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The minimum miscibility pressure (MMP) is one of the crucial and substantial parameters in the gas injection projects for enhanced oil
recovery (EOR). This parameter indicates the minimum pressure at constant temperature and composition conditions for reaching 100
percent of the oil production recovery, which leads to a huge economic income. Therefore, an inaccurate prediction of the MMP may lead
to increase the costs of oil production. Among the various methods for prediction of the MMP: slim-tube experiment, slim-tube simulation
techniques and their simplified cell-to-cell could be considered as the most accurate methods. Although the experimental methods for
calculation of the MMP take into account the real crude oil, but they are always expensive; therefore, thermodynamic simulation is a better
way for the estimation of this parameter. Indeed, the analytical methods are fast and some of them like multiple mixing-cell method used in
this study lead to the reliable results and often show good agreements with the experimental methods. A combination of multiple mixing-
cell model proposed by Ahmadi-Johns and pressure-temperature (P-T) flash calculations including the PC-SAFT equation of state (EoS),
and the cubic equations of state of Peng-Robinson (PR) and Esmacilzadeh-Roshanfekr (ER) were used in this work for the prediction of
MMP. The overall AAD% of the PC-SAFT, PR and ER EoSs were 3.49%, 6.32% and 7.59%, respectively. It is concluded that the SAFT

EoS can decrease the AAD of MMP calculation by about 50%.
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INTRODUCTION

Nowadays, fossil fuel resources are the major sources of
the world energy. Since these sources of energy are non-
renewable, the maximum recovery efficiency of these
resources must be reached. Miscible gas injection into the
oil reservoir is a widely-used, desired method among the
various enhanced oil recovery (EOR) methods that is
growing fast in the world. The minimum miscibility
pressure (MMP) is one of the most significant and
substantial parameters in the enhanced oil recovery. MMP is
the pressure by which the maximum recovery would be
achieved [1-3]. There are various experimental methods for
measuring the MMP including sand-packed-slim tube,
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multiple contact method (MCM), rising bubble apparatus
(RBA) and vanishing interfacial tension (VIT) method. The
slim tube laboratory test is a widely-used and applicable
method for measuring the MMP. Although the slim tube is
the best method to estimate the MMP, it has some
deficiencies such as lack of high precision, being time-
consuming, and high cost. . The second method is the MCM
which can calculate the MMP with a good precision when
the mechanism is condensation or vaporization. When the
mechanism is the combination of condensation/
vaporization, the MMP would not be precisely measured.
The MCM is faster and cheaper than the slim tube method.
The third method is the RBA which can measure the MMP
very fast, but it stands for the forward-contacting miscibility
process, hence, it is unable to estimate the MMP for a

backward or combined contact mechanism with a good
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accuracy. The VIT experiment can also be used for
measuring the MMP in the miscible gas injection method.
The basis of this
interfacial tension between the oil and injected gas at

method is the measurement of the

constant temperatures and various pressures. In this method,
the MMP defined the
measurement of a decrease in the gas-oil interfacial tension

is experimentally through
(IFT) by increasing the pressure and extrapolating to the
zero value [4-10]. In addition to the aforementioned
experimental methods, there are several correlations to
estimate the MMP. All of these correlations are developed
by fitting their constants using the experimental data within
a limited range of operating conditions. A slight change in
the reservoir condition leads to higher levels of error in the
estimated MMPs by these correlations [11-14]. The
aforementioned drawbacks of both experimental and
empirical methods lead to the development of some
analytical methods for MMP estimation. There exist three
1-
calculation of the MMP by the method of characteristics
(MOC), 2- calculation of the MMP by slim tube
compositional simulation, 3- calculation of the MMP by

primary analytical methods to calculate the MMP:

multicontact mixing cell methods. In this paper, the focus is
on the third category, which is the multicontact mixing cell
model. The most important method for calculation of the
MMP is the mixing-cell method. In this method, mixing and
continuous contact of oil and gas lead to different
equilibrium compositions. The basis of all the single and
multiple mixing cell methods is mixing of gas and oil
analytically in several repetitious contacts that leads to the
new equilibrium compositions. The multi-contact mixing
cell method could calculate an accurate MMP for both
condensation/vaporization mechanisms [15]. Esmaeilzadeh
and Roshanfekr [16,17] proposed a model to calculate the
MMP by a combination of the Wang single simulation
method [1] and Esmaeilzadeh-Roshanfekr (ER) equation of
state (EoS) for gas condensate reservoirs. They also
compared the results of the ER EoS with the Peng-Robinson
[18,19], Patel-Teja [20] and Patel-Teja-Valderrama [21]
equations of state using some experimental data. Calculated
MMPs were in a good agreement with the experimental
data, indicating the accuracy of their model. In the case of
multiple mixing cell method, Jaubert et al. presented
the mixing cell algorithms in which they applied specific
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amounts of gas and excess oil from one cell to the other one.
They concluded that dispersion can have major effects on
their method [22,23]. Zhao et al. offered a complicated
multiple mixing cell method to calculate the MMP [24,25].
Ahmadi et al. presented a fast multiple mixing cell method
to calculate the MMP for the systems in which the number
of components has no impact on the MMP calculation.
Their mixing cell method was started with two cells and the
number of cells was increased until the favorite precision in
the key tie lines gained. The MMP was determined on the
basis of the pressure at which the first key tie line length
reached zero [26].

Since, the most of hydrocarbon mixtures contain
nonpolar components, the simple EoS can predict the phase
behavior of a hydrocarbon mixture. However, for the case
of more complicated systems, a precise EoS should be used.
To address the complexity of oil and its products, the
perturbed-chain statistical associating fluid theory (PC-
SAFT) EoS was proposed. This paper employed the PC-
SAFT EoS the
temperature and composition on the stability and phase

to investigate impact of pressure,
behavior of the gas condensate and crude oil required for
the calculation of the MMP. The SAFT EoS, which is a
multifunction molecular model, is able to consider the effect
of molecular shape, weak van der Waals forces, polar forces
the
properties, stability and phase behavior of all the fluids [27-
32]. In this study, a combination of the PC-SAFT with
rigorous multiple mixing-cell method, extended by Ahmadi
and Johns [33], is applied to calculate the MMP. Thereafter,
the results of this method are compared with those obtained
by the Esmaeilzadeh-Roshanfekr (ER), and Peng-Robinson

(PR) [18,19] equations of state. The proposed method can

and association of materials on thermodynamic

effectively be used for the calculation of MMP in a
multicomponent system with any number of components.
Moreover, in spite of Ahmadi and Johns method, our
proposed method does not need to gain the whole of the key
tie lines and can be simply satisfied by tracking only the
shortest one [15,34-35].

THEORY

Cubic and Molecular Equations of State
An EoS is needed for the phase equilibrium calculations.
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Fig. 1. A schematic description of the formation of molecules and various contributions to the Helmholtz free energy

in PC-SAFT EoS [46].

In this research, in order to obtain the desired accuracy, both
of the cubic equations of state (ER and PR) and molecular
equation of state (PC-SAFT) were used. The PR EoS
[18,19], and the ER EoS [16,17,36] were explained in
details in the previous works [16-19].

The PC-SAFT EoS is a modified form of the SAFT
EoS. The SAFT [27-32] is a widely used and an efficient
molecular EoS which is dependent to the statistical
mechanics. It was developed by extending the first-order
perturbation theory proposed by Wertheim [37,38] in which
the Helmholtz free energy is expanded around the free
energy of a reference fluid. Therefore, the EoS is expressed
as the Helmholtz free energy of a reference fluid plus the
perturbation terms which correct the reference system. The
reference system in the SAFT EoS was assumed as the
spherical segments. Initially, Ting et al. used molecular EoS
to model the precipitation of asphaltene molecules. They
assumed that polar-polar interactions are not significant and
the van der Waals forces can sufficiently explain the
interactions between the molecules in the asphaltic crudes.
Hence, they neglected the association term in the SAFT.
Ting et al. also proposed how to perform fluid
characterization using the PC-SAFT EoS to model
asphaltene precipitation [39]. The PC-SAFT EoS is almost
an important form of the SAFT EoS derived by Gross and
Sadowski. They adopted the hard-chain fluid instead of the
hard-sphere used in the original SAFT as the reference fluid
[31]. The PC-SAFT EoS has shown the applicability in
modeling the phase equilibrium of the asphaltic crude
systems, hence it has received much interest in the scientific
field and industry for modeling the phase equilibrium of
systems including heavy molecules like asphaltene [40-44].

In the statistical thermodynamics, the EoS is usually
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described by the Helmholtz free energy because it is capable
of describing most of the thermodynamic properties of a
system. The Helmholtz free energy of a system is described
by the perturbation theory as sum of two parts: (i) an
unperturbed section referred to as a reference system where
the only interaction between molecules is the repulsion
force, and (ii) a perturbation due to the attraction forces
such as dispersion interactions [45]. In the PC-SAFT EoS,
the Helmholtz free energy is expressed as follows:

a’e - Re ferenceterm
+

—  Perturbation term

~res __

a

(M

a disp

where & is the reduced Helmholtz free energy and is given
by:
)

In Eq. (1), the superscripts 4c and disp define the hard-chain
and dispersion parts in the Helmholtz free energy,
respectively. In Eq. (2), the term N denotes the overall
number of molecules, £ is the Boltzmann constant, and T
stands for the absolute temperature. Figure 1 shows a
schematic description for the formation of a molecule and
various parts of the Helmholtz free energy in the PC-SAFT
EoS.

Finally, Eq. (1) can be converted to the following form:

res _ ahs + acham + adisp

a 3)
The hard-chain reference part includes the hard sphere

and the chain formation contributions. The hard-chain



Khayyat et al./Phys. Chem. Res., Vol. 7, No. 1, 111-130, March 2019.

@ =ma" - ZXi (m; —1) In gzﬁx () )

where 7’ is the hard-sphere term of the Helmholtz free
energy, m is the mean segment number, and g/s is the hard-

sphere radial distribution function.

m=Ysm ®)

In Eq. (5), x; is the mole fraction of the component "i" and
m; is the number of the segments in a chain of species "i” in
the mixture. The Helmholtz free energy of a hard-sphere

fluid is as follows:

~s A" 34,14,2 P % _
¢ NKT 4,0 1_4,3 4,3(1_4,3) (4,3 gojn(l 4,3):|
(6)
. is defined as:
*7p2xlmldl’ ,n (7

€(0,1,2.3)

where p stands for the total density number of the
molecules, and d; represents the segment diameter of the
component "i" which depends on the temperature. The
radial distribution function is expressed as follows:

ol ]
ar + +
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d;, 1s calculated as follows:

S

d,(T)=o, {1 —O.IZexp(_k

where «; denotes the segment diameter which does not
depend on the temperature, and &, stands for the depth of
the square well potential of component "i". Terms m;, &,
and £, are the pure-component parameters describing the

non-associating molecules [27-30,46].

Molecular segments can exhibit attractive forces to each
other. Dispersion (London) forces are the attractive forces
existing between the segments of the same chain and also
the segments of unlike chains. Dispersion interactions exist
whether the molecules are polar or nonpolar. In the PC-
SAFT EoS, the dispersion part of the Helmholtz free energy
is:

~disp __

a —2mpl, (n,mym*ec’ — npmC,I, (n,m)ym*e*c®  (10)

ngo-3=ZZXinmimj(;;Jo-; (11)
7

i

y

m’e’c’® = ZZXX/’"J"/[ TJZO% (12)

In Eq. (10), 5 is the packing fraction (reduced density)
which is equal to ;. The cross parameters for unlike pair of
segments, &; and & ;, are determined by:

1
(7,].=5((7,+(7j) (13)

and

&; = .8, 1=k;) (14)

where k; is a binary interaction parameter (BIP) between

"nen

components "i"” and "j". The terms [; and I, are the integrals
defined by the perturbation theory, which can be simplified

into two simple power series as follows:

ll(nﬁ)=Za,(ﬁ)nf (15)
lz(nﬁ)=Zb,.(ﬁ)nf (16)

whereas a; and b; are related to the chain length by the
following equations:

@(i‘j(i‘j(ﬁfj (17)
m m m
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m

m

(18)
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The model constants: ag, ay, ax, by, b, by and further
information are available in the literature [31].

m

Phase Stability Analysis
Stability analysis a procedure
composition that its Gibbs free energy is less than that of a

is of finding a
single-phase mixture considering the composition of z. To
express this condition mathematically, a function known as
the tangent plane distance (TPD) is often used. This
function can be defined by the following equation:

AG=Y" 1 ()~ u (2] (19)
A phase is stable only if AG be positive for any sets of mole
fractions at a given pressure and temperature. In this
research, the method proposed by
Michelsen (1982a) is used to perform the stability analysis

stationary point

[47]. The objective is to solve the following nonlinear
equations to locate the stationary points:

n

Y, +Inp(y)-h=0 iefl,?2,.. (20)

where 7; is the trial composition, and the mole fraction (y) is
defined by Eq. (21).

e2y)

and

h=lnz +lneg(z) (22)

The summation of variable Y is calculated for evaluating
the stability of the phase resulting from the solution of Eq.
(20). If this summation is larger than one, the phase is
concluded to be unstable, otherwise it is considered as a
stable phase.

For the sake of simplicity, we used the Rachford-Rice
flash calculation method [48] (Egs. ((24)-(26)) combined
with the Wilson equation (Eq. (23)) [49] to perform flash
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calculation.
K, =i exp (537271 + @) (1 - L) (23)
P T
e (24)
Tl (K, -1
5 = K.z, (25)
Tl (K, -1)
e Yoz (K. -1
F0) =Y - x =Y R D 26)
i=1

Sl+n" (K, —-1)

One of the desired and important quantities in phase
equilibrium calculations is the fugacity coefficient. The
fugacity coefficient could be derived from the residual
chemical potential [31].

Density

It is obvious that precise calculation of the density has
an important effect on the accurate modeling of the MMP.
The density, p, can be estimated from the following relation:

3
P =P[1010 rj’] (27)
ZkT y
where Z is defined as follows:
Z=1+27" 4 z7% (28)

The relationship between the reduced density and the
number density of the molecules is as follows:

6 -
pP= ;77 (ziXimidi}) l (29)

In Newton’s iterations, the reduced density is updated

according to the following equation:

K+l Kk pk -p” (30)

0n)rx

The partial derivatives of pressure on the basis of the
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reduced density at constant temperature and compositionl.
could be calculated from Eq. (31).

(Gpj =10%kT p(azj +z(6pj
on)rs on)rx on)rs

Multiple Mixing-cell Model 3.
In this contribution, the multiple mixing-cell method
developed by Ahmadi and John [33], and Ahmadi [15] was
used to estimate the MMP. This method compared to MOC
procedures is very strong, as somehow flash calculations are

(31)2.

in the positive composition region, so it is not necessary to
use the iterative methods like the Newton-Raphson method.
The procedure of this algorithm is summarized below:

1. Fixing the reservoir temperature and adjusting the initial
pressure on less than that for the MMP for example 1000
psia.

2. Starting with two cells by mixing oil and gas and,
moreover, flash the related composition to reach two new
equilibrium compositions called x and y.

3. Combining the gained equilibrium x with equilibrium vy.
Each contact contributes to relate the recent compositions
for the subsequent complex of contacts.

4. Keep the trend by applying more contacts with
combination of the left hand-side and right hand-side cells
as reported in Fig. 2, till all N.-1 key tie lines converge with
a determined connivance.

5. Computing the length of each key tie line received in the
previous stage and save the minimum tie-line length (TL).
Key tie-line is received when three sequential cells have a
zero incline during a determined tolerance of 1.0 x 10,

6. Raising the pressure and reiterating steps 4 and 5, until
the MMP is specified when a single tie line becomes a
critical tie line. The critical tie line is specified by filtering
the near critical points and extrapolating the final two or
three refined points of tie line with pressure to zero
[15,33,50].

Modified Multiple Mixing-cell Model

In this study, we have modified the multiple mixing-cell
algorithm outlined by Ahmadi and Johns [33]. The
procedure of this modified algorithm is expressed below:
Determination of the major inputs including reservoir
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temperature, the number of cells, and the initial pressure as
the most important parameter that must be lower than
MMP.

Dividing the cells into two parts, as shown in Fig. 3, for
the sake of simplicity and on the basis of the same behavior
of central and side cells.

Calculating the number of cells using ,, _ S+ | which
2

cell

s" represents the number of stages (see Fig. 3). It should be
noted that to prevent time-consuming calculations, we
consider two cells of pre-mixed oil and gas as one cell
during each contact.
4. We can formulate the number of left-hand side
cells of triangular by ; _3(6=D | and the right-hand side
2

cells of triangular by p _ 5G6=1D .

2
5. Since the identity number of each line is equal to
the summation of cells in that line, we can easily get the
number of central cells by knowing the number of left-hand
side cells or right hand-side cells.
6. In the beginning of contacts, we combine the fresh
oil with gas, liquid x. and vapor y, resulting from flashing of
these contacts.
7. According to the fact that this algorithm works
with any number of cells, the identity number of gained
equilibrium liquid (s) x. and equilibrium vapor y. would be
fixed there, which can be obtained by Nxe = R + n and Nye
= R + n + 1, respectively, in which » increases during each
contact one by one.
8. To keep contacts going until key tie lines length
converged to a low tolerance (102 for cubic equations of
state (PR and ER) and 10~ for molecular equation of state
(PC-SAFT) and retain the minimum key tie line length.
9. Depending on the minimum key tie line length, the
pressure increases to 200 psi for tolerance of more than 107,
1 psi for tolerance of less than 107, otherwise 10 psi.
10. By reaching the tolerances of steps 8 and 9
simultaneously, the final pressure is MMP.

RESULTS AND DISCUSSION

In this research, the MMPs for cases 1-10 were
calculated using the PC-SAFT together with the robust
multiple mixing-cell method. Table 1 shows oil and gas
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composition reported by Esmaeilzadeh and Roshanfekr
[17]. Reservoir temperature and pressure are 187.6 °F and
174.2 atm and 211.5 °F and 387.6 atm for oil A and oil B,
respectively.

Table 2 presents the the
experimental results of MMP measured by the VIT method,
the calculated results of MMP by the Wang method coupled
with the PR EoS, PT EoS, VPT EoS and the ER EoS and
those obtained in this work by the multiple mixing cell
method coupled with the PR EoS, ER EoS and the PC-

comparison between
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SAFT EoS

The results of Table 2 prove that among the various
couples of the mixing cell methods with different equations
of state, the modified mixing cell method coupled with the
PC-SAFT EoS leads to the best results (AAD% = 3.54) and
using a more complicated EoS like the PC-SAFT increases
the accuracy of the MMP calculation. Furthermore,
coupling the modified mixing cell method with the PR EoS
is the best choice among the cubic EoSs coupled with the
mixing cell method.
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Table 1. Oil and Gas Composition Reported by Esmaeilzadeh and Roshanfekr [17]

Component 0, Og G, Gg G Gp Gg
H,S 0.0137 - - - - - -
N, 0.0057  0.0015 0.0106 0.0103 0.0033  0.0029 0.0026
CO, 0.0082  0.0069 0.0101 0.0100 0.0110  0.0123 0.0141
C, 03513 0.4506 0.4693 0.4547 0.9011  0.7830 0.7032
G, 0.1015  0.0537 0.1638 0.1661 0.0601  0.0808 0.0949
C; 0.0695  0.0544 0.2342 0.2426 0.0209  0.0644 0.0938
IC, 0.0101  0.0098 0.0402 0.0417 0.0012  0.0088 0.0140
NC,4 0.0316  0.0285 0.0616 0.0641 0.0021  0.0220 0.0354
ICs 0.0229  0.0124 - - 0.0002  0.0066 0.0109
NC;s 0.0174  0.0180 0.0101 0.0105 - 0.0071 0.0120
Cs 0.0368  0.0913 - - - 0.0182 0.0198
Cys 03304  0.2729 - - - - -
M7+ 205 241 - - - - -
Scr+ 0.8397  0.8790 - - - - -

Table 3 shows gas-condensate and gas composition
reported by Esmaeilzadeh and Roshanfekr [17]. Dew Point
Pressure (DPP) data and the theoretical calculation for
MMP with different methods are presented in Table 4.
Reservoir temperature and pressure are 227.2 °F and 220.5
atm, respectively. The calculated results of the modified
mixing cell method with the PR, ER and PC-SAFT EoSs are
superior to those obtained by the Wang method with the use
of ER, VPT, PT and PR EoSs. Table 5 presents the oil and
gas composition reported by Esmaeilzadeh and Roshanfekr
[17].

The calculated MMP with different EoSs along with the
experimental measurements by the slim tube method are
presented in Table 6. Reservoir temperature and pressure
are 184.6 °F and 103.3 atm and 184.6 °F and 206.8 atm for
oil C and oil D, respectively. The results of Table 6 indicate
that the coupling of modified mixing cell method with the
PC-SAFT EoS presents the MMP with a higher accuracy
than the other methods. The error of the modified mixing
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cell method coupled with the PC-SAFT EoS is much less
than that of the other EoSs. Table 7 shows the oil and gas
composition reported by Ahmadi-Johns [33].

The calculated MMP with different EoSs and the
experimental results of MMP measured by the slim tube
method are presented in Table 8. Reservoir temperatures are
160 °F and 120 °F for oil E and oil F, respectively. Table 8
shows the PC-SAFT EoS has the ability to calculate the
MMP with better accuracy than the other theoretical
methods. It indicates that in addition to attraction and
repulsion forces, the other intermolecular forces are also
important for these cases.

The calculated MMPs for 9 different cases obtained by
coupling of the modified Ahmadi-Johns with the PC-SAFT,
PR and the ER EoS are summarized in Table 9. Moreover,
the AAD% of these methods for all of the studied cases as
well as their overall AAD% are presented in Table 9.

Considering all of the cases, the minimum AAD% of
the PR is 1.62 obtained for case 1, the ER EoS presents the
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Table 2. Comparison between the Calculated MMP (atm) for Cases 1-5

Method 04-Gu 04-Gp O3g-G¢ O3-Gp O3-Gg Overall
VIT® 146.00 138.10 620.30 570.50 313.80

ER EoS* 160.00 149.50 733.20 669.10 345.50

AAD% 9.50 8.20 18.20 14.70 10.20 12.16
PTV EoS* 164.30 154.50 761.70 691.00 358.80

AAD% 12.50 11.80 22.80 21.20 14.30 16.52
PT EoS* 161.80 151.70 747.50 676.80 348.90

AAD% 10.80 9.80 20.50 18.50 11.10 14.14
PR EoS* 125.10 117.10 449.10 421.60 263.10

AAD% 14.30 1520 27.60 26.00 15.90 19.80
This work, PR 143.64 142.89 653.23 653.20 326.61

AAD% 1.62 3.47 5.31 14.50 4.08 5.79
This work, ER 153.10 156.50 643.00 646.40 336.80

AAD% 4.86 13.32 3.66 13.30 7.32 8.49
This work, PC-SAFT 150.10 141.87 612.41 530.75 301.57

AAD% 2.81 2.73 1.27 697 3.90 3.54

*Wang method [17]. "VIT data [51]. , ,p, _ [MMEu = MME,|

MMP,

exp

x100°

Table 3. Condensate and Gas Composition Reported
by Esmaeilzadeh and Roshanfekr [17]

Component Cc Gr
N, 0.0154 -
CO, 0.0052 -
C 0.3940 1
C, 0.0333 -
Cs 0.0227 -
| (O 0.0072 -
NC, 0.0131 -
ICs 0.0083 -
NCs 0.0079 -
Cs 0.4924 -
My7+ 129.2300

Scrr 0.8120
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Table 4. Comparison between the Calculated MMP (atm) for Case 6 with Different EoSs

Method Cc-Gr AAD%
Experimental DPP" 327.60 -

ER EoS* 353.10 7.78

VPT EoS* 365.30 11.50

PT EoS* 355.70 8.57

PR EoS* 265.20 18.90

This work, PR 340.22 3.85

This work, ER 317.09 3.20

This work, PC-SAFT 313.01 4.45
*Wang method [17]. "Experimental DPP data [17]. AADY% = MMP;ZA;PMMQXP %100

exp

Table 5. Oil and Gas Composition Reported by Esmaeilzadeh and Roshanfekr [17]

Component Oc Op Gg Gy
CO, 0.0449 0.0656 0.2218 0.1775
C, 0.2071 03711 0.2349 0.3878
C, 0.0481 0.0538 0.2350 0.1880
Cs 0.0409 0.0373 0.2745 0.2196
nCy 0.0323 0.0261 0.3380 0.2710
nCs 0.0247 0.0187 - -
Cs 0.0298 0.0218 - -
Cr (1) 0.2525 0.1791 - -
Cn(2) 0.1285 0.0910 - -
C (3) 0.0855 0.0605 - -
Cu (4) 0.0631 0.0447 - -
Cs (5) 0.0427 0.0302 - -

minimum AAD% = 3.20 for case 6, while the smallest that the PC-SAFT EoS has the most accurate results
AAD% was obtained by the PC-SAFT is 0.65 for case 9. compared to the other methods assessed in this work. This
Based on the overall AAD%, it can be simply concluded accuracy may be related to the versatile perturbed-chain
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Table 6. Comparison between the Calculated MMP (atm) for Cases 7-8 with Different EoSs

Method Oc-Gg AAD% Op - Gu AAD% Overall
Slim tube” 152.00 - 213.80 -
ER EoS* 165.40 8.81 230.30 7.71 8.26
PTV EoS* 171.30 12.60 237.60 11.10 11.85
PT EoS* 168.10 10.60 233.60 9.26 9.93
PR EoS* 140.20 7.76 178.60 16.40 12.08
This work, PR 176.91 16.39 204.13 4.52 10.45
This work, ER 170.11 1191 197.30 7.71 9.81
This work, PC-SAFT 140.85 7.34 210.94 1.34 434
*Wang method [17]. "Slim tube data points [17]. AADY% — wx 100~

MMP,

exp

Table 7. Oil and Gas Composition Reported by Ahmadi and Johns [33]

Component O Og Gy G
CO, - - 0.80 1.00
C, 0.20 035 0.20 -
C, - 0.03 - -
G - 0.04 - ;
Cy 0.15 0.06 - -
Cs - 0.04 - -
Cs - 0.03 - -
C,; - 0.05 - -
Cg - 0.05 - -
Cio 0.65 0.30 - -
Cy4 - 0.05 - -

statistical associating fluid theory. Comparison the AAD% 2000 psia (less than MMP) against cell number for case 1.
for three different methods for case 6 (gas-condensate) According to this figure, the three key tie lines keep
clearly shows that the ER EoS presents the best results. boosting in accordance with the increase in number of
Figure 4 shows six different profiles of the key tie-line contacts. The key tie lines are not expanded in its full sense
lengths regarding to the displacement in which pressure is when the number of tie linesis 10 (s =10). The MMP in
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Table 8. Comparison between the Calculated MMP (atm) for
Cases 9-10 with different EoSs

Method Or-G; Oq-G;
Slim tube exp. 1380 -
John and Orr 1466 2350
AAD% 6.23 -
Ahmadi and John 1298 2303
AAD% 594 -
This work, PR 1336 2296
AAD% 3.19 -
This work, ER 1337 2200
AAD% 3.11 -
This work, PC-SAFT 1370.99 2300
AAD% 0.65 -

Table 9. Summary of MMPs and AAD% for Cases 1-9

This work This work This work
Case no. Exp. AAD% AAD% AAD%

(PR EoS) (ER EoS) (PC-SAFT EoS)
Case 1 146.00 143.64 1.62 153.10 4.86 150.10 2.81
Case 2 138.10 142.89 347 156.50 13.32 141.87 2.73
Case 3 620.30 653.23 531 643.00 3.66 612.41 1.27
Case 4 570.50 653.20 14.50 646.40 13.30 530.75 6.97
Case 5 313.80 326.61 4.08 336.80 7.32 301.57 3.90
Case 6 327.60 340.22 3.85 317.09 3.20 313.01 4.45
Case 7 152.00 17691 16.39 170.11 11.91 140.85 7.34
Case 8 213.80 204.13 452 197.30 7.71 210.94 1.34
Case 9 1380.00 1336.00 3.19 1337.00 3.11 1370.99 0.65
Overall AAD% 632 7.59 3.49
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Fig. 4. Six profiles of the key tie-line length with regard to displacement in which pressure is 2000 psia (less than
MMP) against the number of cells for case 1.
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Fig. 5. Variation of the MMP versus the number of stages for case 1.
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Fig. 10. Variation of overall AAD% for different EoSs.

this pressure is about 2211 psia using the PR EoS (with
4.7% error). Results indicate that with increasing the
number of stages, prediction of the MMP is improved until
a nearly expanded tie-line in its full sense stage (in this case,
40), and after this stage, tie-line length variations

s
reached approximately zero.

Figure 5 exhibits the MMP versus the number of stages
for case 1. It is obvious that the change in the MMP
the MMP becomes
approximately stage 40. Figure 6
demonstrates the variation of tie-line versus the number of

decreases from stage 30 and

constant from
cells for case 9 at 2000 psia.

The procedure for determining the mechanism is as
follows:
The variation of tie-line versus the number of cells is drawn,
if the incipient cells have the minimum tie-line, the
mechanism is then condensing, if the final cells have the
minimum tie-line, the mechanism is vaporizing; finally, if
the central cells have the minimum tie-line, the mechanism
is vaporizing/condensing. From Fig. 6, it is concluded
that the dominant mechanism is vaporizing/condensing.
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Figure 7 shows the variation of tie-line versus the
number of cells in case 1 at 2000 psia. Figure 7 obviously
confirms that the dominant mechanism is condensing.
Figure 8 presents the effect of pressure on mechanism for
case 1. As can be seen, when the tie-line length increases,
the of condensing drive
vaporizing/condensing drive. Figure 10 presents
variation of overall AAD% for different EoSs.

to
the

mechanism changes

CONCLUSIONS

The most important results obtained in this study can be
summarized as follows:
1. The multiple mixing-cell method coupled with the PC-
SAFT EoS represented the most accurate results for
prediction of the MMPs in most of the systems assessed in
this work.
2. The overall AAD% of the PC-SAFT, PR and ER EoSs
were 3.49%, 6.32% and 7.59%, respectively. It shows that
the SAFT EoS can decrease the AAD of MMP calculation
by about 50%.
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3. The ER EoS presented the highest accuracy for the MMP
for the gas condensate system.

4. The proposed algorithm makes it possible to save time
especially for the cases containing a large number of
components.
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List of Symbols

a Attraction parameter in EoS

AAD Average absolute deviation

b,c Co-volume

K Equilibrium constant

P Pressure

R Universal gas constant, J mol™ K!

T Temperature

X Liquid mole fraction

Vi Vapor mole fraction

Z Compressibility factor

Z; Total phase mole fraction

A Helmbholtz free energy, J

dor, Aoz, Aoz Model constants

bo1, boa, bos Model constants

D A temperature-dependent segment
diameter, A

g™ Hard-chain fluid average radial
distribution function

K The Boltzmann constant, J/K

K Binary interaction parameter

M The number of segments per chain

m Mean segment number

N Total number of molecules

X Reduced radial distance

Greek Letters

& An empirical compressibility factor

Y Molar volume

Q Acentric factor

Q,, Qy, Q, Parameters of EoS

£ Depth of pair potential, J
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n Packing fraction, = {3

P Total number density of molecules,

1/A°

c Segment diameter, A

&, Abbreviation (n =0, ..., 3), A™?

Subscripts

C Critical point

1 ith point

J jth point

k kth point

N Number of data points

r Reduced value

Superscripts

L Liquid

\'% Vapor

Disp Contribution of dispersive attraction

Hc Residual contribution of hard-chain

Hs Residual contribution of hard-sphere
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