
SUMMARY 

The need for understanding of the nature 
of asphaltene in petroleum crude and it's 
role in EOR miscible gas flooding is well re
cognized according to the numerous research 
a ?� 9evelopmental wos rk underway in va �iou
ll. �tories. We have undertaken an inter
disciplinary approach to the problem of as
phaltene deposition from petroleum crudes. 
Our studies consist of the following topics: 
( i) Molecular Thermodynami_c modeling of phase
behavior of aspheltene + petroleum crude+
injection gas systems and examination of the
resulting successful models against the avail
able laboratory and field data. (ii) Trans
port phenomena modeling of the flow of crude
in porous media containing asphaltene colloidal
particles (or micelles), colloidal instability
which may cause asphaltene deposition, and wet
ability alterations due to the adsorption of
asphaltene on the pore walls. (iii) Experi
mental measurements and simulation in support
of our studies which consist of the following:
(iii-1) Measurement of phase behavior of crude
and injection gas mixtures at high pressures
and at different GOR and temperature conditions
(iii-2) Experimental simulation of flow through
porous media of asphaltene-containing crude
and injection gas.

I, Introduction and Background 
The mechanisms of oil recovery involved 

with miscible gas flooding are basically of 
three kinds [Simon, et al. (1978); Stalkup 
(1978, 1983)]: (i) The first-contact miscible 
gas derive; (ii) The condensing gas drive (or       
the enriched gas drive); (iii) The vaporizing      
gas drive or (the high pressure gas drive)   
process.  The first and the second processes       
are  based on the injection of hydrocarbons       
� that are soluble in the residual oil,   While

the third process involves injection of a 
high density gas, such as high-pressure nit
rogen or carbon dioxide. In the case of the 
first-contact miscible process, a typical in
jection fluid is propane which is completely 
soluble in oil. For the condensing gas drive 
process the injection fluid could be a natural 
gas containing relatively high concentration 
of intermediate hydrocarbons such as ethane, 
propane, and butane. 

Miscible flooding of petroleum reservoirs 
by carbon dioxide, natural gas, and other 
injection fluids has become an economically 
viable technique for enhanced oil recovery 
[Stalkup (1978,1983)]. The most common problem 
in EOR miscible gas flooding is poor reservoir 
volumetric sweep efficiency which is due to 
channeling and viscous fingering because of 
the large difference between viscosities or 
densities of the displacing and displaced 
fluids. Introduction nf a miscible fluid in 
the petroleum reservoirs in general will 
produce a number of alterations in the flow 
behavior, phase equilibrium properties, and 
the reservoir rock characteristics. One such 
alteration is the ·possibi�ity of a reservoir 
in the course of oil recovery trom the re
servoir. [David (1973); Monger (1981); Orr, 
et al. (1980); Preckshot, et al. (1943); 
Shelton and Yarborough (1977); Stalkup (1983)]. 
In most of the instances observed asphaltene 
and wax precipitation may result in plugging 
or wettability reversal in the reservoir. 
Effect of asphaltene deposition could be 
positive or negative depending on whether it 
could be controlled and predicted before it 
occurs. 

The parameters that gO'J�rn precipitation 
of asphaltene and wax appear to be composition 
of curde and injection fluid, pressure, and 
temperature of the reservoir. With alterations 
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in these parameters the nature of asphaltene contained a wide distribution of polarities 
an( 'X substances which precipitate wi�l _vary, and molecular weights. As shown in Figure 4,
Al�� it is a proven fact that the prec1p1ta- petroleum asphaltenes have higher molecular 
tion'of asphaltene is generally followed with weight as well as wider molecular-weight dis-
polyrnerization, or flocculation, of the result- tribution than coal asphaltenes. Nevertheless, 
ing precipitate which produces an insoluble ma- asphaltenes from both sources lie within a 
terial in the original reservoir fluid [Cole region bounded by precipitation lines in a 
and Jesson (1960); Hirschberg (1983); Hunt �19- map of molecular weight versus polarity of the 
62); Lhioreau, et al. (1967); Lichaa and Herrer component as illustrated in Figure 5. 
(1975); Shock, et al. (1955); Speight, et al. In the petroleum reservoir, asphaltenes 
(1984)], Because of the complexity of the nat- have been observed to occur as micelles or 
ure of asphaltic and wax substances the phenome colloidal suspensions in the crude oil [Briant 
na of precipitation and flocculation of these and Hotier (1983); Rogacheva, et al. (1980); 
substances are not well understood. Also in Wachel (1971)]. Measurement of the surface 
view of the complexity of the petroleum reserv- tension indicates that there exists the critical 
oirs, study and understanding of the in situ micelle concentration (CMC) for dilute solutions 
precipitation of asphaltene and wax seems to be of asphaltenes in toluene [Rogacheva et al.(1980)]. 
a challenging and timely task. Such an under- With concentration below the CMC, the asphaltenes 
standing will help to design a more profitable in the solution are in a molecular state, while 
route for miscible gas flooding projects. above the CMC, associates and Roqregates of as-
II. Nature and Characteristics of Asphaltenes phaltenes may form. When resins and asphaltenes 

Asphaltene was originally coined by Bousing- are both present as in petroleums, asphaltene� tend 
ault (1837) to describe the alcohol-insoluble to associate with resins preferentially over -0s-
but essence of turpentine soluble solids obtain sociation among themselves [Koots and Speight 
ed from the distillation residue of an asphalt. (1975); Speight and Moschopedis (1981)]. This led 
Since then, the concept of asphaltene has been Speight and his co-workers to conclude that sin-
extended to define the low-molecular-weight n-p r-gle asphaltene entities associated with resins 
affin insoluble and benzene-soluble fraction de�- molecules could be the dominant species which ex
ived from various carbonaceous sources, such asl ists in the colloidal state in a crude oil. 
petroleum, coal, and shale oil [Boduszynski(l981]; 
Barth� 1968); Chillinger and Yen ( IY78); Gadzhi- III. Field Experiences
Ka( wand Adarnov (1970); Katz and Beu (1945); Control of asphaltene and wax depositions 
La���t (1950); Long (l98l);McKay, et al. (1978); can be difficult and costly in field EOR ex-
Speight (19$0,-1981); Yen (1961, 1972, 1982)]. periences [Collins and Melrose (1983); Gally-
Asphaltenes must be classified by the particul r amov, et al. (1983); Gardner, et al. (1981); 
precipitating solvent since different solvents Haskett and Tartera (1965); Hirschberg (1984); 
cause different amounts of precipitation [Mit- Jorda (1966); Khazipor, et al. (1982); Orr, 
chell and Speight (1973); Corbett and Petrossi et al. (1982); Waxman, et al. (1980)]. The kind 
(1978)]. In Figure l the hypothetical struct- of precipitates observed can vary from very 
ures for asphaltenes from different regions of minor to large amounts depending on the nature 
the world·are presented. Figure 2, taken from of crude, the cloud and pour points of crude, 
Corbett and Petrossi (1978), illustrates the the nature of the injection fluid and the 

·:effect of precipitating solvent on the amount operating (or reservoir) temperature and pressure. 
of asphaltenes precipitated. It shows very asphaltene and wax deposition can play a sign-
little difference in the amount of asphaltenes ificant role in the production history and eco-
precipitated by n-heptane and heavier n-paraf- r nomics of a reservoir. In Figures 6 and 7 two 
fins. However, when n-pentane is used, addit- ternery diagrams are presented in order to de
ional material with less polarity and lower mol� mostrate composition of different classes of 
lecular weight is recovered in addition to n- crude oils from oil field all around the world. 
heptane asphaltenes [Ali and Al-Ghannam (1981)· According to these figures concentrations of 
Long (1981)]. Thus, there are n-pentane asphal- asphaltenes and resins in most of the crude oi'ls 
tenes, n-hexane asphaltenes, n-heptane asphalt- are significantly high. 
enes, and so on, depending on the precipitatin As discussed in the above section, the as-
solvent used. Recognizing the great complexit phaltene fraction of oi1 is defined as that 
of various asphaltene fractions, Speight and part precipitated by the addition of a low-
Moschopedis (1981) defined asphaltenes' in term boiling (or low molecular-weight) paraffin sol-
of elemental composition and molecular struct- vent such as n-pentane. The asphaltene frac-
ure as well as by the carbonaceous source. tion generally consists of condensed aromatic 
Table l, reproduced from their paper, shows th and naphthenic molecules of molecular weights 
fundamentally different elemental compositions in the range of several-hundred to several 
of asohaltene fractions precipitated by differ thousands gram per mole. Asphaltenes usually 
en( lvents from various sources of petroleum contain a significant number of heteroatoms 
Long\ 7981) proposed an overall concept of as- of nitrogen, sulfur and oxygen. Asphaltenes 
phaltene by considering molecular weight.and contain larger carbon-to-hydrogen ratio than 
molecular polarity as seperate properties of is prevalent in 
molecules. He demonstrated that asphaltenes 
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crude oils. As a result, the low molecular 
f 1ht paraffin solvents, which contain larg
t, nydrogen-to-carbon ratio than the crude 
oils, cause precipitation of the asphaltene 
colloids. This is thought to accompany with 
the removal .(dissolution and desorption) of
maltenes which are the soluble fraction of as
phaltenes. In addition to the precipitative 
effects of low molecular weight paraffins 
water, carbon dioxide and acids are obser�ed to 
contribute to the precipitation of asphaltenes. 
Carbo� �ioxide, in addition to reducing the 
solubility of asphaltenes, cause rigid asphal
tene film formations on the interfaces due to 
its effect on the PH value of the water present 

Asphaltene deposition was observed even 
before the �ntroduction of EOR projects during 
the early life of the black oil production such 
as the case of the Ventura field in California 
[Katz and Beu (1945f; Tuttle (1983) and Hassi
Mesahoud field in Algeria[Lihoreau, et al. 
(1967)]. In both of these fields the crude 
oil was highly undersaturated with respect to 
gas. In the �ase of Ventura field significant 
problems existed during the early production 
life of the wells. However, the problems were 
diminished after the bottom hole pressure (BHP) 
fell .below the bubble-point of the crude; At
Hassi-Mesahoud heavy asphaltene precipitation 
took place in a 450 m region of the tubing 
lo�ated just below the level at which the bub
� �o�nt �as rea�hed. In addition, during 
ga� inJection period of the field a reduced 
in�ectivity, of the factor of 2, was observed. 
This seems to be a result of the original 
mixed wettability or oil wetness (wettability 
reversal) due to gas injection. Knowing that 
the Hassi-Messahoud crude is a light crude 
( 0API of 45) and has low asphaltene content 
of 0.2% by weight, is an indication of the 
serious problems which may arise in the EOR of 
light crude by miscible gas drives. 

Asphaltene deposition is also observed in 
well acidizing practices. Use of hydrochloric 
acid as well stimulation fluid can cause 
severe damage in wells containing asphaltenic 
crude oil. This is because the acid makes the 
asphaltene to precipitate and as a result pro
duce a rigid film which causes a significant 
damage to the porous media around the well bore 
Carbon dioxide in the presence of water also 
�a� �cidizing effect on the reservoir. Inject
�v�tie� reduced by a factor of 3 following gas 
inJection have been observed in a number of CO
injection projects [Stalkup (1978)] and water 

 2
alternate gas drives [Dyes, et al. ( 1972); 
Harvey, et al. (1977)]. These problems are 
associated mostly with field problems instead 
of well bore effects. 

Asphaltene precipitation inside the reser
v�ir �an add significantly to field problems 
Specially if it occurs deep in the well or i� 
the producing intervals. Extensive testing 
should be conducted before the start of mis
cible flooding or acidizing of the wells that 
produce crude oils with high asphaltene con-

tents to prevent plugging of the reservoir 
with precipitated asphaltene. 

IV. Molecular Thermodynamic Modeling
Petroleum crude generally consists of

many hydrocarbon components starting with met
ha�e up to very heavy hydrocarbons. There 
exist. also a cert�in a��}J�t of sulfur, oxygen,
and-nitrogen contarni"ng compounds with varying 
amounts in the crude [Speight (1980); Tissot 
and Welte (1978)]. The liquid state of the 
petroleum crude is a result of a delicate bal
ance between its constituents which depend 
upon each other for solubility. By introduction 
of a solvent into this mixture, such as carbon 
dioxide at high pressures, or n-pentane the 
natural equilibrium of the mixture is upset 
and some compounds precipitate. Deposition 
of asphaltene from petroleum crude due to the 
introduction of a solvent can be understood 
by application of the principles of thermodyna
mic� �f �ulticomponent mixtures and phase 
equilibria. In the present section we first 
introduce a descriptive account of the asphaltene 
deposition phenomena, then we use molecular 
thermodynamic techniques [Haile and Mansoori 
(1983); Lan and Mansoori (1977); Mansoori and 
Leland (1972); Mansoori (1977); Massih and 
Mansoori (1983)] in order to produce predictive 
equatio�s for its quantitive interpretation. 
. It is understood that asphaltene precipitation
is a phenomenon common to all complex organic 
solutions in general [McKay, et al. (1978)]. 
Thus, interpretations which are made for the 
deposition of petroleum asphaltenes will also 
apply to coal derived liquids, kerogen from 
shale oil, bitumen of tar sands, and any other 
complex solution of organic compounds. 

It is generally assumed that two factors 
are primaril� �esponsible for maintaining the 
m�tual solubility of the compounds in a complex 
mixture such as the petroleum ciude. They 
are the ratio of polar to nonpolar molecules 
and the ratio of the high molecular weight 
to low molecular weight molecules in the mixture 
[McKay, et al. (1978)]. Of course, polar 
and nonpolar compounds are basically immiscible 
and light and heavy molecules of the same 

' 

kind are partially miscible or immiscible de
pending on the difference between their mol
ecular weights, However, in the complex mix
ture. By introduction of a solvent into the 
mixture this ratio is altered. Then the heavy 
and/or polar molecules separate from the mixture 
either in the form of another liquid phase or 
to a solid precipitate. Hydrogen bonding and 
the sulfur and/or the nitrogen containing seg
ments of the separated molecules could start 
to aggregate (or polymerize) and a result 
produce the irreversible asphaltene deposits 
which are insoluble in solvents, 

In order to formulate the necessary model 
for prediction of the onset of deposition of 
asphaltene from the petroleum crude we can 
take advantage of the theories of polymer 
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sd ions [Samchez and Lacombe (1978); Scott
and Magat (1945); Mansoori (1980)]. The first
attempt of such modeling � s due to H�r�chberg, 
et al. (1983, 1984) in which they uti�ized_the
Flory-Huggins theory of polymer solutions in 
order to predict the onset of asp ha ltene de.
position [Flory (1953)]. However, the Flory
Huggins theory is valid for the case of a ho
mogeneous chain mole�ules _of as�haltene.of 
uniform molecular �eiaht in a single uniform
solvent. It is a well known fact that neither 
molecules of asphaltene consist of homogeneous
chain molecules, nor the asphaltene-free crude 
and the injection fluid can be consirlP.red as a 
single uniform solvent [Hall and Herron (1981); 
Jacobs and Filby (1983); Kleinschmith ( 1955); 
Newmann (1970); Tissot (1981); Wehah, et al. 
(1978)]. In reality a sphaltene and the aspha
ltene free crude, both consist of mixtures of 
molecules with a virtually continuous molecula 
weight distributions. In order to formulate 
the phenomena of asphaltene deposition fran 
petroleum crude we can utilize the thermody
namic theory of polymer solutions consisting 
of a polymer with heterogeneous distribution 
and a solvent. According to this theory, the. 
chemical potential of fraction (i) of asphal
tene in the mixture of asphaltene and solvent 
can be shown by the following expression 

mA · 2 µ�- : RT [2n ¢Ai+l--:1-(l-¢B
)-mAi¢B+ fmAi¢BJ (1mN 

In this expression ¢A. is the volume fraction 
of the i th fraction 6f asphaltene and ¢ is 
the volume fraction of asphaltene-free c�ude
such that 

': ¢Ai + ¢B
= l

i 

(2) 

also mA. = vAi h · th l 1 i v w ere vAi is e mo ecu ar
volume of th� i th asphaltene fraction and v8is the molecular volume of asphaltene-free 
crude. Also we have 

( 3) 

and 

f= I-+ K VB (6B-6A)2/RT, (4) 
whe�e y is the coordination number of the seg
ments of the asphaltene molecule (about 3 to 4 , 
K is an empifical constant relating to polar
ity of substances in mixture, and oA and 08 ar� the sol�bility parameters of the asphalten 
and asphaltene-free crude, respectively, The 
solubility parameter is related to the interna 
er '1Y of vaporization by the followinq expres 
S\ 

0 j = -� u� a P / v j . ( 5) 
At the onset of asphaltene deposition fraction 
of the asp ha ltene in· the solid precipitate pha e 
and in the liquid phase are in equilibrium,i.e 

S L . l 2 µAi 
= µAi ; i = ' ' ••••• (6)

From this equilibrium condition by utilizing eq, 
(1) we can then write

S mAi' (l-,1.s ,l.s+ f( s)2
l - -- 't'B J-mAi' 't'B 

mAi' <t>s ,Q.n ¢Ai + -s mN
L mAi L L L 2 (7) = ,Q.n ¢Ai + l- T(l-¢B

)-mAi¢B + mAi f(¢B
) 

_mn 
At this stage we can assume that the solid phase 
is free of crude (¢� = 0). We can also assume 
that vs .= vL. = v . and vs = vL= v . As a result 
of thefJ as�Ompt�6ns equ§tionB7 w�ll simplify 
to the following form 

S L  l 1 ) L L 2  
¢Ai/¢Ai

=exp [mAi(
-:S - ::r- -mAi ¢B+mAi f(¢B) J (3)

mn mn 
Since in general the molecular weight distribution 
of asphaltene in the precipitate phase is dif
feren\ from the liiuid phase, then we can not 
set �N _1gC1ua�Ato mN In �he special case �hen
we ser· mN" = mN = m and if we assume a uniform
mclecular weig11t distribution for the asphaltene 

l¢1i
= ¢1; ¢!i

=l) then we will derive the expression
for volume fraction of asphaltene in the liquid 
phase according to the Flory-Huggins Theory 
[Hirschberg, et al. (1983)]. 

Eq's (8)-(10) express the volume fractions of 
different asphaltene fractions in the liquid 
and solid phases at the onset of asphaltene de
position. Let us now assume that the distribution 
of molecular weight of asphaltene in the liquid 
can be represented by ( l l) 

di✓ • = F ( mA . ) d mA .i i i

when dW, is the volume of asphaltene fraction with 
molecuTJr weight mAi and F(�AiJ is a normalized
function such that 

( 12)
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We { also write for the total volume of the
i th traction of asphaltene the following eq
uation 

VT - �L 
v
l + �s V Ai- 't'Ai B 't'Ai A ( 13) 

According to the definition of F(mAi)�e can
also write 

By equating the above two equations we will
derive the following equation 

vi F(mAi) dmAi-cp�i v
l
+ cp�i v

S 

We already have shown that 
L S 

cpAi
= cpAi exp (mAie)

where 

( 14) 

( 15)

( 16) 

e = l - f( l l-( - 1- - -1 - ) (, nB B -S -L mN mN 
As a result from equations(9)-(17) we can write

L F(mAi) exp (mAie) 

¢A;
= 

cpB 
( l+(�} exp(mAie) (18)-'t'B 

This expression provides us with the maximum 
volume fraction of the i th fraction of asphal
tene remaining in the liquid phase. In order 
to get the total volume fraction of asphaltene 
in the liquid phase we integrate eq. (18) over 
the entire molecular weight distribution range,
i ,i:e. 

( cpA)ma_x
=

[¢j• dmA. =

,l , \ l l 

r exp(mAie) dmA,·
F(mAi) 

cp 
(19) 

[,+ B exp (mA. e)] 
o

( 1-cpB) l 

Provide we �ve the molecular weight distribu
tion of the asphaltene fractions F(mAi)' we 
will be abl.e to integrate eq. (19) ih• order 
to calculate the 'maximum volume fraction of 
asphaltene in the liquid phase at the onset of
its deposition. 

V. Transport Phenomena Modeling

Flow through Porous Media with Asphaltene De
position 

,- ·damentallv. there are no special eoua
tioJ� .eeded to analyze transport processes in 
a permeable structure. The usua� equations of
.change are believed applicable to the fluid ph

ase mo�ing through an individual pore. The prob
lem is to describe geometrically the configurat
ion of the pore walls bounding the flow. 

For many purposes, only local averages of
concentrations, velocities and pressures are 
important. This suggests the concept of local
volume averaging, in which the equations of 
change are averaged over the immediate neighbor
hood of each point in the structure. The ad
vantage is that one can avoid specifying detailed
configurations of the pore geometry. But a price
is paid: inforniation is lost that must be sup
plied empirically or from an idealized struct
ural model for the local.flow. 

In what follows, the local volume-averaged
mass balance equations for the flow through 
porous media with asphaltene deposition will 
first be established, The elementary mechanisms
which cause the deposition of asphaltenes in 
porous media are then identified. From the 
basic laws of the colloidal and interface sciences,
the general forni of correlations ooverning the 
deposition phenomena will be proposed. With the 
combination of these deposition correlations and 
local averaged mass balance equations, the general
behavior of flow through porous media with asphal
tene deposition can be described. The pressure 
drop and its variation with asphaltene deposition
will then.examined by the local votume-averaged 
equations of motion. 
Local Volume Averages 

Let us begin by thinking of a particular
point z in the porous medium. It makes no 
difference whether this point is located in the
solid phase, the fluid phase, or on the solid
fluid phase interface; the argument remains 
unchanged. Let us associate with this point z 
a closed surface S of arbitrary shape, 

~

We will identify this averagi·ng surface S
with every point in the porous medium with a 
simple translation of S without rotation. The
characteristic dimension of S should be suf
ficiently large that averages over the fluid en
closed by S vary smoothly with position. When
ever possible, it should be so small as to be 
negligible with respect to the macroscopic dim
ension of the porous medium. 

Let us define V to be the volume enclosed
by S, We will denote by R(f) the pores that 
contain fluid within S; V(f) is the volume of
R( f). Assume that B is some scalar, vector, or 
tensor associated with the fluid. We will have
occassion to speak of 

B:c + (R B d V
JI ( f) 

(20) 

as the local volume average of B for the fluid
phase., and 

< B > " V � f)J R( f)

B d V ( 21) 

as the intrinsic volume average of B for the fluid
phase. By dV we indicate that a volume integra
tion is to be performed. The local volume average 
and the intrinsic volume average are simply re
lated in terms of the porosity 
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(22) 

of the porous medium: 

(23) 

The theorems for the local volume averages 
of a gradient and of a time derivative[Slat
tery (1967, 1968, 1981); Jiang, et al. (19.84) 
give 

.A!L..=J&.... +_J_ [ B u r: dAat at v Jr::. ,'\; • 1t 

SW 

(24) 

(25) 

The union of the pore walls within S is in
dicated by S ; � is the unit normal to S 
pointing int� tne fluid phase;�- 1 is tWe 
speed of displacement of S directed into the 
fluid phase; dA indicates that an,¥ea inte
gration is to be performed. The theorem for 
the local volume average of the divergence 
[Jiang, et al. (1984)]. 
d 1 v � = di v § - � f � . � dA ( 2 6) 
{ i 5w

follows immediately. 

Local Volume Avera es of E uation of Continuit 
for Asphaltene Aggregates 

Let us consider the fluid phase as a multi
component mixture. The equation of continuity 
for asphaltene aggregates in the mixture re
qui res 

( 27) 

'in which P(A\ denotes the mass density of as
phaltene aggregates,rr \ indicates the rate 
of production of aspha1tene aggregates per unit 
volume by homogeneous polymerization or assoc
iation reaction [Hirschberg (1983)], and 

'?,(A) 1\A) t(A) (28) 

is the mass fl
1

ux of asphaltene ag�regates with 
respect to the fixed frame of reference. In 
Eq. (28) we have define Yr ,as the velocity 
vector of asphaltene aggre�ates. The local 
volume average of Eq. (27) for the fluid phase 
takes the form 

P, 

:/1 +div n(A)
"' i\A)-a(A) (29) 

where we have introduced 

a(A) = - � f s/(A) (;((Af�) • £ dA ( 30) 
as the net rate at which asphaltene aggregates 
deposit at the pore walls within the averaging 
surface S. 

The constitutive equation for the local 
volume-averaged mass flux vector �£A) depends
on how we describe diffusion in mult1cornponent 
mixtures. If we assume conditions are such 
that it is appropriate to use Fick's first law 
in analyzing diffusion within the fluid con
tained by the permeable structure, we can ex
press Eq. (28) as 

( 31) 

(32) 

is the total mass density of the mixture of N 
components, 

(33) 

the mass fraction of asphaltene aggregates, 

N 
� ¾=l 

w(A) �(A) (34) 

the mass-averaged velocity, and D should be 
thought of as the diffusion coefficient for 
asphaltene aggregates in the multicomponent 
mixture. If we assume that the diffusion co
efficient Dis a constant, Eq (24) allows us 
to write the local volume average of Eq. (31) 
as 

Where we have defined 
,_ 

i(A) <p(A) > i - P(A) 

- <p�
D 

1 w (A) � dA
s 

~ 

w 

(35) 

( 36)

If the mass density of asphaltene aggregates 
is not a strong function of position, the.effect 
of the first four terms on the right of Eq. (36) 
can usually be discounted. The fifth term on 
the right of Eq. (36) may be thri1111fit of as'the 
mass-density tortuosity vector for asphaltene ag
gregates that accounts for the twisting and turni1 
of che passage through which the fluid move�. 

v/ith -Eqs. (23) and (35L the local volume 
average of the equation of continuity for as
phaltene aggregates in the form of Eq. (29) 
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Continuity
=

ρ =



may  be expressed as 

- CX(A)

where the vector 

. ( e) - 0"- � 
�(A)� -<p> vW(A)-�(A) 

( 37) 

( 38) 

should be thought of as an "effective" mass 
flux vector with respect to 2·

With the introduction of local volume
averaged variables, we have eliminated the 
necessity for an explicit description of the 
microscopic structure of the pores. However, 
as in any averaging process, information has 
been lost. We are now faced with the neces
sity of introducing additional relationships 
for �lA) and'atA)' Either these additional
relationships could take the form of empirical 
data correlations or they could be developed 
from an idealized structural model [Lin and 
Slattery (1982); Jiang, et al. (1984)'; Whitake 
(1967)] for the porous medium within any giv
}"'� averaging surface s. Slattery (1981) gave 
\ Je examples of how experimental data can be 
used to prepare correlations for o1�)• For 
instance, in an isotropic (nonoriinted) porous 
medium when convection can be neglected, it 
is shown that 

( 39) 

with 

D* D* (,,, to <o >1Vw 1 A)l
( A ( (A) '+', __ ___,___,.__ 

<p(A)> 
(40) 

as a function of the porosity l/J and a ,dimen
sionless qroup. In Eq. (40), £ can be 
thought of as a characteristic pore size. If 
conditions are such that Eq. (39) applies, the 
effective mass flux in the form of Eq. (38) 
can be expressed in terms of an effective dif
fusion coefficient 

as 

fi��= -<p > Deff V w(A)

( 41) 

( 42) 

rL ·� is consistent with the common practice
i �scribing diffusion in the porous medium 
[W�itaker (1967)]. 

Deposition Mechanisms 
When a crude oil containing asphaltenes 

is flowing through porous medin, precipitation 
can occur as discussed in part II. The asphal
tene aggregates formed may be brought into 
contact with the possible retention site on 
the pore walls. They either deposit tnere or 
are carried away by the flowing stream. The 
deposition process is therefore a sequence of 
the following mechanisms: 

(i) the �ontactinQ of asphaltene aggregates
with t�e retention sites on the pore walls, 

(ii) the fixing of asphaltene aggregates
on the sites, and eventually 

(iii) the breaking away of previously de
posited asphaltene aggregates.

Our objective here is to relate the dep
osition rate at�) of asphaltene aggregates to 
the various fact6rs which define the system. 
The factors considered should be the exper� 
imental parameters which are measurable and 
which have an effect upon deposition process. 
For example, the crude oil is characterized by 
its viscosity J.J, mass density ·p and.'flow rate
v; the asphaltene aggregates are defined by 
?heir concentration <pl.A) > and surface pro
perties; the porous me�1om is represented by 
its porosity l/J, permeability k and pore size 
distribution. 

Before asphaltene aggregates deposit on 
the pore wall surface, they have to be brought 
into the irrrnediate neighborhoo.d of the wall. 
Possible mechanisms are hydrodynamic lateral 
diffusion in the mass-transfer boundary layer 
as well as Brownian diffusion due to molecular 
thermal motion. Once asphaltene aggregates are 
brought into the immediate neighborhood of or 
into contact with the pore wall, deposition 
may occur due to the interaction of asphaltene 
aggregates with the solid surface or depositea 
asphaltenes. There have been ev.idences showfog 
the surface activity of petroleum asphaltenes 
[Rogacheva, et al. (1980)]. The van derWaals 
forces, which are always attractive, and the 
electrical forces (electrostatic or electrokin
etic) which are either attractive or repulsive 
according to the physicochemical conditions 
could be one of the forces causing the deposit
ition. This initial deposition can also be 
viewed as a monolayer adsorption with a similar 
picture to that for the chemisorption of gases 
[Adamson (1982)]. However, the heat of adsorp
tion from solution is usually fairly small and 
is more comparable with heats of solution that 
with chemical bond energies. After a monolayer 
adsorption has been formed, the deposit can 
grow throught hydrogen bonding interaction with 
resins [Koots & Speight (1975); Speight&, 
Moschopedis (1981); Hirschberg, et al. (1983)]. 
Because of the deposition, wettability of the 
surface coated with asphaltenes can be varied 
or even reversed. In some cases, the amount 
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(' 

of position could be sufficiently large 
tho� plugging of small pores is possible as 
disucssed in Part III. 

Local Volume-Averaged Equations of Motion 
The local volume average of Cauchy's first

law for an incompressible Newtonian fluid when
all inertial effects are neglected can be 
written as [Slattery ( 1981) J 

V(t<P>)-µ div (vi) + � = 0 

Hereµ is the viscosity of the fluid, P is 
the modified pressure 

p = p +pcj, 

and 

� = + r (i•pq,v. i dA, 
Js '\, '\, 

w 

( 43) 

( 44) 

(45) 

can be.identified as the force per unit volume 
that the fluid exerts upon the pore walls 
contained within S beyong the hydrostatic 
force. In Eq, (44), p is pressure and ct, is a 
a scalar potential representing the external 
f�' '

! 
per unit mass � by

� = -Vq, (46) 

in Eq, (45), � is the stress tensor and i is
the identity tensor, which transforms every 
spatial vector into itself. 

A dimensional analysis shows that in Eq, 
(43), the magnitude of the second term is 
generally much smaller than that of ,i, If 
we are willing to neglect the second term in 
Eq. (43) with respect to�• Eq. (43) can be 
reduced to 

-v( t<P> )=� ( 47) 

Like 2lA) and_afA)' empirical cor�elati?ns
for� 1s required. For example, in a fixed 
isotropic (nonoriented) porous medium, we 
may write 

a = µ v ( 48) 
'v K'v 

in which k is the permeability of the porous 
medium. Eq. (47) when joined with Eq. {48) 
is usually referred to as the Darcy 1 s law. 

Deposition of asphaltenes will not only 
change the porosity but also the permeability 
k of  the porous formation. The pressure drop 
across the medium will therefore vary accord
ing to Eqs. (47) and {48). 

VI!• _;perimental and Laboratory Measurements 
In support of the Comprehensive research 

project proposed here for studying the asphal
tene deposition and its role in EOR miscible 

gas flooding a number of experimental measure
ments are planned and they are under develop
ment in our laboratories. These experiments 
are of two categories. One category of the 
experiments consist of the measurement of the 
physiochemical characteristics of crude, as
phaltene, reservoir core, the injection gases, 
and their interactions. The second category 
of experiments are of the simulation types 
trying to mimic the in situ asphaltene deposit
ion at different temperatures, pressure, and 
other reservoir conditions. Of the first cat
egory of experiments the following are present
ly under development: 

l. Chromatographic analysis of crude oil
and asphaltene for the purpose of spec
ification of construction of molecular 
weight distributions of the asphaltene
free crude and asphaltene. 

2. Measurement of solubility parameters of
different fractions of asphaltene and 
crude for the purpose of comparisons with
the theoretical prediction models. 

3. Observation and specification of the
onset of asphaltene deposition at dif
ferent temperatures and pressures, and, 
with the use of different injection fluids.

4. Titration experiments for the purpose of
measurement of the amount of asphaltene 
deposition. 

5. Development of analytic techniques for
the measurement of the rate of asphaltene 
polymerization and/or flocculation. 

6. Effect of porosity, wettability, and
other reservoir parameters on the rate 
of asphaltene deposition in a porous media.

Of the second category of experiments the 
following are presently under development: 

l. A comprehensive core-flooding testing
facility for simulation of the in situ 
asphaltene deposition at different temp
eratures, pressures, core porosity, and 
injection fluid to oil ratios.

Some of the above experiments have been com
pleted. The ones with extensive hardware re
quirements await further external funding to be 
completed. 
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Source 

Canada 

Iran 

Iraq 

Kuwait 

TABLE 1, ELEMENTAL COMPOSITIONS OF ASPHALTENE FRACTIONS 

PRECIPITATED BY DIFFERENT SOLVENTS 

[fro� Speight and Moschopedis (1981)] 

Prec1 pi tat 1 ng 
fite<lill'll C 

n-pentane 79,S 

n-heptane 78,4 

n-pentane 83.8 

n-heptine 84,2 

n-pentane 81.7 

n-heptane 80. 7 

n-pentane 82.4 

N-heptane 81.0 

(a) 

,,, 

Composition (wt i ) 

8.0 1,2 3,8 

7,6 1.4 4.6 

7.S 1.4 2,3 

7,0 1.6 1.4 

7.9 0,8 1.1 

7.1 0,9 1.5 

7.9 0.9 1.4 

7.3 1.0 1,9 

Atomic Ratios 

s H/C H/C 0/C 

7,S 1.21 0.013 0.036 

8.0 1.16 0.015 0.044 

s.o 1.07 0,014 0.011 

S.8 1.00 0.016 0.012 

8,S 1.16 0.008 0.010 

9.8 1.06 0.010 0.014 

7.4 1.14 0.009 0.014 

7.8 1.07 0,010 0,017 

S/C 

0,03S 

0,038 

0,021 

0,026 

0.039 

0,046 

0.034 

0,036 

1; i:ure 1: Hyi:-othetical structures for asphaltenes from (a) Venezuelan 
crude oil, (b) Iraqi crude oil, and (c) California crude oil 
(Sp eight, (1970)], 
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Comparison of asphaltene fractions derived from 
petroleum and coal in a spectrum of molecular 
weight, polarity, and the perci pi tat ion solvent. 
According to this figure coal asphaltenes are 
generally of lower molecular weight but higher 
polarity, while petroleum asphaltenes are compar
atively of lower polarity but higher molecular 
weight. 
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Figure 2: Macrostructure of asphaltene as proposed by Yen (1972). In 
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this figure (A) r�presents a crystallite 1 including an intra
cluster (G) and fo1ming a particle (C), (D) represents a micelle 
containing a metal (M) and a gap and hole (F), and (1) represents 
molecules of resin fanning a particle (C). 
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Figure 3: Effect of the molecular weight of n-paraffin 
solvents on the amount of percipitation of 
asphaltene- from Arabian light atmospheric 
residuurr, !Corbett and Petrossi (1978)]. 
Similar effects can be observed for other pet
roleum crudes, 
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Figure 6: A ternary diagram categorizing six different classes of Crude 
Oils according to their aromatic, naphthemic I and paraffinic 
hydrocarbon contents, The dots in this disgram represent 
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the CODlposi tion of 5.!il oil fields around the world [Tissot and 
Welte (1978) J, 
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Figure 7: A ternary diagram showing the gross composition of 636 Crude 
Oils from around the world; saturated hydrocarbons, aromatic 
hydrocarbons, and asphaltenes plus resins (weight % in the 
fraction boiling above 210 °C); for construction of the iso
frequency contours a triangle unit of 10:10:10 was used !Tissot 
and Welte (1978], 
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