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ABSTRACT 
 

Modeling of Asphaltene Precipitation and Depostion 

by 

Ali Abdul Kareem Al Hammadi 

 

The tendency of asphaltene to deposit and block tubing can potentially lead to 

production loss and significant cost of remediation. Unlike other deposits, the 

deposition behavior of asphaltene is still not fully understood and is hindered by 

asphaltene complex nature. This thesis will provide insight into the mechanism of 

asphaltene deposition through a better understanding of its thermodynamics and 

kinetics. Despite the contribution made by this thesis to better understand its 

behaviors, asphaltene still represents an ongoing challenge. 

Generally, a lengthy and time consuming characterization is required to obtain 

the optimum parameters before using EOS for crude oils. Therefore, an automatic 

characterization has been developed. In this thesis, a comparison between CPA 

and PC-SAFT EOSs is presented to illustrate their potential and limitations on the 

prediction of asphaltene phase behavior, and PVT properties over a range of 

pressure and temperature. With an optimized characterization, both EOSs give 

acceptable predictions of the asphaltene precipitation tendency. However, PC-

SAFT is superior in the prediction of derivative properties especially at high 

pressures. 
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As gas injection is crucial part of enhanced oil recovery, the effect of various 

gases on asphaltene phase behavior is presented. Nitrogen is shown to be the 

strongest precipitant while hydrogen sulfide stabilizes asphaltene. 

The addition of polystyrene to a mixture of asphaltene and toluene causes 

phase separation into two liquids due to depletion flocculation and is modeled 

using PC-SAFT EOS. The effects of temperature, pressure and polystyrene MW 

on the mixture phase behavior are investigated. The phase behavior was not 

sensitive to the range of pressures studied; however, increasing temperature or 

reducing polystyrene MW caused the one phase region to expand.  The paper 

demonstrates that a solution model with rigorous physics can capture the depletion 

flocculation mechanism typically presented as colloidal behavior. 

This thesis also introduces Asphaltene Deposition Tool by incorporating both 

asphaltene kinetics and thermodynamics. The asphaltene phase behavior is 

described by PC-SAFT EOS while transport equations are coupled with kinetic 

rates of precipitation, aggregation and deposition. The transport model is 

simplified resulting in dramatic speed up of the simulator. Furthermore, this thesis 

presents a field case as well as the effects of different gases and GOR on 

asphaltene deposition. 
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1 INTRODUCTION 

1.1 Research Motivation 
 

The thorough understanding of the changes that are undertaken by the reservoir 

fluid is of great significance for maximizing production. These volumetric and 

phase changes due to changes in temperature, pressure and composition can 

sometimes lead to operational problems. As crude oil contains numerous 

components, some of these components under certain conditions can precipitate, 

deposit and block the pipelines. Some of the common deposits are hydrates, wax 

and asphaltene. Unlike other deposits, asphaltene constitutes a particular interest 

in the oil production due to the lack of understanding of its behavior and its 

tendency to precipitate. Since prevention is far less expensive than removal, a 

better understanding of mechanism of deposition of asphaltene is vital. Moreover, 

this will enable the accurate prediction of magnitude and occurrence of asphaltene 

deposition in the wellbore. Such knowledge can save millions of dollars per year 

as it will differentiate the cases where there will be extreme deposition from the 

minimal and the no deposition cases. 

1.2 Objectives  
 

There are three main objectives for this work:  

1. Standardize the PC-SAFT characterization technique used to obtain the 

phase behavior of crude by studying the uniqueness of the parameters. 

This will enable the development of fully automatized characterization. 
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2. Investigate the strengths and limitations of PC-SAFT equation of state by 

comparing it to other models. This will be done by examining the ability of 

these equations of state to model various crude oils and their 

thermodynamic properties.  

3. Examine the effect of the presence of various components such as gases 

and polymers on asphaltene phase behavior. This is important for 

enhanced oil recovery as it will enable a better understanding of their 

effect in shifting the asphaltene precipitation envelope. This is also critical 

for forecasting and predicting accurately the deposition profile along the 

wellbores due to secondary and tertiary oil recovery. 

 

1.3 Thesis Structure  

 

Chapter 2 offers a review on asphaltenes in crude oil systems. Asphaltenes 

definition, chemistry and theories related to its stability and influence in the oil 

production are presented. The examination of asphaltene properties can be key to 

anticipating and avoiding possible asphaltene problems. 

Chapter 3 presents an overview of the different characterization techniques 

available in literature. In addition, different equations of state including cubic and 

non-cubic will be explained in detail. Those equations of state will be compared to 

better understand their strengths and drawbacks by modeling the asphaltene phase 

behavior, first and second order derivative properties. The second order 



3 
 

thermodynamic properties can provide a lot of information about the accuracy of 

the model as they are more sensitive to errors.  

Chapter 4 examines the contributing factors leading to shifts in asphaltene 

phase behavior. It also explores the effects of injecting different gases on the 

precipitation of asphaltene. Such information can be critical before enhanced oil 

recovery decision is to be made. The chapter also demonstrates the effect of 

adding polymer to asphaltene phase behavior. This will help in understanding the 

effect of asphaltene self-aggregation on its stability. 

Chapter 5 will examine the transport contributing phenomena of interest such 

as, advection, diffusion, precipitation, aggregation and deposition. This simulator 

will be able to predict the asphaltene deposition profile along the wellbore. The 

thermodynamics will determine the region of instability of asphaltene while the 

kinetics will determine the magnitude of asphaltene deposition. The phase 

behavior of asphaltene will be described by the PC-SAFT EOS while the transport 

equations are coupled with kinetic rates of precipitation, aggregation and 

deposition. The objective of this chapter is to understand in a macroscopic view 

how asphaltene is transported and deposited in the wellbore through the revision 

of the existing model, Asphaltene Deposition Tool (ADEPT).  
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2 ASPHALTENE CHEMISTRY 
 

Asphaltene is a polydisperse mixture that is found in crude oils, along with 

alkanes, aromatics, resins and other components. Although asphaltene is important 

in production, transportation, storage and refining processes, its chemical identity 

is still obscured. Consequently, the classic definition of asphaltene is in term of its 

solubility in other crude oil components. Asphaltene is insoluble in low molecular 

weight alkanes specifically, n-pentane and n-heptane, but completely miscible in 

aromatic hydrocarbons such as benzene and toluene. The French chemist Niepce 

was the first to assign scientific application to asphaltene and to photograph it in 

1826. However, the term "asphaltene" was later devised by the French J.B 

Boussingault in 1837 as he was describing the constituents of some bitumen and 

distillation residue and noticed its resemblance to the original asphalt 
2-3

. The 

knowledge of asphaltene is very limited due to its complexity. On the other hand, 

problems such as flocculation, aggregations, precipitation, well bore blockage, 

and catalyst deactivation are frequently associated with asphaltenes 
4
. It is already 

known that the total amount of asphaltene can no longer be a good indicator of the 

severity of these problems. The examination of asphaltene properties, however, 

can be key to anticipating and avoiding possible problems. This includes the 

determination of physical, chemical and structural properties of asphaltene. The 

following sections discuss asphaltene's chemical composition, molecular structure, 

molecular weight, density, interfacial characteristics, viscosity, solubility 

parameter, refractive index and asphaltene stability theories. 



5 
 

2.1 Chemical Composition 
 

The characterization of asphaltene and its characteristics is a long standing 

challenge since asphaltenes are defined as solubility class. Such definition can 

compromise a wide range of various chemical compounds which share similar 

solubility range. The self-aggregation behavior at very low concentration and in 

very good solvent makes its analysis extremely difficult. Consequently, the 

understanding of these fractions can be a daunting task. However, some studies 

suggest that the key components of asphaltene are carbon, hydrogen, nitrogen, 

oxygen, sulfur and metallic elements including vanadium and nickel. Asphaltenes 

are different depending on their source yet an average ratio of carbon to hydrogen 

is estimated to be around 1:1.2 
5-6

. 

2.2 Molecular Structure 
 

The debate over asphaltene structure is usually attributed to the strong self-

aggregation behavior. These nano-aggregates are comprised of various types and 

sizes of asphaltene and consequently our inability to quantify them separately 
7-8

. 

Many hypothetical structures can be drawn in which the average amount of 

carbon, hydrogen, nitrogen, oxygen, sulfur and the metallic elements can be 

matched. However, these structures generally fail to represent the character and 

properties of asphaltenes 
9
. Of these structures, there are two structures that are 

most accepted. The first, proposed by Yen 
10

, is known as the condensed aromatic 

cluster model, also known as Yen model, and has a low molecular weight. This 
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structure postulates an extensive pre-condensed nature forming aromatic nuclei as 

shown in Fig.2.1a. This structure, developed by means of a physical and 

spectroscopic approach such as excitation and x-ray diffraction, can be further 

parameterized by aromaticity and substitution extent, which can be defined as the 

number of substituent group per base unit 
10

. The second, proposed by Speight 
11

 

and later emphasized by Murgich et al. 
12

, is known as the bridge aromatic model 

in which aromatic nuclei are interconnected through tree-branch like structures 

called bridges as shown by Fig.2.1b. This model is based on structural mechanics 

and selective oxidation. In addition, data obtained through cracking and pyrolysis 

of asphaltene agrees with the bridge aromatic model 
11-12

. 

 

Figure 2-1 Proposed models for asphaltene structure a) condensed aromatic cluster model 
10

 b) 

bridge aromatic model 
12

. Data obtained through cracking tend to agree more with the bridge 

aromatic model 
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However, application of many sophisticated methods to asphaltenes has greatly 

improved our understanding of their molecular structure 
13

. The currently accepted 

model is the Modified Yen model (Fig 2.2) which was developed on the Yen 

model by Groenzin and Mullins 
14

. This is due to ability of the model to clarify 

and explain the character and the commonly observed phenomena of asphaltenes. 

The Modified Yen model suggests that the marginal alkanes surround a moderate 

size polycyclic aromatic hydrocarbon. Then, a few asphaltene molecules, 

estimated to be a group of 5 to 7 molecules, then further aggregate forming nano-

aggregates. These nano-aggregates, almost 3 nanometers in diameter, tend to 

cluster in what some researchers refer to as a formation of bridge aromatic model 

14
. 

 

Figure 2-2 The Modified Yen model 
14

. This model is the currently accepted model. The molecular 

form of asphaltene is only dominant at extremely low asphaltene concenration (left). Once the 

asphaltene concenration rise a bit, nanoaggregates form that are tightly bound and consist of ~ 6 

molecules (middle). At higher concenration, clusters of nanoaggregates can form (right) 

 

These results were further supported through nanofiltration
15

, 

ultracentrifugation 
16

, and small angle scattering techniques 
17-19

. These studies 

demonstrated that typically asphaltene exists in nanoaggregates form which then 



8 
 

further associate into fractal clusters 
16, 18, 20-22

. However, the fraction of each 

form, i.e. molecules, nanoaggregates and cluster, is unknown. An improved 

understanding of the transition between the different stages can aid in uncovering 

the fundamental behaviors of asphaltene systems 
23

. 

The asphaltene concentration at which aggregation begins is called the critical 

nanoaggregates concentration (CNAC) 
21

. This concentration was found to be 

below 100 mg/L using various measurements such as high-Q ultrasonics 
24

, static 

light scattering 
25

, DC conductivity 
26

, NMR 
27

, and TOF-MS 
28

. Higher 

concentration of asphaltenes (2-10 g/L) is required before clusters are formed. 

These values are obtained through DC conductivity 
21, 29

 and surface tension 

measurements 
30-31

. Those results are further backed up by numerous studies using 

small-angle X-ray and neutron scattering (SAXS and SANS). Those results 

indicate that asphaltene fractal clusters exists in both model systems 
18, 22, 32

 and in 

crude oils 
19, 33

 and due to their loosely bound nature, large quantities of solvents 

is typically entrained in their structures 
32

. According to Headen et al., those 

clusters can persist to micrometer sized flocs 
33

. 

SAXS and SANS can also be used to study the formation and dissociation of 

asphaltene clusters and nanoaggregates. Unfortunately, no cluster breakup or 

nanoaggregate dissociation of asphaltene was observed in previous SAXS and 

SANS studies. This is most likely due to the fact that most of these studies do not 

reach as low as the CNAC 
34-35

. However, a general decrease in size was found as 

the concentration of asphaltene decreased 
36

. 
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2.3 Molecular Weight 
 

The controversy over the molecular weight of asphaltenes has been present for 

decades 
14

. The polydispersity in addition to the self-aggregation are the main 

causes of uncertainty in reporting the value of asphaltene molecular weight that 

usually does even vary in an order of magnitude. Moreover, the tendency of 

asphaltenes to aggregate even at low concentration and in very good solvents 

makes the standard measurements seldom in agreement 
37

. As a result, different 

methods were proposed to estimate the molar mass of asphaltenes such as vapor 

pressure osmometry, ultracentrifuge, laser mass spectroscopy and viscometry. The 

Vapor Pressure Osmometry (VPO) has become the most dominant and reliable 

technique due to its simplicity and low cost. In 2003, Spiecker et al. 
38

 used VPO 

and reported molar mass of asphaltene in the range of 600 to 3000 g/mol. Other 

VPO studies suggest that the average nanoaggregate molecular weight can go up 

to 30,000 g/mol 
39-42

. Unfortunately, VPO is probably not the best technique for 

heavy petroleum fractions, especially asphaltene due to its strong association 

behavior. This association leads to the formation of aggregates that cause severe 

deviations in VPO MW measurements
43-45

. In addition, as discussed in the 

previous section, the aggregation occurs at relatively low concentrations, which 

are beyond the operating window of VPO analysis. Besides, the VPO MW of the 

heavy petroleum fraction is known to increase nonlinearly with the solution 

concentration. This makes the conventional linear regression analysis used to 

obtain MW highly inadequate to fit the VPO data for such strong molecular 
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association systems 
44

. Moreover, values obtained through VPO are very sensitive 

to variation in temperature and solvent properties
14, 40

. Therefore, any small 

variations can cause inaccuracy in the measurements.  

Similarly, ultracentrifuge
46

, molecular film
42

 and gel permeation 

chromatography measurements
47

 tends to overestimate the molar mass of 

asphaltene while the viscometry tends to underestimate
38

. Recently, using laser 

mass spectroscopy, Pomerantz et al. determined the molecular weight of non-

aggregated asphaltenes to be ~600 g/mol 
48

. Lately, Mullins et al. concluded that 

non-aggregated asphaltenes have an average molar mass of ~750 g/mol 
49

 while 

the nano-aggreagates has an average of ~1600 g/mol 
50

. 

Asphaltene aggregation makes its apparent molecular weight concentration 

dependent as more asphaltene means larger clusters and consequently detection of 

larger molecular weight 
51

. The effect of association in heavy fractions is clear in 

the measurement of asphaltene MW. This in turn contributes to the discrepancies 

in asphaltene chemistry present in the literature
49, 52-53

. The molecular weight is of 

great significance as it will be demonstrated later in the characterization method. 

2.4 Density 
 

Crude oils are typically classified as light, medium, or heavy based on the API 

gravity which essentially is a reflection of the crude oil density. Moreover, the 

density is a key parameter for many calculations. The density of asphaltene at 

ambient conditions is believed to be between 1.1 and 1.2 g/cm
3 54

. Most 

researchers follow the Yarranton et al.'s 
55-56

 indirect calculation to determine 
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asphaltene density from mixtures of asphaltenes in toluene. Diallo et al. used 

isothermal isobaric ensemble molecular dynamics (NPT MD) simulations to 

model asphaltene and determined an average value of 1.12 g/cm
3
 
57

. On the other 

hand, Zuo et al. and Akbarzadeh et al. believe that asphaltene density is directly 

related to its molecular weight due to the polydispersity nature of asphaltenes. 

Therefore, the asphaltene density in kg/m
3
 can be calculated from the following 

expression 
58-59

: 

𝜌 = 670 𝑀𝑊0.0639                (Eq. 2.1) 

where MW is the asphaltene molecular weight in g/mol. A simple calculation 

shows that a value of asphaltene molar mass of 1600 g/mol gives a density of 

1.074 g/cm
3
 which is close to what most researchers agree upon. 

2.5 Interfacial Characteristics 
 

The interfacial characteristics of asphaltene are vital as when it becomes 

unstable, it tends to form a separate phase and transfers to the interfaces. Its 

aggregation at the oil/water interface stabilizes water-oil-emulsions. Yet, the 

major concern is when asphaltene accumulates at oil/solid interfaces, it alters the 

surface wetting properties and plugging wellbores 
60

. Asphaltene is known to be a 

moderate surface active agent. For instance, it decreases the surface tension of 

toluene by almost 10% (30.5 to 28.5 mN/m) when dissolving asphaltene in 

toluene 
61

. Asphaltene adsorption at interfaces is a very slow process. However, 

the initial diffusion step of asphaltene is extremely rapid due to the large 

difference in its concentration. The slowness of adsorption is attributed to the long 
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re-organization and continuous building of multilayers 
62

. Moreover, this re-

organization is faster at oil/water interfaces than at oil/air interfaces, yet the 

formation of progressive multilayer is of a similar time scale. Therefore, it is 

believed that the adsorption of asphaltene is not diffusion limited but re-

organization controlled 
63-64

. Furthermore, the nature of solvents plays a major 

role in determining the speed at which the adsorption equilibrium is reached, i.e. 

faster for good solvents and slower for poor solvents as can be demonstrated in 

Fig.2.3 
62

.  

 

Figure 2-3 Adsorption time at the oil/water interface as a function of asphaltene concentration in 

oil. Adapted from Jeribi et al.
62

. The adsorption for good solvents is faster than for poor solvents. 
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It can be observed that in case toluene being the solvent, adsorption time 

decreases as asphaltene concentration increase. In contrast, the opposite happens 

in case of mixed toluene-heptane, which is not a good solvent for asphaltene 

compared to toluene. Therefore, the interaction between asphaltene molecules 

becomes more attractive as the solvent becomes poorer. This results in asphaltene 

clustering into aggregates, whose size increases as asphaltene concentration 

increases. The larger size of these aggregates hinders its motion toward the 

interface. In case of good solvents, the reverse occurs as the interactions are less 

attractive 
62

. 

Nevertheless, the presence of surfactants alters the adsorption process due to 

the existence of co-adsorption. The mixed surface layers in the stabilize oil drops 

against combination 
62

. Initially, caused by the size difference, surfactant 

molecules reach the interface faster than asphaltene. At intermediate time, 

asphaltene molecules reaching the interface filled with surfactants lead to a 

minimum in surface tension 
65-66

. However, eventually, an interesting and unique 

phenomenon occurs, in which the surface tension increases with time (see Fig. 

2.4) indicating that the adsorption at the liquid/liquid interface is accompanied by 

transfer of surfactants across the interface 
62, 66-67

. This phenomenon is not seen if 

surfactants or asphaltene particles exist by itself 
67

. 
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Figure 2-4 Dynamic interfacial tension as function of time based on oil/water interface in the 

presence of surfactants and asphaltene (toluene solution of asphaltenes (3 wt%) and an aqueous 

solution of Triton X405 (1 wt%)) 
62

. The figure demonstrate the unique phenomenon in which the 

surfactants and asphaltene particles exchange along the interface causing the interfacial tension to 

increase. 

 

2.6 Viscosity 
 

Despite the significance of transport properties, there is still a lack of 

understanding of transport properties compared to equilibrium properties. The 

additional difficulty in transporting crude oils arising from the increased viscosity 

due to the presence of asphaltene is a great example of the importance of the 

transport properties 
68

. Asphaltene can also be found in chocks, well tubing and in 

the vacuum side of pumps 
69-70

. As crude oil can be approximated as a polymeric 

system, Sirota and Lin attributed the increase in viscosity of these crude oils to its 
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glass transition temperature and a decrease in viscosity is achieved by 

plasticization which occurs due to dilution causing a relative increase in the glass 

transition temperature 
71

. On the other hand, Luo and Gu attributed the dramatic 

increase in viscosity to the attractive interaction between asphaltene particles 
72

. 

Whatever is the true cause, this increase in viscosity becomes remarkable as the 

asphaltene onset is reached. Hence, the increase in viscosity is used to detect the 

asphaltene onset of flocculation using capillary viscometery as shown in Fig.2.5. 

However, these viscometeries are limited by the capillary clogging caused by 

asphaltene precipitating excessively 
73

. 

 

Figure 2-5 Remarkable increase in viscosity as the asphaltene onset of flocculation is reached 
73

. 

This increase can be used to detect the asphaltene onset. 
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The high viscosity of asphaltene can be attributed to its high molecular weight 

as well as the self-aggregation. For example, high molecular of C7-asphaltene led 

to it having higher viscosity compared to C5-asphaltene 
74-75

. Consequently 

breaking up the molecular chain of asphaltene can also reduce the oil viscosity. 

Chakma and Berruti 
76

 and recently Najafi et al. 
77

 used ultrasonic waves and 

found an estimated 10-20% decrease in heavy asphaltenic oil viscosity. 

Currently, transportation of heavy crudes oil is done in one of three main 

ways. The simplest and most convenient option is the dilution by adding lighter 

hydrocarbons. On the other hand, in order to obtain acceptable transportation 

limits, as high as 30% v/v diluent might be required 
69

. Heating pipelines is 

another solution as viscosity decreases exponentially with increasing 

temperature
78-79

. The last main option is the generation of oil/water emulsion via 

surfactants. However, separating oil and water phases is a complex process and if 

unsuccessful, the presence of water in oil means a dramatic decrease in its value
69

. 

Generally, crude oils contain up to 5% asphaltene and have a kinematic 

viscosity of 0.6 cSt at ambient conditions 
73

. The viscosity behavior of natural 

gases and crude oils can be simulated using natural gas viscosity models, dilute 

gas limit models, liquid and crude oil viscosity models, and colloidal dispersion 

models. 

The natural gas viscosity model utilizes the theory of corresponding states; 

that is the viscosity ratio can be obtained from reduced temperature and pressure. 

Some of these models are the Carr, Kobayashi, and Burrows model 
80

, and the Lee 

model 
81

. 
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The dilute gas limit models, including those by Herning and Zipperer 
82

, and 

Chung et al. 
83

, assume that molecules do not interact with each other and 

consequently, the system bulk response is identical to the molecules response. 

Although these models are of limited applicability and are only valid for gases, 

they are actually a great starting point of many of other liquid viscosity models. 

The idea is that liquid viscosity will represent the dilute gas viscosity as the 

pressure approaches zero. 

The liquid and crude oil viscosity models, such as Lohrenz Bray Clark (LBC) 

model 84, Twu model 85 and friction theory 86-88, are more common in the industry to 

obtain the viscosity. 

The colloidal models are also an effective way to model heavy oil viscosity 

behavior in which the oil is considered as a colloidal suspension model and the 

asphaltene particles are dispersed 
89

. Some of these models are the Pal-Rhode 

model 
90

 and Mooney model 
91

. 

2.7 Solubility Parameter 
 

Another important tool to explain the phase behavior of asphaltene is the 

solubility parameter (𝛿). For non-polar fluids, the solubility parameter can be 

readily calculated using the Hildebrand model as shown by Eq 2.2. The 

Hildebrand model provides an estimation of the degree of material interactions.  

𝛿 = √𝐶𝐸𝐷 = √−
𝑈𝑟𝑠𝑚

𝜐
             (Eq. 2.2) 
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where CED is the cohesive energy density, U
rsm

 is the residual internal energy 

and is the pure liquid volume. The cohesive energy density is defined as the 

energy required to remove a molecule from its neighboring molecules to an 

infinite distance, i.e. from the real state to an ideal state 
92-94

. Therefore, the extent 

of miscibility of the solvent and solute is directly linked to their closeness of the 

solubility parameters. For a pure component, the residual internal energy and the 

liquid volume can be easily calculated. In fact, Barton 
95

 and Hansen
96

 tabulated 

the solubility parameter for several pure components. However, for asphaltene 

which is more complex, self-associate and highly poly-dispersed, those 

parameters are not as easy to be obtained. As a result, indirect methods such as the 

fitting to titration experiment are widely used to estimate aspaltene solubility 

parameter. The following table (Table 2.1) summarizes reported asphaltene 

solubility parameter by fitting to the asphaltene solubility data. 

 

Table 2-1 Asphaltene solubility parameter determined indirectly by fitting to existing data. The 

range of solubility parameters is due to the different interpretation of the data and solubility 

models used. 

Reported Asphaltene Solubility 

Parameter (MPa
½
) 

Paper 

19.5 Hirschberg et al. 
60

 

17.6-21.3 Lian et al. 
97

 

19.0-21.0 Yarranton and Masliyah 
56

 

19.0-22.0 Andersen 
98

 

20.0-20.5 Wang and Buckly 
99
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Alternatively, Yarranton and Masliyah recommend a semi empirical correlation 

to calculate the solubility parameters of asphaltene 
55-56

: 

𝛿 = (𝐴𝜌)
1

2⁄               (Eq. 2.3) 

where A is the monomer heat of vaporization in kJ/g and ρ is the asphaltene 

density in kg/m
3
. The constant A is fitted to the onset of asphaltene 

55-56
. Other 

empirical correlations to estimate asphaltene solubility parameter, such as by 

Chung et al. 
100

 and Zhou et al. 
101

, are based on asphaltene molecular weight. 

Recently, refractive index has been used to calculate asphaltene solubility 

parameter such as by Wang and Buckley 
99

 and Creek et al. 
102

. More on this is 

present in the following section. 

Among crude oil components, the family of asphaltenes is known to possess 

the highest solubility parameter 
103

. The following graph (Fig. 2.6) illustrates 

typical solubility values for crude oil at standard conditions.  
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Figure 2-6 Solubility parameters for saturates, aromatics, resins and asphaltene at ambient 

conditions 
103

. Asphaltene has the highest solubility parameter 

 

The crude oil solubility parameter is dependent on temperature, pressure and 

composition. Altering any of these parameters will alter the crude oil solubility 

parameter. For instance, adding low molecular weight alkanes, low solubility 

parameters, will lower the overall asphaltene solubility in the crude oil 
103-104

.  

Due to the fact that the closer the solubility parameters between two 

components, the more miscible they are, many studies have looked at the 

solubility parameter under which asphaltene becomes relatively unstable. At that 

critical solubility parameter or more commonly known as precipitation onset, the 

most insoluble asphaltene subfraction begin to precipitate. The rest of subfractions 

precipitate as the solvent solubility parameter decreases more 
105-106

. 
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2.8 Refractive Index 
 

The refractive index (RI) is defined as the degree to which light refract as it 

pass through a medium. For most hydrocarbons, the refractive index can be 

measured readily using refractometers and with high reliability 
107-108

. Recently, 

this parameter has achieved growing attention especially in petroleum industry as 

it be used for various reservoir calculations such density 
109

, critical constants, 

heat capacities 
107, 110-111

, viscosity 
112

, surface tension 
107

, oil slick thickness 
113

, 

wetting alterations in reservoirs 
108, 114-115

 and predicting asphaltene onset 
108, 116-

117
. However, heavier crudes are too opaque for refractometers and thus, the 

refractive index is measured at diluted concentrations and then extrapolated to the 

crude oil value using mixing rules 
114-116, 118-119

. On the other hand, many studies 

suggest that dilution may have unintended effects on the crude oil and 

extrapolation may not be the best solution 
120

. To overcome this, reflection-based 

techniques such fiber-optics 
51, 121-122

 and critical-angle measurement have been 

used 
115

. 

Although the asphaltene chemistry is complex, a simple relationship between 

the refractive index (RI) and asphaltene onset of precipitation was observed 
117

. 

Therefore, the refractive index can be used instead of the solubility parameter as 

an indicator of asphaltene stability. In addition, the refractive index and the 

solubility parameter are linked and can be inter-converted through a simple 

empirical correlation 
99, 108

 as shown in Eq. 2.4 at 20 
o
C: 

              𝛿 = 52.042 𝐹𝑅𝐼 + 2.904 = 52.042 
𝑅𝐼2−1

𝑅𝐼2+2
+ 2.904             (Eq. 2.4)       
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The refractive index of asphaltene is known to be in the range of 1.7 to 1.8 

which represents the highest refractive index among crude oil components 
117

. The 

main advantage of this approach is the ease of obtaining the refractive index in 

oppose to the complexity in obtaining the solubility parameters 
108

. 

The one-third rule, developed by Vargas et al., provides an easier approach in 

calculating the solubility parameters by relating the refractive index factor (FRI) 

to the mass density of the fluid 
123-125

. However, a more accurate representation 

(Eq. 2.5) is required for light hydrocarbons as they deviate from the one-third rule. 

This representation can be obtained by incorporating the Lorentz–Lorenz 

expansion into Eq. 2.4 
124, 126

.  

𝛿 = 12.0425 𝜌3 − 20.5618 𝜌2 + 26.302 𝜌 + 2.904               (Eq. 2.5) 

      Taylor et al. 
116

 and Fan et al. 
127

 illustrated that the onset of precipitation can 

be detected from RI measurements. Consequently, they suggested that asphaltene 

stability can be decisively obtained by the difference in the refractive index in 

normal conditions and at the onset. As SARA analysis, i.e. saturates, aromatics, 

resins and asphaltene) is typically used to measure crude oil composition, their 

individual effect on the refractive index was studied. It was found that that 

aromatics has almost no effect on the oil RI, while saturates correlates negatively 

with the oil RI. On the other hand, both resins and asphaltene correlate positively 

with the oil RI. Therefore, as a rule of thumb, reducing maltene RI will lead to a 

decrease in asphaltene stability 
127-129

.  

Using the same concept, Wang and Buckley 
130

 developed the asphaltene 

instability trend (ASIST) method to predict asphaltene precipitation onset. The 
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ASIST method is based on the linear relationship between the FRI and the crude 

oil volume fraction in the absence of asphaltene precipitation. However, a 

graduation deviation is observed when asphaltene starts to precipitate. This 

deviation is due to the fact that as asphaltene phase separate and flocculate, it can 

no longer contribute to the overall mixture refractive index 
131

. The ASIST 

method has been verified in number of studies as an appropriate indicator of the 

asphaltene instability in various crude oils 
102, 130

. Refractive index measurements 

at two different temperatures are required to extrapolate the temperature effect on 

the asphaltene instability trend 
130, 132

. 

The ASIST method is able to successfully capture the onset of asphaltene 

precipitation. However, it could not predict the amount of asphaltene precipitated 

out of the crude oil. This is most likely because the onset refractive index capture 

the heaviest asphaltene subfraction. Therefore, incorporating the polydispersity of 

asphaltene will improve the predictions of asphaltene amount 
132

. 
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2.9 Asphaltene Stabilization Theories 
 

Understanding asphaltene stability in crude oil has been a major concern in the 

oil industry. Consequently, two theories, colloidal and solubility models, have 

been proposed to explain asphaltene stabilization. 

2.9.1 Colloidal Model 

 

The idea of asphaltene following the colloidal model was first introduced by 

Nellensteyn 
133

 and improved by Pfeiffer and Saal 
134

. The colloidal model 

assumes that asphaltene and resin are polar molecules 
135

. In addition, it assumes 

that asphaltene are present in the crude oils as solid particles and that its stability 

is due to micelle formation 
136-137

. These asphaltene solid particles self-aggregate 

forming the core while resins adsorb on the core forming a steric stabilizing layer 

as illustrated in Fig. 2.7 
138

. Thus, due to their polar nature, resins act as a 

dispersant as they will prevent other precipitating agent from reaching asphaltene 

139
. 

 

Figure 2-7 Asphaltene colloidal model. Asphaltene is the core while resins adsorb onto the core 
138

. 

Resins will provide steric shell to prevent precipitating agents from reaching asphaltene. 
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According to this model, the precipitation of asphaltene upon the addition of 

considerable amount of diluent is due to the dilution of resin concentration. 

Murzakov et al. examined the stability of asphaltene due to the colloidal model by 

using the gravimetric sedimentation analysis and found that addition of resins 

decreases the amount of asphaltene precipitated 
140

.  

However, the addition of non-polar solvents such as toluene and alpha-methyl-

naphthalene also stabilizes asphaltene, although it reduces the concentration of 

resins. In addition, Goual used impedance analysis by tracking the charge carriers 

in asphaltene, caused by ionization of labile protons under the action of external 

electric field, and measuring their direct current conductivity in different mixtures 

and demonstrated that amount of resins is not high enough. Therefore resins are 

unlikely to coat asphaltene and consequently will not be able to provide the steric 

shell as proposed by the colloidal model 
141

. Moreover, Czarnecki used 

Hydrophilic-Lipophilic Balance to illustrate that asphaltene are not polar and do 

not form micelles 
142

. Consequently, Hirasaki and Buckley attributed asphaltene 

stability and phase behavior to its polarizability and not to its polar interaction 
117

, 

a conclusion which was later affirmed by molecular simulation 
143

. Thus, it can be 

concluded the asphaltene/resin polar-polar interaction is not defensible. 
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2.9.2 Solubility Model 

 

The second approach is the solubility model and is currently the most accepted 

theory for modeling asphaltene phase behavior. The solubility model assumes that 

in general the crude oil is a homogenous mixture of asphaltene solute and bulk oil 

solvent 
144

. This is a good assumption as long as asphaltene is stable. In addition, 

the precipitation of asphaltene has been treated as solid-liquid 
55, 145

 or liquid-

liquid equilibrium 
146-149

. These equilibriums are reversible; however, the stability 

of asphaltene determines the rate of re-dissolution 
150

. 

The solid-liquid model, supported by Nghiem et al., assumes asphaltene 

particles precipitate as pure solid, while oil and gas phases can be modeled with a 

cubic equation of state 
145

. Moreover, Mannistu et al. determined Athabasca 

asphaltene solubility using the solid-liquid model. In his model, the pure solid 

asphaltene and gas phase were modeled through Scatchard-Hildebrand solubility 

theory with Flory-Huggins entropy of mixing 
55, 151

. Nevertheless, Cross Polarized 

Microscopic (CPM) observations showed that the deposit contains n-alkanes 

enriched with wax besides asphaltene. In addition, it is worth mentioning that wax 

was found although the temperature was kept above the wax appearance 

temperature (WAT) 
108

. 

The liquid-liquid equilibrium, initially proposed by Hirschberg et al. 
60

, 

assumes that the equilibrium is between two liquid phases, oil-rich phase behaving 

as solvent and asphaltene-rich phase behaving as polymer 
146

. The difficulties 

encountered by this model were due to the inability of the cubic equation of state 
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to model the phase behavior and fluid densities especially at extreme conditions 

152
. These difficulties were overcome by using a modern non cubic SAFT equation 

of state. The Statistical Associating Fluid Theory (SAFT) equation of state has 

demonstrated excellent predictive capabilities applied to a wide range of mixtures 

including asphaltene containing systems 
153-156

. 

The Pertubated Chain version of SAFT (PC-SAFT) is used to model the phase 

behavior of various asphaltene mixtures. In addition, PC-SAFT is compared 

against Cubic-Plus-Association (CPA) EOS for modeling asphaltene phase 

behavior, and PVT properties. Furthermore, the accurate modeling of asphaltene 

phase behavior is essential for the prediction of asphaltene deposition behavior. 

More can be found in the following chapter. 
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3 CRUDE OIL CHARACTERIZATION AND EQUATIONS OF 

STATE PERFORMANCE 

 

The liquid-liquid solubility model is currently the most accepted model in 

determining the phase behavior of asphaltene. The phase behavior of asphaltene 

involves molecules of different sizes similar to polymer solution phase behavior;  

the equilibrium is between two liquid phases, an oil rich phase acting as solvent 

rich and asphaltene rich phase acting as polymer rich 
60, 146

. Initially, this model 

used cubic equations of state to model phase behavior of asphaltene-containing 

systems as a function of temperature, pressure and composition. However, cubic 

equations of state generally fail in these mixtures and under extreme conditions as 

will be later discussed 
152

. Therefore, more complex and powerful equations of 

state were needed to overcome these difficulties. The non-cubic SAFT equation of 

state has already proven its ability to accurately predict wide ranges of mixtures 

154-158
. Other non-cubic equations of state such as Cubic-Plus-Association (CPA), 

which combines the association term from SAFT into a normal cubic equation of 

state, will be also compared to the SAFT EOS in sections 3.5, and 3.6. 

As typical crude oil contains numerous components, considering each and 

becomes computationally expensive. Consequently, a characterization technique 

was developed in which similar components are lumped together. This technique 

aims to reduce the computational cost dramatically while still modeling phase 

behavior accurately. Unfortunately, the implementation and optimization of 

characterization is generally a lengthy and time consuming procedure. In addition, 
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the reproducibility of these results is questionable as it takes experienced 

personnel to perform it. Therefore, more insight is required into the 

characterization procedure in order to be standardized. A semi-automated 

optimization is developed to obtain the accurate prediction of asphaltene phase 

behavior. This chapter presents how this characterization is typically performed, 

and how it can be improved. Also, some equations of state that are commonly 

used for modeling the asphaltene phase behavior will be discussed and compared. 

Moreover, first order and second order thermodynamic properties will be 

compared by PC-SAFT and CPA. 

3.1 Performance of Equations of State in Modeling Asphaltene-

Containing Systems 
 

An equation of state is an equation which describes the state of a matter or 

system under given physical conditions. It is usually used to relate common matter 

properties such as mass, volume, and more importantly density to physical 

conditions such as temperature and pressure. The ideal gas law, simplest equation 

of state formulated by Claperyon in 1834, can be used for simple and quick 

calculations for gases at low pressures and moderate temperatures where gases 

can still be approximated as ideal gases. However, these gases can no longer be 

treated as ideal at higher pressures and lower temperatures where condensation 

occurs, and the ideal gas law fails to predict their behavior. As a result, more 

accurate equations of state including cubic and non-cubic have been developed. 

These equations tend to focus more on the prediction of the properties of gases 
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and liquid. However, some equations were even developed to describe solids 

which are outside the scope of this thesis. 

Unfortunately, although some equations of state are more accurate than others 

at certain conditions, none of them are able to predict all the properties of all 

substances under all conditions. Hendriks et al.
159

 presented the results of a survey 

in which the requirements of current industry for thermodynamic and transport 

properties are reported. Hendriks et al.
159

 concluded the urgent need for reliable 

and consistent experimental data. In many cases, the lack of data is due to their 

sampling cost, or the uncertainties within the obtained measurements. Similarly, 

the development of a predictive model over wide range of operating conditions is 

vital in designing the oil recovery projects and evaluating the new reservoirs 

leading to cost effective way to reduce the requirement of extensive experimental 

work
160

. 

Traditionally, the primary objective of most thermodynamic models is to 

provide accurate phase equilibria predictions. However, accurate and reliable 

determination of other thermodynamic properties such as densities, Gas-Oil Ratio 

(GOR), oil formation volume factors, isobaric heat capacity, and isothermal 

compressibility, is also becoming more important in the developing of the primary 

and the subsequent development of an oil field. These properties are essential for 

geoscientists and reservoir engineers mainly for the material balance computations 

and for determination of reserve estimates and the amount that can be 

recovered
161

. 
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It has been stated recently
162

 that accurate representation of derivative 

properties is important not only for obtaining a more complete assessment of the 

capabilities of the model for equilibrium properties, but also for transport 

properties which are often more difficult to correlate/predict. 

In this chapter, the focus is in modeling the phase behavior of asphaltene 

containing systems and its consequent properties. The cubic equations of state 

including Peng-Robinson (PR) and Soave-Redlich-Kwong (SRK) as well as the 

non-cubic equations of state including Statistical Associating Fluid Theory 

(SAFT) and Cubic-Plus-Association (CPA) will be described in detail and will be 

later compared. 

3.1.1 Cubic Equations of State 
 

Cubic equations of state such as SRK and PR are widely used in the petroleum 

industry due to their simplicity compared to non-cubic equations of state. 

However, the limitations of these equations of state are pushing for certain crude 

oil systems and industries to consider more complex accurate equations of state. 

The general expression of cubic equations of state is: 

                                    𝑃 =
𝑅𝑇

𝑉

(𝑉 + 𝛾1𝑏)

(𝑉 − 𝛾2𝑏)
−

𝑎(𝑇)

𝑉2 +  𝛼𝑏𝑉 + 𝛽𝑏2
                        (𝐸𝑞. 3.1) 

where R is the universal gas constant, T is absolute temperature, V is the molar 

volume, b is occupied molar volume by molecules, and a(T) is the attraction 

parameter dependent on temperature. The other parameters, γ1, γ2, α and β, are all 

constants that differ from one equation of state to another 
163

. For the ideal gas 
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law, the values of the constants are not important as both the a(T) and b 

parameters are zero. 

3.1.1.1 Soave-Redlich-Kwong Equation of State 

 

In 1972, Soave proposed a modification in the original RK EOS by assuming 

the "a" parameter to be temperature dependent 
164

. This improved the description 

of pure component vapor pressures. Soave took advantage of the concept of Pitzer 

acentric factor as a third parameter in the estimation of the "a" parameter 
165

. The 

expression for SRK EOS can be obtained by substituting γ1=0, γ2=1, α=1 and β=-0 

                                               𝑃 =
𝑅𝑇

(𝑉 − 𝑏)
−

𝑎(𝑇)

𝑉2 +  𝑏𝑉
                                       (𝐸𝑞. 3.2) 

which can be re-written as 

                                               𝑃 =
𝑅𝑇

(𝑉 − 𝑏)
−

𝑎(𝑇)

𝑉(𝑉 +  𝑏)
                                      (𝐸𝑞. 3.3) 

The attraction parameter a(T) and occupied molar volume b are related to the 

substance critical properties and acentric factors as shown by the following 

equations 
166-168

: 

                                                                 𝑎(𝑇) = 𝑎𝑐𝛼(𝑇)                                                     (𝐸𝑞. 3.4) 

where 

                                                            𝑎𝑐 = 0.47427 
𝑅2𝑇𝑐

2

𝑃𝑐
                                               (𝐸𝑞. 3.5) 

                                                      𝛼(𝑇) = [1 + 𝑛(1 − √𝑇𝑟)]
2

                                          (𝐸𝑞. 3.6) 
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                                            𝑛 = 0.48508 + 1.55171𝜔 − 0.15613 𝜔2                         (𝐸𝑞. 3.7) 

and 

                                                               𝑏 = 0.08664 
𝑅𝑇𝑐

𝑃𝑐
                                                  (𝐸𝑞. 3.8) 

where Pc and Tc are critical pressures and temperatures of the substances and ω is 

the acentric factor. The correlation of n was fit to correlate the vapor pressures of 

normal alkanes. The conventional mixing rules for the attraction parameter a(T) 

and occupied molar volume b can be applied as follows: 

                                                    𝑎 =  ∑ ∑ 𝑥𝑖  𝑥𝑗 √𝑎𝑖 𝑎𝑗(1 − 𝑘𝑖𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

                                (𝐸𝑞. 3.9) 

                                                                   𝑏 = ∑ 𝑥𝑖𝑏𝑖

𝑁

𝑖=1

                                                      (𝐸𝑞. 3.10) 

where the subscripts i and j denotes different components in the mixture and kij is 

the binary interaction parameter between these components. 
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3.1.1.2 Peng-Robinson Equation of State 

 

The Peng-Robinson equation of state was developed in 1976 to correlate 

pressure, volume and temperature in a more accurate form especially near critical 

points 
169

. The main aim of the equation was to be applicable for obtaining the 

properties in natural gas processing. The expression of PR can be obtained by 

substituting the constants γ1=0, γ2=1, α=2 and β=-1: 

                                              𝑃 =
𝑅𝑇

(𝑉 − 𝑏)
−

𝑎(𝑇)

𝑉2 +  2𝑏𝑉 − 𝑏2
                         (𝐸𝑞. 3.11) 

Similar to SRK EOS, the PR EOS attraction parameter a(T) and molar volume 

occupied by molecules b can be written in terms of critical properties and acentric 

factors 
166-168

. The difference is in the constants values. The following equations 

are used to estimate a(T) and b: 

                                                                 𝑎(𝑇) = 𝑎𝑐𝛼(𝑇)                                                  (𝐸𝑞. 3.12) 

where 

                                                              𝑎𝑐 = 0.4527 
𝑅2𝑇𝑐

2

𝑃𝑐
                                              (𝐸𝑞. 3.13) 

                                                      𝛼(𝑇) = [1 + 𝑚(1 − √𝑇𝑟)]
2

                                      (𝐸𝑞. 3.14) 

                                            𝑚 = 0.37464 + 1.4226𝜔 − 0.26992 𝜔2                        (𝐸𝑞. 3.15) 

and 

                                                               𝑏 = 0.07780 
𝑅𝑇𝑐

𝑃𝑐
                                               (𝐸𝑞. 3.16) 

The conventional mixing rules do also apply to PR EOS. 
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From the above equations, it is obvious that the knowledge of the critical 

properties of substance in interest is vital for good estimation. However, heavy 

fractions such as asphaltene have no defined critical properties and these critical 

properties cannot be measured experimentally. Moreover, for accurate prediction 

of asphaltene phase behavior, it is significant to be able to predict accurately the 

liquid density which is poor in cubic equations of state 
170-172

. Therefore, authors 

such as Wu et al. 
173

 and Ghanaei et al. 
174

 rely on external liquid density 

correlations such as the Racket equation 
175

. However, in all of their models, in the 

proximity of critical conditions, it becomes difficult to distinguish between gas 

and liquid phases and the predictions can be become extremely unreliable 
176

. In 

addition, as the temperature increases, there is a substantial incremental deviation 

in the molar volume 
177

. Consequently, the Peneloux volume-shift parameter, 

which is a modification of Racket equation by taking into consideration the 

critical properties of the system, is generally applied to overcome liquid density 

poor predictions 
178

. The Peneloux volume-shift parameter is a corrected volume 

calculated by subtracting a particular constant from the estimated volume from the 

cubic EOS as following: 

                                                           𝑉𝑐𝑜𝑟𝑟 = 𝑉𝐸𝑂𝑆 − 𝑐                                      (𝐸𝑞. 3.17) 

where 

                                             𝑐 =
0.50033𝑅𝑇𝑐

𝑃𝑐

(0.25969 − 𝑍𝑅𝐴)                     (𝐸𝑞. 3.18) 

                                                 𝑍𝑅𝐴 = 0.29056 − 0.08755 𝜔                           (𝐸𝑞. 3.19) 
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where c is the Peneloux volume-shift parameter 
178

 and ZRA is the Racket 

compressibility factor 
179

. 

The volume-shift parameter c is sometimes fitted to experimental data 

especially for heavy components. Akbarzadeh et al. demonstrated that without 

volume correction, the prediction of density of CEOS is poor while with Peneloux 

correction, the error is minimal 
172

. 

The cubic EOS has found wide use in asphaltene phase behavior modeling. 

However, it was usually used side by side with other models. For instance, 

Akbarzadeh et al. 
70

 and Alboudwarej et al. 
180-181

 calculated crude oil solubility 

parameters using both P-PR (PR with Peneloux) and P-SRK EOS (SRK with 

Peneloux) and later used regular solution model to predict asphaltene 

precipitation. On the other hand, Hirschberg et al. 
182-183

 and Kwanaka et al. 
184

 

determined the molar volume of oil using both EOSs and later used a modified 

Flory-Huggins model by Prausnitz 
167

 to predict asphaltene precipitation amount. 

The EOS was used to calculate the composition of the liquid phase assuming no 

asphaltene precipitation. A modified Flory-Huggins model was then used to 

calculate asphaltene precipitation assuming the effect on the liquid/vapor 

equilibrium is negligible 
60

. Rassamdana et al. 
185

 and Omidkhah et al. 
186

 

determined both molar volumes and solubility parameters by PR EOS and then 

predicted asphaltene precipitation by adding different ratios of n-alkanes. Chavez 

et al. proposed the use of Molecular Dynamics (MD) to obtain the parameters 

required for SRK EOS to accurately predict the asphaltene envelope. Chavez et al. 
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considered asphaltene as liquid where asphaltene particles consist of monomers in 

bulk fluid and polymers in precipitation phase 
187

. 

Comparison of vapor pressure predictions and liquid volumes calculations by 

using SRK and PR with experimental data illustrates that the results are 

comparable although PR is superior by a small margin 
170, 177, 188-189

.  

To correlate the phase behavior of mixtures, binary interaction parameters are 

fit to phase behavior data such as the asphaltene precipitation onset conditions 
151, 

187
. It can be readily deduced that there is a large number of adjustable parameters 

in a cubic EOS which makes the modeling be system-dependent 
190

. Therefore, it 

can be inferred that CEOS with volume correction are able to offer excellent fit 

for the data present; however, their predictions can be extremely unreliable. 

3.1.2 Association Equations of State 

 

Generally, conventional CEOSs are not able to accurately model complex 

multi-component systems where hydrogen bonding or polar compounds exist. 

Consequently, their poor predictive capabilities will be reflected in vapor-liquid 

equilibrium (VLE) and liquid-liquid equilibrium (LLE) 
191-192

. In order to 

overcome these limitations, association equations of state are currently used. 

These association EOSs are the current popular approach as they successfully 

predict the phase behavior of complex associating fluids. Among these association 

EOSs, two equations of state with great potential which are Cubic-Plus-



38 
 

Association (CPA) and Statistical Associating Fluid Theory (SAFT) will be 

discussed in detail in the subsequent sections. 

3.1.2.1 Cubic Plus Association Equation of State 

 

The Cubic-Plus-Association (CPA) equation of state, proposed by 

Kontogeorgis et al. 
193

, is a thermodynamic model which combines the physical 

interaction from a cubic equation of state with the hydrogen bonding interaction 

from SAFT based on Chapman et al’s extensions of Wertheim's first order 

perturbation theory 
156, 194-195

. The resulting equation of state is no longer cubic, 

resulting is major loss of its computational speed. A simplified version of the 

association term is used to speed up the phase equilibrium calculations 
196-197

. 

The CEOSs were discussed in detail in the previous section; therefore, this 

section will focus more on the bonding interaction. The bonding interaction 

assumes two types of association due to hydrogen bonding which are the self-

association between like molecules and the cross-association between unlike 

molecules. In addition, if a molecule has more than one bonding site, each site has 

its own independent activity 
191

. However, if the system to be modeled has no 

associating compounds, the CPA EOS does simply reduce to the classical CEOS 

which makes the model familiar in the industrial applications 
198-199

. The general 

expression of CPA in terms of pressure is 
155, 196

: 

                       𝑃 = 𝑃𝐶𝐸𝑂𝑆 −
1

2

𝑅𝑇

𝑉
(1 + 𝜌

𝜕 ln 𝑔

𝜕𝜌
) ∑ 𝑥𝑖

𝑖

∑(1 − 𝑋𝐴𝑖
)

𝐴𝑖

          (𝐸𝑞. 3.20) 
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where g is the radial distribution function, and XAi is the mole fraction of 

component i not bonded at association site Ai. The key element in the association 

term is XAi which relates two sites of two different molecules together by the 

association strength ∆
AiBj

 as shown in the following expression 
154-156, 200-201

: 

                                          𝑋𝐴𝑖
=

1

1 + 𝜌 ∑ 𝑥𝑗𝑗 ∑ 𝑋𝐵𝑗
∆𝐴𝑖𝐵𝑗

𝐵𝑗

                              (𝐸𝑞. 3.21) 

and the association strength is defined as 

                                         ∆𝐴𝑖𝐵𝑗= 𝑔(𝜌)[exp (
𝜖 𝐴𝑖𝐵𝑗

𝑅𝑇
) − 1]𝑏𝑖𝑗  𝛽𝐴𝑖𝐵𝑗               (𝐸𝑞. 3.22) 

where ϵ
AiBj

 and β
AiBj

 are the association energy and volume of two sites belonging 

to two different molecules i and j respectively. These two different molecules can 

be from the same species, i.e. like molecules, or different species, i.e unlike 

molecules. Also, the bij is just the average value of bi and bj. Kontogeorgis applied 

a simplified hard sphere form of the radial distribution function, proposed by 

Elliot et al. 
202

 to reduce the computation time of CPA 
196

. The following 

expression was used: 

                                                                𝑔 =
1

1 − 1.9𝜂
                                         (𝐸𝑞. 3.23) 

where η is defined as: 

                                                                      𝜂 =
𝑏

4𝑉
                                          (𝐸𝑞. 3.24) 
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For further simplifications, CPA EOS assumes that the resin self-association is 

negligible and that self-association only occurs between asphaltene molecules 

while the cross-association is between asphaltene and resin molecules 
203

. In 

addition, it assumes that self-association and cross-association are two competing 

mechanisms 
203

. However, since the precipitated phase consists mainly of 

asphaltene, the self-association of asphaltene molecules is more important when 

addressing deposition 
204

. Moreover, asphaltene are typically considered with 

more than one association site in what can permit forming beyond dimer 

aggregates 
173

. Furthermore, Edmonds et al. illustrated that additional 

simplification can be done by assuming universal values for asphaltene self-

association energy and volume while only fitting the asphaltene-resin cross-

association energy and volume 
205

. 

Actually, the CPA EOS expression is more commonly represented in terms of 

compressibility factor as follows 
196, 200, 206-209

: 

                            𝑍 = 𝑍𝐶𝐸𝑂𝑆 −
1

2
(1 +

1

𝑉

𝜕 ln 𝑔

𝜕 (
1
𝑉)

) ∑ 𝑥𝑖

𝑖

∑(1 − 𝑋𝐴𝑖
)

𝐴𝑖

        (𝐸𝑞. 3.25) 

Obviously, the compressibility factor of the physical part, ZCOES, depends on 

the CEOS that is chosen. The last section described both SRK and PR EOSs; 

therefore, their compressibility factors will be shown. For SRK EOS, the 

compressibility factor is: 

                                             𝑍𝑆𝑅𝐾 =
𝑉

(𝑉 − 𝑏)
−

𝑎(𝑇)

𝑅𝑇(𝑉 +  𝑏)
                            (𝐸𝑞. 3.26) 
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For PR EOS, the compressibility factor is 

                                          𝑍𝑃𝑅 =
𝑉

(𝑉 − 𝑏)
−

𝑎(𝑇)𝑉

𝑅𝑇(𝑉2 +  2𝑏𝑉 − 𝑏2)
                (𝐸𝑞. 3.27) 

However, it should be noted that for pseudo components, the α in attraction 

parameter a(T) is replaced by the Mathias-Copeman parameter αMC which can be 

calculated by the following expression 
210

: 

      𝛼𝑀𝐶(𝑇𝑟) = [1 + 𝑚(1 − √𝑇𝑟) − 𝑝(1 − 𝑇𝑟)(0.7 − 𝑇𝑟)]
2

 𝑖𝑓 𝑇𝑟 < 1     (𝐸𝑞. 3.28) 

                          𝛼𝑀𝐶(𝑇𝑟) = [exp ((1 −
1

𝑑
) (1 − 𝑇𝑟

𝑑))]
2

 𝑖𝑓 𝑇𝑟 > 1              (𝐸𝑞. 3.29) 

                                                        𝑑 = 1 +
𝑚

2
+ 0.3 𝑝                                       (𝐸𝑞. 3.30) 

The MC alpha function offers one more parameter for fine tuning of the vapor 

pressure curve shape and provides better predictions opposed to the usual α used 

in CEOS 
211

. The m parameter in this expression is the same parameter used for 

PR EOS and can be replaced by n in case SRK was used. In case the p parameter 

was set to zero, the MC alpha function reduces to the original expression of α. 

Similar to CEOS, the standard van der Waals one-fluid mixing is simply used 

for mixtures to obtain the energy and volume parameters. Following Sandler, the 

average and geometric mean rules are used for the energy and volume parameters 

respectively as per the following expressions 
168

: 

                                                         𝜖 𝐴𝑖𝐵𝑗 =
𝜖 𝐴𝑖𝐵𝑖 + 𝜖 𝐴𝑗𝐵𝑗

2
                                 (𝐸𝑞. 3.31) 
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                                                        𝛽𝐴𝑖𝐵𝑗 = √𝛽𝐴𝑖𝐵𝑖𝛽𝐴𝑗𝐵𝑗                                    (𝐸𝑞. 3.32) 

Despite the presence of the association term in CPA, the estimation of density 

is still poor. Consequently, Ruffine et al. 
212

 and Lin et al. 
213

 incorporated the 

Peneloux volume shift parameter into the physical part of CPA to improve density 

calculations 
214

. However, in CPA, the volume shift parameter is typically fitted to 

experimental data rather than calculated as is the case of CEOS. 

The CPA contains a large number of adjustable parameters that are mainly 

fitted to the experimental data. The Mathias-Copeman parameters and the critical 

data of the pseudo components are fitted to reproduce the experimental bubble 

points. The Peneloux volume shift parameters are tuned to match the liquid 

density. In addition, the self-association parameters are typically assumed values 

according to Edmonds et al. 
205

. On the other hand, the two cross-association 

parameters are optimized with the asphaltene upper onset data or titration 

experiments. Finally, the binary interaction parameters are fitted over vapor-

liquid-equilibrium data. 

The reduction of CPA EOS to the CEOS in the absence of associating fluids 

made it widely used in the oil and gas industry as the CPA model is identical to 

the CEOS in the absence of association 
212, 215

. Shirani et al. compared SRK and 

PR EOSs and recommended to use SRK EOS as the physical part of CPA model 

214
. The CPA EOS was used to successfully describe many of the association 

systems such as alcohols, organic acids, water, glycols 
200, 216-224

. Of these 
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systems, the one which is of interest is asphaltene containing systems which was 

done by Li and Firoozabadi 
223-226

. 

3.1.2.2 Statistical Association Fluid Theory equation of state 

 

Developed by Chapman et al. 
154-156

 by extension and simplification of 

Wertheim's theory 
194-195, 227-228

, the Statistical Associating Fluid Theory (SAFT) 

EOS has become one of the most important association theories for associating 

polyatomic molecules. SAFT has found considerable industrial applications as a 

predictive model due to its statistical mechanics basis. Its ability to account for 

non-spherical molecules and site-site interactions have made it distinguished from 

many other equations of state 
229

. However, despite its success in modeling wide 

ranges of fluids systems, the SAFT equation is more mathematically complex than 

a cubic EOS. SAFT requires 3 parameters where a cubic EOS requires 3 in 

addition to the Peneloux parameter, while SAFT provides a better description of 

the effect of molecular shape on phase behavior. 

The physical basis underlying SAFT can be manifested by Fig. 3.1. Molecules 

in SAFT are modeled as chains of segments (e.g. hard spheres, LJ spheres, etc) 

joined through covalent bonds 
144

. The boxes in Fig. 31 show that the equation of 

state takes as input properties of the “hard sphere” reference fluid. The effect of 

chain formation, hydrogen bonding, and dispersion forces (van der Waals 

attractions) are added as perturbations
230

. 



44 
 

 

Figure 3-1 Schematic representation of the SAFT physcial basis 
230

. Equal sized spherical segment 

forming molecular chains by covalent bond and hydrogen bonding. The terminal sites of these 

chains associate through hydrogen bonding forming oligomers. The last step is to account for 

dispersion forces 

 

The properties of the fluid of interest are estimated by expanding about the 

reference fluid properties. The assumption is that the reference fluid can 

approximately describe the fluid properties to be modeled while adding a series of 

small corrections using the perturbation approach. 

Typically in statistical thermodynamics, the Helmholtz free energy is used to 

express equations of state as most properties of interest can be simply obtained 

using proper differentiation 
231

. The free energy of a fluid is determined in SAFT 

by summing the free energy of the collection of the spheres that construct 

molecules with the change in their free energy by bonding these spherical 

segments into the molecules. If these molecules have association sites then this 
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will be calculated from the extension of Wertheim's theory 
195

. The residual 

Helmholtz energy is calculated by the contribution of each step according to the 

following equation: 

                                              𝐴𝑟𝑒𝑠 = 𝐴𝑠𝑒𝑔 + 𝐴𝐶ℎ𝑎𝑖𝑛 + 𝐴𝐴𝑠𝑠𝑜𝑐                           (𝐸𝑞. 3.33) 

where A
seg

 is Helmholtz energy of the individual hard spheres as well as the 

dispersion forces, A
chain

 is the contribution due to chain formation and A
assoc

 is the 

contribution from association. 

Because Helmholtz energy was separated into contributions of three different 

terms, various modifications of the segment term were proposed 
231-245

. However, 

these models do not change the association and chain contribution significantly. 

The small differences in the chain and association terms come from the different 

methods in calculating radial distribution function and the association strength 
231-

232
. Examples of these modifications are LJ-SAFT (Lennard-Jones SAFT), in 

which the reference for the chain formation is replaced by lennard-Jones spheres 

233-239
, and VR-SAFT (Variable-Range SAFT), in which the attractive potentials 

are of variable widths 
241-242

. 

One of the earliest and successful modifications is the HR-SAFT proposed by 

Huang and Radosz 
242-244

. Huang and Radosz applied the dispersion term 

developed by Chen and Kreglewski 
245

 which was developed by perturbation 

expansion for Argon around a hard sphere reference fluid. 

While some focused on the segment term, others have tried to extend the 

association term and chain terms to the polar fluids. The first attempt was made in 
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1992 by Walsh et al. 
246

, in which the Wertheim's theory was combined with the u 

expansion for dispersion and Pade' approximation of Stell for multipolar 

interactions 
247-248

. Walsh et al. assumed that each molecule possesses a non-

spherical repulsive core with short-range Lennard-Jones attraction sites resulting 

in hydrogen bonding. However, despite the good results, there was still need for a 

more accurate theory. 

In 1998, Xu et al. 
249

 proposed a model combining SAFT and PACT 

(Pertubated Anisotropic Chain Theory). Although it was meant to be for chain 

polar and associating fluids, there was no explicit term for association and in case 

hydrogen bonding existed, the calculation is done through quadupolar interactions 

249
.  As expected, this model failed to accurately represent associating polar 

molecules such as alcohols 
250

. 

In 2001, Liu et al. 
251

 proposed a modified SAFT model based on Yukawa 

Dipole-Dipole potential (YDD-SAFT) in which the dipolar interactions are 

explicitly calculated. However, its performance was worse than LJ-SAFT 
252

. 

More recently, in 2003, Sauer and Chapman 
253

 and Jog and Chapman 
254

, 

extended SAFT to account for dipolar chains with multiple sites. These dipolar 

chains are formed by bonding of dipolar hard spheres to non-polar hard spheres 

and thus the bonding contribution will be identical for that of a hard sphere fluid. 

However, this model requires two additional parameters which are the functional 

group dipole moment and the fraction of dipolar segments per chain 
253-255

. This 

model has illustrated substantial predictive capabilities for real fluids. 
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Some other variations of the original SAFT include SAFT-HS 
256

, simplified 

SAFT 
257

, and PC-SAFT 
258

. Of these modifications, the PC-SAFT has generated 

a lot of interest in both academia and industry 
259

. 

PC-SAFT developed by Gross and Sadowski 
258

 has been successfully used to 

describe the phase behavior of high molecular weight and complex associating 

fluids 
260

. Consequently, it has become a potential candidate in modeling 

asphaltene phase behavior 
1, 190, 261-262

. Actually, most SAFT versions give 

comparable results since they share the same basic form of the equation of state 

144
. Nevertheless, PC-SAFT is readily available commercially in thermodynamic 

simulators such as Multiflash, VLXE, and PVTsim making its modeling efficient 

and immediate. In this chapter, Multiflash was primarily used for the simulation 

while VLXE was used to assure the consistency of the results. 

Gross and Sadowski 
258

 extended the perturbation theory of Barker and 

Henderson 
263

 to hard chain reference fluid. This reference fluid can be described 

by Mansoori-Caranahan-Starling-Leland 
264

 equation of state as follows: 

               
𝐴ℎ𝑠

𝑅𝑇
=

6

𝜌𝜋
[
𝜉2

3 + 3𝜉1𝜉2𝜉3 − 3𝜉1𝜉2𝜉3
2

𝜉3(1 − 𝜉3)2
− (𝜉1 −

𝜉2
3

𝜉3
2) ln(1 − 𝜉3)]   (𝐸𝑞. 3.34) 

where 

                                                          𝜉𝑘 =
6

𝜋
𝜌 ∑ 𝑥𝑖𝑚𝑖𝑑𝑖𝑖

𝑘

𝑖

                                  (𝐸𝑞. 3.35) 

and  
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                                                    𝑑𝑖𝑖 = 𝜎[1 − 0.12 exp (
3휀𝑖𝑖

𝑘𝑇
)]                        (𝐸𝑞. 3.36) 

where mi is the number of segment of species i, dii is the temperature dependent 

segment diameter of the same species, σ is the sigma diameter, ԑ/k is the segment-

segment interaction energy and ξk is defined by the previous equation where k 

=0,1,2,3 

The attractive terms are calculated by the Barker and Henderson perturbation 

theory, in which the Helmholtz free energy is truncated after the second term: 

                                                              
𝐴𝑑𝑖𝑠𝑝

𝑅𝑇
=

𝐴1

𝑅𝑇
+

𝐴2

𝑅𝑇
                                  (𝐸𝑞. 3.37) 

Barker and Henderson theory was derived for spherical molecules. This theory 

was extended by assuming each segment is of spherical shape and that the total 

interaction is the sum of the individual segment interactions 
265-266

. Therefore, the 

appropriate equations can be written as follows: 

                              
𝐴1

𝑅𝑇
= −2𝜋𝜌𝐼1(𝜂, 𝑚) ∑ ∑ 𝑥𝑖

𝑗𝑖

𝑥𝑗𝑚𝑖𝑚𝑗 (
휀𝑖𝑗

𝑘𝑇
) 𝜎𝑖𝑗

3              (𝐸𝑞. 3.38) 

                              
𝐴2

𝑅𝑇
= −𝜋𝜌𝐼2(𝜂, 𝑚)

1

𝑊
 ∑ ∑ 𝑥𝑖

𝑗𝑖

𝑥𝑗𝑚𝑖𝑚𝑗 (
휀𝑖𝑗

𝑘𝑇
) 𝜎𝑖𝑗

3          (𝐸𝑞. 3.39) 

where  

             𝑊 = 1 + 𝑚 
8𝜂 − 2𝜂2

(1 − 𝜂)4
+ (1 − 𝑚)

20𝜂 − 27𝜂2 + 12𝜂3 − 2𝜂4

(1 − 𝜂)2(2 − 𝜂)2
   (𝐸𝑞. 3.40) 
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where 𝜂 is the packing fraction and is equal to ξ3 and m is the average segment 

number. I1 and I2 are functions of the packing fraction η and can be described by a 

power series: 

                                                   𝐼1(𝜂, 𝑚) = ∑ 𝑎𝑖(𝑚)𝜂𝑖

6

𝑖=0

                                 (𝐸𝑞. 3.41) 

                                                    𝐼2(𝜂, 𝑚) = ∑ 𝑏𝑖(𝑚)𝜂𝑖

6

𝑖=0

                                  (𝐸𝑞. 3.42) 

As can be seen from the power expression, the coefficients are functions of the 

chain length. These coefficients can be described by the equations proposed by 

Liu and Hu 
267

: 

                                     𝑎𝑖(𝑚) = 𝑎0𝑖 +
𝑚 − 1

𝑚
𝑎1𝑖 +

𝑚 − 1

𝑚

𝑚 − 2

𝑚
𝑎2𝑖          (𝐸𝑞. 3.43) 

                                    𝑏𝑖(𝑚) = 𝑏0𝑖 +
𝑚 − 1

𝑚
𝑏1𝑖 +

𝑚 − 1

𝑚

𝑚 − 2

𝑚
𝑏2𝑖            (𝐸𝑞. 3.44) 

Gross and Sadowski 
265

 determined these parameters for infinitely long chain. 

These values are summarized in Table 3.1 
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Table 3-1 Constants for the coefficients of I1 and I2. Adapted from Gross and Sadowski 
265

. 

I a0i a1i a2i b0i b1i b2i 

0 0.91056 -0.30840 -0.09061 0.72409 -0.57555 0.09769 

1 0.63613 0.18605 0.45278 2.23828 0.69951 -0.25576 

2 2.68613 -2.50301 0.59627 -4.00258 3.89257 -9.15586 

3 -26.547 21.4198 -1.72418 -21.0036 -17.2155 20.6421 

4 97.7592 -65.2558 -4.13021 26.8556 192.672 -38.8044 

5 -159.591 83.3187 13.7766 206.551 -161.826 93.6268 

6 91.2978 -33.7469 -8.67285 -355.602 -165.208 -29.6669 

 

The interaction and the diameter of a pair of unlike segments can be simply 

obtained by Berthelot-Lorentz combining rules: 

                                                             휀𝑖𝑗 = (1 − 𝑘𝑖𝑗)√휀𝑖휀𝑗                                (𝐸𝑞. 3.45) 

                                                                    𝜎𝑖𝑗 =
𝜎𝑖 + 𝜎𝑗

2
                                      (𝐸𝑞. 3.46) 

The contribution due to chain formation is given by 
154, 156

: 

                                                
𝐴𝑐ℎ𝑎𝑖𝑛

𝑅𝑇
= ∑ 𝑥𝑖(1 − 𝑚𝑖) ln 𝑔ℎ𝑠(𝑑𝑖𝑖)

𝑖

                (𝐸𝑞. 3.47) 

where ghs is the radial distribution function of segments at contact and can be 

expressed as 
268

: 

                     𝑔ℎ𝑠(𝑑𝑖𝑖) =
1

1 − 𝜉3
+

3𝑑𝑖𝑖

2

𝜉2

(1 − 𝜉3)2
+ 2 (

𝑑𝑖𝑖

2
)

2 𝜉2

(1 − 𝜉3)3
     (𝐸𝑞. 3.48) 

For the application here, the association term is dropped as it is believed that 

the phase stability of asphaltene is dominated primarily by van der Waals forces 
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167, 261-262, 269
. In addition, the model is still able to mimic the phase behavior and 

simultaneously reduce the adjustable parameters by not including association. 

The molecules are modeled as bonded spherical segments. Therefore, three 

parameters with physical meaning for each non-associating component are 

required which are the number of segments per molecule (m), the temperature 

independent segment diameter (σ) and the segment-segment interaction energy 

(ε/k). The estimation of these parameters for both pure and pseudo components is 

well defined and will be discussed in detail in PC-SAFT characterization section. 

The SAFT EOS is able to accurately model numerous systems including small 

and large molecules and over a wide range of conditions. It has proven its 

excellent predictive capabilities in both pure fluids and complex mixtures of 

associating and non-associating components 
156, 167, 242-243, 270-271

. In addition, 

SAFT has been shown to accurately predict these effects of large size differences 

of polar and non-polar components and different types of polymers 
153, 156, 230, 242, 

257-258, 272-276
. Due to its accuracy in modeling the vapor-liquid and liquid-liquid 

equilibria, SAFT EOS has become a leading equation in modeling complex 

systems 
231

. 

SAFT has many advantages being rooted in statistical mechanics. For example, 

any approximation made during its development has been assessed and verified 

against molecular simulation under different conditions 
154

. It was shown by 

simulation that the SAFT EOS is of similar accuracy to Generalized Flory Dimer 

(GFD) theory, while it is much better than Generalized Flory (GF), Percus-
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Yevick-Chiew integral equation (PYC) and the Modified PYC (MPYC) 

theories
277

. 

In addition, SAFT parameters have physical meaning, For instance, a chain 

molecule is characterized by the diameter of the constituting segments, the 

number of these segments and the segment-segment interaction energy. As a 

result, the parameters behave systematically within a homologous series. 

Moreover, SAFT demonstrated its superiority when compared with PR, SRK 

and Sanchez Lacombe (SL) equations of state 
250, 258, 278

. While these equations of 

state are able to represent reasonably low molecular weight mixtures, they tend to 

give large errors when the mixture differs greatly in size or polarity
279-284

; for 

these systems, SAFT EOS gives better results 
285-288

. Comparison of SAFT with 

these equations will be demonstrated in later sections. 

3.2 Previous Characterizations 

 

The compositional analysis of naturally occurring crude oils or gas mixtures 

can be extremely complex as they may contain thousands of different components. 

Wiehe and Liang believed that crude oil contains no less than 100,000 different 

molecules 
289

. Such numbers are definitely impractical in flash calculations. 

Accordingly, lumping some components will decrease the number of components 

and facilitate the approach. The light components typically up to C6 as well as 

nitrogen, and carbon dioxide are well defined components. Moreover, after 
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flashing, these components are usually in the gas stream. To the contrary, the 

heavier components are not well defined and needed to be characterized. 

The boiling cuts method was one of the earliest ways to characterize crude oils 

used by Katz and Firoozabadi in 1978 
290

. In 1983, Whitson proposed to 

characterize the crude oil by dividing the C7+ fraction into different single carbon 

number (SCN) 
291

. The molar distribution of true bubble points (TBP) and plus 

fractions were represented by three parameter gamma distribution function
292

. 

Whitson's method was based mainly on the average boiling point correlations 

developed by Riazi and Daubert in 1980 
293

. In 1989, it had further extension in 

accounting for multiple related fluid systems in equilibrium by using Gauss 

Laguerre quadrature method 
294

. The concept of the distribution functions is that 

the heavy components are to be lumped into pseudo components. The total molar 

mass of the heavy fraction as well as the material balance is to be met by 

distribution the mass fraction of each pseudo components. As these techniques 

tend to utilize a cubic equation of state, the critical properties of each pseudo 

component, required for CEOS modeling, are then to be estimated using the 

recommend correlations by Quinones-Cisneros et al. 
86

. The critical properties of 

the pseudo components are fitted to the experimental bubble point pressures while 

a Peneloux shift correction is used to predict the density.  Nevertheless, it was 

found that significant errors can be obtained in pseudo component critical 

properties. Consequently, the modeling results of this method are far from the real 

representation of the entire crude oil 
295

.  
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In 1989, Pedersen et al. proposed a modified characterization version on 

Whitson's method 
296

. An exponential distribution function was used instead of 

gamma distribution function. Moreover, the plus fractions were lumped into 

pseudo components with almost equal weight fraction, i.e. mass averaging 
297

. 

Pedersen later extended it to gas condensate mixture and developed property 

correlations to estimate critical properties needed for this model 
298

. However, the 

Pedersen characterization method is not suitable for multiple systems in 

equilibrium since each system has its own coefficients 
299

. 

Zuo et al. compared the Pedersen and Whitson characterization methods and 

concluded that Pedersen method tends usually to give better predictions than that 

of Whitson without EOS being tuned 
299

. 

Actually, the use of distribution functions was not limited to these two models. 

Over the last few decades, the continuous and semi-continuous distribution 

functions have found wide use in characterization to describe the plus fraction. 

Examples of used distribution functions are chi-squared (X
2
) distribution function 

by Quinones-Cisneros et al. 
86

, Cotterman et al. method 
300

, and Cotterman and 

Prausnitz method 
301

. 

In addition, different correlations of estimating the critical properties were 

developed such as those by Pedersen et al. 
298

, Winn 
302

, Cavett 
303

, Twu 
304

, Riazi 

and Daubert 
293, 305

, Lee and Kesler 
306

, and Whitson 
307

. 

In 2000, Li et al. developed a new characterization technique assuming the 

solid-liquid equilibrium solubility model. The lumping into pseudo-components is 
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based on the K-values at specified operating conditions 
308

. The C7+ fraction was 

first split into single carbon number (SCN) components up to C31+. The heaviest 

fraction C31+ was then split into a non-precipitating component and asphaltene 

precipitating component 
145

. This approach wasn’t successful as it also assumed 

that asphaltene is a pure solid 
309

. 

Another characterization technique developed in 2000 was by Zuo and Zhang 

310
. Their method was similar to Whitson method. The normal components were 

lumped using the SCN components excluding asphaltene. Asphaltene was 

modeled using 5 psuedo-components of different molecular weight and was 

described by gamma distribution function. This method is not common as it 

requires extra modification on Whitson method. Moreover, it is usually used for 

downhole fluid analysis (DFA) 
299, 310

. 

In 2004, Leelavanichkul used the paraffins-naphthenes-aromatics (PNA) 

technique to characterize different hydrocarbons fluid compositions in a solid-

liquid model that was designed in order to determine was and asphaltene 

precipitation onsets 
311

. Unfortunately, the solubility parameter was too low which 

can't represent asphaltene. Moreover, as solubility parameter and refractive index 

are inter-convertible, the refractive index obtained for asphaltene was also too low 

to be correct 
117

. 

Some other characterization procedures exist such as Krejbjerg and Pedersen 

developed in 2006 
312

. Their model assumes linearity relationship between carbon 
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number and natural logarithm of the mole fraction 
313

. Typical correlations such as 

the mentioned above are used to obtain critical properties. 

Almost all of the above characterization procedures utilize a cubic equation of 

state. However, it is well known that cubic equations of state are unable to predict 

the phase behavior accurately, especially in the proximity of critical reservoir 

conditions which justify the tuning of the parameters to improve the PVT 

representation. Moreover, their prediction is poor for molecules of large size 

differences and for liquid density 
314

. This is usually attributed to the parameters 

being fit to critical properties. The ability to accurately model the liquid density is 

vital in order to predict the liquid-liquid equilibrium and its consequent 

properties
153

. 

3.3 CPA Characterization 
 

As the CPA model utilizes CEOS as their physical part, CPA EOS tends to use 

common CEOS characterization techniques. For the plus fraction, the common 

Whitson γ distribution is used to obtain the single carbon number (SCN) of the 

plus fraction
315

. These fractions are later combined into pseudo components. The 

heaviest fraction is the asphaltene followed by resins as the second heaviest 

fraction. One asphaltene component is present in the fluid but the number of resins 

fractions is dependent on the amount of resins in the crude oil
203

. The physical 

properties of these pseudo components are estimated using Lee-Kesler and Riazi 

correlations
305-306, 316

 as shown in Table 3.2. 
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Table 3-2 Physical properties of pure and pseudo components for crude A. The physical properties 

of pseudo components are tuned to reproduce experimental bubble points. 

Component 
MW 

(g/mol) 

Specific 

Gravity 

Critical 

Temp (K) 

Critical 

Pressure (bar) 

Accentric 

Factor 

Nitrogen 28.01 0.281 126.19 33.96 0.037 

Carbon Dioxide 44.01 0.837 304.13 
73.77 0.223 

Methane 16.04 0.146 190.56 
45.99 0.010 

Ethane 30.07 0.366 305.33 
48.72 0.099 

Propane 44.10 0.516 369.85 
42.48 0.152 

Iso-Butane 58.12 0.562 407.85 
36.40 0.184 

n-Butane 58.12 0.584 425.16 
37.96 0.199 

Iso-Pentane 72.15 0.624 460.45 
33.77 0.227 

n-Pentane 72.15 0.630 469.70 
33.67 0.251 

C6-17 139 0.799 

 

631.17 
25.12 0.559 

C18-27 296 0.890 805.65 
14.38 0.873 

C28-38 438 0.927 890.99 10.46 1.100 

C39-48 586 0.951 950.29 8.25 1.263 

C49-52 695 0.963 982.94 7.21 1.349 

R52-80 865 0.978 1020.5 6.14 1.463 

R80+ 1173 0.997 1038.8 5.02 1.529 

Asphaltenes 1245 1.035 1040.1 15.44 1.535 
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The CPA contains a large number of adjustable parameters that are mainly 

fitted to the experimental data. The Mathias-Copeman parameters and the critical 

data of the pseudo components are fitted to reproduce the experimental bubble 

points. The Peneloux volume shift parameters are tuned to match the liquid 

density. In addition, the asphaltene self-association parameters are typically 

assumed universal values (β
A-A

=0.05 and ɛ
A-A

/R=3000K) according to Edmonds et 

al.
205

. On the other hand, the two cross-association parameters are optimized with 

the asphaltene upper onset data or titration experiments. Finally, the binary 

interaction parameters are fitted to vapor-liquid equilibrium data. 

A summary of the reservoir fluids for the crude oils of interest is presented in 

Table 3.3. The cross association parameters between asphaltene and resins are 

summarized in Table 3.4. 
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Table 3-3 Summary of the reservoir fluid for the 5 crude oils. The CPA equation of state uses 

the common Whitson characterization on the reservoir fluids with a modification to include resins 

and asphaltenes
1, 317

. 

Component 
Crude A 

Mol% 

Crude B 

Mol% 

Crude C 

Mol% 

Crude D 

Mol% 

Crude E 

Mol% 

Nitrogen 0.163 0.17 0.49 0.12 0.08 

Carbon Dioxide 1.944 1.75 11.37 2.64 3.28 

Methane 33.600 16.47 27.36 37.57 39.73 

Ethane 7.557 8.66 9.41 6.80 4.53 

Propane 6.742 8.21 6.70 5.96 3.62 

Iso-Butane 1.884 1.35 0.81 1.48 1.37 

n-Butane 4.695 4.84 3.17 3.78 3.04 

Iso-Pentane 2.195 1.88 1.22 1.75 1.53 

n-Pentane 2.984 3.15 1.98 2.34 2.33 

C6+ 38.236 51.48 34.28 37.56 

 

40.49 

MW of C6+ (g/mol) 208.08 205.22 236.34 189.21 159.66 

MW of reservoir fluid 

(g/mol)  

97.750 189.9 151.2 91.0 80.8 

STO Density (g/cc) 0.823 0.834 0.762 0.8402 0.8466 

GOR (scf/stb) 787 407.5 900 1080 1601 

Saturates (wt%) 66.26 47.98 57.4 51.7 44.6 

Aromatics (wt%) 25.59 44.42 30.8 12.7 46.6 

Resins (wt%) 5.35 6.29 10.4 5.7 6.7 

Asphaltene (wt%) 2.8 1.32 1.4 0.1 2.1 

Volatiles - - - 29.8 - 
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Table 3-4 Summary of the energy and volume cross association parameters between asphaltene 

and resins. 

Crude A B C D E 

ɛ
A-R

/R 2721 1959 2032 3173 2642 

β
A-R

 0.187 0.620 0.320 0.037 0.441 

 

3.4 PC-SAFT Characterization 

 

The monophasic reservoir fluid is typically flashed in ambient conditions 

yielding a liquid commonly known as stock tank oil (STO) and a flashed gas. 

These fluids are then analyzed using gas chromatography (GR). The light 

components are in the flashed gas, while the heavier components (typically C7+), 

the characterized plus fraction, are mainly in stock tank oil. To model asphaltene 

phase behavior requires determination of equation of state parameters for the oil. 

This typically involves combining groups of similar molecules into pseudo-

components and determining equation of state parameters for those lumped 

pseudo-components. The PC-SAFT Characterization approach models the gas and 

liquid and then re-combines them based on the gas-oil ratio (GOR) to simulate the 

reservoir fluid. Moreover, it utilizes the carbon content as well as the SARA 

analysis 
318

. The following subheadings will demonstrate the characterization 

procedure in detail including the gas, liquid and how to recombine them. 
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3.4.1 Gas Components 

 

The gas components used to be modeled as N2, CO2 and heavy gas as 

suggested by Ting 
158

. The heavy gas in Ting characterization procedure describes 

all the C1+ components in the flashed gas including methane, ethane, and 

propane. As shown by Panuganti et al. 
1
, separating methane, ethane and propane 

from the heavy fraction provides better predictions for asphaltene onset pressures 

and bubble points 
319

. Another advantage of this methodology is its ability to 

better predict the phase behavior in case of enhanced oil recovery (EOR) as the 

injected gas is rich in the light components. 

The procedure for characterizing the gas component is very simple. The C4+ 

component is lumped as one component referred to as heavy gas. The molecular 

weight of the heavy gas is determined by the molar contribution of constituting 

components. Table 3.5 illustrates the characterized gas. 
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Table 3-5 Characterized gas by lumping C4+ into heavy fraction 
1
. The left half is the normal 

composition of the flashed gas while the right half is the modeled gas. 

Flashed gas Modeled gas 

Component MW(g/mol) mol% Component MW(g/mol) mol% 

N2 28.04 0.28 N2 28.04 0.28 

CO2 44.01 3.34 CO2 44.01 3.34 

C1 16.04 57.72 C1 34.08 57.72 

C2 30.07 12.98 C2 16.04 12.98 

C3 44.10 11.58 C3 30.07 11.58 

iC4 58.12 2.64 Heavy Gas 65.4 14.10 

nC4 58.12 5.87    

iC5 72.15 1.85    

nC5 72.15 2.07    

C6 84.00 1.21    

Mcyclo-C5 84.16 0.00    

Benzene 78.11 0.00    

cyclo-C6 84.16 0.00    

C7 96.00 0.37    

Mcyclo-C6 98.19 0.00    

Toluene 92.14 0.00    

C8 107.00 0.07    

C2-benzene 106.17 0.00    

m&p Xylene 106.17 0.00    

o Xylene 106.17 0.00    

C9 121.00 0.02    
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3.4.2 Liquid Components 

 

The stock tank oil is divided into three different fractions: Saturates, Aromatics 

and resins, and Asphaltene 
1, 261, 319-320

. This method is known as SARA analysis 

developed by Jewell et al. 
320

.  

The saturates pseudo component represents non-polar alkanes including linear, 

branched, cyclic saturated hydrocarbons. The aromatics pseudo component 

contains one or more aromatic rings and is thus more polarizable. The aromatics 

are usually determined from silica/alumina adsorption chromatography. On the 

other side, clay packed column adsorption is used to quantify resins. Both resins 

and asphaltene have polar substituents. However, resins are completely miscible 

in alkanes such as pentane and heptane while asphaltenes are insoluble 
37

. In order 

to clarify more, the following figure (Fig. 3.2) classifies the four different pseudo 

components according to SARA analysis as represented by Wang 
321

. 

Figure 3-2  Separation scheme for SARA components 
321

. The Scheme used to differantiate the 

components of crude oils based on their reactions with different materials. 
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The characterization technique for stock tank oil is more complicated than for 

the flashed gas. Saturates and aromatics are simply lumped by knowing their 

structure. For example, heptane is a saturated alkane and thus it is in saturates 

pseudo component while toluene contain an aromatic ring and thus it is in 

aromatics pseudo component. The mole percentage is then converted into weight 

percentage to match reported SARA. The aromatics and resins are lumped into 

one pseudo component defined in terms of its degree of aromaticity (γ). The 

aromaticity of poly-nuclear-aromatic is unity (γ=1) while benzene derivative 

components aromaticity is zero (γ=0). Therefore, the value of aromaticity is 

between 0 and 1 depending on how the pseudo component behaves 
1
. 

The plus fraction characterization is the main step in the PC-SAFT 

characterization procedure. The plus fraction refers to the heavier end lumped 

components in the crude oil which are typically represented by C7+ or C11+. The 

plus fraction molecular weight of saturates and aromatics-plus-resins pseudo-

components are assumed such that the average reported plus fractions’ molecular 

weights as well as the stock tank oil molecular weights are matched. The amount 

of plus fractions in the three pseudo components should match the content 

reported by SARA 
1
. It should be noted that different labs give different SARA 

analysis and so a slight difference in the values is acceptable. The molecular 

weight of asphaltene is assumed as per the modified yen model to be ~1600-1700 

g/mol 
49-50

. The following table (Table 3.6) demonstrates the characterized stock 

tank oil according to SARA analysis. 
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Table 3-6 STO characterization according to SARA analysis. Adapted from Panuganti et al. 
1
 

Flashed liquid Saturates Aromatics 

+ Resins 
Asphaltenes 

Component 
MW 

g/mol 

STO 

mass

% 

Mass 

(g) 

mol

% 

Mass 

(g) 

mol

% 
Component MW 

Mass 

(g) 
mol% 

N2 28.04 0.00 0.00 0.00 0.00 0.00 Asphaltene 1700 2.8 0.0016 

CO2 44.01 0.00 0.00 0.00 0.00 0.00     

C1 16.04 0.00 0.00 0.00 0.00 0.00     

C2 30.07 0.04 0.04 0.37 0.00 0.00     

C3 44.10 0.30 0.30 1.70 0.00 0.00 SARA ANALYSIS (mass %) 

iC4 58.12 0.25 0.25 1.10 0.00 0.00 Saturates 62.1 

nC4 58.12 0.92 0.92 4.03 0.00 0.00 Aromatics + resins 35.1 

iC5 72.15 1.00 1.00 3.52 0.00 0.00 Asphaltene 2.8 

nC5 72.15 1.59 1.59 5.60 0.00 0.00   

C6 84.00 3.59 3.59 10.87 0.00 0.00     

Mcyclo-C5 84.16 0.45 0.45 1.35 0.00 0.00     

Benzene 78.11 0.14 0.00 0.00 0.14 1.50     

cyclo-C6 84.16 0.32 0.32 0.97 0.00 0.00     

C7 96.00 3.60 3.60 9.54 0.00 0.00     

Mcyclo-C6 98.19 0.62 0.62 1.60 0.00 0.00     

Toluene 92.14 0.70 0.00 0.00 0.70 6.20     

C8 107.00 3.80 3.80 9.04 0.00 0.00     

Ethylbenzene 106.17 0.22 0.00 0.00 0.22 1.72     

m Xylene 106.17 0.64 0.00 0.00 0.64 4.94     

o Xylene 106.17 0.04 0.00 0.00 0.04 0.29     

C9+ 121.00 81.72 49.50 50.31 29.42 85.36     
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3.4.3 Re-Combined Live Oil 
 

The re-combined live oil is the closest representation of the reservoir fluid. 

After the previous two characterizations, the molecular weight and mole fractions 

of the gas and liquid phase components are known. These components are then 

coalesced as per the reported gas-oil ratio (GOR) to give the composition of the 

live oil. The GOR, usually defined in SCF/STB, is converted into moles of 

gas/moles of liquid. This can be done simply through the following equations: 

                           𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑎𝑠 𝑝𝑒𝑟 𝑆𝑇𝐵 = 𝐺𝑂𝑅 (
𝑆𝐶𝐹

𝑆𝑇𝐵
) ∗

1.198 𝑚𝑜𝑙𝑠

1 𝑆𝐶𝐹
                 (𝐸𝑞. 3.49) 

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑𝑠 𝑝𝑒𝑟 𝑆𝑇𝐵 =
158987.3 𝑐𝑚3

1 𝑆𝑇𝐵
∗ 𝜌𝑆𝑇𝑂 (

𝑔

𝑐𝑚3
) ∗

1

𝑀𝑊𝑆𝑇𝑂
(

𝑚𝑜𝑙

𝑔
) (𝐸𝑞. 3.50) 

                        𝐺𝑂𝑅 (𝑚𝑜𝑙𝑒𝑠 𝑜𝑓
𝑔𝑎𝑠

𝑚𝑜𝑙
𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑) =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑎𝑠 𝑝𝑒𝑟 𝑆𝑇𝐵

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝𝑒𝑟 𝑆𝑇𝐵
    (𝐸𝑞. 3.51) 

Assuming 100 moles of live oil: 

                 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑𝑠 =  
100 𝑚𝑜𝑙𝑒𝑠

(𝐺𝑂𝑅 (𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑎𝑠/𝑚𝑜𝑙 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑) + 1)
     (𝐸𝑞. 3.52) 

                                      𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑔𝑎𝑠 = 100 𝑚𝑜𝑙𝑒𝑠 − 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑𝑠              (𝐸𝑞. 3.53) 

To further clarify these equations, an example is shown by using crude A 

properties. These properties are GOR of Crude A is 787 SCF/STB, MWSTO is 193 

g/mol and 𝜌𝑆𝑇𝑂 is 0.823 g/cm
3
. Using the previous equations, the following table 

summarizes the results of the crude oil A. 
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Table 3-7 GOR calculation results for re-combined live oil 

Moles of gas per STB 942.858 

Moles of liquid per STB 677.961 

GOR (moles of gas/moles of liquid) 1.393 

Assuming 100 moles of live oil 

Moles of gas 58.217 

Moles of liquid 41.783 

 

The following figure (Fig. 3.3) depicts the calculation procedure for obtaining 

the re-combined live oil 
176

. 

 

Figure 3-3 Scheme depicting the procedure for getting the re-combined live oil 
176

. The flashed gas 

components and flashed liquid components are characterizated seperately. The components are 

later combined based on the Gas-Oil Ratio 
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As the number of moles of gas and liquid are now known, the gas components 

will contribute as per their mole fractions and similarly for liquid components. 

The following table (Table 3.8) summarizes the re-combined live oil as a 

representation of the reservoir fluid 
1
. 

Table 3-8 Characterized live crude oil. Adapted from Panuganti et al. 
1
. The live oil represent the 

entire crude oil. 

Component MW(g/mol) 
Contribution from 

gas (mol %) 

Contribution from 

STO (mol %) 

Live oil 

(mol%) 

N2 28.04 0.163 0.000 0.163 

CO2 44.01 1.944 0.000 1.944 

C1 16.04 33.600 0.000 33.600 

C2 30.07 7.557 0.000 7.557 

C3 44.10 6.742 0.000 6.742 

Heavy Gas 65.49 8.198 0.000 8.198 

Saturates 167.68 0.000 31.743 31.743 

A+R 253.79 0.000 9.907 9.907 

Asphaltenes 1700 0.000 0.133 0.133 
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3.4.4 Parameter Estimation 

 

As previously stated by Hiarasaki and Buckley 
117

 and corroborated by both 

experiments 
142

 and molecular simulation 
143

, the polarizability determines 

asphaltene phase behavior. Consequently, the association term in SAFT is 

neglected 
1
. For every non-associating component, three parameters are required. 

These parameters are the number of segments per molecule (m), diameter of each 

molecular segment (σ), and the segment-segment interaction energy denoted as 

Ԑ/k. The parameter estimation for pre-defined components is different than for 

pseudo components. 

For well-defined components, i.e. nitrogen, carbon dioxide, methane, ethane 

and propane, the PC-SAFT parameters can be obtained from pure component data 

by Gross and Sadowski 
258

. The following table (Table 3.9) summarizes the PC-

SAFT parameters for the well-defined components. 

Table 3-9 PC-SAFT parameters for pure components 
258

. 

Component m  σ(A) Ԑ/k (K) 

N2 1.206 3.313 90.96 

CO2 2.073 2.785 169.21 

C1 1.000 3.704 150.03 

C2 1.607 3.520 191.42 

C3 2.002 3.618 208.11 
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However, for pseudo components, the case is different. Correlations based on 

molecular weight, and aromaticity by Gonzalez and Ting can be used to estimate 

the PC-SAFT parameters for these pseudo components 
261

. These correlations are 

summarized in Table 3.10 and Fig. 3.4. 

 

Table 3-10 Correlations used to estimate parameters for psuedo components 
261

. Asphaltene 

parameters are set to certain values and later optimized and aromaticity between polynuclear 

aromatics (PNA) and benzene derivatives (BD) 

Correlation for saturates Correlation for Aromatics + Resins 

𝑚 = 0.0257 𝑀𝑊 + 0.8444 

𝑚 = (1 − 𝛾)(0.0223 𝑀𝑊 + 0.751) + 𝛾(0.0101 𝑀𝑊

+ 1.7296) 

𝜎 (𝐴) = 4.047 −
4.8013 ln 𝑀𝑊

𝑀𝑊
 𝜎 (𝐴) = (1 − 𝛾) (4.1377 −

38.148

𝑀𝑊
) + 𝛾(4.6169 −

93.96

𝑀𝑊
 

휀
𝑘⁄ (𝐾) = exp(5.5769 −

9.523

𝑀𝑊
) 

휀
𝑘⁄ (𝐾) = (1 − 𝛾)(0.00436 𝑀𝑊 + 283.93) + 𝛾(508

−
234100

𝑀𝑊1.5
) 
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Figure 3-4 PC-SAFT parameters for different homogenous series
261

. The parameters can be simply 

obtained by extrapolating the molecular weight of the species. 
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The heavy gas and saturates pseudo components are treated as n-alkanes. As a 

consequence, their molecular weight is just needed to determine their 

corresponding PC-SAFT parameters. 

However, for aromatics plus resins (A+R) pseudo components, besides its 

MW, its aromaticity determines how it will behave (for PNA γ=1 and for BD 

γ=0). Using this definition, A+R parameters are simply bounded between PNA 

and BD curves and thus are contributed by both curves.  The following equation 

(Eq. 3.6) is a simple formula to estimate the parameters; 

𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 (𝐴 + 𝑅) = 𝛾𝐴+𝑅𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟(𝑃𝑁𝐴) + (1 − 𝛾𝐴+𝑅)𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟(𝐵𝐷) 

(𝐸𝑞. 3.54) 

The last missing piece of the puzzle is the PC-SAFT parameters of asphaltene. 

Panuganti et al. 
1
 initially set the asphaltene parameters to be m = 33, σ = 4.3 and 

Ԑ/k = 400 
322

. These parameters will later be fitted as will be explained in the next 

section. Punnapula modified the definition of aromaticity to include saturates as 

zero reference instead of BD 
323

. Moreover, the same definition was applied to 

both A+R and asphaltene pseudo components. Due to the change in aromaticity 

definition, the correlation for A+R was changed to account for saturates. The 

following table (Table 3.11) summarizes the modified versions according to 

Punnapula 
323

. 
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Table 3-11 Modified correlations of PC-SAFT psuedo components by Punnapula 
323

. The 

aromaticity now lies between PNA and saturates and asphaltene parameters can be calculated 

directly 

Correlation for saturates Correlation for Aromatics + Resins and Asphaltene 

𝑚 = 0.0257 𝑀𝑊 + 0.8444 

𝑚 = (1 − 𝛾)(0.0257 𝑀𝑊 + 0.8444) + 𝛾(0.0101 𝑀𝑊

+ 1.7296) 

𝜎 (𝐴) = 4.047 −
4.8013 ln 𝑀𝑊

𝑀𝑊
 

𝜎 (𝐴) = (1 − 𝛾) (4.047 −
4.8013 ln 𝑀𝑊

𝑀𝑊
) + 𝛾(4.6169

−
93.96

𝑀𝑊
 

휀
𝑘⁄ (𝐾) = exp(5.5769 −

9.523

𝑀𝑊
) 

휀
𝑘⁄ (𝐾) = (1 − 𝛾) (exp(5.5769 −

9.523

𝑀𝑊
)) + 𝛾(508

−
234100

𝑀𝑊1.5
) 

 

The setting of asphaltene three parameters to be independent, as done by 

Panuganti et al. 
1
, gives more flexibility in modeling the asphaltene phase 

behavior. On the other hand, the modification, by Punnapula 
323

, reduces the 

number of optimized parameters to two which are the aromaticity and the 

molecular weight of asphaltene. Recently, another modification by Punnapula and 

Vargas 
324

 was to use the molecular weight of the A+R fraction as one of the 

optimization parameters as will be further explained in the subsequent section. 

The PC-SAFT binary interaction parameters (kij), assumed to be temperature 

independent, are well established. These have been developed by fitting binary 
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phase behavior data
261,1

. These parameters are set into some recommended values 

shown in Table 3.12. 

Table 3-12 Recommended binary interaction parameters adapted from Panagnuti 
1
. C1 refers to 

methane, C2 refers to ethane, C3 refers to propane and A+R refers to Aromaitics plus resins. 

Components N2 CO2 C1 C2 C3 H Gas Saturates A+R Asphaltenes 

N2 0 0 0.03 0.04 0.06 0.075 0.14 0.158 0.16 

CO2  0 0.05 0.097 0.1 0.12 0.13 0.1 0.1 

C1   0 0 0 0.03 0.03 0.029 0.07 

C2    0 0 0.02 0.012 0.025 0.06 

C3     0 0.015 0.01 0.01 0.01 

Heavy Gas      0 0.005 0.012 0.01 

Saturates       0 0.007 -0.004 

A+R        0 0 

Asphaltenes         0 

 

3.4.5 Optimization and Development of Automated Characterization 

 

As all the initial parameters are set, the density and bubble point are calculated 

using PC-SAFT. The aromaticity of A+R fraction is tuned to match the 

experimental stock tank oil density and saturation pressure. The aromaticity of 

A+R fraction was fit to minimize the absolute error deviations for STO density 

and saturation pressure. Only after both density and bubble points are matched 

using the aromaticity of A+R fraction, the PC-SAFT asphaltene parameters are 

adjusted to match the asphaltene precipitation onset pressure (AOP). The reason 

behind not considering the contribution of asphaltene to be significant on 

saturation pressures and density is that the mole fraction in the crude oil is 
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minimal and asphaltene has very low vapor pressure. Consequently, the variations 

of these properties with asphaltene parameters are negligible 
1
. We expect the PC-

SAFT model to be applicable to heavy oils, but the characterization procedure 

would be modified to account for the contributions from the asphaltenes.  The 

final PC-SAFT parameters of the characterized crude oils of interest are 

summarized in tables 3.13-3.17.  

 

Table 3-13 PC-SAFT parameters for the characterized crude oil A 
1
. 

Component MW (g/mol) Mol% m  σ(A) Ԑ/k (K) 

Nitrogen 28.04 0.163 1.206 3.313 90.96 

Carbon Dioxide 44.01 1.944 2.073 2.785 169.21 

Methane 16.04 33.600 1.000 3.704 150.03 

Ethane 30.07 7.557 1.607 3.520 191.42 

Propane 44.10 6.742 2.002 3.618 208.11 

Heavy Gas 65.49 8.198 2.530 3.740 228.51 

Saturates 167.68 31.743 5.150 3.900 249.69 

Aromatics+Resins 253.79 9.907 6.410 3.990 285.00 

Asphaltenes 1700.00 0.133 32.998 4.203 353.50 
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Table 3-14 PC-SAFT parameters for the characterized crude oil B. The PC-SAFT equation of state 

uses the PC-SAFT characterization in which the flashed gas is recombined with the SARA 

analysis representation of the flashed liquid based on the Gas-Oil Ratio. 

Component MW (g/mol) Mol% m  σ(A) Ԑ/k (K) 

Nitrogen 28.04 0.208 1.2053 3.313 90.96 

Carbon Dioxide 44.01 2.095 2.0729 2.7852 169.21 

Methane 16.04 20.065 1.000 3.7039 150.03 

Ethane 30.07 10.225 1.6069 3.5206 191.42 

Propane 44.10 8.846 2.002 3.6184 208.11 

Heavy Gas 63.934 7.982 2.49 3.73 227.68 

Saturates 332.44 14.000 9.39 3.96 256.79 

Aromatics+Resins 134.79 36.503 4.30 3.87 247.35 

Asphaltenes 1700.00 0.075 28.00 4.28 383.00 

 

Table 3-15 PC-SAFT parameters for the characterized crude oil C.  

Component MW (g/mol) Mol% m  σ(A) Ԑ/k (K) 

Nitrogen 28.04 0.544 1.2053 3.313 90.96 

Carbon Dioxide 44.01 12.480 2.0729 2.7852 169.21 

Methane 16.04 30.010 1.000 3.7039 150.03 

Ethane 30.07 10.269 1.6069 3.5206 191.42 

Propane 44.10 7.098 2.002 3.6184 208.11 

Heavy Gas 67.683 6.717 2.58 3.75 229.57 

Saturates 163.32 27.054 5.04 3.90 249.28 

Aromatics+Resins 550.14 5.765 11.98 4.17 349.47 

Asphaltenes 1700.00 0.063 29.20 4.35 407.42 
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Table 3-16 PC-SAFT parameters for the characterized crude oil D.  

Component MW (g/mol) Mol% m  σ(A) Ԑ/k (K) 

Nitrogen 28.04 0.078 1.206 3.313 90.96 

Carbon Dioxide 44.01 3.178 2.073 2.785 169.21 

Methane 16.04 39.598 1.000 3.704 150.03 

Ethane 30.07 4.615 1.607 3.520 191.42 

Propane 44.10 3.599 2.002 3.618 208.11 

Heavy Gas 75.27 9.087 2.779 3.771 232.85 

Saturates 170.08 22.595 5.215 3.902 249.86 

Aromatics+Resins 264.59 17.144 5.504 4.154 386.05 

Asphaltenes 1700.00 0.106 23.600 4.290 383.50 

 

Table 3-17 PC-SAFT parameters for the characterized crude oil E.  

Component MW (g/mol) Mol% m  σ(A) Ԑ/k (K) 

Nitrogen 28.04 0.120 1.206 3.313 90.96 

Carbon Dioxide 44.01 2.644 2.073 2.785 169.21 

Methane 16.04 37.684 1.000 3.704 150.03 

Ethane 30.07 6.796 1.607 3.520 191.42 

Propane 44.10 5.895 2.002 3.618 208.11 

Heavy Gas 73.92 13.271 2.744 3.768 232.31 

Saturates 178.87 24.696 5.441 3.908 250.55 

Aromatics+Resins 271.47 8.889 6.180 4.106 353.39 

Asphaltenes 1700.00 0.002 77.944 4.034 263.41 
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An Excel solver with different initial guesses of asphaltene parameters is used 

to ensure the bubble pressure and density are matched optimally. However, often, 

the optimization is not as simple as it looks. The experimental bubble pressures 

and AOPs are sometimes hard to be matched. Moreover, a simple excel solver to 

obtain the asphaltene parameters is not effective. That is because programs like 

Multiflash and VLXE typically crash or give error massage at various asphaltene 

parameter combinations. Consequently, the asphaltene parameters are usually 

adjusted manually which is very time consuming and hinders the quick use of the 

equation of state. Moreover, the ability for the optimized characterization to 

predict the phase behavior in case of enhanced oil recovery and up to 50% gas 

injections is of a greater significance. As a result, the optimization of parallel 

cases becomes extremely complex and lengthy. 

To overcome this, a semi-automated algorithm was developed where the 

characterization is fully automated and the optimization is semi-automated. The 

characterization section automatically recombines the flashed liquid and flashed 

gas to live oil composition with initial estimates of the PC-SAFT parameters for 

the pseudo-components. The optimization is a two way process where the first is 

to ensure the bubble pressure and density are well matched and the second is to 

create a matrix form where various combination of asphaltene parameters are 

tested. By creating a matrix, the error values obtained through Multiflash can be 

discarded while the top values are re-stored. This process is continued with the use 

of many matrices and storing their top values. Different optimum values (local 
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minima) are then further compared to ensure the final values obtained is a 

representative of the asphaltene parameters. In some rare cases, where the errors 

obtained are still higher than the accepted error, the binary interaction parameters 

may have to be altered for better fit. The experimental values obtained for AOPs 

and even sometimes the saturation pressures have inevitable errors. The further 

development of the characterization is vital. 

 

3.5 Comparison between PC-SAFT and CEOS 
 

Although CEOSs give large errors and poor predictions for mixtures that differ 

greatly in size and/or polarity 
279-284

, CEOSs are still widely used in the oil 

industry due to their simplicity. However, as seen in Fig. 3.5, PC-SAFT gives 

better predictions than CEOS when compared at different gas injections. The 

parameters of both PSRK (SRK with Peneloux volume shift parameter) and PC-

SAFT are fitted for 5% gas injection and are then used to predict the phase 

behavior of different gas injections 
1
. 
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Figure 3-5 Prediction of asphaltene onset pressure and bubble curve using PSRK and PC-SAFT after being 

fit to 5% gas injection 
1
. The dashed line is for PSRK while the continous line is for PC-SAFT. The 

prediction of PC-SAFT is more accurate than PSRK. 

 

As can be seen, the PSRK fails to predict the asphaltene phase behavior 

especially at high gas injections. This is risky as the prediction of PSRK shows 

that asphaltene is stable and it is safe to proceed with the gas injection. Actually, 

this superiority of PC-SAFT is not only limited to phase behaviors; other 

properties of crude oils, such as viscosity and compressibility, are better estimated 

using PC-SAFT rather than CEOS as demonstrated by Larsen et al. 
325
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Besides the large size differences in these crude oils, CEOSs are typically fit to 

critical temperatures and pressures. In contrast, heavy fractions such asphaltene 

have no defined critical properties and can't be measured experimentally as 

asphaltene decomposes before reaching critical conditions. 

 

3.6 Comparison between PC-SAFT and CPA 
 

As discussed in the previous chapter, the colloidal and solubility models 

continue to be practiced and debated. Two of the most popular commercial 

applications of these models are each based on versions of the statistical 

associating fluid theory (SAFT) equation of state. The solubility model is applied 

using the PC-SAFT equation of state (EOS) while the colloidal model uses the 

cubic-plus-association (CPA) EOS. The debate over which model is better in 

predicting asphaltene stability is ongoing. Villiers et al.
326

 has demonstrated that 

while CPA is unable to predict derivative properties such as pressure-volume 

derivatives, PC-SAFT give good predictions
326

. On the other hand, the 

computation time is a major concern in the oil industry which is why the quick 

conventional cubic equations of state (CEOS) are still used. However, CPA, 

which incorporates the SAFT association term in a CEOS, is not cubic when 

associating components are considered, thus losing major part of its computational 

advantage. It is vital to mention that the CPA equation of state used here is the 

Infochem version which is different in some aspects than the CPA proposed by 

Kontogeorgis et al. 
193

. 
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This section provides an overview of the current capabilities of these two 

equations of state for crude oils over a range of temperature and pressure of crude 

oil systems; mainly, to ascertain their strengths and drawbacks. In order to test the 

capabilities of both equations of state, their predictions on different 

thermodynamic properties (relative volume, STO density, oil formation volume 

factor, gas formation volume factor, gas oil ratio, isothermal compressibility, Y-

factor, differential vaporization compositions) and phase behaviors at various 

injections were compared against experimental data. These properties are used for 

many calculations including the determination of reserve estimates, the amount 

that can be recovered and even for transport properties that are more difficult to 

correlate/predict. This is done by fitting both equations of state to the phase 

behavior at a certain condition. These set of fitted parameters are then used to 

predict the phase behavior at different gas injections and other properties. It is 

vital to note that the number of fitted parameters in both EOSs is quite similar. 

Also, similar results were obtained for various crude oils. 
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3.6.1 Asphaltene Phase Behavior 

 

The parameters of both CPA and PC-SAFT EOSs are fitted to reproduce the 

bubble point and the asphaltene precipitation onset pressure for 5% gas injection 

(i.e., 5% added gas and 95% live oil composition) as well as the STO density. The 

phase behavior is then predicted as a function of temperature for different gas 

injections as illustrated by Fig. 3.6. The bubble point pressures (red curves) and 

asphaltene precipitation onset pressures increase (blue curves) with increasing gas 

injected. The no gas injection case (0% gas injection) shows that asphaltene is 

stable at the pressure and temperature of interest. The addition of gas to the live 

oil leads to an increase in both the bubble and onset pressures. However, it affects 

the asphaltene precipitation onset more leading to a large instability region. 
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For crude B, the same fitting technique is used to obtain the parameters of 

both CPA and PC-SAFT EOSs at 10.72% gas injection. Those parameters are then 

used to predict the phase behavior for different gas injections as illustrated by Fig. 

3.7.  
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Figure 3--3-6PC-SAFT and CPA predictions of asphaltene phase behavior for Crude A after estimating the parameters 

for 5 mol.% of gas injection data. (PC-SAFT: Solid line, CPA: Dashed line). The bubble curves are represented in red 

and the onset curves are represented in blue. Injected gas composition (mol.%): N2-0.4%, CO2-3.9%, C1-71.4%, C2-

12%, C3-7.2%, heavy gas-5.1%.  Experimental data and PC-SAFT predictions from Panuganti et al 
1
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Figure 3-7 PC-SAFT and CPA predictions of asphaltene phase behavior for Crude B after 

estimating the parameters for 10.7 mol.% of gas injection data. (PC-SAFT: Solid line, CPA: 

Dashed line). The bubble curves are represented in red and the onset curves are represented in 

blue. Injected gas composition (mol.%): N2-0.46%, CO2-4.51%, C1-87.46%, C2-7.19%, C3-0.37%.  

Experimental data from Yonebayashi et al.
327
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The following figure (Fig. 3.8) illustrates the asphaltene onset temperature at 

fixed pressure (278 bar) as a function of the amount of gas injected for crude B. 

 

Figure 3-8 PC-SAFT and CPA predictions of asphaltene onset temperature as a function of gas 

injected at fixed pressure for Crude B (PC-SAFT: Solid line, CPA: Dashed line). Both PC-SAFT 

and CPA give comparable results. 

 

Both equations of state do a great job in predicting the asphaltene onset 

temperature at fixed pressure as a function of the injected gas. Since crude C only 

has one data point per injection, the parameters were fit to the no injection case 

and the injection onset and bubble pressure were predicted as demonstrated by 

Fig. 3.9. Those parameters are used to obtain the asphaltene onset pressure at 

fixed temperature (300K) as a function of the amount of gas injected for crude C 

shown by Fig. 3.10. 
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Figure 3-9 PC-SAFT and CPA predictions 
203

 of asphaltene phase behavior for Crude C with no 

injection (PC-SAFT: Solid line, CPA: Dashed line). The bubble curves are represented in red and 

the onset curves are represented in blue. Experimental data from Jamaluddin et al.
328

. 

 

Figure 3-10 PC-SAFT and CPA predictions 
203

 of asphaltene onset pressure as a function of gas 

injected at fixed pressure for Crude C (PC-SAFT: Solid line, CPA: Dashed line). Experimental 

data from Jamaluddin et al. 
328
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Both equations of state model the data well at no and low gas injections. For 

crude A, PC-SAFT better captures the increase in asphaltene instability at very 

high gas injections. The prediction by CPA assumes more stability region for the 

asphaltene at the corresponding gas injection. For crude B, both are able to 

capture the asphaltene stability quite well. For crude C, PC-SAFT better captures 

asphaltene instability trend. With an optimized characterization, both EOSs are 

able to give acceptable prediction of asphaltene phase behavior and precipitation 

tendency.   
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3.6.2 Density, GOR, FVF, Y-Factor and Composition Predictions 

 

Since the accurate description of the thermodynamic properties can provide 

indication of the capability of an equation of state, both CPA and PC-SAFT 

equations of state were tested. Once the phase behavior is determined and the 

parameters are obtained, they are used for predictions of various properties and 

compositions.  The following figures (Fig. 3.11 to Fig 3.15) demonstrate the EOSs 

predictions of PVT properties for crude B and C respectively. Moreover, the 

ability to predict the PVT properties over wide range of conditions would serve as 

a tool to replace the high costs of carrying out the experiments. The data were 

obtained through constant composition expansion (CCE) experiments and 

Differential Vaporization (DV) experiment. The CCE experiment is carried out by 

transferring a certain amount of reservoir fluid to a closed cell, kept at reservoir 

temperature, and varying its volume using a piston. Properties measured and 

interpreted from the CCE experiments are usually relative volume, isothermal 

compressibility of oil mixtures above saturation pressure, and Y-factor. 
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Figure 3-11 PC-SAFT and CPA predictions of oil volume factors, and Gas-Oil ratio for Crude D 

(PC-SAFT: Solid line, CPA: Dashed line). Data obtained from PVT report
317

. The PC-SAFT does 

a better job in predicting these properties. 
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Figure 3-12 PC-SAFT and CPA predictions of relateive volume and gas formation factor for Crude 

D (PC-SAFT: Solid line, CPA: Dashed line). Data obtained from PVT report
317

. Both equations of 

state predict these properties well. 
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Figure 3-13 PC-SAFT and CPA predictions of oil density and Y-factor for Crude D (PC-SAFT: 

Solid line, CPA: Dashed line). Data obtained from PVT report
317

. Both equations of state are able 

to model most of the PVT properties with reasonable accuracy. 
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Figure 3-14 PC-SAFT and CPA predictions of relative volume and Gas Oil Ratio for Crude E at 

T=250
o
F (PC-SAFT: Solid line, CPA: Dashed line). Data obtained from PVT report

317
. GOR 

predictions are better with PC-SAFT which could be a result of the lumping procedure done by 

CPA. 

 

0

200

400

600

800

1000

1200

1400

1600

1800

0 1000 2000 3000 4000 5000

G
O

R
 (

sc
f/

ST
B

) 

Pressure (psig) 

GOR 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

R
e

la
ti

ve
 V

o
lu

m
e

 

Pressure (psig) 

Relative Volume 



94 
 

 

 

Figure 3-15 PC-SAFT and CPA predictions of gas formation volume factor and Y-factor for Crude 

E at T=250
o
F (PC-SAFT: Solid line, CPA: Dashed line). Data obtained from PVT report

317
. Both 

equations of state predict the system pretty well. 
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Most of the other data were obtained through Differential Vaporization (DV) 

experiments. The same technique of the CCE experiment is used where a certain 

amount of reservoir fluid is transferred to a closed cell, often at reservoir 

temperature. The difference is that the differential liberation cell is equipped with 

a valve on top to allow gas to be depleted in stages during the experiment. 

Properties measured with the DV experiments include oil formation volume 

factor, gas formation volume factor, solution GOR (Gas Oil Ratio), and oil 

density. In fact, the data of DV are converted to production separator conditions. 

The PC-SAFT EOS shows good agreement with GOR and Oil formation 

volume factor (Bo) experiment data while the CPA EOS tends to overestimate the 

GOR and underestimate the Bo. Both EOSs give good predictions for the density 

as the Peneloux volume translation is incorporated within the CPA EOS. The Y-

Factor predictions are typically good for both PC-SAFT and CPA equations of 

state. In this case both were off by less than 5%. The Y-Factor measures the 

relative changes in pressure to the total volume in the two phase region and hence, 

it is only reported below the bubble point pressure. 

Besides predictions of PVT properties, it is significant to be able to accurately 

predict the composition of liberated gas in differential vaporization experiments. 

Figures 3.16 and 3.17 show the results for the composition of methane, nitrogen 

and carbon dioxide as a function of stage pressure.  
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Figure 3-16 PC-SAFT and CPA predictions of methane, nitrogen and carbon dioxide in 

comparison with differential vaporization results (Crude D) (PC-SAFT: Solid line, CPA: Dashed 

line). Experimental data obtained from PVT report 
317
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Figure 3-17 PC-SAFT and CPA predictions of methane, nitrogen and carbon dioxide in 

comparison with differential vaporization results (Crude E) (PC-SAFT: Solid line, CPA: Dashed 

line). Experimental data obtained from PVT report 
317
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The experiment is started at high pressure and is decreased over time. As 

pressure decreases, the mole fraction of the light components in vapor phase 

decreases. Consequently, the crude oil becomes depleted of these components. 

In each case, PC-SAFT captures the trend closely; CPA however, matches the 

composition only at higher pressure. PC-SAFT outperforms CPA in predicting 

GOR, Bo and Differential Vaporization compositions. The larger error in CPA 

prediction of GOR, Bo, and DV compositions results from the lumping procedure 

which affects significantly the amount of gas that is liberated. On the other hand, 

both EOSs give good predictions for the following properties: gas formation 

volume factor, oil density, and relative volume. 

3.6.3 Isothermal Compressibility Predictions 
 

Another important indication of accuracy in an equation of state is the 

temperature-pressure-volume dependence of the enthalpy and pressure. This can 

be shown in the derivative properties such as isothermal compressibility. 

The isothermal compressibility has wide applications in the transient fluid 

flowsuch as the transfer of dissolved gases to separation plants and liquids to 

refineries. The bulk modulus, reciprocal of isothermal compressibility, is an 

important quantity in the design of processes that handle liquids at high pressures. 

The isothermal compressibility from crudes D & E is shown in Fig. 3.18.  
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Figure 3-18 PC-SAFT and CPA predictions of derivative properties (Isothermal Compressibility) 

for Crudes D and E respectively. (PC-SAFT: Solid line, CPA: Dashed line). Experimental data 

obtained from respective PVT reports
317

. 
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    While PC-SAFT does a great job in predicting isothermal compressibility, the 

CPA EOS is unable to accurately predict it. The limitation of CPA in predicting 

derivative properties is probably due to the inability of its cubic term to accurately 

describe the pressure-volume derivative. We expect that the CPA would be in a 

better agreement with the isothermal compressibility if the cubic parameters of the 

equation of state were fitted to the liquid density and derivatives without the 

Peneloux correction. However, the Peneloux correction is still able to provide a 

translation in the liquid compressibility
329

 

3.6.4 Other Derivative Properties in Binary Mixtures 
 

     Second order thermodynamic derivative properties such as isobaric heat 

capacities, the Joule-Thomson coefficient, and the speed of sound are also 

essential for the accurate design and optimization of several industrial processes. 

For example, heat capacities become crucial to calculate the calorific power of a 

compound and they are extremely important in the chemical and oil industry. 

Moreover, throttling processes rely mainly on the knowledge of the inversion 

curve. Additionally, the speed of sound is commonly employed for aerodynamic 

calculations and so forth 
330

. 

     In addition to their technological importance, second order derivatives are a 

challenge of accuracy in any equation of state. That is because second derivatives 

are way more sensitive to errors in comparison to first derivatives. Such example 

can be shown by the first order derivative in section 3.6.2 in comparison to the 

isothermal compressibility in section 3.6.3. 
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The isobaric heat capacity for pure fluids and mixtures are needed in many 

process calculations and modeling thermodynamics properties. Examples include 

the integration from a reference condition to obtain enthalpy and activity data. For 

many gases, the value of the heat capacity can obtained from their molecular 

structures and intermolecular forces. However, for more complicated fluids, such 

calculations can be difficult and many equations of state don’t give reliable heat 

capacities 
331

. Predictions by PC-SAFT and CPA for the isobaric heat capacity in 

various binary mixtures are demonstrated in the following figures.  

 

Figure 3-19 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

binary mixture of Ethanol and n-Hexane at T=298.15K and P=1atm. (PC-SAFT: Solid line, CPA: 

Dashed line). Experimental data obtained from Fortier and Benson 
332
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Figure 3-20 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

binary mixture of Toluene and n-Hexane at T=298.15K and P=1atm. (PC-SAFT: Solid line, CPA: 

Dashed line). Experimental data obtained from Fortier and Benson 
332

 

 

Figure 3-21 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

binary mixture of Benzene and Iso-Octane at T=298.15K and P=1atm. (PC-SAFT: Solid line, 

CPA: Dashed line). Experimental data obtained from Fortier and Benson 
332

. 
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Figure 3-22 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

binary mixture of Toluene and Iso-Octane at T=298.15K and P=1atm. (PC-SAFT: Solid line, 

CPA: Dashed line). Experimental data obtained from Fortier and Benson 
332

. 

Both equations of state are able to model the binary mixture with good 

accuracy. Predictions for pure components can be found in Appendix A. CPA 

predictions are slightly better with Iso-octane while PC-SAFT prediction are 

better for the rest of the components studied. 

The speed of sound is another valuable thermodynamic property for pure 

liquids and mixtures as it provides great details about their structure. In addition, it 

can be calculated with an outstanding accuracy even at very high pressures 
333

. 

Combined with the density, they can be used to calculate various properties such 

as isentropic and isothermal compressibilities, thermal pressure coefficients and 

isobaric thermal expansivities 
334

. The speed of sound is typically one of the 

harder properties for equations of state to predict. The following figures show the 

predictions by PC-SAFT and CPA for binary mixtures of Cyclohexane and 
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Methylcyclohexane with Benzene, Toluene and Ethylbenzene respectively at 

T=283.15K and atmospheric pressure. 

 

 

Figure 3-23 PC-SAFT and CPA predictions of derivative properties (Speed of Sound) for binary 

mixtures of Cyclohexane and Methylcyclohexane with Benzene at T=283.15K and P=1atm. (PC-

SAFT: Solid line, CPA: Dashed line). Experimental data obtained from Gonzalez et al
335
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Figure 3-24 PC-SAFT and CPA predictions of derivative properties (Speed of Sound) for binary 

mixtures of Cyclohexane and Methylcyclohexane with Toluene at T=283.15K and P=1atm. (PC-

SAFT: Solid line, CPA: Dashed line). Experimental data obtained from Gonzalez et al
335

. 

0

200

400

600

800

1000

1200

1400

1600

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Sp
e

e
d

 o
f 

So
u

n
d

 (
m

/s
) 

XCyclohexane 

0

200

400

600

800

1000

1200

1400

1600

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Sp
e

e
d

 o
f 

So
u

n
d

 (
m

/s
) 

XMethylCyclohexane 



106 
 

 

 

Figure 3-25 PC-SAFT and CPA predictions of derivative properties (Speed of Sound) for binary 

mixtures of Cyclohexane and Methylcyclohexane with Ethylbenzene at T=283.15K and P=1atm. 

(PC-SAFT: Solid line, CPA: Dashed line). Experimental data obtained from Gonzalez et al
335

. 
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Although both equations of state are far from accurate predictions, PC-SAFT 

seems to provide closer agreement with the experimental data for the previous 

systems. Similar trends were obtained at higher temperature (T=298.15K). The 

effect of temperature and pressure on the speed of sound for binary mixtures of 

methane and hexane with hexadecane is presented in the following figures. 

 

 

Figure 3-26 PC-SAFT and CPA predictions of derivative properties (Speed of Sound) for binary 

mixtures of Methane and Hexadecane (XC1=0.679) at T=292.15K (black) and T=413.15K (red) . 

(PC-SAFT: Solid line, CPA: Dashed line). Experimental data obtained from Ye et al. 
336
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Figure 3-27 PC-SAFT and CPA predictions of derivative properties (Speed of Sound) for binary 

mixtures of Methane and Hexadecane (XC1=0.51) at T=303.15K (black) and T=393.15K (red). 

(PC-SAFT: Solid line, CPA: Dashed line). Experimental data obtained from Ye et al. 
336

. 

 

Figure 3-28 PC-SAFT and CPA predictions of derivative properties (Speed of Sound) for binary 

mixtures of Hexane and Hexadecane (XC6=0.2) at T=293.15K (black) and T=373.15K (red). (PC-

SAFT: Solid line, CPA: Dashed line). Experimental data obtained from Ye et al. 
336
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Figure 3-29 PC-SAFT and CPA predictions of derivative properties (Speed of Sound) for binary 

mixtures of Hexane and Hexadecane (XC6=0.4) at T=293.15K (black) and T=373.15K (red). (PC-

SAFT: Solid line, CPA: Dashed line). Experimental data obtained from Ye et al. 
336

. 
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pressure and higher temperatures. For the mixture of hexane and hexadecane, 

CPA predictions seem to be better at higher pressures. However, PC-SAFT 

pressure dependence is more consistent with the experimental data. Predictions for 

pure components can be found in Appendix A. 

Among the second order derivatives, the Joule Thomson (JT) expansion 

coefficient is a particularly difficult property to predict despite its importance and 
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certain conditions, the expansion produces heating contrary to the expected 

cooling behavior. The pressure and temperature where the cooling shifts to 

heating, where JT coefficient is zero, is known as the JT inversion curve. Such 

condition is important especially for cryogenic processes. For example, maximum 

cooling effect is produced when the fluid expansion starts from an inversion 

pressure 
337

. Moreover, knowledge of the inversion curve is critical for the 

production of gas reservoirs. With the advancement in technology, deeper 

explorations with higher pressure and temperature reservoirs are being produced 

under which the inversion occurs. Such changes in temperature although small 

may affect significantly the efficiency of the operation. Unfortunately, contrary to 

the speed of sound measurements, experimental data for JT inversion conditions 

are rarely obtained by direct measurement. This is because those conditions 

extend over large pressures and temperature and can reach up to 12 folds and 5 

folds of the critical pressure and temperature respectively. In addition, it requires 

extreme determination of temperature variations at those conditions since the JT 

coefficient is very small and sensitive. As a result, those data are often scarce, 

unreliable and mostly available for pure fluids 
338

. Therefore, the ability to predict 

JT are of great significance as it is not feasible to measure those values for various 

blends at different concentrations. The following figures illustrate a comparison 

between PC-SAFT and CPA for binary and ternary mixtures. 
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Figure 3-30 PC-SAFT and CPA predictions of the Joule Thomson Inversion Curve for equimolar 

binary mixtures of Methane and Ethane. (PC-SAFT: Solid line, CPA: Dashed line). Experimental 

data obtained from Vrabec et al. 
339

. 

 

Figure 3-31 PC-SAFT and CPA predictions of the Joule Thomson Inversion Curve for equimolar 

binary mixtures of Methane and Carbon Dioxide. (PC-SAFT: Solid line, CPA: Dashed line). 

Experimental data obtained from Vrabec et al. 
339
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Figure 3-32 PC-SAFT and CPA predictions of the Joule Thomson Inversion Curve for equimolar 

ternary mixtures of Methane, Ethane and Nitrogen. (PC-SAFT: Solid line, CPA: Dashed line). 

Experimental data obtained from Vrabec et al. 
339

. 

 

Figure 3-33 PC-SAFT and CPA predictions of the Joule Thomson Inversion Curve for equimolar 

ternary mixtures of Methane, Ethane and Carbon Dioixde. (PC-SAFT: Solid line, CPA: Dashed 

line). Experimental data obtained from Vrabec et al. 
339
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The previous figures share similar trends. The PC-SAFT seems to agree more 

with the data at lower temperatures. However, at higher temperatures both 

equations are unable to accurately describe the inversion curve. PC-SAFT tends to 

overestimate the inversion pressure while CPA tends to underestimate. Pure data 

predictions and comparisons can be found in Appendix A. 

As shown by the previous graphs, the prediction of second order derivative 

properties is challenging for any equation of state as slight error in a first order 

can contribute greatly to the second order derivative. The inability to describe 

these derivatives is mainly due to the presence of singularities. The assumptions 

made while developing the equation of state such as ignoring microscopic 

contribution to the macroscopic properties 
340

 do also play major rule in those 

errors. Another possibility for CPA could be due to simultaneous fitting procedure 

of phase equilibria and first order properties leaving it with little predictive 

capabilities. The reason PC-SAFT performs better consistently is that it is a 

molecular based equation of state. This means that it does not depend on a 

particular property but rather add little microscopic contributions of the 

component. 
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3.7 SARA Analysis 
 

The SARA analysis is an important tool in determining the characterized liquid 

pseudo components. SARA analysis can be generally performed using series of 

column separation schemes 
341

. Three main techniques are used to obtain SARA 

analysis, which are: clay gel adsorption chromatography separation, Thin Layer 

Chromatography (TLC), and High Pressure Liquid chromatography (HPLC). Clay 

gel adsorption, the basis of ASTM D2007, is a time consuming method that 

requires large amount of oil sample and solvents and is extremely difficult to 

automate 
127

. 

Consequently, improved methods such as HPLC and TLC are more common. 

The HPLC, first introduced by Suatoni and Swab 
342

, requires a small amount of 

oil sample (1 gram) and can be achieved in a minimum time (less than 2 hours). 

Like clay gel adsorption, de-asphlating the sample by precipitation is the first step 

before proceeding with the chromatography 
343

. The Asphlatene is precipitated by 

adding 40-fold excess of boiling n-alkane and later dissolved by toluene and 

dichloromethane. Saturates, aromatics and resins are then separated using column 

chromatography; for these, NH2 bonded material columns are used 
344-345

. The 

major difference between ASTM and HPLC is the amount of time, sample, and 

solvent required. HPLC is faster, more reproducible, and readily automated 
127

. 

The TLC analysis, applied first by Suzuki 
346

, is the fastest method and uses 

quartz rods that are coated with sintered silica particles. Unlike HPLC and ASTM, 

de-asphalting is not required before chromatography. A modified technique 
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known as TLC-FID (TLC combined with Flame Ionization Detection) has lately 

emerged as the most popular approach 
117, 347-349

. This method is referred to as IP-

143. Although this method uses a very small amount of sample, a significant 

fraction containing both saturates and aromatics is lost. Consequently, additional 

analysis is required when testing light and medium gravity oils 
127

. 

Unfortunately, although users rarely distinguish between them, problems arise 

because these techniques don't produce identical results and are not 

interchangeable. In fact, these differences can be large even for the same sample 

using different techniques as can be seen in table. 3.18. 
127

.  

 

Table 3-18 SARA analysis results for different techniques 
127

. Both ASTM and TLC-FID gives 

hugh amount of volatiles. Also ASTM and HPLC agrees on the amount of asphaltene present in 

the sample. 

Oil Method 

Volatiles 

(wt%) 

Saturates 

(wt%) 

Aromatics 

(wt%) 

Resins 

(wt%) 

Asphaltene 

(wt%) 

A-95 

ASTM 6.7 46.2 19.7 18.6 8.8 

HPLC 0 51.0 20.5 19.7 8.8 

TLC-FID 53.3 13.8 12.4 13.4 7.1 

C-LH-99 

ASTM 10.3 38.8 23.6 23.9 3.4 

HPLC 0 49.4 21.5 25.6 3.4 

TLC-FID 54.3 12.5 15.3 13.5 4.4 

C-R-00 

ASTM 2.4 68.7 17.4 9.9 1.6 

HPLC 0 70.6 16.4 11.4 1.6 

TLC-FID 37.5 38.0 12.1 9.2 3.2 

SQ-95 

ASTM 16.3 47.0 19.4 14.7 2.6 

HPLC 0 65.2 18.3 13.9 2.6 

TLC-FID 61.5 17.3 10.2 9.1 1.9 
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S-Ven-39 

ASTM 6.3 45.6 27.8 14.2 6.1 

HPLC 0 51.1 28.3 14.5 6.1 

TLC-FID 47.5 17.2 10.5 14.5 10.4 

Tensleep-

99 

ASTM 3.2 59.0 22.9 11.7 3.2 

HPLC 0 64.0 19.8 12.9 3.2 

TLC-FID 39.6 26.5 18.8 8.1 6.9 

 

The advantage of SARA is that it can be simply performed in many 

laboratories. On the other hand, there are many disadvantages of SARA that are 

noticeable and should be overcome. First, as shown in the table, different 

techniques give large errors and cannot be fully trusted. Moreover, the type of n-

alkane used to precipitate asphaltene is important since a single crude oil will have 

different SARA results depending on the precipitant used. Another disadvantage 

is, if the oil to be tested is dead, it will lack the gaseous component present in live 

oil and consequently will not be a representative of live oil behavior under 

reservoir conditions. 

Despite their drawbacks, SARA analysis is still widely used in characterizing 

crude oils. Therefore, when characterizing a crude oil, the possibility of inaccurate 

SARA should be always taken in consideration. Crude A and B were tested on 

various SARA analysis for the phase behavior of asphaltene. It should be noted 

that a slight variation of SARA analysis does not yield much difference in the 

overall phase behavior. Those small differences can be offset by optimizing 

aroamtics-plus-resins aromaticity and asphaltene PC-SAFT parameters. However, 

a large error in SARA analysis can be reflected in the difficulty of obtaining an 
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accurate prediction of the phase behavior and can sabotage the prediction 

capability of the model. Such errors can be sometimes detected, for example, 

when the pseudo-component of aromatics-plus-resins is very low or extremely 

high signaling an overcorrection. A unified and more accurate method of 

obtaining SARA analysis is therefore of importance to the oil industry. 

 

3.8 Chapter Summary 
 

 

This chapter presented an overview of the characterization techniques used by 

different equations of state and PC-SAFT characterization. In addition, an 

overview of equations of state that are of interest to asphaltene phase behavior 

modeling was discussed and compared.  

In this study, a comparison of two equations of state, PC-SAFT and CPA, has 

been carried out. The two equations of state are PC-SAFT, a solubility model, and 

CPA, a colloidal model. There is a debate over which of those models is correct. 

Furthermore, the strengths and limitations were investigated by applying them to a 

range of thermodynamic properties over various conditions and compositions.  

The characterization for the CPA EOS follows the common Whitson 

procedure with an extension for resins and asphaltenes where the heptane-plus 

fraction is split into individual components. These components are later grouped 

into lumped pseudo components. On the other side, the characterization for PC-

SAFT EOS is based on the flashed gas and liquid. The characterization for gas is 

simple while the characterization for liquid honors the SARA analysis. These two 

are then recombined based on the GOR. 
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In order for a more efficient characterization, a semi-automated algorithm was 

developed where the characterization is fully automated and the optimization is 

semi-automated. The characterization section automatically recombines the 

flashed liquid and flashed gas to live oil composition with initial estimates of the 

PC-SAFT parameters for the pseudo-components. The major important part is 

optimization. As an Excel solver cannot produce an optimum solution for the 

phase behavior, a matrix form where various combination of asphaltene 

parameters are tested. The top values obtained from various matrices are stored. 

Those local minima are then further compared to ensure the final values obtained 

are representative of the asphaltene parameters. 

The results indicate that with an optimized characterization, both EOSs give 

reasonable predictions of the phase behavior and asphaltene precipitation 

tendency with the PC-SAFT predictions of asphaltene precipitation closer to 

experimental results compared to CPA. The phase behavior predictions are 

essential for predicting deposition tendency. 

    PC-SAFT outperforms CPA in predicting GOR and differential vaporization 

compositions. However, both EOSs give good predictions for the following 

properties: gas formation volume factor, oil formation volume factor, and Y-

factor. 

    The isothermal compressibility points out a limitation in the CPA EOS. Since 

PC-SAFT was superior in its prediction of the derivative properties, the belief is 

that limitation of CPA is possibly due to its cubic term. The deviation can be 
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tracked down to its incorrect description of dP/dV that is consequence of the 

poorly predicted liquid density without the volume translation. 

More PC-SAFT and CPA pure predictions on second order derivatives are 

tested. Those derivative properties are considered a challenge for any equation of 

state as a slight error is easily manifested through them. In general, PC-SAFT is 

able to consistently perform better than CPA on those properties. This is because 

any microscopic assumption made in the development of the equation of state can 

be shown in second order macroscopic properties. 
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4 MODELING ASPHALTENE PHASE BEHAVIOR 
 

Asphaltene is a polydisperse aggregated substance that is found in crude oils 

along with saturates, aromatics, resins and other components. The inability to 

separate asphaltenes into individual components makes its analysis extremely 

difficult. Asphaltenes are different depending on their source yet an average ratio 

of carbon to hydrogen is estimated to be around 1:1.2 
5-6

. Due to the obscured 

chemical structure of asphaltene, it is classically defined in term of its solubility in 

other crude oil components. Asphaltene is insoluble in low molecular weight 

alkanes specifically, n-pentane and n-heptane, but completely miscible in aromatic 

hydrocarbons such as benzene and toluene. Although asphaltenes are soluble in 

aromatic solvents like toluene, asphaltenes are known to associate into clusters 

called nano-aggregates even at low concentration
18, 350-351

.  

The previous chapters looked into details in the structure and properties of 

asphaltene. Moreover, it described the different techniques used to characterize 

crude oils with asphaltene. Those characterizations are then used in different 

models and equations of state to predict asphaltene phase behavior. In this chapter, 

the focus is mainly on using PC-SAFT equation of state as it has proven its 

capabilities against various equations of state. This chapter aim to demonstrate the 

effect of the presence of various components on the phase behavior of asphaltene. 
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4.1 Introduction 
 

The loss of production due to asphaltene blockage is a continuing concern for 

many producing wells. This loss is typically due to a two-step process which is a 

combination of thermodynamics and kinetics. Those are asphaltene precipitation 

from reservoir fluids which can be modeled using the proper thermodynamic 

method and deposition of those precipitated particles on the tubing. However, it is 

important to note that asphaltene precipitation is a necessary but not sufficient for 

asphaltene deposition. For example, unexpectedly, lighter crudes with lower 

asphaltene content have more severe asphaltene problems in comparison to 

heavier crudes with higher asphaltene content. This can be shown by noting that 

many of the crudes used in this thesis face asphaltene problems despite their low 

asphaltene content. On the contrary, crudes such as the Venezuelan Boscan field 

have high asphaltene content, around 17 wt.%, and do not face asphaltene 

deposition 
352

. Yet, it is significant that the phase behavior of the crude is well 

modeled. Moreover, having a predictive tool enables us to provide good estimates 

for enhanced oil recovery such as gas injections and water flooding. 
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4.2 Effect of Different Gases on Asphaltene Phase Behavior 
 

There are many effective techniques for enhanced oil recovery. In fact, most of 

these techniques involve gas injection either as sort of pressure maintenance or 

flooding the reservoir. However, when these gases dissolve in the reservoir fluid, 

they may destabilize the crude and causes organic precipitations. Asphaltene 

precipitation in particular precipitation can alter the wettability of the reservoir 

resulting in poor flood performance 
353

. Moreover, it might damage the formation, 

plug the wellbore and can sometimes lead to loss of the production. The previous 

chapter illustrated the superior performance and capabilities of PC-SAFT equation 

of state over various crudes phase behavior, first and second order thermodynamic 

properties. The PC-SAFT characterization of Crudes F and G is summarized in 

Tables 4.1 and 4.2. The phase behavior of these crudes at no gas injection is 

shown in Fig. 4.1 and 4.2. 
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Table 4-1 PC-SAFT parameters for the characterized crude oil F 

Component MW (g/mol) Mol% m σ(A) Ԑ/k (K) 

Nitrogen 28.04 0.135 1.206 3.313 90.96 

Carbon Dioxide 44.01 1.926 2.073 2.785 169.21 

Methane 16.04 33.277 1.000 3.704 150.03 

Ethane 30.07 7.511 1.607 3.520 191.42 

Propane 44.10 6.683 2.002 3.618 208.11 

Heavy Gas 67.54 9.192 2.58 3.75 229.50 

Saturates 158.44 35.997 4.92 3.89 248.84 

Aromatics+Resins 449.27 5.216 12.33 3.99 260.96 

Asphaltenes 1700 0.063 25.03 4.29 383.64 

 

Table 4-2 PC-SAFT parameters for the characterized crude oil G. 

Component MW (g/mol) Mol% m σ(A) Ԑ/k (K) 

Nitrogen 28.04 0.789 1.206 3.313 90.96 

Carbon Dioxide 44.01 2.023 2.073 2.785 169.21 

Methane 16.04 14.586 1.000 3.704 150.03 

Ethane 30.07 4.320 1.607 3.520 191.42 

Propane 44.10 4.451 2.002 3.618 208.11 

Heavy Gas 66.906 5.783 2.56 3.75 229.19 

Saturates 195.61 44.247 5.87 3.92 251.69 

Aromatics+Resins 152.85 23.762 3.72 3.95 334.36 

Asphaltenes 1700 0.039 31.00 4.15 383.00 
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Figure 4-1 PC-SAFT predictions of asphaltene phase behavior for Crude F with no gas injection. 

 

 

Figure 4-2 PC-SAFT predictions of asphaltene phase behavior for Crude G with no gas injection. 
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The previous graphs show the ability for the PC-SAFT to match the 

experimental data. However, these data are typically not accurate and have 

uncertainty of around 20-30%. Therefore, an exact fit is not always a necessity. In 

order to predict the cases of enhanced oil recovery, it is important that the 

equation of state has predictive capabilities. Demonstrations of the phase behavior 

predictive capabilities are shown for Crudes A and B in Fig. 3.6, 3.7. Another 

example of characterized crude oil and phase behaviors at different gas injections 

are illustrated in Table 4.3 and Fig. 4.3. 

 

Table 4-3 PC-SAFT parameters for the characterized crude oil H. 

Component MW (g/mol) Mol% m σ(A) Ԑ/k (K) 

Nitrogen 28.04 0.147 1.206 3.313 90.96 

Carbon Dioxide 44.01 1.713 2.073 2.785 169.21 

Methane 16.04 32.221 1.000 3.704 150.03 

Ethane 30.07 7.819 1.607 3.520 191.42 

Propane 44.10 7.326 2.002 3.618 208.11 

Heavy Gas 66.630 9.432 2.56 3.74 229.06 

Saturates 145.13 37.499 4.57 3.88 247.47 

Aromatics+Resins 519.35 3.836 11.93 4.13 331.13 

Asphaltenes 1700 0.007 30.40 4.29 383.00 
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Figure 4-3 PC-SAFT predictions of asphaltene phase behavior for Crude H after estimating the 

parameters at 15% gas injection.  The PC-SAFT is able to capture well the change in the onset and 

bubble pressures due to the change in gas injected. Injected gas composition (mol.%): N2-0.46%, 

CO2-4.51%, C1-87.46%, C2-7.19%, C3-0.37%. 
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In the previous graph, the PC-SAFT parameters were fitted to the 15 mol% 

gas injection. Those parameters were then used to predict the phase behavior of 

the system at different gas injections. The effect of adding gas is clear in those 

figures. More gas injected means an increase in the lighter components which 

causes asphaltene to become unstable at higher pressures. Crudes A, B, and H 

(Figs 3.6, 3.7 and 4.3) demonstrate that using a single set of parameters, the 

predictions are in good agreement with the field data. It is worth noting that the 

effect of injection is dependent on the gas injected and will vary depending on the 

amount as well as the composition of gas. For example, the gas injected in Crude 

H is 87.46 mol% Methane and therefore, the effect noted closely resembles the 

effect of pure methane injection. The following graphs will look into details on the 

individual contributions of these gases. The effect of Nitrogen injection is shown 

in Fig. 4.4. and 4.5. 
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Figure 4-4 PC-SAFT prediction of asphaltene phase behavior for Crude C. The bubble curves are 

represented in red and the onset curves are represented in blue. The solid line represents the phase 

behavior with no gas injection while the dashed line represents the 10 mol% N2 injection. 

Experimental data from Jamaluddin et al.
328

. Nitrogen is a strong asphaltene precipitant. 

 

 

Figure 4-5 PC-SAFT of asphaltene onset pressure as a function of gas injected at fixed temperature 

(T=300
o
F) for Crude C. Experimental data from Jamaluddin et al. 

328
. It can be shown that 

Nitrogen strongly affects the onset and bubble pressures. 
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It is clear that Nitrogen aggravates the asphaltene instability. A linear 

relationship between the amount of gas injected and bubble and onset pressures 

has been observed. Such aggravation can potentially undo any potential use of 

nitrogen as pressure maintenance and enhanced oil recovery.  

Carbon dioxide injection is more common and known to be effective for 

enhanced oil recovery. Like methane and nitrogen, CO2 is believed to be a 

promotor of asphaltene precipitation. The following graphs (Fig. 4.6 and Fig 4.7) 

show the effect of adding carbon dioxide to asphaltene containing crudes.  

It is clear that carbon dioxide in Crude E promotes asphaltene precipitation. 

However, in comparison to nitrogen, carbon dioxide seems to have less effect. It is 

important to note that the experimental data can typically have up to 30% error 

which sometimes makes them unreliable.  
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Figure 4-6 PC-SAFT predictions of asphaltene phase behavior for Crude E at different Carbon 

Dioxide gas injections. The PC-SAFT parameters were fitted to the 20 mol% CO2 injection and 

used to predict the rest. 
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Figure 4-7 PC-SAFT predictions of asphaltene phase behavior for Crude D at different Carbon 

Dioxide gas injections. The PC-SAFT parameters were fitted to both 40 and 50 mol% CO2 

injection. 
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For this crude, according to experimental data, the phase behavior is stable 

even at 40 mol% carbon dioxide injection. However, at 50% CO2 injection, the 

data suggest that the system is unstable at low temperatures. Due to this high 

jump, for such case, the binary interaction between asphaltene and CO2 had to be 

adjusted. Another case study is illustrated in Fig. 4.8. 

 

Figure 4-8 PC-SAFT prediction of asphaltene phase behavior for Crude C. The bubble curves are 

represented in red and the onset curves are represented in blue. The solid line represents the phase 

behavior with no gas injection while the dashed line represents the 20 mol% CO2 injection. 

Experimental data from Jamaluddin et al.
328

. CO2 seems to act as inhibitor below a certain 

temperature. 

 

The previous crudes illustrate that modeling and predicting CO2 injection is 

tricky. While generally, carbon dioxide promotes asphaltene precipitation, under 

low temperatures and for certain crudes, it may act as inhibitor. The overall effect 

of CO2 is probably dependent on the composition and consequently the solubility 

parameter of that crude. CO2 have higher solubility dependence on temperature. 
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Hence, for crude C, the solubility of CO2 was higher than the crude oil at low 

temperature causing it to stabilize asphaltene. On the other hand, at high 

temperature, CO2 solubility was low compared to crude oil causing it to 

destabilize the system. These previous injections were pure carbon dioxide. It is 

also common to mix various gases with CO2, also known as dirty CO2 injection. 

The following graphs (Fig. 4.9 and 4.10) illustrate replacing some of CO2 with 

methane while Fig. 4.11 show when CO2 is completely replaced with methane. 

 

Figure 4-9 PC-SAFT prediction of asphaltene phase behavior for Crude C. The bubble curves are 

represented in red and the onset curves are represented in blue. The solid line represents the phase 

behavior with no gas injection while the dashed line represents the 20 mol% gas injection. 

Experimental data from Jamaluddin et al.
328

. Injected gas composition (mol.%): CO2-80%, C1-20% 
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Figure 4-10 PC-SAFT prediction of asphaltene phase behavior for Crude C. The bubble curves are 

represented in red and the onset curves are represented in blue. The solid line represents the phase 

behavior with no gas injection while the dashed line represents the 20 mol% gas injection. 

Experimental data from Jamaluddin et al.
328

. Injected gas composition (mol.%): CO2-50%, C1-50% 

 

Figure 4-11PC-SAFT prediction of asphaltene phase behavior for Crude C. The bubble curves are 

represented in red and the onset curves are represented in blue. The solid line represents the phase 

behavior with no gas injection while the dashed line represents the 20 mol% C1 injection. 

Experimental data from Jamaluddin et al.
328
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As can be seen, adding more methane to the CO2 results in higher asphaltene 

precipitation onset. Compared to nitrogen and methane effect, adding ethane 

seems to provide less overall effect. However, ethane is still a strong asphaltene 

precipitant. 

The previous components (CO2, C1, N2) have low polarizability and are 

typical non-polar gases. Therefore, they are strong asphaltene precipitants. On the 

other hand, hydrogen sulfide is highly polarizable. As a result, it is expected that 

adding H2S will reduce asphaltene precipitation. Examples of the effect of adding 

Hydrogen Sulfide to the Crudes can be shown by the following figures (Fig 4.12-

4.15). 

 

Figure 4-12 PC-SAFT prediction of asphaltene phase behavior for Crude A. The bubble curves are 

represented in red and the onset curves are represented in blue. The solid line represents the phase 

behavior with no gas injection while the dashed line represents the 20 mol% H2S injection. 
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Figure 4-13 PC-SAFT prediction of asphaltene phase behavior for Crude E. The bubble curves are 

represented in red and the onset curves are represented in blue. The solid line represents the phase 

behavior with no gas injection while the dashed line represents the 20 mol% H2S injection. 

 

Figure 4-14 PC-SAFT prediction of asphaltene phase behavior for Crude I. The bubble curves are 

represented in red and the onset curves are represented in blue. The solid line represents the phase 

behavior with no gas injection while the dashed line represents the 20 mol% H2S injection. 
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Figure 4-15 PC-SAFT prediction of asphaltene phase behavior for Crude J. The bubble curves are 

represented in red and the onset curves are represented in blue. The solid line represents the phase 

behavior with no gas injection while the dashed line represents the 20 mol% H2S injection. 

 

These results indicate that the area of asphaltene precipitation envelope 
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their risks. 
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4.3 Presence of Polymer Effect on Asphaltene Phase Behavior 
 

The phase behavior of asphaltene containing mixtures has been studied due to 

changes in temperature and pressure and changes in composition by diluting the 

solvent either through evaporation or adding anti solvent and 

ultracentrifugation
354-355

. Several studies have been conducted to determine the 

impact of asphaltene self-aggregation on the stability of the asphaltene containing 

mixtures 
15, 356

. The phase separation of mixtures of asphaltene + polystyrene+ 

toluene into asphaltene-rich and polystyrene-rich liquid phases was recently 

investigated using a nonintrusive acoustic phased array technique and the 

separation is suggested to follow a depletion flocculation mechanism 
357

. 

The question has arisen whether asphaltene are in solution or are colloidal 

dispersion. Since each obeys the same statistical mechanics and thermodynamic 

stability conditions, system behavior is independent of the label. To investigate 

the colloidal character of asphaltenes, Khammar and Shaw 
357

 studied asphaltene 

stability after adding a non-adsorbing polymer to the solution. The non-adsorbing 

polymer depletes the region between colloidal particles inducing attractive forces 

between the colloidal spheres creating a middle region that is depleted in polymer. 

This gives rise to an osmotic pressure due to unbalanced regions leading to phase 

separation 
357-358

. This mechanism is thermodynamically favorable as more free 

volume is created to relieve the crowding. The higher the concentration of 

polymer is, the easier it is for the mixture to separate into colloid-poor and 

colloid-rich phases. However, some electrostatically stabilized systems have 
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demonstrated re-stabilization behavior at much higher polymer concentrations 
359-

360
. Generally speaking, the larger the polymer is, the stronger the repulsion is and 

therefore the easier it is for the mixture to separate. However,  the size ratio (q), 

i.e. the ratio between the radius of gyration of the polymer to the colloid radius is 

vital 
361

. The tendency to phase separation when a non-adsorbing polymer is 

added to otherwise homogeneous colloidal mixtures is called depletion 

flocculation, a mechanism first described by Asakura and Oosawa 
362-363

. This 

mechanism was later modified and extended theoretically by Vrij 
364

, and Joanny 

et al. 
365

 and verified experimentally by Vincent and co-workers 
366-367

, and De 

Hek and Vrij 
368

. 

Gast et al. 
369-370

 and later Vincent et al. 
371

 used standard perturbation theory 

with the volume exclusion potential to successfully model the destabilization and 

restabilization of mixtures of colloidal spheres and non-adsorbing polymers. Since 

then, many theoretical studies have addressed the polymer-colloid phase 

behavior
372-378

. Although these theoretical studies have explained the phase 

behavior seen in the Asakura-Oosawa model, molecular simulation has been 

required to assess the quality of the model and verify the theory 
379

.                       

As demonstrated by Gast et al. 
369-370

, colloidal phase transition and solution 

phase behavior follow the same physics. Given a model with the essential physics, 

both can be modeled. A model that has shown success in predicting phase 

behavior for mixtures of molecules with large size differences, such as polymer 

solutions and asphaltene phase behavior is the SAFT EOS.  As discussed in the 

previous chapter, the Statistical Associating Fluid Theory (SAFT) Equation of 



140 
 

State, based on statistical mechanics, was developed by Chapman et al. 
154-156

 by 

extending and simplifying Wertheim’s theory 
194-195, 227-228

. One advantage of 

SAFT is that it has been validated against molecular simulation. Molecules with 

large size differences can show phase splitting due to size and shape 
154, 156, 167, 242-

243
. Considerable amount of work has shown success in modelling asphaltene 

behavior using the SAFT equation of state 
1, 262, 322, 380

. Furthermore, SAFT has 

been proven capable of predicting the properties and phase behavior of complex 

mixtures of associating and non-associating components 
167, 244, 270-271

.  

4.3.1 Methodology 

 

The system of interest is a mixture of polystyrene, asphaltene and toluene 

where polystyrene is a non-adsorbing polymer that induces phase separation. 

Asphaltene is a self-aggregating component present in the form of nano-

aggregates estimated to be about 2 nm in diameter and toluene is the solvent. The 

Perturbed Chain form of SAFT (PC-SAFT) equation of state, a modification of 

SAFT developed by Gross and Sadowski, is used in this study to model the 

system of interest 
258

. It is worth noting that most SAFT versions share the same 

basic form and thus give comparable results. The PC-SAFT form is used here 

because it has been widely used to model the phase behavior of polymer solutions 

as well as crude oils and it is readily available in commercial thermodynamic 

simulators such as Multiflash and VLXE. 
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The asphaltene PC-SAFT parameters used in this paper are typical parameters 

obtained from various crude oils 
1, 380

. The toluene and polystyrene PC-SAFT 

parameters were obtained from Gross and Sadowski 
258, 274

. Those parameters are 

summarized are summarized in Table 4.4  

 

Table 4-4 PC-SAFT parameters for the model system. 

Component MW (g/mol) m/MW  σ(A) Ԑ/k (K) 

Toluene 92.14 0.0306 3.7169 285.69 

Asphaltenes 1700 0.0147 4.3 383 

Polystyrene 700000 0.019 4.1071 267 

 

For simplicity, the kij between toluene and asphaltene and between toluene and 

polystyrene was set to zero. The kij between asphaltene and polystyrene was fitted 

to one case (T= 293 K, P= 1 atm and PS MW=700,000). Using these parameters, 

the equation of state predicted the phase behavior at different temperatures, 

pressures and polystyrene molecular weight. A summary of kij values is presented 

in Table 4.5. Model calculations are compared with experimental data from 

Khammer and Shaw 
357

 in the following figures.  

Table 4-5 The binary interaction parameters for the model system. The kij between aspahltene and 

polystyrene were fitted to the system 

Components Toluene Asphaltene Polystrene 

Toluene 0 0 0 

Asphaltene  0 0.0022 

Polystyrene   0 
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4.3.2 Asphaltene-Toluene-Polystyrene Phase Behavior 

 

The phase behavior and tie-lines of the polystyrene-asphaltene-toluene system 

at T=293K, P = 1 atm, and PSMW=700,000 illustrated in Fig. 4.16 and Fig. 4.17 

respectively was obtained by fitting a single asphaltene-polystyrene binary 

interaction parameter to the experimental data.  

 

 

Figure 4-16 The phase behavior of polystrene-asphaltene-toluene system at PSMW=700K, T= 

293K and P=1 atm. (Solid line, PC-SAFT prediction; Square, Experimental two phase region; 

Triangle, Experimental one phase region) 
357

.  
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Figure 4-17 The tie-line phase behavior of polystrene-asphaltene-toluene system at T= 293K and 

P=1 atm. 

 

Semi-quantitative agreement of the model with the data was found prior to 

fitting the binary interaction parameter. The curve is the phase boundary from PC-

SAFT. To the left of the curve, the system is single phase and two liquid phases 

are present to the right of the curve. The two liquid phases are an asphaltene rich 

phase and a polymer rich phase as seen by the tie lines in Fig. 4.17. In Fig. 4.16, 

the points are experimental data of Khammar and Shaw 
357

. The triangles show the 

single phase state points and the squares show the two phase state points. The PC-

SAFT model shows good agreement with experimental data using a single binary 

interaction parameter between asphaltene and polystyrene. 

The previous graphs describe the phase behavior at a narrow but important 

range where both asphaltene and polystyrene amounts are small. Obtaining the 

experimental values at various concentrations can be costly and time consuming. 
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However, the whole phase behavior can be obtained using the same equation of 

state as shown by Fig. 4.18. 

 

 

Figure 4-18 The full phase behavior of polystrene-asphaltene-toluene system at T= 293K and P=1 

atm predicted using PC-SAFT EOS. 

 

Once the binary interaction parameter is obtained, the PC-SAFT EOS can 

predict the effect of temperature, pressure and polystyrene molecular weight on 

the system phase behavior. The effect of temperature is demonstrated in Fig 4.19. 
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Figure 4-19 The effect of  temperature on the phase behavior of polystrene-asphaltene-toluene 

system at constant pressure P=1 atm (T=243K to 248K). The one phase region exapnds as 

temperature increases. (Solid line: T=293K, Dotted line: T=248K, Dashed line: T=373K) 

 

Figure 4.19 shows the phase boundary from 248K to 373K. As temperature 

increases, the solubility of both polystyrene and asphaltene increase in toluene. 

This causes the single phase region to grow with increasing temperature at fixed 

pressure of 1 atm. 

As temperature increases, toluene is becoming a better solvent. From physical 

point of view, this results in a reduction in the asphaltene aggregate size at fixed 

mass fraction 
356

. Therefore, in order for the asphaltene aggregates to reach 

minimal aggregates size needed for phase separation, more asphaltene should be 

present in the system. Thus, the phase separation happens at higher asphaltene 

concentration, i.e. the miscibility increases as the colloidal particle size decreases.  
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On the other hand, according to polymer physics, as temperature decreases, 

toluene becomes a poorer solvent for both asphaltene by increasing the aggregates 

size and polystyrene by reducing the radius of gyration. As the solvent becomes 

worse, polystyrene radius of gyration decreases until eventually it merely collapse 

to form a hard sphere 
381

. However, asphaltene increasing aggregate sizes and 

reduction in polystyrene radius of gyration have opposite effects on the phase 

behavior. Therefore, the combined effect seems to be small as the phase behavior 

seems to be almost constant over this range. 

The pressure effect was also examined over a range of 0.01 atm to 1500 atm 

but its overall effect was found to be negligible. Another important contribution to 

the phase behavior is the effect of polystyrene molecular weight. The extent of its 

effect is demonstrated in Fig. 4.20.  

 

Figure 4-20 The effect of polystyrene molecular weight on the phase behavior of polystrene-

asphaltene-toluene system at T= 293K and P=1 atm. (Solid line: PSMW=1000K, Dashed line: 

PSMW=200K, Dotted line: PSMW=10K). 
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The effect of increasing the molecular weight of polystyrene is to expand the 

two phase region while reducing molecular weight expands the one phase region. 

The PC-SAFT results are consistent with polymer/colloid physics. Such theories 

predict broadening of the two phase region with an increase in the radius of 

gyration of polystyrene, i.e. the radius of gyration scales with the root of 

molecular weight 
358

. The system miscibility is lower at higher molecular of the 

polymer, polystyrene in this case, as demonstrated by various studies 
382-383

. This 

in turn causes the two phase region to expand. Moreover, Gast et al. 
369

 and Sperry 

et al. 
384

 demonstrated that the onset of destabilization is lower for higher polymer 

molecular weight. This means that a lower amount of polymer is needed to cause 

the system to phase separate. 

Another interesting case is when a large decrease in the molecular weight of 

polystyrene occurs. This causes a decrease in the polystyrene radius of gyration 

and consequently a higher miscibility of the system. 

Khammar and Shaw 
357

 measured the phase behavior at molecular weight of 

polystyrene = 400,000. In Fig. 4.21, PC-SAFT predictions are compared with the 

experimental data. PC-SAFT accurately predicts the shift of the phase boundary to 

higher asphaltene weight percent. 
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Figure 4-21 The phase behavior of polystrene-asphaltene-toluene system at T= 293K and P=1 atm 

and PSMW=400K. The model is able to capture an agreement with the experimental data (Solid 

line, PC-SAFT prediction; Square, Experimental two phase region; Triangle, Experimental one 

phase region) 
357

. 

 

4.4 Chapter Summary 
 

The individual effects of various gases on asphaltene phase behavior have been 

demonstrated. The PC-SAFT equation of state was able to successfully match the 

experimental data at different conditions. Such agreements enable us to predict 

with reasonable accuracy the trends that different gases will produce when 

injected into the reservoir. 

Nitrogen in particular, has substantially increased the asphaltene precipitation 

envelope. The large asphaltene instability may nullify any real benefits of 

enhanced oil recovery. 

Generally, carbon dioxide acts as a promotor of asphaltene precipitation. 

However, in rare conditions and under low temperatures, it may act as inhibitor. 
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As can be seen, adding more methane to the CO2 results in higher asphaltene 

precipitation onset. Compared to nitrogen and methane effect, adding ethane 

seems to provide less overall effect. However, ethane is still a strong asphaltene 

precipitant. 

The previous components (CO2, C1, N2) have low polarizability which in turn 

cause the crude oil solubility parameter to drop. Thus those components are 

typically considered as strong asphaltene precipitants. On the contrary, hydrogen 

sulfide is highly polarizable. Therefore, as expected, injecting more H2S leads to a 

decrease in the area of asphaltene precipitation envelope. Adding H2S to various 

injections, mainly CO2, may offset their risks and prove beneficial. However, 

carbon dioxide injection is tricky and hence, it is important to carefully study the 

effect of adding hydrogen sulfide to it. 

Another system of interest is the polymer-asphaltene system. The system of 

polystyrene-asphaltene-toluene exhibits a phase separation according to the 

Asakura model. The PC-SAFT equation of state was used to successfully model 

the system of interest. In this approach, the asphaltene nanoaggregates are 

assumed to be in solution. The physics of the system is independent of our 

labeling of asphaltenes as being in solution or colloidal as long as the model is 

rigorous enough to include the essential physics and predict the thermodynamic 

properties of the system. For simplicity the binary interaction parameters were set 

to zero between asphaltene-toluene and polystyrene-toluene. The binary 

interaction between asphaltene and polystyrene was fitted to a case study. This 
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value was then used to predict the effect of temperature, pressure, and polystyrene 

molecular weight on the system phase behavior. 

Data measured at different molecular weight of polystyrene demonstrated to be 

in quantitative and qualitative agreement with PC-SAFT predictions. A higher 

polystyrene molecular weight leads to higher radius of gyration and thus an 

expansion of the two phase region. An interesting case study was presented when 

the polystyrene molecular weight is very small. Experimental test of this 

prediction would be interesting. 

An increase in temperature made toluene a better solvent increasing the 

miscibility of asphaltene and polymer. As a consequence, the one phase region 

expands. The pressure effect was shown to be minimal over the pressure range 

studied. Moreover, the asphaltene PC-SAFT parameters were prototypical 

representation. Variations in these parameters did not have much impact in the 

overall accuracy and were offset by recalibration of the binary interaction 

parameter.  
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5 ASPHALTENE DEPOSITION MODEL 
 

The previous chapter had demonstrated the operating conditions under which 

asphaltene becomes unstable and might cause a potential challenge in the 

wellbore. Tracking the pressure-temperature trace, this instability of asphaltene 

starts when the upper onset pressure is reached, maximized at the bubble point 

curve, and is over at lower onset pressure as asphaltene becomes stable again. 

However, this only answers the location of the problem and does not answer its 

magnitude. For example, many times asphaltene comes out of solution, yet it does 

not adhere to the surface and is produced as slurry without any plugging problems. 

On other cases, asphaltene deposits in large amounts and completely plugs the 

wellbore. 

This chapter will examine the transport contributing phenomena of interest 

such as, advection, diffusion, precipitation, aggregation and deposition. As 

advection and diffusion phenomena are clearly defined by Navier-Stokes 

equation, the different contributions from the other three phenomena constituting 

asphaltene deposition kinetics are taken into consideration. The current method is 

to use capillary to estimate the deposition rates and later scale it to field data.  

Compounds constituting crude oils are mutually soluble as long as there is a 

certain concentration range of each component in the mixture. However, these 

compounds concentrations go out of range as the pressure, temperature changes 

through the wellbore. This results in separation of the heavy fraction either in the 

form of either liquid phase or solid asphaltene precipitates due to the decrease in 
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the solubility parameter of the oil. The precipitates can either aggregate through 

different contributing mechanisms like hydrogen and pi-pi bonding, or diffuse and 

adsorb to walls creating eventually a deposit that may grow in size and plug the 

pipelines. However, as the temperature and pressure variations continue, the 

bubble curve is reached, the light components will leave the mixture raising the 

solubility parameter of the oil. Once the mixture has high enough solubility 

parameter, at the lower critical end point (LCEP), asphaltene become stable again. 

Consequently, no more deposition is expected in these regions, the precipitates 

will dissolve back to the mixture, and the aggregates will start to re-dissolve 

slowly. However, since some of these aggregates are large, they might not be able 

to completely dissolve causing coke formation and fouling in the refineries. 

Unfortunately, remediation by solvent-soaks and squeezes is expensive; hence, the 

need to forecast the potential risk of asphaltene deposition.  

The objective of this chapter is to understand in a macroscopic view how 

asphaltene is transported and deposited in the wellbore through the revision of the 

existing model, Asphaltene Deposition Tool (ADEPT). In addition, paradoxes that 

may seem counter intuitive will be explained. The phase behavior of asphaltene is 

described by the PC-SAFT EOS while the transport equations are coupled with 

kinetic rates of precipitation, aggregation and deposition. The transport model is 

simplified resulting in dramatic speed up of the simulator. This chapter presents a 

new field case as well as the effect of different gases and Gas Oil Ratio (GOR) on 

asphaltene deposition. 
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5.1 Introduction 
 

The deposition of asphaltene in the reservoir, well bore and transportation 

pipelines has been a flow assurance concern. Prediction of asphaltene 

precipitation is necessary yet not sufficient for prediction asphaltene deposition 

profiles. Large capital and operating costs are associated with remediation of these 

deposits creating a need for better predictions to minimize risks. Although 

thermodynamics enable us to identify the most probable regions of deposition, the 

magnitude is still of concern. The use of down-hole deposition monitors is very 

difficult due to high pressure levels and steep inclination of some systems. In 

addition, these monitors might interfere with hydrocarbons inducing deposition 

causing blockage and sometimes even the loss of the entire well. 

Unlike wax and gas hydrates, the ability of asphaltene to deposit even at high 

temperatures makes the problem even harder. Moreover, paradoxes like more 

deposition occurs in light oils, low asphaltene content, than in heavy oils, high 

asphaltene content shows that there are competing mechanisms. In fact, Trbovich 

and King 
385

 listed eleven causes of asphaltene deposition which are CO2 flooding, 

rich gas flooding, pH shift, mixing of crude streams, incompatible organic 

chemicals, simulation, shear, streaming potential, charged bare metals surfaces, 

pressure and temperature drops. Nevertheless, there are only few publications 

describing the asphaltene deposition mechanisms. 
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These include asphaltene deposition both in reservoir and pipelines. It has been 

demonstrated that deposition of asphaltene in reservoirs causes formation 

damages during primary recovery and the heaviest damage occur in the vicinity of 

wellbore formation 
386

. In order to model these depositions, two models are 

generally used; these are the network models 
387

 and Darcy continuum model 
386

. 

However, these models require excessive computer efforts which make them even 

less attractive if coupled with sophisticated oil flow simulators. In addition, the 

parameters of these models have no physics and are difficult to relate to the 

deposition process 
388

. 

The following will summarize some of the existent models and findings. 

Rameirez-Jaramillo et al. defined the deposition of asphaltene due to the radial 

diffusion caused by temperature gradient. Moreover, both molecular diffusion and 

shear removal are two competing mechanisms 
389

. However, the temperature 

gradient has no noticeable effect on the asphaltene deposition 
390

. 

Soulgani et al. assumed that asphaltene deposition rate is controlled by 

chemical reaction mechanism and included Arrhenius exponential term to account 

for temperature changes 
391

. Nonetheless, both of the previous models are 

phenomenological and have no physics backgrounds. 

The advection-diffusion approach had also a wide use in the asphaltene 

deposition. Johansen 
392

 and Guha 
393

 assumed that particle transport is actually 

due to concentration differences. Later, Jamialahmadi et al. measured the 

asphaltene deposit thickness by measuring the resistivity in the boundary layer 
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and confirmed that the negative concentration in the wall vicinity has a 

pronounced effect 
394

. This model assumed that in order for a suspended 

asphaltene particle to become a part of the deposit, it should be first transported to 

the surface either by Brownian motion, turbulent diffusion or turbophoresis. In 

addition, all particles reaching the surface will stick to it. Since the transport is 

either diffusion-wise or by virtue of momentum, the size of the particle does 

determine the dominant transport mechanism. For instance, small size particles are 

dominantly transferred by diffusion whereas large size particles are predominantly 

moved by momentum. However, this approach fails to account for aggregation 

and the ability for moving fluid to carry out the aggregated particles. 

Jamailahmadi et al. also observed that surface temperature has a great influence 

on the deposition rate. At high surface temperature, the heat transfer coefficient 

decreases and so the rate of asphaltene deposition increases 
394

. 

Shirdel et al. elaborated on the size effect of particle deposition 
395

. For small 

particles, less than 1 μm, the diffusion by Brownian motion is dominant. As the 

particle size increases, inertial forces becomes more important and turbulent 

eddies will play the major rule in transporting the particles to the wall. Finally, for 

very large particle sizes, impaction mechanism is dominant; particles are too large 

to respond to turbulent eddies and solid slug flow may be observed. The following 

figure (Fig. 5.1) illustrates a schematic view of these deposition mechanisms.  
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Figure 5-1 Schematic view of different deposition mechanisms. a) Diffusion, b) Inertia, c) 

Impaction 
395

. 

 

Shirdel et al. 
395

 and later Dowlati 
396

 confirmed the effect of surface 

temperature on deposition rates. They also observed that flow velocity has a great 

impact on deposition rates. For example, the increase in velocity due to expansion 

is coupled with a decrease in deposition rates. Another contributing phenomenon 

is the shear removal term which becomes more significant at higher velocities. 

Hongjun et al. performed 3 phase CFD to determine asphaltene deposition 

profiles. Their main conclusion was that greater impact of deposition occurs in 

bends and sudden changed pipelines than in straight pipelines 
397

. In addition, they 

showed that increasing flow velocity due to reduction of effective pipe cross-

sectional area which eventually leads to vibrations and shorter service life. 

Consequently, this leads to intensify asphaltene deposition and transportation. 

Sileri et al. used the conservation of mass, energy and momentum to model 

asphaltene deposition in distillation trains. They incorporated the rate of fouling 
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and aging into their model through direct numerical simulations (DNS) 
398

. 

However, their main focus was on removal of deposits formed at the walls. 

Eskin et al. performed experiments in a Couette device, where the inner 

cylinder rotates and deposition occurs on the outer wall. These data were later 

used to obtain fitting parameters for their mass transfer model 
399

. The advantage 

of Couette device is that it allows accurate description of mass growth in time 
400

. 

This model assumes that precipitated particles grow due to agglomeration driven 

by Brownian motion and turbulent dispersion. In addition, only small particles, 

less than a critical size, may deposit. All of the particles move chaotically, yet the 

probability of a particle in the vicinity of wall to deposit is a function of particle 

size and fluid composition 
401

.  

Akbarzadeh et al. investigated the effect of surface roughness on the deposition 

rate through the use of RealView system and concluded that the rougher the 

surface, the higher is the sticking efficiency of particles 
402

. However, in field 

applications, after the first layer is formed, the roughness of the surface will be 

determined from asphaltene deposit layer. Therefore, after some production time, 

the surface roughness will not be of any more significance.  

Unfortunately, few articles have focused on the prediction of asphaltene 

deposition in wellbores or pipelines. Most of the previous research noted on 

modeling particle deposition in pipe flows has mainly focused on particle 

transport to the wall. Nevertheless, a review of the existing literature reveals that 

there is a lack of both qualitative and quantitative predictive techniques to 
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generate accurate and reasonable asphaltene deposition rates and deposition 

profiles in comparison with both laboratory scale and field scale data.  

Recently, Vargas et al. 
403

 proposed a more comprehensive deposition 

simulator coupling species conservation with thermodynamic modeling using PC-

SAFT EOS. This model describes particle precipitation, aggregation, transport and 

deposition. The aggregation and deposition are modeled with first order reactions 

while the transport is modeled by Navier-Stokes equation. This model allows 

accurate description of asphaltene deposition in capillary. However, the 

deposition, and aggregation mechanism need to be understood thoroughly in order 

to provide the correct kinetics into the model. The deposition rates are currently 

obtained by scaling the capillary experiments to field size data. Adsorption is 

believed to be a main contributor in the mechanism of the asphaltene deposition. 

The mechanism demonstrated was proposed by Vargas et al. 
403

 and was later 

extended by Kurup et al. 
404

. The transport of asphaltene in the wellbore is 

assumed to be a multistep process where phenomena like precipitation, 

aggregation, diffusion, advection and deposition are the main factors in the 

asphaltene deposition. 
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Figure 5-2 Asphaltene phase transitions as the oil flows up the wellbore 
403

. The black dots 

represent asphaltene particles resulted from phase separation. Due to flow forces, asphaltene will 

either meet up with each other forming large enough aggregate which are carried by the flow or 

diffuse to the wall building up a deposit. 

 

At reservoir conditions, asphaltenes are generally stable. However, as pressure 

and temperature decrease in the wellbore and pipeline or the crude oil composition 

changes due to gas injection, the crude oil becomes less compatible with 

asphaltene. This results in separation of the heavy fraction in the form of a high 

asphaltene content liquid phase due to the decrease in the solubility parameter of 

the oil. The asphaltene rich precipitate can either aggregate, or diffuse and adsorb 

on tubing creating a deposit that may grow in size and plug the pipelines. As the 

temperature and pressure continues to decrease, the bubble point is reached; the 

light components leave the mixture raising the solubility parameter of the oil. 
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Once the mixture has high enough solubility parameter, asphaltenes become 

thermodynamically stable again. No more deposition is expected below this lower 

onset pressure. Therefore, the focus from a thermodynamic module is to pinpoint 

these potential deposition areas.  

In addition, the advection plays a major rule as it will carry both the primary 

and secondary particles to the stable region. Moreover, the shear force from 

advection can lead to deformation or removal of the deposit especially if the 

deposit is to be assumed liquid-like 
405

.  

The inability of the diffusion to overcome inertia for large particles can be 

simply explained by the concept of particle relaxation time, also known as 

velocity response time, which characterizes the time required for a certain particle 

size to overcome the inertia of fluid carrying it which has a certain velocity, 

density and viscosity. For typical values of these quantities, it was shown that 0.2 

micron is the critical size in which diffusion will have minimal effect and can be 

neglected. Consequently, any aggregate larger than this size is assumed not to 

have any effect on the deposition process. In addition, 0.2 micron filter was used 

to separate asphaltene in the batch kinetic experiment which can be later utilized 

to determine the rate of aggregation as will be demonstrated later 
405

. 

However, the lack of field data makes validation of the simulation difficult. 

Validating the model requires a combination of laboratory and field data. Results 

from the model can then be compared with field experiences as has been done 
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successfully in a previous case 
406

. Hence a systematic data acquisition protocol 

and a workflow of the simulator application to field scale are required.  

The objective of this paper is to compare Asphaltene Deposition Tool 

(ADEPT) output to field observations and to understand in a macroscopic view 

how asphaltene is transported and deposited in the wellbore and if necessary to 

revise the existing model, Asphaltene Deposition Tool (ADEPT) 
404

. 

5.2 ADEPT Structure and Mathematical Model 
 

The following schematic (Fig. 5.3) depicts the ADEPT simulator structure. It 

consists of two modules, thermodynamic module and deposition module. The 

thermodynamic module predicts when and how much of asphaltene will 

precipitate from crude oil. Next, the deposition module calculates the rate of 

deposition, deposition profile and pressure drop due to the deposit.  
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Figure 5-3 Schematic of the ADEPT simulator structure. The simulator consists of two modules: 

thermodynamic and deposition modules. The thermodynamic module provides the location and the 

amount available to deposit whereas the deposition module forecast the magnitude of the deposit. 

 

The interchange of information between thermodynamics and kinetics is 

important as both are sensitive to the variation of temperature, pressure, 

composition, flow and other factors. Therefore, the asphaltene deposition tool 

(ADEPT) consists of a thermodynamic module and a deposition module. The 

equilibrium concentration of asphaltene soluble in the crude oil is the main output 

of the thermodynamic module and is a crucial input to the deposition module. The 

phase equilibrium is calculated based on the PT trace and asphaltene phase 

behavior. Consequently, accurate modeling of the phase behavior of asphaltene is 

key to obtaining accurate representation of the driving force of deposition. In the 
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thermodynamic module, Perturbed-Chain Statistical Associating Fluid Theory 

Equation of State (PC-SAFT EOS) 
258

 is used because it successfully describes 

asphaltene stability as shown by previous chapters. The automatic PC-SAFT EOS 

characterization spreadsheet from Chapter 3 was used 
407

. The thermodynamic 

module provides the instability region where the deposition module becomes 

active. The deposition module describes the physical interaction between the 

different particles and the effect of different forces on the deposition of 

asphaltene. Table 5.1 provides a summary of the oil properties for Crude K. In this 

study, a modified IP-143 method is used to obtain SARA analysis and the 

asphaltene fraction is defined as hexane insoluble. The rest of the fractions were 

determined by conducting chromatograph on the de-asphaltic oil. The mass 

percent reported were calculated based on whole oil.  

Table 5-1 Oil properties of crude K. The data presented are obtained from the operating company. 

Saturates (Wt%) 63.05 

Aromatics (Wt%) 16.99 

Resins (Wt%) 16.22 

Asphaltene (Wt%) 3.74 

Gas Oil Ratio (SCF/STB) 669 

API 32.3 
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In the deposition module, a transient material balance equation was employed 

to describe the transport of the primary particles over a control volume (Fig. 5.2) 

of the well bore or pipeline. The main components of the model are composed of 

transport by advection and dispersion, and the three kinetic processes of 

precipitation, aggregation and deposition. All of the previous contributing 

phenomena can be incorporated into a mathematical model in which the primary 

particles are being tracked. The mathematical model can be written as: 

 

𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝐴𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 + 𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛 + 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 

The core of wellbore and pipelines is turbulent; however, the laminar boundary 

layer mainly control the deposition of asphaltene as shown in Fig. 5.4. 

 

Figure 5-4 The transport of particles to the boundary layer and depletion of asphaltene due to 

preciptiation 
406

. 
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This is basically a material balance for the axial segment of the boundary layer. 

By substituting each term the following equation can be written: 

𝑉𝑐𝑒𝑙𝑙

𝜕𝐶

𝜕𝑡′
= −𝑉𝑐𝑒𝑙𝑙𝑈𝑧

𝜕𝐶

𝜕𝑧′
+ 𝑉𝑐𝑒𝑙𝑙𝐷𝑎𝑥𝑖𝑎𝑙

𝜕2𝐶

𝜕𝑧′2 + 𝑉𝑐𝑒𝑙𝑙𝑟𝑝 − 𝑉𝑐𝑒𝑙𝑙𝑘𝑎𝑔𝑔𝐶2 − 𝑉𝑖𝑛𝑡𝑅𝑖𝑛𝑡 

                                                                  (𝐸𝑞. 5.1) 

where Vcell and Vint are the volume of the axial segment and boundary layer 

respectively, C is the dimensionless asphaltene primary particles concentration, t' 

is time, Uz is the average velocity in the axial direction, z' is the axial length 

coordinate, Daxial is the axial dispersion coefficient, kp and kagg are the 

precipitation and aggregation rate constants, Cf and Ceq are the dimensionless 

actual and maximum equilibrium concentrations of asphaltene in the oil phase, 

and Rint is the rate of asphaltene depletion due to asphaltene deposition. In 

addition notice that all concentrations are non-dimensionlized by dividing them on 

the initial concentration of asphaltene in the oil C0. 

The previous equation can be simply rearranged to the following equation: 

𝐿

𝑈𝑧

𝜕𝐶

𝜕𝑡′
= −𝐿

𝜕𝐶

𝜕𝑧′
+

𝐿

𝑈𝑧
𝐷𝑎𝑥𝑖𝑎𝑙

𝜕2𝐶

𝜕𝑧′2 +
𝐿

𝑈𝑧
𝑟𝑝 −

𝐿

𝑈𝑧
𝑘𝑎𝑔𝑔𝐶2 −

𝑉𝑖𝑛𝑡

𝑉𝑐𝑒𝑙𝑙

𝐿

𝑈𝑧
𝑅𝑖𝑛𝑡 

(𝐸𝑞. 5.2) 

Notice that this equation is dimensionless and the following dimensionless 

parameters can be defined: 
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                                                             𝑃𝑒 =
𝑈𝑍𝐿

𝐷𝑎𝑥𝑖𝑎𝑙
                                             (𝐸𝑞. 5.3𝑎)  

                                                           𝐷𝑎𝑎𝑔𝑔 =
𝑘𝑎𝑔𝑔𝐿

𝑈𝑍
                                        (𝐸𝑞. 5.3𝑏) 

                                                              𝐷𝑎𝑑 =
𝑘𝑑𝐿

𝑈𝑍
                                              (𝐸𝑞. 5.3𝑐) 

                                                                  𝑍 =
𝑧

𝐿
                                                    (𝐸𝑞. 5.3𝑑) 

                                                                 𝐶 =
𝐶′

𝐶0
                                                   (𝐸𝑞. 5.3𝑒) 

                                                                 𝑡 =
𝑡′𝑈𝑍

𝐿
                                                (𝐸𝑞. 5.3𝑓) 

where Pe is Peclet number, Z is the dimensionless axial coordinate, Da is the 

Damkohler number (subscripts agg and d stands for aggregation and deposition 

respectively), and L is the total axial length of the pipe. 

By implying these quantities, Eq. 5.2 can be written in the dimensionless form: 

                       
𝜕𝐶

𝜕𝑡
= −

𝜕𝐶

𝜕𝑍
+

1

𝑃𝑒

𝜕2𝐶

𝜕𝑍2
+ 𝑟𝑝 − 𝐷𝑎𝑎𝑔𝑔𝐶2 −

𝑉𝑖𝑛𝑡

𝑉𝑐𝑒𝑙𝑙

𝐿

𝑈𝑧
𝑅𝑖𝑛𝑡            (𝐸𝑞. 5.4) 

The equation can be further simplified by calculating the ration of the boundary 

layer to the segment volumes: 

                                                      
𝑉𝑖𝑛𝑡

𝑉𝑐𝑒𝑙𝑙
=

2𝜋𝛿𝑅∆𝑍

𝜋𝑅2∆𝑍
=

2𝛿

𝑅
                                     (𝐸𝑞. 5.5) 
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where δ is the boundary layer thickness and R is the radius of the pipeline. 

Consequently, Eq. 5.4 can be re-written as: 

                       
𝜕𝐶

𝜕𝑡
= −

𝜕𝐶

𝜕𝑍
+

1

𝑃𝑒

𝜕2𝐶

𝜕𝑍2
+ 𝑟𝑝 − 𝐷𝑎𝑎𝑔𝑔𝐶2 −

2𝛿

𝑅

𝐿

𝑈𝑧
𝑅𝑖𝑛𝑡              (𝐸𝑞. 5.6) 

Due to the asphaltene concentration difference between the bulk and the 

boundary layer, the asphaltene particles will transport to the boundary layer. 

Meanwhile, the existing asphaltene particles in the boundary layer will be 

depleted due to their deposition. The transport and depletion rates can therefore be 

written as follows: 

                              𝑅𝑚𝑎𝑠𝑠 = 𝑘𝑚 

𝜕𝐶

𝜕𝑟
= 𝑘𝑚 

𝐶 − 𝐶𝑖𝑛𝑡

𝛿
=

𝐷𝑚 

𝛿2
(𝐶 − 𝐶𝑖𝑛𝑡)         (𝐸𝑞. 5.7𝑎) 

                                                            𝑅𝑑𝑒𝑝 = 𝑘𝑑𝐶𝑖𝑛𝑡                                           (𝐸𝑞. 5.7𝑏) 

where Rmass and Rd are the rate of mass transport and deposition respectively, 

km is the mass transfer coefficient, Dm is the diffusion coefficient of the particle, 

kd is the kinetic constant of deposition, and Cint is the asphaltene concentration in 

the boundary layer. 

At steady state, the rate of the transport will be equal to the rate of deposition 

and depletion. 

                               𝑅𝑖𝑛𝑡 = 𝑅𝑚𝑎𝑠𝑠 = 𝑅𝑑𝑒𝑝 = 𝑘𝑚 𝐶𝑖𝑛𝑡 =
𝐷𝑚 

𝛿2
(𝐶 − 𝐶𝑖𝑛𝑡)         (𝐸𝑞. 5.8) 
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The previous equation can be rearranged to the following: 

                                                          𝐶𝑖𝑛𝑡 =
∅

∅ + 1
𝐶                                               (𝐸𝑞. 5.9) 

where 

                                                             ∅ =
𝐷𝑚 

𝛿2

1

𝑘𝑑
                                              (𝐸𝑞. 5.10) 

By substituting the rate of asphaltene depletion in Eq.5.6, the following 

equation is obtained: 

                 
𝜕𝐶

𝜕𝑡
= −

𝜕𝐶

𝜕𝑍
+

1

𝑃𝑒

𝜕2𝐶

𝜕𝑍2
+ 𝑟𝑝 − 𝐷𝑎𝑎𝑔𝑔𝐶2 −

2𝛿

𝑅

𝐿

𝑈𝑧
𝑘𝑑

∅

∅ + 1
𝐶     (𝐸𝑞. 5.11) 

The final form of the equation is as following: 

                            
𝜕𝐶

𝜕𝑡
= −

𝜕𝐶

𝜕𝑍
+

1

𝑃𝑒

𝜕2𝐶

𝜕𝑍2
+ 𝑟𝑝 − 𝐷𝑎𝑎𝑔𝑔𝐶2 −

𝐿

𝑈𝑧
𝑘𝑑

∗ 𝐶            (𝐸𝑞. 5.12) 

where 

                                                 𝑘𝑑
∗ = 𝑘𝑑

2𝛿

𝑅

∅

∅ + 1
= 𝑘𝑑  𝑆𝑐𝐹                             (𝐸𝑞. 5.13) 

where ScF is the scaling factor from the capillary experiments to the 

predictions of deposition in the wellbore and pipelines. 
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An important consideration to be taken into account is that diffusion 

coefficients in Φ and Peclet number are not the same. The mass diffusion 

coefficient Dm is simply the particle diffusivity and can be calculated from Stokes-

Einstein relation: 

                                                                 𝐷𝑚 =
𝑘𝐵𝑇

6𝜋𝜂𝑅
                                          (𝐸𝑞. 5.14) 

where kB is the Boltzmann's constant and η is the viscosity. However, the 

diffusion coefficient in Peclet number is actually the dispersion coefficient and 

can be calculated as following: 

                                                      𝐷𝑎𝑥𝑖𝑎𝑙 = 𝐷m +
𝑈𝑍

2𝑅2

48𝐷m
                                    (𝐸𝑞. 5.15) 

Equation 5.12 is subjected to the following boundary and initial conditions: 

                                                               𝐶(𝑡=0,𝑍) = 0                                           (𝐸𝑞. 5.16𝑎) 

                                                               𝐶(𝑡,𝑍=0) = 0                                           (𝐸𝑞. 5.16𝑏) 

                                                                
𝜕𝐶

𝜕𝑍
|(𝑍=1) = 0                                       (𝐸𝑞. 5.16𝑐) 

The first one is an initial condition which specifies that the concentration of 

asphaltene nanoaggregates initially is zero throughout the wellbore. The second 

equation is a boundary condition specifying that at any time, the concentration of 

nanoaggregates in the entrance of wellbore is zero. The last one is a boundary 
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condition specifying that in the vicinity of the exit of wellbore, there is no change 

in the concentration of nanoaggregates. 

The rate of precipitation is dependent on the degree of super-saturation which 

is the difference between the actual concentration of asphaltene in the solution and 

the maximum thermodynamically concentration that the mixture can carry. The 

larger is the degree of super-saturation, the higher is the value of the precipitation 

rate. As more asphaltene is consumed through aggregation and deposition, the 

actual concentration of asphaltene is decreasing and the degree of super-saturation 

will reach zero at the onset of asphaltene precipitation. After that point, the 

mixture is stable again and is able to carry thermodynamically more asphaltene 

particles. As a result, the system is under-saturated and the precipitates will start 

to re-dissolve. 

Preventing deposition has been a subject of extensive research given the 

proposed competition between aggregation and deposition, it might be better to 

enhance aggregation and thus limit the amount of asphaltene available for 

deposition However, such as approach might raise issues beyond the wellbore; 

large aggregates can cause coke formation and fouling in the refineries. In 

addition, it is reasonable to assume that the smaller are the aggregates, the easier is 

their re-dissolution as shown by Boek et al. 
388

. Aske et al. have demonstrated 

only partial re-dissolution of the aggregates is observed and the rest takes long 

time to re-dissolve 
150

. They also showed that re-dissolution is typically very slow 

and depends on the physical state of the system.  Schabron and Rovani have found 
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that aggregation can be completely reversible by using different solvents of high 

polarity 
408

. In addition, Pan and Firoozabadi were able to illustrate that insoluble 

asphaltene particles can be readily redissolved using ultrasonic waves which 

breaks the aggregates into smaller particles and thus making it easy for them to 

redissolve 
409

. Therefore, the rate of precipitation and dissolution can be written as 

conditional function as follows 
404

: 

                                              𝑟p = D𝑎𝑝(𝐶f − 𝐶eq)  if 𝐶f > 𝐶eq                      (𝐸𝑞. 5.17𝑎) 

                                       𝑟p = 𝑟diss = −𝑘diss D𝑎𝑝𝐶  𝑖𝑓 𝐶f < 𝐶eq                  (𝐸𝑞. 5.17𝑏) 

Where Dap is the Damkohler number of precipitation, kdiss is the dissolution 

factor, and Cf and Ceq are the dimensionless actual and maximum predicted 

equilibrium concentrations of asphaltene in the oil phase. For simplicity, the 

dissolution factor is assumed to be one. The precipitation kinetic constant is fit to 

laboratory data. The experimental procedure and the fitting are described in later 

sections.  

An important observation is that both precipitation and deposition rates are 

modeled to be pseudo first order for simplicity. The orders can be readily 

modified as more data become available in the field. On the other hand, 

aggregation is assumed to be second order based on Smoluchowski theory which 

states that when two particles are within a distance R, they will stick to each other 

and that the new formed entity will continue to move as a one bigger particle 
410

. 
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The model assumes that the asphaltene rich phase must precipitate before 

forming a deposit. Further, it assumes that a competition exists between 

aggregation and deposition. Because large aggregates are drawn to the center of 

the flow field, they are unavailable for deposition. We will assume steady state as 

the asphaltene deposition process is generally a very slow process. Although the 

deposit is building up in the pipe, the effect on the flow rate is slowly changing 

and minimal at early stages of deposition.  

As can be demonstrated by Fig. 5.5 for Crude J, the difference between steady 

state and non-steady state is not significant over a simulated period of a couple of 

weeks. Moreover, due to the number of iterations, the non-steady state calculation 

becomes computationally expensive especially as the deposit buildup increases. 

Simplifying the equation can speed up of the simulator dramatically, enabling 

quick sensitivity studies. The kinetic constants are from Kurup et al.
406

 and are 

summarized in Table 5.2. 
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Figure 5-5 Asphaltene deposition in steady and non-steady state over 4 weeks period for Crude J. 

The difference is not significant. Consequently, for quick design estimate, the steady state model is 

recommended. The kinetic parameters used in this case are from Kurup et al. 
406

. 

 

For crude systems in this and previous studies, the Peclet number is found to 

be large. The large Peclet number causes the computation to be slow and less 

stable. We have found that in several cases the term including the reciprocal of 

Peclet number is very small and may be neglected. In the following, we neglect 

the axial dispersion term. It is worth noting that the Damkohler numbers for the 

precipitation, aggregation and deposition are generally very small and thus the 

system is reaction limited. Such small values indicate that although asphaltene is 

available to deposit, the small rate of deposition limits the amount of asphaltene 

deposited. 

Neglecting the axial dispersion term, the deposit buildup is dependent on the 

precipitation rate, aggregation and deposition kinetic rate. The concentration of 
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precipitated asphaltene available for deposition is calculated from the following 

equations: 

                     
𝜕𝐶

𝜕𝑍
= 𝐷𝑎𝑝(𝐶𝑓 − 𝐶𝑒𝑞) − 𝐷𝑎𝑎𝑔𝑔𝐶2 − 𝐷𝑎𝑑𝐶  𝑖𝑓 𝐶𝑓 > 𝐶𝑒𝑞     (𝐸𝑞. 5.18𝑎) 

                       
𝜕𝐶

𝜕𝑍
= −𝑘𝑑𝑖𝑠𝑠𝐷𝑎𝑝𝐶 − 𝐷𝑎𝑎𝑔𝑔𝐶2 − 𝐷𝑎𝑑𝐶  𝑖𝑓 𝐶𝑓 < 𝐶𝑒𝑞        (𝐸𝑞. 5.18𝑏) 

Unfortunately, despite the simplification, no analytical expression is obtained 

for the first equation while the second equation can be solved analytically. At 

steady state, due to the continuous oil flow, the temperature, pressure, and oil 

composition can be assumed to be a function of position and not time as shown by 

Fig. 5.2.  

Due to the steady state case, one can conclude that the actual concentration of 

asphaltene entering the unstable section is relatively constant and is depleted by 

aggregation and deposition. As previously stated, this depletion is controlled by 

the equilibrium concentration of asphaltenes (Ceq). The concentration of 

asphaltene dissolved in the oil Cf depends on the rate of precipitation with the 

driving force (Cf-Ceq): 

                                                   
𝜕𝐶𝑓

𝜕𝑍
= −𝐷𝑎𝑝(𝐶𝑓 − 𝐶𝑒𝑞)                                   (𝐸𝑞. 5.19) 
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5.3 Kinetics Constants Extraction 
 

Despite the simplicity of the deposition model, it has shown a great potential 

in modeling the asphaltene deposition profile. However, the deposition profile 

depends on the kinetics constants of deposition, precipitation and aggregation of 

asphaltene. As mentioned earlier, it is difficult to obtain the kinetic constants from 

limited field data directly, thus laboratory experiments become the only feasible 

method to acquire them. The subsequent section will present the current 

methodology to obtaining these parameters. 

5.3.1 Extraction of Precipitation and Aggregation Kinetics Constants 
 

The precipitation and aggregation kinetic constants can be extracted from 

laboratory asphaltene batch experiments. The experiment is done by preparing a 

series of mixtures each with the same oil/n-alkane precipitant ratio. The mixtures 

are left in an oven at a given temperature to age and at different times, one of the 

mixtures is removed and filtered to separate asphaltene precipitates. The 

precipitates obtained at different aging time are then weighed yielding a 

precipitated mass as a function of time. The equations describing the precipitation 

and aggregation rates of asphaltene are: 

                                                      
𝑑𝐶𝑓

𝑑𝑡′
= −𝑘𝑝(𝐶𝑓 − 𝐶𝑒𝑞)                                (𝐸𝑞. 5.20𝑎) 

                                                             
𝑑𝐶𝑎𝑔𝑔

𝑑𝑡′
= 𝑘𝑎𝑔𝑔𝐶2                                   (𝐸𝑞. 5.20𝑏) 
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𝑑𝐶

𝑑𝑡′
= 𝑘𝑝(𝐶𝑓 − 𝐶𝑒𝑞) − 𝑘𝑎𝑔𝑔𝐶2                        (𝐸𝑞. 5.20𝑐) 

Based on these models, the kinetic constants for precipitation and aggregation 

can be simply extracted by fitting the constant to match the precipitated amounts 

as shown in Fig. 5.6. The kinetic parameters are summarized Table 5.2 for Crude 

K. The properties of the oil K are summarized in Table 5.1. 

The data in Fig. 5.6 were obtained for Crude K at oil to heptane ratio of 52/48 

in 70
o
C oven (1mL of oil with 0.92 mL of heptane). At different times, the 

samples were removed from the oven and filtered using a 0.2 micron filter. We 

assume that these filtered asphaltene are aggregates.  

 

Figure 5-6 Precipitated mass of asphaltene through 0.2 um filter as a function of aging time for 

Crude K. These data are used to determine the kinetics constants of precipiation and aggregation. 1 

mL of oil is mixed with 0.92 mL of heptane. The kinetic constants of precipitation and aggregation 

are summarized in Table 5.2. See Table 5.1 for crude properties. 
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5.3.2 Extraction of Deposition Kinetics Constant 
 

In order to obtain the kinetics constant of deposition simulator, the capillary 

deposition should be first obtained and then the right boundary layer is chosen. 

The deposition simulator kinetics constant is then scaled using the three different 

types of boundary layers, momentum, mass-transfer and laminar, and compared 

with the field observations through the pressure calculations. 

Once the precipitation and aggregation rates are obtained, the model can be 

used to match the capillary deposition experiments. The concept of a capillary 

scale experiment is to use pressure drop to quantify the deposition rate of 

asphaltene. The experimental setup is a pressure and temperature controlled 

capillary viscometer. The fluid composition is controlled and adjusted by two 

different pumps, one containing n-alkane and the second containing the oil, and 

the complete mixing by ultrasonic bath occurs prior to entering the capillary 
411

. 

Under normal conditions where no deposition occurs, the pressure drop of a fluid 

flowing through a capillary tube can be simply calculated using Hagen-Poiseuille 

equation as follows: 

                                                            ∆𝑃0 =
8𝜇𝑄

𝜋

𝐿

𝑟0
4                                           (𝐸𝑞. 5.21)  

where μ is the fluid viscosity, Q is the flow rate, L is the length of the tube and 

r0 is the capillary tube radius. In the previous equation, the radius of the capillary 

is fixed. However, this is surely not the case when asphaltene starts to deposit. If 
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the deposit is gradual and uniform, the equation can be modified to account for 

decreasing radius with time as shown in the following equation: 

                                                   ∆𝑃(𝑡) =
8𝜇𝑄

𝜋

𝐿

[𝑟0 − ∆𝑟(𝑡)]4
                          (𝐸𝑞. 5.22) 

The relative change of the pressure drop will simply be: 

                                     
∆𝑃(𝑡) − ∆𝑃0

∆𝑃0
=

[𝑟0 − ∆𝑟(𝑡)]−4 − 𝑟0
−4

𝑟0
−4                        (𝐸𝑞. 5.23) 

If the thickness of the deposited layer is small compared to capillary radius, 

then the previous equation can be approximated 
137

: 

                                                    
∆𝑃(𝑡) − ∆𝑃0

∆𝑃0
≈ 4

∆𝑟(𝑡)

𝑟0
                                 (𝐸𝑞. 5.24)  

In addition, the last equation is valid only if the flow rate and the fluid viscosity 

values are constants. A schematic representation of the setup is shown in Fig. 5.7.  
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Figure 5-7 Schematic representation of the capillary deposition experiment 
411

. 

 

The pressure transducer was used to measure the pressure drop across the 

capillary tube which was simultaneously recorded using computer. To ensure 

isothermal conditions, the capillary tube is immersed either in a water bath or an 

oven. In addition, the total flow was maintained within the laminar regime as it is 

believed that there exists a laminar boundary layer in the pipelines that dictates the 

deposition process. 

Prior to each test, toluene is pumped through the capillary tube to measure its 

actual radius and ensure no deposition is present. At the end of each run, nitrogen 

was pumped through the capillary to gradually displace any remaining liquid in 

the capillary tube. An electronic balance can be then used to record the effluent 

weight with time which is later used to calculate the deposition thickness. Another 

method is to use some viscous immiscible fluids to be injected and to measure the 
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pressure drop using the transducer. This is a more effective method as it can 

determine more easily the local effective capillary radius especially in case of 

non-uniform deposits
404

. 

Wang et al. 
411

 have showed that flow rate and tube length does not affect the 

deposition rate. In addition, although the temperature was maintained above the 

wax appearance temperature (WAT), waxes still could co-deposit with asphaltene. 

Moreover, uniformly distributed deposits can form from supersaturated mixture; 

the greater the extent of supersaturation, the higher is the deposition rate. 

Asphaltene content in crude oils is generally low but still may pose problems. 

For instance, Hassi-Messaoud oil contains as low as 0.1%, yet asphaltene deposits 

in the wellbore 
412

. In addition, asphaltene deposition rate is considerably low. 

Consequently, in the capillary viscometer, a large amount of sample is used (1 L 

at least) to obtain significant amounts of deposits and therefore, it works as a 

single pass system. The ability of this experiment to mimic the laminar boundary 

layer near the wall, its high surface area, and the relatively low expense compared 

to other methods, makes this experiment an attractive choice to study deposition. 

The capillary experiment yields the deposition thickness as a function of the 

axial length. This is later converted to deposition flux. For this case unfortunately, 

only the pressure drop of the capillary was reported by the operating company 

which was converted to a deposition flux. The capillary deposition rate constant 

kd, is obtained by matching the peak of the deposition flux. 
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The field value of the deposition kinetics constant can be obtained by scaling 

the laboratory parameter to field boundary layer thickness. Three different 

boundary layers are present in the wellbore which are the momentum, mass-

transfer and laminar boundary layers. The momentum boundary layer can be 

calculated using Prandtl boundary layer theory 
413

: 

                                                      𝛿𝑚𝑜𝑚 = 62.7 𝐷𝑡 𝑅𝑒−7/8                               (𝐸𝑞. 5.25) 

The laminar boundary layer can be calculated as following 
399

: 

                                                        𝛿𝑙𝑎𝑚𝑖𝑛𝑎𝑟 = 5 
𝜌𝑓

𝜇𝑓𝑢∗
                                       (𝐸𝑞. 5.26) 

The mass transfer boundary layer is calculated as 
413

: 

                                                           𝛿𝑚𝑎𝑠𝑠 =
𝐷𝑡

𝑆ℎ
                                                 (𝐸𝑞. 5.27) 

Where Dt is the diameter of the pipeline, Re is Reynolds number, ρf and μf are 

the density and viscosity of the fluid respectively, u* is the friction velocity, and 

Sh is the Sherwood number. A summary of the kinetics constants is provided in 

table 5.2.  
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Table 5-2 Kinetic parameters obtained from the batch and capillary laboratory experiments for 

Crudes J and K. The kinetic constants for Crude J are from Kurup et al.
406

. 

Crude kp, (s
-1

) kag, (s
-1

) kd, (s
-1

) 

J 1.3210
-3

 7.2910
-5

 2.4710
-6

 

K 8.0510
-4

 7.6110
-4

 2.1710
-5

 

 

A quick look on the parameters from these two cases illustrate that the kinetic 

parameters are within similar range. The kinetic coefficient of precipitation for 

both cases is quite close. Moreover, the ratio for the aggregation and deposition 

kinetic constants between Crude J and K seems consistent.  

5.4 Frictional Drop Calculations 
 

Accurate modeling of the phase behavior is essential to represent the driving 

force of precipitation. The PC-SAFT EOS is used to model the system and 

calculate the equilibrium concentration of asphaltene soluble in the crude oil. The 

difference between the actual asphaltene concentration present in the system and 

the equilibrium concentration drives the deposition behavior. Figure 5.8 represents 

the phase behavior of the crude oil at a GOR of 669 scf/stb. Data points for the 

bubble point and the asphaltene onset pressure are matched by PC-SAFT (curves). 

Also shown is the pressure-temperature trace from reservoir conditions up the 

wellbore. Asphaltenes are unstable below the onset pressure. As the pressure 

continues to decrease, the bubble curve is reached and gas starts to leave the 

mixture. The largest driving force for asphaltene deposition is at the bubble point 
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pressure. Once the pressure is below the bubble curve, the solubility of the oil 

raises again leading to asphaltene becoming stable again at the lower onset. 

 

Figure 5-8 Asphaltene phase behavior of the system. The PT trace demonstrates that at the start the 

system is stable but at one point along the wellbore, the onset condition is passed and a liquid-

liquid phase separation occurs. This continues until the bubble curve is reached. 

 

The input to the deposition simulator includes the pressure and temperature 

profile, all kinetic constants, the asphaltene equilibrium concentration from the 

thermodynamic module, and operation conditions such as pipeline length and 

diameter, flow rate, and initial dimensionless asphaltene concentration in oil 

phase. The deposition simulator uses this information to predict the profile of 

asphaltene deposition along the well bore or pipeline. Figure 5.9 illustrates the 

deposition thickness along the wellbore length. No deposition occurs before the 

onset condition is reached. 
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Figure 5-9 The deposition thickness along the wellbore length. No deposition occurs when the 

system is stable, i.e. above the onset condition. 

 

The traditional way to determine the deposition profile is to use non-

destructive calipers. However, sometimes this option is not possible especially in 

subsea pipelines; alternatively, pressure drop is measured continuously. The 

occurrence and the magnitude of the additional frictional pressure drop indicate 

the presence and thickness of asphaltene deposit. In this field case, there are no 

direct deposition profile measurements to compare against but a frictional pressure 

drop was measured in the first 14 days after pipeline wash. To compare with this 

value, the frictional pressure drop was calculated through the Darcy−Weisbach 

formula 
414

: 

                                                     ∆𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝑓
𝐿

𝐷𝑡

𝜌 𝑈2

2
                                   (𝐸𝑞. 5.28) 
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where f is the dimensionless friction factor and g is the gravitational 

acceleration. The frictional pressure drop was calculated by considering both a 

rough deposit and a smooth deposit. The Colebrook-white equation 
415

 was used 

to obtain the friction factor for a rough deposit. The comparison is shown in Table 

5.3. 

Table 5-3 The frictional pressure drop prediction of Crude J using the Darcy-Weisbach formula. 

The roughness value used is 0.18 which was calculated from the Colebrook-White equation 
415

.  

GOR 

SCF/STB 

Frictional pressure drop 

Psi  

669 122.8 

Field data ≈ 140 Psi 

 

The operator reported that the frictional pressure drop due to deposit is 

approximately 140 psi in the two weeks after a wellbore wash. It is found that the 

predicted results are very close to field data measured. This demonstrates that the 

ADEPT simulator is able to predict the pressure drop due to asphaltene deposition 

qualitatively and quantitatively based on laboratory experimental results.  
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5.5 Effect of GOR on Asphaltene Deposition 
 

Since Gas Oil Ratio (GOR) can initially decrease with oil production or 

increases due to gas injection, the asphaltene stability and deposition in the well 

bore can be affected accordingly. Thus, one well bore (Crude F) from the Gulf of 

Mexico having asphaltene deposition problem and decreasing GOR was studied 

through the ADEPT simulator to understand the effects of GOR on asphaltene 

phase behavior and deposition. 

In this case, the original GOR (zero flash) of the reservoir fluid is 669 Scf/stb. 

The operator reported that GOR decreased about 60 Scf/stb over four months. 

GOR would increase to some extent due to gas injection. Hence, we consider two 

other gas oil ratios; 549 Scf/stb and 1000 Scf/stb were set as the desired 

conditions.  

Figure 5.10 depicts asphaltene phase behavior predicted at different gas oil 

ratios. The straight solid line corresponds to the P-T profile in the well bore. The 

square and triangle points are experimental results for asphaltene precipitation and 

bubble points respectively. The curves marked by 1 to 9 are prediction results. It is 

found that both asphaltene onset pressure and bubble pressure increase 

significantly with increasing GOR, but the effect on the lower onset pressure 

curve is minimal. This is because gas components are precipitant for asphaltene, 

thus the oil with higher GOR becomes unstable at higher pressure. It means even 

less depressurization (high pressure) can result in asphaltene precipitation for 



187 
 

higher GOR system. Regarding bubble point shift, it can be explained by the gas 

dissolution capability. Higher GOR system with more gases needs more pressure 

to keep gas components dissolving in oil phase. For the unchanged lower onset 

curves, the reason is the oil composition with different gas oil ratios are almost the 

same when the gas evolves below the bubble point. Those light gases escape from 

the oil phase making it gradually a good solvent for asphaltenes. Consequently, 

the precipitated asphaltene can re-dissolve back to the oil. Note that only in the 

system with GOR of 1000 Scf/stb, the oil is unstable to asphaltene initially. 

 

Figure 5-10 Asphaltene phase behavior at different gas oil ratios 

 (■- onset pressure tested; ▲- bubble pressure tested; 1- onset pressure curve at GOR=1000 

Scf/stb;  2- onset pressure curve at GOR=669 Scf/stb;  3- onset pressure curve at GOR=549 

Scf/stb;  4- bubble pressure curve at GOR=1000 Scf/stb;  5- bubble pressure curve at GOR=669 

Scf/stb;  6- bubble pressure curve at GOR=549 Scf/stb;  7- lower onset pressure curve at 

GOR=1000 Scf/stb;  8- lower onset pressure curve at GOR=669 Scf/stb;  9- lower onset pressure 

curve at GOR=549 Scf/stb) 

GOR = 1000 SCF/STB 

GOR = 669 SCF/STB 

PT Profile 
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At higher GOR, the solubility parameter of the oil is lower and reaches the 

asphaltene instability solubility at much higher pressure causing the asphaltene to 

phase separate (upper onset). This continues until the bubble point is reached at 

which the gases escape causing the solubility to rise. The lower onset is reached 

when the solubility parameter is above the asphaltene instability solubility. Notice 

that the upper onset for different GOR is at various pressures compared to the 

lower onset which is relatively at much narrower range as can be further explained 

by Fig. 5.11. 

 

Figure 5-11 Solubility parameter of the crude oil as a function of pressure at fixed temperature 

(T=190 
o
F). Higher GOR reaches the asphaltene instability solubility at higher pressure causing 

asphaltene to be unstable over wider range of pressures. 
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Figure 5.12 shows the deposit thickness predicted with respect to different gas 

oil ratios in two weeks (14 days). The two dashed curves (GOR = 669 and 549 

Scf/stb) show the similar trend with the solid curve (GOR=1000 Scf/stb) even 

though the decrease in the deposition is not shown, it is expected that it will 

appear beyond the well bore at some downstream location under much lower 

pressure.  

 

Figure 5-12 Asphaltene deposit thickness at different gas oil ratios. Higher GOR leads to higher 

deposition thickness. 
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In this specific case, the magnitudes of deposit thickness in the three systems 

were found to be almost the same essentially. In other words, the deposit thickness 

is not sensitive to GOR. In addition, the appearance of the deposit shifts to the 

lower location (higher pressure) with increasing GOR obviously. This is because 

oil having higher GOR can become unstable even at high pressure, in turn, 

asphaltene starts precipitate and deposit at that location.  

According to the discussion above, it can be concluded that GOR can 

significantly affect the asphaltene phase behavior and change the deposit location 

strongly. Such effects should be taken into account before GOR is increased. 

Additionally, the deposition flux was predicted and the result is shown in Fig. 

5.13.  The curve indicates that deposition rate grows fast initially, and then it 

slows down until it reaches the maximum (stage I). After that, it starts decreasing 

slightly until a critical point (stage II), and then drops sharply (stage III). This 

curve shows the typical trend of deposition rate along the well bore or pipeline as 

long as the pressure of well bottom or pipeline inlet is in the asphaltene instability 

region. 
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Figure 5-13 Asphaltene deposition flux prediction at GOR =1000 Scf/stb (simulation).Asphaltene 

deposition flux prediction. The deposition flux goes through different stages. 

 

This trend can be explained through asphaltene precipitation driving force 

(Fig. 5.14) and kinetic effects. Deposition rate is a function of the concentration of 

asphaltenes primary particle (generated from precipitation) which is strongly 

dependent on precipitation (primary particle formation) and aggregation and 

deposition (primary particle consumption). 
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Figure 5-14 Precipitation driving force in the system with GOR =1000 Scf/stb (simulation). Large 

driving force initially leads to large deposition flux. The driving force quickly weakened. 

 

In stage I, asphaltenes precipitate right after the oil enters the pipeline 

according to phase behavior prediction results. Moreover, the largest precipitation 

driving force results in the fastest increase rate of the asphaltene precipitated 

amount and deposition flux. Later in the stage I, with the consumption of the 

asphaltene concentration in oil phase, the precipitation driving force gradually 

decreases to some extent and lead to the deposition flux increases slower even 

though the particle amount accumulates.  Interestingly, the maximum of the 

deposition flux is near the bubble point. This is because the asphaltene 

equilibrium concentration reaches to the minimum at the bubble point. Hence, the 

precipitation driving force starts to decrease to even lower level right below the 
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bubble point. Thus, the slight decrease of deposition rate in stage II can be 

attributed to the limited accumulation of asphaltene particles due to the co-effects 

of all processes.  The start point of stage III is the beginning of the re-dissolution 

based on our model.  That means no precipitation occurs any more. Meanwhile, 

the particle re-dissolving causes the primary particle concentration to decrease 

immediately. Therefore, the deposition rate decreases very fast in stage III.   

5.6 Effect of Gas Injection on Asphaltene Deposition 
 

Another interesting issue is the effect of gas injections on asphaltene 

deposition. A touch on this issue is given briefly in the previous section where 

adding gas to the system results in higher GOR. Consequently, asphaltene 

becomes less stable leading to higher deposition range. On this section however, 

the effect of individual gas components is examined. Surely, adding gas to the oil 

will result in a higher GOR. Nonetheless, the increase in the GOR is not 

comparably large, and the most prevalent cause of the deposition is the interaction 

of these components with the oil and the consequent effect on asphaltene phase 

behavior. Figures 5.15 and 5.16 illustrate the effect of methane and nitrogen on 

asphaltene phase behavior and deposition respectively. 
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Figure 5-15 Asphaltene phase behavior due to 20% methane and nitrogen injection at GOR = 669 

Scf/stb. 

 (■- onset pressure tested; ▲- bubble pressure tested; 1- onset pressure curve due to 20% Nitrogen 

injection;  2- onset pressure curve due to 20% Methane injection;  3- bubble pressure curve due to 

20% Nitrogen injection;  4- bubble pressure curve due to 20% Methane injection;  5- onset 

pressure curve at no gas injection;  6- bubble pressure curve at no gas injection 
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Figure 5-16 Asphaltene deposition thickness due to different gas injections. Nitrogen injection 

leads to large deposition thickness over narrower lengths. 

 

The deposition thickness of the various injections reflects the phase behavior 

and the position of PT trace. A larger instability region leads to larger deposition 

area which is the case of methane. Nitrogen on the other hand, gives a narrower 

but larger deposition thickness. This is because the oil with Nitrogen injection has 

a lower equilibrium concentration resulting in a fast depletion of asphaltene 

precipitated particles over a smaller area 416. 
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5.7 Effect of Different Variables on Asphaltene Deposition 
 

As the three kinetic parameters are crucial for a quantitative prediction, a 

sensitivity analysis was carried out to understand their effects on asphaltene 

deposition and pressure drop. It was found that the magnitude of their effect varies 

from case to case but the overall trend is similar. The kinetic rate of precipitation 

can typically determine the shape of the deposition profile. A higher precipitation 

constant means a steeper profile with sharp peak. However, its effect on the 

pressure drop is not as pronounced. This is because after a certain value of 

precipitation constant, the system seems to show instantaneous precipitation. A 

more reasonable value for precipitation rate is to be fast compared to deposition 

and aggregation but not instantaneous. This is more representative of the 

polydisperse nature of asphaltene. 

The aggregation kinetic rate is another important parameter. Higher 

aggregation rate means less asphaltene available for deposition. Therefore, a 

higher value of aggregation rate is equivalent to lower asphaltene deposition flux 

and hence deposition. However, the dependence is almost linear with a slight 

negative slope. The change in the pressure drop is also very slight. 

In comparison, the kinetic rate of deposition seems to have the most effect. 

The effect on the asphaltene deposition and pressure drop seems to be 

exponential. An increase in the kinetic rate of deposition means the system is able 

to deposit asphaltene much faster. Since the system seems to be reaction limited, 
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an increase of the deposition rate is critical and can have pronounced 

consequences on deposition thickness and pressure drop. 

Some other variables were also studied that are not directly linked. For 

example, the effect of different SARA analysis was studied. From previous work, 

it was shown that different SARA can be obtained using different methods for the 

same crude oil characterization. However, a slight variation of SARA is usually 

offset by re-optimizing the crude oil. As a result, the equilibrium concentration is 

not affected much. This in turn means less impact on asphaltene deposition and 

pressure drop. 

A more direct variable is the temperature. For instance, the capillary and batch 

experiments are carried out at much lower temperatures compared to their field 

conditions. An example of how to incorporate the temperature effect is to use an 

Arrhenius form in the deposition kinetic rate. To estimate this affect will require 

deposition information at different temperatures.   

Another variable that is linked to temperature is viscosity. Its effect varies 

depending on the boundary layer considered. As mentioned in previous sections, 

the boundary layers are considered for the scaling of the deposition kinetic 

constant. Increasing viscosity leads to a large increase in the momentum boundary 

layer thickness leading to a decrease in the deposition kinetic rate. 

Finally the effect of flow rate was studied. A larger flow rate results in smaller 

particles being carried with the flow leaving less asphaltene particles for 
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deposition.  Therefore, an increase in flow rate leads to a decrease in asphaltene 

deposited. However, an important consideration is that pressure drop is 

proportional to the square of velocity. As a result, an increase in the flow rate 

might not be an optimum solution to deposition. 

5.8 Chapter Summary 
 

Our prediction technique, the ADEPT simulator, can help oil industry not only 

to identify the conditions that can cause asphaltene problems, but also to get better 

production planning and improve wellbore or pipeline design. Furthermore, with 

laboratory data, ADEPT can help distinguish the crude that will have deposit 

issues from those only having precipitation phenomenon during production 

operations. 

In this chapter, a summary of the procedure used by the ADEPT simulator and 

its application to field cases is presented through a wellbore case from the Gulf of 

Mexico. Based on the current research, by relying on the laboratory experimental 

measurements, the current ADEPT simulator is able to provide a good qualitative 

and quantitative agreement with field observations. 

This application of the ADEPT simulator should be therefore be followed by 

more commercial tests with field information. The simplified mathematical model 

gives the same accuracy with a 1
st
 order ODE as opposed to the 2

nd
 order PDE and 

is much faster computationally. Moreover, an analytical expression for the actual 

concentration and for the dissolution of asphaltene can be obtained. 
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In addition, GOR shows significant effects on asphaltene phase behavior and 

deposition location in the well bore generally. Higher GOR and gas injections 

(Methane and Nitrogen) lead to higher asphaltene deposition amount and earlier 

deposition due to shifts in onset conditions. 

The effects of different variables on asphaltene deposition were also 

investigated. In summary, the kinetic rates of precipitation and aggregation had 

minimal effect in comparison to the deposition kinetic rate. Slight change in 

SARA analysis and viscosity did not cause significance variation in the overall 

deposition. The temperature effect can be incorporated for better representation in 

the kinetic rates. An increase in flow rate means a lower deposition thickness but a 

higher pressure drop since it correlates with the square of velocity. 
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6 CONCLUSIONS AND FUTURE WORK 
 

6.1 Conclusions 
 

Important progress has been made in understanding the precipitation and 

deposition of asphaltene containing mixtures. This thesis presented a summary of 

the different crude oil characterization techniques used by different equations of 

state. In addition, an overview of the equations of state commonly used to model 

asphaltene phase behavior was presented. 

Two of the promising equations of state, PC-SAFT and CPA, were compared. 

The PC-SAFT represents a solubility model approach while CPA represents a 

colloidal model approach. The strengths and limitations of these equations of state 

were examined through their predictions to a range of thermodynamic properties 

over various conditions and compositions. 

It was found that the characterization can be key to accurate predictions. The 

common Whitson characterization is used for CPA. On the other hand, the PC-

SAFT characterization is based on a recombination of the flashed gas and liquid to 

represent the live oil composition. 

An important progress was the development of an optimization algorithm to 

swiftly obtain the final PC-SAFT parameters. The algorithm fully automates the 

characterization while the optimization is semi-automated. The automatic 

characterization recombines the flashed liquid and flashed gas based on the GOR. 

The live oil composition is obtained with initial estimates of the PC-SAFT 
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parameters for the pseudo-components. The major important part of the algorithm 

is optimization of the pseudo-components PC-SAFT parameters. For the bubble 

points and density matching, Excel solver is typically efficient. However, as most 

simulation softwares have conversion issues for onset and titration experiments, 

Excel solver cannot produce an optimum solution for the phase behavior. 

Therefore, a matrix form with various combinations of asphaltene parameters is 

tested. The optimum values obtained from various matrices are stored. Those local 

minima are then further compared to ensure the final values obtained are 

representative of the asphaltene parameters. 

With optimized characterization, both EOSs were able to capture the 

asphaltene phase behavior. PC-SAFT tends to better capture the shift in asphaltene 

instability while CPA predictions tend to assume more stability region for 

asphaltene at high gas injections. 

Both EOSs give good predictions for the following properties: gas formation 

volume factor, oil density, and relative volume as CPA also incorporates the 

Peneloux volume translation. On the other hand, PC-SAFT outperforms CPA in 

predicting GOR and Differential Vaporization compositions. This is likely results 

from the lumping procedure as it significantly affects the amount of gas liberated. 

While PC-SAFT is able to successfully predict the isothermal compressibility, 

the CPA EOS does poorly. This limitation is possibility due to the cubic term of 

the equation of state.  Such deviation can be attributed to the incorrect description 

of the pressure-density derivative. A better agreement is expected if the cubic 
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parameters of CPA were fitted to liquid density without the use of Peneloux 

volume translation. 

Moreover, pure predictions by PC-SAFT and CPA on second-order derivative 

properties were tested. PC-SAFT was able to consistently perform better than 

CPA on those properties. This is because PC-SAFT is a molecular based equation 

of state. This means that it does not depend on a particular property but rather add 

little microscopic contributions of the component. On the other hand, any 

microscopic assumptions made while developing the equation of state can 

manifest in second order derivatives. 

As PC-SAFT was able to successfully predict various asphaltene phase 

behavior and thermodynamic properties, it was further used as the base equation. 

Typically, a primary crude oil production is a fraction of the total oil available in 

the reservoir. One of the ways to further increase the production is through gas 

injection. The gas will either expand and push the reservoir oil or dissolve thus 

decreasing oil viscosity. However, when the gas dissolves, it can alter wettability 

of the reservoir or causes a shift in the crude oil phase behavior causing organic 

precipitations, mainly asphaltene. The PC-SAFT was used to model the individual 

and combined effects of those gases on asphaltene phase behavior.  

It was found that Nitrogen was the strongest promotor of the gases studied and 

caused large asphaltene instability. Such large asphaltene precipitation envelope 

may nullify any potential benefits obtained from injecting it. 
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Other asphaltene promotors include methane, ethane and carbon dioxide. 

However, modeling CO2 can be tricky as the range of its effect varies greatly from 

one crude to another. In some crudes and in low temperatures, it was observed that 

CO2 can act as asphaltene inhibitor. The effect of natural gas injection was found 

to be dependent on the composition and their individual contributions. 

A characteristic shared by all of these previous gases is that they have low 

polarizability. The low polarizability causes the crude oil solubility parameter to 

drop and consequently, expands asphaltene instability region. Hydrogen sulfide, 

on the other hand, is highly polarizable and was found to be able stabilize 

asphaltene. 

Another interesting effect is the presence of polymer in asphaltene containing 

mixtures. The system of polystyrene-asphaltene-toluene exhibits a phase 

separation according to Asakura-Oosawa model. The mechanism by which the 

phase separation occurs is known as polymer depletion flocculation. Such 

behavior is typically referred to be as a colloidal behavior. However, PC-SAFT 

equation of state, a solubility model, has proven capable of modeling the system. 

This demonstrates that the system behavior is independent of its label. Given an 

equation of state with the essential physics and statistical mechanics, it should be 

able to predict the thermodynamic behavior and properties of the system. 

For simplicity, the binary interaction parameters were set to zero between 

asphaltene-toluene and polystyrene-toluene. The binary interaction between 

asphaltene and polystyrene was fitted to a case study. Using this single binary 
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interaction parameter, the equation of state predicted the phase behavior at 

different temperatures, pressures and polystyrene molecular weight. 

The effect of increasing the molecular weight of polystyrene is to expand the 

two phase region while reducing molecular weight expands the one phase region. 

The PC-SAFT results were consistent with the shift in experimental data of 

asphaltene phase behavior. Another interesting case presented is when a large 

decrease in the molecular weight of polystyrene occurs. Experimental test of this 

prediction would be interesting. 

Increasing the temperature made toluene a better solvent, thus, increasing the 

solubility of asphaltene and polymer in toluene. As a result, the one phase region 

expanded. The pressure was shown to have minimal effect over the pressure range 

studied. Moreover, the asphaltene PC-SAFT parameters were prototypical 

representation. Varying these parameters had little impact in the overall accuracy 

and could be offset by recalibration of the binary interaction parameter. 

Although the existing deposition model is one dimensional, it had already 

proved its capability in modeling the asphaltene deposition in wellbore either 

through frictional pressure drop or deposition profile calculations. ADEPT can 

help the oil industry not only to identify the potential precipitation conditions, but 

also to better plan production and improve tubing design. In addition, with the 

assistance of laboratory data, ADEPT can help distinguish the crudes having large 

deposit issues from those only having minimal precipitation problems. 
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The simplified mathematical model is able to give the same accuracy while 

being much faster computationally. Moreover, an analytical expression for the 

actual concentration and for the dissolution of asphaltene can be obtained. 

The effects of GOR and different gas injections were studied using the 

simplified model. Higher GOR and gas injections led to expand and shift the 

asphaltene precipitation envelope, i.e. upper onset occurring at higher pressures. 

This in turn causes the asphaltene to deposit more and earlier in the tubing.  

A sensitivity analysis was carried out on various variables. The three kinetic 

parameters are crucial for the model and therefore, it was vital to understand their 

contribution to the deposition and pressure drop. The magnitude of their effects 

varied from one case to another but a trend can be observed. The precipitation 

kinetic rate determines the overall shape of the deposition profile. A very high 

precipitation constant means the precipitation is instantaneous leading to a steeper 

profile with sharp peak. However, the total amount deposited does not change 

much and thus the overall pressure drop stay roughly in the same range. It is 

probably more reasonable that the precipitation rate to be fast compared to 

deposition and aggregation but not instantaneous as it is more representative of the 

polydispersity nature of asphaltene. 

As aggregation and deposition are competing mechanism, an increase in 

aggregation rate is equivalent to having less asphaltene available for deposition. 

However, it was found that the dependence of pressure drop and deposition profile 

on aggregation was not very strong. On the contrary, the effect of kinetic rate of 



206 
 

deposition seems to be exponential. Increasing the deposition constant means the 

system is now able to deposit asphaltene much faster and thus a much larger 

deposit is formed, hence, having pronounced consequences on deposition 

thickness and pressure drop. 

Finally the effect of flow rate was studied. A larger flow rate means it can 

carries smaller aggregates leaving less asphaltene particles for deposition.  

Therefore, an increase in flow rate leads to a decrease in asphaltene deposited. 

However, an important consideration is that pressure drop is proportional to the 

square of velocity. As a result, an increase in the flow rate might not be an 

optimum solution to deposition. 

Slight variations in SARA analysis and viscosity showed minimal overall effect 

on deposition. Changing the flow rate had a large effect on the asphaltene 

deposition thickness. Increasing the flow rate means it can carry smaller 

aggregates and thus leaving less asphaltene particles for deposition. On the other 

hand, the pressure drop was much higher since it correlates with the square of 

velocity. Therefore, it is important to choose an optimum value for the flow rate. 

Temperature effect was also shown to be important especially that most laboratory 

experiments are carried at low temperatures in comparison to field temperatures. 

Higher temperature means larger values for the kinetic parameters and thus a 

direct effect of deposition profile and pressure drop.  
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6.2 Future Work 
 

Despite the contribution made by this thesis to better understand its behavior, 

asphaltene still poses a challenge and many opportunities to extend the scope 

remain. Some of the interesting areas open for investigation include: 

 Examine the performance of the current PC-SAFT characterization technique 

for crude oils with high asphaltene content. As the content of asphaltene in the 

crude oils studied is small, asphaltene has shown to have little to no impact on 

the bubble pressure and PVT properties. However, this case would be different 

if the crude oils have high asphaltene content. This may require adjusting the 

characterization and optimization methods currently used. The investigation of 

such effect is therefore important.  

 Develop PC-SAFT characterization technique for the crudes that lack certain 

data. Not all crude oils provided have all the necessary information required to 

accurately characterize and optimize the system. It is important the 

characterization is versatile and is able to provide good accuracy with different 

set of data. 

 Develop PC-SAFT code to be implemented side by side with the automatic 

characterization and ADEPT such that there is no need to depend on a 

background simulator. The automated characterization and optimization 

technique is an important step toward creating self-simulator software. 

Incorporating ADEPT would add another dimension to the predictive 

capabilities of the software.  
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 Carry out experiments to better understand the effect of adding hydrogen 

sulfide to carbon dioxide injection. Carbon dioxide is shown in the thesis to 

generally promote asphaltene precipitation. On the contrary, hydrogen sulfide 

is able to stabilize asphaltene phase behavior.  Adding H2S to various 

injections, mainly CO2, may offset their risks and prove beneficial. However, 

carbon dioxide injection is tricky and hence, it is important to carefully study 

the effect of adding hydrogen sulfide to it. 

 Study the effect of adding different polymers on asphaltene phase behavior. 

Different polymer will act little differently in the presence of asphaltene. Such 

information at very high and very low polymer molecular weight for various 

polymers can help better understand asphaltene behavior. Moreover, the 

prediction of PC-SAFT equation of state to the PVT properties of such 

systems can be interesting. 

 Investigate the effect of the presence of water on asphaltene behavior. To date, 

most studies carried out on asphaltene were on water-free crude oils. 

However, in reality, water is almost always present when extracting crude oils. 

Water effect was briefly studied in this thesis and it was found that water did 

not change the asphaltene onset condition. On the other hand, it can be 

challenging to model such system with accuracy; therefore, the results might 

not be representative. This can also be due to the fact that water has limited 

miscibility with hydrocarbons and thus it could not directly influence 

asphaltene phase behavior. A more important and direct effect is in the oil-

water interface since asphaltene is surface active agent and is known to 
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stabilize emulsions. This can directly affect the deposition behavior of 

asphaltene as more asphaltene particles in the water-oil interface could mean 

less asphaltene available for deposition. As water is another important 

constituent of crude oil and water flooding is widely used for enhanced oil 

recovery, it is significant to understand its contribution to the overall behavior 

of asphaltene deposition. 

 Test and validate the ADEPT simulator against more field data and 

observations. Although the existing model is one dimensional, it had already 

proved its capability in modeling the asphaltene deposition in wellbore either 

through frictional pressure drop or deposition profile calculations. 

 Develop a new technique to obtain the deposition kinetic constant through the 

use of Organic Solid Deposition and Control (OSDC) device. Despite the 

success in predicting the asphaltene deposition profile, the estimation of 

kinetics parameters is a continuous issue for accurate profile predictions. This 

is because the current technique relies on the availability of capillary 

experiments to obtain the kinetic constant. However, due to its advantages, the 

OSDC is more commonly used; hence, more data are available. As a result, 

developing the technique would facilitate the commercial implementation of 

ADEPT. Moreover, this will aid in standardizing the ADEPT simulator. If the 

model is standardized, it can be operated in a fully predictive way. 

Consequently, merely using the model, molecular experiments can be carried 

out to study the effect of different factors such as injections, inhibitors on the 

deposition profile without the need to conduct a physical experiment. 
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 Incorporate the effect of temperature on the deposition of asphaltene. Briefly 

studied in this thesis, it was found that higher temperature generally correlates 

with more asphaltene deposition. This can be attributed to the position of PT 

trace along the phase behavior of asphaltene. Vargas 
405

 has also shown 

temperature effect on asphaltene deposition in capillary experiment. He found 

that at a certain temperature, the asphaltene deposition is a maximum. Beyond 

that temperature, deposition flux decreases rapidly and eventually stop. Vargas 

attributed this behavior to temperature being above the upper critical end point 

(UCEP) which means that asphaltene is stable again and no deposition is 

expected. On the other side, at low temperature, not only does deposition flux 

decrease but also is more uniform. The deposition flux at different temperature 

is summarized in Fig. 6.1. 

 

Figure 6-1 Temperature effect on deposition in capillary system 
405

. As temperature increase, the 

deposition flux reaches a maximum and once it is above the UCEP, deposition stops. At low 

temperatures, deposition is more uniform 



211 
 

 

The effect of temperature is not only limited to non-stability of asphaltene 

phase behavior but has also a major rule in its kinetics. At high temperatures, 

the kinetic constant is higher and so there is more deposition while at lower 

temperatures, kinetics constant of asphaltene is low and so, the deposition is 

gradual and uniform. The possible incorporation of temperature effect will be 

therefore, a major improvement in the ADEPT simulator. 
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Andrews, A. B.; Ruiz-Morales, Y.; Mostowfi, F.; McFarlane, R.; Goual, L., 

Advances in asphaltene science and the Yen–Mullins model. Energy & fuels 

2012, 26 (7), 3986-4003. 

22. Eyssautier, J.; Levitz, P.; Espinat, D.; Jestin, J.; Gummel, J.; Grillo, I.; 

Barré, L., Insight into asphaltene nanoaggregate structure inferred by small angle 

neutron and X-ray scattering. The Journal of Physical Chemistry B 2011, 115 

(21), 6827-6837. 

23. Hoepfner, M. P.; Fogler, H. S., Multiscale scattering investigations of 

asphaltene cluster breakup, nanoaggregate dissociation, and molecular ordering. 

Langmuir 2013, 29 (49), 15423-15432. 

24. Andreatta, G.; Bostrom, N.; Mullins, O. C., High-Q ultrasonic 

determination of the critical nanoaggregate concentration of asphaltenes and the 



215 
 

critical micelle concentration of standard surfactants. Langmuir 2005, 21 (7), 

2728-2736. 

25. Evdokimov, I. N.; Eliseev, N. Y.; Akhmetov, B. R., Asphaltene 

dispersions in dilute oil solutions. Fuel 2006, 85 (10), 1465-1472. 

26. Zeng, H.; Song, Y.-Q.; Johnson, D. L.; Mullins, O. C., Critical 

nanoaggregate concentration of asphaltenes by direct-current (DC) electrical 

conductivity†. Energy & fuels 2009, 23 (3), 1201-1208. 

27. Lisitza, N. V.; Freed, D. E.; Sen, P. N.; Song, Y.-Q., Study of Asphaltene 

Nanoaggregation by Nuclear Magnetic Resonance (NMR)†. Energy & fuels 2009, 

23 (3), 1189-1193. 

28. McKenna, A. M.; Donald, L. J.; Fitzsimmons, J. E.; Juyal, P.; Spicer, V.; 

Standing, K. G.; Marshall, A. G.; Rodgers, R. P., Heavy petroleum composition. 

3. Asphaltene aggregation. Energy & fuels 2013, 27 (3), 1246-1256. 

29. Goual, L.; Sedghi, M.; Zeng, H.; Mostowfi, F.; McFarlane, R.; Mullins, O. 

C., On the formation and properties of asphaltene nanoaggregates and clusters by 

DC-conductivity and centrifugation. Fuel 2011, 90 (7), 2480-2490. 

30. Sheu, E. Y.; Maureen, M.; Storm, D. A.; DeCanio, S. J., Aggregation and 

kinetics of asphaltenes in organic solvents. Fuel 1992, 71 (3), 299-302. 

31. Rogel, E.; Leon, O.; Torres, G.; Espidel, J., Aggregation of asphaltenes in 

organic solvents using surface tension measurements. Fuel 2000, 79 (11), 1389-

1394. 



216 
 

32. Gawrys, K. L.; Blankenship, G. A.; Kilpatrick, P. K., Solvent entrainment 

in and flocculation of asphaltenic aggregates probed by small-angle neutron 

scattering. Langmuir 2006, 22 (10), 4487-4497. 

33. Headen, T. F.; Boek, E. S.; Stellbrink, J. r.; Scheven, U. M., Small angle 

neutron scattering (SANS and V-SANS) study of asphaltene aggregates in crude 

oil. Langmuir 2008, 25 (1), 422-428. 

34. Cosultchi, A.; Bosch, P.; Lara, V., Small-angle X-ray scattering study of 

oil-and deposit-asphaltene solutions. Colloid and Polymer Science 2003, 281 (4), 

325-330. 

35. Roux, J.-N.; Broseta, D.; Demé, B., SANS study of asphaltene 

aggregation: concentration and solvent quality effects. Langmuir 2001, 17 (16), 

5085-5092. 

36. 森本正人; 森田剛; 鷹觜利公; 西川恵子, Specific asphaltene aggregation 

in toluene at around 50 mg/L. Journal of the Japan Petroleum Institute 2013, 56 

(1), 58-59. 

37. Fan, T.; Buckley, J. S., Rapid and accurate SARA analysis of medium 

gravity crude oils. Energy & fuels 2002, 16 (6), 1571-1575. 

38. Spiecker, P. M.; Gawrys, K. L.; Kilpatrick, P. K., Aggregation and 

solubility behavior of asphaltenes and their subfractions. Journal of colloid and 

interface science 2003, 267 (1), 178-193. 

39. Yarranton, H. W.; Alboudwarej, H.; Jakher, R., Investigation of asphaltene 

association with vapor pressure osmometry and interfacial tension measurements. 

Industrial & engineering chemistry research 2000, 39 (8), 2916-2924. 



217 
 

40. Moschopedis, S. E.; Fryer, J. F.; Speight, J. G., Investigation of asphaltene 

molecular weights. Fuel 1976, 55 (3), 227-232. 

41. Acevedo, S.; Gutierrez, L. B.; Negrin, G.; Pereira, J. C.; Mendez, B.; 

Delolme, F.; Dessalces, G.; Broseta, D., Molecular weight of petroleum 

asphaltenes: A comparison between mass spectrometry and vapor pressure 

osmometry. Energy & fuels 2005, 19 (4), 1548-1560. 

42. Sztukowski, D. M.; Jafari, M.; Alboudwarej, H.; Yarranton, H. W., 

Asphaltene self-association and water-in-hydrocarbon emulsions. Journal of 

colloid and interface science 2003, 265 (1), 179-186. 

43. Mullins, O. C., The Modified Yen Model†. Energy & fuels 2010, 24 (4), 

2179-2207. 

44. Rakotondradany, F.; Fenniri, H.; Rahimi, P.; Gawrys, K. L.; Kilpatrick, P. 

K.; Gray, M. R., Hexabenzocoronene model compounds for asphaltene fractions: 

synthesis & characterization. Energy & fuels 2006, 20 (6), 2439-2447. 

45. Acevedo, S.; Guzman, K.; Ocanto, O., Determination of the number 

average molecular mass of asphaltenes (M n) using their soluble A2 fraction and 

the vapor pressure osmometry (VPO) technique. Energy & fuels 2010, 24 (3), 

1809-1812. 

46. Eyssautier, J. l.; Frot, D.; Barré, L. c., Structure and dynamic properties of 

colloidal asphaltene aggregates. Langmuir 2012, 28 (33), 11997-12004. 

47. Peramanu, S.; Pruden, B. B.; Rahimi, P., Molecular weight and specific 

gravity distributions for Athabasca and Cold Lake bitumens and their saturate, 



218 
 

aromatic, resin, and asphaltene fractions. Industrial & engineering chemistry 

research 1999, 38 (8), 3121-3130. 

48. Pomerantz, A. E.; Hammond, M. R.; Morrow, A. L.; Mullins, O. C.; Zare, 

R. N., Asphaltene Molecular-Mass Distribution Determined by Two-Step Laser 

Mass Spectrometry†. Energy & fuels 2008, 23 (3), 1162-1168. 

49. Mullins, O. C.; Martínez-Haya, B.; Marshall, A. G., Contrasting 

perspective on asphaltene molecular weight. This comment vs the overview of AA 

Herod, KD Bartle, and R. Kandiyoti. Energy & fuels 2008, 22 (3), 1765-1773. 

50. Zuo, J. Y.; Mullins, O. C.; Dong, C.; Zhang, D., Modeling of asphaltene 

grading in oil reservoirs. Natural Resources 2010, 1 (01), 19. 

51. Barrera, D.; Ortiz, D.; Yarranton, H., Molecular weight and density 

distributions of asphaltenes from crude oils. Energy & fuels 2013, 27 (5), 2474-

2487. 

52. Herod, A. A.; Bartle, K. D.; Kandiyoti, R., Characterization of heavy 

hydrocarbons by chromatographic and mass spectrometric methods: An overview. 

Energy & fuels 2007, 21 (4), 2176-2203. 

53. Herod, A. A.; Bartle, K. D.; Kandiyoti, R., Comment on a paper by 

Mullins, Martinez-Haya, and Marshall “Contrasting perspective on asphaltene 

molecular weight. This comment vs the overview of AA Herod, KD Bartle, and R. 

Kandiyoti”. Energy & fuels 2008, 22 (6), 4312-4317. 

54. Alboudwarej, H.; Akbarzadeh, K.; Beck, J.; Svrcek, W. Y.; Yarranton, H. 

W., Regular solution model for asphaltene precipitation from bitumens and 

solvents. AIChE journal 2003, 49 (11), 2948-2956. 



219 
 

55. Mannistu, K.; Yarranton, H.; Masliyah, J., Solubility modeling of 

asphaltenes in organic solvents. Energy & fuels 1997, 11 (3), 615-622. 

56. Yarranton, H. W.; Masliyah, J. H., Molar mass distribution and solubility 

modeling of asphaltenes. AIChE journal 1996, 42 (12), 3533-3543. 

57. Diallo, M. S.; Cagin, T.; Faulon, J. L.; Goddard, W. A., Thermodynamic 

properties of asphaltenes: a predictive approach based on computer assisted 

structure elucidation and atomistic simulations. Developments in petroleum 

science 2000, 40, 103-124. 

58. Zuo, J. Y.; Mullins, O. C.; Dong, C.; Betancourt, S. S.; Dubost, F. X.; 

o'keefe, M.; Zhang, D. In Investigation of formation connectivity using asphaltene 

gradient log predictions coupled with downhole fluid analysis, SPE Annual 

Technical Conference and Exhibition, Society of Petroleum Engineers: 2009. 

59. Akbarzadeh, K.; Dhillon, A.; Svrcek, W. Y.; Yarranton, H. W., 

Methodology for the characterization and modeling of asphaltene precipitation 

from heavy oils diluted with n-alkanes. Energy & fuels 2004, 18 (5), 1434-1441. 

60. Hirschberg, A.; DeJong, L.; Schipper, B.; Meijer, J., Influence of 

temperature and pressure on asphaltene flocculation. Society of Petroleum 

Engineers Journal 1984, 24 (03), 283-293. 

61. Mohamed, R. S.; Ramos, A. C.; Loh, W., Aggregation behavior of two 

asphaltenic fractions in aromatic solvents. Energy & fuels 1999, 13 (2), 323-327. 

62. Jeribi, M.; Almir-Assad, B.; Langevin, D.; Henaut, I.; Argillier, J., 

Adsorption kinetics of asphaltenes at liquid interfaces. Journal of colloid and 

interface science 2002, 256 (2), 268-272. 



220 
 

63. Bauget, F.; Langevin, D.; Lenormand, R., Dynamic surface properties of 

asphaltenes and resins at the oil–air interface. Journal of colloid and interface 

science 2001, 239 (2), 501-508. 

64. Maini, B. B.; Sarma, H. K.; George, A. E., Significance of foamy-oil 

behaviour in primary production of heavy oils. Journal of Canadian petroleum 

technology 1993, 32 (09). 

65. Gorevski, N.; Miller, R.; Ferri, J. K., Non-equilibrium exchange kinetics in 

sequential non-ionic surfactant adsorption: Theory and experiment. Colloids and 

Surfaces A: Physicochemical and Engineering Aspects 2008, 323 (1), 12-18. 

66. Ferrari, M.; Liggieri, L.; Ravera, F.; Amodio, C.; Miller, R., Adsorption 

kinetics of alkylphosphine oxides at water/hexane interface: 1. Pendant drop 

experiments. Journal of colloid and interface science 1997, 186 (1), 40-45. 

67. Liggieri, L.; Ravera, F.; Ferrari, M.; Passerone, A.; Miller, R., Adsorption 

kinetics of alkylphosphine oxides at water/hexane interface: 2. Theory of the 

adsorption with transport across the interface in finite systems. Journal of colloid 

and interface science 1997, 186 (1), 46-52. 

68. Werner, A.; Behar, F.; De Hemptinne, J.; Behar, E., Viscosity and phase 

behaviour of petroleum fluids with high asphaltene contents. Fluid Phase 

Equilibria 1998, 147 (1), 343-356. 

69. Camacho-Velazquez, R.; Gomora-Figueroa, P.; Cortes-Cortes, M. A.; 

Perez-Robles, V. H.; Velazquez-Franco, M. In Flow Assurance Applied Research 

Proposal for Heavy Oil Crudes from Green Offshore Naturally Fractured 



221 
 

Reservoirs to Delivery Points, SPE Heavy and Extra Heavy Oil Conference: Latin 

America, Society of Petroleum Engineers: 2014. 

70. Akbarzadeh, K.; Ayatollahi, S.; Nasrifar, K.; Yarranton, H.; Moshfeghian, 

M., Equations lead to asphaltene deposition predictions. Oil & gas journal 2002, 

100 (44), 51-51. 

71. Sirota, E. B.; Lin, M. Y., Physical behavior of asphaltenes. Energy & fuels 

2007, 21 (5), 2809-2815. 

72. Luo, P.; Gu, Y., Effects of asphaltene content on the heavy oil viscosity at 

different temperatures. Fuel 2007, 86 (7), 1069-1078. 

73. Escobedo, J.; Mansoori, G., Theory of viscosity as a criterion for 

determination of onset of asphaltene flocculation. SPE Tech. Pap 1996, 28729. 

74. Chakma, A.; Islam, M.; Berruti, F., Asphaltene—viscosity relationship of 

processed and unprocessed bitumen. In Asphaltene Particles in Fossil Fuel 

Exploration, Recovery, Refining, and Production Processes, Springer: 1994; pp 1-

12. 

75. Tavakkoli, M.; Panuganti, S. R.; Vargas, F. M.; Taghikhani, V.; Pishvaie, 

M. R.; Chapman, W. G., Asphaltene deposition in different depositing 

environments: Part 1. Model oil. Energy & fuels 2013, 28 (3), 1617-1628. 

76. Chakma, A.; Berruti, F. In Ultrasonic visbreaking of Athabasca bitumen, 

Proceedings of the 5th UNITAR International Conference on Heavy Crude and 

Tar Sands, 1991; pp 101-104. 

77. Najafi, I.; Mousavi, S.; Ghazanfari, M.; Ghotbi, C.; Ramazani, A.; Kharrat, 

R.; Amani, M., Quantifying the role of ultrasonic wave radiation on kinetics of 



222 
 

asphaltene aggregation in a toluene–pentane mixture. Petroleum Science and 

Technology 2011, 29 (9), 966-974. 

78. Alboudwarej, H.; Muhammad, M.; Shahraki, A. K.; Dubey, S.; 

Vreenegoor, L.; Saleh, J. M., Rheology of heavy-oil emulsions. SPE Production 

& Operations 2007, 22 (03), 285-293. 

79. Hénaut, I.; Courbaron, A.; Argillier, J., Viscosity of concentrated 

emulsions: Relative effect of granulometry and multiphase morphology. 

Petroleum Science and Technology 2009, 27 (2), 182-196. 

80. Carr, N. L.; Kobayashi, R.; Burrows, D. B., Viscosity of hydrocarbon 

gases under pressure. Journal of Petroleum Technology 1954, 6 (10), 47-55. 

81. Lee, A. L.; Gonzalez, M. H.; Eakin, B. E., The viscosity of natural gases. 

Journal of Petroleum Technology 1966, 18 (08), 997-1,000. 

82. Herning, F.; Zipperer, L., Calculation of the viscosity of technical gas 

mixtures from the viscosity of individual gases. Gas u. Wasserfach 1936, 79, 69. 

83. Chung, T. H.; Ajlan, M.; Lee, L. L.; Starling, K. E., Generalized 

multiparameter correlation for nonpolar and polar fluid transport properties. 

Industrial & engineering chemistry research 1988, 27 (4), 671-679. 

84. Lohrenz, J.; Bray, B. G.; Clark, C. R., Calculating viscosities of reservoir 

fluids from their compositions. Journal of Petroleum Technology 1964, 16 (10), 

1,171-1,176. 

85. Twu, C., Generalized method for predicting viscosities of petroleum 

fractions. AIChE journal 1986, 32 (12), 2091-2094. 



223 
 

86. Quiñones-Cisneros, S. E.; Zéberg-Mikkelsen, C. K.; Stenby, E. H., The 

friction theory (f-theory) for viscosity modeling. Fluid Phase Equilibria 2000, 169 

(2), 249-276. 

87. Quiñones-Cisneros, S. E.; Zéberg-Mikkelsen, C. K.; Stenby, E. H., One 

parameter friction theory models for viscosity. Fluid Phase Equilibria 2001, 178 

(1), 1-16. 

88. Quiñones‐Cisneros, S. E.; Zéberg‐Mikkelsen, C. K.; Fernández, J.; García, 

J., General friction theory viscosity model for the PC‐SAFT equation of state. 

AIChE journal 2006, 52 (4), 1600-1610. 

89. Storm, D. A.; Barresi, R. J.; DeCanio, S. J., Colloidal nature of vacuum 

residue. Fuel 1991, 70 (6), 779-782. 

90. Pal, R.; Rhodes, E., Viscosity/concentration relationships for emulsions. 

Journal of Rheology (1978-present) 1989, 33 (7), 1021-1045. 

91. Mooney, M., The viscosity of a concentrated suspension of spherical 

particles. Journal of colloid science 1951, 6 (2), 162-170. 

92. Hildebrand, J.; Scott, R., The solubility of nonclectrolytes 3rd edition. New 

York: Reinhold 1949, 488. 

93. Hildebrand, J. H.; Scott, R. L., Regular solutions. Prentice-Hall: 1962. 

94. Perry Robert, H.; Green Don, W.; Maloney James, O., Perry's chemical 

engineers' handbook. Mc Graw-Hills New York 1997, 56-64. 

95. Barton, A. F., CRC handbook of solubility parameters and other cohesion 

parameters. CRC press: 1991. 



224 
 

96. Hansen, C. M., Hansen solubility parameters: a user's handbook. CRC 

press: 2007. 

97. Lian, H.; Lin, J.-R.; Yen, T. F., Peptization studies of asphaltene and 

solubility parameter spectra. Fuel 1994, 73 (3), 423-428. 

98. Andersen, S. I.; Speight, J. G., Thermodynamic models for asphaltene 

solubility and precipitation. Journal of Petroleum Science and Engineering 1999, 

22 (1), 53-66. 

99. Wang, J.; Buckley, J., A two-component solubility model of the onset of 

asphaltene flocculation in crude oils. Energy & fuels 2001, 15 (5), 1004-1012. 

100. Chung, T.-H. In Thermodynamic modeling for organic solid precipitation, 

SPE Annual Technical Conference and Exhibition, Society of Petroleum 

Engineers: 1992. 

101. Zhou, X.; Thomas, F.; Moore, R., Modelling of solid precipitation from 

reservoir fluid. Journal of Canadian petroleum technology 1996, 35 (10). 

102. Creek, J. L.; Wang, J.; Buckley, J. S., Verification of asphaltene-

instability-trend (ASIST) predictions for low-molecular-weight alkanes. SPE 

Production & Operations 2009, 24 (02), 360-368. 

103. Andersen, S. I.; Speight, J. G., Petroleum resins: separation, character, and 

role in petroleum. Petroleum Science and Technology 2001, 19 (1-2), 1-34. 

104. Wang, J.; Buckley, J. S., Asphaltene stability in crude oil and aromatic 

solvents the influence of oil composition. Energy & fuels 2003, 17 (6), 1445-1451. 

105. Powers, D. P. Characterization and Asphaltene Precipitation Modeling of 

Native and Reacted Crude Oils. University of Calgary, 2014. 



225 
 

106. Sieben, V. J.; Tharanivasan, A. K.; Andersen, S. I.; Mostowfi, F., 

Microfluidic Approach for Evaluating the Solubility of Crude Oil Asphaltenes. 

Energy & fuels 2016. 

107. Touba, H.; Mansoori, G. A.; Sarem, A. M. S. In New analytic techniques 

for petroleum fluid characterization using molar refraction, SPE Western 

Regional Meeting, Society of Petroleum Engineers: 1997. 

108. Buckley, J. S., Predicting the onset of asphaltene precipitation from 

refractive index measurements. Energy & fuels 1999, 13 (2), 328-332. 

109. Speight, J. G., The chemistry and technology of petroleum. CRC press: 

2014. 

110. Riazi, M. R.; Roomi, Y. A., Use of the refractive index in the estimation of 

thermophysical properties of hydrocarbons and petroleum mixtures. Industrial & 

engineering chemistry research 2001, 40 (8), 1975-1984. 

111. El Ghandoor, H.; Hegazi, E.; Nasser, I.; Behery, G., Measuring the 

refractive index of crude oil using a capillary tube interferometer. Optics & Laser 

Technology 2003, 35 (5), 361-367. 

112. Riazi, M.; Al-Otaibi, G., Estimation of viscosity of liquid hydrocarbon 

systems. Fuel 2001, 80 (1), 27-32. 

113. Otremba, Z., The impact on the reflectance in VIS of a type of crude oil 

film floating on the water surface. Optics Express 2000, 7 (3), 129-134. 

114. Yang, S.-Y.; Hirasaki, G.; Basu, S.; Vaidya, R., Statistical analysis on 

parameters that affect wetting for the crude oil/brine/mica system. Journal of 

Petroleum Science and Engineering 2002, 33 (1), 203-215. 



226 
 

115. Buckley, J. S.; Wang, J., Crude oil and asphaltene characterization for 

prediction of wetting alteration. Journal of Petroleum Science and Engineering 

2002, 33 (1), 195-202. 

116. Taylor, S. D.; Czarnecki, J.; Masliyah, J., Refractive index measurements 

of diluted bitumen solutions. Fuel 2001, 80 (14), 2013-2018. 

117. Buckley, J.; Hirasaki, G.; Liu, Y.; Von Drasek, S.; Wang, J.; Gill, B., 

Asphaltene precipitation and solvent properties of crude oils. Petroleum Science 

and Technology 1998, 16 (3-4), 251-285. 

118. Goual, L.; Firoozabadi, A., Measuring asphaltenes and resins, and dipole 

moment in petroleum fluids. AIChE journal 2002, 48 (11), 2646-2663. 

119. Den Boer, J.; Kroesen, G.; De Hoog, F., Measurement of the complex 

refractive index of liquids in the infrared using spectroscopic attenuated total 

reflection ellipsometry: correction for depolarization by scattering. Applied optics 

1995, 34 (25), 5708-5714. 

120. Gateau, P.; Hénaut, I.; Barré, L.; Argillier, J., Heavy oil dilution. Oil & gas 

science and technology 2004, 59 (5), 503-509. 

121. Castillo, J.; Gutierrez, H.; Ranaudo, M.; Villarroel, O., Measurement of 

the refractive index of crude oil and asphaltene solutions: onset flocculation 

determination. Energy & fuels 2009, 24 (1), 492-495. 

122. Wang, X.-D.; Wolfbeis, O. S., Fiber-optic chemical sensors and biosensors 

(2008–2012). Analytical Chemistry 2012, 85 (2), 487-508. 



227 
 

123. Gonzalez, D. L.; Vargas, F. M.; Mahmoodaghdam, E.; Lim, F.; Joshi, N., 

Asphaltene stability prediction based on dead oil properties: experimental 

evaluation. Energy & fuels 2012, 26 (10), 6218-6227. 

124. Vargas, F. M.; Chapman, W. G., Application of the One-Third rule in 

hydrocarbon and crude oil systems. Fluid Phase Equilibria 2010, 290 (1), 103-

108. 

125. Vargas, F. M.; Gonzalez, D. L.; Creek, J. L.; Wang, J.; Buckley, J.; 

Hirasaki, G. J.; Chapman, W. G., Development of a General Method for Modeling 

Asphaltene Stability†. Energy & fuels 2009, 23 (3), 1147-1154. 

126. Hädrich, J., The Lorentz-Lorenz function of five gaseous and liquid 

saturated hydrocarbons. Applied physics 1975, 7 (3), 209-213. 

127. Fan, T.; Wang, J.; Buckley, J. S. In Evaluating crude oils by SARA 

analysis, SPE/DOE Improved Oil Recovery Symposium, Society of Petroleum 

Engineers: 2002. 

128. Chamkalani, A., Correlations between SARA fractions, density, and RI to 

investigate the stability of asphaltene. ISRN Analytical Chemistry 2012, 2012. 

129. Gholami, A.; Ansari, H. R.; Hosseini, S., Prediction of crude oil refractive 

index through optimized support vector regression: a competition between 

optimization techniques. Journal of Petroleum Exploration and Production 

Technology 2016, 1-10. 

130. Wang, J.; Buckley, J. In An experimental approach to prediction of 

asphaltene flocculation, SPE International Symposium on Oilfield Chemistry, 

Society of Petroleum Engineers: 2001. 



228 
 

131. Wattana, P.; Wojciechowski, D. J.; Bolaños, G.; Fogler, H., Study of 

asphaltene precipitation using refractive index measurement. Petroleum Science 

and Technology 2003, 21 (3-4), 591-613. 

132. Buckley, J. S.; Wang, J.; Creek, J.; Mullins, O.; Sheu, E.; Hammami, A.; 

Marshall, A., Asphaltenes, Heavy Oils and Petroleomics. Springer New York: 

2007. 

133. Nellensteyn, F., Relation of the micelle to the medium in asphalt. Inst 

Petrol Technol 1928, 14, 134-138. 

134. Pfeiffer; Saal, Asphaltic bitumen as colloid system. The Journal of 

Physical Chemistry 1940, 44 (02), 139-149. 

135. Nabzar, L.; Aguiléra, M., The colloidal approach. A promising route for 

asphaltene deposition modelling. Oil & Gas Science and Technology-Revue de 

l'IFP 2008, 63 (1), 21-35. 

136. Swanson, J. M., A Contribution to the Physical Chemistry of the Asphalts. 

The Journal of Physical Chemistry 1942, 46 (1), 141-150. 

137. Broseta, D.; Robin, M.; Savvidis, T.; Féjean, C.; Durandeau, M.; Zhou, H. 

In Detection of asphaltene deposition by capillary flow measurements, SPE/DOE 

Improved Oil Recovery Symposium, Society of Petroleum Engineers: 2000. 

138. Firoozabadi, A., Thermodynamics of hydrocarbon Reservoirs. McGraw-

Hill: New York, 1999. 

139. Goual, L.; Firoozabadi, A., Effect of resins and DBSA on asphaltene 

precipitation from petroleum fluids. AIChE journal 2004, 50 (2), 470-479. 



229 
 

140. Murzakov, R.; Sabanenkov, S.; Syunyaev, Z., Influence of petroleum 

resins on colloidal stability of asphaltene-containing disperse systems. Chemistry 

and Technology of Fuels and Oils 1980, 16 (10), 674-677. 

141. Goual, L., In 10th Interential Conference on Petroleum Phase Behavior 

and Fouling, Rio de Janeiro, Brazil, 2009. 

142. Czarnecki, J., In 10th International Conference on Petroleum Phase 

Behavior and Fouling, Rio de Janeiro, 2009. 

143. Boek, E., In 10th International Conference on Petroleum Phase Behavior 

and Fouling, Rio de Janeiro, Brazil, 2009. 

144. Ting, P. D.; Gonzalez, D. L.; Hirasaki, G. J.; Chapman, W. G., Application 

of the PC-SAFT equation of state to asphaltene phase behavior. In Asphaltenes, 

heavy oils, and petroleomics, Springer: 2007; pp 301-327. 

145. Nghiem, L. X.; Coombe, D. A., Modelling asphaltene precipitation during 

primary depletion. SPE Journal 1997, 2 (02), 170-176. 

146. Burke, N. E.; Hobbs, R. E.; Kashou, S. F., Measurement and Modeling of 

Asphaltene Precipitation (includes associated paper 23831). Journal of Petroleum 

Technology 1990, 42 (11), 1,440-1,446. 

147. De Boer, R.; Leerlooyer, K.; Eigner, M.; Van Bergen, A., Screening of 

Crude Oils for Asphalt Precipitation: Theory Practice and the Selection of 

Inhibitors. SPE Production & Facilities 1995, 10 (01), 55-61. 

148. Redelius, P., Solubility Parameters and Bitumen. Fuel 2000, 79, 27-35. 

149. PARK, S. J.; ALI MANSOORI, G., Aggregation and deposition of heavy 

organics in petroleum crudes. Energy Sources 1988, 10 (2), 109-125. 



230 
 

150. Aske, N.; Kallevik, H.; Johnsen, E. E.; Sjöblom, J., Asphaltene 

aggregation from crude oils and model systems studied by high-pressure NIR 

spectroscopy. Energy & fuels 2002, 16 (5), 1287-1295. 

151. Cimino, R.; Correra, S.; Sacomani, P.; Carniani, C. In Thermodynamic 

modelling for prediction of asphaltene deposition in live oils, SPE International 

Symposium on Oilfield Chemistry, Society of Petroleum Engineers: 1995. 

152. Modaresghazani, J.; Satyro, M.; Yarranton, H. In Conventional cubic 

equation of state modeling of the phase behavior of bitumen and solvents, 

PetroPhase Conference, Jersey City, USA, June 13-17; Jersey City, USA, 2010. 

153. Ting, P. D.; Joyce, P. C.; Jog, P. K.; Chapman, W. G.; Thies, M. C., Phase 

equilibrium modeling of mixtures of long-chain and short-chain alkanes using 

Peng–Robinson and SAFT. Fluid Phase Equilibria 2003, 206 (1), 267-286. 

154. Chapman, W. G.; Gubbins, K. E.; Jackson, G.; Radosz, M., SAFT: 

equation-of-state solution model for associating fluids. Fluid Phase Equilibria 

1989, 52, 31-38. 

155. Chapman, W. G.; Jackson, G.; Gubbins, K. E., Phase equilibria of 

associating fluids: chain molecules with multiple bonding sites. Molecular Physics 

1988, 65 (5), 1057-1079. 

156. Chapman, W. G.; Gubbins, K. E.; Jackson, G.; Radosz, M., New reference 

equation of state for associating liquids. Industrial & engineering chemistry 

research 1990, 29 (8), 1709-1721. 



231 
 

157. Chapman, W. G.; Sauer, S. G.; Ting, D.; Ghosh, A., Phase behavior 

applications of SAFT based equations of state—from associating fluids to 

polydisperse, polar copolymers. Fluid Phase Equilibria 2004, 217 (2), 137-143. 

158. David Ting, P.; Hirasaki, G. J.; Chapman, W. G., Modeling of asphaltene 

phase behavior with the SAFT equation of state. Petroleum Science and 

Technology 2003, 21 (3-4), 647-661. 

159. Hendriks, E.; Kontogeorgis, G. M.; Dohrn, R.; de Hemptinne, J.-C.; 

Economou, I. G.; Zilnik, L. F.; Vesovic, V., Industrial requirements for 

thermodynamics and transport properties. Industrial & engineering chemistry 

research 2010, 49 (22), 11131-11141. 

160. Reyadh, A.; Abdulla, S.; Mohammed, A.; Maher, A., Journal of Petroleum 

Science and Engineering 2000, 26, 291-300. 

161. Osman, E.; Al-Marhoun, M. 14th SPE Middle East Oil and Gas Show and 

Conference, Bahrain, Bahrain, 2005. 

162. Goodwin, A.; Sengers, J.; Peters, C., Applied Thermodynamics of Fluids. 

RCS Publishing: Cambridge, United Kingdom, 2010. 

163. Nikookar, M.; Omidkhah, M.; Pazuki, G., Prediction of density and 

solubility parameter of heavy oils and SARA fractions using cubic equations of 

state. Petroleum Science and Technology 2008, 26 (16), 1904-1912. 

164. Soave, G., Equilibrium constants from a modified Redlich-Kwong 

equation of state. Chemical Engineering Science 1972, 27 (6), 1197-1203. 

165. Pitzer, K. S.; Lippmann, D. Z.; Curl Jr, R.; Huggins, C. M.; Petersen, D. 

E., The volumetric and thermodynamic properties of fluids. II. Compressibility 



232 
 

factor, vapor pressure and entropy of vaporization1. Journal of the American 

Chemical Society 1955, 77 (13), 3433-3440. 

166. Tester, J.; Modell, M., Thermodynamics and Its ApplicationsPrentice Hall. 

Englewood Cliffs 1996. 

167. Prausnitz, J. M.; Lichtenthaler, R. N.; de Azevedo, E. G., Molecular 

thermodynamics of fluid-phase equilibria. Pearson Education: 1998. 

168. Sandler, S. I., Chemical and Engineering Thermodynamics. 3rd Edition 

ed.; Wiley: New York, 1999. 

169. Peng, D.-Y.; Robinson, D. B., A new two-constant equation of state. 

Industrial & Engineering Chemistry Fundamentals 1976, 15 (1), 59-64. 

170. Ashour, I.; Fatemi, A.; Vakili-Nezhaad, G.; Al-Rawahi, N., Applications of 

Equations of State in the Oil and Gas Industry. INTECH Open Access Publisher: 

2011. 

171. Danesh, A., PVT and phase behaviour of petroleum reservoir fluids. 

Elsevier: 1998; Vol. 47. 

172. Akbarzadeh, K.; AyatollahI, S.; Nasrifar, K.; Yarranton, H.; Moshfeghian, 

M., Prediction of the densities of Western Canadian heavy oils and their SARA 

fractions from the cubic equations of state. Iranian Journal of Science & 

Technology 2004, 28 (B6). 

173. Wu, J.; Prausnitz, J. M.; Firoozabadi, A., Molecular‐thermodynamic 

framework for asphaltene‐oil equilibria. AIChE journal 1998, 44 (5), 1188-1199. 



233 
 

174. Ghanaei, E.; Esmaeilzadeh, F.; Kaljahi, J. F., A new predictive 

thermodynamic model in the wax formation phenomena at high pressure 

condition. Fluid Phase Equilibria 2007, 254 (1), 126-137. 

175. Rackett, H. G., Equation of state for saturated liquids. Journal of Chemical 

and Engineering Data 1970, 15 (4), 514-517. 

176. Abu Taqiya, M. I. L. On the the development of a semi-automated tool to 

predict the phase behavior and transport properties of crude oils. Thesis Defense, 

The Petroleum Institute, Abu Dhabi, UAE, 2013. 

177. Hoyos, B., Cálculo del Volumen Específico de Líquidos Puros con 

Ecuaciones de Estado Cúbicas. Dyna 2000, 129, 85-92. 

178. Péneloux, A.; Rauzy, E.; Fréze, R., A consistent correction for Redlich-

Kwong-Soave volumes. Fluid Phase Equilibria 1982, 8 (1), 7-23. 

179. Reid, R. C.; Prausnitz, J. M.; Poling, B. E., The properties of gases and 

liquids. 1987. 

180. Greaves, M.; Ayatollahi, S.; Moshfeghian, M.; Alboudwarej, H.; 

Yarranton, H., Estimation of SARA fraction properties with the SRK EOS. 

Journal of Canadian petroleum technology 2004, 43 (09). 

181. Alboudwarej, H.; Svrcek, W.; Yarranton, H. In PVT investigation of 

asphaltene precipitation and redissolution from bitumens, Canadian International 

Petroleum Conference, Petroleum Society of Canada: 2002. 

182. Hirschberg, A.; Hermans, L. In Asphaltene phase behaviour: a molecular 

thermodynamic model, Caractérisation des huiles lourdes et des résidus pétroliers. 

Symposium international, 1984; pp 492-497. 



234 
 

183. Hirschberg, A., Role of asphaltenes in compositional grading of a 

reservoir's fluid column. Journal of Petroleum Technology 1988, 40 (01), 89-94. 

184. Kawanaka, S.; Park, S.; Mansoori, G., Organic deposition from reservoir 

fluids: a thermodynamic predictive technique. SPE Reservoir Engineering 1991, 6 

(02), 185-192. 

185. Rassamdana, H.; Dabir, B.; Nematy, M.; Farhani, M.; Sahimi, M., Asphalt 

flocculation and deposition: I. The onset of precipitation. AIChE journal 1996, 42 

(1), 10-22. 

186. Omidkhah, M. R.; Nikookar, M.; Pazuki, G. R.; Sahranavard, L.; Emadi, 

M. A. In Calculation of phase behavior of asphaltene precipitation by using a new 

EOS, Abu Dhabi International Petroleum Exhibition and Conference, Society of 

Petroleum Engineers: 2006. 

187. López-Chávez, E.; Pacheco-Sánchez, J.-H.; Martínez-Magadán, J.-M.; 

Castillo-Alvarado, F. d. L.; Soto-Figueroa, C.; Garcia-Cruz, I., Methodology for 

predicting the phase envelope of a heavy crude oil and its asphaltene deposition 

onset. Petroleum Science and Technology 2007, 25 (1-2), 19-39. 

188. Firoozabadi, A., Reservoir-Fluid Phase Behavior and Volumetric 

Prediction With Equations of State (includes associated papers 18400 and 18579). 

Journal of Petroleum Technology 1988, 40 (04), 397-406. 

189. Hoyos, B., Generalized liquid volume shifts for the pengrobinson equation 

of state for the pengrobinson equation of state for C1 to C8 hydrocarbons. Latin 

American applied research 2004, 34 (2), 83-89. 



235 
 

190. Artola, P.-A.; Pereira, F. E.; Adjiman, C. S.; Galindo, A.; Müller, E. A.; 

Jackson, G.; Haslam, A. J., Understanding the fluid phase behaviour of crude oil: 

Asphaltene precipitation. Fluid Phase Equilibria 2011, 306 (1), 129-136. 

191. Kontogeorgis, G. M.; Michelsen, M. L.; Folas, G. K.; Derawi, S.; von 

Solms, N.; Stenby, E. H., Ten years with the CPA (Cubic-Plus-Association) 

equation of state. Part 1. Pure compounds and self-associating systems. Industrial 

& engineering chemistry research 2006, 45 (14), 4855-4868. 

192. Oliveira, M. B.; Ribeiro, V.; Queimada, A. J.; Coutinho, J. A., Modeling 

Phase Equilibria Relevant to Biodiesel Production: A Comparison of g E Models, 

Cubic EoS, EoS− g E and Association EoS. Industrial & engineering chemistry 

research 2011, 50 (4), 2348-2358. 

193. Kontogeorgis, G. M.; Voutsas, E. C.; Yakoumis, I. V.; Tassios, D. P., An 

equation of state for associating fluids. Industrial & engineering chemistry 

research 1996, 35 (11), 4310-4318. 

194. Wertheim, M., Fluids with highly directional attractive forces. I. Statistical 

thermodynamics. Journal of statistical physics 1984, 35 (1-2), 19-34. 

195. Wertheim, M., Fluids with highly directional attractive forces. III. Multiple 

attraction sites. Journal of statistical physics 1986, 42 (3-4), 459-476. 

196. Kontogeorgis, G. M.; V Yakoumis, I.; Meijer, H.; Hendriks, E.; 

Moorwood, T., Multicomponent phase equilibrium calculations for water–

methanol–alkane mixtures. Fluid Phase Equilibria 1999, 158, 201-209. 

197. Kontogeorgis, G. M.; Folas, G. K., Thermodynamic Models for Industrial 

Applications. John Wiley and Sons: New York, 2010. 



236 
 

198. Lundstrøm, C.; Michelsen, M. L.; Kontogeorgis, G. M.; Pedersen, K. S.; 

Sørensen, H., Comparison of the SRK and CPA equations of state for physical 

properties of water and methanol. Fluid Phase Equilibria 2006, 247 (1), 149-157. 

199. Queimada, A. J.; Miqueu, C.; Marrucho, I. M.; Kontogeorgis, G. M.; 

Coutinho, J. A., Modeling vapor–liquid interfaces with the gradient theory in 

combination with the CPA equation of state. Fluid Phase Equilibria 2005, 228, 

479-485. 

200. Folas, G. K.; Gabrielsen, J.; Michelsen, M. L.; Stenby, E. H.; 

Kontogeorgis, G. M., Application of the cubic-plus-association (CPA) equation of 

state to cross-associating systems. Industrial & engineering chemistry research 

2005, 44 (10), 3823-3833. 

201. Buriro, M. A.; Shuker, M. T. In Asphaltene Prediction and Prevention: A 

Strategy To Control Asphaltene Precipitation, SPE/PAPG Annual Technical 

Conference, Society of Petroleum Engineers: 2012. 

202. Elliott Jr, J. R.; Suresh, S. J.; Donohue, M. D., A simple equation of state 

for non-spherical and associating molecules. Industrial & engineering chemistry 

research 1990, 29 (7), 1476-1485. 

203. Zhang, X.; Pedrosa, N.; Moorwood, T., Modeling asphaltene phase 

behavior: comparison of methods for flow assurance studies. Energy & fuels 

2012, 26 (5), 2611-2620. 

204. Buenrostro‐Gonzalez, E.; Lira‐Galeana, C.; Gil‐Villegas, A.; Wu, J., 

Asphaltene precipitation in crude oils: Theory and experiments. AIChE journal 

2004, 50 (10), 2552-2570. 



237 
 

205. Edmonds, B.; Moorwood, R.; Szczepanski, R.; Zhang, X.; Heyward, M.; 

Hurle, R. In Measurement and prediction of asphaltene precipitation from live 

oils, 3rd International Symposium on Colloid Chemistry in Oil Production, 

Asphaltenes and Waxes Deposition, 1999. 

206. Michelsen, M. L.; Hendriks, E. M., Physical properties from association 

models. Fluid Phase Equilibria 2001, 180 (1), 165-174. 

207. Voutsas, E. C.; Boulougouris, G. C.; Economou, I. G.; Tassios, D. P., 

Water/hydrocarbon phase equilibria using the thermodynamic perturbation theory. 

Industrial & engineering chemistry research 2000, 39 (3), 797-804. 

208. Folas, G. K.; Kontogeorgis, G. M.; Michelsen, M. L.; Stenby, E. H., 

Vapor–liquid, liquid–liquid and vapor–liquid–liquid equilibrium of binary and 

multicomponent systems with MEG: modeling with the CPA EoS and an EoS/GE 

model. Fluid Phase Equilibria 2006, 249 (1), 67-74. 

209. Haghighi, H.; Chapoy, A.; Burgess, R.; Mazloum, S.; Tohidi, B., Phase 

equilibria for petroleum reservoir fluids containing water and aqueous methanol 

solutions: Experimental measurements and modelling using the CPA equation of 

state. Fluid Phase Equilibria 2009, 278 (1), 109-116. 

210. Mathias, P. M., A versatile phase equilibrium equation of state. Industrial 

& Engineering Chemistry Process Design and Development 1983, 22 (3), 385-

391. 

211. Pfohl, O.; Pagel, A.; Brunner, G., Phase equilibria in systems containing< 

i> o</i>-cresol,< i> p</i>-cresol, carbon dioxide, and ethanol at 323.15–473.15 K 

and 10–35 MPa. Fluid Phase Equilibria 1999, 157 (1), 53-79. 



238 
 

212. Ruffine, L.; Mougin, P.; Barreau, A., How to represent hydrogen sulfide 

within the CPA equation of state. Industrial & engineering chemistry research 

2006, 45 (22), 7688-7699. 

213. Lin, Y.; Thomsen, K.; de Hemptinne, J. c., Multicomponent equations of 

state for electrolytes. AIChE journal 2007, 53 (4), 989-1005. 

214. Shirani, B.; Nikazar, M.; Mousavi-Dehghani, S. A., Prediction of 

asphaltene phase behavior in live oil with CPA equation of state. Fuel 2012, 97, 

89-96. 

215. Li, Z.; Firoozabadi, A., Cubic‐plus‐association equation of state for water‐

containing mixtures: Is “cross association” necessary? AIChE journal 2009, 55 

(7), 1803-1813. 

216. Kontogeorgis, G. M.; Michelsen, M. L.; Folas, G. K.; derawi, S.; Von 

Solms, N.; Stenby, E. H., Ten years with the CPA (cubic-plus-association) 

equation of state. Part 2. Cross associating and multicomponent systems. 

industrial & engineering chemistry research 2006, 45, 4869-4878. 

217. Folas, G. K.; Kontogeorgis, G. M.; Michelsen, M. L.; Stenby, E. H., 

Application of the cubic-plus-association equation of state to mixtures with polar 

chemicals and high pressures. Industrial & engineering chemistry research 2006, 

45 (4), 1516-1526. 

218. Kaarsholm, M.; Derawi, S. O.; Michelsen, M. L.; Kontogeorgis, G. M., 

Extension of the cubic-plus-association (CPA) equation of state to amines. 

Industrial & engineering chemistry research 2005, 44 (12), 4406-4413. 



239 
 

219. Derawi, S. O.; Kontogeorgis, G. M.; Michelsen, M. L.; Stenby, E. H., 

Extension of the cubic-plus-association equation of state to glycol-water cross-

associating systems. Industrial & engineering chemistry research 2003, 42 (7), 

1470-1477. 

220. Oliveira, M. B.; Freire, M. G.; Marrucho, I. M.; Kontogeorgis, G. M.; 

Queimada, A. J.; Coutinho, J. A., Modeling the liquid-liquid equilibria of water+ 

fluorocarbons with the cubic-plus-association equation of state. Industrial & 

engineering chemistry research 2007, 46 (4), 1415-1420. 

221. Yakoumis, I. V.; Kontogeorgis, G. M.; Voutsas, E. C.; Hendriks, E. M.; 

Tassios, D. P., Prediction of phase equilibria in binary aqueous systems containing 

alkanes, cycloalkanes, and alkenes with the cubic-plus-association equation of 

state. Industrial & engineering chemistry research 1998, 37 (10), 4175-4182. 

222. Folas, G. K.; Kontogeorgis, G. M.; Michelsen, M. L.; Stenby, E. H., 

Application of the cubic-plus-association (CPA) equation of state to complex 

mixtures with aromatic hydrocarbons. Industrial & engineering chemistry 

research 2006, 45 (4), 1527-1538. 

223. Li, Z.; Firoozabadi, A., Modeling asphaltene precipitation by n-alkanes 

from heavy oils and bitumens using cubic-plus-association equation of state. 

Energy & fuels 2010, 24 (2), 1106-1113. 

224. Li, Z.; Firoozabadi, A., Cubic-plus-association equation of state for 

asphaltene precipitation in live oils. Energy & fuels 2010, 24 (5), 2956-2963. 



240 
 

225. Victorov, A. I.; Firoozabadi, A., Thermodynamic micellizatin model of 

asphaltene precipitation from petroleum fluids. AIChE journal 1996, 42 (6), 1753-

1764. 

226. Pan, H.; Firoozabadi, A., Thermodynamic micellization model for 

asphaltene precipitation inhibition. AIChE journal 2000, 46 (2), 416-426. 

227. Wertheim, M., Fluids with highly directional attractive forces. II. 

Thermodynamic perturbation theory and integral equations. Journal of statistical 

physics 1984, 35 (1-2), 35-47. 

228. Wertheim, M., Fluids with highly directional attractive forces. IV. 

Equilibrium polymerization. Journal of statistical physics 1986, 42 (3-4), 477-

492. 

229. Octavio, L. M., Numerical aspects of the SAFT Equation of State. Senior 

Honors Projects 2006,  (Paper 13). 

230. Economou, I. G., Statistical associating fluid theory: A successful model 

for the calculation of thermodynamic and phase equilibrium properties of complex 

fluid mixtures. Industrial & engineering chemistry research 2002, 41 (5), 953-

962. 

231. Senol, I., Perturbed-Chain Statistical Association Fluid Theory (PC-SAFT) 

Parameters for Propane, Ethylene, and Hydrogen under Supercritical Conditions. 

World Academy of Science, Engineering and Technology 2011, 59, 1395-1403. 

232. Kontogeorgis, G. M.; Folas, G. K., Thermodynamic models for industrial 

applications: from classical and advanced mixing rules to association theories. 

John Wiley & Sons: 2009. 



241 
 

233. Ghonasgi, D.; Chapman, W. G., Prediction of the properties of model 

polymer solutions and blends. AIChE journal 1994, 40 (5), 878-887. 

234. Banaszak, M.; Chiew, Y.; O’Lenick, R.; Radosz, M., Thermodynamic 

perturbation theory: Lennard‐Jones chains. The Journal of chemical physics 1994, 

100 (5), 3803-3807. 

235. Ghonasgi, D.; Chapman, W. G., Theory and simulation for associating 

fluids with four bonding sites. Molecular Physics 1993, 79 (2), 291-311. 

236. Müller, E. A.; Vega, L. F.; Gubbins, K. E., Theory and simulation of 

associating fluids: Lennard-Jones chains with association sites. Molecular Physics 

1994, 83 (6), 1209-1222. 

237. Kraska, T.; Gubbins, K. E., Phase equilibria calculations with a modified 

SAFT equation of state. 1. Pure alkanes, alkanols, and water. Industrial & 

engineering chemistry research 1996, 35 (12), 4727-4737. 

238. Kraska, T.; Gubbins, K. E., Phase equilibria calculations with a modified 

SAFT equation of state. 2. Binary mixtures of n-alkanes, 1-alkanols, and water. 

Industrial & engineering chemistry research 1996, 35 (12), 4738-4746. 

239. Chapman, W. G., Prediction of the thermodynamic properties of 

associating Lennard‐Jones fluids: Theory and simulation. The Journal of chemical 

physics 1990, 93 (6), 4299-4304. 

240. Gil-Villegas, A.; Galindo, A.; Whitehead, P. J.; Mills, S. J.; Jackson, G.; 

Burgess, A. N., Statistical associating fluid theory for chain molecules with 

attractive potentials of variable range. The Journal of chemical physics 1997, 106 

(10), 4168-4186. 



242 
 

241. Galindo, A.; Whitehead, P. J.; Jackson, G.; Burgess, A. N., Predicting the 

phase equilibria of mixtures of hydrogen fluoride with water, difluoromethane 

(HFC-32), and 1, 1, 1, 2-tetrafluoroethane (HFC-134a) using a simplified SAFT 

approach. The Journal of Physical Chemistry B 1997, 101 (11), 2082-2091. 

242. Huang, S. H.; Radosz, M., Equation of state for small, large, polydisperse, 

and associating molecules. Industrial & engineering chemistry research 1990, 29 

(11), 2284-2294. 

243. Huang, S. H.; Radosz, M., Equation of state for small, large, polydisperse, 

and associating molecules: extension to fluid mixtures. Industrial & engineering 

chemistry research 1991, 30 (8), 1994-2005. 

244. Huang, S.; Radosz, M., Phase behavior of reservoir fluids V: SAFT model 

of CO< sub> 2</sub> and bitumen systems. Fluid Phase Equilibria 1991, 70 (1), 

33-54. 

245. Chen, S. S.; Kreglewski, A., Applications of the Augmented van der 

Waals Theory of Fluids.: I. Pure Fluids. Berichte der Bunsengesellschaft für 

physikalische Chemie 1977, 81 (10), 1048-1052. 

246. Walsh, J. M.; Guedes, H. J.; Gubbins, K. E., Physical theory for fluids of 

small associating molecules. The Journal of Physical Chemistry 1992, 96 (26), 

10995-11004. 

247. Stell, G.; Rasaiah, J.; Narang, H., Thermodynamic perturbation theory for 

simple polar fluids, I. Molecular Physics 1972, 23 (2), 393-406. 

248. Stell, G.; Rasaiah, J.; Narang, H., Thermodynamic perturbation theory for 

simple polar fluids. II. Molecular Physics 1974, 27 (5), 1393-1414. 



243 
 

249. Xu, K.; Li, Y.-g.; Liu, W.-b., Application of perturbation theory to chain 

and polar fluids: Pure alkanes, alkanols and water. Fluid Phase Equilibria 1998, 

142 (1), 55-66. 

250. Karakatsani, E. K.; Spyriouni, T.; Economou, I. G., Extended statistical 

associating fluid theory (SAFT) equations of state for dipolar fluids. AIChE 

journal 2005, 51 (8), 2328-2342. 

251. Liu, Z.-P.; Li, Y.-G.; Chan, K.-Y., Equation of state for nonpolar, polar, 

chain, and associating fluids based on the dipolar Yukawa potential. Industrial & 

engineering chemistry research 2001, 40 (3), 973-979. 

252. Nezbeda, I.; Weingerl, U., A molecular-based theory for the 

thermodynamic properties of water. Molecular Physics 2001, 99 (18), 1595-1606. 

253. Sauer, S. G.; Chapman, W. G., A parametric study of dipolar chain theory 

with applications to ketone mixtures. Industrial & engineering chemistry research 

2003, 42 (22), 5687-5696. 

254. Jog, P. K.; Chapman, W., Application of Wertheim's thermodynamic 

perturbation theory to dipolar hard sphere chains. Molecular Physics 1999, 97 (3), 

307-319. 

255. Jog, P. K.; Sauer, S. G.; Blaesing, J.; Chapman, W. G., Application of 

dipolar chain theory to the phase behavior of polar fluids and mixtures. Industrial 

& engineering chemistry research 2001, 40 (21), 4641-4648. 

256. Green, D. G.; Jackson, G., Theory of phase equilibria for model aqueous 

solutions of chain molecules: water+ alkane mixtures. Journal of the Chemical 

Society, Faraday Transactions 1992, 88 (10), 1395-1409. 



244 
 

257. Fu, Y.-H.; Sandler, S. I., A simplified SAFT equation of state for 

associating compounds and mixtures. Industrial & engineering chemistry 

research 1995, 34 (5), 1897-1909. 

258. Gross, J.; Sadowski, G., Perturbed-chain SAFT: An equation of state based 

on a perturbation theory for chain molecules. Industrial & engineering chemistry 

research 2001, 40 (4), 1244-1260. 

259. Pereira, Y.; Lona, L.; Embiruçu, M.; Costa, G., APPLICATION OF SAFT 

AND PC-SAFT EQUATIONS OF STATE TO MODELING COMMERCIAL 

LDPE-ETHYLENE PHASE EQUILIBRIA. 

260. Dominik, A.; Chapman, W. G., Thermodynamic model for branched 

polyolefins using the PC-SAFT equation of state. Macromolecules 2005, 38 (26), 

10836-10843. 

261. Gonzalez, D. L.; Hirasaki, G. J.; Creek, J.; Chapman, W. G., Modeling of 

asphaltene precipitation due to changes in composition using the perturbed chain 

statistical associating fluid theory equation of state. Energy & fuels 2007, 21 (3), 

1231-1242. 

262. Vargas, F. M.; Gonzalez, D. L.; Hirasaki, G. J.; Chapman, W. G., 

Modeling Asphaltene Phase Behavior in Crude Oil Systems Using the Perturbed 

Chain Form of the Statistical Associating Fluid Theory (PC-SAFT) Equation of 

State†. Energy & fuels 2009, 23 (3), 1140-1146. 

263. Barker, J. A.; Henderson, D., Perturbation theory and equation of state for 

fluids. II. A successful theory of liquids. The Journal of chemical physics 1967, 47 

(11), 4714-4721. 



245 
 

264. Mansoori, G.; Carnahan, N.; Starling, K.; Leland Jr, T.; Cchem, J., Phys. 

54, 1523 (1971); JJ Salacuse and G. Stell. J. Chem. Phys 1982, 77, 3714. 

265. Gross, J.; Sadowski, G., Application of perturbation theory to a hard-chain 

reference fluid: an equation of state for square-well chains. Fluid Phase Equilibria 

2000, 168 (2), 183-199. 

266. Chiew, Y. C., Percus-Yevick integral-equation theory for athermal hard-

sphere chains: Part I: Equations of state. Molecular Physics 1990, 70 (1), 129-143. 

267. Liu, H.; Hu, Y., Molecular thermodynamic theory for polymer systems 

part II. equation of state for chain fluids. Fluid Phase Equilibria 1996, 122 (1), 

75-97. 

268. Boublík, T., Hard‐Sphere Equation of State. The Journal of chemical 

physics 1970, 53 (1), 471-472. 

269. Panuganti, S. R.; Vargas, F. M.; Chapman, W. G., Modeling reservoir 

connectivity and tar mat using gravity-induced asphaltene compositional grading. 

Energy & fuels 2011, 26 (5), 2548-2557. 

270. Li, X.-S.; Englezos, P., Vapor-liquid equilibrium of systems containing 

alcohols using the statistical associating fluid theory equation of state. Industrial 

& engineering chemistry research 2003, 42 (20), 4953-4961. 

271. Nickmand, Z.; Aghamiri, S. F., A New Association Term for SAFT 

Equation of State. Journal of Dispersion Science and Technology 2010, 31 (11), 

1591-1599. 

272. Justo-García, D. N.; García-Sánchez, F.; Díaz-Ramírez, N. L.; Romero-

Martínez, A., Calculation of critical points for multicomponent mixtures 



246 
 

containing hydrocarbon and nonhydrocarbon components with the PC-SAFT 

equation of state. Fluid Phase Equilibria 2008, 265 (1), 192-204. 

273. Jackson, G.; Chapman, W. G.; Gubbins, K. E., Phase equilibria of 

associating fluids: Spherical molecules with multiple bonding sites. Molecular 

Physics 1988, 65 (1), 1-31. 

274. Gross, J.; Sadowski, G., Modeling polymer systems using the perturbed-

chain statistical associating fluid theory equation of state. Industrial & 

engineering chemistry research 2002, 41 (5), 1084-1093. 

275. Muller, E.; Gubbins, K. E., Industrial & engineering chemistry research 

2001, 40, 2193-2212. 

276. Jog, P. K.; Chapman, W. G.; Gupta, S. K.; Swindoll, R. D., Modeling of 

liquid-liquid-phase separation in linear low-density polyethylene-solvent systems 

using the statistical associating fluid theory equation of state. Industrial & 

engineering chemistry research 2002, 41 (5), 887-891. 

277. Shukla, K.; Chapman, W., SAFT equation of state for fluid mixtures of 

hard chain copolymers. Molecular Physics 1997, 91 (6), 1075-1082. 

278. Arce, P. F.; Aznar, M., Computation and modeling of critical phenomena 

with the perturbed chain-statistical associating fluid theory equation of state. The 

Journal of Supercritical Fluids 2008, 43 (3), 408-420. 

279. Peters, C.; Arons, D.; Swaan, J.; Sengers, J.; Gallagher, J., Global phase 

behavior of mixtures of short and long n‐alkanes. AIChE journal 1988, 34 (5), 

834-839. 



247 
 

280. Magoulas, K.; Tassios, D., Thermophysical properties of n-alkanes from 

C1 to C20 and their prediction for higher ones. Fluid Phase Equilibria 1990, 56, 

119-140. 

281. Voros, N.; Stamataki, S.; Tassios, D., Effect of translation on the 

prediction of saturated densities of binary mixtures with a Peng-Robinson 

equation of state. Fluid Phase Equilibria 1994, 96, 51-63. 

282. Solimando, R.; Rogalski, M.; Neau, E.; Peneloux, A., Modifying the Peng 

Robinson equation for a homogeneous representation of pure fluid PVT 

properties. Fluid Phase Equilibria 1995, 106 (1), 59-80. 

283. Peng, C.-L.; Stein, F. P.; Gow, A. S., An enthalpy-based cubic equation of 

state mixing rule for cross-prediction of excess thermodynamic properties of 

hydrocarbon and halogenated refrigerant mixtures. Fluid Phase Equilibria 1995, 

108 (1), 79-102. 

284. Zielke, F.; Lempe, D., Generalized calculation of phase equilibria by using 

cubic equations of state. Fluid Phase Equilibria 1997, 141 (1), 63-85. 

285. Fermeglia, M.; Bertucco, A.; Patrizio, D., Thermodynamic properties of 

pure hydrofluorocarbons by a perturbed hard-sphere-chain equation of state. 

Chemical Engineering Science 1997, 52 (9), 1517-1527. 

286. Fermeglia, M.; Bertucco, A.; Bruni, S., A perturbed hard sphere chain 

equation of state for applications to hydrofluorocarbons, hydrocarbons and their 

mixtures. Chemical Engineering Science 1998, 53 (17), 3117-3128. 



248 
 

287. Wu, C.-S.; Chen, Y.-P., Calculation of vapor-liquid equilibria of polymer 

solutions using the SAFT equation of state. Fluid Phase Equilibria 1994, 100, 

103-119. 

288. McCabe, C.; Galindo, A.; Gil-Villegas, A.; Jackson, G., Predicting the 

high-pressure phase equilibria of binary mixtures of n-alkanes using the SAFT-

VR approach. International journal of thermophysics 1998, 19 (6), 1511-1522. 

289. Wiehe, I.; Liang, K., Asphaltenes, resins, and other petroleum 

macromolecules. Fluid Phase Equilibria 1996, 117 (1), 201-210. 

290. Katz, D.; Firoozabadi, A., Predicting phase behavior of condensate/crude-

oil systems using methane interaction coefficients. Journal of Petroleum 

Technology 1978, 30 (11), 1,649-1,655. 

291. Whitson, C. H., Characterizing hydrocarbon plus fractions. Society of 

Petroleum Engineers Journal 1983, 23 (04), 683-694. 

292. Whitson, C. H.; Anderson, T. F.; SØREIDE, I., Application of the gamma 

distribution model to molecular weight and boiling point data for petroleum 

fractions. Chemical engineering communications 1990, 96 (1), 259-278. 

293. Riazi, M. R.; Daubert, T. E., Prediction of the composition of petroleum 

fractions. Industrial & Engineering Chemistry Process Design and Development 

1980, 19 (2), 289-294. 

294. Whitson, C. H.; Soreide, I.; Anderson, T., C 7+ characterization of related 

equilibrium fluids using the gamma distribution. In C_7_+ fraction 

characterization, 1989. 



249 
 

295. Tarek, A., Hydrocarbon phase behavior. Gulf Publishing Company, 

Houston 1989. 

296. Pedersen, K.; Thomassen, P.; Fredenslund, A. Characterization of gas 

condensate mixtures; New York, NY; American Institute of Chemical Engineers: 

1988. 

297. Pedersen, K. S.; Thomassen, P.; Fredenslund, A., On the dangers of 

“tuning” equation of state parameters. Chemical Engineering Science 1988, 43 

(2), 269-278. 

298. Pedersen, K. S.; Fredenslund, A.; Thomassen, P., Properties of oils and 

natural gases. Gulf Pub Co: 1989; Vol. 5. 

299. Zuo, J. Y.; Mullins, O. C.; Dong, C.; Zhang, D.; O'Keefe, M.; Dubost, F. 

X.; Betancourt, S. S.; Gao, J. In Integration of fluid log predictions and downhole 

fluid analysis, Asia Pacific Oil and Gas Conference & Exhibition, Society of 

Petroleum Engineers: 2009. 

300. Cotterman, R. L.; Bender, R.; Prausnitz, J. M., Phase equilibria for 

mixtures containing very many components. Development and application of 

continuous thermodynamics for chemical process design. Industrial & 

Engineering Chemistry Process Design and Development 1985, 24 (1), 194-203. 

301. Cotterman, R. L.; Prausnitz, J. M., Flash calculations for continuous or 

semicontinuous mixtures by use of an equation of state. Industrial & Engineering 

Chemistry Process Design and Development 1985, 24 (2), 434-443. 

302. Winn, F., Physical properties by nomogram. Petroleum Refiner 1957, 36 

(2), 157-159. 



250 
 

303. Cavett, R., Physical Data for Distillation Calculation, vapor–Liquid 

Equilibria: 27th Midyear Meeting. 1964. 

304. Twu, C. H., An internally consistent correlation for predicting the critical 

properties and molecular weights of petroleum and coal-tar liquids. Fluid Phase 

Equilibria 1984, 16 (2), 137-150. 

305. Riazi, M. R.; Al-Sahhaf, T. A., Physical properties of heavy petroleum 

fractions and crude oils. Fluid Phase Equilibria 1996, 117 (1), 217-224. 

306. Kesler, M. G.; Lee, B. I., Improve prediction of enthalpy of fractions. 

Hydrocarbon processing 1976, 55 (3), 153-158. 

307. Whitson, C. H.; Brulé, M. R., Phase behavior. Society of Petroleum 

Engineers: 2000; Vol. 20. 

308. Li, Y.-K.; Nghiem, L. X.; Siu, A., Phase behaviour computations for 

reservoir fluids: effect of pseudo-components on phase diagrams and simulation 

results. Journal of Canadian petroleum technology 1985, 24 (06). 

309. Creek, J. L., Freedom of action in the state of asphaltenes: Escape from 

conventional wisdom. Energy & fuels 2005, 19 (4), 1212-1224. 

310. Zuo, J. Y.; Zhang, D. In Plus fraction characterization and PVT data 

regression for reservoir fluids near critical conditions, SPE Asia Pacific Oil and 

Gas Conference and Exhibition, Society of Petroleum Engineers: 2000. 

311. Leelavanichkul, P.; Deo, M.; Hanson, F., Crude oil characterization and 

regular solution approach to thermodynamic modeling of solid precipitation at low 

pressure. Petroleum Science and Technology 2004, 22 (7-8), 973-990. 



251 
 

312. Krejbjerg, K.; Pedersen, K. In Controlling VLLE equilibrium with a cubic 

EOS in heavy oil modeling, Canadian International Petroleum Conference, 

Petroleum Society of Canada: 2006. 

313. Soave, G.; Gamba, S.; Pellegrini, L. A., SRK equation of state: Predicting 

binary interaction parameters of hydrocarbons and related compounds. Fluid 

Phase Equilibria 2010, 299 (2), 285-293. 

314. Chorn, L. G.; Mansoori, G. A., C7+ fraction characterization. Taylor & 

Francis: 1989. 

315. Whitson, C. H.; Brule, M. In Phase Behavior, Society of Petroleum 

Engineers, Richardson, TX, Henry L. Doherty Memorial Fund of AIME: 

Richardson, TX, 2000. 

316. Riazi, M. R., A continuous model for C7+ fraction characterization of 

petroleum fluids. Industrial & engineering chemistry research 1997, 36 (10), 

4299-4307. 

317. Private Communication with the operating company. 

318. Rao, B., Modern Petroleum Refining. 4th Edition ed.; Oxford-IBH: Delhi, 

2005. 

319. Gonzalez, D. L.; Ting, P. D.; Hirasaki, G. J.; Chapman, W. G., Prediction 

of asphaltene instability under gas injection with the PC-SAFT equation of state. 

Energy & fuels 2005, 19 (4), 1230-1234. 

320. Jewell, D.; Weber, J.; Bunger, J.; Plancher, H.; Latham, D., Analytical 

Chemistry 1972, 44, 1391-1395. 



252 
 

321. Wang, J. Predicting Asphaltene Flocculation in Crude Oils. Thesis 

Defense, New Mexico Institute of Mining & Technology, Socorro, New Mexico, 

USA, 2000. 

322. Gonzalez, D. L.; Vargas, F. M.; Hirasaki, G. J.; Chapman, W. G., 

Modeling Study of CO2-Induced Asphaltene Precipitation†. Energy & fuels 2007, 

22 (2), 757-762. 

323. Punnapala, S.; Vargas, F. M., Revisiting the PC-SAFT characterization 

procedure for an improved asphaltene precipitation prediction. Fuel 2013, 108, 

417-429. 

324. Vargas, F. M.; Garcia-Bermudes, M.; Boggara, M.; Punnapala, S.; 

Abutaqiya, M.; Mathew, N.; Prasad, S.; Khaleel, A.; Al Rashed, M.; Al Asafen, 

H. In On the development of an enhanced method to predict asphaltene 

precipitation, Offshore Technology Conference, Offshore Technology 

Conference: 2014. 

325. Larsen, J.; Sorensen, H.; Yang, T.; Schou Pedersen, K. In EOS and 

viscosity modeling for highly undersaturated Gulf of Mexico reservoir fluids, SPE 

Annual Technical Conference and Exhibition, Society of Petroleum Engineers: 

2011. 

326. De Villiers, A.; Schwarz, C.; Burger, A.; Kontogeorgis, G., Evaluation of 

the PC-SAFT, SAFT and CPA equations of state in predicting derivative 

properties of selected non-polar and hydrogen-bonding compounds. Fluid Phase 

Equilibria 2013, 338, 1-15. 



253 
 

327. Yonebayashi, H.; Masuzawa, T.; Dabbouk, C.; Urasaki, D. In Ready for 

gas injection: Asphaltene risk evaluation by mathematical modeling of asphaltene 

precipitation envelope (APE) with integration of all laboratory deliverables, 

SPE/EAGE Reservoir Characterization & Simulation Conference, 2009. 

328. Jamaluddin, A.; Joshi, N.; Iwere, F.; Gurpinar, O. In An investigation of 

asphaltene instability under nitrogen injection, SPE International Petroleum 

Conference and Exhibition in Mexico, Society of Petroleum Engineers: 2002. 

329. Baled, H. O. Density and viscosity of hydrocarbons at extreme conditions 

associated with ultra-deep reservoirs-measurements and modeling. University of 

Pittsburgh, 2013. 

330. Kortekaas, W.; Peters, C.; de Swaan Arons, J., Joule-Thomson expansion 

of high-pressure-high-temperature gas condensates. Fluid Phase Equilibria 1997, 

139 (1), 205-218. 

331. Ernst, G.; Maurer, G.; Wiederuh, E., Flow calorimeter for the accurate 

determination of the isobaric heat capacity at high pressures; results for carbon 

dioxide. The Journal of Chemical Thermodynamics 1989, 21 (1), 53-65. 

332. Fortier, J.-L.; Benson, G. C., Excess heat capacities of binary liquid 

mixtures determined with a Picker flow calorimeter. The Journal of Chemical 

Thermodynamics 1976, 8 (5), 411-423. 

333. Esperança, J. M.; Visak, Z. P.; Plechkova, N. V.; Seddon, K. R.; Guedes, 

H. J.; Rebelo, L. P., Density, speed of sound, and derived thermodynamic 

properties of ionic liquids over an extended pressure range. 4.[C3mim][NTf2] and 



254 
 

[C5mim][NTf2]. Journal of Chemical & Engineering Data 2006, 51 (6), 2009-

2015. 

334. Daridon, J.; Lagrabette, A.; Lagourette, B., Speed of sound, density, and 

compressibilities of heavy synthetic cuts from ultrasonic measurements under 

pressure. The Journal of Chemical Thermodynamics 1998, 30 (5), 607-623. 
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Appendix A 
 

This appendix includes the predictions by PC-SAFT and CPA on pure 

components. The first section presents the heat capacity (Cp) at isobaric 

conditions at function of the temperature. The Data are obtained through 

correlations in the Perry Chemical Engineering HandBook 
94

 Section 2-161 

"Liquid Data". 

It is clear that PC-SAFT consistently performs better than CPA. It is also 

worth noting that the CPA used here is the version by Infochem.  

 
 

Figure A-1 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

Toluene at P=1atm. (PC-SAFT: Solid line, CPA: Dashed line). 
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Figure A-2 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

Octane at P=1atm. (PC-SAFT: Solid line, CPA: Dashed line). 

 

 

Figure A-3 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

Hexadecane at P=1atm. (PC-SAFT: Solid line, CPA: Dashed line). 
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Figure A-4 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

Ethylbenzene at P=1atm. (PC-SAFT: Solid line, CPA: Dashed line). 

 

 

Figure A-5 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

Ethanol at P=1atm. (PC-SAFT: Solid line, CPA: Dashed line). 
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The second section of Appendix A demonstrates the isothermal predictions on 

speed of sound, heat capacities and JT expansion coefficients. 

 

Figure A-6 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

Toluene at T=300 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 

 

Figure A-7 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

Toluene at T=400 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 
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Figure A-8 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

Octane at T=300 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 

 

Figure A-9 PC-SAFT and CPA predictions of derivative properties (Isobaric Heat Capacity) for 

Octane at T=400 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 
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Figure A-10 PC-SAFT and CPA predictions of derivative properties (Isochoric Heat Capacity) for 

Toluene at T=300 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 

 

Figure A-11 PC-SAFT and CPA predictions of derivative properties (Isochoric Heat Capacity) for 

Toluene at T=400 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 
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Figure A-12 PC-SAFT and CPA predictions of derivative properties (Isochoric Heat Capacity) for 

Octane at T=300 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 

 

 

Figure A-13 PC-SAFT and CPA predictions of derivative properties (Isochoric Heat Capacity) for 

Octane at T=400 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 
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Figure A-14 PC-SAFT and CPA predictions of derivative properties (JT expansion coefficient) for 

Toluene at T=300 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 

 

 

Figure A-15 PC-SAFT and CPA predictions of derivative properties (JT expansion coefficient) for 

Toluene at T=400 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 
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Figure A-16 PC-SAFT and CPA predictions of derivative properties (JT expansion coefficient) for 

Octane at T=300 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 

 

 

Figure A-17 PC-SAFT and CPA predictions of derivative properties (JT expansion coefficient) for 

Octane at T=400 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 
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Figure A-18 PC-SAFT and CPA predictions of derivative properties (Speed of Sound) for Toluene 

at T=300 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 

 

 

Figure A-19 PC-SAFT and CPA predictions of derivative properties (Speed of Sound) for Toluene 

at T=400 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 
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Figure A-20 PC-SAFT and CPA predictions of derivative properties (Speed of Sound) for Octane 

at T=300 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 

 

 

Figure A-21 PC-SAFT and CPA predictions of derivative properties (Speed of Sound) for Octane 

at T=400 
o
F. (PC-SAFT: Solid line, CPA: Dashed line). 
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Appendix B 
 

This Appendix presents the matlab code written for ADEPT simulator. 

 

This routine was created as the ADEPT SIMULATOR on September 2013 to 

calculate the Concentration of Asphaltene as function of the position and time 

  

This Asphaltene Concentration is later used to determine the deposition flux and 

the pressure drop across the pipeline (Length) at different time steps 

  

function ADEPT 

  

%The Global is used to determine what are the functions and constants that 

%are carried away from other function files 

  

global Pe Dap Daagg Dad finale kdiss A4 A3 A2 A1 A0 

  

%Data in SI units 

  

%Ask whether you would like to use an input or a table? 

  

Question = input('For input enter 1, For table enter 2 = '); 

if Question==1 
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%Asking for inputs 

Dupper = input('Diameter Upstream (in) = '); 

  

Dlower = input('Diameter Downstream (in) = '); 

  

Length=input('Length (ft) = '); 

  

VolumetricFlow = input ('Flow Rate(bbl/day) = '); 

  

Fluidrho = input('Fluid Density (g/cm3) [IF UNKNOWN ENTER 0] = '); 

  

Fluidn = input ('Fluid Viscosity (P) [IF UNKNOWN ENTER 0] = '); 

  

%Precipitation Rate Coefficient 

  

kp = input ('Kinetic constant of Precipitation (1/sec) = '); 

  

%Aggregation Rate Coefficient 

  

kagg = input ('Kinteic constant of Aggregation (1/sec) = '); 

  

%Deposition Rate Coefficient 
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kd = input('Kinetic constant of Deposition (1/sec) = '); 

  

kdiss= input ('Dissolution factor [IF UNKNOWN ENTER 1] = '); 

  

%Equilibrium Concentration 

  

disp('The equilibrium concnetration is defined as in the expression 

Ceq(z)=A4*z.^(4)+A3*z.^(3)+A2*z.^(2)+A1*z+A0') 

  

A4 = input ('A4 = '); 

A3 = input ('A3 = '); 

A2 = input ('A2 = '); 

A1 = input ('A1 = '); 

A0 = input ('A0 = '); 

  

%Deposit Density 

  

Depositrho = input('Deposit Density (g/cm3) [IF UNKNOWN ENTER 1] = '); 

  

AsphM = input('Asphaltene Mass% in Deposit (from 0 to 1) [IF UNKNOWN 

ENTER 1] = '); 

fr = input ('Frictional Coefficient (f) [IF UNKNOWN ENTER 0.018] = '); 
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timedays = input('Deposition Time (days) [IF UNKNOW ENTER 28] = '); 

  

Cinitial = input ('Initial Concentration C0 (g/cm3) = '); 

  

%Input asking is over! 

  

elseif Question==2 

       

load('ADEPT_Data.mat') 

  

else 

    disp('Error Detected') 

    return 

end 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Du=Dupper * 0.0254;                         %Upstream Diameter of Pipeline (m) 

  

Dl=Dlower * 0.0254;                         %Downstream Diameter of Pipeline (m) 

  

L=Length*0.3048;                            %Length(m) 

Vol= VolumetricFlow* 0.1589873/ 86400;     %Average Flow rate (m3/s) 



281 
 

  

Vzu= Vol / (pi * Du^2 / 4);                 %Upstream Velocity (m/s) !Higher 

Diameter Cross-sectional Area 

  

Vzl= Vol / (pi * Dl^2 / 4);                %Downstream Velocity (m/s) !Lower 

Diameter Cross-sectional Area 

  

%Typical Value for Fluid Density (g/cm3) 

if Fluidrho==0 

    Fluidrho = 0.7; 

end 

  

%Typical Value for Fluid Viscosity (P) 

if Fluidn ==0 

    Fluidn = 0.0134; 

end 

  

Dap=kp*L/Vzu;              %Damkholar Number for Precipitation (-) 

  

Daagg=kagg*L/Vzu;          %Damkholar Number for Aggregation (-) 

  

Dad=kd*L/Vzu;                %Damkholar Number of Deposition (-) 

 zfinal=1; 
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z= linspace(0,zfinal,1000); 

  

Ceqq=A4*z.^(4)+A3*z.^(3)+A2*z.^(2)+A1*z+A0; 

  

kk = 1 - A0 + A1 / Dap - 2 * A2 / Dap ^ 2 + 6 * A3 / Dap ^ 3 - 24 * A4 / Dap^4; 

  

Cff = A0 - A1 / Dap + A1 * z + 2 * A2 / Dap ^ 2 - 2 * A2 * z / Dap + A2 * z.^ 2 - 

6 * A3 / Dap ^ 3 + 6 * A3 * z / Dap ^ 2 - 3 * A3 * z.^ 2 / Dap + A3 * z.^ 3 + 24 * 

A4 / Dap ^ 4 - 24 * A4 * z / Dap ^ 3 + 12 * A4 * z.^ 2 / Dap ^ 2 - 4 * A4 * z.^ 3 / 

Dap + A4 * z.^ 4 + kk * exp(-Dap * z); 

  

CFFF=Cff-Ceqq; 

   

for i=1:1000 

    if CFFF(i)>0 

        CFFF(i)=CFFF(i); 

    else 

        CFFF(i)=0; 

    end 

end 

  

c=find(CFFF==0); 
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% find if the matrix is empty 

  

testempty=isempty(c); 

  

 Determining the Dimensionless Normalized Length (-) where the dissolution 

starts occuring 

  

if testempty==0 

     

    Ls=c(1)/1000; 

     

else 

     

    Ls=zfinal; 

end 

  

%Peclet Number for the convective term in PDE 

  

Pe=250;                     %Peclet Number (-) typically high causing stiffness in the 

model 

  

rhoD=Depositrho*1000;       %Deposit Density (kg/m3) 
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tends= timedays * 86400;                   %Time (seconds) 

  

%PDE Parameters 

  

tend=tends*Vzu/L;                         %Dimensionless Time (-) 

  

lengthspace=Ls*1000;                      %Length Steps for 1st Function 

  

lengthspace2=1000-lengthspace;            %Length Steps for 2nd Function 

  

timespace=50;                             %Time Steps 

  

m = 0;                                    %m: Cartesian Geometry 

  

%Length and Time arrays: 

  

x = linspace(0,Ls,lengthspace);           %from 0 to Dissolution 

  

x2 = linspace(Ls,1,lengthspace2);         %from Dissolution to 1 

  

t = linspace(0,tend,timespace);           %Time steps Matrix 

disp('Initializing Calculation...') 
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%SOLUTION 

  

%Solution for 1st Function 

  

sol = pdepe(m,@pdex1pdeauto,@pdex1icauto,@pdex1bcauto,x,t); 

% Extract the first solution component as u. 

Concentration = sol(:,:,1); 

  

finale=Concentration(end);      %Objective: Continuity 

  

% find if the composition is always positive (No x2) 

testemptyx=isempty(x2); 

  

if testemptyx==1 

  

DepositCC = Concentration(end,:); 

  

else 

     

%Solution for 2nd Function 

  

solv = pdepe(m,@pdex1pdeend,@pdex1icend,@pdex1bcend,x2,t); 
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% Extract the 2nd solution component  

Con = solv(:,:,1); 

  

% Obtaining the last time step solution 

  

DepositC=Concentration(end,:);       %Last time step solution for 1st Function 

  

DepositC2=Con(end,:);                %Last time step solution for 2nd Function 

  

%Combining the two solutions as one continuous solution 

  

mr=zeros(1000,1); 

  

NewL=Ls*1000; 

  

for i=1:1000 

    if i<NewL+1 

        mr(i)=DepositC(i); 

    else 

        mr(i)=DepositC2(i-NewL); 

    end 

end 

 %Asphaltene Concentration at the last time step (-)  
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DepositCC=mr; 

  

end 

  

x3 = linspace(0,1,1000); 

x_amin=x3'; 

x_ali=[x_amin,DepositCC]; 

  

disp(x_ali) 

%disp(DepositCC) 

  

max(DepositCC) 

  

%Asphaltene Concentration at the last time step (g/cm3) [WITH DIMENSIONS] 

  

DepositCD=DepositCC*Cinitial; 

  

%Deposition Flux (g/cm3.s) 

  

DepositFlux=DepositCD*(Du/4)*kd*100; 

  

%Deposition Thickness (cm) 



288 
 

  

DepositThickness=DepositFlux*tends*1000/(rhoD*100*AsphM); 

  

%Deposition Thickness (in) 

  

DepositThicknessin=DepositThickness./0.0254; 

  

%Frictional Pressure Drop Calculation Parameters: 

  

%Actual Diameter as a function of length 

  

Dactual=Dl-2*DepositThickness;          %Actual Diameter (cm) 

  

%Mere Calculation: 

  

D2actual=Dactual.^2; 

  

%Actual Velocity as a function of length 

  

VzlM=(4/(pi))*(Vol./(D2actual));          %Actual Velocity (m/s) 

  

%Mere Calculation: 
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Vz2l=VzlM.^2; 

  

%Frictional Pressure Drop Calculation: 

  

%Fluidrho = input ('Fluid Density in (kg/m3) = ') 

rho=Fluidrho*1000;               %Fluid Density (kg/m3) 

  

DP=(fr/2)*(rho)*(Vz2l).*(x3(2)*L./Dactual);    %DP in N/m2 

  

DP=DP/6894.757;                          %DP in Psi 

  

TotalPressureDrop = sum(DP); 

  

disp(['The total pressure drop is ' num2str(TotalPressureDrop) ' psi' ]) 

  

%Original Pressure Drop Calculation without Deposition: [Rough Surface] 

  

ODP=(fr/2)*(rho)*(Vzl^2)*(x3(2)*L/Dl);     %ODP in N/m2 (No Deposition) 

  

ODP=ODP/6894.757;                          %ODP in Psi (No Deposition) 

  

ORDP=DP-ODP;                               %Extra Pressure Drop Due to Deposition as 

a function of length 
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ExtraPressureDrop=sum(ORDP)+ODP;            %ExtraPressureDrop 

   

disp('Considering that prior to asphaltene deposition, the pipe was rough') 

  

disp(['The extra pressure drop due to asphaltene deposition is ' 

num2str(ExtraPressureDrop) ' psi' ]) 

  

%Original Pressure Drop Calculation without Deposition: [Smooth Surface] 

  

Sfr=0.0129; %Smooth Friction Drop Coefficient 

  

OriginalPressureDrop=(Sfr/2)*(rho)*(Vzl^2)*(L/Dl)/6894.757;     %No 

Deposition Pressure Drop (Same Calculation) Double Precision 

  

ExtraPressureDropSmooth=TotalPressureDrop-OriginalPressureDrop;                    

%Same Calculation.. 

   

disp('However, if the pipe was smooth') 

  

disp(['The extra pressure drop due to asphaltene deposition would be ' 

num2str(ExtraPressureDropSmooth) ' psi' ]) 
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%GRAPHING SECTION 

  

% [FIGURE 1] The actual and equilibrium concentration 

figure, plot(z,Ceqq,'-',z,Cff,'--') 

title('Actual and Equilibrium Concentration') 

xlabel('Length (-)') 

ylabel('Cff and Ceq') 

  

% [FIGURE 2] The difference between actual and equilibrium concentration 

figure, plot(z,CFFF,'-') 

title('The difference between actual and equilibrium concentration') 

xlabel('Length (-)') 

ylabel('Cff') 

  

% [FIGURE 3] A solution profile can also be illuminating (Combining two 

graphs) 

figure, plot(x,Concentration(end,:)) 

title(strcat('Solution at t = ', num2str(tend))) 

xlabel('Distance x') 

ylabel('(C)') 

 if testemptyx~=1 

     

hold on 
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plot(x2,Con(end,:)) 

  

end 

  

% [FIGURE 4] Plot Deposition Flux vs length 

figure, plot(x3,DepositFlux) 

title('Deposition Flux') 

xlabel('Length (-)') 

ylabel('Flux (g/cm2.s)') 

  

% [FIGURE 5] Plot Deposition Thickness vs length 

figure, plot(x3,DepositThicknessin) 

title('Deposition Thickness') 

xlabel('Length (-)') 

ylabel('Thickness (in)') 

  

% [FIGURE 6] Plot Actual Diameter Vs length 

figure, plot(x3,Dactual) 

title('Actual Diamater') 

xlabel('Length (-)') 

ylabel('Diameter(cm)') 
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% [FIGURE 7] Plot Actual Velocity vs length 

figure, plot(x3,VzlM) 

title('Actual Velocity') 

xlabel('Length (-)') 

ylabel('Velocity (cm/s)') 

  

% [FIGURE 8] Plot Pressure Drop Vs Length 

figure, plot(x3,ORDP) 

title('Pressure Drop') 

xlabel('Length (-)') 

ylabel('Delta P (Psi)') 

  

This routine calculate the boundary condition at the beginning and end of the 

pipeline (left end and right dissolution end) 

  

function [pl,ql,pr,qr] = pdex1bcauto(xl,ul,xr,ur,t) 

pl = ul; %sets left side temperature to 0 

ql = 0; 

pr = 0;  %these two set 1/Pe*DuDx=0 on right side 

qr = 1;  

This routine calculate the boundary condition at the beginning and end of the 

pipeline (left dissolution end and right end) 
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function [pl,ql,pr,qr] = pdex1bcend(xl,ul,xr,ur,t) 

  

global finale 

  

pl = ul-finale; %sets left side temperature to 0 

ql = 0; 

pr = 0;  %these two set 1/Pe*DuDx=0 on right side 

qr = 1;  

  

%This routine is responsible for the initial condition 

  

%The structure for the initial condition is: 

% u(x,t0)=u0(x) 

  

function u0 = pdex1icauto(x) 

u0 = 0; 

  

This routine is responsible for the initial condition after the dissolution 

  

function u0 = pdex1icend(x) 

  

global finale 
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u0 = finale; 

  

This routine is the Partial Differential Equation that will be used along with the 

initial condition and the boundary conditions to calculate the concentration as a 

function of time and position 

  

function [c,f,s] = pdex1pdeauto(x,t,u,DuDx) 

  

%The equation is written in the following way: 

  

%       c * DuDt = x^(-m) * DDx [x^m * f] + s 

  

%       where m corresponds to the geometry: 

%       m=0 for Cartesian 

%       m=1 for Cylindrical 

%       m=2 for Spherical 

  

global Pe Dap Daagg Dad A4 A3 A2 A1 A0 

  

c = 1;          %The factor before time derivative (DuDt) 

  

f = 1/Pe*DuDx;  %The factor that will be differentiated (1/Pe D2uDx2) 
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%Equilibrium Concentration of Asphaltene: 

  

Ceq=A4*x.^(4)+A3*x.^(3)+A2*x.^(2)+A1*x+A0; 

  

%Actual Concentration of Asphaltene: 

  

k = 1 - A0 + A1 / Dap - 2 * A2 / Dap ^ 2 + 6 * A3 / Dap ^ 3 - 24 * A4 / Dap^4; 

  

Cf = A0 - A1 / Dap + A1 * x + 2 * A2 / Dap ^ 2 - 2 * A2 * x / Dap + A2 * x.^ 2 - 

6 * A3 / Dap ^ 3 + 6 * A3 * x / Dap ^ 2 - 3 * A3 * x.^ 2 / Dap + A3 * x.^ 3 + 24 * 

A4 / Dap ^ 4 - 24 * A4 * x / Dap ^ 3 + 12 * A4 * x.^ 2 / Dap ^ 2 - 4 * A4 * x.^ 3 / 

Dap + A4 * x.^ 4 + k * exp(-Dap * x); 

  

%Source term: 

  

s = -DuDx+Dap*(Cf-Ceq)-Daagg*u^2-Dad*u; 

  

  

This routine is the Partial Differential Equation that will be used along with the 

initial condition and the boundary conditions to calculate the concentration as a 

function of time and position 

  



297 
 

The second half of the expression starts around the bubble pressure point with the 

corresponded x 

  

function [c,f,s] = pdex1pdeend(x,t,u,DuDx) 

  

The equation is written in the following way: 

  

%       c * DuDt = x^(-m) * DDx [x^m * f] + s 

  

%       where m corresponds to the geometry: 

%       m=0 for Cartesian 

%       m=1 for Cylindrical 

%       m=2 for Spherical 

  

global Pe Dap Daagg Dad kdiss 

  

c = 1;          %The factor before time derivative (DuDt) 

  

f = 1/Pe*DuDx;  %The factor that will be differentiated (1/Pe D2uDx2) 

%Source term: 

  

s = -DuDx-kdiss*Dap*u-Daagg*u^2-Dad*u; 

  


