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PREFACE

Measurements are reported for the solubilities of hydrogen, nitrogen and carbon
monoxide in dodecane from 344.3 K to 410.9 K at pressures up to 13.2 MPa; of hydrogen
in n-hexane and carbon monoxide in cyclohexane from 344.3 K to 410.9 K at pressures
up to 15.1 MPa; and of nitrogen in cyclohexane, trans-Deéalin, benzene, naphthalene, 1-
methylnaphthalene, phenanthrene, and pyrene from 344.3 K to 433.2 K at pressures up to
22.8 MPa. Thorough evaluations indicate that the present data are both precise and in
general agfeement with existing literature measurements. Interaction parameters for both
' the Soave-Redlich-Kwong (SRK) and the Peng-Robinson (PR) equations of state (EOS)
were determined for the systems studied, and the cubic EOS (CEOS) represent the data
adequately. In general, the SRK and the PR EOS are capable of describing the data with
RMSE within 0.001 in mole fraction, when two interaction parameters are used for each
isotherm. The SRK and PR EOS are comparable in representing the mixtures studied.

The present efforts to improve CEOS predictions for asymmetric mixtures have
been effective in many regards, including developing: (1) accurate correlations for
predicting the heavy n-paraffin critical properties and acentric factors, (2) improved
temperature-dependence a function for the PR EOS to predict accurately vapor pressures

of heavy hydrocarbons (about 1% average absolute errors up to Cag), (3) an alternate EOS
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combining rule, and (4) useful generalized-parameter correlations for two widely-used
‘EOS.

I wish to extend my sincere thanks and expressidns of gratitude to my adviser Dr.
Khaled A. M. Gasem. His intelligent guidance, authoritative knowledge and depth of
experience have contributed significantly to the completion of this work.

I would like to thank my co-adviser Dr. Robert L. Robinson, Jr. for the direction
and supervision which he provided during the course of this study. His kind support and
valuable suggestions are greatly appreciated. Thanks are also extended to Dr. Martin S.
High and Dr. Larry H. Scott, Jr. for their help and encouragement during the course of
this work.

My parents, Shunyu Gao and Xiaolan Wang, deserve my deep gratitude for being
a constant source of support and love in my life. My appreciation goes to my wife, Liwei
Cai, for her love, encouragement, and support.

The sponsorship from the Department of Energy of the United States under

contract number DE-FG22-90PC90302 is greatly appreciated.

v



TABLE OF CONTENTS

Chapter

1 INtrOQUCHION.. . ..t e e e e
1010} 1Ter 1 |
109221 1141116 | I ORI

Section I. Experimental Studies

2 High-Pressure Solubilities of Hydrogen, Nitrogen and Carbon Monoxide in
Selected Hydrocarbons from 323.2 to 433.2 K at Pressures to 22.8 MPa .....
IntrOdUCHION. e e
Experimental Method.........cooeviiiiiiiiiii e
CONSISLENCY TOSLS. .. uveeueererenreieieeeeeeertereeereestertessee et sseessreeeseaeneesneassen e s
Instrumental ConsiStency TeSt...c..uievierreroreciearernieeeeereeeeeeeeenn e

External ConsiStenCy TeSt....cooueerireverrrierireecreereereeceteenreseneeeneeneee o

MaAtrIalS. .. euvininit it

Results and DiSCuSSION....cuueniiie it e
Nitrogen in Selected Naphthenic and Aromatic Hydrocarbons........

Hydrogen, Nitrogen and Carbon Monoxide in Dodecane...............
Hydrogen in n-Hexane and Carbon Monoxide in Cyclochexane........ .

Henry’s COonStants. . ...oueeeerneeni et eteaaeeene e aeeneas

References..........ccoceeeniine
Section II. Development of Cubic Equations of State

3 Introduction ........cceeenenae. e e ettt e et e et ae e et e e et et eaaens
4 Updated ABC Model for Predicting Heavy n-Paraffin Physical Properties....
A DTG, ettt ettt e e reeeaee
INErOAUCHION. . et et e e e e
Model DevEIOPINENt .......viuiiniiiiiiiiiiiiiiei et
Database EmMployed......cccouiiiniiiiiii e
Results and DiSCUSSION. .. .ccvieinniniieniinii i

14
14
15
18
18
24
35
41
47
47
49

52
55
55
56
57
64
66
69



Chapter Page

5 Modifying the Temperature Dependence of the Peng-Robinson
Equation of State ......c.cocieviiiiiniiiiiiiiiic e 14

PN 1 ¢ 1o 74
J111n (0 Te L Tu i o) s D O U 75
Model Development. . .......oouenii et - 79
Database UsSed.....cccuinneiiiiiie et e e e 84
Results and DISCUSSION. . ...uiiiiiiiii et e 87

Pure-Fluid Predictions. ......ovveeieiee i e e 87

MIXtUTE PrediCtionS. . . e vt iiiene et e e e et e ae e rresaasaesaaas 93

6 Alternate Combining Rules and Interaction Parameter Generalizations for

Asymmetric Mixtures.........ccc.ceeeuen.e. eeteer et e et et et e et e s et e abe et e e e e e e ke ee 103
P2\ 0] 6 v o1 PR 103
Introduction................ ettt et et aaeee et aaerananeranaans 104
Equations of State......ooiiiiii it 106
Mixing Rules........c.occciviiiiin.. i, 107

Classic Combining Rules................... e 109

- Conformal Combining Rules.............covviriiiiiiiinniiiinniiinniiinns 109

Database and Data Reduction Procedures .......cooveieeeeiiiiiiniiiiinne. 110
Parameter Generalizations ................ et 113
DiSCUSSION. c.eeeeteeieee ettt eeeeecneeee e eeeeenee 134
SUMMATY ... o 138

7  Conclusions and Recommendations............._.......................................... 139
S (5 (=) 1101 =TT U OO U UTRURN 140

Appendix A. PR EOS Interaction Parameters for Hydrogen, Nitrogen, Carbon
Monoxide, Carbon Dioxide, Methane, and Ethane in n-Paraffins....... 150

vi



Tables
Section I
Chapter 1
1. Binary Vapor-Liquid Phase Equilibria Data Measured at OSU............ccccocurue....
Chapter 2
1. Design of Experimental Measurements..........oveveureeeermsescesersemninsusesesencusianineisnes
2. Vapor Pressure of Pure Benzene and Pentane...........ccccoveevvveriineeereeceinnnsennnenenn
3. Suppliers and the Stated Purities of the Chemicals Used in This Work...............
4.  The Critical Properties and Acentric Factors Used in the Cubic '
Equation-of-State Evaluations.............cocieevnienieivnnenienesionceinnes s eenveseeessensnneeene
5. Solubility of Nitrogen in Naphthenic and Aromatic Hydrocarbons .....................
6. SRK and PR Equation-of-State Representations of the Solubility of Nitrogen
in Naphthenic and Aromatic Hydrocarbons...........cccceeeervrvenvercrenreecrenvenneennnnnn.
7. Solubility of Hydrogen, Nitrogen and Carbon Monoxide in Dodecane.............
8.  SRK and PR Equation-of-State Representatlons of the Solubility
of Hydrogen, Nitrogen and Carbon Monoxide in Dodecane...........c..cecruueueeenst
9.  Solubility of Hydrogen in n-HEXaNE........cccerveverrerecrenercernrrsvernerenersrereeessensenes
10. Solubility of Carbon Monoxide in CycloheXane............cceceveeereenrecruerceenncnneeneens
11. SRK and PR Equation-of-State Representations of the Solubility
of Hydrogen in n-HEXane.........c.coeecreremeeerienenersineeceseescescrsessesne s coveesesseenenes
12. SRK and PR Equation-of-State Representations of the Solubility of Carbon
Monoxide in CYCIONEXANE........ccceeeeeerrerereserrerrerreerensesseseesseesensessessesssecsnenesassanane
Section II
Chapter 4 .
1.  Summary of the Results for n-Paraffin Property Predictions Using the Updated
T ABCO MOUEL...iecitntrinctrreine et st se e st ses st saae s me s et bessa s
- Chapter 5
1.  Temperature Dependence of a Functlon .....................

LIST OF TABLES

vii

Page

28
36

38

42
43

44

45

68

76



Tables

AN o

10.

11.

Chapter 5 - continued

Model Evaluation of Selected o FUnCtions.......c.ccceceereeneenvricceseenreesnenccrneenneenes
Pure-Fluid Physical Properties Used in Evaluating o Functions..........cccccoue.e....

PR Equation-of-State Vapor Pressure Predictions Using Various a Functions

Model Parameters for o Functions Evaluated in This Study........ccccocvevrvcccnncns

Case Studies Employed to Evaluate Cubic Equation-of-State Predictions
USINE Cij vorrrriniriinriiiintnciicssitenssssssesssnsisstssssssssasssssesanesssasssssansssansssssessas

The Database of Binary Systems Used in This Study......cccccceeereecvercncncncnnne
Summary of Results for Bubble Point Calculations Using Different PR o
FUNCHIONS. c..cueeeeeriercnererereneeernesesssreesatsaessessessnssesstonessessesneseessessssaessnssses s sessves

Chapter 6

The Critical Properties and Acentric Factors Used in the Cubic
Equation-of-State EValuations...........ccoueeseeenmsnnminssninsmninssseesescsensssersec e,
The Database of Binary Systems Used in This Study.....cccceeveerervveerercrivneren e

Case Studies Employed to Evaluate Cubic Equation-of-State Predictions
'Using Cij and Dij ..................................................................................................

Case Studies Employed to Evaluate Cubic Equation-of-State Predictions

: ’Using Nij and M,J .................................................................................

Summary of Results for PR Equation-of-State Representations of the Bubble
Point Pressure of the Selected Systems Using the New a Function..................
Results of PR Equation-of-State Generalized Predictions of the Bubble Point

Pressure of the Selected Systems Using the New o Function: C;; and Dj;
APPTOACK. .. . ceieiieiieeiirecerrreresteerersrereeessseesteesesssnesasassssassntesssesssssasssrarasanessarsses

Results of PR Equation-of-State Generalized Predictions of the Bubble Point
Pressure of the Selected Systems Using the New o Function: Nj; and M;

CADPPTOACH. ..ceeerecrecre et nne e e s et eeaesa e et e sensesst s asanesnesenessassnensnesaerane

Results of PR Equation-of-State Generalized Predictions of the Bubble Point

- Pressure of the Selected Systems Using the Original o Function: C;; and Dj;

APPTOACH. ...ttt st

Results of PR Equation-of-State Generalized Predictions of the Bubble Point
Pressure of the Selected Systems Using the Original o Function: Nj; and M
APDPTOACK. - ceeeeerreeenreecrenee e tecrseessnesstee st s eransesaesnee s bs s at e s ar e e bt e e stsr e e an e na e e

Results of SRK Equation-of-State Generalized Predictions of the Bubble
Point Pressure of the Selected Systems: C;; and D;; Approach.............uee....

Results of SRK Equatioh-of—State Generalized Predictions of the Bubble
Point Pressure of the Selected Systems: N;; and Mj; Approach..............c.cucuee.

viii

85
86

91
92



LIST OF FIGURES

Figures

O 00 3 O Wi —

—
_ O

\O 00 ~3 O\ W A W N =

W N =

Section I
Chapter 2

Schematic Diagram of Experimental APparatus...........coeeeeceeereeresseesesssesssssnnns
The Concept for the Experimental Method Used in This Study............. rerevenaens
A Sample Pressure-Volume Plot for Bubble Point Determination.....................
Comparison of Solubility Data for Nitrogen in Decane ..........cccceveeeeveeverceenene.
Solubility of Carbon Monoxide in Dodecane...........cccceecrercennerinenieenreenreerennn.
Comparison of Solubility Data for Nitrogen in Cyclohexane ........c.ccccocveuenen..
Comparison of Solubility Data for Nitrogen in Benzene at 373 K....................
Comparison of Solubility Data for Nitrogen in Benzene at 410 K.....................
Comparison of Solubility Data for Nitrogen in Naphthalene .........c.ccccovveueene.e.
PR EOS Representation of Carbon Monoxide in Dodecane............ccccccueuuunen.....
Comparison of Solubility Data for Hydrogen in Hexane.........ccccoccevveereevuernnnenne.

Section II
Chapter 4

Critical Temperature Predictions for n-Paraffins.........cccceoevreevenveececencceennnes
Critical Pressure Predictions for n-Paraffins.......ccccceeoueeeeeievnnernveenccoreneccnsennenns
Critical Compressibility Predictions for n-Paraffins...........ccceceeereevccevenvvecrceenne
Acentric Factor Predictions for n-Paraffins..........ccocceecceevcennincennennecscnnccnennne
Normal Boiling Point Temperature Predictions for n-Paraffins..........ccccceeueeee.
Comparison of the Critical Temperature Predictions of n-Paraffins..................
Comparison of the Critical Pressure Predictions of n-Paraffins.........c.cccccuunc...
Comparison of the Acentric Factor Predictions of n-Paraffins..........................
Comparison of Normal Boiling Point Temperature Predictions for n-Paraffins

Chapter 5

Variations of n-Paraffin o Values with Acentric Factor and Temperature.......
Logarithm-Type Temperature Dependence for n-Paraffin o Function............
Soave-Type Temperature Dependence for n-Paraffin o Function....................

ix

Page

10
11
12
17
20
31
32
33
34

46

58
59
60
61
62
70
71
72
73

81
82
83



Figures

W

Chapter 5 - continued

Variations of New o Model with Acentric Factor and Reduced Temperature
Comparisons of the Limiting Behavior for Various oo Models for Hydrogen....
Comparisons of the Limiting Behavior for Various oo Models for Ethane.........

Chapter 6

The Relationship between Cj; and (ay/a;) at Constant Njj «...ccevvceveeerncnercennncne.

Comparisons of the Interaction Parameters from Classic Combining Rules
and Conformal Combining Rules for Nitrogen + n-Paraffins.........ccccccoueeuennenne.
Generalized Parameters for the Asymmetric Mixtures Considered...................

Comparison of Equation-of-State Combining Rules.........ccccoveeveenrrcrrninenuennenn.

Page



NOMENCLATURE

a,b Equation-of-state parameters

f - Fugacity

k,m Intermediate function in equation of state
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C;, Dy, Interaction parameters
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NAAD Normalized average absolute deviations;
(%AAD )generalization / (%AAD ) regression
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N;, M; Exponents of the conformal combing rule
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o Equation-of-state temperature dependence function
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Subscripts and Superscripts
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exp Experimental

X1



<tHog o

Normal boiling point
Reduced property
Limiting property value
Initial property value
Liquid

Vapor

xii



CHAPTER 1

INTRODUCTION

Fluid phase equilibrium properties (phase temperature, pressure, liquid and vapor
compositions) are widely used in the development of various chemical processes, such as
phase separations. Frequently quoted statistics (Zeck and Wolf, 1992) suggest that in
conventional chemical plants as much as 70% of the capital costs and 90% of the
operating expenses are associated with phase separations. Therefore, accurate prediction
of phase equilibrium properties and the associated phase behavior are essential for proper
design, operation and optimization of chemical processes. The complexity of molecular
interactions precludes a priori knowledge of phase behavior; consequently, viable
predictive models must be developed from sound theory, judicious approximations and
accurate experimental information. That is, models developed from theory must also be
validated against intelligently selected experimental data, and the computational
difficulties in implementing the theoretical information must be overcome to develop
tractable models (Gasem and Robinson, 1995).

The focus of this study is the phase behavior of asymmetric mixtures, involving
supercritical - solute gases (such as hydrogen, nitrogen, methane, ethane, carbon
monoxide, and carbon dioxide) in various solvents includirig heavy n-paraffins (C, to
C,.), naphthenes (cyclo-hexane and trans-decalin) and aromatics (benzene, naphthalene,
I-methylnaphthalene, phenanthrene, and pyrene). These mixtures, in which large

differences in size exist among the components of the mixture, are encountered in many



important industrial processes, including coal processing, enhanced oil recovery,
supercritical extraction, and in -environmental remediation. Thus, enhanced
represéntation of asymmetric mixtures has considerable economic impact on these
industries.
Asymmetric mixtures pose a significant challenge to our current phase behavior
models for several reasons:
1. Signiﬁ‘cant differences in molecular size among the mixture components
tax the abilities of the current theories on mixing.
2. The presence of near-critical and supercritical components in such
mixtures compromises the accuracy of most equation of state models.
3. Variations in the molecular structures of the supercriticai components

increase the difficulties in developing generalized models.

OBJECTIVES
The purpose of this study is-to address some of the issues outlined above relating
to the accurate prediction of the phase behavior of asymmetric mixtures. Specifically,
experimental data were collected on systematically-selected systems to delineate the
effects of molecular structure and size, as well as temperature, pressure, and composition.
The specific objectives in this study were as follows:
1. Measure the solubilities of selected binary systems, as indicated in Table 1,
to complement our previous database and to provide critically needed
experimental data for model development. A special emphasis was placed

on the supercritical gas solutes hydrogen and nitrogen since they have low



Table 1

Binary Vapor-Liquid Phase Equilibrium Data Measured at Oklahoma State University

Solvents Solutes

ST
Z

CH,  GCnH,

Q
o
Q

L

Paraffin
n-C, -
n-C,
n-C,o
n-C,,
n-Cy,
n-Cyo
n-Cys
n-Csq
n-C,,

Naphthene
Cyclohexane
Trans-Decalin

Aromatic

Benzene
Naphthalene
1-Methylnaphthalene
Phenanthrene
Pyrene

—

KK HREXRZ
MK REM
KX KKK

D AP M X X K X X
<

T o T T R R e S I o T e
T R o B e e e e el

T T e
SEEEX KX
MKoE X

Temperature Range 300-435 K
Pressure Range 5-15 MPa

1. M signifies systems measured in this study.
2. X signifies systems measured previously at OSU.



cﬁtical temperatures and relatively fewer literature data, and, in addition,
are of practical importance.

2. Evaluate and develop improved cubic equation-of-state (CEOS) models
capable of representing the asymmetric mixtures under study. Particular
attention was given to the widely-used Peng-Robinson (PR) and Soave-
Redlich-Kwong (SRK) equations of state (EOS). This includes (a)
developing accurate correlations for predicting the heavy n-paraffin
critical properties and acentric factors, (b) developing an improved
temperature-dependence function for the PR EOS to accurately predict
vapor pressures of heavy hydrocarbons, and (c) evaluating the merits of
an alternate EOS combining rule. |

3. Present the modeling results for mixtures in generalized, practical EOS

formats suitable for use in process engineering calculations.

ORGANIZATION
Section I of this dissertation is focused on experimental measurements undertaken
in this study, and Section II details the EOS model development efforts. References are
given in each section.
Chapter 2 outlines the experimental method, procedures and measurements
acquired in this study, as well as the results and discussion for each system investigated.
Also given in this chapter are PR and SRK binary interaction parameters and Henry’s

constants generated from the newly acquired data.



Section II consists of Chapters 3-6. It contains the EOS modeling work. Chapter 3
outlines some of the difficulties associated with EOS modeling of asymmetric mixtures.
Chapter 4 describes the efforts to update the Asymptotic Behavior Correlation and
improve the prediction of heavy n-paraffin critical properties and acentric factors.
Chapter 5 presents the evaluation results for the development of a new PR EOS
temperature-dependence function. Finally, Chapter 6 provides the details on the alternate
EOS combining rule and generalized EOS prédictions. Also included in this chapter are
EOS binary interaction parameters using the classical and alternate combining rules and

their corresponding generalized-parameter correlations.



SECTIONI. EXPERIMENTAL STUDIES
CHAPTER 2

HIGH-PRESSURE SOLUBILITIES OF HYDROGEN, NITROGEN AND CARBON
MONOXIDE IN SELECTED HYDROCARBONS FROM 323.2

TO 433.2 K AT PRESSURES TO 22.8 MPa

INTRODUCTION

Research to validate any theoretical development requires pertinent, accurate
experimehtal data over an adequate range of operating conditions. . Nevertheless, the
quantity of data required can be reduced dramatically if the experiments are carefully
. designed to serve specific, critical roles in the development and testing of the theoretical
models and correlations. Such a research program should logically include (a) critical
evaluation of existing literature data, (b) identification of viable correlaﬁon frameworks
that contain a minimum number of input parameters (and- those parameters should be
amenable to generalization), and (c) an experimental facility able to provide the data for
the model and process development efforts (Gasem and Robinson, 1995).

Vapor-liquid equilibrium (VLE) experimental data have been rated as top
priorities in phase equilibrium model development, yet the literature data are insufficient
for present needs, especially for the asymmetric systems. Therefore, a matrix of binary
systems that needed experimental measurements was proposed at Oklahoma State

University (OSU) years ago (see, e.g., Gasem and Robinson, 1985a) as shown in Table 1



of Chapter 1. The systems and conditions are selected in such a way as to provide proper
experimental data to develop models that can reflect the effects of variations in the solute,
the solvent molecular structure/size, and the phase conditions of temperature and
pressure. The effects that the selected solutes and solvents intended to reflect are shown
in Table 1. On the solute side, the critical temperatures for the selected solutes vary
widely. Thus, for a given experimental temperature, a wide. range of reduced
temperatures exists. Moreover, the solute gases considered reflect a wide range of
structural attributes, such as the quantum effect for hydrogen and the quadruple effect of
carbon dioxide. Comparison of the phase behavior predictions of a binary mixture
comprised of a specific solvent and hydrogen or nitrogen would delineate the impact of
“the quantum effect on such predictions. As such, these solutes provide a systematic test
of the current models over a wide range of operating conditions. On the solvent side,
straight chain paraffins were selected to study the effect of molecular size variations on
the model predictions. Cyclic compounds (naphthenes and aromatics) were also selected
to reflect variations in molecular size and structure.

More than 80 mixtures in Table 1 of Chapter 1 have been measured at OSU.
However, the current OSU data combined with literature data are incomplete for model
development. Specifically, fewer data exist for mixtures involving gas solutes with low
critical temperatures, such as nitrogen; therefore, measurements involving nitrogen and
hydrogen were selected to expand the current database. The binary mixtures measured in
this study are listed in Table 1 and labeled M. They include the following measurements:
hydrogen in hexane and dodecane; carbon monoxide in dodecane and cyclohexane;

nitrogen in decane, dodecane, cyclohexane, trans-decalin, benzene, naphthalene,



Table 1

Design of Experimental Measurements

Studies on Solute Variations

Solute H; N, CH, C,Hg CO CO,
(T, K (33.2) (126.2) (190.4) (305.4) (132.9) (304.2)
H, - quantum

N, T: T, structure

CH4 ' T:
C,Hg quadruple

§ Studies of Solvent Structure and Size Effects

n-Paraffins

T PV a a N T a N
Naphthene :

SIS

Aromatics

siesleviveicey



1-methylnaphthalene, phenanthrene and pyrene. These binary data constitute a valuable
complement to our previous measurements.

Systems studied in our group (see, €.g., nitrogen + decane by Tong, 1994) were
used to verify the accuracy of current measurements. For nitrogen in normal alkanes,
there are also literature data for the decane binary (Azarnoosh and McKetta, 1963; Llave
and Chung, 1988), which offered further verification. For nitrogen in selected naphthenic
and aromatic sblvents, there are literature data for nitrogen + cyclohexane (Shibate and
Sandler; 1989) at 366.5 K and 410.9 K and for nitrogen + benzene system (Llave and
Chung, 1988; Miller and Dodge, 1940) at 373.2 K within our pressure range. de Leeuw,
et al. (1989) have repofted data for nitrogen in benzene and naphthalene; portions of their
experimental conditioﬁs overlap ours. No other published data exist for the remaining
systems of this study. -

The present measurements gave us the opportunity to evaluate the literature data,
verify our previous measurements, and expand the experimental database. In addition,
the solubility measurements of the éelected sysfems offer a useful basis to develop and

test models for predicting the phase behavior of asymmetric mixtures.

EXPERIMENTAL METHOD

The eXperimental apparatus and procedurés have been described by Darwish
(Darwish, 1991) and Park (Park, 1994) and are summarized briefly here. A detailed
diagram of the facility is sﬁown in Figure 1, and the basis for this experiment is
illustrated in Figures 2 and 3. The pressure-volume (p-V) phase diagram of a binary

mixture at constant composition is depicted in Figure 2. The region in the circle contains
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the operational range. As the mixture is compressed from two-phase vapor-liquid region
to single liquid phase region, the bubble point ‘BPP’ is determined by the difference in
the compressibility of the mixture in the two regions. A sample pressure-volume plot
from experiment is shown in Figure 3. The intersection point ‘BPP’ by the operation line
from the two-phase region and that from the single liquid region is the bubble point we
identified.

Phase equilibrium is established in a variable-volume, thermostated, static-type
blind cell. Two steel balls are placed in the equilibrium cell, and the cell can be rocked
45 degrees above and below the horizontal position to hasten the establishment of
equilibrium. The effective volume of the cell can be varied by the introduction or
withdrawal of mercury.

A known amount of degasséd liquid solvent is injected volumetrically into the
initially evacuated equilibrium cell. A known amount of solute gas is then injected into
the rocking cell from a gas-injection pump. After each solute injection, the bubble point
pressure of the mixture is determined by sequentially injecting knéwn amounts of
mercury into the equilibrium cell to alter the system volume. After each mercury
injection, the equilibrium cell is rocked to bring the system to equilibrium, and the
pressure is recorded. The bubble point pressure (for the mixture of known composition)
is identified graphically from the discontinuity in a pressure vs. total-volume-of-mercury-
injected plot (Figure 3) as the mixture passes from the more compressible two-phase state
to the less compressible single—liquid-phasg state. Additional solute is then added to the

cell and the above procedure repeated at the new (higher) solute mole fraction.

13



Measurement uncertainties are estimated to be 0.1 K in temperature, 0.007 MPa
- in pressure, and less than 0.001 in composition (mole fraction). However, the estimated
uncertainties (€pp) in the reported bubble point pressures (pyp) at a specified mole fraction
range from less than 0.1 MPa for the benzene system to about 0.5 MPa for the
phenanthrene system, since (sbp)z-ﬁ (e;p)2 + (d[pbp]/dx)z(sx)z; the temperature effect is
small enough to be omitted. Thus the total uncertainty in the reported bubble point
pressure (at specified mole fraction) depends on both pressure and composition
uncertainties and, in addition, the steepness of the bubble point pressure - composition
curve. Detailed error analysis is outlined in Darwish (1991), Park (1994) and Tong

(1994) and, as such, is not detailed here.

CONSISTENCY TESTS
At the inception of experimental work, two types of consistency tests were
performed to ensure the viability of experimental measurements: instrumental and

external consistency tests (Gasem, 1986).

1. Instrumental Consistency Test

Instrumental consistency for the temperature and pressure devices was ascertained
by frequent calibrations. The RTD temperature sensor with a digital display supplied by
Fluke Inc. (Model 2180A) was calibrated after every two system measurements, against
the ice point measurement, and against a platinum resistance thermometer (Minco
Products, Inc., Model S7929PA11L180C Serial No. 1593.) at 344.3, 377.6, 410.9, and

433.2 K. Typically, the deviations were within 0.1 K, which is within the precision of the
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sensor. The pressure transducers (Model No. ST5E1890, TJE/743-11) coupled with the
digital display (Model No. 450D, GM) supplied by Sensotec Inc. were calibrated against
a Dead Weight Gauge (Ruska Instrument Corporation, Model 2400.1) before and after
each system run. In addition, vapor pressures of Benzene and pentane were regularly
measured to verify the accuracy of temperature and pressure combined. Sample vapor
pressure values obtained in this work, along with comparable data from the literature, are
given in Table 2. The observed differences are within thé expected uncertainty of the

apparatus.

2. External Consistency Test

External consistency tests were employed to verify the accuracy of the apparatus
and procedures by comparing the present experimental measurements to similar
measurements from reliable sources. Measurements for two isotherms of nitrogen +
decane at 344.3 K and 410.9 K were performed for purposes of comparison with the data
of Tong (1994). The consistency of results from these two studies was evaluated by the
comparisons shown in Figure 4. Results are given in terms of deviations (6x) of the
experimental solubilities (liquid mole fraction of nitrogen) from values predicted by the
PR EOS, using temperature independent C;; values determined from the combined data
sets; details on EOS data reduction is given later. The difference in the dx values
between data sets (not the magnitude of the deviation of either set from the reference
EOS model) is of interest in these comparisons, since the dif:ference in 8x between data
sets is independent of the reference model employed. That is, for two data sets A and B,

at a fixed temperature and pressure: 8Xxa - OXB = [(Xexpt) - (XE0s)]a - [(Xexpt) - (XEOS)IB =

15



Table 2

Vapor Pressure of Pure Benzene and Pentane

Vapor Pressure (MPa)
Component T (K) i )
This Work Literature Reference
Benzene 410.9 0.439 0.445 Reid, et al., 1987
Pentane 377.6 0.640 0.644 Reid, et al., 1987
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(Xexp)a - (Xexps. This principle is used whenever two data sets are compared. The
results for nitrogen + decane are in good agreement; maximum differences in the two
data sets are on the order of 0.001 in nitrogen mole fraction.

Following the above confirmations of the viability of experimental apparatus and
associated procedures, efforts were directed at measuring the solubility of the targeted

binary mixtures.

MATERIALS
All chemicals used in this study are shown in Table 3 along with the suppliers and

stated purities. No further purification of the chemicals was attempted.

RESULTS AND DISCUSSION
| The measurements in this émdy cover the temperature range from 323.2 to 433.2
K and pressures to 22.8 MPa The solute liquid composition range for the data acquired
éxtends from 0.01 to 0.16 in mole fraction. A typical graphical representation of the
experimental data is given in Figure 5 for the carbon monoxide + n-dodecane system.
Following a brief description of the EOS models employed to correlate the experimental
data, detailed presentation and discussion are given for the systems studied.
The Soave-Redlich-Kwong (SRK) EOS (Soave, 1972) and Peng-Robinson (PR)
EOS (Peng and Robinson, 1976) were used to correlate the experimental data. The SRK

EOS is:
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Table 3

Suppliers and Stated Purities of the Chemicals Used in this Work

Aldrich Chemical Company

Chemical Names Supplier Purity (mol %)
Hydrogen Union Carbide Corporation 99.995
~ Carbon Monoxide Matheson Gas Products 99.99
Nitrogen Sooner Airgas, Inc. 99.995
Cyclohexane Aldrich Chemical Company 99.9+
n-decane Aldrich Chemical Company 99+
n-dodecane Aldrich Chemical Company 99+
Benzene Aldrich Chemical Company 99.9+
Trans-declin Aldrich Chemical Company 99+
Naphthalene Aldrich Chemical Company 99+
1-methylnaphthalene Aidrich Chemical Company 95+
Phenanthrene Aldrich Chemical Company 98
Pyrene 98
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p= - | M

where
a=a_a(T) )
b =0.08664RT./P, 3)
and
a, =0.42748R*T /p, “)
a(T)? =1+k(1-T'"?) _ )
k = 0.480+1.5740—0.1760° (6)

Similarly, the PR EOS is as follows:

p = RT a %)
v—b v(v +b)+b(v-b)
where |
a=a_ o(T) | | | | ¢))
b=0.0778RT,/P, %)
and
a, =0.45724R*T}/p, | (10)
a(M) =1+k(1-T") (11)
k =0.37464 +1.54226w - 0.26992602 (12)

where p is the pressure, R is the gas constant, T is the temperature, a and b are EOS

constants, v is the molar volume, T is the critical temperature, P, is the critical pressure,
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T; is the reduced temperature, o(T) expresses the temperature dependence in the
parameter ‘a’, and o is the acentric factor.
To apply the SRK and PR EOS to mixtures, the values of a and b were

determined using the mixing rules (Gasem et al., 1989):

a=§§zizj(l—cﬁ)(aiaj 72 ’ ‘ (13)

1)
N N
b=0.5Y 3 z.z,(1+D;)(b; +b;) (14)
i ] . '

where z; represents the mole fraction of component "k" in a mixture, and N is the number
of components in mixture. The input parameters for the pure components (acentric
factors, critical temperatures and critical pressures) required by the CEOS are presented

i Table 4.

In Egs. 13 and 14, the summations are over all chemical species, and Cij and Dij

are empirical interaction parameters characten'zing the binary interactions between
components "i" and "j". Interaction parameter values were determined by fitting the
experimental data to minimize the objective function, SS, which represents the sum of

squared relative deviations in predicted bubble point pressures, i.e.:

SS = i(pcalc —pexp

)i (15)
i pexp

where n is the number of data points, peac is the calculated pressure, and peyp is the
experimental pressure. Further details of the data reduction technique are given by

Gasem (Gasem et al., 1985; Gasem, 1986).
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Table 4

The Critical Properties and Acentric Factors Used in the Cubic Equation-of-State

Evaluations

Component p./ MPa - T./K © Reference
Nitrogen 3.39 126.2 0.039 Reid et al. (1987)
Hydrogen 1.30 33.2 -0.218 Reid et al. (1987)
Carbon Monoxide 3.50 132.9 0.066 Reid et al. (1987)
Hexane 3.00 507.3 0.303 Reid et al. (1987)
Decane 2,12 - 6177 0.489 Reid et al. (1987)
Dodecane 1.82 658.2 0.575 Reid et al. (1987)

" Cyclohexane 4.07 553.5 0.212 Reid et al. (1987)
trans-Decalin 3.14 - 687.1 0.270 Reid et al. (1987)
Benzene 4.89 562.2 0.212 Reid et al. (1987)
Naphthalene 4.05 748.4 0.302 API Monograph Series
1-Methylnaphthalene 3.60 772.0 0.310 Reid g 9al7.8() 1987)
Phenanthrene 3.30 873.2 0.540 API Monograph Series

_ (1979a)
Pyrene 2.60 938.2 0.830°  API Monograph Series
(1979b)

® Turek, 1988
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1. Nitrogen in Selected Naphthenic and Aromatic Hydrocarbons

Solubilities of nitrogen in cyclohexane, trans-Decalin, benzene, naphthalene, 1-
methylnaphthalene, phenanthrene, and pyrene at témperétures from 344.3 K to 433.2 K at
pressﬁres up to 22.8 MPa were measured. The experimental data are presented in Table
5. A trend of increasing nitrogen soiubility with increasing temperature and pressure is
observed for each of the solvents studied.

Since a single interaction parameter (C;) represents the data for the present
systerris adequately, addition of a s;_econd parameter (D;;) was not necessary (i.e., Dj =0
was employed). Using the optimized value of the interaction parameter, Cj, the
solubilities at specified pressures were calculated. Results of the EOS representations of
the solubilities are shown in Table 6. In general, the absolute average percent deviations
in the calculated bubble point pressures range from about 0.5% for the naphthalene
system to 3.0% for thé pyrene system. The PR EOS is capable of describing the data
with RMSE deviations less than 0.002 in mole fraction when one .intera\ction parameter,
Ciy;, 1s regressed for each binary system. When a separate value of C; is used for each
1sotherm of a given system, representation of the data improves to about 0.001 in mole
fraction.

The nitrogen systems show a relatively weak‘ temperature dependence of C;;,
which is consistent with our previous studies of mixtures involving the solutes methane,

ethane, and CO» (Anderson et al., 1986; Darwish, 1991; Darwish et al., 1993; Gasem et

al., 1989; Gasem and Robinson, 1985; Park et al., 1995; Srivatsan et al., 1995).
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Table 5

Solubility of Nitrogen in Naphthenic and Aromatic Hydrocarbons

X1 p/MPa ‘ X1 p/MPa
Cyclohexane
366.5 K
0.0168 2.08 0.0655 7.59
0.0292 3.46 0.0749 8.72
0.0400 4.68 0.0898 10.49
0.0500 5.80 0.0999 11.71
. 4109 K
0.0187 2.16 0.0768 7.66
0.0349 3.51 0.0950 9.17
0.0497 5.08 0.1174 11.62
0.0650 6.34 0.1240 12.13
Trans-Decalin
3443 K
0.0292 4.15 0.0704 10.44
0.0426 6.05 0.0758 11.48
0.0592 8.65 0.0942 14.57
_ 377.6 K
0.0310 3.93 0.0746 10.10
0.0452 5.99 0.0897 12.21
0.0599 7.86 0.1016 14.15
4109 K '
0.0313 3.74 0.0748 9.07
0.0482 5.75 0.0901 11.12
0.0598 7.19 0.1105 13.85
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Table 5

Solubility of Nitrogen in Naphthenic and Aromatic Hydrocarbons - continued

X1 p/MPa X1 p/MPa
Benzene
3732 K
0.0200 3.38 0.0624 10.43
0.0290 4.86 0.0750 12.57
0.0360 5.99 0.0888 15.09
0.0494 8.21 , 0.0929 15.81
4109 K
0.0211 3.24 0.0788 11.00
0.0346 4.86 0.0832 11.56
0.0500 7.09 0.1035 14.44
0.0598 8.34
Naphthalene
377.6 K :
0.0250 6.96 0.0442 12.95
0.0307 8.73 0.0529 15.95
0.0401 11.59 0.0571 17.51
4109 K
0.0257 6.22 0.0552 14.09
0.0350 8.87 0.0628 16.27
0.0460 11.62 0.0713 18.82
1-Methylnaphthalene
3443 K
0.0206 7.22 0.0431 16.00
0.0255 9.25 0.0527 20.91
0.0387 14.63 0.0547 21.45
377.6 K
0.0189 5.16 0.0535 15.49
0.0335 9.44 0.0552 16.25
0.0399 11.33 0.0706 21.13
4109 K
0.0203 4.96 0.0502 12.61
0.0296 7.18 0.0620 15.80
0.0449 11.08 0.0762 20.06
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Table 5

Solubility of Nitrogen in Naphthenic and Aromatic Hydrocarbons - continued

X1 p/MPa X1 p/MPa
Phenanthrene
383.2K
0.0222 10.47 0.0337 16.12
0.0241 11.45 0.0411 19.85
0.0300 14.33 0.0431 20.82
4109 K |
0.0254 10.44 0.0452 18.60
0.0298 12.47 0.0491 20.35
0.0404 16.74 0.0517 21.40
Pyrene
433.2 K
0.0178 7.59 0.0354 15.48
0.0256 11.09 0.0492 21.90
0.0310 13.50 0.0512 22.88
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Table 6

SRK and PR Equation-of-State Representations of the Solubility of Nitrogen in
- Naphthenic and Aromatic Hydrocarbons

T/K SRK Parameters Deviation in Predicted ~ SRK Henry’s Const
(PR Parameters) Solute Mole Fraction (PR Henry’s Const)
Ci2 RMSE MAX| MPa
Cyclohexane
366.5 0.186 0.0016 0.0030 105.6
(0.184) (0.0014) (0.0029) (105.8)
410.9 0.170 0.0014 0.0022 - 85.0
(0.161) (0.0013) = (0.0021) (85.4)
366.5 and 410.9 0.180 0.0020 0.0050 85.9
(0.176) (0.0019) (0.0047) (87.2)
trans-Decalin
3443 0.242 0.0006 0.0012 131.2
(0.242) (0.0006) (0.0012) (131.0)
377.6 0.240 0.0008 0.0012 119.9
(0.235) (0.0008)  (0.0012) (120.2)
410.9 0.248 0.0010  0.0022 - 109.7
(0.234) (0.0010) (0.0021) (110.3)
344.3,377.6 and 0.243 0.0011 0.0029 108.9
- 410.9 :
(0.238) (0.0010) . (0.0027) (110.9)
Benzene
373.2 0.194 0.0013 | 0.0022 148.8
(0.196) (0.0011) (0.0021) (148.9)
410.9 0.189 0.0010 0.0021 121.1
(0.184) (0.0010) (0.0020) (121.6)
373.2 and 410.9 0.192 0.0015 0.0034 121.6
- (0.192) ‘(0.0013) (0.0033) (123.1)
Naphthalene
377.6 0.284 0.0002 0.0002 2579
(0.288) (0.0002) (0.0002) (257.4)
410.9 0.286 0.0007 0.0011 225.2
(0.285) (0.0007) (0.0011) (225.8)
377.6 and 410.9 0.285 0.0006 0.0012 224.8
(0.287) (0.0006) (0.0012) (226.5)
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Table 6 -

SRK and PR Equation-of-State Representations of the Solubility of Nitrogen in
Naphthenic and Aromatic Hydrocarbons - continued

T/K SRK Parameters Deviation in Predicted SRK Henry’s Const
(PR Parameters) Solute Mole Fraction . - (PR Henry’s Const)
C] 2 RMSE . IMAX] -MPa
1-Methylnaphthalene
3443 0.406 0.0009 0.0015 312.3*
(0.398) (0.0008) (0.0013) (310.4)
377.6 0.366 - 0.0012 0.0025 - 248.1
(0.357) (0.0011) (0.0023) (247.8)
410.9 0.385 - 0.0009 0.0017 220.7
(0.365) (0.0009) (0.0016) (221.4)
344.3,377.6 and 0.388 0.0021 0.0032 221.7
410.9
(0.376) (0.0021) (0.0031) (225.5)
Phenanthrene
383.2 . 0.403 0.0008 0.0016 - 408.6*
(0.405) - (0.0009) (0.0015) (406.5)
410.9 -0.405 -0.0014 0.0018 353.0
(0.401) (0.0013) (0.0018) (352.6)
383.2 and 410.9 - 0.404 0.0010 0.0020 408.9
(0.403) (0.0011) (0.0020) (403.8)
Pyrene
433.2 0.505 0.0012 0.0021 *k
(0.496) (0.0011) (0.0018) *ok
* Vapor pressure equations used for 1-methylnaphthalene, phenanthrene are out of
the temperature range for some low temperatures.
*x Valid vapor pressure equation was not available.
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Our data for nitrogen + cyclohexane are compared with the previous
measurements of Shibate and Sandler (1989) at 366.5 K and 410.9 K in Figure 6.
Considerable disagreement exists between our data and those of Shibate and Sandler at
both temperatures, with differences approaching 0.01 in mole fraction.

Comparisons of the present data for nitrogen + benzene at 373 K with those of
Liave and Chung (1988), Miller and Dodge (1940) and de Leeuw et al. (1989) are shown
in Figure 7. The solubility values for the PR EOS are calculated using values of the
interaction parameter C; regressed from our data at each temperature of interest. The
figure shows good agreementvbetween our data and those of Miller and Dodge, with
differences on the order of 0.002 mole fraction, while agreement with the data of Llave
and Chung is less satisfactory. The data of de Leeuw et al. are in excellent agreement
with ours. Comparison of our data at 411 K with those of de Leeuw et al. appears in
Figure 8; agreement is within about 0.003 mole fraction.

Figure 9 contains a comparison of our data for nitrogen + naphthalene at 377 and
411 K with those of de Leeuw et al. Differences in the data sets are on the order of 0.004
in their common range of pressurés.- No literature data on the solubilities for the other

systems are available for comparison.
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2. Hydiogen, Nitrogen and Carbon Monoxide in Dodecane

The experimental measurements for the solubilities of hydrogen, nitrogen and
carbon monoxide in dodecane are reported in Table 7. Equation-of-state representations
of the experimental data are illustrated for carbon monoxide in dodecane in Figure 10. In
this figure, the data are shown in terms of the deviation, 8x;, in the solubility (liquid mole
ﬁaction) predicted by the PR EOS from the measured value, i.e., 8x; = xi(PR) -
xi(expt'l.). The solubility values for the PR EOS are calculated using a separate
interaction parameter, Cj;, regressed from the data at each isotherm of our measurements.

Details of the EOS representations of the solubilities are shown in Table 8. In
general, the SRK EOS and PR EOS are capable of describing the data with RMSE within
0.002 in mole fraction when one interaction parameter, Cj, is used for each isotherm.
When a single interaction parameter is regressed for a given system for the complete
temperature range, the RMSE are within 0.003. If two interaction parameters, C;; and Dj;,
are used for each isotherm, the quality of the predictions improves, resulting in RMSE
less than 0.001 in mole fraction; however, the interaction parameters are erratic in their
temperature dependence, indicating a high correlation between the parameters C;; and Dj;.
For that reason, and because a single interaction parameter represents the data adequately,

no results for two interaction parameters are presented here.
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Table 7

Solubility of Hydrogen, Nitrogen and Carbon Monoxide in Dodecane

X p/MPa X p/MPa
Hydrogen
- 3443 K
0.0297 3.36 0.0703 8.26
0.0302 3.37 0.0802 9.38
0.0505 5.80 0.0900 10.79
0.0506 5.81 0.1010 12.00
377.6 K
0.0144 1.42 0.0804 8.43
0.0355 3.56 0.0904 9.55
0.0550 5.59 0.1000 10.64
0.0707 7.39 0.1204 13.24
4109 K
0.0209 1.77 ' 0.0803 7.13
0.0348 2.92 0.0956 8.55
0.0500 4.31 0.1108 10.14
0.0652 5.62 0.1252 11.54
Nitrogen
3443 K
0.0314 2.30 0.0804 6.30
0.0422 3.15 0.0915 7.27
0.0559 4.23 0.1046 8.45
0.0675 5.22 0.1165 9.55
377.6 K
0.0195 1.41 0.0801 5.90
0.0350 243 0.0950 6.97
0.0493 3.53 0.1101 8.27
0.0651 4.65 0.1242 9.42
4109 K
0.0202 1.29 0.0801 5.31
0.0354 2.31 0.0955 6.48
0.0498 3.21 0.1100 7.43
0.0649 4.32 0.1251 8.66
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Table 7

Solubility of Hydrogen, Nitrogen and Carbon Monoxide in Dodecane - continued

X1 p/MPa X1 p/ MPa
Carbon Monoxide
: 3443 K
0.0240 1.52 ‘ 0.0804 5.08
0.0256 1.53 0.0857 5.39
0.0500 3.12 0.1113 7.18
0.0546 - 3.35 . 0.1150 7.87
377.6 K
0.0113 - 0.69 0.0945 5.73
0.0118 0.71 0.0992 6.03
0.0197 1.17 0.1300 8.14
0.0208 1.23 0.1368 8.54
0.0568 3.34
: 4109 K
0.0245 1.34 0.1049 5.95
0.0447 2.47 0.1202 6.91
0.0603 3.32 0.1335 7.75
0.0718 3.91 0.1493 8.75
- 0.0904 5.07 '
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Table 8

SRK and PR‘E;quation-obf-Sta.tre Rep.resvevntations of the Solubility of Hydrogen, Nitrogen
and Carbon Monoxide in Dodecane

T/K - SRK Parameters

Deviation in Predicted SRK Henry's Const
(PR Parameters)  Solute Mole Fraction (PR Henry's Const)
Cp RMSE  |MAX| MPa
Hydrogen
3443 0.3723 _ | 0.0012 0.0030 105.3
(0.3567) (0.0011)  (0.0027) (106.1)
377.6 0.4569 0.0010 0.0020 93.5
(0.4002) (0.0008) (0.0013) (94.6)
410.9 0.4688 0.0011 0.0026 79.3
(0.3863) (0.0006)  (0.0011) (80.3)
344.3,377.6 0.4194 00021 0.0063
 and 410.9 (0.3775) (0.0014)  (0.0047)
Nitrogen |
3443 0.2162 0.0002 0.0004 70.8
(0.2095) (0.0002)  (0.0003) (70.9)
377.6 0.2252 0.0008 0.0015 66.5
(0.2086) (0.0007)  (0.0012) (66.8)
410.9 0.2352 0.0010 0.0021 61.2
(0.2049) (0.0008)  (0.0023) (61.6)
344.3,377.6 0.2226 0.0008 0.0016 |
and 410.9 (0.2082) (0.0008)  (0.0023)
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Table 8

SRK and PR Equation-of-State Representations of the Solubility of Hydrogen, Nitrogen
and Carbon Monoxide in Dodecane - continued

T/K SRK Parameters- Deviation in Predicted SRK Henry's Const
(PR Parameters)  Solute Mole Fraction (PR Henry's Const)
Cy, RMSE  |MAX] MPa

Carbon Monoxide

3443 0.1061 0.0016 - 0.0031 58.9
(0.1120) (0.0016)  (0.0032) (58.9)
377.6 0.1009 1 0.0018  0.0041 156.6
1(0.1004) (0.0017)  (0.0037) (56.8)
410.9 0.0711 ©0.0008  0.0015 51.8
- (0.0671) (0.0006)  (0.0012) (52.2)
344.3,377.6 0.0965 ©0.0022  0.0052
and 410.9 (0.0965) (0.0027)  (0.0063)
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3. Hydrogen in n-Hexane and Carbon Monoxide in Cyclohexane

The experimental measurements are reported in Tables 9 and 10. EOS
representations of the experimental data are illustrated for hydrogen in n-hexane in Figure
11. The solubility values for the PR EOS were calculated using a separate interaction
parameter, Ci;, regressed from the data at each isotherm of our measurements. The C;;
values were optimized to minimize the root-mean-square errors in the calculated bubble-
point pressures at ﬁxed temperature and liquid mole fraction.

Our data for hydrogen +n-hexane are compared with the previous measurements of
Nicholes et al (1957) at 344 K, 377 K and 411 K in Figure 11. Some disagreement exists
between our data and those of Nicholes at 344 K, while at 377 K and 410 K, good
agreement is achieved, within 0.002 in mole fraction.

Details of the EOS representations of the solubilities are shown in Tables 11 and
12. In ‘general, the SRK EOS and PR EOS are capable of describing the data with RMSE
within 0.002 in mole fraction when one interaction parameter, Cy, is used for each
isotherm. When a single interaction parameter is regressed for a giveﬁ system for the
coﬁplete temperature range, the RMSE are within 0.005. If two interaction parameters,
Cij and Dy, are used for each isotherm, the quality of the predictions improves, resulting
in RMSE less than 0.001 in mole fraction; however, the interaction parameters are erratic
in their temperature dependence, indicating a high correlation between the parameters Cj;
and Dy. For that reason, and because a single interaction parameter represents the data

adequately, no results for two interaction parameters are presented here.
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Table 9

Solubility of Hydrogen in n-Hexane

X1 p/MPa X1 p/MPa
3443 K
0.0105 1.24 0.0289 3.36
0.0107 1.29 0.0352 4.11
0.0136 1.65 0.0408 4.69
0.0197 2.30 0.0420 4.93
- 0.0226 2.67 0.0612 7.07
0.0286 3.36 0.0727 8.70
- 377.6 K
-0.0122 1.38 0.0912 9.31
0.0394 3.93 0.1037 10.65
0.0554 5.46 0.1131 11.71
0.0628 6.24 0.1288 13.48
0.0680 6.84 0.1430 15.11
0.0763 - 771
4109 K
0.0179 1.97 0.0854 7.52
0.0302 2.95 - 0.0920 8.09
0.0408 3.78 0.0979 8.61
0.0520 4.70 '0.1169 10.32
0.0678 6.00 0.1204 11.08
0.0814 7.18
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Table 10

Solubility of Carbon Monoxide in Cyclohexane - -

X p / MPa v X] p/MPa
3443 K
0.0166 1.59 - 0.0712 6.73
0.0173 1.68 0.0910 8.67
0.0367 3.50 0.1088 10.66
0.0368 3.45 0.1316 13.03
0.0489 4.68 0.1321 12.83
0.0708 6.81 0.1543 15.22
3776 K
0.0200 1.90 : 0.0898 7.94
0.0209 1.95 0.0901 8.04
0.0376 3.37 0.1110 9.90
0.0376 3.39 0.1320 11.74
0.0539 4.80 0.1321 11.86
0.0544 - 4.83 0.1544 13.96
0.0732 6.55 :
4109 K
0.019 1.98 0.087 7.18
0.027 2.51 0.100 8.26
0.044 3.86 0.100 8.28
0.044 3.81 0.118 9.68
0.061 5.13 0.135 11.07
0.071 5.92 0.135 11.08
0.071 5.98
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Table 11

SRK and PR Equation-of-State Representations of the Solubility of Hydrogen in n-

Hexane
T/K SRK Parameters  Deviation in Predicted SRK Henry's Const
(PR Parameters)  Solute Mole Fraction (PR Henry's Const)
Cy, - RMSE |MAX| MPa
3443 0.4501 10.0007 0.0019 107.1
(0.3948) *(0.0006). - (0.0017) (107.6)
377.6 0.5124 0.0013 0.0034 86.1
(0.4294) (0.0007)  (0.0020) (87.6)
410.9 0.7117 0.0012 0.0031 71.7
(0.5419) (0.0011)  (0.0022) (72.9)
344.3,377.6 0.5128 - 0.0046 0.0131 84.3
and 410.9 (0.4321) -(0.0038)  (0.0121) (84.6)

44



Table 12

SRK and PR Equation-of-State Representations of the Solubility of Carbon
Monoxide in Cyclohexane .

T/K SRK Parameters = Deviation in Predicted SRK Henry's Const
(PR Parameters)  Solute Mole Fraction (PR Henry's Const)
Cp RMSE  |MAX] MPa
344.3 0.0442 0.0018 0.0046 87.7
(0.0640) (0.0018)  (0.0045) (87.6)
377.6 0.0330 0.0014 0.0031 84.4
(0.0505) (0.0012)  (0.0027) (80.5)
410.9 0.0341 0.0015 0.0032 72.6
(0.0469) (0.0014)  (0.0029) (72.9)
344.3,377.6 0.0387 0.0025 0.0064 83.2
and 410.9 (0.0566) (0.0019)  (0.0047) (83.5)
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HENRY'S CONSTANTS

By definition, Henry's constant of solute (1) in a hydrocarbon solvent (2) is given

as:
H,, = lim(f: /x,) = lim(@, p) (16)

where fl , X1, q;l are the fugacity, liquid mole fraction, and fugacity coefficient,
respectively for the solute. Estimates for Henry's constant were obtained for the present
data using SRK and PR equations of state in accordance with the above definition, using
aregressed interaction parameter per isotherm,.Cij(T). As shown in Tables 6-11, the SRK

EOS produces slightly lower H , values (~ 1% lower) than those obtained from the PR

EOS.

SUMMARY

Measurements are reported for the solubilities of hydrogen, nitrogen and carbon
monoxide in dodecane from 344.3 K to 410.9 K at pressures up to 13.2 MPa; of hydrogen
in n—hexane and carbon monoxide in cyclohexane from 344.3 K to 410.9 K at pressures
up to 15.1 MPa; and of nitrogen in cyclohexane, trans-Decalin, benzene, naphthalene, 1-
methylnaphthalene, phenanthrene, and pyrene frbm 344.3 K to 433.2 K at pressures up to
22.8 MPa. Thorough evaluations indicate that the présent data are both precise and in
general agreement with existing literature measurements. Interaction parameters for both
the SRK and the PR EOS were determined for the systems studied, and the CEOS
represent the data adequately. In general, the SRK and the PR EOS are capable of

describing the data with RMSE within 0.001 in mole fraction, when two interaction
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parameters are used for each isotherm. Moreover, the SRK and PR EOS are comparable

in representing the mixtures studied.
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SECTION II. DEVELOPMENT OF CUBIC EQUATIONS OF STATE

CHAPTER 3 -

INTRODUCTION

Although experiments can provide accurate data at specific phase conditions, such
data are generally limited and do not meet the industrial needs for process design and
development. To describe the phase behavior of a system, accurate analytic models are
needed to provide the required- property. predictions within a reasonable range of
conditions. Therefore, aside from the ability to correlate existing experimental data, the
true measure of any correlation framework is the ability to provide predictions for (a)
systems or conditions for which there are no data, and (b) properties not included in the
data reductions (Gasem and Robinson, 1995). Equations of state (EOS) have the
potential to meet these criteria for modeling in chemical engineering applications and,
therefore, current modeling efforts focus on EOS development. In particular, we attempt
to enhance the predictive capability of the classical cubic EOS (CEOS).

CEOS are developed based-on the semi-empirical van der Waals EOS, which
qualitatively describes molecules that are similar in size and nature. Property calculations
of these equations are relatively simple and accurate; therefore, CEOS are widely used in
industry. Previous studies (Gasem et al., 1993) have shown that CEOS are capable of
predicting the equilibrium properties of asymmetric mixtures, once accurate binary

interaction parameters are available. The most often used cubic EOSs are the Soave-
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Redlich-Kwong (SRK) (Soave, 1972) and Peng-Robinson (PR) (Peng and Robinson,
1976) equations, described in Chapter 2. Solubility data are normally adequate for
evaluation of model parameters, if interest is restricted to predict only equilibrium phase
compositions (Gasem and Robinson, 1995).

One advantage of CEOS, such as SRK, is that they do not require pure-fluid
adjustable parameters to be regressed from experimental data. Instead, CEOSs require
accurate critical properties and the acentric factor for each of the components involved.
For this reason, numerous efforts have been expended to measure such properties
(Ambrose and Tsonopoulos, 1995). However, reliable experimental data for critical
properties are limited to the relatively light compounds, because using conventional
techniques, n-paraffins above octadecane thermally decompose before reaching the
critical point (Gasem, 1985; Teja, 1990); consequently, several correlations have been
proposed to represent the available experimental data precisely and to provide
extrapolations for the properties of the heavier compounds. The accuracy of these
extrapolations for the heavy compounds is questionable.

The temperature dependence function ‘o’ in the cubic EOS attractive term ‘a’ has
a large influence on the accuracy of the pure substance vapor pressure calculations
(Soave, 1972). Correlations for.the temperature dependence used in both SRK and PR
were developed based on limited experimental critical properties and vapor pressure (see,
-e.g., Soave, 1972; Peng and Robinson, 1976). Newly acquired experimental critical

properties and vapor pressures for heavier compounds provide an excellent opportunity to
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test and improve the CEOS vapor pressure predictions, which are essential to the phase
equilibrium calculation.

For mixtures, adjustable binary interaction parameters, C; and D;, are often
needed to describe the systems precisely; this is especially true for highly asymmetric
systems. Due to the asymmetric nature of the molecular interactions involved in the
mixture and limited knowledge on such systems, no existing theory can predict these
parameters well enough. Therefore, those parameters are regressed from experimental
data to precisely represent the phase behavior. Moreover, correlations for generalized
EOS interaction parameters are developed to facilitate phase behavior predictions of
similar systems lacking experimental data. -

Concurrent. with our experimental program, an integrated model develoi)ment
.effort was pursued to provide accurate predictions for phase equilibrium properties of
selected asymmetric mixtures. Chapters 4-6 present the EOS modeling work addressing
the three specific topics outlined above. Chapter 4 describes the efforts to update the
Asymptotic Behavior Correlation and improve the prediction of heavy n-paraffin critical
properties and acentric factors. Chapter ‘5 presents the evaluation results for the
development of a new PR EOS temperature-dependence function. Finally, Chapter 6
includes details on alternate EOS combining rule and generalized EOS predictions. Also
included in this chapter are the EOS binary interaction parameters using the classical and

alternate combining rules and their corresponding generalized-parameter correlations.
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CHAPTER 4

UPDATED ABC MODEL FOR PREDICTING HEAVY

N-PARAFFIN PHYSICAL PROPERTIES

ABSTRACT

Critical properties and acentric factors are essential ingredients in the use of
equation-of-state models. Limited experimental data for such properties, especially for
heavy hydrocarbons, necessitate the use of property correlations based on data for lighter
hydrocarbons. Poor estimates of the critical properties and the acentric factors translate
to erroneous phase behavior predictions and often to computational failure of equations of
state.

Recent experimental measurements extend the available data on the critical
properties of n-paraffins up to n-C,; therefore, we have undertaken this study to examine
a number of existing correlations for predicting n-paraffin physical properties. Careful
evaluation of the quality and the extrapolation capability of the correlations considered
indicates that the Asymptotic Behavior Correlation (ABC) is well suited for the task;
accordingly, we have updated the ABC correlations using the recent experimental data.
The accuracy with which the updated ABC. correlations represent the available
" experimental critical temperature, critical pressure, acentric factor, critical
compressibility, and normal boiling point temperature is 0.2%, 0.8%, 0.4%, 0.6%, and

0.1%, respectively.
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INTRODUCTION

Cubic equations of state (CEOS), such as Soave-Redlich-Kwong (SRK) (Soave,
1972) and Peng-Robinson (PR) (Peng and Robinson, 1976) are widely used by the
hydrocarbon industry to perform phase equilibrium calculations. Pure-fluid critical
properties .and acentric factors have significant influence on the phase behavior
predictions of CEOS (Teja, et al., 1990). Riazi, et al. (1998) showed that sizeable errors
in the predicted thermophysical properties could result from small errors in the critical
‘properties and acentric factor.

Experimental measurements are the most reliable method for determining these
physical properties; however, the available experimental data have been limited to light
hydrocarbons. This limitation exists because, using conventional techniques, n-paraffins
above octadecane decompose thermally before reaching the critical point (Teja, et al.,
1990); consequently, numerous correlations have been developed based on available
experimental data, relying on extrapolation to predict the critical properties and acentric
factor of the heavy compounds. - Some of these correlations require the molecular
structure of the hydrocarbon and others employ normal boiling point and specific gravity
data.

In this study, we focus our attention on n-paraffins, for which the carbon number
correlates directly with molecular size. Several investigators have reviewed correlations
utilizing the carbon number (see, e.g., Teja, et al., 1990; Simmrock, et al., 1986;
Constantinou, et al., 1995). Similar to other hydrocarbons, most published correlations

for n-paraffin critical properties and acentric factors were developed based on limited
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experimental data involving n-C,; and lighter n-paraffins; therefore, property estimates for
the heavier n-paraffins are extrapolations that require careful examination.

We have selected several promising correlations in the open literature to examine
their extrapolation capabilities for the properties of interest. As indicated by Figures 1-5,
large differences exist among the extrapolated property values generated from various
correlations. Consequently, we have directed our efforts to updating the ABC correlation
to provide more accurate correlations for the critical temperature, pressure, volume, and
compressibility; the acentric factor; and the normal boiling point of n-paraffins extending
to C, 4, using newly published data on critical properties and vapor pressure. Specifically,
we have relied on recent measurements for the critical temperatures and pressures
extending to C,, by Nikitin, et al. (1994, 1997) and vapor pressures to C,, by Morgan and

Kobayashi (1994).

MODEL DEVELOPMENT

Previous studies (see, e.g., Kreglewski and Zwolinski,A 1966; Gasem, 1986;
Gasem, et al., 1993; Marano and Holder, 1997) have established that several of the n-
paraffin physical properties are asymptotic in nature; that is, a limiting value for the
physical property is reached asymptotically at very large carbon number. Moreover,
proper representation of a property limiting behavior is a prerequisite for reliable
extrapolations. Marano and Holder (1997) estimated the limiting values of the critical
temperature, critical pressure and critical compreésibility based on the Lattice-Fluid
theory of Kurata and Isida (1955) and Flory theory of Flory et al. (1964). Both theories

predict asymptotic limiting values for the critical temperature and critical pressure;
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however, the limiting value for the critical pressure from Flory theory is finite while the
Lattice-Fluid theory projects a zero ‘value. - Similarly, the Lattice-Fluid theory (Marano
and Holder, 1997) suggests an asymptotic behavior for the critical compressibility. ‘An
asymptotic behavior for the normal boiling point has also been suggested by Kreglewski
and Zwolinski (1966).

In the early 1980’s, Gasem and Robinson developed the Asymptotic Behavior
Correlation (ABC) to predict the physical properties of n-paraffins (Gasem, 1986). In its
simplest form, the ABC model is given as

Y =[Y; -(Y; - Y5) exp(~aB(CN -1} (D
where Y is the selected properties, CN is the carbon number, Y;) and Y_ are the initial
value and the limiting value as CN goes to infinity, and o, B are scaling coefficients.
Physivcal properties (Gasem, et al., 1993) as well és saturation properties (Shavér, et al.,
1991) have beenvsuccessfully correlated using variations of this function. For a given
property, this growth-type model is designed to preciéely interpolate between the initial
value and the limiting value of the propeﬁy. It has the capability of representing a
diversity of functional shapes beyond the asymptotic curve, including exponential,
sigmoid, logarithmic, and linear. More recently, Marano and Holder (1997) extended the
use of the ABC framework to correlating the physical properties of a wide set of
hydrocarbon homologous series.

In this study, we introduce an exponent (y) on the carbon number to give the

model more flexibility, or

Y =[Y5 = (Y3 - Y5)exp(-ap(CN" ~CN)I"® @)
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- Properties of propane are used to represent the initial property values in the above
equation (CNg=3) to avoid trend irregularity exhibited by the critical properties of
methane and ethane. In the ABC correlations, we have sought to meet the following
criteria;: (1) precise representation of the available experimental data; (2) appropriate
limiting behavior; (3) reasonable extrapolation at high carbon numbers; and (4) an
internally-consistent set of physical properties, which may serve effectively as reducing

coordinates and input data for EOS models.

DATABASE EMPLOYED
Ambrose and Tsonopoulos (1995) have evaluated available experimehtal critical
temperatures and critical pressures of n-paraffins up to C,,, and critical volumes and
critical compressibilities up to C, In addition, they have presented estimated
~ uncertainties for their recommended values. In this study, we use Ambrose and
Tsonopoulos’s values for paraffins up to C,, and those of Nikitin (1997) for the n-
~ paraffins from C,; to C,. To generate a consistent set of physical properties, the critical
volumes are calculated from the critical temperatures, pressures and compressibilities
predicted by the ABC correlations.
Accurate vapor pressures are necessary for acentric factor calculations, since by

definition:

o= "log(pr)‘r,=o.7 -1 3)
We find the data of Morgan and Kobayashi (1994) to be most accurate in comparison

with the existing data for the heavy n-paraffins (C,, to C,;). Accordingly, we use the
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vapor pressure data to determine the acentric factors of these compounds aided by the
Wagner equation (Ambrose, 1986) and our ABC correlations for the critical properties.
These calculated acentric factors combined with the acentric factors from Reid et al.
(1987) for the light hydrocarbons form our database for acentric factors. Finally, the
normal boiling point data from the National Institute of Science and Technology (Ely and
Hanley, 1981) are used to develop the normal boiling point correlation of n-paraffins.

We have considered several weighting strategies when regressing the model
parameters; nevertheless, minimizing the sum of squared relative deviations in each
property is found to be representative of the quality of the data considered. Therefore, the
objective function is chosen as follows:

n Yexp —Ycalc ’ ’
SS=% —g (4

cal i

where n is the number of data points, Y, is the calculated property, and Y,

exp

is the
experimental property. The ChauveneEs’ criterion by Young (1962) was applied to
discard data points displaying excessive deviations, and a second regfession was then
performed. Specifically, the critical temperature measurément for C,; was discarded and
similarly, we discarded the critical pressure measurements for C,, and Czs. Inspection of
the data pdints‘ rejected by Chauvenets’ criterion showed that these points did not yield

typical random deviations. Detailed procedures for data reduction are given by Gasem

(1986).
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RESULTS AND DISCUSSION

The ABC model is particularly useful when the limiting property values are
available. Although we have all the initial property values (Y,), the limiting property
values (Y,) are lacking, and as such require careful examination. The literature estimates
of the limiting value for the critical temperature extend from 926 to 1120 K (Teja, et al,
1990; Gasem, et al.,, 1993; Marano and Holder, 1997; Kudcgadker, et al., 1986;
Tsonopoulos, 1987.) and for the critical pressure is approximately zero (Gasem, et al.,
1993; Marano and Holder, 1997; Kudcgadker, et al., 1986; Tsonopoulos, 1987.) The
Lattice-Fluid theory (Kurata and Isida, 1955) suggests a limiting value of 1/3 for the
critical compressibility, which is clearly very high in light of the available experimental
data. To assess the impact of erroneous limiting value for the critical compressibility, we
have evaluated four different limiting values: 0.2, 0.15, 0.1 and 0.0. Our results indicate
that the predicted values for the critical compressibility (up to n-C,,,) are insensitive to
the limiting value. Subsequently, we have used 0.15 as the limiting value for the critical
compressibility. A super-linear (CN*?) relationship for critical volume has been
suggested by Marano and Holder (1997) based on the Lattice-Fluid theory. In this study,
to develop an intemally consistént set of physiéal properties, the critical volume is
calculated directly from the critical temperature, pressure and compressibility.

There is no clear guidance on the limitirig value of the acentric factor; however,
since the acentric factor characterizes the non-sphericity of the molecule, and since
molecules nday fold as they grow larger in size, it is plaﬁsible that the acentric factor

limiting behavior is aéymptotic. The limiting value for the acentric factor is regressed
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from the available data. The ABC acentric factor extrapolations show reasonable
agreement with values calculated directly from vapor pressure correlations (Kreglewski
and Zwolinski, 1966) and the critical property correlations from this study. Specifically,
we observe a deviation within 1% at C,,,. Although some polynomials (Hoshino, et al.,
1982) can be used to represent the existing acentric factor data with the same precision,
their extrapolations are not reliable (Gasem, 1986). Finally, following Kreglewski and
Zwolinski (1966), we have adopted 1078 K as the limiting value for the normal boiling
point.

Table 1 presents the summary of the results obtained for the various properties
using the ABC model. Absolute average deviations (AAD) of 0.2%, 0.8%, 0.4%, 0.6%,
and 0.1% -are obtained for ‘the critical temperature, critical pressure, critical
compressibility, acentric' factor, and normal boiling point, respectively. In general, the
precision of the present correlations is in direct proportion to the quality of data used.

Figures 1-5 present the n-paraffin property predictions of the models considered.
Inspection of Figures 1-5 reveals the general agreement of the various models in
representing the properties of lighter hydrocarbons; however, significant variations exist
for the property extrapolations beyond C,,. Also shown is the impact the limiting
property value on the extrapolated predictions when the ABC model is employed.

Detailed comparisons of the predictions obtained from the various models are
shown in Figures 6-9. The original model parameters are used for all the literature
correlations. The reason for so doing is to examine their extrapolations in light of the

new data and to illustrate the need for updated correlations. All previous cotrelations
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Table 1

Summary of the Results for n-Paraffin Property Predictions Using the Updated ABC Model

89

Critical Critical Critical “Acentric Normal Boiling
Temperature Pressure - Compressibility Factor Point Temperature

Y . .9818E+03 0" .1500E+00 | .5492E+01 .1078E+04

Y, .3701E+03 4244E+01 .2770E+00 .1515E+00 .2311E+03

o .1276E+01 .1000E+01 .1000E+01 .6851E+00 .1000E+01

B .1435E+00 .3757E+00 .1416E+00 .6859E-01 .1150E+00

Y .6667E+00 .5684E+00 .5000E+00 .6667E+00 .6667E+00

RMSE 142K 0.018 MPa 0.0012 0.0037 032K

%ADD 0.16 0.84 0.42 0.58 0.05




yield poor predictions for the heavy n-paraffins. This is to be expected since all these

- . correlations were based on experimental measurements of lighter n-paraffins.

In closing, while the updated ABC model successfully incorporates the new data
for the heavier n-paraffins, a need exists for better theory and carefully designed
molecular simulations to resolve the dilemmas of the limiting behavior of the property of

interest.

SUMMARY

New experimental measurements for the critical properties and the vapor
pressures of heavy n-paraffins have been assembled and evaluated. The current physical
property correlations give poor predictions for the heavy n-paraffins. The ABC
correlation has been updated; after carefully examining the limiting behavior of each
property, to describe the properties. The updated ABC model provides precise
representations for the properties considered and offers improved predictions for the

heavier n-paraffins.
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CHAPTER 5

MODIFYING THE TEMPERATURE DEPENDENCE OF

- THE PENG-ROBINSON EQUATION OF STATE

ABSTRACT

A number of modifications have been suggested for the temperature dependence
of the Peng-Robinson equation of state (PR EOS) through the o, function of the attraction
law constant. In most cases, the work was motivated by the need to improve vapor
pressure predictions of heavy hydrocarbons. While marginal improvements have been
- realized, most successful o function modifications suffered from (a) limited experimental
pvT and equilibn'um measurements for heavy hydrocarbons, and (b) reliance on the use
of switching functions below and above the critical temperature.

In this Work, we proposed a new temperature dependence a function for the PR
EOS This new function is- develdped based on pure-component vapor pressures of
differént moieculér speciés, including heavy hydrocarbons. The modified PR EOS o
function léads to impfoved vapor pfessufe predictions (about 1% absolute average
percentage deviations)‘ for the systems considered (28 pure fluids encompassing over
1 100,measurements). In addition, the new PR EOS « function has been found to be more
accurate for a priori predictions (AAD of 13.9 %) of the bubble point pressure, where
interacﬁon ‘parameters are set to zero, and‘ comparable to the original o function in
representing 4v8 binéry asymmetric mixtures involving diverse molecular species (AAD

of 3%, using paraffin-dependent interaction parameters).
gp P
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INTRODUCTION

Cubic cquation§ of state. (CEOS) have been applied supccssfully by the
hydrocarbon industry to describe the thermodynamic properties of pure fluids and
mixtures. Although more theoretically-based equations of state, such as the Simplified-
peﬁurbed-h_ard-c_hain theory (SPHCT) EOS (Kim et al., 1986; Shaver et al., 1993), the
simpliﬁed-statistical-associating-ﬂuid theory (SAFT) EOS (Chapmen et al., 1990) and
the modified Park-Gasem-Robinson (MPGR) EOS (Row, 1998), have been proposed and
developed in recent years, the simplicity and wide applications of CEOS have justiﬁed
continued efforts to develop such equations.

Althoﬁgh | the CEOS has been successfully uéed to correlaté equilibrium
properties, invariably empiﬁcal ubinary interaction parémeters are required to obtain
precise représventation of tﬁe expérimentél data. 'Attevm'pts to generalize the interaction
parametérs, even for a set of binaries Within a homologous series, often are not
sucéessful. Inaccuracy of the PR EOS representations of the pure component
equililibrium properties isa contributing factor to the obseﬁed scatter in-the interaction
paranieters of highly related binaries (e.g., binaﬁes originating from the same
homologoﬁs series). That ié, sufficiently accurate puré—ﬂuid vapor pressuré predictions
are a prerequisite for accurate mixture phase equilibrium calculations using EOS (Soave,
1972).

Since the introduction of the Rédlich—Kwong (1949) EOS, a sizeable portion of the
efforts to improve the precision of CEOS has been concentrated on modifying the

temperature dependence of the model parameters through the o function of the attraction

law constant. A partial list of the literéture o functions for the CEOS is shown in Table 1.
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Table 1

‘Temperature Dependence of a Function

1/4T
T. +(1.57 +1.620)(1-T.)
[ +(c, +c,0+c,0)1-T>)F

1+(1-T,)(M+N/T,)

146, = T, 0, /T, = 1)f
[1 +¢, In(T,)+c,(I-In T.,)Z]2 (T, > 1)
exp[cl(l -—VT,"Y )]

rel-yT)+e,0-T )07 - T,
0+m@1-T>)]?, m=c, +c,0+c,0°, T<I
exple,(1 - T¢)], d=1+m/2, c=1-1/d, T>1
[1 +cT+ c>2‘r2 + 0313]2 where T =1 - /T,

[1+k(1-T%)]?

k =c¢, +¢,0+ 0" +¢,0° +k,(1-T"?)(0.7-T,)

1 O[CX(ao +a1T, + azT,z Xl ~T, )]

14+ ¢l = T+ e,( - T,)

[1 +c¢,T+c,T + 031:3] where 1 =1 - T?"
x|l -T) e, - VT, |

T::(cz -1) CXp[Cl(l _ Trczc, )]
1+°1(1—T,)‘+cz(1—Tr)2

TA exp[Bl -1° )]+ o(T* explB, 1 - T%)]
~Th exp[B1 (1 . )1)

Redlich-Kwong (1949)
Wilson (1966)

Soave (1972)

Soave (1979)

Harmens and Knapp (1980)
Harmens and Knapp (1980)
Heyen (1980)

Mathias (1983)

Boston and Mathias (1983)

Mathias and Copeman (1983)

Stryjek-Vera (1986)
Yu and Lu (1987)

Carrier et al. (1988)
Androulakis et al. (1989)
Melhem et al. (1989)

Twu et al. (1991)
Soave (1993)

Twu et al. (1995)
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Most of the developments for the o functions were to improve the vapor pressure
predictions of the high-boiling and polar components (FlOter et al., 1998). Many

proposed o functions used either high order polynomials of the: acentric factor (e.g.,

Stryjek and Vera, 1986; Boukouvalas et al., 1994; Danesh et al., 1995) or temperature
(e.g., Mathias and Copeman, 1983; Schwartzentruber et al., 1990; Fl®ter et al., 1998) to

correlate vapor pressures more precisely. Interestingly, most proposed o functions
produce an erroneous temperature limitihg behavior, including the original Soave a
function. Specifically, most functions do not yield a finite and positive limiting o value as

the temperature becomes infinitely large, as is asserted by several studies (Sandler, 1985;
Melham, 1989; Twu et al., 1991).

Another source of difficulty for many proposed o functions is their inability to
pfoduce accurate representation of supercritical behavior based on’ subcritical model
paraméter generalizations (Boston and Mathias, 1980; Mathias, 1983; Melham et al.,
1989, Twu, 1995.) This situation is commonly encountered when the PR EOS is used in
vapor-liquid equilibrium (VLE) calculations involving supercritical components. To
overcome this problem, many researchers introduced switching functions (e.g., Boston

and Mathias, 1980; Twu et al, 1995, Danesh et al,, 1995) or component-specific
parameters (e.g., Melham et al., 1989; Twu et al., 1991; F later, et al., 1998); however, an

a function employing component-specific parameters or switching functions is less
desirable than a simple generalized o function with comparable capabilities.
Some researchers have developed a functions using pure-component supercritical

data directly. For example, Rijkers (1991) developed an o function using pvT data of
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methane and FlOter et al. (1998) using fugacity of methane; however, neither have

generalized their results, perhaps because the VLE calculations generally are not sensitive
to the accuracy of the pvT predictions. Other researchers, such as Twu et al. (1995), have
proposed a pure-component switching o function for the supercritical region, based on
mixture phase equilibrium data.” Although this strategy is effective in addressing the
mixtures involved, accurate representation of pure-component behavior is a sound basis

for the successful description of multicomponent mixtures (Soave, 1972; Vidal, 1983;
Floter, et al., 1998). Therefore, we have avoided the temptation to develop a pure-

component o function based on mixture data, since such efforts invariably make the o
function dependent on the type of mixtures used to derive its parameters.

Beyond selecting the proper. functional form for the EOS temperature
dependence, previous a. functions suffered the consequences of limited vapor pressure
data for the heavy hydrocarbons and uncertain estimates for their critical properties.
Specifically, the critical properties and vapor pressure data were not available for
compounds heavier-than Cjo, when the SRK and PR EOS were developed. Expectedly,
when dealing with heavy components, the extrapolation of o function predictions beyond
the temperature and acentric factor ranges within which the model constants were
generated is a contributing factor to the poor accuracy of these equations.

In this study, we use recent vapor pressure data for heavy n-paraffins (Morgan
and Kobayashi, 1997) and improved critical property estimates (Gao et al., 1999a) to
develop a new PR a function, which meets the following criteria:

(1) An appropriate telﬁperature limiting behavior for the function

(2) Model parameters based solely on pure-component properties
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(3)  Improved predictions for the pure-fluid vapor pressures of simple, normal
and slightly-polar fluids, including heavy hydrocarbons, and
4 Comparable or superior mixture equilibrium property predictions to those

of the original PR EOS without using switching functions.

MODEL DEVELOPMENT

In this study, we focus our attention on improving the PR EOS predictions. The
PR EOS yields better liquid density predictions than the Soave-Redlich-Kwong (Soave,
1972) EOS; however, it is less accurate in predicting the vapor pressures of the heavy

hydrocarbons (Twu et al., 1995). The original PR EOS is given as

p = RT a. )
v—-b V(v +b)+Dblv -b)
where , ,
a=a_a(T) 2)
b=0.0778RT,/P, ' (3)
and
a, =0.45724R*T /p, @)
oT)"? =1+k(1-T'?) | | 5)
k = 0.37464 +1.54226@ — 0.269920> 6)

where p is the pressure, R is the gas constant, T is the temperature, a and b are EOS

constants, v is the molar volume, T_ is the critical temperature, p,_ is the critical pressure,
T is the reduced temperature, o(T). expresses the temperature dependence in the

parameter a, and o is the acentric factor.
Many attempts have been made to improve the PR EOS vapor pressure

predictions by modifying the original o function or proposing new ones. As pointed by
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Twu et al. (1995), the a function dependence on the acentric factor for the PR EOS is a
linear function rather than a higher order polynomial; therefore, higher order polynomials
do not improve the phase behavior predictions; on the contrary, in many cases, they
worsen such predictions.

To explore a(T) behavior, we present in Figures 1-3 experimental o values
generated by solving the equal-fugacityi equilibrium equation at the corresponding
experimental temperatures and pressures. Figure 1 illustrates the linear acentric factor
dependence of the o function for n-paraffins extending to Cs. Similarly, Figures 2-3
indicate that relatively simple temperature dependence functions are adequate for
correlating the vapor pressure data. Figure 2 shows that log(a) varies essentially in a
linear fashion with T; in the subcritical region. This explains the tendency to use
logarithmic-type a functions in the literature, as shown in Table 1. Similarly, Figure 3
shows that a®° varies linearly with (1-T;>®) in the subcritical region, as was concluded by
Soave (1972). | |

Previous studies have clearly demonstrated the success of logarithmic-type and
Soave-type o functions in representing the pure-fluid vapor pressures well (e.g., Soave,
1972; Twu et al., 1995). During this study, we have also found tbat many temperature
functions can be used to represent the vapor pressure accurately; however, other
considerations are equally important in evaluating a successful a function, including (a)
the ability to adequately represent the fluid supercritical behavior, while maintaining the
appropriate temperature dependence over the full temperature range; (b) improved
equilibrium predictions for systems involving subcritical components, to capitalize on the

more accurate pure behavior limits; and (c) derivative properties free of cross-over
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anomalies (Trebble and Bishnoi, 1986). - In this work, we only explore the quality of EOS
predictions for mixtures involving supercritical components.

Table 2 presents three o functions we have selected for evaluation, based on the
above analysis. The first model is the Soave-type o function, where Case 1 is used to
examine the original PR EOS a function, and Caée IR is used to evaluate the function
.performance after re-determining the model parameters. Although the temperature
limiting behavior of the Soave-type a function is not cofrect, we felt it necessary to
examine its capability in light of the new data for the heavy n-paraffins; and more so,
since it is one of the two major types of temperature-dependence functions in the
. literature. The second model (Twu’s 1995 model) represents a more recent logarithmic-
type function. In Case 2R, we evaluate Twu’s a function after re-determining its
- parameters, and in Case 2S we employ Twu’s second model, which incorporates a
switching' function. ' In this case, the o function is equipped with fwo sets of model
parameters, one set for puré-component subcritical region and the other for the
sui)ercritical region. Model 3 is the proposed model in this study. It is a variation of the
- logarithmic-type o function suggested first by Heyen (1980) and developed further by

Twu et al. (1991, 1995).

DATABASE USED

The pure-fluid physical properties employed in this study to evaluaté the proposed o
functions are given in Table 3. The critical properties and acentric factor for n-paraffins
decane and above are given by Gao et al. (1999a), the rest of the data are from Reids, et

al. (1987). Also given in Table 3 are the reduced temperature ranges for the experimental
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Table 2

Model Evaluation of Selected o Functions .

Model No. o Model Nofes

1, IR (1+ (A +Bo+Cw®)(1-TP))" i

2,2R,28  Trexp(B(1-TS)) + o(TP exp( E(1-TF)) - T exp( B(1—-TF)) 1

3

eXp((A + BTr )(1 _ r:[\r(:+D(x)+]:‘.(x)2 )) lll

i. Orginal a in PR EOS: Case 1 uses the original model parameters
Case 1R uses regressed model parameters

ii. Twu et al. (1995): Case 2 uses Twu’s model parameters
Case 2R regressed model parameters
Case 28 uses two different sets of model parameters
(forT;>1and T;<1)

iii. Proposed in this study
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Table 3

Pure-Fluid Physical Properties Used in Evaluating o Functions

Ty

Name T, P. ® Z. MW T,

Methane 190.56 4599 0.0113 111.63 02838 1604 0476-1.0
Ethane 30533 48.71 0.1004 184.55 02822 30.07  0.360-1.0
Propane 369.82 4247 0.1542 23105 02785 44.10  0.449-1.0
Argon 150.80 48.74 -0.0040 87.30 02912 39.95  0.556-1.0
Nitrogen 12620 3390 0.0390 77.35 02876 2801  0.500-1.0
Benzene 562.16 48.98 02120 35324 02714 78.11  0.496-1.0
Carbon Dioxide 30421 73.83 02251 19460 02756 4401  0.712-1.0
Water 647.14 220.50 03290 373.15 02295 1802  0.438-1.0
Fluorine 14430 52.18 0.0480 85.00 02879 3800 0.371-1.0
n-Butane 425.16 37.96 02004 272.65 02754 5812  0.329-1.0
Ammonia 405.60 112.77 02500 239.70 02425 17.03  0.482-1.0
Acetone 508.10 47.01 03090 32940 02326 58.08 0.510-1.0
Oxygen 154.58 5043 0.0240 90.18 02865 32.00  0.352- 1.0
Hydrogen 3298 1293 -0.2200 2028 03018 2.02  0423-1.0
Methanol 512.60 8096 0.5590 337.80 02242 32.04 0.562-1.0
Ethanol 51620 63.83 06350 351.50 0.2484 46.07  0.567-1.0
Ethylene 28240 50.36 -0.0850 16940 02767 28.05  0.368-1.0
n-Decane 618.59 21.30 04885 44732 02543 14229 0.522-1.0
n-Dodecane  658.66 18.32 0.5746 489.50 02494 17034  0.536-1.0
n-Tetradecane  692.17 1592 0.6572 526.70 02450 19839  0.539-1.0
n-Hexadecane 720.67 13.94 0.7368 560.00 02408 22645  0.545-1.0
n-Octadecane 74525 1229 0.8137 589.50 02368 254.50 0.554- 1.0
n-Nonadecane 75632 11.57 0.8513 603.10 02349 268.53  0.559-1.0
n-Eicosane 766.66 1091 0.8883 617.00 02331 28256 0.565-1.0
n-Docosane 78548 973 09608 64020 02295 310.61 0.577-1.0
n-Tetracosane 802.12 871 1.0313 662.40 02261 33885 0.565-1.0
n-Octacosane  830.31 7.05 1.1672 701.90 02197 39513  0.582-1.0

86



vapor pressures. The vapor pressure measurements for the light compounds extend from
the triple point to critical point temperature. For n-Ci through n-C,s, we use the precise
data of Morgan and Kobayachi (1995), along with the critical point. The rest of the data,
which encompass a variety of molecular species (inclﬁding simple, normal, and polar
fluids) have been fully documented by Shaver et al. (1991). The objective function used

1s:

SS = %(pcalc - pexp

_ I - )
! p exp

where pexp and pca are the experimental and calculated vapor pressure, respectively.

RESULTS AND DISCUSSION

The new a function was evaluated using pure-component vapor pressures only.
The behavior of the proposed a function with respect to the acentric factor and
temperature are shown in Figures 4-6, respectively. The ﬁgureé indicate that, for the
various species, the limiting value of a at large temperatures is finite, i.e., o is bounded
and of asymptotic diminishing value. In comparison, the Soave-type a value for

hydrogen does not abide by this theoretical limiting behavior.
Pure-Fluid Predictions

The summary results for the PR EOS vapor pressure predictioris using the various

o functions are given Tables 4-5. The original PR EOS o function (Case 1) represents
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Table 4

PR EOS Vapor Pressure Predictions Using Various o Functions

Name %AAD For Each Model NPTS
1 IR 2 2R 3
Methane 1.90 1.27 1.55 1.23 1.35 105
Ethane 0.56 0.86 0.38 0.60 0.53 117
Propane 0.76 0.79 0.37 0.43 041 51
Argon 0.89 0.71 0.64 0.25 0.31 54
Nitrogen 0.38 1.29 0.52 0.38 0.54 63
Benzene 1.80 1.73 0.94 1.04 1.61 42
Carbon Dioxide 0.38 0.68 0.16 0.22 021 56
Water 2.40 2.68 4.61 3.67 3.59 38
Fluorine 3.05 0.87 2.07 0.91 0.68 123
n-Butane 2.88 1.83 2.29 1.48 0.75 78
Ammonia - 0.17 1.44 1.40 1.01 0.85 23
Acetone 1.48 3.35 2.72 2.26 1.72 47
Oxygen 1.65 1.41 0.92 1.27 1.90 21
n-Decane 4.34 2.40 2.17 0.95 0.80 34
Hydrogen 4.67 5.62 4.07 2.56 6.41 21
Methanol 2.57 3.14 3.28 2.68 3.03 19
Ethanol 1.79 2.33 1.14 1.00 0.92 26
Ethylene 6.07 3.52 3.33 2.15 2.52 60
n-Decane 1.75 1.42 1.12 0.74 0.76 16
n-Dodecane 2.73 1.37 0.92 0.66 0.73 14
n-Tetradecane 4.11 1.23 0.85 0.62 0.70 16
n-Hexadecane 6.61 1.74 0.67 0.97 0.46 21
n-Octadecane 9.49 2.22 1.22 1.27 1.06 17
n-Nonadecane 10.05 2.44 1.59 1.17 1.37 17
n-Eicosane 12.57 1.31 0.64 1.38 0.59 17
n-Docosane 17.42 0.69 0.45 1.66 0.36 13
n-Tetracosane 24.69 1.38 0.87 2.91 0.67 14
n-Octacosane 33.00 3.02 0.98 2.72 0.57 15
Overall Results 3.73 1.65 1.52 1.19 1.13 1138
RMSE, bar 0.284 0.204 0.353 0.264 0.282 1138
BIAS, bar 0.073 0.022 0.067 0.070 0.078 1138
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Table 5

Model Parameters for a Functions Evaluated in This Study

Parameters
Model A B C D E F
1 0.374640 1.54230 -0.26992 0.5 0.5
1R 0.386590 1.50226 -0.16870 0.5 0.5 ‘
2 -0.171813 0.125283 1.77634 -0.607352 0.511614 2.20517
2R -0.207176 0.092099  1.94800 -0.502297 0.603486 2.09626
3 2.00 0.836 0.134 0.508 -0.0467
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the vapor pressures of the light components well (deviations within 2%); however, the
predictions become increasingly worse for the heavy hydrocarbons (deviations over
30%). In comparison, the results for Case IR show significant improvement in the
distribution of the errors (overall AAD of 1.6%), and more importantly, the vapor
pressures of heavy hydrocarbons are represented well. Twu’s original model (Modet 2)
exhibits good overall accuracy (ADD of 1.5%) and good representation for the heavy
hydrocarbons. Updating the model parameters (Model 2R) enhances the vapor pressure
predictions and yields an overall 1.2% AAD. The proposed model (Model 3) gives, on
average, comparable results to Model 2; however, Model 3 produces more accurate vapor

pressure predictions for the heavy hydrocarbons.

Mixture Predictions

The above evaluations of the o functions are based on vapor pressure data only.
However, when the equations of state are used in VLE calculation, some components
may be in the supercritical region. Our studies show that the results of the VLE
calculation are sensitive to the témperature dependence of the a function in the
supercritical region, which causes many proposed o functions to fail. Thus, one of the
required characteristics of a viable o function is accurate representation of equilibrium
(solubility) data involving supercritical components, using ‘“reasonable” binary
interaction parameters. By “reasonable”, we mean that the regressed interaction

parameters should be small in value and exhibit uniformly the least possible variation

with molecular size and temperature.
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Table 6 presents the case studies used to evaluate the quality of the mixture
predictions for the a functions considered. Case 1 examines the raw predictive capability
of PR EOS, based solely on pure-fluid property input,' and Cases 2 and 3 explore the
quality of EOS representation of binary mixtures involving supercritical components,
using binary interaction parameters. Specifically, in Case 2, we employ paraffin-specific
parameters, C;;(CN); and in Case 3, we employ temperature-specific parameters, C;;(CN,
T). The binary systems selected for this study are listed in Table 7. The database
contains six solutes involving 48 systems and totaling 1154 points. Also given in Table 7
is the reduced temperature range for the various supercritical components, which extends
from T, of 0.9 for the near-critical ethane to T; of 12.8 for hydrogen. All data are utilized
as isothermal p-x measurements, i.e., the bubble point pressure as a function of solute
liquid mole fraction, or, alternatively, the solubility of the solute as a function of pressure.
We intentionally limited the upper pressure to 90% of the critical pressure, as EOS are
inherently inaccurate near the critical point of a mixture. Full dbcumentation of these
systems is given by Gao et al. (1999c¢).

To apply the PR EOS to mixtures, the values of a and b were determined using the

mixing rules:
N N
a=ZZZiZ,-(1—Cij)(aia,-)m ®
i
N N
b=05% 3 z,z;(b; +b;) &)
i
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Table 6

Case Studies Employed to Evaluate Cubic Equation-of-State Predictions Using Cj

~Case . Description :
1. Cyj=0 The simple quadratic mixing rule is used, without any interaction
parameters
2. C;(CN) A single value of Cj; is determined for each binary system
3.C5(CN, T) A separate value of Cj; is used for each temperature in a system
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Table 7

The Database of Binary Systems Used in This Study

Solvent Temperature Pressure Range, Solute Mole NPTS
Range, K MPa Fraction Range
Hydrogen [T,= 9.8 - 12.8]
n-Cq4  327.65-394.25 2.778 - 16.847 0.0190 - 0.1930 48
n-Cs 323.15 0.347 - 20.680 0.0016 - 0.1460 11
n-Cs ~ 344.26-411.11 1.238 - 24.132 0.0105 - 0.2150 46
n-C;  424.15-498.85 2.420 - 38.714 0.0230 - 0.5370 22
n-Cio  344.26 - 423.15 3.710- 17.390 0.0367 - 0.1288 17
n-Cy  323.15-423.15 2.230-12.910 0.0273 - 0.1289 22
n-C;s  348.15-423.15 2.860 - 13.100 0.0452 - 0.1572 19
n-C3s  373.15-423.15 3.560 - 16.750 0.0677 - 0.2271 12 |
- Nitrogen [T,=1.9 - 3.5]
n-C4  250.00 - 399.82 0.777 - 15.785 0.0040 - 0.2742 53
n-Cs 27743 -377.59 0.250-20.781 0.0022 - 0.3390 38
n-Cg  322.00 - 344.30 3.227 - 35.039 0.0430 - 0.3470 10
n-Co  322.00 - 344.30 3.723-34.736 - 0.0480 - 0.3320 12
n-Ciop  344.26-410.93 3.910 - 16.040 0.0556 - 0.1967 21
n-Cy  323.20-423.20  3.830-17.230 @ 0.0610-0.2121 20
n-C,s  348.20-42320  4.300-16.470 0.0726 - 0.2578 19
n-Czs  373.20-423.20 5.280-17.990 0.1054 - 0.2970 12
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Table 7

The Database of Binary Systems Used in This Study - continued

Solvent Temperature " Pressure Range, Solute Mole NPTS
Range, K MPa Fraction Range
Carbon Monoxide [T,=2.0 - 3.1]

Cs  273.15-323.15 1.379-13.790 0.0230 - 0.3840 20
n-C¢  323.15-423.15 1.179 - 8.687 0.0099 - 0.1466 18
n-Cs  463.15-533.15 0.669 - 6.569 0.0027 - 0.1570 42
n-Cyy  310.93 - 377.59 2.227 -10.004 0.0385 - 0.1400 17

- n-Cy  323.15-423.15 1.991 - 8.384 0.0403 - 0.1614 20
n-C;s  348.15-423.15 1.903 - 8.412 0.0463 - 0.1853 26
n-Cz¢  373.15-423.15 1.800 - 8.956 0.0494 - 0.2099 12

Carbon Dioxide [T,= 0.9 — 1.6]

- n-Cs 273.41 0.2690 - 2.6680  0.0451 - 0.7012 7
n-Cs  303.15-393.15 0.8620-7.6200  0.0284 - 0.8435 29
n-C;  310.65-47721  0.1860 - 8.6940 . 0.0220 - 0.9290 44
n-C;p  310.93-377.59  0.6890 - 8.6180  0.0730 - 0.6000 17
n-Cy  323.15-373.15  0.6200-6.7570 - 0.0730-0.5010 23
n-C;s  348.15-423.15 0.8070-9.6040  0.0700 - 0.6170 28
n-Cizs- 373.15-423.15 0.5240-6.0090  0.0620 - 0.4590 17
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Table 7.

- The Database of Binary Systems Used in This Study - continued

Solvent. Temperature Preséure Solute Mole NPTS
Range, K Range, MPa Fraction Range
Methane [T,= 1.5 - 2.2]
n-Cy 277.59-377.59 1.379-10.342  0.0256 - 0.4513 11
n-Cs 34426 -377.59 1379-13.790 0.0279 - 0.5320 28
n-Cs 298.33-373.33 1.014-10.135  0.0300 - 0.4125 37
n-C; 311.11-411.11  2.193-10.466  0.1000 - 0.4000 12
n-Cg 298.33-42333  1.013-7.093 0.0280 - 0.2870 28
n-Cy 323.15-423.15 1.014-10.135  0.0329-0.3471 39
n;Clo _ 310.93 -41093  1.043 - 8.647 | 0.0495 - 0.3080 32'
n-Cy  323.15-423.15 0.953 -10.690  0.0512 -‘0.3500 22 |
n-Cys  348.15-423.15 0.926 -7.092  0.0568 - 0.2992 18
n-C3s  373.15- 423..15 0.838 - 7.928 0.0511 - 0.3506 13
Ethane [T~ 0.9 — 1.9]
n-Cs-  303.15-363.40 0.441-4.877  0.0440 - 0.8370 34
n-Cs 31093 -444.26  0.345-6.205 0.0048 - 0.8503 28
n-Cs 31093-39426 0.393-5399. 0.0720-0.6519 48
n-C; 338.71-449.82  3.923 - 7.598 0.2960 - 0.8480 8
n-Cip  311.11-411.11 0.423-8236  0.1050 - 0.6380 30
n-Cyp  323.15-423.15 0.504 - 6.645 0.1180 - 0.6530 17
n-Cys | 348.15-423.15 0.563-4.394  0.1020 -‘0.52700 ‘23
n-C3s  373.15-573.05 0.368-4.760  0.0870 - 0.5320 24
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where zy represents the mole fraction of component "k" in a mixture, and N is the

" number of components in mixture. In Eqs. 8 and 9, the summations are over all chemical
species, and Cij is an empirical binary interaction parameter. Interaction parameter values
were determined by fitting the experimental data to minimize the objective function given
in Eq. 7.

- Table 8 presents the summary of results for the PR EOS predictions, using the
selected o functions. On average, comparable results are obtained for all the cases
considered (AAD: 15% for Case 1, 3% for Case2, and 2% for Case 3). Some
improvement has been achieved for Model 3 compared to Model 1 (from 17.2 % to 13.9
% overall, 29.3 % to 15.8 % for hydrogen system, 26.5 % to 23.0 % for nitrogen, and
11.6 % to 8.2 % for carbon monoxide). It is interesting to note that these improvements
are mainly for the solutes that have large reduced temperatures. This indicates the
improved limiting behavior for ‘the new o function has a moderate impact of the EOS
predictions, when supercritical components are involved. Twu’s switching-function
‘model (Model 2S) gives better predictions than the other models for hydrogen systems
(AAD of 6 %). This is expected since Model 2S was developed based on mixture data
for hydrogen and methane; however, the other solute mixtures, including carbon
monoxide and nitrogen, did not do as well. |

Once interaction parameters are used, variation in the qaulity of the representation
-among the various solutes is not significant. Further, the results indicate that, for the
systems considered, using temperature-dependent interaction parameters is not highly

beneficial, relative to the effort involved.
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Table 8

‘Summary of Results for Bubble Point Calculations Using Different PR o Functions

Model Case 1, C;=0 Case 2, G;; (CN)

1.32

Case 3, Ci(CN, T)
%ADD ‘RMSE BIAS %ADD RMSE BIAS %ADD RMSE BIAS
bar bar bar ‘bar bar  bar
Hydrogen
1 293 2796 17.60 2.8 4.50 0.00 1.6 2.63 -0.07
1R 23.6 22.67 16.58 2.8 431 0.02 1.5 3.05 -0.02
28 5.8 8.15 -4.27 2.5 3.57 0.08 14 3.07 0.06
3 15.8 17.03 11.35 2.7 3.81 0.02 1.4 2.32 -0.06
Nitrogen
1 265 3496 26.33 2.3 3.73 -0.80 . 2.0 3.54 -0.70
1R 24.4 32.88 24.38 2.6 3.93 -0.87 1.8 3.35 -0.69
2S 301 3695 2866 22 323 -045 17 320 038
-3 23.0 - 31.84 2323 - 29 433 -0.86 1.5 2.59 -0.40
‘ v ‘ _ Methane
1 7.8 5.22 3.38 | 1.'8 1.12 0.15 1.3 1.02 0.16
1R 7.0 4.56 2.74 1.8 1.12 0.09 1.2 0.96 0.11
2S 7.4 4.75 2.92 1.9 1.16 0.17 1.3 1.07 0.17
3 7.1 4.56 2.60 2.0 1.25 0.17 1.3 1.05 0.18
v ~ | ‘ Ethane
1 7.2 230 -0.65 3.0 1.48 0.36 2.6 1.33 0.38
1R 7.3 2.32 -0.93 3.1 1.48 v 0.33 2.6 1.31 0.37
2S 7.1 2.25 -0.77 3.0 1.50 0.39 26 1.33 0.38
3 7.3 2.29 -0.85 3.1 1.50  0.35 26 0.39
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Table 8

Summiary of Results for Bubble Point Calculations Using Different PR a Functions —
continued

Model - Casel, Cy=0 : Case 2, C;; (CN) Case 3, C4(CN, T)
%ADD RMSE BIAS %ADD RMSE BIAS %ADD RMSE BIAS

bar bar bar bar bar bar

. o Carbon Monoxide
1 11.6 7.90 6.52 2.7 209 -0.12 1.0 1.36  -0.05
IR 9.3 6.52 3.99 2.9 2.29 0.13 1.1 141  -0.03
2S 19.1 12.06  7.02 2.2 1.75 0.08 1.0 1.34 0.05
3 8.2 6.07 3.52 3.1 241  -0.16 1.2 1.46 0.04
Carbon Dioxide
1 251 1097 9.02 | 4.0 245 0.01 2.6 1.94  0.02
1R 245 10.69 8.78 - 4.2 2.58 0.03 2.6 1.97 -0.02 -
28 25.2 11.01  9.01 3.8 2.37 0.09 2.6 1.94 0.01
3 24.8 10.87 8.92 4.0 2.51 0.02 2.6 1.95 0.01
Overall

1 . 17.2 19.46 10.16 2.7 2.81  -0.04 2.0 2.04 -0.02
IR 15.5 1746 9.23 2.8 2.85 -0.06 2.0 2.10 -0.02
28 17.1 1723 7.03 2.6 2.43 0.09 1.8 2.17 0.04

3 13.9 15.98  7.07 2.9 2.86  -0.07 1.8 1.97 0.03
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Perhaps, the most significant finding of this study is that the accuracy of the pure-
component predictions has only a moderate impact on the quality of EOS representation
of mixtures involving supercritical components. That is, in comparison potentially to
mixtures containing only subcritical components, the advantages of having accurate
vapor pressure predictions are. outweighed by the quality of the mixing rules used.
Accordingly, additional studies are required to improve.the mixing rules for asymmetric

mixtures.

SUMMARY

In this study, a new a function is proposed for the PR EOS, which exhibits
appropriate temperature-limiting behavior. The new function was compared to the PR
EOS original Soave-type -a function and Twu’s logarithmic-type a function. The
database used to evaluate the new « function consists of a variety of molecular species
including, simple, normal, and polar fluids, with emphasis on heavy hydrocarbons. The
new PR EOS o function represents the vapor pressures of 1138 data points with an
absolute averaged deviation of 1.1 %, including heavy hydrocarbons. In addition, the
new PR EOS a function has been found more accurate for a priori predictions (AAD of
13.9%) of bubble point pressure and comparable to the original a function in

representing 48 binary asymmetric mixtures involving diverse molecular species (AAD
of 3%, using paraffin-dependent interaction parameters), without the use of switching

functions.
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CHAPTER 6

ALTERNATE COMBINING RULES AND INTERACTION
PARAMETER GENERALIZATIONS FOR

ASYMMETRIC MIXTURES

ABSTRACT.

| Folfowing the work of Juris and Wenzei (1974), an alternate combining rule is
proposed for cubic equations of state '(CEOS). A wide variety of interactiohs between
unlike molecules can be veffectively represented by this cdmbining rule.

The Soave-Redlich-Kwong (SRK) (Soave, 1972) and Peng-Robinson (PR) (Peng
‘and‘ Robinson, 1976) équations of >state (EOS) have been used to assess the proposed
combining rule,. in éomparison with the classical rules. Specifically, a study was
undértakén to evaluate the predictive capability bf both equations in representing the
vapor-liquid equilibrium properties of asﬁnmetric binary mixtures, involving methane,
ethane, nitro gEn, hydrogen, CO and CO; in the n-parafﬁns (Cs— Caa).

EOS binary intefacﬁon parameters generated by the proposed combination rules
are presented for the systems éonsidered. The quality of the EOS representation is
dependenf on the level of complexity applied in the parameter regressions; Overall, AAD
(éverage absolute deviation) of 1 to 3% is realized from the various regfession scenarios.
In addition, genéralized EOS parameter correlations for system-dependent parameters
have been developed. .These interaction parameters represent the solubilities of the

selected systems within 5%.
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- INTRODUCTION

. Precise descriptions of the fluid-phase behavior can have significant economic
impact when used in chemical engineering process calculations, such as phase
separations. These descriptions must be undertaken in terms of analytical models suited
for process design/development calculations. Almost all the state-of-the-art analytical
models, such as EOS or activity coefficient models, have one or more empirical
“Interaction” parameters, for precise model tuning (Gasem, et al., 1993). Although these
- parameters cannot be prediéted a priori from theory at present, théy can have dramatic
effect on phase behavior calculations. Typically, interaction parameters are regressed
from the available experimental data, and provisions are made, through parameter
generalizations, to estimate them for systems lacking experimental data; therefore,
accurate parameter generalizations are necessary, since it is infeasible to conduct enough
experiments to cover all binaries and all phase conditions.

Asymmetric mixtures involving light gas solutes (hydrogen, nitrogen, CO, CO,,
methane, and ethane) and hydrocarbon solvgnts (C4-Cy4) are encountered in many
important industries, such as enhanced oil recovery, supercritical extraction, and Fisher-
Tropsch syntheses. In this study, the CEOS have beeh chosen to describe the equilibﬁuﬁ
properties of such systems. = Although these sirhple CEOS are not as rigorous as the
theoretically-based equations of state, such as the simplified-perturbed-hard-chain theory
(SPHCT) EOS (Kim et al., 1986), the simplified-statistical-associating-fluid theory
(SAFT) EOS (Chapmen et al., 1990) and the modified Park-Gasem-Robinson (MPGR)
EOS (Row, 1998), their simplicity, relative accuracy and wide industrial use justify their

further development (Gasem et al., 1993).
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Proper mixing rules are required to extend EOS application to mixtures. As a
result, numerous mixing rules have been evaluated and developed (see, e.g., Mansoori,
1993; Shibata and Sandler, 1989; Eubank et al., 1993; Orbey and Sandler, 1995; Twu and
Coon, 1995). Nevertheless, the one-fluid theory mixing rules are found to be both simple
and, in most cases, accurate. The CEOS with these mixing rules can be used to represent
- the systems within the experimental precision (Shibata and Sandler, 1989); and in many
situations, one interaction parameter is sufficient for the purpose. The interaction
parameters from these mixing rules show regular trends with solvent size variations.
Although many other mixing rules such as Wong-Sandler mixing rules (Obey and
- Sandler, 1995) are more theoretically based and can be used to represent asymmetric
mixtures precisely (Trivedi, 1996), the multiple parameters associated with these mixing
rules complicate developing simple parameter generalizations. Therefore, we have
elected to use the one-fluid classical quadratic mixing rules.

At the heart of all mixing rules are combining rules to account for the unlike
molecular interactions. Interestingly, while the literature reflects a great interest in
mixing rules, there are relatively fewer studies on combining rules, especially those
pertaining to CEOS. Historically, the use of a geometric-mean combining rule for the
attraction law constant ‘a’ and a linear combining rule for the co-volume ‘b’ is most
common, when dealing with CEOS. In contrast, a variety of combining rules has been
developed for virial-type EOS (see, e.g., Juris and Wenzel, 1974; Luongo-Ortiz and
Starling, 19975. Inbthe present work, we apply a general form of a combining rule first

suggested for use in virial-type EOS by Juris and Wenzel (1974).
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Once a set of mixing and combining rules were selected, binary interaction
parameters were then regressed from available data to represent the mixture vapor-liquid
equilibrium (VLE) properties precisely. Moreover, attempts were made to generalize
these par>ameters for Systems and phase conditions not accounted for in the existing
experimental database. Literature generalization efforts have been reviewed by several
investigators (see, e.g., Kordas et al., 1994-1995; Nishiumi, 1988.) Our previous
parameter generalization efforts involving asymmetric mixtures have been varied in
complexity (e.g., Gasem, 1986; Gasem, et al., 1993; Tong, 1994). In this study, we
present new generalized correlations for EOS binary interaction parameters, which
benefit from (a) an expanded binary mixture database, (b) more accurate heavy n-paraffin

pure fluid properties, and (c) a more general EOS combining rule.

EQUATIONS OF STATE

The SRK EOS is:
RT a
p= _ 1)
v—-b v(v +Db)
where
a=a,(T) e)
b = 0.08664RT. /P, (3)
and
a, =0.42748R*T /p, 4)
a(T)"? =1+k(1-T}?) )
k =0.480+1.5740 - 0.1760> (6)
Similarly, the PR EOS is:
RT a
= - 7
P= T Vv +b) +b(v -b) M
where
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a=a_a(T) (3)

b=0.0778RT, /P, - ' ©)
and |

a, =0.45724R*T?/p, | (10)

a(T)"? =1+ k(1-T"?) - (11)

k = 0.37464 +1.542260 — 0.269920° (12)

where p is the pressure, R is the gas constant, T is the temperature, a and b are EOS

constants, v is the molar volume, T_ is the critical temperature, p is the critical pressure,
Ty is the reduced temperature, o(T) expresses the temperature dependence in the

parameter a, and o is the acentric factor. For the PR EOS, we also use the new «

function (Gao et al., 1999b),

In(e(T, ®)) = (2.000 + 0.8367T, )(1 — TO-134+0:5080+00467%) y (13)

which yields more accurate vapor pressure predictions for the heavy hydrocarbons than

those obtained from Eqs. 11-12.

MIXING RULES

To apply the SRK and PR EOS to mixtures, mixing rules are employed to

calculate the values of a and b of the mixtures. Classic, one-fluid quadratic mixing rules

are employed in this study:
N N . .
a=ZZzizjaij (14)
N N
b=Y Fziz;b, | -
i
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where zy represents the mole fraction of component "k" in a mixture, and N is the

number of components in the mixture. In Egs. 14 and 15, the summations are over all
chemical species. The cross coefficients a; and by are the parameters used in EOS
calculation for the mixture of component “i” and component “4”. They are calculated
using pure-substance a and b parameters according to the selected combining rules.

There are different combining rules in the literature, especially for virial-type
EOS. _Concerning CEOS, some attempts have been made to improve the mixture
property predictions tbro_ugh altemate combining rules (see, e.g., Panagiotopoulos and
Reid, 1986; Harismiadis et al., 1994). Nevertheless, little improvements were realized,
relative to the added complexity of the proposed rules.

of interect in this study is the general form of the combining rule described by

Juris and Wenzel (1974) for the Martin-Hou EOS parameters:

AN +AY
A= (——'—Z—J)‘“ | - (16)

This combining rule encompasses several rules used in the literature (N = 0, geometric or
Lorentz-Berthelot rule; N = 1, linear rule; N = 1/3, Lorentz rule; N = -1, Halsey-Fender
rule). In this work, we apply Eq. 16 in its most general form. That is, the combining rule
exponent ‘N’ is treated as a regressed parameter; thus, the combining rule allows the
experimental data for a given binary to dictate the recipe for combining the unlike
molecular interactions. This treatment is similar to the approach taken by Sudibandriyo
(1986) to develop new mixing rules that abide by the conformal solution theory. In this
study, we call ’Eq. 16 the conformal combining rule. The efficiency of both the classical
and conformal combining rules in representing asymmetric mixtures is evaluated in this

study.
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1. -Classic or Lorentz-Berthelot combining rules

The classic. combining rules are as follows (see, e.g., Gasem et al., 1989):

a; =(1-C;)a;a)" 17

b, =0.5(1+ Dy )(b; +b,) | (18)
Cij and Dij are empirical interaction parameters characterizing deviations from the defined

(geometﬁc or linear) unliké interactions between molecules "i" and "j". When i equals j,
Cjj and Dj; are zero.. When i does not equal j, C;; and Dj; may not be zero. Values of Cj;
and Dy are determined by fitting the experimental data to minimize an objective function.
Egs. 17 and 18 are equivalent to Eq. 16, when the exponent in Eq. 16 is set to infinitely

small value and 1, respectively.

2. Conformal combining rules
For asymmetric mixtures, the interaction between two unlike molecules can be

significantly different from that represented by the geometric-mean combining rule,
a= (aiaj)”z. In such cases, the binary interaction parameter used to correct for

deviations from the geometric mean can require very large values (>50% correction).
Clearly, in such instances, a different combining rule is more appropriate.

In this study, we adopt the following combining rules:

N; N;
ij ij
a,’+a;

= i \UN; . 9
3y =(——F")" | (19)

. (b?‘“ +b}" i

0
= 20)
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where the exponents Nj; and Mj; are regressed directly from the binary experimental data.
In principle, these exponents should more precisely reflect the type of unlike-pair
interactions than the binary interaction parameters C;; and Dy.

There exist direct connections between Cj; and Nj;, D;; and M;;, as shown below:

a. . N. a: N.
(_,_)N,J/z +(_J_)N,)/2
aj a.

i )l/Nij (21)

l‘cij=( 5

2 (b¥ﬁ+b?ﬂ

1-D, =
’ b, +b, 2

)I/Mij

(22)

This means the quality of the EOS presentation obtained from the classical combining
rules and the conformal mlés are identical at given temperature, and one set of
parameters can be generated from the other. As such, use of the conformal combining
rules is predicated on their ability to provide clear interpretation for the type of molecular
combinations encountered, as opposed to accepting preset rules. Also, the regressed
exponents may be easier to generalize. Variation of C; with Ny is shown in Figure 1,
which indicates that significant curvature in Cj; can be represented by a constant Nj;. This

behavior is clearly illustrated by the parameters for carbon monoxide and nitrogen.

DATABASE AND DATA REDUCTION PROCEDURES
Table 1 presents the pure-fluid physical properties used in this study. As was
discussed in Chapter 4, while property values for the light components originate from

Reid et al. (1987), the updated ABC model is used to predict the physical properties of
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Table 1

The Critical Properties and Acentric Factors Used in the Cubic Equation-of-State

Evaluations

Component pc./ MPa T./K ® Reference
Nitrogen 3.39 126.2 0.039 Reid et al. (1987)
Hydrogen 1.30 332 -0.218 Reid et al. (1987)
Carbon Monoxide 3.50 132.9 0.066 Reid et al. (1987)
Carbon Dioxide 7.38 304.2 0.225 Reid et al. (1987)
Methane 4.60 190.6 0.011 Reid et al. (1987)
Ethane 3.87 305.3 0.100 Reid et al. (1987)
Cs 4.25 369.8 0.153 Reid et al. (1987)
n-Cy4 3.80 425.2 0.199 Reid et al. (1987)
n-Cs 3.37 469.7 0.251 Reid et al. (1987)
n-Cs 3.01 507.5 0.299 Reid et al. (1987)
n-C; $2.74 540.3 0.349 Reid et al. (1987)
n-Cs 249 568.8 0.398 Reid et al. (1987)
n-Co 2.29 594.6 0.445 Reid et al. (1987)
n-Cyg 213 618.8 0.489 Gao et al. (1999a)
n-Ci; 1.83 658.9 0.575 Gao et al. (1999a)
n-Cis 1.39 720.9 0.737 Gao et al. (1999a)
n-Cig 1.23 745.5 0.814 Gao et al. (1999a)
n-Cyo 1.16 756.6 0.851 Gao et al. (1999a)
n-Cyo 1.09 766.9 0.888 Gao et al. (1999a)
n-Cy; 1.03 -776.6 0.925 Gao et al. (1999a)
n-Cp; 0.97 785.7 0.961 Gao et al. (1999a)
n-Cy4 0.87 802.3 1.031 Gao et al. (1999a)
n-Cog 0.71 830.3 1.167 Gao et al. (1999a)
n-Css 0.48 871.5 1.421 Gao et al. (1999a)
n-Cy 0.34 899.8 1.656
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heavy n-paraffins (CN > =10), as given by Gao et al. (1999a). These properties are EOS
independent. Table 2 details the sources of binary experimental data used in our
evaluations, along with the temperature, pressure and composition range for each binary
- system. All data are utilized as isothermal p-x measurements, i.e., the bubble point
pressure as a function of solute liquid mole fraction; or, alternatively, the solubility of the
solute as a function of pressure. We intentionally limited the upper pressure to 90% of
the critical pressure, as EOS are inherently inaccurate near the critical point of a mixture.
This procedure decreases the influence on the regressed interaction parameters of data in
regions where the EOS is incapable of accurate predictions.

The objective function used, SS, minimizes the sum of squared relative deviations

in predicted bubble point pressures:

SS = i(pcalc _,pexp

)i (20)
! pexp
Here, n is the number of data points, pcac is the calculated pressure, and pexp is the

experimental pressure. Detailed procedures for data reduction are referred to Gasem

(1986, 1993).

PARAMETER GENERALIZATIONS

As shown in Tables 3 and 4, five cases, involving the classical and the conformal
combining rules, are evaluated. A systematic progression in the complexity of data
regressions has been pursued to (a) explore the effect of variations in solute type, solvent
molecular size, and temperature on EOS representation; (b) assess the correlative ability
of the PR and SRK EOS; aﬁd (c) identify the optimum strategy for parameter

generalization.
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Table 2

The Database of Binary Systems Used in This Study

Hydrogen
Solvent Température ~ Pressure Range, Solute Mole NPTS  Reference
Range, K MPa Fraction Range
n-C4 327.65-39425 2.778-16.847 0.0190-0.1930 48 Klink et al, 1975
n-Cs 323.15 0.347 -20.680  0.0016 - 0.1460 11 Freitag and Robinson, 1986
n-C¢ 344.26-411.11 1.238-24.132 0.0105-0.2150 46 Nichols et al., 1957; Chapter 2 in this study
n-C; 424.15-498.85 2.4203-8.714 0.0230-0.5370 22 Peter and Reinhartz, 1960
n-Cip 344.26-423.15 3.710-17.390 0.0367 - 0.1288 17 Park et al., 1995
n-C;;  344.26-410.93 1.422-123.235 0.0144 - 0.1252 24 Gao et al., 1999
n-Cyp 323.15-423.15 2.230-12910 0.0273-0.1289 22 Park et al., 1995
n-Cps 348.15-423.15 2.860-13.100 0.0452-0.1572 19 Park et al., 1995
n-Czs 373.15-423.15 3.560-16.750 0.0677 - 0.2271 12 Park et al., 1995
Total Number of Points _ 191
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Table 2

The Database of Binary Systems Used in This Study — continued

Nitrogeh
Solvent  Temperature  Pressure Range, Solute Mble "NPTS Reference
Range, K MPa Fraction Range
n-C4  250.00-399.82 0.777-15.785 0.0040 - 0.2742 53 Brown et al., 1989; Akers et al., 1954
n-Cs  277.43-377.59 0.250-20.781 0.0022 - 0.3390 38 Kalra et al., 1977
n-Cg  322.00-344.30 3.227-35.039 0.0430 - 0.3470 10 Llave and Chung, 1988
n-Cy  322.00 - 344.30 3.723-34.736  0.0480 - 0.3320 12 Llave and Chung, 1988
nCio 344.26-41093 3.910-16.040 0.0556 - 0.1967 21 Tong et al., 1999
n-Ci; 344.26-41093  1.293-9.549  0.0202 - 0.1251 23 Gao et al., 1999
n-Cy  323.20-42320 3.830-17.230 0.0610-0.2121 20 Tong et al., 1999
n-Cps  348.20-423.20 4.300-16.470 0.0726 - 0.2578 19 Tong et al., 1999
n-C3s  373.20-42320 5.280-17.990 0.1054-0.2970 12 Tong et al., 1999
Total Number of Points . 208
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Table 2

The Database of Binary Systems Used in This Study — continued

Carbon Monoxide

Solvent  Temperature = Pressure Range, Solute Mole NPTS Reference
Range, K MPa Fraction Range

Cs 273.15-323.15 1.379-13.790 0.0230 - 0.3840 20 Trust and Kurata, 1971
n-Ce¢  323.15-423.15 1.179 - 8.687  0.0099 - 0.1466 18 Yi, 1992
n-Cg  463.15-533.15 0.669-6.569  0.0027-0.1570 42 Connolly and Kandalic, 1984
n-Cyo 310.93-377.59 2.227-10.004 0.0385-0.1400 17 Yi, 1992
n-Cp2  344.26-41093  0.690-8.751  0.0113 - 0.1493 27 Gao et al., 1999
n-Cyo  323.15 - 423.15 1.991 - 8384  0.0403-0.1614 20 Yi, 1992
n-Cys  348.15-423.15 1.903-8.412  0.0463 - 0.1853 26 Yi, 1992; Srivatsan, 1991

n-Cz¢ 373.15-423.15 1.800-8.956  0.0494 - 0.2099 12 Yi, 1992

Total Number of Points ‘ 182
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Table 2

The Database of Binary Systems Used in This Study — continued

Carbon Dioxide

Solvent  Temperature  Pressure Range, Solute Mole NPTS Reference
Range, K MPa Fraction Range
n-Cs 273.41 0.269 - 1.558  0.0451 - 0.3206 4 Cheng et al., 1989

n-Cg 303.15-353.15 0.862 - 7.620  0.0515-0.8435 19 Ohgaki and Katayama, 1976; Wagner and Wichterle,
n-C, 310.65-352.59 0.186-7.267  0.0220 - 0.9290 29 11(921§r7a et al., 1978

n-Cyo 310.93-377.59  0.689-8.618 ° 0.0730 - 0.4876 14 Reamer and Sage, 1963

n-Cys 463.05-663.75  2.006-5.087  0.0897 - 0.2575 15 Sebastian et al., 1980

n-Cig 396.60- 67320 1.016-6.190  0.0519 - 0.3890 25 Kim et al., 1985

n-Cio 313.15-333.15 0.936-7.181  0.0899 - 0.6342 21 Fall et al., 1985

n-Cyo 323.15-373.15  0.620-6.429  0.0730- 0.5010 22 Gasem, 1986

n-Cy; 318.15-338.15  0.931-7.759  0.0999 - 0.6496 15 Fall et al., 1985

n-Cy; 323.15-373.15  0.962-7.178  0.0833 - 0.5925 34 Fall et al., 1984

n-Cy4 373.15 1.013-5.066  0.0819 - 0.3531 5 Tsai and Yau, 1990
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Table 2

The Database of Binary Systems Used in This Study — continued

Carbon Dioxide - continued

Solvent  Temperature = Pressure Range, Solute Mole NPTS Reference
Range, K MPa Fraction Range :
n-Cyg 348.15-423.15 0.807-9.604  0.0700- 0.6170 22 Gasem, 1986
n-Csg 373.15-423.15 0.524-5.878  0.0620 - 0.4590 16 Gasem, 1986
n-Caq 373.15-423.15 0.579-6.112  0.0800 - 0.5020 12 Gasem, 1986
Total Number of Points 328




Table 2

The Database of Binary Systems Used in This Study — continued

611

Methane
Solvent  Temperature = Pressure Range, Solute Mole = NPTS  Reference
Range, K MPa Fraction Range '
n-Cy 277.59-377.59 1.379-10.342 0.0256-0.4513 11 Wiese et al, 1970; Roberts et al, 1962
n-Cs 344.26-377.59 1.379-13.790 0.0279-0.5320 28 Prodany and Williams, 1971; Talyer et a;. 1939
n-C¢  298.33-37333 1.014-10.135 0.0300 - 0.4125 37 Shim and Kohn, 1962
n-C;  311.11-411.11 2.193-10.466 0.1000 - 0.4000 12 Reamer, 1956
n-Cg  298.33-42333 1.013-7.093  0.0280 - 0.2870 28 Kohn and Bradish, 1964
n-Co  323.15-423.15 1.014-10.135  0.0329 - 0.3471 39 Shipman and Kohn, 1966
n-Cyop 31093 -410.93 1.043-8.647  0.0495 - 0.3080 32 Darwish et al., 1993
n-Cje 462.45-623.15 2.029-25.260 0.0801 - 0.5958 15 Lin et al., 1980
n-Cp 323.15-423.15 0.953-10.690 0.0512-0.3500 22 Darwish et al., 1993
n-Cs  348.15 - 423.15 0.926-7.092  0.0568 - 0.2992 18 Darwish et al., 1993
n-Cys 373.15-423.15 0.838-7.928  0.0511-0.3506 13 Darwish et al., 1993
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Table 2

The Database of Binary Systems Used in This Study — continued

Methane - continued

Solvent  Temperature Pressuré Range, Solute Mole - NPTS Reference
Range, K MPa Fraction Range
n-Cqs 373.15-423.15 0.677-5.572  0.0501 - 0.3112 15 Darwish et al., 1993
Total Number of Points 270
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Table 2

The Database of Binary Systems Used in This Study — continued

Ethane
Solvent Témperature Pressure Range, - Solute Molé NPTS Reference
Range, K MPa Fraction Range
n-C;  303.15-363.40 0.441-4.877 0.0440-0.8370 34 Lhotak and Wichterle, 1981
n-Cs  310.93-44426 0.345-6.205  0.0048 - 0.8503 28 Reamer, 1960
n-Cs  310.93-39426 0.393-5.399  0.0720-0.6519 48 Robinson and Gasem, 1987
n-C;  338.71-449.82  3.923-7.598  0.2960 - 0.8480 8 Mehra and Thodos, 1965
n-Cg  323.15-373.15 0.405-5.269  0.0470 - 0.8630 31 Rodrigues et al., 1968
n-C;p 311.11-411.11 0.423-8.236 0.1050-0.6380 30 Bufkin, 1986
n-Ci¢ 285.00-345.00 0.575-6.633  0.1990 - 0.8750 30 Goede, 1989
n-Cyp  323.15-423.15 0.504-6.645 0.1180-0.6530 17 Robinson and Gasem, 1987
n-Cas  330.00-360.00 0.460-7.820  0.1197 -0.7833 11 Peters, 1987
n-Crs  348.15 - 423.15 0.563 - 4.394 0.1020 - 0.5200 23 Robinson and Gasem, 1987
n-Cis 373.15-573.05 0.368 - 4.760 0.0870 - 0.5320 24 Robinson and Gasem, 1987; Tsai et al., 1987




Table 2

The Database of Binary Systems Used in This Study — continued

Ethane - continued

Solvent  Temperature = Pressure Range, Solute Mole NPTS Reference
Range, K MPa Fraction Range

n-Css  373.15-423.15 0.387 - 3.170 0.0986 - 0.5161 16 Robinson and Gasem, 1987

Total Number of Points 300
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Table 3

Case Studies Employed to Evaluate Cubic Equation-of-State Predictions Using C;; and Dj;

Case Description

1. C4=0, D=0 The simple quadratic mixing rules are used, without any
interaction parameters

2. G§(CN), D;=0 A single value of Cj; is determined for each binary system, no

3. G;(CN, T), D;=0

4. Cy4(CN), D3(CN)

5. C;(CN, T), D3(CN, T)

Dij is used

A separate value of Cj; is determined for each temperature in a
system, no Dj; used

Both C;; and Dj; values are determined for each system

Both C; and Dj; are determined for each temperature in a
system :

Table 4

Case Studies Employed to Evaluate Cubic Equation-of-State Predictions Using N;j; and Mj;

Case

Description

1. Nij=0, Mij=1

2. Nij(CN), Mij"‘—l

3. N5(CN, T), M;=1

4. N;(CN), M;5(CN)

5. Nj(CN, T), M;(CN, T)

The simple quadratic mixing rules are used, without any
interaction parameters

A single value of Nj; is determined for each binary system,
no M;; is used

A separate value of Nj; is determined for each temperature in
a system, no Mj used

Both Nj; and Mj; values are determined for each system

Both Nj and M;j; are determined for each temperature in a
system
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The summary results for the PR EOS using the new o function are given in Table 5 for
all the systems as specified by Cases 1-5. Case 1, where the predictions are based solely
oﬁ generalized pure-fluid parameters, represents the raw potential of the EOS. The
overall EOS accuracy for the systems considered is within 14%. In Case 2, we use n-
paraffin-dependent C; or C3i(CN). This is the commonly-used approach in most
industrial applications. The results for this case show significant improvement over Case
1. This is expected since binary data are used to calibrate the EOS model. A %AAD of
3.1% 1s obtained for this case. In Case 4, both C; (CN) and Dj (CN) are used
simultaneously. Here, Dj; is used to account for molecular size effects, as was discussed
by Gasem et al. (1985, 1986). The quality of EOS representation improves some,
yielding an overall AAD of 2%. Similar results are observed when in Case 3 we employ
-temperature-dependent parameter, C; (CN, T). Finally, we consider Case 5, which
represents the ultimate precision capability of the EOS. Two temperature-dependent
parameters are used C; (CN, T) and Dj (CN, T) to account for variations in solvent
molecular size and temperature. The overall AAD for this case is within 1% for all the
solutes considered. This level of representation reflects, to a large degree, the
experimental imprecision.

As expected, the regression results from both the conformal and the claésical
combining rules are practically identical. However, the variations in the parameter values
are more significant for C; in comparison with Ny, as seen in Figure 2. The optimum
interaction parameters for both the classical and conformal combining rules as specified
by Case 2-5 are presented in Tables A.1-A.12, Appendix A. Also given in these tables

are the detailed statistics for each binary mixture.
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Table 5

Summary of Results for PR Equation-of-State Representations of the Bubble Point
Pressure of the Selected Systems Using the New o Function

Case Overall Results for Cjj, Dj; Overall Results for Nj;, Mj;
%AAD RMSE, bar %AAD RMSE, bar

Hydrogen

1 16.0 18.3 15.8 17.0

2 2.7 3.84 2.7 3.82

3 1.4 2.82 14 2.82

4 2.5 3.78 2.6 3.76

5 1.0 1.43* 0.9 1.37*
Nitrogen

1 23.1 334 23.1 334

2 29 4.33 3.2 4.76

3 1.9 296 1.8 ' 274

4 24 3.35 - 25 3.66

5 0.9 1.38 0.8 1.35

* Difference in the parameter initialization methods leads to slightly different results.
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Table 5

Summary of Results for PR Equation-of-State Representations of the Bubble Point
Pressure of the Selected Systems Using the New o Function - continued

Case Overall Results for Cjj, Dj; - Overall Results for Nj;, Mj;

%AAD ~ RMSE, bar ~ %AAD RMSE, bar

Carbon Monoxide

1 8.4 5.94 8.4 5.94
2 3.1 2.36 3.2 2.44
3 1.6 1.41 1.2 - 1.35
4 2.8 2.00 2.7 1.97
5 0.7 0.59 0.6 0.54

Carbon Dioxide

1 23.4 10.5 23.6 11.9
2 4.1 2.33 42 2.36
3 2.7 1.83 27 1.79
4 2.9 1.29 3.0 130
5 1.1 082 0.9 - 048
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- Table 5

Summary of Results for PR Equation-of-State Representations of the Bubble Point
Pressure of the Selected Systems Using the New a Function - continued

Case  Overall Results for C;;, Dj; Overall Results for Nj;, Mj;
%AAD - RMSE, bar %AAD - RMSE, bar

Methane

1 7.1 4.55 6.8 4.53

2 - 2.2 2.04 22 2.04

3 1.6 1.99 1.6 1.99

4 1.8 1.08 17 1.05

5 0.5 0.44 - 05 0.43
Ethane

1 72 2.29 8.8 2.53

2 3.4 1.83 3.4 1.83

3 3.1 1.59 3.1 1.60

4 1.8 0.89 1.8 0.97

5 1.0 0.46 1.0 0.64
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Table 5

Summary of Results for PR Equation-of-State Representations of the Bubble Point
Pressure of the Selected Systems Using the New o Function - continued

Overall Results for C;;, Dy; Overall Results for Nj;, Mj;
Case %AAD RMSE, bar %AAD RMSE, bar
Overali Results
1 13.7 16.2 | 13.7 16.2
2 3.1 3.11 3.1 3.26
3 2.0 4.67 23 4.90
4 2.4 4.49 24 4.31
5 0.8 1.41 0.8 1.22
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Careful examination of the various cases described above leads us to believe that
Case 2 provides the best opportunity for parameter generalizations. First, disallowing
Cj;’s temperature dependence‘ réduces the compléxity of tﬁe generalized correlations with
minor loss of accuracy (3% for Case 2 compared to 2% for Case 3). Second, using a
single interaction parameter eliminates the parameter inter-correlation that invariably
exists when using multiple parameters. Third, accuracy of 3-5% is adequate in many of
the targeted industrial processes.

Tables 6 through 11 present the generalized correlations developed in this study.
Specifically, generalized parameter correlations have been developed for the

1. PR EOS employing the new a function (Tables 6-7),

2. original PR EOS (Tables 8-9), and

3. SRK EOS (Tables 10-11).

In all cases, generalized correlations involving both the classical and the conformal
combirﬁng ruieé are pfesented.

Careﬁll evaluation of various correlation schemes for the interaction parameters
indicated that acentric factor is a suitable correlating variable. Thus, the EOS parameters
(Ci; / Ny) for each solute are correlated in terms of the solvent acentric factor, @. In
general, linear correiations in ® or 1/® are employed. - For all the mbdels considered, the
generalized predictions yield AAD from 3% for methane to 5% for CO; (RMSE of 1 to 6
bar, respectively). This level of accuracy represents about 50% more error than that
obtained from the corresponding correlation case (Case 2). Both the classical and the
conformal combining fules exhibit similar generalization capabilities, with NAAD

[(%AAD)generatization / (YoAAD) regression ] ranging from 1.1 to 1.6.
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Table 6

Results of PR Equation-of-State Generalized Predictions of the Bubble Point Pressure of
the Selected Systems Using the New o Function: Cj; and Dy Approach

Systems Cij D; = %AAD RMSE NAAD
bar
H; 0.211 + 0.0600 0 3.8 4.70 1.4
N2 0.045+0.231w 0 34 5.84 1.2
CO 0.001 +0.107w 0 - 3.7 3.29 1.2
CO, 0.139 - 0.062m 0 5.5 2.58 1.3
CH, 0.053 - 0.063w 0 2.9 1.97 1.3
CzHs 0.035-0.0720 0 5.0 2.00 1.5
Table 7

Results of PR Equation-of-State Generalized Predictions of the Bubble Point Pressure of
the Selected Systems Using the New o Function: Nj; and M;; Approach

' Systems N,'j Mij %AAD RMSE NAAD
bar
H; -0.023 -0.015/® 1 3.6 4.76 1.3
N, -0.062 1 4.1 5.74 1.3
CO -0.021 1 3.6 327 1.1
CO, 0.042 - 0.067/w 1 53 2.50 1.2
CH, 0.017-0.014/» 1 3.0 1.95 14
CyHe -0.033 - 0.020/w 1 4.6 2.0 14
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Table 8

Results of PR Equation-of-State Generalized Predictions of the Bubble Point Pressure of
- the Selected Systems Using the Original o Function: C;; and Dy; Approach

Systems Cjj Dy %AAD RMSE NAAD
. _ bar
H, 0.323+ 0.1490 0 43 5.74 1.6
N, 0.044 + 0.284w 0 2.9 4.87 1.1
CO 0.1650 0 34 3.12 1.1
CO; 0.141 - 0.05% 0 52 251 13
CH, 0.048 - 0.0330 0 3.0 2.10 1.3
C,Hs 0.017 - 0.047w 0 5.0 - 2.11 1.6
Table 9

Results of PR Equation-of-State Generalized Predictions of the Bubble Point Pressure of
-the Selected Systems Using the Original a Function: Nj; and M;; Approach

Systems N; M; %AAD  RMSE NAAD

, bar
H» -0.060 - 0.029%/w 1 4.4 6.45 1.6
N, -0.076 1 3.7 4.71 1.5
CO -0.032 1 34 3.14 1.1
CO, 0.038 - 0.066/w 1 5.2 2.77 1.3
CH, 0.010- 0.014/0 1 - 3.0 2.10 1.3
CzHs 0.034-0.022/00 . 1 4.8 2.03 L5
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Table 10.

Results of SRK Equation-of-State Generalized Predictions of the Bubble Point Pressure
of the Selected Systems: C;; and Dj;; Approach

Systems Cij Djj %AAD ~ RMSE NAAD
‘ bar
H, 0.359 +0.1730 0 4.7 6.21 1.7
N 0.032 + 0.3140 0 2.8 4.51 1.2
Co -0.019+ 0.1760 0 34 2.76 1.1
CO; - 0.146 - 0.0450 0 4.8 241 1.1
CH,4 0.009 + 0.009w 0 3.0 223 1.3
C.Hs 0.013 - 0.040w 0 - 4.8 2.11 14
Table 11

Results of SRK Equation-of-State Generalized Predictions of the Bubble Point Pressure
of the Selected Systems: N;; and Mj; Approach

Systems Nj M; %AAD RMSE, NAAD
bar
H, -0.064 - 0.023/w 1 4.8 6.41 1.6
N -0.071 : 1 3.1 4.98 1.2
CO -0.028 1 3.5 3.42 1.1
CO; 0.033 - 0.066/w 1 4.8 260 - 11
CH, 0.007 - 0.011/w 1 3.1 2.14 1.3
C2He 0.027 - 0.019/w 1 4.8 1.98 1.4
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Figure 3 depicts the generalized correlations for the various solutes in comparison
with the regressed parameters of Case 2. This figure presents only the results for the
conformal combining rule using the new PR EOS o function. As illustrated, the current

generalizations reproduce the regressed parameters reasonably well.

DISCUSSION

The conformal combining rule offers a clear interpretation for the numerical
values of binary interaction parameter. As illustrated in Figure 4, variation in the value
of Njj indicates differences in the operative combining rule. For the asymmetric mixtures
considered, the regressed values of Nj; indicate that using the geometric-mean combining
rule for ‘a’ is suitable, with the possible exception of CO;. Moreover, the majority of the
mixtures have small negative Ny values (corresponding to positive Cy; values), which
signifies a leaning toward the Halsey-Fender combining rule. So, beyond the benefit of
having a flexible combining rule, we gain some insight of how the unlike molecules are
interacting. For example, previous concerns about using large values of C;; (C;; > 0.2) can
be alleviated\, knowing that large C;j values indicate unlike molecule combinations
representative of both the geometric-mean and the Halsey-Fender rules.

The present efforts to improve CEOS predictions for asymmetric mixtures have
been effective in many regards, including developing
1. accurate correlations for predicting the heavy n-paraffin critical properties and

acentric factors,

2. improved temperature-dependence o function for the PR EOS to predict

accurately vapor pressures of heavy hydrocarbons,
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3. an alternate EOS combining rule, and
4, © useful generalized-parameter correlations for two widely-used EOS.

More importantly, this study delineated several issues relating to the merits of
using CEOS for asymmetric mixtures and their capability to represent such systems.
First, our results clearly indicate that the accuracy of the pure-component predictions has
only a moderate impact on the quality of EOS representation of mixtures involving
supercritical components; that is, the advantages of having accurate vapor pressure
predictions and appropriate liming behavior for the supercritical components are
outweighed by the deficiencies of the mixing rules used. The nitrogen binaries provide a
good example for this situation. = Although, our current PR EOS predicts the vapor
pressures of all components accurately and the compressibility factors of nitrogen equally
well (AAD of 1-2%), the a priori predictions for the binary data yield over 20% average
error. These results strongly suggest that additional studies are required to improve the
mixing rules for asymmetric mixtures. Second, the attraction for using the simple CEOS
should not mask our need to develop theoretically-based EOS models. The desire to
associate physically-meaningful interpretation to EOS model parameters is dependent on
our ability to develop EOS models based on sound theory, which accounts in

fundamental terms for the molecular interactions.
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SUMMARY

Following the work of Juris and Wenzel (1974), an alternate combining rule is
proposed for the CEOS. The SRK and PR EOS have been used to assess the proposed
combining rule, in comparison with the classical rules. Specifically, a study was
undertaken to evaluate the predictive capability of both equations in representing the
vapor-liquid equilibrium properties of asymmetric binary mixtures, involving methane,
ethane, nitrogen, hydrogen, CO and CO; in the n-paraffins (C4 — Cy4).

EOS binary interaction parameters generated by the proposed combination rule
are presented for the systems considered. The quality of the EOS representation is
dependent on the level of complexity applied in the parameter regressions. Overall, AAD
of 1 to 3% are realized from the various regression scenarios.

In addition, generalized EOS parameter correlations for system-dependent
parameters have been developed. These interaction parameters represent the solubilities

of the selected systems within 5 %.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

The. conclusions drawn in study are presented for each topic separately in the
Summary sections of Chapters 2, 4-6.
- Based on the studies conducted, the following recommendations are made:
1. Develop a new experimental facility which is (a) free of mercury, (b) fully

automated, and (c) capable of providing phase density measurements.

2. Conduct experiments on selected ternary systems.
3. Develop techniques for measuring the critical properties of heavy hydrocarbons.
4. Conduct molecular simulations to improve our understanding of the limiting

- behavior of critical properties.

5. Test the viability of the new PR a functions in representing mixtures containing

only subcritical components.

6. Evaluate the quality of derivative-property predictions using the new PR a
function.

7. -Develop improved mixing rules for the cubic equations of state.

8. Direct more modeling efforts to theoretically-based equations of state.
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APPENDIXE A

PR EOS Interaction Parameters for Hydrogen, Nitrogen, Carbon Monoxide,

Carbon Dioxide, Methane, and Ethane in n-Paraffins



ISI

Table A.1

PR EOS Interaction Parameters for Methane + n-Paraffins Systems Using the New o Function: C;; And D;; Approach

Case Number

2 3 4 5

CN T,K C;  %ADD CyI) %ADD  Cj D;  %ADD  CijI)  Dj(I)  %ADD
4 27759 0.034 1.0 0.033 0.6 0.043  -0.011 0.7 0.038  -0.006 04
344.26 0.033 0.8 0.044  -0.013 0.2
377.59 0.050 0.2 0.050  0.000 0.2

5 37759  0.040 1.2 0.042 1.1 0.043  -0.004 1.1 0.037  0.007 1.0
344.26 0.037 1.1 0.049  -0.011 0.6

6 29833  0.032 0.6 0.032 0.5 0.030  0.002 0.6 0.032  0.000 0.5
323.33 0.031 0.4 0.028  0.002 0.4
348.33 0.034 0.3 0.033  0.001 0.3
373.33 0.036 0.3 0.036  0.000 0.3

7 31111 0.023 0.7 0.024 0.1 0.028  -0.003 0.6 0.024  0.000 0.1
344.44 0.020 0.7 0.037  -0.010 0.0
377.78 0.022 0.5 0.035  -0.008 0.0
411.11 0.031 0.6 0.061  -0.017 0.0

8§ 29833  0.043 1.8 0.040 1.0 0.010  0.015 1.4 0.028  0.006 0.8
34833 0.040 1.5 0.000  0.018 0.3
373.33 0.047 2.6 0.043  0.041 0.6
423.33 0.051 1.2 0.008  0.028 0.3

9 32315 0032 2.0 0.035 1.3 0.051  -0.008 1.7 0.056  -0.009 0.3
348.15 0.029 2.1 0.077  -0.022 0.3
373.15 0.039 0.6 0.026  0.006 0.2
423.15 0.018 1.5 0.049  -0.015 1.1
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Table A.1

PR EOS Interaction Parameters for Methane + n-Paraffins Systems Using the New o Function: C; And D;; Approach - continued

Case Number

2 4 5

CN  T,K Cs %ADD  Cy(I)  %ADD Ci D; %ADD  Cy(T)  Dy(I)  %ADD
10 31093 0.015 1.7 0.022 11 0.024  -0.004 1.6 0.038  -0.006 0.2
344.26 0.014 0.5 0.029  -0.006 0.3
377.59 0.008 0.9 0.036  -0.011 0.2
410.93 0.005 0.9 0.039  -0.014 0.3

16 46245  -0.006 5.0 -0.007 5.4 0.063  -0.025 2.1 0.062  -0.026 0.3
542.65 -0.019 3.8 0.089  -0.035 0.6
623.15 0.090 1.5 0236  -0.041 1.2

20 32315 -0.004 4.4 0.013 1.4 0.011  0.001 4.4 0.052  -0.007 0.5
373.15 -0.017 2.4 0.065  -0.016 0.2
423.15 -0.029 2.5 0.065  -0.021 0.3

28 348.15  -0.039 3.9 -0.026 3.1 0.051  -0.012 3.5 0.069  -0.012 0.8
373.15 -0.039 3.5 0.113  -0.019 0.8
423.15 -0.065 2.5 0.042  -0.015 0.4

36 373.15  -0.032 4.1 -0.019 3.0 0.088  -0.012 2.4 0.077  -0.010 0.7
423.15 -0.054 3.5 0.078  -0.013 1.0

44 37315 -0.022 2.7 -0.012 2.5 0.076  -0.007 2.4 0.097  -0.008 0.9
423.15 -0.037 2.8 0.099  -0.011 0.6
RMSE 2.040 1.992 1.075 0.437
BIAS 0.237 0.344 -0.026 0.005
%AAD 2.2 1.6 1.8 0.5
NPTS 270 270 270 270

RMSE, Bar; BIAS, Bar.
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Table A.2

PR EOS Interaction Parameters for Methane + n-Paraffins Systems Using the New o Function: Nj; And Mj; Approach

Case Number

2 3 4 5

CN T,K N; %ADD  M(T) %ADD N; M;; %ADD  Nij(T) Mi(T) %ADD
4 27759  -0.056 1.0 -0.054 0.6 -0.071 0.904 0.6 -0.063 0.946 0.4
344.26 -0.054 0.8 » -0.073 0.879 0.2
377.59 -0.082 0.2 -0.080 1.013 0.2

5 37759  -0.047 1.2 -0.050 1.1 -0.051 0.976 1.1 -0.043 1.043 1.0
344.26 -0.044 1.1 -0.058 0.932 0.6
6 29833  -0.030 0.6 -0.030 0.5 -0.028 1.008 0.6 -0.030  0.998 0.5
323.33 -0.029 0.4 -0.023 1.021 0.3
348.33 -0.032 0.3 -0.031 1.003 0.3
373.33 -0.033 0.3 -0.030 1.011 0.3

7 311.11  -0.018 0.7 -0.019 0.1 -0.022 0.985 0.6 -0.019  0.998 0.1
344.44 -0.015 0.7 -0.029  0.958 0.0
377.78 -0.017 0.5 -0.027 0.968 0.0
411.11 -0.024 0.6 -0.048 0.929 0.0

8 29833  -0.029 1.8 -0.027 1.0 -0.007 1.057 1.4 -0.018 1.023 0.8
348.33 -0.027 1.5 0.000 1.069 0.3
373.33 -0.032- 2.6 0.027 1.160 0.6
423.33 -0.034 1.2 0.005 1.109 0.3

9 323.15 = -0.019 2.0 -0.021 1.3 -0.030 0971 1.8 -0.033 0.968 0.3
348.15 -0.017 2.1 -0.047  0.925 0.3
373.15 -0.023 0.6 -0.015 1.021 0.2
423.15 -0.010 1.5 -0.029 0951 1.1
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Table A.2

PR EOS Interaction Parameters for Methane + n-Paraffins Systems Using the New a Function: Nij And My; Approach - continued

Case Number

2 4 5

CN  T,K Nj  %ADD  MyT) %ADD  N; M;  %ADD  Nj(T)  My(I)  %ADD
10 31093  -0.008 17 -0.012 1.1 0.016  0.981 1.7 -0.020  0.980 0.2
344.26 -0.007 0.5 -0.014  0.984 0.3
377.59 -0.004 09 0.019  0.967 0.2
410.93 -0.003 0.9 -0.021 0955 0.3

16 46245  0.002 5.0 0.002 54 -0022 0943 2.1 0.021  0.941 0.3
542.65 0.006 3.8 -0.031  0.920 0.6
623.15 -0.031 1.5 -0.091  0.905 1.1

20 32315  0.001 44  -0.004 1.4 0.000  0.999 44  -0015  0.985 0.5
373.15 0.005 2.4 -0.019  0.968 0.2
423.15 0.008 2.5 0.019  0.957 0.3

28 34815  0.008 3.9 0.005 3.1 -0.010  0.980 3.5 -0.015 0978 0.8
373.15 0.008 3.5 -0.025  0.965 0.8
423.15 0.013 2.5 -0.009  0.974 0.4

36 37315 0.005 4.1 0.003 30  -0015  0.980 24 0014 0983 0.7
423.15 0.009 3.5 -0.015  0.977 1.0

44 37315 0.003 2.6 0.002 2.5 -0.012  0.988 24 -0015 0987 0.9
423.15 0.005 2.8 -0.016  0.983 0.6
RMSE 2.040 1.989 1.074 0.437
BIAS 0.234 0.343 -0.040 0.009
%AAD 22 1.6 1.8 0.5
NPTS 270 270 270 270
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Table A.3

PR EOS Interaction Parameters for Ethane + n-Paraffins Systems Using the New a Function: Cj; And D;; Approach

Case Number

2 3 4 5

CN T,K Cj; %ADD  Cij(T)  %ADD C; D;; %ADD  Cy(T) Di(T) %ADD
4 303.15  0.009 1.5 0.008 1.7 0.015 -0.008 1.5 -0.009 0.023 1.7
323.15 0.010 1.4 0.043 -0.041 1.0
343.17 0.004 1.4 0.027 -0.031 1.4
363.40 0.013 1.1 0.042 -0.036 1.0

5 310.93  0.008 0.9 0.006 0.6 0.009 -0.002 0.9 0.002 0.004 0.4
377.59 0.011 0.8 0.026 -0.020 0.6
44426 0.051 1.9 0.281 -0.248 0.9
6 31093  0.002 0.7 0.004 0.2 0.007  -0.005 0.7 0.005 -0.001 0.2
338.71 0.000 0.7 0.007  -0.008 0.3
366.48 0.000 0.4 0.006 -0.007 0.2
394.26 0.005 0.8 0.020  -0.017 0.2

7 338.71 0.006 3.7 -0.009 0.7 0.010  -0.012 3.7 -0.006  -0.016 0.4
449 .82 0.026 4.2 0.077 -0.101 1.7

8 323.15  0.021 1.9 0.015 1.2 0.016 0.005 1.9 0.024 -0.013 0.3
348.15 0.022 1.7 0.017  0.005 1.7
373.15 0.024 2.6 0.022 0.001 2.6
10  311.11 0.000 2.0 0.004 0.9 0.004  -0.004 1.9 0.007 -0.002 0.7
344.44 ' -0.001 1.2 0.006 -0.006 0.6
377.78 -0.006 1.4 0.000 -0.006 0.6
411.11 -0.009 2.3 0.010 -0.018 0.4
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Table A.3

PR EOS Interaction Parameters for Ethane + n-Paraffins Systems Using the New a Function: Cij And D;; Approach - continued

Case Number

7 5

CN  T,K Cy %ADD  CiT) %ADD  Cj D; %ADD  Cy(T)  Dy(T)  %ADD
16 285.00  0.006 43 0.015 25 0.019  -0.011 23 0.024  -0.011 1.4
295.00 0.008 3.8 0.023  -0.011 1.2

305.00 0.007 3.7 0.021  -0.011 0.8
315.00 0.004 3.4 0.012  -0.007 2.4
325.00 0.001 3.8 0.011  -0.008 2.6
335.00 0.003 6.6 0.025  -0.017 2.1
345.00 -0.007 4.8 0.015  -0.013 0.0
20 32315  -0.029 7.0 -0.026 7.4 0.015  -0.022 2.6 0.018  -0.021 0.7
373.15 -0.021 6.3 0.013  -0.021 0.8
423.15 -0.050 4.8 0.013  -0.028 0.2
24 330.00 -0.033 5.5 -0.039 1.5 0.008  -0.015 4.6 -0.037  0.000 1.6
340.00 -0.039 1.6 -0.043  0.001 1.7
350.00 -0.017 9.9 0.024  -0.023 3.3
360.00 -0.042 3.2 0.001  -0.016 0.2

28 34815  -0.056 6.9 -0.049 6.1 0.005  -0.019 2.4 0.007  -0.019 0.9
373.15 0.055 6.8 0.001  -0.016 1.1

423.15 -0.080 4.8 0.004  -0.022 0.6

36 37315  -0.075 7.0 -0.079 7.6 0.012  -0.021 1.8 0.001  -0.017 0.7
423.15 -0.079 7.9 0.015  -0.023 1.2
373.15 -0.054 9.2 0.032  -0.024 2.7
473.05 -0.090 3.9 0.005  -0.018 1.2
573.05 -0.089 2.0 0.002  -0.018 0.6
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Table A.3

PR EOS Interaction Parameters for Ethane + n-Paraffins Systems Using the New a Function: Cij And Dj; Approach - continued

Case Number

2 3 T 4 5
CN  T,K C;  %ADD Cyl) %ADD  Cj D;  %ADD  CyI)  DyI) %ADD
44 37315 -0.113 86  -0.111 107 0.002  -0.020 1.6 0.011  -0.022 1.0
423.15 -0.115 5.8 0.018  -0.016 0.9
RMSE 1.830 1.595 0.894 0.461
BIAS 0.422 0.440 0.030 0.019
%AAD 3.4 3.1 1.8 1.0
NPTS 300 300 300 300
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Table A.4

PR EOS Interaction Parameters for Ethane + n-Paraffins Systems Using the New a Function: N; And M;; Approach

Case Number

2 3 4 5 ,

CN T,K Nij %ADD  M;(T) %ADD Nj M;; %ADD  Ny(T) Mi(T)  %ADD
4 303.15  -0.057 1.5 -0.054 1.7 -0.112 0.740 1.5 0.062 1.584 1.7
323.15 -0.064 1.4 -0.289 0.006 1.0
343.17 -0.027 1.4 -0.220 0.006 1.5
363.40 -0.088 1.1 -0.293 0.053 1.0

5 31093  -0.027 0.9 -0.021 0.6 -0.036 0.956 0.9 -0.008 1.060 0.4
377.59 -0.038 0.8 -0.093 0.735 0.6
44426 -0.186 1.9 -0.400 0.051 1.2

6 31093  -0.005 0.7 -0.009 0.2 -0.017 0.951 0.7 -0.011 0.993 0.2
338.71 0.000 0.7 -0.018 0.926 0.3
366.48 0.001 0.4 -0.015 0.941 0.2
394.26 -0.013 0.8 -0.048 0.843 0.2

7 338.71  -0.011 3.7 0.015 0.7 -0.019 0.909 3.8 0.010 0.890 0.4
449 .82 -0.048 4.2 0.002 1.117 5.8

8 323.15  -0.030 1.9 -0.022 1.2 -0.023 1.030 1.9 -0.035 0.926 0.3
348.15 -0.032 1.7 -0.025 1.029 1.7
373.15 -0.035 2.6 -0.027 1.025 2.5
10 311.11 0.000 2.0 -0.004 0.9 -0.005 0.980 1.8 -0.007 0.991 0.8
344.44 ' 0.001 1.2 -0.006 0.972 0.6
377.78 0.006 1.4 0.000 0.973 0.6
411.11 0.009 2.3 -0.010 0.920 0.4
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Table A.4

PR EOS Interaction Parameters for Ethane + n-Paraffins Systems Using thé New o Function: Nj; And Mj; Approach - continued

Case Number

2 3 4 5

CN  T,K N;  %ADD  NyT) %ADD N M;  %ADD  Ny(T)  My(T) %ADD
16 28500  -0.003 43 -0.009 25 20011 0.968 23 0.014  0.968 14
295.00 -0.005 3.8 -0.013  0.968 1.2
305.00 -0.004 3.6 -0.012  0.968 0.8
315.00 -0.002 3.4 -0.007 0979 2.3
325.00 -0.001 3.8 -0.006  0.977 2.6
335.00 -0.001 6.6 0.014  0.952 2.1
345.00 0.004 48 -0.008  0.963 0.0
20 32315  0.013 7.1 0.011 7.4 -0.007  0.946 2.6 -0.008  0.950 0.7
373.15 0.009 6.3 -0.006  0.949 0.8
423.15 0.022 48 -0.006  0.933 0.2
24 33000  0.012 5.5 0.014 1.5 0.000 0973 43 0.024  1.016 0.0
340.00 0.014 1.6 0.016  1.003 1.6
350.00 0.007 9.8 -0.009  0.950 3.3
~360.00 0.015 3.2 0.000  0.966 0.1
28 348.15  0.017 6.9 0.015 6.1 -0.002  0.961 24 -0.002  0.963 0.9
373.15 0.017 6.8 0.000  0.967 1.1
423.15 0.025 48 0.000  0.955 0.7

36 373.15  0.018 7.0 0.019 7.6 0.000  0.968 1.9 0.000  0.969 0.7
423.15 0.019 7.9 0.003  0.959 1.2
373.15 0.013 9.2 0.008  0.957 2.7
473.05 0.022 3.9 0.002  0.968 1.2
573.05 0.022 2.0 0.000  0.969 0.6




091

Table A.4

PR EOS Interaction Parameters for Ethane + n-Paraffins Systems Using the New o Function: N;j And Mj; Approach - continued

. Case Number

2 3 4 5
CN  T,K C;  %ADD CyI) %ADD  Cj D;  %ADD  Cy(I)  DyI)  %ADD
44 37315 0.022 8.6 0.022 107 _ 0.000  0.967 16  -0.003  0.962 1.0
423.15 0.023 5.8 0.004 0974 0.9
RMSE 1.830 1.602 0.967 0.637
BIAS | 0.426 | 0.444 0.052 0.064
%AAD 3.4 3.1 1.8 1.0

NPTS 300 300 300 300
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Table A.5

PR EOS Interaction Parameters for Hydrogen + n-Paraffins Systems Using the New a Function: Cjj And Dj; Approach

Case Number

2 4 5
CN T,K Cy %ADD C;(T) %ADD Gy Dj %ADD C;(T) Dy(T) %ADD
4 327.65 0.215 4.7 0.178 4.1 0.093 0.030 4.5 -0.481 0.155 1.3
344.25 0.191 3.1 -0.384 0.143 1.4
360.95 0.245 2.5 -0.158 0.106 1.4
377.55 0.355 2.5 -0.009 0.098 1.8
394.25 0.482 1.7 0.039 0.098 22
5 323.15 0.272 23 0.272 23 -0.039 0.055 1.6 -0.039 0.055 1.6
6 344.26 0.275 1.5 0.261 1.1 0.383 -0.017 1.3 -0.016 0.040 1.1
377.59 0.290 0.5 0.219 0.012 0.4
410.93 0.449 0.0 0.371 0.012 0.0
7 424.15 0.251 2.5 0.228 1.3 0.274 -0.005 2.5 0.289 -0.012 1.1
471.65 0.284 2.5 0.173 0.031 1.9
10 344.26 0.231 0.7 0.227 0.7 0.209 0.002 0.7 0.233 0.000 0.7
373.15 0.227 0.2 0.228 0.000 0.2
423.15 0.252 0.3 0.252 0.000 0.3
12 344.26 0.208 1.3 0.198 1.1 0.192 0.001 1.3 0.206 -0.001 1.1
377.59 0.233 0.8 0.242 -0.001 0.9
410.93 0.194 0.7 0.195 0.000 0.7
20 323.15 0.212 24 0.246 0.8 -0.226 0.020 2.0 0.020 0.010 0.2
373.15 0.198 0.6 -0.007 0.009 0.6
423.15 0.145 0.3 -0.012 0.007 0.2
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Table A.5

PR EOS Interaction Parameters for Hydrogen + n-Paraffins Systems Using the New a Function: Cij And Dy; Approach - continued

Case Number

2 4 5

CN  T,K C;  %ADD CyI) %ADD  Cj D;  %ADD  Cy(I)  Dyi(l)  %ADD
28 34815 0293 38 0.355 0.5 20.161  0.014 3.6 0.162 _ 0.006 02
373.15 0.307 0.4 0.174  0.004 0.1
423.15 0.192 0.4 0.111  0.003 0.4
36 37315 0433 2.7 0.473 0.8 0.178  0.006 2.5 0.470  0.000 0.8
423.15 0.372 0.5 0368  0.000 0.5

RMSE 3.842 2.820 3.784 1.432

BIAS 0.003 -0.279 0.168 -0.016
%AAD 2.7 1.4 2.5 1.0
NPTS 191 191 191 191
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Table A.6

PR EOS Interaction Parameters for Hydrogen + n-Paraffins Systems Using .the New a Function: N;; And M;; Approach

Case Number

3 4 5

CN  T,K Ni  %ADD  My(l) %ADD  N; M;  %ADD  Ng(I)  My(I)  %ADD
4 32765 -0.088 47 0.072 41 20030  1.159 45 0.146  1.831 13
34425 -0.077 3.1 0.118  1.742 1.4

360.95 -0.103 2.5 0.054  1.543 1.4
377.55 -0.162 2.5 0.013  1.539 1.8
394.25 -0.250 1.7 0.032 1511 1.4

5 32315 0099 23 -0.099 2.3 0.007 1206 1.6 0.007  1.206 1.6
6 34426  -0.088 14 -0.083 1.1 0132 0.948 1.3 0.004  1.136 1.1
377.59 -0.094 0.5 0.064  1.044 0.4
410.93 -0.167 0.0 0.124  1.044 0.0

7 42415  -0.071 2.5 -0.063 1.3 0.079  0.985 2.5 0.084  0.965 1.1
471.65 -0.082 2.5 0.046  1.096 1.9
10 34426  -0.052 0.7 -0.051 0.7 -0.043  1.009 0.7 -0.007  1.045 0.2
373.15 -0.051 0.2 0.035  1.016 0.2
423.15 -0.057 0.3 0.026  1.032 0.2
12 34426 -0.041 14 -0.039 1.1 0.005  1.032 1.3 0.000  1.034 0.8
377.59 - -0.047 0.8 20.001  1.041 0.4
410.93 -0.038 0.7 0.003  1.038 0.6
20 32315  -0.031 2.4 -0.037 0.8 -0.005  1.014 2.1 20.005  1.017 0.3
373.15 -0.029 0.6 -0.001 1016 0.6
423.15 -0.020 0.3 0.002  1.014 0.3
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Table A.6

PR EOS Interaction Parameters for Hydrogen + n-Paraffins Systems Using the New o Function: Nj And M;; Approach - continued

Case Number

3 4 5
CN  T,K Ny  %ADD  My(T) %ADD N My  %ADD  Ng(T)  My(T) %ADD
28 348.15  -0.037 38 -0.048 0.5 0.002 1017 36  -0.033  1.005 0.3
373.15 -0.040 04 -0.027  1.005 0.1
423.15 -0.023 0.4 -0.011  1.005 0.4
36 37315 0054 27 -0.061 0.8 -0.026 ~ 1.008 26 0054  1.002 0.7
423.15 -0.044 05 -0.030  1.004 0.3
RMSE 3.828 2.820 3.764 1373
BIAS 0.000 -0.277 0.172 0.005
%AAD 2.7 1.4 2.6 0.9
NPTS 191 191 191 191
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Table A.7

PR EOS Interaction Parameters for Nitrogen + n-Paraffins Systems Using the New o Function: C;; And Dy; Approach

Case Number
2 3 4 5
CN T, K Ci; %ADD Ci(T) %ADD Cj Dj; %ADD Ci(T) Dy(T) %ADD
4 250.00 0.092 3.1 0.101 2.2 0.008 0.043 2.0 0.040 0.030 0.5
277.00 0.099 2.5 0.028 0.036 0.9
311.09 0.078 2.2 0.013 0.036 0.9
344.43 0.093 7.6 0.001 0.041 0.5
366.48 0.060 2.3 -0.065 0.073 0.7
399.82 0.048 2.4 -0.092 0.063 4.5
5 277.43 0.088 3.7 0.093 2.9 0.036 0.023 2.9 0.094 0.000 2.8
310.71 0.092 33 0.042 0.022 2.0
34426 0.086 2.4 0.013 0.033 1.4
377.59 0.026 2.1 0.085 -0.033° 1.7
8 322.00 0.167 2.8 0.173 2.7 0.098 0.022 1.5 0.082 0.028 0.3
344.30 0.161 2.7 0.100 0.019 0.8
9 322.00 0.170 2.4 0.177 2.0 0.131 0.011 2.3 0.131 0.013 1.0
344.30 0.160 1.7 ’ 0.139 0.006 1.4
10 344.26 0.162 1.8 0.172 0.3 0.099 0.014 1.6 0.145 0.006 0.1
377.59 0.156 0.3 0.131 0.006 0.2
410.93 0.142 0.4 0.095 0.010 0.2
12 344.26 0.179 1.0 0.184 0.2 0.143 0.006 1.0 0.185 0.000 0.2
377.59 0.178 0.8 0.174 0.001 0.8
410.93 0.168 1.0 0.164 0.001 0.9
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Table A.7

PR EOS Interaction Parameters for Nitrogen + n-Paraffins Systems Using the New o Function: C;; And Dy; Approach - continued

Case Number

2 3 4 5
CN  T,K C;  %ADD Cyl) %ADD  Cj; D;  %ADD  Cyi(I)  DyI) %ADD
20 32320 0242 5.0 0.267 04 0282 -0.004 5.0 0266 0.000 0.4
373.20 0.225 0.7 0225  0.000 0.7
423.20 0.182 0.6 0.181  0.000 0.6
28 34820  0.303 3.0 0.321 0.6 0.342  -0.003 2.9 0322  0.000 0.6
373.20 0.302 0.9 0.302  0.000 0.9
423.20 0.260 0.5 0260  0.000 0.5
36 37320  0.380 2.0 0.392 0.2 0.394  -0.001 2.0 0.394  0.000 0.2
423.20 | 0.360 0.4 0.361  0.000 0.4
RMSE 4330 6.263 3.348 1382
BIAS -0.857 -0.880 -0.196 0.103
%AAD 2.9 1.9 2.4 0.9
NPTS 208 208 208 208
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Table A.8

PR EOS Interaction Parameters for Nitrogen + n-Paraffins Systems Using the New a Function: Nj; And M;; Approach

Case Number

| 2 3 4 | 5
CN  T,K N;  %ADD  My(T) %ADD  N; Mj  %ADD  Ny(I)  My(1)  %ADD
4 32765  -0.083 36 -0.094 22 0.000  1.371 2.0 20.035 1231 0.5
344.25 -0.090 25 -0.024  1.282 0.9
360.95 -0.068 22 -0.010  1.281 0.9
377.55 -0.068 6.9 0.000 1320 0.5
394.25 -0.048 2.3 0.050  1.588 0.7
5 32315 -0.037 2.4 | 0.067 1502 46
6 34426 -0060 39 0066 29  -0.019  1.149 29  -0.067  0.997 2.8
377.59 0.064 33 0.028  1.124 2.0
410.93 0.057 2.4 -0.008  1.191 1.4
7 42415 0.016 2.1 -0.055  0.817 1.7
47165 -0076 29  -0.080 27  -0.042  1.078 1.6 -0.036  1.100 0.3
10 34426 -0.072 2.7 -0.043  1.068 0.8
373.15 0070 26  -0.074 20  -0052  1.036 2.4 -0.053  1.040 1.0
423.15 0.065 17 -0.055  1.020 1.4
12 34426 -0060 22  -0.065 0.3 -0.024  1.059 1.7 -0.054  1.017 0.1
37759 -0.057 0.3 -0.047  1.017 0.2
410.93 -0.051 0.4 -0.033  1.031 0.2
20 32315  -0.057 1.3 -0.060 0.2 -0.033  1.031 1.2 0.066  0.994 0.2
373.15 -0.057 0.8 -0.035  1.028 0.7
423.15 -0.053 1.0 -0.017  1.048 0.7
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Table A.8

PR EOS Interaction Parameters for Nitrogen + n-Paraffins Systems Using the New a Function: Njj And Mj; Approach - continued

Case Number

2 3 4 5
CN  T,K Ny %ADD  My(I) %ADD  N; M;  %ADD  Ny(I)  My(I) %ADD
28 34815  -0.056 55 -0.063 0.4 20.050  1.004 5.5 20.071  0.994 0.2
373.15 -0.051 0.7 -0.067  0.987 0.3
423.15 -0.039 0.6 0.054  0.987 0.3
28 34815  -0.057 3.3 -0.062 0.6 0.061  0.998 3.3 0.075  0.993 0.3
373.15 -0.057 0.9 0077  0.989 0.5
423.15 -0.047 0.5 -0.057  0.994 0.2
36 37315 -0.064 2.3 -0.067 0.2 -0.069  0.998 2.3 0.069  0.999 0.3
423.15 -0.059 0.4 -0.067  0.996 0.2
RMSE 47762 6.433 3.657 1.350
BIAS -0.879 -0.832 -0.049 0.070
%AAD 32 1.8 2.5 0.8
NPTS 208 208 208 208
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Table A.9

PR EOS Interaction Parameters for Carbon Monoxide + n-Paraffins Systems Using the New a Function: C;; And Dj; Approach

Case Number

3 4 5

CN  T,K C;  %ADD CyI) %ADD  Cj D;  %ADD  Cy(T) Dy(I) %ADD
3 27315 -0.006 5.1 -0.001 50  -0.006  0.000 51 20.071T _ 0.055 17
298.15 -0.016 1.8 -0.049  0.030 0.4
323.15 0.041 7.8 -0.020  0.030 5.1

6 32315  0.042 1.1 0.046 0.4 0.038  0.001 1.1 0.061  -0.005 0.3
373.15 0.030 0.9 0.031  0.000 0.9
423.15 0.042 0.4 0.042  0.000 0.4

8  463.15  0.108 1.6 0.061 0.1 0376  -0.066 1.4 0.107  -0.011 0.1
473.15 0.074 0.1 0.118  -0010 0.1
483.15 0.092 0.2 0.095  -0.001 0.2
493.15 0.112 0.4 0.114  -0.001 0.4
503.15 0.149 0.3 0.150  0.000 0.3
513.15 0.192 0.4 0.192  0.000 0.4
523.15 0.207 1.0 0.207  0.000 1.0
533.15 0.332 0.3 . 0327  0.001 0.3
10 31093  0.072 3.3 0.089 0.5 0.166  -0.020 3.1 0.119  -0.007 0.2
344.26 0.065 0.3 0.081  -0.003 0.3
37759 0.041 0.5 0.070  -0.006 0.2
12 34426 0071 3.5 0.092 22 -0.097  0.029 29 0152 0.042 0.9
377.59 0.074 2.6 0128 0.034 1.3
410.93 0.035 0.7 -0.039  0.013 0.6
344.26 0.088 1.8 0214  -0.022 1.4
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Table A.9

PR EOS Interaction Parameters for Carbon Monoxide + n-Paraffins Systems Using the New a Function: Cj; And Dj; Approach -

continued
Case Number
2 3 4 5

CN T,K G %ADD Ci(T) %ADD C; Dj %ADD Ci(T) Dy(T) %ADD
20 323.15 0.086 6.5 0.133 0.8 0.116 -0.003 6.4 0.245 -0.012 0.3
373.15 0.070 0.9 0.189 -0.012 0.2
423.15 -0.001 2.3 0.202 -0.019 0.2
28 373.15 0.111 3.2 0.102 0.7 0.232 -0.009 3.1 0.100 0.000 0.7
423.15 0.061 0.9 0.059 0.000 0.9
348.15 0.134 2.5 0.130 0.000 2.5
373.15 0.130 0.4 0.128 0.000 0.4
423.15 0.083 1.8 0.094 -0.001 1.8
36 373.15 0.210 33 0.238 2.1 -0.005 0.010 3.3 -0.026 0.013 0.7
473.05 0.154 2.1 -0.301 0.022 1.0
572.95 0.161 1.3 -0.286 0.021 0.7

RMSE 2.297 2.798 3.729 1.728

BIAS -0.292 -0.278 -0.439 -0.109
%AAD 3.1 1.5 3.1 0.8
NPTS 182 182 182 182
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Table A.10

PR EOS Interaction Parameters for Carbon Monoxide + n-Paraffins Systems Using the New o Function: Nj; And Mj; Approach

Case Number

7 5

CN T.,K N;  %ADD  My(T) %ADD  N; Mj  %ADD  Ny(T)  My(T)  %ADD
3 27315  0.008 36 0.001 5.0 0.085  1.682 16 0.088  1.719 17
298.15 0.019 1.8 0.060  1.393 0.4
323.15 0.002 3.2 0.025 1393 7.2

6 32315 -0.023 1.2 -0.027 0.4 0.009  1.039 1.2 -0.037 0972 0.3
373.15 -0.017 0.9 0.002  1.042 0.8
423.15 -0.022 0.4 -0.004  1.059 0.3

8 46315  -0.043 1.5 -0.024 0.1 0.191  0.764 1.3 -0.052  0.946 0.1
473.15 -0.029 0.1 -0.052  0.955 0.1
483.15 -0.036 0.2 -0.037  0.998 0.2
493.15 -0.045 0.4 -0.020  1.056 0.3
503.15 -0.060 0.3 0.095  0.936 0.4
513.15 -0.079 0.4 0275  0.740 0.3
523.15 -0.085 1.0 0.020  1.286 0.5
533.15 -0.148 0.3 0310  0.809 0.3
10 31093  -0.026 3.5 -0.033 0.5 -0.034 0988 3.5 -0.046  0.980 0.3
344.26 -0.024 0.3 0.030  0.990 0.3
377.59 -0.015 0.5 0.031 0971 0.1
12 34426  -0.022 3.6 -0.029 2.2 0.042  1.103 2.6 0.000  1.042 1.5
377.59 -0.023 2.6 0.036  1.092 1.3
410.93 -0.010 0.7 0.012  1.035 0.6
344.26 -0.028 1.8 0.000  1.040 2.3
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Table A.10

PR EOS Interaction Parameters for Carbon Monoxide + n-Paraffins Systems Using the New o Function: Njj And Mj; Approach -

continued
Case Number
3 4 5
CN T,K Ni; %ADD  Mi(T) %ADD Nj; M;; %ADD  Ni(T) Mi(T)  %ADD
20 323.15 -0.018 6.6 -0.030 0.8 0.034 1.057 6.2 -0.059 0.977 0.3
373.15 -0.015 0.9 -0.042 0.976 0.3
423.15 -0.004 1.2 -0.046 0.961 0.2
28 373.15 -0.019 33 -0.017 0.7 -0.030 0.992 33 -0.036 0.988 0.3
423.15 -0.010 0.9 -0.019 0.993 1.0
348.15 -0.023 2.5 -0.107 0.957 0.6
373.15 -0.022 0.4 -0.025 0.998 0.3
423.15 -0.014 1.8 -0.001 1.009 1.8
36 373.15 -0.031 3.6 -0.037 2.1 0.040 1.047 2.9 -0.001 1.020 0.9
473.05 -0.022 2.1 0.039 1.041 1.0
572.95 -0.022 1.3 0.032 1.037 0.7
RMSE 2.363 1.417 1.896 2.709
BIAS -0.286 -0.130 0.008 -0.203
%AAD 3.2 1.3 2.64 0.84
NPTS 182 182 182 182
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Table A.11

PR EOS Interaction Parameters for Carbon Dioxide + n-Paraffins Systems Using the New a Function: C; And D;; Approach

Case Number

2 4 5

CN  T,K Ci;  %ADD CyI) %ADD  Cj D;  %ADD  CyiT)  DgI) %ADD
5 27341 0.120 3.1 0.120 3.1 0.093  0.026 0.5 0.093  0.026 0.5
6 31315  0.118 5.0 0.094 1.6 0.081  0.043 3.3 0.078  0.019 0.8
303.15 0.124 1.8 0.107  0.021 0.4
323.15 0.113 49 0.077  0.046 1.3

353.15 0.134 2.6 0.107  0.028 0.7
393.15 0.141 1.7 0.108  0.030 1.5

7 31065  0.102 2.5 0.108 2.2 0.098  0.004 2.4 0.102  0.005 1.8
352.59 0.103 0.8 0.100  0.003 0.9
394.26 0.083 24 0.121  -0.039 1.9
47721 0.091 1.0 0.158  -0.055 0.6
10 37759  0.118 2.9 0.110 0.5 0.100  0.013 1.9 0.111  -0.001 0.5
310.93 0.129 1.0 0.114  0.008 0.2
344.26 0.113 1.9 0.102  0.009 1.2

310.93 0.119 1.1 0.096  0.020 0.0

16  463.05  0.072 49 0.056 0.6 0213 -0.052 4.7 0.045  0.004 0.6
542.85 0.066 1.0 0147 -0.030 0.2
623.55 0.150 0.7 0225  -0.030 0.1
663.75 0.272 1.0 0370  -0.047 0.4
18 39660  0.045 3.9 0.051 1.0 0.108  -0.021 3.8 0.047  0.001 1.0
463.30 0.039 5.0 0204  -0.052 1.8
534.90 0.015 5.7 0298  -0.091 1.6
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Table A.11

PR EOS Interaction Parameters for Carbon Monoxide + n-Paraffins Systems Using the New a Function: Cj; And Dj; Approach -

continued
Case Number
3 4 5

CN T,K Cy %ADD Ci(T) %ADD Cy Dj; %ADD Ci(T) Dy(T) %ADD
18 605.40 0.081 1.1 0.152 -0.025 0.2
673.20 0.160 0.0 0.238 -0.025 0.0
19 313.15 0.097 3.0 0.104 0.6 0.098 0.000 3.0 0.103 0.000 0.6
333.15 0.093 1.5 0.092 0.001 1.6
20 373.15 0.090 3.8 0.072 1.4 0.101 -0.004 4.0 0.094 -0.007 0.2
323.15 0.097 1.1 0.107 -0.003 0.5
373.15 0.083 0.3 0.081 0.001 0.3
21 318.15 0.090 2.8 0.095 1.2 0.101 -0.005 2.1 0.100 -0.003 0.4
338.15 0.084 2.3 0.096 -0.005 1.0
22 323.15 0.081 4.8 0.095 1.7 0.108 -0.010 3.1 0.104 -0.004 0.7
348.15 0.076 3.0 0.101 -0.009 1.0
373.15 0.065 2.4 0.090 -0.007 1.4
24 373.15 0.076 3.5 0.076 3.5 0.078 0.000 3.4 0.078 0.000 34
28 373.15 0.060 7.2 0.058 5.7 0.116 -0.015 3.0 0.111 -0.013 0.4
348.15 0.076 6.4 0.113 -0.011 0.3
423.15 0.027 6.2 0.109 -0.018 1.9
36 373.15 0.024 5.3 0.032 5.0 0.103 -0.013 2.6 0.101 -0.011 0.7
423.15 0.009 5.0 0.113 -0.017 0.4
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Table A.11

PR EOS Interaction Parameters for Carbon Monoxide + n-Paraffins Systems Using the New o Function: C;; And D;; Approach -

continued
44 373.15 0.011 7.0 0.002 7.3 0.123 -0.014 2.2 0.132 -0.170 7.3
423.15 0.000 6.6 0.133 -0.017 0.5
RMSE 2.3237 1.8412 1.298 0.8217
BIAS 0.2714 0.3509 -0.0439 0.0544
%AAD 4.15 2.64 2.92 1.11
NPTS 328 328 328 328
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Table A.12

PR EOS Interaction Parameters for Carbon Dioxide + n-Paraffins Systems Using the New o Function: Nj; And Mj; Approach

Case Number

4 5

CN  T,K N; %ADD  My(T) %ADD  N; M;  %ADD  Ny(I)  Mg(I) %ADD
5§ 27341  -0.284 31 0.284 31 0216 1171 0.5 0216  1.171 0.5
6 31315  -0.197 4.7 -0.154 1.6 0135 1215 32 0.128  1.098 0.8
303.15 -0.209 1.8 0.178  1.110 0.4
323.15 -0.188 4.9 0126 1.242 1.3
353.15 -0.223 2.6 0.175  1.147 0.7
393.15 -0.232 1.7 0.173  1.154 1.5

7 31065  -0.132 2.7 -0.142 2.2 20.125  1.021 2.7 0.134  1.022 1.9
352.59 -0.133 0.8 0.130  1.009 0.9
394.26 -0.104 2.4 0.155  0.835 1.9
47721 -0.111 1.0 0201  0.769 0.6

10 37759  -0.096 3.1 -0.089 0.5 20.080  1.042 2.1 20.090  0.997 0.5
310.93 -0.107 1.0 20.094  1.026 0.2
344.26 -0.092 1.9 -0.083  1.027 1.2
310.93 -0.098 1.1 -0.078  1.063 0.0
16  463.05  -0.033 4.9 -0.026 0.6 20.112 0875 45  -0.021  1.009 0.6
542.85 -0.030 1.0 -0.070  0.932 0.2
623.55 -0.071 0.7 0.111 0931 0.1
663.75 -0.139 1.0 10204  0.896 0.4
18 39660 -0.018 3.9 -0.021 1.0 0.046  0.954 3.8 0.019  1.004 0.9
463.30 -0.016 5.0 -0.091 0.889 1.8
534.90 5.7 0.141 0812 1.6

-0.006
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Table A.12

PR EOS Interaction Parameters for Carbon Dioxide + n-Paraffins Systems Using the New a Function: N;; And M;; Approach -

continued -
Case Number
4 5

CN T,K Nj %ADD  M;(T) %ADD Nj M; %ADD N;ii(T) M;(T) %ADD
18 605.40 -0.033 1.1 -0.065 0.946 0.2
673.20 -0.067 0.0 -0.106 0.946 0.0
19 313.15 -0.039 3.0 -0.042 0.6 -0.039 1.000 3.0 -0.042 1.000 0.6
333.15 -0.037 1.5 -0.037 1.002 1.7
20 373.15 -0.034 3.9 -0.027 1.4 -0.038 0.993 4.0 -0.036 0.985 0.2
323.15 -0.037 1.1 -0.041 0.993 0.5
373.15 -0.031 0.3 -0.045 0.964 0.0
21 318.15 -0.033 2.8 -0.035 1.2 -0.037 0.990 2.2 -0.037 0.995 0.4
338.15 -0.030 2.3 -0.035 0.989 1.0
22 323.15 -0.028 4.8 -0.033 1.7 -0.038 0.980 3.1 -0.036 0.992 0.7
348.15 -0.026 3.0 -0.035 0.982 1.0
373.15 -0.022 2.4 -0.031 0.985 1.4
24 373.15 -0.024 3.5 -0.024 3.5 -0.024 1.000 35 -0.024 1.000 35
28 373.15 -0.016 7.3 -0.016 5.7 -0.033 0.974 3.0 -0.031 0.976 0.4
348.15 -0.021 6.4 -0.032 0.980 0.3
423.15 -0.007 6.2 -0.031 0.968 1.9
36 373.15 -0.005 53 -0.007 5.0 -0.023 0.978 2.6 -0.023 0.981 0.7
423.15 -0.002 5.0 -0.026 0.971 0.4
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Table A.12

PR EOS Interaction Parameters for Carbon Dioxide + n-Paraffins Systems Using the New o Function: Nj; And M;; Approach -

continued
44 373.15 -0.002 7.0 -0.003 7.4 -0.024 0.977 2.2 -0.023 0.979 0.5
423.15 0.000 6.6 -0.026 0.973 0.5
RMSE 2.2407 1.6008 1.3557 0.4748
BIAS 0.1643 0.2363 -0.0486 0.0045
%AAD 3.98 2.29 3.03 1.01
NPTS 328 328 328 328
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