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ABSTRACT 

Heavy crude oil reserves from the North Slope of Alaska are highly viscous, biodegraded 

oils that make standard oil production methods ineffective. A matrix of 18 mixtures with varying 

sand and water contents encompass the properties likely to be seen during production, especially 

cold production methods. Physical properties of the Alaska heavy oils were studied by viscosity 

measurements, including small amplitude shear tests and flow tests in a temperature range of -

10
o
C to 60

o
C. The viscosity was observed to decrease with increasing temperature and displayed 

shear thinning. The activation energy of viscosity as a function of temperature ranged between 

67 kJ/mol and 92 kJ/mol, similar to other heavy oils.  Sand content alters the viscosity by up to 

370% and non-monotonically while the water content changes viscosity by 53% or less. Also, a 

high pressure rheology apparatus was constructed to measure viscosity of Alaska heavy oil 

saturated with methane at pressures from 15 psi to 1800 psi and shear rates from 0.1 s
-1

 to 500 s
-

1
. Viscosity of Alaska heavy oil is pressure dependent showing an order of magnitude decrease at 

a pressure of 1500 psi. Viscosity had a minimum value of 0.11 Pa-s and a maximum value of 590 

Pa.s at 60
o
C/1810 psi and 0

o
C/15 psi, respectively. These rheological properties contribute to the 

overall objective of the project which is to advance seismic monitoring, using chemical and 

physical characterization of core samples in combination with stimulated production 

experiments, to optimize the recovery of heavy oils from Alaskan deposits.  

 

 

  



   

iv 

 

TABLE OF CONTENTS 

Page 

ABSTRACT  .............................................................................................................................. iii 

LIST OF TABLES ......................................................................................................................... vi 

LIST OF FIGURES ...................................................................................................................... vii 

ACKNOWLEDGMENTS ............................................................................................................. xi 

CHAPTER 1 INTRODUCTION ..................................................................................................1 

1.1 About heavy Crude oil ...........................................................................................1 

1.2 Extraction/Production methods ..............................................................................4 

1.3 Alaska heavy crude oil ...........................................................................................5 

1.4 Cold Heavy oil production with sand .....................................................................6 

1.5 Thesis Statement ....................................................................................................6 

CHAPTER 2 RHEOLOGY OF HEAVY OIL WITH SAND AND WATER .............................8 

2.1 Sand/Water/Oil Mixtures .......................................................................................8 

2.1.1 Crude Oil .............................................................................................8 

2.1.1.1 Density .......................................................................... 10 

2.1.2 Sand ...................................................................................................10 

2.1.3 Water content ....................................................................................14 

2.2 Rheology ..............................................................................................................15 

2.2.1 Mixing method ..................................................................................15 

2.2.2 Storage & loss moduli .......................................................................15 

2.2.3 Thixotropy .........................................................................................16 

2.2.4 Repeatability .....................................................................................18 

2.3 Viscosity dependence on shear rate .....................................................................20 



   

v 

 

2.3.1 Power Law Model for Shear Thinning .............................................20 

2.3.2 Storage and Loss moduli as a function of viscosity and shear rate ...22 

2.3.2.1 Cox-Merz relationship .................................................. 23 

2.4 Viscosity dependence on temperature ..................................................................27 

2.4.1 Viscosity – Temperature correlation (Arrhenius relationship) .........27 

2.5 Viscosity dependence on sand and water content ................................................34 

2.5.1 Oil wet vs water wet phenomenon ....................................................35 

CHAPTER 3 Pressure Rheometer and live heavy oil experiments ............................................39 

3.1 Introduction ..........................................................................................................39 

3.2 Experimental apparatus ........................................................................................40 

3.2.1 Mixing Cell .......................................................................................40 

3.2.2 Syringe pump ....................................................................................42 

3.2.3 Rheometer .........................................................................................44 

3.3 Results ..................................................................................................................46 

CHAPTER 4 CONCLUSIONS ..................................................................................................51 

CHAPTER 5 RECOMMENDATIONS .....................................................................................53 

REFERENCES CITED ..................................................................................................................54 

APPENDIX A  ..............................................................................................................................58 

 

  



   

vi 

 

LIST OF TABLES 

Table 2.1  SARA distribution of crude oil including density. The SARA fractions are in terms 

of their weight percentages. .................................................................................... 10 

Table 2.2  the density and API gravity of Ugnu heavy oil ...................................................... 10 

Table 2.3  the data about the settling question ........................................................................ 13 

Table 2.4  Viscosities of different common substances .......................................................... 27 

Table 2.5  Evis, R
2
 and n values of Ugnu heavy oil sample matrix .......................................... 32 

Table 2.6  Evis of different oil samples from around the world and their API gravity. ............ 33 

Table 3.1  Viscosity of Ugnu oil non-saturated and 100% saturated with methane at different 

pressures and temperatures ..................................................................................... 47 

 

  



   

vii 

 

LIST OF FIGURES 

Figure 1.1 Total world oil reserve composition. Heavy crude oil (inset)[3] .................................. 2 

Figure 1.2 World distribution of heavy Crude oil reserves[1] ........................................................ 3 

Figure 1.3 Sensitivity matrix from the Ugnu screening study, quantifying the sensitivity of each 

recovery method to production, subsurface, surface and cost factors.[5] ....................................... 7 

Figure 2.1 18 sample matrix distribution based on mass fraction .................................................. 9 

Figure 2.2 18 sample matrix distribution based on volume fraction .............................................. 9 

Figure 2.3 Size distribution of Ugnu and sand grains using optical microscopy [13] .................. 12 

Figure 2.4 Viscosity based on mixing method; Oil + Water + Sand (black squares), Oil + Sand + 

Water (red squares)  [12] .............................................................................................................. 16 

Figure 2.5 - Hysteresis loop showing G’ and G” tests from 0 – 100Hz and back to 0hz on pure 

Ungu samples. ............................................................................................................................... 18 

Figure 2.6 – G’ and G” of base case samples collected at different times show identical internal 

properties....................................................................................................................................... 19 

Figure 2.7 – Complex viscosity of pure Ugnu heavy oil from different production years. .......... 19 

Figure 2.8 Complex viscosity and power law model fitting of the subsample 8Jan10 [12] ......... 20 

Figure 2.9 Contour plot of shear thinning degree as a function of sand and water contents at 20
o
C 

for a) Flow test b) Oscillatory test ................................................................................................ 21 

Figure 2.10 Storage modulus (G’) and loss modulus (G”) as a functuion of temperature and 

frequency for base sample. ........................................................................................................... 23 

Figure 2.11 – a) Loss Moduli (G”) and b) Storage moduli (G’) of Ugnu heavy oils with varying 

sand content and fixed base case water content. ........................................................................... 24 

file://hornet/Users/b/bakeredo/adit/Downloads/RHEOLOGICAL%20CHARACTERIZATION%20OF%20ALASKA%20HEAVY%20OILS_final.docx%23_Toc387656440


   

viii 

 

Figure 2.12 – a) G’ and G” of heavy oil samples at 20
o
C. b) G” at 15% water content with 

varying sand content. .................................................................................................................... 24 

Figure 2.13 – Cox-Merz rule applied to samples with O/W/S ratios of (a) 97/3/0 and (b) 72/3/25

....................................................................................................................................................... 26 

Figure 2.14 - Cox-Merz rule applied to high sand and water cut with O/W/S ratio of 45/15/40 . 26 

Figure 2.15 Arrhenius plots of oil/water/sand mixtures with no added water: a) pure heavy oil, b) 

92/3/5, c) 87/3/10, d) 72/3/25, e) 57/3/40 and f) 47/3/50. The scatter is the measured data and 

predicted data using the modified Arrhenius equation, the red line present in every Figure is the 

linear fitting based on the Arrhenius equation. ............................................................................. 29 

Figure 2.16 Arrhenius plots of oil/water/sand mixtures with no added water: a) 90/10/0, b) 

85/10/5, c) 80/10/10, d) 65/10/25, e) 50/10/40 and f) 40/10/50. The scatter is the measured data 

and predicted data using the modified Arrhenius equation, the red line present in every Figure is 

the linear fitting based on the Arrhenius equation. ....................................................................... 30 

Figure 2.17 Arrhenius plots of oil/sand/water mixtures with no added water: a) 85/15/0, b) 

80/15/5, c) 75/15/10, d) 60/15/25, e) 45/15/40 and f) 35/15/50. The scatter is the measured data 

and predicted data using the modified Arrhenius equation, the red line present in every Figure is 

the linear fitting based on the Arrhenius equation. ....................................................................... 31 

Figure 2.18 Consistency coefficients of the mixtures with 10% water for a) 2011 samples & b) 

2008 samples [12] ......................................................................................................................... 34 

Figure 2.19 Consistency coefficients of mixtures at varying sand contents as a function of water 

content at 20oC for a) 2011 samples & b) 2008 samples [12] ..................................................... 35 

Figure 2.20 Consistency coefficients of mixtures from oscillatory tests at varying water contents 

as a function of sand content at 20
o
C ............................................................................................ 36 



   

ix 

 

Figure 2.21 Consistency coefficients of mixtures from flow tests at varying water contents as a 

function of sand content at 20
o
C ................................................................................................... 37 

Figure 2.22 Types of emulsions. ................................................................................................... 38 

Figure 3.1 High pressure mixing cell showing internal components that facilitate saturating crude 

oil with methane gas [41] .............................................................................................................. 41 

Figure 3.2 Syringe Pump illustration ............................................................................................ 42 

Figure 3.3 Schematic representation of high pressure rheology apparatus. ................................. 43 

Figure 3.4 Rheometer illustration showing breakdown of Peltier jacket and cross section of the 

rotating sections of device [16]. .................................................................................................... 44 

Figure 3.5 Pressure and temperature dependence of methane saturated Ugnu oil: black lines, 

isotherms; grey lines, isopleths [13] ............................................................................................. 48 

Figure 3.6 Comparison of pressure dependences of viscosity for Ugnu oil with 0% () and 

100% () saturation with methane at 10
o
C and specified pressures; solid lines are for visual 

purposes only [13]......................................................................................................................... 49 

Figure A-1. A) Complex viscosity as a function of frequency at various temperatures for heavy 

oil on production day 3; B) Arrhenius plot of complex viscosity as a function of inverse 

temperature on various production days (all data at 1Hz) ........................................................... 53 

Figure A-2. Shear thinning degree of Alaska heavy oil as a function of production day ............ 55 

Figure A-3. Storage modulus (G’) and loss modulus (G”) measured as a function of temperature 

and frequency for production day 3 ............................................................................................. 56 

Figure A-4. Complex viscosity as a function of a) Asphaltene; b) Resin and c) combined resins 

and asphaltenes content over 11 production days. (Data collected at T = 20C and 1 Hz) .......... 58 



   

x 

 

Figure A-5.  Viscosity, asphaltene and resin contents as a function of production days showing 

lack of correlation ........................................................................................................................ 59

 

 

 

 

 

 

 

 

 

 

  



   

xi 

 

ACKNOWLEDGMENTS 

Financial support by Department of Energy (DOE), DE-NT0005663 made this work possible.  

Dr. Mark Maupin for assisting with modified Arrhenius data analysis in Excel. 

Ala Bazyleva for assisting with building pressure rheometer and running extra tests on 

pressurized samples. 

Kejing Li for helping program LabView software for high pressure rheology tests. 



   

1 

 

 

CHAPTER 1 INTRODUCTION 

1.1 About heavy Crude oil 

Crude oil is the most important source of energy that drives world economies. Oil and its 

related products account for 55% of the total world energy used. With the slow pace of 

developing alternative sources of energy, crude oil is still expected to hold its dominant role in 

supplying energy for many more years. Even at a price of more than $60/barrel, maintaining the 

supply needed to support the economies of industrial countries and enabling them to grow will 

require the development of significant additional crude oil reserves [1].  

Increasing demand is nonetheless impacted by the current strain on conventional oil 

reserves and has forced oil companies to look into unconventional sources of oil to meet these 

demands. Increased interest in heavy crude has also been attributed to the increase in the rise of 

Crude oil in the last five years. This rise has encouraged the production of heavy crude which is 

generally less valuable and more difficult to refine than conventional oils. Finally, security risks 

in regions generally relied upon for world crude oil supplies have also encouraged companies to 

invest in heavy-oil reservoirs.  

These oil sources which include heavy oils, extra heavy oils and oil sands were until a 

few decades ago infeasible to recover and produce. The heaviest hydrocarbons account for more 

than six trillion barrels (one trillion m
3
) of the oil in place worldwide—triple the combined world 

reserves of conventional oils. Heavy oils usually begin as lighter oils (30–40° API) and are then 

altered, often by biodegradation [2]. The US Department of Energy considers oil as heavy if it 

has an API gravity between 10 and 22.3. Heavy oils also tend to be more viscous than their 

lighter counterparts. Conventional-oil generally range from 1 centerpoise (cP) [0.001 Pa.s], 
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which is the viscosity of water, to 10 cP [0.01 Pa.s]. Heavy Crude oil is characterized by a 

viscosity range of about 20 cP [0.02 Pa.s] to more than 1,000,000 cP [1,000 Pa.s]. This wide 

variance leads to difficulties in production and transportation. 

 

Figure 1.1 Total world oil reserve composition. Heavy crude oil (inset)[3] 

It is important to note that viscosity and API gravity differ. API gravity, short for the 

American Petroleum Institute relates how heavy or light a petroleum liquid is compared to water. 

API gravity is a function of the specific gravity and can be defines as; 

 , (1.1) 

 water

oilSG





. (1.2) 

5.131
5.141


SG
APIGravity
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First, viscosity determines how well oil will flow while density more closely relates to 

the yield from the distillation. Additionally, temperature and paraffin content have a large effect 

on viscosity values while API gravity is relatively unaffected by parameters given in 1.2. [4].  

Knowledge of viscosity throughout the reservoir is vital for modeling production and predicting 

reserves recovery [5]. 

 

Figure 1.2 World distribution of heavy Crude oil reserves[1] 

  

Heavy crude oil reserves are widespread on most continents with the largest 

accumulations occurring in similar geological settings. The largest known individual petroleum 

accumulation in the world is the Orinoco heavy-oil belt in Venezuela with over 1.2 trillion 

barrels of Oils with an API gravity range of 6 to 12
o 

[5]. Every heavy oil reservoir is unique as 

their properties are a function of the depositional environment, original oil composition, degree 

of degradation, interactions with lighter hydrocarbons and pressure and temperature conditions. 
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All these make it impossible to adopt one general method of recovery as reservoir geology and 

fluid properties determine the suitability of a process for a given reservoir. 

1.2 Extraction/Production methods 

Recent advancements in recovery techniques have led to the development of different 

methods of production. Oil recovery methods are generally subdivided into Thermal and Non-

thermal methods. Thermal methods are intended for heavy oils and they include steamflooding, 

Steam Assisted Gravity Drainage (SAGD) and in situ combustion. These methods supply heat to 

the reservoir which leads to the vaporization of some of the oil, a large reduction in viscosity and 

ultimately, an improvement in the mobility of the oil. 

Steamflooding involves pumping steam into the reservoir via production wells spaced 

and patterned to guarantee maximum recovery. The continuous injection of steam results in a 

slow advancing steam zone that assists with heating up the crude oil around it. As the viscosity 

increases due to this heat, the oil flows downwards where it is extracted. Typical recovery factors 

observed with this method are in the 50 – 60% Oil In Place (OIP) range [7]. The major 

disadvantages of this process are the steam override and excessive heat loss within the reservoir. 

Steam Assisted Gravity Drainage (SAGD) and Steam flooding are similar except in the case of 

SAGD, two wells are placed parallel to each other horizontally between 5 to 7 meters apart. One 

well supplies the heat and the one below it produces the oil. 

In Situ combustion, also known as fire flooding involves injecting air or oxygen into the 

well to burn a portion of the oil in place to generate heat that increases the viscosity of the oil. 

This initial combustion front propagates to a production well; the combustion upgrades the crude 

oil by cracking. Severe corrosion, toxic gas production and gravity override are common 
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problems with this method although new technologies are being developed to stabilize the 

combustion front in the in-situ combustion process.  

Non-thermal methods are predominantly used for light oils with some methods tested 

successfully on heavy oils with viscosities less than 2000 cP [7]. The major objectives in non-

thermal methods are; lowering the interfacial tension and improving the mobility ratio. Examples 

of non-thermal methods are Cold heavy oil production with sand, Waterflooding and Vapor-

assisted petroleum extraction.  

Waterflooding has been successfully implemented on offshore fields in the UK with oils 

within the 10-cP to 100-cP viscosity [5]. These methods although successful are plagued by 

prevailing issues including understanding the controls on the viscosity and other physical 

properties of heavy oils. Unlike waterflooding, Vapor-assisted petroleum extraction (VAPEX) 

involved the use of a miscible solvent, which reduces the viscosity of the heavy oil. Gases that 

have been utilized for this method have included natural gas, flue gas or nitrogen. CO2 vapor has 

also been gaining prominence partly due to the possibility of CO2 sequestration which is more 

environmentally beneficial than the other gases. 

Significant effort has been put into understanding what physical properties drive the 

viscosity of heavy oils and possible explanations from the resin and asphaltene content in the oils 

have been drawn.  Nonetheless, most Heavy Oil reservoirs are known to contain unconsolidated 

sandstone which also adds a new variable, sand, to an unsolved problem.  

1.3 Alaska heavy crude oil 

Oil in Alaska is a key region for US oil production as it is the second richest state in 

heavy Crude oil reserves, after California [5]. On the North Slope of Alaska for example, heavy 

crude is characterized by high sand content. The presence of sand has been known to affect the 
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viscosity and also add to the cost and processes needed to separate the crude oil from the sands. 

The sand from wells are either screened or recovered with the oil.  Sand is often produced with 

the oil in order to maintain economic levels of production [2]. This has led to the wide 

application of Cold heavy-oil production with Sand (CHOPS).  All liquids and dirty oil sands 

(mixture of crude oil and oil sands) for this project were sourced from the North Slope of Alaska. 

It is estimated that there is more than 20 billion barrels of original oil in place on the North 

Slope. 

1.4 Cold Heavy oil production with sand 

CHOPS  is a popular production approach where sand is encouraged to enter the well 

rather than blocked by screens or gravel packs [2]. Little research has been conducted to 

effectively characterize the influence of sand on the viscosity of crude oil.  Besides the presence 

of sand in crude oil, water is a constituent of the mixture as well. Water does not only influence 

the properties by its persistence, it also changes the characteristics of the mixture by coupling oil 

sands based on its wettability. Hence, water plays an important role in heavy oil production.  

The choice of CHOPS on the North Slope was as a result of an extensive screening study 

that was utilized in assessing the most effective production method. As seen in Figure 1.3, 

CHOPS was seen as the most viable method that best maximized production rates and recovery 

factor of the crude oil. 

1.5 Thesis Statement 

In this thesis, we characterize the effect of water and sand content by measuring the 

viscosity of heavy crude oil sourced from the UGNU North Slope of Alaska. These tests were 

attempted on an 18 sample matrix with varying water and sand content that was representative of 
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the widest array of possible situations in real live recovery conditions viable for cold heavy oil 

production with sand (CHOPS).  

 

 

Figure 1.3 Sensitivity matrix from the Ugnu screening study, quantifying the sensitivity of each 

recovery method to production, subsurface, surface and cost factors.[5] 

 

Research work was expanded upon via a custom built high pressure rheology system 

designed to saturate the crude oil samples with methane gas. These tests were created to best 

simulate reservoir conditions where the samples are livened with highly volatile gases at high 

pressure. The high pressure live oil samples results were compared alongside the dead oil 

rheology experiments to better understand the physical differences between the samples. 
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CHAPTER 2 RHEOLOGY OF HEAVY OIL WITH SAND AND WATER 

In order to simulate the real situation in the process of heavy oil production, where crude oil 

is usually pumped out with sand and water, a matrix of 18 samples with different water and sand 

contents (Figure 2.1) were made and characterized completely. Mass fraction is commonly used 

for oil-water mixtures [8] [9] (i.e., mass, unlike volume, doesn’t change with temperature, and is 

easy to measure). Volumetric fraction is provided to compare results to the literature of colloidal 

dispersion. 

2.1 Sand/Water/Oil Mixtures 

Heavy crude oil samples used in this study were sourced from BP’s production facility at 

Prudhoe Bay, North Slope of Alaska. The main samples analyzed were 2 buckets, one containing 

five gallons of the heavy crude oil, and the other containing two gallons of produced sands and 

oils.  The produced sand oil mixture, known further as “oil sands” are sands separated from the 

oil after recovery. In other words, these sands were sourced from the site the oil was collected.  

2.1.1 Crude Oil 

The Crude oil was stored at room temperature before during and after all experiments. 

The API gravity for our samples at T = 25
o
C and atmospheric pressure was calculated to be 11.4. 

Other physical properties of the crude oil, including its SARA (saturates, aromatics, resins, and 

asphaltenes) fractions are giving in Table 2.1. These estimates were determined using open 

column liquid chromatography to separate the vapor, saturate, aromatic, resin and asphaltene 

fractions. The method utilized is based on the USGS procedure [10]. This method can be found 

publically in [10].  
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Figure 2.1 18 sample matrix distribution based on mass fraction 

 

 

 
Figure 2.2 18 sample matrix distribution based on volume fraction 
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Table 2.1 SARA distribution of crude oil including density. The SARA fractions are in terms of 

their weight percentages [10]. 

 Saturates Aromatics Resins Asphaltenes Ρ(g/cc) 

Ugnu Sample 36 28 25 9 0.997 

 

Understanding that the age of the oil sample can have impact on sample characterization 

[11]. samples taken out for testing were labeled with the dates they were collected from the 

larger container. In addition, to ensure homogeneity of the oil sample as much as possible prior 

to collecting test samples, the larger bucket with the oil was heated to about 40C and was shaken 

vigorously for 20 – 30 minutes before sampling. About 500ml of sample was collected and 

preserved for mixing with the oil sands. 

2.1.1.1 Density 

Work was conducted on the density of the heavy crude and the results are given in Table 

2.2; 

Table 2.2 Density and API gravity of Ugnu heavy oil [12] 

Temperature  

(˚C) 

Density of Heavy Oil 

(g/cm
3
) 

Density of Water  
(26)

 

(g/cm
3
) 

API Gravity 

60 0.958 0.983 13.7 

40 0.971 0.992 13.1 

20 0.983 0.998 12.2 

0 0.996 0.999 10.4 

 

The density decreases with temperature and the API gravity also experiences the opposite with 

an increase with a decrease in the temperature. 

2.1.2 Sand 

Unlike the crude oil samples, it is unclear what the composition of the surrounding 

material around the oil sands comprises of and as a result the sample cannot be used in its current 

state for experiments. A simple method was adopted to rid the sand particles of the materials 
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surrounding it. This is achieved with immersing the sand in Goo Gone (The Homax Group, Inc), 

a commercial cleaner specially formulated to effectively eliminate grease from laminate and 

solid surface countertops. This liquid was very effective at cleaning the oils. Dipping the clean 

sands in ethanol also followed the process.  

With the sand clean, it was required to ensure accurate results that the sand samples were 

characterized based on their diameters. Noting that the rule of thumb in rheology measurements 

requires a gap width at least 10 times the average particle diameter size, diameter measurements 

were done using optical Microscopy. In these experiments, a gap width of 1000μm was used 

which will be discussed in the next section. Sand grains were suspended in mineral oil in order to 

simulate reservoir conditions in addition to ensuring the particles were well dispersed. 

Measurements were done using an Olympus IX81 Motorized Inverted Microscope. Analysis of 

the image was done using ImageJ (National Institutes of Health), a Java based image processing 

and analysis software, which required careful image adjustments (sharpness, brightness, edge 

detection etc) to enhance the edges of each sand particle for effective measurement of the Area 

and perimeter of each particle.  

Previous research examined the particle diameter of the sands that comprised the 

Oil/Sand/Water constituents of the samples used in this experiment [12]. Details of this process 

can be found in a previous thesis on the subject. Further analysis was done on fresh sand samples 

collected through the remaining duration of the project. Calculation using the definition of 

hydraulic diameter was adopted to determine the diameter.  These analyses calculate the 

diameter of the particle using the perimeter and area gotten from the imaging software and the 

equation; 

P

A
D

4


                                         (1) 
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 The resulting distribution of sand diameter, of approximately 5000 particles is given in 

Figure 2.2. The average value was calculated to be 4.05 μm, with a standard deviation of 20.165 

μm as opposed to a previous average of 5.31 μm with a standard deviation of 5.57 μm. Both 

results revealed similar situations with particles less than 20 microns. Over 90% of particles had 

diameters of less than 20 microns. Of note in the analysis is the presence of particles much larger 

than 200 μm, the largest of which is 340 μm. Unlike the previous analysis where the largest 

particle diameter was 81.7 μm, this analysis reveals larger particles although in a very small 

number. 

 

Figure 2.3 Size distribution of Ugnu and sand grains using optical microscopy [13] 

 

Suspensions have the potential of settling in solution and as a result, the reliability and 

reproducibility of the data could be questioned. In other to address this issue, the settling time 

was taken into consideration. In our experiments, typically, one-rheology tests takes 2 to 3 hours 

and the particles are only influenced by gravity with the density and viscosity influencing the 

settling rate. Assuming each grain of sand was spherical in shape, a force balance could be easily 

derived [14] . The particle travels at a steady terminal velocity u, where the upwards drag force 
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equals to the downwards weight of the particle minus the upwards buoyant force [14]. The 

resulting settling equation used to determine settling time was given as; 

 )(
18

1
Re

3

fs

ff DguD









  (2) 

Where Re is Reynolds number, D is the diameter of the particle, ρs is the density of the 

particle (sand in this case), and g is the standard gravity, ρf is the density of the crude oil and   

the viscosity. Since viscosity changes with frequency, viscosity at 1.00 Hz is used as 

representative for the following calculations. Using the measured diameter, viscosity and 

Equation 2, the terminal velocity u can be solved for which can further be used to calculate the 

time it takes to settle through the 1000 μm graph.  

With total average time of 2 hours, consisting of 6 steps at 5 temperature ranges, the 

resulting time for each step in our experiments was about 25 minutes. The average traveling 

distances (l) and time it takes to completely settle at all temperatures are calculated and listed in 

Table 2.3. It was initially established in a previous thesis that the influence from the settling issue 

on the results is limited but the implications of having significantly larger sand particles above 

300 μm diameter with regards to settling must be addressed.  

Table 2.3 Settling time for base sample at different temperatures [12] 

 

Visible sand grains above 300 μm in the same conditions based on equation 2, settled 

much quicker within the oil, most of the time, faster than each 25 min experiment. We believe 

 

T (˚C) η (Pa∙s) u (m/s) t (h) l (μm) 

0 0.4997 9.63E-11 2.9E+03 0.14 

20 2.199 1.55E-09 1.9E+02 2.3 

40 16.51 1.17E-08 24 18 

60 264.0 5.20E-08 5.3 78 
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that although large particles exist and settle rapidly within the sample, their very low amount (< 

0.001%), in comparison to the other particle sizes close to the average values, makes their 

influence on the rheological properties of the oil mixed with sand negligible. 

2.1.3 Water content 

Higher water to sand and oil volumetric ratio was achieved with DI water and a 

homogenizer. Oil samples were initially measured in a beaker and the corresponding mass 

content for the desired water percentage by mass measured out. The water is then added to the oil 

and mixed for 30mins using a homogenizer. After mixing, the sample was left to settle for 

another 30mins and observed visually to see if there is any phase separation. With no phase 

separation observed, a Karl Fischer titration process was conducted on the samples to determine 

the water content of each sample. 

Throughout the preparation process, the water amount in the crude oil was tracked using 

a volumetric Karl Fischer titrator (Mettler Toledo V20). The Karl Fischer reagent in the titrator 

reacts quantitatively and selectively with water to measure moisture content. The experiment is 

run in a dehydrating solvent composed of 60% extra dry methanol and 40% anhydrous toluene 

(99.8% Sigma-Aldrich) in a flask. CombiTitrant 5 is used to remove all moisture from the 

solvent after which the sample is added. It is initially mixed for 90s before titration commences. 

The moisture content of the sample is determined from the titration volume and its end point is 

detected using the constant-current polarization voltage method. 0.1-0.4 g of the heavy is 

generally tested with a repeatability of 0.3% for samples containing more than 10mg water in the 

sample. 
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2.2 Rheology 

To determine the rheological properties of the oil samples, an AR-G2 Rheometer (TA 

Instruments, New Castle, DE) was utilized for a series of small amplitude oscillatory shear 

(Frequency sweep) and steady state flow tests [15]. The instrument was equipped with a peltier 

plate for thermal stability which was used to accurately control all tests within a temperature 

range of -10
o
C to 60

o
C [16]. All experiments were run with a parallel plate geometry (40mm 

diameter, 1mm gap).  A stress sweep test was utilized first to determine the linear viscoelastic 

range. [17]. In the frequency sweep test, a sinusoidal torsional stress is then applied over the 

frequency range of 0.1–100 Hz to the sample and the resulting sinusoidal strain is measured [4]. 

Steady state flow tests were run at a shear rate range of 0.1 – 100 s
-1

. Additional information on 

small amplitude oscillatory and steady state flow rheometry can be found in reference texts [18].   

2.2.1 Mixing method 

Multiple approaches to homogenizing the oil/sand/water mixture could be employed. The 

mixture can be homogenized by first adding sand and then water to the oil sample. The other 

method involved adding the water to the oil. Both methods were analyzed to see if there is a 

noticeable difference in the rheological properties after mixing. As seen in Figure 2.3, both 

methods yielded very similar results with variations generally well below 10%. It was resolved 

that homogenizing the oil with sand followed by the addition of water, be used due to 

convenience. 

2.2.2 Storage & loss moduli 

In rheology, the dynamic test investigates the effect of oscillating stresses or strains on 

the flow behavior of crude oil samples [19]. The decomposition of the waves generated from the 

test result in two moduli; the elastic or storage modulus describes an objects solid-like behavior, 
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and the viscous or loss modulus represents liquid-like behavior. The storage modulus is the ratio 

of the stress in phase with the strain to the strain magnitude and the loss modulus is the ratio of 

the stress 90" out of phase with strain to the strain magnitude [19]. 

 

Figure 2.4 Viscosity based on mixing method; Oil + Water + Sand (black squares), Oil + Sand + 

Water (red squares)  [12] 

The moduli are combined to quantify the complex viscosity with a magnitude: 
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Where G’ and G” are the storage and loss modulus, respectively, and   is the frequency. A 

larger G’’ indicates the viscoelastic response of the fluid is dominated by the liquid-like (or out 

of phase) contribution to the stress [4].   

2.2.3 Thixotropy 

The term thixotropy was derived from the combination of the Greek words thixis (stirring 

or shaking) and trepo (turning or changing). Thixotropy represents the property of fluid particles 
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to form a loose association which is easily destroyed by shaking but re-establishes itself on 

standing [20]. It is believed that all materials that are shear thinning are thixotropic, in that they 

will always take a finite time to bring about the rearrangements needed in the microstructural 

elements that result in shear thinning. Examples of thixotropic materials include clays and soil 

suspensions, creams, drilling muds and fiber greases. 

The thixotropic properties of fluids especially crude oil is important and pump 

performance in pipes is heavily dependent on the development of the velocity and pressure fields 

within that pipe. A thixotropic liquid which forms loose associations have the tendency of 

hampering the initiation of flow if it has been at rest for some time. This can easily lead to 

cavitation in the liquid within the pump. Difficulties in characterizing the flow can also ensure as 

a result of different flow profiles between the liquid layers under high shear on the walls of the 

pipe and fluid flowing in the middle of the pipe. It must be noted that in long pipes, issues arising 

from thixotropy are less of a concern as over time, the liquid is expected to reach equilibrium and 

the heterogeneous nature of the flow is less pronounced or non-existent. 

A general test to show if a particular liquid is thixotropic is the thixotropic/hysteresis loop 

test involving administering a shear stress or shear rate on the material from zero to maximum 

value and then return at the same rate to zero. Similarly, any startup strain or stress controlled 

experiment constitutes a thixotropic test as most thixotropic materials that have been at rest show 

a noticeable viscoelastic response with an applied shear. If coupled with the loop test, the return 

results would be expected to be at odds with the startup results. As seen in  Figure 2.4, the 

resulting G’ and G” values of a loop test carried out on our crude oil sample shows no such 

response and all data points are approximately equal for the entire frequency range of our 

experiments. 
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2.2.4 Repeatability 

Previous work analyzed the implications of time on the base samples produced in 2008 

but samples were collected for experiments between 2009 and 2010 (Figure 2.5). These samples 

were derived from the same production sample set and were primarily utilized until the latter end 

of this project. 
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Figure 2.5 Hysteresis loop showing G’ and G” tests from 0 – 100Hz and back to 0hz on pure 

Ungu samples. 

 

Fresh sample sets produced in 2011 were introduced later and it was of concern to ensure 

new production samples do not differ in their rheological properties. Figure 2.5 shows the 

measured viscosities from the two samples of heavy oil, with no sand, no added water and 

completely homogenized before experiments. These sample results agree well with one another. 

There are noticeable differences at lower temperatures of -10 and 20 but overall, the sample 

properties which were similar over a long period of time are also very similar at different 



   

19 

 

production dates. Tests revealed that, in terms of rheology, aging has little or no effect on the 

heavy oil samples preserved during its stay. 

 
Figure 2.6 G’ and G” of base case samples collected at different times show identical internal 

properties. 

 

Figure 2.7 Complex viscosity of pure Ugnu heavy oil from different production years. 
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2.3 Viscosity dependence on shear rate 

Effects of shearing on heavy crude oil in rheology experiments are of particular importance 

to practical applications of this research. Flow tests best represent the conditions experienced by 

the fluid during flow within pipes in production wells or transportation for storage and refining. 

Fluids respond to shearing differently depending on their composition and structure. Fluids that 

experience a reduction in viscosity as shearing increases are known as shear thinning fluids. 

Shear thickening fluids such as corn starch on the contrary experience the opposite effect of an 

increase in viscosity with an increase in shear. Many other fluids experience no change in 

viscosity with changes in shear rate. These fluids are considered Newtonian fluids.  

2.3.1 Power Law Model for Shear Thinning 

 

To better extract and explain the change in viscosity with frequency, the power law 

model has been adopted to show this behavior. The power law, also known as the Ostwald 

model, is presented as 

 

Figure 2.8 Complex viscosity and power law model fitting of the subsample 8Jan10 

[12] 
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1 nK                                                                   (4) 

Where η is viscosity, K is the consistency coefficient,   is shear rate or frequency, and n is the 

power law index. A value of 1 in the terms of the power law index n represents a Newtonian 

fluid. Shear thickening fluids possess a value of n that is greater than 1 while shear thinning 

fluids have values of n less than 1. The greater the shear thinning of the fluid, the close n 

approaches zero. To better quantize shear thinning, a shear thinning degree m was defined as 

m =1 - n                                                                   (5) 

Thus, based on this shear thinning degree value m, the more shear thinning the heavy oil, the 

greater the value of m. The power law model above used to generate contours of the heavy oil’s 

shear thinning degree versus water and sand content was utilized for previous oscillatory tests 

and those tests were compared with flow tests of the oils. 

 

 

 

 

 

 

 

Figure 2.9 Contour plot of shear thinning degree as a function of sand and water contents at 20
o
C 

for a) Flow test b) Oscillatory test 

Initial conclusions made from Figure 2.8b were that; All mixtures including the base 

samples are shear thinning. Shear thinning degree either increases or keeps within the same level 

at low to middle sand content with water content. It was observed that shear thinning dependence 

on sand is not as pronounced as one moves up the vertical axis leading up to 25% sand cut (sand 
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content). This observation seems to be at odds with flow based data where we begin to see an 

increase in shear thinning of the fluid above 10% sand content with added water. It is 

nonetheless consistent with base case samples below 10% sand and below 10% water content.  

Regardless of the changes, the overall value range was generally consistent for the entire 

matrix. A hypothesis suggested was that as frequencies change, components respond to these 

changes at different rates. These differences can have an impact on intermolecular interactions 

and forces which eventually drop the viscosity. Our current tests happen to be flow tests which 

involves rotating parts and therefore mixing and the breaking down of intermolecular 

interactions including a possible increase in oil wet vs water wet conditions. 

2.3.2 Storage and Loss moduli as a function of viscosity and shear rate 

The magnitude of G” was consistent with the power law model G” = kω
n
 where k and n 

are fitting constants and ω is the angular frequency (Figure 2.9). The G” curve exhibited a 

straight line with an n of approximately one that is the phenomenon of a viscous liquid material 

[21]. The storage modulus, G’ on the contrary could not be fit by a simple power law model. G’ 

achieved values at high as 3x10
5
 Pa at the lowest temperature of -10

o
C. The moduli increased 

with both decreasing temperature and increasing frequency and in all cases, the loss modulus 

was larger than the storage modulus [4]. The larger G’’ indicates the viscoelastic response of the 

fluid is dominated by the liquid-like (or out of phase) contribution to the stress [4].  

Values of G’ were more sensitive to changes in sand content at lower water content 

levels. As shown in the Figures 2.10, multi decade changes (0.1 – 20 Pa) in the values for G’ 

were apparent vs less than a decade changes in G” in the behavior of the oil. This increasing 

storage moduli value represents a larger impact of the sand content in the gel like behavior of the 

crude vs it’s liquid like response. 
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Figure 2.10 Storage modulus (G’) and loss modulus (G”) as a functuion of temperature and 

frequency for base sample. 

 

In Figure 2.11a, we notice a clearer depiction of the influence of sand content on the 

waxy nature of the crude with values of G’ and G” plotted with each other. It can be observed 

that G’ approaches the value of G” at 50% sand content without added water. Figure 2.11b 

shows the case of samples containing 15% water. It can be observed that the changes in G’ are 

less significant (0.1 – 3 Pa) as sand content increases which can be attributed to water 

contributing to the liquid like response of the fluid. 

2.3.2.1 Cox-Merz relationship 

The empirical rule of Cox and Merz  has been used to describe similarities between the 

steady state shear viscosity as a function of shear rate and the dynamic viscosity as a function of 

the angular frequency. 
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Figure 2.11 a) Loss Moduli (G”) and b) Storage moduli (G’) of Ugnu heavy oils with varying 

sand content and fixed base case water content.  

 

 

Figure 2.12  a) G’ and G” of heavy oil samples at 20
o
C. b) G” at 15% water content with varying 

sand content. 

The rule states that at equal values of frequency and shear rate, the stationary value of the 

dynamic viscosity very closely approaches the steady state shear viscosity, in other words, the 

apparent viscosity at a specific shear rate is equal to the complex viscosity at a specific 

oscillatory frequency, [22] or that equivalently, 

Gd (ω) = p12(γ)                                                        (6) 
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Where Gd (ω) = ωηd(ω) is the absolute value for the complex shear modulus G*(iω) = G’(ω) + 

iG” (ω) and p12(γ) = γη(γ)  is the steady-state value of the shear stress. This rule becomes useful 

as a result of the characteristics and limitations of each kind of experiment. In the case of steady-

state shear experiments, limitations include slippage, migration of sample constituents and the 

breaking of sample internal structure. Dynamic rheological tests are not perfect either as they are 

not appropriate in practical processing situations due to the low rates and strain at which the tests 

are applied [23]. These limitations make the Cox-Merz an interesting approach to establishing a 

correlation between both experiments. 

Cox-Merz has been confirmed frequently especially from experimental data of melts of 

homopolymers  but it is also known to show deviations [24]. This rule has been found to be non-

applicable to biopolymer dispersions with high-density entanglements or aggregates [25]. A 

detailed explanation for the origin of the cox-merz rule of congruent n* & n and its range of 

application is still missing
 
 [26]. Rheologists tend to regard this rule as an empirical fact with 

little theoretical backing, and  polymer physicists tend to view it as a suspicious coincidence 

[27].  

In our experiments, we attempted to see how our samples fared when this rule was 

applied and our results varied. Results were truncated to 100hz which was the limit of the shear 

stress tests. In the base case scenario with no added water or sand fractions, both dynamic and 

flow data adhere to the rule extremely well with little or no differences in viscosity values. 

With the addition of sand and or water to the oil sample, deviations from the cox-merz 

rule were immediately evident with the largest deviations apparent at higher sand and water 

content values. It should be noted that some samples obeyed the rule at lower shear rates before 

deviating while others experienced deviations almost immediately.  
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Figure 2.13 Cox-Merz rule applied to samples with O/W/S ratios of (a) 97/3/0 and (b) 72/3/25 

 

Figure 2.14 Cox-Merz rule applied to high sand and water cut with O/W/S ratio of 45/15/40 

In every case, η* was observed to be higher than η with the two lines parallel to each 

other. Such an observation is representative of breakdown in structure or rearrangement of 

particles in the mixture due to strain deformation (i.e. low in oscillatory shear and high in steady 

shear) [28]. In addition to structural decay due to the extensive strain applied [29], breakdown in 

the rule for complex dispersions can also be attributed to the presence of high density 
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entanglements, or to the development of structure and intermolecular aggregation in the solution 

[30].  

2.4 Viscosity dependence on temperature 

All sample mixtures within the sample matrix showed a very strong dependence on 

temperature. Sample mixtures were characterized by a decrease in viscosity as the temperature 

increases, or alternatively, it led to an increase in fluidity. As in the Figure 2.6 shown, the 

viscosity displayed a drop from about 1,100 to 0.5 Pa.s when heated from -10 up to 60
o
C for our 

base case at 1Hz. This gives a viscosity range from being as thick as cooking lard  to as light at 

apple sauce. Table 2.4 shows some other liquids with similar viscosities as the range of values of 

Ugnu. 

Table 2.4 Viscosities of different common substances 

Liquid Approximate Viscosity 

Apple Sauce 0.5 [31] 

SAE40 Moto Oil or Castor Oil 0.25 – 0.9 [32] 

Peanut Butter 300 [31] 

Crisco Shortening or Lard 1000 – 2000 [32] 

 

2.4.1 Viscosity – Temperature correlation (Arrhenius relationship) 

In rheology experiments, the Arrhenius relationship quantitatively shows the temperature 

dependence of the viscosity. It effectively shows the sensitivity of the material to temperature 

changes. This relationship only applies to regions of the crude oil that exhibited Newtonian flow 

behavior. The Arrhenius relationship, which addresses the kinetic properties of the material, 

account for phase behavior or molecular transformation within the material. This means that a 

phase change will result in an unacceptable fit into a line. This fit is based on the Arrhenius 

equation of the form,  
RTEvapAe

/
*                                                                        (7) 
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where A is a constant for every sample, Evap is the energy of vaporization, R is the gas constant 

and T is the temperature in Kelvin.  

Previous analysis conducted showed a linear correlation between the logarithm of the 

viscosity and the inverse temperature quantified by the Arrhenius relationship above [1]. Squares 

of correlation greater than 97% were observed, but there was a noticeable curvature trend as sand 

and water content increased. This raised the question of the possibility of ice formation at the 

lower temperatures. An analysis of the flow tests revealed that there is no ice formation. An  

updated fit was proposed and other possible explanations for the curvature suggested. This new 

fit was based on the Modified Arrhenius equation of the form: 

(8) 

 

where A is a constant for every sample, E is the energy of vaporization, R is the gas constant and 

T is the temperature in Kelvin. . In the original Arrhenius equation, n = 0 . The modified 

Arrhenius equation recognizes the temperature dependence of the pre-exponential factor. Figures 

2.14 – 2.16 show the results of these fits. 

 The fittings developed were correlated using a scoring function. From Figures 2.14 – 

2.16, we notice that at the lower water sand and water cuts, the arrhenuis plots were technically 

linear and the change between the linear and modified arrhenuis were not as significant. The 

improvements of the modified arrhenius equation is seen at very high sand cuts where the 

scoring function improvements are as high as 97% in the 40/10/50 sand cut. Generally, samples 

with sand content above 25% gave significantly better fits with the modified arrhenius equation.  
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Figure 2.15 Arrhenius plots of oil/water/sand mixtures with no added water: a) pure heavy oil, b) 

92/3/5, c) 87/3/10, d) 72/3/25, e) 57/3/40 and f) 47/3/50. The scatter is the measured data and 

predicted data using the modified Arrhenius equation, the red line present in every Figure is the 

linear fitting based on the Arrhenius equation. 
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Figure 2.16 Arrhenius plots of oil/water/sand mixtures with no added water: a) 90/10/0, b) 

85/10/5, c) 80/10/10, d) 65/10/25, e) 50/10/40 and f) 40/10/50. The scatter is the measured data 

and predicted data using the modified Arrhenius equation, the red line present in every Figure is 

the linear fitting based on the Arrhenius equation. 
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Figure 2.17 Arrhenius plots of oil/sand/water mixtures with no added water: a) 85/15/0, b) 

80/15/5, c) 75/15/10, d) 60/15/25, e) 45/15/40 and f) 35/15/50. The scatter is the measured data 

and predicted data using the modified Arrhenius equation, the red line present in every Figure is 

the linear fitting based on the Arrhenius equation. 
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Table 2.5 Evis, R
2
 and n values of Ugnu heavy oil sample matrix 

O/W/S Evis 

(KJ/mol) 

R
2
 Emodified 

(KJ/mol) 

n R
2
 

97/3/0 91 1 92 0.57 1 

90/10/0 92 0.989 86 0.657 0.993 

85/15/0 84 0.979 76 0.719 0.984 

        

87/3/10 85 0.998 85 0.57 0.998 

80/10/10 88 0.989 82 0.659 0.992 

75/15/10 83 0.976 76 0.693 0.987 

        

72/3/25 88 0.998 86 0.573 0.998 

65/10/25 75 0.983 68 0.693 0.984 

60/15/25 87 0.987 80 0.969 0.988 

        

57/3/40 87 0.983 80 0.693 0.988 

50/10/40 85 0.989 79 0.663 0.991 

45/15/40 84 0.985 77 0.69 0.988 

        

47/3/50 76 0.987 70 0.666 0.989 

40/10/50 78 0.974 68 0.759 0.975 

35/15/50 85 0.972 74 0.784 0.974 

 

The curvature implies that at low temperatures, the viscosity is more sensitive to changes 

in temperature than at high temperatures [33]. It might also be attributed to the appearance of 

new forces such as H-Bonds [34] that consolidate the ashpantene-asphaltene or asphaltene-

solvent interactions. [35]. The curvature could be also attributed to the thickening of the 

solvation shell of asphaltenes. Storm et al suggests that the decrease of temperature thickens the 

solvation shells of asphaltenes. These adsorbed layers become so large that they overlap and a 

more dense structure forms.  

As can be seen in Table 2.5, the values of n for all our samples ranged from 0.57 in the 

base case to 0.969 in the 60/15/25 sample cut. Generally, the value of n increased with water 

content implying stronger temperature dependence in the pre-exponential factor. Relating the 
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values of n with the sand content is not as clear. In some cases, (15% water), the sample 

dependence on temperature as predicted by n fluctuates between more dependent (85/15/0), less 

dependent (75/15/10) and then more dependent (0.969). 

Table 2.6 shows Evis values for various Crude oil samples from around the world. 

Activation energies of the Ugnu heavy oils confidently fit between these values. The values in 

Table 2.6 show an inverse correlation between the API gravity and the activation of the heavy 

crude oil samples; Activation energy increases with a decrease in the API gravity of crude oil. 

According to Bouchard et al., the increase in the activation energy means that the structure of the 

heavy crude oil becomes more rigid. Although this can be attributed to an increase in larger 

Asphaltenes and resins with much larger molecular structures, further tests with other oils is 

needed to confirm this observation. 

Table 2.6  Evis of different oil samples from around the world and their API gravity. 

 Evis (KJ/mol) API 

Texas Heavy oil 
[3]

 120 -5 

Canada heavy oil 
[3]

 

73 9.56 

Oman Oil Heavy 
[36]

 

38.5 21.93 

Oman Oil light 
[36]

 13.5 42.41 

 

Finally, the curvature could be as a result of brownian motion dominating resulting in the 

asphaltenes moving more freely in the maltene matrix but at lower temperatures, there is a 

stronger asphaltene interaction. It should be noted that all the explanations given are primarily 

based on the effect of the temperature on the heavy asphaltene component of the mixture. A 

better understanding of the asphaltene structure and chemistry is imperative for a better 

understanding of the behavior. 
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2.5 Viscosity dependence on sand and water content 

Just like temperature, Ugnu heavy oil viscosities are also dependent on sand and water 

content at varying degrees. Figure 2.14 shows the consistency coefficients of the mixtures at a 

fixed water content of 10%. Consistency coefficients represent the viscosity of our liquid 

samples at a frequency of 1Hz. The Figures show an increase in viscosity as sand content 

increases, a trend that is consistent across all mixtures and temperatures used for our 

experiments. 

 

Figure 2.18 Consistency coefficients of the mixtures with 10% water for a) 2011 samples & b) 

2008 samples [12] 

 

Unlike sand, Viscosity of our samples dependence on water was more varied. Figure 2.15 

shows that at low sand content between 0 and 40% sand in Figure 2.15a, viscosity generally 

increased with an increase in the water content. At the highest sand content, there is an obvious 

opposite behavior with the viscosity dropping as the water content increases (Figure 2.15a). 

Figure 2.15b represents previous work on a similar sample set. The behavior at 40% varies 

slightly with what was seen in Figure 2.15b which we believe is possibly attributed to slight 

variations in water content.  
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Figure 2.19 Consistency coefficients of mixtures at varying sand contents as a function of water 

content at 20oC for a) 2011 samples & b) 2008 samples [12] 

2.5.1 Oil wet vs water wet phenomenon 

Crude oil samples showed little or no changes in viscosity at low sand and water content 

volumes but began to show a greater dependence as sand and water content volume composition 

increased. It was noticed that viscosity began to decrease as water and sand content increased as 

can be seen in the Figures 2.17 and 2.18. As can be observed from Figures 2.19 and 2.20, there 

exists an inversion point above a sand fraction of 40% by volume.  This trend was apparent in 

both dynamic (Figure 2.17) & flow (Figure 2.18) tests but was less prominent in the flow tests. 

A possible explanation for this sudden change in behavior is the overall wettability of the 

sands in the emulsion. It can be argued that at lower sand and water content levels, the sand 

particles are predominantly oil wet due to the higher viscosity of the bulk phase and therefore 

these oil wet sands contribute to the overall viscosity by increasing it as should be expected. In 

addition to this, there is also the possibility that the particles remained dispersed in either phase 

and therefore formed no stable emulsion. This particular situation also explains the increase in 

viscosity as sand content increased. 
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Figure 2.20 Consistency coefficients of mixtures from oscillatory tests at varying water contents 

as a function of sand content at 20
o
C 

On the contrary, at higher sand and water content levels, where either an oil in water or 

water in oil emulsion might form, we may be noticing the stabilization of O/W emulsions. It was 

noted by Pickering who was credited with the term “Pickering emulsions” that particles which 

were wetted more by water than by oil acted as emulsifiers for o/w emulsions [37].  Although 

our sample at the higher sand and water fractions contained more oil than water by volume 

percent, work by Finkle et al. recognized the importance of wettability of the particles at the oil-

water interface quantified by the contact angle that the particle makes with it [2].  



   

37 

 

 
Figure 2.21 Consistency coefficients of mixtures from flow tests at varying water contents as a 

function of sand content at 20
o
C 

This observation presents a situation where water-wet particles such as silica stabilize 

O/W emulsions over W/O emulsions. With a much higher volume fraction of sand ( > 40%), the 

possibility of interfacing with water and favoring the stabilization of O/W emulsions is greatly 

increased. This could explain the drop in viscosity as with water wet sands, there exists a 

consistent film of water persistent through the sand molecules acting as lubricants and therefore 

improving the flow and rearrangement of the crude oil constituents, ultimately influencing the 

viscosity of the mixture. It is observed in industry that water wet sands are favorable during 

surface processing and hot water extraction processes.  
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Figure 2.22 Types of emulsions. 

Many factors influence emulsion stability including low interfacial tension, high viscosity of 

the bulk phase and relatively small volumes of the dispersed phase [38]. The nature of the nano 

to micro particles, in our case, sand are known to act as effective surfactants either residing with 

water as with hydrophilic particles or residing more in the oil phrase as with hydrophilic particles 

such as silica.  
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CHAPTER 3 PRESSURE RHEOMETER AND LIVE HEAVY OIL EXPERIMENTS 

3.1 Introduction 

The Ugnu formation is a shallow formation reservoir situated over 2400 - 3000ft below 

ground.  Oil samples are characterized by having large component of gases and more volatile 

hydrocarbons saturated in the oil at high pressures around 1300 psi. This oil and gas mixture is 

generally called live crude.  These formations are also relatively cold with temperature ranges of 

45 – 65F. Over time, due to a reduction in pressure, cooling or production methods, the more 

volatile carbon compounds are liberated and the crude oil sample becomes dead crude. Dead 

crude is crude oil with no more gasses left to be degassed.  The vast majority of characterization 

of crude oils in  literature is completed on dead oils.   

Live crude and dead crude are known to possess different characteristics. Crude oil is 

considered Live due to the presence of gases in its structure while dead crude does not contail 

these volatile gases. Dissolved gases (methane, ethane, carbon dioxide, nitrogen, etc.) are known 

to significantly reduce the viscosity of oils and bitumen by up to several orders of magnitude 

depending on the saturation pressure [39]. The natural fluid pressure gradients cause flow and 

lead to entrainment of the sand in the flowing fluid.  

The second driving force is the foamy oil phenomena, where the gases exist as entrained 

bubbles. These bubbles have been observed to modify oil compressibility which has led to 

improved sustenance of the pressure and flow rate in the reservoir and a higher recovery [39]. 

This is in addition to liquefying and keeping the sand in suspension. Understanding the viscosity 

behavior of the oil samples in the presence of sand, water and gases (i.e., under pressure) is 

important to simulating a more realistic behavior of the crude oil in situ. 
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3.2 Experimental apparatus 

The samples provided for this research project were dead oils. Heavy oils being exploited 

by CHOPS are known to have gas ( > 90% CH4 by mass) in solution.  Oil and gas solutions 

possess gas-oil-ratios (GOR) that remain constant over extended periods of time, often for years. 

There is no direct drainage mechanism to deplete gas pressures from within the reservoir as a 

result of gas bubbles moving within the fluid and discrete gas channels apparently not 

developing in CHOPS wells. 

According to Webb Et Al., a high-pressure rheometer experiment must meet specific 

requirements; (1) ability to operate at high pressure, (2) effective at performing mixing and (3) 

capable of measuring shear rates [40]. These criteria also meet the basic requirements for this 

project and as such a similar apparatus setup was built. A high pressure cell with magnetically 

driven concentric cylinder geometry was utilized to measure the rheological properties of the 

fluid at high pressures. To achieve effective saturation and mixing, an external mixing apparatus 

at high pressure separates the vessel from the rheometer. Both vessels, operating at high 

pressure, are connected via a syringe pump. 

3.2.1 Mixing Cell 

The mixing cell utilized for this project was designed by Parr instruments. It comprises of 

an upper half with all orifices and plumbing and a magnetic driven impeller, and a lower half 

with is a cylindrical vessel with a volume of about 266mL. Both steel pieces are sealed together 

by 9/15 inch diameter bolts, Teflon seal and a metal jacket that encases the sealed region. The 

magnetically driven impeller setup comprised of a basic impeller and a wide region impeller that 

guaranteed rapid saturation (Figure 3.1).  
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Figure 3.1 High pressure mixing cell showing internal components that facilitate saturating crude 

oil with methane gas [41] 

 

The liquid container vessel also comprises of a heating jacket which is used to heat up the 

mixture and accelerate saturation of the gas in the liquid. Dissolution of the gas within the oil 

sample is observed using the LabView software and a constant pressure level over time in the 

data demonstrates that the oil is fully saturated. Consumption of methane into the oil primarily 

occurred in the first 2 hours of mixing even at ambient temperatures.  Once saturation is 

observed, the oil can then be moved to the rheometer cell via the syringe pump. The sample is 

piped from the bottom of the vessel out through a port at the top of the mixing cell.  
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3.2.2 Syringe pump   

The syringe pump utilizes a Teledyne IS 260D model with a pressure rating of 7500 psi 

and a maximum volume of 266 ml [41]. The maximum flow rate through the pump is 50 ml/min. 

A set of valves on the flow lines control the path of the fluid. Ala et. al notes that the flow lines 

must be filled with the saturated liquid at pressure of at least 50 psi higher than the desired 

pressure [13]. This is necessary to ensure that there are no bubble formation upon pumping the 

fluid into the pump. 

 

 

Figure 3.2 Syringe Pump illustration 
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Figure 3.3 Schematic representation of high pressure rheology apparatus. 
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3.2.3 Rheometer 

The rheometer is the same AR G2 from TA instrument used for the regular rheology tests 

described in this thesis.  The high pressure geometry is comprised of a Peltier jacket that 

encloses a steel outer cylinder and a titanium inner cylinder in a concentric cylinders assembly. 

The inner assembly is screwed to the Peltier jacket via 2 screws. The Peltier jacket is mounted to 

the rheometer by a magnet. Three ports access the cup; one for entering liquid, one for entering 

and exiting gas, and one rupture disk with a 2500 psi (gauge) limit. The cell is rated for operation 

up to 2000 psi [40]. The data is collected via the TA instrument’s software.  

 

Figure 3.4 Rheometer illustration showing breakdown of Peltier jacket and cross section of the 

rotating sections of device [16]. 
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The experimental procedure comprises of steps similar to those employed for the dead oil 

sample experiments with a few differences. The steps include measuring the oil water sand 

components which are then placed in the mixing cell. The oil, water, sand components are based 

on the 18 sample matrix developed in the dead oil experiments. The homogenization step from 

the dead oil experiments is skipped since the propeller setup in the mixing cell gave a superior 

mixing compared to the stand alone homogenizer.  

In addition to these steps, calibration of the rheometer including instrument inertia 

calibration, zeroing the gap, bearing friction calibration (removes inaccuracies due to residual 

friction) and rotational mapping (ensures accurate torque control over the 360
o
 range of rotation) 

we conducted. The calibration removes inaccuracies due to residual friction while the rotational 

mapping ensures accurate torque control over the 360
o 

range of rotation [40].  

The calibration steps are generally conducted during the sample mixing process. After the 

sample has been mixed for an hour, the mixing cell is pressurized and left to saturate with 

methane gas. Saturation was done at 50
o
C to ensure a more rapid saturation rate. Monitoring the 

pressure in LabView revealed a leveling off of the pressure at a point where the sample of fully 

saturated. Once this point of maximum saturation is reached, the sample is allowed to cool to 

room temperature. With the oil fully saturated, the sample is pumped into the syringe pump and 

the rheometer cell is pressurized to the same pressure as the syringe pump. The sample is then 

transferred to the rheometer cell with the pressure in the syringe pump monitored and kept below 

1000psi through the entire process. With the sample finally transferred (approx. 10ml), the 

experiments are run over a wide range of cell pressures. 

Tests were for a temperature range of 0 to 60C, pressure ranges of 15 psi to 2000 psi and 

shear rates of 0.1 s to 500. The high temperature properties are extremely important for future 
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development of thermal oil recovery, which appears to be an efficient production scheme in the 

artic environment. 

3.3 Results 

In determining raw saturated viscosity for different temperatures and pressures, the share 

rate applied on samples varied in order to compensate for frictional heating. This suggested shear 

rate was determined using a simplified formula recommended by Macosko when viscous heating 

becomes noticeable [18].  

 

 

n

n

T

nn

RRTkn

Rb

n

b
































1

100

1

10

0 12
1

12

Br
1







, (9)

 

where μ and μ0 are the viscosities with and without viscous heating, Br is the Brinkman number, 

n is the flow behavior index (n = 1 for Newtonian fluids, n < 1 for shear-thinning fluids, and n > 

1 for shear-thickening fluids), R0 and R1 are the radii of outer (stator) and inner (rotor) cylinders, 

Ω is the angular velocity, kT is the thermal conductivity of the studied fluid, T0 is the temperature 

of the outer cylinder, b is the dimensionless coefficient in exponential viscosity-temperature 

relation:  
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The viscosity data resulting from the shear tests are shown in  Table 3.1 and Figure 3.5 below. 

Further details into the viscosity behavior of the saturated oils can be found in another 

publication [13]. 
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Table 3.1 Viscosity of Ugnu oil non-saturated and 100% saturated with methane at different 

pressures and temperatures [13] 

t, 
o
C 

p, psi 
μ,

 a
 

Pa∙s 
 

t, 
o
C 

p, psi 
μ,

 a
 

Pa∙s 
 

t, 
o
C 

p, psi 
μ,

 a
 

Pa∙s 

Isopleth 1  Isopleth 4  Isopleth 7 

0 1405 16.9 (0.2)  0 1510 15.1 (0.2)  0 250 239 (1) 

10 1460 5.23 (0.07)  10 1570 4.83 (0.06)  10 255 48.3 (0.4) 

20 1510 1.92 (0.03)  20 1625 1.73 (0.02)  20 265 12.7 (0.2) 

30 1555 0.813 (0.010)  30 1675 0.747 (0.010)  30 270 4.09 (0.06) 

40 1600 0.385 (0.004)  40 1725 0.356 (0.004)  40 275 1.56 (0.03) 

60 1685 0.111 (0.001)  60 1810 0.105 (0.001)  60 285 0.328 (0.004) 

   
        

Isopleth 2  Isopleth 5  Isopleth 8 

0 955 35.0 (0.5)  0 1315 17.8 (0.2)  0 15 593 (6) 

10 980 9.66 (0.12)  10 1360 5.45 (0.08)  10 15 99.5 (0.5) 

20 1010 3.26 (0.05)  20 1405 2.02 (0.03)  20 16 23.0 (0.3) 

30 1040 1.27 (0.02)  30 1445 0.836 (0.012)  30 16 6.68 (0.08) 

40 1065 0.566 (0.007)  40 1485 0.395 (0.005)  40 17 2.38 (0.04) 

60 1115 0.150 (0.001)  60 1560 0.115 (0.001)  60 18 0.446 (0.005) 

   
        

Isopleth 3  Isopleth 6  0% saturation 

0 480 112.5 (0.9)  0 740 61.7 (0.7)  10 1560 197 (3) 

10 495 26.0 (0.3)  10 760 15.7 (0.2)  10 1250 176 (3) 

20 505 7.51 (0.10)  20 780 4.92 (0.09)  10 995 158 (2) 

30 515 2.61 (0.04)  30 800 1.83 (0.04)  10 530 132 (1) 

40 530 1.06 (0.01)  40 815 0.783 (0.014)  10 250 119 (1) 

60 550 0.244 (0.001)  60 850 0.194 (0.002)  10 15 109 (1) 
a
 The standard deviation is in the parentheses 
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Figure 3.5 Pressure and temperature dependence of methane saturated Ugnu oil: black lines, 

isotherms; grey lines, isopleths [13] 

 

Methane solubility is temperature and pressure dependent. An increase in solubility is 

observed from increasing pressure and at constant temperature, according to Raoults law.  Also, 

gas dissolution in liquids are characterized by a decrease in solubility with increasing 

temperature and constant pressure. Figure 3.7 shows a strong dependence of the viscosity on 

temperature and pressure. In order to separate these effects and focus solely on the effects of 

pressure on the all sample, experiments with pressurized Oil samples with no saturation with 

methane were conducted at 10C. This lower temperature guaranteed no dissolution of methane in 

the heavy oil solution. The results, shown in Figure 3.6 show a drastic decrease in oil viscosity 

from 0 to 100% saturation of methane for a live oil sample compared to viscosity for dead oils.  
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Figure 3.6 Comparison of pressure dependences of viscosity for Ugnu oil with 0% () and 

100% () saturation with methane at 10
o
C and specified pressures; solid lines are for visual 

purposes only [13] 

 

Compared to methane saturation, the effect of temperature is more dramatic resulting in 

drops of three orders of magnitude over a temperature range of 0 to 60C for dead oil samples. 

Viscosity change with saturation at reservoir pressure and temperature of approximated 1400 psi 

& 10C only resulted in a one order of magnitude change (Figure 3.6).  

Viscosity of the UGNU samples is highly dependent on pressure. The results do not 

follow the free volumes theories of viscosity. This theory assumes that viscosity must increase 

with increasing pressure. According to Schmelzer et al., some liquids exhibit a variety of 

additional mechanisms of structural adjustments when subjected to high isostatic pressures 

which facilitate their deviation from the free volume theory of viscosity. These adjustments 

include changes in degree of polymerization and coordination numbers [42].  
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In addition, varying distribution of the different structural units of the liquid was also 

observed as a driving force to liquids deviating from the free volumes theory. Heavy crude oil 

components such as Resins and Asphaltenes with their long hydrocarbon chains can be greatly 

influenced by structural adjustments and redistribution of structural units as a result of an 

increase in pressure. These we believe are large enough changes that corroborate our 

observations of a reduction in viscosity with an increase in pressure on the heavy crude oil 

samples. 
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CHAPTER 4 CONCLUSIONS  

Ugnu Heavy crude oil samples do not show any form of ageing over an extended period of 

time. Samples collected over 3 years possessed identical rheological properties. Sand grains 

above 300 microns observed in further optical microscopy tests where a small fraction of the 

overall sand volume. These sand particles constitute less than 10% of sand grains that can 

potentially settle during rheology experiments. The influence of settling as a result, is negligible. 

Addition of sand contributed primarily to the gel like behavior of the heavy crude by influencing 

the storage moduli with water content influencing the loss moduli or the liquid like response of 

the crude oil.  

Viscosity of Ugnu heavy crude oils is highly temperature dependent showing a reduction in 

viscosity as temperature increases. The Ugnu heavy crude oils showed no thixotropic properties 

across all 18 samples. Activation energy values which ranged from 66 KJ/mol to 92 KJ/mol were 

consistent with values of other heavy crude oil samples, from different locations, and also 

showed that the activation energy increases with a decrease in API gravity. The modified 

Arrhenius equation provided a better fit for the rheological data on all 18 samples. Lower values 

of n show a low dependence of the pre-exponential factor on temperature.  

Rheological properties of the Ugnu oil samples were successfully described by the Cox-Merz 

rule in the case of lower sand and water content samples. Larger sand and water fractions failed 

the Cox-Merz rule which can be attributed to the structural changes and strain deformation, 

intermolecular aggregation and the presence of high density entanglements. The Ugnu heavy oils 

are generally shear thinning with a stronger dependence on sand content versus water content. 

This trend was also confirmed in flow tests. Rotating parts resulting in the breakdown of 
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intermolecular forces led to flow tests showing more pronounced shear thinning behavior of 

samples at above 10% content compared to oscillatory tests which showed noticeable thinning 

behavior about 25% sand cut. Viscosity of the Ugnu samples is highly pressure dependent with 

changes as high as one order of magnitude at 1500 psi. Wettability of the sand particles greatly 

influences changes in viscosity as water and sand content varies. At lower sand and water 

content, sand particles are predominantly oil wet which lead to an increase in viscosity. At higher 

sand and water content levels, sand particles are more likely to interact with water which results 

in stable O/W emulsions leading to water wet systems. These water wet systems reduce the 

viscosity of the system.  
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CHAPTER 5 RECOMMENDATIONS 

More in depth investigation into the oil wet and water wet phenomenon observed at higher 

sand and water content should be done to better understand what is happening in those regimes. 

Although the modified Arrhenius equation resulted in a better fit, it fails to explain exactly what 

is causing the curvature in graph relating temperature and viscosity. It has been suggested that 

there exists two domains of linearity which would imply that at low temperatures, the viscosity if 

more sensitive to changes in temperature than at high temperature. It has also been suggested that 

at these lower temperatures, the Ugnu heavy oil samples exhibit super-Arrhenius behavior. 

Further research into this super Arrhenius behavior as described by the Vogel-Fulcher-Tamman 

law should be explored. 

Limitations to the high pressure experiment setup prevented the running of tests on matrix 

sample regions containing sand. Tests were not run on partially saturated samples. Finally, high 

pressure experiments were not correlated with Chemistry. These would suggest that work on the 

heavy crude oil samples at high pressure with sand present need to be conducted to better 

understand in-situ conditions of the heavy crude oil. Additionally, tests on under-saturated crude 

oil samples can help determine viscosity as a function of saturation degree. Finally, analytical 

chemistry tools, including but not limited to; Molecular Beam Mass Spectrometry (MBMS), 

Fourier Transform Infrared Spectroscopy (FTIR) and Nuclear Magnetic Resonance (NMR) , can 

be combined with rheology to determine the correlation between   viscosity and chemical 

composition of the saturated Ugnu oils .
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APPENDIX A 

CORRELATION OF CHEMICAL AND PHYSICAL PROPERTIES OF AN ALASKA 

HEAVY OIL FROM THE UGNU FORMATION 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-1. A) Complex viscosity as a function of frequency at various temperatures for heavy 

oil on production day 3; B) Arrhenius plot of complex viscosity as a function of inverse 

temperature on various production days (all data at 1Hz)
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Experimental Section: Rheology 

In rheology, the dynamic test investigates the effect of oscillating stresses or strains on 

the flow behavior of crude oil samples [14]. The decomposition of the waves generated from the 

test result in two moduli; the elastic or storage modulus describes an objects solid-like behavior, 

and the viscous or loss modulus represents liquid-like behavior. The storage modulus is the ratio 

of the stress in phase with the strain to the strain magnitude and the loss modulus is the ratio of 

the stress 90" out of phase with strain to the strain magnitude [18]. The moduli are combined to 

quantify the complex viscosity with a magnitude: 

|  |  [(
  

 
)
 

 (
  

 
)
 

]
   

’ 

Where G’ and G” are the storage and loss modulus, respectively, and   is the frequency. To 

determine the rheological properties of the oil samples, an AR-G2 Rheometer (TA Instruments, 

New Castle, DE) was utilized for a series of small amplitude oscillatory shear tests [14]. A stress 

sweep test was utilized first to determine the linear viscoelastic range [19]. A sinusoidal torsional 

stress is then applied over the frequency range of 0.1–100 Hz to the sample and the resulting 

sinusoidal strain is measured [4]. Additional information on small amplitude oscillatory 

rheometry can be found in reference texts [18].   

Results and Discussion 

The complex viscosity of the oil (Figure 1-A) showed a strong dependence on 

temperature. This behavior was seen in all 10 production day samples. The viscosity decreased 

significantly with an increase in temperature and this decrease can be fit by the Arrhenius-type-

relationship. A linear correlation between the logarithm of the viscosity and the inverse 

temperature is quantified by an Arrhenius type relationship [43], n* = e (-Evis/RT). The 

temperature dependence was validated from the Arrhenius type plot shown in Figure 1b. 



 
 

60 

 

Activation energies (Evis) ranged from 85 KJ/mol to 92 KJ/mol.  The resulting range of 

activation energies was largely indistinguishable with an average of 89 KJ/mol and a standard 

deviation of 2.5 KJ/mol. Previous work by Hinkle et al. provided Evis values of 73 KJ/mol to 

120 KJ/mol for a range of heavy oils possessing a large variation in physical properties [43]. 

With a value of 89 KJ/mol, the average viscosity activation energy for the Ugnu oil production 

samples fell in the lower range of values when compared with  data previously published.[4]  

 

Figure A-2: Shear thinning degree of Alaska heavy oil as a function of production day. 

 The oil samples were observed to exhibit a decrease in viscosity with an increase in 

shear stress, a phenomenon known as shear thinning. This non-Newtonian flow behavior was 

best represented by the power law model     ̇ , where τ is the applied shear stress in Pa and 

γ is the corresponding shear rate in s
-1

, the m and n of Eq. (1-A) are consistency index and flow 
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behavior index, respectively [44]. A flow behavior index or shear thinning degree of 0 represents 

a Newtonian fluid.  At temperatures of -10
o
C and 0

o
C, the shear thinning (ST) degree or the 

pseudoplasticisity of the samples varied from highly shear thinning (n > 0.10) to Newtonian (n < 

0.05) based on the production days. In Figure A-2, some production days, (days 2 and 11) 

experienced significant shear thinning behaviors at 0
o
C, compared to days 5 and 7 where their 

behavior was close to Newtonian (n < 0.05) even at lower temperatures. Generally, at 

temperatures above 40
o
C, all of the oils behaved like Newtonian fluids i.e., no frequency 

dependence.   

 

Figure A-3. Storage modulus (G’) and loss modulus (G”) measured as a function of temperature 

and frequency for production day 3. 
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In addition to the temperature dependence, the complex viscosity was related to G’ and 

G’’.  All oils exhibited a strong dependence on temperature and frequency, mimicking the 

complex viscosity in Figure A-1. The same production day (day 3) was used as a typical example 

of the oil behavior (Figure A-3). The magnitude of G” was consistent with the power law model 

G” = kω
n
 where k and n are fitting constants and ω is the angular frequency. The G” curve 

exhibited a straight line with an n of approximately one that is the phenomenon of a viscous 

liquid material [21]. The storage modulus, G’ on the contrary could not be fit by a simple power 

law model. G’ achieved values at high as 3x10
5
 Pa at the lowest temperature of -10

o
C. The 

moduli increased with both decreasing temperature and increasing frequency and in all cases, the 

loss modulus was larger than the storage modulus [4]. The larger G’’ indicates the viscoelastic 

response of the fluid is dominated by the liquid-like (or out of phase) contribution to the stress 

[4]. 

In previous work by Hinkle et al. a relationship between viscosity and chemical fractions 

determined by SARA could be inferred [4]. Work on the samples for this paper show significant 

variation in viscosity and asphaltene, resin and asphaltene + resin relations. In the case of the 

asphaltene content for example for data at 20
o
C and 1 Hz, an asphaltene content percentage of 

8% showed samples with viscosity values varying as high as 66%. Similarly, no correlation with 

the resin and the asphaltene + resin content could be inferred after careful analysis of the data. 

These variations served as the impetus to look into other possible methods of correlating the 

physical and chemical properties of the crude oil. Methods considered included FTIR, NMR and 

MS. 
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Figure A-4. Complex viscosity as a function of a) Asphaltene; b) Resin and c) combined resins 

and asphaltenes content over 11 production days. (Data collected at T = 20C and 1 Hz) 
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Figure A-5.  Viscosity, asphaltene and resin contents as a function of production days showing 

lack of correlation. 
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