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Abstract - When asphaltene precipitates its particles are
aggregated and a new solid phase is generated which can
remain as a suspended solid in the oil flow and it will continue
to flow until the solid particles (precipitates) settle down
which leads to asphaltene deposition. Asphaltene deposition is
a common problem in the upstream oil industry and has
damaging effects on a variety of production processes in
oilfields. Due to this, the cost associated with remediation
increases along with production loss. Thus, it is very
advantageous for oil companies to forecast the precipitation
behavior of asphaltene in the reservoir before it
transpires. Complex compositional reservoir fluid phase
behavior was studied and employed which can
simulate/predict the dynamic features of asphaltene
precipitation. In this paper Whitson characterization, which
utilizes the Gamma probability distribution function, and Chi-
Square characterization, which utilizes the Chi-Square
probability distribution function have been used to
characterize heptane-plus components. The molar weight
distribution is used either in the form of a Single Carbon
Number (SCN), which divides the C7+ fraction into respective
components like C7, C8, C9, etc. and/or pseudo-components by
combining multiple carbon numbers fractions. These methods
are used to enhance the Equation Of State (EoS) predictions
for asphaltene precipitation. To confirm the fit of the data to
the models, different characterization parameters, like molar
mass, specific gravity of C7+, etc. are used to regress the
parameters. After characterization, correlations are used to
find the mole fraction of the precipitated asphaltene using the
PC-SAFT EoS.
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1. INTRODUCTION

Asphaltenes reflect the heaviest and the most polar
components in crude oill!l which include many different
hydrocarbon are insoluble
compounds in aliphatic hydrocarbons namely n-Pentane and
n-Heptane and soluble in aromatics like benzene and
toluenel?l. Asphaltene precipitate if solid-phase starts to

form from the liquid phase and asphaltene deposit when

molecules. Asphaltenes

solid-phase adsorbs on the reservoir rock surface.
Precipitation of asphaltenes is caused by many reasons,

including alteration in the chemical composition of crude oil,
temperature, pressure, mixing of oil with diluents, and other
oil and gas components like CO2 during stimulation[3l.
Asphaltene precipitation and deposition can modify the
reservoir rock wettability[4], can lead to severe formation
damagel®], and can clog wellsl¢, flowlines, and surface
facilities!7], so, it can cause potential flow assurance issues.
Flow assurance issues increase the need for controlling
measures so we can reduce or eliminate the amount of risk.
Thus, it’s vital to precisely model asphaltene phase behavior
at a broad range of temperature and pressurel8l. We must
characterize the oil accurately to predict the phase behavior
of the heavy oil system. Heavy oils comprise thousands of
components, and thus, the hydrocarbons are generally
lumped into pseudo-components in order to model the
behavior of heavy oil systems[°l.

Prediction and modeling of asphaltene precipitation, for the
most part, is done employing either solubility theory or
colloidal theory. The solubility theory presumes that the
asphaltenes are dissolved in crude oil in the beginning, and
precipitation can only transpire if the solubility limit
becomes less than a particular threshold levellt0l. The
colloidal theory presumes that the asphaltenes exist as
colloidal particles which are stabilized by resins adsorbed
onto their surfaces(!l], and, if an adequate amount of resins
desorb, then asphaltenes will destabilize and precipitate [121.
Two main solubility theory approaches are regular solution
theory and Equation of State (EoS). Ting!*3] and Gonzalez[14]
developed a saturates—-aromatics-resins-asphaltenes
(SARA) characterization for the Perturbed-Chain Statistical
Associating Fluid Theory (PC-SAFT) EoS['5] to model the
phase behavior of asphaltenic crude oil efficiently. In 1978,
the earliest scheme of reservoir fluid characterization was
introduced according to which we split the crude into
different single carbon number (SCN) sets based on their
boiling pointl€l, After that, Whitson['7] altered that method
based on the average boiling point of each SCN cut using
Riazi and Daubert correlations!18l.

In this paper, I do a comparative study on Whitson and Chi-
Square characterization schemes for asphaltene
precipitation using the PC-SAFT EoS, then the prediction of
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asphaltene precipitation is done. First, we characterize the
fluid, The characterization procedure uses the SCN type
approach by combining multiple carbon numbers fractions.
For this we split the components using Whitson and Chi-
Square distribution then we lump the components into 3-5
groups. In our paper, we compare the Whitson and Chi-
Square characterization schemes to check which of these
gives us a more accurate result. It was observed that
Whitson'’s characterization scheme gave better results than
the Chi-Square characterization scheme.

2. THEORY
2.1. Whitson Characterization Scheme

Whitson (1983) proposed that the molar distribution of C7+
fraction can be described using the gamma probability
function consisting of three variables. The gamma function
has the flexibility of outlining a broad set of distributions by
regulating its variance, which is an adjustable parameter(1°l.

According to Whitson, The gamma probability density
function can be written as:

e s I

BEI(a)

p(M) =

Here, & defines the shape of the distribution whose value

normally ranges from 0.5 to 2.5.

The gamma function is denoted by I, and,

5= M, —n (2)
o

Here # stands for the lower limit of the molecular weight

observed in the -+ fraction.

2.2. Chi-Square Characterization Scheme

The Chi-square distribution is a subset of the gamma
distribution and it’s considered as one of the most broadly
used probability distributions in inferential statistics[10].

We distribute the £;_ mass fraction according to the CS(p)

function that best represents the mass distribution of the
fluid to characterize the oil fraction with high molecular
weight(0. The common form of the CS(p) distribution
function can be written mathematically as:

A, (3)

= = -2 _ipfm-1
B = T ©

-]

Here s varies from zero to infinity and is considered as a

mass distribution variable. The mass fraction of the light
component which corresponds to the integral from zero to
an initial s, value is excluded. Thus,

=
1
M = J‘fmn’s = T Z.r,— ﬂﬂ-i-";-]
o SL

here M; accounts for the combined light mass fraction till €

(4)

fraction, the value of s that satisfies the above equation is
represented as s;. All the light compounds in a given oil

sample till hexanes are covered by the summation over i,

and the total molar mass of the fluid is termed as Mt

The €, fraction is characterized as m number of heavy

fractions F; of mass fraction fm; according to the equation:

5

The molar mass MW} of the fraction F; is given by:

MW, = MW §; (6)

Here 3; denotes the center of mass for the F; fraction. and

can be written as:

5 (7)
J‘ s fuis A5

5

1
M
z

also, MW can be expressed as:

o MW T (8)
R & R i
Here MW7 stands for molar mass of the £ _ fraction.

This approach is first used to find the optimal CS(p) function
in fluid characterization procedures. It is sufficient to only
take into consideration the CS(p) functions with a value of p
between 2 to 10 at intervals of 0.01. Then, the entire C;_

fraction is characterized in a reasonable number of heavy
fractions employing the optimal CS(p) probability
distribution function[20l,

2.3. PC-SAFT EoS

An EoS model was developed based on the Statistical
Associating Fluid Theory (SAFT), for predicting the phase
equilibrial?ll. This EoS can be expressed based on the
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residual Helmholtz energy which is written as a"**, thisisan

aggregate of three different terms which consists of
contributions from different intermolecular forces.

The overall expression for the Helmholtz energy is:
ol = p%d L gthain 1 gfsses 9

Here, a**9 constitutes segment-segment interactions, for
instance, Lennard-Jones interactions. The term gthem jg
because of the existence of covalent chain-forming bonds
between the segments, for example, the Lennard-Jones

segments. The term a®* is considered for the increase of

res

a because of the existence of site-site particular

interactions between the segments, such as hydrogen
bonding interactions.

Subsequently, in 2001, applying a perturbation theory for
chain molecules and changing the suitable model constants
to the pure-component properties of n-alkanes a dispersion
expression was found for chain molecules(!5l. This newly
obtained EoS utilized the existing chain term and association
term as the prior SAFT equations. This recently developed
model was termed perturbed-chain SAFT (PC-SAFT) since a
hard-chain fluid is used as a reference for the perturbation
theory, instead of spherical molecules as in the former SAFT
equations.

After defining the reference chain fluid, we can use the
perturbation theory of Barker and Henderson!?2! to figure
out the attractive part of the chain interactions. Here, the
Helmholtz free energy is expressed as a sum of first and
second-order contributions based on the following equation:

Adip A, As (10)
KTN ~ kTN T KTN

Then, the reduced Helmholtz free energy can be written as:

~TEE ‘:!"rEg (1 1)

NkT
In terms of the molar quantity, it can be represented as:

&' = ma™ — Z x;(m; — 1) lnﬂl!;lés{ﬂl'l'] (14)

where m; is the mean segment number in the mixture.

o= Z-’-’.‘mf (15)

-
For the hard-sphere fluid, Helmholtz free energy is given on
a per-segment basis as:

34,4, & (16)

Here,

T

i = E_.-:Z.r,-m,-d,-” nefo 12 3} (17)
-
Also, the temperature-dependent segment diameter d; of

component i can be written as:

d; = o;[1 - 0.12 exp (_3:_1:”]] (18)

The dispersion contribution to the Helmholtz free energy is
expressed as:

gdise= —2mpl, (nm)m eq?

- 19
—mpmC, I (n mlmisla? (19
here, C; is the compressibility expression.
-1 20
1+ m B:l;l n* + [ )
C, = J.—:l;l}“‘
- - 20p—2Tn 125 —2n*
1—-m - -
( ) [(1-ni(2—n)]2
And,
mEug—ZZ.rxmm )r.r,_I (21)

—_—— E 22
mEﬂg—ZZ_rxmm I") a;;° (22)

Now, we substitute the 1ntegrals of the perturbation theory

5T — ﬁ (12) with simple power series in density.
RT
The residual Helmholtz free energy comprises the hard- & (23)
chain reference contribution and the dispersion 1, (. m) Z a; (m)
contribution. =0
\ _ (24)
ares _ she + zdisp (13) I, {;7 m :Z (1)
Here, the Hard-Chain Reference Contribution is:
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The coefficients a; and &; depend on the chainlength and are

given as:
_ m—1 m—1m-—2 25
a; ) = ag +—— @y +—— — 2 (25)
_ - m—1m-—2 26
bl'{mj = bm’ + — '[Jj.l' + — '[J:I ( )
Ideal Gas Hard Spheres Chain formation

o o © .° ‘

oo°
o © ...0 000

(Chapman, 1988)

Multipolar
Interactions

Associative
Interactions

3
600

(Chapman, 1988)

Dispersive
Attraction

(Gross, Vrabec,
Kleiner, 2005-2007)

=

(Gross, Sadowski 2001)

Fig -1: Development of the PC-SAFT Equation of Statel23].

correction to the dispersive energy parameter for the binary
pair:
EI'_i' = {J_ —_ 'r{l_| :] “‘I.' EI- E_i. (2 8)

Binary interaction parameters are very often adjusted to
experimental phase equilibrium data of the binary mixtures.
If the focus is on the qualitative trends/behaviors, we set all
the binary interaction parameters between all the pseudo-
components to zerol3l,

3. METHODOLOGY

A data set (Table 2) was used to characterize the fluid by
defining the compositions of components up to Cé6 and
pseudo-components describing the C7+ fraction. The
composition data up to C6 has been used, and the C7+
fraction has been characterized using Whitson and Chi-
Square schemes.

Using the PC SAFT EoS we find different parameters (m, 6(A)
and, £(K)). We have kept the binary interaction parameter as
0 for our pseudo-components. The asphaltene component is
specified by splitting the heaviest component of the oil into
precipitating and non-precipitating components.

Table -2: Mol% of components in 0il[2,

The PC-SAFT EoS can be applied in a compositional reservoir sl. No. Components Mol%
simulator to model asphaltene precipitation. Good results
have been obtained with PC-SAFT after simulating 1 Carbon dioxide 2.46
asphaltene onset points and modeling the effect of gas
injection on the precipitation of asphaltenes!24]. 2 Nitrogen 0.57
Table -1: PC-SAFT Correlation[!4l, 3 Methane 36.37
Sl. No. | Parameter Function
4 Ethane 3.47
1 m (0.0257 = MW" + 0.8444
5 Propane 4.05
2 o(A) 4.8013 = Ln{ MW
+.047 W 6 i-C4 0.59
3 £(K) ( 9-523] 7 n-C4 1.34
p [5.5769 —
= MW
8 i-C5 0.74
9 n-C5 0.83
According to Stavroul?®], most variants of the SAFT-type EoS
use the Lorenz-Berthelot combining rules. 10 C6 1.62
1 27 11 C7+ 47.96
g = 5 (@ + o) (27)

As a modification of the Lorenz-Berthelot combining rules,
the binary interaction parameter the term k;; is used as a
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Table -3: Properties of o0il(26].

S1. No. Property Value
1 MW (C7+) (g/mol) 329

2 Live Oil MW (g/mol) 171.4

3 API (degree) 19

4 Asp. Content (wt.%) 16.8

5 Res. Temp. (F) 212

6 Sat. Pressure (psi) 2950

7 SG (C7+) 0.9594

The complete EoS can be expressed as a hard-chain
contribution (hc), an ideal gas contribution (id), and a
perturbation contribution, which stands for the attractive
interactions (disp).

z = zf':r + El'd + zdl's (29)

here Z represents the compressibility factor, with
Z = (Pv/(RT)and 2% =1,

Bﬁ[‘ES (30)
Z=1+n
i Jr,

We must determine the density at a given system pressure
P9¥% jteratively until we obtain P*%* = P*¥% by adjusting the
reduced density 1.

The density of molecules (p) is calculated using #:

-1
_5 S rama?
g = :l??? xmpng

(31)

We calculate the residual chemical potential fugacity
coefficient @ (T, P) according to:

uie® (T v) (32)
lng, = ——1nZ
t'ltph kT ]

START

Mole fraction (C7+), MW
(C7+), Live Oil MW, API,
Asp. Content, Res. Temp,
Sat. Pressure & SG (C7+)
(Table 2 & Table 3)

Characterization

\ 4

Whitson Chi-Square
Scheme Scheme

Find the Fluid Parameters m,
o(A) & g(K) Using PC-SAFT-
EoS (Table 1)

Calculate Compressibility Factor
(2) Using PC Saft then Regress it
with System Pressure to find
Density & Fugacity

L
Mole fraction of
Precipitated Asphaltene
y

< STOP )

Fig -2: Process of Crude Oil Characterization for Modeling
Asphaltenic Crude Phase Behavior Using PC-SAFT.

Here, the chemical potential can be obtained using

aares ] (33)
0%k )1 o

w52 (T, v)
kT

:ﬁ“”+{z—1]+(

i gyres J

Jj=1 T Xi=j

i=k

We determine the mole fraction of the asphaltene
component using the relation:

Xasph * Mll"‘":-lsph = Wasph * MWe; (34)
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Then, parameters generated after regression are used to 7 NC4 1.34 58.124
predict the precipitation behavior.
8 IC5 0.74 72.151
4. RESULT
9 NC5 0.83 72.151
Table -4: Whitson Characterization Result.
10 | FCeé 1.62 86.000
SL Component Mol % Molar Mass
No.
11 | PC1 22.64 232421
(g/mol)
1 Co2 246 24010 12 | PC2 15.12 347.787
> N2 057 28,013 13 | PC3 10.21 515.119
3 C1 36.37 16.043 ) o . :
Table -6: Static Precipitation Test Results from live oil.
4 |c2 3.47 30.070 SL | Test Chi-
Pressur | Experimenta | Whitso | Squar
5 C3 4.05 44.097 No e 1 n e
6 |Ic4 059 58.124 (psia) (Wt%) (Wt%) | (wt%)
7| NeA 134 >8.124 1 | 10147 | 0403 0362 | 0.351
8 IC5 0.74 72.151
2 2014.7 1.037 0.784 0.734
9 NC5 0.83 72.151
3 3014.7 0.742 0.807 0.883
10 | FCe 1.62 86.000
4 4014.7 0.402 0.383 0.380
11 | HYP1 20.83 138.119
12 | HYP2 20.23 356.977 Table -7: Comparison of Error.
Sl. | TestPressure Whitson Chi-Square
13 | HYP3 6.90 822.500
No. (psia) Error (%) Error (%)
Table -5: Chi-Square Characterization Result. 1 1014.7 0.1017 0.1290
Sl Component Mol % Molar Mass
No. 2 2014.7 0.2440 0.2919
(g/mol)
3 3014.7 0.0876 0.1903
1 co2 2.46 44010
4 4014.7 0.04726 0.0547
2 N2 0.57 28.013
Sum = 0.1201 0.1665
3 C1 36.36 16.043
4 c2 3.47 30.070
5 C3 4.05 44.097
6 1C4 0.59 58.124
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4500

Fig -3: Static Precipitation Test Results.
5. CONCLUSIONS

From the results, we can deduct that the Whitson
Characterization gives us an error of 12.01%, whereas, the
Chi-Square Characterization gives us an error of 16.65%.
Thus, it can be concluded that the Whitson Characterization
scheme is better than the Chi-Square Characterization
scheme. We can improve the analysis further by comparing
SARA characterization and aromaticity. Also, different types
of oil samples should be studied to determine the effect of
various characterization schemes.
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