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Abstract

One of the major issues in the oil industry is adjgime precipitation. Modeling asphaltene
precipitation is still considered as a complex fpeaobdue to various characteristics of different
heavy components existing in the crude oil. Therynadhic models have been found as accurate
models for studying asphaltene precipitation in st few years and a great deal of effort has
been devoted to model this process by using diffezepirical models and equations of state. In
this study, the obtained results of asphalteneigitation from different models based on
perturbed-chain statistical associating fluid tlye@C-SAFT), cubic-plus-association (CPA),
solid model, Flory-Huggins (FH), and the modifietbrly-Huggins (MFH) are compared and
their accuracy and reliability are analyzed in deEor this purpose, twelve crude oil types with
different characteristics and asphaltene precipitatoehavior are used. Additionally, the
performance of the introduced models in predictisghaltene precipitation during gas injection
into the studied oil is investigated. Results destiated that PC-SAFT and CPA models have
the highest accuracy for both precipitation estiommind behavior trend prediction. Afterward,

sensitivity analysis is performed by using Montai@algorithm for better understanding of the



effect of different adjusting parameters, which eveised during the tuning process, on each
model outputs. Results indicated that cross-assogi@&nergy between asphaltene and heavy
component (HC), self-association energy of asphelteand binary interaction coefficient
between asphaltene and £@re the most sensitive tuning variables for PC-BAEPA, and
solid models, respectively. Finally, the CPU tinoésrarious models for simulating this process
were compared. This comparison showed that the A&F3nodel has more computational time
due to the involved iterative processes for phagsdibrium calculations.

Keywords: Asphaltene Precipitation; Equation of State; PG-BACPA; Solid Model; Flory-
Huggins; Modeling

1. Introduction

Formation damage which basically refers to permigabmpairment in reservoir formations,
could be triggered by undesired operational issaesl ultimately decline well production
functionality and production rate. Precipitatiorddurther deposition of solid materials such as
organic and inorganic scales including asphaltensurface facilities, wellbore, and porous
media are the main causes of formation damage [1].

Crude oil contains four disparate structural cduetits of resins, saturates, asphaltenes, and
aromatics. Asphaltene fraction of the oil whichrikerently heavy is insoluble in light normal
alkanes while soluble in aromatic solvents suchbaszene. Spectroscopic techniques have
implied the poly-nuclear aromatic structure of adfgne molecules with heteroatoms such as
sulfur, oxygen, and nitrogen, and alkyl chains [Rhy change in a number of parameters
including pressure, temperature, and oil compasitian result in the phenomenon of asphaltene
precipitation, and further drives acute issues sschbsolute and relative permeability reduction,

rise of pressure drop, and undesirable wettab#itieration [3-6]. In addition, gas-based



enhanced oil recovery approaches such as nitrogetarbon dioxide flooding may lead to
precipitation of asphaltene [7]. Hence, it is esisério predict asphaltene precipitation onset
reliably.

Modeling asphaltene precipitation is literally ditflt since there is still not well-versed
knowledge in the nature of asphaltene moleculesi khow they interact with other oil
constituents. Thus, several modeling methods haemn lieveloped to help better understand
asphaltene behavior, and further their effectivelmaisms that are involved in the process of
precipitation. These methods fall into two prind¢ipategories, namely colloidal and solubility
models [8]. In the colloidal model, asphaltene dikis aggregates dispersed in the bulk oil, and
resin structures having more propensity to thestdpilize the asphaltene. This model implies
that the main reason of asphaltene precipitatiom d&cline in the stabilizing strength of resin
portion, and further assumes that asphaltene pt&igm is an irreversible process. The
published research works of [9-11] are all of timedeling type. In the solubility model, a true
homogenous solution exists owing to solubilizatafrasphaltene portion in the bulk oil taking
into account interactions of asphaltene portiorth wther oil components. Solubility parameter
is applied to explicate the behavior of asphaltes@ubility as the most prevailing
thermodynamic technique. As the solubility paramefeasphaltene and solvent becomes more
differentiated, the more likely asphaltene preaijpdin takes place. In this technique, the
asphaltene precipitation is presumed reversiblé,cam generally be predicted either via liquid-
liquid or solid-liquid equilibrium. Flory-Huggins adel, Scott-Magat and regular solution
theories all belong to solubility modeling techregahe difference between such methods is the

heterogeneity assumption of asphaltene structyrg, [2-16].



Arya et al. [17] determined asphaltene precipitabmset for a variety of reservoir fluid samples
by applying CPA (cubic-plus-association) equatidrstate differently than previous modeling
techniques. In their methodology, they made usa simple oil characterization method in line
with SARA analysis to categorize oil plus fractimmo two subsections of asphaltene and heavy
component, and took the account of asphaltene assticiation, and asphaltene-heavy
components cross-association terms. Zhang et 8]. piovided a comparison between the
capability of CPA and PC-SAFT (perturbed-chainisti&ial associating fluid theory) equation of
states in accurately predicting asphaltene pretipit in live oils on different sets of
experimental data. Panuganti et al. [19] preseateth-depth methodology to model asphaltene
phase behavior with the aid of PC-SAFT equatiostafe in disparate sets of temperature and
pressure datasets with better accuracy than typidat equation of states generally utilized in
the oil industry even when composition data asataC+9 fraction is available. Tavakkoli et al.
[20] focused on predicting the precipitation of ygbsperse asphaltene via PC-SAFT over a wide
range of density data belonging to crude oil, amdher provided a description of observed
behavior according to Flory-Huggins theory. KorddaAyatollahi [21] introduced a novel
scaling equation for the purpose of predicting lorfebased asphaltene precipitation, and then
compared its efficiency with widely thermodynamioadels of single component and modified
Flory-Huggins techniques. The proposed scaling #guavas then extended by Kord et al. to be
applicable for estimating asphaltene precipitattue to water and gas injection, and also
pressure variation [22]. Hemmati-Sarapardeh et[&]l. applied two intelligent techniques
including radial basis function, and multilayer gegtron neural network optimized with several
algorithms such as genetic algorithm, differenti@volution, ant colony optimization,

gravitational search algorithm, particle swarm wmyation, imperialist competitive algorithm,



scaled conjugate gradient, resilient back propagatievenberg-Marquardt, and Bayesian
regularization to predict asphaltene precipitaisra function of crude oil characteristics such as
temperature, pressure, API gravity, bubble poiespure, and SARA (saturate, aromatics, resin,
asphaltene) fractions as the input parameters.obt@ned results were compared with those
based on Flory-Huggins thermodynamic model. Aryaalet[23] examined the effect of gas
injection on the behavior of asphaltene preciptatusing SRK (Soave—Redlich—-Kwong),
Soave—-Redlich—-Kwong-Plus-Huron—Vidal mixing rule darcubic-plus-association (CPA)
equations of states. They performed their studygussix different fluid samples during
hydrocarbon gas, nitrogen, and carbon dioxide figacschemes.

In this study, the performance of various thermaagit models in accurate prediction of
asphaltene precipitation is investigated from a pawative perspective. Twelve crude oil
samples from the literature are evaluated and thaireed results of PC-SAFT, CPA, solid
model, Flory-Huggins, and the modified Flory-Huggi@re compared. The fluids studied in this
research are suitable for checking the proficiemfythe models in modeling asphaltene
precipitation due to depressurization, additiom-@ikanes, and gas injection. Association terms,
physical parameters of the lumped pseudo-compor@nt,a few number of binary interaction
coefficients were used as tuning variables forrttualels. For better understanding of the effect
of these adjusted parameters on the results of madel, a sensitivity analysis is performed by
using Monte-Carlo algorithm, and the most senspiaesmeters are determined.

2. Theoretical background

2.1 Flory—Huggins (FH) model

Flory-Huggins theory signifies that asphaltenes axtlarge polymer molecules, and can be

represented by a pseudo-component with averagqeemies. In this technique, vapor-liquid



equilibrium (VLE) is implemented to obtain the liqucharacteristics first. Oil-rich part of the
oil, and asphaltenes represent the solvent andmgolpolute in the liquid-liquid equilibrium
(LLE), respectively [24, 25]. In Flory-Huggins thgo which was initially put forward by

Hirschberg et al., the mixture Gibbs energy magéxéved by [6, 26]:

%:%In¢l+%+ln¢2+XFH¢l¢2 (1)

In which r and T signify relative molar volume, at@inperature respectively. Subscripts 1, and 2

denote fractions of components 1, and 2 correspghdir is assumed 1., indicates the

Flory-Huggins interaction parametesig obtained based on the following expression:

o= UZMW2 2
2 MW, @)

Where y,and v, are correspondingly the specific solvent, and pely volumes, and MWand

MW, are the solvent and polymer (asphaltene) moleeudgghts.

2.2 Modified Flory—Huggins (MFH) model

The initial form of Flory—Huggins model was implemted in myriad works, and modified later
by many researchers [27-30]. Mohammadi and Ricldh dlivided oil and precipitated phases
into asphaltene and non-asphaltene portions. Timgyied that one can assess the amount of
asphaltene fraction in equilibrium with other pétton mixtures via the solution of the below
two equations derived by combination of asphalteadtene activity coefficients as well as LLE

relationship based on polymer theory of Flory-Hunggi
In ¢r(r)1ll +|1-Zm (¢0i| _¢Asph)+ (¢oi|)2_(¢Asph)2)_0 3
¢ﬂ,:5ph U a a X a a - ( )
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In the above equationg,, andvy,are molar volume of asphaltene and maltene respdctid,,

#mdenote volume fraction of asphaltene and maltesperively,y which is independent of

concentration, is asphaltene-maltene interactioarpeter, defined by:

um[(ém -3.) +2|m5a5m]
RT

(5)

X:

Wherein solubility parameter is defined by parameteand subscripts a, and m indicate
asphaltene and maltene, respectively.denotes the binary interaction parameter. It isthvor

noting that a value of 0.01 has usually been inm@fed for the binary interaction coefficients in
FH-based methods [26]. Solubility parameter andamablume of the asphaltene components
are vital in the performance of this modeling agpfo This modeling form is considered the

most typical formulation of FH theory [15, 21].

2.3PC-SAFT EOS
PC-SAFT equation of state is formulated with théralgon of reduced Helmholtz free energy as
[32]:

éra - éhc + adisp + éamc (6)

Where & is the reduced Helmholtz free energy. Superschpisdisp, and assoc stand for hard

chain, dispersion, and association, respectivaly.(&) is used for associating fluids. Hard chain

contribution of reduced Helmholtz free energy) is defined by:

a*=ma*-) x(m-1)Iing(o;) (7)

Where x, m, g and g, represent mole fraction, number of segments, radistribution
function, and segment diameter, respectively. Mesggment numbermj) is calculated as:

7



m=2.%m ®)

The hard sphere term of Helmholtz free ener@'ﬂ?)(is given by:

e - 1| 366 < (3
ars == 152 4 2 —+| 25 -¢, |In(1-¢, 9
Co[(l-ca) ¢ (1-¢,) ( j ( )} ©

The radial basis function of the hard sphere f{@¢F) used in Eq. (7) may be calculated via the

below equation:

= (1‘1%) ' [ (;Z)2 J(dﬁfa] J ' ( (132)3}{;:?&1' JZ "

In Eqg. (10), temperature-dependent segment diaroétaymponent i ()l andgis defined by the

following equations, respectively:

¢ =g Py xmd’ n0{0.1,2.3 (12)
_ [, I
di—a[l 0.1Zex;€ 3K—Tﬂ (12)

Whereingis the depth of pair potential, K is the Boltzmammstant, T is the temperature and

is the total number density of molecules.

The dispersion term of Helmholtz free ener@y%) is defined by:

5 20243

arr = —2710I1(m2503)—7zoﬁﬁll 2(m o ) (13)

C,is the compressibility term defined as:



_8’7'2’72+(1—ﬁ) 207 - 27"+ 15"~ B (14)
[(1-n)(2-n)]

In which 77 is the packing fraction.

Pairs of unlike segments are defined via Lorentzi®det combining rule as:

0,==(g,+0)) (15)

& =&, (1— kij) (16)

In Eq. (13), {1 and bboth depends on average segment number and syatking fraction, and

are calculated by simple density power series]4, 7

The association term of Helmholtz free energ§™) is given by:
a In X4 —XA !
ae=> x nX" - +—

In which, Mi is the molar mass of component i, ad is given by:

-1
XA ={l+ZZpiXB"AAB‘} (18)
i B

In which, A*® signifies association strength between sites AButh two disparate molecules,
and is given by:

A Bj
gl

ANES :d__sgijhsﬁAiBj e M —1 (29)

ij

Two additional parameters of the association terithé PC-SAFT equation of state, association

energy,¢™®, and volumep™® | are usually adjusted via the available experiaieddta.



2.4 CPA EOS

The CPA model utilizes a cubic equation of state] an association term in Wertheim theory
the same as SAFT model [33]. In fact, two majortgbations co-exist: 1- physical part, which
describes the non-associating molecular interastguth as attractive and repulsive forces, and
2- association part, which explicates the asseo@aitnpacts such as hydrogen bonding. The
overall CPA equation in terms of compressibilitgtta, Z, is defined by [34-36]:

0
0

- ph assoc — ph_l E lng _ A
Z=z"+2%"=2" -2 1+"—(1j in;@ X ) (20)
vV

Where X % is given by Eq. (18). For CPA, the associationrgtie can be found using the

following equation through association energif', and interaction volumg”®':

4% = g(v) |exp (55 — 1] by 1)

The mixing rules used for cross-association enegggss-association volume, and cross-

association strength are as follows:

A B AiBj
gt =f TE ;5 (22)

IBA*BJ :W (23)
OB vy (24)

In addition, a simple relation for g(v) is used ahiwas introduced by Kontogeorgis et al. (1999)
[35], defined by:

oW =— -

1-1.9¢,)

(25)
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In this study, SRK is made use of to calculate @aypart. The corresponding equations in this

regard are [37, 38]:

m_ v a(T)
z " v-b RT (v+b) (26)
a(T)=0.4274% am (27)
a:[1+(0.48+ 1.574& w- 0.176w2)( —1\/'?,)}2 (28)
b= 0.08664% (29)

C

In the above equations, v is the molar volume, Bésgas universal constant,i$ the reduced
temperature, S and R are the critical temperature and pressure resadgtiand w is the

acentric factor. For mixtures, a and b in Eq. @®) defined as:

a=3 > xxfaa (1-k;). b=} xh (30)

In which kj, and x denote i-j components binary interaction coeffitjeand i component mole
fraction.

2.5 Solid Model (Monodisperse Asphaltene Modelinggnd EOS

In this part, monodisperse asphaltene modelingthegewith SRK equation of state for the
fugacity calculations is described to predict afieha precipitation from crude oil. In this
approach, for component i to be able to exist s@lid phase, the following inequality must hold
[5]:

f (T.P.z)-f5(T.P)20 i=12..N (31)

11



Any component fulfilling Eq. (31) can precipitagnd other components prevail in the form of
liquid and vapor phases. In addition, all composehat are precipitated must honor the below

equation [5]:

£ (T, P.x )= £5(T.P) i=(N-N+1),..N (32)

In the above equationd, , f°and f'represent the i'th component fluid mixture fugacityre

solid phase fugacity, and pure liquid fugacity, pesgively. N and N are the number of
components, and solid layers, respectively.
The material balance equations belonging to nonkjpitating, and precipitating components are

as follows, respectively [39]:

| NOoont v waVv
x| 1- ST =KX ==0 i=1..[N-N, 33
Z >s_ j:(NE_N,Sﬂ)F F X = ( ) (33)
il Nt v om v ,
—x'11- < ——|-=2-K"'x—==0 i=[(N=-N,+1 ,..N-12 N> : 34
57X P F|F = I 1 1 (34)

Where V, F, and; denote mole number of vapor phase, mole numbanitidl fluid mixture

(feed), and moles of solid phase, respectively.

The vapor-liquid equilibrium (VLE) which should katisfied by all components, is given as:

£ (T.P.x) = (T.P.X) i=1,2..N (35)

The following two constraint equations must bes$etil in the liquid and vapor phases:

>
I
H

(36)

_><<
1
H

(37)

M= il

!
-
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Total number of equations are 2Nst4 as we have the following number of equationsnNEqQ.
(32), (N-N,) in Eqg. (33), (N-1) in Eqg. (34), N in Eq. (35), and two in Egs. \2hd (37). In

addition, total number of unknowns are 2N+l as: V/F (one unknown)y; (Ns unknowns),x
(N unknowns), andk’ (N unknowns). If one single pure solid phase isias=i (that is, &1 and

Xy =1), Eq. (34) is simplified to the following equati for the solid component [39]:

S V] s Vv
X [1-2 -2 -2 -KYX = =0
4 X.[ = F} = 'XF (38)

Where, S signifies the total moles number of sglithse. Assuming one single pure solid
component, the number of unknowns and equationgesdto 2N+2.
In this study, the method of Nghiem [40] is used faultiphase flash calculations, and

liquid/vapor phase fugacity of the available comgs are estimated with the aid of SRK

equation of state. However, for calculating thedsphase fugacity of a pure componeffig(,; ),

the following typical equation is used to compubdicsto-liquid fugacity of pure component i

[41]:

fe re,i _AH i 1 T T 1 P . y
L B S Y PR [

pure,i

In which A,AH,, AC, R, Tr,v’and V represent change in molar Gibbs free energy owing t

solid-solid phase transition, melting point entlyafg fusion, heat capacity of fusion, melting
pressure and temperature, and solid and liquid maséume, respectively. For solid-liquid

equilibria, there is an equilibrium factor whichndae shown as:

K 9 _K (% ; (40)

13



Where,y is the activity coefficient. At any pressure aedhperature, the ratio'/q‘F)pure,i can be
determined using Eqg. (39).
Using SRK equation of state, the fugacity of pucgitl phase and liquid molar volume are

calculated. Moreover, melting point temperaturassessed via the following correlation [42]:

T,, =374.5+ 0.0261KW° - ;?/\1/7 (41)
In which MW represents molecular weight.

The following term is used to estimate the enthalpfusion, AH , [43]:

AH,, =0.2D 8MW°T, (42)
For the heat capacity of fusiakC ,, the following correlation is used [44]:

AC,; =1.2698IW° - 1.9408 TOMW°T (43)

In this paper, solid molar volume is selected iohsa way to be close to liquid molar volume. In
addition, Ain Eqg. (39) is assumed adjustable and regressedxyarimental data. It is worth
noting that the correlations expressed in Egs. {@X%3) were proposed for waxy components,
for the first time. However, Hosseinzadeh Dehagleaiail. [39] showed the applicability of these
correlations for modeling phase equilibria of adgme component.

3. Modeling

3.1 Fluids Characterization

Reservoir oil samples from different sources foumditerature were utilized in this study.
Details of each oil compositions and properties lsarfound in their sources [1, 6, 21, 45, 46].
Fluid characterization proposed by Arya et al. Wgs used in this study for reduction of the

number of components. Therefore, oil samples (¢d @il 12) were divided into COH,S, N,

14



C1, C2, C3, iC4, nC4, iC5, nC5, C6, heavy compor(et€) and asphaltene. The pseudo-
component, HC, includes normal paraffin, iso-panaifycloalkanes, poly-nuclear-aromatic, and
all resins. Asphaltene pseudo-component mole &mastin various oils are found based on the
results of SARA analysis performed by differentei@shers [1, 6, 21, 45, 46]. It must be noticed
that HC participates in cross-associating with a#iphe. Splitting and grouping of the
components heavier than C6 into HC and asphalte@ado-components are based on the molar
mass of different components as well as asphalteneeality, fraction of asphaltene is poly-
dispersed in heavy component medium. In this stottar mass of asphaltene is considered to
be a fixed value of 750 g/mol and asphaltene mddscare present as monomers. Different oil
samples with their compositions as well as HC molass are illustrated in Table 1.

Table 1 Composition and characteristics for theattarized oil samples

Component | Ol 1 | Oi2 [ Gil3 T 0il4 [ Gil5 [ Oil6 [ Oi7 [ Gil8 [ 09 [0il10 [ OILL [ Oil12
Mole% | Mole% | Mole% | Mole% | Mole% | Mole% | Mole% | Mole% | Mole% | Mole% | Mole% | Mole%
co, 1.57 1.59 2.45 1.28 6.98 3.68 4.36 1.38 1.01 191 462 1.42
H,S 5.39 1.44 0.59 0 3.1 1.72 2.04 - : ; - :
N, 0.91 0.47 0.06 0 0.15 0.19 0.24 ; ; 3 0.5[ 0.81
C1 2402 | 3222| 3865 0 19.21 2427 2221 0 0.01 ( 736.3 6.04
c2 10.09 | 12.42| 6.66 0 5.59 7.42 6.84 0.00 0.12 0.09 473] 7
C3 958 | 10.29| 533 1.44 6.79 5.39 5.11 1.1 0.52 1.2 4.05 6.86
iC4 1.83 2.03 1.01 0.84 1.19 0.93 0.84 - - - 0.59 0.83
nC4 4.83 4.87 2.92 3.37 3.74 2.71 2.48 1.36 0.95 185 341 335
iC5 2.27 2.22 1.24 1.49 1.55 0.9 0.81 ; ; ; 0.74 0.r
nC5 2.74 2.71 1.51 1.53 1.52 1.04 0.95 2.50 2.6 2.03 830| 3.46
cé 477 412 4.67 9.39 5.44 3.21 0.92 3.2l 3.48 306 621| 3.16
HC 31.86 | 2554| 3335 7780 4296 4634 51.48 8844 639. 88.68 | 4572| 6465
Asphaltene | 0.14 0.08 1.56 2.86 1.78 2.2 1.74 1.8B 1.72 2.06 242 202
HC Molar | 333 53| 282.01| 31043 26859 27452 271/84 228240783 209.08| 220.15 308.08 265.98
Mass (g/mol)
OilMolar | 44, 58| o9g62| 135.16 247.85 152.86 159110 143.98 .1227 208.63| 219.34 171.34 202.39
Mass (g/mol)
Tem'?%at“re 393.15| 406.82| 356.43 352.04 393.15 397/04 394.268.189 298.15| 298.19 373.15 376.48
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3.2 Modeling Using PC-SAFT and CPA EOSs

The pure component parameters of the PC-SAFT E©S/K, and m) and the physical
parameters of CPA EOS (TP., andw) for the well-defined components (gH.S, N, C1, C2,

C3, iC4, nC4, iC5, nC5, and C6) were found in &tare [19]. Parameters of asphaltene for PC-
SAFT and CPA are different. According to Arya et Hl], these parameters are fixed for
asphaltene with molar mass of 750 g/mol based erasisumption that the solubility parameter
of asphaltene changes between 19 to 23'f1Bambient pressure and temperature [26]. Details
of the values of the well-defined components ad aslasphaltene are indicated in Table 2 and
Table 3 for PC-SAFT and CPA EOSs, respectively.

Table 2 PC-SAFT parameters for the well-defined ponents

Component s (A) /K (K) m
CO, 2.7852 169.21 2.0729
H,S 3.0737 227.34 1.6517
N, 3.313 90.96 1.2053
Ci 3.7039 150.03 1
Cc2 3.5206 191.42 1.6069
C3 3.6184 208.11 2.002
iC4 3.7574 216.53 2.2616
nC4 3.7086 222.88 2.3316
iC5 3.8296 230.75 2.562
nC5 3.7729 231.2 2.6896
C6 3.7983 236.77 3.0576
Asphaltene 4.2200 367 15.25

Table 3 CPA parameters for the well-defined comptse

Component T, (K) P. (KPa) (0]
CO, 126.21 3390 28
H,S 304.14 7375 44

N, 373.2 8940 34.1

C1 190.56 4599 16

C2 305.32 4872 30.1

C3 369.83 4248 44.1

iC4 407.8 3604 58.1
nC4 425.12 3796 58.1
iC5 460.4 3380 72.2
nC5 469.7 3370 72.2
C6 507.4 3012 86.2
Asphaltene 1040 1544 1.535
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Initial values of PC-SAFT parameters for the psecdmponent HC were found using
Punnapala and Vargas equations [47] assuming OtBeasalue of aromaticityy]. Since the
molar mass of HC is different for different oil sales, each oil has specific values of PC-SAFT
parameters for HC. In this study, the PC-SAFT patans for HC were considered as the
adjusting parameters for each oil type based onatheunt of asphaltene precipitated. In
addition, the initial values of CPA variables foCHvere calculated using correlations found in
literature. The procedure of estimating the inittalues of CPA parameters can be found in
Nascimento et al. [48]. Again, the values of P, and® of HC were used as the tuning
parameters of CPA EOS for matching the model resuith experimental values of asphaltene

precipitation amount.

3.3 Modeling Using Solid Model and EOS

In this work, in order to use SRK EOS in a solignfiework for accurate modeling of asphaltene
precipitation, asphaltene is assumed to be monedispwith constant molar mass that could be
precipitated as a pure solid phase. Initial valfeBOS parameters for well-defined components
and asphaltene and HC pseudo-components were faging the procedure discussed in the
previous section. Again, the physical parameterblGfwere used as the adjusted variables in
this model. The optimization process is performgdubing an optimization algorithm and the
model with the minimum objective function is intrared as the best model. The following

objective function was used for all the models enésd in this study.
. - - — l N Ca]c Exp
Objective Function 'ﬁZb{i -Y, (44)
i=1
In the above relation, N is the total number ofadpoints, Y-2° and Y are the calculated

output and experimental output, respectively.
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3.4 Modeling Using FH and MFH

In this study, Flory-Huggins (FH) and the modifiétbry-Huggins (MFH) models were also
used for modeling asphaltene precipitation behawiararious oils with different compositions.
The objective of using these models is to show tgility in asphaltene precipitation estimation
with the latest solubility models such as PC-SAR® &PA models. For estimating asphaltene
precipitation by using this model, solubility pareters of maltene and asphaltene, and molar
volumes of maltene and asphaltene are requirechaigme and maltene solubility parameters
can be calculated by using Hirschberg et al. @tat{26]. Additionally, SRK-EOS was used for
estimation of maltene molar volume. Physical propserof petroleum fractions and binary
interaction coefficients were used as same as tles awsed in CPA EOS. The adjustable
parameters in this model were considered to beriblecular weight of asphaltene (polymer),
binary interaction parameter (l), and asphaltenéameolume. In this study, these parameters
were tuned by using experimental datasets coneglé8RK equation of state for gas/liquid

equilibria.

4. Results and Discussion

In this study, various thermodynamic models, inclgdPC-SAFT, CPA, solid model, FH, and
MFH, are used for simulating asphaltene precimtatoehavior of 12 oil samples at different
conditions. For each model, with knowing the malraracteristics of each oil sample, i.e.
pressure, temperature, and composition, the bytdilg pressure is determined. If the system
pressure is higher than the bubble pressure, adilcnl for liquid-liquid equilibria (LLE) is
performed and the amount of asphaltene precipitatedtimated. Otherwise, first of all, a two-

phase gas/liquid flash is done, and then LLE catewh is performed. It is worth noting that
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before LLE calculations, an asphaltene stabilitglgsis or phase stability analysis using Gibbs
free energy minimization is required to check §<HPonset OF Ri>Ponset It IS assumed that
asphaltene pseudo-component is negligible in gaseland hence, it is not considered in
gas/liquid flash calculation. Therefore, the asstian term of the models is neglected in vapor-
liquid flash calculation. For each model, differesets of parameters were considered as tuning
variables. These parameters were found by minimie objective function (Eq. (44)) for the
experimental values and the model results.

As mentioned in previous sections, for PC-SAFT @A models, the models' parameters for
HC were used as tuning variables. The adjustedyseas are indicated in Table 4.

Table 4 Adjusted model parameters of PC-SAFT andl foPHC pseudo-component

oil PC-SAFT Variables CPA Variables
¢ CA) /K (K) m T (K) P. (KPa) ®
1 4.17 362.14 7.34 829.01 1178 0.89
2 4.14 356.04 6.41 773.48 1074 0.94
3 4.16 361.21 6.61 847.79 1557 0.73
4 4.15 356.18 6.19 820.09 1743 0.68
5 413 354.47 6.35 824.24 1656 0.68
6 4.14 355.98 6.03 830.17 1775 0.66
7 4.15 347.65 5.74 800.67 2201 0.59
8 412 347.99 5.99 797.39 2009 0.62
9 4.09 340.25 4.09 778.96 2162 0.59
10 411 346.15 5.36 788.47 2051 0.61
11 4,18 362.74 6.94 847.55 1584 0.72
12 4.12 355.89 6.15 802.49 1564 0.74

Binary interaction coefficients {k for these two models were set to zero, exceptbihary
interaction parameters between asphalteng-@€phaltene-j asphaltene-$§, asphaltene-C1,
and asphaltene-HC. Only asphaltene-HC interactefficient was used as an adjusting variable
for both PC-SAFT and CPA models. Thevalues between asphaltene and,O®, H,S, and

C1 were originally proposed by Arya et al. [7] amdre used in this work. The used values for
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binary interaction coefficients as well as the atkd one for oil 1 to oil 12 are illustrated in
Table 5.

Table 5 Binary interaction coefficients used in BEFT and CPA models

Component
oil CO, H,S N C1
0.16 0.015 0.175 0.04
HC_PC-SAFT HC_CPA
1 0.41 0.48
2 0.68 0.29
3 0.27 0.34
4 0.19 0.57
5 Asphaltene 0.61 0.22
6 0.72 0.12
7 0.68 0.66
8 0.96 0.99
9 0.91 0.87
10 0.32 0.75
11 0.33 0.25
12 0.93 0.99

After setting the binary interaction coefficientsdapure-component parameters of the pseudo-
component HC, self-association energy of asphalfgix), cross-association energy between
asphaltene and HG'/x), self-association volum@t") and the cross-association volurf™)

for both PC-SAFT and CPA models should be deterdhiriaction of asphaltene is poly-
dispersed, in reality. Each asphaltene sub-fractimy have various™ and since the HC
pseudo-component is a lumped component, the sabeinaof asphaltene may exhibit different
¢™ due to various local composition. In this studyisiassumed that sub-fraction of asphaltene
have the highest value &*, which firstly precipitates and is responsible fioecipitation onset.
This assumption is true because the only concetmei®nset conditions and the approach could
be simplified through this assumption [7]. It mibst noticed that a 4C scheme was considered
for asphaltene association in both PC-SAFT and G@R#els. According to Prausnitz and
Firoozabadig™/x has a default value of 3000K [49]; however, thisgmeter can be used as an

adjustable parameter. For both PC-SAFT and CPA mptiEs variable was used as a tuning
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parameter in this work. For determinigftj'/x, it is assumed that there is a certain valug"ofi
for the entire medium of heavy component. This petar is considered to be temperature
dependent in literature [7]. In this study, sinoewgation of asphaltene precipitation behavior for
each oil is performed at a certain temperaturs, ghrameter is reported as a constant value, not
as a function of temperature. The parameftéfx is another tuning variable for matching with
experimental data. These adjusted parameters avensim Table 6 for each oil sample. Self-
association and cross-association volume paramé®rsand p*", for using in PC-SAFT and
CPA EOSs were considered to be 0.05.

Table 6 Self-association energy of asphalteff&/§) and cross-association energy between

asphaltene and HE{'/x) for both PC-SAFT and CPA EOSs

oil PC-SAFT Variables | CPA Variables
£ (K) | e (K) | €%/ (K) £/ (K)
1 3300 4562.40 3000 4435.93
2 3500 3704.14 4000 3722.83
3 3000 4038.32 4000 4061.45
4 6500 4219.07 4000 4263.47
5 7000 1680.10 6000 1661.54
6 3000 1776.78 3500 1780.57
7 4000 1885.26 2500 1884.79
8 3000 2348.35 3000 2487.14
9 2500 3684.25 4000 3348.97
10 3500 2947.64 3000 3001.28
11 4500 4012.35 4000 3943.18
12 3500 3846.24 3000 3999.49

According to Table 6, each oil has a specific vdluethe association terms. This is due to the
variation in the characteristics of each fractioonf oil to oil, and because of this, obtaining an
average value for these terms, especially1Bt«, is not possible. By comparing Tables 1 and 6,
it can be seen that there is not a general tretwige@ the association parameters and oil or HC
molar masses. It must be included that during wpnocess, for PC-SAFT and CPA models, the

models' parameters were found using bubble pregsqoerimental data, and the other adjusted
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variables, including cross-association energy,-asdbciation energy, and the BIC between
asphaltene and HC, were calculated using experahasphaltene upper onset pressure (UOP).
Bubble point pressure values and UOP of the oilpdasncan be found in their sources.

Solid model together with SRK EOS was also usedafphaltene precipitation modeling. As
discussed before, the physical parameters of HC I and ®) were used as adjustable
parameters. In addition to these variables, thaesitian energy X), asphaltene-HC, and
asphaltene-Cg@binary interaction coefficients were also useduaing variables. Values for the
other binary interaction parameters were used asséime as the ones used in other models,
which are illustrated in previous section. It isrthonoting that for this part,alhatene-coavas
used in addition to Kpharene-Hc@Nnd this is due to this fact that for better consoam between the
performance of this model and the performance ofSARET and CPA models, the number of
tuning parameters is better to be the same. Intiaddithe binary interaction coefficient of
asphaltene-COwas shown to be effective for matching the modsblits in Shirani et al. [5].
Table 7 shows the regressed results for the maaimeters for different oil samples. For this
model, during tuning process, the model's param€ler P;, andw) were adjusted using bubble
point pressure data and the transition enekgya¢ well as asphaltene-HC and asphalteng-CO
BICs were found using asphaltene UOP values.

Table 7 Adjusted parameters for solid model togethth SRK EOS

SRK Variables for HC Binary In.te.ractlon
oil Coefficients
TR |PPa) | o | a@mol) | A | asphco,

1 911.24 1203 0.88 2160 0.52 0.89
2 794.54 1075 0.95 2330 0.83 0.16
3 832.14 1542 0.70 2180 0.28 0.92
4 801.68 1802 0.68 2220 0.55 0.10
5 809.23 1694 0.68 2210 0.36 0.21
6 854.17 1762 0.67 2100 0.94 0.19
7 811.19 2285 0.54 2300 0.65 0.25
8 799.84 2008 0.60 2230 0.80 0.98
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9 781.49 2200 0.59 2290 0.91 0.14
10 783.75 2052 0.62 2290 0.59 0.29
11 887.63 1506 0.71 1990 0.97 0.34
12 836.29 1560 0.73 2010 0.30 0.93

As discussed, for these three models, PC-SAFT, CiW, solid model, binary interaction
coefficients between asphaltene and HC pseudo-coempand also COwere used as tuning
parameters. BIC shows the strength of interacti@wéen molecules. Generally, these
coefficients should be less than one. However,raatg to Tables 5 and 7, for some oil samples,
the k-value between asphaltene and HC or asphadieth€CQ is nearly close to one. This may
be due to the high polarity and complexity of comgats (asphaltene, and resin in HC) in some
oil samples, which make the interaction betweesdhmmponents more significant and hence,
results in increasing the k-valuéghese high values can also be seen in Shirani. €,ab0].
They used CPA and association equation of stat©@Hor modeling asphaltene precipitation
at different conditions and found high BIC valuetvieen asphaltene and ¢®l,, and HS for

the studied oil samples.

For better comparison and showing the capabilitythed previously described models in
asphaltene precipitation estimation, the FH and MRétlels were also utilized for simulating
the asphaltene precipitation behavior of the twealilesamples. Asphaltene molecular weight,
asphaltene molar volume, and binary interactiorapater (I) were found to be an average of
785g/mol, 0.72rftkgmol, and 0.01 for the oil samples.

Results obtained by the five models are compardd @dch other and with experimental data for
different oil samples. Figures 1 to 10 illustrate performance of various models in predicting
asphaltene precipitation at different environmegtatditions of pressure, temperature, solvent

type, and solvent ratio. Experimental datasets urséds study can be found in Appendix A.
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Figure 2 Comparison between different models inligtang asphaltene precipitation for oil

sample 2. nC9 is used as solvent

For oil samples 1, it can be seen from Figure 1 B@-SAFT, CPA, and solid models can

accurately predict asphaltene precipitation witlvesat ratio, for both nC5 and nC7, while FH

and MFH models under-estimate or over-estimateattieal values. However, the general trend
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of precipitation behavior for this oil sample istelded clearly by all the models. As shown in
Figure 2, for oil sample 2, only PC-SAFT and CPAd®is are able to accurately simulate
asphaltene precipitation behavior with increasi@@nHosseinzadeh Dehaghani et al. [39] used
these oil samples for comparing the performande@SAFT and Peng-Robinson (PR) EOS in
asphaltene precipitation calculation in a multicoframework. However, a different
characterization was performed for the oils. Botbnodisperse and polydisperse asphaltene
modeling were utilized in their work. They used wok shift for PR EOS, and the physical
parameters of PC-SAFT and PR, and transition enenggsphaltene and (saturates+aromatics)
pseudo-components were considered to be the aolgistariables for the models. Due to the
sharp changes in the mixtures composition, binargraction parameters were not included in
their model. Results of their study showed that odisperse modeling in solid model cannot
predict the asphaltene precipitation accuratelyd @olydisperse modeling is needed. By
comparing the modeling results of this study arelwlork done by Hosseinzadeh Dehaghani et
al. [39], one can conclude that with a proper bamcterization and tuning parameters selection,
single solid phase (monodisperse) modeling coulddoairate enough in some cases; the results
for oil sample 1 confirm this fact. In addition,ig other models such as PC-SAFT and CPA,
without usage in multi-solid framework, can be hygéfficient, as the results for oil samples 1

and 2 indicate this fact.
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Figure 5 Comparison between different models imigtang asphaltene precipitation versus
pressure for oil sample 5

Based on the results shown in Figure 3-5, PC-SART @PA models exhibit higher accuracy
compared to other models. Solid model seems toigeoacceptable results; however, for oll
sample 4, it is not as accurate as PC-SAFT and TRiA.is also true for the results obtained by
MFH model. Among different models, only FH fails fieedict the behavior trend of asphaltene
precipitation in these oil samples. These oil sanplere studied by Hemmati-Sarapardeh et al.
[6]. They used intelligent tools and also FH modétl estimating asphaltene precipitation.
Artificial intelligent tools could accurately prexdithe amount of asphaltene precipitation at
different conditions; however, since these toolsaacblack boxes and are highly dependent on
the dataset that is utilized during their trainpr@cess, they are not suggested for studying the

mechanisms involved in processes such as asphaitecipitation or deposition.
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Figure 7 Comparison between different models inligteng asphaltene precipitation versus
pressure for oil sample 7
Figures 6 and 7 show that for both the trend ptedicand precipitation estimation, PC-SAFT,
CPA, and solid model obtain acceptable results. dlosample 6, CPA EOS exhibits higher
accuracy than the other models, and for oil saripleolid model and PC-SAFT have the best
performance. From Figure 7, it seems that MFH aHdnfodels fail to predict the behavior
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trend. Kord and Ayatollahi [21] used different mtdef FH, MFH, and solid models for

studying asphaltene precipitation in these oil dampThe solid model methodology used in
their study is different with the one used in thisrk. Results of their study demonstrated that
solid model yields more accurate amounts for asphealprecipitation than those of the other
models. This is also confirmed in the results tlated in Figures 6 and 7. Asphaltene
precipitation has a linear behavior with pressuoenfupper onset pressure to bubble point and
from bubble point to the lower onset pressure. Beisavior was confirmed by the most accurate
thermodynamic models, i.e. PC-SAFT and CPA, and ths solid model. As shown in figures 3

to 7, the results of these models are nearly aneai line before and after the deflection point
(bubble point pressure). The other models (FH arleHMfail to predict this trend for some

cases.
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sample 8. nC7 is used as solvent
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Figure 10 Comparison between different models edjgting asphaltene precipitation for oil
sample 10. nC7 is used as solvent
Figures 8-10 indicate that PC-SAFT and CPA modets the most accurate models for
estimating asphaltene precipitation versus nC7 emnation, for oil samples 8 to 10. For oils 8

and 9, only PC-SAFT and CPA could predict the trehgrecipitation behavior and the other
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models fail to predict the same behavior. HowevYer, oil 10, nearly all the models could
accurately find the trend of asphaltene precigtain a titration process with nC7 as solvent.
Mashhadi Meighani et al. [1] used PC-SAFT for mauglasphaltene precipitation behavior in
these oil samples. They used a different charaettgon for oils and considered a higher value
(1500g/mol) for asphaltene molar mass. Additiongllyysical parameters of PC-SAFT and self-
association energy and volume of asphaltene wersiadered to be the tuning parameters. They
found lower values foe™/x and higher values fop (for each oil sample) compared to the

values obtained in this study.
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Figure 11 Comparison between different models @djgting asphaltene precipitation versus
pressure for oil sample 11
As illustrated in Figure 11, CPA and PC-SAFT carineste the amount of asphaltene
precipitation accurately, and only FH model fadsdemonstrate the behavior trend of asphaltene
precipitation in oil sample 11. Shirani et al. fiiged CPA equation of state for predicting the
amount of asphaltene prediction in this oil samplelifferent oil characterization was used for
this sample. Association energy, association voluand binary interaction coefficients between

asphaltene and light components, includingO®, C1, and HS, and also resin were selected
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Asphaltene Precipitation (wt.%)

as tuning parameters. Two EOSs including SRK anavBi used for the physical part of CPA.
Their results showed that using SRK for the physpat of CPA obtains higher accuracy.
Comparing the adjusted variables in their studyhwite ones in this work, they found lower
values for cross association energy and volumehigiit values for BIC between asphaltene and
light components, even more than one.

For oil samples 11 and 12, the effect of gas imgactn the behavior of asphaltene precipitation
was investigated and the performance of various aetsodh predicting this behavior was
demonstrated. For this purpose, two gases (scruipperand hydrocarbon gas) were used as
solvents. Compositions of these two gases are sihoWwable 8.

Table 8 Compositions of the used gases for aspteafieecipitation in oil samples 11 and 12

Component | HS N, CO, C1 Cc2 C3 iC4 nC4 iC5 nC5 C6
Scrubber
Gas Moo, | 018[ 0 0.85 0 0 0 0 0 0 0 (
Hydrocarbon | | §0317| 01774 03038 02692 01309 00126 0.0486077| 0.00126 0.0078
Gas,Mole%

The effect of increasing gas content on the amodimdrecipitated asphaltene was studied by
using the tuning parameters, which were discusséatd for these two oil samples and for each

model. The results of various models are indicatdeigure 12.
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a) b)
Figure 12 Modeling the effect of injecting scrubbed hydrocarbon gases on asphaltene

precipitation; a) Oil sample 11, b) Oil sample 12

According to Figure 12, PC-SAFT and CPA modelsa®urate enough for predicting the effect
of injecting scrubber and hydrocarbon gases intsanples 11 and 12. Despite the differences
between various models, PC-SAFT, CPA, and solid efsodespond to increasing gases
concentration almost similar for both oils. Alsor bil 12, all models exhibit a similar trend for
asphaltene precipitation due to gas injection.

Statistical analysis was performed for comparing plerformance of different thermodynamic
models in predicting asphaltene precipitation fdfedent oil samples studied in this work.
Coefficient of determination @ mean square error (MSE), and average absollatéveeerror
(AARE) are the commonly used statistical varialtlest are utilized for showing the models
robustness. These parameters are calculated using:

N
Z(xi,exp_xi ;st)
R*=1--12 544

N
Z (X i,exp - X ave ,ex;)

=1

1 N
MSE :WZ(xi,exp_xiest)z (46)
i=1
AARE(%):100i|Xi’exp_Xi ﬁ% (47)

N i:l‘ Xi,exp
In the above equations, &, and Xest are experimental and estimated asphaltene praiguit
amount, respectively, XeexpiS the mean value of experimental values, and Nbtal data

number.
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The relative error of the model estimations versygerimental values is shown in

Figure 13,

and statistical parameters values for the modeldlastrated in Table 9.
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Figure 13 Relative error distribution for variousdels in estimating asphaltene precipitation; a)
PC-SAFT, b) CPA, c¢) Solid model_SRK, d) MFH, e) FH

Table 9 Statistical parameters for different models

Solid
Parameter PC-SAFT CPA Model SRK MFH FH
R? 0.9957 0.9835 0.9756 0.9693 0.9372
AARE (%) 7.1367 10.5994 14.2921 17.2886 27.1942
MSE 0.0068 0.0076 0.0098 0.0202 0.0829

As shown in Figure 13, relative errors of PC-SAFd@dal outcomes are more compacted around
the line of error=0; therefore, this model is moediable compared to other models. Table 9
confirms this fact that PC-SAFT model provides maceurate results with’RAARE, and MSE

of 0.9957, 7.1367%, and 0.0068, respectively far tibtal data. According to Figure 13 and
Table 9, PC-SAFT and CPA models are accurate fedipting asphaltene precipitation;
however, similar to other models, experimental dadénts are needed for fitting the model
results and adjusting parameters. This problem agpmmfor most of thermodynamic models.
These models cannot accurately predict asphalterexipgiation behavior, if enough

experimental data points are not available. One f@agolving this issue is to develop models,

which can relate oil parameters to its characiessBased on this, unknown parameters can be
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estimated for each oil sample and hence, predithiagamount of asphaltene precipitated can be
performed without requiring experimental valuesttoring process.

Moreover, for better understanding of the effecthaf selected tuning parameters on the models
outcomes, a sensitivity analysis was performedhenmost accurate models, PC-SAFT, CPA,
and solid model. Monte-Carlo algorithm was usedtiitg analysis. Details of this procedure can

be found in literature [51, 52]. Results of sengyianalysis are shown in Figure 14.
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b)

Sensitivity for Solid Model
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Figure 14 Sensitivity analysis on thermodynamic eledor simulating asphaltene precipitation

behavior; a) PC-SAFT, b) CPA, c) Solid model_SRK

As shown in Figure 14, for PC-SAFT model, cros®asgion energy between asphaltene and
HC, BIC between asphaltene and HC, and self-adsmtianergy of asphaltene have the highest
impact on the model results and should be congiddmeng the tuning process. For CPA model,
self-association energy of asphaltene, cross-assmtienergy between asphaltene and HC, and
P. of HC pseudo-component are the most sensitiverfactn addition, for solid model, binary
interaction coefficient between asphaltene and,@@d acentric factor of HC have the highest
effect on the model outcomes. The importance ofpéw@meters with high sensitivity on the
models outputs was confirmed previously by otheéhars [7]. Additionally, the importance of

BIC between asphaltene and £@ related to the increase in asphaltene instabédnd
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precipitation rate due to increase in carbon diexidncentration. This fact was also confirmed
in previous researches [53, 54].

Furthermore, Figure 15 compares the CPU time abua models including PC-SAFT, CPA,
solid model, MFH, and FH. As illustrated in thigdre, FH and MFH models are much faster
and less computationally expensive compared torati@dels such as PC-SAFT and CPA.
However, FH and MFH models are less accurate thiaere Higher CPU time of models such
as PC-SAFT and CPA is due to the iterative prosegseolved in these models for phase

equilibrium calculations.

7
6
£ 5
£
= 4
£
=3
-
(a
© 2
1 ﬂ
0
PC-SAFT CPA Solid MFH FH

Model-SRK

Figure 15 Comparison between the CPU times of iffemodels

5. Summary and Conclusions
In this study, performance of different models medicting asphaltene precipitation in twelve
crude oils was compared in order to shed someslight appropriate selection of a model for

accurate simulation of asphaltene precipitationaber at different environmental conditions.
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For this purpose, PC-SAFT, CPA, solid model togethigh SRK, MFH, and FH models were

used. The following conclusions can be drawn fromm work:

Results of different models demonstrated that PEISAnd CPA models are the most
accurate models for predicting asphaltene pretipitaThis is also confirmed through
statistical and graphical analyses.

Only CPA and PC-SAFT EOSs could accurately predict behavior trend of
asphaltene precipitation for different cases. Tineomodels fail in some cases.

The models were used for estimation of asphaltereigtation during scrubber and
hydrocarbon gases injection into the studied om@as. The obtained results indicated
high efficiency and accuracy of the developed PG-BAnd CPA models.

Physical parameters of the lumped pseudo-composstciation terms, and binary
interaction parameters were used as tuning vasaifiehe models. Sensitivity analysis
was performed on these parameters using Monte-@égtoithm. Results showed that
cross-association energy between asphaltene andoH®C-SAFT, self-association
energy of asphaltene for CPA, and BIC between dspteaand CQ for solid model
have the highest effect on each model outputsetber, they should be considered
during the tuning process.

Results of the adjusted binary interaction coeffits showed that for some cases, the
values of BICs between the components are closen& Due to high polarity and
complexity of some components such as resin antlaitspe in that systems, the
interaction between those components becomes isgmifand hence, the value of BIC

increases.
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» Comparison between the simulation times of varimaslels indicated that PC-SAFT is

slower than the others and hence, is computatipnadre expensive.

Appendix A

Experimental datasets used in this work for modeéisphaltene precipitation can be found in
"Data.xIsx" in supplementary material.
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