
 
A Derivative-Less Approach for Generating Phase Envelopes 

and  
Applications in Equation of State  

 
 
 

by 
 

Fahd Siddiqui, B.E. 
 

A Thesis 
 

In 
 

PETROLEUM ENGINEERING 
 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 
 

MASTER OF SCIENCE 
 
 
 

Approved 
 

Dr. Shameem Siddiqui 
Chairperson of the Committee 

 
Dr. Habib Menouar 

 
Dr. Mohammad Rafiqul Awal 

 
 
 
 
 

Peggy Gordon Miller 
Dean of the Graduate School 

 
August, 2012  



 

 

 

 

 

 

 

 

 

 

 

 

Copyright 2012, Fahd Siddiqui 

 

 

  



Texas Tech University, Fahd Siddiqui, August 2012 

ii 

ACKNOWLEDGMENTS 

“All Gratitude and Praises are due to Allah” for His help to complete this 

report thesis work. 

This report is the result of a year-long formal study of the subject matter. Its 

seeds were planted nearly four years ago, when I was an undergraduate student at The 

NED University, Karachi. The contributions of many people were crucial in the 

preparation of this report. 

At the very outset I would like to acknowledge my thesis supervisor—Dr. 

Shameem Siddiqui, with profound gratitude, for much technical advice and guidance. 

He provided me access to all the technical resources at his disposal. His unflinching 

support and consistent follow-up led to timely completion of my work. My sincere 

thanks goes to Dr. Rafiqul Awal for his support from the day I joined Texas Tech. 

Also my deepest appreciation goes to Dr. Habib Menouar. My special thanks for 

technical assistance are also due to Dr. Rakibul Sarker who counseled me in many 

ways—including the troubleshooting, diagnosis and optimization of algorithms. 

I also take this opportunity to thank all my former professors and teachers for I 

couldn’t have accomplished the present research without the strong base of knowledge 

that they helped build. And I am grateful, indeed, to all my friends and batch-mates, 

who in course of discussion, more or less formal and more or less technical, have 

helped me to resolve many technical issues that demanded brainstorming. 

Finally, many thanks to my parents who have dedicated their life in raising me, 

educating me, and shepherding the building of my career. I am nothing without their 

selfless and loving support.  

 

 

 



Texas Tech University, Fahd Siddiqui, August 2012 

iii 

TABLE OF CONTENTS 

  
ACKNOWLEDGMENTS ........................................................................................ ii 

ABSTRACT ....................................................................................................... viii 

LIST OF TABLES ................................................................................................ ix 

LIST OF FIGURES ............................................................................................... x 

CHAPTER I INTRODUCTION ............................................................................... 1 

CHAPTER II BACKGROUND ............................................................................... 3 

Basic Mathematical Solution Techniques ...................................................... 4 

Newton-Raphson Method ..................................................................................... 4 

Newton-Armijo Method .......................................................................................... 4 

Bisection Method ................................................................................................... 6 

Basic PVT Concepts ...................................................................................... 8 

Fugacity ................................................................................................................. 8 

K-Values ................................................................................................................ 9 

Equations of State .......................................................................................... 9 

van der Waals Equation of State ........................................................................ 10 

Redlich-Kwong Equation of State ....................................................................... 11 

Soave-Redlich-Kwong Equation of State ............................................................ 12 

Peng-Robinson Equation of State ....................................................................... 14 

Other Equations of State ..................................................................................... 15 

Peneloux et al. Volume Translation .................................................................... 16 

Pseudo-Component Correlations ................................................................. 17 

Boiling Point Estimation ...................................................................................... 17 



Texas Tech University, Fahd Siddiqui, August 2012 

iv 

Critical Temperature Correlations ....................................................................... 19 

Critical Pressure .................................................................................................. 20 

Acentric Factor .................................................................................................... 20 

Two phase Flash Calculation ....................................................................... 21 

Phase Envelope Generation Method ............................................................ 26 

Minimum Miscibility Pressure ..................................................................... 28 

CHAPTER III PROBLEM STATEMENT .............................................................. 31 

Thesis Objectives ......................................................................................... 32 

CHAPTER IV SOLUTION STRATEGY ................................................................ 33 

Two phase Flash Algorithm using an EOS .................................................. 33 

Modifications to Phase Envelope Generation Procedure ............................. 34 

K-value Initialization ............................................................................................ 34 

Bisection Method ................................................................................................. 35 

Interpolating Polynomials .................................................................................... 35 

Z-factor Calculations .................................................................................... 37 

Bubble Point Line Calculation ..................................................................... 38 

Dew Point Line Calculation ......................................................................... 38 

Half Mole Fraction Vapor Quality Line....................................................... 40 

Minimum Miscibility Pressure Calculation ................................................. 40 

Advantages of Modified Phase Envelope Algorithm................................... 42 

CHAPTER V DEVELOPMENT OF CODE AND TESTING ..................................... 44 

Data File Overview ...................................................................................... 44 

DATA ................................................................................................................... 44 

BIC ...................................................................................................................... 45 



Texas Tech University, Fahd Siddiqui, August 2012 

v 

PRES ................................................................................................................... 45 

TEMP .................................................................................................................. 45 

TOL ..................................................................................................................... 45 

PSPROP ............................................................................................................. 45 

PSAT ................................................................................................................... 47 

TSAT ................................................................................................................... 47 

EOS Flash Sub-Routine ............................................................................... 47 

Z-Factor Calculations ................................................................................... 48 

zfact(datai,T) ....................................................................................................... 48 

Phase Envelope Calculations ....................................................................... 48 

phaseenv(datai,datao) ........................................................................................ 48 

datr() .................................................................................................................... 48 

bubl() ................................................................................................................... 49 

bubl2() ................................................................................................................. 49 

dewh() ................................................................................................................. 49 

dewph2() ............................................................................................................. 49 

dewp() ................................................................................................................. 49 

dewp2() ............................................................................................................... 49 

MMP Calculations ....................................................................................... 50 

mmp() .................................................................................................................. 50 

Output Section .............................................................................................. 50 

CHAPTER VI APPLICATION AND VALIDATION ............................................... 51 

Z-Factor Calculations ................................................................................... 51 

Phase Envelope Generation ......................................................................... 52 

MMP Calculations ....................................................................................... 58 



Texas Tech University, Fahd Siddiqui, August 2012 

vi 

CHAPTER VII CONCLUSIONS .......................................................................... 62 

CHAPTER VIII FUTURE WORK ........................................................................ 63 

REFERENCES .................................................................................................... 64 

APPENDIX A INPUT DATASETS ........................................................................ 68 

Heavy Oil Composition ............................................................................... 68 

Lean Gas Condensate Composition ............................................................. 69 

Rich Gas Condensate Composition .............................................................. 70 

Permian Basin Oil Composition (After Amao 2011) ................................... 71 

APPENDIX B CODE ........................................................................................... 72 

Phase Envelope Calculations: phaseenv() .................................................... 72 

Flash Calculations using SRK EOS: srk() ................................................... 79 

Flash Calculations using PR EOS: pr() ........................................................ 82 

Data Read: datr() .......................................................................................... 85 

Pseudo-Component Critical Properties Estimations: critporp() ................... 86 

Interpolation on 1D Search: quickP() .......................................................... 90 

Bubble Point Line Calculation: bubl() ......................................................... 91 

Bubble Point Line Calculation 2: bubl2() .................................................... 94 

Half Mole Fraction Line Calculation: dewh() .............................................. 96 

Half Mole Fraction Line Calculation 2: dewph2() ....................................... 99 

Dew Point Line Calculation: dewp().......................................................... 101 

Dew Point Line Calculation 2: dewp2()..................................................... 104 

Z-factor Calculations: zfact() ..................................................................... 106 

MMP Calculations: mmp() ........................................................................ 107 



Texas Tech University, Fahd Siddiqui, August 2012 

vii 

APPENDIX C SAMPLE DATA FILE FOR HEAVY OIL ...................................... 110 

APPENDIX D VITAE ........................................................................................ 112 

 

 

  



Texas Tech University, Fahd Siddiqui, August 2012 

viii 

ABSTRACT 

 

Petroleum engineers are interested in the phase envelope that describes the 

characteristics of the pore fluids. These phase envelopes are normally established by 

laboratory measurements involving expensive PVT equipment and highly trained 

personnel. By using an Equation of State (EOS) based computer model that requires 

some hydrocarbon composition data, these envelopes can be generated almost 

instantly. 

An algorithm for generating a complete phase envelope using computer 

modeling was suggested by Michelsen (1980). His procedure, based on EOS 

modeling, may sometimes suffer from convergence issues, especially near the critical 

region. In addition, his procedure requires the partial derivatives of fugacity. In this 

work a phase behavior model has been developed that incorporates some 

modifications to Michelsen’s algorithm avoiding the need for calculating these 

derivatives, which in turn put fewer requirements on the data and computation. These 

modifications allowed running the model successfully for different hydrocarbon 

systems without any convergence issues. By not having to deal with the partial 

derivatives of fugacity, the new model can work with any existing EOS based phase 

behavior model.  

After validating the phase behavior model against commercial software, the 

model was used for simulating a slim-tube experiment to calculate the Minimum 

Miscibility Pressure (MMP) using the Metcalfe et al. (1978) procedure. The results 

from computer modeling are then compared with the results from an experimental 

study performed by Amao (2011). The results match closely, demonstrating the power 

of EOS modeling. 

.  
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Chapter I  
INTRODUCTION 

Knowledge of hydrocarbon phase behavior is essential for performing 

reservoir engineering calculations through material balance or numerical simulation. 

In particular a reservoir engineer is interested in the phase envelope that describes the 

PVT (pressure, volume and temperature) properties of a fluid. These phase envelopes 

are normally established by laboratory measurements which require trained personnel 

and expensive PVT equipment. However, by the use of a computer program that 

utilizes various models on Equation of State (EOS) and fluid property data, these 

envelopes can be generated almost instantly. 

Calculation of vapor-liquid equilibria for multicomponent mixtures using a 

single equation of state is difficult in the near critical region, as it is plagued with 

convergence issues corresponding to: no solution, unique solution of multiple 

solutions (Erbar, 1975; Heidemann and Khalil, 1979). 

The purpose of this thesis is to show the problems with the general algorithm 

proposed by Michelsen (1980) for generation of phase envelopes. Then an alternate 

algorithm is developed which uses a derivative-less approach for phase envelope 

generation, and uses interpolating polynomials to avoid convergence issues in the 

critical region. The present work is based entirely on Soave-Redlich-Kwong (Soave 

1972) and Peng-Robinson (1976) equations of state representing vapor-liquid flash 

calculations. But these methods may equally well be applied to any equation of state. 

Michelsen’s algorithm puts an additional requirement on the equation of state that the 

equation of state should provide first partial derivatives of component fugacities with 

respect to temperature, pressure and composition for specified temperature, pressure, 

composition and fluid system (Michelsen 1980). However, the algorithm presented in 

this thesis places no such requirements and produces the exact same result as the 

Michelsen’s algorithm. 
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The second part of this thesis deals with the application of Equation of State 

for estimating the Minimum Miscibility Pressure (MMP) of a gas injection Enhanced 

Oil Recovery (EOR) process. Miscible oil recovery is the most commonly used EOR 

process. Although gas injection started with limited application initially, it became the 

process of choice for tertiary recovery processes. Carbon Dioxide as an injection gas 

has immense appeal to petroleum industry.  

MMP is a fundamental parameter in the selection of candidate reservoir, 

process design and recovery optimization. This “point” is the minimum criterion for 

miscible displacement at which the recovery becomes most efficient. Laboratory 

measurement of the MMP has some uncertainty pertaining to the cut off criteria during 

experimental measurements. This work presents the use of Equation of State modeling 

of the slim-tube experiment to simulate the experimental work and find MMP. 

The results of MMP calculation are then compared with the experimental work 

published by Amao (2011) on a Permian basin oil sample. The results show a close 

match. 
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Chapter II  
BACKGROUND 

Phase envelopes can be generated in principle by performing a series of 

saturation pressure calculations at specified temperatures. But this method is not 

recommended as it is time consuming and is susceptible to convergence issues at 

higher pressure and temperature conditions. Michelsen (1980) proposed a method for 

phase envelope generation by first starting the calculation at moderate 

pressure/temperature conditions and then using the K-values, and fugacities of 

previous saturation points to estimate the next saturation point. This ensures a 

reasonable initial estimate and creates no problems when passing through the critical 

point. However, Michelsen (1980) uses Newton-Raphson solution of the non-linear 

equation to calculate the next critical point. His method is robust and yields a rapid 

construction of the phase envelope. Because this method is based on the Newton-

Raphson method, it requires the first partial derivatives of the component fugacities 

with respect to pressure and temperature to populate a Jacobian matrix. 

Calculation of first partial derivatives of the component fugacities may not be 

practical to obtain analytically for some EOS that have complicated relationship of 

fugacities. Therefore, often numerical techniques are used to obtain the first partial 

derivatives of the component fugacities.  

Most of the convergence issues arise from selecting the initial K-values that 

are not within the radius of convergence of the numerical method being used. It is 

therefore of paramount importance that K-values be initialized correctly especially in 

the critical region. Michelsen (1980) uses the interpolating polynomials to estimate the 

K-values for the next points. 
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Basic Mathematical Solution Techniques 

Newton-Raphson Method 

Also known as the Newton’s method, this method is used for solving  f(x)=0. 

For the one variable case we start with an initial guess x0 and iterate to find the next 

value using the following equation. 

( )
( )n

n
nn xf

xfxx
′

−=+1

…………………………………………………..…….. 2.1
 

This consideration can also be extended to the case of more than one variable. 

It has the desirable property of converging to a solution quadratically. 

This method requires the function to be continuously differentiable (Kress 

1991) and also note that if at any iteration the first differential, f’(xn)=0 this method 

will terminate. Moreover in many instances, it if the first derivative of the function is 

close to zero near the root, this method will diverge (for details see any Numerical 

Analysis text book such as Kress 1991). Table 2.1 shows such an example where 

Newton-Raphson method fails. Further disadvantages of this method are discussed in 

subsequent sections of this thesis where the practical application of this method is 

considered for flash calculations and phase envelope generation. 

Newton-Armijo Method 

Since Newton’s method may fail for a bad initial guess, the method may blow 

up due to division by small numbers. For example in the case of ( ) ( )xxf 1tan−=  when 

given a sufficiently large starting value xo=2. 

Table 2.1 Newton-Raphson Method for solving f(x)=tan-1(x) 

n xn |xn − xn+1 | f (xn) 
0 2 - 1.107 
1 -3.535 1.107 -1.295 
2 13.951 5.536 1.499 
3 -279.344 293.295 -1.567 
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Figure 2.1 Newton-Armijo Algorithm. 

Subsequent iterations blow up, reaching xn = 1021 in seven iterations. The 

increase in |xn+1- xn| is not necessarily the evidence of failure although it does indicate 

that the region of quadratic convergence has not yet been reached. But the increase in 

successive values of |f(xn)| suggests a problem.  
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The backtracking idea is to reduce the Newton step as needed to avoid 

catastrophic overshoot. The Armijo backtracking algorithm can be simplified as: 

1. Start at a current iterate xn, and evaluate fn = f(xn) and sn = -fn/ f’(xn). 

Initialize t = 1. 

2. Compute a trial step yn,t = xn + tsn. 

3. Compute f (yn,t). 

4. If |f (yn,t)| < β |f(xn)| for some specified β=1, then accept the step. Set 

xn+1 = yn,t. Check for convergence: if converged, stop; otherwise, 

return to step 1. 

5. Decrease t and return to step 2. The most common step reduction is 

to reduce t by a factor of 2. 

The Newton-Armijo method attempts to compensate for a poor initial guess by 

backing off from a full Newton step when it does not reduce the residual. This method 

serves as a modification to Newton’s method with backtracking regulated by Armijo 

condition, hence it is often called Newton-Armijo method. It has the advantage of 

falling back, essentially, to bisection in case the Newton step begins to blow up. This 

is desirable for functions that tend to cause convergence issues like the example stated 

above of f(x)=tan-1(x). 

Bisection Method 

This method works by first finding the interval containing the root by looking 

for a sign change. At each step the method divides the interval into two by computing 

the midpoint c = (a+b)/2 of the interval and the value of the function f(c) at that point. 

Unless c is itself a root (which is very unlikely, but possible) there are now two 

possibilities: either f(a) and f(c) have opposite signs and bracket a root, or f(c) and f(b) 

have opposite signs and bracket a root. The method selects the subinterval that is a 

bracket as a new interval to be used in the next step. In this way the interval that 

contains a zero of f is reduced by half at each step. This process is continued until the 

interval becomes sufficiently small. 
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Figure 2.2 Flowchart of the Bisection Method. 

The method is guaranteed to converge to a root of f if f is a continuous function 

on the interval [a, b] and f(a) and f(b) have opposite signs. The absolute error is halved 

at each step so the method converges linearly, which is slower than the Newton’s 

Method. 
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Basic PVT Concepts 

Fugacity 

In chemical thermodynamics, the fugacity (f) of a real gas is an effective 

pressure which replaces the true mechanical pressure in accurate chemical equilibrium 

calculations. It is equal to the pressure of an ideal gas which has the same chemical 

potential as the real gas. For example, nitrogen gas (N2) at 0°C and a pressure of 100 

atm has a fugacity of 97.03 atm. This means that the chemical potential of real 

nitrogen at a pressure of 100 atm has the value which ideal nitrogen would have at a 

pressure of 97.03 atm. 

For any pure substance, the chemical potential (μ) is equal to the molar Gibbs 

free energy, whose variation with temperature (T) and pressure (P) is given by: 

vdPSdTdGd +−==µ ………………………………………………………2.2 

At constant temperature, this expression can be integrated as a function of  P. 

For an ideal gas the reference state depends only on pressure: 

∫∫ =
P

P
dPvd

00

µ

µ
µ

……………………….……………………………………..2.3
 

For ideal gases: 

0
0 ln

P
PRT+= µµ

…………………….……………………………………..2.4
 

 

Because the above was defined for ideal gases, and we do not have a simple 

relationship for real gases, we define a magnitude called fugacity, so that the chemical 

potential of a real gas becomes: 

 0
0 ln

f
fRT+= µµ

…………………….……………………………..2.5
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K-Values 

The K-values are the ratio of equilibrium gas composition to equilibrium oil 

composition. Mathematically: 

i

i
i x

yK =
…………………….………………………………….……………..2.6

 

 

The K-values or equilibrium ratios can be obtained by various methods. Since 

K-values are a strong function of pressure and temperature and a weak function of 

composition, many empirical methods have been developed for quick estimation of K-

values. The GPSA (Gas Processor’s Supplier’s Association ) Engineering Data 

Handbook (2004) provides several methods of K-value estimation, which are 

summarized below. 

There are several K-value charts available for use. Most recent ones rely on 

convergence pressure method to estimate the K-values. The convergence pressure 

method can be used in hand calculations and easily programmed as K-value 

correlation for computer programs. This method is not accurate and can only be used 

to initialize K-values in a flash program. 

Flash calculations using an Equation of State also generate K-values. This is 

the most reliable method of generating K-values. 

Equations of State 

The equations of state (EOS) are thermodynamic and mathematical equations 

that model the relationship between pressure, temperature and volume. The earliest 

equation that models this relationship is the ideal gas law stated as: 

RTPv =
…………………….…………………………….………………..2.7
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van der Waals Equation of State 

In 1873, van der Waals improved on the ideal gas equation by integrating the 

intermolecular attractive and repulsive forces. This was presented in the classic work 

on the continuity of the vapor and the liquid phases by van der Waals (1873). The van 

der Waals (VDW) equation is given as: 

2v
a

bv
RTP −
−

=
…………………….…………………………….…………..2.8

 

 

Where 2v
a  and b represent the repulsive and attractive terms respectively, v is 

the molar volume. v becomes equal to b as pressure approaches infinity. The 

parameters a and b can be calculated by imposing the van der Waals criticality 

conditions of: 

02

2

=
∂
∂

=
∂
∂

v
P

v
P

…………………….………………..…………….…………..2.9
 

 

Which gives a and b as functions of Pc and Tc at the critical point as: 

c

c
c P

TRa
22

64
27

=
…………………….………………………………………..2.10

 

 

 
c

c
c P

RTb
8

=
…………………….……………………………………………..2.11

 

These values, though reasonable, are not accurate in the other regions of the phase 

envelope.  
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Redlich-Kwong Equation of State 

Redlich and Kwong (RK) (1949) proposed the first cubic EOS that was widely 

accepted as a tool for routine calculations of the fugacity. The attractive term v2 in the 

original van der Waals equation was replaced by v(v+b).Their equation is of the form: 

 ( )bvvT
a

bv
RTP

+
−

−
= 5.0 …………………….……………………………..2.12

 

The parameters a and b were calculated from the critical point conditions like van der 

Waals and are given by the following expressions: 

 
c

c

P
TRa

5.22

42748.0=
……………………..……………………………..2.13

 

c

c

P
RTb 08664.0=

………………………..……………………………..2.14
 

For N-component mixture, the parameters above can be found using the following 

mixing rules: 

∑∑
= =

=
N

i

N

j
ijji azza

1 1 ……………………..………………………..…………..2.15
 

∑
=

=
N

i
iibzb

1 ………………………….………..……………………………..2.16
 

 

Where zi and zj are the mole fractions of component i and j respectively. The term bi is 

the b-parameter of i-th component found from equation 2.14. The term aij is given by: 

cij

cij
ij P

TR
a

5.22

42748.0=
……………………..………………..………………..2.17
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Which also corresponds to equation 2.13 but instead it is found for the cross terms Pcij 

and Tcij. Where Tcij is given by: 

( )ijcjcicij kTTT −= 1  ……………………..………………….……………..2.18
 

 

Where kij is the binary interaction coefficient (BIC) which defines the interaction 

between the component i and j. For two identical components, BIC is zero by 

definition. The suggested BIC’s for SRK and PR EOS are given in Table 2.2 

The Redlich-Kwong equation was very successful in calculating properties of gas 

mixtures. However, it was still inadequate for modeling both gas and liquid phases. 

Liquid volumes were not predicted with acceptable accuracy. Also the simple 

dependence on temperature was insufficient for the representation of vapor pressure.  

Soave-Redlich-Kwong Equation of State 

Soave (1972) found the pure component vapor pressure calculated from the 

Redlich-Kwong (RK) EOS to be inaccurate. He suggested replacing the attractive term 

in the RK equation by a more general temperature-dependent parameter, a(T), giving 

an equation of state known as the SRK, which has the following form:  

 ( )
( )bvv

Ta
bv

RTP
+

−
−

=
………………………………….……………..2.19

 

 

Soave plotted 
ca

a
 against 

cT
T

from which he observed an almost linear dependence, 

he therefore proposed the following temperature dependence: 

 ( ) ( )TaTa cα=
……………………..………………….…………..2.20
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Where 

c

c
c P

TRa
22

42748.0=
……………………..……….…………….…………..2.21 

c

c
c P

RTb 08664.0=
……………………..……………………….…………..2.22 

 

( )
2

11 



















−+=

cT
TmTα

……………………..………………….………..2.23 

 

2176.0574.148.0 ωω −+=m
……………………..………………….……..2.24 

 

Where ω  is the acentric factor. 
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Table 2.2 Recommended BIC’s for PR EOS and SRK EOS (After Whitson and Brule, 2000) 

 

PR EOS SRK EOS 
N2 CO2 H2S N2 CO2 H2S 

N2 0.000 0.000 0.000 0.000 0.000 0.000 
CO2 0.000 0.000 0.000 0.000 0.000 0.000 
H2S 0.130 0.135 0.000 0.120 0.120 0.000 
C1 0.025 0.105 0.070 0.020 0.120 0.080 
C2 0.010 0.130 0.085 0.060 0.150 0.070 
C3 0.090 0.125 0.080 0.080 0.150 0.070 

i-C4 0.095 0.120 0.075 0.080 0.150 0.060 
n-C4 0.095 0.115 0.075 0.080 0.150 0.060 
i-C5 0.100 0.115 0.070 0.080 0.150 0.060 
n-C5 0.110 0.115 0.070 0.080 0.150 0.060 
C6 0.110 0.115 0.055 0.080 0.150 0.050 

C7+ 0.110 0.115 0.050 0.080 0.150 0.030 
 

Peng-Robinson Equation of State 

Peng and Robinson (1976) worked on enhancing the prediction of liquid 

densities by an EOS. The predictions of liquid densities by the SRK EOS are generally 

low. Peng and Robinson (1976) suggested an equation of the form: 

( )
( ) ( )bvbbvv

Ta
bv

RTP
−++

−
−

=
……………………..………………….……..2.25 

 

Where 

( ) ( )TaTa cα=
…………………………………....………………….……..2.26 

 

c

c
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TRa
22

45724.0=
……………………..………………………….……..2.27 
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……………………..…………..……….……..2.28 

 

226992.054226.137464.0 ωω −+=m
……………………..……….……..2.29 

 

In 1978, they presented a modification for m to be used for ω  >0.49 as: 

32 016666.0164423.048503.1379642.0 ωωω +−+=m
…………………..2.30 

 

Other Equations of State 

There are other EOS proposed on the original idea of van der Waals equation 

of state. First attempts were to modify the van der Waals (VDW) equation of state by 

changing the molecular attraction term a/v2. Earliest attempts were made by Clausius 

(1880), Dieterici (1899), Lorentz (1881) and Wohl (1927). It was in 1901 that 

Kammerlingh-Onnes proposed the Virial equation of state: 







 +++= ...1 2v

C
v
BRTPv

……………………..……………………...……..2.31 

Hence the VDW EOS could be approximated as: 









++






 −+= ...11 2

2

v
b

RT
ab

v
RTPv

……………………..…………………..2.32 

 

This led to several equations of state to be proposed by many researchers in the 

area by fitting the data on real gases to find out the constants in the Virial EOS. Some 

of the examples include, Beattie-Bridgeman EOS, Benedict-Webb-Rubin EOS, 

Zudkevitch-Joffe modification of RK EOS, Usdin-McAuliffe EOS, Stein-RK EOS, 



Texas Tech University, Fahd Siddiqui, August 2012 

16 

Heyen EOS (1983), Martin EOS (1979), Kubic EOS (1982), Adachi-Lu EOS (1984), 

Patel-Teja EOS (1982), Schmidt-Wenzel EOS (1980) and Lawal-Lake-Silberberg 

EOS (1986). Other EOS can be found in the texts such as McCain (1990), Pedersen 

and Christensen (2007) and Whitson and Brule (2000). 

Ahmed (1988) performed a comparative study of the predictive capabilities of 

eight EOS on 10 different gas-condensate systems. He concluded that Schmidt-

Wenzel (SW) EOS yields better predictive capabilities for volumetric properties for 

gas-condensate systems.  The Patel-Teja (PT) EOS demonstrates superior capability 

for predicting gas-compressibility factors. And in terms of flash calculations, 

Peneloux-SRK, Peneloux-PR, PT and SW EOS perform equally well. 

A distinct advantage of the PR and the SRK EOS is reproducibility (Whitson 

and Brule, 2000). The Zudkevitch-Joffe-RK EOS relies on tables and complex 

functions to represent the highly non-linear correction terms for the EOS constants A 

and B.  

Peneloux et al. Volume Translation 

Because of poor predictive capabilities of the SRK EOS for liquid density, it 

was only limited to gas phase density calculations. Penoloux et al. (1982) presented a 

modification to the SRK EOS by introducing a volume shift parameter. The SRK-

Peneloux equation is of the form: 

( )
( ) ( )cbvcv

Ta
bv

RTP
2++++

−
−

=
……………………..………………….…..2.33 

 

The parameter c is called the volume translation or volume shift parameter.  It is 

important to note that parameter c has no influence on gas-liquid phase equilibrium 

calculation results. The SRK-Peneloux will give the same saturation points as the 

original SRK EOS. Therefore the Peneloux correction only influences the molar 

volumes and phase densities without affecting the phase equilibrium (Pedersen and 
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Christensen 2007, Whitson and Brule 2000). Peneloux et al. (1982) volumetric 

correction is not just limited to SRK EOS, it can be applied to any two-parameter 

EOS, and the parameter c can be assigned any value that makes the calculated molar 

volume agree with the experimental observations. The volume-translation parameter c 

eliminates the inherent volumetric deficiency suffered by all two-constant EOS, and 

for all practical purposes it makes any two constant EOS as accurate as a three 

constant equation (Whitson and Brule 2000). 

In review, the PR and the SRK EOS are the two most widely used cubic EOS. 

They provide the same accuracy for flash calculations and are satisfactory for 

volumetric predictions only when used with volume translation such as the Peneloux 

et al. (1982) correction.  

The PR and the SRK EOS were selected along with Peneloux volume shifts to 

perform all the calculations to demonstrate the alternate method described in this 

thesis. However, any EOS can be selected to work with the solution technique 

described for phase envelope generation and MMP calculations. 

Pseudo-Component Correlations 

The molecular weight, specific gravity and boiling point of the lumped 

component must be estimated in absence of experimental True Boiling Point (TBP) 

data. This situation is encountered when simulated distillation is used or when no 

experimental analysis of the lumped component is available. For the situation when 

molecular weights, specific gravity and mole fractions of lumped components are 

known, correlations can be used to estimate the TBP, critical temperature, critical 

pressure and acentric factor of the lumped component. Following correlations are 

available for use and have been extensively described in literature. 

Boiling Point Estimation 

Boiling point can be estimated from molecular weight and specific gravity by 

one of the following correlations: 
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Søreide Correlation 

Søreide (1989) developed a boiling-point correlation from 843 TBP fractions from 68 

reservoir C7+ sample 

( ) ( )[ ]
( ) γ

γγ

M
MMTb

3

3266.303522.05

10462.3

7685.410922.4exp10695.13.1928
−

−−

×+

−×−××−=

…….…..2.34 

 

Whitson and Brule (2000) and Pedersen and Christensen (2007) recommend the use of 

Søreide correlation for boiling point estimation. However, the following correlations 

are also available: 

Kessler and Lee (1976) 

( )[ ]
( ) ( )[ ]{ }
( ) ( )[ ]{ }31212
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1098.1818828.102226.080882.01
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.………......2.35 

 

Riazi and Daubert (1980) 

( ) 0164.11962.25105673.4 −−×= γbTM
.……………..…………………………………..2.36 

 

American Petroleum Institute (API 1977) 

 ( ) ( )γγ 07.300218.0exp100438.2 88.1118.02 −×= bb TTM
…….……………...2.37 

 

Rao and Bardon (1985) 

 ( ) 







+

+=
w

b
w K

TKM
68.131.22

8.1ln071.027.1ln
…………..…………………..2.38 
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Where Kw is the Watson (1933, 1935) characterization factor: 

 84573.015178.05579.4 −≈ γMKw …………..………………………...…………..2.39 

 

Riazi and Daubert (1986) 

 
( )
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−×
=

−

−

γ

γ
γ

b

b
b T

T
TM

3

3
51274.697476.0

1011056.1

53384.91043076.5
exp96.581

……………..2.40 

 

Critical Temperature Correlations 

Critical is the most reliably correlated critical property. Following correlations 

are available for petroleum fractions: 

Roess (1936) 

 ( )[ ] ( ) ( )[ ]23 350107127.03506667.183.645 −×−−+= −
bbc TTT γγ

…………....2.41
 

Kessler and Lee (1976) 

 ( ) ( ) 15102623.34669.01174.04244.08117.341 −−×−++++= bbc TTT γγγ
.2.42

 

Cavett (1962) 

 

( ) ( )( )
( ) ( ) ( )( )
( ) ( ) ( ) ( )22725
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γ
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Riazi and Daubert (1980) 

 3596.058848.027871.24 γbc TT =
………………………………………………...2.44
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Nokay (1959) 

 2985.062164.0078.19 γbc TT =
…………………………………………………..2.45

 

Critical Pressure 

Following critical pressure correlations are available for use: 

Kessler and Lee (1976) 
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Cavett (1962) 
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……………………………………………………………………………………....2.47
 

Riazi and Daubert (1980) 

 ( ) 3201.23125.291012281.3 γ−×= bc TP
…………………………………………...2.48

 

Acentric Factor 

Pitzer et al. (1955) defined the acentric factor as follows 

1log
*
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Where *
vP = vapor pressure at reduced temperature of 0.7. Acentric factor is a 

quantification of the slope of the vapor-pressure curve as the reduced temperature 

changes from 0.7 to unity. 

Lee and Kessler (1975) 

For Tb/Tc <0.8 
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Kessler and Lee (1976) 

For Tb/Tc >0.8 
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Edmister (1958) 
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Two phase Flash Calculation  

In principle any Equation of State (EOS) can easily be used to simulate a two 

flash experiment. The flash experiment is modeled by mathematically bringing a given 
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composition (zi) to a specified Pressure (P) and Temperature (T). This may result in 

the given composition to form a single phase or it may split up into two phases. The 

inherent obstacle is of not knowing whether two phases form at the specified pressure 

and temperature. It is the purpose of the flash simulation to find out if the composition 

splits up into two phases and in such a case predict the mole fraction vapor (Fv) 

formed, K-values, liquid and gas phase fugacities (fl and fv) and liquid and gas phase 

compositions (xi and yi). The two phase flash calculation can be solved by satisfying 

the equal fugacity and material balance constraints with Newton-Raphson method 

(Michelsen 1982). 

This procedure can be setup easily by an iterative algorithm by the usual 

constraint of equal fugacities and a component/phase material balance.  

The K-values are usually initialized using the Wilson (1969) equation: 

 

( )( )[ ]
ri

rii
i p

TK
11137.5exp −++

=
ω

.................................................................2.53
 

 

The K-values obtained using this equation are not accurate for high pressures 

(Whitson and Brule 2000). Therefore the values need to be updated in an iterative 

manner. This is done by checking for chemical equilibrium and material balance 

constraints. 

The criterion of thermodynamic equilibrium is that the chemical potential of i-

th component in Phase 1 is equal to the chemical potential of i-th component in Phase 

2 for all components i=1 to N. Fugacity fi can be written in terms of chemical potential 

μi. 

( )TfRT iii λµ += ln
.....................................................................................2.54
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Hence the equal chemical potential constraint can be written as: 

Niff ivil ,...,2,1,, ==
..................................................................................2.55

 

This can be solved by taking a norm of difference of fugacities: 

( )∑
=

<−
N

i
ivil ff

1

2
,, ε
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where ε is the tolerance. 

  

Two phase Rachford-Rice (1952) procedure is used to simulate the flash experiment. 

The material balance constraint can be written as 

lv nnn +=
.....................................................................................................2.57 

Nixnynnz ilivi ,...,2,1=+= …………………………………………..2.58 

 

Introducing mole fraction vapor 

n
nv=vF ……………………………………………………………………..2.59 

 

Equation 2.2 can be written as: 

ivivi xFyFz )1( −+= …………………………………………..…………..2.60 

 

Moreover the mole fractions must equal unity: 
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From the definition of equilibrium ratio Ki 

i

i
i x

yK = …………………………………………………………………..2.62 

 

Now by using equations 2.3, 2.4, 2.5: 
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Equation 2.61 is referred to as the Rachford-Rice equation. Earlier, in 1949 Muskat 

and McDowell proposed an independent solution similar to the Rachford-Rice 

equation by using an additional quantity:  

1
1
−

=
i

i K
c

…………………………………………………….…………….2.64
 

 

And rewriting equation 2.61: 
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=
+
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……………………………..……….…………….2.65

 

This modification makes the equations more numerically efficient (Whitson and Brule 

2000). Equation 2.65 is known as the Muskat-McDowell equation. 

The zero of this function is usually found by employing Newton Raphson 

Method. Phase compositions are computed from the material balance constraints
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Phase compositions are calculated from the material balance equations. After 

computing the xi and yi, liquid and vapor phase Z-factors and fugacities are calculated 

using any EOS. If multiple Z-factors are found, then the root with the lowest Gibbs 

energy is chosen (Michelsen 1982). However, Zick (Whitson and Brule 2000) suggest 

that this method is not fail-safe and a consistent choice of roots must be made 

throughout by choosing the smallest root for liquid phase Z-factor and the largest Z-

factor for the vapor phase. Using these Z-factors, fugacities for liquid and gas phase 

components are calculated. The equal fugacity constraint is checked by equation 2.56. 

If convergence is not achieved then the K-values are updated by the following 

equation: 

( ) ( )
( )

( )n
vi

n
lin

i
n

i f
fKK =+1

…………………………………………………………2.68
 

Where the superscripts denote the iteration level. With these new K-values the 

Muskat-McDowell equation is solved again, and the Z-factors evaluated again along 

with fugacities. This iterative procedure is repeated until the equal fugacity constrain 

is satisfied. This procedure can lead to three solutions (Whitson and Brule, 2000): 

1. The mole fraction vapor, Fv is between zero and one, indicating a two 

phase split. 

2. The mole fraction vapor, Fv is either greater than unity or less than zero, 

indicating a negative flash (Whitson and Michelsen 1989). This solution is 

physically unacceptable. However, it corresponds to phase stability and 

shows that the composition will not split into two phases. Whitson and 

Brule (2000) argue that even though the solution has no physical 

implication, still it holds practical applications since phase properties are 

continuous across the phase boundaries and it indicates phase stability. 

3. A so called trivial solution where the K-values are equal to unity.  This 

condition arises from poor initial K-value estimates. This solution may also 

arise when two phase solution does not exist and the solution is outside the 
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phase envelope, defined by Whitson and Michelsen (1989) as the 

convergence pressure. 

After checking for each of the above solutions, the flash program outputs the 

converged solution of mole fraction vapor, phase compositions, Z-factors and 

fugacities. 

Phase Envelope Generation Method  

For a mixture composition z at a fixed temperature T, the saturation pressure 

calculation involves finding the pressure(s) for which the mixture is in equilibrium 

with an infinitesimal amount of an incipient phase. In terms of a two-phase flash, the 

saturation pressure defines a pressure where the vapor mole fraction, Fv. equals zero 

or one (Fv = 0 at bubble point and Fv = 1 at dew point). 

One way to locate the saturation pressure of a mixture would be to make a 1D 

search in pressure for Fv = 0 or 1, where the two-phase flash is converged at each 

pressure estimate during the search. Although this approach would be safe, it also 

would be very slow. Several alternative saturation-pressure algorithms are available 

that are both efficient and reliable when used with stability analysis. 

The two conditions defining a saturation pressure are that the fugacities of all 

components are equal in both phases, and the mole fractions of the incipient phases 

must equal unity. 

Michelsen (1980) outlined a procedure for making such a calculation for a 

complete phase envelope. The phase envelope calculation is started at moderate 

pressures from either the dew point or the bubble point side. Because the pressure is 

moderate convergence is easily obtained. A second saturation point is calculated at a 

higher pressure. The third point and onwards are calculated making use of the K-

values, Pressures and temperatures in each of the two previous points. 

From the two conditions defined above, Michelsen (1980) describes the 

problem in following equations: 
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Elimination of xi and yi reduces the number of equation to N+1 with N+2 variables. 

Michelsen (1980) then writes the above equations as the function g whose root is to be 

found at the specified pressure or temperature: 

( ) ( ) ( ) 0,,, =−= βαβαβα vilii ffg ………………………………………..2.73 

 

Where α is the vector of dependent variables and describes the full phase envelope: 
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And β is the vector of known specifications: 
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The above equations are solved using Newton-Raphson Method modified for multi-

dimensions. Given an estimate of α(m) the solution of an improved estimate α(m+1) is 

found by: 

 0)()( =+∆ mm gJ α
…………………………………………………………..2.77 

( ) ( ) ααα ∆+=+ mm 1 ………………………………………………………….2.78 

Where J is the Jacobian matrix defined by: 

 
j

i
ij

gJ
α∂
∂

=
…………………………………...………………………………2.79

 

The effectiveness depends on initial estimate used to initialize the iterations. 

 Michelsen (1980) recommends the use of Wilson correlation for K-values only 

at moderate temperature and pressure. The K-values at higher pressure and 

temperature are extrapolated from the previous two points.  

This algorithm is fast, however it may suffer from some rare cases when the 

Jacobian Matrix tends to zero. It may also suffer from convergence issues if the 

equations are not “well-behaved”, in the sense that it is not continuously 

differentiable. It may not be practical to find the first derivatives of fugacity, since 

fugacity is itself a nonlinear function. 

Minimum Miscibility Pressure 

Miscibility has become a very important concept in the design and operation of 

gas injection processes. The attainment of miscibility in any miscible injection process 

is the optimal operational regime for the process. Therefore, it is of special importance 

in miscible gas injection processes. Thermodynamically, two or more fluids are 

termed miscible if a mixture of the fluids forms a single phase whenever the fluids are 

mixed in any proportion at a particular condition of pressure and temperature (or a 

particular thermodynamic state). Therefore, when two fluids attain miscibility, the 

interface between them vanishes, i.e., the interfacial tension (IFT) equals zero.  
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Hydrocarbons are made up of several hundred components, which may exist as 

liquid or vapor depending on the temperature and pressure of the system. The inherent 

nature of hydrocarbon components is that they partition into the vapor and liquid 

phases depending on the thermodynamic state of the system. Therefore, the attainment 

of miscibility and the dynamics of it are thermodynamic phenomena which are 

directly related to the composition of the fluids involved and the temperature and 

pressure of the system. This is why the determination of miscibility conditions for an 

oil system is largely hinged on the dynamics of the phase behavior between the 

injected gas and the reservoir oil. 

 

Figure 2.3 Location of MMP as a Point of Inflexion (After Amao 2011) 

The minimum miscibility pressure (MMP) is the lowest pressure at which the 

injected gas and the oil in place become multi-contact miscible. At this minimum 

pressure, the displacement process becomes very efficient. The minimum miscibility 

enrichment (MME), at a particular pressure, is the lowest possible enrichment level of 

a given component or a group of components in the injection gas which causes multi-

contact miscibility to occur. The MMP and the MME are conceptually the same. They 

MMP 
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both define the same physical phenomenon but from two different angles. The MMP 

defines it as a variation in pressure to achieve miscibility while the MME defines it as 

a variation in the injection gas composition to achieve miscibility. 

A single-phase reservoir fluid is advantageous from a production point of 

view. If both a gas and an oil phase are present, the gas will have a higher mobility 

than the oil phase, and this may possibly lead to a gas breakthrough. Therefore the 

accurate prediction of MMP/MME is of prime importance in the design and 

optimization of any miscible gas injection process. 

The oil recovery and Minimum Miscibility Pressure (MMP) of the system can 

be predicted by plotting the oil recovery versus injection pressure. The MMP is at the 

point of inflexion, i.e. any further increase in pressure of the system will not produce 

any appreciable increase in the recovery rate of the oil (as shown in figure 2.3). 

Further details about MMP can be sought in Amao‘s (2011) work or in any 

other standard petroleum engineering literature. 
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Chapter III  
PROBLEM STATEMENT 

Calculation of vapor-liquid equilibria for multicomponent mixtures using a 

single equation of state is difficult in the near critical region, as it may not be known in 

advance whether a given set of specifications corresponds to a single solution, to 

multiple solutions or to no solution (Erbar 1975, Heidemann  and  Khalil 1979). It is 

therefore of interest to be able to locate certain key-points on the phase envelope, such 

as the critical point, the temperature maximum and the pressure maximum. 

The usual calculations of phase envelope are plagued with convergence issues 

arising mainly due to: 

1. Incorrect initial starting value 

2. Multiple solution near the critical point 

3. Severe round-off errors 

4. Inherent non-linearity of equations leading to functions that are not well-

behaved in the region of interest 

The biggest challenge is of initializing the calculations at high pressures and 

temperatures where most of the convergence issues occur. Small change in initializing 

K-values have a huge impact on whether the iterations will converge or not. 

Michelsen’s (1980) technique requires the formation of Jacobian matrix which 

consists of the partial derivatives of fugacity with respect to K-values, 

Pressure/Temperature and mole fraction vapor/liquid. This may be expensive to 

obtain, and in cases of EOS direct evaluation may be impractical.  
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Thesis Objectives 

The objectives of this study are to: 

1. Review the work done by Michelsen for generation of phase envelope. 

2. Suggest an alternative method of solving the phase envelope non-linear 

equation that does not involve the use of derivatives. 

3. Make the algorithm more reliable by using a “safe” root finding method 

(bisection method). 

4. Develop a code from the modified Michelsen algorithm to generate the full 

phase envelope and identify the critical point. And verify the results against 

a commercial software. 

5. Develop a code to perform flash calculations at different pressure and 

temperature conditions. 

6. Develop a code to generate physical property data such as liquid and gas 

phase Z-factors at different pressures using Equation of State. 

7. Demonstrate the application of the flash procedure with modifications to 

find out the Minimum Miscibility Pressure (MMP) of a real fluid from 

Permian Basin. 

8. Demonstrate the comparison of MMP generated from experimental study 

done by Amao (2011) and the MMP calculated from the slim-tube 

simulation using the algorithm developed in this thesis. 
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Chapter IV  
SOLUTION STRATEGY 

 

The solution strategy can be summarized in the following steps. 

1. Modify Michelsen’s (1980) algorithm to use the bisection method instead of 

the Newton-Raphson method. 

2. The convergence issues will be overcome by using interpolating polynomials 

to better estimate the initial starting values. 

3. Generate Z-factors to verify the code. 

4. Generate the full phase envelope for three different real fluids: Heavy oil, Lean 

Gas-Condensate, Rich Gas-Condensate using PR-EOS, SRK-EOS. 

5. Verify the modified algorithm against commercial software that utilizes 

Michelsen’s algorithm. 

6. Apply the Metcalfe et al. (1973) procedure to find the MMP of a real fluid 

from Permian Basin, and compare against the experimental study performed by 

Amao (2011). 

First a modification is made to the flash algorithm to use the Newton-Armijo 

Method instead of the Newton-Raphson Method to solve the Rachford-Rice (or 

Muskat-McDowell) equation. A new algorithm of phase envelope generation is 

developed by modifying Michelsen’s algorithm. Afterwards the modified flash 

procedure is used to program the MMP curve generating algorithm proposed by 

Metcalfe et al. (1973) 

Two phase Flash Algorithm using an EOS 

Generally the non-linear Muskat-McDowell equation is solved using the 

Newton-Raphson method, however, as shown by an example in Chapter II, the 

Newton-Raphson method may diverge from the correct solution. 
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Newton-Armijo method can be used to solve the Muskat-McDowell equation 

in a reliable method. The code developed for two phase flash calculations in this thesis 

was developed by employing the Newton-Armijo method. 

The flash sub-routine is frequently called by other programs to use the outputs for 

phase envelope generation, Z-factor calculations, MMP calculations etc. 

The flash procedure can be used to find: liquid and vapor phase Z-factors, 

fugacities, molar compositions, and K-values and mole fraction vapor/liquid. 

Modifications to Phase Envelope Generation Procedure 

This thesis proposes the following modifications to the phase envelope 

generation procedure described by Michelsen (1980). These modifications make the 

original procedure more robust and provide an alternate way of solving the non-linear 

problem in simpler terms. 

K-value Initialization 

The K-values will be initialized by Wilson method only at the initial point of 

the phase envelope. Since this would be done at a moderate pressure and temperature, 

we will have guaranteed convergence (Michelsen 1980). Each successive calculation 

will use K-values extrapolated using the PWCH (Piece-Wise Cubin Hermite) 

interpolating polynomials using the flash calculation performed at preceding Pressures 

and Temperatures. This will ensure convergence. And initializing the EOS flash 

calculations this way avoids all convergence-related problems except only in rare 

cases. In such an event the Pressure and Temperature steps can be reduced in size and 

the calculations can be repeated. 
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Bisection Method  

The bisection root finding method will be used to find the saturation point. 

This can be easily coded and does not require the first partial derivatives of fugacity. 

This is to be used in place of the multidimensional variant of the Newton Raphson 

Method as proposed by Michelsen, which relies on forming a Jacobian of first partial 

derivatives of fugacity with respect to temperature, pressure and composition.  

The desirable property of Newton-Raphson method is its ability to converge to 

a solution quadratically. This essentially means that it should take up to four iterations 

to converge to a solution on a double-precision floating point machine if starting from 

a guess that is accurate up to 1 decimal place. However, the property of quadratic 

convergence is only realized in certain cases where the initial guess is really close to 

the root (within the radius of convergence). Beyond the radius of convergence, the 

Newton-Raphson method may fail or in some cases falls back to linear convergence. 

Since Bisection method converges linearly to the solution, it will take up to 16 

iterations to converge on a double-precision floating point machine, starting from a 

guess value accurate up to 1 decimal place. Although it will be significantly slower, it 

will be failsafe and it must converge to the solution (Kress 1991). Additionally it does 

not require the partial derivatives of fugacity hence it makes it easier to program and 

in some instances it will work as good as Newton-Raphson method in terms of number 

of computations since derivatives are not being calculated at each iteration level 

(Kress 1991). 

Interpolating Polynomials 

Another modification done in this research is in interpolating polynomials in 

which the result of the previous saturation points is used to find an interpolating 

polynomial. This polynomial is then used to extrapolate over a small pressure or 

temperature range, the next saturation point and also the K-values at this point. This 

new saturation point and K-values are then used to initialize the bisection calculation, 

which converges much quickly because it is closer to the actual solution. The type of 
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interpolating polynomial used is “Piece-Wise Cubin Hermite” (PWCH) polynomial 

and it results in a smoother and weighted interpolation (Kress 1991). 

The Z-factor calculations can be performed easily by running the EOS flash 

algorithm on the specified composition over a range of Pressures. The Z-factors are 

tabulated against pressure and reported as output. The calculations are started over 

moderate pressures, and then pressures are increased in small step increments whilst 

using the K-values from previous pressure step. This ensures convergence and 

calculations are completed rapidly. 
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Z-factor Calculations 

 

Figure 4.1 Z-factor Calculation Algorithm 
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Bubble Point Line Calculation 

Run the EOS flash calculations on increasing pressures steps at an isotherm 

and look for a sign change on mole fraction vapor. Run PWCH interpolation to find an 

estimate of saturation pressure. Run the bisection root finding method on this estimate 

to find the exact Saturation Pressure for this temperature. 

Then on the next isotherm start from this pressure and keep increasing the 

pressure until maximum specified pressure is reached. Use interpolation, followed by 

bisection, to find the next bubble point pressure at the next isotherm. Continue for two 

more steps like this, while using the K-values from previous pressure temperature 

conditions to initialize the EOS flash calculation to ensure convergence. 

To accelerate calculation speed, these four points can be used to extrapolate the 

saturation pressure along with its K-values for the next isotherm. In this way, the use 

of brute force searching for sign change can be avoided all together. Use bisection root 

finding method on this extrapolated bubble point pressure to find an exact bubble 

point pressure within the specified tolerance. 

This acceleration leads to quicker calculation of bubble point calculation and 

no problems are encountered while passing through the critical point. The procedure is 

repeated until the root finding sub-routine fails, which only happens when the 

temperature exceeds the cricondenthem; i.e. only a vapor phase is encountered 

everywhere on the isotherm. 

Dew Point Line Calculation 

The dew point line calculation can be done similar to bubble point line 

calculation. Only this time the temperature is reduced instead of increasing it. This is 

because the initial calculations are done farther away from the critical point to ensure 

convergence. Similarly run the EOS flash calculations on a number of different 

pressures at an isotherm (maximum specified temperature) and look for a sign change 

on mole fraction liquid. Run PWCH interpolation to find an estimate of dew point 
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pressure. Run the bisection root finding method on this estimate to find the actual dew 

point pressure at this temperature. 

 

Figure 4.2 Flow Chart of Generating the Full Phase Envelope. 

Then on the next (lower) isotherm start from this pressure and keep increasing 

the pressure until maximum specified pressure is reached. Use interpolation followed 

by bisection to find the next bubble point pressure at this next isotherm. Continue for 

two more temperature steps like this while using the K-values from previous pressure 
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and temperature conditions to initialize the EOS flash calculation to ensure 

convergence. 

To accelerate the calculation speed, these four points can be used to extrapolate 

the dew point pressure along with its K-values for the next (lower) isotherm. In this 

way, the use of brute force searching for sign change can be avoided altogether. Use 

bisection root finding method on this extrapolated dew point pressure to find the exact 

dew point pressure within the specified tolerance. 

Half Mole Fraction Vapor Quality Line  

Similarly the procedure can be repeated for looking for a sign change on mole 

fraction liquid less one half to generate the half-mole-fraction-vapor quality line. This 

is done to identify the critical point unambiguously. 

Minimum Miscibility Pressure Calculation  

The MMP calculations are performed using the Metcalfe et al. (1973) 

procedure used in the simulation of a slimtube experiment. A model is described by 

dividing a slimtube into a large number of constant-temperature and constant-pressure 

cells. Initially each of those cells contains the reservoir crude under study. During the 

injection, perfect contact and instantaneous equilibrium is assumed in each cell. This 

means that the conditions in the cell can be found by  PT flash calculations as 

described in Chapter II. 

The first batch of injection fluid in introduced into Cell 1 and combined with 

the in-place fluid. The amount of fluid injection each time is 20 percent of the cell 

volume. The resulting mixture of injected fluid and the in-place fluid is flashed to 

obtain the liquid and gas-phase compositions and volumes. Fluid is mathematically 

removed from Cell 1 and injected into Cell 2 by moving the gas first followed by 

excess oil (if any). The injected and the in-place fluids in Cell 2 are combined and 

flashed. Movement of fluid into the next adjacent cell and flashing of the combination 

mixture continues until production is obtained from the last cell. 
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Figure 4.3 Schematic of Multicell MMP Calculation Method (After Metcalfe et al. 1973) 

Similarly batch 2 is injected into Cell 1 and flow takes place from cell to cell 

as described fro Batch 1. This procedure continues until all the batches have been 

injected and until the desired number of pore volumes have been injected (PVI). The 

accuracy depends on the number of cells. This procedure is summarized in figure 4.3 

which summarizes the Metcalfe et al. procedure.  

The oil recovery and Minimum Miscibility Pressure (MMP) of the system can 

be predicted by plotting the oil recovery versus pressure. The MMP is at the point of 

inflexion, i.e. any further increase in pressure of the system will not produce any 

appreciable increase in the recovery rate of the oil (as shown in figure 4.4).  
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Figure 4.4 Location of MMP as a Point of Inflexion (After Amao 2011) 

To avoid convergence problems, K-values are initialized by the previous 

pressure step, similar to the approach of phase envelope generation. 

 

Advantages of Modified Phase Envelope Algorithm 

No partial derivatives requirement is placed on fugacity. This in turn means 

that any EOS can be used with this algorithm without knowing the partial derivatives 

of fugacity. This is useful because of some disadvantages of the Newton-Raphson 

method which may be encountered in rare cases. These rare cases can be encountered 

during the EOS calculations at high pressures and especially, near the critical point 

where the Newton-Raphson method struggles with convergence. Moreover, the 

Newton-Raphson method may not be applicable if obtaining the derivatives of 

fugacity is difficult or cumbersome. Following reasons of failure of Newton’s method 

prompted the use of Bisection method for the phase envelope generation calculations 

used in this research: 

MMP 
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1. Requirement of direct evaluation of derivatives. The derivatives may be 

obtained numerically which reduces the Newton’s method to the Secant 

method which has the same convergence rate as Bisection method. Because 

the real power of Newton’s method lies with the “Quadratic convergence 

rate” associated with it, reducing it to the secant method only gives a linear 

convergence rate and therefore, loses its advantage over the Bisection 

method. 

2. Initial point not close to root: If the initial point is not in the radius of 

convergence for the Newton-Raphson method, the method may fail.  

3. Stationary point: If the stationary point of the function is encountered, the 

method will terminate due to division by zero. This will happen because 

the function derivative is zero causing the Newton’s method to blow. This 

can also happen if the derivative is close to zero. 

4. Overshoot: If the first derivative is not well behaved in the vicinity of the 

root, the method may overshoot and diverge to infinity. 

The Bisection method does not suffer the disadvantages associated with 

derivatives and is simpler and robust. In fact a black-box EOS can be programed to 

run with this algorithm and the only requirement from the EOS would be mole 

fraction vapor(or liquid) at specified pressure and temperature conditions and no 

requirement of fugacity or partial derivatives of fugacity is placed on the EOS. This 

algorithm can also provide initializing K-values to the black-box EOS to aid in 

convergence of flash calculation and also an overall acceleration of computation 

because extrapolated K-values will be closer to the actual K-values (or K-values 

initialized by Wilson equation). 
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Chapter V  
DEVELOPMENT OF CODE AND TESTING 

The code used in this research was developed in MATLAB, because of its 

faster vector processing speed and ease of programming. The code from MATLAB 

can also be run on free software such as GNU OCTAVE or SCILAB for Microsoft 

Windows or Linux (Ubuntu etc.). Octave can also generate a FORTRAN Code and a 

system independent binary file.  

First, a small program was written to read the data from a text file. The data are 

read based on keywords specified in the text file. The model described in the data file 

is called by the appropriate functions using MATLAB to generate the output section 

generated using the code. 

The full code of each calculation including sub functions is given as Appendix 

B. 

The following sections describe the data file, the description of functions in 

code and the output section showing results. 

Data File Overview 

Data can be input as an ASCII text file using keywords. A Sample data file is 

given in Appendix C for reference. The keywords are described as follows: 

DATA 

This keyword describes the input composition. The compositions are entered as a table 

with columns describing the mole fraction, molecular weight, critical pressure, critical 

temperature and acentric factor of each component. Sample values of molecular 

weight, critical pressure, critical temperature and acentric factor of some pure 

components are already included. The last row is assumed to be the pseudo-

component properties. Only the mole fraction vapor is mandatory, other properties can 

be input as zero and other properties can be automatically generated by using the 
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keyword PSPROP. Entering a zero mole fraction for any component neglects the 

component entirely. 

BIC 

This keyword specifies the binary interaction coefficients of the components. 

They can be altered manually for advanced usage otherwise the default values for 

SRK and PR EOS are used by the program. 

PRES 

This keyword defines the reservoir pressure in psia to be used in some 

calculations involving single pressure computation. 

TEMP 

This keyword defines the reservoir temperature in Fahrenheit to be used in 

some calculations involving single temperature computation. 

TOL 

This keyword defines the tolerance to be used in the computations. 

PSPROP 

The critical properties of the pseudo-component can be generated using the 

built-in correlations in the program. All of the correlations defined in Chapter II are 

used and the default correlations are used based on the recommendations. 

The first field defines the molecular weight of the lumped component, second 

field defines the specific gravity of the lumped component, the third field if set to 

unity signals the program to use correlations a value of zero ignores the correlations 

and proceeds with the critical pressure, critical temperature and acentric factor entered 

by the user using the DATA keyword. If the third field is set to unity, the user needs to 

identify which correlation to use based on the following table: 
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Table 5.1 Boiling Point Correlations, Values to Use for the PSPROP Keyword 

Boiling Point 
Correlation Enter Number 

Søreide Correlation 1 
Keesler-Lee 2 
Raizi-Daubert 3 
API 4 
Rao-Bardon 5 
Raizi-Daubert 2 6 

 

Table 5.2 Critical Pressure Correlations, Values to Use for the PSPROP Keyword 

Critical Pressure 
Correlation Enter number 

Keesler-Lee 1 
Cavett 2 
Raizi-Daubert 3 

 

Table 5.3 Critical Pressure Correlations, Values to Use for the PSPROP Keyword 

Critical Temperature 
Correlation Enter number 
Ross-API 1 
Keesler-Lee 2 
Cavett 3 
Raizi-Daubert 4 
Nokay 5 

 

Table 5.4 Acentric Correlations, Values to Use for the PSPROP Keyword 

Acentric Factor 
Correlation Enter number 
Lee-Keesler 1 
Edmister 2 

 

If any other number is entered, the default correlations are used according to 

the recommendations suggested in Chapter II. 



Texas Tech University, Fahd Siddiqui, August 2012 

47 

PSAT 

This keyword is based on two fields and defines the expected range for phase 

envelope calculations. 

TSAT 

This keyword defines the values of temperatures at which the phase envelope 

points are to be generated. 

EOS Flash Sub-Routine 

A SRK or PR EOS is programmed to perform flash calculations based on the 

algorithm described in Chapter III including the modifications described in Chapter 

IV. This subroutine is called extensively during the program so it is saved as a 

function. This function takes input of: 

1. Pressure (psia) 

2. Temperature (oF) 

3. Guess value of mole fraction vapor 

4. Mole fraction composition to be flashed 

5. Critical Pressures of the components (psia) 

6. Critical Temperatures of the components (F) 

7. Acentric Factor of each of the components 

8. Binary Interaction Coefficients 

9. K-value estimates 

10. Tolerance 

The function then outputs the following: 

1. Actual K-values 

2. Molar composition of Liquid phase 

3. Molar composition of Vapor Phase 

4. Liquid phase fugacity 

5. Gas phase fugacity 
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6. Mole fraction vapor 

7. Compressibility factor of the vapor phase 

8. Compressibility factor of the liquid phase 

Z-Factor Calculations 

The Z-factors code was generated using the algorithm described in the 

previous section. The Z-factors were easily generated by running the modified flash 

algorithm over the different pressure and temperature ranges. 

zfact(datai,T) 

This Function calculates the z-factors of the composition and pressure range 

specified in the input file (datai) against the temperature specified as the input 

argument (T). 

Phase Envelope Calculations 

Phase envelope calculations are performed using the algorithm described in 

Chapter IV. These calculations are performed using various subroutines contained 

within the main program. 

phaseenv(datai,datao) 

This function performs the phase envelope calculations it finds the Bubble 

Point line and Dew point line and then it finds the half mole fraction line. It inputs the 

argument datai (input data filename) and datao (output txt filename). This function 

writes the bubble point, dew point line and half mole fraction data line as tables in file 

specified by datao. First it involves the usage of datr() to read the data file passed as 

parameter. 

datr() 

Function reads the keywords from the data file passed as input parameter. The 

outputs are Pressure(P), Temperature(T), Pseudo-component properties (sp), 

Saturation Temperature and pressure range (Tsat, Psat) and Tolerance (tol). 
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bubl() 

This subroutine performs bubble point calculations based on the 1D search by 

first interpolating on the 1D search and then it uses bisection to refine the interpolation 

results. 

bubl2() 

This function finds the exact bubble point based on the guess value Pb 

(provided by interpolation) passed as input. It takes input of Pb (guess value), 

Temperature (T) and guess value of mole fraction vapor (Fv) and outputs the exact 

bubble point. 

dewh() 

Function performs half-mole fraction line calculations based on the 1D search. 

First it interpolates on the 1D search and then it uses bisection to refine the 

interpolation results. 

dewph2() 

This subroutine refines the half mole fraction line based on the guess value Pb 

(provided by interpolation) passed as input. It takes input of Pb (guess value), 

Temperature (T) and guess value of mole fraction vapor (Fv) and outputs the exact 

half-mole fraction point for that temperature. 

dewp() 

This function performs dew point calculations based on the 1D search. First 

interpolation is performed on the 1D search results and then it uses bisection to refine 

the interpolation results. 

dewp2() 

This subroutine finds the exact dew point based on the guess value Pb 

(provided by interpolation) passed as input. It takes input of Pb (guess value), 
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Temperature (T) and guess value of mole fraction vapor (Fv) and then outputs the 

exact dew point for that temperature. 

 

MMP Calculations 

The main code for MMP is written using the Metcalfe et al. procedure 

summarized in chapter IV. This is accomplished by the main function mmp().  

mmp() 

This function uses the function datr() to read the model described in the input 

data file and then performs the MMP calculations. It generates the table of recovery 

vs. injection pressure table. This table describes the MMP Curve and the MMP can 

easily be identified from this curve. 

Output Section 

The program phaseenv.m generates an output file as specified by the user and 

tabulates the P and T for Bubble point line, Dew point line and half mole fraction 

vapor line.  

The output section of the program zfact.m writes a table of Pressure, Vapor 

phase Z-factors, liquid phase Z-factors for a given temperature in the data file. 

The output section of the program mmp.m writes a table of recovery of 

heaviest component vs. injection pressure and pore volume injection. 
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Chapter VI  
APPLICATION AND VALIDATION 

Since the code contains three main programs, the validation was carried out in 

different methods. 

Z-Factor Calculations 

Z-factors were generated using a methane-ethane mixture composition and for 

carbon dioxide over a range of pressures and temperatures. These were then verified 

against the commercial software PVTSIM, and the results show an exact match. This 

verifies the Newton-Armijo modification to the flash algorithm.  

 

 

Figure 6.1 Z-factors of  Carbon dioxide Generated Using PR EOS. 
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The results are shown in figure 6.1 and figure 6.2. The results of Z-factors 

generated using this modified flash algorithm and PVTSIM agree completely as they 

are superimposed on top of each other in the following figures. This is the expected 

outcome of validation, since both were generated using PR EOS, using the same 

compositions. 

 

Figure 6.2 Z-factors of 85% Methane and 15% Ethane Generated using PR EOS 

 

Phase Envelope Generation 

The phase envelope generation was verified against commercial software by 

PVTSIM. PVTSIM uses the Michelsen’s (1980) algorithm to generate the phase 

envelope. Phase envelope was generated using PVTSIM and also using phaseenv.m 

file on three real field datasets presented in Appendix A. These datasets include: 
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1. A Heavy oil sample 

2. A rich gas condensate 

3. A lean gas condensate 

Figures 6.3 to 6.8 demonstrate a comparison of the results of the derivative-

less algorithm proposed in this thesis and the phase envelope generated using the 

commercial software PVTSIM. The results match exactly, validating the proposed 

algorithm. Figures 6.3 to 6.8 show that the phase envelopes generated using the 

proposed algorithm and PVTSIM are superimposed. This is expected since both are 

generated using the same EOS on respective datasets. If the results were not 

superimposed, that would suggest a problem with the algorithm. The proposed 

algorithm mimics exactly the phase envelope generated using Michelsen’s algorithm. 

while incorporating a derivative-less technique and predicts the exact same results. 

 

Figure 6.3 Phase Envelope Generated by SRK EOS on a Heavy Oil Composition 
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Figures 6.3 and 6.6 show the phase envelopes of a heavy oil composition. 

Figure 6.3 was generated using the SRK equation of state using PVTSIM and the 

algorithm presented in this thesis. The results superimpose on top of each other, 

validating the algorithm. Figure 6.6 was generated using the PR equation of state, and 

it shows a comparison which also resulted in an exact match against PVTSIM, also 

validating the algorithm presented in this report. 

 

 

Figure 6.4 Phase Envelope Generated by SRK EOS on a Lean Gas Condensate Composition 

Figures 6.4 and 6.7 show the phase envelopes of a Lean Gas Condensate fluid 

system. Figure 6.4 was generated using the SRK EOS and again it shows an exact 
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PR EOS, the results are an exact match. 
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Figure 6.5 Phase Envelope Generated by SRK EOS on a Rich Gas Condensate Composition 
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Figure 6.6 Phase Envelope Generated by PR EOS on a Heavy Oil Composition 

 

Figures 6.5 and 6.8 show the phase envelopes of a rich gas condensate system. 

Figure 6.5 was generated using the SRK EOS, while the figure 6.8 was generated 
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match and no deviation is noticed anywhere on the phase envelope. This sufficiently 

verifies the proposed algorithm. 
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Figure 6.7 Phase Envelope Generated by PR EOS on a Lean Gas Condensate Composition 
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Figure 6.8 Phase Envelope Generated by PR EOS on a Rich Gas Condensate Composition  
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The simulations were performed using 5000 cells for accuracy. This was done 

to find accurately the recoveries at specified injection pressures, without going to 

excessive computation times that result from larger number of cells. 

The MMP calculations show a satisfactory match for lower pressures but 

deviate from experimental values at higher pressures. It should also be noted that some 

experimental points seem to be outliers on figures 6.8 and 6.9, which if ignored, would 

yield a very close match between experimental and simulated data. 

 

Figure 6.9 MMP Curve Comparison Against Experimental Determination after 1 Pore Volume of 
Injection 
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Figure 6.10 MMP Curve Comparison against Experimental Determination after 1.2 Pore Volume 
of Injection 

 

Similar to figure 5.7, figure 5.8 shows a better match on the experimental data. 

The point at 2000 psia seems to be an obvious outlier on a rather perfectly matching 

MMP curves. This is also seen in figure 5.9, where the point on 1750 psia is an outlier 

on otherwise a perfectly matching MMP simulated curve.  
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Figure 6.11 MMP Curve Comparison against Experimental Determination after 1.5 Pore Volume 
of Injection 

 

In conclusion, the results of MMP curve generation agrees closely to the 

curves generated experimentally. This was possible only by manually matching the 

heptanes plus (C7+) component properties and by manually lumping the components. 

Once a match was obtained, the curves were predicted accurately for 1.2 and 1.5 PVI 

of injection. For 1 PVI of injection, a close match could only be obtained at low 

injection pressures. 
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Chapter VII  
CONCLUSIONS 

In this work a new algorithm for phase envelope generation was suggested. 

This algorithm does not depend on the derivatives of fugacity and is simpler to 

program for EOS with complicated functions of fugacity.  

Other conclusions are summarized below: 

• The proposed algorithm works well without any convergence issues. 

• Phase envelopes can be easily generated by using this modified algorithm using 

any EOS and without the requirement of partial derivatives of fugacity. 

• This algorithm is best applied to EOS whose fugacity functions are complicated 

and highly non-linear. 

• This algorithm is verified against the commercial software which uses Michelsen’s 

algorithm. 

• The modification of Newton-Armijo makes the VLE flash algorithm more robust. 

• Z-factor calculations show an exact match with the commercial software. 

• MMP predictions show a close match against the experimental data. 
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Chapter VIII  
FUTURE WORK 

• EOS tuning using nonlinear regression on specific data to yield better predictive 

capability. 

• Adaptive pressure and temperature steps can be added to phase envelope 

generating program to make it as robust as commercial software and eliminating 

the need for saturation pressure and temperature range from the input data file. 

• Simulation of Constant Volume Depletion experiments, Differential liberation can 

be added to this algorithm to make it complete PVT software. 

• The program can be made more versatile by programming additional EOS. 
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Appendix A   
INPUT DATASETS 

Heavy Oil Composition 
Table A.1 Heavy Oil Composition Used for Phase Envelope Calculations 

Composition Mole Percent (%) 
N2 0.16 
CO2 0.91 
H2S 0 
C1 36.47 
C2 9.67 
C3 6.95 
iC4 1.44 
nC4 3.93 
iC5 1.44 
nC5 1.41 
C6 4.33 
C7+ 33.29 

 

C7+ Properties: 

Molecular Weight:  218 

Specific gravity:  0.8515 

 

Bubble Point Pressure of Oil at 220F = 2620 psia (Used for matching) 
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Lean Gas Condensate Composition 
Table A.2 Lean Gas Condensate Composition Used for Phase Envelope Calculations 

Composition Mole Percent (%) 
N2 0.47 
CO2 2.42 
H2S 0 
C1 68.22 
C2 11.8 
C3 5.46 
iC4 0.83 
nC4 1.74 
iC5 0.72 
nC5 0.74 
C6 1.07 
C7+ 6.53 

 

C7+ Properties: 

Molecular Weight:  148 

Specific gravity:  0.793 

 

Dew Point Pressure at 275F = 4521 psia (Used for matching) 
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Rich Gas Condensate Composition 
Table A.3 Lean Gas Condensate Composition Used for Phase Envelope Calculations 

Composition Mole Percent (%) 
N2 1.35 
CO2 0.4 
H2S 0 
C1 72.69 
C2 7.84 
C3 3.85 
iC4 1.04 
nC4 1.63 
iC5 0.7 
nC5 0.78 
C6 1.59 
C7+ 8.13 

 

C7+ Properties: 

Molecular Weight:  148 

Specific gravity:  0.793 

 

Dew Point Pressure at 225F = 4800 psia (Used for matching) 
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Permian Basin Oil Composition (After Amao 2011) 
Table A.4 Lean Gas Condensate Composition Used for Phase Envelope Calculations 

Composition Mole Percent (%) 
C1 0.022 
C2 0.003 
C3 0.105 
iC4 0.251 
nC4 1.104 
iC5 1.606 
nC5 2.126 
C6 4.503 
C7 13.604 
C8 13.135 
C9 8.693 
C10 6.668 
C11 5.348 
C12 4.309 
C13 4.316 
C14 3.447 
C15+ 30.76 

 

C15+ Properties: 

Molecular Weight:  378 

Specific gravity:  0.936 

 

Bubble Point Pressure at 100F = 600 psia (Used for matching) 
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Appendix B   
CODE 

Phase Envelope Calculations: phaseenv() 

function [] = phaseenv( datai, datao ) 
% This function performs the phase envelope calculations 
% It finds the Bubble Point line and Dew point line and 
% then it finds the half mole fraction line. 
 
% It inputs the argument datai (input data filename) 
% and datao (output txt filename) 
 
% This function writes the bubble point, dew point line and  
% half mole fraction data line as tables in file specified by datao 
 
  
global z Pcs Tcs ws s tol pstep K Fv 
pstep=50; 
  
[data P T s sp Tsat Psat tol] = datr(datai) 
z=data(:,1); 
Pcs=data(:,3); 
Tcs=data(:,4); 
ws=data(:,5); 
  
Pcs=Pcs(z>0); 
Tcs=Tcs(z>0); 
ws=ws(z>0); 
s=s(z>0,z>0); 
z=z(z>0); 
sp; 
  
if sum(z)-1>=tol 
    disp('Normalizing z'); 
    tem=sum(z); 
    z=z/tem; 
end 
  
if sp(3)==1; 
    a=size(Pcs); 
    a=a(1); 
    Pcs(a); 
    [Pcs(a) Tcs(a) ws(a) Tb]=critprop(sp, tol); 
end 
z 
Pa=Psat(1); 
Pb=Psat(2); 
K=0; 
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Fv=0.5; 
xyz=size(Tsat); 
  
% Bubble point line calculations 
 
for i=1:4 
    P=min(Pa,Pb); 
    if i>=2 
        P=quickP(cell2mat(B(:,i-1)),'u')-100; 
        if P<=-5e9 
            P=Psat(2); 
        end 
            Pb=P; 
            PBe(i)=P; 
            
K=transpose(interp1(IK(:,1),IK(:,2:size(transpose(IK))),P,'cubic')); 
            Ke(:,i)=K; 
            Fve(i)=Fv; 
         
        clear IK; 
    end 
    for j=1:ceil(abs(Pa-Pb-pstep)/pstep)        
        P=P+pstep; 
        Tsat(i,1); 
        [K,xi,yi,fl,fv,Fv] =srk(P, Tsat(i,1), 0.8); 
        B(j,i)={[P Fv]}; 
        G{j,i}={P K}; 
        IK(j,:)=[P,transpose(K)]; 
end 
end 
  
for i=1:4 
    K=G{5,i}{1,2}; 
    cell2mat(B(:,i)); 
    Tsat(i,1); 
    [ PB Fv K] = bubl( cell2mat(B(:,i)), Tsat(i,1), 0.2, z, Pcs, Tcs, 
ws, s, tol, K, 'u' ); 
    if Fv==5000 PB=PBe(i); Fv=Fve(i); K=Ke(:,i);    end 
    C(i,:)=[Tsat(i,1) PB Fv transpose(K)]; 
end 
  
for i=5:xyz(1) 
    IC=interp1(C(1:i-1,1),C(1:i-1,:),Tsat(i),'spline'); 
    PBe=IC(2); 
    Fve=IC(3); 
    K=transpose(IC(4:size(transpose(IC)))); 
    Tsat(i,1); 
    try 
    [ PB Fv K] = bubl2( PBe, Tsat(i,1), Fve ); 
    if Fv==5000 PB=PBe; Fv=Fve; 
K=transpose(IC(4:size(transpose(IC))));  end 
    catch 
        PB=PBe; Fv=Fve; K=transpose(IC(4:size(transpose(IC)))); 
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    end 
    C(i,:)=[Tsat(i,1) PB Fv transpose(K)]; 
end 
  
  
%For Fv=0.5 calculations 
  
try 
if PB<-1000 
    Pa=Psat(1); 
else 
    Pa=PB+100; 
end 
Pb=Psat(2); 
K=0; 
for i=1:4 
    P=min(Pa,Pb); 
    if i>1 
        cell2mat(A(:,i-1)); 
        P=quickPh(cell2mat(A(:,i-1)),'u')-500; 
        if P<=-5e9 
            P=Psat(2); 
        else 
            Pb=P; 
        end 
        
K=transpose(interp1(IK(:,1),IK(:,2:size(transpose(IK))),P,'spline')); 
        clear IK; 
    end 
    for j=1:ceil(abs(Pa-Pb-pstep)/pstep)        
        P=P+pstep; 
        Tsat(xyz(1)-i+1,1); 
        [K,xi,yi,fl,fv,Fv] =srk(P, Tsat(xyz(1)-i+1,1), 1); 
        A(j,i)={[P Fv]}; 
        H{j,i}={P K}; 
        IK(j,:)=[P,transpose(K)]; 
    end 
end 
ii=i; 
  
  
for i=1:ii 
    K=H{2,i}{1,2}; 
    cell2mat(A(:,i)); 
    Tsat(i,1); 
    [ Pd Fv K] = dewh( cell2mat(A(:,i)), Tsat(xyz(1)-i+1,1), 0.9, 'u' 
); 
    E(i,:)=[Tsat(xyz(1)-i+1,1) Pd Fv transpose(K)]; 
end 
  
  
for i=ii+1:xyz(1) 
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    ICd=interp1(E(1:i-1,1),E(1:i-1,:),Tsat(xyz(1)-i+1),'cubic'); 
    Pde=ICd(2); 
    Fve=ICd(3); 
    K=transpose(ICd(4:size(transpose(ICd)))); 
    Tsat(i,1); 
    [ Pd Fv K] = dewph2( Pde, Tsat(xyz(1)-i+1,1), Fve ); 
    if Pd<=-5e-9 break; end 
    E(i,:)=[Tsat(xyz(1)-i+1,1) Pd Fv transpose(K)]; 
end 
catch 
    E=0; 
end 
  
  
if E==0 
Pa=Psat(1); 
Pb=Psat(2); 
K=0; 
clear E A ICd Pde Fve; 
for i=1:4 
    P=min(Pa,Pb); 
    if i>1 
        cell2mat(A(:,i-1)); 
        P=quickPh(cell2mat(A(:,i-1)),'u')-500; 
        if P<=-5e9 
            P=Psat(2); 
        end 
        
K=transpose(interp1(IK(:,1),IK(:,2:size(transpose(IK))),P,'cubic')); 
        clear IK; 
    end 
    for j=1:ceil(abs(Pa-Pb-pstep)/pstep)        
        P=P+pstep; 
        Tsat(i,1); 
        [K,xi,yi,fl,fv,Fv] =srk(P, Tsat(i,1), 1); 
        A(j,i)={[P Fv]}; 
        H{j,i}={P K}; 
        IK(j,:)=[P,transpose(K)]; 
    end 
end 
ii=i; 
  
  
for i=1:ii 
    K=H{2,i}{1,2}; 
    cell2mat(A(:,i)); 
    Tsat(i,1); 
    [ Pd Fv K] = dewh( cell2mat(A(:,i)), Tsat(i,1), 0.9, 'u' ); 
    E(i,:)=[Tsat(i,1) Pd Fv transpose(K)]; 
end 
  
for i=ii+1:xyz(1) 
try 
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    ICd=interp1(E(1:i-1,1),E(1:i-1,:),Tsat(i,1),'cubic'); 
    Pde=ICd(2); 
    Fve=ICd(3); 
    K=transpose(ICd(4:size(transpose(ICd)))); 
    Tsat(i,1); 
    [ Pd Fv K] = dewph2( Pde, Tsat(i,1), Fve ); 
    if Pd<=-5e-9 break; end 
    E(i,:)=[Tsat(i,1) Pd Fv transpose(K)]; 
 catch 
 end 
end 
  
end 
  
 
% Dew point line calculations 
clear A H 
try 
Pa=Psat(1); 
Pb=500; 
K=0; 
for i=1:xyz(1) 
    try 
    P=min(Pa,Pb); 
    if i>1 
        cell2mat(A(:,i-1)); 
        P=quickPd(cell2mat(A(:,i-1)),'u')-100; 
        Pb=P; 
        
K=transpose(interp1(IK(:,1),IK(:,2:size(transpose(IK))),P,'cubic')); 
        clear IK; 
    end 
    for j=1:ceil(abs(Pa-Pb-pstep)/pstep)        
        P=P+pstep; 
        Tsat(xyz(1)-i+1,1); 
        [K,xi,yi,fl,fv,Fv] =srk(P, Tsat(xyz(1)-i+1,1), 1); 
        A(j,i)={[P Fv]}; 
        H{j,i}={P K}; 
        IK(j,:)=[P,transpose(K)]; 
    end 
    catch 
        i=i-1; 
        break; 
    end 
end 
ii=i; 
  
  
  
for i=1:ii 
    K=H{2,i}{1,2}; 
    cell2mat(A(:,i)); 
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    Tsat(i,1); 
    [ Pd Fv K] = dewp( cell2mat(A(:,i)), Tsat(xyz(1)-i+1,1), 0.9, 'u' 
); 
    D(i,:)=[Tsat(xyz(1)-i+1,1) Pd Fv transpose(K)]; 
end 
  
  
for i=ii+1:xyz(1) 
    ICd=interp1(D(1:i-1,1),D(1:i-1,:),Tsat(xyz(1)-i+1),'spline'); 
    Pde=ICd(2); 
    Fve=ICd(3); 
    K=transpose(ICd(4:size(transpose(ICd)))); 
    Tsat(i,1); 
    [ Pd Fv K] = dewp2( Pde, Tsat(xyz(1)-i+1,1), Fve ); 
    if Pd<=0 break; end 
    D(i,:)=[Tsat(xyz(1)-i+1,1) Pd Fv transpose(K)]; 
end 
catch 
    if i<=1 
    D=0; 
    end 
end 
  
hold on 
axis([Tsat(1) Tsat(xyz(1,1)) min(Psat(1),Psat(2)) 
max(Psat(1),Psat(2))]); 
try 
   plot(C(:,1),C(:,2),'-'); 
catch 
end 
try 
    plot(D(:,1),D(:,2),'-'); 
catch 
end 
try 
    plot(E(:,1),E(:,2),'-'); 
catch 
end 
  
format shortg; 
try 
Tdst=(D(:,1)); 
Pdst=(D(:,2)); 
catch 
end 
try 
Tbst=(C(:,1)); 
Pbst=(C(:,2)); 
catch 
end 
try 
Thst=(E(:,1)); 
Phst=(E(:,2)); 
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catch 
end 
 
  
fid=fopen(datao,'w'); 
try 
fprintf(fid, '*************Dew Point Line*************'); 
fprintf(fid, '\n* T(F)\t\t\t P(psia)\t *\n'); 
fprintf(fid, '* %.0f\t\t %0.2f\t\t \t *\n',[Tdst Pdst]'); 
fprintf(fid, '****************************************\n'); 
catch 
    disp('ERROR: Dew point line may be erroneous'); 
end 
try 
fprintf(fid, '***********Bubble Point Line***********'); 
fprintf(fid, '\n* T(F)\t\t\t P(psia)\t *\n'); 
fprintf(fid, '* %.0f\t\t %0.2f\t\t \t *\n',[Tbst Pbst]'); 
fprintf(fid, '***************************************'); 
catch 
    disp('ERROR: Bubble point line may be erroneous') 
end 
  
try 
fprintf(fid, '***********   Fv=0.5 Line   ***********'); 
fprintf(fid, '\n* T(F)\t\t\t P(psia)\t *\n'); 
fprintf(fid, '* %.0f\t\t %0.2f\t\t \t *\n',[Thst Phst]'); 
fprintf(fid, '***************************************'); 
catch 
    disp('ERROR: Fv=0.5 line may be erroneous') 
end 
 
fclose(fid); 
 
end 
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Flash Calculations using SRK EOS: srk() 

function [ K,xi,yi,fl,fv,Fv ] = srk( P, T, Fv0) 
% Function computes the VLE flash properties  
  
% INPUTS 
% It takes 3 inputs 
% P and T are the pressure(psia) and temperature(F) conditions at  
% which the calculations are to be performed (scalars). 
 
% OUTPUTS 
% It gives out six outputs 
% K are the equilibrium ratios (vector) 
% xi and yi are the liquid phase and gas phase component mole  
% fractions (vectors) 
% fl(psia) and fv(psia) are the liquid phase and gas phase component 
% fugacities (vectors) 
% Fv mol fraction vapor in the equilibrium (scalar) 
  
global z Pcs Tcs ws s tol K 
  
R=10.73;   % Universal gas constant 
  
Tr=(T+460)./Tcs; 
Pr=P./Pcs; 
m=0.48+1.574*ws-.176*ws.^2; 
alpha=(1+m.*(1-Tr.^.5)).^2; 
aT=0.42747*R^2.*Tcs.^2.*alpha./Pcs; %aT in original PR paper 
bT=0.08664*R.*Tcs./Pcs;             %b in original PR paper 
  
  
% Using Wilson correlation to find initial K value estimates 
if max(size(K))<=1 
   K=exp(5.37.*(1+ws).*(1-1./Tr))./Pr; 
else 
    K=K; 
end 
  
fv=10; 
fl=0; 
n=0;  % number of iterations 
while (norm(fv-fl)>tol) 
if n==3000 
    disp(sprintf('Non-convergence using current tolerance; stopping 
at %dth iteration',n)); 
    break; 
end 
n=n+1; 
Fvmx=1/(1-min(K)); 
Fvmm=1/(1-max(K)); 
if Fvmx<Fvmm 
    temp1=Fvmx; 
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    Fvmx=Fvmm; 
    Fvmm=temp1; 
end 
  
%Newton Armijo Method 
c=1./(K-1); 
  
t=1;                    % Initializing value for t 
alpha=10^-4;            % alpha 
S=(sum(z./(Fv0+c))/(sum(z./(Fv0+c).^2)));   % Negative ratio of 
function to its derivative 
y=Fv0+t*S;               % Intermediate estimate for root 
fy=sum(z./(y+c)); 
fx=sum(z./(Fv0+c)); 
while abs(y-Fv0)>tol 
    if abs(fy)<(1-t*alpha)*abs(fx) 
        Fv0=y; 
        fx=sum(z./(Fv0+c)); 
        S=(fx/(sum(z./(Fv0+c).^2))); 
        t=1; 
    else 
        t=t/2; 
    end 
    y=Fv0+t*S; 
    fy=sum(z./(y+c)); 
end 
  
if abs(fy)<tol 
else 
    disp(sprintf('Root not found! The Program converged to a local 
minimum Fv=%.4f and fy=%.4f',y,fy)); 
end 
Fv=real(y); 
  
     
if Fv >=Fvmx 
    Fv=1.001; 
    yi=z; 
elseif Fv<=Fvmm 
    Fv=-0.001; 
    xi=z; 
end 
xi=z./(Fv.*(K-1)+1); 
yi=xi.*K; 
  
% Mixing rules 
aij=(1.-s).*sqrt(aT*transpose(aT)); 
al=sum(sum(xi*transpose(xi).*aij)); 
bl=sum(xi.*bT); 
av=sum(sum(yi*transpose(yi).*aij)); 
bv=sum(yi.*bT); 
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Al=al.*P./(R*(T+460)).^2; 
Bl=bl.*P./(R*(T+460)); 
Av=av.*P./(R*(T+460)).^2; 
Bv=bv.*P./(R*(T+460)); 
  
% % Z factors Using MATLAB ROOTS 
Zl=roots([1 -1 (Al-Bl-Bl^2) -Al*Bl]); 
Zv=roots([1 -1 (Av-Bv-Bv^2) -Av*Bv]); 
 
  
Zl=Zl(abs(imag(Zl))<.0001&real(Zl)>0); 
Zl=min(real(Zl)); 
Zv=Zv(abs(imag(Zv))<.0001&real(Zv)>0); 
Zv=max(real(Zv)); 
  
  
% Fugacity calculation  
phil=(exp(-log(abs(Zl-Bl))+(Zl-1).*bT/bl-Al/Bl*(1/al*(2*sqrt(aT).*(   
((1-s)*(xi.*aT.^.5)))     )-bT/bl)*log((1+Bl/Zl)))); 
phiv=(exp(-log(Zv-Bv)+(Zv-1).*bT/bv-Av/Bv*(1/av*(2*sqrt(aT).*(   ((1-
s)*(yi.*aT.^.5)))     )-bT/bv)*log((1+Bv/Zv)))); 
phil=real(phil); 
phiv=real(phiv); 
fl=xi.*phil*P; 
fv=yi.*phiv*P; 
  
K=K.*(fl./fv); 
 
 
if sum((log(K)).^2)<tol 
 disp('Trivial Solution Detected'); 
    break; 
end 
end 
K=yi./xi;  
end 
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Flash Calculations using PR EOS: pr() 

function [ K,xi,yi,fl,fv,Fv ] = pr( P, T, Fv0) 
% Function computes the VLE flash properties  
  
% INPUTS 
% It takes 3 inputs 
% P and T are the pressure(psia) and temperature(F) conditions at  
% which the calculations are to be performed (scalars). 
 
% OUTPUTS 
% It gives out six outputs 
% K are the equilibrium ratios (vector) 
% xi and yi are the liquid phase and gas phase component mole  
% fractions (vectors) 
% fl(psia) and fv(psia) are the liquid phase and gas phase component 
% fugacities (vectors) 
% Fv mol fraction vapor in the equilibrium (scalar) 
  
global z Pcs Tcs ws s tol K 
  
R=10.73;   % Universal gas constant 
Wa=.45724; % PR constants 
Wb=.07780; % PR constants 
 
Tr=(T+460)./Tcs; 
Pr=P./Pcs; 
% Calcultion of PR constants 
if ws>=0.4 
    m=.379642+1.48503*ws-.164423*ws.^2+.016666*ws.^3; 
else 
    m=.37464+1.54226*ws-.26992*ws.^2; 
end 
  
alpha=(1+m.*(1-Tr.^.5)).^2; 
aT=Wa*R^2.*Tcs.^2.*alpha./Pcs; %aT in original PR paper 
bT=Wb*R.*Tcs./Pcs;             %bT in original PR paper 
 
% Using Wilson correlation to find initial K value estimates 
if max(size(K))<=1 
    K=exp(5.37.*(1+ws).*(1-1./Tr))./Pr; 
else 
    K=K; 
end 
  
 
fv=1; 
fl=0.5; 
n=0;  % number of iterations 
 
while (norm(fv-fl)>tol) 
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if n==3000 
    disp(sprintf('Non-convergence using current tolerance; stopping 
at %dth iteration',n)); 
    break; 
end 
n=n+1; 
Fvmx=1/(1-min(K)); 
Fvmm=1/(1-max(K)); 
if Fvmx<Fvmm 
    temp1=Fvmx; 
    Fvmx=Fvmm; 
    Fvmm=temp1; 
end 
  
%Newton Armijo Method 
c=1./(K-1); 
  
t=1;                    % Initializing value for t 
alpha=10^-4;            % alpha 
S=(sum(z./(Fv0+c))/(sum(z./(Fv0+c).^2)));   % Negative ratio of 
function to its derivative 
y=Fv0+t*S;               % Intermediate estimate for root 
fy=sum(z./(y+c)); 
fx=sum(z./(Fv0+c)); 
while abs(y-Fv0)>tol 
    if abs(fy)<(1-t*alpha)*abs(fx) 
        Fv0=y; 
        fx=sum(z./(Fv0+c)); 
        S=(fx/(sum(z./(Fv0+c).^2))); 
        t=1; 
    else 
        t=t/2; 
    end 
    y=Fv0+t*S; 
    fy=sum(z./(y+c)); 
end 
  
if abs(fy)<tol 
else 
    disp(sprintf('Root not found! The Program converged to a local 
minimum Fv=%.4f and fy=%.4f',y,fy)); 
end 
Fv=real(y); 
  
     
if Fv >=Fvmx 
    Fv=1.001; 
    yi=z; 
elseif Fv<=Fvmm 
    Fv=-0.001; 
    xi=z; 
end 
xi=z./(Fv.*(K-1)+1); 
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yi=xi.*K; 
  
% Mixing rules 
aij=(1.-s).*sqrt(aT*transpose(aT)); 
al=sum(sum(xi*transpose(xi).*aij)); 
bl=sum(xi.*bT); 
av=sum(sum(yi*transpose(yi).*aij)); 
bv=sum(yi.*bT); 
  
Al=al.*P./(R*(T+460)).^2; 
Bl=bl.*P./(R*(T+460)); 
Av=av.*P./(R*(T+460)).^2; 
Bv=bv.*P./(R*(T+460)); 
  
% Z factors 
Zl=roots([1 -(1-Bl) (Al-3*Bl^2-2*Bl) -(Al*Bl-Bl.^2-Bl.^3)]); 
Zv=roots([1 -(1-Bv) (Av-3*Bv^2-2*Bv) -(Av*Bv-Bv.^2-Bv.^3)]); 
 
Zl=Zl(abs(imag(Zl))<.0001&real(Zl)>0); 
Zl=min(real(Zl)); 
Zv=Zv(abs(imag(Zv))<.0001&real(Zv)>0); 
Zv=max(real(Zv)); 
 
  
  
 
% Fugacity calculation  
phil=(exp(-log(abs(Zl-Bl))+(Zl-1).*bT/bl-
Al/2^1.5/Bl*((2*sqrt(aT)./(sum(xi.*aT.^.5)))-
bT/bl)*log((Zl+(1+sqrt(2)).*Bl)./(Zl-(-1+sqrt(2)).*Bl)))); 
phiv=(exp(-log(abs(Zv-Bv))+(Zv-1).*bT/bv-
Av/2^1.5/Bv*((2*sqrt(aT)./(sum(yi.*aT.^.5)))-
bT/bv)*log((Zv+(1+sqrt(2)).*Bv)./(Zv-(-1+sqrt(2)).*Bv)))); 
phil=real(phil); 
phiv=real(phiv); 
  
fl=xi.*phil*P; 
fv=yi.*phiv*P; 
  
 
K=K.* (fl./fv); 
 
%conv=log10(norm(fv-fl)) 
if sum((log(K)).^2)<tol 
 disp('Trivial Solution Detected'); 
    break; 
end 
end 
K=yi./xi; 
end 
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Data Read: datr() 

function [data P T s sp Tsat Psat tol]=datr( filename ) 
% Function reads the keywords from the data file passed 
% as input parameter 
  
% The outputs are Pressure(P), Temperature(T), Pseudo-component 
properties (sp), Saturation Temperature and pressure range (Tsat, 
Psat) and Tolerance (tol) 
  
text=fileread(filename); 
c='a'; 
while size(c)>0 
    c=min(regexp(text,'%')); 
    n=regexp(text,'[\n]'); 
    text(min(c):min(n(n>c)-1))=''; 
    c=regexp(text,'%'); 
end 
  
d=regexp(text,'DATA'); 
p=regexp(text,'PRES'); 
t=regexp(text,'TEMP'); 
l=regexp(text,'TOL'); 
b=regexp(text,'BIC'); 
e=regexp(text,'/'); 
c=regexp(text,'%'); 
n=regexp(text,'[\n]'); 
ps=regexp(text,'PSPROP'); 
tmr=regexp(text,'TSAT'); 
pst=regexp(text,'PSAT'); 
  
P=str2double(text(p+4:min(e(e>p)-1))); 
T=str2double(text(t+4:min(e(e>t)-1))); 
s=str2num(text(b+3:min(e(e>b)-1))); 
data=str2num(text(d+4:min(e(e>d)-1))); 
tol=str2double(text(l+3:min(e(e>l)-1))); 
sp=str2num(text(ps+6:min(e(e>ps)-1))); 
Psat=str2num(text(pst+4:min(e(e>pst)-1))); 
Tsat=str2num(text(tmr+4:min(e(e>tmr)-1))); 
  
end 
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Pseudo-Component Critical Properties Estimations: critporp() 

function [ Pc Tc w Tb ] = critprop( sp, tol ) 
% Function finds the critical properties of Pseudo-Component based on 
% the correlations defined. 
% It inputs sp and tol from datr() 
% It outputs Critical Pressure (Pc), Critical Temperature (Tc),  
% Acentric Factor (w) and Boiling Point (Tb) of the Pseudo-Component. 
 
    S=sp(1); 
    M=sp(2); 
    if sp(4)==1 
            % Sordie 
            Tb=1928.3-(1.695*10^5)*M^-0.03522*S^3.266*exp(-
(4.922*10^-3)*M-4.7685*S+(3.462*10^-13)*M*S); 
    elseif sp(4)==2 
            % Kessler Lee 
            a=-12272.6+9486*S; 
            b=4.6523; 
            c=-3.3287*S; 
            d=(1-.77084*S-.02058*S^2); 
            e=1.3437*10^7; 
            f=-720.79*10^7; 
            g=(1-.80882*S+.02226*S^2); 
            h=1.8828*10^12; 
            i=-181.98*10^12;     
            Tb=roots([b+c (a-M) d*e d*f g*h g*i]); 
            Tb=max(Tb(~imag(Tb))); 
    elseif sp(4)==3 
            % Riazi and Daubert 
            Tb=exp((log(M/4.5673/S^-1.0164*10^5)/2.1962)); 
    elseif sp(4)==4 
            % API Correlation 
            x0=0; 
            x1=700; 
            while abs(x0-x1)>tol 
                x0=x1; 
                x1=x0-
((10219*S^(47/25)*x0^(59/500)*exp((109*x0)/50000 - (307*S)/100))/50 - 
M)/((1113871*S^(47/25)*x0^(59/500)*exp((109*x0)/50000 - 
(307*S)/100))/2500000 + (602921*S^(47/25)*exp((109*x0)/50000 - 
(307*S)/100))/(25000*x0^(441/500))); 
            end 
            Tb=x1; 
    elseif sp(4)==5 
            % Rao Bardon 
            x0=0; 
            x1=700; 
            while abs(x0-x1)>tol 
                x0=x1; 
                x1=x0-(log((9*x0)/(5*((42*x0^(1/3))/(25*S) + 
2231/100)))*((71*x0^(1/3))/(1000*S) + 127/100) - 
log(M))/((71*log((9*x0)/(5*((42*x0^(1/3))/(25*S) + 
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2231/100))))/(3000*S*x0^(2/3)) + (5*((71*x0^(1/3))/(1000*S) + 
127/100)*((42*x0^(1/3))/(25*S) + 
2231/100)*(9/(5*((42*x0^(1/3))/(25*S) + 2231/100)) - 
(126*x0^(1/3))/(125*S*((42*x0^(1/3))/(25*S) + 2231/100)^2)))/(9*x0)); 
            end 
            Tb=x1; 
    elseif sp(4)==6 
            %Riazi and Daubert2 
            x0=0; 
            x1=700; 
            while abs(x0-x1)>tol 
                x0=x1; 
                x1=x0-((581.96*x0^.97479*S^6.51274*exp((5.43076*10^-
3)*x0-9.53384*S+(1.11056*10^-3)*x0*S)-M))/... 
                    
((1418221971*S^(7332693359290231/1125899906842624)*exp((6261239990358
681*x0)/1152921504606846976 - (5367074783926241*S)/562949953421312 + 
(320097126539045*S*x0)/288230376151711744))/(2500000*x0^(2521/100000)
) + 
(14549*S^(7332693359290231/1125899906842624)*x0^(97479/100000)*exp((6
261239990358681*x0)/1152921504606846976 - 
(5367074783926241*S)/562949953421312 + 
(320097126539045*S*x0)/288230376151711744)*((320097126539045*S)/28823
0376151711744 + 6261239990358681/1152921504606846976))/25); 
            end 
            Tb=x1; 
    else 
            % Kessler Lee 
                a=-12272.6+9486*S; 
                b=4.6523; 
                c=-3.3287*S; 
                d=(1-.77084*S-.02058*S^2); 
                e=1.3437*10^7; 
                f=-720.79*10^7; 
                g=(1-.80882*S+.02226*S^2); 
                h=1.8828*10^12; 
                i=-181.98*10^12;     
                Tb=roots([b+c (a-M) d*e d*f g*h g*i]); 
                Tb=max(Tb(~imag(Tb))); 
             
    end 
     
     
 %Critical Pressure Correlations 
    if sp(5)==1 
            % Kessler-Lee 
            Pc=exp(8.3634-.0566/S-((.24244+2.2898/S+.11857/S^2)*10^-
3)*Tb+((1.4685+3.648/S+.47227/S^2)*10^-7)*Tb^2-
((.42019+1.6977/S^2)*10^-10)*Tb^3); 
    elseif sp(5)==2 
            %Cavett 
            SA=141.5/S-131.5; 
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            Pc=10^(2.8290406+(.94120109*10^-3)*(Tb-460)-
(.30474749*10^-5)*(Tb-460)^2-(.2087611*10^-4)*SA*(Tb-
460)+(.15184103*10^-8)*(Tb-460)^3+(.11047899*10^-7)*SA*(Tb-460)^2-
(.48271599*10^-7)*SA^2*(Tb-460)+(.13949619*10^-9)*SA^2*(Tb-460)^2); 
    elseif sp(5)==3 
            %Riazi-Daubert 
            Pc=(3.12281*10^9)*Tb^-2.3125*S^2.3201; 
    else 
            % Kessler-Lee 
            Pc=exp(8.3634-.0566/S-((.24244+2.2898/S+.11857/S^2)*10^-
3)*Tb+((1.4685+3.648/S+.47227/S^2)*10^-7)*Tb^2-
((.42019+1.6977/S^2)*10^-10)*Tb^3)        ; 
    end 
     
    % Critical Temperature 
    if sp(6)==1 
            % Roess modified by API 
            Tc=645.83+1.6667*(S*(Tb-460+100))-(.7127*10^-3)*(S*(Tb-
460+100))^2; 
    elseif sp(6)==2 
            %Kessler Lee 
            Tc=341.7+811*S+(.4244+.1174*S)*Tb+(.4669-
3.2623*S)*10^5/Tb; 
    elseif sp(6)==3 
            %Cavett 
            SA=141.5/S-131.5; 
            Tc=768.07121+1.7133693*(Tb-460)-(.10834003*10^-2)*(Tb-
460)^2-(.89212579*10^-2)*SA*(Tb-460)+(.38890584*10^-6)*(Tb-
460)^3+(.5309492*10^-5)*SA*(Tb-460)^2+(.327116*10^-7)*SA^2*(Tb-
460)^2; 
    elseif sp(6)==4 
            %Riazi-Daubert 
            Tc=24.27871*Tb^.58848*S^.3596; 
    elseif sp(6)==5 
            %Nokay 
            Tc=19.078*Tb^.62164*S^.2985; 
    else 
            Tc=341.7+811*S+(.4244+.1174*S)*Tb+(.4669-
3.2623*S)*10^5/Tb; 
    end 
     
     
% Acentric Factor 
    if sp(7)==1 
        %Lee-Keesler 
        if Tb/Tc<=0.8 
            w=(-log(Pc/14.7)-
5.92714+6.09648*(1/(Tb/Tc))+1.28862*log(Tb/Tc)-
.169347*(Tb/Tc)^6)/(15.2518-15.6875*(1/(Tb/Tc))-
13.4721*log(Tb/Tc)+.43577*(Tb/Tc)^6); 
        else 
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            w=-7.904+.1352*(Tb^(1/3)/S)-
.007465*(Tb^(1/3)/S)^2+8.359*(Tb/Tc)+(1.408-
.01063*(Tb^(1/3)/S))*Tc/Tb; 
        end 
    elseif sp(6)==2 
        %Edmister 
        w=3/7*log10(Pc/14.7)/((Tc/Tb)-1)-1; 
    else 
       %Lee-Keesler 
        if Tb/Tc<=0.8 
            w=(-log(Pc/14.7)-
5.92714+6.09648*(1/(Tb/Tc))+1.28862*log(Tb/Tc)-
.169347*(Tb/Tc)^6)/(15.2518-15.6875*(1/(Tb/Tc))-
13.4721*log(Tb/Tc)+.43577*(Tb/Tc)^6); 
        else 
            w=-7.904+.1352*(Tb^(1/3)/S)-
.007465*(Tb^(1/3)/S)^2+8.359*(Tb/Tc)+(1.408-
.01063*(Tb^(1/3)/S))*Tc/Tb; 
        end  
    end 
  
end 
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Interpolation on 1D Search: quickP() 

function [ Pb ] = quickP( B, flag ) 
% Function interpolates and finds a quick estimation of the bubble  
% point range for the next isotherm 
   
CAT=[0,0;0,0]; 
    for i=3:size(B)-2 
        if (B(i+1,2)*B(i,2))<0 
            CAT(i-2,:)=B(i-2,:); 
            CAT(i-1,:)=B(i-1,:); 
            CAT(i,:)=B(i,:); 
            CAT(i+1,:)=B(i+1,:); 
            CAT(i+2,:)=B(i+2,:); 
            CAT(i+3,:)=B(i+3,:); 
        end 
    end 
     
CAT=CAT(CAT(:,1)>0,:); 
  
if max(size(CAT))>2&&flag=='u' 
     for i=1:6 
         E(i,:)=CAT(max(size(CAT))-i+1,:); 
     end 
     B=sortrows(E,1); 
     y=B(:,1); 
     x=B(:,2); 
     [x1,x1]=unique(x,'first'); 
     B = B(intersect(x1,x1),:); 
  
end 
  
if max(size(CAT))>=2&&flag=='l' 
     for i=1:6 
        E(i,:)=CAT(i,:); 
     end 
     B=sortrows(E,1); 
     y=B(:,1); 
     x=B(:,2); 
     [x1,x1]=unique(x,'last'); 
     B = B(intersect(x1,x1),:); 
    
end 
if min(size(CAT))==0 
        Pb=-5e9; 
        Fv=5000; 
else 
y=B(:,1); 
x=B(:,2);     
Pb=interp1(x,y,0,'cubic'); 
end 
end 
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Bubble Point Line Calculation: bubl() 

function [ PB Fv K ] = bubl( B, T, Fv0, z, Pcs, Tcs, ws, s, tol, K, 
flag ) 
% Function performs bubble point calculations based on the 1D search 
% First interpolating on the 1D search and then using bisection to 
% refine the interpolation results 
 
CAT=[0,0;0,0]; 
    for i=3:size(B)-2 
        if (B(i+1,2)*B(i,2))<0 
            CAT(i-2,:)=B(i-2,:); 
            CAT(i-1,:)=B(i-1,:); 
            CAT(i,:)=B(i,:); 
            CAT(i+1,:)=B(i+1,:); 
            CAT(i+2,:)=B(i+2,:); 
            CAT(i+3,:)=B(i+3,:); 
        end 
    end 
     
CAT=CAT(CAT(:,1)>0,:); 
   
if max(size(CAT))>2&&flag=='u' 
     for i=1:6 
         E(i,:)=CAT(max(size(CAT))-i+1,:); 
     end 
     B=sortrows(E,1); 
     y=B(:,1); 
     x=B(:,2); 
     [x1,x1]=unique(x,'first'); 
     B = B(intersect(x1,x1),:); 
  
end 
  
if max(size(CAT))>=2&&flag=='l' 
     for i=1:6 
        E(i,:)=CAT(i,:); 
     end 
     B=sortrows(E,1); 
     y=B(:,1); 
     x=B(:,2); 
     [x1,x1]=unique(x,'last'); 
     B = B(intersect(x1,x1),:); 
    
end 
if min(size(CAT))==0 
        PB=0; 
        Fv=5000; 
else 
y=B(:,1); 
x=B(:,2);     
Pb=interp1(x,y,0,'cubic'); 
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[Kb,xi,yi,fl,fv,fb] =srk(Pb, T, Fv0); 
   
if fb>0 
    Pa=Pb+5; 
else 
    Pa=Pb-5; 
end 
  
 [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, Fv0); 
 
abc=0; 
if fa*fb>0 
    [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, (fa+fb)/2); 
    if fb>0 
        Pa=Pb+20; 
    else 
        Pa=Pb-20; 
    end 
    [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, (fa+fb)/2); 
    abc=-10; 
end 
if fa*fb>0 
    abc=1; 
end 
  
  
K=(Ka+Kb)/2; 
[K,xi,yi,fl,fv,Fv] =srk((Pa+Pb)/2, T, (fa+fb)/2); 
fc=Fv; 
  
while norm(Pa-Pb)>0.1 
    if abc==1 
        disp(sprintf('Bubble Point does not exist at %d Temp',T)); 
        break; 
    end 
    if abc==14 
        break; 
    end 
    abc=abc+2; 
    if fa*fc<0 
        Pb=(Pa+Pb)/2; 
        [Kb,xi,yi,fl,fv,Fv] =srk(Pb, T, (fa+fb)/2); 
        fb=Fv; 
        K=(Ka+Kb)/2; 
    elseif fb*fc<0 
        Pa=(Pa+Pb)/2; 
        [Ka,xi,yi,fl,fv,Fv] =srk(Pa, T, (fa+fb)/2); 
        fa=Fv; 
        K=(Ka+Kb)/2; 
    end 
 [K,xi,yi,fl,fv,Fv] =srk((Pa+Pb)/2, T, (fa+fb)/2); 
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fc=Fv; 
end 
  
if norm(Fv)<0.1 
    PB=(Pa+Pb)/2; 
else 
    PB=0; 
    Fv=5000; 
end 
end 
end 
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Bubble Point Line Calculation 2: bubl2() 

function [ PB Fv K ] = bubl2( Pb, T, Fv0 ) 
% Function finds exact bubble point based on the guess value 
% Pb (provided by interpolation) passed as input. 
 
% It takes input of Pb (guess value), Temperature (T) and guess value 
% of mole fraction vapor (Fv) 
  
global z Pcs Tcs ws s tol pstep K Fv 
 [Kb,xi,yi,fl,fv,fb] =srk(Pb, T,Fv0); 
  
if fb>0 
    Pa=Pb+2; 
else 
    Pa=Pb-2; 
end 
  
 [Ka,xi,yi,fl,fv,fa] =srk(Pa, T,Fv0); 
 
abc=0; 
if fa*fb>0 
    [Kb,xi,yi,fl,fv,fb] =srk(Pb, T,Fv0); 
    if fb>0 
        Pa=Pb+10; 
    else 
        Pa=Pb-10; 
    end 
    [Ka,xi,yi,fl,fv,fa] =srk(Pa, T,Fv0); 
    abc=-10; 
end 
if fa*fb>0 
    abc=1; 
end 
  
K=(Ka+Kb)/2; 
[K,xi,yi,fl,fv,Fv] =srk((Pa+Pb)/2, T, .8); 
fc=Fv; 
  
while norm(Pa-Pb)>0.1 
    if abc==1 
        disp(sprintf('Bubble Point does not exist at %d Temp',T)); 
        break; 
    end 
    if abc==12 
        break; 
    end 
    abc=abc+2; 
    if fa*fc<0 
        Pb=(Pa+Pb)/2; 
        [Kb,xi,yi,fl,fv,Fv] =srk(Pb, T,.8); 
        fb=Fv; 
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        K=(Ka+Kb)/2; 
    elseif fb*fc<0 
        Pa=(Pa+Pb)/2; 
        [Ka,xi,yi,fl,fv,Fv] =srk(Pa, T, .8); 
        fa=Fv; 
        K=(Ka+Kb)/2; 
    end 
 [K,xi,yi,fl,fv,Fv] =srk((Pa+Pb)/2, T, .5); 
fc=Fv; 
end 
  
if norm(Fv)<0.1 
    PB=(Pa+Pb)/2; 
else 
    PB=0; 
    Fv=5000; 
end 
end 
  
  



Texas Tech University, Fahd Siddiqui, August 2012 

96 

Half Mole Fraction Line Calculation: dewh() 

function [ Pd Fv K ] = dewh( B, T, Fv0, flag ) 
% Function performs Fv=0.5 point calculations based on the 1D search 
% First interpolating on the 1D search and then using bisection to 
% refine the interpolation results 
  
global z Pcs Tcs ws s tol G pstep K 
B(:,2)=B(:,2)-.5; 
CAT=[0,0;0,0]; 
    for i=3:size(B)-2 
        if ((B(i+1,2)*B(i,2))<0) 
            CAT(i-2,:)=B(i-2,:); 
            CAT(i-1,:)=B(i-1,:); 
            CAT(i,:)=B(i,:); 
            CAT(i+1,:)=B(i+1,:); 
            CAT(i+2,:)=B(i+2,:); 
            if flag=='u' CAT(i+3,:)=B(i+3,:); end 
        end 
    end 
     
CAT=CAT(CAT(:,1)>0,:); 
  
if max(size(CAT))>2&&flag=='u' 
     for i=1:6 
         E(i,:)=CAT(max(size(CAT))-i+1,:); 
     end 
     B=sortrows(E,1); 
     y=B(:,1); 
     x=B(:,2); 
     [x1,x1]=unique(x,'first'); 
     B = B(intersect(x1,x1),:); 
  
end 
  
if max(size(CAT))>=2&&flag=='l' 
     for i=1:6 
        E(i,:)=CAT(i,:); 
     end 
     B=sortrows(E,1); 
     y=B(:,1); 
     x=B(:,2); 
     [x1,x1]=unique(x,'last'); 
     B = B(intersect(x1,x1),:); 
    
end 
if min(size(CAT))==0 
        Pd=-5e9; 
        Fv=5000; 
else 
    y=B(:,1); 
    x=B(:,2); 
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    Pb=interp1(x,y,0,'cubic'); 
    [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, Fv0); 
    fb=fb-0.5; 
 
if fb>0 
    Pa=Pb+2; 
else 
    Pa=Pb-2; 
end 
[Ka,xi,yi,fl,fv,fa] =srk(Pa, T, Fv0); 
fa=fa-0.5; 
abc=0; 
if fa*fb>0 
    disp('Entering stage 2'); 
    [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, (fa+fb)/2+0.5); 
    fb=fb-0.5; 
    if fb>0 
        Pa=Pb+10; 
    else 
        Pa=Pb-10; 
    end 
    [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, (fa+fb)/2+0.5); 
    fa=fa-0.5; 
    abc=-10; 
end 
  
if fa*fb>0 
    abc=1; 
end 
K=(Ka+Kb)/2; 
[K,xi,yi,fl,fv,Fv] =srk((Pa+Pb)/2, T, (fa+fb)/2+0.5); 
fc=Fv-0.5; 
  
while norm(Pa-Pb)>0.1 
    if abc==1 
        disp(sprintf('Dew Point does not exist at %d Temp in 
dewh',T)); 
        break; 
    end 
    if abc==14 
        break; 
    end 
    abc=abc+2; 
    if fa*fc<0 
        Pb=(Pa+Pb)/2; 
        [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, (fa+fb)/2+.5); 
        fb=fb-0.5; 
        K=(Ka+Kb)/2; 
    elseif fb*fc<0 
        Pa=(Pa+Pb)/2; 
        [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, (fa+fb)/2+0.5); 
        fa=fa-0.5; 
        K=(Ka+Kb)/2; 
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    end 
 [K,xi,yi,fl,fv,fc] =srk((Pa+Pb)/2, T, (fa+fb)/2+0.5); 
fc=fc-.5; 
end 
  
  
Fv=fc+0.5; 
if norm(Fv-0.5)<0.1 
    Pd=(Pa+Pb)/2; 
     
else 
    Pd=-5e9; 
    Fv=5000; 
end 
end 
end 
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Half Mole Fraction Line Calculation 2: dewph2() 

function [ Pd Fv K ] = dewph2( Pb, T, Fv0 ) 
% Function refines the half mole fraction line based on the guess  
% value Pb (provided by interpolation) passed as input. 
 
% It takes input of Pb (guess value), Temperature (T) and guess value 
% of mole fraction vapor (Fv) 
 
global z Pcs Tcs ws s tol pstep K Fv 
 
[Kb,xi,yi,fl,fv,fb] =srk(Pb, T, Fv0); 
fb=fb-.5; 
  
     
if fb>0 
    Pa=Pb+2; 
else 
    Pa=Pb-2; 
end 
[Ka,xi,yi,fl,fv,fa] =srk(Pa, T, Fv0); 
fa=fa-.5; 
  
abc=0; 
if fa*fb>0 
    [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, (fa+fb)/2+0.5); 
    fb=fb-.5; 
    if fb>0 
        Pa=Pb+10; 
    else 
        Pa=Pb-10; 
    end 
    [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, (fa+fb)/2+0.5); 
    fa=fa-.5; 
    abc=-20; 
end 
  
if fa*fb>0 
    [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, (fa+fb)/2+0.5); 
    fb=fb-.5; 
    if fb>0 
        Pa=Pb+100; 
    else 
        Pa=Pb-100; 
    end 
    [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, (fa+fb)/2+0.5); 
    fa=fa-.5; 
    abc=-10; 
end 
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if fa*fb>0 
    abc=1; 
end 
K=(Ka+Kb)/2; 
[K,xi,yi,fl,fv,Fv] =srk((Pa+Pb)/2, T, (fa+fb)/2+0.5); 
fc=Fv-0.5; 
  
while norm(Pa-Pb)>0.1 
    if abc==1 
        disp(sprintf('Dew Point does not exist at %d Temp in 
dewph2',T)); 
        break; 
    end 
    if abc==14 
        break; 
    end 
    abc=abc+2; 
    if fa*fc<0 
        Pb=(Pa+Pb)/2; 
        [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, (fa+fb)/2+0.5); 
        fb=fb-.5; 
        K=(Ka+Kb)/2; 
    elseif fb*fc<0 
        Pa=(Pa+Pb)/2; 
        [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, (fa+fb)/2+0.5); 
        fa=fa-.5; 
        K=(Ka+Kb)/2; 
    end 
 [K,xi,yi,fl,fv,fc] =srk((Pa+Pb)/2, T, (fa+fb)/2+0.5); 
fc=fc-0.5; 
end 
  
Fv=fc+0.5; 
if norm(Fv-0.5)<0.1 
    Pd=(Pa+Pb)/2; 
     
else 
    Pd=-5e-9; 
    Fv=5000; 
end 
end 
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Dew Point Line Calculation: dewp() 

function [ Pd Fv K ] = dewp( B, T, Fv0, flag ) 
% Function performs dew point calculations based on the 1D search 
% First interpolating on the 1D search and then using bisection to 
% refine the interpolation results 
 
global z Pcs Tcs ws s tol G pstep K 
B(:,2)=B(:,2)-1; 
CAT=[0,0;0,0]; 
    for i=3:size(B)-2 
        if ((B(i+1,2)*B(i,2))<0) 
            CAT(i-2,:)=B(i-2,:); 
            CAT(i-1,:)=B(i-1,:); 
            CAT(i,:)=B(i,:); 
            CAT(i+1,:)=B(i+1,:); 
            CAT(i+2,:)=B(i+2,:); 
            if flag=='u' CAT(i+3,:)=B(i+3,:); end 
        end 
    end 
     
CAT=CAT(CAT(:,1)>0,:); 
  
if max(size(CAT))>2&&flag=='u' 
     for i=1:6 
         E(i,:)=CAT(max(size(CAT))-i+1,:); 
     end 
     B=sortrows(E,1); 
     y=B(:,1); 
     x=B(:,2); 
     [x1,x1]=unique(x,'first'); 
     B = B(intersect(x1,x1),:); 
  
end 
  
if max(size(CAT))>=2&&flag=='l' 
     for i=1:6 
        E(i,:)=CAT(i,:); 
     end 
     B=sortrows(E,1); 
     y=B(:,1); 
     x=B(:,2); 
     [x1,x1]=unique(x,'last'); 
     B = B(intersect(x1,x1),:) 
    
end 
if min(size(CAT))==0 
        Pd=-5e9; 
        Fv=5000; 
else 
    y=B(:,1); 
    x=B(:,2); 
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    Pb=interp1(x,y,0,'cubic'); 
    [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, Fv0); 
    fb=fb-1; 
  
if norm(fb)<1e-4 
Pd=Pb; 
Fv=fb+1; 
else 
     
if fb>0 
    Pa=Pb-2; 
else 
    Pa=Pb+2; 
end 
[Ka,xi,yi,fl,fv,fa] =srk(Pa, T, Fv0); 
fa=fa-1; 
  
abc=0; 
if fa*fb>0 
    [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, (fa+fb)/2+1); 
    fb=fb-1; 
    if fb>0 
        disp('Entering stage 2'); 
        Pa=Pb-20; 
    else 
        disp('Entering stage 2'); 
        Pa=Pb+20; 
    end 
    [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, (fa+fb)/2+1); 
    fa=fa-1; 
    abc=-10; 
end 
if fa*fb>0 
    abc=1; 
end 
K=(Ka+Kb)/2; 
[K,xi,yi,fl,fv,Fv] =srk((Pa+Pb)/2, T, (fa+fb)/2+1); 
fc=Fv-1; 
  
while norm(Pa-Pb)>0.1 
    if abc==1 
        disp(sprintf('Dew Point does not exist at %d Temp',T)); 
        break; 
    end 
    if abc==14 
        break; 
    end 
    abc=abc+2; 
    if fa*fc<0 
        Pb=(Pa+Pb)/2; 
        [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, (fa+fb)/2+1); 
        fb=fb-1; 
        K=(Ka+Kb)/2; 
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    elseif fb*fc<0 
        Pa=(Pa+Pb)/2; 
        [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, (fa+fb)/2+1); 
        fa=fa-1; 
        K=(Ka+Kb)/2; 
    end 
 [K,xi,yi,fl,fv,fc] =srk((Pa+Pb)/2, T, (fa+fb)/2+1); 
fc=fc-1; 
end 
  
Fv=fc+1; 
if norm(Fv-1)<0.1 
    Pd=(Pa+Pb)/2; 
else 
    Pd=-5e-9; 
    Fv=5000; 
end 
end 
end 
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Dew Point Line Calculation 2: dewp2() 

function [ Pd Fv K ] = dewp2( Pb, T, Fv0 ) 
% Function finds exact dew point based on the guess value 
% Pb (provided by interpolation) passed as input. 
 
% It takes input of Pb (guess value), Temperature (T) and guess value 
% of mole fraction vapor (Fv) 
 
global z Pcs Tcs ws s tol pstep K Fv 
  
[Kb,xi,yi,fl,fv,fb] =srk(Pb, T, Fv0); 
fb=fb-1; 
  
if norm(fb)<1e-4 
Pd=Pb; 
Fv=fb+1; 
else 
     
if fb>0 
    disp('Entering Stage 1'); 
    Pa=Pb-2; 
else 
    disp('Entering Stage 1'); 
    Pa=Pb+2; 
end 
[Ka,xi,yi,fl,fv,fa] =srk(Pa, T, Fv0); 
Pa; 
fa=fa-1; 
  
abc=0; 
if fa*fb>0 
    [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, (fa+fb)/2+1); 
    fb=fb-1; 
    if fb>0 
        disp('Entering Stage 2'); 
        Pa=Pb+20; 
    else 
        disp('Entering Stage 2'); 
        Pa=Pb-20; 
    end 
    [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, (fa+fb)/2+1); 
    fa=fa-1; 
    abc=-10; 
end 
  
if fa*fb>0 
    [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, (fa+fb)/2+1); 
    fb=fb-1; 
    if fb>0 
        disp('Entering Stage 3'); 
        Pa=Pb-2000; 
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    else 
        disp('Entering Stage 3'); 
        Pa=Pb+2000; 
    end 
    [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, (fa+fb)/2+1); 
    fa=fa-1; 
    abc=-10; 
end 
if fa*fb>0 
    abc=1; 
end 
K=(Ka+Kb)/2; 
[K,xi,yi,fl,fv,Fv] =srk((Pa+Pb)/2, T, (fa+fb)/2+1); 
fc=Fv-1; 
  
while norm(Pa-Pb)>0.1 
    if abc==1 
        disp(sprintf('Dew Point does not exist at %d Temp',T)); 
        break; 
    end 
    if abc==14 
        break; 
    end 
    abc=abc+2; 
    if fa*fc<0 
        Pb=(Pa+Pb)/2; 
        [Kb,xi,yi,fl,fv,fb] =srk(Pb, T, (fa+fb)/2+1); 
        fb=fb-1; 
        K=(Ka+Kb)/2; 
    elseif fb*fc<0 
        Pa=(Pa+Pb)/2; 
        [Ka,xi,yi,fl,fv,fa] =srk(Pa, T, (fa+fb)/2+1); 
        fa=fa-1; 
        K=(Ka+Kb)/2; 
    end 
 [K,xi,yi,fl,fv,fc] =srk((Pa+Pb)/2, T, (fa+fb)/2+1); 
fc=fc-1; 
end 
  
  
Fv=fc+1; 
if norm(Fv-1)<0.1 
    Pd=(Pa+Pb)/2; 
     
else 
    Pd=0; 
    Fv=5000; 
end 
end 
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Z-factor Calculations: zfact() 

function [C] = zfact( datai,T ) 
% Function calculates the z-factors of the composition and pressure  
% range specified in the input file (datai) against the temperature  
% specified as the input argument (T). 
  
global z Pcs Tcs ws s tol pstep K Fv 
pstep=50; 
  
[data P TT s sp Tsat Psat tol] = datr(datai) 
z=data(:,1); 
Pcs=data(:,3); 
Tcs=data(:,4); 
ws=data(:,5); 
  
Pcs=Pcs(z>0); 
Tcs=Tcs(z>0); 
ws=ws(z>0); 
s=s(z>0,z>0); 
z=z(z>0); 
sp; 
  
if sum(z)-1>=tol 
    disp('Normalizing z'); 
    tem=sum(z); 
    z=z/tem; 
end 
  
if sp(3)==1; 
    a=size(Pcs); 
    a=a(1); 
    Pcs(a); 
    [Pcs(a) Tcs(a) ws(a) Tb]=critprop(sp, tol); 
end 
 
z 
Pa=Psat(1); 
Pb=Psat(2); 
K=0; 
Fv=0.5; 
P=5000; 
for i=1:40 
    P=P-100; 
      [K,xi,yi,fl,fv,Fv,Zv,Zl] =srk3(P, T, 0.8, z, Pcs, Tcs, ws, s, 
K, tol); 
    C(i,:)=[P Zv Zl Fv]; 
end 
end 
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MMP Calculations: mmp() 

function [ ANSW ] = mmp( datai,datao ) 
% Function performs the MMP calculations based on the problem  
% described in the input data file (datai). 
 
% It generates the table of recovery vs. injection pressure table. 
% This describes the MMP Curve 
 
fid=fopen(datao,'w'); 
R=10.73; 
zCmov=0; 
PVI=0; 
K=0; 
[data P T s sp Tsat Psat tol] = datr(datai); 
zc=data(:,1); 
Pcs=data(:,3); 
Tcs=data(:,4); 
ws=data(:,5); 
  
Pcs=Pcs(zc>0); 
Tcs=Tcs(zc>0); 
ws=ws(zc>0); 
s=s(zc>0,zc>0); 
zc=zc(zc>0); 
if sum(zc)-1>=tol 
    disp('Normalizing z'); 
    tem=sum(zc); 
    zc=zc/tem; 
end 
  
ziC=[1;0;0]; 
Z=zfact('co2.txt',T) 
K=0; 
  
for k=1:18 
try 
zCmov=0; 
PVI=0; 
K=0; 
     
P=P+100; 
  
%initial conditions 
Nc=25; %Number of cells 
  
Vp=20; %in3 
Vp=20/12^3; %ft3 
  
Vc=Vp/Nc; %Volume of cell in ft3 
  
[Zc]=interp1(Z(:,1),Z(:,2:3),P); 
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Zco2=(Zc(1)+Zc(2))/2; 
Zi=Zco2; % Injected gas Z 
K=0; 
Vi=.2*Vc; %Volume injected =20% of Volume of cell 
niC=P*Vi/(Zi*R*(T+460)); %Moles injected 
  
%Flash to get properties of HC present in the cell 
[K,xi,yi,fl,fv,Fv,Zv,Zl] =srk3(P, T, 0.5 , zc, Pcs, Tcs, ws, s, K, 
tol); 
Zc2=Zv*Fv+Zl*(1-Fv); 
  
nc=P*Vc/(Zc2*R*(T+460)); 
 
zinit=zc; 
ntot=nc*Nc*zinit; 
  
nC(1,1:Nc)=nc; % initialize with set number of moles 
% zC{1:Nc,1}=zeros{1:Nc,1}+zc; 
    for j=1:Nc 
        zC{1,j}=zc; 
    end 
  
for i=1:10 % Time step or PVI/batch controller 
    ni=niC; 
    zi=ziC; 
for j=1:Nc %Cell controller 
nc=nC(i,j); 
zc=zC{i,j}; 
nt=nc+ni; % Total moles after mixing 
zmix=(zi*ni+zc*nc)/nt; % Over composition after mixing 
[K,xi,yi,fl,fv,Fv,Zv,Zl] =srk3(P, T, 0.5 , zmix, Pcs, Tcs, ws, s, K, 
tol); % Flash the mix 
ng=Fv*nt; % total moles of gas formed 
vg=ng*Zv*R*(T+460)/P; %Volume of gas 
nl=(1-Fv)*nt; % Total moles of liquid 
vl=nl*Zl*R*(T+460)/P; %Volume of liquid 
  
% The gas is moved first followed by liquid 
  
if vl-Vc>tol 
   vel=vl-Vc; %excess liquid volume 
   nel=P*vel/(Zl*R*(T+460)); 
   nmov=ng+nel; 
   Fvmov=ng/nmov; 
   zmov=(ng*yi+nel*xi)/nmov; 
    
   zrem=xi; 
   nrem=nt-nmov; 
end 
  
if vl-Vc<tol 
%     disp('Moving just gas'); 
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    veg=vl+vg-Vc; %excess gas to be moved 
    nmov=P*veg/(Zv*R*(T+460)); 
    zmov=yi; 
     
    zrem=(nl*xi+(ng-nmov)*yi)/(nl+ng-nmov); 
    nrem=nt-nmov; 
end 
  
  
  
ni=nmov; 
zi=zmov; 
nC(i+1,j)=nrem; 
zC{i+1,j}=zrem; 
  
end %end for all cells 
zCmov=zCmov+zi*ni; 
  
PVI=PVI+.2*Vc; 
PVI/Vp; 
end %end of all time steps 
PVI=PVI/Vp; 
rec=zCmov./ntot; 
  
ANSW(k,:)=[P rec(3) PVI rec(1) rec(2) rec(3)] 
catch 
end 
end 
fprintf(fid,'Pressure(psia) Recovery(%%) PVI(frac)\n'); 
fprintf(fid,'%0.0f          %0.4f       
%.3f\n',transpose(ANSW(:,1:3))); 
fclose(fid); 
end 
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Appendix C   
SAMPLE DATA FILE FOR HEAVY OIL 

 

DATA        
% zi MW Pc Tc w   
 0.16 28.02 493 227.3 0.045  % N2 
 0.91 44.01 1071 547.6 0.231  % CO2 
 36.47 16.04 667.8 343 0.0115 % C1 
 9.67 30.07 707.8 549.8 0.0908 % C2 
 6.95 44.09 616.3 665.7 0.1454 % C3 
 1.44 58.12 529.1 734.7 0.1756 % iC4 
 3.93 58.12 550.7 765.3 0.1928 % nC4 
 1.44 72.15 490.4 828.8 0.2273 % iC5 
 1.41 72.15 488.6 845.4 0.251  % nC5 
 4.33 86.17 436.9 913.4 0.2957 % C6 
 33.29 0 0 0 0  % C7 
/        
  
BIC 
%   N2      CO2     H2S     C1      C2      C3      iC4     nC4     
iC5     nC5     C6      C7 
0 0.017 0.1767 0.0311 0.0515 0.0852 0.1033
 0.08 0.0922 0.1 0.08 0.08 % N2 
0.017 0 0.0974 0.12 0.12 0.12 0.12 0.12 0.12 0.12
 0.12 0.01 % CO2 
0.1767 0.0974 0 0.08 0.0833 0.0878 0.0474
 0.06 0.06 0.063 0.5 0 % H2S 
0.0311 0.12 0.08 0 0 0 0 0 0 0 0
 0 % C1 
0.0515 0.12 0.0833 0 0 0 0 0 0 0
 0 0 % C2 
0.0852 0.12 0.0878 0 0 0 0 0 0 0
 0 0 % C3 
0.1033 0.12 0.0474 0 0 0 0 0 0 0
 0 0 % iC4 
0.08 0.12 0.06 0 0 0 0 0 0 0 0 0
 % nC4 
0.0922 0.12 0.06 0 0 0 0 0 0 0 0
 0 % iC5 
0.1 0.12 0.063 0 0 0 0 0 0 0 0 0
 % nC5 
0.08 0.12 0.5 0 0 0 0 0 0 0 0 0
 % C6 
0.08 0.01 0 0 0 0 0 0 0 0 0 0
 % C7 
 
/ 
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PRES 
3000/ 
  
TEMP 
220 
/ 
  
TOL 
1e-14 / 
  
% Pseudo Component Properties 
PSPROP 
%SG     MW Correlation TbpCorr PcCorr  TcCorr   wCorr 
.8515   218 1          2       2       2        1 
/ 
  
PSAT 
4950 200 
/ 
  
TSAT 
10 
25 
50 
75 
100 
150 
175 
200 
250 
300 
350 
400 
450 
500 
550 
600 
650 
700 
725 
/ 
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