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Of the second category, that of greatest import=
ance 1s Comprehensive core-flood testing facility for
simulation of the in sifu asphaltene deposition at
different temperatures, pressures, core poresity, and
injection fluid to ail ratios.

With the implementation of the models presented
in this report, along with the experimental measure-
ments discussed, the following objectives could be
accomplished:

1. Development of a thorough molecular thermo-
dynamic model for asphaltene deposition and
testing of the model against the laboratory and
fiald mioacnrarmonte

2. Development of a comprehcnsive transport phe-
nomena model of the flow of crude il containing
asphaltene colloidal particles (or micelles) in
porous media it the course of asphaltene deposi-
tion, studies on colloidal instabilities which may
be the cause of asphaltene deposition, and studies

on wettability alterations due to the adgorption 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 temperaturc
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
and injection gas.

These experiments will enable the rescarchers to

develop structural models for porous media and
analysis of flow of miscible crude system containing
asphaltene substances in colloidal states.

The present models are only the beginning of an
effort to try to develop analytical predictive techni-
ques on the phase and tramsport behavior of
asphaltenes. Any investigation, theoretical or ex-
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 becn performed since
1930’s to establish the physcial and chemical nature
of asphaltenes in oil [77], there are only qualitative:
descriptions and Il)’IJULIIt:SEE given as io the physi-
cochemical structure of asphaltenes. A comprehen-
sive model that would describe the phase and

i
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transport behavior of asphaltenes in oil must take
into 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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aggregates in the form of Equation (29) may be
expressed ag

AP+ AV ({pa)v) = ray—div(ii) — ey »
(37)

where the vector
jgﬂ) =— (D ;(A}_S(A} (38)

should be thought of as “effective” mass flux vector
with respect to V.

With the introduction of local volume-averaged
variables, we have eliminated the necessity for an
explicit description of the micioscopic structire of
the pores. However, as in any averaging process,
information has been lost. We are now faced with the
necessity of introducing additional rclationships for
8.4 and oy, Either these additional relationships
could take the form of empirical data correlations or
they could be developed from an idealized structural

mndal [72—741 for norone medinm within anv oiving
FYTRELTL LYY Ll e ? J] ALLA FVA L WLiLf SAALSLLELEAAL VY ALLALLIE “""J bl"-l‘-b

averaging surface S. Slattery [71] gave three exam-
ples of how experimental data can be used to prepare
correlations for 3., For instance, in an isotropic
(nonoriented) porous medium when convection can
be neglected, it is shown that

Biay = (P DD}y V) (39)
with
Doy = D}y 00, [0 VWil / {peap]) (40)

as a function of the porosity and a dimensionless
group. In Equation (40), /, can be thought of as a
charactenistic pore size. If conditions are such that
Equation (39) applies, the effective mass {lux in the
form of Equation (38) can be expressed in terms of
an effective coefficient

D.q = D(1+Diy) (41)

as ‘

j"f&, = _<p>DcHVE(A) . (42)

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

By similar arguments we can show that when
convection is important, &, can be expresscd as

noowm
A

o IR o gy, Ty Ty {4n
Oa) = AR a0y ¥ Weay = 1| Vi) | LanV) 159)

where, for i=1, 2;

JIC CHEM EMGIMEERIMG PaGE B3
D?Ai) =
DEAt)(prV‘VW(A)/OVHE(A)D: LA (P)'V;(A)‘/(D(A)):Hl')
(44)
and
AN o— Tl R FACY
1Yo Lo|¥ |/ s . L

5.4 Deposition Mechanisms

When a crude oil containing asphaltenes is flowing
through porous media, precipitation can occur as
discussed in 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
tetention sites on the pore walls;

2. The fixing of asphaltene aggregates on the sites,
and eventually;

3. The 'breaking away of previously deposited
asphaltene aggregates.

Our objective here is to relate the deposition rate
oy Of asphaltene agpregates 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 |, mass density p and flow rate v; the
asphaltene aggregates are defined by their concentra-
tion {p,)) and surface properties; the porous medium
is represented by its porosity 1, permeability £ and

nare wize dictrihuition
HUA"’ LA LLELILA ALSLE

Tiicaas

Before asphaltene aggregates deposit on the pore
wall surface, they have to be brought into the
immediate neighborhood of the wall. Possible
mechanisms are hydrodynamuc 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 immedi-
ate neighborhood of, or mto contact with, the pore
wall, deposition may occur due to the interaction of
asphaltene aggregates with the solid surface or
deposited asphaltenes. There has been evidence
showing the surface activity of petroleum asphaltenes
[38]. The van der Waals forces, which are always
attractive, and the electrical forces (electrostatic or

cleetrokinetic) which are either attractive or repul-
sive according to the physicochemical conditions,

The Arabian Journal for Science and Engineering, Volume 13, Number .
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That i3, for constant density of asphaltene, the
volume distribution. with respect (o the molecular
weight of asphaltene happens to be the same as the
weight distribation. In order to get the total volume
fraction of asphalteme in the liquid phase, we
substitute Equation (16) into Equation (17) and
integrate over the entire molecular-weight distribu-
tion range; fe.,

(d}A)max = J‘o d‘bifia

- [ s vexp-manp ot am.. a9
i

Hence, for a given weight distribution of asphaltene
fraction, F,(M,), we will be able to integrate
Equation (17) in order to calculate the maxm:l'Jm
volume fraction of asphaltene in the llqmd phase. at
the onset of its deporition

Suppose the mole distribution of the asphaltene
fraction be provided:

FAMy) = (Uni)(dnl/dM,) . (18}
Then, we obtain
F(Ms) = F(M.,) = (M /M) F(M,) , (19)

where M, is the average moleculat weight of asphal-
tene. For the derivation, the molar volume of the ith
fraction of asphaltene, v,,=dV}/dn}, is used and
the constant value of the density of asphaltene p, is
again used. In order to obtain the maximum volume
fraction of asphaltene in the liquid phase, integrate
Equation (14) after the subsututmn of Equation

(19)-

5. TRANSPORT PHENOMENA MODELING

5.1 Flow Through Porous Media with
Asphaltene Teposition

Fundamentally, there are no special equations
needed to analyze transport processes in a permeable

ctriimdras The nenal sanatinne af chanoa are he-
SLLUVLLLEG . ,l,l,l\.r Lo M\i“ullull\’ L \-ﬂllullb\-’ RAL Y B

lieved applicable to the fluid phase moving through
an individual pore. The problem is to describe
geometrically the configuration of the pore walls
bounding the flow.

For many purposes, only local averages of concen-
trations, velocities and pressures are important. This
supgests the concept of local volume averaging, in
which the equations of change are averaged over the

immediate neighborhood of each point in the

UIC CHEM EMGIMEERIMG
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structure. The advantage is that one can avoid
specifying detailed configurations of the pore
geometry. But a price is paid: information is lost that
must be supplied empirtically or from an idealized
structural model for the local flow.

T wwhat Ffallarere tha Laaal T Ay . [y

1
il Wilal LUHUW'T-'J, LLIL JiA-A) VUAUMIE"‘QVE«IGEDU 11ADdy-

halance equations for the flow through porous media
with asphaltene deposition will first be established.
The elementary mechanisms which cause the deposi-
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 mass  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-averaged 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
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 averaging surface § with every
point in the porous medium with a simple translation
of § without rotation. The characteristic dimension
of § should be sufficiently large that averages over
the fluid enclosed by § vary smoothly with position.
Whenever possibie, it should be so small as {0 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 R, the pores that contain the fluid
within §; Vi, is the volume of Ry,

Aeccnima tha

R ic
4 RS IURRLLYY LRI ~r vl

associated with the fluid. We
speak of

=

,v ,,,,, nsor
to

B = (V) j BaV (20)
Rig)
as the local volume average of B for the fluid phase,

and

L34 A%

(B) = (1/Vy) J Bav (21
Rin)
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Injectivities reduced by a factor of three following
gas injection have been observed in a number of
carbon dioxide-injection projects [2] and water-
alternate gas drives [50]. These problems are associ-
ated mostly with field problems rather than well-bore
effects.

Asphaltene precipitation inside the reservoir can
add significantly to field problems, specially if it
occurs deep in the well or in the producing intervals.
Extensive testing should be conducted before the
start of miscible flooding or acidizing of wells that
produce crude oils with high asphaltene contents, to
prevent plugging of the reservoir with precipitated

asphaltene.

4. MOLECULAR THERMODYNAMIC MODEL-
ING OF ASPHALTENE DEPOSITION

Crude petroleum generally consists of many hyd-
rocarbon components, from methane up to very
heavy hydrocarbons. There exist aiso varying
amounts of sulfur, oxygen, and nitrogen-containing
compounds [24, 50]. The liquid state of the pet-
roleum crude is a result of a delicate balance between
its constitutents, which depend upon each other for
solubility. On 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 precypitate. 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 deposition phenomena,
then use molecular thermodynamic techniques
[52, 56] in order to produce predictive equations for
its quantitative interpretation.

It is understood that asphaltene precipitation is a
general phenomenon common to all complex organic
solutions [24]. Thus, interpretations which are made
for the deposition of petroteum asphaltenes. will also
apply to coal-derived liquids, kerogen from shale oil,
bitumen 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 15 suspended due to the adsorp-
tion of resin on asphaltene and that asphaltene may
have either a positive or a negative charge [41]. This

UIC CHEM EMGIMEERIMG
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model is effective for asphaltenes, the molecutar
weights of which are several hundred. The solubility
model uses the statistical mechanical theory, in
which asphaltene is assumed to behave like polymer
molecules, and the rule of heat of mixing. The
solubility model js introduced in this section.

It is generally assumed that two factors are
primarily responsible for maintaining the mutual
s0lubility of the compounds in a complex mixture
such as petrolcum 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 mixmmre [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 long us
a certain 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 muxture, either in
the form of another liquid phase or as a solid
precipitate, Hydrogen bonding and the sulfur and/or
the nitrogen-containing segments of the separated
molecules could start to aggregate (or polymerize)
and as 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 petroleum crude we can take advantage of the
theories of polymer solutions [57—59]. The first
attempt at such modeling is due to Hirschberg and
others [60, 61], in which they utilized the Flory-
~Huggins theory of polymer solutions in order 1o
predict the onset of asphaltene deposition [62].
However, the Flory—Huggins theory is valid for the
case of homogeneous chain molecules of asphaltene
of unpiform molecular weight in a single uniform
solvent. It is a well-known fact that molecules of
asphaitene neither consist of homogeneous chain
molecules, nor can the asphaltene-free crude and the
injection fluid be considered as a single uniform
solvent [63—68). In reslity, asphaltens, and the
asphallenc-frec crude, both consist of mixtures of
molecules with a virtually continuous molecular
weight distribution. In order to formulate the
phenomena of asphaliene uepos;tmn from petroleum
crude, we can utilize the thermodynamic theory for
polymer solutions consisting of a polymer with

The Arahian Jowrnal for Science and Engineering, Velume 13, Number L
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accompany the removal (dissolution and desorption)
of maltenes, 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 asphaltenes,

e wiotd pembialtana filim farmaotinn an the inder
Cause Ngia aspnancic i IoIrmaiion O 0o Inicl

face due to its effect on the pH value of the water
present.
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Asphaltene deposition oceurs most readily when
the pressure of the crude oils is at the bubble point.
That is, maximum amount of asphaltene deposition
15 produced at the bubble point if their is asphaltene
deposition. As a result of this fact, if the reservoir
pressure s higher than the bubble point, asphaitene
deposition may occur at the well or in pipes, since the
pressure decreases during the oil production.

Asphaltene deposition was observed even before
the introduction of enhanced ojl recovery projects
during the early period of black oil production, as in
the cases of the Ventura field in California
[21, 41,49] and the Hassi Messaoud 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-
hole pressure (BHP) feil below the bubble-point was
reached. In addition, during the gas-injection period
of the field, a reduced injectivity, by a factor of 2,
was observed. This seems to be a result of the
original mixed wettability or oil weiness (wettability
reversal) due to pas injection. The fact that Hassi
Messaoud crude is a light crude (FAPI 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 miscible gas drives.

Injection of solvents or gases may either increase
or decrease the amounts of asphaltene deposition.
Injection of naphthenes, such as cyelohexane, ot

‘aromatics, such as benzene, may reduce the asphal-

tene deposition because asphaltene is soluble to
these solvents, Therefore, damaged reservoirs by
asphaltene deposiiion may regain itheir Lives by
adding proper solvents. For instance, xylene injec-
tion has been carried 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 insclubility of asphaltene
in crude oils with miscible carbon dioxide,

LT R LE L ALAX AERLUIL R AL WRRRILRA

Asphaltene deposition is also observed in well-
acidizing practices. Use of hydrochloric acid as a
well-stimulation fluid can cause severe damape in
wells containing asphaltenic crude oil. This 1s
because the acid causes the asphaltene to precipitate,
and as a result produce a rigid film, which causes

eignificant damaea tn the norons media arniand the
JLBIII.I.I\..-LI.IJI. uulllu&v Lhr bdl% FUAU“U ARArilitd LALLJLAARRE LELALS

well bore, Carbon dioxide in the presence of water
also has an acidizing effect on the reservoir,
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Figure 1. Hypothetical Siructures for Asphaltenes from (a) Venezuelan Crude Qil, (b) Iragi Crude Oil, and (c) California
Crude Oil [Speight (1970)].

Measurement of the surface tension indicates that
there exists the ¢ritical micelle concentration (CMC)
for dilute solutions of asphaltenes in toluene [38].
With concentration below the CMC, the asphalienes
in the solution are in a molecular state, while above
the CMC., associates and aggrepgates of asphaltenes
may form. When resins and asphaltenes are both
present as in petrolenms, asphaltenes tend to
associate with resins preferentially over association
among themselves [33, 40]. This led Speight and his

co-workers to conciude that singie 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

Contro) of asphaltene and wax depositions can be

difficult and costly in field expericnce [10, 41—48].
The kind of precipitates observed can vary from very
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& = Scalar potential representing the exter-
nal foree per unit mass b,
by = Volume fraction of the ith fraction of

agphaltene in a phase.
= Maximum volume fraction of asphal-
tene held by a solvent rich phase.
thg = Volume fraction of the mixture of
asphaltene-free crude ¢il and solvent.
Porosity of the porous media.
= Unit normal to §,, pointing into the floid
phase.

(¢A)mnx

LA =2
1l

Mathematical Symbols

() Refers to an intrinsic volume average.
= Vector partial differential operator:
i(3/0x)+j(a/ay)+k(9/9z).

div = Dot product of V with a vector: e.g.
div(B) = V-B.
Superscripts
T Refers to whole phases.
L Refers to liquid phase.
5 Refers to an asphaltene phase.
Refers to local volume average.
Subscripts
A Refers to asphaltene.
Ai Refers to the ith fraction of asphaltene.
B Refers to asphaltene free liquid.

1. INTRODUCTION AND BACKGROUND

The key to solving many of the technical problems
that face the petroleum and natural gas indusiries in
our modern technological society today involves an
understanding of the thermodynamic and transport
aspects of these problems. Most of the irreplenish-
able energy resources available are mixiures of
gases, liquids, and solids of varying physical and
chemical properties contained in the crust of the
asarth in a variety of upn!nmml formations. Know-

garth 1 a vanety of ical formatiq
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
rmmre twn i Framaea ot af oanlactlar thermn-

bCVCI_d.I. yt:d.].b i e :I.Ul.l.ll.l.l.ld.LlUM WL ALV AAREGLL LELAR RIS
dynamies of mixtures and transport phenomena

modeling of multiphase flow in composite media.

UIC CHEM EMGIMEERIMG
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This knowledge may now be applied to the under-
standing and prediction of the phasc and transport
behavior of reservoir fluids and other hydrocarbon
mixtures, The present review is designed with the
purpose of applying modern theoretical and ex-
penmental techniques of molecular thermodyna-
mics, transport, and electrokinetic phenomena to
develop methods that will predict aﬁpha]tene and
asphalt flocculation during the production and-pro-
cessing of crude oil.

The mechanisms of gas injection and oil recovery
mvolved 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, such as high-pressure nitrogen
or carbon dioxide. In the case of the first-contact
miscibie process, a typical m]ecuun fluid is propane,
which is completely soluble in oil. For the conde-
nsing-gas drive process, the injection fluid could be a
natural gas containing relatively high concentration
of intermediate hydrocarbons, such as ethane, prop-
ane, and butane. :

Miscible flooding of petroleum reservoirs by
carbon dioxide, natural gas, and other injectian
fluids has become an cconomically 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
CI.'I.&P]..:I.LE.U. ]__l'l,.l,lle j.“LJ.UUU.LLI.Ul.I UA 4 ll.l.isc-lh}b ﬂl—lld i
the petroleum reservoirs will in general produce a
pumber of alterations in the flow behavior, phase
equilibrium properties, and the reservoir rock char-
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 instances observed, asphaitene and wax

EBLR L L AR RS L FE D TR L e

precipitation may result in pluggmg or wettability
reversal in the reservoir. The cffect of asphaltene
deposition could be positive o1 negative, depending
on whether it could be controlled and predicted
before it occurs.

The parameters that govern precipitation of
awmhaltene and wax a appear to be the cnmnmmon of

CurpAindia thniny Guiihs Ldl LAY LPbe AL

crude and injection ﬂmd and the pressure and
temperature of the reservoir. With alterations in
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ABSTRACT

The need to understand the nature of asphaltenc 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 here
analysed 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: (1) Molecular thermodynamic modeling of phase hehavior:

of asphaltene +petroleum crude +injection gas systems and examination of the
resulting successful models against the available laboratory and field data;
(i) 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, (i) experimental measurements and simulations

in support of such studies.
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