.0
DO 12% J=1, NCOMP
OF1 = Qi+ X(JIXARKL(IoJ)
Qt = 2.,0* (QEl = ((AMRKL*CRKL(I))/(VL+CMRKL))J
QG = (RT/Z(VL=BMRKL)) * (1, + (BRKL(I)/(VL—BMRKL)))
pvoL(I) = ((QE/GD) = aG) / (QH=QK)
CONTINUE .
RETURN
END
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16/702/39

LEVEL 29 CUBEGQGN ‘DATE = 72202

SUBROUTINE CUBEGN : .
¢ SOLVES CUBIC EQUATION OF CLUAISUS EQUATION OF STATE FOR COMPRESSEIBILITY
c FACTORS

IMPLICIT REAL*B(A=H,0-2)
"DIMENSION A(4),2(3) ,B(3)
COMMON /SECOND/ 2,AMTYPE
1 CONTINUE
BCL1)=A(2)/7A(1)
; RIOV3I=B(1)/3,9
| B(2)=A(3)/A(1)
) B(3)=A(4)/A(Y)
ALF=8(2)=bB(1)*B10OV3
BET=2.AaB10OV3Ir%3 ~8(2)*B10OV3+B(3) .
RETQV2=8BFT/2,4
ALFOV3I=ALF/3,.¥
CUAOV3=ALFOV3**3
SQROV2=RETOV2%x*%2
DEL=SWBOV2+CUAUVS
1IF(DELYUW,20, 30
2¥ MIYPE=0.@
GAM = DSQRT(-ALFOVS)
IF(BET)22,22,21
21 2(1)==2,02GAM=B1IOV3
2(2)=GAM=B810V3
2¢(3)=2(2)
G0 TO S©
22 2(1)=2.,0xGAM=810V3
2¢2)==GAM=B10V3
2(3)=2(2)
G0 T0 S@
30 MTYPE=]
EPS = DSART (DEL)
TAUs=BFETOVZ
RCU=TAU+EPS
SCU=TAU=EPS
SIR=1,6
S1S5=1.9
IF(RCU) 31,3232
31 SIRs=1,0
32 IF(SCU)S$3,34,34
33 S1S==1,.,06 .
34 R=SIR*(SIR*RCU)**E.SSSSSBSS
S=SIS*(SIS*SCU)**G,33353333 99 -




m
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43
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20 CUBEON DATE = 72202

Z(1)=R4+4S=10V3

2(2)==(R+S)/2,0=B10OVS

2(3)=2,86602540%x(R=5)

G0 Y0 S©

MTYPES=1

AUODT=5SQRBOVe/CUADVS

ROOT = DSGRT(=QUOT)

IF(BETIU2,41,41

PEI = (1.,5707963 + DATANCRCOT/DSQRT(1,2=R00T*%2)))/3.0
GO 10 43 )
Pl = DATAN(CDSGRT(1,0=RO0Tx%2)/RO0TI/ 3,9
FACT = 2 U*DSAGRT(~ALFOV3)

Z(1) = FACT*DCOS(PEI1)=~B10OV3
PEIZ2=PEI+2,89439%1

2(2) = FACTxDCOS(PEIZ2) =B1OV3
PEIY=PE]I+4,1887942

Z(3) = FACTxDCOS(PEI4) =~ BIOV3

RETURN

END



LEVEL
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c
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20 EQNRK | DATE

SUBROUTINE EQNRK(A2,B,PrE,FE,Z,LV)
IMPLICIT. REALAB(A=H,0mZ)

IH=0

1J=0

IF(LV.LT.1) GO TO a7

IF(L.LT,1,08) GO TO 46

E=E=G.02

IH=IH+]

IF(IR.LT,,20) GO TO 45 )
€=n,98 )
GO YO 46

IF(E.GT.W,A) 6O TO 46

E=E+0,01

TH=IH+1

IF(IH,LT,208)G0 TO a7

E=0,12

1J=1J+1

FE==B%P /E+1./(1.0-E)-(A2/B)*E/(l.+EE)**2

722082

DFE=B%xP /E*x%2 +1./(1.-t)**Z-CAZ/B)/(lg*EE)**a

WRITE (3,592)F FE,DFE,LY
FORMAT(2@Xo3E12,U,SX.12)

IF(ABS(DFE),LY.I.UE-BE) DFE=DFE/ABS(DFE)*1,0E-20

TEST=FE/DFE

E=E=TESY

1F(1J.GT.6R)GO TO 48
IF(DABS(TLST/E),GT.TOL) GO TO 45
7 =BxP/E

RETURN

END
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A-III -6 Fitting Redlich-Kister Equation for Binary System
) [
¢ RKFIT ‘ . D
[.5] ' WHAT IS THE SySTZM RAME
[.75] NAME<NM ' ‘
{17 'TYPE IN PHASE FOUILIBRIUM DATA Ar THE FOLLOWING MRDEP:P, ¥, Y, GA™AL, G
r21 pp<l!
[2.05] XX<N
[2.1] YY«[)
[2.2] GI<N .
[2,3] GII«N ‘
(5] Fel.=(2.xXX) : :
[6] GeXXx(1,-XX) - 3
[7] H«(B.%xG)-1. ‘ : ;
(8] G«1.-(8.%xG) ;
(9] F<«GI-GIT ' 3
[10] All<«+/FxF
(111 Al2«+/FxH
[12] A13«+/FPxFxG
[13] Albe+/TxE '
[1u] A22«+/HxH
(15 A23«+/FxixG
[16] A2u<+/HxL
[17] A33«+/FxFxG*G
F187] A3u4<+/FxGXE
191 A21<«412
f20] A31«A13
(221 A32+«423 o
223 A11.A12,A13.A1u.A21,A22,A23,Azu,A31,A32,A33,A3u
[23] A<3 upAil,A12,A13,Alu,A?l,A22,A23,A2u,A31,A32,A33,A3u
(247 3 SOLVE A ‘
{261 GAﬁcl«(1.-XX)x(i.-XX)x(B++Cx((u.xXX)-1.)+Dx((e.xXX)-1.)x((z.xYX)-i..
r271 GAMCz«XXXXXX(B+CX((H.XXX)-S.)+Dx((2.xXX)~1.)X((6.XYX)—5.))
(28] DGI<«GI-GAMC1
[28.5) DGI<«|DGT
{291 DGII«CII-GAMCZ'
[29.5] DGII<«|DGII
[31] X<«O .
[31.5]1 NAME
D: Y<K+l :
Eggg ?O?;P;[QJ;' v. ¥X[LK]1;! voYYCKIS! 1GITX]S! ';GA¥61[K]4'
[3y] ~(K<pPP)/LOOP .
[3s5] SUMI<«(+/DCI)2p PP
T36] SUMII<«(+/DGIT)*pPP
[37] SuMI
[38] SUMII
v

I~
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A-III - 6 (cont'd)

v NA SOLVE A ot
[1] NA1<NA+1
{21 I<«O
[3] LOOPL:I+I+1
ful »(ACI,I1=0)/5T206
(5] ST200:P«1,%A0I,T]
[6] J«I
[7] LO0P2:J<‘J+1
[8] ALT,J]«PxALT,J]
{91 »(J<NAL)/LOOP2
f10] X<«oO
[11]) LOOP3:K«K+1
(121 +>((Ir-K)=0)/57202
(131 7<«AlX,T]
[1u4] J<T
[15] LOOPL:J+J+1
[16] A[H.J]*‘A[K,J]-(QXA I.J])
[17] >(J<NA1)/LO0OPH
[18] ST202:+(¥<VA)/LOOP3
[19] »(T<NA)/LOOP1
{19.1] I+«0O
(19.2] LOOP8:I+I+1 ,
{19.31 'SOLUTION OF GTVEV ECUATIORS: 1L ALT ,PAL]
[19.31000306] ~(I=1)/EB —_— i
[19.32000613] »(I=2)/CC = : ;
(19.32329387] ~(I=3)/DD ;
{19.33999634] BR:B«AlLT  IIAL] s 3
[19.35) CC:C<«A[T,1A1] : :
(19.35998775] DD:D«ALI, NAL]
{19.5) +(I<YA)/LOOPS8
[19.6] INDIC<«O
(201 >(INDIC=0)/ENID
211 ST206:>((NA-1)=0)/5T304
[22] IT1<«I+1
[23]) L+«Il
(241 LOOPS:L+L+1
(251 ~(A[L,I1=0)/5ST303
£(26] J<«I
[27] LOOPB:J<J+1
[281 HOLD<«A[LI,J]
291 A[T,J1«AlL,J]
£30] ATL,J]1«HOLD
[31] +>(J<NA1)/LOOPG
[32] »5T200
£33] 57303 :+(L<NA)/LOOPS
{34l IVDIC+«1
(351 ST304:'DIAGONAL FLEMENT IN ECN.';I3'IS 27RO TRANSPOSE FQN. WITH P
[36] END: ‘
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A-III - 7 Lagrang Interpolation Method for Volumetric Data

v LAGRANG
1) 'TYPE IN NO. OF TABULATED POINTS'
(2] L+0
{3] 'TYPE IN NO. OF GIVEN ARGUMENTS'
(4] LL+0
[5) "TYPE IN TABULATED VALUES OF X!
[6] ZXx<0
£71 zx
{8l 'TYPE IN TABULATED VALUES OF X!
(9] 27+
101 2T .
(111 'TYPE IN GIVEN ARGUMENTS OF X
[12] Xxk<0
f13]) XX
[14] K<«O
{151 LOOP1:K+K+1l
(161 ~(X>LL)/0UT
£17) C+0.00
18] I+«O
f19] LOOP2:I+«I+1
[20] +>(I>L)/TEST1
[21] P«1.00
[22] J+«O
[23] LOOP3:J+«J+1
[24] +(J>L)/TESTI
{25] M«I-J
(261 +(M=0)/0UT3
[271 A<(XK[K1-2X[J1)+(2X[IT]-2XLJ])
[28] P<«PxA ’
[29] OUTS:*(JSL)/LOOPa
[30] TESTJ:J+L
{311 B<«PxZTLI]
{32] C+«C+B
{331 +(I<L)/L0O0OP2
[34] TEST1:I<«L
£351] YY<«XKLK]
36] E<«YY-C '
E37] N XK= ';XK[K];' C: l;c;' YY: ';YY;'
{381 +(X<LL)/LOOP1
[39] +(X>LL)/0UT
(u0] OUT:





