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ABSTRACT

Asphaltenes' solubility in crude oils is frequently affected by temperature, pressure, and oil
composition changes. This could lead to the precipitation and deposition of asphaltene in
various parts of the total production system, which would cause a significant economic
impact. Predicting the conditions of asphaltene precipitation will be very useful in two cases.
In the first case, without the problem, it will be useful in specifying the optimum operating
conditions of oil production operations. In the second case, with the problem occurring, the
prediction model will be useful in knowing the deposition areas and their sizes. This study
is an extension of the first part, in which the advanced versions of Peng-Robinson (APR78
EOS) and Soave-Redlich-Kwong (ASRK EOS) cubic equations of state and cubic-plus-
association equations of state (CPA EOS) were compared in predicting asphaltene
precipitation conditions by using Multiflash software. The prediction was made for live
crude oil (API gravity = 24° API) from an Iraqi oil field at different temperatures. The
required data for modeling are fluid compositional analysis, PVT experiment data, and flow
assurance data, which were collected from a fluid analysis report. It was noticed that the
agreement in prediction was very high between the ASRK EOS and the CPA EOS for all
temperature values and diverged from the APR78 EOS model at low temperatures (T = 50
and 40 °C). This study demonstrates the impact of selecting the appropriate model on
predicting asphaltene precipitation and its influence on future predictions of the asphaltene
deposition problem.

Keywords: Asphaltene onset pressure, Asphaltene precipitation, Concentration, Flow
assurance, Cubic equation of state.

1. INTRODUCTION

The precipitation of heavy organics during the production, transportation, and refining or
processing of crude oil is one of the key issues facing the oil industry. Polar and organic
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molecules known as asphaltenes are stabilized in crude oil by resins. Asphaltenes are, by
definition, only a solubility class, namely the heptane insoluble portion of the vacuum
residue recovered from the crude oil after refining. The melting temperature of asphaltenes,
which are friable solids that range from dark brown to black, is unknown. The concentration
of resins decreases as the oil is diluted by light hydrocarbons, and at some point, the
asphaltene may no longer be stabilized and flocculate to create a solid deposit (Pfeiffer and
Saal, 1940; Alian et al., 2011; Vakili-Nezhaad, 2013). Modeling studies for asphaltene by
using equation of state (EOS) models began in the 1980s. Previous studies dealt with
determining the phase diagram of asphaltene with the fluid to determine precipitation
conditions (Alves et al,, 1991; Zhang et al., 2012; Arya et al., 2016; Ali et al., 2019a;
Shoukry et al,, 2020; Ahmed et al., 2023b), as well as studying the relationship of the
precipitation curve with pressure (Victorov and Firoozabadi, 1996; Vafaie-Sefti et al.,
2003; Shirani et al., 2012; Zhang et al., 2012; Izadpanabhi et al.,, 2019; Hajizadeh et al.,
2020; Shoukry et al., 2020).

The problems of asphaltenes and their instability and precipitation appeared in some oil
fields in Iraq. Some of the studies were focused on determining the precipitation envelope
and precipitation curve of Iraqi oils from different oil reservoirs and fields, depending on
real field data (Ali etal.,2019a; Abdulwahab et al., 2020; Ali, 2021; Ahmed etal.,2023b,
2023a). The asphaltene stability in Iraqi crude oils (dead and live oils) was predicted by
using different screening techniques to show its tendency to precipitate asphaltene (Ali et
al., 2019b; Hasan and Al-haleem, 2020; Alhuraishawy et al., 2023). It has been studied
how the ratio of oil resins to asphaltene (R/A) affects the stability of Iraqi water in crude oil
emulsions. The findings demonstrated that the emulsion will become unstable and remove
more water from the emulsion as the R/A ratio rises (Mohammed and Maan, 2016).
Farhan et al. (2020) used three local solvents, which are heavy naphtha, reformate, and
binary (a mixture of both reformate and heavy naphtha), to reduce the permeability damage
of three sand pack samples after asphaltene precipitation. They found that the binary
solution is the best solvent for asphaltene dissolving and permeability improvement. (Ali
and Naife, 2021) treated dead oil samples from the Al-Dura refinery to remove asphaltene
by using three different solvents n-hexane, n-heptane, and light naphtha via deasphalting
process. The impact of several operating parameters, including temperature, solvent
concentration, ratio of solvent to oil, and duration, was examined. They discovered that using
hexane solvent resulted in a larger reduction in asphaltene content. (Kasim and Abbas,
2022) performed SARA analysis of a crude oil sample from the field of the Omar River with
different additives of nanoparticles and polymer fiberglass to decrease asphaltene content.
The effect of additive concentrations and temperature was examined. They noticed that the
nanoparticles were better than polymer fiberglass in reducing the asphaltene content of the
crude oil. (Maddah and Naife, 2019) mentioned the effect of asphaltene content on the
process of water demulsification during their study using two different types of crude oil,
one from Basrah and the other from Kirkuk.

Previous research indicates that the precipitated asphaltenes behave more like liquids than
solids at the reservoir temperature. At ambient temperature, the solid phase assumption is
most likely correct, but at high temperatures, it might not be. Based on this supposition,
several researchers treat the precipitation of asphaltene as a liquid-liquid (LLE) equilibrium
mechanism (Wu et al., 1998, 2000; Firoozabadi, 1999; Buenrostro-Gonzalez et al.,
2004; Gonzalez et al., 2005; Duda and Lira-Galeana, 2006; Tharanivasan et al., 2009;
Li and Firoozabadi, 2010).
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In this study, the liquid-liquid (LLE) computation was used. The contribution of the present
research is to show the differences between the mentioned cubic equation of state models
(CPA EOS, ASRK EOS, and APR78 EOS) in predicting the asphaltene concentration of a live
oil as a function of pressure and temperature. The main conclusion of this paper is that there
was a clear discrepancy or difference between the APR78 EOS model and the models of ASRK
EOS and CPA EOS in predicting the curves of asphaltene precipitation at lower temperatures,
and this difference will affect the asphaltene deposition modeling at the low-temperature
points in the production tubings and pipelines.

2. THE USED MODELS OF EQUATION OF STATES

In this study, two types of equations of state were used to predict the asphaltene
precipitation curve (asphaltene concentration versus pressure relationship) by matching
the experimental data of both the fluid and solid (asphaltene) phases.

1- Cubic Equation of State: The general form of the cubic equation of state is illustrated in
Eq. (1) (Pedersen et al., 2006).

RT a
b= v—b v2+vb(1+c)—ch? (1)

¢ Advanced Peng-Robinson78 Equation of State (APR78 EOS): When c=1, Eq. (1) becomes
the Peng-Robinson equation of state (Robinson and Peng, 1978).

¢ Advanced Soave-Redlich-Kwong Equation of State (ASRK EOS): When c=0, Eq. (1) becomes
the Soave-Redlich-Kwong equation of state (Soave, 1972).

It is possible to match saved values for saturated vapor pressure and liquid density in the
advanced version, which also offers an option for mixing rules.

2- Cubic-Plus-Association Equation of State (CPA EOS): Equation (1) becomes Cubic-Plus-
Association Equation of State (CPA EOS) by adding the association portion and changing c to
zero as shown in Eq. (2) (Kontogeorgis et al., 1996; Kontogeorgis et al., 1999).

p= E_M_ET(“'/) 5 )ZixiZAi(l_xAi) (2)

ding

p
The two components of Eq. (2) are the physical part, which is the representation of the SRK
EOS equation and is computed similarly to the SRK equation with the same parameters for
pure compounds and mixing procedures, and the association part, which is the second part.
For more details about these three models, you can review the first part of the study (Ali
and Abdul-Majeed, 2024).

3. THE METHODOLOGY

The required data for asphaltene precipitation modeling of the live oil are:
1- Compositional analysis of the live oil.

2- PVT experimental data of the live oil.

3- SARA analysis data for the fluid.

4- Upper and lower asphaltene onset pressures.
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The above data were collected from the fluid analysis report of a well produced from the
Mishrif Formation in the Buzurgan oil field and are shown in Tables 1 and 2 (Comer and
Weller, 2019).

Table 1. The live oil composition.

Comp. mole% Comp. mole% | Comp.| mole% | Comp.| mole%
N: 0.467 Benzene 0.128 Cis 1.338 Cz26 0.387
HS 0.981 C; 2.882 Cis 1.192 Cz7 0.36
CO, 2.678 Toluene 0.35 Ci6 1.055 Czs 0.343
Cy 35.708 Cs 2.627 C17 1.017 Czo 0.323
C2 9.471 Ethylbenzene 0.115 Cis 0.898 Cso 0.297
Cs 6.089 | m- and p-Xylenes 0.302 Cio 0.654 C31 0.284
i-Cy4 1.035 o- Xylene 0.204 Cz2o0 0.732 Cs2 0.251
n-Cq 3.504 Co 2.08 Ca1 0.651 Cs3 0.235
neo-Pentane| 0.013 C1o 2.309 C22 0.572 C3s 0.218
i-Cs 1.488 Ci1 1.981 Cz3 0.513 Css 0.205
n-Cs 2.048 Ci2 1.66 Cazs 0.455 Cze* 4.922
Ce 3.07 Ci3 1.494 Czs 0.414

Table 2. Main properties of the fluid and reservoir and operating conditions.

Item Value Unit
Initial reservoir pressure 5000 psi
Current reservoir pressure 4410 psi
Reservoir temperature 111 °C
Wellhead pressure 203 psi
Wellhead temperature 23.9 °C
Gas-0il Ratio 743 SCF/bbl of residual oil at 60°F
Stocktank Oil Density 0.9059 g cm3 at 0 psig and 60 °F
Bubble Point Pressure at 111 °C 3135 psi
Saturates 31.7 wt%
Aromatics 43.5 wt%
Resin 19.8 wt%
Asphaltenes 8.82 wt%
Upper AOP at 80 °C 3800 psi
Upper AOP at 110 °C 4000 psi
Upper AOP at 116 °C 3800 psi

The work methodology is a continuation of what was explained in the first part, where only
the prediction of asphaltene concentration (asphaltene concentration curve) versus
pressure at different temperatures using the three models is added here. The overall
procedures for modeling the asphaltene precipitation curve by using Multifash software are
shown in a block diagram in Fig. 1. These steps for each model can be summarized as follows:
1-Selecting the model and specifying the appropriate units: This step specified the model for
predicting the asphaltene precipitation curve and appropriate units for input data as in the
fluid analysis report.
2- Identifying the fluid composition and SARA fractions weight percentages: In this step, the
fluid analysis data of the live oil, as shown in Table 1, and the SARA analysis data, as shown
in Table 2, were entered into the software.
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3-Fluid characterizing (applying splitting and lumping processes): In this step, the two
important processes (splitting and lumping) were applied using the selected model.
Splitting means defining the mole fractions of the pseudo component (C36+ in this study)
depending on the correlations for each model while lumping refers to setting the split
components in groups to speed up the simulation process.

4- Tuning the model for the experimental data of PVT tests: After step 3, the model predicts
the phase diagrams of the fluid and asphaltene, as well as the PVT experimental data, but
they are inaccurate and need a calibration process with the laboratory data of the PVT
experiments, which is called the tuning or regression process. In this step, all experimental
data for PVT was entered and matched.

5- Fine-tuning the model for asphaltene onset pressures: The model requires an additional
tuning process for the asphaltene phase by entering the experimental data of asphaltene
onset pressures and matching them with the simulated or predicted data.

6- Predicting asphaltene precipitation curve: After obtaining a reasonable and acceptable
match with the laboratory results for the asphaltene onset pressure curve (AOP curve) and
bubble point pressure curve, the model can predict the deposition curve, which represents
the ratio of precipitated asphaltene versus pressure at any temperature.

Identifving the fluid composition and SARA fractions
weight percentages

I

Fluid characterizing (applying splitting and lnmping
processes)

I

 Tuning the model for the
| experimentaldata of PVT
1 tests 4

. Fine tuning the model for
' asphaltene onset pressures

Figure 1. The overall procedures of the simulation process.
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The algorithm for predicting the asphaltene precipitation curve in the Multiflash software is
shown in the flow chart in Fig. 2 (Shirani et al., 2012). The steps of this algorithm can be
illustrated as follows:

Estimate the bubble point pressure (pb) at the given temperature
m

Mo

-

Yes

v

Estimate asphaltene weight percent

Figure 2. The flowchart of asphaltene precipitation calculation.

1- After defining the main properties, such as critical pressure and temperature (pc, Tc),
acentric factor (w), the overall mole fraction of the fluid (z), the molecular weight of the
fluid, and the conditions such as pressure and temperature, the bubble point pressure
must be estimated at the given temperature.

2- The bubble point pressure estimated in the previous step is compared to the given
pressure. If the estimated bubble point pressure exceeds the given pressure, the flash
calculation of two phases (liquid and gas) will occur, where the overall mole fraction of
the fluid (z) will be equal to the liquid mole fraction (x). Subsequently, the liquid-liquid
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(LLE) calculation will be performed. If the estimated bubble point pressure is less than
the given pressure, the liquid-liquid (LLE) calculation will be applied directly.

3- Performing liquid-liquid (LLE) calculation, during which the following were estimated:
1. Ki.
2. L,/F.

3. xiL1 and xiLz.
4, fiLl and fiL2 (i = Asphaltene, Resin).

4- The convergence was checked by the following procedure:
L2
If $2(1 — 3—1)2 > 10~* then

Estimate new Ki from:
0
Ki=- (3)

4

and return to step 3.

Otherwise, the precipitated asphaltene percent will be obtained from:

Ly Ly MW;
Xyi =X; " X=X — 4
wi i F MWoil ( )

4. RESULTS AND DISCUSSION

In this study, the three most famous models in asphaltene precipitation modeling were
addressed to compare them and determine the extent of convergence and divergence
between them. This will be useful for knowing and choosing the most appropriate model for
future studies, as asphaltene precipitation modeling is very important in studying the
locations of asphaltene deposition and its thickness. Thus, it becomes clear to the reader
where the difference will be and the importance of choosing the most appropriate model to
study this very sensitive and complex problem.

After matching the experimental data of upper asphaltene onset pressure and bubble point
pressure of the fluid by these models of EOS, as illustrated in Fig. 3, the simulation of the
asphaltene precipitation curve was made. From Fig. 3, it is noticed that there is a good
agreement between the simulated and experimental data of upper AOP and bubble point
pressure after fluid characterization and tuning processes of the fluid and asphaltene by
using the EOS models. The acceptable tuning process of these two important properties of
the fluid and asphaltene will become an indication for the successful simulation process of
predicting asphaltene precipitation curves at different temperatures.

The three models gave the following results of asphaltene precipitation curves for different
temperature values, as shown in the figures below. It was observed from Figs. 4 and 5 that
there is a very large match between the three models in predicting the asphaltene
precipitation curve at temperatures of 111 °C and 70 °C, respectively, with a very slight
discrepancy that is almost invisible at temperatures of 70 °C. When the temperature is at
reservoir temperature, which equals 111 °C, the maximum asphaltene mass% is at the
bubble point pressure (3128 psia) that equals 0.29 while for the temperature of 70 °C, the
maximum asphaltene mass% is at the bubble point pressure (2780 psia) that equals 0.24.
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Figure 3. The predicted and experimental curves of upper AOP and bubble point pressure.

The experimental value of the bubble point pressure of the oil was 3135 psia at a
temperature of 111 °C and by simulation process was 3128 psia at the same temperature
this result is more acceptable for predicting the asphaltene precipitation curves by using
EOS models.

Asphaltene mass %

0.35

0.3

0.25

0.2

0.15

0.1

0.05

T=111 °C

=== CPA EOS
APR78 EOS
ASRK EOS

2000

2500

3000

3500
Pressure (psia)

4000 4500

Figure 4. Asphaltene precipitation curve at 111 °C.

In Figs. 6 and 7, it was shown that the ASRK EOS and CPA EOS models were also completely
identical and largely diverged from the APR78 EOS model when predicting the asphaltene
precipitation curve at 50 °C and 40 °C, respectively, especially when the pressure exceeded
the bubble point pressure at these two temperatures. At a temperature of 50 °C, the ASRK
EOS and CPA EOS models gave a maximum asphaltene mass% of 0.12 at a bubble point
pressure of 2530 psia while the maximum asphaltene mass% of the APR78 EOS model is

0.135 at a bubble point pressure of 2500 psia as shown in Fig. 4.
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Figure 5. Asphaltene precipitation curve at 70 °C.
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CPA EOS
0.14 APR78 EOS
ASRK EOS
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0.1
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Asphaltene mass %

0 = ; A I ———
2000 2200 2400 2600 2800 3000 3200 3400 3600

Pressure (psia)

Figure 6. Asphaltene precipitation curve at 50 °C.

When the temperature was decreased to 40 °C, the large discrepancy between the model
results as well as the decrease in the concentration of precipitated asphaltene appeared, as
shown in Fig.7. The maximum asphaltene mass% by both two models (ASRK EOS and CPA
EOS) is 0.028 at the bubble point pressure of 2420 psia, and it equals 0.06 at the bubble point
pressure of 2360 psia. From previous figures, it was noticed there is a diverge in predicting
the precipitation curves at the low temperatures between APR78 EOS and both models of
ASRK EOS and CPA EOS. The reason for this behavior can be attributed to the limitations of
these models. The selection of the precipitation model will affect asphaltene deposition
prediction therefore it must consider these limitations before choosing the model, especially
at lower temperatures. Because the ASRK EOS and CPA EOS models gave completely
identical results for all temperatures, the CPA model was chosen to predict the asphaltene
precipitation curve for more temperature values, starting from the reservoir temperature
up to the surface temperature, as shown in Fig. 8.

46



A. A. Ali and G. H. Abdul-Majeed Journal of Engineering, 2025, 31(1)

0.06
CPAEOS

APR78 EOS

o
o
a

ASRK EOS

o
o
B

Asphaltene mass %
=] =]
o o
N w

0 | — —

2000 2100 2200 2300 2400 2500 2600 2700 2800 2900

Pressure (psia)

Figure 7. Asphaltene precipitation curve at 40 °C.
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Figure 8. Asphaltene precipitation curves prediction by CPA EOS model.

It can be observed from this figure that there is an increase in asphaltene precipitation at all
bubble point pressures and for all temperatures. There is also an increase in the
precipitation as the pressure decreases and approaches the bubble point pressure and
decreases after crossing this pressure. This is due to the dissolution property of asphaltene
in oil before and after the bubble point pressure according to studies by (Tavakoldavani
and Ashoori, 2017; Jamaluddin et al., 2002). The asphaltene precipitates from oil before
bubble point pressure because of gas liberation with decreasing pressure which causes
density reduction of oil and returns to dissolve in oil after bubble point pressure due to
increasing oil density after gas separation from oil. If the figure is carefully looked at, it can
be seen that there is an increase in the concentration of asphaltene precipitation with a
decrease in temperature, reaching a temperature of 90 °C, and then the deposition area gets
smaller little by little, reaching the lowest concentration curve at a temperature of 40 °C.
These results are consistent with the results of previous studies (Hirschberg et al., 1984;
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Afshari et al.,, 2010; Hasanvand and Kharat, 2014). The maximum concentration of
asphaltene is at higher temperatures (111, 100, and 90 °C) which equals approximately 0.3,
and then decreases step by step until reaching 0.025 at a temperature of 40 °C. Therefore, it
is expected that there will be asphaltene deposition in areas where the temperature is within
these limits.

5. CONCLUSIONS

After achieving the study objective, which is to compare the three mentioned models of cubic
state equations in studying this complex and common problem during oil production
operations, which is the problem of asphaltene precipitation, the following points can be
concluded:

1. There was a discrepancy or difference between the APR78 EOS and the models ASRK EOS
and CPA EOS in predicting the curves of asphaltene precipitation at lower temperatures.

2. The two models ASRK EOS and CPA EOS gave the same results in simulating and
determining the precipitation curves for all temperature values. This means that there is
not a very clear effect of the association part that was added to the CPA EOS model, and
it did not achieve a significant difference from the model without this part (ASRK EOS).

3. Given the critical role that asphaltene deposition plays in the oil production system,
accurately modeling and simulating this process is essential for identifying potential
deposition locations and thickness. This information can then be used to optimize
production processes and mitigate flow assurance issues, thus enhancing overall
efficiency and productivity.

4. The increase in the weight percentage of precipitated asphaltene before the bubble point
pressure is due to the dilution of the oil with the formation of gas inside the oil, and the
highest percentage of precipitation occurs at the bubble point pressure because the oil is
the lightest possible in this region, and thus the asphaltene molecules can precipitate due
to their high density and molecular weight. The precipitation rate begins to decrease
after the bubble point pressure due to the release and separation of the gas from the oil.
Thus, the oil is dense, and the asphaltene molecules cannot collect and precipitate due to
the close density and molecular weight as they return to dissolution in the oil.

For future work, The three models of asphaltene precipitation can be applied to predict
asphaltene deposition along the total production system by linking them to the particle
transport model, multiphase flow model, and deposition model of asphaltene.

NOMENCLATURE

Symbol | Description Symbol | Description

a Equation of state parameter T, Critical temperature, °C

b Equation of state parameter \4 Volume, ft3

c Equation of state parameter Xai The mole fraction of site-A in molecule i is
not bonded to any other site/s

g Radial distribution function Xi Mole fraction of component i

p Pressure, psia yA A mole fraction of the fluid

Pc Critical pressure, psia p Density, Ib/ft3

R Universal gas constant W Acentric factor

T Temperature, °C
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