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Abstract

The solubility of asphaltenes in crude oils is predominantly influenced by variations in temperature, pressure, and oil composition.
These alterations can precipitate asphaltene deposition, resulting in diminished permeability, obstruction of wells and auxiliary
surface facilities, and ultimately, a reduction or cessation of production. Therefore, it is imperative for upstream and downstream
processing engineers to comprehend and predict asphaltene phase behavior to implement effective preventative and remedial
strategies and minimize costs. Asphaltene precipitation can be predicted through the application of solubility and colloidal theories.
In this study, cubic equations of state and cubic-plus-association equations of state are utilized as solubility theory-based
methodologies. The advanced versions of the Peng-Robinson (APR78) and Soave-Redlich-Kwong (ASRK) cubic equations of state
are compared with cubic-plus-association (CPA) equations of state using Multiflash software to predict fluid and asphaltene phase
behavior. The simulation results demonstrate a strong correlation between the ASRK model and the CPA model, with a minor
deviation from the results of the APR78 model. This observation suggests that these models can effectively predict asphaltene
behavior and yield acceptable results when compared to experimental data for fluid and asphaltene. Considering the likelihood of
asphaltene deposition within wells, hence, it is recommended to develop a model to determine the locations and quantities of
deposition.
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1- Introduction
L . . asphaltene precipitation can be broadly categorized into
In 1826, the French scientist Niepce became the firstto 4,0 types, as elucidated by Li and Firoozabadi [6]:
photograph aspr_]altene and assign it a scientific use. lyophilic and lyophobic models. In the lyophilic model,
However, Boussingault, a Frenchman, subsequently came  5phatenes are considered soluble in oil, forming a true
up with the name “asphaltene” in 1837 when g5|ytion. In this context, asphaltene phase behavior in
characterizing the components of some bitumen and  crde oils is influenced by molecular size and dispersion

distillation waste and seeing its similarity to the original  forces and precipitation occurs when the solvent power
asphalt. Due to its intricacy, knowledge about asphaltene  of the hydrocarbon fluid decreases, resulting in classic
is quite restricted. On the other side, asphaltenes are liquid-liquid  or  solid-liquid phase  equilibrium.
usually linked to issues like flocculation, aggregation, Conversely, the lyophobic model posits that asphaltenes
precipitation, well bore blockage, and catalyst  are insoluble in crude oil and are stabilized by resins that
deactivation [1]. Whether it comes from coal OF  are peptized on their surface. Precipitation occurs when
petroleum, asphaltene is theoretically characterized in  yeging desorb from asphaltene particles, typically due to
current terms, as the typical component that is soluble in e addition of a low-molecular-weight alkane.

benzene or toluene but insoluble in n-pentane or n- All other subdivisions of these models are shown in Fig.
heptane [2, 3]. Asphaltenes disperse or suspend in the 1 Tne |yophilic models are based on the solubility
crude oil in a reservoir fluid. However, adjustments to the approach and subdivided into: regular solution theory
0|I's_ composition, pressure, or temperature can affect this Flory-Huggins theory, Scott-Magat theory, and equation
equilibrium and cause precipitation problems [4]. Due to o state (Eos) models. The lyophobic models are based on
the risk of formation, wellbore, and production facility 5 ol10idal approach and subdivided into the
clogglng, _asphaltene_ precipitation from reservoir fluids thermodynamic colloidal model, the thermodynamic
during oil production is a severe issue [5]. The  micellization model, and the thermodynamic reverse
predominant - theoretical methodologies for modeling  mjcelle model. On the other hand, equation of state (EOS)
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models are subdivided into: cubic equation of state,
statistical association fluid theory, and cubic-plus-
Association equation of state. Models utilizing the cubic
EoS technique include solid models. While the oil and gas

phases are modeled using cubic EO0S, precipitated
asphaltenes are represented in solid models as a pure
dense phase (solid phase). For more details on these
subdivision models, refer to Subramanian et. al [7].

=

-

Asphaltene Modeling
Approaches

Solid model
by Nghiem etal. (1993)

Cubic Equation Of State
by Gupta (1986)

Statistical Association Fluid
Theory

by Chapman et al. (1988)

Cubic-Plus-Association Equation
Of State

by Kontogeorgis et al. (1996)

Fig. 1. Asphaltene precipitation models

The pressure at which colloidally dispersed asphaltenes
precipitate at a specific temperature is known as the
Asphaltene Precipitation Envelope (APE) [3]. In recent
years, the cubic equation of states used widely to predict
APE in addition to the phase envelope of the fluid [3, 8-
13]. The cubic-plus-association equation of state (CPA
EOS) gave an acceptable prediction of the asphaltene
precipitation problem when compared to the statistical
association fluid model and the cubic equation of state
[14-16]. The asphaltene problem in oil industry of Iraq
was studied by some of Iraqi researchers [17-21].

In this study, the advanced versions of Peng-Robinson
(APR78) and Soave-Redlich-Kwong (ASRK) cubic
equations of state are compared with cubic-plus-
association equations of state (CPA EQOS) in predicting
the fluid and asphaltene phase behavior of an Iraqgi oil
field. The contribution of this investigation is to
demonstrate the effect of incorporating the association
term into the conventional cubic equation of state in
detecting the asphaltene precipitation envelope of a live
oil through the CPA EOS model and its differentiation
from other conventional cubic equation of state models
such as APR78 EOS and ASRK EOS. The primary
conclusion of this research was that there is no discernible
difference between CPA EOS with association terms and
ASRK EOS in predicting the phase envelopes of the fluid
and asphaltene.

2- Equation of state (Eos) models used in the present
study

In this study, two types of equations of state were
employed to characterize the fluid and predict the
asphaltene precipitation envelope by correlating the
experimental data of both the fluid and solid (asphaltene)
phases.

2.1. Cubic equation of state

A cubic equation of state takes the following general
form:

P= %~ FEmaioa (1)
or

P= S G )
where:

28, =(1+c)—J(I+ )% +4c 3)
8,8, = —c 4)

The crucial characteristics and the acentric factor are
used to express the parameters a and b for pure
components as follows:

Va=faa 5)
Vac =2 RT) /b (6)
Va=1+k(1—/T/T,) (7
b = Q,RT./p. 8
define:

A=ap/(RT)? )
and

B = bp/RT (10)
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The compressibility factor Z =pv/RT can be expressed
as.:

73 —72(1—cB) + Z[A — B(1 + ¢) — B?(1 + 2c)] — [AB —
c(B*+B?)]=0 (12)

For mixtures, the parameters a and b are defined using
the following mixing rule:

a=xS; (12)
Si = va %y x(1 — dyy) /3 (13)
b =3 x;b; (14)

The advanced versions of PR EOS and SRK EOS
include the ability to match stored values for liquid
density through density correction of Peneloux correlation
(volume-shift adjustment) and saturated vapour pressure
by curve fitting, and a choice of mixing rule, either the
standard Van der Waals 1-fluid mixing rule or the special
Gibbs energy excess model.

a. Advanced Peng-Robinson 78 equation of state
(APR78 EOS)

Eqg. 1 changes to the Peng-Robinson equation of state
when c=1. The parameter k in Eq. 7 is for the PR equation
found from:

k = 0.37464 + 1.542260 — 0.26992w? (15)

With the APR78 equation k is found from the same
correlation if @ < 0.49. Otherwise the below correlation
is used
k = 0.379642 + 1.48503w — 0.164423w? + 0.016666w> (16)
b. Advanced Soave-Redlich-Kwong equation of state

(ASRK EOS)

Eg. 1 changes to the Soave-Redlich-Kwong equation of
state when ¢=0. The parameter k in Eq. 7 is for the ASRK
equation found from:

k = 0.48508 + 1.55171w — 0.15613w? (18)

Knowing Qa, Qb and Kk is required to solve the previous
equations. The critical condition vyields the two

parameters, Qa and Qb. The compressibility factor will
have three real, equal roots at the critical point.

(Z-17)*=0 (19)
Comparing with the above Z equation results in:

Q= 32; (20)

Qp = (Zf +c+ﬂib)ﬂf, (21)

Zo = 7, (22)
Where:

21:1+ZZ+ZZ_2 (23)
Z, = 3+ c+Z)? (24)
Zy=c2+6c+1 (25)

Setting the value of ¢ results in the usual equation of
state as shown in Table 1:

Table 1. APR78 and ASRK EOS parameters

Equation

of State 81 52 Qa Qb Zc
APR78 1 -0.4142 24142 0.45724 0.07780 0.307
ASRK 0 0 1 0.42747 0.08664 0.333

2.2. Cubic-plus-association equation of state (CPA EOS)

This thermodynamic model uses additional association
terms to describe the self-association of asphaltene
molecules and the cross-association of asphaltene and
resin molecules. It is based on the well-known Soave-
Redlich-Kwong (SRK) equation of state. By adding the
association part to Eqg. 1 and substituting ¢ = 0, it becomes

RT a 1RT
P= 5o — (e

3;r‘1)g) i X 2ai(1 —xu) (26)

Eq. 26 consists of two parts: the first part represents the
SRK EOS equation and is called the physical part; it is
calculated in the same way as the SRK equation, and the
parameters for pure compounds and mixing rules are the
same; and the second part is called the association part.
The crucial part of the association term is x,;, where x; is
the mole fraction of component i and represents the mole
fraction of site-A in a component i molecule that is not
bonded to other sites. Site A on molecule i and site B on
molecule j are two examples of sites on different
molecules. The strength of the connection between these
two sites, A;Bj, is determined by:

Xpi = e @7)

= AB;
1+pXjx; Xp;xp; A1)

The parameter (association strength) A%iBi can be
calculated from:

MABi= g(p) [eXp (%) - 1] by B (28)
where:

by = 22 (29)
80 = =05 (30)
n=1:bp (31)

The parameters €8 and pAi®i are referred to as the
association energy and the association volume,
respectively, in the expression for the association strength
A%iBi | Between various associating molecules, combining



A. A. Ali etal. / Iragi Journal of Chemical and Petroleum Engineering 25, 4 (2024) 1 - 14

criteria for association energy and volume characteristics
are required. Two options have emerged from the
numerous investigations as being particularly effective in
a number of cases: the so-called "CR1 rule™:

A{Bj — AiBite?iB)

(32a)

2

BAiBj -/ BAiBj BAiBj

Alternatively, the Elliott combining rule (ECR), which
use the geometric mean, may be used as follows:

AAiBj = |/ AAiBi AAB;

It can be demonstrated that the equivalent formulas for
the cross-association energy and cross-association volume
parameters with ECR in the equation are as follows:

(32b)

(33)

ABj _ €AiBi1cAjBj

2

€

(34a)

BAIB) = /BAiBi BAIB; %
ij

3- Asphaltene precipitation modeling

(34b)

The methodology for constructing the asphaltene model
to ensure accurate results for calculations involving
asphaltene-related phenomena comprises the following
steps: initially, specify the asphaltene precipitation model,
followed by fluid characterization. Subsequently,
calibrate the model based on the PVT (pressure-volume-
temperature) experiments, and further refine the model by
optimizing the parameters specific to the asphaltene
model. Lastly, predict the asphaltene precipitation
envelope. These procedural steps are elucidated in greater
detail through the flow diagram presented in Fig. 2 and
will be further expounded upon in the subsequent
subsections.

PVT experiments data

Live oil compositional
analysis and main properties

q

Collect the
required data

Maodel building

Specify asphaltene model

g Fluid characterization

I PVT experiments data tuning

Plot fluid phase envelope

Characterize the fluid with SARA analysis data P

Predict envelopes of fluid and asphaltene

Upper AOP matching ™1

Detect aphaltene precipitation problem

SARA analysis data

AOP measurement test

No

Yes

Yes PVT experiments data tuning No

Fig. 2. The flow diagram of asphaltene precipitation modeling

3.1. Data collection

To build the precipitation model of asphaltene, the
following data are required:

a. Live oil compositional analysis and main properties

The compositional analysis and the main properties of a
live oil and operating conditions during production
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operation have been taken from the fluid analysis report
of an oil well selected for the study from one of the Iraqi
oil fields, and they are shown in Table 2 and Table 3.

b. PVT experiments data

The constant composition expansion (CCE) and
differential liberation (DL) tests from the reservoir fluid
analysis report served as the basis for the model created
by using these PVT experiments data. By doing a
regression, the model can align the simulated findings
with the experimental PVT data more closely.

c. SARA analysis data

An analysis technique called SARA (Saturate,
Aromatic, Resin, and Asphaltene) separates these four
constituents of crude oil based on their polarizability and
polarity. For this study, HPLC and microasphaltene
techniques were utilized to carry out SARA analysis in
the fluid analysis report, and their values were taken from
the report.

Table 2. Reservoir fluid composition

Component  mole% Component mole%  Component  mole% Component mole%  Component  mole%

N 0.467 n-Cs 2.048 Cuo 2.309 Cx 0.732 Cso 0.297

H.S 0.981 Cs 3.07 Cu 1.981 Ca 0.651 Ca 0.284

CO: 2.678 Benzene 0.128 Cap 1.66 Ca 0.572 Ca2 0.251

C: 35.708 C, 2.882 Cis 1.494 Cas 0.513 Cas 0.235

Cz 9.471 Toluene 0.35 C14 1.338 C24 0.455 C34 0.218

Cs 6.089 Cs 2.627 Cis 1.192 Cs 0.414 Css 0.205

i-C4 1.035 Ethylbenzene 0.115 C15 1.055 Czs 0.387 C35+ 4922
n-C4 3504 m-andp- Xylenes  0.302 Ciz 1.017 Cy 0.36
neo-Pentane  0.013 0- Xylene 0.204 Cis 0.898 Cys 0.343
i-Cs 1.488 Co 2.08 Cuo 0.654 Cx 0.323

Table 3. Main properties of the fluid and reservoir and operating conditions

ltem Its value Its unit
Initial reservoir pressure 5000 psi
Current reservoir pressure 4410 psi
Reservoir temperature 111 °C
Wellhead pressure 203 psi
Wellhead temperature 239 °C
Gas-Oil Ratio 743 scf/bbl of residual oil at 60°F
Stocktank Oil Density 0.9059 g cm® at 0 psig and 60 °F
Bubble Point Pressure at 201°F 3135 psi

d. Measurement of asphaltene onset pressure (AOP)

Numerous methods, including the gravimetric method,
light scattering method, filtration method, and acoustic
resonance method, are used to evaluate AOP on live crude
oil. In this study, AOP was predicted as shown in Fig. 3,

which depended on the gravimetric method from the fluid
analysis report.

As shown in Fig. 3, the three important properties of the
fluid and asphaltene are determined, which are bubble
point pressure, upper AOP, and lower AOP, at different
temperatures, as follows:

T=110°C

10.01

Asphaltene content (wt%)

2500 3000 3500 4000 4500

2500 3000 3500 4000 4500
Pressure (Psia)

T=80°C
105
1001
9.5
9.0 R
-
L]

8.5

2500 3000 3500 4000 4500

Fig. 3. AOP and pb detection at three temperature values (116, 110 and 80 °C)
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1. By using pentane as a precipitant of asphaltene

» C, 1, and P at 116, 110, and 80 °C, respectively,
denote upper AOP points.

» B, H,and N at 116, 110, and 80 °C, respectively,
denote bubble point pressures.

» A,G,and M at 116, 110, and 80 °C, respectively,
denote lower AOP points.

2. By using heptane as a precipitant of asphaltene

» F,L,and S at 116, 110, and 80 °C, respectively,
denote upper AOP points.

» E,K,and R at 116, 110, and 80 °C, respectively,
denote bubble point pressures.

» D,J,and Q at 116, 110, and 80 °C, respectively,
denote lower AOP points.

These properties are very useful in constructing the
model of asphaltene precipitation by calibrating the
simulation results with the experimental results of the
properties and content of asphaltene.

3.2. Model development

Following the collection and preparation of the requisite
data for model creation, as previously elucidated,
encompassing information pertaining to the fluid and
asphaltene, the subsequent phase involves model
construction through the following procedural steps:

a. Defining asphaltene precipitation EOS

In the present study, three established models were
selected to simulate asphaltene precipitation: APR78
EOS, ASRK EOS, and CPA EOS. These models have
been explained theoretically and scientifically in the
preceding sections.

b. Fluid characterization

Characterization is the process of creating a
compositional fluid model using the data from a PVT
laboratory analysis report. This stage involved using the
fluid composition up to Css*, as shown in Table 2, to
specify the system composition, after which the Csg*
fraction features like specific gravity and molecular
weight were defined. The other necessary characteristics
of the fluid were obtained from Table 3 to perform this
step. The splitting computation was then executed in
order to simulate the data and display the simulation
results.

c. Tuning of the experimental PVT data

When the calculated characteristics of a fluid do not
correspond to known or measured values for these fluid
properties, the PVT laboratory tests (CCE and DL tests in
this study) facilitated the refinement of model findings
and fluid characterization by modifying model parameters

and pseudo-component properties to more accurately
reflect experimental data. Therefore, to validate the
experimental results for the test, commence by employing
the Sample QC feature. Subsequently, conduct a
simulation of the experiment to evaluate how the fluid
characterization and current model predict the outcomes.
Lastly, refine the model to enhance its accuracy in
predicting the experimental data.

At this stage, if a significant discrepancy exists in the
simulation results, the critical properties of the
components, including the critical pressure, critical
temperature, and acentric factor, will be adjusted. The
weights may also be modified for fitting purposes to align
the simulation results more closely with the empirical data
obtained from the experiments.

d. Plot fluid phase envelope

The phases that might be anticipated to exist under
specific temperature and pressure conditions are
represented by the phase envelope. In addition, it is
predicted here after conducting the best calibration of the
data from the PVT experiments and using the specified
EOS model, as clarified in the previous steps, to represent
the boundaries of the liquid and vapor phases at this stage
without the presence of the asphaltene phase.

e. Characterize the fluid with SARA analysis data

From this step, until the last stage of building the model,
the calibration process has been made according to the
presence of asphaltenes in the fluid (oil). Through this
step, the fluid was based on the SARA analysis data by
identifying their proportions into the model.

f. Predict envelopes of fluid and asphaltene

In a manner similar to the previous method that was
explained in the forecasting phase envelope of the fluid,
the asphaltene plus fluid phase envelopes has been
predicted after fluid characterization according to SARA
analysis proportions.

g. AOP matching

The last and most important step in tuning the building
model is regression process according to the experimental
data of asphaltene onset pressure (AOP).

h. Detect asphaltene precipitation problem

Finally, the asphaltene precipitation problem can be
detected through plotting the asphaltene and fluid phases
envelopes. Where it contains two areas, one of which is
the boundary between the liquid and gaseous phases, and
the other represents the area of asphalt precipitation and is
separated from the liquid and gaseous phases. What is
meant by the area here are the conditions of pressure and
temperature that represent the boundaries of these three
phases.
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4- Results and discussion

Upon completion of the asphaltene precipitation model
construction, the results can be presented and discussed as
follows:

4.1. Fluid characterization results

Characterizing the fluid by specifying its composition
up to Css and making the splitting process to the pseudo-
component (Css*) resulted in the fluid distribution plot
shown in Fig. 4. An acceptable fluid characterization
result is observed in this figure when comparing the
experimental amount of the mole percent of each carbon
number with the simulated amount.

Amount (mole%) vs. Carbon Number

noting a divergence in the points under bubble point
pressure between the simulated and experimental results.
The three models were also identical to each other, as
shown in Fig. 5. Above bubble point pressure, there is a
good match between experimental relative volume data
and the simulated results, while below this pressure, the
simulated values of the relative volume increased and the
average deviation from actual values reached 40%. This
may be caused by an error in the input data from the fluid
analysis report or in the EOS calculations.

Table 4. Simulation results of bubble point pressure by
three EOS models

EOS model Simulated value of bubble point | Deviation % |
pressure, psi
CPA 3133 0.06
APR78 3131 0.13
ASRK 3132 0.1

Calculated SCN
L ) Experimental SCN

Amount (mole%)
o

4

25 50 75 100
Carbon Number

Fig. 4. Fluid distribution after splitting

4.2. Results of tuning the PVT experimental data

The results of the parameter optimization process for
the three EOS models will be presented and elucidated,
based on the experimental data obtained from the PVT
tests. As previously noted, two categories of PVT
experiments were utilized in this investigation.

a. Constant composition expansion (CCE) test data tuning

One of the most important characteristics of the fluid
that is measured during this experiment is the bubble
point pressure (py), which showed that its measured value
was 3135 psi, and this humber was taken from the fluid
analysis report. The simulation process using the three
models of cubic equation of state showed the following
values of bubble point pressure:

As observed in Table 4, the three models yielded highly
accurate results, closely approximating the laboratory-
measured value. The CPA model demonstrated a marginal
advantage due to its minimal deviation from the
experimental value of the bubble point pressure.

Other CCE experimental data tuning results are shown
in Fig. 5, Fig. 6, and Fig. 7. Experimentally, the relative
volume (v,) of the fluid represents the proportion of fluid
volume at each pressure step that is actually present
compared to that at saturation pressure (bubble point
pressure in oil). The simulation outputs of this feature by
EOS models showed a perfect match between the
predicted data and the data of the practical experiment,

Relative Volume vs. Pressure

Vrel. by APR78 EOS

4 Vrel. by ASRK EOS
Vrel. by CPA EOS
Vrel. EXP.

@

Relative Volume

o

1000 2000 3000
Pressure (psi)

4000 5000

Fig. 5. Relative volume matching

The fluid density (pguiq) Versus pressure relationship
above the bubble point pressure is shown in Fig. 6. As the
pressure decreases from 5500 psi until it reaches the
bubble point pressure, there is a decrease in fluid density
due to the separation and release of gas within the fluid.
In simulating this property, it was observed that the
APR78 EOS model provided the best correlation between
simulated and experimental results (with a maximum
deviation from experimental data of 0.19%). The ASRK
EOS and CPA EOS models yielded identical simulation
results, exhibiting a slight divergence from the
experimental data (with a maximum deviation from the
experimental data of 0.34%).

Fluid Density vs. Pressure

IS
3

p by APR78 EOS
p by ASRK EOS
_ p by CPAEOS
) p EXP.

Fluid density (g/cm?)

o
)
@

3000 3500 4000 4500 5000 5500
Pressure (psi)

Fig. 6. Fluid density matching
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Fig. 7 illustrates the simulation results of fluid
compressibility (Cpyuiq) above bubble point pressure. The
observed behavior differs from that of density with
pressure. The compressibility of the fluid increases as
pressure decreases, which can be attributed to the
separation of gas bubbles above the bubble point pressure
and their tendency to liberate from the oil, resulting in
increased compressibility. This phenomenon aligns with
the explanation provided in the previous section. The
APR78 EOS model demonstrated the most accurate
results, with a maximum deviation of 5%, while the other
two EOS models exhibited similar performance, yielding
a maximum deviation of 20%.

b. Differential liberation (DL) test data tuning

The important properties of oil and gas are calculated or

determined versus pressure, down to pressures much
lower than the bubble point pressure, in an experiment
called the differential liberation (DL) test. These
characteristics are tuned for oil and gas as follows:
1- Qil Properties: These properties are determined for
different pressure points so that they are higher than the
bubble point pressure and down to very low pressures,
sometimes reaching atmospheric  pressure. These
properties are the oil density, the oil formation volume
factor, and the solution gas-oil ratio (solution GOR or
R,).

Compresssibility vs. Pressure

21e-05
C by APRT8 EOS
C by ASRK EOS
1.9¢-05 C by CPA EOS
CEXP.

17e-05

Compresssibility (1/psi)
®
Z
3
a

1.3e-05

3000 3500 4000 4500 5000 5500
Pressure (psi)

Fig. 7. Fluid compressibility matching

Fig. 8 depicts the liquid density (p_liquid) versus
pressure relationship. Above the bubble point pressure,
this relationship corresponds to that observed in the
constant composition expansion (CCE) test, which
represents the fluid density. Below the bubble point
pressure, it represents the differential liberation (DL) test.
In the region below the bubble point pressure, the APR78
equation of state (EOS) yielded a maximum deviation of
1% from the experimental value of oil density, while the
CPA EOS and ASRK EOS demonstrated a maximum
deviation of 0.7%.

The solution GOR (Ry) versus pressure below bubble
point pressure is shown in Fig. 9. This relationship
represents the volume of gas that is soluble in the oil
during the depressurization process of the DL test, and its
decrease is illustrated in the figure with decreasing
pressure below the bubble point pressure, while it

maintains a constant value for all pressures above the
bubble point pressure. This phenomenon is attributed to
the liberation and release of gas, which causes the volume
of the solution gas to continuously decrease with pressure
until it reaches zero at atmospheric pressure. This
phenomenon results in the liberation of all gas dissolved
in the oil, whereas above the bubble point pressure, the
value remains constant due to the absence of gas release.
In comparing the results of the three models for this
critical characteristic of oil, the CPA EOS and ASRK
EOS models demonstrated superior performance to the
APR78 EQOS model in predicting solution GOR, yielding
deviation percentages of less than 14%, while the latter
model produced a 15% deviation.

Liquid Density vs. Pressure

o by APRT8 EOS
p by ASRK EOS

0.800 p by CPA EOS
pEXP.

Liquid density (g/cm?)

0.725

1000 2000 3000 4000 5000
Pressure (psi)

Fig. 8. Liquid density matching

Solution GOR vs. Pressure

Rs by APR78 EOS V. — —
Rs by ASRK EOS p P

600 Rs by CPA EOS 4
Rs EXP. /

200

Solution GOR (scf/stb)

1000 2000 3000 4000 5000
Pressure (psi)

Fig. 9. Solution GOR matching

Another significant oil property is the oil formation
volume factor (B,), which represents the ratio of the
volume of oil (including dissolved gas) at current
reservoir pressure and temperature to the volume of oil
under standard conditions. It is evident that the oil
formation volume factor is always greater than or equal to
unity. The simulation results for this property are
illustrated in Fig. 10. CPA EOS and ASRK EOS
demonstrated the highest accuracy for pressures below
bubble point pressure (maximum deviation percentage of
0.6%), whereas for the remaining pressure points, three
models exhibited equivalent accuracy in simulating the oil
formation volume factor (maximum deviation percentage
of 1%).
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Qil Formation Volume Factor vs. Pressure

Bo by APR7E EOS /\
Bo by ASRK EOS y

Bo by CPA EOS

Bo EXP.

Oil formation volume factor (bbl/stb)

1000 2000 3000 4000 5000
Pressure (psi)

Fig. 10. Oil formation volume factor matching

2- Gas Properties: The gas properties are determined for
various pressure points that are lower than the bubble
point pressure and down to very low pressures, sometimes
reaching atmospheric pressure. These properties are the
gas gravity, the deviation factor, and the gas formation
volume factor.

The gas specific gravity (SG or yg) simulation utilizing
three models is illustrated in Fig. 11. It represents the ratio
of gas density to air density under standard pressure and
temperature conditions. At pressures below the saturation
point, the gas released from the oil predominantly
comprises lighter components. As pressure further
decreases, the proportion of heavier compounds in the gas
increases. This behavior is reflected in the increasing gas
gravity as pressure decreases. Regarding this property, the
CPA EOS and ASRK EOS models yielded identical
predictions with a maximum deviation percentage of
2.6%, while the APR78 EOS model demonstrated
superior agreement with a maximum deviation percentage
of 1.6%.

Gas Specific Gravity vs. Pressure

0.96 SG by APR78 EOS
SG by ASRK EOS
SG by CPA EOS
SG EXP.

o

Gas specific gravity
o

=

0 1000 2000 3000
Pressure (psi)

Fig. 11. Gas specific gravity matching

Fig. 12 illustrates a significant property of the gas,
namely the deviation factor (Z factor). This property
represents the deviation of gas behavior from ideality to
reality by accounting for the limitations of ideal gas
behavior assumptions, specifically considering molecular

volume and intermolecular forces of attraction or
repulsion. As pressure decreases, the Z factor increases
due to the dominance of repulsive forces over attractive
forces between molecules, resulting in an actual volume
greater than the ideal volume. The maximum deviation
percentage was observed with the APR78 equation of
state (EOS), equaling 1.4%, while the CPA EOS and
ASRK EOS vyielded 0.6%.

Z Factor vs. Pressure

093
Z factor by APRTB EOS
) 7 factor by ASRK EOS
2 factor by CPA EOS
0.91

Z factor EXP.

Z factor
=

——

0 1000 2000 3000
Pressure (psi)

Fig. 12. Z factor matching

The final parameter in the PVT experimental data that
was correlated with the experimental data in this study is
the gas formation volume factor as illustrated in Fig. 13.
The same trend observed in the previous gas properties is
evident here, and for the same reason, an increase in (Bg)
is observed as the pressure decreases. The three EOS
models yielded nearly identical results and demonstrated
close agreement with the experimental data for this
property (maximum deviation percentage = 0.8%).

Gas Formation Volume Factor vs. Pressure

Bg by APR78 EOS

Bg by ASRK EOS
0 Bg by CPA EOS

Bg factor EXP.

02

=)

Gas formation volume factor (bbl/stb)
o

o

1000 2000 3000
Pressure (psi)

Fig. 13. Gas formation volume factor matching

Table 5 presents a summary of the comparative analysis
between simulation results and experimental data,
focusing on the maximum deviation from the observed
measured values. The analysis employs three models:
CPA EOS, ASRK EOS, and APR78 EOS.

Table 5. PVT experimental data tuning results

EOS model CCE test data DL test data
Pb Vr Pfluid Cfluid Pliquid Rs B, Yg Zgactor Bg
CPAEQOS 0.06% 83% 0.34% 19.7% 0.71% 14.18% 0.99% 2.61% 0.62% 0.71%
ASRK EOS 0.1% 83% 0.34% 19.5% 0.70% 14.21% 0.94% 2.45% 0.6% 0.75%
APR78 EQS 0.13% 81% 0.19% 4.8% 1.01% 14.89% 0.94% 1.55 1.37% 0.83%
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4.3. Fluid phase envelope prediction

Upon completion of the process of matching the
simulated results with the experimental data of PVT and
obtaining satisfactory outcomes, the phase envelope (P-T
diagram) for the fluid was plotted utilizing the three
models, as illustrated in Fig. 14. Analysis of the figure
revealed a significant convergence between the
predictions of the fluid phase envelope generated by the
CPA model and the ASRK model, which differed from
the predictions of the APR78 model.

Fluid Phase Envelope Prediction

By APR78 EOS
3000 By ASRK EOS

By CPA EOS

:

2000

Pressure (psi)

1000

—

600

0 200
Temperature (°C)

Fig. 14. P-T diagram of the fluid

400

4.4, Fluid and asphaltene phase envelope predictions
before AOP matching

In this step, SARA analysis data for the oil was entered,
and the fluid was characterized based on the proportions
of the four SARA components. The three models
predicted the vapor-liquid envelope (VLE) of fluid and
the asphaltene precipitation envelope (APE), as shown in
Fig. 15.

Fluid and Asphaltene Phase Envelopes Prediction

6000
APE by APR78 EOS

APE by ASRK EOS
APE by CPA EOS
VLE by APR78 EOS

4000 VLE by ASRK EOS

VLE by CPA EOS

Pressure (psi)

2000

0 200 400

Temperature ('C)

600 800

Fig. 15. P-T diagram of the fluid and asphaltene before
AOP matching

Through this figure, a significant difference was
observed in the prediction of the asphaltene precipitation
envelope (APE) between the APR78 EOS and the two
models, CPA EOS and ASRK EQOS, which showed great
agreement between them, as the precipitation area of the
asphaltene was large with the last two models and small
with the former model. While the difference was very
slight when predicting the boundaries of the liquid and
gaseous phases by plotting a phase diagram for the three
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models and the convergence between three models was
greater than in the previous step when the phase
boundaries were predicted.

4.5. Upper AOP matching result

The upper asphaltene onset pressure (upper AOP) curve
was correlated with experimental data on this property of
asphaltene, and the outcome of this calibration process by
the three models of the equation of state is presented in
Fig. 16. The three models yielded nearly identical results,
with minimal variation between them, as illustrated in the
figure. The maximum absolute error percentage was 2.2%
for the APR78 EQOS, while for the two other models of
EOS, it was 2.1%. The three models produced logically
consistent and largely acceptable results, with a notable
convergence among them. The closest correlation was
observed between ASRK EOS and CPA EOS, as they
yielded identical matches between simulated results and
experimental data for upper AOP. Fig. 16 depicts the
result of the correlation process for the practical bubble
point pressure, which was 3135 psi (from the fluid PVT
report). An entirely analogous correlation process was
generated by the three models.

AOP and pb Matching
O

4000

= AOP curve by APRT8 EOS
. AP curve by ASRK EOS
. AP curve by CPA EOS
n AOP EXP.

. pb curve by APR78 EOS
= pb curve by ASRK EOS
. pb curve by CPA EOS

u pb EXP.

0
il
3
S

Pressure (psi)

3000

80 100 120

Temperature (°C)

Fig. 16. Upper AOP and pb matching

140 160

4.6. Fluid and asphaltene phases envelopes predictions
after AOP matching

Following the completion of all regression operations
pertaining to the properties of the fluid and asphaltene, it
is now feasible to predict the area of asphaltene
precipitation for the selected study well by determining
the pressure and temperature conditions of precipitation
using these three equations of state models, as illustrated
in Fig. 17. At present, the discrepancy between the three
models has been reduced when predicting the phase
envelopes of the fluid and asphaltene, demonstrating the
significance of matching the AOP, as the variance among
the three models was substantially diminished.
Consequently, it is possible to rely on the results of these
models in developing a strategy to prevent asphaltene
precipitation. The results were closely aligned and
consistent with the studies of Zhang et al. [14] and Shirani
et al. [22] in predicting asphaltene precipitation conditions
with AOP matching.
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After projecting the initial and current pressure and
temperature conditions of the reservoir onto the pressure-
temperature (P-T) diagram of the fluid and asphaltene, it
was determined that no asphaltene precipitation occurred
under these conditions. It was observed that when the
operating conditions of pressure and temperature were
plotted on the diagram, the pressure decrease trajectory
(pressure decline path) intersected the zone of asphaltene
precipitation. This observation indicates the potential for
asphaltene precipitation within the well as the pressure
decreases from the bottom-hole to the wellhead.
Asphaltene deposition is anticipated to occur inside the
well; consequently, predictive modeling of asphaltene
deposition must be conducted to determine its location
and quantity.

5000 APE by APRT8 EOS
APE by ASRK EOS
APE by CPA EOS
Critical point by APR78 EOS
Critical point by ASRK EOS
it by CPA EOS

i tions

Pressure decline path
APE

4000 VLE

[
Cu
3000 I
L
pb EXP.
Pressure decline path
Upper AOP EXP.
VLE by APR78 EOS
VLE by ASRK EOS
VLE by CPAEOS
Wellhead conditions

Pressure (psi)

Two phase
2000

1000

[o[-T+[-o[I[o[[o] [e]o]e[-] [<]
5 = =

0 250 500 750

Temperature (°C)
Fig. 17. P-T diagram of the fluid and
AOP matching

1000

asphaltene after

5-  Conclusions
The following conclusions have been drawn from the

present study:
A discrepancy was observed between the APR78
EOS model and both the ASRK EOS and CPA EOS
models in simulating the data from the PVT
experiments.
The APR78 EOS and the two models, ASRK EOS
and CPA EOS, exhibited disparities in their
simulation and determination of the phase diagram
for the fluid and asphaltene subsequent to the
incorporation of SARA analysis data for oil.
ASRK EOS and CPA EOS exhibited similar or
identical performance in simulating all data from the
PVT experiments and the asphaltene experiments, as
well as in predicting the phase diagram of the fluid
and asphaltene. This observation suggests that the
association component incorporated into the CPA
EOS model did not produce a substantial effect,
failing to achieve a significant differentiation from
the model lacking this component (ASRK EOS).
Upon matching the experimental data of AOP, the
three models yielded nearly identical simulated
results and predicted the phase diagram of the fluid
and asphaltene with comparable accuracy.

For future work, the deposition of asphaltene within the

well is highly anticipated. Consequently, it is advisable to

develop a model to determine the locations of deposition,
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its thickness, the extent of its impact on production, and
potential methods for mitigation or prevention.
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Nomenclature

Symbol Description

a Equation of state parameter

A Equation of state parameter

a(m) Energy term of equation of state

ao,i Parameter in the energy term for component i

o Parameter in the energy term for component j

ai(T) The energy term of component i

aii(T) Energy parameter of mixture

3(T) The energy term of component j

AOP Asphaltene onset pressure

AP Asphaltene precipitation

APE Asphaltene precipitation envelope

APR78 PR  Advanced Peng-Robinson 78

ASRK Advanced Soave-Redlich-Kwong

b Co-volume for pure component

b Equation of state parameter

B Equation of state parameter

B, Gas formation volume factor

B, Oil formation volume factor

bjj Co-volume parameter for mixture

C Carbon

c Equation of state parameter

C1j Parameter in the energy term for component i

Co Average bulk particle concentration

Chuid Fluid compressibility

CCE Constant Composition Expansion

CPA Cubic-Plus Association

DL Differential liberation

d;; Interaction coefficient

EOS Equation of state

g Radial distribution function

GOR Gas/oil ratio

k Equation of state parameter

p Pressure

Pb Bubble point pressure

R Universal gas constant

Ry Gas solubility

S Equation of state parameters

SCN Single carbon number

SG Specific gravity

% Volume

VLE Vapor-liquid envelope

Vp Relative volume

Xai Mole fraction of site-A in molecule i not
bonded to any other site/s

Xi Mole fraction of component i
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z Compressibility factor (pv/RT)
2 Gas specific gravity
Q, Equation of state parameters
Q Equation of state parameters
a Equation of state parameter
[BAiBj Association volume between site A of
component i and site B of component j
AAiBj Association strength between site A of
component i and site B of component j
o1 Equation of state parameter
&2 Equation of state parameter
n Packing fraction
p Density
® Acentric factor
£AiBj Association energy between site A of
component i and site B of component j
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