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PREFACE

Experimental vapor-ligquid equilibrium K-values were
obtained for three systems at 150 and 250°F with pressures
of 100 psia up to thé single phase pressure. The first
system used contained ﬁethane, ethane, propane, n-pentane,
n-hexane, and n-decane., The second and third systems were
identical to the first except decahydronaphthalene and
l-methylnaphthalene were used in place of n-decane. The
generalized form of the Benedict~-Webb-Rubin equation of
state was examined and optimized for use in direct K-value
calculation.

Deep appreciation is expressed to Professor W. C.
Edmister for suggesting this thesis problem and the aid
supplied by him during the course of this investigation.
Appreciation is also'expressed for the advice and direc-
tion of the other members of the Doctoral Committee,
Professors B. L. Crynes, R. L. Robinson, Jr., and C. M.
Cunningham, and a former member, Professor K. C. Chao.

The financial support of the American Petroleum
Institute is gratefully acknowledged. The special assis-
tance<xﬁw; W. Owens and L. Yarborough of Pan American
Petroleum Corporation in suggesting the sample trap design

is appreciated.

iii



The author is most grateful to his wife, Inese,
without whose devotion, understanding, and encouragement,

this study would not have been possible.

iv



TABLE OF CONTENTS

Chapter Page
I. INTRODUCTION « + v o v v v o o o v v o o o oo 1
II. AVATLABLE DATA AND TECHNIQUES . . . . . . . . 4

A. Multicomponent System Data . . . . . 4
B. Techniqu.es - o . * o @ L] L4 . ° L] L] .0 7
C. Present Technique . . « « « « « o o & 12
D. BSystem Selection . « « « ¢« « + o o & 12
IIT. THEORY & o v v ¢ 4 ¢ o o o & o o o« o o o o o 19
A, Convergence Pressure . « « o +« o o o 19
B. Fugacity Correlations « « - o « « « & 22

C. Equations of State . . . . . . « . . 25
IV. EXPERIMENTAL APPARATUS o+ o &+ o ¢ ¢ o o o o o o 21

A, Equilibrium Apparatus « « o « o o & o 21
B. Analytical Equipment . « . . . . . & 42

V. EXPERIMENTAL PROCEDURE . . « ¢ v ¢ o o o o o o 43

A. Charging of Components . . . « « .« & 47
B. Equilibration . + o« ¢ « & o o o o o s 45
C, Sampling . . ¢ v o o o o o « o o + 5 477
Do Analysis .« ¢ ¢« ¢« ¢ v « o o o o o o o 48

VI (-2 EXPERIMENTAL RESULTS Q > ° L o ° o e < ° o o -2 51

A, Base System K-Values . . ¢ e 52
B. Non-Paraffin Substituted System

K-Values . . . o e e e 56
C. Error Analysis .« ¢ « ¢ o o o o o & o 67

VII. CORRELATION WORK o o o o o ¢ o o o ¢ o o o « & 7C

A, Use of BWR Equation for

K~Value Prediction .« o « + + o o o 70
B, Use of Binary Data . . « o« « « .« o & 81
C. Correlation Procedure . o « o o o « o 82

VIII. CORRELATION RESULTS . ¢ o o ¢ o o o o o o o o 90



Chapter
IX,

A, Experimental

BIBLIOGRAPHY

NOMENCLATURE

APPENDIX

A

APPENDIX B

APPENDIX

APPENDIX
APPENDIX
APPENDIX
APFENDIX
APFENDIX

APPENDIX
APPENDIX

m 9 =23 =6 U Q

oM

B. Theoretical , .

° ° . . ° « . . )

CALIBRATION COF TEMPERATURE AND
PRESSURE MEASURING EQUIPMENT

CHROMATOGRAPH CALIBRATION
SAMPLE CALCULATIONS OF

EXPERIMENTAL DATA

RAW EXPERIMENTAL DATA
EXPERIMENTAL RESULTS
THE BWR EQUATION OF STATE

PROGRAM LISTING

BINARY SYSTEM DATA USED IN
- CORRELATION DEVELCPMENT

CARBONDICXIDE SYSTEM DATA

PHYSICAL CONSTANTS

vi

o

?

CONCLUSIONS AND RECOMMENDATIONS

e

o

°

o

©

°

@

°

°

Page
102

103
105

110
. 115

118
125

. 131
135
151

. 164

. 168

186
194
s 198



Table
I.

ITI.

III.

Iv.

VI.

VII.,

VIII.

IX.

XTI,

LIST OF TABLES

Natural Gas Condensate Wellstream
Analys i S . L2 L] . -3 - © . - - - o L] ® L] . *

Hydrocarbon Mixtures Used in Study . . . . .

Hydrocarbon Mixtures Supplied by
Phillips Petroleum Company . . .

Comparison of NGPA Chart Values and
Unsmoothed Experimental K-Values
for Base System . « « + ¢« + ¢« « o o« . .

Comparison of Poettmann Correlation
and Unsmoothed Experimental
Non-Paraffinic K-Values . . . . .

Optimization Results for Generalized
BWR Equation Constants '"B,”"' and "'C,'"
Based on Paraffinic Binary System
Literature Data « . . . . .

Interaction Coefficients, 8, Developed
for the Optimized BWR Equation
Mixture Constants Based on Binary
System Literature Data . . . « « « « o o

Comparison of Generalized BWR and Redlich-
Ackerman Values and Experimental
Literature Binary System K-Values . . . .

Comparison of Optimized BWR Equation Values
Using Different "B, " Mixing Rules With
Interaction Coefficients and Experimental
Literature Binary System K-Values . .

Comparison of Literature Correlation Values
and Experimental Multicomponent System
K-Values and System Pressures for
Bubble Point Calculations . o « + o + o &

Experimental Data for Calibration of Gas
Compressor Level . o + « o &

vii

Page

14
15

17

25

6l

91

92

93

95

97

12%



Table
XIT.

XITITI.
XIV,
XV,

XVI,

XVII.

XVIII.

XIX.

XX,

XXIT,

XXTIT.

XXIV.

XXV,

XXVI,

Experimental Data for Calibration

of Gas Compressor Level o e o s o a4 e o a
Chromatograph Calibration Data . . . . . . &
Chromatograph Calibration Constants . . . . .

Raw Experimental Data: n-~Decane as
Heavy Component . . . . « ¢« « ¢« « & o o «

Raw Experimental Data:

Decahydronaphthalene as Heavy Component . .

'Raw Experimental Data:

1-Methylnaphthalene as Heavy Component . .

Raw Experimental’Chromatographic
Composition Data With n-Decane as Heavy
Component at 150°F . . . . « ¢« + « « « «

Raw Experimental Chromatographic

Composition Data With n-Decane as Heavy
Component at 250°F . & o ¢ o « o« o o « o o

Raw Experimental Chromatographic
Composition Data With Decahydronaphthalene
as Heavy Component at 150°F . . . . . . .

Raw Experimental Chromatographic
Composition Data With Decahydronaphthalene
- as Heavy Component at 250°F o e e . .

Raw Experimental Chromatographic
Composition Data With l-Methylnaphthalene
as Heavy Component at 150°F o o o o & o e

Raw Experimental Chromatographic
Composition Data With 1l-lMethylnaphthalene
as Heavy Component at 250°F o o o o o e a

Experimental xy Data and K-Values for
Base System at 1500F o © o o ® &) © © L ‘e °

Experimental xy Data and K-Values for
Base SyS tem at 25OOF © ‘e © ° ° e o ° ° ° ]

Experimental xy Data for Base System With

Decahydronaphthalene Substituted for
Il-Decal'le at 1500F ° ° o ° 3 ¢ ] . 3 . ° o o

viii

Page

123
126
130

136

137

129

141

142

143

145

147



Table
XXVIT,

XXVIII.
XXIX.

XXX.

XXXI,
XXXII.
XXXIII.
XXXIV,

XXXV,
XXXVI.

XXXVII.

XXXVIII,

Page

Experimental xy Data for Base System

With Decahydronaphthalene Substituted

for n-Decane at 250°F , . . « +« « « + « .« o 156
Experimental xy Data for Base System

With l1-Methylnaphthalene Substituted

fOI’ Il—Decal'le a.t 1500F ° ° ° ° . ° » © . » © 158
Experimental xy Data for Base System With

1-Methylnaphthalene Substituted for

n"‘Dec ane at 2500 ° L . ° @ ° . ® . e © . o 160

Ratios of Substituted System K-Values to
the Base System . . , - . . . . e . 1e2

Paraffin Data . « ¢« ¢« ¢ ¢ &« ¢ ¢« ¢« ¢ o « &« « o 186
Naphthene Data . . . +« « o 6 o o o o « & « o 188
Aromatic Data o « + v 4 4 . 4 . 4 . 4 . . . . 101

Experimental xy Data: Low CO,
at 1SOOF L) ° - L] ° © - . . * ° ® - ° * o o 194

Experimental xy Data: Low CG,
at 2500F ° ) . . . ° - ° . - . . * . ° ° ® 195

Experimental xy Data: High CO,
at 1500F o [ L) L L d o - L L -] L3 ° o - ° -] 196

Experimental xy Data: High CQ,

at 2500 F 'va © © © I ° . ° ° a o ° ° o . ®© o 197

Calculation Constants for Pure
Componeﬂts e ° ° ° e ° ° ° o . o . o . ° ° 198

ix



LIST OF FIGURES

Figure

lo

2

3.
4.
5.

6.

10.
1l.

120

13.

Schematic Diagram of Vapor-Liquid
Equilibrium Apparatus . . .

Sectional View of Gas Compressor . .
Equilibrium Cell (Hart) . . . .
Sampling Valve . « v ¢« ¢« ¢ ¢ « « o o

Heater and Blower Arrangement Front
View of Thermostat . . .

Bxperimental K-Values at 150°F
Base System . . . . . . o o 4 . .

Experimental K-Values at 250°F
Base System . . . . . .

Experimental K-Values at 150°F
Base System With Decahydro-
naphthalene Substituted for
n-Decane v . . . . . . o . .

Experimental K-Values at 250°F
Base System With Decahydro-
naphthalene Substituted for
n-Decane . . . « ¢« « + + ¢« o . o o

Experimental K-Values at 150°
Base System With 1-
Methylnaphthalene Substituted
for n-Decane . . . ¢ . o + o« & + &

Experimental K-Values at 250°F
Base System With 1~
Methylnaphthalene Substituted
for n-Decane . ¢ + ¢ &« o o « o & o

Ratios of Substituted System Methane
K-Values to the Base System . . .

Ratios of Substituted System Ethane
K-Values to the Base System . .

Page

°

32
35
57
29

41

53

54

57

58

59

60

62

63



Figure

14,

15.

lo.

17.

18.

Ratios of Bubstituted System Propane
K-Values to the Base System . .

Ratios of Substituted System Pentane
K-Values to the Base System . . &

Ratios of Substituted System Hexane
K-Values to the Base System . .

Gas Compressor Level Calibration
Apparatus . .

Apparatus for Preparation of Gaseous
Calibration Samples . .

xi

Page

129



CHAPTER I
INTRODUCTION

This investigation was undertaken with two obJectives.
The first was to obtain experimental K-values for multi-
component sysfems resembling ‘natural gas condensates in
over-all composition. The new experimental data provides
information abbut the effect of the characteristics of the
heaviest component on the K-values of the lighter compo-
nents. The other objective was the study of the éener—
alized BWR equation of state for direct calculation of
phase equilibrium K-values.

The phasevequilibrium K-value is defined as the ratio
of the mole fraction of the component in the wvapor phase,

¥, to that in the liquid, x,.

Ki o e (I—l)

The ability to calculate this K-value accurately is
of great importance in the petroleum and chemical indus-
tries, such as natural gas processing.

The experimental program has two applications. One
is to demonstrate the effects of hydrocarbon types in the

Cy+ fraction on the K-values of the lighter mixture



components. These effects are important in natural gas
condensate mixtures. This data will be useful for guiding
the extrapolation of existing equilibrium ratio correla-
tiens when applied to natural gas condensate systems.

The other application is to check the extension of the
correlations developed from binary system data to multi-
component systems.

The second part of this investigation dealt with the
development of improved techniques for predicting these
K-values accurately. The equation of state approach to
calculating K-values has the advantage of being numerical
and also not requiring any '""hypothetical reference
states'" for any of the components in either the liquid
or vapor phase. The generelized BWR equation of state was
chosen for this work.

The K-value data were determined for éhree multi-
component systems. The components chosen to represent the
first natural gas coﬁdensate system best were methane,
ethane, propane, n-pentane, n-hexane, and n-decane. The
other two systems were identical with the exception that
n-decane was substitﬁted with decahydronaphthalene and
l-methyl naphthalene to study heavy component effects on
1ighter component K-values. The equilibrium K-values were
determined at 150 and 250°F and pressures ranging from 100
psia to the single phase pressure. These conditions are
similar to those encountered in uﬁderground petroleunm

reservoirs.



To attain equilibrium conditions, the two phase sys-
tem must first be agitated and then allowed to remain
undisturbed at constant temperature and pressure. This
situation was attained using a stainless steel equilibrium
cell and moﬁitoring the system's temperature and pressure.
Both phases were sampled to determine the equilibrium
compositions. The following chapters describe the experi-
mental work and examine the generalized equation of state

approach to K-value calculation.



CHAPTER II
AVAILABLE DATA AND TECHNIQUES

In the past, most of the efforts in the field of
vapor-liquid equilibrium for hydrocarbon systems have been
utilized on binary systems. Even though the amount of
phase equilibrium data on hydrocarbon systems is exten-
sive, studies of more than three component systems are not
numerous. The greatest obstacle to the study of multi-
component systems has been the difficulty of obtaining
accurate phase composition analysis. Gas chromatography
has contributed the most toward overcoming this
difficulty. |

First, short reviews of multicomponent hydrocarbon
vapor-liquid equilibrium studies and available experimen-
tal data are presented. ©Opecial emphasis is placed on
hydrocarbon systems containing at least one naphthenic or
aromatic component. Present system selection and experi-

mental technique are also described.
A, Multicomponent System Data

The earliest interest in multicomponent vapor-liguid
equilibrium prediction was developed in the petroleum industry.

Design of natural hydrocarbon system processing equipment



required a better knowledge of vapor-liquid equilibriﬁﬁ
than could be obtained using Raoult's and Dalton's laws.
As a result, many natural hydrocarbon systems were in-
vestigated., However, before the use of gas chromatography,
the accuracy of the phase analysis was quite limited. A
good review of natural hydrocarbon system vapor-liquid
equilibrium literature was given by Stuckey (65).

Extensive studies of vapor-liquid equilibrium in
multicomponent hydrocarbon systems have been conducted by
Sage, Lacy et al. (44, 47, 48, 57, 58, 59) starting around
19%26. However, their work has been done on three compo-
nent systems using methane, ethane, propane, n-butane, and
n-decane. Other studies of three component systems were
made et al. on the methane, propane, n-butane and ethane,
n-butane, n-pentane systems (35, 53).

The most recent work in three component vapor-liquid
equilibrium has been conducted by Kobayashi and coworkers (30)
using gas-liquid partition chromatography. This has re-
sulted in the study of systems such as methanea propane,
n-decane and methane, propane, n-hexane by Xoonce and
Kobayashi (%2), and methane, ethane, n-hexane and methane,
propane, toluene by Van Horn and Kobayashi (69). This
method promises to proVide phase equilibrium data faster
than conventional methods.

Work on hydrocarbon systems of more than three compo-
nents is less extensive. Hanson and Brown (22) in 1945

studied the methane, ethane, propane, n-butane, n-pentane,



n-hexane system. They worked with two mixtures of differ-
ent over-all composition at 100°F. System pressures
ranged from 517 to 1736 psia and a variable volume static
equiiibrium cell was used. The analytical separation was
performed using a fractionating column. Only ten data
points were reported.

Charmichael, Hwang; Berry, and Sage (10) investigated
a six component hydrocarbon system in 1962. They stud-
ied the separation of hydrocarbons of similar molecular
welight and volatility. The’system used contained iso-
butane, isobuténe, n-butane, l-butene, trans-2-butene, and
cis-2-butene. Ten different mixtures were investigated at
temperatures from 126°F to 220°F, The phase composition
analysis was performed using a combination of chroma-
tographic and‘mass spéctrographic methods.,

Yarborough and Vogel (76) most recently have studied
a six component hydrocarbon system used to simulate a
natural gas condensate. This work was done using a rocking
equilibrium cell with gas chromatography as an analytical
tool. ©Published results are limited to one mixture of
200°F and’pressufes ranging from 100 to 3000 psia.

Results of experimental studies of the effects of
naphthénic and aromatic components on multicomponent
hydrocarbon vapor-liquid equilibrium are also very limited.
Solomon (62) obtained phase equilibrium data on mixtures
of methane, ethylene, isobutane with n-hexadecane,

dicyclohexyl, on l-methylnaphthalene as the heaviest



component. However, very few data points are presented.

Kirkbride and Bertetti (30) reported K-values for
methane, ethane, propane, n-butane, and n-pentane in three
types of absorber oil: paraffinic, naphthenic, and
aromatic, The accuracy of the results was somewhat lim-
ited due to poor.temperature regulation and difficulty in
analysis since the work was done with é natural system.
This invéstigation does, hqwever, give an indication that
the K-valﬁes of a given component at a given temperature
‘and pressure are affected by the type of absorber oil
 used.

As indicated earlier, some work is being done by
Kobayashi and coworkers (69) on ternary systems containing
one aromatic component. This work is restricted to rela-
tively low temperatures depending on the volatility of the
heaviest component in the system. In this case, toluene
was studied at -40°F. |

The advent of new analytical and experimental tech-
niques should see a large increase in the amount of data
generated for the study of effects due to naphthenic and
aromatic components on multicomponent vapor-liquid

equilibrium.
B.  Techniques

Many experimental methods are available for the study
of high pressure multicomponent vapor-liquid equilibrium.

In all cases, the goal is to measure the pressure,



temperature, and composition of the coexisting equilibrium
phases. The determination of density may also be a de-
sired feature but is not necessary to characterize the
equilibrium étate, Good reviews on experimental tech-
niques in use are given by Robinson and Gilliland (55),
Hipkin (24), and Thompson (67).

The more sﬁccessful techniques used for high pressure
Vapér—liquid equilibrium determination are the static
bomb, the bubble- and dew-point method, vapor-

recirculation, and gas-liquid partition chromatogrephy.

Non-Flow Method

The non-flow method is one of the more common methods
for determining phase equilibrium. An equilibrium bomb is
evacuated and.then filled with the sanmple under investi-
gation. Once equilibrium is obtained, samples are removed
from each of the two phases for analysis.

Two common experimental difficulties encountered in
the non-flow method are the attainment of equilibrium and
sampling. Theoretically, the two phases in the bomb will
reéch thermodynamic equilibrium after a sufficiently long
time. Since this is experimentally impractical, several
methods are used td increase contact between the two
phases.

A common and relatively simple method of reaching
equilibrium is to rock the bomb, thus agitating its

contents. Another method is to use mechanical stirring



devices., The drawback in this method 1s the need for
having a good high pressure seal where the stirring mech-
anism enters the equilibrium bomb. Magnetic stirring is a
method'that requires no mechanical seals. However, one
drawback here is that the equilibrium cell must be made of
non—magnetié material, thus restricting the choice of
materials. Also, significant power is required to move
the metal stirrer inside the cell. This often causes the
cell to become heated due to the energy absorbed from the
fluétuating magnetic field. This can cause considerable
difficulty in temperature control.

The two types of bombs used arevthe constant and
variable volume types. With the constant volume bomb, the
sample is in a system of constant volume. The only way
the pressure in the system can be changed is by changing
the‘temperature or by introducing more of the sample mate-
rial. In the variable volume cell, one is free to adjust
the pressure by simply changing the system volume in the
bomb. This volume change is produced by elther intro-
ducing mercury into the equilibrium cell cavity or by
movemnent of a piston. Sage, Lacey et al. (44) illustrate
the use of a variable volume cell.

Sampling is a more severe problem in the constant
volume cell than in the variable volume one. When the
sample 1s removed from the constant volume cell, a change
in pressure takes place inside the cell due to removal of

material from the system. The pressure change causes an
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upset in the equilibrium of the system. This makes 1t
important to remove only very small samples. In the vari-
able volume cell case, larger samples caun be removed since
the pressure can bhe maintained by decreasing the volume of
the system. Larger samples are especially important if

phase densities are to be evaluated.

Bubble-and Dew-Point Methods

These techniques are essentially the same as the
variable volume non-flow method but without sampling,
which limits these methods to binary systems. A mixture
of known composition is introduced into an evacuated vérim
able'vélume equilibrium cell, Holding the system tempera-
ture constant, the mixture is pressurized by decreasihg |
the volume of the system. The pressures are recorded when
the first drop of condensation forms from the vapor, i.e.,
the dew point is reached, Thebubblepoint technique
starts with a liquid system where the pressure decrease;
until the first bubble of vapor appears.

The conditions of phase equilibrium are determined
from cross plots of pressure against temperature for the
dew and bubble points for é large number of mixtures. The
dew and bubble points can be determined both visually and

as discontinuities in the pressure-~temperature plot.

Vapor Rec;rcg;ation Method

Vapor recirculation can be viewed as a technique for
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agitation in the nonflow method. Vapor is continuously
removed from the top of the equilibrium cell and recircu-
lated to the bottom where it contacts the liguid phase,

Care must be taken that condensation does not occur in
the #apor line since this would cause a change in the
composition of the vapor contacting the ligquid. The use
of a magnefic pump is a good technique of obtaining
recichlatioh of the vapor without the need to seal on a
moving shaft. Magnetic recirculation pumps have been
employed successfullj'by Roberts and McKetta (20) and
Stuckey (65). | |

Gas—Liquid_Partition Chromatography

Ges~liquid partition chromatography is one of the
newest methods for determining high pressure vapor-liquid
equilibrium. It has been successfully applied to a large
number of hydrocarbon systems. A good literature survey
on the subject is presented by Kobayashi et al. (31).

In this metﬁod, the equilibrium K-value are derived
from the retention voiume of a solution to its equilibrium
partition coefficient using a relationship derived in the
work. The heaviest component is used as the stationary
liquid phase in a chromatograph column and the lighter
component of the mixture as the carrier gas, The meas-
urements may be performed using a radioactive tracer of
the desired 1ight component to determine its K-value. One

drawback of this method is that it assumes the heaviest
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component to have a K-value equal to zero. This greatly
limits the temperature range that can be studied for a
given system. The maximum operating temperature would be

determined by the vapor pressure of the heaviest component.
C. Present Technique

A constant volﬁme equilibrium cell with vapor recir-
culation was used in this study. Natural gas reservoirs
are essentially constant volume and temperature systens,
the composition of which changes with pressure. This
makes the equilibrium system compatible with the study of
the Simulated_natural gas condensate systen.

The apparatus, in part, was identical to that used by
Stuckey (65). The vapor wasvrecirculated by means of a
magnetic pump. vThe pressure was measured using either a
pressure balance or a O to 3000 psia Heise gage depending
on the range of operation. No provisions for measuring
phase densities were made on the equilibrium cell. The
phase analysis was performed using an F and M Model 810
gas chromatograph. A detailed description of the appara-
tus used in this study appears in Chapter IV with the

experimental proéedure discussed in Chapter V.
D. BSystem Selection

The objective of this study was to investigate the
phase behavior of natural gas condensate systems at condi-

tions encountered in natural reservoirs. It was decided
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to use an artificial system of fewer components to simu-
‘late the natural gas condensate in order to improve the
resulting K-value accuracy by more precise phase composi-
tion analysis. The characteristics of thé Co+ fraction
could also be more closely controlled.

A study of 85 wellstream analyses supplied by the
American Petroleum Institute was made to determine a rep-
resentative synthetic system. The summary of the study is
shown in Table I, Since this study was concerned with the
effects of the C§+ fraction, non hydrocarbon components
sﬁch as nitrogen, carbon dioxide, and hydrogen sulfide
were not used. |

Based on,thé averages in Table I and on experimental
convenience, the liguid and gas mixtures were chosen as
shown in Table II. 8Six components were considered suffi-
cient for the study of the mixture hydrocarbon K-values.

The requirement of compression at room temperature to
any desired pressure without condensation is satisfied by
the gas mixture.

The liquid mixture is non-volatile at room temﬁera—
ture for easy handling and storage. The response of the
K-values of the lighter hydrocarbons to the presence of
different Crs+ characteristics is éf interest here,

Three different compounds are used to characterize
the Cr,+ fraction. These components were chosen on basis
of similar molecular weight'compatible with the average

Cr+ fraction molecular weight. The three representative



TABLE I

NATURAL GAS CONDENSATE
WELLSTREAM ANALYSES

14

Mole Per Cent

Component Range Average
N, 0-28 -
C, 31-96 76
CO, 0-12 -
Cq 1-14 S
HS 0-27 -
Cs 0-10 4
Cse's 0-5 2
Cs's Ot 1
Ce's 0~2 1

(Cy+) 0-12 5
Mol. wt. 110-235 157
0.74-0.85 0.8

Sp. gr.




TABLE IT
HYDROCARBON MIXTURES USED IN STUDY

Component Mole % Gas Mole % Liguid
Cy | 88 -
c, 7 -
Cs . 5 -
n-Cg - 20
n-Ceg - 20
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components studied were paraffins, naphthenes, and

aromatics.

The paraffinic component used was n-decane with a

molecular weight of 142.
was decahydronaphthalene
138.Decahydronaphthalene
configuration. However,
at elevated temperatures

normal boiling points is

The naphthenic component used
with a molecular weight of
exists in both a cis and trans

neither configuration is stable

and the difference between their

only 8.4°C (195.65 and 187.25°C,

respectively). A mixture of approximately equal concen-

tration was used in this

study and analyzed as one compo-

nent. l-methylnaphthalene was used for the aromatic-

component with a molecular weight of 142.

Materials

The gas mixture used in this work was an}88-7-5 mole

per cent mixture of methane, ethane, and propane prepared

from Phillips Petroleum Company's Research-Grade gases.

This migture was obtained using a 76-14~10 mixture pre-

pared by Phillips and diluting it with Research-Grade

methane. The analysis, as supplied by the Phillips

Petroleun Company,of these two gases is given in Table

III.

The liquid mixtures

were made using Phillips Petro-

leum Company's Research-Grade n-pentane, n-hexane, and

n-decane.

The l-methylnaphthalene used was Eastman Organic
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TABLE IIT

HYDROCARBON MIXTURES SUPPLIED BY
PHILLIPS PETROLEUM COMPANY

Mole % in Gas Cylinder

Component No., 1 No. 2
Ca 75.72 75.71
C. 15.12 15.13
Cs 8.73 8.7%
N, 0.4% 0.4%
Oz

8lppm 8lppn




Chemicals Practical Grade Lot. 2415 and the decahydro-
naphthalene was Practical Grade Matheson Coleman and Bell

Lot. P2854.



CHAPTER IIT
THEORY

Thermodynamics can be used to describe the conditions
necessary for phase equilibrium. These conditions provide
theoretical basis for the development of vapor-liquid
equilibrium correlations. K-values are correlated using
empirical convergence correlations, correlations involving
fugacity, or based entirely on an equation of state.

The K-value for a component in mixture can be ex-

pressed as follows:

Iy -fiL fiV
< skl

—_— -1
%, X, (III-1)

where 1 = 1 to N,
EiL and T,y are the fugacities of the component in
the two phases.

Normally, multicomponent vapor-liquid equilibrium

data are correlated using the K-value expression illus-

trated in Equation (III-1).
A, Convergence Pressure

The convergence pressure of a vapor-liquid equilib-

rium system is the pressure at a given temperature at

19



which the K-values of all components are equal to unity.
The convergence pressure for a binary system is the
critical pressure for the mixture of two components that
has a critical temperature equal to the system tempera-
ture. A good review of the convergence pressure concept
for determining vapor—liquid equilibrium is given by
Edmister (16). The most recent methods of correlating via
convergence pressures and methods of correcting for
aromatic and naphthenic compohents are presented in this
chapter.

The most recent development in convergence pressure
correlations is the NGPA K-charts (%7). These charts are
not new, but an improved version of an earlier set. The
basis for the NGPA charts is a convergence pressure
derived from a hypothetical binary liquid phase. The
composition of this pseudo—binary‘mixture is the lightest
component and a hypothetical heavy component composed of
all the other components.

The K-values for a given component are presented as a
function of temperature, pressure, and convergence pres-
sure. A separate chart exists for each compound and
convergence pressure. The NGPA charts apply only to
paraffinic hydrocarbons and a few non-hydrocarbons. These
charts are widely‘used and give good results when applied
to many multicomponent systems.

The Winn correlation (72) attempts to compensate for
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composition effects by using both the convergence pressure
and a solvent-character parameter. The Winn correlation
is a nomograph applicable from 40 to 800°F, and 10 to
5,000 psia for systems of paraffins, olefins, and certain
specific components and narrow petroleum cuts. This
correlation is easy to use and is quite useful if results
for narrow petroleum cuts instead of pure hydrocarbons

are desired. »

The Organick and Brown correlation (39) is based on
binary paraffin systems containing methane as one of the
components. The molal average boiling point of the liguid
phase determines the convergence pressure of the system.
The extra parameter here is the Watson characterization
factor which classifies the solvent by giving it an
equivalent molecular weight of a normal paraffin., This
correlation is difficult to use since it 1s a trial-and-
error procedure and not susceptible for use with a
computer. However, this method does try to account for
phase equilibrium non-idealities due to non-paraffinic
hydrocarbons.

Another correction method for non-paraffinic hydro-
carbons is given by Solomon (62). This correlation is
simply an extension of the Polyco K-charts (2) by intro-
ducing the Watson characterization factor. ©Solomon gives
charts with correctidn factors for the Polyco K-charts as

a functidn of the characterization factor. The Solomon
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correlation is fast and easy to use. However, its results
are not as good as those obtained from the Organick and

Brown correlation (3%9).
B. Fugacity Correlations

HFugacity based correlations were the first step to-
ward a theorefical procédure for vapor-liquid equilibrium
calculation. Most of these correlations involve the use
of the law of corresponding states. Often, equations of
state are used to calculate the vapor phase fugacity
coefficient. The more significant of these correlations
will be briefly discussed here.

The Polyco K-charts, also known as the Kellogg
K-charts (2), were developed for 12 light hydrocarbons
using the Benedict-Webb-Rubin (BWR) equation of state (8)
to calculate their fugacities. The composition effects on
fugacity for each phase were represented by the molal
average boiling point of the mixture.

De Priester (15) condensed these charts to 24 by
modifying the atmospheric to 1000 psia charts to the form
of two parameter charts, one for each phase and hydro-
oarbon, This improved the accuracy of the results while
greatly decreasing the number of charts needed. Results
can be obtained for pressures up to 3600 psia. Price,
Leland, and Kobayashi (43) developed a lower temperature
extension of these charts for the higher hydrocarbons.

Poettmann and Mayland (41) developed a correlation
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gpr high boiling petroleum fractions using normal boiling
point and Watson's characterization factor. This is pre-
sented in the form of charts for different boiling point
fractions and is useful to a maximum pressure of only
1000 psia. |

Edmister and Ruby (17) developed a generalized corre=-
lation giving vapor and liquid phase fugacity coefficients
as functions of reduced temperature, reduced pressure, and
boiling point ratio. This correlation is based on the
Benedict (8) fugacity values and is in the form of six
charts. The results obtained are as good as those of the
DePriester Polyco chart improvements (15).

Prausnitz, Edmister, and Chao (42) developed a gen-
eral correlation allowing the user to incorporate any
special technique or date he may have available., The

K-value is expressed as

Y

yi i Yy

K =5 = =7, (I11-2)
where

¢, =YV fg]:i = .{Z_ (I1I-3)

t = 1 P T Py,

gLo

vy = %’ (III-4)

To use this correlation, the parameters ¢, , y,, and Y?

must be specified. @, is evaluated using the Redlich-Kwong
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(RK) equation of state (52). Y? is calculated assuming
Scatchard-Hildebrand regular solution relationships (23).
The flexibility of this method enters through the parame-
- ter v, , the liquid phase fugacity coefficient of the pure
component.  The authors suggest that the userobtain his own
specific values from experimental solubility data or some
generalized source.

This method is difficult to use since the need for
extensive correlation exeludes the casual user from
utilizing this methed and also determinee the final accu-
racy of the correlation. However, this method is numeri-
cal and can be used to develop specialized computer
programs appiying to select groups of compounds.

 The Chao-Seader correlation (11) is simply a general-
ization of Equation (III—2) used in the Prausnitz-
Edmister-Chao correlation (42). The R—Kbequation is
still used to evaluate ¥ and the Scatchard-Hildabrand
equation gives_Y?. The difference is that vy, is corre-
lated as a function of reduced temperature, reduced pres-
sure, and acentric_factor based on over 3000 experimental
x-y data points. This method is completely numerical and
easily programmed on a computer. The accuracy is suffi-
cient for the use in industrial calculations. It is too
tedious for hand calculations, but the use of computers
makes this.one of the most widely used methods in the
petroleum industry today.

A recent correlation for multicomponent phase
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equilibrium is proposed by Adler et al. (1). This method
uses the R-K equation of state for the vapor-phase fugac-
ity coefficient calculation and the Wohl equation (73, 74)
for the liquid-phase activity coefficient, and generalized
fugacity charts for the standard-state fugacities of the
pure liquid components. This method indicates good re-
sults for sysfems of light hydrocarbons even when ap-
proaching the convergence pressure. However, this method
has one great drawback. To use the Wohl equation on
multicomponent systems, the interaction coefficients for
all possible constituent binary systems must be known.
This may be impossible to obtain in practice for highly

complex systems of interest.
C;"Equations of State

Equations of state are an important tool in the devel-
opment of most vapor-liquid equilibrium correlations (2,
11, 42). Few attempts have been made to use equations of
state entirely for K-value calculations.

Benedict et al. (8) used the Benedict-Webb-Rubin
equation of state as basis for the Polyco charts. Equa-
tion (III-1) gives a direct K-value calculation method for
use with an equation of state.

Until recently, little effort was made to calculate
K-values directly from equations of state (63). The major
reason for this low level of activity is a lack of a suf-

ficliently good equation of state to represent liguid and
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vapor phase properties. Such an equation of state is
essential tQ the success of this method. Various attempts
made will be examined here. Only two equations of state
have been seriously used for this purpose.

The less complex of the two equations 1s the
Redlich-Kwong equation of state (52) given in the form for

pressure

P = RT a
- o
(V-0)  08y(v + b)

(ITI-5)

where coéfficients"a" and "b'" are functions of the
critiéal proﬁerties.

Wilson (71) modified the temperature dependence of
the"a“ parameter. He used pure component vapor pressure
data and phase équilibrium data from the binary system in
quéstion at one temperature.' This gave a set of equation-
of-state constants that were used on the methane-nitrogen
and helium-hydrogen systems. The equation was found to
represent these equilibrium data adequately.

Redlich et al. (51) developed an extension to the
Redlich—Kwong equation of state giving it 43 constants
which give the best possible fit to the Pitzer et al. (40)
data. Although the author did not calculate phase equi-
librium values, they did derive the necessary fugacity
coefficient expreésions and showed the utility of their
equation for both liquid and vapor phase calculations,

The increase in accuracy over the original R-K equation of

state is not warranted by the excessive increase in the
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complexity of the equation.
The Benedict-Webb-Rubin (BWR) equation of state (6,
7, 8) was developed for correlation of vapor-liquid
equilibria and prediction of thermodynamic properties.
The equation consists of eight constants that can be
obtained from puré component PVT data. The pressure form
of the equation is as follows:
Co
P=RT A+ (BRT - &y - ) & +
(b RT - a) a3 +‘aocdS +

() 1+ Ya) exp (- Y@)  (II1-6)

where Ay, By, Co, @y, b, C, a,‘and Y are the equation-of-
state constants and d is the density. This equation is a
modification of the Beattie-~-Bridgeman equation of state
(5) for use at higher densities. Rules were set for
combining constants of the constituent components when
applying this equation to a mixture. This method was
originally applied successfully to 12 light hydrocarbons.

Benedict et al. (7) applied their equation of state
to phase equilibrium of mixtures of light hydrocarbons.
The methane-propane, methane-n-butane, and ethane-n-
butane systems were examined at moderate pressures.
Deviations of about one per cent were observed.

Schiller and Canjar (61) used the original BWR method
to predict nitrogen-carbon monoxide vapor-liguid equilib-

rium. ©Satisfactory results were obtained within the
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degree of uncertainty of the experimental measurements for
temperatures between 8Svand 120°K. and pressures of 0.5
to 25 atmospheres.

Stotler and Benedict (64) applied the same method to
the nitrogen~-methane system and found it necessary to ad-

just the mixing rule for calculating A, as follows:
Ay = X332 Agy + 2.874X1Xé + X2 Aoy . (I11-7)

This adjustment was necessary to obtain satisfactory
results for the vapor-liquid equilibrium calculations.
Cullen and Kobé (14) obtained rather poor results
using the BWR equation to calculate the carbon dioxide-
propane system phase equilibrium ratio. They observed
large deviations in carbon dixoide K-values at lower
temperatures and féund it necessary to use two sets of
equation-of-state constants for different temperature
- ranges. The constants were developed from PVT and vapor
pressure data. It is believed that the deviations were
caused by the use of the mixing rules proposed by
Benedict, Webb, and Rubin in their original work.

" Motard and Organick (%6) used the BWR equation to
correlate hydrogen-hydrocarbon system phase equilibrium.
They found 1t necessary to specify different values of the
constants C, and Y for hydrogen at different temperatures
to increase the accuracy of the results. A temperature
range between -300 and 0°F. and pressure range from 250 to

2000 psia was covered. The K-values for the heavier
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components, such as propane, showed large errors.

A new approach for using the BWR equation of state
for phase equilibrium caiculation was proposed by Starling
(63). Starling used experimental K-values to develop
generalized expressions for the eight BWR equation of
state constants using the conventional mixing rules. The
original BWR constants (84) were used for the lighter
components, but constants for components as heavy as
twenty-two carbon atoms were correlated as a function of
carbon atom number. Temperature dependence was also
introduced into the constant C,. Condensate reservoir
fluid equilibrium data were used to determine the BWR
equation-of-state parameters. The comparison was also
made on natural hydrocarbon system equilibrium data. Good
results were obtained for temperatures greater than 0°F,
and at phase denéities less than 0.55 1b moles/ft? using
this correlation.

WOlfe‘(75) used the original BWR correlation (8) to
predict natural gas equilibrium phase compositions.
Components heavier than heptane were combined and treated
as a heavy fraction. Results obtained were as accurate as
those resulting from standard K-valuve correlation methods.
However, the error increased with an increase in concen-
tration of components heavier than heptane.

Kaufmann (26) used the BWR equation as generalized by
Su (66) for phase equilibrium calculations. The general-

ized constants were evaluated from experimental data of
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structurally similar compounds. The generalized BWR equa~
tion constant C, was developed as a polynomial function of
reduced temperature. Phase equilibrium constants were
evaluated for systems containing cis-2-butane, l-pentene,
and l,vB—butadiene, Good agreement was observed for
pressures of 14.7 aﬁd 120.0 psia and temperatures between
28 and 155°F.

The results of Kaufmann (26) and Starling (63) indi-
cate the usefulness of géneralized forms of equation of
state for phase calculations. Generalized equation of
state forms make it possible to rapidly obtain the neces-
sary equatioh of stéte parameters for a large number of

compounds.



CHAPTER IV
EXPERIMENTAL APPARATUS

This chapter describes the flow diagram of the appa-
ratus, and gives a detailed description of the equilibrium
cell with its supporting apparatus and the analytical.

equipment.
A, Equilibrium Apparatus

The description of the Equilibrium Apparatus is
divided into three sections. These are: (1) feed, (2)
‘pressure regulation and‘measurement, and (%) the equilib-
rium cell and thermostat section. Figure 1 shows a

schematic diagram of the entire'experimental apparatus.

Feed Section

The gas mixture was fed from a supply cylinder
through a gauge block and a needle valve to the gas
compressor. Three hundred and sixteen stainless steel
valves, fittings, and 1/8" 0.D. X 1/16" I.D. tubing were
used 1n this section.

The 1liquid hydrocarbon mixture was fed from a 100cc.

burette through a section of 1/8" 0.D. tubing to a needle
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valve connected to the line entering the bottom of the

equilibrium cell.

Pressure Regulation and Measuring Section

Pressure regulation was accomplished through the use
of a pressure gauge in conjunction with a gas compressor,
A Heise preséﬁre gauge was used for pressures below 3000
psia and a Hart preSSufe balance for pressures above this
value. A pressure bench was used to generate and maintain
the system pressure. The pressure balance, pressure bench,
gas compressor, and the equilibrium cell were manufactured
by W. C. t'Hart und Zn, Instrumenten-en Apparatenfabriek
N.V., Rotterdam, Holland. The Heise pressure gauge was
manufactured by The Heise Bourdon Tube Co., Incq; Newtown,
- Conn.

The Heise gauge is a brass bourdon tube gauge with a
0 to 3000 psi range in 22 psil divisions. The gauge,
serial number H32438, was read to the nearest 0.5 psi.

The Heise gauge was checked against the Michels pressure
balance and gave the identical results within the accuracy
of the Heise gauge. |

The Michels pressure balance is a dead weight gauge
using a differential piston. The operation of this dead
weight tester is based on the use of a piston placed in a
cylinder and loaded with a known weight. The maximum
allowable pressure for the balance is 3,000 atm. with a

claimed accuracy of about 1 part in 10,000. A detailed
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description of the Michels pressure balance and its opera-
tion may be found elsewhere (65).

The pressure bench has a hand pump to transfer oil
from a reservoir into the system. A screw press is used to
provide a fine control of the system volume. The oil is
pumped to the pressure balance and the gas compressor. A
special, filtered, petroleum oil having good viscosity-
préssure properties was used in this system. The pressure
bénch is rated for the same maximum operating conditions
as the pressure balance.

Figure 2 shows a sectional view of the gas compressor.
The upper and lower chambers of the compressor are con-
nected by a short tube. The gas to be compressed is
confined in the upper compartment. Mercury flows from the
lower compartment through the connecting center tube into
the upper compartment. The mercury is moved by oil flow-
ing frdm the pressure bench into the upper end of the
lower chamber over the mercury.

The position of the mercury in the upper compartment
must be known to calculate the system pressure when using
the Michels pressure balance. The mercury meniscus posi-
tion is measured by means of a bridge circuit having for
one leg aplatinum wire which extends the length of the
upper compartment. The calibration of the mercury level
as a function of the level indicator reading is described

in Appendix A.
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The gas compressor has a capacity of 500 cc. and a

maximum Operatihg pressure of 1500 atmospheres.

The Equilibrium Cell and Thermostat

The cell used is of the Michels design and is the
cell used by Thompson (67) and Stuckey (65) in their in-
vestigations of high pressure vapor—liquid‘equilibrium, A
cross-sectional view‘of the equilibrium cell is presented
in Figure 3. The air thermostat also contains another
equilibrium cell with its associated vapor recirculation
equipment. This cell was used in another experimental
project and caused no intereference since the two cells
were completely isolated through a series of high pres-
sure valves as illustrated in Figure 1.

The gas enters at the bottom of the cell through a
capillary tube. Next, the gas is broken into numerous
small streams by 0.05 mm deep grooves in Cone E, A
2-11/16" deep section of packed coarse woven fiberglass
cloth is inserted to provide more contact between the
liquid and the vapor. The fiberglass cloth is held in
place by two metal distribution plates perforated by
numerous conical-—shapedbholes°

Line C is used to remove vapor phase samples while
line D is used for liquid samples. All connecting lines
to the cell are 0.6 mm. I.D. capillary tubes., The liquid
dip tube D, extends 1-15/16'" into the cell.

The cell has a total internal capacity of about 150 cc.
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and is rated for a maximum working pressure of 1000 atm.
The cell and most of its parts are constructed from stain-
less steel.

A constant volume magnetic pump was used to remove
vapor from the top of the cell aﬁd recirculate it through
the liquid phase by forcing it into the bottom of the
cell., The recirculation rate can be adjusted by varying
the speed of the pump. Medhanical details as well as
operating information for the magnetic recirculation pump
and its control unit may be found elsewhere (65).

Samples of both the vapor and liguid phases were
collected in sample traps placed a short distance from the
equilibrium cell. These sample traps are illustrated in
Figure 4.

The sample trap design was obtained from Pan American
Petroleum Corporation (76) and has dimensions nearly the
same as an Autoclave model 30 VM valve. ©Standard Auto-
clave valve stems, glands, gland nuts, and high tempera-
ture glass filled Teflon packings were used in their
construction. Two piece valve stems were used and the
Teflon washer seals around them were placed close to the
stem tip to give a low dead volume. The body of the trap
was constructed from 416.stainless steel. An insert of
216 stainless steel was used in the area of the sample
cavity because 416 steel was too soft to give a good seal
for the valve stem. The body, however, was not constructed

entirely of 316 stainless steel due to fabrication
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difficulties. dJust above the sample cavity, the valve
~stem has a very loose fit in the valve body allowing fluid
to flow around the valve stem'and through the valve when
the sampling cavity is sealed. The sample cavities were
made in two sizes of about 2 and 40 microliters to give
samples of optimum size for’both vapor and liquid phases.

The sample traps were mounted using vise grips to
-facilitate removal for analysis. One-fourth inch auto-
clave fittings connect the sample traps to the equilibrium
cell through 1/8'" 0.D. stainless steel tubing spliced to
capilléry tubing about 1" from the cell. The autoclave
connections could be rapidly opened for sample trap
removal,

| A large air thermostat was used as‘a constant temper-
ature bath. The details of the thermostat box construc-
tion are given by Stuckey (65).

Air was circulated using a 6' squirrel cage blower
located in a back corner in the top of the box. The
blower was driven by a 1/2" HP electric motor outside the
bath. The intake of the blower was located at the bottom
of the box and the discharge at the top to provide good
air circulation throughout the box. Figure 5 illustrates
the blower, heater, and cooling coil arrangement.

Eight 250 watt Chromalox PTF-10 finned air heaters
supplied the heat input. Four heaters were used for
constant heat input and were controlled by a Superior

Type 116 Powerstat. The remaining four heaters were
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controlled by a Fisher lModel 44 temperature controller.
Heat was removed from the bath with a 8' x 8" X 1.5" deep
finned cooling coll placed after the heaters at the blower
intake. Conoco Antifreeze at 70°F. was pumped through
this coill from a chilling unit at a controlled rate. The
temperature sensing element was placed at the outlet of

the blbwer.
B. - Analytical Equipment

Analysis of the equilibrium samples was performed
using a dual column F and M Model 810 research chromato-
graph; The analytical section can be seen in Figure 1.

The removed sample traps are placed in a heated
~aluminum block and connected to the chromatograph through
heated 1/8" 0,D. stainless steel tubing. Separation is per-
formed in a 5/16" 0.D. aluminum column three feet long and
filled with 11 grams of Waters Associates Inc. Poropak
Q 50-80 mesh base material. A standard backflush valve is
provided for removing the heaviest component from the
column, USP grade helium was used as the carrier gas.

The stream leaving the packed column was split in a
1:3 ratio to the hydrogen flame ionization detector and
the thermal conductivity detector, respectively. The
hydrogen flame detector response was used for the sample

analysis calculation.



CHAPTER V
EXPERIMENTAL PROCEDURE

A four step procedure was followed to obtain the
experimental data points. These were charging of compo-

nents, equilibration, sampling, and analysis.
A, Charging of Components

Two types of charging procedures were employed. One
procedure was used to charge both ligquid and gaseous mate-
rial to the cell. Another procedure was used in charging
only gaseous‘material to the cell,

The first charging procedure was used at the begin-

" ning of a series of runs at a single temperature. At this
point the equilibrium cell, gas compressor, sampling lines,
and sample traps were evacuated to a pressure of 15 to 20
microns by connecting a vacuum pump to the system and
operating it for & hours or longer. The vacuum punp was
then shut off and the system pressured to about 100 psia
with the charge gas. After 10 minutes the gas was bled
off and the entire system again evacuated. The latter
step of the procedure was performed twice.

The equilibrium cell was then isclated from the rest

of the system by closing the appropriate valves. A
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burette was connected by means of a plastic line to the
cell drainage line. Approximately 100 cc of deareated
liquid charge was then fed into the evacuated cell by
atmospheric pressure exerted on the liquid in the burette.
Care was taken to assure that no air would enter the cell
through the burette. The chromatograph analysis showed no
air in the system samples.

The liquid charge was a 20-20-60 mole per cent mix-
ture of n-pentane, n-hexane, and n-decane, respectively.
This mixture was deareated by connecting the charge gas
cylinder to the burette filled with the liquid mixture and
slowly bubbling the gas throﬁgh the liquid for five
minutes. |

After charging the liquid, the equilibrium cell was
immediately pressured up to prevent air leakage into the
cell, The gas was added to the cell by letting some flow
into the mercury piston compressor and then using the
compressor to force it into the cell. The second charging
procedure was used only to increase pressure in the cell.

The charge gas was prepared by diluting two gas
cylinders containing a mixture of methane, ethane, and
propane (illustrated in Table III) with pure methane.

This dilution was accomplished by pumping research grade
methane into the gas cylinders contining the three compo-

nent gas mixture.
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B. Equilibriation

The equilibrium system temperature was attained by
heating the thermostat to the desired temperature and
allowing it to stabilize after the initial charging of the
equilibrium cell,

The optimum coolant rate setting was found to be 35
and the powerstat setting of 155 watts for operation in
the vicinity of 150°F,. Fbr operation near 250°F the
corresponding settings were 12 and 840 watts.

For runs at pressures less than 2000 psia the pres-
sure was monitored and measured on the Heise gauge. At
pressures of 3000 psia and higher the Hart pressure bal-
ance and bench were utilized. TFor this system only one
pressure cylinder was needed thus eliminating the need for
change during a series of runs.

The weights needed to obtain the operating pressure
were placed on the balance. The weights were lightly
oiled every time they were handled to prevent corrosion.
The valve isolating the pressure balance from the pressure
bench was then opened, Thé hand pump was used to inject
0il into the system and 1ift the piston and the rotating
parts to the operating level. The weights were set in
rotation. The above procedure was used to check the pres-
- sure balance before continuing with the run.

The pressure balance was next isolated from the sys-
tem. The mercury piston compressor was filled with the

hydrocarbon gas mixture. Then the valve separating the
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pressure bench and the compressor was opened. O0il was
pumped into the compressor until the pressure gauge indi-
cated that the pressure was near the desired operating
level. At this time, the valve separating the gas com-
pressor and the equilibrium cell was slowly opened and thé
gas mixture allowed to flow into the cell.

The system pressure was maintained by the injection
of oil into the gaé compressor forcing more of the gas
mixture into the equilibrium cell. MNMost of the pressure
adjustments were made duiing the first ten minutes after
the activation of the magnetic vapor circulating pump.
During this time the charged liquid was being saturated
with the charged gas mixture. Meanwhile, the temperature
was checked frequently by means of a thermocouple inserted
into the cell. Manual adjustment of the temperature
contrbller set point was necessary to compensate for set
point drift over a périod of six or more hours.

The vapor was recirculated at the desired operating
temperature and pressure for a minimum of two hours.

After this period, the pump was shut down and isolated
from the system. The constant heat input of the powerstat
was increased by approximately 100 watts to compensate for
the heat given off by the magnet coils. The outlet valves
from the equilibrium cell were closed and the contents

allowed to settle for 15 minutes.
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C. Sanmpling

Meanwhile, the lines leading to the sampling traps
were evacuated. The sample traps and the sample line
exhaust shut-off valve were closed. Next, the sampling
lines were filled with the fluid from the cell up to the
shut-off valves, The vapor line was filled first. The
contents were allowed to settle for 15 additional minutes.
To compensate for pressure drop in the cell due to filling
of the lines, additional gas was inJected into the cell as
the lines were filled. Immediately before the filling of
the lines, eﬁough gas was inJected into the cell to raise
the pressure about 1% above the system equilibfium
pressure.

After the total settling period of 30 minutes at
equilibrium system pressure, the vapor samples were taken
as follows. The tip of the tube on the atmospheric side
of the exhaust shut off valve was dipped into a graduated
cylinder filled withvwatera The valve was then very
carefully cracked to produce a bubble rate of 1 bubble per
second. This was allowed to continue for 15 minutes at
which time the valve was closed. The sample trap was then
opened and closed, thus trapping a vapor sample.

A similar procedure was followed for the liquid sam~
ple. During low pressure runs, decane tended to collect
in the cylinder. When 1 ml of decane had collected on the
surface of the water, the sampling procedure was termi-

nated. During sampling, additional gas was inJjected into
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the cell to maintain the pressure.
D. Analysis

After the completion of the sampling process, the
cell was isolated again and, with the sample traps closed,
the sample lines were emptied. The thermostat door was
opened and both sample traps removed from the lines and
replaced with fresh traps. The liquid sample trap was
left in the thermostat to be maintained at the appropriate
temperature. When executed fapidly, in less than three
minutes, the sample trap removal process allowed the air
temperature to drop about 5 degrees or less,

The excess fluid left in the crevices and on the
surféce of the trap outside the sample cavity was removed
by purging the trap body with compressed air while the
sample remained trapped by the valve stem in the cavity.
The trap was next placed in the heating block, the helium
lines connected and helium allowed to flow through the
trap body for 6 to 10 minutes to remove the final traces
of hydrocarbons inside the trap body but outside the sam-
ple cavity. The back-flush valve on the chromatograph
oven has two positions. The"light ends ' position‘means
that the column is flowing helium through it in the normal
direction to the detector while the '“"heavy ends' position
means that the helium flow through the column is reversed
and the sample material leaves the same end of the column

where it entered before passing to the detector. The
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back-flush valve is turned from the initial "heavy ends”
position to the "light ends' position after this valve
body flush with helium and allowed to remain there for a
period of 10-20 minutes. During this time the amount of
material swept into the chromatograph column was monitored
on a recorder. When no significant signal was detected,
the chromatograph oven was cooled down from 200°C used
during the purge stage to 40°C with the use of a cooling
water coil.

At the start of the sample analysis, the sample trap
in the heating'block was opened to release the sample from
the trap cavity. ©Simultaneously, the temperature pro-
grammer '"injection start' button was depressed, The temp-
erature programmer was always set on a four minute delay
which was necessary for the complete separation of 002 and
ethane.

Three minutes from the start of the analysis, the
cooling water was shut off and the line blown out with
compressed ailr for one minute. At the end of four minutes
the sir was shut off and the temperature programmer
started heating the oven at the rate of 10°C/min. Twenty-
six minutes after the start of ﬁhe analysis the back-flush
valve was turned to the '"heavy end" position. That re-
versed the flow of the carrier gas in the column and
eluted the n-decane through the inlet end. The total
analysis took 45 minutes.

After the vapor sample was analyzed, the same
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procedure was followed with the liquid sample trap. Dur-~

ing the purge periods, the equilibrium cell was raised to

the next
speed up
could be
the same

analysis

higher pressure and the equilibration started to
the over-all process. In this manner, three runs
made in a l2-hour day while preventing reruns on
charge if the sample traps had leaked or the

was ruined in some other way.



CHAPTER VI
EXPERIMENTAL RESULTS

Composition data were determined for the coexisting
equilibrium phases of three different six component hydro-
carbon systems at 150 and 250°F, The pressures ranged
from 100 to 8000 psia. The base system contained n-decane
as the heaviest component which was replaced by
- decahydronaphthalene ahd l-methylnaphthalene in the non
paraffinic studies. The temperatures were selected on
basis of conditions encountered in producing natural gas
condensate reservoirs with consideration for the limita-
tions of the experimental apparatus.

The pressure limitations were based on the character-
istics of the system rather than on the physical limita-
tions of the apparatus. At low pressures, below 100 psia,
insufficient amounts of light components are dissolved in
the liquid phase to permit accurate analyses. The quan-
tity of heavy components in the vapor sample is also
decreased., The upper pressure limit is set by the critical
pressure of the system at the temperatures studied. At
this point, the mixture in the equilibrium cell becones
dne phase. The values of experimental pressures used were

selected on basis of approximately equal logarithmic
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increments of pressure. An error analysis was made to
determine possible errors resulting from the chromato-
graphic analysis of equilibrium phase compositions,

A sample calculation of P=T-x-y data from raw experi-
mental data is illustrated in Appendix C. The raw experi-
mental data are tabulated in Appendix D. The experimental

P-T-x~y results are listed in Appendix E.
A, Base System K-Values

The experimental K-values for the base system are
presented graphically in Figures 6 and 7 and tabulated in
Appendix E. Figures © and 7 show some scatter in the
experimental K-values. The maximum error band expected
for each of these points based on a predictable error
analysis is also presented. This scatter in the experi-
mental results can be accounted for by these errors.

A comparison of selected base system K-values and the
NGPA Chart (37) values is presented in Table IV. A con-
vergence pressure of 4000 psia was used for the 150°F
values and 3000 psia for the 250°F points. Good agreement
is observed for all components. The largest deviations
are observed in the n~decane K-values. The comparison of
base system experimental K-values and bubble point calcu-~
lation results using numerical correlation methods are

presented in Table X.
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TABLE IV

FOR BASE SYSTEM

COMPARISON OF NGPA CHART VALUES AND UNSMOOTHED EXPERIMENTAL K-VALUES

Systenm
Pressure 100 psia 500 psia 1000 psia 2000 psia
Component NGPA EXP, NGPA EXP. NGPA EXP, NGPA EXP.
TEMPERATURE = 150°F, Convergence Pressure = 4000 psia
Methane %1.0 28.6 7.0 7.65 3.8 %.59 2.15 1.88
Ethane 7.8 8.54 1.88 1.98 1.2 1.24 0.92 0.87
Propane 2.8 3,32 0.75 0.88 0.55 0.53 0.57 0.46
n-Pentane 0.4 0.35 0.13 0.16 S 0.12 0.11 0.19 0.15
n-Hexane 0.16 0.1% 0.092 0.06% 0.056 0.053 0.112 0.08%
n-Decane 0.004 0.007 0.0016 0.003%3 0.0029 0.0071 0.0096 0.015
TEMPERATURE = 250°F, Convergence Pressure = 3000 psia
Methane 23,0 33,9 7.1 745 2.8 4,08 2.7 2,71
Ethane 12.0 14.1 2.9 2,24 1.7 1.65 1.3 1.31
Propane 5.8 6.31 1.4 1.59 0.97 0.92 0.84 0.81
n-Pentane 1.3 1.24 0.39 0.45 0,34 0.27 0.36 0. 30
n”HeXane 0065 0968 0021 0025 0618 0015 0025 003_9
n-Decane 0.037 0,060 0,014 0.018 0.018 0.022 0.036 0.048
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B. Non-Paraffin Substituted System K-~Values

The experimental K-values for the base system with
decahydronaphthalene substituted for n-decane are pre-
sented graphically in Figures 8 and 9. The 1=~
methylnaphthalene substituted results are presented in
Figures 10 and 11. The experimental K-values and xy data
are tabulated in Appendix E. The same temperatures and
pressure increments were used in obtaining the substituted
system data as was used for the base system data. Some of
the K-values were checked by rerunning. However, in a
« constant volume system such as this, the exact conditions
cannot be reproduced.

A comparison of selected non-paraffinic heavy compo-
nent K—values and Poettmann (41) correlation values is
presented in Table V. Good agreement is observed for the
decahydronaphthalene‘K_values, However, the 1-
methylnaphthalene K~values show poor agreement with the
Poettmann correlation which predicts higher K-values.
Comparisons of substituted system experimental results and
bubble point calculations using numerical correlation
methods are presented in Table X,

The Appendix Table XXX and Figures 12 through 16
present the ratios, o, of decahydronaphthalene and 1-
methylnaphthalene substituted system K-values to those in
the base system at similar system teuperatures and pres-
sures for the lighter components. BSystems containing the

naphthenic component show a lower ratio than aromatic
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TABLE V

- COMPARISON OF POETTMANN CORRELATION AND UNSMOOTHED

EXPERIMENTAL NON-PARAFFINIC K-VALUES

6l

150°F 250°F
Pressure Poettmann Exp. Poettmann Exp.
DECAHYDRONAPHTHALENE
100. 0.0072 0.0116 0.016 0.0281
200. 0.0060 0.00866 0,012 0.0173
300. 0.0054 0.00793 0.011 0.0097%
500. ———— em——— 0,010 0.0104
700. 0.0050 0.00604 0.011 0.00762
1000. 0.0050 0.00568 0.015 0.0130
1-METHYLNAPHTHALENE
100, 0.0070 0.00435 0,016 0.00768
200. 0.0053 0.00203 0.012 0.00895
3200. 0.0046 0.00187 0.011 0.00415
500. 0.0043 0.000849 0.010 0.00250
700. ——— e 0.011 0.00212
1000. 0.0050 0.0004-29 0.012 0.00249
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systems. Methane is the only component that has a con-
tinuously increasing ratio with pressure. Other compo-~
nents show an increase with pressure initially but a
decrease at higher pressurés. The ratio increases with
temperature below 1000 psia but decreases at higher pres-
sures for all components excépt methane. Decahydronaph-
thalene has a greater effect in lowering the lighter

component K-values than does l-methylnaphthalene.
C.: Errbr Analysis

The éccuracy of experimental results is related to
the magnitude of the error between the observed and true
behavior irrespective of precision. Accuracy can be
determined by the agreement of measurements made by dif-
ferent methods or, for phase équilibrium, by thermodynamic
consistency tests. For thése systems, however, neither
method can be easily or accurately applied.

Precision, however, can be quite conveniently ex-
amined for this system by the method of propagation of
errors without the need for duplication of runs. Thus, an
analysis of erfor was made based on possible deviations
resulting from the chromatographic analysis of the equi-
librium phase combositions.

The derivation is based on Eguation (B-1) used to
relate the chromatograﬁh peak area ratios to component

weight ratios. The basic error equation is:
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C (A AL ) X (% 2AL,)
‘ ' VI-1)
Weight ratio = (r, +Ar,) x (Ay FA0; )X (6 £At1)° (

Thus, the largest experimentél error in the vapor or

1liquid composition is given by Equation (VI-2).

(A, 6,87y +AA t Ty + AL b AT, ) /M

Az, = 3 ‘ (VI-2)
| S (Arty - pAyty) (s - ATy ) /M
j=1
where
A, = Integfabed area of component i's chromatograph
analysis peak.
A = Magnitude pf error in corresponding quantity.
t, ='Chromatograph attenuation of peak for
component i.
ry = Calibration slope for component i1 in conversion
of chromatogfaph results'toconcentrations}
%X, = mole fraction of component i in phase.
M, = molecular weight of component i.
For the K-Value, this expression reduces to

The possible error in the peak areas for the individual
components is asvfolloWS. For methane, the maximum error
is 0.5 area units. For ethane, propane,'pentane9 and
hexane, this value is 1.0. The error is 10.0 for the

heavy component. The possible error in the calculation is
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0.1 weight ratio to area ratio for methane and 0.01 for
the other components.

The main assumption here is that the maximum error
for particular quantities does not change with different
samples as the run pressure is varied from 100 psia to the
convergence pressure. However, this variation cannot be
accurately determined so the average values listed earlier
were used.

The maximum error band for the experimental data is

illustrated in Figures 6 through 11.



CHAPTER VII
CORRELATION WORK

The correlation workrinvolves the use of the general-
ized BWR equation of state for direct K-value calculation.
Modifications bf'the equation constants and their mixing
rules were made after a study of available literature.
High pressure binary system literature data were used to

optimize this correlation.

A. Use of BWR Equation for K-Value Prediction
f

The BWR equation of state hés been used successfully
to calculate vapor—iiquid equilibrium K-values directly.
Generally, these calculations are performed on systems of
light hydrocarbons. Emphasis is normally placed on the
equation's ability to fit PVT data for the pure components
rather than mixture phase equilibrium K-values. It is
evident that the BWR equation performance is poorer at low
temperatures and high pressures when used to predict
K-values (64).

The deviations can be attributed to certain weaknesses
in the BWR equation of state. One major weakness is the
inability of the equation to predict the liquid density

with an accuracy comparable to that obtained with vapor

70
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phase densities (6). Accurate phase densities are di-
rectly related to the accuracy of the K-value as demon-
stated by Equation (VII-28).

Another weakness 1s the need to change the value of
the "Co" constant to obtain good predictions of the pure
component vapor pressures as suggested by the authors in
their original work (8). The usefulness of making '"Co' a
function of temperature is illustrated by Stotler and
Benedict (64) and Starling (63) for phase equilibrium
calculations and by Barner and Schreiner (3) for predic-
tion of mixture enthalpies.

The pdssibility of obtaining improved K-value results
by changing the original equation of state constant mixing
rules was also shown by Stotler and Benedict (64). Their
work concerned the improvement of calculated results by
~adjusting the interaction constant for the mixture corre-
sponding to "A,'". This illustrates the potential for
improving the BWR equatibn not‘only for mixture property
calculations, but also for pure components.

In the past, all equations of state have been subject
to use in a generalized form based on the theory of corre-
sponding states. The BWR equation is no exception (9, 38,
66, 25, 21, 13, 18). This work has met with reasonable
success, especially with hydrocarbons. The importance of
generalization lies in the ability to use the equation
rapidly for many different compounds without the need of

having extensive tabulations of the equation of state
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constants for all compounds of interest. Often, sufficient
data are not available to determine the constants for
SPecific‘compounds° Important in this regard is the suc-
cess obtained in using the generalized BWR equation for
correlating multicomponent, high pressure vapor-liquid
equilibria (63).

In this correlation w'ork‘J generalized BWR constants
were evaluvated using literature binary system data. These
evaluations were made using several different mixing rules
for the BWR‘equation»constant"Bo“, Interaction coeffi~
cients are also evaluated on a generalized basis for
naphthenic and aromatic components. The numerical values
of the new generalized BWR constants and interaction
coefficients determined in this investigation are pre-
sented in Chapter VIII.

Based on analysis of results available in literature,
the following aspects of the BWR equation were examined

for K-value calculation.

Generalized BWR Eguation

A K-value correlation is more effective and versatile
if based on generalized parameters. The range of complex-
ity in equations of state is great. The BWR equation of
state at present provides the best accuracy while not
being too complex for practical epplications. As indi-
cated previously, many generalizations of the BWR equation

of state exist. The generalization developed by Edmister,
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Vairogs, and Klekers (18) was used in this study. This
generalization is only slightiy inferior to the original
specific‘component BWR constants when used to calculate
pure hydrocarbon P-V-T data. However, it is greatly
superior to one of the most recent generalizations, by
Su and Viswanath (66).

In this generalizaﬁion, the P, T, and & terms in

Equation (III-9) are replaced by reduced parameters giving

us
mo= TP+ (B T-4o' -Co'/)P2 4+ (b'T - al)pP?
i & c/p3 Y] g
+ (a’a’)P® + =T (1 +YP2) exp (=Y'P2)
(VII-1)
where
, fPPC
P = PCTC’ T = TC'L" and. d o= ﬁTZo

s T, and P are reduced parameters defined by these sub-
stitution relationships. |

The reduced, dimensionless constants are defined in
terms of the specific compohents and gas consténts as well

as the critical properties.

B, P
Bo = g (VII-2)
A-O PC
A= SRR (VII-3)
Cc=
Co'= gr—ma (VITI-&)
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constant

v
Cl
al
bl
Co

Ao

Bo

ofa

4

’

4

4

il

il

fl

il

0.052058 - 0.09064% + 0.105062u2

0.035694 + 0.185297w - 0.230125w?
0.0235866 + 6.290284w - 0.295414p?2
0.0275404 + 0.131009w - 0.134924¢?

0.098224 + 0.401236w ~ 0,03%972620w?

0.243258 - 0,127521w -~ 0.509131w?
0.113011 + 0.1557%7w - 0,326620u?
0.0000875

(VII-10)
(VII-11)
(VII-12)
(VII-13)
(VII-14)

(VII-15)

(VII-16)
(VII-17)

This generalization gives good results not only for

the twelve hydrocarbons originally treated by Benedict,

Webb, and Rubin, but also for substances such as benzene

and carbon dioxide.
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Co Adjustment for Temperature

The Qrigihal authors of the BWR equation suggested
that "Co'" should be adjusted from temperature-to-
temperature to get a better K-value prediction (8).
Several sources illustrate the improvement in accuracy
obtained by this adjustment. Most of these adjustments
are presented in a fabulaf or graphic form for specific
compounds (77, 3, 64, 36, 8).

Starling,‘in his generalization of the BWR equation
(63), gave "Co' as a linear function of reciprocal

temperature.

. (=3
Cor + (285688 x 10° - £82221x 10y (y _1)

(@]
o
»

1]

+ 127881 x 10* (N, - 1)? (VII-18)

Coy = Co for component i
Cor = C, for methane

number of carbon atoms in component 1.

=
f

This relatively simple modification was a successful
improvement in his generalization.
A more complex model for C, was developed by

Kaufmann (26)

Co X 10770 = Ay +4; T +45 T? + Ay T3 +4hs T°
(VII-19)

where

A, = constants for specific component
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' T
T, = reduced temperature, /To°

This is a simple polynomial expansion in terms of reduced
temperature. It gained him an improvement in the results
at the cost of introducing four new constants for each
component.

The temperature dependence correction for '"C,'" should
be such‘as to produce the maximum improvement in the re-
sults with fhe minimum increase in complexity. Examina-
tion of the literature indicated that é linear function of
reciprocal temperature would meet these requirements. In
this work, Equation (VI-14) was changed to the following
form: '

Ce
Co' = C1 + Cpw + Cyw2 + =— (VII-20)
where C, 's are constants whose values were determined dur-
ing the course of this work. This model introduces only

one extra constant in the BWR generalization.

Constants to be Evaluated

The generalized BWR constants used in this work,
Equations (VI-10) through (VI-17) with the exception of
By, were evaluated from pure component ccnstants published
in the original work (8). However, Bo ! was optimized to
give the best fit to the P-V-T data using the already
determined generalization for the other constants. The
generalized form of the BWR equation involves 22 actual

constants (18),
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The regression of all 22 constants using the limited
amount of bihary data would require a prohibitive amount
of computer time., Also, the constants developed from the
PVT data should not be simply discarded since the equation
of state should be compatible with both properties.

One constant that must be evaluated again is B,‘. In
the original generalization, it was simpiy regressed to
give the best possible fit to the P-V-T data using the
other constants. Thus, if an adjustment is made on any
other constant, B, requires reevaluation.

It was shown earlier that C,’ should be modified for
temperature effects to obtain an improved correlation,
This reQuires that C, ' be reevaluated.

In general; Bos Ay, and C, make up the second virial
coefficient in the BWR equation of state. The second
virial coefficient is the major factor in gas phase P-V-T
calculation. Thus, to have a realistic scopé for this
study, only the constants in the second virial coefficient

were reevaluated,

C
B(T) = (BoRT - 4, - T;) (VII-21)

where B(T) is the second virial coefficient as a function
of temperature in the BWR equation when it is expressed in
the virial form for pressure.

The evaluation of the B, and C, constants in the
generalized form requires the regression of seven general-

ized coefficients. Ay,, the constant not associated with
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temperature in the second virial coefficient, was not

modified.

Mixing Rules

Up to the present time, the mixing rules most fre-
quently used for the A,, By, and C, BWR constants are the
same as those originally proposed (8). These are the
square root relationship for all constants except Bo which
uses the linear combination rule. The square root mixing

rule is given for the constant A, in a mixture as

N N
Ay = Z Z % x3VEo; VAo (VII-22)
isl j=1 -

where N is the number of components in the mixture and A,,
is the BWR constant for the pure component i. The linear
mixing rule for B, is given as follows: |
N N
B, - %Z Zx, %3 (Byy +Boy ) (VII-23)
i=1 = j=1
Benedict, Webb, and Rubin suggested the Lorentsz
mixing rule for B,. However, they considered this mixing
rule as too complex to use for the slight improvement ob-
tained in the results (7). The Lorentz mixing rule is as

follows

N N v .
1 1
Bo ;i- Z Z X, X:[(Bog)/3 + (BOJ)”]’-

i=1 j=1 (VII-24)
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A linear square root combination rule for B, was
examined because of its usefulness in P-V-T calculations

for mixtures (34). This rule is given as:

N N | |
Bo -2 9 % x 0Bt + (BoFie. (v1I-25)
i=1  j=1

These four combinihg rules, the square root, linear,
Lorentz, and the linear square root, were investigated in
this study for the constant B,. The conventional mixing
rules were used for all other constants since most ques-
tions have centered around the correct mixing rule for

this constant.

Interaction Coefficients

Little work has been done up to the present time to
develop interaction coefficients for particular components
~or types of compounds other than the coefficients obtained
from the previously mentioned mixing rules. One adjust-
ment was made by Stoller and Benedict (eé4) for AO in the

methane-nitrogen system,
Ay = %32 Agy + 2,874 x5 X + X? Agp . (VII-26)

Here, 2.874 was used instead of the conventional
2VA,; Ay, obtained from the square root mixing rule.

In this investigation, interaction coefficients "6"
were evaluated for the three BWR constants in the second

virial coefficient, Ay, Bys and C,. Using A, for an
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example, these coefficients take the following form for a

binary system with the square root mixing rule:

Ay = x? Ay + 2% OVAGL Ay + X2 Aoy
(VII-27)
This '"6" interaction can be applied in a similar fashion
to the other mixing rules.

The interaction coefficient "0" was evaluated for
interactions between dissimilar components such as the
paraffin-naphthene and paraffin-aromatic interactions. A
value of 8 = 1.0 will be assigned to the paraffin-paraffin
interaction since these systems should behave more ideally
than the others.

One goal of this investigation was to determine the
amount of improvement that can be obtained in X-value cal-
culations using these generalized interaction coefficients.
8's for the paraffin-naphthene and paraffin—aromatic
interactions were evaluated using binary system phase
equilibrium data combined with the various mixing rules
for the B, constant. In multicomponent systems, the
mixing rules used to obtain the mixture constants are
simply combinations of the possible binary systems that
can exist in the mixture (6, 7, 8). The appropriate
interaction coefficient is agpplied to each of these possi-
ble binéry combinations in the calculation as illustrated

in the computer program in Appendix G.
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B. Use of Binary Data

A1l the new generalized BWR constants and interaction
coefficients in this investigation were developed using
binary data. The binary system is the simplest case under
consideration. However, one can easily see from Equations
(VI-22) through (VI-25) that the complexity of the BWR
equation increase with the number of components in the
system. Since this work involves using experimental data
to evaluate the coefficients, the simplicity of the ex-
pressions was considered to facilitate calculation.

Binary data were found to be more useful due to their
simplicity of expression as well as abundance when com-
pared with multicomponent data.

In this investigation, only paraffinic system data
were used in the evaluation of the generalized BO' and C, ’
BWR constants with different mixing rules. This corre-
sponds to a 6 = 1.0. Next, the interaction coefficients
8 were evaluated using these new generalized constants and
binary data on paraffin-naphthene and paraffin-aromatic
systems.

This study was restricted to systems under tempera-
tures and pressures similar to those used in this experi-
mental investigation and in natural gas condensate
processing. Binary data in the range of 100 to 400°F,
were used with pressure ranging from 100 to 3500 psia.

The analysis was limited to data with K-values of the
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heaviest component greater than 0.010 to guarantee that
the data used in this evaluation are reliable.

Binary systems with heavy components up to nwdecane
were available. However, the heaviest naphthenic compo-
nent waé methyl cyclohexane and aromatic was toluene.
These are considerably-lighter than the compounds used in
this experimental investigétion° Thus, when the correla-
tion was compared to the multicomponent data, this
extrapolation in molecular weight had to be considered.,
The 182 binary data points used in this study are listed

in Appendix H,
C. Correlation Procedure

The generalized BWR equation of state correlation
work for phase equilibrium involved two stages. The first
was to bptimize the géheralized B,’ and C,’ BWR equation
of state constants with respect to available binary sys-
tem ?hase equilibrium data. The second step was to use
these new constants and evaluate interaction coefficient
for mixtureé of dissimilar components for use with the By,
Co, and A, constants. This calculation was perfgrmed
using binary system phase equilibrium data on paraffinic-
naphthenic and paraffinic-aromatic systems. All optimiza-
tions required extensive, time consuning, regressién
calculations on a digital computer. The following is a
detailed exblanatibn of the procedures used.

The first part of this correlation involved the
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regression of the generalized B, ' and C,’ BWR equation
constants using paraffinic binary system data. An example
of the computer program used is listed in Appendix G. The
calculations wefe carried out on an IBM 7040 computer at
Oklahoma State University.

In this regression, the K-values were calculated

using Equation (III-1). This equation is

= L
i dL exp (wj /RT)

i v o
&y exp (W' /RT) (VII-28)
i
where
W ‘ = 3
W, = (B, + BOi)RT—E(AOAOl)W - Q(Cocci)erl\z a
1/3 Y3 1/3
+ 2 RT (¥®¥Db,) - (a2a,) @ +3 a(a?a,)
2 ‘ 5
/3
- (a2a,) a°
d"‘( 2 )1/3
. 3 ceCy l-exp (_Yd2> exp (_de >>
me ad< - >
e VY
- 5= [ ] = ex*?da Yo exp (~re)
_ X3 exp (@) (VII-29)

2

Equation (VII-29) is derived for the constant B, using the
linear combination rule (63). The criterion for conver-
gence of the generalized BWR equation constant optimiza-

tion was the minimum sum of squares of the following error
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expressions
L,V
Dev. K, = 1 - (£y/f;) calc. (VII-30)

for the K-values of all the components of the paraffinic
binary systems.

The calculated X, is based on the experimental phase
compositions, temperature, and pressure. The error intro-
duced by the correlation appears in the calculation of the
fugacities of different components in the two phases based

on this experimental data. This gives
L v
Ki = (fi/Xi )/(fi/%) (VII“BJ-)

where L and V refer to the liquid and vapor phases,
respectively. Thus, one can regress a new expression for
the generalized B,’ and C,’ BWR constants using the experimental
binary system data and minimizing the sum of the deviation
functions illustrated in Equation (VII-30). This required

the regression of seven distinct constants for C, and B,.

Bo' = By + B,w + Byw? (VII-32)

Co’ = Ba + Bg® + Bew? - 2L, (VII-33)

In this investigatioha the calculations were perform-
ed using a nonlinear regression program. The computer
‘program used in this study was originally developed by

R. M. Bear (4) and modified in this investigation for the

specific BWR equation regression.
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The nonlinear regression is essentially a method of

least squares. Suppose that one has a relationship

Zas1 (1) = F(B1(4)y wooy Z3(i)y ooed Biy cooy By)
(VII-24)
where 1 =1 to N sets of data, Bys are the constants, and
Z, +1 (i) is the dependent variable with Zy (i) to Z, (i)
the independent variables., If Z,+1 (1) is the actual ob-
served value of Z,,,(i). It is simply wished to minimize

the sum of squares of the deviation with respect to By.

N ,
- 2
8 =) [Faer (1) = B2, ()5 «ons Bry w0)]

-?iﬁs; = O>’ j = 13 29 e 00 g M, (VII""56)

Using a first order Taylor ekpansion about a point B, with

respect to By, one obtains

m
v : aF
F(Zlaeeo"éBlsooo):F(Zl9l°°°.9Blo °°°)+Z 9B ABs

3
Jg=1 (VII-37)

when Bi = B,° + ABi.'

Equations (VII-36) and (VII-37) give one m linear
equations in the m unknowns AB;. These equations can be
solved for ABs which is used to correct the original Bj.
This procedure can be iterated until convergence is
obtained,

The actual calculations involved in this regression
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can be best illustrated with a brief review of the com=-
puter program used. The program consists of eight sub-
routines called MAIN, GAUSS, SQOLV, DERIV, MULLER, DENSTY,
YCOMP} and BWRCST,

The section MAIN is simply the input subroutine for
the data cards. It is used to read all instruction cards
and experimental data to be used in the regression.

Subroutine GAUSS is the heart of the regression pro-
cedure. This subroutine handles the logic procedure and
calculations involved in the nonlinear regression proce-
dure. The rest of the subroutines simply provide specific
calculation of quantities necessary in the regression
procedure. | |

The subroutine SOLV solves the simultaneous linear
expressioné obtained from Equations VI-36 and VI~-37, This
calculation is performed only once for each regression
cycle.

Subroutine DERIV simply calculates the partial
derivatives of the deviation function as 1llustrated in
Equation (VI-36). This calculation is performed by means
of incrementation inbthe‘independent variable. To obtain
the partial defivatives, this calculation must be per-
formed many times. With the BWR equation, this requires
many trial and error calculations of the phase densities.
This is the étep that makes the programs execution time
long, requiring several hours of computer time to obtain

convergence for a set of generalized B, and C,’ constants.
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MULLER is a subroutine used to speed up the conver-
gence of this regression calculation by providing a better
estimate in the phase density calculation which is a trial
and error procedure. This is.simply an iteration tech-
nigque, the Muller method (70), used to solve for roots of
an equation requiring three points to give a good estimate
of the root.

DENSTY is a subroutine that is time consuming but
much used. This subroutine calculates the phase densities
using the BWR equation. The roots of this density equa-
tion for both the gas and liquid phases are determined
using the Muller method mentioned previously. Since the
equation cannot be solved directly, a decrease in the num-
ber of density calculations required in the course of a
regression greatly reduces the time required to carry out
this calculation. This subroutine also contains the
generalized BWR constant model being regressed.

YCOMP is the subroutiné which contains the mathe-
matical expression to be used in the particular regression.
In this study, it provides the calculation of the ratio of
experimental to calculated K-values in deviation calcula-
tion Equation (VIQBO)°

The last subroutine is BWRCST. This subroutine
simply calculates the BWR equation constants that are not
being regressed from the generalized expressions as func-
tions of acentric factor for the compounds in question.

This regression procedure gives us the best values
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for the generalized B, and C,’ BWR constants based on the
102 binary paraffinic K-values. The quality of fit for
the particular model in question is also indicated by the
results. These regressions using the same binary data
were performed using the model for B, given in Equation
(VII-32). The model used for Co.' was that given by Equa-
tion (VII-33) with temperature effects. The mixing rules
for all constants except B, were the standard sguare root
used by the original authors. For By however, the 1inear;
‘square root, linear square root, and Lorentz mixing rules
were investigated. .

The other part of the regression work involved the
evaluation of interaction coefficients '8'" for mixture BWR
equation constants By, C;, and A,. ZEssentially the same
computer program was used to evaluate the interaction
coefficients asvwas used for evaluating the equation of
state constants. The inferaction constants, 8, were

evaluated for binary systems as follows:
Bo = %2 Boy +2x1 X, B33 Bozp + X2 By (VII-38)

where B,;, 1s calculated by a method depending on the
mixing rule used. Similar éxpressions were used for A,
and Cq.

The generalized B, and C, constants obtained using
the paraffinic data were considered as a reference for the
interaction with 6 = 1.0. Values of 6 were evaluated for

paraffin—naphﬁhene and paraffin-aromatic binary systems



89

using thevgeneralized constants developed from paraffinic
hydrocarbon system binary data.

The O regression required only modifications in the
program used to regress the equation of state constants,
The change was in the subroutine DENSTY where the BWR
expressions had to be modified to accomodate the inter-
action coefficients to be regressed. This regression was
considerably faster since only three constants had to be
regressed. An example of this modification in DENSTY sub-
routine can be found in Appendix C.

The interaction coefficients were evaluated for both
paraffin-naphthene and paraffin-aromatic interactions
using the linear, linear square root, aﬁd square root
mixing rules for B,. These regressions provide informa-
tion on both the best value for the interaction coeffi-
cients as well as their quality of the fit to the data.
The results of this work will be discussed in Chapter

VIII.



CHAPTER VIII
CORRELATION RESULTS

The generalized BWR equation of state modifications
developed in this correlation WOrk for phase equilibriﬁm
calculation are evaluated by comparison with experimental
binary and multicomponent system K-values. Table VI pre-
sents the optimized Bo'and Co' generalized BWR equation of
state constants determined for different B, mixing rules
based on experimental binary system data listed in
Appendix H. Table VII illustrates the interaction coeffi-
cients, 6, determined for the optimized BWR equationvmixw
ture constants,.Ao, Byy and C, from pafaffinic-naphthenic
and paraffinic-aromatic.binary system experimental data.

Table VIII presents the absolute per cent deviations
in the K-value calculation using the generalized BWR
equation of state (18) in its original form with different
mixing rules for the B, constant and the Redlich-Ackerman
R-K equation of state when applied to binary hydrocarbon
system data. The results clearly indicate that the
generalized BWR equation of state 1s superior to the
Redlich-Ackerman R-K equation of state correlation. The
binary system results are not conclusive as to the best

nixing rﬁle for the BWR equation constants B, due to the

90



TABLE VI

OPTIMIZATION RESULTS FOR GENERALIZED BWR EQUATION CONSTANTS "B, ' AND *C,' "
BASED ON PARAFFINIC BINARY SYSTEM LITERATURE DATA

Generalized BWR Constants "B, " and "'C, "
as Function of Acentric Factor and

"Be "' Mixing Rule Used Reduced Temperature
Linear B,’ = 0.0998005 + 0,5%9138xw
- 1.20578xu?

Co' = 0.154792 + 0.462707x w
- 0.387600xw? - 0.0257257x 7T

Linear Square Root B, = 0.0754096 + 0,840782xw
- 1.58141xuw?

Co! = 0.155359 + 0.709310%xw
= 0.713493xw? = 0.0483684% T

Square Root ' By’ = 0.10%388 + 0.626005x w
_ -~ 1.05564xuw?

Co’ = 0.151278 + 0.886906xw
~ 0.882247xw? - 0.068283%3x T

16



TABLE VII

INTERACTION COEFFICIENTS; 0, DEVELOPED FOR THE
OPTIMIZED BWR EQUATION MIXTURE CONSTANTS
BASED ON BINARY SYSTEM LITERATURE DATA

Interaction Coefficients, 8,

BWR Binary System for BWR Equation Constants
Equation Literature Data '
"B, " Constant (Appendix H)
Mixing Used to Optimize
Rule Used Interaction Coefficients B, Ay : Co
Linear Naphthenic 0.846707 0.949393% 0.900416
i Aromatic 1.55697 1.413%89 0.737401
Linear Square
Root Naphthenic 0.510885 0.607272 1.09785
S Aromatic 0.424780 0.510543 1.14951
Square Root Naphthenic -0.0948258 0.1353%6 1.32980
" Aromatic -0.204109 0.0327316 1.3%3288

cb



TABLE VIIT

COMPARISON OF GENERALIZED BWR AND REDLICH-ACKERMAN VALUES
AND EXPERIMENTAL LITERATURE BINARY SYSTEM K-VALUES

Average Absolute Deviations

BWR | - of all K-values in Binary
. "B, " Constant System Data Used (Appendix H)

Equation of State Mixing Rule Used - Paraffinic Naphthenic Aromatic
Generalized BWR
Equation of Stater(18) . Linear , 26.9 - 14,1 23.5

i i v Square Root 18.0 21.9 27.9

' " v : Linear Square Root 21.3 17,9 25.7

i " i Lorentz ‘ 19.8 19.3 26.5
Redlich-Ackerman
R-K Equation (51) 47 4 27.7 56.1

¢6
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high percentage deviations involved. However, the linear
mixing rule seems to be slightly superior for the
naphthenic and arcmatic systems while the square root
mixing rule is best for ?araffinic systems. The general-
ized BWR results are better for the paraffinic and
naphthenic binary data when compared to the aromatic sys-
tem results.

Table IX illustrates the per cent deviations in the
binary system K-values for the developed correlations
optimizing the generalized BWR equation constants B, and
C, and interaction coefficients 6, The use of the
paraffinic binary data with the linear B, mixing rule to
regress a new B, and C, generalization model shows a sig-
nificant improvement over the original BWR generalization
results. Using the different binary system data, inter-
action coefficient correlations, Table VII, were developed
as explained earlier. The introduction of the Bs for the
aromatic and naphthenic system interactions did little to
improve the average per cent deviation (Table IX) compared
to the results obtained for the paraffinic case of
8 = 1.0, The correlation regressions were based on a min=-
imum value of the sum of the squares of deviation (see
Chapter VII), thus making it possible for the average per
cent deviation to be slightly larger in a better fit as
shown in Table IX.

The By, generalization regression based on the square

root mixing rule and paraffinic binary data gives a



TABLE IX

COMPARISON OF OPTIMIZED BWR EQUATION VALUES USING DIFFERENT"BO” MIXING RULES
WITH INTERACTION COEFFICIENTS AND EXPERIMENTAL LITERATURE
BINARY SYSTEM K-VALUES

Mixing rule used for BWR ' Average Absolute Deviation of
Equation constant "B, " during Interaction Al1l K~Values in Binary Systems
optimization using paraffinic coefficients Data Used (Appendix H)**
binary system literature data - used¥ Paraffinic Naphthenic Aromatic
Linear P 8.5 . 13.4 21.6
Linear N 8.4 11.3 18.6
Linear A 13.4 1%.7 19.7
Square Root P (6=1)" 7.7 30.9 34,7
Square Root N 11.1 18.0 28.0
Square Root A 11.0° 21.8 28.
Linear Square Root P (8=1) 7.2 14.9 24,9
Linear Square Root N 7.9 o 20.0
Linear Square Root A 8.4 10.2 20.6

#¥P = Paraffinic-Paraffinic (6=1.0)
N = Paraffinic-Naphthenic
A = Paraffinic-Aromatic

*¥Underlined values are for the data used to optimize the equation and the
interaction coefficients.

S6
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smaller average error for the paraffinic data than does
the linear mixing rule case., However, the results for the
haphthenic and aromatic systems show considerably larger
deviations. The regression of inﬁeraction coefficients
for the aromatic and naphthenic systems does improve their
agreement with the binary data. 'Howevergvthe linear B,
mixing rule resuits are definitely superior to the square
root results for the naphthenic and aromatic systems.

The linear square root mixing rule when used with the
By constant regression gives the best agreement for the
binary data. Minimum deviations are observed for the
paraffinic ahd naphthenic data whén used with their inter-
action coefficients. The aromatic system results show the
least improvement, being comparable in magnitude toc re-
sults of thé iinear mixiﬁg fule regression.

The results in‘Table IX show clearly that an improve-
ment is obtained for binary systems when the B, general-
ization is optimized based on vapor-liquid equilibrium
data. Also, the interaction coefficient, 6, used to
vcompensate for naphthenic and aromatic effects provides a
slight improvement for the respective systems. The best
over-all results are given by the linear square root
mixing rule used with the B, equation of state constant.
| Tables X and XI give the average per cent deviation
in the vapor phase composition calculation for the multi-
component systems studied in this experimental investiga-

tion. The experimental multicomponent data are compared



. TABLE X

COMPARISON OF LITERATURE CORRELATION VALUES AND EXPERIMENTAL MULTICOMPONENT

SYSTEM K-VALUES AND SYSTEM PRESSURES

FOR BUBBLE POINT CALCULATIONS

Average absolute % Deviation between calculated and
experimental values :

Vapor Mole Fractions

Aromatic data,

Bouo#on

Q=

Systems similar to "P' but containing CO,

Paraffinic data, n-Decane heavy component (APPENDIX E)
Naphthenic data, Decahydronaphthalene heavy component (APPENDIX
1-Methylnaphthalene heavy component (APPENDIX E)

(Table XXXIV (68))

E)

Experimental  System Heavy

Correlation Data Pressure All y's G y's m%ys %Ts %fs Csy's Cyy's Comp y's
Redlich~Ackerman P 65.5 29.6 9.2 ——— 22.1 22,6 1.0 57.9 64,9
. R-K Equation (51) N 68.0 29.8 5.7 ———- 21.0 26.6 z7.1 k41,9 Ll L
A 95,5 - 46,2 7.4 —— 22,8 21,2 51.0 60.4 102.4
Chao-Seader (11) P 22,4 16.% 2,2 —— 19.2 12.0 14,5 16.9 32,7
N 80.2 21,2 1.8 _— 8.2 16.1 25,7 #.3 hh 1
A 84,5 32,2 L,o -— 15.8 12.9 l4p,2 48,8 69.4
co, 54,8 21,7 5.9 21.2 12.6 9.3 2.2 2.8 38,8
Generalized BWR (18) P 101.1 20,2 2.7 —— 8.9 22,2 z4,k 29,1 72.7
N 85,1 21.9 b % —— 12,8 21.1 28.7 Lo.9 61 .4

A 48 .0 L4o,7 5.6 ———— 9.3 19,7 67.9 78.6

6%.1

46
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COMPARISON OF OPTIMIZED GENERALIZED BWR BEQUATION VALUES AND EXPERIMENTAL
MULTICCMPONENT SYSTEM K-VALUES AND SYSTE!M PRESSURES
FOR BUBBLE POINT CALCULATION :

Average absolute % deviation between
calculated and experimental

BWR Equation

"By ' Mixing Rule ' ) : . Vapor Mole Fractions
“Used in . Interaction Exp. System ' Heavy
- Optimization Coefficient O Data Pressure All y's Qly's an y's qay's q;y's Csy's Csy's Comp y's.
Linear P-P P 16.2 19.7 4.6 —— 12,47 14,0 19.1 - 21.8 . 45.2
P-P N zh o 21.% 4.1 ——— 11.1 16.8 18.7 19.9 51.1
P-P A 22,8 28,4 - 4.4 ——— 25.7 2.7 27,0 "~26.5 . ShbL .
. : P-N N 26,1 51.5 5.6 -~ 10.0 17.5 76.9 128.9 70.1
- e , P-A A* — —— —— —— —— e e _—
Linear =7 7 :
Square Root p-P P 15.8 16.% k.0 -— 6.9 9.k 17.2 21.0 . 29.h4
P-p N 20.8 17.7 z.1 —— 8.z 10.8 . 15.% 18.1 50.5
P-P A 1 17.6 25.9 L,z —— 20.%3 27.6 29.%2 22,6 o1
P-P co, 55.6 28,1 5.8 z0 % 10.0 11.7 58.4 84.6 64.0
P-N N 25.5 20.4 b1 —— 8.1 11i.2 21.9 26.5 50.8
P-A A 28.0 26.9 6.1 —_— 20.%Z2 Z#1.1  51.2 59.8 52,7
Square Root " P-P P 15.8 15.4 z.6 —— 6.7 12.5 15.5 19.4  zh.9
p-p N 15.6 25.5 2,Z — 8.9 14.1 21.0 26.7 - 78.9
P-P A 21.8 26.6 L.o — 6.4 22,7 29.4 25,5 51.7
P-P N Lo.,7 Ly ke 7.9 ——— 1z.%2  29.0 68.1  78.8 51.8
P-p A* —— — — ——— —— e

Paraffinic data, n-Decane heavy component

Naphthenic data, Decahydronaphthalene heavy component

Aromatic data, l-Methylnaphthalene heavy component

Systems similar to "P" but containing CO , Table XXXIV (68) .

Convergence was not attained in the Linear Reg. and Square Root Reg, with aromatic data

* Q p =20
o ounn

it
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to the results obtained using the various generalized BWR
correlations mentioned previously, the Redlich-Ackerman
R-K equation of state, and the Chao-Seader Correlation.
This comparison involves the calculation of a system pres-
sure and vapor composition based on a given liquid phase
composition and eystem temperature.

From the results it is evident that the best over-all
agreement is obtained using the linear square root mixing
rule correlation for B, without the use of interaction
coefficients. It is evident that even though the inter-
action constant concept proved useful on the binary data
from which it was developed, in almost all cases this
method gives inferior results with the multicomponent sys-
tem data.

The interection,oonstants were developed from binary
system data using naphthenic components not heavier than
methylcyclohexane and aromatic components not heavier than
toluene. The aromatic and naphthenic components present in
the multicomponent systems are much heavier. This may
account for the coefficient's inability to represent the
heavier component interactions setisfactorily° It is
evident that the largest disagreement exists in the
heaviest component K-value calculation. The generally
good results thained by the use of the paraffinic data
to regress the new Bobgeneralizations is probably due 'to

the use of binary paraffinic data with n-decane as the
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heaviest component which corresponds to the multicomponent
systems used in this study.

A comparison between the existing literature numer-
ical phase equilibrium prediction methods and the new BWR
correlation using the linear square root mixing rule for
B, developed in this work is illustrated in Tables X and
XI using experimental multicomponent system K-value data.
The results show that the new correlation is superior to
the Redlich—Ackerﬁan, Chao—Seadervand briginal generalized
BWR equation. Of the three comparison techniques, the
Chao-Seader correlation provided the best results. How-
ever, the optimized BWR equation using the linear square
root mixing rule for B, shows smaller errors in the pre-
dicted K-values and system pressures with the exception of
the heaviest component. Here the Chao-Seader correlation
performs equally well.

The‘Chao-Seader Correlation seems toshow smaller
deviations when applied to the literature multicomponent
data containing carbon dioxide. The developed correlation
did not use carbon dioxide’ data and does not seem to be
able to account fof its effects.

The interaction coefficients, 0, developed from
binary data shdw no improvemént for multicomponent system
results. In some cases, the use of the interaction coef-
ficient made it impossible to obtain convergen¢e in the

bubble point calculation. This was also true for some of
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the highest pressure data points in most of the correla-

tion methods.



- CHAPTER IX
CONCLUSIONS AND RECOMMENDATIONS

vThe purposes of this study were:
(i) to obtain experimental K-value data for

multicomponent systems with heavy compo-

nents having different physical

properties.

(2) to study the use of the BWR equation of

gtate in its generalized form for direct

correiation of vapor-liquid equilibrium

data. |

Eiperimental data wefe taken on three six component

systems at 150‘and 250°F. Pressures ranged from 100 psia
to ﬁhe convergence pressure of the system. All systems
contained methane, ethane, propane9 n~-pentane, and n—'
hexane. The distinguishing characteristic of the three
systems was the use of either'n—decane, decahydronaphtha-
lene or l-methyl naphthalene as the heaviest component.
| The study of the generalized BWR equation of state
in#olved the‘optimization of the B, and Co constants based
on phase equilibrium data and different mixing rules for
Bo. Interaction coefficients were also eXamined to take

into account naphthenic and aromatic component
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interactions. Conclusions and recommendations from this

investigation are summarized in the following.

A. Experimental

Conclusions

(1)

(2)

(3)

(4)

(5)

The vapor recirculation constant volume
equilibrium cell is satisfactory for
obtaining complex system vapor-liquid
equilibrium data.

Small samples can be removed from the
equilibrium cell with minimum system upset
for transfer to a chromatographvfor

analysis.

Accurate phase analysis can be made using

small sample volumes if all components

are present“in.significant concentrations.
Different”sizé‘sample traps are required
for phases of different density.

Over—ali system composition is limited in
a constant volume cell equilibrium appara-
tus. Coﬁponentsvand thelr concentration
in the gas compressor must be such that no
condensation can occur at ambient temper-
ature and limiting system pressures.

For best sample analysis, chromatograph
peaks should be sufficiently wide to

provide an accurate area count. Good
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proportionation of peak width can be only
accomplished with oven temperature

programming.

Recommendations

(1)

(2)

(3)

(4)

(5)

To maintain sufficiently high concentrations

'in both phases for accurate analysis, all

components charged through the gas compressor

should have a relatively high concentration

in the charge gas.

The constant &olume equilibrium cell should
be replaced with windowed variable volume
equilibrium_cell. This would make possible
the célculation of phase densities and
operation at a constant over-all composition.
Larger sample traps should be used for low
pressure vapor samples to improve the accu-
racy of the analytical results.

A system éhould be developed to make direct
transfer of phase Samples from the equilib-~
rium cell to the chromatograph for analysis.
This should be accomplished without the need
ﬁo remove sample traps which upsets the
cell's thermal equilibrium.

To best study the effect of naphthenic and
aromatic components on the paraffin K-values,

ternafy and corresponding binary systems
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should be investigated. BSystems of more
than three components are not convenient
for correlation development, but only for

comparison work.

B, Theoretical

Conclusions

(1)

(2)

(3)

(4)

NGPA convergence pressure K-value correls-
tion gives satisfactory results in multi-
compbnent paraffinic systems up to about
2000 psia for all components except n-
decane, n-decane NGPA results appear low

at both 150 and 250°F,

Replacement of n-decane in a multicomponent
hydrocarbon system with naphthenic and
aromatic components of similar molecular
weight elevates the system's convergence
pressure. The naphthenic conponent signif-
icantly lowers the lighter component K-
values while the aromatic had a smaller and

similar effect. The aromatic component of

the same molecular weight is considerably

less volatile.

The Poettmann correlation seems relatively
poor for‘predicting heavy naphthenic and
aromatic component K-values.

The BWR equation of state as generalized



(5)

(6)

(7)

by Edmister, Vairogs, and Klekers predicts
nulticomponent phase equilibrium with more
accuracy than the Redlich-Ackerman R-K
equatibn of staté; |

Significantly improved accuracy for direct
K-value calculation can be achieved by
optimizihg the generalized B, and C, con-
stants in the BWR equation of state from
experimental binary system data. The C,
constant is also made a function of
tempefature;

The best miXing rule for the B, constant

in the BWR equation of state for K-value

‘calculation is the linear square root

model. This'is true for both binary and
multicbmponeht systems.

The interaction coefficient, 6, of the
model By, =Bp xf + 26 xu Xz By + By %2,
where By is aISPecific combination of Bn
and B, depending on the particular mixing
rule used, gives slightly improved results
for binary systems when 0's are determined

for paraffinic-naphthenic and paraffinic-

aromatic interactions, However, no improve-

ment was observed when these binary system
based ihteraction coefficients were used

in the multicomponent calculations., A
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reason for this is that the coefficients
were developed based on much more volatile

naphthenic and aromatic compounds.

The generalized BWR equation correlation

for direct K-value calculation improves
with increase in temperature. The accu-
racy is somewhat lower than that obtained

using the NGPA charts. For the totally

- paraffinic multicomponent systems, the

equation of state correlation reproduced
the NGPA values for n-decane closer than

the experimental results.

Recommendations

(2)

Binary phase equilibrium data should be
used to optimize not only the B, and Cg4
generalized constants, but also other
constants. In this investigation, only
fhe second virial coefficient was ex-
amined. However, since the density
calculation for the liquid phase is
involvéd, higher order interactions must
be considered. A major problem involved
in more extensive optimization is the
excessive computer time required to per-
form the calculations.

The 8 interaction model should be examined



(3)

(4)

(5)
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more extensively. Although this study
indicates that this model is not very
useful, more binafy data'on heavier sys-
tems and extension of the interaction
calculation to other equation of state
constants may prove this model to be of
practical use. Howevef, the necessary
binary data are not aVailable at present
for either system with aromatic or
naphthenic compounds. Other interaction
models should be considered.

The BWR equafion of state has a limited
accuracy for high phase density calcula-
tion., This pﬁts limit on the accuracy of
results that may be attained using it.

An equation of state should be developed
that is capable of giving both vapor and
liquid phase densities with a high level
of accuracy.

The trial and error solutions to the BWR
equation of state for density is the
limiting step in the speed of the K-value
calculation. Valuable computation time
could be conserved if an equation could be
used to provide molal volumes by a direct
calculation.

Phase densities calculated from the equation



of state used to correlate K-values should
be examined, In this study, no thought
was given to the accuracy of the calcu-
lated density, just to the K-value.
However, to be completely successful, the
equation of state must be able to predict
the phase density of the mixture as accu-

rately as the K-values.
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NOMENCLATURE

aréa‘

residual work content

coefficient in Equation (VI-21)
constant ih the BWR equation of state

parameter in the R-K equation of state

bconstant in the BWR equation of state

2nd virial coefficient

~constant in Equations (VI-3) and (VI-37)

constant in the BWR equation of state
constant in Equation (VI-22)

constant in the BWR equation of state
constant in the_BWR equation of state
density |

function

- Farenheit

fugacity -
parameter in Equation (A-3)

vapor-liquid equilibrium distribution ratio,.?yx

- molecular weight

number of components in a mixture
number of carbon atoms in a compound

pressure
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n

< o

kel

M @@ 6

gas law constant

parameter in Equation (VI-1)
sum of squares

parameter in Equation (B-1)
temperature

chromatograph‘beak attenuvation
volume

liquid mdle fraction

vapor mole fradtion

parameter in Equation (VI-36)
Greek Symbols

constant in BWR equation of state
ratio of K-values | |

activity coefficient

constant in BWR equation of state
change in a property

acentric factor
reduced'pressure,.%%Pc

pure component fugacity coefficient

density

dRTC
ideal reduced volume, <

c
fugacity coefficient

interaction coefficient
summation over all N components in a mixbure

reduced temperature,T/TC
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Subscripts

components 1l or 2, respectively
critical property | |
component i or J, respectiVely

BWR equation of state constant

reduced property

Superscripts

‘1liquid phase
',referencé state

Vapor phase

generalized BWR constant
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APPENDIX A

CALIBRATION COF TEMPERATURE AND
PRESSURE MEASURING EQUIPMENT

The temperature measurements in this investigation
were made using iron-constantan thermocouples read with a
Leeds and Northrop KQB potentiometer. The pressure below
3000 psia was measured using Heise pressure gauge and

above 3000 psia with the Michels pressure balance.
Thermocouple Calibration

Two thermocouples were used to measure the tempera-
ture in the air thermostat. The temperature inside the
equilibrium cell was measured with a 0.062" 0.D. insulated
thermocouple placed 3*/*'" from the top inside the equilib-
rium cell. This corresponds to a distance of about iss'" to
174" above the top liquid distributor plate. All thermo-
couples used were iron-constantan.

These thermocouples were calibrated against a Leeds
and Northrup platinum resistance thermometer, lModel 8163,
Serial No. 1576919; The thermometer was calibrated by the
National Bureau of Sténdards on May 7, 1964. The ther-
mometer reéistance was measured with a calibrated Leeds

and Northrup Model 8069-B Muller bridge Serial No. 1550042,
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A Teeds and Northrup Model 2420 galvanometer was used in
conjunction with the Muller bridge. The thermocouples and
platinum resistance thermometer were placed in a silicon
0il reservoir in an aluminum block thermostat. The refer-
ence Jjunction of the thermocouples is inserted in an ice
bath in a Dewar flask.

The calibrations were carried out at approximately
150 and 250°F. The_resistance of the thermometer was read
on the Muller bridge while the emf of the thermocouples
was simultaneously determined on the potentiometer to
$0.001 mv.

The wvarious thermodouplés checked to within 0.0002
mv. with each other which is a deviation less than 0.1°F.
Since the temperature in this investigation was measured
to_the nearesyg 0.1°F., the same calibration equation was
used for all thermocouples based on their average readings.
A straight line relationship was fitted to the calibration
date of °F. versus mv. at both temperatures. The result-
ing expressions are prgsented below.

At 150°F.

]

TOF, 149.0 + 27.0 (mv - 3,390) (A-1)
At 250°F.

TOF.

248.0 + 31.3 (mv -~6.388) (A=2)
Pressure Calibration

The majority of pressure measurements (below 3000
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psia) were made using a 0-3000 psi Heise gauge. The read-
ings were made to the nearest 1 psia with the gauge having
- 2 psi division. The Heise gauge was checked with the
Michels pressure balance and was in agreement to the
nearest 1 psi.

The Michels pressure balance and measuring cylinders
used in this investigation were factory calibrated to an
accuracy of one part in 1Q,OOO;v A review of this calibra-
tion and a later accuracy check is given by Stuckey (65).
The calibrated accuracy of the pressure balance‘is consid-
erablyvhigher than that required. However, the accuracy
of the Michels pressure balance measurement is limited by
the accuracy of the 0il and mercury head difference meas-
urement in the gas compressor. The gas compressor level
indicator was calibrated as a function of the mercury
height in the compressor. The calibration was first per-
formed by Thompson (67) and reported in his\thesis. How~
ever, a new calibration was required since the equipment
was since moved. |

The gas compressor calibration was performed with the
apparatus shown in Figuré '17.1 A manometer was connected
to the pressure bench to indicate the mercury position
inside the gas compressor. .The upper compartment of the
gas compressor and one leg of the manometer were left open
to the atmosphere; The pressure bench was used to pump
the oil ihto_thellower compartment of the gas compressor.

The mercury levels in the manometer were read using a



q 3 Pressure Bench
v
% H, '
1 “I— Mercury —
% %
- Manameter Gas

Compressor

vFigﬁre‘l7. Gas Compressor Level Calibration Apparatus

1t
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cathetometer for maximum accuracy. The difference between
the pressure at the pressure balance and the surface of

the mercury in the gas compressor is seen from Figure 17

to be
AP = (By =B )P - (Hu =B )Rj5p (A-3)
where
H = height of interface
Poiq = density of oil, 0.875 g/cm3
PHg = density of mercury, 13.530g/cm3 at 25.5°C.

Table XII gives the experimental data and the calcu-
lated differential pressure.

A plot of P versus the gas compressor level indicator
reading indicates a smooth line relationship. A least
squares curvefitvwas performed on this data giving the

following as the best relationship.
AP = 0.000001902440 x R? - 0.0002795422 x R?

4 0.114190% x R + 1.47255 (A=4t)

where
AP = pressure differential in psi
R = gas compressor level indicator reading.

This equation gives the mean sum of squares of 0.0468524
for the deviations. This represents a mean deviation of

about 0.216 psi. Thus, the Michels balance pressure



EXPERIMENTAL DATA FOR CALIBRATION

TABLE XII

OF GAS COMPRESSOR LEVEL

Room Temp
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Gas Compressor Manometer Height Calculated
Level Indicator in cm.

Reading Low Side High Side AP psi
36 .4 7405 39,150 5.3%098
31.0 8.825 37 .660 4,7676
22.8 10.760 35.845 4.,0702
25.4 10.180 36.,3%25 4., 2669
32,0 8.485 38,105 4.9144
39,2 6.490 40.010 5.6399
44 .4 5.110 41.495 6.1740
49.6 %.580 42.965 6.7321
55.6 2.055 44,490 7+ 3000
59.8 0.755 45.665 7.7600
72.4 39.620 88.625 9.0%314
79.4 37.765 90.625 9.7500
87.1 25.460 02,745 10.5727
95.8 5%.020 95,275 11.5178

102.6 30.985 97.180 12.2%313
109.4 28.600 99.860 12,1761
106,7 29.390 98.825 12.8348
102.3 31,305 97.050 12.1487
92.8 33,680 94,505 11.23%16
80.0 37.695 90,575 9.7520
67.9 40.850 87.115 8.5195
60.4 43,110 85.125 7 .7300
47.7 46.550 81,660 6. 444
37.5 ~ 49.290 78.920 5.4241
25.6 52.525 75.705 4,22%%
24, 52.870 75.425 4,1074
20.2 51.185 77 . 000 4,713%6

Centerline of measuring

cylinder oil outlet, 71.525 cm.
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readings obtained for the system should be of about the
same accuracy as. those obtained with the Heise pressure

gauge.



APPENDIX B
CHROMATOGRAPH CALIBRATION

The compositions of the wvapor and liquid phase sam-
ples were ahalyzed using an F and M Model 810 gas chroma-
tograph. A description of the analytical equipment is
given in‘Chapter VI.

The chromatograph was calibrated using known composi-
tion liquid and gas mixtures. Ternary liquid mixtures of
n-pentane, n—hexane, and the heavy component were made at
four or five different compositions. The heavy components
used were n-decane, decahydronaphthalene, and 1 methyl-
naphthalene.

These mixtures were prepared in a narrow neck 35 cc.
polyethylene bottle. The components were introduced into
the bottle in the order of increasing volatility with a
glass syringe. This minimized the possibility of loss due
to evaporation. The container was weighed on a Metler
balance after each addition. The sample bottle was frozen
in a block of ice andvstored in a freezer.

The analysis was performed on an 0.8 1 sample ;n-
Jjected into the chromatograph. The results are reported
in Table XIIT as arearatios ofvthe chromatograph analysis

and weight ratios of the different components.
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TABLE XITI

CHROMATOGRAPH CALIBRATION DATA

126

Component
Ratio Ionization Results
Weight Area
Ratio Ratio
02/ 7. 4207 8. 3244
C1 1.9016 2.2094
1.2180 1.4734
0.4816 0.53%322
0. 3746 0.4293
c / 4.,19%22 4,1040
5 o 2.7628 2.8041
1.8710 1.9549
0.3170 0.363%6
05/ 32,3234 5. 4684
C1 1.7429 2,0%56
0.841% 1.5015
0.503%2 0.9987
06/ 1.5529 1.5721
C 2.2658 2.2426

5 1.1%84 1.1437

0.5296 0.5374
n-Decane/C, 16.5517 19.1376
5 25.6004 26,6757
12.0687 12.6856
5.7%38 6.3065
Decahydronaphthalene/C 16.2576 17.8957
5 9.8981 11.1180
14.7575 16.1937
4.,3414 5.6344
l—methylnaphthalene/c 4.933% 5.992%6
‘ 5 15.1648 17.7055
18,3294 20.9428
15.3825 17.3%325
10,0827 11.5531
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Binary mixtures of the light components were prepared
on a volumetric_baéis. A schematic of this apparatus is
illustrated in Figure 18. The apparatus was constructed
of glass with spring loaded, Teflon stopcocks. The indi-
‘vidual pieces of glass tubing were connected with short
pieces of polyethylene tubing. The measuring bomb had a
200 cc volume.

The experimental pfocedure was to evacuate the entire
system and then close off the vacuum pump and sample bomb.
'Next, the entirevsystem was filled with a gas, say propane,

and allowed to achieve thermal equilibrium. The mercury
.1evel in the measuring bomb was then raised to itsvmark,
the pressure of the system read on the TI quartz Bourdon
tube pressure gaugé and the measuring bomb isolated from
the rest of the‘systém. The stopcock connecting sample
and measuring bombs was theh opened and the gas forced
into the sample bomb by raising the mercury level. The
sample bomb was‘then sealed off and the mercury drained
into its reservoir. 'Then, thé entire system was evacuated
and the same’process repeated with methane. Complete
mixing of the gases wés ensured by moving the gas mixture
back and forth between the sample and measuring bombs by
means of the mercﬁry piston. This procedure was repeated
three times in gquick succession.

Extra care was exercised in preparing the methane-
n-pentane mixtures since the constant temperature air bath

was maintained at only 100°F. The vapor pressure of
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‘n-pentane is low at this temperature and it was necessary
to insure that the Vapor préssure was never exceeded or
condensation would occur.

Three to five mixtures of each binary were prepared
and analyzed within eight hours. Before withdrawing a
sample, the bomb and syringe wére heated well above 100°F.
to vaporize any comp0nents that may have condensed. In
the case of the methane-n-pentane mixture, some air was
always left in the syringe to provide a dilution volume
and, thus, an additional safeguard against condensation.
The weight and area percentages are reported in Figure 13

Graphical examination of the results indicated a
definite linear'relatioﬁship between érea and weight ratio
for a spedific compohent ratio. The following expression

was used to fit thé calibration results.
wezerr RATIO (C1/Cy) = 8y x Area Ratio (Cycy).  (B-1)

Sy is the slope of the calibration curve obtained
from this,expefimental data. Values of S,y are presented
in Table XIV for the various subétances used. The refer-
ence substance was methane for all gaseous and n-pentane

for all liquid samples.



To Vacuum
- Pump

Gas

. Supply
Cylinder |

Mercury -f%]

Reservoir
Open To
Atmosphere

4 Sample
,iReservoir

9

i

- n-Pentane
Introduction
Bulb

Constant Temperature
fath

. TI
Pressure
Gage

Figure 18. Apparatus for Preparation of Gaseous
Calibration Samples

L

Mercury
Standpipe

62T



130

TABLE XIV

CHROMATOGRAPH CALTIBRATION CONSTANTS

Ratio C1/C,

SlOpe s S“
for Flame Ionization Detector

Cp /Cy

C}/Cl

Cs/Ca

Cs /Cs

n-Decane/Cg
Decahydronaphthalene/Cs
l-methylnaphthalene/Cs

0.8877
1.0024
0.5942
1.0013
0.9299
0.9014
0.8716




APPENDIX C
SAMPLE CALCULATIONS OF EXPERIMENTAL DATA

A sample‘calculation of the temperature and composi-
tion is presented in this appendix. The actual calcula-
tions of the experimental data were made using an IBM 1620
digital computer. The daté'used in this sample calcula-

tion are those from Run Bl56.
Temperature

The equilibrium cell temperature was determined using
an iron-constantan thermocouple with a potentiometer. The
thermocouple calibration is presented in Appendix A. The
emf reading during the run was 2%.440. Inserting this

value in Equation A-1l.
TOF = 149.0 + 27.0 (3.440 - 3,2300) = 150.3°F,

This corresponds to a temperature of 150,.3%°F, This temp-

erature is the value at the time of the sampling.
Pressure

The pressure for the run was taken directly from the
Heise gauge reading at 2000 psia where it was maintained.

For pressures of 3000 psia and above, the procedure
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illustrated by A. N. Stuckey (67) was used to determine

the pressure during the run.
Composition

The compositions of the vapor and liquid phases were
determined by éhromatographic analysis., The weight ratios
for the different components were calculated using
Equation B-1 with n-pentane as the reference substance.
Using the data presented in Table XVIII, one has the follow-

ing weight ratios for the liquid phase.

gg_ - 22X 22 X 1,689 _ 3 506
weight & - 120'3*1’55'2 £-2:9978 _ 0.2521
weight g& }19°%1g.§'2 10 = 1.0000
weight e - 14802 8-0. 1.0003 _ 3 puu3
weight &0 296.5 X £.0 % 0.9299 _ ¢ z1g9

Total = 10,2776

_ The weight fractions X, of the individual components
can bevobtained by dividing the individual weight ratios
by their total.

Thé mole fraction of the individual components is

given by the folloWing equation:
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Xwi /M

<AWJ/M i> (C-1)

The X"S/M,H quantities are given as follows:

Ca 1.3226

10,2776 x 16.043 = 0-0080210
o l0-27gé229§o;068 - 0.0007759
Cs 10.27gé232i4.094 = 0,0005563
Cs 10,27%é02032'146 -~ 0.0013486
Ce 10. 27%62§4g6 75 = 0.0013486
C10 2187 - 0.0042528

10.2776 x 142.28
Total = 0.0163606

L

Thus, the mole fractions for each of the components

is as follows:

0.0080210

Xl = O 01—6'5‘6' O" 6 O ° 0474'

0.000

00165606 = O-0474

)
]
i

0005563
1

65606 0.0340

0.
X3 = 0.0

_ 0.0013486 _

0.0013486

Xe = §.0163606 - 0-0859
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. 0.0042528 _
X0 = §.0163606 - 0+<299

An identical calculation is performed for the vapor phase.

Without showing each step, the vapor phase results are as

follows: ‘ mwwwﬁmrﬁ
1 = 0.9201 . Jg = 0.0413 ¥s = 0.0156
vs = 0.0120 ye = 0.0071 Y10 = 0.0038

The K-values are calculated as shown in Equation

C-2:
K, = ;%. (C-2)
The results for this run are:
K, = %f%%%é - 1.8767 K, = %f%%%g - 0.8711
K, = %fg%gg = 0.4589 Ks = 229120 = 0.1451
Ke = 8:8g5é - 0.0829 Ky, = %f%%%% - 0.0146

This example illustrates the calculation steps
involved in converting the raw experimental data to the

desired P-T-x-y information.



APPENDIX D
RAW EXPERIMENTAL DATA

The raw experimental data used to determine the sys-
tem pressures, temperatures and phase compositions are
presented. Tables XV through XVII present the individual
run temperature_and pressure data at equilibrium condi-
tions. The Heise gauge énd the pressure balance data were
used to determine the exact system pressures. Tables XVIII
thrbughXXIIIpresentthedirect chromatograph data (peak
areas aﬁd attenuations) used to calculate the phase

compositions.
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TABLE XV

RAW EXPERIMENTAL DATA: n-DECANE AS
HEAVY COMPONENT

Run Cell Total Wt. Heise 0oil Gas Bal.
No. Temp. °F On Balance, kg. Gauge psia Level Compr. Temp. °F
Weights 1bs. Wt. grams cm. Level
B151 150.5 = emmeem e 100. ———— ——— ———
B175 150.0 e e , 200. —— — ——
B171 150.0  emee—— e 400. —— — ———
B176 150.0 = —emee— e 500. ——— L ——
B178 149.9 e e ' 1000. ——— — ——
B163 150.1 e, e 1250. —— —— —
B155 149.7 s e 1500. —— ——— ——
- B156 150,323 = emmemee e 2000. —_—— ——— ———
B157 149.9 mmmemm e 2500. ——— ———— ———
B180 149.6 1-2, 12-15 500. = —me—— 21.6 76.3 80,6
B181 149.9 1-3, 10, 12-15 20,  =———— 21.7 93.7 76.0
B251 249,00 eememmee e 100. ——— —— ————
B252 248.7 e e 200. - ——— ——
B258 250.3 = emmmee meeeee 300. —— -——— ——
B253 250.3 = emme—— e 500. —— —_——— ———
B259 249.9  emmmmm e 702. ——— ——— ——
B260 250.0 e e 1000. ————— —— —_——
B263 250.2 = mmemmeme e 1500. ———— ——— ——
Beos 250.0  mememme— e 2000. ——— ———— ————
B265 249,66 eememmmm meeeee 2500. —— —— ———
B266 249.5 1,2, 12=15 561.0 = —e—e- 19.7 88.4 77,0
Measuring cylinder No. 5 used with pressure balance. -7

9¢T



TABLE XVI

RAW EXPERIMENTAL DATA:
AS HEAVY COMPONENT

DECAHYDRONAPHTHALENE

Run Cell Total Wt. Heise 0il Gas Bal.
No. Temp. °F On Balance, kg. Gauge psia Level Compr. Temp. °F
- Weights 1bs. . Wt. grams - cm. Level
D166 150.2 = emmmee e 100.. —— —— ———
D167 150.2 = ememee— e 100. _——— —— ——
D168 150.5 = emememee e 200. ——— —_—— ———
D169 150.2 = emeeee e 200. ——— ——— R
D170 150.5 = e e 300. C——— ——— ————
D171 150.2 0 eeemee L e 200. _——— ——— ————
D172 150.5 = @ emeeee e 700. —_—_— —— ————
D173 150.1  mmmme— e 700. _— —— ——
D175 150.1 emmee— el 1000. ———— —~—— ——
D176 150.0 = @ eemmeme e 1500. E— _—— _—
D177 150.3 emmme— e 2000. —— —— ———
D178 1501 0 e e 2500. —_—— ——— S
D179 150.1 emmmmm e 3000. ——— _— ——
D163 150 .4 - 1-3, 10, 12-15 0. ———— 29.3 84.7 70.0
Dio4 150.4 11-4, 9, 12-14 375, e 29.0 86.4 69.5
D165 150.0 1-5, 9=-10, 12-14 0. —— 28.8 87.6 75.5
D251 2 100. _— —_— ——
D252 250.4 eemmee e 200. ——— —— ——
D253 250.7 = emm——— e Z00. —— — ———
D254 P2 o e — 500. —_— —— N
D255 250.2 = mmmm—— mmmeee 700. ——— ——— ——
D256 250.4 0 mmmmee e 1000. — ——— ———
D257 250.6  mmmemme e 1500. —_—— _— —

2eT



TABIE XVI (Continued)

Measuring cylinder No. 5 used with.préssure balance.

Run Cell Total Wt. Heise 0il Gas Bal.
No. Temp. °F On Balance, kg. Gauge psia - Level Compr. Temp. °F
Weights 1bs. Wt. grams cm. Level -

- D258 250.7 —————— ————— 2000, ——— —— —
D259 250.5 = mmmmme mmmeee 2500. e ——-
D260 249.9 1-2, 12-15 500. ——— 26.7 VLAY 71.5
D26l 250.0 1-2, 9-10, 12-15 250. —_—— 264 82.2 69.5
D263 249.8 1-4, 9, 12-14 740. —_—— -26.0 88.9 72.0

8¢T



TABLE XVII

RAW EXPERIMENTAL DATA: 1-METHYLNAPHTHALENE
: AS HEAVY COMPONENT

Run - Cell Total Wt. : Heise 0il Gas Bal.

- No. Temp. °F On Balance, kg. Gauge psia Level Compr. Temp. °F
Weights 1bs. Wt. grams cm. Level
M151 149.9 L e e 100. —— ——— ——
M152 149.9 - T e 200. ——— ———— ———
M153 150.3 e e 200. —— —_— —_——
M154 150.0 | mm——— e 500. —_—— —— —_—
M156 149.7 memmmee e 1000. —_—— ——— ————
M157 149.9 meeeee e - 1500. ——— —— ————
M158 149.7 emm—ee § m———— 2000. —_—— —_—— -
M159 149.7 e e 2500. —_—— —— ———
M160 150.1 1-2, 12-15 555. —_——— - 22.9 &7.1 . 75.0
Mlol 150.1 1-2, 9-10, 12-15 285. ———— - 22.8 93.7 76.0
Mle4 150.4 1-5, 9-10, 12-14 0 ——— 22.1 o4 .4 74.8
M165 149.9 1-6, 9-13 450. — 22.0 98.1 80.0
M166 149.8 1-8, 12 920. : — e 22.8 100.5 82.0
M251 250.,2 = e e 102. —_—— - —_——
M252 250.1 mmme—— mmeeee 200. ——— -—— ———
M253 250.3 = mmemmee e 300. ——— —_—— —
M254 250.0 = memeee e 500. —— —— -
M255 250.3 = meeeme e 700. —_—— —_—— —_——
M256 250.4 0 eee——— R 1000. _—— —_—— ——
M257 249.5 mmememe e 1500. —-—— —_—— —_——
M258 250.1 = mmmm—— e 2000. —_— —_—— ————
M259 250.%2  eemmemee e 2500, —_—— ——— ———
M260 250.2 1-2, 12-15 555, e 22,1 85.2 74.0

6¢T



TABLE XVII (Continued)

Run Cell Total Heise 01l Gas Bal.
No. Temp., °F __On Balance, kg. Gauge psila Level Compr. Temp. °F
Weights 1bs. Wt. grams ‘ cm. Level
M26l 250.1 1-2, 9-10, 12-15 280. L m—— 22.1 91.1 4.0
M262 - 250.8 1-3, 10, 12-15 ' 20, —— 22.3 90.7 76.8
M263 250.6 1-4, 9, 12-14 - 500. ———— 22.1 %6.0 77.0
M2e4 250.2 1-5, 9-10, 12-14 0 —_— 22.0 101.1 79.6
M266 250.2 1-8, 12 015. - 21.8 95.4 4.5

Measuring cylinder No. 5 used with pressure balance.

Ot



RAW EXPERIMENTAL CHROMATOGRAPHIC COMPOSITICN DATA WITH n-DECANE AS HEAVY COMPONENT AT 150°F

/
/

" TABLE XVIII

G & Cs Cs Cym Run

Area At, Areg At, Area At. Area At. Areg At. Area At, Phase No.
178. 1. 56. 1. 68. 1. 1511, 8., 1785, 8. 1129. 64, L B151
8o. 22, 89, 2. 84, 1. 1560. 1. 7132, 1. 188, 1, v B151
582, 1, 192, 1. 267, 1. 1754, 8. obhh, 8. 15886, 8. L B175
229, 16, 297, 1. 17, 1. 1154, 1. 588, 1. 153. 1. v B175
25.9 L, 77.7 1. 127.8 2. 77.3 16, 203.9 8. 1z74.8 8. L B171
82.7 8. 122.9 1. 80.1 2. 61.% 2. 71.4 1. 22.8 1. v B171
oh2, L, 388, . 1. 48s. 1. 5%7. 16. 1480, 8. 8815. 8. L B176
238, 22, 788. 1. 441, 1. 694, 2, 767, 1. oo, 1. v B176
20,7 8. 74 .5 1. 70.5 1. 10%,2 8. 141.6 8. 929.9 8. L B178
7.6 64, 118.7 2. 96,2 1. 116.5 2, 152.6 1, 1%6.5 1. v B178
32,9 16. 72.8 2., 174.1 1. 91.0 16. ook, 2 8. 1285.5 8. L B16%2
49,7 64, 142,5 2, 78,1 2. 166.6 2. 104,0 2, 160.5 1. v B163
48,0 16, 125,.3% 2, 1644 2, 101.2 16, 129.4 16, 1624,0 8, L B155
32,3 128, 119.1 b, 77.3 4, 10%.5 b4, 142,8 2. 159.2 1. v B155
2% 4 22, 50,7 L, 1204 2, 119.1 8. 148.0 8. 796.5 8, L B156
48,0 128, 192.1 L, 120.8 b, 75.6 8. 214,8 2, hop. 4k 1, v B156
78,0 16. 82,5 b, 98,7 L, 72.5 16, 187.1 8. 1112.7 8, L B157
4o 4 128, 110.6 8., - 164.8 b, 99.4 8. Z94.8 2, 1407.8 1. v B157
57.7 16, 18z%,6 1, 101.1 2, 77.32 8. 222,0 b, 1572.1 4, L B180
69.6 6h, 150, 4 L, 109,.8 b, 88.0 8. 201.5 L, 485.6 8, v B180
258, 22, 815. 2, 1702, 1. 1886, 2. 129%, L, 9145, 4, L B181
817, 64, 2738, L, 1281, 8, =z1o, 8, 449z, 8, 1hkhoz, 16, v B181

T



TABLE XIX

RAW EXPERIMENTAL CHROMATOGRAPHIC COMPOSITION DATA WITH n-DECANE AS HEAVY COMPONENT AT 250°F

G G Cs Cs Cn Run

Area At, Area Area Area Area No,
16.5 1, Lz 1, 1. 149,8 8. 188.2 8. 118z2.7 8. L Bosl
52.6 2. 1.6 1. 1. 285.1 i, 195.2 1. 109.9 1. v B251
25.5 1. 9.5 1. 1. 119.7 8. 146.2 8. 947.0 - 8. L  B252
78.9 . 4, 20.6 1. 1. 84,3 L, 21z.4 1, 1434 1. v B252
60.2 1. 20.2 1. 1. 1%9.2 8. 18:.0 8. 1105.6 8. L B258
45.8 8. k6.1 1. 1. 7hL 4, 201.0 1. 97.2 1. v B258
108.7 1. 28.7 1. 1. 128.8 8. 22%,5 b, 1104.2 8. L B253%
32,0 16. 60.6 1. 1. 28,0 8. 201.7 1. 101.2 1. v B253
56,7 2, 24,6 1. 1. 10%,6 8. 127.3 8. 805.7 8. L B259
107.4 8. 107.0 1. 1. 91.7 4, 129,7 2. 148.0 1. v B259
4z .6 b, 52,5 1. 1. 19%.6 b, 260,6 k, 1537.0 L, L B260
86.1 16, 168.1 1, 1. 99.9 k, 299,0 1. - 264.8 1. v B260
97.3 b, 99.6 1. 1. 127.1 8. 165.0 8. 966.3 8. L Bo63
64 .6 22, 128,5 2, 2, 151.8 L, 246 ,0 2. 7%21.5 1. v Bo63
546, 8., 1016, 1. 1, 9kg, 8. 2775, L, 14006, b4, L Bo6h
825, z2, 1824, 2, 2. 1078, 8. 185z, L, 12041, 1. v Bo6h
88z, 8., 1416, 1. 1. 1068, 8, 2674, L, 17070. k, L B265
1021, 2o, 2282, 2, 2. 1279, 8. 2590, k, 18399, 2. v B265
5%.9 16, 10%,8 1. 1, 60.7 b, 61.7 L, 122.7 b4, L B266
126.8 22, 1hk, = L, kL, 8o.4 16, 3%29.0 L, 752.0 k, v B266

A



TABLE XX

RAW EXPERIMENTAL CHROMATOGRAPHIC COMPOSITION DATA WITH DECAHYDRONAPHTHALENE AS HEAVY COMPONENT AT 150°F

G G -Gy G Gs Ga Run

Area . At, Area At. Area At. Area At, Area At. Area At. Phase No.
57.8 1. 15.8 1. 17.8 1. 145,00 16. 248,32 8. 2014.9 8. L D166
57.3 8. 1,7 1. 11.8 1., 111.8 2., 113.7 1. 71.7 1. v D166
46,8 1, 11.1 1. 14,7 1. 10z.,2 16, 264.0 8. 1549.6 8. L D167
62,2 8. 29.4 1., 12,9 1., 115.9 2. 116.% 1. 62.7 1. v D167
52,4 2. 29.5 1, 32.8 1. 10%.6 16. 258,0 8. 1554.7 8. L D168
L 60.6 16. 34,9 2. 12.6 2, 1lil2.2 2, 122.3 1. 127.7 1. v D168
62.% 2 29.6 1, 28.3 1. 1z.9 16. 324,9 8. 2026.1 8. L D169
64,2 16. 68.9 1. 29.8 1. 11z2.7 2, 11%.,8 1. 90,2 1. v D169
27,7 b, 7.2 1. 50,1 1, 97,2 16, 2h47.3 8. 1480.5 8. L D170
51,8 22, 114.4 1, 51.1 1. 120.5 2, 126.5 1. 72,2 o. v D170
48,3 b, 60,8 1. 64,9 1. 126.4 16, 225.4 8. 1945.8 8. L D171
57.0 z2, 124,77 1, 59.7 1. 122.3 o, 1bhi,4 1. 127.1 1. v D171
46,1 8. 56.6 2, 60,7 2. 92.0 16, 236.4 8., 1434.0 8. L D172
62.9 64, 235.8 l. 166.5 1. 105.4 b, 296,7 1. 238 .4 1. v D172
ko 8 8 112.7 1. 117.2 1. 89,0 16, 227.% 8. 1282.2 8, L D173
54,8 64, 148.5 2, 1hz.0 1. 8z,2 L, 207.,2 1. 167 .4 1. v D173
62.6 8, 141.5 1. 152.6 1. 19%,7 8., ©229,1 8. 12844 8. L D175
107.8 32 8.0 32, 1644 1. 8.1 4, 50,3 Lk, 130.1 1. v D175
67.7 8. 149.1 1. 156.1 1. 122.0 8, 164.8 8, 1721.0 4, L D176
112.1 128,  250.1 L, 186.% L, 147.9 8. 19%,0 4, 258,.5 2, v D176
60.6 16, 125,0 2, 129.1 o,  17%.6 8, 214,.2 8., 1195.3 8. L D177
57,1 128, 200.9 L, 107,1 L, 165,1 4, 240,z 2, 294 ,9 1. v D177

4T



TABLE XX (Continued)

G Cq G Gy Run
Area At., Ares Area Area Area Phase No.
55.5 16, 213.9 1. 110.9 285.2 L, 1560.0 L D178'
93,0 256, 208.4 8, 16z%.5 301.0 8. 1820.0 v D178
4o 4 22, 155.6 2. 148.8 187.6 8, 2191.1 L D179
81.6 128, 208.7 L, 194,.6 201.9 8. - 812.9 v D179
64.3 16. 119.6 2, 244,0 159.8 8. 1042.6 L D163
1%27.5 64, 121.0 8. 145.0 =18.8 8. 1618.5 v D163
52,8 - 16. 92.0 2, 148.1 192.8 k, 11%0.,5 L D16k
112.6 64, 14%2,8 8. 177.6 209.0 16. 47,1 v D164
111.2 22, 122.0 L, 126.6 215.0 L., 19%0.2 L D165
222,9 64, 1%6,5 16. 145.9 256,2 16, 1875.5 v D165

Uard



TABLE XXI
RAW EXPERIMENTAL CHROMAIOGRAPHIC COMPOSITION DATA WITH DECAHYDRONAPHTHALENE AS HEAVY COMPONENT AT 250°F

G < G, G G n | Run
Area At, Area At, Area At. Area At, Area . At. Area At, Phase No.
37.5 1. 6.0 2. 5.6 2. 117.6 16. 320.5 8. 1908.8 8. L D51

. 240,0 2. k7.9 1. 19.8 1., 152.7 8. 200.0 L, 215.5 1. v D251
71.9 1. 12.7 1. 11.2 1. 92,0 16. 247.7 8, 1421.8 8. L D252
87.8 8. 20.8 2, 8.2 2, 64,1 8., 170.6 2. 128.2 1. v D252
70,3 2, 24,8 1, 21.9 1. 116.1 16, 216.0 8. 1850.0 8. L D253
90.k 22, 191.0 1. 74,1 1. 4bo,1 22, 220,2 kL, 29%,6 1. v D253
52.3 L, 29.6 1. 24,7 1. 185.0 8. 252.% 8. 1459,% 8. L D254
61.2 2. 12%.5 1., 59.1 1. 734 8, .202.8 2, 191.1 1. v D25k
25.1 8. %1.3 1. 25,8 1. 95.5 8. 260.1 L, 1564,9 b, L D255
sh,2 128, 269.2 2, 11,1 2. 97,3 16, 279.6 b, 4=z7,0 1. v D255
sh,2 8. 79.0 1. 64,0 1. 170.1 8. 231.3 8. 1365.,5 8, L D256
59.3 6k, 2944 1. 12%6. 1. 10z 8, 302.8 2, 282.2 1 v D256
80.6 8, 111.9 1. 85.4 1. 164,1 8., ©922.6 8, 1216.4 8. L D257
88.0 64, 219.6 2, 91,3 2, 109.9 8 z48.9 2. 38%,0 1. v D257
65,6 16, 182.0 1. 151.7 1., 214.0 8. 289.,6 8., 1802.3 8. L D258
74,6 256, 206.9 8. 183.9 b, 87.2 z2, 143,0 16, 1607.0 1. v D258
27.8 128, 222.4 L, 182.3 Lk, 199.9 22, 272.6 Z2, 1710.8 22, L D259
58,8 22, 159.5 1. 79.0 1. 131.2 2, 224.,8 1. 18,2 1. v D259
55,3 %, 1349 1. 108.8 1. 79.9 8. 2064 4k, 1266.2 L, L D260
108.6 256, 168,z 16. 184.4 8. 14x.8 32, 280.1 16. -1985.4 b, v D260

ST



TABLE XXI (Continued)

G G, Gy Cs G G Run
Area At. Area At, Areg At. Area At, Area At, Area At. Phase No,
49,0 22, 255,0 1. 206.7 1. 128.8 8., 172.8 8. 1077.'3 8. L D261
94,2 128, 153.0 8. 186.6 L, 1z21,6 16. 274.9 8. 927.0 b, v D261
2.4 22, 149.1 2. 125.5 2. 1l1h4.5 8. 152.9 8. 1876.8 &4, L D263
29.0 256, 175.0 8. 200.0 4, 2. 1273.3 22, v D263

145.5 22, 202.5 3

ot



TABLE XXII

RAW EXPERIMENTAL CHROMATOGRAPHIC COMPOSITION DATA WITH 1-METHYLNAPHTHALENE AS HEAVY COMPONENT AT 150°F

G G Ca Cs G Go ‘Run

Area At. Area At. Area At, Area At. Area At. Area At. Phase No.
34,0 1. 8.7 1. 9.3 1. 282.9 8. 261.9 8. 7345 16, L M151
185.7 k. 71,3 1. 264 1. 159.8 4. 16Z.4 2, 365 1. v M151
L6,7 2. 27.0 1. 27,8 1. 168,z 16. 189.8 16. 2257.3 8. L M152
68.4 =2, 158.4 1. 59,8 1. 89.2 8. 182.4 2. Lo .4 1. v Mis52
56,9 2. 24,2 1. 32,0 1. 217.8 8. 260.0 8., 1534.,1 8. L M153
49,9 64, 252,0 1. 92,1 1. 9k 4 8. 186.5 2. 60.4 1. v - M15%
40,0 4, 41,7 1. 28,7 1. 187.k 8., 9225.9 8. 1277.3 8. L M154
80.0 64, 190.0 2., 1#71.0 1. 95.0 8. 198.3 2. L4o,0 1. v M154
76.7 4, 90.0 1. 85.1 1. 178.1 8. 220.0 8. 2728.6 L, L M156
80.1 128, 219.5 b, 182, 2. 68.0 16. 157.1 b, 26.9 1. v M156
55.8 8., 116.9 1. 107.5 1. 166.5 8. 202.2 8, 2264,2 b, L M157
58,2 256, 171.8 8. 151.%4 L, 201.% 8. 9252.9 4, 62.9 1, v M157
s2.4 16,  105.7 2, 216.,0 1. 11k.2 16, 284.5 8., 196%,7 8. L M158
61.5 128, 198.8 L, 207.2 2. 120.5 8., 198.0 L, 223.0 1. s M158
4z 4 16, 171.2 1, 162.2 1. 128.8 8. 179.5 8., 2219.0 b, L M159
95,8 256, 262.7 8., 192.8 8. 109.6 Z2. . 177.7 16. 829.8 1, v M159
71.%2 16, 127.8 2, 120.9 2.  200.5 8. 257.2 8. 2050.0 8. L M160
113.4 256, 216.0 16, 1%..5 16. 147.4 32, 26%2,0 16, 169%.6 1. v M160
55,1 16. 100.0 2. Z2.2 2, 110.9 8. 288.4 L, 2265.1 b, L M161
101.8 128, 196.2 8. 127.8 8., 160.9 16, =17.6 8. 1278.1 1, v M161

LT



TABLE XXII (Continued)

G Co Cy Cs G Co Run
Area  At, Area  At, Area  At. Area  At, Area  At. Area At . Phase No.
120,0 16. 180.0 2. 129.5 2. 74 .6 8. 169.7 L, 634 .4 L, L M164
68.7 256. 165.5 16. 229.1 8. 106.0 32. 237.5 16, 864.8 8, v M164
117.9 22. 140.0 4L, 1ok.6 L, 195.1 L, 270.5 L, L417z.3 1. L M165
77.6 256, 165.% 16, 121.8 16. 217.% 16. 248.,2 16, 1143.3 8. v M165
kh,1 64, 102.4 4, 157.8 2. 1z4.8 L,  z00.z 2.  2000.0 1. L M166
205.8 2. 159.5 32, 1Z1.9 6k, 207.7 32. 1492.6 2. v M166

162.7 256,

ST



TABLE XXIII
RAW EXPERIMENTAL CHROMATOGRAPHIC COMPOSITION DATA WITH 1-METHYLNAPHTHALENE AS HEAVY COMPONENT AT 250°F

G G, Ca Cs G Cip Run
Area At. Area At, Area At, Area At, Area At, Area At, Phase - No.
13.2 1. 2.5 1. 2.5 1. 1246 8. 150.8 8. 2278.4 k4, L M251
78,2 16, . 77.0 1. 22,7 1. 206.2 8, 229,7 4, 145,7 1. v Mo51
51.8 1. 11.0 1. 12,2 1. ok.7 16. 219.9 8. 1642.8 8. L M252
12.9 2o, 21,7 1. 17.1 1. 55.0 8. 121,11 2. Lkg.9 1. v M252
58.1 1. 12.8 1. 12,1 1. 1z1.8 8. 152.4 8, 2208.9 b, L M253

1323, z2. 2L0,3° 1, 166.4 1. hz,7 64, 101.2 16. 220.6 i. v M253%
50,8 2. 21,5 1. 21,7 1. 127.8 8. 292,8 4, 2260.% L, L Mosk
59.5 64, 161.6 2. 72.3 2. 97.6 16,  229.9 4. 109.3 1. vV Mosh
52.6 4, 46,0 1. Lo ,9 1. 17z,2 8. 197.5 8., 2107.1 b4, L M255
22,1 64k, 176.3 1. 84,7 1. 8.6 8 201.4 2. 46 .8 1. v M255
50,9 &, 46,32 1. Lb % 1. 123.0 8, 286.2 L, o2274.9 4, L M256
60.4 128, 181.8 L, 181.3 2 124 .4 16, z01.8 4, 189.6 1. v M256
51.8 8. 90.0 1. 85.6 1. 15%2.0 8. 190.4 8. 2176.7 b, L M257
77,5 64, 227.6 2, 127,20 2. 122,28, 184,5 4, 186.3 1. v Mo57
52.6 8. 8,7 1, 77.2 1. 112,48, 268.0 4, 2189.2 &, L M258
59,1 25, 199.0 8. 107.5 8, 1942 "16. 290.0 8, 64h,1 1. v M258
61.8 8. 101.6 1, 93.1 1. 217.4 k4, 258.2 4, 2196.1 4, L M259
7h,2 256, 258,11 8 147.0 8. oh6 .4 16, 192.0 16. 129%.5 1. v M259
52,4 16, 170,3 1. 159.2 1. 146.0 8. 175.8 8., 2016.7 k, L M260
72,2 128, 126.0 8. 1642 4, 121.8 16. o0z,2 8, 1110.5 1. v M260

64T



TABLE XXIII (Continued)

G G G Cs G G ' . Run
Area  At. Area  At. Area  At. Area ~ At, Area  At, Area At, : Phase No.
bz,7 16, 138.9 1. 125.6 1. 194%.5 . 4, 22z, L, o122, 4 4, L M261

'100.2 256, 189.2 - 16, 29,0 64,0 176.8 22, 205.0 16. 2550.4 2. v M261
k9,7 16, 154.5 1. 128.9 1. 181.4 4, 218.8 L, 2006.0 L, L Mo62
64,9 256, 122,0 16. 176.1 8. 114,z 22, 211.0 16. 1053.0 b, v Mo62
4b,0 2. 125.1 2. 11%.5 2. 117.% 8. 280.8 k4. 2665.0 L, L M263
53,6 256, 21%.0 8. 164.k4 8. 200.,7 16. 199.0  16. 1201.1 b, v M263
72,9 16, 212.,0 1. 87.9 2, 75.0 8. 178.0 L, 1760.6 b, L Mo6h

129.1 256, 290.,0 _ 16, 218.2 16. 126.7 64, 262.8 22, 1202.4 16. v Mo6L
89.6 22, 112.5 L, o01.4 2, 121.2 8, 280.0 L, zz200,4 b, L Mo66
50.% 256, 129,0 16, 115.0 16, 129,1 22, 295,2 16. 1661.,0 =2, s M266

04T



APPENDIX E

EXPERIMENTAL RESULTS

TABLE XXIV
EXPERIMENTAL xy DATA AND K-VALUES FOR BASE SYSTEM
‘ , AT 150°F .
Pressure ¢ C, C, Cy C, Gy
psla .
100. y 0. 8712 0.0216 0.0062 0,070 0.0269  0.0040
X 0.0226. 0,0025 0,0019 0,2022 0,2004 0,570%
K 8.6 8.54 z,22 0.247 0,124 0,0069
200. y 0.9099 0,026% 0.007%2 0,0379 0.0162 0,0024
X 0.0460 ©.0054 0.,0046 0.,1466 0.171%2 0,.6261
K 19.8 ks, 86 1,61 0.258 0.0944  0,0037
4oo, y 0.8602 0,0617 0.0449 0,0211 0,010%2 0,0018
x 0,085 0,0228 0,045% 0.1244 0.,1486 0.5636
K 10.1 2,70 0,991 0.157 0.0691 0,00%2
500, y 0,920% | 0,0z40 0,0115 0.0222 0.0103 0.0018
X 0.1202 0,0172 0,0120 0.1410 0.1629 0.5457
K 7.65 1.98 0.885 0.157 0.0620 0,00%3
1000. y 0.9%70 0.0320 0.,0081 0,0120 0,0066 0.0033
X o 2612 0.,0266 0,015 0,1089 0,125z 0,4628
K 2.59 1,24 0,522 0,110 0.0528 0,0071
1250, y 0.9274 0.0200 0.0099 0.0120 0.0068 0.0029
X 0.2260 0,0313 0.0226 0.1156 0,1194 0,3851
K 2,88 0,960 0,440 0,112 0.,0568 0,0076
1500, ¥y 0.9275 ,0270 0,0145 0,0119 0,0069 0,0022
x .351% 00,0409 0.0%24F 0.,0979 0.1049 0.3725
K 2,64 0,904  O.447 0.122 0.0660 00,0057
2000, y 0.9202 0,0412 0,015 0,0120 0.0071 0,0038
x 0.490z o.,0474 0,030 0.0824 0.0859 0.2599
K 1,88 0.871 0,459 0,145 0.0829 00,0146

151



TABLE XXIV (Continued)

152

Pressure

psia 1 . 2 3 5 10
2500, vy 0.8954 00,0447 ~0,0201 0,0149 0;0124 0.0124
X 0.5%5 0.0513 0,0266 0.0659 0,0713 0,2384
K  1.67 0.872 0,550 0,226 0.17h 0,0520
3000; y‘ 0.8585 0.,0414 0,018%2 0.0179 0,0172 0.0466
p's 0.575%2 © 0,0409 0,0272 0,0509 00,0616 00,2441
K 1.49 1.01 0.672 0.352 0.279 0,191
- 2999. y 0.6502 0,048 0,0296 0.0425 0,0495 0.1785
x 0.6575 0.0464 0,0292 0,0%297 0.0456 0.1815
K 1.0 (one phase) for all coemponents




TABLE XXV

EXPERIMENTAL xy DATA AND K-VALUES FOR BASE SYSTEM
AT 250°F
Pressure G Ca ' C, Cg Cs Cm
psla -
100. y 0.5986 0,0221 0,0090 0.210% 0.1207 0,0282
x  0,0177 0.0016 0,001% 0.1694% 0.1785 0.6314
K 23.9 14,1 6,31 1,24 676 ,0605
200. y 0.77%6 0.0268 0,0106 0.1092 0.0579 0,0219
X 0.0461 0,0044 0,00%29 0.164% 0,168 0,61320
K 16.8 6.08 2,70 0,665 0,244 0,0357
200, Y. 0.8019 0.0%260 0,0140 0.0861 0.0487 0,0132
X 0.0644 0,0077 0,006%2 0,1574 0,1745 0,5897
K 12.4 4,67 2.27% 0.547 0,279 0.0224
500. y 0.8416 0.0%245 0.0142 0.0640 0.0356 0.0100
x 0.1120 0,0107 0,008 0.,1415 0,15%6 0,5722
K 745 z,04 1.59 0.452 0.27%2 0.0175
702, y 0.8612 0.028%z 0,01290 0,0486 0,0288 0,0092
: X 0.1476 0.,0161 0,0129 0,14?5 0,158 0,5226
K 5.84 2.328 1,08 0,341 0,182 0,0176
1000, y 0.8797 0,028 0.0165 0.0%27 0.,0211 0.0105
X 0.2157 0,02%22 0,0180 0.1265 0,1428 0.4727
K 4,08 1.65 0.919 0.266 0,148 00,0222
1500, y  0.8691 0.0%286 0,0166 0,0%27 0,0229 0,019
X 0.2212 0,0294 0,0205 0.1109 0.1207 0.%975
K 2,71 1.%1 0,809 0,20k 0,190 0,0482
2000, ¥ 0.8510 0.,0415 0.0192 0,0%63 0.0261 0.0259
x 0.4122 0.0%42 0.0225 0,0947 0,0992 0,3362
K 2.06 1.21 0.818 00383_ 0.263 0.0769
2500. - ¥ 0.8195 = 0.04k09 ©0,0195 0,0%%*9 0,0288 0,0575
x 0.4879 0,0%249 0,022 0.0780 0,0818 0.2938
K 1.68 1.17 0,825 0.425 0,252 0,196
2001.0 y 0.8416 0.0296 0.0212 0.0227 0,0289 0,0260
X 0.8518 0.0%266 0,0200 0.0%17 0.0270 0,0329
K 1.0 (one phase) for all components




TABLE XXVI (1 of 2)

EXPERIMENTAL xy DATA FOR BASE SYSTEM WITH

DECAHYDRONAPHTHALENE SUBSTITUTED FOR
N-DECANE AT 150°F

Pressure

. Cl . 2 Cs CS CG Cio
psia-
100. v 0.8825 0,0218 0,0049 ,0569 ,0242 .0086
X 0.0%42 0.003% 0,0022 1819 ,1822 . 5950
K 25.8 6.52 2,15 .31% .132 LO1hh
100, y  0.8827 0.0247 0.0083 ,054%  ,0229  .0070
X 0.0%265 0.0041 0,004>  ,170k .1827 6021
K oh 2 6.02 1.99 .219 .125 ,0116
200, y 0.9116 0,0%11 0,008 .0279 ,0127 ,0081
X 0.0775 0,010z 0.0088 ,1620 - ,1691 5722
K 11.8 3,01 0.976 A72 0753 .0140
200, .y 0.9180 0.0292 0,0097 .0269 ,011%2 .0050
x - 0,076 0.0108 0,008 .1602 ,1705 .5790
K 12.8 2.71 1.21 .168 .0660 . 00866
200, y 0.9295 0,0222 0,0062 ,0180 .0079 .0051
X 0.1126 0.0126 0,0081 .15%4 .16326 .5498
K 8,325 1.84 0,774 ,118 0485 .00926
200, y 0.9286 0.0%201 0.0111 .0179 .0080 Nelol
x 0.1092 0,016 0,0124 ,1510 .1620 . 5472
K 8.50 1.85 0.829 .119 0489 ,0079%
700. y 0.9412 o.0280' 0.0084%  ,0120 .0059 ,00%5
x 0.2275 0,0260 00,0169 1252 .1249 594
K 2,96 1,08 0,498  ,104 0425 00754
700, y 0.9494 0.0285 0,008z ,0118 ,0062 .0028
X 0.2306 0,0271  0,0170 ,1267 .1256 14620
K 4,09 1.05 0,487 .0932 .Olsh . 0060k
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TABLE XXVI (2 of 2)

EXPERIMENTAL xy DATA FOR BASE SYSTEM WITH
DECAHYDRONAPHTHALENE SUBSTITUTED FOR
N-DECANE AT 150°F

Pressure G C, 03 Cq Cs Gy
psila
1000. y 0.943%9 0.0256 0,0097 .0125 L0061 .0022
x 0.3054 0,0208 0.0201 .1249 .1292 .3897
K 2,09 0.822 . 0.48% .0997 LOU71 .00568
1500, y 0.9288 0,0227 0.0105 ,0102 .0056 .0021
b'e 0.40%5 0.0%207  0.0251  .1040 .1088 . 3190
K 2.% 0.825 0.419 ,098% .0514 .00659
2000, y 0,9314 0,0%6 0.0118 ,0111 .0068 .0023
X 0.4656 0.0429 0.0267 0881 0911 .2856
K. 2,00 0,853 0.440 .126 NorZvs .00818
2500, y 0.9170 0,0%268 .0,0128 ,0123 ,010% . 0087
x 0.5408 o0.046Lk 0,0281 071k .0770 2264
K 1.70 0.794 0.492 .186 .1%3% .0%68
2000, y 0.8952 00,0291 0,0154 ,0176 ,0153 .0173
x 0.5525 0.,0477 0.0287 0672 .0710 .2%29
K 1.62 0.821 0.528 262 .216 Neyut
Looo.3 ¥ 0.8255 0,0456 0.0259 .0288 0265 .0%78
X 0.5122 0,0491 0,0425 0643 ,0706 .9591
K 1.61 0.928 0.824 47 . 375 146
bogs5.9 ¥y 0.7501 0,051 0,0427 ,0291 .0386 L0774
x 0.594%z . 0,0519 0.,0462 0540 ,059% L1941
K 1,26 0.987 0,942 .723 650 2299
5999.6 ¥ 0,7681 - 0,0471 0.024%z  ,0218 .0%25 ,0962
X 0.7677  0,0447  0,0277 ,0%12 .0%01 ,10%6
K

1.0 (one phase) all components




TABLE XXVII (1 of 2)

EXPERIMENTAL xy DATA FOR BASE SYSTEM WITH

DECAHYDRONAPHTHALENE SUBSTITUTED FOR
N-DECANE AT 250°F

156

Pressure C1 Ca C A Cs Cs Clo
psla
100, y 0.6276 0.,0224 0,0056 0.2110 .1159 L0175
X 0.0246 0,0028 0,0016 0,1629 ,1860 6221
K 25.5 7.97 2,53 1,30 622 0281
200. v 0.8240 ‘0,0234 0.0071 0.080%  ,0h4k9 .0102
X 0.0598 0,0050 0,0034 0.1616 .1824 .5878
K 14,0 4,68 2,09 0.498 246 L0173
200, y 0.8867 0.0209 0.0049 0.0520 .0299  .0056
x 0.0879 = 0,0055 0,0020 0,1534  .1750 .5752
K 10.1 2,78 1,66 0.%29 .171 ,00973
500. Ng 0.9091  0,0226 0,0059 0,0%260 ,0209 .0055
X 0.1545 0,0102 0,0054 0.,1417 .1620 5261
K 5.88 2.21 1,09 0.254 .129 L0104
700. y 0.9207 0.0255 0,0065 0,0273 0164 .0036
x 0.2440 0,01% 0,0068 00,1227  .1400 L4720
K 2,77 1.88 0.958 0.22% .117 .00762
1000. y 0,918 0.0255 0,0071 0.0265 .0162 .0058
x 0.2816 - 0,018 0.0090 0.1168 .13%Z1 Lkl
K %,26 1,29 0.792 0.227 122 .01%0




TABLE XXVII (2 of 2)

EXPERIMENTAL xy DATA FOR BASE SYSTEM WITH
DECAHYDRONAPHTHALENE SUBSTITUTED FOR
N-DECANE AT 250°F

157

1.0 (one phase) @ll components

"~ Pressure G | Ca C3 Cg Ce Cyp
psia
1500. y 0.9197 0.0%24%0 0.0109 0.0190 .0126 .0039
X 0.3675 0,0%202 0,0178  0,0989 1124 . 2733
K 2.50 1.12 0,613 0,192 .112 ,0104
2000. ¥ 0.9150 0.0376 0.,0129 0,0177 .0121  ,0048
X 0.4082z 0,0%% 0.0215 0.0880 .0998 . 2488
K 2,24 1.12 0.597 0,201 122 .0137
2500, y 0.91%2 0,037 0,0140 0,0168 .0126 .0066
X 0,4504 0,0%92 0.0248 0,0787 .0899 . 3170
K 2,03 0.92%5 0,565 0.214 .140 .207
2001.2 ¥y - 0.9064 0,024 o0,0104 0,0195 0162 ,0161
X 0.5900 0,0351 0,0171 0,0615 .0666 .2096
, K 1.54 0.8932  0.607 0,318 243 0701
25004 y 0.8826  0.0424 oQ0199 0,0204  ,0178 .0169
X 0.6056 0.0466 0,0291 0,0526  ,0591 .2070
K 1.46 0.910 0.684 0,287 . 302 .0815
49g8,7 vy 0.6834  0.,0%z42 0,0177 0,0421  .0491 L1733k
X 0.6931 0,0%70 0,0188 0,0420 .0470 .1621
K
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TABLE XXVIII (1 of 2)

EXPERIMENTAL xy DATA FOR BASE SYSTEM WITH
1-METHYLNAPHTHALENE SUBSTITUTED FOR
N-DECANE AT 150°F

Pressure

C Cy G, C. C, o
psla
100. y 0;8283 0.0284 0,006% 0942 Neliell .0024
X 0.0271 0,0025 0.0016 .2279 ,1846 5463
K 0.6 11.5 3,98 - 296 .219 .00435
200, y 0.91%6 0,022 0,0054 ,03%94 .0169 ,0012
x 0.0503 0,0052 0,0032 ,1917 .1812 .5684
K 18,2 4,55 1.67 .206 .0930 .0020%
300, y 0.9262 0.,0261 0,0058 0289 .0120 .0010
. X 0.0868 0,009z 0.0054 ,1756 .1758 5471
K 10.7 2,80 1.06 .165 .0681 ,00187
500. y 0.,9428 0.0250 0.0052 0185 .0081 -0004
x o 1258 0.,0126 0.,0071 .1681 .1698 » 5066
K 6.94 1.98 0.735 .110 L0476 .000849
1000. y 0.9440 = 0,028 0,0072 ,01%2 0064 ,0002
x 0.2226 0,0222 0,0123 .1%66 L1414 L4627
K h,ok 1,24 0,545 .0969 Oh52 .000429
1500, y 0.9401 0,0%0 0,008 ,01%4 .0071 .0002
X 0.%2198 0,0299 0.,0166 ,1261 .1284 . 3792
K 2,94 1.04 0,496 106 .0550 .000611
2000, y 0.9278 0,0325 0,0105 .0163 ,010% .0016
X 0.2335 0.0218 0,0196 .1018 .1063 3870
K 2,62 1.05 0.5%6 .160 .0972 00415




TABLE XXVIII (2 of 2)

EXPERIMENTAL xy DATA FOR BASE SYSTEM WITH

1-METHYLNAPHTHALENE SUBSTITUTED FOR
N-DECANE AT 150°F
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Pressure- ) A A e s C1o
psia
2500, .y  0.,9178 0,0388 o0.0124 ,0173 .0118 ,0018
: x 0.4228 = 0,0372 0.,0214 ,0895 .0971 . 3308
K 2.17 1.0 0.583 JA94 121 .00555
2001.3 y 0.9099 0.0387 0.0l .0195 .01  .00ZL
x 0.4225 0.0265 0.0210 ,0787 0846 «2557
K 2,15 - 1,06 0.679 248 172 .00872
2499,8 y 0.8971  0,0%286 0.0164 0224 .0194 .0051
X 0.4987 = o,ok0k 0,0227 ,0663 s0723 .2995
K 1.80 0.955 0.720 . 353 .268 L0172
5998.6 ¥y 0.8706 0.0468 0.0196 .0222 .0208 .0200
X 0.7963 0.0533 0.0250 ,0%27 .0%12 L0615
K 1.09 0.878 0,784 678 .668 . 325
6996.2 ¥ 0.8765 0.0417 0.0185 .0203% L0194 ,0226
x 0.8261 0.,0442 0,0200 ,0229 ,0226 .0540
K 1,048 0.941 0.927 ,887 .857 4726
7995.1 ¥y 0.8212 0.0469 0.0220 0223 ,0218 ,0557
x 0.8426 0,042z7 0.020%3 0213 ,0199 .0523
K 1.0 (one phase) for all components
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TABLE XXIX (1 of 2)

| EXPERIMENTAL xy DATA FOR BASE SYSTEM WITH

1-METHYLNAPHTHALENE SUBSTITUTED FCR
N-DECANE AT 250°F

Pressure C1 C2 03 C5 Cs Clo
psla
102, y 0.7320 0.0160 0,0041 0,1828 ,0620 .0050
x 0. 0160 0,0011 0,0007 0.1729 1623 6470
K 45,5 14,8 6.28 1.06 . 382 .00768
200, y 0.7971 0,0219 0,0071 0,1122 ,0561 .0056
x 0,024 0,00%22 0,0022 0,1639 ,1595 6288
K 18.8 6.8 2,31 0.685 .251 .00895
200. y  0.8454 0.,0%18 0,0120 0.0729 .0%5k  .0025
x 0.0655 0,0068 0,0054 0,159 .1521 .6122
K 12.9 4,66 2,22 0.465 D332 .00415
500, y 0.8780 0.0252 0,0122 0,0476  ,0245 ,0015
' X o 1085 0.0109 00,0084 0,14k2  ,1390 . 5890
K 8,10 2,25 1.44 0,220 177 .00250
700. y 0.8944 0,025z 0,013%0 0,0%27% ,0188 ,0012
x 0.1579 0,0164 0.,0117 0.1%74 ,1314 .5452
K 5.66 2.16 1.11 0.271 .14z .00212
1000, 'y 0,864 0,0299 0,015% 0,0%05 ,0165 ,001%
X 0.1976 0,021%2 0,0157 0.,1262 ,12721 .5161
K 4,54 1.88 0,978 0,242 o134 ,00249
1500, y 0.9017 0.0292 0,0169 0.0254%  ,0149 .0020
X 0.2654 00,0272 0.,0200 0,103 ,1081 4756
K 2,40 1.44 0,842 0.245 .128 00416
2000, y 0.8951 0.0446 00,0186 0.024%  ,0152 .0022
x 0.3441 0,0%22 0.0226 0,095% ,095% 4106
K

2.60 1.%29 0.820 0,255 .160 .00542



TABLE XXIX (2 of 2)

EXPERIMENTAL xy DATA FOR BASE SYSTEM WITH

1-METHYLNAPHTHALENE SUBSTITUTED FOR
N-DECANE AT 250°F

16l

Pressure C G, C, Cg Cs Cp
‘psia
2500. y 0.8902 0.0458 0.0201 0,024k  ,0159 ,00325
x 0.,3748 0,0%365 0.0257 0.0871  ,0867 .3391
K 2,37 1.26 0,781 0.280 .184 .00910
2001.5 ¥y 0.8802 0.0455 0,0228 0.0265 ,0188 ,0062
' X o.hboshk  o.,04k02 0,0289 0,0768 .0776 L2511
K 2,07 1.12 0,789  0.345  .2h3 0176
3500.00 y  0.8740 0.0489 0.02%1 0.0255 L0184  ,0102
X 0.4622 0,0425 0,020% 0.0679 .068% » 2279
X 1.89 1.12 0.762 0,375 270 0309
2999.6 -y 0.8849 - 0,0402 0,0162 0,0257 ,0199 ,01%1
x 0.5157 0.0258 0.0194 0,0622 .0629 . 2041
K 1.72 1.12 0.8323 0414 0317 L0431
4998,3 y . 0.8541 0.0502 0.0299 0,0264 ,0220 L0175
o x 0.5561 0,0490 0.034% 0,0513 .0515 .2577
K 1.54 1,02 0.872 0.514 426 L0677
5997 4 y 0.8%26 0.0554 00,0221 0.0270 .02Z5 .0084
X 0.61%  0,0521 0,0%37 0.0417 .0415 22165
K 1.26 1,04 0.952 0.648 «566 ,121
 7995.8 7y 0.6886 0.052% 0,0259 0.0292 ,0280  .1661
x 0.6744 0,0501 0.0%46 0.0201  .0292 .1816
K 1.0 (one phase) all components




TABLE XXX

RATIOS OF SUBSTITUTED SYSTEM K-VALUES
| TO THE BASE SYSTEM

- K4 in base system with
= substituted heavy component
%y K‘ in base system
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. xC1
Pressure G Cg Cg Cs Cs
psia
Decahydronaphthalene 100. .668 .756 .653 .902 ,988
system at 150°F 200, 652 .556 761 653 .703
’ 500, .524 5322 .552 .592 723
1000, 862 670 .906 .908 .896
1500, 881 .910 2935 .807 .78%
2000, 1,07 979 963  .865  ,90%
2500. 1.02 .910 894 804 .769
2000, 1.09 .810 .798 . 745 722
hooo,  1.62 .882 .812 406 o Zhl
at 250°F 100, .754 55k Shlh 1,04 .922
’ 200. .837 .769 773 753 720
200. 810 .81% .7325 620 612
500, .790 687 .685 .562 « 557
700. 647 .788 .887 652 Ny
1000, .800 .84k .861 2852 . 324
1500. - .923% 854 .750 6320 .591
2000. 1,08 .920 .73%1 502 461
2500, 1.20 . 794 682 490 396
2000. 1,55 .827 574 « 207 0227
l-methylnaphthalene 100. .792  1.21 1.21 1.1k .63
system at 150°F 200, .918 922 1,06 795 .98
500. .907  1.00 .328 699 754
1000, - 1.18 1,00 1.03 877 .859
1500 1.11 1.15 1.10 874 .84
2000. 1.40 1.21 1.17 1.10 .17
2500, - 1.20 1.19 1,06 .855 .699
2000. . l.44 1.05 1.01 .705 618
Looo, 1,82 .912 L7132 . 302 247
at 250°F 100, 1.3%5 1.01 .911 .852 .565
200, . 1l.12 1.12 1.19 1.03% .02
200, 1.05 1,00 1.01 .85 L840
500, 1.10 1.02 .91 736 . 768
700, .976 915  1.0% «799 .792
1000, 1.12 1,14 1.07 911 ,912
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TABLE XXX (Continued)

o Ci
Pressure G, c, c, C, Cs
peta _
1500, 1.26 1.10 1.04 .807 726
2000, - 1.26 1.14 1,01 664 .609
. 2500, 1.1 1,07 945 645 .52k
/3000, . 2.09 1.0k 74k « 335 226




_APPENDIX F
THE BWR EQUATION OF STATE

The Benedict-Webb-Rubin (BWR) (6, 7) equation of
state was developed on the basis of residual work content,
X. ¥ was defined as the difference between the actual
molal work content of a substance at a molal density d and
absolute temperature T and its work content at the same
temperature and pressure in its hypothetical ideal gas
state. This is also knowh‘as Helmholtz free energy and is
véxpressed as

X =A-RT In d - lim (A-RT 1n 4). (F-1)
- 4-0

This definition for a mixture is the difference be-
tween the actual molal work content and hypdthetical ideal
gas state work content of one mole of mixture at the same
temperature, density, and composition.

L=4 - L X [RT In X, d + lim (4 - BT 1n ). (F-2)

The pressure of a.mixture is related to the residual
work content‘as

K- A Esd g S (P-3)
s 0 ' :

leu
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or

P - R4 + & %% . : (F-4)
. ] ' . . T,X

The fugacity}of»component iy £y, in a mixture is

related to residuallwork,content as follows:

RT 1n f, (an, A + RT In (RT 4 x,) (F=5)

where
n, = numbér of moles of the 10 component
N =% n | |
i
V = total volune of the mixture.

The empirical expression for the residual work con-
tent of pure components with respect to temperature and

density was’gi#en as (6):

K = (BoRT -4, - Co/T)d + (bRT - a)@/2
+ axd® /5
2 - _Yaz2 Y42
S oo

Comblnlng Equatlons (F-4) and (F—6) with proper
dlfferentlatlon, one. obtalns the pressure form of the BWR

equation,

P = RTd + (B,RT - A, - G, /T2 )d
+ (bRT - a)d3



+ aad® + %ﬁw (1 + Yat Jexp(~Yde ). (F.7)

Equation (F-4) can also be combined with Equation
(F-5) to give the fugacity expression for gomponents in
a mixture.

RT 1n ?Ei = RT 1n(d RT Xi)
> i
+ [(Bo + Boy) BY - 20808, )% - 2(C0C0 )3 /12 ] @
v 3[R vt - (ata)F] @

+ 3 [_a(oc? x )% + aa? ay );5] s

o=

2 2
L TYaz 2

2d2 <%~> [l - exp(—de)

2 . Y432 N

The above expressicn was derived using thé "normal"
BWR mixing rules for the constants with By, using the
linear and A, and C, the square root combinations. The
use of the interaction coefficient € in the form of
Equation (VII-%28) modifies the above expression in several
ways. The 2 (44 Ao‘)% and 2 (C, Co,)% expressions in
Equation (F-8) are replaced by: |

2( % 8, Xi(ho, hoy)®) (F-9)

M

j=1



and
N N | )
2( 2 8,5 X, (o Boy)¥) (#-10)
_."jzbl .
where
N = number of components in the system
8,5 = 1 when J = i.

The term (B, + By, ) is replaced by
N ‘ 1
2(( T 85 X (Coy Coy)¥) (F-11)
J=1

for the sguare root nmixing rule, and
N .

) 1615 Xy (Boy + Boy) (F-12)

J =

for the linear mixing rule, and

=

: L
leid_Xj(Boig'*Boj%)z> (F-13)

;=
AR
J:
fer the linear square root mixing rule,
For the specilal case of a binary system, Equations

(F~11) through (F-13) become:

. i .
2(X‘ Boy + Xy 6Byt Bys)®) (F-14)
2 Xy Boy + Xde(Boi + BOJ) (F~15)
1
2 X, By, + 0.5 %, 6(B,, ¥ + By, )2, (P-16)

A direct expression for calculating K-values of a
component in a mixture using the BWR equation of state is
given by Equations (VI-20) and (VI-3%1). These expressions

are obtained by combining Equations (F-8) and (III-32).



APPENDIX G

PROGRAM LISTING

Experimental K-Value Calculation Program

34000320070136000320070G24902402511963611300107
223048 :
Z2uupP
*DFLETKANDXS
7222
772308
2ZFOR
#FANDK10L0
*t DISKKANDXS. 778
C CAL TULATIGN OF CONCENTRATIONS AND. X VALUES FROM CHROMATUGRAPH ANALYSYSe
C SIX COMPONFNTS :
DIMENSTON A(6)sATI6) sWRIE)vXI6) sXL(6) s XVIE) sRK(6) sNRUN(3 ) sXW (6 s
1 XRU6) s WMIs) o
100 " FORMAT (6(F741sF5.0)21231XsA5)
101 FORMAT (6F10e465]15:2XK5A5) . i
1G2  FORMAT (5FQe4sFCeb63FRBa29F0a257XKsA551X5/)
103 FORMAT (3(2X2A5})
104  FORMAT (2X32A3525XsF0,399XsF 7425 9XsA5)
99 N1l=1
M2=2
WM(lr= 16042
WM{2)= 30.068
WM(3)= 444094
WMi4)= 724146
WM{S)= B64l7
) READ 199, SLOPEls SLOPE2+SLOPE3Z s SLOPES s SLOPE6 sWM(6)
199 FOR.IAT (5F11485F1243)
9 K=0
READ 104 sNASMNRSP,THNRUN(T )
10 IN=K+1+1
READ 100sALLIsAT{L)sAL2 s ATI2)5AL3)sAT(3) sA(4)SAT(4)3A15) AT (5],
1 ALE)sAT(6) sNPHASE sNRUNTIN)
DO 23 I=1.6 :
23 ACI)=AC1)#AT (L)
WRIE1)514U/(UALL) /A1) ) ¥SLOPET)
WR(2)=1e0/(LALL)Y/A(2) ) 2SLOPER)
WRI(3)=1e0/11A(4)/A(3))%SLOPES)
WR(4)=14000 :
WR{R)=A(B)Y/AL4)XSLOPFS
WR(6)=AL6) /AL4)#SLOPEG
WT=WR (L) +WR 2+ WR(3) +WR (4 +WR (5 )+WR (&)
: DO 11 21,6 :
11 XWOE)sWROTY /Wl
TM=0.0
DO 20 1=1+6
XROE)=XW(1)/WM(1)
20 - TM=IM+XR(])
DO 21 I=146
21 X{I)=XR(I)/TM
TF ( NPHASF=1 ) 999, 12, 13
13 DO 15 I=146 '
15 xXv{l)=x(1)

14 K=K+l
GO TO 16

12 00 22 I=1s6

22 xL{ly=x(1)
K=K+1

16 IF  K-1.) 9995 10y 17
17 DO 18 I=1+6

168
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97
98
S99
998

RK{I)=XVII)/XL(1)

PUNCH I1O0LoXL (1Y eXLA2)sXLU3)sXL &) sXL{5)sXL{6)sNIsNRUNI(2Z)
PUNCH 101sXVIE1)9XVI2)sXVI3)sXVIA) s XV{5]14XVI6)sN2yNRUN(3)
PUNCH 102sRKI11sRK{2)sRK(3}sRK{4)9sRK(5)sRKI6)»ToPsNRUN(1)
TF{SENSE SWITCH .2) 98, 97
PRINTI03sNRUNIL ) sNRUN(2) +NRUN{3)

IF {SENSE SWITCH 1} 99s 9

PRINT 998

FORMAT (32H - ERROR IN DATAs» START OVER )

9999 CALL EXIT

2227

END

169
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Regression Program

$IBFTC MAIN DFCK
DIMENSION XL {300} ,XV{300),TS{3001,P{300),TC{300),PC{300),W{300),
ZNSYST(300),A012(303),5SA13(300),5813(300),5C13(3001,ALGA(300),
3ALP1I3(300),GML2{3001 4RTLL{2) RTLVI2),0M{3),YM(3)
COMMON XL o XVy TS, PyTC oPLoHWyNSYST, R, AUIZ SA13,45813,SC13,ALGA,ALPL3,
16M12 DL OV oNOyRTLLSRTLY ,DM,YH

C EMBEDDING PROGRAM FOR GAUSS ’ DECKOO010
DIMENSION B(24), 2(12,300), MM(12} . DECKO020
COMMON NUMBER 4B o7 = o : DECKO0030
COMMON /COMA/ MM : DECKO040
COMMON /COMB/ JJ . DECKOO5O

I READ {5,2) (MM{J}ad=1,12} o DECKQ060
2 FORMAT {1216) o DECKOOT0
NUMBER=MM( 1} : " DECK0080
NSET=MM{ 2} . : DECK0090
CJJEMML3) . . DECKO100
IF (NUMBER)Y 444,10 ] DECKO110
4 WRITE 16,5} : ) ) DECKO120
CALL EXIT . : . DECKO130
S FORMAT (40HO  GAUSS INPUT ZERO, PROGRAM STOP /1HL) DECKO140
10 READ(S,11) (BUJ) 4d=1424) } DECKOL50
11 FORMAT (6F12.12) ) DECKO160
IF (MMIS)) 15,14414 7 DECKOLTO
14 MBFRSNUMBER-1 ‘ )
DO - 52 N=1,MBER 02

READ (5,51} XLANY o XVINT o TSUN) oPUIN) yTCIN) 4 TCIN+1L), PCINI,PCIN+L],

EWIN) s WINEL) 4NSYST(N)

XEIN+1)=1,0-XL (N}

XVIN+1)=1,0-XVIN)

Z{LyN} =TSN}

{1, N+11=TSIN}

ZINSETyNI=1.0 ' !
62  TUINSET,N¢1l)=1.0
S1 FNRMAT (2F6.44FB.2,F9,242F8.242F9, ZoZFé 4415}

CALL BWRCST

15 CALL GAUSS DECKOL90

C. TR (MM{8)~2) 30,20,30 i : DECKO200

i . 20 WRITE (6,21) o ‘ : _ : DECK0201

! 21 FORMAT (40HO GAUSS CONVERGENCE 17) DECKO210

‘ MM{8)=1 ' : . DECKD220
_____ 30 MM{11)= MM(II! -1 DECK0230
S IF (MMULLY) 141414 v _ NECKO0240

END X : . DECKO0250
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CHTRFTC GAUSS DECK

SUBROUTIN® GAUSS

GAUS0030

DIMFNSTON  XL(300),XV{300),TS(320),P(309},TC{390),PC{300),%( 300},

ZNSYST(390) ,AN12(3N0),5A138300),SR13(300),SC13(310),ALGA(300),

3ALPTI3(300),6M12(300),PTLLL2)RTLV(2),0M(3),YM(3)

COMMON XL XV, TS,P,T(,PC,%W,NSYSTHRP,AD12,5413,5R813,5C13,ALGA,ALP13,

1GM124DL oDV yNQyRTLL4RTLYyOM,YM

DIMENSTON AI20,21),8124),8MIN{20) ,8START(20) ,C(20,11,X(20451}, GAUS0N40
X 7012,300)DFLI20T,E(20) MN(12),RECORDIL0D),CY{300),FP(20,300) GAUSNOS0
COMMON NUMRER 4R, 2 GAUS0060

COMMAN /COMA/ MM GAUSCDEY

COMMON /n0mB/ JJ GAUSN062

COMMON /COMC/ CY GAUS0D63

COMMON /COMD/ EP GAUSO064

‘ COMMONM JCOME/ A,C,M GAUSO065
. EQUIVALFNCE (A, X) . GAUS0070
ic SECTION O, INDFNTIFICATION OF CONTRNOL VARTABLES GAUSOL100
C B{1)1=-R{20) PARAMETERS TO BE DETERMINED GAUSH120
 C A(21) = TOLERANCE . : GASO130
C R{22) = CONTROL FOR DIFFERENT  YCOMPS GAUSO140
}c R{23) = SCALE FACTDR FOR A(J) VECTOR. USUALLY UNITY. GAUSO150
'c MM{1) = NUMRER 0OF DATA POINTS - GAUSO0170
e 4M(2) = INDEX NF DEPENDENT VARIARLE GAUSOLAO
e MM{3) = NUMRER OF PARAMETERS GAUSD190
C MM(4) = LIMIT ON NOMBFR OF ITERATINNS GAUS0200
c MM{S) IS USED RY THE EMBEDDING PROGRAM, WHFN NFGATIVE IT SKIPS  GAUS0210
3 READING OF THFE Z{J,K) ) GAUS0220
c MM{A) = -1 GIVES INTERMENIATF RFSULTS AT EACH TTERATION GAUSN?240
1c MM{6) = O GIVES NO . INTERMEDIATE RESULTS GAUS0250
ic MM(6) = 1 GIVES INTERMEDIATE RESULTS AT FIRST ITFRATION ONLY  GAUSO240
ic MM{T) = 1 GIVFS STRAIGHT GAUSS GAUS0280
‘G MM{T7) = 0 GIVES PARABOLIC GAUSS (RECOMMENDED) GAUS0290
e MMI{8) = -1 UPON RETURN MEANS OVERFLIW OR SINGULARITY OF MATRIX GAUSG310
c MM{8) = -2  UPON RFTURN MEANS THAT ITERATION LIMIT IS EXCEFDED  GAUSC320
i C MM(B) = 1 GIVES THE BACK SOLUTION AT THF OUTSFT OF THF PROGRAM GAUSO0330
‘C MMIR) = 2 SIGNALS THAT CONVERGENCE HAS DCCURRED GAUS0340
oC MM{9Y = 1 RECORDS INPUT DATA ON TAPE 4 GAUS0340
C MM{9) = O BYPASSES THIS RECORDING GAUS0370
. C qM(10) = -1 RECORDS THE MATRICES AT FACH ITTERATION GAUS0390
|G MM{10) = 0 BYPASSFS RFECORNDING OF MATRICES GAUS0400
ic MM(10) = 1 RECORDS THE MATRICES AT FIRST ITERATION ONLY GAUSN&10
LG MME11)) = NUMBFR (OF PRABLEMS TO BF FED THF EMBFNDING PROGRAM GAUS 04730
[ c YM({12) WHEN NEGATIVE NULLIFIES AL PROGRAM GAUS0440
L C IT IS SUGGFSTFD THAT 6(20) Bf USED TN GIVE THE FUNCTION CHOICE ~ GAUS0470
C IN YCOMP, WHEN THERE ARE MULTIPLE FUNCTIONS TN BE TESTED. GAUSD480
i NUMBER = MM{1}) . G6AUS0490
{T NGET = MM 2) GAUSDS00
) Jd o= MM (1) GAUSO510
! LTMIT = MH(%) GAUS0520
) CNULL = MMy GAUS0530
{ MM{12) = MM{12) + 1 GAUSG540
? INNTEG = MM(12) GAUSD550
3 TIERD = 1.0 GAUSD570
b SCALE 1 = 0,7 GAUSO580
5 SCALE 2 "= 1,5 GAUS0550
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SCALF 3

GAUS0600

i = 1.0
: TOL] = BL21) GAUS0610
' X NORM = 0.0 GAUS0620
MARK P = 0 GAUS0640
KKPATH = =1 GAUS0650
NDOWN = 0 GAUS0660
NN = 0 GAUS0670
NNPARA = 0O GAUS0680
NPATH = 1 GAUS0690
NTZERN = -1 GAUS0700
SUMSQ = 0.0 GAUSOT10
T =0.0 GAUSOT20
X3 = 3.0 GAUSG730
X2 = 2.0 GAUSOT740
Y2 = 2.0 GAUSO750
Y3 = 3.0 GAUS0760
IF [LIMIT ~ 100) 2,47,47 GAUS0780
2 _IF (T0L1) 420.420.1 GAUS0790
I DO & J=1,44 GAUSOA10
BMINCJ) = B(J) GAUS0B20
X BSTART{J) = R(J) GAUS0830
: X _NORM = X NORM &+ B{J)%*¥2 GAUS0840
{ DEL{J) = 0.05*ABS (B(J]) GAUSO0B50
| IF _(DELTJI) 4,3,4 GAUS0860
;3 DEL{J) = 0.05 GAUSORTO
{4 CONTINUE GAUSO088O
! WRITE {445} GAUS0300
i 5 FDRMAT (51H1 GAUSSTAN PARAMETER SURROUTINE 212,300} GAUS0910
; WRITE (6,412) (MMTLY, L=1,12) GAUS0930
i WRITF (6A,108) (BlJ)y J = 1424) GAUS0940
; TF (MM(9)) 400,6,400 GAUS0960
i 6 IF (MM{8) - 1} 7,80,7 GAUS0980
7 1F (R(23)) 8,8,430 GAUST000
LB _JPARA = -} GAUS1010
| MPATH = -1 GAUS1020
l T = 0.0 GAUS1030
i MMTBY = 2 GAUS1040
1 WRITE(6,59) GAUS1050
! 90 9 J=1,4 GAUSTO0ED
9 __ASTART(J) = B4} GAUS1070
10 SQLAST = SUMSQ GAUS1090
SUMSO = 0.0 GAUS1100
NTZFRO = NTZERO + 1 GAUSITIO
NN = NN+1 GAUS1120
TF (NN - LIMIT) 12,12,11 GAUST130
11 MmMt8)y = -2 GAUS1150
50 10 80 GAUSTTAD
12 _CALL ycowMp GAUS1180
. B0 17 N= 1, NUVMBER GAUSIIBI
YC = CY{N) GAUS1190
; DELY = YC - Z(NSET,NI
SUMSQ = SUMSQ + DELY*%2 GAUS1210
TF {NULLY 17,13,13 GAUS1220
13 IF (MMI6)) 14,417,14 GAUS1230 ,
1% GAUS1240

IF (N~-1) 16,15,16




frmet

WRITE (64410}

GAUS1250

15
16 _WRITE (5,18) Ny YCoZINSET,N),DELY GAUS1260
i MARK P = 1 - . : GAUS1270
17 CONTINUE GAUS1280
: RFCORD(NN) = SUMSQ GAUS1290
18 FORMAT (16,4E18.7) GAUS1300
: GD TO 440 - GAUS1310
19 IF (NN — 1) 20,22,30 6AUS1330
20 TF {SUMSQ-SQMIN) 21,21,27 GAUS1360
21 NDOWN = 1 . GAUS1370
22 . SQMIN = SUMSQ GAUS13R0
N0 24 J=1,J4J GAUS1390
24 BMIN(J) = BUJ) GAUS 1400
25 IF (MPATH) 301,200,338 GAUS1410
T 27T IF (NDDWN) 28,28,429 GAUS1430
{28 NDOWN = -1 GAUS1440
I 29 IF (MPATH)} 301,200,36 GAUS1450
I 30 IF (MM(A)) 32,32,31 GAUS1470
31 MM(&) = O GAUS1480
I 32 1F (MM110)) 20,20,33 GAUS1490
i 33 MM{10) = 0 . GAUS15060
| 6N 10 20 GAUS1510
{36 TIERQ = TZERO#SCALEL GAUS1530
NYZERD = -1 GAUS 1540
T38 DD 39 J=1,49 GAUS1560
! B(J) = BMIN(J) GAUS1570
T 39 . RSTART(J) = B8MIN(J) GAUS1580
! Y1 = SQMIN GAUS1600
: X1 = 0.0 GAUS1610
: JPARA = -1 GAUS1620
! MBATH = -1 GAUS1630
; 5010 301 GAUS1640
740 SUMZ2 = SuMi GAUS1660
; SUML = SUMSQ GAUSIAT70
‘ NNPARA = 0 X GAUS1680
: IF _(SUM1 - SUM2) 19,45,19 GAUS1690
T 45 TIFRD = SCALF1%TZFRO GAUSIT10
. NDOWN = O GAUS1720
! T = 0.0 GAUS1730
! GO .10 38 . GAUS1740 .
. 47 LIMIT = 99 GAUS1760
Lo 50 10 2 : GAUS1770
TGO T = ~0.5% ([ (XIEXI-X2¥XZ2 1 *{Y1-Y3)—{ X1 #X1~X3*X3V1*(Y1-Y2))/ GAUS1A800
: [{X1=-X3)%(Y1=-Y2)}={X1-X2)%{Y1-Y3)) GAUS1810
5 MPATH = 1 GAUS1B30
: JPARA = -1 GAUS1840
: NNPARA = 1 GAUS1850
; NDOWN = 0 GAUS1860
T GN TN 366 GAUS1I8TO
. 853 WRITF .(6,54) GAUS18%0
T 54 FORMAT {24HO OVER-UNDERFLOW /7 GAUS1900
: MM(8)Y = -1 GAUS1910
5 MM(10) = =1 GAUS1920
i 60 _TD 301 GAUS1930
56 WRITE (6457} GAUS 1960
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7 87 FNRMAY [24HO0 MATRIX 1S SINGULAR /7 GAUS1970

: MM(B8) = =1 . GAUS1980

| MM{10) = -1 GAUST390

I 60 T0 301 GAUS2000

59 FORMAT (L14HOCYCLE SUM OF SQUARES A FdERR Rk EFRF R R RREEXGAUS 2020

: Xk ephphhkdrhk PARAMETF RS X ddkd bbb xdpdkdsrdkhijokkgsrs //) GAUS 2030

7 58 FORMAT (16, F18.5, SE1B.6/{E42.6+4F18461)) GAUS2040

| 60 DO 66  J=1,dd GALS2090

] RTEST = B(J)-BSTART{JI-DEL(J) GAUS2100

! IF_(BTFST) 63,63,62 GAUS2110

.62 BUJ) = BSTART(J) + DEL(I) GAUS2120

\ 63  CONTINUE GAUS2130

: ATEST = B{J)} — BSTART(J) + DEL(J) GAUS2140

IF (BTFST) 65,65,66 ) GAUS2150

65 BUJ) = RSTART(J)-DEL(J) GAUS?160

66 CONTINYE GAUS2170

MPATH = -1 GAUS2190

6T D069 Jsl,dd GAUS2200

69 ASTART(J) = B(J) GAUS2210

60 TN 10 GAUS2220

80 IF (NULL) 1000,82,82 GAUS2260

82 AV = 0.0 GAUS2270

AVI = 0.0 GAUS2280

AV2 = 0.0 GAUS2290

TYMAY = 0.0 GAUS2300

IMAX = 0.0 GAUS?310

IIMAX = 0,0 GAUS?2320

nn AL Jd=1,Jd GAUS2330

81 BlJ) =.BMIN(J) GAUS?2340

N = 1 GAUS2350

AN 90 Jd=1.34 GAUS2360

90 WRITF (6,91) Je8LJ) GAUS2370

91 FORMAT (4H B 12, El4.5) GAUS2380

WRITE (6,100) N GAUS2390

i 92 WPTTF (6493) GAUS2410

93 FORMAT (B2HONUMBER Y OBSERVED Y CALCULATED GAUS2420

j X DELTA Y PCY DEVIATION 7770 GAUS2430

L 94 CALL YCOMp B GAUS2450

7798 YC = CY(N) GAUSZ451

DELY = YC =~ Z{NSET,N)

RATIND = LNO.OX(DFLY/Z(NSFT,N})

ABSRAY .= ABS (RATIN) GAUS?480

AV = AV + DELY GAUS2490

AVI = AV1 + RATID o GAUS2500

AV2 = AV2 + ARSRAT GAUS?510

WRITE {6,95] Ny Z{NSFTyN3,YCDELY,RATID GAUS2520

795 FORMAT ([54F23.5,E17.542F19,5) GAUSZ2530

i ABSVAL = ABS (DELY) ] GAUS2540

: TF (YMAX - ABSVALY 95,9697 GAUS?2550

96  YMAX = ABSVAL GALIS2560

YYMAX = DELY GAUS2570

i MARK = N GAUS?580

97  1F (ZMAX-AASRAT) 971,971,972 GAUS2590

< 971 ZMAX = ABSRAY GAUS2600

: T7MAX = RATIO GAUS2610
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\Jt

MARK1 = N

GAUIS2620

|
972 N = N+l GAUS2630
‘ IF (N ~ NUMRER} 98,98;99 GAUS2640
99 N = NUMBER GAUS 2660
AV = AV/D GAUS2670
AV1 = AVLI/D GAUS2680
AV2 = AV2/D GAUS2690
RTMNSQ = SQRT (SUMSQ/N) GAUS2700
WRITE (6,100} , GAUS2710
100 FORMAT({118HOxMkdkdkfedkodeafdeddekdedbkd kb ddhrdhkdhfbikskkdresxkGAUS2T20
; X ¥k ook kbbb ki kk kb bk k ko ok kb ok kb k kR ki kkE f /GAYS2T30
! X/) - GAUS2740
WRYITE {6,101} AV, AV, AV2 GAUS 2750
101 FORMAT (30HO AVERAGFE DEVIATIDN El4.5, GAUS2760
X 20H AVERAGE PCT DEV El4.5, GAUS2770
X 20H AVE ABS PCY DEV Fl4.5) GAUS2780
WRITE (6,103} YYMAX s MARK GAUS2790
103 FORMAT {30HO MAXIMUM DEVIATION E14.5416) GAUS2800
HWRTTE (64104) IMAX » MARK Y - GAUS2810
104 FORMAY {30HO MAXIMUM _ PCT DEV E14.5,16) GAUS2820
| WRITE (6,105} - RTMNSQ GAUS2830
' 105 FORMAT (30HO RODY MEAN SQUARE DEVIATION E14,5) GAUS2840
' 107 FORMAT ( 21H0 AT ITERATION I3, 24H, THE SUM OF SQUARES IS GAUS2840
! X_ E16.7/ 22H0 FOR PARAMETER VALUES /1HO//(6E20.7)} GAUS2870
[ 108 FORMAT (5F20.5) S GAUS2880
109 _FORMATY (//) GAUS 2890
i 110 FORMAT (120, F20.8) GAUS2900
! HRITF (6,5} GAUS2910
f IF (MM(B8) + 2) 114,111,114 GAUS2920
111 WRITE (A,112) GAUS2930
112 FIRMAT (30HO EXCEEDED ITERATION LIMIT 771 GAUS2940
60 TO 999 : GAUS2950
114 IF {MM(8) - 1) 999;8,999 GAUSZ970
200 __IF _(NDOWN) 201,201,202 GAUS2990
i 201 T = T#SCALE1 GAUS 3000
! G0 10 203 GAUS3010
© 202 T = T#SCALE? GAUS3020
{203 MPATH = 0 GAUS3030
; -~ JPARA = JPARA + 1} GAUS 3040
v G0 T0 366 GAUS3050
I 301 MPATH = 0 GAUS3070
NDOWN = 0 GAUS3080
NN 305 M=1,J4 GAUS3090
C(Myl) =-0.0 GAUS3100
3072 DN 305 N=1,J4 GAUS3110
305 A{M,N) = 0.0 GAUS3120
CALL DFRIV - GAUS3170
CALL _YCOMP GAUS3160
0 313 N = 14NUMBFR GAUS3210
; NN 313 K = 1444 GAUS3220
: CIKs1) = C{Ky1} + FP(K,N) % (ZINSET,N) ~ CY{N]) GAlIS3230
! NN 313 J = Kydd : GAUS3240.
F7313  A(K,J) = ALK, J) + FPIK,N} * FP(J,N) GAUS3250
IF (NTZFRN) 318,318,317 GAUS3300
317 TZFRD = 1.0 GAUS3310
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WRTITF {6,100}

318 T = TZERO GAUS3320
DN 316 1=2,44 GAUS3340
11=1=-1 GAUS3350
BN 316 J=1,11 GAUS 3360

316 A{I,J) = AlLJ, T} GAUS3370
IF_(MMU10)) 31%94331,319 GAUS3390

319 WRITE {6,320} NN GAUS3410

320  FORMAT (19HO MATRIX, ITERATION I3) GAUS3420
MMPATH = 0 i GAUS3430

322 D0 323 1=1,44 : GAUS3440

323 WRITF. (6,324) (Allyd), J=1430) GAUS3450

324  FNRMAY {9£13.5) . : GAUS3460 N
NN 328 1=1,J4J GAUS3480

328 WRITE (6,374} : Cli,1) - GAUS3490

) IF (MMPATH) 35043314350 o GAUS3500

331 DN 340 I=1,J4 . GAUS3520
DENOM = ABS {A(I,1))} GAUS3530
DN 336 J=2,44 : . GAUS 3540
IF (DENOM=-ABS (A(I4d})) 335,336,336 GAUS3550

335  DFENOM = ABS {AtI,J}) GAUS3560

336 CONTINUE ’ - AUS3570
N0 338 K=l,44" GAUS3580

338 A{l+KJ = AlLT4K)/DENDOM=SCALE3 GAUS3590

340 C(Iyl) = Ct1,1)/DENOMESCALES GAUS3600
TMMPATH = 1 i GAUS3620
IF (MM{10)) 322,350,322 GAUS3630

350 DD = 1.0 | GAUS3650
TF {MMI8)) 999,354,354 GAUS3660

354 CALL SOLV ) GAUS3670

60O TN 1351,53,5h)s M GAUS3680

351 IF {(MM{6)) 352,363,352 GAUS3690

352 WRITE (6,353) : (X{Jds1)y J=1,44) GAUS3700

353  FORMAT (13HO DELTA B(J) 71{9E13.5)) GAUS3710

363 Y NORM = 0.0 GAUS3730
NN 364 J=1,44 GAUS3740

364 Y NORM = Y NORM + X{J,1)%%2 GAUS3750
TF (Y NORM — X NORMI  366y36h4365 GAUS3TT0

365 T = 0.5%SQRT (X NORM}/SQRT (Y NORM) GAUS3780
X1 = T } : : GAUS3790

366 DO 36T J=l,dd GAUS 3800

367 RUJY = BSTARTIJ} + T*X{J¥1) GAUS3810

371 DN 376 J=1,dd ) GAUS3820

: TF (B{J)) 372,374,317 ] GAUS3830

372 XX = ABS ({(BtJ) - BSTARTI{J))I/BLJ)} GA1IS 3840
G0 IO 375 GAUS3850

374 XX = ABS (B(J) - BSTART(J}) GAUS3B60

375  IF (XX=TOLT) 376,376,378 GAUS3870

376 CAONTINUE . GAUS3880
qM(8) = 2 GAUS3890
GO TN 80 ) GAUS3900

378 IF (MM{T7Y) 60,379,60 : i GAUS3920

379 IF {NDOWN) 10,10;380 GAUS3940

380 IF {JPARAY 10410,49 GAUS3960

400  IF (NULL) 6,401,401 GAUS3980

401 GAUS3590
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IF (MM{5)) 406,403,403 GAUS3991

403 - WRYTE (6,402) GAUS4000

402  FIRMAT (1SH OBSERVATIONS/ /) GAUS4010

NN 404  N=1,MUMBER : GAUS4030

404 WRITF (6,405) Ny {ZUJ9NYy - J=1,12) GAUS4040

405 FIRMAT (14,8614.5/1F18.5,7F14.5)) ) GAlUS4D50

406 WRITE {6,5) . TONTFC GAUS4060
50 10 6 : GAUS4070 B

410 FORMAT { 60HN DATA .. Y. COMP Y N8BS DIFFEGAUS4NA0

XRENCE i ) g GAUS4090

411 FORMAT ([6,F20.7) ) GAUS4100

412 FORMAT {1216} GAUS4110

420 TOL1 = 0.0001 GAUS4130

60 10 1 GAUS4140

430 If (B(23) ~ 1.0} 431,8,8 GAUS4160

431 T ZER0O = R{23) GAUS4170

WRITF (6,433} TZERN : T GAUS4180

i 433 FORMAT { 30HO VECTOR SCALE FACTOR = B(23}, E12.4//7) 6AUS4190

‘ 50 0o R GAUS4200

440  TF (NULL) 4464441,44]1 o GAUS4220

441 N SPIN = N SPIN + 1 GAUS4230

442 JFIMARK P) 444,443,444 B GAUS4240

443  TF (N SPIN = 15} 44544444444 GAUS4250

444 N SPIN = 0 GAUS4260

WRITE (6459) GAUS4270

445  WRITF (6,5R) NNy SUMSQ, (RBLIY, J=1,JJ} GAUS4280

446 X3 = X2 ) . GAUS4290

X2 = xi GAUS4300

X1 = T GAUS4310

Y3 = Y2 GAUS4320

Y2 = Y1 GAUS4330

.Yl .= SyMsQ GAUS4340

1F. {NNPARA) 40,19,40 GAUS4350

999  WRITE {6,991} g GAUS4360

NN 990 J=14NN o GAUS4370

990  WRITE {64405) ] Je RECORD(J) GAUS4380

991 FORMAT ( 28HO  RECORD. OF SUM OF SQUARES /7 GAUS4390

993  FORMAT (24HO MINIMIZING PARAMETERS /74 GAUS4400

URITFE (6,993) . GAUS4410

: WRITF (6,108} {BMIN(J)y J=1,4J) GAUS4420

. 1000 RETURN . GAUS4450

END GAUS4460
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~$IBFTC SOLV DECK : : :
’ SUBROUTINE SOLv: i . SOLvoolo
DIMENSION XL(300).XV(300)'TS(300)yP(300).TC(300).PC(BOO),N(BOO)v ‘
ZNSYST(BOO)'A017(300)ySA13(300)'SBl3(3001.SCI3(300).ALGA(300).
3ALP13(300),6GM12(300) 4RTLL(2) +RTLV(2),DMI3),¥M(3).
"COMMON XL oXVsTSsPyTCoPC W NSYST 4Ry AUlZ'SA13ySBl3 SCI3,ALGA,ALPL13,
1GM124DL sV yNQyRTLL,RTLV,NM,YM | :
DIMENSION A{20421), C(ZOvl)n LOC{20), CK{20) SOLV0020

COMMON - /COMB/ JJ . : : } - S0LV0030
. COMMON /COME/ A,CoM S R , . SOLV0040
Mo=] v ' ' SOLV0050
NP = JJ+ 1 R _ o : ~ S0LV0060
NN L I = 1,94 S o _ SOLVO070
. CKLI) = 0. v : : , L : SOLV0080
“Y1 L ALTLNP) = CUIL 1) v : SOLV0090 -
DD 50 1 = 1444 v _ o SOLVOL00
IP =1 # 1. , ‘ e SOLVO110
FCYUVNTIEIND MAX ELEMENT .IN l'TH COLUMN, : : o SoOLVO120
AMAX = 0,° , C . » SOLVO130
N0 2 K = 1,44 . - . : SOLVO140
TF (AMAX = ABST{A(K,1))) 3,2,2 © . SOLVO150
LCHVeCIITS NEW MAX IN ROW PREVIDUSLY USED AS PLvOT - SOLVO160
3 TF (CKUK)) 49442 - e o ~ s0LVOl170
4 LOC(1) = K - o . . : B SOLVOL1R0
AMAX. = ABSTA(K,I)) ’ _ S0LV0190
27 CONTINUE : ' SOLV0200
IF (ARS(AMAX) .LE.1.E-T7) GO TO 99 v _ soLv0210
CrevnessMAX ELEMENT IN ITH COLUMN IS A(L+T) SOLV0220
5 L = LOCHT) , v o SOLV0230
CKe(L) =1, : ‘ SOLV0240
[ CHevee 1 PERFORM EL!MINATIDN. LIS PIVOT ROW, AlL,I) IS PIVOT ELEMENT.  SOLVO250
L N S0 J = 1,JJ _ : : _ , » SOLV0260
i IF (L=J) 6,50,6 S : : S0LV0261
6 F = =ALJyI) 7 ALL, D) - : o 'S0LV0262
DD 40 K .= IP,NP: SN ’ SOLV0270
40 ALJyK) = A{JyK) + F % A(L,K) " . . -~ S0LV0280
50 CONTINUE - ' R L . : S0LV0290
DD 200 I = 1,44 ' 2 L . : SOLV0300
L = Loctry o . ' S0LV0310
200 AL, 1) = ALL.NP) / A(L'l) . - SOLV0320
- RETURN : . SO0LV0330
1 99 M =3 . . v : SOLV0340
RETURN S ST T o S SOLV0350

END " v SOLV0360
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$1BFTC DERIV DECK
SUBROUTINE DERIV . DERIVOLO
DIMENSION XL (300)+XV(300),7S{300),P{300),TCIL300)4PCE300),¥(300),
INSYST{300),A0121(300),5A13(300),5813(300),5C13(300},ALGA(300),
3ALP13(300),GML2(300) 4RTLL(2) JRTLVI2),0M(3),YM(3)
COMMON XL oXVoTSePoTCyPCyN, NSYST.R;AOIZ,SAI3.SBI3oSC13 ALGA,ALP13,
lGMIZ'DLoDV'NOoRTLL-RTLVoD"'YM

DIMENSION B124),2{127300),CY{300),FP{20,300),H(20),Y{300) DERIVQ20
COMMON NUMBER ,B,2 DERIVO30
COMMDN /COMB/ 44 ) DERIVO40
COMMON /COMC/ CY ) . DERIVOS0
COMMON /COMD/ FP ) DERIVO60

IF (B122)) 2041,20 : . DER1VO70

1 8(22) = 1. ) DERIVO8BO
NO 7 J = 1,49 ) ’ DERIVO90
TEST = ABS(B(J)) ' . DERIV1IOO

TF (TEST = 0.001) 54646 B DERIV11O

5 H(J) = 0.001 ) DERIV!I20
GO YO 7 ) ‘ NDERIV130

6 H(J) = 0.0001 * TEST : . DERIV140
7 CONTINUE ’ ‘ ) : ) DERIVL50
20 DO 22 J = 1,44 ) DERIV16O
TEMP = B(J) ‘DERIV17O
B(J) = TEMP + H(J)} _ DERIVIRO
CALL YCOMP : DERIV190

DO 21 N.-= 1,NUMBER S . DERIV200

21 YN} = CYIN) ) DERIV210
B(J) = TEMP — HIJ) DERIV220
CALL YCDMP DERIV230
B{J) = TFMP ) DERIV240

DO 22 N = 1,NUMBER ‘ : . DERIV250

22 FPLJyN) = {YI(N) —~ CYINYI/(2. * H(J}) DERIV260
RETURN . DERIV270

~J
O

END , : DERIV280
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SIRFTC MULLER  DERECK
SURRAUTIME MIJILER -

DIMENSION  XLU300),XV{300),7S{300),P{300},TC(3901,PC{300},W(300},
ZNSYSTE30N) ,AN12(300),%413(300),5R13(3303,SC13(300),ALGAL300)},

3ALPLIZ(300),6M12(300) 4RTYLLIE2),RTLVI2)4X(3),Y(3)
CAMMAN X[ o XV o TSP Tl oPL WeNSYST R4AN12,5413,5813,5C13,ALGA,ALPY3,

1GM12sDL DV NOWRTLLJRTLV X, Y
X13=X{}}~-%t3)

X23=X(2)~-x%{3)
Y13=Y{1)-¥{3)

¥23=Y{2)-Y(3}
YX1=¥Y13/X13

YX2=Y23/X?3
X12=X{1}=X{2})

A=(YX1-YX2)/X12
R=( X134%YX2-X23¢YX1}/X12

£=Y{(3) .
D=B%R—=4 o NXARC

IF ID) 142,43
1 N=-N

6N 10 3
2 _DN==2,0%C/8

5N Th 9 ] T B
3__IF {B) 4,4,5 . :

4 D==2,0%C/{A-SQRT (D))
GNTI1 9

5 D=-2,0%C/(R+SORT(D))
9_YMAX=0,0

nn 11 K=1,3
IF (ADS{Y(K)) - YMAX) 11,-111, .10

10 YMAX = ABSIYI(K))
) MAX=K

11 CONTENUE
X (MAX)=X{ 3}

Y{MAX}=Y{3)
7 _X{3)=X({3)4D

13 RFTURN
11) X{3y={Xx{1)+¥%{2))1/2,0

G100 13
END




TS EBFT

C DENSTY . NONECK
SURROUTINE DENSTY
DTAENSTON
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YLL300),XVE300),3¥S1300),X(3001,TCL{300),PC{300),W(300),

ZNSYST{300) ,AN12(300),5A13(300),5R13(3001,5C13(300),ALGA{300),
3ALP13E300),6M12(300),8011320),C012(300),RTLL(2)4RTLVI2)4RTLNF(2),

4 00300),DM{3), YML3)
COMMON
1GME2 DL oDV NYRTLL $RTLY DM, YM
DIMENSION BU24), 2(12,300), MM{12)
CNMMDN NUMRFR ;8,7 )
CNMMON. /COMA/ MM
COMMON /COMB/ 4J

CP=0(N)

17

16

T=TS(N)
oV = .1
DL = 1.
DN 1T 1=
K=N+T-1
BROL( K}

1,2
SROLIHRE21ENT KI+R(3)EWE KIENL  K)

B30 . KY =BOUL K) #RETCL- Kl/ZPud
Ch el K= _SORTICNL2{ K)*R%R*TCH
MMM =0

M= 1

GN T 22

M= 0

TF (M) 24424425
NN 26 K=1,2°

K1}
KYyess/PCo

T=N+K-1
X{T) = Xvtl)
6N TN 27
nno1oK=1,2
I=M+K—1
X{1) = XL(1)
CANTINDE
X9 = ),
XA = 0,

_XCn o= 0,
XS8 = 0.
XSA . = 0,
¥s€C = n,

. XALP = 0,
XG4 =0,
D16 K=142°
I=N+K~1
XB0 = X{L)*ADL(TY + XBO
XAY = X(T)®AG12{1) + XAD
XCO = X(I)*COL2{1) + XLO
XSB = X{IV1%SH13(1) + X5B
XSA = X{I1}=SA13{[) + XSA
XSC = XtI}%SC13(1) + XSC |
XALP = X{1)*ALPL3(1) + XALP
XGM = X{[}®GMLI2(1) + XGM
B0 = XBO ’
AN = XADRXAD

= .

XL eXVyTSeQsTCPC oW NSYST4R,ADL2,5A13,5813,5C13,ALGA,ALPL3,

DECK0020
DECK0Q30
DECKO040
DECKO0S0

RFG.1e

KN
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.9l

95
94

926

T4

. GMD2

1

. 33

3R
371

RO
. SC

| GM

TTeMn2=
DTN3=

CyP=DM(1)
6N 1o

" EXNG=

182

XCNEXCN
XSH%%3
X SA%*%]
XSC*%3
XALP%%3
XGH#XGM
CONTINUE
1F (M) 97,97,96
MN=0
AINCR=
N=0.
EXDG=

cn
SA
SA

N

ALP

«01

EXP(~GMEDED)
GMEDXD

DEx3

DETLS

nTNS=
DTN6= D¥%s

AKD = RETHD + (BO*RET~ SAD=C/ (THT 1) #D%ED + (SBARAT-SA}*DT0O3
L+ SA¥ALP# DTOA -+ SC¥* NTN3 ¥EXDG/(T%T)

+ SCEGMXEXDG%-DTOS /(T%T) <P

IF (AKD) 90491,91

IF (MN) 93,93,94.

D=N+ATNCR

GO TD 92

MN=1

If (P-3. 0) 63,95,95

GN TR 96
AINCR
GO TN 34
n=0,
AINCR
FXDG

0.05°

0,05 N
EXP{~GMED%D)
GMEDEN
N¥%3
“NE K6
DT06 =D%%x6 o
CAKD = PETHD & (BOFRET=AD- Cﬂ/(T*Ti)*D*D +{SB*RET-SAVEDTO .
+ SARALP® DTDA  +-SC* DO *¥EXDG/(THT)Y
+ SCAGMEEXDG* DTOS /{T#T) — P
TE(AKD)31,432,33 °
DP=D
AKDP=AKD
D=N+AINCR
60 TN 34
DALYV =DP
DM(?2)=D
PM(3)=(DP+D) /2.0
YM(1Y=AKDP
YA{2)=AKD

nIN3
nTns

2

371

YP=DM( 3)

XP(—GM*DM(B)*DM(B’)

5AD2= GMEDMI 3) =DM (3]

PTD3= DMI3VEDMI3)*DME3) v ' B T
NTNG=" DM(3)*%5 ‘ ) : '



DTOA= DM 3)%%4

YMLI)=R=TROM(3) + (BO*D*T AD-CD/(T*T))*DM(3)*DM(3) + (SRER*T-SA}*

1 0TN3 + SAXALPEDTNA + SC#DTIN3IXEXDG/(T*T)

2+ SCGMxFXDG* DTAS /(T*T) - P

CALL MULLER

[F ( ABS{DM{3)=YPI=0.00001 ) 39, 38, 38

D=DM{3)
DO 41 K=142
1=N+K~1

FU2A= (BOFBOLUTY)#RAT

FU2B= 2.%XA0¥ADL2(1)

CFU2C= 2.$XCOXCO12(TI/7(THT)

Fu2= {(FU2A~FU2B-FU2C %D
FLI3A= R¥THXSREXSR¥SRI3(T1)
FU3B= XSA*XSA¥SAL3(T)

" FU3C= FU3A-FU3B

FU3= 1,5%FY3CENFD

FliaA= SA*XAIP*XALP*ALP[3(I’
FU4B= ALP=XSA%XSA%SAL3{IY
Fust= FULA+FUA4R

Flla= 04 6%FU4CRDEDEDRDRD -

L EXDG= EXP(=GMED%D)

GMD2= GM¥*D*%N

L FuUsA= (1.-EXDf)/GMDZ

- FUSB= FXDG/2.

. FUSC= FUSA—FUSR

Fus= 32, *D*D*XSC*XSC*SCIB(l)*FU5C/(T*T)

L FUAA= FUSRA.

Fi6R=" £XDG

. FusC= bMﬂ?*FXDG/Z.

,gl.

" ag

FUAD= FULA-FLLEB-FU6C

Fe= 2, *D*D*ﬁC*GMI?lI)*FUﬁD/(T*T*XFM)
RTLNFAKY=  FU2+FU34FUS4+FUS-FU6

IF . tM) 0,560,461

RTLVIK)=RTLNF{K) ,
... G0 TD 41 .
60 -RTLL{KI=RTLNF(K}
41 CONTIMUE ;
IF {M) 70,70,42
42 .DV=D :
.60 TO 23
_T0...DL=D
CONTINUE
RETURN

END
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[SIBFTC YLOMP  NODECK

SUBROYTINE YCOMP ’ ‘ ) YCOMPOLO
DIMENSEON XL [300)+XV(300), 79(300) P{300),TC(3001,PCI300),W{3001},
INSYSTE300),ANL2(300),SA13(300),5813(300),SC13(300),ALGA{300},
3ALPL3L300)3GMLI2(300) yRTLLIZ) yJRTLV(2),OMI3),YM(3) - :

COMMON - XLy XV TSy P, TC,PC,WyNSYST4R,AD12,5413,5813,5C13,ALGA, ALP13.
16ML2 DL s DV N GRTLL JRTLV, DM.YM

CDIMENSION n(74).2(12 300), cv«aOO) : o YCOMPO20

COMMON NUMBER 8,27 B YCOMPO30

COMMDN 7CAMCA €Y' " - i o R _ YCOMPO40O
MRFR=NUMBER~-1T B :

DY 1 N=14MRER 2

CAlL NENSTY :

=REZLLGNY .
FY(M) ={DL* EXP{ (1. O/RT)*RTLL([)))/(DV* EXP((I O7RTIERTLV(1)Y)

LCYAND  =CY NI/ XV END ZXLINKD

CY{N+1)=(DL® EXPL(], O/RT)*RT(L(?)H/U)V* EXP((l O/RT)*RTLV(Z)))

A CYINHLY=CYINEL)Z OXVANF LY /XL EN+T)

RETURN : . o T " ycoMpzoo

END ’ R ' , v » _ o YcoMp210
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$IBFTC RURCST

SH3ROUTI

CDIMENSION

MODERK -, el
NF; BWRCST :

INSYQT(300)'Aﬂl7(300)9SA13(300)y5813(300’s\ClB(%OO)yALGA(BOO)v

XLE300) 4 XVI300), T%(300)'P(300)'TC(330),PC(300);W(3OO’1

3ALPI3L300),GHL2{300) 4RTLL (2

YaRTLV2) yOME3),YME3).

COMMON

XLsXYsTSePysTCyRL,WyNSYST, RyAUlZ,SAI3ySRl3 SCI3¢ALFA,ALP12,

1GM124DL oDV eNQy RTLLyRTLV y DM YM .

DECKO0020

"DIMFNSTON 8(24)y Z(124300), MM(12) -

COMMON MUMBER 3842 ERM Ll _* DECKO0030 "
COMMON " /COMAZ MM . - DECKO040
COMMON /COMRY JQ |

_ MBFR=NUMBFR-1 S
N=I,MBER - 20 .

DECKO050
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BT N 0]
DO L0 [=21,2
K=N¢I~-1 - o :
ADL21° K) =0.3432582~0,1275206%N( K) 0, 5091306*w( KYEWL T K) 3
CSALZ(T K) =0,02358656%0.2902838%W( K)=0.2954134%W{ KIEW( K]
SB13( . K) =0.02754038+40.1310085%W( "~ K)~0, 134924450 ( K)*W( Ky . -
TUSCL3L KD =0,03569503+0, 18529744 ( K1=0.2301246%H(  KI*WL K)
CALGAL T K).=0.0000875 o : i
ALPI3L  KY=ALGAU -K)%%0,33333333/SA13(. K} o
CGMI2( KI=0, 05205804~ ~0409063990¥H(. K} +0, 1060699*w( CKIRRL UKD i
R=10,7335 o
CADI 2 ,K)-SQPT(AUl?( K)RRARKTC( K)*TC( K)/Pct K1y I
SAL3(C KI=(SAL3( KI¥R¥RHRATCL  KI¥53/PC( . K)#%2)%#%0, 33333333
SRI3(. K)={SB13( KI*RHRHTCH KI%x2/{PC( K)¥PC{ K}))%%0.33333333 _
CUSCI3L - KI=(SCL3lL  KI®RERHRETC( * K)&&S/PC( - K)#%2) %0, 33333333
ALSAE K)=ALGAL K)EREFERTCL,  KL%%6/PC(  K)*%5 i e
CCALPI3( KYSALGAC  K)®%073333333375A13( - K) ‘
LGMEZE . K= SERTAGMI2( - KI*RER*TCL KEETCL K)Z(PCEL KDAPCL .KMMD. . O ..
COINTINUE . . -
_ RETURN B .

1n

END



APPENDIX H

BINARY SYSTEM DATA USED IN
CORRELATION DEVELOPMENT

TABLE XXXTI.

PARAFFIN DATA

Methane - n-Heptane (49)

Temp Pressure . ~__Mole Fraction

°F psia Vapor y1 Liquid xa
100. 200. | 0.9866 0.0640
100. v - 800. 0.9911 0.2340
100. ' 1500. _ 0.9881 0.3963
100. 2750, v 0.9620 0.6400
220. 200. 0.8942 0.0492
220. 1000. ~ 0.9558 0.2410
220. 2500. 0.9280 0.5450
280. - 200. . 0.7481 0.0405
280. 1000. 0.9100 _ 0.2290
280. - 2250, 0.8900 0.4880
400. 200. : 0.2060 0.0132
400. 1000. 0.6930 0.2290
400. 1500. - 0.6940 0. 2060

Methane - n-Decane System (45)

Temp Pressure Mole Fraction ,
°F psia . Vapor ¥ Liquid x
100 - 4000. 0.9837 0.6871
220. 200. 0.9890 0.054%
220, 3750. 0.9716 O.0442
280. 200. 0.9665 0.0496
280. - 1000. 0.9870 0.0130
280, , 3500. 0.9608 0.6168
400. - 400. ‘ . 0.8970 0.0927
400, 1000, v 0.9358 0.2257
400. - 2750. 0.9137 0.5427
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- TABLE XXXI (Continued).

Ethane - n-Heptane System (27)

 Ethane - n-Decane System (46)

Pressure Mole Fraction
psia Vapor y, Liquid x;
100. 0.982 0.170
200. 0.921 0.158
400, 0.950 0.359
800. 0.9585 0.623
200. 0.692 0.062

. 600.. 0.851 0.3415

~ 1000. . 0.854 0.563%5

200, 0.192 0.0105
400. 0.501 0.1035
800, 0.6%06 0.338

Pressure - Mole Fraction
psia Vapor v, Liquid x
1100, 0.9902 0.7098
1300. - 0.9846 0.7987
1500, 0.9586 0.8986
500. 0.9833 0.3164
1000. 0.9810 0.5567
1600. 0.9353 0.7987
500. 0.9097 0.2357
1000. 0.91328 0.4529
1600. 0.8389 0.6967

Propahe - n;Pentane'System (56)

Pressure Mole Fraction
psia Vapor ys Liquid x5
200. 0.716 0.339
450, 0.968 0.876
125. 0.247 0.064
300. 0.721 0.41%
500. 0.897 0.759
250. 0.253 0.093
350. . 0.452 0.231
500. 0.635 0.437
300. ~0.164 0.065
400. 0.358 - 0.184




TABLE XXXII
NAPHTHENE DATA
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Temp

1500
150,
150.
150.

240,
340.

Methane - Cyclopentane (12)

Pressure

psia

R

100.
200.
800.
2250.

Methane - Cyclohexane (50)

Pressure
psia

200.
400.
100.
3000.
200.
400.
1000.

~ 3000.

200.
600.
1250. -
2750,
200.
600.
1250.
2500.
200,
600.
1250.
2250.

Mole Fraction

Vapor yi

0.755
0.868
0.942
0.919

Liquid xa

0,107
0.03%8
0.161
0.451

Mole Fraction

Vapor yi

0.9793
0.9860
0.9885
0.9539
0.9380
0.9616
0.9709
0.9370
0.843%7
0.9249
0.9417
0.9109
0.6520
0.8464
0.8939
O ] 8690
0.%653%
0.723%6
0.8019
0.7886

Liquid x3

0.0414
0.0820
0.1977
0.5%65
0.0%65
0.0740
0.1812
0.5180
0.0%18
0.1028
0.2134
0.4610
0.0248
0.0951
0.2054
0.4134
0.0148
0.0870
0.1984
0. 3697
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TABLE XXXII (Contihued).

Methane - Cyclohéxane (60)

Temp Pressure , ' Mole Fraction
oF psia ’ Vapor y: ' Liquid x3

104, . - 284.4 . 0.952 - 0.0715
104, : S 568.8 - ¢ 0.981 ' 0.126
104, . 853.2 _ 0.983 0.182
104, 1422, S 0.982 0.297
212, 284 .4 : 0.870 0.055
302, _ 568.8 - 0.891 0.093%.
302. 853.2 0.925 0.151
202. 1422. _ 0.923 0.267

Methane - Cyclohexane (12)

Temp Préssure Mole Fraction
op , bsia . Vapor y Liquid x3
150. . 100.. 0.927 0.018
. 150, ' 200. 0.965 0.037
150. . 800. ' 0.979 0.150
1500 ) ] BOOO. . On95l 00555

Methane - methylcyclohexane (12)

Temp Pressure : » Mole Fraction

°oF psia ' Vapor y. Liquid x;
150. . 100. . 0.948 | 0.022
150. 200. | 0.968 0.043
150. 800.- 0.983 0.171

150. 2000. - 0.952 0.569
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TABLE XXXII (Contihued),

Ethane - Cyclohexane (28)

Temp Pressure L Mole Fraction

oF psia Vapor ¥, Liguid x,
100. 100. 0.9374 0.1250
100. 200, ‘ 0.9700 0.2695
100. 400. 0.9858 0.5579
150. _ 100. 0.8850 0.0876
150. - 200. ' 0.9351 0,1841
150. 400. 0.9659 0.3715
150. ' 600. 0.9819 0.564%
200. 100. 0.7852 0.0577
200. 200. 0.8800 0.1304
200. - 600. 0,.9516 0.4174
200. 800. - 0.9386 0.5521
250. - 100. ' o 0.5842 0.0330
250, - 200, : 0.7808 0.0903%
250. : 600. 0.8940 0.3251
250. , 1000, 0.9082 0.5606
200. 100. 0.2175 : 0.0095
300. 200. 0.5892 - 0.0556
200. 600, : 0.8044 0.2620
300. _ 1000. _ 0.8375 0.4602
250. - 200. ' - 0.2974 ' 0.0242
350. 400. 0.5889 0.1178
350. 800. 0.7241 - 0.2980
350. 1000. : 0.7335 0.2944
400. 400. 0.3786 0.0656
400. : 600. o 0.5293 0.1594

400, 800. 0.5828 0.2432
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TARLE XXXIII
AROMATIC DATA

Tenmp

104, .

104.
104.
104,
212,
302.
302.
302.
302,

Temp

150.
150.
1500
150.

Methane - Benzene System (19)

Pressure R Mole Fraction
psia Vapor y, Liquid x
100. _ 0,925 0.075
200. ’ - 0.957 0.030
600. o - 0.980. 0,090
3000. _ 0.956 ' 0.400

Methane - Benzene System (60)

Pressure = . : Mole Fraction
psia . Vapor y: Liquid x3
284 . 4 0.988 0.045
568.8 0.99% - 0.108
85%2.2 0.990 0.151

1l422. - - 0.920 0.221
284 .4 0.950 0.040
284.4 0.875 0.035
568.8 . - 0.918 : 0.081
853.2 _ 0.931 0.120

1422. . 0.929 0.192

Methane - Toluene System (19)

Pressure - - Mole Fraction

~psia S Vapor y: Liquid x3
100, . 0.973 0.017
300. . 0.987 , 0.052
700. 0.990 0.120

3000. ' 0.976 0.452
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TABLE X¥XITI (Continued)

Methane - Toluene System (60)

Temp - Pressure : Mole Fraction

OF ' psia Vapor yi Liquid x4
212. - 284.4 0.959 0,045
302. 284 .4 0.945 0.042
202, 568.8 , : 0.965 0.078
202, 853.2 0.966 0.114
302. 1422, s 0.965 0,207

Ethane - Benzene System (29)

Temp Pressure Mole Fraction

°F psia Vapor y: ' Liquid x3
122. ‘ 200. 0.9700 0.2519
122, 400. 0.9775 0.6225
122, 600. 0.9835 0.3580
212. 200. 0.8824 0.1476
212. 400. 0.9054 0.1986
212. 600. 0.9212 O.3144
212. 1000. 0.9206 0.5754
202, : 200. 0.6671 0.0905
302, . 400, 0.7252 0.1304
202. 800. 0.8114 0.2908
302. 1000. : 0.8112 0. 3808
202, 200. 0.2584 0.0305
392, 400, ’ 0.%957 0.0646
292, 800. : 0.6008 0.2016

392. 1000. 0.6284 0.2686
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TABLE XXXIII (Continued)

Propane - Benzene System (20)

Temp Pressure . Mole Fraction

°F psia Vapor y; Liquid x5
160, ' 150. ' - 0.9273 ' 0.3210
160. 300.. - 0.9844 0.8069
220. 150. - - 0.7895 0.1668
220, : 350, © 0.9185 0.,5151
220. - 500, - - - 0.9600 0.7805
280. 100. S 0.3340 0.0332
280. : 200. ' 0.6462 0.13%22
280. 400. 0.8087 0.3511
280. 600, 0.863%6 0.5989
340, 150. 0.1326 0,0181
340, 300, ) 0.5446 0.1323
340. 500. - 0.6971 0.2942
340. 650. 0.7417 0.4218
400. 200, 0.2319 0.0491
400, 400. ' 0.3821 0.1090
400. 600. 0.5357 0.2382
400. ‘ 700. - 0.5786 o 0.3105

- Propane - Toluene System (33)

Temp Pressure Mole Fraction

oF , psia , Vapor y; Tiquid x3
122, 157.2 0,973 0.600
122, 225.5 0.980 0,917
167. 158. 0.960 0.356
167, 235, 0. 964 0.554
167. 201.,9 : 0.978 0.759
202. 141. 0.969 0.217
248. 2%25.2 0.89 0.278
248, 355.5 0.891 O.441
248, - 515.5 0.928 0.684
264, 2 280. : 0.905 0.40%

264.2 535.8 - 0,921 0.606




APPENDIX T
CARBON DIOXIDE SYSTEM DATA

TABLE XXXIV

EXPERIMENTAL xy DATA: LOW CO, AT 150°F (68)

P, G, co, C, C, Cy C, Gy,
psia N
200, y 08253 0.1170 0.0243 010053 0175 L0076  .00%0
x 0.0542 0,0162 0,005 = 0,0037 .1513% ,1530 ,6161
K 15.2 7.21 b.h3 1.4k 116 0406 0048
200, y 0.8307 0,0905 0.0299 0,0127 .0168 ,0070 .0024
‘ x 0.0901 0.0178 0,0160 0,0126 .14h9 1461 5726
K 9,22 5.09  2.49 1.00 .116 LOU78 L0042
500, y 0.8370 0,0911 0,0%7' 0,0122 ,0122 ,0051 ,0018
x 0.1270 0.0257 0,0209 0,011 ,1340 1352 .5711
K 6.11 z,54 1,89 0.817 0912  .0379  ,0033
1000. y 0.8046 0,128 0,0%7 0,0101 0100 .005% ,0015
X 0.2784 0.079%2 0.0%5 0.0235 .1092 ,1149  ,2583%
K 2.89 1,66 1,01 O.4=1 .0912  Oh62 0042
1500, ¥y 0.8402 0.,0848 o0,0469 ..,0110 .0094% ,0057 ,0021
X 0.35%5 0.,0570 0,0448 .0208 .,0836 0862 3kl
K 2,2 1.49 1.05 « 255 JA13 ,0658  ,0060
2000, y 0.8201 0.0921 0,050% 0.,0197 .0079 0052 ,0046
X 0.4996 0,0808 0.,0654 0,0457 0485 ,051% .2088
K 1.64 1.1k 0,770 0.421  ,163 - ,10? .0220
2500, y  0.8113 0.0948 0.0513 0.219 ,0083  ,0062%  ,0061
X - 0.5609 0,0808  0.,0591 0,0%295 040k 0430 ,1763
K 1.45 1,17 0.868 0,554 .206 2146 L0346
2001, One Phase
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EXPERIMENTAL xy DATA: LOW GO, at 250°F (68)

TABLE XXXV

? 1 2 ) 3 5 (-] 0
psia
150, y 0.7255 0,0764 0.,0%00 0,0077 .0876 0475  ,0253
X 0.0521 0,008% 00,0057 0,002 ,1527 1577  .6203
K 12.9 9,18 5,27 2, bk 573 <301 L0407
200. y 0.7705 0.0828 0,0325 0,0098 .0607 .022%  ,0095
X 0.,0722 0,010k  0,0073 0,0054  ,14hk> 15022 6082
K 10,7 8.06 k.58 1.82 k21 212 0155
200, y 0.7937 0;0777 0,0247 0,0106 0484 0257  .C091
x 0,1053 0,014 0,0126 0,008z ,1285 1456 5756
K 7.54 5,49 2,76 1.29 . 249 177 .0158
500. ¥ 0.8129 0.092% 0,0%65 0,0104 0265 ,0162 .0053
x 0.1667 0,0260 0,0162 0,0097 .1256 1260 .5198
K 4,87 2,55 2,25 1.07 211 .119 ,0101
1000. y 0.8228 0,0870 0,041% 0,01%27 0178 .0116  ,0058
x 0.3059 0,0504 0,0%50 0,0215 .0918 ,098% .%972
K 2.69 1.73 1.18 0,640 .194 .118 L0156
1500, y 0.8186 0.0887 o0.0449 0,0162 ,0152 ,0098  ,0066
X 0.4016 0,0625 0,044z 0,0276 0726 0765  .3150
K 2,04 1,42 1,01 0,587 .209 .128 L0210
2000, v 0.818 0.0758 0.0427 0.018 .0160 ,012% 0165
X 0.5048 0,0625 0,0262 0.0249 0441 ,04ks  .2828
K 1.62 1.21 1,18 0.744 262 »275 .058L4
2500, y 0,80z 0,083 0,0441 0,0201 ,015 ,012% L0185
x 0.6769 0.0772 0,04z4 0,020 0966 0270 1287
K 1.19 - 1.1? 1,02 0,992 .586 455 oIk
2990, ¥ 0.7885 0,0924 0,0489 0.0013 0142 ,0118 .0219
X 0.7442 0,0828 0,051 0,0212 0222 0196 0648
K 1,06 1.13 1,08 1.00 H40 .605 » 338
%500. One Phase




TABLE XXXVI

| EXPERIMENTAL xy DATA: HIGH CO, AT 150°F (68)

196

psia 1 2 2 3 8 & 1o
100, y 0;6931 0.1917 0.,0208 0,0105 ,0573 .0202 ,0063
X 0,018 0,0092 0,0022 0,0029 .21%7 .2027 ,5507
K 27,3 20.8 9,64 Z,59 .268 0994 011k
200, y 0.7315 00,1979 0.0236 0,008  .0219 ,0100 0062
X 0.0589 0,0%225 0,0064 0,0060 ,.1595 ,1786 .5582
K 1201'" : 6.08 3.69 lo’"‘9 513‘7 00561 oolll
200, y 0.7354 0,1911  0,026% 0,0120 0241 ,0092 ,0019
X 0.0844 0,0422  0,0094 0,0104 .,1792 ,1797  LoL6
K 8.71 4,53 2,80 1,15 .1325 .0512  ,00%9
500, y 0.720% 0,215% 0,0298 0,0129 00140 ,0066  ,0011
X 0.1199 0.0650 0,0155 0,0163 ,1561 .1615 4657
K 6.01 3,321 1,91 0,790 0896  .0410 ,0023
1000, y 0.721%2 0.2145 0.0321 0,0151 .0098 .0049  ,0022
X 0.2527 0.,1215 0,029z 0.02z22  ,1114 ,1181 .2340
K 2.84 1.77 1.10 0.470 ,088z 0418 L0066
1500, ¥ 0.7126 ~ 0.2227 0,0%228 0.0172 .008% ,0049  ,0016
X 0.2268 0.1556 0.0%71 0,0290 .0864 .0899 .2652
K 2,18 1.42 0.885 0. 44 ,0061  ,0542  ,0058
2000, y 0.7189 0,204 0.0%229 0,0%01 ,0106 ,0064  .0060
x 0.4oks5  0.1674 0.0423 0,0%98 0565 0574 2201
K 1,78 1.22 0.801  0.505 188 112 0258
2500, y 0.6797 0.2175 0.0388 0.0255 .0136 .0118 ,0132
x 0.4600 0.,1880 0.0500 0.0478  ,0458 ,0495  ,1589
K 1.48 1.16 . 0.776 0.523% .298 223%9 ,0827
12999, v 0.,6690 0,2165. 0.0414 0,0295 0144  ,0128  .0163
x 0,5466  0.2054  0.0449 0,0289 .0328 .0332  ,0982
K 1.22 1,05 0.922 0.760 429 .386 .166
zhog, One Phase




EXPERIMENTAL xy DATA: HIGH CO, AT 250°F (68)

- TABLE XXXVII

197

) C
psia 1‘ 2 . 2 3 B 8 10
150. y  0.5874 0.216% -0.6299 0.0154 .087% .Ok79  .0L58
x 0.0479  0.02%7 . 0.0060 0,0071 . .1702 .1665 ,5787
K 12,3 9.1  -5.02 = 2,16 513 288 .0272
200, ¥ 0.6344 0.2025 * 0.0295 0.0160 .0672  ,0362 '.0141
x 0,0615 0.,0%204 0,0072 0,0083 ,1591 ,1657 .5678
K 10.3 - 6.67 4,09 1,92 23 .219 0248
200, y . 0.6791 0.1967 0.0288  .0157  .O478  .0957  .0062
X 0.0916 0.0421  0.0107 ,01% 1504 1535 5376
K 7.41 4,56 2,68 1,20 .318 .168 ,0115
500, ¥ 0.6882 0.2142 0.0204 0.0154 .0302 .0168 . .0048
X 0.1471 0,068% 0.0161 0.0167 .1305 .1267 4846
K 4,68 2,13 1.89 0.922 .2%2 123 .0099
700. y 0.6979 0.2128 0.0326 0.0163 .0242 .0l  .0051
X 0.1869 0,0974 0,0198 - 0.0190 1187 .1229 4344
K 2,71 2,20  1l.64 0.857 .204 .114‘ ,0116
1500, y 0.6862 '0;2237' 0.0222 0,0202 ,0190 .0118 06059
X 0.z444  0.,1445 0.0%21% 0,0%221 - .088F ,088z ,2710
K 1.99 1.55 1.06 0.628 .215 2k .0219
2000. y 0,6781 0.21%20 0,0%37 0.0218  ,0218 .0154 .0161
x 0.4018 0.1644% 0.,0353 0.0335 .0721 0715 .221%4
K 1.69 1.20 0.955 0.651 .20% 215 0729
2500. y 0.6802 o.éoos 0.0358 0.0228 .0228 = .017% .0193
) b'e 0.46232 0,1807 0.0373 0.0335 .0559 .0555 .1749
K 1.47 1.11 - 0.958 0.713 408 L3212 110
2000, |

~ One Phase




APPENDIX J

PHYSICAL CONSTANTS

TABLE XXXVIII

CALCULATION CONSTANTS FOR PURE COMPONENTS

Component Critical v hCriticak v rAcentricl - Molecular
Temp Pressure Factor Veight
T "OR psia w
Methane 242,13 669.7 0,0130 16,043
Ethane 549,77 708.3 0,1050 20,070
Propane 665,68 616.% 0.1520 4k , 097
n-Pentane 845,08 487,z 0,2520 72,151
n~Hexane 913,14 L=6.6 0.2899 86,178
n-Heptane 972,25 297,.5 0.2520 100,206
n-Decane "1111.7 204, 0,4869 142,287
Cyclopentane 921.17 654,7 0,2050 70,134
Cyclohexane 995.23 591.5 0.20%0 84,163
Methyleyclohexane 1029.8% S04 . 4 0.2420 98.190
Decahydronaphthalene 1207.17 270,81 0.2527 128,164
Benzene 1012.70 VAL 0.2150 78,108
Tolune 1069.2 590, 0.2518 92,142
1-methylnaphthalene 1384 .47 517.55 0,3603% 142,190
Carbondioxide 547 4z 1071, 0,1060 Ll 010
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