ABSTRACT

~ Phase equilibrium compositions were measured for the
mixtures of nitrogen, methane 'and ethane at fourteen isotherms
from 94.3° to 133.3° K and at pressures up to 591 psia. A
forced-recirculation apparatus was employed for the deter-
minations, Two liquid phases were present at low temperatures
for the nitrogen-ethane binary and the nitrogen-methane-ethane
ternary systems. Inversion phenomena for the liquid phases
were also observed for these systems between 109.1° and 113.4°K.
The two liquid phases and liquid-phase inversion phenomena may
provide useful information to the development of processes
for separating the constituents of natural gases,

In the data reduction procedure, liquid-phase activity
coefficients for the binary and ternary vapor-liquid equilibria
were evaluated by means of a modified Redlieh-xwong equation
of state and correlated by the Redlich-Kister equations,
Liquid=-liquid equilibrium compositions were correlated in
terms of distribution coefficients and a solubility function.

The 1liquid densities of LNG( Liquefied Natural Gas )

. mixtures were predicted from a Redlich-Kwong equation of state,
- Its applicability was tested on five binary and two ternary
systems,

The Regula-falsi method was modified and extended
to multivariable systems, and was employed for tha prediction
vof liquid-liquid-vapor equilibvria,

The success of the proposed method was ‘demonstrated



b& predicting the liquid-liquid-vapor e.quilibria for the
binary nitrogen-ethane and the ternary nitrogen-methane-
ethane systems investigated in this study and the liquid-
liquid equilibria for the n-octane-octene-d-r;itroethane

system at 273.1°K.
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'CHAPTER I

INTRODUCTION

Methane and ethane are two of the major raw materials
for synthesising petrochemical products, Ethane is the most
desirable feedstock for ethylene manufacture because of the
small quantities of by-products that are obtained as compared
4o other feedstocks. The total Canadian consumption of ethylene
was 80 million 1bs. in 1970(1). Methane is a better starting
material for the manufacture of ammonia and urea than other
hydrocarbons, since it contains a higher proportion of
hydrogen. Ammonia and urea are the raw materials
for manufacting fertilizer. By the end of the'1970's, more than
60,000 million cubic metres of methane and ethane will be
required all over the world(2).

The law-témperature approach to the separﬁtion 6f
methane and ethane from natural gas is an attractive proposition
on its bwn merits. The existence of partial_ﬁiscibility
between nitrogen, methane and ethane at low-temperature is
particﬁlarly usefulgtm, the petroleum industries. The
separation of natural gases into components can be facilitated
by taking advantage of composition differences of the two
liquid phases.

The design of industrial equipment for separation



processes requires information on liquid-liquid-vapor equi-.
1ibrium data of the system concerned. The necessary infor-
mation on phase equilibrium data is the composition of each
phase under specific conditions of temperature and pressure.
The phase equilibrium data may be 6btained from experimental
determinations. However, high cost and the amount of time
consumed in experimental investigation prevent us from making
numerous laboratory measurements.
For ratiohal design, ther®fore the liquid-liquid-
‘vapor equilibrium data should be evalugted by methods other
than direct experimental determinations. The prediction |
methods may employ a rigorous thermodyn;mic approach from
the properties of pure components or from binary phase
equilibrium déta. |
Unfortunately, the methods available in the liter-
~ature have not been accurate onéugh to predicf the phase
equilibrium data needed for the design of solvent extraction
equipment. | |
“i'In this investigation, the followihg attempts are
made: |
| (1) to .determine experimentally phase equilibrium
data at 1ow-temperature‘for nitrogen-methane-
ethane systems for the purpose of completing

‘and extending the avail-able data,

-
<




(2) to correlate the experimental equilibrium -
data,

(3) to develop a new method for piedicting binary
and ternary liquid-liquid-vapor equilibria,
and

(4) to apply the method to the available liquid-

liquid-vapor equilibrium data.




CHAPTER II

LITERATURE SURVEY

This chapter is -3 reviewsthe general background
and some previous studies pertinent to this work, and is
. divided into four 'parts. In the first prart, a review of the
direct determination methods of the equilibrium composition
of the liquid aﬁd vapor phases of the system is presented.
In the second part, the available phase "equilibrium and
liquid density data for the systems containing nitrogen,
methane, ethane and propane are collected. In the third part,
the correlation methods for phase equilibria and liquid
density are presented. Finally; the equation of state, the
activity coefficient equation and the methods for predicting

phase equilibria at low temperatures are prresented.
A. EXPERIMENTAL METHODS

A bibliography for experimental methods has been
rresented by Hala, Pick, Fried and Vilim in their book
entitled " Vapor-Liquid Equilibrium " (3). These methods can
be classified as follows:

(1) Distillation Method

The oldest method for the direct determination

of vapor-liquid equilibrium data is the distillation method



in which a small amount of liquid is distilled off from the
,boiling flask contéining a large charge. This method is
very s}mple but has marked disadvantages and generated
largevérrors in determining the temperature; pressure, and

compositions.

(2) Static Method

In this method, the liquid solutions are placed
in the equilibrium cell which is rotated or shaken until
equilibrium is estab-lished between the liquid and its
vapor. Then the samples are taken and analyzed.

This method is simple only apparently since
removing the gas sample for analysis causes great difficulties.
At low pressures, the amount of vapor required for analysis
is of the same order as the total amount of the vapor phase
in the equilibrium cell, Therefore, the removal of a sample
causes a marked disturbance of the equilibrium,

| To overcome this restriction, Prausﬁitz(h) and
Scatchard etc.(5) developed the static and total pressure
methoéd. The vapor compositions are calculated directly from
the thermodynamic relationships based on the liquid composition
and total pressure. This method is useful for high or moderate

pressure and high or low temperature systems(6,7).

(3) Dew and Bubble Point method
This method was employed by Sage and Lacey(8,9)




for determining phase equilibrium data of light hydrocarbons
in the temperature range of 20° to 100°C, This method was
also applied by the. IGT (Institute of Gas Technology) group
at low temperatures for the nitrogen—methane(lo). nitrogen-
ethane(11) and methane-ethan vane (12) systems. and by Kurata
‘and his associates for the nitrogen-propane(lB) systen,

In this mothod. the liquids of kngwn composition
are fed into the equilibrium cell which is mqintained at a
constant temperature. The pressure at which the liquid first
started to vaporize is termed the bubble-point pressure and
-that at complete vaporization, or initial condensation, the
dew-poinf pressure, |

The dew-point and bubble-point pressures are
determined by direct measurement. The results are Plotted
on the pressure-composition curve at constant temperature,
and on the temperature-pressure curve at constant composition.

The advantage of this method is that the composition
of the gases are predetermined. Therefore, vapor and liquid

samples need not be analyzed.

(4) Flow Method
A gas mixture is passed under steady-state
cond&tion into the equilibrium cell where it is cooled and
partially iiquified. The vapor, which is in equilibrium

with the liquid formed from condensation, is separated and




removed centinuously to - storage fof analysis. The
-samples are withdrawn and analyzed continuously,

! This method was utilized by Steckel and Zinn(14)
and by Ruhemann and Zinn(15) for determining phase equili-
brium dapa'and by Stutzman and Brown(16) for natural gas
at low temperatures.

The disadvantage of this method lies in the.
maintenance of constant pressure and temperature durlng

rapld condensation,

(5) Forced-recirculation Method

The vapor,formed by the vaporization of the
-liduid, is recirculated through the liquid by means.of. a
recirculation pump. In this wa& the liquid is stirred and
equilibrium reached by continually bringing the vapor into
contact with the liquid.

The forced-recirculation method was developed
by Inglis(17) and modified into practical use by Dodge and
-Dunber(18) for the oxygen-nitrogen system, It was used by
Torocheshuikov(19) for determining equilibria of the carbon -
monoxide—nitrogen system and by Aroyan and Katy(20) for |
studying equilibria of the methane-hydrogen system. Further
modificafion of the equipment was made by Dovis, Rodewald
and Kurata(21), Harvey(22), { rice and Kobayashi (23). They

introduced a transparent equilibrium cell and a liquid bath



in the cryostat in the study of the systems containing
methane, ethane and propane. A similar apparatus was
employed by Brandt Strand and Deaton(24), Stein, Sterner
and Geist(25) and by Rogers and Prausnitz(26).

It is probably the most accurate and rellable
one of all the existing methods and is widely used at
.pfésent.'The advantaged of the forced-recirculation method
are as follows:s |

(1) the equilibrium is reached very quickly,

and '

(2) vapor and liquid samples can be withdrawn

almost without disturbing the equilibrium.

-For these reasons, this method is- ulitised in

the present investigatioh.

B. : AVAILABLE PHASE EQUILIBRIUM DATA

This section is to review the experlmental vapro-
11qu1d equilibrium data pertinent to this work. The avail-
.able data, which coveres the period up to 1966, containing
nitrogen, methane and ethane at low temperatures are listed

as follows:




TABLE 2 =1

Available Phase Equilibrium Data

Ethane

System Pressure Range (atm) Temp. Range (°K) Ref.
Nitrogen- 1.4-4,5 100-173 .27
* Methane
1.0 89-106 28
1.0-10,0 117-156 29
2,0-16.5 83-158 30
1.0-10,0 17-133 31
34.5 129-179 32
0.12-3.8 90.67 33
1.0-48,5 oh-187 10
Hitrogen- 7.0-137 83-305 11
Ethane '
Methane- 75-65 173-273 12
Ethane
5-20 143-263 34
40-70 144-283 23
5-60 195 35
Nitrogen-~ 35-69 144-200 36
Methane- .
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The experimental works from 1966 to date on vapor-
-liquid equilibria for systems containing nitrogen, methane
and ethane at cryogenic temperatures are briefly reviewed
as follows:

-The equilibrium data reported in 1967 by Chang
and Lu(3?7) were determined at temperatures of 121.9° to
- 171.3°K.

" Ellington et. al,(11) reported that two liquid
phases were measured from nitroéen-ethane binary system at
témperatures lower than 133°K by the dew point-bubble point
method. Unfortunately, the compositions of two liquid phases
obtained by the dew point-bubble point method are only
approximate to 5% of ethane in top liquid phase and 70 ‘of
ethane in bottom liquid phase.

| Chang and Lu(37) measured the liquid-liquid

equilibrium data for the nitrogen-methane-ethane ternary
system at 121.9°K. Yu, Elshayal and Lu(38) reported liquid-
liquid-vapor equilibrium data for the nitrogen-ethane binary
and nitrogen-methane-ethane ternary systems from 113.3° +to
133.1°K and Yu and Lu(39) for the same systems from 94,3°
to 109.1° K. '

In 1972, Wichterle and Kobayashi(40) reported the
vapor-liquid equilibrium data for the methane-ethane binary

system from 130.4° to 199.9°K over a pressure range of 25 to

800 psia at twelve isotherms.



11

C. AVAILABLE LIQUID DENSITY DATA

The liquid density data containing nitrogen, methane
and ethane were required for accurate: calcuiation of the
quantity of LNG(Liquefied Natural Gas) in storage, in
transit or upon delivery to the terminal.

However few liquid density data for these mixtures
are available in the literature. The available data are

summarized in Table2 -2

TABLE 2-2

Available Liquid Density data

System Pressure Range (atm) Temp. Range (°K) Ref.
Nitrogen 0.15-33.5 63.15-126.2 ; 41,34
Methane 0.12-45.,4 90.67-190,5 42,43
Prqpane 0.00-42,0 88, 56-369.8 41,42
Nitrogen- 2.60-45,8 109,6-188,8 10
Methane
Nitrogen~ 7.10-46. 5 101,7-221.1 9
Ethane
Methane- 6,00-60,5 140,3-279,2 12

Ethane



TABLE 2-2 ( continued...)

System Pressure Range (atm) Temp., Range (°K) Ref,
Methane- 0. 20"0.?6 10802 44
Ethane

- 102,5-114,9 L2
Methane-~ 34,0-340 123.2-310.9 45
Propane '

. 0.32"'0. 69 108.2 "’L"
Ethane- - 108,.2 4l
Propane
Nitrogen- 9.00-45,1 144,8-188,7 10
Methane-~
Ethane |
Methane- 0.39-0,62 108.2 Ly
Ethane-

Propane - 103.9-116.7 42

12



Data which were obtained by the IGT group(10,11,12)
were calculated from vapor-liquid equilibrium data by means
of the BWR _equation of staée(46). Data presented by Klosek
and Mckinley(42) were obtained at different compositions
and temperatures. Therefore, it is difficult to compare
these experimental results directly. However, Huebler et. al.
(47) reported that those liquid densities data obtained by
Klosek and Mckinleéey(42) -were the best data presently available
'in the literature, because Kloseks®' correlation repreéented

their data to an accuracy of % 0.3%.
D. 0 10 PHASE EQUILIBRIUM DATA

Several methods are available in the literature
for the correlation of experimental data of vapor-liquid-and. .
-'iiquig-liquid equilibrium, and are given as follows:
| (1) .Thé Convergence Pressure Method
| The concept of convergence pressure arises from
the observation that for mixtures of light hydrocarbons,
1sofherma1 component K-values appear to converge to unity
when plotted against pressure. Two. typical diagrams are
shown in Pigures 2-1 and 2-2 for binary and terﬁafy s&stems.
respectively.
. The pressure at which K-values ‘:eonverge to

unity is the convergence pressure of the éystem, Poy. The

13
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convergence pressure is in turn a funcfion of the system
.composition for ternary mixtures.

The convergence-pressure method had been
extensively employed in the data book of the Natural Gas
Processo?s Suppliers Association(NGPSA)(48). In the same
book a set of charts for twelve hydrocarbons and nitrogen
" was published. Equilibrium ratios for individual components
were presented as functions of temperature, pressuré and

the convergence-pressure of the mixture.

(2) Kellogg Charts

A set of 324 charts was published by the M.
W. Kellogg Company in 1950. These charts were drawn by
means of the B-W~R equation of’state(né).

These charts had been prepared for twelve
paraffin hydrocarbons, ranging from methane to heptane,
Equilibrium ratios and fugacities were expressed‘aé functions
of temperature and molal average boiling points(MABP) of the
liquid and the vapor phases. These charts can be used to
estimate the equilibrium constant from the temperature,
.pressure. and MABP of each phase,

Linear or nearly linear relations between the
two fugacity functions ?i/fxi and Pyi/fz, and pressure were

found by Depriester(49). Therefore, the Kellogg charts were

condensed into a more manageable form.,
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(3) Lenoir Diagram

The Lenoir diagram was published in 1960 by
Can jander, Hipin.and Lenoir(50). The diagrams gave vaalugs
at a pressure of 10 psia as a function of temperature. The
temperature range covered was from 133° to 466.5°K. The
noﬁbgraph gave the pressure correction which depended on
an effective boiling point which.was a composition-dependent
parameter.. ' .

The above mentionedcorrelations are applicable
to calculate K-values of light hyérocarbon mixtures up to
twelve components within the range of pressure,temperature
- ind MABP of the charts with satisfactory results,
| However when these correlations are applied
to systems containing nonhydrooagbona large errors are
"obtained in fho predicted K-velues, | |

(4) Hand Method For corrolatién of-Thg Liquid-Liquid
Solubility Curves
For most of the liquid-liquid ternary systems,
the solubility curves were unsymmetrical. The tie-lines
were not parallel to the base of the trianglar diagram as
shown in Pigure 2-3. | .
Hand(51) had indicated that tie-lines could
be n;do horizontal by plotting in properly selected units .

for one of the immiscible components as shown in Figure 2-4,



Figure 2-3 Illustration of Ternary Solubilitx Curve
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Figure 2-4 Illustration of Hand Method
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The distribution oqnation is expressed by the rollowing

rolation. .
X X '
X <+ RX X + RX
bl cl b2 c2

where a, b and ¢ represent the mole or welght fractions
of the diiuent, the solute and the solvent, respectively,
R is an empirical éonstant. and the subscripts denote the
top and bottom liquid phases.

. Hand(48) obtained very good results for
‘the acetic qcid(a)-bonzeno(b)-wator(c)’eybten using a R
value of 9, | |

(5) Black and Hartivig Correlation
A simple ternary diagram for a system
composed of components a, b and ¢ is shown in Figﬁre 2=3,
Black and Hartivig (52) presented a correl-
ation method for‘the distribution coefficlients between two
liquid phases of this ternary system. The distribution
coefficient for component i is given by Kiixi(BL)/xa(TL).

A solubility function K' is defined as the distribution
' H

coefficient for the total nonsolvent ﬁaterial between the
two liquid phases, K;-(l-x )(BL)/(l-X')(TL). ‘which BL
refers to the bottom liquid phase and TL refers to the top

liquid phase. The quantities K°', K; and K; are plotted
. , a |




against K' on log-log scales at constant temperature. Ah
c . _

example is shown in Figﬁre z-s..x; becomes identical with

K; at point PPb in Figure 2-5 as the b-¢c binary is reached,

S

When only one binary system is partiallyAmiaciblo in a

tbrnary system, K' as well as K', K; and K; approaches
‘ [ a .

unity at the plait point. These two points may be applied to

N test the experimental liquid-liquid equilibrium data.
Thié$correlation_éor.two liquid phase

equilivrium data is chosen in the present study, because

~ the changes of k;. K' and K; with temperature at constant K*
: a ¢

values can be obtained from these plots. From these figures,

the quantities K', K' and K% may be odtained at a given
. . H a : .

values of K' and a given temperature. TheSe quantities
o .

,provide the required information for calculating conplote
tornary liquid-liquid equilibrium data.

E, - CORRELATION OF SATURATED LIQUID DENSITY

‘Several methods are available in the literature
for correlation of saturated liquid densiﬂzsof pure components
and their - mixtures, which are givon as follows:
(1) Francis Equation
-Experinqntal Qonaity data for pure liquids at

AT
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Figure 2-5 TIllustration of Black and Hartivig Method
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saturation states are abundant and have been subjected to
various treatments., Pranci.s( 53,54) has fitted the following
'oquation to .the experimental liguid density data with an

- . acouracy of about 2 to 5%,

f = A - Bt-= 2-2

_ E-t
. where P re:rerab;.the“liquid density, A, B, C and E refer to-the
coefficlients, and t refers to temperature,

(2) Martin Equation ,
Martin(55) and Yen and Woods(56) have suggested

the following equation which holds up to . . temperatures
- near the critical point.
| P 1/3 2/3 4/3
P mwime = 1 + A(1=T ) <+ B(1=T ) + D(1=T ) 2-3
f .fc r r r

where. £ refers to reduced liquid dengity, P, refers to .
liquid density at critical temperature, and A, B and
D refer to. coefficients.
For liquid mixture densit.{ei. Yen(56)
suggested that the following mixing rule of Prausnitz and
- Gunn be used(57).

T = IX T — 2-4
c ieci B
V = 22XV ‘ 2-5
- c ij‘ci . .
. Z = EX 2 - 26

c ied
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P = 2 RT /V ; 2=-7
¢ ¢ ¢ ¢

- (3) Lu's Generalized Chart
If all critical values are known, the
density of pure liquid can be estimated directly.by cal- -
"cul'ation from the generalized chart which was prepared by Lu(58).
A value of p was known, ‘the chart was used
" with the equation: ) -
K K , v

, .
=2 2-8
' P | . \
where K , is read at T and P of the known density value
: . 1 r r :

"1 and Kz is read at T and P of the desired density
r r .

P 2,

| This method is not rejiable if the estimated
P indicates a Z less than 0.24.

(4) Harmens Formula
) Liquid densities of pure hydrocarbons of low
molecular weight can be calculated with the formula by
Harmen(59). '
. P =oR(n) R 2-9

The valu;s of the generalized function

F(T ) were prepared in tabulated form. The quantity C is
.
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an empirical constant which is different for each component.,

This formula can also be appliéd to a mixture of hydrocarbons.

(5) Klosek and Mckinley Chart

This chart(42) employed a correction factor for
the nonidoality of a mixture to the molar volume of an

S,

ideal mixture. Po: paraffinic hydrocarbon~syatems. the
i nonideal bﬁhawior was due to the decrease in volume on ,
mixing. Klosek and Mckinley assumed that methane was the -
leading contributor to the nonideal behavior, because of
the unique structiure of its moleculesrelative to the higher
hydrocarbons in the paraffin series.

A chart was prepared for the relationehip
between molar volume reduction and molecular weight of
mixture to cover the temperature range from 88.5° to 133°K.
However, this method is accepted for pure hydrocarbons

mixtures with average molar molecular weights € 33.0,

(6) Gunn and Yamada Correlation
Gunn and Yamada(60) presented a corres-
poﬁding states: correlation for the prediction of the
' saturated 1iquid densities p of nonpolar compounds. This

correlation has the fo;lowing forms

Psc - 21

{ 1.0 —u )  2-10
ol g
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The gonorhliud functions £ (0) and P(1) which are
' r r

 dependent only upon the reduced temperature, are given. as
follows: - : ' '

For 0. z < ¢t < o,8
) r

1 ' 2
—P—Fy .= 0,33593 - 0.33_953'1‘ + . 1,51941T -
. r : r.-

3 4 A | '
2,02502T + 1.11422T . 2=11
' r , r

For 0,8 < T < 1,0

i -1.0 +1 3(1:'--;"1' i’ﬂo (1 - T )
T 10+ - Ve

r

2
- 0,50879(1 = T )= 0.,91534(1 - T )
r . r
2-12
“For 0,2 < T < 1,0
r
1 : 2
P r r

The scaling density ¢ , is defined by the. following equation:
sc

P, =P, (0:3862 - 0.0866c) 2-14
8c o :

The quantityp 6 is the saturated liquid dénsi.ty at a
, . 0 _

- .reduced temperature of 0.6.

This correlation is val:ld over the entire

useful range of reduced teuperatures fron 0 2 to 1.0,

uothoda for prediction of the saturated |
liquid denslty. studied in.this- aection were satisractory for



hydrocarbon components ahd-hydrocarbon mixtures only.
P. ' EQUATIONS OF STATE

A large number of equations. of state have beeh
' suggested in the past hundred years. Among .  the many
; avalilable equations of state(61,62,63), three were widely

27

used for calculating ° equilibrium data at low temperatures-

(64). These are the virial equation, the eight-constant: |
" Benedict-Webb-Rubin(B-W-R) equation(65) and the simple two
constant Redlich-Kwong(R-K) equatlén(66).

(1) The Virial Equation
The virial equation of ctgto'ie of the
following forms

PY_ .. B . _C D
: v v \

where B, C, D etc are known as the virial coefficients.
These virial coefficients are functions of
temperature alone for pure components. In principle, virial

coefficients can be evaluated directly from intermolecular

forces(67). For example, the second vifial_coeffiqient.B, .

accounts for interactions between pairs of molecules. Many
theories and experimental data are available for second
virial coefficients but rdther little is known about the
third virial coefficient. Knowledge of fourth and highoi .

coefficients is practically nonexistent.

e e
- - ':"‘“‘A'-

- . . b
. RPN
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For mixtures, the vtrial coofflcients are

functlons of conpoeition as followeo ‘

zz:ry - . 2=16
13417143 ” . :

Md - B
C=%f 23 yyyC o 2.7

1jk i Jkijk
For pure non-polar gases, an excellent

correlation has been given for B;; by Pitzer and Gurl(68),

-+ It is of the form:

P B _
T R T 2-18
A generalized correlation for the third virial coefficient C.
which is applicable %o quantum and non-polar gases for the
reduced temperatuﬁes above 1.4, were presented by Chueh and
Prausriit 5(69). |

(2) The Benedict-Webb-Rubin Equation (B-W-R)

.

Benedict-Webb—Rubih(u6) presented an equation

of state- as follows;s

p = BRI . B.R'rua. —C/ T bRT-a

v
adk c -n/Vz 2=19
e i 5z (1 +
T A v~«T : v

where A,, B., C., a,"b; ¢c,d and r are constants,

The procedure for determining these constants

is available in the literature(46). Tabulated values of



all these coefficients for 38 coﬁponents were presented by
Cooper and Goldfrank(?O);

For.appliodiion of thié equation of stdte
, %o mixtures, the gollowing mixing rules were propésod byf
. Benediot, Webb and Rubin in 1942(46). | |

WM212
,A.'ZZ(A.) . 2=-20
cegroa R e
B. = 32 B, ' T 2-21
i & 1 ' ' .
1/22
Ce =(3 2 ( 0. ) s 2-22
sgrea R
a =(crz(a ) PP 2-23
ML
b =(2 2 (b )1/3]3 , 2-24
S S i : .
c =z 2 (¢ )1/3J3 e 2-25
. i 1 i '
. 1/3y3 '
: d =22 (& ) 2-26
S d=(zz e )77
1/2 ’
r =zz(r )P 2-27
| 111
.where Z1 is the hole fraction of component i either in the

vapor or in the liquid phase,

' This equation specifically describes -
behavior - of light hydrocarbons and their mixturesat reduced
temperatures greater than 0.6(71)., Its limitations, parti-
cularly in the critical and low tempe?ature'regions have
been studied by many auth&rs(?Z,?3,74,75.76,77);

¢ Some modifications of this equation of
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state may be briefly presented as follows: .
, Benedict and Stotler(?Z) auggested that S
the constant C.was temperature-dependent -when predicting '

K=values for the mixtures of nitrogen-methane at low

temperatures. They have also made an attempt ‘to modify SRS
the mixing rule for constant A,,.
2 ' 2 : .
Ao.. Z A. +ZA. + N ZZ 2-28

1 1 J i i
Orye(78) suggested that this be replaced hy'

AA=SzZA, +EZS N zza/2,/2

i1 1 AR °j
b}
J>1 ,
i) and Mii_were determined from experimental phase
equilibrium data. Lin and Naphtali(?5) modified the B-W-R
equation ;f state into the following form:

2-29

where N

v, v v
ad + g 5 ( 1 + ) e -r_/Vz 2-30
\4 veT v '

In this expression, a constant g was introduced. Gullen and
Kobe(79) indicated that the lack of success in certain cases
outside of the hydrocarbons was thouglit to be caueed by the

increased interaction of the molecules in the liquid phase,

Therefore, one or more constants were likely required in

. some caseg to give a good overall representation of a binary
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mixtures with the B-W-R equation of state.

Schiller and Caniar(80) applied the B-W-R
equation of state to predict vapor-liquid equilibrium data
for the nitrogen-carbon monoxide system with”satisfactory
results. However, the prediction of the K-values for mixtures
of nitfogen-methane(?Z). propane=-carbon dioxide(79) and
. 1light hydrocarbons containing hydrogen(81) were found to be

far from satisfactory.

(3) The Redlich-Kwong Equation (R-K)
The equation proposed by Redlich and Kwong
(66) is of the following form:

RT a | 2-31
p o= By
V-b T V(V+b)

where a and b are constants.

This two-constant equation offered advan-
tages over the B-W-R equation by saving both the computing
time and storage requirement.

Redlich and Kwong(66) obtained the values
‘of the constants a and b by setting the first and secohd
isothermal derivatives of pressure with respect to volume

equal to zero at the critical point.
These are

(dP/8V ) =0 2-32
Te

and

2 2
(@ pPrav ) =0 2-33
Te
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For pure component i

0.4278 R%p2:5

Cl
a3y = P . 2-34
ci
and
0.0867 R T
4 Cl
b = P 2-35
Ccl

For application to mixtures, the following mixing rules

were proposed by Redlich and Kwong(66).

b=syb 2-36
i i1 . .

a<=a y2 + a yz + cese +t 228 yy +.. 2-=37
11 2 2 1211

a = (aa )1/2 2~-38

12 12 , |

The Redlich-Kwong equation of state has
been chosen and modified by many workers to represent the
nonideality of fluid mixtures, It led to many well-known
methods of prediction of vapor-liquid equilibrium data(82,
83.84,85.é6,67). The prediction methods of vapor-liquid
equilibria and the modified Redlich-Kwong equation of state

will be discussed in section H of this chapter.

In summary, the virial equation of state
applied for pure components and mixtures at moderate pressure
and at low densities. The B-W-R equation of state applied to

light paraffinic and olefinic hydrocarbons and their mixtures.
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The B-W-R equation of state failed at low temperatures(88).

The R-K equation of state has the following advantages:

(1)
(2)

(3)

(4)

(5)

&y

There are only two parameteis.

It can be applied to normal fluids. ( The
definition of normal fluids is that given
by Pitzer(89) )

It can offer over the B-W-R and virial
equations of state & saving in computing
time.

Only the saturated liquid properties are
required to determine the parameters for
pure substances.

It can + give more accurate results
when applied to a pure component at low
temperature, high density and liquid
regions.

The binafy interaction constants are easily

introduced.

For these reasons, the Redlich-Kwong equation

of state is chosen in this study.

G. THE_ACTIVITY COEFFICIENT EQUATIONS

At isothermal condition, the liquid phase

activity coefficients depend on the liquid phase composition
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and also on total pressure. '

At low or moderate pressures, the liquid
‘activity coefficients are elightiy dependent on pressuré.
and as a'result, it has been customary to assume that, for
practicai purposes, activity coefficient depends only on
temperature and composition. Hence, the isothermal and . '~ -
isobaric Giﬁbe-Duhem equation can.bc used. However, it can . -
lead to serious error when this assumption is applied to
.the case of high-pressure phase eqyilipria. Therefore, for
effective thermodynamic  analysis and correlation of high-
pressure phase equilibrium data, it is important tc separate
the effect of pressure from that of composition,and it is nece- °
ssary to adjust the liquid’activity‘coefficient in the
following manner. |

The activity coefficient of component: i in the
liquid mixture at the system tempqratuéc T and reference

pressure P” may he defined by:

¥ ( P%,7,x) = 2%, 7,x)/x £°2(PF,1) 2-39
ri»1 ast xj+ 1 ii -

where f°L is the reference fugacity of component i at T
and reforenca'pressure. PY. The fugacity of any component
i of solution, ?1. is defined by the following equation:

o ’ A ° .
py =% +RFP1n 2 o 2-40
i i i .

D /P21 as P40
Ty |
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Partial differentiating Equation(2-40) with respect to

. pressure giveé the pressure dependeheo of the fugacity:

A . .
: aln fs. : aui
(=7 )a,x " ( 37 )o,x
- Vi 2-41
RT :

Integrating Equation(2-41) from system pressure P to PT¥
glves, .

N ’ B . » v
T (p,rx) = £ P,7,x)exp 1 &
i i RT
: P 2-42
where Vi is the partial molal volume -of component i:in the.liquid

mixture. Combinihg Equation(2-39) and (2-42) gives:

?Ii‘ (P,T,x) P v
V(P mx ) @ —d— gy ) —tap
xir:l' (*,m) P

. 2-43
Y =1 as x +1
i
This expression is similar to that given by Prausnitz(91i).
At equilibrium, the fugacities of somponent i

in both the liquid and the vapor phases are identical;

' mf Lo 2-44
i i o
since
Ved'yr ‘ 2-45
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Equation(2-43) may be rearranged as follows:

yiﬁzp SPr T,i 4.6
I S S —_ 2-46
Y3 = ol exp BT ar
x f P
ii

Equation(2-46) may be employed to calculate constant-
pressure activity coefficients. Thus the activity coeffi-

" cients satisfy thé isothermal, isobaric Gibbs-Duhem equation,
The variation of activity coefficient equations

wity cohposition are expressed as followss

(1) The Hildebrand's Regular Solution Model
Hildebrand(92) assumed that for a regular

solution,
E
AS =0 2-47
and
E
AV =0 2-48
Therefore for a binary solution,
v’i‘ s- 51)2
log Vs = —w | - 2-49
where
L
v, §
-S- = .SJJ_'_LL 2'50
L : '
Ex V
133

§ 3 is solubility parameter,and V? is the liquid



molar volume, '

Chao-Seader(93) used the original Hildebrand
equation(50) for correlation the liquid phase. Modification
of this equation have been presented by Van ﬁorn and
Kobayashi(94) for hydrocarbon mixtures at low temperatures
and high pressures as follows:

B N 2
logly = —gr— (8-§;) : 2-51

where Ei is an empirical parameter calculated from infinite

dilution data.

(2) The Redlich-Kister Equation
Redlich and Kister(95) used a power
series expansion for the excess free energy of mixing of a

binary system at constant T and P.

E
26 _-xx(B+Cx -x)+D(x -x)%+...]
RT 1 2¢ 1 2 1 2

2-52

The resulting dbinary activity coefficient equations are:

1
and o : 2-53

- - 2
Iny =x2(B+c(1-—4x)+n(1-8x-12x)+,,,]
2 2= 2 2 2

2~-54

2 .
2 -
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These equations are frequently used in the literature for
corrélating various binary data,

The liquid activity coeff?cient of the
ternary system was correlated by the following equation

which was also proposed by Redlich and Kister(95).

Q = Q +Q +qQ +xxx (C+
123 12 23 31 123
D (x -x)+D (x =-x) +
1 2 3 2 3 1
D ( X - X ) + XEE] ] 2-55
3 1 2
where
Q = X Iln¥ + x lnYy + x lny 2-56
123 1 1 2 2 3 3 :
Q = X X [:B + C‘ (x -x)+D (x - x )2 ]
.12 1 2 12 12 1 2 12 1 2
2-57
. : 2
Q = X X [ B + C (x =-x)+D (x -x) ]
23 2 3 23 23 2 3 23 2 3
2-58
. - . .. : ) - . _‘2
Q = X X [IB + C (x -x)+D (x =-x) ]
31 31 31 3 3 1 31 3 1

2-59
The individual activity coefficients of the ternary system
can be obtained by differentiating Equation(2-55), yielding
Equations(2-60), (2-61) and (2-62).
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iny

+

B x (1-x ).+ C x (2x - x -2x2 + 2x x')

12 2 1 12 2 1 2 1 12

D x (3x2 - 3x3 + 6x2x - 4x x - 3x x3 + x2 )
12 2 1 1 1 2 1 2 1 2 2
B xx -20 xx(x -%x)-3b (x =-x )2
23 2 3 23 23 2 3 23 2 3
B x(1 -x)+C x(x -2xx + 2x - 2x )
31 3 1 31 3 3 1 3 1 1
D x,(x2 + 6x2x - 4x x - 3x x2 + 3x2 - 3x3)
313 3 13 13 23 1 1
Dxx(xXx -x =-3xx + 3xx)

123 2 3 1 2 13
Dxx(x =2x = 3xx + 3x2 )

223 3 1 13

‘ 2

Dxx (2x =X =3x + 3xx )

323 1 2 1 12
¢ xx (1 -2x) 2-60

123 2 3 i

B x(1L-x)+C x(x =-2x -2xx + 2x2 )
12 1 2 121 1 2 ‘1 2 2

D x ( x° - 4x x + 3x2x + 6x x% - 3x3 + 3x2)
12 1 1 2 12 1 2 2 2
- ‘ 2
- - - 2 + 2

323x3(1 ,xz) -.b‘c23x3(2x2 _x3 x2 x2x3)

D x ( x2 +'3x2 - 4x x - 3x3 + 6x2x - 3x x )
233 3 2 23 2 23 23

39
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- B xx

3113

40

26 xx(x =-x)
3N13 3 1

2

=3 xx(x =-x) " +C xx(1-2x.)

+Dxx (2x -x - 3x2 + 3x x )
2 3 2

3113

113

+Dxx (x

213

3 1 1231 3 2

23

- X +3xx - 3xx)
1 12

2 3 -

+Dxx (x -28 -3xx +3x2) 2-61
1 2 12 2

& =

313

B xx
121

2

-2C xx(x =-x )
121 2 1 2

- 3D xx ( x -x )2 +B x (1 -x)

+ C

121 2

x ( x
23 2

1 2 23 2 3

-23x -2xx + 2x2 )
3 23

+D x ( x2 - 4x x + 3x2 + 3x2x '+ 6x x2 - 3x3 )
. 23 2

+ B Xx

31

2

(1 - x‘) +C x (2x - x =~ 2x
1 3

23 3 23 23 3

2 & 2x x )
311 3 1 3 13

+D x ( x2 + 3x2 - 4x x - 3x3 + 6x x2 - 3x2x )
1 3

+ C

311

13 3 13 13

x x (1-- 2x )

1231 2

3
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+Dxx(x -2x - 3x x + 3x2 )
112 2 3 23

+ Dxx(-x + 2x =~ 3x2 + 3 xx)
21 2 1 3 3 12

+Dxx(x -x -3xx + 3x x) 2-62
312 1 2 13 23

(3) The Flory-Huggins Equation
Flory(96) assumed that for an athermal

solution.

AHE =0 . 2-63
Therefore the Flory-Huggins equation for an athernal mixture
is given as follows:

E 8
AgT  _ 1
RT I xin 57 2-64

where'&i is the volume fraction of i, and x; is the mole

fraction of i. These are related by

x V¥
ii

I ' 2-65
8y = T |
. T *iVi
where V? is the molar liquid volume of pure component i.

i
‘Flory and Huggins introduced Equation

(2-64) for studying high polymer solutions This approach is

the basis of the Wilson equation(97) and the Non-Random Two-



L2
Liquid(NRTL) (98) equation.

(4) The Wilson Equation
Wilson(97) proposed a semiempirical
extension of the Flory-Huggins equation for the effect of
molecular size on the entropy of mixing and arrived at the

following equation for the excess free energy of mixing.

acE
—5 = -% p'q ln[z x j] 2-66
where Aij's;are binary constants,
Vi '
A - Aii

A = J exp [- i 13 } 2-67
ij L RT

v

i

where A and A are.proportional to the 1-2 and 1-1 1nter-
ij

action energies, respectively.

The resulting Wilson activity coefficient equatipn is

- X344
InY =1 - 1n['2 x.A .]- fi[--——-}k—-] 2-68
k j 9Kk 3 XiAy
5 J7id
The Wilson activity coefficient equation
contains only binary constants and will allow the prediction
-of multicomponent data using only binary equilibrium data

(99).
The Wilson equation has the disadvantage

of not being suitable for partially miscible systems. The.



condition for partial miscibility is

2
: o°agt )
—=2 g,
3:( TP
i

=0 . 2-69

which can not be satisfied by the Wilson equation. Therefore,

Wilson modified Equation(2-67) as follows(100):

AGE

= = C%x 1n { sx )| 2-70

RT i 3 JAiJ |
An example of the use of Equatioﬁ(Z-?O) was presented by
Scatchard and Wilson(99) where the results agreed qualit-
atively, but not quantitatively} with the experimental
results. In order to overcome these limititations of Wilson's
equation, the so called the Non-Random Two-Liquid(NRTL)
equation was developed(98).

(4) The Non-Random Two-Liquid(NRTL) Equation

Renon and Prausnitz(98,101) presented
an activity coefficient equation based on an expression for
the excess free energy of mixing. The excess free energy of
mixing was.derived by applying Scott's two-liquid theory to
a nonrandomly distributed mixture,

The resulting activity coefficient
equation has the following form for a binary system:

' 2 N
2 2 %21 + y12%2

iny = ' 2-71
npry x2[ > > ] .

( xq + x2G21) ( Xq + X1G12)

43
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and
2 ;
G G
iny =.x2( J 12 12 . J 21 21
2 1 2 2) 2-72
(x +x¢6 ) (x +x6 )
2 112 1 2 21
where
J =(g -g )R - 2-73
12 12 22 ‘
=(g -g )/ RT 2-74
9;1 21 11 7
with »
g€ =& 2-75
12 21
G =exp(-°{3 ) . 2=76
12 12 12
G =exp ( =-d T ) 2-77
21 12 21
wvhereod 1s the nonrandomness parameter; ( g - g ) and
12 12 22

(g -¢g ) are the temperature-dependent parameters
21 11

This equation gives much better
‘representation than the Wilson equation for strongly non-
ideal mixtures. For multicomponent systems, the NRTL

equation is

T9 G x X G ® X G
- - i _3i i 3 + J ij . r rrjrj .
Anv = Aty EEG % 01 5- R 0
1 1i1 1151 1 1j1

‘ ’ 2-78
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In this section, a brief discussion of the most
 comﬁon1y hsed'activity coefficient éqnations, is presented
and among these équatiqne. the NRTL equation was recommended
by Joy(102) for pre&icting liquid-liquid equilibria., However
the NRTL equation needs binary vapor-liquid equilibrium data :‘ <

and limited ternary liquid-liquid equilibrium data to cal-

culated the parametersbgj.

H. METHOD FOR PREDICTING PHASE EQUILIBRIA AT LOW
TEMPERATURES "

Many methods have been proposed for predicting
vapor-liquid equilibrium data at low temperatures which
utilize an equation of state for fugacity coefficientSand
an activity coefficientsequation for activity coefficient.

These methodsmay be presented as follows:

(1) The Chao-Seader Method
Chao and Seader(93) calculated K-values
from the following equation.

- vy ¢ f:/P) s o Ay 2-79
Kyg= = vy e UF VAL
i 8 -

The quantity yo is the liquid fugacity coefficient of the
_ i '

-

pure component i, The liquid fugacity coefficients are




P

L6

correlated according to:

(1)

(°) +wllogy 2-80
1 i .

logs® = log2'®
’i b

(o) (1)
The quantities p; and sy * are presented as functions of

(o)

reduced temperature and reduced pressure. The quantity »~

" is given by:

(o) 2 3
logy = Ao + AL/Tp + ApTy. + AgT,. + AT +

2 2
( A5 + AgTr + ApTyp)Ppt ( Ag + AgTy )Py -

logPr | 2-81
. (1) .
The quantity 2o is given by:
(1)
log »~ = =-4,23893 + 8.65808Tr- 1.22060/T -
r
3 )
3.15224{['r - 0,025( P - 0,6 ) 2-82
~ r

The liquid activity coefficient, v , was
i

calculated from the theory of regular solutions of Hil-

debrand(92).

The vapor-phase fugacity coefficient of com-
ponent i, ai,was calculated using the original Redlich-

Kwong equation of state(66).

The correlation was applied to hydrocarbons of

various molecular types, including paraffins and olefins,




The correlation was successful at high temper-
tures but failed at low temperatures. Extensions and
.modification of this correlation have been presented by
Grayson and Streed(103), Shelton(104) and Shelton and Wood
(105),

(2) The Wilson Method

Wilson(83,84) proposed a method to predict
vapor-liquid equilibrium data for the nitrogen-methane and
hydrogen-helium systems by means of the Redlich-Kwong
equation of state with a modified proceduee,

The equation for the fugacity of a component
is given as follows:

RTZ b

- S i i, PV__
In £; = I %+ 5 (g7 -1 ) -
272 a, .
4 (1 - )
RT
2-83
where
n RT
b = b ci
17 2-84
ci
R, = 0,0687 | 2-85
a=

4.934RTE 2 (1
2-86

+ (L.45 + 1,62w0)( 1/Tpr- 1 )](1/Tr)

b7
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a =0 a +(1-6 )a 2-8
ij 131 1j 3 7

where 6 is temperature-independent parameter.

| Wilson successfully applied his method to the
hydrogen-nitrogen system; for some other systems, especially
those containing large hydrocarbons, agreement was less

" satisfactory.

(3) The Prausnitz-Orye Method
The method proposed by prausnitz and Orye(99)

was mainly based on the following equation:

o(Py) V: P
ny P=rxf = exP i ) . 2-88
ii iii . RT

where'gy is the vapor-phase fugacity coefficient and f:(Po)

is the fugacity of pure liquid i at the temperature of
solution and at an arbitrarily fixed reference pressure.
The fugacity coefficient was given by the

virial equation truncated after the second virial coefficient.

I\
R’ = %:f yB - 1nZ 2-89

i J i mix

_L
The partial molar liquid volume Vi was txken

to be edual to the pure liquid molar volume VL. The reference

i
) o(Po)
fugacity, f , based on a three-parameter theorem of
i
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corresponding state, was from the generalized table of
Lyckman et. al.(106),

The activity coefficient was obtained from
the Wilson's equation(97).
J This procedure was restricted to moderate

pressures and to a completely miscible liquid phase,

(4) The Prausnitz-Chueh Method _

Chueh and Prausnitz(82) presented a method for
reducing binary vapor-liquid equil;brium data to thermo-
dynamically significant biﬁary rarameters and predicted
the phase equilibria of multicomponent mixture by using
these binary parameters. '

This approach was based on the following
equation:

Yy p=yrx £° 2-90
ii 111 |

The vapor phase fugacity coefficient was
evaluated by means of the Prausnitz-Chueh modification of
the Redlich~Kwong equation of state(82)

The dilated Van Lear equation(82) was expreséed

for the liquid phase activity coefficients at constant pressure.

1nr(i’a = A'§2~:+ B'gt ’ 2-91
i 2 2
*(Po) Vez 2 ., Ve2 4 4.3
1nf2 a ( Vo1 )'( §2 2@2 ) + B'( o1 ) ( §2 §2)

2-92
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where
3, = x2Ve2 293
2 7 x Vo t XV,
A' = v - ] - 2-94
22(1) c1 .

. - .
7 My 22y’ e
and subscript 1 refers to the condensable and subscript 2
to the noncondensable component..and the asterisk * in
Equation(2~91) indicates that the unsymmetric convention
has been used for normalization of the activity coefficients.

ol is calledthe self-interaction constant and 7 is
22(1) : 2(1)

called the dilation.constant.

At constant temperature, the activity coefficients
were calculated with the aid of the partial molal volumes
using the following equations

Jinr v
(W‘i')T,x = "‘ﬁ'%" 2-96

Y -1 as x 2 1
i i

The reference state was taken at a fixed pressure. The
ﬁartial molal volumes were evaluated also by means of the

modified Redlich-Kwong equation of state(82), The parameters

N and A, of the equation were obtained by fitting the
a b -

Redlich-Kwong equation of state to the P-V-T data of the

saturated vapor for each pure component.
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For a solvent component at equilibrium condltlons,

the pure liquid fugacity at zero pressure.was:

7 .
= f exp( f —@P ) 2_9?
1 pure 1

For a solute component, the standard-state fugacity was
Henry's constant in the mixed. solvent corrected to zero
" pressure,

oL (o) P V,

f =H exp([
2 2,1 "0 RT

dp ) ~ 2-98

In general, this method can be applied to the
systens containihg nonpolar ( or slightly polar ) components

and will give ' satisfactory results,

(5) The Zudkevitch~Joffe Method

Zudkevitch and Joffe(84) followed the approach

of Wilson(81,82) and considered i ggatemperature-dependent
b

parameter. Zudkevitch and Joffe(84) have evaluated AN and ﬂb
of the Redlich-Kwong equation of state separately for the
saturated vapor phase and the saturated liquid phase, In
the establishment of the values Jlaand ﬂb, the values of
fugacity coefficient were obtained from the generalized
correlation of Lyckman, Eckert and Prausnitz(106),.

(o) ' (1) -
log® = ( logw ) +uw( logW ) 2-99

. (o) (1) ) |
where ( log® ) and ( logw ) are functionsof the




‘reduced temperature, tabulated by Lyckman et, al(106)
The parsmeters of puré‘compoqenté were combined

to give that of a mixture in tho'form of tho'folléwlng
relations | |

a = (1 «c¢ )Vaa it) 2-100
i) i} |

whiere the qﬁéntity ¢ was estﬁbliqhed from experimental
| data. '
The K-values for each component were then
calculated from the fugacity cobfficient in both phases
AL AV |

K = 9% /% \ - 2-101
i 1 1

The values of ‘3: and %1;

by means of the modified Redl;ch-xnong equation of state(86)

were obtained from R-T-x-y data

(6) The Lu-Chang Method
The -partial molal volumes of normal fluid
mixtures were predicted from the modified Redlich-Kwong
equation of state by Chang and Lp(85).

The parameters S\ and .nh of the Redliéh-
a

Kwong equation of state were treated as temperature-depen-
dent. Tﬂe values bf ﬁhqsq parameterq’were obtained.from saturated
P-V-T data for each pure Eomponent tﬁrough a fundamental
condition of equilibrium state, |

\'4

L :
o =% . 2-102
i i
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The values of V for normal fluid mixtures can
be successfully predicted byiemploying the modified Redlich-'
Kwong equation of state(85). Therefore the mgdified Redlich-
Kwong equation of state was invited further to correlate

vapor-liquid equilibrium data at low temperatures(107).

(7) The Prausnitz-Renon Method

Renon and Prausnitz(98,101) proposed a method
for predicting multicomponent equilibrium data from binary
equilibrium data. They employed the NRTL activity coefficient
equation and applied it to the prediction of ternary and .
qQuaternary vapor-liquid and liquid-liquid equilibrium data,

Phase equilibrium data wefe therefore predicted
by using their NRTL activity coefficient equations by the
following basic relation:

= ) 2-10
(yx ) (Yixi 3

ii
In general, this method can be applied to the
systems containing polar components at low pressures and

it will give a satisfactory result.

In summary, the conventional methods to predict
phase equilibrium data should satisfy the following criteria:
(1) It can be applied to the supercritical,
the subecritical, the high pressure and

the low pressure regions.,
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(2) The method utilizes a minimum experimental
 data of mixture for predicting the equil-

ibrium data.

The Redlich~Kwong equation of state whichwas
modified by Lu and Chang(85) appears to meet the above
mentioned criteria. Therefore, their modified Redlich-

Kwong equation of state is employed in this study.
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CHAPTER III.

! In order to separate methane and ethane from natural
.gases, phase equilibrium data are required for the process
design. _
Experimental qiudy of phase equilibria for the
mixtures containing nitrogen, methane and ethane at low-

temperature and high-pressure condjtions was carried out in
this study. |

A. THE _APPARATUS

A forced-recirculation apparatus was built and used:
in the present study(7).

A schematic-disgram of the apparatus is shown in
FPigure 3-1..1It consisté of the following sections: an
equilibrium cell, an eloctro-magnefic pump, two pressure
gauges tof the pressure measurement, a temperature control
system, a temperature measurement system, and-a set of -~ -:

sampling facllities.

(1) Equilibrium Cell
A 100 nml, Jergueon traneparent level gauge with
stainless steel body was used as the equilibrium cell, To the
top end was conmected a 4 inch :'long # inch stainless steel
pipe nipple, through which the vap65 outlet line and three:
3/16 inch stainless éteel liquid sampling tubes were inserted.
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To the bottom end was connected a # inch long # inch stainless
steel -pipe nipple, and a 1/8 inch Autoclave adapter used to
connecte to the'coo;ing”coil.of the vdfor inlet line. A
sprayer witﬁ twenty tiny holes was used to spray the vapor
inside the Qquilibrium cell, Two screens, one near the top
and the other near the bottom, wére,used to reduce entrainment
and to distribute the.vapor. Two copper-conetantan_thermo-
couples of 1/16 inch in diamete¥ with protective stainless
steel sheaths were introduced into the cell; throqgh two
horizontal holes located 14 inch from the top and the bottom
end of the cell housing. The tips of the thermocouples were
extended to the center of the cell, A detailed diagram of
the equilibriun cell is shown in Figure 3-2.

(2) Electromagnetic Pump
For the recirculation of the vapor, an electro-
magnetic pump was used. The pump had a ﬁouble-acting piston.
It moved to and fro due to the induced magnetic field., Its
grequency could be used to gegulateithe flow rate of the
vapor from 0 to 56 c.é. per minute, The developed head was
7.8 psi. The electric circuit of the electromagnetic pump
is shown in Eigufe 3-3. ‘

(3) Pressure Measurements
Equilibrium pressure was measured by means of

two certified Heise Bourdon Gauges. The ranges of the gauges




' Figure 3-2
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A Schematic Diagram of Equilibrium Cell and
the Cryostat '
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are 0 to 500, and O to 1000 psia with 0.5 and 1.0 psi per

division, respectively.

(4) Temperature Control System and Temperature

Measurement System

A Dewar flask having a capacity of about 20
. liters was employed as the cryostat, into which the equil-
ibrium cell was immersed. In this investigation, isopentane
and propane were used as the bath Yiquid in the cryostat.

Inside the cfyostat. a refrigeration coil. two

stirrers, two heating elements and a resistence type temper-
ature sensing element were installed. Liquid nitrogen was
used as the refrigerant which was supplied under pressure
through the refrigerant coil. The refrigerant-nitrogen,
after vaporization, was let through a five-gallon buffer
tank, a needle valve and a manometer and then was let into
the air. The evaporation rate of liquid nitrogen was con-
trolled by the needle valve and the manometer,

) The bath was heated by a pair of heating
elements which were connected to the power source through
a powerstat. One of them was used as a controlling heater

which was connected through the temperature controller,

he other was used as a constant heater, Two stirrers with
variable speed were used to stir the bath liquid.

A proportional-type Bayley temperature con-
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troller, model 250, with a resistance-type temperature sen-
sing element was used'to_control the famperature. The sen-
éing.pro‘bg detectw®d temp;tatui‘e fluctuations from the set .
temperature-range dial position. |
Equilibriﬁm temperatures were measured by means of

two protective-type thrmocouples in conjunction with a |
Leeds and Northfup K-3 potentionmeter and a Tinsley SRI
galvanometer. One of the thermocoupies was located in the
vapor phase and the other 1n the liquid phase. -

' The thermocouples were calibrated against the vapor
pressure of research grade methano(ioa). Results of the

calibration are presented in Appendix VI.

(5) Sampling Facilities

Three 3/16 ;nch-diameter iiquid sampling tubes
were extended into the equilibrium cell to three different
positions, the top, the middle and the ﬁbttom of the cell.
At different levels the liquid sample can pe taken by
different tubes, The sampling bulbs are of 10 ml. capﬁcitw;
The vapor saﬁple was trapbed in tne .vapor sampling bdbialdb
through.the sampling tubve, |

B.  EXPERIMENTAL PROCEDURES

fAt room temperature, the system was purged and
evacuated to a pressure of 0,01 mm. Hg or less, The Dewar
- flask was filled with isopentane as'fhe bath liquid. Liquid
nitrogen was pressurized by éomprosﬁed nitrogen gas through

o . L
. e oL
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the nitrogen coil. The pressufe regulator of compressed
nitrogen_gas was adjusted to 10 psig. By'adjusting the
needle valve after the buffer tank, the evaporating rate
‘of liqﬁid nitrogen was regulated. In the starting period,
the needle valve waé fully open to reduced the temperature
very rapidly. After cooling for two hours, propane gas, if
" necessary, was infroduced into the isopentane bath,

. After the bath was cooled to the reqﬁired tem~-
perature, mixtures under study were synthesized and liquefied
within the equilibrium cell., The heavier component was
first charged into the cell, Then followed by the lighter
component. As soon asAfhe desired pressure and liquid
level were reached, the electromagnetic pump was started,
The vapor was recirculated within the recirculation loop.
The recirculation loop consisted of the electromagnetric
punp, the equilibrium cell, the volume regulator, the vapor
sampling tube and the cooling coil.

Schematic diagram of the recirculation loop is
shown in Figure 3-4,

After two or more hours of operation, the circul-
ation was stopped for recording the equilibrium temperature
and pressure. When there were two liquid phases in equili-
brium with the vapor, the liquid phases were allowed to
gettle for more than one hour before any samples were

withdrawn from the equilibrium cell. The sampling system
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‘was evacuated to 0,001 mm, Hg before dollecting,each sample
from the equilibrium: system. |

The vapor sample was trapped in the vapor sampling
p buldb through the sgmpllng tube. Then the liquid samplés.:
' were withdrawn. The first portion of the liquid sample was
B totally vaporized to purge’the line and to estimate the
sqmpliné rate. The rate was regulated by two valves in
series; the one adjacent. to the hféh pressure side. was
partially opened} wﬁbreas, the other was kept tightly closed.
A total gas pressure of 20 psia was sufficient %o provide
at least three gas samples; If the system~pfeesure dropped
while sampling, the pressure of the .system could be kept
constant by adjusting the volume regulator.

The vapor and liquid samples were analyzed by a
Fisher Gas Partitioner Model 25V in conjunction with a Téxas I.I!G,"?““"‘~
mentiihcorporfed recorder ., Helium gas was used as the
' carrier gas. The column was 6% feet long by % inch 0.D.
packed withAZB—SO.mesh silica gel. The helium flow rate
through the gas partitioner was 85 ml. per minute at the
pressure of 20 psig. The column temperature was 40 c.
The chart speed of the recorder was # inch per minute. A
retention time of 6 to 8 minutes was required to separate:
the three components, nitrogen, methape and ethane. A -

‘typical analysis chromatogram is shown in Eiguré 3-5. .

- Ce MEASUREMENT ERRORS



hel
p

y 4
rA [

e

||
L 4
1 ‘s [ ] i 3 : \‘ | ~
L ﬁ — > ___.——-——._-—i_._.-..__.-. g

Figure 3-5 Chromatogram of Run . 3144

R SRR TEXAS INSTRUMENTS INCORPORATED. HOUSTON. TEXA

&3
133d -
€9



The pringipal errors in the measurement of phases
equilibria can be attributed to the inaccuracy in the tem~
perature and pressure measurements, and the errors involved
.in the analysis of the vapor and the liquid samples,

' In this investigation temperature fluctuations of
the cryostat were controllable to + 0,01 °K(109), and the
. uncertainty involved in the temperature measurement was
belilieved to be + 0.1 'K,

The uncertainly involved'in the measurenent of
pressure was + 0,1% of the. full scale of the pressure gauge.
For instance, * 0.5 psi and * 1,0 psi uncertainties were
involved for the " 0-500 psia " and the " 0-1000 psia "
gauges, respectively. '

The reproducibility of the analysis in general was

good to 0,003 mole fraction.
D. MATERIALS

Research grade gases, supplied by the Matheson of
Canada, Ltd.,, were used in this investigation without any
futher purification. Specified minimum purities of these

gases were ‘as follows:

Gases Minimum purity, mole %
Nitrogen 99.999
Methane © 99,99

Ethane 99.9
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E.

EXPERIMENTAL RESULTS

A summary of the experimental determination is °

given in the following table:

A SUMMARY OF THE EXPERIMENTAL DETERMINATION

TABLE 3-1

Systen Phases Temperature Pressure
°K psia
Nitrogen- V=L 130.1 123,5-435.5
Methane
Nitrogen- V-L 130.1 62.0-500,0
Ethane
Methane- V=L. 130.1 8.3-46.3
Ethane
Nitrogen- V-L 130.1 50,0~-422,0
Methane- .
Ethane
Nitrogen- L1-L2~V 113.6-133.1 68.2-591.0
Ethane
Nitrogen- L ~-L -V - 113,5-133.3 217.0-558,.6
Methane- 1 2 _
Ethane
Nitrogen- L -L -V 94,3-109.1 61.1-165.7
Methane-~ 2 1 _
Ethane
Nitrogen- L ~-L -V 109.,1-113.3 167.1-213.0
Methane- 1 2
Ethane and
L -L -V

2 1

No,of
points

21

30

13

55

24
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In this table Llrefers to the liquid rich in ethane; L refers
. 2

to the liquid phase rich in nitrogen; V refers to the vapor

phase.

(1) Nitrogen-Methane Systen
The pressure-composition data obtained in this

investigation for the nitrogen-methane system are compared .
with values reported in literature in Figure 3-6. Vapor-
liquid equilibrium data for this system were reported by
Bloomer and Parent(10). Graphically interpolated values
from their data at 130.1 °K were compared with those obtained
in this investigation.

(2) Nitrogen—-Ethane System

| For the binary system nitrogen-ethane, the
130.1° °K isotherm obtained in this investigation disagrees
with the data reported by Ellington et. al.(12) at 130.3 °K
but it agrees fairly with that reported by Cosway et. al.
(36) at 132.8 °K. The pressure-compositioﬁ data measured at
130.1 ;K are shown in Figure 3-7.

For this system, two liquid phases were obtained

.in equilibrium with vapor phase‘at‘temperatures~lower;»
than 133 K. The compositions of the fﬂree coexisting phases
are plotted as functions of equilibrium temperature in |
Figure 3-13. The agreement between these data and those
‘reported by Ellington et. al.(121.waé Qery good at lower

o .- .. e




temperatures. However, higher femperatures the data obtained
in this investigation disagree with that reported by Ell-
ington et. al,.(12). .
. The concentration of ethane in the bottom liquid
layer was always higher than in the top liquid layer at
the temperatures above 109.1 °K. It appears from Figure
" 3-13 that the nitrbgen—rich phase( top liquid phase) became
jdentical with the vapor at temperature somewhat higher

than 133.1 °K.

(3) Methane-Ethane System

For the binary methane-ethane system, the
pressure-composition data obtained at 130.1 °K are shown
in Figure 3-8. The present data agrees very well with the
graphically interpolated data at this temperature. These
1iterature values were reported by Bloomer et. al,(10)
for the temperatures above 155 °K and by Chang and Lu(37)
at 122.1° and 171.%4 °K.

(4) Nitrogen-Methane-Ethane System
Equilibrium vapor-liquid compositions for the
nitrogen-methane-ethane tefnary system were determined at
130.1 °K. Isothermal vapor-liquid compbsitions for the
ternary mixtures are shown in Figures 3-9 to 3-12, At this
temperature, 130.1 °K, the equilibrium compositions were

determined along the constant x /X 0 lines of liquid phase.
cl ¢
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| The compositions and pressures of the two
liquid phases in equilibrium with the vapor phase were
measured for the nitrogen-methane-ethane system at eleven
1soth§rms from 94.3° to 133.3 °K. It was observed that a
liquid phase inversion took place between the temperatures
109.% and 113.5 °K, the bottom liquid layer being nitrogen-
" rich phase at 109.1 °K and the ethane-rich phase at 113.5 °K.

The experimental equilibrium results for the
ternary mixtures are shown in Figures 3-14 to 3-24, and
presented in Appendix I.

At the conditions that three phases coexist,
it is seen in Figures 3-14 to 3-24 that the partially mis-
cible region increases with the decrease of temperature, and
from experimental equilibrium data, the system pressure
decreases with the decrease of temperature. Along the ethane-
rich‘poftion of the curve at all temperatures invéstigated,
the pressure of system decreases with the increase of methane
concentration in the liquid phase, and the concentration of
methane in ethane-rich liquid phase is always greater than
in the equilibrium nitrogen-rich liquid phase regardless of
the liquid phase inversion behavior. Equilibrium vapor
compositions are found to be extremly rich in the nitrogen

(y = 0.96) at all the temperatures investigated.
N2
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' Figure 3-6 Vapor-Liquid Equilibrium Data for the Nitrogen-

Methane System at'130.1 °K




72

| 1 1 I '
- 600L |
ool B -9
500 ¢ | &-
- :
| : :
< 400 b i
g: ] :
! :
- ] 5
e 300L  dpa. . - o-
% / N VAP, !
l ' ]
& / | - hads
0.4200_ é q)_
/ :
|
100 / -
. ] .
7 :
! 0,’ P .......__._.___._._|._._... - —f— - —-—}l
00 02 0.4 06 0.8 1.0

NITROGEN, MOLE FRACTION |

Figure 3-7 Vapor-Liquid Equilibrium Data for the Nitrogen- -
Ethane System at 130.1 °K -




60

PSIA
»
O
l

PRESSURE,
o
O

N
O

. 0.0

Figure 3-8

oo;—

Q
- §
=
1

WO O@---0-0----r-=-O===--OC

~
\-

N

o2 ©04 06 08 10
. METHANE, MOLE FRACTION

Vapor-Liquid Equilibrium Data for the Methane-
Ethane System at'130.1 °K

73



7N

,i:!-!i.i . ‘_
#1°0 = %%x/Wx pue 3, 1°0€7 3 We3sAS S
Uyl F-ouey}a-usSoas TN oy3 I07 smnmm.mm uotlTsodwo) Jetduefal 9yl - aamItd ..

. uabouyIN ‘jusdsed 9O ) |
0l 09 0¢ o  O¢ 02 Ol

: 9,9
S\ NN A WY ) S| SR A WY ) WY ) WA H™O
P lll.rlulllllllllllllll . |.| %

T 0.0 0.0 o

D_DO_J >



Omoo = NOun\.hOun pue Vwo .Hocm.n 1e Eﬁ#mhm

— L

75

SUBYIT-OUBYION~USFO} TN oY} I0F WeaZerd uoTyTsoduo) IBTSURIIL oyl Q- oansTd ,

B :o,oo._zz‘\...—cwo.-m‘n_. :m,_o.s_. .
06 08 0L 09 0S5 Ob O0f -02 Ol




L 25,1
0 = Ox/Ox pue Y, 1°0€T 3¢ We3sAS

.76

dUBYIF-oUBY}a-UdS0II TN Y] J0F Weadet(d uoyjisodwo) JeTIustay oYl - TI-€ oanStd

o T ueboay .Em&mn_,,. 3|o0N
| oL 09 0 O Of
N AT A A A




€C*z = ¢9x/10x% pue ¥, T°0€T 38 waasAg

- 77

sueyjI~-oueylol-UsSoIrIN 9y} JI0F uweaSerg uorsrsoduo) Jetduetal oYL 21-C aan9td

. usbolIN * Juadiad m_o.s_,., ._ S
o8 08 oL 09 05 Oy O 02 Ol
‘Ng—n A S| S | S| S| WA ~




78

140

Kf

1301

1201

TEMPERATURE

110

100

90

o
o

© ETHANE RICH PHASE -
o NITROGEN RICH PHASE -
& VAPOR PHASE

o0
-i>>->
1

B
|

O mmmm-O--=000--0-O--O-

o i
/ 3
‘ 1
/ | ‘!
$ ;-
/ l
A

| | i |

00

0.2 0.4 o6 0.8 1.0

NITROGEN, MOLE FRACTION

 Figure 3-13

Liquid-Liquid-Vapor Equilibrium Data for the

Nitrogen-Ethane System




M, €'H6 38 wegsfs Areurs] Jo uorFey STATOSTW TeTIIBd  #I-€ 8an3Td

79

como\;_z,j..‘,w_,..ae_ma ;m._os_
04 09 069 O Om.
A N A A 7A




80

| :@ao:_z EoSen_ 9101 . .
06 c8 04 ow 0s Oy 0¢ 02 o1
AN N A A A _ |

Ao §°70T 38 We3shy Areuiel Jo UOTHeY OTATOSTH TETATRd . §7-€ SaNFTd




Ao 1601 pm we3sAg AxBuge] JO UOTFeY 9TATOSTW TeTIdBd 9T~ eandtd

3 | uaboIN *4u9240d 9|0 | _
06 08 ©0.L 09 O0S Oy .02 02 Ol
_ —N A A NN

81




N, #°€1T 38 weysAs Lreuxsl Jo uoTSey OTqTOSTW TBIIEd LT~ oandtd

82

| g uohoajly ‘uddsed oo
omom.o\.owom.ovom

N Y . yiN 7




¥, 2°STT 38 woyshs Areursy jo uordey TQTOSTH TeTated QI-f oansTd

8.3

| | udboJIN ..Euo*_mn_ 9|0 L
06 o8 0L 09 (0] O 0¢ 0¢ ol
= iy yi % — A A . 1%




¥, €°91T 38 We3sAs Aoule] Jo UOTIOY STATOSTH TBTIIEd  61-€ oI

84

uabouyiN ‘4uedsad 2|0
0oL 0o 0g oy 0%

7AY 7A) N N N

/9: .l&.
d




B e R e

M, €°61T 38 wegsfs Axeuxs] Jo uoTSey 9TATOSTNH TeIIed 02Z~f oandtd

c,mmS.zz [ .E@o.\,_en_ o_o_z
09 0g 07 (0]




A, #°€2T e weyshs Axeuxsl Jo uotdey OTATOSTW TeTIxed 12~ aan8tJ

86

uoBosyIN ‘1u9d4dd OO | .
oL 09 (0]¢] Oy 0¢ ON Ol

A Y U AN o




87

A, 8°821 %€ weysAg Axeuxs] Jo uoTIeYy STQTOSTW TeTIIBd 22~¢ eandtg

uoBOJJIN U810 O[O
0L 09 0¢ oy . 0¢




Y. T°0€T 38 weysfs Areuzeg Jo uotdey OTqTOSTW TeT3Ied £2-f 9anItd

88

uabosyIN t.._mo.an_ 910
oL 09 0 ov 0¢
ANAY N N N

”~
-~

e

-

~~o———




89

M, €°C€T 38 wershs Areurs] Jo UoTIeY STQTOSTH TeIRIed +H2-f oandtd

udoboayIN “iue249gd O|OW
06 08 oL 09 ~ 08 Ov o¢




90

CHAPTER IV

CORRELATION OF VAPOR-LIQUID
' AND- ‘
LIQUID LIQUID VAPOR EQUILIBRIUM DATA

-

iThe experimental vapor-ligquid equilibrium data which were
" obtained in this investigation, were correlated~bj the avail-
able method as follows: | *
First, the liquid'activity coefficienﬁs were eval-
uated at constant temperature and constant pressure conditions,
Secondly, the éélculated activity coefficients were

correlated with the Redlich-Kister equation(95).
A, | EVALUATION OF ACTIVIT& COEFFICIENT

From Chapfer I, the liquid activity coefficient of
component i at a constant temperature and at a reference

pressure Pr is given by:

' yﬁ*’ fr % -
X £ (P%,T) P
i3

It is normalized as follows:

y » 1 when x » 1
i i

Values of‘ﬁ¥ and fgL together with V; were evaluated

from the modified Redlich~Kwong equation of state(82).
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The partial molal volumes, V's were evaluated from

Equation(4-1)

n
RO bi 2(%xja.j)-ab£/(v+b)
— . - ; i i
V-5 (1t 75— 0.3
v = : V(V+b)T 4-1
RT  __ a 2V+D
2 0.5 2 2
(V-b) T vV (V+Db)
By definition, ‘ |
foL - .“?Lpr a2

The quantity EPL is fugacity coefficient for the pure com-

ponent at a reference pressure PY,

B, THERMODYNAMIC CONSISTENCY TEST OF THE BINARY

ISOTHERMAL DATA

The thermodynamic consistency of the binary equili-

brium data at constant temperature and at a reference pressure

Pr may be conveniently tested by the equation(95).
x =1,0 r (PF)

1 —r—l-(ﬁr)—'dx1=0 @-3
‘2 A
x =0
1
r
v (PY)

When 1n~;}rpr)is:piotted against x, from 0.0 to 1.0, the net
2 : oL .



" area between the curve and x-axis is equal to- zero.’
If the vapor-liquid equilibrium data is measured

for a limited concentration range from x =a and x =b,
_ S 1

the experimental data can be tested for .the thermodynamic
- consistency by the following equation(X2f):

) ey,
r2b | r1( r) .rz(‘Pr)]b r (PT)

1n . -‘ ’ . dn:l
FT = e ey v o). G
8 1 T e 2
za . ’ o C . . ' N u-u

v, (¥%)

When 1ln -__TF_T_ is plotted agaihsf=i1ﬁthe net éreavbetween

v (Pr) rl(Pr)
axis from (—==—)yp to
YZ(P ) )

the curve and 1ln
Y,(PF)

v, (FF) - | v {FF)
is equal to the value of ln ————— .
. ng PT)

C. CORRELATION: OF LIQUID-LIQUID-VAPOR EQUILIBRIUM

~ In order to smooth the liquid—liquid equilibrium
data, the experimental tie lines were graphically corrélated,
interpolated, and extrapolated. _ |
| In Figure 4-1, if DE is a tle line, Line DG may

92
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.

. Figure 4-1 - Graphical Interpolation of Tie Lines .
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¢
E

be drawn parallel to CB, and EF parallel to AC. The two
constructed line intersect at H. A tie-line correlation
curve or conjugation 1line PHJ is the drawn through several . .
‘such intersections obtained from the known tie lines, From
any point on the tie-line correlation curve, two lines
drawn parallel to_AC and BC will intersect the solubility
" curve at concentrations corresponding to the equilibrium
solutions. |

Although the curvature is ordinarily small, the
curve PHJ is not straight, and it necessarily passes through
the plait point, P. The position of the plait point can be
found by extrapolation provided that tie lines very close +to
the plait point are known. |

The smoothed liquid-liquid equilibrium compositions
were correlated in terms of the distribution coefficients,

The distribution coefficient for nitrogen K' is defined by
N2

Kﬁz = xNz(BL)/xNZ(TL) f-5

in which BL refers to the bottom liquid phase and TL, the
top liquid phase, Similarly the distribution coefficients
for methane, ethane and the total hydrocarbon material(,Kél,
' ' re defined.

Kcz and KH ? a

The equilibrium composition data were correlated in




vt

R
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terms of the equilibrium ratio Kﬁz, which is defined as the

‘ratio of nitrogen concentration in the vapor phase to the

nitrogen concentration in the liquid phase,
D. . RESULTS AND DISCUSSIONS

‘In this study, the reference pressure was chosen
to be 1000 psia which is above the highest saturation pressure
encountered in this'work. The liquid activity coefficienté
of the components in the ﬁinary systems nitrogen-methane,
nitrogen-ethane and methane-ethane were evaluated by means
of Equatioq(2-46).

The fitted constants for all the binary systems,
which were obtained by the leést-squares method for the
three-constant Redlich-Kister equation, are presented in
Table 4-1., The experimental and calculated liguid activity
coefficients are compared in Figures-#-z to 4-4 and in

Tables I-IfIof Appendix II.
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TABLE 4-1

’ Summary of Thé"gorrelation Results for

!

The Binery Systems at 130.1 °K

System B c D re >
. 12 12 12 1 2

Nitrogen(1)-Methane(2) 0.7738 .-0.0015 0.,0039 2.1798 2.1732
Nitrogen(1)-Ethane(2) 2.2428 0,5935 0.1177 5.8537 19.185

_ Methane(1)-Ethane(2)  0,7868 '0.1496 0,0261 2:0002 3,98u6

1
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- Figure 4-3 Comparf$on of Experimental and Calculated Y Values

for the Nitrogen-Ethane System at 130.1 K
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The liquid activity coefficients of the components
in the ternary system nitrogen-methane-ethane at 130.1 °k
were also evaluated by means of Equation(2-46)and then
correlated by Equation(2-55) with the assumption that there
was no third component effect. The pélculated Inr values of
the components in the ternary sygtem. nitrogen-methane-ethane,
‘at 130.1 °K are compared with experimental values in Table IV
of Appendix II. The averﬁge ébsolute deviation betﬁeen the
experimental and calculated values is 0,0698.

For the systems of.ni?rogen-methane vapor-liquid

equilibria at 130.1 °K, the net area of the lnY /Y versus
1 2

X4 plot is 0.0001 units indicating that the data in consistent.
For the system of nitrogen-ethane at 130.1 °K. the

vapor-liquid equilibria from x1 = 0,0314 to x2 = 0,2853 were

tested by Equation(4-4).»The value on the left hand side was
0.1083 units and the value on the right hand side was 0.1085
units also indicating that the data in consistent.

For the system of methane-ethane at 130.1 °K, the

net area of the lnr /vy versus x plot is 0,0002 units which
: 1 2 1

may be considered thermodynamically consistent forthis binary
vapor-liquid equilibria.

The In¥ / v versus composition diagrams for the
1 2

binary systems nitrogen-methaile, nitrogen-eéthane and methane-
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ethane at 130.1 °K are shown in Figures 4~5, 4-6 and 4-7
‘respectively.

The average absolute deviations bet@een the
experimentgl Inr-values and values predicted by the modified

Redlich-Kwong equation of state are given in Table 4-2,
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TABLE 4-2

The Average Absolute Deviations Between

The Experimental and Calculated iInY¥

N

System Average Absolute Deviation
alny alny alny
1 2 3
Nitrogen(1)-Methane(2) 0,0120 0.0167
Nitrogen(l)-Ethane(2) 0.0759 00,2429
Methane(2)-Ethane(3) 0.0269 0.0442
Nitrogen(1)-Methane(2) 0.0280 0.0351 0.1464

-~Ethane(3)



Values of K' , K' and K' w 1 i '
: . v Ky an K02 ere plotted against KNZ

for liquid-liquid equilibrium data on log~-log scales over

“the temperature range from 94° to 133 °K in Figures 4-8, 4-9

and 4-10 respectively. From these plots, changes of K' , Kg
. H 1

and Ké with temperature, at constant Kﬁ values were
' 2

2
obtained. These values are plotted in Figures 4-13 to 4-18,

Since the curves of X' , Ké and Kéz at constant Ky were:
H 1 : 2

discontinuous at the temperature higher and lower than the
liquid-phase inversion temperature, each plot was separated
into two figures, one at the temperature higher than the
liquid-phase inversion temperature, the another at the
temperature low than the 1iquid-phase inversion temperature,

From these figures, it can be seen that at constant K'y ,
2

values of K' , K, and Kg tend to decrease with the decrease
H : ~

1 2 |
in temperature, at temperatures higher than the liquid-phase
inversion temperature. However, at temperatures lower than

the liquid-phase inversion temperature,values of K; and K;
2

increase with the decrease in temperature, and the values of

Kg increase with the increase in temperature at constant
2

K&z values,

In Figures 4-11 and 4-12, values of Ky @and K,C>1 were
2
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piotted as functions of pressure, As concentration of ethane
is extremely low in the vapor phase, any small variation of
the ethane concentration in vapor phase composition would

considérably affect the K, values. For this reason, no
: 2

correlation was made for Kcz.
In the separation of methane and ethane from natural
gases, it is desirable to design a separation process at low
temperatures. The necessary information for calculating ter-
nary liquid-liquid-vapor équilibrium data may be derived from

Figures 4-8 to 4-18,
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'CHAPTER V

LIQUID-LIQUID-VAPOR EQUILIBRIA

AT

THE CONDITIONS. 6F LIQUID INVERSION

A, INTRODUCTION

At a temperature of 111.4 °K and a pressure of 201,2
psia, a liquid-phase inversion occured for the nitrogen- |
methane-ethane system. At this temperature and pressure, the
recirculated vapor, which was condensed before re-entering
the cell, rose slowly along the cell in large bubbles. Then
the bottom liquid layer crept‘upwards along the walls of
the cell and eventually formed a middle phase( layer 2 in
Figure 5~1 ) which had the least surface tension as indi-
-cated by its concave meniscus, The formation of the liquid-
phase inversion ié depicted in sequence in Figure 5-1. This
phenomena appeared also with the binary system of nitrogen~
ethane, | '

At inversion temperatures, é.slight adjustment of
the fine temperature control dial of the precision controller
would produce the desired phase inversion effect. Adjustment
of the fine temperature control dial by one division made a

temperature difference of + 0.001 °K. So the change in tem-

IR N TAY S = = 1= b M
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peratﬁrevwas muéh less than the experimental error, which
_was :;O.iﬁK..Therefore:the fprmétion of liquid-phase inver-
sion, which is shown in Figure 5-1, could be considered at
the same temperature. | . |

The 1iqu1d-phase 1nvar§ion temperatures together
With equilibrium compdsitions whichwere obtained in the inves-
tigation , are showh'iﬁ Figure S-Q.

In order to understand the liquid-phase inversion
" phenomena, one must-investigate»-t@e change - of liquid den-
sities with temperafure and composition. In the literature,
Qome experimental data - of liquid densities of nitrogen
ﬁethane,-ethane aﬁd propane and their mixtures were reported.
The purpose of this study is to pfopose a method for pred-
icting liquid densities of the mixtureé of this investigation
‘and turn these available data ‘to test the validity of the

~ proposed method.

B. ' DENSITY. OF PURE NITROGEN, METHANE AND ETHANE

- A survey'of liquid densities of pure components
revealed that the decrease of nitrogen density(41) with the
_increase of temperature is faster than that for the paraffins
(41,42,110)., As shown in Figure 5-3, at temperatures below
109.1 °K the density of'nitrogen is higher than that of ethane
and at témperatures above 109.1A5K-, the reverse is true,

From Figure 5-3, the density-curve of ‘pure--liquid

ERIRNIRRS B Bt
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ethane crases that of nitrogen at 109.1 °K. This implies
that the density of liquid nitrogen is identical to the
densitysfethane at 109;1 °K. Further investigation of exper-
imental equilibrium data for the binary system of nitrogen-
ethane was conducted at temperatures lower than 113 °K. The
reversal of the liquid phases for this system also took place
in the vicinity of 109.1 °K. The bottom phase changed from
the ethane-rich liquid to thé nitrogen-rich liquid, It was
of interest to note that the liquid-phase inversion for the
nitrogen-ethane binary system took place at the temperature
at which both pure nitrogen and ethane had the same liquid
density. |
However, one liquid phase only was observed in this.

investigation for the nitrogen-methane systen,

C. PREDICTION OF LIQUID DENSITY BY THE REDLICH-KWONG
EQUATION OF STATE

The propose of this section is to formulate a
method to predict liquid densities by the modified Redlich-
Kwong equation of state(80).

(1) The Original'Redlich-Kwong Equation of State
The orignal Redlich-Kwong equation of state(63)

is of the following form:

Z =

1 A h__ ' - 5-1
T-h 52 (T )

2 S e e

e LINEVE NN T 0
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h = BP/Z » 5=2

2 2.5 2.5 2 2.5
A =l /PT = a/R T 5=3
ac c. .
B =R7T /P T = b/RT 5y
bec ¢ .
L= 0,4278 ' - 5=5
A .
= 0.0867 , 5-6
PV '

where 2 is RT ° compressibility factor; a and b are
. parameters.

The values of #, andsh were obtained originally by
setting the first and second partial derivatives of pressure

with respect to volume equal to zero at the critical point.

2
QP J
Namely. ( >V )T = 0 and ( ‘Qpa )T = 0, In this inves-
\'4 c

tigation, following up the approach of Chang and Lu(83), &3,
and are treated as temperature-dependent, below its

eritical temperature, from the pressure~-volume-temperature

of the pure liquid. The procedure 1o calculatedig andJlb

is presented in section 3.

(2) Pressure-Volume-Temperature Data of Saturated

" Liquid

[EEA RV A 0 . e VI B SRSV E e
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The P-V-T data of the saturated liquid are
available in the literature for pure nitrogen, methane,
ethane and propane.

Most of these P-V-T data are presented in the
book by Din(41,110).

In this study, the.sources of pure component
P-T and V-T.data were taken from the National Bureau of
Standard(NBS) of America, Washington D.C.(108.111), Din
(41,110) ,Kloskey(4#2) and Roche(43). The sources are listed
in Table 5-1. The critical constants are listed in Table
5-2,

(7378 Fa s Sl iy




The Sources of Pressure-Volume-Temperature

Component

TABLE 5-1

Nitrogen

Methane

Ethane

Propane

Temp. Range ( °K)

63.15-122.55
88.56-133.1

88. 56-133.1

89 ° 88"3050 5
88,56-133.1

88.56-133.0

Data at Saturated Condition

Properties

P-V-T
-V

T=-V
P-T
T=-V

P=-T=-V
T=-V

P-V-T
T-V

127

Sources

111
42

43
108
42

41
42

110
42
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TABLE 5-2

The Critical Constants of Pure Component

Component V P T A Ref,
cc./gsmole psga % ¢

Nitrogen 90,094 _ 492.45 126,20 0.226 41

Methane 99.258  667.8 190.56 0,288 112

Ethane 147.95 207.8 °  305.44 0,285 112

112

Propane 203.51 616.3 369.83 0.281

128
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(3) Procedure to Evaluate (O and j%(85)
o a

The method developed by Chang and Lu(85) for

evaluation of temperature-~dependent parameters, sSL and i
a b

of the Redlich-Kwong equation of state in the subcritical

region is presented as follows:

At equilibriunm,

L )2
=W : 5-7

The fugacity coefficient ® for a pure component is evaluated
from the Redlich-Kwong eguation of state by means of the
following equations

L L L L 2 | L
in 8= 2 =1=-1nZ =-ln(1~h )=(A /B)ln(1i+h ) 5=-8
similarly

v Vv \'s v 2 \'
in &= 2 -1=1nZz =-1n(l-h )=(A /B)In(l+h ) 5=9

It may be readily shown that substituting Equations(s-S),
(5-9), (5-1) and (5-2) into Equation(5-7) gives:

LV L L
inZ & +1=-Z +ln(i-h )+

L L L
h (1-h )

These equations were employed in the evaluation of A and,nb.
a

The calculation procedure can be briefly outlined as follows:
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(1)

(2)

L
For a given value of 2 , and an assumed value

N L :
of ® , the value of h can be obtained from

Equation(5-10).
Calculate B by means of Equation(5-2) and A

" by means of Equation(5-1).

(3)

(&)

(5)

change of hL

Substitute A and B values obtained from step
2 into Equations(5-1) and (5-2) and solve

) v

simultanéously for Z' and h'.

\'2
Calculate W from Equation(5-9).

Obtain new hL value from Equation(5-10) and
compare it with that obtained in step 1. If
they differ by more than a small tolerance,

\'
repeat the steps 1-5 using the new value of W

obtained from step 4.
An iteration loop is thus bduilt up until the

value is less than the specified tolerance.

The final set of A and B values are used to obtain.ﬂaand-ﬁb

values from Equations(5-3) and (5-4), respectively. The

tolerance used in this investigation is 0.00001.

The temperature-dependent parameters fi, and J\b

were evaluated for the pure components nitrogen. methane,

ethane and propane. The calculated results are presented

graphically in Figures 5-5 to 5-12 and the numerical values

130
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:az;g listed in Table I of Appendix III.
' Tﬁe schenatic diagra.m for evaluating fNg and Ny
ey L ‘ ‘
by equalizing-® and 6 is shown in Figure 5-4, The curve
represents the modified 'Redlich-Kwong equation of state(85)

with temperature parametersig and Ny , so as to give equal

areas enclosed by the curve on both sides of the horizontal
vapor pr'essure; line, Equ'ality, %pat the fugacity coefficients

of vapor‘and liquid for p\ire ‘component are equal.

~

4
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(4) Corrleation of k, ,From Available Experimental

Data
When the modified Redlich-Kwong equation of !
state is applied to mixtures, the following mixing rules

are used(83.113)s

a = Z 2 2Za 5-11
ij 13j1ij '
A %
a % (a a )
ij ii 33
v =£2b 5-12
i 1i1i

where Z; represents the mole fraction of component i either

in the vapor or in the liquid phase. The quantities a  and-

ij
bi are defined by:
' 2 2.5 ,
a =l RT /P 5=13
ij aij cij cij
b =lRT /P 5-14
i b cii cii
in which '
) 0.5 _
T = (T T ) (1L =k ) 5-15
cij ci ¢ ij
'p =2 RT /V 5-16
cl) cij cij] ci]
1/3 1/3 .
v o= ( 0.5V w3 5-17
cij . el ¢
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wstw

2 = 0.291-0.08 (—i—d_) 2-18
cij ) 2 ,

= 0.5 (M +U ) 5-19
aij Caii ajj

ij i3

‘The quantity k in Equation(5-15) is the binary interaction
i3

constant. The values of k were obtained from experimental

ij
vapor-liquid equilibrium data for the systems of interest.

Prausnitz and Gunn(57) calculaﬁed the k¥ from
12

the second virial coefficlients B data. Chueh and Prausnitz

ij
(113) calculated k for 115 binary systems.,
12

The coefficient, k1 , was reported as being a
2

constant characteristic(113,114,115) for each binary system.
Tt was assumed to be independent of the temperature, density

and composition..However,-different values of k12 were reported

by the.Prausnitz and his associates(113,116,117,118) as shown

in the following Tables

e m s m vmmm SwmEmAn A
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TABLE 5-

Values of Intefaction Constant

Systenm | k12 Sources
Nitrogen-Methane - 0,03 113
0.24 . 116
'~ Methane-Ethane 0.01 113
-0,001 116
Methane-Propane 0.02 113
-0.0018 116
Helium-Methane 0.46 113
0.40 117

. \
Helium=Ethane - ) 0.05+0,01 113 .

0.40 118
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T

From Table 5=3, it is obvious that k value
. | . _ 12

may not be a constant.

" In this study, the presented k values were
12

considered to be temperature-dependent only. Values of k
: 12

were obtdined from the minimum sum of squares of the
deviations of y or P. The deviation is defined as the
difference between the experimental value and the calculated
value.

The values of k are presented graphically in
: 12 ,

Figures 5-13 to 5-15 for the binary sysiems methane~-ethane,
methane-propané, ethane~-propane, nitrogen-methane, nitrogen-

ethane and nitrogen-propane.
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(3) Calculation of Liquid Density by the Modified
Redlich-Kwong Equation of State(83)

Liquid densities were calculated by means of
thé.modified Redlich-Kwong equation of state(83). The
calculation procedure may be dbriefly given aé follows:

(1) Substitute the values of N, L and k invo

_ : a b 12
Equations(5-11) to (5-20) for the given
temperature and composition.

(2) The molal volume can be obtained from
Equation(5-1), which is a cubic equation
in molal volume. As there are three roots
of V, the smallest real root was considered
as the molal volume of the liguid mixture.

(3) Calculate M, the mean molecular weight, of

the liquid mixture from the following

equation,
M =:x M . 5-21
iii o

where Mi refers to the molecular weight of ;
pure component. . : |
(4) Obtain the liquid density,p , of mixture
" from Equation(S-ZZ)

P = Wwf * ' 5-22
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A flow diagram of the computation is given in Figure

5=15. The computer program is given in Appendix VII.

In order to estabilish the reliability of the cal-
culations, calculation results for five binary systems and -

two ternary systems were compared with the literature values:

Methane-Ethane System

Two sets of data of this system(42,4l4) were tested.
he tested result lune VB = -2 - & £x. Vo
The tested res 8, excess volume 75E’ Vm -~ 1xivi’

are presented in Figures 5-17 and 5-18, and numerical values
of liquid density are reported in Table II in Appendix III.
The ca;culated liquid densities agree very well with the
experimental results(42,44). The average absolute deviation
and the maximum absolute deviation in the calculated liquid
density are 0,001 g/cc. and 0,302 g/ccC., respectivel&. The

average percentage deviation is 0.07%!

Nitrogen-Methane System

Liquid density data for this binary system were reported
by Bloomer and Parent(lo). Four experimental data points have
been tested by Harmens(59) for this system. The same experi-
mental data points were also used . The calculated results
are compared with the experimental data in Table III of

Appendix III. The average absolute deviation in the calculated

e SR REN FYA
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”” INPUT | ,
patA | | . L

” KIj’:o

(CALL * SUPT)

CoWTROL CARD = X
/\L Al

o e f=m %P | , ;
L«a ST ITERATIOV A -
~ ' - |
READ '
T AVD P |
; RS 1;)\

CALL SUPT)

T 1

P=i9Phia
$oR \ST ITERATION
READ - ‘

| AL XS (

AT T RIRIE  MRIT RO STARIARNR

C CALL VoLUME)
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M= IMLAL

P=H/V

|

PRINT RESULTS
P x‘ ) P

our PpPur ‘ x |

~

Figure 5-16 - A Flow Diagram of Computer Program for
Calculation of Liquid Density '
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liquid density is 0.006 g/cc. and the average percentage

deviation is 0.6%.

Ethane-Propane System

The liquid density data of ethane-propane was
measured by Shana'a(44) at 108.1 °K. In Figure 5-19 and
‘Pable IV of Appendix III, the experimental‘and calculated
results are presented. The average absolute deviation and
maximum absolute deviation are 0.003 g/cc. and 0,005 g./cc.,

respectively. The average percentage deviation is O.W%,

Nitrogen-Ethane System

The five experimental measurements reported by
Eakin(11) were chosen to test this method. The results are
shown in Table V of Appendix III. Eakin et. al.(11) stated
that the liquid density déta were calculated from the phase

equil ibrium data by means of the B-W=R equation of state,

which were measured by a Dew point and Bubble point apparatus.

Therefore thé maximum absolute deviation is 0.043 g/cc. The
average absolute deviation is 0,016 g/cc.'and the average

percentage deviation is 3¢ 3%.

Methane-Propane System

Isothermal data for this system was also measured
by Shana'a(44) at 108.1 °K. The comparison -of experimental

and calculated results is given in Figure 5~20 and Table VI

NTTAWME " ORUTARG: CRMAGA:
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" of Appendix III. It can be seen that very good agreement is
obtained. The awerage absolute deviation is 0,001 g/ee. The
average percentage deviation is 0,22%.

Methane-Ethene-Propane System

. Two sets of experimental data for this system were
reported in the literature(42,44). The calculated liquid.
' density was agreed reasonably well'with both experimental
.resulte. The average absolute deviation is less than 0,001
g/cc.. The tested results are ehown in Figure 5-2} and
Table VII of Appendix III. '

Nitrogen-Methane-Ethane System

In the literature, there was only one setiof data
for this system reported by Bloomer and Parent(10). The
calculation results are listed in Table VIII of Appendix III.
The average absolute devzation obtainedbetween the experimental
end calculated values is O. 003g/cc.. The maximum absolute deviation
is 0,006 g/cc.. The average percentage deviation is 0,.7%.

' In summary, the proposed method was successfully applied
%o the predictioh of 1liquid density for seven systems contain-
ing nitrogen, methane, ethane and propene. The average '

deviation in the calculateéd iiQuid;deneitiee is only 0.55%.
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D. APPLICATION OF THE PROPOSED METHOD FOR CALCULATING
LIQUID DENSITIES TO THE NITROGEN-METHANE-ETHANE
SYSTEM AT LIQUID-PHASE INVERSION CONDITIONS

The densities of the mixtures of nitrogen, methane
and ethane at the condition of liquid-phase inversion were
calculated.by the proposed method.

‘ The densifies, calculated from the results obtained
in this investigation, were compared for both the liquid
phases. The calculation results for four isothermals were
tabulated in Table IX of Appendix III. A summary is given

as follows:

Temp.( °K) Pressure(psia) Dev.(g/c<c.) No. of
— s Points
111.4 . 200.8 0,012 | 4
111.5 ' 201 .4 0.009 4
113.1 © 208.5 0.012 %
.113.3 | 213.0 0.005 4

The average absolute deviation of ‘the liquid density
between the two liquid phases at inversion condition is 0.009

g/cc.. The average percentage deviation is 1.2%.
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CHAPTER VI -
PREDICTION OF LIQUID-LIQUID-VAPOR
EQUILIBRIUM DATA AT LOW TEMPERATURES

A. ' INTRODUCTION

Accurate liquid-liquid-vapor equilibrium data are
"required for the design of separation processes The experim-
ental determinaxion of the 1iquid-liquid-vapor equilibria
over a range of conditions is’ expensive and time consuming.

In the chemical industry, it is nost desirgble, if \
liquid=-liquid-vapor equilibrium data'could'be predicted
without experimental determinations. .

Recently, Renon and Prausnitz(98,101) employed their |
~ NRTL equation to predict ternary liquid-liquid equilibrium
data for the temperature range frog 245° to 360 °K.

The calcuiatioh of equilibrium data was performed

.with the NRTL equation by assigning a valub¢iz for each'binary

system in‘accordance with'their fules. The. two remaining
parameters, (512'522) and (321-g11) were evaluated from

~ experimental binary phase equilibrium data by means of the

" NRTL equation. '
| However; the calculated and experimental ternary

‘liquid-liquid equilibrium data can3nqt'match each other,
'except'byfadjnstig,tha"for the partially hiscible binary
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system.

For this reason, there is a need to develop a new

method to predict liquid-liquid-vapor equilibrium data.

B, PREDICTION OF LIQUID-LIQUID-VAPOR EQUILIBRIUM DATA

The purpose of this investigation is to propose a
'simple, direct and reliaﬁle method for predicting liquid-
liquid=-vapor equilibrium data from the conditions of equil-
ibrium and an equation of state without involving the
calculation or correlation of acti#ity coefficients.,

The conditions for a systeﬁ having two liquid phases

in equilibrium with a vapor phase require that

A L AV _
£ - F‘? 2 £ 6-1
i i i
since:
=Q=xp 6-2
i. ii .
The fugacity coefficient of component i in the mixture

.1§ , 1is rigofously related to the volumetric properties of
i

the mixture(82,119) through the following equation:

452—)dv - 1ln 2

A
in W, (( )T Vonj "V

b 8

6-3

where ni.represents the number of moles of bomponent i, Vv

-



| designated by P. -and the absolute temperature by T. The
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" is the total volume of the mixture, and 2 is thé compres-

siblility factor of the mixture. The total pressure is

subscript nj signifies that all mole numbers with the

exception of n; must be held constant.

The quantity ﬁi could be evaluated from modified Red-

lich-Kwong equation of. state(82). in this investigation

because of its simplicity.and'validity of representing the

' P=V=T properties of normal fluids.

Upon substituting Equations(S-l). (5-11) to (5-20)

. and the mixing rules into Equation(6-3), the fugacity coe-

fficients of component 1 ip a muiticomponent mixture may be
expressed by the following Equation(6=l):

A o B .
n §; = (2 - 1) 5— -.1n(2)(1 = h) -

A% 257A,, - B |
( g Y -’fzij.i._-__la;_)ln(1_+h) 64

The compressibility factor 2 is one of three roots of Equation
(5-1) rearranged in the following formi:

: : 2
2
£(z) = 2° - 2 * 32 -1 - 3P )z
I '
A () o 63

. The smallest root is taken as the compressibili+y factor of

the saxurated 11quid. and the largest root is taken as that °F

PUW W1

AT B A LB gD I EAD IR AP
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the saturated vabor.

For liquid-liquid-vapor equilibria of a three compon-
ent system, the variables of interest are the system temper-
ature, tbtal pressure, two ;iquid-phase mole fractions in
each of the liguid phases, and two vapor-phase mole fractions.
Therefore, there are eight variables in total.

According to the phase rule, when a. ternary system
which contains two separate liquid phases reachsequilibrium
with a. vapor phase, the number of degrees of freedom is %wo.

By selecting the sysfem temperature and mole fraction
of nitrogen-in one of 1i§uid phases as the known variables,
it should be possible to calculate the remaining six |
unknowns with the aid of Equation(6-1). These six simultaneous
equations may be solved by a tria;-and-error procedure.

From the gi;en T and xfl or leZ. the ligquid-phase

compositions are calculatedby:
BuMxs’t = 85202 6=6

Arbitrary values of P, xz?l, xiLz and x2L2 are assumed for

the first iteration.

In order to solve these simultaneous cubic equations,
the modified Regula-falsi method was ‘employed. The modified
Regula-falsi method is presented in Appendix V.

After evaluating the liquid-liquid equilibrium data

using Equation(6-6) at an assumed total pressure, the vapor

N = W XVVE B WL F IV 2 B F F Y F-Fas
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N

phase may be calculated by:
_ 11 \' 1q

For the first iteration.'ﬁgv.may be assumed to be equal to

unity. Values of y; are evaluated by means of Equation(6-7).
psing these yj3 values, new'ﬁiv values are evaluated by means

8f Equation(6-4). The jteration procedure is repeated until
yi values are no longer changed. Then the summation of yj;
is tested. If zyi>1 the assumed total pressure would increase,
zyicl the assumed total pressure would decrease, since the
~ total pressure has‘large effect on the vapor-phase compos-
itions than the‘liquid-phase compositions.

Then the liquid-liquid-vapor equilibrium compositions
were calculated_with the newly assumed total pressure, until
Equations(é-l)_and the condition the £y; = 1 are satisfied.

A flow diagram of computation is shown in Figure 6-1.

c. CALCULATION RESULTS

The applicability of the proposed method was tested.
The systems were nitrogen-ethane, nitrogen-methane-ethane

and n-octane-octene-1-nitroethane.

(1) Nitrogen-Ethane System
" The liquid-liquid-vapor equilibria for the binary

system nitrogen-ethane were predicted by the proposed method

mtarm eI IS  EPEBIDLVD i
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from 94.3° to 133;3 °K for thirteen isotherms and the pressure
up to 591 psia. The predicted values are compared satisfact-
orily with the experimental results obatined in this study.

The results are shown in $able T of Appendix IV and Figure

6-2. The average deviation of bottom liquid phase was 0,0002
mole fraction, the top liquid phase was 0.0004, and the pressure
was 1.0 psia. The comparison of the calculated and experimental

equilibrium data are shown jin Table II of Appendix 1IV.

(2) Nitrogen-Methane-Ethane System

- Liquid-liquid=-vapor equailibrium data wefe obtained
for nitrogen-methaneéethane system at eleven isothermé from
ok, 3 to 133.3 °K in this labortory.

The Qalculated i " presults were compared

with the experimental equilibrium data. The agreement is
very good. The comparison of the calculated and experimental
equili brium data in Figures 6-3 %o 6-13, The calculated
equilibrium data are shown in Table 11l of Appendix II1I. In
Table v of Appendix II1I, the absolute deviation and absolute
averagé deviation are shown. The average deviation of the
bottom liquid phase and the top liquid phase is 0.0005 mole
fraction and the pressure is 1.8 psia,

A summary of the comparison is given as follows:

Bottom Liquid Phase Top liquid Phsae
Pressure ax ‘ X ax
psia ci SX oz el c2
1.8 0.0003 0,0006 0.0003 0.,0006

AT S NS B ST RO AN E R AR S
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(3) Liquid4Liquid‘Equilibrium Data for the N-octane-
" Octene-1-Nitroethane System‘at 273.1 K

Liquid-liquid‘equihibria for the ternary systen
n-octane-~-octene-l1-nitroethane at 273.1 °K were also predicted
by the proposed method. The predicted values aré compared .
with the experimental values which were reported by Hwa et.
'al.(120), and with the calculated results obtained by means
of the NRTL equation in Figure 6-14, in which the success of
the proposed method is indicated. The average deviation of
the bottom liquid phase was 0.012 and the top liquid phase
was 0,006 mole fraction. '

Values of the binary interaction parameter, Kio»

and the pure component parameters !g andnb, employed in

this investigation are listed in Table 6=-1 and 6-2, respec-

tively.

e
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TABLE_ 6-1

Binary Interaction Parameters ki,

System

Nitrogen Methane

Methane Ethane

Temperature

Kk

9.3
101.5
109.1
113. 4
115.2
116.3
119;3
123. 4
128.8
130.1
133.3

9k4.3
101.5
109.1
113.4
- 115.2
116.3
119.3

12

0.0415
0.0415
0.0414
0.0414
0.0414
0. 041k
0.0413
0.0415
0.0415
0.0415
0.0415

0.0110
0.,0110
0.0110
0.0100
0.0100
0.0100
0.0100
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TABLE 6"1 ( continueo e )
Temperature klz

°K
123.4 0.0100
128.8 0.0100
130.1 0.0100
133.3 0.0100
94,3 0.0410
101.5 - 0.,0410
109.1 0.0410
113.4 0.0400
115.2 0.0400
116.3 0.0400
119.3 -0,0385
123.4 0.0380
128.8 0.0350
130.1 0.0350
133.3 - 0,0350
273.1 0.0000
273.1 0.,0215
273.1 0.0190

System
1 2
Methane Ethane
Nitrogen Ethane
N~-octane Octenefl
N-octane Nitroethane
Octene=-1 Nitroethane
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Component

Nitrogen

Methane

TABLE 6-2
Values of { and N
a b

7K 10N

94,3 0.41683
101.5 0.41972 |
109.1 0.41505
113.4 - 0.41182
115.2 0.41124
116.3 0.41058
1119.3 0.40561
123.4 0.40561
128.8 0.45525
130.1 0.45088
133.3 0.45632

9%.3 0.38969
101.5 0.39778 .
109.1 0.40356
113.4 0.40559
115.2 . 0.40533
116.3 0.40668
119.3 0.40767
123.4 0.40872

0,08498
0.08409
0.08252
0.08173
0.08102
0.08089
0.08032
0.07997
0.08675
0.08687

0.08755

0.08674
0.,08660
0.08660

. 0,08672

0,08633
0.08630
0.08618
0.08596
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Component

TABLE 6-2 ( continue.... )

T X

g

Methane

Ethane

N=octane
Octene=-1

Nitroethane(121)

128.8
130.1
133.3

k.3
101.5
109.1

1134
115.2

116.3
119.3

123.4

128.8

130.1

133.3

273.1

273.1

273.1

0.41015
0.41032
0.41189

0.35979
0.36691

0.38348 -

0.38662
0.39042

'0.39058
0.39407

0.39515
0.40030
0.40130
0.40325

0.45359

0.48210

0.38312

N
b

0.08562
0.08353
0.08557

0.08203
0.08226
0.08321

0.08345
0.08349
0.08369
0.08879

0.08393
0.08413
0.08412

0.07386
0.07419

0.,06471

171

i oo
e g AR s

7o

p.com AT SRR TR,

e e D

o o VR ORTFARIA--EIMAS



Figure 6-2
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CHAPTER VII.

SUMMARY_AND CONCLUSIONS

A. EXPERIMENTAL WORK

A forced—recirculation apparatus was modified

‘and built for obfaining the phase equilibrium data at 1ow
témperatures and high ﬁressu:es... A

~ The exietence‘of.{ho“liquid,phaSes - between nitrogen
and low-molecular weightiperaffins,at low temperatures is
of interest, because this eysfem consists of the three major
components of natural gasee and eeparation of nitrogen from
natural gases rioh in nitrogen may be facilitated oy teking
advantage of the compositioo difference of the two liquid
vphaéee. The 1iquid—phase inversion phenomenonis found for the -
nitrogen-ethane and nitrogen-ﬁethane-ethane systems in the
temperature range from 109° to 113 °K.

Equilibrium data for two liquid phases were obtained
at eight isotherms above the liquid phase inversion temper-
ature and at three isotherms below the phase inversion ‘
temperature over the temperature range of 93° to 133 °K.
| ‘14 is seen.from Chapter II, the forced-recirculation
apparatus is suitable for.ootaininé phese'eqﬁilibrium data
at  low temperatures and high pressures, |

The experimental results obtained in thie investigation

' were compared with the values reported in literature(10,12,
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37, 38). The agreement is very good.

'The experimental resulte for the binary systems obtained
in this investigaxion satisfy.the area~-test for thermodynamic '
consistency. '

" In all the cases investigated, the nitrogen cencentra'
tion in the' vapor phase was more than 96 mole percent. . =

At the condition that three—phaee coexist, the
partially miecible region 1ncreasee with the decrease of
.temperaxure: end the coneentration of methane in the ethane-
rich phase is always greater than that in the. equxlibrium
" nitrogen-rich liquid phase regardless of the liquid-phase

inversion behavior.

B.  CORRELATION OF VAPOR-LIQUID AND LIQUID-LIQUID-VAPOR
' EQUILIBRIUM DATA ’

The constant-pressure and censtant-temperature liquid"
activity coefficients were evaluated from the experimental
data of the systems containing nitrogen, methane and ethane
" by means of Equation(2-46). ' | o

In the calculations, the modified Redlich-Kwong
~equation of state was employed to evaluate the necessary
' thermodynamic functions o, fi ©  and Vi. The reference
pressure was taken as 100q psia. '

The Y values were then'corre;ated by means of the

 Redlich-Kister equation for both the binary and ternary
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systems. The calcﬁlated activity coefficients deviate from
the experimental values within 2% for the binary systems
and within 3% for the ternary systenm. |

It was found in this investigation that a small
difference in vapor-phase composition wouldAgive a large
difference in activity coefficient for the less volatile
'component, because the vapor phase was extremely rich in
the volatile component nitrogen. For instance, a change of
ethane composition from 0.0036 to 0.0038 mole fraction
would cause a change of r value for ethane from 0.2873 to
1.1101.for the nitrogen-ethane binary system at 130.1 °K
and 500 psia. Therefore, the activity coefficient for the
less volatile component would show a large scattering
although the absolute deviation in vapor composition is
not very . _ significant.

Pernary liquid-liquid-vapor equilibrium data were
correlated in terms of the distribution coefficients. For

the liquid-liquid-vapor equilibria, the K'N2 values decrease
with the increase of temperature. At constant Kﬁ e K3 , Or

K* the lower the temperature, the lower K&z values(ie. the
c2 .

lower the concentration of nitrogen in the ethane-rich liquid
phase) at temperatures higher than the liquid-phase inversion

temperature. However at temperatures lower than the liquid-

phase inversion temperature, the lower the temperature, the
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‘higher the K.~ values.
- N2 E

c. '1IQUID- DENSITY AND LIQUID-PHASE INVERSION .~ -

In order toxunderstand’how jhe liquid-phase-inyer-'
8lion phenonenonf The_valueefof liquid are requined. B
1 | .- The available methods were
not adequate to calculate liquid densitles for this system., -
Therefore, the new calculation metnod was proposed. The |
liquid densities were-calculated by means of the modified
Redlich-Kwong equation of etate'with temperature-dependent

parameters k12.fi and -ﬂg. The proposed method has been

successfully applied to the systiems containing nitrogen,
methane, ethane and propane. '

The overall average absolute deviation is less than
0.003g/CCe s The'average absolute deviation of the liquid
density between the two liquid phases at inversion condition
is less than 0.01g/cc..

b. PREDICTION OF LIQUID-LIQUID-VAPOR EQUILIBRIUM DATA

The Renon's method of »vidicting liquid-liquid
equillbria has the following disadvantages:s

(1) The parameters(o{12 g12 gzzand g21 ) for the

binary systems were evaluated from the experlmental
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binary vapor-liquid and limited points of ternary
liquid~liquid equilibrium data. Then using these
binary parameters, the ternary binodal curves of
calculated and experimental at the same temperature
may be calculated from the NRTL equation(122).
(2) Joy and Kyle(123) pointed out that an error of

10,05 in the estimated activity coefficients from
the.NRTL equation would produce a completelp
different binodal curve. Thereiore the average
absolute deviation in mole fraction was 0,019(101).

For these reasons, the proposed method was devel-
oped. In the prediction procedure, the modified Redlich-
Kwong equation of state was again empioyed for evaluation °f

ﬁi. ‘ The modified Regula-Falsi method in conjunction -
with the mohified Rediich-Kwong equation can successfully
predict . the liquid=-liquid~-vapor compositions and total

pressure at the given temperature. It has-been shown that

the method is applicable to the systems nitrogen-ethane, |

" nitrogen-methane-ethane and n-octane~octene-l-nitroethane.
It was also shoun,that'the knowledge of thermodynamic

'.properties of pure component and binary vapor-liquid equili-

brium date was adequate to predict the liquid-liquid-vapor

equilibrium data. .

Perhaps the modified Redlidh’xwong equation of

state works better at low temperatures, therefore the
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calculated vapor compos;t;ons disagree with the experimental
vapor compositions at temperatures above the critical tem-
perature of nitrogen.

The proposed method uses simple algebraic equation
does not involve derivaxives of any functions. It produces
fast results in relatlvely few iterations. It is general

‘and suitable for solving szmultaneous high-oxrder equatlons.
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APPENDIX I

EXPERIMENTAL EQUILIBRIUM DATA
OF THE SYSTEMS CONTAINING
NITROGEN, METHANE AND ETHANE



TABLE

1

EXPERIMENTAL VAPOR-LIQUID EQUILIBRIUM DATA FOR

THE SYSTEM NITROGEN(1)-METHANE(2) AT 130.1°K

P X X Y Y

PSIA i 2 1 2

12365 001023 00 8977 05437 004563
14900 0.1527 0.8473 0.6318 0.3682
18360 002356 0o TE44 0. 7167 002833
25440 0.3821 006179 007905 002095
291,0 00,5032 0049€8 0o 8311 0o 1689
33605 0.6329 003671 008623 001377
39040 0.7853 0.2147 0.9063 0.0937
43565 008433 001567 00 9234 000766
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TABLE

11

EXPERINENTAL VAPQR-LIGQUID EQUILIBRIUM CATA FOR

THE SYSTEM NITROGEN( 1)-ETHANE( 2) AT 130.

1 °K

X Y v
PSTA ) 2 1 2
hdlel _ 2 L _2
§240 0.0314 6.9686 8.9960 0.0040
170.0 0.0545 0.5055 09577 0.0023
202.0 0.1142 0.8858 0.9983 0.0017
303.0 621720 68280 0. 9582 00018
400. O 0.2327 0.7673 0.9981 0.0019
50040 0.2853 0.7147 0.9964 0.0036
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TABLE

III

EXPERINMENTAL VAPOR-LIQUID EQUIL IBRIUM DATA FOR

THE SYSTEM METHANE (1)-ETHANE(2) AT 130.1 K

p X X Y Y

PSIA 1 2 1 z

4643 0. 6362 | 0.1638 0.998% 0.0016
4665 0.8386 0.1614 0.9584 0.0016
38e4 0. €666 Ce 3334 0.9672 0.0028
36,2 0.6679 0.3321 0.9571 0.0029
38.1 0.6064 0.3936 0. 9969 0. 0031
3842 0.6069 0.3931 0.9569 0.0031
32.4 0.4778 0.5222 0. 9560 0. 0040
27. 1 Ce 3646 0.6354 0,9945 0.0055
2262 0.2985 0.7015 0.9935 C. 0065
2202 0. 3016 0. 6984 0. 9534 0.0065
20.1 0.2514 0.7486 0.9922 0.0078

202

v A s ARWA Ry NPAS AL RABAWSP LD Vs Aoy




TABLé

I1I

(CONTINUEeosoe)

EXPERINMENTAL VAPOR-LIQUID EQUILIBRIUM DATA FCR

THE SYSTEM METHANE {1)-ETHANE(2) AT 130.1°%

P X X Y Y
PSIA 1 2 1 2
171 0. 2134 0.7866 0.9906 0.0094
16.0 0.1888 08112 0.9894 0.0106
l4e2 0. 1813 0.8187 C. 9890 040110
14.1 0.1769 0.8231 T0.9889 C.0111
11.3 0.1114 0.8886 0. 9824 0. 0176
Se 8 €.1070 0.8930 0.9817 0.0183
8.8 0.0996 0.9004 0.9806 C. 0194
807 0. 0535 0..9065 0. 9796 0.0204
Bes 0.0915 0.9085 0.9786 0.0214
8.3 0.0882 0.9118 0.9781 0. 0219
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CORRELATION OF VAPOR-LIQUID AND
LIQUID~-LIQUID-VAPOR EQUILIBRIUM DATA
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APPENDIX III

THE St VALUES AND THE OBSERVED
AND CALCULATED LIQUID DENSITIES
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COMPARISON OF THE EXPERIMENTAL AND THE CALCULATED

TABLE

I1

LIQUID DENSITIES FOR MIXTURES OF METHANE(I)-PROPANE(Z)

. DENSITY, G/C.Ce
Ty K X . EXP CAL DEV
108 .1 0.2575 0.666 0.668 -0, 002
10861 0. 4068 Qe 636 0637 -0.001
108.1 05504 0600 0.601 -0.,001
108.1 0.65924 0557 0.559 -0.002
108.1 O. 8484 Qe 499 0.500 -0.001
AVEe 0,001
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COMPARISON OF THE EXPERIMENTAL AND THE CALCULATED

TABLE

111

LIQUID DENSITIES FOR MIXTURES OF NITROGEN(1)—-ETHANE (2)

DENSITY, G/CoCe

Ty °K X EXP CAL DEV
__—_géf:‘—_————————ﬁ

117.0 0. 1501 0. 641 0.663  —0.002

101.8  0.1501 04661 0.663  —0,002

123.2 043169 0.660 0e661  =0.001

1065 0. 9802 0.583 0.614  -J.031

132.6  0.9490 0.411 0e454  =-0.043

AVEs 0.015
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TABLE Iv

COMPARISON OF THE EXPERIMENTAL AND THE CALCULATED

LIQUID DENSITIES FCR MIXTURES OF ET HANE( 1)-PROPANE( 2)

DENSTITYy, G/CeCe

Ty K X T EXP CAL DEV
— el e =

108. 1 0. 2619 0.695 0595 0 .000

108 o1 0.,4120 0.687 0.685 0.002

108.1 D. 7036 Qe 665 0.660 0.005

108.1 0.5852 0.675 0e671 0.004

1081 0. 8087 0,655 0+ 650 0.005

AVEe. J.003
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"
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COMPARISON OF THE EXPERIMENTAL AND THE CALCULATED

LIQUID DENSITIES FOR MIXTURES OF NITROGEN(1)-METHANE(2)

DENSITY, G/CeCe

Ty K X EXP CAL DEV
———————4=====;__:====é;___________________ﬁ7 —
122.8 0. 1002 0e 433 0e435 -0.002
109.7 0.2879 04506 0.509 -0.003
120.0 0.2879 0.483 0.483 0. 000
141. € 0.1002 0.387 D.381 ‘ D006

1y

AVEe 0003
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TABLE vVl

COMPARISON OF THE EXPERIMENTAL AND THE CALCULATED

LIQUID DENSITIES FOR MIXTURES OF METHANE (1) -PROPANE {2)

DENSITY, G/CoCe

Ty K X EXP CAL DEV
1

1084 1 0. 1502 0.603 0. 601 0.002
108.1 043426 0e578 0576 0002
108.1 0.5454 0.539 0.539 0. 000
1086. 1 0. 6767 0.512 De511 0001
108.1 0.8686 0465 0.+465 0.000
113.8 0. £095 0e 520 0.519 0001
10% o 7 0.6066 D+533 0.532 0001
107.8 0.£066 0.528 0.528 0. 0G0
111.0 0. 6066 0+525 0.525 9 000
112.0 0.6066 ~0.523 0521 0.002
1054 7 0. 6079 0e 531 00531 0.000
110.8 0. 6079 0524 0.524 0.000
115.1 0.6079 C.510 0.519 0. 000
100. 4 0. 8082 0e490 0430 0,000
10246 0.8082 0487 0.487 0.000
105.2 0. 8082 0. 484 0.486 =0.002
10749 0,8082 0480 0482 -0 4002

AVE. 0.000
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TABLE IX

.CALCULATED LIQUID PHASES DENSITY AT INVERS ION CONOIT ION

238

FOR THE SYSTEM OF NITROGEN( 1)-METHANE (2)-ETHANE(3)
: T P DENSITY, G/ C.C.
__fi_ Efif_ TGP BOTTOM
11le4 200.8 0.657 0.670
11l 4 200, 6 00 667 00 656
111.5 201 .4 0.656 00667
11105 20008 00664 00 656
1131 20805 00 667 0,656
11301 20803 00654 0.667
11303 21300 0o 660 0o 655

113.3 212.3 0.655 0.660
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APPENDIX IV

COMPARISON OF THE EXPERIMENTAL AND THE
CALCULATED LIQUID-LIQUID-VAPOR
EQUILIBRIUM DATA
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The Modified Regula-Falsi Method

With the help of the numerical method, ¢ unknowns can
be solved in the ¢ simultaneous equations, namely Equations
(6-6) and (6-7). The Newton-Raphson method waé one of the
numerical methods. |

The Newton-Raphson method can be applied for equgtions
with complex roots as well as real roots, ahd the iterations
converge rapidly provided the initial estimated for the
roots are close enough. However, when there is a point of
inflection or horizontal tangent in theAvicinity of the roots
’ the Newton-Raphson method does not converge. The other
demerlt of the Newton-Raphson method is that the more compl-
jcated the equation, the harder it is to obtain a first
derivative equation.

In this investigation, a modified Regula-falsi iter-
ation method was proposed for solving simultaneous high order
equations. It was developed using'the principles of the
original Reggla—falsi method for a single variable(124).

The principles of the original Regula-falsi method

may be given as followss

Let the root x, of equation F(x)=0 be isolated between

X, and Xp. Then, in the interval (x1, x2), the graph of
y—F(x) has the appearance shown in Figure A-1l.
If the points y; and yp in Figure A-1 are jointed by

a straight line, it will cut the x-axis at the point x3.

A AYE ST AN AL T



e original Regula-Falsi Method

An Exanmple of th

Figure A-1
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xg = ( X1¥2-%x2vy )/ (¥2=¥1) | A-1 -

In general, this procedure can be repeated to obtain
the succeeding approximations until the desired degree of

accuracy is reached. The convergence solution X, 1is given
bys
Xy = Xn41 = (X4¥n=*n¥y) /(In¥1) A-2

From this logic, the modified Regula-falsi method

may be shown as follows:

As mentioned earlier, the quantities ﬁiLl and ﬁiLz

are functions of xiL1 and xiLz respectively. Hence, Equatioq
(6=6) may be reprgsented by

U(ay) = U(by) A-3
where a; = x;~' and b =x;U2, Now define two additional
functions F(ai) and F(bi) as follows:

F(a;)=U(a;)/U(b;) | A-4

F(by)=U(by)/U(a3) A-5

and set them to satisfy the limiting conditions:

lim F(ai) = O A-6

a;-> 0 )
ang ' i .
) lim F(by) = 0 A-7

bi" 0
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When F(a ) = 1 and F(b ) = 1, the values of a; and b;

" are the solutions of Equation(A;B).

In order to explain the logic of the modified Regula-
falsi method two cases of extrapolation and interpolation
are depicted in Figures A-2 and A-3 respectively.

After selecting an initial value a ai ( or b{ ) by
guessing, the straight liﬁe‘op} will cut the F(ai) =1 or
‘F(by) =1 line a§ the point~h}. From the two similap
triangles Oplai1 and Oh?aiz’in Figure A-3, the Equation(A-8)

is obtained:

2 1 1,1 2
Oail/Oai = p aji /h a3 A-8
but oail = ail, Oaiz = aiz. plail = F(ail) and hlaiz =1
‘therefore .
as? = a3t /F(ait) A-9

aiz or biz is closer to the root. Then this procedure is

repeated for the succeeding approximations until the desired
degree of accuracy is reached. The (n+l1) approximation may

be represented by,

* T

a: n+1 = ain/F ( ain ) - ‘ : A-l 0

l .



a—

Flo;) or Fib;)

»Oi(Of.bi)

Figure A-2 A Graphical Representation.of'the Modified
Regula—Falsi Method for a Case of Extraepolation

(2%

<0)
dag
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Regula—Falsi Method for a case of Interpolation

O F
—F <0
(&ai ’ /



and

n+l n,. n
| by = b’i /F(bi ) . A-11

Substituting Equations(A-4) and (A-5) into Equations(A-10)

and (A-11) respectively, gives,

o<
as" t = U(bin)ain/U(ain) A-12
and |
n+l n n n
b = U(a.:-L )bi /U(bi ) A=-13
In general, the values of ainﬂ and binﬂ' obtained would

not satisfy the conditions of Equations(A-14) and (A-1 5)

$ as"l= 1 A-1lk
i : '

.and
T, M= A-15
i b R

It is therefore necessary to normalized these values as

follows:

a ™ = a Mt /za "t A-16
and

b n+l _- .b.n-l-} - b.n-i;l | A-17

i i 717

e
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On the other hand, the mole fraction of one of the
components in one of the liquid phases has been specified.

Let this quantity be aj, which can not be adjusted. There-

fore, Equation A-16 should be replaced by the relationship:

n+l

P = (1-aja™t/ £ 8™t A-18

+ ixj

Similarly, if the mole fraction specified is the quantity
+1

bk’ the normalization of bin should be given by:
+1 n+l n+l
" = (1-by /E By A-19

i¥k

Figures A-2 and A-3 are examples of the convergence

solution obtained by extrapolation and'interpolation for

. d%F d2p .

the cases having __5._.2__40 and 9.2 £0 in the
as .
i "1

vicinity of the roots. o 0

. . J F J4~F

For ‘the situationswhere % >0 and —_5__2__>0
aji b3

in the vicinity of the roots the iteration process may be
convergent as shown in Figure A-4, or divergent as shown
in Figure A-5.

To changea diverging process into a converging one,

the following procedure is suggested:

n+l + -
ay =% ( aifn 1)*ain ) ' A-20



_Fla;)or F(bi) |

2 .
Figure A-4 =~ A Convergence Process ( g—g-g?o ) .
i- 7
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a; (or bj)

A A | ) |
Figure A-5 A Divergence Process ( %—LZ->° )
| BRI
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|
@) 4h

l bs
el /P

.F(oi) or F( bi)

m—

o

gjqio; g; (or b;)

Figui‘e A-6 A Proposed-Modifica.tion for Changing a
_ Diverging into a Converging Process



. +
bin+1 = 5 bi(n 1)+ bfn ) A2t

In other words, the mean value of the n-th approximation

and the value of the interception of the straight line O0p"

with F=1 is used as the (n+1) th approximation. The
improved convergence process igs dipicted in Figure A-6,

Therefore Equations A-12 and A-13 are modified to give:

.(n)
antl o, EPL ) 1) ;" A-22
A .
F(ai(n) ) |
and ‘
F( i(ﬁ) ) n
bin+1 = 4 ( a o + 1 ) bi A=23
F(b; = )

As the curvature of the function F is unknown before hand,

it is recommended that Equations(A-22) and (A-23) be used in

all cases.
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APPENDIX VI

CALIBRATION RESULTS FOR THE THERMOCOUPLE
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Figure A-7 Calibration Results for the Thermocouple
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APPENDIX VII

e e a—————————

COMPUTER PROGRAMS
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C-1 Calculation Liquid Density

IV G LEVEL 1S _ MAIN DATE = 72025 14/00/%2
DIMENSICN Z2(5),

> ARKL(595) ¢BRKL(5), RKA(5045) yRKB{5045) 4 :
3 WIJ{5,5)+TCCIJ(545),TCIJ(545), C1RKL(5)yC2RKL(5), .
3 PVCL(5) 4PHI(5) ,CORRL(5,5) 4
44,2C(3) ,LLV(50),YY(50,5) ,PP(50) ,PS(50,45)
6 ’ WH{5)sVC(5),TC(5),PCL{5)AM(5)
2 LVCC(5),TCC{5),FCC(S) ,DMK(50)

S,DEX(S,Z) . ]
S TITLE(20) +GQ(5) 2 Cl4),0(3),E(3)
‘i S AMOLWT(5) 2 X{5095) 9 XX(5) yDEXE(50)
1 yPHIV(S),XP(S),Y(S), RATIO(S) '
CCMMCN /FIRST/ ‘
1 TC.PC.VC,hw,ANGLNT,T,P,R,NCOMPqNQNTUM

1 /SECCND/C+CoNTYPE
C KiJ=0 PRESSLRE CALCULATED FRCM LIQUID CCMPOSITION
c KIJ=2 PRESSURE IS ONE OF INPUT DATA

READ(1,101) KIJ

1€3 READ(1’417)(TITLE(I)yI=1v19)
READ(1,101)I11
REAC{(141C1IM,NC
READ(lleZ)(TC(I)vI=1aM)
READ(l,lOZ)(PC(I),I=11M)
READ(lleZ)(VC(I),I=1sN)
REAC(I»IOZ)(AM(I)»I=1,M)
REAC(I,IOZ)(WN(I),I=1,M)
READ{1,1C2) RsRR
READ(1,102) 7T sPSI
NCCMPB=M
NCNTUM=0
CO 50 K=1sM :

50 READ(lgllS)(CGRRL(KyI),I=1yM)
L=1

26 REAC(lyllél(RKA(LpI),I=1,N ),(RKB(L,I),I=1,M)
DO 153 I=1,#

183 ZC(1)=PCLI)* C(I)/R/TCLT)
WRITE(3,403)
kRITE(ByéOé)(TC(I)yPC(I),VC(I),AM(I),ww(l)szC(l)9I=1'M)
WRITE(3,211) Ry RR A
WRITE(3g41&)(TITLE(I):I=1,19)
Mi=M-1
L=0

33 L=L+1
IF(V.GT.3) CC 1C 444
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IV G LEVEL

19 MAIN DATE = 72025
[F(M.GT,2) GC TQ 266

14/00/¢

READ(1,112)LLVIL) 4PP(L) s X(L,1) +CEXE(L)
X(LyM)=1o0=-X(LsM1)
IF(LLV(L).LE.Q.0) GC TC i€3

266

GO TO 57

READ(l,llB)LLV(L)yPP(L)o(X(LoJ)oJ=1vM1)1DEXE(L)
pM=M=2

X{LaM)=1e0-X{LyMLI=X(L,M2)

IF(LLV{L)eLEOsQO) GO TC 163

GO _1Q 57

444

READ(1,113)LLV(L),PP(L)9(X(LyJ),J=1:M1)'DEXE(L)
M2Z=M-2
v3=M=3

X(LqN)=1.0-X(LyM1)~X(L7M2) =X(LyM3)
IF(LLV(L)eLE«Ge0) GC TO 163
GO TO 57

87
25

DO 25 I=1,M
XX(I)=X(L,y1)
IF(R.GT.11) GO TO 166

323

1€6

p=PP{L)
GO TO 411
p=PP(1)/14.696

411

Lv=LLV(L)
IF(ReGToll) GO TO 165
T=1.8%T

165
1€7

Go TO 1S7
T=T
RI=R*xT

DO 224 J=1:¥
CiRKL({J)=RKA{1,J)
CoRKL(J)=RKB(1e.)

224

CONTINUE -
IF(KIJ.GT.0.0) GO TC 91
CALCULATICN CF FRESSURE FRCM TEMP -X CATA

KIJ=0
IF(KIJ.GT.0.0) GC TC 91
NIY=0

22

ITER=0 gl
P=PSI
K=K+1

DO 40 J=1,NCOMP
PHIV{J)=1.0
AMOL WT () =AN(J)
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1v G LEVEL

40

i9 MAIN DATE = 72025
XP{J)=XX{J)

14/00/:

42
41

gs;b=g?gT(VLpPHI,PPVDL,ClRKL,CZRKL,CGRRL,XP,ngIJ)

SUMP=000

DO 77 J=1,NCOMP
Y(J)=PHI(J)*XP(J)/PHIV(J)
SUMY=SUMY+Y(J)

17

SUMP=SUMP+P*Y (J)
CO 52 J=1,NCCVNF
y(J)=Y(J)/SUMY

IF(XP(J)eEQe0.0) GO T0 51
RATIC(J)=Y(J)/XPLJ)
GO _TO 52

RATICG(J)=0.0
CCGNTINUE
DY=SUMY=1e0

PCLC=P
P=SUMP
ITER=ITER+]

IF(ABS((FDLB-P)/P)-I.OE-4) G049Q,72
IF({ITER.GT.150)G0 TC 76
1F{JTERGLEL1C) GO 10 _8C

g0

IF (ABS(EY).GT.ﬁBS(CYOLD)) GO TO 7¢
DYGLD=DY :
CALL StPT(VL;PHIVoPVOL'ClBKL9C2RKL7CURRL1Y,0,KIJ,

<o

GC TO 42
IF(ABS(SLMY-I.O)-loOE—4) 61C,910, 70
NIY=NIY+]

70

71

IF(NIY-1)371171o92
p=P +0.01 ‘
GC _T0 93

G2

SLGPE=(P-PG)/(SUMY—SYC)
CELP=SLCPE#DDY
IF(ABS(CELP)—=1.0 ) 79,79,78

18
79
G3

DELP=SIGN{1.0 »DELP)
p=p-DELP
0O 74 J=1:NCCMP

T4

Y(J)=Y(J)/SUMY
PC=P
SYG=SUMY

DDY=SUNMY-1.0
IFINIYoLES30) Go TO 75
IF(ABS(CEY).LE.0.00S) GC T0 910
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IV G LEVEL 1S MAIN DATE = 72025 14/00/:
75 CALL SUPT(VL,PHIV,PVOL,CIRKL,C2RKL CORRL,Y,0,KIJ)
GG TQ 42
76 IF(ABS(CY)eLE.0.0G5) GC TC 910G
G10 P=P
€1 DO 1CO I=1,¥
ARKL(I,1)=ClRKL{I)* R*R H#(TC{I)*%2,5)/PC(T)

BRKL(I)=C2RKL{I)* R *TC(I)/PCLT)

IF(l.EQe M ) GO TC 100

I1=1+1
0C 100 J=11,M

TCIJ( I,J)=(TC(I)*TC(J))**O.S*(loO-CGRRL(IyJ))
DO 211 K=1l,M
PCO(KI=PC(K)

211

TCO(K)I=TCI(K)
VCC(K)=VC(K)
TCIJ( J,1)=TCIJC 1,J)

S4

WIJ(I2Jd)=(WhW{TI)+WW (J)1*0e5
ICC1J=00291=0608%W1J(1,J)
VCUIJ=(1.0/8.0)*(VC0(I)**(1./3.)+VCO(J)**(1./3.))**300

cé

¢s

PCCIJ=2CCI1J* R *TCIJ( I,J)/VCCIJ
PCIJ=PCCIJ
ARKL{I,J)=(CIRKL(I)I+CIRKL(J)I*0e5% R #%2%TCIJ(1,J)%%2,5/PCIJ

S8 -

1C0

ARKL{Jy I)=ARKL(I,J)
CCNTINUE
AMRKL=0.0

BMRKL=0.0
DG 220 I=1,M
BMRKL=BMRKL+XX{I) *BRKL(I)

2¢0

DO 220 J=1,M
AMRKL=ANRKL+XX(I)*XX(J) * ARKL(T,4J) .
IF(LV=-1) 501,502,502

5C1

5C2

U=R*T/P/1.2
GG TO 503
U=BMRKL*162

5C3

AMRKL=ANRKL/T**0e5 . '
CALL VOLUME(R,TqAMRKL,BMRKL'P,U,KR)
VRLT=U

7€0

XMT=0.0
DO 760 I=1,M
XMT=XNMT+AM (I )XXX(T)

IF(R.GTo1l1l) GO TC 162
DXRT=XMT/VRLT
DXRT=CXRT/£2.426
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IV G LEVEL

19 MAIN DATE
GG TC 85)

= 72025

14/00/ 25

DXRT=XNMT/VELT
DEXEC=DEXE(L)
DEXEC=CEXEC/62.426

AVE=(DEXEC=-DXRT)
PX=PP(L)
I=T1/1.8

WRITE(3,852)

WRITE(39217) CXRT,CEXEC,(XX{I)yI=1,M) ‘2
WRITE(3,850) AVE i

1PX

,P3CORRLIL,2) |

56

217

CONTINUE
GG TC 33
FORMAT(12F1Ce5)

1C1
102
113

FORMAT(518) R
FORMAT (8F8.0)
FORMAT(I2.6F1C00)

115
116
4C4

FORMAT (€F10.0)
FORMAT (E€F10.0)
FORMAT(10X.2F7°1,F7.3,F742,2F804)

4C3

417

FGRMAT(lHl,//lBX,'TC‘,SX,'PC‘,SX,'VC',6X,'M',

16Xs W 96X, 22C%/)
FORMAT( 19A4)

418
311
850

FORMAT (1K1 ,19A4)
FORNAT(lGX,'R=',F8.3,'RR=',F8.3)
EQRMAT( /10X, *AVE ='.F8o4 1/}

852
1

FGRMAT (/' CXRT CEXEC Xt1)
X PC t,7)

._END

X(2)

P AT T LT T T T S T
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IV G LEVEL

19 VOLUME

SUBROUTINE VOLUME(R T A3B,P,VsKK)

DATE

72025

14/00/2}

10

KK=0
C=R*T/ (V=-B)
KK=KK+]

IF(KKeGT«50) GG TO 12
D=A/ (VX (V+B))
PN=C-0

PDV=-C/(V-B)+C/V+D/‘V*B)
H=(P-FN)/PLCV
V=\V+H

G=V*1leE-5
IF(V.GT.B) GO TG 11
V=(V=H+B)/2a

11
12

IF(ABS(H)«GT«G) GO TO 10
RETURN
END
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iv G LEVEL 16 CUBEGN CATE = 72025 14/00/2'i

SUBROUTINE CUBEQN ( f
T SCLVES CUEIC EQUATICN OF REDLICH-KWONG EQUATION FCR COMPRESSESSIBILI |
C  FACTORS
CIMENSICN C{4)40(2) ,E(3)
COMMCN
1 /SECGND/D+CoNTYPE
1 CCNTINUE
E(1)=C(2)/C(1)
B1OV3=E(1) /3.0
E(23=C(2)/C(1)
E(3)=C(4)/C{1)
ALF=E(Z)-E(1)*B10OV3
BET=2.0%B10V3#%3 —E(2)*B10V3+E(3)
BETOV2=BET /2.0
ALFEOV3=ALF/32.0
CUACV3=ALFCV3%%3
SGBOV2=BETCV2%%2
DEL=SQBCGV2+CUADV3
IF(DEL)40+20430
20 MTYPE=000
GAM=SQRT (-ALFOV3)
TF(BET)22422,21
Z1 D(1)=-ZoC0*GAM=B10V3
D(2)=GAM-B10OV3

1
(!
1
t
{

i
'
!
|
i

D(3)=0(2) _—
GO TO 50 '
22 0(1)=2.0%GAM=B1CV3
D(2)=—-GAN-B1OV3
C(3)=C(2)
GO TO 50
30 MTYPE=1

EPS=SQRT (DEL)
TAU=-BETCV2
RCU=TAL+EPS
SCU=TAU-EPS
SIR=100
SIS=1.0
IF(RCU)21,32432
21 SIR=-1.0
32 [F(SCU)33,34,34
33 SIS:-loO
324 A=SIR*(SIR*RCU)**0033333333
S=SIS*(SIS*SCU)*§Q123333333
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IV G LEVEL

19 CUREGN CATE = 72025

D(1)=8+S-BICV3

D{2)==(A4S)/2.0-B1lCV3
D(3)=0.86602540*(A-S)
GO _TO S0

40

MTYPE==-1
QLOT=SQBCV2/CUACV3
RCGT=SGRT(-QUOT)

41

IF(BET)42441441

PEI=(1.5707963+ATAN(ROOT/SQRT(1.0-RCQT**2)))/3.0
GO_TO 43

42
43

PEI=ATAN(SQRT(1.0-RCCT**2)/RCCT)/3.0
EACT=200%SQRT{-ALFOV3)
D(1)=FACT*COS(PET)-R10V3

PEI2=PEI+2.0843951

C(2)=FACT* COS(PEI2) -81CvV3

PE]14=PE1+4,1887S02

D(3)=FACT* CCS(PEI4) -810V3
€0 RETURN

END
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IV G LEVEL 19 SUPT DATE = 72025 lé/OOIS

SUBROUTINE SUPT(VL,PHI, PVOL ,CIlRKL,C2RKL,CORRL
C EVALUTICN GOF SUPPCRTING PROPERTIES:}HE'FUéACITY,ﬁ&BV}ﬁéJ)
C PARTIAL MOLAL VCLUME CF FLUIC MIXTURES. .
.DIMENSICN TC(5) yPC{5) yVC(5) s Wh{5) yAMCLWT(5) +ARKL(5,5),8RKL(5),
3 WIJ(595)9TCOIJ(5,5),TCIJ(595)4C{4),D(3),C1IRKL{5),C2RKL(5),

3 PVOL(5) ,PHI (5) 4 CCRRL(5,5) A21(5)5BI(5),AIRKL (5
DIMENSIGN ZZ(5) ’ A ’ Y (5),Q(5)

CCMMCN /FIRST/

1. TCyPCyVC oy WHoAMOLWT s TP s R4,NCQOVMP, NQNTUM
1 /SECCND/D,C,MTYPE

Lv=0, FCR VAFCR PFASE.

Lv=1, FOR LIQUID PHASE.

KIJd=1, TCIJ=SQRTI(TCI*TCJII*(1~-KIJ)

KIJ=2y AIJ=SCRT(AI*AJI*{1l.~-KIJ)

K1Jd=3y AIJ=(AI%RIJ+(1e-KIJI*AJ) /20

R=10.73

OOOOO

NQNTUM=C :
RT=R*T ‘
S1 0C 100 I1=1,NCCMP

ARKL(I,I)=ClRKL{I)* R*R %(TC(I)*%2.5)/PC(I)
BRKL({I)=C2RKL{I)* R *TC(I)/PC(I)
IF(I1oEGe.NCCMP) GC TC 100

I11=1+1
0O 100 J=11,NCCMP
IF(KIJ.GT.1) GO TQ 97

TCIJ( IaJ)=(TC(I)*TC(J))**0.5*(1.0-CORRL(I;J))
TCIJ( J,1)=TCIJL I,J)
WIJ(I d)=(hh (T)+WkiJ))I*0.5

ZCOIJ=0.291—0.08*WIJ(11J)
S4 VCCIJ=(vC (I)%%(1le/30)+VC {J)&%(1a/30))*%3/860
c6 PCCIJ=2CCIJ* R *TCIJ( I1,J)/VCCTJ

PCiJ=PCCIJ-
S5 ARKL(I,J)=(C1RKL(I)+C1RKL(J))*0.5* R %% 2% TCIJ(1,J)%%2, 5/PCTJ

GO TG0 98

€7 IF(KIJeCTe2) GO TC SS
ARKL(I:J)=(ARKL(I,I)*ARKL(J,J))**0.5*(1.0-CORRL(I,J))

GO TI0 G¢&

S9 ARKL(I,J)=(ARKL(I:I)*CORRL(I,J)+(1q-CGRRL(IvJ))*ARKL(J;J))
<8 ARKL{JsI)=ARKL(IsJ) :
10 CONTINUE

AMRKL=0.0
BMRKL=C.0
CO_120 I1=1,NCCNMP
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A1 (1) =ARKL(I,I)/RT*%2/T%*005
BI{1)=BRKL(I)/RT
BMRKL=BMRKL+Q(I)*BRKL(I)
AIRKL(I)=0a0
. DG 120 J=14NCCMP
AIRKL(I)=AIRKL(I)+Q(JI*ARKL(IsJ)
120 AMRKL=AMRK]L +Q(I)*Q(J)*ARKI (T +.)

A2=ANRKL/RT#*%2/T%*%0.5
B=BNRKL/RT
cC{1)=1.0

C(2)=-1.C
C(3)=B*P%(A2/B—1e 0—~B*P)
C(4)==(A2/B)%*(B*P )**2

CALL CUBECGN
IF{MTYPE)115,14C, 14C
115 IF(LVeEGeQ) GC TCQ 145

(]

ZL=ANIN1(D(1)'B(2),E(3)Y
ZL=AMIN1(D(1),D(2),D(3))
JJ=0 :

DO 146 1=1,3
ZZ(I)=9999.
JJd=JJ+1

IF(Z(I)aLTo0s0) GO TC 146
2Z(JJd)=2(1)
146 CCNTINUE

opooOopoop

ZL=AMIN1(ZZ(1)yZZ(2),ZZ(B))
GG TO 150 -

145 ZL=ANAX1(F(1).D(2).E(3))
GO TO 150 -

140 ZL=C(1)
160 H=R*P/Z1

c WRITE {(3,591) H.ZL,B.Z(l),Z(Z),Z(az'LV
C 561 FORMAT (5X16E12.4,12)
' cabl ECNRK(A2sRePoHaZl o LV)

VL=RT*8/H
123 CCNTINUE
IE(LVeEG.Q) GO T0O 135

QD=(T**O.5)*VL*(VL+BMRKL)
QH=(AMRKL/(T**O.5))*((2.*VL+BMRKL)/(VL**Z*(VL+BMRKL)**2))
QK=RT/((VL—BMRKL)**? )

135 DO 130 1=1,NCOMP
C WRITE(3,591)ZL,H

PHILN =(Z|—1,0)*81(1)/B-ALUG(ZL)—ALFG(l.O—H)
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IV G LEVEL 1§ SUPT DATE = 72025 14/00]

1 ~(A2/B)* (2, 0*%AIRKL(I)/AMRKL —BI(I)/B)*ALOG(1.0+H)

PHI(1)= EXP{(PHILN )
IF(LV.EC.0) GO TC 130
QE1=0.0

DC 125 J=1,NCCNP
125 QEL=QEl1+Q(J)*ARKL{I,J)
QE=2,0*QELl~- AMRKL*BRKL(I)/(VL+BMRKL)

QG=(RT/ (VL-BMRKL)})I*¥ (1. O+BRKL(I)/(VL-BMRKL))
PVOLI(I)=({(CE/QCI-CG)/(CH-QK)
120 CCNTINUE

3C0 RETURN i
END
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IV G LEVEL

19 EQNRK CATE = 72025
SUBROUTINE EQNRK(A24B4PE2Z5LV)

14700/

TOL=1.0E-6
IH=C
1J=0 =

45

IF(LV.LT.1) GC TGO 47
IF(EelLTale0) GC TC 46
E=E-0002

IH=IH+1
IF(IHeLTe20) GO TQ 45
E=0.58

47

GC TO 46
IF(EeGTe0.0) GO TO 46€
E=E+0001 :

IH=IH+1
IF( IHeLT020)GC TO 47
£=0 202

46

1J=1J+1
FE=—8B%P /E+1./(loO-E)-(A2/B)*E/(1.+E)
CEE=8%P [/E%*%2 +1./(l.—E)**Z-(AZIB)/(1.+E)**2

C 562

WRITEL3,592)E.FESCFE,LV -
FORMAT(ZOX,3E12.4w5X1IZ)
IF(ABS(DFE).LT.I.OE—ZO)ALEE=DFE/ABS(DFE)*l.OE—ZO

TEST=FE/CFE
E=E-TEST
1F(].).GT.60)G0 TC 48

48

1IF( ABS(TEST/E)«GT.TCL) GO TC 45
Z =Bx*P/E
RETURN

eND
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c-2 Prediction of Liquid-Liquid-Vapor Equilidbria

] IV G LEVEL

20 MAIN DATE = 72133 21/19/
INPUT OF DATA: TEMP: K, PRESSURE PS1A :

INPUT DF DATA: BINARY SYSTEM ASSUMED XX(1,L1)AND XX(1,2) EQUAL
70 0.0000 :
R : GAS CONSTANT 10.73

CORRL(IsJ) = TEMPo DEPENDENT
RKA(L,I) TEMP. DEPENDENT
RKBIL,T) TEMPo_ DEPENDENT

Xzl s Xaksl e kel 2l

SOLVE THE SIMULTANEOUS NON-L INEAR EQUATIQN 3Y THE MODIFIED
FALSE POSITION METHOD
DIMENSION PHV1(3)yPHVZ(B),X1(3)'X2(3)1X10(3),XZO(B).PH11(3)1

2
1
2

PHI2(3),YL(3),Y2(3), YP1(3),YP2(3),Ul(3),U2(3)
JARKL( 353) yRRKL(3) RKA(10,3)yRKB(lOrB)yWIJ(3p3)yTCOIJ(313)
,TCIJ(3,3),C1RKL(3),CZRKL(B),PVDL(3)yC)RRL(3,3)qZC(3),LLV(IO)

<)

4 1XX(312))Q(3),G(4)10(3’15(3!1

DIMENSION TC(3),PC(B):VC(3),WN(3).AM(3’;VCD(3),TCD(3)’PCO(3)
11(3)’ PHIV (3 ) ’RA.Ta.IO‘%)_,

B T

:AZI(B’,BI(B),AIRKL(B)

7 4PP(10) »BRKLI(3)

9

DIMENSION PHI(3)
LPHYY (3),PHY2(3)

9.U(3) 4 XP (3) .t
1 +PHT1(3),PHT2(3) »DX1(3)

1

s SUMYN(10)

1

2 o7

COMMON /FIRST/

1CoPCoVC s WHyAMOLHTs | BsR NCIMP,NONTUM

1 /SECOND/Dy GyMTYPE

11

COMMON

READ(1,101) M

IF(M.EQ.0) GO 10 800 e St
READ(1,102)(TC(I),I=1,M) e T T e e
READ(1,102) (PC(I) ,1=1,M)

READ(lolOZ)(VC(I),I=1,M)
READ(l,lOZ)(AM(I),I=11M)
READ(I.lOZ)(NN(I)yI=19M)

50

READ(1, 102)R,RR
DO 50 K=1,M
) (

READ(1,115 CORRL({Ks1) 91=1 oM)

103

L=1
READ(1,103) LLV(L),PPLL)
FIRMAT(I18,F800)

READ(l!llb)(RKA(L'I)'I=lpM)1(R(B(LOI)1I=11M)

DO 153 I=1.,M
CIRKL(I}= RKA(L,1)
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C-2 Prediction of Liquid-Liquid-Vapor Equilibria

I IV G LEVEL

20 MA IN DATE = 72133 21719/
INPUT DOF DATA: TEMP. K, PRESSURE PS1A

INPUT JF DATA: BINARY SYSTEM ASSUMED XX(ipl)QND XX(1s2) EQUAL
T0 0.0000 '
R : GAS CONSTANT 10.73

CORRL(IsJ) 3 TEMPo DEPENDENT
RKA(L,I) : TEMP, DEPENDENT
RKB(L,I) : TEMPo DEPENDENT .

a¥s)] s X2k sl e ksl &

SOLVE THE SIMULTANEOUS NON—L INEAR EQUATION 3Y THE MODIFIED
FALSE POSITION METHOD

DIMENSION PHVl(B),PHV2(3)1X1(3),XZ(B)'X10(3),XZO(B).PHll(3)¢

2 PHI2(3),Y1(3),Y2(3), YP1(3),YP2(3),Ull3),U2(3)
1 sARKL(33),RRKL(3), RKA(lOyB),RKB(IO’B):HIJ(3'3):TCDIJ(3:3)
2,TCIJ(3o3)yC1RKL(3)'CZRKL(B)qPVDL(3),CJRRL(393)yZC(3),LLV(10)

DIMENSION S Y PC(31,VC(3) WA (31, AM(31,VCO(31,TCI(3),PCOL3)
b N E0322)02(3) 56U 4) 1D (3),E(3)422(3) 1PHIV3I,RATION] oo
6 ' Azl ( 3 ’ ’B 1 ‘ 3 ) ’ AI RKL (3) o T rNaen tn RPN AN R B R P D e et B T .‘ .

7 4PP(10) »BRKLI(3)
DIMENSION PHI(3)
9 ,PHY1(3),PHY2(3)

9,U(3) 4 XP(3) . ey
1 +PHTL(3),PHT2(3) ,DX1(3)30X2(
1,SUMYN(10) :

COMMON /FIRST/ R
1 TCvPCvVCvNW:AﬂOL‘NT
2 o7 : ’

ﬁ”z,Nqué;NQNTquj?‘;

11 READ(1,101) M

COMMON
1 /SECOND/DyGyMTYPE

IF(MoEQ-0) GO TO 800
READ(I:IOZ)(TC(I)91=1,M)
READ(I,lOZ)(PC(I)pI=1.M)

READ(19102)(VC(I)71=1,M)
READ(l,lOZ)(AM(I),I=19M)
READ(I.lOZ)(NN(I)qI=1yM)

50 READ(lollB)(CORRL(K,I)1I=19M)

READ(1s 102)RsRR
DO 50 K=lsM

103 FIRMAT(I84F800)

L=1
READ(1,103) LLV (L), PPIL)

READ(Iyllé)(RKA(Lvl)1I=lyM),(R(B(L71)1I=1gM)
DO 153 I=1,M
CiRKL(I)= RKA(L,T)
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IV G LEVEL

20 MAIN DATE = 72133
C2RKL(T)=RKB(L,1)

21719/

153

ZCLI)=PCLII*VC(T)/R/TCLIY 7
P=PP(L)
WRITE(3,403)

WRITE(3,404) (TC(I)vPC(I)yVC(I)yAW(I)’Ww(I),ZC(I)’I=1'M)
WRITE (3 ,311) Ry RR

WRITE(3,112) CDRRL(l,Z),CCRRL(Z'B),CDRRL(1,3)

WRITE(3,112) (ClRKL(I)yI=113),(C2RKL(I)9I=103)
READ(1,102)

T
IF(RoLTo10) GO T3 33

32

33

T=T*L.8
IF((T=12400%1o8)26Ta0,0) GO TO 29
READ(1,102) (XX(1,1),1=1,3)

READ(I;lOZI(XX(I’Z)v1=1'3)
XX(391)=100-XX(1,1)-XX(2,1)
XX(3,2)=100-XX(1,2)—XX(2.2)

29

50 TO 338
READ(I:lOZ)(XX(IoZ)yI=1m3)
READ(lrlOZ)(XX(Iv1)91=113)

338

XX(371)=laD-XX(l’l)-XX(Zvl)
XX(3:2)=loO—XX(172)-XX(2,2) i
NRITE(39112)(XX(Ivl)qI=1'3)'KX

911
331

WR_ITE(ngll) Pva(XX(Irl)vls'
FORMAT(2F10.1,6F10-4)
WRITE(3,110)P 9 T

KI1J=0
SUMY2=0.0
SUMY1=0.0

w

)
w

P=PP(L) ¥ |
DD 80 I=1’ 3 YRRy
PHVL (1) =10

31y X201 i3]

PAVZ(11=1s0
PHY1 (11=1.0
PHY2(1)=1.0

PHT1(1)=1.0
PHTZ2(1)=1.0
X1(1)=XX(I,1)

80
86

X2 (1)=XX(112)
DO 82 LJK=1,50
P31=P

SUMY2=SUMY1
DO 81 I=1,3
X10(1)=X1{1)

s

e &

1

NI =

IFOR I’
LTS

Py

o nm
(R A

~
~h

. e
fi;‘e’. Fex a‘: b 1533
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IV G LEVEL

81

23 MA IN DATE = 72133
%x20(1)=X2¢1)

CALL SNPT(VL,PHIL ,PVOL»C1RKLyZ 2RKL,CORRLy 1,KIJ » X1)
CALL SNPT(VL,PHIZ2 ,PVOL,C1RKLyC2RKL,CORRLy 1,KIJ » X2}
IF({X2(1).EQ.0,0000) GO TG 90

30

DO 30 I=1,3
PHYL (I)=PHIL(I)*X1(I)
PHY2(1)=PHI2(T)*X2(1)

40

DO 40 I=1l.3
U1(1)=(PHY2(I)/PHY1(I))*XI(I)
UZ(I)=(PHY1(I)IPHYZ(I))*XZ(I)

90

GO TO 68
D0 98 1=2,+3
PHYL(I)=PHIL(T)*X1(1)

98

PHY2 (1) =PHI2 (1)*X2(1)
UL(1)=000 S
U2(1)=000 L

92

DO 92 1=2+3 o
U1(1)=(PHY2(1)/PHYL{IDI*¥X1LID,

68

60

DO 60 I=1,3

U2(I)=(PHY1(I)/PHYZ(I))*XZ(I)}
SUMUL=0.0 ° :

SUMUL=SUMUL+U1 (1)

61

DO 61 I=1,3
Xl(I)=(Ul(I)/SUMUl+X10(I))/2
SuMU2=U2 (2)+J2(3)

0

)

2

BATA=(1:0-X2(1))/SUMU2 P
X2(2)=(BATA*U2(2)+X20(2))/200

X2(3)=(BATA*U2(3)+X20(3))/2.02
SUMXY1=0,0 %
SUMXYZ-’-’O o0 . NIRRT
IF(T.LT. 4002 GO TO 400

DO 401 I=1l,3 '
CALL SNPT(VL,PHIL .PVDL,CIRKL,CZRKL,CDRQL, 1,KIJ +X1)

CALL SNPT(VL,PHIZ ,PVOL.ClRKL,CZRKL,CORRL, 1sKIJ +X273

PHTL(I)=PH11(I)*X1(I)
PHTZ(I)?PHIZ(I)*XZ(I)
SUMXY1=SUMXY1+(ABS(PHY1(I)—PHTl(I)) )

401

SUMXY2=SUMXY2+(ABS(PHY2(I)—PHTZ(I{))
DL=(SUMXY1+SUMXY2)/ 5.0
IF(DLs LTo 0. 001) GO TG 201

GO TO 86

DO S1 I=1.3
CALL SNPT(VL,PHIL 1PVOL1C1RKL)C2RKL,CORRL, 1,KIJ #X1)

;
:
%
¢
i
M

oo Pt AT " T e

—sTm
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1V G LEVEL

20 MA{N DATE = 72133
cAlLl SNPT(VL,PHIZ ,PVOL,CIRKL sC2RKL ,CORRL, 1, KIJ ,X2)

21/19/

PHTL(I)=PHIL(I}*X1(I)
PHTZ (1) =PHI2 (1)xX2(1)
SUMXY1=SUMXY1+(ABS(PHY1(I)—PHTl(I)) )

9l

SUMXY2=SUMXY2+(ABS(PHYZ(I)-PHTZ(I)))
DL={ SUMXY1+SUMXY2)/ 5.0
IF(DLoLT20,0001) GO TO 201

82
201

CONTINUE
DO 44 L1J=1,15
IF((T-400)06T7.000) GO T0 25

600
25
23

IF((T—lZ#.O*l.S).GT.0.0) GO TO 27
D3 23 1=1,3
Y1(1)=PH12(I)*X2(I)/PHVl(I)

27 DO 28 I=143

28

Yl(I)=PH11(I)*X1(I)/PHV1(I)

24
7

SUMY1=0,0 . ER

DO 24 1=1,3
SUMY1=SUMYL+Y1(I)
DO 45 I=1,3

45

G4

Y1(1)=Y1(I)/SUMY1
CALL SNPT(VL s PHVY 4P
CONTINUE

- 190

83

IF(SUMYlaEQuloOOOO)
IF(Pe LTo 1.0) GO T0 910
pPU=P/SUMYL ‘

71

PO=P-PU
IF(PD-0o) ) 71,70,72
p=p-0.3*(ABS(PO)}

84

DP=PO1-P

IF(SUMY1oLTo160000) GO TO 9073 SN

IF{DPoLTe0.3 ) GO TO 922

903
930
922

P'-"'P"Oo 1
GO TO 86
PUU=POl

PLL=P
WRITE(3,120)PUU,PLL: SUMY1,SUMY2
D0 908 J=1,+5

PSU=PUU*(SUMY1—100000) T
P$L=PLL*(SUMY2—100000)
SUMY12=SUMY1-SUMY2

P02=(PSU—PSL)/SUMY12
pUU=P02

o oy K S
RIS N
LA ST s

19

. 1
3 B S

O ,'; ‘ol

908 CONTINUE

4{ B

o

ey

P
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GO _I0.910

70 GO TO 910

72 P=P+0e 3%PJ

85 DP=P01 =P
IF(SUMY2:6To1,0000) GO TO S04
IF{DPolLTo003) GO TO 923

904 P=P+0.1
920 GO TO 86
923 PUU=P
PLL=POL
WRITE (31201 PUU,PLLy SUMY1 ,SUMY2
DO 918 J=1,5
PSU=PUU% (SUMY2-1.0000)
PSL=PLL*(SUMY1~-1; 0000)
SUMY12=SUMY2-SUMY1 IR
PO2=(PSU-PSL)/SUMY12 Qs
PUU=PD?2 '
918 CONTINUE v -
GO TO 910 LYoy
910 1=1/108 PLTTR e
WRITE(2+911) PeTe (XLUI)pI=1,3) 9 (X2(1)1=143)
WRITE(34110) PyTy(XLI) I=193)5(X2(1)I=1Y Y
WRITE(3,119) L :
DO 77 1=L,3
DX1(I)=XX(Is1)=-X1(1)

T7 DXZ (1)=XX{ 1s2)=-X2(1) ,
DP=P-PP (1) ' SRR S !
WRITE(3,120)0P, (DXL(I) 41=143)3(DX2(1)s1:
WRITE(3,112)(Y1(1)s1=1,3) s
WRITE(2+222) (Y1(1),I=1,+3) s

222 FIRMAT(3FL0o4)
GO 10 11 - -
110 FEORMAT (2F120196F12:49F12c1)
101 FORMAT(318)
311 FORMAT(IOX.'R=',F8.3,'RR='§F8.3)
403 FJRMAT(lHl,//lax,'Tc',sx,-Pc',sx,'vc-,sx.-M-.
15X W1y 6Xy '2C'y/)
4 0% FORMAT(lOX’2F7.1,F703,F7¢2'2F804)
102 FIRMAT(8F8c0)
115 FORMAT (6F1000)
116 FORMAT(6F10,0)
112 FORMAT(6F12.4)
120 FORMAT (F12.196F12.4)

NP
IR

B T E Tt i
TR RTINS GLAL
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119 FORMAT (//9X.'DP*,

9X,'DX1"9X,'DX2',9X"DX3',9X,'DX1',
1 9Xy 'DX2'99Xy *DX3 'y /)

800 STQP
END
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SNPT

SUBROUTINE

SNPT(VL,PHI ,PVOL yCIL.RKL,

DATE 72133 21/19/ {j

C2RKL,CORRL,LV,KIJ,Q)

EVALUTION DOF SUPPORTING PROPERTIES,
PARTIAL MOLAL VOLUME OF FLUID MIXTURES.
DIMENSION PHVl(B)'PHVZ(BI.XI(Bl,X2(3),X10(3)

THE FUGACITY AND THE

W %X20(3)yPHIL(3),

2 PHI2(3)2Y1(3),Y2(3),
1 9 ARKL(393)sRRKL(3),
2yTCIJ(3,3),ClRKL(3),C2RKL

YP1(3)1YP2(3)1U1(3)1U2(3)
RKA(1093)+RKB(10,
(3’;PV0L(3)1C0RRL(313)9

3)1NIJ(3’3)vTCOIJ(3v3)

ZC(3),LLV(10)

DIMENSION TC(3):PC(3),VC(3) s WHI3)

6 .AZI(3);BI(3),AIRKL(3!

SAM(3) sVCO(3),TC
4 'XX(3y2)1Q(3),6(4)iD(3)1E(3)'ZZ(3)9PHIV

0(3),PCO(3)
(3),RATIO(3)

7 o4PP(10)4BRKLI(3)
DIMENSION PHI(3)
9 4PHY3(3),PHY2(3)

9,U(3)yXP(3)
COMMON /FIRST/
1

2 T
COMMON

1 /SECOND/D,G,MTYPE

LV=0, FOR VAPOR PHASEo
LV=1, FOR LIQUID PHASEo.
KIJ=1ly TCIJ=SQRT(TCI*TCJ)*(1

'aXal (X ek

KiJ=2, AIJ=SQRT{A
KIiJd=3, ATJ=(AT*KIJ+(1c
R=10073

NCOMP=3
NQNTUM=0
RT=R*T

91

CONTINUE
DO 100 I=1,NCOMP
ARKL(I,I)=C1RKL(I)* R*R

TC.PC VT oWy AMOLWT ¢

K I4).
TeAJT® (Lo—KIJY -0

-KIJ)*AJ)/Zgif:,i;i'";

*(TC(I)**Z.S)/PC(I)

b RANCOHP NONTUH

[RQUE

BRKL(I 1 =C2RKL(I)* R ®1C(1)/PC(I)
I1F{1.EQoNCOMP) GJ TO 101
11=1+1

DY 100 J=11,NCOMP
IF(KIJoGTol) GO TO 97
TC1J¢ IoJ)=(TC(I)*TC(J))*

*005*(100-C0RRL(IyJ))

TCIJ( Jri1=1C1JI I,J)
WIJ(IgJ)=(WW(I)+NN(J))*0.5
ZCOIJ=Oa291-0008*NIJ(11J)

94 VCOIJ=(VC (TV1*%(1o/30)+VC (J)**(lo/BJl)**B/SoO
96 PCOIJ=2C0OTJ* R *TCIJ( 1,J4)/VCOIJ
PC1J=PCOIJ
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95 ARKL(I;J)=(C1RKL(I)+C1RKL(J))*005* R *%2%TC1J( T, J)%%2,5/P
R TRCT g J)¥%2,5/PC1J

97 IF(KIJ.GT.2) GO TO 99
ARKL(I,J)=(ARKL(I.I)*ARKL(JyJ))**0;5*(100-CORRL(IvJ))
GO TO 98
99 ARKL(I,J)=(ARKL(I,I)*CORRLLI'J)+(lm-CDRRL(IgJ))*ARKL(J,J))
98 ARKL(Js I)=ARKL(T,Jd)
100 CONTINUE v
i 01 CONTINUE
AMRKL=0a0
BMRKL=200
DO 120 I=1,NCOMP
A21(1)=ARKL(I,1)/RT*%¥2/T*%0:5
BI(1)=BRKL(I)/RT
BMRKL=BMRKL+Q({I y*BRKL(I) o e g T T
KL (112020 R \
DO 120 J=1,NCOMP o
ATRKL(I)=AIRKL(I)+QUIVFARKLUIS ) .o
120 AMRKL=AMRKL+Q(I1*0(4)*ARKL(I{JJH:*”*“”

120 AMRKL=AMRKL*WE2 1" o —2—=

A2 =AMRKL/RT#%2/T#%*005 .

B=BMRKL/RT ;
6(1)=150 8
6(2)=-100 >
G{3)=B*P*(A2/B=1c 0-B*P) : RN RS R,
G(4)=—(A2/B)%(B¥P)*%2 g SRR
CALL CUBEQN 3 SRR
IF (MTYPE)115,140,140

115 IF(LV.EQ.O0) GO TO 145
SL=AMINL(D(1),0(23,D(3))
ZL=AMINL(D(1),D(2),D(3))
JJ=0
DO 146 1=113
22(11=999%
JJ=Jd+l
TE(Z(11oLFs0001 GO TO 146
z2(J3J)=2(1)

146 CONTINUE 4
ST=AMINI(ZZ(11,22(2)22(3))
GO TO 150

145 ZL=AMAX1(D(1),0(2),0(3})
GO 10 150

140 ZL=D(1)

150 H=B*P/ZL

R e o TR
ENTY 3,

ERSt

olo o ojo o oo O
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o

20 SNPT DATE = 72133 217194
WRITE (3,591) HaZlsB,Z(1),2(2),2(3),LV

C 591

FORMAT (5Xy 6E120 4y 12)
CALL EQNRK(A2 ¢BsPoHyZLsLV)
VL=RT*B /H

123

CONT INUE
IF(LVoEQ.0) GO TO 135
QD=(T**005)*VL*(VL+BMRKL)

i35

QH=(AMRKL/(T**O.S))*((2.*VL+BMRKL)/(VL**Z*(VL+BMRKL)**2))
QK=RT/ { { VL=BMRKL) *%2 ) : :
DO 130 I=1,NCOMP

WRITE(3,591)ZL,H
PHILN =(lL-lo0)*3!(1)/B-ALOG(ZL)-ALOG(laO-H) :
1 -(AZ/B)*(ZOO*AIRKL(I)/AMRKL -BI(1)/B)%¥ALIG(1o0+H)

PHI(1)= EXP(PHILN )
IF{LVoEQo0) GO TO 130 e e

125

SEioaso S
DO 125 J=1 sNCOMP 3

QE1=0E1+Q( JI*ARKL {13} b s
QE=200*QEI-AMRKL*BRKL(I)/(VL}BWRKLJL*'”

130

QG=(RT/(VL-BMRKL))*(1»0+BRKL(I ! ST
PVUL(I)=((QE/QD)-QG)/(QH—QK)}» ; ,.A$M$T*$Tw ,;;:%}1:_
CONTINUE . SO

300

RE TURN
END
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CALIBRATION RESULTS OF THE GAS PARTITIONER
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