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ABSTRACT

Accurate predictions of vapor-liquid equilibrium (VLE)

and PVT data using equations of state (EOS) are important in

the petroleum and chemical industries. One of the relative

ly simple and reliable forms of EOS is the cubic EOS form.

Even though cubic EOS are considered to be reliable and

simpler than non-cubic forms, the question of accuracy is

still a matter of discussion.

The objective of this study involved the determination

of the best EOS for consistently describing both liquid-

vapor compositions and the corresponding phase densities.

Other objectives were to assess whether or not more compli

cated EOS forms were useful in describing a progression of

complexity of reservoir fluid systems.

To achieve these objectives, predictions using the

various EOS were compared with corresponding experimental

data. Five (SRK, PR, PT, SW, LLS) , commonly used EOS of

varying number of parameters were used to calculate VLE and

phase densities for five chemical systems for which cor

responding experimental data were available. Regressions

were performed on VLE data to allow an assessment of which

EOS form was optimal for a given mixture when the best

values for the equation parameters used.
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A comparison of the performance of the chosen cubic EOS

for simple and complex mixtures before and after regression

suggested that prediction of VLE composition data was

improved when optimum parameters obtained by regression were

used. However, the results indicated that the error

associated in predicting VLE data after regression on all

parameters was nearly the same for a given mixture regardl

ess of which EOS was used. A three parameter EOS gives

better prediction of liquid densities than the nominal two

parameter forms. Liquid densities using the four parameter,

Lawal-Lake-Silberberg form were inconsistent.

Among the five cubic EOS, the PT EOS did the best job
in predicting both VLE and phase densities for the systems
and conditions of this study, as predicted by Patel and Teja
(1980) and Ahmed (1986).

Regression on single parameters a^ and b^ may have
improved the prediction of VLE compositions more than

regression on other parameters. However, an examination of

density predictions using the regressed values of a^ and b^
reveals that the average error in values of liquid densities

were often significantly greater than the values calculated

before regression. Thus, regression on one type of data is

risky if other types of data are to be described.
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1. INTRODUCTIQW

Accurate descriptions of thermodynamio properties are

essential for design work in the petroleum and chemical

industries, A knowledge of vapor-liquid equilibrium (VLB)
and pressure-volume-temperature (PVT) behavior of fluids is

a prerequisite for predicting petroleum reservoir perfor

mance in gas, condensate and volatile oil systems, and for

predicting multi-contact miscibility in miscible oil

recovery methods. Several methods of predicting ther

modynamio properties are available to engineers (Abbott and
Van Ness, 1972). These methods may be divided into three

categories: the corresponding states principle and its
extensions, methods based on equations of state (EOS), and
activity coefficient methods. The corresponding states and
activity coefficient methods will not be discussed in this
work. The topic of this study involves the prediction of

thermodynamio properties using EOS.

Generally, EOS predict VLE and densities of simple,
non-polar compounds accurately, especially in the vapor
phase (Tarakad et al, 1979). However, for practical
description of petroleum mixtures, conventional practice
involves fitting EOS parameters to experimental data prior
to use in a reservoir simulator. The principle difficulties
found with cubic EOS in these simulations are poor predio-



tions of liquid densities and inaccurate VLE predictions

near the critical point (Teja & Patel, 1981). This study

does not address the near critical problems, but con

centrates on the consistency of representing both VLE and

density data for systems not near the critical point using
EOS. Thus, the work of this study was an initial

decide which cubic EOS form is most appropriate
for use in future compositional simulations of EOR proces
ses.

Equations of state include both cubic in volume and

non-cubic forms. in this study cubic forms were used
because these forms offer the possibility for adequately
describing all possible regions of VLE and PVT space with
the economy of calculation required in large computer
simulations of petroleum reservoir processes (Tarakad et al
1979).

This thesis is divided into several sections. The
first section is a background section in which EOS, in
general, and the development of the five EOS used in this
study are described. Next a review of previous studies in
which the performance of cubic EOS were compared. This is
followed by a review of previous studies in which regression
for obtaining EOS parameters were conducted. An objective
section presents a more comprehensive statement of the



approach use to achieve objectives of this study. A methods

section includes descriptions of the regression procedures

used in this study and the lumping procedures used in

characterizing the heavy components for the separator oil-

CO2 system. The results section includes a presentation of

the errors between experimentally measured VLE and phase
density data and calculated values both before and after

regression on VLE data. An analysis of the results is

followed by conclusions and suggestions for further work.



2. CUBIC EQUATIONS OF STATE

Cubic equations of state (EOS) are coinmonly used forms

in calculations involving phase properties of complex

mixtures found in petroleum reservoir fluids. Here,
background information on the use of general EOS in phase

behavior calculations and cubic EOS for reservoir fluid

phase behavior is presented. The development of cubic EOS

forms is then traced from the development by van der Waal' s

(1873) to popular forms found in recent literature and used

in this study.

2.1 EOS and Phase Behavior

An equation of state (EOS) may be defined as an expres
sion of the analytical relationship between the equilibrium
state variables of pressure (P), volume (V), temperature
(T), and composition (x^, y^ ; where x^ and y^ are, respec
tively, the liquid and vapor concentrations of component 1).
For any homogeneous fluid of constant composition and

existing in equilibrium in a PVT system the relationship
between P, v, and T can be written as:

V = V(T,P,X) (2-1)
These relationships are called PVT EOS.

The criterion for phase equilibrium for PVT systems of



uniform T and p may be concisely stated by equality of the
chemical potentials (Van Ness and Abbott, 1982):

a _ TT , .
L A* i—•••—/<£ (i—1,2, . ,,, n) (2-2)

where ^ = chemical potential of component i in

phase a

This equation (2-2), in terms of fugacity, may also be
written as:

^ i r i-. . .-t i . ^2-3)

where f"^ = fugacity of component i in phase a
In this study, two phases (liquid, 1, and vapor, v) are used
and equation (2-3) becomes:

^ i 1 f2, •, ., n) (2—4)
Each is a function of T, p, and n-1 independent vapor-
phase mole fractions (y^). Similarly, each t\ is a
function of T, p, and n-1 independent liquid-phase mole
fractions (x^). from these constraints, VLE problems fall
into one of five categories:

1. Calculate T and at given P and .

2. Calculate p and y^ at given T and .

3. Calculate T and x^ at given P and y^.
4. Calculate p and x^ at given T and y^.
5. Calculate x^ and y^ at given T, p and .

Numbers 1 and 2 are known as bubble-point calculations, 3
and 4 are known as dew-point calculations and 5 is called a
flash calculation.



Although the details of the procedures differ for each

of the VLE calculations presented above, they all begin with

the same mathematical formulation (Van Ness &Abbott, 1982).
Fugacities are expressed as functions of T, P, and composi
tions are derived from an EOS. An iterative procedure is
employed to satisfy the conditions of equilibrium, i.e.
Equation (2-4). For flash calculations, mass conservation
must also be satisfied. Once the T, P and phase composi
tions are known, calculation of v or its inverse, density,
is straight forward with the EOS, Equation (2-1).

EOS are considered to be either theoretical or semi-

theoretical (Patel &Teja 1980). Theoretical equations are
based on either kinetic or statistical mechanics models
involving intermolecular forces, while the semi-theoretical
equations combine theoretical concepts with correlations on
a limited amount of experimental data. According to Patel
and Teja (1980), the semi-theoretical EOS have been the most

successful in representing properties of interest.

In this study, only cubic EOS are used (Equation (2-
12)). Although cubic EOS are generally considered to be
reliable, relatively simple, and computationally inexpensive
(Patel &Teja, 1980), the question of accuracy is still a
matter of discussion, especially when describing the VLE or
PVT behavior of complex mixtures like reservoir fluids



(Patel & Teja, 1980 and Ahmed, 1986). Numerous equation
forms have appeared in the literature and development of new

forms is, no doubt, on-going. As with EOS in general, cubic

EOS may be based on both theoretical and empirical con

siderations. But all cubic EOS have fundamental discrepan
cies at the critical point (Kossack et al, 1985) and, some

investigators consider that all cubic EOS should be con
sidered empirical forms when applied to the span of condi

tions associated with petroleum reservoir fluids. The

parameters of cubic EOS may be adjusted to fit particular
data sets. Such optimization of parameters implies that

predictions using EOS may never describe the behavior of

reservoir fluids for all regions and all thermodynamic
properties without a significant error. Therefore, absolute

conclusions about best EOS forms are difficult.

2.2 Gas Equations

For over 300 years, people have tried to describe the

volumetric properties of gases. The first attempt was by
Boyle, and this effort finally led to the ideal gas law, the
simplest form of an equation of state (Patel &Teja 1980):

PV - nRT ^2-5)

where:

P = pressure



V = volume

n = number of moles

R = gas constant

T = temperature

For real gases the ideal gas equation is often inac-

curate. An improvement in the ideal gas equation was

obtained by introducing an empirically determined compres-
2, which is a function of pressure and

temperature. Thus, equation (2-5) becomes:

PV = ZnRT (2-6)
The compressibility factor, Z, is a measure of the departure
of PVT behavior of an actual gas from that of an ideal gas
where Z= 1 for the ideal gas.

2.3 Cubic EOS

The publication of van der Waals' classical equation of
state (1873) was result of a systematic effort to describe
the occurrence of two phases and the equilibrium properties
of real gases. The van der Waals equation for a single
component has been written in the following form:

P =-

(v-b) • ^ (2-7)

where:

P/ T, and R were defined in equation (2-5)
a,b are constants; 'a' is called the

8



attraction parameter (attraction forces

between the molecules) and 'b' is called the

repulsion parameter (related to the molecular

size)

V = molar volume (V/n)

The van der Waals equation (2-7) is an analytical cubic EOS

which satisfies thermodynamic stability criteria at the

critical point (Reid et al. 1977), i.e:

(SP/8V),^ = 0 (2-8)

and

(«'PAV2)xc= 0 (2-9)
The constants a and b, are defined by:

3 ^ 27 R2t 2
^ p' - (2-10)

^ ^ (2-11)
where;

is the critical temperature

Pc is the critical pressure

Equation (2-7) may also be written as:

- (B+1)Z2 + AZ - AB = 0 (2-12)
where:

Z is gas compressibility factor and is defined

as Pv/RT

aPA = (2-13)
„ ^ bP

RT (2-14)



Equation (2-12) is a cubic in Z (or v) and hence, the term

cubic EOS has been used. For mixtures, a and b are defined

by the following mixing rules:

= 2 S X^Xj (2-15)

b„ = s s x^xj b,j (2-16)
13

where:

the subscript m indicates the value to be used

with the mixture

Xi and Xj are the mole fractions in each phases,

vapor or liquid

j (2-17)

''ij = (1/2) (bii +bjj) (2-18)

The van der Waals (VDW) EOS proved to have deficiencies

in predicting phase behavior or VLE near the critical

region, in predicting VLE of complicated mixtures, and in
predicting densities, especially liquid densities. Numerous

modifications to improve the accuracy of the prediction of
the results have been presented. The Redlich-Kwong (rk) EOS
(Redlich & Kwong, 1949) is one of the successful modifica
tions of van der Waal's equation. Like the VDW equation,
the RK equation has two constants (a and b) which were based
on theoretical and practical, or empirical considerations.

Redlich and Kwong found by experiment that the volume of all

gases approaches a limiting value at high pressure and they

10



assumed for their equation that

b = .26 (2-19)

where:

Vg = critical volume

The form presented by Redlich and Kwong was:

r, _ RT a
(v-b) • T^^^v(v+b) (2-20)

where:

r2 T 2.5
^ / 0. = 0.42748 (2-21)

RT^ = "b / Ob = 0.08664 (2-22)

Equation (2-20) may also be expressed as:

Z3 - Z2 + (A-B2-B)Z - AB = 0 (2-23)
where B is the same as defined by VDW and:

A = —E_
R2 T^ • ^ (2-24)

Redlich and Kwong used the same mixing rule for the attrac
tion parameter, a^, as VDW and for b:

2 Xi bi (2-25)

where b„, , and x^ have been defined earlier.

The RK equation (2-20) differs from the VDW equation
(2-7) in that temperature is included in the attraction term
(a/Ti/2) and the mixing rules are slightly different. This

equation gives satisfactory results above the critical
temperature for any pressure, as long as the compounds are

11



not very complex (Shah & Thodos, 1965).

Even though the RK EOS was an improvement over the VDW

EOS above and while maintaining simplicity, it does no

better than the VDW equation in the near critical region.
Patel (1980) found that the deficiencies of the RK equation

are related to the fact that it contains only two parameters

and predicts a universal critical compressibility which is

much higher than the actual experimental value for almost

all fluids.

Soave (1972) proposed a modified RK EOS. He believed

that the RK equation gave poor prediction for VLE because

the influence of temperature was not represented adequately.
Therefore, he proposed that 'a* be a function of temperature
and the Pitzer acentric factor, o,. The acentric factor is

defined as (Van Ness &Abbot, 1982):

0) = -l-loglO(P,«at)^^^^^ ^2-26)

where:

^Pr °̂t) j j. „Q7 = reduced vapor pressure (p®®^/p )^

evaluated at =0.7

ps at _ saturated vapor pressure

Tr = reduced temperature, T/T^
The Soave-Redlich-Kwong (SRK) equation is:

p ^ RT _ a(T)
v-b v(v+b) (2-27)

where:

a(T) &(Tp) a(T) (2-28)
12



a(T„) = fla = 0.42478 (2-29)
c

cc(T) = (l+in(l-T,i/2))2 ^2-30)

® ~ 0.480 + 1.574a) —0.176w^ (2—31)

RT^ ~ ^ t ~ 0.08664 (2-32)

Equation (2-27) can be rewritten as;

Z3 + Z2 + (A-B2-B) Z - AB = 0 (2-33)

Where A and B are defined in the same manner as in the

VDW EOS and the mixing rule for b^ is the same as for the RK

EOS. For a^ the mixing rule is:

a„ = 2 2 Xi Xj (a^aj )i/2 (1-5^ . ) (2-34)

where:

x^ and Xj are defined the same as VDW.

j empirically defined binary interac

tion coefficient which must be obtained ex

perimentally.

To demonstrate the effectiveness of the modified

equation (2-25), Soave calculated the vapor pressures of a
number of hydrocarbons and compared these values with

experimental data. The results of these comparisons
indicate a significant improvement over the original RK
equation (2-20) in both the predictions of vapor pressures
and in predicting phase compositions. However, Soave

13



observed relatively larger deviations for systems contain

ing carbon dioxide, hydrogen sulfide and other polar
compounds. The calculated liquid densities were, in

general, lower than experimental values. However, for small

molecules like argon, nitrogen and methane at very low
temperature, predicted values of liquid densities were

slightly higher than experimental values.

Peng and Robinson (1976) presented a new two-parameter

equation of state. in their equation the attractive

pressure term, a, of the semi-empirical van der Waals

equation was modified. The Peng-Robinson (PR) equation form
is:

p = _ a(T)
v-b v(v+B)+b(v-b) (2-35)

where:

a(T) = a(T„) a(T) (2-36)

a(T„) = Q. , n, = 0.45724 (2-37)

«(T) = (l+m(l-T,i/2))2 (2-38)

m = 0.37464 + 1.54226w - 0.2699^2 (2-39)
RT

' "b = 0.0778 (2-40)

Equation (2-35) can be rewritten as;

Z3 + (1+B)Z2 + (A-3B2-2B)Z -(AB-B^-B^) = 0 (1-40)
Where A, B and the mixing rules are the same as for

the SRK EOS.

14



The PR equation (2-35) holds the same combination of

simplicity and accuracy as the SRK (2-27) equation and both

equations predict vapor densities with similar accuracy.
The PR EOS is superior to SRK in the representation of vapor

pressures and liquid densities, in general, the PR equation

gives better results than SRK, RK or VDW when predicting
liquid phase properties (i.e. density, composition etc.).
Exceptions occur in the predictions of very light com
ponents, such as argon, for which it gives poor prediction

in the region away from the critical point (T,<0.8) (Patel i.
Teja 1982).

The PR equation assumes that the critical compres

sibility factor, , be constant with a value of 0.3074

which may be compared with the values of for the SRK

equation or 0.333. This difference in values of accounts

for improved predictions for heavier components (Patel &
Teja 1982). However, due to the constant Z^, the PR EOS is

limited when predicting VLE and liquid densities near the

critical region. Patel and Teja (1982) believed that the

applicability of PR equation could be extended to a wide
range of substances if a way could be found to make the

predicted critical compressibility a substance dependent
parameter.

As temperatures approach the critical temperature,

15



Schmidt and Wenzel found that large deviations between

calculated and experimentally determined values of liquid

volume occurred because the experimental critical volume is

not accurately reproduced. Schmidt and Wenzel (1979)

presented a cubic equation of the van der Waals type in

which the critical compressibility factor was taken as

substance dependent. They treated the parameters 'a' and

'b' similar to that proposed by Soave (1972) and Peng-

Robinson (1976), ie, 'a* is temperature dependent, while 'b'
is only a function of the critical properties. The con

stants in parameters 'a' and 'b' are also functions of w.

The Schmidt-Wenzel (SW) equation form is:

p = RT _ a(T)
v-b v +(l+3«)bv-3wb^ (2-42)

where:

a(T) = a(T,) a(T) (2-43)

a(T„) = n, ^ (2-44)

o - "b (2-45)

a. = 3(1-Z„ (l-;8„))3 (2-46)

°b = 0c^c (2-47)
and is the smallest positive root of the equation:

(6aH-l) + 20^ -1 = 0 (2-48)

° 2lX-0,o,) (2-49)

«(T) = (l+a(l-T,'/2))2

For the slope, m, the authors proposed the following
16



expression;

m = iHi for w < 0.40

m = in2 for w > 0.55

m = ((u-0.4)/0.15) Blj + ((0.55-u)/.15) ffli

for 0.4 < u < 0.55 (2-51)

Where:

(5T,-3m„-l)2
% - Hlo + (2-52)

70 '

71(Tr-0.779)2
^2=^0+ (2-53)

100 '

= 0.465 + 1.347w - 0.528w2

for a)<0.3671 (2—54)

Mo = 0.5361 - .9593w for w > 0.3671 (2-55)
For supercritical (T^ > i) compounds:

«(T) = 1 - (0.4774 + 1.328a>) InT^ (2-56)

Equation (2-42) can be rewritten as:

23 + (UB-B-1) Z2 + (WB2-UBg-UB+A) Z -

(WB3+WB2+AB) = 0 (2-57)
Where;

^ (2-58)
W= —3w, and (2—59)

A and B are the same as for the SRK EOS. The mixing rules
for a„ and b„ are the same as the SRK EOS and the mixing
rule for u> is given by:
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s Kx^b^ ')

°° (2-60)
? (Xibi ')

It can be seen from equations (2-46 & 2-47), that with the

SW EOS values of the n's are not constant and, more impor
tantly, they are functions of the critical compressibility
and acentric factors.

By comparing calculations with experimental values,
Schmidt and Wenzel demonstrated that their EOS reproduces
experimental data at pressures above 1 bar with an accuracy
similar to that of the PR equation (liquid volume, which
basically leads to be the liquid density improvement, and
pressure by keeping temperature constant or change of
temperature, keeping the pressure constant). However, for
some inorganic gases, the PR equation produces slightly
better results. At lower pressures the SW EOS yields better
agreement with experiments than either the SRK or PR

equations. Schmidt and Wenzel demonstrated that their
equation describes, for low reduced temperatures, molar
liquid volume with an error of less than two percent.

Schmidt and Wenzel (1980, 1981) indicated that an
accurate representation of liquid density becomes important
when the molar volume or density is used to correlate and to

predict the EOS parameters of a substance for which no
critical data are available. Such correlations, for other
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cubic EOS have been investigated elsewhere (Hederer et al,

1976 and Brunner et al, 1977).

Although, the SW equation was made more complicated by
the introduction of a substance dependent critical compres

sibility factor, in comparison with the SRK and PR EOS, they
found no noticeable increase in calculation time, nor were

convergence difficulties observed when calculating vapor

pressures or VLE of mixtures.

In an effort to find a cubic equation of state suitable

for representing both single phases, vapor and liquid as
well as two-phase behavior (VLE), a three parameter equation
of state was proposed by Patel and Teja (1980). This

equation requires Tc and Pc, as well as two additional

measured values (Z^ , m) to characterize each particular

fluid (Patel &Teja 1982). The first parameter, , is the
critical compressibility factor which is a function of the

acentric factor, w. The second parameter, m, is a function
of the acentric factor similar to the m of previously
presented EOS. Values of these parameters are obtained by
minimizing deviations in saturated liquid densities while

simultaneously satisfying the equality of fugacities along
the saturation curve. Patel and Teja (1982) attribute good
predictions of volumetric properties in the liquid region
while maintaining accuracy in VLE calculations to the method
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of evaluating and m. In the case of non-polar fluids,
Patel and Teja (1982) suggest that the two parameters

required can be correlated with the acentric factor, so
that, with suitable assumptions, the equation reduces to

forms similar to those of SRK, PR, and SW. Thus, the PT

equation retains many of the good features of those three

equations and in addition, can be successfully applied to
polar fluids such as water, ammonia, and alcohols. Patel

and Teja also demonstrated the extension of this equation to

mixtures. The Patel-Teja (PT) equation form is:

p = - a(T)
v-b v(v+b)+c(v-b) (2-61)

Where;

a(T) = a(T,) a(T) (2-62)

a(T,) = 0.
R^T 2

PT (2-63)

b = 0^
K (2-64)

r> = n

= P, (2-65)

°a = + 3(1-2Z^) + 0^2 + (l-3Zj ) (2-66)

As with the SW EOS, the values of , n,,, and for this

equation are functions of critical compressibility and
acentric factor. The values of n, are defined as the
smallest positive root of the equation:

Ob' + (2-32^) + 3Z^2(j^ - 2^3 = 0 (2-67)
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while,

Oc = 1 - 3Zg (2-68)

oc(T) = (l+in(l-T,W2))' (2-69)

m = 0.452413 + l,30982w - 0.295937^2 (2-70)

and

= 0.329032 - .076799CO - 0.0211947to2 (2-71)

The PT equation (2-61) can be rewritten as:

+ (C-1) Z2 + (A-2BC-B-C-B2) Z +

(BC+B^C-AB) = 0 (2-72)
where A and B are the same as for the SRK EOS and C is

defined as;

^ " I? (2-73)

The mixing Rule for c is:

~ f (2-74)

Patel and Teja (1980, 1982) demonstrated the capability
of their EOS for the accurate and consistent predictions of

thermodynamic properties of both pure fluids and mixtures.
They stated that the most interesting feature of the new

equation is its applicability to mixtures containing heavy
hydrocarbons and polar substances, while, because it is
cubic in volume, it is computationally easy to handle. They
indicated that their new equation can reproduce with
sufficient accuracy both liquid and vapor phase densities
and still yield very accurate VLE predictions for composi-
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tions. They have shown, by comparison, that for VLB

calculations their equation is as good as SRK and PR

equations for mixtures of light hydrocarbons. For systems

containing heavy hydrocarbons and polar substances, they
have shown their equation to be superior to the SRK and PR

equations.

Lawal, Lake, and Silberberg (1985) presented a four

parameter cubic equation of state which uses two more

constants than either VDW, PR, or SRK EOS. They expected
that the four parameter equation would predict VLB and phase

densities better than the earlier two and three parameter
cubic BOS. Specifically, they claimed that their equation
is a better tool for VLB calculations with complex hydrocar
bon systems.

The form of the Lawal-Lake-Silberberg (LLS) equation is;

p = _ a(T)
v-b +aj3v-^b^ (2-75)

where

a(T) = a(T,) 7(T, ,«) (2-76)

a(T.) =n. (2-77)

b = "b
•^c

(2-78)

0. = (1 + (n-i)z, )3 (2-79)

= QZj (2-80)
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7(T^,«) = (l+m(l-T^i/2))2 (2-81)

m = 0.14443 + 1.06e24u + 0.02756«2 -

0«18074b>^ (2—82)

„ _ n-(n-3)z,
m: ^ (2-83)

-H 0(1-3Z,)

where

" = VVe (2-85)
Values of a were given by Lawal and co-workers for

single components, or they must be obtained by fitting to
single component PVT data.

The LLS equation (2-75) can be rewritten as:

Z3 + (B-1) Z2 + (A-3B2-2B) Z -

(AB-B2-BM = 0 (2-86)

Where A and B are defined the same as VDW and the

mixing rules for a„ and b^,, are the same as for the SRK EOS.
The mixing rules for a and p are;

«cn = 2 X^a^ (2-87)

^ ^ (2-88)

Lawal et al (1986 & 1985), modified the LLS EOS for

calculating gas-condensate and crude oil phase equilibria
without splitting the C7+ fraction into smaller pseudo-
components. These modifications were made on parameters a

and p and presented in their 1985 paper. They concluded
23



that the modified LLS EOS predicts mixture densities more

reliably than either the PR or SRK EOS. They also claimed

that the modified LLS EOS also predicts VLE better than

either the PR or SRK EOS for both gas condensate and crude

oil systems. Lawal et al noted that, for sensitive applica
tions, the validity of EOS techniques should always be
verified against experimental data and adjustments made as

needed. They also pointed out that, if deviations from

experimental data are significant, adjustment of binary
interaction coefficients will be required. They based,
their conclusions on studies for systems containing essen
tially paraffin hydrocarbons (except for the heavy fraction
in mixtures). They believed that the existence of extended

errors in results probably results from significant amounts

of non-hydrocarbons. in their paper they presented equa
tions which allow VLE calculations to be made for such a
system.

In 1986, Lawal and co-workers presented a novel

fugacity correction factor (FCF) technique for the 0^+
pseudo-component. They established the difference between

pseudo-component fugacity dictated by the material balance

equation and the equilibrium state with LLS EOS used to

adjust the K-values of the C7+ fraction. They presented a
robust algorithm which incorporates the FCF. This algorithm
was evaluated by comparing calculated and experimental data
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for three crude-oil systems and six volatile/near-critical,

gas condensate, reservoir fluids. They concluded that the

feasibility of the FCF technique was demonstrated for

predicting VLE and volumetric properties of solvent/crude
oil systems containing significant C7+ fractions without

splitting the heavy fraction into pseudo-components. They
claimed that FCF algorithm can be used with other VDW like

equations.

2.4 Summary

Cubic EOS are commonly used to describe phase behavior

in economic processes involving petroleum reservoir fluids.

Over time, the complexity of the equation forms has in

creased as workers have attempted to more accurately and

consistently describe the behavior of complicated mixtures
found in reservoir fluids. Each succeeding development has
usually resulted from observations on fundamental limita

tions of other forms, but both empirical and fundamental
forms have been proposed.
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3. literature REVTEW

The studies reviewed here concentrate on work which

compared the accuracy of EOS and/or were involved with

regressing EOS to determine optimal parameters.

3•1 Comparative Studies on EQS

Shah and Thodos (1965) compared fourteen of the most

commonly used cubic and non-cubic equations of state in the

subcritical, critical, and hypercritical region for argon
and n-butane. The results of his study indicated that the
two constant rk EOS predicts PVT behavior reasonably well
for the argon and n-butane systems. For argon, the agree
ment between experimental and calculated values was found to
be excellent; whereas, for n-butane this agreement was found
to be reasonably good. He also noted that the more complex
equations of Beattie and Bridgeman (1928) and Benedict, Webb
and Rubin (1940) predicted values for n-butane which were

comparable in accuracy to those predicted by the simpler RK
EOS.

Tarakad et al (1979) compared eight cubic and non-cubic

equations of state to predict gas-phase density and fugaci-
ty. The equations used were the original RK (1949), the
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Redlich-Kwong-Chueh (1967), the SRK (1972), the Banner-Ad-

ler-Joffe (1970), the Virial (1977, or 1974, 1975), the

Nakamura-Breedveld-Prausnitz (1976), the Redilch-Kwong-de
Santis (1974), and the Redilch-Kwong-Guerreri (1973), Their

objectives were as follows;

1. To evaluate the merits of EOS that have been

commonly used for calculating density and

fugacity in the gas phase.

2. To compare these equations with others that

have appeared more recently in literature.

3. To get an idea of the magnitude of error to be

expected when some common EOS are used for

systems containing polar species.

4. To provide some insight as to what equation is

most appropriate in a given design situation.

Tarakad and co-workers found that in the subcritical,
critical, and supercritical regions the preferred equation
varied depending on which region of the PVT space was
considered. Further, the type of compound (non-polar,
mildly-polar, or highly-polar) or the type of mixture

(nonpolar-nonpolar,polar-nonpolar, polar-polar) also
influenced the best choice of the EOS forms. Although,
other equations were successful for describing individual

regions for one type of compound, cubic forms were found to

be the best for describing all regions of PVT and VLE space
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for both polar and non-polar compounds and mixtures.

Ahmed (1986) compared eight cubic EOS for predicting
the volumetric and phase composition equilibria of gas
condensate systems. The EOS used in his study included: PR,
SRK, SW, Usdin-McAuliffe, Heyen, Kubic, Adachi-Lu, and pt.
He found that the SW EOS exhibits a superior predictive
capability for volumetric properties of gas condensate
systems. The PR equation was found to accurately represent
the phase equilibrium behavior of condensate systems. Ahmed
found that the SW and PT equations gave better predictions
of the compressibility factor, z, than the other equations.
He also concluded that, for prediction of VLE, the PR, the
PT, and the sw EOS all performed equally well.

In 1986, Trebble and Bishnoi compared the accuracy and
consistency in predicting PVT behavior using the following
ten cubic EOS for polar and non-polar compounds; SRK (1972),
PR (1976), Fuller (1976), SW (1980), Harmens-Knapp (1980),
Heyen (1981), pt and PT(G) (1981 &1982), Kubic (1982),
Adachi-Lu-Sugie (1983), Lin-Kim-euo-Chao (1983). m the
equations presented by Heyen (1981) and Fuller (1976),
repulsion parameter, b, was defined to be temperature
dependent. Trebble and Bishnoi found this dependence
directly led to the prediction of negative heat capacities
in single phase regions. They also concluded that a
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temperature dependent b must obey certain limitations if
thermodynamic consistency is to be maintained. They have
concluded that the Adaohi-Lu-Sugie (1983) and PT (1981) EOS
appear to be more accurate than previous equations, while

^^iritaining thermodynamic consistency.

Tsonopoulos and co-workers (1985) presented a study of
EOS which span the time period from the development of the

Redilch-Kwong equation to the present. They concluded that,
because of the simplicity, reliability and the amply
demonstrated flexibility of cubic EOS, they are "here to
stay". They also pointed out that in a cubic EOS, the use
of only two parameter equations is unnecessarily restric
tive, since such equations either well fit VLE or PVT data
but not both. They also concluded that if a new cubic EOS
is developed, its developer should recognize that:

1. Modifying the volume dependence can improve the

PVT prediction.

2. Only better mixing rules can significantly

improve the VLE prediction.

3. At least three parameters are required to

accurately represent vapor and liquid PVT and

VLE.

Varotsis and co-workers (1986) described the develop-
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ment of a phase behavior simulator which used a combination
of the PR and SW EOS. First, they predicted phase composi
tion values using the PR EOS and then, using the phase
composition values generated with the PR EOS, the SW EOS was
used to predict liquid densities. They concluded that the
SW EOS was a great improvement over the PR EOS in the
prediction of liquid volumes. They also concluded that the
underestimation of these volumes is the main disadvantage of
the PR EOS.

3-2 Regression EOS

Because EOS do not always provide good predictions for
PVT and VLE behavior researchers in the petroleum industry
are seeking simpler and more accurate methods of prediction.
At the same time, it is impractical, if not impossible, to
use all the compositional information which could be
obtained for a particular crude oil in EOS calculations and
therefore, one simplifying approach is to characterize the
crude oil using a reduced number of components, while
retaining enough information to produce accurate results.
This method lumps fractions of the petroleum fluid together
and treats each fraction as if it were a single component or
a pseudo-component. Values for EOS parameters are obtained
through correlations of measured physical properties of the
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pseudo-components. Another approach, which can be used with
one or more pseudo-components is the regression based

method. With this method, values of EOS parameters for one
or several pseudo-components are obtained by fitting the EOS
to experimental data to find parameter values which yield
the least error. Thus, the optimized EOS can be used with
confidence over the range of conditions used to find the EOS
parameters. one reason this method has gained popularity,
is because the mathematical basis of the least square
techniques has been well established (Coats and Smart,
1986).

Kossack and Hagen (1985) studied the simulation of
phase behavior and slim-tube displacements using the PR and
SRK EOS. Their objective was to study how well these EOS
simulate phase behavior in a simple hydrocarbon system where
there are no pseudo-components and where there exists
published experimental results for the phase behavior and
critical points. They found, based on the available data,
that the set of parameters for the EOS that matched the PVT
experiments did not match the slim tube displacement results
and another set that matched the slim tube did not match the
PVT experiments. From this work, they concluded that EOS,
in the forms used at the time of their study, can not ac
curately simulate compositional paths of displacements in
reservoirs.
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in a later study Kossaok and co-workers (1985) per
formed studies with the PR EOS using systems containing
three components, six components, and twenty-two components.
These studies were performed so that the critical points for
the mixtures were approached either by increasing the
temperature, while keeping the composition constant or by
changing the composition, while keeping the temperature
constant. Using regression, they were able to give a better
EOS match, and thus a better simulation of slim-tube
displacements, m their studies, they limited regression to
values of n,, and o, . They pointed out that the
regression on o, and n, directly translates into adjustments
of To, PC, and «. They also concluded that the PR EOS is
not able to simulate the PVT behavior near the critical
point. They concluded that, in regressions on PT-x (VLE)
data, the more parameters were allowed to vary, the better
matched obtained. They also found that by ignoring the pure
component values of Tc, Pc, and . and regressing on these
parameters leads to a better match of PT-x data.

Application of a regression-based EOS PVT program was
applied by Coats and Smart (1986) to match laboratory data.
The data used in their study were from six oil and three
retrograde gas condensate samples including constant-com-
position, constant-volume, and differential expansions,
surface separations, temperature-dependent saturation
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pressure, and Nj reservoir fluid behavior. One set of

multiple-contact oil vaporization data was also reported.
The calculations made by their PVT program include:

1. Saturation pressure and equilibrium-phase properties
for a given composition and T.

2. Density and viscosity calculation for specific P, T,
and composition.

3. Constant composition, constant volume, and differen

tial expansion for specified sets of pressure level.
4. Single or multistage flash tests.

5. Phase envelope calculations for swelling tests.
6. Pseudozation (lumping) to fewer components.

coats and Smart used The PR (1976) and Zudkevitch-Joffe-Red-
lich-Kwong (2JRK, 1970) EOS to match these nine fluids and
three published fluid data sets under conditions of predic
tion (no altering of EOS parameters), adjustment (altering
one binary coefficient), and regression on o,, n,. They
generally found good to excellent agreement between laborat
ory data and the regressed EOS results. They also concluded
that the results for these 12 fluids and a large number of
unreported studies indicate that regressed PR and ZJRK EOS
gave very comparable agreement with data. They also found
regression necessary for required engineering accuracy in
EOS results.

Coats and Smart also concluded that for prediction of
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the methane-plus fraction, regression on the n. , n, EOS
parameters and aethane-plus fraction binary interaction
coefficients is frequently necessary and sufficient for good
data match. Further, they found a minimal need for the
extensive splitting of the c,+ fraction to match data in
several published studies. m their work, generally good
agreement with data was obtained when splitting the C7+ into
none to four fractions. in some cases, a portion of
laboratory PVT data remained poorly described by regressed

results. They said such disparity can frequently be
resolved by more fully exploring regression variable sets
and C7+ Characterization (splitting). Finally, they
concluded that the remaining disparity leaves an open
question regarding causes of EOS inadequacy as opposed to
poor data.

3.3 Summary

Previous works suggest that cubic EOS are suitable for
describing PVT and VLE (or pt-x) behavior of complex
reservoir fluids (Tarakad et al, 1979). it has been noted
that at least three parameters are required for adequately
describing both VLE (or PT-x) and PVT data (Tsonopoulos et
al, 1986). However, investigators argue that four paramet
ers will give improved predictions (Lawal et al, 1985).

34



Regression has often been used to describe VLE data and some
investigators feel that such uses of cubic EOS are necessary
to adequately describe systems such s reservoir fluids
(Kossack et al, 1985 and Coats &Smart, 1986). However,
modifying EOS parameters (by regression or other considera
tions) to improve fits to one type of data or one region of
PVT space may cause inconsistent or worse descriptions of
either other thermodynamic behavior or other regions of PVT
space (Tarakad et al, 1979). Coats and Smart also point out
the accuracy of data must be questioned when compared to EOS
predictions.
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4. OBJECTTVK.q

The questions addressed in this study include: Which
EOS forms most accurately predict VLE and density data? Are
more complicated EOS forms required to accurately describe
progressively complex mixtures found in petroleum reser
voirs? Are the EOS consistent, i.e. do the EOS predict
phase densities as well as VLE behavior accurately? Are
errors associated with a particular EOS due to the equation
forms or do errors result from the method of calculating EOS
parameters? if an optimum set of EOS parameters can be
obtained for describing VLE data, do these parameters
improve phase density predictions?

To answer these questions, five, commonly used, cubic
EOS of varying number of parameters were used to calculate
VLE and phase density data for six chemical systems for
which corresponding experimental data were available. The
chemical systems consisted of components which might be
found in reservoir fluids and the complexity of the systems
varied from ternary mixtures containing only light com
ponents to a separator liquid combined with CO^ . m all
cases, the conditions of temperature and pressure were such
that two phases existed and the two-phase region was well
away from any critical or plait point. m order to assess
Which EOS was the best for describing both VLE (or phase
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compositions) and PVT (or density) data for the progression
of complexity of mixtures, the average absolute relative

deviation (or when it was not practical to use relative
deviations, the average absolute deviations) between
predicted and measured VLE and density data were calculated
and compared. Regressions were then performed on the VLE
data to allow an assessment of which EOS form was optimal
for a given mixture when the best values for the equation
parameters were used. These optimal parameters were then
used to calculate the corresponding phase densities to see
how thermodynamic consistency was affected by variations in
the values of equation parameters.
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5. METHODS

The objectives of this study involved the determination
of the best EOS for describing liquid-vapor compositions and
corresponding phase densities from among five EOS. other
objectives are to assess whether or not more complicated EOS
forms were useful in describing a progression of complexity
of reservoir fluid systems, whether or not the methods for
determining EOS parameters may be improved, and whether or
not the improved parameters used in the EOS provide a more
theraodynamically consistent description of the behavior of
the systems studied. Achieving these objectives required
that predictions using the various EOS be compared with
corresponding experimental data, that regressions be
performed using the EOS, and for the case where the systems
were so complex that determining the exact chemical composi
tions Of the systems was impractical, that a method for
characterizing the system be utilized. This section
includes descriptions of the calculation procedures for
prediction errors used in the comparisons and the objective
functions in the regression procedure, a brief description
of the regression procedures and the crude oil charaoteriza-
tion procedure.
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Calculation of Errors and Rearegginn

The evaluation of which EOS was best in describing
either VLE or phase densities required the development of a
quantitative measure of how well the description fit the
experimental data, it is common in such studies to use one
or another form of the absolute error between calculated and
experimental data. it was desirable to compare how the
error varied between different chemical systems, all of
which contained differing numbers of data points, and
accordingly, average absolute errors or deviations (AAD)
were determined. The regression procedure also uses this
error as an objective function which is minimized. Early
calculations revealed that tie-line slopes obtained using
EOS parameters from minimizing the AAD were often worse than
the slopes obtained before regression. This action was
attributed to the equal weighting of the errors for both
large and small values of composition. To solve the problem
the average, absolute, relative error or deviation (AARD)
was used. Tie-line slopes using parameters obtained by
minimizing the AARD were always as good as, or improved
over, those calculated before regression, with one excep
tion; When the concentration of a component was so low in a
phase that the calculation of the AARD required division of
the deviations by a very small value. For that case, the
AAD was used. The equations for calculating the AAD and
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AARD between the experimental VLE and calculated values
were;

NIL N c

+ lYexp -Yell
AAD = ij

NC * NTL (5-1)

NTL NC |y »vr I i
2 2 —+ y?xp " yr q] I

AARD = ' I y»«P I ij
NC * NTL (5-2)

where:

*exp = experimental liquid mole fraction

Xcai = calculated liquid mole fraction

Vexp = experimental vapor mole fraction

Ycai = calculated vapor mole fraction

NC = number of components

NTL = number of tielines, and

i,j = the component and tieline indices, respec-
tively.

There was never a need to calculate the AAD between
calculated and experimental density data so only the AARD
were used. The equation for calculating AARD between
calculated and experimental density values was

NL T

2

AARD = ill

Pe Xn -Pr ^ 1
Pq X

NTL (5-3)
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where:

NTL and j have been defined previously

Pexp = experimental density (liquid and/or vapor),and
^cai ~ calculated density (liquid and/or vapor).

The regression procedure followed Powell's method (1964).
in this method, a value of a parameter, or a parameter
vector, is estimated and the error between the calculated
and experimental value of data is found. A change in the
value of the parameter or parameter vector is made and a new
value of error determined. if the new error is less than
the previous error, another change in the parameter vector
of the same direction and magnitude is made and the process
repeated until the error is small or unchanged. if the new
error is greater than the previous error, a change in the
parameter vector of the same magnitude but opposite direc
tion is made and the process repeated. When the direction
of the slope of the error changes, ie a small error becomes
bracketed by two larger values of error, the algorithm fits
a quadratic to the values of the parameters to estimate a
minimum error value of the parameter vector. The new error
is again compared to the previous low value of error and the
regression procedure repeated until a predetermined small
magnitude of error is reached or until there is no change
(within predetermined limits) in the value and direction of
the parameter vector. Details of the regression algorithm
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may be found in Appendix A.

5'2 Characterl2at---ion of Crude nil

The common method for characterizing the composition of
a crude oil is to report the composition of individual,
light components exactly and to lump the heavier (usually
the C,+) components into one or more fractions or pseudo-
components . Properties of the pseudo-components are
averaged and the pseudo-components are assumed to act as a
single component in calculations. The number and specifica
tion of pseudo-components can affect the outcome of EOS
calculations and the procedure for fractioning, or lumping,
the heavy components into more than one pseudo-component is
a suitable subject for study in itself. Whitson's method
(1983) was chosen for this study as it is relatively simple,
widely used and has provided suitable results in previous
studies (Lawal et al 1985, Ahmed 1986). The number of
pseudo-components using Whitson's method may be calculated
as follows:

where:

n

N

- int ( 1. + 3.3 logi„(N-n)) (5-4)

- number of multiple carbon groups (pseudo-

components)

first single carbon number in a C„ + fraction
last single carbon number in a C„+ fraction
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Int — integer of the found number

To calculate the properties which are required to
estimate EOS parameters for each pseudo-component, the
following equations are given:

MWi =2 (Zi/Zi) MWi (5_5j

^pc I = s (Zi/Zj) Pj j

Tpcl = s (Zi/Zi) T.i

1

"I = r (Zi/Z,)

(5-6)

(5-7)

(5-8)

cI ""2 (f„i/f„i) Vp ^ (5-9)
where:

f„ = weight fraction

1 = single carbon number index ( =n,n+l,...,N )
I = multiple carbon number index (=1,2,3,...,n )

Mw = molecular weight

c pseudo—critical pressure

critical pressure

^p c —pseudo—critical temperature

Tc = critical temperature

w = acentric factor

Vpc = pseudo-critical volume

Vc = critical volume

2 = mole fraction

The weight fractions are easily determined from gas
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chromatograph analyses of the crude oil system (PRRC report

85-3). Values for critical properties up to C20 were given

by Reid et al (1977) . Since for the crude oil used in this

study, critical properties up to C37 were required, and

Lyderson's method (Reid et al, 1977) was used to estimate

heavy component values. The method, in form of a computer

program, and the correlated values are given in Appendix B.
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6. results

Comparisons between phase ooaposition and density data
and the corresponding EOS predicted values for six chemical
mixtures using five cubic EOS were presented, m each case,
the thermodynamic conditions, i.e. the temperature, pressure
and the over all compositions, were such that the mixtures
exist in two phases, but well below critical points. The
components in the mixtures were all components which might
be found in petroleum fluids and the mixtures ranged from
relatively simple, ternary mixtures of known composition, to
complex, a crude oil which contained so many components that
the exact composition was unknown. Because the manner in
which a complex mixture, such as a crude oil, is analyzed is
different from a mixture in which the exact composition is
determined, the results presented here have been divided
into two categories: simple and complex. However, even
within the simple systems, there was a progression of '
complexity due to both the number and type of components.
For instance, a four component system is more complex than a
binary or ternary mixture and a system with three light
components is less complex than a system with two light
components and one heavy component, even when all components
are of the same chemical family.
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Likewise, with the EOS forms used, there was a progres

sion of complexity of form and therefore, the implicit

increased potential for adequately describing more complex

mixtures. Each system was described using five cubic EOS,

these included: PR, SRK, PT, SW, LLS. The PR and SRK are

nominal two parameter EOS, while the PT and SW are three

parameter forms, and the LLS is a four parameter form.

Table 3.1 is a summary of the EOS used in this study and the

regressed parameters corresponding to each EOS.

EOS Form

SRK

PR

PT

SW

LLS

Regressed Parameters

j / 3^/

j /

j / C

j / b, w

j / a, b, a, p

Table 6.1. Summary of EOS and their parameters.

For each mixture, predictions of the phase composition

and densities (when available), using both published methods

for determining EOS parameters and EOS parameters obtained

by regression with the phase composition data, were per
formed. Comparison of the predictions before regression
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could provide a comparison of how well the published EOS

predicts vapor liquid equilibrium (VLE) systems. However,
binary interaction parameters for all EOS were not available
and any conclusions from these comparisons must be limited.

Where binary interaction coefficients were not available for
a particular EOS, the same values used for the PR EOS were

taken as an initial guess for regression. The predictions
after regression on all parameters provided a comparison of
how well the form of the equation predicted VLE systems when
the "best" parameters were used. The prediction errors
after regression on single parameters provided a basis for
assessing which parameters affect EOS calculations the most.
For all mixtures, phase composition data were available and
the composition data were useful for evaluating comparisons
between EOS for predicting phase compositions. When density
data was also available, differences between predicted and
experimental density data allowed the thermodynamic consis
tency of the EOS to be examined, i.e. whether or not a good
prediction of phase composition data also provided a good
prediction of density data.

Regressions were performed on single EOS parameters for
each component and for all parameters on each components
simultaneously. m the simplest regression procedure for
the simplest mixture (3 components) with any EOS, a total of
three independent component parameters were optimized. For
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the most complicated system (a separator fluid represented
by cOj-C3-c, components and five pseudo-components) and
using the most complex EOS (four parameters and binary
interaction parameters), 60 independent component parameters
were optimized simultaneously. Thus for the entire study a
total of 35 comparisons of VLE data with regressed values of
EOS parameters were made and the regressions involved

optimization on three to 60 parameters.

6-1 Simple Svstems mlxtureg^

Five mixtures of Icnown composition were studied. These
include:

1. CO2 -Ci -nc,

2. COj-q-nCio

3. CO2 -Ci -nC, -nC, „

4. Nj-Ci-CO2-Cj-nC,

5. N2-Ci-cOj-Cj-C3-nCj-nc,-nq „
The experimental data for mixtures 1 through 3 were obtained
from reports by Silva and co-workers (1983) and the ex
perimental data for mixtures 4 and 5 were published by
Yarborough (1972). Yarborough's data is often used in
comparative studies of EOS (Lawal et al 1981, Coats et al
1986, etc.), however, phase density data was not published
for these mixtures.
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single parameter regressions were preformed using each

EOS on each system and then on all parameters together. in

each single parameter regression, the other parameters were

held constant at the values of the published version of the

EOS. Published values for were only available for the

PR and LLS EOS, therefore the published values of 8^^ used
in PR were used as initial values in SRK, PT and SW EOS. In

both the single parameter regressions and the regressions on

all parameters together, trial values of parameters for each

component were combined using the published EOS mixing
rules.

Ternary Systems mixtures^

Figure 6.1 is a typical ternary phase-composition
diagram for the ternary mixtures in this study. Aternary
system is the most number of components which can be

completely described in two dimensions graphically. it is
possible to describe quaternary systems using a perspective
drawing of the phase-composition diagram, but interpreting
those diagrams is more difficult. Hence, the ternary
systems were the only systems for which phase-composition
diagrams were produced. Ternary composition diagrams for
all ternary systems and all of the regressions on those

systems are presented in a report on file in the New Mexico
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Tech Petrolevun Engineering Department (Tabaei and Bretz,
1988a). Figure 6.1 is a plot of the experimentally deter
mined compositions of the li(iuid and vapor phases in
equilibrium for mixture 1, CO^-C^-nC, , at a temperature of
160»F and pressure of 1250 psia. Components CO, and nC, are
misoible in all proportions at this temperature and pres
sure. In Fig. 6.1, pairs of data are connected by a line.

Each pair represents an equilibrium pair and the lines are

equilibrium tielines. The symbols to the right (containing
more of the lighter component, C,) are the compositions of
the vapor phase. The equilibrium liquid phase compositions
are located to the left and contained more of the heavier
component, nC, . From the length of the tielines, it is
obvious that none of the data on Fig. 6.1 were near a
critical or plait point.

Also included on Fig. 6.1 are the compositions of the
equilibrium liquid and vapor phases for the systems having
the same overall compositions as the corresponding ex
perimental data pairs but predicted using the PR EOS with
the parameter values before and after regression. m this
case, the regression was performed on all parameters, a, , b,
and ijj, simultaneously. As expected, the predictions using
the regressed parameters generally fit the experimental data
better than the PR EOS before regression. However, the
prediction of the compositions of all the data pairs were
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not improved by regression. The PR EOS actually predicted

equilibrium phase compositions further from experimental
values after regression than before for the data pair
containing the least CO,. Also, the tielines slopes
predicted using the regression parameter values were more
nearly the same as the experimentally obtained slopes than
were the tielines slopes predicted before regression.

In fact, the tieline slopes provided the determining
factor in the choice of the objective function for the
regression procedure. when using the average absolute
deviation (AAD), the tieline slopes of the ternary data
after regression were not always better than before regres
sion. When the objective function was changed to the
average absolute relative deviation (AARD), these slopes
were, in general, improved by regression.

Figure 6.2 is a typical plot of the phase densities
versus mole fractions of CO, for mixture 1, CO,-c,-nC, , the
same system as in Fig. 6.1. similar plots of the phase
densities for all ternary and quaternary systems for all the
regressions may be obtained upon request (Tabaei and Bretz,
1988a). The liquid densities predicted with the PR EOS
before regression on the phase composition data were all
less than the experimental values. After regression, the
liquid densities at all compositions were greater than the

52



u

o

\

a*

>-

(/)

2
UJ

Q

1.0 A

•

0.9 G

0.8 —

0.7 -

0.6 -

0.5 —

0.4 ^ s i 11

0.3

0.2 -

0.1 -

0 -

EX P.

PR

Regressed on : Sij . a,-, b;

L I 0 U I D

Vapor

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 i.O
COMPOSITION OF CO2

Pig. 6.2. Density vs. for mixture 1, CO^-c.-c, ,

53



experimental values. it is not obvious from the figure
whether or not there was any improvement in predicting
liquid densities due to the regression. The vapor densities
predicted by the PR EOS before and after regression on all
parameters were lower than experimental values and the

values of vapor densities predicted after regression on the
phase composition data were worse than those before regres
sion for mixture i.

Table 6.2 is a tabulation of the experimental and
predicted composition and density data presented in Figs.
6.1 and 6.2. Similar tabulations for all systems and all
regressions may be obtained upon request (Tabaei and Bretz,
1988a). Table 6.3 is a summary of AARD between the ex
perimentally measured phase compositions and densities and
the same data predicted by all five EOS before and after
regression for all parameters on the phase composition data
for mixtures i and 2. Similar tabulations of the error
after regression for all mixtures (including five, eight
component, and crude oil) and all regressions may be
obtained upon request (Tabaei and Bretz, 1988a, 1988b, &
1988c)).

Figure 6.3 is a histogram of the equilibrium composi
tion AARD for all five EOS before and after regression on
single parameters and on all parameters together for
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Table 6.2.

thf""grc\"sio"'of''au TaTamite °s ' ,T "P°"mixture l, C0,-C,-C,, at 160-F an? 125(5'psik'
KXI'KIUMENTAL

Tie

Lines

1

2

3

4

5

CO2

.011

.06/,

.123

.178

.231

Lowfir Phfioi^

.VtB

.320

.290

.256

.227

.6/,l

.616

.507

.566

.5'. 2

RESULT FOR PENG-ROBINSON
before regression

Tie

Linus

1

2

3

/»

5

CO2

.0235

.06/. 5

.1257

.2367

Lower Phnoa

.36/i5

.3/1OI

.30/.7

.2719

.2/, 36

.6121

.595/.

.5695

.5/,36

.5197

AFTER regression

— J^ower PI.no..Tie

Linc.^ CO.
C/.

Ph
(fi/cc)

./.176

./i22/»

.A277

.A327

.4390

(KA'C)

.40/. 9

.4091

.4144

.4105

.4210

(i:Ac)

1 .0237 .3637
2 .0646 .3343
3 .1246 .2933
4 .1012 .2571
5 .2310 .2270

.6126

.6012

.5021

.5617

.5420

.4260

.4331

.4425

.4501

.4550

55

CO2

.047

.095

.103

.265

.337

CO.

.0352

.0956

.1022

,2609

3269

CO.

.0360

.0970

.1070

.2604

.3371

JJnnfir PH^t^a

.715

.669

.579

.504

.455

-230

.236

.230

.231

.200

JJoDor Ph/icA

. 7194

.6596

.5736

.4952

.4293

.2453

.2440

.2442

.2430

.2437

_Unner

.7424

.6013

.5932

.5120

.4550

.2215

.2209

.2190

.2100

.2079

(c/cc)

.124 3

.1317

.1454

.1507

.1727

Pv
(C/cc)

.1163

.1256

.1399

.1544

.1601

(cAc)

.1067

.1141

.1254

.1369

.1470



Table 6.3.

-EB_
Before Reg,
Reg. on

(^ij/ai,bi)

«§BK-
Before Reg.
Reg. on

(^ij#ai/bi)

. PT,
Before Reg.
Reg. on

(«ij.ai,bi,Ci)

JSW_
Before Reg.
Reg. on

Before Reg.
Reg. on

#"i//3i)

Relative Deviation (AARD)results between measured and calculai^ad
compositions and densities after regression on
1250 pViaA (mixtures l and 2 at 160°? and

^2=QizQ4.

.1300

.1971

.1347

-£22C£iz£io-
*Equil.
_Coinn.

—fcL— —ev—
♦Equil.

_C01TID.
—£V—

.1623

.1327

.0334

.0317

.0584

.1389

.0957

.0750

.0667

.0623

.0328

.2011

.1640

.1392

.1271

.0662

.1328

.1831

.0953

.0665

.1686

.1664

.0406

.2854

.1401

.1147

.0591

.0088

.0975

.1736

.1441

.0994

.0197

.0066

'.0216

-.0366

.1370 .0324 .1326 .3088 .0135 .0488

.0086 .1642

.0089 .0760

.0962 .0699

.0964

>1491

1143

•0221 .0315

.0075 .0927

.0280 .1220

*Equil. conp. - equilibrima composition
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mixture 1, CO2-C^-nC^. From this figure, the composition

errors before regression ranged from about 14 to 20 percent.

The error after regression ranged between 12 and 19 percent.

Even though the initial values of 6.^ for SRK, PT, and SW

were "borrowed" from those used for PR, the initial errors

for these 3 EOS were less than those from PR or LLS. There

is no trend as to which single parameter regressions

improved the predictions most. For instance with SRK,
regression on either a^ or b^ improves the fit almost as

well as regression on all parameters. For PT, the fit is

most sensitive to regression on , The PT EOS predicted

equilibrium phase compositions marginally better (-2%) after
regression on all parameters than did the other EOS. The

reported results only include regressions performed on

parameters 6,^, a^ and b^ singly and on all parameters

simultaneously. Regressions on parameters c^ for PT, wfor
SW, and a and for LLS EOS were also performed but the

predictions of phase compositions after regression on these
parameters never improved the prediction more than the

regressions on a^ or b^. Hence, results due to regression
on parameters other than a,, b, or 6,, were not included on

the tabulations or the histogram.

Figures 6.4 and 6.5 illustrate the AARD between
experimentally measured and predicted densities (liquid and
vapor) before and after regression on phase composition data
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for mixture 1, COj-Ci-nC,. Figure 6.4 shows that the liquid
density prediction error ranged from less than 1 percent to
about X5 percent before regression. In general, the
parameter values obtained by regression on equilibrium phase

composition data improved the density predictions for this

system. The LLS EOS was a notable exception; the initial

error was quite low but greater than 10 percent using values

from regression on phase composition data. The PT and SW
EOS predicted liquid densities with the least error (-1%)
after regression, while the LLS EOS produced the best

prediction before regression (-1%). For vapor densities.
Fig. 6.5, errors varied from about 5 to 13 percent before

regression. Predictions using regressed parameter values
uniformly gave larger errors. The PR EOS predicted vapor
densities with the least error before regression (-5%) and
the LLS EOS predicted the vapor densities with least error
after regression (.io%). Note that the reported values of
vapor densities were quite small, ranging from .12 to .173
gm/cc, and a small change produced a relatively larger
error.

Figure 6.6 is a ternary, phase composition diagram for
mixture 2, COj-Ci-nCj„. The values of concentration of nCj „
in the vapor phase were below the resolution of the analysis
technique and in calculation using this data, the nCm
concentration was kept constant at .0001. Until the nCm
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composition was held constant, error between experimental
and predicted compositions after regression were greater

than those before regression, a development which seemed

unreasonable. By fixing the composition of nCu in the

vapor phase, the error after regression was reduced.

Figure 6.7 is a histogram of the equilibrium composi
tion AARD for all five EOS before and after regression on
single parameters and on all parameters together for mixture
1, COj-Ci-nCi 0. This figure shows that the errors in

composition before regression ranged from slightly less than
10 to over 30 percent. The errors after regression on all

parameters ranged from about 6 to 10 percent. Even though
the initial values of for SRK, PT and sw EOS were
"borrowed" from the PR, the initial AARD for SRK EOS was
slightly less than the PR and LLS. The initial error for PT
was greater than that of PR by about 5 percent, while for SW

EOS the error was greater by about 21 percent. As was
observed for mixture 1, c0,-c,-nc,, there was no trend of
improvement associated with regression on any particular
parameter. Predictions of equilibrium phase compositions
were most sensitive to regression on for SRK and PR,
while PT was about equally sensitive to regression on 4,^ or
bj. Both SW and LLS were most sensitive to regression on
bi. The regression on b, in all five EOS varies only within
about 2%. The SRK EOS predicted equilibrium phase composi-

63



1
.0

0
.9

0
.8

0
.7

0
.6

Q ^
0.5

<

0
.4

0
.3

0
.2

0
.1

0
.0

-
•

B
ef

or
e

R
eg

.

R
eg

on
bt

1
Re

g.
on

6,j
R

eg
.

o
n

AH

R
eg

.
o

n
aj

S
R

K

ri
g

.
6

.7
,

I
a

f
r••a

ar
-s

P
R

P
T

S
W

L
L

S

E
qu

at
io

n
of

S
ta

te

K
el

at
iv

e
D

ev
ia

tio
ns

(A
y©

)
be

te
ee

n
pr

ed
ic

te
d

an
d

Ji
^

®
cc

np
os

iti
on

fo
r

ird
x-

tu
re

2,
as

j-
c-

c,
.

re
cr

es
sio

n
on

irx
Si

vid
ua

l
an

d
al

l
pa

rs
aa

tS
fo

r



tions for mixture 2, CO^-C.-nC.o, marginally better than the

other EOS after regression on all parameters.

Figures 6.8 and 6.9 are histograms of the relative

error between predicted and experimental liquid and vapor

densities for the mixture 2, CO2-c^-nCi« . The error in

liquid density predictions, Fig. 6.8, range from less than 1

percent (PT and LLS) to over 16 percent (SRK). in general,
the parameter values obtained by regression on equilibrium

phase composition data improved the density predictions for

this system; the LLS was a notable exception where the

initial error was quite low and greater than 10 percent
after regression on all parameters. The PT EOS predicted
liquid densities the best (1 to 2 percent error) after
regression. The error in prediction of vapor densities,
Fig. 6.9, varied from about 2 to 30 percent. Predictions
after regression gave larger errors in most cases. The PT
EOS gave the best prediction before (.2.2 percent error) and
after (-4.6 percent error) regression.

Quaternary Svstem miytnr-«a)

Mixture 3, CO2-nC, -nCj q, was studied at the same

temperature and pressure as the ternary systems (i.e. I6OOF
and 1250 psia) and includes all the components in the two
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ternary systems. This system, the conditions of T and P

same as the two ternary systems, obviously, this

system was more complex due to the greater number of

components.

Figure 6.10 is a histogram of the AARD between ex

perimental and predicted equilibrium phase compositions
using all five EOS before and after regression on single
parameters and on all parameters simultaneously for mixture-
3. This Figure shows that the errors in composition before

regression ranged from 20 to over 40 percent. After

regression on all parameters, the error of prediction by all
EOS were about 14 percent. Even though the initial values

j SRK, PT and SW EOS were "borrowed" from the PR,
the initial AARD for PT EOS was less than the PR. The

initial error for SRK was greater than that of PR by about 5
percent, while for SW EOS the error was greater by about 16
percent. The initial relative error between experimental
and predicted phase composition was greater for the quater
nary than the ternary mixtures for all equation of states,
as it was expected due to more components. For all EOS,
regression on the parameter b^ showed the error of predic
tion to be nearly the same after regression on all the
parameters, i.e. the errors were reduced to around 14
percent with all five EOS.
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Figures 6.11 and 6.12 are histograms of the relative

error between predicted and experimental liquid and vapor

densities for mixture 3, CO^-c^-nC,-nc^ „ . The error in

liquid density predictions, Fig. 6.12, prior to regression
on composition data, range from slightly more than one

percent (SW and LLS) to about 15 percent (SRK). In general,
the parameter values obtained by regression on equilibrium

phase composition data did not improve the density predic
tions for this system; the LLS was an exception where
initial error was reduced from over 2% to about 1.5 percent
after regressions on all parameters. The LLS EOS predicted

liquid densities the best (l to 2% error) both before and
after regression on composition data. Errors in prediction
of vapor densities prior to regression on composition data.
Fig. 6.9, varied from about 4.6 (LLS) to little over 16

(SRK) percent. Predictions of vapor densities after

regression were improved using the EOS parameter values

obtained from regression on phase composition data with an
LLS error of about 4.5 percent and SRK error of about 16

percent.

Five and Eight Component fiystems mixtures)

In this section the results for mixtures 4 and 5, N2
-CO2-q-nc, and -c,-CO^-C3-nC^-nC,-nc, ^ are present
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ed. Because experimental densities were not reported, no

comparisons of density predictions could be made. The

system temperature and pressure for these mixtures were

different than the other simple systems; i.e. the 5-com-

ponent system was at 1530.3 psia and 0°F and the 8-component

system was at 2044 psia and 200° F. Only two tielines were

reported for each of these mixtures.

Figure 6.13 is a histogram of the equilibrium composi

tion AARD for all five EOS before and after regression on

single parameters and on all parameters together for

mixture-4, N2-C^-CO2-C2-nC^. The errors in predicted phase

compositions before regression ranged from 10 (SRK) to 49
(SW) percent. The errors after regression ranged from 2.6

to 3.2 percent. Hence, all EOS predicted phase composition

equally well after regression. Even though the initial

values of for SRK, PT, and SW were the same as those

used for PR, the initial errors for the SRK EOS was less

than those from PR or LLS. There was no trend in prediction

error of phase composition due to single parameter regres

sions. The over all concentrations of N2 and CO2 in these
mixtures were quite small, less than 1 percent. In this

mixture, the concentrations of and nC^ were the largest
in lower phase, while the concentration of was the

largest in the upper phase, with experimentally measured

values of over 98%.
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Figure 6.14 is a histogram of the equilibrium composi

tions of the AARD for all five EOS before and after regres

sion on single parameters and on all parameters together for

mixture 5, Ng -C^ -COg -Cg -C3 -nCj -nC^ -nC^ g. The errors before

regression ranged from about 6 percent (PR) to over 35

percent (SW) . The errors after regression were reduced to a

range of 3-4 percent. Even though the initial values of s, .
* J

for SRK, PT, and SW were the same as those used for PR, the

initial errors for the SRK and PT EOS were comparable with

those from PR and were less than the error using LLS. There

is no trend as to which single parameter regressions

improved the predictions most. As with mixture 4, the

reported values for Ng and CO^ in both upper and lower

phases were very small.

6.2 COMPLEX SYSTEM mixture^

The complex system was a Maljamar separator fluid with

varying concentrations of CO^ . The experimental data was

obtained from a report by Silva et al (1981). This data was

chosen because it met all of the requirements of this study;
the data all fell within the two phase region, several

tieline data were given, both liquid and vapor phase

75



•
v

j

O
N

1
.0

0
.9

0
.8

0
.7

0
.6

Q <
0.

5
<

0
.4

0
.3

0
.2

0
.1

0
.0

3

.
•

B
ef

or
e

R
eg

.

R
eg

on
2?

/

to
Re

g.
on

3^-

^
Re

g.
on

All

IS
R

eg
.

o
n

S
R

K

F
ig

.
6

.1
4

.

P
R

j
>

^
t

P
T

K
-
n

r

S
W

L
L

S

F
q

u
st

b
n

of
S

ta
le

^
o

lu
te

K
el

at
iv

e
D

ev
ia

tio
ns

be
tv

es
n

pr
ed

ic
te

d
ar

d
^e

as
^e

a
va

_u
es

^
P>

^e
co

np
os

iti
on

fo
r

rd
xt

ur
e

5,
N

,-C
-0

0,
-C

L-
re

gr
es

sio
n

on
ird

iv
id

ja
l

an
d

^l
p

ar
ei

.,
ew

.e
rs

fo
r

fi
v

e
c
u

b
ic

E
O

S.



densities were reported, and, of course, the system was

complex and a crude oil.

As pointed out previously, measuring the exact composi

tion of a crude oil system is impractical due to the large
number of components in the system. The common procedure is

to lump those components with similar values of some

physical property together forming a pseudo-component. The

compositional data of this study was obtained with a gas

chromatograph and the lumping property used here was the

elution time. Hence, the components eluted between the

times of elution of two normal alkanes forms a pseudo-

component. The number of pseudo-components may vary and may

effect the errors of prediction using EOS. To see if the

number of pseudo-components had any effect on the com

parisons of the EOS performance, two common pseudo-component
splitting schemes were used and the results are organized
according to splitting scheme. m first scheme, represent
ing the compositions from C3 through and in the second

scheme, representing the compositions from Cg through
were the same; the components between single carbon number

increments were lumped to form three components or pseudo-
components. Carbon dioxide was also represented as a

separate component. The difference between the two represe

ntations is the way the Cj+ and C5+ components were lumped.
In the first case, all of the components Cy or larger were
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lumped into a single pseudo-component. In the other case,

the components Cg or larger were split into five pseudo-

components using the method recommended by Whitson (1983)

which was reported earlier.

In the unregressed EOS calculations which follow, the

values of the binary interaction parameters (5^^) were
chosen according to the method suggested by Peng and

Robinson (1976a) for the PR EOS and these values were used

for PR, SRK, PT, and SW EOS in this study. Using this

method, binary interaction parameters had zero values for

hydrocarbon pairs and non-zero values for COj-HC pairs. For

the LLS EOS, binary interaction parameters were those given

by Lawal et al (1986).

Results Using a single C, + Pseudo-Component

Figure 6.15 is a histogram of the AARD between measured

and predicted phase composition data for all five cubic EOS

using the single Cy+ pseudo-component method. The AARD

before regression ranged from 25 (PT) to 84 (SW) percent.

The AARD after regression on all parameters was about 13 to

14 percent for all EOS.
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Figures 6.16 and 6.17 are histograms of the AARD

between experimentally measured and predicted liquid and

vapor density data before and after regression on phase

composition data. Before regression, errors in prediction

of the liquid densities ranged from 9 (PT) to about 24 (SRK)

percent. Liquid density predictions were worse after

regression on phase composition data for all EOS except the

LLS. However, the prediction using the PT EOS before

regression was better than the LLS EOS after regression.

The error in predicting vapor densities varied between

about one (PR and PT) to near 24 (SRK) percent before

regression. Predictions using regressed parameters gave

larger errors for all EOS except the SW. However, the

prediction using the PT EOS before and after regression was

better than the SW after regression and the differences

before and after regression were only slight for the PT EOS.

Results Using Five Pseudo-Components

The number of pseudo-components and the split of

components into each of the components was determined by the

method suggested by Whitson (1983). The critical tempera

tures, critical pressures, critical compressibility factors.
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molecular weights, acentric factors, and binary interaction

parameters were also calculated using Whitson's method.

By dividing the C5+ components into five pseudo-

components, the molecular make up of the heaviest pseudo-

components were relatively heavy, causing concentrations of

these pseudo-components in the vapor phase to be very small.
Consequently, the regression objective function had to be

modified because normalizing the error by dividing by the
small, essentially zero, values of concentration yielded un
reasonably large values for the relative error. Accord
ingly, the average absolute deviation, AAD, was used as the
objective function in the regressions for these comparisons.
Because reasonable values of the AARD could not be calcu
lated, quantitative comparisons of the descriptions of the
phase composition data using the two methods of characteriz
ing the heavy fractions could not be drawn. However, Tables
6.4 and 6.5 contain the tabulated composition values before
and after regression using the PR EOS for both charac
terization methods. The error before regression appeared to
be larger for single C7+ pseudo-component method than for
the five pseudo-components. After regression on all
parameters the error in predicting phase compositions was
about the same using either characterization method.
Average absolute relative deviations for the density data
were, however, calculated and comparisons for predicting
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densities using the two characterizing methods could be

drawn.

Figure 6.18 is a histogram of the AAD between ex

perimentally measured and predicted phase composition data
using all five cubic EOS before and after regression. The
PR EOS predicted the data best before regression, while the
SW EOS performed the worst by more than a factor of lo.

After regression. The PT EOS fit the data best, but all of
the EOS performed about the same.

Figures 6.19 and 6.20 are histograms of the AARD
between experimentally measured and predicted liquid and
vapor density data using all five cubic EOS before and after

regression. The error in predicting liquid densities before
regression ranged from about 12 (PT and sw) to 29 (LLS)
percent. Liquid density predictions using the parameter
values obtained by regressing on the phase composition data
were slightly improved over the predictions before regres
sion. The errors in liquid density predictions were nearly
the same using either the single pseudo-component or the
five pseudo-component method.

vapor density errors ranged from about 1 (PR and PT) to
over 12 percent (sW) before regression. Errors using
parameter values obtained by regression on phase composition
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data were generally larger than errors before regression,
ranging from about 2 (PR) to about 7 (SW) percent. The

errors in vapor density predictions were nearly the same

using either the single + pseudo-component or the five

pseudo-component method.

Values of EOS parameters after regression for all

mixtures and all EOS were inspected to see if any trend in
the optimum values could be observed. None was discovered.
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7. DISCUSSION OF RE.qTTT.Tfi

The comparisons of this study were drawn to answer a

series of questions concerning cubic EOS. These included:
Which EOS give the best descriptions of progressively more
complicated reservoir fluid systems? Are the descriptions
measurably improved when parameters obtained by re.gressing
on VLE data are used? If so, does using parameters obtained

by regression change which EOS gives the best descriptions?
Are the VLE and PVT behavior of progressively more compli
cated hydrocarbon systems better described with a progres
sion of complication of the EOS form? Are the EOS which do
the best job of predicting VLE data the most thermodynami-
cally consistent by also predicting PVT behavior the best?
Are errors in predicting PVT behavior associated with the
EOS form or would a "better" set of parameters, determined
by regressing on VLE data, provide a better, or worse,
prediction of the PVT behavior? The answers to these ques
tions, as previous investigations in this subject would
suggest, cannot be answered absolutely and, as has been
discussed earlier, there is usually a significant error
between the values predicted by the EOS and experimentally
measured data for systems other than simple gases above the
critical point or at least well into the vapor region.

91



Reasons for the errors, especially when describing
complex systems, are not well understood. The EOS forms are

often based on fundamental considerations and therefore one

might expect consistently low errors in VLE and PVT predic
tions for systems ranging from simple to complex. However,
experience is that the best which can be hoped for is to

predict the behavior of complex systems within acceptable
limits. Predictions outside the range for which experimen
tal data is available to verify accuracy is risky. Hence,
errors are inevitable with the present forms.

The relative error between measured VLE data and

predictions of that data using parameters obtained by
regression was observed to be significantly less for
mixtures 4 and 5 than for mixtures i through 3 which
contained fewer components. The most probable explanation
for the smaller error is that the data of mixtures 4 and 5
only contained two equilibrium tielines and the compromises
in optimal fitting which occur with more data points was
minimal. But other possibilities should also be considered.

First, analytical techniques for even simple chemical
systems have limits of accuracy. Gas chromatography is the
oommon method for analyzing hydrocarbon data and, if care is
taken, can certainly provide composition data of sufficient
accuracy for most engineering calculations. However,
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obtaining sufficient and known limits of accuracy over all

compositions of complex mixtures sometimes requires many
calibration runs which may not be practical to be performed.
Chemical analyses of reservoir fluids obtained by gas
chromatography seldom include a statement about the accuracy
of the data and therefore leaves room for speculation about

that accuracy. Therefore, gas chromatograph data may
reflect varying and unknown accuracy as the composition
space varies. Errors in analysis may be reflected in the

fit error when using a fundamentally correct EOS (Coats &
Smart 1986) . Thus an explanation of the difference in
errors observed for mixtures 4 and 5 and that in mixtures 1

through 3 may reflect the quality of data from different
laboratories and different analysis techniques.

A third possibility is that the magnitude of the

compositions of the non-hydrocarbon constituents in mixtures
4 and 5 (cOj and Nj) is less than that for mixtures i
through 3 (CO^). it has been generally noted that cubic EOS
predict behavior less well for polar compounds than for non-
polar compounds (Patel &Teja, 1980, Lawal et al 1985, and
Taraked et al 1979 & 1977). Even though the number of
components included in the analyses of mixtures 4 and 5 is
greater than the number in mixtures 1 through 3, the non-
hydrocarbon constituents (co^ and ) of mixtures 4 and 5
are present in concentrations best described as impurities
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and thus have less of an effect on the behavior of the

mixtures and consequently, on the error of prediction.

other errors may result because the form of the EOS is

not based on correct or fundamental considerations, the

method for calculating the parameters of the EOS are

incorrect, or the mixing rule or rules for mixtures are
incorrect. This study did not include a study of mixing
rules. The comparisons of how well the EOS predict VLE and
density (PVT) behavior before and after regression gives
insight as to whether the error, or part of the error, is
caused by the method of calculating parameters or from the
EOS form. For all of the mixtures of this study, the error
in predicting VLE data after regression- on all parameters
was nearly the same for a given mixture for all EOS. This

result suggests that if the parameters were properly
calculated, there would be no advantage to using a more
complicated EOS form over a simpler form for predicting VLE
behavior.

In contradiction, density predictions were sometimes
improved but were sometimes worse when using the "best"
parameters determined by regressing on VLE data. However,
the differences in density predictions using the regressed
parameters and the unregressed parameters were small for
those EOS which predicted densities well before regression.
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Liquid densities were better predicted by a three parameter
EOS (PT or Sw) than the nominal two parameter forms (PR and
SRK) as was also observed previously by Tsonopoulos and co-
workers (1985), Varotsis and co-workers (1986), and
(1986). For the three simple mixtures for which density
data was available, the LLS EOS predicted the liquid
densities with the smallest relative error before regression
and those predictions were excellent (i to 3% error).
However, for the complex system, errors in predicting liquid
densities using the LLS EOS were greater than with PT or SW.

There was no trend as to which EOS predicted vapor
densities the best. The maximum error for any EOS before
regression in predicting vapor density for any of the
mixtures in this study was of the order of io% with several
values of the order of 1%, using the "best" values of EOS
parameters, determined by regressing on VLE data, sometimes
made the error worse than using the unregressed value. m
general, if the error in predicting vapor densities before
regression was low, then the error when using the "best" EOS
parameters obtained by regression was also low.

As mentioned previously, when using the "best" paramet
ers from regression on VLE data, all EOS predicted VLE data
about the same. Further, for each mixture and for the EOS
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Which predicted VLE behavior the best, there was only a
slight improvement in the prediction obtained before

regression and that after regression. Hence, it cannot be
expected that a major improvement in the cubic EOS predic
tive capability may be found by modifying the methods for
calculating EOS parameters for those forms used in this
Study.

Because the prediction of VLE data was about the same
for all of the EOS in this study when using the "best"
regressed values of the EOS parameters, we must limit our

comparisons and judgments concerning which EOS performs the
best to predictions before regression. A confusing factor
in these comparisons was the fact that the predictions using
SRK, PT and sw EOS were performed using values of binary
interaction parameters calculated for the PR EOS. No one
EOS performed the best on both VLE and density predictions
for all the mixtures of this study using parameter values
before regression. When comparing the unregressed predic
tions of the PR and LLS EOS with those of SRK, PT, and SW
after regressing on binary interaction parameters, pt
predicted VLE data with the least error in every case except
for the crude oil characterized with 5 pseudo-components and
for mixture 2. For the crude oil characterized with 5
pseudo-components, PR predicted the VLE data with the least
error, but predicted the liquid density with an average
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error of about 20%, whereas PT predicted the liquid density

with about a 10% error. The SRK EOS predicted the VLE data

of mixture 2 with the least error, however the average error

in liquid densities predicted by SRK for this mixture was

also near 20%, while PT predicted those same liquid den

sities with an average error of about 2%. Thus the results

of this study suggest that the PT EOS does the best job of

predicting both VLE and phase densities for the systems and

conditions of this study. This conclusion is consistent

with the results of by Patel and Teja (1980), Trebble and

Bishnoi (1986) and Tsonopoulos (1985).

As expected from the work by Vartosis et al (1985), the

error in VLE predictions using the SW EOS were large before

regression. One must remember, however, that these calcula

tions made use of the values of the binary interaction

parameters calculated for PR. Interestingly, regression on

the binary interaction parameters markedly improved the

predictions using SW. Errors in prediction of VLE data

using the PR binary interaction parameters with the PT EOS

were not as large as those observed with SW and those errors

were often less than the errors observed for PR and LLS.

However, there was, in some cases, a marked improvement in

the predictive capacity of VLE data using PT with binary
interaction parameters determined by regression. Therefore,
a fruitful and productive study might be to develope
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tabulated values or a correlation for binary interaction
parameters for PT and/or SW.

Lawal and coworkers (1986) demonstrated that the LLS

EOS was able to accurately predict VLE and density behavior
of a crude oil system without regression and using only a
single C,+ pseudo-component. m the present study, the
predictions using unregressed parameter values gave a nearly
60% average error in predicting VLE data for the crude oil
system when only a single c, + pseudo-component was used.
Using 5 pseudo-components, however, the error in predicting
VLE data was as low as the error predicted using PR.
However, the average error in predicting liquid densities
was of the order of 20%. Thus, this study indicates that
there is no advantage to using the four parameter LLS EOS
over a three parameter form.

For each mixture and for each EOS, each single parame
ter was regressed against the VLE data. Observations of the
results of the single parameter regressions indicated no
universal trend due to regression on any particular paramet
er. The author did observe that in several cases, regres
sion on the repulsion parameters, b^ , improved the VLE

predictive performance of the EOS and perhaps an investiga
tion on the method of determining that parameter was
warranted. However, an examination of the density predic-
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tions reveals that the average errors in the values of

liquid densities predicted using the regressed parameters
were often significantly greater than the unregressed

values. Thus, it appears that any modification of the EOS

parameters should be undertaken with care so that improve
ment in one aspect of predictive characteristics does not

cause a loss in consistency over all aspects of the uses of

EOS. One must also wonder if the practice of adjusting
values of critical properties, which in a way is equivalent
to adjusting the values of b^, to match VLE data might not
cause larger errors in density predictions. In this study,
regressing on the binary interaction parameters did not

cause as large a change in the average liquid density errors
as was sometimes seen when regressing on the repulsion

parameters (bj). The SW EOS, however, did produce greater
average errors in vapor phase densities when regressed
values of binary interaction parameters were used. Thus,
the practice of adjusting binary interaction parameters to
match VLE data may be less risky with some EOS than the
adjustment of critical properties.

In agreement with Coats and Smart (1986) using a single
pseudo-component to represent the C,+ heavy component gave
better fits to data after regression than the method which
divides the C5+ heavy fractions into five pseudo-components.
Intuitively, one might expect that the more detailed
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descriptions or characterization has a greater potential for

accurately describing any system and, indeed, before

regression that is the case. Probably, the better perfor
mance with fewer pseudo-components reflects the compromises
in error which the regression algorithm makes. This result

does not argue for using fewer components if the particular

investigation does not utilize regression on experimental
data. In fact, the results in those cases, indicate the

opposite. However, if regression is to be used, then
perhaps the fewest number of pseudo-components should be
used, this result agrees with the observation by Coats and

Smart (1986). The question not addressed in this study or
by Coats and Smart is, what heavy components should be
lumped into a single pseudo-component? For example, a
single C5+ pseudo-component may give better results than a
C,+ pseudo-component. Finally, consistency was not ap
parently affected by the method for characterizing the heavy
fraction; there was no significant difference between the
densities predicted using the two results.
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8. CONCLUSTONS

The comparison of five EOS (SRK, PR, sw, PT, and LLS)
to predict VLE and phase densities for simple and complex

mixtures before and after regression lead to the following
conclusions:

1. Prediction of VLB composition data has been improved

when optimum parameters obtained by regression were

used. However, for all of the mixtures of this study,
the error in predicting VLE data after regression on all

parameters was nearly the same for a given mixture

regardless of which EOS was used. Thus, for describing
VLE data, the form of the equation is not significant,
ie. there are no advantage to using more complicated
EOS.

2. In agreement with previous studies, liquid densities

were better predicted by a three parameter EOS (Pt or
SW) than by the nominal two parameter forms. There was
no clear trend to which EOS predicted vapor densities

the best.

3. The LLS EOS predicted liquid densities for the three

simple mixtures, with smallest relative error before
regression (1 to 3%). However, for the complex system,
errors in predicting liquid densities using LLS EOS were

greater than those predicted with either PT or SW.
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4. The results suggests that the PT EOS does the best job

of predicting both the VLE and phase densities for the

systems and conditions of this study, as was found

previously by Patel and Teja (1980) and Ahmed (1986).
5. The improvements in prediction of VLB data after

regression on single parameters varied with the data set

and EOS form. Perhaps more improvement was found by
regression on the repulsion parameters, b^ . However,
density predictions were often made worse using the
regressed values for the b^ and therefore use of those

values may be risky. Regressing on the binary interac

tion parameters («ij), however, did not affect density
predictions to the same degree.

6. With the crude oil system, predictions before regression
using more detailed heavy hydrocarbon characterization
method reflected experimental VLE data more accurately
than the less detailed method. After regression,
however, the less detailed characterization method
matched experimental data better than the more detailed
method.

7. Previous claims that the LLS EOS may be used to ac

curately describe VLE for crude oil system using a
single 0,+ pseudo-component without regression were not

substantiated in this study.

8. No particular trend was observed on the EOS parameters
after regression.
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SUGGESTIONS FOR FUTURE WOPK

The results of this study suggest that future work

include:

1. Studies similar in nature to the work presented here to

investigate the affect of mixing rules on EOS
consistency and VLE prediction performance of

hydrocarbon systems near critical points, and non-cubic
EOS forms.

2. A comparison study should be performed to determine the

optimum number of pseudo-components to use when
regression is used to describe complex heavy hydrocarbon
systems such as crude oils.

3. Acontinuation of this work in which EOS Parameters were

optimized on density values and then to predict VLE
data.

4. A continuation of this work in which EOS parameters are

regressed on dew-point and/or bubble-point pressure and

temperature is used in place of the VLE data of the
present study.
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APPENDIX A

Algorithm and Computer Code Regress on EOS Parameters

Using Powell's Method
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Figure A.l is a flow chart of the regression algorithm.
The principle steps performed by the algorithm include:

1. Enter the data; either from key board or from a

data file.

2. Perform flash calculation using any of the

Equations of State (EOS) and create an objective

function subroutine for regressing on any
parameters (binary interaction (5,,), attraction
(a^), Repulsion (b^, ), etc.).

3. using Powell's method, minimize the objective

function.

Powell's Method;

The procedure is based on the method of M.J.D Powell
(1964). Derivatives are not required. The starting point
IS the calculated 's, -s in form of -s from the used
EOS. The algorithm as follows:

1. A starting point, is calculated. The initial
search direction s, i=i,2 n, are parallel to
the original coordinate axes.

2. A sequence of single variable searches are made in the
N initial directions, using quadratic approximation.

3. The following Points are then located:
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4.

5^ ^̂ ^ the least point from the sequence of single

variable searches

5^ tk) = the point of greatest function between

successive single variable searches

1) = expanded point

^<k) = starting point for iteration

where k is the stage index which is incremented for

each new set of search directions.

A check is made to see if the value of the objective

function at the expanded point, 3^(k>, is better than
at the starting point, . if there is no

improvement, the last point, becomes the new
starting point and a new sequence of single variable
searches are made in the same directions as before,

5 ( k +1) _ 5^ ( k )
^ ^ (A-1)
ijr ( k+1 ) _ A ( k ) o XT
^ ^ 1/2,..,,N (A—2)

If The objective function, F,'k>, at the expanded point
is an improvement over the starting point function,

, then the following test is performed,

(F,<k) _ 2F„<k) +F,(.c), _ zF^fM - A)^

A (F^ J - 2Ft «> )2

^

Where a = | ^ J - 2F„ _^^ >|
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5.

The test determines whether the function in this region
is a valley, i.e., F^^^^is an improvement but the

surface is rising. It the test is satisfied the oil

search directions are retained and a new sequence of

single variable searches started as above, if the test
is not satisfied, a single variable search is performed
in the &< ) direction,

S"' = (A-4)
until the best value, j^ck+i, is found. New search are

chosen as follows:

i=i,2 M-i

j,

<k + l ) = jj(k )

(A-5)

(A-6)

(A-7)

A new sequence of single variable search is then
Started.

Convergence is assumed when the values for the
independent variables between successive iterations are
less than present limit, i.e.,

|X,<-> - < „ 1=1,2 N (A-8)
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APPENDIX B

Program Listing and Sample Output for Critical
Properties Calculation
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c THIS IS THE PROGRAM TO CALCULATE THE CRITICAL PROPERTIES C

C LIST OF VARIABLES ^
C C1 THROUGH C5 : ARE THE GIVEN CONSTANTS p
C TC ; CITICAL TEMPERATURE ^
C PC ; CRITICAL PRESSURE ^
C VC ; CRITICAL VOLUME ^
C W : ACENTRIC FACTOR ^
C S : SPECIFIC GRAVITY ^
C TB : BOILING TEMPERATURE ^
C DM : MOLECULAR WEIGHT ^
C N ; GIVEN SETS OF NUMER OF VALUES FOR C1-C5 n
C NC ; NUMBER OF COMPONENTS p
C NI : NUMBEER TO PRINT TO OUTPUT FILE q

DIMENSION Cl(50),C2(50),C3(50),C4(50),C5f501 TCfSO*
DIMENSION PC(50),VC(50),WTC(50),W(50),S(50) TBfSOl
DIMENSION DM(50),TETA(26,50) "(50),TB(50)
WRITE(*,*)'ENTER THE VALUE OF THE N='
READ(*,*)N
WRITE(*,*)-ENTER THE VALUE OF THE NC='
READ(*,*)NC
WRITE(*,*)'ENTER THE VALUE OF THE NI='
READ(*,*)NI

DO 5 1=1,N

WRITE(*,*)'enter the VALUE OF THE Clf I ')-<
READ(*,*)C1(I) ^ ' ' '
WRITE(*,*)'ENTER THE VALUE OF THE C2f' I •!=•
READ(*,*)C2(I) ' ' ' '
WRITE(*,*)'ENTER THE VALUE OF THE C3(• I •)=>
READ(*,*)C3(I) \ f f J
WRITE(*,*)'ENTER THE VALUE OF THE C4f' I '^='
READ(*,*)C4(I) iff)
WRITE(*,*) 'ENTER THE VALUE OF THE C5 f • I 'W*
READ(*,*)C5(I) ^

CONTINUE

WRITE(NI,*)* »
WRITE(NI,*)'1=; DM=; TC=(IN DEG K); PC=(IN MPA); VC=(IN CC/MOL)
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1W=; S=; TB=(IN DEG K);•
WRITE(NI,*)» •
TOITE(NI,*)•********************************************^^^^

WRITE(NI,*)' »

DO 10 J=1,NC
DO 20 1=1,N

CC=12.01

HH=1.008

DM(J)=j*CC+(2.*j+2)*HH

TETA(I,J)=Cl|I^+C2jI^*^^ +C3(I)*DM(J)**2+C4(I)*DM(J) **3
TC(J)=TETA(1,J)
PC(J)=EXP(TETA(2,J))
VC(J)=TETA(3,J)
WTC(J)=TETA(4,J)
W(J)=WTC(J)/TC(J)
S(J)=TETA(5,J)
TB(J)=TETA(6,J)

20 CONTINUE

10 CONTINUE

STOP

END
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J=; EM=; T0=(1N DBG K); PC=(IN MPA) ; VC=(IM OC/MDL); W=! S=; TB=(IN DEG K) ;

************************1c*^c^t**********•|,^,•k^rk***^c1,^,•k***^l*•^,^,^,^l^,^,•|,^,^,^,^,^,^,^,^,^,i,^,^,

1 16.042 190.618 6.284 99.119 0.011 0.160 111.713

/5^
2 30.068 304.568 4.996 147.347 0.090 0.423 183.756

3 44.094 372.274 4.274 201.219 0.146 0.528 232.427

4 58.120 424.493 3.753 256.744 0.198 0.589 272.953

5 72.146 468.252 3.344 313.045 0.248 0.630 308.818

6 86.172 506.166 3.011 369.831 0.297 0.660 341.321

7 100.198 539.522 2.734 426.981 0.345 0.683 371.104

8 114.224 569.097 2.499 484.444 0.393 0.702 398.558

9 128.250 595.434 2.298 542.196 0.440 0.718 423.958

10 142.276 618.961 2.124 600.233 0.487 0.731 447.519

11 156.302 640.039 1.970 658.556 0.533 0.741 469.426

12 170.328 658.993 1.834 717.173 0.578 0.750 489.846

13 184.354 676.122 1.712 776.093 0.622 0.758 508.933

14 198.380 691.711 1.601 835.330 0.665 0.764 526.832

15 212.406 706.035 1.499 894.896 0.706 0.770 543.685

16 226.432 719.361 1.405 954.806 0.744 0.774 559.631

17 240.458 731.953 1.316 1015.076 0.780 0.778 574.804

18 254.484 744.069 1.233 1075.721 0.813 0.782 589.339

19 268.510 755.964 1.153 1136.757 0.841 0.785 603.367

20 282.536 767.895 1.076 1198.201 0.866 0.788 617.021

21 296.562 780.113 1.002 1260.069 0.886 0.791 630.430

22 310.588 792.870 0.930 1322.378 0.900 0.794 643.724

23 324.614 806.416 0.860 1385.145 0.909 0.797 657.034
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24 338.640 821.002 0.792 1448.386 0.911 0.801 670.489

1

25 352.666 836.876 0.726 1512.119 0.907 0.804 684.216

26 366.692 854.288 0.661 1576.360 0.896 0.809 698.345

27 380.718 873.486 0.598 1641.127 0.878 0.814 713.005

28 394.744 894.717 0.538 1706.437 0.852 0.820 728.323

29 408.770 918.231 0.480 1772.307 0.820 0.826 744.428 .

30 422.796 944.274 0.425 1838.754 0.781 0.834 761.448

31 436.822 973.093 0.373 1905.795 0.736 0.842 779.511

32 450.848 1004.937 0.324 1973.449 0.684 0.852 798.744

33 464.874 1040.052 0.279 2041.731 0.627 0.863 819.276

34 478.900 1078.685 0.237 2110.659 0.565 0.875 841.234

35 492.926 1121.083 0.200 2180.251 0.499 0.889 864.745

36 506.952 1167.494 0.166 2250.524 0.429 0.905 889.939

37 520.978 1218.163 0.137 2321.496 0.356 0.922 916.942

38 535.004 1273.338 0.111 2393.183 0.282 0.941 945.881

39 549.030 1333.264 0.089 2465.602 0.206 0.962 976.885

40 563.056 1398.189 0.070 2538.772 0.129 0.985 1010.081

J = hydrocarbon number
Dy[ = molecular wei^t
Pc = critical pressure
To = critical temperature
Vc = critical volume
w = acentric factor
s = sp^ific gravity
TB = boiling tenoperature
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APPENDIX C

Program Listing of Regression algorithm
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PROGRAM PALLPOW
C

0

THIS IS THE EROGESM FOR PCWEII, MEIHOD WTIH DIFFERENT BOS

IT HAS THREE PART:

A. MAIN PROGRAM
B. JUNCTION SUBROUTINE
C. POWELL SUBE«X7TINE

*************************************
MAIN PROGRAM

^ IS THE MAIN PROGRAM CONSIST OF IHE CALLING SUBROUTINES

c

c

c

c

c

c

c

c

c

c

c

c

C AND INHJTING THE DATA AND OUTFUTING THE RESUIHS.
c ^

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

THE VARIABLES IHAT HAVE BEEN USED IN THIS PROGRAM ARE AS
POLLCWS:

COMMON ; ARE ONLY RELATED WHEN IT NEEDED TO BE USED
DIMENSION; WEffiN IT NEEDED

PC

TC

W

AK

Z

X

Y

AL

R

FL

FV

NC

TOL

CNAME

T

P

ITER

VL

W

B

Ac

PR

TR

AMW

DU

XE

CRITICAL PRESSURE
CRITICAL TEMPERATURE
ACENTRIC FACTOR
equilibrium constant
OC»ffiRESSIBILETY FACTOR
IIQUID MOLE FRACTION OF CCMEQNENT i
VAPOR MOLE FRACTION OF COMPONENT i
total LEQUID mole FRACTION
GAS CONSTANT
FUGAdTY OF LIC3UID
FUGACITY OF VAPOR
number of component
tolerance
NAME OF COMPONENT
temperature of SYSTEM
PRESSURE OF SYSTEM
iteration NUMBER
VOLUME OF LIQUID
VOIUNE OF VAPOR
PRAMETER B
PRAMETER A
REDUCED PRESSURE
REEUCED TEMPERATURE
APPARENT MOLECUIAR WEIGHT
BINARY INTERACTION PARAMETERS
experimental values of UQUID MOIE FRACnCM
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C

C

C

C

C

C

C

C

C

C

C

C

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c



/«*

c

c

c

c

c

c

c

c

c

c

YE

IBOS

NO

NTL

ALPA

BEJEA

ZC

NN

C

IRBG

I3®EKIMENTAL VAIUBS OF VAPOR MDLE FRACTION
CONTROL OF THE EQUATIONS
CONTROL FOR DIFFERENT OUTEUT FILES
NUMBER OF TIELENES
PARAMETER FOR IIS BOS
PARAMETER FOR IIS EOS
CRITICAL CCMPRESSILBIUTY
TOTAL NUMBER OF PARAMETERS T BE REGRESSED
PARAMETERS FOR PT EOS
ECJMMAY VARIABLE TO CONTROL THE REGRESSION ON ANY OR
ALL PARAMBTEE?S
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C

c

c

c

c

c

c

c

c



c

^ r
C ims IS IHE MZ02J FROGRM CONSIST OF SCM INHJT AND CALL r
C SUBEOTTINES i;
C ^

V«i»

OCWON/A/ PC(100),TC(100),W(100),AK(100),za00),Xa00) YflOO^ AL
SS /FV(IOO) ,NC,TOL,CNAME(100,2) ,ALFSQ(l6o) ,B(l6o)

/^/ '̂ '̂ '̂® '̂T,P,ITER,VL,W,AMW(100) ,DU(100,100)OOyiMQN /D/ AC(IOO) ,AM(100) ,IEOS,TR(100) ,N0 ^ ;
• OCMMON /E/ NTL,ZZJ(100,100),AKr(100,100),XE(100,100),
1 VE(100,100),T0TAL(100)
amm /o/ alfa(ioo) ,BErA(ioo) ,om(ioo) ,zcaoo)
CXWON /G/ XXX(IOO)
0C»4MDN /N/ NN
COMMON /?/ C(IOO)
COMMON /SR/ TRBS
COSyiMON NI,N
comcN /u/ idd, jcad^kdd

DOUBLE HREdSION DW(1600)
DIMENSICai NUMBER(IOO) ,E(100)

EXTERNAL STOPFPE
Et3MMY=ST0iraE: (IL)

data ITMAX /50/

111 CALL INITl
CALL OMEGA

WRITE(6,*) 'ENTER THE VALUE OF NO=»
READ(5,*)N0

'ENTER THE VXUJB OF IHE N. lERINT. MftXIT. ESCaiE.='
read(5, *)N, URINTjMftXIT,ESC3UE

WRITE(6,*) 'DO YOO WftNT AH, THE E(I)S TO BE OHE SAME'
f®ITE(6,*) 'IF YES ENTER 1 OR N0=2'

DO 13 1=1,N
E(I)=,5*X}{X(I)
if(e(i) .It. .01) e(i)=.02

•05)e(i)=,05
"SB* 10)e(i)=.10*xxx(i)if(e(i) .gt. 1000)e(i)=.01*X30C(I)

write(6,*)' e(',i,')= <,e(i)
13 continue
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GO TO 14

12 WRITE(6,*) 'EHIER THE VAIUES OF E(I)'
REftD(5,*) (E(I) ,I=1,H)

14 WRITE(6,*)'OHE N= N

id(^
jdd=0
ki3(i=0

call count(idd,jdd,kdd,no)
WRITE(tK),*) • <
call oc»mt(i<ad,j<3d,Ja3d,no)
WRI^(NO, *) ' I
WRITE(NO,*)' •
call ociunt(i(M,jdd,]aad,no)
WKraE(lK),*) • this is the regressed S-W HfflGRftM OH •
WRITE(NO,*)' all PARflMEEERS A &B &DU •
call oount(idd,jdd,kdd,no)
WRITE (NO,*) ' '
Wi^(NO, *) ' ,
call oount(ida,jdd,]{dd,no)

WEOTOCNO,*) 'IHE P = (IN AIM) ',P , 'OHE T =(IN DiEG K)' T
call oount(idd,jdd,kdd,no) '
WRITE(NO,*) "THE HTL= NTL , • THE NC =' NC
call count(ldd,jdd,kdd,no)
DO 1 J=1,NTL
DO 1 I=1,NC

WRITE(1©,*)'THE XE(M,J,') = XE(I,J)
call oount(icM,jdd,)<dd,no)
WRnE(NO,*)"IHE YE(',I,J,<) = 'VEd.J)
call oount(idd,jdd,kdd,iK))

L OQNTINOE

WRITE(NO,*)'THE E(I)= •, (E(I) ,I=1,N)
call count(idd,jda,kdd,no)

write(no,*)' •
write (no,*)'************************************************^^4,
write (no,*)' »
write(no,*) 'TEffiSE ARE THE EXERIMENTAL X &YVAIUES »
write (no, *)» •
write(no,*)•********************************^^^^^^^^^^^^^^^
write (no,*) • »

do 120 j=l,ntl
DO 120 I=1,NC
write(no,*) xe(i,j),» •, ye(i,j)
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120 CONTINUE

NW=N*(N+3)
C

C calling the subroutine BOTM to find the minimum

CML B0!m(30a,E,N,EF,ESaUi:,imiOT,l®XIT,DW,NI,NO,NW)

WRITE(N0,3)EP
3 PQRMAT(//, • OPTIMDM VALUE OF ,E16.8)

call count(idd,jdd,kdd,no)
'DO YOU WANT A NEW SET OF CMJCUIATION WITH'

WRITE(6,*) 'DIFFEE^ENT ESCAL AND EESHDN ENTER(DDD=1;YES OR 2:N0) •
READ(5,*)ODD
IF(DDD .EQ. 1)G0 TO 111

STOP

END
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c

^ Q
c TEICS IS THE FUNCTION SUBE^OUTINE, TO CALCUIATE TEffi FUNCTION C
C THAT WIL BE CREATED BY DIFTERENT BOS. n
^ Q
********************ifk***it**-kicicit*if*-kic-k*ic****'kifkit*-kific-k-k*-kifkit******icitif***
c

SUBRDDTINE CAIjCFX(N,XXX,F)

'AK(IOO) ,2(100) ,X(100) ,Y(100) ,AL00^ /C^,FL(100) ,FV(100) ,NC,TOL,a©ME(100,2) ,ALESQ(100) ,B(100)
00^ /B/ AO,BO,ER,AflM,BM,T,P,ITER,VL,W,AMW(100),DU(100,100)
0C»3M0N /D/ AC(IOO) ,AM(100) ,IE0S,TR(100) ,N0
ccmou /E/ NTL,ZZJ(100,100),AKr(100,100),XE(100,100),

1 ^(100,100) ,T0TAL(100)
OMOl /N/ NN
O0S5M)N /u/ idd, jcld,kdd

DIMENSION NUMBER(IOO) ,XXX(100)
DATA ITMAX /50/

DO 10 J=1,NTL
DO 20 I=1,NC

Z(I)=ZZJ(I,J)
AK(I)=AKJ(I,J)

20 CONTINUE

ITEE^l
50 CALL FLASH

C

C controlling to ijse of ri^t equations for calculation
C of Fugacity
C

C 1 VAN DER WAAL»S
C 2 RK EOS
C 3 SRK EOS
C 4 ER EOS
C 5 FT EOS
C 6 SW BOS
C 7 IIS EOS
C

GO T0(1,2,3,4,5,6,7),IE0S

1 CALL FUGACl(X,FL,l,XXX)
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CMJL FUGAC1(Y,FV,2,XXX)
go to 1001

2 CALL HJGAC2(X,FL,1,XXX)
CALL m3AC2(Y,FV,2,XXX)
go to 1001

3 CALL H3GAC3(X,FL,1,XXX)
CALL RK3AC3(y,IV,2,XXX)
go to 1001

4 CALL PCJGAC4 (X,FL,1,XXX)
CALL FUGAC4(Y,FV,2,XXX)
go to 1001

5 CALL HJGAC5(X,FL,1,XXX)
CALL HJGAC5(y,FV,2,XXX)
go to 1001

6 CALL HJGAC6(X,FL,1,XXX)
CALL nJGAC6(Y,FV,2,XXX)
go to 1001

7 CALL HJGAC7(X,FL,1,XXX)
CALL FCJGAC7(Y,FV,2,XXX)
go to 1001

C

C CHECKING FOR THE OONVEGENCE OF THE EOS
C

1001 DO 100 1=1,NC
RA!I!=(F7(I)/FL(I))
IF (ABS(RAT-1.) .GT. TOL) GO TO 200

100 oQNmte
c

c CALLING IHE PRINT TO PRINT TEE OUT PUT
C

C

C OiEKING FOR Tfffi CONVERGENCE OF THE REGRESSION BY USINF THE
C OBJECTIVE FUNCTION
C IN THIS CASE THE OBJECTIVE FUNCTION IS ABSOL;UTE REIATIVE
C ERROR
C

P=0.

DO 201 I=1,NC

P=IH-(ftBS(XE(I,J)-X(I) )/X(I) )+(ABS(YE(I,J)-Y(I) )/Y(I))
201 CONTINUE

CALL FRNT
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GO TO 10
200 DO 300 1=1,NC

AK(I)=AK(I) * (FL(I)/FV(I))
300 CONTINUE

ITER=1TERM
do 1101 i=l,nc
if(abs(x(i)-xe(i,j)) .gt. .10)x(i)=g{e(i,j)

1101 continue

IF (ITER .IT. ITMAX) GO TO 50

10 CONTINUE

PBTURN

END
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c

^ Q
C THIS SUB-F!ROGE?AM IS TO READ INHJT DATA AND TO SET THEM UP C
C FOR THE CAIXUIATIQNS, ALSO SET FOR THE PARAMETERS OF C
C REGRESSION WHERE IT NEEDED. n

c

0

SUBROUTINE INITl

,TC(100) ,W(100) ,AK(100) ,Z(100) ,X(100) ,Y(100) ,AL
,FV(100) ,NC,TOL,a®ME(100,2) ,ALFSQ(100) ,B(100)

y^y '̂®0'̂ /AAM,EM,T,P,ITER,VL,W,AMW(100),DU(100,100)COMMON/D/AC(100),AM(100),IEOS,TR(100),NOCOMMON /E/ NTL,ZZJ(100,100),AKJ(100,100),XE(100,100),
1 ^(100,100) ,T0TAL(100)

CCMMON /G/ XXX(IOO)
COMMON /N/ NN
CCMMON /U/ idd, jdd,kdd
CCMMON /SB/ IREG

DIMENSION NUMEER(IOO) ,E(100)
DIMENSION ZZ(IOO),Z0(100),XB(100),BK(100)

/CB(IOO) ,CC(100) ,CD(100) ,CE(100) ,CF(100) ,C6(100)
DIMENSION VC(IOO) ,AM0IW(100) ,PARA(100)
DIMENSION FEED(IOO) ,NUMB(100) ,REFER(19) ,a»lP(100,2)
DIMENSION ZG(IOO) ,IFD(100,100) ,DI4(100) ,A(100)
DIMENSION SAL(IOO) ,SAV(100) ,GPUR(100)

C

T0D=1.E-4
R=82.0597

C READING THE XQUUES TRUE THE SCREEN FOR EOUATION #
C NUMBER OF COMPONENETS
C

WRITE(6,*) » ENTER THE lEOS AND NC = »
READ(5,*) IEOS , NC
NCM=NC-1
NCP=NCfl

C

C INPDTING THE VALUES FOR ID # OF THE COMPONENEIS
C PRESSURE (IN PSIA) AND TEMPERATURE (IN OF)

WRITE(6,*) 'ENTER IHE ID # FOR EACH COMEONENT=
READ(5,*) (NUMB(I) ,I=1,NC)

C

™E VAIUE of pi (PSIA) AND T1(0F) =
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C OONVERTING THE VALUES OF P AND T
C

P=P1/14.696
T=(Tl+459.67)/1.8

C

C INHJEENG IHE NUMBER OF TIUNES TO BE USED AND WEiAT
C METHOD (EITHER TWO-PHASE OR JUST SINGLE PHASE
C READING FOR THE INHJTING THE OCMP[OSITIONS

WRITE(6,*) • ENTER THE NUMBER OF TIELINE(NTL) = •
KEAD(5,*) NTL

WRITE(6,*) "DO YOU WANT TO ENTER THE V?^PQR AND LIOJID
1 SEPARATE OR AS ZZ: 0 OR !•
READ(5,*)DZ
IF (DZ .EQ. 0)GO TO 7
IF (DZ .EQ. 1)G0 TO 8

7 DO 10 J=1,NTL
TCXEAL(J)=0.
DO 20 I=1,NC

C

C INFUTING THE VAHJES OF EXPERIMENTAL COMPOSITIONS
C

WRITE(6,*)» ENTER THE XE(SI,J,») AND YE(M,J ')= •
read(5,*)xe(i,j),ye(i,j) ^ ;
ZZJ(I,J)=(XE(I,J)+YE(I,J))/2.
10TAL(J) =<EOTAL(J) +ZZJ(I,J)
AKJ(I,J)=YE(I,J)/XE(I,J)

20 CONTINUE
10 CONTINUE

C

C NORMALIZING THE INHJTED VALUES
C

do 1101 j=:l,ntl
dzz=0.
do 1102 i=l,nc
zzj(i,j)=zzj(i,j)/totaX(j)
dzz=dzz+z2j (i,j)

1102 cxaitiniie
1101 continue

GO TO 9
8 T0TAL(J)=0.

DO 3 J=1,NTL
DO 3 I=1,NC

WRITE(6,*)'ENTER THE VALUE OF ZZJ(« I,J, n = •?!
READ(5,*)ZZJ(I,J) V' / / ^
TOTAL(J) =TOIAL(J) +ZZJ(I,J)
XE(I,J)=ZZJ(I,J)/2
YE(I,J)=XE(I,J)

3 CONTINUE
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c

C DETERMINING WHOT PARftMESERS TO BE KBGRESSED W; A, B, Dij OR ALL
c

WRITE(6,*) "ENTER FOR WHAT PARAMETERS TO BE REGRESSED AS FOLLOWS:'
WRITE(6,*) • IF YOU WANT TO REGRESS ON Dij; A; B; OR ALL"
WRITE(6,*)" ENTER ; 1; 2; 3; 4*
READ(5,*)IREG

C

C TEItS PART IS TO READ THE INHJT DATA FEOl FUES IHAT HAS
C ALREADY BEEN , THIS PROPERTIES ARE DEFINED AND BEING READED
C FROM THE FILE:
C

C SOME CHOSEN VARIABLES ARE:
C

C C01,C02 : ARE TO PICK UP IHE NAMES OF COMPONENTS
C D'S ; ARE JUST EOMMAY VAIABIES TO BE DEFINED IN ARRAY lATER
C

9 NF0CJND=0

OPEN(UNIT=20, FII&="CRIT.DAT")
200 IF(NFCUND .GE. NC)GO TO 500

READ (20, *,END=900) NA
READ(20,1001) C01,002

1001 F0RMAT(1X,2A4)
READ (20, *) Dl, D2,D3,D4,D5,D6
READ(20,*)D7,D8,D9,D10,D11,D12,D13

DO 300 1=1,NC
IF(NUMB(I) .NE. NA)GO TO 300
NFCXJND=NF0UNDH-1
COMP(I,l)=001
OC»1P(I,2)=C02
CNAME(I,1)=0CMP(I,1)
CNAME(I,2)=OOMP(I,2)
PC(I)=D1
TC(I)=D2
VC(I)=D3
W(I)=D4
AM0m(I)=D5
AMW(I)=AM0LW(I)
PARA(I)=D6
CA(I)=D6
CB(I)=D8
0C(I)=D9
CD(I)=D10
CE(I)=D11
CF(I)=D12
CG(I)=D13

300 CONTINUE

GO TO 200
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500 C10SE(UNIT=20)
if(DZ .eq. O.)go to 1120

C

C CALCULATING THE K'S BY THE WILSON'S METHOD IF NECESSARY
C

DO 6 J=1,NTL
DO 6 1=1,NC

AKr(I,J)=EXP(5.3727*(l.+W(I))*(l.-TC(I)/T))*PC(I)/P
6 continue
C

C INITIALIZING THE Dij
C

1120 DO 501 I1=1,NC-1
DU(I1,I1)=0.
DO 501 12=11+1,NC
DU(I1,I2)=0.
DU(I2,I1)=0.

501 CONTINUE

DU(NC,NC)=0.

C

C REDING THE BINARY INTERACTIQN PARAMETERS FE^DM DATA FILE
C FOR EACH OF THE GIVEN EC3UATIQNS
C

GO T0(510,520,530,540,550,560,570),IEOS

510 OPEN(UNIT=20, FILB='DVDW.DAT')
GO TO 600

520 OPEN(UNIT=20, FIIE='DRK.DAT')
GO TO 600

530 OEEN(UNIT=20, FILE '̂DSRK.DAT')
GO TO 600

540 OPEN(UNIT=20, FILE>='DPR.DAT')
GO TO 600

550 OPEN(UNrit=20, FIIE='DER.DAT')
GO TO 600

560 OPEN(UNTI^20, FILB='DPR.DAT')
GO TO 600

570 OEEM(UNIT=20, FILB='DLLS.DAT')
600 CONTINUE

NP0UND=0

DO 660 I=1,NC
IF(NUMB(I) .EQ. 1)NP0UND=1

660 CONTINUE

700 IF(NFOUND .GE. NC)GO TO 950
READ(20,*,END=970)NA
NAM1=NA-1
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READ(20,*) (DI4(NBK) ,NBK=1,NAM1)
C

C SETING TEiE Dij INTO ARRAY
C

NN=0

DO 800 I=1,NC
IF(NUMB(I) .NE. NA) GO TO 800

DO 850 I1=1,NC
IF(I1 .BQ. I)GO TO 850
IF(NUMB(I1) .GT. NAM1)G0 TO 850
NBK=4IUMB(I1)
DU(I,I1)=DI4(NBK)
DU(I1,I)=DI4(NBK)

850 CONTINUE

NFOUND=NFOUNDfl
800 CONTINUE

NN=0

DO 101 1=2,NC
IM1=I-1

DO 101 J=1,IM1
DU(I,I)=0.
DU(J,J)=DU(I,I)
DU(J,I)=DU(I,J)

C

C MAKING THE Dij TO BE PARAMETERS IF NECESSARY
C

IF(IRBG .BQ. 1 .OR. IREG .EQ. 4) THEN
NNi=NN+l

XXX(NN)=DU(I,J)
ENDIF

101 CONTINUE

GO TO 700

900 WRITE(6,*) 'ERROR WAS FOUND BASIC DATA IN FILE CRIT.DAT.
/ PE^XKAM ABORTED'

950 CD0SE(UNIT=2O)

GO TO 990

970 WRITE(6,*) 'NO BINARY INTERACTION PARAMETER WAS FOUND FOR
/ THIS BOS SO TH DU=0. FOR ALL (I.J) •

990 CONTINUE

return
END
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**********************************************************************

c

c

c

c

c

THIS SOBRCUTINE IS TO CAIOJIAIE THE CMGAS FOR EVERY BOS
AND TO CONTROL ON WHAT PARAMETERS SHOULD BE REGRESSED
THE Ac, B, WILL ALSO BE CALCUIATED

C

C

C

C

C
**********************************************************************

C

SUBE^OUTINE OMEGA

CCMMDN /A/ PC(100),TC(100),W(100),AK(100),Z(100),X(100),Y(100),AL
CCMMON /C/R,FL(100) ,FV(100) ,NC,T0L,CNAME(100,2) ,ALFSQ(100) ,B(100)
CCMMDN /B/ AO,B0,PR,AAM,EM,T,P,ITER,VL,W,AMW(100),DU(100,100)
CCMMDN /D/ AC(IOO) ,AM(100) ,IEOS,TR(100) ,N0
CCMMDN /O/ ALFA(IOO) ,BErA(100) ,CM(100) ,ZC(100)
CCMMDN /P/ C(IOO)
CCMMON /G/ XXX(IOO)
CCMMDN /N/ NN
CCMMDN /U/ idd, jdd,Kdd
CCMMON /ISB/ IREG

DIMENSION AMD(IOO) ,A(100) ,RTPC(100) ,RTPC2(100) ,SI(100)
DIMENSION BErAC(lOO)
REAL CMAl(lOO) ,CMB1(100)

c

c

c

11

c

c

GALCUIAnONS OF GENERAL PARAMETERS

DO 11 I=1,NC

TR(I)^/TC(I)
RTPC (I) =R*TC(I) /PC (I)
RTPC2 (I)=R*TC(I) *RrPC(I)

CONTINUE

c IN THE FOT,TOWING FORMS:
c 1 VDW BOS
c 2 RK EOS
c 3 SRK EOS
c 4 PR EOS
c 5 PT EOS

c 6 SW EOS

c 7 T.TS EOS
C

C

C

ALSO THE PARAMETERS BEING CONVERTED IF THEY NEEDED TO BE REGRESSED

GO T0(1,2,3,4,5,6,7),IE0S
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1 (m=27./64.
CMB=l./8.
CM03./8.

DO 20 1=1,NC
A(I)=0MA*(RrPC2(I))
B(I)=CMB*REPC(I)

20 CONTINUE

GO TO 101

2 ALFH=(4.)**(1./3.) + (2.)**(1./3.)+1.
CMA=ALHV9.
C»©=1./(ALEH*3.)
CMC=1./3.

DO 21 I=1,NC
A(I)=<»1A*RnPC2 (I) * (TC(I) ** (1./2.))
B(I)=CMB*RrPC(I)

21 CQNTINDE

GO TO 101

3 CMAO=0.42747

DO 12 1=1,NC

AM(I)=.480fl.574*W(I)-0.176*(W(I)**2)
Cm=CMAC*(l.+AM(I)*(l.-(TR(I)**(l./2.))**2))
C3yiB=0.08664

A(I)=<m*(RrPC2(I))
B(I)=CMB*RrPC(I)
AC (I) =CMAC* (RrPC2(I))

IF(IREG .EQ. 2) XXX(I)=AC(I)
IF(IREG .EQ. 3) XXX(I)=B(I)
IF(IREG .EQ. 4) IHEM

XXX(NN+I)=AC(I)
XXX(NN+I+NC)=B(I)

ENDIF

12 CONTINUE

GO TO 101

4 CMAO=0.45724

0MB=0.0778

0MO=0.370
DO 13 1=1,NC
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AM(I)=0.37464+1.54226*W(I)-0.26992*(W(I)**2)
OMAfCMAC* (l.+AM(I) * (1. - (TR(I) **(1./2.)) **2))
A(I)=<»lA*(RrPC2(I))
B(I)=CMB*RrPC(I)
AC(I)=C3MAC*(I?rPC2 (I))

IF(IREG .BQ. 2) XXX(I)=AC(I)
IF(IRE)G .EQ. 3) XXX(I)=B(I)

^ IF(IRBG .EQ. 4) THEN

XXX(NN+I)=AC(I)
XXX(NN+I+NC)=B(I)

ENDIF

^ 13 OQNTINUE

GO TO 101

5 DO 60 1=1,NC
DCMEGB=0.

D0MEGA=0.

D0MBGC=0.
SI(I)=0.329032-0.076799*W(I)+0.0211947*W(I)**2
DC0=-SI(I)**3
DC1=3*SI(I)**2
DC2=(2.-3.*SI(I))
CALL aJBEl(DC2,DCl,DC0,D0MEGB)
D0MEGA=3. *SI (I) **2+3. * (1. -2. *31 (I)) *D0MEG&1-

* DOMEX3B**2+l. -3. *SI (I)
DCMBG01.-3.*SI(I)
KrOR*TC(I)
Rrp=Krc/pc(i)
AC(I) =DOMEGA*RrP*Rrc
B(I)=DCMGB*RrP
C(I)=DCMEGC*RrP

IF(IRBG .EQ. 2) XXX(I)=AC(I)
IF(IREG .EQ. 3) XXX(I)=B(I)
IF(IREG .EQ. 4) THEM
XXX(NN+I)=AC(I)
NNl^NN+NC

XXX(NNN+I)=B(I)
NNNN^NNN+NC

XXX(NNNN+I)=C(I)
NNNNN=4ttJNN+NC

ENDIF

AM(I) =0.452413+1.30982*W(I) -0.295937* (W(I) **2)
60 CONTINUE

V®ITE(6,*) •IHE NNNNNNN = ',NNNNN
DO 61 I=1,NNNNN
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WRITE(6,*)' TflE XXX(',I, •) = • , XXX(I)
61 OQNTINUE

GO TO 101

6 DO 14 I=1,NC

IF(TR(I) .GT. l.)GO TO 1111
IF(W(I) .IE. .3671)AM0(I)=0.465+1.347*W(I)-0.528*(W(I)**2)

IF(W(I) .GT. .3671)AM0(I)=.5361+0.9593

IF(W(I) .LE. .40)AM(I)=AMD(I) +(l./70.)*
1 ((5.*(T/TC(I))-3. *AM3(I)-1.)**2)
IF(W(I) .GE. .50)AM(I)=AM0(I)+(.71)*((T/TC(I)-.779)**2)
IF(W(I) .GT. .40 .AND. W(I) .IT. .50)AM(I)=( (W(I)-.40)/.150)*
1 (AMO (!) +(. 71) *((T/TC(I) -.779) **2))+
1 ((0.55-W(I) )/.150) *(AM0(I)+(l./70.) *
1 ((5.*(T/TC(I))-3.*AM0(I)-1.)**2))

1111 BE:TAC(I)=0.25989-0.0217*W(I)+0.00375* (W(I) **2)

CMO=l./ (3. * (l.+BE7rAC(I) *W(I)))
CMB=BE?rAC(I) *CMC
CmC=(l.-CMC*(l.-BETAC(I))) **3

AC (I) =CSMAC* (REEC2 (I))
A(I)=CMA*(REPC2(I))
B(I)=CMB*RrPC(I)

IF(IREG .EQ. 2) X5QC(I)=AC(I)
IF(IRBG .BQ. 3) XXX(I)=B(I)
IF(IRBG .BQ. 4) IHEM
XXX(NN+I)=AC(I)
NNNNW+NC

XXX(NNN+I)=B(I)
NNNN=NNN4-NC
XXX(NNNN+I)=C(I)
imNt^NNNN+NC

ENDIF

14 CONTINUE

GO TO 101

7 DO 16 1=1,NC
RrO=R*TC(I)
Rrp=Rrc/Pc(i)

0MA1(I) =( (l.+(C3M(I)-l.) *ZC(I)) **3)
aMBl(I)=OM(I)*ZC(I)
ALFA(I) =(1.+(C»1(I) -3.) *ZC(I) )/(CM(I)*ZC(I))
BEIA(I)-( (ZC(I) **2) *((C»1(I) -1,) **3)+2.* (OM(I) **2) *ZC(I)+
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1 CM(I)* (1.-3. *ZC(I)))/ ((CM(I) **2) *ZC(I))

AC (I) =CMA1 (I) *Rrp*Rrc
B(I)=CMBl(I)*RrP
AM(I) =0.163101+0.862083*W(I) +0.227229* (W(I) **2)

1 -0.474979*(W(I)**3)

IF(IRE3G .EQ. 2) XXX(I)=AC(I)
IF(IRE)G .BQ. 3) XXX(I)=B(I)
IF(IRE)G .EQ. 4) THEN

NNN=NN+I

N3=NN+NC+I

N4=NN+NC+NCH

N5=NN+NCfN0fNC+I
XXX(NNN)=AC(I)
XXX(N3)=B(I)
XXX(N4)=ALFA(I)
XXX(N5)=BErA(I)

ENDIF

16 OQNTINUE

do 1101 i=l,n5
write(6,*)' the MQ£(',i,')= xxx(i)

1101 continue

GO TO 101

101 RE?IURN

EtnD
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c

C c
C TEJIS SUBECTTINE IS FOR INITIAIIZING IF NECESSARY C
C C

C

SUBRCUTINE INIT2

OCSMMCar /a/ PC(100),TC(100),W(100),AK(100),Z(100),X(100),Y(100),AL
CXDMMON /C/R,FL(100) ,FV(100) ,NC,T0L,CNAME(100,2) ,ALFSQ(100) ,B(100) OCMMON
/B/ AO,BO,ER,AAM,EM,T,P,ITER,VL,W,AMW(100) ,DU(100,100)

OCMMDN /D/ AC(IOO) ,AM(100) ,IEOS,TR(100) ,N0
(XMMON /E/ NTL,ZZJ(100,100),AKJ(100,100),XE(100,100),

1 YE(100,100) ,T0TAL(100)
OCMMON /G/ XXX(IOO)
COMMON /N/ NN
COMMON /U/ idd, jdd,3«3d

IF (T .EQ. 0. .AND. P .EQ. 0.) STOP
C T=5. * (T-32. )/9+273.15
C P=P/14.696

SUM=0.

DO 100 I=1,NC
SUM=SUMfZ(I)
WEaTE(NO,*) I,AK(I)

call count(idd,jc3d,3«3d,no)
100 CONTINUE

IF (SUM .GT. 0.) GO TO 200

200 WRITE(6,*) »D0 YCU WANT ANEW COMPOSITIO? O-NO 1-YES*
READ(5,*) INEW
IF (INEW .EQ. 1) RETURN

C 1 FORMATC enter T (DBG F) AND P (PSIA): '$)
C 2 FORMAT(* ENTER COMPONENT MOLE FRACTIONS; •)
C 3 FORMAT(* COTONENT ',I3,*:»$)
C 4 PORMAT(» DO YCU WANT TO ENTER NEW COMPOSITIONS? O-NO, 1-YES:
C 5 FORMATC AK(',I1, •)=:',E10.4)

return
END
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C C
C TEGS SUBROUTINE IS TO EVAIUATE THE FLASH CALCUIATIONS FOR THE C
C USE OF ANY OF IHE C2iOSEN EOS. C
C C

c

c

c

c

SUBROUTINE FLASH

OCMMON /V PC(100),TC(100),W(100),AK(100),Z(100),X(100),Y(100),AL
COMMON /C/R,FL(100) ,FV(100) ,NC,T0L,QIAME(100,2) ,ALFSQ(100) ,B(100)
OCMMON /B/ AO,BO,ER,AAM,EM,T,P,ITER,VL,W,AMW(100),DU(100,100)
OCMMON /D/ AC(IOO) ,AM(100) ,IB0S,TR(100) ,N0
cxmm /E/ NrL,zzj(ioo,ioo),AKr(ioo,ioo) ,xE(ioo,ioo),

1 YE(100,100) ,T0TAL(100)

0CWM3N /G/ XXX(IOO)
OCMMON /N/ NN
OCMMON /U/ idd, jdd,kdd
DATA IFLMAX /50/

INinALrZING FOR CALCUIATION

IF (AL .EQ. 0.) AIr=0.5
SUM1=0.

SUM2=0.

IFIf^I

DO ICQ I=1,NC
if(ak(i) .gt. ICQ)ak(I) =1.25
if(a]c(i) .It. l.e-6)ak(I)=.25

SUM1=SUM1+AK(I) *Z(I)
SUM2=SUM2+Z (I)/AK(I)

100 CONTINUE

IF (SUMl .GT. 1. .AND. SUM2 .GT. 1.) GO TO 500
IF (SUMl .GT. 1.) GO TO 200
WRITE (NO,*) 'SINCaE HiASE HECSUID AT ITERATION:

1 ITER, (AK(I),I=1,NC)

X(I)=Y(I)
GO TO 800

200 WRITE(NO,*) •SINGLE FHASE VAPOR AT ITERATION: »,
1 ITER, (AK(I),I=1,NC)
Y(I)=X(I)
GO TO 800

500 F=0,
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c

C THIS IS NEWTON RALPHSON METHOD
C

DFDIi=0.

DO 600 1=1,NC
AK1=1.-AK(I)
DFDIi=DFDIi-Z (I) *AK1**2/ (AL*AKL+AK(I)) **2
F^F+Z (I) *AK1/ (AKl*AIjfAK(I))

600 CONTINUE

IEI>IFIxH
IF (IFL .GT. IFIMAX) GO TO 9000
DIi=-F/DFDL
AIi=AIjfDL
IF (AL .IT. 0.) AIi=l.E-6
IF (AL .GT. 1.) AIf=.999999

IF (ABS(DL) .GT. TOL) GO TO 500
IF (ABS(F) .GT. TOL) GO TO 500

800 DO 700 I=1,NC
X(I) =2 (I)/(AIH-AK(I) * (1.-AL))
Y(I) =AK(I)*Z(I)/(ALI-AK(I) * (1.-AL))

700 CONTINUE

RETURN

9000 WRITE(N0,3)
call oount(idd,jdd,kdd,no)

STOP

C 1 FORMAT(» SINGLE PHASE LIQUID AT ITERATION: •,I3,5X,
C * » KVAIUES; •,5E20.4/13X,5E20.4)
C 2 PORMATC SINGLE PHASE VAPOR AT ITERATION: •,I3,5X,
C * • KVALUES: ' ,5E20.4/13X,5E20.4)

3 FORMAT(» MAX ITERATION COUNT EXCEEDED IN FIASH. •)

END

141



C

C

C

C

THIS SOBEOTTINE IS TO GLAOJIATE THE FOGACITIES BY USING
THE SRK EOS

C

SUBRCUTINE PUGACB (XX,F,LV,XXX)

C

C

C

C

C

ccmm

oomon

COMMON

OOS^MON

COMMON

L

COMMON

COMMON

ccmoN

/V PC(IOO) ,TC(100) ,W(100) ,AK(100) ,Z(100) ,X(100) ,Y(100) ,AL
/C/R,FL(100) ,FV(100) ,NC,TOL,CNAME(100,2) ,ALFSQ(100) ,B(100)
/B/ AO,BO,ER,AAM,BM;T,P,ITER,VL,W,AMW(100) ,DU(100,100)
/D/ AC(IOO),AM(100),IBOS,TR(100),N0
/E/ NTL,ZZJ(100,100) ,AKJ(100,100) ,XE(100,100),

YE(100,100) ,T0TAL(100)
/N/ NN
/U/ ic3d,jdd,kdd
/SIR/ IREG

DIMENSION XX(IOO) ,ACU(100,100) ,AU(100,100) ,F(100) ,XXX(100)
DIMENSIC2T ACU0(100,100) ,SA(100) ,AMOT(100) ,SAB(100) ,TEMP(100)

CCl=1.0+SQiRT(2.0)
CC2=2.0-CC1

CC3=CC2-0C1
EM=0.

CONVERTING THE PARAMETERS BACK WHEN IT HAS BEEN CHANGED

DO 6 I=1,NC

IF(IRBG .EQ. 2) AC(I)=XXX(I)
IF(IREG .EQ. 3) B(I) =XXX(I)
IF(IRBG .EQ. 4) THEN
AC(I)=XXX(I+NN)
B(I) = XXX(I+NC+NN)
ENDIF

ACU(I,I)=AC(I)
ACU0(I,I)=AC(I)
DU(I,I)=0.0
AMOT(I)=AM(I)/SQRT(TC(I))

IF(NC.BQ.l) GO TO 2002

NN=0

DO 10 1=2,NC
IM1=I-1
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DO 10

DU(I,I)=0.

IF(IRE)6 .BQ. 1 .OR. IRBG .BQ. 4)THEN
NN=NN+1

DU(I,J)=XXX(NN)
ENDIF

DU(J,J)=DU(I,I)
DXJ(J,I)=DU(I,J)
IF (DU(I,J) .GE. 1.0 )DU(I,J)=.05

ACUO(I, J)=SQRT(AC(I)*AC(J))
ACU(I,J) =ACU0(I,J)*(1.-DU(I,J))
ACUO(J, I) =:ACU0 (I,J)

10 ACU(J,I)=ACU(I,J)
2002 DO 1 1=1,NC

ALFSQ(I)=1.0+AM(I) *(1.0-SQRr(T/TC(I)))
1 AU(I,I)=ACU(I,I)*ALFSQ(I)*ALFSQ(I)

IF(NC.EQ.l) GO TO 202

DO 2 I=2,NC
IM1=I-1

DO 2 J=1,IM1
AU(I,J) =ACU(I,J) *ALFSQ (I) *AIFSQ(J)

2 AXJ(J,I)=AU(I,J)
C

C CAICUIATING THE MIXING PARAMETEE^S BY USING THE MIXING RDLES
0

202 AAM=0.0

DO 3 1=1,NC
SA(I)=0.0
DO 4 J=1,NC

4 SA(I)=SA(I)+XX(J)*AU(I,J)

AAM=AAMfXX(I) *SA(I)
3 E®^EJ«-B(I)*XX(I)

AA=P*AAI^ (R**2*T**2)
BB=P*HV(R*T)
CO=-(AA*BB)
C1=AA-BB**2-BB
C2=-(l.)

C

C CALLING THE CUBIC SUBROUTINE TO SOLVE THE EQUATION
C WHICH IS IN CUBIC FORM AND (3E7ITING THE COMHRESSIBILTY
C OUT FOR CALCUIAnON
C

CALL CUBE(C2,C1,C0,Z1,Z2,Z3,IEXIT)

RTP=R*T/P
V1=Z1*RTP
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V2=Z2*RrP

V3=Z3*RrP

V=V1

IF (lEXET .BQ. 1) GO TO 500
IF (LV .EQ. 2) GO TO 200

C UQCJID EflASE - V MINIMUM.

IF (V2 .nr. V) v=v2
IF (V3 .LT. V) V=V3
GO TO 500

C VAPOR PHASE - V MAXIMUM.

200 IF (V2 .GT. V) V=V2
IF (V3 .GT. V) V=V3

500 IF (LV .EQ. 1) VL=V
IF (LV .EQ. 2) VV=V

IF (LV .EQ. 1) ZZ = (P*VL)/(R*T)
IF (LV .EQ. 2) ZZ = (P*VV)/(R*T)

C

C CSMjCUIATING IHE FUGACETIES
C

ZMBB= ZZ-BB
AIN = -AIDG(ZMBB)
BI1^AA*AL0G( (l.+BB/ZZ))/BB

DO 33 1=1,NC
BIOB=B(I)/EM
SAB(I)=SA(I) *2./AAM-BI0B
TEMP(I)=(ZZ-1.) *BIOB-BIN*SAB(I)
POXP=<EEMP(I)+AIN
FI=XX(I) *P*EXP(POXP)

IF (LV .EQ. 1) FL(I)=FI
IF (LV .EQ. 2) FV(I)=FI

33 CONTINUE

REIURN
END
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<«S

,<9^

Vw.

THIS SUBROUTINE IS TO CaLQULATE THE HJGACITIES BY PR BOS

********************************************************************
C

SUBRCOTINE RJGAC4(XX,F,LV,XXX)

CXWMON /V PC(100),TC(100),W(100),AK(100),Z(100),X(100),Y(100),AL
OCMMON /C/R,FL(100) ,BV(100) ,NC,TOL,CNaME(100,2) ,ALreQ(100) ,B(100)
CXMDN /B/ AD,BO,ER,AAM,EM,T,P,ITER,VL,W,AMW(100) ,DU(100,100)
COMMON /D/ AC(100),AM(100),IBOS,TR(100),NO
CX2MM0N /E/ NTL,ZZJ(100,100),AKJ(100,100),XE(100,100),

1 YE(100,100),total(100)
OCMMDN /U/ idd, j(3d,]<dd
OCMMON /GG/ NN
COMMON /REV IRBG
DIMENSION XX(IOO) ,ACU(100,100) ,AU(100,100) ,F(100) ,XXX(100)
DIMENSION ACU0(100,100) ,SA(100) ,AMOT(100) ,SAB(100) ,TEMP(100)

C

C

OC1=1.0+SQRT(2.0)
002=2.0-CCl
CC3=0C2-CC1
m=o.

DO 6 1=1,NC

IF(IRBG .EQ. 2) AC(I)=XXX(I)
IF(IREG .BQ. 3) B(I) =XXX(I)
IF(IRE)G .BQ. 4) THEN
AC(I)=XXX(I+NN)
B(I) = XXX(I+NOfNN)
ENDIF

ACU(I,I)=AC(I)
ACUO(I,I)=AC(I)
DU(I,I)=0.0
AMOT(I)=AM(I)/SQRT(TC(I))
IF(NC.BQ.l) GO TO 2002
NN=0

DO 10 1=2,NO
IM1=I-1

DO 10 J=1,IM1
DU(I,I)=0.

IF(IREG .BQ. 1 .OR. IRBG .BQ. 4)THEN
NN=NN+1

DU(I,J)=XXX(NN)
ENDIF
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DU(J,J)=DU(I,I)
DU(J,I)=DU(I,J)
IF (DU(I,J) .GE. 1.0 )DU(I,J)=.05

C WRITE(NO,*) •DU(»,I,J,') = ',011(1,J)
ACUO(I,J)=nSQRT(AC(I)*AC(J))
ACU(I,J) =ACU0(I,J)*(1.-DU(I,J))
ACUO (J, I) =ACUO(I,J)

C WRITE(6,*) »THE AXJC(',I,J, •)IS = SACUri.J)
10 ACU(J,I)=ACU(I,J)
2002 DO 1 1=1,NC

ALFSQ(I)=1.0+AM(I)*(1.0-SQRT(T/TC(I)))
1 AU(I, I) =ACU(I, I) *AIiFSQ (I) *ALESQ (I)

IF(NC.EQ.l) GO TO 202

DO 2 1=2,NC
IM1=I-1

DO 2 J=1,IM1
AU(I,J)=ACU(I,J) *ALFSQ(I) *AIESQ(J)

2 AU(J,I)=AU(I,J)

C

C CAiaiLATING THE MIXING PARAMETERS BY USING THE MIXING RULES
C

202 AAM=0.0

DO 3 I=1,NC
SA(I)=0.0
DO 4 J=1,NC

4 SA(I)=SA(I)+XX(J)*AU(I,J)

AAM=AAMfXX(I) *SA(I)
3 BM=H)lfB(I)*XX(I)

AA=P*AAM/ (R**2*T**2)
BB=P*E»^(R*T)
C0=- (AA*BB-BB**2-BB**3)
Cl=AA-3*BB**2-2*BB
C2=-(1.-BB)

C

C CALLING THE CUBIC SOLVER TO FIND THE RIGHT Z
C

CALL aJBE(C2,Cl,C0,Zl,Z2,23,IEXIT)

RTP=R*T/P
V1=Z1*RTP

V2=Z2*RTP

V3=Z3*RTP

IF (lEXlT .BQ. 1) GO TO 500
IF (LV .EQ. 2) GO TO 200

LEOTD HJASE - V MINIMUM.
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IF (V2 .ET. V) V=V2
IF (V3 .Ur. V) V=V3
GO TO 500

C VAPOR HiASE - V MAXIMUM.

200 IF (V2 .GT. V) V^V2
IF (V3 .GT. V) V=V3

500 IF (LV .EQ. 1) VI>V
IF (LV .EQ. 2) VV=V

IF (LV .BQ. 1) ZZ = (P*VL)/(R*T)
IF (LV .EQ. 2) ZZ = (P*VV)/(R*T)

C

C CALjCUIATING the fcjgacities
c

ZMBB= ZZ-BB

AIN = -AIiOG(ZMBB)
BIN=AA*Aia3( (ZZ+0C2*BB)/(ZZ+<X!1*BB))/BB/CX;3

DO 33 1=1,NC
BIOB=B(I)/EM
SAB(I)=SA(I) *2./AAM-BI0B
TEMP(I) =(ZZ-1.) *BIOB-BLN*SAB(I)
FOXEfc<CEMP(I)+AIN
FI=XX(I) *P*EXP(K)XP)

IF (LV .EQ. 1) FL(I)=FI
IF (LV .EQ. 2) FV(I)=FI

33 CONTINUE

RETURN

END
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C

C

c

c

THIS SUBROUTINE IS TO CALCUIATE THE FUGACITIES BY USING
THE PT BOS

C

SUBROUTINE PUGAC5(XX,F,LV,XXX)

COMMON /A/ PC(100),TC(100),W(100),AK(100),Z(100),X(100),Y(100),AL
COMMON /C/R,FL(100) ,FV(100) ,NC,TOL,CNAME(100,2) ,AIESQ(100) ,B(100)
COMMON /B/ AD,BO,PR,AAM,BM,T,P,ITER,VL,W,AMW(100),DU(100,100)
COMMON /D/ AC(IOO) ,AM(100) ,IBOS,TR(100) ,N0
COMC«DN /E/ NTL,ZZJ(100,100) ,AKJ(100,100) ,XE(100,100),

1 YE(100,100),total(100)
CCMM3N /P/ C(IOO)
COMMDN /H/ NN
CCMMON /U/ idd, jdd,]cdd
COMMON /Riy IRBG
DIMENSION XX(IOO) ,ACU(100,100) ,AU(100,100) ,F(100) ,XXX(100)
DIMENSION ACU0(100,100) ,SA(100) ,AMOT(100) ,SAB(100) ,TEMP(100)

C

c

B§=0.

CM=0.

DO 6 1=1,NC

IF(IRBG .EQ. 2) AC(I)=XXX(I)
IF(IRBG .EQ. 3) B(I) =XXX(I)
IF(IREG .EQ. 4) THEN

AC(I)=XXX(NN+I)
NNI^^+NC

B(I)=XXX(NNN+I)
NNNN=NNN+NC

C(I)=XXX(NNNN+I)
ENDIF

ACU(I,I)=AC(I)
ACUO(I,I)=AC(I)
DU(I,I)=0.0
AMOT(I)=AM(I)/SQRT(TC(I))
IF(NC.EQ.l) GO TO 2002

NI^O

DO 10 1=2,NC
IM1=I-1

DO 10 J=1,IM1
DU(I,I)=0.
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IF(IRBG .EQ. 1 .OR. IREG .EQ. 4)1HEIN
NN=NN4-1

DU(I,J)=XXX(NN)
ENDIF

DU(J,J)=DU(I,I)
DU(J,I)=DU(I,J)
IF (DU(I,J) .GE. 1.0 )DU(I,J)=.05

ACUO(I,J)=SQRr(AC(I) *AC(J))
ACU(I,J) =ACaiJO(I,J)*(l.-DU(I,J))
ACLTO (J, I)=ACUO (I,J)

10 ACU(J,I)=ACU(I,J)
2002 DO 1 1=1,NC

ALFSQ(I)=1. CH-AM(I) * (1.0-SC2RT(T/TC(I)))
1 AU(I,I)=ACU(I,I)*ALFSQ(I)*AIESQ(I)

IF(NC.EQ.l) GO TO 202

DO 2 I=2,NC
IM1=I-1

DO 2 J=1,IM1
AU(I,J) =ACLJ(I,J) *ALFSQ(I) *ALFSQ(J)

2 ALJ(J,I)=AU(I,J)

202 AAt^.O

DO 3 I=1,NC
SA(I)=0.0
DO 4 J=1,NC

4 SA(I)=SA(I)+XX(J)*AU(I,J)

C

C CAKUIATING 1HE MIXING PARfiMBTEE^S BY USING IHE MIXING RULES
C

AfiM=AAMfXX(I) *SA(I)
CM=CMfC(I)*XX(I)

3 H^EMfB(I)*XX(I)
AA=P*AAIV (R**2*T**2)
bb=p*bv'(R*t)
CX5=P*aV(R*T)
C0= (BB**2) *00fBB*CX:-AA*BB
Cl=-(BB**2+2. *BB*OOBBfCC-AA)
c2=-(i.-cx:)

c

C CALLING TEffi CUBIC SOLVER TO GET THE RIGHT Z
C

CALL CUBE(C2,C1,C0,Z1,Z2,Z3,IEXIT)

RTP=R*T/P
V1=Z1*RTP
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V2=Z2*RrP

V3=Z3*RrP

V=V1

IF (mrr .eq. i) go to 500
IF (LV .EQ. 2) GO TO 200

C UQUID PEmSE - V MENIMCM.

IF (V2 .nr. V) V=:V2
IF (V3 .UP. V) V=V3
GO TO 500

C VMPGR PHASE - V MAXIMDM.

200 IF (V2 .GT. V) V=V2
IF (V3 .GT. V)

500 IF (LV .EQ. 1) VIf=V
IF (LV .EQ. 2) W=V

IF (LV .EQ. 1) ZZ = (P*VL)/(R*T)
IF (LV .EQ. 2) ZZ = (P*VV)/(R*T)

C

C CMJJJUnnNG THE HJGACinES
C

ZMBB= ZZ-BB

AIN = -AIDG(ZMBB)

QQ=(V) + ((BJtH3!)/2.)
EM=SQRT (EM*CMf ((EMKM) **2/4.))
DO 33 I=1,NC

F1=B(I)/(V-BM)
F21=AI0G( (QC^EM)/ (QQ-EM))
F2=- (SA(I)/ (nyi*R*T)) *F21
F31=AAM*(B(I)+C(I))
F32=(2. *R*T* (QQ**2-EM**2))
F3=F31/F32
F41=(AAM* (C(I) *(3. *EMfCM) +B(I)*(3. *a«-EM)))/ (8. *R*T* fEM**3))
F42=F21-(2. *QQ*EM) / (QQ**2-EM**2)
F4=F41*F42

F0XP=AIN+F1+F2+F3+F4
FI=XX(I) *P*EXP(FOXP)

IF (LV .EQ. 1) FL(I)=FI
IF (LV .EQ. 2) FV(I)=FI

33 ODNTINUE

REIURN

END
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C

C

C

C

THIS SUBEmnNE IS TO CALOJIATE THE HJGACITIES BY USING
THE SW BOS

C

SUBROUTINE FUGAC6(XX,F,LV,XXX)

C

c

CCMMON

COMMON

COMMON

COMMON

COMMON

L

COMMON

COMMON

COMMON

COMMON

/V PC(IOO) ,TC(100) ,W(100) ,AK(100) ,Z(100),X(100) ,Y(100) ,AL
/C/R,FL(100) ,F7(100),NC,TOL,CNAME(100,2) ,ALPSQ(100) ,B(100)
/B/ AO,BO,ro,AAM,EM,T,P,ITER,VL,W,AMW(100) ,DU(100,100)
/D/ AC(IOO) ,AM(100) ,IE0S,TR(100) ,N0
/E/ NTL,ZZJ(100,100) ,AKT(100,100) ,XE(100,100),

YE(100,100),T0TAL(100)
/N/ NN
/P/ C(IOO)
/U/ idd,jc3d,kdd
/F(R/ IRE6

DIMENSIC»I XX(IOO) ,ACU(100,100) ,AU(100,100) ,F(100) ,XXX(100)
DIMENSION ACU0(100,100) ,SA(100) ,AMOT(100) ,SAB(100) ,TEMP(100)
DIMENSION DZZ(IOO) ,BET(100) ,ALF(100) ,U(100)

EM=0.

WM=0.

DO 6 I=1,NC

IF(IREG .BQ. 2) AC(I)=XXX(I)
IF(IRBG .EQ. 3) B(I) =XXX(I)
IF(IREG .BQ. 4) THEN
AC(I)=XXX(I+NN)
NNN=NNfNC

B(I)=XXX(I+NNN)
NC0=N04-NNN
W(I)=XXX(I+NOC)
ENDIF

ACU(I,I)=AC(I)
ACUO(I,I)=AC(I)
DU(I,I)=0.0
AMOT(I)=AM(I)/SQRr(TC(I))
IF(NC.EQ.l) GO TO 2002

NN=0

DO 10 1=2,NC
IM1=I-1

DO 10 J=1,IM1
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DU(I,I)=0.

IF(IREG .EQ. 1 .OR. IPEG .BQ. 4)THEM
NN=NN+1

DU(I,J)=XXX(NN)
ENDIF

DU(J,J)=DU(I,I)
DU(J,I)=DU(I,J)
IF (DU(I,J) .GE. 1.0 )DU(I,J)=.05

ACUO(I, J)=SQRT(AC(I) *AC(J))
ACU(I,J) =ACU0(I,J)*(1.-DU(I,J))
ACUO(J, I) =ACUO(I,J)

10 ACaQJ(J,I)=ACU(I,J)
2002 DO 1 1=1,NC

IF(TR(I) .GT. l.)G0T0 1111
ALFSQ(I)=1.0+AM(I)*(1.0-SGRT(T/TC(I)))

nil ALPSQ(I) =(1.-(0.4774+1.328*W(I))*(AIDG(TR(I))))**(1./2.)
1 AU (I, I) =ACU (1,1) *ALFSQ(I) *ALFSQ(I)

IF(NC.EQ.l) GO TO 202

DO 2 I=2,NC
IM1=I-1

DO 2 J=1,IM1
AU(I,J)=ACU(I,J) *ALFSQ(I) *ALFSQ(J)

2 AXJ(J,I)=AU(I,J)
C

C CAIiUJIATIND THE MIXING PARAMETERS BY USING Tfffi MIXING RULES
C

202 AAI^=0.0

DO 3 I=1,NC
SA(I)=0.0

SSA=0.0

SSB=0.

DO 4 J=1,NC

SSA=SSA+W(I) *XX(I)* (B(I) ** (.7))
SSB=SSBfXX(I) * (B(I) ** (. 7))

4 SA(I)=SA(I)+XX(J)*AU(I,J)

AAM=AAMI-XX(I) *SA(I)
SSA/SSB

3 EM=B«-B(I)*XX(I)
A^^P*AA^V (R**2*T**2)
BB=P*E^(R*T)
m=m
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C0=(BB**3+BB**2) * (3. *WW) -AA*BB
Cl=-( (l.+6.*WW) *BB**2+(1.+3.*WW) *BB-AA)
C2=-(1.-3.*WW*BB)

C

C CALLING THE CUBIC SOLVER TO FINDING THE RIGHT Z
C

CALL aJBE(C2,Cl,C0,Zl,Z2,Z3,IEXIT)

RTP=R*T/P
Vl=Zl*RrP

V2=Z2*RrP
V3=Z3*RrP

V=V1

IF (lEXiT .EQ. 1) GO TO 500
IF (LV .EQ. 2) GO TO 200

C LIOTD IHASE - V MINIMDM.

IF (V2 .LT. V) V^V2
IF (V3 .IT. V) V^V3
GO TO 500

C VAPOR PHASE - V MAXIMUM.

200 IF (V2 .GT. V) V=V2
IF (V3 .GT. V) V=V3

500 IF (LV .EQ. 1) VIi=V
IF (LV .EQ. 2) W=V

IF (LV .EQ. 1) ZZ = (P*VL)/(R*T)
IF (LV .EQ. 2) ZZ = (P*VV)/(R*T)

C

C CALCUIATING THE HJGACITIES
C

UMIX=1.+3.*WM
SMIX=SQRr(l]MIX**2+4. *UMIX-4.)
VMIN= (ZZ*R*T) /EH- (UMIX-SMIX) *m/2.
VPLS=(ZZ*R*T)/PH(UMIX+SMIX) *m/2.
BBB=SMIX*BM

ZMBB= (ZZ*R*T/P)-EM
AIN = AIDG(ZMBB)

DO 33 1=1,NC

U(I)=1.+3.*W(I)
BEa'(I) =SMIX*B(I) +(DZZ (I) / (SMIX*XX(I))) *
1 (U(I) -UMIX) * (2. *UMIX) *EM
ALF(I) =CMIX*B(I)+(DZZ (I)/XX(I)) * (U(I)-UMIX) *EM
F1=R*T*(AIN- (B(I)/ZMBB))
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F2=(A]X)G(VPIS/VMIN)/BBB)*(2.*SA(I)-(AMVBBB) *BEr(I))
F3=(AA^/ (2. *BBB)) *( (ALF(I) +BEr (I))/VPIS- (ALF(I) -BET(I)) /VMIN)

FOXP=-(FH-F2+F3)/(R*T)
FI=XX(I)*P*(EXP(POXP))

IF (LV .BQ. 1) FL(I)=FI
IF (LV .EQ. 2) FV(I)=FI

33 ccmmjE

RBIURN

END

/9V
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C 1HIS SUBEOTTINE IS TO CALOCJIATE THE lUGAdTlES USING THE LLS BOS C
C c

C

SUBROUTINE FUGAC7(XX,F,LV,XXX)

COMMON /V PC(100),TC(100),W(100),AK(100),Z(100),X(100),Y(100),AL
OCMMON /C/R,FL(100) ,FV(100) ,NC,TOL,CNAME(100,2) ,ALESQ(100) ,B(100)
C3CMMQN /B/ AO,B0,PR,AAM,EM,T,P,ITER,VL,W,AMW(100) ,DU(100,100)
(xmatj /D/ AC(ioo) ,am(ioo) ,ibos,tr(ioo) ,no
OOa«MDN /E/ NTL,ZZJ(100,100),AKr(100,100),XE(100,100),

1 YE(100,100) ,T0TAL(100)
COMMON /GG/ NN
COMMON /O/ ALPA(IOO) ,BETA(100) ,CM(100) ,ZC(100)
COMMON /U/ idd, jdd,]<dd
COMMON /REV IREG

C

C

DIMENSION XX(IOO) ,ACU(100,100) ,AU(100,100) ,F(100) ,XXX(100)
DIMENSION ACU0(100,100) ,SA(100) ,AMOT(100) ,SAB(100) ,TEMP(100)

CC1=1.0+SQRT(2.0)
CC2=2.0-CC1
CC3=OC2-OCl

EM=0.

DO 6 1=1,NC

IF(IRBG .EQ. 2) AC(I)=XXX(I)
IF(IREG .BQ. 3) B(I) =XXX(I)
IF(IRBG .BQ. 4) THEN

NNN=NN+I

N3=NN+NOfI

N4=NN+NOfNOfI

N5=NN+NOfNCfNOfI
AC(I)=XXX(NNN)
B(I)=XXX(N3)
ALFA(I)=XXX(N4)
BBEA(I)=XXX(N5)
ENDIF

ACU(I,I)=AC(I)
ACUO(I,I)=AC(I)
DU(I,I)=0.0
AMOT(I)=AM(I)/SQRT(TC(I))
IF(NC.EQ.l) GO TO 2002

NN=0
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DO 10 1=2,NC

DO 10 J=1,IM1
DU(I,I)=0.

IF(IRBG .BQ. 1 .OR. IRBG .EQ. 4)1HEN
Nl^NN+1

DU(I,J)=XXX(NN)
ENDIF

DU(J,J)=DU(I,I)
DU(J,I)=DU(I,J)
IF (DU(I,J) .GE. 1.0 )DU(I,J)=.05
ACUO(I,J)=nSQ!Rr(AC(I) *AC(J))
ACU(I,J) =ACU0(I,J)*(1.-DU(I,J))
ACEJO (J, I) =ACUO(I,J)

10 ACaiJ(J,I)=ACU(I,J)
2002 DO 1 I=1,NC

ALPSQ(I)=1.0+AM(I) *(1.0-SQRT(T/TC(I)))
1 AU(I,I)=ACU(I,I)*ALFSQ(I)*ALFSQ(I)

IF(NC.EQ.l) GO TO 202

DO 2 I=2,NC
IM1=I-1

DO 2 J=1,IM1
ALJ(I,J)=ACaiJ(I,J) *ALESQ(I) *ALFSQ(J)

2 AU(J,I)=AU(I,J)

C

C CS^IOJIATING THE MIXING PARAMBIERS BY USING THE MIXING RULES
C

202 AAKNO.O

ALFl^O.

BE?IM=0.

DO 3 I=1,NC
SA(I)=0.0
DO 4 J=1,NC

4 SA(I)^(I)+XX(J)*AU(I,J)
AM^AAMfXX(I) *SA(I)

BETO=BBIMfXX(I) *BBIA(I)
ALFM=Ai™-XX(I) *ALFA(I)

3 EM=B«-(B(I))*XX(I)
AA=P*AAH^ (R**2*T**2)
BB=P*BM/(R*T)
C0=-(AA*BB-BBIM* (BB**2+BB**3) )
C1=AA-ALFM*BB- (BETIMfALFM) * (BB**2)
C2=- (1.+(1. -ALFM) *BB)
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c

C CALLING THE CUBIC SOLVER TO FIND THE lOIGEir Z
C

CALL aJBE(C2,Cl,C0,Zl,Z2,Z3,IEXIT)

RrP=R*T/P
vi=zi*Rrp

V2=Z2*RrP

V3=Z3*RrP

V=V1

IF (lEXET .EQ. 1) GO TO 500
IF (LV .BQ. 2) GO TO 200

C LIQUID FHASE - V MINIMUM.

IF (V2 .LT. V) V=V2
IF (V3 .nr. V) V=V3
GO TO 500

C VAPOR HiASE - V MAXIMUM.

200 IF (V2 .GT. V) V=V2
IF (V3 .GT. V) V^V3

500 IF (LV .EQ. 1) VL=V
IF (LV .EQ. 2) VV=V

IF (LV .EQ. 1) ZZ = (P*VL)/(R*T)
IF (LV .EQ. 2) ZZ = (P*W)/(R*T)

C

C CAIiCUIATING THE FUGACTEEES
C

Q1=AV (BB* (ALFM**2+4. *BEIM) **(1./2.))
Q2=ZZ+ (ALM- (ALEM**2+4. *BEIM) **(1./2.)) *(BB/2)
Q3=ZZ+ (ALFM- (AGFM**2+4. *BEIM) ** (1 ./2.)) * (BB/2)
QO=Q1*(ADOG(Q2/Q3))
SS=((ZZ/(ZZ-BB))-ZZ-QQ)
Sl=( (ZZ/ (ZZ-BB)) -ZZ-QQ) *((ALPM**2)/ (ALFM**2+4. *BEIM))
82=( (BB/ (ZZ-BB)) -BB) *((2. *ALFM*BBIM) / (ALFM**2+4. *BEIM))
S3=((ZZ/(ZZ-BB)) -ZZ-QQ) *( (4. *BEIM)/ (ALFM**2+4. *BEfIM))

ZMBB= ZZ-BB

AIN = -AIOG(ZMBB)

DO 33 I=1,NC
BIOB=B(I)/BM

SAB(I) =SA(I) *2 ./AAM-BIOB
TEMP(I)=(ZZ-1.) *BIOB
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F1=-SAB(I)*QQ
F2=SS- (ALFA(I) * (S1-S2)/ALBM)

^ F3=- (BETA(I) ** (1./2.)) * (S3+S2)/ (BEIM** (1./2.))
F4=TEMP(I)+ALN

K)XP=F1+F2+F3+F4
FI=XX(I) *P*EXP(FOXP)

IF (LV .EQ. 1) FL(I)=FI
^ IF (LV .BQ. 2) FV(I)=FI

33 CONTINUE

REIURM

END
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c C
C THIS SUBROUTINE IS TO FKENT THE RESUIflS WHEN IT IS BEEN ASKED C
C C

C

SUBEOTTINE HOT

CX»M3N /V PC(100),TC(100),W(100),AK(100),Z(100),X(100),Y(100),AL
OCa«MON /C/R,FL(100) ,FV(100) ,NC,TOL,CNAME(100,2) ,ALESQ(100) ,B(100)
CXMra /B/ AD,BO,ER,AAM,EM,T,P,ITER,VL,W,AMW(100),DU(100,100)
OCMOT /D/ AC(IOO) ,AM(100) ,IB0S,TR(100) ,N0
OCMMQM /E/ NTL,ZZJ(100,100),AKJ(100,100),XE(100,100),

1 YE(100,100) ,T0TAL(100)
aaWN /G/ X5QC(100)
CTMMON /U/ ic2d, jdd,kdd

TOUT= (T-273.15) *9/5+32.
KXJ]>=P*14.696

WRITE (NO,1) TOUT, POUT, ITER
call count (ic3d,jdd,kdd, no)
AVMW]>0.

AVMWV=0.
C

C PRINT OUT THE CALCULTAED RESUIUS
C

DO 100 1=1,NC
WRrrE(N0,2) (OBSMEd.J) ,J=1,2) ,Z(I) ,X(I) ,Y(I) ,FL(I) ,IV(I) ,AK(I)

call oount(id(i,jd(i,]aid,no)
AVMWL=AVMWLfX(I) *AMW(I)
AVMWV^AVMWV+Y(I) *AMW(I)

100 CONTINUE

C

C PRINTING THE VALUES OF DENSITIES, AND TOTAL MOLE ERACTIQNS
C

RHOL=AVMWVVL
KH0V5=AVMWV/W
WRITE (NO, 3) AL,VL,RHOL,W,RHOV

call ccunt(icad,jc2d,]a3d,no)
call count(idd,jdd,kdd,no)
call count(idd,jdd,la3d,no)

REIURN

1 FaRMAT(* FLASH AT •,F6.0, * OEG F AND *,F6.0, • PSIA AT ITEE^ATIO
*N ',I3//1X, •CXOT0NENT',8X,'ZSSX, »X«,8X,'Y',9X,'FL'
*,12X,'FV',12X,*KV)

2 F0RMAT(1X,2A5,3(4X,F5.4),3(4X,E10.4))
3 FQRMAT(/1X,'MOLE FRACTION LIQUID ; »,F6.4/1X,
* 'LEQUID VOLUME (OC/GMOL): \F6.1/1K,
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END

'LICXJID DENSHY (G/CC)
'VMOR VOIDME (CC/©K)L)
•VAPOR DENSHY (G/CC)
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c c
C THIS SUBROUTINE IS TO SOLVE THE CUBIC FORM OF TEJE OOMERESSIBILnY C
C FOR ANY OF THE USED EQUATIONS C
C C

SUBROUTINE CUBE(A1,A2,A3,X1,X2,X3,IEXIT)
DATA PI /3.1415927/

C

DIH=2.*PI/3.
C^=(3.*A2-Al**2)/9.
R=(9. *Al*A2-27. *A3-2. *A1**3)/54.
D=Q**3+R**2

IF(D .GE. 0) GO TO 1000
IEXrit:3

TH=AOOS (IVSGRT(-Q**3))
QS=2.*SQRr(-Q)
X1=QS*00S (TIV3.) -Al/3.
X2=QS*OOS (TH/3.+DIH)-Al/3.
X3=C(S*00S (TIV3 .+2. *DrH) -Al/3.
REHJRN

1000 IF (D .EQ. 0.) GO TO 1200
IEXIT=1

S1>=SQRT(D)
SS=(Rl-SD)**(l./3.)
RSD=R-SD

IF (R5D .GT. 0.) GO TO 1100
TI>=-(-RSD)**(1./3.)
GO TO 1150

1100 Tr=(RSD)**(l./3.)
1150 Xl=^S+TT-Al/3.

RETURN

1200 WRITE (NO,1)
call cx3unt(idd,jdd,kdd,no)
STOP

1 FQRMAT(» ECX3AL ROOTS DETECrED IN CUBE. •)
END
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***********************************************************************

THIS SUBROUTINE IS TO SOLVE THE CUBIC FORM OF THE ANY EC3UATI0NS C
IF IT IS NOT OOMPRESSIBILETY C

C

SUBROUTINE CUBE1(A1,A2,A3,DX)
DATA PI /3.1415927/
D[[»=2.*PI/3.

Q=(3.*A2-Al**2)/9.
R=(9. *Al*A2-27. *A3-2. *A1**3) /54.
D=Q**3+R**2
IF (D .GE. 0) GO TO 1000
TIt=AOOS (IV^SQRT (-Q**3))
QS=2.*SQRT(-Q)
X1=<2S*00S (TiV3.) -Al/3.
X2=QS*00S (TF^/3 .+DIH) -Al/3.
X3=QS*00S (TtV3.+2. *Um) -Al/3.

IF(X1 .GT. 0 .AND. X2 .CT. 0. .AND. X3 .GT. 0.)GO TO 1001
IF(X1 .IE. 0. .AND. X2 .IE. 0.)DX=X3
IF(X1 .IE. 0. .AND. X3 .IE. 0.)DX=X2
IF(X2 .IE. 0. .AND. X3 .IE. 0.)DX=X1
GO TO 101

1001 IF(X1 .UP. X2 .AND. XI .IT. X3)DX=X1
IF(X2 .LT. XI .AND. X2 .LT. X3)DX=X2
IF(X3 .nr. XI .AND. X3 .LT. X2)DX=X3

GO TO 101

1000 IF (D .EQ. 0.) GO TO 1200

SD=SC2RT(D)
SS=(RfSD)**(l./3.)
R5D=R-SD
IF (R5D .GT. 0.) GO TO 1100
TT=-(-RSD)**(1./3.)
GO TO 1150

1100 TT=(RSD)**(1./3.)
1150 Xl=«S+Tr-Al/3.

DX=X1

GO TO 101

1200 Xl=(2.*(R**(l./3.))-Al/3.)
X2=(- (R**(1./3.)) -Al/3.)
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IF(X1 .GT. 0. .AND. X2 .GT. 0.)GO TO 1002
IF(XI .Ifl?. 0.)DX=X2

IF(X2 .LT. 0.)DX=X1
GO TO 1003

1002 IF(XI .IT. X2)DX=X1
DX=X2

1003 WE?ITE(6,*) 'OFF TtiE TWO ROOTS', DX

101 REHJRN

END
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*********************************************************************^^

c c

c

SUBROUTINE BOTM(XXX,E,N,EF,ESCALE,IPRINT,MAXIT,DW,NI,NO,NW)

REAL*8 X(100),DW(NW)
COMMON /U/ idd, jdd,kdd
DIMENSION XXX(100),E(100)

DO 40 I=1,N
X(I)=XXX(I)

CXOTINUE40

001

002

ims IS TEE SUBEOTTINE WHICH SOLVES THE POWELL METHOD
IT WILL TAKE THE PARAMETERS (XXX) AND THE FINDS THE MINIMUME
THEN IT WILL BE TRANSFERED TO THE SUBROUTINE CALCUIATED
PUNCnON IF TEE VALUE IS WITH IN TEE TOLERANCE THEN IT WILL
STOP OTEEFWISE IT WILL CONTINUE UNTIL CONVERGES TEEN TEE
RESULTS WILL BE PRINTED FOR THE APPE^PRIATE POINTS.

WRITE (NO,001)
FQRMAT(10X, 'POWELL-BOIM OPTIMIZATIQN ROUTINE')

caU count(idd,jdd,kdd,no)
WRITE(NO,002)N,MAXIT,ESCALE, (I,X(I) ,I=1,N), (JJ,E(JJ) ,JJ=1,N)

PQRMAT(//,2X, 'PARAMETERS',//,2X, 'N=',I2,4X, 'MAXITt=»,
1 14,4X,'ESCAIE=',F5.2,//,2X,'INITIAL GUESSES',//, 6(2X,
2 •X(',12,') =»,IE16.8) ,//,2X,'ACCURACY REC3UIRED FOR
3 VARIABLES»,//,6(2X,'E(',I2,') = ',1E16.8))
call count(idd,jdd,]<dd,no)

DEMAG=1. 0*ESCAIE

SCEE^O.OS/ESCAIE

JJ=N*(Nfl)
JJJ=OJ+N
K=N+1

NFC0=1

IND=1

INN=1

DO 4 1=1,N
i:W(I)=ESCALE

DO 4 J=1,N
i:w(K)=o.
IF(I-J)4,3,4
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3 EW(K)=ABS(E(I))
4 K=K+1

ITEROl

ISGEE^AI>=2

CALL CAIJCFX(N,XXX,F)
FKEEP=2.*ABS(F)

5 ITQNE=1

FP=F

SUM=0.

IXP^JJ

DO 6 1=1,N
IXP=IXPfl

6 i:W(IXP)=XXX(I)

IDIRt^N+l

ILINB=1
7 EMAX=DW(imiE)

nACC=EMAX*SCER

EMAG=AMIN1(DEMAG, .1*EMAX)
EMAG=AMAX1 (EMAG, 20. *nACC)
DEMAX=10.*EMAG
GOTO (70,70,71),nONE

70 DIfO.

D=EMAG

FEREV=F

IS=5

FA=FEREV

DA=DL

8 DD=D-DL

DL=D

58 K=IDIRN

DO 9 I=1,N
XXX (I) =XXX(I) +DD*DW(K)

9 K=K+1

CALL CALCFX(N,XXX,F)

NFCC=NFCOfl
GO T0( 10,11,12,13,14,96),IS

14 IF(F-FA)15,16,24
16 IF(ABS(D)-EMAX) 17,17,18
17 D=DfD

GO TO 8
18 WRITE (NO, 019)
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019 FORMAT(5X, • MAXIMUM CHANG DOES NOT AliTER HJNCTION')
call cxDunt(idd, jdd,kdd,no)

GO TO 20

15 FB=F

DB=D

GO TO 21

24 FB=FA

DB=DA

FA=F

nA=D

21 GO TO (83,23),ISGARD
23 D=DBfDB-nA

18=1

GO TO 8

83 D=0.5*(DA+DB-(FA-FB)/(DA-DB))

IS=4

IF( (DA-D) * (D-DB)) 25,8,8
25 IS=1

IF(ABS (D-DB) -DEMAX) 8,8,26
26 D=Dm-SIGN(DE#4AX,DB-nA)

IS=1

DEMAX=DEMAX+DEMAX
DCMAG=:miAGfDCMAG
IF(DCMAG .GE. l.OE+30) DEMAG=1.0E+30
IF (DCMAX-EMAX)8,8,27

27 DEMAX=CMAX
GO TO 8

13 IF(F-FA) 28,23,23
28 FOFB

DO=DB

29 FB=F

DB=D

GO TO 30
12 IF (F-FB)28,28,31
31 FA=F

DA=D

GO TO 30

11 IF(F-FB)32,10,10
32 FA=FB

DA=DB

GO TO 29
71 DIi=l.

DEMAX=5.

FA=FP

DA=>-1.

FB=FHOIJD

DB=0.
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D=l.

10 FO=F

DO=D

30 A=(DB-DC)*(FA-FC)
B=(EX:-nA)*(FB-FC)

IF( (A+B) * (DA-DC)) 33,33,34
33 FA=FB

DA==DB

FB=FC

DB=DC

GO TO 26
34 D=0. 5* (A* (DB+DC) +B* (DA+DC)) / (A+B)

DI=DB

FI=FB

IF (FB-FC) 44,44,43

43 DI=DC

FI=FC
44 GOTO (86,86,85),IT0NE
85 IT0NE=2

GO TO 45
86 IF (ABS(D-DI)-DACC)41,41,93
93 IF(ABS(D-DI)-0.03*ABS(D))41,41,45
45 IF((DA-DC) * (DC-D)) 47,46,46
46 FA=FB

DA=DB

FB=PC

DB=DC

GO TO 25
47 IS=2

IF((DB-D) * (D-DC)) 48,8,8
48 IS=3

GO TO 8
41 F^FI

D=DI-DL
DD=SQRr( (DC-DB) * (DC-DA) *(DA-DB)/ (A+B))
DO 49 I=1,N
XXX (I) =XXX(I) +D*DW(IDIRN)
i:W(IDIRN) =DD*DW(IDIRN)

49 IDIRN=IDIRN+1

EW(IIINE)=i:W(IKENE)/DD
inENE=IIJNE+l
IF(IF!RINT-1) 51,50,51

50 WRITE(NO,052)ITERC,NFCC,F, (XXX(I) ,I=1,N)
052 FaRMAT(/, • ITERATION' ,15,115, • ITOCTION VAIJUESMOX, 'F =»,

1 E15.8/6(E16.8,2X))
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GO T0(51,53),IERINT

51 GO TO (55,38),nONE

55 IF (FPERV-F-SUM) 94,95,95

95 SUM=FEREV-F

JIIf=ILrNE
94 IF (IDIRN-JJ)7,7,84
84 GO TO (92,72),IND
92 FIK)ID=F

IS=6

ixp=crj

DO 59 1=1,N
IXP=IXPfl

59 EW(IXP)=XXX(I)-DW(IXP)
DD=1.

GO TO 58
96 GO TO (112,87),IND
112 IF(FP-F)37,37,91
91 D=2.* (FPfF-2. *FHDID) / (FP^F)**2

IF (D*(FP-FHOID-SUM) **2-SUM) 87,37,37
87 J=OnL*N+l

IF(JnJJ)60,60,61
60 DO 62 I=Cr,JJ

K=I-N

62 DW(K)=DW(I)
DO 97 I=CnL,N

97 EW(I-1)=DW(I)
61 IDIRN=IDIRN-N

ITQNB=3

K=IDIRN

ixp=aj

AAA=0.

DO 67 1=1,N
IXP=IXEM-1

EW(K)=EW(IXP)
IF(AAA-ABS(EW(K)/E(I))) 66,67,67

66 AAA=ABS(DW(K)/E(I))
67 K=K+1

DEMAG=1.

i:W(N)=ESCALE/AAA
inENE=N

GO TO 7
37 IXP=JJ

AAA=0.

P=FHOID

DO 99 I=1,N
TVT>—TV'PI 1

X!a(I)=XXX(I)-DW(IXP)
IF(AftA*ABS(E(I))-ABS(DW(IXP))) 98,99,99

98 AftteftBS(DW(IXP)/E(I))
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99 OQNTINUE

GO TO 72
38 AAA=AAA*(1.+DI)

GO TO (72,106),IND
72 IF(irKENT-2)53,50,50
53 GO TO (109,88),IND
109 IF(AAA-0.1) 20,20,76
76 IF(F-FP) 35,78,78
78 WRITE (NO,080)
080 FORMAT(5X, • ACOJRACY IIMinnED BY ERROR IN F')

call count (icad,jdd,3<dd,no)
GO TO 20

88 IND=1

35 DEMAG=0. 4*SQRT (ABS (FP-F))
IF(DEMAG .GE. l.OE+30) DEMAG=1.0E+30
ISGMRI>1

ITER0=ITERCH-1

IF(ITERC-MAXIT) 5,5,81
81 WRITE(NO,082)MAXIT
082 FORMAT(15,* ITERATIONS OCMPLETED BY*)

call count(idd,jc3d, toad,no)
IF(F-FKEEP)20,20,110

110 P=FKEEP

DO 111 I=1,N
jjj=crjj+i

111 XXX(I)=DW(JJJ)
GO TO 20

106 IF(AAA-O.l) 20,20,107
20 EF=F

WRITE (NO,*) 'NUMBER OF ITERATIONS ARE= ',ITERC
call count(idd,jdd,]<dd,no)

WRITE (NO,1111)
nil F0RMAT(//,5X,' VALVE OF IHE VARIABLES')

call count (idd,jdd,toM,no)
DO 100 J=1,N
WRITE (NO, 222)J,XXX(J)

222 FaRMAT(//,5X, •XXX(' ,12,')=• ,E16.8)
call count(idd,jdd,kdd,no)

100 OQNTINUE

WRITE(NO, 333)EF
333 FORMAT(//, ' OPTIMUM VAIDE OF F=',E16.8)

call count(idd,jdd,kdd,no)

RETURN

107 INN=1

GO TO 35

END
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'kie'kick-kifkifkitit'klcitie'kifkitisit********************************************

C

C

C

this subroutine is to control the output files

C

subroutine oount(idd,jdd,kdd,no)

icad=idd+l
if(idd .le. 1000) go to 101

if(icad .gt. 1000) idd=1001
jdd=jdd+l
if(jdd .eq. l)nc«ioH
if(jdd .le. 1000)go to 101
if(jdd .gt. 1000 .and. kdd .eq. 0) close(unit=5io)

if(jdd .gt. 1000) jdd^lOOl
kdd=]<dd+l

if (kdd .eq. l)no=^ofl
if (kdd .le. 1000) go to 101

close (unit=9io)

jdd=l
kdd=0

no=aio-l

101 continue

C

C THESE ARE THE FILES THAT THE OOTEUT WILL BE HJT INTO
C

IF(NO .EQ. 20) OPEN(UNIT=20,FILB='PSW0.ALL')
IF(NO .EQ. 21) 0PEN(UNIT=21,FILB='ESW1.ALL«)
IF(NO .EQ. 22) OPEN(UNn>=22,FILE>='PSW2.ALL')
IF(NO .EQ. 23) 0EEM(UNIT=23,FILE>=»ESW3.ALL')
IF(NO .EQ. 24) OPEN(UNIT=24,FILB=»PSW4.ALL')
IF(NO .EQ. 25) OEEN(I3NIT=25,FILE>='PSW5.ALL')
IF(NO .EQ. 26) OEEN(UNrD=26,FILB='PSW6.ALL»)
IF(NO .EQ. 27) OEEN(UNIT=27,FILB='PSW7.ALL')
IF(NO .EQ. 28) OPEN(UNIT=28,FILB='PSW8.ALL')
IF(NO .EQ. 29) OPEN(UNIT=29,FILE>=»PSW9.ALL»)
IF(NO .EQ. 30) OP!EN(UNn>=30,FILE>='PSWrX).ALL')
IF(NO .EQ. 31) OPEN(UNIT=31,FILE>='PSWD1.ALL')
IF(NO .EQ. 32) OPEM(UNIT=32,FILE>='PSWD2.ALL')
IF(NO .EQ. 33) OPEM(UNIT=33,FILE>='PSWD3.ALL')
IF(NO .EQ. 34) OPEN(UNIT=34,FILE='ESWD4.ALL')
IF(NO .EQ. 35) OP!EN(UNnt=35,FILB='ESWD5.ALL')
IF(NO .EQ. 36) OPEM(UNITt=36,FILE='PSWD6.ALL')
IF(NO .EQ. 37) OPEN(UNIT=37,FILE>=»PSWD7.ALL')
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IF(NO .EQ. 38) OEEN(UNr]>=38,FIIE='PSWD8.ALL')
IF(NO .EQ. 39) OPEN(UNia>=39;FILE='PSWD9.ALL')

return
end
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