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ABSTRACT

To perform material balance calculations for gas-condensate reservoirs with reservoir
pressure below the dew point pressure. one should use two-phase dev;ation factors.
The use of a single-phase gas deviation factor causes a significant error in the material
balance computations for gas condensate reservoirs because of the farge difference
between single-phase and two-phase deviation factors. The magnitude of the error

depends on the pressure level and on the compositional behaviour of the reservoir fluid.

Recently. an empirical correlation for the two-phase deviation factor has been presented
in the literatire. The present study evaluated the aforementioned two-phase deviation
factor correlation by developing a phase behaviour package. The phase behaviour
package was based on the Redlich-Kwong equation of state as modified by Zudkevitch
and Jofte. The package was tuned properly to match phase behaviour results for some
gas condensate fluids from the literature. The validity of the package was tested against
several sets of multicomponent experimental data. The present study showed that the
two-phase deviation factor does not necessarily increase in the two-phase region as the
pscudoreduced pressure increases. whereas the empirical correlation showed that it
wwayvs increases. A study has been pertformed o observe how the two-phase deviation

factor affects material balance results for gas-condensate reservoirs.

A study of input data errors in material balance computations due to an Imappropriate
and/or inaccurate deviation factor was conducted to provide some guidelines regarding

proper reser-oir engineering practices: for gas-condensate reservoirs.

The two-phase steady state theory for gas-condensate reservoir production performance

has been discussed. A preliminary study has been made to observe the steady state



production performance in a layered, gas-condensate reservoir using the GEM

simulator,
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1. INTRODUCTION

Canada has a significant energy resource base in terms of dry gas and gas-condensate
reservoirs.  Various types of reservoirs can be defined from the p-T (pressure-
temperature) diagram of a hydrocarbon fluid as snown in figure 1.1. Figure 1.1 and
the following explanation have been taken fro'n Craft and Hawkins (1959). The area
enclosed by bubblepoint curve and the aewpoint curve is known as the two-phase
region. where both the gas phase and the liquid phase exist. The lines within the two-
phase region show the percentage volume of hydrocarbon liquid present. A reservoir
initially at the pressure and the temperature corresponding 1o point A is known as a dry
gas reservoir or i single-phase. gas reservoir. Since the reservoir temperature remains
constant. the reservoir will remain in the gaseous state as pressure declines along the
path AA | due to production. However. the fluid may enter the two-phase region. as
the thud is produced through the weltbore and into the separators because of

temperature and pressure declines.

Areservorr ai the initial condition corresponding to point C is known as a bubblepoint
or a dissolved gas reservoir. As pressure declines. the bubblepoint pressure will be
reached. Further production will cause a free gas priase o appear in the reservoir. A
reservoir at the inital condition corresponding to point D is known as a two-phase

reservoir. consisting of a liquid-oil zone overlain by o gas zone or a gas cap.

A reservoir at the inttial condition corresponding to point B is known as a gas-
condensate reservoir. The reservoir temperature lies between the critical temperature
and the cricondentherm.  The initial reservoir pressure is above or equal to the

dewpoint pressure. The fluid is initially in the gaseous state. As pressure declines
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because of production to a level below point Bj. liquid condensation occurs. This
condensation leaves the produced gas with a lower liquid content. Moreover. the
condensed liquid is immobile in the reservoir. as it adheres to the rock. As production
continues. the pereentage volume of liquid drop-out increases until a point Ba
corresponding to the maximum liquid volume is reached. This is known as the
retrograde condensation behaviour because. generally. vaporization occurs during
isothermal expansion. rather than condensation. As pressure drops furthei from B to
Ba. revaporization occurs. This revaporization aids liquid recovery. Because of such
unusual behaviour of hydrocarbon fluids in this region. prediction of initial gas in

place (IGIP) and reserves otten becomes difficult.

Estimations of initial gas in place (IGIP) and reserve are critical for various
development plans for a reservoir. Reserves can be defined as the estimated volume of
hydrocarbon anticipated to be commercially recoverable at a given point of time using
the avaitable technology. 1GIP and reserve can be estimated using a material balance
caleulation method. For a dry gas reservoir. the material balance equation. neglecting

formation and water compressibility. can be written as:

The variable. By, or gas formation volume factor is detined as (Craft and Hawkins.

[959):

_nZT

B
Ty

Using cquations LT and 1.2, one obtains:



G(_Z;)_G(ﬂ)=gr(5) (1.4)

Nio

Pi- Zvj and G are constants for a given reservoir. Hence. equation 1.5 implics that a
plot of p/Z, versus Gp would yield a straight line. If p/Zy is sct o zero. then the
corresponding Gp is equal to G. the initial gas in place (IGIP). So a plot of p/Z,
versus Gp could be extrapolated to find IGIP and the reserve. However. the method is
not applicable for a gas-condensate reservoir ' use of the liquid drop-out below the
dew-point pressure.  Recently. a two-phase deviation factor (Zapp) has been
ntroduced for gas-condensate reservoirs which is the weighted average of the gas
deviation factor and the liguid deviation factor. The variable. Zoph. can be expressed

by the following equation:

By using the Zapy,. instead of the Z.. in equation 1.5 for a gas-condensate reservoir.
accurate material balance analysis can be performed. Equation of state based phase
behaviour program can be used to obtain the Zaph. For this study. an equation of state

bused phase behaviour program has been written to obtain the Z>ph- This study



evaluates the effectiveness of the Zaph for a gas-condensate reserveir material balance
calculation. Recently. an empirical correlation for the two-phase deviation factor has
been presented in the literature. This swudy eviduates the correlation against the Zapp

obtainzd from the phase behaviour program.

As material bulance caleulation for estimating the 1GIP and the reserves is based on
data extrapolation, it is necessary 10 have accuraic input data. But. the input data can
be erroneous because of various causes. such as faulty dita or sample collection
procedure. The error can be random or svstematic. An error analysis of input data has

been conducted in this study following Ambastha and van Kruysdijk (1993,

Two-phase steady state theory as discussed by Chopra (1988) presents an analytical
solution for the production performance of a gas-condensate reservoir. In this study.
some comments are presented regarding the effectiveness of the theorv. In this
respect.asimulation of steady state condition of a lay ered. gas-condensate reservoir

has also been witempted using the GEM simulator.

‘N



2. LITERATURE REVIEW

This section reviews research in different areas in gas-condensate reservoirs by
different authors. The ficld of interest includes phase behaviour of retrograde
hvdrocarbon fluids. error analysis for input data. production performance and transient

test analysis.

2.1  Phase Behaviour of Hydrocarbon Fluids

A number of investigators have studied the phase behaviour of hydrocarbon fluids.
The discussion here is limited to equation of state (EOS} based phase behaviour.
According to Reid et al. (1987). "An analytical equation of state (EOS) is an algebraic
relation between pressure, temperature and molar volume”. - “hough various forms
have been suggested. one should remember that a particular form of the EOS is usually
uscful for only one particular type of fluid. $ ine of the most popular equations of
state are the Peng-Robinson EOS. the Redlich-Kwong EOS. the Soave-Redlich-
Kwong EOS. the Barner-Adler EOS. the Sugic-Lu EOS. the Benedicti-Webb-Rubin
EOS. the Lee-Erbuar-Edmister EOS and the Virial EOS. Reid et al. (1987) provide the
most complete set of information on equations of state. Some studics of the cquation
of state related to petroleum engineering can be found in Tortike (1993) and
Firoozabadi (1988). Mainly Reid et al. (1987) and Tortike (1993) have been used to

setup the phase behaviour program for this study:.

Reid et al. (1987) compiled various data. correlations and theories presently available

in the industry. The Properties of Gases and Liguids (Reid et al.. 1987) presents in a

6



concise form a significant number of properties of gases and liquids, such as
thermodynamic and Pressure-Volume-Temperature (PVT) properties of pure
components and mixtures. vapor pressure. critical and other pure component
properties. enthalpies, Gibbs energy of formation. heat capacity. viscosity. thermal
conductivity and phase equilibria.  The hook gives & general understanding of
cquations of state and mixing rules. The book has been followed mainly to develop
the equation of state (EOS) hased phase behaviour program. The correlations needed
for calculating liquid density and vapor pressure of various components of
hydrocarbon mixtures have been taken from the book. Liquid density and vapor
pressure are required for the Zudkevitch-Joffe-Redlich-Kwong (ZJRK) equation of
state which has been used for this study. Various properties for different components.
such as molecular weight. critical temperature. critical pressure. critical volume. critical
deviation factor, acentric factor and reference liquid density. have been taken from this
book. The author found this book fundamental and important in understanding phasc

behaviour.

Frroozabady (1988 compared the ability of various cubic equations of state 1o predict
vapor-hquid equilibria and the volumetric behaviour of reservoir fluids. He concluded
that these equations can reliabiy predict the phase behaviour of complex reservolr
flurds. such as gas-condensate tluids. He concluded that the cquations of state predict
nearly the same equilibrium ratios. but give different volumetric predictions, He gave
i review of the strengths. weaknesses and productive capability of the leading
cquations of state which are currently being used in the petroleum industry. He also
discussed the Zudkeviteh-Jotfe-Redlich-Kwong (ZJRK) cquation of state which has
been used in this study to develop a phase behaviour program. He conducted a test
with this equation of state and found that the agreement between the predicted and the

experimental values was very good. Contrary to popular belief. he concluded that the



ZIRK equation of state does not give a precise value | + the liquid dropout curve in the
retrograde region.  Firoozabadi (1988) also suggested that the Zudkeviteh-Joffe-
Redlich-Kwong equation of state should not be used for enthalpy and heat capacity

culculations around the critical temperature.

SPE reprint series No. 15 (1981) has a compilation of many papers related to phase
behaviour in petroleum engincering. The topics in this book include prediction of
phase behaviour, equations of state. C7+ split. experimental phasce behaviour.
application of principles and calculation of different physical propertics. such as

density. viscosity. critical properties, cquilibrium values and surfuce tension.

The equation of state (EOS) used in this study to develop the phase behaviour program
is the Redlich-Kwong EOS as modified by Zudkevitch and Joffe (1970) and Joffe et
al. (1970). Zudkevitch and Joffe assumed that the Q. and Qy; parameters of the
Redlich Kwong equation of state are temperature dependent. They obtained these
parameters from the saturated liquid density and the vapor pressure of cach component
and by setting the fugacity of the saturated liquid cqual to that of the vapor phase. For
supereritical components. these two parameters are temperature independent and equal
to the values at the critical temperature. Details of this method are discussed later. The
Zudkevitch-Joffe-Redlich-Kwong (ZJRK) equation of state has been used for a long

time in the petroleum industry.

The binary interaction parameters play a major role in an EOS-based phase behaviour
program. The binary interaction parameters for the ZJRK EOS have been tuken from
Yarborough's (1978) paper in Equations of State in Engineering and Rescearch edited
by Chao and Robinson (1979). He used binary vapor-liquid equilibrium data to get

the interaction parameters. He also proposed chromatographic analysis of the heavier



hydrocarbons for characterization and showed that this improves prediction while

using the ZIRK equation of state.

There is a considerable amount of discussion about the strengths and weaknesses of
the ZJRK EOS in the paper by Gray (1978) in the same book edited by Chao and
Robinson (1979). According to Gray. the ZJRK method loses some accuracy in the
saturated vapor densities. but it greatly improves the accuracy of the liquid density.
He also explores the surprising successes of this method as well as some of its
limitations. He afso states that the principal disadvantage of this equation of state is the
complex temperature dependence of €2; and Q4. He also concluded that the ZJIRK
mcthod is superior to the Soave EOS in representing the effect of pressure for light
gas-heavy solvent systems hecause of its better representation of liquid density

behaviour,

Lumpimg of heavier individual components into a smaller number of
preudocomponents (e g0 C-2) has been frequently emploved in the petroleum
mdustry - Astarita and Sandler (1991 have compiled @ number of papers covering

ditferent aspects of lumping.

Sarkar et al. (1991 developed an equation of state following the Patel and Teja (PTH
EOS. They vahidated their equation of state with other leading equations of state and

experimental data. For the current study . data has been taken from their paper.

to

Two-Phase Deviation Factor

In adry gas reservoir. a p/Zy" versus 'Gp' curve has been used for material balunce

caleulations o estimate the initial gas in place (IGIP) and the reserve (Craft and



Hawkins. 1959). But for gas-condensate reservoirs. as the pressure drops below the
dew-point pressure. liquid starts forming and gas deviation factor cannot be used for
accurate material balance calculations. Recently. a two-phase deviation factor has been
introduced for accurate material balance calculations for a gas-condensate reservoir.
The two-phase deviation factor, or Z2ph~ is the weighted average of the vapor Z factor
and the liquid Z factor. A series of papers by Jones and Raghavan (1988). Jones et al.
(1989) and Vo et al. (1989. 1990) have discussed extensively the use of the two-phase
deviation factor for gas-condensate reservoirs. The papers by Jones and Vo propose
the vse of an EOS based two-phase deviation factor for a constant-composition-

expansion (CCE) process. The papers by Jones and Raghavan (1988) and Jones et al.

(1989) will be discussed in section 2.4,

Voetal (1989) studied the performance prediction for a gas-condensate reservoir by
using a one-dimensional. compositional model similar to that of Couts (19801, They
also used the ZJRK equation of state. Both constant molar rate and constant pressure
production were considered.  They also examined infinite-acting and boundary-
dominated flow periods. A methodology for well deliverability computations in gas-
condensate reservoir- has been proposed. Well deliverability can be predicted by
computing average reservoir pressure and the total skin factor using a single-phase gas
Analog. They correlated the radius of the two-phase region with time. They also
showed that the size of the two-phase zone can be estimated from the pressure build-
up data. Changes in saturation and composition during a build-up test were also
observed. They agreed with Aanonsen (1985) that the phase behaviour of gas-
condensate systems in the vicinity of the weil is similar to that of solution gas-drive

rCSCrvolrs.
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Vo etal. (1990) presented a unified method for material balance calculations for the
entire range of reservoir fluids (dry gases. gas-condensates. volatile oils and black
oils). According to them. their method predicts the initial amount of hydrocarbon in
place by combining the data entirely above the phase envelope (single-phase region)
and the data inside the phase envelope (two-phase region). The procedure avoids
mass transfer problems uas the fluid separates in the wellbore and in the surface
cquipment They also used a two-phase deviation factor for the material balance
caleulations. They also emphasized that constant composition expansion (CCE) data

may be used to estimate hvdrocarbon reserves.

Recently. Rayes et al. (1992) have presented an empirical correlation for retrograde
gases based on pseudocritical temperature and pseudocritical pressure. They
developed the correlation from laboratory duta. The correlation is based on 67
constant volume depletion studies with C7, > 4%, They concluded that their
correlation gives an average error of 3.66 <. Rayes ot al. 11992) also recommended
that for C-. < 4% and for a well stream specific gravity < 0.911. the single-phase gas

deviuon factor can be used for the material balunce caleulations,

Another type of two-phase deviation factor based on a constant volume depletion

(CND) process has been discussed by Hagoort (1988,

Ambastha und van Kruysdijk (1993 studied the effects of input data error on material
balance analysis for volumetric. gas and gas-condensate reservoirs. The input data
CITOT can oceur trom various causes. such as faulty data or sample collection
procedures. The error can be random or systematic. They used normally-distributed
random errors for their study. Ambastha and van Kruvsdijk (1993) studied the effect

of input data errors in material balance calculation variables .uch as the two-phase
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deviation factor. the average reservoir pressure and the cumulative production data.
Their study gives ideas about planning for production and well test data acquisition.
Following this paper, a study has been conducted to observe the effect of input data
errors while using the two-phase deviation factors or the gas deviation factors in

material balance calculations for gas-condensate reservoirs at different depletion levels.

2.3 Gas-Condensate Reservoir Production Performance

In the past. studies related to gas-condensate reservoirs have mainly focused on the
effects of gas cycling on the production performance of the reservoir ( O'Dell and
Miller (1967). Abel et al. (1970). Field et al. (1970 and 1971). Thompson and
Thachuk (1974). Donohue and Buchanan (1981), Kenvon and Behie (1987) and
Bachman et al. (1988)). Most of these studies concerned investigations of numerical
simulation and compositional (phase behaviour) aspects of gas-condensate reservoir
performance. Simplified production performance techniques for gas-condensate
reservoirs based on steady state theory have been discussed by O'Dell und Miller
(1967). Fussell (1973) and Chopra and Carter (1986). Chopra and Carter (1986)
derived an analytical steady state solution using the compositional material balance
cquations and concepts of phase equilibria. Later. Chopra (1988) also investigated
transient and steady state aspects of gas-condensate well performance using an IMPES
( Implicit Pressure Explicit Saturation) compositional simulator. He suggested criteria
for steady state conditions based on the numerical simulation study.  Also. he
presented a step-by-step procedure to compute gas-condensate well performance using
the two-phase steady state theory. In this study. Chopra's (1988) two-phase steady
state theory will be discussed. The usefulness of this theory is mainly to validate a

compositional simulator.



Chopra (1988) investigated several important reservoir engineering aspects of gas-
condensate well performance using a compositional simulator and two-phase steady
state theory. He also explored the criteria for steady state based on produced fluid

compositions and the arcal extent of the two-phase region.

2.4 Well Testing of Gas-Condensate Reservoirs

Although it is beyond the scope of this study. a brief literature survey has been carried
out regarding well testing in gas-condensate reservoirs. Well testing for gas-
condensate reservoirs is still in its infancy. Only a few papers have been written in
this area. The main reason is probably the complexity of the problem that one
encounters when analyzing well tests in this type of reservoir. In a gas-condensate
reservoir. pressure. phase saturation and phase composition vary with time and
distance. instead of only pressure variation with time and distance for the classical
problem of the flow of a slightly compressible fluid of constant compressibility and
Viscosity. A series of papers have been published by Jones and Raghavan (1988).
Jones et all (1989 and Vo et al. (1989, 1990). Two research theses by Jones (1985)
and Vo (1985) have been written on this subject. The other papers published 1ciated to
this topic include Boe et al. (1981, Thompson and Vo (1988). Suleh and Stewart

1992y und Thompson et al. (1993).

Boe et ul. (1981 wrote the first paper specifically on well test analysis for a gas-
condensate reservoir. They considered simple cases and tried to relate pressure and
saturation as functions of Boltizmann's transform (furnction of r2/t). For simplicity.

they considercd that the oil and gas phases are mebile and irreducible water is

‘s



immobile. They established a model for the relationship between pressure and
saturation. They also developed a well test analysis method for an intinite-acting flow
period. This methed can be used for both drawdown and buildup cases. However.
the theory fails when pseudosteady state is reached because Boltzmann's transform is

not valid fer the pseudosteady state flow regime.

Jones and Raghavan (19§8) argued the validity of the application of Boltzmann's
transform in a gas-condensate reservoir well test application and concluded that it can
only be used for a limited number of cases. They developed two types of integrals
(reservoir integrals and sandface integrals) and showed their applicability in a gas-
condensate reservoir. Unlike Boe et al. (1981). they considered all three factors.
pressure. saturation and phase composition (Boe et al. (1981) considered only the first
two). They considered both constant rate and constant pressure production. This is
important because in gas-condensate reservoirs. production by gas cycling is qui -
common. which is mostly a constant pressure injection and production scenario. Boce
et al. (1981) were not able to derive any method to analvze the data when
pseudosteady state is reached. Jones and Raghavan (1988) overcame that deficiency.
They derived a single equation that can handle both constant rate and constant pressure
production wells. They concluded that the state of a gas-condensate reservoir varies
widely with time and is dependent on the mode of productic.... distribution of fluid in
the system. initial pressure, dewpoint pressure and skin factor. They also showed
that, if all the other conditions are known, the size of the mobile liquid zone can be
estimated. liquid and gas do not move at the same velocity and (pi-pyew) is an
important factor for the analysis of transient test data as this determines the two-phase

region inside the reservoir.

o



Jones and Raghavan (1988) mainly emphasized drawdown. Jones et al. (1989) dealt
with buildup tests. They used the same one-dimensional model as used by Jones and
Raghavan (1988) and also used the reservoir and sandface integrals. They mainly
considered two cases: 1) where the boundary pressure is greater than the dewpoint
pressure and  2) infinite-acting reservoir. They assumed 2 homogeneous reservoir
with horizontal bed. uniform thickness and neglected gravity effects. They concluded
that permeability-thickness product, average reservoir pressure and skin can be
determined from the build-up pressure response. They also described a method to
calculate "Sypp't that is. skin due to two-phase flow which helps to determine the
mechanical skin factor arising due to .amage around the wellbore. Jones et al. (1989)
also recommended that, if the well is shut in during the transient flow period. then

cither the steady-state model or the single-phase model can be used.

Thompson and Vo (1988) analyzed the applicability of Boltzmann's transform. They
tricd to develop a method similar to two previously discussed papers (Jones and
Raghavan (198%) and Jones et al. (1989)) o caleulate the reservoir phase cffective
permeability. They also suggested a practical method to obtain the absolute
permeability and the mechanical skin. unlike the theoretical method of the two
previously discussed papers (Jones and Raghavan (1988) and Jones et al. (1989)). In
the two previous papers. a priori knowledge of the relative permeability or phase
relationship is required for analyzing the data. They also focused on the constant
molar rate drawdown data. They also showed that if the reservoir is undamaged (kg =
k). then Boltzmann's transform can be used. On the other hand. if the reservoir is
damaged (kg # k). then a modified Boltzmann's transiorm can be used. Semilog
analysis can be done on real-gas pseudopressure drawdown data. According to their
mvestigation. if (p; = pgew). then analysis of the build-up data is the only option for

well testing.



Saleh and Stewart (1992) dealt with gas-condensate reservoir well testing using ficld
examples. They studied the skin factor in detail and showed that it consists of four
components which are the mechanical skin. the non-darcy skin. the liquid drop-out
skin and the pseudoskin. They showed that it was almost impossible to walculate
relative permeability near the wellbore. They observed conditions of gas-condensate
reservoirs. both above and below the dewpoint pressurz. For reservoirs above the
dewpoint pressure. they used an analysis of a dry-gas reservoir considering all the
four components of the skin. For reservoirs below the dewpoint pressure, they
introduced a two-phase pseudopressure. For two-phase flow. a real condensate
pscudotime term was introduced. Pseudotime and pscudopressure have been used
together for gas-condensate reservoir well testing similar to the way pressure and time
have been used in conventional well testing. They concluded that using pseudotime
and pseudopressure is the most effective approach for gas-condensate reservoirs.

They also predicted the deliverability of gas-condensate wells.

Thompson et al. (1993) only considered radial flow problems and semi-log analysis
for the two-phase flow problem 1n gas-condensate reservoirs. They combined the
buildup and the drawdown real-gas pscudopressure analysis. Their method gives
estimates of the absolute permeability. the near-wellbore effective gas permeahility. the
radius of the critical oil saturation and the skin. They also showed that estimates of all
parameters can be obtained independently of the drawdown test by analyzing the

apparent skin factor from a modified isochronal test,
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3. OBJECTIVES

Material balance calculations for a gas-condensate reservoir are quite different from

those of a dry gas reservoir. The main objectives of this study are:

to

O.

To develop an equation of state (EOS) bused phase behaviour program to
handle two-phase multicomponent hydrocarbon mixtures with impurities

such as HaS. N> and COa.

To generate and evaluate two-phase deviation factors and observe their

applicability in material balance caleulations for gas-condensate reservoirs.

To evaluate the applicability of & two-phase deviation factor correlation
recently published in the literature und to compare the two-phase deviation
factors generated by the phase behaviour program with those predicted by the

cmipirical correlation.

Toanuivze the effect of input data errors on the material balance calculations

tor gas-condensate reservoirs.

To evaluate the two-phase steady state theory for gas-condensate reservoir

performance prediction introduced by Chopra and Carter ( 1986).

To setup the steady state condition of a layvered. gas-condensate reservoir
using the GEM simulator. if possible. with a view to learn about the
possibilities of extending the two-phase steady state theory discussed by

Chopra (1988) to lavered reservoirs.



4. DEVELOPMENT OF THE PHASE BEHAVIOUR PROGRAM

4.1 Introduction to Equation of State (EOS)

In this chapter, a step-by-step procedure for developing a phase behaviour program is

outlined. A two parameter cubic EOS can be expressed as:

RT a "

= - 3 1)
PTIVIE) Vi ubv e b
. . : . L : ZRT
Equation 4.1, when written in terms of the deviation factor. by using V=——_can
P

be written as:

Z3-(1+B -uB" ) Z2+ (A" +wB* - uB" -uB" )Z-A'B" - wB > -wB} =0

(4.2)
where
\ = ‘?"_, (4.3)
R-T-
and
B =P (4.4
RT

The ditferent values of the constants for the four common cubic equations of state are

given below in the table 4.1. The table has been taken from Reid et al. (1987). The

I8
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values " and 'b" have been chosen in such a way that the equation of state satisfies

the tollowing two critical point conditions:

)
oV )

(+.5)

4.6

Table 4.1 Constants for four common cubic equations of state (From

Reid et al., 1987).

Equation uflw |b a
RT, 27R°T:
van der Waals 010 _b—p— TII;*
0.08664RT | 0.42748R"T"°
Redhich-Kwong (1 (0 | 7/ | ———r——
" D. p.T
0.08664RT | (.42748R"T" .
Soave o | ———— —————~[1*r,,(1—T, ]
P. P
where.

f =0.48~1.5740-0.1760"

0.07780RT
P

1o
1

Peng - Robinson

0.45724R°T
P,

(1=t 0-17]

where.

f,=0.37464 + 1.542260 - 0.269920°

To develop an equation of state based phase behaviour program which can handle

multicomponent hydrocarbon mixtures. the following data are essential for each

component:



I. Molecular Weight (M).

1o

Critical Pressure (p.).

[ Y]

. Critical Temperature (T,).

4. Critical Deviation Factor (Z,.).

Acentric Factor ().

()]

o)l

- Liquid density (Lp.y) at a certain
temperature (Tpep).

20

7. Binary interaction parameter (Cip.
8. Temperature of the mixture (T).

9. Pressure (p) range where it
will operate.

Values of (1) to (5) can be obtained from Reid et al. (1987) for every component.

But. if the C74 fraction has been given as input. then the data should be given

separately for the C74 fraction. The program, by default. has all the necessary

propertics of the following components:

CHs vorCly
CoHg tor C2)
CiHy (or C3)
IC4
NC4
ICS
NCs
IC6

The Zudkevitch-Joffe-Redlich-Kwong (ZJRK) equation of state has been used for the

phase behaviour program. The phase behaviour program is capable of calculating «



constant composition eapansion (CCEr process. The program is not able to calculate
the phase envelope. constant volume depletion (CVD). the cricondenbar or the
cricondentherm. The program is capable of calculating the following variables for
every pressure step at a given constant temperature and a given pressure range which

may or may not include the dewpoint pressure:

- Equilibrium ratios of each component.

- Mole fraction of each component present in each phasc.

- Overall mole fraction present in the liguid phase and in the vapor phase.
- Dewpoint pressure fif any).

- Volume pereentage of the liquid phase and the vapor phase.

- Gas deviation factor (Z,),

- Liguid deviation tactor (7.

- Two-phase deviation factor 'erh)'

Intable 4.1 the W and b for the Redhich-Kwong EOS are defined as:

O 42748R T
o= _‘l.liﬂ_ (47

0T

0. 08664RT
y L e—,
I‘

Now.in the ZIRK equation of state. the same equations have been detined as:

QRT
a=e (4.9

p1
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For the Redlich-Kwong Equation of state. the values €, and Qy, are constant. In the
Zudkevitch and Joffe modification. €2, and Qy, are dependent on the temperature and

are determined from saturated liquid phase properties.

4.2 Zudkevitch and Joffe Modification

There are two papers (Zudkevitch and Joffe (1970) and Joffe et al. (1970)) written

about the Zudkevitch-Joffe-Redlich-Kwong equation of state. The two papers propose

slightly different methods. For this study. Joffe et al. (1970) has been followed. The

main idea is to include variation in €, and €4, with temperature for every component of

the hydrocarbon mixture composition to suit the liquid density and to fit the vapor to
the liquid fugacity along the vapor pressure locus. This has been achieved by forcing
equalization of the fugacity coefticients in the saturated vapor and saturated hquid at

the vapor pressure:
0 =0 fori1=1.2....n components (+.11)

The Redlich Kwong equation of state can be written as:

RT @ (4.12)
(V=b) Tv(vah)

p=

where a and b are defined as:

Ria



_QRT

P

+.13)

<

v

_ORT
P,

b (414

Note that the definitions of "2’ and ‘b’ in equations 4.13 and 4.14 are shightly different
i comparison to equations 4.9 and 4.10. But equations 4.12 and 4.1 arc different
too. In fact. both forms of the Redlich Kwong EOS are the sume. Different forms
have been described because the first one is for general understanding and the second

form is the one which has been used in the computer program.

The Hiquid fugacity equation can be written as  Tortike. 1993):

RT fpV Coa Vo -he
o, =In .{ - P__" - 1= l_ In . y 4.15
pIN - by RT “RT b \

RT Cp\ Loy "\~ b
o =1In U 2l — -]~ l‘ In —— 4. 161
PNV = b R VRT b Voo

By setting the right-hand sides of equations 4,15 and 4.16 equal to each other and by

utthzing equations 413 and 4. 14, the following equation can be obtained:

v b plv —v
Pl e
UV —b RT
L =0 ' - (+.17)
. (\’«.(\"-*h)‘::
AT /Tl
P L\f}(\'_wh) i




Equation 4.17 is sulved simultaneously with equation .12 for subcritical components
(components whose critical temperatures are below the system temperature) to yield
values of Q, and Qy, for each component.  For this. we need to know the vapor
pressure and the liquid density of each component at the system temperature.
Correlations have been used in the phase behaviour program to calculate the liquid
density and the vapor pressure. Please refer to Appendix A and Appendix B for
further details about the correlation. The secant method (Press et al.. 1990) has been
apnlied for convergence. The secant method is a root finding procedure of a nonlinear
sec of equations by iteration. Details of the method to calculate €2, and Qp can be
obtained from Joffe et ul. (1970). For the supercritical components (components
whose critical temperatures are above the system temperature). Joffe et al. (1970)
recommendced the m=thod s described in Zudkevitch and Joffe (1970) which is as

follows:

Recommended fugacity at the critical point is:

logo, =~0.1754 - 0.03610) (4.18)

A trial value of £y is chosen. and from the known temperature. vapor pressure. liquid
density and critical constants. the corresponding values of a" and €2, are calculated.
By using the secant method. values of ©, and €y, are obtained in such & way that the
fugacity at the critical point matches that of the recommended fugacity as dictated by
equation 4.18. Hence. for supercritical components. the ZJRK method uses the

boundary values of £, and €}, at the critical temperature .



4.3 Mixing Rule and Solution Technique

Mixing rules combine the constants for pure substances so that the equation of state

works properly for mixtures. The mixing rules are as follows:

1) n

;1:22,\",\";1” (+.19)

[N

b= xb, (4.20)
where:
a, =aafl=-C ) (4.2

and where the Cypare the bimary interaction parameters tfound from vapor-liquid
cquilibrium data for binary mixtures. The binary interaction parameters play a major
role in the phise behaviour program. If they are not properiy wned. the cquation of
state will vield erroncous results. From equations 4.19 and 4.20. we obtain ‘o and
b for the Liquid phase. where v, and x; denote the liquid phase mole fractions for
omponents 1Tand Jorespectively. Simitarly. we can obtain another set of "o’ and b’
using the mole fraction of cach component in the gas phase. v, and vj- Thus. we end
up with two cubic equations. one for the liquid and another for the gas. Both
cquations have been solved analytically using Cardano’s method ( Appendix C). The
gas deviation factor. Zy . is caleulated as the largest root of the gas equation and the
hguid deviation factor. Z). is caleulated as the smallest root of the liquid equation,

Once Zy and Zy are caleulated. the following procedure has been tollowed to calenlate

v



the overall vapor phase and liquid phase mole fraction. the mole fraction of cach
component present in each phase and the equilibriuni ratios. The equilibrium ratio can

be expressed as:

The condition for phase equilibrium is that the fugacities of the coexisting phases

should be equal:

f\
y.p
f]

O =— (4.25)
Y

The tugacity coefficient can be calculated from the following equation for the gas
phase and the liquid phase by substituting Z, and Z; in place of Z. respectively. The

equation 4.27 has been taken from Tortike (1993).
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(4.27)
where.

2 "Ell
S, :tﬁlzlx,\u,(l—cn) (4.28)

An dterative procedure has been adapted to converge the equilibrium ratio and the

vapor-liquid equilibrium calculation. The method is as follows:

[. Assume V =L = 0.5 und xj = yj = z;. Sometimes. for complex mixtures and for
pressures and temperatures below the critical values. x, = v; = z, should not be
assumed. There should be some initial assumption for different x; and v,. Otherwise.
only one equation of state will be obtained (as X, = vy). So if the cubic cquation of

state has only one root. then the solution has no meaning.

2. Find Zj from the equation of state. using the mixing rule with x,. and find Z, using

the nixing rule with v,

L

Findall o7 from the equation of state. using the mixing rule with x,. and find all

0. using the mixing rule with vj.

4. Calculute;

K, =— (+.29)



5. Calculate:

2 (4.30)

Z(X, =¥, )€ where ¢ is some saitable toler.ince.

1

6. Check whi er

7. 1If the check in 6 is satisfied. then the solution has been found. Otherwise. the
liquid-vapor split must be adjusted using the new equilibrium ratios and the Mewton-
Raphson equation. The vapor and the liquid mole fraction can be obtained using flash
calculation. In a flash process. a feed stream is seprrated into the liquid stream and the
vapor stream at equilibrium. The material balance for one mole of feed. for any

component 1. can b2 written as:
zi=Vyi+Lx (4.32)

Using equativns .31 and 4.32, we can obtain:

. 2
V= Z S (4.33)
1

f(v) (4.34)
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(V)= % *Z_(th—i (+.35)

TS WVIK) #
n ~ 2

o e | H KT

f l\): 2‘ e e e , (436)

i=1 | V(K1) + 12

Equation 4.34 represents Newton-Raphson equation. The equations 4.35 and +4.36
can be obtained from equation 4.33. Here V is the overall mole fraction present in the

vapor phase. The parameter. L. or the overall liquid mole fraction now takes a new

|
value L=1-V. The steps must now be repeated until the criterion }Z(x, ~ v, e s
[}

I . which must

i

met. Note that this test simply checks that 2 X, =1 and that Z\

he true,

4.4  Root Problem

In the above procedure. a common pitfull occurs when a single equation of state is
tsed for both the hquid and the vapor phases: that is. when one considers., mitiallv. V
=L =05und x;= v, =z avinstep 1. In some cases. s in figure 4.1t the pressure
and temperature fall i the three-reot region. there is no problem. The highest root is
considered to be the deviation factor for the vapor phase and the lowest root is
considered to be the liquid phase deviation factor. At low pressures. there is a broud

temperature range tor which three roots are generated. In the high pressure region.
this three-root region becomes smaller and it disappears at the pseudocritical point.
The behaviour in figure <41 is for the Soave equation of state. But it is applicable for

any equation of state. Generally. other than the three-root region. it LIVES ONEe TOoL.
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Fig. 4.1 p-T diagram for 26.54% ethane - 73.46% n-heptane using
the Soave-Redlich-Kwong EOS (from Reid et al.. 1987).
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Hence. the best way to avoid the problem is to make sufficiently accurate initial
guesses for the iterative calculation. Otherwise. the gas property can be assigned to
the liquid property and vice versa. Appendix D presents the computer code for the

phase behaviour program developed in this study.

4.5 Rayes et al. (1992) Two-Phase Deviation Factor Correlation

Recently. a paper has been published by Raves et al. (1992) regarding the two-phase
deviation fuctor. In this paper. they proposed a correlation which is dependent on the
pseudoreduced pressure and pseudoreduced temperature of the hvdrocarbon mixture,
The two-phase deviation factor as proposed by Raves et al. (1992) has been compared
to that of the phase behaviour program. It has been observed that although the
correlation looks quite complex. the Raves two-phase deviation factor (Z2phg) always
mereases almost Imearly with an increase in pressure. This may not be true always,
particularly in the two-phase region. The author found that. in many cases. the two-
Phase deviation factor actually decreases with an increasc in pressure for gis-

condensate reservolr finds, whereas the Raves two-phase deviation factor increases.
The correlation tor the two-phase deviation factor by Rases et al 019921 is as follows:

for Cro 2 4% 0.7 <p, 200 and 1.1< T, <2.1;

f \ /

fo : fol
2o =ACAUP ) A = = AP ) A, — 1 =
. b= A (p.) T \

where.



oy
1o

A= 224353

A =-0.0375281
Aa =-3.56539

A3 =0.00082923]
Ay =1.53428

As=0.131987

and where the p; and the T, are the pseudoreduced pressurc and the pscudoreduced
temperature, respectively. In figure 4.2, Zyphg has been plotted against
pseudoreduced pressure at different pseudoreduced temperatures. It can be observed

that Zappg increases almost linearly with an increase in the pseudoreduced pressure.
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5. VALIDATION AND COMPARISON OF THE PHASE BEHAVIOUR

')

PROGRAM

The phase behaviour program that has been developed using the Zudkevitch-Joffe-
Redlich-Kwong (ZJRK) equation of state has been verified using some other papers
which have produced a similar kind of phase behaviour program. Jones (1985) and
Sarkar et al. (1991) developed a similar kind of phase behaviour program using the
sime equation of state. For comparison purposes. the data and the results from their

papers have been taken.

Comparison with Jones (1985) Data

o
—

In figure 5.1 the results for mixture 3 and mixture 4 of jones (1985) have been
compared with the results of the phase behaviour program of this study. Table 5.1
gives the composition and temperature of the hyvdrocarbon mixtures. The figure
presents the variaties, of the mole fraction of the liquid for a retrograde hvdrocarbon
mixture. [t can be observed that after a certain point. the liquid percentage decreases as
the pressure increases and at the dewpoint pressure. the liquid percentage reaches zero,

It can be observed that both phase behaviour programs yield almost the same results.
5.2 Comparison with Sarkar et al. (1991) Iata
Sarkar et al. (1991) compared several equations of state. They also produced some

results using the ZJRK equation of state. Comparisons between their results irom the

ZJRK EOS and the results obtained from the developed phuse behaviour program are

34



3500
4000
Z 3500
w3000
=
7
.
=2 2500
2000
1500

e  Jones' data (mix 4)
--- - Phase Behaviour Program (mix 3)
Phase Behaviour Program (mix 4)

. Jones' data (mix 3)

Fﬁﬁj\ a -
e T -
- e o . . P }\.\.\ -
- e P SN =
- /' ’/’/. o _
- D e . -
= Mix 3 (620 R»” 7 ) s =
i . .
T -~ o =
- Mix 4 (730 Ry
DT . -
- . =
- * ® -
O 2 4 6 b 10 12 14
Mole Percent Liguid. L

Fig. 5.1 Comparison of the liquid drop-out data from Jones (1983}
and from the output of the phase behaviour program for
two three-component mixtures at different temperatures.

‘sl
i



Table 5.1

Composition of mixture 3 and mixture 4 of Jones (1985).

Mixture 3 Overall Mixture 4 Overall

Mole Fraction Mole Fraction
T=344 44K T=4I1.11 K
Cl 0.89064 Cl 0.89628
NC4 0.07097 NC4 0.02998
NCI10 0.03839 INCIo 0.07374
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presented in figures 5.2 10 5.7. For each case. the same five-component hydrocarbon
mixture has been used (see table 5.2). but each figure corresponds to « diiferent
temperature. Figures 5.2 10 5.7 correspond 1o results obtained for temperatures of
383015 K. 35315 K. 333,05 K. 313 K. 303.15 K and 278.15 K. respectively.
Figure 5.3 shows that the match is quite accurate. But for figure 5.2 and for figures
5.4 10 5.7 there is a considerable difference between the cutput of the phase behaviour
program und the Sarkar et al's (1991) data. The difference gets worse as the
operating temperature decreases from 333,13 K 10 278,15 K (figures 5.3 10 5.7). The
hquid drop-out data from the phase behaviour program show a sharper fall than the
Sarkar ctal’s (1991 deta in the retrograde region. At low temperatures iv2e figures
3.6 and 5.7). the results from the phase behaviour program of this study are quite
different from Sarkar et al's (1991 data in the entire pressure range. The use of
different binary interaction parameters and/or the use of different correlations for the
vapor pressure caleulations and the liquid density caleutations may be the cavse for the
difference i the output of the phase behaviour program and the Sarkar et ) s (1991

data.

Table 5.2 Composition of Sarkar et al. (1991) mixture used for this

study.

Components (1= 38315 Ky | Overadl Mole Fraction
O 0.8205

3 , 0.0895

NCS (.0500

NCI10 0.0199

NCI6 0.0201
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5.3 Comparison with Commercial Phase Behaviour Program

CMGPROP

The phase behaviour program developed in this study has been tested against the
commercial phase behaviour program CMGPROP developed by the Computer
Modelling Group (CMG). Calgary. The program CMGPROP is an equation of state
based phase behaviour package featuring the simulation of single and multiple contact
experiments. fluid characterization. lumping of components. matching laboratory data
through regression. phase diagram generation as well as process flow simulation. The
program CMGPROP can carry out two and three phase fLish and saturation pressure
caleulations for accurate phase behaviour prediction. Constant composition expansion
(CCE) runs were conducted using CMGPROP to compare the results with the phase

behaviour program developed in this sturdy.

Jones" (1985) mixture 2 data, Sarkar et al.'s (1991 data and Raves et al.'s (1992 data
were tested and the results are shown in figures 5.8, 3.9 and 5.10. respectively. The
compositions of these mixtures are given in tables 3.1, 5.2 and 5.2, respectively. The
variation of five variables. the gas deviation factor (Zo). the Jiquid doviat on factor
tZp). the liquid mole fraction (L), the vapor mole fraction (V1 ard - rw o-phase
deviation factor (Zapp). over pressure are shown in these figures Appendix E
des ribes an output file from the CMGPROP which has been used 10 generate figure

5.8, The output file contains the input file at the beginning.
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Table 5.3  Composition of Rayes et al.'s (1992) mixture used for this

study.

Components (T =353.15K) | Overall Mole Fraction
Cl 0.7323
C2 0.0758
NC3 0.0394
NC4 0.0148
NC5 0.0063
NC6 0.0085
C7 (0.0540
IC4 0.0085
1ICS 0.0061
CcO2 0.0254
H2S 0.0099
N2 0.0184

The Peng-Robinson equation of state (EOS) is used in CMGPROP. Hence. the
results from CMGPROP and the phase behaviour program can be different because the
ZJRK EOS has been used in the phase behaviour program of this study. For Joney'
(1985) mixture 3 and Rayes et al's (1992) data (figures 5.8 and 5.10 respectively).
the match was good for all the five variables. The value of the hquid deviation factor
(Z)) 1+ quite diiferent from the two programs for the Sarkar et al. (1991) data (figure
5.9). A possible explanation for the difference may relate to the fact that Zyis greater
than Z, for a broader range of pressures below the dewpoint pressure for the Sarkar et
al’s (1991) mixture than the Jones' (1985) mixture and the Raves et al's (1992)

mixture.
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The output of CMGPROP and the phase behaviour program are shghtly different

because different equations of state were used in cach case. But the figures show that.

overall. good agreement has been obtained.

5.4 General Output of the Phase Behaviour Program and Comparison
of the Two-Phase Deviation Factor from the Phase Behaviour Program

and the Rayves et al. (1992) Correlation

For Rayes et al.'s (1992) data. the output can be observed in figure 5.11. As the
pseudoreduced pressure increases. the moles in the liquid fraction increase initialty and
then decrease showing the retrograde phenomenon. The moles in the vapor phase
decrease with an increase in pressure and then increase as the hydrocarbon mixture
enters the retrograde region. In the two-phase region. as the pressure increases. the
hquid deviation factor (Z)) increases and the vapor deviation factor (Zy) decreases.
Zaph decreases with pressure as it is a function of four variables Z, . Zy. liquid mole
fraction (L) and the vapor mole fraction (V). The Z>pp can decrease or increase with
pressure depending upon the values of the above variables. In figure 5.12. the fluid
composition data have been taken trom Jones (19831, In figure 5,12, Zoph mitially is
almost constant and slowly increases as the pressure increases. But Zophg always
increases as pressure increases. Fluid composition data from Sarkar et al. ¢1991) have
been used in figure 5.13. Here. Zapp mereases slowly as pressure increases. but
Z2phy increases rapidly. There is one significant point to be observed in the figure. In
figure 5,13, above around 3200 psia, the value of Zy is greater than Z,. Generally. the
value of Zy is much higher than the value of Zy. But. in some instances. the value of
Zy can be greater than Zy. In figure 5,14, fluid composition data from Raves et al.

(1992) have been used. Even with their composition data. Z>ph decreases with an
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mcrease in pressure in the two-phase region, while Z2phg shows the opposite trend.

The Zopy increases after reaching the dewpoint pressure. but above the dewpoint

pressure. Zaph is of no interest as the liquid phase ceases to exist and Loph = Z,.
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6. TWO-PHASE DEVIATION FACTOR IN MATERIAL BA.ANCE
CALCULATIONS

Liquid starts forming in a gas-condensate reservoir as the roservoir pressure drops
helow the dewpoint pressure. Hence. we cannot use p/Zy versus Gy curve for
material balance calcutations like we can for a dry gas reservoir. Recently. a two-
phase deviation factor has been introduced to take into account the eftect of the hquid
fraction that develops in the reservoir. In this chapter. the effectiveness of the two-
phase deiation factor in material balance calculations is explored. Rayes et al. (1997?)
correfation for the two-phase deviation factor hus been used also. As detined betore.

Zopn is defined as:

7.:;1“ == 7.\ \ + Z] l_ { (7] )

6.1 Presentation of Resuits

Freure 6.1 represents o material balance caleulation for Jones (198351 minture 3
compostiion. The x-axis represents Gp/Gowhere Gp is the cumulative production and
Cros the mutial gas i place JdGIP). The data have peen presented i such a manner that
Gp/Gois equal to one when p/Zany is equal o zero . d Gp/G s equad 1o zero at the
mitial reservorr pressure. The relation between Gp/Gand p/Zzpy is linear within the
mterval. Figure 6.1 shows that p/Z, starts deviating from P/Z2ph after it reaches the
dewpoint pressure and the difference becomes more significant as the pressure
decreases. The P/Z2phi. where Z:th represents the two-phase deviation factor from

Raves etal (1992 correlation. versus G/G has also been plotted. The P/Zz2phR line is
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quite far from the p/Zaph line. The p/Z2phR line overpredicts the IGIP by 15-30¢%.

depending on the composition.

In figure 6.2, the material balance calculation has been shown for Surkar et ol.'s
(1991) data. A similar observation to that made with respect to figure 6.1 can be
made. In figure 6.3. data from Rayes et al. (1992) have been used. Tt also shows that
p/Z, deviates from the p/Zaph plot . Betore reaching the dewpoint pressure. p/Z, and
p/Zaph are the same for all three cases because. above the dewpoint pressure. Z,y =

Zth- as the liquid phase doesn’'t exist.

In figure 6.3. there is some clustering of data points around the middle duc to the
computer program.  The program calculates values tor every pressure step. As the
pressure appro..ches the dewpoint pressure. the pressure steps are kept small because
the program takes initial guesses for the current iteration trom the final vaiues for the
previous step. These inttial guesses become very sensitive to pressure step when the

pressure approaches the dewpoint pressure.

6.2 Dirmensiontess Approach

A dimensionless approach has been adopted to get abetter overall view of the matertal
bakance caleulation. Jones™ 1 19851 mixture 3 has been used in figure 6.4, Figures 6.1
and 6.4 are the same. but. in the Jatter, all the variables have been made dimensionless.
Thus. figure 6.4 gives a better overall view.  All variables have been mude

dimensionless by dividing by values at the initial reservoir pressure,

‘N



Different Variables

Different Variables

5500

5000

4500

4000

3500

3000

2500

2000

1500

6nnn

SO00

4000

3000

2000

1000

Fig. 6.3 Material balance calculation using data for Rayes ~( al.'s

?‘R.. ------ p/:(zpsl) =
! L - - e - - -
My, oy & s P * =
e * -~ e--p/Z -
o CNATY 2ph =
— S TAL ¢ —
s N - - & - - —
= Sl :i‘_: “ p/Zzth =
— e L —
:__ \C\ q: % R S =
— s —
= . e =
- S L &®al =
s el TRl S
- Coe faga =
— IS ~,

z . . Ta R :Q: ‘3
—_ Imtial reservoir pressure = 5220 psi S Y
= Dewpoint pressure = 4726 psi v
- ' : N =
0 0.1 0.2 0.3 0.4 0.5 0.6

G/G

1991) five component mixture.

g. 6.2 Material balance calculation using data for Sarkar et al.'s

— - - e - - —‘
foe, p (pst) -
4;‘:" --e - p/Z\ —
Z vt:A:?‘" o /7 -
— S, 42 : . p 2ph -
— \; " L 4 - . /7 -
— - a2 -4 --n/7 -—
- T * e PlL w2
- < A by -
- & }. -
— N S s 3- —
- U T =
— & . g4 -
- Z. - ~ 8 \‘ e i
- T e IR N
— RN At NI
~ Initial reservoir pressure = 5216 nsi RS S
= Dewpoint pressure = 2560 psi @ o

r H .—J
{h' 1o [ i [ ! Lo ; | 1
0 0.1 0.2 0.3 0.4 0.5 0.6

G/G

(1992) hydrocarbon mixture.

't

| ]



Different Varizbles

1.2 — ——
! N <( P \ -
_ h \:3;(- | 7‘;;~):}< L :
St - \: —
b ~ -
= NS -
= ‘\-’A \.\\“ ’ ( n 3 -
Z 06 - N iy =
5 - \ Z. -
2 - ) \\\ Ve )D -
2 04— e N —
- fo L N
D A -
. | : : —
02— \ Z.‘ i ”
“ - o v “\‘ R -

() 0.2 (.4 1.6 0.8 | 1.2 1.4
G./G

Fig. 5.4 Dimensionless material balance calculation using Jones’
(1985) mixture 3.

'h

o



) Z..,
[ o J G (6.2)
)

Z,

\ -

ph

3 AZ
(7£ Z) (6.3)

/ .
Az,
p \ -”R) (Gd)

2phg b p

For figure 6.4, (p/Zapp)py reaches zero when Gp/G reaches 1. But the p/Z, line vields
around 4% crror. Extrapolation of the (p/Zyphr)py line yields a large error in the runge
of 26%. In figures 6.5 and 6.6. the Sarkar et al. (1991) data and the Rayes et al.
(1992} data have been used. respectively. Ficures 6.5 and 6.6 show similar trends 1o

those in figure 6.4

6.3  Data Input Error Analysis for Deviation Factor

For & material balance calculation. the data required are the AVErige reservolr pressuse,
the gas deviation factor. the two-phase deviation jactor und the cumulative production.
These data may be eitoncous because of reasons like faulty data and sample collection
procedures and the analysis technique used. In this section. a theoretical study has

been made by introducing random crrors into the raw data,  For this study. the
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Ambastha and van Kruyvsdijk (1993) method has been followed. For a dry gas
reservoir. a p/Zy versus cumulative production plot is made. For a gas-condensate
reservoir, p/Zaph is used. instead of p/Z.. In this section, random errors have been
introduced into p/Zaph. p/Zy and Gp/G. The effect of errors on the prediction of the
mitial gas in place (IGIP) while using different variables is observed. The two-phasc
deviation factor correlation (Zaphr) by Rayes et al. (1992) hias also been used snd the
resulting error is observed. p/Zy line generally underpredicts the IGIP hy 4-10%
depending upon the composition. p/Zaphr overpredicts the IGIP by 15-30¢ . Hence.

IZ and p/Zappr give erroneous predictions before the introduction of error.
p P/L2phR & p

6.3.1  Theory

This section follows the discussion presented by Ambastha and van Kruvsdijk (1993,

The dimensionless material balance equation can be written as:

L (G.5)

where the deviation factors (Z and Z;) can be ZLoph. Zy or Zoppr. Equation 6.5 can be
expressed as:
(06.6)

'\':(1—}7\

where,
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P
V= V4 (().7)D
R £

zl

1
X — (6.8)

{1t
a=1 (6.9)
and
h=| (6.10)

Hence. for a perfect data set. a and b will be unity. A perfect (X)) data set is

represented by pairs of (X7 T values where,

Vi=don (6.1

Fhe Targest value of A7 denotes the depletion Tevel, Runs at different depletion Tevel

have been carried out. Random errors are fntroduced o v and v by the following

cyuations:

vEATOL 40 tO 120

VEN T ey (6.13)

6.3.2  Data ¥rror Modelling

A Box-Mulier transformation (Pro s ot al.. 19905 has been used to get normally-

distributed numbers with zero mean and unit variance. using drand48¢1 as the source



of uniform deviates. To invoke drandd8(). srand48(sced) is required as an
imitialization entry point where ‘seed’ can be any mteger. ‘i'o invoke different seeds for
cach run. mrand48() is introduced. The function mrand48() returns signed long
integers uniformly distributed over the interval [-23%, 2311, The function drand48()
returns non-negative double-precision-floating-point values uniformly distributed over
the interval [0.0. 1.0]. The functions drand48(). srand48(sced) and mrand48() are
stundard C library functions. The normally-distributed numbers with zero mean and
unit variance are then converted to random numbers with mean of zero and standard

deviation of oy and ©y. The errors are then introduced to all the variables by using

equations 6.12 and 6.13,

6.3.3 Computer Program

A computer program has been develope:d io perform data error analvsis. Detals of the
program arc given in Appendix Fo The program takes the input of Gp/Goversus
p/Zaph. p/Zy and P/Z2phr. 1 then introduces normally-distributed errors into all of the
variables on the x and v axis. The standard deviation is also specified in the input file.
The erroncous data are then fed to the function "line” which calculates a and b as
defined in equation 6.6. The percentage error in estimating the initial gas in place
(1GIP) is calculated as:

(G -G
G Lrror = [Q0-—ttmid e
G

~

autial (H.14h)

In terms of estimated ‘o' and 'b'. equation 6.14 can be written as:

‘N



% Error = 100 (b‘ ; 1) (6.15)

A negative percentage error implies underprediction and positive creentage error
implics overprediction of the IGIP. The program does the sume operation for 500
times and gives the maximum and minimum percentage error levels in predicting the
IGIP while vsing p/Zaph. p/Zy and p/Zapnr. For some unknown reason. the program
failed to operate when 1600 runs were tried. This may he because of a problem in the
UNIX environment where the program was run. Hence. for making 1500 runs. the

program was run three times for ~ach case.

6.2.4 Results and Discussion

[ this section. v asubts for a material balunce analvsis of data contaming random errors
arediseussed. Intables 6.106.2 and 6.3 manimum and minimum errors in estimating
the mnttial gas i place dGIPY have been wbulated for three dirierent cases at different
depletion levels. These cases are for ditferent compositions taken from Jones’ ( 1985)
mixture 3. Sarkar etal. (1991 and Raves et al. (1992). The errors observed are for
dittferent variables, such as P ZLaph. p/Zy and P/Z2pni The standard deviations, o,
anct oy for each case are taken as 0.0CT. The range of percentage errors in estimating
mitial gas in place (Gil'y using p/Zzph. when depletion level is 0.1 matches closely
with case number Fin table | of Ambastha and van Kruysdijk (1993). The errors, as
shown in tables 6.1, 6.2 and 6.3, differ from one another because a different

composition is used for each case. The errors while using the Raves et al's

correlation are ditterent than the others. This is because the rew data has an error of

I5 - 30 % before introducing the random errors.
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Table 6.1 Results of material balance calculations with random errors

for 1500 runs for Jones' (1985) mixture 3

Data Points: 20

o = 0.00]
oy = 0.00]
Variables | Depletion Level = 0.1 | Depletion Level = 0.2 | Depletion Level = (0.3
Maximum | Minimum | Maximum | Minimum | Maximum | Minimum
% error % error % error G error G error S error
p/Zopn
2.35 -2.34 (.98 -1.01 0.59 -0.69
p/Z.,
3.75 -0.95 -0.15 -2.08 -2.99 -1.83
P/Z2phR
21.55 14.75 27.47 24.08 28.02 2568

Table 6.2

Results of material balance calculations

for 1500 runs for Sarkar et al.'s (1991) data.

with random errors

Data Points: 20
= 0.001
o, = 0.001
Variables | Depletion Level = 0.1 | Depletion Level = 0.2 | Depletion Level = 0.3
Maximum { Minimum | Maximum | Minimum | Maximum | Minimum
% error G crror % error % error Gt error G oerror
p/Zaph
. 2.23 -2.25 0.99 -1.02 0.60 -0.62
/L.
11.56 6.31 5.39 319 1.15 -.075
P/ZZDhR
11.98 6.46 19.76 16.77 21.2 19.29

S




Table 6.3

Results of material balance calculations with random errors

for 1500 runs for Raves et al.'s (1992) data.

Data Points: 20

6y = 0,001

o, = 0.00]

Variables

Depletion Level = 0.1

Depletion Level = 0.2

Depletion Level = 0.3

Maximum | Minimum | Maximum | Minimum | Maximum | Minimum

Cooerror Ce error “error LS error Ce error e error
AN

23 -2.32 .01 -1.04 0.61 -(3.64
plZ.,

2.21 -2.3 1.01 -1.05 0.62 -0 66
P/Z2phR

-0.56 -5.02 ().33 -1.72 284 1.58




Tables 6.1 through 6.3 show that o« the deoietion fevel increases from 0.1 10 0.3, the
percentage error in predicting the inital gas in place decreases while using p/Zaph. The
percentage error also decreases while using p/Z, and P/Z2phRr but in a different
fashion. The range of pereentage error is moving towsrds underprediction as the
depletion level increases while using p/Zy. and it is moving towards overprediction
while using P/Zaphr. This is because p/Z, underpredicts the IGIP by a range of 4- 10
% while p/Z>phr overpredicts the IGIP by a range of 15-30 % before mtroducing

crrors.

In table 6.2, the Sarkar et al. (1991) data set has been used. The maximum and
minimum errors while using p/Z, for depletion level 0.1 arc (11.56. 6.31). This is
becav-e of the unusual behavior of Z, and Zy as shown in figure 5.13. Between 3100
psi and the dewpoint pressure of 4900 psi. Zyis greater than 7. But as the depletion
level increases. the percentage error range has shifted tow . underprediction. ™ -4
0.3 shows that the ei.or percentage is much less while using p/Zapng with data from
Rayes et al. (1992). This confirms the conclusion that the Raves ot al. (1992
correlation may be useful for a particular set of data, but is not applicable nniversally o

any gas-condensate tluid.

In figure 6.7. a muterial balance analy sis has been presented before introducing
random errors. Jones' (1985) mixture 3 has been used. The p/Zy line starts deviating
from the p/Zopy, line atter some point and p/Z. line would underpredict the IGIP. For
adepletion level of 0.2, the percentage error in estimating the IGIP while using P/, is
=24 . The P/Z2ppR line overpredicts the IGIP by 26.9 %. Normally-distributed
crror has been introduced into this data and plotted for a particulur case in figure 6.8,
In figure 6.8. a particular dimensionless material balance analysis has been presented

with ¢, = 0.00] and oy = 0.02. The percentage error in predicting the IGIP for this
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particular case is 4.2 % while using P/Z2ph. -9.3 < while using p/Z,. and 34.2 G

while using P/ZthR~ Tables 6.1 10 6.3 have been presented with oy = 0.001 and O, =

0.001. but for figure 6.8. 6, = 0.001 and 6. = 0.02. G, =0.02 is chosen to show the
g y »

crrors more prominently in figure 6.8,
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7. TWO-PHASE STEADY STATE THEORY

Chopra and Carter (1986) proposed a two-phase steady state theory for gas-
condensate reservoirs. In this chapter. their theory is presented and discussed. A
computer program has been written to apply the theoryv for gas-condensate
reservoirs. The program has been written based or: the method as described by

Chopra (198%). Some observations have heen made regarding this theory.

7.1 Description of the Theory

Chopra-and Carter £ 19861 proposed o two-phase steady state theory ter gas-
condensate reservoirs. This theory also involves a hiquid deviation factor ar o gas
deviation tactor. Hence. the phase behaviour program which has been developed is
used again o reprodace the theors . The fundamental basis of their theory s

detined as:

whereo Vi and Vare defined as the volume percentage ciozas phase wna Higquid
phase. respectively. The entities Qe and gooare the molar flow rates 03 550 gas and
Hguid phases from the reservoir. respectively. There are several other cquations in
@ paper by Chopra (1988 from which one can obtiin o pressure versus radius

curve and a flow rate versus bottom hole flowing pressure curve. The equations

are as follows:
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"o Darcy's lTaw. the gas flow can be written as:

2nkk h g
g, =——u- P (7.2)

£ m dr

Similarly. the liquid flov can be expressed as:

27tkk'“h dp

4. = ™ (7.3)
n dr

From equations 7.1. 7.2 and 7.2, we get:

Lo

Lal B 74

This theory assumes constant pressure conditions at the inner and outer houndar:

So. pressure “z2creases from the constant cuter boundary pressure to the constas
bottom hole pressure (pwp) within the reservoir. Hence. Y/ .. V. 1, and Hy are
functions of pressure. As liguid saturag- lepends on pressure. we can assign i,

and My as a function of liquid saturation.
The pseudo-pressure function. m(p). car be defined as

k k
m(p) =2 ——— 4 -—— i pdp (
HZ pZ

[

~J
‘N

The total flow rute g can be efined as:



dimip)-mip
q =2n ('}_1 mp) - mip.) (7.6)

Thus we cen calculate ¢ from equation 7.6 for a coinstant pe and various values of
Pa,eoand get acui .. €rsus pwi. 10 obtain the value oi total flow rate from
ceoation 7 nume; ‘ntegration has been adopted.  For the numerical
integration. va' es of Kro. Krg. g, o, Z, and Z., have been interpoini.d for every
pressure poin.. ¢ that Ky, and kg are given as functions of liguid saturation. So

ene has 1o caleulate the ligwid saturation st from the pressure values to get the

values of Ky and Ky

As it has been ¢ med that the molar flow rate is constant at ¢ erv poind i the

roservoir, Chopra (1988) came ap with the followiig equation:

o -
r=r - RS
v U !
where.
! 1 e {7.8)

rrom cquetion 7.8, one cun obtain o graph of pressure versus radius for ine gas-

condensate reservorr,

7.2 Presentation of Results

A compuier program (Appendix Gy has beein developed following the tv phiase

steady state theory. Figures 7.1 and 7.2 represent the pressure profile and the total
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liquid saturation profile for a radial system. Jones' (1985) mixture 3 has been use
in the phase behaviour program developed tor this study to generate the initial data.
such as Zg. Z,,. Vg and V, over pressure. Viscosiiy data were assumed. Viscosity
data and reservoir ata have been taken from Chopre (1988)  Viscosity data could
have been cd :d properly by using CMGPRUP. -+ liquid saturation data in

figurc 7.2 arc - sy because of numerica® problem oi interpolation at every point

during inicgration. Figures 7.1 and 7.2 show similar rrends as figures 11 and 12 of

Chopra (1988). respectively.  The discentinuity in these figures represents the
tormation of a two-phase region as the pressure declines below the dewpoint

pressure.

7.3 Performance of Simulator GEM for Steads 5t.te Condition

GEM acgeneral adaptive in it equaieon of state based compositional model
simuiator developed by the Computer Modelling Group (CMGh Calgary. A gas-
condens e veservoir with ten grid biocks i the radial dircction and one in the
vertical drectzon was considered. Each radian block is 1Go meter thick. Peng-
Robimson equation of state has been used to caleulate the phase behaviour i the
GEND simulator. Jones” (1985 mixture 3 has been used as the reservoir flud.
Please reter to Appendix H for further details of the reservoir data. fluid component
dati. rock-tluid property data initial condition and well data. Appendix H is for the
tour fayer case apphceable for section 740 For this section. a single laver, 120
meter thick. s considered. Except the Tayering. the other data are the same as in

Appendix H.
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The steady state condiion has been achieved by setting up a constant pressure
production well at the innermost block and a constant prassure injection well at the
outermost block. The composition of the injection fluid is the same as that of the
reservoir fluid. Although it is an idealized situation. this is the only way we can
force a "true” steady state condition where the composition is not changing with
time. The pressure ut the outer boundary was kept above the dewpoint pressure
and pressure of the producing we!l is kept below the dewpoint pressure. Hence. a
steady two-phase zone is developed near the producing well and a single-phase gas
zone 1s press! near the outer boundary. Figures 7.3 .nd 7.4 <how the pressire
protfile and the total liquid saturation profire. Figure 7.3 shows a significant

difference in pressure profile above and below the dewpoint pressure. In figure

7.4, the total liquid saturation increases in the two-phase region because of

concensation of hydrocarbons below the dewpoint pressure.

Figures 7.1 and 7.2 show a simi.ar trend. 1gusis 7.2 and 7.4 show similar

behaviour too. The data used for figures 7.1 and 7.2 ore different than those used
for fioures 7.3 and 7.4, Hence. the figures are not identical. For ficures 7.1 and
7.2, all the necessary data were taken from Chopra (1988). Naoanjeciion well was
needed at the outer boundary to set up the steady state condition. But. for figures
7.3 and 7.4, an injection well was needed 10 set up steady state condition in the
simuiator. For both cases. Jones' (1985) mixture 3 has been used as the reservoir

fluid.
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7.4 Steady State Condition in a Layered Gas-Condensate Reservoir

A simuiation run has been made to run GEM under steady state conditions for a
layered. gas-condensate reservoir to obtain a pressure profile and an oil saturation
profile. Four layers. each 30 m thick. have been considered. All the other
descriptions of various data and set up were kept same as that for section 7.3, The
input data file for GEM for titis cuse can be found in Appendix H. The vertical
permeabilities of all the four layers were kept at zere to climinate interlayer
crosstic effects. Figures 7.5 and 7.6 represent the pressure protiic and the oil
saturation profile. respectively, for u!! the lavers. kg denotes the top layer and k|
denotes the hoitom layer. In figures 7.5 and 7.6, the botton: two layers (Ky and k)
have both the two-phase zone and the single-phase gas zone. The tof, two layers

"K4) pove only the two-phase zone.

Ihe oil saturation profiles of indgividual L rs are different depending on the
pressure conditions in e aver which influences the presence or absence of the
two-phase zone. The top layers have more oil saturation because of retrograde
condensation. The reasons for the large differences in the pressure profile and in
the oil sawraiion profile between the layer 2 and the fayer 3« re not obvious to the
author. The gap might be caused by the fuct that the top two layers are entirely in
two-phase zone while portions of the bottonm two layers are in the two-phase zone

and the restare in the single-phase gas zo.e.

7.5 Observations
L. According to the theory. the pressure profile remains constant throughout the

reservoir and so does the composition. Practically. o gas-condensate reservoir
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exists with this kind of behaviour. Hence. a performance prediction using this
theory is not recommended. unless full gas cycling has been implemented to

achieve "near” steady state conditions.

The theory cannot be applicable for a performance prediction under transient
conditions. In a gas-cordensate reservoir performance prediction. difficulty
arises because of the transient pressure condition. Liquid drops out more as the

pressure drops in the retrograde region.

An effort has been made to obtain an analytical solution to predict the
performance of a gas-condensate reservoir, The author has observed that the
equations become so complicated that after some point. an analvtical solution
becomes impractical. Numerical soluiions or simulation remains the only

possibility onen. In this respect. "two-phase steady state theory™ is a worthy

approach to solve the problem analytically, even though this theory applies for

an idealized condition.

4. Although it has been accomplished partially in this study. the two-phase steady

state theory can be applied successtully to validate a simulator by emploving the

assumptions underlying the theory in the simulitor,
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8. CONCLUSIONS AND RECOMMENDATIONS

fone cuerent rescarch. the use of two-phase deviation = irs for material balance

-dlations for gas-condensize seservoirs has been studied. An equation of state
based phase behaviour program can be used for computing two-phase deviation
vectors i the composition of the gas-condensate fluid is known, A two-phase
deviation tactor yields theoretically accuraie results for material balance calculations for
gas-condensate reservoirs. The hinary interaction parameter plays a major role in a
pi-ase behaviour program. The two-phase steady state theory of Chopra and Carter
(TOR6) may not be applicable for any gas-condensate reservoir production performance
heeause the assurspuons upon which iuis based are rarely satisfied. But the theory s a
worthy approach to selve the gas-condensate production performance computation
preblemanatyicadly. Csetul conclusions and extensions from the developments in
chapter T have notbeen achieved i this =uds . The foll - ine conclusions have been

reqached:

8.1 Conclusions

I The two-phase deviation factor does not necessarty merease W in an mercdse

m pressure. But the correlation by Raves et al (1992 shows that the tw o-

phase deviation factor alway s inercases Wi as iLcrease 1 ressure,

hy Fhe Raves etal c1wo2y correlation tor the two-phase deviation . cter should
not be used tor all cases even in its domain.
3. Errors in the input data for material balance caleulations in o ces-condensate

Feservolr can cause a considerable amount of error i estimating the initial £as

~J
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8.2

to

'

i rhace TG The amount of crror i estanating the initial gas in prace
durends on o the stindard deviation of the ersor. depletion level. fluid

~omposition and the deviation factor computation method.

Recommendations

The phase behaviour program written is for constant composition expansion
(CCE). The phase behaviour program using constant volume depletion
(CVD) method can be developed in the future to study the production
performance of gas-cendensate reservoirs. The CVD method is useful when
the rate of change of composition over pressure can be predicted.

Actual field data obtained from a gas-candensate reser ¢ should be wsed in
material balance caleulations. Using field data wit' . 2t e the concle i

1 more readistic way:,

A new and simplified production performance prediction method for gas-
condensate reservoirs can be developed in the future 1ol my the tvoqphase

steady state theory.

The production performe e i layvered. gas-condensate reserverrs in various

reservoir conditions should be studied in the future.
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APPENDIX A

LIQUID DENSITY CALCULATION



Liquid Density Calculation

The liquid density at vapor pressure is required for the ZJRK method. The liquid
density of each component at a reference temperature has been given as input in the
phase behaviour program developed for this study. The Gunn and Yamada method
(Reid et al.. 1987) is applied to estimate the pure-liquid specific volumes and densities.

This method is limited to saturated-liquid volumes.

There are two forms of their method. The following form is applicable when a known
value of saturated liquid volume (VR) at some reference temperature (TRy is known.
According to Reid et al. (1987). this method appears to be the most accurate method

available for saturated liquid volumes.

v VYT (1 -er(T,))

W—V:“'(Tf‘)(l—(or(T!j) (A
whetre.

For 0.2<T,<0.8

V" =0.33593-0.33953T, + L51941T; —2.02512T, +1.114227T* (A2)

For 0.8<T<1.0

V" = L0+ 13(1-T,) *log(1 - T(T,)) - 0.50879(1 = T,) ~ 0.91534(1=T./*  (A.2)



For 0.2<T;<1.0
I =0.29607 = 0.09045T, - 0.04842T (A4
Some other liquid density estimation methods are Yen and Woods. Chueh and

Prausnitz and Lyckman - Eckert - Prausnitz method. Details of these methods can be

obtained from Reid et al. (1987).
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APPENDIX B

VAPOR PRESSURE CALCULATION



Vapor Pressure Calculation

To calculate the vapor pressure. the Lee-Kesler vapor pressure correlation (Reid et al..

1987) has been used. The correlation is as follows:

in pypp =19 (Tr) + @ {11 (Tr) (B.1)
" .09648 . )

P = 592714 - 2008 eg6a it )+ 0.169347(T, ¥ (B.2)
56875 .

f :l5.25](’—l—- 6 134721 T+ 0.43577T ) (B.3)

Dupy 18 the reduced vapor pressure. The functions {197 and ') have been tabulated over
a wide range of reduced temperatures. There are many other forms of correlaticas for
calculation of the vapor pressure. such as the Antonine correlation. the Clausius-
Clapeyton equation. the Riedel equation and the Frost-Kalkwarf-Thodos equation.

Details of these methods can be obtained from Reid et al. (1987,
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APPENDIX C

CARDANO'S METHOD: ANALYTICAL CUBIC
EQUATION SOLVER
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Cardane's Method: Analytical Cubic Equation Solver
A cubic equation can be writtei as:
4+ AN+ AN+ AG=0 (C.1H
where. x 18 the variable and Asc Ay and Ay are real numbers. Cardano’s method is a
methoid to solve cubic equations analyvticallv. It can soive the problem if all the
cocfficients are real. In that case. there will be at least one rea! root. The method is as

follows:

Equavon C.1 can be written as:

VisBiv+Ba=0 (C.2)

where.

\ \—\; 1C.3)
!

Bo= L34 - A (C.h

B - E];(Z.-\_ﬁ L9AAL~27AL) (C5)

The discriminant. D= is given by:

TN
e

(B Y .
—L) *(T") (C.6)



I. If D2>0. the equation gives only one real root:

Y, -_-2(—51)‘ (C.8)

iy

V=V, = ——[———)._ = ——Y (C.())
I .2

3. 1f D2 < 0. the solution gives three unequal roots:

|

[B,|
R = (sign of B, ), = (C.10)
(sign o ‘)\ 3
O:Cos“(—}i’—.j (C.11)
2R°
Y =—2RCOS(%J (C.12)
\u=—2RCos(9+gﬂ) (C.13)
oo 3 3

_\'1:—2RC05(%+4T“) (C.14)
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After getting values of vy va and y3. we can get values of the roots of the cubic

cquation by the following equation:

X, =V !

’ij (C.15)
3

where.

1=1.2.3
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COMPUTER PROGRAM: PHASE BEHAVIOUR
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/* Zudkevitch-Joffe-Redlich-Kwong equation of state based phase behaviour program
to handle multicomponent hydrocarbon mixture which can handle impurities. such as.

CO~. Na and HaS#/

#include<stdio.h>
#include<math.h>
#define M 20

int d.no.iteration:

double u.w.tolerance.p.t.pmax:
double pcatm[M].pc[M].tc[M].zi[M]:
double r.a[M].b[M].ur[M]:

FILE #fd1.*fd2.#fd3.#{d4 . *fd5.*fd6.*{d7;
double vol_lig_frac.vol_gas_frac:
double zcaleO.v.pow T().myabs():
double x[M].y[M]:

double z1.zv:

double pi:

double crrore!:

double fn_v.fn_vdash.vnew.Inew.e2:

/ e o e o e e e e e e et e e e o E3

double am.bm.aam.bbm:

/:-: _______________________________________________________ Ed

double del[M].constl[M].const2 k[M]:
double phi_l[M].phi_v[M]:

double sumx.sumy.sumkx.sumy_Kk:
double KKK[M]IM KKK T[M][M].sumdelta:

double molwt[M]ve[M]ze[Mww{M]ligden[ M].tden[ M]:

it totalnosno[M]:

int pno[M|.i:

double pvpfMILVIIN]:

voud hquiddensityovap_pro):
vord constantealculation( 1
double aomega[M].bomega[M]:
double vol_gas():

void rayesor:

double 22ph.z2ph_r.tpr.ppr:
churname[20]120]:

/% Nain program starts here */

maniy

|
int gt
double HI[M v M]:

double errmax.e3.volgas.vollig.volligpercent:

int dewpointcheck:
int bubblepointcheck:
double count, step. pstart

dewpointcheck=bubblepointcheck=0:
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u=1l;w=0:
tolerance=1.0e

-4

pi=3.141592654:

r=8314 4:

/% OPENING FILES
fd1=fopen("datafile"."r"y;

fd2=fopen("ou

W)

fd4=fopen("omega"."w"):

fd3=fopen("ini

tialdata"."r");

fdS=fopen("binary"."r"):
fdé=fopen("frac"."w"):
fd7=fopen("mbe"."w"):

/ ES

/* Reading from ‘initialdata’ */

fscanf(fd3."%d".&totalno):

for(i=1:i<=totalno:++i)

{

fscanf(fd3."%d Gelf GIf Gelt Gelf GIf Self Slf Gelf
%s".&sno[i].&mo]wl[i].&lc[i].&pcatm[i].&vc[i].&zc[i].&ww[i].&liqdcn[i].&ldcn[i]

Lnamel[i]):

velil=veli]*1.0e-3;

pcli)=pcatm[i])*1.01325¢5:;

for(j=i:j<=totalno:++j)
fscanf(fd5."%1f" &KKK1[i][j]:

for(i=2:i<=totalno:++i)

for(j=1

J<ii+)

KKK 1[i][j)=kkk 1 (jfi):

/*

for (i=1:i<totalno:++1)
for (j=1:j<totalno:++j)
Kkk1{i](j}=0.0:

:i:/

/:;:
for(i=1:i<=totalno:++i)

{

for(j=i:j<=totalno:++j)

printf("k[%2d][%2d] : %8.4f \n"a g kKK T[] D:

printf("\n"):
)

for(i=1:i<=totalno:++i)

J
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o .
for(j=1:j<=totalno:++j)
printf("k[% 2d][%2d] : %8.48 \n" i j.kkk 1{i][i]):
PN\
}

/* Printing for verification */
printf("no Molwt Tc Pcatm Ve Zc w  ligden Tden name\n"y:

for(i=1:i<=totalno:++i)
printf("%d ¢ .3f % .31 G .3fF G 3f G.3f G 31 G .3 % 31 Ges\n. snoli]. molwt[i].
tefi]. pcatm[i]. velil, ze[i]. ww[i]. ligdenli]. tden[i]. name[i]):

printfc"\m\n");

/% Printing in output file ‘out’ */

fprintfitfd2."Tpr p(psiv Ppr zv zI v | Z2ph Z2ph_r Z*k Z/K\n"):
fprintf(fd6."Tpr - p(psiy  Ppr zv ozl v ] Vg VI Lvol Lmol\n"):
fprintf(fd7.” pipsiy zv 721 v ] 2ph Z2phR p/Zv p/Z2ph p/Z2phR\n");

/*Reading data from input "datafile” */

fscanfetd 1"GEI “elb el & pstart. & L& pman;
Escanf(fd 1" <O " &v.&:
fscanfifd]."<ed”.&no):

fori=li<=noi++i)
Pscanfifd 1.7 Gs God It Celf It " &name[i].&pnofi].&zii).&xfi].&vi]:
D= pstart

step = (pmax - pstart)/ 150.0:
count = pstart + step:

7% Printing tor verification #/
printf("no Molwt Te Pcatm Ve Zce w ligden Tden name\n™:

7% Taking data from ‘initialdata’ for the components considering only >/

forti=li<=no:++1)

{
pc[i]:pc[pno[i]]:
pcatm{i}=pcatm[pnol[i]]:
te[i]=tc[pnoli]]:



molwit{ij=inolwt[pno[i]):
veli]=ve[pnol[i]l:
zc[i]=zc[pnoli]]:
ww[i]=ww[pno[i]}:
ligden[i]=ligden[pnoli]]:
tden[i]=tden[pno[i]]:

printf("%d %.3f %.3f G%.3f %.3f %.3f % .3f G%.3f S%c.3f  Gs\n',

./slloli]. molwtfi]. tc[i], pcatm[i]. ve[i]. zc[i]. ww]i). ligden[i]. tden[i]. namel[i}):
name[i]J=name[pno[i]]:
:5:/

for(j=1:j<=no:++j)
kkk[i](j] = kkkI{pno[i]l[pnolj]]:

for(i=l:i<=no:++i)
{
for(j=1:j<=no:++j)
printf("k[%2d][%2d] : %8.4f \n".i.j.kKkk[i][j]):
printf("\n");
}

/% Assigning all the other values to zero #/
1=no+1:
do

if((1>no0)& & (i<=totalno))
pc[.i]=1c[i]=molwt[iJ:vc[i]:zc[i]:ww[i]zliqdcn[i |=tden[i]=0.0:
++i:
}while(i<totalno):

1=0:

/* Calculating vapour pressure, liquid density and then use those to calculate
a_omega and b_omega. Valuves printed in output file ‘'omega’. */

vap_pr():
liquiddensity():
constantcalculation():
printft"\n\n");

fprintf(fd4."\ntemp. :%f K or %f C\n".t.t-273.15):
fprintf(fd4,"\nname\ttc\t tr\t.  pvp\i\tligden\t vin™):
for(i=1:1<=no;++i)
fprintf(fd4." %s\t%7.3f\t %7 .40\t %9.2e\t% 6.4\t % 6.4\n" .name]i].\
tefi]uarfi], pvplil.ligden{i].vI{i]);
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7 Calculating values for different pressure . Pressure range is given in
‘datafile as p and pmax . The pressure varies as p+=1.¢5 *#/

while (p<pmax){
22ph=z2ph_r=volgas=vollig=volligpercent=0.0:

vol_liq_frac=vol_gas_frac=0.0:

for(1=1]:1<=no:++i)

{
tr[i]=tc[i]:
afi]J=aomegali]*r*r*tcfi]*tc[i]*sqrt(tc(i])/pcli]:
bli]=bomegali]*r*tc[i])/pcli]:

!

/* Iterating to calculate v and | {mole fraction in vapour & liquid 1*/

if (myabstsumy_k-1.00<1.0¢-3)

{
printft"DEWpoint pressure :%f\n" py.
printf"sumkx=%{ \tsumy_k=f\n".sumkx.sumyv_Kk:
dewpointcheck=1:
!
i tmyabstsumkx-1.00<1.0c-3)
{
printf("Bubblepoint pressure (< f\n”.p):
printf("sumkx=%t \tsumy_k=N\n".sumkx.sumyv_K:
bubblepointcheck=1:
}
iftdewpointcheck==1)
{
for(1=1:1<=no:++1)
{
x[1]=0.0:
viil=ilil:
7v=zcaley.2y
71=0.0:
k[1]=0.0:
v=1.0:1=0.0:
error=iteration=0.0:
}
. »
clse if(bubblepointcheck==1)
{
for(i=1.1<=no:++i)
{
v[i]==0.0:

NNEATHE



zl=zcale(x.1):

zv=0.0:
k[i]=0.0;
v=0.0:1=1.0:
error=iteration=0.0:
}
}
else
{
iteration=0;
do

{

iteration=iteration+1:
zv=zcale(y.2):

for(i=1:1<=noi++i)

sumdelta=0.0:

for(j=1:;j<=no:++j)
sumdelta=sumdelta+y[j]*sqgrt(alj])*( 1.0-kkk[i][j}}:
del[1]=2.0*sqrt(a[i])*sumdelta/am:
const1[i]=b[i}/bm:

}

const2=sqrt(u*u-4*w);
for(i=1;1<=no;++i)

phi_v[i]=const][i]*(zv-1.0)-log(zv-bbm)+aam/(bbm*const2)*(const | {i]-
del[i))*log((2.0*zv+bbm*(u+const2))/(2.0*zv+bbm*(u-const2))):

phi_v[i]=exp(phi_v[i]):
}

Zl=zcale(x.1):
for(i=1l:i<=no:++1)

sumdelta=0.0:;

for(j=1:j<=no:++j)

sumdelta=sumdelta+x [j]*sqrt(a[j)*(1.0-kkk[i]{j]):
delfi]=2.0*sgrt(afi])*sumdelta/am:
const1{i]=b[i]/bm:

}

const2=sqrt(u*u-4*w);

for(i=1:i<=no:++1)

{

phi_l[i]=const1{i]*(zl-1.0)-log(z]-bbm)+aam/(bbm*const2)*(const | [1]-
del{i))*log((2.0*zl+bbm*(u+const2))/(2.0*zl+bbm*(u-const2))):
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phi_l[1]=exp(phi_lfi]):

)

errmax=-1¢20;

forti=1:1<=no:;++i)

{
c3=0.0:
fiv[i]=fil[i]=0.0:
fiv{ij=pri_vhiJ*y[il#p:
filli]l=phi_I[i]*x}1]*p:
c3=fivji]-filli];
1f(¢3<0.0)e3=-e3:
ifte3>errmax)errmax=c3;
K[i]=phi_I[i}/phi_v{i]:
x[i)=zifiJ/(k[1]+FC1.0-K[iD):
viil=k[i]*x{i]
}

crror=0.0:
Yor(i=li1<=no+4+1)
{
e1=0.0:
el=x[1]-v[il:
crror=error+e | :

ifterror<0.Orerror=-crror;

=0
do

=i+
tn_v=in_vdash=0.0:

forti=1<=no++i)
{
1

tn_v=tn_v+z[i]*(k[]-1.0VvEK[]- 1.0+ 1.0
fn_vdash=tn_vdash-zifi]*(K[i]- 1.Oy*(k[i]-1.OVov# k|-
L.O+1.0)5cv#(kf]-1.O)+1.00:
§

iiin_vdash==0.0)  vnew=v:
else
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view=v-fn_v/fn_vdash:
el=view-v:

if(e2<0)ed=-¢2:
v=vnew:

if (it>1000)
{
printf("wrong-------- 1> 10007 \n"):
goto HI:
}
twhile(e2>tolerance):
I=1.0-v:

il'(ilernlion>l200){prinlf("iterzuion>lZOO\n"):goto 1}
}while(error>tolerance Il errmax>tolerance):

}/* end of else statement */

/* Printing the results #/

volgas=zv*ryp:

vollig=zl*r*t/p:

vol_liq_frac = I*vollig/(I*vollig+v*volgas):
vol_gas_frac = vFvolgas/(I*vollig+v#volgas):

volligpercent=I*vollig* | 00.0/(Fvollig+v#volgas):

prin[ﬂ ' s s ok she ode ok ok ke sk FINAL RESLTLT s oA 3 R ook ook :i-‘\n" )

printf("Pr.= % .2¢ Pa (%.3f psi)".p.p*1.450377e-4):
printf("\t:Temp.= % .2f Kelvin (%.2f C\t% .2f FNn"1-273.15.(1-272.15)%9./5.+32.):

printf("\n V= %ML = %f \n",v.1):

printf("  ZI = %f\MZv = S%\n"zl.zv):

printf("  error = % .3e\\titeration= % d\n".error,iteration):
printf("  Zi Xi Yi Ki\n");

sumx=sumy=sumkx=sumy_k=0.0):
for(i=1:i<=no:++i)
sumx=sumx+x[i):
sumy=sumy+y[i]:



sumkx=sumkx+k[i]*zi[i];

sumy_k=sumy_k+zi[i)/k[i]:

printf("Ccds GG G A\ An"namelil.zifi).x[i].v(i].k[iD:
}

il tdewpointcheck==1) sumv_k=0.0:

printf"\nSumX=% 2 \MSumY=% 2\t Sum Ki*Zi=% 4\t Sum
zi/Ki=% 40n" sumx.sumy.sumkx.sumy_k):

z2ph=v¥zv+]*zl

ravese):

/P e #f

printft"\nTpr= % Ppr=Y%{ ".tpr.ppr):
printf("----Z2ph= %f Rayes_2ph = % {\n".z2ph.z2ph_r):
DT e \n"):

It p>= count)

{
fprintitfd2."C 38 €030 €31 e 30 CC3F CAf CE3N SeA G G dr
L. 20N Apr.p/6894.76.ppr.zv.zlv ). z2ph.z2ph_r.sumkx.sumy ko
PprintffdO." 0030 G821 €3 CCA0 30 CCAF G G AF CAr Godf
C. 20N aprp/6894. 76, pprozv.ziy volgas.volliguyvolligpercent. o= 100./iv+1 )

/7 writing on ‘mbe’ #/

fprintffd 7.7 Ce8.20 G310 SR G031 G A A G820 G8.2F

“ 82NN p/6894.76. v 2 v 42 2phz2ph_r.p/i6894. 767 v ph 6894.76™72ph).p/t68Y

4.76%72ph_r)).

/* original inp2#/
/;~:
fprintfifd7." 8. 20 7.3 e 31 <0 3f ¢ 3
CC 3NN p/6894.76.2v zlz2phvol _gas_frac.vol_lig_frac):
:5:/

count = count + step:

}
Hisumy_k<1.01 && sumy_k > 0.0
p=p+1.cd;
else
p=p+1.c5:
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} - /* while loop ends here for pr variation */

I
} /*Main program ends here*/

/* Subroutine 10 calculate vapor and liquid deviation factor */

double zcalc(y.kk)
double y[M]:
int kk:

{

double c.d.hl.hv:

inti.j:

int check;

doutle conl.con2:

double b1.b0.a2.a1.a0:

doutle discriminant2.discriminant,yy 1.yy2.yy3:
double phi.signb0.ymax,ymin.xx[4].rr;

double zil.zvv:

check=0:

conl=con2=0.0;

am=bm=aam=bbm=0.0;

for(i=1:i<=no:++i)

{

for(j=1:j<=no:++j)

{

am=am+y[i]*y[j]*sqri(a[i]*a[j])*(] O-KKK[1]0D:
}

bm=bm+y[i]*b[i];

}
aam=am*p/(r¥r¥t*t*sqre(t)):
bbm=bm*p/(r#t):

JE
!

if (viteration<=4) && (p==0.5¢9))

i
if(kk==1)printf("LIQUIDAn");
else if (Kk==2) printf("GAS\n"):
printf(" am : %f bm : %f aam : %f bbm : % f\n".am.bm.aam.bbm):
for(i=1:1<=no:++i)
print{("” fraction : %f iteration = % d\n".y[i].iteration):
printf("\n");

}
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a2=-(1.0+bbm-u*bbm);
al=(aom+w*bbm*bbin-u*bbm-u*bbm#*bbm):
a0=-(aam*bbm+w*bbm*bbm+w*bbm*bbm*ttsm )

bI=(1.0/3.0)*(3.0*al-22%a2):
bO=(1.0/27.0)*(2.0%a2*a2*a2-9.0%a1 *a2+27.0*a0).

discriminant?=pow(b1/3.0,3)+pow(b0/2.0.2):
discriminant=sqrt(discriminant2);
if{discriminant2>9)

{

conl=-b0/2+discriminant:
con2=-b0/2-discriminant;

yyI=yv2=yy3=powl(-b0/2.0+discriminant)+pow 1 (-b0/2 O-discriminant):

/:g:
iftkk==1)printf("LIQUID"):

clse if tkk==2) printf("GAS" ).

printf("\td2>0,ONLY ONE ROOT *#*#val :Cf ****#jieration="d\n".yv ] iteration):
#/

zll=zvv=yvi:

check=1:

e

printf ("bO=Cef bl1=G 1 dis2=0 1 dis=%N\n" . b0.b1.discriminant2.discriminant:
printf ("conl=Ct con2=%fA\n".conl.con2):

=/

|
f

clse it tdiseriminant2==0;

{

Vv I=2.0%pow-b0/2.0.1/3.0):
VV2=vv3=-vyv /2 .0:

!

clse diserimimant2<0y

;

|

it th0<0) s1gnb0=-1.0:

clse signb0=1.0;
iftbl<O)bl=-bl:
rr=signbO*sqricb 1/3.0y:
phi=acos(b0/(2*powirr.3n):

vy =-2%rr¥cos(phi/3).
vy2=-2%rr¥cos(phi/3+2#pi/3.0).
vy3=-2#rr¥costphi/3+47pi/3.0);
}

ymax=-1e20:

vmin=1!ec20:

Xx[1]=yy1-a2/3.0:
XX[2]=vy2-a2/3.0:
XX[3]=yy3-02/3.0:

for (i=1i<=3:4++1)
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l

Hxx[i]>ymax)ymax=xx[i]:
H(xx[il<ymin)ymin=xx[i]:

i (xX[1]==xx[2]==xx[3]) zll=zvv=xx[1];
else

{

zll=ymin:

ZVV=YMax:

}

if(kk==1) return zll:

if(kk==2) return zvv;

1

J

/* Liquid density calculation *#/
void liquiddensity()

inti;
doubic l:‘_ref[M].vr[MJ.vr_ref[M].guma[M].guma_rcf[ M]vir[M]:
double 1d[M].ldc[M]:

/* Caleulate liquid density at vapour pressure */
for(i=1:1<=no:++i)

{

ufi}=ttelil:

tr_ref[i]=tden[iJ/c[1):

virfi]=molwt[i]/ligden(i]:

H((r[i]>=0.2) && (tr[i]<=0.8))
vi[1]=0.33593-0.33953*tr(i]+1.5194 1t i ] *tr]i)-

2.02512% i) *r[1)*tr[i]+1. 1 1422*pow(tr[i].4):

else if((tr[i]>.8)& &(tr]i]<1.0))

vi[i]=1.0-+1 3Esqrt(l -tr[i)*log 10( 1-tr[1])-0.50879%( | O-ti)-0.91534%(1.0-
ulih*(1.0-ugi)h;

if((r_ref[i]>=0.2) && (tr_ref[i]<=0.8))
vr_ref(i}=0.33593-0.33953 *tr_ref[i]+1.5194 1 *tr_ref[i]*tr_ref[i]-
2.02512%r_ref[i]*tr_ref[i]*tr_ref[i]+1.1 1422%pow(tr_ref[i].4):
else if((tr_ref[i]>.8)& &(tr_ref[i]<1.0))

vi_ref[i]=1 O+1.3*%sgrt(1-tr_ref[i])*log 10 I-tr_ref[i])-0.50879%( 1 O-tr_ref]i})-
0.91534*(1.0-tr_ref[1])*( 1.0-tr_ref[i]):

else

{

printf("wrong i=%d t=%f tc=%f\n".i.t.tc[i]);

}

gama(i}=0.29607-0.09045*1r[1]-0.04842*tr[i])*trfi):
gama_ref[i]=0.29607-0.09045*tr_ref[i]-0.04842*1r_refi]*ir_ref[i]:

iftir[ij>=1.0)



{
Idcli]l=molwt[i}/vc[i]:/*mA3/kg-mol*/
ldfij=Idc[i]*(1.0+0.75%(] ll[lJ +7./4.Fpow( L.-tr[i]. 1/3)):

vift]=molwt[i}/Id[i}:
J

else

vifH=vIrfi]*vrliT*(1.0-ww[i]*gama[i))/(vr_ref]i]* (1O-wwli)*gama_ref{i]n:
/* cm”3/g-mot #/

vifi]=vI[i]*1.0e-3:/* m”*3/kg-mol #/

|

!

/# omega_u and omega_b calculation #/

void constantcalculation(

[

1

double

b_omegal[M].b_omega2[M}.b_omega3[M].u_omegal _1[M].u _omegal_2[M]:
double a_omega2_I[M].a_omega2_2[M]:

double a_omegai_3[M].a omwdl _3[M7:

double bI1[M)]. b2 [M].b3] \1] d][\“ a2[MLa3[Mjve [ [M]ve2[M]va3[M]:
double fx1.fx2.£x3.x1.x2.x3.t0l;

mt 1.l:

double a_omegal[M].a_omega2[M]a_omega3[M]:

double phil[M]. phl’[\l] pi3[M].phic{M]. phl\[\]]

forti=1i<=no++i)

f

|

=0
phic{ij=phtl]i]=phi2[i]=phi3[i]=0.0:
otr]i)>= 1.0

/

|

phic[i]=-0.1754-0.036 1*ww]i]:
phic[t}l=pow10.0.phic[i}:

|

/:.

b_omegal]il=x1=0.065:
b_omega?[i]=x2=0.068:

/ji:
do
{
/¥ SECANT METHOD #/
tol=1.020:
x3=0.0:

X 1=fx2=fx3=0.0:
b_omegalli]=x1:

104



b_omega2[i]=x2;
bl{i]=b_omegal{i]*r*tc[i}/pcli]:
b2[i]=b_omega2[i}*r*tc[i)/pc[i]:

if((vI[il<b1[iD Il (vI[i]<b2{i])) printf("PROBLEM\n" ):
al[i]=(r*U(vI[i]-bI[iD-pvpli])*sqrt()*vI[iJ*(vI[i]+b 1 {i]):
a2[i]=(r*t/(vl[i]-b2[i])-pvp[i])*sqrt(t)*v][i]*(vl[i]+b2{i]):
/*

if(tr[i]<1.0)
{

a_omegal_I1[i]=al[i}*pc[i)/(r*r*pow(tc[i].2.5)):
a_omegal_2[i]=a2[i]*pclil/(r*r*pow(tc[i].2.5)):

/:5:
printf("bomegal=%f bomega2=%MN\n".b_omegal[i].b_omega2|[i]):
printf("aomegal |=%f aomegal2=%f\n".a_omegal_1[i].u _omegal_2[i]):
*/

vel[i]=vol_gas(al[i],b1[i].pvp[il.vi[i]):
vg2[i]=vol_gas(a2[i].b2[i].pvp[i].vi[i]);

a_omegal_li]=b_omegall[i}*(log((vg1[i]-bI[i])/(v][i]-bl [)-pvplil*(velfi]-
VI (pow(telil/t 1.5)*log(vg 1 [iT*(VI[i]+b 1 [i ]/ VI[iY*(vgl[i]+b1[i])n:

u_omegu?._Z[i]=b_omega2[i]*(log((vg.’l[i]—b?_[i])/(vl[i]-bZ[i]))-pvp[i]*(vg2[ 1]-
vI[DAT*O)) (pow(tclilt, 1 SYFlog(va2[i[*(vI[iJ+b2[ID/AvI[i)*(ve2[i]+b2[i]):

fxI=a_omegal _1[i]-a_omega2_I[i]:
fx2=a_omegal_2[i]-a_omega2_2[i}:

}

else

{

al[i]l=(r*tcli}/(ve[il-b I [i))- pe[i])*sgrite[iD *ve[i]#(ve[i]+b1[i]:
a2i]=(r*tc[il/(ve[i}-b2[i])- pelil)*sqritcfi])*ve]i]*(ve[i]+b2]i]);
a_omegal(i]l=al[i]*pc[i}/(r*r*pow(ic[i],2.5)):
a_omegalfil=a2[i]*pc[i}/(r*r¥pow(tc[i].2.5)):

phil[i]J=log(r*wc[i}/(pc[il*(ve[i]-bI[i])) + pe[i}*velil/r#cli]) - 1.0 -
(@l iJ/(r*tc[ifFsqri(ee[iD*bi[i]))*log((ve[il+b H[i])/ve[il):
phil{i]=exp(phil[i});

phi2{i]=log(r*tc[i}/(pc[i]*(vc[i]-b2[i]))) + pe[i]*ve[iJ/(r*tc[i]) - 1.0 -

(a2[1}/(r*te[iT*sqri(te[i])*b2[i1))*log((ve[i]+b2]i]/veli]):
phi2[i]=exp(phi2{i]):

fx I=phic[i]-phil[i]:
fx2=phic[i]-phi2[i].
}

/' ER

/% Calculation of x3 & x3 *#/

#)

105



106

Hifx1==fx2)

{

printf("FEFX 1 =x2\n");

x3=x2:

}

else

X3=x2 - IX2F(x2-x )/(Xx2-1x 1);

b_omega3|i]=x3;
b3[il=b_omega3[i]*r*tc[i}/pcfi]:

Wi ]=(rUE-bATID-pypli] *sqriy VI[P (V[ ]+b3[ i
I

irf1]<1.0)
{

a_omegal _3[1]=a3[i]*pclil/(r*r*pow(tc[i].2.5)):
vad[if=vol_gas(a3[il.b3[i].pvpli].vI[i]):

a_omega2_3[iJ=b_omega3[i]*(log((vg3[i]-b3[i /(VI[i]-b3[i]) -pvpli]*ove3lil-
vifip/aEo)pow(telil/t.1.S)*log(ve3[i]*(vi[i]+b3[i] VI *(vg3[i]+b3[ihn:

IN3=a_omegal _3[il-a_omega2_3[i]:

A
phidlil=logir U/ (p*(vI[i]-b3[iD) + p*vi[il/ir n) - 1.0 -
B[ rFErEsqrieFb 3D logcov [T +b3 [V ):
philfi]=exp(phi3{i]):

phi2[i]=logir=t/(p=(ve3[i]-b3[i) + p*ved[iJ/irty - 1.0 -
i eEsgrict* b3 =log((ve3[ij+b3[i)ved[i]:
phi2{i]=exp(phi2fi]:

Y

i
)

else

I
|

adij=aFc[iiven]-b3[h- pelihesgrutcfihvefi]Fove]ij+b2[i]:
a_omegadfif=aldfi]*pefilirsrepowitc|i].2.5)):

phid[il=logir#tclil/ipefi]*(ve[i]-b3[]y + pefi)*velilir=efi] - 1.0 -
3l orsefi)=sqrucece 1D b3 *logive|i |[+b3fii/ve i)
phi3[ij=expiphi3[i]):

Ix3=phic[i]-phi3[i]:

}

/;.v

iti==1)

{

P e e \n"):

printft"x =% x2=%1 x3=%N\n".x 1 .x2.x3):

printf("phil=%t phi2=%f phi3=%\n".phil{i].phi2[i].phi3[i]):
printf( X 1=% 1 £x2=0%f fx3=G%\n" fx1.1x2.x3);

o L M . \n"™).
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)

¥/
x1=x2;
x2=x3:
I=1+1:
if(1>100)

{

printf("POOR ITERATION ~~ e e \n"y:
goto 11:

}

tol=fx3:

if(tol<0.0)tol = -tol;

}while(tol>1.0e-10):
/*DO LOOP ENDS HERE */

I1::

if(trfi]>=1.0)
{

aomegafi]=a_omega3[i]:
bomega[i]=b_omega3[i]:

else

{
aomegafi]=a_omegal_3[i]:
bomegali]=b omunB[x]

fprintf(fd4 name :%4s\t aomega[“2d] :% 5N\t bomega[ e 2d]
:%.5M\n".nameli].i.aomegali].i.bomegafi}):

}
}

™ Calculation of volume of gas */

«uble vol_gas(double a.double b.double pyp.double vil)
{

doublc h1.h2.h3.h4d:

donhle 0].0'7 u\ Nggs
double temp.dis.\ sgextra:

veg=temp=hi=hl=h3=hd=gl=g2=¢3=dis=vggextra=0.0:
hl=pvp*sqri(v):
h2=-r*t*sqri(t):
h3=-pvp*sqrt(t)*b*b-r*t*sqru(1)*b+a:
h4=-a*b:
/*
printf("h1=%e h2=%c h3=C¢ hd4=%e\n".h1.h2.h3.hdy:
temp=h PFvIFFvIIFvII+h2* v vll+h 3% v]]+hd:
printf("temp for vi=%e\n".1emp):
*#/



108
gl=hl:
g3=-h4/vil:

g2=h2+v]l*gl:

dis=g2*g2-4.0%g] *g3:
if(dis<0)printf("Somethimg Wrong at discriminant\n”);

vae=(-g2+sgri(dis /(2.0*g 1)
vggextra=(-g2-sqri(disH/(2.0*g1):
termip=hl*vgg*veg*vaa+h2*vag*vgg+h3d*veg+hd:
printf("cubic eqn.=%ce\n".temp):

i/
return vgg:

/# Caleulation of two-phase deviation factor from Rayves' correlation #/

void rayves()

f

double a0.al.al.al.ad.adcl.e2;
double tem.pem:

tpr=ppr=0.0):

tem=pcm=0.0:

¢ h=c2=0.0:

forti=1i<=no-++1)

{

tem=tem+zif1i* e

/= Which pscudo-pressure to use 7/
/,;:

pem=pem+zif1]pefi]:
"/

cl=ct+z1piz¢1]:
2=+ vl

|

pem=rrelemic2:
(pr=vicm:
ppr=p/pcm:

al)=2.24353:
al=-0.0375281:
42=-3.56539;
u3=0.000829231;
ad=1.53428:
ad5=0.131987;
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z2ph_r=a0+al*ppr+a2/tpr+a3*ppr*ppr +ad/(tpr¥tpr)+aS*ppr/ipr:

/* Lee _Kessler vapour pressure correlation
Calculating vapour pressure for components below critical */
void vap_pr()

int i

double fO.f1:
for(i=l:i<=no:++i)
{

f0=f1=0.0:
trii]=t/tc[i}:
if(tr[i]<1.0)

{
fO0=15.92714 - 6.09648/tr[i] - 1.28862*log(tr[i]) +0.169347*pow(tr]i].6):

fl = 152518 - 15.6875/tr[i] -13.4721*log(1r[i]) +0.43577*pow(1ri].6):

pvpli] = fO+1*wwl[i):
pvpli] = exp (pvpli}):
r}wplll = pvpli]*pe[i]:
b

/* calculation of cubic root of x */

double powl(double x)
{

double y.z.temp:
temp=x:

1f(x<0)x=-x:
z=cxp(log(x)/3.0);
if(temp==0) 2=0:
else if (temp<0)z=-z:
return z:

J

/* Calculation of absolute value */
double myabs(deuble x)

{

if(x<0.0)x=-x:

return x;

J
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APPENDIX E

SAMPLE OUTPUT FILE: CMGPROP



3t 3 e ofe ook o ok oo o o ook st ok o 3R S K Sk ok ok sk ok ok ok sk ok sk ke ok o o o sk o ok e ok ok o ok sk o 8 ok e

B3 %

* CMGPROP 95.01 *

* EOS Phase Property Package *

* Keyword Input Version *

* March. 1995 *

* (c) Copyright 1977 - 1995 *

* Computer Modelling Group. Calgary. Canada. *

* All Rights Reserved. *

bd *
$****************************************#********

Maximum Dimensions:

Component = 50
SCN Group in + Fractions = 60: Lab. Calculation points = 40
Streams in Process = 40: Units in Process = 20

Regression variables = 25: Regression data points = 500

++ JONES MIX3 DATA
% CONSTANT COMPOSITION EXPANSION
*FILENAMES *OUTPUT
*SRFOUT *NONE
*REGLUMPSPLIT *NONE
*TITLE ' SAMPLE CALCULATION
*NC 3
*COMPNAME 'C1' 'NC4' 'NCI('
*PVC3 1.2
*COMPOSITION
0.89064 0.07097 0.03839
*CCE
*QUTPUT 2
“PRES 2.8E04 *#*kPa
*TEMP 71.44 **Deg C
*NCCE 19
*SATFLAG 2

“PRES-CCE 30180.0 29380.0 28500.0 27600.0 26800.0 25900.0

25100.0 24200.0 23400.0 22500.0 21700.0 20800.0
20000.0 19100.0 18300.0 17400.0 16600.0 15700.0
14900.0

Feed composition:  8.9064E-01 7.0970E-02 3.8390E-02
I

e ok ok sk e ok obt s oie ok Sit ok ok 3k ok ofe sk 3k ok Sd s ok ok s ok ok ok sk sk ok ok sk ok ok o ok sk s sk ok sk ke SRR o8 S ok e ok ok

CMGPROP 95.01 *
: March, 1995 *
* Computer Modelling Group. Calgary, Canada.
# | %
e s o of ok ok s ok ok ook ke ke st ok ook o ofe e e sk o o sk ok sk e ke ok ok ok sk o ok ok S50 sB okt o 5 S 3K K e sk ok o
SAMPLE CALCULATION

Constant composition expansion calculation

Equilibrium Properties at 28497.411 kPaand 71.440 deg C
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Peng-Robinson Equations of State

mole percent

component  Feed PhaseOl Phase02

C! 89.06400 72.34194 89.06400
NC4 7.09700 11.13933 7.09700
NCI0 3.83900 16.5:873 3.83900

component In (fug. atm)  K-values w.r.t phase |

PhaseOl Phase02

Cl S.34661E+00  1.00000E+00 1.23115E+00
NC4 8.81165E-01 1.00000E+00 6.37112E-01
NCI0 -2.62109E+00 1.00000E+00 2.32403E-01
liquid  vapour
Z-factor 0.9193  (.8706
Molar vol. m3/kmol 0.08753 0.09243 0.08753
MW, g/mol 23876  41.58 23.8%

Ideal H. cal/mol  3421.505 4879.16 3421.51
Enthalpy. cul/mol 2189919 2243.60 2189.92

Ideal Cp.cal/mol-K 19.906 12.358
Cp. cal/mol-K 27.004 17.886
Density. Kg/m3 4499011 2727677
Viscosity. ¢p 0.0738 0.0335
[FT. dyvne/cm 0.0000  0.0656
Phase volume ¢ 0.0000  100.0000
Phase mole ¢ 0.0000 100.0000

Enthalpy is zero for ideal gas at absolute zero
Interfucial tension. IFT. is reference to phase |

Convergence status :
Total iterations in phase equilibrium calculation 9
Total iterations in phase stability test 12
Residual sum of squares error 1.67173E-14

CMGPROP 95.01
March. 1995
Computer \1odullm” Group. C.lludr\ Canada.

SAMPLE CALCULATIO\
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 27600.000 kPaand 71.440 deg C
Peng-Robinson Equations of State



mole percent

component  Feed PhaseOl Phase02

Cl 89.06400 70.52443 89.69024
NC4 7.09700 11.61314 6.94445
NC10 3.83900 17.86243 3.36531

component In (fug. atm)  K-values w.r.t phasc |

Phase01 PhaseQ2

Cl 5.31788E+00 1.00000L+00 1.27176E+00
NC4 8.76596E-01 1.00000E+00 5.97982E-01
NCI0 -2.66893E+00 1.00000E+00 1.88402E-()1
liquid vapour
Z-factor 0.9098 0.8624
Molar vol. m3/kmol  0.08969 0.09445 0.08953
MW g/mol 23876 4348 23.2]

Ideal H. cal/mol  3421.505 5034.98 3367.00
Enthalpy. cal/mol 2197.340 2247.07 2195.66

Ideal Cp.cal/mol-K 20713 12.076
Cp. cal/mol-K 27984 17.527
Density. Kg/m3 460.3449 259.2925
Viscosity, cp 0.0780 0.0316
IFT. dyne/cm 0.0000 0.1089
Phase volume % 3.4410 96.5590
Phase mole % 3.2675 96.7325

Enthalpy is zero for ideal gas at absolute zero
Interfacial tension, IFT, is reference to phase |

Convergence status :
Total iterations in phase equilibrium calculation 11
Total iterations in phase split calculation 43
Residual sum of squares error 6.04495E-11

...................................

ES

i CMGPROP 95.01 i
* March. 1995 *

# Computer Modelling Group, Calgary, Canada.
B Y 2 *

e st ook ot o ok ok ofe ofe ot sk ok Sk ok sk ok S sk ok ok ok ok ke sk s ook SR o ok s sk sk ok sk o s ok SR Sk R R o ok

SAMPLE CALCULATION
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 26800.000 kPa and 71.440 deg C
Peng-Robinson Equations of State

mole percent



component  Feed PhaseOl Phase02

Cl 89.06400 68.95802 90.16447
NC4 7.09700 12.02870 6.82707
NCI10 3.83900 19.01328 3.00846

component In (fug. atm)  K-values w.r.t phase |

PhaseO1 Phase02

Cl 5.29157E+00 1.00000E+00 1.30753E+00
NC4 8.72886E-01 1.00000E+00 5.67565E-01]
NCI10 -2.71143E+00 1.00000E+00 1.58229E-01
liquid  vapour
Z-factor 0.9002 0.8560
Molar vol. m3/kmol  0.09176 0.09624 0.09151
MW g/mol 23876 4511 2271

[deal H. cal/mol  3421.505 5168.74 3325.87
Enthalpy. cal/mol 2204576 2249.01 2202.14

Ideal Cp.cal/mol-K 21407 11.863
Cp. cal/mol-K 28826 17.247
Density, Kg/m?2 468.7069 248.1995
Viscosity. ¢p 0.0816 0.0302
iIFT. dvne/em 0.0000 0.1576
Phase volume ¢ 54426 94.5574
Phase mole ¢ 5.1893 94.8107

Enthalpy is zero for ideal gas at absolute zero
Interfacial tenston, [FT. is reference to phase |

Convergence status :
Total nterations in phase equilibrium calculation 11
Total iterations in phase split calculation 43
Residual sum of squares error 8. 17997E-12

CMGPROP 95.01
March. 1995 §
Computer Modelling Group. (.1lmr\ Canada.
4

u

S~\\IPI F C\L(l L\FI()\
Constant composition expansion calculation
2-Phuse EOS Flash: QNSS Method

Lguilibrium Properties at 25900.000 kPa and  71.440 deg C
Peng-Robinson Equations of State

mole pereent

component  Feed  PhaseOl  Phase02



Cl 89.06400 67.22958 90.62775
NC4 7.09700 12.49508 6.71040
NCI10 3.83900 20.27534 2.66185

component In(fug.atm)  K-values w.r.t phase |

PhaseQ] Phase02

Cl 5.26112E+00  1.00000E+00 1.34803E+00
NC4 8.69142E-01 1.00000E+00 5.37043E-01i
NC10 -2.75904E+09 1.00000E+00 1.31285E-01

liquid vapour
Z-factor 0.8881 0.8497
Molar vol, m3/kmol  0.09428 0.09825 0.09399
MW, ¢/mol 23.876 46.90 22.23
Ideal H, cal/mol  3421.505 5315.73 3285.84
Enthalpy, cal/mol 2213.452 2250.04 2210.83

Ideal Cp,cal/mol-K 22,169 11.655
Cp. cal/mol-K 29.750 16.965
Density, Kg/m3 477.3318 236.4765
Viscosity, cp 0.0856 0.0288
IFT. dyne/cm 0.0000 0.2243
Phase volume % 6.9647 93.0353
Phase mole % 6.6832 93.3168

Enthalpy is zero for ideal gas at absolute zero
Interfacial tension, IFT, is reference to phase |

Convergence status :
Total iterations in phase equilibrium calculation 11

Total iterations in phase split calculation 43
Residual sum of squares error S.17674E-12
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SAMPLE CALCULATION
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 25100.000 kPa and 71.440 deg C
Peng-Robinson Equations of State

mole percent

component  Feed PhaseOl Phase02

Cl 89.06400 65.70795 90.99032
NC4 7.09700 1291218 6.61739



NC10 3.83900 21.37987 2.39229

component In (fug. atm)  K-values w.r.t phase |

Phase0l Phase(2

Cl 5.23324E+00 1.00000E+00 1.38477E+00
NC4 8.66189E-01 1.00000E+00 5.12492E-01
NCI10 -2.80118E+00 1.00000E+00 1.11895E-01
liquid wvapour

Z-factor 0.8764 0.8447

Molar vol. m3/kmol  0.09670 0.10004 0.09643

MW _ g/mol 23.876 4847 21.85

Ideal H. cal/mol  3421.505 5444.65 3254.64

Enthalpy. cal/mol 2222.027 2250.04 2219.72

Ideal Cp.cal/mol-K 22.838 11.494

Cp. cal/mol-K 30.561 16.734

Density, Kg/m3 4844613 226.5762

Viscosity, cp 0.0890 0.0276

IFT. dyne/em 0.0000 0.2947

Phase volume ¢ 7.8826 92.1174

Phase mole 7.6192 92.3808

Enthalpy is zero tor ideal gas at absolute zero
Intertacial tension. IFT. is reference to phase |

Convergence status :
Total iterations in phase equilibrium calculation 9

Total iterations in phase split calculation 35
Residual sum of squares error 1.59203E-11
I
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SAMPLE CALCULATION
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 24200.000 kPaand 71440 deg C

Peng-Robinson Equations of State

mole percent

component  Feed  PhaseOl  Phase(2

Cl 89.06400  64.00194 91.35358
NC4 7.09700 1338710 6.52236
NC10 3.83900 22.61097 2.12406
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component In (fug. atm)  K-values w.r.t phase |

PhaseQ1l Phase02

Cl 5.20089E+00 1.00000E+00 1.42736E+00
NC4 8.63281E-01 1.00000E+00 4.87212E-01
NCI0 -2.84838E+00  1.G0000E+00 9.39394E-02
liquid  vapour
Z-factor 0.8622 0.8399
Molar vol, m3/kmol  0.09966 0.10208 0.09944
MW. g/mol 23.876 50.22 2147

Ideal H, cal/mol  3421.505 5588.63 3223.52
Enthalpy, cal/mol 2232.481 2249.05 2230.97

Ideal Cp.cal/mol-K 23585 11.332
Cp. cal/mol-K 31.466 16.490
Density, Kg/m3 4919914 215.8985
Viscosity, cp 0.0929 0.0263
IFT. dyne/cm 0.0000 0.3872
Phase volume % 8.5738 91.4262
Phase mole % 8.3709 91.6291

Enthalpy is zero for ideal gas at absolute zero
Interfacial tension. IFT, is reference to phase |

Convergence status :
Total iterations in phase equilibrium calculation 9
Total iterations in phase split caiculation 35
Residual sum of squares error 6.22280E-12
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S AMPLE CALCULATION
Constant conposition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 23400.000 kPa and 71.440 deg C
Peng-Robinson Equations of State

mole percent

component  Feed PhaseOl Phase02

Cl 89.06400 62.48186 91.64314
NC4 7.09700 13.81631 6.44506
NCI10 3.83900 23.70183 1.91180

component In (fug. atm)  K-values w.r.t phase |
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PhaseO1 Phase02

Cl SI7HI8E+00  1.00000E+00 1.46672E+00
NC4 §.61059E-01  1.00000E+00 4.66482E-01
NCI0 -2.89012E+00  1.00000E+00 8.06606E-02

liquid  vapour
Z-factor 0.8486 0.8362
Molar vol. m3/kmol  0.10253 0.10390 0.10239
MW, g/mol 23876 51.78 21.17
ldeal H. cal/mol  3421.505 5716.46 3198.84
Enthalpy. cal/mol 2242.527 2247.35 2242.06

Ideal Cp.cal/mol-K 24.249  11.204
Cp. cal/mol-K 32.269 16.284
Density, Kg/m3 408.3312 206.7419
Viscosity. ¢p 0.0964 0.0253
IFT. dyne/cm 0.0000 0.4817
Phase volume ¢ §.9634 91.0366
Phase mole % 8.8444 91,1556

Enthalpy is zero for ideal gas at absolute zero
Intertacial tension, IFT. is reference to phase |

Convergence status :
Total iterations in phase equilibrium caleulation 9
Total iterations in phase split calculation 35
Restdual sum of squares error 3.39656E-12

CMGPROP 95.01
Murch, 1995
Computer Modelling Group. Calgary., Canada.
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SAMPLE CALCULATION
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 22500.000 kPaand 71 440 deg €
Peng-Robinson Equations of State

mole percent

component  Feed  PhaseO1  Phuse02

Cl 89.06400 60.76008 91.93695
NCH 7.09700 1430883  6.36497
NCI10 3.83900 2493108  1.69808
coniponent In (fug. atm)  K-values wor.t phase |

PhiaseQ] Phuse(2
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Ci 5.13659E+00  1.00000E+00 1.51311E+00
NC4 8.58949E-01 1.00000E+00 4.44828E-0]
NCI0 -2.93682E+00 1.00000E+00 6.81110E-02
liquid vapour
Z-factor 0.8323 0.8328
Molar vol, m3/kmol  0.10604 0.10599 0.10605
MW, g/mol 23.876 53.54 20.87

Ideal H, cal/mol  3421.505 5860.78 2173.91
Enthalpy, cal/mol 2254715 2244.53 2255.75

Ideal Cp,cal/mol-K 24998 11.075
Cp. cal/mol-K 33.175 16.060
Density. Kg/m3 505.1341 196.7518
Viscosity, cp 0.1002 0.0242
IFT. dyne/cm 0.0000 0.6027
Phase volume % 9.2102 90.7898
Phase mole % 9.2150 90.7850

Enthalpy is zero for ideal gas at absolute zero
Interfacial tension, IFT. is reference to phase 1

Convergence status :
Total iterations in phase equilibrium calculation 9
Total iterations in phase split calculation 34
Residual sum of squares error 6.39095E-13
I
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SAMPLE CALCULATION
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 21700.000 kPa and  71.440 deg C
Peng-Robinson Equations of State

mole percent

cornponent  Feed PhaseOl Phase02

Cl 89.06400 59.21370 92.17331
NC4 7.09700 14.75632 6.29918
NCI10 3.83900 26.02999 1.52751

component In (fug. atm)  K-values w.r.t phase |

Phase01 Phase02

Cl 5.10472E+00  1.00000E+00 1.55662E+00
NC4 8.57399E-01 1.00000E+00 4.26880E-01



NCI10 -2.97808E+00 1.00000E+00 S.86828E-02
liquid  vapour
Z-factor 0.8170 0.8303
Molar vol. m3/kmol  0.10946 0.10787 0.10963
MW, g/mol 23876  55.11  20.62

ldeal H. cal/mol  3421.505 5990.01 3153.96
Enthalpy, cal/mol 2266.373 2241.25 2268.99

Ideal Cp.cal/mol-K 25.669 10.971
Cp. cal/mol-K 33985 15.865
Density, Kg/m3 510.9347 188.1057
Viscosity. cp 0.1037 0.0233
IFT, dyne/cm 0.0000 0.7238
Phase volume % 9.2961 90.7039
Phase mole % 9.4337 90.5663

Enthalpy is zero for ideal gas at absolute zero
Interfucial tension. IFT. is reference to phase |

Convergence status :
Total iterations in phase equilibrium calculation 9

Total iterations in phase split calculation 34
Residual sum of squares crror 1.75801E-13
I
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Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 20800.000 kPaand 71,430 deg C
Peng-Robinson Equations of State

mole pereent

component  Feed  PhaseO! Phase02

Cl 89.06400 5745049 92471458
NCH 7.09700 1527154 6.23062
NC10 383900 27.27797  1.35480

component In ttug.atm)  K-values w.r.t phase |

Phase0! Phase()2

Cl S.06748E+00  1.00000E+00  1.60860E+00
NCH 8.55990E-01  1.00000E+00 4.07989E-01
NCI10 -3.02419E+00  1.00000E+00  4.96665E-02
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liquid  vapour

Z-factor (0.7987 (.8282
Molar vol, m3/kmol  0.11369 0.11002 0.]1408
MW, g/mol 23876 56.91 2038

Ideal H. cal/mol  3421.505 6136.97 3133.70
Enthalpy. cal/mol 2280.456 2236.69 2285.09

Ideal Cp,cal/mol-K 26.432 10.866
Cp. cal/mol-K 34906 15.649
Density. Kg/m3 517.2261 178.6032
Viscosity. cp 0.1077 0.0224
IFT. dyne/cm 0.0000 0.8762
Phase volume % 9.2735 90.7265
Phase mole % 9.5829 90.417]

Enthalpy is zero for ideal gas at absolute zero
Interfacial tension, IFT., is reference to phase |

Convergence status :
Total iterations in phase cquilibrium calculation 9
Total iterations in phase split calculation 27
Residual sum of squares error 3.27981E-13
1
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SAMPLE CALCULATION
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 20000.000 kPa and 71.440 deg C
Peng-Robinson Equations of State

mole percent

component  Feed PhaseQl Phase()2

Cl 89.06400 55.85805 92.60935
NC4 7.09700 15.74045 6.17415
NCI0 3.83900 28.40151 1.21€50

component In (fug. atm)  K-values w.r.t phase |

PhaseQl Phase02

Ci 5.03303E+00 1.00000E+00 1.65794E+00
NC4 8.54997E-01  1.00000E+00 3.92248E-0]
NC10 -3.06486E+00 1.00000E+00 4.28321E-02

liquid  vapour
Z-factor 0.7816 0.8269



Molar vol, m3/kmol  0.11783 0.11197 0.11846

MW, g/mol 23.876 5852 20.18
Ideal H, cal/mol  3421.505 6269.44 3117.44
Enthalpy. cal/mol 2293.871 2231.89 2300.49

Ideal Cp.cal/mol-K 27.120 10.782
Cp. cal/mol-K 35.735 15457
Density. Kg/m3 522.6404 170.3302
Viscosity, cp 0.1112 0.0215
IFT. dyne/cm 0.0000 1.0267
Phase volume % 9.1672 90.8328
Phase mole % 9.6469 90.3531

Enthalpy is zero for ideal gas at absolute zero
Interfacial tension. IFT. is reference to phase 1

Convergence status :
Total iterations in phase equilibrium calculation
Total iterations in phase split calculation
Residual sum of squares error

9
27
2432240E-13
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SAMPLE CALCULATION
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Constant composition expuansion calculation

2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 19100.000 kPaand 71,440 deg C

Peng-Robinson Eguations of State

mole percent

component  Feed  Phuase()]

1.00000E+00
1.00000E+00
1.00000E+00

Phase02

9280831

1.07626

K-values wor.t phase |

Phiuse02

F.71763E+00
3.75630E-01
3.62541E-02

Cl 89.06400 54.03289
NC4 7.09700 16.28044  6.11543
NC10 383900 29.68567
component In (fug. atm)
Phase01

Cl +.99260E+00
NC4 8.54115E-01
NC10 -3.11021E+00

liquid  vapour

Z-factor 0.7614 0.8261

Molar vol. m3/kmol

MW, g/mol 23.876  60.37

0.12298 0.11422 0.12392

19.98



Ideal H. cal/mol  3421.505 6421.06 3100.90
Enthalpy. cal/mol 2310.014 2225.65 2319.0°

Ideai Cp,cal/mo!-K 27.908 10.696
Cp. cal/mol-K 36.682 15.240
Density. Kg/m3 528.5648 161.1949
Viscosity. cp 0.1153 0.0207
[FT. dyne/cm 0.0000 1.2138
Phase volume % 8.9682 91.0318
Phase mole % 9.6564 90.3436

Enthalpy is zero for ideal gas at absolute zero
Interfacial tension, IFT. is reference io phase |

Convergence status :
Total iterations in phase equilibrium calculation 8
Total iterations in phase split calculation 25
Residual sum of squares error 9.74203E-11
I
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SAMPL E CALCULATIO‘\Y
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 18300.000 kPa and 71.440 deg C
Peng-Robinson Equations of State

mole percent

component  Feed PhaseOl Phase02

Cl 89.06400 52.37845 92.96869
NC4 7.09700 16.77105 6.06732
NCI0 3.83900 30.85050 0.96398

component In (fug. atm)  K-values w.r.t phase |

PhaseO1l PhaseQ2

Cl 4.95504E4+00 1.00000E+00 1.77494E+00
NC4 §.53471E-01 1.00000E+00 3.61774E-0;
NCI10 -3.15013E+00 1.00000E+00 3.12468E-02
liquid  vapour
Z-factor 0.7426  0.8260
Molar vol. m3/kmol  0.12806 0.11626 0.12932
MW, g/mol 23876 62.05 19.81

Ideal H, cal/mol  3421.505 6558.42 3087.62
Enthalpy. cal/mol 2325.332 2219.37 2336.61



Ideal Cp.cal/mol-K 28.621 10.627
Cp. cal/mol-K 37.538 15.045
Density, Kg/m3 533.6968 153.2110
Viscosity. cp 0.1190 0.0199
IFT. dyne/cm 0.0000 1.3966
Phasc volume % 8.7331 91.2669
Phase mole % 9.6198 90.3802

Enthalpy is zero for ideal gas at absolute zero
Interfacial tension, IFT. is reference to phase |

Convergence status :
Total iterations in phase equilibrium calculation 8
Total iterations in phase split calculation 3]
Residual sum of squares error S.84157E-11
I
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S AMPLE CALCU LATIO'\
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 17400.000 kPaand 71.440 deg C
Peng-Robinson Equations of State

mole percent

component  Feed  PhaseOl Phase()2

Cl 89.06400 50.47586 93131823
NCH 7.09700 17.33403  6.01785
NC1O 3.83900 3219011  0.850322
component In (fug.atmy K-vadues wr.t phase |

Phase01 Phase()2

Cl 4.91074E+00  1.00000E+00  1.84508E+-00
NCH 8.52811E-O01  1.OOODOE+00  3.47170E-0]
NCI0 -3.19453E+00  1.O0OO0E+00  2.64156E-02
liquid  vapour
Z-factor 0.7203  0.8265
Molar vol. m3/kmol  0.13443 0.11862 0.13610
MW a/mol 23876 6398 19.65

Ideal H. cal/mol  3421.505 671648 3074.16
Enthalpy. cal/mol  2343.695 2211.50 2357.63
ldeal Cp.cal/mol-K 29.442  10.557
Cp. cal/mol-K 38.522  14.822
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Density, Kg/m3 539.3477 144.3689
Viscosity. cp 0.1232  0.0192
IFT, dyne/cm 0.0000 1.6219
Phase volume % 8.4143 91.5857
Phase mole % 9.5364 90.4636

Enthalpy is zero for ideal gas at absolute zero
Interfacial tension, IFT, is reference to phase |

Convergence status :
Total iterations in phase equilibrium calculation &
Total iterations in phase split calculation 31
Residual sum of squares error 2.98675E-11
|
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SAMPLE CALCULATION
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 16600.000 kPa and 71.440 deg C
Peng-Robinson Equations of State

mole percent

component  Feed Phase0l Phase02

Cl 89.06400 48.74406 93.26230
NC4 7.09700 17.84282 5.97809
NCI0 3.83900 33.41312 0.75960

component In (fug.atm)  K-values w.r.t phase 1

Cl 4.86934E+00 1.00000E+00 1.91331E+00
NC4 8.52180E-01 1.00000E+00 3.35042E-0]
NCI0 -3.23348E+00  1.00000E+00 2.27336E-02
liquid  vapour
Z-factor 0.6997 0.8277
Molar vol. m3/kmol  0.14077 0.12077 0.14286
MW. g/mol 23876 6573 19.52

Ideal H, cal/mol  3421.505 6860.62 3063.41
Enthalpy, cal/mol 2361.055 2203.80 2377.43

Ideal Cp.cal/mol-K 30.191  10.501
Cp. cal/mol-K 39418 14619
Density. Kg/m3 544.2808 136.6245

Viscosity. cp 0.1271 0.0185



IFT. dvne/cm 0.0000 1.8404
Phase volume ¢ 8.0906 91.9094
Phase mole % 9.4305 90.5695

Enthalpy is zero for ideal gas at absolute zero
Interfacial tension, IFT. is reference to phase 1

Convergence status :
Total iterations in phase equilibrium calculation 7
Total iterations in phase split calculation 27
Residual sum of squares error 7.92641E-11
I
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SAMPLE CALCULATION
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 15700.000 kPaand  71.440 deg C
Peng-Robinson Equations of State

mole percent

component  Feed  PhaseOl  Phase()2

Cl 89.06400 46.74696 93.39350
NCH 7.09700 1842188 393834
NG 383900 3483116 0.66816
component In tfug.atmy K-values wort phase |

Phase01] Phase02

Cl 4.82024E+00  1.00000E+00  1.99785E+00
NCH 8S51264E-01  1.O0000OE+00  3.22353E-01
NC10 -327663E400  1.00000E+00  1.91829E-(2
liquid  vapour
Z-tuctor 0.6755 0.8297
Molar vol, m3/kmol 014880 0.12327 0.1514]1
MW a/mol 23876 6777  19.39

Ideal Ho cal/mol  3421.505 7027.42 3052.58
Enthalpy. cal/mol  2381.792 2194.37 2400.97

Ideal Cp.cal/mol-K 31.057 10.445
Cp. cal/mol-K 40452 14.387
Density. Kg/m3 5497443 128.0343
Viscosity. cp 0.1315 0.0178
IFT. dyne/cm 0.0000 2.1076

Phase volume ¢ 7.6892 923108
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Phase mole ¢ 9.2815 90.7185

Enthalpy is zero for ideal gas at absolute zero
Interfacial tension. IFT. is reference to phase |

Convergence status :
Total iterations in phase equilibrium calculation 7
Total iterations in phase split calculation 27
Residual sum of squares error 3.99946E-11
!
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SAMPLE CALCULATION
Constant composition expansion calculation
2-Phase EOS Flash: QNSS Method

Equilibrium Properties at 14900.000 kPa and 71.440 deg C
Peng-Robinson Equations of State

mole percent

component  Feed PhaseOl Phase02

Cli 89.06400 44.92452 93.49668
NC4 7.09700 18.93930 5.90774
NCI0 3.83900 36.13618 0.59558

component In (fug, atm)  K-values w.r. phase |

PhaseO1l Phase02

Cl 4.77407E+00  1.00000E+00  2.08119E+00
NC4 8.50103E-01 1.00000E+00 3.11930E-0]
NCI10 -3.31429E+00  1.00000E+00 1.64814E-02
liquid  vapour
Z-factor 0.6530 0.8321
Molar vol. m3/kmol  0.15686 0.12557 0.16000
MW, g/mol 23876 69.63 19.28

Ideal H, cal/mol  3421.505 7180.47 3044.01
Enthalpy. cal/mol 2401.327 2185.33 2423.02

Ideal Cp.cal/mol-K 31.851 10.400
Cp. cal/mol-K 41.398 14.175
Density. Kg/m3 554.5414 120.5034
Viscosity, cp 0.1355 0.0173
IFT. dyne/cm 0.0000 2.3650
Phase volume % 7.3054 92.6946

Phase mole % 9.1260 90.8740



Enthalpy is zero for ideal gas at absolute zero
Interfacial tension. IFT, is reference to phase 1

Convergence status :
Total iterations in phase equilibrium calculation

Total iterations in phase split calculation 32
1.94293E-11

Residual sum of squares error
I
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SAMPLE CALCULATION

Constant composition expansion calculation

7

Summary of Constant Composition Expansion at 7144 deg C

Saturation Pressure = 28497 .41 kPa

component  feed. %

Cl 39.064
NCH 7.097
NC10 3839

p. kPa relutive  oil SN g IFT

liquid Y

totvol  visep visep Z-fuctor dvne/em mol <

ed D —

J0180.00 09677  0.0000 0.03484  0.8923  0.0000
20380.00  0.9825  0.6900 0.03418  0.8819  0.0000
28500.00  0.9999  0.0000 0.03345  0.8706  0.0000

2849741 10000 0.0738 0.03345 0.8706 0.0656

4 27600.00  1.0246 0.0780 0.03165 0.8624  0.1089
5 26800.00 10483 0.0816 0.03022  0.8560 0.1576
6 25900.00  1L.O771  0.0856 0.02877 0.8497 (.2243
7 25100.00 11048 0.0890 0.02759  0.8447  0.2947
8§ 24200.00 11386 0.0929 0.02635  0.8399  ().3872
9 23400.00 11713 0.0964 0.02532  0.8362 0.4817
[0 22500.00 12115 0.1002 0.02423  0.8328  0.6027
I 2170000 1.2506  0.1037 0.02332  (.8303 0.7238

2 20800.00  1.2989  0.1077 0.02235 0.8282 0.8762

13 20000.00 1.3462 0.1112 0.02154 0.8269 1.0267
4 19100.00  1.4050 0.1153 0.02067 0.8261 1.2138
15 18300.00 14630 0.1190 0.01994 0.8260 1.3966
16 17400.00  1.5358 0.1232 0.01917 0.8265 1.6219
17 16600.00 1.6082 0.1271 0.01852 0.8277 1.8404
I8 15700.00  1.6999 0.1315 0.01784 0.8297 2.1076

function

0.00040

2675
1893
0.6832
7.6192
8.3709
8.8444
9.2150
94337
9.5829
9.616Y
9.6564
9.6198
9.3364
9.4305
9.2815

N a0

A0
IRB R
30l
2922
2815
2718

|
!
I
1
|
|
]

1
I

.2605
2502
2383
2274
2149
2034
1903
1783
1646
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19 14900.00 1.7920 0.1355 0.01727 0.832] 2.3650  9.1260 1.1522

Y function = (Psat-P)/P/(relative vol.-1)
IFT = Interfacial Tension. Zero values denote single phase or IFT calculations have
not been initialised

CMGPROP 95.01

Total EOS calls without derivatives = 336
Total EOS calls with  derivatives = 94
Total calculations performed = 3

Date and Time at End of Run : 1995 Jul 22, 14:52:51
CPU seconds used ¢ 4.01
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APPENDIX F

COMPUTER PROGRAM: INPUT DATA ERROR
ANALYSIS
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/* Program for input data error analysis for material balance calculations */

#include<stdio.h>
#include<math.h>
#define M 40

double randm();

int n.seedi.seed,iset:

long seed.seedi:

double xn[M].yn1[M].yn2[M].yn3[M]:

void line();

double errImax.errl min.err2max.err2min,err3max.err3min:
double pi:

double gasdev.gset:

/* Main program starts here */

maini)

{
double x[M].y1[M].y2[M].y3[M];
double sigmx.sigmy1.sigmy2.sigmy3:
FILE *fd1,*fd2,*fd4:
int 1. count;
pi= 3.141592654:
1set=0:

errlmax=err2max=erramax=-1.c10:
errlmin=err2min=err3min=1.e10:

/:é: _________________________________________________________ "/
fdl=fopen("al"."r"y;

fscanf(fd1."%d %d".&n.&seedi);
fscanf(fd1."%1f %If %lf%lf"'.&sigmx.&mgm_\'l.&sigln_\'.?.&sigln_\'3)1

for (1= Lii<=n:++i)
fscanf(fd! "G If S S lf ‘,?Hf".&x[i].&yl[i].&_\'?_[i].&_\ﬂ[il):

/;é:
for (i= 1 i<=n;++i)
printf("%f %f ch%ﬂn”.x[i].yl[i].y2[i].y3[i]):

seed = seedi;
count = (;

dof
srand48(seed);
fd2=fopen("a2"."w");
fd4=fopen("a3"."w"):



\n

\

1

\

]

|
/i

for(i=<=n;++i)

{

xnli|=randm(x[i].sigmx):

ynlfi]=randm(y1{i].sigmy!):
yn2{i]=randm(y2[i}.sigmy2):
yn3[ij=randm(y3[i].sigmy3):

fprintfefd2." % 601G .6At% .6\ % .60\n"xn[i].vnl[il.yn2[i].yn3][i]):
I

lineo,
seed = mrand48():
COUNt++:

I while (counte=500):

tprintfifdd."no. of trials = d \n".count:

fprintftfd4."errtmin= N\terr2min=C N\t err3min=4 f
“errlminerr2min.err3ming:

fprintfufd4."errtmax="¢ N\t err2max= i\ errdmax=7f
Cerrlmax.err2max.erraman;

printft"no. of trials =% d \n".count);

printfCerrImin= i err2min=C N\t err3mi=\n"errl min.crr2min.crramino:

printfcerrimax="c N\t err2max="f\t err3max="¢{
Cerrlmaxeerr2max.err3maxo:

tansforming uniformiy distributed random variable to normally distributed random

variable using Box-Muller transform #/

de

[
1

wble randm ¢ double eld . double sigm)

double new ., er;
double v1a2r:;
double tac:
nti;

(oS
1o



if (iset == 0)
{
do
{
v1=2 *drand48()-1 .
v2=2 *drand48()-1 .:
r=v]*v]4+v2*y)D:

fwhile (r>=1.01lr == 0.0):
fac = sqrt ( -2.*log (r)/r);

gset = vI1*fac:
gasdev = v2#{ac:

iset =1;

J

else

{
gasdev = gset:
1set = 0;

}

er = gasdev * sigm :
new =old * (1 +er):

return new

/* Culculating "a" and 'b’ parameter of the lines and calculating the errors #/

void line()

l
double sumx.sumy l.sumy2.sumy3;
double sumxx.sumyy | sumyy2.sumyy3:
double sumxyl.sumxy2.sumxy3:
double errl.al.bl;
double err2.a2,b2;
double err3.a3.b3:

FILE *fd3;
nti
fd3=fopen("a2"."r");

for (i=1:i<=n:++i)
fscanf(fd3."GIf GIf %1t " &xnli].&ynl[i).&yn2[i].&yvn3[i]):

]
(S



sumx =sumyl = sumy2 = sumy3 = sumxx = sumyy |l = sumyy2 = sumvy3 =
0.0:
sumxyl = sumxy2 = sumxy3 = 0.0:

for (i=l:1<=n++1)

{

sumx = sumx + xnfi] ;

sumyl = sumyl + ynl[i] :
sumy2 = sumy2 + yn2[i] .
sumy3 = sumy3 + vn3[i] :

SUMXX = sumxx + xn[i]J*xnfi} :

sumyyl =sumyvyvl + vnlfiJ*vnl[i]:
sumyy2 =sumyy2 + vn2{i]#vn2{if:
sumyy3 = sumyy3d 4+ vo3[i)*vnl|i]:

sumxyl =sumxy! + xn[i]*vnl]i] .
sumxy2 = sumxyv2 + xnfi]*vn2|i} :
sumxy3 =sumxyd + xn[i]*vn3[i]

bl = (sumxy - oL/m cL/mysumyssumy Fm/isumsx-(1/mssums =sumx
b2 = sumxy2- (L/m7CL/mrsamxcssumy 2 ny/esumxx-(L/n) = sumy®sumx:
b3 = (sumxy3- cL/nr e L/mrssumessumy 3 n/isumsx- L/m# sumiy < umx ):

al = ol /My sumy | - (bl/m=sumx :
al = (h/m*sumy2 - (b2/my*sumx
= (L /mytsumy3 - (b3/m*sumx ;

)
o

hi

-hlo b2 =-b2: b3 =-b3;

crrl = 100 #at/hl -1y
err2 = 100 *(a2/b2 -1y
errd = 100 *(a3/b3 -1

i terr>errlmaxierr I max=errl:
if (err2>err2maxierr2max=crrl:
i (err3serr3maxierr3max=err3;

i errl<errlmin)err I min=errl:
i (err2<err2minierr2min=crr2:
if (err3<err3min)err3min=crrl:



APPENDIX G

COMPUTER PROGRAM: TWO-PHASE STEADY STATE
THEORY



/

#include - o.h>
#include .« n.h>
#define MaX 30

double f():
int n=32;

int maxcnt. fenent.top = O.count =0:
void kreale():

double adapt2(). gtcalc(). mpecalc(). muocale(). mugcale():

double sat():

double al.bl.toll.k;

double kk. muo. mue. s1. 82, so. sg:
double pl:

double swi, krgtemp. krg. kro. krotemp:
doubic a. b, tol:

double p.pe.pref.h.t.s.re.rw.minval.pwi:
double mpe. mpf.zg.zo. ve. vo:

double zglzol. vgl. vol:

double z2ph. z2ph1.kk1.kk2.mug.muo:
FILE “fa2.#fd3.#fd4:

double pdew.pvarrwdash k1 k2.mpwi.r
double dewpoint:

double tolread:

double step:
double sLslig:

/ Nain program starts here =/
maine)

mti=0:

double mpvar.qt:

FILE =fd1. #fd5:

[d5 = topen (Toutput”.w
fdl = fopen ("inp 1 17"

Iscantifd!,  d7.&ny;

[scanfiic "t ST &pe. &pref. &minval.&dewpoini:
[scanfifd! “codif o1 " &maxent.&step.dtolread):
Seanford L7 Ca Cof S G Celdf Celf &k, &hu&t & &re derw:

fecanfrfd ] coil” &swiy:

tol=tolread:
rwdash = rw¥*exp(-s):

/% Program for reproduction of the two-phase steady state theory by Chopra and Carter

136
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k2 = re/rwdash:
pwi = minval:
pvar = pe:

printf("Pe= % .2f Pref=%.2f Dew=%.2f n=%d MinPwf= % .2f\n" pe.pref.dewpoint\
n,minval);

mpe = mpcalc (pe):
mpwf = mpcalc (minval);
printf("mpe = %f \t mpwf = %f\n".mpe.mpwf):
printf(" p r sat krg/kro m(p) Flowrate\n"):
while ( pvar > pwf )
pvar -= step:
mpvar = mpcalc(pvar):

k1 =0.0:
kT = (mpvar - mpwf)/(mpe - mpwf):

r = rwdash*pow(k2,k1);
qt = 703.0e-6* (k *h /1) * ( mpe - mpvar) / ( log(re/rw) + s )

sl= sat(pvar):
tol=tolread:

printf("% 7.4 %8.3f %11.5f %11.5f %10.3¢ %8.30\n"\
. pvar.ar.shkk.mpvar.gt):

I
}

/# Flow calculation #/

double gtcalc (pwip)
double pwip:
{

double q:
q=10.0:

mpf = mpcalc (pwip):
q = 703.0e-6* (k *h /t) * ( mpe - mpf) / ( log(re/rw) + s );

return q:

}



/# Pseudopressure calculation #/

double mpcalc (pres)
double pres:

double mp.mpl.mp2.allblicll.dli;
mp=mpl=mpl=al=bi=0.0:

if ( pres >= dewpoint)

{
all =pref, bll =dewpoint: cl1 = dewpoint: d11 = pres:
tol] = tolread:
mpl = 2% adapt2(al 1.bI 1)
toll = tolread:
mp2 =2 # adapt2(clld! 1)
mp = mpI+mp2:
}
clsed
al = pref:
bl = pres:

toll =tolread:
mp =2 * adapt2tal. bl ;

return mp:

double fr x)
double x;
I
t
double pvis.pvisl.mug muol:
double f1:
fenent+=1:
ft = 0.0:

fd2 = fopen ("inp2"."r" .

Escanfta2.” GEH el Caf et cadf celf -, &p.&zg.&zo&z2ph&ve&vor .

while ¢ ( fscant (Fd2."CeIf Gelf Gt Gt Celf
Cft.&pl&zgl&zol.&z2phl&vgl.&vol) = -1) && (p<x )
{

p=pl:izg=2zgl.720=201".
22ph =z2phl :vg=vgl ivo=vol :

138
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!

vg=vg + ((x - plpl - pH*(vgl - vg):
zg =zg + ((x- p¥(pl - p))*(zgl - zg):
20 =20 + ({(x - p)/(pl - p))*(zol - zo);
VO =vo + ((X - p/(pl - p))*(vol - vo);

/>§= ________________________________________________________________ */
/* calculation of viscosity from table */
fd4 = fopen ("inp4","r");

fscanf(fd4." %If %If %If ", &pvis,&mug.&muo) ;

while ( ( fscanf (fd4."%If %If %lf" &pvisl.&mugl.&muol) '=-1)\
&& (pvis<x))
{

pvis = pvisl : mug = mugl : muo = muol ;

J

mug = mug + ((x - pvis)/(pvisl - pvis))*(mug! - mug):
muo = muo + ((X - pvis)/(pvis] - pvis))*(muol - muo);

if ( x >= dewpoint ) kk =0.0:
else
Kk = (vg*mug)/(vo*muo);

krecalc();

if(x>=dewpoint)

ff = x/(mug*zg):

elsr

ft =x *Kkrg/(mug#zg) + kro/(muo*z0)):

fclose(fd2):
felose(fd4);
return (1;

/% Relative permeability calculation */

void krcalc()
/:é: ________________________________________________________________ "/
{

sg=so=sliq=s I=s2=kk I=kk2=krgtemp=krg=krotcmp=kro=0.0:

ki kk = (vo/vg)*(muo/mug).*/
/% Kk = (vg*¥mug)/(vo*muo);*/
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i (kk ==0.0)

| so =0.0: slig=swi: sg=1.0-swi:
krg = 1.0 kro =0.0:

!

else

{

fd3 = fopen ("inp3"."r"):
fscant (fd3.7% 11 G, &Kk, &s1):

while (f fscanf (td3. "Gelf G, &KkKk2. &52) '=-1) && (kkl< kkn
{
Kkl =kk2:
s1=62:
J
shg=st+(kk - Kk D#s2 -sD/tkk2-kk 1
SO = slig - swis

sg= 1 -s0-swi

Kkro = <o #so *wo#( 1.0 - sg =205 wi/ipow 1O -swid

krg = kk # kro:

feloseitdi:

/7 Integration function */

double adapt2ea.b)
double a.b:

intta;

double sum:

double h=0.0;

h=(b-w1/i13%n);

FprindfCn=Cd a="¢f b="{ h=""\n".n.a.b.h)=/
sum=();

sum=sum+{tai+tehy;

stum=sum-+3 * {ra+b-a /(3 nH+3* fia+2%(b-a)/t 37 );
for =2n<=n:1++)

l

tl=3"1;

sum=suim + 3¥fra+tl=h+tta+ - DEhn+2*4fa+ -2y h):
}

sum=3*h*(] /8 y*sum:

return sum;

!

/% Liquid saturation calculations #/
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deuble sattdouble x)
| double pvis.pvislanugi.muol:
fd2 = fopen ("inp2"."r");
fscanf(fd2."” G2If GIf GeIf % If GIf Grif . &p.&zg.&zo.&z2ph.&ve &vo)

while ( ( fscanf (fd2."%If ZIf G%If %If Gelf
*',??~lf"~&pl.&zgl.&zol.&zQphl,&vg].&vol) I=-1) && (p<x))

{
p=plizg=2g1:20=z01:
z2ph =22phl . vg = vgl : vo=vo] :
)
Ve =vE+ (X -pipl - phF(vgl - ve):
VO =vo+ (X -p)(pl - p)y*(vol - vo):
/'.':::::::::::::::::::::::: ________ === bbbt

/* calculation of viscosity from table */

fd4 = fopen ("inp4”,"r");
fscanf(fd4.” %If %If it . &pvis.&mug.&muo)

while ¢ ( fscanf (fd4," % 1f < 1f ¢ if".&pvisl.&nugl.&muol) '=-1)\
&& (pvis<x )
{

pvis = pvisl i mug = mug!l : muo = muo] :

J

mug = mug + ((x - pvis)/(pvis] - pvis)*(mug] - mug):
MUO = muo + ((X - pvis)/(pvis] - pvis))*(muol - muo):

/"'::::::::::::: = === :::::::::::::::::::::::::::__.__.
Soom===c#

i ( X >= dewpoint ) kk =0.0:

else

Kk = (vg*mug)/(vo*muo):
/:é:===:::::::::::::::::::::=====:===:======:=:::===:::::::::
CE 55 5 5

krcale():
felose(fdd):

fclose(fd2):

return slig:
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APPENDIX H

SAMPLE INPUT FILE: GEM



»kinini+*k*4**Y’+4***f$x4**********#’***kk***ﬂ***2***

Ao e o of ok sk o e of sk ok ok 3k Sk ok ok

** Template 1:(ss.dat): Testing steady state theory o

********************1*%******i*******ﬂ****#AAA>*»$W****Jk$~3 ------ RN

s e sk ok ook e ok ok sk ok ok s K ofe o

42 s ok o ok ok ofe ok ok o ok ok ok ok ok ok

ok * %
** FILE: ss.DAT ok
N * g
** MODEL:RAD 10*1*4 GRID *E
o 3 COMPONENTS ALL SINGLE PHASE BLOCKS GAS
**  FIELD UNITS -
BEET ER
a4t e ok o e ok ohe sk s o o o 0 2 3 ok ok ok sk Sl sk ok ok o st ok ok ofe sk s sk ok sk b ok o sk o B s skt sk e s s ok e e T O T

58 S8 o K e sk o ok ok sk sk ok o o ofe ok
‘FILEN AMES *OUTPUT *SRFOUT *RESTARTOUT *INDEX-OUT

*MAINRESULTSOUT
*TITLE] 'SS'
*TITLE2 ' Gas Condensate Reservoir'
*TITLE3 '"Modified Relative Permeabilities’
*CASEID 'CASE I'
*INUNIT *FIELD
*RESULTFILE *BOTH
*WSRF *GRID *TIME
*WSRF *WELL 0
*WRST 0
*WPRN *GRID *TIME

*OUTPRN *GRID *PRES *SO
:*Ol TSRF *GRID *PRES *SO

‘GRID *RADIAL 10 1 4
“DI *CON 100

*DJ *CON 360

*DK *KVAR 30. 30. 30. 30.
*DEPTH *TOP 1 11 7425.00
*POR *CON 0.13

*PERMI *IJK

1011 100
1101 2 6.0
1101 3 40
1110 1 4 85.0
*PERMJ *EQUALSI
*PERMK *1JK
1o 11 0.0
11012 0.0

110 13 00
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101 4 0.0

*CPOR 4.0E-06
*PRPOR 3550.0

*MODEL *PR
*NC 3
*COMPNAME

‘Cl1" 'NC4" 'NCIO
*PVC3 1.2
*TRES  160.59
*PSAT  4133.2]
*PHASEID *GAS

*CW 3.60E-06

*REFPW  3550.0

*VISW  0.3049

*RHOW  1587.757

*ROCKFLUID

*RPT

#SGT
0.005 0.0 0.740
0.040  0.005  0.650
0.080  0.013 0513
0.120  0.026  0.400
0.160  0.040  0.315
0.200  0.058 0.250
0.240  0.078  0.196
0.280  0.100  0.150
0.320 0,126 0.112
0.360  (0.156  0.082
0.400 0187  0.060)
0440 0.222 0.040
0480 0.260  0.024
0.520  0.300  0.012
0.560 0348 0.003
0.600 0400 0.0
0.640 0450 0.0
0.680  0.505 0.0
0.720 0.562 0.0
0.760  0.620 0.0
0.800  0.680 0.0
0.840 0740 0.0

"SWT
0.160 0.0 0.740
0.200  0.002  0.680
0.240  0.010  0.620
0.280  0.020 0.562
0.320  0.033  0.505
0.360  0.049  0.450
0.400  0.066  0.400
0.440  0.090  0.348
0480  0.119  0.300
0.520  0.150  0.260

0.0
(.0
0.0
0.0
0.0
0.0
0.0
(0.0
0.0
0.0
0.0
(.0
0.0
0.0
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

50.00000
32.00000
21.00000
15.50G00
12.00000

9.20000
7.00000
5.30000
4.20000
3.40000

FLUID COMPONENT DATA
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0.560 0.186 0.222 2.70000
0.600 0.227 0.187 2.10000
0.640 0.277 0.156 1.70000
0.680 0.330 0.126 1.30000
0.720  0.390 0.100 1.00000
0.760 0.462 0.078 0.70000
0.800 0.540 0.058 0.50000
0.840 0.620 0.040 0.40000
0.880 0.710 0.026 0.30000
0.920 0.800 0.013 0.20000
0.960 0.900 0.005 0.10000
0995 1.0 0.0 0.0

e e T . INITIAL CONDITION---

*INITIAL

*VERTICAL *COMP

*REFPRES 4890.0

*REFDEPTH 7500.0

*DWOC  7500.0

*ZDEPTH
7500. .89064 .07097 .03839

B ‘MERICAJ -eemeeeeae

___________________________________________ “oWELL DATAccmee.
*RUN
*DATE 1986 1 |
*DTMIN 0.10
*DTMAX 300.00
*DTWELL 50.00
*AIMWELL *WELLNN
*WELL 1 'PROD
*WELL 2 'INJ
*CYCLPROD 1
*OPERATE *MAX *STG 500.2000E+6
*OPERATE *MIN #*BHT  2450.000
*INJECTOR 2
*INCOMP *SOLVENT .89064 .07097 .03839
*OPERATE *MIN *BHP 4890.000

*GEOMETRY *K 1.0 0.34 1.0 0.0

*PERF *GEO |
11110

**TIME 2555.0 **7 YEARS



**TIME 5475.0
:§::!:TIME 58400

“TIME 9125.0

*STOP

**15 YEARS

**16 YEARS
**70 YEARS
**+ 21 YEARS

*#%35 YEARS
#*36 YEARS
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