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Summary. A molecular model is develo@ to predict onset and amount of organic deposition from reservoir fluids caused by varia-

tions in temperahme and pressure and intrcduciion of miscible solvents. The model is used successtidly to predict the phase behavior

and deposition regions of aspbaksne in C0210il mixbms.
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Introduction

The compounds that canwitute complex psholeum ties, cad liq-

uids, and similar substances are mutually soluble as long as a csr-

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 ndscl%le solvent) alter this ra-

tio. Then the heavy andlor polar mokdss may separate from the

mixture either in the form of another liquid phase or as a solid

precipitate. Hydrogen bonding and the sulfur- (and/or nitrogen)

-cOntaiIdng segment3 of the separated molecules may s.art to ag-

gregate (or polymerize) and to produce the irreversible asphaltene

depsits that are imolublein solvents. Development of predictive

techniques of organic deposition to describe the behavior of large

organic molecules in hydrocarbon mixturss calls for fimdamental

detailed “malyses of such systems.

Major questions of interest in the oil industry are when and how

much organics will flocculate out under csrtain conditions. Because

petroleum crude generally ccmsist.i of a mixture 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 pseudopure

components. 1 The theory of continuous mixtures, the statktical

mechanical theory of monomertpiymer solutions., the concept of

Hiidebrand’s solubfity parameter, and the concept of pseudoiza-

tions are used hereto .?mIyze and prdct the odset and amount

of organic precipitation in p4&01eum cmdes.

Because. heavy organic particles in petroleum cmdes have a wide

range of sizs, or molecular weight, distribution, one may consider

each cmde bmily as a heterogeneous @oIydispeme) polymer. Then,

to predict the behavior of such mmpauuis, one can assume that

the properties of their fractions depend on their molecuk weights.

Manwm’i and Jiang2 initially proposed ti Ireatment of hwy or-

ganics in p+troleum fluids. In tieir proposed formulation, the Scott

and Magat3.4 theory of polymer mixtures, which is the statistical

thernmdynamic model of the mixture of solvents and hetemgene-

ous (@ydispwse) polymers, wa3 used. fn this paper, the proposed

model of Manweri and Jiang is applied to predict asphaltene depo-

sition from petroleum fluids. SimiIar caktdations cm be performed

for &position prediction of other organic macromolecules.

Asphaltene Depositlftn

The petrcdqm indusmy defines the asphaltene content of a crude

as the nond-pemane-insoluble and benzene-soluble fmcdon of the

cmde. 5-7 The exact chemical siructure of asphaltenes is not

known. On-heating, they are not melted but decompose, forming

carbon andvokdle products above 3C0 to ‘tGO”C. They react with

sulfuric wid to form stionic acids, as might be expected on the

basis of tlie:polyammatic sh’uchue of these mmpounds. The color

of dissoIv@ asphaltene in benzene is deep red at low concentra-

tions. At iiound 3 ppm asphaltene concentration * benzene, the

solution is Wi@y yelfow.
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Whife solutions to the problems associated with the deposition

of nonmpbaltic organic conpunds from petroleum fluids are mostly

und@’stocd, the asphaltene deposition problem Kmains a myst@.

The devastating effect of asphaltene deposition in the .%onomy of

pemoleum processing and oil recovery techniques is well recog-

nized. Asphaltene depsition during oil production and processing

is a very serious problem in many areas throughout tie world. ~12

The preseuce of asphaltene in petrbleup cmdes causes a number

of severe technological problems. One such problem is the untimely

precipitation of asphaltene in the. petroleum reservoiq in the wells,

tubings, and pipelines; and in the refinery wm@ents. Currently,

mechanical and chemical cleaning methods are being improvised

to rsmove asphaltene deposits and to maintain production, trans-

pmtation, and processing of petroleum.

According to Long,7 asphaltenes are hig~y polydisperse and

contain abroad distribution of polar groups in their structure. The

avemge molecular weight of asphaltenes present in petroleum tides

is generally very high. Fublished mokadar-weight data for p@ro-

leum asphaltenes raoge tkun about 5WI to 500,GO0. The wide range

of asphaltene size distribution suggests that Whaltenes are partly

dissolved in oil and patIy in colloidal state. The colloidal asphaltenes

are believed to be dispersed and stabdized primarily Q resin

molecules present in oil that are adsorbed on asphaltene sur%s. 13

The de- of dispersion of asphaltenes in petroleum ofls depends

on the chemical composition of the petroleum. In heavy and ldgh-

Iy aromatic cmde oils, the asphaltenes am well dispersed, but in

the presence of an excess of petroleum ether and similar paraftinic

hydrocarbons, they are coagulated and .$en precipitate..

fn developing a comprehensive model of asphaltene deposition,

we have considered a number of theoretical approaches, including

coUoidal solution theories, 13 pcdydisperse polymer solution the

oiies, condnuous thermodynamics, and fractal aggregation the-

ories. 14 The theoretical technique proposed here is part of our

continuing effort to, develop a comprehensive model of asphaltene

deposition.

Background of Proposed Model

The statistical mechanical thmry of mixtures of bigh-mOlecukr-

weigbt polymer solutiom was ori@41y introduced by Meyer, 15,16

who used hypothetical lattice cells, one of which maybe tilled with

a segment of either a polymer or a solvent molecule, and discussed

the thWIY qualitatively. later, FIoIY17.18 and Huggins 19 indepen-

dently developed thermodynamic model$ of the lattice themy for

homogeneous p41ymer solutions-i.e., the sqlution containing uni-

form polymer molecules in a solvent in which the parikd molar m-

tmpies of mixing ‘ire obtainti by use of the lattice theory:

Furthermore, Flory applied his latdce thmry to homogeneous chain-

polymer solutions and used the van far’s rule for calculation of

the heat of mixing. Then, by .combtig the entropy and heat of

mixing, he derived the expression of the partial molar& 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 methcd was bawd on Huggins’ theory, in which less restric-

tive assumptions were made than in HOW’S theory. ‘IMS makes
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the Scottaad Mzgst!korymorege nemf forheterogmmus@merl

monomer solutions. For the heat of mixing, SC@ and Magat used

the Scatcbard-HMebrand formula. 3

III this pap$r the Scott tid Magat theory is used to pr?sent a

statistical thermodynamic mo.iel for the predicti0n3 of the onset pint

and amount of asphaltene (or any other organic compmnd) depo-

sition from F#Iokum crude under the influence of miscible sol-

vents.. fn the proposed mcdel, aspbzltene is assumed to consist of

.) ‘nm?’:.~rn~-. Of:~i@fm Polymeric molecules so that a con-
tiguous dmtnbtion timtion an be used for it. A continuous gain-

ma distriiudon timction silows pmperdes of aspbdtene to be relsted

to the molrxtdas weight of aspbnltene fractions. Tbeadjustable pa-

rameters in this model are optimized with experimental titration

datam of asphaltene deposition caused by addition of normal

- hydrdons. To ckmomstrate the applicability of the pro-

posed mcdel, it is used to predkt the high-pressure phase behavior

and the pressure-vs.-composition region of asphaltene deposition

for C021cmd&oiI mixtures.

Polyrfktp’6rse Polymer Model

of Organic DepositIon

Hirschberg et al. m origindy ?ttemph to apply polymer theory

to &velop a model to predict aspiwkne deposition. fn their for-

mulation of tbe.problem, they assumed that asphaltene consisted

of a uniform (homogeneous) component of petioleum crude. MzrL-

WJOri and Jiang2 applied the Scott and Magat hetaogeneaus Foly-

mer solution tbenry to fonm.date a continuous-mixture mcdsl to

predict tie onset point and amount of organic deposition t%m F-S-

‘Iroleum crude oil. The basic technique used in this report is the

Mansoori and Jiang mcdel.

In a heterogeneous polymer mixture, one may specify ciifferent

fractions of the polynier accnrding to their molecular weights. As,

suming that asphaltene behaves as a heterogeneous polymer, the

Scott and Magat theory cm be used to calculate the chemical poten-

tiaf of the itb fiction of asphaltene, Pdi, in a mixture of

asphaltene snd a solvent as

&CA~-tLtiY)lffT=bI vfAi+ l__(NsA/fisA)(l– l“fB)-NdivfB

‘~wti(vfB)2, . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...(l)

where subscripts Ai and B =ith thction of a.sphdtene and soIvent,

respectively, and superscript O=stsndard state. The volume frac-

tion, Vfi is detined by the volume, V, of a component divided by

the total volume of a mixture, V&. Therefore, Vfl~ = VAi/Vti,

VfB = VBWti, and @ ~At) + V,f=l.

The segment number of the L fraction of asphaltene, Ntii, iS

defined bv the ratio of molar volume, V.;W. of the itb fraction of... ..
aspbcdten; over the molar volume, VMB, of a solvent, Ndi = VMX;I

VMB =M&/(pdfVm), where Ptii =mss density of the ith frac-

tion. The segment number of the solvent is assumed to.be unity.

The mass density of the ith fraction of asphaltene is abnost indepen-

dent of the ith fraction molecular weight, MJi, because of the as-

sumption of the uniformity of segsimnts of aspbakne, and it is equal

to. the average mass density of asphaltene, Im. As i result,

Pti< ‘F. ~d N~i ‘b’fAi16tnvMB).

The average segment number, NA, of asphaltene maybe deiined

by
—.

Nti=ExANdi, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...’(2)

where .rAi =mole fraction of the, ith fraction of asphaftenc with

~pt to the total asphaltew i.e., E.xAi = 1. Furthermore, tie pa-

rameter f io @. 1 ii defined by (see Appendm A)

f=l/NC+VW[(5A–6B) 2+ Ma6A6B]/RT, . . . . . . . . . . . . . (3)

where Nc=cnmdination number, between two successive segments

in an asphaltene molsade (IV= has a value3 between 3 and 4),

kAB=in!eramfon pzmmqer between asphaltene molecule ~d

asphaltene-free crude oil, ~4 =average wdubility parameter of

asphaltene, and 8B =solubility parameter of a.sphzltene-free crude.

It is assumed that the molecular interaction parameter between

aspbakene and. asphaltene-free crude oil, kdB, is bearly pmPlor-

tional to the average molecular weight of aspbskene-free oil, MB:
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kM =a+b@B, where a and b are two independent constants. The

solubiliW mrameter, & is defined with respect to the square mot

of the m;~ inted”emrgy chznge of ya~kation, AUv, over the

mokr volum~

'8=(AU7/VM)fi . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . ...(4)

:@. 3 is forumlsted with respect to average solubilily parameter

of a.spbsltene so that the available (average) ex@merdaf solubti-

tj parameter &ts20 of asphaltene can be used intbe present mcdel.

By using the above equsdons and the principle of phsse equilibria,

one can derive an expression for calculating the asphaltene con-

centration in a solution. This mrreqmnds to tie asphaltene con-

centration in a solution in equilibrium with the asphaltene content

of a precipitated phase.

Phase.Equilibrium Calculetlon

To perform phase-equilibrium calculation, one needs to equate

chemical potentials of every asphaltene fraction in the liquid phase,

p~i, and the solid phase, p~~

S—L. .—
#~i–P~j, Z–1,2.. .: . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...(5)

Ftovided that ~. 1 is valid for every fmction of asphaltene in tie

liquid and solid phases, Eq. 5 WI take the following form:

~ V~i + 1.-(NS#~i)(l – Vf;)–N~i vf; +f ‘WNj;)z =

h k’ji+ I–(N~i/fi~.)(l – Vf$)–N& Vf$ +fLN&&; )2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...(0

In Eq. 6, the molar volumes of the ith fraction of aspbaftene in

twth phases are assumed identical VA;= V&j= VM. htber-

mre, IBX.USe V&= V~B = VW, tien N~i =N& =NAi. NOW if

we assume that the solid phase is free of the solvent—i. e.,
@ =o_@, .5 will take the fO1lOWillg fOl’UX

V~{lV~i=exp(NAiO), . . . . . . . . . . . . . . . . . . . . . . . . . . . ..m

where .9=(l/~~ –l/~~)+(l–l/i%)Vf~ -JL(Vf~ )2.. . .(8)

Eq.”7, in conjunction with a continuous distribution function for

azpkkene, W4 be used to calcukts the total volume fmction of

asphaltene in a liquid mixture in equilibrium with a solid phase.

Continuous Model of Asphaltene

To cafadate the totsf volume fraction of .as@?ltene h a I@uid mix-

ture in equilibrium with a solid phase, we need to assume a

moleculwweight.dkhiiution function for the continuous asphaltene

components. The molecular-weight-dishibution function of

asphaltene can be. defined as fo130ws

F(MAi)=(l/nA)(dn,#M~J, . . . . . . . . . . . . . . . . . . . . . . ...(9)

where ~mF(MAi)dMAi=l,

o

and where MAf =mokdar weight of tkitb fraction of asphaltene,

.3nAi =differential of the number of moles of the ith fraction. of

asphaltene whose molecular weight is in the range of MAt to

MAi +dMAi, and nA =total number of moles of asphaltene.

The expression for the average segment numbers of asphaltene

in a given phase, Eq. 2, can be defied by using the continuous

distribution fiction of asphaltene.

.

flw=] NtiiF(MAJW4Ap . .. . . . . . . . . . . . . . . . . . . . . . . . ..(10)

0

Upon partiaf deposition of asphaltene. from, a petroleum crude

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

liquid and one solid) wilf form. As a result of the mass balance

for the itb &a@ion of asphaltene between the ck’iginal crude oil C,

solid phase S, arid solvent-rich liquid phase L, one can write

dn’$=da,ji+dnji . . . . . . . . .. . . . . . . . . . . . .. . . . . . . ..?.. (IU

and F C(bf.&AC=Fs(MAi)nj +FL (M.&i, . (12)

SPE Reservoir Engineering, May 1991



. . .

where M;. = Fd$i/Vji, &ij. = VsdV;j/VMi, dn:i = VLdV~{

VW, vC= VS +VL, snd ~= WA,kfm. Vc, Vs, ~d W =totsf

Yoliunes of the crude oil, solid phase, and liquid phase, respec-

tively, WAI =totd weight of asphaltene in the crude oil, and Fm

=mass average density of asphaltene.

Eq. 7, which is vafid for a given fraction of aspbskene, m be

written in the folfowing differential form when a differential frac-

tion of asphaltene is considered in the context of its continuous

mcdeh

dVji/dV’t=e~(NW~. ., . . . . . . . . . . . . . . . . . . . . . . . ..(13)

By joiniog Eqs. 9 and 11 through 13, the folfowing expressions

can be &rived:

FL(MJi)= {vL/[vL + Vsexp(–iVtilO)] }(n~/ni)Fc(M~i) (14)

snd F~(Mdi) = { P/[V: exp(Ntii@) + Vs] }(n~/nj)FC(bfAt).

. . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . ..(15)

~m ~m~s(~,dw.i=l,Because FL(MA~.)dkf4i = 1 and

by r-ging E@. 14 snd 15, one cm get

.
n,f/n~=l/~ { VL/[VL + V’s exp(-N&’)]}Fc(kfAi)dMAi

0

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..(16)

m

arid n~ln~= 1/ ~ { vs/[vL exp(N@) + Vs]}F%fAi)dMAi.

6

. . . . . . . . . . . . . . . . . . . . ..- . . . . . . . . . . . . . ..(17)

Provided that the asphaltene distribution functions are avaifable,

Eqs. 16 snd 17 csm be used to cslcufste the totsl number of moles

of asphaltene in the separated solid, n:, and liquid, n:, phsses.

tiSO by subs,titutiog Eq. 14 or 15 ioto_~. 10, the expression of

the aversge segment numbers, N~ or N~, in a phase can be ob-

tained.

Eqs. 9 and 11 through 13 can be used to derive tbe total volume

frscdon of asphaltene in the liquid phase, V;, in eqdfibrium with

the solid phssti

v; =~cfvji=~ ‘{(M.,/tiA)J’f/[VL+Vs exp(-NA,6’)1}

XF(.+fAi)WAi, . . . . . . . . .. (18)

AO the terms m f?.q. 18 as afready defied except ~= WA,IF.

= ~– Vf~ vL, which is the totaf volume of asphake in tbe crude

oil. With Eq. 18, the ooset of asphaltene deposition from a petr-

oleum crude and the snmunt of ssphrdtene in a liquid mixlure in equi-

librium with a solid phsse can be ,yfmdated. A~dix B descni

the speckd casem when the asphaltene is considered to consist of

a homogeneous compound.

Calculation and DiscusslOll

With the totsl volume frscdon of asphaltene in the liquid phsse,
“L @“en by q. 18, the mount of aspbskne ~ tie fiqfid p~e
,fA .. .

~ wfibn~ ~tb ~ ~~d P- W~ ~ PA Vfj.VL. ‘fbe~fOre,

the smount of asphaltene deposited wilf be given by

wA&w4i-pAvfjv~, . . . . . . . . . . . . . . . . . . . .. . . . . . . ..(19)

where WA, =totsl smount of asphaltene in the crude oil. Because

the smount of asphaltene precipitated at Ok onset of depmition is

zero, the toed amount of sspbzltene, WA1, can be calculated from

the asphakene composition of the fiquid phase at the onset WA,=

PA (vfj VL)O-

To profeed with the cakufsdon, the cmdnuous molecukweigbt-

distribution tiction of sspbslene is represented by the gsmms dis-

tribution fiction:

F(bfA)=[(kfAi-MAo) ~-l~(a)&]exp[-(MAi -MAo)/~, .(20)
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TABLE l–DATA FOR TANK OIL 1

Composition 20 (mol%)

Methane 0.10

Ethane 0.48

Propane 2.05

,i-Butane 0.88

n-Butane 3.16

i-Pentane 1.93

n-Pentane
,2:~8 ~~

Hexanes
.,!t..

4.32 “

Heptanes-plus 84.50

Average molecular weight 20 221.5

Specific gravitym 0.873

Aversge mass density of asphaltene,’

glcms 1.2

Average molecular weight of asphaltene” 4,800.0

Initial molecular weight of asphdtene7 500.0”.

COOr@ion number of asphaltenes 3.5’ ‘

A@#ne solubilily pzrameter, m

20.04(1 -1 .07X 10 -37)

‘Persona mnmun[cal[tx with MID, w Bergen and LN,J, Jong,

Kmlnkll]elShell E& LSbWW,l”ill, Amsterdam, Awl 4, 1?S6,

. ..49s.md value.

I
TABLE 2—PROPERTIES OF CC AND C,.

PSEUDOCOMPONENTS

where a=(’ZA –’WAO )%7, .o=q/(.ZfA –MAO), r(m) = J -’t.- 1

0

X eq(–t)dt,

and .MAo, @A, and q me the initial value, mean value, and the var-

isnce of the gamma dishiiution function, respectively. The choice

of gsmma function is rstber srbilxsry and otlyr equsfly versatile

distribution functions may slso be used.

To iflustrste the appficstion of the proposed mo&l for the

sspbskenedepsitionpz editions, the dats of a tsnk oil (Oil 1, Ssm-

ple 1 of Ref. 20) are used. Tahle 1 shows the data for this tank

oil. In the present cakufation, hexams ad heptsne-plus frsctions

sm. sssumed to be two distinct pseudocompments. Their proper-

ties (TabIe 2) sre calculated on tie basis of their average molecu-

Isr weights.zl-~ The Bendkt-Webb-Rubm (BWR) equation of

state (EOS), along with the Le&Kes1er24 correlation, is ussd to

cafculato molar volumes and solubtity parameters of asphaltene-

tke Oifs.

Four adjustable parameters (a, b, WA,, snd V) in the proposed

model we to be determined at this stsge. These psrmneters sre cal-

adste.d by midmkiog the ditlerenws Lwhvem tie expximentzl ti@s-

tion &ts with n-pentsne snd ndecsnezo and the results of the

predictive model. Tahle 3 gives results of the cakufadons of these

psrzmeters. The experimental titrstion dsts for n-heptsne wss not

used in this cakufsdon because. it did not seem to conform with

the other tihation data, as was demomtrated in an earlier publi-

cation. 13

The calculated adjustable parameters in the model sre used to

predict the onsets snd the smounts of asphaltene &positions, snd

the preditioos are compsred with the experimental data in Table

4. According to Table 4, sO the onsets snd smounts of deposition

q (except in the n-hqtsne case) sre in god agreement with the

e~fienti &@. Fig. 1 shows the predictions of onsets ad

mounts of ssphaltms depxidon vs. volumes of diKemt n-p2r2tKn
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TABLE 3–MODEL PARAMETERS”

I
Interaction parameter, kAB -7.8109 x10-3 +3.3352x 10 ‘stiB

Total amount of asphaltene, WA,, wt% of tank oil 4.0234

Varianrx of distribution function, q 4.9223 x 106 I
-Parammg are c=4cuMti by mr.lmkhg the +rmcas b.wnn me .xLMM.*1 thti.. d.,. .f “P.M. .-d

n-decane and the pmditilve mcdel.

solvents add@ to the tank oil. According to Fig. 1, the trend of

the deposition predictions for different n-paraffins are consistent

with tfwir molecular weights. This indicates that tie amount of

asphaltene deposited for the same volume of n-pamffii solvents

addti to the tank oif decreases as the n-paraf6n molecule gets big-

ger. This observation is reported in Fig. 2 along with the available

experimental data.

Fig. 3 shows the predicted dishibution functions of asphaltenes

in the origti, pmoleum crude (’rank Oil 1) and in the solid and

liquid phases (after 5 cIn3 of n-heptane is added to the tank oil).

Fig. 4 is similar to Fig. 3 except that in this case 20 cm3 of n-

h@ane 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 dishibution function (7++ 20).

Then, tie molar distributions of asphaltene in the liquid and solid

phases (rewdi.ing from addition of the miscible solvent to the cmde

W) are ditined by n,@%W Ai) and n~FS(MAi), respdively. Ac-

cording to Figs. 3 ad 4, the fictions of asphaltene with higher

molecular weights knd to deposit stoner than the lower-molecular-

weight fractions. Figs. 5 and 6 show the molar diWibuticms of

precipitated asphaltenes and remaining asphaltenes in the solvent-

rich liquid phase with di%erent n-parafths as miscible solvents along

with the distribution of asphaltene in the ori@ petroleum crude

(l%& Ofl 1). Acmrding to Figs. 3 through 6, the distribution of

the precipitated asphaltene tends toward the original crude oif dis-

tiiution as the amount of the added miwiile solwnt increases Also,

the distribution of the precipitated asphaltene tends toward the Origi-

naf crude ol distribution as the mokdar,weight of the added mis-

cllde solvent decreases. The trend of the distributions of the

remaking asphaltene in tie liquid phase reported in Fig. 6 are op-

posite to that of the wlid phase. Acimding to these figures, the

proposed continuous mcdel sugge- that the nature of asphaltenes

caused by the introduction of different solvents in tie solvent-rich

liquid and the precipitated solid phases is not the same. This pr-

diction is consistent with the experimental observations of differ-

ent investigators as to the variations in the nature of asphaltenes

that are precipitated because of the introduction of different ndsci-

ble solvents in a cmde oiL 7J1,~

To demonstrate the applicability of the proposed model for pre-

dicdon of the pressurekomposition region of asphaltene deposi-

TABLE 4–EXPERIMENT” VS. PREDICTION FOR ONSET AND AMOUNl

OF ASPHALTENE DEPOSITION FROM TANK OIL >

Dilution Ratio
n.C5 n-C7 n-O,0

(cm3 diluentlg tank oil) Experimental Calculated Experimental Calculated Experimental Calculated
— — -

1.35 OF

1.40 OF OF

1.90 NT OF

2.22 OF

5 — 3.31 1.53 1.52 1.24 1.30

3.81 3.67 1.82 2.28 1.45 1.53

z 3.79 3.75 1.89 2.43 1.50 1.45

50 3.87 3.73 1.87 2.29 ,— 1.13

‘mPerfmeM4 ti!ralon dam (w% tank 0111am tab” from Ref. 20.

NT.on$@ ❑ f asphaltene dapeslthn ml dewrrdned.

0F=ons=3t of II-Mo”.

r 1

0.0 !m.8 a., 3D.O *.O 4,,
VOLUME OF SOLVENT RODED 1CC 1.

Ff9- I —pmdl~ion,of amount of asphaltene deposition from

rank 0111 vs. volume of six dlfferenf n-pamffln solvents. Ex-

oerim,e~fal asphaltene deposition dafam caused by addition

~f n-pen fane, n-heptane, and ndecane are shown by A, ❑ ,

md O; respectively.

Ffg. 2—Effect of n-paraffin solvent chain length on amount

of asphtdtene deposfflon. Volume of all the n-pamfffn solvents

added fs 10.0 cm3. Expmlmenfal dafam am shown by ■ and

predlcflons by ❑ .
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‘lg. 3—Ftcdatlon8 between molar c.ancentrdlon dlsfributlon$

>f asphaltene In dlffemnt phases in equilibrium resulting from

:he addition of a given amount of mlsclble solvent (5.o cm 3

yhepfane) to 1 g of tank OK

~q
.8

is,haltm in Llw$d Pk.

:

~=

‘s:
s
s:

::

2
x

:

:

0.0 2.0 ,.0 6.0 *., 10.0 ,2.0 14.0

MOLCCULi3R IW[ GHT IIF BSPHRLTENE *lo’

lg. 4—Relafions between molar concentraflon dlstdbutlons

f asphalteneln different phases In equilibrium resulting fmm

he addition of a given amount of miscible solvent (2o.o cma

heptane) to 1 g of tank oil.

-,. --

lion at high pressures under the influence of a miscible gas (C02 sitiou from Tank Oil 1. According to this figure, the asphaltene

in the present example), the phase behavior (va@liquid/solid de~$ljon begti h a region where the mole fraction of co. c..

c@liiria) of Tank Oil 1 fi COnt.?Ct tith COZ at.~ Pressures tering the flash taok is about 0.984. fn these calculations, every

and at Z4:C was predicted and is shown m 8’%s. 7 m.d 8. Fig. ~ of w ~fi w= ZMSd to k ~rd”td tiOI 0.9s cm3 of

8 is an expanded scale of the region of Fig. 7 where the asphaltene

precipitation occurs. In Ods calculation, it is assumed that there is
ndecane before C02 was injeckd into the” system. For <0.98 -

no asp@ene in !he gas phase and that the asphaltene content of
cm3 n-decane predilutions, the model did not predict any precipi-

Jbe liquid phase has no effect on tie yipdliquid equilibrium of
tation, consistent with the experimental observation?,.’2o fn Fig. 9,

tie C02/oil system. A flash cakukationze for C02/asphaltene-tYee the pressure dependence of asphaltene precipitation in a mixture

oil was performed to compute tie composition of the liquid phase Of Coz ~d ~P~~n*fi~ cmde On z ~~~. AccOr~g ~

leaviig the flash tank. Then, the present model was applied to the this figure, the amount of asphaltene deposited decreases as pres-

mixture of asphaltene and the liquid phase Ieaving the flash tank sure increases. This trend of asphaltene depsifions at different pres-

The dashed area m Fig. 8 ~ the predic@d region of .kpbaltme dep- sums is consistent with experimental observation. m

‘lg. 5-Comparison of molar concentration dltiribut[ons of

asphaltene in the solid phase for.different precipitating sol.

,en@. Volume of all preclplfating solvents addpd Is 10.0

:m3.

SPE Reservoir E -s MaY 1991

~q
,8

q
*

As,halte”e i“ lank 0{1

~.

::

~

:

:2

5

=

:

.

. .

,.0 2,0 ,,0 6,0 8.0 ,0.0 ,2.0 ,4.0,

MOLECULRR WEIGHT OF f15PHRLTENE *1O

‘lg. %-Comparison of molar concentration distributions of

!sphaltene in the liquid phase fOr different pfeClpltatin9 sOl-

rents. Volume of all preclpifating solvents added is 10 Cma.
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.

0

Fig. 7–Phase diagram for mlsfures of oil and CO*. Region

L IS the homogeneous liquid phase area and LV Is the Ilq-

uldlvapor phase-equilibrium area. Asphaltene precipitation

occurs Inside the dashed area.

I

..

s
:

~
H

E

nOLE PERCENT C02

Zg. S—Phase diagram for oil/CO 2 mixfums. Expanded scale

ferslon of Fig. 7 In the regions where asphaltene deposition

>CCUCS. Region L Is the homogeneous Iiquld-phase area, LV

s the Iiquldhmpor phase-equilibrium area, LS is the MI.

old/solid (asphaltene) phase-equlllbrlum area, and LVS is the

lquid/vapor/soIid (asphaltene) phase-equilibrium area.

Asphaltene precipitation occurs In the LS and LVS areas.

AH = edhafpy change

I
AHp=partial entbalpy change

k = interaction parameter

M = molecular wei.e.bt

Fig. 9—Pressure dependmce of the amount of asphaltene

deposition for a given 01WC02 mtdure with known compo.

sltlon (x=.- =0.99).

. = bti mole n&,er

No = coordination number between two sncces’sive

segments in asphaltene molemfes

N“ = se~ent number

p = pressure.

R = universal gas constant

T = temperature, “C

ALP = molar internal energy change of vaporization

V’= total volume

OtY, it may be necess.wy to use a multiparameter concentmtion-

distribution fimction to account for various families of prwipitat-

ing organic compounds in the reservoir fluid.

Nomenclature

a,b = constants

f= parameter defined in Eq. 3

F = dishibution function of asphaltene with respect to

molecular weight

F. = acentric factor

190

Subscripts

A = asphaltene

Ai = ith fLWtiOII of asuhdtene with respect to mOkUk

weight ‘

AO = initial value of continuous distribution function of

asphaltene

B = mixture of asphaltene-fke crude oil and solvent

~ . critid property

C = original petroleum crude oil

f= tiaction

SPE S&wok Engineering, May 1991

Vf = volume fraction
VM = mok volume

WAt = total weight of asphaltene in petmlewn cmde oii

WAd = weight amount of asphaltene deposited from

petroleum crude oil

x = mole fraction

~ . pmekr in gamma distribution Iimtion

!9 = parameter in gamma distribution function

The proposed model generally is applicable for predicting or-
6 = volubility parameter

ganic deposition (asphaltene, wax, dianxmtine, etc.) from reser-
~ . “&mce of g-a distribution function .

voir fluids under the intluence of a miscl%le solvent at various
PC = chemical potentizl

temperatures, pressures, and compositions. fn applying this the-
o = density



i~” = component identitkation.s

m= mass

~ . *tB~

Supefwsipts

E = excess

L = solvent-rich fiquid” phase

O = stsndard state

S = solid phaW ~

- = average property over continuous distribution

function of asphaltene
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Appendix A—Derlvatlon of Eq. 3

The expression forfgiven by ~. 3 is more general than the ex-

pression originally proposed by Scott and Magat,3 ~= l/iVc.+

kYW(fiA –c?B)2/RT. To derive Eq. 3, we may start with the van

der Wads EOS for mkkufex

p =RTl(VMti –bti) –atilV2’ ~m, . . . . . . . . . . . . . . . . . (A-f)

where ad =Z{Zj .q xl av and bti =Eixj X:Xj bij . The feZSOn for

the choice of the van der Wads EOS IS its simplicity and the fact

that wm der Wads mixing rules for ati and bti sre quite ac-

cutite. Z7 BWUW

(au/avM)T=T(ap/aT) VM–p=Oti/v;& . (A-2)

for the van der Wazls EOS, then

.
AUY=j (ati/V~ti)dVM=a~/VMti. . . . . . . . . . . (A:3)

VM

Therefore, the volubility parameter k given by

&=(AU,/VM)~ =a&/VM~, . . . . . . . . . . . . . . . . . . . ..(A4)

where AUv=irdem83 energy chaoge of vapm’izadon. The combm-

ing mfe for pzfamstsr aij is

aij=(l —ki,.)(aiiaj)fi, . . . . . . . . . . . . .. (A-S)

where ai:=energy parameter of pure Cmnponent i. The interac-

tion parameter for i=j, kij=O, @ nonze:o when i *j. By combin-

fig Ms. A-1 fiou@ A-5 ~d u@? tbe vol~e f~On Vfi =

xiVMi/VM&, one can get

62ti =ZiZJxtxj (1–kij)(aiuj) ~lV~

=ZiEj(l–kij)YfiVfi6i5p . . . . . .(A-6)

[t can be &o shown that the molar excess intemaJ enwgy chsnge

of rldxblg iz

Auk = –AfJw+E~iAUti

= - VMtiZiEj(l “-kij)VJiV@i6j + VMtiEf~ic5: . . (A-7)

Assuming that the molar excess volume change of mixing is zero

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

mixing with

AH~ =~ini)(Af7~ –A(pVM)~ =(Xini) AU& . (A-8)

The pzrtkd molar excess entbkpy change of mixing for Compo-

nent P k

~~t= (aAff~ /ant) = VMt EiZj (1 –kij)vfivti 8i6j

–2Zi(l–kfl)Vfi8i6t+ $;]. . . . . . . . . . . . . . . . . . . . . . . ..(A-9).

For a binary system, the partial molar excess entbalpy change of

mixing for Component B can be reduced to

M3B=vti(vfi)2[($A –aB)z +Zka6A6BI. ..: . . . . . . (A-1O)

According to the Scoit and Magat theory, parameterfL cgnsisk

of two terms: a term (l/Nc) resuking tim entropy of mixiig and

a term {AFJ$B/[R~VfA) 2]} resulting from the heat of mixing

fL=l/Nc+M;B/[~~vfi)2]. . . ..(A-1O

By substitudng Eq. A-IO into Eq. A-1 1, we derive the expression

fOrfJ. in Eq. ‘3.



Kawanaka Park Mansoori

Seldo Kaw.anaka, an R&D engineer wlfh Sharp Corp. In Kyc-

to, Japan, has prlmaty research interests in computer sOff-

ware development and asphaltene deposlffon. He holds a SS

degree from Doshisha U. and an MS degree from the U. of

Ill[noIs. Sang J. Park Is supewlsor of the Technical Devel-

opment Center of the Ssang Yong 011 Refining Co. Ltd. in

Seoul, South Korea. Hls primary research interests are

asphaltene deposition, computer modeling, and supercrlti.

cal fluid extracflon. He holds a PhD degree from the U. of Il.

Iinois. Q.Afl Mansoorl is a professor of chemical engineering

at the U. of Illinois In Chicago. His prima!y research Interests

are organic deposition from resewoir fluids, retrograde con-

densation, and applied statistical mechanics and ther-

modynamics. He holds a PhD degree from Oklahoma U.

Mansoorl ws a 198S-S8 member of the Editorial Revfew Com-

mittee and a member of a Technical Committee for the 1989

Appendix B—Special Case of a Homogeneous

Asphaltene Model

When asphaltene is considered as a single (honygengous) &m-

p.mmd, tbe segment numbers are all identical (N~ =N~ =N~=

Nd), the molegdar weight is eqwd to the average molecular

weight (M-4 =dfA), and the distribution fimcdon is F(MAi) =

C$D(MAL-MA), where 8D is the Dira~delta function (6D = m when

MAi=MA and 6D =0 when MAi #d4,,). Then Eq. 17, the total

volume fraction of aspbakene in the liquid phase in equiliiriwn with

the solid phase, will reduce to

Vf~ =exp[(NA – l)Vf~ –NMfL(Vj~ )21, . . . . . . . . . . . . (s-1)

where vfj=l–VJj . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..@-2)

Furthermore, the term IINC in l?+ 3 disappears for the case of a

homogeneous chain polymer of uniform molecular weight in a sin-

gle uniform solvent. With k~=O and the I/Nc term in Eq. 3 re

moved, atler some manipulations, tie total volume fraction of

asphaltene in the liquid phase in equilibrium with the solid phase

for a homogeneous mcdef can be obtained asm

Vfj =e~[–l + vM/vMti-vw(,3A –8*)2/RT], @-3)

where 6ti is detined as the solubilily parameter of the crude 01

~ hix’vf56A+vf$#B

S1 Metric Conversion Factors

atm x 1.013 250* E+05 = Pa

bar X 1.0* E+05 = Pa

“F (“F-32)/l.8
= .~

mi x 6.894757 E+co = kpa

‘R ‘R/l.8 =K

.Conwm!m fmor Is exact -

Orl@nal SPE manuscript received for review March 231988, P8per accepled for Publlca

11.. S@, 4, 1990. Rnvls@d nmnmcrlfl rece!ved July 27.1 ma Paw (SPE 17378) firs

~;re;!ed at the 198S SPEMOE Enhmc6d 011 Remvew Sym@um bald In Tulsa, AP,II
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Tablel. Data of the tank oil no.1 under study Table 3. Parameter In tha model

The compositions of the tank oillg

Compound mole %

Methane 0.10
Ethane 0.46
Propane 2.05
i-butane 0.88
n-butane 3.16
i-pentane 1.93
n-pentane 2.58
Hexanes 4.32
Heptane-plus 64.30

Average molewlar weight of tank oillg 221.5
specific grakity of tank Oil’g 0.873
Average mass density of asphaffenea (g/cm3) 1.2
Average molecular weight of asphaltene= 4800.0
Initial molecular we@ht of asphaltene 500.0 (assumed value)
Coordination number of esphalfene12 3.5 (assumed value)

The solubilii pararnetar (bA) of asphaitenefg [MPaO.s]

6A= 20.04 (1 -1.07 X103 T), T is in “C

Tabla 2. Properties of C6 AND C,+ Pseucfocowonants

C6 c 7+

critical temperature (“K) W.6 771.2
Bubble ooint temperature (“K) 337.0 5e5.o
Mofecul& weigM’ ‘ 84.0 249.9
Critical prassure (atm) 32.3 16.7
Acentr!c factor 0.281 0.839
Oenaify (g/cc) 0.685 0s66

Interaction parameter K-= -7.8109 x1O* +3.3852s10+ +

Tofel amount of isphsltena (wI% of tank oil) WAT = 4.0234

Variance of ttw distnbu:on function ~ .4.9223 xl OS

The eti~a parameters are calculated by minimizing the differences between the
exvenmen!al titration data of n-pentane and ndecanefg and the present prrWcrive
model.

Table 4. The experiment vs. predlstlon for the onset ●nd amount of
asphallena deposition from tha tank OU

D!hdbn Ratb n-C5 n-C7 n.clo

Icn# dibenrrgt.@ oil) -—. -. —------ _- -—--. -—-- —.

EXPa CALa EXP CAL EXP CAL

1.35 O.F
1.40 O.F O.F
1.90 N.~ OF

O.F
3.31 1.53 1.52 1.34 1.30

2.22
5

10 3.61 3.67 1.82 2.28 1.45 1.53

20 3.79 3.75 1.89 243 1.50 1.45

50 3.67 3.73 1.87 2.29 - 1.13

—.
The experimental tiimtion data (M% t-..--~ nil) are takan from the Ref.19.

a; EXP, experimental valua% CP.”~caiculatativalues.
b; N.T denote that Onset of ar~hal!ene depositk’n is n@ determined.
c; O.F denote the Onset of ‘40ceulafion.
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