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ship between phase behavior predictions and adjustment parameters also makes fluid characterization
non-unique and subjective. Although P-T-x space that phase behavior spans is continuous, different
characterization methods have been proposed for different types of reservoir fluids.

In our previous research, a method was developed for heavy-oil characterization using the
Peng-Robinson (PR) EOS with the van der Waals mixing rules without volume shift. Uncertainty issues
in heavy-oil characterization were addressed based on the concept of perturbation from n-alkanes (the
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Petroleum reservoir fluids PnA method). Pseudo components were initially assigned critical parameters that were optimized for

Gibbs free energy n-alkanes in terms of liquid densities and vapor pressures using the PR EOS. The optimized reference

Volume shift values allowed for well-defined directions for perturbation of pseudo components’ critical parameters
to match available experimental data. The robust regression algorithm required only three perturbation
parameters.

In this paper, we extend the PnA method to lighter fluids, such as gas condensates, volatile oils, and
near-critical fluids. The main novelty of the new PnA method is that it considers proper interrelationship
(¥ =a/b?) between the attraction (a) and covolume (b) parameters of pseudo components. The regression
algorithm developed in this research controls the trend of the ¥ parameter with respect to molecular
weight using a fourth adjustment parameter y. The ¥ and y parameters become more important for
characterizing lighter fluids. For extra heavy oils, the new PnA method naturally reduces to the previous
PnA method, where y is zero.

Case studies using 77 different reservoir fluids demonstrate the universal applicability, reliability,
robustness, and efficiency of the new PnA method. The fluids used consist of 34 heavy and black oils,
12 volatile oils, and 31 gas condensates. Six fluids are near critical among them. The PnA method con-
trols phase behavior predictions monotonically with parameter adjustments and systematically in P-T-x
space. This is demonstrated by quantitative prediction of condensation/vaporization behavior of gas
condensates and light oils and minimum miscibility pressures for various oil displacements. The PnA
method requires no change in the thermodynamic model used, i.e., it can be readily implemented in
existing software based on the PR EOS with the van der Waals mixing rules.

We also explain how volume-shift parameters affect compositional phase behavior predictions when
used as regression parameters in fluid characterization. The PnA method uses no volume shift, and
properly couples volumetric and compositional phase behaviors.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction Reliability of compositional simulation can depend significantly on
the phase behavior model used in the simulation. Cubic equations of
Compositional modeling is widely used to simulate enhanced state (EOSs), such as the Peng-Robinson (PR) EOS [1,2], are used to
oil recovery and recovery of gas condensates and volatile oils. calculate phase behavior in compositional simulation. These cubic
EOSs along with the van der Waals mixing rules give reasonable
accuracy and high computational efficiency for vapor-liquid equi-

- librium of reservoir fluids.
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Nomenclature

Roman Symbols

a attraction parameter in a cubic equation of state

A aromatic

AD average deviation

AAD average absolute deviation

b covolume parameter in a cubic equation of state

C Peneloux volume-shift parameter for Nc compo-
nents

CPEN Peneloux volume-shift parameter

d gradation constants

favg average of perturbation parameters as defined in Eq.
(17)

fais Chi-squared distribution function defined in Eq. (5)

fm perturbation factor for the m parameter

fr perturbation factor for critical pressure

fr perturbation factor for critical temperature

AnmixG  molar Gibbs free energy change on mixing

g dimensionless molar Gibbs free energy change on
mixing

k iteration number

k binary interaction parameter matrix with elements
ki for components i and j

m parameter in the Peng-Robinson EOS (1978)
defined in Egs. (9) and (10)

N¢ number of components

P pressure, bar

p parameter in the Chi-squared distribution

Pc critical pressure, bar

Pc critical pressure vector for Nc components

R universal gas constant

S parameter in the Chi-squared distribution

T temperature, K

Tc critical temperature, K

Tc critical temperature vector for Nc components

X mole fraction vector for the liquid phase

y mole fraction vector for the gaseous phase

z overall composition vector

zZL mole fraction of methane in fluid

Z sum of mole fractions of non-C. excluding methane

Zy mole fractions of C7.

Abbreviations

°API API (American Petroleum Institute) gravity

BIP binary interaction parameter

CN carbon number

CMy,oV conventional (characterization) method without
volume shift

CMwV  conventional (characterization) method with vol-
ume shift

EOS equation of state

MMP  minimum miscibility pressure, bars

MW molecular weight, gm/mol

PC pseudo-component

PNA paraffin-napthene-aromatic

PR Peng-Robinson

P-T-x  pressure-temperature—composition

Greek symbols

B vapor molar phase fraction

e Tc, Pc, and w consistency function defined in Eq. (12)

r Gamma function

(}i fugacity coefficient of component i in a mixture

bi fugacity coefficient of pure component i

1% gradation parameter

24 constant term in the attraction parameter of a cubic
EOS

2y constant term in the covolume parameter of a cubic
EOS

W a;/b? defined in Eq. (13) for the PR EOS

6 parameter as defined in Eq. (17)

® acentric factor vector for Nc components

Subscripts/superscript symbols

w with (volume shift)
w/o without (volume shift)
L liquid phase

\Y gaseous phase

(PVT) data. Compositional analysis provides the concentrations of
light components (e.g., up to Cg) and a plus fraction (e.g., C7+), and
the density of the plus fraction at atmospheric conditions. The com-
positional uncertainty left as a plus fraction becomes higher for
heavier fluids [3]. PVT measurements are performed at selected
pressure-temperature—composition (P-T-x) conditions. It is diffi-
cult to predict and cover reservoir P-T-x conditions, which result
from fluid and energy flow in a heterogeneous reservoir, in lab-
oratory measurements. Thus, reservoir fluid characterization is
performed under unavoidable uncertainties in composition and
phase behavior data in P-T-x space. However, theory has not been
established, based on which engineers can perform reliable fluid
characterization using a cubic EOS under such uncertainties.

A typical characterization process consists of four main steps
[4,5] as follows:

Step 1. Estimation of a molar distribution with respect to molecular
weight (MW) or carbon number (CN) to split the plus fraction into
detailed components.

Setp 2. Estimation of properties for the detailed components such
as critical temperature (T¢), critical pressure (Pc), critical volume
(Vc), acentric factor (w), and volume-shift parameters.

Step. 3 Grouping of the detailed components into fewer pseudo
components.

Step 4. Regression of pseudo components’ properties to match
experimental data available.

The parameter regression in step 4 is often needed because steps
1-3 make certain assumptions causing deviations of predictions
from actual phase behavior. For example, various correlations used
in step 2 were developed for an EOS to reproduce the critical point
and vapor pressure for the pseudo component of a given CN. Use of
such correlations implicitly assumes a certain distribution of hydro-
carbon types within that CN group (e.g., paraffins, naphthenes, and
aromatics, or PNA distribution). Furthermore, unless volume shift
is used, a cubic EOS is inaccurate in prediction of liquid densities
even if accurate critical parameters and acentric factor are known
and used [6-8].

Current best practice for step 4 is step-wise manual adjustment
of parameters to match experimental data available. Simultaneous
regression of various parameters using software as a black box
is not recommended [3]. The adjustment parameters often used
include T¢, Pc, V¢, w, volume-shift parameters, and binary interac-
tion parameters (BIPs) for pseudo components. Special care must
be taken by experienced engineers to ensure physically accept-
able trends of adjustment parameters with respect to MW or CN
[9]. Even with this best practice, different fluid models are created
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Steps Input Output
1. aand b for components (Te, Pc, w);i a;, b
Binary interaction parameters
2. aand b for mixtures Mixing rules (e.g., van der am, bm
Waals mixing rules)

3. Gibbs free energy EOS (e.g., PREOS) Gibbs free energy
4 Compositional behavior Temperature, Pressure, Phase compositions and

" (Flash calculation) Composition amounts
5. Volumetric behavior Volume-shift parameters Volumetric phase properties

Fig. 1. Key steps of phase behavior calculation using a cubic EOS. Subscript i is the component index, and subscript m stands for mixture. a and b are the attraction and
covolume parameters, respectively, for a cubic EOS. Regression in fluid characterization is conducted to match the volumetric (PVT) data with the volumetric phase behavior

predictions calculated in step 5.

depending on selection of adjustment parameters and the adjust-
ment amounts [10]. Since parameter adjustments are conducted
with little physical justification, it is unclear whether the resulting
fluid model is reliable when used in compositional simulation to
predict oil and gas recovery.

The various issues described above indicate that theory should
be developed for reliable fluid characterization using a cubic EOS
under uncertainties in composition and phase behavior data in
P-T-x space. One of the main reasons for the lack of theory is likely
the unknown, implicit, non-linear relationship between phase
behavior predictions and adjustment parameters such as Tc, Pc, V,
w, volume-shift parameters, and BIPs.

Different characterization methods have been proposed for
different reservoir fluids [11-15]; for example, gas condensates
[16-19], volatile oils [20,21], near-critical fluids [22-25], and heavy
oils [26,27]. However, P-T-x space that phase behavior spans is
continuous. Although size-asymmetric mixtures can be difficult
to model using a cubic EOS with the van der Waals mixing rules
[28,29], it will substantially benefit the petroleum industry if con-
tinuous modeling of all types of reservoir fluids becomes possible
using a simple cubic EOS.

In our previous research, a method was developed for heavy-oil
characterization using the PR EOS with the van der Waals mixing
rules without volume shift [3]. Uncertainty issues in heavy-oil char-
acterization were addressed based on the concept of perturbation
from n-alkanes (the PnA method). Pseudo components were ini-
tially assigned Tc, Pc, and w that were optimized for n-alkanes in
terms of liquid densities and vapor pressures using the PREOS [30].
The optimized reference values allowed for well-defined directions
for perturbation of pseudo components’ T, P¢c, and w to match PVT
data available. We presented that robust regression using the PnA
method required only three perturbation parameters to match vol-
umetric and compositional phase behaviors with no volume shift.
Important physical considerations used in the development of this
PnA method include the following:

i. A PNA distribution of a plus fraction is interpreted as a pertur-
bation from the limiting distribution of 100% n-alkanes.

ii. Tc and Pc of n-alkane are lower than those of other types of
hydrocarbons (e.g., aromatics) within a given CN group. The
trend is the other way around for w.

iii. Without using volume shift, compositional and volumetric
phase behaviors are properly coupled, and density data are
effectively used.

iv. Pitzer’s definition of w [31,32] is satisfied for all pseudo compo-
nents.

In this paper, we extend the PnA method to lighter fluids, such
as gas condensates, volatile oils, and near-critical fluids. The main
novelty of the new PnA method is that it considers proper varia-
tions of the attraction (a) and covolume (b) parameters of pseudo

components based on the component distribution determined in
the first characterization step. This physical consideration added is
more important for lighter fluids. The new PnA method naturally
reduces to the previous PnA method for heavy oils.

In the subsequent sections, we first discuss effects of volume
shift on the Gibbs free energy and phase behavior predictions. The
extension of the PnA method is then discussed in detail, where the
importance of considering the interrelationship between the a and
b parameters is explained. After that, the extended PnA method is
applied to 77 different reservoir fluids, consisting of 34 heavy and
blackoils, 12 volatile oils, and 31 gas condensates. Six fluids are near
critical among them. The universal applicability of the PnA method
is conclusively shown in these applications.

2. Effect of volume-shift parameter regression on Gibbs
free energy

Volume-shift parameters are widely used to correct volumet-
ric predictions from a cubic EOS. Volume-shift parameters alter
the form of a cubic EOS, but not the form of the fugacity equa-
tions. Therefore, volume shift can be performed separately from
compositional behavior predictions [6,7]. Volume shift, however,
affects compositional behavior predictions when used as regres-
sion parameters in fluid characterization as explained analytically
and numerically in this section.

Kumar and Okuno [3] conducted comparisons of phase behav-
ior predictions from two characterization methods using the PR
EOS; one without volume shift and the other with volume shift.
Although the two characterizations were equally accurate at the
P-T-x conditions used in the regression, the latter gave erroneous
phase behavior predictions at other P-T-x conditions. The deviation
between the two characterizations was more significant for heavier
oils since heavier oils tend to require more volume correction using
the PR EOS.

Fig. 1 shows the main steps for phase behavior calculations using
a cubic EOS. The first step is to calculate the a and b parameters for
each component using T¢, Pc, and w. The second step uses the mix-
ing rules to calculate the a and b parameters for mixtures. Then,
the Gibbs free energy is developed in P-T-x space using the EOS in
the third step. Compositional phase behavior is determined by flash
calculation or minimization of the Gibbs free energy at a given T, P,
and overall composition (z) in the fourth step. Volume shift, if used,
corrects density predictions in the fifth step. Fluid characterization
attempts to match volumetric (or PVT) data with volumetric predic-
tions calculated in the fifth step. Fig. 1 clearly shows that volumetric
phase behavior predictions depend on volume-shift parameters (if
used), Tc, Pc, w, and BIPs. Thus, two different characterizations that
give the same volumetric predictions (fitted to PVT data) have dif-
ferent sets of T¢, Pc, w, BIPs, and volume-shift parameters. It is
evident in Fig. 1 that the relationship is significantly non-linear
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Table 1

Ternary fluid using the conventional characterization method with/without volume shift in regression.

Components Mole fractions MW (g/mol) PR EOS with volume shift PR EOS without volume shift

Tc (K) Pc (bars) w CPEN (cc/mol) Tc (K) Pc (bars) w
L 0.4219 16.10 190.86 46.07 0.0089 -5.19 190.86 46.07 0.0089
1 0.0176 31.66 315.59 47.83 0.1065 —-5.85 315.59 47.83 0.1065
H 0.5605 291.30 848.33 24.18 0.4373 -110.14 1022.44 19.48 0.5108
Temperature (K) 330.40
Saturation pressure (bars) 196.48

L=N;+C0Oy +Cy,1=Cy+C3, H=Cy«

and implicit between phase behavior predictions and adjustment
parameters in regression.

Compositional phase behavior predictions are determined by
the parameters that form the single-phase Gibbs free energy (i.e.,
the Gibbs free energy calculated assuming a stable single-phase
state even in multiphase regions). Let us consider two characteri-
zations for a given fluid that yield the same volumetric predictions;
one without volume shift and the other with volume shift. The
parameter set is (T¢, Pc, ®, k)" for the former, and is (T¢, P¢, w, k,
c)W for the latter. The bold symbols, such as T¢, P¢, w, and ¢, indi-
cate vectors consisting of N¢ elements, where N¢ is the number of
components. ¢ is a vector for Nc volume-shift parameters. Kk is a BIP
matrix consisting of k;; (i=1, 2,...,N¢, and j=1, 2,...,Nc). For the
two cases, the dimensionless molar Gibbs free energy change on
mixing, g, at a given T, P, and z is the following:

A G WO
wo __ mix
& ‘( RT )

N (D wo
5" 2in [z,w,(Tc, Pe.w.k.T.P.2) ] 0
i=1 @i(Tci, Pei, i, T, P)

A G\
wo_ mix ¥
& ‘( RT )

_ ZNC 2.1n | %%i(Tc.Pc, 0, K T, P, z)" exp(c;P/RT)
B i=1 l QDi(TCb PCiv w;, T7 P)w exp(CiP/RT)

N, = w
_ Z'C Ziln |:ZI¢I(TC7 PC7 (,0,](, Ta vaz) :l , (2)
i=1 ¢i(Tci, Pei, @i, T, P)

where g; is the fugacity coefficient for pure component i, and
@; is the fugacity coefficient of component i in a mixture of overall
composition z. A single phase is assumed. Egs. (1) and (2) show that
two different sets of parameters give two different single-phase
Gibbs free energy surfaces in P-T-x space.

For example, an oil is characterized as a ternary fluid using the
PR EOS with and without volume shift as shown in Table 1. Actual
compositional simulation studies often require a larger number of
components. Use of only three components in this case study is to
visually demonstrate the volume-shift effects in a simple manner.
The ternary fluid consists of the L, I, and H components. All BIPs
are zero for the two characterizations without loss of generality
of the discussion. The two characterizations are equally accurate
in calculation of the saturation pressure, 196.48 bars, at the reser-
voir temperature 330.4K and oil densities at 276.3, 258.5, 223.6,
196.5, 175.2, 144.6, 103.0, 62.3, 41.0, and 7.1 bars at 330.4 K. How-
ever, the two characterizations have different properties for the H
component.

Figs. 2 and 3 show g"° and gV, respectively, in composition
space at 196.48 bars and 330.4K based on the parameters given in
Table 1 and Eqgs. (1) and (2). The contour lines are equally spaced.
The difference between g"° and g% is not obvious in the figures,
but g"° exhibits a deeper valley than gV; there is no contour line

0.0 0.2 04 0.6 0.8 1.0 |

Fig. 2. Dimensionless molar Gibbs free energy change on mixing for the ternary
fluid given in Table 1 at 330.4K and 196.48 bars. Contour lines are drawn with the
interval of 0.05 between —0.85 and 2.0. The PR EOS is used without volume shift.

corresponding to —0.8 for g%, whereas the contour line correspond-
ing to —0.8 is present for g"°.

Although volume shift does not change the form of fuga-
city equations, different set of parameters (the w and wo cases)
results in different phase equilibria. For the two cases, the fugacity

0.0 0.2 0.4 0.6 0.8 10 |

Fig. 3. Dimensionless molar Gibbs free energy change on mixing for the ternary
fluid given in Table 1 at 330.4K and 196.48 bars. Contour lines are drawn with the
interval of 0.05 between —0.85 and 2.0. All the contour lines are higher than —0.8.
The PR EOS is used. Volume shift parameters are used in regression.
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L Components:
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H =C,*
T =330.40K
P, = 196.48 bars
MilP = 351.86 bars

Injection Gas

/

H " ‘|

Fig. 4. Phase envelope for the ternary fluid given in Table 1. The PR EOS is used
without volume shift. MMP calculated for the injection gasis 351.86 bars at 330.40 K.

equations for liquid-vapor (L-V) equilibrium at a given T, P, and
overall composition is the following:

XMPH(Te, Pe, o, K, T, P, x)"° = y"°¢Y (T, Pc, w, k, T, P,y)"°  (3)

XVPH(Te, Pe, K, T, P, X)" =y @) (T, Pc, o, K, T, P, y)" (4)

for all i, wherei=1, 2,....,Nc, and x and y are the liquid and vapor
phase composition vectors, respectively. Egs. (3) and (4) are solved
on the Gibbs free energy shown in Figs. 2 and 3. Results are pre-
sented in Figs. 4 and 5. The two-phase envelope without volume
shiftis larger than that with volume shift at 196.48 bars and 330.4 K
in this case. The two characterizations give similar predictions near
the oil composition. However, the difference becomes significant in
the region away from the oil composition.

The different immiscibilities predicted can result in a large dif-
ference in the minimum miscibility pressure (MMP) for the two
characterizations. For example, the MMP calculated at 330.4K for
the injection gas of 40% L and 60% I is 351.86 bars without vol-
ume shift and 250.75 bars with volume shift. This simple case study
clearly shows that the effects of volume shift can be quite sig-
nificant on oil recovery predictions. Since P-T-x conditions used
in laboratory measurements cannot cover actual reservoir condi-
tions encountered in reservoir processes, the volume-shift effects
in P-T-x space should be considered in fluid characterization. The

L Components:
L =N,+CO,*+C,
;—l = Czj‘ca
T  =33040K
Pex  =196.48 bars

Injection Gas

/

L

\

H' ) ) |

Fig. 5. Phase envelope for the ternary fluid given in Table 1. The PR EOS is used.
Volume shift parameters are used in regression. Use of volume shift results in a
two-phase envelope that is significantly smaller than that in Fig. 4. MMP calculated
for the injection gas is 250.75 bars 330.40 K.

0.35

| Increasing
0:30 p=25 \APIgravity 2o 1)

fais = B
0.25 r(2)
0.20 pids
“'_%
015 | / p=7.0
v p=90

0.10 /
0.05
0.00 -

0 5 10 15 20

S Parameter

Fig. 6. Chi-squared distributions for different p values in Eq. (5). The p parameter
controls the degree of skew and the size of effective composition space. A lighter
fluid tends to have a smaller p value. For light fluids, the effective CN (or MW) range
is small compared to heavy oils.

PnA method does not require volume shift to accurately predict
volumetric and compositional phase behaviors as shown below.
Therefore, the PnA method uses no volume shift, and properly cou-
ples the two types of phase behavior.

3. Extension of the perturbation from n-alkanes (PnA)
method

The PnA method previously presented in Kumar and Okuno [3]
successfully characterized heavy oils with the PR EOS as described
in the introduction section. It required only three adjustment
parameters fr, fp, and fi, to perturb T¢, Pc, and w of pseudo com-
ponents, respectively. The f5 perturbation parameter was used
for the m parameter, a one-to-one function of w used in the
temperature-dependent term in the attraction term of the PR EOS.
The perturbations were performed in well-defined directions from
the n-alkane values of Kumar and Okuno [30]. A single value for
each of the three adjustment parameters was successfully applied
for all pseudo components for heavy-oil characterization.

In this section, the PnA method is extended to characterize other
types of reservoir fluids without loss of simplicity. A fourth adjust-
ment parameter is introduced to consider proper trends of the
attraction and covolume parameters of the PR EOS with respect
to MW (or CN) depending on the overall composition of the fluid
to be characterized. The main novelty of this research lies in here.

3.1. Overall composition

The Chi-squared distribution function is used in the composition
characterization step in the PnA method. More complicated func-
tions like the gamma (I") distribution function can also be used.
However, the Chi-squared distribution function can characterize
the degree of skew, which is the key information required in the
new PnA method, using the p parameter in

2P De 5 Is((p~2) - 1)
I(p-2)

Eq. (5) expresses the probability density for the S variable,
which is MW or CN in the context of composition characteriza-
tion. The p parameter increases with decreasing API gravity in
general. Its practical values range between 2 and 10 [33,34]. Fig. 6
shows Chi-squared distributions for different p values. The compo-
sitional characterization method using Eq. (5) is described in detail
in Quifiones-Cisneros et al. [34], and is not duplicated here.

fdis = (5)
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3.2. Critical parameters for n-alkanes and their internal
consistency

A plus fraction contains a variety of compounds, such as
paraffins, naphthenes, and aromatics (PNA). Conventional charac-
terization methods assume implicitly a certain PNA distribution in
their critical parameter estimation as described in the introduction
section. In the PnA method, the PNA distribution of a plus frac-
tion is initially set to be the limiting distribution of 100% n-alkanes,
and then characterized explicitly in the regression algorithm. Thus,
pseudo components are initially assigned the n-alkane values for T,
Pc, and m based on the correlations of Kumar and Okuno [30]. The
MW in the correlations was augmented by perturbation parameters
fr, fp, and f; in Kumar and Okuno [3];

Tc = 1154.35 — 844.83(1.0 + 1.7557 x 10-3fyMw) >° (6)
-0.638
Pc = 559.93 (W) ~1.49 )
p

m = 0.4707 + 2.4831(fuMW) — (39.933>

fmMW
The m parameter is related to w [2] as follows:

m = 0.37464 + 1.54226w — 0.26992w? forw < 0.3984 (9)

m = 0.379642 + 1.48503w — 0.164423w? + 0.0166660°
for w>0.3984. (10)

Egs. (6)-(8) reduce to the original correlations of Kumar and Okuno
[30] for n-alkanes when the perturbation parameters are 1.0. These
correlations were developed using T¢, Pc, and m optimized for n-
alkanes from C; to Cyqgg in terms of the vapor pressure and liquid
density using the PR EOS without volume shift. These correlations
yield 3.0% and 3.4% AAD for density and vapor pressure predictions,
respectively.

Use of the correlations of Kumar and Okuno [30] with the PR
EOS satisfies Pitzer’s definition of w for each n-alkane. That is, the
vapor pressure (Pyapp) calculated at 0.7T¢ using the PR EOS with Tg,
Pc, and w is equal to the vapor pressure (Pyap;) from

(Pyap)att,—0.7 = 10~ 1)P¢ (11)

using P¢ and w. This internal consistency of T¢, Pc, and w was also
satisfied for each pseudo component in the regression algorithm of
Kumar and Okuno [3] by minimizing the ¢ function

n
&= HzizlabS(PVAPl — Pyapn) (12)

where n is the number of pseudo components. A minimum in
¢ typically occurs when the m parameter for one of the pseudo
components falls in a range between 0.94 and 0.96. The internal
consistency is satisfied when one of the pseudo components has an
m parameter value of 0.946 in the new algorithm presented later.

3.3. Attraction and covolume parameters

Egs. (6)-(8) use a single value for each of the three perturbation
parameters for all pseudo components. This uniform perturbation
was successful in the previous PnA method for characterizing heavy
oils. In this research, the PNA distribution of a plus fraction is char-
acterized more mechanistically.

Yarborough [16] presented trend curves for specific gravity (SG)
at 288.15K and 1.01325 bars as a function of CN and “aromaticity”.
The aromaticity parameter was defined as the percentage of total
carbon atoms in a molecule which are within the benzene ring. In
our opinion, however, aromaticity in his presentation should be

1.15

o Uniform Perturbation, f;= 1.60, fp=1.25, f,=0.60
< Uniform Perturbation, f;= 3.60, fp=2.00, f,=0.35

1.05

0.95

0.85

Standard Specific Gravity

0.75

0.65 1 1 I 1 1 I 1

Carbon Number

Fig. 7. Standard specific gravity (SG) calculated for aromaticity levels 10 and 60
using uniform perturbation from n-alkanes. The perturbation was made by matching
the standard SG for C; at the two aromaticity levels given in Yarborough [ 16]. Critical
parameters are calculated using the correlations of Kumar and Okuno [3]. The plots
show that the uniform perturbation gives deviation from Yarborough'’s trend curves
for higher CN. However, the deviation levels off at a certain CN.

interpreted as deviation from n-alkanes. For example, naphthenes
cannot be well defined using aromaticity, but their standard SG
trend was shown to be much higher than that of n-alkanes. Never-
theless, the term “aromaticity”, instead of deviation from n-alkane,
is used for brevity in this paper. In Yarborough'’s presentation, CN
ranged from 7 to 40, and aromaticity from O to 80. The standard
SG trend curves for the aromaticity levels of 10 and 60 are repro-
duced in Fig. 7. The standard SG increases with CN and aromaticity.
Although the trend curves of Yarborough are based on the standard
SG, we use them here to show qualitatively how perturbation
should be done in different regions of composition space.

Fig. 7 also shows the standard SG calculated for the aromaticity
levels of 10 and 60 using the PR EOS with uniformly perturbed crit-
ical parameters. The uniform perturbations for the two aromaticity
levels were conducted by matching the standard SG of C;. Results
show that the uniform perturbation gives deviation from Yarbor-
ough'’s trend curves for higher CN. However, the deviation levels
off at a certain CN as shown in Fig. 8.

We then match the SG trend curves for CNs from 8 to
40 using variable perturbation. Fig. 9 shows the resulting
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Fig. 8. Absolute deviation for standard SG calculated for two aromaticity levels 10
and 60 using uniform perturbation from n-alkanes. Absolute deviation increases
with increasing carbon number and becomes nearly constant for high CNs.
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Fig. 9. Variable perturbation from n-alkanes to match the standard SG curves from
Yarborough [16]. Aromaticity of 10 is considered. Uniform perturbation is appro-
priate for the higher CN range, while sharply increasing perturbation is required for
the lower CN range.

perturbation parameters for CNs from 7 to 40 for the aromatic-
ity level of 10. Uniform perturbation is appropriate for the higher
CN range, while sharply increasing perturbation is required for the
lower CN range. This explains why uniform perturbation can be
used for heavy-oil characterization, where CNs of all pseudo com-
ponents are typically higher than 20. For lighter reservoir fluids,
however, a few pseudo components usually fall in the region of
composition space where perturbation should be increased with
CN or MW.

Perturbations of critical parameters directly affect the attrac-
tion (a) and covolume (b) parameters of a cubic EOS, which in turn
affect the Gibbs free energy and volumetric predictions in P-T-x
space. Figs. 10 and 11 show the a and b parameters, respectively,
for three levels of aromaticity 0, 10, and 60. The original correlations
of Kumar and Okuno [30] are used for n-alkanes (i.e., zero aromatic-
ity). The fr, fp, and fi, values fitted to Yarborough’s trend curves are
used for the aromaticity levels 10 and 60. The a parameter increases
with CN for a fixed aromaticity level. The effect of aromaticity on the
a parameter is not systematic, i.e., the a parameter increases with
aromaticity for light hydrocarbons, and the trend is the other way
around for heavier hydrocarbons. The trend of the b parameter is
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Fig. 10. The attraction (a) parameter for three levels of aromaticity 0, 10, and 60.
The original correlations of Kumar and Okuno [30] are used for n-alkanes (i.e., zero
aromaticity). The fr, fp, and fi, values fitted to Yarborough’s trend curves are used
for the aromaticity levels 10 and 60. Temperature is 288.15K.
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Fig. 11. The covolume (b) parameter for three levels of aromaticity 0, 10, and 60.
The original correlations of Kumar and Okuno [30] are used for n-alkanes (i.e., zero
aromaticity). The fr, fp, and f,, values fitted to Yarborough'’s trend curves are used
for the aromaticity levels 10 and 60. Temperature is 288.15K.

more systematic. The b parameter for n-alkane is higher than those
for aromatic hydrocarbons for a given CN. Also, n-alkanes exhibit
the largest gradient of the b parameter with respect to CN.

Fig. 12 shows a parameter group a/b? () based on the values
for the a and b parameters in Figs. 10 and 11. The i parameter for
each component can be calculated using the PR EOS as follows:

— 2P (T) (13)

The y parameter is a function of T¢, Pc, w, and T as shown in
Eq. (13). The i parameter is sensitive to the level of aromaticity for
light and intermediate hydrocarbons, where variable perturbation
is required (see Fig. 12). This is also true at a realistic reservoir
temperature of 370.15 K as shown in Fig. 13. We therefore use the
Y parameter to control variable perturbation in different regions
of composition space.

The 1/ parameter behavior with respect to CN and aromaticity
depends on the functional form of the EOS used (the PR EOS in
this research). The ¥y parameter monotonically decreases with CN
for high aromaticity levels, but exhibits a maximum for low aro-
maticity levels including n-alkanes. The i/ parameter for a fixed
CN increases with increasing level of aromaticity, and changes its
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Fig. 12. The v parameter (y =a/b?) for three levels of aromaticity based on the
values for the a and b parameters in Figs. 10 and 11. Temperature is 288.15 K. The ¢
parameter for each component is calculated using Eq. (13).
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Fig. 13. The 1 parameter (1 =a/b?) for three levels of aromaticity at 370.15 K. All
critical parameters and acentric factors are the same as those used in Figs. 10 and 11.
The y parameter changes its sensitivity to aromaticity around the CN of 20. Trend
curves are given for the lighter and heavier model fluids. For the model trends, the
physical trend is also considered that heavier fractions are relatively more naph-
thenic and aromatic than lighter fractions.

sensitivity to aromaticity around CN 20 as shown in Figs. 12 and 13
at different temperatures.

Van Konynenburg and Scott [35] used the i/ parameter in their
pioneering research on classification of binary phase diagrams
using the van der Waals EOS. The 1/ parameters for two components
(i.e., ¥, where i=1, 2) were used to characterize size-asymmetric
binary mixtures.

Fig. 13 is useful in considering qualitatively how the i param-
eter should be characterized depending on the fluid composition
of interest. In general, heavier fractions are relatively more naph-
thenic and aromatic than lighter fractions [16,36]. This physical
trend is plausible considering that a larger number of carbon atoms
allow for more variations of hydrocarbon molecular structures;
e.g., if the uniform distribution of molecular structures is consid-
ered within individual CN groups, the concentration of n-alkane
becomes lower for higher CN.

Let us consider two model fluids; the lighter and heavier model
fluids. The lighter model fluid has all pseudo components within
the range of C;-Cyq. The heavier model fluid has all pseudo compo-
nents heavier than Cyq. The lighter model fluid has a CN range for
pseudo components that is much narrower than the heavier model
fluid as can be expected from Fig. 6. In the CN range higher than
approximately 20, the i parameter decreases with CN for a given
level of aromaticity, and is insensitive to the level of aromaticity.
Therefore, the decreasing i trend with respect to CN is considered
for the heavier model fluid in Fig. 13. In the CN range lower than
approximately 20, the i parameter is sensitive to the level of aro-
maticity within the narrow CN range. Therefore, the increasing
trend with respect to CN is considered for the lighter model fluid
in Fig. 13.

The y parameter typically increases with CN (like the lighter
model fluid in Fig. 13), if all pseudo components are within the
range of C;-Cyo. For some heavy oils, the lightest pseudo com-
ponent can be around Cyg, and the ¢ parameter is expected to
decrease almost linearly with CN (like the heavier model fluid in
Fig. 13). For many fluids, however, the CN range of pseudo compo-
nents contains the boundary of the two distinct regions, which is
approximately Cyg. For these fluids, the 1 parameter exhibits com-
binations of these two model trends depending on the CN range of
their pseudo components and their average aromaticity. The two
model trends in Fig. 13 are shown to be linear for simplicity. Actual

trends of characterized fluids are non-linear in general as shown in
the next section.

We assume use of four pseudo components based on the Chi-
squared compositional characterization for discussion here. CN
ranges observed for various fluids in our research can be sum-
marized as follows: 7-30 for gas condensates, 9-45 for light oils,
11-60 for intermediate oils, and 13-85 for heavy oils. Light gas
condensates, for which the C7, fraction is less than 2%, can have all
four pseudo components within the CN range from 7 to 20. Their
Y trends can be strongly influenced by the n-alkane curve, which
exhibits a convex trend (see Fig. 13).

The overall composition information can be obtained by the dis-
tribution function fitted to the composition data available. The PnA
method considers an expected trend of v in the regression process
depending on the p parameter value obtained from the fitted Chi-
squared distribution. Uniform perturbation is suitable for heavy oils
as presented in Kumar and Okuno [3]. This can be also seen in Fig. 9,
which shows that uniform perturbation is appropriate for heavier
fractions using the PR EOS. Hence, the p parameter value of 10 cor-
responding to extra heavy oils is considered as the limiting value,
for which perturbation is uniform. With increasing API gravity, the
p parameter value decreases below 10, and variable perturbation
is required according to the i trends discussed above.

3.4. Regression algorithm

In this subsection, we discuss briefly how the current PnA
method implements the new concept regarding the Y parameter
presented in the previous subsection. The main difference from the
regression algorithm of Kumar and Okuno [3] is that the pertur-
bation parameters fr, fp, and fi; in Egs. (6)-(8) are augmented by
a fourth adjustment parameter y. We measure a deviation of the
fluid of interest from the limiting fluid with the p parameter value
of 10 using constants d;, where j is the component index for pseudo
components. The d constants are calculated specifically to a given
fluid, and collectively serve as a fluid type indicator. Then, the d
constants and the fourth adjustment parameter y are combined to
have a desired trend of the Yy parameter, considering the overall
composition of a fluid and CNs of pseudo components within that
fluid.

The algorithm uses four adjustment parameters fr, fp, fm, and y
to match the saturation pressure at the reservoir temperature and
liquid densities at different pressures and the reservoir tempera-
ture. Volume shift parameters are not used in the PnA method. BIPs
are constant as described in Kumar and Okuno [3]. The BIPs used
in the PnA method are 0.0 for N,-CO,, 0.1 for N,-C;, where 1 <i <6,
0.13 for N,-pseudo-components, and 0.1 for CO,-hydrocarbons.
BIPs are zero for hydrocarbon-hydrocarbon pairs. The algorithm
is presented below in a step-wise manner, and in Appendix A using
a flow chart.

Step 1. Composition characterization: Using the composition data
available, the plus fraction is split into n pseudo components
using the Chi-squared distribution function (Eq. (5); see Quifiones-
Cisneros et al. [34]). This step gives the mole fractions and MWs of
n pseudo components and the p value of the fluid.

Step 2. Calculation of gradation constants d;: The mole fractions
and MWs of n pseudo components are calculated assuming that
the fluid p value is 10. We calculate the ratios of the MWs from
step 1 to the MWs with the assumption of p equal to 10. The result-
ing ratios are normalized with respect to the ratio for the lightest
pseudo component. These normalized ratios are the d; constants,
where j=1, 2,...,n. That is, dy is always 1.0.

Step 3. Check for the necessity of using density data. Characterize
the fluid assuming that fr, fp, and f;; are equal to 1.0 in Egs. (6)-(8).
Compare density calculations using the PR EOS to the experimental
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density data. If the average density deviation indicates overpredic-
tion of the densities, than go to step 5. Otherwise, continue to step
4 below.

Step 4. Characterization using density and saturation pressure
data.

i. fr=1.0,fp=1.0, y=0.0, and k=1, where k is the iteration index.
ii. Find f;; with which T¢, P¢c, and m are internally consistent using

. 7(39.933/(fmkade.V"))
) (14)

m; = 0.4707 + 2.4831 (fmkMWde?’

In each iteration, fr; is adjusted until one of the pseudo compo-
nents has an m parameter value equal to 0.946.
iii. Calculate critical parameters using

-2.0
T.jx = 1154.35 — 844.83(1.0 4 1.7557 x 10*3kad1?’"MWj)
(15)
—0.638
MW;
P = 559.93 i —-1.49 (16)
kadj

iv. Adjust fr and fp to match the saturation pressure and density
data.
v. Update y using

Vi =0.5[yk_1 +21(3.464 + h)favg]a (17)

where favg = (F2%_; +f2_ +F2 )/ UFricr + oot + i)
6=(3.0+h)h, h is the harmonic mean of z;, z;, and zy; z.: mole
fraction of methane in the overall composition; z;: sum of the
mole fractions of N,, CO,, and C;, where i=2, 3,...,6. zy: mole
fraction of C7.. fr and fp are set to 1.0, and go to step 4-ii until the
difference of the y values between two consecutive iterations
becomes below a tolerance; e.g., 10-3.
Step 5. Characterization using only saturation pressure data.
fr=0.97,fp=0.97,y=0.0 (for bubble point search), y = 1.5 (for dew
point search), and k=1, where k is the iteration index.
Find f, with which T¢, Pc, and m are internally consistent using
Eq. (14).
Calculate critical parameters using Eqs. (15) and (16).
Adjust y until the saturation pressure is matched.

The maximum overprediction in step 3 that we observed in this
research is 4%, which is quite accurate. Such accurate density pre-
diction in step 3 indicates that phase behavior of the fluid is similar
to that of a n-alkane mixture using the PR EOS. We observed in
this research that density matching is not needed for such fluids
because of the small density errors.

Eqgs. (14)-(16) are based on our correlations presented in [30],
but also consider the four adjustment parameters (fr, fp, fm, and
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Fig. 14. Trends of the fr, fp, fm, and y parameters during iteration for oil 2 given
in Table 2. As y increases from the starting value of zero, fr, fp, and f, decrease.
Convergence is achieved when the rate of increase in y or the rate of decrease in fr,
fp, and f;, becomes negligible.

y) and the d constants. Eqs. (14)-(16) reduce to the original forms
developed for n-alkanes in [30] when fr=fp=fn =1.0 and y=0.0.

Eq.(17)was designed to achieve a qualitative trend that the con-
verged y value decreases as the fluid becomes heavier. Obviously,
there are many other possibilities for the iteration scheme that
achieves this qualitative trend. Eq. (17) is a successful model that
we developed in this research. zj, h, and favg in Eq. (17) decreases
for heavier fluids in general. The main consideration points in the
model development include the following:

- 0<h<1/3, and the equality holds for the uniform distribution of
components

- zj typically decreases for heavier fluids

- h typically decreases for heavier fluids

- 6 decreases as h decreases (note that h>0)

- favg becomes the self-weighted average when 6 is unity, or when
the component distribution is not very skewed with h of 0.3028.
favg typically decreases for heavier fluids. This is because for
heavier fluids, fr and fp typically increases above 1.0, and f, typi-
cally decreases below 1.0.

Fig. 14 shows an example trend of the four adjustment parame-
ters fr, fp, fm, and y during iteration when o0il 2 (39.89°API) in Table 2
is characterized using the above algorithm. As y increases from
the starting value of zero, fr, fp, and fi; decrease. Convergence is
achieved when the rate of increase in y or the rate of decrease in
fr, fp, and f; becomes negligible. The internal consistency of Tc, Pc,
and m is evaluated by the ¢ function given in Eq. (12). Fig. 15 shows

Table 2
Converged fr, fp, fm, p, and y values for reservoir oils characterized using the PnA method. Slim-tube MMPs are reported for these oils in the literature.
Oil No. References MW (g/mol) °API Res. temp. (K) No. of density data fr fr fm p y
1 [37], F1 135.24 35.222 374.85 5 1.091 1.101 0.399 4.5 1.236
2 [37], F2 136.25 39.89 372.05 6 1.574 1.143 0.389 4.7 1.481
3 [37], F3 82.41 39.312 387.35 11 1.239 1.026 0.500 6.3 0.977
4 [37], F4 63.17 40.34° 388.20 7 0.959 0.959 0.545 3.0 0.770
5 [37],F5 125.82 32.04° 394.25 12 1.347 1.124 0.412 4.5 1.318
6 [37], F6 96.25 37.73% 373.15 5 1.072 1.060 0.488 4.2 1.067
7 [37], F7 96.19 41.067 393.15 12 1.357 1.060 0.443 4.9 1.383
8 [37], F11 82.55 38.712 373.75 11 1.172 1.066 0.501 3.8 0.921
9 [37], F13 150.2 35.64% 377.55 8 1.499 1.038 0319 44 0.996
10 [55], F1 161.42 31.85 350.40 16 1.538 1.196 0.347 4.6 1.341
11 [55], F2 109.37 40.03 353.70 17 1.418 1.086 0.392 3.9 1.304

2 As reported. All other API gravities are calculated from density at 288.15K and 1.01325 bars.
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Fig. 15. Trends of the ¢ function and the y parameter during iteration for oil 2 given
inTable 2. The ¢ function is defined in Eq. (12). In our earlier work (Kumar and Okuno
[3]), the € function was the stopping criterion in regression. Here, the ¢ function is
not the stopping criterion in regression. The ¢ function decreases with increasing y
value, and is sufficiently small on convergence.

that the ¢ function decreases with increasing y and is sufficiently
small on convergence. The algorithm is written in FORTRAN, and
takes less than two minutes on average per fluid using the Intel
Core i7-960 processor at 3.20 GHz and 8.0 GB RAM.

Gas condensates and light volatile oils behave like n-alkane mix-
tures due to low concentrations of the C7. fraction. For these fluids,
density data are not required in the PnA method. The next section
shows that the correlations of Kumar and Okuno [30] enable the PR
EOS to accurately predict densities in such cases.

The key parameter in the PnA method is y, which controls the ¥
gradient with respect to CN (or MW) of pseudo components. Hence,
adjustment of y can be carried out using more data, instead of using
Eq. (17). For example, liquid saturation data from constant vol-
ume depletion (CVD) and constant composition expansion (CCE),
slim-tube MMPs, and three-phase data can be used to adjust y.
For solubility data, BIPs may be adjusted for methane and heavier
pseudo components to change phase behavior predictions locally in
composition space. As is shown in the next section, the PnA method
systematically and monotonically adjusts phase behavior predic-
tions using a few adjustment parameters, unlike the conventional
methods.

The PnA method preserves physical trends of parameters by (1)
starting with the values optimized for a homologous series of n-
alkanes, (2) limiting the number of adjustment parameters, and (3)
perturbation based on physical considerations described in sections
1, 3.2, and 3.3. Pedersen and Christensen [5] recommended using
coefficients in their T¢, Pc, and m correlations [45,46] as regres-
sion parameters, instead of individual components’ T¢, Pc, and m
(or w). With this approach, it is easier to maintain smooth varia-
tions of T¢, Pc, and m with respect to CN. However, physical trends
are achieved only when appropriate limits are considered for the
coefficient values. This approach gives 13 coefficients as possible
regression parameters, apart from volume-shift parameters. The
number of regression parameters actually used is restricted to keep
the number of regression parameters smaller than the number of
data points. Selection of regression parameters is made based on
the sensitivity to the difference between phase behavior predic-
tions and data points in Pedersen and Christensen [5].

4. Application of the PnA method

In this section, the PnA method is applied to 77 reservoir fluids,
ranging from 9.5°API to 71.1°AP], where 12 components are used

altogether; N5, CO,, Cq, Cy, C3, Cy4, Cs, Cg, and four pseudo compo-
nents. Data available and used for characterization are (i) overall
compositions, (ii) saturation pressures at reservoir temperatures,
and (iii) liquid densities at different pressures at reservoir temper-
atures, unless otherwise stated. Other types of data available, such
as MMPs, CVD, and CCE, are not used in characterization, but are
used to evaluate the reliability of characterized fluid models.

The significance of considering the iy parameter is first pre-
sented using oils listed in Table 2. Predictions from the PR EOS with
the PnA characterization are then compared with data for various
fluids in Section 4.2.

4.1. Significance of the {r parameter

In the previous section, we discussed that perturbation from n-
alkanes should consider the CN range of the pseudo components
used. Uniform perturbation is appropriate for heavy oils since all
pseudo components usually fall in the higher CN range where the
Y parameter is insensitive to the level of aromaticity. For lighter
fluids, some of pseudo components are in the lower CN range where
the ¥ parameter is sensitive to the level of aromaticity (see Fig. 13).
Variable perturbation should be considered to obtain appropriate
trends of the ¥ parameter for these fluids.

The i parameter for the PR EOS is a function of T¢, Pc,and m at a
given temperature as shown in Eq. (13). Obviously, different char-
acterization schemes result in different trends of the y» parameter.
To see this, oil 1 (35.22°API) in Table 2 is characterized using four
different schemes;

Case 1. The PnA method with uniform perturbation (i.e., y is fixed
at zero)

Case 2. The PnA method with variable perturbation (i.e., the algo-
rithm presented in the previous section)

Case 3. The conventional method using the PVTsim software with-
out volume shift (CMy,;,V)

Case 4. The conventional method using the PVTsim software with
volume shift (CMw V).

Case 1 corresponds to the previous PnA method presented in
Kumar and Okuno [3]. Cases 3 and 4 are based on step-wise man-
ual adjustment of T, Pc, and w as described in detail in Kumar
and Okuno [3]. The number of components used is 12 for all cases.
The CMs use the default BIP values from PVTsim as they would
be the most suitable values for PVTsim. They are —0.017 for Nj-
C0,, 0.0311 for N,-Cq, 0.0515 for N;,-C;, 0.0852 for N,-C3, 0.08 for
N2-C4, 0.1 for N»-Cs, 0.08 for N-C;, where i>6, 0.12 for CO,-GC;,
where 1 <j <6, and 0.1 for CO,-pseudo-components. As in the PnA
method, BIPs are zeros for hydrocarbon-hydrocarbon pairs in the
CMs. For a fair comparison, the same composition characterization
based on the Chi-squired distribution is used for the four cases.
Saturation pressure and density data are matched by adjusting T,
Pc, and o for cases 1-3. For case 4, saturation pressure is matched
using T¢, Pc, and w. The change of T¢, Pc, and w also alters density
predictions, but they are not necessarily accurate yet. Then, only
volume shift parameters are used to match density data. We calcu-
late the MMPs for the oil with injection gas (0.48% N5, 4.97% CO,,
58.22%Cy,17.14% C5,12.10% C3,4.97% C4, 1.66% Cs5, and 0.53% Cg ) at
the reservoir temperature 374.85K. The corresponding slim-tube
MMP is reported to be 220 bars in Jaubert et al. [37].

The resulting trend of ¥ along with the AD on the MMP is
shown for each case in Fig. 16. The CN range of the pseudo com-
ponents is approximately from 11 to 40, which is similar to the
entire CN range presented in Fig. 13. Case 1 with uniform pertur-
bation exhibits a monotonically decreasing trend of ¥ with respect
to CN for the four pseudo components. The calculated MMP has a
large AD of +19% compared to the slim-tube MMP. Considering the



260 A. Kumar, R. Okuno / Fluid Phase Equilibria 358 (2013) 250-271

0.34
-©-PnA Variable Perturbation
-e-PnA Uniform Perturbation
0.32 F --CM without Volume Shift
-6-CM with Volume Shift
-6.0% AD
® 030 | 0.0% AD
(1]
Kol
?9 0.08 L o 6.3% AD
o 17% AD
2
©0.26
0.24 r 19% AD
0‘22 1 1 1 1 1 1 1 1 1

5 10 15 20 25 30 35 40 45 50
Carbon Number

Fig. 16. The v parameter (1 = a/b?) for oil 1 given in Table 2. Four different schemes
are used for characterization; PnA with uniform perturbation, PnA with variable
perturbation, CMyV, and CMy, V. The dashed curve shows the ¥ trend when the
PnA method uses y of 1.08 to match the slim-tube MMP of 220 bars.

approximate CN of 11 for the lightest pseudo component, the neg-
ative slope of ¥ is not expected. Cases 3 and 4 present an obvious
minimum in the trend of ¥ with respect to CN. Even though the
MMP calculated for case 3 is relatively accurate, it may be difficult to
justify such ¥ trends, considering the CN range of the pseudo com-
ponents and that heavier pseudo components are more naphthenic
and aromatic than lighter pseudo components in general [16]. Use
of volume shift in case 4 makes the calculated MMP less accu-
rate due to the fundamental reasons presented in the section on
Effect of Volume-Shift Parameter Regression on Gibbs Free Energy.
Case 2 shows a monotonically increasing trend of v with respect to
CN. The converged y is 1.23. Considering the inevitable dispersion
effects in slim-tube tests, the AD of —6.0% is acceptable in this case.

Matching MMP data in fluid characterization has been proposed
in the literature (e.g., Egwuenu et al. [38]). It will be easy to imple-
ment this proposal in the PnA method. Fig. 17 shows the MMPs
calculated for different y values. A monotonic change in the cal-
culated MMP is observed with respect to y. The slim-tube MMP of
220bars can be predicted with y of 1.08, and the corresponding
Y trend is shown by a dashed line in Fig. 16. Although matching
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Fig. 17. Minimum miscibility pressures calculated for different y values for oil 1
(Table 2) with injection gas (0.48% N, 4.97% CO,, 58.22% Cq, 17.14% C;, 12.10% C3,
4.97% C4, 1.66% Cs, and 0.53% Cg) at 374.85 K. A monotonic change in the calculated
MMP is observed with respect to y. The slim-tube MMP of 220 bars can be predicted
with y of 1.08.
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Fig. 18. The trend of the a parameter for the four pseudo components for each of four
cases considered in Fig. 16 The dashed curve shows the trend for the a parameter
when the PnA method uses y of 1.08 to match the slim-tube MMP of 220 bars.

a slim-tube MMP without considering dispersion effects has lit-
tle practical importance, this exercise shows that phase behavior
predictions can be adjusted systematically and monotonically with
the PnA method. Similar control over phase behavior predictions is
difficult with the CM.

Figs. 18 and 19 show the a and b parameters for the four pseudo
components for each of the four cases. The dashed curves corre-
spond to the case for y of 1.08. Case 4 deviates significantly from the
other cases in the a and b parameters. However, it is case 1 that has
the largest error in the MMP calculation as shown in Fig. 16. The a
and b parameters are interdependent in fluid characterization, and
the i parameter properly captures the interrelationship between
the a and b parameters. Cases 1-3 are similar in the trends of the
a and b parameters. However, the i parameter effectively makes
the differences among the cases more marked.

For all oils in Table 2, slim-tube tests and measured MMPs are
reported in the literature. Table 3 lists slim-tube and calculated
MMPs for eight oils from Table 2, one of which is oil 1 discussed
above. A small amount of C7. contained in some of the injection
gases is discarded for the MMP calculations (their C7. concentra-
tions are less than 0.3%). Two cases are considered for these MMP
calculations; one with variable perturbation and the other with uni-
form perturbation. The AAD on the MMP calculations is 6.7% for
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Fig.19. The trend of the b parameter for the four pseudo components for each of four
cases considered in Fig. 16 The dashed curve shows the trend for the b parameter
when the PnA method uses y of 1.08 to match the slim-tube MMP of 220 bars.
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Table 3
Slim-tube and calculated MMPs for eight oils from Table 2.

Oil No. (From Table 2) °API Slim-tube Variable perturbation PnA Uniform perturbation PnA
MMP, bars method, MMP (bars) method (y =0), MMP (bars)
1 35.22 220 207.86 262.00
2 39.89 220 258.79 339.00
3 39.31 376 366.84 446.52
4 40.34 379 350.61 437.56
5 32.04 366 341.00 496.12
6 37.73 309 296.16 371.33
7 41.06 296 317.00 357.50
8 38.71 335 343.00 435.03
AAD% 6.70 26.70

the former case and 26.7% for the latter case. These results further
indicate the significance of considering the ¥y parameter in pertur-
bation using y. The AAD from the new PnA method is similar to the
result of Jaubert et al. [39], who conducted MMP calculations for
the same oils. Unlike the PnA method, they developed fluid mod-
els using various data from standard PVT measurements, swelling
tests, and multicontact tests.

4.2. Case studies

The 77 different fluids considered here are 34 heavy and black
oils, 12 volatile oils (including one near-critical fluid), and 31 gas
condensates (including three near-critical fluid). These fluids are
listed in Table 2 and Tables 4-6.

For oils 1-22 listed in Table 4, available data are limited to over-
all compositions, saturation pressures, and liquid densities that are
used in characterization. Most of them are heavy oils, for which
data are in general scarce in literature [40,41]. Therefore, pseudo
data [42] are generated for MMPs with pure CO, and pure C; and
some three-phase envelopes using 30 components based on the
CM,yoV [5,26,43-47] as explained in detail in Kumar and Okuno
[3]. The 30 components consists of Ny, CO,, Cq, Cy, C3, Cy4, Cs, Cg,
and 22 pseudo components for the C. fraction. We have used the
default BIP values in PVTsim [48] for CM,,V as presented in the
previous subsection. Using the CM,y,,V, the effects of the num-
ber of components on phase behavior predictions diminish when

Table 4

more than 16 components are used [3]. Thus, use of 22 pseudo
components is appropriate to avoid errors caused by reduction of
composition space. We directly use the compositions characterized
by Quifiones-Cisneros et al. [34] for oils 1-13, 18, and 22 in Table 4.

Tables 5 and 6 list volatile oils and gas condensates, respectively,
for which PVT data are available, such as CVD and CCE data. MMP
data are unavailable for the volatile oils.

Tables 2, 4 and 5, and 6 present converged y values and cor-
responding fr, fp and f; values, which are plotted with respect to
the API gravity in Figs. 20-23. The converged fr and fp values are
greater than 1.0, and the converged f, values are smaller than 1.0.
The overall trends indicate that heavier fluids tend to require more
perturbation from n-alkanes. This is consistent with the physical
trend that heavier fractions are relatively more naphthenic and
aromatic than lighter fractions [16,36].

The y parameter plays an important role in the extended PnA
method. It controls the gradient of v with respect to MW or CN for
pseudo components. Fig. 23 shows that the y parameter becomes
greater for lighter fluids. This is because a lighter fluid contains
pseudo components lighter than Cyg at higher concentrations. The
Y parameter is sensitive to aromaticity for such lower CNs as shown
inFig. 13.For heavy oils, variable perturbation from n-alkanes is less
significant; the importance of the ¥ and y parameters diminishes
as the API gravity becomes lower as shown in Fig. 23. For extra
heavy oils, the PnA method reduces to the previous PnA method
developed in Kumar and Okuno [3].

Converged fr, fp, fm, p, and y values for reservoir oils characterized using the PnA method. For these oils, available data are limited to overall compositions, saturation pressures,

and liquid densities.

Oil No. References MW (g/mol) °API Res. temp. (K) No. of density data fr fr fm p y
1 [56], Oil-8 443.08 9.50 322.05 13 2.064 1.728 0.361 8.0 0.091
2 [56], Oil-7 431.59 11.63 322.05 12 1.683 1.647 0370 8.0 0.041
3 [33], Oil-6 377.88 13.38 322.05 13 2.871 1.819 0.245 7.5 0.063
4 [33], Oil-5 422.94 11.98 322.05 13 1.787 1.659 0.381 7.5 0.048
5 [33], Oil-1 170.59 20.81 330.40 16 2.879 1.760 0.403 6.0 0.084
6 [34], Oil-8 182.05 24.25 333.15 16 2.771 1.893 0.429 9.0 0.227
7 [34], Oil-7 159.99 29.24 330.40 16 2.288 1.731 0.439 8.0 0.088
8 [34], 0il-6 118.18 35.61 346.15 5 1.802 1.514 0.414 7.0 1.092
9 [34], Oil-5 130.55 28.30 337.85 3 2.781 1.786 0.444 6.0 0.200
10 [34], Oil-4 114.57 33.35 337.85 6 2.248 1.600 0.468 5.5 0.443
11 [34], 0il-3 87.80 40.46 337.25 5 1.744 1.256 0.470 4.0 0.988
12 [34], Oil-2 89.83 47.63 366.45 11 1.419 1.047 0.446 4.0 0.809
13 [34], Oil-1 86.57 60.18 427.60 13 1.128 1.000 0.585 25 0.340
14 oil? 296.90 22.60° 357.50 13 1.936 1.433 0.284 5.7 0.535
15 [57], Oil-1 123.79 34.04 355.37 8 2.249 1.646 0.394 6.6 1.011
16 [57], Oil-6 83.31 40.90° 385.37 20 1.325 1.033 0.440 41 1.390
17 [57], Oil-7 113.60 39.70° 328.15 20 1.334 0.997 0.390 3.7 1.459
18 [58], Oil-5 240.24 20.19 345.93 15 2.615 1.815 0.343 4.0 0.110
19 [59], Light Oil 105.28 43.68 377.59 8 1.075 0.978 0.436 6.1 1.309
20 [46], Fluid-1 124.57 35.73 344.75 8 2.160 1.532 0.462 5.8 0.402
21 [57], Oil-4 96.22 41.30° 316.48 10 1.546 1.152 0423 4.6 1.498
22 [56], L-0il-2 80.90 62.40 418.15 22 1.402 1.033 0.446 2.5 1.312
23 [60], West Sak Oil 228.88 18.68 299.81 10 1.635 1.605 0.566 5.7 0.048

2 This is an actual oil, but the source is not mentioned for confidentiality.

b As reported. All other API gravities are calculated from density at 288.15K and 1.01325 bars.
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Table 5
Converged fr, fp, fm, p, and y values for volatile oils characterized using the PnA method. PVT data are available for these oils, such as CVD and CCE data.
Oil No. References MW (g/mol) °API Res. temp. (K) fr fo fm p y Data limits value (type®) Dev.©
1 [61], Fluid-12 46.07 50.3 354.82 1.018 1.018 0.562 23 0.620 38.20(1) 3.19
2 [61], Fluid-13 56.06 36.7 364.82 1.972 1.344 0.437 23 0.503 3.93(3) 0.02
3 [61], Fluid-14 54.57 40.7 360.93 1.412 1.188 0.486 24 0.555 1.00(3) 0.01
4 [61], Fluid-15 51.11 57.5 353.15 1.106 0.973 0.662 29 0.829 2.98(3) 0.02
5 [61], Fluid-16 59.63 55.6 42593 0.957 0.957 0.525 2.5 0.600 35.30(1) 2.12
6 [61], Fluid-17 67.32 445 414.82 1.179 0.998 0.418 25 0.806 6.84(3) 0.03
7 [61], Fluid-18 59.90 54.4 423.15 0.980 0.991 0.628 3.2 0.569 7.57 (3) 0.03
8 [61], Fluid-19 62.65 59.5 377.59 1.092 0.977 0.458 43 1.315 4.06 (3) 0.01
9 oil® 86.68 56.6 376.75 1.568 1.048 0.487 4.0 1.144 2.46 (3) 0.01
10 [62], Oil A 50.93 44.5° 408.70 0.956 0.956 0.643 25 0.670 33.30(1) 6.38
11 [62], Oil B 57.50 56.7 393.70 0.956 0.956 0.596 3.1 0.760 49.50 (1) 3.13
12 [63]4 37.94 57.5 371.60 1.043 1.043 0.648 2.0 0.280 13.69(2) 293

As reported. All other API gravities are calculated from density at 288.15K and 1.01325 bars.

(1) is CVD liquid saturation (%), (2) is CCE liquid saturation (%), (3) is CCE relative volume (v/v).

Oil No. 12 is near critical.

a
b
¢ Deviation=sum of absolute of (experimental value — predicted value)/number of data point.
d
e

This is an actual oil, but the source is not mentioned for confidentiality.

Fig. 24 depicts the average gradient of i with respect to MW
of pseudo components (Ay/AM). This average gradient is cal-
culated using y¥’s and MWs for the lightest and heaviest pseudo
components. The gradient is small for heavy fluids, and gradu-
ally increases as the API gravity increases. This is consistent with
the trends of i for the two model fluids presented in Fig. 13.
Fig. 25 shows the variation of the Y gradient with respect to y.
As y increases, the gradient also increases. These figures indicate
that the algorithm successfully converged as designed in the previ-
ous section. The v parameter is effectively controlled by adjusting

Y.

4.2.1. MMP calculations

We showed that the extended PnA method gives better MMP
predictions than the previous PnA method for eight oils in Table 2.
Here, we further test the extended PnA method for oils 1-22 in
Table 4. MMPs at reservoir temperatures are calculated for 100% C;
using PVTsim [48] and for 100% CO, using PennPVT [49,50]. CO,-
MMP for oils 1, 2, 4, and 18 in Table 4 are not considered because
of the presence of three phases during the MMP calculations.

Figs. 26 and 27 compare the MMPs from the PnA method and
those from pseudo data. Good agreement is observed between
them for heavy oils and light oils. Some oils in the range of

Table 6
Converged fr, fp, fm, p, and y values for gas condensates characterized using the PnA method. PVT data are available for these oils, such as CVD and CCE data.

Fluid No. References MW (g/mol) °API Res. temp. (K) frand f, fm P y Maximum data value (TypeP) Dev.©
1 [61], Fluid-3 31.53 58.3 424.82 0.972 0.485 2.0 0.760 11.70 (1) 1.15
2 [61], Fluid-4 31.44 59.9 403.15 0.970 0.513 2.0 0.680 13.00 (1) 2.12
3 [61], Fluid-5 32.41 60.4 382.59 0.974 0.530 21 0.730 23.30(2) 5.54
4 [61], Fluid-7 36.62 59.6 397.59 0.975 0.756 2.6 0.720 25.00(1) 5.38
5 [61], Fluid-8 40.77 62.9 42482 0.970 0.710 2.2 0.410 30.40(1) 1.63
64 [61], Fluid-10 39.23 64.7 422.59 0.971 0.545 33 0.670 33.60(1) 1.15
74 [61], Fluid-11 41.71 62.3 424.82 0.970 0.516 3.0 0.820 32.20(1) 1.91
8d [57], Gas-5 30.29 61.8 403.70 0.971 0.552 2.0 0.660 417 (3) 0.01
9 [19], Sample-7 25.53 71.2 406.45 0.971 0.527 2.0 0.780 5.82 (1) 0.65

10 [64] 25.76 54.0 382.59 0.972 0.725 2.2 0.520 9.25(1) 1.55

114 [65] 44.40 66.4 435.93 0.965 0.629 4.0 0.790 2.61(3) 0.01

124 [62], Gas B 40.58 58.5 387.59 0.974 0.444 2.0 0.660 40.90 (1) 0.78

13 [66] 27.29 55.3 394.00 0.973 0.430 2.0 1.060 11.32(1) 1.82

14 [5] 29.14 58.5 428.15 0.973 0.540 2.0 0.800 11.89(2) 2.24

15 [25], PL-1 23.64 58.9 358.78 0.972 0.528 2.0 0.760 8.15(1) 0.72

16 [25], PL-2 22.10 52.8 378.15 0.974 0.513 2.0 1.280 5.08 (1) 0.42

17 [25], PL-3 21.55 64.9 357.59 0.972 0.622 2.0 0.520 4.00(1) 1.56

18 [25], PL-4 20.62 57.3 364.22 0.971 0.566 2.0 1.050 3.73 (1) 0.37

19 [25], PL-5 20.30 64.3 355.37 0.973 0.640 2.0 0.610 3.79(1) 0.55

20 [25], PL-6 19.75 55.1 367.59 0.972 0.607 2.0 1.350 1.89(1) 0.23

21 [67],CS-1 32.61 71.1 366.48 0.972 0.690 25 0.350 19.90 (1) 5.21

22 [67], CS-2 35.04 59.7 410.93 0.970 0.659 2.0 0.490 21.60(1) 2.84

23 [67],CS-3 2445 61.4 365.37 0.971 0.721 2.0 0.930 217 (1) 0.48

24 [21], NS-1 35.04 44.0° 41043 0.971 0.659 2.0 0.490 21.60(1) 2.83

25 [4], GOCW-7 33.62 60.5 358.70 0.973 0.575 2.5 1.050 23.90(1) 2.50

26 [68], Example-1 54.92 57.1 410.90 0.890 0.572 2.9 0.960 69.81(1) 8.79

27 [68], Example-2 32.65 59.5 436.70 0.975 0.684 2.0 0.530 15.63 (1) 0.96

28 [68], Example-3 26.26 58.4 393.20 0.973 0.604 2.0 1.000 475(1) 0.63

29 [68], Example-4 28.34 59.0 377.60 0.971 0.586 21 0.830 11.84 (1) 0.73

30 [68], Example-5 21.27 56.4 377.60 0.970 0.716 2.0 1.340 1.69(1) 0.43

31 JAPEX 29.81 58.9 402.59 0.972 0.641 2.0 0.570 6.67 (3) 0.06

2 As reported. All other API gravities are calculated from density at 288.15K and 1.01325 bars.

b (1) is CVD liquid saturation (%), (2) is CCE liquid saturation (%), (3) is CCE relative volume (v/v).

¢ Deviation = Sum of absolute of (experimental value-predicted value)/number of data point.
4 Gas condensates 6, 7, 8, 11, and 12 are near critical.
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Fig. 21. Trend of the converged fp values with respect to the API gravity. Heavier
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Fig. 26. Comparisons of C;-MMPs for 22 oils in Table 4 using the PnA method and
those from pseudo data. Good agreement is observed except for the API gravity
range between 30 and 40. This is attributed to the discontinuity in the CMy,V char-
acterization used to generate pseudo data. PVTsim used in the CMy,,V gives two
different characterization options, normal and heavy characterizations, based on an
oil gravity criterion of 30°API.

30-40°API, however, have AD of 20% (encircled in Figs. 26 and 27).
This is because of the discontinuity in the CMy,,V used to gen-
erate the pseudo data. PVTsim used in the CMy,,V gives two
different characterization options, normal and heavy characteriza-
tions, based on an oil gravity criterion of 30°API. We observed that
there can be significant differences in phase behavior predictions
between these two characterization options around 30°API. Such
a discontinuity in fluid characterization is undesirable consider-
ing the continuity of phase behavior (or, more fundamentally, the
single-phase Gibbs free energy) in P-T-x space. The PnA method
avoids the discontinuity by incorporating various physical consid-
erations in the development as explained in the previous sections;
the most important one is variable perturbation from n-alkanes for
application to a wide variety of fluids. The AAD in C;-MMPs and
CO,-MMPs for the 22 oils is approximately 7% using the extended
PnA method.
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Fig. 27. Comparisons of CO,-MMPs for 18 oils in Table 4 using the PnA method
and those from pseudo data. Good agreement is observed except for the API gravity
range between 30 and 40. This is attributed to the discontinuity in the CMy,,V char-
acterization used to generate pseudo data. PVTsim used in the CMy,,V gives two
different characterization options, normal and heavy characterizations, based on an
oil gravity criterion of 30°API.
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Fig. 28. CVD liquid saturation for volatile oil 1 given in Table 5. The reservoir tem-
perature is 354.82 K. The oil has 12.92% C7.+ mole fraction. The molecular weight of
Cz.+ is 205 g/mol, and the overall molecular weight is 46.07 g/mol. Predictions are
also presented using the PnA method with different y values and CM,y,V methods.
The y parameter converges to 0.62 using the algorithm given in Section 3.4.

4.2.2. Volatile oils

We characterize the 12 volatile oils given in Table 5. The types
of phase behavior predicted for the oils are presented in the table;
liquid saturation in CVD and CCE, and relative volume in CCE are
indicated as 1, 2, and 3, respectively, in Table 5. Table 5 also lists
the limits of measured values in the experiments along with devi-
ations of the predictions from data. Since these are volatile oils,
liquid saturation is 100% at the bubble points. Liquid saturation
data at lowest measured pressures are listed for data types 1 and
2. Relative volume data at lowest measured pressures are listed for
data type 3. Using the PnA method, the AD is 3.7% in CVD liquid
saturation prediction, and predictions of CCE relative volume are
nearly perfect.

Figs. 28 and 29 compare the CVD liquid saturation curves for
volatile oils 1 and 5, respectively. These oils were characterized
using only saturation pressure data (see step 5 in the regression
algorithm subsection). The PnA method yields the small AADs given
in Table 5 for these oils even without using density data. The y
parameter converges to 0.62 using the algorithm given in Section
3.4. Fig. 28 also shows the CVD liquid saturation with the following
y values: 0.3, 0.4, 0.5, and 0.6. The liquid saturation curve varies
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Fig. 29. CVD liquid saturation for volatile oil 5 given in Table 5. The reservoir tem-
perature is 425.93 K. The oil has 17.2% C7. mole fraction. The molecular weight of
Cy+ is 218 g/mol, and the overall molecular weight is 59.63 g/mol. Predicted values
are also presented using the PnA methods.
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Fig. 30. CCE relative volume curve for volatile oil 6 given in Table 5. The reservoir
temperature is 414.82 K. The oil has 19.0% C7. mole fraction. The molecular weight
of C7+ is 250 g/mol, and the overall molecular weight is 67.32 g/mol. Predicted values
are also presented using the PnA methods.

monotonically with the y parameter. As an example for CCE pre-
dictions, Fig. 30 compares the CCE relative volume for volatile oil 6.
Nearly perfect prediction for the CCE relative volume is observed
from the figure.

Fig. 28 also shows the liquid saturation curve using the CM;,V
with 12 components. The CN ranges for pseudo components in the
PnA and CM,,,V are almost the same. For a fair comparison, den-
sity matching is not conducted for both cases (density matching
actually deteriorates the CVD liquid saturation prediction using the
CM,y, in this case). A large deviation is observed in the CM,,V case
for pressures between 250 bars and 455 bars.

To see the fundamental difference between the PnA and CM,;,V
for volatile oil 1, Fig. 31 compares the a; and b; parameters for the
four pseudo components in the two characterizations. It is diffi-
cult to find any abnormality in Fig. 31. However, Fig. 32 presents
an important difference between the two characterizations in the
Y parameter, which was defined as a,~/bl.2 before. The  trend for
the PnA method exhibits a combined trend of the two model fluids
in Fig. 13. The CM,,;,V method results in the ¥ trend that exhibits
a minimum for the second lightest pseudo component. With this
range of pseudo components’ CNs, the i value for the second light-
est pseudo component should not be less than that for the lightest
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Fig. 31. Comparison of the a; and b; parameters for pseudo components for volatile
oil 1 given in Table 5. Characterizations were made using the PnA and CMy,V
methods.
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Fig. 32. Comparison of v trends for pseudo components for volatile oil 1 given in
Table 5. Characterizations were made using the PnA and CM,,,V methods. The
trend for the PnA method exhibits a combined trend of the two model fluids in
Fig. 13. The CMy,,V method results in the v trend that exhibits a minimum for the
second lightest pseudo component.

pseudo component. A large deviation in the liquid saturation curve
prediction around the saturation pressure is likely attributed to this
¥ behavior for the CMy,;,V.

Volatile oil 12 in Table 5 is a near-critical fluid, for which CCE
liquid saturation is predicted in Fig. 33. This oil is characterized
at temperature of 371.6 K, and the critical temperature of the oil
is 388.1K. The PnA method is able to reproduce quantitatively
the substantial sensitivity of liquid saturation to pressure. We
also attempted to characterize this oil with CM,,V. However, the
CMy,,V method predicted that the fluid is gas condensate rather
than volatile oil. This is a common problem with conventional char-
acterization methods for near critical fluids [61].

4.2.3. Gas condensates

The 31 gas condensates listed in Table 6 include a wide MW
range from 19.75 to 54.92. Gas condensates 6, 7, 8, 11, and 12 are
near critical. As indicated in Table 6, CVD liquid saturation curves
(data type 1) are predicted for 26 gas condensates. CCE tests (data
types 2 and 3) are predicted for the other five gas condensates.
Characterization of the gas condensates does not use density data in
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Fig. 33. CCE liquid saturation for near-critical volatile oil 12 given in Table 5. Pre-
dicted values are also presented using the PnA method. The reservoir temperature is
371.6K, and the critical temperature is 388.1 K. The oil has 9.86% C7. mole fraction.
The molecular weight of the C;. fraction is 192.8 g/mol, and the overall molecular
weight is 37.94 g/mol.
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Fig. 34. CVD liquid saturation for gas condensate 20 given in Table 6 at 367.6K.
Predictions from CMy,,V with four pseudo components and from the PnA method
are also presented. The gas condensate has 1.62% C7. mole fraction. The molec-
ular weight of the Cy. fraction is 143 g/mol, and the overall molecular weight is
19.75 g/mol.

regression due to low C7, fractions. These gas condensates behave
like light n-alkane mixtures, for which the PR EOS predicts densities
accurately with the correlations of Kumar and Okuno [30]. The AAD
for density predictions is less than 4% for the gas condensates given
in Table 6.

Table 6 summarizes results for phase behavior predictions using
the PnA method. For gas condensates, liquid saturation is zero at
dew point. Hence, the maximum value in the experimental data is
listed for each gas condensate, along with the AAD. The PnA method
is successful for these gas condensates as indicated by the low AADs.
As sample results, Figs. 34 and 35 depict CVD liquid saturation for
gas condensates 20 and 5, respectively. The former exhibits low lig-
uid saturation with a maximum of 1.89% at the lowest measured
pressure. The latter exhibits a maximum saturation of 30.40% at
a relatively high pressure in the two phase region. These figures
also include the predictions from CM,y,V for comparison. The pre-
diction from the CMy,;,V method is in large error for the light gas
condensate in Fig. 34. However, the CM,,;,V and PnA methods give
similar predictions for the rich gas condensate in Fig. 35. These
results for gas condensates and volatile oils indicate that the PnA
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Fig. 35. CVD liquid saturation for gas condensate 5 given in Table 6 at 424.82 K.
Predictions from CMy,,V with four pseudo components and from the PnA method
are also presented. The gas condensate has 10.87% C7. mole fraction. The molec-
ular weight of the Cy. fraction is 173.0 g/mol, and the overall molecular weight is
40.77 g/mol.
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Fig. 36. Trends of Y for gas condensates 4, 12, 20, and 26 given in Table 6. For gas
condensates, the CN range of pseudo components is narrow. Therefore, 1 trends are
increasing as shown in Fig. 13. In general, the slope of 1 becomes smaller as the CN
range of pseudo components becomes wider.

method is quantitatively accurate in prediction of quality lines and
densities.

Fig. 36 shows the i trends for gas condensates 4, 12, 20, and
26, for which the maximum liquid saturations are 25.00%, 40.90%,
1.89%, and 69.81%, respectively. The CN range of pseudo compo-
nents is typically narrow for gas condensates, and the i parameter
increases with CN as shown in Fig. 13. In general, the slope of ¢
becomes smaller as the CN range of pseudo components becomes
wider. The four pseudo components for gas condensate 20 are
lighter than Cyg. Hence, the sharply increasing trend is conceivable
since the Y parameter is sensitive to aromaticity in this CN region.
Gas condensates 4 and 12 have CN ranges of Cg—Cy, and Cg—Cyg,
respectively. The ¥ parameters for these fluids exhibit convexity
in the low CN region, which can be seen for n-alkanes in Fig. 13.
Gas condensate 26 has the pseudo components in the CN range of
Cg-C3¢. Because of the wide CN range, the y parameter shows a
combined trend of the two model fluids in Fig. 13.

Matching liquid saturation data can be difficult using the con-
ventional fluid characterization methods. This is true especially
when liquid saturation is sensitive to pressure and temperature
(e.g., see Figs. 28, 33 and 35). Matching such liquid saturation data
requires accurate prediction of dense quality lines and liquid densi-
ties (i.e., compositional and volumetric phase behaviors) along the
experimental pressure path at a fixed temperature. However, the
PR EOS is quite accurate in liquid density prediction for light fluids
using the correlations of Kumar and Okuno [30]. Thus, adjustment
of compositional phase behavior for the small C7. fraction is cru-
cial for reliable prediction of condensation/vaporization behavior
of these fluids.

To show this, we characterize near-critical gas condensate 7
in Table 6 using the PnA and CM,,V methods. CVD liquid satura-
tion curves from the two characterizations are compared with data
points in Fig. 37. The CM,,V results in large deviations near the dew
point. However, the two methods result in similar phase behavior
for the C7, fraction as shown in Fig. 38. The converged y value for
the PnA method is 0.820 as given in Table 6. The best match of the
PnA characterization results in y of 0.930. Fig. 38 shows that the
two values of y give essentially the same phase behavior of the C7.
fraction. These results indicate the significant sensitivity of liquid
saturation to C7, characterization in this case. PVT measurements
for C;. at the reservoir temperature 424.82 K and lower would not
help because the three phase-envelopes nearly coincide there as
shown in Fig. 38.



A. Kumar, R. Okuno / Fluid Phase Equilibria 358 (2013) 250-271 267

45

¢ Data
40 | o PnA
35

” Best match with PnA aty = 0.93
y=1.00
y=1.10
y=1.20

CVD Liquid Volume, %
N
o

0 50 100 150 200 250 300
Pressure, bars

Fig. 37. CVD liquid saturation for near-critical gas condensate 7 given in Table 6 at
424.82 K. The gas condensate has 12.39% C7+ mole fraction. The molecular weight
of the 7. fraction is 158.23 g/mol, and the overall molecular weight is 41.71 g/mol.
Predictions are presented using the CM,,V method and the PnA method with dif-
ferent y values; 0.82, 0.93, 1.00, 1.10, and 1.20. The y parameter converges to 0.82
using the algorithm given in Section 3.4.

The PnA method is able to control gas condensate behavior by
adjusting only one parameter (y) to match the dew point. The
adjustment changes phase behavior predictions systematically as
shown in Figs. 37 and 38. Fig. 37 shows the CVD liquid satura-
tion curves for different y values. It is evident that the predicted
curve changes monotonically with varying y and systematically in
pressure space.

Gas condensate 6 is another near-critical fluid, for which Fig. 39
shows quality lines (B is the vapor phase mole fraction). The
calculated critical point is 402.0K and 339.2 bars. The reservoir
temperature and pressure are 422.6 K and 339.4 bars, respectively.
Fig. 40 shows that the PnA method accurately predicts CVD liquid
dropout, which results from the dense quality lines near the critical
point.

4.2.4. Heavy oils

Oils heavier than 30°API listed in Table 4 are considered as heavy
oils [26]. The present PnA method reduces to the previous PnA
method developed for heavy oils [3] when y is zero. As can be seen
in Fig. 23, the y values for extra-heavy oils of 10°API are nearly
zero. The present PnA method performs similarly to the previous
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Fig. 38. P-T phase envelope for the C. fraction using the three fluid models shown
in Fig. 37. The three models have similar phase behavior for the C, fraction. Liquid
saturation given in Fig. 37 is sensitive to the C7. phase behavior.
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Fig. 39. Quality lines for near-critical gas condensate 6 given in Table 6. Vapor molar
phase fractions (f) are shown beside the curves. The calculated critical temper-
ature and critical pressure are 402.0K and 339.2 bars, respectively. The reservoir
temperature (Tres) and pressure (Pges) are is 422.6 K and 339.4 bars, respectively.

one for heavy oils. Our focus here is on the West Sak oil (0il 23 in
Table 4), for which gas solubility data are available in the literature,
and predictions of three hydrocarbon phases.

4.2.4.1. P-V predictions. For oil 23, the oleic phase saturations for
two mixtures (60% CO, and 40% oil, and 80% CO, and 20% oil) are
predicted at 299.81 K using the PnA method. Reasonable accuracy
of the PnA method is observed in Figs. 41 and 42. The AAD is 2.7%
for the 60% CO, mixture, and 5.6% for the 80% CO, mixture. Fig. 42
shows predictions with different y values; 0.048, 0.8, 1.0, and 1.2.
The converged y value is 0.048 using the algorithm given in Sec-
tion 3.4. A systematic change in predictions in pressure space is
observed. The change is also monotonic with the y parameter. With
available phase saturation data, the optimum y value can be easily
selected using the PnA method.

Aghbash and Ahmadi [51] developed a 10-component fluid
model for this oil. They used all non-zero BIPs. The PnA method
does not require non-zero BIPs for hydrocarbon pairs to obtain sim-
ilar phase behavior predictions. Fig. 43 compares the yy parameters
for pseudo components from Aghbash and Ahmadi [51] with those
from the PnA method. The y» parameter monotonically decreases
with CN for the two cases, which is in line with our discussion for

40

+ Data

CVD Liquid Volume, %
- - N N [] w
o [$,] o (4] o (3]

()]
T

o 1 1 L 1 1 1 &
0 50 100 150 200 250 300 350

Pressure, bars

Fig. 40. CVD liquid saturation for near-critical gas condensate 6 given in Table 6 at
422.6 K. The gas condensate has 12.27% C7+ mole fraction. The molecular weight of
the Cy. fraction is 154.93 g/mol, and the overall molecular weight is 39.23 g/mol.
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Fig.41. Oleic phase saturation data and predictions using the PnA method for heavy
oil 23 given in Table 4 [60] at 299.81 K. This is a mixture of 40% oil and 60% CO,.
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Fig.42. Oleic phase saturation data and predictions using the PnA method for heavy
oil 23 given in Table 4 [60] at 299.81 K. This is a mixture of 20% oil and 80% CO,. The
converged y value is 0.048 using the algorithm given in Section 3.4.
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Fig.43. The y parameter (¢ = ai/biz) for pseudo components for heavy oil 23 given
in Table 4. Two characterizations compared are from Aghbash and Ahmadi [51] and
the PnA method. The ¥/ parameter monotonically decreases with CN for the two
cases, which is in line with our discussion for heavy oils in Fig. 13.
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Fig. 44. Three-phase region from the PnA method is compared with pseudo data
for a mixture of 20% oil 23 (Table 4) and 80% CO,. Pseudo data has been created
using 30 components (with 22 pseudo components) based on the conventional
characterization using the PR EOS without volume shift.
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Fig.45. Three-phase region from the PnA method is compared with pseudo data for
a mixture of 10% oil 5 (Table 4) and 90% C,. Pseudo data has been created using 30
components (with 22 pseudo components) based on the conventional characteri-
zation using the PR EOS without volume shift.
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Fig.46. Three-phase region from the PnA method is compared with pseudo data for
a mixture of 10% oil 5 (Table 4) and 90% Cs. Pseudo data has been created using 30
components (with 22 pseudo components) based on the conventional characteri-
zation using the PR EOS without volume shift.
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heavy oils in Fig. 13. The non-zero BIPs used in Aghbash and Ahmadi
[51] likely did not cause absurd behavior of the Gibbs free energy
in P-T-x space in this case. However, special care must be taken
when BIPs are used in regression [5,9,38].

4.2.4.2. Three-phase predictions. Mixtures of oil and solvent can
present complex three-hydrocarbon-phase behavior [52-54]. The
three phases are the gaseous (V), oleic (L), and solvent-rich liquid
(L) phases. Here, we compare three-phase predictions from the
PnA method with pseudo data. Fig. 44 shows the three-phase enve-
lope for a mixture of 80% CO, and 20% West Sak oil. Figs. 45 and 46
show the three-phase envelopes for two mixtures with oil 5 in
Table 4; 90% C, and 10% oil 5, and 90% C3 and 10% oil 5. Three-
phase predictions from the PnA method nearly coincide with the
pseudo data.

5. Conclusions

We first presented the effects of volume shift on phase behavior
in P-T-x space when volume-shift parameters are used as regres-
sion parameters in fluid characterization. Then, the PnA method
developed for heavy oils in our previous research was extended
to characterize lighter fluids, such as gas condensates, volatile oils,
and near-critical fluids. Extensive case studies using 77 different
reservoir fluids demonstrated the universal applicability, reliabil-
ity, robustness, and efficiency of the new PnA method. The PR EOS
with the van der Waals mixing rules was used throughout the
research. Conclusions are as follows:

1. Volume-shift parameters affect compositional phase behavior
predictions when used as regression parameters in fluid char-
acterization. P-T-x conditions used in laboratory measurements
are only a small part of actual P-T-x conditions encountered in
reservoir processes. Therefore, volume shift should be carefully
performed in regression since it can substantially affect oil recov-
ery predictions through altered phase behavior predictions in
P-T-x space. The PnA method uses no volume shift, and properly
couples volumetric and compositional phase behaviors.

2. T¢, Pc, and w were perturbed to match the density trend curves
with respect to CN for different levels of aromaticity presented
in Yarborough [16]. Results show that uniform perturbation is
appropriate for the CN range approximately higher than 20.
Sharply increasing perturbation with CN is required for the lower
CN range. This explains why the previous PnA method success-
fully used uniform perturbation for characterizing heavy oils,
for which pseudo components’ CNs are typically higher than
20. Case studies demonstrated that perturbation from n-alkanes
depends on the CN range of pseudo components in the new PnA
method.

3. The ¢ parameter defined in Eq. (13) for the PR EOS is more sensi-
tive to the level of aromaticity in the lower CN range than in the
higher CN range. The i parameter increases with CN for fluids
that have all pseudo components in the lower CN range, where
sharply increasing perturbation with CN is required. The trend
is the other way around for fluids that have all pseudo com-
ponents in the higher CN range, where variable perturbation is
less important. Mixed trends of the ¥y parameter with respect to
CN are expected for fluids that have pseudo components in the
two CN ranges. Case studies confirmed this point. Conventional
characterization methods can exhibit unexpected trends of the
1 parameter with respect to CN.

4. The regression algorithm developed in this research controls
the trend of the Yy parameter with respect to CN using a fourth
adjustment parameter y. The algorithm also considers the size
of composition space using the distribution function fitted to
the composition data of the fluid to be characterized. Case
studies showed the reliability and robustness of the algorithm
for all fluids tested in this research. The algorithm written
in FOTRAN takes less than two minutes on average per fluid
using the Intel Core i7-960 processor at 3.20GHz and 8.0 GB
RAM.

5. The importance of the v and y parameters diminishes as the
API gravity decreases. For extra heavy oils, the new PnA method
naturally reduces to the previous PnA method, where y is zero.

6. The PnA method controls phase behavior predictions monoton-
ically with parameter adjustments and systematically in P-T-x
space. This was demonstrated by quantitative prediction of con-
densation/vaporization behavior of gas condensates and light
oils and MMPs for various oil displacements, which can be
difficult using conventional fluid characterization. Unlike the
conventional methods, the PnA method uses only four adjust-
ment parameters and incorporates physical considerations in
parameter adjustment.

7. The PnA method requires no change in the thermodynamic
model used, i.e., it can be readily implemented in existing soft-
ware based on the PR EOS with the van der Waals mixing rules.
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Appendix A. Flow chart for the regression algorithm
presented in Section 3.4.

Compositional details: molecular weights and mole
fractions of well-defined components and the plus fraction
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