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2. Cubic Plus Association

doddo
W ol g o sl Ld 6, 5 S aieS e
dy yomie dlg oo St Lo o bl 8 9 JLil
Lo slanly daomiin g 00,5 (gylo 0,4
S8 g ooz Dl ey o Bl a il o o goladl
Jhmw Sy ao o g ,lid los o 31 o as
B gl 5 JL LS e e Lal 5§
) PR N )’| O e Jl—s .oo)_f Q] - 555
el bl b coow aS cruloas LSl g0l

sl L8 S5 0l el ol 5l o
Cosio ;34 ol Lol (o e Do
g Lo STy Laclose w sl cwal 55 5 s
S lbaslr L Sy o s bopela ]
J—=lie o baopadlawl g S el (- Sew
O S oS Sl (g0 Jd (ke
S gy Sl (- Siee 2Vl 5 JLEST g 0o
Lot as ol ol cowiisdl 3 oy, JoSi5
d e aSl 05800 Loy e il 2ely
sl il a5 00,5 o Jlmw 4 joSmmay il
B ol Jlds an il jlades o Salie
s e oyl o] clalas ¢ g, sl! Lo
S, 51 SIS s 855 5 LT s sl Sy
ST [P ROV OB SO W]

Cods 5l Sy olee as bepdlawl o sl
L olindley il S slagrdlly o a5 ols
Sleg,l sla Pl )3 (g Jsloxal plopm Loy
Sl Jodoe ot g ey e
el sla JsSUge Jtslow [Y V] wot s
ool (Sleg,l sloan ) S iite Slmbo Joli
Lapsly e 5l oS Jlade b bzl ol o oo
JS=5 5 pgaolly «039 55 gl g ¢ 3enST JoB
Slmbo )l lagpdlawl ol gl 0 ,)ls sg>g s



“HQA )SJ.J-Q-VJ 9 0‘0).0 ARy O)Lo.vjb .;f‘.&—:'/fz

ity ails y TPC-SAFT 5 CPA sLacdlalslas
eenSo tlaloles Ly adlllae T yo CPA 5.8
Stz Geions ml 0 Joe TSl gt gly s
Ol pellial gy (518 Jolss (g5l o
5 ol Lz e wl 6l a ol ple Jolss
sy S e Jlad ol 90 (S 552 (6l
ols lis yfione ol la gy sl Cwody ol
gy oS5 g5l8 L8, s> odo L CPA 4
i |5 G g )lad a5l e il ]
31 5388 Sl CPA o, Slos (izmen 9 05 (o0
[V] o5 en 5 Ly, .l PC-SAFT ol aJslas
OS5 SemeST (69 (039,09 5B 35 S ey A
Cdldolas Ly opilliss gy 59, ,— (Olie s
e ;0 SRK xS cdl> adolas .ails , CPA
Aol mls s a8 F IS 4y CPA S50
bl o5 gyl ol el s,
Sy ot 0 CPA 3 Slos () j5Late
G5 & o dlite slajls 5,5 L el
Cat (pimen 08,5 1 8 aalllas 5,50 wa L
S ey 25 aslllae (0l D CPA (o S sy
Sl oo ooly lis aallas ol o cwlad S
el Cay BB iulosl ools JBlo>a oS
6L Al len b ccul 5o (el slales (o
o=l s odle 0,8 Jas et cBo Ll opdlaul
Bl s il (I35 535 558 aallan o 5o
=l cnlae 3 )18 bl o e CPA 5l Jol>
YL e 5l Sl aalllas oyl 5l ool cwoay
ol ol Gy (65L8 4ol g5l Joe ;5 CPA
O 5,500 aalllae o [A] ) e 5 LT ol 009
o L5 G5 5150 el gy g3l Jas
Sl s - glys CPA Lolis i lizee colloaolas
L) SlsS—gedo jmgly 5 (HBolas LIS le3 L)
ol po sz loy (U lms oy DI (ilss

1. Peng-robinson

2. Perturbed-chain Statistical Association Fluid Theory
3. Soave-redlich-kwong

4. Huron-vidal

Ol g0 wsg S 4l ke lan Ly
FRINCY SV IU S RO SN E R PO I [ 1299
o] s ode o oaliul CPA Sy i o
=105 5 ol Lo sse (e (o S05>
(=995 L) Lo lacSsleg )T L crillaal Joline
BIEEE JUPCL IV - NI SV R RELU g g
L) Loacn)lacsiileg,] l— 5 Jlsd ol
g o=l a8 S a0 Colw )l 5 (598
» e ialaee o (mimes S n 2l
38 53, (o] oo nd g (Hanass s Ly
Al gle Jolws s an pelal g,
b eyl S shls 4l axngs Jus g 0d S
ol 5 50 (i 3l o) Lad 4y 4ol
sbls CPA 458, dn gy adolas a5 asols i
3 ol oy 518 L8, B 0, S Jas
L Jb oS5 5 Jid b 5l (glos S 0390 xe
dawgi CPA adolas 51 [F] soliTig 8 5 (o cul o
el gy (508 L8, (e gl a8l
JSid iy s d et 9 e S 0
G Omized g jlad cdl s il g,
o 0in S oolitad aaST (60 S I e
ey 99 d |y (ot e By [P] (salolg 8
10,5055 50008 (e (oS 55 5 (ili
Ot e (05 5 el sle J5SUse (e
Bl (g5lamJae po |y oS s3> 5 oillaul
il sy i (] pizred oS
Jolss pleme an |y Gl Lid YL glo)lis o

Jolws s ay ol JLid 05 10 5 amlemile
2L iz olad 3 b s aole-ale )b
5 oedlial o Jolite (108 (65,0l 28,8 L
Ozed g Led 5l (s a b ple d (S <52
e 25 5 il s e 155 55,
50 el wl Gy dlos 5l o b 50 4
Joo cidge L |y calitre o0y ot dliges i
S8, 5l o asy [¥] o g Sl ass S
sleolaiwl L calizes ouy Cods ddged i (55L8



SRUNE FERS g

5 (—ow dawgi SAFT jo ool asl)l (6,955 5 3
Sygl cmws an [V o] gal,y § SSlen g [A] e
Jsme 05 shaai Ly by Liue Sy (8 8 155 0 Ly
CPA o Jloalslas T glos o V oz 511 Ly ,
55 ol Jlid sl 1 ©)9—0 s les o )

1]

p_ _RT a(T) 1 RT
= - —_ X
V. —b V (¥, +b) 2V,

(Hpag;gJZni;(l_XA‘) ")
OB 18,8 e sl gl el mslg a S
CPA § 93,5 o yto g3lae c>aolas s 5
b oo Jli SlgS gy glo—w cdloaslas 4
S Sl by i (Hgo pon> V, cadolas (0] 5o
T & Lo lpp g by e o plip > (Hoe
=105 e el et X el by L
) i, Silo X, adly o el CPA ol alslae
el e Ly aS culi JoSUge (g9,m 4 Colw
Sl oolos LSl guigm (Jlad slacolw plw

)‘ oola_wl L’ 9 (u_w‘ ou—ls ‘rQL: )_Aj.is.o e_:)9_.a 4_:)
20,5 o dwlo Vo adolas

X

1
4 4B Y
BTSSP SEONE ™
A ol o (o105 & a8 ANE aolae ol yo

4o g Sl / J3Nge 63y 2 B Colw 91 JeSIg0 5,

Sk 5l g Sl dinly (Hgo oS 5 g oo Lo
20,5 oo dwlxe ¥ adolas

A,B,
A" =g(p){GXp[‘;T j—l}byﬂ”"g" @

g1 5 0Bb oo (Ll anjo8 b g(p) adolas (0 o
TS e 5T oS 65, Sl i A B
Ao 055 pgas 10 s 3,50 SLedbl o wa

ol 5L 090 oyl plow izmen g sy
D] el 35390 ailin ,o CPA cl>

1. Association Strength
2. Association Energy
3. Association Volume

G5 e il Gy JSCa 4 allla
slals bole 5 9Sls ()8 (039 (2l
lBie (y3Ste Jlw diged b dn (055 Heuen
aS ool i sael sy mols s ) g
68 e, —wiien (lly el adsls 4w s
s CPA (i ey (g 0yl 1) il g

ol 5 580 4
ey IS5 55 e sl L8 s o
Loz ol gl CPA clloalolan Uy el ]
A s b X ceonsas s o Jlad col
ol 0] (salilyg b 5 (T laugs 45 asgSlen
Jlsd ol oz 8,8 5155 0wl o0 oL
il il slmosls (g4, 5l el wl (ol
Gl Jlsd colw g cl (S g sl 0395
o o pSln el o ily G5 ol ]
ooy plzsl L Slalllas ,5 ol oy ogdle oy
oo a5)) slmolSuus aS el msly A 47 0 Y]
Co—w)y E9 b JoS—as Lsd ol o Wl len
ot 5 i Sy e Lo L plla ]
S a0l caalllas ol plouil 51 GBais copslplty aisS
Ho¥ge LSl 1 Gohaie g 385 5 ool 3,50,
= ol Casy (gl o gl el ]
0oy cdi gladiges ;0 CPAC > 4 Jolee sloos
ooty il s oais il olfus Ul ol
5 00 6w 03 ) Chs A Sges 90 MK _iule;]
iyl iy Slallae moli Uy 5 ol s

Sl 00

3w

15,5 Lol ay xS Clls ddlre

S g —Sopd i S I CPA cl>alolee
bogh a5 a5sSl ol oo S s )8 ise
el oa ol [F] ol San g usS 9:8 S
o atslan G 1y (o e Ol o0
oS G 5 0,5 ailons SilsS =g sls



YFAA 99 5ous 3 010 po 15 o los a&-"/j”z

S sladiges S 5 e wlais F 1 84wl
Ages Sl 0ol Cnd N oo 000l ) p
=Sl L, i aged asiul se g L oS o
Wil oo (g 9oy +10) cpdlaw] o5 Jlode L
Co—y Jo5i5 5 (L et Ot 9, Esly
5 Juil by b (3, sgas Jid | il
ol Jlas 5 oS DY) el oo bnjllos
clin (il Ll s o daie a4y [VY]
Lo comitllel gy S5 51 (g Sty 51—
JeS—is g, s o e S g Sl eolii ]
A o s dilie loabes o eilla ] Gy,

e (PEalejl S50 ay (S aigel ol (6l

S Cnl SiPe 4 ba e 50 Cdi dges 0SS
Co—m)y oSz Jdo an Sllee Wi Lo
Ol g ol Jlax IVF] el oo ol
Job Ly aals 5w ISCaT i3s3 oolizl Ly [VF]
S=Soslailay 503 gole S0 0dgdxe )0 Fa—e
Ao 0By 90 Sl aiges gl (i lize glales
sleead ) sloadiges gjlvdaric j3late
I e Oledbl g oS 5 oo o

00— oolax

)

w\f}s s Jsles alait
2 w:.l\.n.,J sl
s o] 56

J:'Ju—j a8 5

| Lib o ol lEs 5 L |

< - >
36 s e s bl a3l S i

FS—id gl e (g b 48,5 S 3,59,
O] gy

0ay ks 5l cpedlawl gy o] aallas ol jo
03— 4_»3; JUEEHR C—.’.L"_&.’.L" Jolws S o9 as
S b 8 e el Jols ol e
03— u;)_ku)é S ‘Ja_‘L> uAAJL—O—ﬁAJ—‘ Q)s_@ 4
00—y A_MA)L‘LA ‘5&—9,.....”.0_..:1 )LQ 5o d».»JLc_u] wlf}e
Ly b oyl 58 4 cpeillia] azp lS'sd a5 5, S
(ol 00 UL"’ =) aJoleo 5 Q.MJLLM;‘ ] )

OR AR £
f asphaltene = asphaltene Y
Ol OR g e—cpdlawl 516, S5Lo AR adolee oy 5o
iy ol Jobss o e-cdi s eams
LS s (g5l oo glym asllae 0l oo b a8 S
Sl 00 o0ls ul—“‘"’ Vs

i ;o CPA cJlbdlolee o —llgs aslllas o0l jo
S )9—e 04y T dgal 90 ol LS o oxan

(<

ol gl A i 6

s 53 il J o Sl

b o - 1 je ellan] anulS gl iaies bt pitlin] Gy b s (05 00l a8 )5 a5 mleale Jolas (A1 SO
e omdlanl 51 50 llan] anulSed o



ey o555 il
S Gdigel woyd oS 5 Jeue
(Jgo 20,0) [VF] 90 s aiges (Fgo 20,0) Y] S0 i aiges e

/£ <[+ AA Oj9r
YIYY YA RETTIRETRUN
VY'Y V/-YY oS ST 60
YVIY# fY/FY ol

¥ Ve IA ol

$Iv SIAVA Sl

“IA -[a0Y OB 53!
Yy YIOVA obs oy
\IYY VYIY ol 53]
V/AA Y/ AP ol Sl
vEIYY Yeay Cy.
YYE/Y Y-¥/fY C,. JsSUse 033
CIAVY -IA¥ C,. Losars s

(S35 o) [VE] g0 s g3 (539 2o, Y] S0 s iges Lo cans Sledlbl

IN7AT YV o gl

Y IA YEA o Sslg)]

V- /¥ VWY o o5,

\/¥ 0 Lo syl

039 Sl e o Jeime a5 cul 00, S L
DIV el els YO logars i T J5SUge
i o opillin] slaJsSge 3 dalllan sl o
O VO (g0 (155 L (mboyegise & j9—o Ay
Py—ate () e Moot a8 S La s

IV] il sas Ll VY0 gglows cpedlaul

5 39— > bawgi o gl ou s aloul asllas o
o ytogaaliy gl s slssl Ly [VA] ol5
Silm ool slass a5 cwl oul ools jLis
So e sl an pedlawl sle jagige & dly jo ol
asdazg Lasb g colw ¥/0 (gowl colw

1. Heavy Component (HC)
2. Fluorescence Depolarization
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1. Average Absolute Relative Error (AARE)
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INTRODUCTION

Asphaltenes are the most complex constituent
of a crude oil. Moreover, they are defined
as a solubility fraction which is insoluble in
n-pentane or n-heptane but soluble in toluene
[1]. Asphaltenes strong self-association tendency
causes asphaltenes aggregation, flocculation
and finally precipitation. In order to control
and prevent asphaltene precipitation and its
subsequent deleterious effects, it is crucial to
model and predict asphaltene phase behavior.
Over the past years, a large variety of models have
been proposed for modeling thermodynamic
behavior of asphaltene precipitation. Among
the proposed methods, cubic plus association
equation of state (CPA EoS) has gained a lot
of application and attention through its high
accuracy and lower complexity in comparison

with the other methods. Considering the high

Accepted: March/02/2019

capability of the CPA EoS in modeling the
phase behavior of complex systems including
heavy components, self-associating and cross-
associating components, it has been applied for
modeling asphaltene phase behavior [2, 3]. The
aim of this study is to introduce a new simple
and easily applicable approach according to
asphaltene molecular structure for modeling the
asphaltene phase behavior in live oils. Finally, the
accuracy of the model is analyzed by applying it
to two different live oil samples and comparing

the results with other available models.

MODELING

In order to model asphaltene precipitation, a
liquid-liquid phase separation between two
liquid phases, the asphaltene-rich phase which is
a pure liquid-dense phase and the oil-rich phase

which behaves as a solvent for asphaltenes is
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assumed. In order to characterize the investigated
live oil samples [4, 5], the composition of
reservoir oils and SARA test results are used.
In the reservoir fluid compositions, those
components heavier than pentane are lumped as
a C,,. Then it is assumed that the quantity of the
components lighter than hexane in the stock tank
oilis negligible. In order to reduce the complexity
and number of tuning parameters of the model,
the saturates, aromatics and resins fractions are
lumped into a pseudo-component termed as
heavy component (HC) or maltene. Moreover,
in this study, all binary interaction coefficients
are assumed to be equal to zero. Experimental
investigation by Hosseinpouretal [6] revealed that
in the asphaltene structure, the concentration of
basic functional groups is 4.5 times of that of the
acidic functional groups. In other words, for each
acidic site of asphaltene, there are four basic
sites. Therefore, it is assumed by us that each
asphaltene molecule has five association sites,
which is consistent with its molecular structure.
Also, two association sites are assigned for
the heavy component. In our approach, self-
association between asphaltene molecules and
cross-association between asphaltene and heavy
component are taken into account. The critical
pressure of the heavy component is tuned with
respect to one experimental point to match the
bubble point pressure of the asphaltene. The
cross-association energy between asphaltene
and heavy component ( 4/ /R ) is considered
as the only tuning parameter for modeling
asphaltene onset point. Moreover, is assumed
to be temperature dependent and obtained by
using at least two experimental data of onset

pressure. Three different forms of temperature-

dependency are considered for the P /R

(Equations 1-3).

& /R=A+BT (1)
& JR=a+B/T (2)
&' /R=A+BT +C /T (3)

where, in the above equations, A, B and C are
constants obtained by regressing of experimental

data.

RESULTS AND DISCUSSION

As it was mentioned in previous section, in
this study, the critical properties of the heavy
component are tuned based on a single
bubble

obtained results show that the tuned values of

experimental point pressure. Our
the critical pressure for the sample 1 [4] and
sample 2 [5] are equal to 21.98 bar and 20.36
bar respectively. These tuned values are used to
predict the bubble point pressure of the samples
over the whole range of the temperature, and
the results are compared with the experimental
data. The obtained results indicate that the
proposed approach is able to predict the bubble
point pressure of the sample 1 [4] and sample
2 [5] with an average absolute relative error
(AARE) equal to 1.54% and 0.93%, respectively,
demonstrating the high accuracy of the proposed
approach.

In order to apply the CPA EoS to model asphaltene
onset point, the P /R is considered as the
only tuning parameter of the model and adjusted
with respect to two experimental data point
(using Equations 1 and 2) and three experimental
data point (using Equation 3). After tuning the
eAH/R , the CPA EoS is applied to predict the
onset point over the broad range of temperature.

Figures 1 and 2 show the precipitation envelope
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(APE) for the sample 1 [4] and sample 2 [5]
respectively. These findings indicate that
& /R =A+BT +C/T although gives the
lowest AARE, it cannot predict the actual trend
of the asphaltene precipitation with respect to
temperature. The asphaltene aggregate size
decreases with temperature since the asphaltene
solubility increases, as stated by Hemmati et al
[1]. Therefore, from Figures 1 and 2, it can be
concluded that ** /R -4 +B/T is the best
choice, which models the asphaltene onset
point of the sample 1 [4] and sample 2 [5] with
AARE of 5.37% and 5.50% respectively. As well as

providing precise prediction of asphaltene onset
point, the actual trend of asphaltene onset point
with variation of temperature can be accurately
predicted by considering the o /R 4B /T

. Comparison of the results of the developed
approach in this work with previously available
one, e.g. the Zhang et al [3], verifies more the
accuracy of the proposed approach. Both of the
investigated samples in this study were studied
by Zhang et al [3]. Their obtained results indicate
that with increasing the temperature, asphaltene

stability decreases and then increases, which is

beyond the actual phase behavior of asphaltene.
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Figure 1: APE for the sample 1 [4], (a): &' /R=4a+BT +C/T
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Figure 2: APE for the sample 2 [5], (a): &' /R=4+BT +C/T
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CONCLUSIONS

The CPA EoS was applied to model the asphaltene
precipitation in live oil samples with a new
modeling approach based on the asphaltene
molecular structure. Five association sites were
assigned to the asphaltene molecules, while two
association sites were considered for the heavy
component. The dependency of the asphaltene-
hey component cross-association energy (
& /R ) was modeled with three different

equations. It is found out that considering

& /R —A+BT +C/T provides the best
results.

The model predicts not only the bubble point
pressure curve with a high accuracy but also the
asphaltene precipitation onset with temperature.
Finally, the trend of the asphaltene onset curve
with temperature is consistent with the natural

behavior of asphaltene.
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