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Summary. A molecular model is developed to predict onset and amount of organic deposition from reservoir fluids caused by varia-
tions in temperature and pressure and introduction of miscible solvents. The model is used successfuily to predict the phase behavior

and deposition regions of asphaitene in COy/ofl mixtures.

Introduction

The compounds that constitute complex petroleum crudes, coal lig-
uids, and similar substances are mutually soluble as long as a cer-
tain ratio of each kind of molecule (or particle) is maintained in
the mixture. Variations in the mixture’s temperature, pressure, or
composition (such as addition of a miscible solvent) alter this ra-
tio. Then the heavy and/or polar molecules may separate from the
mixture either in the form of another liquid phase or as a solid
precipitate. Hydrogen bonding and ihe sulfur- {(and/or niirogen)
-containing segments of the separated molecules may start to ag-
gregate (or polymerize) and to produce the irreversible asphaltene
deposits that are insoluble in solvents. Development of predictive
techniques of organic deposition to describe the behavior of large
organic molecules in hydrocarbon mixtures cails for fundamental
deta.ﬂed analyses of such systems.

. Major questions of interest in the oil industry are when and how
much organics will flocculate out under certain conditions. Because
petrolenm crude generally consists of a mixiure of aromatic and
other hydrocarbons (resin, wax, and asphaltenes), each of the con-
stituents of this system can be considered as a continuous or dis-
crete mixture interacting with the other constituents as psendopure
components.! The theory of continuous mixfures, the statistical
mechanical theory of monomer/polymer solutions, the concept of
Hildebrand's solubility parameter, and the concept of pseudoiza-

tions are used here to analyze and nredmf the onset and amount

of organic precipitation in petroleum crudes.

Because heavy organic particles in petroleum crudes have a wide
range of size, or molecular weight, distribution, one may consider
each crude family as a heterogeneous (polydisperse) polymer. Then,
to predict the behavior of such compounds, one can assume that
the properties of their fractions depend on their molecular weights.
Mansoort and Jiang? initially proposed this treatment of heavy or-
ganics in petroleum flnids. In their proposed formulation, the Scott
and Magat3# theory of polymer mixtures, which is the statistical
thermodynamic model of the mixture of solvents and heterogene-
cus {polydisperse) polymers, was used. In this paper, the proposed
model of Mansoori and Jiang is applied to predict asphaltene depo-
sition from petrolenm fluids. Similar calculations can be performed

_ for deposition prediction of other organic macromolecules.

Asphaltene Deposition

The petroleum industry defines the asphaltene content of a crude

as the normal-pentane-insoluble and benzene-soluble fraction of the
crude.57 The exact chemical structure of asphaltenes is not
known. On heating, they are not melted but decompose, forming

carbon and volatile products abave 300 to 400°C. They react with

sulfuric acid to form sulfonic acids, as might be expected on the
basis of the polyaromatic structure of these compounds. The color
of dissolved asphaltene in benzene is deep red at low concentra-
tions. At dround 3 ppm asphaltene concentration in benzene, the
solution is distinctly yellow. .

*Now with Sharp Corp.
**Mow with Ssang Yong Olf Refining Co. Ltd.
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While solutions to the problems associated with the deposition
of nonasphaltic organic compounds from petrolenm fluids are mostly
understood, the asphaltene deposition problem remains a mystery.
The devastating effect of asphaitene deposition in the economy of
petroleum processing and oil recovery techniques is well recog-
nized. Asphaltene deposition during oil production and processing
is a very serious problem in many areas throughout the world. 312

The nracence of acnhaltens in netralenm emdes canges 2 nnmhber
L0C Presence of aspaaliens In pemrowtum Cruces €5 &8 Nmoer

of severe technolo gml problems One such problem is the untimely
precipitation of asphaltene in the petroleum reservoir; in the wells,
tubings, and pipelines; and in the refinery components. Currently,
mechanical and chemical cleaning methiods are being improvised
to remove asphaltene deposits and to maintain producticn, trans-
portation, and processing of petroleum. |

According to Long,7 asphaltenes are highly polydisperse and
contain a broad distribation of polar groups in their structure. The
average molecular weight of asphaltenes present in petroleum crudes
is generally very high. Published molecular-weight data for petro-
lenm ncnlmTfr-mnc range from ahont 00 to 500 000, The wide range

of asphaltene size dlstrlbutron suggests that asphaltenes are partly
dissolved in oil and partly in colioidal state. The colioidal asphaltenes
dre believed to be dispersed and stabilized primarily by resin
molecules present in oil that are adsorbed on asphaltene surface. 13
The degree of d1spersron of asphaltenes in petroleum oils depends
on the chemical composition of the petroleum. In heavy and mgn—
Iy aromatic crude oils, the asphaltenes are well dispersed, but in
the presence of an excess of petroleum ether and similar parafiinic
hydrocarbons, they are coagulated and then precipitate.

In developing a comprehensive model of asphaltene deposition,
we have considered a number of theoretical approaches, including
colloidal solution theories, ! polydisperse polymer solution the-
ories, continuous thermodynamics, and fractal aggregation the--
ories. 4 The theoretical technique proposed here is part of our
continuing effort to develop a comprehensive model of asphaltene
deposition.

Background of Proposod Model

The statistical mechanical theory-of mixtures of high-molecular-
weight polymer solutions was originally introduced by Meyer, 1%:16
who used hypothetical lattice cells, one of which may be filled with
a segment of either a polymer or 2 solvent molecule, and discussed
the theory quahtauvely Later Flory!7.18 and Huggins !9 indepen-
dently developed thermodynamic models of the lattice theory for
homogeneous polymer solations—i.e., the solution containing uni-
form polymer molecules in a solvent in which the partial molar en-
tropies of mixing 'are obtained by use of the lattice theory.

Furthermore, Flory applied his iattice theory to homogeneous chain-

polymer solutions and used the van Laar’s rale for calculation of
the heat of mixing. Then, by .combining the entropy and heat of
mixing, he derived the expression of the partial molar free energy
for the homogeneous polymer solutions. Later, Scott and Magat3
proposed a statistical mechanical method to derive expressions for
partial molar free energies of heterogeneous polymer solutions.

. Their method was based on Huggins’ theory, in which less restric-

tive assumptions were made than in Flory’s theory. This makes
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v 723 7l




 the Scott and Magat theory more general for heterogeneous polymer/
monomer sclutions. For the heat of mixing, Scott and Magat used
the Scatchard-Hildebrand formula.3

In this paper the Scott and Magat theory is used to present a
statistical thermodynamic model for the ptedlcuons of the: onset point
and amount of asphaltenc (or any other organic compound) depo-
sition from petrolenm crude under the influence of miscible sol-

vente_ In the nronoged model, asnhaltane is agsnmed to rongist of
VORIS. in N Proposced model, aspnanend 15 assumed <onsist O

jmany.components, of similar polymeric molecules so that a con-

s tinuous distribution fitdction can be used for it. A contingous gam-

ma distribution function allows properties of asphaltene to be related
to the molecular weight of asphaltene fractions. The adjustable pa-
rameters in this model are optimized with experimental titration
data?0 of asphaltene deposition caused by addition of normal
paraffin hydrocarbons To demonstrate the applicability of the pro-
posed model, it is used to predict the h.lgh—pressurc phase behavior
and the pressure-vs.-composition region of asphaltene deposition
for CO,/crude~oil mixtures.

Pclydlspersa Polymer Model
of Organic Deposition .

Hirschberg et al. 20 originally attempted to apply polymer theory
to develop a model to predict asphaltene deposition. In their for-
mulation of the problem, they assumed that asphaltene consisted
of a uniform (homogensous) component of petroleum crude. Man-
soori and Jiang? applied the Scott and Magat heterogeneous poly-
mer solution theory to formulate a continuous-mixture model to
predict the onset point and amount of organic deposmon from pe-
‘troleum crude oil. The basic technique used in this report is the
Mansoori and Jiang model.

In 2 heterogeneous polymer mixture, one may specify different
fractions of the polymier according to their molecular weights. As-
suming that asphaltene behaves as a heterogeneous polymer, the
Scott and Magat theory can be used to caleulate the chemical poten-
tial of the ith fraction of asphaltene, p.4, in a mixture of
aspha]tene and a solvent as

(= SYIRT=In Vit 1= 0,1~ VN
+ﬂvm,(VfB)2 g (1

T meelemaadand o T Lo mdlnis ol ncmlonlinimn memd galerant
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respectwely, and superscript O=standard state. The volume frac-
tion, ¥y, is defined by the volume, ¥, of a component divided by
the total volume of a mixture, Vy;, Therefora, Vieti =V i/ Vinixs
Vig=Vg/Vix> and & Vi) +V,

The segment number of the zf fracttou of asphaltene, N 4, is
defined by the ratio of molar volume, ¥ 454, of the ith fraction of
asphaltene over the molar volume, Vyp, of a sblvent, N4, =V
Vap =M 4;/(0,,4:Vagm). where p,, 4;=mass density of the ith frac-

. tion. The segment number of the solvent is assumed to.be unity.
- The mass dens1ty of the ith fraction of asphaltene is almost mdcpcn—
dent of the ith fraction molecular weight, M ;;, because of the as-
sumption of the uniformity of segments of asphaltene, and it is equal
to the ‘average mass density of asphalitene, p,,. As & result,
Pradi =0 and Ny, =M 4/(p ,Vim).

The average segrent number, N, of asphaltene may be deﬁ.ued

Q-zxd,Nm, ....... P L)

where x4, =mole fraction of the. ith fraction of asphaltene with
respect to the total asphaltene, i.e., Zxy;=1. Furthermore, the pa-
rameter f in Eq. 1 is defined by (see Appendix A)

| f=UN+Vipl(5,—85)2 +2UcandyBsVRT, oo 3)

where N, =coordination number between two successive segments
in an asphaltene molecule (N, has a value3 between 3 and 4),
k,p=interaction parameter between asphaltene molecule and
asphaltene-free crude oil, §4=average solubility parameter of
asphaltene, and §p>=solubility parameter of asphaltene-free crude.

It is assumed that the molecular interaction parameter between
asphaltene and asphaltene-free crude oil, k4p, is linearly propor-
tional to the average molecular weight of asphaltene-free oil, Mp:

kp=a+ by, where @ and b are two independent constants. The
solubility parameter, §, is defined with respect to the square root

- of the molar internal energy change of vaporization, AU,, over the

molar volume:
5 =(AU,/Vy) B et treeer e e, (4)
-Eq. 3 is formulated with 'respect to average solubility parameter

of asphaltene so that the avaflable (average) experimental solubili-
ty parameter data?0 of asphaltene can be used in the present model.
By using the above equations and the principle of phase equilibria,
one can derive an expression for calculating the asphaltene con-
centration in a solution. This corresponds to the asphaltene con-
centration in a solution in equilibrium with the asphaltene content

of a precipitated phase.

Phase-Equilibrium Calculation

To perform phase-equilibrium calculation, one needs to equate
chemical potentials of every asphaltene fraction in the liquid phase,
pLy;, and the solid phase, p5,;:

Provided that Eq. 1 is valld for every fractlon of asphaltene in the
liquid and solid phases, Eq. 5 will take the following form:

In V3, +1-(N3,/NS)(1- st)—N&,V}a +fSNS, (V)2 =
In V5 + 1~V NG )= V) NG Vs +f NG T

In Eq. 6, the moiar volumes of the n.n rracuon of asphaitene in
both phases are assumed identical; V3= Vm, Vyg4;- Further-
more, because Vyip =V, =Vyp, then N5, =NZ. =N, ;. Now if
we assume that the sohd phase is free of the solvent—i.e.,
VfB =0—Eq. 6 will take the following form:

VEVE=expWegB) « oo )

where §=(UNL —UNS)+(1—UNL WL —fL(VE2.. ... (8
A =4 s/ fm fB

Eq. 7, in conjunction with a continuous disteibution function for
asphaltene, can be used to calenlate the total volume fraction of

prasALiviit, e AL AU SRS A SRR YRALLCL LS8R

asphaltene in a liquid mixture in equilibrium w1t.h a solid phase.

Continuocus Model of Asphaltene

To calculate the total volume fraction of asphaltene in a liquid mix-
ture in equilibrium with a solid phase, we peed to assume a
molecular-weight-distribution function for the continnous asphaltene
components. The molecular-weight-distribution function of
asphaltene can be defined as follows:

FOL)=Qma) @ ddMy), c<ooonevneenianennnnnnnn.(9)
where IWF(MAi)dMAE=1,

0

and where M ,;=molecular weight of the jth fraction of asphaltene,
dn ;=differential of the number of moles of the ith fraction of
asphaltene whose molecular weight is in the range of My; to
M ;+dM,;, and n =total number of moles of asphaltene.

The expression for the average segment numbers of asphaltene
in a given phase, Eq. 2, can be defined by using the continuons
distribution function of asphaltene.

o

= pof 4y rs
Ned —J IV il VL 47 JQUIVE g7 = e e n e s mmts i s m v e uy

0

Upon partial deposition of asphaltene from a peiroleum crude

caused by the introduction of a miscible solvent, two phases (one

liquid and ope solid) will form. As a result of the mass balance

for the fth fraction of asphaltene between the driginal crude oil C,
solid phase S, and solvent-rich liquid phase L, one can write
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where dn&=VCaVg:/Vigy;, dnA,—VSdgg Vg, dnfy=vEavE
Viagai» VE=VS +VL and V$=W,,/5,,. VC, V5, and VL =total
volumes of the crude oil, sohd phase, and liquid phase, respec-
tively, W, =total weight of asphaltene in the crude oil, and g,
=mass average density of asphaltene.

Eq. 7, which is valid for a given fraction of asphaltene, can be
wriiten in the following differential form when a differential frac-
tion of asphaltene is considered in the context of its continuous
model:

AV AVE, =expW o). o vnenenennnn. SO ~..(13)

By joining Egs. 9 and 11 through 13, the followmg expressions
can be derived: ‘

FL(M )= {PLIIVE +VSexp(~N o} n§nDFC () .
and FS(M )= {VSIIVL exp(Npi6) +VSTHn§inDFC M g).

-(14)

o . -]
Because | FL(M)aMy;=1and | FS(My)dM,;=1,
by rearranging Egs. 14 and 15, one can get

n§ink=1/[ {VENVE+VS exp(~N O} FCR )M,
4]

andn

Provided that the asphaltene distribution functions are available,
Eqgs. 16 and 17 can be used to calculate the total number of moles
of asphaltene in the separated solid, n3, and liquid, n%, phases
Also by substituting Eq. 14 or 15 into Eq. 10, the expression of
the average segment numbers, NL, or N3, , in a phase can be ob-
tained.

Eqs. 9 and 11 through 13 can be used to derive the total volume
fraction of asphaltene in the liquid phase, ¥ fA ,in equj]ibﬁum with
the solid phase:

L
VA= = e,
0
XEMaAM i oo e (18)

All the terms in Eq. 18 are already defined except V=W /5 ,,
=yC~V L VL, which is the total volume of asphaltene in the crude
oil. With Eq 18, the onset of asphaltene deposition from 2 petro-
leum crude and the amount of asphaltene in a liquid mixture in equi-
librium with a solid phase can be calculated. Appendix B describes
the special case?® when the asphaltene is considered to consist of
a homogeneous compound.

= [ T B OVEIVE VS exp(—N 0}

Calculation and Discussion

Wlth the total volume fraction of asphaltene in the liquid phase,
Vf - given by Eq. 18, the amount of asphaltene i m the liquid phase
in equilibrium with the solid phase will be p AV 74 VL. Therefore,
the amount of asphaltene deposited will be glven by

WAJ:H{‘_‘—‘)AVJ’A V IR SRR AL mraer e
where W ,=total amount of asphaltene in the crude oil. Because
the amount of asphaitene precipitated at the onset of deposition is
zZero, the total amount of asphaitene, W,,, can be calculated from
the asphaltene composition of the Hquid phase at the onset: W, =
pa(V VEyomset,

To ptoceed with the calculation, the continuous molecular-weight-
distribution fumction of asphaltenc is represented by the gamma dis-
tribution function;

F(M1)=[(M 4~ M 10) 1T () expl (M~ M0)/B], . .(20)
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TABLE 1—DATA FOR TANK OIL 1

Composition®® (mol%)

Methane 0.10
Ethane 0.48
Propane 2.05
:-Butane 0.88
n-Butane 3.16
i-Pentane 1.93
n-Pentane - 258 7
Hexanes e 432
Heptanes-plus 84.50
Average molecular welght2° 221.5
Specific gravity=? 0.873
Average mass density of asphaltene,™

gfem?® 1.2
Average molecular weight of asphaltens™  4,800.0
Initial molecular welght of asphaltene? -500.0**
Coordination number of asphalten33 3.5*"
Asphaltene solubility parameter, 20

MP&®# 20.04(1 -1.07x 10 -%T})

*Parsonal communication with A.R.D, van Bergen and L.N.J. Jong,
Konlnklije/Shell E&P Laboratarlum, Amstardam, April 4, 1986,
**Assumead velue.

TABLE 2—PROPERTIES OF C, AND C;,

PSEUDOCOMPONENTS
Cg Cr.
Critical temperaturs, K 506.6 771.2
Bubblepoint temperature, K 3837.0 585.0
Molecular weight 84.0 248.9
Critical pressure, kPa * 3272.8 1692.1
Acentric factor 0.281 0.639
Density, gfem?® 0.685 0.868

where o=(H; —M0)211, B=n/(My~My0), T(e)=| 1o-1
: [

xexp(—t)dr,

and Mg, My, and # are the initial vatue, mean value, and the var-
iance of the gammia distribation fimction, respectively. The choice
of gamma function is rather arbitrary and other equally versatile
distribution functions may also be used.

To ilustrate the application of the proposed model for the
asphaltene-deposition predictions, the data of a tank oil (Ol 1, Sam-
ple 1 of Ref. 20) are used. Table 1 shows the data for this tank
oil. In the present calculation, hexanes and heptane-plus fractions
are assumed to be two distinct pseudocomponents. Their proper-
ties (Table 2) are calculated on the basis of their average molecu-
lar weights.?123 The Benedict-Webb-Rubin (BWR) equation of
state (EOS), along with the Lee-Kesler24 correlation, is used to
calculate molar volumes and solubility parameters of asphaltene-
free oils.

Four adjustable parameters (a2, &, W, and ) in the proposed
model are to be determined at this stage. These parameters are cal-
culated by minimizing the differences between the experimental titra-
tion data with n-pentane and n-decane?? and the results of the
predictive model. Table 3 gives results of the calculations of these
parameters. The experimental titration data for n-heptane was not
used in this calculation because it did not seem to conform with
the other titration data, as was demonstrated in an earlier publi-
cation. 13 ’

The calculated adjustable parameters in the model are used to
predict the onsets and the amounts of asphaltene depositions, and
the predictions are compared with the experimental data in Table .
4. According to Table 4, all the onsets and amounts of deposition
data (except in the n-heptane case} are in good agreement with the
experimental data. Fig. 1 shows the predictions of onsets and
amounts of asphaltene deposition vs. volumes of different n-paraffin
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TABLE 3—MODEL PARAMETERS*

Interaction parameter, K5

Variance of distribution function, 77

n-docane<® and the predictive model.

Total amount of asphaltene, W,,, wit% of tank ail 4.0234

'Parametaéso are calculated by minlmizing the dltfarances balwaon the experimental titration date of n- pentans and

—7.8109x10-2 +3.8852 x 10 ~6/i,
4.9223% 108

solvents added to the tank oil. According to Fig. 1, the trend of
the deposition predictions for different n-paraffins are consistent
with their molecular weights. This indicates that the amount of
asphaltene deposited for the same volume of n-paraffin solvents
added to fthe tank oil decreases as the n-paraffin molecule gets big-
ger. This observation is reported in Flg 2 along with the available
experimental data.

Fig. 3 shows the predicted distribution functions of asphaltenes
in the original petroleum crude (Tank Oil 1) and in the solid and

Hquid phases {after 5 cm? of n-heptane is added to the tank ofl).

Fig. 4 is similar to Fig. 3 except that in this case 20 cm3 of n-
heptane is added to the tank oil. In the calculations in Figs. 3 and
4, the molar distribution of asphaltene in the original petroleum
crude is expressed by the gamma distribution function (Eq. 20).
Then, the molar distributions of asphaltene in the liguid and solid
phases (resulting from addition of the miscible solvent to the crude
oil) are defined by niFL(M,;) and niFS(M;), réspectively. Ac-
cording to Figs. 3 and 4, the fractions of asphaltene with higher
molecular weights tend to deposit sooner than the lower-molecular-
weight fractions. Figs. 5 and 6 show the molar distributions of

precipitated asphaltenes and remaining asphaltenes in the solvent-
rich liquid phase with different n-paraffins as miscible solvents along
with the distribution of asphattene in the original petroleum crude
('I‘ank 0il 1). According to Figs. 3 through 6, the distribution of
the precipitated asphaltene tends toward the original crude oil dis-
tribution as the amount of the added miscible solvent increases. Also,
the distribution of the precipitated asphaltene tends toward the origi-
nal crade oil distribution as the molecular weight of the added mis-
cible solvent decreases. The trend of the distributions of the
Ipmmnmcr ncnha]fenp in the lmmd phase rennrtai in Fig. 6 are op-

posite to that of the solid phase Accordmg to these ﬁgm‘es, t.he
proposed continuous model suggests that the pature of asphaltenes
caused by the introduction of different solvents in the solvent-rich
- liguid and the precipitated solid phases is not the same. This pre-
diction is consistent with the experimental observations of differ-
ent investigators as to the variations in the nature of asphaltenes

that are precipitated becanse of the introduction of different misci-

ble solvents in a crude oil. 71125 '
To demonstrate the applicability of the proposed model for pre-

diction of the pressure/composition region of asphaltene deposi-

TABLE 4—EXPERIMENT™ vé. PREDICTION FOR ONSET AND AMOUNT
OF ASPHALTENE DEPOSITION FROM TANK OIL
Dilution Ratio n-Cs nCy nCio
{cm? diiuent/g tank oii) Experimenta Caicuiated Experimenial Caloulatad Experimental Calculated
1.35 ) ' " QF
1.40 , OF OF
1.90 NT OF
2.22 - OF ;
5 — 3.31 1.53 1.52 1.34 1.30
10 3.61 3.67 i.82 2.28 145 1.53
20 3.79 3.75 1.89 2.43 1.50 1.45
50 3.87 3.73 1.87 2.29 — 1.13
'Ex-perimemal titration data (wi%h tank oll} are taken from Ref, 20,
NT=onsst of asphaltena daposition not determined.
OF =onsst of flocculation. .
wa —a
ey e o
- =
(=14 - n [}
=5k a2
§ n l: n- °
£ % 87
=] (%)
Ll o Qi
= | g™
Z 2] " 0 o
& —_——— el
w2] If neg™ = .
= H = =] .
.| B £
g1 K B |
“o| I £°
0.0 ) 20.0 .0 .0 5.0 3 - T g T - - -
VOLUME QF SOLVENT RODED (CC) " CoReow WMBER OF socvewT robgD
Fig. 1—Prediction of amount of asphaltene deposition from
Tank Oil 1 vs. volume of six different n-paraffin solvents. Ex- Fig. 2—Effect of n-parafl’ln solvent chain Iangth on amount
perimenial asphaltene deposltlon data“® caused by addition of asphaitene deposiiion. Voiume of aii ihe n-parafiin soiveris
of n-pentane, n-heptane, and n-décane are shown by A, O, added Is 10.0 cm®. Experimental data?® are shown by W and
and O, respectively. predictions by .
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Fig. 3—Relations between molar concentration distributions Fiyg. 4—Relatlons between molar concentration distributions
of asphaltene In different phases In equilibrium resulting from of asphaltene in difforent phases in equillbrium resulting from
the addition of a glven amount of misclble solvent {5.0cm? the addition of a glven amount of miscible solvent (20.0 cm?
n-heptane) to 1 g of tank cil.

n-heptane) to 1 g of tank ofi.

~ tion at high pressures under the influence of a miscible gas (CO,
in the present example), the phase behavior (vapor/ligquid/solid
equilibria) of Tank Oil 1 in contact with CO, at different pressures
and at 24°C was predicted and is shown in Figs. 7 and 8. Fig.
8 is an expanded scale of the region of Fig. 7 where the asphaltene-
precipitation occurs. In this calculatton, it is assumed that there is
no asphaltene in the gas phase and that the asphaltene content of
the liquid phase has no effect on the vapor/liquid equilibrium of
the CO,/oil system. A flash calculation26 for CO,/asphaltene-free
oil was performed to compute the composition of the liquid phase
leaving the flash tank. Then, the present mode] was applied to the

sition from Tank Oil 1. According to this figure, the asphaltene
deposition begins in a region where the mole fraction of CO; en-
tering the flash tank is about 0.984. In these calculations, every
gram of tank oil was assumed to be prediluted with 0,98 cm3 of
n-decane before CO, was injected into the system. For <0.98-
cm? n-decane predilutions, the model did not predict any precipi-
tation, consistent with the experimental observations,?? In Fig. 9,
the pressure dependence of asphaltene precipitation in a mixture
of CO, and asphaltene-free crude oil are reported. According to
this figure, the amount of asphaltene deposited decreases as pres-
sure increases. This trend of asphaltene depositions at different pres-
suges is consistent with experimental observation.20 '

mixture of asphaltene and the liquid phase feaving the flash tank
The dashed area in Fig. 8 is the predicted region of asphaltene depo-
Eo 2 2
o (=R
e T8
K 2
:-" Asphzaltene in Tank Of1 Asphalteng in Tank Gi1
= 1
[ = a1
o TS =
5 H &
= H &
o 3' -: Sa
< : Lo =
g FATN £
: 2
Y
AN N *
i Yl ~-Co
§ "‘.'.(:: / \ . a .
et 28 HGLEBULHR HE[GHT 0{,- HSPHHlLD.TuENE 120 :‘183 - B.0 Z'I.D 1‘.0 E‘.ﬂ B‘.D 16.0‘ lZI.U 15.03
MOLECULAR WEIGHT GF ASPHALTENE 10
Flg. 5—Comparison of molar concentration distributions of
asphaltene in the solid phase for different precipitating sol- Flg. 6—Comparison of molar concentration distributions of
vents. Volume of all preclpltatlng solvents added Is 10.0 asphaltene in the liquid phase for different precipltating sol-
cm?3. ) vents. Volume of all precipitating solvents added is 10 cm?3.
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The proposed model generally is applicable for predicting or-
ganic deposition (asphaltene, wax, diamantine, etc.) from reser-
voir fluids under the influence of a miscible solvent at various
and compositions. In applying this the-
ory, it may be necessary to use a multiparameter concentration-
distribution function to account for various families of precipitat-
ing organic compounds in the reservoir fluid.

Nomenclature

a,b = constants
f = parameter defined in Eq. 3
F = distribution function of asphaltene with respect to
molecular weight
F, = acentric factor

" AH = enthalpy change
AH,, = partial enthalpy change
k = interaction parameter
M = molecular weight
n = total mole number
N, = coordination number between two successive

segments in asphaltene molecules
N, = segment number
p = pressure
R = universal gas constant
T = temperature, °C

- AU¥ = molar internal energy change of vaporization

V = total volume

= volume fraction

V3 = molar volume

= total weight of asphaltene in petroleum crude oil

weight amount of asphaltene deposited from
petroleum crude oil

x = mole fraction

o = parameter in gamma distribution function

£ = parameter in gamma distribution fanction

& = solubility parameter

N
|

I

y = variance of gamina distribution function
i = chemical potential
p = density
Subscripts

A = asphaltene
Adi = n.h fraction of asphaltene with respect to molecular
weight
A0 = initial value of continuous distribution function of
asphaltene
B = mixture of asphaltene-free crude oil and solvent
¢ = critical property
C = original petroleum crude cil
f = fraction

‘*—
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ij = component identifications
m = mass
mix = mixture

Superscnpts
E = excess
= solvent-rich hqmd phase
O standard state
§ = solid phase
= average property over continuous distribution
function of asphaltene
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Appendix A—Derlvation of Eq. 3

The expresswn for f given by Eq. 3 is more general than the ex-
pression originally proposed by Scott and Magat,3 f=1/N,.+
kVyp(d4—65)2/RT. To derive Eq. 3, we may start with the van
der Waals EQS for mixtures:

P=RT/V ymix = Brzix) = Gomin! Vigenins
where @, =2:%; % Xy @y and by, =L;%; x; x; bij . The reason for
the choice of the van der Waals EOS is 1ts simplicity and the fact

that van der Waals mixing rules for ap;, and b, are qulte ac-
curate. 27 Because ,

(3 UIBVM)T—T(apIBT)V -p= -ale‘%‘,m ........... (A-2)
for the van der Wasals EOS, then
AT, = j @ix/ V2 )V iy = =i Vi oo (A 3)
Y
Therefore, the solubility pa.rameter is given by
o= (AU‘,/VM) % =ijx jVMmix’ ..................... (A“4)

where AU, =internal energy change of vaporization. The combin-
ing rule for parameter a;; js

ay=(1—k;May ay*,
where a;=energy parameter of pure Component {. The interac-
tion parameter for i=j, k;;=0, is nonzero when i+, By combin-
ing Eqs. A-1 through A-5 and using the volume fraction V=
x; VM,/VMM, one can get

8y =LiEpxix; (1=K Haya;) A IV
=EE Lk WeVdidie oo, (A-6)

It can be also shown that the molar excess internal energy change
of mixing is

AUE, =— AUy +TxAU,
=—Vymix 5L . —ki; W5V 6,8 +VMME Vﬁ - (AT
Assuming that the molar excess volume change of nnx.ing is zero

' at constant pressure, we can obtain the excess enthalpy change of

mixing with
AHE, =Em)AUE, —ApVE, =Em)aUE, . .. (A8)

The partial molar excess enthélpy change of mixing for Compo-
nent £ is

AHE=(QABE,, /6ng)=Vag[E:Z; (1~ )V V5610
—2E(1 =RV t8F). e Aa9)

For a binary system, the partial molar excess enthalpy change of
mixing for Component B can be reduced to

AHER=Vyn(Ve) 2[5, —85)2 + 24584851 -.on.n. .. (A-10)

According to the Scott and Magat theory, parameter fL consists
of two terms: a term (1/N;) resulting from entropy of mixing and
a term {AHER/[RT(V;)?]} resulting from the heat of mixing:

FL=1UN, +AH /[RT(Vﬂ)Z] ........... . (A-11)

By substituting Eq. A-10 into Eq. A-11 we derive the expression
for fL in Eq. 3.
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Appondix B—Speclal Case of a Homogenesus
Asphaltene Model
‘When asphaltene is considered as a single (homogeneous) com-
pound, the segment numbers are all identical (N4 —NL --N S=
Ng4), the molecular weight is equal to the average molecular
weight (Ms=M,), and the distribution function is F(Ma)=

8p(My;—Hy), where 8p, is the Dirac delta function (65 = when
Af  —Af and 8.—=0 whan M .1y Than Ba 17 tha total

I _JI’AA diid gp =\ Srilud "“Al FrilLg e ANl Dy. 17, b Mool
volume fraction of asphaltene in the liquid phase in equilibrium with
the solid phase, will reduce to

v =exp[(NsA—1)Vf§ N FLVE], oot (B8-1)
where VL =1- Vu .......................... .o (BD)

Furﬂlermore, the term 1/N, in Eq. 3 disappears for the case of a
homogeneous chain polymer of uniform molecular we1ght in a sin-
gle uniform solvent. With k,z=0 and the 1/N term in Eq. 3 re-
moved, after some ma.mpulatmns, the total volume fraction of
asphaliene in the liquid phase in equilibrivm with the solid phase
for a homogeneous model can be obtained as20

& =expl—1+Vaga/Vagerin— Viga®a=Six)*/RT], ... (B-3)
where Smix I8 defined as r.he solublhty parameter of the crude oit
mixture: py; —VfA6A+ 588

Sl Metric Conversion Factors

atm x 1.013250* E+05 = Pa

- bar x 1.0% E+05 = Pa
°F  (°F-32)/1.8 = °C
psi X 6.894 75 E+00 = kPa
‘R °R/1.8 =K

*Conversion factor Is exact.

Orlginal SPE manuscript received for review March 22, 1988, Paper accaptad for publica-
tion Sept. 4, 1990. Revised manuscript received July 27, 1690, Paper (SPE 17376) first
presented at the 1988 SPE/DOE Enhanced Qll Recovery Symposium hald In Tulsa, April
17-20
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Tablet. Data of the tank oil no.1 under study

The compositions of the tank oil'®

Campound mole %

Methane Q.10

Ethane 0.48

Propane 205

i-butang 0.88

n-butane 3.16

i-pentane 1.83

n-pentane 258

Hexanes 432

Heptane-plus 84.50

Average molecular weight of tank oil'® 215

Specific gravity of tank oil'® 0.873

Average mass density of asphattene® (g/cm?) 1.2

Average molecular weight of asphaltene® 4800.0

Initial molecular weight of asphaltene3 500.0 (assumed value)
Coordination number of asphaltene'? 3.5 (assumed value)

The solubility parameter (6,) of asphaltene'? [MPa®S]
6, =20.04(1-1.07x10°T), Tisin°C

Table 2. Properties of C; ANG C;, pseudocomponents

CG C7+
Critical temperature (°K) 506.6 772
Bubble point temperature {°K) 337.0 585.0
Molecular weight 84.0 249.9
Critical pressure (atm) 323 16.7
Acentric facter 0.281 0.639
Density (g/cc) 0.685 0.868

Table 3. Parameters Iin the model

Interaction parameter Kag = -7-8109 x107 +3.8852x10> <My>
Total amount of asphaltene (wt% of tank oil) wyy = 40234
Varance of ths distribulion function n = 4.9223x10°%

The atove parameters are calculated by minimizing the differences between the
experimental titration data of n-pentane and n-decane'® and the present predictive
modet.

Table 4. The experiment vs. prediction for the onset and amount of
asphaltene deposition frnm the tank oll

Dilution Ratio n-Cg n-C, nCyy
{cm?3 diluent/g tank oil)

EXPa CAL2 EXP CAL EXP CAL

1.35 OF

1.40 OF OF

1.90 N.T® OF®

222 OF

5 - 3.31 1.53 1.52 134 130

10 361 367 182 228 145 153
20 3.79 3.75 1.89 243 150 145
50 3.87 373 187 229 - 113

The experimental fiiration data (W% *=~ nil) are taken from the Ref.19.
a; EXP, experimentat values; CA.., calculated values.

b; N.T denote that Onset of ar,phaltena deposition is not determined.

¢; O.F denote the Onset ot "“locculation.
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