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MODELING OF ASPHALTENE AND WAX PRECIPITATION

By
Frank Chung, Partha Sarathi, and Ray Jones

ABSTRACT

Organic deposition has been shown to be a major problem associated with oil recovery by gas
flooding. Industry is looking for ways of controlling organic deposition and economic methods that can
remedy the problem. A predictive technique is crucial to the solution of this problem, and this research
project was designed to focus on the development of a predictive technique. A thermodynamic model
has been developed to describe the effects of temperature, pressure, and composition on asphaltene
precipitation. The model employes a polymer solution theory for asphaltene-oil solution and treated
asphaltene as a polydispersed medium. The proposed model combines regular solution theory with
Flory-Huggins polymer solutions theory to predict maximum volume fractions of asphaltene dissolved in
oil. The model requires evaluation of vapor-liquid equilibria, first using an equation of state followed by
calculations of asphaltene solubility in the liquid-phase. A state-of-the-art technique for C7+ fraction
characterization was employed in developing this model. The preliminary model developed in this work
was able to predict qualitatively the trends of the effects of temperature, pressure, and composition.
Since the mechanism of paraffinic wax deposition is different from that of asphaltene deposition, another
‘thermodynamic model based on the solid-liquid solution theory was developed to predict the wax
formation. This model is simple and can predict the wax appearance temperature with reasonable
accuracy.

Accompanying the modeling work, experimental studies were conducted to investigate the
solubility of asphaltene in oil and solvents and to examine the effects of oil composition, CO», and solvent
on asphaltene precipitation and its properties. This research focused on the solubility reversibility of
asphaltene in oil and the precipitation caused by CO> injection at simulated reservoir temperature and
pressure conditions. These experiments have provided many observations about the properties of
asphaltenes for further improvement of the model, but more detailed information about the properties of
asphaltenes in solution is needed for the development of more reliable asphaltene characterization
techniques.



INTRODUCTION
Organic deposition is a very common production problem which may occur during primary,
secondary, and tertiary oil production."8 Deposition of organic matter in casing, production tubing,
submersible pumps, and surface equipment results in operation difficulties and production decrease.
Organic deposition matter is very complicated and may contain asphaltenes, asphaltic resins, wax, oil,
solid, and water. Table 1 shows the materials of two deposit samples obtained from the San Andres Unit of
Seminole (TX) field in the Permian Basin. The field has been under tertiary CO2 flood.

The term asphaltene is frequently defined as the fraction of crude oil that is soluble in an aromatic
solvent; for example, benzene, toluene, and xylene, but insoluble in light normal hydrocarbon solvents;
(for example, pentane, heptane, and decane). The asphaltene fraction of crude oils typically consists of a
mixture of polar ring aromatic and naphthenic molecules, which contain heteroatoms of nitrogen, sulfur,
and oxygen. Molecular weight values vary widely depending upon the method of measurement.®-10
Asphaltenes are believed to exist in crude oil as colloidal particles which are suspended in crude oil by

TABLE 1. - Deposit materials

CASING DEPOSIT
Softening temperature, °F........cccoeiiiiieiinniiinnnn. 240-250
Asphaltenes, Wt %.......cocceeevieenniinniienncieencninnens 52.73
Asphaltic resins, Wt %.........ccooeviiinieenininnccinnnnns 0.91
Oily constituents (0il & wax),! Wt %........c.coccverurrnnes 15.91
Volatiles (100° C), Wt Yo...coceuereruirriniiireninnesieennene 27.24
SOlAS, Wt You.ereeeiierieeireer et s 3.21
L | - TR None

TUBING DEPOSIT
Softening temperature, °F........ccocooieieniiiiniiiniennn. 212-222
Asphaltenes, Wt Yo.......cocuevvuiriiininmnineniienienceneene 24.69
Asphaltic resins, Wt %......cccccovuieiiinieninniinnieeeenne 1.57
Oily Constituents (0il & wax),! Wt %......c.cvvueuereeucuunnc 15.63
Volatiles (100° C), Wt %.....coevrvumnmmieinriniinieniennens 21.91
SOlAS, WE Youeveeeeecenreeierieeiereeeeeercene s cnrr e ssareee e 7.50
Water, Wt %o..cceeeeeeeeeiiriiiiiiiiiiiiiiiiiiiin e 28.71

10ily constituents - this is mostly C1g to C2g; less than 1% was found
to be paraffin of greater than Cog chain length.



peptizing agents. The resin fraction contains polar components which are soluble in n-pentane,
n-heptane, toluene, and benzene but insoluble in ethylacetate at room temperature.!! Petroleum resins
are adsorbable by a surface-active material such as Fuller's earth. The resin molecules are believed to
stabilize the colloidal dispersions of asphaltene in crude oils by preventing aggregation of the asphaltene
particles.12 Wax is high-molecular-weight paraffinic compounds which will crystallize at low
temperatures.13

Asphaltene precipitation may occur when temperature, pressure, and chemical compositions of
crude oil are changed.3:11 Electrical and other factors also influence asphaltene deposition.14-15 The
use of hydrochloric acid for well stimulation can also cause formation damage by flocculation of the
dispersion as asphaltic material. Asphaltene deposition is frequently associated with production of
undersaturated reservoirs. In Hassi Messaoud field,8 problems with asphaltene deposition decreased
when the pressure decreased below the bubble point. Lowering the pressure below the bubble point
released gas from solution and resulted in two-phase flow in producing wells, which promoted peptization
of the asphaltic material. In the Ula reservoir of the North Sea, deposition occurs over the tubing length
corresponding to the pressures from 450 psi above the bubble point to the bubble point. Below the
bubble point, no further deposition occurs because within this regime the rate of deposition reaches an
equilibrium with the rate of erosion of deposited particles.! Turbulence through two-phase flow will not
allow efficient deposition. The asphaltene particles removed by erosion will accumulate in separators.

Laboratory studies have indicated that carbon dioxide can cause precipitation of organic materials
from crude oils;3:16-17 several instances of problems in field operations of CO2 miscible floods have also
been reported.!8 Laboratory studies3 have indicated that the extent of asphaltene deposition increases
with pressure up to a maximum at the minimum miscibility pressure. These studies indicate that organic
deposition in miscible CO2 flooding is most likely to occur near the transition zone. Results of phase
behavior studies for a Brookhaven crude oil3 indicate that a liquid-liquid-solid region occurs within the two-
phase region. Organic deposition induced by CO2 occurs at concentrations of greater than
70 mol % and pressures greater than 1,100 psi. The low pH that occurs when CO2 contacts brine at high

pressure also is believed to promote flocculation of asphaltic material.

Organic deposition in production tubing and surface equipment can reduce the productivity of wells
and necessitate costly treatments to remove the deposits. Asphaltenes that are flocculated can adsorb
on rock surfaces. Clay minerals in reservoir rocks can strongly adsorb asphaltic compounds of crude
oils.19 Adsorption of asphaltic material on reservoir rock has been shown to alter wettability toward a less
water-wet or more oil-wet condition. Alteration of rock wettability toward a more oil-wet state may help to
improve displacement efficiency in CO2 miscible flooding and reduce residual oil saturation. Flocculation



of asphaltic material may increase sweep efficiency by lowering the mobility of the injected gas and reduce
gas injectivity.3 Recently, the effect of asphaltene deposition on rock relative permeability has drawn
attention. Because of experimental difficulty, this problem has not been thoroughly investigated.

A variety of methods have been used to mitigate the deleterious effects of organic deposition.
Most of these methods are remedial and have focused on removing organic deposits rather than
preventing them. Mechanical methods (pigging or cutting) have been used to remove organic deposits
from producing wells. The mechanical removal of deposited asphaltenes can be a time-consuming
exercise and fraught with practical problems. Chemical treatment is an alternate method. Commercial
chemicals designed to dissolve deposited asphaltenes are marketed by chemical service companies.
These are usually blends of aromatic solvents with additives. Circulation of solvents or hot oil has been
used with varying degrees of success. In Hassi Messaoud field,® alteration in operating conditions
achieved a satisfactory solution to a serious asphaltene plugging problem. Removal of chokes in
producing wells and reduction in wellhead pressures mitigated the plugging problem. By adjusting
operating conditions to increase the depth at which the bubble point was reached, the asphaltene
deposit that formed did not restrict flow sufficiently to require frequent solvent treatments. In Ventura
Avenue (CA) field,® production problems caused by asphaltene deposition were observed to occur at
pressures near and slightly above the bubble point.

Further information about the mechanisms of deposition and composition effect on the solubility of
deposits in oil is needed to understand how to remediate or avoid the problem. The objective of this
research was to study the relationship between organic deposition and oil composition and to develop a
predictive model for the estimation of organic deposition under miscible conditions. The research was

divided into two parts: asphaltene precipitation and wax formation. Results are discussed in the following
sections.

PART I: ASPHALTENE PRECIPITATION

L.__Characteristics of Asphaltene

The asphaltene fraction of crude oils is a brown-to-black, amorphous, powdery, solid material
insoluble in light normal alkanes and ether but soluble for the most part in organic solvents such as
benzene, toluene, and pyridine. Although many projects have been conducted to study the composition
and structure of asphaltenes,9-10.20-24 the actual structure of asphaltene in solution is still unknown. Yen
etal.® proposed a structural model made of stacks of a few aromatic sheets surrounded by some aliphatic
chains. However, the model was developed based on X-Ray diffraction data collected on solid phase and
may be different from their structure in solution. In the liquid phase, there is probably a colloidal
polydispersion in both size and shape.10.25 |n recent studies by Ravey et al.,’0 they found that the
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asphaltenes in solution appeared to be essentially bidimensional ‘aggregates’ or collections of aromatic
units. They also concluded that the "primary' particles must be considered as a whole set of polydisperse
sheet-like particles, with diameters in the typical range of 2 to 10 nm, and for which the average molecular
weights are about 30,000. With good solvents, the (reversible) association between large and small
primary particles may be more or less pronounced, but always leads to very flat aggregates. With
flocculating solvents, however, associations between large primary particles are more likely, leading to the
formation of very open three-dimensional aggregates, for which the simplest model of disc-like particles is
no longer valid, as was shown by neutron scattering measurements. Light scattering, small-angle X-Ray
scattering (SAXS), and small-angle neutron scattering (SANS) are often-used techniques for the
characterization of colloidal systems.10 Earlier studies, based on the techniques of ultracentrifugation26
and electron microscopy,22 indicated a particulate nature for asphaltenes with sizes of 20 to 40 A
diameter. The dependence of aggregation size on temperature, concentration, and solvent is not
addressed by earlier models. Overfield et al.27 reported that aggregation size of vacuum resid asphaltene
is temperature dependent. Ravey et al.10 reported that the asphaltene particle size is twice as large in
benzene as in pyridine; hence, asphaltenes are not colloids of fixed size. The aggregation creates a good
deal of uncertainty as to the true molecular size or weight of asphaltenes.2’ The variations of the apparent
molecular weight with the solvent have been known for many years. The mean molecular weights derived
from neutron data vary from one sample to another, but are generally > 20,000. This value is not in
agreement with those obtained from colligative methods such as tonometry, osmometry, or cryoscopy,
which give values in the range of 2,000 to 10,000.10 These evidences suggest the existence of a large
amount of polydispersity. Gel permeation chromatography (GPC) has been used to determine molecular-
size distributions of asphaltenes. In considering the above results, the important problem remains as to
whether one is dealing with primary particles or with aggregates.

Asphaltenes are considered particles colloidally suspended in crude oil by the peptization of
"adsorbed” resins. This process is the basis of the thermodynamic-colloidal model proposed earlier by
Leontaritis and Mansoori.28 Experiments demonstrate that once the adsorption equilibrium of the resins
between solid (asphaltene) and liquid phases is disturbed by adding paraffinic solvents, the asphaltene
particles flocculate irreversibly. In general, colloidal systems are thermodynamically unstable because of
the large surface area of the dispersed phase and the dispersion medium. Asphaltene particles are
stabilized in crude oil by the repulsion of the adsorbed resin molecules. The Electric Double-Layer theory
and the Steric Stabilization theory have been used to describe the stability of asphaltene particles in crude
oil and to predict the onset of asphaltene precipitation.15 Asphaltenes and resins are very important
components of crude oil because they play a crucial role in the asphaltene deposition problem. Dickie and
Yen22 considered that petroleum resins provide a transition between the polar (asphaltene) and the
relatively nonpolar (oil) fractions in petroleum, and thus, preventing the assembly of polar aggregates that



would be nondispersible in oil. Koots and Speight12 found that there were notable decreases in the H/C
ratios of asphaltenes relative to the H/C ratios of resins. This presumably indicates that aromatization is
more advanced in asphaltenes than in resins. They also assumed that resins associate with asphaltenes
in the manner of an electron donor-acceptor system and that there could well be several points of
structural similarity between asphaltene and resins. Characterization of the physical and chemical
properties of resins and asphaltenes in crude oil is needed for mathematical modeling and predicting the
phenomenon of asphaltene flocculation.

L. _Experiments

Experiments conducted in this work were focused on the property of solubility of asphaltenes in
solvents and oils. A sample oil obtained from Seminole-San Andres (TX) field was used in this work. The
sample oil is a dead oil taken from surface equipment. Therefore, the oil cannot represent the original
reservoir crude. A bottom hole pressure sample of the oil is needed to determine the actual asphaltene
content. The composition of the oil (table 2) was determined by simulated distillation GC analysis. Results
of asphaltene precipitation by titration with n-paraffins (n-Cs, n-C7, n-C1o, and n-C12) are given in table 3.
As shown in figure 1, asphaltenes precipitated from crude oil with n-paraffins decrease as the carbon
number of n-paraffins increases. Colors of the precipitated asphaltenes are slightly different. A sequential
precipitation procedure using n-Cs followed by n-C7 increases the precipitate over that obtained by n-C7
only, and the same result is found with n-C1¢. The quantitative difference is shown in figure 2. Zhang et
al.20 found that the molecular weight (MW) of the n-C7 soluble fraction of the Cs-precipitates is lower than
that of the original n-Cs insoluble fraction, and the MW of the n-C7 insoluble fraction of the Cs.precipitates
is higher than that of the n-Cs insoluble fraction. Also, the atomic H/C ratios decrease, and the sulfur

contents of the precipitates tend to increase with the increase of carbon number of n-paraffins.

Experiments using the GPC technique to determine and compare the molecular weight distribution
for the precipitates obtained by different solvents and methods have been conducted. Results are not
conclusive because the base line of the GPC elusion curve shift is too large. Other research has reported
the difference in the molecular distribution for the asphaltenes precipitated by different n-paraffins.29
Solubility reversibility for asphaltene and oil has been tested by remixing asphaltene precipitate with
original oil (asphaltene-free). Before mixing with the asphaltene, the oil was restored to its original
composition (except asphaltene) by vaporizing the added n-pentane. Results showed that approximately
23% of the asphaltene redissolved in the oil. Other tests to study the effects of aromatic solvents on the
reversibility of the asphaltene precipitation-dissolution process have been performed. The first
experiment was designed to study the effect of aromatic solvent on the reversibility of asphaltene
dissolution in oil. The test is similar to the above-mentioned test. But, in the test, the asphaltene was



TABLE 2. - Composition of sample oil (dead oil)

Carbon No, Molecular wt Weight % Mol %
C5 72.2 1.619 3.21
Cé6 86.2 6.092 10.11
c7 100.2 10.722 15.30
Cc8 114.2 13.165 16.49
C9 128.2 17.975 20.05
Cc10 142.3 2.691 2.70
C11 156.3 8.022 7.34
c12 170.3 5.094 4.28
Cc13 184.4 4.826 3.74
C14 198.4 4.763 3.43
Ci15 212.4 3.972 2.67
C16 226.4 2.931 1.85
c17 240.5 3.264 1.94
c18 254.5 2.745 1.54
Cc19 268.5 1.767 0.94
Cc20 282.5 1.832 0.93
C21 296.6 0.980 0.47
c22 310.6 1.313 0.60
ca3 324.6 0.474 0.21
C24 338.6 0.597 0.25
c25 352.7 0.764 0.31
C26 366.7 1.036 0.40
ca7 380.7 1.639 0.62
cas 394.7 0.958 0.35
Cc29 408.7 0.451 0.16
C30 422.7 0.183 0.06
C31 436.7 0.050 0.02
C32 450.8 0.053 0.02
C33 464.8 0.022 0.01
Totals 100.0 100.0




TABLE 3. - Results of hydrocarbon titration

Solvent/
Hydrocarbon Wt of Volume of oil ratio, Wt, g of Wt % of
solvent oil, g solvent, mL mL/g precipitate precipitate
n-C5 19.04 19.0 1:1 0.07 0.37
10.63 21.3 2:1 0.07 0.66
9.95 29.9 3:1 0.07 0.70
9.87 49.3 5:1 0.08 0.81
9.91 99.1 10:1 0.10 1.01
n-C7 © 10.63 10.6 1:1 0.02 0.19
9.59 19.2 2:1 0.03 0.31
11.32 34.0 3:1 0.06 0.53
11.74 58.7 5:1 0.05 0.51
10.59 105.6 10:1 0.04 0.47
9.42 188.4 20:1 0.05 0.53
n-C10 10:.17 10.2 1:1 0.01 0.10
11.01 22.2 2:1 0.02 0.18
10.37 31.1 3:1 0.02 0.19
8.95 448 5:1 0.02 0.22
8.84 88.4 10:1 0.02 0.23
n-C12 10.5 10.5 1:1 0.01 0.10
10.77 215 2:1 0.01 0.10
10.68 32.0 3:1 0.01 0.14
11.39 57.0 5:1 0.02 0.17
9.78 97.8 10:1 0.02 0.16
1.2
°\¢t
£ 1.0 @
e
E 0.8 .
T 0.6
a N
% 0.4 \\
(= . \
%l \(
o 0.2
[72] D
<
]

C5 Ccé c7 Ccs8 Cco ci10 C11 C12
* N-PARAFFIN SOLVENTS )

FIGURE 1. - Amount of asphaltene precipitated by n-paraffin titration.
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FIGURE 2. - Precipitation of asphaltenes using different n-alkanes




dissolved in toluene (4:1 by weight) and then mixed with the oil. The toluene was then vaporized to
recover the original oil composition. A solid asphaltic film was left on the filter. Approximately 56 wt % of
the asphaltene was dissolved in the oil. The second experiment was designed to compare asphaltene
precipitation by n-pentane titration for two samples of the same oil. Toluene (22 vol %) was intentionally
added to one sample before pentane titration. The amount of asphaltene precipitated by n-pentane for
these two sample oils was the same. This shows that aromatic content does not affect asphaltene
precipitation. These tests also show that the asphaltene dissolution-precipitation process is not
thermodynamically reversible.

Asphaltene solubility in oil is susceptible to the minor amounts of dissolved hydrocarbon and other
gases in the oil. 12 Hence in gas displacement where oil and gas co-exist, solubility of the gas in the oil will
presumably reduce the capacity of the oil to contain the asphaltenes and perhaps the resins also. In CO2
floods, the injected CO2 gas will not only dissolve into the reservoir oil but also extract some hydrocarbons
from crude oil. Asphaltene deposition is a very common problem associated with CO2 floods. An
experimental method was designed to measure the degree of solid precipitation induced by COzina
simulated miscible process at reservoir conditions. Figure 3 shows the experimental apparatus. The test
oil-was mixed with COs in a variable-volume PVT cell, and the oil was circulated through filters (0.5 p) to
screen the precipitates. The system was tested under a reservoir temperature of 115° F and at pressures
varying from 1,400 to 2,500 psig. No solid precipitate was trapped in the filter. However, accumulation of
asphaltenes was found in the oil retained inside the circulation pump. The test oil which contains only
about 1% of asphaltene may not have been suitable for this test. Another sample oil of 35° API gravity was
selected for the second test. The oil which was obtained from New London (AR) oil field has about 4.57
wt % asphaltene content (by pentane titration). Experiments were conducted at 115° F and pressures at
1,200 and 1,500 psig. At 1,200 psig, no deposit was found on the filter during oil circulation. However,
after shutdown of circulation overnight, a small amount of an asphaltic material was found on the filter. The
density and the asphaltene content of the oil released from the PVT cell showed a slight decrease. The
density dropped from 0.8435 to 0.8072 g/cm3, and asphaltene content dropped from 4.57 to 4.04 wt %.
At 1,500 psig, asphaltene deposits could be seen on the sight-glass of the PVT cell. The asphaltene
content of the oil in the cell after being mixed with CO2 dropped from 4.57 to 2.04 wt %, and the average
density dropped from 0.8435 to 0.7019 g/cm3 at room temperature. The asphaltene content of the oil
removed from the apparatus was 2.449 wt %. After toluene flashing, the asphaltene content of the
remaining oil trapped in the pump was determined, and about 2.057 wt % of asphaltene was recovered.
Evidently asphaltene had been deposited inside the apparatus after the oil was mixed with CO2. These

tests also revealed some shortcomings of the apparatus design. First, the circulation pump had too large
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an internal volume which retained most of the test oil inside the pump instead of in the cell. Second, the
asphaltene precipitate may deposit anywhere inside the apparatus, which may not be collected on the
filter. Hence quantitative measurements for the asphaltene precipitation using this apparatus is very
difficult. It took a lot of effort to clean out the deposited asphaltene from the PVT cell.

lll. Modeling Asphaltene Precipitation in Oil Reservoirs
In this section a thermodynamic model to predict the magnitude of asphaltene precipitation upon
changes in pressure, temperature, or composition is presented. A combination of vapor/liquid equilibrium
(VLE) and polymer solution theory is used to identify the conditions which may induce precipitation.

In this work, asphaltenes are defined as those components of crude oil whose molecular weight is
500 or larger. The large bulky asphaltene molecules are assumed to behave as polymer molecules. The
remaining components in the crude oil are much smaller and viewed as a solvent phase in which
asphaltenes are dissolved or suspended. Reported asphaltene precipitation modeling studies'1:30 used
this approach.

Naturally occurring reservoir crudes are ill-defined mixtures because they contain many hundreds of
components of heptanes and heavier compounds (C7+). It is not possible to isolate all of the C7+
components or to assign accurate physical properties to each of them. Since our definition of asphaltene
is based on molecular weight and because the computational limitation restricts the number of
components that can be used to describe reservoir fluids with an equation of state (EOS) to about 15, it is
important that the C7+ fraction be accurately characterized. In this work, the C7+ fraction is characterized

using the continuous thermodynamic approach.31:32

The vapor liquid equilibrium of the characterized reservoir fluid is then modeled to obtain the
composition and fluid properties of the liquid phase. The liquid phase is assumed to consist of an oil-rich
phase which acts as the solvent and an asphaltene-rich phase which behaves as the polymer. Using the
liquid-liquid polymer solution theory, the volume fraction of asphaltenes soluble in the oil phase is
calculated. It is assumed that the asphaltene precipitation does not alter the VLE.

In the following sections the thermodynamic model for prediction of asphaltene precipitation is
detailed. In section 1, the C7+ characterization technique based on continuous thermodynamics is
presented. Continuous thermodynamics is a procedure wherein the composition of a multi-component
mixture is represented through a continuous distribution function of some characterizing property such as
molecular weight. Procedures for determining the mole fractions, molecular weight, critical properties, and
acentric factor of C7+ pseudocomponents are also detailed in the section. In section 2, the VLE model

based on the Peng-Robinson EOS33 is presented. Section 3 is concerned with asphaltene precipitation
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modeling. A modified Flory-Huggins polymer solution theory47 is used to calculate the volume fraction of
asphaltenes soluble in crude oil at a given pressure and temperature. In section 4, examples are
presented for the effect of pressure, temperature, and composition on asphaltene solubility.

1. C7+ Characterization
1.1 Background

Naturally occurring hydrocarbon mixtures such as oils contain numerous components. Proper
description of the oil is a necessary prerequisite for accurate phase behavior modeling. The accuracy of
the PVT (pressure-volume-temperature) description can be improved by using a larger number of
components. However, computational time considerations and memory requirements limit the number of
components that can used to represent the C7+ fraction. Consequently, several C7+ fraction character-
ization techniques have been proposed.34-40 These techniques can be broadly classified into two
groups: the pseudocompon‘ent method and the continuous thermodynamic method. The
pseudocomponent-technique treated the undefined portion of the mixture either as a single
pseudocomponent or as several conveniently grouped subfractions.34-37 Since the lumping schemes
involved in the pseudoization procedures are based on arbitrary rules, they are not rigorous, and their
universal applicability is open to question. In the continuous thermodynamic method, a statistical
distribution function F(l) is used to describe the composition of the multicomponent mixture.38-40 The
index | is the continuous distribution variable and usually chosen to be a property such as boiling point,
carbon number, or molecular weight. Early work on the continuous thermodynamic method was done by
Colterman et al.38 who presented procedures for calculating phase equilibria using continuous
thermodynamics. They used gamma distribution to characterize the heavy fractions. Bahrens and
Sandler3® used an exponential distribution, which is a special case of gamma distribution, to describe the
C7+ fraction over the desired domain. They then used Gaussian quadrature to calculate the mole fractions
and molecular weights of pseudo components.

In this work, Whitson's40 modified Behrens-Sandler method was used to discretize a continuous
C7+ fraction molar distribution. The pseudocomponent mole fractions and molecular weights were

determined using Gaussian quadrature.

1.2 Molar Distribution Model

Since a large number of oils exhibit a gamma distribution, a three-parameter gamma distribution
function is used to describe the C7+ fraction. The distribution function used in this work4! is

vy = M-1)* exp[- (M -1)/ €]
e°r (o)

(1.1)
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where
p(M) = probability density function

M = molecular weight

n = minimum molecular weight with non zero probability of occurrence

c = a distribution parameter that defines the form of the distribution

e = a distribution parameter, expressed in terms of &, 1| and average C7+ fraction
molecular weight
=(M7+-M)o (1.2)

I['(c) =gamma distribution function
Also, by definition

] PM)dM=1 (1.3)
n

M, O, and M7+ are read as input.

1.3 Gaussian Quadrature Method
Gaussian quadrature is a procedure for integrating a function such as equation 1.3. The function is
integrated by summing a finite number of weighted function evaluations at specified values of integration
variables called quadrature points. As shown by Behrens and Sandler,39 the composition distribution of
C7+ fraction can be described by a collection of quadrature points, rather than by a continuous distribution
function. Each quadrature point then defines the location of a pseudocomponent along the molecular
weight axis, and the weighting factor is then used to calculate the mole fraction of the pseudocomponent.

Thus, the quadrature method is analogous to the well known pseudocomponent procedure.
However, unlike the pseudocomponent method, in the quadrature method the quadrature points and
weighting factors are not arbitrarily chosen, but are determined from a class of orthogonal polynomials so
as to yield the best approximation of the continuous distribution. By choosing a large number of
quadrature points, the distribution function can be more closely approximated. However, this results in
pseudocomponents whose molecular weight is too large. It is impossible to estimate their properties.
Hence, in this work, an upper limit on the molecular weights are set and the required number of quadrature
points is specified accordingly.
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The quadrature procedure for generating effective mole fractions for quadrature point species is
now described. In equation 1.3, the limits of the integral vary between 1| and infinity. To apply the

quadrature method, this integral must be transformed so as to cover the range of zero to infinity.

Substituting the expression for P(M) in equation 1.3, we have

M-nP'exp[-M-n) /€] 4 _,

& | (1.4)
. (o) |
Let "
X = 2-n
® (1.5)
Then dM = ©dx (1.6)

and X=0forM=m

Equation 1.4 is then transformed to

A
e X (1.7)

When the continuous fraction follows a gamma distribution, the Chebyshev-Laguerre quadrature
formula is suitable for approximating the integral given by equation 1.7. The quadrature formula is given
by

oo

N
eXf(X)dX = Z Wi f (X)) (1.8)
i=1 .

In equation 1.8, X is the quadrature point, and W; is the corresponding weighting factor. Details of the
formula have been discussed by Stroud and Secrest4! who also tabulated the quadrature points and the
corresponding weighting factors.
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Comparing equation 1.7 and 1.8, we have

_xot
f(X) r'©) (1.9)

The mole fraction at each quadrature point is defined by

zj =W;if(X) (i.10)
The corresponding molecular weight, M; is given by

Mj =n+ (©X) BN RE)

1.4 Calculation Procedure
The step-by-step procedure for discretizing a continuous C7+ fraction molar distribution function

using the quadrature technique is discussed.

(1) 'Specify .0', 1, C7+ molecular weight, number of quadrature points N, and the molecular weight

of the heaviest pseudocomponent; that is, the molecular weight of the pseudocomponent
corresponding to the last quadrature point.

(2) Obtain the weighting factor Wj and the corresponding quadrature values X; for the Laguerre
quadratures. X; and W; are tabulated for various values of N by Stroud and Secrest,41 page 254, or

by Abramowitz and Stegun,42 page 923.

(3) Compute ©

_My-7
<) XN

where My is the molecular weight of the heaviest pseudocomponent, and X is the last quadrature
point. '

(4) Compute the mole fraction z;j at each quadrature point using equation 1.10 and normalize it .
The true mole fraction z;j of this quadrature point is zc7+zj where zg7+ is the mole fraction of the C7+

fraction in the feed.

' (5) Calculate the molecular weight of the each pseudocomponent from equation 1.11.
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1.5 C7+ Pseudocomponent Property Estimation
Critical properties and acentric factors of the pseudocomponents are needed in the EOS phase
behavior calculation. Numerous correlations have appeared in the literature for generating critical
properties from other measurable properties such as boiling point (Tp) or specific gravity (SG). In this work,
the critical property correlation proposed by Twu43 was used. The correlation used the molecular weight
as the primary variable.

The Twu method consists of two parts. The first part is called the reference part where the critical
properties were correlated as a function of normal boiling point. The normal boiling point was calculated
from the molecular weight. The second part called the perturbation part is the correction term between
the real system and the reference system. The perturbation part was correlated as a function of normal
boiling point (Tp) and the specific gravity differences (ASG) between the real syétem and the reference
system.

The specific gravities of the pseudocomponents are determined using the method proposed by
Whitson.40 This method assumed that all the pseudocomponents in a given system have a common
characterization factor v, where v is calculated from the average C7+ specific gravity SG+ together with
pseudocomponent mole fractions zj and molecular weight M;.

Thus,

v =[0.16637 SG + Sq / (27, - M7, )]/0-84573 (1.12)
where

27, = mole fraction of C7+ fraction

M7, = molecular weight of C7+ fraction

Zj = mole fraction of pseudocomponent i

M; = molecular weight of the pseudocomponent i

N
So = 2 z; M0-86459 |
i=1 (1.13)

The specific gravity of the pseudocomponent is given by

SGj =6.0108 Mi°'13541 v -1.18241 - (1.14)

The equations for estimating pseudocomponent critical properties are given in the following
sections:43-44 : '

17



L Properties of the Reference System
(@ Normal boiling point (°R)

B =In (M)
Th; = exp [5.71419 + 2.71579 B; - 0.286590 B2 - 39.8544/ B;

- 0.122488/ B2] - 24.7522 B; + 35.3155 B2

(b) Critical temperature (°R)

T3, =Tp;/[0.533272 +0.191017 x 10°% Ty; +0.779681 x 107 T2

-0.284376x 10710 Ty3 +0.950468 x 102/ T8

(c) Critical volume (ft3/lb-mole)

vg =1/[1- (0.419869 - 0.505839a; - 1.5643607 - 9481.70 o4

(d) Critical pressure (psia)

2
PQ = [3.83354 + 1.196290{ % + 34.8888 oj + 36.1952 o? +104.193 of}

(e) Specific gravity

Sg;° = 0.843593 - 0.128624¢; - 3.36159 of - 137495 o2

where

o = 1-Te;/ Te,°

roperties of the Real
(@) Critical temperature (°R)
. . 2
To, =18 [(1+24)/(1-2¢k)]
fi- ~ asGh]- 0362456 / T2 +(0.0398285 - 0.048125 / Ty, ) asGH]

ASGE =exp[5(SGP - SGi)] -1
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(1.16)

(1.17)

(1.18)

(1.19)

(1.20)

(1.21)

(1.22)

(1.23)

(1.24)



(b) Critical volume (ft3/Ib-mole)

Vg, =Veo [(1+24)s(1-24)

(1.25)
f, =asal [(0.466590 / TI/2)+(- 0.182421 + 3.01721 / o) asal) (1.26)
ASGY, =exp [4(s62 - 563)-1] (1.27)
(c) Critical pressure (psia)

Pe; = PR(Te; / 1) (V& / Vo) [(1+26)/(1- 2fip)]2 (1.28)

f, =aSGh (253262 - 46.1955 / T2 - 0.00230535 Ty,
+(-11.4277 + 242.140 /T2 + 0.00230535 Tyy) A SGi] (1.29)
ASGh = exp[0.5(SGP - sG] - 1.0 (1.30)

(e) Acentric factor
The acentric factor 0 were estimated using Edmister's equation,46

2 |og(Pci) -1.0

(1.31)
In equation 1.31, the unit of Pc; is atmospheres.

2. Vapor-Liquid Equilibrium (VLE) Model
In this work, a VLE of the reservoir fluid is modeled so that the composition and properties of the
liquid phase can be obtained at the desired pressure and temperature. The criterion for the vapor and
liquid phases to be in equilibrium at a specified pressure and temperature is that the fugacities of each
component in both phases must be the same; that is,

L_ WV
fi =1 (1.32)

Where the subscript i stands for the ith component.

Fugacities are absolute quantities and can be obtained from an equation of state (EOS) by means of
rigorous procedure. We used the Peng-Robinson (PR) EOS to model the VLE of the reservoir fluid

because of its ability to better predict the liquid molar volume as compared to other cubic EOS such as
Soave-Redlich-Kwong (SRK) EOS.
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2.1 Peng-Robinson Equation of State
The Peng-Robinson equation of state has the form

p=_RT _ a
V-b V(V+b) +b (V-b) (1.33)
R2T2
aj = 0.457235 LA
Pe; (1.34)
. . 1/2)]2
% = [1+mi(1-7}2)] (1.35)
m; = 0.37464 + 1.54226 wj - 0.26992 wf (1.36)
RTg
and b; =0.077796 (1.37)
Ci
For mixtures such as the reservoir fluid, the following mixing rules are used:
a=y Z Xi Xj aij
i (1.38)
aj = (aia)"2 (1 - kj) (1.39)
Where kjj are binary interaction coefficients
b =3 xibj (1.40)
The binary interaction parameters are calculated using a modified Chueh-Prausnitz relation40
f 2(Ve; V)8 6
kj =0.15{1-| 21 1 __
| [ VB Ve (1.41)
2Y xjaj :
fi = 22 exp|Bi(z-1)-_A ( I b yp2+2+1)B (1.42
Z-B b 22B\ a b z-(y2-1)B '
Where
A=-aP
R2 T2 (1.43)
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RT ’ (1.44)
7z =PV
RT (1.45)

and the fugacity coefficient ¢i for component i is given by

In ¢ ='n(x:_ip’ =%(z-1) -n(z-B)

23 Xiaj
-L[_i_ _bi|j[2+02+1)B
2yBL a bl |z-(Z-1)B (1.46)
The VLE criterion can be written in terms of the fugacity coefficient ¢i as
V L
Yidi = Xid (1.47)

Where the superscripts V and L represent the vapor phase and liquid phase, respectively, and y; and
x; are the corresponding mole fractions of the ith component.

The equilibrium ratio K; for a component i is defined as

K; =¥_i=$i|:

Xi ¢iv (1.48)

If V is the number of moles vapor in 1 mole of feed at equilibrium with the liquid phase at a given P, and T,
then a material balance for each component can be written as

z=(1-V)x+Vy i=1.N (1.49)
Sxi=3vi= 37 =10
Xj = Yi= zi =1.

Where =1 i=1 i=1 (1.50)

Using equations 1.47 and 1.48, we can obtain the following relationships:

X =—— A

1+V(Ki-1.0) (1.51)
X = Kizi

1+V(Kj-1.0) (1.52)
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Substituting equations 1.51 and 1.52 in 1.50 and rearranging, we have

_ Y _z(Ki-10) _
o) = E{ V(R 19 0 (1.53)

In the present study, equation 1.53 is solved by Newton’s iteration for V, and then x and y are solved

by using equations 1.51 and 1.52. Having determined the liquid-phase composition, the molar volume of
the liquid-phase VL at a given P and T is obtained from equation 1.33.

3. Asphaltene Precipitation Model

We now present a thermodynamic model to describe the behavior of asphaltene in reservoir crude
upon changes in pressure, temperature, or composition. We used a simplified version of the Flory-
Huggins polymer solution theory4€ to calculate the maximum volume fraction (¢A)Max of asphaltenes
soluble in the crude. Hirschberg et al.11 have presented the details of the model. Next, we present the
step-by-step procedure for estimating the volume fraction of asphaltene soluble in the crude. The
performance of the model is dependent on the molecular weight of the asphaltenes and the difference in
solubility parameters between the oil and the asphaltenes. For the purpose of this work, we considered
the oil (liquid phase) to be a binary mixture of two components: asphaltene (ASP in subscripts) and
solvent (S in subscripts). All of the components having a molecular weight of 500 or greater are combined
and classified as asphaltene. Thus, the mole fraction of asphaltene in the liquid phase is given by

>
XASP = Xi
i=(NC-NA+1) (1.54)

Where Nj is the number of pseudocomponents whose molecular weight are 500 or greater.

3.1 Procedure
1.  Characterize the C7+ fraction into the desired number of pseudocomponents and
determine their properties.

2. Perform a VLE calculation at the given P and T and determine the composition and
properties of the quuid phase.

3.  Calculate the molar volume VL of the liquid phase.

4.  Calculate the heat of vaporization (AH;)t of each component in the liquid phase at any

temperature T. The heat of vaporization is calculated using Kistyakowsky’s equation.4”

(i ~(etirg|

TCi -T )0.38

Te, - Tg; (1.55)

22



Where

Where NC = total number of components in the liquid-phase

6.

(AHi}rg = 1.014[Tg,(8.75 + 4.571 log(Tg))]

TB; = normal boiling point of component i, °K
Tej = critical temperature of component i, °K

The unit of (AH;) is cal/gm-mole (Btu/lb-mole)

Compute asphaltene and solvent mole fractions

NC-NA
Xs= 3 X
=1
NC
XASP = Y Xi
i=(NC-NA+1)

Na = number of components having a molecular weight of 500 or larger

Compute liquid-phase component molar volumes v;L

VlL =Xj VL
Visp =xasp V-

V's' =vL. \}-ASP
Compute the solubility parameter §; in the liquid phase

& =

(AH)T - RT]”Z
vt

Compute the volume fraction d)!' of component i

L

d)g_ - Xj Vi

N oL

2 iV

i=1
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(1.59)
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(1.61)
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9.  Compute the solubility parameters for solvent (8s) and asphattene (5a)

NC-Na Lol
&= Y @}
i=1 (1.64)
NC
LqL
A= Y oY
i=(NC-NA+1) (1.65)
10. Compute the solvent volume fraction <I>%
L
L_XgV
Ps = L (1.66)

11. Using the Flory-Huggins polymer solution theory, compute the maximum volume
- ffaction (‘DA)Max of asphaltenes soluble in the crude at a given pressure, temperature,

and composition.

vk ]
(®AMax = exp [(A—ip - 1) @f -(SA—RT&ﬁ Vk (‘1"§)2] (1.67)

Vs

3.2 Discussion
A computer program was written to calculate the maximum volume fraction of asphaltenes
"soluble in the cfude oil at a given condition. The developed model was tested with hypothetical crudes to
"study the effect of' temperature and composition. For a given temperature and/or composition, VLE
calculations we‘re,performed at various pressures, and the maximum volume fraction of asphaltene soluble
in the crude oil was ~alculated, and results were plotted as a function of pressure.

Temperature Effects

Figure 4 compares the maximum volume percent of asphaltene soluble in the crude at two different
temperatures. This plot indicates that at any pressure, the solubility of asphaltene is greater at the lower
temperature. This observed increase in solubility is caused by the variation of V'g and §s with
temperature at constant pressure.

For a liquid, temperature affects both the heat of vaporization and the density. Since V‘s- is roughly
proportional to T and 8g is inversely proportional to V'§ at a given P, §s increases as the temperature
decreases. This decrease in temperature decreases (SA - 85) and increases Vksp/ V'§ Equation 1.67
'shows that both these effects enhance the asphaltene solubility at lower temperature. This trend is in
accordance with the published mode! studies.32
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FIGURE 4. - Effect of pressure and temperature on asphaltene solubility.

Composition Eftfects

Figure 5 compares the maximum volume percent of asphaltene soluble in crude at three different oil
compositions. To study the effect of compasition on asphaltene precipitation, the Cz,. fraction mole
fraction in the crude was varied from 0.4 to 0.7, and the light end (C1 - Cs) was adjusted accordingly. This
plot indicates that altering the composition of the reservoir fluid system can have significant impact on
asphaltene solubility. This plot indicates that as the concentration of heavy components in the crude
increases, the asphaltene solubility increases at a given pressure and temperature.

Pressure Effects

Both figures 4 and 5 indicate that altering the pressure can have a significant impact on asphaltene
solubility. Below the bubble point, asphaltene solubility decreases with increase in pressure and reaches
a minimum value at the bubble point. Above the bubble point, asphaltene solubility increases with
pressure. As pointed out by Hirschberg et al.11 above the bubble point, there is no composition change,
and the observed increase in solubility is caused by the variation in V's- and g with pressure.
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PART Il. WAX FORMATION

The deposited organic material scraped from the downhole tube of the producing well contains
asphaltene, resin, and wax. Most crude oils contain high-molecular-weight paraffins which may solidify as a
wax phase at low temperatures. Large fractions of waxy constituents were reported among the new crude
oils in the Alaskan North Slope. Wax formation is due mainly to temperature drop which is different from
the formation of asphaltenes. Thus, wax often accumulates at a certain spot inside the producing well.
However, wax formation can also cause asphaltene precipitation, which was found from the collected
material. Wax precipitation may cause plugging of producing wells and transfer pipes. This problem is
even more serious in oil productionv areas such as the Alaskan North Slope and North Sea. Predicting wax
formation is critical to the solution of the problem and is required for process design in petroleum refining.
Thermodynamic modeling for predicting wax formation in crude oil is simpler than for predicting asphaltene
precipitation. The principle for wax formation and the chemical constituents of wax are well known. Wax
formation is a reversible process. As long as the temperature increases back to the original level, the wax
phase will melt and dissolve into the oil. Thermodynamic phase equilibrium criteria can be applied to
predict wax formation. The only problem is how to treat the wax phase. Wax formation is composed of two
processes: nucleation and crystal growth.

l.__Thermodynamic models
To apply phase equilibrium criteria, the wax phase is treated as a homogeneous solid solution (S),
which is in equilibrium with a liquid solution (L). At equilibrium between a liquid phase (oil) and a solid
phase (wax), the fugacities (f;) for component i in both phases must be the same; that is,

L
fr=f (2.1)
and the following equation is fulfilled for component i:
s f ; :
(3] =285 (1. 7/70) + AR (717 1) A4 1y (11 7)
alL RT R R 2.2)

where,af is the activity of the component in the solid phase, a!‘ is the activity in the liquid-phase, AH{ is the
enthalpy of melting, T{ is the melting point temperature, and R is the gas constant. ACp,i is the difference
between the molar heat capacities of the substance in the subcooled liquid state and in the solid state.
The last two terms in equation 2.2 are close to zero and can be neglected. Equation 2.2 can be rewritten
in terms of the equilibrium ratio, Kf",

f
KiSL = Si = i exp [A_Hl.(‘] - T/T’)] : ' (2.3)
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Where S; is the composition of component i in the solid phase (wax), and x; is the composition of i-
component in the liquid-phase (oil). 7? and 7!“ are the activity coefficients of component i in the solid and
the liquid phases, respectively. '

A correlation for estimating the melting point temperature of the components was proposed by
won.48 Won's oorrélation was developed based on the melting temperatures of n-paraffins. Since n-
paraffin fraction decréases with increasing carbon number, and the melting temperatures for ring or
branch-chain hydrocarbons are lower than those of straight chain compounds, Won's correlation was
modified slightly by Hansen et al.49 as,

1! = 402.4 -0.01896 - MW; - 27109
MW; (2.4)

MW; is the molecular weight of component i. The enthalpy of melting is estimated using the correlation

proposed by Won:48

AH! = 0.1426-MW; T . (2.5)

In equation 2.3, the activity coefficient ratios, 7."/ ¥ , can be estimated by the following models:
1. Regular solution theory
Won48 used a modified regular solution theory and solubility parameters to estimate the activity
coefficients of components in both phases, o |

Invy = %’}—(5 - §)?

(2.6)

5= 08 2.7)
ob = XVi an of = SiVi_
2% Vi 2 SV

i j (2.8)

where Vi is the molar volume, 8i is the solubility parameter, ®; , is the volume fraction of component i, and
3 is the average solubility parameter of the mixture. |

The solubility parameter of component i in liquid solution is defined as,

8|L =(AHV - RT)1/2 o |
vV ‘ (2.9)
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The solid solubility parameters, 8, which were estimated from a modified cohesive energy of a
component i in solid solutions, were presented by Won48 for hydrocarbon fractions up to C40.
In equation 2.8, the molar volume V; was estimated by the following correlation:48

Vi=MWi/d"2‘5 (2.10)
dbs = 0.8155 +0.6272x 104 - MW; - 13.06/ MW; 2.11)
Substitution of equation 6 into equation 3 yields,
f .
K§L=§=exp[éﬂi-1-T/T! +Vii(5-5P -(5 - ]
bTX RT ( ) E{'"(_ 3K -@ &E} (2.12)

2. Polymer solution theory

The liquid phase activity coefficients were modeled using a generalized polymer solution
theory50 by Hansen et al.4% The following thermodynamic relation was used:

AGM _ M _asM _ 3 3 ni i+ 3 nilndy
I ! h

RT R R (2.13)
and
na =3 126 - 2 5 () ooy +mac+1-0c - 3 (3] o
o, ek i<j \Gi ik B0 (2.14)

where AGM, AHM, and ASM are the change of free energy, enthalpy, and entropy, respectively, during
mixing. The volume fraction ®; was expressed as,

o _SiXi
2 &%
]

(2.15)

& is the carbon number of component i, and nj is the number of moles of component i. Xjj is a binary

interaction parameter describing the interactions between molecules i and j, and the following relation
applies:
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12
Xji = Xij (’é].) (2.16)

A group-contribution approach was used to model the interaction parameters. Each fraction was
divided into paraffinic (P), naphthenic (N), and aromatic(A) groups. Group interaction parameters are
required for the following three different types of interactions:

1.PN-PN
2.PN-A
3.A-A

Three correlations were developed for these three interaction parameters by Hansen et al.49

The regular solution model is a simplified model with the neglection of the entropy of mixing, which
is important for mixtures of large molecules different in size and structure. The results of using Won's
model to predict the wax appearance point (WAP) are much too high.49 The polymer solution model has
significantly improved the accuracy of WAP prediction. However, this model requires interaction
parameters which have to be determined from empirical correlations of data regression. In this work, an
approach was used to improve the regular solution model. A thermodynamic model was proposed as
follows:

AGE _ AHE _ASE _NVp A d +3 N in
RT RT R 2 22 A A zx,v,

(2.17)
j
where NVm = 2 n; Vi, Ajj are coefficients, the superscript E denotes the excess property. According to

thermodynamic relationship, we can obtain the activity coefficient from equation 2.17,

In vk =L(AGE

=W(s - Dk Vk
e Vk(8 8k)2 +In =K 41-a - 2 D

RT )T X Xk K Vi (2.18)

Here we include entropy effect into the activity coefficient for liquid solution. The volume fraction ®; is
defined as

Xi Vi

@ =
Ej‘.xj‘ Vi (2.19)
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where the molar volume V; is estimated by equation 2.10, and the solubility parameters proposed by
Won48 were used in all our calculations. This model is as simple as the regular solution model, and no
empirical parameter is required.

Iculati Igorith
Vapor-liquid equilibrium calculations were conducted to obtain the liquid (oil) composition. The
liquid-solid equilibrium calculation was then performed by solving the following mass balance equations
with equation 2.3 simultaneously,

FSL =35 -3 =% zi(KiSL-1) =0
[1+8(ke" -1) (2.20)
F
X =z‘/[1 +%(K‘SL ) 1)] (2.21)
Si =z KL/ [1 +%(Kis" - 1)] (2.22)

where Zi is the feed composition and S/F is the mole fraction of solid (wax) to feed. The wax appearance
point (WAP) is the temperature at which the solid fraction (S/F) aphroaches zero. When the temperature is
above the WAP temperature, equation 2.20 will not converge with S/F equal to zero. Therefore, if the
solution does not converge to a finite value of S/F after 100 iterations, the system is considered as a
single liquid phase, that is, no wax is formed. Equations 2.20 to 2.22 and equation 2.3 are mutually
dependent. An iteration method as illustrated in figure 6 was developed to solve these equations.

1. Iculation R |

Prediction of the WAP for a crude oil using the developed model is straightforward. The only input
is oil composition, which can be the carbon number distribution determined from simulated distillation GC
analysis. Many methods have been developed to characterize the C7+ fraction of the oil mixtures.37:44
The developed model was tested with two reported data4® and two in-house measured data. Results are
shown in tables 4 to'7. It can be seen that the model developed in this work is more accurate than Won's
model which predicts WAP too high. It also shows that the addition of entropy effect to the activity
coefficient does improve the prediction accuracy. We didn't compare with the model of Hansen et al.
because the model requires the PNA (paraffin, naphthene, aromatic) distributions for each of the carbon
number fractions. For No.1 and No. 2 samples, the molecular weights for each carbon number fraction
were reported by Hansen et al., which were a little different from the values used in our analysis for No.3

and No.4 samples. For each carbon number fraction, we used the molecular weight of the corresponding
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No
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FIGURE 6. - Calculation method for wax formation.
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TABLE 4. - Sample oil No. 11

C5
Cé
Cc7
c8s
C9o
C10
C11
c12
C13
C14
C15
C16
C17
c18

C19

c20
c21
ca2
ca3
C24
c25
C26
ca7
c28
c29
C30+

518

Mol %
0.280
3.057
2.292
6.623
6.877
5.578
4.789
3.311
3.668
3.031
4.916
4.636
2.420
4.432
3.821
3.311
2.649
2.955
2.674
2.776
2.5622
2.216
2.191
1.426
1.808
2.012
-13.729

100.00

82,
(calem3)12
6.65
7.02
7.25
7.41
7.53
7.63
7.71
7.78
7.83
7.88
7.92
7.96
7.99
8.02
8.05
8.07
8.09
8.11
8.13
8.15
8.17
8.18
8.20
8.21
8.22
8.24
8.35

v

(cm®/g mole)

79.0
111.6
123.9
134.3
148.2
163.3
182.1
199.8
218.6
232.7
250.4
268.1
279.9
305.7
322.1
335.0
342.0
360.7
378.2
396.8
414.2
428.2
439.7
461.7
477.8
493.9
697.1

Measured WAP: 308 K (@ 1 atm).
Predicted WAP: 327 K (This work)
340 K (Won Method)

1 From Hansen et al. (1988)

2 From Won (1986)

3 Calculated by eq. 2.10.
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TABLE 5. - Sample oil No. 21

Component Mol wt Mol %
<C4 38 0.197
C5 65 13.390
Ccé6 81 6.237
Cc7 97 9.548
Ccs 106 9.239
C9 119 7.293
C10 134 3.948
C11 148 3.704
c12 162 4.036
C13 177 3.509
Ci14 188 2.898
C15 201 3.228
C16 215 2.585
C17 234 2.390
c18 250 2.233
Cc19 264 1.972
C20+ 489 23593
100.0

a2

(calem®)!”2
6.65
7.02
7.25
7.41
7.53
7.63
7.71
7.78
7.83
7.88
7.92

VP
(em®/g mole)
80.14
105.07
122.8
141.2
161.7
166.8
184.5
200.9
217.4
2351
248.1
263.4
279.9
302.2
320.9
337.3
596.7

Measured WAP: 314 K (@ 1 atm).

Predicted WAP: 322 K (This work)
334 K (Won Method)

1 From Hansen et al. (1988)

2 From Won (1986)

3 Calculated by eq. 2.10.
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TABLE 6. - Sample oil No. 3

st %
Component Mol wt, Mol% (calice)'’ (ce/g. mole)
c12 170.3 7.30 7.83 227.2
C13 184.4 8.04 7.88 243.8
C14 198.4 11.66 7.92 260.3
c15 212.4 14.30 7.96 276.8
C16 226.4 14.00 7.99 293.3
Cc17 240.5 15.72 8.02 309.8
c18 254.5 11.66 8.05 326.2
C19 268.5 8.70 8.07 342.6
C20 282.5 5.05 8.09 358.9
c21 296.6 2.94 8.11 375.4
C22+ 310.6 0.63 8.13 391.7
100.00
Measured WAP: 265 K (@ 1 atm).
Predicted WAP: 286 K (This work)
297 K (Won Method)
1 From Won (1986)
2 Calculated by eq. 2.10.
TABLE 7. - Sample oil No. 4
s, %
Component Mol. wt, Mol% (cale)’/2 (cc/g. mole)
C10 142.3 6.50 7.71 194.2
C11 156.3 11.60 7.78 210.7
c12 170.4 7.9 7.83 227.3
Cc13 184.4 10.1 7.88 243.8
C14 198.4 11.6 7.92 260.3
C15 212.4 13.1 7.96 276.8
C16 226.4 10.4 7.99 293.3
C17 240.5 9.6 8.02 309.8
c18 254.5 8.8 8.05 326.2
Cc19 268.5 4.0 8.07 342.6
C20 282.5 2.2 8.09 358.9
c21 296.6 2.4 8.11 375.4
c22 310.6 1.2 8.13 391.7
C23+ 338.6 0.6 8.17 424.2
100.00

Measured WAP: 268 K (@ 1 atm).
Predicted WAP: 282 K (This work)
293 K (Won Method)

1 From Won (1986)

2 Calculated by eq. 2.10.
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carbon number n-paraffin. The WAP temperatures for No.3 and No.4 samples were determined by visual
observation, which may not be so accurate as the first two samples meas_ured by microscope. For black oil,
it is impossible to determine the WAP by the visual observation for the wax crystal formed as the
temperature drop. Therefore we chose two diesel oils, which are transparent with light, in our
experiments. The predicted WAP temperatures are all higher than measdred values. For No. 2 and No. 4
samples, our predicted results are close to the experimental values.

The model can be used not only to estimate WAP but also to estimate the amount of wax formed
and its composition at given temperatures. An example was given in figure 7 for the sample oil of No. 4 to
show the composition distributions of wax at several temperatures below WAP. At lower temperatures,
the precipitated wax contains more low-molecular-weight paraffins. Figure 8 gives the calculated wax
precipitation at different temperature levels.

The accuracy of prediction is still not satisfactory (within 20 K). The model still can be improved by
modifying the parameters such as the molar volume and solubility parameters, or including the interactions
among P-N-A for each pseudocomponent. ‘

20 —————————————.----,
—Foed
| —e—Wax (2825K)

16 [ | —a—Wax (270.0K) . I
2 [ | —e—Wax (256.0K) A
2.12 =
P4 L
]
= 3 D
n o p
S s |
s
0
[3)

4

3
1]
0
c10 ci2 cl4 cié cis c20 c22
COMPONENT

FIGURE 7. - Composition distributions for waxes and original oil.
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FIGURE 8. - Amount of wax precipitation at various temperatures.

RESULTS AND CONCLUSIONS

1. A simplified asphaltene solubility model based on polymer solution theory was developed and
tested. The model is able to predict qualitatively the following reported trends for a typical case:

e Asphaltene solubility initially decreases with increases in pressure and reaches a minimum
near the bubble point. Above the bubble point, the solubility increases with increases in
pressure.

» At a given pressure, the asphaltene solubility increases with decreases in temperature.

» The composition of the reservoir fluid significantly affects asphaltene solubility. For the
case studied, asphaltene solubility increases with the increase in the concentration of
heavy ends at agivenP and T.

2. A thermodynamic model which includes the contributions of enthalpy and entropy was
proposed for the wax-oil-phase equilibrium. The model is simple and can give a satisfactory prediction for
the wax appearance temperature.

3. Samples obtained from well tubing and casing show that deposit materials contain asphaltenes,
resins, wax, oil, water, and solids. Also, wax formation may induce asphaltene deposition. The variety of
deposit materials and their relationship will complicate the modeling of the organic deposition.

4. Asphaltene precipitation depends on the amount and type of solvent used. The precipitate
decreases with the increase of n-paraffin (solvent) carbon number.
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5. A sequential precipitation procedure, for example, using nCs followed by nC7, increases the
precipitate over that obtained by using only one solvent,; for example, nC7.

6. The molecular weight, atomic H/C ratio, and sulfur content of the precipitated asphaltene vary
with solvents.

7. Because the physical and chemical properties of asphaltenes in solution are not well known,
asphaltene characterization is still intractable.

8. The solubility of asphaltene in oil is not totally reversible. However, the solubility of asphaltene
in some solvents such as toluene is reversible. These two different behaviors become a problem for
modeling.

9. Adding aromatic solvents in oil does not decrease the asphaltene precipitation by n-paraffin

titration.
NOMENCLATURE

i = critical pressure, critical temperature and acentric factor dependent equation of state
parameter for component i, defined by equation 1.34

3 = activity of the component ‘¥’

a = equation of state parameter for the mixture; defined by equation 1.38

ajj = equation of state parameter for the mixture; defined by equation 1.39

A = pressure, temperature and composition dependent equation of state parameter;
defined by equation 1.43

bj = critical pressure and critical temperature dependent equation of state parameter for
component ‘i’; defined by equation 1.37

b = equation of state parameter for the mixture; defined by equatiom 1.40

B = pressure, temperature and composition dependent equation of state parameter;
defined by equation 1.44

C7+ = symbol for describing heptane and heavier components in the feed

(ACp); = difference in molar heat capacity of component i between liquid and solid state

fi. = fugacity of component i, defined by equation 1.42

f%’ = coefficient defined by equation 1.29

fr = coefficient defined by equation 1.23

i = coefficient defined by equation 1.26

FSL = function, defined by equation 2.20

AGE = change in excess Gibb’s free energy; defined by equation 2.17

AGM = change in Gibb’s free energy due to mixing, defined by equation 2.13

(AHi)T = heat of vaporization of component i at temperature ‘T’; defined by equation 1.55

(AHi)TB = heat of vaporization of component i at normal boiling point TB; defined by equation 1.56
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M, MW
MN
M7+

N

NC
Na

PM)

enthalpy of melting of component i

change in enthalpy due to mixing

enthalpy of vaporization

binary interaction parameter between components i and j
vapor-liquid equilibrium ratio for component i

solid-liquid equilibrium ratio for component i

molecular weight

molecular weight of component corresponding to the last quadrature point
molecular weight of C7+ fraction

number of moles of component i

number of quadrature points

total number of moles (equation 2.17)

total number of components

number of components having a molecular weight of 500 or larger
pressure

probability density function; defined by equation 1.1

critical pressure

reduced pressure

universal gas constant

mole fraction of component i in the solid phase

specific gravity of pseudo component i in the reference state; defined by equation 1.20
specific gravity of pseudo component i; defined by equation 1.14
parameter defined by equation 1.13

parameter defined by equation 1.30

parameter defined by equation 1.24

parameter defined by equation 1.27

change in excess molar entropy of mixture

change in molar entropy due to mixing

temperature

normal boiling point of component i

critical temperature of component i

reduced temperature

vapor fraction, moles of vapor per mole of feed

critical volume

liquid phase molar volume

molar volume of asphaltene
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Z7+
¥4

molar volume of component i in the liquid phase
molar volume of asphaltene-free oil

weighing factor for the ith quadrature point

mole fraction of ith component in the liquid phase
ith quadrature point

mole fraction of ith component in the vapor phase
mole fraction of ith component in the feed

mole fraction of C7+ frqaction in the feed
compressibility factor

Greek Symbols

(®ASP)max
X |]

coefficient, defined by equation 1.21

coefficient, defined by equation 1.15

activity coefficient of component i in the liquid phase

activity coefficient of component i in the solid phase

gamma distribution function

solubility parameter for component i

average solubility parameter of mixture defined by equation 2.7

solubility parameter for asphaltene; defined by equation 1.65

solubility parameter for solvent; defined by equation 1.64

minimum molecular weight with non zero prbability of occurrence

distribution parameter, defined by equation 1.2

equation of state parameter, defined by equation 1.35

pseudo component characterization factor; defined by equation 1.12

carbon number of component i

a distribution parameter that defines the form of gamma distribution

fugacity coefficient of component i

volume fraction of component i

maximum volume fraction of asphaltene soluble in the crude; defined by equation 1.67
binary interaction parameter between component i and j, defined by equation 2.16
acentric factor for component i; defined by equation 1.31
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