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ABSTRACT 

The need to understand the nature of asphaltene and its role in the production and 
processing of crude oil is well recognized around the world as manifested by the extensive 
problems resulting from asphaltene depositions. It appears certain that the trend in the 
petroleum industry worldwide now and in the future, will involve the exploration, drilling, 
production, and processing of heavier oils (higher in asphaltene content), use of gas 
injection (or re-injection) techniques, and secondary and tertiary methods for recovering 
more oil from existing reservoirs. 

The subject of asphaltene deposition and its role in the petroleum field is analyzed 
here and the technical requirements for its understanding are presented.  It is demonstrated 
that for a comprehensive understanding of this subject the following topics, should be 
studied; (i). Molecular thermodynamic modeling of phase behavior· of asphaltene + 
petroleum crude + injection gas systems and examination of the resulting successful 
models against the available laboratory and field data; (ii). Transport phenomena modeling 
of the flow of crude in porous media containing asphaltene colloidal particles (or micelles), 
colloidal instability which may cause asphaltene deposition, and wettability alterations due 
to the adsorption of asphaltene on the pore walls; and (iii). Experimental measurements and 
simulations in support of such studies.
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ASPHALTENE DEPOSITION AND ITS ROLE IN 

PETROLEUM PRODUCTION AND PROCESSING 

NOTATION ,::,: Rate of production of ;_isphaltene aggre
gates per un.it volume by homogeneous 
polymerization or association reaction. 
Union of the pore waHs within S. 

A 

a 

B 

f 

·�

K 

mAI 

mN 

-= Area on which an integration is per
formed. 

- Force per unit volume that fluid exerts
upon the pore walls contained within S
in excess of the hydrostatic force.

- Scalar, vectoJ\ or tensor associated with
a fluid.
Local volume average of B for a fluid.

"" Intrinsic volume average of B for a 
fluid. 

"" External force per unit. mass. 
- Diffusion coeffici,;:nt.
= FmJCtion of the porosity and a dimen�

sionless group, as in F:quation (40).
c::: Effective diffusion coefficient.

Normalized moie distribution of the ith
asphaltene fraction with respect to the
mokcular weight of asphaltcnc.

= Normalized volume distribution of the 
i th asphaltene fraction with respect to 
the molecular weight of asphaltene. 

= Intermediate parameter defined in 
Equation ( 4). 

= Identity tensor, which kansforms every 
special vector into itself. 
"Effective" iriass JJux vector with 
.respect to v. 
Empirical com;ta.i,t relating to the polar
ities of compound�. 
Permeability of the porous medium. 

= Characteristic pore size. 
Molecular weight of the ith fraction of 
asphaltene. 
Segment number of the ith fraction of 
asphaltene ( ""· v .... Jv5). 

== Mole average segment number of 
asphaltene. 
Mass flux of asphaltene aggregates with 
respect to the fixed frame of reference. 
Total mole number of asphaltene. 
Modified pressure defined by Equation 
(47). 
Pressure. 

Gas constant, 
Pores that cont;�in fluid within 5. 

= Coordination number of the segment of 
an a:sphaltene molecule. 

s.., 
T 
T_ 
/::,..LJ/"P 

WT 
A 

wL 

""" Temperature. 
Stress tensor. 

,_ Internal energy change of vaporiia.tioo 
of compound J,
Speed of displacement of Sw directed 
into a fluid phase. 
Volume enclosed by S. 

:= Volume of R
rn

· 
= Volume of compound j. 
-= Total volume of asphaltene. 

Total volume of the i th fraction of 
asph::iJtene. 

"'"' Mass•averaged velocity. 
"" Velocity vector of asphaltene aggr�

gates. 
Molar volume of. the i th fraction of 
asphaltene .. 
Molar volume of the mixture of asphal
tene free crude oil and solvent. 

= Mass fraction of asphaltene aggregates 
defined by Equation (33). 
Total weight of asphaltene. 
Total weight of the i th fraction of 
asphaltene . 

Greek Letters 

p 

Net rate per unh volume at which 
asphaltenes deposit at the pore walls 
within the averaging surface S. 

= S(1luhility parameter of aspbaltene. 
Property defined by Equation (36). 

-= Solubility parameter of the mixture of 
asphaltene free. crude oH a��d solvent. 

= Solubility parameter of component j.

Intermediate · parameter defoJE'.d m 
Equation ( 17). 
Chemical potential of the i th fraction of 
asphalteoe. 
Chemical potential of the i th fraction of 
asphalten� at a standard state. 

- Total mass density· of a mixture of N
components.
Density of asphaltcnc.

- Mass density of asphalte:ne aggregates.
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<f>Ai 

""' Scalar potential tepresenting the exter
nal force per unit mass b .  

= Volume fraction of  the i th fraction of 
asphaltene in a phase. 
Maximum volume fraction of asphal
tene held by a solvent rich phase . 

- Volume fraction of the mixture of
asphaltene-free crude oil and solvent .

= Porosity of  the porous media. 
""' Unit normal to Sw pointing into the fluid 

phase . 

Mathematical Symbols 

( ) Refers to an intrim;ic volume average . 
V Vector partial differential operator: 

i(a/ax) +J(a/ay) +k(ataz) . 
div = Dot product of V with a vector: e .g .  

Suoerscriots 
& & 

div(B) = V ·B. 

T Refers to whole phases .  
L Refers to liquid phase . 
S Refers to an asphaltene phase . 

Refers to local volume average . 

Subscripts 

A Refers to asphaltene . 
Ai Refers to the i th fraction of asphaltene . 
B Refers to asphaltene free liquid .  

1, INTRODUCTION A.NO BACKGROUND 

The key to solving many of the technical problems 
that face the petroleum ao.d natural gas industriss in 
our modern technological . society today involves an 
understanding of the thermodynamic and transport 
aspects of the5e problems. Most of the jrreplenish
able energy resources available are mixtures of 
gases , liquids , and solids of varying ph�ical and 
chendcal properties contained in the crust of the 
earth in a variety of ge-ologica.l formations , �.o.c:>w
ledge of the fluid-phase equilibrium thermodynamic 
and transport characteristics of these mixtures is a 
primary requirement for the design and operation of 
the systems which recover, produce , and process 
such mixtures . 

There has been extensive progress in the past 
several years in the formulation of molecular thermo
dynamics of mixtures and transport phenomena 
modeling of multiphase fl.ow in composite media. 

This knowledge may now be  applied to  the under
standing and pi:ediction of the phase and transport 
behavior of reservoir fluids and other hydrocarbon 
mixtures . The present review is designed with the 
putpose of applying modern theoretical and ex
perimental techniques of molecular thermodyna
mics, transport , and e]ectrokinetic phenomena to 
develop methods that will predict asphaltene and 
asphalt flocculation during the production and · pro
cessing of crude oil . 

The mechanisms of gas injection and oil recovery 
involved with miscible gas flooding are basically of 
three kinds [ 1-3 ) :  first-contact miscible gas drive ; 
condensing-gas drive (or the enriched gas drive) ; and 
vaporizing·gas drive (or the high pressure gas drive) . 
The first and 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 ,  !luc;b a.<; hjgh·pressure nitrogen 
or carbon dioxide. In the case of the first-contact 
miscibie process, a typicai injectioti fluid is prnpane, 
which is completely soluble in oil . For the conde
nsing-gas ,drive ptoccss , the injection fluid could be a 
natural gas containing relatively high concentration 
of intermediate hydrocarborts , such as ethane, prop
ane , 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 [2 , 3] . The most common 
problem in petroleum recovery is poor reservoir 
volumetric sweep efficiency, which is due to channel
ing and viscous fingering because of the large 
difference between mobilities of the displacing and 
displaced fluids . Introduction of a rr-Jscihle fluid in 
the petroleum reservoirs will in general product a 
u.1,1m.ber of alterations in the flow behavior, phase 
equilibrium properties, llnd the reservoir rocis. cbar
acteristics . One such alteration is asphaltene and wax 
precipitation, which is expected to affect productivity 
of a reservoir in the course of oil recovery [3 �8] .  In 
most of the irnstances observed; asphl;i.J.tene and wax 
precipitation may result in plugging or wettability 
reversal in the reservoir . The effect of aspbaltene 
deposition could be positive or negative , depending 
on whether it could be controlled and predicted 
before it occurs. 

The parameters that govern precipitation of 
asphaltene and wax appear to be the oompositic:,n of 
crude and injection fluid and the pressure and 
temperature of the reservoir . With alterations in 
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these parameters,  the nature: of  asphalterie and wax 
substances which precipitate: will vary . Also , it is a 
proven fact that the precipitation of asphalti;nc hs 
genera.Uy followed by polytneri:,:ation , or floccula
tion , of the resulting precipitate, which produces an 
insoluble material in the original reservoir fluid 
l 9- 15] . Because of the complexity of the n:;i.tu,:e of
asphaltic and wax substances , the phenomena of
pre.cipitation and floccu lation of these substances are
not well understood. Also in view of the complexity
of petroleum reservoirs , study and understanding of 
the in situ precipitation of asphaltene and wax seems 
to be a challenging and timely task . Such an 
understanding will help to design a more profita.bie 
route for miscible gas flooding projects . 

In section 2 of the present report , the nature of 
molecular characteristics of asphaltene and wax 
deposits from petroleum crudes are presented. Field 
experiences with asphaltene and wax deposition and 
their related problems are discussed in sectfr>n 3 . In 
order to predict the phenomena of asphaltene 
deposition one has to consider the use of the 
molecular thermodynamics of fluid phase equilibria . 
In section 4 ,  predictive approaches on the behavior 
of reservoir fluids and asphaltene depositions are 
discussed from a molecular thermodynamic point of 

· view . This includes correlation and prediction of the
effects of temperature , pressure , and compo5itiOJ1 of
the miscible gas and crude on: the thermodynamic
behavior of fluids ; onset of asphaltene and wax
deposition ; and the mechanism of asphaltene floccu
lation .  The in situ precipitation and flocculation of
asphaltene is expected to be quite different from that
in controlled la'ooratory ex�rime:o.ts . Tbjs js pri�
mari ly due to the multiphase flow through the
reservoir porous media and the interactions of the
precipitates with the reservoir material . In section 5 ,
the transpoi:t phenomena modeling of thr;: fluw
through porous media with in situ asphaltene deposi
tion is presented .  Successful predictive models f9r
asphaltene deposition and flocculation require a
number Qf eJpei:imental and laboratory meas
urements. In section 6, the experimental technique?>
envisioned in support of predictive models for
asphaltene and wax deposition are discussed . Finally ,
in section 7 ,  an overview of the asphaltene deposi
tion problem is presented.

l. NA tURE AND CHARACTERISTICS OF

ASPHALTENE

The word "asphaltene" was originally coined by
Bousingault ( 16] . to describe the alcohol-insoluble , 

but essence of turpentine soluble , solids obtained 
from the distitlation residue of an asphalt . Since 
then , the concept of asphaltene has been extended to 
define the low-molecular-weight n-paraffin-insoluble 
and benzene-soluble fraction derived from various 
carbonaceous sources, such as petroleum,  coal , and 
shale oil [ 17-29] . Asphaltenes must be classffie:d by 
the particular precipitatjon solvent since different 
solvents cause different amounts of precipitation 
(30, 3 1 ] .  In Figure 1 ,  the hypothetical structures for 
asphaltenes from different regions of the world are 
presented . Figure 2, taken from Yen [28] , shows how 
the asphaltene particles and the asphaltene micelles 
are structured due to the formation of the crystaUite$ 
(A) of 'lT - 1r  associations among asphaltene mole
cules ;  on changing the conditions of solutions, the
particles may grow to micel les , or the micelles may
dissociate into particles .  Figure 3, taken from
Corbett and Petrossi (3 1 ] ,  illustrates the effect of
precipitation solvent on the amount of asphaltenes
precipitated . According to this figure there is very
little difference in the amount of asphw.tene:; precipi
tated by n-heptane and heavier n-paraffins .
However , when n�pentane is used , additional mate
rial with Jess polarity and lower molecular weight is
recovered in addition to n-heptane aspha]tenes
[23 , 32) . Thus , there are n-pentane asphaltenti:s ,
n·hexane asphaltenes , n-heptane asphaltene , and so
on , depending on the precipitation solvent used .
Recognizing the great complexity of various asphal
tene fractions , Speight and Moschopedis [33] defined
asphaltenes in terms of elemental composition and
molecular structure as well as by the carbonaceous
source . Table 1, reproduced from their paper, shows
the fundamentally different elemental compositions
of asphaltene fractions precipitate(;) by ·djfferent
solvents from various sources of petroleum. Long
[23] proposed an overall concept of asphaltenes by
considering molecular weight and molecular polarity
as separate properties of the molecules . He demons
trated that asphaltenes contained a ·wide distribution
of polarities and molecular weights. As shOwn in
Figure 4, petroleum asphaltenes have higher molecu
lar weight as well a$ w�de:t: :molecular-weight distribu
tion than coal asphaltenes. Nevertheless , asphaltenes
from both sources lie within a region bounded by
precipitation lines in a map of molecular weight
versus polarity of the component as illustrated in
Figure 5 .

In the petroleum reservoir, asphaltenes have been 
observed to occur as dissolved and as micelles or 
colloidal suspensions in the crude oil (22 , 34-39] . 
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CH3
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f"z CH2CH3 
l;HCt12CH

:) 

CHJ 
yliCH2CH�CH

:;,
Cl\1 

Cti2c11
,_
cH, - - v

CH2cH2CH2CM3 

(b) 

(c) 

Figure: J. Hypothetical Structures for Asphaltenes from (a) Venezuelan Crude Oil, (b) lrtlf/i Crude Oil, and (c) California 
Crude Oil /Speight (1970)). 

Measurement of the surface tension indicates that 
thel'e exists the critical mjcel)e concentration (CMC) 
for dilute solutions of asphaltenes in toluene [38). 
With concentration below the CMC; the asphaltenes 
in the solution are in a molecular state, while above 
the CMC, as.<:odates and aggregates of asphaltene:s 
may form. When resins and asphaltenes are both 
present as in petroleums, asphaltenes tend to 
associate with resins preferentially over association 
among themselves (33, 40]. This led Speight and his 

co-workers to condude that single asphaltene entities 
associated with resins molecules could be the domi
nant species which exist in the colloidal state in a 
crude oil. 

3. FIELD EXPERIENCES WITH
ASPHALTENE DEPOSITIONS

Control of asphaltene and wax depositions can be
difficult and costly in field experience [10, 41-48]. 
The kind of precipitates observed can vary from ve,:y 
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Tab.le t. Elemental Compositions of Asphaltmc Fractions Precipit:ited by Different Solvents [33]. 

Precipitating Composition (wt%) Atomic Ratio5 
Source Medium C H N 

Canada n-pcntanc; 79.5 8.0 1.2 
n-heptane '"'" rl ,., ,:_ 1 ,1 

/(),'+ / ,U 1-'+ 

Iran n-pentane 63.8 7.5 1.4 

!}-heptane 84.2 7.0 t6 

Iraq n-pentane 61.7 7.9 0.8 
n-hept:'lne 80.7 7.1 0.9 

Kuwait n•pentane 82.4 7.9 0.9 
n-heptane. 82.0 7.3 1.0 

Figure Z. /Wicrostructure of Asphalterte as Proposed by Yen 
[28}. (A) Riwresf/nts a Crystallite. Including an Jnt,-aduster 
(G) and Forming a Particle (C); (D) Represents a Mice/le
Containing a Metal (M) and a Gap and Hole (f), and (I)
Represenis iViofacules of Resin Forming a Parti.cle (C). (B) is a
Chain Bundle; (E) is a Weak Link: (H) is an lnterclusttr; (l)

is a Sl.tlgle Layer; and ( K) is a Petroporphyrin. 

minor to large amounts depending on the nature of 
crude, the cloud and pour points of crude, the nature 
of (he injection fluid and the operating (or reservoir) 
tempe.rature and pressure. Asphaltene and wax 
deposition can piay a significant role in the produc
tion history and economics of a reservoir. In Figures 
6 and 7 two ternary diagrams are presented in order 
tu demonstrate the composition of different classes 
of crude oils frorn oil fields all around the world. 
According to these figures, concentrations of asphal, 
tenes and resins in most of the crude oils are 
significantly hjgh. 

A!> discussed in the above section, the asphaltene 
fraction of an oil is defined as that part precipitated 

0 s H/C N/C 0/C SIC 

3.6 7,; 1.21 0:013 0.036 0.035 
,I,:,_ 0 (i 1 1 i': 0.015 n n,1,1 il (n11 
'+.V o.t) I.' V \,I, \/i.+""t V,V ... JU 

2.3 5.0 1.07 {J.014 0.0Zl 0.022 
1.4 5.8 1.00 0.016 0.012 0.026 

l.1 8.5 1.16 0.008 0.010 0.039 
l.5 9.8 1.06 0.010 0.014 0.046 

1.4 7.4 1.14 0.009 0.014 0.034 
1.9 7.8 1.07 O.OlO 0.017 0.036 

60 

1 
so 

� 40

1ii 

1! 
.0 

30 

j 
� 2ll 
ti 

10 

0 

0 
10 9 s 1 6 .S 4 3 2 

Carlx>» !'lumb-o, <>f ,..p�•�ffi" g.,j,,.,n, 

Figure 3. Efftxt of the Molecular Weight of n-J'araffin 
Solvents on The "4mount (>f Precipitation of Asphaltfne 
from Arabian Light Atmospheric Residuum ·(Corbett and 
Penossi [3Jl). Similar Effect�· c;a.n be Observed for Othf:r 

Petroleum Crudes. 

by the addition of a low-boiling ( or low molecular
wejght) paraffin solvent such as n-pentane. The 
a$phaltenc fraction generally consists of condensed 
aromatic and naphthenic molecuies of molecular 
weights in the range of several hundred to several 
thousand grams per mole. Asphaltene� usually 
contain a .significant number of heteroatoms of 
nitrogen, sulfur, and oxygen. Asphaltenes contain 
larger carbon-to-hydrogen ratio than is prevalent in 
crude oils. As a result, the low mokc\.ilar weight 
paraffin solvents, which contain larger hydrogen.-to
carbon ratios than the crude oils, cause precipitation 
of the asphaltene colloids. This is thought to 
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AsphaJtene deposition occurs most readily when 
the pressure of the crude oils is at the bubble point .  
That i s ,  maximum amount o f  asphaltene deposition 
is produced at the bubble point if their is asphaltene 
deposition . As a result of this fact , if the reservoir 
pressure is higher than the bubble point , asphaltene 
deposition may occur at the well or in pipes ,  since the 
press\1re · decreases during the oil production . 

100 1 ,000 10,000 100,000 

Asphahene deposition was observed even before 
the introduction of enhanced oil recovery projects 
during the early period of black oil production , as in 
the cases of the Ventura field in California 
[21 , 41

i
49] and the Hai.,;i.,;i Meisi.,;auud field in Algeria 

[ 12 ,  41 , 45] . In both of these fields , the crude oil was 
highly undersaturated with respect to gas . In the case 
of the Ventura field , significant problems existed 
during the early production life of the wells . 
However , the problems diminished after the bottom
bole pressure (BHP) fell below the bubble-point was 
reached . In addition , during the gas-injection period 
of the fieid , a reduced injectivity , by a factor of 2 , 
was observed . This seems to be a result of the 
origin!$,{ mbced wettability or oil wetness (wettability 
i:eversal) due to gas injection . The fact that Hassi 
Messaoud crude is a light crude (° API of 45) and has 
a low asphaltene content of 0 .2 wt% is an indication 
of the serious problems which may, arise in the 
recovery of light crude by misdble gas drives. 

Figure 4. Comparison of Molecular Weight Distribution of 
Coal Asphalten.e cmd Jobo Petroleum Awhalten.e.s. For 
Petroleum Asphaltene the Solid Line Represents the 
Va()oUum Ri!Siduum While ihe Dots Represent the Atmos-

i 

i 

pheric Residuum (Long [23]) . 

Petrol_eum Asphal t8!1e& 
Pncip1 tat1on 

� �-C7 
----.--..,..;,.-...---,....,. .... ,

Polari ty --

\\ cyi:6 �o 1 """t 
\ 

\

\ Go.:il l\�phJl tmc� 

Figure 5 • . Comparison of Asphaltene Frat;tiol'L'j Derived 
from Petroleum and Coal in a Spectrum of Molecular 
Weight, Polarity, and the Ptecipitation Solvent. According 
to this Figur€, Coal Asphaltenes are Generally of Lower 
Molecular Weight but Higher Polarity, Wl1ile Petroleum 
Asphaltenes are Comparatively of Lower Polarity but 

Higher Molecular Weight. 

accompany the rernovai (dissoiution and desorption) 
of roaltenes , which are the soluble fraction of 
asphaltenes. In addition to the precipitative effects of 
low molecular weight paraffins, water, carbon diox
ide , and acids are observed to contribute to the 
precipitation of asphaltenes. Carbon dioxide , in 
addition to reducing the solubility of asphalteoes , 
cause rigid asphaltene film formation on the inter
face due to its effect on th,; pH value of the water 
present. 

Injection of solvent5 or gases may either increase 
or decrease the amounts of asphaltene deposition . 
Injection of naphthenes , $uCh as cydohexane , or 
·aromatics, such as benzene , may reduce the asphal
tene deposition because asphaltene is soluble to
these solvents . Therefore , damaged le:servoirs by
asphaltene deposidou may t·egain their lives by
adding proper solvents . For fostance , �ylene injec
tion has been carded out for the Prinos Field , North
Aegean Sea � Greece [26 , 41] to prevent the asphal
tene . deposition problem. On the other hand ,
injection of carbon dioxide may result in asphaltene
deposition because of the insolubility of asphaltene
in crude oils with rriJscib!e carbon dioxide . .

Asphaltene deposition i s  also observed in well
acidizing practices . Use of hydrochlodc acid as a
well-stimulation fluid C;jO ca.use :severe damage in
wells containing asphaltenic crude oil . This is
because the acid causes the asphaltene to precipitate ,
and as a result produce a rigid fj,lm , which causes
significant damage to the porou5 media around the
well bore . Carbon dioxide in the presence of water
also has an acidizing effect on the reservoir .
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Figure 6. A Ternary Diagram Categorizing Six Different Classes of Crude Oils According to Their Arvmatic, Naphthenic, and 
Paraffinic Hydrocarbon. Cmitents. The Dots in This Diagram Represent the Composition of 541 Oil Fields Around the World 

(Tissot and Welte [51/). 

AROMATIC 

Normal Crude 
., Hostly l:!'3avy Crude 

\ 

' 

Figure 7. A Tuno.ry Diagram Showing the Gross Composition of 63() Crude Oils jrQm Around the World_; Saturated 
Hydrocarbons, Ammatic Hydrocarbons, arid Asphaltenes plus Resins (Weight% in the Fraction Boilirlg Above 210"C); for 

OJnstruclion of the Isofrequency Conwurs a Triilngle Unit of 10:10:10 was Used (Tissot and Wt'lte [511). 
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Injectivities reduced by. a factor of three followi11g 
gas injection have been observed in a number of 
carbon dioxide-injection projects [2J a,:;:i,d water
alternate gas drives [50) . These problems are associ
ated mostly with field problems rather than well-boi:e 
effects . 

Asphaltene precipitation inside the reservoir can 
add significantly to field problems

1 
specially if it 

occurs deep in the well or in the producing intervals. 
E:ii:tensivc testing should be conducted before the 
start of miscible flooiling or addizing of wells that 
produce crude oils with high asphaltene contents, to 
prevent plugging of the reservoir with precipitated 
aspbaltene . 

4. MOLECULAR THERMODYNAMIC MODEL

ING OF ASPHALTENE DEPOSITION

Crude pe.troleum generally consists of many hyd
rocarbon components , from methane up to very 
heavy hydrocarbons . There exist aiso varying 
amounts of sulfur 

I 
oxygen , and nitrogen-containing 

compounds [24 , 50] . The liquid state of the pet
roleum crude is a result of a delicate balance between 
its con�titutents, which depend upon each other for 
solubility. On introduction of a solvent into this 
mixture

1 
such as carbon dio,tide at high pressures , or 

n-pentane , the natural equilibrium of the mixtm:e is
upset and $Orne compounds precipitate . Deposition
of asphaltene from petroleum crude due to the
introduction of a solvent can be understood by the
application of the principles of the thermodynamics
of multicomponent mixtures and phase equilibria . In
the present section ,  we first introduce a descriptive
account of the asphaltene. de.positiQn ph¢ri.omena,
then use molecular thermodynamic techniques
[52 , 56] in order to produce predictive equations for
it:; quantitative interpretation.

It is understood that asphaltene precipitation is a 
general phenomenon common to all complex organic 
solutions [24] . Thus, interpretations which are made 
fot· the deposition of petroleum asphaltenes. will also 
apply to coal-derived liquids, kerogen from shale oil , 
bj,turoen of tar sands, and any other complex solution 
of organic compounds . 

There are two types of modeling for asphaltene 
deposition processes : the solubility model ; and the 
colloidal model . The colloidal model is based on the 
fact that asphaltene is suspended due to the adsorp
tion of resin on asphaltene and that asphaltene may 
have either a positi_ve or a o.egat�ve charge [41) . This

model i s  effective for asphaltenes, the molecular 
weights of which are several hundred. Toe solubility 
model uses the i;itatii.-tkal mechanical theory, in 
which asphaltene is assumed to behave l ike polymer 
molecules , and the rule of heat of mixing . The 
solubility model is introduced in this section .  

It i s  generally assumed that two factors are 
primarily responsible for maintaining the mutual 
solubility of the compounds in a complex mixture 
such as petroleum crude . 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 [24] . Of course, polar and nonpolar 
compounds are basically immmiscible , and light and 
heavy molecules of the same kind are partially 
miscible or immiscible depending on the difference 
between their molecular weights. However, in the 
complex mixture of petroleum crude all these 
compounds are probably mutually soluble so lung as 
a certaio ratio of each kind of molecule is maintained 
in the mixture. By introduction of a solvent into the 
mixture this ratio is altered. Then the heavy and/or 
polar molecules separate from the miuure; either in 
the form of another liquid phase or as a solid 
precipitate . Hydrogen bonding and the sulfur and/oi: 
the nitrogen�containing segments of the separated 
molecules could start to aggtegate (or polymerize) 
and as a result produce the iu:eversible asphaltene 
deposits , which are insolul:>Je in. so�ven� . 

In order to formulate the necessary model for 
prediction of the onset of deposition of asphaltene 
from petroleum erode we can take advantage of the 
theories of polymer solutions [57-59] .  The first 
attemot at such modeling is due to Hirschberg and 
other; [60, 61) , in which they utilized the Flory
-Huggins theory of polymer solutions in order to 
predict the onset of a.sphaltene deposition [62] . 
Howevei:

1 
the Flory- Huggins theory is valid for the 

case of homogeneous chain molecules of asphaltene 
of uniform molecular weight in a single uniform 
solvent. It is a well-known fact that molecules of 
asphaltene neither consist 0£ homogeneous chain 
molecules, nor .can the asphaltene�free crude and the 
injection fluid be considered as a single uniform 
solvent [63 -68J . In reality , asphaltene , and the 
asphaUene-frec crude, both consist of mixtures of 
molew�es wjth a virtually continuous molecular 
weight distribution . In order to formulate the 
phenomena of asphaltene deposition from petroleum 
crude , we can utilize the thermodynamic theory for 
polymer i,olutions consisting of a JJOlymer with 
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heterogeneous distribution and a solvent. According 
to this theory (.58], the chemical potential of fraction 
( i) of asphaltene in the mixture of asphaltene and
solvent can be shown by the following expression:

(µAi-µ;,_;) -- RT[ln$A 1+ l -(mA/mN)(l -q,9) 
(1) 

In this expression, ii>A; is the· volume fraction of the 
i th fraction of asphalteoe and 4>a is the volume 
fraction of asphaltene-free crude such that 

(2) 

also mA1 = v AilvD where v A, is the molecular volume 
of the i th asphaltene fraction and v8is molecular 
volume of asphaltene-free crude. Also we have 

and 

"'N "'" L<l>A/L(<l>A/mA;) 
i i 

(3) 

(4) 
where r is the coordination number of the segments 
of the asphaltene molecule (about 3 to 4), K is an 
empirical constant relating to polarity of substances 
in mixture, and 6,., and 6» are the solubUity 
parametern of the asphaltene and asphaltene-free 
crude, respectively. The solubility parameter is 
related to the intemal energy of vaporization by the 
following expression 

(5) 
At tbe. CJnse.t CJf 1:1.spht1.lt!ll-n� d�posit-i.oo. fr�cti.o:o.!3 of t,he 
asphaltene in the solid precipitate phase and in the 
liquid phase are in equilibrium, i.e.

(6) 
From this equilibrium condition, by utilizing Equa
tion (1) we can then write 

hu:til,+1-(ml/m�)(l-<jJi)-rn1;\j1t+.f mii(o;t,�)2 

"" Inc:!>��+ 1-(mj./mt)(l -<f>ij) 
-mt 4ii + /L 

m;_i( ¢tt)2 . (7)
At this stage we can assume tb..i.t th� soJjd p.hai,e 
is free of crude (¢,t-- 0). We can assume that 
0.; = v�1 = v At and v� = vt "" v9• As a result of these 
assumptions Equation (7) will simplify to the 
following form 

Since, in general, the molecular distribution of 
asphaltene in the precipitate phase is different from 
that in the liquid phase, we can not set mi equal to 
mt. In the specia°i case when we set m� = mt= m 
and if we assume a uniform molecular-weight distri
bution for the asphaltene (4)�, = c:I>�; 4)�, = 1), then 
we can drive the expression for volume fraction of 
asphaltene in the liquid phase according to the 
Flory-Huggins theory [60]. 

Let us now define the total volume distritiution of 
asphaltene with respect to the molecular weight of 
a�phaltene: 

F.(M4;) = (1/Vl)(dV'i/dM Ai) , (9) 
when:, Vl is tbe total volume of asphaltene, and 
dl-11 is the total volume of the ith fraction of 
asphaltem.:; whCJse molecular weight fa betw��n MA, 
and MA,+dMA;· We cao also write for the total 
volume of the i th fraction of asphaltene as follows: 

dV'L = dV\ 1 + dV! 1 = V,.,d<l>�i+ V5d411 , (10) 
where VL and V5 are the total volumes of the liquid 
phase and the asphaltene phase, respectively. 
According to Equations (9) and (10), 

F.(MADvi dk,fAi = yi,d<l>x;+ 0d<1>t. (11) 
Equation (8) may be written as a differential form: 

where 
dffl�i = exp(-mA;8)d'fl�i , (12) 

8 = (l-iim�)<ti�-/l-(4,�)2·-(i/m�-iiml). (13) 
From Equations (11) and (12) we can write: 
d4>�i = [l/}:,/{VL+ V5exp(-mA;9)}]Fv{MA;)dMAI ' (14) 
This expression provides us with the ma;1;imum 
volume fraction of the i th fraction of asphaltene 
i:-emaining in the liquid phase. Assuming we have the 
weight distribution of the asphaltene fractions 
available a.$ experimental data: 

(15) 
The weight of the i th fraction of asphaltene is 
WA; = VAJPM · Using the average density PA, or 
assuming the density is constant, we have the 
following from Equations (9) and (15): 

(16) 
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That is, for constant density of asphaltene , the 
volume distribution with respect tu the molecular 
weisht of asphaltene happens to be the same as the 
weight distribution. In order to get the total volume 
fraction of asphaltene in the liquid phase , we 
substitute Equation (16) into Equation { 17) and 
integtate over the entire molecular-weight distribu
tion range ; i. e. ,

(4,Jmax = r d4,�, 

= r (V;,/{VL+ vsexp(-mAl6)}]F .. (MA1)dMA1 •  ( 17)

Hence , for a given weight distribution of asphaltene 
fraction, Fw(MAi) ,  we will bi;: able to integrale 
Equation ( 17) in order to calculate the mi�u:uum 
volume fraction of asphaltene in the liquid phaie . at 
the onset of ' its depm;ition 

Suppose the mole distribution of the asphaltene 
fraction be provided: 

F�(MM) :;a ( 1 /nl)(dnl/dMA,) . (18) 

Then, we obtain 

Fw(M,.) "" F.(M;.;) = (MA/M,J Fn(M�.;) , (19) 

where MA is the average moleculat weight of asphal
tene. For the derivation , the molar volume of the i th 
fraction of asphaltene, vA; = dV1/ctnL is used and 
the constant value of the density of asphaltene PA is 
again used . In order to obtain the maximum volume 
fraction of asphaltene in the liquid phase, integrate 
Equation ( 14) after the substitution of Equation 
(19) .  

5. TRANSPORT PHENOMENA MODELING

5.l  Flow Through Porous Media with
Asphaltene Oeposltlon

Fundamentally; there are no special equations
needed to analyze transport processes in a permeable 
... +-. . ....... ....  .,,,. T'k .a, n�n ral  an n �+�n.t'lc nf rh"jl n cr� �T"P h� -
� l l U\,,t Ul S:. - .I.. .U\.r U,3, UGI '-'"{ U.Q.,AV.1.1., u.a. '\.-.1.1.LU..L,E:,'-"' " _., .,,  .._.,. ..,..  

lieved applicable to the fluid phase moving through 
an individual pore . The problem ii:; to describe 
geometrically the configµ,:atjoQ. of the pore walls 
bounding the flow . 

For many purposes , only local averages of concen
trations, velocities and pressures are: important. This 
suggests the concept of local volµme averaging , in 
which the equations of change are averaged over the 
immc:diate neigb.bor�ood of each point in the 

structure . The advantage i s  that one can avoid 
specifying detailed configurations of the pore 
geometry. But a pl'ice is paid : information is lost that 
must be supplied empirically or from an idealized 
structural model for the local flow. 

In \\'hat follows, the local volume-averaged mass
balance equatiotts fot the flow through porous media 
with asphaltene deposition will first be established . 
The elementary mechanisms which cau� the deposj
tion of asphaltenes in porous medja are then 
identified . From the basic laws of the colloid and 
interface science , the general form of correlations 
governing the deposition phenomena will be prop
osed. With the combination of these deposition 
correlations and local averaged mas.s . balance 
equations, the general behavior of flow through 
porous media with asphaltene deposition can be 
described . The pressure drop and its variation with 
asphaltene deposition will then be examined by the 
local volume-avetaged equations of motion. 

5 .2 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 
pha$e , or on the solid -fluid phase interlace ; the 
argument remains unchanged , Let us associate with 
this point z a closed surface S of arbitrary shape . 

We will identify this averaging surface S with every 
point in the porous medium with a simple translation 
of S without rotation. The chatacteristic dimension 
· of S should be sufficiently large that averages over
the fluid enclo:sed by S vary smoothly with position .
Whenever possible , it should be s0 small as to be
negligible with respect to the macroscopic dimension
of the porous medium.

Let us define V to be the volume enclosed by S.
We will denote by Rm the pores that contain the flujd
within S,- V(f) is the volume of R(f) · 

A .,.,.,n,,. th "t R ;,. or:nm,0: ,:,-::r,h:r vP.Mnr nr h•.n�nr.I. l...,..,UA.L.LV LA.Ul, ,,_. AV VVMA ._. ..,,._._ • ...,.., ' , .,. ,. II Y &  J Yl'I. _ _  ,,,,.,._. ..,. I'\

associated with the fluid . We will have occasion to
speak of

B � ( 1/V) 1 BdV
R(f) 

(20) 

JS tb,e local volume average of B for the fluid phase 1 

and 

(21 )  
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as the intrinsic volume average of B for the fluid 
phase:. By dV we indicate that a volume: int<::gratioti is 
to be performed. Th� local volume average and the 
intrinsic volume average are simply related in terms
of the porosity. 

$ m. Y(i/V 
of the porous medium: 

B = �<B>. 

(22) 

(23) 
Toe theorems for the local volume averages of a 

gradient and of a time derivative [69-72] give 
- - r 

(VB) = V(B)- (1/V) j 
-�

tdA (24) 

(fJB/at) = (oB/iJt) I (1/V) ff u·I; dA • (25)

The union of the pore walls within S is indicated by 
S

w
; � is the unit normal to S.., pointing into the fluid 

phase; u-� is the speed of displacement of Sw directed 
into the fluid pha:se; dA indicated that art area 
integration is to be performed. The theorem for the 
local volume average. of the divergence [721 

(div .B) = div B-(1/V) f f·t dA (26)

follows immediately. 

5.3 Local Vohune Averages of Equation of 
Continuity for Asphaltene Aggregates 

Let u:s consider the fluid phase as a multicom:po
nent mixture. The equation of continuity for asphalft 
tene aggregates in the mixture requires 

ap
(A

/ilt+ div n(AJ = r(Al , (27) 
in which P(Al denotes the mass density of asphaltene 
aggregates, r(A) indicates the rate of production of 
asphaltene aggregates per unit volume by 
homogeneou.s polymerization or a:s:sociation reaction 
[60], and 

(28) 

is the mass flux of asphaltene aggregates with respect 
to the fixed frame of reference. In Equation (28) we 
have define v

(A) 
as the velocity vector of asphaltene 

aggregates. The: local volume average of Equation 
(27) for the fluid phase takes the form

ilP(Ai fiJt+ div n(A) = '<Al-(l.(;,.) , (29) 
where we have introduced 

as the net rate per utiit volume at which a!lphaltene 
aggi:egates deposit at the pore walls within the 
averaging surface S. 

The constitutive equation for the local volume
averaged mass flux vector n(Al depends on how we 
describe diffusion in multicomponent mixtures. If we 
a:s:sun1e conditions are such that it is appropriate to 
use Fkk's first law in analyzing diffusion within the 
fluid contained by the permeable structure, we can 
express Equation (28) as 

(31) 

where 

P = L Pv,) (32) 

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

W(AJ !!!!! P(A/P 

the mass fraction of asphaltene aggregates; 
/V 

v ;a;;, L w(A) v(AJ
A=! 

(33) 

(34) 

the mass-averaged velocity, and D should be thought 
of as the diffusion coefficient for �sphaltenc: aggre
gates in the multicomponent mixture. If we assume 
that the diffusion coefficient D is a constant, Equa
tion (24) allows us to write the local volume average 
of Equation (31) as 

n<A) "" <P(A)>�-{p)Dvw(A)-i\Ai 1 (35) 
where we have defined; 

a(A) = <P(A))v-(P(A)v) + (DpVw(A))-(p>J.J(Vw(A)) 

-({p)Dtv)f �h, t dA. (36)

lf the mass density of asphaltene aggregates is not 
a strong function of position, the effect of the first 
four terms on the right of Equation (36) can usually 
be discounted. Toe fifth term on the right of. 
Equa.tioo (36) may be thought of as mass-density 
tortuosity vector for asphaltene aggregates that 
accounts for the twisting and turning of the passages 
through which the fluid moves. 

With Equations (23) and (35), the local volume 
average of the equation of continuity for asphaltene 
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, ..

agg;i:egates in the form of Equation (29) may be 
expressed as 

il(IJ,(P(AJ))/i!t+div((P(A))v) = r(Al-divOt1))-aw, 
(37) 

where the vector 

should be thought of as "effective" mass flu:s: vecto;i: 
with respect to v.

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, 
inlonnatjon bas been lost. We are now faced with the 
necessity of introducing additional relationships for 
&(A) and a.(A)· Either these additional relationships 
could take the form of empirical data correlations or 
they could be developed ·from an idealized structural 
mode! [72-74] for porous medium within any giviJlg 
averaging surface S. Slattery [71] gave three exam
ples of how experimental data can be used to prepare 
correlations for 6-(A)· For instance, in an isotropic 
(nonoriented) porous medium when convection can 
be neglected, it is shown that 

(39) 

with 

DcA) ":' v(A)(-i,,[1.,<P>IVwcA)lt<PcA)m (40) 

as a · function of the porosity and a dimensionless 
group. In Equation ( 40), 1

0 
can be thought of as a 

characteristic pore size. If conditions are such that 
Equation (39) applies, the effective mass ilux in the 
form of Equation (38) can be expressed in terms of 
an effective coefficient 

(41) 

as 

(42) 

Thi.$ is consistent with the common practice in 
describing diffusion in a porous medium [74]. 

By similar arguments we can show that when 
wuvection is impox-tant, 6(A) can be expressed as 

i<A> = (p)(DD,A1)vw(A)-1.,Ivw<A)Iv,A2)v) (43) 

where, foT i = 1, 2; 

DcAi) = 

DcM(Np01 v·Vw(A/(lvllw(,d), lo {P)IVw(A)l/(P(A)) ,ii,) 

and 
M -11:-;-l/h 
,.,.., - •., 1v11v • 

5.4 Deposition Me<:hanisD18 

(44) 

(45) 

When a crude oil containing asphaltenes is flowing 
through porous media, precipitation can occur as 
dlscussed jo section 2. The asphaltene aggregates 
formed may be brought into contact with the possible 
retention site on the pore walls. They either deposit 
there or are carried away by the flowing stream. The 
deposition process is therefore a sequence of the 
following mechanisms: 

1. The contacting of asphaltene aggregates with the
retention sites on the pore walls;

2. The fixing of asphaltene aggregates on th1;: sjt1;:s,
and eventually;

3. The breaking away of previously deposited
f asphalteoe aggregates.

Our objective here is to relate the deposition rate
°'CA) of asphaltene aggi:egates to the various factors 
which define the system. The factors considered 
should be the experimental parameters which are 
measurable and have an effect upon deposition 
process. For example, the crude oil is characterized 
by its viscosity µ., mass density p and flow rate v; the 
asphaltene aggregates are defined by their concentra
tion (p(A)) and surface propenies; the puxuu:i; llic::dium
is represented by its porosity "1, permeability k and 
pore size distribution. 

Before asphaltene aggregates deposit on the pore 
wall ·surface, they have to be brought into the 
immediate neighborhood of the wall. Possible 
mechanisms are hydrodynamic lateral diffusion in the 
mas5-t;i:an5lc,:: boundary layer, as well as Brownian 
.diffusion due to molecular thermal motion. Once 
asphaltene aggregates ai'e brought into the immedi
ate neighborhood of, or into contact with, the pore 
wall, deposjtion may occur due to the inte;i:action of 
asphaltene aggregates with the solid surface or 
deposited asphaltenes. There has been evidence 
showing the surface activity of pettoleum asphaltenes 
[38]. The van der Waals forces, which are always 
attractive, and the electrical forces (elect;i:Q$tat.i,c oi: 
clcctrokinetic) which are either attractive or repul
sive according to the physicochemical conditions, 
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could be  the forces causing the deposition . This 
initial depo5ition can also be viewed as n rnonolayer 
adsorption with a similar picture to that for the 
cbemisorption of ga.ses [75] . However 

1 
the heat of

adsorption from solution is usually fairly small , and is
more comparable with heats of solution than with
chemical bond energies . After a monoiayer adsorp·
tion has been formed , the deposit can grow through 
hydrogen-bonding interaction with resins [33 , 40, 60] 
or association with other asphaltenes similar to
polymerization {60] . Because of the deposition,
wcttability of the surface coated with asphaltenes can 
he varied or even reversed . In some cases , the 
amount of deposition could be sufficiently large that
plugging of small pores is possible , as discussed in
section 3 .  

5.5 Local Volume-Average Equations of Motion 

The local volume average of Cauchy's first l a.w for
an incompressible Newtonian fluid when all inertial
effects are neglected can be written as (70] 

V($(P)) - µ,div(V�) + a  = 0 . (46) 
Hen: µ, is the viscosity of the fluid, P is the modified
p�e$$ure 

p = p + p,t, ' (47) 
and 

a = (1/V) L�.
T� - P4> 1�) ·� dA , (48)

can be identified as the force per unit volume that the
fluid exerts upon the pore walls cotttained within S 
beyond the hydrostatic force . In Equation (44) , p is 
pressure and cp i.s a scalar potential representing the 
external force per unit mass b by 

b = -Vcj:, . (49) 
In Equation ( 48) , T � is the stress tensor and L ls the:; 
identity tensor, which transforms every spatial vector
into itself. 

A dim.ensionai analysis shows 'that in Equation 
( 46) , the magnitude of the second term is generally 
much smaller than that of fl. . U we are willing to
neglect the :second term in Equation ( 46) with
respect to a; Eqttation (46) can be reduced to 

(50) 

As for i\A) and a(AJ , empirical correlations for a are
requin:<l. For example , in a fixed isotropic (nonor
iented) porous medium , we may write 

a = (i.a..lk) v , (51 )  
jo  which k i s  the permeability of  the porous medium . 
Equation (50) when joined with Equation (51) is
usually refuted to as the Darcy's Jaw . 

Deposition of asphalte.nes will not only change the 
porosity hut iilso the pe.nneability k of the porous
formation . The pressure drop across the medium will 
the:rdore vary according to Equations (50) and (5 1 ) .  
How the porosity and permeability of  the porous
formation change according to the deposition of
asphaltenes is still under study. However, in order to 
obtain the onset point of asphaltene deposition , we 
may set the porosity and permeability of th.� p.o.r:oui,
media as constant 

6. DISCUSSION AND CONCLUSIONS 
Implementation of the molecular thermodynamics

and transport phenomena modelings of asphaltene
flocculation and its role in petroleum recovery and
processing j_.1Jd1.1:;tdc:; prei;ented in this paper require 
a number of experimental measurements [76-78] . 
Such experiments are in two categories. One consists 
of the measure:me:nt of the physicochemical charac
teristics of crude ,  asphaltene , reservoir core , the
injection gases , and lheir interactions. The second
category are of thE.'. simulation type , trying to mimic 
the in situ asphaltene deposition at different temper
atures , pressures , and other :reservoir conditions . Of
the first category , the following are of greatest 
importance : 
J . Chromatographic analysis of crude oil and asphal

tene foi: the:: purpose of specification of construe� 
tion of molecular weight distributions of the
asphalteoe-free crude and asphaltene . 

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

3 . Observ:;ition and specification of the onset of
asphaltene: deposition at different temperatures 
and oressures . and with the use of di.ffereot 

. ' 

injection fluids . 
4 . Titration experiments for the purpose of measure

ment of the amount of asphaltene deposition. 
5 . Development of analytic techniques for the

measurement of tho rate of asphaltene
polymerization and/or flocculation .  

(i. Effect of porosity 
I 
wettability 

1 
and other reservoir 

parameters on the rate of asphalt.em: deposition
in a porous medium. 
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Of the second category, that of greatest import� 
ancc is Comprehensive core�flood testing facility for 
simulation of the in situ asphaltene deposition at 
different temperatures , pressures, core porosity, and
injection fluid to oil ratios . 

wm:i. tb� i.m.pJ.�meQ.tatj_Q'-1. Qf the m.odels presented
in this report; along with the experimental measure
ments discussed , the following objectives could be 
accomplished: 

1 . Development of a thorough moleculaJ thc{mo
dynamic model for asphaltene deposition and
testing of the model against the laboratory and
field measurements.

2. Development of a comprehensive transport phe
nomena model of the flow of crude oil containing
asphaltene colloidal partkles ( or micelles) in
porous media ir: the course of asphaltene deposi
tion, studies on colloidal instabilities which may
be the cause of 3.$phaltene deposition , and studies
on ,vettability alterations due to ttie acL�rption of
asphaltene on surfaces .

3 . Physicochemical property measurements and
laboratory simulations in support of the studies
which will basically consist of:
(i) Measurement of the phase behavior of crude

and injection gas mixtures at high pressures
and at different GOR and temperature
conditions ;

(ii) Experimental simulation of miscible gas
flooding of reservoir during the course of
asphaltene deposition and flow through
porous media of asphaltene containing crude::
a;o,d fnjection gas.

These c:11:periments will enabie the researchers to 
develop structural· models for porous media and 
analysis of flow of miscible crude system containing 
asphaltene substances in colloidal states. 

Tbe present models are only the beginning of an 
effort to try to develop analytical predictive techni
ques on the phase and transport behavior of 
a$phaltenes . Any inve$tigation, theoretical ot e�
perimental, into the chemical structure and phase 
behavior of asphaltenes in crude oil is hindered by 
their complex nature. Despite the large volume of 
laboratory work that has been performed since 
1930's to estQ.bJ.i.$» the physcial and chemical nature 
of asphaltenes in oil [77] , there are only qualitative 
descriptions and hypotheses given as to the physi� 
cochemical structure of asphaltenes . A comprehen
sive model that would describe the phase and 

transport behavior of  asphaltenes in  oil must take 
illto account the fact that there is generally a wide 
range of size distribution of asphaltenes in oil and the 
plausible speculation that one part of them is 
dissolved and the other is in a colloidal state . 
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