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Asphaltene precipitation is frequently the cause of increased cost of oil production in the petroleum industry.
To avoid or minimize problems due to asphaltene precipitation, a model to predict the amount of asphaltene
precipitation under the petroleum reservoir conditions is required. In this study, the Flory-Huggins solution
theory with a correctly tuned equation of state for calculation of the solubility parameter of liquid oil and a second
order polynomial equation for variations of asphaltene solubility with pressure were applied to model asphaltene
precipitation. The advantage of this model is that expensive and time consuming experiments are not required to
obtain the asphaltene and liquid oil solubility parameters. Routine pressure/volume/temperature (PVT) tests and
the amount of asphaltene precipitated at the bubble point pressure are sufficient. Data generated by the model
were compared to the experimental asphaltene precipitation data on two live oils under reservoir conditions,
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showing that the model could accurately represent the behavior of asphaltene precipitation in the reservoir.
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1. Introduction

Asphaltenes are defined as the fraction separated from
crude oil or petroleum products by addition of hydro-
carbon solvents such as n-heptane?. Resins are defined
as the fraction of crude oil not soluble in ethyl acetate
but soluble in n-heptane, toluene, and benzene at room
temperature. Asphaltenes and resins are aromatic hetero-
compounds with aliphatic substitutions and form the
most polar fraction of crude oil. Resins have a strong
tendency to associate with asphaltenes, which deter-
mines, to a large extent, their solubility in crude o0il?.

Field experiences¥* and experimental observa-
tions”~® have shown that asphaltene stability depends
on a number of factors, including the composition of
the surrounding fluid, pressure, and temperature. The
effects of composition and pressure on asphaltene pre-
cipitation are generally believed to be stronger than the
effect of temperature. Addition of paraffinic compounds
changes the solubility of asphaltenes in bulk oil because
the solvent power affects the interactions between
asphaltenes and resins. If paraffinic compounds are
good solvents for resins but not for asphaltenes,
increasing volume of diluent will decrease both the inter-
action between resins and asphaltenes, and the capacity
of the resin to stabilize the asphaltene molecules as
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small aggregates, causing the asphaltenes to precipitate.
Only decreases in pressure can destabilize asphaltenes
and are the most probable cause of asphaltene deposi-
tion in well-bore pipes. As the density of the crude oil
decreases (because of depressurization), the stabilizing
effect on asphaltene interactions arising from the pres-
ence of oil components decreases, causing the inter-
actions between asphaltenes to become stronger, which
in turn induces the precipitation.

Several approaches for modeling asphaltene precipi-
tation have been reported. A simple model for pre-
dicting of asphaltene precipitation used three tuning pa-
rameters for pressure effects, temperature effects and
reference pressure”. The solid phase was treated as an
ideal multicomponent mixture. However, the model
could not match the experimental data. A two-
component solubility model was developed to predict
the phase behavior of asphaltene in crude o0ils'?.
Coupled values of the asphaltene solubility parameter
and molar volume were the adjustable parameters. The
solubility parameter of the liquid phase was calculated
from a linear relationship between solubility parameter
and refractive index measured experimentally. The
Flory-Huggins model was modified with three adjust-
able parameters to predict asphaltene precipitation in
crude oil'P. The adjustable parameters were obtained
by experimental values of asphaltene precipitation and
optimization of an objective function. The solubility
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parameter of asphaltene was used as the input oil data.
A thermodynamic modeling procedure for predicting
asphaltene precipitation was proposed using a tuning
procedure for calculating the molecular weight of
asphaltene'?.  Solubility parameter of the liquid phase
(oil) was calculated by solving the set of equations
derived from minimization of the Gibbs free energy
relationship. The solubility parameter of asphaltene
was again assumed as the input oil data. An onset-
constrained colloidal asphaltene model was used for the
prediction of asphaltene precipitation in upstream oper-
ations'?. Oil solubility was estimated from a linear
relationship with respect to density, and the asphaltene
solubility parameter was obtained as a fitting parameter
from onset flocculation experiments. Experiments
were performed at different conditions to determine the
effect of pressure and temperature on the asphaltene
solubility parameter. A new cubic equation of state
with new parameters was proposed to calculate the den-
sity and solubility parameter of crude oil'¥. Using the
modified Flory-Huggins model and three adjustable
(tuning) parameters, values of asphaltene precipitation
were predicted in different ratios of solvents (7-Cs, n-Ce,
n-C7) at constant temperature and pressure. Prediction
of asphaltene precipitation by this model required the
solubility parameter of asphaltene and three adjustable
(tuning) parameters. These three tuning parameters
were obtained from experimental data of asphaltene
precipitation in the oil sample. No measurement or
estimation of asphaltene solubility parameter was de-
scribed.

All previous models required adjustable (tuning)
parameters obtained from experimental data of asphal-
tene precipitation in the oil sample. Usually more
experimental data results in more accurate tuning
parameters. However, obtaining experimental data of
asphaltene precipitation in the oil sample under reser-
voir conditions (usually high pressure and temperature)
is expensive and time consuming.

The present study proposes a model for predicting
asphaltene precipitation under reservoir conditions
based on the Peng-Robinson equation of state and
Flory-Huggins solution theory. Solubility parameter
and other thermodynamic properties of crude oil are
calculated from the Peng-Robinson equation of state,
which is widely accepted for the convenient and flexi-
ble calculation of the phase behavior of reservoir fluids.
Solubility parameter of asphaltene can be calculated
from inexpensively measured data at the bubble point.
The advantage of this model is that expensive and time
consuming experiments are not necessary to obtain
adjustable (tuning) parameters and solubility parameter
of asphaltene. Routine pressure/volume/temperature
(PVT) tests (which are usually performed on oil sam-
ples) and the amount of asphaltene precipitated at bub-
ble point pressure are sufficient.
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This paper summarizes the theory behind the model,
and applications of the model to field operations.

2. Theory

This study defines asphaltene as the portion of crude
oil that is insoluble in n-heptane but soluble in benzene or
toluene. The model describes the precipitation mech-
anism by polymer solution theory. The large asphal-
tene molecules are similar in structure and behavior to
polymer molecules. The remaining components in the
crude oil act as a solvent in which the asphaltene is dis-
solved or suspended'®.

The overall model depends on two types of fluid
equilibria: the vapor-liquid equilibrium of the total res-
ervoir fluid, and the liquid-liquid equilibrium between
the liquid oil and pseudoliquid asphaltene phases. The
vapor-liquid equilibrium of the reservoir fluid was
modeled first to obtain the composition and fluid prop-
erties of the liquid phase. The liquid-liquid equilibrium
is considered to consist of two liquid phases: an oil-rich
phase that acts as the solvent and an asphaltene-rich
phase that behaves as the polymer. The polymer solu-
tion theory is a simplified version of the Flory-Huggins
solution theory and is defined by the following Eq. (1)?:

L Va 5 2
Q2 = exp F_]_ﬁ(&l_&d) (D)

In this equation, the volume fraction of precipitated as-
phaltene, @.L, is calculated using the molar volumes of
liquid oil, V¥, and asphaltene, V,", the reservoir temper-
ature, 7, and the solubility parameters of liquid oil, 61,
and asphaltene, 6,.

The solubility parameter is defined as a measure of
the cohesive energy density or internal pressure that is
exerted by molecules within a solution'®:

5=C1/2
v 2
CEAVML (2)

The solubility parameter has a clear physical meaning;
if the difference between the solubility parameters of
two substances is small, one can dissolve the other
appreciably. The difference in solubility parameters is
a measure of the solubility power.

In this study, saturated hydrocarbons, aromatics,
resins and asphaltenes formed the oil component groups.
The saturated hydrocarbons and aromatics were smaller
and nonpolar hydrocarbons. The asphaltene fraction
consisted of large, complex polar molecules. The
resins are known to be chemically similar in structure
to asphaltenes. Resins are important in the solubility
of asphaltenes and must be present for the asphaltenes
to remain in solution. Although the exact mechanism
is unknown, the theory assumes that the resins act a
mutual solvent or form stabilizing peptide bonds with
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the asphaltenes'”. Asphaltenes are dissolved or sus-
pended in the crude oil in a reservoir fluid. This equi-
librium can be modified by changes in pressure, com-
position or temperature.

In this study, the solubility parameter of liquid oil
was calculated on the basis of the Peng-Robinson equa-
tion of state!®:

po RT a(T)
S v—=b Y2 42vb-b>
202
a(T) = 0.45724 RPTC a(T)
’ 3)
b =0.0778 RPT°

a(T)= (1+m(1—Tr0‘5))2
m = 0.3796 +1.485w — 0.1644w* + 0.0167 w*

This equation was also used for the vapor-liquid equi-
librium calculations. Parameter “b” was calculated
using a linear mixing rule:

bm = ;x['bi (4)

Parameter “a” was calculated from the pure component
parameter a; using the mixture rule:

an = 3, 3 i (aia)) > (1= ki) ] )
i

The interaction coefficients k;; were calculated from the
Chueh and Prausnitz equation'?:

16, 1/6 \°
PR 6
i = 3, 173 (6)

o

The solubility parameter of liquid oil was then derived
as the following equation'®:

_[ L gopdan VE+ (/24 Db, "
T 226,V E a7 YL Z(J2 = Dby,

The maximum amount of asphaltene occurs experimen-
tally very near the bubble point?®~22_  On this basis,
any variations of the solubility parameter of asphaltene,
0., with respect to pressure were assumed to be given
by a second order polynomial equation (based on
experimental observations)? as follows:

N
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8, = A+BP+(cP?
. —wipal X MWy X Vi
0 pal X MWL X VE + wipal X MW, x V" ~ 100MW, x V*
beb s “g“(ln(qﬁ) ~VEIVE +1)RT)
\ Vi
(=2db X By X Py +db X Py + 0513 X P?) (8)
P2 2P, X Pan + Pl
_ 2~ bsts + db)R,
P2-2P, X Pun + Pl
o= —( - 5573 + db)
P2 2P, X Pun + P

where Osts is the solubility parameter of asphaltenes
under stock tank conditions, P is pressure, Pam 1S atmos-
pheric pressure, Py is bubble point pressure, MWL is
live oil molecular weight, MW, is asphaltene molecular
weight and wtpal is asphaltene precipitated at bubble
point pressure. Solubility parameter of asphaltenes
under stock tank conditions can be measured experi-
mentally using a series of titration experiments on tank
o0il?. Experimental methods for measuring live oil
molecular weight, MWy, and asphaltene molecular
weight, MW,, are described in the next section.

A:

3. Experimental Data

Samples of reservoir hydrocarbon mixtures, collected
at bottom hole or separator conditions, were generally
flashed at laboratory conditions and the compositions
and properties of the separated gas and liquid phases
measured. The compositional analysis data of the sep-
arated phases were then recombined in the surface pro-
portions of gas and liquid to determine the composition
of the original reservoir fluid. The gas composition
was determined by gas chromatography (GC) in form
of discrete components. The oil composition was
determined by distillation and reported as liquid frac-
tions. The heaviest fraction, which forms the residue in
distillation, was analyzed by liquid chromatography®>.

Measurement of asphaltene molecular weight was
based on the work of Storm and Sheu?®. Asphaltene
was precipitated from the vacuum residue (fraction with
an atmospheric boiling point greater than 538°C) by
mixing one part of residue with 40 parts of heptane,
stirring the slurry overnight at room temperature, filter-
ing the asphaltene from slurry, and finally washing the
solid well with heptane. Then, mass spectroscopy of
asphaltene was performed. Details of the experimen-
tal technique to evaluate the amount of asphaltene pre-
cipitation during the pressure depletion sequence at res-
ervoir temperature were given previously??.

The asphaltene detection system consisted of a vari-
able volume, visual PVT cell retrofit with fiber optic
light transmission probes (source and detector) to meas-
ure the onset of organic solid precipitation (due to tem-
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Table 1 PVT Properties of Crude Oil No.1 T=126.66C
Component Composition Pressure  Relative oil Pressure  Solution GOR Bo Oil density
[mol%] [Mpal] volume [MPa] [m*/m?3] [m*m’]  [kg/m?]
H,S 225 34.4091 0.9623 34.4091 77.85796 1.363 754.9
N, 0.26 27.537 0.9712 27.537 77.85796 1.3757 747.9
CO, 7.53 20.6855 0.9808 20.6855 77.85796 1.3894 740.6
C 22.46 17.2528 0.986 17.2528 77.85796 1.3968 736.6
C, 9.65 13.8409 0.9915 13.8409 77.85796 1.4047 732.5
GC; 9.37 13.1585 0.9927 13.1585 77.85796 1.4064 731.6
i-Cy4 1.98 12.4761 0.9939 12.4761 77.85796 1.4081 730.7
n-Cy 6.85 11.7937 0.9951 11.7937 77.85796 1.4098 729.8
i-Cs 3.22 11.1113 0.9963 11.1113 77.85796 1.4116 728.9
n-Cs 3.47 10.4289 0.9975 10.4289 77.85796 1.4134 728
Ce 1.77 9.73961 0.9988 9.03654 77.85796 1.4169 726.2
Cy 0.63 9.06411 1 8.70568 72.82285 1.4014 730.1
Cg 2.64 9.02964 1.0026 6.98246 62.85417 1.3803 732.7
Co 2.73 8.98829 1.0049 5.25925 52.01276 1.3433 743
Cio 1.79 8.94693 1.0075 3.50157 41.1571 1.3191 746
Ch 1.73 8.91246 1.0099 1.81282 28.35473 1.269 760.4
Cpn+ 21.66 8.87111 1.0123 0.10132 0 1.0802 839.7
8.82286 1.0148
8.74704 1.0184
8.62986 1.024 Molecular weight of residual oil 234
8.54025 1.0322 Molecular weight of Cy, + fraction 360
8.25764 1.0446 Molecular weight of reservoir oil 116
7.95436 1.0634 Specific gravity of C, + fraction [15.5/15.5C] 0.9400
7.56836 1.0911
7.03071 1.1334
6.39657 1.1963
5.66593 1.2912
4.83879 1.4344
4.02543 1.6484
3.23964 1.9709
2.509 2.4506
2.06786 2.8965

perature, pressure, and/or compositional change) con-
currently with fluid volumetric data. The incident
laser was mounted on the front of the PVT cell so that its
beam passed through the high-pressure sample chamber
before reaching the light detector probe. Thus, any
changes in the opacity of the crude oil resulting from a
density change and/or suspended solids would be regis-
tered at the detector. A magnetically coupled impeller
was used to rapidly mix the fluid to keep any solids sus-
pended and to quickly drive the fluid to equilibrium fol-
lowing a composition or pressure change. The ulti-
mate interpretation of asphaltene behavior was based
on inspection of the resulting “light transmittance” plots
which showed the amount of light received by the de-
tector (i.e., transmitted through the sample) as a func-
tion of pressure during the depletion/repressurization
cycles. Power of transmitted light (PTL) refers to the
amount of light passing through the oil sample and cap-
tured by the receiving fiber optic cable??.

Each fluid was screened for the tendency to precipi-
tate asphaltenes during isothermal pressure depletion at
reservoir temperature. The screening test was com-
pleted in conjunction with the standard constant com-
position expansion (CCE) experiment to measure the
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fluid bubble-point pressure as well as liquid density and
compressibility values. CCE tests were used to deter-
mine the change in density of a single-phase fluid
during depressurization to the bubble point. Initially,
the visual PVT cell was completely cleaned and evacu-
ated with the temperature of the air-bath set to the
desired value. Subsequently, 50-70 cm? of crude oil
was isobarically and isothermally (at single-phase con-
ditions) charged into the cell from the storage cylinder
using a positive displacement pump. A sub-sample of
known volume was then withdrawn isobarically and iso-
thermally into an evacuated and preweighed pycnom-
eter for gravimetric density measurement. The
remaining sample volume in the PVT cell was measured
using a cathetometer. Therefore, the mass of oil
sample charged into the PVT cell could be calculated.
The system components were mounted across the full-
length PVT cell windows and a reference scan of the
light transmittance through the oil performed. The
pressure of the cell was then lowered isothermally at
programmable rates (either continuously or in discrete
steps) during continuous mixing of the cell contents.
At each pressure step, the sample volume was measured
and the corresponding density calculated. The experi-
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T=126.66C
Component Composition Pressure  Relative oil Pressure  Solution GOR Bo Oil density
[mol %] [MPa] volume [MPa] [m*/m?3] [m*m’]  [kg/m?]
H,S 1.87 37.8418 0.9741 37.8418 271.2935 1.937 622.7
N 0.31 34.4091 0.9802 34.4091 271.2935 1.9579 616.1
CO, 3.37 30.9696 0.9869 32.6997 271.2935 1.9678 612.9
C 43.6 28.9224 0.9914 30.9696 271.2935 1.9784 609.7
C, 8.58 28.2331 0.993 30.2803 271.2935 1.9829 608.3
C; 6.27 27.537 0.9946 29.591 271.2935 1.9874 606.9
i-Cy 1.64 26.8477 0.9963 28.9086 271.2935 1.9919 605.5
n-Cy 4.89 26.1653 0.9979 28.2331 271.2935 1.9965 604.1
i-Cs 22 25.2761 1 27.2268 271.2935 2.0031 602.1
n-Cs 2.49 24.8005 1.0047 24.1112 219.38582 1.8372 627.2
Ce 1.91 24.5661 1.0071 20.6855 181.87992 1.7236 646.3
Cy 0.89 24.3387 1.0093 17.2528 150.50448 1.6274 665.1
Cs 3.01 24.1043 1.0116 13.8409 122.89424 1.5498 680.4
Cy 2.05 23.87 1.0141 10.4151 97.439106 1.4792 695.3
Cio 1.84 23.6356 1.0163 6.98246 73.524598 1.4112 710.8
Ci 1.39 23.353 1.0198 3.53604 47.358811 1.3324 729.7
Ci+ 13.69 22.9394 1.0251 0.10133 0 1.0831 801.8
22.326 1.0331
21.5057 1.0451
20.4442 1.0631 Molecular weight of residual oil 184
19.1208 1.0905 Molecular weight of Cy, + fraction 300
17.5354 1.1318 Molecular weight of reservoir oil 75
15.7433 1.1942 Specific gravity of C + fraction [15.5/15.5C] 0.9025
13.8478 1.2876
11.8488 1.4298
9.89125 1.6428
8.03018 1.9577

Table 3 Experimental Data for Asphaltene Precipitated at Various

Pressures for Crude Oil No.1 at 126.66TC

Table 4 Experimental Data for Asphaltene Precipitated at Various

Pressures for Crude Oil No.2 at 126.66TC

Pressure [MPa]

Asphaltene precipitated [wt% ]

Pressure [MPa]

Asphaltene precipitated [wt%]

37.9107 0.2700
17.2321 0.3987
9.6500 0.4646
6.2036 0.3925
3.4464 0.3200

34.4643 0.2854
31.0179 0.3418
27.5714 0.3699
20.6786 0.2754
13.7857 0.1805

ment was continued until a noticeable drop in the trans-
mitted light was observed. Such a drop in PTL corre-
sponds to the onset of formation of either a solid or a
gas phase?.

Experimental data are presented on the phase behav-
ior of two crude oils. The PVT properties of these oils
are shown in Tables 1 and 2. Onset pressure experi-
ment results and the amounts of asphaltene precipita-
tion at various pressure steps for two live oils are pre-
sented in Tables 3 and 4.

4. Algorithm of the Model

Cubic equations of state (EOS) will not generally
predict accurately laboratory data of oil/gas mixtures
without tuning of the EOS parameters®®. The
common practice is to adjust the properties of the com-
ponents (usually the heavy fractions, e.g. critical pres-
sure, critical temperature, acentric factor, etc.) to fit the
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experimental data.

The major problem associated with phase-behavior
matching with a cubic equation of state is the selection
of regression parameters. There are many parameters
that can be selected as the optimum set, and so a
dynamic parameter-solution scheme is desired to avoid
tedious and time-consuming trial-and-error regression
runs. Therefore, in this study, a regression technique
with dynamic parameter selection?® was used to tune
the parameters of the Peng-Robinson equation of state
to match the differential liberation (Diff. Lib.) and con-
stant composition expansion (CCE) data.

The regression was performed by minimizing the ob-
jective function:

N T (X N_ X, 2
F= z|:wz (Xz,calc(rj) Xz,meas):|
i=1

Xi,meas (9)

where w; is the weighting factor, Xicac(rj) is property
calculated based on regression parameters rj, and Xi meas
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Table 5 Weighting Factors and Properties Used in Eq. (9)

Property (X;) Bubble point  Solution GOR  Oil formation volume Relative oil volume Oil density
factor, Bo
Weighting factor (w;) 50 3 4 1 5
Input data
(Routine PVT tests, solubility parameter of asphaltene under lab. g
conditions and the amount of asphaltene precipitated at bubble —g
point pressure) >
5
@
2
y 3
Tuning equation of state (EOS) &
parameters 0.50 -
5 15 25 35
Pressure (MPa)
y —e—EOS.ROV ™ Psat O Exp.ROV
Calculation of 8" and
Vb from tuned EOS
500 220
l 450 +
Calculation of 400 . 200
8, from Eq. 8 & 30 180 =
E 300 €
(5] -
£ 250 160 @
y nO: 200 Y
Output data O 15 140 @
(Calculation of
L 100 1.20
@, fromEq. 1) 50 i
0 1.00
0 10 20 30
Fig. 1 Solution Algorithm Flowchart Pressure (MPa)
-~ FOS, GOR & Exp. GOR —&-EOS,Bo © Exp.Bo
is the measured (experimental) value. N expresses the
number of measured data points to be fitted.
In this study, r; are critical pressure, critical tempera- 850
ture, critical volume, acentric factor and molecular 800 |
weight of plus fraction Ci2+ and hydrocarbon- £ 750 4
. . . . o
hydrocarbon interaction coefficient exponent (6 in Eq. X
> 1
(6)) of all components. The number of measured data £ 700
. . . . £
points to be fitted, N, is 163. X; and w; are shown in $ 650 1
Table 5. © 600 |
After tuning, the equation of state was used to calcu- 550 ‘ ‘ ‘
late the vapor-liquid equilibrium. The solubility 0 10 20 10 40
parameter of the liquid oil phase was calculated using Pressure (MPa)
Eq. (7) and the .molar volume of the liquid phase from [——EO0S, Oil density O Exp. Oil density|
the tuned equation of state. In the final step, calcula-
tion of the asphaltene solubility parameter used Eq. (8). Fig. 2 Simulation of PVT Tests of Crude No. 2 by Tuned

The solution algorithm is outlined in Fig. 1. The

solution algorithm is outlined in Fig. 1.
5. Model Results

Figure 2 presents simulation of the PVT tests (Diff.
Lib. and CCE tests) of crude No. 2 by the Peng-Robinson
equation of state, and shows how the tuned equation of
state correctly predicts the fluid phase behavior of this
Ieservoir.

Model predictions for asphaltene behavior in the two
live oils are compared to the experimental data at reser-
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Peng-Robinson Equation of State

voir temperature (126.66C) in Figs. 3 and 4. The
model predictions match the experimental data very
well.

6. Conclusions
The following conclusions can be drawn from this
research:

* A new algorithm for asphaltene precipitation cal-

No. 4, 2008



Fig. 3
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culation was proposed.

* Using Flory-Huggins solution theory with a cor-
rectly tuned equation of state for calculation of the
solubility parameter of liquid oil and a second
order polynomial equation for variations of asphal-
tene solubility with pressure were essential to the
successful application of this model.

* Expensive and time consuming experiments were
not necessary to obtain asphaltene and liquid oil
solubility parameters. Routine PVT tests and the
amount of asphaltene precipitated at bubble point
pressure were sufficient.

* The model could accurately represent the experi-
mental behavior of asphaltene precipitation ob-
tained from industry data of two live oils.

Nomenclatures

: attractive term parameter of equation of state

[Pa - (m*/kmol)?]
: parameter defined in Eq. (8) [(Pa)?]
: repulsive term parameter of equation of state [m*/kmol]
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B : parameter defined in Eq. (8) [(Pa)™3]
C : cohesive energy density [Pa]
Cc  :parameter defined in Eq. (8) [(Pa)™'?]
db  : parameter defined in Eq. (8) [(Pa)*3]
f : fugacity [Pa]
F : objective function, Eq. (9) [—]
k : interaction coefficients [—]
m : parameter defined in Eq. (3) [—]
MW  : molecular weight [—]
N : number of measured data points to be fitted [—]
P : pressure [Pa]
R : universal gas constant [J/(mol - K)]
T : regression parameters [—]
T : temperature [K]
u : cohesive energy [Pa-m’]
v : molar volume [m*/kmol]
w : weight factor [—]
wipal : asphaltene precipitated at bubble point pressure [keg]
X : mole fraction [—]
X : calculated or measured value in regression technique,
Eq. (9) —]
<Greeks>
o : temperature dependency coefficient of attractive term
[—]
) : solubility parameter [(Pa)®3]
7] : hydrocarbon-hydrocarbon interaction coefficient exponent
[—]
0] : fugacity coefficient [—]
[0 : acentric factor [—]
<Superscripts>
L : liquid phase
<Subscripts>
a : asphaltene
atm  : atmosphere conditions
b : bubble point
c : critical
L : liquid phase
stb : stock tank conditions
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