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RESUMO 

Nesta tese de doutorado, apresentamos um estudo de problemas de garantia de 

escoamento relacionados a óleos parafínicos. Os dois principais problemas encontrados pela 

indústria do petróleo ao produzir óleos parafínicos são: o reinício do escoamento de óleos 

gelificados e a deposição de parafina durante a produção. Para entender melhor esses dois 

fenômenos, estudamos a reologia desses óleos, também estudamos experimentalmente a 

repartida de escoamento e a deposição de parafina de óleos altamente parafínicos. 

Quando um óleo parafínico permanece estático no fundo do mar por qualquer 

motivo, ele irá esfriar abaixo do ponto de fluidez e formar uma estrutura cristalina, levando a 

um comportamento não-newtoniano. O comportamento reológico de óleos parafínicos 

gelificados é fundamental para projetar arquitetura submarina para campos petrolíferos. Esta 

tese apresenta um estudo reológico de seis óleos parafínicos a uma temperatura de 5 ºC. A 

validação dos modelos existentes com dados experimentais de uma ampla gama de óleos 

parafínicos é essencial para a compreensão do comportamento reológico. Os principais desafios 

são prever o pico de tensão em um experimento de taxa de cisalhamento constante e prever o 

comportamento da taxa de cisalhamento em experimentos de tensão cisalhamento constante. 

Uma vez que podemos prever todo o comportamento transiente dos óleos gelificados, estamos 

um passo mais perto de prever o comportamento de todo o sistema, melhorando assim o projeto 

de estruturas submarinas em campos petrolíferos. 

Criamos um aparato experimental composto por uma tubulação de uma polegada 

que é submersa em um banho de água (5 ° C), e um sistema de nitrogênio com válvulas 

controladas para pressurizar a entrada da tubulação. Nós realizamos experimentos com óleo 

contendo uma alta porcentagem de parafina que formam uma forte estrutura cristalina. Para 

poder fornecer à indústria uma previsão confiável da pressão de reinício de óleos gelificados, 

são necessários muitos experimentos e melhorias nos modelos. Comparamos os dados 

experimentais com a previsão de um modelo que compreende um fluido fracamente 

compressível com um comportamento tixotrópico elasto-viscoplástico para poder melhorar o 

conhecimento e se aproximar dos resultados esperados da indústria. 

A deposição de parafina foi investigada usando a mesma instalação projetada para 

estudar problemas de garantia de fluxo relacionados a óleos parafínicos. Além disso, as 

experiências de deposição mostram um fenômeno que não é comumente relatado na literatura. 

Uma vez que a temperatura do óleo estava abaixo da temperatura da aparência de cristais e a 



 

  

temperatura da água a 5ºC, o depósito não começou a se acumular imediatamente, só começou 

após um período. Em algumas condições, a queda de pressão só começou a aumentar após um 

dia. Esses resultados mostram que, pelo menos para os óleos altamente parafínicos, os modelos 

baseados em difusão molecular por si só não podem prever quando e onde o depósito se 

formará. Devem ser considerados outros mecanismos como dispersão por cisalhamento, 

difusão browniana e comportamento não-newtoniano. 

Key Word: Óleos Parafínicos, Repartida, Deposição



 

  

ABSTRACT  

In this PhD dissertation, we presented a study of flow assurance problems related 

to waxy crude oils. The main two problems encountered by the petroleum industry when 

producing waxy crudes are: start-up of flow of gelled waxy crudes and the wax deposition 

during production. To better understand these two phenomena, we studied the rheology of 

gelled waxy crudes, we also studied experimentally the start-up of flow of gelled crudes and 

the wax deposition of highly paraffinic crude oils. 

When a waxy crude stays static in the seabed for any reason, it will cool down 

below the pour point and form a crystalline structure, leading to a non-Newtonian behavior. 

Rheological behavior of gelled waxy crude oils is critical to designing subsea architecture for 

petroleum fields. This dissertation presents a rheological study of six commercial gelled waxy 

crude oils at a temperature of 5 ºC. Validation of the existing models with experimental data 

from a wide range of gelled waxy crudes is an essential step towards understanding the 

rheological behavior. The main challenges are to predict the overshoot of the stress in constant 

shear rate experiments and to predict the shear rate behavior in constant shear stress 

experiments. Once we can predict all the transient behavior of the gelled crudes, we are one 

step closer to predicting the behavior of the whole system, thus better designing subsea 

structures in petroleum fields. 

We build an experimental apparatus composed of a one-inch pipeline that is 

submerged in a water bath (5°C) and a nitrogen system with controlled valves to pressurize the 

inlet of the pipeline. We did experiments with oil containing a high percentage of wax that build 

up a strong crystalline structure. To be able to provide to the industry a reliable prediction of 

the gelled waxy restart pressure, a lot of experiments and improvement in the models are 

necessary. We compared the experimental data with the prediction of a model comprising a 

weakly compressible fluid with an elasto-viscoplastic thixotropic behavior to be able to improve 

the knowledge and the get closer to the results expected from the industry. 

Wax deposition was investigated using the same facility designed to study flow 

assurance problems related to waxy crude oils. Additionally, deposition experiments show a 

phenomenon that is not commonly reported in the literature. Once the oil’s temperature was 

below the Wax Appearance Temperature and the water temperature at 5ºC, the deposit did not 

start to build up immediately, it only began after a period. Under some conditions the pressure 

drop only began increasing after one day. These results show that, at least for highly paraffinic 



 

  

crudes, models based on molecular diffusion alone cannot predict when and where the deposit 

will form. Other mechanisms like shear dispersion, Brownian diffusion and the non-Newtonian 

behavior of waxy crudes at low temperatures should be considered. 

Key Word: Waxy Crude Oil, Deposition, Flow Start-Up
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INTRODUCTION 
A considerable number of petroleum reservoirs are in deep water offshore fields. 

Because of environmental conditions at the bottom of the sea, there are several problems that 

occur when crude oil/gas flows from the reservoir to the production unit. To address all those 

issues and guarantee a smooth operation, the petroleum industry developed a technical 

discipline called Flow Assurance. The most common Flow Assurance concerns are wax 

deposition, restart of gelled waxy crudes, emulsion/foam formation, hydrate blockages, 

asphaltene precipitation and inorganic scaling. 

Crude oil is a complex mixture of non-polar and polar organic compounds, they are 

called waxy crudes any time the weight fraction of alkanes and iso-alkanes with carbon numbers 

ranging from 𝐶ଵ଼ to 𝐶. are higher than 1% (Ajienka & Ikoku, 1991). where high molecular 

weight non-polar molecules lead to solid deposits upon temperature reduction. This 

phenomenon is critical in areas with low ambient temperatures, such as the seabed in deep 

waters. The precipitated solid molecules cause the two main problems when waxy crude oil is 

being produced. The restart of gelled crudes and wax deposition, both have been addressed in 

this PhD dissertation. 

1.1. Brief Review on Gelation 

When production is interrupted is when the restart problems arise. During 

interruptions of deep sea operations, for example, a pipeline may become blocked, filled with 

gelled waxy crudes. At the bottom of the sea, at 4 °C, the heat loss leads to the precipitation of 

wax crystals in the oil. When the temperature of the crude drops below the gelation temperature, 

the rheological behaviour changes abruptly, potentially leading to pipeline blockages 

(Wardhaugh, & Boger, 1987; Thomason, 2000; Venkatesan, et al., 2003; Fung et al., 2006). 

The literature regarding the rheological behavior of gelled waxy crude oils is extensive. The 

reason is that the industry has been dealing with this problem for at least five decades 

(Davenport & Conti, 1971).  

When Paraffin crystals precipitate all over the pipeline, they form a crystalline 

matrix distributed across the oil, leading to a rheological behaviour modification, the oils 

behaves as a gel (Davidson et al., 2004), thus gelation problem. The characteristics of this 

crystalline structure are among the most published and discussed issues in the flow assurance 

field. Every boundary condition the oil is subjected during its formation seem to influence its 

structure. Initial temperature (Andrade 2014), final temperature (Davenport & Conti, 1971; Lee 
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et al., 2008; Rønningsen, 2012), cooling rate (Singh et al., 1999; Rønningsen et al., 1991), shear 

rate during cooling down (Rønningsen et al., 1991; Venkatesan et al., 2005; Lin et al., 2011), 

aging time (Wardhaugh and Boger, 1991b; Chang et al., 2000), among others.  

There are a few ways of characterizing the molecular crystalline structure formed 

during a gelation process. There are works that study the macroscopic behaviour of the gelled 

crude by measuring the rheological properties, such as storage modulus (G’) and loss modulus 

(G’’) under the linear viscoelastic region (Rønningsen 2012; Andrade 2014); there are studies 

that use the overshoot of stress caused when the material is subjected to a small shear rate 

(Chang et al., 1998); there are studied that use the critical shear stress that can starts a flow 

before some pre-defined time (Tarcha et al., 2015), among others methods. There are also the 

studied that study the microscopic scale, how linear molecules interact with iso molecules and 

how the nucleation process is influenced by all the boundary conditions (Kurniawan et al., 2018; 

Marinho et al., 2018). 

1.1.1. Rheological Behavior of Gelled Waxy Cruder 

As has been discussed, one of the ways of determining the characteristics of the 

crystalline structure is by studding the rheological behavior of the gelled waxy crude. That is 

usually done in a rheometer, the literature is vast, waxy crudes can show elastic, plastic and, 

depending on the definition, thixotropic like behavior. 

Waxy crude oils, when gelled, present one of the most debatable rheological 

property, the yield stress. That property is an open scientific debate for many reasons. There 

are different ways to measure it, it is time sensitive and there are arguments that it does not exist 

when time goes to infinity. Another problem is that the sensitive of the measurement is in some 

cases proportional to the property itself. The yield stress can be briefly defined as a threshold 

stress below which there is zero flow. 

In this research, an engineering approach was used by defining an appropriate 

experimental time and then calling the property apparent yield stress. Thus, if the gelled crude 

oil flowed within the experimental time the apparent yield stress was reached, otherwise the 

experiment was done below the threshold. Even though there is an extensive debate on the best 

way to measure this property, the scientific community seems to be converging on the 

methodology of applying a constant shear stress and waiting a predefined time, if the oil flows 

the stress is reduced until it does not flow within that time at which point the stress is considered 

the threshold. 
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There are other rheological properties that crude oils present that are also open 

debates, but they are not relevant for the restart of flow of gelled waxy crude oils, thus they 

shall not be discussed here. And because we have extensively discussed the models in the 

chapters ahead, we will not discuss the modelling we used at this point. 

1.1.2. Restart of the flow in a pipeline 

Besides all the important discussion on how the crystalline structure is form and 

how the boundary conditions influence it, when the subject is the restart of the pipeline, the 

scale changes and volumetric phenomena becomes relevant, the thermodynamics of the oil, 

how it shrinks and expands with temperature and pressure. Also, how the radial heat transfer 

causes a variation on the rheological behavior.  

The oil shrinks as it cools down, thus compressibility starts to play a role, the 

pressure wave propagation is a critical issue when pressure is applied at one side of the pipeline. 

The shrinking process generates voids that are not filled due to the elastic response of the 

crystalline structure, thus when submitted to pressure the elastic behavior also influence the 

pressure wave propagation. In order to model this complex phenomenon of restart, it is 

necessary to consider a complex rheological behavior, the conservation of mass and momentum 

considering compressibility, the heat transfer that the oil is subjected during the cooling process. 

1.2. Brief Review on Wax Deposition 

Wax deposition is a problem that has been known for decades, and there is vast 

literature regarding this phenomenon. The oldest references deal with onshore problems 

(Reistle, 1928; Bilderback & McDougall, 1969) and, as operations expanded in the industry, 

offshore ones had to be dealt with (Asperger et al., 1981; Singh et al., 2000; Paso & Fogler, 

2003). In the literature there are also a few reviews on this issue, discussing the mechanisms 

which cause deposition, the influence of other phases (gas and water), technologies for 

inhibiting wax growth and methods for measuring the performance of said technologies 

(Aiyejina et al., 2011; Sarica & Panacharoensawad, 2012; Azevedo & Teixeira, 2003; Merino-

Garcia & Correra, 2008). 

The solubility of wax molecules decreases with temperature, because of the radial 

temperature gradient, as you get closer to the wall, at some point the oil reaches the wax 

appearance temperature (WAT) and wax molecules starts to precipitate. At that time a mass 

gradient starts to exist and diffusion starts to work. The process continues to happen as you get 

closer and closer to the wall, more paraffin crystal precipitate and diffusion tends to keeps 



16 

  

playing a role. The diffusion mechanism is without a doubt the strongest mechanism in wax 

deposition, it is however insufficient to explain the whole phenomenon, there has been a few 

studies showing that this is a complex multi mechanism phenomenon. 

One thing that most studies agree is that the deposit is a porous medium that store 

both liquid and precipitated molecules. Because of this nature, diffusion also occurs in the 

deposit, which means that the deposit ages with time, the light hydrocarbons molecules suffer 

a counter-diffusion outside the deposit as heavier molecules suffer diffusion inwards. This is 

normally called aging of the deposit and has been shown in innumerous studies.  

There are other mechanisms that need to be added to molecular diffusion to explain 

the deposition process and its behavior. The influence of non-newtonian behavior near the wall, 

the influence of non-isoviscous flow radially, the influence of super-saturation in diffusion, the 

influence of precipitated wax molecules within the bulk among others. All this discussion is in 

a single phase flow, while in reality, there a tri-phase flow, studies with two-phase flow are 

common in the literature, the influence of emulsions, of flow patterns, increasing the complexity 

of the problem. 

1.3. Motivation 

There are a few highly costly problems in the petroleum industry related to waxy 

crude oils. A better understanding of these problems would allow the industry to avoid or to 

mitigate the loss of tens of millions of dollars a year, the two phenomena discussed in this PhD 

dissertation are the cause of the industry’s major concerns when discussing waxy crudes. This 

study has special importance for the industry extracting crude oil from reservoirs at Brazilian’s 

offshore pre-salt layer, because some reservoirs are at low temperature and have a high 

percentage of wax, both increase the probability of problems occurring. 

1.4. Objectives 

The main objective of this research is to help the scientific community and the 

industry to better understand the two main problems of flow assurance related to waxy crude 

oils, the start-up of gelled waxy crudes and wax deposition during flow. Through both 

experimental investigation and mathematical models, the goal is to investigate the physical 

phenomena involved in both problems and develop some tools to help the industry dealing with 

them.  
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1.5. Dissertation Overview 

This dissertation is divided in five main chapter, each chapter is a manuscript, at 

the end there is a chapter of conclusions. The first four manuscripts have been peer-reviewed 

and the fifth is under review and they can be read independently. Due to this format, the 

introduction and general affirmations at the beginning of each chapter might be redundant. The 

overview of each chapter, abstract of the manuscript, is given below. 

It is important to point out that the chapters are not in chronological order of 

publication. There are two papers discussing the rheological behavior of gelled waxy crudes 

(chapter 1 and 4), two discussing the restart of the flow, one published and one under review 

(chapter 2 and 5) and one discussing the wax deposition (chapter 3). The reason why the paper 

4 is not at the beginning is because paper 1 is a considerable improvement of the results 

presented in paper 4. For paper 1 there are improvements in the mathematical model and 

experimental methodology. Another reason is that we have studied two gelled crudes in paper 

4 and studied 6 (including the ones in paper 4) in paper 1. 

1.5.1. PAPER 1: Rheological study under simple shear of six gelled waxy crude oils 

Van Der Geest, C., Guersoni, V. C. B., Merino-Garcia, D., & Bannwart, A. C. (2017). 
Rheological study under simple shear of six gelled waxy crude oils. Journal of Non-Newtonian 
Fluid Mechanics, 247, 188-206. 
 

Rheological behavior of gelled waxy crude oils is critical to designing subsea 

architecture for petroleum fields. The ability to generate dimensionless models to predict the 

rheological behavior of any gelled waxy crudes would be a powerful tool. Validation of the 

model with experimental data from a wide range of gelled waxy crudes is an essential step to 

reach that goal. This study presents a rheological study of six commercial gelled waxy crude 

oils at a temperature of 5 °C. Four experimental procedures were performed in a controlled-

stress rheometer MARS III from HAAKE GmbH with a cone and plate geometry. The 

rheological curves are steady state, stress sweep curve, constant shear rate and constant shear 

stress. We also did a study of the aging time with two of those oils. The strength of the 

crystalline structure of the six gelled waxy crudes have considerable difference, where the 

apparent yield stress ranges from 1 to 1000 Pa. The main challenges are to predict the overshoot 

of the stress in constant shear rate experiments and to predict the shear rate behavior in constant 

shear stress experiments. Good accuracy was obtained from comparison of the model with the 

experimental data. 
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1.5.2. PAPER 2: Experimental study of the necessary pressure to start-up the flow 

of a gelled waxy crude oil 

Van Der Geest, C., Guersoni, V. C. B., Junior, L. A. S. S., & Bannwart, A. C. (2017, June). 
Experimental Study of the Necessary Pressure to Start-Up the Flow of a Gelled Waxy Crude 
Oil. In ASME 2017 36th International Conference on Ocean, Offshore and Arctic Engineering. 
American Society of Mechanical Engineers. 
 

The current study concerns a recurrent problem in the oil industry when dealing 

with waxy crude oils in offshore fields. When a waxy crude stays static in the seabed for any 

reason and cools down below the pour point of the oil, wax crystals form a crystalline structure 

that modifies the behavior of the oil. We build an experimental apparatus that allows us to 

represent the condition of the temperature close to bottom of the sea, and a pressurization 

system that allows us to precisely control the inlet pressure. The apparatus is composed of a 

one-inch pipeline that is submerged in a water bath (5°C) and a nitrogen system with controlled 

valves to pressurize the inlet of the pipeline. The current study contributes to the literature by 

demonstrating that the behavior of a gelled waxy crude oil having a high percentage of wax that 

builds up a strong crystalline structure is impacted by rheological behavior, time, and aging 

time. To be able to provide the industry a reliable prediction of the gelled waxy restart pressure, 

it is necessary for engineers to carry out a great deal of experimentation and improvement in 

the models. In this paper, we compare the experimental data with the prediction of a model 

consisting of a weakly compressible fluid with an elasto-viscoplastic thixotropic behavior. The 

comparison advances our knowledge in the phenomena involved in restart of gelled crudes and, 

in fact, shows the model capable of approaching the results expected by the industry. 

1.5.3. PAPER 3: Wax Deposition Experiment with Highly Paraffinic Crude Oil in 

Laminar Single-Phase Flow Unpredictable by Molecular Diffusion Mechanism 

Van Der Geest, C., Guersoni, V. C. B., Merino-Garcia, D., & Bannwart, A. C. (2018). Wax 
Deposition Experiment with Highly Paraffinic Crude Oil in Laminar Single-Phase Flow 
Unpredictable by Molecular Diffusion Mechanism. Energy & Fuels 
 

Wax deposition data for a Brazilian crude oil was investigated using a facility 

designed to study flow assurance problems related to waxy crude oils. This work reports the 

preliminary efforts behind validating the pressure drop methods in place for identifying 

deposition, i.e., isothermal and nonisothermal flows were evaluated, to confirm whether it was 

possible to differentiate between temperature gradient effects, and wax deposition. 

Additionally, deposition experiments show a phenomenon that is not commonly reported in the 

literature. Once the oil’s temperature was below the wax appearance temperature and the water 
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temperature at 5 °C, the deposit did not start to build up immediately; it only began after a 

period of time. Under some conditions the pressure drop only began increasing after 1 day. 

These results show that, at least for highly paraffinic crudes, models based on molecular 

diffusion alone cannot predict when and where the deposit will form, which is a major concern 

in the industry. We believe that other mechanisms such as shear dispersion, Brownian diffusion, 

and the non Newtonian behavior of waxy crudes at low temperatures should be considered. In 

this experimental setup two different ways were used to measure deposit thickness: (1) pressure 

drop and (2) weight of the deposit. 

1.5.4. PAPER 4: A modified elasto-viscoplastic thixotropic model for two 

commercial gelled waxy crude oils 

Van Der Geest, C., Guersoni, V. C. B., Merino-Garcia, D., & Bannwart, A. C. (2015). A 
modified elasto-viscoplastic thixotropic model for two commercial gelled waxy crude oils. 
Rheologica Acta, 54(6), 545-561. 

 

A severe problem to flow assurance occurs when subsea flowlines become blocked 

with gelled waxy crudes. To design proper surface pump facilities, it is essential to know the 

minimum pressure required to restart the flow. Simulating and predicting this minimum 

pressure require the understanding of several physical phenomena, including compressibility, 

shrinkage, and rheological behavior. This study aims to characterize and simulate the 

rheological behavior of two commercial waxy crude oils. Based on its survey of the literature, 

we select the de Souza Mendes and Thompson (2013) model to fit the oil’s behavior and then 

conduct, using a rheometer, a considerable number of experiments with the selected oils. To 

verify the solution of our algorithm, we compared our theoretical solutions with some results 

of the literature. When comparing the simulation with experiments, the model was unable to 

predict the data perfectly; hence, we propose a modified version without changing the physical 

meaning of the equations, to improve its predictions. Once any of the empirical parameters were 

able to influence the elastic behavior in such a way that the shear stress decreased with time, 

the structural elastic modulus function was modified, which means that the relation of the 

structure parameter and the storage modulus was modified. One of the interesting results of the 

analysis is when relating the storage modulus and a new parameter added in the modification, 

a value was found to be, regardless of the aging time or the oil used, constant. 

1.5.5. PAPER 5: Influence of Aging in Equilibrium Time of Gelled Waxy Crude Oil 

in Rheometer and Pipeline 

Paper under Review. 
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For this study, an experimental apparatus was built to investigate the phenomenon 

of flow start-up of gelled waxy crudes. The apparatus is composed of a cold-water bath and a 

pipeline inside it connected to two tanks. These tanks can be pressurized, which enabled us to 

study the pressure start-up and the transient flow during start-up. In this paper, we study the 

influence of aging on the flow start-up, both in a rheometer and in the experimental apparatus; 

we model the rheological behaviour with an elasto-viscoplastic thixotropic model and the restart 

of the pipeline with a weakly compressible fluid. Our experimental procedure diverges from 

those of most experiments in the literature. In these, the inlet pressure increases continuously 

until the flow starts, at which point, so the argument goes, the apparent yield stress has been 

reached. With that type of procedure, however, it is impossible to distinguish whether there was 

an overshoot due to the elastic response of the material. Thus, we propose a different type of 

procedure wherein a constant pressure is applied and the time until the flow restart is measured. 

The idea of the study is to isolate the influence of aging on the equilibrium time, an important 

variable that has yet to receive in the literature the attention it warrants. The comparison 

between model and experimental data sheds light on the phenomena involved in the restart of 

gelled waxy crudes. 
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1. PAPER 1: Rheological study under simple shear of six gelled waxy 

crude oils 
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2. PAPER 2: Experimental study of the necessary pressure to start-up 

the flow of a gelled waxy crude oil 
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3. PAPER 3: Wax Deposition Experiment with Highly Paraffinic 

Crude Oil in Laminar Single-Phase Flow Unpredictable by 

Molecular Diffusion Mechanism  
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4. PAPER 4: A modified elasto-viscoplastic thixotropic model for two 

commercial gelled waxy crude oils 
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5. PAPER 5: INFLUENCE OF AGING IN EQUILIBRIUM TIME 

OF GELLED WAXY CRUDE OIL IN RHEOMETER AND 

PIPELINE
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6. CONCLUSIONS 

Steady state experiments can present oscillation that does not represent any physical 

meaning. This can occur when one thinks the flow has reached equilibrium, but it has not. In 

our experiments, we show that if you apply 5 minutes for each point of the flow curve it is not 

enough to reach the steady state, rather when we waited for 30 minutes at each point, the 

equilibrium was reached, and the oscillation disappeared. 

For highly paraffinic oils, the gel at 5 ºC is strong. In steady state experiments, once 

you reach the apparent yield stress, the breakdown was fast and the rheometer could not 

measure points in between the apparent yield stress and the dynamic yield stress, even though 

the rheometer applied a stress for 30 minutes before raising the shear rate again. 

The experimental data for all six oils have the same tendency in steady state. The 

equation proposed by de Sousa Mendes & Thompson (2013) for steady state was able to predict 

the experimental data with accuracy. In dimensionless form, the steady state for the six oils can 

be predicted with only one set of parameters, also with small errors. This was a surprising result, 

since we have up to three orders of magnitude of differences in the stress response for some of 

the oils. 

Oscillatory tests for the six oils had a stable linear region with the storage modulus 

and the loss modulus crossing over and stabilizing when the shear stress amplitude rose enough. 

The point where the storage modulus starts to decrease abruptly was considered to be the 

apparent yield stress and had a good accuracy with the value obtained in the steady state 

experiment.  

Transient experiments under constant shear rate were also performed and the result 

followed the same tendency as shown in the literature. The overshoot could be seen for the 

highly paraffinic oils and could not be seen for the oils with low percentage of wax. The model 

proposed by de Sousa Mendes & Thompson (2013) when using the storage modulus obtained 

from the constant shear rate experiment could predict the behavior with good accuracy. 

Constant shear stress experiments have shown the behavior expected. For the six 

oils we could see that for a stress smaller than the apparent yield stress there was no flow during 

the experimental time. For stress bigger than the apparent yield stress there would be a transient 

flow and then the oil would reach steady state. The simulation, however, could predict the 

behavior, but without good accuracy. Both the time when the breakdown occurred and the final 

value under steady state yielded a high number of errors. 
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Aging time influences the behavior of the oils 2 and 4, however, not as reported in 

the literature. There is no influence when elastic behavior is dominant in the gel, when it is in 

the linear region of the oscillatory test. The difference can be noticed only on the edge of the 

linear region, where the deformations are high. We analyzed it as if the aging makes the material 

more ductile, and therefore, the material would be able to deform more while the elastic 

response would remain constant. 

Another influence of aging time is the time necessary for the structure breakdown 

under a constant stress. The time clearly increases with aging. If this relationship could be 

extrapolated to infinity we would have the yield stress, but because that is not an engineering 

reality, what we see is for the times we did the experiment we have reached a limit for both oils. 

An experimental apparatus was built in the interest of studying wax deposition of 

commercial crude oils from Brazil. This facility was remodeled from a previous facility that 

existed in the laboratory. This setup makes it possible to study the two main problems with flow 

assurance related to waxy crude oils; 1) flow start-up of gelled waxy crude oils and 2) wax 

deposition under two-phase flow.  

The rheological behaviour study shows that the apparent yield stress of the oil used 

in the restart experiment is around 1000 Pa. Had we used the classic force balance taking the 

oil to be incompressible and time independent, we would have needed 11.2 bar of pressure to 

restart it. As we have shown, we were able to start the flow with 1.4 bar. And this does not 

mean that 1.4 bar is the minimum pressure necessary to restart, it is likely that lower pressures 

would have restarted after longer periods of time. 

There was, as expected, a clear influence of the inlet pressure on the time needed to 

re-start the flow. As the inlet pressure increases, the time necessary to restart decreases. The 

second clear influence is the aging time. As the aging time rises, the time necessary to restart 

the flow also rises. 

Finally, the model proposed by Oliveira and Negrão (2015) can predict the time 

necessary to restart the flow in the case tested. A further comparison of the model with more 

experimental data needs to be done to have stronger evidence of the predictability of the model. 

To check all the instrumentation of our apparatus we did preliminary flow studies 

under isothermal conditions and non-isothermal conditions without wax deposition. The idea 

was to confirm instrument accuracy and determine whether we could model these kinds of 

flows. We applied a simple algorithm to compensate for the non-isoviscous flow that takes 

place in wax deposition experiments. 
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We have experimental evidence that for highly paraffinic oils, molecular diffusion 

alone cannot predict when the deposition will start. This is usually not a problem because in 

most experimental data in the literature the buildup starts as soon as the temperature at the wall 

reaches the WAT. But that was not the case for the oil studied in this manuscript. After the oil 

was at the desired temperature and the water was at 5ºC wax took some time to start building 

up; around 5 hours for the oil at 50ºC and around 24 hours in the worst-case scenario. 

This time delay before the deposit starts to build up was shown for a shorter period 

of time in the literature for similar oil under different conditions (Venkatesan & Creek, 2010). 

The problem is there are many more experimental studies with condensates and model oils than 

with real high paraffin content crude, which is the reason we decided to publish this study. 

In experiments where the oil was above the WAT, after the pressure drop starts to 

increase caused by the wax deposit build up, the wax deposition rate follows the same profile 

as in most the literature. Molecular diffusion is perfectly capable of predicting this behavior, 

thus we believe that after there is a thin layer of deposit the main mechanism of buildup and 

aging is indeed molecular diffusion. 

When we did experiments with oil temperature in the bulk near the WAT, the time 

before the deposition begins was longer. We believed that this could be explained as effects of 

shear dispersion, Brownian diffusion and non-Newtonian behavior. That would increase 

difficulty in predicting where the deposition occurs and when, since these mechanisms are 

harder to model. 

Finally, we used the model proposed by Singh et al., (2000) to predict the 

experimental data using this apparatus. After molecular diffusivity and aspect ratio were 

defined, the model is able to predict final wax thickness. The deposition rate however is not 

well predicted, it overestimates the buildup because it cannot predict the delay in the deposition. 

We believe that with a momentum equation considering non-Newtonian behavior we could 

considerably improve those results.  
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7. FUTURE WORK 

Rheology 
All the rheological studies performed in this dissertation were in simple shear flow. 

In order to better understand the rheological behavior, it is important to obtain the normal stress 

for the yield stress point and for all the other experimental procedures. Such a study would be 

interesting for commercial oil and model oil. Once we have all that data it would be possible to 

use the results to test new models proposed in the literature. 

Another important issue that remains nearly unexplored in the literature is the 

influence of pressure in the rheological behavior. Thus, I recommend doing rheological 

experiments at higher pressures to verify the importance of compressibility when gas is 

dissolved into the oil phase. 

An important field of study is to better understand the properties of waxy crude oils 

and their influence in the rheological behavior. It seems relevant to know the format and 

geometrical properties of paraffin molecules. It would be interesting to run experiments in a 

particle accelerator (such as the recently constructed SIRIUS) to verify the aspect ratio of the 

paraffin molecules. 

Flow Restart 
To better understand how the boundary conditions influence the behavior of the oil 

in the pipeline, it would be interesting to run an extensive experimental matrix with different 

oils and initial conditions. We only did a relatively small set of experiments due to time 

limitation. 

Build a new apparatus to study the influence of diameter and pipeline materials, 

which are two incredibly important variables for the restart for which no experimental 

investigation was found in the literature.  

The weakly compressible model we use can be improved by implementing the 

compressibility in the momentum conservation. That would not increase the computational time 

significantly and would allow to remove a simplification hypothesis that might influence 

considerable the simulation results. 

Wax Deposition 
Verify the non-isothermal model against data of wax deposition under turbulent 

flow. The wax deposition experiments we did were under laminar phase, the non-isothermal 

consideration helped improving the predictions of the model, it is important to extend that 
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analysis. The wax deposition model we use does not consider the supersaturation. Implement it 

by considering the effect of the second law of thermodynamics may be interesting. 

The same relevant parameters for the restart problem are relevant for the wax 

deposition. Thus, to build a new apparatus to study the influence of diameter and materials 

could be relevant to better understand the influence of such parameters in structure of the 

deposit and its kinetics.  
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