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a b s t r a c t

Heavy oil fluids contain large concentrations of high molecular weight components, hence large content
of plus fractions. The hydrocarbon plus fractions that comprise a significant portion of naturally occur-
ring hydrocarbon fluids cause major problems when determining the thermodynamic properties and the
volumetric behavior of these fluids by equations of state. These problems arise due to the difficulty of
properly characterizing the plus fractions. In order to split the plus fractions into single carbon numbers,
generating the mole fraction and the respective molecular weight, a probability model that expresses
the mole fraction as a continuous function of the molecular weight has been developed in this work. The
developed method is based on the relationship between three parameter gamma distribution, exper-
imental mole fraction, molecular weight and single carbon number data obtained from literature and
industrial contracts. In the developed method, the three parameters of gamma distribution are obtained
by the statistical regulation of gamma. The characterized mole distribution as a function of single carbon
number is generated by integrating the gamma distribution between the limiting molecular weights to fit

the characterized and experimental mole fractions. At least two previous carbon numbers and their mole
fraction must be known to use the method. The proposed method was validated by using experimental
extended fluid composition of different reservoir fluids and was compared to other splitting methods
published in the literature. In addition, a worthwhile contribution of this paper is that some of the cor-
relations which have been developed originally to predict the light oil physicochemical properties are
tested for oil heavy samples to identify the ranges where they can be applied.
. Introduction

Reservoir fluids are composed of a lot of different hydrocarbons
nd non-hydrocarbons such as CO2, N2 and H2S. These hydrocarbon
omponents can be classified as follow: (1) Defined components
hich have well known critical properties and acentric factor.

2) True boiling point (TBP) or single carbon number (SCN) com-
onents which have a measured or estimated molecular weight
nd specific gravity, and those critical properties are difficult to
btain experimentally. (3) Heavy ends (plus fraction) which has

measured mole fraction, molecular weight and specific gravity

1]. A conventional laboratory fluid composition report for reser-
oir fluids usually comprises the mole fraction or mole percent for

Abbreviations: TBP, true boiling point; TPG, three parameter gamma distribu-
ion; SCN, single carbon number; EOS, equations of state; PR, Peng–Robinson; LMW,
imiting molecular weight; ARE, average relative error; AARE, absolute average rel-
tive error.
∗ Corresponding author. Tel.: +86 10 89733804; fax: +86 10 89733804.

E-mail addresses: duanjimiao@yahoo.cn (J. Duan), upc wangwei@126.com
W. Wang), hsliu0820@gmail.com (H. Liu), ydgj@cup.edu.cn (J. Gong).
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non-hydrocarbon and methane through plus fraction, including the
molecular weight and specific gravity of the plus fraction [2].

Equations of state (EOS) have been extensively used to gener-
ate phase behavior calculations of petroleum fluids. Peng–Robinson
equation of state (PR-EOS) was originally developed to predict
phase behavior for pure substances with known critical properties
[3]. The use of EOS in multi-component mixtures, such as hydrocar-
bon mixtures, is possible by the application of the mixing rule. This
means that critical properties and acentric factor should be known
for all components of the mixture. There are several correlations in
the literature for calculating critical properties and acentric factor
for each SCN. For plus fraction, accurate properties can be calculated
by accurate representations of the critical properties and acentric
factor. The properties of the plus fraction are very sensitive to the
phase behavior [4]. Direct measurement of the critical properties
for heavy ends is not practical. So a proper description for the plus
fraction is important to effectively predict the phase behavior of
the fluid [5].
Characterization of plus fraction usually includes three steps:
(1) Split the plus fraction into SCN or distillation cuts with known
mole amounts and molecular weights. (2) Estimate the physico-
chemical properties such as critical pressure, critical temperature,

dx.doi.org/10.1016/j.fluid.2013.01.016
http://www.sciencedirect.com/science/journal/03783812
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oiling point, specific gravity and acentric factor of each fraction.
3) Group the generated SCN into pseudo-components and group
he properties of the pseudo-components [6].

Proper characterization of the plus fraction has an important
ffect on phase behavior of the reservoir fluids by using the EOS. It
an lead to erroneous prediction and calculation if the plus fraction
s used directly as one component in calculations of EOS. Several
amples of reservoir oil indicate that the plus C10+ contains a molar
raction close to 70% and the fraction C80+ is representative with
alues close to 2% [7]. The importance of characterizing the plus
raction increases when the oil sample has high molecular weight
nd high density [8].

There are several methods for splitting the plus fraction into SCN
roups. The same number of carbon atoms is lumped in SCN with
redefined value for properties like: PC, TC, Tb, ω and � among these
ethods. Katz [9] proposed the simplest method for splitting the

lus fraction. The method used the exponential function which only
equires the plus mole fraction of C7+. Pedersen et al. [10] proposed
logarithmic relationship between the mole fraction and the car-
on number for SCN. There are two mixture dependent constants
etermined from the measured weight fraction of the plus fraction.

Ahmed et al. [11] presented a concise method for extending
he mole distribution for the heavy fractions of naturally occurring
ydrocarbon systems from studying the mole behavior of thirty-

our hydrocarbon systems with a detailed laboratory compositional
nalyses of the heavy fraction.

Sportisse et al. [12] proposed a fitting based on the charac-
erization of the plus fraction using three continuous distribution
unctions related to the following families: n-alkanes, n-alkyl ben-
enes and polyaromatics. The parameters of the distribution are
tted to improve the accuracy of constant composition liquid
eposit curve calculation at the reservoir temperature.

Huang and Radosz [13] proposed a characterization procedure
or plus fractions. A Gaussian-distribution function was used to
plit the plus fraction into SCN considering that the no uniform
umping is more efficient. They raised a benchmark to compare
fficiency of various lumping approaches which are a continuous
hermodynamic model of phase equilibrium.

Among characterization methods, the most general approach is
y Whitson [14], who presented a method using the three parame-
er gamma distribution (TPG) to estimate the mole fraction of SCN.
he molecular weights were obtained by the Katz correlation [9]
or each SCN.

Each SCN contains hundreds of isomers with the same carbon
umber. It is not possible to set a unique value of molecular weight,
ritical properties and acentric factor, because of the uncertain of
he isomers presented in each SCN [15]. The object of this study is to
nd an accurate method for splitting the hydrocarbon plus fraction
o a respective numbers of SCN and calculating their mole fraction
nd molecular weight, and then use the method validating exper-
mental extended fluid compositions of different petroleum fluids.
lso, the proposed method will be compared with other methods
ublished in the literature.

Generalized correlations have been developed to predict phys-
cochemical properties originally to work with light oil, such as
esler–Lee [16], Winn [17], Pederson–Fredenslund [18], Sancet

19], Twu [20], Ahmed [5], and Edmister [21]. Some of these corre-
ations are tested for heavy oil samples to identify the ranges where
hey can be applied in this work.

. Theory
.1. Whitson’s method to estimate the mole fraction distribution

Whitson [22] proposed a three parameter gamma (TPG) proba-
ility distribution function to describe the relation between mole
ilibria 345 (2013) 1–10

fraction and molecular weight of SCN components of the C7+
fractions. The Gauss–Laguerre quadrature method was used to gen-
erate the mole fraction of SCN. This method is widely used recently,
especially for heavy oil [23]. The molar fraction for each SCN is cal-
culated by cumulative frequency of occurrence between the limits
Mi−1 and Mi multiplied by the mole fraction of the plus fraction.

zi = zCn+

∫ Mi

Mi−1

p(M)dM (1)

where zi is the mole fraction of each SCN group. zCn+ is the mole
fraction of the Cn+ fraction. Mi−1 and Mi represent the molecular
weight of single carbon neighborhood number. i is the single carbon
number. The probability density function, p(M) is as follow:

p(M) = (M − �)˛−1 exp[−(M − �)/ˇ]
ˇ˛� (˛)

(2)

where ˛, ˇ and � are the characteristic parameters of the gamma
distribution. � is the minimum molecular weight presents in the Cn+

fraction. ˛ is used to fit the shape of distribution. � is the minimum
molecular weight presents in the Cn+ fraction and � is the gamma
function. When ˛ = 1, the gamma distribution function reduces to
a simple exponential distribution form.

� = 14n − 6 (3)

˛ · ˇ = MCn+ − � (4)

2.2. Physicochemical properties estimation

Each SCN group contains hundreds of isomers with the same
number of carbon atom. Due to the uncertainty of the isomers pre-
sented in each SCN group, it is not possible to set the unique value of
the physicochemical properties such as critical temperature, criti-
cal pressure and acentric factor by the experimental and literature
database. Several correlations have been developed to estimate the
physical properties of petroleum fractions. They are in principal
function of the boiling point temperature, the specific gravity and
the molecular weight. The correlations are as follows: Kesler–Lee
[16], Winn [17], Pederson–Fredenslund [18], Sancet [19], Twu [20],
Ahmed [5], Edmister [21], etc.

2.3. Lumping method

By splitting the plus fraction into large number of components
with their respective mole fractions and physical properties, an
appropriate mole distribution that represents the plus fraction is
generated. The use of the components in a reservoir simulation is
tedious and time-consuming. So the reduction of the number of
components used in equations of state calculations for reservoir
fluids is needed, defined as lumping.

Whitson [14] proposed a method for deciding which carbon
number fractions to be lumped into the same pseudo-component
and the number of multiple carbon numbers groups (MCN). The
number of groups (Ng) is defined as:

Ng = int[1 + 3.3 log(N − n)] (5)

where N is the number of carbon atoms of the last SCN generated
by the characterization process, n is the number of carbon atoms of
the first SCN within the Cn+ fraction.

The molecular weights separating each MCN group are deter-
mined by:(

M
)I/Ng
MI = MCn+
N+

MCn+
(6)

where MN+ is the molecular weight of the last SCN, MCn+ is the
molecular weight of the first SCN. I represents 1, 2, 3, . . ., Ng.
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The Hong’s mixing rule is used to average TC, PC, ω of the indi-
idual carbon number fractions to one TC, PC, ω to represent the
umped pseudo-components.

The weight fraction average wi for the mixing parameter in char-
cterizing is defined as:

i = ziMi∑L
i ∈ LziMi

(7)

here L is the lumped fraction:
The mixing rule for properties of the MCN is:

L =
L∑

i ∈ L

wi�i (8)

here � represents different properties: pseudo critical pressure
cL, pseudo critical temperature TcL, pseudo volume VcL, pseudo
centric factor ωL and pseudo molecular weight ML.

. Methodology

The developed method for splitting the hydrocarbon plus frac-
ion is based on a modification of Whitson’s approach [14]. The
pproach is based on the fact that SCN group with varied contents of
araffine, naphtene and aromatic compounds with the same num-
er of carbon atoms. It is very important to determine the value of
arameter ˛ in the gamma distribution method. Whitson [22] used
he empirical relation [24] to estimate the value of ˛. However,
t is necessary to have SCN mole fractions and molecular weights
ccurately measured. It should also constitute a full compositional
nalysis and such analyses are nearly nonexistent. The method is
ot available if there is no experimental data of higher carbon. That

s, if only the mole fraction of plus fraction is provided, the SCN
ole fraction cannot be calculated by this method.

.1. Determination of ˛

The modification of Whitson’s method [14] includes a simple
rocedure to determine the value of ˛ and a new definition of the

imits used to calculate the frequency of occurrence for each single
arbon number.

˛ defines the shape of the mole fraction distribution. The mole
istribution of normal and heavy oil system is left skewed which
eans that the value of ˛ is higher than 1 for a characterization with

GB. The exponential distribution characteristic of condensate and
ight hydrocarbon system means that the value of ˛ is equal to 1,
een from Fig. 1.

If the molecular weight for the maximum mole fraction of exper-
mental data has the same value with the molecular weight of the

aximum value of TGB, the best trend fit is found. The value of
olecular weight for the maximum mole fraction of the previous

arbon, Mwmax, can be obtained by the experiment. The derivative
ith the molecular weight of Eq. (2) is calculated by

dp(M)
dM

= (˛ − 1)(M − �)˛−2 exp[−(M − �)/ˇ]
ˇ˛� (˛)

− (M − �)˛−1 exp[−(M − �)/ˇ]
ˇ˛+1� (˛)

(9)

If take the molecular weight to Mwmax, the value of the Eq. (9)
ill be 0. So∣
dp(M)
dM

∣∣
Mwmax

= 0 (10)

The parameters ˛, ˇ and � can be determined by combining
nd solving Eqs. (3), (4) and (10). Once the parameters ˛, ˇ and �
Fig. 1. The mole fraction characterization of different oil systems.

have been determined, the weight boundaries Mi−1 and Mi in the
integral of Eq. (1) determined by the new limits are different from
the Whitson’s method [14]. The length between molecular weight
boundaries is set to a constant. It may cause a great error because
uncertainty of the types and distribution of compounds present in
each single carbon number from one sample to another.

3.2. New weight boundaries for cumulative frequency of
occurrence of SCN

The new weight boundaries to calculate the cumulative fre-
quency of occurrence are defined by the best fit between TPG
and the experimental mole fraction (zexp). Determining the new
boundaries is based on the relationship between TPG and the zexp

of previous carbon number, such as C7 through C29, if C30+ frac-
tion is characterized. In order to establish the function of limiting
molecular weight (LMW) versus carbon number of SCN, at least two
previous carbon numbers and their mole fraction must be known to
use this approach. The relationship between TPG and zexp is found
by iteration and described as a function of LMW versus carbon
number.

The new definition of the limits, LMW, is introduced. Eq. (1) is
then transformed to:

zcal(Ci) = zCn+

∫ LMWi

LMWi−1

p(M)dM (11)

where LMWi−1 and LMWi are the lower and upper limiting molecu-
lar weight. The first lower boundary is set by � (Eq. (3) or by defining
molecular weight of the first component). The upper boundary is
then varied until the calculated SCN mole, zcal(Ci) is matched with
the experimental mole zexp(Ci). The result of upper boundary is then
used as the lower boundary for the next SCN. The function of LMW
versus SCN from C7 to Cn−1 is generated. The use of C7+ fraction is
arbitrary and any other plus fraction can be used. It is recommended
to generate as many values of LMW function of SCN as possible [25].

LMW is calculated by the best fit between zcal(C7) and zexp(C7)
with the following iterative:

(a) Get the lower boundary LMW6 = � , zcal(C7) is obtained by the

first estimation of the limiting molecular weight.

(b) If |zcal(C7) − zexp(C7)| > ε then adjust the upper boundary LMW7
for each iteration.

(c) The process is repeated until |zcal(C7) − zexp(C7)| ≤ ε.
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work for all reservoir fluid types used in compositional simulation.
Samples 1 through 10 are from Al-Meshari et al. [26], the data for
Fig. 2. The program frame of the developed method.

d) The last LMW7 is regarded as lower boundary in the calculating
zcal(C8).

The process to characterize carbon numbers higher than 7 is
imilar with the iterative process presented above. The function of
MW versus carbon number can be generated for carbon number
rom 7 to Cn−1 by the least square fitting. The process is illustrated
n Fig. 2.

The approach proposed requires to define the LMW that will be
sed to split the Cn+ fraction into SCN. The function LMW versus SCN
enerated previously is extrapolated in order to adjust the molec-
lar weight of plus fraction. The simplest function is linear, which
emands at least two previous carbon numbers and their respec-
ive mole fractions to determine. The calculation precision has a
irect relation with the numbers of previous carbon. It requires

ess experiment data than the Whitson method [14].
The molecular weight for each SCN is given by

i = � + ˛ˇ
P(LMWi, ˛ + 1) − P(LMWi−1, ˛ + 1)

P(LMWi, ˛) − P(LMWi−1, ˛)
(12)

here P(X, ˛) is the cumulative probability function defined as the
ntegral of p(x ≤ X) from � to X:

(x ≤ X) =
∫ X

�

p(x)dx (13)

In order to compare the accuracy of proposed methods for

plitting the plus fraction into SCN, the first step is to group the
xperimental extended fluid composition to C7+. The procedure is
s follows:
ilibria 345 (2013) 1–10

(a) Group the extended experimental composition to a plus frac-
tion of C7+, the mole fraction of C7+ is calculated as:

zC7+ =
n∑

i=7

zi (14)

(b) The molecular weight and specific gravity of the new plus frac-
tion C7+ can be calculated as follows:

MC7+ =
∑n

i=7ziMi

zC7+
(15)

�C7+ =
∑N

i=7ziMi∑Ne

i=7ziMi/�i

(16)

The second step is to split the new plus fraction C7+ to origi-
nal extended experimental plus fraction by using the developed
method. Each grouped composition will be extended to Cn+ in order
to observe the values of molecular weight of Cn+. The molecular
weight of Cn+ must be greater than the molecular weight of SCN
n−1.

The last step is to compare the experimental mole fraction with
the calculated, with the average relative error, ARE and the absolute
average relative error, AARE:

ARE =
∑N

C7
(Zicalc − Ziexp)/Ziexp

N
(17)

AARE =
∑n

C7
|Zicalc − Ziexp|/Ziexp

N
(18)

where Ziexp and Zicalc are the experimental and calculated mole frac-
tions for component i, respectively. N is the total number of SCN
extended from 7 to the plus fraction.

If hydrocarbon plus fraction C7+ is extended to SCN n, the mole
fraction and molecular weight of the final group are calculated as
follows:

zCn+ = zplus −
n−1∑
i=7

zi (19)

MCn+ = zplusMplus −
∑n−1

i=7 ziMi

zCn+
(20)

The developed method has been compared with four different
methods that used for splitting the hydrocarbon plus fraction. These
methods are as follows: Pedersen method [6], Katz method [9] and
Whitson method [14].

4. Results and discussion

The developed method here is a modification of Whitson’s
approach [14]. The uncertainty association with the molecular
weight assigned to carbon number was a motivation to develop
this method. In order to validate the developed method, 14 dif-
ferent extended experimental fluid compositions have been used.
These fluid compositions have different plus fractions, such as C20+,
C30+, C35+, C36+ and C45+. The main characterization for these fluids
is presented in Table 1. As shown from Table 1, this set of data cov-
ers a wide range of C7+ mole fraction of 5.45–98.46%, which covers
gas condensates, volatile oils, black oil and heavy oils. The range
has been selected to check the developed methods whether or not
Sample 11 is taken from Rodriguez and Hamouda [27], and Samples
12–14 are from Krejbjerg and Pedersen [28].
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Table 1
Summary for the fluids used in this study.

Fluid Cn+ ZCn+ MCn+ �Cn+ ZC7+ MC7+ �C7+

Sample 1 C36 0.0003 578 0.93 0.054 158 0.79
Sample 2 C30 0.0031 519.3 0.80 0.061 204 0.82
Sample 3 C20 0.0039 337 0.88 0.065 148 0.79
Sample 4 C20 0.0099 490 0.88 0.10 173 0.80
Sample 5 C20 0.047 478.8 0.92 0.14 255 0.87
Sample 6 C20 0.047 415 0.92 0.15 232 0.86
Sample 7 C30 0.010 588 1.01 0.18 189 0.83
Sample 8 C36 0.015 887 1.01 0.23 261 0.87
Sample 9 C45 0.017 2607.3 1.15 0.28 346.6 0.92
Sample 10 C36 0.040 593 1.01 0.34 245.2 0.87
Sample 11 C35 0.26 1038.1 0.97 0.79 527.9 0.79
Sample 12 C30 0.09 449.1 0.98 0.46 226.3 0.92
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Table 3
Comparison results of mole fraction, AARE.

Fluid Absolute average relative error

Method Pedersen Katz Whitson

Sample 1 0.0061 0.16 0.49 0.268
Sample 2 0.0019 0.17 0.61 0.31
Sample 3 0.0029 0.11 0.12 0.31
Sample 4 0.0066 0.098 0.21 0.52
Sample 5 0.00073 0.052 0.42 2.54
Sample 6 0.00082 0.069 0.44 1.18
Sample 7 0.00049 0.11 0.47 0.42
Sample 8 0.0051 0.071 0.64 0.23
Sample 9 0.0056 0.13 0.95 0.31
Sample 10 0.0072 0.091 0.69 0.44
Sample 11 0.0078 0.81 8.61 2.19
Sample 12 0.0081 0.076 0.71 0.69
Sample 13 0.0089 0.33 1.38 2.01
Sample 14 0.00081 0.72 7.97 0.54

Table 4
Comparison results summary of mole fraction, ARE.

Method used zi

Average relative error ((Calc. − Exp.)/Exp.)

Maximum Mean Minimum

Method 0.00089 0.00059 0.000066
Pedersen −0.0017 −0.068 −0.39
Katz 0.44 −0.85 −7.43
Whitson −0.016 −0.72 −2.47

Table 5
Comparison results summary of mole fraction, AARE.

Method used zi

Absolute average relative error (|(Calc. − Exp.)|/Exp.)

Maximum Mean Minimum

Method 0.0089 0.0045 0.00049
Pedersen 0.81 0.21 0.052
Sample 13 C41 0.15 761 1.002 0.98 331.5 0.96
Sample 14 C36 0.25 1038.1 1.11 0.78 539.2 0.94

.1. Verification of the developed method

The developed method is used to calculate the cumulative fre-
uency of occurrence and the results for each method presented
elow.

Table 2 shows the average relative errors that were calculated
sing Eq. (17) for all fluids when the experimental extended com-
osition is grouped to C7+ and then extended to the original plus
raction. In the developed method, the first half of experimental
xtended compositions is used to generate the function LMW versus
CN. The rest of the half is used to compare with the mole fraction
alculated by Eq. (12) using the extrapolated function LMW versus
CN.

As shown in Tables 2–5, the method applied to calculate the
umulative frequency of occurrence of the experimental fluid com-
osition will result a reasonable mole fraction for SCN, which will
eceive lower average relative error (0.000066, 0.00089) and abso-
ute average relative error (0.00049, 0.0089). The calculation results
f the mole fraction are well with those of experiments.

The calculated molecular weight for carbon numbers between
7 and Cn are generated by using Eq. (12) in the developed method.
he molecular weights of Cn+ calculated using Eq. (20) in this case
re all higher than the experiments and reasonable absolute aver-
ge relative error (0.011, 0.0985), seen in Tables 6–8.

.2. Comparing the developed method with other methods
The proposed method to split the hydrocarbon plus fraction has
een compared with three different methods that were used for
plitting the hydrocarbon plus fraction. These methods are as fol-
ows: Pedersen method [6], Katz method [9] and Whitson method

able 2
omparison results of mole fraction, ARE.

Fluid Average relative error

Method Pedersen Katz Whitson

Sample 1 0.000066 −0.029 0.38 −0.016
Sample 2 0.00019 −0.023 0.31 −0.14
Sample 3 0.00029 −0.011 0.0094 −0.24
Sample 4 0.00066 −0.0075 0.072 −0.43
Sample 5 0.00073 −0.0017 −0.14 −2.47
Sample 6 0.00082 −0.0028 −0.12 −1.06
Sample 7 0.00049 −0.0097 0.32 −0.11
Sample 8 0.00051 −0.0041 0.35 −0.089
Sample 9 0.00056 −0.016 0.44 −0.15
Sample 10 0.00072 −0.0058 0.41 −0.22
Sample 11 0.00078 −0.39 −7.43 −2.14
Sample 12 0.00081 −0.0052 0.21 −0.64
Sample 13 0.00089 −0.11 −0.065 −0.47
Sample 14 0.00081 −0.348 −6.78 −1.96
Katz 8.61 1.69 0.12
Whitson 2.54 0.85 0.23

[14]. Tables 2 and 3 show the comparison results of mole fraction for
each carbon number using Eqs. (17) and (20) between the proposed
methods and these three methods. Tables 4 and 5 give the summary
of the comparison results of average relative error and absolute
average relative error respectively. Tables 6–8 show comparison

results of molecular weight of Cn+.

The proposed method is the most accurate method to split
hydrocarbon plus fraction for different reservoir fluids especially
those used in compositional simulations compared with the other

Table 6
Comparison results of molecular weight of Cn+.

Fluid Cn+ MCn+

Experiment Method Pedersen Katz Whitson

Sample 1 C36+ 578 596.03 626.58 654.12 653.83
Sample 2 C30+ 519.3 526.25 569.54 578.28 578.18
Sample 3 C20+ 337 362.2 357.77 378.23 398.21
Sample 4 C20+ 490 504.56 508.21 543.12 542.32
Sample 5 C20+ 478.8 524.52 497.41 644.88 563.23
Sample 6 C20+ 415 455.91 431.57 583.39 478.32
Sample 7 C30+ 588 621.32 652.47 909.55 687.23
Sample 8 C36+ 887 901.45 928.37 1460.91 1123.54
Sample 9 C45+ 2607.3 2635.21 2869.91 3433.52 2963.12
Sample 10 C36+ 593 613.88 625.05 756.65 654.32
Sample 11 C35+ 1038.1 1068.75 1260.31 1154.24 1130.25
Sample 12 C30+ 449.1 489.21 532.64 569.32 496.32
Sample 13 C41+ 761 815.25 986.21 869.52 856.32
Sample 14 C36+ 1038.1 1098.23 1310.96 1456.31 1125.32
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Table 7
Comparison results of molecular weight of Cn+.

Fluid Cn+ MCn+
Absolute average relative error (|(Calc. − Exp.)|/Exp.)

Experiment Method Pedersen Katz Whitson

Sample 1 C36+ 578 0.031 0.084 0.13 0.13
Sample 2 C30+ 519.3 0.013 0.097 0.11 0.11
Sample 3 C20+ 337 0.075 0.062 0.12 0.18
Sample 4 C20+ 490 0.030 0.037 0.11 0.10
Sample 5 C20+ 478.8 0.095 0.039 0.34 0.17
Sample 6 C20+ 415 0.099 0.040 0.41 0.15
Sample 7 C30+ 588 0.057 0.110 0.54 0.16
Sample 8 C36+ 887 0.016 0.047 0.64 0.26
Sample 9 C45+ 2607.3 0.011 0.101 0.31 0.13
Sample 10 C36+ 593 0.035 0.054 0.27 0.10
Sample 11 C35+ 1038.1 0.030 0.214 0.11 0.08
Sample 12 C30+ 449.1 0.089 0.186 0.26 0.10
Sample 13 C 761 0.071 0.296 0.14 0.12
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Sample 14 C36+ 1038.1 0.058 0.263 0.41 0.08

hree methods used in this study. The accuracy of this method
epends on the previous carbon numbers and their respective mole
raction. The molecular weight of Cn+ is very well with the exper-
ment and the mole fraction of SCN is also in agreement with the
xperiment, so calculation on the molecular weight of SCN is accu-
ate using this method. The developed method has a good accuracy
or different reservoir fluids. It has more extensively applicable
cope than the other three methods.

The Pedersen method [6] is not suitable for multiple samples
ecause each sample has its own coefficients A and B. This method
oes not honor the properties of plus fraction. This method is more
uitable for the gas condensate and volatile oil systems. When this
ethod is used for black oils and heavy oils, the average relative

rror and absolute average relative error both have higher error.
The Katz method [9] was tested and proposed using gas conden-

ate sample and it does not work for the oil sample. The range of C7+
ole % for the samples used to develop the correlation is 1.5–8%.

t is the simplest way to use and the least accurate compared with
he other methods used in this study. The mean of absolute average
elative error is as high as 169.56%.

The Whitson method [14] has a comparable accuracy with the
edersen method.

.3. Estimation of critical properties for SCN

The critical physical properties for each SCN are obtained by
he correlations that are primary function of boiling temperature,
pecific gravity, molecular weight and carbon number. These cor-
elations are developed to calculate properties of SCN fraction with
ow number of carbon atom originally. Prediction of physical prop-
rties for oil samples with high carbon number demonstrates the
ange where different correlations could be used. The physical

roperties include: critical pressure, critical temperature, boiling
emperature, acentric factor and specific gravity.

able 8
omparison result summary of molecular weight of Cn+.

Method used MCn+
Absolute average relative error (|(Calc. − Exp.)|/Exp.)

Maximum Mean Minimum

Method 0.0985 0.050 0.011
Pedersen 0.29 0.11 0.037
Katz 0.64 0.28 0.10
Whitson 0.26 0.13 0.084
Fig. 3. Critical pressure calculated with different correlations of SCN.

4.3.1. Critical pressure
Some methods have been studied before. Critical pressure is

calculated with eight different correlations. Table 9 shows the
properties needed to calculate critical pressure by using the cor-
relations studied. The used correlations for calculating properties
are included in Table 9.

The values of critical pressure are presented as a function of
carbon number and shown in Fig. 3. As shown, three ranges are
identified in Fig. 3 in order to determine the applicable carbon
number range.

Region I includes carbon number lower than 20 and shows that
all the correlations follow a similar trend, however there are two
categories. The Sancet and Twu correlations are in the same cate-
gory and deviate significantly from the other correlations including
the Kesler–Lee, Winn, Pederson–Fredenslund and Ahmed correla-
tions at carbon numbers 7 and 20, respectively.

Region II can be defined as carbon numbers between 20 and
60; in this region, the values calculated by the studied correlations
follow a similar trend except for the Ahmed correlation, as shown
in Fig. 3. The values predicted by the correlations show significant
different, which makes it difficult to identify the accurate critical
pressure without experimental verification.

In Region III critical pressures calculated for carbon numbers
higher than 60 are approaching asymptotes. None of the six corre-
lations in this region can be identified to be superior to the others.
The values predicted by the correlations are very different and the
difference between the maximum and minimum is 1.2 MPa at the
carbon number 100.

4.3.2. Critical temperature
Table 10 shows the used critical temperature correlations and

the used functional variables for each correlation method. Critical
temperature is obtained as a function of the carbon number with
six correlations, as shown in Fig. 4.

All the correlations applied to calculate critical temperature
practically have the similar result for carbon numbers lower than
40, as shown in Fig. 4. Correlations by Pederson–Fredenslund and
Ahmed do not seem to be available for carbon higher than 60.
Kesler–Lee, Winn and Sancet practically calculate the same values
for all the studied carbon number, giving an advantage to the Sancet
correlation because it is the just function of molecular weight. Twu
correlation has a lower value compared with the three correlations

for carbon numbers above 40. Difference in temperature of 100 K
is presented between the Winn and Twu correlation at the carbon
number 100.
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Table 9
Dependency of the correlation for critical pressure.

Correlation Functional variable Origin of the functional variable

Critical pressure

Kesler–Lee SG and Tb Logarithmic and Twu correlation
Winn SG and Tb Logarithmic and Twu correlation
Pederson–Fredenslund SG and M Logarithmic
Sancet M Method developed
Twu Tb and Tc Twu correlation
Ahmed Cn

Table 10
Dependency of the correlation for critical temperature.

Correlation Functional variable Origin of the functional variable

Critical
temperature

Kesler–Lee SG and Tb Logarithmic and Twu correlation
Win SG and Tb Logarithmic and Twu correlation
Pederson–Fredenslund SG and M Logarithmic
Sancet M Method developed
Twu Tb Twu correlation
Ahmed Cn

Table 11
Dependency of the correlation for boiling point temperature.

Correlation Functional variable Origin of the functional variable

Boiling point
temperature

Sancet M Method developed
Twu M Method developed
Ahmed Cn

Table 12
Dependency of the correlation for acentric factor.

Correlation Functional variable Origin of the functional variable

Acentric factor

Kesler–Lee Pc , Tc and Tb , M and SG Kesler–Lee, Twu method developed logarithmic
Pederson–Fredenslund SG and M Logarithmic
Ahmed Cn

Edmister Pc , Tc and Tb Ahmed
Edmister Pc , Tc and Tb Sancet
Edmister Pc , Tc and Tb Twu

Table 13
Summary of the application ranges for the different correlations.
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Fig. 6. Specific gravity calculated with different correlations of SCN.
Fig. 4. Critical temperature calculated with different correlations of SCN.

.3.3. Boiling point temperature
Boiling point temperature is obtained as a function of carbon

umber with three correlations. The correlations and the origin of
unction variables applied to predict the critical temperature are
hown in Table 11.

Ahmed, Twu and Sancet correlations are used to predict the
oiling point temperature of SCN. Fig. 5 shows the boiling point
emperature as a function of carbon number. The three correla-
ions show similar predictions for carbon number lower than 40.
wu and Sancet correlations have a similar trend when the physi-
al property is calculated for carbon number higher than 40. Sancet
redict a higher value of physical property if compared with Twu.
alues calculated by the Ahmed correlation show that the boiling
oint temperature for carbon numbers higher than 60 do not follow
he same trend as that for the other two correlations.

.3.4. Specific gravity
The critical properties with Kesler–Lee and

ederson–Fredenslund need specific gravity. The only corre-
ation available for calculating specific gravity as a function of
arbon number is Ahmed correlation, as far as we know. The
hmed has a maximum value of carbon number 70, and at higher
arbon number the specific gravity decreases, which does not
eem to be logical, so a logarithmic correlation of specific gravity

ersus carbon number is generated from literature values.

The logarithmic correlation is:

G = 0.1129 ln(Cn) + 0.5203 (21)

ig. 5. Boiling point temperature calculated with different correlations of SCN.
Fig. 7. Acentric factor calculated with different correlations of SCN.

The two correlations used present an almost similar prediction
for carbon numbers lower than 70, as shown in Fig. 6. For car-
bon numbers higher than 70, it is observed that Ahmed correlation
shows a decreasing trend but the Logarithmic correlation does not.

4.3.5. Acentric factor
Acentric factor is obtained as a function of carbon number with

four correlations. Correlations for acentric factor depend on some
physical properties predicted by some proposed correlations. So the
Edmister correlation can combine with the Ahmed, Sancet and Twu
correlations. The dependence is shown with the origin of functional
variable in Table 12.

All the correlations proposed present almost similar values for
carbon numbers lower than 20, as shown in Fig. 7. For carbon
numbers between 20 and 40, the Edmister correlation with critical
properties obtained by Twu, Kesler–Lee and Ahmed has similar pre-

dictions. The values of acentric factor calculated by Kesler–Lee and
Edmister–Twu correlation may be correct when carbon numbers
are higher than 40.

Table 14
Relationship between number of SCN and number of pseudo-component.

Fluid Number of SCN Number of pseudo-component

Sample 12 136 8
Sample 13 176 8
Sample 14 297 9
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Table 15
Saturation pressure obtained by developed method and Pedersen method with PR-EOS.

Fluid Reservoir temperature (◦C) Experimental saturation pressure (MPa) Calculated saturation pressure (MPa)

Method Pedersen
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Sample 12 52 3.64
Sample 13 63.2 7.61
Sample 14 66.6 6.01

.4. Summary of the used correlation limits to calculate physical
roperties

The observations identified for each correlation and physical
roperty are used to determine the ranges where the correlations
ay be used to calculate a specific property, as shown in Table 13.

.5. Predictions of PVT properties with PR-EOS

A commercial simulator (PVTsim) is used to calculate the sat-
ration pressure of Samples 12–14. The mole fractions of all SCN
re calculated by the developed model. Whitson’s lumping scheme
s used to obtain the number of pseudo-components. The applied
hysical–chemical properties are: critical pressure and critical
ressure generated by Sancet correlation, and the acentric fac-
or obtained by Kesler–Lee correlation. The mole fraction of each
seudo-component is calculated by adding the mole fraction of all
CN within the pseudo-components carbon number. The critical
roperty of each MCN is obtained by the Hong’s mixing rule.

Table 14 shows the number of pseudo-components and single
arbon numbers for the studied fluid.

In order to study the effect of the characterized plus fraction
n saturation pressure, the fraction of each SCN is calculated by the
eveloped method and Pedersen method, respectively, because the
edersen method [6] is more accurate than the Katz method [9] and
hitson method [14], seen from Table 5 in this study. The other

arts, such as the critical properties, the lumping scheme and the
ixing rule, are all the same.
Table 15 compares experimental and predicted values of satura-

ion pressure by the developed method and Pedersen method with
R-EOS at reservoir temperature. The error in the prediction of sat-
ration pressure is different for each fluid, from 2.23% for sample 13
ntil 9.8% for sample 14 by using values of the developed method.
or all the three fluids, the saturation pressure using developed
ethod has higher accuracy than the Pedersen method.

. Conclusions

The developed method for characterizing plus fraction is not
nly limited to heptanes-plus (C7+). In order to establish the func-
ion of limiting molecular weight to SCN, at least two previous
arbon numbers and their mole fractions must be known to use
his approach. The parameters of gamma probability function are
btained by the frequency of occurrence for the previous carbon
raction. Linear extrapolation of the limiting molecular weight as

function of carbon number is used to extend the characteriza-
ion to the missing data of higher carbon number. So the accuracy
f computation is affected by the distribution features of previous
arbon.

Classical cubic equations of state are applicable to simulate the
hase behavior of heavy reservoir oil mixtures. In this work, a
ethod is proposed to characterize plus fraction (C7+) of crude

il by using literature database. Due to the exponential increase

f components number with the increasing carbon number, the
olecular weight did not uniquely relate to the carbon number, and

ased on which the developed method. In the method, the TPG dis-
ribution from Whitson’s method [14] is used to characterize plus
3.86 (6.04%) 4.08 (12.09%)
7.78 (2.23%) 9.06 (19.05%)
5.42 (9.8%) 8.02 (33.44%)

fraction. The ˛, ˇ, � parameters of TPG distribution are obtained
based on the statistical property of TPG in the method. It is applied
to find the best trend to fit to the experimental data and obtain the
limiting molecular weight. The extrapolating of the limiting molec-
ular weight as a function of carbon number is used to extend the
characterization to the missing data of higher carbon number. It
is necessary that at least two previous carbon numbers and their
respective mole fractions must be known.

The developed method was applied to 14 different oil samples
that cover gas condensates, volatile oils, black oil and heavy oils.
Different methods have been used to compare with it. The predicted
mole fraction is shown to be the most close to experimental data
associated with carbon number using the method. The method is
appropriate for every reservoir fluid type. The molecular weight is
different from one sample to another, which perhaps reflects the
difference in the molecular weight for each single carbon number.

Different correlations have been used to determine the critical
properties, which may be summarized as follows:

The calculated critical pressure as a function of carbon num-
ber can be divided into three regions: the first region, from 7 to
20, shows that all the correlations follow a similar trend. In the
second region from carbon number 20 to 60, the values calcu-
lated by the studied correlations follow a similar trend except
for the Ahmed correlation. In the third region for carbon num-
ber higher than 60, none of the six correlations can be identified
to be superior to the others. The Sancet and Kesler–Lee correla-
tions have similar values of critical pressure, while the Winn and
Pederson–Fredenslund overestimate it the Twu underestimate it,
and the value obtained by Ahmed correlation largely deviates from
the Sancet and Kesler–Lee’s.

The predicted critical temperature as a function of car-
bon number shows that the correlations by Kesler–Lee, Win,
Pederson–Fredenslund, Sancet, Twu and Ahmed result in a good
agreement for carbon number less than 40 However, the correla-
tion follow a same trend except Pederson–Fredenslund and Ahmed
correlations for carbon number higher than 40. The other four cor-
relations have the similar values.

The calculated boiling point temperatures by Sancet, Twu and
Ahmed correlations are merely same for carbon number less than
60. Ahmed method does not follow the same trend as the Sancet
and Twu’s for carbon number higher than 60.

The specific gravity is needed for Kesler–Lee and
Pederson–Fredenslund correlations to calculate critical prop-
erties. The Ahmed correlation that calculates the specific gravity
as a function of carbon number is the only correlation in literature
to our knowledge. It is available only to carbon number 70. In this
work, a logarithmic curve is similar with Ahmed correlation on
specific gravity for carbon number lower than 70, and it is available
for the carbon number higher than 70.

Acentric factor is calculated by different correlations. Abbrevia-
tions used are Edmister using critical properties from Sancet (E–S),
Edmister using critical properties from Twu (E–T), Edmister using
critical properties from Ahmed (E–A). Calculated acentric factor are

similar to all correlations for carbon number below 20 except the
Pederson–Fredenslund correlation. For carbon number between 20
and 40, Kesler–Lee and E–T have similar predictions, and E–A and
Ahmed show similar predictions, while Pederson–Fredenslund and
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ion of state shows a difference compared with experimental data.
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ist of symbols

C critical pressure (Pa)
C critical temperature (K)
b boiling point temperature (K)

density (kg/m3)
i the mole fraction of the carbon number
Cn+ the mole fraction of the Cn+ fraction
(M) the probability density function
i the value of carbon number
i molecular weight (g/mol)
, ˇ, � the parameter of the gamma distribution

the number of carbon atoms of the last SCN
the number of carbon atoms of the first SCN within the
Cn+ fraction
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