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ABSTRACT

While the knowledge about the retrograde condensation
and condensing-gas drive phenomena is not new their utilization
in production-stimulation and simulation of the natural gas and
NGL reservoirs has been delayed due to the lack of accurate
predictive computer algorithms. In this report the groundwork
for accurate computation and prediction of the behavior of

-reservoir fluids under retrograde condensation and in
condensing-gas-drive conditions are presented. It is shown that
through equations of state one can predict the following
properties of the reservoir fluid systems:

[i] The minimum miscibility conditions and solubilities of
intlermediate and heavy hydrocarbons in miscible
solvents.

(il  The effect of mixed miscible solvents and entrainers on
lowering the minimum miscibility pressure of Yeavy
components of reservoir fluids. :

[iii]  The role of variations in temperature, pressure, and
solvent composition on the miscibility and solubilitiies.

[iv]  Flash (dew point and bubble point) calculation for
complex reservoir fluids in VLE and VLLE cases.

INTRODUCTION

Retrograde _ondensation and condensing-gas-drive
phenomena have important applications in NGL production and

processing!. The knowledge about retrograde condensation
and condensing-gas drive is not new, However, the application
of this knowledge has been delayed due to the lack of accurate
predictive equations of state. Recently under a contract with the
Gas Research Institute the groundwork for accurate prediction of
the behavior of reservoir fluids under retrograde condensation
and in condensing-gas-dri--~ zonditions are developed at the

University of Illinois a. Chicago®-12, It is shown that by using

References and figures at end of paper.

equations of state it is possible to calculate accurately the
minimum miscibility conditions and solubility of heavy and
intermediate hydrocarbons in miscible solvents (gases and
gaseous mixtures) and phase behavior (dew point and bubble
point in VLE and VLLE cases) of complex mscwon"ﬂmds: 'l_'he
basis of these developments lie in statistical mechanical mixing
rules and the conformal solution theory of polar fluid mixtures.

RETROGRADE PHENOMENA: Retrograde
condensation has important applications in enhanced oil and gas
recovery, industrial separation of chemical compounds, and
processing of fossil fuels*#13. The phenomena was first
recognized in 1879 by Hannay and Hogarth!'!4. They
discovered that solid compounds could be dissolved in dens
gases having densities near that of a liquid. The interest in this
process is because of the appreciable increase in solvent power
of dens fluids at temperatures and pressures above, but not far

“ removed from, their critical point. A dens gas can be an effective

solvent for a condensed compound (solute) which remains in the
condensed state (liquid or solid) at the supercritical conditions of
the solvent. This requires a large molecular weight and size
difference between the dens gas solvent and the condensed
solute. Thermodynamic modeling and prediction of solubilities
of heavy solutes in dens gas solvents has been hampered due to
the lack of thermodynamic models of asymmetric mixtures.

MINIMUM MISCIBILITY CONDITION: The
vaporizing gas drive is used in enhanced oil and gas condensate
recovery to achieve dynamic miscible displacement or multiple

contact miscible displacement®. Miscible displacement relies on
multiple contact of injected gas and reservoir fluid to develop an
in-situ vaporization of intermediate molecular weight
hydrocarbons from the reservoir fluid into the injected gas and
create a miscible transition zone®. The iniscible aases which are
used in such a process may include natural ga:, mest gases, and
carbon dioxide. For a given reservoir fluid and a miscible agent
system at & given temperature, the minimum pressurs at which
miscibility can be achieved through multiple co.tucs: is referred
to as the minimum miscibility pressure (N&ﬂ’
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In order to describe and model the retrograde aud
condensing gas drive phenomena and predict the minimum
miscibility conditions accurately one has to utilize the theory of
conformal solution of asymmetric mixture: and the theory of
many-body interactions.

THEORY OF CONFORMAL SOLUTION
MIXING RULES: There has been substantial progress made

in recent years t~ improve conformal solution mixing rules!5-22,
Utilizing such mixing rules for calculation of mixture
thermodynamic properties requires to combine them with an
equation of state. There exist varieties of cubic equations of
state available in the literature. The Peng-Robinson (PR)
equation of state

z = V/(v-b) - a(T)/[v(v+b)+b(v-b) m
where

a(T) =a,{1+k (-T2 )%, @)
a = a(T,) = 0.45724 R2 T 2/ P,

k = 0.37464 + 1.54226 » - 0.26992 &?, 3)
b=00778R T,/P, (@)

is one such equation of state which is used in the present paper.
We will limit our calculations and discussions to the PR equation
of state with the understanding tha: similar computations can be
performed with other equations of state such as SRX, etc. In
order to utilize conformal solution mixing rules for the PR
equation of state we first need to separate thermodynamic
variables from constants of this equation of state. For this
purptl):e we may write-this equation of state in the following
form

Z = v/(v-b)-[((A/RT+C-2(ACRT) 2|/ (v+b)+(bV)(v-b)]  (5)

where
A =a (1+k)? ©)
C =ak¥RT, : o m

This form of the equation of state indicates that there
exist three independent constants (A, C, and b) in the equation.
In Table I the mixing rules for these parameters are based on
different conformal solution theories of mixtures. The
combining rules for the unlike interaction parameters of this
equation of state are '

A = (1-ky) bij(aiiajj/biibji)llz ®
by; =(1-1,)(b;P+b,13)"/8 ©)
Cy = (-m)(CR + ;378 (10)

In the present report we use the van der Waals (vdW) conformal
solution mixing rules which are the simplest among the
successful conformal solution mixing rules. It will be
demonstrated that when the vdW mixing rules are combined
with Equation 5 accurate retrograde condensation and
condensing gas drive calculations can be made.

THEORY OF MANY-BODY INTERACTIONS:
In a fluid system the total intermolecular potential energy of the
interacting molecules is expressed in the following form®623-25;

. y .
U=3 2 ulH+ 3 P Y UM+ (g

i<j i<j<k

In this expression u(2)(ij) is the pair intermolecular potential
cnergy between molecules i and j, u®)(ijk) is the triplet
intermolecular potential energy between molecules i, j, and k,
etc. It ic shown that?3-25 the contribution of ibe triplet
intermolecular interaction energy to the total intermolecular
potential energy is of the order of 5 to 10%. However, higher
order terms (four-body inieractions and higher) of Equation 11
are negligible. Moreover it is shown that the leading term in the
three-body interaction energy is the dipole-dipole-dipole term
which is known as the Axilrod-Teller triple-dipole dispersion
energy as expressed by the following expression?:

!;,L(H:Bcos Yic0s YicoS Vi)

v = ()’

(12)

where i, j and k are th:e three molecules forming a triangle with
sides r; 1;, and ry and interior angles ¥, ¥; and ¥, and v,y is
the triple-dipole constant. Contribution of this three-body effects
to the Helmholtz free energy of a pure fluid is

A%® = Nvd f.m)/f, () (13)
where

f, () =9.87749 12 +11.76739 n° - 4.20030 n*,
f,(n) =1-1.12789 n2 + 0.73166 3,
N = (@/6) (Nd3/V),

N is the number of molecules in volume V and d is a hard core
molecular diameter.

An ex aation of state, such as Equation 1 with a choice of mixing
rules is based on binary interactions. The parameters A, b,

and C; of this equation of state are derived from pure
component properties while parameters Ay by, and C, are

_derived from binary data of i and j. However, it has been

shown that in utilizing such equations of state, even with better
mixing rules, to predict ternary and multi-component system
phase behavior, the results deviate from experimental data?’-28,
This is specially observed for ternary mixtures around the critical
point for which there is sufficient experimental data available.

The reason for the deviation of prediction of the equation
of state around the ternary mixture critical point can be described
as the following: In a mixture, in addition to the kinds of
interactions which exist between molecules in binary mixtures,
there also exists an interaction which we would call the unlike-
three-body interaction which happens when there are three
molecules of three different kinds interacting in a mixture.

"Considering the fact that there exist no such terms in an equation

of state, such as the two parameter cubic equations of state, we
would expect that the unlike three-body interaction contribution
to the equation of -state will not be accounted for when the
equation of state is based on the pure component and binary
mixture data. Symbolically we will define the unlike-three-body -
interaction contribution to compressibility of a ternary mixture
by x,x,x3AZ(V,,4,T,N) where v,,, is a parameter
corresponding to the unlike-three-body interaction. As a result
the equation of state of a mixture must be written in the
following form: '

Zy =Zin (. Ty, 8y 5 o By » Xy % o Kg) +
LEE, % %% AZ(Vg T.N); (#j#K) 14)
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The second term in the right hand side of this equation includes
all the unlike-three-body interaction between every three
different molecules in the mixture.

The basic question to be answered at this stage is how to
arrive at an expression for the unlike-three-body interaction
term? This problem has been addressed in the statistical
mechanical theory of man . -body interactions. Starting with the
work of Axilrod and Tell. in the development of algebraic
expressions for three-body intermolecular interactions ener
and the development of an analytic expression for the unlike
three-body interaction Helmholtz free energy using the
perturbation theory of statistical mechanics262%, Details of the
theory are given elsewhere?6. However, the final expression

for the unlike Helmho'tz free energy is as the following®:
A= Nd¥ v f/m) (15)

Knowing the unlike-three-body interaction Helmholtz free
energy we can now calculate other thermodynamic properties.
For example as a result the correct compressibility factor of a
mixture will be

-

2, =2Z," + EET xxx, (M prodv)(f,f -f,£)/62  (16)

where Z_°"P is the expression for the empirical equation of
state and

B = (8/27)nN * Mig :
f) = (df,/dn) =19.75498 1} + 35.30217 n2 - 16.80120 03
f, = (df,/dn) = -1.12789 +1.46332

The co-volume parameter, b, isrelated ton as

PHASE EQUILIBRIUM CALCULATIONS: In
the present calculations we compare the results of the above
formulations with the PR egnation of state for mixtures. In the
calculatioons reported here it is assumed that the equation of
state is valid for all the phases in equilibrium. The following
equilibrium conditions between fugacities of the phases are
assumed to hold:

fIi (T,P,{X}) = f"i(T,P,(X}) = (23 = fNi (T,P,{X});
i=1,2,...,n

which can be expressed with respect to the fugacity coefficients
of the phases as the following

olxp =¢'xp=..=Nxp i=12..,n (17
where I, II...., N represent the phases in equilibrium. For a
mixture of three components exhibiting two liquid-phases and a
vapor phase, the following algorithm is used in the phase
equilibrium calculationsS;
1) Overall mass balance L+Llg+V=1
2) Species Mass Balance Xplat xglp 4y BiVi= %
3) ComponentRestriciveEquations  Sx,; = Sxpg; =Sy; =1

4) Equilibrium Criteria £ =fp=f i=1,23

where the subscripts A and B are used to identify the two liquid
phases in equilibrium. The equilibrium constants or distribution
coefficients of co onents between phases are defined as:

Kgi = Yifxg

As a result we obtain

X =7 lLA(1-K ) + Lp(K pi/KpiKp) + Ky

xgj =z Kp/Kp/(Lo(1-K,y) + Lp(K /K -Kp;) + Ky
¥i =5 Kp /(L(1-K ) + LK\ /KK ) +K )

Three different objective func.ions can be used:

K= YifXais

1) Liguid-liquid-vapor bubble point calculation
SxAi- SxBi= Syi -1=0

2) Liquid-liquid-vapor dew point calculations
SXM - Syl = sXBi "1 = 0

3) Liquid-liquid-vapor dew point calculations
SxAi - Syi = Sxm -1=0

MATHEMATICAL __FORMULATION ___AND
PREDICTION OF THE MMP

The governing equations of the critical state of a three-
component system are given by the following determinant

equations®:

102g/ox,2 02g/ox,0x,
|

U= =0 (18)
19%g/0x 0%, 9%gfox

and
19%g/ax,2 92g/ox,0x,|

V= | | =0 19

10%g/ox, o2g/ox,|

where the partial derivatives of the molar Gibbs free energy
g(P,T,x.i.) are obtained at constant P, T and x;. When the
above determinant equations are solved for the critical
compositions, the tangent to the binodal curve at the critical point

wil ba ohtained as the following:
xj -X1_ dP, .. .
P ™ (at the critical point) . 0

where x,° and x,° are the critical compositions of the light and
intermediate components, respectively. P, is the interpolating
polynolmial of tlhe blirnuc;ldal tcilurve, ac:cll the first derivative oti, the
interpolating polynomial at the critical point is approximated by a
central difference formula, With the implementation of the three-
body effects the mixture equation of state will be

P = QARV)p,= P + x x,x,(NB/V)(E, f,-f, £ )2

where P*™P is the expression for the empirical equation of state.
The fugacity coefficient will take the following form:

With the aid of a computational algorithm the above equations
dare used to generate the binodal curves of binary and ternary
systems.

.
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VAPORIZING GAS DRIVE MMP
PREDICTION: The substantial limitations of the PR and other
cubic equations of state using empirical mixing rules are reported

by Kuan®C and by Firoozabadi’! in predicting the phase

behavior and minimum miscibility pressures of simulated
reservoir fluids, According to these investigators by using the
empirical mixing rules an over-prediction of the MMP of
hydrocarbon systems was observed. The mixture equation of
state discussed above is applied to predict the minimum
miscibility pressure of simulated reservoir fluids.

The first and simplest ternary system which is analyzed
here is the mixture of methane + ethane + propane as reported on
Figure 1. According to this figure while the Peng-Robinson
equation of state (dashed line) is capable of predicting the
behavior of binary VLE data of methane + propane, it fails to
predict the VLE behavior (solid dots) around the critical point of
the ternary mixture, With the consideration of three-body forces
(solid line) the proposed technique is capable of predicting the
VLE behavior of this iemary mixture, ,

The next ternary system analyzed was carbon dioxide +
n-decane + n-butane as reported on Figure 2. According to the
figure the PR equation of state (dashed lines) again fails to
predict the binary data (solid dots) of these components., With
the consideration of three-body forces (solid line in ternary
diagram) the proposed technique is capable of predicting the
VLE behavior of this ternary mixture quite well. Also reported
on this figure are the large errors which would occur on locating
the tangent at the critical point which passes through the
reservoir fluid composition at the MMP condition.

THE __SELF-CONSISTENT __ PSE
LCHNIOLE *UDOIZATION

Let us assume the equation of state which is considered
for phase equilibrium calculation to be in the following form:

Z=7Z(v,T,a_, by) , (22)

where its mixing rules can be shown by the following general
expressions:

By = B (Xp X 85 L = Lo @3)
by, = by (x;, X bp)s i =l (24)

and with the following combining rules:

a = (1 - k;)(a; a)' 2 e
bij = (1 - lu)(bu + bjj)/z (26)

Provided one knows the exact number of components of the
mixture this equation of state can be used for phase equilibrium
calculation of that mixture. In the proposed technique it is
assumed that one can group the (¢) components of the mixture to
(s) pseudo-components (for example s=3 when one wants to
represent the data in a ternary diagram). Then the mixing rules
can be shown in the following forms:

an = a5, &g 0) LO =18 _ @7
bm = bm(éu éq,u ka); 1,9 =1,...5 (28)

and with the following combining rules:

Oy = (1 = Ky )0y ) 29)
Bup= (1 - Mig)(Byy +Bg)/2 (30)

It should be pointed out that contrary to the case of Eqs 25 and
26 parameters K1 and xup will be in general non-zero

parameters for both cases of 1% and t=¢, When 1= parameters
Kip and Xup will be called "Lumping Parameters” and when 1

parameters Ko and xup will be called "Pseudo-binary
Interaction Parameters”. In Eqs. 27 and 28 &, and § are

"Group Mole Fractions” and @y, Ogq, By, gy are pseudo-

component parameters associated with each group. At this
stage we have to address three questions: (i) How to define the
pseudo-component paramet rs? (ii) How to calculate the
lumping parameters? (iii) How to calcu’ate the pseudo-binary
interaction parameters?

(i) Definition of pseudo-component Parameters - In the
present technique orie can use any of the available techniques
without loss of generality. So long as the same pseudo-
component calculation technique is used for defining pseudo-
components the present technique will predict the same phase
behavior for the multi-component system under consideration.

(ii) Calculation of Lumping Parameters - These

_parameters are calculated by assuming that a pseudo-compound

with equation of state parameters aP*, and b¥,, can represent
properties of a lumped group of compounds, Parameters aP%,

and bP,, are then calculated by matching properties of a pseudo-

compound with the mixture properties of the group, of

compounds which are lumped together.

(iii) Calculation of Pseudo-Binary Interaction
3 - After the pseudo-component parameters are

defined and the lumping parameters are calculated pseudo-binary

interaction parameters can be calculated by matching the

properties of every pseudo-binary mixture with a true multi-

component mixture consisting of all the compounds appearing in
the pseudo-binary mixture.

First Application: A synthetic oil of 10 components®2 for
which the composition is given in Table 2 is selected to test the
proposed technique. When the heavy-end fractions are described
by the molecular weight, the specific gravity, and the boiling

point, empirical correlations®33 are used to estimate the
properties (critical pressure and temperature and acentric factor)
of the fractions. A lumping configuration is selected such that
the synthetic mixture is reduced to 3 psendo-components,
consisting of [C;] (methane), [C)-Cg] (ethane to hexanes), and

[C,,] (heptanes and heavier fractions).

Figure 3 shows the P-X diagram of the [C,-C¢l+{C,,]
pseudo-binary system where the symbols represent the
calculation with the exact compositional description of the
synthetic mixture. The dash-dotted line is the calculation with 2
pseudo-components but without the pseudo-binary interaction
parameters and lumping parameters. The dashed line is the result

with two pseudo-components and the pseudo-binary interaction .

parameter, but, without the lumping parameters. The solid line is
obtained with two pseudo-components, the pseudo-binary
interaction parameter and:the lumping parameters. Exact
multicomponent calculation is shown by (x). In Figure 4 the P-
X diagram of the [C,]+[C, ] pseudo-binary system is reported
where only the pseudo-binary interaction parameter is evaluated
to match the exact calculation represented by the symbols. For
this particular example two lumping parameters are only needed,
one lumping parameter for the [C,-C¢] group and a second

lumping parameter for the [C,,] group.

t
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Figures 5-7 are for prediction of the phase behavior of a
vaporizing gas drive process with CO, as the injected gas and
the synthetic oil as the reservoir oil. Prediction with the

_ pseudoization technique is represented by the solid line. Exact
multi- component calculation is shown by (x). The objective
here is to test the performance of the proposed technique at
different pressures and in all ranges of composition of solvent
and oil. The P-X diagrams shown in Figures 5 and 6 are used
to evaluate the binary interacticn parameters between CO, and

the pseudo-components of the synthetic mixture. The predicted
pseudo-ternary diagram for this system is shown in Figure 7
whereflis demonstrated that the agreement between the exact
calculation and the lumping technique is excellent.

Second Application: A P-T phase envelope of a gas

condensate?4 system (high in methane and low in heavy
hydrocartouns) with the composision as in Table 3 is constructed
and it is reported by Figure 8. In this calculation 4 pseudo-
components are chosen which are [CH,], [N,], [CO,,C,-Cs],

and [C¢,]. Also, a P-X diagram of carbon dioxide-reservoir

-0il3* system (low in methane and high in heavier hydrocarbons)
with the composition as in Table 4 is constructed using the same
4 pseudo-components and it is reported by Figure 9. In both of

.these cases the resuits of calculations obtained with the present
self-consistent approach are in very good agreement with the
exact multi-component calculations.

Third Application: The final application is to establish a
relationship between the cricondenbar locus of P-X diagram of a
mixture and the phase separation regions of the pseudo-ternary
diagram of the same mixture. This kind of relationship is of
significar ¢ importance in application of pseudoization techniques
in high pressure processes such as extraction of heavy
compounds from mixtures by dens gases and miscible flood
enhanced oil recovery.

In the present computation we categorize our mixture by
three pseudo-components [heavy (3), intermediate (2), and light
(1)] and we study the P-X diagrams by varying the ratio of
compositions of heavy and intermediates. Rather than plotting
various P-X diagrams the locus of the cricondenbars of such
mixtures versus C=X(2)/[X(2)+X(3)] are reported by Figures
10 and 11. Also reported in Figures 10 and 11 are the psuedo-
ternary diagrams related to the same mixtures at different
pressures. The major difference between Figures 10 and 11 is
the difference in shapes of the criocondenbar loci. These two
shapes (one a decreasing function of C and the other having a
minimum point) are the only possible trends that one can
produce by choosing all possible relative compositions for the
light, intermediate, and heavy fractions of a mixture.

IHEORY _OF PHASE EQUILIBRIUM OF
CONTINUOUS M RES

1X

Development of compositional reservoir simulators is
presently hampered due to the ‘complexity of the existing
computational algorithms of reservoir fluid phase behavior
calculations. Through the application of the theory of
polydisperse flnid mixtures a number of .lgorithms for phase

behavior calculations are developed®-!l. In this part of the
present report we introduce one such algorithms. In this
algorithm reservoir fluid is considered to consist of a continuous
mixturc with a defined molecular weight/composition
distribution function. Computational computer time required for
the new algorithm is shown to be one order of magnitude
smaller than the existing algorithms, Comparisons _of
experimental data with the calculated results indicate good
agreement between the two.

. For a mixture with many components being continuous
in cl.aiacter, the compositions can be described by a density

distribution function, F(LI,n) whose independent variable I is

some measurable property such as molecular weight, boiling
point or density with a mean value of Iy and a variance of 1.
The normalization of the density distribution function is given by

I;F(I)dl =1 31

In case the mixture is in part continuous and contain sufficiently
large amounts of components which should be considered as
discrete components Equation(31) will be valid for the
continuous fraction of the mixture while for the whole mixture
the following normalizing condition will hold:

d
3+ X =1 (32)
i

where x; and x, are the mole fraction of component i and the
continuous fraction, respectively and d is the total number ot
discrete components in the mixture. Regarding the material
balance of component I in a flash calculation we get

zF(D) = x @ Fy (1) + y PyFy(D) (33)

The distribution funcﬁons, F«(D), F (), Fy(I), are not additive

and as a result they can not possess the same functional forms in
a specific flash calculation scheme.

In order to extend continuous thermodynamics to
engineering applications, we introduce a general phase
equilibrium calculation technique which is based on THE
MINIMIZATION OF THE TOTAL GIBBS FREE ENERGY

_ALGORITHM!Y, Using this technique, flash calculations of

“complex mixtures containing discrete components and a
continuous fraction, which could have a wide molecular weight
distribution, can be performed. For a system in equilibrium
(constant T and P), for any differential "virtual displacement”
occurring in the system, a general criterion sbould be imposed
on the system such that the total Gibbs free energy is minimal.

dG)rp =0 (34

To restrict our consideration only to the vapor-liquid
equilibrium, we write the total Gibbs free energy of the system
as:

G =Gy +Gy €Y

For a mixture consisting of discrete components and a one-
family continuous fraction, we derive an expression of the
Gibbs free energy for the liquid phase;

o0

Gi=J [P - N;RT/v{ Jdv - RTZ, ON; n[v;/NRT]

v 1

- NCRTIIFL(I) n[vy/NoRTF (DI + Py + G°, (36)

where G°|, is the Gibbs free energy of the reference state. A
similar expression will hold for the vapor phase. Since, the
system is in phase equilibrium, thus, ac.ording to Equation
(34), all of the first derivatives of the total Gibbs free energy
with respect to the system variables must be equal to zero, i.e.

(0G/ony)

T.P,xi.y.i.nv.leblov—

(aG/ arl V)T,P.Xinyi'nL'l°L'l°v= 0

@3N
(3%

387

&
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ALV L By = 0.9686x10-8 6D

To perform flash calculations for a system composed of discrete
components and a continuous fraction, Eq's. (5) and. (6),
coupled with Eq's.(37)-(40), will form a set of nonlincar
equations which must be solved simultaneously. To illustrate
the application of this technique let us assume the PR equation of
state

P =RT/(v-b) - a(T)/[v(v+b)+b(v-b)] @41y
a(T) = a(TH[1+k(1-T,12)2,

a(T,) =0.45724R2T 2/P,

b=0.0778 RT /P, 42)
k = 0,37464 + 1.54226 © - 0.269920)> (43)

with its empirical mixing rules

a= ZIZJ X; Xj aj (44)
b= 3; x;b; . @5)
ay = (l’kij) (aﬁajj) 46)

is valid. In order to extend this equation of state to a mixture
containing d discrete components and a continu- -~ fraction with
a wide molecular weight distribution, we neeu to rewrite the
mixing rules as the following forms:

d

d d
8 =22, xixay; +2 2 xxF(Da.IdI +
x 2l {FOF@)adl,J)dId1 @n

d
b=, xib; +xc ] F(Db@dI @)

where

a(i,D) = g;12a12(D)(1-ky);
a(LJ) = al2(D) al2()(1-ky)

The parameters al/2(I) and b(I) can be accurately represented by
third-order polynomials with respect to molecular weight I for a
homologous series of paraffinic hydrocarbons as given below
9,10,

av2(I) = o) + oLl + 0312 + o3 49)

where

o, =04771 + 0.0157T1;

o,= 0.1055 + 0.0017T12;

o = -0.4066x10-4 + 0.2960x10-5T172;
a4 = 0.2700x10-6 - 0.1318x10-8T1/2

and

b(D) = By + Bal + Bal? + By : (50)

where

We may further introduce an exponential-decay distribution
function

F@ = (1m)exp[-A-1)/n] (52)

which is proper to describe the composition of gas-condensate
fluids.9-1! Knowing that methane constitute a large fraction of
every gas-condensate system, it is appropriate to treat the system
as a mixture of methane and a continuous fraction of the rest of
hydrocarbons. As a result, by substituting Equation (41) into
Equation (35) and considering Equation (52) as the continuous
fraction distribution function, the total Gibbs free energy of the
system will be .

G= ¢LgL +® v By (53)
where

g = -RT2n(vy - b) + (a;/[2.828b 1} £n[(v - 0.414by )/(vy +

2.414by)] - RT(x-x,R1x; + x2n fi) + vpRT/[v, - by] -
apv/Ivp(vp + b) + by (v - b))

and gy will have a similiar expression. The expressions fo a8
and bL are as the following;
ag, = X281 +Xc28, 242X (8))1/2(agy 12-2,1 ) (54
with
a,= CXP('7OML)(QI+ qn, + qva2+ q4“l.3+ qulL“);

_ 2 2 3
ay = [nl+ h @40+ v3(Io +2Ln, +2n %) + 140 +3I.zr|l{+
6L, %+ 6n, 3)]” - 0.02((a,,)12{exp(-70, ) - exp(-84m, )] +

1 ~ 2 3.

(a,) 2[exp( 84m,) exp(98mL)]}(sl+s2nL+s3nL s )
q, =-0.05790. -5.344¢:, -10.257c:, -1.662x10? i
9, =0441x1040; -0.0491cc 102570y, - 1662610%c: X
q, = 0.8822x10'4ot2 + 2.5308('1,3 - 34.3980y ;
q, = 2.6466x10™v; - 0.3930,;
q, = 1.05860;

s, =0p+ ozleo2 + a3x10‘ + (14)(106 H
2 4
5,= a2+2v3x10 +304x107;
= 2 ¢ =
s, =20, +6a4x10 HE 6.0(JL4

and

bL= xlbl + xc[Bl + BZ(I°+BL) + 33(I°2+2I'pL+2BL2) +
Ba(I3+3L:2B, +61.B, 2468, %))
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In the above equations b, is the (b) parameter of the equation of
state for methane and a,,, a3, and a,; are the (a) parameter of
the equation of state for methane, ethane, and propane,
respectively. Similar relations will hold for parameters ay and
by. To perform flash calculations, we need to substitute
Equation (53) into Equations.(37)-(40). Since for gas-
condensates L= L = Ly, Equation (39) and Equation (40)
will vanish. We only need to solve Equations (37) and (38),
simultaneously and considering the fact that pressure and
temoperatures in the two phases remain identical. In what follows
the proposed algorithm is used for calculation of properties of
two gas-condensate systems.

COMPARISON OF CALCULATED AND
EXPERIMENTAL RESULT : In our calculations, we
perform flash calculations for the a gas-condensate system33 in
which the crude oil composition, equilibrium condensate phase
equilibrium data and liquid-vapor volume ratios at different
pressures are given.

The gas-condensate systems is treated as a fluid with a
discrete component of methane and a continuous fraction of
other hydrocarbons. The continuous fraction is described by an
exponential-decay distribution function starting from the
molecular weight of ethane. For calculation of the binary

interaction parameter k;; of gas-condensate systems, the
following procedure is used; (i) It is assumed that k= 0 for all
binary pairs except for methane-Cy+, ethane-C;+, and propane-
C7+ interactions. (ii) It is assumed that k;;=0.01 for ethane-C;+
and propane-C;+ binary pairs as proposed by Katz and
Firoozabadi®S, (iii) Du and Mansoori!! produced the following
expression relating the pair-interaction parameter of methane-Cy+
to molecular weight of hydrocarbons will be derived.

ky 3= -0.0579 + 0.4411x10*Mw, (55)

The gas condensate35 system is treated as a discrete
mixture of methane (with a mole fraction of 0.74133) and a
continuous fraction of other hydrocarbons. The continuous
fraction is described by an exponential distribution function

(with a variance of 1} =48.9). In Figures (12-14) the component
mole fraction equilibrium ratio,(K value), liquid volume percent
(with respert to total volume of the system), and the P-T

diagram as calculated by the present technique are compared .

with the experimental data35. Dots are the experimental data
while the solid lines are the results of the proposed continuous
mixture phase equilibrium algorithm. As shown in Figures (12-
14), the flash calculations performed by using the proposed
technique are in good agreement with the experimental data.

This technique provides a general and convenient
procedure for performing flash calculations for a complex
mixture consisting of both discrete and continuous components.
This technique can also reduce the required computer time and
overcome the complexity for solving a multitude of simultaneous
equations, The present technique is applicable to varieties of
complex reservoir fluid mixtures, equations of state, mixing
rules, and combining rules.

The authors appreciate assistance of Mr. Sung-Tae Kim
in preparation of this paper. This research is supported by the
Gas Research Institute,
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Table 1. Conformal solution mixing rules for the PR equation of state

A= [2&ijixjAijbij]yz/[EizjxixinjbijS]ln
RMA Theory b= [Zizjxixinjbij]S/ zizj"i"injbii]]m
: - C= [ZiZinXjAijCij3/Zizj"i"injCij]m

. A= E,Z_'xliAu
vdW Theory b= Zizjxiijij
C= Ziijiijij
A= ZiijinAij
2
HSE Theory b = [ZZixx Al ZZxixA /by
C = [T xixAglYEZxixiAY/C;

A = T xxiAu{ 1-[(Aj/bi)(b/A)-11E)
DEX Theory b = T;Zxix;by;
C =X 2xx;C;;
A= E;ijinAij
CSA Theory 144, =1B*|/ Z,XxxB*|;
B*;i=xi(djj+xjAxxbij/b)
C= ZiijinCij

A= PRTKp, -1 = -14RT/(RTVY(v-b)2-2Av*/(v?4+5%)?)

£ = {[A-V(ACRT)J/(2bRTV2)} £n[(v+b-bV2)/(v+b+bV2)]
+V(ACRT)/{2[V(ACRT)-Al}
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Table 2. Synthetic oil compositiori used for the first application

Components Molar Percentage

Methane ) 35
Ethane
Propane
n-Butane
n-Pentane
n-Hexane
n-Heptane
n-Octane
n-Decane
n-Tetradecane

L hnwhophw

Table 3. Gas condensate composition used for the second application

Components Molar Percentage
. Methane 76.34

i “Ethafie 8.86
Propane 4.29
i-Butane 0.79 ‘
n-Butane 1.26 '
i-Pentane 0.56
n-Pentane 0.58
Hexane* 4.06
Nitrogen 0.94
Carbon dioxide 2.32

Table 4. Reservoir oil composition used for the second application

Components Molar Percentage
Methane 32.54
Ethane v 9.09
Propane 7.73
i-Butane - 1.38
n-Butane 4.28
i-Pentane 1.67
n-Pentane 2.30
Hexane* 38.41
Nitrogen 1.19

Carbon dioxide 0.63




T=283.16 K

Methane (100%)

P = 75.84 BARS

Propane (100%) Ethane (100%)

Figure 1. Temary mixture of methane + ethane + propane. According to this figure while
the Peng-Robinson equation of state (dashed line) is capable of predicting the behavior of
binary VLE data of methane + propane, it fails to predict the VLE behavior (solid dots)
around the critical point of the temnary mixture. With the consideration of three-body forces
(solid line) the proposed technique is capable of predicting the VLE behavior of this temary
mixture.

Carbon Dloxide (100%)
T= 34428 K

P = 103.42 BARS

.
e
asnosesss”

n-Decane (50%) n-Butans (50%)

Figure 2. Ternary mixtures of carbon dioxide, n-decane, and n-butane, According to the
binary figures the PR equation of state (dashed lines) fails to rpmdu: the binary data (solid
dnts) of these components. With the consideration of conformal solution mixing rules
(solid lincs) we are capable of predicting the binary mixtures and the ternary mixtures away
from the ternary critical point. With the consideration of three-body forces (solid line in
ternary diagram) the w technique is capable of predicting the VLE behavior of this
ternary mixture quite
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Figure 3. The P-X diagram for the {C,-Cg)+[C,+] pseudo-binary system at 338.70 K.
Calculation with two pseudo-components but without the lumping and the pseudo-binary
i jon p s is rep d by the dashed-dotted line. Calculation with two
seudo-components and the pseudo-binary interaction parameter but without the
umpingparameters is shown by the dashed line. Calculation with two pseudo-components
including th< lumping and pseudo-binary interaction parameters is shown by the solid line.
Exact multicomponent calculation is shown by (x).
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Figure 4. The P-X diagram for the {C,1+4{C;+] pseudo-binary system at 338.70 K.

Calculation with two pseudo-components and including the lumping and pseudo-bin:

interaction parameters is shown by the solid line. Exact multicomponent cllcuhﬁon.?s
shown by (x). . )
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Figure 5. The P-X diagram for the [C,-CO,]+[C,-C¢] system at 338.70 K. Calculation
with pseudoization technique is shown by the solid line, Exact multicomponent caleulation
is shown by (x) and (Q).
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Figure 6. The P-X diagram for the [C,-CO,){C,+] system at 338.70 K. Calculation with

pseudoization technigue is shown by the solid line. Exact multicomponent calculation is
shown by (x) and (3), ’
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Figure 7. Pseudo-ternary diagram for COy/Synthetic Oil at different pressures. Prediction

with the pseudoization technique is represented by the solid line. Exact multi-component
calculation is shown by (x).
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Figure 8. Phase envelope of gas condensate at 369.85 K. Prediction ‘with the

pseudoization technique is shown by the solid line. Exact multicomponent calculation is
shown by (x).
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Figure 9. The P-X diagram of carbon dioxide-reservoir oil system (low in methane and
high in heavier hydrocarbons) with the composition as in Table 4 constructed using the
same 4 pseudo-components as in Figure 13, Prediction with the pseudoization technique is
shown by the solid hne. Exact multicomponent calculation is shown by (x).
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Figure 13. Liquid volume percent of a gas condensate fluid®® at 100°F. Dots are the
experimental data while the solid lines are the results of the proposed continuous mixture
phase equilibrium algorithm.
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