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ABSTRACT 

Mechanistic Investigation and Modeling of Asphaltene Deposition  

by 

Narmadha Rajan Babu 

The potential for asphaltene to get precipitated and deposited in wellbore 

and flowlines under changes in pressure, temperature, and composition of crude oil 

is a major concern for the oil and gas industry. In this work, an integrated approach 

to model asphaltene precipitation, aggregation, and deposition on a single platform 

is presented. It focuses on the development of a deposition simulator that performs 

thermodynamic modeling using the Perturbed Chain version of the Statistical 

Associating Fluid Theory Equation of State (PC-SAFT EOS) and depicts the 

deposition profile by means of a Computational Fluid Dynamics (CFD) model based 

on Finite Element Method (FEM). The developed deposition model for predicting 

asphaltene deposition in wellbore and pipelines consists of three parameters, one 

each for precipitation, aggregation, and deposition.  

The precipitation and aggregation kinetic parameters are calibrated with 

respect to an NIR spectroscopy experimental technique and the deposition kinetic 

parameter is calibrated with respect to packed bed column deposition tests. The 

model not only helps in simulating asphaltene deposition in a packed bed column, 

but it is also extended to simulate asphaltene deposition in RealView, a wide-gap 



 
 

Couette-Taylor device. The effect of chemical dosage on asphaltene deposition is 

investigated with the help of a modified version of the developed model, which 

helps in assessing the inhibitive and dispersive tendencies of the chemicals used to 

mitigate or remediate asphaltene deposition. 

The calibrated model parameters are studied as a function temperature and 

driving force towards precipitation and deposition, and scaling functions are 

established to scale the parameters from the laboratory-scale to real field 

conditions. Simulations are performed with the help of the developed asphaltene 

deposition simulator and the model captures the behavior of asphaltene deposited 

along the length of the wellbore, for deepwater oil reservoir under gas injection. 

Simulation methods for oil flow and asphaltene precipitation in the near-wellbore 

region of the reservoir and inside the production tubing are coupled to provide a 

comprehensive and wholesome understanding of this complex flow assurance 

problem.  This work contributes to the development of a proficient simulator that 

can predict asphaltene deposition in both laboratory scale experiments and 

production tubings.  
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𝜈𝑇

𝐷𝑇
) 
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Chapter 1 

Introduction 

Asphaltenes are complex molecules, which along with saturates, resins and 

aromatic hydrocarbons comprise crude oil. Asphaltenes are the heaviest and the 

most polarizable fraction of the crude oil. On the basis of its solubility, asphaltene 

can be defined as a constituent present in crude oil which is soluble in aromatic 

solvents such as toluene or benzene but insoluble in low molecular weight alkanes 

such as n-heptane. Similar to waxes and gas hydrates, asphaltenes cause flow 

assurance problems in the wellbore, production pipelines and other upstream 

production facilities such as separators and heat exchangers. Asphaltenes phase 

separate from oil due to changes in pressure (depressurization below the 

Asphaltene Onset Pressure), temperature conditions or oil composition, which can 

be caused by the addition of light gases or solvents (precipitants). On phase 

separation from oil, they precipitate, grow in size due to aggregation and deposit on 

the walls of wellbore and pipelines. The asphaltene deposit layer reduces pipe cross 
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section leading to a significant reduction in flow rate and an increase in pressure 

drop and eventually plugging the pipeline. Hence, the potential for asphaltene 

deposition in wellbore and flowlines is a major concern for the oil and gas industry. 

Asphaltene deposit build up in oil production pipeline can even lead to extended 

shutdown time for oil producing wells. Large capital and operating costs are 

associated with the prevention and remediation of deposits. The cost for asphaltene 

deposit removal from onshore facilities production tubes and pipelines exceed $0.5 

MM USD, while on offshore it easily surpasses $3 MM USD, not including the 

production loss per day of stopped operations [1]. This has created the need for 

improved methods of measuring and modeling asphaltene deposition and further 

optimization of system design and operations to minimize the risk of deposition. 

1.1. Research Motivation 

Asphaltene precipitation is driven by changes in pressure, temperature, and 

composition of oil. Asphaltene deposition, on the other hand, is a much more 

complex process and also depends on fluid flow, surface type, and particle-surface 

interactions. The phase stability of asphaltenes can be well described by 

thermodynamic models. SAFT (Statistical Associating Fluid Theory) based equation 

of state models have been successfully applied to study, model and predict 

precipitation of asphaltene [2]–[5]. Although the prediction and analyses of possible 

asphaltene precipitation are extremely critical, it is only part of the solution. It is 

equally important to predict the transport of precipitated asphaltenes and identify 

their deposition tendencies. Therefore, a predictive tool to estimate the amount and 
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profile of asphaltene deposited along the wellbore is required. In order to properly 

assess the risk of asphaltene deposition, experimental and modeling techniques 

need to be developed to predict the asphaltene deposition profile and rate. 

Literature studies indicate that qualitative and quantitative methods 

available for the prediction of asphaltene deposition profiles with respect to the 

laboratory and field-scale deposition data are limited. Also, developing an 

asphaltene deposition model that can describe deposition mechanisms accurately 

including the true physics of deposition seems to have not been given much 

importance. Hence, a reliable simulator that can model and predict precipitation, 

aggregation, and deposition of asphaltene, along with an understanding of the 

mechanisms and tendencies of asphaltene deposition, can prove to be extremely 

helpful for the oil and gas industry facing flow assurance problems, which forms the 

prime motivation for the current research. 

1.2. Problem Statement  

The intention is to develop a deposition simulator that can be used for the 

prediction of asphaltene deposition profile in oil wellbore and pipelines. The 

significance of the study is to illuminate the development of a comprehensive 

mathematical model that depicts the precipitation, aggregation, and deposition of 

asphaltenes, along with their transport with oil as oil flows up the wellbore or flows 

along the pipelines and encounters varying conditions of temperature, pressure and 

flow regimes.  The model used to predict asphaltene deposition should have the 
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scope to be sufficiently sophisticated to capture the physics of the system, with the 

help of implementation in a programming environment, utilizing thermodynamic 

principles and state-of-the-art algorithms and heuristics to increase the speed, 

accuracy, and reliability of results generated. Hence, in this work, such a modeling 

technique with emphasis on simulating asphaltene aggregation and deposition at 

varying conditions of pressure and temperature has been developed. 

1.3. Objectives 

The broad aim of this work is to increase the understanding of asphaltene 

deposition mechanism. The ultimate goal is an integrated predictive tool to simulate 

asphaltene precipitation, aggregation, and deposition. Some of the important 

objectives of this work are as follows; 

 To model the thermodynamics of crude oil systems and precipitation of 

asphaltenes using an Equation of State (PC-SAFT EOS), and deposition of 

asphaltenes using Computational Fluid Dynamics (CFD) modeling based on 

Finite Element Method (FEM). 

 To calibrate model parameters using precipitation and aggregation kinetics 

direct spectroscopy method experiments and packed bed column deposition 

tests, investigate their dependence on pressure, temperature and driving force 

towards precipitation and deposition, and finally scale them to field 

conditions.  
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 To model asphaltene deposition in new geometries, such as a cylindrical 

Couette-Taylor system and packed bed column, under both laminar and 

turbulent flow regimes, rather than in capillary tubes. 

 To perform systematic modeling of asphaltene deposition in which parameter 

fitting, minimum deviation from experimental data and various other 

modeling aspects are evaluated, by making sure that the model remains 

predictive and relies only on as few tunable parameters as possible. 

1.4. Scope and Significance 

In contrast to conventional modeling techniques based on experimental data 

from capillary deposition tests, modeling of deposition of asphaltenes has been 

performed in new improved geometries, such as the packed bed column. It involves 

the investigation of asphaltene deposition in both static and dynamic systems at 

ambient and reservoir (HPHT) conditions. Model parameters have been estimated 

by comparing the simulator predictions against the experimental observations for 

an oil sample that needs to be investigated for the possibility of wellbore 

asphaltenes deposition. Unlike previous work done in this area, the model 

parameters obtained from laboratory-scale experiments are not directly used at 

HPHT conditions, rather functions have been established to scale the parameters as 

a function of the respective pressure, temperature and flow field conditions. The oil 

samples have been first thermodynamically modeled, and then, the thermodynamic 
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model has been integrated with the deposition simulator to predict the deposition of 

asphaltene along the axial length of the wellbore or pipeline.  

The unique contribution of this work is the development of a new modeling 

approach for asphaltene deposition by using CFD simulations based on FEM. 

Rigorous turbulent flow fluid modeling has been performed to capture the turbulent 

hydrodynamic effects on asphaltene deposition taking place in the wellbore. The 

effect of production rate, gas injection, chemical injection, and pressure and 

temperature conditions on the rate of asphaltene deposition have also been 

analyzed with the help of this work. The consequent particle size distribution of 

asphaltene aggregates using Population Balance Modeling (PBM), under such 

varying conditions have also been investigated. The model has also been extended 

to analyze asphaltene deposition in other geometries, such as the RealView 

deposition cell. It should be noted that the overall emphasis of this study is the 

development of a computationally efficient deposition simulator, integrated with 

the thermodynamic model, such that a single comprehensive platform is available to 

simulate asphaltene precipitation, aggregation and deposition. 

1.5. Thesis Structure 

In this work, the new asphaltene deposition model developed to predict 

asphaltene deposition at HPHT conditions is presented. A concise and 

comprehensive background on asphaltene deposition, its measurement and 

modeling techniques developed over the years is provided. The details of the 
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modeling techniques implemented, the method of calibration of the model 

parameters and prediction of asphaltene deposition risk in oil production pipelines 

is discussed in detail. 

Chapter 2 gives a brief review of measurement and modeling of asphaltene 

deposition developed over the years. The experimental design and capabilities and 

limitations of each deposition test are discussed. Several deposition models along 

with their advantages and disadvantages are also presented. The method of 

modeling aggregation of asphaltene nano-aggregates using PBM is also discussed in 

detail. 

In Chapter 3, the methodologies used in the development of the new 

asphaltene deposition simulator are explained. The framework of the simulator that 

contains the thermodynamic and deposition modules is provided. The equations 

used for fluid simulation and asphaltene deposition simulation are shown. The 

methods adopted to discretize the partial differential equations in the model are 

presented. The stabilized formulations, time integration techniques and iterative 

solver used in this work are discussed. Turbulence fluid flow modeling and mesh 

capturing technique, are also detailed. 

Chapter 4 details the modeling of asphaltene precipitation and aggregation 

kinetics. The technique used to calibrate the precipitation and aggregation 

parameters of the new asphaltene deposition model is presented. The variation of 

the precipitation kinetic parameter as a function of the driving force for 

precipitation and temperature is studied in detail. The effect of chemical addition of 
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the precipitation and aggregation rates are investigated. Its resultant consequence 

on the particle size distribution of the asphaltene aggregates, with the help of PBM, 

is demonstrated. It provides interesting information on the characteristic of a 

chemical to be a dispersant by reducing the rate of asphaltene aggregation. The 

chapter is concluded by establishing a scaling function to scale the model parameter 

from the laboratory to real field conditions. 

In Chapter 5, the modeling of asphaltene deposition in a packed bed column 

is introduced. The experimental technique used to measure asphaltene deposition 

in such a geometry is shown and the corresponding deposition model developed is 

discussed in great detail. The fluid flow simulation and asphaltene deposition 

simulation performed using FEM is presented. The effect of type of precipitant, 

precipitant-to-oil ratio and run time on the rate of asphaltene deposition in the 

packed bed column is discussed. This study helps in the calibration of the deposition 

kinetic parameter, which in turn is scaled to wellbore conditions with the help of a 

scaling factor. 

Chapter 6 explores the modeling of asphaltene deposition in a cylindrical 

Couette-Taylor geometry, also known as RealView, elaborately. The development of 

a CFD model, based on FEM, for performing fluid flow simulation and predicting 

deposition profile in cylindrical Couette-Taylor geometry is presented. Modeling 

procedure is discussed along with the several obtained results for both, batch and 

flow through deposition. The simulation technique based on particle size 

distribution evolution modeling and particle transport to the wall calculated using 
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deposition flux is compared and contrasted against the developed simulation 

technique in this work. The particle size distribution in batch and flow through 

modes is also investigated. An engineering approach developed to scale asphaltene 

deposition kinetic parameter from the packed bed column to RealView is also 

presented.    

Chapter 7 focuses on the prediction of asphaltene deposition in the wellbore. 

The modeling methodology established in Chapter 3, the calibration of precipitation 

and aggregation kinetic parameters presented in Chapter 4 and calibration of 

deposition kinetic parameter with respect to packed bed column deposition tests, as 

discussed in Chapter 5, finally culminates to the modeling of deposition under 

wellbore conditions. The effect of model kinetic parameters, gas injection, 

production rate, pressure, and temperature are studied. For the first time, 

asphaltene deposition simulations for the near-well region and wellbore have been 

integrated and interesting results are presented. Several results in the form of case 

studies are presented along with their detailed discussion. These results help in 

understanding the underlying mechanism of the asphaltene deposition phenomena. 

Chapter 8 concludes the thesis and recommends future work for improving 

the developed asphaltene deposition model. The possible inclusion of heat transfer 

equations to the modeling framework to analyze the effect of temperature and other 

flow assurance problems is discussed. And, the extension of the model to investigate 

other important effects, such as water-oil interactions, corrosion and its effect on 

asphaltene deposition is also recommended. 
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Chapter 2 

Review of Asphaltene Deposition 

Measurement and Modeling 

This chapter gives a review of measurement and modeling of asphaltene 

deposition developed over the years. The destabilization of asphaltenes is a 

thermodynamic process which is driven by changes in pressure, temperature, or 

composition of the reservoir fluid. Asphaltene deposition, however, is a more 

complex process which is controlled not only by the thermodynamic conditions but 

also by the transport phenomena, surface properties, particle sizes etc. [6]–[8].  It is 

widely acknowledged that asphaltene precipitation is a necessary but not sufficient 

condition for the asphaltene deposition process. Although asphaltene precipitation 

has been investigated extensively, the mechanism of asphaltene deposition has not 

been fully understood yet. A reliable experimental and modeling technique for 

studying asphaltene deposition in laboratory scale can offer valuable insights into 

the development of advanced simulation tools to predict asphaltene deposition 
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under various oil production schemes. In section 2.1, the several established 

laboratory experimental techniques to carry out asphaltene deposition tests are 

discussed. In section 2.2, several models developed over the years for the prediction 

of asphaltene deposition rate are presented and further the development of PBM to 

study aggregation of asphaltene nano-aggregates is also illustrated. 

2.1.  Asphaltene Deposition Measurements over the years  

2.1.1. Capillary Flow Measurements 

Asphaltene deposition is examined by performing pressure drop 

measurements across a pressure and temperature controlled capillary tube in which 

fluid is injected at a low constant flow rate. Pressure drop across the capillary tube 

is observed as a result of the formation of a deposit layer on the tube walls reducing 

the cross-sectional area of the tube and thereby, restricting the flow of the fluid. 

Asphaltene deposition is induced in the capillary tube by injection of an n-alkane 

precipitant along with the oil sample.  

Broseta et al. presented a capillary flow method, which was very sensitive 

and allowed the detection of deposits in fluids with a very low asphaltene content 

(0.04 wt.%) and also, deposition rates as low as 0.1 mm/hour could be measured 

with a capillary of internal diameter 0.02 inch and length 50 feet [9]. Wang et al. 

performed capillary deposition tests in stainless steel capillary tubes using n-alkane 

precipitants and found that the rate of deposition was unaffected by flow rate and 

capillary tube length over a temperature range of  68 oF and 140 oF for the oil 
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samples used [10]. On the other hand, the rate of deposition was influenced by the 

degree of supersaturation of the oil-precipitant mixture. More deposition was 

observed for a relatively higher extent of supersaturation and higher volume 

percent of precipitant added to the stock tank oil sample. Hoepfner et al. 

investigated the deposition of asphaltenes in capillary tubes with different crude 

oils and n-alkanes [11]. Optical microscopy was adopted to analyze asphaltene 

deposition. For the first time, arterial asphaltene deposits generated in the 

laboratory were directly observed. The Scanning Electron Microscopy (SEM) images 

showed that the deposit is significantly thicker at the capillary inlet when compared 

to the outlet, and it was concluded that the deposition profile is most likely caused 

by transport limitations of asphaltene aggregates diffusing to the deposit interface.  

A schematic diagram of the capillary deposition test apparatus is shown in 

Figure 2.1. The deposition of asphaltene occurs in a long capillary tube (≅50-100 

feet) of 0.02-0.04 inch inner diameter. Two high-pressure syringe pumps are used to 

inject fluids, oil sample, and n-alkane precipitant, at constant flow rates, maintained 

under laminar flow conditions. The oil stream from pump 2 (Figure 2.1) is mixed 

with the precipitant (n-alkane) from pump 1 by flowing through a mixing node 

within an ultrasonic bath to ensure complete mixing. A pneumatic back-pressure 

regulator is connected to the outlet of the tube to control the downstream pressure. 

A pressure transducer is used to measure the pressure drop across the capillary 

tubing continuously. The capillary tube is immersed in a water bath to maintain 

isothermal conditions (temperature difference within ±1 oF). At the end of each 

experimental run, the liquid remaining inside the capillary, oil, and precipitant, is 
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gradually displaced out of the tube by pumping in nitrogen gas at constant pressure, 

followed by several hours of drying by a high flow rate stream of nitrogen. The 

deposits are then recovered by pumping toluene and THF alternately through the 

tube until the effluent is completely colorless. Toluene and THF are removed from 

the mixture by evaporation. Finally, the deposits are heated to 248 oF to ensure that 

no traces of solvent remained before the final weighing [10].  

 

Figure 2.1. Capillary deposition experimental setup used to measure asphaltene 

deposition (Reprinted with permission from Wang et al. [10]) 

Capabilities and Limitations: 

 The scaling of fluid flow in a capillary tube to that of fluid flow in wellbore and 

transportation pipelines is fairly simple. The laminar boundary layer near the 

wall surface of the wellbore or pipelines is similar to the flow of fluid in a 

capillary tube [12]. This boundary layer is similar to the flow of fluid in a 
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capillary tube and hence, the capillary deposition test may provide valuable 

insight into the asphaltene deposition in production tubings [12]. 

 To get significant amounts of deposits from oil samples with low asphaltene 

content, a large volume of sample is required. 

 Asphaltene precipitation is caused only by the addition of a precipitant and not 

by depressurization. Also, live oil samples are not tested using the capillary 

flow loop. 

 Asphaltene deposition in capillary tubes is measured indirectly from pressure 

drop measurements or displacement test, where constant-pressure nitrogen 

source is used to displace the remaining liquid inside the capillary through the 

outlet [10] or by using SEM images [11]. Each of them has their own 

disadvantages. The pressure drop measurements are not an accurate method 

for quantifying the mass of asphaltene deposit or the deposition profile. The 

surface characteristic properties of the deposited asphaltenes would be lost 

when computed using the displacement test. Although the SEM images at the 

inlet and outlet of the capillary tube helped in confirming the non-uniform 

deposition profile along the length of the capillary tube, the in situ deposition 

profile will have to be calibrated from the pressure drop experiments.  

2.1.2. RealView Deposition Cell 

The Organic Solid Deposition and Control Device (OSDC), called as RealView, 

a high-pressure deposition cell is a laboratory tool used to measure the deposition 
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rate of waxes and asphaltenes from live fluids under both laminar and turbulent 

flow conditions. It was designed to simulate the hydrodynamic and thermal 

characteristics encountered in typical oil production lines. It has two concentric 

cylinders where the inner cylinder which rotates at a very high speed, provides the 

necessary driving force for the flow of fluid in the apparatus, similar to that of a 

pump in the flow of fluid in a pipe and the outer cylinder which is stationary, acts as 

the pipe wall surface.  

Zougari et al. devised this novel laboratory-scale flow assurance tool to 

assess the potential and severity of organic solids deposition problems from 

hydrocarbon fluids at realistic production and transportation conditions [13]. 

Akbarzadeh et al. used a flow through high-pressure RealView cell to measure the 

deposition rate of asphaltenes from an oil field in the Gulf of Mexico at reservoir 

pressure and temperature conditions [14]. The effects of shear, the residence time 

of the fluid in the cell, pressure and chemical injection on the asphaltene deposition 

rate were investigated.  

Capabilities and Limitations: 

 RealView has high-pressure adaptability to allow testing of fluids at reservoir 

conditions, up to 15000 psi. It can also function at a wide temperature range, 

from 40 °F to 300 °F, to allow simulation of seabed to wellbore temperature. 

 It possesses well-defined hydrodynamics, which allows testing under both 

laminar and turbulent conditions. It allows flexibility to test surface types and 
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roughness, such as actual pipeline materials and new surface materials and 

coatings.  

 A major advantage of using this setup is that live oil samples could be tested 

under different flow regimes, run time and shear. 

 Although, the flow-through setup eliminates the limitation of batch system for 

generating enough deposit from low-asphaltene-content samples, compared to 

the approximate 150 cm3 of oil needed for a batch test, a 4 hour flow-through 

test with an oil flow rate of 3 cm3/min (50 minute average residence time for 

fluid in the cell) will require approximately 900 cm3 of live fluid, which is a 

very large volume of live oil sample required [7]. 

2.1.3. Packed Bed Column 

Vilas Boas Fávero et al. developed a packed bed apparatus to investigate the 

mechanism of asphaltene deposition on the metallic surface [15]. A glass column 

was filled with stainless steel spheres to facilitate the deposition study. The oil-

heptane mixture is then introduced into the packed bed column at the desired flow 

rate. After running the oil-heptane mixture through the packed bed for a specific 

amount of time, the packed bed is drained and then, chloroform is injected through 

the bed, and the mixture of chloroform and retained material is collected in a vial 

and placed in the oven at 167 °F. After chloroform is evaporated, the mass of 

retained material is measured. The mass of deposit is then obtained by subtracting 

the mass of liquid trapped from the mass of retained material. The effect of unstable 
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asphaltene concentration and the fluid flow rate on the specific rate of asphaltene 

deposition was investigated [15].   

Recently, a multi-section packed bed system to study asphaltene deposition 

on metallic surfaces was developed [16]. This new asphaltene deposition apparatus 

consists of a polytetrafluoroethylene (PTFE) multi-section column system packed 

with carbon steel spheres to increase the surface area onto which asphaltenes can 

deposit. Unlike the system used by Vilas Boas Fávero et al. [15], the multi-section 

packed bed system has the capability of assembling several discrete column sections 

that can be independently analyzed. In order to investigate the asphaltene 

deposition phenomenon under higher pressure and temperature conditions, a 

stainless steel packed bed column setup was also developed [17]. It consisted of a 

stainless steel column with carbon steel spheres. Precipitation of asphaltenes is 

induced by the addition of an n-alkane.  

Capabilities and Limitations: 

 It requires a very small amount of sample, as low as only 30 mL per run. 

 The amount of deposition can be determined by direct mass balance and the 

multi-section design facilitates in determining the axial deposition profile. 

 The packed bed design also allows the feasibility of investigating a variety of 

variables affecting the deposition process, such as material composition, 

surface area, surface roughness, corrosion, etc. 
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 The current deposition is driven by the addition of precipitants, and not 

induced by pressure depletion, which is actually the case in the production 

tubing. 

2.2. Asphaltene Deposition Modeling over the years 

There have been only a few established works on modeling asphaltene 

deposition in wellbores and pipelines compared to the number of work dedicated to 

the development of thermodynamic modules to investigate asphaltene 

precipitation. It is important to establish an efficient and reliable modeling 

technique to understand the deposition mechanism caused by asphaltenes and 

predict the asphaltene deposition rate based on the various experiments performed 

to study asphaltene deposition.  

2.2.1. Initial Works 

A multiphase multicomponent hydrodynamic model was proposed by 

Ramirez-Jaramillo et al., to represent the phenomenon of asphaltene deposition in 

production wells [18]. Molecular diffusion and shear removal were considered as 

the two competing mechanisms that define the radial diffusion and later the 

deposition of asphaltenes. Particle transport towards the wall was considered to be 

caused by the temperature gradient at the wall. This modeling approach was based 

on the well-developed theory of wax deposition [19]. But this theory and modeling 

approach for asphaltene deposition were not supported by experimental results 
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obtained using OSDC as there was no pronounced effect of temperature gradient at 

the wall on the asphaltene deposition rate [14]. 

Soulgani et al. introduced an asphaltene deposition model on the basis of a 

series of experiments on an externally heated stainless steel pipe [20]. The 

asphaltene deposition rate was fitted to a simple correlation based on Arrhenius 

exponential term by assuming that the deposition on the pipe surface is controlled 

by a chemical reaction mechanism. No solid proofs supporting the suggested 

deposition mechanism was provided. The correlation for deposition mechanism had 

one kinetic parameter which was obtained by tuning it with the experimental data. 

2.2.2. Models based on Capillary Deposition Tests 

The model developed by Vargas et al. is more advanced in comparison with 

the predecessors. It includes sub-models describing particle precipitation, 

aggregation, transport and deposition on the wall [21]. The aggregation and the 

deposition phenomena were modeled using pseudo-first-order reactions. The 

asphaltene equilibrium concentration was evaluated using Perturbed Chain 

Statistical Associating Fluid Theory (PC SAFT) equation of state (EOS). A competing 

phenomenon between aggregation and deposition was identified. The model 

contains three parameters which have to be estimated from experiments. The model 

adequately describes the asphaltene deposition in capillary tubes. 

The work done by Kurup et al. is a continuation of the deposition simulator 

developed by Vargas et al. It involves the development of an Asphaltene Deposition 
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Tool (ADEPT) that can predict the occurrence and calculate the magnitude and 

profile of asphaltene deposited in a wellbore [12]. The simulator consists of a 

thermodynamic module and a deposition module. The thermodynamic module uses 

the PC SAFT EOS to describe the phase behavior of oil. The deposition module was 

then used along with input from the thermodynamic module to calculate the 

magnitude of asphaltene deposited along the length of wellbore and pipelines. 

Similar to the model developed by Vargas et al., this deposition model also consists 

of three tuning parameters, each for precipitation, aggregation and deposition 

mechanism. But instead of a two-dimensional convection-diffusion transport 

equation as in Vargas et al., this model was simplified to a one-dimensional axial 

dispersion equation. The mathematical model used in the deposition module was 

first benchmarked and validated by comparing the simulation results against the 

experimentally measured asphaltene deposition flux in a capillary deposition 

experiment. The simulator was then used to study deposition in two field cases, 

Kuwait’s Marrat oil well and Hassi-Messaoud oil field [22]. A proper choice of the 

kinetic parameters helped the simulator in predicting the deposition profile. 

As discussed by Vargas et al. and Kurup et al., the transport of precipitated 

asphaltene particles and their subsequent deposition on surfaces are described by 

the convection-diffusion equations. Following the same mechanism, Ge et al. 

presented a general framework for modeling asphaltene deposition process which 

focuses on a CFD based transport model with an evolving depositing front coupled 

to the associated fluid and mass transport [23]. The deposition front was captured 

using either a level-set approach or a total concentration approach. So, a fixed mesh 
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was employed to solve the equations using the finite volume method. The 

deposition process occurring at the depositing front was modeled as a first-order 

reaction. Fluid flow was modeled using the incompressible Navier-Stokes equations.  

Along similar lines, much recently, a one-dimensional model for asphaltene 

deposition in wellbore or pipelines was presented by Guan et al. [24]. This model 

consists of the Thermodynamic Module and the Transport Module. The 

Thermodynamic Module focuses on the modeling of asphaltene precipitation using 

the Peng-Robinson (PR) EOS. The Transport Module contains the modeling of fluid 

transport, particle transport, and asphaltene deposition while tracking the 

deposition front as well [24]. Three parameters, each for precipitation, aggregation 

and deposition kinetics, are required in this model. Although a reasonably accurate 

prediction of the asphaltene deposit layer profile was attained, the Transport 

Module in this model is for single-phase flow.  Enhanced performance of the 

Thermodynamic Module could be attained by incorporating the PC-SAFT EOS. 

2.2.3. Models based on Deposition Tests in New Geometries 

Eskin et al. developed a deposition model, accounting for major mechanisms 

of particle transport to the wall such as Brownian and turbulent diffusions, 

turbophoresis and used particle flux mass transfer expressions for turbulent flows 

to model the deposition process [25]. The model parameters were obtained by 

fitting the model predictions to the deposition results obtained from RealView 

deposition cell. The model developed consisted of a sub-model describing the 

particle size distribution evolution in time in a Couette device, and along a pipe and 
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a sub-model for calculating the particle transport to the wall. The concept of critical 

particle size was applied, where only particles that are smaller than the critical size 

can deposit. A shear removal term was also introduced to account for the increased 

shear rate at the wall and decreased deposit at higher speeds of the OSDC. The 

model developed contains six parameters that are determined experimentally using 

a Couette device. Akbarzadeh et al. used this model and showed modeling results for 

asphaltene with respect to deposition experiments performed on various oils by 

investigating the impact of shear, run time, residence time, pressure, chemical 

inhibitor, and surface roughness on the deposition of asphaltenes [7]. Also, for the 

developed asphaltene deposition model, the number of parameters were reduced 

from six to two, which are, particle-wall collision efficiency and a parameter in the 

shear removal term. A population balance model (similar to the one established by 

Maqbool et al. [26]) was employed for modeling the asphaltene aggregation instead 

of a simple second-order reaction mechanism [22].  

Much recently asphaltene deposition was measured using a packed bed 

apparatus by Vilas Boas Fávero et al. They showed that a mass-transfer limited one-

dimensional deposition model can explain the asphaltene deposition of nanometer-

sized unstable asphaltenes in the viscous flow regime [15]. The model does not have 

any parameters to be tuned with the experimental data, but the mass transfer 

coefficient is estimated using a simplified empirical correlation. Though this is the 

first work on such an apparatus, the model needs to be more comprehensive of the 

mechanisms taking place in the column. This demands a more rigorous modeling 
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approach and prediction technique for the simulation of asphaltene deposition in 

such a geometry.  

The capabilities and limitations of the significant models reviewed in this 

section are summarized in Table 2.1. 

Table 2.1. Capabilities and limitations of asphaltene deposition models 

Model Capabilities Limitations Parameters 

Vargas et al. 
2010 
[21] 

-Sub-models describing particle 
precipitation, aggregation, 
transport, and deposition 
-Two-dimensional convection-
diffusion equation with PC-SAFT 
EOS 
-Supported by capillary deposition 
tests 

Aggregation and the 
deposition phenomena 
are modeled using first-
order reactions  
 

3 
 

Eskin et al.  
2011 
[25] 

-Sub-models describing particle 
size distribution evolution in time 
using PBM and particle transport 
to the wall using particle flux mass 
transfer 
-Supported by experimental data 
from RealView 

-Experiments on 
RealView are very 
expensive 
-Very few experimental 
data available for tuning 
parameters 

6 

Kurup et al.  
2012 
[22] 

-Continuation of the deposition 
simulator by Vargas et al. 
-One-dimensional axial dispersion 
model 
-Supported by capillary deposition 
tests 

-Aggregation mechanism 
modeled as a simple 
second order reaction 
mechanism 
-One dimensional model 
does not capture the 
entire physics  

3 
 

Fávero et al. 
2016 
 [15] 

-Mass-transfer limited one-
dimensional deposition model  
-Supported by experimental data 
from packed bed column 

Applicability discussed 
for short and thin beds in 
viscous flow regime only 

1 
 

Guan et al. 
2017 
 [24] 

-Accounts for the variation in the 
flow cross-sectional area due to 
the growing the deposit layer 
-Uses a fixed mesh 

-Transport Module is for 
single-phase flow 
-Requires a more 
accurate EOS 

3 
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2.2.4. Modeling Asphaltene Aggregation 

PBM can be implemented to study the process of aggregation of asphaltene 

nano-aggregates. Such a model helps to understand the physics of the process more 

clearly and obtain a Particle Size Distribution (PSD) of the asphaltene primary units 

and aggregates with progress in time. Maqbool et al. modeled the concentration of 

aggregated asphaltenes for a given oil-heptane mixture, with respect to 

experimental results obtained from a centrifugation method [26]. PBM employs a 

series of generation and depletion mechanism to investigate the process of 

asphaltene aggregation taking place in given oil sample.  

In the experiments conducted by Maqbool et al. [26], Heptane was added to 

crude oil at 3 mL/min. The oil-heptane mixture was then placed in a sealed vial and 

kept stirred as it ages. An aliquot of 1.5 mL of the mixture was taken over time and 

centrifuged for 10 minutes at 24,000 g-force. The supernatant was then removed, 

the precipitated asphaltene cake was washed with heptane and dried, and its mass 

was recorded. The concentration of asphaltenes separated out by centrifugation was 

then calculated. When the concentration of asphaltenes that can be separated by 

centrifugation no longer varies as the oil-heptane mixture ages, the concentration of 

unstable asphaltenes at the given heptane concentration for a given crude oil is 

obtained and recorded. The evolution of an aggregate and hence, the aggregation 

phenomena were simulated using a geometric PBM. The generation and depletion 

schemes of the ith aggregate by four mechanisms are shown in Table 2.2 [26]. It 

depicts the modeling of asphaltene nano-aggregates in a given oil sample. 
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Table 2.2. Mechanism for the generation and depletion of the ith aggregate in 

geometric PBM (Adapted with permission from Maqbool et al. [26]) 

Mechanism Reaction Rate of reaction 

Generation 1 
�̅�𝐴𝑖−1 → 𝐴𝑖 (

𝑑𝐶𝑖
𝑑𝑡
)
𝐺𝑀1

= −
𝐾𝑖−1,𝑖−1

�̅�
𝐶𝑖−1
2  

Generation 2 

𝐴𝑖−1 +𝑚𝐴𝑗 → 𝐴𝑖, 𝑗 < 𝑖 − 1,  

𝑚 = (�̅�𝑖−1 − �̅�𝑖−2)/�̅�𝑗−1 
(
𝑑𝐶𝑖
𝑑𝑡
)
𝐺𝑀2

= 𝐶𝑖−1∑𝐾𝑖−1,𝑗

𝑖−2

𝑗=1

�̅�𝑗−1

�̅�𝑖−1−�̅�𝑖−2
𝐶𝑗 

Depletion 1 

𝐴𝑖 +𝑚𝐴𝑗 → 𝐴𝑖+1, 𝑗 < 𝑖,  

𝑚 = (�̅�𝑖 − �̅�𝑖−1)/�̅�𝑗−1 
(
𝑑𝐶𝑖
𝑑𝑡
)
𝐷𝑀1

= −𝐶𝑖∑𝐾𝑖,𝑗

𝑖−1

𝑗=1

�̅�𝑗−1

�̅�𝑖−�̅�𝑖−1
𝐶𝑗 

Depletion 2 𝐴𝑖 + 𝐴𝑗 → 𝐴𝑖 , 𝑗 ≥ 𝑖 (
𝑑𝐶𝑖
𝑑𝑡
)
𝐷𝑀2

= −𝐶𝑖∑𝐾𝑖,𝑗

𝑁−1

𝑗=1

𝐶𝑗 

where 𝐶𝑖 is the concentration of the ith aggregate, �̅� is the geometric spacing 

between two aggregates and the kinetic parameter 𝐾𝑖,𝑗 which is the collision kernel, 

is given as 𝐾𝑖,𝑗 = 𝛽𝛼𝑖,𝑗 , where 𝛽 is the efficiency of collision and 𝛼𝑖,𝑗 is the collision 

frequency, which can be represented using the Brownian aggregation kernel as,  

𝛼𝑖,𝑗 = 
2𝑅𝑔𝑇 (𝑑𝑖 + 𝑑𝑗)

2

3𝜇𝑑𝑖𝑑𝑗
 

(2.1) 

where 𝑑𝑖 and 𝑑𝑗  represent the diameters of colliding aggregates i and j, 𝜇 is the 

viscosity of the medium, 𝑅𝑔 is the universal gas constant and T is the absolute 

temperature. 𝛽 is the single fitting parameter in this geometric PBM and can be 

estimated from experimental data involving the growth of the aggregates.  

The net rate of generation of the ith aggregate is given as the sum of the rates 

of reaction given in Table 2.2, as  
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𝑑𝐶𝑖
𝑑𝑡

= −
𝐾𝑖−1,𝑖−1

�̅�
𝐶𝑖−1
2 + 𝐶𝑖−1∑𝐾𝑖−1,𝑗

𝑖−2

𝑗=1

�̅�𝑗−1

�̅�𝑖−1−�̅�𝑖−2
𝐶𝑗 − 𝐶𝑖∑𝐾𝑖,𝑗

𝑖−1

𝑗=1

�̅�𝑗−1

�̅�𝑖−�̅�𝑖−1
𝐶𝑗

− 𝐶𝑖∑𝐾𝑖,𝑗

𝑁−1

𝑗=1

𝐶𝑗  

(2.2) 

These set of coupled ordinary differential equations are solved 

simultaneously, to obtain the molar concentration of the ith aggregate as a function 

of time, with the initial condition being,  

𝐶1(0) =  
𝑚𝐴𝜑𝑜𝜌𝑜
𝑀𝑤,𝐴𝑁𝑎𝑔𝑔

 

𝑎𝑛𝑑    𝐶𝑖(0) = 0           𝑓𝑜𝑟 𝑖 > 1 
(2.3) 

where mA is the mass fraction of destabilized asphaltene per unit mass of oil 

resulting from the addition of a specified quantity of heptane, 𝜑𝑜 is the volume 

fraction of oil in the oil-heptane mixture, 𝜌𝑜 is the oil density. Mw,A  is the molecular 

weight of the asphaltene molecules and Nagg is the number of asphaltene molecules 

per nanoaggregate (Nagg ≈ 8). And finally, the evolution of the mass of aggregates 

separated by centrifugation is given by 

𝑚𝐴(𝑡) =
∑ �̅�𝑖−1𝑀𝑤,𝐴𝑠𝑖𝐶𝑖(𝑡)
𝑁
𝑖=1

𝑤𝑜
 (2.4) 

where 𝑚𝐴(𝑡) is the mass of separated asphaltene per unit mass of oil, 𝑤𝑜 is the mass 

of oil per unit volume of the mixture, 𝑠𝑖 is the separation efficiency of the ith 

aggregate in the centrifuge. The experimental results for the mass of asphaltenes 

collected by centrifugation at different times for 50 vol% n-heptane addition and the 

corresponding simulation results are shown in Figure 2.2.  
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Figure 2.2. Experimental and simulated results for mass of precipitated and 

aggregated asphaltenes in an oil sample with 50 vol% n-heptane 

The results are shown for an oil sample of density 923.8 kg m-3 and viscosity 

0.16 Pa s, at ambient temperature and pressure conditions. The collision efficiency 

estimated is 𝛽 = 2.505 × 10−5. When the solution is combined with the molecular 

weights for each particle size, a mass-fraction-based PSD is calculated. The PSD 

evolution for 50 vol% heptane addition is shown in Figure 2.3. It should be noted 

that data markers are the only particle sizes allowed by the geometric PBM and the 

connecting lines are only a visual guide. 

 

Figure 2.3. PSD of aggregated asphaltenes in an oil sample with 50 vol% n-heptane 
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2.3. Chapter Summary  

In this chapter, a background of the experimental and modeling methods 

developed and implemented for investigating asphaltene deposition problems has 

been provided. Models based on convection-diffusion-reaction mechanism and 

geometric PBM to investigate asphaltene aggregation and deposition have been 

developed. A review of the existing literature paves way for the development of 

improved asphaltene deposition simulator. Most of the modeling techniques have 

been based on capillary flow loop experiments. The modeling of asphaltene 

deposition in new geometries needs to be considered to analyze asphaltene 

deposition in static and dynamic systems, both in the laminar and turbulent flow 

regime. A better understanding of the underlying physics and mechanism of 

asphaltene deposition is required. The behavior and tendency of asphaltenes to 

aggregate and deposit at HPHT also need to be investigated.   
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Chapter 3 

Development of Asphaltene Deposition 

Simulator 

In this work, the risk of asphaltene deposition problems in the wellbore as a 

result of gas-breakthrough has been assessed. This required the development and 

implementation of modeling methods and simulation tools to forecast the 

occurrence and the magnitude of asphaltene deposition in the production tubing at 

high temperatures and under dynamic conditions. Hence, a comprehensive CFD 

model that depicts the precipitation, aggregation, and deposition of asphaltenes, as 

oil flows up the wellbore and encounters varying conditions of temperature, 

pressure and flow regimes, has been developed. Enhanced performance of the 

thermodynamic modeling of asphaltene phase behavior is attained by incorporating 

the PC-SAFT EOS. Systematic modeling of asphaltene deposition has been 

performed, by making sure that the model relies only on as few tunable parameters 

as possible. An indigenous CFD model has been developed in MATLAB platform for 
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this work. FEM is used to spatially discretize the momentum and mass transfer 

equations for the asphaltene precipitation, aggregation and deposition taking place 

in the wellbore. A surface deposition mechanism for asphaltenes has been 

introduced in this work, which is different from the pseudo-first order or first order 

reaction mechanisms used in previous models found in the literature [12], [21], 

[24]. Although the deposition model is based on convection-diffusion-reaction 

mechanism, unlike the previous models, the asphaltene precipitation and deposition 

kinetic parameters are no longer a single value obtained from experiments and used 

along the entire length of the wellbore. Rather they are scaled as a function of 

temperature, pressure, flow field and driving force for precipitation.  

Firstly, in section 3.1, an overview of the developed asphaltene deposition 

simulator is provided, along with the characteristic features of the thermodynamic 

and deposition module. The governing equations for the process of asphaltene 

deposition taking place in the wellbore are also introduced. Then in section 3.3.4, 

the solution techniques adopted for performing the deposition simulations are 

presented. This includes FEM for spatially discretizing the momentum and mass 

transfer equations, time integration technique, a method for capturing the 

deposition front and turbulent fluid flow modeling.  

3.1. Asphaltene Deposition Simulator Structure 

To accurately capture the process of asphaltene deposition that takes place 

in the wellbore, a comprehensive Asphaltene Deposition Simulator has been 
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developed. The structure of the developed simulator is shown in Figure 3.1. The 

simulator consists of a thermodynamic module and a deposition module. 

 

Figure 3.1. Structure of asphaltene deposition simulator (Reprinted with 

permission from Rajan Babu et al. [27]) 

At reservoir conditions, the asphaltenes are typically stable and soluble in oil. 

However, a change in pressure, temperature, and composition may destabilize the 

asphaltenes that were originally dissolved in the oil, leading to phase separation of 

asphaltenes from the oil. The precipitated asphaltenes are known as primary 

particles. These primary particles then combine with each other to form aggregates. 

It is proposed that these aggregates are susceptible to deposit on the walls of the 

wellbore. Hence, the three steps that take place in the wellbore, namely, 

precipitation, aggregation and deposition of asphaltenes can be modeled using a 

transport (convection-diffusion) equation.  The following are the assumptions 

involved in the development of the simulator:  
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 Asphaltene precipitation is dominated by dispersion forces and, therefore, PC-

SAFT is used without the association term to represent the thermodynamics of 

precipitation. 

 Oil flow in the wellbore is modeled by assuming that the fluid is a single-phase 

multi-component mixture. 

 It is assumed that only precipitated asphaltene particles can deposit at the 

given temperature and pressure conditions and once deposited, these 

asphaltenes do not re-dissolve in oil. 

 Only the asphaltene aggregates, which are smaller than the critical particle 

size, participate in the deposition process. The large aggregated particles are 

considered to be carried with the flow because of inertia and do not tend to 

deposit. In this work, 0.2 μm is assumed as the critical particle size [21]. A 

simple evaluation of the critical particle size based on force balance applied to 

a particle attached to the wall is shown in Appendix A. 

 The deposition process is not dominated by transport occurring in the bulk 

flow but dominated by transport and kinetics occurring in the laminar 

boundary layer adjacent to the wall of the wellbore or pipeline. The laminar 

flow inside a packed bed column mimics the laminar boundary layer of the 

turbulent flow in a wellbore. Hence, the deposition kinetic constant is obtained 

from deposition experiments using a packed bed column and scaled to 

wellbore conditions. 
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 It is assumed that the asphaltene deposited is immobile, and its properties 

such as density, do not change with respect to time. Shear removal of deposit, 

erosion of deposit from location and its deposition on another location further 

down the flow, have not been considered.  

With the help of the illustrated structure and assumptions of the model, the 

thermodynamic and deposition module developed will be discussed in detail in the 

following sections. 

3.2. Thermodynamic Module 

The thermodynamic module describes the phase behavior of the oil at 

varying temperature and pressure conditions. PC-SAFT EOS has been used to model 

asphaltene phase behavior. The crude oil is characterized based on the Saturates-

Aromatics-Resins-Asphaltenes (SARA) analysis. Simulation parameters are 

optimized to match asphaltene precipitation data on a dead oil sample from the 

Indirect Method experiment [28]. The thermodynamic properties required for the 

deposition model are: 

 Equilibrium concentration (𝐶𝑒𝑞) of asphaltenes in the continuous phase (𝐿1) 

expressed as weight of asphaltenes in the continuous phase (𝐿1) per total 

weight of asphaltenes in the system. 

 Weight fraction of asphaltenes in the precipitated phase (𝐿2) which is weight 

of asphaltenes in the precipitated phase per total weight of precipitated phase. 



        34 

 Density of asphaltenes (𝜌𝑎𝑠𝑝ℎ). 

 Difference between the solubility parameter of asphaltenes (𝛿𝑎𝑠𝑝ℎ) and 

soluthe bility parameter of solution (𝛿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛). 

The solubility parameter 𝛿 of a substance was introduced by Hildebrand [29] 

and is defined as:  

𝛿 = (
−𝑢𝑟𝑒𝑠

𝑣
)

1 2⁄

 (3.1) 

where 𝑢𝑟𝑒𝑠 is the residual internal energy and 𝑣 is the molar volume. The solubility 

parameter is a measure of the intermolecular interactions of a given substance and 

is a function of pressure, temperature, and composition. Substances with similar 

solubility parameters are likely to be miscible in each other whereas substances 

with vastly different solubility parameters are likely to be immiscible. In this study, 

we quantify the driving force for asphaltene precipitation as the difference of 

solubility parameters between the asphaltenes and the oil phase. The difference of 

solubility parameters between the asphaltenes and the oil phase is maximum at the 

bubble point, which is consistent with the known notion that the maximum driving 

force for asphaltene precipitation occurs at the bubble pressure [30]. In this work, 

solubility parameters are calculated using PC-SAFT EOS. 

Viscosity is a key element in modeling fluid transport and asphaltene 

deposition during oil production. If the production conditions are such that the 

pressure is below the Asphaltene Onset Pressure (AOP) or the Bubble Point (BP), 

the composition of the bulk phase changes which causes a variation in viscosity. In 
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order to capture the effect of temperature, pressure, and composition on oil 

viscosity, a compositional viscosity model is needed. Amongst the several viscosity 

models available in the literature, the Friction Theory (FT) has shown promising 

capability in modeling the viscosity of hydrocarbon systems [31], [32]. The Friction 

Theory for viscosity modeling is used in this work. In FT, the viscosity is modeled as 

a summation of a dilute gas contribution (𝜇0) and a friction contribution (𝜇𝑓). The 

dilute gas contribution is generally negligible as compared to the friction 

contribution for liquids. The friction contribution is correlated to repulsive and 

attractive pressures which can be obtained from an equation of state. Abutaqiya et 

al. modeled the viscosity of 10 oil samples from the Middle East and showed that 

using Peng-Robinson (PR) EOS to calculate repulsive and attractive pressures in FT 

is sufficient to reproduce experimental data [33]. It was concluded that although PC-

SAFT yields improved predictions of the phase behavior of the petroleum fluid, it 

does not have a significant advantage as compared to PR when used to calculate 

repulsive and attractive pressures for viscosity modeling using FT. Therefore, in this 

work the PR EOS is used, to calculated repulsive and attractive pressures. 

3.3. Deposition Module 

The deposition module describes the transport of the asphaltene along with 

bulk flow of the oil in the wellbore, its phase separation due to changes in pressure, 

temperature and oil composition and its deposition on wellbore wall surface. 

Thermodynamic properties calculated using PC-SAFT EOS, fluid viscosity calculated 

using FT, experimental and field data for the precipitation, aggregation and 
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deposition rates, are input into the deposition module for asphaltene deposition risk 

predictions. Fluid flow and asphaltene deposition simulations are performed. The 

governing equations used in this work for fluid and particle transport, mathematical 

formulations and solution techniques adopted to solve the equations will be detailed 

in this section. The deposition module and its integration with the thermodynamic 

module have been developed on MATLAB platform. The deposition module 

comprises of an in-house CFD model that has been developed to simulate the fluid 

flow and asphaltene deposition. 

3.3.1. Asphaltene Deposition Modeling 

Transport of asphaltenes in the wellbore follows a multistep process, 

including precipitation, aggregation, advection, diffusion, and deposition. This is 

schematically demonstrated in Figure 3.2. 

 

Figure 3.2. Schematic of asphaltene deposition mechanism in the wellbore 

(Reprinted with permission from Rajan Babu et al. [27]) 

The rate of asphaltene precipitation is assumed to be proportional to the 

supersaturation degree of asphaltenes, which is defined as the difference between 
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the actual concentration of asphaltenes dissolved in the oil and the concentration of 

asphaltene at equilibrium. In other words, the precipitation rate is determined by 

the degree of supersaturation. The higher the supersaturation degree of asphaltenes 

in the oil phase, the greater is the precipitation rate. The precipitated asphaltenes 

further aggregate with each other, tend to diffuse either along the radial or axial 

directions and deposit on the pipe walls or get carried away along with the flow of 

the fluid. The kinetics of aggregation is assumed to be a second-order kinetic 

process. Deposition of asphaltene is modeled using a surface deposition mechanism.  

Considering the mechanism shown in Figure 3.2, a mass balance for 

asphaltenes in a control volume of the wellbore can, therefore, be written as, 

𝑉𝑐𝑒𝑙𝑙
𝜕𝐶′

𝜕𝑡⏟    
𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

+ 𝑉𝑐𝑒𝑙𝑙(𝒖. 𝜵)𝐶
′⏟        

𝐴𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛

= 𝑉𝑐𝑒𝑙𝑙𝐷𝑒𝛻
2𝐶′⏟        

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

 + 𝑉𝑐𝑒𝑙𝑙𝑘𝑝(𝐶𝑓
′ − 𝐶𝑒𝑞

′)⏟            
𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛

− 𝑉𝑐𝑒𝑙𝑙𝑘𝑎𝑔𝐶
′2

⏟      
𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛

− 𝑉𝑖𝑛𝑡𝑘𝑑(𝒏𝒏
𝑻: 𝜵𝒖)𝐶′⏟            

𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛

 

(3.2) 

where, 𝑉𝑐𝑒𝑙𝑙 and 𝑉𝑖𝑛𝑡 are the volumes of the axial segment and boundary layer 

segment, respectively, 𝐶′ is the dimensional concentration of the primary particles, 

𝐶𝑓
′ is the dimensional concentration of dissolved asphaltene in the oil phase at that 

particular time 𝑡, and 𝐶𝑒𝑞
′ is the dimensional thermodynamic equilibrium 

concentration of asphaltene, which can be regarded as the solubility of asphaltene at 

the given pressure, temperature and composition. 𝑘𝑝 is the precipitation kinetic 

parameter, 𝑘𝑎𝑔 is the aggregation kinetic parameter and 𝑘𝑑  is the deposition kinetic 
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parameter for wellbore. 𝒖 refers to the velocity field and 𝒏 refers to a unit normal 

vector. 𝒏𝑻 is the transpose of the unit normal vector. For a two-dimensional system, 

with coordinates 𝑟 and 𝑧 as in Figure 3.2, (𝒏𝒏𝑻: 𝜵𝒖) =  
𝜕𝑢𝑟

𝜕𝑟
+
𝜕𝑢𝑧

𝜕𝑟
+
𝜕𝑢𝑟

𝜕𝑧
+
𝜕𝑢𝑧

𝜕𝑧
. Let us 

denote (𝒏𝒏𝑻: 𝜵𝒖) = 𝐺𝑢 for simplicity from here on. Introducing, 𝐶 =
𝐶′

𝐶0
, 𝐶𝑓 =

𝐶𝑓
′

𝐶0
, 𝐶𝑒𝑞 =

𝐶𝑒𝑞
′

𝐶0
, with 𝐶𝑜 as the total concentration of asphaltenes in the oil before 

phase separation, and approximating 𝑉𝑖𝑛𝑡 𝑉𝑐𝑒𝑙𝑙⁄   as 2𝛿𝑏𝑙 𝑅⁄ , equation (3.2) becomes, 

𝜕𝐶

𝜕𝑡
+ (𝒖.𝜵)𝐶 = 𝐷𝑒𝛻

2𝐶 + 𝑘𝑝(𝐶𝑓 − 𝐶𝑒𝑞) − 𝐾𝑎𝑔𝐶
2 −

2𝛿𝑏𝑙
𝑅
𝑘𝑑𝐺𝑢𝐶 (3.3) 

where, 𝐾𝑎𝑔 = 𝑘ag𝐶𝑜, is the aggregation kinetic parameter in our asphaltene 

deposition model, 𝑅 is the radius of the wellbore, and 𝛿𝑏𝑙 is the thickness of the 

boundary layer in the wellbore. The initial and boundary conditions are given as; 

Initial condition: 𝐶(𝑡 = 0) = 0,  ∀ 𝑟, 𝑧 

Boundary conditions: for all 𝑡 > 0 

𝒏.𝜵𝐶(𝑟 = 𝑅) = 0, ∀ 𝑧 

𝐶(𝑧 = 0) = 𝐶𝑖𝑛,  ∀ 𝑟 

−𝒏.𝐷𝑒𝜵𝐶(𝑧 = 𝐿) = 0,  ∀ 𝑟 

(3.4) 

where, 𝐶𝑖𝑛 is the dimensionless concentration of available asphaltene primary 

particles at inlet conditions, 𝐿 is the length of the wellbore and 𝐷𝑒 is the diffusivity of 

asphaltene particles. At the interface between the fluid and the deposited 

asphaltenes, two competing processes take place, namely, the mass transfer of 

asphaltene primary particles to the wellbore boundary layer and the depletion of 

these particles by deposition kinetics. Hence, at this interface, 
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𝑅𝑀𝑇 = 𝑅𝑑 (3.5) 

𝑘𝑚
𝛿𝑏𝑙
(𝐶 − 𝐶𝑏𝑙) = 𝑘𝑑𝐺𝑢𝐶𝑏𝑙 (3.6) 

where, 𝑘𝑚 is the mass transfer coefficient, 𝐶 is the concentration of the asphaltenes 

in the bulk and 𝐶𝑏𝑙 is the concentration of asphaltenes in the boundary layer. 

The kinetic parameters for precipitation and aggregation are obtained by 

performing a series of asphaltene precipitation kinetic experiments. The deposition 

parameter for modeling asphaltene deposition in the wellbore is obtained based on 

the packed bed column. The deposition module receives inputs from the 

thermodynamic module, which include, asphaltene solubility in the oil phase (𝐶𝑒𝑞), 

the density of asphaltenes (𝜌𝑎𝑠𝑝ℎ), viscosity (𝜇), the solubility parameter of 

asphaltenes (𝛿𝑎𝑠𝑝ℎ) and the solubility parameter of solution (𝛿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) as a function 

of temperature and pressure along the length of the wellbore. Both these modules 

require information from field data, if available, and experimental data. The 

thermodynamic module is integrated with the deposition module using a look-up 

table approach. 𝐶𝑒𝑞 ,  𝜇, 𝜌𝑎𝑠𝑝ℎ, and the solubility parameters are generated for a 

specific pressure and temperature conditions using the thermodynamic module and 

the deposition module linearly interpolates them for the intermediate pressure and 

temperature conditions along the length of the wellbore, if and when required.  

3.3.2. Fluid Flow Modeling 

The fluid flow is turbulent in the wellbore. As the flow rate increases, the 

Reynolds number also increases. The inertial forces are much larger than the 
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viscous forces. Here, the flow field exhibits small eddies and the spatial and 

temporal scales of the oscillations become so small that it is computationally 

unfeasible to resolve them using the Navier-Stokes equations, at least for most 

practical cases. In this flow regime, a Reynolds-averaged Navier-Stokes (RANS) 

formulation can be used. RANS equations are time-averaged equations of motion for 

fluid flow, where an instantaneous quantity (𝒖) is decomposed into its time-

averaged (�̅�) and fluctuating quantities (𝒖′), to simulate turbulent flows. Consider 

the time-dependent Navier-Stokes equations, with 𝑭 as the body force, 

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌(𝒖.𝛁)𝒖 = 𝛁. (−𝑝𝐼 + 𝜇(𝛁𝒖 + (𝛁𝒖)𝑇)) + 𝑭 (3.7) 

where 𝒖 is the fluid velocity, 𝑝  is the pressure, 𝜇 is the fluid viscosity, and 𝜌 the fluid 

density. The initial and boundary conditions for the wellbore domain are given as, 

Initial condition: 𝒖 (𝑡 = 0) = 𝒖𝟎,  ∀ 𝑟, 𝑧 

Boundary conditions: for all 𝑡 > 0 

𝒖 (𝑟 = 𝑅) = 0, ∀ 𝑧 

𝒖 (𝑧 = 0) = 𝒖𝑖𝑛,  ∀ 𝑟 

(3.8) 

𝒏.𝝈 (𝑧 = 𝐿) = 0,  ∀ 𝑟 

where 𝒏 the outward directed unit normal vector. 

The turbulent velocity field is described as a superposition of the time-

averaged velocity and the fluctuating component as follows, 

𝒖(𝑥, 𝑦, 𝑧, 𝑡) = �̅�(𝑥, 𝑦, 𝑧, 𝑡) + 𝒖′(𝑥, 𝑦, 𝑧, 𝑡) (3.9) 
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The time-averaging process is done by, 

�̅� =
1

𝑇
∫ 𝒖(𝑡)𝑑𝑡
𝑇

𝟎

 (3.10) 

where T is the averaging time. Splitting each term in the Navier-Stokes equations as 

time-averaged and fluctuating components, 

𝜌
𝜕(�̅� + 𝒖′)

𝜕𝑡
+ ρ((�̅� + 𝒖′). 𝛁)(�̅� + 𝒖′)

= 𝛁. (−𝑝𝐼 + 𝜇(𝛁(�̅� + 𝒖′) + (𝛁(�̅� + 𝒖′))𝑇)) + 𝑭 

(3.11) 

Now, on time-averaging this equation, 

𝜌
𝜕(�̅� + 𝒖′)

𝜕𝑡

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
+ ρ((�̅� + 𝒖′). 𝛁)(�̅� + 𝒖′)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

= 𝛁. (−𝑝𝐼̅̅ ̅̅ ̅ + 𝜇(𝛁(�̅� + 𝒖′) + (𝛁(�̅� + 𝒖′))𝑇̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅)) + �̅� 

(3.12) 

The time-independent quantity �̅� has a zero time-derivative. Also, since the 

time average of 𝒖′ is zero, so is the time average of any multiple of 𝒖′. But not the 

multiple of 𝒖′2 and its time-average becomes 𝒖′2̅̅ ̅̅  = 𝒖′𝒖′̅̅ ̅̅ ̅̅ .  Hence, the above equation 

can be simplified as, 

ρ(�̅�. 𝛁)�̅� = 𝛁. (−�̅�𝐼 + 𝜇(𝛁�̅� + (𝛁�̅�)𝑇) − 𝜌𝒖′𝒖′̅̅ ̅̅ ̅̅ ) + �̅� (3.13) 

The time-dependent quantity has vanished since integration in time removes 

the time dependence of the resultant terms. Hence, these time-averaged equations 

are very similar to the steady-state equations. 
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Here, �̅� and �̅� are the time-averaged velocity and pressure, respectively. 

The left hand side of this equation represents the convection by the mean flow. This 

change is balanced by the mean body force, the isotropic stress owing to the mean 

pressure field, the viscous stresses, and apparent stress (−𝜌𝒖′𝒖′̅̅ ̅̅ ̅̅ ) owing to the 

fluctuating velocity field, generally referred to as the Reynolds stress which is given 

as, −𝜌𝒖′𝒖′̅̅ ̅̅ ̅̅ = 2𝜇𝑇휀(𝒖) = 𝜇𝑇(𝛁�̅� + (𝛁�̅�)
𝑇), where 휀(𝒖) is the strain rate tensor and 

the term 𝜇𝑇 represents the turbulent viscosity, that is, the effects of the small-scale 

time-dependent velocity fluctuations. 𝜇𝑇 requires additional modeling to solve the 

RANS equations, which is evaluated using the k-ε turbulence model in this work 

[34]. This model is often used in industrial applications because it is both robust and 

computationally inexpensive. The k-ε model has historically been very popular for 

industrial applications due to its good convergence rate and relatively low memory 

requirements. It is a two equation model which gives a general description of 

turbulence by means of two transport equations (PDEs), which are, for the 

transport of turbulent kinetic energy k and turbulent dissipation rate ε. The 

equations used for modeling turbulent flow in the wellbore are shown as follows; 

𝜌(�̅�. 𝛁)�̅� = 𝛁. (−�̅�𝐼 + (𝜇 + 𝜇𝑇)(𝛁�̅� + (𝛁�̅�)
𝑇)) + 𝜌𝒈 (3.14a) 

𝜌
𝜕𝑘

𝜕𝑡
+ ρ(�̅�. 𝛁)𝑘 = 𝛁. ((𝜇 +

𝜇𝑇
𝜎𝑘
)𝛁𝑘) + 𝑃𝑘 − 𝜌휀 (3.14b) 

𝜌
𝜕휀

𝜕𝑡
+ ρ(�̅�. 𝛁)휀 = 𝛁. ((𝜇 +

𝜇𝑇
𝜎𝜀
)𝛁휀) + 𝐶𝜀1

휀

𝑘
𝑃𝑘 − 𝐶𝜀2𝜌

휀2

𝑘
 (3.14c) 

𝜇𝑇 = 𝜌𝐶𝜇
𝑘2

휀
 (3.14d) 
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𝑃𝑘 = 𝜇𝑇(𝛁�̅�: (𝛁�̅� + (𝛁�̅�)
𝑇)) (3.14e) 

The turbulence model parameters have been obtained by numerous iterations of 

data fitting for a wide range of turbulent flows and are given as [35]: 𝐶𝜀1 = 1.44, 

𝐶𝜀2 = 1.92, 𝐶𝜇 = 0.09, 𝜎𝑘 = 1.00, and 𝜎𝜀 = 1.3. No slip boundary conditions are 

applied on the wellbore wall surface in order to obtain the velocity field for the 

given oil production rate. 

For turbulent flows, the eddy diffusion due to the fluctuating velocity 

components governs the deposition of aggregated asphaltene on the pipeline wall 

surface. Thus, the particle diffusivity 𝐷𝑒 in a turbulent flow can be calculated as: 

𝐷𝑒 = 𝐷𝑃𝑇 +𝐷𝐵  where 𝐷𝑃𝑇 is the turbulent particle diffusivity and 𝐷𝐵 is the 

Brownian diffusivity [25]. Brownian diffusivity is given by the Stokes-Einstein 

relation. As the relaxation time of particles less than 50 μm in size is much smaller 

than the Lagrangian time scale of turbulence, the turbulent particle diffusivity can 

be considered equal to the turbulent fluid diffusivity. The turbulent fluid diffusivity 

at the laminar sub-layer surface is given as, 𝐷𝑇 = 𝜈𝑇/𝑆𝑐𝑇 , where 𝜈𝑇 = 𝜇𝑇/𝜌 is the 

eddy diffusivity and 𝑆𝑐𝑇 is the turbulent Schmidt number. It is taken as 0.8 for this 

work [25], [36]. 

3.3.3. Interface-Capturing Technique  

The fluid flow and deposition model developed to investigate asphaltene 

deposition in the wellbore, takes into account the mass balance of asphaltenes in the 

given volume, mass transfer of asphaltene particles to the boundary layer near the 
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walls and surfaces, and their deposition on the surfaces. But it is also important to 

account for the effect of the growing deposit on the deposition flux. It is necessary to 

track the deposition front for quantifying the amount of asphaltene deposited 

accurately. The deposit front is the interface between the fluid and the deposit. With 

more particles depositing over time, asphaltene deposit layer grows gradually and 

potentially plugs the wellbore. As the deposit layer grows, the fluid volume fraction 

decreases accompanied by an increase in both velocity and pressure drop. The 

varying deposit layer thickness has to be accounted for in the deposition simulator. 

The idea is to incorporate the rate of change of the deposition front with a value of 

the deposit density that does not change with time, in the model to predict 

asphaltene deposition in the wellbore.  

The assumption here, while accounting for the effect of growing deposit on 

the deposition flux is that the deposit layer is a rigid immobile layer. An interface-

capturing technique has been applied to this work. The computations are based on 

fixed spatial domains. For this purpose, the Total Concentration method has been 

incorporated [23], [37]. Here, a total concentration is the sum of the stable 

asphaltenes that are soluble in the oil phase, precipitated and aggregated 

asphaltene, and deposited asphaltenes. The governing equation based on the total 

concentration includes the interface condition. Hence, the deposit front is not 

computed explicitly unlike the moving mesh approaches. In this formulation, the 

deposited asphaltene concentration is a measure of the deposit front profile during 

the asphaltene deposition process. The deposit front is found implicitly with the 

total concentration method. There is no mesh velocity, hence the mesh in fixed. 
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In the fluid domain, the asphaltene primary particles are transported by 

convection and diffusion. The larger aggregates, beyond the critical particle size, do 

not participate in the deposition process and are carried on along with the flow due 

to inertia. On the other hand, the smaller aggregates, diffuse towards the wellbore 

boundary layer and deposit on the surface. The rate of asphaltene deposition is 

given by the surface deposition mechanism. The rate at which asphaltene deposits 

on the wellbore walls gives a measure of the velocity of the deposit front. Hence, at 

the deposit front Γ𝑑(𝑡), 

𝜌𝑑𝒖𝑖 = 𝑘𝑑𝐺𝑢𝐶
′𝒏𝑖 (3.15) 

where 𝜌𝑑  is the density of the deposit, 𝒖𝑖 is the velocity of the deposit front, 𝑘𝑑  is the 

deposition kinetic parameter, 𝐶′ is the dimensional concentration of asphaltene 

primary particles, and 𝒏𝑖 is the unit normal vector of the deposit front pointing into 

the fluid region. Also, it should be noted that at the deposit front, the rate of mass 

transfer of asphaltene particles is equal to the rate of deposition of asphaltenes on 

the wellbore wall surface. The mass balance of asphaltenes in a given control 

volume of the wellbore was given in equation (3.3), which can be written as, 

𝜕𝐶

𝜕𝑡
+ (𝒖.𝜵)𝐶 = 𝐷𝑒𝛻

2𝐶 + 𝑘𝑝(𝐶𝑓 − 𝐶𝑒𝑞) − 𝐾𝑎𝑔𝐶
2 −

∂𝐶𝑑
∂t

 (3.16) 

where 𝐶𝑑 is the concentration of the deposited asphaltene normalized with respect 

to the total concentration of asphaltenes at bottomhole conditions before 

asphaltene phase separation. For a control volume undergoing deposition, that is, 

0 < 𝐶𝑑 < 1, both the viscosity and the diffusivity are finite. Asphaltene primary 

particles are aggregated, convected and diffused into this control volume to 
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replenish the particles consumed during the deposition. At the instant when the 

control volume has 𝐶𝑑 = 1, indicates that there are only deposited asphaltenes. 

Hence, this contributes to the thickness of the deposit. Here, the viscosity is set to a 

large number and the diffusion coefficient is set to zero, so that the particles that are 

either in precipitated or aggregated form do not undergo convection or diffusion 

into this new, fully deposited control volume.  

A few conditions are incorporated while performing the fluid flow and 

deposition simulations in addition to the initial and boundary conditions in (3.4) 

and (3.6) with the help of following equations, for the fluid domain Ω𝑓(𝑡)and the 

asphaltene deposit domain Ω𝑑(𝑡). And the deposit front, Γ𝑑(𝑡) ∈ Ω𝑑(𝑡). 𝒙 is the 

position in the cartesian coordinate space. The diffusion coefficient 𝐷𝑒 is given as, 

𝐷𝑒 = {
0,             𝑖𝑓  𝒙 ∈ Ω𝑑(𝑡)

𝐷𝑒 ,          𝑖𝑓  𝒙 ∈ Ω𝑓(𝑡)
 (3.17) 

With the initial condition, 

𝐶(𝒙, 0) = {
0,                   𝑖𝑓  𝒙 ∈ Ω𝑑(𝑡)

𝐶0(𝒙),          𝑖𝑓  𝒙 ∈ Ω𝑓(𝑡)
 (3.18) 

𝐶𝑑(𝒙, 0) = {
0,                     𝑖𝑓  𝒙 ∈ Ω𝑑(𝑡)

𝐶𝑑0(𝒙),          𝑖𝑓 𝒙 ∈ Ω𝑓(𝑡)
 (3.19) 

Also, while performing fluid flow simulations, the deposit is modeled as an 

extremely viscous fluid, that is, a solid. This is easily achievable in the present 

formulation with the following definition of the viscosity, 

𝜇(𝒙, 0) = {
∞,             𝑖𝑓  𝒙 ∈ Ω𝑑(𝑡)
𝜇,              𝑖𝑓 𝒙 ∈ Ω𝑓(𝑡)

 (3.20) 
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From equations, (3.3), (3.15) and (3.16), it can be seen that, the velocity and 

hence, the position of the front is embedded into the conservation equation. 

Therefore, there is no special treatment required to track the evolving depositing 

front and a fixed mesh can readily be employed. 

3.3.4. Solution Technique 

The model developed for this work consists of a system of Partial Differential 

Equations (PDEs) describing the momentum and mass transfer for the given system 

of interest. The methodology adopted to solve the PDEs is outlined in this section. In 

this work, a solver has been set up in MATLAB to perform the spatial discretization 

and time integration of the PDEs. CFD modeling has been implemented in this work. 

CFD modeling employs several discretization methods for solving the PDEs. FEM is 

used in this work for the spatial discretization of the PDEs. FEM offers higher 

accuracy and better convergence analysis and mesh adaptation for complex 

geometry, compared to finite difference and finite volume methods.  

In FEM, the spatial domain is divided into several elements and the solution 

is approximated using basis functions and the problem is solved on individual 

elements. Equation (3.14) is solved for computing the velocity field and equation 

(3.3) is solved for estimating the asphaltene deposit thickness along the length of 

the wellbore. It is well known that advection dominated flows need to be stabilized 

(see for example, the streamline-upwind/Petrov-Galerkin (SUPG) stabilization 

introduced by Brooks and Hughes [38]) It is also well known that if equal order 

interpolation has to be used for both velocity and pressure,  and also for parallel 
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implementation, some kind of pressure stabilization should be used, such as the 

pressure-stabilizing/Petrov-Galerkin (PSPG) stabilization [39]. Therefore, in this 

work, these stabilization techniques have been used for both the momentum and 

asphaltene mass conservation equations shown in sections 3.3.2 and 3.3.1 

respectively (equation (3.14) and equation (3.3)). Stabilization parameters used are 

slightly modified versions of those given in Tezduyar et al. [40]. The slight 

modification being the application of 1-norm between the three stabilization 

parameters instead of 2-norm, as we combine the limits of the three parameters. 

 For the time integration, Backward Differentiation Formula (BDF) is 

considered. A second order BDF scheme has been implemented. In this work, two 

types of time integration have been used, which include the fully implicit backward 

difference and a semi-implicit backward difference [41], [42]. The semi-implicit 

approach allows mitigating the computational burden associated with the use of a 

fully implicit BDF scheme by linearizing the nonlinear convective terms. The 

linearization is done by extrapolating the convective velocity via an extrapolation 

formula of the same order of the BDF used. The fully implicit BDF scheme has been 

incorporated, wherever the burden on the computational cost was not too high. 

The system of equations, that is obtained as a result of the complete 

discretization of the PDEs, need to be solved to compute the unknowns. At every 

non-linear iteration of the fully implicit method, and at every time step of the semi-

implicit method, the coupled equation system needs to be solved, which is of the 

form, 𝑨𝒙 = 𝒃. This system is too large to be solved using a direct method. Hence, it is 
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solved iteratively. The Biconjugate Gradient Stabilized Method (BiCGSTAB) has been 

used in this work to perform the computation [43]. BiCGSTAB is a Krylov Subspace 

method, which is a projection method used to solve a problem iteratively.  

Also, while employing iterative methods, preconditioning is a key factor. The 

convergence of the iterative method depends on the spectrum of the coefficient 

matrix and can be significantly improved using preconditioning. The 

preconditioning modifies the spectrum of the coefficient matrix in order to reduce 

the number of iterative steps required for convergence. In this work, the incomplete 

LU (lower triangular matrix L and an upper triangular matrix U) factorization of the 

matrix is used as the preconditioner. Specifically, ILUT (ILU with dual thresholding) 

algorithm is used. An ILUT algorithm is obtained from the general ILU factorization 

algorithm by applying a set of rules for dropping small entries. Applying a dropping 

rule for an entry will mean replacing this entry by zero if it satisfies asset of criteria 

(see for example, [44]). Right preconditioning is considered for this work.  

The details regarding the spatial discretization of the PDEs, the time 

integration techniques used, the stabilization methods incorporated and the 

algebraic formulations of the fully discrete equations are shown in Appendix B. Also, 

the iterative solver implemented in this work is illustrated in Appendix C. The 

implementation of these techniques in this work has facilitated in the CFD modeling 

of fluid flow in the considered geometry. The computation of the hydrodynamics 

and solving the asphaltene mass conservation equations helps in estimating the 

asphaltene deposition flux, deposition rate and profile in the respective geometries. 
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3.4. Chapter Summary  

In this chapter, the structure of the developed asphaltene deposition 

simulator has been provided. The thermodynamic module consists of the PC-SAFT 

EOS to estimate the thermodynamic properties and asphaltene phase behavior and 

the Friction theory for viscosity calculations. The deposition model is based on the 

mass balance of asphaltene convection, diffusion, precipitation, aggregation and 

deposition taking place in a control volume of the wellbore. Solution techniques 

used in this work have been presented, which includes the spatial discretization of 

the model PDEs using FEM and time integration using backward difference. The 

implementation of these techniques on MATLAB platform and its integration with 

the thermodynamic module has facilitated in the prediction of asphaltene 

deposition in the wellbore, which along the calibration of model parameters are 

detailed in the following chapters. 
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Chapter 4 

Modeling Asphaltene Precipitation and 

Aggregation Kinetics 

Asphaltene deposition is a multi-step process, which includes, asphaltene 

phase separation from the oil phase, that is, its precipitation, then the aggregation of 

the precipitated asphaltene primary particles and finally their deposition on oil 

production pipeline surfaces. It was outlined in section 3.3 that asphaltene 

precipitation and aggregation rates form an important part of the asphaltene 

deposition model developed. Hence, it is important to understand the asphaltene 

precipitation and aggregation kinetics. This will help in the calibration of the model 

kinetic parameters for precipitation and aggregation. The calibrated parameters 

will, in turn, provide insight into the phenomenon of deposition taking place in the 

wellbore and pipelines. 

Different techniques have been employed to study the kinetics of asphaltene 

precipitation and aggregation, such as dynamic surface tension measurement [45], 
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UV-Vis spectroscopy [46], dynamic light scattering (DLS) [47]–[51], gravimetric-

centrifugation technique [52]–[55], and microscopy methods [52]–[54], [56]–[58]. 

UV-Vis spectroscopy was employed to study the flocculation of asphaltenes in model 

oil (asphaltene dissolved in toluene) and by using n-heptane as a precipitant [46]. 

The change in apparent absorbance of oil-n-heptane mixtures was monitored over 

time. But, the time spans of the experiments were quite short, which are not 

sufficient to ensure that the samples reach equilibrium. Dynamic light scattering 

methods work best for transparent fluids in the visible range and are not ideal 

techniques for dark and high absorbing systems such as crude oils. For this reason, 

most of the studies are performed on model oils (with low asphaltene 

concentrations), rather than real crude oil systems [47]–[49], [51]. The 

centrifugation technique is a multi-step and time-consuming process which requires 

a large amount of sample (~130 mL of crude oil-heptane mixture [53]).  

Information about the kinetics of asphaltene precipitation and aggregation 

will facilitate in the development of improved modeling methods and provide a 

better understanding of the asphaltene deposition process taking place in the 

wellbore at real field conditions. Studies at different driving forces towards 

precipitation and temperatures are important as they provide more insight into, not 

only the amount of asphaltene precipitated and deposited but also, the behavior of 

asphaltene particles and aggregates, the nature of the kinetics taking place and the 

rate of precipitation and aggregation. Recently, a novel NIR spectroscopy technique 

has been developed to accurately monitor the kinetics of asphaltene precipitation 

and aggregation in crude oil systems, which can be done in one single step [27], 



        53 

[59]. Moreover, the amount of precipitated asphaltenes can be quickly and easily 

estimated using an absorbance ratio method, which, unlike previous studies [60], 

does not require a calibration curve. 

4.1. Experimental Procedure 

In this work, the experimental technique developed by Enayat et al. has been 

used for further investigation and analysis of the kinetics of asphaltene precipitation 

and aggregation [59]. 

The kinetics of asphaltene precipitation and aggregation of crude oil was 

investigated using an NIR spectroscopy method. In this method, a Shimadzu UV-Vis-

NIR spectrophotometer was employed to measure the light intensity of samples 

over time at different temperatures and driving forces. Crude oil samples were 

mixed with a known precipitant to oil ratio in a quartz cuvette, which was then 

placed in the sample cell of the spectrophotometer. Stir bars made of PTFE were 

added to the cuvette. The cuvette was then capped and sealed with a PTFE stopper, 

which effectively prevents the mixture to evaporate, even at high temperature. Also, 

another quartz cuvette containing crude oil sample without the precipitant was 

used in the reference cell to account for the effect of dilution on the transmittance of 

light passing through the sample. Both sample and reference cells in the 

spectrophotometer were equipped with water-jacketed cell holders to be able to 

control the temperature of the samples. For high-temperature experiments, both 

crude oil and precipitant samples were preheated inside an oven at the required 
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higher temperature prior to the spectroscopic measurements. During each 

experiment, the light intensity was continuously recorded in the form of 

transmittance over time at a wavelength of 1600 nm using the kinetic mode of the 

spectrophotometer. Different concentration of the precipitant in the oil sample 

helped in studying the effect of driving force and performing the experiments at 

different temperatures helped in investigating the temperature effect on the 

precipitation and aggregation kinetics of asphaltenes in the given crude oil sample.  

4.2. Modeling Technique 

The results from the precipitation and aggregation kinetic experiments can 

be used to calibrate the kinetic parameters of the developed asphaltene deposition 

simulator. To facilitate this, a modeling technique has been established. In this 

model, the rate of asphaltene precipitation is assumed to be proportional to the 

supersaturation of asphaltenes, which is defined as the difference between the 

actual concentration of asphaltenes dissolved in the oil and the concentration of 

asphaltene at equilibrium. Aggregation is modeled as a second-order reaction [22], 

[61]. The model equations are given as; 

𝑑𝐶𝑓

𝑑𝑡
= −𝑘𝑝(𝐶𝑓 − 𝐶𝑒𝑞) (4.1) 

𝑑𝐶𝑎𝑔

𝑑𝑡
= 𝐾𝑎𝑔𝐶

2 (4.2) 

𝑑𝐶

𝑑𝑡
= 𝑘𝑝(𝐶𝑓 − 𝐶𝑒𝑞) − 𝐾𝑎𝑔𝐶

2 (4.3) 
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where 𝐶 is the concentration of the precipitated asphaltenes, 𝐶𝑎𝑔 is the 

concentration of aggregated asphaltenes, 𝐶𝑓 is the concentration of dissolved 

asphaltene in the oil−precipitant mixture, and 𝐶𝑒𝑞 is the thermodynamic equilibrium 

concentration of asphaltene, which can be regarded as the solubility of asphaltene at 

the given pressure, temperature and composition, which is obtained using the PC-

SAFT EOS. All concentrations are normalized with respect to the total concentration 

of asphaltenes in the given oil sample. 𝑘𝑝 is the Precipitation kinetic parameter and 

𝐾𝑎𝑔 = 𝑘ag𝐶𝑜 is the Aggregation kinetic parameter in the model developed. These are 

the two tuning parameters while modeling asphaltene precipitation and aggregation 

kinetics using laboratory-scale experiments. The values of the precipitation and 

aggregation kinetic parameters are obtained by solving the equations (4.1)-(4.3), 

simultaneously, by minimizing the difference between the experimental and 

modeling results, with the initial condition as the initial concentration of asphaltene 

particles solubilized in the oil phase. The kinetic parameter values will indicate the 

asphaltene precipitation and aggregation rates in the oil-precipitant mixture. 

4.3. Results and Discussion 

4.3.1. Effect of Driving Force 

Asphaltene precipitation and aggregation kinetics experiments were 

performed using crude C2 to study the effect of driving force towards precipitation 

and aggregation and the effect of temperature. The properties of crude C2 are given 

in Table 4.1. 
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Table 4.1. PVT properties for different crude oils used in this work 

Property C2 P3 A C S 

Temperature (°F) 68 68 210 199 212 

Pressure (psi) 14.7 14.7 4000 2900 4800 

Density (g/cc)  0.904 0.876 0.804 0.742 0.790 

Viscosity (cP) 136 17 0.9 1.2 2.6 

Molecular weight (g/mol) 290.3 239 251   

Saturates (wt%) 49.9 59 68.1  57.4 

Aromatics (wt%) 19.8 17.7 12.8  25.6 

Resins (wt%) 19.2 19.4 13.4  8.5 

C5+ Asphaltenes (wt%) 11.1  5.7 4.5 8.5 

C6+ Asphaltenes (wt%) 10.9     

C7+ Asphaltenes (wt%) 10.1 3.9    

C8+ Asphaltenes (wt%) 8.9     

To investigate the effect of driving force towards asphaltene precipitation, 

crude C2 was studied with different concentrations of n-heptane, which induces 

precipitation of asphaltenes in the crude oil sample. All the results shown in this 

section are for modified crude C2 that contains 70 vol% crude C2 diluted with 30 

vol% toluene. Figure 4.1 presents the results obtained from the precipitation and 

aggregation kinetics experiments in modified crude C2 with three different 

concentrations (52, 54, and 56 vol%) of n-heptane as the precipitant at ambient 

conditions. The results are reported in the form of light transmittance, which 

represents the portion of initial light that is not scattered by the precipitating and 

aggregating asphaltene particles and therefore is detected by the 

spectrophotometer. In all three cases, the transmittance value of the crude oil 

gradually decreases until it reaches a plateau. This final value is smaller when more 
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precipitant is added to the crude oil, which indicates a higher amount of asphaltene 

precipitation at equilibrium. Moreover, increasing the concentration of n-heptane 

induces a higher driving force towards precipitation, therefore the precipitation and 

aggregation kinetics is faster and the time needed to reach the plateau declines.  

 

Figure 4.1. Experimental results for asphaltene precipitation and aggregation 

kinetics with different vol% of n-heptane in modified crude C2 at ambient 

conditions  

The corresponding absorbance values are calculated and the amount of 

precipitated asphaltene with respect to the total asphaltenes in the system, is 

estimated as the ratio of absorbance drop at a given point and the total absorbance. 

These experimental results are used to calibrate the precipitation and aggregation 

kinetic parameters. The modeling results are shown in Figure 4.2. Higher the 

concentration of the precipitant added to the oil, higher is the total mass of 
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asphaltene that can be precipitated out of the oil at equilibrium conditions. The 

corresponding precipitation kinetic parameter values are shown in Table 4.2. The 

value of 𝐾𝑎𝑔 was obtained equivalent to 5x10-6 s-1. In this work, the driving force for 

asphaltene precipitation is defined as the difference between the solubility 

parameters (𝛿) of asphaltenes and the solution mixture, which is also shown in 

Table 4.2. It can be clearly seen from the model results that higher the concentration 

of the precipitant, higher is the driving force for precipitation and hence, higher is 

the value of the precipitation kinetic parameter and the total amount of asphaltenes 

precipitated. It can also be seen from the figure that the rate at which the system 

proceeds towards equilibrium is higher, when the driving force is higher. 

 

Figure 4.2. Modeling of asphaltene precipitation and aggregation kinetics to 

determine the effect of driving force using modified crude C2  
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Table 4.2. Precipitation kinetic parameters for different vol% of n-heptane 

in modified crude C2 at ambient conditions [59] 

Test 
n-heptane in modified 

C2 (Vol%) 
Precipitation Kinetic 
Parameter (𝒌𝒑) (s-1) 

∆𝜹 = (𝜹𝒂𝒔𝒑𝒉 − 𝜹𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏)  

(MPa0.5) 

1 52 1.8x10-2 4.9357 

2 54 4.0x10-1 5.0018 

3 56 9.2x10-1 5.0682 

In order to better analyze the process of asphaltene precipitation and 

aggregation taking place due to the addition of a precipitant to an oil sample, PBM 

has also been performed. PBM developed by Maqbool et al. was outlined in section 

2.2.4 [26]. This along with the precipitation and aggregation kinetic parameters 

provide an in-depth understanding of this phenomena. The corresponding PSDs 

obtained for 52 vol%, 54 vol% and 56 vol% of n-heptane in modified crude C2 are 

shown in Figure 4.3.  

The application of geometric PBM becomes interesting as it gives the 

measure of the size of the asphaltene aggregates when a precipitant is added to an 

oil sample. This information is not directly obtained from experiments. Hence, PSDs 

obtained from the geometric PBM show the growth of asphaltene nano-aggregates 

with respect to time. It can be seen from Figure 4.3 that, with an increase in the 

concentration of the precipitant in crude C2, the PSD shifts towards larger-sized 

aggregates. But, the rate at which the PSDs increase and proceed towards larger 

particle size diameters is the same in all the three cases considered. It can be seen 

that, on the addition of 52 vol% of n-heptane, the average particle size increases 
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from about 10 nm to 60 nm at the end of three hours, whereas, on the addition of 56 

vol% of n-heptane, the average particle size increases to about 200 nm for the same 

time. This indicates that with an increase in the amount of precipitant added to the 

oil sample, driving force towards asphaltene precipitation and aggregation increases 

and thus, the rate of precipitation increases. And, hence, correspondingly increasing 

the average particle diameter of the precipitated and aggregated asphaltenes. 

 

Figure 4.3. PSD of asphaltene aggregates for different vol% of n-heptane in 

modified crude C2 at ambient conditions 
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4.3.2. Effect of Temperature 

The effect of temperature on the kinetics of asphaltene precipitation and 

aggregation in modified crude C2 was studied. Experiments were performed at two 

different temperatures (68 °F and 158 °F). As shown in Figure 4.4, the sample kept 

at 158 °F reaches a higher final transmittance value at equilibrium, which translates 

into less amount of precipitated asphaltene, compared to the sample at room 

temperature. Therefore, at higher temperatures, the oil-precipitant medium 

becomes a better solvent for asphaltenes and consequently, asphaltenes nano-

aggregates are more stable and more soluble in the mixture.  

 

Figure 4.4. Experimental results for asphaltene precipitation and aggregation 

kinetics with 56 vol% of n-heptane in modified crude C2 at 68 and 158 oF  

Similar to the precipitation and aggregation modeling shown in section 4.3.1, 

the modeling results to analyze the effect of temperature are shown in Figure 4.5, 
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and the corresponding precipitation kinetic parameter values are shown in Table 

4.3. In this case, with an increase in temperature, asphaltenes are more soluble and 

stable in the oil phase, compared to ambient conditions. Hence, due to the higher 

solubility of asphaltenes, the amount of precipitated and aggregated asphaltenes is 

lower at equilibrium conditions. This can be seen from the final values of the weight 

fraction of the precipitated asphaltenes in Figure 4.5. 

 

Figure 4.5. Modeling of asphaltene precipitation and aggregation kinetics to 

determine the effect of temperature using modified crude C2 

An interesting result is observed in Table 4.3. It is seen that the value of the 

precipitation kinetic parameter is lower for a higher temperature. It has to be 

emphasized at this point that, although 𝑘𝑝, the precipitation kinetic parameter 

denotes the rate of asphaltene precipitation, it is not a reaction rate constant. The 

mathematical form of the precipitation rate provided here is an approximation. 𝑘𝑝 is 
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not mechanistically derived, rather obtained after lumping multiple effects which 

are dependent not only on the temperature and but also the driving force towards 

precipitation ( as seen in section 4.3.1), and hence 𝑘𝑝 is not a constant value.  

As temperature changes, the driving force towards precipitation and 

aggregation changes as well. When the temperature is increased in this case, the 

driving force towards asphaltene precipitation has decreased (increased solubility 

of asphaltenes), hence, the precipitation kinetic parameter has also decreased (as 

shown in Table 4.3). A higher driving force would be required to destabilize these 

soluble asphaltenes, which can be done either by decreasing the temperature or 

increasing the concentration of injected precipitant. It should be noted that the 

driving force is also dependent on temperature. So, it is difficult to separate the 

temperature and the driving force effects and account for them explicitly. Hence, it 

becomes important to analyze the variation of the precipitation kinetic parameter 

with respect to both, the temperature and the driving force towards precipitation, 

which will be discussed further in the next section. 

Table 4.3. Precipitation kinetic parameters for modified crude C2  with 56 vol% of 

n-heptane at different temperatures [59] 

Test 
Temperature 

(oC) 
Precipitation Kinetic 
Parameter (𝒌𝒑) (s-1) 

∆𝜹 = (𝜹𝒂𝒔𝒑𝒉 − 𝜹𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏)  

(MPa0.5) 

1 20 9.2x10-1 5.0682 

2 70 6.1x10-1 4.8240 
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4.3.3. Scaling Precipitation Kinetic Parameter  

The results shown in sections 4.3.1 and 4.3.2 provide useful information to 

scale the precipitation kinetic parameter as a function of driving force for 

precipitation and temperature. In addition to the results shown in Table 4.2 and 

Table 4.3, a total of thirteen experiments were performed using crude C2 to study 

the asphaltene precipitation and aggregation kinetics precipitation at various 

precipitation driving forces using n-heptane and n-pentane, and two temperatures 

(68 °F and 158 °F).  

Linear regression was performed between the obtained values of log (𝑘𝑝) and 

1 (𝛿𝑎𝑠𝑝ℎ − 𝛿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)
2

⁄ . This helped in obtaining a relationship between the 

precipitation kinetic parameter, 𝑘𝑝  and the driving force for precipitation, (𝛿𝑎𝑠𝑝ℎ −

𝛿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛). This is shown with the help of the following equation; 

𝑘𝑝 = exp(𝑎 −  
𝑏

(𝛿𝑎𝑠𝑝ℎ − 𝛿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)
2) (4.4) 

where a and b are constants for a particular temperature. The constants  a and b at 

different temperatures were related using an Arrhenius type of equation as,[27] 

𝑎 = 𝑎𝑜 𝑒𝑥𝑝(−𝑎1/𝑇) 

𝑏 = 𝑏𝑜 𝑒𝑥𝑝(−𝑏1/𝑇) 
(4.5) 

where 𝑎𝑜, 𝑎1, 𝑏𝑜 and 𝑏1 are constants for a particular crude. The trends of a and b as 

a function of temperature are shown in Figure 4.6. This relationship proves to be 

useful, as it can be used to scale a and b to any higher temperature and accordingly 
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calculate the value of 𝑘𝑝 at that particular high temperature conditions. It should be 

noted that a and b are not obtained only from 𝑘𝑝 values shown in Table 4.2 and 

Table 4.3, but from a total a thirteen experiments performed using crude C2. It can 

be seen from Figure 4.6 that the constant a is a weak function of temperature 

compared to b, as a reaches a plateau (constant) value at a much lower temperature 

itself. The prediction of a and b at a higher temperature (equivalent to reservoir 

conditions) is also shown in the figure. Hence, with the help of equation (4.4) and 

(4.5), 𝑘𝑝 (Precipitation kinetic parameter) value for the crude oil at reservoir and 

wellbore conditions can be estimated, provided, the values of the solubility 

parameters of the solution gas and pure asphaltene are known at those conditions. 

The thermodynamic module is used to generate these solubility parameter values as 

a function of temperature and pressure. 

 

Figure 4.6. Scaling constants a and b as a function of temperature 
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4.3.4. Effect of Chemical Addition 

Asphaltene dispersants, particular types of asphaltene deposition inhibitors 

and chemicals have been used by the oil and gas industry to prevent asphaltene 

deposition in oilfield pipelines. There have been experimental studies to understand 

the effect of these dispersants and inhibitors [62]–[65]. But, it is also important to 

understand the underlying physics and mechanism of this effect with the help of 

deposition models.  

The asphaltene precipitation and aggregation kinetics experiments were 

performed on crude P3 with 47.5 vol% of n-heptane as the precipitant at ambient 

conditions. The properties of crude P3 are given in Table 4.1. Injection of n-heptane 

induces the necessary driving force for precipitation. The experiment was first 

performed with no chemical injection, followed by experiments with different 

concentrations of the chemical (200 ppm, 400 ppm, and 1000 ppm). Figure 4.7 

shows the results in the form of light transmittance. In all the cases, the 

transmittance value of the crude oil gradually decreases until it reaches a plateau. 

Lower the final value (plateau) of transmittance, higher is the amount of asphaltene 

precipitation at equilibrium. It can be seen that in all the cases, the system proceeds 

towards attaining the same value of transmittance after a certain period of time.  

The precipitation and aggregation kinetics modeling results are shown in 

Figure 4.8 and the aggregation parameter values are shown in Table 4.4. The 

precipitation kinetic parameter value was estimated as 𝑘𝑝 =4.7x10-3 s-1 for all the 
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cases, as the driving force for precipitation (47.5 vol% n-heptane) and temperature 

are the same.  

 

Figure 4.7. Experimental results for asphaltene precipitation and aggregation 

kinetics with different concentrations of chemical I2 in crude P3 (47.5 vol% n-

heptane) [66] 

Table 4.4. Aggregation kinetic parameters for experiments performed to analyze 

the effect of chemical addition on crude P3 with 47.5 vol% n-heptane [66] 

Test 
Dosage of chemical 

(ppm) 
Aggregation Kinetic Parameter  

(𝑲𝒂𝒈)(s-1) 

1 0 8.463x10-5 

2 200 2.022x10-5 

3 400 5.362x10-6 

4 1000 1.634x10-7 
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Figure 4.8. Modeling of asphaltene precipitation and aggregation kinetics to analyze 

the effect of chemical I2 dosage in crude P3 [66] 

It can be seen that with an increase in the concentration of the chemical 

added, the aggregation kinetic parameter decreases and hence, the aggregation rate 

continuously decreases. This indicates that the chemical is acting as a dispersant. 

Lower the rate of aggregation, longer the time taken to form larger-sized aggregates. 

But, smaller sized aggregates does not necessarily mean that the amount of 

deposition is also reduced. Usually, at wellbore conditions, the larger aggregates are 

carried on with the flow due to inertia and do not deposit, but, the smaller sized 

aggregates diffuse towards the surface boundary layer much better and participate 

in the deposition process. Hence, it becomes important to perform deposition tests 

using the same concentrations of the chemical and analyze its effect on the 

deposition kinetic parameters. 
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Similar to the discussion in section 4.3.1, PSD of asphaltene nano-aggregates 

has been obtained with respect to the experimental results shown in Figure 4.7 

using the geometric PBM. The corresponding PSDs are shown in Figure 4.9 to 

analyze the effect of chemical addition on the size of asphaltene particles. Table 4.4 

showed that with the addition of the chemical I2 decreased the rate of aggregation. 

A direct effect on the PSD can be seen as well. The average size of asphaltene 

aggregates increases at a slower rate in the presence of the chemical compared to 

the aggregation process in the absence of the chemical.  

The PSDs for all the cases start at the same average particle size diameter. 

The average particle diameter at 2 minutes for all the cases considered is about 20 

nm. It does not change with an increase in the dosage of the chemical. But with 

progress in time, the PSD with a higher concentration of the chemical lags behind (in 

terms of the average particle size). At about 19 hours (=1150 minutes), the average 

particle diameter is about 190 nm, when no chemical is added. In the presence of 

1000 ppm of the chemical, the average particle size is only 100 nm. It is also seen 

that at infinite time, all the PSDs would eventually catch up. Hence, the conclusion 

which was made earlier that the addition of the chemical slows down the process of 

aggregation is validated. This is one of the important contributions of this work. The 

effect of chemical dispersants have been studied using laboratory-scale 

experimental techniques. A mechanistic modeling approach to capture this effect 

has been demonstrated in this work. The notion that dispersants slow down the 

process of aggregation and the asphaltene aggregates grow in size at a slower rate 

has also been illustrated in detail. 
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Figure 4.9. PSD of asphaltene aggregates with different concentrations of chemical 

I2 in crude P3 (47.5 vol% n-heptane) at ambient conditions 
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4.4. Chapter Summary  

A very detailed investigation of the asphaltene precipitation and aggregation 

kinetics has been performed. The effect of different parameters on the precipitation 

and aggregation parameters has been studied. As the driving force and temperature 

change, the precipitation kinetic parameter changes as well. A scaling function has 

been established to estimate the value of the precipitation kinetic parameter at 

different temperatures and different driving forces towards asphaltene 

precipitation and aggregation. On the addition of a chemical, the chemical interferes 

with the surface characteristics of the asphaltene itself and interferes with the 

interactions between the asphaltene aggregates, thus, affecting the aggregation 

kinetic parameter. These studies pave the way for the asphaltene deposition studies. 

The calibrated precipitation and aggregation kinetic parameter can now be used in 

the asphaltene deposition model for analyzing the rate of deposition at both 

ambient and HPHT conditions. 
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Chapter 5 

Modeling Asphaltene Deposition in 

Packed Bed Column 

There have been different experimental techniques developed over the years 

to study asphaltene deposition at the laboratory scale. These were outlined in 

Chapter 2. The capabilities and limitations of each of those techniques were also 

discussed. Recently, a new system to study asphaltene deposition on metallic 

surfaces in a column packed has been developed [15]–[17]. In this work, modeling 

of asphaltene deposition in a packed bed column is investigated in detail. Modeling 

of asphaltene deposition in a packed bed column helps to understand the axial 

deposition profile, the rate of asphaltene deposition and calibrate the deposition 

kinetic parameter in the developed asphaltene deposition simulator. This 

investigation sheds light on the underlying physics of the asphaltene deposition 

process and provides a new tool that can be used to study asphaltene deposition. 
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The phenomenon of asphaltene deposition taking place in the packed bed 

column is a very interesting, yet a complex process. The model implemented to 

study this process needs to be comprehensive of the mechanisms taking place in the 

column. This demands a rigorous modeling approach and prediction technique for 

the simulation of asphaltene deposition in such a geometry. The development of a 

CFD model to estimate asphaltene deposition in a packed bed column will be 

discussed. This work shows the application of three-dimensional simulations to 

estimate the amount of asphaltene deposited in the packed bed column. Calibration 

of the deposition model parameters using such an in-depth procedure helps to 

successfully scale from the laboratory to real field conditions. Modeling deposition 

in a packed bed column facilitates in understanding the deposition tendency of the 

asphaltenes. 

5.1. Experimental Procedure 

In this work, the experimental procedure developed by Kuang et al. has been 

used for deposition model development [17]. A brief description is provided here. 

More details can be found elsewhere [16], [17].  

The 316 stainless steel column has an outer diameter of 0.5 inches and a 

height of 5.1 inches. It is packed with about 975 to 985 carbon steel spheres which 

have a diameter of 3/32 inches. The pore volume and permeability of this stainless 

steel packed column is 5.80 mL and 362.36 D respectively. The schematic of the 

HPHT deposition setup is shown in Figure 5.1. The operating temperature (70 – 570 
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°F) is controlled inside an explosion-proof oven, and the downstream pressure (0 –

3000 psi) is manipulated by a back pressure regulator connected to the outlet of the 

column. Two High-performance liquid chromatography (HPLC) pumps are used to 

co-inject crude oil and the precipitant at constant flow rates. The fluids are mixed 

through a T-junction within in an ultrasonic bath to facilitate complete mixing and 

then fed into a temperature-controlled oven to reach the desired temperature. The 

mixture is then injected into the packed column which is maintained at the required 

temperature inside the oven. Pressure transducers are used to continuously 

monitor the pressure drop across the entire column and between each section.  

 

Figure 5.1. (a) Schematic diagram of the HPHT packed bed column deposition test, 

(b) Stainless steel packed bed column and teflon tubing inside the oven (Reprinted 

with permission from Kuang et al. [17]) 

The mass of deposited materials and deposited asphaltenes, the deposition 

flux, and the asphaltenes to deposits ratio are quantified after each experiment. In 

order to obtain the actual mass of deposited asphaltenes first, the deposited 
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materials are pre-rinsed with a neutral solvent (cyclohexane) to remove the 

occluded oil trapped in the deposits. A neutral solvent can neither re-dissolve the 

deposited asphaltenes nor precipitate asphaltenes from the occluded oil. The 

occluded oil in the neutral solvent is removed by filtration, and the deposits on the 

filter paper are then washed in a Soxhlet extractor to remove any non-asphaltenic 

materials remaining in the deposits. The deposited asphaltenes on the spheres are 

collected by a second wash in a Soxhlet extractor using toluene. Finally, the mass of 

actual asphaltene deposition is quantified after toluene is evaporated at 248 °F [17]. 

Overall, the stainless-steel packed bed column deposition setup has been 

developed to determine the asphaltene deposition rates at high temperature and 

under dynamic conditions. The effects of precipitant, precipitant to oil ratio, oil, and 

sphere size will be further investigated. The experimental results from the multi-

section packed bed column, along with the precipitation and aggregation 

experiments are used to calibrate the developed asphaltene deposition model. 

5.2. Modeling Technique  

The transport of asphaltenes in this HPHT packed bed column is modeled 

using a multi-step mechanism, which includes, precipitation, aggregation, advection, 

diffusion, and deposition [27]. FEM based modeling technique illustrated in Chapter 

3 will be used to solve the momentum and mass transfer equations shown in this 

section. The deposition kinetic parameter will then be calibrated with respect to 

experimental data. This would help in understanding the rate of deposition. 
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Fluid flow simulation in the packed bed column is first performed for the 

three-dimensional geometry (x, y and z coordinates). These simulations are 

important because it will help in understanding the fluid flow and velocity profiles 

in the system and also the solution to these simulations will further facilitate to 

model asphaltene deposition in such a geometry. Laminar fluid flow simulation is 

performed for the constructed geometry by solving the incompressible form of the 

Navier-Stokes equations. The equations used to perform the fluid flow simulation 

and the corresponding initial and boundary conditions are shown in equations (5.1) 

and (5.2). 

𝜌
𝜕𝒖

𝜕𝑡
+ 𝜌(𝒖. 𝛁)𝒖 = 𝛁. (−𝑝𝐼 + 𝜇𝛁𝒖) + 𝜌𝑔𝑧 (5.1) 

where, 𝒖 is the velocity field, 𝑝 is the pressure, 𝜌 is the density of the fluid, 𝜇 is the 

viscosity of the fluid and 𝑔𝑧 is the acceleration due to gravity.  

Initial condition: 𝒖(𝑡 = 0) = 0,  ∀𝑥, 𝑦, 𝑧 

Boundary conditions: 𝑡 > 0 

𝒖 (𝑜𝑛 𝑚𝑒𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠) = 0 

𝒖 (𝑧 = 0) = 𝑢𝑖𝑛,  ∀𝑥, 𝑦 

𝒏. 𝝈 (𝑧 = 𝐿) = 0,  ∀𝑥, 𝑦 

(5.2) 

where, 𝒏 refers to a normal vector, 𝐿 is the length of the packed bed column and 𝝈 is 

the shear stress. 

A change in the composition of the oil, due to the addition of a precipitant, 

can make the asphaltenes that are originally dissolved in the oil unstable, causing 
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phase separation of asphaltenes and hence, precipitation of asphaltenes. These 

precipitated particles are then susceptible to further aggregate with each other to 

form larger-sized aggregates and deposit on the surface of the spheres in the packed 

bed column. Asphaltene precipitation is assumed to be instantaneous as the 

precipitant is injected into the crude oil. The model equation is similar to the one 

introduced in Chapter 3 while describing the deposition module of the asphaltene 

deposition simulator developed for the wellbore. The mathematical model can be 

written as the material balance of the primary particles in the transient state over a 

control volume of the packed bed column and is represented by the following 

equation: 

𝜕𝐶

𝜕𝑡
+ (𝒖. 𝜵)𝐶 = 𝐷𝑒𝛻

2𝐶 − 𝐾𝑎𝑔𝐶
2 − (𝑘𝑑)𝑝𝑏(𝐺𝑢)𝑝𝑏𝐶 (5.3) 

where 𝐶 is the dimensionless concentration of asphaltene primary particles. The 

concentrations are normalized with respect to 𝐶0 which the initial concentration of 

asphaltene primary particles is solubilized in the oil phase before the addition of the 

precipitant. 𝐷𝑒 is the diffusivity of asphaltene particles, which is calculated using the 

Stokes-Einstein relation [61]. The velocity field 𝒖 is obtained by solving the Navier-

Stokes equation for flow in the required packed bed column geometry and (𝐺𝑢)𝑝𝑏 =

 (𝒏𝒏𝑻: 𝜵𝒖)𝑝𝑏 for the packed bed column, where 𝒏 refers to a unit normal vector and 

𝒏𝑻 is the transpose of the unit normal vector. 𝐾𝑎𝑔 = 𝑘ag𝐶𝑜 (Aggregation kinetic 

parameter) is obtained by modeling asphaltene precipitation and aggregation 

kinetics, as shown in Chapter 4. Hence, (𝑘𝑑)𝑝𝑏 (Deposition kinetic parameter for 

packed bed) is the only tuning parameter of this asphaltene deposition model for 
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packed bed column. It is tuned such that the difference between the mass of 

asphaltenes deposited on the surface of the spheres, obtained from the experiment 

and the simulation is a minimum. The initial and boundary conditions are given as; 

Initial condition: 𝐶(𝑡 = 0) = 0,  ∀𝑥, 𝑦, 𝑧 

Boundary conditions: for all 𝑡 > 0 

𝒏.𝜵𝐶(𝑎𝑡 𝑚𝑒𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠) = 0 

𝐶(𝑧 = 0) = 𝐶𝑖𝑛,  ∀ 𝑥, 𝑦 

−𝒏.𝐷𝑒𝜵𝐶(𝑧 = 𝐿) = 0,  ∀ 𝑥, 𝑦 

(5.4) 

where, 𝐶𝑖𝑛 is the dimensionless concentration of available asphaltene primary 

particles at inlet conditions. All the simulations are performed for a three-

dimensional geometry of the packed bed column. Time integration is performed 

using the semi-implicit BDF technique. 

5.3. Geometry Building and Mesh Generation 

The representative geometry for CFD simulation is constructed using the 

specifications of the HPHT packed bed column deposition set up shown in Table 5.1.  

Table 5.1. Geometric specifications of packed bed column [67] 

Specification Value 

Diameter of the column (inch) 0.5  
Height of the column (inch) 5.1  

Diameter of the spheres (inch) 3/32  
Number of spheres 981 

Void Fraction 0.5773 
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The geometry is constructed in such a way that lattices with 12 spheres each 

are stacked one over the other. Each lattice is displaced by an angle of 45 degrees 

along the centerline and then placed over the previous lattice. To construct the 

geometry of the packed bed column, the position of the spheres (x, y, z coordinates 

of the sphere center), the number of spheres in a lattice and the number of lattices 

stacked one over the other, are obtained using a MATLAB code. With the help of the 

positions of the spheres in three-dimensional space, the geometry construction and 

mesh generation are performed using Gmsh: a three-dimensional finite element 

mesh generator [68].  

Once the geometry is created, a finite element mesh for the numerical 

simulation is needed. It should be made sure that for the numerical fluid flow 

simulation all mesh elements have a finite dimension on all edges. But, this is not the 

case at contact points between solid parts in the geometry. While meshing this 

geometry, the continuity of the meshes is disrupted, as the spheres are in contact 

with each other. Thus, a gap must be introduced between solid surfaces in the 

model. The radius of each of the spheres can be reduced in order to achieve this. 

Hence, a sensitivity study has been performed to understand the effect of the 

reduction of the sphere size on the fluid flow and column pressure drop. Figure 5.2 

shows the variation of the sphere size and its corresponding impact on the pressure 

drop for different particle Reynolds number. In order to evaluate the pressure drop 

for the case when the spheres are in contact with each other, the Ergun equation is 

used, which is given as, 
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𝜓 =
150

𝑅𝑒𝑝

(1 − 𝜙)

𝜙3
+ 1.75

(1 − 𝜙)

𝜙3
 (5.5) 

where, 𝜓 is the dimensionless pressure drop and hence, the dimensional pressure 

drop is given as, 𝛥𝑃 = 𝜓𝐿
𝜌𝑈2

𝑑𝑝
. The particle Reynolds number for packed bed column 

is calculated as, 𝑅𝑒𝑝 =
𝜌𝑈𝑑𝑝

𝜇(1−𝜙)
..  𝑑𝑝 is the diameter of the spheres, 𝑈 is the superficial 

fluid flow velocity and 𝜙 is the void fraction. For all the cases shown in Figure 5.2, 

pressure drop calculations have been performed with respect to the geometry 

shown in Table 5.1, when a fluid, which has a viscosity of 5.1 cP and a density of 

771.1 kg/m3, flows through the column. 

 

Figure 5.2. Sensitivity analysis to study the effect of sphere size reduction on 

pressure drop [67] 

Based on the results from Figure 5.2, for this study, the diameter of the 

spheres was reduced by 1%, so that a reasonable match with the pressure drop 
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values is obtained when the spheres are in contact with each other (Ergun equation 

calculations – black solid line) without exponentially increasing the number of mesh 

elements, which would increase the computational time and memory. The void 

fraction, as a result, increases by 2% to a value of 0.5899. The mesh used in this 

work is a structured tetrahedral mesh. The spheres in the packed bed (without the 

outer column) and the surface mesh generated, are shown in Figure 5.3. 

 

Figure 5.3. Geometry of packed bed column and surface mesh generation shown for 

a section of the column (along the x-z plane) [67] 

5.4. Results and Discussion 

Using the geometry built and mesh generated, as shown in section 5.3, CFD 

simulations are performed. All experiments considered in this section, for 
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calibrating the deposition kinetic parameter, are performed in the packed bed 

column set up, as per the specifications in Table 5.1, at a temperature of 176 °F.  

5.4.1. Fluid Flow Simulation 

To illustrate the fluid flow simulation and deposition simulation by the 

implementation of the CFD modeling technique, the packed bed column operating 

conditions, corresponding to Test #1, shown in Table 5.2, are considered. The 

properties of crude C2 are given in Table 4.1. 

Table 5.2. Different deposition tests performed in the packed bed column using 

crude C2 [67] 

Property Test #1 Test #2 

Size of the spheres (inch) 3/32  3/32  

Type of Precipitant n-pentane n-heptane 

Amount of precipitant (vol%) 60% 60% 

Flow rate of  oil (mL/hour) 3.6 3.6 

Flow rate of  precipitant 
(mL/hour) 

5.4 5.4 

Run time (hour) 6 6 

Velocity profiles are simulated by solving equation (5.1), using the initial and 

boundary conditions shown in equation (5.2). Single phase laminar flow simulations 

have been performed. The velocity profiles along different lengths of the packed bed 

column are shown in Figure 5.4. It can be seen from the fluid flow simulation results 

that the fluid velocity is greatest in the narrow spaces that occur in between spheres 

stacked together in a lattice. This happens because the fluid is forced to flow 
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through a relatively smaller space, compelling it to accelerate. This causes several 

areas of local maximum velocity in this type of geometry.  

 

Figure 5.4. Velocity profiles (x-y planes) across different lengths of the packed bed 

column (test #1) [67] 

If we proceed from the center of the column, along the radius, the magnitude 

of velocity peaks at two points. The first peak is seen along the centerline of the 

column, as it is surrounded by three spheres of a lattice, rendering an extremely 

constricted flow. The second peak occurs at the contact occurring between the 

spheres closer the centerline and its neighboring sphere. The slice velocity profiles 

show the variation of the fluid flow along the x-y plane. It can be seen that these are 

in fact the two areas where local maximum velocities occur. It should be noted that 

no-slip boundary condition has been applied on the surface of the stainless steel 
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spheres and the surface of the packed bed column. In this work, the packed bed 

column is operated only in the laminar region, where, 𝑅𝑒𝑝 < 10. 

5.4.2. Asphaltene Deposition Simulation 

Deposition simulations are performed by solving equation (5.3) using the 

initial and boundary conditions in equation (5.4) and operating conditions in Table 

5.2 for test #1. The hydrodynamics evaluated using the fluid flow simulation 

facilitates in further solving the mass transfer equations. The deposition kinetic 

parameter has been calibrated with respect to the experimental deposition test 

result shown in Table 5.3 for crude C2 (Test #1). The value of the aggregation 

parameter for crude C2 was evaluated in Chapter 4, section 4.3.1 as 𝐾𝑎𝑔 = 5x10-6 s-1. 

(𝑘𝑑)𝑝𝑏 is tuned such that the simulation results match the experimental results 

corresponding to the mass of asphaltenes deposited on the surface of the spheres in 

the top and bottom section of the column. The calibration is performed with respect 

to the mass of asphaltenes only and not the mass of the total deposited material, as 

(𝑘𝑑)𝑝𝑏 is reflective of the deposition rate of only asphaltenes. 

Table 5.3. Experimental results for different deposition tests performed using 

crude C2 in packed bed column [67] 

Column section 
Mass of deposited asphaltenes (mg) 

Test #1 Test #2 

Deposits in the top section 15.4 14.2 

Deposits in the bottom section 662.7 217.2 

Total 678.1 231.4 
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Figure 5.5 shows the cumulative mass of asphaltenes deposited along the 

length of the packed bed column. It was found that the (𝑘𝑑)𝑝𝑏 = 1.5x10-4 yields CFD 

modeling results which match the experimental results for test #1 the best. The 

deposition profiles along the length of the packed bed column across the x-y plane 

are shown in Figure 5.6. It can be seen from Figure 5.5 and Figure 5.6 that the 

amount of asphaltene deposited in the bottom section of the column is much more 

than that obtained from the top section of the column for the selected operating 

conditions. This provides evidence that asphaltene deposition is more likely to 

occur shortly after the asphaltenes in the oil are destabilized by the addition of the 

precipitant. This is seen in the modeling results as well.  

 

Figure 5.5. Cumulative mass of asphaltene deposited with respect to the length of 

the packed bed column (test #1) [67] 
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As the oil-precipitant mixtures enters the inlet of the packed bed column, 

there is an influx of precipitated asphaltene nanoaggregates (asphaltene primary 

particles) into the column. They further aggregate and deposit on the surface of the 

spheres. The aggregation of asphaltene nanoaggregates and its diffusion towards 

the boundary layer of the spheres, hence its deposition, are competing phenomena. 

The model is developed in such a way that, deposition profiles in the packed bed 

column are simulated for the available primary particles, surface area, flow rate, and 

residence time. Based on the aggregation and surface deposition rates, the 

precipitated asphaltenes adhere to the surface of the spheres in the bottom section 

of the column as soon as they get in contact with their metallic surfaces. 

Figure 5.6 is obtained as a result of the CFD simulation. The asphaltene 

deposit profiles can be seen around the surface of the spheres. The cumulative mass 

of the asphaltene deposited on the surface of the spheres in the column is evaluated 

by constructing a concentration boundary layer over the surface of each of the 

spheres and calculating the mass of deposited asphaltene in those boundary layers. 

The concentration boundary layer develops when there is a difference in 

concentration of a component between the free stream and the surface. The 

thickness of the concentration boundary layer is defined as that point at which the 

difference in concentration between the fluid and the surface is 99% of the 

difference in concentration between the free stream fluid and the surface. The 

concentration of deposited asphaltene is zero in the free stream of the fluid. Hence, 

the concentration boundary layer thickness, in this work, simplifies to the distance 

from the sphere–fluid interface where the concentration of deposited asphaltene in 
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the fluid is 1% of the concentration of deposited asphaltene on the surface of the 

sphere, and hence this forms our thickness of the deposited asphaltene. Once the 

rate of asphaltene deposition, 𝑅𝑑 = (𝑘𝑑)𝑝𝑏(𝒏𝒏
𝑻: 𝜵𝒖)𝑝𝑏𝐶 is calculated after solving 

equation (5.3), the corresponding concentration of deposited asphaltenes (𝐶𝑑) and 

the mass of deposited asphaltenes in the system can be calculated (𝑚𝑑). Figure 5.6 

precisely shows how the mass of deposited asphaltene decreases as we move from 

the surface of the sphere towards the bulk of the system. This feature is captured by 

the model using the surface deposition mechanism implemented for the asphaltene 

deposition calculations and simulations. CFD simulations and deposition kinetic 

parameter calibrations have been performed only after achieving mesh 

independency. 

 

Figure 5.6. Deposition profiles (x-y planes) across different lengths of the packed 

bed column (test #1) [67] 
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5.4.3. Effect of Precipitant 

To investigate the effect of the type of precipitant used on the asphaltene 

deposition process taking place in the packed bed column, test #1 and test #2 are 

considered. The operating conditions and experimental results of the deposition 

tests are shown in Table 5.2 and Table 5.3 respectively. The fluid properties used to 

perform the CFD simulation are shown in Table 5.4. The deposition kinetic 

parameter, (𝑘𝑑)𝑝𝑏 is tuned in each case to match the experimental data. The 

cumulative mass of asphaltene deposited on the surface of the spheres, for the cases 

when n-pentane and n-heptane are used as precipitant are shown in Figure 5.7.  

A comparison between the experimental and model simulation results and 

their corresponding deposition kinetic parameter values are shown in Table 5.5. 

The amount of asphaltenes deposited, when n-heptane is used as a precipitant is 

much lower than that deposited when n-pentane is used, for the same run-time and 

flow rate. Hence, the rate of deposition is higher when n-pentane is used as 

precipitant and this is seen in the values of the deposition kinetic parameter as well.  

Table 5.4. Fluid properties at 176 °F for test #1 and test #2 [67] 

Test Precipitant 
Density of 

precipitant 
(g/cm3) 

Viscosity of 
precipitant 

(cP) 

Density of Oil-
precipitant 

mixture (g/cm3) 

Viscosity of Oil-
precipitant 

mixture (cP) 

1 n-pentane 0.5628 0.14 0.7711 5.1 

2 n-heptane 0.6314 0.23 0.7986 6.1 
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Figure 5.7. Comparison of the cumulative mass of asphaltene deposited with 

respect to the length of the packed bed column when 60 vol% n-pentane and 60 

vol% n-heptane are used as a precipitant [67] 

Table 5.5. Comparison of the mass of deposited asphaltenes and deposition kinetic 

parameter between test #1 and test #2 [67] 

Test 

Deposition on Spheres Deposition kinetic 
parameter  

(𝒌𝒅)𝒑𝒃 Experiment (mg) CFD Model (mg) 

1 678.1 678.1 1.5x10-4 

2 231.4 223.2 7.6x10-5 

The stability of the asphaltenes in the oil phase can be evaluated by 

determining the onset of asphaltene precipitation. The indirect method, developed 

by Tavakkoli et al.[28] can be used to detect and quantify asphaltene precipitation in 

dead oil samples. The destabilization of asphaltenes by n-alkanes can induce 
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different amounts of precipitated asphaltenes because of the inherent natures of 

asphaltene fractions. If the solubility parameter of the oil-precipitant mixture is 

known at its onset of precipitation (𝛿𝑜𝑛𝑠𝑒𝑡), then the difference between the 

solubility parameters of an oil-precipitant mixture at any instant (𝛿𝑚𝑖𝑥) and that at 

its onset of precipitation, gives a factor to measure the stability of the asphaltenes in 

the mixture.  

Higher the difference between the solubility parameters, ∆𝛿 = (𝛿𝑜𝑛𝑠𝑒𝑡 −

𝛿𝑚𝑖𝑥), lower is the stability of the asphaltenes, higher would be the driving force 

towards asphaltene precipitation and deposition and hence, higher would be the 

concentration of the unstable asphaltenes (asphaltene primary particles). The 

solubility parameters of pure components can be calculated from their respective 

refractive index values [69]. The solubility parameter of a mixture can be calculated 

according to the mixing rule proposed by Vargas et al.[70]. The equations used to 

perform these calculations are shown as follows, 

𝐹𝑅𝐼 =
(𝑁2 − 1)

(𝑁2 + 2)
  

𝛿 = 52.042 𝐹𝑅𝐼 + 2.904 

𝛿𝑚𝑖𝑥
2 =∑𝑣𝑖 𝛿𝑖

2 

(5.6) 

where, 𝑁 is the refractive index of a component, 𝑣𝑖  is the volume fraction and 𝛿𝑖 is 

the solubility parameter of component 𝑖. The refractive index of crude C2 at 68 °F is 

1.51 and at 176 °F is 1.49. The solubility parameters of n-pentane and n-heptane at 

higher temperatures are evaluated using PC-SAFT EOS. Calculations are performed 
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using this procedure and the resultant values of ∆𝛿 for test #1 and test #2 are 

shown in Table 5.6. It shows the results of the measured onsets of asphaltene 

precipitation, as well as the calculated solubility parameters.  

Table 5.6. Comparison of refractive indices, solubility parameters and onsets of 

asphaltene precipitation for test #1 and test #2 [67] 

Test Precipitant 

Solubility 
parameter of 
precipitant, 
𝜹𝒑𝒓𝒆𝒄𝒊𝒑 

(MPa0.5) 

Onset of 
precipitation 

(vol% of 
precipitant) 

Solubility 
parameter 

at onset, 
𝜹𝒐𝒏𝒔𝒆𝒕 

(MPa0.5) 

Solubility 
parameter 
of 60 vol% 
precipitant 

and 40 
vol% oil, 
𝜹𝒎𝒊𝒙 

(MPa0.5) 

∆𝜹 =
(𝜹𝒐𝒏𝒔𝒆𝒕 −
𝜹𝒎𝒊𝒙)  

(MPa0.5) 

68 °F 176 °F 

1 n-pentane 14.33 13.12 31 16.72 15.30 1.42 

2 n-heptane 15.18 13.91 34 16.92 15.72 1.19 

The detection of asphaltene precipitation is 31 vol % of n-pentane and 34 vol 

% of n-heptane, respectively, as determined by the indirect method.[71] When the 

crude C2 is destabilized by 60 vol% of the precipitant, ∆𝛿 is 1.42 for the experiment 

with n-pentane and 1.19 for the experiment with n-heptane. Hence, the driving force 

towards precipitation and consequent deposition is higher in the case where n-

pentane is used as a precipitant. This is consistent with the results obtained from 

CFD simulations. The mass of asphaltene deposited and the deposition kinetic 

parameter are higher when the ∆𝛿 = (𝛿𝑜𝑛𝑠𝑒𝑡 − 𝛿𝑚𝑖𝑥) is higher. 

The concentration of unstable precipitated asphaltene formed due to the 

addition of n-pentane or n-heptane can also be calculated for the given conditions. 

Table 5.7 shows the different values of the unstable asphaltene concentrations on 
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the addition of different precipitant. Even though the pressure, temperature, flow 

rates, and run-time are the same in both these cases, the driving force for 

precipitation and concentration of the unstable asphaltenes formed as a result of the 

precipitation are very different, as these values correspond to the type of precipitant 

used in each test. These relationships prove to be useful, as they can be extended to 

study the effect of precipitant-to-oil ratio on the rate of asphaltene deposition. The 

driving force towards asphaltene deposition, in that case, would be induced by 

different volume percent of the precipitant injected into the oil sample. As the 

volume percent of precipitant increases, ∆𝛿 increases, the driving force towards 

deposition increases and hence, the concentration of unstable asphaltene increases. 

The concentration of the precipitant in the mixture dictates the amount of 

asphaltenes that will become unstable and the rate at which these asphaltenes 

further aggregate with each other and deposit. It can accordingly be inferred that 

with an increase in the concentration of the precipitant, (𝑘𝑑)𝑝𝑏 and the deposition 

rate correspondingly increase. Hence, the type of precipitant and precipitant-to-oil 

ratio used to destabilize the asphaltenes in the oil phase and cause effective 

deposition, play a crucial role in the laboratory-scale asphaltene deposition studies. 

Table 5.7. Comparison of unstable asphaltene concentration for test #1 and test #2  

Test Precipitant 

% Asphaltene 
precipitated with 60 vol% 

precipitant  
(with respect to total 

asphaltenes) 

Unstable asphaltene 
concentration (weight of 

asphaltenes precipitated/weight 
of total asphaltenes) 

1 n-pentane 69.22 0.0768 

2 n-heptane 54.38 0.0549 
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5.4.4. Effect of Run Time 

Based on the simulations performed in section 5.4.3, the effect of run-time on 

the mass of asphaltene deposited can be investigated. Though the experimental 

results are available only for a run-time of 6 hours, the CFD simulation results can 

be used to analyze the effect of time. This is possible as the deposition kinetic 

parameter has been tuned to match the mass of asphaltene deposited at both the 

top and bottom sections of the column, obtained from the experiments. Figure 5.8 

shows the variation of the total mass of asphaltene deposited in the packed bed 

column with respect to time.  

 

Figure 5.8. Cumulative mass of asphaltene deposited with respect to run 

time for test #1 and test #2 [67] 
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The cumulative mass of asphaltene deposited in the packed bed column 

increases with run-time as there is a continuous influx of asphaltene primary 

particles as the oil-precipitant mixture flows into the column, which are available 

for further aggregation and deposition. The amount of asphaltene deposited is not 

linear with respect to time. The rate of deposition depends on other competing 

phenomenon taking place in the column, which includes the aggregation of 

asphaltenes, their consequent diffusion towards the spheres and flow rate of the oil-

precipitant mixture. This is captured with the help of the multi-step deposition 

model introduced in this work. 

5.4.5. Effect of Chemical Addition 

As discussed in section 4.3.4, one of the most widely used methods attempted 

to mitigate asphaltene deposition is by the use of chemical injection. Chemicals 

injected into the oil, usually act as chemical dispersants by delaying asphaltene 

aggregation. The injection of asphaltene dispersants is expected to prevent the 

aggregation and deposition of asphaltenes [72]. A problem with using chemical 

dispersants is that the reduction in the sizes of asphaltene aggregates has not been 

shown to always reduce the overall asphaltene deposition [73]. This concern arises 

because only the asphaltene aggregates, which are smaller than the critical particle 

size, participate in the deposition process, as they have a higher surface area which 

in turn can increase the deposition tendency. The large aggregated particles are 

considered to be carried with the flow because of inertia and do not tend to deposit 

[21].  
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The effect of chemical addition on precipitation and aggregation kinetics and 

the decrease in the value of the aggregation kinetic parameter was seen in 4.3.4. 

Asphaltene deposition with chemical injection has also been studied experimentally 

using packed bed column experiments [17]. Hence, it is of prime interest to 

investigate the changes in the values of the deposition kinetic parameters due to the 

addition of a chemical. This will facilitate in analyzing the effect of chemicals on the 

deposition mechanism. The current deposition model, introduced in Section 3, does 

not have the feasibility to capture the effect of a chemical dosage on asphaltene 

deposition, but it possesses the capability to be extended. Such an extension will 

provide valuable information on how the aggregation and deposition processes are 

altered. Based on the rates of aggregation and deposition obtained, it will become 

easier to infer if a given chemical will act just as a dispersant, delaying the 

aggregation process or act as an asphaltene inhibitor, reducing further deposition 

build up.  

To account for the interaction of the chemical with the asphaltenes and the 

metallic surfaces, a new kinetic parameter (𝑘𝑎𝑑)𝑝𝑏 is introduced. This captures the 

rate of formation of the first monolayer of asphaltene deposit on the surface of the 

packed bed spheres. The kinetic parameter (𝑘𝑏𝑑)𝑝𝑏 is used to calculate the further 

asphaltene deposit build up. The material balance of asphaltenes in the transient 

state over a control volume in a packed bed column, accounting for the effect of 

chemical addition, can now be written as, 
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𝜕𝐶

𝜕𝑡
+ (𝒖.𝜵)𝐶 = 𝐷𝑒𝛻

2𝐶 − 𝐾𝑎𝑔𝐶
2 − 𝑅𝑑  

𝑅𝑑 = {

(𝑘𝑎𝑑)𝑝𝑏(𝐺𝑢)𝑝𝑏𝐶, ∀ 𝑥, 𝑦, 𝑧 𝑜𝑛 𝑠𝑝ℎ𝑒𝑟𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

(𝑘𝑏𝑑)𝑝𝑏(𝐺𝑢)𝑝𝑏𝐶,                         ∀ 𝑥, 𝑦, 𝑧 𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒
 

(5.7) 

where, 𝑅𝑑  is the rate of asphaltene deposition. If the chemical affects the surface-

asphaltene interaction, then the value of (𝑘𝑎𝑑)𝑝𝑏 will be affected, whereas, if the 

chemical affects the interactions between the asphaltenes, the value of (𝑘𝑏𝑑)𝑝𝑏will 

be affected. Irrespective of how the chemical affects (𝑘𝑎𝑑)𝑝𝑏and (𝑘𝑏𝑑)𝑝𝑏, it might 

affect 𝐾𝑎𝑔 which is the aggregation kinetic parameter. This extension of the original 

model illustrated in section 5.2 does not increase the number of degrees of freedom. 

In this modeling technique, it will also be made sure during the CFD simulation that 

the mass of deposited asphaltene with respect to run-time passes through the 

deposition lag time, 𝑡Δ𝑃 [17]. In this work, it is defined as the time at which any first 

visible pressure drop is measured using the pressure transducers in the 

experimental set up. This adds another constraint to the calibration technique, 

where we tune the (𝑘𝑎𝑑)𝑝𝑏and (𝑘𝑏𝑑)𝑝𝑏 kinetic parameters with respect to 

experimental data.  

5.4.5.1. Illustration of Modified Deposition Model  

The effect of chemical dosage on crude P3 was studied by performing 

deposition tests using a packed bed column [17]. The operating conditions of the 

deposition tests are shown in Table 5.8. Experiments were performed with different 

dosages of the I2 chemical (0, 200 and 400 ppm). The experimental results of the 



        97 

total amount of asphaltenes deposited in the column are shown in Table 5.9. The 

properties of crude P3 are given in Table 4.1. CFD modeling is performed in line 

with the procedure illustrated in sections 5.4.1 and 5.4.2, but with the mass transfer 

equation (5.7). Table 4.4 shows  𝐾𝑎𝑔 values obtained for different concentrations of 

chemical I2 added to crude P3. 

Table 5.8. Deposition test performed in the packed bed column using crude P3 [66] 

Property Value 

Type of Precipitant n-heptane 

Amount of precipitant (vol%) 70% 

Flow rate of  oil (mL/hour) 2.7 

Flow rate of  precipitant 
(mL/hour) 

6.3 

Run time (hour) 16 

Table 5.9. Packed bed column experimental results for crude P3 (70 vol% n-

heptane) with 0, 200 ppm and 400 ppm of chemical I2 [66] 

Test 
Dosage of 

chemical (ppm) 

Mass of deposit 
(mg) 

Deposition lag 
time (minutes) 

1 0 197.8 406 

2 200 218.2 634 

3 400 200.3 667 

(𝑘𝑎𝑑)𝑝𝑏and (𝑘𝑏𝑑)𝑝𝑏 are calibrated for each case with respect to the 

cumulative mass of deposited asphaltene in the top and bottom section of the 

packed bed column, obtained from the deposition experiments. The deposition 

modeling results are shown in Table 5.10 for comparison with the experimentally 

obtained values. The corresponding CFD simulation results are shown in Figure 5.9. 

All the calibrated values of the kinetic parameters are summarized in Table 5.11. 
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Table 5.10. Comparison of experimental and modeling results obtained to analyze 

the effect of chemical I2 dosage in crude P3[66] 

Test 
Dosage of chemical 

(ppm) 

Deposition on Spheres 

Experiment (mg) CFD Model (mg) 

1 0 197.8 195.3 

2 200 218.2 208.7 

3 400 200.3 221.8 

 

Figure 5.9. CFD simulation results showing the variation of mass of 

asphaltene for different concentrations of chemical I2 in crude P3 [66] 

Table 5.11. Summary of modeling results for different chemical dosages in crude P3  

Test 
Dosage of 
chemical 

(ppm) 

Aggregation 
Kinetic 

Parameter  
(𝑲𝒂𝒈)(s-1) 

Adsorption 
Kinetic 

Parameter  
(𝒌𝒂𝒅)𝒑𝒃 

Deposition 
Kinetic 

Parameter  
(𝒌𝒃𝒅)𝒑𝒃 

1 0 8.463x10-5 5.3x10-5 5.3x10-5 

2 200 2.022x10-5 4.0x10-6 9.2x10-5 

3 400 5.362x10-6 2.7x10-6 1.5x10-4 
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When no chemical is added, it is seen from Table 5.11 that (𝑘𝑎𝑑)𝑝𝑏 = (𝑘𝑏𝑑)𝑝𝑏, 

which means that the rate of formation of the first monolayer on the surface of the 

spheres is the same as the rate of subsequent deposition. The interactions between 

asphaltenes and with the surface are not affected. But, when a certain amount of the 

chemical I2 is injected into crude P3, the value of 𝐾𝑎𝑔 decreases, as discussed in 

section 4.3.4. The average size of asphaltene aggregates increases at a slower rate in 

the presence of chemical I2. This further increases the rate of diffusion of the 

asphaltenes towards the boundary layer of the surface of the spheres, which might 

in turn result in more asphaltene deposition. The asphaltene deposition rates are 

expected to be higher.  

On the contrary, it is seen that (𝑘𝑎𝑑)𝑝𝑏 decreases with an increase in dosage 

of the chemical. This indicates that the chemical is affecting the surface-asphaltene 

interactions. But, (𝑘𝑏𝑑)𝑝𝑏 is seen to be increasing, indicating an increased deposit 

build up later. This is due to the decreased aggregation rate, contributing to an 

increase in the diffusion towards the surface boundary layers and rate of deposition. 

The increased values of (𝑘𝑏𝑑)𝑝𝑏 are also indicative of the fact that the interactions 

between the asphaltenes are influenced, affecting the further rate of asphaltene 

build up. The total amount of deposition is not affected by the increased dosage of 

the chemical I2, as the chemical is affecting the interactions between the asphaltene 

aggregates and with the surface. A higher concentration of the chemical does not 

seem to have an impact on the reduction of asphaltene deposition in crude P3. The 
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chemical does act as a dispersant, but it does not effectively increase or decrease 

asphaltene deposition in this case. 

5.4.5.2. Sensitivity Analysis of Deposition Kinetic Parameters 

To further demonstrate the capabilities of the modified deposition model 

developed to analyze the effect of chemical addition on asphaltene deposition, 

different values of the kinetic parameters are assumed and a sensitivity analysis is 

performed. The scenarios considered for this analysis are shown in Table 5.12. The 

CFD simulation results for all the cases considered in Table 5.12 are shown in Figure 

5.10 for comparison. Crude C2 is considered for all the simulations. 

Table 5.12. Scenarios considered to illustrate the applicability of the extended 

deposition model to analyze the effect of chemical addition [67] 

Case 
𝒕𝚫𝑷 

(hour) 

Aggregation Kinetic 
Parameter   
(𝑲𝒂𝒈)(s-1) 

Adsorption Kinetic 
Parameter  
(𝒌𝒂𝒅)𝒑𝒃 

Deposition Kinetic 
Parameter  
(𝒌𝒃𝒅)𝒑𝒃 

1 2.3 5.0x10-6 1.5x10-4 1.5x10-4 

2 4.0 6.5x10-5 8.0x10-5 6.0x10-5 

3 1.5 5.0x10-7 7.5x10-4 7.5x10-4 

4 3.0 1.0x10-6 6.0x10-5 4.5x10-4 

Case 1: This is the case illustrated in sections 5.4.1 and 5.4.2. There is no 

chemical addition. Here (𝑘𝑎𝑑)𝑝𝑏 = (𝑘𝑏𝑑)𝑝𝑏. The interactions between asphaltenes 

and with the surface are not affected. This case will be considered as the baseline for 

this sensitivity study.  The other cases considered for the sensitivity study will be 

compared and contrasted against the baseline case. 
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Case 2: Here the value of 𝐾𝑎𝑔 is higher than the baseline case and hence, 

there is an increase in the rate of aggregation. This causes the formation of larger 

asphaltene aggregates sooner and reduces its diffusion towards the boundary layer 

of the spheres. A consequent reduction in the amount of deposition is seen in Figure 

5.10. The values of  (𝑘𝑎𝑑)𝑝𝑏 and (𝑘𝑏𝑑)𝑝𝑏 are also lower compared to the baseline 

case, indicating the reduction in the rate of deposition. Hence, the chemical here acts 

as an inhibitor. From the values of the kinetic parameters, it is also seen that 

(𝑘𝑏𝑑)𝑝𝑏 < (𝑘𝑎𝑑)𝑝𝑏. The inhibitor disturbs the asphaltene-asphaltene interactions 

and lowers risk of further asphaltene deposition build up in the packed bed column. 

 

Figure 5.10. CFD simulation results showing the variation of mass of 

asphaltene deposited in a packed bed column with respect to run time for the cases 

shown in Table 5.12, to illustrate the effect of chemical addition [67] 
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Case 3: Here the value of 𝐾𝑎𝑔 is lower than the baseline case and hence, there 

is a decrease in the rate of aggregation. The chemical acts as a dispersant and delays 

the aggregation process, resulting in more diffusion of asphaltenes towards the 

boundary layer of the spheres and deposition on their surfaces. This is seen in 

increased values of  (𝑘𝑎𝑑)𝑝𝑏 and (𝑘𝑏𝑑)𝑝𝑏, compared to the baseline case, which has 

resulted in an increased amount of asphaltene deposition, and this can be seen in 

the Figure 5.10. (𝑘𝑎𝑑)𝑝𝑏 = (𝑘𝑏𝑑)𝑝𝑏, so, the chemical is not affecting the surface-

asphaltene interactions or further asphaltene deposition.  

Case 4: Similar to case 3, the value of 𝐾𝑎𝑔 is lower than the baseline case, 

resulting in slowing the aggregation rate. The expected result would be an increase 

in the amount of deposition due to the presence of smaller aggregates initially which 

would diffuse towards the surface boundary layer and participate in the deposition 

process. But, it is seen that (𝑘𝑎𝑑)𝑝𝑏 is much lower here compared to the baseline 

case, indicating that the chemical is affecting the surface-asphaltene interactions. 

But, (𝑘𝑏𝑑)𝑝𝑏 > (𝑘𝑎𝑑)𝑝𝑏, indicating an increased deposit build up later. The nature in 

which the interactions between the asphaltenes are affected and that with the 

surface are not the same. The chemical in this case does act as a dispersant, but does 

not increase the total amount of deposition to an extent as seen in case 3. This is 

similar to the results seen in section 5.4.5.1, where the effect of chemical I2 on crude 

P3 was studied. 

The deposition model and its modification have helped to evaluate the 

performance of chemical addition on asphaltene deposition. It captures the effect of 
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chemical addition to the given oil sample. The values of the different kinetic 

parameters provide information on the actual physics of the deposition process 

taking place. This is one of the important features and application of the developed 

CFD model. This is a unique feature of the model that can help us to study the effect 

of surface characteristics on asphaltene deposition. The impacts of surface coating, 

surface roughness, and corrosion can be investigated with the help of this modeling 

technique, as more information becomes available. 

5.5. Scaling Deposition Kinetic Parameter from Packed Bed to 

Wellbore  

As a modeling technique is established for evaluating the mass of asphaltene 

deposited in a packed bed column, the calibrated deposition kinetic parameter from 

packed bed column deposition tests ((𝑘𝑑)𝑝𝑏) can be further scaled to that of 

asphaltene deposition in the wellbore (𝑘𝑑). 

Two competing processes occur in the boundary layer of the wellbore, which 

includes, transport of asphaltene particles into the boundary layer and depletion of 

asphaltene because of deposition kinetics, as discussed in section 3.3. The required 

scaling factor is obtained by establishing a correlation such that the fluid flow in a 

packed bed column is similar to that of boundary layer flow in the wellbore. It is 

assumed that the rate of depletion of these asphaltenes in the boundary layer of the 

wellbore (𝑅𝑑) is equal to that of the rate of deposition in packed bed column (𝑅𝑑,𝑝𝑏).  
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𝑅𝑀𝑇 = 𝑘𝑚
𝜕𝐶

𝜕𝑟
=
𝑘𝑚
𝛿𝑏𝑙
(𝐶 − 𝐶𝑏𝑙) (5.8) 

𝑅𝑑,𝑝𝑏 = (𝑘𝑑)𝑝𝑏(𝐺𝑢)𝑝𝑏𝐶𝑏𝑙 (5.9) 

where, 𝛿𝑏𝑙 is the boundary layer thickness, 𝑘𝑚 is the mass transfer coefficient in the 

wellbore, 𝐶 is the concentration of the unstable asphaltenes in the bulk and 𝐶𝑏𝑙 is 

the concentration of the unstable asphaltenes in the boundary layer. The 

concentrations have been normalized with respect to the concentration of 

asphaltenes in the oil phase at bottomhole conditions.  (𝑘𝑑)𝑝𝑏 is the deposition 

kinetic parameter for packed bed column and and (𝐺𝑢)𝑝𝑏 = (𝒏𝒏
𝑻: 𝜵𝒖)𝑝𝑏 for the 

packed bed column. Hence, 

𝑅𝑀𝑇 = 𝑅𝑑 = 𝑅𝑑,𝑝𝑏 (5.10) 

𝑘𝑚
𝛿𝑏𝑙
(𝐶 − 𝐶𝑏𝑙) = (𝑘𝑑)𝑝𝑏(𝐺𝑢)𝑝𝑏𝐶𝑏𝑙 (5.11) 

𝐶𝑏𝑙 =
1

1 + 𝑥
𝐶, 𝑤ℎ𝑒𝑟𝑒 𝑥 =

(𝑘𝑑)𝑝𝑏(𝐺𝑢)𝑝𝑏𝛿𝑏𝑙

𝑘𝑚
 (5.12) 

The mass balance of unstable asphaltenes in the given volume of the 

wellbore in a transient state (equation 3.3) can be written as,  

𝜕𝐶

𝜕𝑡
+ (𝒖. 𝜵)𝐶 = 𝐷𝑒𝛻

2𝐶 + 𝑘𝑝(𝐶𝑓 − 𝐶𝑒𝑞) − 𝐾𝑎𝑔𝐶
2 −

2𝛿𝑏𝑙
𝑅
𝑅𝑑 (5.13) 

where, 𝑅 is the radius of the wellbore. From equations (5.10)-(5.13),  

𝜕𝐶

𝜕𝑡
+ (𝒖.𝜵)𝐶 = 𝐷𝑒𝛻

2𝐶 + 𝑘𝑝(𝐶𝑓 − 𝐶𝑒𝑞) − 𝐾𝑎𝑔𝐶
2 − 𝑘𝑑𝐺𝑢𝐶 (5.14) 

where, 
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𝑘𝑑 = (𝑘𝑑)𝑝𝑏
2𝛿𝑏𝑙
𝑅
(
1

1 + 𝑥
) = (𝑘𝑑)𝑝𝑏𝑆𝑐𝐹 

𝑺𝒄𝒂𝒍𝒊𝒏𝒈 𝒇𝒂𝒄𝒕𝒐𝒓:  𝑆𝑐𝐹 =
2𝛿𝑏𝑙
𝑅
(
1

1 + 𝑥
) 

(5.15) 

In this way, the deposition kinetic parameter calibrated using the 

experimental results obtained from packed bed column deposition tests for a given 

oil sample can be scaled to wellbore conditions and used to predict asphaltene 

deposition risk in real field conditions. 

5.6. Chapter Summary  

The mass of asphaltene deposited in the packed bed column, due to the 

injection of a precipitant into an oil sample, has been successfully calculated by 

employing a multi-step mechanism that includes convection, diffusion, aggregation, 

and deposition. Three-dimensional CFD simulations have been performed to 

explore the asphaltene deposition profile along the length of the packed bed column. 

The effect of type of precipitant, precipitant-to-oil ratio, driving force towards 

deposition and run-time have been extensively investigated. The deposition kinetic 

parameter, calibrated with respect to experimental data, provides useful 

information about the rate of deposition process taking place in the packed bed 

column. It is seen that higher the concentration of unstable asphaltenes and driving 

force towards precipitation and deposition, higher is the value of deposition kinetic 

parameter and consequent rate of deposition. With an increase in run-time, the 

cumulative mass of asphaltene deposited in the column correspondingly increases 

for a given flow rate.  
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The current deposition model has also been extended to study the effect of 

chemical dosage on asphaltene deposition. A change in the values of the kinetic 

parameters in the deposition model, on the addition of a chemical to an oil sample, 

translates to the effect of the chemical on the aggregation rate, the formation of first 

monolayer and further rate of deposition. The model parameters, calibrated with 

respect to experimental data can be scaled to simulate deposition in the wellbore 

with help of the established scaling function based on the correlation such that, the 

deposition taking place in the boundary layer of the wellbore is similar to the 

deposition process in the packed bed column. 
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Chapter 6 

Modeling Asphaltene Deposition in 

RealView cell 

When we study asphaltene aggregation and deposition, two important 

criteria need to be addressed, namely, the method by which asphaltene 

precipitation and deposition is initiated and the geometry in which asphaltene 

deposition is studied. Earlier, in Chapter 5, asphaltene deposition tendencies were 

investigated using a packed bed column, where precipitation was induced on the 

addition of a precipitant to the oil sample. In this chapter, asphaltene deposition 

measurement using a Couette-Taylor device, inducing asphaltene precipitation by 

depressurization, will be discussed. 

RealView deposition cell is an Organic Solid Deposition and Control Device 

(OSDC). It is a high-pressure deposition cell used to measure the deposition rate of 

waxes and asphaltenes from live fluids under both laminar and turbulent flow 

conditions in the laboratory. It can be operated at HPHT conditions. The initially 
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high pressure (above AOP) in this device can be easily reduced either abruptly or 

gradually to provide a particle precipitation scenario needed. Live oil samples can 

be tested using this apparatus. It is based on Couette-Taylor flow principles. It was 

designed to simulate the hydrodynamic and thermal characteristics encountered in 

typical oil production lines. It has two concentric cylinders where the inner cylinder 

which rotates at a very high speed, provides the necessary driving force for the flow 

of fluid in the apparatus, similar to that of a pump in the flow of fluid in a pipe and 

the outer cylinder which is stationary, acts as the pipe wall surface. A similarity 

between the flow of fluid in the RealView cell and pipeline is achieved by setting the 

speed of rotation of the inner cylinder spindle in such a way that the wall shear 

stress in the RealView cell is equivalent to that experienced in the pipeline. 

Parallelism established between the flow in the wellbore and the flow in the 

RealView deposition cell is shown in Appendix D. The RealView cell can be operated 

in both batch and flow-through modes.  

6.1. Experimental Procedure 

A typical RealView deposition cell is shown in Figure 6.1. To initiate a batch 

deposition test, the cell is initially filled with a sample of Stock Tank Oil (STO). The 

STO is then displaced with the live fluid, initially placed in a 1 L storage bottle, at 

reservoir temperature and at a pressure above its asphaltene onset pressure. The 

displacement continues until all STO (∼150 cm3) and some of the live oil that has 

made contact with it are removed. The initially high pressure (above the asphaltene 

onset pressure) in the device is then reduced either abruptly or gradually to the 
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desired test pressure, which is typically 100 psi above the bubble point of fluid 

where the maximum amount of precipitated asphaltenes exists in the fluid [7], [14]. 

Then, the spindle is switched on and its rotational speed is set in such a way that the 

desired wall shear stress is achieved. Then, the batch test is run for a set time. 

 

Figure 6.1. RealView deposition cell (Reprinted with permission from 

Akbarzadeh et al. [7]) 

When the run is completed, the oil inside the device is drained at the test 

pressure, and the generated deposit is recovered using dichloromethane. The 

resulting solution is then introduced into a rotary evaporator where the solvent is 

evaporated and the deposit is collected and weighed. In a flow-through set-up, the 

oil sample is set at a specific flow rate into the top of the cell, forcing the live fluid to 

exit the cell through the drilled hole in the bottom cap. A back pressure regulator 

and two pumps are used to control the flow in and out of the cell and thereby 

regulating the pressure. The deposited material is removed and analyzed as 

explained earlier. 



        110 

6.2. Modeling Technique 

In this work, the CFD model based on FEM developed to simulate asphaltene 

deposition will be used to model asphaltene deposition in the RealView deposition 

cell. The convection-diffusion equation with precipitation, aggregation and 

deposition mechanism can be used to predict asphaltene deposition in Couette-

Taylor geometry. The laboratory scale experimental data can be used to estimate 

the parameters required in the deposition model to predict asphaltene deposition 

risk for an oil sample. 

The flow field needs to be investigated in such a geometry, before proceeding 

to the mass balance of asphaltenes in the required control volume. A turbulent flow 

is generated in the RealView cell, due to the high rotation speed of the inner 

cylinder. Hence, similar to the fluid flow simulations in the wellbore, Reynolds-

Averaged Navier-Stokes (RANS) formulation of the Navier-Stokes equations is 

used, which were detailed in section 3.3.2. The turbulent viscosity, 𝜇𝑇 , is evaluated 

using the k-ε turbulence model, which are, the transport of turbulent kinetic 

energy k and turbulent dissipation ϵ. The boundary conditions are such that the 

fluid does not slip at the surface of the two cylindrical surfaces, the inner cylinder is 

rotating at a particular Rotations per minute (RPM) and the outer cylinder is fixed. 

Time integration is performed using the semi-implicit BDF technique. 

In the case of RealView cell deposition experiments, when the oil sample is 

introduced in the Couette-Taylor cell, it is depressurized in order to initiate 

precipitation. For all the cases discussed in this work, there is an abrupt pressure 
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drop. Hence, precipitation will be assumed to be instantaneous and that forms our 

initial condition as the concentration of primary particles for modeling asphaltene 

deposition in this geometry. If a gradual pressure drop is used to induce 

precipitation and mimic the real field condition, then the rate of precipitation must 

be included in the equation. Aggregation is modeled as a second order reaction. 

Deposition is modeled using the surface deposition mechanism. Thus, the 

mathematical model is written as the material balance in the transient state for the 

primary particles, which will now undergo aggregation and subsequent deposition: 

𝜕𝐶

𝜕𝑡
+ (𝒖. 𝜵)𝐶 = 𝐷𝑒𝛻

2𝐶 − 𝐾𝑎𝑔𝐶
2 − (𝑘𝑑)𝑅𝑉(𝐺𝑢)𝑅𝑉𝐶 (6.1) 

where 𝐶 is the dimensionless concentration of asphaltene primary particles. The 

concentrations are normalized with respect to 𝐶0 which the initial concentration of 

asphaltene primary particles is solubilized in the oil phase before depressurization. 

𝐷𝑒 is the diffusivity of asphaltene particles. 𝒖 is the velocity field obtained by solving 

the RANS equations. (𝐺𝑢)𝑅𝑉 = (𝒏𝒏
𝑻: 𝜵𝒖)𝑅𝑉 for the RealView deposition cell, where 

𝒏 refers to a unit normal vector and 𝒏𝑻 is the transpose of the unit normal vector. 

𝐾𝑎𝑔 = 𝑘ag𝐶𝑜 (Aggregation kinetic parameter) and (𝑘𝑑)𝑅𝑉 (Deposition kinetic 

parameter for RealView) are the two tuning parameters of this asphaltene 

deposition model for RealView.  

Initial condition: 𝐶(𝑡 = 0) = 𝐶0,  ∀𝑥, 𝑦, 𝑧 

Boundary conditions: for all 𝑡 > 0 

𝒏.𝜵𝐶(𝑎𝑡 𝑚𝑒𝑡𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠) = 0 

(6.2) 
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where, 𝐶0 is the dimensionless concentration of available asphaltene primary 

particles due to depressurization.  

6.3. Geometry Building and Mesh Generation 

The three-dimensional geometry of the RealView deposition cell, wide-gap 

Couette-Taylor device is built, based on the specifications provided in Table 6.1. The 

constructed geometry is shown in Figure 6.2 (a). Mesh generation is then performed 

in order to carry out the finite element simulations and shown in Figure 6.2 (b).  

Table 6.1. Dimensions of RealView cell 

Parameter Value 

Radius of the inner cylinder, 𝑅𝑖 14 mm 

Radius of the outer cylinder, 𝑅𝑜 28 mm 

Height of cylinder 70 mm 

 

Figure 6.2. (a) Construction of RealView deposition cell geometry, and (b) Finite 

element mesh generation for the constructed geometry [66] 
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6.4. Results and Discussion 

6.4.1. Fluid Flow and Asphaltene Deposition Simulations 

To illustrate the modeling technique, simulations will be performed using 

crude A, the properties of which are given in Table 4.1. The experiments were 

performed by operating the RealView cell in its batch mode, where the temperature 

of the fluid was 210 oF and the pressure was abruptly dropped from above AOP 

(7250 psi) to 4000 psi. Mass of asphaltene deposited was measured at different run 

times, by maintaining the same rotation speed of the inner cylinder. The 

experimental data for crude A are used to calibrate the deposition model kinetic 

parameters.  

The velocity profile for the fluid in the annular space between the two 

cylinders, where the inner cylinder is rotating at 2000 RPM, is solved using the 

turbulence model and shown in Figure 6.3. There is a variation of velocity as we 

proceed towards either of the end plates. The batch deposition of asphaltene in the 

RealView cell geometry is simulated using the CFD model, by solving the equation 

and tuning the parameters in such a way that the difference between experimental 

and simulation results for crude A is minimized. The model tuning parameters are 

obtained as, 𝐾𝑎𝑔 = 4.5x10-4 s-1 and  (𝑘𝑑)𝑅𝑉 = 3.5x10-4. The asphaltene deposition 

profile obtained at the end of 12 hours, along the mid-plane of RealView is shown in 

Figure 6.4. The model results obtained at different run-times are also compared 

with the batch experiment data and they are shown in Figure 6.5. It can be seen that 

in batch deposition, over time the deposit growth reduces and eventually stops due 



        114 

to the depletion of asphaltene primary particles, due to their consequent 

aggregation and deposition. The deposition model based on the multi-step process 

asphaltene precipitation aggregation and deposition, enables to capture this effect.  

 

Figure 6.3. (a) Velocity profile along the mid-x-y plane, and (b) Velocity profile 

along the mid-x-z plane of RealView at 2000 RPM using crude A  

 

Figure 6.4. Asphaltene deposition profile along the mid-x-y plane of 

RealView at 2000 RPM using crude A  
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Figure 6.5. Comparison of experimental and CFD simulation results in RealView at 

2000 RPM using crude A  

6.4.2. Effect of Run Time 

Mass of asphaltene deposited is measured at different run times for the same 

shear at the wall, that is, by maintaining the same rotation speed of the inner 

cylinder. The experimental data for crude C, with inner cylinder rotating at 1020 

RPM, are used to tune the model. The properties of crude C are given in Table 4.1. 

Experimental results are obtained both for batch and flow through modes of the 

RealView deposition cell.  

The aggregation and deposition parameters are tuned with respect to the 

experimental data and the results are shown in Figure 6.6 for batch deposition test 

and in Figure 6.7 for flow through deposition test. The model tuning parameters are 
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obtained as, 𝐾𝑎𝑔 = 8.5x10-5 s-1 and  (𝑘𝑑)𝑅𝑉 = 8.0x10-5, for batch deposition and 

𝐾𝑎𝑔 = 1.0x10-4 s-1 and  (𝑘𝑑)𝑅𝑉 = 7.0x10-4, for flow through deposition. There are 

only two tuning parameters in the developed deposition model. If asphaltene 

precipitation and kinetic experiments are performed for the same oil sample, then 

the deposition kinetic parameter, (𝑘𝑑)𝑅𝑉 will be the only tuning parameter of this 

model for RealView. In a batch system, over time the deposit growth reduces and 

eventually stops due to the growth of asphaltene particles to a critical size, above 

which they do not tend to deposit, called depletion. In a flow-through system, 

depletion is minimized due to a continuous flow of fresh oil through the cell and 

hence a constant supply of primary particles over a period of time. Therefore, a 

linear increase in the deposit mass with respect to time is seen. It is also seen from 

the values of the deposition kinetic parameters that the rate of deposition in the 

flow through mode is about an order of magnitude higher than the batch mode, 

indicating an increased amount of asphaltene deposited for the given run time. 

Eskin et al. developed a detailed analysis of the applicability of RealView to 

study and measure asphaltene deposition in wellbore and pipelines [25]. Based on 

experimental results from both batch and flow through deposition tests in the 

RealView deposition cell, a geometric PBM based model was developed which 

included both asphaltene particle size distribution evolution and asphaltene particle 

transport to the wall. Asphaltene particle size was also introduced as an important 

variable in the asphaltene deposition mechanism [25]. The PBM approach, as 

described in section 2.2.4, was employed for modeling evolution of the PSD in 

Couette-Taylor device over time. Particle transport to the wall was modeled using 
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Brownian motion of the chaotically moving particles. Only particles of sizes smaller 

than the critical size can deposit on the wall. In the absence of shear removal, the 

developed deposition model had three parameters: particle-particle collision 

efficiency, 𝛽, particle-wall collision efficiency, γ and critical particle size, 𝑑𝑐𝑟 . And 

with the shear removal term (a, b and n), there were in all six tuning parameters. A 

detailed derivation of the model equations is included in Appendix E.  

In Figure 6.6 and Figure 6.7, modeling results obtained from the developed 

deposition model based on CFD is compared against the results obtained by 

Akbarzadeh et al. [7]. It is seen that the developed CFD model behaves well and 

captures the process of asphaltene deposition taking place in the Couette-Taylor 

device.  

 

Figure 6.6. Comparison of CFD and geometric PBM simulation results against 

experimental batch deposition data using crude C in RealView at 1020 RPM  
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Figure 6.7. Comparison of CFD and geometric PBM simulation results against 

experimental flow through deposition data using crude C in RealView at 1020 RPM  

As geometric PBM has also been used to model asphaltene deposition in the 

RealView deposition cell [25], it would be interesting to investigate the resultant 

PSD obtained for both the batch and flow through modes, discussed in this section. 

The mass fraction based PSD is plotted for the batch and flow through deposition 

data and shown in Figure 6.8 and Figure 6.9 respectively. 

 

Figure 6.8. PSD for batch deposition of crude C in RealView at 1020 RPM 
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Figure 6.9. PSD for flow-through deposition of crude C in RealView at 1020 RPM 

There is a continuous influx of asphaltene primary particles in the flow-

through system and therefore the PSD is towards smaller particle sizes compared to 

the PSD in the batch system. Also, the mean particle size remains the same in the 

flow-through mode with progress in time, due to the availability of new precipitated 

asphaltenes. In the batch system, the PSD is very close to a log-normal distribution. 

This is expected for a system of sub-micron particles, where Brownian motion 

dominates the turbulent dispersion. The PSD in the flow-through system does not 

change significantly with time, which follows from the fact that deposition is taking 

place at an almost constant rate.  

6.4.3. Effect of Chemical Addition 

The effect of chemical on asphaltene precipitation and aggregation was 

discussed in section 4.3.4 and on the deposition rate using a packed bed column in 

section 5.4.5. Here, the effect of chemical injection will be investigated in the 

RealView deposition cell. For this experiments performed using Crude S, properties 

of which are shown in Table 4.1 are considered. RealView cell was operated in its 

batch mode at 1560 RPM, where the temperature of the fluid was 230 oF and the 
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pressure was abruptly dropped from 12200 psi to 4500 psi. Live oil sample with 

38.8 mol% GOR was used. The experiment was performed first for a run time of 1.5 

hours without any chemical and then for 1.7 hours with 250 ppm of chemical N1. 

The aggregation and deposition parameters are tuned with respect to the 

experimental data and the results are shown in Figure 6.10 for the batch deposition 

tests with and without the addition of the chemical. The model tuning parameters 

are obtained as, 𝐾𝑎𝑔 = 1.5x10-5 s-1 and  (𝑘𝑑)𝑅𝑉 = 5.0x10-5, for the baseline test 

without the chemical and 𝐾𝑎𝑔 = 7.5x10-6 s-1 and  (𝑘𝑑)𝑅𝑉 = 2.5x10-4, for the 

deposition test with 250 ppm of chemical N1 in crude S.  

 

Figure 6.10. Comparison of the mass of deposited asphaltene with and without the 

addition of chemical N1 to crude S in RealView at 1560 RPM 

It is seen that with the addition of the chemical, the aggregation kinetic 

parameter decreases, but, deposition kinetic parameter increases, hence, increasing 
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the rate of deposition and the amount of asphaltene deposited. The chemical is 

acting as a dispersant and slowing down the rate of aggregation. This results in 

smaller sized aggregates for a longer time, which diffuse towards the outer wall of 

the RealView deposition cell and deposit on the surface. Asphaltene deposition is 

increased by around 2-2.5 times, with the addition of the chemical. With the help of 

these results, similar to the simulations in section 2.2.4, geometric PBM is used to 

investigate the resultant PSD.  

 

Figure 6.11. PSD for batch deposition in RealView at 1560 RPM using crude S with 

and without the addition of chemical N1 

Although only one data point is available from the experiment, the mass of 

deposited asphaltene values estimated by the CFD model at 2, 4, 6, 8 and 10 hour 
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run times is extracted and geometric PBM is performed. The results are shown in 

Figure 6.11. It is seen that the PSD shifts towards smaller particle size diameters, for 

longer periods of time, in the presence of the chemical. The chemical is slowing the 

asphaltene deposition process and effectively acts as a dispersant. 

6.5. Scaling Deposition Kinetic Parameter from Packed Bed  

A major advantage of using the RealView deposition cell is that live oil 

samples could be tested under different flow regimes, run time and shear. But, a 

very large volume of live oil sample is required [7]. Deposition tests using RealView 

are very expensive and hence, the data made available from these tests are very less. 

Whereas, the packed bed column deposition set up developed to study asphaltene 

deposition at ambient and HPHT conditions requires only about 30 mL of oil sample 

per run [17], [74]. 

In this work, an engineering approach is presented to scale the kinetic 

parameter from the multi-section packed bed column deposition tests to that of 

tests using the RealView deposition cell. This paves way for a more universal and 

general framework that can be adapted to different geometries. The hydrodynamics 

is captured by performing the fluid flow simulations in a particular geometry. Then 

the deposition kinetic parameter properly scaled using a scaling factor would help 

in performing laboratory test on a particular geometry that is most efficient and 

cost-effective, tuning the model parameters with respect to the obtained 

experimental data and then predicting asphaltene deposition in any other geometry, 
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pressure and temperature conditions and driving force towards asphaltene 

precipitation and deposition.  

(𝑘𝑑)𝑅𝑉 value is obtained by scaling (𝑘𝑑)𝑝𝑏. The required scaling factor is 

obtained by establishing a correlation such that the fluid flow in a packed bed 

column is similar to that of boundary layer flow in RealView. As asphaltene 

deposition occurs on the outer cylinder wall of RealView, there is a continuous mass 

transfer of aggregated asphaltenes towards the outer wall surface boundary layer 

(𝑅𝑀𝑇) and their depletion due to deposition (𝑅𝑑,𝑅𝑉). It is assumed that the rate of 

depletion of these asphaltenes in the boundary layer of the RealView cell (𝑅𝑑,𝑅𝑉) is 

equal to that of the rate of deposition in packed bed column (𝑅𝑑,𝑝𝑏). This is similar 

to the discussion in section 5.5, where deposition kinetic parameter were scaled 

from packed bed to wellbore. Here, the deposition kinetic parameter for RealView is 

obtained using the following equation; 

(𝑘𝑑)𝑅𝑉 = (𝑘𝑑)𝑝𝑏
2𝑅𝑜𝛿𝑏𝑙
(𝑅𝑜2 − 𝑅𝑖

2)
(
1

1 + 𝑥
) = (𝑘𝑑)𝑝𝑏𝑆𝑐𝐹 

𝑤ℎ𝑒𝑟𝑒, 𝑥 =
(𝑘𝑑)𝑝𝑏(𝐺𝑢)𝑝𝑏𝛿𝑏𝑙

𝑘𝑚
 

𝑺𝒄𝒂𝒍𝒊𝒏𝒈 𝒇𝒂𝒄𝒕𝒐𝒓:  𝑆𝑐𝐹 =
2𝑅𝑜𝛿𝑏𝑙
(𝑅𝑜2 − 𝑅𝑖

2)
(
1

1 + 𝑥
) 

(6.3) 

where, 𝛿𝑏𝑙 is the boundary layer thickness, 𝑅𝑖 is the radius of the inner cylinder and 

𝑅𝑜 is the radius of the outer cylinder. 𝑘𝑚 is the Couette-Taylor device mass transfer 

coefficient, which is obtained from the following equation,[75] 

2𝑘𝑚(𝑅𝑜−𝑅𝑖)

𝐷𝑒
= 1.05 (

𝜔𝑅𝑖(𝑅𝑜−𝑅𝑖)

𝜈
)

0.51

(
(𝑅𝑜−𝑅𝑖)

𝑅𝑖
)

0.255

(
𝜈

𝐷𝑒
)
0.33

 

𝑓𝑜𝑟 𝑅𝑒𝑐 > 100 

(6.4) 



        124 

where 𝜈 is the viscosity of the fluid, 𝐷𝑒 is the diffusion coefficient, 𝜔 is the rotational 

speed of the inner cylinder and  𝑅𝑒𝑐 = (
𝜔𝑅𝑖(𝑅𝑜−𝑅𝑖)

𝜈
) is the Couette-Taylor device 

Reynolds number. 

To illustrate this modeling technique, a deposition test performed in the 

RealView cell using crude C2 is considered. The properties of crude C2 are given in 

Table 4.1. RealView asphaltene batch deposition test was performed on crude C2. 

Oil sample (55 mol% GOR) was injected into the RealView cell at a temperature of 

252°F and a pressure of 15,000 psia.  The spindle was set at a specified rotational 

speed (6000 RPM) and the pressure of the system was allowed to equilibrate which 

was approximately 12,900 psia.  Once the sample came to an equilibrated pressure, 

the Realview system was allowed to run for a period of 2 hours.  As described in 

section 6.2, velocity profiles are simulated by performing turbulent flow fluid 

modeling. Once the velocity field is obtained, equation (6.1) along with the scaling 

factor in equation (6.4) is solved to obtain the deposition profile on the outer 

cylinder wall and the total mass of asphaltene deposited. 𝐾𝑎𝑔 is obtained by 

calibrating the precipitation and aggregation kinetic experiments (section 4.3.1) and 

(𝑘𝑑)𝑝𝑏 is obtained with respect to deposition experiments in the packed bed column 

(section 5.4.3).  The aggregation kinetic parameter is 𝐾𝑎𝑔 = 5.0x10-6 s-1 and the 

scaled deposition kinetic parameter for RealView obtained from packed bed is 

(𝑘𝑑)𝑅𝑉 = (𝑘𝑑)𝑝𝑏𝑆𝑐𝐹 = 3.48x10-7. 

Figure 6.12 shows the mass of asphaltene deposited on the outer cylinder 

wall as a function of run time. The mass of true asphaltene and the total mass of 



        125 

deposited at the outer wall have been shown. The total deposited material mass is 

calculated based on the fraction of asphaltene in the precipitated phase at that 

particular pressure, temperature, and composition. The values obtained for a run 

time of 2 hours have also been compared with their respective experimental values. 

This simulation result gives information about the mass of asphaltene deposition as 

a function of run time. It should be noted that the modeling results seen in the figure 

are predictions and no parameter tuning has been performed in this case. The 

modeling approach detailed has helped in scaling the deposition kinetic parameter 

from packed bed to RealView, and reasonable predictions in RealView has been 

made possible with the help of the established scaling function.  

 

Figure 6.12. Effect of run time on RealView batch deposition for crude C2 [66] 
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6.6. Chapter Summary  

Asphaltene deposition modeling has been performed in RealView, a Couette-

Taylor device. The developed model has been applied to investigate asphaltene 

deposition in both batch and flow-through modes of RealView. The results have 

been compared and contrasted against the geometric PBM based model developed 

by Eskin et al. [25]. The effect of chemical addition on asphaltene deposition 

measurement using RealView has also been simulated using the CFD model. The 

change in the values of the aggregation kinetic parameters provides interesting 

information on the nature of the chemical used. A scaling function has also been 

established to scale asphaltene deposition kinetic parameter from the packed bed 

column set up to RealView deposition cell. It is still required to validate this scaling 

factor based on more experimental data obtained from RealView deposition cell 

tests. But, the approach outlined in this work captures the process of precipitation, 

aggregation and hence, deposition on the outer wall of the RealView cell. It should 

be noted that the scaling factor alone is not responsible for the translation of the 

model from packed bed to RealView. Rather, modeling the hydrodynamics 

accurately in the given geometry and the mass balance performed in a given control 

volume enables in obtaining this more generalized simulation technique. The 

capability to calibrate the model parameters with respect to packed bed column 

deposition tests and predict asphaltene deposition in wellbore and RealView cell 

has been proved to be feasible using the current deposition model developed. 
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Chapter 7 

Predicting Asphaltene Deposition in 

Wellbore 

The calibration of precipitation and aggregation kinetic parameters with 

respect to an NIR spectroscopy method was shown in Chapter 4 and the calibration 

of deposition kinetic parameter with respect to the packed bed column deposition 

tests was shown in Chapter 5. Now, the calibrated model parameters along with 

their respective scaling functions will be used to predict asphaltene deposition in 

wellbore. The simulation techniques illustrated in section 3.3 are used. The Navier-

Stokes equations along with the turbulence model are used to perform the fluid flow 

simulations. The mass transfer of asphaltenes in the wellbore is modeled with 

respect to equation (3.3), boundary conditions in equation (3.4)-(3.6) and the 

methodology illustrated in 3.1. The total concentration method is used to capture 

the deposition front on the fixed mesh. FEM is considered for the spatial 

discretization of the momentum and mass transfer equations and hence, the 
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modeling asphaltene deposition in the wellbore, and a fullty implicit backward 

difference method is used for the time integration.  

The length and diameter of the wellbore for which asphaltene deposition 

modeling is performed are the same for all the results shown in this work. 

Asphaltene deposition risk analysis will be performed for crude C2. The PVT 

properties of crude C2 are included in Table 4.1. The composition of the injected gas 

is shown in Table 7.1.  

Table 7.1. Injected gas composition for crude C2 (Adapted with permission 

from Abutaqiya et al. [71]) 

Gas composition (mol%) 

H2S 0.00 

N2 0.23 

CO2 0.26 

C1 84.59 

C2 6.64 

C3 5.03 

HG 3.25 

The current asphaltene deposition model developed for wellbore has the 

sophistication to predict asphaltene deposit thickness as well as total deposited 

material along the length of the wellbore. The asphaltene deposit profile is obtained 

by solving equation (3.3). The fraction of asphaltene in the asphaltene-rich phase 

(precipitated phase) is used to obtain the thickness of total deposited material, 

which can be obtained from the thermodynamic module as a function of pressure 

and temperature along the length of the wellbore. 
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In this chapter, different case studies and sensitivity analyses performed for 

predicting the asphaltene risk in the wellbore are discussed. The amount of total 

deposited material is studied as a function of time. The effect of GOR and production 

rate on asphaltene deposition is also investigated. Sensitivity analyses are 

performed on the precipitation and deposition kinetic parameter. Finally, three case 

studies are presented to illustrate the behavior of the developed asphaltene 

deposition simulator. The integration of wellbore and near-wellbore region 

deposition simulations has also been demonstrated. 

The different Pressure-Temperature (P-T) traces along the length of the 

wellbore, from the reservoir to the wellhead, considered in this work are shown in 

Table 7.2. The 𝐾𝑎𝑔 value is equivalent to 5x10-6 s-1 and a (𝑘𝑑)𝑝𝑏 value of 1.5x10-4 for 

crude C2 are used for all simulations in this chapter. 

Table 7.2. Different P-T traces along the wellbore considered in this work 

Property 1 2 3 4 5 6 

Preservoir (psi) 20000 16500 16500 16500 13000 12000 

Treservoir (°F) 260 260 260 260 248 248 

Pwellhead (psi) 6000 2000 2000 2000 2000 6000 

Twellhead (°F) 140 140 180 100 125 140 

7.1. Effect of Time 

The P-T trace (trace #1 from Table 7.2) along which the simulations are 

performed, with the asphaltene phase envelope for a GOR of 60 mol%, is shown in 

Figure 7.1. The variation of viscosity as a function of pressure and temperature is 
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predicted using FT and is shown in Figure 7.2. The thermodynamic properties 

required for the deposition model are calculated along this P-T trace and they are 

shown in Figure 7.3. CFD modeling has been performed in order to obtain the 

asphaltene deposit profile along the length of the wellbore. 

 

Figure 7.1. Asphaltene phase envelope predicted using PC-SAFT for crude C2 with 

GOR of 60 mol%, along with P-T trace #1  

 

Figure 7.2  Viscosity along P-T trace #1 for crude C2 with GOR of 60 mol% 

(Reprinted with permission from Rajan Babu et al. [27]) 
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Figure 7.3. Predictions along P-T trace #1 for crude C2 with GOR of 60 mol% using 

PC-SAFT: (a) equilibrium asphaltene concentration, (b) concentration of asphaltene 

in the precipitated phase, (c) density of asphaltenes, and (d) difference of solubility 

parameters of asphaltenes and the solution (Reprinted with permission from Rajan 

Babu et al. [27]) 

The effect of time on the asphaltene deposit thickness in the wellbore and the 

corresponding asphaltene deposition flux have been analyzed. Figure 7.4 shows the 

growth of total deposited material thickness over time, assuming no removal of 

deposits during that time period. The simulations are performed for a GOR of 60 

mol % (1.6 MSCF/STB) and oil production rate of 7500 STB/Day. 𝛿𝑑𝑚 refers to the 

maximum thickness of the total deposited material and its value for each case is also 

indicated in Figure 7.4. Asphaltene deposition starts at a length where the pressure 

is less than the Asphaltene Onset Pressure (AOP). For the given P-T trace, the 
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pressure does not fall below the bubble pressure, hence, a decrease in the 

asphaltene deposit profile is not seen. It should be noted that the precipitation 

kinetic parameter is a function of pressure, temperature and the driving force. And, 

the deposition kinetic parameter is a function of the fluid flow field, viscosity, and 

hence, the pressure and temperature conditions. As the pressure and temperature 

varies along the wellbore, the values of 𝑘𝑝 and 𝑘𝑑  are also correspondingly different 

at different lengths. Hence, the CFD model gives a more realistic deposit thickness 

profile. This is a unique feature of the current developed asphaltene deposition 

simulator which is not seen in earlier models described in the literature. 

 

Figure 7.4. Total deposited material thickness along P-T trace #1 for crude C2 with 

GOR of 60 mol% (Reprinted with permission from Rajan Babu et al. [27]) 
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The deposition flux of total deposited material in the wellbore during a 

particular period of time, corresponding to the results shown in Figure 7.4, have 

also been calculated and shown in Figure 7.5. It is seen that the deposition flux 

decreases with increase in the time period, indicating that the amount by which 

asphaltene deposit thickness increases is not linear with respect to time. This 

phenomenon is consistent with observations in the Hassi-Messaoud field [76]. This 

is captured by the deposition model due to the implementation of the total 

concentration method to capture the deposit front, as asphaltene deposition build-

up occurs with progress in time. With increased plugging caused due to asphaltene 

deposition, the cross-sectional area available for fluid flow decreases, leading to an 

increased pressure drop, this, in turn, results in lowered amounts of deposition at 

later periods of time. 

 

Figure 7.5. Maximum deposition flux as a function of time for crude C2 with GOR of 

60 mol% (Reprinted with permission from Rajan Babu et al. [27]) 
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As deposit thickness increases with time, due to the decrease in the area, the 

velocity of fluid increases. With the increase in fluid velocity, the mass transfer 

boundary layer decreases (as seen in Figure 7.7), contributing to a decrease in the 

value of the deposition kinetic parameter, and hence a decrease in the amount of 

asphaltene deposited. At the deposit front, the rate of mass transfer of asphaltenes is 

equal to the rate of deposition, as stated in section 3.3. The deposition flux is then 

given as, 

𝐽𝑎𝑠𝑝ℎ =
𝐷𝑒

𝐴𝛿𝑏𝑙
2
(𝐶 − 𝐶𝑏𝑙) =

𝑘𝑑
𝐴
𝐺𝑢𝐶𝑏𝑙 (7.1) 

It is seen from Figure 7.7 (c), that ∆𝐶 = 𝐶 − 𝐶𝑏𝑙, decreases with an increase in 

velocity and from Figure 7.7 (d) that ∆𝐶 decreases faster than 𝐴𝛿𝑏𝑙
2 , leading to an 

effective decrease in the value of 𝐽𝑎𝑠𝑝ℎ, which was seen in Figure 7.5. 

 

Figure 7.6. Variation of (a) mass transfer boundary layer thickness (𝛿𝑏𝑙), and (b) 

deposition kinetic parameter, with respect to the velocity of the fluid at wellhead 

conditions for crude C2 with GOR of 60 mol% 
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Figure 7.7. Variation of (a) difference in concentration of primary particles in the 

bulk and boundary layer (∆𝐶), and (b) percentage decrease in ∆𝐶 and 𝛿𝑏𝑙, with 

respect to the velocity of the fluid at wellhead conditions for crude C2 with GOR of 

60 mol%   

Generally, it is extremely difficult to measure the deposit profile along the 

wellbore using a caliper. However, pressure drop measurements are usually made 

available. Hence, with the deposition thickness profile predicted by the asphaltene 

deposition model for the wellbore, the frictional pressure drop values can be 

calculated and compared with the field data. It was found that, for a GOR of 60 

mol%, oil production rate of 7500 STB/Day and a time period of 25 days, the 

frictional pressure drop is 815 psi for a smooth deposit.  

7.2. Effect of Gas-Oil Ratio 

Deposition simulations were also performed for different GOR. Figure 7.8 

shows the considered P-T trace #1 from Table 7.2, along with the asphaltene phase 

envelopes for a GOR of 50mol% (1.2 MSCF/STB) and 60 mol% (1.6 MSCF/STB). The 
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simulations are performed for a time period of one year and oil production rate of 

7500 STB/Day. It is seen that with an increase in GOR the deposit thickness 

increases. When the GOR increases, the amount of primary particles available for 

precipitation and consequent deposition increases, hence, the deposit thickness also 

proportionately increases. This phenomenon is seen very clearly in Figure 7.9. 

Higher the GOR, higher is the driving force for precipitation. Hence, asphaltene 

deposition is most likely to occur, due to high GOR. It is also seen the depth at which 

the pressure along the wellbore falls below the AOP is different. Asphaltene primary 

particles are available for deposition only when P-T trace falls below the AOP (as 

seen in Figure 7.8). So, asphaltene deposition starts at different depths for different 

GORs.  

 

Figure 7.8. Asphaltene phase envelope predicted using PC-SAFT for crude C2 with 

GOR of 50mol % and 60 mol%, along with P-T trace #1 
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Figure 7.9. Effect of GOR on the total deposited material thickness along P-T trace 

#1 for crude C2 (Reprinted with permission from Rajan Babu et al. [27]) 

7.3. Effect of Production Rate 

To analyze the effect of flow rate on asphaltene deposition in the wellbore, 

simulations have been performed with different production rates (6000 STB/Day, 

7500 STB/Day and 9000 STB/Day) for crude C2 with a GOR of 60 mol% and a time 

period of one year. The P-T trace (trace #1 from Table 7.2) considered for this 

simulation was shown along with the asphaltene phase envelope in Figure 7.1 and 

the corresponding variation of the thermodynamic concentration of asphaltenes in 

the oil phase at equilibrium conditions (𝐶𝑒𝑞) along this P-T trace was shown in 
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Figure 7.3 (a). The CFD simulation results are shown in Figure 7.10. It can be seen 

that, as the oil flow rate increases, the deposit thickness decreases. Performing fluid 

flow simulation forms an important part of the modeling technique. Increase or 

decrease in the value of the Reynolds number, has a consequence while solving the 

momentum and mass transfer equations. The model does capture the effect of 

hydrodynamics on the thickness of the material deposited on the surface of the 

wellbore, even though it does not consider the erosion of the deposit from one 

location and its further deposition/plugging downstream. An increase in flow rate 

causes a very high amount of shear. This leads to a decrease in the boundary layer 

thickness and consequently, the deposit thickness, as explained in section 7.1.  

 

Figure 7.10. Effect of production rate on the total deposited material thickness 

along P-T trace #1 for crude C2 with GOR of 60 mol%  
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7.4. Sensitivity Analysis 

7.4.1. Effect of Precipitation Kinetic Parameter 

Wellbore simulations have been performed with the precipitation kinetic 

parameter, 𝑘𝑝 being a function of temperature and the driving force for asphaltene 

precipitation (𝛿𝑎𝑠𝑝ℎ − 𝛿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛), as seen in Chapter 4. 𝑘𝑝 values have been scaled to 

wellbore conditions based on the selected P-T trace and applied to wellbore 

simulations. Hence, 𝑘𝑝 varies along the length of the wellbore. Figure 7.11 shows the 

comparison between total deposited material thicknesses simulated without and 

with scaling 𝑘𝑝 as a function of temperature and driving force for asphaltene 

precipitation. The simulations are performed for a GOR of 60 mol% (1.6 MSCF/STB), 

oil production rate of 7500 STB/Day and a time period of one year. The value of 𝑘𝑝 

increases as we move up the wellbore, as the driving force for asphaltene 

precipitation (𝛿𝑎𝑠𝑝ℎ − 𝛿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) increases and the temperature decreases. At AOP 

conditions, the temperature is comparatively higher, the solubility of asphaltenes in 

the oil phase is also higher, hence a higher driving force would be required to 

destabilize these asphaltenes. 𝑘𝑝 is lower when the driving force towards 

precipitation is lower, and hence the amount of asphaltene precipitated and 

deposited are lower. Thus, for a given production rate, the rate of asphaltene 

precipitation increases as we move towards the wellhead and hence, the 

corresponding amount of asphaltene deposition increases as well. It is important to 

scale the precipitation kinetic parameter with respect to wellbore conditions. These 
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simulations confirm that the correct estimation of the asphaltene deposition risk 

cannot be performed without establishing such a scaling function. 

 

Figure 7.11. Total deposited material thickness along P-T trace #1 for crude C2 

with GOR of 60 mol% without and with scaling  kp as a function of temperature and 

the driving force for precipitation (Reprinted with permission from Rajan Babu et al. 

[27]) 

7.4.1. Effect of Deposition Kinetic Parameter 

Figure 7.12 shows the sensitivity analysis for the effect of the kinetic 

constant for asphaltene deposition, (𝑘𝑑)𝑝𝑏, on the location and the magnitude of 

asphaltene deposition. (𝑘𝑑)𝑝𝑏 is scaled to 𝑘𝑑  using the scaling factor shown 
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established in Chapter 5. The value of 𝑘𝑑  varies along the length of the wellbore, 

with change in the thickness of the boundary layer. The simulations are performed 

for a GOR of 60 mol% (1.6 MSCF/STB), oil production rate of 7500 STB/Day for 

three years, assuming that the asphaltene deposits are never removed. For an 

change in the value of the deposition kinetic parameter by an order of magnitude, 

the thickness of the total deposited material increases by about 2.5 times. It is thus 

important to calibrate the deposition kinetic parameter with respect to the 

deposition tests in the packed bed column accurately.  

 

Figure 7.12. Effect of (kd)pb on the total deposited material thickness along P-T trace 

#1 for crude C2 with GOR of 60 mol% (Reprinted with permission from Rajan Babu 

et al. [27]) 
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7.5. Applications of Asphaltene Deposition Simulator 

7.5.1. Case Study #1: Asphaltene Deposition after Bubble Point  

The P-T trace considered along the length of the wellbore, illustrated in the 

previous sections, passed through the AOP. Asphaltene phase separates from the oil 

phase at this particular pressure and temperature, further the precipitated 

asphaltenes aggregate with each other and deposit on the wellbore surface. In this 

section, a different P-T trace (trace #2 from Table 7.2) will be considered for the 

wellbore simulation. The considered P-T trace for the wellbore is shown along the 

asphaltene phase envelope for crude C2 with a GOR of 55 mol% in Figure 7.13.  

 

Figure 7.13. Asphaltene phase envelope predicted from PC-SAFT for crude 

C2 with a GOR of 55 mol%, along with P-T trace #2  

It is seen that the P-T trace passes through both the AOP and Bubble 

Pressure (BP) curves. So, as oil moves up the wellbore and encounters bubble point 
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conditions, light hydrocarbons start to evaporate leaving the liquid phase. 

Therefore, the remaining oil becomes a better solvent for asphaltenes. Asphaltenes 

are still unstable in this region until the conditions reach the lower asphaltene onset 

pressure. The maximum amount of asphaltene precipitation happens at the bubble 

point. The focus now lies on using the deposition model to study the consequent 

effect on the deposit profile predictions.  

For the given pressure and temperature conditions along the wellbore, the 

thermodynamic equilibrium concentration of asphaltenes in the oil phase at 

equilibrium conditions (𝐶𝑒𝑞) has been shown in Figure 7.14. As 𝐶𝑒𝑞 decreases as we 

proceed from the reservoir, the driving force for precipitation increases, leading to 

the generation of more primary particles available for deposition. But, beyond the 

bubble point, 𝐶𝑒𝑞 value again increases, indicating the increased solubility of 

asphaltenes in the oil phase, due to the liberation of some light components forming 

a vapor phase. It should be noted that the current fluid flow model assumes the fluid 

to be a single phase, yet it is conservative. Beyond BP conditions, there is multiphase 

flow. The bubbles formed as a result cause discontinuities in the fluid medium, 

preventing asphaltenes to effectively diffuse towards the wellbore wall surface. So, 

the asphaltene deposition prediction by modeling multiphase fluid flow would 

result in deposit thickness lower than the value predicted using the current model. 

Hence, the current simulation results for the deposit thickness can be regarded as 

the worst case scenario. 
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Figure 7.14. Equilibrium asphaltene concentration predictions along P-T 

trace #2 for crude C2 with 55 mol% gas injection using PC-SAFT  

 

Figure 7.15. CFD simulation of total deposited material profile along P-T 

trace #2 for crude C2 with GOR of 55 mol% 
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Deposition simulations have been performed for crude C2 with 55 mol% gas 

injection, for a time period of one year and a production rate of 6000 STB/Day, 

where no cleaning or deposit removal has been performed in that one year. The 

simulation result is shown in Figure 7.15. It is clearly seen from the figure that total 

deposited material thickness increases as oil encounters AOP and moves up further 

along the wellbore. Upon reaching the BP, the driving force for precipitation 

decreases, consequently the amount of precipitated asphaltenes decrease, and 

hence, the asphaltene deposition also decreases. But, it should be noted that the 

deposit thickness does not abruptly drop to a minimum value after BP conditions. 

There are still asphaltene primary particles produced at these conditions. Also, the 

deposit gradually drops to the minimum value, as asphaltene primary particles and 

aggregates asphaltenes produced from higher depths are still available at this point 

(beyond BP). The model captures the effect of different pressure and temperature 

conditions along the length of the wellbore. The scaling of the kinetic parameters as 

a function of the different variables in real field conditions enables this type of 

simulation. 

7.5.2. Case study #2: Effect of Different Wellhead Temperature  

Oil wells may be operated at different wellhead temperatures during the 

early, mid and later stages of their production life. The change in wellhead 

temperature could have an effect on the amount of asphaltene deposited. In this 

case study, the effect of wellhead temperature is analyzed for crude C2 with a GOR 

of 55 mol%. P-T Trace #3 and #4 shown in Table 7.2 have been considered. The only 



        146 

difference between the two traces is their wellhead temperatures. These traces are 

shown along the asphaltene phase envelope in Figure 7.16.  

 

Figure 7.16. Comparison of P-T traces #3 and #4 along the asphaltene phase 

envelope predicted using PC-SAFT for crude C2 with a GOR of 55 mol% [66] 

It is seen that AOP occurs at a lower depth when the wellbore is operated 

according to trace #4 compared to trace #3. CFD simulations are performed for a 

time period of one year and a production rate of 6000 STB/Day. The simulation 

results are shown in Figure 7.17. It is seen that with an increase in wellhead 

temperature, the amount of asphaltene deposited has decreased. For the considered 

cases, when the wellhead temperature is higher, the pressure and temperature 

conditions in which the fluid is in the unstable region for asphaltenes is shorter, 

hence the amount of asphaltenes precipitated for the given time is also lower. Also, 

closer the AOP and BP curves are, lower is the amount of asphaltenes precipitated. 
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As the available amount of asphaltene primary particles is less, the consequent 

deposition amount is also lowered.  

 

Figure 7.17. Comparison of CFD simulation results for total deposited 

material thickness along (a) P-T trace #4 (Twellhead = 100 oF) and (b) P-T trace #3 

(Twellhead = 180 oF) for crude C2 with a GOR of 55 mol% [66] 

So, during the life of a well, when the wellhead temperature is high, 

asphaltene deposition problems faced might be less. But, during its other stages of 

production life, when the wellhead temperature is lowered, it could have potential 

asphaltene deposition problems, comparatively much higher. The other production 

operating conditions could be accordingly modified to lower the asphaltene 

deposition risk. The GOR can be reduced to lower the amount of asphaltene 
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precipitated. The CFD simulations help in such predictions which are useful for 

assessing asphaltene deposition risks for different operating conditions. 

7.5.3. Case study #3: Effect of Asphaltene Polydispersity 

Asphaltenes can be characterized as a monodisperse or a polydisperse 

fraction while performing thermodynamic modeling to simulate asphaltene phase 

behavior and quantify the amount of asphaltene precipitated. So far, all the 

deposition modeling results seen in this work, have been generated by 

characterizing asphaltenes as a polydisperse fraction. Abutaqiya et al. showed a 

comparison for modeling the HPHT asphaltene phase envelope and bubble curve, by 

considering asphaltenes as a monodisperse or polydisperse fraction [71]. In this 

section, the same technique will be adapted to perform the thermodynamic 

modeling assuming asphaltenes to be a monodisperse or polydisperse fraction. The 

motivation here is to study its consequent effect on asphaltene deposition. The 

variation of asphaltene deposit thickness along the length of the wellbore will be 

discussed in detail. 

Figure 7.18 shows the AOP predictions using PC-SAFT EOS for crude C2 with 

50 mol% gas injection under live oil conditions. P-T Trace #5 shown in Table 7.2 has 

been considered. AOP has been predicted by using both the monodisperse and 

polydisperse approaches. The monodisperse modeling results were obtained by 

lumping the four asphaltene fractions generated into a single fraction with the 

corresponding number-average molecular weight. AOP at a particular temperature 

is lower when asphaltenes are characterized using the monodisperse approach. It is 
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seen that asphaltenes are more stable in the oil phase when they are characterized 

as a monodisperse fraction in comparison to a polydisperse fraction with the same 

average molecular weight.  

 

Figure 7.18. Comparison of asphaltene phase envelope by monodisperse 

and polydisperse asphaltene characterizations predicted using PC-SAFT for crude 

C2 with a GOR of 50 mol%, along with P-T trace #5 [66] 

The corresponding equilibrium concentration (𝐶𝑒𝑞) of asphaltenes in the oil 

phase for both the cases are shown in Figure 7.19. This is indicative of the driving 

force towards precipitation and deposition. (𝐶𝑒𝑞) goes to a lower value faster for the 

monodisperse case, showing a higher driving force. This will in turn have an effect 

on asphaltene deposition. 
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Figure 7.19. Comparison of equilibrium asphaltene concentration 

predictions by monodisperse and polydisperse asphaltene characterization using 

PC-SAFT along P-T trace #5 for crude C2 with a GOR of 50 mol% [66] 

The simulations are performed for crude C2 with a GOR of 50 mol% (1.2 

MSCF/STB), oil production rate of 7500 STB/Day for a time period of two years, by 

assuming that no deposits are removed in that operating period. Figure 7.20 shows 

deposition results obtained when asphaltenes are characterized as a monodisperse 

and polydisperse fraction. For the given P-T trace, as the pressure falls below BP, a 

decrease in the deposit profile is also seen. As the AOP at each temperature for the 

monodisperse case is lower, the asphaltene deposition starts at a lower depth from 

the wellhead. It starts much sooner in the polydisperse case, as we move from the 

reservoir to the wellhead.  But the maximum thickness of total deposited material is 

much higher in the monodisperse case, as the driving force towards precipitation is 

higher. Modeling asphaltenes as a monodisperse fraction gives a lower onset 

pressure, but it magnifies the amount of asphaltene deposited as compared to the 

actual polydisperse case. If the deposition model is used to predict asphaltene 
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deposit thickness in a real field condition, the location and thickness of the deposit 

obtained in each case is different. As asphaltenes are polydisperse in nature, it is 

important that we perform the characterization accordingly. If mitigation or 

remediation techniques need to be applied, it is important that we incorporate 

asphaltene polydispersity to accurately quantify the precipitation amounts, and 

thereby correctly predict the location of the maximum asphaltene deposit thickness 

along the wellbore. 

 

Figure 7.20. Comparison of CFD simulation results for total deposited 

material thickness along P-T trace #5 by (a) monodisperse and (b) polydisperse 

asphaltene characterization for crude C2 with a GOR of 50 mol% [66] 
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7.6. Integration of Wellbore and Near-Wellbore Region 

Deposition Modeling 

It is of prime interest to integrate the near-wellbore and wellbore 

simulations so that a complete idea of the asphaltene deposition flow assurance 

problem can be obtained.  The simulations for the near-wellbore region can facilitate 

the calculation of the amount of asphaltene precipitated and deposited in that 

region. The P-T trace selected for this simulation in the near wellbore region and in 

the wellbore (trace #6 from Table 7.2) are shown in Figure 7.21.  

 

Figure 7.21. (a) Pressure profile in near-wellbore region, and (b) P-T trace 

#6 in wellbore with asphaltene phase envelope for crude C2 with GOR of 60 mol% 

The temperature of the near-wellbore region is assumed to be constant and 

equal to 248 oF. In this case, the near-wellbore region extends up to 400 feet away 

from the wellbore and oil flows only towards the wellbore. For the selected P-T 

trace, the pressure at the wellbore inlet is below AOP and hence, there is asphaltene 

precipitation and consequent deposition at the inlet itself. The simulations have 
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been performed for a 60 mol% (1.6 MSCF/STB), production rate = 7500 STB/day 

and for a time period of one year. 

The rate of asphaltene deposition in the near-wellbore region is given by the 

combination of surface deposition and entrainment mechanism [27]. The deposition 

model parameters (𝑎, the surface deposition coefficient and 𝑏, the entrainment 

coefficient) have been calibrated with respect to the microfluidic experiments and 

given as a = 1.7×10-4 and b = 3.7×10-3 for crude C2. The deposited asphaltene in the 

near-wellbore region for the given pressure and temperature conditions is 

evaluated using the calibrated deposition parameters. A continuous mass balance of 

the soluble, precipitated and deposited asphaltenes is performed as oil proceeds 

from the near-wellbore region to the wellbore and encounters varying pressure 

conditions. Figure 7.22 shows profiles of dissolved, precipitated and deposited 

asphaltenes in the near-wellbore region.  

 

Figure 7.22. Profiles of (a) dissolved, (b) precipitated (c) deposited asphaltenes 

with respect to the total amount of asphaltenes initially present in the oil, in the 

near-wellbore region (Reprinted with permission from Rajan Babu et al. [27])  
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It is seen that the asphaltene deposition does not cause serious deposition 

problem in the near-wellbore region for the given conditions. The corresponding 

deposition simulations in the wellbore have been performed with the inlet 

conditions such that certain amount of asphaltene primary particles (as seen in 

Figure 7.22 (b)) are also available, as a result of pressure variation in the near-

wellbore region. Figure 7.23 (a) shows the asphaltene deposition predictions in the 

wellbore, with the assumption that no asphaltene is deposited in the near-wellbore 

region and asphaltene precipitation and deposition start only at the inlet of the 

wellbore. Whereas, Figure 7.23 (b) is obtained as a result of the integration of near-

wellbore simulations with the wellbore simulations. 

When the wellbore and near-wellbore simulations are integrated, it is seen 

that a certain amount of asphaltene has already been deposited in the near-wellbore 

region and there are asphaltene primary particles available at the inlet of the 

wellbore which further undergo aggregation and deposition as they move up the 

wellbore under varying conditions of pressure and temperature. It is also seen from 

the simulation results that there is not much change in the maximum thickness of 

the total deposited material. But, at the wellbore inlet, there is an increase in the 

deposit thickness, indicating the fact that, the available asphaltene primary particles 

at the wellbore inlet have undergone aggregation and hence deposited on wellbore 

surface. Further upstream, asphaltene deposition is caused due to changes in 

pressure, temperature, and composition of the oil. In this case, the deposition of 

asphaltene in the near-wellbore region is not significant. As more information for 
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other oil fields becomes available, such an integrated modeling technique would be 

valuable to investigate asphaltene deposition in a wholesome way. 

 

Figure 7.23. Deposition predictions in the wellbore (a) without integrating with the 

near-wellbore region simulation, (b) on integration with the near-wellbore region 

simulation along P-T trace #6 for crude C2 with a GOR of 60 mol% (Reprinted with 

permission from Rajan Babu et al. [27]) 

7.7. Chapter Summary  

The asphaltene deposition model developed using CFD and implementing 

FEM has several capabilities and features, which has been outlined in this chapter 

with the help of a few sensitivity analyses and case studies. The model helps in 
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analyzing the effect of flow rates and GOR on asphaltene deposition in the wellbore. 

The importance of scaling the kinetic parameters of the deposition model as a 

function of the thermodynamic properties has been discussed.  

Few case studies were illustrated to demonstrate the capabilities and 

features of the developed model. The asphaltene deposit thickness was also 

investigated for pressure and temperature conditions below the bubble point. The 

decreasing deposit thickness after the bubble point conditions was simulated, 

indicating a decrease in the driving force towards precipitation and deposition. The 

method of characterizing asphaltene as monodisperse fraction resulted in late onset 

of asphaltene deposition, but increased the amount of asphaltene deposited, which 

in turn emphasizes on the fact that characterizing asphaltenes properly is important 

to predict deposition risk in the wellbore. The near-wellbore simulations have also 

been integrated with the wellbore simulations to achieve the most rigorous 

deposition modeling technique ever developed to understand this complex flow 

assurance problem. The developed model has the advantages of taking the 

hydrodynamics into consideration, considering the effect of pressure and 

temperature conditions, geometry in which asphaltene deposition is being studied 

and using a robust solution technique to carry out the simulations. 
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Chapter 8 

Conclusions and Recommendations 

8.1. Conclusions 

Significant advancements have been made in understanding the asphaltene 

deposition mechanism and developing modeling strategies to simulate asphaltene 

deposition in the wellbore. An integrated approach for the prediction of asphaltene 

deposition problems has been developed, including, fundamental understanding of 

the mechanisms of asphaltene deposition, enhancement of EOS-based simulation 

tools and dynamic integration with CFD model to simulate asphaltene precipitation, 

aggregation, and deposition. In this work, a deposition simulator has been 

developed to conduct a systematic investigation of the asphaltene deposition in the 

wellbore. The simulator makes use of PC-SAFT EOS to generate thermodynamic 

properties such as the onset of asphaltene precipitation, the amount of precipitated 

asphaltenes, and the equilibrium asphaltene concentration in the bulk phase under 
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different gas injection scenarios and as a function of temperature and pressure. The 

variation of viscosity as a function of temperature and pressure is accounted for 

using the Friction Theory. An in-house FEM solver has been developed on MATLAB 

programming platform to perform the CFD simulations. The rate of asphaltene 

deposition has been predicted using the CFD based deposition model which aids in 

investigating the occurrence and the magnitude of asphaltene deposition and the 

deposit profile along the production tubing after gas breakthrough. The model 

captures the turbulence effects, by rigorously modeling the turbulent flow of oil in 

the wellbore. Surface deposition mechanism has been introduced in this work to 

model asphaltene deposition. A novel integrated asphaltene deposition model for 

wellbore and near-wellbore region has also been developed.  

In contrast to conventional modeling techniques based on experimental data 

from capillary deposition tests, modeling has been performed based on 

experimental results from deposition tests in a packed bed column. The packed bed 

deposition tests have facilitated in calibrating the deposition kinetic parameter. On 

the other hand, precipitation and aggregation kinetic parameters have been 

calibrated with respect to kinetics experiment performed using a direct 

spectroscopy technique. The kinetic parameters have been scaled to HPHT reservoir 

conditions with the help of scaling functions established in this work. This is a 

unique contribution of this work where the dependence of the kinetic parameter on 

the pressure and temperature conditions, flow field, viscosity, density of 

asphaltenes have been accounted to predict asphaltene deposition risk in wellbore 

and pipelines. This helps in capturing the different driving forces at different lengths 
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of the wellbore with variation in pressure and temperature conditions. The near-

wellbore region deposition modeling and wellbore deposition modeling have been 

integrated for the first time to give a wholesome idea of the potential deposition risk 

for the system under consideration. 

In addition to the application of the modeling technique to simulate 

asphaltene deposition in the wellbore, a few extensions of the model have also been 

presented. The current deposition model has been extended to study the effect of 

chemical addition on asphaltene deposition. A change in the values of the kinetic 

parameters in the deposition model translates to the effect of the chemical addition 

on the aggregation and deposition rates. Modeling was performed for both 

precipitation and aggregation kinetic experiments and packed bed column 

deposition experiments. The deposition model has been modified to distinguish the 

difference between the formation of the asphaltene monolayer on the packed bed 

spheres and further deposition build up. The interference of the chemical with the 

asphaltenes and its effect on the surface-asphaltene interactions have been captured 

by the model, with the help of the kinetic parameters. The values of the deposition 

kinetic parameters help in assessing the performance of the chemical and its 

dispersive and inhibitive tendencies. Geometric PBM has also been applied to 

analyze the resultant PSD of asphaltene aggregates. 

The CFD model has also been extended to simulate asphaltene deposition in 

a RealView deposition cell. Simulations have been performed for both batch and 

flow through modes of RealView. A simulation technique to scale the kinetic 
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parameters from the packed bed column to RealView has been presented in this 

work, progressing towards a more generalized framework for modeling asphaltene 

deposition. It is still required to validate this extension with more experimental 

data. It should be noted that the surface deposition mechanism incorporated in this 

work is extremely rigorous, physical and correct. It is a strategy adopted to simulate 

asphaltene deposition on wall surfaces under turbulent flow conditions. It is a 

representative of he true solution as presented in this work, while investigating 

asphaltene deposition in wellbore and RealView deposition cell. It is implemented in 

the packed bed column geometry by making sure that the deposited asphaltene is 

calculated only in the concentration boundary layer. In the case of implementing 

this model for a capillary flow loop, specific care must be taken, as the flow is 

laminar and the gradient of velocity may be non-zero in the area between the center 

of the tube and its boundary layer. As asphaltene deposition is a boundary layer 

phenomenon, implementing the current model in such a case would result in 

consumption of the asphaltene primary particles which are effectively not 

contributing to the total deposit thickness. So, while modeling asphaltene deposition 

in a capillary tube, the surface deposition mechanism of the asphaltenes can be 

introduced as a boundary condition, instead of it being a sink term in the mass 

conservation equation. Nevertheless, the developed model has the advantages of 

taking the hydrodynamics into consideration, considering the effect of pressure and 

temperature conditions, and the multi-step mechanism of asphaltene deposition 

which can be adapted to other geometries as well. 
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The results obtained from the modeling of asphaltene aggregation and 

deposition based on laboratory-scale experiments, such as asphaltene precipitation 

and aggregation kinetics and deposition tests using packed bed column and 

RealView deposition cell have been promising. And this has, in turn, helped obtain 

interesting results for asphaltene deposition studies in the wellbore.  

8.2. Recommendations  

The modified version of the developed deposition model to analyze the effect 

of chemical addition on asphaltene deposition paves way for studying different 

surface phenomena. The effect of corrosion, characteristics and properties of 

metal/pipe surfaces, surface coatings, and surface roughness on asphaltene 

deposition can be studied with the help of this modeling technique. This gives a 

methodology to model such phenomena by keeping the physics of the system still 

intact and not analyzing those using empirical correlations. 

An important extension of the current model would be the inclusion of the 

heat transfer equations. This would help in analyzing the temperature effects on 

possible deposition and plugging of pipelines. For the current investigation of 

asphaltene deposition in wellbore and subsea flowlines, deposition is primarily 

driven by pressure changes. The temperature along the wellbore is a given. 

Inclusion of the energy conservation equation does not add a lot of benefits at this 

point, for the problem considered in this work. But, combining the energy balance 

and material balance equations would facilitate in simulating other problems in 
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flowlines such as wax deposition. This would help us in achieving a more 

generalized approach and achieving a single simulation tool to study different flow 

assurance problems. Also, such a modeling procedure would help in providing more 

information on the process of asphaltene deposition taking place in separators and 

heat exchangers in the downstream oil and gas industry, where the operating 

pressures are low, but the temperatures are extremely high. 

In this work, asphaltene deposition is studied by assuming that oil is a single 

liquid phase multi-component mixture. A more physical performance of the model 

could be achieved by incorporating multiphase flow calculations. This help in 

investigating interesting phenomena such as water-oil interactions during 

production and flow and asphaltene deposition simulations beyond bubble point 

conditions.  

Oil and gas industries employ several techniques to mitigate and remediate 

the deposited asphaltenes on the walls of the flowlines. In order to obtain a 

comprehensive flow assurance simulation tool, along with the ability to predict 

asphaltene deposition under real field conditions, modeling procedures can also be 

incorporated to capture the asphaltene deposition remediation strategies. 

Asphaltene re-dissolution and asphaltene removal can be investigated with the help 

of such a simulation technique. 

A further enhancement of the model would be to track the particles and 

aggregates in the fluid flow. A particle tracing method could be adapted to facilitate 

this modeling procedure. After phase separation, the primary particles could be 
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tracked and their nature of deposition on the wellbore surface could be determined. 

This application would give insights into the asphaltene deposition mechanism 

which are not included in the modeling tool yet. It would be interesting to 

investigate the number of collisions between the particles not only as a function of 

the pressure and temperature but also with respect to the fluid flow field. 

In this work, it has been made sure that the model captures the different 

factors that cause the deposition of asphaltenes and lead to the plugging of wellbore 

and pipelines. The effect of pressure, temperature, flow field, and driving force 

towards precipitation and deposition have been incorporated into the model. 

Important results obtained from several case studies and sensitivity analyses 

performed as a part of this work would help in understanding the asphaltene 

deposition problems that occur in crudes from different wells around the world. The 

simulator delivers a single platform for modeling asphaltene precipitation, 

aggregation, and deposition which could be used to predict deposition scenario in 

different field conditions. 
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Appendix A 

Evaluation of Critical Particle Size 

Not all the aggregated asphaltenes deposit. Relatively large aggregates, 

formed in a fluid, cannot deposit because they are removed from the wall by the 

viscous drag force and taken along the fluid flow due to inertia, and smaller 

aggregates possess a higher capacity to deposit. This introduces the concept of 

critical size. Particles of sizes, larger than the critical one, cannot deposit under 

given flow conditions. The critical particle size can be evaluated based on the force 

balance applied to a particle attached to the wall. The particle is attracted to the wall 

by Van der Waals force and it can be displaced from its position by drag force. 

Therefore, the critical particle size is evaluated based on the balance between these 

forces. This evaluation was shown by Eskin et al. [25]. 

The Van der Waals attraction force acting on a spherical particle at the wall is 

calculated as, 

𝐹𝐴 = 
𝐻𝑑𝑠

12ℎ0
2 (A.1) 

where H is the Hamaker constant, a function of the chemical composition of a 

hydrocarbon fluid, and ℎ0 (= 0.165 𝑛𝑚) is the intermolecular distance [77]. 

The drag force acting on a small particle located in the laminar boundary 

layer can be calculated as, 
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𝐹𝐷 = 
1

8
𝜌𝑓𝑐𝐷𝜋 𝑑𝑠

2 (𝑢 (
 𝑑𝑠
2
))

2

  (A.2) 

where 𝑐𝐷 = 1.7009 ∗ 24/ 𝑅𝑒𝑠 is the drag coefficient at 𝑅𝑒𝑠 < 1, and 𝑅𝑒𝑠 is the 

particle Reynolds number based on the flow velocity at the particle radius distance 

from the wall [78]. Assuming the linear velocity distribution in the laminar 

boundary sub-layer we can calculate the velocity 𝑢 (
 𝑑𝑠

2
) as, 

𝑢 (
 𝑑𝑠
2
) =

 𝑑𝑠𝜏𝑤
2𝜇𝑓

  (A.3) 

Hence, 

𝐹𝐷 =  8.015 𝜏𝑤 𝑑𝑠
2  (A.4) 

Equating Van der Waals and the drag forces, the critical particle size is given as, 

𝑑𝑐𝑟 ≈  3.82 ∗ 10
16  
𝐻

𝜏𝑤
   (A.5) 

Hence, an approximate value of the critical size of the depositing asphaltene 

can be evaluated from the above expression. 
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Appendix B 

Discretization of Partial Differential Equations 

B.1. Discretization of Navier-Stokes Equation 

The equations for an incompressible, homogeneous, Newtonian fluid in the 

domain Ω × (0, 𝑇)  is given as:  

Continuity equation: 

𝛁.𝒖 = 0 (B.1) 

Navier-Stokes equation: 

𝜌 (
𝜕𝒖

𝜕𝑡
 + (𝒖. 𝛁)𝒖 − 𝒇)  −  𝛁. 𝝈(𝒖, 𝑝) = 0 (B.2) 

where 𝒖 = 𝒖(𝒙, 𝑡) is the fluid velocity, 𝑝 = 𝑝(𝒙, 𝑡)  the pressure, 𝒇 is the external 

body force and 𝜌 the fluid density. The stress tensor 𝝈 can be written as, 

𝝈 = −𝑝𝑰 + 2𝜇𝜺(𝒖) = −𝑝𝑰 + 𝜇(𝛁𝒖 + (𝛁𝒖)𝑇) (B.3) 

where 𝑰 is the unit tensor, 𝜺  is the rate of strain tensor, and 𝜇 is the viscosity of the 

fluid. The initial and boundary conditions for the domain Ω with boundaries Γ𝐷 and 

Γ𝑁 are given as, 

𝒖 = 𝒈 𝑜𝑛 Γ𝐷 

(B.4) 
𝒏. 𝝈 = 𝒉 𝑜𝑛 Γ𝑁 



 175 
 

𝒖(𝒙, 0) = 𝒖𝟎 𝑖𝑛 Ω 

where 𝒏 the outward directed unit normal vector to Γ𝑁. 

A finite element partition 𝒯ℎ of the domain Ω is introduced, from which 

conforming finite element spaces, ( 𝒘, 𝑞) ∈ 𝑉 × 𝑀, are constructed. In general, the 

semi-discrete formulation of the Navier-Stokes equations for all 𝑡 ∈ (0, 𝑇] and 

(𝒘ℎ, 𝑞ℎ) ∈ 𝑉ℎ ×𝑀ℎ can be written as, 

(𝜌
𝜕𝒖ℎ
𝜕𝑡
 , 𝒘ℎ) + (𝜌(𝒖ℎ. 𝛁)𝒖ℎ , 𝒘ℎ) − (𝜌𝒇,𝒘ℎ) + ( 𝜇(𝛁𝒖ℎ + (𝛁𝒖ℎ)

𝑇), 𝛁𝒘ℎ)

− (𝑝ℎ, (𝛁.𝒘ℎ)) + ( 𝛁. 𝒖ℎ, 𝑞ℎ) = (𝒉,𝒘ℎ)Γ𝑁 

(B.5) 

where, 𝒘ℎ is the test function corresponding to 𝒖ℎ and 𝑞ℎ is the test function 

corresponding to 𝑝ℎ. 

To incorporate the stabilization methods, two strong residuals are 

introduced, which include, 𝒓𝑀(𝒖ℎ, 𝑝ℎ) and 𝒓𝐶(𝒖ℎ) of the momentum and continuity 

equations, which are given as, 

𝒓𝑀(𝒖ℎ, 𝑝ℎ) = 𝜌 (
𝜕𝒖ℎ
𝜕𝑡

 + (𝒖ℎ. 𝛁)𝒖ℎ − 𝒇) + ∇𝑝 − 𝜇(𝛁𝒖ℎ + (𝛁𝒖ℎ)
𝑇) 

𝒓𝐶(𝒖ℎ) = 𝛁. 𝒖ℎ 

(B.6) 

The semi-discrete stabilized formulation of the Navier-Stokes equations is 

then given for all 𝑡 ∈ (0, 𝑇] and (𝒘ℎ, 𝑞ℎ) ∈ 𝑉ℎ ×𝑀ℎ as, 
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(𝜌
𝜕𝒖ℎ
𝜕𝑡
 , 𝒘ℎ) + (𝜌(𝒖ℎ. 𝛁)𝒖ℎ , 𝒘ℎ)  − (𝜌𝒇,𝒘ℎ) + ( 𝜇(𝛁𝒖ℎ + (𝛁𝒖ℎ)

𝑇), 𝛁𝒘ℎ)

− (𝑝ℎ, (𝛁.𝒘ℎ)) + ( 𝛁. 𝒖ℎ, 𝑞ℎ)

+ ∑(𝜏𝑀𝒓𝑀(𝒖ℎ, 𝑝ℎ), 𝜌𝒖ℎ. 𝛁𝒘ℎ + 𝛁𝑞ℎ)𝐾
𝐾∈𝒯ℎ

+ ∑(𝜏𝐶𝒓𝐶(𝒖ℎ), 𝛁.𝒘ℎ)𝐾
𝐾∈𝒯ℎ

= (𝒉,𝒘ℎ)Γ𝑁 

(B.7) 

where K denotes an arbitrary element of our partition, 𝜏𝑀 is a stability coefficient to 

be described below and (∙,∙)𝐾 denotes integration over K. The stabilization 

parameters are defined element-wise as [79]–[81], 

𝜏𝑀 = (
𝜌𝜎

Δ𝑡
+
𝟐𝜌‖𝒖ℎ‖

ℎ𝑒
+
4𝜇

ℎ𝑒2
)

−1

 

𝜏𝐶 =
ℎ𝑒
2

𝜏𝑀
 

(B.8) 

where 𝜎 is a constant equal to the order of the time discretization and Δ𝑡 is the time 

step that will be chosen for the time discretization. The element length ℎ𝑒 is defined 

to be equal to the diameter of the circle which is area-equivalent to the element. 

For the time integration, Backward Differentiation Formula (BDF) scheme is 

considered. To begin with, the time interval [0, 𝑇] is partitioned into 𝑁𝑡 sub-

intervals of equal size Δ𝑡 = 𝑇/𝑁𝑡  and 𝑡𝑛 = 𝑛Δ𝑡, for 𝑛 = 0, 1, . . . . . . , 𝑁𝑡  the discrete 

time instances. Also, 𝒖ℎ
𝑛 and 𝑝ℎ

𝑛 the approximations of 𝒖ℎ and 𝑝ℎ at time 𝑡𝑛, 

respectively. The time derivative of the velocity is approximated as, 
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𝜕𝒖ℎ
𝜕𝑡

≈
𝛼𝒖ℎ

𝑛+1 − 𝒖ℎ
𝑛,𝜎

Δ𝑡
 (B.9) 

where 𝜎 = 1,2, based on the order of the BDF scheme used.  

𝒖ℎ
𝑛,𝜎 = {

𝒖ℎ
𝑛, 𝑖𝑓 𝑛 ≥ 0,          𝑓𝑜𝑟  𝜎 = 1 (𝐵𝐷𝐹1) 

2𝒖ℎ
𝑛 −

1

2
𝒖ℎ
𝑛−1, 𝑖𝑓 𝑛 ≥ 1,          𝑓𝑜𝑟  𝜎 = 2 (𝐵𝐷𝐹2)

 

and, 𝛼 = {
1 𝑓𝑜𝑟  𝜎 = 1 (𝐵𝐷𝐹1) 
3

2
𝑓𝑜𝑟  𝜎 = 2 (𝐵𝐷𝐹2)

 

(B.10) 

It should be noted that 𝜎 = 1 reduces to the backward difference Euler formula. 

In semi-implicit BDF, the linearization is done by extrapolating the 

convective velocity via an extrapolation formula of the same order of the BDF used. 

The convective velocity at time 𝑡𝑛+1 is approximated with the Lagrange polynomial 

interpolating 𝒖ℎ
𝑛, . . . . . . , 𝒖ℎ

𝑛−𝜎+1, evaluated at time 𝑡𝑛+1. Thus, the following 

expression for the extrapolated velocity at time 𝑡𝑛+1 is obtained; 

𝒖ℎ
𝑛+1,∗ =  {

𝒖ℎ
𝑛, 𝑖𝑓 𝑛 ≥ 0,          𝑓𝑜𝑟  𝜎 = 1 (𝐵𝐷𝐹1) 

2𝒖ℎ
𝑛 − 𝒖ℎ

𝑛−1 𝑖𝑓 𝑛 ≥ 1,          𝑓𝑜𝑟  𝜎 = 2 (𝐵𝐷𝐹2)
 (B.11) 

The (fully discrete) semi-implicit BDF approximation of the Navier-Stokes 

equations can be written, given, 𝒖ℎ
𝑛, . . . . . . , 𝒖ℎ

𝑛−𝜎+1, for 𝑛 ≥ 𝜎 − 1 find (𝒖ℎ
𝑛+1, 𝑝ℎ

𝑛+1) ∈

𝑉ℎ ×𝑀ℎ such that, 
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(𝜌
𝛼𝒖ℎ

𝑛+1 − 𝒖ℎ
𝑛,𝜎

Δ𝑡
 , 𝒘ℎ) + (𝜌(𝒖ℎ

𝑛+1,∗. 𝛁)𝒖ℎ
𝑛+1 , 𝒘ℎ)  − (𝜌𝒇

𝑛+1, 𝒘ℎ)

+ ( 𝜇(𝛁𝒖ℎ
𝑛+1 + (𝛁𝒖ℎ

𝑛+1)𝑇), 𝛁𝒘ℎ) − (𝑝ℎ
𝑛+1, (𝛁.𝒘ℎ))

+ ( 𝛁. 𝒖ℎ
𝑛+1, 𝑞ℎ)

+ ∑(𝜏𝑀
∗ 𝑟𝑀

∗ (𝒖ℎ
𝑛+1, 𝑝ℎ

𝑛+1), 𝜌𝒖ℎ
𝑛+1,∗. 𝛁𝒘ℎ + 𝛁𝑞ℎ)𝐾

𝐾∈𝒯ℎ

+ ∑(𝜏𝐶
∗𝑟𝐶(𝒖ℎ

𝑛+1), 𝛁.𝒘ℎ)𝐾
𝐾∈𝒯ℎ

= (𝒉𝑛+1, 𝒘ℎ)Γ𝑁 

(B.12) 

for all (𝒘ℎ, 𝑞ℎ) ∈ 𝑉ℎ ×𝑀ℎ. The residual of the momentum equation is given as, 

𝑟𝑀
∗ (𝒖ℎ

𝑛+1, 𝑝ℎ
𝑛+1)

= 𝜌 (
𝛼𝒖ℎ

𝑛+1 − 𝒖ℎ
𝑛,𝜎

Δ𝑡
 + (𝒖ℎ

𝑛+1,∗. 𝛁)𝒖ℎ
𝑛+1 − 𝒇𝑛+1) + ∇𝑝ℎ

𝑛+1

− 𝜇(𝛁𝒖ℎ
𝑛+1 + (𝛁𝒖ℎ

𝑛+1)𝑇) 

(B.13) 

And, the stabilization parameters are given as, 

𝜏𝑀
∗ = (

𝜌𝜎

Δ𝑡
+
𝟐𝜌‖𝒖ℎ

𝑛+1,∗‖

ℎ𝑒
+
4𝜇

ℎ𝑒2
)

−1

 

𝜏𝐶
∗ =

ℎ𝑒
2

𝜏𝑀
∗  

(B.14) 

In order to obtain the algebraic formulation of equation (3.25), let {𝜑𝑖 }𝑖=1
𝑁ℎ,𝑢 

and {𝜂𝑘 }𝑘=1
𝑁ℎ,𝑝 be the Lagrangian finite element bases for 𝑉ℎ and 𝑀ℎ respectively. And, 

𝒖ℎ
𝑛 ∈ ℝ𝑁ℎ,𝑢 and 𝑝ℎ

𝑛 ∈ ℝ𝑁ℎ,𝑝 are the vectors of coefficients in the expansions of 𝒖ℎ
𝑛 

and 𝑝ℎ
𝑛 with respect to the finite element bases. Setting, 𝑼ℎ

𝑛 = (𝒖ℎ
𝑛, 𝑝ℎ

𝑛) ∈ ℝ𝑁ℎ , the 
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algebraic formulation of the semi-implicit BDF approximation, equation (3.27), can 

be written, given, 𝑼ℎ
𝑛, . . . . . . , 𝑼ℎ

𝑛−𝜎+1, for 𝑛 ≥ 𝜎 − 1 find 𝑼ℎ
𝑛+1 ∈ ℝ𝑁ℎ  such that, 

(
𝜌𝛼

Δ𝑡
 𝑴 + 𝑨 + 𝑪(𝑼ℎ

𝑛,∗) + 𝑺(𝑼ℎ
𝑛,∗))𝑼ℎ

𝑛+1

=
𝜌

Δ𝑡
 𝑴𝑼ℎ

𝑛,𝜎 + 𝒇(𝑡𝑛+1) + 𝒇
𝑆(𝑼ℎ

𝑛,∗, 𝑼ℎ
𝑛,𝜎) 

(B.15) 

The right-hand side term 𝒇(𝑡𝑛+1) encodes the action of Dirichlet and 

Neumann boundary conditions, as well as body forces. The 𝑁ℎ × 𝑁ℎ, block-

partitioned matrices 𝑴 and 𝑨 are defined as, 

𝑴 = (
𝑴𝑢 0
0 0

),        𝑨 = (𝜇𝑲 𝑩𝑇

−𝑩 0
) (B.16) 

where, 𝑴𝑢 ∈ ℝ
𝑁ℎ,𝑢×𝑁ℎ,𝑢 is the velocity mass matrix, 𝑲 ∈ ℝ𝑁ℎ,𝑢×𝑁ℎ,𝑢 is the velocity 

stiffness matrix and 𝑩 ∈ ℝ𝑁ℎ,𝑢×𝑁ℎ,𝑢 is the divergence matrix. The nonlinear 

convective term 𝑪(𝑼ℎ
𝑛+1) is the convection matrix. The matrix 𝑺(𝑼ℎ

𝑛,∗) ∈ ℝ𝑁ℎ×𝑁ℎ 

consisting of the stabilization terms is defined as, 

𝑺(𝑼ℎ
𝑛,∗) = (

𝑺𝑢𝑢(𝒖ℎ
𝑛,∗) 𝑺𝑢𝑝(𝒖ℎ

𝑛,∗)

𝑺𝑝𝑢(𝒖ℎ
𝑛,∗) 𝑺𝑝𝑝(𝒖ℎ

𝑛,∗)
) (B.17) 

where, 

(𝑺𝑢𝑢(𝒖ℎ
𝑛,∗))

𝑖𝑗
= (𝜏𝑀

∗ (
𝜌𝛼

Δ𝑡
𝝋𝑗 + 𝜌𝒖ℎ

𝑛,∗. 𝛁𝝋𝑗 − 𝜇∆𝝋𝑗) , 𝜌𝒖ℎ
𝑛,∗. 𝛁𝝋𝑖)

+ (𝜏𝐶
∗𝛁.𝝋𝑗, 𝛁. 𝝋𝑖) 

(𝑺𝑝𝑢(𝒖ℎ
𝑛,∗))

𝑘𝑗
= (𝜏𝑀

∗ (
𝜌𝛼

Δ𝑡
𝝋𝑗 + 𝜌𝒖ℎ

𝑛,∗. 𝛁𝝋𝑗 − 𝜇∆𝝋𝑗) , 𝜌𝒖ℎ
𝑛,∗. 𝛁𝜼𝑘) 

(𝑺𝑢𝑝(𝒖ℎ
𝑛,∗))

𝑖𝑘
= (𝜏𝑀

∗ 𝛁𝜼𝑘, 𝜌𝒖ℎ
𝑛,∗. 𝛁𝝋𝑖) 

(B.18) 
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(𝑺𝑝𝑝(𝒖ℎ
𝑛,∗))

𝑘𝑙
= (𝜏𝑀

∗ 𝛁𝜼𝑙, 𝛁𝜼𝑘) 

for 𝑖, 𝑗 = 1, . . . . . . , 𝑁ℎ,𝑢 and 𝑘, 𝑙 = 1, . . . . . . , 𝑁ℎ,𝑝. The SUPG contribute to the right-hand 

side is instead given by 𝒇𝑆(𝑼ℎ
𝑛,∗, 𝑼ℎ

𝑛,𝜎) = (𝒇𝑢
𝑆 , 𝒇𝑝

𝑆)𝑇 , where 

(𝒇𝑢
𝑆)𝑖 = (𝜏𝑀

∗
𝜌

Δ𝑡
𝒖ℎ
𝑛,𝜎, 𝜌𝒖ℎ

𝑛,∗. 𝛁𝝋𝑖) 

(𝒇𝑝
𝑆)
𝑘
= (𝜏𝑀

∗
𝜌

Δ𝑡
𝒖ℎ
𝑛,𝜎, 𝛁𝜼𝑘) 

(B.19) 

The matrices 𝑴 and 𝑨 are constant in time and independent of 𝑼ℎ
𝑛,∗, so that they can 

be assembled once and for all at 𝑡 = 𝑡0. On the other hand, the matrices 𝑪 and 𝑺 

depend on 𝑼ℎ
𝑛,∗ and need to be assembled at each time step. 

The fully implicit BDF approximation of Navier-Stokes equation is written, 

given, 𝒖ℎ
𝑛, . . . . . . , 𝒖ℎ

𝑛−𝜎+1, for 𝑛 ≥ 𝜎 − 1 find (𝒖ℎ
𝑛+1, 𝑝ℎ

𝑛+1) ∈ 𝑉ℎ ×𝑀ℎ  such that, 

(𝜌
𝛼𝒖ℎ

𝑛+1 − 𝒖ℎ
𝑛,𝜎

Δ𝑡
 , 𝒘ℎ) + (𝜌(𝒖ℎ

𝑛+1. 𝛁)𝒖ℎ
𝑛+1 , 𝒘ℎ)  − (𝜌𝒇

𝑛+1, 𝒘ℎ)

+ ( 𝜇(𝛁𝒖ℎ
𝑛+1 + (𝛁𝒖ℎ

𝑛+1)𝑇), 𝛁𝒘ℎ) − (𝑝ℎ
𝑛+1, (𝛁.𝒘ℎ))

+ ( 𝛁. 𝒖ℎ
𝑛+1, 𝑞ℎ)

+ ∑(𝜏𝑀𝒓𝑀(𝒖ℎ
𝑛+1, 𝑝ℎ

𝑛+1), 𝜌𝒖ℎ
𝑛+1. 𝛁𝒘ℎ + 𝛁𝑞ℎ)𝐾

𝐾∈𝒯ℎ

+ ∑(𝜏𝐶𝑟𝐶(𝒖ℎ
𝑛+1), 𝛁.𝒘ℎ)𝐾

𝐾∈𝒯ℎ

= (𝒉𝑛+1, 𝒘ℎ)Γ𝑁 

(B.20) 

where, 
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𝒓𝑀(𝒖ℎ
𝑛+1, 𝑝ℎ

𝑛+1)

= 𝜌 (
𝛼𝒖ℎ

𝑛+1 − 𝒖ℎ
𝑛,𝜎

Δ𝑡
 + (𝒖ℎ

𝑛+1. 𝛁)𝒖ℎ
𝑛+1 − 𝒇𝑛+1) + ∇𝑝ℎ

𝑛+1

− 𝜇(𝛁𝒖ℎ
𝑛+1 + (𝛁𝒖ℎ

𝑛+1)𝑇) 

(B.21) 

In order to obtain the algebraic formulation of equation (B.20), let {𝜑𝑖 }𝑖=1
𝑁ℎ,𝑢 

and {𝜂𝑘 }𝑘=1
𝑁ℎ,𝑝 be the Lagrangian finite element bases for 𝑉ℎ and 𝑀ℎ respectively. And, 

𝒖ℎ
𝑛 ∈ ℝ𝑁ℎ,𝑢 and 𝑝ℎ

𝑛 ∈ ℝ𝑁ℎ,𝑝 are the vectors of coefficients in the expansions of 𝒖ℎ
𝑛 

and 𝑝ℎ
𝑛 with respect to the finite element bases. Setting, 𝑼ℎ

𝑛 = (𝒖ℎ
𝑛, 𝑝ℎ

𝑛) ∈ ℝ𝑁ℎ , the 

algebraic formulation can be written, given, 𝑼ℎ
𝑛, . . . . . . , 𝑼ℎ

𝑛−𝜎+1, for 𝑛 ≥ 𝜎 − 1 find 

𝑼ℎ
𝑛+1 ∈ ℝ𝑁ℎ  such that, 

𝜌𝛼

Δ𝑡
 𝑴𝑼ℎ

𝑛+1 + 𝑨𝑼ℎ
𝑛+1 + 𝑪(𝑼ℎ

𝑛+1) + 𝑺(𝑼ℎ
𝑛+1) =

𝜌

Δ𝑡
 𝑴𝑼ℎ

𝑛,𝜎 + 𝒇(𝑡𝑛+1) (B.22) 

The nonlinear convective term 𝑪(𝑼ℎ
𝑛+1) is the convection matrix. The nonlinear 

term 𝑺(𝑼ℎ
𝑛+1) accounts for the SUPG stabilization. At each time step, the nonlinear 

system of equations is solved by Newton’s method, give, 𝑼ℎ
𝑛+1,0 = 𝑼ℎ

𝑛, for 𝑚 = 0,

1, . . . . .. until convergence seek 𝛿𝑼 such that, 

𝑱(𝑼ℎ
𝑛+1,𝑚)𝛿𝑼 = −𝑹(𝑼ℎ

𝑛+1,𝑚) (B.23) 

and then set 𝑼ℎ
𝑛+1,𝑚+1 = 𝑼ℎ

𝑛+1,𝑚 + 𝛿𝑼. Here, 

𝑱 =
𝜌𝛼

Δ𝑡
 𝑴 + 𝑨 + 𝑪𝟏(𝑼ℎ

𝑛+1,𝑚) + 𝑪𝟐(𝑼ℎ
𝑛+1,𝑚) +

𝝏𝑺

𝝏𝑼
(𝑼ℎ

𝑛+1,𝑚) 

𝑹 =
𝜌

Δ𝑡
 𝑴(𝛼𝑼ℎ

𝑛+1,𝑚 − 𝑼ℎ
𝑛,𝜎) + 𝑨𝑼ℎ

𝑛+1,𝑚 + 𝑪(𝑼ℎ
𝑛+1,𝑚) + 𝑺(𝑼ℎ

𝑛+1,𝑚)

− 𝒇(𝑡𝑛+1) 

(B.24) 
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The convective matrices are defined as, 

𝑪𝟏(𝑼ℎ) = (
𝒄𝟏(𝒖ℎ) 0
0 0

),        𝑪𝟐(𝑼ℎ) = (
𝒄𝟐(𝒖ℎ) 0
0 0

) 

(𝒄𝟏(𝒖ℎ))𝒊𝒋 = (𝜌𝒖ℎ. 𝛁𝝋𝑗, 𝝋𝑖),         (𝒄𝟐(𝒖ℎ))𝒊𝒋 = (𝜌𝝋𝑗 . 𝛁𝒖ℎ, 𝝋𝑖) 

(B.25) 

for 𝑖, 𝑗 = 1, . . . . . . , 𝑁ℎ,𝑢. 

B.2. Discretization of Advection-Diffusion-Reaction Equation 

Similar to the approach illustrated in sections B.1, the mass transfer equation 

(3.3) to estimate asphaltene deposition can be fully discretized. In general, the 

strong form of a time-dependent advection-diffusion-reaction equation can be given 

as follows; considering the unknown 𝜙:ℝ𝑑  × [0, 𝑇] → ℝ such that, 

𝜕𝜙

𝜕𝑡
 + (𝜷. 𝛁)𝜙 −  𝛁. (𝑏𝛁𝜙) + 𝑐(𝜙)  = 𝑠 𝑖𝑛 Ω × (0, 𝑇) 

(B.26) 
𝜙 = 𝑔     𝑖𝑛 Γ𝐷 × (0, 𝑇) 

𝑏𝛁𝜙. 𝒏 = 𝑟 𝑖𝑛 Γ𝑁 × (0, 𝑇)  

𝜙(∙ ,0) = 𝜙0 𝑖𝑛 Ω  

With respect to equation (3.3), 𝜷 = 𝒖, 𝑏 = 𝐷𝑒, 𝑐 is the aggregation or deposition 

kinetic parameter and 𝑠 is the precipitation term. It should be noted that the 

reaction term is nonlinear as per equation (3.3). The weak formulation of equation 

(B.27) is given for all 𝑡 ∈ (0, 𝑇], find 𝜙, with 𝑣 as the test function,∀𝑣 ∈ 𝑉, such that, 

(
𝜕𝜙

𝜕𝑡
, 𝑣)   + 𝑎(𝜙, 𝑣) + (𝑐(𝜙), 𝑣) = 𝐹(𝑣) 

𝑎(𝜙, 𝑣) = ∫ (𝑏𝛁𝜙. 𝛁𝑣 + (𝜷. 𝛁)𝜙𝑣)𝑑Ω
Ω

 

 

 

 

(B.27) 
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(𝑐(𝜙), 𝑣) = ∫ 𝑐(𝜙)𝑣𝑑Ω
Ω

 

𝐹(𝑣) = ∫ 𝑠𝑣𝑑Ω
Ω

 

 

 

with 𝜙(0) = 𝜙0.  Including the stabilization term, 

(
𝜕𝜙ℎ
𝜕𝑡
 , 𝑣ℎ) + 𝑎(𝜙ℎ, 𝑣ℎ) + (𝑐(𝜙ℎ), 𝑣ℎ) + ∑(𝜏𝑀𝒓𝑀(𝜙ℎ), 𝜷. 𝛁𝒗ℎ)𝐾

𝐾∈𝒯ℎ

= 𝐹(𝑣ℎ) (B.28) 

𝒓𝑀(𝜙ℎ) =
𝜕𝜙ℎ
𝜕𝑡

 + (𝜷.𝛁)𝜙ℎ −  𝛁. (𝑏𝛁𝜙ℎ) + 𝑐(𝜙ℎ)  − 𝑠 

𝜏𝑀 = (
𝜎

Δ𝑡
+
𝟐‖𝜷‖

ℎ𝑒
+
4𝑏

ℎ𝑒2
+ 𝛾)

−1

 

(B.29) 

Here 𝛾 refers to the coefficient of the reaction term. Further, performing the time 

integration using the fully implicit BDF, the following fully-discrete algebraic 

formulation is obtained, given, 𝝓ℎ
𝑛, . . . . . . , 𝝓ℎ

𝑛−𝜎+1, for 𝑛 ≥ 𝜎 − 1 find 𝝓ℎ
𝑛+1, such that, 

𝛼

Δ𝑡
 𝑴𝝓ℎ

𝑛+1 + 𝑨𝝓ℎ
𝑛+1 +𝑯(𝝓ℎ

𝑛+1) + 𝑺(𝝓ℎ
𝑛+1) =

1

Δ𝑡
 𝑴𝑼ℎ

𝑛,𝜎 + 𝒇(𝑡𝑛+1) (B.30) 

Matrix 𝑯 arises due to the nonlinear reaction term, which is solved using Newton’s 

method. The mass matrix 𝑴 is defined as, 𝑴𝑖𝑗 = (𝝋𝑗, 𝝋𝑖), 1 ≤ 𝑖, 𝑗 ≤ 𝑁ℎ. The 

nonlinear term 𝑺(𝝓ℎ
𝑛+1) accounts for the SUPG stabilization. 
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Appendix C 

Iterative Solver 

The linear system of equations, that is obtained as a result of the complete 

discretization of the PDEs, need to solved to compute the unknowns. Say, the system 

of equations to be solved is of the form, 𝑨𝒙 = 𝒃, then the residual is, 𝒓 = 𝒃 − 𝑨𝒙.  

The Biconjugate Gradient Stabilized Method (BiCGSTAB) has been used in this work 

to perform the computation. The following is the standard BiCGSTAB algorithm for 

solving a linear system 𝑨𝒙 = 𝒃, using 𝒙𝟎 as the initial vector: 

Algorithm 3.1 - Biconjugate Gradient Stabilized Method (BiCGSTAB) 

1. 𝑟0 = 𝑏 − 𝐴𝑥0 ; 𝑟0̅ arbitrary but (𝑟0̅, 𝑟0) ≠ 0 
2. 𝑝0 = 𝑟0 
3. for 𝑗 = 0, 1, ……, until convergence do 
4.        𝛼𝑗 = (𝑟𝑗, 𝑟0̅)/(𝐴𝑝𝑗, 𝑟0̅) 

5.         𝑠𝑗 = 𝑟𝑗 − 𝛼𝑗𝐴𝑝𝑗 

6.         𝜔𝑗 = (𝐴𝑠𝑗 , 𝑠𝑗)/(𝐴𝑠𝑗, 𝐴𝑠𝑗) 

7.        𝑥𝑗+1 = 𝑥𝑗 + 𝛼𝑗𝑝𝑗 + 𝜔𝑗  𝑠𝑗 

8.        𝑟𝑗+1 = 𝑠𝑗 − 𝜔𝑗𝐴𝑠𝑗  

9.         𝛽𝑗 = (𝑟𝑗+1, 𝑟0̅)/(𝑟𝑗, 𝑟0̅) ∙ 𝛼𝑗/𝜔𝑗  

10.         𝑝𝑗+1 = 𝑟𝑗+1 + 𝛽𝑗(𝑝𝑗 − 𝜔𝑗𝐴𝑝𝑗) 

11.  end for 

The coefficient iterates 𝛼𝑗  and 𝛽𝑗  are derived based on their counterparts in 

Biconjugate Gradient (BiCG) for updating the residual vectors and the search 

direction vectors. It can be shown that 𝛼𝑗  makes 𝑠𝑗 ⊥ 𝑟0̅ and 𝛽𝑗 makes 𝑝𝑗+1 ⊥ 𝑟0̅ for 

all 𝑗. Furthermore, 𝜔𝑗  is defined to minimize the 2-norm of the residual vector 𝑟𝑗+1 

given 𝑠𝑗  and 𝐴𝑠𝑗 . The BiCGSTAB method is an improvement of the Conjugate 
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Gradient Method. But one of the limitations of the Conjugate Gradient Method is that 

the matrix 𝐴 must be Symmetric Positive Definite. BiCGSTAB is developed for a 

square matrix that can be non-symmetric positive definite.   

Also, while employing iterative methods, preconditioning is a key factor. 

Considering the system 𝑨𝒙 = 𝒃, the preconditioned system using a nonsingular 

matrix 𝑃 will be: 

𝑷−𝟏𝑨𝒙 = 𝑷−𝟏𝒃 (C.1) 

Or else, 

𝑨𝑷−𝟏𝒚 = 𝒃 

𝒙 = 𝑷−𝟏𝒚 
(C.2) 

where the first system is left-preconditioned and the second one is right-

preconditioned and matrix 𝑃 approximates the coefficient matrix 𝐴. The 

preconditioned system has the same solution, but is easier to solve. The rate of 

convergence for a linear system 𝐴𝑥 = 𝑏 solved in the Krylov subspace depends on 

the condition number of matrix 𝐴. The general idea is to compute a matrix 𝑃 in such 

a way that it is invertible and close to 𝐴 so 𝐴𝑃−1 is closer to the identity matrix than 

it is to 𝐴, thus it will have a smaller condition number and the preconditioned 

system will be solved faster. Right preconditioning is considered for this work. One 

way to derive the preconditioned iteration is, in the above Algorithm 3.1, to replace 

the symbol 𝐴 by 𝐴𝑃−1 and 𝑥𝑗 by 𝑦𝑗 , and then substitute 𝑦𝑗  back by 𝑃𝑥𝑗 . This 

introduces two auxiliary vectors 𝑝�̃� = 𝑃
−1𝑝𝑗 and 𝑠�̃� = 𝑃

−1𝑠𝑗 , which are the only 
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computations that require the preconditioner. The preconditioned version of 

BiCGSTAB is given as follows; 

Algorithm 3.2 – Right preconditioned BiCGSTAB 

1. 𝑟0 = 𝑏 − 𝐴𝑥0 ; 𝑟0̅ arbitrary  
2. 𝑝0 = 𝑟0 
3. for 𝑗 = 0, 1, ……, until convergence do 
4.        𝑝�̃� = 𝑃

−1𝑝𝑗 

5.        𝛼𝑗 = (𝑟𝑗, 𝑟0̅)/(𝐴𝑝�̃�, 𝑟0̅) 

6.         𝑠𝑗 = 𝑟𝑗 − 𝛼𝑗𝐴𝑝�̃� 

7.        𝑠�̃� = 𝑃
−1𝑠𝑗  

8.         𝜔𝑗 = (𝐴𝑠�̃�, 𝑠𝑗)/(𝐴𝑠�̃�, 𝐴𝑠�̃�) 

9.        𝑥𝑗+1 = 𝑥𝑗 + 𝛼𝑗𝑝𝑗 + 𝜔𝑗  𝑠�̃� 

10.        𝑟𝑗+1 = 𝑠𝑗 − 𝜔𝑗𝐴𝑠�̃� 

11.         𝛽𝑗 = (𝑟𝑗+1, 𝑟0̅)/(𝑟𝑗, 𝑟0̅) ∙ 𝛼𝑗/𝜔𝑗  

12.         𝑝𝑗+1 = 𝑟𝑗+1 + 𝛽𝑗(𝑝𝑗 − 𝜔𝑗𝐴𝑝�̃�) 

13. end for 

In this work, the incomplete LU (lower triangular matrix L and an upper 

triangular matrix U) factorization of the matrix is used as the preconditioner. When 

a sparse matrix is factored by LU or Gaussian elimination, fill-in usually takes place. 

This means that the factors L and U of the coefficient matrix 𝐴 are considerably less 

sparse than 𝐴. However, by discarding part of the fill-in in the course of the 

factorization process, simple but powerful preconditioners can be obtained using 

Incomplete LU (ILU) factorization. ILU factorization of a matrix is a sparse 

approximation of the LU factorization often used as a preconditioner. It instead tries 

to find L and U matrices such that 𝑨 ≈ 𝑳𝑼. ILUT (ILU with Threshold) algorithm is 

used in this work. ILUT algorithm is shown as; 
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Algorithm 3.3 – ILUT Algorithm 

14. for 𝑖 = 0, 1, …… ,𝑁  
15.       𝝎 = 𝒂𝒊 
16.       for 𝑘 = 0, 1, …… , 𝑖 − 1 and if 𝓌𝑘 ≠ 0, 
17.             𝓌𝑘 = 𝓌𝑘𝑎𝑘𝑘 
18.             Applying a dropping rule to 𝓌𝑘  
19.              if 𝓌𝑘 ≠ 0, then 
20.                  𝝎 = 𝝎 − 𝓌𝑘𝒖𝒊     
21.            end if 
22.       end for  
23.       Applying a dropping rule to the row 𝝎 
24.       𝑙𝑖𝑗 = 𝓌𝑗  for 𝑗 = 0, 1, …… , 𝑖 − 1 

25.       𝑢𝑖𝑗 = 𝓌𝑗  for 𝑗 = 0, 1, …… ,𝑁 

26.      𝝎 = 𝟎 
27. end for 

Here 𝝎 = (𝓌1,𝓌2, …… ,𝓌𝑁) is a full-length working row that accumulates linear 

combinations of rows in the elimination, and 𝒖𝒊 represents the i-th row of U. ILU(0) 

is a special case of ILUT, where entries that are not in locations of the original 

structure of matrix A are dropped. In ILUT, the following rules are applied, 

 In the fifth line of algorithm 3.3, an entry 𝓌𝑘  is dropped, that is replaced by 

zero, if its magnitude is below the relative tolerance 𝜖𝑖 obtained by multiplying 

𝜖 by the norm of the i-th row. 

 In the tenth line of algorithm 3.3, a different dropping rule is used. First, any 

entry in the row with a magnitude less than 𝜖𝑖 is dropped. Then, in addition to 

keeping the diagonal entry, only the l largest entries in the L part of the row 

and l largest entries in the U part of the row are kept. This is done to control 

the number of entries per row. Parameter l is used to control the memory 

usage.  
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Appendix D 

Parallelism between Flow in Pipe and Couette-
Taylor Device 

It is easy to show that the hydrodynamic similarity of two near-wall or 

boundary layer flows is obtained if the shear stress at the wall and the wall 

temperature determining the fluid viscosity, are the same. This parallelism was 

shown by Eskin et al. [25]. The shear stress at the pipe wall is calculated as, 

𝜏𝑤 =
1

8
𝜌𝑓𝑈2 (D.1) 

where f is the Fannings friction factor which is a function of the pipe Reynolds 

number and the wall surface roughness, U is the superficial flow velocity, and 𝜌 is 

the fluid density. For calculation of the Fannings friction factor, the Blausius 

correlation is employed, 

𝑓 =
0.316

𝑅𝑒0.25
 (D.2) 

where 𝑅𝑒 = 𝑈𝐷/𝜈, is the pipe Reynolds number, D is the pipe diameter, and 𝜈 is the 

fluid kinematic viscosity.  

On the other hand, the calculation of shear stress at the Couette-Taylor 

device wall is slightly more complicated. There are a number of known correlations 

for calculating the torque applied to the inner cylinder of a Couette-Taylor device as 

a function of the rotation speed. The semi-theoretical correlations developed are 
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either limited to a certain radius ratio or a certain maximum Reynolds number [82]. 

Eskin et al. developed a generalized relation overcoming these limitations [83]. The 

non-dimensional torque is determined as, 

𝐺 =
𝑇𝑟
𝜌𝜈2𝐿

 (D.3) 

where L is the Couette-Taylor device height and, 𝑇𝑟 = 𝜏𝑤2𝜋𝑅0
2𝐿 is the torque. The 

analytical expression relating the non-dimensional torque G applied to the Couette 

device rotor and the Reynolds number 𝑅𝑒𝑐 is, 

1.103𝜂

(1 + 𝜂2)(1 − 𝜂)

𝑅𝑒𝑐

√𝐺
= 𝑙𝑛√𝐺 +

2𝜂

(1 + 𝜂2)
− ln (

1 + 𝜂

1 − 𝜂
) + 0.406    

𝑓𝑜𝑟 𝑅𝑒𝑐 ≥ 1300 

(D.4) 

where 𝑅𝑒𝑐 =  𝜔𝑅𝑖(𝑅𝑜−𝑅𝑖)/𝜈 is the Couette-Taylor device Reynolds number and 𝜔  

is the inner cylinder angular velocity. If the shear stress on the pipe wall is known, 

then the rotation speed of the Couette device rotor needed to provide the same 

shear stress on the outer wall of this device can be calculated by the analytical 

equation (D.4). 
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Appendix E 

Modeling Deposition in Couette-Taylor Device 
based on Geometric PBM 

This modeling technique was established by Eskin et al. [25]. This has been 

included here, as the developed deposition model based on CFD has been contrasted 

against this model in Chapter 6. 

E.1. Particle Size Distribution Evolution Modeling 

The set of equations describing the size distribution evolution in a batch 

Couette system is, 

𝑑𝐶𝑖
𝑑𝑡

= −
𝐾𝑖−1,𝑖−1
𝑅

𝐶𝑖−1
2 + 𝐶𝑖−1∑𝐾𝑖−1,𝑗

𝑖−2

𝑗=1

𝑅𝑗−1

𝑅𝑖−1−𝑅𝑖−2
𝐶𝑗 − 𝐶𝑖∑𝐾𝑖,𝑗

𝑖−1

𝑗=1

𝑅𝑗−1

𝑅𝑖−𝑅𝑖−1
𝐶𝑗

− 𝐶𝑖∑𝐾𝑖,𝑗

𝑁−1

𝑗=1

𝐶𝑗 − 𝑆𝑖𝐶𝑖 + ∑ Γ𝑖,𝑗

𝑁

𝑗=𝑖+1

𝑆𝑖𝐶𝑗   

     𝑤ℎ𝑒𝑟𝑒, 𝑖, 𝑗 = 1,2………𝑁  

(E.5) 

where 𝐶𝑖 is the concentration of particles of the ith size fraction by number and 

𝐾𝑖−1,𝑖−1 represents the collision kernel between two i–1 aggregates [84]. The kinetic 

parameter 𝐾𝑖,𝑗 is given as, 𝐾𝑖,𝑗 = 𝛽𝛼𝑖,𝑗 , where 𝛽 is the particle-particle collision 

efficiency and 𝛼𝑖,𝑗  is the collision frequency. A known Kuster’s model was employed 

for calculating the breakage rate, 
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𝑆𝑖 = (
4

15𝜋
)
1/2

𝐺𝑘 exp (−
휀𝑏𝑖
휀
)  (E.2) 

where 휀𝑏𝑖 = 𝐵 𝑑𝑖⁄  is the critical energy dissipation rate of the ith aggregate, where B 

can be calculated as, 𝐵 = 𝐴𝐺𝑘
𝑦, where A and y are empirical parameters, of values 

y=1.6 and A=0.0007 respectively. The simplest (binary) breakage distribution 

function was employed (Γ𝑖,𝑖+1 = 2), that is, the i+1 fraction particle is broken into 

two fragments of equal sizes [84]. 

The population balance model for the flow-through system is different from 

that for a batch system. As the flow-through rates are relatively very low, the fluid 

residence time in Couette-Taylor device is much larger than the period of inner 

cylinder revolution. Hence, the Couette-Taylor cell can be considered as an ideal 

mixer. The population balance equations for a flow-through system is given as, 

𝑑𝐶1
𝑑𝑡

= (
𝑑𝐶1
𝑑𝑡
)
𝑏𝑎𝑡𝑐ℎ

+
𝑄

𝑊
(𝐶01 − 𝐶1) 

𝑑𝐶𝑖
𝑑𝑡

= (
𝑑𝐶𝑖
𝑑𝑡
)
𝑏𝑎𝑡𝑐ℎ

−
𝑄

𝑊
(𝐶𝑖) 

      𝑤ℎ𝑒𝑟𝑒, 𝑖 = 2………𝑁   

(E.3) 

where 𝐶01 is the initial concentration of the first fraction particles entering Couette-

Taylor device at an abrupt pressure reduction, Q is the volume flow-through rate, 

and W is the Couette device volume. As an initial condition for the calculations, the 

concentration of primary particles (precipitated particles) can be determined either 

experimentally or calculated by an asphaltene precipitation model. 
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E.2. Particle Transport to the Wall 

The frequency of particle collisions with the wall per unit surface area is 

given by Maxwellian distribution as, 

𝑣𝑖 =
𝐶𝑖𝑣𝑑𝐵𝑖
2

=
𝐶𝑖𝑣𝑚𝐵𝑖

2√𝜋
 (E.4) 

where 𝑣𝑚𝐵𝑖 = (2𝑘𝐵𝑇𝑓 𝑚(𝑑𝑖)⁄ )
1/2

is the most probable fluctuation velocity of 

particles of ith size fraction and 𝑣𝑑𝐵𝑖  is the most probable velocity directed towards 

the wall [85]. Then the particle deposition flux caused by Brownian motion is, 

𝑞𝑏𝑖 = 𝛾𝑖𝑚(𝑑𝑖)
𝐶𝑖
2
𝑣𝑑𝐵𝑖   (E.5) 

where 𝛾𝑖 is the collision efficiency of the ith size fraction particle with the wall, or the 

particle-wall collision efficiency. Assuming particle-wall collision efficiency as a 

constant, the total deposition mass flux is, 

𝑞∑ =∑𝑞𝑏𝑖

𝑖𝑐𝑟

𝑖=1

= 𝛾∑𝑚𝑖

𝑖𝑐𝑟

𝑖=1

𝐶𝑖
2
𝑣𝑑𝐵𝑖   (E.6) 

where 𝑖𝑐𝑟 is the size fraction number corresponding to the critical particle size 𝑑𝑐𝑟 

which is a tuning parameter of the model [78].  

To account for the shear removal effect, with increase in RealView rotation 

speed, the total depositing particle flux 𝑞∑  is reduced as, 𝑞𝑎 = 𝑞∑ −  𝑞𝑟𝑚, where 
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𝑞𝑎 is the actual flux of depositing particles, and 𝑞𝑟𝑚 is the deposit shear removal 

rate. The accepted form of the shear removal rate is given as, 

𝑞𝑟𝑚 = 𝑞∑ 𝛼𝑟 (
𝜏𝑤
𝜏𝑤𝑜

− 1)
𝑛

  (E.7) 

where 𝑞∑  is the total mass flux of depositing particles with no shear removal, 𝛼𝑟  

and n are the empirical parameters and 𝜏𝑤𝑜 is the pseudo-yield stress of the deposit 

layer material, at which the shear removal rate is zero [25]. The actual flux of 

depositing particles is given as, 

𝑞𝑎 = 𝑞∑ (1 − 𝛼𝑟 (
𝜏𝑤
𝜏𝑤𝑜

− 1)
𝑛

)   (E.8) 

The net or actual deposition mass flux, 𝑞𝑎, can also be written as, 

𝑞𝑎 =  𝑘𝑠𝑟 ∗  𝑞∑ = (𝑎 +
𝑏

𝜏𝑤
)
𝑛

∗  𝑞∑  (E.9) 

where the shear removal term, 𝑘𝑠𝑟 is an empirical equation with three parameters, 

a, b and n [7]. 

The mass of the deposit accumulated on the wall during a given time t is 

calculated as, 

𝑀𝑡(𝑇) = ∫ 𝑞𝑎(𝑡)
𝑡

0

 2𝜋𝑅𝐿 𝑑𝑡 (E.10) 

The parameter values are found in such a way that it minimizes the absolute 

difference between the measured and the calculated deposit masses.  


