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AB'STRACT

Vapor—liquid equilibria data were experimentally
investigated by' means of a 'forced recirculation ty e appara-
tus. for three carbon dioxide-hydrocarbon systems at\the

following isothermal conditions-' : f \
ethane-ca;bon dioxide _ =60°, -20°, 20°, 60°F
propane-carbon dioxide =-20°, 20°F

propane-ethane-carbon dioxide =-20°, 20°F
A total of 109 data points were cbtained.

The predicted values by means of the-Redlich-Kwong
equation of state with a modified procedure were compared
favourably with the experimental, results. The overall aver-
age deviation in P, is 1.98% and in y is 0.0085 mole frac-
tion. The results indicated that the ternary data can be
predicted from pure component'properties and binary inter-
action constants for the constltuent binaries., The overall
average dev1atlon between the experimental and calculated P
is less than 3% and in y is less than 0.0140 mole fraction.

\ The parameters Qa. and Qb of the Redlich-Kwong
equatlon were generalized First of "all, they were correla-
ted in terms of T up to T, = 1.0 for thirteen pure componenta,
argon, nitrogen, benzene, ethylene, propylene and ¢y - Cs for
the available reliable Saturation conditions. The coeff1c1ents
of these correlations were further generallzed in terms of w.
The generalized cornelations have been used to compute.the
Qa 'and ﬂb values for seven arbitrarily selected components
other than those included in the generalized correlation with
an overall average deviation of 0.55% and 0.87% respectively.'
The applicability of the values computed from the generalized
correlation was further demonstrated by the prediction of
vapor-1liquid equilibx@um data for seven binary systems on
. thirty six isothermaiJconditions. It was also applied to the
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térnary syerem propane-ethahe¥Carbon dioxide at the two iso-
thermal'conditioae. The overall average deviation in y for
a total of 306 data -points is 0. 0074 mole fraction ‘compared
to 0. 0066 mole fraction ‘when ‘the- parameters were calculated
"from the saturation propérties. _ | '
_. ' A further modification for. the procedure previously ™
ﬂ proposed by Elshayal and -Iu' for predicting VLE using . the
three-parameter Clausius eguation of state was attempted.
The”parameters Qa and Qb were treated.as temperature—
‘dependent'while ﬂc was assigned a positive value determlned
' from the’ orig1na1 equation. The new proposed method was eval- "
uated and compared with the Redlich- Kwong equation with the
modified procedure for the’ purpose ‘of vapor~liquid equlllbrium

calculations.  The comparison covered 186 data points on TH) /

fourteen isothermal condltions. The results obtained are
comparable but not necessarlly superior to the Redlich-Kwong:;
equatmon. The overall average absolute deviation in P is
1.34% and in Yy " is 0 0096 mole fraction for the Clausmus
equatlon compared to 1.40% and 0.0106 mole fraction for the:
Redllch -Kwong equatlon. These differences are within the
experimental errors. . ° o
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' CHAPTER 1

INTRODUCTION

Phase equilibrium studies for carbon dioxide- 1
hydrocarbon mixtures are useful in the understanding of the i
- . phase’ behaviour of these mixtures, in the design of efficient
distillation towers for the processing of natural and refin-
ery gases and in the secondary recovery techniques ooncerninq
resgrvoir fluids. ‘The importance of the carbon dioxide- i
hydrocarbon systems results primsrily'from the fact that- !
most natural gases contain sufficient carbon dioxide to é
warrant concern in a processing plant, where solidified car-?
‘bon dioxide can dangerously plug the low temperature process#
ing equipment. 1In addition to this operating problem, carbon-
dioxide has the undesirable effect of reduc1ng the heating
value of natural gas in direct proportion to its concentration.
It was reported (150) thae gas mixtures of carbon dioxide
with light hydrocarbons exhibit unusual PVT behviour.
Hsi and Lu(g“)have presented a method for predict-
ing vapor-liquid equilibria which was successfully applied to
four binary and two ternary systems containing carbon dioxide,
including methane-carbon dioxide, propane-carbon dioxide and
n-butane~carbon dioxide. It was not p0551ble to establish
the validity of the prediction to the binary system ethane-
carbon dioxide due to the unavailability of experimental data.
For this reason, experimental measurément of vapor-liguid
equilibria for‘this binary system was investigated in this
‘work. During the course of this study, equilibrium .data of
Kurata and Swift (64) or this binary system became available
on three mixtures at four temperatures.' Poor agreement was
obtalned when these experimental values were compared with
the calculated values obtained from the prediction method (5%)
It was not certain whether the discrepancy obtained was due
to the'quality of the data or the validity of the calculation
method. Therefore, vapor-liquid equilibria data were deter-
mined at the same four isothermel conditions (-60°, -20°,'20°
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and 60°F) ‘as those reported by Kurata ‘and Swift(s“) but with
more data points collected. . _

.Although the binary system propane—carbon dioxide
has been reported in the literature(1'77'°s'9°), the equil-
ibrium data are not available over the complete concentration
range at temperatures below -4.4°F. . To extend the range of
lower temperatures and to smooth the correlation between the
existing data, the isothermat‘vapor liquid equilibria were
experimentally determlned at -20°F and 20°F over the complete
 concentration range. As a complement to the experimental
data . for systems containing propane, ethane and carbon dioxide,
the ternary system propane-ethane-carbon dioxide was measured
at -20° and 20°F. The experimental data for the precedlng
systems were collected using a forced recirculation apparatus.

A complete set of experimental binary and ternary
data of this kind enables one to test many correlation and
prediction methods and with the expectation that one of the
.methods can be used to establish the necessary information
for the gas industry.from the minimum required data. To'ést:
imate - thermodynamic properties adequately, one must have
access either to accurate data or to a suitable analytieal'
expression. Such an expression could be based on an ednation
of state.. One of the equations of é@ate frequently . used in
- chemical engineering is that proposed by Redllch and Kwong '
in 1949(91). It is 'remarkably simple and employed in all

-property estimatlon(75)

It is generally accepted that the
two parameters are temperature dependent and may be evaluated
at the temperature of interest from the pure component vapor
prassure and liquid density at saturation. The applicability
of the equation is sometimes limited due to the-unavailability
of PVT data of the substance at saturation. A further limit-
.,ationbisfthe 1aek of a suitable generalized correlation of
the parameters for vapor-liquid equilibria calculations.
Consequently one.of the objectives of this study

is to develop a generalized correlation:for_the temperature



purpose\cf calculating liquid c pressibility and vapor-
liquid equilibria data. (}\; ‘

' Elshayal and Lu(ss'su have also presented a
methcd fcr“predicting vapor—liquld equilibria’ using the
three-parameter Clausius equation of state with a modified-
procedure. The three parameters were treated temperature
dependent to satisfy the three conditions at equilibrium.
They were evaluated from three saturated properties of pure
- components, nameiy: vapor pressures, saturated liquid den-
sities and saturated vapor-'densities. On further evaluation
for the purpose of the caiculaticn of thermodynamic proper-
ties, it yielded poor predictions of enthalpy departure
while predicting accurate densities which might suggest that
the temperature dependence of the Holmholz free energy -as a
generating function for the thermodynamic properties is in-
adequate(zs'“9'1°3) Another limitation of this method is
that the rellablllty of the saturated vapor densities is
questlonable and these uncertainties are reflected in the
numerical value of the parameters.

dependent parameters cf the Red;ﬁch—xwong equation for the

Consequently, another phase of this'tcrk centers
on 'iﬁvestigating the proper variations of the parameters
with temperature in order to by-pass the use of the unreliable
saturated vapcr—volumeijﬁcr the establishment . of these para-
meters.  The proposed method was evaluated and compared with
the modified procedure of the Redlich-Kwong equation of state
and with the previous modified procedure of the Clau51us
equation of state{33734)

]

A

.
w
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CHAPTER 2

LITERATURE SURVEY

»

2.1 Vapor-liguid equilibria data: .

The vapor-liquid equilibria of many different
“hydrocarbon-carbon dioxide systems have been’ investigated
experimentally A complete 1iterature surwey up. to October
1959 was prepared by Flynn(37). The bibliography of vapor—

- liquid equilibria, prepared by Ruhemann and Harmens(“s)
covers the period up to 1966. Special attention was drawn o
by the authors to the extensive blbliography publlshed in

. Russian in 1963 by Malkov et al. (7 ). In addition, the
.survey made by Kogan et al. ¢!) i Russian and published in
1966 entitled, "Vapor-liquid Equilibrium" provides useful
references. Moreover, in the book by Hala et al. (“5), a
review is given which covers the period up to 1965. Recently,
'chhterle et al. @14 presented 4800 references on systems
whose vapor-llquid equilibrium had been measured and reported
from 1900 through December I1572. Oellrich, Plocker and
Knapp(’S) have also rev1ewed all the journals published since
1300 up to the end of 1972 Their review consists of a
reference list in alphabetlcal order and tables with detailed
'_1nformatlon. Vapor-liquid equilibria data for 933 binary
systems were presented in "Computer aided data book of vapor-
liquid equilibria" by Hirata and Nagahama(“a). Wilson's }
equation and the Redlich-Kwong equation with a modified pro&_
cedure were used to correlate the data. Of course, the
systems more frequently studied have been the binary and the
ternary systems. Unfortunately, there were few data existing
for the ethane-carbon dioxide system. Kuenen (62763) did, how-
ever report the azeotrgpic composition at -50°C and +20°C.
Khazanova et al. (60) very briefly reported the vapor-liquid
equilibrium compositions' for several isotherms between +10°

e
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and 20°C. The data shown are not experimental points but

rather interpolated values. The measurements do not appear
(s8)

to be very accurate - The stated uncertainty in the

pressure is 0.5 atm. For this reason, the work was under-
taken,for the purpose of obtaining a set of vapor-liquid

" equilibrium data for this system to use it for testing the

validity of the prediction method by Hsi and Lu (5%’ During °
the course of this work, ex@erimenﬁal vapor—liquid‘equilibu‘
Zium, data became available in the 1iterature(°")~on three
mixtures for the ethane-carbon dioxide system at four temp-
eratures. However, poor agreement was obtained when these
experimental values were compared with the calculated values
obtained from the prediction method(5%)., It was not certain
whethe:_theldiscrepancy obtained is due to the quality of the
data or the validity of the calculation method. Consequently,
vapo;-liquid equilibrium data of the ethane-carbon dioxide
system were needed. By the end of this work, the data became
available elsewhere in the iiterature(ss'“1’77’93)

Vapor -liquid equilibrium data for the binary system

‘ propane-carbon dioxide have been reported in literature(17777

sersn) pue they are not available over the complete concentra-

tion range below -4. 4°F. To extend the range and smooth the

'correlatlon between the existing data, experimental determin-

ations of the isothermal vapor-liquid equilibrium ln this
system are needed,

The data on the ternary system propane-ethane
carbon dioxide were not available. Therefore, experimental
determinations of vapor-liguid equilibria of this mixture
were determined at two isothermal conditions as those of the

‘constituent binaries; ‘ethane-~carbon dioxide and propane-

carbon dioxide. -

The importance of the carbon dioxide~hydrocarbon
systems results mainly from the low-temperature processing
of natural gas. 1In this work, only those publications pert-

inent to the present study are briefly reviewed and quoted
accordingly.



2.2 Experimental techniques: "2

|

The techniques and apparatus used to obtain vapor- .
liquid equilibrium data were reviewed in some detail by
Hipkin(“7), Robinson and Gilliland(sz), Hala et al.(*®) ana
Wllsoh(lzua). The merits and limitations of these techni-
ques were also discussedﬁ 13). q@gese methods can be class-
1f1e§ ig&o the following: -
(a) Static anﬂ Total Pressure Method (28)

In these methods, the liquid mixture. is placed .
into a constant volume cell, either agitated or
allowed to &it for a long time to reach equilibrium.
In the static method, samples of the vapor_and.
liquid phases are wiﬁhdrawn and analyzed while in
the total Qressﬁre method, . only the liquid phase.
i$.analyzed. The main failure in the case of statie
method is that the mass of the material in the vapor-

phase at lo& pressure is quite small., The equiiib-
rium can be greatly disturbed due to the withdrawal
of the material which ceuses a pressure drop. This
failure is reduced if the bomb is used for measure-
ment at high pressure where the'gas phase is more
dense. ‘

The disturbance due to sampling can be reduced
by the use of a variable volume ce11(35’39). The
pressure disturbance due to sampling is reduced by
maintaining the equilibrium pressure as the sample
is withdrawn by compressing the mixture with a pis-
ton. The piston may be a mechanical deﬁice or a
slug of mercury. The use of a mercury piston
causes some concern when used at high temperatures

due to the toxicity of mercury vapor.

(b) Dew and Bubble-Point Method: (117247537s96)
In this method, a mixture of known composition
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is 1ntroduced into a variable volume.cell. The-
‘temperature is maintained constant and the pressure
varied until a bubble in the liquid or a drop in
the vapor. inside the cell is’ observed in. the window
cell.. The procedure is repeated at several  temp-
eEEtures for each constant composrtion mixture to )
determine the dew-point and bubble—point loop. The
. vapor-liquid equilibrium condition can be deter-
mined through the 1ntersect10n of the dew-901nt
: curve of one compositlon with the bubble-p01nt =

curve of another composition. : :

Another way to’ establish the dew and bubble

- points is to plot the pressure isotherm and obtain:
the points from discontinuities in the curve, Al- -
though the sampling technique is eliminated, the
main disadvantages with this method are that the
dew—pointrend bubble-point are not always well
defined. However, this method is applicable fo
binary systems only because the flxlng of tempefa-
ture and pressure is not sufflclent to define a
multl—component system,

(C) ) FJ.OW Method.(SOISTrIOI&)
In this method, gas is bubbled slowly through.
a series of cells containlng the liquid. If the

bubbling rate is 1ow-enough phase equllibrlum
'should be established between the phases.. However
4 pressure gradient is neéessary to drive the gas -
and hence, an exact equillbrlum can not be estab—
lished. There is also the danger of entrainment

(@) Distillation Tower Method: (117)

It uses the same principle of. a simple d;etil-
lation operation. A distillation tower can be built
" for large scale operations. A podrfication of the

tower or taking the tray efficiency into account
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can improve .the quality of the-data. The method
is. pbor as far as accuracy is concerned. However,

. it provides a rapld and practmcal way to speed up
the accumulation of data.

{e) Forced Recirculation Method: . lusyss)
A common method for  obtaining v;por—liquid

»

through the liquid phase until no further change
in tlhre composition of either takes place. The
'véﬁon_is allowed to bubble through the liquid,
thus ensuring good contact. As in the dynamic
flow method, the flow is produced by small pressure
/Agradlent. Thus, there is a small concentration
gradient in the cell from the top to t\é bottom.
- However, this effect is small in.most cases(ga)

- Circulation of the vapor phase is achieved by means
- {s1)

of a mercury pump

R - Pump(2f15)

(10;95;105)

or an electro-magnetic
The method has been widely adopted

e : The weakest part 1n.obta1n1ng the equilibrium
' ' data is the ana1y51s of the samples for comp051tlon.
R 7 A small sample must be taken in such a manner as to

‘ ‘ _ disturb the system as little as possible. The comp-
] ,: - .osition of the phases are normally analyéed by

means of a'gas chromatography. That_is particularly

. B true, if relatively non-ﬁolatile components are pres-
‘ | , ent: While the error introduced due to the -chrom-

atograph ‘can be analysed, the upset of equilibrium

due to sampllng produces a set of unacceptable data.

-In this investigation, tﬁe forced recirculation
method using an electro-magnetic pump in conjunction with a
volume reéulator was adopted. A long coil énsured‘that the
témperature of the vapor passing thrbugh;it was brought down
to the bath'tempefature before being returned to the cell. A

L I
4
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]

/ v "equilibfiﬁm-datais by repeatedly circulating ‘the vapor
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detailed discussion is given elsewhere(‘s) and also ‘a‘brief
description is given in the next chapter. . ' )

2.3 Equations of State:

-

In view of the large number of equations of state
which ftave been proposed in the literature, it is natural to
_search for the motivations. _Martln(71)suggested that "there
are two rather obvious reasons for the’ wide-spread activities
in this field over an extended period of time. The first is
. the fact that the problem of developing an equation of state
. is mathgmatically fascinating and particularly tantalizing
hecause it seems so simple, at least at the start. The sec-
ond reason concerns the exceptional power and utility of an,
equation of state. When combined with appropriate thermo-,
dynam1¢¥;elatlons, a well behaved equation may predict wmth
highprecision iscothermal changes in heat capacities, enthalpy
departure from ideal gas behaviour, partial molal volume,
fugacity, vaporApressure, latent heat of vaporization and
vapor llquld equilibria . in mlxtures |

~ Extensive reviews have been written by many promin-.
“ent workere, f?r instance, Shah and,Thodos(1°2) Stewart and
1067

Timmerhaus ,'Martin(fl)'and Tsonopoulos and Praushitz(lll)
to compare the relative merits and'limitatione of the most
common equations of state. 2an interpretative review was
presented by Vera.and prausnitz (*?) to show_the 1nter-relatlon
between various commonly used equations of state. A state of
- affairs in thermodynamics has also been reported by winnik (12¢)
Despite this prolific outpourlng on the subject, some facts
are either mlsunderstood or not fully appreciated and these
justify. further research in the field.

: The degree of complexity of’ equations of state as
indicated by the number of constants, has been deliberately
increased to better represent the PVT behaviour of substances’

over wide ranges of temperature.and pressure.- In this respect,
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Ehe,equation of state proposed by Martin and Hou(7z) requires
" nine constants to predict the PVT behaviour of a substance.
Similarily, the Benedict-Webb -Rubin equations require ‘eight
constants( ),‘while the Beattie—Bridgeman equation( 5) has
five - constants to predict the PVT behaviour of substances for
which the constants are calculated.

These equations have received considerable attentlon
over recommended ranges of temperature and pressure( 11).
Although these equations are Pogically developed from the
wall known thermodynamic principles, their application is
frequently limited by the 1naccessibility of the constants
for the PVT conditions of interest. Establishing these con-
stants is frequently a lengthy operation, requiring a- curve
fitting and a trial-and-error procedure. What appears to be
the limitation is the fact that some PVT data of the substance
must be available in order -to begin establishing these cons-
_ tants. o ' -~ . ’
Good accuracy is claimed by using these equations.
 The less complex equations of state, having two or three
.parameters, have been overlooked largely because of thelr_.
lack of sophlstlcatlon. This is consistent with the common
notion that an equation of state with more constants should -
produce results that are more con51stent.w1th the experimen-—

. tal PVT behavrour of ‘the substance. However, the two-parameter

'Redllch -Kwong equatlcn proved to be superior over all the

equations examined by Shah and Thodos(luz).

2.3.1 Temperature Dependence of the Parameters
of Equations of State

‘ The parameters cf the original equations of state
were considered to be independent of temperature and were
evaluated by two-different general methods. The first method
was often used in connection with the simpler egquation of
state, i.e., Qan der Waals type equation, The first and second
. derivative of pressure with respect to volume at the critical
point were set equal to zero, plus the eduation itself at the
critical point was used. Another approach to the evaluation
of the parameters yields a gpecified kind of minimum deviation
from the available experimental data by means of the method of

F
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least squares("a).‘ Benedict and co-workers were primarily

interested in applying their equation to hydrocarbon mixtures
for the calculation of R—values and enthalpies; mixing rules

for eight constants were proposed(7) in 1942. To obtain eight

meaningful constants, extensive, experimental data are required
and even if such data are at hand, the eith constants obtain-
ed from data reduction are probably not unique(ll?l. Several
'sets of constants are not an important matter as long as the -
attention is restricted to the properties of pure components
but it becomes extremely important when pure component cons-
tants are used to predict mixture properties(“9'5°). ‘Constants
for twelve pure hydrocarbons were given by Benedlct, Webb |
and Rubin in 1951(5). BWR constants- have been obtained for

nitrogen(ser107); hydrogen(°5’75), -carbon dloxlde(“z’SS)

- hydrogen sulphide(°°), argon(lze) and carbon monoxlde(zo1)'

When fitting liquid saturation pressures, the impor-
tant constant in the BWR equatlon 15 C It was shown in
1951(5) that C must be adjusted when the saturation pressure

--is less tha l atm., and in 1953(N7) Stotler and Benedict

showed that for calculations at low temperature, it is neces-

sary to allow C to vary with temperature.

This modlflcatlon has won wide acceptance(65'8°'129)

tw) haveap01nted outr the need for this J

Barner and Schreiner
modlflcatlon for accurate calculatlon of enthalpies.

On the other hand, many variations of van der Waals .

equation have bee proposed but by far the most successful

one is that of Redlich and Kwong in 1949(9{) whlch ‘combines
simplicity wlth r asonable accuracy. Since it has.only two
canstants, its priﬁa{y use is-net for representing extensive
experimental data, but for estimating volumetric and derited
properties for non-polar (or slightly polar) fluids and their
mixtures from minimum experimental information such as crit-
ical temperature and pressure of the pure components(llx)
The.superiﬁﬁTty of the Redlich-Kwong equation over the van der.
Waals equation and its early variations (Bertheholt, Dietirici)

has been amply'demonstmated by Shah and Thodos'*s). a good
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compilation of the modification of this equation of ' state
is available elsewhere(°°'51) ‘

. To .better represent the PVT relation calculated
by the Redlich-Kwong equation of state, Wilson(‘21) proposed A
that the parameter -a of the equation be;temperature,depend— ¢
_ent according to the following relation \

i

o 1.5 _ R 1f5.‘
a; /R Ty = 4.934 [1 + Xy (TEI 1) ] Toi't *by
U | SR S (2.1)

Where TRl is’ the reduced,temperature of i} ki iéfa constant
characteristic of i, eij is a bina;y‘constant which must be
determined from some experimental data for the binary and a
-.is a measure of the strength of attraction between a mole-
cule i and a molecule j. If i and i are the same chem-
ical species,_the aij ls clgarly'the Redlich~Kwong a for
that substance.

ij

Wilson has also‘appliea his modification of the
Redlich-Kwong equation of state to the calc¢ulation of enthal-
pies(lzz) In this paper he.intrqducéa the acentric factor

-

by letting

k; = 1.57 + 1.62 u, , C o (2.2a)
The agreement ié good for gasedus mixtures. _

| Subsequently, Wilson(123) presented another
relation which cbmﬁines Equations (2.1} and (2.2) 3nd further -
improved the calculation of mixture properties. A simplified
form of this mbdification has been used by Chang, Chapplléar
and Kobayashi(ls). As ﬁointed out by the.authors, a further
modification for the equation of state would be the'inclusion
of the effect of the intermolecular forces ‘acting between
unlike molecules on the mixing rules, which relate the cons-
tants of 'a mixture to those of éure component.
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o ' _Robinson and Jacoby(S“)

assumed that both cons-
tants a and ‘b are linear functions of temperature. They
also found that prediction of properties for multi-component
mixtures was much improved when Equatiqn.(2.2)\was used ins-
tead of the geometric mean for aiﬁ Their modification was
applied to only restricted ranges of temperature and pressure.

Barner, Pigford and Schreiner(’) used the original
Redlich-Kwong mixing rules, but they made the constant a
temperature dependent, in order to improve the prediction of
the second virial coefficient below the critical temperature,
Thus,

= °‘-+‘—I..‘._‘ (2.3)

-cxandw'amﬂd be related to critical temperature, criti®al pres-
. sure and acentric factor. This modification produces a cons-
iderable 1mprovement in. predlctlng the enthalples of non-polar
condensable vapors(w

. The modlficatlon:of Barner, Pigford and Schrelner
as well as those of Wilson and Robinson and Jacoby, give a
critical isotherm which is the same as that of the original

. Redlich- Kwong equatlon, as thep introduced temperature dep-

"endence for one or both of the adjustable parameters.

| ~ Gray, Rent and Zudkevrtch(“°) combined Barner's

modificatlon with the dev1atlon function approach, in-which

p—

a funetion of temperature, pressure and acentrlc factor is
added to the compressiblllty factor from the orlglnal equation
to fit the’ compress1blllty and enthalpy ‘data for vapor mix-
tures of 11ght hydrocarbons and related non—polar substances.
Although the fit near the critical point is improved, the
‘modlfication has ‘a limited range of applicability.
Chueh and Prausnitz( 1) proposed that for the gas

phase calculation, the constants Q, and Qb be adjusted-to ...
" the properties of the saturated vapor; for liquid phase prop-
erties,'theseconstantsshould be adjusted to liquid density'
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'data? . In both cases, _Qa and Rb are considered to be
temperature—independent. The purpose of this adjustment is
to facilitate the calculation of the fugacity coefficient ing

saturated vapor mixture, partial molar volumes in liquid

- mixtures and criticai properties of nmixtures, However, this

method is restricted to the prediction of partial molal vol-
ume at saturation pressure and at, a temperature not lower

-than a reduced pseudocritical temperature of 0.56(20) .

zudkevitch and Joffe(577129) pove followed the
approach of wilson 1217122} 404 eytendea it to the quantity
Q. They evaluated 9 and Qb of the Redlich-Kwong equa-
tion separately for the saturated vapor phase and the satura
ted 1iquid phase. In the establishment of the values of ﬂ
and Qb, the .generalized fugacity coefficient values at sat-
uration of Lyckman, Eckert and PrausniﬁEisS) were employed
The reduced fugacity coefficients at saturation were given
by the following expression:

log ¢° = (log ¢%) () 4 y(1og ¢5) (1)
% .
where (log ¢5) (°} ang (log ) 1) are functions of the reduced
temperature and are'presented in a tabular form. The values
of Q_ .and Qb evaluated from the saturated liquid propert-:
ies were utilized for bLoth phases due to the fact that for
most compounds, the values of Q and calculated from

b
the vapor pliase ascend rapidly as Tx decreases(lzs) In sev-

. eral cases, the vapor values take an erratic course and

become negative after passing-through a maximum. The paramet-
ers of pure component were combined to give that of mixture
in the form of the following relation:

.= (1 ~ ¢, 0.5
alJ ( Ci]) (a jj) ,
where Cij represents- the deviation of a from classical
geometric mean assumption. The establishmﬁnt of C was'

ij .
found from the experimental data. It should be noted that

,.
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the temperature-dependent parameters Qa and nb obtained
with their method would not satisfy the fundamental condition
¢iv dype This. drawback is also observed in the method of
Wilson .(121.122) | .

Joffe, Schroeder and’ Zudkevitch recognized the above
mentioned pitfalls, subsequently, they proposed an alternate
procedure for establishing the pure component na and Qb
parameters as a temperature function(ss). The procedddh is
essentially similar .to the method proposed by Chang and Lu
in the calculation of vapor-liquid equlllbrium(57), partial
(37) (19) Gf liquid mix-

tures. Lyckman's correlated values of ¢, (69) yere avoided

molal volumes and enthalpies of mixing
. by forcing the equalization of the fugacmty coefficient in
the saturated vapor and saturated liquid. Therefore, the
followxng relation was derived(5¢)

InlVy - B)/(V = D)) - RO, - V/RE)
. , 2,
a5 Bl (/Mg Inl(V, + b)/V, (Y + D)] -

Equation (2.4) was solved simultaneously with the Redlich-
Kwong equation of state at each temperature below the criti-
cal point to yield @_ and & . The solution involves a
trial-and-error procedure. This Equation (2.4) becomes in-
deﬁermlnate at the critical'point.m It-is therefore necessary
to use the previous method (129} to establlsh @, and Qg

at the critical point. The application of this procedure was
preferred for the heat of mixing calculations.

The Redlich-Kwong equation of state has been success-
fully epplied by Chang ;E/ad. for the prediction of thermo-
dynamic properties(”'1 rs7) by considering both Q, and @
temperature—dependent. They were.obtained through a rigorous
thermodynamic approach and the fundamental condition of
equilibrium state, i.e., $q9g = by wWaS satisfied. - The

method has been extended by Hsi and Lu to evaluate Q and

(s2452) -
. 1

¥

*Qb in the Supercritical region.
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Chaudron, Asselineau and Renon(lsl developed a new
modification of the Redlich-Kwong equation of state for pred-
. icting volumetric'properties. The parameteérs 9 -and 95' .
were treated as a function of the reduced temperature. They
~ were obtained from 7, 600 volumetric data points of pure substances,
in vapor and liquid phase ‘in the whole. range of temperature
and pressure and not only at- saturation. Their emphasis was

placed. on the  application to volumetric properties of the
. liguid and vapor phases -The equal fugacity criterion for
vapor-liquid equiliﬁrium studies can not be satisfied by
means of their calculation. , The' variations of 2  and ﬂb
with temperature were: represented by using ‘the following
analytical forms:

R

Qa i Ca,i / Tr i 0,1,2g (2f5Lv
' )
The best values of C_. ., and C, . for a given substance
a,i b,J

are obtained using a computer program which minimizes the
relative deviation between experimental and computed values
of volume for all available data. 'THe method was extended
to'mixtures ) by using. a new -set of mixing rules. The
rules were selected by analyzing a large set of molar volume
data of mixture. Itfwas-applied-to”polar and non-polar sub-
stanées, including supercritical gases, DeMateo and Kurata(zsy
have followed the approach of~Zudkevitoh_and Joffe to evalu-
‘ate the parameters Qa and Qb to‘correlate and predict the
solubilities of solid hydrocarbon in liquid methane. For @ .
methane, the vapor pressure,_fugacity coefficient and molar kn
volume were taken from_Canjar-amlManninélz).ﬂ Since the

solute in solid—liquid equilibrium is a “subcooled liquid,

this kind of experimental data can not be'round.' For this
reason, extrapolations of the available generalized correla-

+tion have been done. The fugacity coefficients were estimated
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by calculating the fugacity of the saturated vapor from the
virial equation of . state truncated after the second virial, :
with the. second virial estimated according 'to the Pitzer and
Curl( “) correlation. The values of Q and Qb as calcu-
lated were fitted to a fifth degree polynomiar‘in reduced
temperature. o : _
tlué) has also pfoposed a modification for the
RedIich—Kwong equation-by‘introducing the acentric factor w

Soave

as a third parameter.  The parameter b in the original equa-
tion was assumed.to‘be constant and determined from the
'cfitical,data while a was treated as a function of. reduced
temperature and acentric factor. ‘A generallzed correlation’
for the parameter a was derived This empirical functlon
was adjusted such that the modified Redlich—Kwong equatlon
gives a good“ representatlon of vapor pressure for laght hydro-
carbons with the application of the orignal generallzed mlxlng_.,
rules Acceptable results were ohtained for mlxtures of non- .

polar fluids such as hydrocarbons, nitrogen; carbon onckide

with the exclusion of carbon dioxide and hydrogen Sulphlde.-
(ve) mentloned that for the. pure(_
substances embodied in' his’ programme for the calculatlon of

'multl-component thermodynamlc data at- ctybgehic temperatures,

Recently Harmens

-]

the two omega functlons were f{tted to- knewn physlcal proper-"-
ties. Three ranges were dlstlngulshed-- temperatures below
'Tr”- 0.96, between T. = 0.96 and 1.0 and above T “1.0.,
Closely below the crltlcal temperature, this 51multaneous
fitting fails because no values .of omegas can produce a real- -
istic 2 o but for all substances, it was p0531ble to derlve
valld omegas up to at least Ty .= 0. 96. ' .
+  Generalized correlatlons have been . establlshed for
the temperature dependence of the parameters a and b of;; <
"helium and hydrogen in the_Redlichanong equatlon in the - .
supercritical region(lls) ' ; o
- Therefore, the need for individual and generallzed ;
correlation for calculating the parameters 9 s and Qb of

the Redlich-Kwong equation of state for the pure components
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in the suberitical region was demonstrated.‘ The computation

'~ of these parameters usiny the minimum information.of the pure

components properties can\facilitate the application of the

Redlicherong equation for vapor-ligquid equilibria and can be

, fitted as an integral part in Harmens' programme for the eval-
. uation of thermodynamic properties. _ T ,

Beret and Prausnltz(g) propﬁsed a three—parameter
‘equation of state applicable to small,’ spherical (argon—like)

”_molecules and also to liarge structurally complex molecules

including. polymers. The equation has some fundamental. advanw -

"tages when compared with the. Soave. equation which fails to give

. meaningful results for PVT data of pure components at low

temperatures ortugh pressures. The term{V%ﬂ becomes negatlve( )

‘This limltation, -also present 1n the original van der. Waals
'_‘equation,was recognized by van der Waal and hlS co-workers.

'They showed that Soave's equation fails" eVen at- normal.. temp—
" eratures ﬂm:complex liquids (w > 0.2). The ability.of the

low temperatures follows from a fortunate - cancellation of

Soave equation 100) to predict reasonable vapor pressures at -
errors: upon equatlng the .chemical potential of liquid to
that of vapor, Soave s equatlon calcuﬂates an erroneous sat-
“urated llquld volume, but this erroneous result often glves

_ nearly correct vapor pressure(loé). S

- The orlglnal Redlich-Kwong equatlon has only two

parameters, and is used only with one blnary lnteractLOn

7--coeff1c1ent, . for mixtures of the equation and 1ts derived

e:functlons cannot, of course, be expected to hold for all
possible substances, let alone for all possible mixtures.

The approach of Zudkev1tch and Joffe, Chang et al. extended

" by Hsi and Lu(ls'zn) relies greatly on' the capabillty of the
'equatlon to represent ‘the fluid’ properties despite the fact
that the fundamental con&htion at equlllbrium $ 4y = ¢i£
,satisfied, the condition of minlmum &eviatlon between exper-
imental and.calculated Z is - sacriflced. .This is expected§
since.Redlich—KWong“has,bnly two adjustable parameters wnile

we have three conditions to be satisfied at equilibrium,

.



S

- = 19 -

Namely: l S . !
Zvexp e= Zvcalc. : ~.. - (2.?).
R g SXP =Z£ca1c "‘ o A | (2.8)
aud-:tl-xe_lfur{d'amental: 'can‘amon . ¢i>v. =4, L (2.9)

So, we must have an’ equation with at least three n

_'adjustable parameters to satisfy this condition at equillb—'

rium.

Elshayal and Tul®¥rd) successfully employed the

~Clausins equatlon ‘of - state with a modlfled procedure to.cal-
culate the fugac1ty coeff1c1ent, llquld phase activity co-

efflolent and PVT data. - In the orlglnal equation, Clausrus(zz'BZ)

‘supplemented the van der Waals equation by the-introduction

of a thlrd constant Clausius postulated the existence of
clusters of . two or more molecules that are temporarlly formed

.by colllslon at lower temperatures and which break-up very

readlly at. hlgher temperatures. In such clustess, the forces

'are much greater than if the molecules were separated in the
- gas and ‘hence the van der Waals term a/V?. is too small to

account for this force at lower - temperatures. Further,'

hClau51us considered correction on the cohesive pressure term,.
i. e., he’ replaced the term éL by the quantlty

a -
. : TV +o)?

LJ

,Thls correctlon is equlvalent to treatlng the parameter a

of the van der Waals equatlon of state as temperature depen~'”'
dent and shifting the calculated crltlcal igotherm,

The technlque was not fully ‘appreciated at that
time, possibly because ClauSLus offered a kinetic explanatlon
that was. only partially Justlfled rather than a mathematlcal
explanation based on the transformation of the independent
variable. In the modified procedure of Elshayal and Lu(as’
the parameters Qa P Qh and nc oflthe equation werée
treated as temperature dependent and were obtained through a

rigorous- thermodynamic approach, therefore,.the three copditions

L]

an)

-
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for equilibripm'state were satisfied. The applicability of
treating Q ' Qb -and 9 as témperature dependent param-
eters for vapor-liquid equilibrium calculations had been.
demonstrated(33 s“). When a further extension of the work
to calculate the thermodynamic properties was carried out,

_the results indicated that it is more suited for calculating

volume of mixing rather than heat of mixing( “). The diffi~
culty encountered may be due to the fact that the quality of
the saturated vapor volume, Vv, values reported in the liter-
ature is not. certain. The uncertainty is reflected in the
numerical values of the parameters and in the trend which
the parameters might have in certain'regions, especially in
the vicinity of the triple point and near the critical point.
Consequently, it.was rather difficult to establish a rellable
value for the derivatives of ﬂ ’ Qb and Q w1th res~‘
pect to temperature which can lead to a large error in the
calculated heat of mixing( h). '

This can also be ascribed, in a way, to the fact
.that the Clausius equation lacks the ‘accuracy 'in expressmng
the. 1nfluence of temperature. All the above. mentioned- argu-
'mentsalsop01ht to the de51rab111ty of by—pa551ng the use of’
saturated vapor volume altogethér, by minimizing the amount
of information required to establish these parameters Stlll )

' within the objective of modifylng the - temperature effect

described by ‘the original Clausius. equatlon of state. Fur—”

~thermore, it seems to be suffLCiently promising to follow

the same approach of treating the parameters of- the Clausius
equation as temperature dependent to 1mprove its predictlve
ability of thermodynamic properties but meanwhile, simpllfying
the minimum réquired reliable information to determine the
adjustable parameters of the equation. What' appears to be
limiting at the moment, 1s the availablity of rellable satur-
ated vapor volume data, beside the fact that at - present, no
generally satisfactory equation of state. exists that has a good
,predictive ability over_a wide range of temperature .and pres-
“sure for both pure components and mixtures. Until such an

-
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equation appears',-_the i_ncentive re‘mains' to modify the current-
ly occurring equations to their ultimate simplicity and/or
versus refinement and accuracy. N
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\ CHAPTER 3

EXPERIMENTAL INVESTIGATION OF PHASE
BEHAVIOUR OF SYSTEMS CONTAINING CARBON DIOXIDE
PROPANE AND ETHANE

b -

LI .
, In recent years, there has been an incfeasing int-
erest in the phase equilibrium studies of systems, particul-
arly those. containlng one of the non-hydrocarbon components
frequently found in petroleum or natural gas reservoirs.
Therefore, the present investigation was undertaken to pro-
vide new vapor-liquid equilibria data for systems for which:
(1) there is a reason to belleve that the avallable data in

the literature are not of suff1c1ent accuracy for use- in the

idesign of an efficient separation technique, or for the test- .

ing of the'validity of a method based on. an equatlon of state
to predict thermodynamlc properties, . }
(2) there are no—avallable data in the litefatufé.

' Vapor-liquid equilibria were measured for carbon
dioxide~ethane systems at the same isothermal conditions

(-60°, -20°, 20° and 60°F) as those reported in the litera-
L (69)

.ture . The binar& system propane~carbon diokide has beeﬂ

measured atg-20° and 20°F. 1In additioh,‘the ternary;system

propane-ethane-carbon dioxide was .also measured at -20° ahd

!

20°F. The details of the equilibrium cell and its support-

- ing equipment, the analytical equlpment and the materlals
- used in this study will be discussed in this~ chapte;.' _ .

-

3.1 Apparatus:

The forced—recirculatlon type apparat d was-
essentlally the same as thatﬂused by previous 3:'eseérche:trs(18
with minor changes and only a brief description is given

here. A schematic diagram is shown ianigure (3.1). The -

', -

qﬁﬁaratus can be divided into six functional sections:

;o

52)
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‘Feed charging system, equilibrium cell, recirculation loop,
'sampling, cryostat and its temperature control and temperat—
ure and' pressure measuring devices. ‘

-~

Feed Charging System:

Pure gases were fed directly into the cell frrm1the
supply cylinders: whlch were equlpped w1th 1ndividual pres~ﬂ.
sure regulators and valves. o o '

yer 1

_The;Equiiibriﬁﬁ:éelii

’AﬁiOO'ml. Jerguson transparent gauge with a stain;
less .steel body was used for the cell. Teflon gaskets were
used between the glass windows and the metal body. -

Inlet and outlet holes were drilled in;the bottom
and the top of the guage respectively. All fittings were
made of stainless steel and were tested to withstand the
experimental condltions. The details of the equilibrium cell
are shown ,in Figure (3.2)

The Recirculation Loop:

.knelectro—magneticpump was used to remove vapor
from the top of the cell and recirculate it through the’
liquid phase by forcing it into the bottom of the cell. The
recirculation rate can be adjusted by varying the speed of
the pump, The electrical circuit of the electro-magnetic I
pump is shown in Appendix B. ’The volume regulator served
as a part of the recirculation loop and used in the regqula=
tion of pressure during the liquidvgagpling period.

: 4

Sampling System-

The vapor was trapped -in a sampling bulb connected
along the recirculation loop. The liquid samples were taken
through capillary tubes 1/16" in diameter. A)needle valve
'was inserted in the line between the equilibrium cell and

the sampling bulb to minimize the sample size. A bubbler was
used to count the number of bubbles per minute.. '
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The Cryostat and its Temperature Control Syétem:

A Dewer flask of 18 litre capacity was used as the

cryostat. It is silvered except for two vertical strips
about 1" wide.  The cryostat was-equippéd with two variable
speed‘stirrers, refrigeration coil, and a heating element
connhected to a proportional—type Bayley temperature control-
ler, model 250, which was used to control the bath temperature.

‘ The cooling éyétem employed in this investigation )
. involved minor changes to that previously used in this labora-
tory. At ~20° and -60°F, isopentane was used as -the bath lig-
uid in the cryostat. The temperature of the cryostat was reg-
ulafed-by controlling the evaporation rate of liquid nitrogen
in the refrigeration coil and controlled to *0.01K. Thé nitro-
gen was liquefied using a cryogenic system, Phillips PPG.102.
For the other two teﬁpeiatures (20°F and 60°F) a Nestlab cooling
unit was used with methyl alcohol as the bath liquid.

Temperature and Pressure Measuring Devices:

TWO thermocouples wells of capillary steel tubing
were inserted about an inch from the top and the bottom of
the equilibrium cell. The system~£emperatures were measured
by means of a Leeds and Northrup K-5 Potentiometer; the
thermoéouples were calibrated against the vapor pressure of
ethane(lz'as). .

- The préssure of the system was measured by means
of two tested Heise gauges. The ranges of these gauges are
0 to fﬁo and 0 to 2000 Psia, with 0.2 and 2 Psia per diﬁision_

respectively.
3.2 Materials:

Research grade gases were used without further puri-
fication. The sources of the materials used and their speci-
fications were as follows: |

Research Grade Gas Specified Min. Purities o Supplier
Propane 99.9 mole% .~ Phillips Petroleum.
Ethane 99.9 mole% Phillips Petroleum

Carbon Dioxide - .99.995 mole% Matheson of Canada
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3.3 ;Experimental‘procedure:‘_'
: } , g

A four- step procedure was followed to collect the -
requlred vapor- llquld equilibrium data.‘ They were: charglng
"~ the components of the mixtures under 1nvest1gation, equilib-
ration, sampling and analy51s.

3;3.1 'Cﬁarging the.Components of'the Mixture:

At room temperature, the system was evacuated,
.purged with the less volatile component, evacuated and main-
tained under vacuum overnight. . The equilibrium cell was
immersed in the Dewer flask which was filled with the bath
fluid. The windows of the equilibrium cell were'centred
with respect to the vertical uhsilvered strips of the Dewer
flask. A source of illumination was used to ensure clear
visibility of the Cell;"ThelPhillips Cryogenic System was
started. A sufficient quantity of nitrogen gas was fed at
lO_Psig. A ‘by-pass for.the'liquid nitrogen was necessary

for a better temperature control by means of the appropriate .

valves. The bath stirrers were turned on and the system
temperature was checked until its value was within a few
degrees of the desired one, then, the temperature contrecller
was turned on. For the binary system{'the-mixtures studied
were synthesized and liquefied within the eqﬁilibrium cell
with the heayier component charged first, followed with car-
bon dioxide.until ‘the ligquid level ﬁad risen to about half

of the equilibrium cell height. When the desired temperature
was reached as indicated by the controller and by the thermo~

couple measurements, the electro-magnetic pump was activated
and kept on until the equilibrium was attained.

3.3.2 EBEgquilibriation:

When thermal equilibrium was reached in the cell,
the circulation of the vapor within the circulation loop was

continued for at least three hours at the desired temperature.

L

o
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'.After this_period;=the electro-magnetic pump wasyshut down
and the pressure and the.temperature of the system were rec-

orded.

'3.3.3 Sampling and Analysis: -

The vapor was trapped as soon as the pump was stop-
“péa. Liquid samples were withdrawn from- the cell after the
- liquid phase was allowed to settle for an hour, sampling of
. the 11quuiphasewas carried out by manipulatlng the needle

L Lvalve’ ‘which allowed the slow vaporization BF the liquid

phase through the sampling tube. The system pressure was
" maintained constant by adjusting theﬂvolume regulator. A
schematic diagram of the sampling system is shown in Flgure
(3.3). ‘ ' Y
. Analyses of the samples were carried out by a )
Fisher-Hamilton gm;panuthmn; Model 29 in conjunctﬂon with
a Perkln-Elmer recorder (Coleman 165). For the system ethane~
carbon dioxlde, 51l%da gel §40 ~-60 mesh) was used as the col-"
umn's (4 f£t.) packing material. The flow rate -of helium was
maintained at 80 ml. per minute at 30 Psig.. A retention
time of 1 inutes waS‘rgguired for separating_the two comp-
onents. The)peaks were well spaced, completely separated
and sharp in the sequence of carbon dioxide and ethane.
Samples of prepared mixtures of known gas compos—.
itions were used for the calibration of the chromatograph.
The result of the calibration was plotted as composition
“ratios versus peak height ratios.
For the systems dontaining propane, Pora Pak 0
(80-100) mesh was used as the column's'(l ft.) packing mat-
erial and a retention time of 22 minutes was required to.
separate the propane—ethane-carbon dioxide mixtures. The
Fisher-Hamilton gas partitioner is limited to operation at
room temperatures. In addition, the-propane peaks have the
tendency to tail and the result of the calibration'of the
chromatogfaph was plotted as gomposition ratios versus area

N/
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ratios> Samples of prepared mixtures of,known compositions
of ca bon dioxide-propane and carbon dioxide-ethane were used
Ee calibration. - A saving of about 50% in the analysis
time was achieved by simultaneous- analysis of two samples,.
the second sample was injected after the ‘elution of carbon

" dioxide and ethane of the first sample. .

To overcome the d;fficulties‘of"thé'réquired long
retention time, accuracy and precision of the area determin-r
ation, the Fisher-Hamilton gas partitioaar was replaced by
the Hewlett Packard Research Chromatograph series 5700 A

using a thermal conductivity deteotor‘inxooajﬁnctiOnﬂwith~a~‘"“'”"

Westronics recorder, Model 5700 A. The output signal was
féd to a Hewlett Packard integrator, Model 3373. A Pora Pak

Q Column- (6 ft.) was used., The flow rate of helium was main-

tained at 30 ml.. per minute at 40 Psig. The detector temp-

.. erature was kept at 423 K and the oven temperature. gt 368 K.

A retention time of 5 ﬁinuggs was required to separate the -
propane-carbon dioxide mixtures. At least three analyses
were made for each of the samples collected and an average o
was taken. The same -analysis scheme was used for theé mixture
of propane-ethane-carbon dioxide. )

After the first experlmental point has been deter-
mined, the more volatile component was then fed to the system
by bubbling it through the liquid, recirculation was resumed
and another point was determined by following the same proce-
dure described before. This allowed a- wide compositioh range
to be covered. ’

3.4 Experimental Results:

Equilibrium P-T-x-y measurements were made for the
following systems at the condltions specifled.



System ' "J‘.‘_,U?fféppﬁffﬁifpressuré,'Pgié"
ethane-carbon dioxide . . 60.- - 637.5 - §27.0
A ' 20 331,52 486~ 0
..ufzp,Lg,l;zlz 0 -.263.0. -
. =60 101.6 - :127:6
‘ 'Efopane-carbon dtoxide i 20 117Lq - 379.0-
- ~20 73.6 ~ 197.0
propané-ethane-carbon dioxide 20 184 0.~ -433.0

The data are“Shoﬁn in Tébles (3.1), (3.2)Aand (3.3).

3.5 Error ana;ysisi

oot
-

The use of an error ana1y51s in conjunctlon with

the local area con51stency test .in- judging the con51stency

.of the vapor-llquld equlllbrla data within the given experi-

mental error is valuable. ‘

In this investigation of vapor-liquid equilibria,
the possible sources of error arise in the fundamental meas-
urements for Y- values from pressure, temperature and
composition.

Pressure error: The accuracy of the Heise gauges is 0.1% of

full scale. For pressures up to 200 Psia, the error is 0.2
Psia; for the higher pressures, the 2000 Psia gauge was used
to give an error of 2 Psi. At the lowest experimental pres-
sure (75 Psia), the relative error is 0.27% while at the
highest experimental pressure (823 Psia) the relative erroxr
is about 0.25%. :

Temperature. error: The temperature of the cryrostat was
controllable to 0.01 K/ and the temperatures measured wexe

probably accurate to about #0.1 K.

220770 87.5 0= 23800 - o
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. Concentration error*\ The reproducibility of the analysis °

"“was good to 0.002 mole Eraction. The total concentration '

‘exrror . is estimated from 0 002 to 0 003 mole fraction at the
' lowest concentration Generally, this error was minimized
by -repeated analyses and by: using average values in the cal-
culation. Usually the peak height or area -ratios for the
different samples of the same mixtureaagreed within 18. If

. there are discrepanCies due to a‘bad injection technique, &

results have to be discarded ' Peak areas determined by
weighing thechartpaper were of ‘a relative accuracy of 2%.
The probability that all error contributes in the
same direction is small; statistically, the errors should '
tend to cancel. Since the probability of negative and pOSltlve

i

error is equaly’ -

3.6 Consistency of the experimental data:
. | I s y
The consistency of the experimental data of the

binary systems was tested by means of the method proposed by’
(18) ‘

Chang and Lu . The measurement errors in' the calculation
were set as follows- Lt ' '

E(P) = x1.0 psia

E(T) = =:0.1'K |

E(X) . '= $0.0005, -0.001, 0.002

The result of that'consistenc;ttest(la’llz) although developed
in an approx1mate form, 1ndicates the total error caused by
both random and systematic error. In the calculation, the
fugaclty and the partial molal volumes were obtained from the
Redlich—Kwong equation of state by means of the modified pro-
( 9). The evaluation of these quantities using the
Redllch-Kwong equation is shown in Chapter'4. BAlso, a brief
description of the method is given in Appendix C. '

Ccedure
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TABLE 3.1
4 ) . .
EXPERIMENTAL RESULTS FOR THE BINARY SYSTEM
ETHANE (1) - CARBON DIOXIDE(2)

a

, EXPERIMENTAL

Temp. °F ' X, . _ y’1 P,Psi
60 . © 0.7845 0.7571 °  637.5
. 0.6874 . 0.6425 705.0

0.4880 0.4295 809.0

0,4376 - 0.3609 - 823.5

0.2609 ~° 0.2659  .827.0

- ' .0.1499 | 0.1635 812.0
.. 0.1617 0--1645 813.0

20 1 0.9285 ~0.8784. . 331.5
0.8956.  0#8026. - 355°5

,,0:8702 " -.0,7864 " 361.5

. - ,0.8103 0.7019 . . 392.0

0.7487 . 0.6500 " 409.0

- '0.6406 0.5815 433.5
. 0.5096 0.4527 471.0
0.4714 | ° 0.4167 476.5

"0.4069 0.3589 486.0

0.3929 _  0.2950 483.5

0.1055. . 0.1369 463.5

- 0.0825 0.0839 - 448.0

~20 0.0892 - 0.1585 240.0
‘ 0.0981 0.1685 248.0

0.1676 . 0.2310 253.5

©0.3312 . 0.3309 1 263.0

0.4521 ,  0.3989 "261.5

0.4541 ~  0.,4051 261.0

0.5749 0.4689 257.0

0.6631 0.5394 240.5

0.8256 0.7124 216.0

-60" ' ".0.8703 0.6624 ~  101.6
' 0.7622 0.5881 115.2 .
0.6203 0.5000 123.4

: 0.4672 0.4317 = 127.2

o 0.4673 0.4520 127.2.

0.4023 0.4015 127.6

0.3726 0.3880 127.6

0.3661 0.3805 127.6

0.3307 .  0.3623 126.4

0.2975 0.3552 126.2

0.2253 0.3080 124.0

0.1197 0.2344 117.8
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TABLE 3.2
EXPERIMENTAL RESULTS FOR THE BINARY SYSTEM

PROPANE (1) - CARBON DIOXIDE (2)

 EXPERIMENTAL

Temp.°F X, Y, P,Psia
20 0:9114 . 0.4793 117.0
0.8380 0:3601 155.0
0.8202 0.3293 .- 168.5
0.7485 0.2747 197.5
0.6536 - 0.2118  241.0
0.6004  0.1921 .° 262.0
0.5572 ' 0:1682 294.0
0.4734 0.1477 -  314.5 ,
0.3530  0.1249 351.0
0.2250 - 0.0843 - 371.0
0.1811 - -0.0735 - 379.0
-20 . 0.8866 - 0.3411  .73.0
| 0.8547 0.2867°  85.0
0.7755. 0.2180 109.0
0.7505 0.2055 114.0
0.6771 0.1705 133.5
0.5774 -. 0.1420°  154.3
0.4671 0.1172 ° 168.0
. 0.3328 . 0:0933 - 184.5
0.2536 0.0804 190.5

0.1933 0.0684 197.0
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-7 "3.7 Dpiscussion: "(- o o L

Ethane-Carbon Dioxide System ~

The vapor liquid equilibrlum data obtained at four

is-ri?eé-l condltlons {— 60° -20°, 20° and 60°F) are given in
T4
recenﬁly reported in the literature. The experimentally det-

ble (3;1). The data are similar in appearanoe with those

ermined-data points cover the whole concentration range and
there exists an‘azeotropic composition as previously reported.
It should be mentioned, however, that at 60°F, the cell was
first cooled to a lower temperature to facilitate. the charg~
ing of addlﬁlonal carbon. dlox1de to the mixture of the pre-
gedlng run.,. This procedure was necessary because carbon drox—
ide cyllnders were supplied with a maximum cylinder pressure
of 830 P51a, while the total pressure of the mixture might
reach up to 827 Psia. It‘&as found that the experimental.

- data are consistent within the bounds indicated by *0. 002

‘mole fraction.

.Eropane—Carbon Dioxide System

The vapor-liquid equlllbrlum data obtained at the
two 1sothermal conditions (-20° and 20°F) are‘glven in Table
(3.2) . The data are .similar in appearance to those reported
by previous authors(l'77 85'90). There exists a reversal in
the curvature in the P-y curve for eaoh isotherm'in the region
of the rich carbon dioxide content. This behaviour is typical
for systems made up of carbon dioxide and paraffin hydrocar-
bons at temperatures up to and slightly above the critical
temperature of the hydrocarbon. This phenomenon is more evi-
dent as thgftemperature decreases as shown in Figure (4.6).

The mixtures studied were synthesized and liquefied within

the equilibrium cell with the ‘propane being charged flrst,
%ollowed by carbon dioxide. A significant decrease in volume
was observed during this procedure, especially in the vicinity
of 170 Psia at 20°F. This behaviour was not observed for the

system ethane-carbon dioxide which was experimentally determined
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'previously(ns). This béhaviour may be attributed to the
difference of the chemical nature of these components des-
pite their having the same molecular weight.

A comparison was made between the experlmentally
measured vapor-liquid equilibrium data at the two isothermal
conditions (-20° and 20°F) with those reported in the litera-
ture(1’77585'9°). Two plots were constructed from the
'smoothed P-x-y plot; one for constant liquid compositions,
the other for constant vapor ' compositions as shown .in Figures f
(3. 3) and (3.4). Good agreement was obtained betweer the
data presented in this investigation and those of Sage- et
Aal.(go 99). It appears that the data reported by Nagahama
et al, (77) and Akres et al, (1) do not follow the trend as
shown in the graphs in the lower pressure range. The pressure
measurement error in this work ranges from 0.25% in the lower
region to 0.5% in the‘higher region while_in the data'repor—
ted by Nagahama et al., the accuracy of their pressure read-
ings is 0.2% of the full scale (0~100 atm) of the Bourdon-
tube gauge which gave an error of about 8% in the lower range
compared to 0.6% for the highest reading. )

In applying the consistency testf it was found that

the experimental data are consistent within the bounds indica-

18)

ted by i0.000S mole fraction with the exception of one exper-
imental point (P = 351.0 Psia, x = 0.3530). With this point
included,  the 'data are consistent within the bound indicated
by to.gggfmole fraction. H
"\ AL ‘ .

.-
|-\."

Propane-Ethane-Carbon Dioxide System

The experimental data are tabulated in Table (3.3)
at two isothermal conditions (-20° and 20°F). The mixtures
were synthesized in the equilibrium cell with propane-always
introduced first followed by carbon dlox1de or ethane. The

. collection of data was arranged in such a way that a binary

mixture of propane-ethane or propane-carbon dioxide was- synthe-
sized followed by the successive introduction of the third

cocmponent. During the charging procedure, it was observed



. = 39 —

. that over thé’concehtfation\region investigated, the system
'bressure would not be greatly increased by increasing the
_concentration’of carbon dioxide. The addition of carbon
dioxide caused significant decrease in velume, especially
at lower ethane concentration 51mllar to that observed for
the system propane—carbon ledee. . o

‘Due(to the: limitation placed on the employed con-
18

noet be widely spaced, the con51stency of the ternary data

.sistency test ), namely that the experiﬁental points should

cannot be overemphaSLZed

3

et

Ay
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TABLE 3.3

EXPERIMENTAL RESULTS FOR THE TERNARY SYSTEM
PROPANE (1) - ETHANE (2) - CARBON DIOXIDE (3)

'Temp.fg *1 : X2 . PPSia Yi Yo

20 0.4749 0.4876 184.0 0.1686 0.6908
- 0.3549 © 0.6157 213.0 0.1193 0.7846
0.6438 0.1477 219.0 . 0.2166 . 0.1910

0.2686 0.7081 233.0 0.0863 . 0.8442

0.4201 @ - 0.4276 236.0 - 0.1424 - 0.4717

0.2147 0.7670 246.5 0.0685 0.8791

0.1708 °~ 0.8124 252.0 . 0.0561 0.8994

-~ 0:5515 - 0.146%. 270.0 0.1724 0.1443

0.3360 0.4469 - 285.0 - 0.1150 0.4480

. 0.2088 0.6729 289.0 0.0601 0.6784

0.1631 0.7541 291.0 0.0485 0.7601

0.2262 0.6374 - 292.0 0.0674 0.6368

0.3040 0.4425-- ° 309.5 0.1088 0.4174

0.3289 0.2811 333.0 0.0835 . 0.2663

0.4346 - 0.1005 . 336.0 0.1189 0.0806

0.1549 0.6191 . 342.5 0.0417 0.5562

0.3461 0.1197 343.0 0.1282 *0.1291

0.4036 0.0876 . 354.0 0.1048 0.0907

0.3196 0.1311 361.0 0.0922 0.1086

0.3036 0.0968 367.0 0.0930 - 0.0969

0.3022 0.1852 370.5 0.0835 0.1749

0.2183 0.3016 380.5 . 0.069% . 0.2899

o 0.2001 0.1818 383.5 0.0601 0.1869
S 0.1211 0.0502 387.0 0.0613 0.0468
. ~ 0.1863 0.1573 391.0 0.0604 0.1644
0.1591 0.1352 - 396.0 0.0578 0.1492

0.1129 0.0339 396.0 0.0519 0.0402

0.1765 0.1148 - 497.0 0.0535 0.1306

0.1060 0.3986  421.5 0.0260 0.3380

0.0741 . OfEQEE/Jﬁ 433.0 0.0238 0.2864

=20 0.7136 0.192%' _.87.5 0.2315 0.2932
0.5512 0.3688 103.0 0.1603 0.4957

‘ 0.6380 0.1825 110.5 0.1723 0.2339
0.6024 0.1695 125.5 0.1431 0.2020

0.5384 0.1681 141.0 0.1191 0.1791

0.2275 0.6716 150.5 0.0449 0.6670
0.2167 0.1711 211.0 0.0537 0.1941

. 0.3656 0.2635 172.5 0.0645 0.2454

0.4578 0.1208 166.5 0.0999 0.1290

0.3915 0.1060 186.0 0.0855 0.1131

0.2366 0.0678 199.5 . 0.0604 0.0861

- 0.1563 0.6007 201.5 0.0197 0.5204

0.0686 0.6502 215.0 0.0142 0.5235

0.1786 0.3894 - "217.0 0.0363 0.3530.
. 0.1371 0.4958 220.5 0.0254 0.4285

; 0.1685 .0.3702 221.0 . 0.0338 - 0.3406
' 0.1020. - 0.2488 232.0 0.0232 0.2615

0.0685 0.4403 238.0 0.0108 . 0,.3868
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. CHAPTER 4
' N
APPLICATION OF EQUATIONS OF STATE FOR
PREDICTION AND CORRELATION OF
THERMODYNAMIC PROPERTIES

In an effort to describe analytically the equilib-

rium relétion; equation of state, émong,volume, temperature,

or in a uniform mixture, much ingenuity has been
development.

Equations of state seem as a new Helen

. pressure and composition ‘'of substance whether it be quite pure

used in its

of Troy, who

says of herself in Geothe's Faust (2nd part, 3rd Act), "Admired.

(s1a)

much and much reviled" ™ . Admiraylon, indeed, goes sO

far that we are expected to pull answers out of our sleeves

even without first having put in some experimental data. It

is also due to the exceptional power and utility

of an equé—

tion 6f state in representation, smoothing, interpolation of

PVT data, and calculation of derived thermodynamic properties

of pure components. Furthermore, a suitable equation of state,

when combined with appropriate thermodynamic relationships.

and mixing rules, may predict vapor—liquid equilibria and ex-

cess thermodynamic properties. In spite of that, reviling

has not been lacking because there is no single equation of

state which can achieve even one of the abgve mentioned goals

over a wide range of conditions with co ete satisfaction.

Two approaches to the developme of an equation of

state may be fbllowed(7l). One is a theoretical
based on kinetic thedry or statistical mechanics
intermolecular\force, exemplified by the van der
tion, ...etc. The other approach is empirical or
semi—théoretical, e.g., as-:in the Redlich-Kwong,
Berthelot equations, etc.

approach
involving
Waals equa-
at best only

Clausius,

However, in search for an equation of state, one

must make three decisions at the beginning. The

first con~-

cerns the amount and the kind of data that will be required

v
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to dbtain the parameters of. the equation, the second concerns
the range of density to be covered, and the third concerns
the prec151on with which the PVT data are  to be represented.
- There is a common notion in the literature that an equation
with more parameters can Q;ecisely‘describe the behaviour of
the substance over a wide range of temperature but what app-
ears to be the limitation is the availability of the necessary
experimental data to establish these'parameters and the range
to be covered is that for which the experimental data are
available. . e

On the other hand the literature has 1nd1cated a
popularity in adopting two-parameter equations of state which
requires a minimum number of the experimental data to deter-
mine its parameters. One of the methods often applied to
evaluate the'parameters of such an equation is to use the
. critical’properties and.apply the two condltlons at crltlcal
points, namely: . . - -

( ) (4.1) ‘BZP‘_ = 0 (4.2)
a_VZ T, ‘

Due ‘to the fact that there are three equations, the
original equation together withlthe two equations (4.1 and .’
4.2). and two parameters, the parameters of such an equation
can be expressed in different comblnatlons based on the sel-
ection of aqy two of the independent Yarlables (P ' V r T )

parameters in the van deriﬂEJS'equatlon using P, and T

It has been demonstrated by Martin{ that expre551ng the

is the most suitable combination for representation of the
general appearance of the critical isothermal except for a
horizontal displacement in volume as shown in Flgures (4.1
and 4.2). Thus, a linear transformation in the volume coor-
dlnate is indicated as a good possibility particularly be-
cause it has’ no effect on the two pressure-volume derivatives.
This is accomplished by merely adding a constant to the vol-
ume term in the equation of state for the calculated. critical

PN Ef == £ Rl (fo hadl Sl D



Pc

Ve

o e~o

Figure 4.2 Pre ssure-volu\{ne plot using thr

.

pr—— .

<———————-——-—

]

£

e&ons'toni equations

- .
. PR
o
BB
.....
.
w T
e



- 44 -~ '

point to fall precisely on the true critical one as shown in

.Figure (4.2). However, when this is doﬁe,Athe'tranéformation
"has' been carried'too far to the left. Further refinement to

this adjustment ‘depends upon where it is de51red best to fit

the data. This is.shown in Figure (4.2).

"The calculated'parameters_in the above mentioned
manner, although they were evaluated from the critical prop-
erties which represents the most sensitive region.they do
not necessarily fit at any other conditions. This puts a
severe strain on the equation of state.leading to a value
of Z, which is too 1a§§é. Subsequently, it has been proposed
that the parameters of an equation of state may be treated
as temperature aepenéent(lg’20’35'52'5?).

In order to apply an equation of state to the rep-
resentation of vapor-liquid equilibrium of pure component,
the equation muet satisfy the three conditions given by
Equafions K2.7) to (2.9). The most impoftant cen&iﬁion for
vaper-liquid equlllbrlum is the equallty of thegzygac1ty in
both phases.

" Therefore, an eqhafion must have at least three
adjustable parameters to satisfy .these conditions at equils-
thrium. It should be mentioned,- however, that this approach
has the llmltatlon that one of these conditions has to be’ = .-
sacrificed when it is applied to a two—parameter equatlon:
Mixing rules for combfnlng the pure component parametersf
are required for extending these equatlons to mlxture.-

One of the' equatlons of state frequently used Ln
chemical englneerlng "is that proposed by Redllch—Kwong in
1349 (RK equatlon) It is remarkably simple and is’ employed
(75). It has been the
subject of much research in order to improve 1ts predictlve

in all property estimation systems

ability for both pure components and mixtures. p

¢ .
It is now generally accepted that_the two parameters
of the Redlich-Kwong equation, 2, and Qb are not’ universal

‘constants. They vary from substance to subetanée and are

temperature deperident.
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On the other hand, there are few three-constant
equations of state available in the literature(}of), none
of them is capable of describing the behaviour of pure sub-
stance especially in the liquid region. ‘In many ways, the
requation of Clausius embodies a certain definite advantage
, over. the other three-parameter equation of {state which is
attributed largely to the introduction of the quantity (v + c).

As a matter of fact, the Clausius equation of state
has appeared promising beéause it does reproduce perfectly
the qualitative behaviour of substances and further improve-
ment could be attained by assumin§ temperature-dependent
parameters., .
It is intended to study both the Redlich-Kwong ‘
and the Clausius equations for the purpoSé of the prediction
of vapor-liquid equilibria data. The Redlich~Kwong equation
of statemath'ﬂmamodlfled procedure developed by Chang and

(17 57) and extended by Hsi and Lu(sz'sz) was adopted.
The evaluation of 'Qa and’ Qb as teﬂperature-dépendent‘at
the subceritical and critical conditions using the saturation
properties a&éilable in the literature will be diécussed in
this chapter. * |

To facilitate the calculation précedure using the
Redlich-Kwong equation in the absehce of the saturation prop-
erties; a generalized correlation for the two parameters Qa
and 2 will be developed. §

A further modification for the method previously
proposed by Elshayal andg Lufaa) for ﬁredicting vapor-liquid
equilibria using the Clausius equation of state with a modl—
fied procedure will be demonstrated.

This work arises from the assumption that an imp-
rovement in reproducing the saturation conditions of pure
substances also leads to an improvement for mixtures. Good
agfeement between the experimental and the calculated sat-
uration properties.is, of course, not.a sufficient condition
for algood Fepresentation for mixture but is.a necessary cne.

L
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. 4.1 THermodynamic consideration: ‘ y

~ The crlterion for equilibrium between two phases
£ and v at a given temperature and pressure is that for
any component i present '

- | , (4.3)
' X

However, for practical purposes, it is necessary to relate

Mig = H

the chemical potential of the equilibrated phases in terms
(27,87)

of a certain auxiliary function as fugacity

The fugacity" of any component i of~a.solutioﬁ

~

£ s “defined by the equatibn(27'§?)
— [+] :
My = My + RT Ru‘fi -
n" ' ' (4.4)
£f. .

Lo yq% + 1 as P =+ 0
. - -i

where ui° is a function of temperature only and has precis-
ely the same value as for the pyre component 1 at the same

- temperature and unit fugacity.

For vapor~liquid equilibrium'substitution of
Equation (4.4) into Equation (4.3) gives,

' |~.
. . -

; fiv =, fil'. o : (4.5)

" To predict phase equilibria data using.an equation of state

with a modified procedure; an. expression for the fugacity
of the pure componeht is needed to evaluate the adjustable

parameters of the equation at the temperature of interest.

4.1.1 Fugacity of substance i :

The chemical potential of a pure substance 1. is

related to the temperature and pressure by the differential
mte7)
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ap; = - §; d? + V;dp A | (4.6}

where S; 1s the molar entropy and Vi ié the molar volume.
Therefore, for any single component .fluid,

(Bui) - v 4.7

3P i i
T : ,

Hence, aui = [Vi dP]T. ’ . -

Equation (4.4) can be rewritten for pﬁre components as
follows:

= o
Us Ui + RT &nf
(4.4a)
1 £
§' + 1] P -+ 0
Subsequently, [dui = RT 4 Enf]T

where the subscript denotes constancy’of temperature and thus,
1 8 . 7
[RT denf = varl, ° g CL (4.8)

Subtracting RT d tnP from both sides of this equation,
_ taklng the constancy of temperature to be understood, hence-

forth, ' i 7 '
i a tn £/P = (g - Dyap | (4.9)
integrating r . ‘ _ _
In (£/P) = J (& - %—,) ap (4.10)
. o] .

where (f/P) is defined as the fugacity coefficient, ¢, ,
of the pure component, .i .

An equation for the calculatlon of the” fugac1ty of

component i of a mole fraction _yl in ' a mixture, fi p

may be derived as above, where,

(aui
op Jr ni,nj

-

,,
o
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and undef the same conditions from (4.4), one thains s
. P - :
RT e X = [T, - R—T-]dP (4.12)
Yi o e

'~ where Vi isltﬁe partial molar volume defined as

Vi = g ‘ (4.13)

Since most of the equations of state are exp11c1t'
in P the fugacity coefficient can be expressed as follows:

‘ £ o ] )
RT 2n YL = J [(g—i— - 11,—1‘] av - RT 2n% .
- ..H_‘-‘_‘V'__ h & T’VTfnj (4.1.4")

where 2 is the compressibility of the mixture and the quant-
ity fi/yiP as the fugacity coefficient.

4.1.2 Predidtion of Vapor—Liquid Equilibria Data: "

For vapornllqu1d equlllbrla of N—Component system,
the following equatlon must be satisfied

f.o = fig i=1,2,... same as (4.5)
in which
fiv _=..¢iv yiP - : | (4.15)
fig = 4)12 xiP § . (4-16)
where ¢i£' and ¢iv are the fugacity coefficients of comp-

oneht i in-the mixture and can be evaluated using.an equa-
tion of state'by means of Equation (4 12) or (4. '14) together
_w1th the mixing rules as will be explained 1n detail in the
~forthcomlng section.
If the temperature and (N l) independent liquid-

phase mole fractions are specxfied the total pressure P
and (N=-1) independent vapornphase mole fractions could be
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calculated with the'aid-of Equation j4.5).‘ The simultaneous
equations may be solued by a trial-and-error procedure.. This
is the so-called _bubble-point calculation.’ Arbitrary values
of P and ¢ ‘are assumed for the flrst iteration. From

the glven X's and T , ¢ it is calculated by means of equations
(4.12) or (4.14) , using the liquid properties and an equation

of state. Vapor phase compositions are calculated by:

Yy T (3070500 ¢ (4.17)

and the total pressufe is calculated by£

N ~ A : . e . ;
-_P = E fi2/¢iv ‘ o (4.18)
i=1l

-

which is then compared with the prev1ously assumed value.
If it is different, ¢1v

or (4.14) using an equation of state with the newly obtained

s are recalculated by Equation (4.12)

value of pressure and the. normallzed vapor-phase composition.
Then .the ¢ 2'5 ©are recalculated w1th the,new value of
P , using the liquid propertles. When the pressure is no

_longer changed within a sﬁ;CLfled tolerance (MP/P|~-0 0001)
the relatlon Co -

Ig y, = 1.0 ) . (4.19)
i=1 - . . ] _

is finally tested untll a specified tolerance of 0.0001 is
met. Usually this is satisfied when the pressure has attain-
ed an unchanged valuet A schematic diagram of the iteration
ls shown in Figure"(4.3) . 'A computer program to perform

the calculation is given in Appendix E.

. 4.1.3 Liquid Phase Activity Coefficients:

Another useful and alternate technique to represent

‘the neon ideality.of the liquid phase -is by defining an . ideal

solution and by describing deviations from the ideal behaviour

.
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'in terms of the familiar activity coefficients.

The fugacity

of component 1 in a liquid solution is most conveniently

related to the mole fraction Xy ;by an eguation

Finn = Y3 %5 £y

. [+]
where fiﬂ

arbitrary condition known as the standard state.

is. the' fugacity of component i at

composition,lthe activity coefficient depends on
of the standard state and the némerical value of
significance unless the numerical value:bf ‘fsg”
specified. . . ;

Since the choice of the standard, state
it is convenient to choose f;R . such that Y

of the form

(4.20) -

the same’
At any ‘
the choice
Y. has no

1 v
is also o

assumes val-

ues close to unlty and when Yi‘ is exactly egual to unity,

the solution is said to be 1deal( ). Howewver, because the
intimate relation between- the activity coefficient and the
standard-state fugacity, the definition of solution 1dea11ty
{(vy, = 1) is not complete unless the ch01ce of standard 'state

i
is clearly indicated.

In the liquid phase, the usual practlce 15 to have

the temperature of the system, a fixed comp051tlon and speci-~

fied pressure as the independent variables which determine

the standard state of a component. A convenient

choice of

the standard state is the pure liquid at the sngEm tempera-

ture and a reference pressure, P*°, If P° is chosen to be

Lt

higher than al&\the saturatlon pressures encountered, then a

hypothetical liquid state can be avoided. In defining the

activity coefficients, there are two cqpmonly used conventions:

<+
Yy 7 1 " as. Xi + 1 | _
\ -

(4.21)

'is arbitrary,'

v

1

AN

\

where'the normalization holds for all the components and this is

convention is : .
Y; i as X, 7 1 (solvent)

YZ* + 1 as: %, =+ _6 - (solute)

-called the symmetric conyention for normalization.” The other

(4.22)
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Since solute'and‘solvent'are‘not~no;ma1ized in the
same way, Equétion (4.22) gives the-unsyﬁmetric convention
or normalization. K |

) ‘The symmetric normalization of the activity coeff-
ﬁﬁﬁ icients is easily ex;ended.tq solutions containing more than
' ‘two components and will be adopted in this work. The choice

of P° as the reference pressure gives the iYi vélues as

. constant pressure activity coefficients. At isothermal con—
Lditions, one obtiins the constant temperature-constant pres- .
sure activity’coefficients which are only composition depen-
dent.

\\g_fwr_lﬁ‘;; The activity coeffigient can be defined as

= * ¥ - .. by
) My My - + RT &n Y ¥ \_,,A - .o(4.23)

where ui* is to ﬁ§

Crel

pressure. The defiiition is. complé%ed by one’ of the conven-

»

taken as a function of~temperatude and

tions given by Equation (4.21) or (4.22).
Therefore, the pressure dependence of the activity

coefficient, if the standard state is taken at a fixed value,

is given by the .exact thermodynamic relation ‘ <
' sy, ¥, |
(—=—) = == (4.24)
oP T,x RT
Partial differentiation of Equation (4.4) with respect to
. préssurg gives the pressure dependence of the fugaqity
, B IR S
: ' T,X ’ T’x oo "I ’ -
Integrating (4.26) from the system pressure P to the refer-
. v ’ .
, ence pressure P° gives: '
. A . . ) R < ] Po vl.'
: oo _ .
& . fiz (P ,T,x? = fig {P,T,x) exp é T dep - (4.26)
) °  Combining Eqﬁa@ions(4.20) and '{4.26) gives:
' 0 £, (R,Tx) pe T,
v, (P°,4x) = exp J . dp (4.27)
. i xi fioJ?. (p°,T) p RT

’.
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The fugacity and the partial molar'volume can be
evaluated'using an equation of state}"e.g., the Redlich-

-

-Kwong equation or the Clausius‘equation. The mixing rules

are identical to those used by Chueh and Prausnitz{a7) and,
Lu and Co—wdrkers(lg 33). The expressions for the mixing
rules will be presented in sections- (4.2) and (4.4Y. Values
of the binary interaction constant were obtained in such a
manner that. the sum of the absolute dlfference between the

experimental and the calculated system pressure, P, is

e

" minimum. Equation (4. 28) can be written as " 7 \]N

¢iv (P T, y) . Py, pe v

o gy = i '
Y (P ITIX). = \ xi ff} (®°,T) exp ;- RT P
. ' (4.28) o

The gquantity- ¢ was evaluated using the experimental vapor .

composrtion, Y and the total .pressure. The y values obtained in

this manner were used to obtain the exoess Gibbs free enexrqgy

by means of the followlng,expre5510n
E PR o

G = RT L X Rn,xi ‘ lf-(4.29) y

The ¥y and cE values were also celculated -using the pred-
icted P “apd 'y values for the isotheérms under study. A
comparison of the GE values obtalned would clearly
reflect the quality of the experlmental data. A computer.

program is glven in Appendz.x B, .

" 4.1.4 Evaluation of the Partial Molal Volume

in a Mixture:

, An expression for the evAluation of the partial
molar volume for component i in@a mlxture is necessary to
account for the pressure effect on

e fugacity whlch becomes
significant at high pressure condltlons. It can be computed
by the following relation:
; oo " (38 P/3ni) . :
7. o= - PV ey (154) (4..30)
i (3 B/3V) . o .
S I (all j) :
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. . |

where V 1is the total volume of the mixture containing' ny
‘moles of component i, etc. : :

4.2 RedlichAKwong'quatioﬁ of State:

The working‘equéﬁion originally proposed by Redlich
(21) '

“and Kwong is. of the following form:

P = g%% - =2 ' (4.31)

) - ' T° vV (V+b) P h
where . i
A A +
s = oa, —S L (4.32)
' C
~ RT _

1 A? '
where
h = _% = %; . (4.35)
A? = a/rR7*° = Q Tcz's/béwz'sf (4.36)
B = b/RT =. Qb TC/PCT (4.37)

When the Redlich—Kwong eqnation'of staz%;is applied to the
u

mixture.,, the following mixing rules ar sed:
a = I I x;x;a;.-" . (4.38)
i 3 ] J )
b = I x.b, | (4.39)
- i7i
i .
where .
a,. = Q R2P  %*S/p ' - (4.40)
ij aij , cij cij : .

These parameters reduce to those of the pure components if
1 =3 in Equations (4.38) to (4 40)-. Equations (4.38), . e
(4. 39) and (4.40) follow*the proposal of Redlich and Kwong( I)u-”

"
-
'



In addition, ~

o= (T T )" - k..)
S NN S St
Qa,. =.0.5(8 + 8 )
13 S ii aj:l
P = 4z RT. M
i3 i3 135 ©ij
1( 1, L)S
\Y = =(V_3 + Vv_73
'ci:l 8 ci cj .
’ Z = .0.291 -~ 0.08 Wy
ij 1
wij = 0.5(w + wj)

ssdmilar mole

assumed to be inde

(20)

It should be noted that the quantity- k
(4.41) ‘is the binary interaction constant, whlch
t characterlstlc of the 1nteract10n of two

es, as a reasonable approximatlon of k.

nt of temperature, density and

(4.41)

(4.42)

(4.43)

(4. 44)

" (4.45)

(4. 46)

ij

omposition . Eguations (4.41Y “to- (4 43) follow the prop-

osal of Chueh and Prausnltz(zm) and Equatlons (4 45) and> -~

(4.46} that of Pitzer and his co—workers

(4.44) is the well—known Lorentz relatlonshlp

-

4.2.1 Evaluation qﬁitﬁe Temperature-Dependent

Equaﬁion

Parameters ﬂa and Qb

of the Redlich=~

Kwong Equation

‘The two temperature-dependent parameters of the
Redllch—Kwong equation may be evaluated from any two pure
component propertles at saturatlon at a given temperature.
For vapor-liquid equilibrium calculations, the condition



of equal fugacity in the llquid and vapdr phases, is a neces--
sity.- Our experience indicates that vapor pressure and sat-'
_ urated llquid volume are the two desirable properties for '
//‘the evaluatxon.' This modifled prqcedure was used by Chang .
and Lu (lf ie,67) and by Joffe et al. (56) S
In their method(l7 19487)

.condition aﬂ’equlllbrlum was satlsfied i e.

the baSlc fundamental —H

-

‘fim'tf_ fiv RS ;1_- E 1. -"*seme as (4.5)
Or - ’ P ... . + ' ) v . -- A

®ip T Oy T (4.47)
where ¢, iz and ¢ 1 are the fugacfty coefficients of compon-

ent i, 1n ‘the - 11qu1d and vapoer phases respectively and can be
expressed using the Redllch —-Kworrg equation as follows:

-

- — — ‘-— — 2
Zg = 1 )2 zg - in(l-h))-(a?/B)

3n'¢£ =
- ' &n(l+h) (4.48)
..\ .
ine, = z,-Y-ing - tn(1-h )~ (a2/B)
tn(l+h ) (4.49) ==

e

Té'& ‘ ' . .
Combining Equations (4.47), (4.49) and the Redlich-=
Kwong equation, (Equations (4.34) to (4.37)), one obtains,

.- [1 - 2, (1-h;)1(1+h))
Ln Z2 ¢v + 1 - Z£ + En(l—hg) + hi(l_hg)
+ n(l +hy) = 0 : (4.50)

An iteration loop of the computation is set up to evalu{te

Qa and Qb’ employing Equation”GA*SO) as the working equation.
The calculation procedure may be briefly outlined

as follows. ‘

1) Assume initial values for ﬂa and Qb and
calculate A?® and B.



2) For a given value of Z£ , and assumed value of
3 ¢, + calculate h, by means of Equation (4.50).
- : j) ~Calculate B from Equation (4.35) and A2 from
' " Equation (4.34). )
4y 'Substitupe the new values of "A? .and B into
Equatibng-(4.34) and (4.35) an&fsolve simultan-
. eously for another set of Eoots of Z, -and h&.
S)h_talculate ¢iv- from Equation (4.49) using the
‘new set for h - and 2 . '
6) Obtain a new value for h, from Equation (4.50%
and compare it with that obtained in Step 2. If!
they disagree, réﬁéat the calculation starting
fromﬂstép'2}’ An iteration loop ié thus built’
uﬁﬁil the change of hg value is less than the

v -

. specified tolerance. The tolerance used in
“ this investigation is 0.00005. A computer pro-
gram for performing FE@ calculation is given in
Appendix E.

-

In this worK, the values of @ and Q ~were eval-

uated using the abdve mentioned procedure at the experimental
conditions {(-60°, -20°, 20° and 60°F) using the saturated
molar liquid volumes and vapor pressures available in the

. 9 12,252
literature for ethane (%72 ), propane(. 128,29)

dioxide(zg'gg). The calculated values are listed in Table.
(A.1). Values of Qa and QE_ for ethane, propane and

carbon dioxide at conditions other than the experimental ones

and carbon

are also given in Table-(A.1l).

’ Fu;thermore, Values of Qa and ‘Qb were evaluated
for thirteen pure components, including ethane and propane,
in the temperature region where reliable saturated properties
are available. The critical propertieé of all the hydrocar-
bons were taken from the API Technical Data Book(log), with
the exception of Tc and Pc for methane wh%g?)we;eltaken

. For argon,

the critical data given by Michels et al.(75) were, employed

from the values reported by Prydz and Goodwin



o
- 58 -

. Ghile for nitrogen, the critica; data were taken from Din(zg)
The sourge of the saturation data used for the evaluation
of the parameters are listed in Table (A. 2) Although the

same procedure was used for’ evaluating these two paramaters

at T = Tc Aand T <-Tc conditions, critical volume and crit-
ical pressure were treated as the saturated liquid volume and
vapor pressure at the critical-point. ‘ .

. values of the parameters obtained, together with
the temperature range investigated are reported in Table (A.3).

The computer program to carry these calculations is given in

%ﬁpendix E.

‘

4.2.2 Application of the Redlich-Kwong Equation

to Phase~Equilibrium Calculations:

The Redlich-Kwong equation can be used in the eval-
uation of the fugacity coefficients in a mixture and partial
molar volume which are the supporting properties for phase-
equilibrium"calculation as outlined in Sections (4.1.1)'to

{(4.1.4). In the application, the two parameters Qa and Qb
were considered temperature dependent. Upon substituting
Equation (4.34) ‘and the m1x1ng rules, Equatlons (4.38) to
(4.46), into Equation (4.14), the fugacity coefficients of
component i in a multi-component mixture for both phases
may be expressed as follows:
~ Bi
in ¢iv = (Zv - 1) 5 - En[Z (1 - h )1 .
) Y ? B,
N GNP I S5 A |
G- =) 2n(l + h)
‘ (4.51)
-~ Bif.
in ¢12 o= (Zl - 1) 5 - Ln (ZR) (L - hg)
, 2 I X Az B -
- (Ao i} 13 _ 4,
F? ( — ~ ) n(l + hy)

(4.52).
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The'comp:éssibility factor 2z is one of three roots of
Equation (4.34) rearranged in the following form:

: ) 2 ) . 2 .
£z) = z° -2+ (-1 -z -A (BR)? -0

(4.53)
The smallest.root is taken as the compressibility factor
of the saturated liquid, Zg, andrthg larges% root is taken
as that of the saturated vapor, Zvu If the Redlich-Kwong - -
‘equation of state is used with its mixing rules (Equations
(4.38) to (4.46)), Equation (4.30) becomes

4 T ]

. z ) - ’
RT (1 + bi - 2((j xjaij) abi/(V + b)
¥ = V-b V~b i To-s5V (V + b) -
i _RT T a — N ¥ b
S V-b) < TO0-5 V2{(V + b)2
. ' N (4.54)

Rearrangement of the mixing rules in terms of total number

of moles rather than molar basis is needed where

I I % ' 1

a = .X_.a., . = — T L n.n.a.. {(4.55)
i J 13 1] . n2 i j 1_ J 1]
b = Ix.b., = %31ab | (4.56)
P R n ., Tivi ‘
1 i
on?a _ : : ‘
Sn. = 2 I nja. - (4.57)
i . J
. 7
and ' S
anb  _ oo o '
T = bi-, | _ (4.58)

where n is the total number of moles.
, . .

4.2.3 Results and Discussion:

Prediction of Vapor-Liquid Equilibrium.

As discussed in Section (4.1.2), the Redlich-~Kwong
equation of gtate with the;modified.procedure-was'used=to
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evaluate the system pressure and tné equiiiﬁrium~vapor comp-
oéition with the system temperature and liquid composition
specified. The saturated properties; liquid molar volumes
and vépdr pressures, reported in the literature for ethane
qupane(xg;zs,za) (29,99) were employed for
evaluating the Femperature dependent parameters Qa and Qb.
The calculated values of the parameters are listed in Table
(A.1) . 'The predicted P .and y values afe listed in Tables
~“(A.4), (A.5) and (3.9) and gre compared with the experimen?gi)
data together with the values reported by Kurata and Swift ..

(12,29)

and carbon dioxide

 The overall average deviation for the total of 109, exper-
imentally determined data poinfs in this investigation, in
P is 1.98% and y is 0.0085 mole fraction. ,
Furthermore,'the vapor-liquid equilibrium data for
the éystém ethane;carbén dioxide(aa'Hl'ga), which were made -
avai;ablé by the end of .this phase of the investigation,
wera also ﬁsed for the purpose of comparison. ,
In the calculation pfocedure; the mixing ruiés are
- identical to those reported in eaflief sections. Values of
thé‘binary interaction constant, assumed to be independent
of temperature, pressure and composition of the solution,
were determined in such a manner that the sum of the abgglute
difference between the calculéted.énd experimental P was
minimum., The calculated k.. values éﬁe comparable to-that
. reported by Chueh and Prausnitz(zl). Although the kij
values are'freqﬁenfly considered to be independent of tEmp-

erature, density and composition, there is evidence that
' ’ (11,64}

kij is not a true congtant, but varies with temperature
The values obtained-in this investigation, as listed .in
Téﬁles (4.1}, f4.2)and (4.3) substantiate that kij does vary with’
‘temperature in spite 9f the fact that the values of Qa and
Qb were. determined individually at the temperature concerned.

' glCOnclusion qoncgrning the variation of kij with
temperature.can not be established at this stage. These
changes in the values of - kij with temperature may be att-

ributed to the uncertainty of the data or to the inadequacy -
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of the equation of state. In addition, kij was obtained

"for the system propane-carbon dioxide by minimizing the diff-
erehce between the experimental and the calculated values of the
vapor-phase compoeition -y. Tﬁe values obtained based on

the selection of either P or y are different. _Thefe is

no assurance that either values will pfedict‘a better result
“than the other(ss). A minimum of one. experimental data point on
tpe binary vapor-liquid equilibrium data is needed for ‘the
evaluatlon of the value of kiJ -to be subsequently used in
vapor-liquid equillbrla calculations. Because most of the
isothermal vapor lﬁguld equllibrlum data are reported as P-x,
the evaluat{on of kij' through the minimization of P is
preferred. , .

It has been our experience that a better agreement
between the experimental and calculated results are obtained
when the temperaﬁure dependent parameters Qa and Qb are
evaluated using the satoration properties which are reported
fogether with the vapor-liquid equilibrium data. In this
case, the vapor pressure of the pure components can be pred-
icted'precisely and accurately. ‘ ‘

Ethane-Carbon Dioxide

Good agreement was obtained between the calculated
and experimental values at the three lower temperatures, -60°,
-20° and 20°F, experimentally investigated in this work. The
predicfed P and y values are listed in Table (A.4) and
are compared with the experimental data together with the
values reported by Kurata and Sw1ft( ") in Figure {(4.4). A
summary of the comparison is given in Table (4.1). ' The cal-
culated P and y values at 60°F are also combared with
those of Robinson and Kalra(ga) in Table (A.6). The average
absolute deviation between the calculated and experimental
P values is'l% at the ﬁhree lower teﬁperatureS‘(-60°, -20°
and 20°F). At 60°F, it is 2%. These differences are better
than that between the experimental and the calculated values
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'y values and those of Kurata and Swift®

,ted by - Fredenslund and”

. alculated values are HR

' calculated and experiment;l y values is 0,0088 mdvle ﬂt::tion

|- .

- by. Kurata and . Swiﬁt(ﬁ-;3 (2. 4 to 4:.2%) or that by Roblnson a
ﬁalra( ? where the average absolute deviatlon in P is 3./2%
as, shown 1n Pables (4 1) and - (4 2). The average absoiute'

"0.023 mole fractlon,‘which '1.“\'
indicated by the-con51stency

deviation “in- 'y values is a
is-hlgher than the error . p
test. The average absolute deviations between the calculated o .
(4 l) are higher at the lower three temperatures. At 60°F,
the average absolute deviations between thehcalculated and -the
experimental Yy values of Kurata and Swift, Robinson and

Kalra and those collected 'in this work are 0.008, 0.006 and ST

as shown in Table

0.0229 mole fractlon respectlvely v ' ' \;c/
The large dﬁﬁference obtalned between\the calculated.
and experimental valué&s for the.isotherm at 60°F mlght be due’
to the fact that thls temperature is rather close tp the crit-
ical’ temperatures of ethane and carbon ledee It has been
reported(Sﬁ} that in the crlt;qal region, the predlcted values'

deviate from the exper;mental results. For this reason, the

esented by dotte¥ *lines for this 1so—"‘
s 1

'I& data on ‘3

'ﬁe system ethane-’\rbon dioxide repor- .
(3s) 1 (1) -

therm,

I
-

ollerup and Gugnoni et a

- at 1sothermal conditions other than those 1nvest1gated in this

work were ‘used for the-purpose of comparison. The predlcted
P and vy values‘are'listedrin Tables (A.7) and. (M8) ard are S
compared with the experimental d&ta in Flgures (4.5 to 4. 6)

A summary of the comparlson is lven in Table .(4. 2). The

average absolute dev1atlon between the: calcalated and experl-

3

mental P values of, Fredenslund and Mollerup( 5) for five |
isothermal condltlon (-50°, -~30°, -10° 10° and 20°C} is. : ' "‘f

less than 1%. ' The average absolutqﬂﬁeVLatlon between: the - .

1~ L
&
culated and experlmental P values of Gugnoni et al. (+1) for
four isoth al conditions (~25°, 0°, 25° and 50°F) is 0.70%.
At S50°F th average absolute;deviation'between the experimental{ Yo

Furthermore, thé‘average absolute QeVLation between the

. ' T e, S . P :
ki . . Q LT , , . - . . @
+ W v . r - -
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y TABLE 4.2 W e e
L =
- SUMARY OF THE EXPERIMENTAL AND THE cmLcumAmEn
- ToRaL. PRESSURE AND VAPOR COMPOSTTTON “VALUES FUB.THE SYsTEM ¢
ETHANE (1) ~ CARB;N DI_OXI‘DE (2) BY MEANS OF: THE REDLICH—MG EQUATTON
- | . ! ‘
" Temp.K , Presswe = k..  Ref, . % Absolute Average No.'of
» , atm. , J 77+ . Deviation = ‘Absolute  data .
' A in P Deviation - Points
: Lo o iny
/ ' o L L Max. Average
. r . - ’ - B "
383.15( 50°F)  "29.72 - 48.84 0.099, 41 1.73 Q.65 Lo 12
.269.25( 25°F)  21.37,- 3,05 . 0.097 41 1.27 . 0.46 -+ - 13
. 255.35( _0°F)  14.83 - 20.72 . 0.098 - 41 3.33 0.82 o 15
. 241 55 (- 25°F) 9.96 ~ 13.23 - 0.097 - 41 2.16  0.91 . .9
©293.15( 20°C)  31.37 - 56.44  0.103 38 1,12 0.36 0.0118 8
283.15( 10°C)  29.70 - 44.34 0.101 38 " 0.81  0.35" 0.0082. . 13
263.15(~10°C) ~ 18.35 - 26.07  0.099 .38 3:37  0.74 0.0096 11
243.15(~30°C)©  10.50 - 14.09  §.098 % "38 1,53 0.72  0.0068 12
223.15(~50°C) . 5.45 -~ 6.72  0.099 . 38 2.56 1.01 _ 0.0089 11
L . - - -
\‘ .
288.71( 60°F) | 5164§33.5 Psia 0.088'\“’ 93 4,75 = 3.18  0.0066 8
* ’ < . -
i LY 1
; > ! G
R
: * -
F
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Lot

-and the calcu if§9 P . value is. 1. 20% which is higher compar-
_ed to.the othe

hree isothermal conditions and_. could be

" traced to the individual deviatioh of the point (x = 0,2281).

When this point was excluded the average absolute deviation
in P .is nearly halved (|AP/P|t = 0.65).
It should be mentioned that difficulties were en-

/‘countered .in the bubble—p01nt calculations at the higher

A

;Propane—Capﬁgn Dioxide

pared to the optimum yalue for k.

_téﬁperatures. A reasonable convergent solution could not be

obtained with an assumed initial value for P and kij in f

such an instance, tHe numerical solution, the initial guesses i
for the pressure‘and the value of ‘kij have to be thoroughly

checked.

The established values of Q “and Qb of Table (A.1)

‘at -20° and 20°F ‘were used in the calculation. The predlcted

P and ¥ values are listed in Table (A 5) and compared with
the experimental datpa in Figure (4.7). Values of the binary
interaction constants k.. -determined ffom the minimization
of the quantity Echalc. - Pexp.I are comparable to those

reported by Chueh and Prausnitz (21). In addition, k. was

. ij
obtained by minimizing the guantity Z|ycalc' - yexo; . An-

average value of kij » calculated by averaging the two values

‘obtained from the minimization of I[AP| at each individual

temperature, was used to recalculate the total Rpressure
and the vapor-phase comp051tions. The caleculated results, as
summarized in Table (4 3),_1ndicate thaﬂ'the use of an aver-

age value for li dld ndt 1ntroduce a 1arge deviation com—3

-

13"
The average absolute deviation between the predicted

and the experimental P. values ‘is. about 2 5%, The average
absolute deviation between the predicted and experimental Y
values is about 0.007 mole fraction. Moreover ‘the, average
value of kij was used in the modified proqedure of the Redlich—
wongéequation of state to ﬁredicg P—y at the conditrOns

orted by Sage et a; (40° and'70°F) A summary of zhe
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TABLE 4.3

J .

PRESSURE AND OOMBOSITION VALUES FOR THE SYSTEM
PROPANE - (1) — CARBON DIOXTIDE (2)

$ Absolute Deviation

4

Absolute Deviation

0.0116 . 0.0058"

e ~ Average No.
‘ in P Absolute in y of
°F Pressure, kij ' & Deviation :
Psia Max. - Avg. in P Max., Avg. Points
( ai . .
70 125.0-860.9 0.094* 2.90 1.25 4.8 0.0129 0.0088 15
0.100**  2.17 N 1.27 6.9 0.0164 0.0086 - 15
a . .
40 79 -566.5 -0.094* 4.74 1.84 4,2 0.0201 0.0102 10
0.100%*  3.28 1.74 5.2 0.0164 0.0088 10
(b) | A
» 20 117.0-397.0 0.102* 4,01 2.02 5.0 0.0148 " 0.0069 11
0.100** 4,76 2.10 5.1 0.0181 0.0065 11
. \ .
0.096*** §.24 2.47 5.7 0.0248 0.0062 11
(b) - ' e
=20 73.0-197.0 0.099* 4,59 - 2.26 3.0 - 0.0102 0.0062 10
0.100** 4,02 _ 2.20 3.1 0.0106 ~ 0.0060 1d;x
0.103*** 4,51 2.51 3.9 --.10

-

Determined from VLE data by thenunimizatianof the quantlty

L

exp. _ pca

P P

at -20° an

* k%

(a)
(b)

lc.

om VLE data by averaging the two values of k

. .
Determined
: S

i3

Determined from VLE data by the minlmization,of the quantity
pre

2] yS*P-

calc.
- Y

Sage and Lacey (1955)

This work

o
"ow
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comparison is also listed in Teble (4.3).

ute deviation in P

tively.
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The average absol-

is less than 1.25% and in y is less
than 0.0088 and 0.0102 molé fraction at 70° ahd 40°F respec—

To ensure that the vapor pressure of the pure comp-

onents can be predicted precisely and accurately, the satura-

ted properties reported by Sage et al. (e

evaluation of the parameters

Ternary System

,Qa apd

9)

Q at 40°

b

Propane-Ethane-Carbon Dioxide:

'Thj values of Qa

were used.

k.

13

In the calculation procedure, the calculated
JQJ
values obtained from the binary systems ethane-carbon

and ﬂb

were used for the
and 70°F.

listed in Table (A.1)

-

dioxide and propane-carbon dioxide by minimizing the sum of
the absolute differences between the calculated and experi-

mental P values were employed in the calculation.
system propane ethane,

Djordjevich and Budenholzer( va) between 0° and -200°F;

predicted P

represents the upper limit for

values of k..
1]

as reported by Chueh and Prausnitz

I

an average value of k.,

ij

For thé

(~0. 025) was
obtained from the vapor-liquid equlllbrla data reported by

The

and y values are listed in Table (A.9) and
compared with the experimental data..

be positive.

As the geometric'mean

Tc ; it is .expected that

i3

Sho\ild k“‘ﬁxbgkfaken as _zero,

(87)

. The calculated

results are in fact not affected significantly as shown in

the following summary:

[ Presswe | ki2 Kz Ko B T&y] No. of data
T°F psia P Avg Avg points
20 184-433" -0.025 0.102 0.102 2;76 0.0116 30
0.00 0.102 | 0.102 2.68 0.0066 "
-20 87.5-238 -0.025 0.101 0.0%9 2.61 0.0140 18
0.00.° 0.101 0.099- [* 2.92 0.0079
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Constant Pressure Lines: .

. Calculated total pressure—liquid composition 1inesi
for this ternary systém are presented at constant ;kessure con~
ditions. At each isothermal condiﬁion,'11quid’compo§itions
were selected so that the whole ternary composition range: was
covered, The calculated values of pressure were first plotted
against carbon dioxide liquid mole fraction w1th ethane to.
propane ratio as the parameter. By means of a graphical inter-

» polatlon procedure, liquid compositlons were established at

constant pressure conditions. The results thus obtained are
shown in Figures (4.8) and (4.9). It was estabiished earlier .
in this dlSjﬁSSlon tha® the average absolute dev1at10n between’
the calculated and experlmental P values is less than 38.
Hence, it is expected that these constant pressure 11nes in-
hénlted this deviation. '

t .

Evaluation of Ligquid Phase Activity Coefficients:u

>

The m.values were calculated from-the experlmenta
data u51ng Equation (4.28).
T In this study, -P° , the reference prebdsure was
arbitrarily taken to be 900 Psia, which iS'ebove§§he highest
saturation pressure encountered in this work. This was done’
to evoid the problem of finding the‘fugacity of physically
unattainable state, i.e., hypothetical liqhid state. The fug-
aeity and the partial molal volume values were evaluated usin
the Redlich-Kwong equation by means of the modified procedure
Mixing rules are identical to those previously empleed(lg’su 57)
Values of k., were obtained’ from the minimization of the
guantity ETPcalc. - pSXP-
used to obtain the Gibbs free energy using Equation f4. fj)

The calculated Y and GE valueet“bbtainedin/THS man-
ner, for the binary systems ethané-carbon dioxide, propane"carbon'

. ?
. The vy values weré then

dioxide and the ternary system propane—ethane~carbon dioxide are
listed in Tables (%10} to (A.12). The vy and" G values

‘_—‘*\;:Tife again calcnlated using the predicted P and’ 'y _.values
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'as an’” 1nd1cation of the quality of data.

. Purpose of.calcul
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- for the above.mentioned isotherms._ The values obtained are
‘also listed in Tables (A 10) to (A. 12) A comparison is shown

in ‘Figures (4. 10) ‘and' 4w . 11) for theﬂtwo binary systems..

The calculated values are satisfying the isothermal,
isbbari bs-Duhem equaticn and the-final results in terms
of G can rly reflect the quality of the experimental

: data.: ?or the system, ethane carbon dioxide, the agreement
-ibetween the calculated G . values in the two different man-

ners‘&s better‘nt the lower temperatures. 'For the system,

_propane carbon dloxide, and the ternary system, propane-ethane

. carbon dioxide, the agreement between the calculated Y and
GE\values from the experimental and predicted values at the .
tWO 1sothermal conditions investigated are fairly good.

‘ However, as. it was pointed out by Lq,and Polak(ﬁs)
- the agreement in- the values of the excess Gibbs free energy
GE between different investrgators “for the- same system is
better if G " values have, beern calculated from T-P-x data
rather than T P—x—y data. The discrepancy may reflect a Qiff-
erence 1n Yy values up to 0 02 in mole fraction due to the
less acCurate vapor—phase comp051t10n measurement obtained

- from' recmrculation still Hence, this calculation can serve

- ) v
L ', . " ‘\ . s
. . . .

4.3 generalizaticn'and'Correlation of ' 9 and 0

b

i It appears\that there ;s no generalized‘correlation

' available’ for the temperatyre dependence of ‘the two, parameters
1, and Qb of the Redlich-Kwong equgtion of. Qtate w1th the

equal,fugacity cr;}erion conSLdered i\’thelr evaluation for the
. »

of & correlation, especialiy a generalized one, for the two .
gL . ~ -

-t

ing\vapor—liquid equllibrium4data. The . need

N\

A
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para%eters can not be over-emphasized. In'the absence of euch.
a correlation, values of the two parameters would ‘have to be
‘ determined from the saturation praeperties whenever a tempera—
'f ture ie specified Furthermore, thé required saturation prop=-
| erties for the evaluation may not be available at the specified
temperature conditions.
The values of the parameters obtained in Section
(412.1)‘were firet of all correlated in terms of Tr for all
the pure components investigated individually in the follow-
ing two ranges of temperature: | '

0.85 < T_ < ‘1.0

. T T £ 0.85

r(min).S r

The subscript (min) represents the lowest tempera-
ture investigated as reported in Table (A.13). In the temperature
-rand% Tr = 0.85 to 1.0, the two parameters were fitted ﬂy
means of Equations (4.59) and (4.60).

L o 2
Qa = ap + ay (1 - Tr) + a2 (1 = Tr)3 + as; (1 - Tr)3
' {4.59)
. 1 - 2
Qb = cCp't+ C) {l - Tr) + cz2 (1 - Tr)3 + c3 (1 - ’I'r)3
{(4.60)
In the lower temperature range (T £ T, =<

. r{min) = "r
. 0.85), the two parameters were fitted by a different tempera-

ture function as shown in Equations (4:61) and (4.62).

]

2 i

9, = 1 b, T (4.61)
i=0 '
2 i

Q= 120 a, (4.62)

The coefficients ay, bi' ¢y and di were determ-
ined using the method of least-gsquares and are given in ‘Table
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(A.13) for the thirteen pure components iﬁvestigated “The -
values of 9 and Qb from Equations (4.59) to (4.62),
(Q ), are compared with those obtaihed from the saturated\

comp.
properties (R cale ) in terms of § as defined by the follow-

ing expression: .

Q - Q | a
§ = Jcalc.n COTP- . 100% (4.63)

calc.

Both the maximum and the average deviations for
the thirteen compounds are reﬂbrted in Table (A.l14). . The
overall deviations are summarized as follows:

Temperature rahée § in Qa ~§ in Rb

) Max. Avg. Max. Avg.
Tr(min) £ T L 0.85 0.1491 0.0605 0.1054‘ 0.0388
0.85 ¢ T. <1,0 - 0.1187 0.0504 0.1482 0.0630

Furthermore, the coefficients a ags b, ci'and'di

were generallzed in terms of Pitzer's acentrlc factor w, by

the following expre551ons

2 "';;' . p ¢ N
a. = I. a,.w’ i-= 0,1,2,3 (4.64)
i . ij '
] j=0
2 ..
‘ b; = I. bjju i=0,1,2 (4.65)
. j=0
2 L
c, = I c.. wJ i=0,1,2,3 (4.66)
i . i
j=0
2 .
d; = I dy i i=0,1,2 (4.67)
’ ot 4=0 3 ‘
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_— Lo For the hydrocarbons, the- revised values of w

(es)

tion. The, w. values of argon:and nitrogen were taken frpm

~Prausni£z(a?).. The w <values of the thirteen pure. components

_reported by Passut and Danner were used in‘ the’ correla-

inveétigated cover a range of w of 0 to 0.3942. The coef-
'ficiehts j’ bij' cij' and dij were evaluéted_usiﬁg the
“-least-squares method and are reported in Table (AL 13).
Similarly, the computed values of @ and | Q from the
generalized equations are cqmpared with the calculated values.
of Qa and. Qb obtained from the saturation properties in
terms of § as expressed by Equation (4.63). The results of
the comparison are given in Table (A.l15). The overall devia~-

tions{ére summarized as'follows:

Temperature range s ih”ﬂa : 8 in 95
Max. Avg. Max. Avqg.

 (min) $T. < 0.85 9.7000 0.4525 0.7480 0.5715

0.85 g Tr <.1.0 0.7746 © 0.3204 1.2733 ° 0.5500

The temperature-~dependence characteristics of | 9
and Qb are deplcted in Flgure {4.12) for propane using the
proposed Equations (4.59) to (4.62) and (4.64) to (4. 67)

It should ,be mentioned that other cqmbinatlons of
the fitting eqﬁ%tions were investigated., For example; the
polynomial equations, as expressed in Equations (4.61) to
(4.62) were used for representing Qa and € in two ranges

b
r(mln) < T, < 0.85,-0.80 ¢ T, 2 1.00)
with the .coefficients subsequently represented by the general-
ized equations, (Equatlons {(4.64) to (4.67)). It was found

that the representation is unfortunately restricted to T, <

of "temperature (e.g.,

0.97. Much larger 6 “values were obtained at highe; T.
- values. Another drawback of this combination is that the
‘ parameters at the critical pbint'cannot be- accurately predic-’
ted. If the upper temperature range was taken, to. be Tr = 0.80

~

o .- Y
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to 0. 97 the 5 valhes in n and Qbﬂ are 0.3002 and 0. 4982
: respectively.4 These deviations are somewhat lower than those
obtained by the proposed equations. : '

Another approach investigated was to use one func-
tion such as that shown in Egquations (4.59) and (4 60) to rep-
resent the two parameters over the whole temperature range
(Tr(min) < T, < 1.0) with the coefficients subsequently gen~ -
eralized by means of Equations (4.64) and (4.66). The &
yalues in @, -and Qb obtained by this approach are 0.5182
and 0.5954 respectively. Although these values are not sign-
nificantly different from those obtained from the proposed
combination, the deviations are mainly contributed from those
obtained at lower temperatures. This is the reason why
Equations (4.61) and (4.62) are preferable for the lower temp-

< T_ < 0.85). ‘

erature rande (Tr(min) S

The'computer program for the evaluation of the
eoefficients using the method of the least-squares is given

<

in Appendix E.-

4.3.1 Applicability of the Generalized Correlation:

b

Accuracy of the Pure Components Parametersnfﬂa_ and @

from T and ‘w :

For testing the appiicability of the generalized
correlation, seven components other than those included in
the generalization were selected. These components are either
of different chemical nature (carbon dioxide, hydrogen sulphide,
carbon tetrachloride, cyclcochexane and oxygen) or having w
values greater than those covered in the generalization (n-
nonane and n-decane}. The values of the parameters Qa and
Qb computed from the generalized corre}ation at arbitrarily
selected temperatures are compared with those obtained from

saturation properties and shown ih;Tabie (A.16) in terms of
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s . The overai1~average § values are 0.55% and 0.87% res-
" pectively for a, and Q. With the exception of.one point
(n-decane at T = 0.503), the maximum deviations are less

than 1% and 2% for Qa and Qb-'respectively.

Saturated Molar Liquid Volume:

In order to evaluate the effect of ‘the deviation
in Qa and Qb- values caused by the generalizatidn on the
prediction of saturated molal volume of liquids, n-hexane was
selected for the testing purpose; The calculated vg values
obtained at different temperatures with different deviations
in"né and Qb values are compared in Table (A.17) with the
literature values in terms of & by ‘an expression similar to
Equation (4.63). The results indicated that the & in Vi
of n-hexane is 0.5% when the relative errors in both 9 and
Qb are +0, 5%,.wh11e for the relative error of -0.5% and +0.5%
in Qa and Qb respectively § 1s 0.69% at 32°F. These
levels of errors are similar to those obtained from the gen- -
erallzed correlatlon for ﬂa and, Qb (Equatlons-(A.SQ) to

(4.62) and (4.63) to (4.67)).

Calculation of Vaper-Liquid Equilibrium

The‘applicability of the generalized correlation to
vapor-liquid equilibrium calculation is of the utmost import-
ance as far as this investigation is concerned. For this rea-
son, isothermal vapor-liquid equilibria have been predicted
for the systems experimentally investigated in this work. The -
vapor-liquid equilibrium for the system ethane-carbon dioxide
at 60°F by Robinson' and Kalratga) was also used for the éurpose
of comparison. Furthermore, the isothermal vapor-liquid
-equilibria have been predicted for five arbitrarily selected
binary systems containing methane, ethane,\propane, butane,
carbon monoxide and carbon dioxide at 26 isothermal conditions,
The generalized correlation permits the computation of Qa
and Q,, with only the knowledge of w® and T, of the pure
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compohents concerned. In the prediction of vapof-liquid .
equilibria data, the same mixing rules given by Equations
(4.38) to (4.46) were employed. Values of the binary inter-
_action'constants kij' which'is involved in the mixing ;ule,
were taken from the literature. The calculation results for
the three systems measured experimentally in.these investi-
gations are given in Tables (A.4), (A.5) and (A.9). The
calculated P and ¥y  values were comparable_té thosge oBt—
ained with the parameters and Qb evaluated from the

a
saturation properties as shown in the following summary:

R-K Parameters - |AP/P|$ Avyg.’ | Ay |Avg. No. of Points -
evaluated fram Binary Ternary Binary Temary Binary Ternary
Saturated : Lo

ries 1:36 ‘ 2.77 0.9167 0.9071 61 48
Generalized X
equations 1.96 2.97 0.0176 0.0108 61 48

The overall average absolute deviation in y for
the total of 197 data points, other than these measured ex-
perimentally in this work, is 0.0034 mole fraction.' The same
average absolute deviation was obtained when the parameters
Qa and Qb were calculated from the saturation p;operties.
The calculation results are summarized in Table (4.5) .

For the carbon dioxide-hydrocarbon systems given
in Table {4.4), the overall absolute average deviatioﬁ of the
vapor composition y is 0.0176 mole fraction and that of P
is 1.96%. In particular, the magnitude of the deviation in
the calculated vapor composition is, y , as small as the res-
ults obtained by m?an? of the Redlich-Kwong equation with the

54

modified procedure

\
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" FOR THE SYSTEMS INVESTIGATED EXPERIMENTAILY IN THIS WORK

4.4

“PTABLE

Y

DATA

R-K Parameters Evaluated -

T°F _ R-K Parameters Compubted
from Saturated Properties fram Generalized Equations . K
‘ - ‘ g
g 1272 Pt PO 2 B 72 PO 5 P
ETHANE~CARBCN DIOXTDE
60 11.38, 2.01.  0.0229 9.56 1.25 0.0232 10.098
20 3.38 0.80 0.0272 2.98 0.71 . 0.0270 0.102
-20 2.24 0.92 0.0153 2.69 1:06  .0.0184 0.101
-60 0.72 0.54 0.0213 3,77, 2.96 0.0233 0.108
PROPANE~CARBON DIOXIDE
20 ‘5.0 2.02  0.0069 4,91 2.24  0.0061 0.102
~20 3.01 2.26 0.0062 3.25  3.24 0.0077 0.099
PROPANE-ETHANE-CAREON DIOXTDE
kia  kis ka3
20 9.13 2.68 0.0066 9.26 . 2.75 0.0101 0.0 0.102 0.102
-20 4.98 2.92  .0.0079 5.66 3.22 0.0120 0.0 0.101 0.099




~ 189.06

0.022

u - 36 -
,; P S i
: TABLE 4.5
o _ '
SUMMARY OF THE CALCULATED VAPOR-LIQUID
EQUILIBRIA [ATA FOR SYSTEMS OTHER THAN THOSE
INVESTIGATED EXPERIMENTALLY IN THIS WORK
R~K parameters evaluated _ RK parameters computed
fram ‘'saturated properties fram generalized equations
T K [AP!pSia |Ay|Ayg. Kyq ;|AP|psia IAylﬁwg..-.klz*_ Ref.
METHANE - NITROGEN
95,00 0.13 0.0021  0.024 0.50 0.0037 0.025 81
100,00 0.28 0.0032  0.024 0.39 0.0036  0.025 81
105.00 0.31 0.0040 0.024 , 0.84 0.0039 ~ 0.025 81
110.00 0.58 - 0.0046  0.024 0.89 0.0041  0.025 - 81
113.71 0.91 0.0065  0.028 2.00 0.0045 . 0.025 108
115.00 0.68 0.0049  0.026 1.85- 0.0041L  0.025 81
120,00 1.09 0.0065  0.027 2.76 0.0049  0.025 81
122.04 1.38 0.0066  0.023 3.70. 0.0063  0.025 124.
METHANE - ETHANE .
130.37 0.25 0.0004 0.011 0.59 0.0005  0.005 120
144.26 0.24 0.0009  0.009 . 1.24 0.0018 - 0.005 120
158,15 1.13 0.0031  0.005 - 2.6l 0.0048  0.005 120
172.04  1.12° 0.0030  0.006 2.56 0.0041  0.005 120
186.11 1.95 0.0045  0.006 4,16 0.0033 0.005 120
189.65 1,97 0.0048 -0.001 6.17 0.0044  0.005 120
METHENE — PROPANE
130.37 0.44 0.0000 0.018 3.91 0.0000- 0.020 -119
144.26 1.18 0.0000 0.024 2.82 0.0001  0.020 119
158.15 1.07 0.0002  0.028 2.05 0.0003  0.020 119
172.04 1.54 0.0007  0.025 4,02 0.0010  0.020 119
187.54 3.47 .- 0.,0014  0.019 6.02 0.0017  0.020 119
METHANE - N-BUTANE
144.26. 0.44 0.0000  0.029 7.18 0.0000 ° 0.027 32
155.38- ©  1.67 0.0000 0.032 -  9.12 0.0001 ~ 0.027 32
166 .50 2.58 0.0001  0.030  11.47 .0.0001  0.027. 32
177.62 3.96 0.0002  0.030 . 9.87 ~+0,0002  0.027 32
9.49 0.0004 5.85 0.0006  0.027 32

‘(c,cntinued)
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TABLE 4.5

‘(continued)

.

¢/ SUMWARY\OF THE CALCULATED VAPOR-LIQUID

L

INVESTIGATED EXPERIMENTALLY IN THIS WORK
_ .
R-K parameters evaluated R-K parameters camputed
] fram saturated propacties . from generalized equations

TK IAP|PSia |AY|AV§- k12 |Aplmia lAylAvg- klz* - Ref.
METHANE ~ CARBON MCNOXTDE

122,04 2,95 0.0200 0.029 - 3.02 0.0192 0.028 - 110

130.37 3.73 0.0150 0.027 3.55 0.0108 0.028 110
ETHANE. = CARBON DIOXTIDE

288.71 26.60 0.0066 0.088-  21.39 0,0090  0.088 93

. . ‘I?
Overall average 0.0034 oo .

deviation

0.0034

*

Values of the binary interaction constant were taken from Kato et al.
(1975) and k,, for Ethane-Carbon Dioxide were cbtained fram VIE
by the minimization of [P %% - p®P| using the Redlich*Kwong

equation (17,
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4.4 Clausius Equation of State:

is of the

where

Equation (4.68)

The equation originally proposed by Clausius

following form:

RT  _ a

P=-—E
: V- ) T({V+c)
¥ .
20 3 R ]

L2 Rt @, R'T

64 P P

RT
- 1 - c :

b = 7 Vo (- pcvc’ Ve

L 3RT |
¢ = g Y (PCVC -8 = BV,
s=zi

[

-

‘~-‘1i’ 1 a? H

or

where

pA 7 i " (?y) (Tixﬁyr)
b
2 o= - A (e
" 1I-h B (1+H) 2
_ b _ BP
h = ¢ = 3
_ ¢ _ CP
a
A? = RZTS
‘_‘b
B =gt
- S
c = RT

The values of 9 , 8

b and 9

could be rearranged as follows:

were obtained

(22,82)

(4.68)

(4.69)
(4.70)"

(4.71)

(4.72)
(4.73)

(4.74)

(4.75)

(4.75a)
(4.76)

(4.77)

. originally from (4.68) by setting the first and second partial

L
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derivatives of préssure with respect to volume equal to zero .
at the critical point (as given by Equation (4.1) and (4.2)).

* When the Clausius equation of state is applied to a mixture,
the following mixing‘rules were used(ss)

N

= I I . - (4.78
a ;5 i j 2y . , . ( 7‘)
h = I xi bi ) o "{4.79)
i . .
| ¢ = I X N . {4.80)
where i ' '
§ 2 3 '
a, = a., R°T /P (4.81)
The quantities & , T : P . V r & and w
aij cij cij cij cij ) ij

involved in the mixing rules are defined with expréssions
1dent1ca1-h3thosegiven by Equations (4.41) to (4.48).
| To follow up with the work of Elshayal and Lul®®)
it was believed that the inadequacy of such an equation for
calculation of heat of mixing may be due to the sensitivity
of the equation where the heat of mixing, as shown by the
expression in Appendix D, is a result of subtracking two
large quantities, so any small error can lead to a large error
in the heat of mixing. The main sources of error could be the
inadequacy of the mixing rules for the mixture properties and
erroneous derivatives of the parameters.

In addition, in the Berthelot equation(lpz),

N

(p + T%T) {v-b)} = RT), the introduction of the temperature in

L)

the cohesive preésuré term offé#s no advantage over the van

. der Waals equation of state, whiie tﬁe Clausius equation has
a certain improvement due to the introduction of the constant
¢. 1In applying the modified procedure of Elshayal and Lu(as)
negative vélues £ o-r Qc were obtained(““)'which means
that a linear transformation of the volume coordinates to the

right rather than to the. left. This méy be due to the quality
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of the ssaturated vapor voluffie valuesavailableihfthe litera-
ture. = The uucertainty was also reflected in the numerical
values of the parameters obtained. Also, ‘an erratic tfand
-in the calculated results was'ubservéd by Zudkevitch and

Joefel'?®) whenever the condition of Z, cale. _ i XP. 4o

gether with the equality of fugacity in both phase: were . sat- -
isfied using the Redlich-Kwong with the modified procedure(lfa).
This may be attributed to the inaccuracy of ' saturated vapor
‘yolume data. Therefore, it was always recommended to satisfy
the condition of the equality of the calculated iiquid volume
at saturation with the experimental one’ plus the condition of
equal fugacity in both liquid and vapor phases(ll 33’125)

* This work arose f£rom all the above mentioned-diff-
iculties aiming at investigating the proper variation of the
parameters of the Clausius eguation of»state, minimizinggthe
required reliable information.to establish these parametars'
and by-passing the unreliable saturated uapbr voluﬁa data“so“

as to modify this three-parameter equation, where the parameter
¢ is responsible for the linear transformation of the volume
cdordinate, which can be suitably applied to calculate the’
the thermodynamic properties. _

Consequently, the pafameter Qe was assigned a con-
stant value given.by the original equation (ﬂc_= 0.125) and
treating the other two parameters Qa and Qb- as temperature
dependent. The data required to calculate these two adjust-'
able parameters Qa and Qb are the vapor pressures and - the
saturated liquid densities. The ClauSLus equation of state
with this modified procedure was applied satisfactorily for
the calculations of volumes and heats of maxing( 5). The new
proposed method will be further investigate&-for the purpose
of vapor-liquid equilibrium calculations.

4,4.1 Evaluation of the Parameters - ..

{ ' . Qa, Qb and Qc .

The primary information‘required for the evaluation

0

is the saturated liquid densities and vapor pressures of the pure
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components. The value of Qc is 0,125 as given by equation
(4.71). o ‘ _ : . :
At eguilibrium . .
”¢iv = _¢ii o + ‘as given by  (4.47)

on re-writing the Clausius equation as in the forms given by
Equation (4.72) t0 (4.77). The quantities °¢ig "and ¢ " for

pure component, . i. .. were obtained from the following equations.
R ‘
: % hl‘ S a2

(4.82)

L

[ N Az

. 2 + H . B _ :

, [m ] ' ' | t4.82a)
¢ombining .Equation (4.82), (4.47) 'and the Clausius equation
of state (Equations (4.73) to (4.77)), one obtains: -

S h, -
'in 9y 2y ’= (1 ) + 4n(l~h) + [(1 Ry " 2,1 (2+H)
' A IR (4.83)
These quantiﬁies were used to evaluate Qa_ and ﬂb. ‘The

calculation procedure contains one iteration loop-and is out-
- » . :
lined .as follows: o

-
<

1. Assume initial_velues of Qa ' Qb (e.g;, the
values at the Critical points, 0.422 and 0.250 ®

respectively which are .given by Equations (4. 69)

"o (4.71) .
2. - For a. given value of ,qﬁ (experimental) and
assumed values oﬁ"&i% . calculate h, by meaeei:;
of Equation (4.83).. - : P
. S el
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3. Calculate ;B “from Equation (4.74) and A® from
(4.73) . | - o
; s . .
4. Substitute the new value of A’ and. B . into
" Equation (4.73) and (4.74) and spl#e simultane-

ously for another set of roots 'Zv
N .

and hv'
5.. Calculéte ¢4, ~ from Equation (4.82) using the
‘new set of Z, and hv‘
6. Obtain new values for h, from Equation (4.83)
 and compare it with that from Step' 2. If they
disagree, repeat the calculation starting from
Step 2. An iteration loop is thus built until
the change in the. h2 value is less than the
specified tolerance. The tolerance used in this
investigation is 0.00005. ] -

-

The computer program is given in Appendix E.

- 4

4.4.2 Application of the Clausius Equation of

State to Phase Equilibrium Calculations

-

Using the Clausius equation of state aqd following
the same procedure given in Section (4.1.1), the fugacity

coefficients of component 1 in a multi-component mixture
may be expressed as follows:

. - ‘ Lx. a..
. . b 24 i «ac,
A v, _ "1 _“3 2 11 i
in¢y = gy - ¢ - wrerosen: T REO (VAo - 0 2
- (4.84)
or b 2 '
AL 1, _ °i . h, _ A%-¢ H
Inby = nlggp) - A 2o+ () - () ()
" 2 §xi aij o
[ —— () (/)] (4.85)
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In deriving the'equation, the mixing rules'giveh by
Equations (4.78) to (4.81) and Equations (4.41) to (4.46) to-
gether with the following two expressions L

- = L : '
c = ixje = §5 Inyo (4.86)
o anc - - _ :
S - (4.87)
1 W _

are required to extend the pure components parameters to
mixture, . )

In.addition, when the Clausius equation of statg-
was éﬁpioyed to evaluate the partial molal volume following
the same procedure shown in Section (4.1.4), the following
expression was obtained..

5 b ig xjaij - aci/(v+c)
_— 75 1*ep - 2 BICOLE (4.88)
i . RT © Z2a :
(V-b)*? - 'I‘Z‘&Hc_i‘s

"where V is the liguid molar volume of the mixture.‘ These
supporting propert;es $i and - Vi are needed for the cal-
culation of vapor-~liquid equilibrium using the same procedure
as outlined in Seotioﬁ (4.1.2). The specified tolerance in

P used in the work is |AP/P|= 0.0001. The specified toler-
ance in y 1is |Ay|= 0.0001. A computer program to perform
the calculation is given in Appendix E. '

4.4.3 Resulfg and Discussion

ta
The Clausius equation of state with the proposed
modified procedure was used for the determination of the sys-
tem pressure, P, and the equilibrium vapor com@osition, Y,
" with the syséem temperéture and liquid composition, x, speci-
fied. The saturation properties; liquid molar volumes and
vapor pressures, available in the literature for propane

(12,29) (29,23)

ethane and carbon dioxide

were employed in

hE]

{12, 25)
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T

evaluating the temperature-dependent parameters 'ﬂa’ and Qb;
The value of 9 " was chosen to be 0.125. The same procedure
was used to evaluate 9 - and Qb, at the critical point.-

The critical volume and crrtical pressure were treated as

the saturated volume and vapor pressure of the component.

, The temperature-dependent characteristics of n . and Q

" are depicted for propane in Figure (4.13). The calculated
values of the parameters are listed in Table (A.1.1).  Iso-
thenmal{vapor—liquid equilibria have been predicted for the
two binary and the ternary systems experimentally determined
in this investigation. The predicted P and y values are
also listed in Tables (A.4), (A.5) and (A.9). The overall
average absolute deviation for the total of 102 data éoints
selected frdm the experimentally determined data pdints, in

P is 1.89% and in ¥y is 0.0117 mole fraction compared to
1.98% and 0.0118 mole fraction when the Redlich-Kwong equa-
tion with the modified procedure was emploYed. Furthermore,
the vapor-liquid equilibrium data for the system ethane-
carbon dioxide at ‘eight isothermal conditions were also used
for the purpose of comparison.

A summary of the calculation results using the
Redlich~Kwong equation and the Clausius equation both with
the modified procedures is given in Tables (4.6) and (4.7).
The comparison covered 186 data points, including the experi-
mentally determined ones, on fourteen isothermal conditions.
The ‘overall average absolute deviation in P is 1.34% and
in y is 0.0096 mole fraétion for the Clausius equation
compared to 1.40% and 0.0106 mole fraction) for the Redlich-
Kwong equation. In the application of e mixing rules,
Equations (4.78) to (4.81) and (4.41) to (4.46) which are
identical to those reported by Chueh and Prausnitz and were
used in Section (4.2.2), the binary interaction constants
.kij , are required.

They were determined in the same manner as descri-
bed with the Redlich-Kwong. The calculated kij values as
listed in Tables (4.6) and (4.7) appear to follow the same
pattern as that in the Redlich-Kwong equation. s



In addition, it was rather difficult to obtain a
convergent solution for the system pressures and vapor phase
,mole fractions with the assumed initial values for the pres-
| sure and the binary interaction constant at the higher temp-
eratures, ‘ )

; ETHANE-CARBON DIOXIDE

- The established vaines of Qa ' nb and ﬂ of
Table (A.l.1) at the isothermal conditions were used ln the
calculation. The predicted P and y values are ‘
listed in Table (A.4) and agompared with the experimen-
tal data in Figure (4. 14). A summary of the comparison
is given in Table (4.6). The results, as presented, are
better than those obtained using the RedlithKwong equation.
The overall average absolute deviation between the experi- -
mental and the calculated P values is 0.64% and in y is
0.0094 mole fraction compared to 0.74% and 0.0218 mole frac-
tion respectively when the Redlich-Kwong equation was_ used.
Furthermore, the data on this system reported by Fredenslund
and Mollexup( °) and Gugnoni et+al. (1) were used for the
purpose of comparison. The predicted P and Y values are
also listed in Tables (A.7) and (A.8) and also compared with
the experimental data in Figures (4.15) and (4.16). The
average absolute deniation between the experimental and the
calculated P values is 0.66%. The average absolute devia-
tion in y* for the reported data by Fredenslund and M011erup(3a)
is 0.0051 mole fraction compared to 0.0083 mole fraction
when the Redlich-Kwong equation was used for the prediction.

It should beborne in mind, howevér, that these
differences between the deviations obtained using the two
equations are within the experimental error. Due to-the
fact tngrfajieaningful convergent solution is difficult to
obtain at temperatures near the critical point of the consti-
tuent pure components, the comparison’ was not done using the
isotherms at 50°F(“1) and 60°F(93)
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"PABLE 4.6

SUMVARY OF THE CALCULATED RESULTS FOR VIE FOR THE SYSTEMS

. . * . )
MEASURED IN ‘THIS WORK USING EQUHEH1E3 OF STATE WITH MODIFIED PROCEDURES

-~ ETHANE - CARBON DIOXIDE
omi . No. of
Temp. °F kyy |8p/p | 18¥|pvg.  Data Points
-60 0.092 0.35 _ 0.0183 12
0.108 . 0.54 " 0.0213
-20 . 0.086 0.89 0.0076 9-
: 0.101 0.92 0.0153
20 0.090 0.74 © 0.0213 12
0.102 0480 10.0272
PROPANE - CARBON DICXIDE
-20 0.086 ‘ 2.64  0.0067 .10
. 0.099 _ %6 0.0062 ~ =
20 0.093 ' 2.06 . 0.0122 11
0.102 2.02 0.0069 e

klz le 23 . )
20 0.0 0.090 0.093 2.52 0.0090 - 307,
0.0 0.102 0.102 2.68 0.0066
-20 0.0 0.086 - 0.086 2.59 0.0100 18
0.0 0.101 0.099 2.92 0.0079
|op/pls Aavg | Ay |Avg No. of Points
Binary . Ternary Binary Ternary B T
{ | ‘ | _
Clausius 1.30 2.55 ©0.0138 0.0094 . 54 48

RK 1.28 2.77 0.0159  0.0071 54 48

*

The first line for each isotherm is the calculation results using the
Clausius equation with the modified procedure, while the seéond'line.is
the calculation results using the Redlich-Kwong equation with the mod- -

ified procedure. N
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T TABLE 4.7

SUMMARY OF THE CALCULATED RESULTS : 1
FOR VAPOR-LIQUID EQUILIBRIUM USING
EQUATIGNS‘ OF STATE WITH MODIFIED PROCEDURES

& | .
ETHANE - OARBON DIOXIDE
: ' No. of
Temp.K _ kij lAP/PlAVg? lAYIAvg. * Data Points Ref.
©241.45 0,084 0.77 9 41
(=25°F) 0.097 0.91
25§.35  0.085. 0.77 : 15 a1
(0°F) 0.098 0.82
269.25  0.088 0.47 a3 38
(25°F)  0.097 0.46
223.15 0.085 0.80 0,0067" 11 38
0.099 1.01 . 0.0089
243.15 0.084 0.70 0.0047 12 38
0.098 “0.72 0.0068 :
263.15 0.087 . 0.66 0.0039 11 38
0.099 0.74° . 0.0096
283.15 0.083 0.56 0.0052 13 38
0.101 0.35 0.0082

The flrst line for each one of the isotherms is the calcula—
- tion results using the Clausius equation with the modlfied

~‘3procedure, while the second line is the calculation results

using the Redlich-Kwong equatlon with the modlfled procedure.
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liquid vapor .

_This work © @ calc. (Clausius eqn.)
Kurata=Swiff*'A . a
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+ Gugnoni et al. "V |
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FIG. 4.16
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Comparison of the Calculated and the Experimental
P-x-y Values for the Binary System Carbon Dioxide-
Ethane ' =



" PROPANE~-CARBON DIOXIDE-

A good aQreement was obtained between the‘calcula-

" ted and experimental values of phase equilibrium fof\the‘

system propane-carbon dioxide at -20° and 20°F., The pred-

icted P and y. values are also listed in Table (A.5) and comp-

ared with the experimental data in Figure (4.17). A summary
of the comparison is given also in Table (4.5). The results
are comparable to those obtained using the Redlich-Kwong
equation§d¢h-ﬂuamodified procedure(SH). The overall avérage
absolute deviation between the calculated and experimental

P/ values is 2.34% and in y is 0.0096 mole fraction com-
pgred tb 2.45% anda0f0066 mole fractipn when the Redlich-

Kwong equation was used,

PROPANE—-ETHANE-CARBON DIOXIDE

The predicted P and y values are also listed in
Table (A.9) and are compared with the experimenta ata. In
the calculation procedure, the values of the bina inker-
action constant kij for the systems ethane-carbon didxide
and propane-carbon dioxide cobtained by the minimization of

the quantity I|pC31C: . pe¥P.| yere employed in the calcu-

~

lation. The value of klz representing the interaction
between propane and ethane were taken to be zero. A summary
of the calculation results is given in Table { A.9). The
results are comparable to those obtained using the Redlich-
Kwong equation with the modified procedure. The average
absolute deviation between the calculated and experimental

P wvalues is 2.55% and in y is 0.0094 mole fraction comp—
ared to 2.77% and 0.0071 mole fraction for the Redlich-Kwong
quation’with the modified procedure(sn)as shown in Table (4.6).
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FIG. 4.17 Comparison of the Calculated and. the Experimental

P-x-y Values for the Binary System Propane-Carbon
Dioxide o
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4.5 GENERAL DISCUSSION ON THE USE
OF THE- EQUATIONS OF STATE WITH
MODIFIED PROCEDURES

. &
.

v
-

. The two simple equations of states, the Redlich-'
Kwong and the Clausius equations were  adopted for the cal—}
culation of thermodynamic properties with modified proced-
ures., For pure components éalculations, a small loss of

_ accuraéy is offset by the ease of implementation, speed of-

" calculation and that the required information to establish

the pérameters of the equation is minimal. The two equations‘ 
are attractive for_mixture'calculations because of the ease
of the introduction of the binary interaction constants.

,Although,‘as stated before, there are three cox}d—
itions to satisfy‘at equilibrium and an equation of state
should have at least three parameters, the two-parameter
Redlich-Kwong equation satisfying only two conditions has -
been widely used for the prediction of-thermodynamic proper-
ties. One of the pfoblems of satisfying the three c6ﬁditions
at equilibrium is the unceftainty of'thé saturated vapor
voiume: Hence, the Clausius equation of state was used With
only two-parameters temperature dépendent. ]

The amount of the required information to estab-
lish the temperature-dependent parameters is the same, i.e.,
the pure components vapor pressures and molar liquid volume
at saturation. ) ; .

Basically, this approach in treating the paramet-
ers of the Clausius equation was adopted” to avoid the nega-
tive values for the paramete:s Qc which, otherwise, would
be obtained if unreliable values of the saturated vapor vol-
ume was employed in the evaluation. ) ) ’

The reliability of the saturated wvapor volume is
not of great concern in vapor-liquid equilibria for the pur-
pose of the determination of the three parameters of the ’
Clausius equation since it was applied successfully by Elshayal
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TABLE

4.8

v

9{PARISCN F THE EXPERIMENTAL AND CALCULATED CCMPRESSIBILITY FACI‘ORS
’ OFPI.REHEP']ENEUSIN DIFFERENT EQUATIONS OF STATE

_ Zenlc, , |az/2] x 100%
‘T K Pbars ‘Eexp Clausins _ Redlich- 7 Clausius Redlich-
S - Equation Kwong"Equatlon . Equation Xwong Equation
303.16 50 0.29213 0.28697, “# 0.29178 1.77 0.12
100 0.58032 0. 56067 .0.57904 3.39. 0.22
200 1.14650 s 08159 1.14296 5.67 0.31
300 1.70116 - 1,57920 1.69612 7.17 0.30
500 2.78260 2.53287 2.78000 8.97 0.09
1000 .. 5.36767 4.79992 5.41436 10.5 0.87
2000 .- 10.21710 9.15812 10.54256 10.37 3.18
3000 14.79750 13.43800 15.59678 9.19 5.40
5000 23.45430 21.92816 25.62304 6.51 9.25
323.16 50 0.28070 0.27343 0.27900 2.59 0.60
100 0.55700 0.53159 0.55288 4.56 0.74
200 1.09844 1.01868 1.08865 7.26 0.89
300 1.62305 1.48080 1.61262 8.76 0.65
500 2.65642 2.36172 2.63657 11.09 0.75
1000 5.10780 4.44472 5.,11772 12.98 0.19
2000 9.69216 8.45071 9.93710 12.98 2.53
3000 14.01255 12.34778 14.58215 11.88 4,06
~ 5000 22.16677 20.10572 24.09182 1 9.30 8.68
373.16 50 0.25996 0.24773 0.25866 4.70 0.50
100 0.51366 0.47310 0.50914 7.90 0.88
200 1.00654 0.88646 0.99319 11.93 1.33
300 1.48440 1.27056 1.46179 14.41 1.52
500 2.40700 1.99157 2.36997 17.26 =« 1.54
1000 4.58614 3.67100 4.55220 19.95 0.74
2000 8.62856 6.85660 8.76854 20.54 1.62+7
N 3000 12.42070 9.96760 12.90880 - 19.75 3.93
o 5000 19.55180 16.12629 21.11479 17.52 " 7.99 4.
423.16 50 0.24868 0.22769 0.24592 ' .8.44" 1.11
100 +,0.48734 0.42193 0.47865 ~13.43 1.78
200 0.94011 0.76448 *0.92063 18.68 2.12
300 1.38351 1.07443 1.34319 22.34 2.91
500 2.22371 1.64509 '2.15488 26,02 3.10
1000 4.18946 2.94870 4.08924 29.62 2.39
2000 7.80662 5.38731 7.80942 31.00 0.04
3000 11.18376 #7.75540 11.45178 30.65 2.40
5000 . 17.512I0 . .12.43027 18.66873 20.02 6.60
473.16 50 0.24746 0.20960 - 0.24173 15.29 2.32
100 0.47635 0.36798 0.46042 22.75 3.34
200 0.90641 - 0.63288 0.86598 30.18 4.46
300 1.31393 0.86409 1.24831 34.24 4.99
500 2.08726 1.27787 1.97627 38.78 - 5.32
1000 3.88068 2.19365 3.69800 43.47 4.71
2000 7.15634 3.86386 ! 6.99160 46.02 2.30
3000 10.20212 5.46622 10.21537 46.42 0.13
5000 15.89450 8.61189 16.59320 45.82 4.40
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(33)

and’ Lu but-it has an adverse affect on the evaluation

of the derivatives of Q_ , &  and 2, with temperature.
This leads to erroneous results for the heat of mixing cal-
culations. ) % | -

As far as vapor-liquid equilibrium is concerned,
the two equatibns with the modified proceddres produced
satisfactory and comparable‘résults. It is rather surpris-
ing that the Clausius equatioh of state, while admittedly
les§ accurate for PVT'calculations, yielded - better 'res~5

ults than the Redlich-Kwong equatlon with the modified pro~

~cedure for the system ethane-carbon dioxide.

In addition, the Clausius equation still has a
third parameter respon51ble for the llnear shift of the

7).

A comparison of the two equations with the modified

volume' coordinate as indicated by Martin

procedures for the purpose of calculating compressibpilit-

~ies of pure liquid heptane is shown in Table (4.8) . These

results indicate the superiority of the Redllch-Kwong equa-
tion with the proposed modified procedure over the Clausius”
egquation with only two parameters temperaiure dependent.

Presuming that both equations can be applied to

. calculate the compressibility factors of saturated liquids,

as shown in Table (4.8), a shiftlof the isotherm has been
carried too far to the left using the Clausius equation com-
pared to the Redlich~Kwong equation both with the modified
procedures. In other words, a further modification: to the

Clausius eﬁuation would be by adjusting the cohesive pressure
a
term T_(W .

The kl] values obtained in this work using the
two equations substantlate the dependence of k i with .
temperature. However, no definite trend was observed in
both equations which makes it rather difficult to establish
kij as a fungtion of temperature.

However, the validity of the method of Hsi and

u(ze)'has been confirmed for the system ethane-carbon diox-

'ide. It has been shown that the experimental results obtain-

ed in Chépter ITTI are somewhat better than those reported by

L]
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Kurata and Swift(su)\gt the same temperatures.:

. ‘Finally, the generaliZzed correlation for ‘2, and.
Qb of the Redlich-Kwong equation introduced a different
method fof’the evaluation of these parameters from. Tr and
w in the absence of the experimental saturation propertieé.
These generalized correlations were used in this work for .
the prediction of vapof—liquid equilibrium for systems con-.
taining carbon dioxide whidh were not included in the gener-
.alization.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

The experimental results as presented in this ‘work .
provided more data points for the blnary system ethane-carbon
dioxide at four isothermal conditions (-60°, -20°, 20°, 60°F).
Good agreement is obtained between the calculated and experi-~
mental values at the three lower temperaturesx -60°, -20° and
20°F using the Redlich-Kwong equation. In the application of
the Redlich-Kwong equation, the proposed modlfled procedure'
previously proposed by Chang and Lu(17) has been adopted
throughout this work. It appears that the experimental res-

ults obtained at these temperatures are somewhat better than
those reported by Kurata and Sw1ft( s %) at the same temperature.

Experimental vapor-liquid equilibria data of the ‘
system propane -carbon dioxide at two isothermal conditions of
-20° and Zﬂ’F extended the range of the available data over
the whole concentration range below -4. 4 F. It was found also
that isothermal data at -20° and 20°F follow a trend with the
high temperature data in the llteraturetgg)

The experimentally determined vapor-liquid equlllbrla
for the system propane—ethane-carbon dioxide at -20° and 20°F
provided a new set of data to the literature. A forced recir-
culation type equipment was employed and a total of 109 data
points were collected. e

The prediction by means of the Redlich-Kwong Equation of
state yielded results that compared favourably w1th-uuaexper1mental
" data. The equation was also ased to predict vapor-—llquld
'equlllbrla for the binary system ethane-carbon dioxide and
propane-carbon dioxide at isothermal conditions other than
those ,invegtigated in this work. )

. In the predlctlon of the binary data, only pure com-
ponent parameters, binary lnteractlon constants and mixing

rules are needed. Tﬁe\calculated results were' satisfactory
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, . \
\Ehe use of an average kij » over the range
investigated, did not introduce a large deviation do&pared
to the optimum values of kij ‘determined by the minimization
of the quantity b

and showed that

5 chlc;‘ exp.

P

For the ternary system, propane-ethane-carbon dioxide, only
the binary data are required and the binary interaction cons-
tants'fdr mixtures of ethane and propane can be taken to be
zero without affecting the calculated results.

In addition, a generalized correlation was estab-
lished for the'temperature‘dependence of the parémeters Qa
and Qb of the Redlich-Kwong equation of state in terms of
Tr and the acentric factor w in the subcriticallregion.

The ‘expressions are simple, adequate and lend themselves
easily to computer evaluation. They can be used, for example,
in Hmmen'SES)pramxmne for the evaluation of liquid compress-
ibility and vapor-liquid equilibria. The acentric factors
cover a range up to 0.4902. They produce favourable_results
over the range of study and satisfy the critical point.

' The Clausius equation of state with the proposed
modified procedure was used for the calculation of the vapor-
liquid.equilibria in the binary and ternary systems. The
results obtained were comparable to those obtained from the
Redlich~Kwong equation. The comparison included 186 data )
points for systems ethane-carbon dioxide, propane-carbon diox-
ide, and propane-ethane-carbon dioxide at 14 isothermal con-
ditions. The most important conclusion is Fﬂd% an equation
of state can reproduce precisely the saturation pProperties
but this does not necessitate an equally good prediction of
the enthalpy of mixing(lns). Mofeover, the fact that the
‘Redlich-Kwong equation produces more acéurate pure component
PVT data than the Clausius equation does not necessary ensure
that the former will represent vapor-liquid equilibrium data
better than the latter. Both equations satisfy the equal
fugacity between the liquid and vapor phases as well as the

experimental V.

{‘}
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Our experience indicates that in order to improve
the quality of the .prediction methods by means of an equation
of state, the parameters should be evaluated, whenever poss-
ible, using the saturation propertiesdﬁhich are reported, to-
gether with the vapor-liquid equilibrium data. Improvement
may also be directed towards finding the proper variations of -
kij ‘with temperatures which may be expressed in terms of the
pure molecular properties rather than from the experimental
data. ' ' |

In addition, attention should be directed towards
the analytical method for the calculation of the total pres-
sure to ensure the convergence of the solution. The extension
of the adjustable parameter of the pure components to mixture
via the available miking rules should be investigated thor-
oughly to see if there is any inter-relationship be¥ween the"
equation of state as represented by £(P,V,T) = 0 and the

mixing rules.
¢
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A.l

VALUES OF Qa and Qb OF THE REDLICH-KWONG EQUATION

Component

Ethane

Propane

Carbon
Dioxide

Heptane

TK

293.15
288.70( 60°F)
283.15 (
283,15( 50°F)
269.25( 25°F)
266.48( 20°F)
263.15

255.35( 0°F)

244.26(~20°F)
243.15

241.45(~25°F)
223.15

222.04(-60°F)

294.26( 70°F)

'277.59( 4Q°F)

266.48( 20°F)
244.26(~20°F)

294.26( 70°F)
293.15

288.70( 60°F)
283.15( 50°F)

277.59( 40°F)

269.25( 25°F)
266.48( 20°F)
263.15

255.35( 0°F)

244.26(~20°F)

243,15 -
241.45(-25°F)
223.15

222.04(-60°F)

303.15
323,15

373.15

423.15
473.15

Q

Q

a b
0.3933% 0.07600
0.39799 0.07701
0.39957 0.07732 "
0.40688 0.07934
0.40824 0.07942
0.40517 - 0.07865
0.40651 0.07893
0.41764 .0.08168
0.41275 0.08044
0.41243 0.08047
0.41939 . 0.08223
0.41597 0.08l64
0.41600. 0.08160
0.41947 0.08055
0.42230 0.0811Ll
0.42522 0.08164
0.42671 0.08201
0.39778 0.07702
0.40111 0.07744
0.40180 0.07727
0.40527 0.07763
0.40754 0.07779
0.41145 0.07830
0.41363 0.07862
0.41616 0.07896
0.41%66 0.07928:
0.42348 0.07973
0.42469 0.07987
0.42627 0.08003
0.43159 0.08042
0.43176 0.08063
0.446456 0.075946
0.445634 0.076201
0.438349 0.076424
0.426966 0.076165
0.411183 0.0752086

‘Reference |. -

38.
12,29
38

41

41
12,29
38
41
12,29
38

41

38
12,29

99
99
12,25
12,25

99
38

41
99
41
29
38
41
29

41 .
38
29

127
127
127
127
127




COMPONENT

ETHANE

PROPANE

CARBON DIOXIDE

HEPTANE

* Q = 0,125

c
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i ABLE

Allbl

'VALUES OF "R, and Q_ -OF THE

CLAUSIUS EQUATION OF STATE*.

TK

283.15 |

269.25

' 266.48

263.15
255.35
244.26
243.15
241.45
233.15
224.04

231.10
240.00
244 .26
250.00
260.00
266.48
270.00
280.00
2590.00
300.00
310.00
320.00

. 330.00
' 340.00

350.00,

- - 360.00

368.00
368.50
369.00
369.82

283.15
269.25
266.48
263.15
255735
244.26
243 .15,
241.45
233.15
222.04

473.15
423.15
373.15°
323.15
303.15

Y

0.43587

0.44415

7 0.44114

0.44134
0.44747

0 0.44223

0.44148

0.44536 .
0.43712-. -
0.43687

0.44734

0.45159

0.45344

0.45564
-0.45878

0.46034
0.46094
0.46217
0.46235
0.46146
0.45948
0.45630
0.45168
0.44558
0.43780
0.43328

0.40539

0.41837
T.41921

0.47457 -

0.44648
0.46339%:
0.46482
0.46704
0.47036
0.47325
0.47434
0.47579
0.47742
0.48066

0.48932
0.51408
0.52431
0.52068

0.51433

9

0.32518 .
0.36965
0.36832"

0.37713.°

'0.41357

0.42373
0.42558
0.44211
0.46492
0.46628

0.64779
0.63586

0.63005 -

0.62127
0.60502
0.59369
0.58681
0.56653
0.54379

- 0.51831

C.48985
0.45802
0.42209
0.38160

. 0.33597

0.31128
0:.19263

. 0.23766.
7+ 0.24003-
1 0.45174

. .0.37764 -
0.46172"

0.47457

0.48996

0.52057

0.55969

0.56485

0.57204
0.62330

0.62968

0.95958
1.28266
1.49387
l.63218
1.67656

......
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TABLE A.2

" "LITERATURE SOURCES ' OF THE.SATURATION PROPERTIES USED
"IN THE DEVELOPMENm_o? THE GENERALIZED CORRELATION

/

éémgogént' ff:~if'5V2 .. . __Em;;~;/)/
_lArgon o ,_‘25575 S 29,75
_\Qé£ﬁ§ne“ w;-" 39 .."‘u 89

Nitroéen T - o128 liﬁ'j

Ethgiéne 12 : - , 12

Ethane | s .35

Propane a5 - 25

Propylene | 735 o '1 35

n-Butane | 35 E l‘35

Benzene | | . 35 ' 35

-n—Pentang 35 35

n-Hexane 35 - 35

n—Heé;ane %27 _ ' ) 127

n—bctane 127 : 127 e

_ . . g ;
n-Nonane _ 99 | 99 b

n-Decane e 99 99
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TABULE

A.3

(REDLICH-KWONG EQUATION)

i

VALUES OF Qa AND Qb CALCULATED FROM THE SATURATED PROPERTIES

Tr

0.55535
0.57862
0.62594
0.65756
0.70244
0.73565
0.79643

0.80306 .

0.80969
0.81632
0.82295
0.82958
0.83621
0.84283
0.84946
0.85609
0.86272
0.86935
087598
0.88261
0.88923
0.89586
0.90249
0.90912
0.91575
0.92238
0.92901
0.93564
0.94889
0.95552
0.96215

0.96878

0.97541
0.98204
0.98866
0.99529
0.99861
1.00000

2
a

ARGON

0.40304
0.40652
0.41047
0.41162
0.41367
0.41525
0.41732
0.41699
0.41661
0.41617
0.41576
0.41530
0.41486
0.41448
0.41400
0.41353
0.41301
0.41249
0.41206
0.41160
0.41114
0.41067
0.41023
0.40971
0.40935
0.40890
0.40851
0.40822
0.40790
0.40779
0.40777
0.40785
0.40841

. 0.40957

0.41105
0.41563
0.42056
0.42557

0.08776

0.08784
-0.08734

0.08675
0.08617
0.08583
0.08505
0.08489
0.08472
0.08453
0.08436
0.08417
0.08398
0.08381
0.08362
0.08343
0.08323
0.08302
0.08285
0.08266
0.08247
0.08228
0.08210

0.08190 .

0.08174
0.08155
0.08138
0.08124
0.08103
0.08094
0.08087
+0.08083
0.08093
0.08121
0.08157
- 0.08286
0.08428
0.08577

METHANE

2,

0.49861
0.52485
0.55109
0.57734
0.58222
0.59681

0.60358 .

0.62982

0.64053

0.68425
0.75715
0.81551
0.83005

0.87388,

0.90295

0.93224.

0.97680
0.98431
0.99228
0.99538
1.00000

NITROGEHN

0.39263
0.39671
0.40028
0.40337
0.40390
0.40537
0.40600
0.40818
0.40895
0.41136
0.41293
“0.41212
0.41165
0.40963
0.40787

..0.40585
- 0.40473

0.40558
0.40798
0.40999%
0.42376

%

~0.08653

0.08646
0.08636
0.08622
0.08619
0.08610
0.08605
0.08583

~ 0.08573

0.08525
0.08416
0.08302
0.08270
0.08165
0.,08092
0.08021
0.07978
0.08005
0.08079
0.08140°
0.08552

0.50040
0.52211
0.54208
0.56981
0.58994
0.61292
0.66403
0.69762

0.74556

0.78130
0.82274
0.87615
0.91759
1.00000

[ Ne o R

0.41025
0.41365

0.41641

0.41795
0.41910
0.42040
0.42210
0.42251
0,42218
.42202
.42002
.41646
.41208
0.42477

0.08732
0.08747
0.08759
0.08728
0.08712 -
0.08698
0.08653
0.08614
0.08545
0.08501
0.08419
0.08278
0.08147
0.08583

(continued)



VALUES OF Q_ AND Q
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TABLE

Al3

" {continued - 2)

CALCULATED FROM THE SATURATED PROPERTIES .

Y

b
TI.' na .
.EETHYLENE
0.60012 0.41514
0.60929  0.41485
. 0.62896_  0.41643
0.64864 . 0.41788"
. 0.66831  0.41802
©0.68799  0.41730
0.70766  0.41613
0.72734  0.41543
0.74701  0.41648
0.76669  0.41634
0.78636  0.41660
0.84539  0.41400
0.86507  0.41287
0.88474  0.41018 -
0.90442 0.40782
0.92409  0.40561
0.94377  0.40298
0.96344  0.40077
1.00000 0.42211
T, -y
PROPANE
0.62491  0.42683
0.64896  0.42674
0.67600  0.42645
0.70304 '0.42581
0.73008  0.42473
0.75713  0.42331
0.78417  0.42146
0.81121  0.41919
0.83825 0.41655.
0.86529  0.41356
0.89233  0.41013
0.91937  0.40644
0.94641  0.40281
0.95993  0.40134
0.99508  0.40494
0.99643  0.40630
0.99778  0.40836
0.99913  0.41190
1.00000  0.42282

0.08339
0.08325
0.08328
0.08325

0.08319

0.08300

0.08272

0.08245
0.08229
0.08200

0.08173.

0.08093
0.08056
0.08001
0-.07950

0.07907

0.07859
0.07820
0.08503

e N
0.08214
0.08205
0.08192
0.08176
0.08155
0.08128
0.08095
0.08056
0.08011
0.07962
0.07906
0.07848
0.07798
0.07786
0.07981
0.08025
0.08089
0.08197
0.08524

ETHANE

0.65484
0.68758
0.72032
0.75306
0.78580
0.81854
0.85129
0.88403
0.%81677

0.94951
0.95606

0.96916
0.97571
0.99208
0.99535
0.99689
0.99862
1.00000

Ty

PRO

%3

0.41883
0.41922
0.41902
0.41824

"0.41708

0.41531
0.41298
0.41010

0.40669
- 0.40322

0:40264
0.40181
0.40177
0.40534
0.40756

0.41018

0.41373
0.42350

Qa

PYLE

.
l

Y

0.08301
0.08276
0.08246
0.08208
0.08168
0.08119
0.08063
0.07998
0.07928
0.07866
0.07858
0.07853
0.07861
0.07993
0.08065
0.08145
0.08253
0.08544
E

0.61808

0.62395
0.63919
0.65442
0.66965
0.68488
0.70011
0.71534
0.73057
0.74580
0.76103
0.77626
0.79149
0.80672
0.82195
0.85241
0.86765
0.88288
0.89811
0.91334
0.92857
0.94380
0.95903
1.00000

0.42451
0.42490
0.42531
0.42541
0.42538
0.42544
0.42551
0.42514
0.42444
0,. 42389
042315
0.42221
0.42107
0.41967
0.41811
0.41464
0.41308
0.41109
0.41019
0.40919
0.40797
0.40631
0.40358
0.42184

0.08212
0.08219
0.08218
0.08215
0.08209
0.08206
0.08203
0.08192
0.08179
0.08165
0.08151
0.08134 .
0.08113
0.08087
0.08059
0.07994
0.07968
0.07931
0.07926
0.07919
0.07910

0.07890™
- 0.07843

0.08495

{continued)



- 126 -,

TABULE A.3
{continued - 3)

1 .' &.-

VALUES OF ﬂa AND Qb CALCULATED FROM THE SATURATED PROPERTIES

T Q _Qb T 2 - Q

r a r a. b
n-BUTANE BENZENTE

'0.64126 " 0.43245- 0.08100 0.55309 0.42750 0.07915
0.65289 0.43262 0.08102 0.56298 0.42784 0.07922
0.66596 0.43201 0.08098 0.57286 0.42796 0.07926
0.67902. 0.43168 0.08094 0.58274 0.42816 0.07930
0.69209 0.43113 0.08088 0.59262 0.42820 0.07935
0.70516 0.43043 0.08080 0.60251 0.42820 0.07938
0.71822 0.42957 0.08070 0.61239- 0.42840 0.07941
0.73129 0.42913 0.08062 0.62227 0.42841 0.07942
0,74436 0.42757 0.08048 0.62838 0.42810 0.07941
. 0.75742 0.42636 0.08033 0.63215 0.42815 0.07940
0.77049 0.42504  0.08017 0.64204 0.42797 0.07943
0.78355 0.42371 0.08001 0.65192 0.42766 0.07944
0.79662 0.42205 0.07978 0.66180 0.42775 0.07945
0.80969 0.42006 - 0.07947 0.67168 0.42776 0.07944
-0.82275 . 0.41805 0.07916 0.68157 0.42756 0.07946
0.84889 0.41507 0.07881 0.69145 0.42729 0.07944
0.86195 0.41381 0.07870 0.70133 0.42679. 0.07938
0.87502 0.41200 -- '0.07846 0.71121 0.42640 0.07936
0.88809 0.41007 0.07816 0.72110 0.42542 0.07929
0.90115 0.40795 0.07786 0.73098 0.42445 0.07919
0.91422 0.40569. 0.07756 0.74086 0.42396 0.07918
0.92729 0.40438 0.07751. 0.75074 0.42353 0.07915
0.94035 0.40309 0.07749 0.76063 0.42341 0.07912
0.99262 0.40694 0.08033 0.77051 0,42213 0.07900
1.00000 0.42149 0.08484 0.78039 0.42130 0.07892
0.79027 0.42077 0.07887

0.80016 0.41978 0.07876

0.81004 0.41865 0.07865

0.81992 0.41729 0.07849

0.82980 0.41630 0.07837

0.83969 0.41558 '0.07829

0.84957 0.41450 0.07814

0.85945 0.41314 0.07801

0.86933 0.41153 0.07785

0.87922 0.41021 0.07768

. 0.88910 0.40897 0.07755

0.89898 0.40742 0.07738

0.90886 0.40603 0.07724

0.91875 0.40462 0.07711

0.92863 0.40258 0.07685

0.93851 0.40105 0.07674

0.94839 0.39962 0.07666

0.95828 0.39791 0.07651

1.00000 0.42101 © 0.08470

(continued)



- 127~

TADBUL-E

" A.3

(continued - 4)

:/ . ; . R .
VAL&ES oF Qa AND Qb CALCULATED F§OM THE SATURATED PROPERTIES

T

r <.

b ]

.Qa

Y

n-PENTANE

0.65841
0.66204
0.67387
0.68570
0.69753
0.70936
0.72119
0.73302
0.74485
Q.75667
0.76850
0.78033
0.79216
0.80399
© 0.81582
0.82765
0.83948
0.85131
0.86314
0.87497
0.88680
0.89862
0.91045
0.92228
1 0.93411
0.94594
0.95777
1.00000

cocooo

"0.43547

0.43562
0.43544

0.43506 -

0.43473
0.43390
0.43289
0.43194
0.43076
0.42569

0.42821

0.42675
0.42542

0.42377

0.42200
.42048

.41432
.41210
0.41010
0:.40789

0.40557.

0.40323
0.40140

0.40005 *

0.39831
0.41887

.41874
.41669 -

0.07951
0.07957
- 0.07954
0.07947
0307943

. 0.07935

0.07929

0.07916

0.07902
°0,07892
0.07875
0.07856
0.07844

- 0.07827

0.07802
0.07772
-0.07744
0.07723
0.07697
0.07670
0.07643
007628
0.07630
0.07622
0.08406

0.07933
©.0.07940
0.07946

T,
X

n-HEXANE

Q
a

8

0.53830

- 0.54706

0.55801
0.56896
0.57991
0.59086

0.60180 .

0.61275
0.62370
0.63465
0.64560
0.65655
0.66750

"0.67844

0.68939
0.70034
0.71129
0.72224
0.73319
0.76603

. 0.77698
0.78793

0.79888
0.80983
0.82077
0.83172
0.84267

0.85362,

0.86457
0.87552
0.88646
0.89741
0.90836
0.93026
0.94121
1.00000

-

0.44070,
0.44082 -

0.44112
0.44081
0.44069
0.44055
0.44042
0.44013
0.43953

- 0.43907
0.43845

0.43821
0.43779
0.43587

- 0.43496

0.43403
0.43265
0.43159
0.43071
0.42726

0.42549 -

0.42432
0.42314
0.42106
0.41941
0.41770
0.41580
0.41376
0.41210
0.41005
0.40834
0.40611
0.40429
0.40152
0.39870
0.41937

0.07719
0.07726
0.07738
0.07739
0.07745

0.07751

0.07759
0.07764
0.07764
0.07767
0.07768
0.07778
0.07785
0.07761
0.07760
0.07758
0.07750
0.07746
0.07744
0.07729
0.07714
0.07707
0.07701
0.07685
0.07671
0.07657
0.07641
0.07622
0.07607
0.07589
0.07572
0.07548
0.07535
0.07537
0.07509
0.08421

(continued)
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TABILE

A.3

(continued - 5)

i

VALUES OF Qa AND.Qb CALCULATED.FROM THE SATURATED PROPERTIES

Ty

Qa

8

n~-HEPTANE

0.50559
0.52410
0.54261
0.56112
0.57963
0.59814
0.61665
0.63516
0.65367
0.67218

- 0.69069

0.70902
0.72771
0.74621
.76472
. 78323
.80174
.82025
.83876
.85727
0.87578
0.89429
0.91280
0.93131
0.94982
1.00000

(= e ov N ol o I o]

0.44760
0..44837
0.44806
0.44797
0.44779
0.44712
0.44631
0.44502
0.44350

0.44172
0.43982

0.43838
0.43607
0.43389
0.43094
0.42835
0.42512
0.42222
0.41916
0.41614
0.41254
0.40878
0.40504

0.40147

0.39734
0.41911

0.07610
0.07626
0.07640
0.07651

0.07661

0.07668
0.07673

0.07674 .

G.07674

0.07674

0.07670
0.07666
0.07657
0.07647
0.07631
0.07616
0.07586
0.07576
0.07551
0.07526
0.07503

.0.07487
0.07473

0.08414

0.07572
- 0.07593

T
r

n~0CTANE

Q'E!.h

°0.48020 -

0.49778

0.56810

0.58568

0.60326

0.62084
0.67358
0.69116
0.70874

0.72632

0.74390

0.76148 .

0.77906
0.79664
0.81422

'0.83180

0.84938
0.86696
0.88454
0.90212
0.91970
0.93728
1.00000

0.45256
0.45401
0.45363
0.45257
0.45124
0.44950
0.44446
0.44269
0.44008
0.43801
0.43558
0.43258
0.42972
0.42713
0.42439
0.42113
0.41751
0.41386
0.41045
0.40605
0.40208
0.39790
0.41791

0.07389
0.07416
0.07492
0.07506
0.07517
0.07527
0.07549
0.07553
0.07555
0.07556
0.07552

- 0.07545

0.07536
0.07529
0.07519
0.07507
0.07488
0.07469
0.07457
0.07438
0.07419
0.07397
0.08378
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TABLE A.4

EIHANZE: (1) —CMCNDI()XIDE (2)

Calculated With .

s

EXPERIMENTAL CALCULATED (FK) 1, and & (CEAICEmATED )
_ . -Canputed Fram The. ausius Eqn.
/ \ Generalized Eqn.
%?- X, ¥,  Pppsia Ppsia vy, P,psia- vy, P,psia vy,
60  0.7845 0.7571 637.5  644.7 0.7037.  646.6  0.7066 /
0.6874 0.6425 705.0 698.4 0.6090  701.0  0.61I8
0.4880 0.4295 809.0  781.2 0.4408  784.9  0.4427
0.4376 0.3609 823.5  795.8 0.4005  799.4  0.4021
0.2609 0.2659 827.0 819.9 0.2601  822.6. 0.2616
0.1499 0.1635 812.0  809.7 0.1672 810.7 .0.1695
0.1617 0.1645 813.0 812.0 0.1776 813.0  0.1799
20  0.9285 0.8784 331.5  333.7 0.8537  334.1  0.8556 330.3 0.8600
0.8956 0.8926 355.5  350.3 0.7996  350.6  0.8018 347.2 0.8083
0.8702 0.7864 361.5 362.3 0.7623  362.5 0.7646 359.3 0.7726
0.8013 0.7019 392.0  391.8 0.6752  392.0  0.6774 389.3 0.6889
0.7487 0.6500 409.0  411.3 0.6196  411.5  0.6217 409.3 . 0.6350
0.6406 0.5815 433.5  444.0 0.5247  444.2  0.5262 442.9 0.5412
0.5096 0.4527 471.0  471.1 0.4311  471.3  0.4324 471.1 0.4450
0.4714 0.4167 476.5  476.6 0.4065  476.7. 0.4077 476.8 0.4188
0.4069 0.3589 486.0  483.4 0.3663  483.4  0.3677 483.8 0.3756
0.3929 0.2050 483.5  484.5 0.3577  484.3 . 0.3593 484.9 0.3662
0.1055 0.1369 463.5  466.8 0.1525  464.4  0.1579 462.9 0.1492
0.0825 0.0839 448.0  460.2 0.1273  457.3. 0.1325 455.7 0.1238
-20 0.0892 0.1585 240.0  245.5 0.1683  245.5  0.1803 243.8 0.1603
0.0981 0.1685 248.0  247.3 0.1788  247.5  0.1908 245.6 0.1709
0.1676 0.2310 253.5  256.9 0.2421  257.9  0.2531 255.5 0.2366
0.3312 0.3309 263.0  263.6 0.3339  265.4  0.3401 263.2 0.3366
0.4521 0.3989 261.5  261.2 0.3910 263.4  0.3947 260.8 0.3988
0.4541 0.4051 '261.0 261.1 0.3920 263.3  0.3956 260.7 0.3998
0.5749 0.4689 257.0  253.1 0.4563  255.6, 0.4585 252.6 0.4676
0.6631 0.5394 240.5  243.1 0.5141  245.6  0.5158 245.5 0.5266
0.8256 0.7124 216.0 212.9 0.6677 215.3  0.6689 212.3 0.6787
-60  0.8703 0.6624 101.6  101.6 0.6893  103.6  0.6862 101.8 0.6946
0.7622 0.5881 115.2  114.5 0.5646  117.1L  0.5606 114.6 0.5725
0.6203 0.5000 123.4  123.7 0.4714 126.7  0.4672 123.7 0.4803
0.4672 0.4317 127.2  127.4 0.4126 130.8  0.4095 127.3 0.4198
0.4637 0.4520 127.2  127.4 0.4116  130.8  0.4085 127.3 0.4197
0.4023 0.4015 127.6 127.8 0.3942  131.1  0.3922 127.6 0.3997
0.3726 0.3880 127.6 127.8 0.3863  131.1  0.3849 127.6 0.3909
0.3661 0.3805 127.6  127.7 0.3847  131.1  0.3834 127.6 0.3890
0.3307 0.3623 126.4 127.2 0.3754  130.9  0.3750 127.3 0.3783
0.2975 0.3552 126.2  127.2 0.3664  130.7  0.3670 126.9 0.3678
0.2253 0.3080 124.0 125.8 0.3431  129.4  0.3464 125.2 0.3405
0.1197 0.2334 . 117.8  119.8 0.2798  123.5 0.2884 118.6

0.2701
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TABLE A5

Pl

EXPERIMENTAL AND CALCULATED RESULTS FOR THE BINAéY SYSEEI&V

PROPANE (1) - CARBON DICKITE (2)

Calculated With

EXPERTMENTAL CAICUIATED(RK) a9 %y
Canputed Fram the
Generalized BEqn.

q

-

. CALCULATED
(Clausius Egn.)

- 0.1933 0.0684 197.0 201.3 0.0673 197.2 0.0673

».

'I?;p. X, Y, P,psia bP,psia vy, P,psia Y, P,psia Y,

20 0.9114 0.4793 117.0 112.3 0.4541 110.4 0.5054 111.9 0.0577
0.8380 0.3601 155.0 155.2 0.3509 151.7 0.3602 154.8 0.3662
0.8202 0.3293 168.5 165.1 0.3281 161.3 0.3369 164.7 0.3436
0.7485 0.2747 197.5 202.5 0.2605 197.6 0.2672 . 202.3 0.2766
0.6536 0.2113‘ 241.0 246.6 0.2048 240.6 0.2093 246.6 0.2214
0.6004 0.1921 262.0 268.5 0.1825 262.2 0.1861 268.7 0.1994
0.5572 0.1682 294.0 285.0 0.1674 278.5 0.1703 285.3 0.1844
0.4734 0.1477 314.,5 313.6. 0.1431 307.0  0.1448 314.1 . 0.1601.
0.3530 0.1249 351.0 '348.1 0.1148 341.7 0.1152 348.8 0.1310
0.2250 0.0843 371.0 378.7 0.0867 372.2 0.0863 379.6 0.1008
0;18}1 0.0735 388.1 379.0 0.0761 381.7 Q.0755 389.0 0.0890

j20 0.8866 0.3411 73.0 69.9 0.,3497 68.0 “0.3626 69.4 0.3599
0.8547 0.2867 85.0 81.1 0.,2968 78.7 0.3084 80.6 0.3070
0.7755 0.2180 109.0 1Q6.4 0.2172 103:1 0.2255 106.0 0.2269
0.7505 0.2055 114.0 1i3.6 0.2005 110.1 0.2080 1i3.2 0.2101
0.6771 0.1705 133.5 1§2.9 0.1639 128.8 0.1696 132.7 0.1732
0.5774 0.1420 154.3 i54.4 0.1318 150.0 0.1356 154.5 0.1407
6.4671 0.1172 168.0 172.8 0,1082 168.3 0.1105 173.2 0.1166
0.3328 0.0933 184.5 189.0 0.0873 184.7 0.0883 189.7 0.9493
0.2536 0.0804 190.5 196.3 0.0764 192.2 0.0767 197.2 0.0834

202.3

0.0738
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TABLE "A.6

EXPERIMENTAL AND CALCULATED RESULTS FOR,
CARBON DIOXIDE (1) - ETHANE (2) at 60°F

2 by ROBINSON AND KALRA(®®]
Calculated with
EXPERIMENTAL CALCULATED (RK) @, and @,
Computed with The
(kij = 0.088) -~ Generalized Eqn.
xcoz yC()z Pps:‘.a B ¥, P Y,
0.0167 0.0334 516.0 505.0 0.0289 " 507.7 0.0285
0.0999 0.1515 584.5 . 563.0 0.1543 565.0 0.1525.
0.2398 0.3023 678.5 646.2 0.3178 . 648.7  0.3152
0.4688 0.4908 779.0  748.3 0.5250 .752.0  0.5229
0.6575 ~ 0.6606 827.5  795.6 0.6779 799.1  0.6763 .
0.7574 0.7547 833.5 803.5 0.7584 805.7 0.7566
0.8295 0.8182 822.0  800.0 0.8191  801.0 0.8167

0.9157 0.8996 791.5 783.3 0.9000 782.0 0.8975
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.

EXPERIMENTAL
o
Temp.°K X, Y, Patm
223.15
0.043 0.141 6.16 ©
0.136 0.314 7.27
0.245 0.423 8.03
0.349 0.505 8.52
v D.402 0.521 B.gf
0.493 0.569 B.®3
0.589 0.607 8.90
= 0.619 0.619 8.91
0.691 0.647 8.85
. 0.847 . 0.738 8.44
0.926 0.822 7-.86
243.15
0.033 0.096 11.41
0.071 .0.177 12.28
0.166 0.316 13.96
0.253 0.410 15.13
0.376 0.500 16.17
0.504 0.573 16.85
0.576 0.610 17.07
0.636 0.645° 17.15
0.656 0.656 17.15
0.723° 0.691 17.07
0.844 0.776 16.52
0.948 0.894 15.26

AI?

(38)

& XPERIMENTAL AND CALCULATED RESULTS FOR THE
MANARY' SYSTEM CARBON DIOXIDE (1) - ETHANE (2)
by FREDENSLUND AND MOLLERUP

CALCULATED
. CALCULATED (CLAUSIUS EQN.)
(RK)
ki Y, p Y,
K;q = 07099 K = 0.087
6.06 0.127 6.07 0.126
7.11 0.306 7.13 0.302
7.95 0.430 7.98 0.423
8.46 0.506  8.48 0.498
8.63 0.536 8.65 0.527
8.81 0.576 8.83 0.569
§.89 0.611 8.90 0.607
§.90 0.621 §.91 0.616
8.88 0.645 8.88 0.643
—~ 8.55 0.719 8.50 0.724
.~ 7.98 0.804 7.92 0.812
K..= 0.098 k,. = 0.084
ij 1]
11.28 0.086 11.2 0.084
12°09 0.168 12.08™ 0.163
13.80 0.318 13.80 0.309
15.00 '0.413  15.00 0.402
16.17 0.510 16.18 0.499
16.87 0.585 16.89 0.576
17.08 0.621 17.10 .  0.614
17.16 0.650 17.17 0.645
17.17 0.659  17.17 0.656 .
17.12 0.692 17.12 0.692
16.65 0.768 16.59 0.772
15.39 0.886 15.31 0.892

continued
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o - b . O’? 3 .v ! ; .
S " TABLE AT

. . (continued)

9

EXPERIMENTAL AND‘CALCULATED_RESULTS FOR THE
BINARY SYSTEM CARBON DIOXIDE (1) - ETHANE (2)
by FREDENSLUND AND MOLLERUP'?®)

EXPERIMENTAL CALCULATED CALCULATED
. (RK) (CLAUSIUS EON.)
Tegp.°K X, - Y, ° Patm P | Y, P Y,
763.15 . K,L = 07099 K., = 0.087
< 13 S
0.045 0.104 19.92  19.94 0.098 19.78 o.ogﬁﬁ
0.165 0.286 23.80 23.53 0.287  23.44 0.27
0.273 0.397 26.26  26.02 0.404 25.97 0.390
0.339 '0.453 27.44 27.23 0.462  27.21 0.446
0.425 0.514 28.58 28.47 0.526  28.50 0.512
0.548 0.536 29.69 29.64 0.606 29.72 0.596
0.654 0.666 30.11  30.11 0.670 30.18 0.665
0.690° 0.690 30.07 30.15 0.692 30.20 -  0.688
0.773 0.745 29.89 29.99 0.745  29.97 0.745
0.858 0.816 29.22  29.34 0.810 29.22 _ .0.813
B 0.937 0.900 27.87 28.01 0.895  27.79 0.898
-. ... ‘-‘- - 13 , T k’-
283.15 y _ . k.. = 0.101 k.. = 0.083
iy | ij .
- 0.033. 0.061 .31.61  31.38 0.062 31.30 0.056
0.128 0.198 36.07 35.78 0.207 35.50 0.188
0.234 0.315 40.15  39.94 0.330 39.55 '0.304
0.311 0.384 42.52  42.51 0.404 45.08. 0.375
0.421 0.480 45.57 45.52 0.497  45.15 0.468
0.542 0.578 47.88 47.91 0.590 47.70 0.570
0.655 0.666 49.10 49.15 0.674  49.10 0.666%
£ 0711 0.711 49.31  49.39 0.715 49.36 0.713
(7 oN30 0.727 49.29 *49.39 0.730  49.37 0.729
‘ 0.833 0.815 48.60 48.82 0.811Y 48.73 0.818
0.873 0.852 47.99 48.25 0.847 48.13 = 0.854
0.928 0.908 46.79 47.02 0.903  46..92 0.910

0.961 0.947 45.78 45.97 0.943 45,90 0.948

g ' .
Eﬁ& (continued)
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"PTABLE A.7 : .
{continued)

. EXPERIMENTAL AND CALCULATED RESULTS FOR THE
BINARY SYSTEM CARBON DIOXIDE (1) ~ ETHANE (2)
" by FREDENSLUND AND MOLLERUP ‘®®)

_ J

EXPERIMENTAL CALCULATED CALCULATED*
] . {RK) {CLAUSIUS EQN.)
Temp.°K’ X, Y, P P Y, ' '
293.15 k.. = 0.103
ij

0.037 "0.058 39.50 39.36 0.062
= 0.119 0.159 43.88 43,85 0.177
0.216 0.263 48.63 4@%&? 0.286
»,0-323 0.341 52.03 52.6L 0.379
0,774, 0.771 62.22 61.96 0.769
®.822° 0.8l2 61.52 61.58 0.810
0.889 0.876 60.19 60.43 0.872
0.961 0.952 58.07 . 58.22 0.945

*
A convergent solution was not obtained with the initial 'guesses

for P and k...
[ 1]
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TABILE A.8

- -

EXPERIMENTAL AND CALCULATED RESULTS FOR THE
BINARY SYSTEM. CARBON DIOXIDE (1) - ETHANE (2)
by GUGNONI et al.'*!}’ |

| ' CALCULATED .
EXPERIMENTAL CALCULATED (RK) (CLAUSIUS EQN.)
Temp.°F X, P P Y, : P Y,
- —_ . o = =
25(-31.7 CL. _ kij 0.097 Eij = 0.084
0.0832  11.89 11.70 0.1915 11,71 0.1869
0.1711 12.45 13.16. 0.3250 13.19 0.3170
0.3047 14.98 14.74 0.4587 .. 14.78 0.4483
0.4594" 15.89 15.80 0.5612 15.84 0.5516
0.5604 . 16.17 16.14 0.6130 ° 16.18 0.60506
0.6330. 16.24 16.24 0.6471 16.28 0.6420
0.7145-, 16.15 16.21 0.6856: 16.23 0.6%99

0.7996 15.89 15.99 0.7323 15.97 0.7346
.,0.9098 . 14.96 15.13 0.8268 15.05 0.8335

' ' 2

0(=17.8°C) X k.. = 0.098 ' k.. = 0.085
ij 1]

0.1209 18.81 18.18 ,0.2375 © 18.13 0.2288

0.2436 21.17 20.75 0.3875 20.71 0.3746

. 0.3478  22.64 22.34  0.4791 - 22,32  0.4653

0.4651 23.72 - 23.56 0.5603 23.56 0.5483

. 0.5785 24,27 24,23 0.6268 24.25 0.6185

‘. 0.5927 . 24.34,. 24.29 0.6346 24.30  0.6270

o 0.6064 24.31 24.33  0.6421 24.34 0.6351
™~0.6237 24.37 24.37 0.6516 24.39 0.6453 "
0.6384  24.37 24.40 0.6597 24.41 0.6540
0.6554 24.37 24.43 0.6690 24,43 0.6641
0.7053 24.37 24:44 0.6966 24.43 0.6942
0.7091 24.31 24.44 0.6988 24.42 0.6966
‘0.7368 - 24.22 24.39 -0.7147 24.37 0.7138
0.8235 23.76 24.01 0.7714 "23.92 0.7747
0.9272 22.40 22,73 0.8715 22.58 0.8773

p7

{continued)
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TABLE A.8

. (continued)

o

&

EXPERIMENTAL AND CALCULATED RESULTS FOR THE
BINARY SYSTEM CARBON DIOXIDE (1) - ETHANE (2)

by GUGNONI'et al.(*!)

L

CALCULATED (RK)

EXPERIMENTAL
Temp.°F 'x1 P P : Y,
25 (-3.9°C) k.. = 0.097
. ij -
\ . 0.1656 27.51 27.16 0.2765
0.3188 31.35 31.05 0.4353
0.4229  33.20 32.45 0.5188
0.5125  34.27 34.13  0.5821
0.5762 34.75 34.72 0.6242
0.6211  35.02 35.00 0.6532
0.6284  35.05 35.04 0.6579
0.6713  35.18 35.19  0.6855
0.7183  35.19 35.24 0.,7161
0.7692  34.99 35.14 0.7508
0.8407  34.50 34.66 0.8052
0.8611  34.23 34.43 0.8228
. 0.9366 32.84 33.09 0.9020
Ao _
~_50 (10°C) kyq = 0.099
"0.1398 36.73 36.15 0.2189
0.2281 36.69 39.57 °0.3203
0.2598  41.25 40.68  0.3525
0.3813  45.15 d4.37 . 0.4625
0.5092 -47.58 47.24 0.5647
0.5539 48,23 47.99  0.5987
0.5736  48.46 48.25 0.6131
0,6062  48.60 48.65 0.6381
0.6249  48.87 48.84  0.6519
0.6749  49.23 49.21 0.6890
. | 0.7119  49.24 49 .34 0.7'xsﬁJ
0.7712  49.00 49.27 . 0.7617
0.8012 48.84 49.10 0.7%853

.

CALCULATED
(CLAUSIUS EQN.) '
P Y,
k.. = 0.088
1]
26,97 0.2662
30.98 0.4195
32.95 0.5028
34.19 0.5682
34.79 0.6129
35.08 0.6440
35.11 0.6490
35.24 0.6787
*35.24 0.7118
35.06 0.7486
34.45 0.8054
34.17 0.8235
32.65 0.9035
(*)
v

*

A convergent solution was not obtained using the initial

f;} P and k..
ij-
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TABLE

A.10

ACTIVITY COEFFICIENTS AND GIEBS FREE ENERGY.COF MIXING
FOR THE BINARY SYSTEM ETHANE (1) - CARBON DIOXIDE (2)

EXPERIMENTAL CALCULATED GEJAnole
Tenp. °F X1 Y1 Y2 -1 Y2 Experimental Calculated

60 0.1617 1.4261 1.0438 1.5318 1.0277 224.2 220.5
0.1499 1.5292 1.0299 1.5597 1.0239 213.0 208.2

0.2609 1.0595 1.0585 1.3489 1.0612 303.9 292.9

0.4376 1.0744 1.2313 1.1677 1.1369 356.3 336.0

0.4880 1.1178  1.2166 1.1354 1.1644 371.4 335.9

0.6874 1.1107 1.2234 1.0569 1.3110 294.6 371.4

0.7845 1.1036 1.1644  1.0388 1.4063 264.4 248.0

20 0.0825 1.4957 1.0411 2.2868 1.0132 155.4 177.8
0.1055 1.9235 1.0310 2.1450 1.0183 213.5 214.4

0.3929 1.0939 1.2913 1.3118 1.1853 422.1 465.0

0.4069 1.2717 1.2138 1.2921 1.1959 471.4 466.2

0.4714 1.2475 1.2325 1.2191 1.2528 475.8 470.9

0.5096 1.2382 1.2434 1.1836 1.2890 .478.0 466.2

» 0.6406 1.1907 1.2496 1.6978 1.4347 425.3 419.9

0.7487 1.0959 1.4497 1.0515 1.5751 358.8 336.3

0.8013 1.0755 1.5255 1.0365 1.6534 315.2 285.1

0.8702 1.0535 1.5%921 1.0240 1.7676 234.2 209.6

0.8956 1.0335 1.8098 1.0195 1.8106 202.6 175.7

0.9285 1.0422 1.5560 1.0184 1.8748 155.1 137.1

=20 0.0892 2.6188 1.0096 2.8273 1.,0172 192.1 219.9
0.0981 2.5901 1.0345 2.7389 1.0196 251.8 236.2

0.1676 2.0935 1.0571 +2.2128 1.0540 345.4 359.3

0.3312 1.5340 1.1854 1.5500 1.1826 - 518.9 522.6

0.4521 1.3359 1.3019 1.3094 1.3170 559.5 554.0

0.4541 1.3480 1.2918 1.3064 1.3195 558.3 554 £0

0.5749 1.2093 1.4733 1.1651 1.4870 556.4 521.0

0.6631 1.1440 1.53%92 = 1.1012 1.6392 476.2 466.5

0.8256 1.1115 1.2397 1.0321 1.9643 371.4 292.1

-60 0.1197 2.9360 1.0866 3.5787 7 1.0389 .375.1 343.8
0.2253 2.1463 1.1702 2.4143 1.1268 542.5 537.4

0.2975 1.893% 1.2236 1.9651 1.2115 612.6 620.0

0.3307 1.7382 1.2726 1.8091 1.2543 635.5 642.0

0.3661 1.6589 1.3176 1.6778 1.3098 665.0 665.7

. 0.372 1.6611 1.3156 1.6566 1.3209 666.9 669.6

0.4023 1.5898 1.3517 1.5639 1,3696 677.0 679.3

0.4637 1.5425 1.3798 1.4098 1.4810 689.8 682.9

0.4672 1.4638 1.4390 1.4027 1.4882 686.8 683.0

0.6203 1.2381. 1.7398 1.1715 1.8408 632.9 609.0

0.7622 1.1139 2.1680 1.0648 2.2760 491.5 449 .4

0.8703 0.9857 2.9242 ° 1.0249 2.6953 233.7 277.0

\ |
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TABLE A.ll

ACTIVITY COEFFICIENTS AND GIBBS FREE ENERGY OF MIXING

FOR THE BINARY SYSTEM PROPANE (1) - CARBON DIOXIDE (2)

EXPERIMENTAL CALCULATED GET fmole
- Temp. °F 1 i Ya Y Y2 Experimental Predicted
20 0.9114  1.2143 2.6298  1.2084 2.4582 582.0 558.8
0.8380  1.2473 2.2748  1.2180 - 2.3089 705.4 666.6
0.8202  1.2440 2.3105  1.2205 2.2706 730.5 688.9 .
0.7485  1.2826 2.0453 . 1.2417 2.1317 811.5 -  780.9
0.6536  1.3082 1.8934  1.2865 1.9489 879.1 877.1
0.6004  1.3687 1.7902  1:3245 1.8496 933.2 918.5
0.5572  1.3919 1.8095  1.3604 1.7631 990.2 936.4
0.4734  1.5213 1.6154  1.4742 1.6197 .  999.8 969.9
0.3530  1.9215 1.4153  1.7661 1.4211 1008.9 948.8
0.2250  2.3870 1.2256  2.4736 1.2427 783.1 824.8
0.1811  2.7907 1.1722  2.9141 1.1915 700.2 747.2
-20 0.8866  1.1963 2.6926  1.1792 2.5499 550.9 512.4
0.8547  1.1924 2.6160  1.1843 2.4666 589.3 - 560.1
0.7755  1.2360 2.3178  1.2065 2.2685 717.0 669.2
0.7505  1.2175 2.2098  1.3106 2.0283 740.0 701.8
0.6771  1.3106 2.0283 .1.2565 2.0357 835.8 786.2
0.5774  1.4450 1.7927  1.3447 1.8157 932.8 859.3
0.4671  1.6070 1.5388  1.5165 1.5938 916.6 899.6
0.3328  2.0275 1.3211  1.9328 1.3581 855.1 860.2
0.2536  2.4726 1.2045  2.4003: 1.2419 748.4 779.4
0.1933  2.9771 1.1442  2.9765 1.1672 649.1 681.5
L5y
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TABLE  A.13
(continued) ,

VALUES OF COEFFICIENTS FROM EQUATIONS (4.59 - 4.62)

v

AND (4.64 - 4.67) DETERMINED BY LEAST-SQUARES METHOD

i

0o 0.42693395 a,, 0.04784060

fl
I

-0.04052565 &y,

a;, = -0.30832269 a,, = 2.30697800 a,, = -5.73271910
3,0 = -0.19114806 a,, = 0.41568655 a,, = ~1.48055420
ag, =t 0.47833642 a,, = ~1.84504300 a,, = 5.68333250

b0 = 0.27047169 b,, = 0.17543951 b,, = 0.19940365

10 = 0.37561136 b,, = 0.13735650 b,, = -0.67950561
b,y = -0.24335111 b,, = -0.39910050 b,, = 0.53413329
Coo = 0.08635863 c,, = -0.01104743 c,, = 0.01219090
Cyo = -0.13797069 c,, = 1.08314740 c,, = -2.51864620
¢yo = ~0.06899741 c,, = 0.23526222 c,, = ~0.60612746

50 = 0.19217689 c,, = -1.06506430 c,, = 2.46211940
0o = 0.08448929 4&,, = -0.17053425 d,, = 0.27681320

1o = 0.01861857 d,, = 0.33391897 d,, = -0.68448992

20 = -0.02338694 d,, = -0.19347031 4,, 0.43969793
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COMPARISON OF THE COMPUTED VALUES OF o AD 0

- 14

T A B.L°E

7 -

A.16

b

FROM THE GENERALIZED BQUATICNS (4-7) and (9-12) WITH

THOSE CBTAINED FRCM SATURATION PROPERTIES FOR

»CQMPOUNDS NOT INCLUDED IN THE.GENERALIZATION (2)

_ Camponent

oxcven 1)

HYDROGEN SULFIDE > 2’

CARBGY TETRACHIORIPE*?)

CYCIOTEFXANE(Sz)

4
carBoN DIOXTDE ¢ * 2

N-NCNANE

N-DECANE

N

Ir Qa e 6 Qb
0.492  0.399395 0.61  0.086895
0.453  0.405495 0.32_ 0.086746
0.743  0.420820 0.12  0.082598
0.832  0.415890 0.05 0.081239
0.536  0.428565 0.13  0.079706
0.527  0.429701 0.86  0.079203
0.53% .0.430327 0.83  0.079344
0.56%  0.431174 ° 0.78 0.079553
0.566  0.431340 0.8l  0.079598
0.621  0.432024 0.74  0.079910
0.913  0.405831 0.46  0.077043
0.523 0.459692 0.13 0.073867
0.607 . 0.455198 0.07 0.074406
0.719. 0.442273 0.22  0.074626
0.747  0.437803 0.32  0.074592
'0.831  0.421421 0.43  0.074277
0.503  0.466449 2.72  0.073199
0.577  0.463759 0.90  ©.073441
0.611  0.459258 0.27  0.073611
0.665  0.452949 0.15  0.073707
0.719 0.61  0.073730

0.444829

OVERALL AVERAGE: 0.55

a Values of the parameters obtained fram saturated properties
were taken fram Hsi (1971).

0.87
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THE RELATIVE DEVIATION OF V
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TABULE

" A.17

-

2

s

1
AT SPECIFIED

RELATIVE DEVIATIONS OF 2, AND @ FOR

n-HEXANE AT DIFFERENT TEMPERATURES

v
. [ . s ‘
(Q/Qcalc.)' § in VQ
Qa' Q 32°F 60°F 140°F 190°F 250°F
1.015 1.015 1.50 2.11.  1.50 1.35. 0.87
™
1.005 1.005 0.50 1.11 0.49 0.35 0.12
1.005 0.995 0.69 0.13 0.83 1.07 1.77
1.000 1.000 0.00 0.90 0.00 0.00 0.00
0.995 1.005 0.69 1.30 0.83 0.97 0.57
0.995 0.995 0.50 0.10 0.51 0.65 1.11
P
0.985 0.985 1.50 0.91 1.51 1.64 2.10
\ _‘_”
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TABLE A.18

EXPERIMENTAL AND CALCULATED RESULTS
OF THE BINARY SYSTEM_ﬂ#
METHANE (1) - NITROGEN ({2}

¢ € | \h

Calculated(ﬂa and Q

. b
'EXPERIMENT%L computed from the
Generalized Equation)
Temp .K Ppsia X, Y, Ppsia Y,
TN 95.000%Y 32,7 . 0.2679 0.9216 33.0 0.9276
39.7 0.3562 0.9374 39.4 0.9430
43.8  0.4249 0.9460 43.7 0.9512
49.8 $0.5271 0.9573 49,4 0.9606
52.9 @).5889 0.9618 52.6 0-.9653
61.6¢ 48,7495 0.9756" 60 .7 0.9770
66.4 0.8271 0.9823 65.0 0.9830
100.00"°"Y  28.8 0.1329  0.8336 28.3 0.8368
42.9 0.2397 0.8907 42.8 0.8984
52,5 0.3301 0.9168 52.8 0.9222
57.8 0.3831 0.9277 57.9 0.9318
63.8 0.4463 0.9372 63.5 0.9406
~ 8.2 0.5069 0.9448 68.4  0.9478
73.0 0.5638 0.9508 72.8 0.9536
81.2 0.6671 0.9618 80.6 0.9634
. 93.6 0.8133 0.9764 92.2 0.9773
-
105.00°"  s52.9 0.2101 0.8533 53.0 0.8598
: 65.4 0.2869 - 0.8855 65.4 0.8910
82.2 0.4108 0.9149 82.3 '0.9202
91.3 0.4836 0.9275 91.0 0.9318
105.0 0.6012 0.9440 104.0 « 0.9470
g 122.1 0.7548 , 0.9626 120.9 0.9647
142.2 0.8890 0.9829 139.0 - 0.9834
110.00°") « 69.8  0.2093 0.8237 " 69.6 0.8294
85.8 0.2856 0.8615 85.8 0.8668
108.1 0.4061 0.8950 108.0 . 0.9014
‘ 121.,3  .0.4843 0.9113 120.8 0.9168
& . 123.0 0.5008 0.9147 123.4 0.9197
139:3 0.6056 0.9319 139.3 0.9359
153.5 0.6948 - 0.9456 152.8 0.9484
171.1 . 0.7956 ' 0.9612 168.8 0.9628
191.1 0.8978 0.9790 187.2 0.9794

i

(continued)



Temp.K

113.714°%

81
115.00( )

120.0"Y

' 1
122.0442

- .

TABLE
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‘A.ls

(continued)

&

EXPERIMENTAL AND CALCULATED RESULTS

OF THE BINARY SYSTEM

METHANE (1) - NITROGEN (2)

Calculated(ﬂa and

. ,
| \>§ ‘

b
EXPERIMENTAL ) .computed from the
Generalized Equation)

Ppsia X, - ﬁpsia Y,
250.0 0.0442 0.0126 245.9 0.0112
222.5 0.1420 - 0.0355 221.1 0.0318
189.5 0.2509 0.0557 157.7 0.0507
200.2 0.2505 0.0550 157.8 0.0506
149.5 0.5016 0.1010 149.8 0.0926
100.0 0.7391 0.1710 97.8 0.1632
75.0 0.8329 0.2340 72.5 0.2289
50.0 0.9106 0.3509 . 48.6 0.3503
85.3 0.1891 0.7782" 83.9. 0.7821
112.0 0.2868 0.8363 111.0 - (0.8418
138.9 0.3989 ° 0.8739 138.2 0.8800
161.4 0.5027 0.8983 160.7 0.9038
177.2 0.5789 0.9129 176.4 0.9180
205.5 0.7110 0.9377 203.4 0.9403
227.0 -0.8043 0.9538 223.8 0.9564
253.4 0.9040 0.9750 248.7 0.9758
72.3 0.0977 0.6122 70.6 " 0.6100
109.5 3.1938 0.7458 107.7 0.7507
144.8 0.2990 0.8125 143.6 81938
175.5 0.3978 0.8512 173.8 576
202.2 0.4954 0.8773 201.3 - 0.8840
230.9 0.5938 0.9000 - 227.5 0.9052
261.5 0.7055 0.9225 257.5 0.9271
288.3 0.7877 0.9414 281.0 0.9435
398.0° 0.0120 0.0054 389.2 0.0048
380.0 0.0486 0.0215 - 371.3 0.0180
354.0 0.1 .0411 347.6 0.0347
311.0 0.2163 0.0692 306.9. 0.0620
300.3 0.2476 0.0775 2%6.7 0.0687
284.8 0.29807 0.0891 283.3 Q€777
200.0 0.5717 0.1589 19%9.3 .1425
99.8 0.8589 0.3345 96.4 0.3270
75.0 0.9140 0.4412 72.6 0.4391
50.0 0.9649 0.6534 49.2 0.6528
40.5 0.9835 0.8037 40.3 0.7986

-
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: ' TABLE A.19 -
'~ .
EXPERIMENTAL ('2°) AND CALCULATED
RESULTS OF THE BINARY SYSTEM
METHANE (1) -~ ETHANE (2)
Calculated(ﬂa and Qb
EXPERIMENTAL computed from the
" Generalized Equation)
Temp.K { . P X, ' Y, P Y,
130.37 - 28.0 0.4319 0.9948 ‘_28.2 0.9958
35.0 0.5989 0.9965 36.1 0.9973
43.3 0.7788 0.9984 " 43.9 0.9986
48.6 0.8935 0.9992 49.1 0.9993
144.26 27.3 0.1965 0.9716 28.5 6.9751
37.0 0.2702 0.9796 : 37.9 0.9823
43.0 0.3241 0.9834 44,4 - 0.9855
56.0 0.4385 0.9880 * 57.4 0.9899
66.0 0.5314 0.9910 67.1 0.9922
81.0 0.6882 0.9943 82.5 0.9950
- 98.0 0..8581 0.8973 + 99,1 0.9976
158.15 25.8 0.1090 0.8990 29.3 0.9123
28.8 0.1230 0.9088 32.6 0.9217
40.0 . 0.1640 0.9354 42 .2 0.9407
50.0 0.2186  0.9485 54.7 0.9555
70.0 0.2953 0.9645 . 71.7 0.9675
100.0 0.4382 0.9767 /0 101.5 0.9794
140.07 0.6528 0.9864 ﬂ/ 142.7 0.9886
170.0 0.8107 0.9922 172.5 0.9933
181.0 0.8650 0.9942 183.4 0.9950
199.0 - 0.2407 0.9974 200.1 - 0.9976
172.04 30.8 0.0685 0.7681 : 32.6 - 0.7840
45.5 0.1087 0.8469 47 .4 0.8530
81.0 0.2050 0.9161 g2.2 0.9179
120.0 0.3164 0.9434 121.4 0.9468
180.0 0.5042 0.9656 184.7 0.9688
247.5 ¢.7082 0.9788 251.2 0.9818
299.0 0.8609 0.9878 303.8 0.9900
324.0 , 0.9175 0.9921 ' 326.0 0.9934

339.5 0.9513 0.9953 340.8 0.9958

(continued)

-



' _ - 152 -

TABLE A.19
{continued)

EXPERTMENTAL (' 2°) AND CALCULATED >
RESULTS OF THE BINARY SYSTEM
METHANE (1) - ETHANE {(2)

Calculated(ﬂa and Qb

EXPERIMENTAL computed from the
Generalized Equation)
Temp.K . P X, . Y, P Y,
186.11 36.7 0.0417 0.5585 37.6 0.5698
61.5 0.0897 0.7358 62.3 0.7415
104.0 0.1707 0.8471 103.9 0.8468%
180.0 0.3100 0.9116 - 175.0 0.9116
275.0 0.50189 0.9435 272.4 0.9476
400.0 0.7486 0.9674 399.9 0.9714
482.0 0.8844 0.9792 475.1 0.9833
524.0 0.9395 0.9866 517.7 0.9895
550.0 0.9684 0.9919 541.4 0.9937
562.0 0.9802 0.9949 552.2 0.9957
568.0 0.9877 0.9973 559.4 0.997%72
189.65 35.8 0.0320 . 0.4600 37.3 0.4774
60.0 0.0752 0.6741 61.4 0.6832
95.5 0.1380 0.7964 96.4 0.7995
140.0 0.2138 0.8626 138.7 0.8620
200.0 0.3202 0.9026 197.8 0.9053
300.0 0.4975 0.9369 296.1 0.9403
400.0 0.6816 0.9550 399.3 0.9607
500.0 0.8403 0.9706 495.6 0.8753
562.0 0.9214 0.9803 554.3 0.9844
600.0 0.9580 0.9876 586.2 0.9900
615.0 0.9729 0.9908 601.2 0.9928
625.0 0.9819 0.9934 610.9 0.9948

634.0 0.9893 0.9963 619.6 0.9967
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TABLE A.20

ExPERTMENTAL ' '*) AND CALCULATED
RESULTS OF THE BINARY SYSTEM
METHANE (1) - PROPANE (2)

3

Calculated.(ﬂa and 9

b
EXPERIMENTAL Computed from the
Generalized Equation) |
h | Temp.K Ppsia N X, Y, PPsia Y,
130.37 27.0 0.3924 0.99992 32.3 0.99998
. 34.0 0.5007 0.99994 37.8 0.9%999
" 42.0 0.6982 1.00000 44.6 1.00000
144.26 31.0 0.2108 0.99940 ° 37.4 0.99963
48.0 0.3005 0.99959 50.8 0.99973
74.0 0.5258 0.99959 77.4 0.99988
91.0 0.720Q/) ¢.59976 92.9 0.99920
. 98.0 0.8306 0.99990 100.3 0.99997
108.0 0.9287 l.00000 107.8 0.99991
158.15 25.0 0.0893 0.94858 26.7 0.9967
51>§f\_ 0.1791 0.,9979 L 53.3 0.9983
10040 0.3510 0.9989 88.2 0.9991
13§%.5 0.5450 0.9992 . 139.5 0.9994
176.0 0.8000 0.95%96 179.3 0.9997
187.0 0.8738 0.999¢6 189.% - 0.9997
194.0 0.9135 0.9997 196.3 0.9998
201.5 0.9497 0.9998 203.1 0.9959
<: 172.04 30.8 0.0692 0.9862 31.6 ° 0.9885
52.6 0.119s6 0.9915 54.0 0.9932
100.0 0.2270 0.9950 100.6 0.9962
200.0 0.4909 0.9973 203.8 0.9981
260.90 0.6907 0.9979 267.0 0.95987
300.0 0.8423 0.9984 307.8 0.9950
320.0 0.9032 0.9988 325.2 0.9593
342.0 0.9650 0.9992 347.4 0.9916
187.54 41.0 0.0629 0.9656 40.7 0.9680
100.0 0.1506 0.9894 95.7 0.9858
200.0 0.3042 0.9907 191.3 0.9923
300.0 0.4769 0.9929 295.0 0.9945
400.0 0.6728 0.9937 402.7 0.9958
. 490.0 0.8450 0.9947 . 488.0 0.99%66
N 540.0 0.9230 . 0.9958 529.8 0.9973
565.0 0.9623 0.9967 556.7 0.9980

586.0 0.9810 0.9980 573.4 . 0.9987
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TABLE A.21 . ‘

Y

" EXPERIMENTAL (°2’ AND CALCULATED RESULTS
FOR THE BINARY SYSTEM

"METHANE (1) -~ BUTANE (2) ,

L4

Calculated (Qaamiﬂb

EXPERIMENTAL +» computed with the
Generalized Eqn.)
Temp .K P X, _ Y, P Y,
144.26 25.2 0.1492 1.0000 31.9 1.0000
49.9 0.3006 1.0000 598.5 1.0000
99.9 0.8173 1.0000 105.1 1.0000
155.38 . 20.1 0.0802 0.9998 25.'8 0.9999 -
50.1 0.1925 0.9995 60.0 1.0000
100.1 0.3860: 0.9999 - 111.3 1.0000
150.1 0.6678 0.9923 159.7 1.0000
166 .50 50.0 0.1370 0.9997 60.1 0.9999
© 100.0 0.2640 0.9998 113.1 0.9999
150.0 0.3930 0.9998 162.4 1.0000
200.0 0.5451 0.9999 211.1 1.0000
250.0 0.7910 0.9999 260.7 _ 1.0000
177.62 50.0 0.0980 0.999%0 56.5 0.9994
100.0 0.1879 - 0.9994 108.1 0.9997
' 149.8 - 0.2804 0.9995 160.3 0.9997
199.9 0.3716 0.9996 210.0 0.9998
299.9 . 0.5812 - 0.9997 ~310.8 0.9998
350.0 0.7288 0.9997 363.0 0.9998
400.0 0.9370 0.9997 411.7 '0.9999
420.0 0.9793 0.5998 427.7 1.0000
420.0 0.9841 0.9998 430.3 1.0000
189.06 101.1 0.1526 0.9983 110.7 0.9939
» 201.0 0.2860 0.9990 208.7 0.2993
300.3 0.4150 T 0.9991 302.1 0.9995
400.0 0.5521 0.9990 395.8 0.9%94
501.0 0.7511 0.9987 506.5 0.9994
550.0 - 0.9009 0.9986 561.6 0.9994

600.0  0.9808 0.9987 599.6 0.9985

I




Temp.K

122.04

130.37

EXPERIMENTAL
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"A.22

TABULE

{(110)

AND CALCULATED

RESULTS OF THE BINARY SYSTEM

METHANE (1) - CARBON MONOXIDE .(2)

~

EXPERIMENTAL

Calculated(ﬂa and &

b

- computed from the
Generalized Equation)
Ppsia ¥ Y, Ppsia Y,
200,0 '0.409%0 0.0591 194.1 0.1132
100.0 0.7900 0.3150 99.8 0.2962
300.0 0.3840 0.1170 289.3 0.1349
200.0 0.6410 0.2425 201.6 0.2383
110.0 0.8780 0.4925 109.6 0.4846
4

100.0 0.9040 | 0.5570 98.4 0.5440
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APPENDTIX B

The Electrical Circuit of the Electromagnetic Pump

[

The circuit consists of three sections:

(1) the power supply section
(2) the timing control section
(3} the pumping section

The major part of the circuit is similar to that
of a Flip~-Flop circuit which produces a square
wave-output. The action of the pump is within the
'range df 1.5 milli-second to 1 second per cycle

and can be adjusted through a variable resistance.
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APPENDTIX C

The General Consistency Test of Chang and Lu

<r

{1

%)
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Consistehcy Test:

For isothermal data, the method éroposédfby.chang
and_Lu(}B) was employea. A brief descriétion of thelmefhod- ¢'
1s presented below. -
At constant tgmperature\hnd pressure, £he Gibbs;

Duhem equation is:

o =]

X4 d in Y, = 0 E ' (A.1)

L
Integrating from point a to its adjacent point b by the
trapezoidal rule gives

H

n N
i (xia + xib) (in Yip &n Yia) = .0 (A.2)

The assumption involved here is that all the %n y vs. x
curves can be approximated by segments of straight lines con-’

necting the points. This approach is identical to that em-
(65) (73)

ployed by Li and Iu and by McDermott and Ellis At
equilibrium ‘
fip = fiv
and in the wvapor phase
£ 5 ¥y 65 F
Hence,
. Y, 85 P PV, _
v.{P°,T,x) = —s5— exp /[. —= dP (A.3)
i Xy f it P RT . ‘

Substituting Equation (A.3) into Eguation (A.2}



n : ib n
.k (x + x, ) n =—— = I (x.. + x
i=1 ib ia Kia i=1 ib ia

‘ P, V., -
b il
+ + x,_ ) ! RT dp

in which"K =¥ /x

he left-hand side o6f Equation (A. 4)

contains only the experlmental equlllbrlum 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 experimental error

bounds must be estabished. For isothermal data, the overall

deviation resulting from expérimental*errors 9f the palir tested

may be obtained by rearranging Equation (A.4) as follows:

/ﬁ\\\\,/ &j ' > p

n » K'b b,
A = I (x., + x.) [&n —i— - &n Ala
=1 ib ia Kid; 5 p
ib b

-

Differentiating Equation (A.5) and replacing "dP,

- wl
dT and dx by the measuring errors, E(P), E(T) and E(x) res-

pectively, the maximum experimental error bounds are estab-

lished as follows , %
. n _ ] &
. 1 1
iD| = I (x., + x..) [ + g— +
max i=1 ib ia Yip ﬂaa X
K . 6. D . P_ V., dP :
+ 2] (&n EEE - 4n 222 _ fb““liT )| 1 E(x)
la 2 ¢ib Pb Pa i .

1 1
FOLo(xg txg) (ot tlgg S
i=1l a b Pa
n P v dp
2 b ik
gyt xR )Gy S ) | E(T)
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. T = 161 - | . | \\
g ‘ ' . ‘ ) . ‘ ‘\\
val . where o o ' » _ -
= B{(x}) = error in composition%‘x or:
g | ment _
S : - E(P} = error in pressure measurement )
' h . E{(T) = error in temperature measurement o

"Experimental data which are widely éepafated are
arranged along any arbitrary path, and tested in pairs by
means of Equation (A.5) and (A.6). Each experimental point
appears twice in the test, with the excepgions of the first
énd the last points of tﬁe éﬁosen path. . An experimental /f"‘\d
point is congidered inconsistent if A is grsater than 2

|D|méx' In-doing s%h’& point~-by-point evaluation of the data
is achieved. '
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Evaluatiop of Volumes and HEats of Mixing

~

-

by means of the Cladsius Equation of SF&Ee
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:f -
: W
" calculation of Volume of Mixing:

- ~

- X
The volume of mixing of liquid mixtures can be cal-

culated using the expression:

F\\ AV = Ixg (ii - v)) S (D.1)

L
where Vi i1s the partial molar volume and can be expressed
using an equaneon of state as shown in Sectiohs (4.2.2) and
(4.4.2)8, ) -

Calculation of Heat of Mixing: '\“FJE;\

Heat of mixing -is defined by:

B 2

AN 7 AR *
SH = Ioxg (H, -H) - (B - H) . (D.2)
1 - -
* ) :
'%here (H - H) is the enthalpy departure from ideal gas

behavmour and could be obtained from the thermodynamlc
relatlon «t 2 constant temperature

*

. v ‘
(H ~H), = RT-PV+ [ [p - T(BP/BT)V] av  (p.2)

} Using the Clau51us equation of state (4.68),

Equatlons (4.69) to (4.77) and the mixing rules previously ’
mentioned, one can obtain:.

*

%) o {5 12 [ [ 2] o

v L 2¢ 2 :
’ XE h (4_5)‘dgb‘_ u s VC PCTC an
RBI* | 1-h} * dT 1+H ~C R%Z T2 dr

e .

(D.3)

-3
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and . -
* ac.
H -H}] _ Al 2 el
( RT , Sl-z+ '31 (l+H) (‘1 (1+H) Exy
lj ;
l 1 xixj dT
RB Xy dT 1+H e Rsz
(D.4)
where d(l-k..) an an '
da . T v * —ar
1] - :
3T 215 k.. B B o (D.5)
X ij ai aj
an &
bi
v, (4= ) 2 (D.6)
dgci -
Ve (3s - 8) 2 (D.7)

kij was assumed to be independent of temperature, composition
and pressure of the solwtion, so Equation (D..5) reduces to:

. Qai an‘
da,. . . —= 4+ 2] '
ij " _ dT daT
aT il o v (D.8)
al aj
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APPENDIX E

COMPUTER PROGRAMS

Evaluation of the adjustable parameters of the Redlich-
Kwong Equation

Comparison of the compreSSLblllty factors of ‘vapor and
liquid using the Redlich- -Kwong equation '

Solving a cubic equation (SUBROUTINE CUBEQN)

Prediction of P-x-y curve
EvaJ::;ion of supporting properties for RK
(SUBROUTINE SUPT) r

Evaluation of ﬁhe activity coefficients and Gibbs Free
energy of mixi g from both liquid and vapor properties
of the mixtures

Correlation of Qa angd Qb [Q = Q1 - Tr)]
Correlation of Qa and Qb LQ = Q(Tr)]

k,, estimation for binary system (gollectiGe version)
r . .

Testing the thermodynamic consistency

Evaluation of Qa, 'Qb and Qc of the Clausius equation
¢, .~

Predict P-x-y curve using the Clausius equation

47
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*********************#********************************************

gvgig%gﬁogFogTins ADJUSTABLE PARANETRS OF THE REDDLICH-KWONG
x ****W#**********************************************************
THE TWO PARAMERTERS ARE TEMPERATURE DEPENDENT - «
******************************************************************
SUBROUTINE FUG IS REQUIRED.
IMPLICIT REAL*S ’
DIMENSION TITLE 20 ’de 3
DIMENSION TTéSOk v (50) ;VVL (50)
1 READ(1,300) (TITLE(T 15) :
300 58§%ET§2°88§ TITLE 15
4
WR 542'400 gTITLEé i '15) . :
400 FO HA (JH1,10%,518 LUATion OF ADJUSTABLE PARAMETERS OF R-K EQN F
TUI0R_1584//)) -
| %of 82605370
= - -0s5
READé1 180)PC VC,TC,H, AHHT
100 354ES+EER05000) 60 fo”
THE NEXT 190 CARDS ARE THE INITIAL VALUES OF WA,WB FOR ITERATION
Wh = 0:83e700° -
20 gEEDé;:%OS) PP(I),VV(I),TT(I),VVL(I)
T = TTfIE
vV = VV{T
V=R*T/P .
VL = VVL(IL
IF(P.LT.0.0) GO TO
17 S
- BATA = (DLOG10(PR& DLOG10(TR)*8.0D0/3.0D0-0.183200*(PR/TR}TR—
2 1.000))/é(1.on R) /TR+DLOG10 (TR} *1. 8D0) Y
ziiF% ;3(§ /VL-1.0D0-"(1.0DO0O~TR} **({1./3.))/ ((1.0D85?R) + (1.0DO-TR)
gg£g§é3:160)ALFg,BATA
gnéé*ggK(EATA , TR, PR) \
VL = VC/(3.0CO+ALFA*(1.0D0-TR) + (1.0DO+ALFA)* (1.0D0~TR) ** (1. /3.))
sl
CA2=WAXTC*%2_5/PC/T**2.5.
B=WB*TC/PC/T
A
CALL PUG (N, PR (TR, THI)
THI = DEXP(2.30259D0*THI)
WRITE (3,100)T,P, VL, V,THT -
ZLL=%ZL
ZVV=2V
THIL=THI
THIV=THI
HOLD=H ,
TJK=0 .
39 TJK=TJK+1
: IF (IJK.GE.30) GO TO 49
40 %gﬂgINUE
41 IF (H.LT. 1.GDO) GO TO 42 .
" THETHT 0-05D
=TH+
IF (THAT.20) GO TO &1
23 Jo3. 1m0
4 =J+1*
RH = (1.0n0-zn*d1.ono-ﬁ )*{1.0D0+H)*DLOG{1.0DO+H)/H/(1 .0D0~H)
FFH = DLQG (ZL&T IVL+1.D -z +DLOG{1.0D0~G +RE
DFFH = -1. DO/ (1. 0DO-H) +RA¥ (2L/ (1. 0D0-2L 51'0ﬂ )
2 +(=1.0D0+2.0DO*H+H¥H) /H/ (1.0D0-H*H) +1.0D0,/(1.0D0+H) /DLOG (1.0DO+H
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. EDYAV 1, = Q..
. EDYAV{2) =0
L nvnv‘ l = Q. _ ‘
DYAV {2)=0.0 e : ,
SDP=0.0 . : j S
« 5§DY=Q.0 .4 S e
> SDV=0.0 - .
DO -500 K = 1, NOI - )
. CALL PCALC_ .
WRITE (3 410& e
210 FORMAT{1h0, 'vv=' F14.§ ~p=-, F10.4L
~ O IF (Y¥(K, 1) <LE. 5 386 :
DO $0 I="1 NCOH \
40 WRITE (3 25 I, PRIV Xy, I, Y(T l
226 3852§T1(iﬁ1' 'pnxv i IZ,v , F10.4, 3x, 'Y('.Iz,')- ,F10 4)
. 41 WRITE 3 9115 I, pnxx 1) ‘ 1(1 %
211 FORNAT }ia; x,” 'PHIR (", }2, 10.4, 3x, 'P1(Y, 12,')—' F10.4)
213 ggﬁgﬁw((ﬁx“QE ? ﬁﬁﬁpqtﬁ & 'b ? F10.4,3X 'pp(' 13,7} =0, F10.4,3X
. = - = iy = (‘,
s1-ipp=1, F1b.4, 20x,'Ep=7,F10.4,3%y c e ’ -~
%é%%EYWSALgo } (X(I),I=1,3). (¥ (I}, I=1 (EDY I DP EDP
P 5 =

305 FORHAT’1H L xf1l=lir1o:s,‘ s El =4 ﬁ i 5 , 1 é1§
1=V ,F10.8, " Y*2)= ,F10.8; ¥ Y(31~.,Fio Bé EDY 'E 2.3 D
2(2);"E1i.g,' ~ EDIJ3R=' E12.6 pp=1 ,E12. DP=',E1 6,-%')
S arETE T ¢ 307) DYY % By (2 2) . . DY {

307 ESREAT51H‘* Nggég)c 120585 (2)="¢, E12.6. DY (3)=,E12.6)

& J =
261Hg§ggﬂigi212}.COHEA(J), coan(J), CONPC (J) , conpn(a) PG,J,X (J) ,J,
214 FORMAT (10X, 44, 3X, 'P=¢, F10.4, 3X, 'X(', I2, ')=', F10. 40 3K,
1 -Gnunaf', 2, %=v_"F10.4 of . f ¢ . =t h-
WRITE ( 3, 215) é EiG1(I£ = 1, ~-NCONP)

215 FORNAT ( Tox, 7 '1n & kG(I)=' 3F10.4), ]
WRITE (3, 216) EXGT

216 FORMAT (V10%, ¢EXGT=', F10.%) .
DO 29 J = 1, NCOME

291“E§§§§23f 257y COBPA(J) , COHPB(J),COHPC(J) conpnra),P,J X () .3,

217 FORMAT (10X, 4A4, 3%, 'DP=1, F10.4, 3X, '¥X(', I2, ')=*,.F10.4,3X,

I Ty ey T T
’ . ) = ¢
DO 31 3= 1,-Né0HP , :
311§R%¥§é3,218) CONPA (J} ,COMPB (J) ,COMEC (J) ,COMPD (J) , d,X(J) ,J,Y (J) K,
2,5 .3,pY(3),3,PPVOL {J PHI (J) ,d PHIV (J suny ITER .
218 Bkt 6{H6' 5x, 43 ( Yoy B { Ve 5, f ’ 10. 3x, 'y(v, 12,
1'£=',F1 .8,9x X, zré i4 15 1 ‘F10 8, nrf Ié '
2 E1204/ 231%, TeppvdL (o )= 3 Xy pAI(E . 2, 1)=1,
3 g}gég,'axi 1t PHYV (9 ,IE f— .4, %, Fsomuy=r, F16° 4, 3X,
4 =1y
WRITE (3 2?51 V¥, VYL1, BV
219 FORMAT é%sx, vv=, 'P10l4, 3%, 'vVL1=¢, F10.4, 3X, 'DV=?, E12.4)
500 CONTIND
WRITE(3, 306) DPAY, EDPAYV, (DYAVéJ{ J—1,3) (EDIAY (J (J=1,3)

306 EORNAT (10, 1" pPav=f E12.6<vEDPAV=' /B & DYAT{1S=',212.6,"' D
1YAVé25=',Ei2 YLV (3£ ,E12 6 EDTRY (1)=¢,E12.6,'% EIDAV (2)
220 ,B12.6,1% Eﬁ!AV( 1206,7%¢

sDP = SDP/NOI
. SSDY = SSDY/NGI /NCOMP
. WRITE (3, 300) Bk4, sDP, sspy, spV
300 FORMAT (1f10,3X,'K12= .314 8 3x,'snp—-,E14.e 3x, 'SSDY-',E14 8, 3X,
1 VSDV=1,E14.8)
pSI = pPp i -
GO TO 99
. END \-
~ —
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*****:#n***************************************;*****#*******
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*****************#***i***
Yo = Tyin /SOy -
séu§1 = éuhx ‘
* CALL sUPT (VV, PHIV, PVOL, WAII, WBII, CORRL, Y, 0, KI b
SET oP THRE LOOP TO FIND !él} sbcH TulT susy’1s Egﬁ 1 SUNMY 1
THE SUNMY OBTAINED IN INmED iT® PRECEDING CALCULATION, I. E. TEST
fOR STABILITY BY CHANGING 'Y I& AND TEST FOR SOUNY = 1.0
gggg SUPT (VL, PHI, PRVOL, WAIIL, WBLI, CORRL, X, 1, KIJ)
40y 2 JP§I15)NSOg%J) / PRIV (J)
sénb = sun§ + Yéah
DO 13 I = 1, NCONP
Yo = YéIL/bUH! :
I ﬁ ABS§ MY1 - SUHY& - 1.0E—4L 14, 14, 15
FIND 3 NEW VALUE OF Y(I) AND Sty 0sING Y(I) IF SUMY1 IS DIFFERENT
IF (ITER - 50) 16, 21, 21 . :
ITER = ITER + 1 . «
SUMY1 = SUNY
CALL SUPT(VV,PHIV, PVOI, WAII, WBII, CORRL, Y, 0, KIJ
ggl%dsggr VV,PHIV, PVOL, WAII, WBII, CORRL, ¥, 0, KIJ
YéI& IS STABLE. NOW ¥E HAVE TO TEST FOR SUMY = 1. BY CHANGING P
CHANGE P . . .
SOMP =0.0 : - o ,
DO 18 I = 1, NCONF .
.pHIJsI_ = PﬁIéI& * x&xk . : ,
PHIK {T) = EHI { ) * YY) : : : :
21 1) = SHIJ‘H " p'uxi/mm) | )
SUMP = SONME 51
P =" syump
***********#********************** )
CALL SUPT {VL, PHI, PPVOL, WAII, ws?%, CORRL, X, 1, KIJ
CALL SUBT (VY PHIY, PVOL, WAIT, WEIT!, COBRL, Y, 0/ KIJ
DO 20 I = 1, NCOMP -
Y(I& = PHI(f) * X(I)/PHIV(I)
SUMY = SONY + Y(I)
IF ( ABS (SUMY — 1. 05 - 1 0E-4) 21, 21, 22
IF (ITER - 50) 23, 21, 21
301 4LIY=I1}sgggaP
I'EE{Q ——-.,I‘]!Eli + 1.
SUMY1 = SUMY ' .
E%L%Osggrtvv, PHIV, PVCL, WAII, WBII, CORRL, ¥, 0, KIJ)
GATHER STATISTICS AND FRINT QUT RESULTS
P=D * 14.697
DP = P - PE( K
EDP = {BB/EE (K)) *100.
SDP = SDP + ABS(DP)
DPAV = (EPAV*JK—1) + BBS(DP)) /K
. EDPAV = (EDPAV*(K~1) + ABS (EDP)) /K
EP = {DR/PR (K})*¥100. .~
1o ~— x
**********#*******************************************#***********
SUBROUTINE YVCALC
************************#*********************##**************#***
DIMENSION TITLE 20 ,PCII vCIT SE TCII(SL W (5), RAII , WBII(S °
1) ,COMPA(5), COMP conp L rE {81 iés%
2 BELI(5) BHIR (5) o~ i . i(s). PPYDL{sS), V¥ és g 15 5) .
3 X{5) ¢ Jsi' iTe % EXCE
4 1215y, Vv {51g DL(S) 60L(5), GAHHB(SE GAHHA(B) hoLuT (5)
LI A CIP 656' 5) or LY -50.5};3 122 (50 f61(s5), CoMPD(5)
pEMENSTON ED BVés),DIBV 51 (5]
COMMON /PIRST/ TC, BC, VCII. aMOLHT, T, P, R, NCOMP, NQNTUM
1 4sgconn§ 2, A, MTYEE
2 s ®aIRD/ Bcii, "feIT, Hall wBII, PSI, PP, XL YY, xe, KIJd NOI,
3 ITER,K, CORRL, EXGT, ppvoi PHI pﬂxﬁ v, pbp
4 ¢ Folrfn , sth, ®p,’op, ssby, sby, sof, ﬁ K, GanEA Ei
5 X, suMy, GamMB, pg’, i pF’, FRﬁFEB, ¥YX , bY , EXG1
6 / FIFTH ', DEAV,EDYAV,EDY, EDP, EDPAV, DYAV
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400
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o
3

“

999

1001

*
EVALUATION OF THE ADJUSTABLE PARAMETRS OF THE CLRUSIUS EQUATION -
OF STATE %

*
SUBRPUTINE FUG IS REQUIRED.
EQUALITY OF ZV IS SACRIFIED °

IMPLICIT REAL*S (A—H,0-Z
DIMENSION TITLE 20) "X (8)-

DIMENSION TTé :
st itle m o 1
WRITE 3,400£(TITLE I) 1= 1 1)
nnnggz 402) " (TITL £ 5)
FORMA {1H1,10 .1 unTIéu F ADJUSTABLE PARAMETERS OF CLAUSIUS
2 _FQUATION FOR',15A 44 7
FORMAT ( ALUATION OF ADJUSTABLE PARAMETERS OF CLAUSIUS
2 EQUATION FOR',TSAQ///
‘E% = }.ono
3853—8'125D0
 READ (1,100) pC, VC R,TOL
IF(Pé.iE.q.ODG) é éo' 80
FORMAT (8F10.4)
A
READ 1:1111£ p,V,T, VL , ~
READ}1,100) ,veTivt
LR . |
BATA = (DLOG1 0(933 DLOG10{T /3:5 0-0.1832D0% (PR/TR/TR~
2 1.0D0))/{{1 - 0DO-TR) /TR+DLO *1.8D0 A
FERRAT 4T 1000 PV, "
555%}46?00)b %,T,yL
éi%%% ;3(fC/VL~1 0D0—(1 0D0- TR}**(1 /3.))/{(1.0D0- TR)+(1 0DO-TR)
,READ]1.505L (TT 1) ,NOBS)
DELWC: CHANGE W& a ADOPTED IF FURTHER ITERATION IS NEEDED
BEADé1 1111; e « DELWC
§g§%1§§ﬁ100 ALFA,BATA .
DO 80 I=1,NOBS "
T=7T(I) .
ek - ~
gégg*ggxraama ,TR,PR)
gLR:T/g/(1 -ODO+ALFA* (1. ono TRJ+(1 0DO+ALFA) * (1.0D0-TR) ** (1. /3 1)
R |
SSS =(B*TC)/(PC*VC)
FL2. = EL + 2.0D0
THE NEXT Tuo CARDS ARE THE INITIAL VALUES FOR. THE PARAMETERS
THEY HAVE'TO BE CHOSEN ,SOME TIMES, WITH CARE
anzisit " -
22 = 5Hh*SSS**Z*VC**Z*TC**EL*PC)/
2 éﬂ** *T%xEL 2)
A7 = iﬁA*SSS**2*VC**2*TC*PC) éR**2*T**3)
B o= WE*VC)/ a*rhb*éq 6D0 -
cCe = (HC - 8.0 DO) (R*T)
CCC = C*éé3 DO*SSS,/8. 0D0) DO) / (R*T)
HRITE43i1 2L,%ZV,SSS,A2, B, c
PORMATI1ZLY,F10.5, 152y, F1055, 4315 8)
gig:gfz%' - '
HHL =  CCC*P/ZL

N
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********************fﬁ**********************************t*********

PREDICT P-X-Y CORVE
CLAUSIOUS EQUATION OF STATE IS USED
ATHOSPHERIC UNITS ARE USED

~

. ****%*;*** ***************************_****ll.t*t**‘**_****.*****;k********
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THIS PROGRAN IS A MODIFIED VERSION OF ELSHAth
IT REAL*B(A
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