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ABSTRACT 

Low temperature oxidation (LTO) of hydrocarbon liquids generally results in a more 

viscous end product; this has clearly been shown in the literature of the past 30 years- 

However, under the right conditions, LTO can be used to achieve viscosity reduction in 

heavy oils. The In-situ Combustion Group at the University of Calgaiy conceived of a 

two stage LTO process whereby oil is contacted with air, first at low, then at elevated 

temperatures. The first, low temperature step incorporates oxygen into some of the 

hydrocarbons, yielding labile bonds that should break at low temperatures. Once these 

fiee radicals are formed, the second step promotes bond cleavage at higher temperatures, 

resulting in shorter chain hydrocarbons. In a field situation, this process would be 

analogous to first injecting air into a formation at low temperature, then starting a steam 

soak or  steam flood. 

Experimental runs carried out on Athabasca bitumen examined the effects of oxygen 

partial pressure, temperature, reaction time, and the presence of rock and brine on the 

two-step process. On completion of each experiment, the gas composition was 

determined using gas chromatography, water acidity (pH) was measured, and the 

hydrocarbon products were analyzed for coke and asphaltenes contents, viscosity, and 

density. Some instances of viscosity reduction have been observed; these are linked to 

lower oxygen partial pressures, higher second stage temperatures and longer run times. 

This thesis discusses the experimental work, and estimates the optimum conditions for 

successfbl viscosity reduction of a given heavy oil. 

... 
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CHAPTER ONE INTRODUCrrON 

Heavy oil and oil sands are important hydrocarbon resources that are destined to 

play an increasingly important rok in the oil supply of the world, and North America in 

particular. The heavy oil resources of the world total ova  10 trillion barrels, nearly three 

times the conventional oil in place in the world. The oil sands of Alberta alone contain 

over three trillion bamls of oil. The importance of heavy oil can be appreciated by the 

fact that nearly 10?4 of the oil production in the USA and over 30.h in Canada is from 

heavy oil and oil sands resources (Farouq Ali, 1999). 

The important question is: how much of this oil is recoverable and what technique 

could be applied? With current production technologies only a small hction of the 

available resemes can be recovered. In Alberta, recovery is low - 5 to 20% in better 

areas - because the main recovery method is cyclic steam stimulation (Farouq Ali, 

1999). Therefore, new and improved raovery methods are required to more klly exploit 

this vast resource. 

Many techniques have been used to assist the producer in the production and 

handling of heavy oil. The injection of energy by downhole combustion,. steam drive, 

cyclic steam stimulation and steam assisted gravity drainage are the most common 

techniques. Thermal methods aim at reducing oil viscosity in order to increase its 

mobility, through the application of heat. 



Thermal methods cumntly used by industry can be divided into two broad 

categories based on the changes that occur in the oil properties. The first category, and 

by far the most common in use today, includzs those processes that, through the 

application of heat, cause viscosity reduction by increased molecular agitation, rather 

than by appreciable compositional changes in the oil. Hot water and steam flooding are 

examples of this kind of process. Although a great deal of research has been performed 

in developing and improving methods in this area, field experience has shown that the 

heat losses to the reservoir environment generally make them thermally inemcient. 

The second category includes those processes whereby enough energy is supplied 

to extensively crack the heavy hydrocarbon molecules into lighter, less viscous species. 

An example of a process in this category is in-situ combustion. In-situ combustion 

involves injecting air or oxygen into the reservou to burn a portion of the oil, which 

provides the heat required to reduce the viscosity of the remaining oil. As oxygen is 

injected and the in-situ oil ignited, a combustion front forms, pushing the oil towards a 

production well. This technique offers many theoretical advantages if the operational 

characteristics of the process are incorporated in the design and operation of the field 

project. The method has, however, seen only limited practical use in the petroleum 

industry. 

One of the main difficulties encountered in the application of in-situ combustion 

processes is the Low-Temperature Oxidation or LTO reaction, where oxygen bypasses 

the front without reacting with it. Instead, the oxygen will react with reservoir oil ahead 



of the front where the temperatures are lower than 3W°C. Typically, the by-products of 

LTO reactions are oxidized hydrocarbons that have an increased polarity. This makes 

them more viscous and thus detrimental to the in-situ combustion process. 

Because of the major impact of LTO on the pdonnance of an in-situ combustion 

project, a significant number of investigations have been &ed out on the nature and 

effkct of LTO reactions. Due to the number of hydrocarbon components involved, only 

general reaction mechanisms have been identified. The available reaction mechanisms, 

however, provide a reasonable description of how LTO affects the chemical structures of 

the components making up a given oil. 

Based on the available literature and their own experience in this area, the in-situ 

Combustion Group at the University of Calgary conceived a two-stage LTO process 

whereby oil is contacted with air, first at low, and then at elevated, temperatures. The 

low temperature step incorporates oxygen into some of the hydrocarbons, yielding labile 

bonds that should break at relatively low temperatures. Once initiating fke radicals are 

formed, the second step promotes bond cleavage at higher temperatures, which results in 

shofier chain hydrocarbons. In a field situation, this process would be analogous to first 

injecting air into a formation at the native reservoir temperature, and then starting a high 

temperature steam flood. A preliminary exp&mental program to investigate this novel 

theory is described in this thesis. 



CHAPTER TWO THEORETICAL BACKGROUND 

A number of references are available which describe low-temperature oxidation 

measurements on crude oils. Dabbous and Fulton (1971) reported oxygen uptake rates 

and product gas compositions for a number of low temperature oxidation measurements 

on different oils. They also reported the presence of residual hydrocarbons following 

these tests. Burger and Sahuquet (1972) and Fassihi et. d (1986) described the product 

gas compositions that resulted when air was passed through an oil-saturated core while 

the core was heated under a linear heating schedule from room temperature to 500 "C. 

Therrnogravimetxic analysis (TGA), differential thermal analysis (DTA) and differential 

scanning calorimetry @SC) studies have been reported by a number of authors [Bae 

(1977). Drici and Vossoughi (1985). Kharrat and Vossoughi (1985), Vossough~, Bartlett 

and Willhite (1 985). and Verkoczy and Jha (198511 to provide usefbl information on the 

oxidation and fbel laydown characteristics of crude oils. These studies were generally 

aimed at providing screening tests for crude oil behaviour rather than kinetics models for 

describing oxygen uptake rates. They do not provide any information regarding the 

effect of oxidation on the oil composition. 

Warren et al. (1959). Adegbesan et al. (1983). Babu and Cormack (1983, 1984). 

Phillips and Hsieh (1985). and Millour et al. (1987) have reported low-temperature 

oxidation data for Athabasca bitumen. Oxygen uptake rates for crude oils other than 

Athabasca bitumen have been described by Burger (1976), Tadema and Weijdema 



(1970), Smith and Perkins (1973), Dabbous and Fulton (1971), and Meyers a al.(l986). 

Studies on the LTO of Athabasca bitumen described by Babu and Corrnack (1984), show 

a decline in the aromatic content, an increase in asphaltenes content, and a stable 

saturates content. The same authors report a steady increase in coke production with the 

extent of oxidation. The overall trend is for a conversion fiom aromatics to  resins, fiom 

resins to asphaltenes, and fiom asphaltenes to coke. This transformation to heavier, more 

polar components resu Its in increased vi wsi t i e s  and densities. 

It is well known [Emmanuel (1%7)] that during any low-temperature oxidation 

process, liquid hydrocarbons undergo complicated chain reactions, which generally yield 

heavier and less reactive compounds. These reactions are applied in the air blowing 

techniques used in the asp halt industry [Lockwood (1 959), Moschopedis and Speight 

(1977)J. It has been accepted that LTO causes undesirable changes in the chemical and 

physical properties of oil. It is a result of the changing oil composition, which occurs due 

to low-temperature oxidation reactions that gas phase data alone are of limited utility for 

developing an understanding of the oxidation process. 

Moschopedis and Speight (1977), Adegbesan et al. (1 983) and Millour et al. (1 987) 

provided analytical data to illustrate the compositional changes occumng during low- 

temperature oxidation of Athabasca bitumen. Adegbesan et al. oxidized Athabasca 

bitumen in the absence o f  core and water by using various concentrations of  oxygen. 

Compositional analyses were performed on the liquid products following specific 

oxidation times at each of a number of isotherms. In addition to the usual oxygen uptake 



models, Adegbesan a al. presented a number of models describing the relationships 

between whole bitumen, coke, asphaltenes and mahenes. The experimentaI approach of 

Adegbesan was very similar to that developed by Hayashitani (1978) for studying the 

thermal cracking kinetics of Athabasca bitumen. 

Because of the vast number of hydrocubon species involved in the make-up of any 

oil, it is exceedingly difficult to characterize all of the individual oxidation reactions. 

Thus, generalized approaches have traditionally been used. As part of a kinetic study of 

the in-situ combustion processes, Burger and Sahuquet (1972) presented a generalized 

reaction scheme consisting of five basic oxidation reactions at the same temperature. The 

reactions include: 

I )  Oxidation to a carboxylic acid; 

I 3 11 
R - C  - H + - 0 2 s R -  C + H 2 0  

I 2 I 

2) Oxidation to an aldehyde; 



3) Oxidation to a ketone; 

4) Oxidation to an alcohol; 

I I I 
R - C  - H + - 0 , = R -  C - 0 - H  

I 2 I 

5) Oxidation to a hydroperoxide; 

Based on an extensive experimental program, Adegbesan et al. (1987) used a more 

generalized approach, separating the LTO products into six separate pseudocomponents 

including: saturates, aromatics, resins 1, resins 2, asphaltenes, and coke. These 

pseudocomponents were then lumped into three functional groups (malteneq resins, and 

asphaltenes I coke) of increasing molecular mass, for use in developing kinetic models of 

the process. 

In same circumstances, however, it may be beneficial to subject oil to LTO. Cram 

and Redford (1977) reported improved results when injecting aidsteam mixtures as 

opposed to steam alone in experiments involving the production of Athabasca oil in a 3- 



D rcscxvoir simulator apparatus. Their experimental results showed that certain aidsteam 

combinations could result in better recovery rates and thermal efficiencies than steam 

alone, at comparable volumes of steam injected, when the process was carried out in the 

low temperature oxidation region. The authors believed that the heat contribution 

generated by the exothermic oxidation reactions has a significant effkct on the oil 

recovery. 

Isothermal low temperature oxidation studies which generated the data reported by 

Millour et al. (1987) confirmed that the low temperature oxidation reactions resulted in 

an increase in the viscosity of the oxidized oil; however, it was found that the oxidized 

oil samples underwent accelerated thermal cracking in terms of the rate of formation of 

the pscudo-component fnaions compared to unoxidized samples of the same oil when 

subjected to the same reaction conditions (Millour et al. (1 985)). Another finding of the 

isothennal low temperature oxidation study was that the presence of caustic in the 

aqueous phase resulted in a reduction in, or in the absence of, coke formation under 

reaction conditions where coke was normally formed. Based on the results of the 

cracking studies on oxidized oil samples and the modification o f  the low temperature 

oxidation products that resulted fiom the presence of caustic, it was postulated that air in 

the presence of caustic could provide a method for in-situ upgrading of heavy oils. A 

systematic study to evaluate this concept was undertaken by Wichert (1995). 

Wichert's study was based on the concept that the presence of caustic can 

accelerate the oxidation of hydrocarbons allowing oxygen to be incorporated into the oil 



structure at lower than expected temperatures. Since bonds involving oxygen tend to 

break more easily (i-e. at lower temperatures), free radical initiators can be generated 

more readily. Wichert postulated that, if the amount of caustic were strictly controlled, it 

would be possible for cra~king-type bond scission reactions to dominate over 

undesirable polymerization type of oxidation reactions at lower-than-usual temperatures. 

While Wichert observed several instances of viscosity reduction, he concluded that even 

in the presence of caustic, it was not possible to achieve significant upgrading at the low 

temperatures without converting a significant proportion of the initial oil to coke 

(Wichert, 1995). As a result of Wichert's work, it was postulated by co-workers at the 

University of Calgary that splitting the process into two distinct steps would offer the 

most positive upgrading results. The first step would involve oxidation at low 

temperature, the second step would include heating to steam flood temperatures. 

The presence of water is one condition that may be of importance. Lee and 

Noureldin (1989) reported that when the LTO of oil was carried out in the presence of 

water, the undesirable effects appear to be alleviated, as evidenced by a sharp decrease in 

the amount of coke fonned. The viscosity and the acidity of the produced oil both 

declined. The process is accompanied by considerable C& production, probably from 

the decarboxylation of acids produced by LTO. The lack of coke formation when water 

is present implies that less condensed, oxidized products are generated under aqueous 

conditions. 



Water in the liquid or vapour phase may participate in the pyrolysis reactions. Such 

reactions are called aquathem01 ysis m e  (1 984), Baviere (1 997) 1. Moreover, the 

presence of water may also encourage the formation of heteroatomic compounds 

concentrated in the solid phase. Baviere (1997) reported no change in the oxygen content 

of the oil phase during the process of heating the oil at 350 OC for 200 hours. 

It is believed that the rack matrix, particularly the clays can have a catalytic effect 

on oxygen addition and oxygen induced cracking reactions. Depending on the 

composition of the resewoir matrix, the mineral phase itself can be affected by 

temperature and the presence of a water phase. Transition metals may also have a 

catalytic effect (Figure 2-1, Baviere, 1 997). 

It has generally been reported that clay minerals have a catalytic effect on cracking 

reactions, especially with regards to the fonnation of coke (Baviere, 1997). However, 

unpublished work performed by the In-Situ Upgrading Group at the University of 

Calgary has shown that the minerals have various effkcts on the compositional changes 

associated with cracking reactions. 

In summary, the extent of LTO reactions that occur within a given reservoir 

depends on the reactivity of the oil, which is, in turn, a funaion of the oil composition, 

the nature of the core matrix and brine, the initial r e~avoi r  temperature, and the oxygen 

partial pressure. 



Overall : 

Heavy Oils stam 2 o ~ c  - wc 
+ Hydrocarbons + HzS, Ca, CO, H2 

Mineral 

Oil - Mineral 

Hydrocarbons + CO + C&. H2S, H2 C&(major) + H2S. Hydrocarbons 

11 
I 
I 

(minor products 
H@(WGSR) *--: fiom absorbed 

t 
I 0-c) 

Ht + C& I 
I 
I 

I 
I 
I 
I 

L,,,-,,,,,,,. + H2 .------- ' 
Catalysis by mineral 

1 

11 
I 
I 

H@ 4 ---------I 
I 
I 
I 
I 

H2S + CO +  hydrocarbon^ 4 I 

Oraanosulfbrs in oil 

Figure 2.1 : Aquathermolysis (Baviere. 1997) 



The current study, b a d  mainly on the obsavations made during the 

aforementioned oxidation work carried out at the University of Calgary, investigated a 

process for viscosity reduction of heavy oils using a two-stage LTO process. The first 

stage consisted of contacting the oil with air at low temperatures in order to add oxygen 

into the hydrocarbon bond structures. This was followed by a treatment' at elevated 

temperatures (typical of a relatively low pressure steam flood) that initiated free radical 

formation, especially at the oxygen sites. The desired result of the propagation of 

cleavage reactions was the generation of shorter chain (lighter) hydrocarbons. For the 

purposes of this thesis, the first stage of this process will be referred to as the Low 

Temperature Soak (LTS) and the second stage as the Elevated Temperature Soak (ETS). 

The objective of this experimental program was to systematically investigate the 

effect of varying certain conditions on the two-step process, such as temperature, oxygen 

partial pressure, reaction time, and the presence of rock and brine, and furthennore, to 

estimate the optimum conditions for successfbl viscosity reduction of a given heavy oil. 

The ultimate goal of the work was to develop a process that would improve oil recovery 

and oil quality when applied in a field situation. 



CHAPTER THREE EXPERIMENTAL 

The experimental apparatus is schematically shown in Figure 3.1. Figure 3.2 shows 

the detailed schematic of the reaction vessel. The specialised apparatus was designed and 

constructed in 1993 for the Wichert's study (Wichert, 1996). It consists of ten identical 

high-pressure three-phase batch reactors, each with inner volumes of 250 mL that can be 

operated simultaneously. Each cell is equipped with six-inch long type-K t hennocouples 

in order to continuously monitor the inner gas and liquid temperatures. The cells are also 

attached to a high-pressure two-way valve. On one side of the valve is a quick-connect 

pressure fitting, which allows for the charging and sampling of the gas phase in the 

reactor. On the other side of the valve is a fitting that is used to attach a pressure 

transducer for continuous pressure measurement. A third port on each cell is included for 

pressure relief and is attached to a 28.6 MPa rupture disk. A quartz glass liner is used for 

each cell to protect the steel wall from brine corrosion. Figures 3.3 and 3.4 show 

photographs of the unassembled and assembled reactor cells, respectively. 

Heat is supplied with flexible silicone strip heaters that are coiled around the outer 

surface of each cell. A thermocouple is inserted between the cell wall and the heater and 

used as the input signal in a PID control loop. Heater control and data acquisition is 

accomplished with a PC computer and National Instruments "Labview" process control 

s o h a r e .  Figure 3.4 also shows a reactor vessel with heat tape installed. 
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Figure 3.1 : Schematic Drawing of Reaction Apparatus. 





Figure 3.4: Assembled Pressure Cells 

Figure 3.3: Unassembled Pressure Cell 



A photograph of the heater control and data acquisition system appears in Figure 3 -5. 

Once the cells are filled, assembled, and heaters attached, they are mounted into 

individual bays on one of two rocker arms. Each bay is insulated with kaolinite wool. 

Each rocker arm is capable of holding five cells at once. Both arms are located inside a 

containment chamber, and are equipped with individual electric motor and transmission 

assemblies. The arms can be rotated approximately 10-30 degrees fram the vertical, and 

rocking speeds can be varied from 0 to 11 rpm. Figure 3.6 shows a schematic diagram of 

the chamber showing the orientation of the rocker anns (Wichert, 1996). Photographs of 

the chamber and rocker arms appear in Figure 3.7 end 3.8. Figure 3.9 shows the 

containment chamber. The motor assemblies are mounted on the outside of the chamber, 

as shown in the photograph in Figure 3.10. 

The materials used to formulate the synthetic reservoir core were as follows: 

Heavy oil: The heavy oil used in this study was steam produced Athabasca 

bitumen fiom the Underground Test Facility (UTF) - Devon Mine operated by Northstar 

Petroleum near Fort M c M m y ,  Alberta in 1998. The oil properties are provided in Table 

3.1. 

Brine: Table 3.2 lists the composition of the brine, which was synthetic Athabasca 

brine with a salinity of 1.6 % and a pH of 8.55 



Figure 3.5: Control and Data Acquisition System 



1 .  Reactor 
2. T.C/P.T Receptacle 
3. Electronic Motor 
4. Rocking Arm 
5, Containment Chamber 

Figure 3.6 Schematic Diagram of the Containment Chamber (Wichert, 1996) 



Figure 3.7: Pressure Cell Mounted in Rocker Arm 

Figure 3.8: Mounted Pressure Cell - Final Assembly 



Figure 3.9: Containment Chamber 

Figure 3.10: Motor and Transmission Assemblies 



Table 3.1 : Properties of Steam-Produced Athabasca Bitumen 

I Specific Gravity / 2 5 1 2 5 ~  

Composition 

Viscosity (mP&s) 

Asp haltenes 

40 OC 
70 O C  

Maltenes 
Heavy Oils (C>40). 
Light airs (Cc40) ** 

(wt % of total oil) 
17.85 
82.15 
38.23 
43.92 

*Proportion of multenes with C > 40 
**Propwlion of maltenes with C < 40 

Table 3.2: Composition of Athabasca Brine 

element mg/l 
Na" 5623 
ca2' 72 
M ~ ~ '  134 
K+ 45 
~ e ~ ' ,  ~ e ~ '  1.5 
~ 0 3 "  27 
HCOj 3150 
so,2- 10 
CI' 7615 
Si& CC 

OH- L1 

PH 8.35 
Total Dissolved Solids 16686 



Sand: The solids matrix was Athabasca sand; it was prepared by extracting core 

samples with toluene, followed by heating ofthe extracted sand to 3 16 OC for a period of 

16 hours. The properties of the sand matrix are Listed on Table 3 -3. 

Table 3 -3 : Properties of Athabasca Core 
- . 

Tyler Sieve Analysis 
mesh size in mass % 

< 60 4.10 
60 - 80 25.37 
80 - 120 36.72 
120 - 170 3 1.92 
170 - 270 1.29 

> 270 0.60 
X-Ray Dimaction Analysis 

Qu- 93% 
Potassium Feldspar 5% 

Kaolinite (possibly Chlorite) 2% 
Illite (possibly Mica) Traces 

EDX Analysis (Net counts) 
Al 1 186 cts 
Si 13500 cts 
K 307 cts 
Ti 60 cts 
Fe 134 cts 

The synthetic core was prepared by weighing the components according to the 

designed percentage of 20.4 % Athabasca bitumen, 8.6% Athabasca brine and 71.0 % 

clean core (all in mass percentage), and then using a Hobart mixer to blend them 

homogeneously. 

Air and Nitrogen: The feed gases, air with a purity of 99.6% and nitrogen with a 

purity of 99.7%, were PRAXAIR products. They were analyzed using a Hewlett-Packard 

5830 Gas Chromatograph, which had been calibrated for nitrogen, oxygen, carbon 



monoxide, carbon dioxide and light hydrocarbons (methane up to hexane). Table 3 -4 lists 

the composition of the feed gases obtained fkom the gas chromatograph (GC). Not even 

trace quantities of hydrocarbons were found in the f d  gases. 

Table 3 -4: GC Analvsis Results for the Feed Gases 

I Nitrogen I 0.9974 I 0.0026 I 
Air 

3.3 EXPEIUMENTAL PROCEDURE 

A measured amount of bitumen and water (or brine), or bitumen with sand matrix 

and brine, was introduced into the quartz glass tube, which was then placed in the 

specially designed stainless steel reaction vessel. In corefiee experiments, the mass of 

oil and aqueous phase were each approximately equal to 50 g. In experiments in which a 

core matrix was present, approximately 190 g of synthetic a r e  was used to ensure 

enough oil sample for h r e  analysis. In these core-containing experiments, the mineral 

matrix or sand comprised 71.0 % (by mass), the oil made up 20.4 %, and the reminder 

or 8.6 % was brine. 

Nt mole hction 

0.7928 

All cells were assembled immediately after being filled to minimize any water loss 

and the flexible strip heaters, valves and rupture discs were attached. Then the cells were 

each leak tested using nitrogen and mounted on the rocker arms inside t!!e explosion- 

mole fraction 

0.2072 



proof chamber. Once mounted, they were attached to the heater control and data 

acquisition system, and the cells were charged with a known composition of oxidizing 

gas mixture to a pre-determined initial pressure. The heater temperatwe controls were 

then set to the desired run temperature and adjusted as required to insure that the inner 

cell temperature was within 1°C of the run temperature. The lid of the containment 

chamber was closed and the apparatus was left in this condition for the duration of the 

run. The recorded run data were backed up at least once daily. 

Upon termination of the run, the final cell pressures and temperatures were 

recorded, the heaters shut down, and the cells allowed to cool to room temperature. 

The gas phase in each cell was then sampled and stored in a gas tight super-syringe 

made by Hamilton Co. for the GC analysis. Then the cells were removed from the rocker 

apparatus, disassembled, emptied of residual hydrocarbon, and cleaned in preparation for 

the next run. 

Immediately after each reactor was opened, the quartz liner was removed from the 

vessel. Most of the liquid and/or solid were obsewed to remain on the bottom of the 

liner. Only a small amount of fiee water and/or oil could be observed in the space 

between the liner and the stainless steel reactor walls. The fiee water present was 

collected. The hydrocarbon emulsion was removed born the liner and was rinsed with 

toluene into a 1000-mL round-bottomed flask. A Dean-Stark distillation procedure was 

conducted to remove any remaining water fram the emulsion. For samples consisting of 

bitumen and core, the heavy oil was extracted with toluene in a Soxhlet apparatus for 24 



hours in order to separate the oil fiom the solids. The emulsion water was removed at the 

same time and the cleaned core was then left in the ambient air so that the toluene would 

evaporate. Next, the de-watered oivtoluene mixture was filtered to separate any toluene 

insoluble material (i-e. coke and salts). The solvent was then removed by rotary 

evaporation followed by a mild vacuum at a temperature between 30 and 40 "C until no 

change in mass could be observed. 

Gas samples were analyzed using a Hewlett-Packard 5890 Gas Chromatograph 

that had been calibrated for nitrogen, oxygen, carbon monoxide, carbon dioxide and light 

hydrocarbons (methane up to hexane). Any water removed underwent analysis to 

determine pH. The reacted oil was subjected to a variety of tests. Viscosity 

measurements were made using a 'XVDV- 1 + Viscomete?' manufactured by Brookfield, 

while density was analysed using a 'TIMA 48 Density Meter" manufactured by Paar. 

Asphaltenes contents were measured on a 5-gram sample base, using approximately 200 

mL of n-pentane for the precipitation, followed by around 500 mL of n-pentane for 

rising. Finally, coke content was determined, in the sand-& experiments, by weighing 

the particulate material remaining behind in the oil I toluene mixture after water 

distillation. For the synthetic core runs, the coke contents were determined from the mass 

difference between before and after burning the dried-core at 600 OC on a core sample of 

30 - 40 g. A correction blank was applied to the measured mass loss to account for mass 

loss of the sand matrix as water of hydration was released fiom the solids. . 



A schematic of this procedure is given in Figure 3.11. The Dean-Stark distillation, 

rotary evaporation equipment, viscameter and density meter are shown in the 

photographs of Figures 3.12 - 3.1 5. 
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Figure 3.12: Dean -Stark Distillation 



Figure 3.1 3 : Rotary Evaporator 



Figure 3.14: RVDV- 1 + Viscometer 

Figure 3.15: DMA48 Density Meter 



CEAPTER FOUR RESULTS AND DISCUSSIONS 

A total of 6 runs, consisting of 52 sets of test conditions, have been completed. A 

summary of the conditions investigated can be found in Table 4.1. 

The first run with 10 reaction conditions was performed at initial pressures in the 

range of 170 - 1541 Wa (measured at mom temperature), at temperatures in the range of 

80 - 120 "C, and times between 4 and 18 days. This run was designed to test the LTO 

effkct on the heavy oil properties. 

It was thought that at lower temperatures, the controlled oxygen uptake allowed for 

the fiee radical chain reactions to start without being dominated by the asphaltenes and 

coke fonning reactions. There was not enough energy available, however, to produce a 

meaningful amount of cracking. At elevated temperatures, while there was more energy 

available to promote the thermal cracking reactions, the higher rate of oxygen uptake 

promoted the oxidation reactions over cracking reactions. 

Based on the results of Run #1, and Wichert's (1996) Run #23, a different 

approach to the experimental program was conceived. In the remaining 5 runs, the 

experimental process was split into two steps. Initially each experiment was operated for 

a certain time at 80 - 120 OC, allowing the available oxygen to react in a more controlled 



Ran 
No. 
1-1 
I -2 
1 3  
1-4 
1-5 
1-6 
1-17 
1-8 
1-9 
1-10 
2-1 
2-2 
2-3 
2-4 
2-5 
2-6 
2-7 
2-8 
2-9 
2-10 
3-1 
3-2 
33 
3-6 
3-7 
3-8 
4-1 
4-2 
4 3  
4-6 
4-7 
4-8 
5-1 
5-2 
5-3 
5 4  
5-5 
5-6 
5-7 
5-8 
5-9 
5-10 
6-1 
6-2 
6-3 
6-4 
6-5 
6-6 
6-7 
6-8 
6-9 
6-10 

Table 4.1 Summary of Experimental Run Conditions 
Re8ct.Tcmp. IaitirlPrumrc React.Ttmc Agi88tbnSp-l Racbntr  Comments 

(ofl pl=) 
&st. water 
dist. Water 
dist. Watcr 
dist. Water 
&st. water 
&st. Water 
dist. Watcr 
dist. Water 
dist. Water 
dist. Water 
dist. Water 
&st. Water 
dist. Water I5 d lost p-un 
dist. Water 
dist. Water 
dist. Water 
dist. Water 
dist. Water 
&st. Water 
dist. Water 
dist Water . 
dist. Water 
disk Water 
dist. Watcr N2 
dist. Water N2 
dist. Water N2 
dist. Water 
dist Watcr 
dist. Water Gas blow out 
dist. Water Nz 
dist. Water 
dist Water 
sand+brine 
sand+brine 
sand+brine 
sand+brine 
sand+brine 
sand+brine 
&brine 
sand+brure 
sand+brine 
sand+brine Nz 

brine 
brine 
brine Heater ma1 f, 
brine 
brine 
brine 
brine 

dist. Water 
&st. Water Heater malE 
dist. Water 



fishion. This was intended to allow the fhe radial cracking reactions to start, and was 

tenned as the Low Tanperatwe Soak (LTS). Following the LTS, the temperature of the 

individual reactors was raised to a pre-defined level in the range of 150 to 220 OC, and 

maintained at this point for a pre-determined number of drys. This stage was defined as 

the Elevated Temperature Soak (ETS). In a field situation, this process was likened to 

first injecting air into a formation at low temperatures and rates, and then starting high 

temperature steam injection (cyclic or flooding). 

Each experiment was conducted in a batch reactor that was pressurized with air 

prior to the low temperature soak. The elevated temperature soak followed without 

depressurizing the reactor; hence, residual oxygen that remained in the gas phase 

following the low temperature soak was available for reaction during the elevated 

temperature soak. 

The raw data for each run has been compiled and can be found in Appendix 1. 

Calculated parameters for each set of reaction conditions investigated include mass 

balances, total oxygen uptake, rate of oxygen uptake, and produced gas phase molar 

concentrations. 



4.2.1 M ~ s r  Batance, Oxygen Uptake and Effluent G.s Composition C.lculitions 

The raw data in Appendix 1 were used in the calculation of mass balances for each 

individual test via a Microsoft Excel spreadsheet. Table 4.2 shows an example of the raw 

data spreadsheet for Run 2. These tabulated results can be found in Appendix 2. An 

example spreadsheet for Run 2 con be found in Table 4.3. The input data for the 

spreadsheet calculations include: 

1. the measured mass of initial and final Athabasca oil; 

2. the measured mass of initial and final water or brine; 

3. the measured initial and final cell pressures and temperatures; 

5.  the measured mass of produced coke; 

6. the measured initial and final Athabasca oil densities at 25 OC; 

7. the measured initial and final Athabasca oil viscosities at 25,4O and 70 "C; 

8. pH of the aqueous phase; 

9. the measured mass of AspMtenes for the modified and original Athabasca 

oil; 

10. composition of the initial and post test gas phase obtained by GC; 

11. the water / brine solution densities (assumed to be 1.0 g/cm3 in all 

calculations); 



12. the inner gas volume (using the average value of 120 rnL in all the oil-gas- 

water reaction cases, and 100 mL in the case of oil-gas-brine-core reactions). 

It is assumed that the difference between the initial and final number of molts of 

oxygen present in the cell was reacted and did not simply dissolve in the oil. Thus, the 

total oxygen uptake is based on the calculated total moles of oxygen consumed and the 

initial mass of Athabasca oil input into the cell. The moles of oxygen in the gas mixture 

were calculated using the real gas equation of state: 

and the total oxygen uptake was calculated as : 

Where, yo2 is the mole hc t ion  of oxygen obtained corn the GC, P is the total absolute 

pressure, T is the corresponding absolute temperature, V is the volume taken up by the 

gas, R is the universal gas constant, is the number of moles of oxygen, and is the 

mass of the input oil. The compressibility factor t, was calculated using HYSYS 

software based on the Peng Robinson Equation of State (PR EOS). 



initial 
oil input 

(8) 
5 1.32 
50.50 
50.66 
50.22 
50.34 
50.07 
50.50 
50.90 
50.74 
51.09 

density 
Cell 1 (@25'c) 

2- 1 
2-2 
2-3 
2-4 
2-5 
2-6 
2-7 
2-8 
2-9 
2-1 0 

original 

final 
oil out 

(8) 
51.49 
50.72 
49.47 
50.18 
50.5 1 
50.21 
50.89 
50.62 
50.99 
51.26 

viscosity 
(@2j°C) 

initial 
water in 

(8) 
so. 10 
50.88 
50.25 
50.82 
50.03 
50.22 
S0.08 
51.79 
50.66 
50.42 

viscosity 
(@40°C) 

final 
water out 

(I31 
49.63 
49.71 

viscosity 
(@70°C) 

(initlaroan T) Cell Run Cell Run 
Pressure Temperature Time 

(Psig) Cc, (days) 
125.5 80,200 6 4  
127.3 80,200 6,6 
128.6 80,200 6,12 
128.1 80,200 6,18 
127.7 80,200 69 
130.8 80,200 0.6 
125.3 80,200 12,6 
128.6 80,200 18,6 
125.8 80,150 6 6  
129.5 80,175 6 4  

Asphaltcnes N2 
(% mass) 

21.93 
21.23 
20.86 
21.32 
20.90 
21.34 
21.18 
21.96 
2 1.40 
22.33 
17.85 

(% mol) 
96.32 
95.96 
I 

95.75 
95.35 
94.75 
96.53 
97,79 
92.83 
97.4 1 
79.28 

coke 

(I) 
0.0236 
0.0566 
0.1231 
0,1458 
0.0977 
0.0748 
0.0133 
0,0062 
0.0079 
0.0000 

0 2  

(% mol) 
1.62 
1.52 - 
1.75 
1.62 
1,36 
1.71 
0.60 
3.92 
0,90 
20.72 

coke Comment 
(% oil) 
0.0460 
0.1 121 
0.2430 8th day leak 
0.2903 
0.1941 
0,1494 
0.0263 
0.0122 
0.0156 
0.0000 

GC results 
COz CO CHI 

(% mol) 
0.00 
0.00 

Table 4.2: Raw Data From Run #2 



fmJ 
nrr oil 

oil nrr 
di6: 
94 

0.3313 
0.4356 
-2.3490 
4.075M 
0.3377 
0.2% 
0.7723 
-0.5501 
0.m7 
0.3327 

cccrl oil nm 
diff 
96 

I .m 
1.17% 
-2.1060 
0.8432 
1.1302 
1 .m3 
1.5316 
0.1051 
1 . m  
1.0527 

Table 4.3: Material Balance Spreadsheet for Run # 2 



Similarly, the compositions of the other gas products, such as CO2, CO and 

C,H7n+2, were computed by the EOS: 

Where, ycm, yco and yc&*,,+~ are the mole firsctions of the produced ges obtained 

from GC results. n m  , and wnnzn+z are the numbers of moles for the product ges. 

The parameters calculated by the spreadsheet include: 

1. The initial number of moles for each component making up the injecting gas 

w2 02); 

2. The initial and final number of moles for each component making up the 

effluent gas (N2, 02, C02, CO and/or C,,HWZ), the calculation assumes that the 

final gas volume is the same as the initial gas volume present in the cell; 

3. The moles of oxygen consumed in the reaction (assuming that the d i f fnna  

between the initial and final number of moles for oxygen present in the cell 

were reacted and did not simply dissolve in the oil); 

4. The oxygen uptake (based on the calculated total moles of oxygen consumed 

and the initial mass of Athabasca oil input into the cell, by Equation (4.2)). 



5. The masses of initid gas mixture and find gas mixture (based on the 

calculated number of moles of each component and their individual molecular 

weights); 

6. The percentage differences between the initial and final oil masses. 

7. The percentage differences between the initid and final gas masses. 

8. The formed coke mass percentage of the initial oil. 

9. The percentage differences between the initial and final total oil masses 

(including the coke and gas changes). 

A tabulation of the hydrocarbon mass balance percentage differences for d l  runs 

can be found in Table 4.4. A positive value of percentage diserence indicates a net gain 

in mass. Because batch reactors were used (i-e. a closed system), the gain in mass for the 

hydrocarbon is due to pre and post-run sample handling mors  and oxygen uptakes. 

Table 4.4: Mass Balance Percentage Differences for Hydrocarbon Liquid Phase (Oil) 
* 

Run 1 Run 2 Run 3 Run4 Run 5 Run 6 
Cell # oil mass oil mass oil mass oil mass oil mass oil mass 

dE.% dS.% d S . %  dE.% DB*% dB.% 
1 0.1000 0.3313 0.6960 -1.5458 0.8514 0.2377 
2 0-I200 0.4356 0.6550 0.9145 0.7998 0.2978 
3 -0.1400 -2.3490 0.2378 1.1355 1.5194 0.8383 
4 -0.2597 4.07% 2.0882 0.4987 
5 -0.3000 0.3377 4.3041 0.3986 
6 1.3 197 0.2796 0.61 16 0.6353 2.2188 0.2960 
7 -0.3997 0.7723 0.7667 0.5748 0.05 16 0.0792 
8 -2.6384 4.5501 -0.2 176 0.7346 0.1546 0.4565 
9 -0.3399 0.4927 -0.2580 0.1 191 
10 -0.3399 0.3327 -1.8027 -1.7053 



In order to separate the hydrocarbon and aqueous phases at the end of a run, the 

samples were dissolved in toluene and then subjected to a Dean-Stark distillation and a 

mild heating-evacuation process. The resultant oil was obtained when aIl the solvent was 

removed, as indicated by a stable mass. Determination of this endpoint was one of the 

most difficult aspects of the analysis. If the solvent removal process was terminated too 

early, residual toluene would remain in the oil sample and the resultant viscosity would 

be abnormally low; however, if the process was terminated too late, the lighter 

hydrocarbon species in the end-product would be removed, and the final viscosity of the 

sample would be unusually high. Mass balance for the hydrocarbon liquid alone were 

used to  check as to how much residual toluene was left in the oil at the end of the 

distillation process. For the majority of the experimental conditions that were 

investigated, the hydrocarbon liquid phases experienced small increases in mass, which 

were less than f 1%. 

In order to get a more accurate assessment of the amount of residual toluene in the 

oil at the end of sample processing, a mass balance including the coke precipitation and 

oxygen uptake was performed. The resulting mass percentages, in effect reflecting the 

amount of residual toluene in each sample, can be found in Table 4.5. It can be seen that 

most of the runs had mass percentage difference of less than f 1. 

The net gain in mass due to residual toluene for the majority of samples was on the 

order of one percent, minimizing any adverse effects on the end-product viscosity 

measurements. 



Table 4.5: Mass Balance Pacentage Differmas for Hydroarbon Liquid Phase 
Taking Coke and Oxygen Masses into Aocount 

Run I 
Cell # gas mass cokemass total oil mass 

diff.% yields % diff.% 
1 - 0.000 0,100 
2 - 0.000 0.120 
3 -0.527 0.000 0.387 
4 3.939 0.000 0.679 
5 -0.625 0.000 0.325 
6 -0.65 1 0.000 1,970 
7 -0.648 0.000 0,249 
8 -0.526 0.000 -2,112 
9 -0.965 0.000 0.625 
10 -0.633 0.000 0.294 

Run 2 
gas mass coke mass total oil mass 
diE% yields % cliff.% 
-0.625 0.046 1,002 
-0.632 0.112 1.180 

- 0.243 -2.106 
-0,633 0.290 0.843 
-0.598 0.194 1.130 
-0.669 0.149 1.098 
-0.733 0.026 1.532 
-0.643 0.012 0.105 
-0.5 17 0.016 1.025 
-0.720 0.000 1.053 

Run 6 
gas mass cokemass total oil mass 

cliff0/. yields % dE% 
-0.594 - 0.832 
-0.539 0.339 0.498 
-0.486 0.134 1.190 
-0.847 0.057 1,288 
-0.568 2.928 -l.%l 
-0,588 0.143 0.74 1 
-0.569 0,278 0.370 
-0.283 0.136 0.603 
-0.772 0.269 0.622 
-2.1 13 2.347 - 1,940 

Run 4 
Cell # grs mss cukernsss total oil mass 

diB% yields % diE% 
1 -2.958 0.008 2.223 
2 - 1.943 0.W 3.289 
3 - .I 1.135 
4 
5 
6 -0.166 0.000 0.80 1 
7 -0.629 0.003 1.504 
8 -1.010 0.004 2.127 
9 
I0 

Run 3 
gas mass cokenus total oil mss 
diR% yidds % diR % 
-0.493 0.366 1,555 
-0.476 0.34 1 1.473 
-0,553 0.014 0,805 

0.102 0.024 0,533 
0.459 0,021 0.329 
0.409 0.013 -0.6 14 

Run 5 
gas mass coke mss total oil mss 
diE% yields % diE% 
-0.356 0.302 0.797 
-0.2W 0.2% 0.802 
-0.367 0.259 1.41 1 
-0.937 0.639 1.790 
-0.481 0.599 4.422 
-0,405 0.06 1 1.875 
-0.340 0.327 0.038 
-1.264 0.032 - 1.078 
-0,337 0.287 -0.309 
0.006 0.000 -1.797 



4.2.2 Low Tempemture Soak (LTS) Kinetics and Rate of Oxygen Uptake 

As described in Chapter 3, the data acquisition system was capable of monitoring 

thermocouple and pressure transducer signals simultaneously. The raw data were 

recorded at 20-minute intervals for the duntion of the test. Figure 4.1 is representative of 

the temperature and pressure profiles of the reaction system for Test 2-3. In this plot, the 

gas temperature line shows directly under the liquid temperature line. From this figure, it 

can be seen that the pressure reduction mainly occurred in the LTS stage, while the 

p n s w e  profile levelled off in the higher temperature stage (ETS stage). Therefore, it 

could be assumed that the oxygen was mainly consumed in the LTS step, and the oxygen 

uptake rate calculations were based on the data fiom the LTS stage. 

A method described by Babu and C o m c k  (1983) was used to estimate the rate of 

oxygen uptake for each set of reactions. When using this method, it is assumed that the 

oxidation process is kinetically controlled, and that the solubility of oxygen in bitumen 

follows Henry's law. The rate of reaction can be described in terns of the oxygen parrial 

pressure of the gas phase by the equation: 

Where r is the rate of the reaction, k is the reaction rate constant, H is the Henry's 

law constant, Po2 is the oxygen partial pressure, and n is the order of the reaction. To 

assist in the analysis of the experimental data, one can carry out a simple mass balance 



on oxygen, assuming ideal gas behaviour, for a batch system to obtain the diftmntial 

equation: 

VRT k -=-b- 
dr V', H" p6: 

Where Vb is the volume of the oil in the cell, T is the run temperature, V, is the 

volume of gas in the cell and t is the time. 

Equation (4.7) can now be integrated to give: 

for n# I 

for n = 1 

Where, pao is the initial oxygen partial pressure. 

For a zeroorder oxidation kinetics, n = 0, equation (4.8) reduces to: 

For a second order oxidation kinetics, n = 2, equation (4.8) d u a s  to: 



For non-zero order reactions, the slope of a plot of (Pa0 / Pm) versus time, t, therefore, 

can be used to estimate the parameters WH and k/H2. For a first order reaction, the plot 

should be a straight line on semi-log axes; while for a second order reaction, the plot 

should be linear using Cartesian co-ordinates. On the other hand, the zero-order reaction 

should be linear using Cartesian co-ordinates by plotting of Pa versus time. For the 

purpose of the plots, the initial oxygen partial pressure was defined as: 

The initial oxygen partial pressure, ~020. at the given run conditions, was estimated 

by multiplying the difference between the greatest pressure recorded during the heating 

phase of the experiment and the vapour pressure of pure water at the given condition of 

LTS by the initial oxygen mole M i o n  of the oxidizing gas mixture. The maximum 

pressure, P,, occurred very near the start of the LTS period. The vapor pressure of 

water at the given LTS conditions, Pm was subtracted from this pressure. The 

hydrocarbon partial pressure, Pa was assumed to be zero since it was a heavy oil and 

the value would be much sm Jler  than that of the other components. 

The recorded pressure, after subtracting the nitrogen partial pressure and the 

vapour pressure of water at the LTS, was assumed to equal the oxygen pressure,  PO^, at 

the given conditions. It was assumed that the nitrogen was an inert gas, so its partial 

pressure would not change, and was estimated by multiplying the initial partial pressure 



of oxygen by the initial nitrogen mole frsaion of the injected gas mixtun. The equation 

is as follows: 

PHlo is the vapour pressure unda the running condition; YNz0, y d  express the 

mole fraaions of nitrogen and oxygen in the injected gas (air), obtained firom GC results, 

respectively. 

Due to the way the apparatus was designed, it was not possible to estimate the 

amount of oxygen consumed during the initial heating phase of the run. Therefore, the 

errors in estimating the initial oxygen partial pressure had to be accepted. In addition, in 

order to simplify the calculations further, the production of gases such as carbon 

monoxide I dioxide and light hydrocarbons was neglected and any changes in pressure 

were considered due only to oxygen consumption. 

The values of (Pao/~a) obtained from the data acquisition system were plotted for 

each cell on both log-linear and linear-linear scales. The slopes of the plotted points were 

calculated using least-squares regression. The least-squares regression coefficients for 

each fit were then calculated, and used to determine the order of the reaction based on 

the closest unit coefficient. Figures 4.2 to 4.4 are the examples of first-, second- and 

zero-order, plots for Run 2-1, respectively. From these kinetic plots, the zero order 

regression coefficients were equal to 0.9514 and second order coefficient was 0.9869, 



while the first order coefficient was 0.9955. Therefore, this run was deemed first order. 

Next, the kinetic parameter, k, WH, or k/H2, were obtained fiom the slopes of the curves 

on the semi-log (or Cartesian) wsrdinate plots. These rate constants for the three orders 

were similarly determined at each set of reaction conditions and appear, along with the 

calculated equations and corresponding regression coefficients, in Tables 4.6 to 4.8. 

From those calculations, it can be seen that most of the runs, (approximately 60.4%) of 

the identified 48 runs are first order reactions, and 37.5% of them are deemed as second 

order reactions, while 2.1% are zero order reactions. 

For runs at LTS temperatures greater than 80 "C, the peculiar feature of the data is 

that each run displays two distinct straight lines. For instance, In (Pao/Pa) of Run 1-7 is 

plotted as a function of time in Figure 4.5 to demonstrate the salient futures of the 

results. During the initial period of the reaction, the rate of oxygen uptake is high, but 

after approximately 3 days, the rate of reaction abruptly drops to a much lower rate. 

However, the reaction still retains its first order character. This transition is similar to 

that reported by Dornte, Ferguson and Haskins (1936) and Babu & Cormack (1983). 

This transition might occur because the more reactive bonds and molecules oxidize fust, 

and once these reactions are completed, the reaction rate declines. The same trend was 

found in Run 2-6. 

Calculated rate constants for the runs with similar reaction conditions but different 

temperatures (including data fkom Run #I, cell 5 to 7 )  were used to produce an 

Arrhenius plot, which appears in Figures 4.6. From these plots, the trend lines were used 



to estimate the pre-exponentid factors and activation energies according to the Anhenius 

equation: 

Where A is the pre-exponential factor, E. is the activation energy, R is the universal gas 

constant, and T is temperature in Kelvin. 

The least-squares models that fit these data are: 

These results should be compared with those of Babu and Cormack (1983, 

eq.4.16), and Wichert (1 9%, eq.4.17): 

8136 -- 
k l H  = 0.0129e 

kmol 
( at low rate regime) 

m3-Pa-s 

It can be seen that values for the pre-exponential factor and activation energy are 

significantly different from the previously published results. It is not surprising that this 

discrepancy between the present and previous work exists due to the manner in which 

the previous work was carried out; specifically, mass transfer resistance likely affected 

the results. Babu and Cormack obtained an approximate temperature range of 406 K - 
414 K and Wichert performed the oxidation tests at temperatures in the range of 353 K - 
393 K. While the experiments performed in the current study were conducted at 



ternpastures similar to those of Wichert (19%), different agitation I rocking conditions 

were used. 

By substituting the calculated rate parameters into the appropriate form of equation 

(4.6), it is possible to plot the rate of oxygen uptake at my given time, for any of the 

reaction conditions investigated in the experimental program. Figure 4.7 shows a typical 

oxygen uptake rate profile for Test 2-2. 
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Figure 4.1 : Run 2-3 Typical Pressure and Temperature P r o m  
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Figure 4.2.: Fist Order Plot of polo I Pq For Run 2- 1 

(at 80 OC LTS stage) 
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Figure 4.3 : Second Order Plot of P-*/P, For Run 2-1 

(at 80 O C  LTS stage) 
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Figure 4.4: Zeroorder plot of Pm For Run 2- 1 

(at 80 OC LTS stage) 
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Table 47:  Equations Regmion and kM2 Parametcts for the Second Or& Reactions 

Run1 
cell # 2nd ordcr equations R' k/H2 

mo~(m'.~a'.s) 
I 9 

0 

2 - 9 

3 9 
0 

4 .. 0 
- 

S - - * 

6 I - 
7 ~=1.742&0.2915 0.8937 6.377E-14 
8 - 9 

- 
9 0 

- 
10 - - 0 

Run2 
2nd order equations R~ k/H2 

moll(m',~a'.s) 
9 - 0 

0 . 0 

0 - - 
- 9 0 

- - 9 

o . - 
o - - 
- .) - 

fl. I 223x+ 1.1886 0.991 2 4.631 E-15 
9 . 9 

Run 6 
2ndorderquations d IdH2 

moll(m'. pa2 .s) 
- o 

- - 
o 

o o 

- 
- - 

.. 
- o 

- 0 

y=0.2585~+1.0964 0.8701 2.7UE-15 

Run 4 
all # 2nd order equations R' k/H2 

mo~(rn'. pa2.s) 
1 y=0.1614x+1 .I235 0.96f6 8.242E16 
2 y=O. 1 -+I .0878 0.9688 1,959E-15 
3 - 9 

o 

4 
5 
6 - 9 

- 
7 y=0.3784~+0.9178 0,9842 1.474E-14 
8 ytO.1447~+1.0387 0.9830 2,983E-15 
9 
I O  

Run 3 
2ndordCrequations km2 

no ~(m', pa2.s) . - 9 

- - 9 

0 - - 

y 4 . 3  187x+1.0617 0.9862 1.223E-14 
fl.0383~+1.1136 0,9123 1.IBBE-15 
y=O.0164~+1.0864 0.8857 6.3BZE-10 

VI 
V, 

Run5 
2nd order equations d m2 

mo~(m'. pa2.s) 
y=0.128~+1.0038 0.9899 5.WE-15 
y=0.2011 xM.811 0.9923 8.700E-15 
~4.2458~+0.98a3 0.9988 1 .=E-14 
ytO.l902~+1.1042 0.9148 8.2UE15 
@.I 543wM.9886 0.9291 8.518f -15 
y=O.2BSBx+O.9156 0.8951 1.226E-14 
y=0.298BwM.Q893 0.9955 1 .WE-1 4 
y=0.3175~+0.984 0.9959 1.376E-14 

- . 
g o 
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Figure 4.5: First order plot of pao& For Run 1-7 



Figure 4.6: First order Arrhenius Plot (fiom Tests 1-5, 1 6  and 1 -7) 



3 4 

Time (days) 

Figure 4.7: Rate of Oxygen Uptake Profile for Test 2-2 



At the end of each run, the different fluid phase compositions were determined. A 

large volume of compositional data was collected. All of the data have been tabulated for 

each individual run and included in the raw data tabulations found in Appendix 1. The 

observed compositional results include viscosity ratio, asphaltenes content, coke content, 

as well as effluent aqueous and gas phase analyses. 

4.3.1 Viscosity Ratio 

Viscosity is the main parameter utilized in this study for evaluating the upgrading 

process. The end-product viscosities, as well as the original viscosity, have been 

tabulated and can be found in Table 4.9. The most important crude oil property for 

thermal flooding is the viscosity dependence on temperature. For most liquids, the 

Andrade (1 930) equation captures this dependence: 

Where T is absolute temperature, Al and B are empirical parameters whose values 

are determined from two viscosity measurements at different temperatures. For 

extrapolation or interpolation, Equation (4.19) indicates that a semilog plot of viscosity 

versus T' should be a straight line. In this experimental work, viscosities of the original 

and reacted samples were measured at 25 OC, 40 OC and 70 "C, hence it should be 

possible to correlate the temperature behaviour using the Andrade equation. The 



regression coeficients are between 0.9998 to 1. Figures 4.8 and 4.9 are representative of 

the viscosity-temperature relation, its linear form and the regression coefficients. The 

equations and coefficients are listed in Table 4.10. 

In order to more easily compare the results, the viscosity ratio was used, which is 

defined as the reacted sample viscosity over the initial sample viscosity at the 

corresponding temperature. If the viscosity ratio is less than 1, then upgrading is deemed 

to have been achieved. The calculated viscosity ratios were tabulated and can be found in 

Table 4.11. To keep the data compatible, the viscosity ratio for all figures uses the values 

measured at 70 OC, if not othawise indicated. 

A plot of the viscosity ratios for all samples regardlhs of reaction conditions 

versus initial oxygen partial pressure, and versus asphaltenes contents are shown in 

Figures 4.10 and 4.1 1. The points identified with open diamonds indicate experiments in 

which the contents of the reactor vessel were exposed to Low Temperature Soak (LTS) 

at temperatures between 80 and 120 O C .  As a result of LTS alone, the majority of these 

samples saw a rise in viscosity ratio. This indicates that during LTS, oxygen was 

incorporated into the bond struaure of the hydrocarbon components (as evident by the 

pressure decline), but that negligible thermal chain breaking occurred. The observed 

behaviour confinned earlier published results of Adegbesan (1 987). 



Table 4.9: Measured Oil Viscosity 

Run1 Run 2 Run3 
Cell # visoosity visasity viscosity viscosity viscosity viscosity viscosity viscosity viscosity 

2S°C (Mans) 40°C (mPa-s) 70°C (mPa-s) 25OC (mPas) 40°C (mPas) 70°C (mPa.s) 2S°C (mPa*s) 40°C (rnPa*s) 70°C (mPa*s) 
1 208200 32200 2085 315000 45410 2615 106300 18670 1380 
2 252000 37800 2275 228000 33 150 2025 100300 16700 1305 
3 487000 63500 3050 191500 29850 1895 175500 30000 1840 
4 1338000 137100 5708 189000 27900 1 760 
5 560800 70910 3300 189200 28650 1860 
6 528000 69830 3380 2 10700 31500 2055 104200 18050 1250 
7 549100 70830 3470 220500 33650 2060 96620 16300 1 I50 
10 608000 75 120 3572 190500 29500 2 197 174500 26600 1 705 
9 62 1000 78900 3700 253300 36000 2225 
10 575000 73400 3455 324500 43330 2640 

original 2 18700 32250 1950 2 18700 32250 1950 2 18700 32250 1950 

Run4 Run 5 Run6 
Cell U visoosity vimsity viscosity viscosity viscosity visoosity viscosity viscosity viscosity 

25OC (I&-s) 40°C (mPas) 70°C (&s) 2S°C (mPas) 40°C (Was)  70°C ( m h s )  2S°C ( m h s )  40°C (Mas)  70°C (mbs) 
1 745000 92500 4220 208000 33200 201 5 187700 31450 1970 
2 2 17500 34000 2075 135000 24900 1620 223000 36800 2 140 
3 180500 29850 1935 109200 19700 1415 56200 1 1270 935 
4 78370 15600 1190 358500 49870 2540 
5 130700 26550 1635 143500 23500 1540 
6 105 100 18900 1355 184200 30200 1840 188800 3 1456 1980 
7 137800 23300 1575 172700 30900 1900 189000 3 1450 1978 
8 93500 16820 1235 141700 25250 1595 106500 20500 1425 
9 69750 13750 1095 280500 44300 5035 
10 140000 23750 1535 195000 32350 1975 

original 2 1 8700 32250 1950 2 18700 32250 1950 2 18700 32250 1950 
8 



Fipre 4.8: Andrade Equation and Measured Data For Run 3-1 

A Run3-1Eqcrbcntal 

Original 0i.f 

.-. .- -EQaQ. 19 -01) - Eqn4.19 (Original) 
I 

- 

- 

d 

4 



Liear (Run 3- 1) 
Linear (original) 

Figure 4.9: Andrade Equation Linear Form For Run 3-1 
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Table 4.1 1: Calculated R d  Oil Viscosity Ratio (Compared to the Original) 

Run 1 Run 2 Run 3 
Cell # viscosity viscosity viscosity viscosity viscosity viscosity viscosity viscosity viscosity 

ratio @25OC ratio @40°C ratio @70°C ratio @2S°C ratio @40°C ratio @70°C ratio @2S°C ratio @40°c ratio @70°C 
1 0.952 0.998 1.069 1.440 1.408 1.341 0,486 0.579 0.708 
2 1.152 1.172 1.167 1.043 1.028 1.038 0.459 0.518 0.669 
3 2.227 1.969 1.564 0.876 0.926 0.972 0.802 0.930 0,944 
4 6.118 4.251 2.927 0.864 0.865 0.903 
5 2.564 2.199 1.692 0.865 0.888 0.954 
6 2.414 2,165 1,733 0.963 0.977 1.054 0,476 0.560 0.64 1 
7 2.51 1 2,196 1.779 1 .W8 1.043 1.056 0,442 0.505 0.590 
8 2.780 2,329 1.832 0.87 1 0,915 1.055 0.798 0.825 0.874 
9 2,840 2.447 1.897 1.158 1.116 1.141 
10 2.629 2.276 1.772 1.484 1.344 1.354 

Run 4 Run 5 Run 6 
Cell # viscosity viscosity viscosity viscosity viscosity viscosity viscosity viscosity viscosity 

ratio @25'C ratio @40°C ratio @70aC ratio @2S°C ratio @40°C ratio @70°C ratio @25% ratio @40°C ratio @70°C 
I 3.406 2.868 2.164 0.95 1 1.029 i ,033 0.858 0,975 1.010 
2 0.995 1,054 1.064 0.617 0.772 0.83 1 1.020 1.141 1.097 
3 0.825 0.926 0.992 0.499 0.61 1 0.726 0.257 0,349 0,479 
4 0.358 0.484 0,610 1.639 1.546 1.303 
5 0.598 0.823 0.838 0.656 0.729 0.790 
6 0.48 1 0.586 0.695 0.842 0.936 0.944 1.316 1,339 1.286 
7 0.630 0.722 0,808 0.790 0.958 0.974 1.317 1.338 1.284 
8 0.428 0.522 0.633 0.648 0.783 0.818 0.487 0.636 0.73 1 
9 0.3 19 0.426 0.562 1.283 1.374 2.582 
10 0.640 0,736 0.787 0.892 1.003 1.013 
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Figure 4.10: Effect of Oxygen Partid Pressure on Viscosity Ratio 
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The solid triangle points represemt expeximents where oil was exposed to Low 

Temperature Soak (LTS) at a temperature of 80 O C ,  followed by extended periods of 

oxidative soaking at higher temperature, herein referred to as Elevated Temperature Soak 

(ETS). As a result of the ETS periods, a luge number of samples were observed to 

achieve reduced viscosities; the range of viscosity ratios observed for the upgraded oils 

fell between 0.4 and 1.0. It is believed that the LTS step incorporates oxygen into some 

of the hydrocarbons, resulting in labile bonds that should break at lower temperatures 

than those normally utilized in upgrading processes. Once initiating ffee radicals are 

formed, they can then proceed to promote thennal chain-breaking reactions during the 

higher temperature step. 

4.3.2 Density 

The end-product densities, measured at 25 *C, are tabulated in Table 4.12. As was 

done for viscosity, a density ratio (defined as the ratio of the end-product density to the 

original oil density at 25 OC) was calculated in order to more easily compare the results. 

These ratios can also be found in Table 4.12. For the majority of the runs, small changes 

(less than 1%) were observed. The final densities increased in the majority of the 

experiments, which is consistent with Wichert ' s (1 996) results. 



Table 4.1 I : Calculated Reacted Oil Viscosity Ratio (Compared to (he Original) 

Run 1 Run 2 Run 3 
Cell # viscosity viscosity viscosity viscosity viscosity viscosity viscosity viscosity vimsity 

ratio @2S°C ratio @40°C ratio @70°C ratio @2S°C ratio @40°C ratio @70°C ratio @2S°C ratio @40°C ratio @70t 
1 0.952 0.998 1.069 1.440 1.408 1.341 0,486 0.579 0.708 
2 1.152 I. 172 1.167 1.043 1.028 1.038 0.459 0,518 0.669 
3 2.227 1 .%9 1.564 0.876 0.926 0.972 0.802 0.930 0.944 
4 6.1 18 4.25 1 2.927 0.864 0.865 0.903 
5 2.564 2,199 1.692 0.865 0.888 0.954 
6 2.414 2.165 1.733 0.963 0.977 1.054 0.476 0.560 0.64 1 
7 2.51 1 2,1% 1.779 1.008 1.043 1.056 0.442 0,505 0.5W 
8 2,780 2.329 1.832 0.87 1 0.915 1.055 0.798 0.825 0.874 
9 2.840 2.447 1.897 1.158 1.116 1.141 
10 2.629 2,276 1.772 1.484 1.344 1.354 

Run 4 Run 5 Run 6 
Cell # viscosity viscosity viscosity viscosity viscosity viscosity viscosity viscosity viscosity 

ratio @2)2S°C ratio @40°C ratio @70°C ratio @25OC ratio @40°C ratio @70°C ratio @25OC ratio @40°C ratio @70t  
1 3.406 2.868 2.164 0.95 1 1,029 1.033 0.858 0,975 1.010 
2 0.995 1.054 1.064 0.617 0,772 0.83 1 1.141 1.097 1.020 
3 0.825 0.926 0.992 0.499 0.61 1 0.726 0.257 0.349 0.479 
4 0.358 0.484 0.6 10 1.639 1.546 1.303 
5 0.598 0.823 0.838 0.656 0.729 0.790 
6 0.481 0.586 0.695 0.842 0.936 0.944 1.316 1.339 1.286 
7 0.630 0.722 0.808 0.790 0.958 0.974 1.317 1.338 1.284 
8 0.428 0.522 0.633 0.648 0,783 0.818 0.487 0.636 0,73 1 
9 0.3 19 0.426 0.562 1.283 1.374 2.582 
10 0.640 0.736 0.787 0,892 1.003 1.013 



4.3.3. Asphdtenu plus Coke Contents 

It is usually the high-boiling constituents of petroleum that exert considerable 

influence on the physical properties of the crude oils, such as the specific gravity (or API 

gravity). The asphaltic constituents of petroleum usually appear as a dark brown to black, 

semisolid fhction, but what constitutes the asphaltic fiaction of petroleum is a matter of  

conjecture. Separation of the asphaltic portion of the petroleum into asphaltenes, resins, 

and oils can be achieved by a variety of methods. As mentioned in Chapter 3, the 

asphaltenes were precipitated by the addition of a low-boiling paraffinic solvent, n- 

pentane, to  the crude oil. The mass h c t i o n  of asphaltenes in the end product is presented 

in Table 4.13. The asphaltenes content increased in almost all cases. 

The coke content determination is also method-dependent. In this thesis, the coke 

matrix was defined as toluene and n-pentane insoluble, except in experiments involving 

core where the coke was determined by the loss on ignition (at 600°C). The coke amount 

and mass fiaction for all runs are summarized in Table 4.14. It was found that the 

amount of coke in the reactions (Run 2 to Run 5) was less than 1% for all cases. For Run 

#1 of the LTS only reaction, coke was not formed. For Run #6 with brine, the coke 

contents for Run 6-2 to Run 6-7 were coke plus salts as it was hard to separate them. 

A plot of  the kphaltenes (in mass percentage) versus the initial oxygen partial 

pressure for d l  samples is shown in Figure 4.12. It can be seen from this plot that, even 

though upgrading in terms of viscosity occurred in some cases, the asphaltenes content 



increased in most of the cases (the original asphaltenes content was approximately 

17.8%)). This would suggest that the thermal cracking of the oil occurred mainly in the 

lighter maltenes hctions. 

4.3.4 Maltenes Composition Analyses 

The carbon distribution of the maltenes fraction for the last ten samples and the 

original bitumen was determined with simulated distillation gas chromatography. The 

results can be lumped into light and heavy components according to the carbon number 

of 40 and these lumped data are showed in Table 4.15. 

From Table 4.15, it can be seen that an increase of the lighter carbon components 

(C4O) from 53.46 in the original sample to 55.94 (% maltenes) occurs for the Run 6, 

Cell 5. The increase of the lighter ends suggests that the chain-breaking reactions 

occurred in the maltenes components. As a result of the combined LTSIETS treatment, 

the asphaltenes content of the oil for Test 6-5 increased fiom 17.8% to 18.9 %, while the 

vis~osity ratio of this sample was reduced to 0.79. This provides evidence that the 

viscosity reduction which occwed even though the asphaltenes contents increased was a 

result of the maltenes -ions cracking. Figure 4.13 shows a comparison of the carbon 

distribution of the oxidized sample of Test 6-5 with the original oil. It shows that the 

oxidized sample lost some lighter ends (up to approximately Clo) due to the post 

treatment, but the total amount of light components (C40) increased. The recovery rate 

increase (&om 74.1 6 to 77.07 %) also indicated the enhancement of the distillable 



portion of the maltenes phase. The carbon distribution comparisons curves for the rest of 

the runs are similar to Figure 4.13. 

The component changes after the LTS/ETS process could be obtained by 

incorporating the asphaltenes and coke contents d y s e s .  It is seen that although the 

asphaltenes contents increase, the lighter carbon composition increases simultaneously, 

which explains the viscosity reduction cases. 



Table 4.13: Reacted Oil Asphaltarcs Contents 

Run1 Run2 -3  Run4 Run5 Run6 
Cell # Asphaltenes Aspbaltcncs Asphalttncs Asphaltenes Asphalttats Asphaltcnes 

% Yo Yo % Yo Yo 

I 20.33 21.93 17.95 24.68 19.93 20.42 
2 20.39 21.23 17.71 21.78 20.33 20.04 
3 20.54 20.86 19.10 20.65 20.18 18.54 
4 21 .S9 21.32 19.86 21 -45 
5 20.88 20.90 19.70 18.69 
6 20.93 21.34 16.62 16.41 20.79 20.44 
7 21.06 21.18 16.77 18.69 20.04 16.46 
8 2 1.66 2 1.96 17.12 17.99 19.08 23.13 
9 21.44 2 1.40 21.00 24.82 
10 21.80 22.33 18.02 17.66 

original 17.85 17.85 17.85 17.85 17.85 17.85 

Tabk 4.14: Reacted Oil Cdrc Contents 

Run1 Run2 Run3 Run4 Run5 Run6 
CeU # Coke Coke Coke Coke Coke Coke 

?'o % Yo Yo % Yo 

1 0.0000 0.0460 0.3659 0.8109 0.3017 - 
2 0.0000 0.1121 0.3414 0.4324 0.2958 0.3387 
3 0.0000 0.2430 0.0141 0.3594 0.2586 0.1342 
4 0.0000 0.2903 0.6390 0.0572 
5 0.0000 0.1941 0.5992 2.9279 
6 0.0000 0,1494 0.0243 0.0000 0.0607 0.1430 
7 0.0000 0.0263 0.02 14 0.3003 0.3267 0.2784 
8 0.0000 0.0122 0.01 27 0.3826 0.03 17 0.1363 
9 0.0000 0.0156 0.2863 0.2686 
10 0.0000 0.0000 0.0000 2.3468 



Initial Oxygen Partial Pressure (kh) 

Figure 4.12: Effcct of Oxygen Putid Pressure on Asphaltenes 
Content 



Table 4.15: Lumped Compositions Comparison of Reacted and Original Oils 

cell # Asphaltenes Maltems Light Part in Maltem Light Part in Total Heavy Part in Maltcnts Heavy P ~ R  in Total Recovery Visoasity ratio 
% % (c < 40) % m a k e s  (C < 40) % t d  (Asph.>C>40) 9i mltenes (Asph.>C>40) 96 Mal ( W h  OC) 70°C 

6-1 20.416 79.584 53.730 42.761 46.270 36.824 76.17 1.010 
6-2 20.038 79.%2 52.470 4 1.956 47,530 38.006 75.22 1.097 
6-3 18.542 81.458 55.130 44.908 44.870 36.550 78.44 0.479 
64 21.453 78.547 55.070 43.256 44.930 35.291 77.5 1 1.303 
6-5 18.693 81.307 55,940 45.483 44,060 35.824 77.07 0.790 
6-6 20.439 79.561 53.150 42.287 46.850 37.275 77.03 1.286 
6-7 16.462 83.538 54.070 45.169 45.930 38.369 77.06 1.284 
6-8 17.664 82,336 52.550 43.267 47,450 39,068 76.06 0,73 1 
6-9 24.823 75.177 53.950 40.558 46.050 34,619 78.24 2.582 
6-10 23.134 76.866 55.440 42.615 44,560 34,252 79,29 1.013 

Original 17.850 82.150 53.460 43.917 46.540 38.233 74,16 1.000 



Carbon Number 

Figure 4.13: Carbon Distribution Comparison ofRun 6-5 



4.3.5. Emueat Gas Analyses I Compositions 

As was stated earlier in Chapter 3, the effluent product gases were sampled and 

analyzed via gas chromatography. Tables 4.16 to 4.22 give the molar percentages of 

oxygen, nitrogen, carbon dioxide, carbon monoxide and some light hydrocarbons for 

each run. 

The vapor phase oxygen content ofeach run was found to decrease, as expected. In 

most cases, where the reaction was allowed to continue until the oxygen was used up, the 

final oxygen concentration was consistently very small (generally around 0.1 to 1% in 

the produced gas as compared to the original air containing 21% oxygen). This happened 

because most of the oxygen was consumed as a result of the LTS and ETS reactions. 

The relative amount of nitrogen was seen to increase proportionally to the decrease 

in oxygen. This is because the inert property of nitrogen and the total amount of the gas 

decreases after the oxidation reaction process. 

Bond-scission reactions are usually evidenced by a rapid increase in the generation 

of carbon oxides and light hydrocarbon gases such as methane and ethane. From Table 

4.18, it can be seen that the main gas phase cracking product is C02, and that it appears 

in almost all of the runs. CO was the second most abundant generated gas. The light 

hydrocarbon gases, such as C&, C2& and CJk only appeared in experiments 

involving sand and brine or high temperatures. For example, during Run 6-3, a 

thermocouple malfunction occurred and the control system drove the reactor Born its 



setpoint of 200 "C to 300 OC for approximately one hour during the ETS stage. This 

resulted in the production of CH3, C2fi and C3&, and their combined amount is around 

9 % of the CO amount. This will be discussed later. 

Figure 4.14 shows the effluent C02 content versus oxygen uptake for each run. 

Figure 4.15 shows the total cracked gas (C& plus CO, C& C2& and C f i )  versus the 

oxygen uptake. Since C& was the main product (composing almost 90% of the effluent 

product gas), the two figures appear very similar. Evidence of thermal cracking (i-e. the 

presence of carbon-oxides, and light h y d r o e n  gases such as methane and ethane) was 

found in most of the two-stage tests, with the mass percentages of these gases in the 

eRluent gases between 2 and 10 %. Experiments conducted with core were observed to 

produce enhanced levels of Ca. This may have been due to surface area and catalytic 

effects as the sand matrix contained no appreciable carbonates. In the LTS only reaction 

(Run #I), the CO2 content in the cMuent gas analysis was always less than l%, implying 

that less thermal cracking occurred. Moreover, the effluent gas for the nitrogen runs 

contained less than 1% C a ,  except test 5-10 that involved sand matrix. 



Table 4.16: Nitrogen Contents 

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 
CeU # N2 N2 N2 Nz N 2  N2 

Yo % Yo Yo % Yo 
1 - 96.32 93.56 92.87 89.70 95.63 
2 - 95.96 93.44 94.62 89.76 95.46 
3 94.28 - 97.54 93-71 89.78 90.60 
4 92.09 95.75 89.4 1 96.36 
5 94.40 95.35 91.63 90.47 
6 98.21 94.75 98.84 99.88 89.78 95.5 1 
7 98.61 96.53 99.39 96.57 89.27 95.53 
8 93.26 97.79 99.52 93.71 87.18 93.69 
9 98.07 92.83 90.89 96.22 
10 98.57 97.4 1 93 -7 1 94.85 

0rig.ai.r 79.28 79.28 79.28 79.28 79.28 79.28 
0rig-N2 99.74 99.74 99.74 99.74 99.74 99.74 

Table 4.1 7: Oxygen Contents 

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 
Cell # 0 2  0 2  0 2  0 2  0 2  0 2  

Yo Yo Yo Yo % Yo 
1 - 1.62 1.75 0.44 0.37 0.38 
2 - 1.52 1 -44 0.42 0.50 0.12 
3 5.09 .. 1.13 0.5 1 0.85 0.30 
4 7.47 1.75 0.32 2.65 
5 5.15 1.62 5.88 0.72 
6 0.97 1.36 0.61 0.12 0.78 0.23 
7 0.43 1.71 0.28 0.64 0.59 0.26 
8 6.35 0.60 0.26 0.5 1 2.97 0.67 
9 1.25 3.92 0.43 0.40 
10 0.69 0.90 0.19 0.47 

0rig.a~ 20.72 20.72 20.72 20.72 20.72 20.72 
orig-Nz 0.003 0.003 0.003 0.003 0.003 0.003 



Table 4.18: Carbon Dioxide Contents 

Run 1 Run 2 Run 3 Run 4 Run 5 Run6 
Cell # CO2 CO2 CO2 C0, Cot CO2 

Yo Yo Yo Yo % Yo 
1 - 2.06 4.69 6.69 9.72 3.99 
2 - 2.5 1 5.13 4.97 9.74 4.19 
3 0.63 - 1.32 5.78 9.37 5.13 
4 0.44 2.50 9.91 1 . 0 0  
5 0.45 3 -04 2.48 8.8 1 
6 0.82 3.89 0.55 0.00 9.27 3 -95 
7 0.96 1.76 0.33 2.79 10.14 4.00 
8 0.39 1.61 0.22 5 -78 9.85 5.13 
9 0.68 3 -26 8.28 3.17 
10 0.74 1.69 6.10 4.43 

or& 0.00 0.00 0.00 0.00 0.00 0.00 
*N2 runs shown in bold 

Table 4.1 9: Carbon Monoxide Contents 

Run 1 Run 2 Run 3 Run4 Run 5 Run 6 
CeU # CO CO CO CO CO CO 

Yo % Yo Yo Yo Yo 
1 - 0.00 0.65 0.59 0.2 1 0.00 
2 - 0.00 0.61 0.54 0.00 0.00 
3 0.00 - 0.00 0.72 0.00 0.00 
4 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 
6 0.00 0.00 0.00 0.00 0.17 0.00 
7 0.00 0.00 0.00 0.25 0.00 0.00 
8 0.00 0.00 0.00 0.72 0.00 0.5 1 
9 0.00 0.00 0.15 0.2 1 
10 0.00 0.00 0.00 0.25 

orginal 0.00 0.00 0.00 0.00 0.00 0.00 



Table 4.20: Methane Contents 

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 
Cell # C& C& C)4 CH, CK C)4 

Yo Yo Yo % Yo Yo 
1 - 0.00 0.00 0.00 0.00 0.00 
2 - 0.00 0.00 0.00 0.00 0.23 
3 0.00 - 0.00 0.00 0.00 1.91 
4 0.00 0.00 0.37 0.00 
5 0.00 0.00 0.00 0.00 
6 0.00 0.00 0.00 0.00 0.00 0.32 
7 0.00 0.00 0.00 0.00 0.00 0.2 1 
8 0.00 0.00 0.00 0.00 0.00 0.00 
9 0.00 0.00 0.25 0.00 
10 0.00 0.00 0.00 0.00 

orginal 0.00 0.00 0.00 0.00 0.00 0.00 

Table 4.2 1 : Ethane Contents 

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 
CeIi # GK GH, GH, GH, GH, GH, 

Yo % Yo % Yo % 
1 - 0.00 0.00 0.00 0.00 0.00 
2 - 0.00 0.00 0.00 0.00 0.00 
3 0.00 - 0.00 0.00 0.00 1-82 
4 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 
6 0.00 0.00 0.00 0.00 0.00 0.00 
7 0.00 0.00 0.00 0.00 0.00 0.00 
8 0.00 0.00 0.00 0.00 0.00 0.00 
9 0.00 0.00 0.00 0.00 
10 0.00 0.00 0.00 0.00 

or@ 0.00 0.00 0.00 0.00 0.00 0.00 



Table 4.22: Propane Contents 

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 
CeB# C3Hs C~HS C3H8 C3H8 C3H8 C3H8 

Yo Yo Yo Yo 'Yo Yo 
1 - 0.00 0.00 0.00 0.00 0.00 
2 - 0.00 0.00 0.00 0.00 0.00 
3 0.00 - 0.00 0.00 0.00 0.23 
4 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 
6 0.00 0.00 0.00 0.00 0.00 0.00 
7 0.00 0.00 0.00 0.00 0.00 0.00 
8 0.00 0.00 0.00 0.00 0.00 0.00 
9 0.00 0.00 0.00 0.00 
10 0.00 0.00 0.00 0.00 

orginal 0.00 0.00 0.00 0.00 0.00 0.00 
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Figure 4.14: Cot Contents of Effluent Gas vs. Oxygen Uptake For 
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4.3.6. Emutnt Aqueous Pbuc 

The measured pHs of the fiee water phase recovered fiom all the cells are 

summarized in Table 4.23 and are plotted in Figure 4.16. The diamond points show the 

brine runs, while the other points show the distilled water runs. It can be seen that, in 

most cases, the pHs of the distilled water runs changed from the original value (pH = 

6.2) to acidic, and the trend is that the more the oxygen uptake, the sharper the pH 

changes (for example, in Run 4, cell 1, the final pH is only 1.8 1). The degree of change 

implies that acid groups, such as carboxylic acids, are being formed as part of the LTS 

process. However, the effluent aqueous phase with the brine showed the pH range fiom 

8.25 - 9.05. Comparing with the original pH value of 8.55, it illustrates that the brine has 

a buffering effect on the pH. 

Table 4.23 : pH of Free Water Phase 

Run 1 Run 2 Run 3 Run 4 Run 5 Run6 
Cell # PH PH PH PH PH PH 

1 6.25 2.50 2.63 1.81 o 8.49 
2 - 2.60 2.72 2.04 - 8.88 
3 4.13 3 -20 3 -06 2.82 - 8.70 
4 3.73 3.40 - 9.28 
5 4.12 3.00 - - 
6 3.3 1 2.40 3.73 7.52 o 8.96 
7 3.04 2.60 6.95 3.07 - 8.55 
8 4.14 2.80 3.53 2.79 - 3.43 
9 2.84 2.50 - 2.73 
10 3.45 2.50 - 2.27 

DistilledHD 6-20 6.20 6.20 6.20 6.20 
Brine 8.55 8.55 
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Figure 4.16: Effect of Oxygen Partial Pressure on pH 



The examined effas of reaction parameters included effects of initial pressure, 

reaction temperature, time, oxygen uptake rate, agitation, core and brine. To keep the 

data compatible, as mentioned before, the viscosity ratios for all figures were measured 

at 70 "C. 

4.4.1 Pressure 

It has been assumed that the total pressure does not profoundly affect the system 

because of the liquid phase reactions (Wichert et al., 1995). Air was used in all of the 

experimental runs and each figure compares the effect of initial oxygen partial pressure 

on various parameters. 

4.4.1.1 Oxygen Partid Pressure Effect om the Viscosity 

The effect of oxygen partial pressure on the viscosity ratio for various LTSIETS 

reaction scenarios is shown in Figure 4.1 7. Points for three cases of LTS (6 days at 80 

OC-only with distilled water), 6 days LTS at 80 O C  and 6 days ETS at 200 OC with 

distilled water and 6 days LTS at 80 OC and 6 days ETS at 200 OC with synthetic core, 

and at different initial oxygen partial pressures are shown. From this plot it can be seen 

that the oxygen partial pressure affects the viscosity ratio significantly. With the low 

oxygen partial pressure, there was not really enough oxygen in the system to promote 

significant viscosity modifications. High oxygen partial pressures intensified the 



oxidation reaction, which increased the viscosity. When the ETS was conducted at 200 

OC, adding oxygen does not appear to be advantageous to the thermal treatment of the oil. 

In these cases, the viscosity ratio was actually the lowest when the oxygen partial 

pressure was zero (i-e. a nitrogen environment). 

An interesting phenomenon shown in Figure 4.17 is that when the process was 

conducted with 6 days LTS at 80 "C and 6 days ETS at 220 OC (with distilled water), the 

viscosity ratio decreased at lower initial pressures. A minimum point was observed at 458 

kPa of initial oxygen partial pressure. 

Beyond this oxygen partial pressure, the viscosity ratio increased with the higher 

initial oxygen pressures. The temperature applied to the oil during the ETS stage plays 

an important role in utilizing the oxygen stored within the oil during the LTS stage. In 

addition, it is worth mentioning that when the reaction cell, in which the minimum 

viscosity was observed, was opened, the reacted heavy crude was a foamy gasloil 

emulsion. This observed phenomenon suggests that the contact area between the oil and 

oxygen plays an important role in the viscosity reduction. At very low oxygen partial 

pressures, there was not enough oxygen in the system to promote the free radial initiation 

reactions at the LTS temperature. However, significantly higher oxygen partial pressures 

provided too much oxygen and thus intensified the oxidation reactions, thus raising the 

viscosity. Similar results were observed in the presence of core (6 days LTS at 80 OC and 

6 days ETS at 220°C). These results suggest that if the amount and rate of oxygen uptake 

is controlled, then the temperature necessary to propagate the thermal cracking reactions 

will be optimized such that overall viscosity reduction will be attained through the 
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Figure 4.17: Effect of Initial Pressure on Viscosity 



cracking of the maltenes fractions. 

4.4.1.2 Oxygen Partid Pressure Effcet on the Coke, Asphaltenes Content and 
Oxygen Uptake 

Figure 4.18 shows the effect of the initial oxygen partial pressure on the reaction 

system oxygen uptake. Points fiom the aforementioned five series (i-e. 6 days LTS at 80 

OC-only with distilled water, 6 days LTS at 80 F + 6 days ETS at 200°C with distilled 

water, 6 days LTS at 80 OC + 6 days ETS at 200°C with synthetic core, 6 days LTS at 80 

OC + 6 days ETS at 220°C with distilled water, 6 days LTS at 80 OC + 6 days ETS at 

220°C with synthetic core) with different initial oxygen partial pressures are shown. It 

can be seen that the oxygen uptake increases with the initial oxygen partial pressure for 

all cases. This observation confirms that essentially all of the oxygen which was initially 

in the reactors was consumed over the course of each test. 

Figure 4.19 shows the effect of initial oxygen partial pressure on the asphaltenes 

contents of the produced oil. Three series of experimental points (i-e. 6 days LTS at 80 

"C-only with distilled water, 6 days LTS at 80 OC + 6 days ETS at ZOO°C with distilled 

water, and 6 days LTS at 80 OC + 6 days ETS at 220°C with distilled water) with 

different initial oxygen partial pressures are shown. It can be seen that the asphaltenes 

contents increase with the initial oxygen partial pressure for the first two series, but the 

amount of asphaltenes decrease with the initial oxygen partial pressure for the case 

involving the 64ay  ETS at 220 OC. The behavior at 220°C suggests a meaningful degree 

of cracking of the asphaltenes fraction. 



Figure 4.20 shows the effect of the initial oxygen partial pressure on the pH of the 

fkee water phase for the static reactor tests involving oil and distilled water only. Points 

&om the above three series (i.e. 6 day LTS at 80 OC-only with distilled water, 6 day LTS 

at 80 O C  + 6 day ETS at 2W°C with distilled water and 6 day LTS at 80 "C + 6 day ETS 

at 220°C with distilled water) with different initial oxygen partial pressures are shown. It 

can be observed that the pH decreases with the initial oxygen partial pressure for all 

cases. This confms that acid groups, such as carboxylic acids, are being formed as part 

of the process and the more oxygen uptake in the system, the more acid groups formed. 

It appears that the change in the ETS temperature from 200 to 220 *C had little effect on 

the produced free water pH 

Figure 4.21 shows the effect of the initial oxygen partial pressure on coke 

formation. Points from the two series (i-e. 6 day LTS at 80 OC + 6 day ETS at 200 "C 

with distilled water and 6 day LTS at 80 OC + 6 day ETS at 220 OC with distilled water) 

at different initial oxygen partial pressures are shown. It can be observed that the initial 

oxygen partial pressure enhances the coke formation. This is consistent with the findings 

of Millour et al. (1985) that the coke concentration is related to the level of total oxygen 

uptake. However, in essentially dl of the cases the produced amounts of coke are less 

than 1 % of the initial oil mass. Therefore, for the levels of oxygen uptake associated 

with the reaction conditions for the core-fm tests, coke formation is not significant. 
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Figure 4.19: Effect of Initial Oxygen Partial Pressure on Asphahares 
Content 
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Figure 4.20: Effect of Initial Oxygen Partial Pressure on pH of the 
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Figure 4.2 1 : E f f a  of Initial Oxygen Partial Pressure on Coke 
Formation (oil plus distilled water) 



4.41 Reaction Temperature EKrrtr 

4 m 4 m 2 1  Low Tempmture Soak (LTS) Reaction Temperature EHCCtS 

Figure 4.22 presents viscosity ratios for Runs # 1-5, #I-6 and #I-7 to illustrate the 

effect of LTS temperature on the viscosity ratio. Experimental points for the case of 6 

days LTS at 80 OC and approximately 970 kPa initial pressure and different temperatures 

are shown. It can be seen that the higher the LTS temperature, the higher the resulting 

viscosity ratio. 

Figure 4.23 shows the effect of LTS temperature on the total oxygen uptake. Points 

from the above case (i.e. LTS only at 6 days and about 970 Wa initial pressures with 

different LTS temperatures) are shown. It can be seen that the oxygen uptakes increase 

with LTS temperature. This is consistent with the viscosity increase. While not shown, it 

is recognised that as the temperature increases, the total oxygen uptake will approach an 

asymptote corresponding to complete utilization of the oxygen which was initially 

charged to reactors. 

Figure 4.24 shows, for the same three runs, the LTS temperature effcct on the 

asphaltenes contents of the produced oil. It can be seen that the asphaltenes contents 

increase with LTS temperature. This behavior is reflected in the viscosity increase with 

temperature and is related to the effect of LTS temperature on total oxygen uptake. 



Figure 4.25 shows the effkct of LTS temperature on the resulting pH value of the 

fne water phase. It can be observed that the pH decreases with LTS temperature. This 

corresponds to an increase in oxygen uptake and results in the production of more acidic 

species. 
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Figure 4.22: Effect of LTS Temperature on Viscosity Ratios 
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Figure 4.23: Effect of LTS Temperature on Oxygen Uptake 
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Figure 4.24: E f f i  of LTS Temperature on Asphaltems Contents 
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Figure 4.25: Effect of LTS Temperature on pH of Free Water Phase 



4.4.2.2 ETS Temperature Effects 

Figure 4.26 utilizes data from Tests 11-9, #2-2, #2-9 and #2-10 to show the effect 

of ETS temperature on the viscosity ratio. These tests involved oil plus distilled water, 

no agitation, 6 day LTS at 80 OC plus 6 day ETS at various temperatures at an initial 

pressure of approximately 970 Wa. The general trend with increasing ETS temperature 

is that of a viscosity ratio reduction. 

Figure 4.27 shows the effect of ETS temperature on oxygen uptake for the same 

tests. Figure 4.28 shows the eEect of ETS temperature effkct on the asphaltenes and coke 

contents of the products. Points fiom the above case (i-e. LTS 6 days at 80 "C + ETS at 

various temperatures and about 970 kPa initial pressure) are shown. It can be seen that 

the oxygen uptake and asphaltmes do not show a significant sensitivity to the ETS 

temperature over the range of run conditions investigated. Coke formation appears to be 

enhanced by ETS temperature, but it can be seen that the coke amount is approximately 

1 % of the asphaltenes content. 

Figure 4.29 shows the ETS temperature effect on the pH of the effluent aqueous 

phase. Points from the above case (i.e. 6 day LTS @80 OC + ETS at various temperatures 

and 970 kPa initial pressure) are shown. pH levels are relatively consistent but are 

significantly more acidic than those observed when LTS is not followed by ETS. 
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Figure 4.26: Effkct of ETS Temperature on The Viscosity Ratio 
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Figure 4.27: E f f i  of ETS Temperature on Oxygen Uptake 
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Figure 4.28: Effe* of ETS Temperature on Asphaltenes & Coke 
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Figure 4.29: Effect of ETS Temperature on pH of Free Water P h w  



4.4.3 Reaction Time E f f i  

Several experimental runs were performed at identical reaction conditions with the 

exception of run duration in order to evaluate the effkct of LTS and ETS times on the 

properties of the reacted oil. Because the experimental program was conducted in batch 

reactors with limited initial pressure, only a limited amount of oxygen was available 

during each test. All experiments in this set were conducted with a LTS temperature of 

80°C and ETS temperatures of200°C, as well as initial pressures of 970 kPa. 

4.4.3.1 LTS Reaction Time Effects (Oil plus Distilled Water, No Agitation) 

Figure 4.30 shows the LTS time ecect on the viscosity ratio for ETS times of 0 

days (i.e. the LTS only case) and 6 days. It is apparent from this figure that varying the 

length of the LTS oxidation time above the 5 day minimum LTS period investigated has 

a negligible effect on the resultant viscosity ratio. This suggests that the viscosity ratio 

modification is essentially insensitive to the LTS time for times above 5 days at the 80 

"C temperature of the tests considered. 

Figure 4.3 1 and 4.32 are plots showing the LTS time effect on the compositional 

properties, such as asphaltenes contents and pH of the effluent aqueous phase. Total 

oxygen uptake is also provided for reference. Figure 4.3 1 is plotted for the LTS only case 

(i.e. Tests 1-8, 1-5, 1-9 and 1-10) while Figure 4.32 is for the LTS plus ETS case (i-e. 

Tests 2-42-2,2-7 and 2-8). It seems the LTS time has little effect on the asphaltenes and 



oxygen uptake. pH levels decrease with LTS time for the no ETS tests, but increase with 

LTS time for the tests involving the 6 day ETS at 200 OC. 
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4.4.3.2 Elevated Temperature Soak (ETS) Reaction Time Effats 

Figure 4.33 presents the ETS (at 200 OC) time effbct on the viscosity ratios as 

measured at temperatures of 25, 40 and 70 OC. The tests considered involved varying 

ETS times with a constant LTS time of 6 days. The specific experimental tests are 1-5, 2- 

1, 2-2, 2-5, 2-3, and 2 4 .  It can be seen that a significant decrease in the viscosity ratio is 

achieved over the first nine days (total run time of 15 days) at the ETS temperature of 

200 OC. Beyond this ETS time, the viscosity curves level OK Figure 4.34 summarizes the 

total oxygen uptake for the 6 runs in question. It is apparent that the oxygen uptake is 

essentially constant following the initial heating period to the 200 "C ETS temperature. 

Because this series of reactions was conducted in batch reactors with limited initial 

oxygen partial pressure, only a finite amount of oxygen was available for each test. In 

other words, the amount of oxygen uptake is mainly a function of initial oxygen partial 

pressure. Thus, with the identical oxygen initial pressure and with identical ETS 

temperatures, the oxygen uptake would be expected to show an asymptotic behavior with 

regard to ETS time. 

The data show that ETS time is significant at a given total oxygen uptake. During 

the LTS phase of this two-stage process, the chemical bonds of the oil are believed to 

incorporate oxygen, forming weaker bonds. The higher temperature of the ETS phase 

supplies the energy required to break the weaker oxygen-carbon bonds (i-e. fne radial 

initialization and propagation reactions). The breaking of these bonds, and the 

corresponding redudon in size of the oil molecule, is believed to cause the viscosity 



ratio reduction seen in Figure 4.33. It appears that allowing enough oxygen into the 

molecular structures of the oil to initiate the fiee-radical chain reactions, and then 

maintaining the run temperature for propagation of these reactions, promotes the 

cracking reactions and leads to a less viscous products. Over time, all of the weaker 

bonds formed during the LTS paiod will break at a given temperature and, after this 

point, no hrther reduction in viscosity ratio should be obsened. 

Figures 4.35 - 4.38 show the effect of ETS time on the asphaltenes contents, pH of 

the free water phase and coke yield. From these figures, it can be seen that the ETS time 

has little effect on the asphaltenes content. Coke content increased with time but the 

yields were less than 0.005 g / 100 g oil. In view of the constant asphaltenes content and 

small coke formation, the viscosity reduction is thought to be due to the bond breaking in 

the maltenes fraction. 

Figure 4.37 shows that the pH of the free water falls during the initial portion of 

the ETS stage and then shows an increasing trend with increasing time during the ETS 

phase. This suggests that the organic acids undergo further decomposition reactions with 

time. Figure 4.38 shows an increasing trend for the produced C02 concentration with the 

ETS time increase. 
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Figure 4.33: E f f i  of ETS Time on Viscosity Ratio 



0 

0 6 12 18 24 30 

Total Time (days) 

- 

- 

- 

- 

- 

- 

- 
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Figure 4.3 5: Effect of ETS Time on Asphaltenes Content 
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Figure 4.36: Eff'e* of ETS Time on Coke Yield 
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Figure 4.37: Effect of ETS Time on pH of Free Water Phase 
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Figure 4.38: Effct of ETS Time on Produced C 4  Concentration 



4.4.3.3 Time Effects in the Presence of Synthetic Athabasca Brine 

Figure 4.39 shows the effe* of LTS time on the viscosity ratio for oil in the 

presence of Athabasca brine. The experimental tests considered are 6-5, 6-1, 6-6 and 6-7. 

They were performed at the same reaction conditions (i-e. initial pressure of 970 kPa, 

agitated at 113 W M  and 6 day ETS at 200 "C) with varying LTS run time. It can be seen 

that with the exception of no LTS time (i.e. heating directly to 200 OC), the viscosity 

ratio is relatively insensitive to LTS time. Note however that the test that was heated 

directly to the 200 OC ETS temperature (Test 6-5) involved only oxidation reactions 

occurring at 200 OC. This suggests that in the presence of Athabasca brine and under the 

same amount of oxygen uptake, the LTS stage seems to oxidize the hydrocarbon, 

increase the viscosity of the oil and thus is detrimental to the two-step upgrading process. 

Eflect of ETS Time 

Figure 4.40 shows the effe* on viscosity ratio of the varying ETS times for tests 6- 

4, 6-1 and 6-2 involving synthetic Athabasu brine. The experimental tests were 

performed at the same reaction conditions (oil plus brine, 6 day LTS at 80 OC, 954 kPa, 

1B RPM agitation) with varying ETS run time. It can be seen that for the same LTS 

period of six days, a viscosity ratio decrease trend occurs when the ETS time is 

increased. 



4.4.3.4 Time Effects in the Presence of Athrbasca Core plus Brine 

Figure 4.4 1 and Figure 4.42 illustrate the effect of varying LTS and ETS times 

respectively, on the viscosity reduction in the presence of mineral matrix. Figure 4.41 

summarizes the experimental tests 5-6, 5-1, 5-7 and 5-8, while Figure 4.42 shows data 

for tests 5-5, 5-1, 5-2 and 5-3. The general trend with regard to both LTS and ETS time 

is that of a maximum viscosity for the ten performed at 6 day LTS and 6 day ETS (Test 

5-1). From the results and the later discussions in section 4.4.5, it seems that the presence 

of sand promotes bitumen viscosity reduction while brine promotes increases in the 

viscosity of the bitumen. The maximum viscosity ratio points for Cday LTS and dday 

ETS would appear to reflect offsetting infiuences of the mineral matrix and brine. 

The trend of the viscosity ratio versus time data for the runs involving sand matrix 

and brine suggests that the two step oxidation process may have potential as the basis of 

an imsitu upgrading process. The fact that the brine does influence the viscosity 

reduction associated with the two step oxidation process funher suggests that the 

addition of metallic salts to the brine should be investigated as a method for enhancing 

the in-situ upgrading potential of the two step oxidation process. 
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4.4.4 Effect of Brint, Sand Matrix and Agitation on the Compositional Behavior 

4.4.4.1 E fk t  of Brine, Sand Matrix and Agitation on LTS Time Curves 

Figures 4.43 - 4.48 summarize the effects of brine, sand matrix and agitation on 

the physical properties and compositional parameters in response to changes in the LTS 

period. Comparisons are provided for the four series: oil and distilled water without 

agitation, oil and distilled water with agitation, oil and brine with agitation and oil, brine 

and sand matrix with agitation. The synthetic Athabasca brine has a salinity of 1.6% (by 

mass) and a pH of 8.55. In the experiments in which a core matrix was present, the 

mineral matrix or sand comprised 71.0 % (by mass), the oil made up 20.4 YO, and the 

remainder or 8.6 % was brine. The nominal masses of oil and brine in the runs involving 

core matrix were therefore 39 and 16 grams, respectively, as opposed to 50 grams of 

each in the tests not involving the solid matrix. Agitation was induced by rocking the 

cells at a speed of 1/3 RPM. 

The tests were performed at the same reaction conditions of initial pressure of 970 

kPa, LTS at 80 O C  and 6 days ETS at 200 OC. Case 1 includes the tests 2-6, 2-2, 2-7 and 

2-8 and Case 2 involves tests 3-1 and 3-3, Case 3 includes the tests 6-5, 6-1, 6-6 and 6-7 

and Case 4 consists of the tests 5-6,s- 1,507 and 5-8. 

Figure 4.43 illustrates the brine, sand matrix and agitation effkcts on the viscosity 

ratio at 70 OC (vs. LTS time). Case 1 (distilled water, without agitation) viscosity ratios 



suggest little efftct of LTS time. Case 2 (distilled water, agitated) implies an effect of 

agitation on viscosity, which is particularly noticeable at low LTS times. Case 3 (brine, 

agitated) shows an effect of agitation at low LTS time. It should be noted that the two 

tests performed at an LTS time of 0 day were heated directly to 200 OC, hence they have 

not becn exposed to oxidation reactions at 80 OC. Case 4 (brine, sand matrix, agitated) 

indicates an effect of care matrix. At low LTS times, the presence of sand matrix appears 

to rrtard the viscosity reduction as compared to those for agitated brine or distilled water. 

This suggests that the solid matrix has a dampening effect on the mixing during 

agitation. Core matrix enhances the viscosity reduction at longer LTS times which 

suggests that the core matrix is impacting the oxidation I cracking reactions through 

either catalytic or surface area mechanisms. 

Figure 4.44 summarizes the changes in the density ratios (at 25 "C) for the four test 

series. With the exception of the agitated tests involving distilled water, the effect of the 

two step treatment process is an increased density of the treated oil as compared to that 

of the original oil. 

Asphaltenes contents (Figure 4.45) corresponding to the four tests suggest the 

same general trends as were identified from the viscosity measurement. The agitated 

brine test at 18 days would appear to show an abnormally low asphaltenes content but 

this is a result of coke fonnation (Figure 4.46). As shown in Figure 4.46, coke yields are 

generally very low, but the higher coke yields correspond to reduced asphaltenes 



contents. This implies a mechanism of asphahenes conversion to coke which has been 

previously described by Millour et al. (1987). 

Figure 4.47 presents the C& concentration trends. In comparison with the coke 

yield trends (Figure 4-46), it is apparent that coke yield and C& generation follow 

similar trends. It can also be seen that the presence of core material greatly enhances the 

generation of C02. 

Figure 4.48 shows that pH is strongly affected by the water composition but is 

insensitive to agitation or LTS time for the conditions evaluated. The runs with brine 

have higher pH close to the original value of 8.55, while the tests involving distilled 

water show reduced pH compared to the original value of 6.5. This indicates that, as 

stated in Chapter 4.3, the brine has a buffering effect on the pH of the effluent waters. 

4.4.4.2 Effect of Brine, Sand Matrix and Agitation on ETS Time Curves 

Figures 4.49 - 4.55 present comparisons of the effect of brine, sand matrix and 

agitation on the physical and cornposit ional parameters for different ETS durations. 

Comparisons are provided for the four classifications described in the previous section. 

The tests were performed at the same reaction conditions of initial pressure of 970 kPa, 6 

days LTS at 80 OC and ETS at 200 O C .  Case 1 includes tests 1-5, 1-3,2-1, 2-2.2-3 and 2- 

4, Case 2 contains tests 3-1 and 3-2, Case 3 includes tests 64, 6-1 and 6-2, and Case 4 

involves tests 5-5, 5-1, 5-2 and 5-3. 



Viscosity data (Figure 4.49) for all four test series suggest a trend of decreasing 

viscosity with increased ETS time. The four runs involving core matrix and brine suggest 

viscosity improvements at 0 day and longer days (9 days and 12 days) of ETS. The 

viscosity ratios for the agitated distilled water runs suggest a viscosity improvement due 

to rocking of the cells. 

Density ratio data for at 25 OC (Figure 4.50) show that with the exception of the 

two runs involving distilled water and agitation, the treated oils are more dense than the 

original oil. In general, the ETS stage was not effective in reducing the oil density below 

the levels attained during the LTS petiod. 

Asphaltenes contents (Figure 4.51) shows the same g e n d  trends as were 

obsaved &om the viscosity data. Only the agitated distilled water and brine tests have a 

trend of decreasing asphaltenes content with ETS time. The presence of solid matrix 

causes the asphaltenes to behave in a manner similar to the non-agitated distilled water 

tests. This suggests that the presence of the solid has retarded the benefits of agitation. 

Coke yields (Figure 4.52) for Case 1 runs (distilled water) suggest an increase in 

coke with time but results for the other tests suggest that coke yield may decrease with 

ETS time. What should be noted is that the decrease in coke is reflected by an increase in 

asphaltenes for the same test, hence the observation of decreasing coke with increasing 

ETS time is a reflection of the difficulty in defining coke and asphaltenes (both are 

determined by solubility on the addition of solvents). 



C& data (Figure 4.53) suggest C02 concentrations increase with ETS time. 

Agitation appears to enhance C& production and the presence of core matrix has a very 

significant effect on the generation of C-. 

Oxygen concentrations in the post test gas are shown in Figure 4.54. Tt* O2 

concentrations decrease with ETS time, but only the agitated brine runs appear to 

approach fill O2 utilization. 

The pH's of the fne water phase are shown in Figure 4.55. In general, pH shows 

an insensitivity to ETS duration. The runs with brine have pH levels close to that of the 

original brine value of 8.55, while the runs with distilled water show reduced pH 

compared to the original value of 6.5. This indicates that, as stated previously, the brine 

has a buffering effect on the pH of the effluent waters. The data suggest that the pH of 

the tiee water falls during the initial portion of the ETS stage and then shows an 

increasing trend with increasing time during higher ETS times. This suggests that the 

organic acids undergo further decomposition reactions with time. 

4.4.4.3 General Effect of Brinc, Sand Matrix and Agitation on the LTSIETS Process 

Agitation 

A possible explanation for the agitation effect is that rocking may change the role 

of the water phase in terms of the nature of the gas-liquid interface. If water is lighter 

than oil, water sits above the oil in the static cell. If oil is lighter, gas contacts oil directly 

in the static cell. Figure 4.56 shows the effkct of temperature on the density of Athabasca 



bitumen (Polikar, 1980) and the distilled water. It can be seen that the density of  the 

Athabasca bitumen is always higher than that of the distilled water in the range of 273 K 

to 523 K, except that the densities approach each other at the experimental LTS 

temperature of 80 OC (3 53 K). Therefore, at the LTS temperature of 80 "C, rocking will 

increase mixing of the oil and water phase and will most probably increase the int- 

between the gas and oil phases. The most probable result of the increased mixing 

between the oil and water phases would be an enhancement in the rate of extraction of 

oxidized components to the aqueous phase. 

At the ETS temperature of ZOO OC, the water phase would definitely be above the 

oil phase (with the possible exception of the runs involving solid matrix), hence rocking . 

would only be expected to have a minor effkt on the interfhces between the gas, oil and 

aqueous phases. Rocking of the cell would certainly promote mixing within the bulk oil 

phase at 200 "C and to a lesser extent at 80 "C. Mixing would promote renewal of the 

interface where oxygen transfer occurs, which would in turn promote an increased 

oxygen concentration within the bulk oil. The difficulty in making a definitive 

interpretation of the effect of mixing is that sequential reactions are occumng (i-e. 

oxidation reactions form oxidized hydrocarbon products which can in turn react with 

oxygen, asphaltenes are formed and they in turn are converted to coke, cubon oxides 

and other liquid phase hydrocarbons). 



@nthdr9c Atkabascu Brine 

It was observed that experiments involving agitated oil and brine produced oils 

with higher viscosity ratios than agitated experiments conducted with distilled water but 

lower viscosity ratios than static experiments involving distilled water. In addition, in the 

case of experiments conducted using agitated distilled water, extending the LTS period 

had the effect of increasing the viscosity ratio, while the agitated experiments involving 

brine without core showed an increase in viscosity ratio at low LTS times but no 

significant effect of LTS time for higher LTS durations. 

Metals and metallic salts have long been recognised for their catalytic potential in 

both hydrocarbon cracking and oxidation reaction (Baviere, 1997). Metallic additives 

cause changes in the nature of the LTS + ETS process. The change appears to depend on 

the type of oil used and a given additive may affect different crude oils differently. In the 

above experiments, the Athabasca formation brine seems to catalyze a polymerisation 

type of reaction more than hydrocarbon chain breaking reactions, and therefore the 

presence of brine has a negative effect on the heavy oil viscosity reduction process. 

Athabasca Core 

The mineral matrix of the formation may have a catalytic effect on the fra radical 

initiation reactions and the higher temperature bond-breaking reactions, which result in a 

viscosity reduction. For Athabasca Oil Sands, the core matrix is predominately quartz 

with some natural clays present. Clays contribute greatly to the total available surface 

area for reaction and the presence of transition metals in the clay may also have a 



catalytic effect. The extent of viscosity ratio decrease depends on the combination of 

these effects. 

Although the relative amounts of oil and brine used in the experiments involving 

mineral matrix were different fiam those used in the sand fiee tests, the trends shown in 

the Figures 4.43 to 4.45 are still valuable. It can been seen that the core matrix promotes 

the generation of carbon dioxide and that it provides a positive catalytic effect in terms of 

viscosity reduction for both the longer periods of LTS and for the longer exposure time 

during the ETS. The extent of the influence of mineral matrix on the viscosity reduction 

is therefore time dependent. 
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Figure 4.44 Density Ratio vs. LTS Time 



15.00 

0 5 10 15 

LTS Time (days) 
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Figure 4.47 C 4  Concentration in Effluent Gases vs. LTS Time 
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Figure 4.50 Density Ratio vs. ETS Time 
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A malfunction in the temperature control (thermocouple function) occumed on the 

second day of the ETS phase during Test 6-3. Although the thermocouple was fixed the 

following day and the reactor set back to its original temperature of 200 OC, the sample 

had seen one hour of 300 OC temperature before the problem was discovered. Figure 4.57 

shows the pressure and the temperatures of the reactor wall, gas phase and liquid phase 

as recorded by the computer data acquisition system. Interestingly, the resultant oil 

viscosity ratio for this run was 0.479, the lowest in all experiments preformed, which 

indicates a significant viscosity decrease associated with a short time at the 300 OC 

temperature level. 

The effluent gas analyses for this nm showed minute amounts of methane, ethane 

and propane. The carbon dioxide was the maximum value obsefved for all of the 

experiments not involving core matrix. This was the first instance of the production of 

the three hydrocarbon gases (methane, ethane and propane) in a single experiment. The 

total amount of these products was 9.1 %, much higher than the other runs not involving 

core matrix. The increased gas production was a clear indication that thermal cracking 

had taken place to a greater extent than was obsewed for the 200 OC or 220 OC ETS tests. 

The asphaltenes content of 18.5 % for this case is more than that of the original oil 

(17.8 %). Thennal cracking appeared to have occumd in the maltenes component, as 

mentioned in Section 4.3.4. Figure 4.58 shows the carbon number distribution 

comparison of this after-run sample with the original oil. As shown in Table 4.15, the 



f ict ion of the reacted oil which has a carbon number less than 40 is increased compared 

to that of the original oil. This is the same behaviour as was observed for the Run 6-5. 

Both tests suggest that modification of the mahenes hc t ion  is responsible for the 

viscosity reduction. 
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CHAPTER FIVE DATA REPEATABILITY AND RELIABILITY 

Data repeatability and confidence is of great concern for any experimental 

project. In this project, specific actions were taken to minimise potential experimental 

error. 

Firstly, a single barrel of Athabasca crude oil was used throughout the 

experimental work. The physical properties of the oil were determined and recorded prior 

to experimental use. It was found that the initial physical properties for the oil were close 

to previous published values. 

Secondly, all measurement devices, including those used during bath the 

experimental and analytical phases, were calibrated regularly. This included the pressure 

transducers and thermocouples on the rocking cell apparatus, the gas chromatograph, the 

viscometer, the pH meter and the densitometer. 

Finally, standard experimental operating procedures were developed (as described 

in Chapter 2). Also, the analytical procedures used were developed and proven over the 

past twenty years by the In-Situ Combustion Resuvch Group at the University of 

Calgary. 

The above actions were found t o  be adequate to minimise inevitable experimental 

error. As was described in Section 4.3.3, the asphaltenes behaviour in the reacted oil 

samples was consistent with that previously published by Millour at al. (1987) and 

Wichert et al. (1996). Experimental repeatability was also demonstrated in Runs 1-3 and 

1-5, in which run conditions were the same for both runs. The viscosity data for both runs 

were similar, 3050 mPas for Run 1-3 and 3300 mPas for Runl-5 when measured at 70 



"C. The kinetic calculations summarized in Table 4.6 show that these two runs were in 

good agreement. Consistency of trends for runs conducted at diffaent initial oxygm 

pressures also gave confidence in the overall accuracy of the methods used to detamine 

the physical properties of the oil samples throughout the whole of the expaimental 

program. 



CHAPTER SIX CONCLUSIONS 

A systematic experimental investigation for the purpose of developing a unique 

in-situ process utilizing low-temperature oxidation for upgrading heavy oil has been 

conducted. Analysis of the results allows the following conclusions to be made: 

1. The two step oxidation process achieved viscosity reductions for the reacted bitumen 

as compared to that of the original oil; however, the asphaltenes content of the 

modified oil was generally greater than that of the original oil. 

2. The majority o f  the tests showed first order dependence with respect to oxygen partial 

pressure at the LTS temperature of 80 OC. 

3. Total oxygen uptake, which was primarily a function of the initial moles of air charged 

to the system, had a significant effed on the properties of the reacted bitumen. 

4. Oxygen uptake alone did not control the properties of the reacted oil. The duration and 

temperature of the LTS and ETS periods, as well as the pressure and composition of 

the aqueous phase and the presence of solid core matrix were important parameters. 

5. Viscosity reduction for the oil associated with the bitumeddistilled water system was 

favoured by low oxygen partial pressure and ETS temperatures in excess of 220 "C. 

6. Viscosity reduction of the oil associated with the non-agitated bitumen / distilled 

water mixtures was promoted by shorter duration LTS oxidation periods (six days) 



and longer ETS periods (nine days), and by lower LTS temperatures (80°C) and 

higher ETS temperatures (220°C or above). 

7. The viscosity reduction in experiments conducted with 50 % brine (by mass) was 

significantly lower than the corresponding viscosity reduction in experiments having 

a similar proportion of distilled water. This may be a result of excessive oxidation 

promoted by the high concentration of brine in the system during the LTS period. 

8. Systems containing 71 % care, 8 % brine, and 20 % bitumen (all by mass) exhibited 

. a greater viscosity reduction (as compand to brine only tests) at longer LTS periods 

(18 days) and longer ETS periods (nine days). Sand fiom the Athabasca Oil Sands 

appears to have a positive effect on fke radical initiation and cracking reactions. It 

was not possible to determine if these effects were associated with catalytic effects 

due to the presence of clays or to surfhce effects. Coke formation was enhanced by 

the presence of core matrix and this contributed to the viscosity reduction. 



CHAPTER SEVEN RECOMMENDATIONS 

The trends in the physical and compositional data point out several areas, which require 

more detailed experimental attention and computer modeling. These areas include: 

1) Additional experimental work should be pertbmed at the reaction conditions where 

the greatest number of instances of viscosity reduction occurred; namely, at shorter 

duration LTS oxidation periods (six days) and longer ETS periods (nine days), at 

lower LTS temperatures (80°C) and higher ETS temperatures (220°C), and for 

oxygen partial pressure of approximately 180 kPa ( total initial pressure of 860 kPa 

when using air). 

2) Additional experimental work should be carried out at higher agitation rates to 

detennine the reaction kinetics where the mass transfer effects become negligible. 

The ata t ion  rates required may be beyond the capabilities of the current apparatus, 

and a new set-up for supplying high-speed agitation to the system may be needed. 

Mathematical simulation work of the process would be conducted by using kinetic 

parameters fkee of any mass transfer effects. 

3) Experimental work should be conducted at higher ETS temperatures (> 220 OC). 

Higher temperatures may be beyond the capabilities of the current apparatus, 

necessitating a modified heater assemby. 

4) Experimental work involving metallic salts is advisable as the synthetic brine was 

shown to have an impact on the two stage oxidation process. 



5) Additional experimental work is necessary to study the effect of the presence of rock 

matrix or sand on the reactions; core flooding experiments to examine the reactions 

taking place under more realistic flow conditions should be undertaken once 

operating conditions which could be applied in a field situation, are identified. 

6) The database fiom this study with that generated by Wichert (1996) should be 

combined to develop kinetic models of the oxygen induced cracking process. 

7)  Thennal cracking in a nitrogen environment should be performed at selected 

conditions to provide a direct comparison with the oxygen induced cracking 

behavior. Tests should involve LTS at 80 OC for 0 days and 6 days followed by ETS 

for 6, 12 and 18 days at temperatures of 200, 220 and 250 OC. The thermal cracking 

tests should involve oil only, oil plus brine, oil plus brine plus core matrix. Agitation 

rates would be selected to match those used with the corresponding liquid and solid 

changes of the current study. Run pressure for the thermal cracking tests would be 

maintained at 970 kPa (absolute). 

8) The eEe* of total pressure at a given oxygen partial pressure was not investigated in 

the current study. Different concentrations of oxygen in the gas should be used to 

confirm the assumption that total pressure is not important. 

9) More detailed compositional analysis of the maltenes and asp haltenes fractions 

(SARA, molecular weight, elemental composition, TGAIDTAIPDSC analysis on 

asphaltenes) is required to better define the nature of the oxidation reactions. 
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APPENDIX 1: RAW DATA 



Cell # 

1-1 
1-2 
1-3 
1-4 
1-5 
1 4  
1-7 
1-8 
1-9 
1-10 
orig . 

initial 
oil input 

density 
C@~~OC) 

final 
oil out 

viscosity 
(@25OC) 

initial 
water in 

viscosity 
(@40°C) 

final (initl@oamT CellRun 
water out Pmm Temperature 

(g) Wig) ("0 
48.59 36.41 80 
32.4t 68.05 80 
46.98 122.86 80 
49.19 251.65 80 
49.72 127.44 80 
48.45 125.31 100 
48.82 125.73 I20 
49.34 124.91 80 
47.74 126.40 80 
48.4 1 129.33 80 

Cell Run 
Time 

(days) 
6 
6 
6 
6 
6 
6 
6 
5 
12 
18 

viscosity 
(@70°c) pH W- N2 

(% mass) 
20,3 3 
20.39 
20.54 
21.59 
20.88 
20.93 
2 1.06 
2 1.66 
21.44 
2 1.80 
17,%5 

(% mol) 

9 

94.28 
92.09 
94.40 
98.2 1 
98.6 1 
93.26 
98.07 
98.57 
79.28 

Comment 

LTS only 
LTS only 
LTS only 
LTS only 
LTS only 
LTS only 
LTS only 
LTS only 
LTS only 
LTS only 

GC Results 

0 2  co2 co CH4 
(% mol) (96 mol) (% mol) (% mol) 

Table A 1.1 : Raw Data From Run #1 



initial 
Cell # oil input 

density 
Cell W (@25OC) 

final 
oil out 

viscosity 
(@25OC) 

initial 
water in 

viscosity 
(@40°C) 

final 
water out 

viscosity 
(@70°C) 

(initl@om T) Cell Run 
Pressure Tern peratur 

@sit!) ("C) 
125.5 80,200 
127.3 80,200 
128.6 80,200 
128.1 80,200 
127.7 80,200 
130.8 80,200 
125.3 80,200 
128.6 80,200 
125.8 80,150 
129.5 80,175 

(% mass) 
21.93 
21.23 
20,86 
21.32 
20.90 
2 1.34 
21.18 
2 I .96 
21.40 
22.33 
17.85 

Cell Rwr 
Time 

(days) 
6 4  
696 
6,12 
6,18 
6 9  
096 
12,6 
18.6 
6.6 
6.6 

Nz 
(% mol) 
%.32 
95.96 

coke coke Comment 
(?% oil) 
0.0460 
0.1121 
0.2430 8th day leak 
0,2903 
0.1941 
0.1494 
0.0263 
0.01 22 
0.0156 
0.0000 

GC results 

0 2  co2 co 
(% rnol) (% mol) (% mol) 

1.62 2.06 0.00 
1.52 2 5  0.00 
- - - 

1.75 230 0.00 
1.62 3-04 0.00 
1.36 3.89 0.00 
1.71 1.76 0.00 
0,60 1.61 0.00 
3.92 3.26 0.00 
0.90 1.69 0.00 
2032 0.00 0.00 

CH4 
(% mol) 

0,00 
0.00 - 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Table A1.2: Raw Data From Run #2 



Cell # 

Cell # 

initial 
oil input 

(g) 
50.29 
50.3 8 
50.46 
50.69 
50.87 
50.55 

density 
(@25OC) 

g/cm3 
1.003084 
1.00375 1 
1.00542 1 
1.004085 
1.0034 17 
1.005087 

final 
oil out 

(g) 
50.64 
50,71 
50.58 
51 .OO 
5 1.26 
50.44 

viscosity 
(@5OC) 

(mpa*s) 
106300 
100300 
175500 
104200 
96620 
174500 
2 18700 

initial 
water in 

(g) 
50.64 
50.09 
50.14 
50.08 
50.05 
50.76 

viscosity 
(UO°C) 
(mPa*s) 
18670 
16700 
30000 
18050 
16300 
26600 
32250 

final 
water out 

(g) 
49.62 
48.35 
50.22 
49,05 
49.26 
50.56 

viscosity 
(@70°C) 
(mPa*s) 
1380 
1305 
1840 
I250 
I150 
1705 
1950 

Cell Run 

TcmOcntum 

ec) 
80,200 
80,200 
80,200 
80,200 
80,200 
80,200 

Cell Run 
Time 

( b y  s) 
66  
6,9 
18,6 
696 
6,9 
18,6 

coke 

(8) 
0.184 
0.172 
0.0071 
0.0 123 
0,0109 
0.0064 

coke Comment 
(%oil) 
0.3659 air,rock 
0.34 14 air,rock 
0.0 14 1 air,rock 
0.0243 N2 
0.0214 N2 
0.0127 N2 

GC Results 
Asphaltents N2 0 2  co2 CO cH4 
(% mass) (% mol) (% mol) (% mol) (% mol) (% mol) 
17,946 93.560 1.747 4.692 0,652 0.000 
17.708 93.437 1.436 5.127 0.610 0.000 
19.095 97.543 1.134 1.322 0.000 0.000 
16.619 98.840 0.612 0.549 0.000 0.000 
16.769 99.394 0.276 0.331 0.000 0.000 
17,123 99.525 0,259 0,216 0.000 0.000 
17,850 79.278 20.722 0,000 0.000 0,000 

Table A 1.3: Raw Data From Run #3 



Cell # 

Cell # 

4-1 
4-2 
4-3 
4-6 
4-7 
4-8 
orig. 
N2 

initial 
oil input 

(8) 
50,46 
50.3 
50.2 
50.37 
50.45 
50.37 

density 
025°C) 

final 
oil out 

(g) 
49.68 
50.76 
50.77 
50.69 
50.74 
50.74 

viscosity 
(@2S°C) 

initial 
water in 

(6) 
50.52 
50.38 
50.25 
50.14 
50.23 
50.38 

viscosity 
(@40°C) 

final 
water out 

(8) 
50.58 
50.07 
48.6 
49.36 
49.49 
50.25 

viscosity 
(@70°C) 

(mPa*s) 
4220 
2075 
1935 
1355 
1575 
1235 
1950 

CMi@-l T) 

Pressure 

(Psi81 
1009.1 

510 
268.6 
127.4 
125.9 
249.3 

Cell Run 
Tanparturn 

CC) 
80,200 
80,200 
80,200 
80,200 
80,220 
80,220 

% mass 
24.68 
21.78 
20.65 
16.4 1 
18.69 
17.99 
17.85 

Cell Run 
Time 

(days) 
66 
66 
6,6 
18,6 
696 
6,6 

coke 

(s) 
0.409 
0,218 
0.180 
0.000 
0.152 
0.193 

coke Comment 
(%dl) 
0.8 1 1 air,rock 
0.432 air,rock 
0.359 air,rock gas blow out 
0.000 N2 

0.300 air,no-rock 
0.383 air,no-rock 

GC results 
4 0 2  

%mol %mol 
0.4362 6.6898 
0.4165 4.9666 
0.0000 0.0000 
0,1240 0.0000 
0.6428 2.7874 
0,5121 5,7823 
20,722 0.0000 
0.2627 0.0000 

CH4 
% mol 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0,0000 

Table A1 -4: Raw Data From Run #4 



Cell # 

initial final initial 
oil input oil out water in 

density viscosity viscosity 
(@25OC) (@S°C) (@40°C) 

final (initl-q Cell Run Cell Run coke 
water out Pressure Tempturn Time sand bast oil base Comment 

viscosity 
(Qo°C) pH hrph.t-~ N2 

GC Results 

0 2  co2 CO Ch 
% mol 
0.0000 
0,0000 
0 . m  
0.3728 
0.000Q 
0,0000 
0.0000 
0.0000 
0,2528 
0.0000 
0.0000 
0.0000 

Table A1 -5: Raw Data From Run #5 



initial final initial final (hi~l@bwmT) Cell Run Cell Run 
Cell # 

Cell # 

orig. 
N2 aig  

oil input oil out water in water out Pressure T ~ ~ ~ p a n t u r ~  

(8) (g) (g) (g) ( P S ~ )  ("c) 
50.48 50.60 50.13 48.80 129.0 80,200 
50.37 50.52 50.08 48.78 125.9 80,200 
50.10 50.52 50.14 48.16 131.0 80,200 
50.13 50.38 50.33 48.53 137.0 80,200 
50.18 50.38 50.42 50.84 142.0 80,200 
50.48 50.83 50.19 48.60 129.4 80,200 
50.49 50.53 50.15 47.80 128.3 80,200 
50.38 50.61 50.29 50.53 70.3 80,220 

Time 

(days) 
636 
6.9 
6,12 
1.6 
6,O 
12.6 
18.6 
6.6 

density viscosity viscosity viscosity 
(W5OC) (@2PC) (@40°C) (@70°C) Cdie N2 4 

% mol 
95.63 1 
95.461 
90.602 
96.357 
90.470 
95.508 
95.530 
93.686 
96.222 
94.854 
79.278 
99.737 

phase M B ~ U  

pH %mass 
8.49 20.42 
8.88 20.04 
8-70 18.54 
9.28 2 1.45 
Z 18.69 

8.% 20.44 
8.55 16.46 
3.43 17.66 

GC Results 

co2 CO 
% mol 
3.9870 
4.1871 
5.1335 
0.9952 
8.8103 
3.9454 
3.9986 
5.1320 
3.1674 
4.42% 
0.0000 
0.0000 

N mol 
0.0000 
0.0000 
0,0000 
0.0000 
0.0000 
0.0000 
0.0000 
0,5070 
0.2103 
0,2466 
0.0000 
0.0000 

Comment 

brine 1.65% 
bnne 1.65% 
brine 1.65% 
brine 1.65% 
brine 1.65% 
brine 1.65% 
brine 1,65% 
distil.H,O 
distil.H,O 
distil.H,O 

CH4 

% mmd 
0.0000 
0.2332 
1.9127 
0.0000 
0.0000 
0.3 154 
0.2 137 
O . m  
0.0000 
0.0000 
0.0000 
0.0000 

% mol 
0.0000 
0.0000 
1.8229 
0.0000 
0.0000 
0.0000 
0.0000 
0,0000 
0.0000 
0.0000 
0.0000 
0.0000 

% mol 
0.0000 
0.0000 
0,2256 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

Table A1.6: Raw Data From Run Cid 



APPENDIX 2: MATERIAL BALANCE CALCULATIONS 





Run2 bLI 
iniriJ 

cell r mm oil 
f i  

nrrt oil 
0 

51.49 
w n  
49.47 
50.18 
50.51 
50.21 
50.89 
$0.62 
50.99 
51.26 

oil nnu 
diB: 
w 

0.3313 
0.4356 
-2.3490 
-0.0796 
0.3377 
0.2% 
0 . m  
-0.5501 
0.4927 
0.3327 

initial 
2 rYIOl 

0.9920 
0.9919 
0.991 8 
0.9918 
0.9918 
0.991 7 
0.9920 
0.9918 
0.9920 
0.9917 

initial 
01 

ml 
0.0098 
0.OOPP 
0.0100 
0 . m  
0.0099 
0.0101 
0.0097 
0.0100 
0 OW8 
00100 

initial 
~ O I I  
(I) 

1.3568 
1.3745 
1.3874 
1.3824 
1.3785 
1 .m1 
I 3548 
1.3674 
1 .3597 
1 .3w  

O C ~ R a u l l l  
CO, CO CH, 

l m 8 % m n r r r H  
2.06 0.00 0.00 
2 0.00 0.00 

coke caltms 
0 m camrnl 

0.0236 0.0960 
00566 0.1121 
0.1231 0.2430 6 B d r y l ~ c o m o l ~ W R u ~ l  
0.1458 0.2903 
00977 0.1941 
0.074 0.1494 
0.0133 0.0263 
0.0062 0.0122 
0.0079 0.01% 
0.0000 0.0000 

4 u w e  
$8 oil 
0.0059 
0.0060 
0 . m  
0.0059 
0.0060 
0.0062 
0.0059 
0 0062 
0 0053 
0.0062 

Da- 
d@ 
%oil 

-0 625 1 
-0.631 9 

4.6325 
-0.5984 
-0 6693 
4.7330 
-0 6430 
4.5165 
-0.7199 

W ail n m  
digdiff 
H 

1 ,0024 
l.lt96 
- 2 .1w  
0.0432 
1.1302 
1 .om3 
1.5316 
0.1051 
1.0246 
1.0527 

Table A2.2: Material Balance Spreadsheet for Run # 2 



R u d  &ta 
initirl 

Cell # l w a o i l  
(g) 

3-1 50.29 
3-2 50.38 
3-3 50.46 
3-6 50.69 
3-7 50.87 
3-8 50.55 

N2 
origair 

fuvl 
musr oil 

ts) 
50.64 
50.71 
50.38 

51 
5 1.26 
50.44 

initirl 

1 - w  

mol 
0.0472 
0.0474 
0.0436 
0.0467 
0.0463 
0.0465 

oil mur 
diff. 
9% 

0.6960 
0,6530 
0.2378 
0,6116 
0.7667 
-0.2176 

initid 

Na 
mOl 

0.0374 
0.0376 
0.0346 
0.0371 
0.0367 
0.0369 

initial fuul 
w tl10 IIWS H j 0  

(g) (s) 
50.64 49.62 
50.09 48.35 
50.14 50.22 
50.08 49.05 
50.05 49.26 
50.76 50.56 

fuul 

2 f w  

0.9959 
0.4964 
0.9974 
0.9969 
0.9967 
0.9965 

CJHI 
Inam% 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 

fuul 

COl 
mol 

0.0018 
0.0020 
0.000s 
0.0002 
0.000 1 
0.000 1 

dg oil 
0.0058 
0.0059 
0.0055 
4.0001 
0.0000 
0.0000 

Table A2.3: Material Balance Spreadsheet for Run # 3 



oil  ma 

W 
-1.usa 
0.9145 
1.1355 
0.639 
0.5718 
0.7386 

Mid 
-w 

W 
M.52 
w.38 
30.25 
SO. 14 
¶a23 
#U 

fid fid 

WP N1 
md d 

0.2!J69 0.2758 
0.1447 0.1369 
0.0698 - 
0.0446 0.w5 
0.0364 0.0352 
0.om 0.066) 

fid 

Table A2.4: Material Balance Spreadsheet for Run # 4 





Cell I, 
initial 

mur oil 

6%) 
50.48 
50.37 
50, I 
50.13 
50.18 
50.68 
50.49 
50.38 
50.39 
50.43 

f d  
mans oil 

(8) 
50.6 
50.52 
SO. 52 
50.38 
50.38 
50.83 
50.53 
50.61 
50.45 
49.57 

initial 

0, 
md 

0.0 10 
0.0 10 
0.010 
0.01 1 

0.01 1 
0.010 
0.010 
0.006 
0.017 
0.037 

oil mus 
di6. 
W 

0.238 
0,296 
0.838 
0.499 
0.399 
0.296 
0,079 
0,457 
0.1 19 
-1.703 

initial - Hz" 
(6) 

50, I3 
50.08 
50.14 
50.33 
50.42 
50.19 
SO. I5 
50.29 
SO. I2 
50.27 

coke ronlenlr 

(8) man% 

O.l7l0 0.34. 
0.068. 0.13* 
0.029* 0.06. 
1.475. 2.93' 
0.073, 0.14. 
0.141° 0.28* 
0.069 0.14 
0.136 0,27 
1.163 2.35 

initial initial 
rmp. ptrsure 

O C  WI 
22.2 889.6 
22.2 868.2 
22.2 903.4 
22.2 944.8 
22.2 979.2 
22,2 892.3 
22.2 884.8 
22.2 484.8 
22.2 1568.8 
22.2 3448.0 

w- 
cliff 
% oil 

4.5942 
0.5393 
-0.4853 
0.8469 
0.5683 

-0.9882 
-0.5690 
-0.2833 
a , n 1 8  
-2.1 126 

td8l oil 
mul diB', 

% 
0.8319 
0.4984 
1.18% 
1.2885 
-1.96Q9 

0.741 2 
0.3697 
0.6035 
0.6223 
= 1.93% 

Table A2.6: Material Balance Spreadsheet for Run # 6 




