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Area on which an integration is per-
formed.

Force pet unit volume that fluid exerts
upon the pore walls contained within §
in excess of the hydrostatic force.
Scalar, vector, 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 coefficient.

Function of the porosity and a dimen-
sionless group, as in Fquation (40).

= Effective diffusion coefficient.

Normalized moie distribution of the i th
asphaliene fraction with respect to the
molecular weight of asphaltenc,
Normalized volume distribution of the
ith asphaltene fraction with respect to
the molecular weight of asphaltene.
Intermediate parameter defined in
Equation (4).

Identity tensor, which transforms every
special vector into itself,

“Effective” mass flux vector with
respect 1o v.

Empirical constant relating to the polar-
ities of compounds.

Parmeability of the porous medium.
Characteristic pore size.

Molecular weight of the ith fraction of
asphaltene. '

Segment number of the ith fraction of
asphaltene (=v,,/vg)-
Mole average segment
asphaltene.

Mass flux of asphaltene aggregates with
respect to the fixed frame of reference.

number of

= Total mole number of asphaltene.
= Modified pressure defined by Equation

{47).

Pressure.

(Gas eonstant.

Pores that contain fluid within 5.
Coordination number of the segment of
an asphaltene molecule, ‘

Fiay
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= Rate of production of asphaltenc aggre-

]

gates per unit volume by homogeneous
polymerization or association reaction.
Union of the pore walls within 5.
Temperature,

Stress tensor.

Internal energy change of vaporization
of compound j.

Speed of displacement of 5, directed
into a flud phase.

Volume enclosed by §.

Volume of Ry

Volume of compound j.

Total volume of asphaltene.

= Total volume of the ith fraction of

asphaltene.
Mass-averaged velocity.

Velocity vector of asphaliene aggre-
gates.

Molar volume of the ith 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 ith fraction of
asphaltene.

Greek Letters

Ay
A

Sl

N
Biay
Op
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J
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Feai
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p
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Net rate per unit volume at which
asphaltenes deposit at the pore walls
within the averaging swface §.
Solubility parameter of asphaitene.
Property defined by Equation (36).
Solubility parameter of the mixture of
asphaltene free crude oil and solvent.

= Solubility parameter of component j.

Intermediate ' parameter defined in
Equation (17).

Chemical potential of the i th fraction of
asphaltene.

Chemical potential of the i th fraction of
asphaltenc at a standard state.

Total mass density of a mixture of N

AT
CuuApﬂﬂﬁntS.

Density of asphaltene.
Mags density of asphaltene aggregates.
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these parameters, the nature of asphaltene and wax
substances which precipitate will vary. Also, it is a
proven fact that the precipitation of asphaltenc is
genarally followed by polymerization, or floccula-
tion, of the resulting precipitate, which produces an
insoluble material in the original reservoir fluid
|9—15]. Because of the complexity of the nature of
asphaltic and wax substances, thc phcnomena of
precipitation and flocculation of these substances are
not well understood. Also 1in 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 profitable
route for miscible gas flooding projects.

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

-view. This includes correlation and pradiction of the
effects of temperature, pressure, and composition 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 lﬂboratory experimams This 15 pri-
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reservoir porous media and the interactions of the
precipitates with the reservoir material. In section 3,
the transport phenomena modeling of the flow
through porous media with in siru asphaltene deposi-
tion is presented. Successful predictive models for
asphaltene deposition and flocculation require a
number of experimental and laboratory meas-
urements. In section 6, the experimental techniques
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.

2. NATURE AND CHARACTERISTICS OF

ASPHALTENE

The word “asphaltene™ was originally coined by
Bousingault [16] to describe the alcohol-insoluble,
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but essence of turpentine soluble, solids obtained
from the distillation 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 classified by
the particular precipitation solvent since different
solvents cause different amounts of precipitation
[30, 31]. In Figure 1, the hypotheticat 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 crystaliites
(A) of m—m associations among asphaltene mole-
cules; on changing the conditions of solutions, the
particles may grow to micelles, or the micelles may
dissociate into particles. Figure 3, taken from
Corbett and Petrossi [31], illustrates the effect of
precipitation solvent on the amount of asphaltenes
prCIpthEu nCCOi‘umg o this figure there is vnx‘y
little difference in the amount of asphaltenes precipi-
tated by n-heptane and heavier n-paraffing,
Mowever, when n-pentane is used, additional mate-
rial with less polarity and lower molecular weight is
recovered in addition to n-heptane asphaltenes
[23, 32]. Thus, there are n-pentane asphaltenes,
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 e¢lemental 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 precipitated by different
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 as wider molecular-weight distribu-
tion than coal asphaltenes. Nevertheless, asphaltenes
from both sources lie within a region bounded by
precipitation lines in 2 map of molecular weight
versus polarity of the component as illustrated m
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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Table i. Elemental Compositions of Asphaltene Fractions Precipitated by Different Solvents [33].

Compasition (wt %)

Atomic Ratios

, Precipitating
Source Mediu
wm C H N O s HC NC 0OC SIC
Canada n-pentane 795 80 12 33 S 1.21 0.013 0.036  0.035
n-hepiane 784 746 14 46 B0 116 0015 0044 0038
Tran n-pentane B3g 75 14 23 50 107 004 0021  0.022
n-heptane 842 70 16 14 58 100 0016 0012 0.026
Iraq n-pentane 817 79 08 11 8.5 1.16 0.008 0.010 0.039
n-heptane RO.7 7.1 0.9 1.5 9.8 1.06 0.010 0.014 0.046
Kuwait n-pentanc 84 79 09 14 74 0114 0009 0.014 (034
n-heptane g0 73 1.0 19 7.8 107 000 0017 0.036

o=
o

Figure 2. Microstructure of Asphaltene as Froposed by Yen

[281. (A) Represents a Crystollite, Including an Intraclusier

{G) and Forming a Farticle (C); (D) Represents a Micelle

Containing a Metal (M) and a Gap and Hole (F), and (I)

Kepresents Molecnles O]’ Resin rarm.mg a Pariicle | (L) {B ) iFd

Chain Bundie; (E) is @ Weak Link; (H) is an Intercluster; (1)
is a Single 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 the injection fluid and the operating (or reservoir)
temperature and pressure ASDhEl]tﬂI‘lE‘. and wax
d&pOSjthﬂ can piay 4 significant role i the pTGuu\,—
tion history and economics of a reservoir. In Figures
6 and 7 two ternary diagrams are presented in order
to demonstrate the composition of different classes
of crude oils from oil fields afl around the world.
According to these figures, concentrations of asphal-
tepes and resins in most of the crude oils are
qmnlﬂr‘nnf!v l"m:rh

aaiszweiiiiy,

As discussed in the above section, the asphaltene
fraction of an oil i3 defined as that part precipitated
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Figure 3. Effect of the Molecular Weight of n-Faraffin

Solvents o The Amount nF Pwr‘)mmrmn nf Acnhnfﬁ:‘n#‘

from Arabian Light Armosphenc Residuum ( Corbett and
Pertossi [31]). Similar Effecty can be Qbserved for Other
Petroletn Crudes.

8=

by the addition of a low-boiling (or low molecular-
weight) paraffin solvemt such as n-pentane. The
asphaltenc fraction generally consists of condensed
aromatic and naphthenic molecules of molecuiar
weights in the range of several hundred to several
thousand grams per mole. Asphaltenes usually
contain a significant number of heteroatoms of
nitrogen, sulfur, and oxygen. Asphaltenes contain
farger carbon-to-hydrogen ratio than is prevalent in
crude oils. As a result, the low molecular weight

paraffin solvents, which contain larger hydrogen-to-

carbon ratios than the crude oils, cause precipitation
of the asphaltene colloids. This 13 thought to
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AROMATIC

»* Arcomatic~Asphaleic

, Aromacic-Naphthenic

Aromatic-Intermediate- . | _

kb,

L)
g ¥
L

"m--= Paraffinic-
Naphthenic

-Naphthenic

FARAFFINIC o NAPHTHENILC

Figure 6. A Ternary Diagram Categorizing Six Different Classes of Crude Qily According to Their Aromatic, Naphthenic, and
Paraffinic Hydracarbon Centents. The Dots in This Diagram Represent the Composition. of 341 Qi Fields Around the World
{Tissot and Welte [51]).

AROMATIC

Normal Crude . Heatly Heavy GTude

60 ASPHALTENES

and
RESING

SATURATED HO #

Figure 7. A Ternary Diagram Showing the Gross Composition of 636 Crude Qils from Around the World; Saturated
Hydrocarbons, Aromatic Hydrocarbons, and Asphoftenes plus Resing (Weight % in the Fraction Boiling Above Z1PC); for
Construction of the Isafrequency Confours a Triangle Unit of 10:10:10 was Used (Tissor and Wele [517).
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heterogeneous distribution and a solvent. According
to this theory [38], the chemical potential of fraction
(i) of asphaltene in the mixture of asphaltene and
solvent can be shown by the following expression:

RT[lnd s+ 1—(ma/my){1—dg)
_mAi':bE"'fmA({b?ﬁ] . (1)

In this expression, &,; is the volume fraction of the
ith fraction of asphaltene and ¢z is the volume
fraction of asphaltene-free crude such that

(I-Lm_ U-?M) =

Z oty =1, (2)

also m,, = v, /vy where v, is the molecular volume
of the ith asphaitene fraction and vgis molecular
volume of asphaliene-free crude. Also we have

my = E_tbmfz(dm/r"m) (3)

and
f=Urt Kva(®,~8)RT, {4)

where r is the coordination number of the segments
of the asphaltene molecule (about 3 to 4), K is an
cmpirical constant rclating to polarity of substances
in mixture, and 8, and B; are the solubility
parameters of the asphaltene and asphaliene-free
crude, respectively. The solubility parameter is
related to the internal energy of vaporization by the
following expression

CHEN (5)

At the onset of nqnhnltene denmn‘rmn fractions of the

asphaltene in the “solid precnpltate phase and in the
llqmd phase are in equilibrium, i.e.

phi=pas 151,20, (6)

From this equilibrium condition, by utilizing Equa-
tion (1} we can then write

Indss,+ 1—(m /i) (1 —$5) — iy o5 +1° mi (dg)*
= Indrs,+ 1~ (i /my)(1—dp)
_mAi ¢E +fL mm(‘i’ﬂ)z - (7

At this stage we can assume that the solid phase
Is free of crude (ch 0). We can assume that
vi,=vh =v, and vi=vi=v, As a result of these
assumptions Equation (7) will simplify to the

following form

UIC CHEM EMGIMEERIMG
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d’?\i’ld:'ki = EXP[mAf(lfmi.— Umk‘)
—m (1= Umgddp+my f1(d5)] . (8)

Since, in general, the molecular distribution of
asphaltene in the precipitate phase is diffcrent from
that in the liquid phase, we can not set mN equai to

. In the special case when we set miy=my=m
and if wc assumc a uniform molccular-weight distri-
bution for the asphaltene (d%,=d5; &3, =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 distribuetio
asphaltene with respect to the molecular
asphaltene:

F{Ma) = (WVEYAVL/AM,,) ®)

where, V1 is the total volume of asphaltene, and
dV7}, is the total volume of the ith fraction of
asphaltene, whose molecutar weight is between M,

and Mm+dMA, We can also write for the total
volume of the ith fraction of asphaltene as follows:

dv}-\t = dV’;,-erVi, = VLd‘blAr"' Vsd‘t’it ’ (10)

where V| and V; are the total volumes of the Lqud
phase and the asphaltene phase, respectively.
According to Equations {9) and (10),

FAMa)VadMy = Vidol,+VideR, . (11)
Equation (8) may be written as a differential form:
dd}, = exp(—m, 8)ddy, (12)

where

8 = (1-Vmb)dE— by —{Umk—1/im3) . (13)
From Equations (11) and (12) we can write:
dd);L\i = [VL”{VL'F Vsexp(_mAie)}]Fv(MAi)dMA{' (14)

This expression provides us with the maximum
volume fraction of the ith fraction of asphaltene
remaining in the liquid phase. Assuming we have the
weight distribution of the asphaltene fractions
available as experimental data:

F(My) = (UWL)(AWL/dM,,) - (13)

The weight of the ith fraction of asphaltene is
Wy, =V, /p,;,. Using the average density p,, o
assuming the density is constant, we have the
following from Equations (9) and (15):

F(M,) — F.(M,) . (16)

The Arabian Journal for Science and Engineering, Volume 13, Number 1.
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as the intrinsic volume avergge of B for the fluid
phase. By dV we indicate that a volume integration is
to be performed. The local volume average and the
intrinsic volume average are simply related in terms
of the porosity.

’J} = ¥ (,-},“.f (22)

of the porous medivm;
B=w(@B. - (23)

The theorems for the local volume averages of a
gradient and of a time derivative [69—72] give

(VB) = V(B)—(L/V) Jrf?gdA (24)

(3B/ar) = (dB/at) 1 (UV) f Butdd. (25)
S

The union of the pore walls within § is indicated by
Sw, £ is the unit normal to §, pointing into the fluid

i ermad of :
pliase; i-€ is the speed of dispracement of 5, diracted

into the fluid phase; dA indicated that an area
integration is to be performed. The theorem for the
Jocal volume average. of the divergence {72}

(div B) = div B—(/V) JB-.g dA (26)
Fw
follows immediately,

5.3 Local Volume Averages of Equation of |
Continuity for Asphaltene Aggregates

Let us consider the fluid phase as a multicompo-
nent mixture. The equation of continuity for asphal-
tene aggregates in the mixture requires

Apay/or+Aiv ey = 1y, (27)

in which p,,, denotes the mass density of asphaltene
aggregates, r., indicates the rate of production of
asphaltene  aggregates per umit volume by
homogeneous polymerization or association reaction
[60], and

Reay = Peay Viay (28)

is the mass flux of asphaltene aggregates with respect
to the fixed frame of reference. In Equation (28) we
have define v,y as the veloeity vector of asphaltene
aggregates. The local volume average of Equation
(27) for the fluid phase takes the form

HB(A) /ot + div E(A) = F(A) THay s (29)

where we have introduced
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G. A. Mansoari, T. 8. Jigng, and 5. Kawanaka

sy = —(1/V) f?(A} (v~ ) &4 A (30

as the net rate per unit volume at which asphaltene
aggregates deposit at the pore walls within the
averaging surface 3.

The 1
The comstitutive equation for the Jocal volume-

averaged mass flux vector ¥, depends on how we
describe diffusion in multicomponent mixtures. If we
assume conditions are such that it is appropriate to
use Fick’s first law in analyzing diffusion within the
fluid contained by the permeable structure, we can
express Eguation (28) as

Fay = Py — DV, (31)

where

N
n= AZL A (32)

is the total mass density of the mixture of N

s e e el 2 e

l.aUl.].l.]JUUi:«MLD

Wia) = Pay/P (33)

the mass fraction of asphaltene aggregates,

M
v = Ag Wiy Vo (34)

the mass-averaged veloaity, and D should be thought
of as the diffusion coefficient for asphaltene agpgre-
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

ooy = o v —{0)DVW, . — B8, 0, (35)

Ay hLg \M;.} M [¥a)) [T

where we have defined: |
Biay = (P(A)>V {Pa) V) +{DpVw)) —(mDP(Vway)
M| £ (36)

If the mass density of asphaltene aggregates is not
a strong function of position, the elfect of the first
four terms on the right of Equation (36) can usually

be discounted. The fifth term on the right of

Equation (36) may be thought of as mass-density
tortuosity vector for asphaltene aggregates that
accounts for the twisting and wrning of the passages
through which the fluid moves.

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

The Arabian Journal for Science and Engineering, Volume 13, Number 1.
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could be the forces causing the deposition. This
initial deposition can also be viewed as a monolayer
adsorption with a similar picture to that for the
chemisorption of gases [75]). However, the heat of
adsorption from solution is usually fairly small, and 15
more comparable with heats of solution than with
chemical bond energies. After a monolayer 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,
wettability of the surface coated with asphaltenes can
he varied or even reversad In somﬂ casf;s. tha

pluggmg of small pores is poss1b1e as dlscussed in
section 3.

5.5 Local Volume-Average Equations of Maotion

The local volume average of Cauchy’s first law for
ant incompressible Newtonian fluid when all inertial
effects are neglected can be written as [70]

V((P))— pdiv(Tw)+a = 0. (46)

Here p is the viscosity of the fluid, P is the modified
pressure

P=p+pd, (47)

and

2= (:uvyjcr pbl)EdA,  (48)

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

h=-Vd. (49)

In Equation (48), T, is the stress tensor and 1, is the
identity tensor, which transforms every spatial vector
into itself.

A dimensional al‘laly‘blb shows ‘that in J'_.L]uc:luuu
(46), the magnitude of the second term is generally
much smaller than that of a. If we are wiling to
neglect the second term in Equation (46) with
respect to a, Equation (46) can be reduced to

-V} =a. (50)
As for 8, and a4y, empu ical correlations for 2 are
required. For example, in a fixed isotropic (nonor-

iented) porous medinum, we may write
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a = (wlk)v, 51)

in which k is the permeability of the porous medium.
Equation (50) when joined with Equation (51) is
usually referred to as the Darey’s law.

Dcpusition of asphalmnes will not cmly changc the
Puxusuy bt also ihie ﬁr‘Ei"i"ﬁEEuuuy & of the poIous
formation. The pressure drop across the medium wilk
therefore vary according to Equations (50) and (31}
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 the porous

uuuuuu

media as constant

6. DISCUSSION AND CONCLUSIONS

Implementation of the molecular thermodynamics
and transport phenomena modelings of asphaltene
floeculation and its role in petroleum recovery and
nrggessmu industries nrcxetlted in this paper rcqulre
a number of expe:nmental ineasurements [76— 78]
Such experiments are in two categories. One consists
of the measurement of the physicochemical charac-
teristics of crude, asphaltene, reservoir core, the
injection gases, and (heir intcractions. 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
mmportance:

1. Chromatographic analysis of crude oil and asphal-
tene for the purpose of specification of construc-
tion of molecular weight distributions of the
asphaltene-free crude and asphaltene,

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

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

4. Titration experiments for the purpose of measure-
ment of the amount of asphaltene deposition.

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

6. Effect of porosity, wettability, and other rescrvoir
parameters on the rate of asphaliene depasition
in a porous medium.

The Arabign Journal for Science and Engineering, Volume 13, Number 1.
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