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Modeling of asphaltene and other heavy organic depositions
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Abstract

Well-head production of petroleum can be significantly affected by flocculation, deposition, and plugging of asphaltene,
paraffin /wax, and /or diamondoid inside the well. The economic implications of such a formation damage are tremendous.
In this paper a comprehensive mechanism and predictive model for such compounds in oil wells is presented. This model is
based on the macromolecular theory of polydisperse polymer and colloidal solutions, kinetics of aggregation, electrokinetic
transport phenomena, and phase behavior of multicomponent mixtures.

One question of interest in the oil industry is ‘““when’> and ‘‘how much’’ heavy organics will flocculate out under certain
conditions. Since a petroleum crude generally consists of a mixture of light and heavy hydrocarbons and heavy organics it
may be necessary to look at this problem from a more fundamental point of view than it has been the practice in the past. In
this paper the author presents the cause-and-effect mechanisms of such depositions and introduces mathematical models to
be used for preventive measures in various cases of petroleum production, transportation, and processing.

With the application of the proposed model a number of predictive case studies are made. It is shown that with proper
planning in the production scheme, consideration of the characteristics of the producing petroleum, injection fluid, well

casing, and the reservoir it is possible to choose a formation-damage-free production scheme.
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1. Introduction

The need for understanding the nature of heavy
organics (asphaltenes, asphalts, bitumens, resins, dia-
mondoids) present in crude oil and their role in the
production and processing of petroleum is well rec-
ognized around the world as manifested by the ex-
tensive related research and experimental activities
under way at various research centers (David, 1973;
Lichaa, 1977; Mansoori and Jiang, 1985; Mansoori,
1988). It appears certain that the trend in the oil
industry, worldwide, necessarily will be and has
already started towards the exploration, drilling, pro-
duction and processing of lower-quality crude and

use of secondary and tertiary methods for recovering
more oil from existing reservoirs. Gas injection,
re-injection and miscible flooding of oil reservoirs is
an economically viable technique. One of the most
common problems in such recovery processes is the
possibility of poor reservoir volumetric sweep effi-
ciency because of channeling and viscous fingering.
This may be caused by the large difference between
the mobilities of the displacing and displaced fluids.
Blending or introduction of a miscible fluid in
petroleum, in general, will produce a number of
alterations in its flow and phase behavior as well as
the reservoir rock and conduit characteristics. One
such alteration is the heavy organic precipitation,
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which ultimately affects the productivity of a reser-
voir in the course of oil production or flow rate of
the oil in a conduit (well or pipeline). In most such
circumstances heavy organic precipitation may result
in plugging or wettability reversal in the conduit and
reservoir (Newberry and Barker, 1985; Leontaritis
and Mansoori, 1988; Addison, 1989; Escobedo and
Mansoori, 1992).

2. Mechanisms of deposition

Understanding the mechanism of the heavy or-
ganic deposition would result in more economical,
environmentally sounder, and speedier oil produc-
tion, transportation, and processing technologies. The
kind and amount of depositions of heavy organics
from petroleum fluids vary, depending on the hydro-
carbons present in otl and the relative amounts of
each family of heavy organics (Newberry and Barker,
1985; Addison, 1989; Garcia et al., 1989; Kawanaka
et al., 1991; Escobedo and Mansoori, 1992). Four
different effects (mechanisms) are recognized for
such depositions. One or more of these mechanisms
would describe the organic depositions that may
occur during oil production, transportation or pro-
cessing.

2.1. Polydispersivity effect

The degree of dispersion of heavy organics in oil
depends upon the chemical composition of petroleum
(Kawanaka et al. (1991)). The ratio of polar/non-
polar and light/heavy molecules and particles in
petroleum (Fig. 1) are the factors primarily responsi-
ble for maintaining the stability of the polydisperse
oil mixture. Deposition of heavy organics can be
explained by an upset in the polydisperse balance of
oil composition.

Any change in temperature, pressure, and compo-
sition, such as addition of a miscible solvent to oil as
demonstrated by Figs. 2 and 3, may destabilize the
polydisperse oil.

For example, upon increase in the aromatic hy-
drocarbon content of a crude oil (a polar miscible
solvent) asphaltene particles form micelle-type ag-
gregates (Fig. 2) which do not grow in size with
increasing concentration. This phenomenon is mainly

Fig. 1. Microscopic level composition of a petroleum crude
containing heavy organics. In here straight and curved lines
represent the paraffinic molecules, solid ellipses represent the
aromatic molecules, open ellipses represent the resin molecules,
and solid blocky forms represent the asphaltene molecules.

due to packing constraints, resulting from the com-
plicated molecular structure of asphaltene (Sheu et
al., 1991).

On the other hand, upon increase in the paraffinic
hydrocarbon content of a crude oil, asphaltene parti-
cles may separate into a solid aggregate phase as
demonstrated in Fig. 3.

Segments of the separated fractions which contain
sulfur, nitrogen, oxygen and/or hydrogen bonds
could start to flocculate and as a result produce the
irreversible heavy organic deposits which may be
insoluble in solvents.

Fig. 2. Colloidal phenomenon due to increase in concentration of
a polar miscible solvent (such as aromatic hydrocarbons shown by
solid ellipses) in crude oil.
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Fig. 3. Flocculation and precipitation of the heavy components of
a petroleum crude due to the introduction of a non-polar miscible
solvent (such as paraffinic hydrocarbons) in crude oil. Added
non-polar miscible solvent is shown by dashed lines.

2.2. Steric colloidal effects

It is demonstrated that some of the components of
petroleum, especially asphaltene have a strong ten-
dency for self-association. Upon further increase of
the paraffinic hydrocarbon content of a crude oil
some of the heavy organics (specially asphaltenes)
will form colloids, will separate from the oil phase
into an aggregate (large particles) and then will
remain suspended in oil by some peptizing agents,
like resins, which will be adsorbed on their surface
and keeping them afloat as demonstrated by Fig. 4.
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Fig. 4. Steric colloidal phenomenon due to increase in concentra-
tion of paraffinic hydrocarbons in crude oil.
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Fig. 5. Migration of peptizing molecules (shown by solid arrows)
from the surface of heavy organic particles due to the change in
their chemical-potential balance between the bulk oil phase and
the surface phase. This causes the potential for aggregation (open
arrows) of heavy organic particles due to development of free
active sites on their surfaces, and their eventual flocculation as
shown below.

Stability of such steric colloids is considered to be a
function of concentration of the peptizing agent in
the solution, the fraction of heavy organic particles
surface sites occupied by the peptizing agent, and the
equilibrium conditions between the peptizing agent
in solution and on surface of heavy organic particles.
The amount of peptizing agent adsorbed is primarily
a function of its concentration in the oil (Katz and
Beu, 1945; Ray et al., 1957; Witherspoon and Win-
niford, 1967; Kim et al., 1994; Mansoori, 1994).

2.3. Aggregation effect

A concentration variation of a peptizing agent
(such as resins) in oil will cause its adsorbed amount
on surface of heavy organic particles to change. The
peptizing agent concentration in oil may drop to a
point at which its adsorbed amount would not be
high enough to cover the entire surface of heavy
organic particles as shown by Fig. 5.

This may then permit the heavy organic particles
to come together (irreversible aggregation), grow in
size (Fig. 6), and flocculate. The nature and shape of
the resulting aggregates will determine their effect
on the behavior of the petroleum fluids (Park and
Mansoori, 1988a; Mukhametzyanov and Kuzeev,
1991; Kim et al., 1994).
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Fig. 6. Flocculation and deposition (arrow) of very large heavy
organic particles.

For example, the irreversible aggregates of as-
phaltene are considered to follow an aggregation
growth pattern shown by Fig. 7.

2.4. Electrokinetic effect

When the oil is flowing in a conduit (porous
medium, well, pipeline, etc.) there is an additional
effect (electrokinetic effect) to be considered in the
deposition of its colloidal heavy organic constituents
(Lichaa and Herrera, 1975; Mansoori, 1994). This is
because of the development of an electrical potential
difference along the length of the conduit generated
by the motion of charged colloidal particles. This
electrical potential difference could then cause a
change in the charged and colloidal particles farther
down the conduit, the ultimate result of which is
their untimely deposition and plugging of the conduit
as shown by Fig. 8. The factors influencing this
effect are the electrical, thermal and wettability char-
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Fig. 7. A possible growth pattern for asphaltene aggregates.

acteristics of the conduit, flow regime, temperature,
pressure, flowing oil properties, characteristics of the
polar heavy organics and colloidal particles, and
blending of the oil.

Flowing oils containing, both, polar (like asphal-
tene) and non-polar (like paraffin) macromolecules
could have plugging problems which would be a
result of the combination of electrokinetic and dy-
namic pour point effects.

Depending on the operation and the kind of heavy
organic present in oil one or more of the effects
described above will cause heavy organic deposi-
tions (Escobedo and Mansoori, 1992; Mansoori,
1994). In what follows a number of mathematical
models will be presented to deal with heavy organic
deposition from petroleum fluids.

3. Modeling of heavy organic deposition from
petroleum fluids

Solution of the heavy organic deposition problem
calls for detailed analysis of heavy organic contain-
ing oils from the microscopic standpoint and devel-
opment of molecular models which could describe
the behavior of heavy organics in hydrocarbon mix-
tures. From the available laboratory and field data it
is proven that the heavy organics which exist in oil
generally consist of very many particles having
molecular weights ranging from a few hundred to

==

Fig. 8. Electrokinetic deposition and plugging in a pipeline.
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several hundred thousand daltons (McKay et al.,
1978; Long, 1981; Chorn and Mansoori, 1988; Leon-
taritis and Mansoori, 1989). As a result,
distribution-function curves are used to report their
molecular weight distribution. Most of the heavy
organics present in the oil deposit due to the first-
order phase transitions from liquid to solid state.
However, this is not generally the case for asphaltene
particles. The high affinity of asphaltene particles to
associate with one another, their absorbsivity to
resins, and their extensively wide range of size distri-
bution suggest that asphaltenes are partly dissolved
and partly in colloidal state (in suspension) in oil
peptized (or stabilized) primarily by resin molecules
that are adsorbed on asphaltene surface (Mansoori,
1988; Escobedo and Mansoori, 1992). As a result, a
realistic microscopic model for the interaction of
asphaltene and oil should take into account both the
solubility in oil of one segment and suspension
characteristics (due to resins) of another segment of
the molecular weight distribution curve of asphal-
tene. Four different stochastic models are presented
here which are based on molecular-level interaction
theories of particles {(monomers, polymers, and col-
loids) dissolved or suspended in oil. A combination
of these four models would be general enough to
predict the heavy organic deposition from oil wher-
ever it may occur during oil production, transporta-
tion, and processing.

3.1. Solubility model of interaction of heavy organics
and oil

It is generally assumed that two factors are re-
sponsible for maintaining the mutual solubility of the
compounds in a complex mixture such as the
petroleum crude: They are the ratio of polar to
non-polar and the ratio of the high- to low-molecu-
lar-weight molecules in oil (Kawanaka et al., 1991;
Escobedo and Mansoori, 1992; Kim et al., 1994). Of
course, polar and non-polar compounds are basically
immiscible, and light and heavy molecules of the
same kind are partially miscible depending on the
differences between their molecular weights. How-
ever, in the complex mixture of petroleum crude or
coal liquids and the like all these compounds are
probably mutually soluble so long as a certain ratio
of each kind of molecule is maintained in the 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.
In order to formulate the necessary model for predic-
tion of the onset of migration and the equilibrium
amount of deposition of heavy organics one can take
advantage of the theories of polymer solutions. Be-
cause heavy organic particles have a wide range of
size, or molecular weight, distributions one may
consider them as heterogeneous polydisperse poly-
mers and assume their fractional properties to be
dependent on their molecular weights. According to
the heterogeneous polymer solution theory the chem-
ical potential, u,; of the ith fraction of a heavy
organic in a solvent (crude oil) is (Mansoori and
Jiang, 1985; Kawanaka et al., 1991):

(s, — Ba:)/RT
=lne¢,+1—(m,/{m)1~ ¢g)
—m, by + fim, by (1)

Subscripts Ai and B refer to the ith fraction of
heavy organic and solvent, respectively; and super-
script ° stands for a standard state. To perform phase
equilibrium calculations one needs to equate chemi-
cal potentials of every heavy organic fraction in the
liquid phase, u%;, and the solid phase (Du and
Mansoori, 1986a,b), u3;:

M= i=1,2, ... (2)
The molecular weight distribution function of heavy
organics can be defined as:

F(M,;) = (1/N,)(dn,;/dM,;) (3)
where M, ; is the molecular weight of the ith frac-
tion of heavy organic; dn,, is the differential of the
number of moles of the ith fraction of heavy organic
whose molecular weight is in the range of M,; to
M, +dM,; and N, is the total number of moles of
heavy organic. Then the total volume fraction of
heavy organic in the liquid phase, ¢y, in equilibrium
with the solid phase can be derived in the following
form:

x =/dd}kf=fx[(MAi/<MA>)VAC/VL +yS
0

Xexp( _’"Aie)] F(M,;)dM,; (4)
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V.C is the total volume of heavy organic in the crude
oil (V€ =V — ¢LV"). Using this equation the on-
set of heavy organic migration from a petroleum
crude and the amount of heavy organic remaining in
a liquid mixture in equilibrium with a non-aggre-
gated solid phase can be estimated.

3.2. Suspension model of interaction of asphaltene
and oil

This model] is based on the assumption that heavy
organics in oil exist as particles suspended in oil.
The causes of suspension vary with the kind of
heavy organic particle (Leontaritis and Mansoori,
1988; Escobedo and Mansoori, 1992; Mansoori,
1994). For example, asphaltene suspension is as-
sumed to be caused by resins which are adsorbed to
the surface of asphaltenes and keeping them afloat
because of the repulsive forces between resin
molecules in the solution and the adsorbed resins on
the asphaltene surface (see Fig. 4). Stability of such
a suspension is considered to be a function of con-
centration of resins in the solution, the fraction of
asphaltene surface sites occupied by resin molecules,
and the equilibrium conditions between the resins in
solution and on the asphaltene surface.

Utilization of this model requires the calculation
of resin chemical potential and the resin adsorption
on asphaltene particle surface and the related Lang-
muir constants. The resin content of an oil mixture at
its critical point is given the name critical resin
concentration, (@ )_,. When the temperature of the
reservoir is too high to permit the determination of
the critical resin concentration in the oil with a given
solvent, the following expression is used to extrapo-
late (P )., to the reservoir temperature:

{((pk)crit}Tg = {((DR)cm}T.a(TE'T])/TZT' (5)

where « is a constant determined from the experi-
mental data. The amount of resins adsorbed is pri-
marily a function of their concentration in the liquid
state (the oil). So, for a given system (i.e. fixing the
type and amount of oil and asphaltenes) changing the
concentration of resins in the oil will cause the
amount of resins adsorbed on the surface to change
accordingly. This means that one may drop the
concentration of resins in the oil to a point at which
the amount of resins adsorbed is not high enough to

cover the entire surface of asphaltenes. This may
then permit the asphaltene particles to come together
(irreversible aggregation), grow in size, and floccu-
late.

3.3. Kinetics of aggregation of heavy organics

A FRACTAL aggregation model is developed, which
is capable of predicting the onset and amount of
asphaltene deposition from petroleum crudes under
the influence of miscible solvents (Park and Man-
soori, 1988b). This model is based on the fact that
resins play a key role in the solubilization of as-
phaltenes because they reduce the amount of asphal-
tene aggregation. In other words, the degree of solu-
bility of asphaltenes in the oil depends on the peptiz-
ing role of resins with respect to asphaltenes (i.e. the
change of resin concentration in the oil due to the
addition of a miscible solvent). By utilizing the
kinetic theory of FRACTAL aggregation into the theory
of heterogeneous polymer solutions, it is possible to
describe properly the growing mechanism of asphal-
tene aggregates, the growing size distributions of
asphaltene, and the geometrical aspect of asphaltene
aggregation in oil due to several factors. One may
consider a system consisting of N clusters of N,
asphaltene particles (identical particles of radius R,
and unit mass m) which are suspended randomly in
an oil and are stabilized by resin molecules adsorbed
on the surfaces of asphaltene particles. The clusters
of asphaltene particles act as Brownian particles
which are suspended due to thermal motions of
molecules of the dispersion medium. Introduction of
a miscible solvent into this system may result in a
new condition in which the asphaltene clusters would
stick rigidly to each other. That is, a cluster A; of
mass m; colliding with a cluster A; of mass m;,
would form a single new cluster of a mass m,, ;.
This process is then repeated. The kinetics of such an
aggregation is assumed to obey the following mecha-
nism:

K,
A +A -A, L (6)

where K, is a concentration-independent kinetic (or
collision) kernel which describes the aggregation
mechanism. The rate of aggregation, R;;, at which
an i-cluster of a given mass m; and a j-cluster of a
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given mass m; may come into contact with each
other and form an (i + j) cluster is given by:

Rij=K”C‘C‘; Ci=n/N, ™)

LV AR

where n; is the number of clusters of mass m;
(containing i asphaltene particles of unit mass m).
Since the population of the resulting cluster k (k=
+j) increases by all collisions between i- and j-
clusters and decreases when a k-cluster combines
with another cluster, then C,(¢) will satisfy:

aC, (1)
ot

1
- Efo K(k—x,x)C(x,1)C(k—x,1)dx

—C(kt) [ k(k)C(x0)dx ()

A major advantage of this coagulation equation is
that many analytic results can be obtained from it.
The kinetic theory of FRACTAL aggregation process
can be utilized in order to describe properly the
growing size distribution of clusters of asphaltene
particles due to the influence of miscible solvents.
The analytic equation for the ‘‘reduced’’ size distri-
bution of clusters of asphaltene molecules can be
shown as:

F(y:Cq) = (1=2w)' "™y exp[ = (1 - 2w)y]

/(1 —=2w) (9)
where y=m/{(m) and w=w(Cg). Utilization of
the kinetic aggregation of diffusive clusters has en-
abled us to relate the concentration of resin in a
mixture of oil and a miscible solvent with the grow-

ing size distribution of clusters of asphaltene parti-
cles.

3.4. Electrokinetic deposition of particles in wells
and pipelines

This model deals with heavy organic flocculation
caused by the streaming potential generated by the
flow of oil containing charged solid particles. It has
been proven experimentally that charged suspended
particles, such as asphaltene colloids, present in solu-
tions will flocculate out when placed under the influ-
ence of an electrical field. Furthermore, in general, if
the streaming potential generated during flow of oil
through reservoir pores or well tubings and pipes is
large enough, it could assist in flocculating as-
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Fig. 9. Schematic representation of the streaming potential gener-
ated by the flow of oil containing charged particles.

phaltenes and other charged particles due to elec-
trodeposition (Mansoori, 1994).

As the oil enters the flow conduit (well or pipeline)
asphaltene particles begin to get attached to the wall
where a phase separation occurs leaving the two
phases oppositely charged (e.g., the asphaltene phase
positively and the oil phase negatively charged, for
the case of Fig. 9). As the oil continues to flow
downstream more phase separation occurs and the
charge difference between the two phases grows.
Hence, a potential field is set up between the wall
and the bulk phase and also between the inlet and
exit of the conduit. The transfer of charged asphal-
tene particles with the flow of oil causes a net
current or a ‘‘streaming current”’ and therefore a
potential difference. This potential difference op-
poses the mechanical transfer of charge. For the
system shown in Fig. 8, where the particles are
positively charged, the potential is set up as negative






