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ABSTRACT

Prediction of The Minimum Miscibility Pressure
(MMP) of the Vaporizing Gas Drive (VGD) process is
modeled using an equation of state with different
mixing rules joined with a newly formulated
expression for the unlike-three-body interactions
between the injection gas and the reservoir fluid,
The comparison of the numerical results with the
available experimental data indicates that an
squation of state alone overestimates the MMP.
However, when the equation of state is joined with
the unliike-three-body interaction term, the MMP
will be predicted accurately, The proposed
technique is used to develop a simple and reliable
correlation for the accurate vaporizing gas drive
MMP prediction

INTRODUCT I ON

The Ternary or pseudoternary diagram is a usefu)
way to visualize the development of miscible
displacement in enhanced oil recovery. The phase
behavior of a reservoir fluid for which the exact
composition is never known can be represented
approximately on a triangular diagram by grouping
the components of the reservoir fluid into three
pseudocomponents. Such diagram is called
pseudoternary diagram.

The scope of this paper involves the use of the
Peng-Robinson equation of state coupled with
coherent mixing and combining rules derived from
statistical mechanical considerations, and the
implementation of the three body effects in the
evaluation of the phase behavior of ternary systems
and the prediction of the minimum miscibility
pressure of simulated reservoir fluids. To support
the application of the model, it was preferable to
obtain phase behavior data for true ternary systems

References and illustrations at snd of paper

such as carbon dioxide-n-butane-n-decane and
methane-n-butane-n-decane, wich are rigorously
described by ternary diagrams. Moreover,
expsrimental vapor-liquid data for the above
systems are available at pressures and temperatures
which fall within the range of the majority of oil
reservoirs.

The utility of the Peng-Robinson (PR) -equation
of state has been tested!*2 with limited succes
in predicting the phase behavior and minimum
miscibility pressures of simulated reservoir
fluids. By using the PR equation of rtate an
overprediction of the MMP of the methane-n-butane-
n-decane system was observed and it was beleived
that this was due to the limitations of the PR
equation which does not accurately predist the
phase behavior of the methane-n-butane-n-decane
system in the critical region. in addition the
prediction of the vapor-liquid coexistence curves
of the carbon dioxide-n-butane-n-decane sytems was
not satisfactory in all ranges of pressures and
compositions.

The ultimate objective of this paper is to show
the impact of the mixing and combining rules on the
prediction of the phase envelops and the
contribution of the three body-effects on phase
behavior predictions near the critical region.

JHE VAN DER WAALS MIXING RULES

From the conformal solution theory of
statistical mechanics it can be shown that pair-
intermolecular potential enargy function of any twe
molecules of a mixture can be related to the
potential energy function of a reference fluid by
the following expression:
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upi(r) = fiu (r/hi; ) (1) P = - (4)
" 117 - v-b v {v+b) +b (v-b)
In the above equation u, is the potential energy
function of the reference pure fluid, fi; is the where
conformal molecular energy parameter and Aij]/B
is the conformal molecular length parameter of
interactions between molecules | and j of the
mixture. By wusing Eq.1 in the statistical a(m) = a(T){1 + K(I‘T}/z)}z (5)
mechanical virial or energy equations of state and
application of the conformal solution appruximation
to the radial distribution functions of components
of a mixture3 it can be shown that a(T.) = 0.45724 RzTg/Pc (6)
non b = 0.07780 RT./P, n
thX ',i: ,‘: xixjfijhij (2)
J
the characteristic constant « is given by the
n n following relationship:
hx -}i: }u‘ xixjhij {3)

where h, and f, are the conformal sclution
parameters of a hypothetical pure fluid which can
represent the mixture and x;, Xx: are the mole
fractions. This means that for the extension of
applicability of a pure fluid equation of state to
mixtures one has to replace molecular energy and
length parameters of the equation of state with the
above mixing rules.

Equations 2 and 3 are identical with the mixing
rules which were originally proposed by van der
waalsh for the van der Waals equation of state as
it was applied to simple mixtures.

In order to apply the van der Waals mixing rules
in different equations of state, one has to
consider the foilowing guidelines of the conformal
solution theory of statistica) mechanics:

(i) The wvan der Waals mixing rules are for
constants of an equation of state.

(ii) Equation 2 is a mixing rule for
parameters that are proportiona) to (molecular
length) 3, (molecular energy) and Equation 3
is a mixing rule for parameters that are
proportional to (molecular length)

As an example the Pang-Robinson5 equation of
state which has received a wide acceptance in
process engineering calculations Is chosen in this
investigation to perform vapor-liquid equilibrium
calculations.

In the Peng-Robinson equation of state

Kk = 0.37464 + 1.54226w - 0.269922 8)

It is customary, for the mixture, to calculate
parameters 3 and b with the following expressions
which are known as their mixing rules

n n

a=Z I xyxja; (9)
U |
n

b=Z xb (10)
i

aj; = ("$|J)(l|;ljj)'/z an

This set of mixing rules is however inconsistent
with the guidelines dictated by the conformal
solution theory of statistical mechanics.

In order to apply the van der Waals mixing rules
correctly in the Peng-Robinson equation of state,
we must separate thermodynamic variables from
constants of the equation of state. Thus, we can
write the Peng-Robinson equation of state In the
foliowing form:
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v ¢/RT + d - 2 Vv (cd/RT)
l= - (12)
v=b (v+b) + (b/v) (v-b)

where ¢ = a(To) (1+x)2 and d = a(T.) x2/RT

This new form indicates that this equation of
state has tlree independent constants which are b,
¢, and d. Parameters b and d are proportional to
(molecular length)3 or {(b=xh and de=h), while
parameter ¢ is proportional to (molecular
Iength)3.(molecular energy) or (c=fh). Thus, the
mixing rules for ¢, b, and d will be

XinCij (]3)

o
"

- M3

(S VE.)

X;ij;j (14)

-2

]
- M3
. M3

xixjdu (15)

(-9

| ]
- M2
- M3

The combining rules for the unlike interaction
parameters b, ¢ and d that are contistent with the
above mixing rules will be

/3 1/3
bj; + b
b= (=133 ——31 33 (6)
2
1/3 /3
3 di; + djj 3

dij= (-m;;)° [ ; ] an
cij (]'k”)[C“.CJJ/b“.bJJJI/Z bij (18)
In Equations 16-18 parameters k;;, 1;; and

m;; are the binary interaction parameters that
can be adjusted to provide the best fit to the
experimental data. In the next section we will
discuss the shortcoming of using mixing rules for
multicomponent mixtures (three components and more)
and we will propose the concept of unlike three-
body interactions to correct this problem.

THEQRY OF THE THREE BODY FORCES

In a fluid system the totzl intermolecular
potential energy of the interacting molecules may
be wrivten in the following form:

N N
U=Zu(ij) + Z u(ijk) + ... (19)
i<j i<j<k

In the above equation wu(ij) is the pair
intermolecular potential energy between molecules i
and j, and u(ijk) 1is the triplet intermolecular
potentiag energy between molecules i, j and k. It
is shown® that the contribution of the triplet
intermolecular inceraction energy to the total
intermolecular potential energy is of the order of
5 to 10¥. However, higher order terms (four body
interactions and higher) in Equation 19 are
negligible. Moreover, when a third order quantum
mechanical perturbation _t the ernergy of
interaction is carried out/*Y, it can be shown
that the leading term in the three-body interaction
enargy i« the dipole-dipole-dipole term which is
known as the Axilrod-Teller triplte-dipole
dispersion energy. The Axilrod-Teller potential is
given by the following expression:

vin (1 + 3cosy;cosy;cosy)
u(ije) = —3 ‘ ; X (20)
(Fijrrind

where i, j and k are the three mclecules forming a
triangle with sides Fijo Tik and r;, and
interior angles v;, ¥ and Yk For the
evaluation of the triple=dipole constant v;;, it
is possible to show”’ that

3h

—_—f ajlie) aj(iw) a (i) de (21)
rlre)? 0 A 3

vijk®

where oa;(iw) is the dipole polarizability of
molecule i at the imaginary frequency iw, h is the
Planck constant and ¢, is the vacuum
permittivity. Several approximate expressions for
the triple~dipole constant v;;, have been
proposed; however, the expression which is very
often associated with the Axilrod-Teller potential
function has the following form:
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ijk= — (22)
2 (Ii'“j) (lj"‘lk) (li+|k)

where |; is the first ionization potential and
a; is the static polarizabilty of molecule i,

In Equation 20 wu;;, will be a positive
quantity, indicating “repulsion, provided the
molecules form an .zute triangle, and it will be
negative, indicating attraction, when the molecules
form an obtuse triangle. Contribution of three-
body effects to the Heimholtz free energy of a pure
v luid using the statistical mechanical
superposition approximation for the molecu ar
radial distribution function is describe by a Pade
approximant

Nv fi(n)
A3ba A (23)
d9 fz (n)
where

f1(n) = 9.8774912 + 11.76739n3 - 4.200309%  (24)

fa(7) = 1 - 1.12789n + 0.73166%2 (25)
1 = (r/6) (nd3/V) (26)
in which N is the number of molecules in volume V

and d is a hard core molecular diameter, As a
result the - following relation holds for the
Heimholtz free energy of pure fluids:

A= AZD 4 p3b (27)

where A20 s the Helmholtz free energy due to
pair intermolecular interactions, and A b is the
Helmholt2z free energy due to triplet intermolecular
interactions,

Basic statistical mechanical equations of state
which Incorporate in their formulations the concept
of pair intermolecular interactions can be used to
derive the expression for the Helmholtz free energy
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due to pair interactions AZb,

Then if we replace
the resulting a2b

in Equation 27 will have an
expression which can be used for realistic
fluids!O, However, for such equations of state
the intermolecular potential energy parameters are
not available for highly asymmetric compounds.

In extending Equation 27 to mixtures one can

either use an exact mixture theory or a set of
mixing rules. In a multicomponent mixture, in
addition to binary interaction parameters there

will be numerous three-body parameters viik's to
be dealt with, For example, in a binary mixture, in
addition to binary parameters, we will have four
ternary parameters (vy;), Y112+ ¥122 and

"222) which are all different from each other.
In a ternary mixture we will have the following
ternary parameters (vyyj,..., ¥j33,..., and
vg33) which add up to nine ternafy parameters.
The excessive number of interaction parameters and
the lack of experimental data for these parameters
demonstrate the difficulty which presently exist in
the practical wutilization of such statistical
mechanical equation of state. As a result in the

present report ws are using the Peng-Robinson
equation of state which is a fairly accurate
empirical equation for thermodynamic property

calculations of hydrocarbon mixtures. However, when
an empirical equation of state is used for pure
fluid it would be rather difficult to separate
contributions of the two-body and three-body
interactions into the equation of state.

An emplrical equation of state is usually joined
with a set of mixing and combining rules when its
application is extended to mixtures. By a
comparison of a mixture empirical equation of state
with a statistical mechanical equation of state we
can conclude that, for pure fluid and binary
mixtures, an empirical equation of state can
represent mixture properties correctly since the
energy of interaction which is related to Y112
and 0 v)p2 is accounted for by the empirical
equation of state through the binary interaction
parameters which are used in the combining rules.
However, when we use a mixture equation of state
which is based on the above concept of mixing rules
for multicomponent mixtures (ternary and higher
systems), there will be a defficiency in the
mixture property representation. This defficiency
is due to the lack of consideration of any unlike
three-body interaction term in such empirical
equations of state. This defficiency can be
corrected by adding the contribution of the unlike
three-body term, resulting from the Axilrod-Teller
potential, to the empirical equation of state.
Consequently for the Helmholtz free energy of a
multicempenent mixture we can write

A= A (a,b) +

—.M:
M3

n
f XjX X ‘?:k vivjek  (28)
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where

3b Nvijk fl(d) (:%

As e =
YT T

in which d is the mixture average bha'a <ire
inolecular diameter, and AgS(a,b) iz ‘Fe
Helmhol<2 free energy evaluated wit! the mizture
empirical equation of state,

For example, for a binary mixture {2uition 28
becomes
e
Ay = Apla,b) , m=2 (30

and for a ternary mixture we have
e k1]
Ay = Ay (a,b) + XyXany 5‘23 , m=} (31)

while for a four
would he

component mixture Equation 28

b b
M An(8.8) + xpxpxy ‘323 MRALFLN) *?zb
3b b
+ X x3xy Ayaut xaxaxy Aogy me=b (32)

It is a proven fact that unlike three-body
interaction terms are the major part of the three-
body potential in multicomponent mixtures'', As
a result the three-body correction terms in the
above equations would make a substantial improvment
specially in the region of equimolar mixture.

VAPORIZING GAS DRIVE AND MINIMUM MISCIBILITY PRESSURE

The vaporizing gas drive mechanism is a process
used in enhanced oil recovery to achieve dynamic
miscible displacement or multiple contact miscible
displacement. Miscible displacement processes rely
on multiple contact of injected gas and reservoir
oil to develop an Iin-situ vaporization of
intermediate molecular weight hydrocarbons from the

reservoir oil into the injected gas and create a
miscible transition zone!
The miscible agents which are used in such a

process may include natural gas,
carbon dioxide,
a major
lower
gases.

inert gases and

Dynamic miscibility with COy has
advantage since it can be achieved at a

pressure than with natural gas or inert

) For a gliven fluid system (crude oil and a
siscible agent) and temperature, the minimum
pressure at which miscibiliity can be achieved
through wmultiple contacts is referred to as the
minimum miscibility pressure. The minimum
miscibility pressure can also be defined as the
minimum pressure at which the critical tie line
(tangent to the binodal curve at the critical
point) passes through the point representing the
oil composition (Figure 1). Dynamic miscibility can

be achieved when the reservoir fluid lies to the
right of the limiting tie line.
In evaluating a petroleumn reservoir field for

possible CO, or natural gas flooding certain data
are required which can be measured in the
laboratory, In the absence of measurements such
information can be estimated from fundamentals and
theoritical considerations. The required
information include the MMP, PVT data, asphaltene
precipitation, viscosity reduction, the swelling
of crude oil. It is obvious that accurate
predictions of PVT data and MMP have Iimportant
consequences for the design of a miscible
displacement process. Iin the following section a
mathematical model is presented for the evaluation
of the minimum miscibility pressure.
Mathematical Formulati f_the MMP

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

2 2 2
89/8x, 89/ (8xy8x,)

Us 2 2 2 =0 (33)
69/ (8xy8x3) 3g/8xy
2 2 2
69/6X] 69/(6X'6X2)

Ve ! =0 (34)
8U/dx, oU/8x,

where the partial derivatives of the molar Gibbs

free energy g(P,T,x;) are obtained at constant P,

T and x3. When the above determinant equations
are solved for the critical compositions, the
tangent to the binodal curve at the critical point
will be obtained as the following:

¢

3 I dPn

. - at critical point (35)
X3 =~ X3 dxy
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where x)€ and x,¢ are the critical
compositions of the 1light and intermediate
components, respectively. P, is the interpolating
polynomisl of the binodal curve and the first
derivative of the interpolating polynomial at the
critical point is approximated by a central
difference formula. It should be pointed out that
a good estimate of the <critical point of a mixture
can be obtained from the coexisting curves and
combined with Equation 35 to generate the critical
tie line.

VAPOR-LIQUID EQUILIBRIUM CALCULATIONS

When applying a single equation of state to
describe both liquid and vapor phases, the success
of the vapor-liquid equilibrium predictions will
depend on the accuracy of the equat..) of state and
on the mixing rules which are used.

In the equilibrium state, the intensive
properties - temperature, pressure and chemical
potentials of each component - are constant in the
overall system. Since the chemical potentials are

functions of temperature, pressure and
compositions, the equilik~ium condition

wiVTP iy = L (TP kD) de=l2,..0n (36)

can be expressed by

vi &= x; ot i=1,2,..0,0 37

The expression for the fugacity coefficient &;
depends on the equation of st4te that is used and
is the same ‘or the vapor and liquid phases

RT In ¢;= [ [(3P/2n;)1,y,¢n -~ (RT/V)]dV-RTInZ  (38)
v J

With the use of the correct version of the van der
Waals mixing rules, the following expression for
the fugacity coefficient will be derived:
Ing; = ((22 ij;J-b)/b)(Z-l)-ln(Z-B)-(A/(zJZ B))
(2 X XJCU +2RTZ XJdU ~2V(RT) (¢ 2 XJdU
+d2Z xjc;J)/V(Cd))/C - @z xjbjj - b)/b)
(In ((Z + (1+2)B)/(Z + (1-V2)B))) (39)

where

A = CP/(RT)2

B = bP/RT

C =c + RTd - 2V (cdRT)

The original Peng-Robinson equation of state,
Equation 4, was used in the derivation of Equation
39. However, with the implementation of the three
body effects the mixture equation of state will be

B fify - f1f
P = (5A/5V)T'n' Pe+X]X2X3 ¢ ) (k0)
b3v £2

where P® is the expression for the empirica!
equation of state and

B = (B/27)mNobv)ys (1)
f1=(3f,/8n) =19.75498y +35.3021792-16.8012093 (42)
£2=(3f5/8n)%-1,12789 + 1.463327 (43)

The co-volume parameter, b, is related to % with
the following relation:

2 = (b/bv) (h4)

Now if we derive the fugacity coefficient from the
integral form, Equation 38, and using Equation 40,
we obtain for the PR equation of state with the
original mixing rules the following expression:
In ¢; = (b;/b) (P® - RT)/RT ~1In(P (v-b) /RT)
-(a(2 Z xJaU/a - b;/b)/(:»/szT)
In({(v+(14+/2)b) / (v+ (1-V2) b))
+d {x1xx3A3P ) /dn 4
(x1x2x4 123 ) /dn; (45)
while the following expression is derived when the

PR equation of state is used with the correct
version of the van der Waals mixing rules:
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In ¢ = ((2 T xjbjj=b)/b) (Pv/RT=1) ~1n (P (v-b) /RT)
(c/(2V2RTD)) ((2 T xje;j+ 2RT T xjd; -2/ (RT)
(czxjd;j+d2xjcij)/V(Cd))/C‘(Z b> ijij'b)/b)
On ((v+ O+2)b) /(v + (1-V2)b)))

+d (.’])('2X3A?53 )/dni (46)

With the aid of a computational algorithm Equations
37 through 46 are used to generate the binodal
curves of binary and ternary systems as it s
discussed below.

RESULTS AND DISCUSSION

in the present calculations experimental binary
vapor-liquid equilibrium data are used in the
evaluation of the binary interaction parameters
which minimize the following cbjective function:

M P(exp) - P(cal) 2
OF=Z [ ] (7
i=) P (exp) i

where M is the number of
considered, P(exp) and P(cal) are the experimental
and calculated bubble peint pressures,
respectively. A three parameter search routine is
used to evaluate the binary interactiop parameters
of the correct version of the van der Waals mixing
rules. The values of the binary interaction
parameters of all the systems studied in this paper
are reported in Table 1,

experimental data

in Figure 2 the experimental
results are compared fcr the methane-n-decane
system which has a big influence on the prediction
of the methane-n-butane-n-decane ternary system.
In this case both mixing rules provide a good
correlation of the experimental results; however, a
bigger deviation, overprediction, s observed for
the original mixing rules in the vicinity of the
critical point. The carbon dioxide-n-decane system
Is illustated in Figure 3 where we can see that the
PR equation with the classical mixing rules fails
to prorerly correlate the VLE data in all ranges
of pressures and compositions while an excellent
correlation is obtained with the correct mixing
rules,

and calculated

For asymmetric mixtures it has been shown that
PR equation of state could not represent the sharp
changes of slopes near the mixture critical region.
This same problem can be also observed in a simple
ternary mixture of methane-ethane-propane'® as it
is demonstrated in Figure L. However, by
incorporating the three-body effects it is shown in

this figure that the deviation of the PR equation
around the critical point is substantially
corrected. Figure 5 shows the phase_ behavior of
the methane-n-butane-n-decane system'/, Since
the value of the triple-dipole constant v)y3 is
obtained from an approximate expressien, an

adjustable parameter, ¢, is introduced in Equation
23 as the following:

: 3 (il 1) 1 asa
VRS € — iT Tk i'j'k 9% 8)
2 (|i+'j) (|j+'k) ('i+|k) )

In this equation, ¢ is adjusted to provide the best
correlation possible of the ternary system. tn
Figure 5 the value of ¢ is found to be equal to
0.5. The carbon dioxide-n-butane-n-decane
sys:tem‘8 is shown in Figure 6 where the phase
behavior prediction with the correct version of the
an der Waals mixing rule is cleariy superior than
with the classical mixing rules. The chain-dotted
line is for the PR equation with the correct mixing
rules and including the thres-body effacts with
em], Figure 7 illustrates the contribution of the
three-body effects on the phase bshavior prediction
of the ternary system in the vicinity of the

critical region which is very important for the
prediction of the MMP. The PR equatiosn with the
classical mixing rules and including the three

body-effects with «=0,5 is represented by the sulid
lines while the PR equation with the same mixing
rules but without the three-body effects
overpredicts the MMP, dashed lines. It should be
pointed out that in this case the critical point is
evaluated from the coexisting curves and the
binodal curve is approximated with a quadratic
polynomial around the critical point. In Figure 8
the critical point is obtained from Equations 29
and 30 and the quadratic polynomial arsund the
critical point is obtained with two additional
points from the binodal curve, In this case we also
observe an overprediction of the MMP from the PR
equation and the classical mixing rules.

CONCLUSION

As 3 conclusion

out:

(i) For a successful prediction of phase
behavior of ternary and multicomponent systems,
we must first be abble to correjate binary data
of species constituting the mixture correctly. In
the present report this has been achieved by
utitizing the correct version of the van der
Waals mixing rules for the PR equation of state.
As a result, the binary VLE data are correlated
with an accuracy which was not achieved
previously with the PR equation,

the follewing may be pointed

(ii) To improve prediction uf the phase behavior
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of ternary and multicomponent mixtures around the
critical region it is necessary to incorporate
the three-body effects in the equation of : tate
calculation. The contribution of the three~body
effects around the critical point must not be
confused with the “eritical phenomena"
effect'?., Deviations of the PR equation of

state from experimental data of ternary systems
around the critical point are generally much
bigger than what the "non-classical' ef xct due
to "critical phenomena'" can cause. The authors
have demonstrated that a large portion of this
deviation can be corrected by incorporating the
unlike-three-body effects in the phase behavior
calculations. In most instances studied the non-
classical contribution is so small that for the
scale of the graphs and the accuracy of the
available experimental data it is insignificant.

(iit) The wutilization of the concept of
statisticol thermodynamics of multicomponent
mixtures has provided us with a strong tool of

*improving the correlation and predictive
capabilities of the existing empirical
engineering thermodynamic models.

(lvf The ternary mixture computational
technique presented here based on the

incorporation of the corrected version of the van
der Waals mixing rules and the three-body effects
can be readily extended to multicomponent
calculations. The authors have developad a number
of computer packages wich are capable of
performing such calculations. In the forthcoming
publications results of such calculations for
multicomponent systems will be also reported.

NOMENCLATURE

¢ = Binary interaction parameter

n = Reduced density

# = Chemical potential

w = Acentric factor

P = Pressure

R = Universal gas constant
r = Intermolecular distance
T = Temperature

v = Molar volume

X = Mole fraction

Z = Compressibility factor
Superscripts or subscripts

c = Critical state

| = Component jdentification

-
[ ]

Liquid state

Mixture property

r = Reduced property

V = Vapor state
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fable 1. Values of Dinary interaction paramsters for the different mixing rules.

Binary Interactions Farameters

Correct Mixing Rules Origtnal Mixing

Rules

System Reference Temperature Pressure
{Kelvin) Range
(bars) Koo 11> m.> Ev>

Methane - [14) 344 .26 10-103 ~0.0492 -0.0848 -0.0178 0.0139
n-Butane
Methane - [14) 344 .26 1-120 0.06%1 -0.6300 -0.0824 0.0440
n-Decane
n-Butane - (14) 344 .26 -9 0.0846 0.0195 -0.0261 0.0100
n-Oecane
Carbon Dioxide- [14] 344 .26 11-66 0.0087 -0.0957 0.0008 0. 1351
n-Butane
Carbon Dioxide- [15] 344.26 13-128 0.2054 -0.0650 -0.0792 0. 1075
n-Decane
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