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Abstract 

Adverse environmental effects caused by diluted bitumen (dilbit) spills have led to serious public 

concern. Compared to marine systems, the cleanup of oil-contaminated sediment in rivers is more 

difficult. Hyporheic flow, where surface water flows through the streambed, is one of the contributing 

factors for sediment contamination, which has received little research attention. Therefore, a series of 

laboratory experiments were conducted in this study: to quantify the mass of dilbit droplets that get 

trapped in the sediment in gravel-dominated rivers by hyporheic flow; to investigate the effects of 

velocity, gravel size and clean water wash on the interaction between dilbit droplets and gravel porous 

media; and to determine the predominant droplet retention mechanism. Dilbit droplets were generated 

in a mixing reactor and transported through a one-dimensional gravel-packed aluminum column. Gravel 

sizes of 3 mm and 8 mm, and flow velocities of 0.09 cm/s and 0.35 cm/s were investigated to identify 

the impacts of these influential parameters on the trapping of dilbit droplets in gravel. Clean water wash 

after the completion of droplet transport was also applied to some experiments to examine whether 

droplet trapping is reversible. In addition, mathematical models that included attachment and straining 

filtration mechanisms used in colloid transport were employed to fit the experimental data. Results 

showed that trapped dilbit droplets in gravel follows a hyperexponential (not log-linear) profile. Smaller 

gravel size (3 mm) or higher flow velocity (0.35 cm/s) led to a greater mass of dilbit retained in the 

gravel-packed column, especially near the pack inlet. Clean water wash was shown to remove part of 

the trapped dilbit droplets, especially near the gravel pack inlet. A filtration model that considered 

straining instead of attachment was able to better match the observations, which indicates that straining 

is more likely to be the primary mechanism for the trapping of dilbit droplets in gravel. 
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Chapter 1 

Introduction 
 

1.1 Introduction 

Canada has the third largest oil reserves in the world after Saudi Arabia and Venezuela, and without 

doubt oil is vital to the Canadian economy (Environment Canada, 2013; CAPP, 2016). It has been 

reported that Canada’s crude oil production, especially oil sands production, has been increasing 

over the past 10 years, and the total crude oil production in Canada is forecasted to continuously 

grow from 3.9 million b/d (barrels per day) in 2015 to 4.9 million b/d by 2030 (CAPP, 2016). With 

this abundant amount of valuable resource, there is a growing demand for Canadian oil supply from 

international markets, with the U.S. remaining as the most important export market (CAPP, 2016). 

Crude oil mostly needs to be transported to refineries over a long distance inside and outside Canada. 

Hence, several transportation modes have been employed for oil delivery, such as rail, trucks, 

marine tankers and pipelines (Jahan et al., 2015). Among all the methods for transporting oil, 

pipelines are the most preferred because they are efficient and can ship a large volume of crude oil 

throughout North America (CAPP, 2016). 

 

However, these means of transportation are not spill free. Oil spill incidents, such as: Kalamazoo 

River oil spill (2010), Shell Gulf of Mexico oil spill (2016) and North Battleford pipeline spill 

(2016), had adverse effects on water resources, aquatic life and the environment. The Kalamazoo 

River oil spill (2010) is the biggest inland oil spill in U.S. history, which led to approximately 

843,000 gallons of diluted bitumen (dilbit) spilled into the river due to pipeline leakage (Dollhopf 

and Durno, 2011; EPA, 2016). This incident has received great public attention due to its 

detrimental aftermath, including because 20-30% of the dilbit remained in the Kalamazoo riverbed, 

three years after the spill (Dew et al., 2015).  



2 

 

 

Oil can spill in both marine and freshwater systems, but spills to freshwater systems such as rivers 

may cause more adverse environmental effects. This is because there is less capacity for dilution 

in rivers, which means spilled oil will stay in the waterbody for a longer period of time and 

freshwater species might be less able to avoid the contamination (RSC, 2015). Also, there is a 

greater chance for sediment contamination in rivers, which is very difficult to locate and clean. 

Moreover, the techniques employed to remove contaminated sediment may cause irreversible 

damage to fish habitats (Hodson et al., 2011). Two main mechanisms have been presented which 

can lead to sediment contamination in rivers by oil spills: 1) sinking of oil due to increased density; 

2) entrainment of oil droplets by hyporheic flow (Hodson et al, 2011). Both the formation of oil-

particle aggregates (OPA) and weathering processes can lead to an increase in density (USGS, 

2015). Formation of OPA, which refers to the combination of oil droplets and suspended particles, 

can increase the density of oil droplets rapidly, especially in fast flowing rivers causing OPA to 

sink to the bottom of rivers (Dew et al., 2015; USGS, 2015; Perez et al., 2016). An increase in 

density caused by weathering processes can also cause dilbit to sink. Dilbit is created by diluting 

bitumen with condensate to lower its density and viscosity for transportation in pipelines, and it 

normally contains 70-80% bitumen and 20-30% diluent (Environment Canada, 2013; Dew et al., 

2015; Fisheries and Oceans Canada, 2015). When dilbit spills in rivers, the loss of lighter fractions 

due to evaporation and dissolution will increase the density of dilbit, approaching or exceeding the 

density of freshwater, making it easier to sink compared to other oils. 

 

Another mechanism which can lead to sediment contamination in rivers is the transport and 

retention of oil droplets by hyporheic flow. Hyporheic flow happens in the hyporheic zone where 

surface water and groundwater interact, as shown in Figure 1.1 (Tonina and Buffington, 2011; Fox 

et al., 2014). The downwelling water flows into the riverbed and flows back to the main stream, 

which is driven by the pressure difference due to morphology of the streambed (Marzadri et al., 
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2005; Tonina and Buffington, 2009). While surface water normally has a velocity of 0.1-2 m/s, 

hyporheic flow velocity is 0.00001-0.01 m/s (Boulton et al., 1998). However, recent studies have 

seen higher hyporheic flow velocity (up to 0.04 m/s) in laboratory experiments (Fruetel, 2016). 

Hyporheic flow is considered to play an important role in providing oxygen and nutrients to fish 

eggs in the sediment, removing metabolic wastes (Bjornn and Reiser, 1991; Boulton et al., 1998), 

and as a pathway for contaminant transport (Fox et al., 2014). When oil is spilled to a river, 

turbulence can mechanically disperse an oil slick into droplets and entrain these droplets into the 

water column. Hyporheic flow can then transport these oil droplets into the riverbed sediment 

(Hodson et al., 2011; RSC, 2015). These droplets can get trapped in the porous media near sensitive 

regions where fish species often deposit eggs (Hodson et al., 2011). If these droplets get trapped 

and dissolve into the interstitial water, chronically toxic exposure to the downstream river and 

sediment can be created by hyporheic flow flushing through the zone of retained droplets with the 

residual bitumen providing a continuous source for dissolution (Hodson et al., 2011). 

 

 

Figure 1.1: Hyporheic flow in a gravel dominated river (Naturemappingfoundation, 2016) 
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Despite these potential risks and the history of pipeline failures, oil spills in freshwater systems 

have not been widely studied compared to the considerable research on spills in marine systems.  

In addition, studies concerning sediment contamination in freshwater have not investigated oil 

transport by hyporheic flow (RSC, 2015), and there is little information about the fate and 

behaviour of dilbit compared to other oils. 

 

1.2 Research Objectives 

The purpose of this study was to investigate the flow and trapping of dilbit droplet transport through 

riverbed sediment representative of gravel-dominated rivers by hyporheic flow. It was addressed 

using a series of laboratory experiments performed by flowing dilbit droplets through a one-

dimensional gravel-packed aluminum column under different conditions. Distinct research 

objectives were to: 

 

1) quantify the mass of dilbit that can be trapped in gravel by droplet flow,  

2) determine the effects of velocity, gravel size and clean water wash on the distribution profile 

of trapped droplet mass along the gravel packed column, 

3) assess the primary dilbit droplet trapping mechanism by fitting attachment and straining 

filtration models to the experimental data. 

 

A separate set of experiments were also conducted by flowing dilbit droplets through a one-

dimension glass column packed with glass beads to visualize the trapping pattern of dilbit droplets 

in porous media.  

 



5 

 

1.3 Organization of Thesis 

This thesis is organized in a manuscript format. Chapter 2 contains a literature review of physical 

and chemical properties of dilbit, fate and behaviour of spilled dilbit, formation of oil droplets and 

mathematical models for emulsion and colloid transport in porous media. Chapter 3 presents 

experimental data of dilbit droplet transport and retention in a gravel-packed aluminum column, 

and will be submitted as a peer-reviewed journal paper. Five sets of experiments were carried out 

under different conditions - two velocities, two gravel sizes and different duration of clean water 

wash were applied. Two models focused on either attachment filtration or straining filtration were 

employed to fit the experimental data to investigate the primary trapping mechanism. Chapter 4 

includes conclusions and recommendations for future research. Because of the manuscript format, 

readers may find duplications between Chapter 1 and Chapter 2 and the first two sections of Chapter 

3, as well as between Chapter 4 and the conclusion section of Chapter 3. Appendices include photos 

of the experimental apparatus, a brief procedure for and results of the visualization experiments, 

supplementary data of trapped dilbit mass in each experiment with gas chromatography (GC) 

calibration curves, figures of the mass distribution of F2, F3, F4 fractions, total F2-F4 fractions 

with fitted models and dilbit saturation along the gravel pack for each experiment and the 

development of analytical solutions to both the attachment and straining models. 

 

1.4 References 

Bjornn, T., & Reiser, D. W. (1991). Habitat requirements of salmonids in streams. American 

Fisheries Society Special Publication, 19(837), 138. 

Boulton, A. J., Findlay, S., Marmonier, P., Stanley, E. H., & Valett, H. M. (1998). The functional 

significance of the hyporheic zone in streams and rivers. Annual Review of Ecology and Systematics, 

59-81. 

CAPP (Canadian Association of Petroleum Producers). (2016). Crude Oil Forecast, Markets & 

Transportation. 

Dew, W., Hontela, A., Rood, S., & Pyle, G. (2015). Biological effects and toxicity of diluted 

bitumen and its constituents in freshwater systems. J. Appl. Toxicol., 35(11), 1219-1227.  



6 

 

Dollhopf, R., & Durno, M. (2011, March). Kalamazoo River\ Enbridge Pipeline Spill 2010. 

In International Oil Spill Conference Proceedings (IOSC) (Vol. 2011, No. 1, p. abs422). American 

Petroleum Institute. 

Environment Canada (2013). Properties, Composition and Marine Spill Behaviour, Fate and 

Transport of Two Diluted Bitumen Products from the Canadian Oil Sands. 

EPA (Environmental Protection Agency). (2016). EPA Response to Enbridge Spill in Michigan | 

US EPA. Retrieved 11 August 2016, from: https://www.epa.gov/enbridge-spill-michigan  

Fisheries and Oceans Canada (2015). A literature review on the aquatic toxicology of petroleum 

oil: An overview of oil properties and effects to aquatic biota. DFO Can. Sci. Advis. Sec. Res. Doc. 

2015/007. 52 p 

Fox, A., Boano, F. and Arnon, S. (2014). Impact of losing and gaining streamflow conditions on 

hyporheic exchange fluxes induced by dune-shaped bed forms. Water Resources Research, 50(3), 

1895-1907. 

Fruetel, C. (2016). Analysis of hyporheic flow induced by a bar in a gravel stream: an experimental 

study. Masters of Applied Science. Queen's University. 

Hodson, P., Collier, T. and Martin, J. (2011). Toxicity of Oil to Fish – Potential Effects of an Oil 

Spill into the Kitimat River from a Northern Gateway Pipeline Rupture. 

Jahan, N., Fawcett, J., King, T., McPherson, A., Robertson, K., Werner-Zwanziger, U. and 

Clyburne, J. (2015). Bitumen on Water: Charred Hay as a PFD (Petroleum Flotation Device). JMSE, 

3(4), 1244-1259. 

Marzadri, A., Vignoli, G., Bellin, A., & Tubino, M. (2005). Effect of bar topography on hyporheic 

flow in a gravel-bed river. River, Coastal and Estuarine Morphodynamics: RCEM, 455-462. 

Naturemappingfoundation. (2016). Washington NatureMapping Program. Retrieved 5 October 

2016, from: http://naturemappingfoundation.org/natmap/ 

Perez, S., Furlan, P., Ellenberger, S., & Banker, P. (2016). Estimating diluted bitumen entrained by 

suspended sediments in river rapids using O2 absorption rate. International Journal of 

Environmental Science and Technology, 13(2), 403-412. 

RSC (The Royal Society of Canada). (2015). The Behaviour and Environmental Impacts of Crude 

Oil Released into Aqueous Environments. 

Tonina, D., & Buffington, J. M. (2009). Hyporheic exchange in mountain rivers I: Mechanics and 

environmental effects. Geography Compass, 3(3), 1063-1086. 

Tonina, D., & Buffington, J. M. (2011). Effects of stream discharge, alluvial depth and bar 

amplitude on hyporheic flow in pool‐riffle channels. Water resources research, 47(8). 

USGS, (2015). Oil-Particle Interactions and Submergence from Crude Oil Spills in Marine and 

Freshwater Environments— Review of the Science and Future Science Needs. 

 



7 

 

Chapter 2  

Literature Review 
 

2.1 Diluted Bitumen 

2.1.1 Overview 

The Alberta oil sands deposit is the third largest oil reserve in the world after Saudi Arabia and 

Venezuela (Environmental Canada, 2013; Dew et al., 2015; Alberta Energy, 2016). Oil produced 

from these natural oil sands deposits is called bitumen, which is a very viscous crude oil comprised 

of heavy oil, sand, clay and water (Jahan et al., 2015). Bitumen is produced via a series of processes 

such as direct mining and in-place extraction (Read and Whiteoak, 2003; PGL Environmental 

Consultants, 2015; King et al., 2015). Due to the high viscosity of bitumen, a dilution process 

involving bitumen and diluent (traditionally condensate) is utilized to produce diluted bitumen 

(dilbit), which meets the specification for pipeline transportation (Environmental Canada, 2013; 

POLARIS Applied Sciences, Inc., 2013; Alberta Innovates Technology Futures, 2014; API, 2016). 

Dilbit is generally composed of 20% to 30% diluent and 70% to 80% bitumen (Crosby et al., 2013; 

Environmental Canada, 2013; Dew et al., 2015). 

 

Two dilbit products, Access Western Blend (AWB) and Cold Lake Blend (CLB), were the highest-

volume products transported by pipeline in Canada for 2012-2013 (Environment Canada, 2013). 

Hence, the physical and chemical properties of only these two dilbit products are discussed in detail 

in this section. 

 

2.1.2 Physical Properties 

The physical properties of fresh and weathered AWB and CLB are listed in Tables 2.1 and Table 

2.2. Among all, density, viscosity, surface tension and interfacial tension are the physical properties 

that are most relevant to the fate and behaviour of oil spills (Environment Canada, 2013). The 
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density of dilbit can vary from slightly less to greater than that of water, depending on the dilbit’s 

initial composition, extent of weathering and temperature. If spilled, dilbit floats on the water 

surface and it can be removed via skimming and booming processes. Dilbit is more difficult to 

locate and clean up in cases when its density is greater than that of water (Environment Canada, 

2013; King et al., 2015; Dew et al., 2015). API (American Petroleum Institute) gravity is a 

petroleum industry standard for describing the density of oil at 15.6 °C relative to that of water. 

When an oil’s API gravity is greater than 10, that oil will float on water, but it sinks if its API 

gravity is less than 10. The spreading rate of dilbit is controlled by its viscosity, which is determined 

its composition and temperature (Fingas, 2015). Viscosity decreases when lighter fractions such as 

saturates become greater and asphaltenes become lesser, and it is higher at lower temperature 

(Fingas, 2015). Interfacial tension affects the final thickness of an oil slick and the size of dispersed 

oil droplets (Environment Canada, 2013).  

 

2.1.3 Chemical Composition 

Dilbit is the mixture of two highly variable products - bitumen and diluent, which makes its 

chemical composition more complicated. Petroleum hydrocarbons are commonly defined under the 

following four classifications: saturated hydrocarbons, aromatics, resins, and asphaltenes (SARA), 

and all four are present in bitumen (Dew et al., 2015; RSC, 2015; PGL Environmental Consultants, 

2015). Diluent is commonly condensate, which is light oil extracted during natural gas production 

(Environment Canada, 2013; PGL Environmental Consultants, 2015). 

 

Particular attention has been paid to aromatics in diluted bitumen due to their relatively high 

toxicity among SARA hydrocarbons, especially in aquatic systems (Dew et al., 2015; PGL 

Environmental Consultants, 2015; Fisheries and Oceans Canada, 2015). Aromatics includes: 1) 

monoaromatic hydrocarbons, such as benzene, toluene, ethylbenzene and xylene (BTEX) and 2) 

polycyclic aromatics hydrocarbons (PAHs). Greater amount of BTEX leads to more evaporation
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Table 2.1: Physical properties of CLB (Environment Canada, 2013) 

 

Degree of Evaporation (Mass Loss w/w%) 

Fresh 

(0%) 

W1 

(8.5%) 

W2 

(16.9%) 

W3 

(25.3%) 

W4 

(26.5%) 

Density 

(g/mL) 

0°C 0.9376 0.9665 0.9909 1.0130 1.0176 

15°C 0.9249 0.9537 0.9816 1.0034 1.0085 

20°C 0.9216 0.9471* NR NR NR 

Dynamic Viscosity 

(mPa·s) 

0°C 803 6.98 × 103 1.29×105 1.85×107 5.71×107 

15°C 285 1.33×103 1.83×104 3.91×105 3.21×105 

40°C 59 175* NR NR NR 

Surface Tension 

(Air/Oil, mN/m) 

0°C 30.0 30.8 NM NM NM 

15°C 28.8 30.1 30.2 NM NM 

20°C 28.0 NR NR NR NR 

Interfacial Tension 

(Oil/Water, mN/m) 

0°C 30.6 NM NM NM NM 

15°C 27.7 28.9 NM NM NM 

API Gravity 15.6°C 21.0 16.5 12.5 9.5 8.8 

Emulsion Formation Stability Class Meso Entrained Entrained Entrained Entrained 

NM – Not Measurable, too viscous; 

NR – Not Reported; 

*Measured at 8.8% evaporated via sparging; 

API gravity is a petroleum industry standard for describing the density of oil at 60°F (15.6°C) relative to that of water. 

W1, W2, W3 and W4 represent weathered dilbit with 8.5%, 16.9%, 25.3% and 26.5% mass loss of fresh dilbit 
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Table 2.2: Physical properties of AWB (Environment Canada, 2013) 

 

Degree of Evaporation (Mass Loss w/w%) 

Fresh 

(0%) 

W1 

(8.5%) 

W2 

(16.9%) 

W3 

(25.3%) 

W4 

(26.5%) 

Density 

(g/mL) 

0°C 0.9399 0.9646 0.9949 1.0214 1.0211 

15°C 0.9253 0.9531 0.9846 1.0127 1.0140 

20°C 0.9148 0.9547* NR NR NR 

Dynamic Viscosity 

(mPa·s) 

0°C 1.30×103 9.82×103 2.04×105 9.35×107 >1.00×108 

15°C 347 1.72×103 2.97×104 2.52×105 7.91×106 

40°C 59.8 348* NR NR NR 

Surface Tension 

(Air/Oil, mN/m) 

0°C 31.2 31.9 NM NM NM 

15°C 30.2 31.1 31.2 NM NM 

20°C 27.5 NR NR NR NR 

Interfacial Tension 

(Oil/Water, mN/m) 

0°C 24.8 NM NM NM NM 

15°C 24.2 28.0 NM NM NM 

API Gravity 15.6°C 20.9 16.6 12.0 8.2 8.0 

Emulsion Formation Stability Class Entrained Entrained Entrained Entrained DNF 

DNF – Did not Form, too viscous; 
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following an oil spill, and greater differences between the behaviour of fresh and weathered oil. 

Lower molecular weight PAHs are generally highly soluble and volatile, thus they are acutely toxic 

and generally remain in the environment for hours to days following a spill (Fisheries and Oceans 

Canada, 2015). In contrast, higher molecular weight PAHs are less soluble but also less volatile, 

hence, they remain longer in the environment and are chronically toxic (Fisheries and Oceans 

Canada, 2015).  

 

Chemical compositions can also affect the physical properties of dilbit. Viscosity is higher if heavy 

components are greater, and the amount of resin dilbit contains will largely determine its surface 

tension (PGL Environmental Consultant, 2015). 

 

Table 2.3 presents the selected chemical data of CLB and AWB between October 2012 and October 

2013 (Environment Canada, 2013). Tables 2.4 and Table 2.5 list the volume percent of BTEX and 

light ends components in CLB and AWB.  

 

Table 2.3: Selected chemical data of CLB and AWB (Environment Canada, 2013) 

Name Sulphur (wt%) Sediment (ppmw) Light Ends* (vol%) BTEX (vol%) 

CLB 3.78 (±0.08) 94 (±42) 20.4 (±1.5) 1.06 (±0.17) 

AWB 3.94 (±0.09) 89 (±8) 24.1 (±1.7) 1.20 (±0.15) 

*Light Ends compromise the sum of all butanes through decanes, inclusive. 

Average value presents, and the standard deviation in the bracket  

 

Table 2.4: BTEX (volume percent) for AWB and CLB 

Component Benzene Toluene Ethyl Benzene Xylenes 

CLB 0.22±0.04 0.37±0.10 0.05±0.02 0.30±0.10 

AWB 0.25±0.06 0.43±0.12 0.05±0.02 0.33±0.10 

Source: CrudeMonitor (July 01, 2016) – 5 year average 
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Table 2.5: Light ends summary (volume percent) for AWB and CLB 

Component 
Methane-

Propane 
Butanes Pentanes Hexanes Heptanes Octanes Nonanes Decanes 

CLB 
0.05± 

0.02 

1.06± 

0.33 

7.01± 

1.50 

5.50± 

0.54 

3.35± 

0.45 

2.10± 

0.49 

1.32± 

0.38 

0.65± 

0.21 

AWB 
0.05± 

0.03 

0.75± 

0.20 

9.29± 

1.47 

6.59± 

0.64 

4.08± 

0.51 

2.34± 

0.46 

1.18± 

0.31 

0.54± 

0.16 

Source: CrudeMonitor (July 01, 2016) – 5 year average 

 

2.1.4 Fate and Behaviour of Dilbit Spills 

Pipelines, railways and trucks are the three main methods for crude oil transportation to refineries 

or ocean ports. In each method of transportation there is potential for the accidental release of oil 

(spills and leakages) into ecological sensitive regions (CAPP, 2015; Jahan et al., 2015; Dew et al., 

2015). Even though the incidents of oil spills into marine and freshwater systems due to pipeline 

leakage are not frequent, the consequences of this possible hazard can be detrimental to the 

environment, local aquatic ecosystems and human health (RSC, 2015). When oil is spilled and is 

exposed to the environment its physical and chemical properties will change due to weathering. 

Weathering includes the processes of evaporation, emulsification, natural dispersion, dissolution, 

photo-oxidation, and sedimentation. Evaporation is normally considered to be the most important 

because it determines how much mass of oil can stay on the surface of the water (Fingas, 2015, 

RSC, 2015) because it causes the greatest increase in density.  

 

Experiments have been conducted using both CLB and AWB to investigate the effect of weathering 

processes on the behaviour of spilled oil in both freshwater (SL Ross, 2012) and marine 

(Environment Canada, 2013; King et al., 2014) systems. SL Ross (2012) conducted experiments in 

an 8.7 m × 0.5 m × 1.5 m flume using CLB exposed to wind shear and water currents with and 

without ultraviolet (UV) light exposure. Their results showed that the density of CLB increased to 

0.995 g/cm3 without light exposure, and reached 0.998 g/cm3 during the test with UV light. The 
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viscosity of CLB also increased with UV exposure, evaporation and dissolution, with viscosity 

increasing faster due to UV exposure. Importantly, the SL Ross (2012) experiments included a 

water cascade to increase weathering. Water falling onto the dilbit spilled in the flume created 

droplets with sizes of 1-4 mm (by visual observation), which were submerged up to 10 cm below 

the water surface and resurfaced 1 m (and 4 s) downstream of the cascade. As weathering continued, 

larger droplets were formed that were not submerged as deep below the water surface. Although 

few details were reported in the SL Ross (2012) study, their results demonstrate the potential for 

oil droplet formation followed by submergence despite densities greater than water. The flume used 

in these experiments did not contain sediments, and no transport of oil droplets to or into sediments 

was investigated. 

 

Additional bench-scale experiments and wave tank (32 m × 0.6 m × 2 m) experiments were 

performed by Environmental Canada (2013) to study the fate and behaviour of dilbit spill in marine 

systems. Their results also showed that the density of dilbit increased with evaporation, and the 

most weathered dilbit (using both AWB and CLB) have densities greater than freshwater but less 

than saltwater. Viscosity increased much faster with increasing evaporation compared to the change 

of density (AWB is more dense and viscous than CLB for all the samples measured). Their results 

also demonstrated changes in chemical composition during weathering. The proportion of both 

saturates and aromatics decreased while non-volatile resin and asphaltene groups increased during 

the weathering process for both AWB and CLB. Results from wave tank experiments showed that 

dilbit can be driven below the water surface by breaking waves and resurface as large (> 75 μm) 

oil droplets. These drops then coalesce to reform an oil slick. As in the SL Ross (2012) study, these 

results demonstrate the potential for oil droplet formation followed by the submergence of those 

droplets. 
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King et al. (2014) performed a series of experiments to demonstrate that the weathering of dilbit 

can cause light components to evaporate, and that the weathered oil can become dense enough to 

sink. In their experiments, CLB and AWB were both weathered for 13 days in a flume tank (with 

currents and rainfall). During weathering of AWB, droplets were observed to detach from a surface 

slick and sink in seawater after 6 days. This behaviour was not observed for CLB because it contains 

a greater concentration of alkylated polycyclic aromatic hydrocarbons, and more extreme 

weathering changes are needed for CLB to sink (King et al., 2014). 

 

Oil spills in freshwater systems are different than spills in marine systems. First of all, there is less 

water volume available for dilution and degradation of oil in freshwater systems, so higher amounts 

of oil in water may be maintained for longer periods. Secondly, even though the density of dilbit is 

less than both fresh water (~1 g/cm3) and sea water (~1.03 g/cm3), weathered dilbit (light fractions 

lost by evaporation and dissolution) can become more dense and may sink in rivers (Fingas, 2015; 

PGL Environmental Consultants, 2015; RSC, 2015), making remediation more difficult (Jahan et 

al., 2015). Oil can also sink due to interaction with sediment particulates or organic matter which 

forms oil-particle aggregates (OPA) when there is a submerged leak of dilbit in a high flow energy 

water body (Dew et al., 2015; USGS, 2015). Sinking dilbit in rivers has received lots of public 

attention, which is the case of adverse Kalamazoo River oil spill in July 2010 - the largest inland 

dilbit spill and one of the costliest spills in U.S. history. The unremoved dilbit that mixed with 

sediment particles and sank to the river bottom could be harmful to aquatic organisms. It was 

reported that 20 to 30% of the spilled dilbit was still present in the river sediment in August 2013 

(Dew et al., 2015). Lastly, oil spills in freshwater systems are different due to the risk associated 

with hyporheic flow, where surface water in rivers and shallow groundwater are mixed through the 

porous sediment (Tonina and Buffington, 2009). Figure 2.1 presents the hyporheic flow path driven 

by pressure differences between downwelling and upwelling flow. The Royal Society of Canada 

(RSC, 2015) has identified that suspended oil droplets could be entrained into riverbed porous 
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media by hyporheic flow, creating the potential for the contamination of sediments and pore water 

with free-phase oil or dissolved hydrocarbons (Figure 2.2).  

 

 

Figure 2.1: Hyporheic exchange due to pressure differences (Tonina and Buffington, 2009) 

 

2.2 Formation of Oil Droplets 

2.2.1 Oil Dispersion 

A thin layer of oil (oil slick) can be formed when oil spills onto a water surface. Immiscible and 

non-volatile components of the oil remain on the water surface while other fractions evaporate and 

dissolve into the water (Tkalich and Chan, 2002). Turbulence generated by waves or currents in 

waterbodies can disperse or emulsify an oil slick into oil droplets (Delvigne and Sweeney, 1988; 

RSC, 2015; USGS, 2015). In marine systems, natural dispersion occurs when there is mechanical 

wave action and/or turbulence that break oil into droplets (Figure 2.3) (RSC, 2015). In rivers, oil 

might also be dispersed into droplets by turbulence in rivers that have large gradients, high 

velocities and/or highly permeable riverbed sediment (RSC, 2015). Generally, oil droplets with 

small sizes can stay stable in the water column for a relatively longer time while the bigger size 

drops may refloat to the water surface and coalesce together (RSC, 2015).  
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Figure 2.2: Overview of processes affecting the fate and behaviour of oil spilled in freshwater and marine environment (RSC, 2015) 
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Fate and behaviour of oil droplets in waterbodies are affected by the sizes of oil droplets (Zhao 

et al., 2014). Turbulence level (characterized as breaking wave energy in marine systems) is 

considered to be one of the important parameters that influences the droplet size and droplet 

size distribution during natural dispersion (Delvigne and Sweeney, 1988). However, the 

generation of dilbit droplets as well as the magnitudes of different energy types in rivers have 

not received much research attention compared to studies in marine systems. Hence, oil 

dispersion in marine systems is reviewed here to provide insight concerning the relationship 

between the energy generated by turbulence and the corresponding oil droplet size.  

 

 

Figure 2.3: Natural dispersion of oil into the water column (RSC, 2015) 

 

Typical values of energy dissipation rate per volume (e [ML-1T-3]) in field conditions associated 

with marine systems are listed below (Delvigne and Sweeney, 1988): 

1) deep-sea e = 10-4 to 10-2 W/m3; 

2) estuary e = 10-1 to 1 W/m3; 
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3) surface layer e = 1 to 10 W/m3; 

4) breaking wave e = 103 to 104 W/m3. 

 

2.2.2 The Relationship Between Energy and Droplet Size 

Hinze (1955) proposed that the droplet size does not depend on oil viscosity but inertial forces 

(referred to by the authors as dynamic pressure force). When inertial forces dominate droplet 

breakup, the breakup occurs when the Weber number (𝑊𝑒) exceeds a critical value (Li and 

Garrett, 1998). 

 

𝑊𝑒 =
𝜌𝑞2̅̅̅̅ 𝑑

2𝛾
                                                              (2.1) 

 

where ρ is the water density [ML-3], 𝑞2̅̅ ̅ is the averaged squared velocity difference in the flow 

over a distance of the droplet radius [L2T-2], d is the droplet diameter [L] and γ is the oil-water 

interfacial tension [MT-2]. 

 

To investigate the influential factors that affect the drop size, Delvigne and Sweeney (1988) 

conducted three experiments to generate oil droplets using a grid column, an oil flume and a 

delta flume respectively. Homogenous turbulence with different energy levels were used in grid 

column experiments. The values of e were varied from 0 to 3500 W/m3, with 5 s and 600 s 

turbulence duration of grid oscillation. Results showed that the mean droplet size varied with 

of oil viscosity, magnitude of turbulence energy and turbulence duration (Figure 2.4). Oil with 

low viscosity broke into droplets with sauter equivalent diameter (equivalent spherical diameter) 

less than 0.005 m, while high viscosity oil with a density closer to water remained as a large oil 

slick (Shaw, 2003). In terms of turbulence duration, Li et al. (2007) presented that longer 

dispersion duration by breaking waves will generate smaller oil droplets, and 50% of the drop 

size was almost an order of magnitude lower than the initial size after 300 minutes of turbulent 

mixing by breaking waves in their experiments. 
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The experimental data of Delvigne and Sweeney (1988) showed that droplet size depends on 

oil viscosity, contrary to the theory of Hinze (1955). Li and Garrett (1998) also presented that 

viscous shear rather than inertial force should be the leading force to overcome the surface 

tension force when droplet sizes are small. Therefore, an alternative theory based on the 

assumption that viscous shear is the mechanism for breakup was developed (Li and Garrett, 

1998).  

 

 

Figure 2.4: Mean droplet size (µm) versus energy dissipation rates per volume e (W/m3). Solid 

circle, rectangular, triangle and diamond stand for viscosity of 7.29&8 cST, 23.9 cST, 92&122 

cST and 220 cST respectively. Red, orange, blue and green stand for 1/12min, 5min, 10min, 

95min. 
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Li and Garrett (1998) proposed that two mechanisms could result in the breakup of oil droplets, 

one at low Reynolds number (Re) and one at high Reynolds number. Reynolds number is a 

dimensionless number expressing the balance of inertial forces and viscous forces:  

 

𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=

𝜌𝑢𝑙𝑐

𝜇
                                                 (2.2) 

 

where u is the velocity of the fluid [LT-1], lc is the characteristics length [L] and μ is the dynamic 

viscosity of the fluid [ML-1T-1]. 

 

If Reynolds numbers are large, inertial force is the cause of droplet breakup, and radii of 

droplets are hundreds of microns. However, when Reynolds numbers are small, viscous shear 

associated with small turbulent eddies is dominant, and radii of droplets are tens of microns.  

Conditions of high viscous shear (small Re) occur at high energy dissipation rates, while 

conditions of high inertial force (large Re) occur at low energy dissipation rates. For example, 

results for Prudhoe Bay oil (Figure 2.5) show the relationship between maximum droplet size 

versus the energy dissipation rate per unit mass ε, which equals to e/ρ (Li and Garrett, 1998). 

Prudhoe Bay oil has the dynamic viscosity of 0.1 kg/(m.s), density of 900 kg/m3 and oil-water 

interfacial surface tension coefficient of 10-2 N/m (Li and Garrett, 1998). The yellow line (Hinze, 

1955) represents that inertial forces dominate the droplet breakup at low energy dissipation rate, 

and the blue line and green line represent that viscous shear dominates the droplet breakup at 

high energy dissipation rate. Li and Garrett (1998)-1 and Li and Garrett (1998)-2 are obtained 

by equation 2.6 and equation 2.7, respectively. 
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Figure 2.5: Maximum droplet diameter (dmax) versus the mean energy dissipation rate per unit 

mass (ε = e/ρ) for Prudhoe Bay oil, showing two mechanisms for droplet breakup under low 

and high energy dissipation rates.  

 

The dissipation rate per unit mass εc (W/kg) at the transition point between the inertial force 

and viscous shear mechanism can be calculated and the corresponding droplet diameter at the 

transition point (dc) are given by (Li and Garrett, 1998): 

 

𝜀𝑐 = (
𝛼1

𝑐
)

5/3
(

𝛾

𝜇
)

5
(

𝛾

𝜌
)

−1
(

𝜇𝑜

𝜇
)

5/8
                                             (2.3) 

 

𝑑𝑐 = 2𝛼1 (
𝛼1

𝑐
)

−5/3
(

𝛾

𝜇
)

−2
(

𝛾

𝜌
) (

𝜇𝑜

𝜇
)

−1/4
                                        (2.4) 

 

where α1 and c are constants (α1 ≈ 2.6 x 10-5 and c ≈ 0.363) and μo is the dynamic viscosity of 

oil. 
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In the inertial force regime (large Re), the maximum droplet diameter is given by (Hinze, 1955): 

 

𝑑𝑚𝑎𝑥 = 2𝑐 (
𝛾

𝜌
)

3

5
𝜀−

2

5                                                       (2.5) 

 

In the viscous shear regime (small Re), if the droplet diameter is greater than or equal to the 

Kolmogorov microscale, which is expressed as dmax ≥ ηk, the maximum droplet diameter is 

given by (Li and Garrett, 1998): 

 

𝑑𝑚𝑎𝑥 = 2𝛼1 (
𝛾

𝜇
)

3
𝜀−1 (

𝜇𝑜

𝜇
)

3/8
                                               (2.6) 

 

but if dmax < ηk, then: 

 

𝑑𝑚𝑎𝑥 = 2𝛼2 (
𝛾

𝜇
) 𝑣1/2𝜀−1/2 (

𝜇𝑜

𝜇
)

1/8
                                           (2.7) 

 

where α2 is constant (≈ 0.019), v is the kinematic viscosity of water [L2T-1], and 𝜂𝑘 =

(𝑣3/𝜀)1/4 is the Kolmogorov micro-length scale [L]. 

 

2.3 Emulsion and Colloid Transport in Porous Media 

2.3.1 Emulsion 

An emulsion is a particular type of colloidal dispersion in which a liquid is dispersed in a 

continuous liquid phase of different composition (Schramm, 2005). The dispersed phase can be 

also referred to as the internal phase and the continuous phase as the external phase. Emulsions 

are normally classified by three main methods: 1) the different phase contents; 2) the droplet 

size; 3) the stability and the ratio of drop size to pore size. 
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Emulsion flow in porous media is different from immiscible flow of non-aqueous phase liquid 

(NAPL), including oil, in porous media. Both oil and water will interact with the flow channels 

and compete for flow paths during immiscible flow. Normally oil, with a higher viscosity than 

water, will have a slower velocity compared to water. However, in emulsion flow, oil is 

dispersed in water as small droplets and oil and water have the same velocity. Moreover, the 

mechanism of oil trapping is also different. During immiscible flow, trapped oil is formed by 

snap-off and bypassing while filtration is the primary retention mechanism in emulsion flow 

(Ouyang et al., 1995). 

 

2.3.2 Influential Parameters for Emulsion Transport 

Parameters which affect emulsion transport are listed below. 

 

Ratio of drop size to pore size: There are two main mechanisms of permeability reduction 

during emulsion transport in porous media: straining and interception (McDowell-Boyer et al., 

1986; Soma et al., 1995). Straining often happens when the droplet size is greater than the pore 

size, so that droplets block the pore throats when they get retained. Interception is dominant 

when drop size is smaller than the pore size, and droplets deposit on the surface of the porous 

medium due to various physical forces (Soo and Radke, 1984). Interception is one of the main 

mechanisms included in physical-chemical filtration (Bradford et al., 2002). 

 

Velocity: The effect of velocity on stable emulsion transport in porous media has been 

investigated in studies of deep bed filtration, and depends on the capture mechanism of droplets 

– straining and interception (Soma et al., 1995; Soo and Radke, 1984). When straining is the 

primary mechanism, velocity will affect the droplets capture rate. Moreover, the retained 

droplets might be able to re-enter into the flow stream if the velocity exceeds the capillary 

resistance so that the drops can be deformed and squeezed out of the pore throat (Soo and Radke, 

1984). When interception is the primary mechanism and droplets are captured in the crevices 
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formed by sand grains or retained in recirculation eddies (dead space), velocity has little effect 

on the flow of trapped droplets. However, if droplets are retained on the grain surface, the 

attachment and detachment rates can be both be affected by velocity. In addition, droplets 

captured by interception mechanism can even break up and re-entrain into the flow as daughter 

droplets (Soo and Radke, 1984). 

 

Stability: The flow of unstable and stable emulsions in porous media can be different. When 

an emulsion is unstable, coalescence can occur and the retained oil droplets act like an 

intermediate between the dispersed oil phase and the continuous oil phase (Spielman and Su, 

1977). Large permeability reductions are usually caused by unstable emulsions while stable 

emulsions normally lead to small permeability reductions, and the retention of emulsions 

resembles the deep bed filtration process (Soma et al., 1995). 

 

Wettability: Wettability plays an important role when considering unstable emulsion flow 

through porous media. Madia et al. (1976) found out that coalescence of oil drops takes place 

more effectively on oil-wet compared to water-wet packing materials. When spreading exists, 

already adsorbed droplets can spread on the surface to form a thin film of oil or coalesce with 

other droplets (Soma et al., 1995). 

 

Solution chemistry: Solution chemistry is more significant than capillary forces for emulsions 

with drop sizes that are smaller than the pores (Cartmill and Dickey, 1970). If oil droplets carry 

the opposite charge compared to the porous medium, the adsorption rate of droplets on the grain 

surface will increase. 

 

2.3.3 Mathematical Models for Emulsion Transport 

There are three mathematical models that are often used to describe emulsion flow in porous 

media: 1) homogeneous model, 2) droplet retardation model and 3) filtration model (Soo and 
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Radke, 1986; Schramm, 1992; Ouyang et al., 1995; de Farias et al., 2016; Demikhova et al., 

2016). 

 

Homogeneous model: The emulsion is treated as a single-phase non-Newtonian homogeneous 

fluid in this model, and interaction between droplets and the soil surface is ignored (Alvarado 

and Marsden, 1979). It is only appropriate to describe concentrated emulsions with smaller drop 

size to pore size (Demikhova et al., 2016). The drawback of this simple theory is that it does 

not consider permeability reduction, which is not what has been observed in experiments. 

Hence, better models have emerged. 

 

Droplet retardation model: Droplets with bigger sizes than the pore throats will deform and 

squeeze through when they pass by the pore constrictions in this model (Schramm, 1992; 

Ouyang et al., 1995), which can be described by (Devereux, 1974): 

 

𝜃 (
𝜕𝑆

𝜕𝑡
)

𝑥
= − [

𝑑𝑘𝑒

𝑑𝑆
(

𝜕𝑆

𝜕𝑥
)

𝑡
(

𝜕𝑝

𝜕𝑥
)

𝑡
+ 𝑘𝑒 (

𝜕2𝑝

𝜕𝑥2)
𝑡
]                                     (2.8) 

 

where θ is porosity [-], S is the saturation of internal phase (volume fraction) [L3L-3], t is time 

[T], x is distance [L], ke is the permeability of continuous phase, and p is pressure [ML-1T-2]. 

 

The biggest limitation of this model that no droplets are captured in the porous medium as soon 

as water flushes through it, which is contradictory with the experimental results that the 

permeability cannot be totally restored after a water wash (Soo and Radke, 1984; de Farias et 

al., 2016; Demikhova et al., 2016). 

 

Filtration model: Previous experiments investigating the transport of dilute and stable oil-in-

water emulsions though the quartz sandpacks showed that emulsion flow does not look like 

continuum viscous liquid flow or the squeezing of oil through pore constrictions, but is similar 
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to a filtration process used in water and wastewater treatment (Soo and Radke, 1984). A 

filtration model based on traditional deep bed filtration theory (Herzig et al., 1970) was 

developed to describe emulsion flow in porous media (Soo and Radke, 1986; Soo et al., 1986). 

 

Deep bed filtration has been used in many industrial applications to remove fine and colloidal 

particulates from liquid suspensions (Wnek et al., 1975; Rege and Fogler, 1988). It is called 

deep bed filtration because the retained particles deposit at different locations along the filter 

bed inside the porous medium (Rajagopalan and Tien, 1976; Tien and Payatakes, 1979). Deep 

bed filtration models are classified as empirical models, trajectory analysis models, stochastic 

models or network models (Rege and Fogler, 1988; Gitis et al., 2010). They can also be broadly 

viewed as macroscopic or microscopic models (Tien and Payatakes, 1979; Jegatheesan and 

Vigneswaran, 2005; Gitis et al., 2010). Mathematical models at the macroscopic scale normally 

characterize filtration using several model parameters, such as the filter coefficient, which 

implicitly includes the physical and chemical characteristics that control particle retention 

(Herzig et al., 1970; Tien and Payatakes, 1979; Jegatheesan and Vigneswaran, 2005). The filter 

coefficient, which accounts for the collection of deposits, cannot be predicted and is usually 

determined by experimental results. Different relationships between the filter coefficient and 

the specific deposit have been put forward, and some of them were summarized in Jegatheesan 

and Vigneswaran (2005). While macroscopic models focus on cumulative deposits, 

microscopic models attempt to describe the effects in a more predictable way, and treat porous 

media grains as collectors. Microscopic models take into consideration the electrostatic forces 

that may influence the particles being removed by the filter (Jegatheesan and Vigneswaran, 

2005), and Yao et al (1971) was the first to use a particle trajectory concept to study particle 

deposition in water filtration by estimating the rate of particle retention (Rajagopalan and Tien, 

1976).  
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Deep bed filtration model (Herzig et al., 1970) needs to be modified to describe emulsion 

transport in porous media because even though emulsion flow is similar to that of a deep bed 

filtration process, it is different in two main aspects (Figure 2.6) (Soo and Radke, 1986):  

 

a) In the traditional deep bed filtration model, the ratio of particle size to pore size is usually 

small and straining is not normally considered. Interception is taken as the dominant mechanism 

for droplet retention, where particles are captured mostly on the surfaces of the porous medium. 

However, an emulsion which has comparable droplet size to pore size, both interception and 

straining can be the capture mechanisms with the possibility of straining being the dominant 

mechanism.  

 

b) In the traditional deep bed filtration model, only solid particles are considered, which may 

not be applicable for dispersed liquid droplet flow. Because liquid drops are deformable, they 

may reenter the flow system when the local pressure drop is high enough to overcome the 

capillary trapping forces.  

 

 

Figure 2.6: Two mechanisms of emulsion flow in porous media (Soo and Radke, 1986) 
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Because of these differences, the traditional deep bed filtration model was modified by Soo and 

Radke (1986) to simulate emulsion flow in porous media (Rege and Fogler, 1988). The three 

parameters used to describe the filtration process for emulsions (Soo and Radke, 1986; Soo et 

al. ,1986) are: 1) the filtration (filter) coefficient of a clean bed (λ), which indicates droplet 

capture efficiency and controls the sharpness of the emulsion front (breakthrough curve); 2) the 

flow redistribution parameter (α), which indicates the steady state retention; and 3) the flow 

restriction parameter (β), which presents the relationship between retained drops and 

permeability changes (Soo and Radke, 1986; Rege and Fogler, 1988). The modified deep bed 

filtration model (Soo and Radke, 1986; Soo et al., 1986) with its mathematical equations will 

be discussed in detail. 

 

The model is based on the one-dimensional unsteady, disperse-phase continuity equation with 

constant flow rate (Herzig et al., 1970), assuming negligible longitudinal dispersion: 

 

𝜕[𝜃0𝐶∗+𝜎]

𝜕𝑡
=

𝜕[𝜃0𝐶∗+∫ 𝜎𝑝𝑑𝐷𝑝
∞

0
]

𝜕𝑡
= −𝑢

𝜕𝐶∗

𝜕𝑥
                                         (2.9) 

 

where C* is the volume concentration of oil drops [L3L-3], θ0 is the clean-bed porosity [-], σ is 

the volume of retained drops per bed volume [L3L-3], σp is the local retention of drops in pores 

of throat diameter [L-1] and Dp is the pore throat diameter [L]. 

 

The kinetic capture equation is assumed to be of first order with respect to the convected flux 

of drops: 

 

𝜕𝜎𝑝

𝜕𝑡
= 𝜆𝑝𝛷𝑝𝑢𝐶∗                                                          (2.10) 

 

where λp is the filtration coefficient of drops in that size of pore [L-1] and Φp is fractional 

porosity open for flow in tubes of throat diameter [L-1]. 
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The parameters Φp and λp are calculated as:  

 

𝛷𝑝 =
(𝜃𝑝−𝜎𝑝)

(𝜃0−𝜎)
                                                            (2.11) 

 

𝜆𝑝 = {
𝜆𝑝,0 (1 −

𝜎𝑝

𝜎𝑝,𝑚
)              𝑓𝑜𝑟 𝐷𝑝 > 𝐷𝑡 (𝑛𝑜𝑛 − 𝑝𝑙𝑢𝑔𝑔𝑎𝑏𝑙𝑒 𝑝𝑜𝑟𝑒𝑠)

1

𝑙𝑝
                  𝑓𝑜𝑟 𝐷𝑝 < 𝐷𝑡 (𝑝𝑙𝑢𝑔𝑔𝑎𝑏𝑙𝑒 𝑝𝑜𝑟𝑒𝑠)

    (2.12) 

 

where θp is the clean porous-media porosity contribution of pores throat diameter [L-1], Dt is 

identified as the transition pore-throat diameter between pluggable and non-pluggable 

constricted tube [L], λp,o is the initial pore filtration coefficient [L-1], σp,m is the maximum 

retention of drops in pores of throat diameter [L-1], and lp is the length of a pore with throat 

diameter [L]. 

 

The combination of equations 2.10, 2.11 and 2.12, and the condition of pluggable pores, gives 

the expression for the overall capture rate: 

 

(
𝜕𝜎

𝜕𝑡
) =

𝑢𝐶∗

(𝜃𝑜−𝜎)
[∫

1

𝑙𝑝
(𝜃𝑝 − 𝜎𝑝

𝐷𝑡

0
)𝑑𝐷𝑝 + ∫ 𝜆𝑝,0(𝜃𝑝 − 𝜎𝑝) (1 −

𝜎

𝜎𝑝,𝑚
) 𝑑𝐷𝑝

∞

𝐷𝑡
]            (2.13) 

 

Two phenomenological parameters - the clean bed average filtration coefficient (λSI), which 

contains both straining and interception capture mechanisms, and a flow-redistribution 

parameter (α) - were developed and written as (Soo and Radke, 1986): 

 

𝜆𝑆𝐼 ≡
1

𝜃0
∫ 𝜆𝑝,0𝜃𝑝𝑑𝐷𝑝

∞

0
≡

1

𝜃0
[∫ (𝜃𝑝/𝑙𝑝)𝑑𝐷𝑝

𝐷𝑡

𝑜
+ ∫ 𝜆𝑝,0𝜃𝑝𝑑𝐷𝑝

∞

𝐷𝑡
]                   (2.14) 
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𝛼 ≡
1

𝜎𝜆𝑆𝐼
∫ (𝜆𝑝,0𝜎𝑝𝜃𝑝/𝜎𝑝,𝑚)𝑑𝐷𝑝

∞

0
≡

1

𝜎𝜆𝑆𝐼
[∫ (𝜎/𝑙𝑝)𝑑𝐷𝑝

𝐷𝑡

0
+ ∫ (𝜆𝑝,0𝜎𝑝𝜃𝑝/𝜎𝑝,𝑚)𝑑𝐷𝑝

∞

𝐷𝑡
]  (2.15) 

 

For small retentions where σ < θ0, the droplet capture kinetics can be expressed as: 

 

𝜕𝜎

𝜕𝑡
= 𝜆𝑆𝐼 (1 −

𝛼𝜎

𝜃0
) 𝑢𝐶∗                                                    (2.16) 

 

To obtain the droplet capture kinetics, λSI and α also can be fitted with the effluent concentration 

results (breakthrough curves) for each experiment. In this case, straining and interception are 

not represented separately. Alternatively, if they are not treated as fitting parameters or 

calculated using equations 2.14 and 2.15, λSI and α can be predicted by the simplified equations: 

 

𝜆𝑆𝐼 =< 𝜆𝑆 > (
𝜃𝑠

𝜃0
) +< 𝜆𝐼 > (1 −

𝜃𝑠

𝜃0
)                                         (2.17) 

 

where < λS > and < λI> are the porosity-averaged filtration coefficients [L-1] in the pores when 

straining occurs (Dp < Dt) and interception occurs (Dp > Dt), and θS is the porosity of the 

straining pores [-]. θS/θ0 is calculated using �̅�, δ and Dt (where �̅� and δ are the mean [L] and 

the standard deviation of the Gaussian distribution in lnDp) obtained from experimental 

measurements. Dt is shown to be close to twice the droplet diameter. < λS > and < λI> have 

been estimated to be 1/l and to range from 0.001/l to 0.01/l, respectively, where l can be 

obtained from sieve analysis of sand grains (l is the unit-bed-element thickness [L]).  

 

In terms of α, it can be estimated and calculated as (Soo et al., 1986): 

 

𝛼 =
𝜃0

𝜃𝑠+
2𝜋𝜃0(1−𝜃0)(1−

𝜃𝑠
𝜃0

)〈𝐷𝑑〉

√3〈𝐷𝑔〉
𝑓

                                                 (2.18) 
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where 〈𝐷𝑑〉, 〈𝐷𝑔〉 are volume average of drop diameter [L] and grain diameter [L], and 𝑓 is 

the fraction of monolayer coverage [-], and 𝑓  needs to be obtained by fitting empirical 

relationship of both α and β against the dimensionless logarithmic transition pore-throat 

diameter. 

 

For a given drop size and pore-size distribution, 𝜆𝑆𝐼 doesn’t change with droplet retention and 

can be treated as constant. Moreover, α is also constant when straining is the dominant capture 

mechanism, which is the case in Soo et al. (1986)’s experiments. Hence, 𝜆𝑆𝐼 and α can both 

be treated as constant parameters obtained by fitting breakthrough curves. In addition, the 

analytical solution of droplet retention profile can be calculated using (Soo and Radke, 1986): 

 

 
𝜎(𝑇,�̅�)

𝜃0
=

1−𝑒𝑥𝑝 (𝛼𝛬𝑆𝐼𝐶𝑖
∗𝑇)

𝛼[1−𝑒𝑥𝑝(𝛬𝑆𝐼�̅�)−𝑒𝑥𝑝 (𝛼𝛬𝑆𝐼𝐶𝑖
∗𝑇)]

                                         (2.19) 

 

where �̅� is the reduced axial distance [-] (�̅�=x/L and L is the column length [L]), T=τ-�̅� is the 

shifted time variable [-] with τ=ut/(𝜃0L), 𝛬𝑆𝐼=𝜆𝑆𝐼L is the reduced filtration coefficient [-] and 

𝐶𝑖
∗is the inlet volume concentration of oil droplets in emulsion [L3L-3]. 

 

2.3.4 Colloid Transport in Porous Media 

Soo and Radke (1986)’s model is based on two assumptions: straining plays a more important 

role in emulsion flow than interception, and droplets are deformable unlike the solid particles 

considered in the traditional deep bed filtration process. However, their model has been 

employed by few other researchers (Demikhova et al., 2016) to describe the distribution of 

retained oil droplets in porous media with comparable drop size to pore size. Its limited use is 

likely due to the need to know drop-size, grain-size and pore-size distribution to calculate 

macroscopic parameters (𝜆𝑆𝐼 and α) or to fit these two parameters using macroscopic flow 

measurements for each different porous media (Rege and Fogler, 1988; de Farias et al., 2016). 

Hence, an alternative model based on colloid transport in porous media rather than the filtration 
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model has also been employed to describe emulsion transport in porous media, but for drop 

sizes smaller than the pore sizes (Coulibaly et al., 2006; Cortis and Ghezzehei, 2007; Zhong et 

al., 2015). 

 

Filtration mechanisms: Three common filtration mechanisms (surface, straining and physical-

chemical filtration) that can limit colloids migration in porous media are illustrated in Figure 

2.7 (Mcdowell-Boyer et al., 1986). For colloids that are the same size or larger than the grain 

size, no colloids will enter the porous media and the surface (cake) filtration mechanism is 

dominant. Colloids will accumulate in front of the porous medium and permeability will 

decrease. For colloids with comparable ratio of drop size to pore size that can enter a porous 

medium, straining is the primary filtration mechanism. Instead of being blocked outside of the 

porous medium, these colloids can be transported through the porous medium, and retained at 

different depths. Permeability will decrease because droplets block the pore openings, but not 

as much as for the surface (cake) filtration mechanism. For very small size colloids, they can 

be removed by physical-chemical mechanisms, including interception. Under this filtration 

mechanism, colloids collide with the grain surface and attach to it. 

 

 

Figure 2.7: Three filtration mechanisms generally considered for colloids migration in porous 

media 
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The filtration of colloids by physical-chemical mechanisms in deep bed filtration involves two 

separate steps: 1) the transport of colloids to the immediate vicinity of the solid-liquid interface 

presented by the filter (i.e. to a grain of the media or to another colloid previously retained in 

the bed); and 2) the attachment of the colloid to the grain surface (Yao et al., 1971; Elimelech 

and O’Melia, 1990). Interception, sedimentation and Brownian diffusion mechanisms are 

considered in transport step (Mcdowell-Boyer et al., 1986; Yao et al., 1971), and interception 

causes the removal of larger size colloids (Bradford et al., 2002).  

 

Table 2.6: Summary of conditions for different filtration mechanisms 

Conditions for filtration mechanisms References 

dp/dc > 5%, straining filtration happens Sakthivadivel, (1966&1969);Molnar et al. (2015) 

dp/dc > 18%, straining filtration happens Mattess et al. (1985); Molnar et al. (2015) 

dp/dc > 10%, surface filtration happens 
McDowell-Boyer et al. (1986) 

dp/dc < 8.33%, straining filtration is negligible 

dp/dc > 0.01%, straining filtration happens Bradford et al. (2002&2003); Molnar et al. (2015) 

dp/dc < 0.8%, straining filtration is negligible 
Xu et al. (2006) 

Liu et al. (2016) 

dp/dc: particle diameter/collector diameter 

 

Mathematical models: Predicting the flow and transport of colloids is important in a number 

of environmental applications, including water and wastewater treatment (Tufenkji, 2007). 

Colloid transport in porous media is normally modelled by a modified advection-dispersion 

equation coupled with an additional term, referred to as the colloid filtration theory (CFT) 

model (Yao et al., 1971; Bradford et al., 2002; Bradford et al., 2003; Tufenkji, 2007; Molnar et 

al., 2015). The removal of colloids is considered to be mainly controlled by physical-chemical 

filtration (also called deposition or attachment) to sediment grain surface in CFT (Tufenkji, 

2007; Bradford e al., 2002). The retention of colloids by physical-chemical filtration can be 

either an irreversible or a reversible process. In the case when reversible attachment happens 

(attachment and detachment both exist), the general equations for colloid transport and 

retention in a one-dimensional, homogeneous, granular porous medium is (Tufenkji, 2007): 
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𝜕𝐶

𝜕𝑡
+

𝜌𝑏

𝜃

𝜕𝑆𝑎𝑡𝑡

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2 − 𝑣𝑐
𝜕𝐶

𝜕𝑥
                                               (2.20) 

 

𝜌𝑏

𝜃

𝜕𝑆𝑎𝑡𝑡

𝜕𝑡
= 𝑘𝑎𝑡𝑡𝐶 −

𝜌𝑏

𝜃
𝑘𝑑𝑒𝑡𝑆𝑎𝑡𝑡                                              (2.21) 

 

𝑘𝑎𝑡𝑡 =
3(1−𝜃)

2𝑑50
𝜂𝛼𝑐𝑣𝑐                                                      (2.22) 

 

where C is the colloid concentration in the aqueous phase at a distance x and time t [ML-3], ρb 

is the dry bulk density of the porous media [ML-3], Satt is the solid-phase colloid concentration 

of attached colloids [MM-1], D is the hydrodynamic dispersion coefficient [L2T-1], vc is the pore 

water velocity [LT-1], katt is the first-order colloid attachment coefficient [T-1], kdet is the first-

order colloid detachment coefficient [T-1], d50 is the median porous medium grain diameter [L], 

η is the collector efficiency [-], and αc is the colloid sticking efficiency [-]. The traditional CFT 

is a special case of equation 2.20 to 2.22 when kdet is equal to zero (irreversible attachment) 

(Tufenkji, 2007). 

 

The trajectory model developed by Yao et al. (1971) considered a particle approaching a single, 

spherical collector surrounded by an infinite fluid, and was the original CFT model (Molnar et 

al., 2015). It assumes that there are no collector-collector contacts and the presence of other 

porous media grains do not affect the concentration and the velocity of colloids approaching a 

certain grain collector. Two parameters are used to describe the overall removal efficiency of 

particles from the fluid-phase: the single collector efficiency, which reflects the fraction of 

colloids approaching a collector that will contact and subsequently attach to the collector by 

assuming that every contact event results in attachment (Tufenkji, 2007), and the attachment 

(collision) efficiency, which is an empirical term that reflects a variety of influential factors 

which will affect adhesion of particles to a collector, such as pH, ionic strength, and the 
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interaction between colloid and particles that have coated a sand grain surface (Coulibaly et al., 

2006). The single-collector contact efficiency is usually determined using a closed-form 

equation (Yao et al., 1971; Rajagopalan and Tien, 1976; Tufenkji and Elimelech, 2004a; Nelson 

and Ginn, 2005). Attachment efficiency is often obtained by fitting the experimental 

breakthrough curves or calculated using a fitted value of attachment coefficient and a calculated 

value of the collector efficiency (Bradford et al., 2002; Bradford et al., 2003; Tufenkji, 2007).  

 

Although equations 2.20 to 2.22 are commonly used to describe colloid transport in porous 

media, some studies have noted discrepancies between predictions and experimental 

observations (Bradford et al., 2002; 2005; 2006; Bradford and Bettahar, 2005; Molnar et al., 

2015). These discrepancies include greater retention at the porous media surface and a retention 

profile that displays a hyperexponential decrease with depth (Redman et al., 2001; Bradford et 

al., 2002; Bradford et al., 2005), where hyperexponential refers to a relationship between 

retained mass and distance that is non-linear when plotted on a semi-log scale. This non-linear 

behaviour represents a decreased trapping rate with increased distance (Li et al., 2004). 

Proposed reasons for the discrepancies include: soil heterogeneities; heterogeneity among 

colloid populations caused by surface charge, coatings and straining (Bradford et al., 2002; 

Tong and Johnson, 2007; Molnar et al., 2015). Soil heterogeneity cannot be the only 

explanation for hyperexponential retention profiles because the heterogeneity is not located 

only at the column inlet (Molnar et al., 2015). In terms of heterogeneity among colloid 

populations, colloid sizes need to be measured in order to confirm this hypothesis (Tong and 

Johnson, 2007; Molnar et al., 2015). Past studies (Sakthivadivel, 1966; 1969; Herzig et al., 1970; 

McDowell-Boyer et al., 1986) have also stated that straining plays a role in colloid retention, 

but the importance of that role has been underestimated (Bradford et al., 2002, 2003; Auset and 

Keller, 2006; Xu et al., 2006). Bradford et al. (2002) started to consider straining as a significant 

cause for colloids to be retained in porous media with greater retention near the column inlet, 
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giving rise to hyperexponential profiles. Bradford et al. (2003) revised equations 2.20 to 2.22 

to account for the straining mechanism as: 

 

𝜕𝐶

𝜕𝑡
+

𝜌𝑏

𝜃

𝜕𝑆𝑎𝑡𝑡

𝜕𝑡
+

𝜌𝑏

𝜃

𝜕𝑆𝑠𝑡𝑟

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2 − 𝑣𝑐
𝜕𝐶

𝜕𝑥
                                       (2.23) 

 

𝜌𝑏

𝜃

𝜕𝑆𝑠𝑡𝑟

𝜕𝑡
= 𝑘𝑠𝑡𝑟𝜓𝑠𝑡𝑟𝐶                                                      (2.24) 

 

𝜓𝑠𝑡𝑟 = (
𝑑50+𝑥

𝑑50
)−𝛽                                                        (2.25) 

 

where Sstr is the solid-phase concentration of strained colloids [MM-1], kstr is the straining 

coefficient [T-1], ψstr is a dimensionless colloid straining function [-], and β is a fitting parameter 

that controls the shape of the colloid spatial distribution [-].   

 

Equation 2.23 is a modified form of equation 2.20 that includes an additional term for strained 

colloids. Equation 2.24 describes the strained colloid concentration as a first-order process, 

based on both a straining coefficient and a depth-dependent power law function defined by 

equation 2.25. Equations 2.23 to 2.25 are used along with Equations 2.21 and 2.22 to describe 

a system where both attachment, detachment and straining control retention. The modification 

of colloid transport models to account for straining has allowed the simulation of colloids with 

larger particle size to grain size ratios.  

 

The mathematical models of colloid transport (Bradford et al., 2003) and emulsion transport 

(Soo and Radke, 1986) in porous media have similarities. Equation 2.21 to 2.24 with no 

detachment and equation 2.16 can both be simplified to: 

 

𝜌𝑏

𝜃

𝜕𝑆𝑡𝑜𝑡𝑎𝑙

𝜕𝑡
= 𝜆𝑥𝑣𝑐𝐶                                                        (2.26) 
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where Stotal is the solid-phase concentration of both attached and strained colloids [MM-1], 

and 𝜆𝑥 is the filter coefficient of these two different models [L-1]. 

 

The filter coefficient used in colloid transport model (Bradford et al., 2003) and emulsion 

transport model (Soo and Radke, 1986) can be written as: 

 

𝜆𝐶 =
3(1−𝜃)

2𝑑50
𝜂𝛼𝑐 +

𝑘𝑠𝑡𝑟𝜓𝑠𝑡𝑟

𝑣𝑐
                                                  (2.27) 

 

𝜆𝐸 = 𝜆𝑆𝐼 (1 −
𝛼𝜎

𝜃
)                                                        (2.28) 

 

where 𝜆𝐶 and 𝜆𝐸 represent 𝜆𝑥 in the colloid transport model and emulsion transport model, 

respectively. 

 

The main differences between the two models are: 1) the filter coefficient (𝜆𝐶) in the colloid 

transport model does not change with retained particles while the filter coefficient (𝜆𝐸) in the 

emulsion transport model does; 2) the filter coefficient in the colloid transport model explicitly 

explains the mechanisms that lead to the retention of particles while the filter coefficient in the 

emulsion transport model implicitly combines the effects of straining and interception. The 

filter coefficient in the colloid transport model (𝜆𝐶) includes the ratio of the rate of particles 

that strike the collector to the rate of particles that flow towards the collector (considers 

diffusion, sedimentation and interception mechanisms) as well as the ratio of the number of 

particles that successfully attach to the collector to the number of particles that collide with the 

collector in terms of the retention caused by attachment. The emulsion transport model can also 

be treated as a traditional deep bed filtration model (Herzig et al., 1970) if λSI and α are treated 

as fitting parameters. In this case, the filter coefficient is an implicit function of the flow field 

and the characteristics of the colloids, and is obtained from experimental results. When λSI and 
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α are not fitting parameters, straining and interception mechanisms are included but data such 

as pore size distribution is required (Rege and Fogler, 1988). Hence, λSI and α in Soo and Radke 

(1986)’s model are normally used as fitting parameters, and the colloid transport model is often 

employed as an alternative model for small droplet transport in porous media. 
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Chapter 3 

Quantification of Trapped Diluted Bitumen Droplets in Gravel 
 

3.1 Introduction 

Growing international demand for Canada’s crude oil supply has led to an increase in 

transportation systems all over the world (CAPP, 2015; Jahan et al., 2015). Pipelines, railways 

and trucks are the three main transportation methods; pipelines are considered the most efficient 

means of transporting large quantities of crude oil (CAPP, 2015; Jahan et al., 2015). In 2013, 

Canada had the third longest network of pipelines in the world for transporting natural gas, 

crude oil and petroleum products (CIA, 2016). These pipelines present a potential risk for oil 

to spill into both marine and freshwater systems. Examples of oil spilled from pipelines include: 

the North Battleford pipeline spill (2016), the Nexen Long Lake oil spill in 2015 (AER, 2016), 

the Sundre Alberta oil spill in 2012 (AER, 2016) and the Kalamazoo River oil spill in 2010 

(USGS, 2015), which adversely affected surrounding ecological regions (Dew et al., 2015). 

 

Bitumen is a crude oil produced from oil sands deposits through a number of different processes. 

Raw bitumen is very viscous and semi-liquid at room temperature, and is therefore blended 

with a light petroleum hydrocarbon, known as diluent, to form diluted bitumen (dilbit) in order 

to meet the specifications for pipeline transportation (Environment Canada, 2013; King et al., 

2015; PGL Environmental Consultants, 2015; API, 2016). Dilbit spills in rivers are of particular 

concern because of the similarity between the densities of dilbit and freshwater. Dilbit is denser 

than other oils, particularly after weathering, and freshwater is less dense than seawater. Hence, 

dilbit is more likely to sink when it spills in rivers. In addition, higher concentrations of 

suspended particles in freshwater systems can lead to the formation of oil-particle aggregates 

(OPA) which can also cause the dilbit to sink (Dew et al., 2015; USGS, 2015). Sinking dilbit 

has the potential to contaminate river sediments, and when dilbit contaminates river sediments 

it is very difficult to remediate, as was the case for the Kalamazoo River oil spill (USGS, 2015). 
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Moreover, exposure of aquatic life to the contaminated sediment can cause harmful effects 

especially to fish embryos that spawn in the sediment (PGL Environmental Consultants, 2015; 

RSC, 2015). 

 

In addition to oil sinking due to density of OPA formation, there is the potential for river 

sediments to become contaminated by a combination of river turbulence and hyporheic flow. 

When dilbit is spilled in a river, turbulence can break up surface oil spills into smaller-size oil 

droplets (Delvigne and Sweeney, 1988; USGS, 2015). These droplets can be transported into 

the sediments by hyporheic flow (RSC, 2015), the flow of surface water through the subsurface 

materials of the open streambed and return to surface water (Boano et al., 2014; RSC, 2015). If 

these droplets are transported by hyporheic flow through the riverbed sediment and become 

trapped, the dissolution of the trapped dilbit droplets into the surrounding pore water can be 

detrimental to the nearby salmonid embryos in the streams. The Royal Society of Canada (RSC, 

2015) has identified that the contamination of coarse sediments by dilbit droplets transported 

by hyporheic flow can present a potential risk to the ecological environment. However, the 

possibility of oil droplet trapping in the bed sediments by hyporheic flow has not been widely 

considered (RSC, 2015). Hence, the completion of research on this topic will aid in the risk 

assessment of future oil spills in rivers.  

 

The objectives of this study were to: i) quantify the mass of dilbit that can be trapped in gravel 

sediment as droplets carried by water flow, ii) determine the effect of flow velocity, grain size 

and clean water wash on the trapping of dilbit droplets, and iii) investigate the primary droplet 

trapping mechanism by fitting the experimental data with two models that consider simplified 

attachment and straining filtration mechanisms. These objectives were addressed using a series 

of laboratory experiments conducted in one-dimensional aluminum columns packed with 

different sizes of gravel under various flow velocities. Trapped oil mass at several locations 
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along each column was determined by GC to give insight on the distribution of trapped oil in 

this one-dimensional system.  

 

3.2 Filtration Mechanisms in Porous Media 

There are three mathematical models normally used for emulsion (droplet) transport in porous 

media: 1) homogeneous model, 2) droplet retardation model and 3) filtration model. Of these 

three models, the filtration model is considered most suitable to describe the flow of stable and 

dilute emulsions (Soo and Radke, 1986; Soo et al., 1986; Schramm, 1992; Ouyang et al., 1995; 

de Farias et al., 2016; Demikhova et al., 2016). However, the filtration model (Soo and Radke, 

1986) has been used by few other researchers (Demikhova et al., 2016). Its limited use is likely 

due to parameters that need to be obtained by fitting macroscopic flow measurements for each 

different porous media (de Farias et al., 2016) or calculated for a given drop-size, grain-size 

and pore-size distribution (Soo et al., 1986). As an alternative, some studies (e.g., Coulibaly et 

al., 2006; Cortis and Ghezzehei, 2007; Zhong et al., 2015) have used a fourth model, the colloid 

transport model, rather than the filtration model to describe stable emulsion flow in porous 

media with smaller drop size to pore size ratio. 

 

In models of colloid transport, surface (cake), straining and physical-chemical filtration are the 

three main filtration mechanisms generally considered to limit colloids migration (McDowell-

Boyer et al., 1986). Surface filtration happens when droplet sizes are too large to penetrate the 

porous media. Straining occurs when droplets are physically excluded from pores that are 

smaller than some critical size along the porous media pathway (McDowell-Boyer et al., 1986; 

Bradford et al., 2002; Molnar et al., 2015). Physical-chemical filtration refers to retention that 

happens when droplet size is much smaller than the pore size, and is also referred to as 

attachment filtration (Bradford et al., 2006). One of the mechanisms included in physical-

chemical filtration is interception, which causes the removal of larger size colloids (Bradford 

et al., 2002). 
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One-dimensional colloid transport in porous media is usually modelled using a modified 

advection-dispersion equation coupled with an additional term, which considers attachment and 

detachment (if retention was considered reversible), but not surface filtration or straining, as 

(Yao et al., 1971; Bradford et al., 2002, 2003; Tufenkji, 2007; Molnar et al., 2015): 
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where C is the colloid concentration in the aqueous phase at a distance x and time t [ML-3], ρb 

is the dry bulk density of the porous media [ML-3], θ is the porosity [-], Satt is the solid-phase 

colloid concentration of attached colloids [MM-1], D is the hydrodynamic dispersion coefficient 

[L2T-1], vc is the pore water velocity [LT-1], katt is the first-order colloid attachment coefficient 

[T-1], kdet is the first-order colloid detachment coefficient [T-1], d50 is the median porous medium 

grain diameter [L], η is the collector efficiency [-], and αc is the colloid sticking efficiency [-]. 

 

Although equations 3.1 to 3.3 are commonly used to describe colloid transport in porous media, 

some studies have noted discrepancies between predictions and experimental observations 

(Bradford et al., 2002; 2005; 2006; Bradford and Bettahar, 2005; Molnar et al., 2015). These 

discrepancies include greater retention at the porous media surface and a retention profile that 

displays a hyperexponential decrease with depth (Redman et al., 2001; Bradford et al., 2002; 

Bradford et al., 2005), where hyperexponential refers to a relationship between retained mass 

and distance that is non-linear when plotted on a semi-log scale. This non-linear behaviour 
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represents a decreased trapping rate with increased distance (Li et al., 2004). Proposed reasons 

for the discrepancies include: soil heterogeneities; heterogeneity among colloid populations 

caused by surface charge, coatings and straining (Bradford et al., 2002; Tong and Johnson, 

2007; Molnar et al., 2015). Soil heterogeneity cannot be the only explanation for 

hyperexponential retention profiles because the heterogeneity is not located only at the column 

inlet (Molnar et al., 2015). In terms of heterogeneity among colloid populations, colloid sizes 

need to be measured in order to confirm this hypothesis (Tong and Johnson, 2007; Molnar et 

al., 2015). Past studies (Sakthivadivel, 1966; 1969; Herzig et al., 1970; McDowell-Boyer et al., 

1986) have also stated that straining plays a role in colloid retention, but the importance of that 

role has been underestimated (Bradford et al., 2002, 2003; Auset and Keller, 2006; Xu et al., 

2006). Bradford et al. (2002) started to consider straining as a significant cause for colloids to 

be retained in porous media with greater retention near the column inlet, giving rise to 

hyperexponential profiles. They revised equations 3.1 to 3.3 to account for the straining 

mechanism as: 
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where Sstr is the solid-phase concentration of strained colloids [MM-1], kstr is the straining 

coefficient [T-1], ψstr is a dimensionless colloid straining function [-], and β is a fitting parameter 

that controls the shape of the colloid spatial distribution [-]. Equation 3.4 is a modified form of 

equation 3.1 that includes an additional term for strained colloids. Equation 3.5 describes the 

strained colloid concentration as a first-order process, based on both a straining coefficient and 
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a depth-dependent power law function defined by equation 3.6. Equations 3.4 to 3.6 are used 

along with Equations 3.2 and 3.3 to describe a system where both attachment, detachment and 

straining control retention. The modification of colloid transport models to account for straining 

has allowed the simulation of colloids with larger particle size to grain size ratios. As such, this 

same modification may be reasonable for using colloid transport models to simulate the 

transport of larger oil droplets, such as those that are expected to occur in rivers following a 

dilbit spill. 

 

3.3 Material and Methods 

3.3.1 Cold Lake Blend and Peastone Gravel 

All experiments were conducted using Cold Lake Blend (CLB) diluted bitumen because it is 

one of the highest-volume produced products transported by pipeline in Canada from 2012 to 

2013 and is the most studied type of dilbit (SL Ross, 2012; Environment Canada, 2013; PGL 

Environmental Consultants, 2015; Insideclimatenews.org, 2016). CLB samples were provided 

by the Department of Fisheries and Oceans and were stored at 4 °C under dark conditions in a 

refrigerator to minimize changes to the dilbit properties. The density and viscosity of CLB used 

in this study were assumed to be the same as those reported by Environment Canada (2013), 

0.9216 g/mL and 285 mPa·s, respectively. 

 

Peastone gravel (Pyke Farms Landscaping Products, Kingston, Canada) was selected as the 

porous medium in these experiments because sediment contamination by oil droplets 

transported by hyporheic flow has been identified as a potential concern in gravel-dominated 

rivers (RSC, 2015). The gravel was sieved to remove particles less than 3.36 mm, and the 

remaining gravel was thoroughly washed with tap water and then oven dried before use. An 

effective particle diameter (D50) of 7.8 mm and a uniformity coefficient (D60/D10) of 1.84 were 

obtained from the particle size distribution curve (ASTM C136 / C136M-14, 2014) for this 

gravel (Hossain, 2016). 
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Smaller size gravel was also tested to study the effect of grain size on the trapping of CLB 

droplets. A gravel crusher provided by the Department of Mining at Queen’s University was 

employed to crush the original peastone gravel sample into a smaller-sized gravel. These 

crushed smaller-sized gravels were dry sieved with U.S. Standard mesh sieve sizes of No.6 and 

No.10 (3.36 mm and 2.00 mm). Because the smaller-size gravel was produced by crushing the 

original peastone, the composition of the two gravels was the same, but the smaller gravel had 

rougher and more angular particles compared to the original peastone gravel samples. 

 

3.3.2 Gravel-packed Column 

Before each experiment, the gravel was saturated using tap water before being packed into a 

one-dimensional column made from 5.48 cm inside diameter aluminum pipe (McMaster-Carr, 

4561T611). During packing, the water level in the pipe was held constant at a height of two to 

three centimeters higher than the top surface of the packed gravel to prevent the entrapment of 

gas bubbles. Gravel was packed from the bottom of the column up to 3.5 cm below the top of 

the column for all the experiments conducted, to allow a space for oil droplets to enter the 

column before entering the gravel. The gravel pack was 16.5 cm tall and the column was 20 cm 

tall. The average porosity of the gravel pack was 0.45 ± 0.03 based on measurements in 13 

columns. Porosity was calculated based on the bulk density of packed gravel and the grain 

density (2.67 g/cm3 was used in this study). The bottom of the column was sealed with an 

aluminum cap, and the top was sealed with a rubber stopper. Both the rubber stopper and the 

aluminum cap were modified to accommodate tubing for water flow. Prior to packing each 

experiment, the aluminum pipe was scored using a pipe cutter (cut through 1/2 to 2/3 of the 

pipe wall thickness) at a spacing of approximately 1.5 cm to facilitate sectioning of the pipe at 

the end of each experiment, and a new pipe was used for each experiment.  

 



49 

 

3.3.3 Dilbit Droplet Generation 

Dilbit droplets were generated using two 6.4 mm outside diameter unmounted disposable in-

line static mixers (Cole-Parmer Instrument Co., RK-04667-14) combined with a magnetic 

stirrer (Fisher Scientific, Model No. 120S). The in-line static mixers were used to reproducibly 

generate stable and uniform sizes of dilbit droplets, and the stirrer was used to reduce gravity 

separation of the droplet mixture. The in-line static mixers were inserted end-to-end into 6.4 

mm inner diameter tygon tubing placed in a 1L glass jar, which served as a mixing reactor 

(Figure 3.1). A peristaltic pump (Cole-Parmer Instrument Co., Model No. 07528-10, size 16 

tubing) continuously circulated water through the in-line mixer tubing, into the 1L glass jar, 

and out a second length of tubing, while a syringe pump (Cole-Parmer Instrument Co., Model 

No. 230) continuously pushed CLB at a rate of 0.25 mL/min from two 10 mL plastic syringes 

through a tee connection upstream of the in-line mixer tubing (Figure 3.1). This continuous 

flow of water and dilbit through the in-line mixer tubing generated oil droplets. Droplet sizes 

were observed to be within a range between 0.1 mm and 2 mm by visual observation. 

 

3.3.4 Flow Through Gravel 

Water and oil droplets were pumped through the column using a second peristaltic pump that 

pumped water from an inlet reservoir and into the sealed mixing reactor. Water and oil droplets 

were then displaced from the mixing reactor through 6.4 mm inner diameter tubing and 

downwards through the column (Figure 3.1). Tap water was used for all experiments. Prior to 

the beginning of each experiment water was flushed through the entire apparatus for at least 5 

minutes (minimum of one pore volume). At the beginning of each experiment, the syringe pump 

was switched on to pump oil into the mixing reactor to form droplets.  
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Figure 3.1: Schematic experimental setup developed for oil droplets transport in gravel studies. 

 

Five sets of experiments were conducted to determine the effects of different velocities, gravel 

sizes, and with and without clean water wash have on the trapping of dilbit droplets in gravel. 

Thirty minutes of droplet flow through the aluminum column was applied to all the experiments 

conducted based on the visualization experiment and to visualize the flow of droplets in the 

tubing. Two velocities, 0.09 cm/s and 0.35 cm/s, were used and are referred to here as the slow 

and fast experiments, respectively (Table 3.1). These velocities are within the range of reported 

hyporheic velocities which are normally from 0.001 cm/s to 1 cm/s (Grimm and Fisher, 1984; 

Valett et al., 1990; Boulton et al., 1998), although higher velocities can also occur (Fruetel, 

2016). Two gravel sizes of D50 = 7.8 mm and D = 2 – 3.36 mm (designates using the prefixes 8 

and 3 in Table 3.1) were investigated at a velocity of 0.09 cm/s. Two additional experiments 

were conducted using the 7.8 mm gravel and a velocity of 0.09 cm/s, in which clean water was 

used to wash the dilbit contaminated gravel after 30 min of CLB droplet flow. Clean water 

wash experiments (designated using the suffixes CW30 and CW150 in Table 3.1) employed a 

clean water wash applied for either 30 minutes or 150 minutes. Triplicates (A, B, C) for each 

experiment were performed for each experimental condition except for experiment 8-slow-

CW150. 
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Table 3.1: Experimental conditions used in this study. 

Experiments 
Gravel 

size (mm) 

Flow rate 

(mL/min) 

Velocitya 

(cm/s) 

Duration 

(min) 

Clean water 

wash (min) 

No. of 

replicates 
Re 

8-slow 7.8 (D50) 52 0.09 30 None A, B, C 2.9 

8-fast 7.8 (D50) 200 0.35 30 None A, B, C 11.0 

3-slow 2 - 3.36 52 0.09 30 None A, B, C 1.0b 

8-slow-CW30 7.8 (D50) 52 0.09 30 30 A, B, C 2.9 

8-slow-CW150 7.8 (D50) 52 0.09 30 150 A 2.9 
avelocity was calculated using Darcy’s law (flow rate was measured based on the effluent flow) 
bD50 was estimated to be 2.68 mm (halfway between 2 mm and 3.36 mm) to calculate Re 

CLB was selected as the dilbit type for all the experiments 

 

3.3.5 Sampling and Analysis 

At the end of each experiment, the aluminum column containing trapped oil droplets, water and 

gravel was sealed by clamping the bottom tubing and covering the top with aluminum foil. The 

column was then placed into a freezer (-10 °C) for at least 12 hours. After freezing, the column 

was sectioned into nine ~1.5 cm long discs using a pipe cutter to cut the aluminum pipe and a 

hammer and chisel to separate the frozen gravel. Immediately following the separation of each 

section, the disc was entirely wrapped with aluminum foil, put into a sample bag, and then 

stored in the freezer prior to analysis. 

 

Trapped dilbit from each disc of each experiment was analyzed for extractable petroleum 

hydrocarbons (PHC) as F2 (10 to 16 carbon atoms per molecule, C10 to C16), F3 (C16 to C34) 

and F4 (C34 to C50) hydrocarbons. A modified CCME method (CCME, 2008) was used for 

PHC analysis. Samples were extracted in five steps as follows: 1) each disc was washed three 

times with a 50 mL hexane-acetone (1:1) mixture, put into a sonicator for 20 min between 

washes and transferred to a separate flask by filtering through sodium sulfate; 2) 3 mL of 

toluene was added to the decanted solvent mixture, which was placed on a rotary evaporator 

for 15 min at 500 mbar and another 5 min at 320 mbar until only 3 mL of toluene with dissolved 

sample remained; 3) a dichloromethane-hexane (1:1) mixture was added to the evaporated 

sample to a total volume of 10 ml; 4) two scoops of activated silica was added and the sample 
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was manually shaken for 1 min and was then transferred to a 16 mL glass vial; and 5) the sample 

was sub-sampled into 1.5 mL GC vials for analysis. A GC (Agilent Technologies, Model No. 

7693, Autosampler; Agilent Technologies, Model No. 7890A, GC system) was employed to 

measure F2, F3 and F4 concentrations in the sub-sample for each disc. The dry weight of the 

gravel after solvent extraction was measured for calculation of the total dilbit concentration 

based on the GC analysis. 

 

In addition to calculating the total F2-F4 concentration (mass of F2-F4 per mass of dry gravel) 

associated with each disc from the columns, dilbit saturations (volume of dilbit per volume of 

pore space) were also calculated as: 

 

𝑆𝑜 =
(𝐹𝐶𝐷𝜌𝑏−𝜃 ∑ 𝐶𝑖)

𝜃𝜌0
                                                         (3.7) 

 

where 𝑆𝑜 is the dilbit saturation [-], 𝐶𝐷 is the total F2-F4 concentration based on analysis by 

GC [MM-1], 𝜌𝑏 is the dry soil bulk density [ML-3], 𝐶𝑖 is the effective solubility [ML-3] of 

PHC fraction i (i.e, F2, F3 or F4), θ is the water-filled porosity [-], 𝜌𝑜 is the dilbit density (ML-

3), and F is a conversion factor (F=2 or 2.25 or 2.5, depending on assumptions of the amount 

of F1 PHC that remained in each sample). This calculation is based on the calculation of non-

aqueous phase liquid (NAPL) saturations in studies of contaminated soil and groundwater 

(Kueper et al., 2014). In this study, it was assumed that sorbed-phase PHC was negligible, that 

the pore space did not contain gas bubbles, and that the dilbit saturations were sufficiently small 

such that the water-filled porosity was approximately equal to the total porosity. 

 

To determine the dilbit saturation based on the analysis of F2-F4 concentrations, an analysis of 

the CLB stock oil (prior to its use in the experiments) was conducted. Concentrations of F1 

(C6-C10) as well as F2-F4 hydrocarbons were determined by solvent extraction and GC 

analysis. Similar to the analysis of dilbit in gravel samples, CLB stock oil was analyzed in four 
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steps as follows: 1) CLB stock oil was put into a 10 mL volumetric flask; 2) methanol (for F1) 

or dichloromethane (for F2-F4) was added to the sample to a total volume of 10 Ml; 3) the 

sample was transferred to a 16 mL glass vial; and 4) the sample was sub-sampled into 1.5 mL 

GC vials for analysis. Based on mass balance, only 60% of the CLB mass in the sample was 

recovered in the F1 and F2-F4 analyses (20% F1 and 40% F2-F4). The remaining 40% of the 

CLB mass was assumed to be in heavier fractions that were not detected. For calculations using 

equation 3.7, if the F1 PHC are assumed to completely dissolve into the water, the F2-F4 

concentration obtained from GC analysis represents 50% of the total dilbit mass and F = 2. If 

the F1 PHC are assumed to remain in the dilbit, the F2-F4 concentration obtained from GC 

analysis represents 40% of the total dilbit mass and F = 2.5. In this study, the fate of the F1 

PHC was not known and F = 2.25 was used for all calculations, with an upper limit of F = 2.5 

and a lower limit of F = 2. There is no solubility available for dilbit because it contains many 

different compounds. Therefore, the dissolved concentrations of F2, F3 and F4 following 

prolonged (15 days) contact with water was used as a surrogate value for solubility in equation 

3.7, with values of 0.43 mg/L, 0 mg/L and 0 mg/L for the F2, F3 and F4 fractions, respectively 

(Hossain, 2016).  

 

3.3.6 Analytical Solution to Filtration Equations 

Measured dilbit (F2-F4) concentrations versus distance along the aluminum column can be 

modeled using equations 3.1-3.3 or 3.2-3.6, and analytical solutions for two different models 

using attachment and straining filtration mechanisms separately are presented below: 

 

For the attachment model, equations 3.1-3.3 were simplified to consider only attachment 

filtration, while neglecting both dispersion and detachment (D = 0 and kdet = 0) as: 

 

𝜕𝐶

𝜕𝑡
+ 𝑘𝑎𝑡𝑡𝐶 + 𝑣𝑐

𝜕𝐶

𝜕𝑥
= 0                                                    (3.8) 
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𝜌𝑏

𝜃

𝜕𝑆𝑎𝑡𝑡

𝜕𝑡
= 𝑘𝑎𝑡𝑡𝐶                                                          (3.9) 

 

The boundary condition and initial condition for both attachment and straining models are: 

 

𝐶(0, 𝑡) = 𝐶0 =
15𝑚𝑙×

0.9216𝑔

𝑐𝑚3

103𝑚𝑙
= 0.013824 (

𝑔

𝑚𝑙
)                                (3.10) 

 

𝐶(𝑥, 0) = 0                                                             (3.11) 

 

The Laplace transform method was applied to equation 3.8-3.11 to derive the analytical solution 

for Satt as: 

 

𝑆𝑎𝑡𝑡 =
𝑘𝑎𝑡𝑡𝐶0𝜃

𝜌𝑏
𝑒𝑥𝑝 (−

𝑘𝑎𝑡𝑡𝑥

𝑣𝑐
) (𝑡 −

𝑥

𝑣𝑐
) 𝐻 (𝑡 −

𝑥

𝑣𝑐
)                                (3.12) 

 

where 𝐻 (𝑡 −
𝑥

𝑣𝑐
) is the Heaviside step function and the value of 𝐻 (𝑡 −

𝑥

𝑣𝑐
) is always equal 

to 1 under the experimental conditions employed in this study. All parameters except katt were 

known, and katt was used as a fitting parameter. The solution domain was x = 0 cm to x = 15 

cm. 

 

For the straining model, equations 3.4-3.6 were simplified to consider only straining, while 

neglecting both dispersion and attachment (D = 0 and Satt = 0) as: 

 

𝜕𝐶

𝜕𝑡
+ 𝑘𝑠𝑡𝑟(

𝑑50+𝑥

𝑑50
)−𝛽𝐶 + 𝑣𝑐

𝜕𝐶

𝜕𝑥
= 0                                            (3.13) 

 

𝜌𝑏

𝜃

𝜕𝑆𝑠𝑡𝑟

𝜕𝑡
= 𝑘𝑠𝑡𝑟(

𝑑50+𝑥

𝑑50
)−𝛽𝐶                                                  (3.14) 
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As for the attachment model, the Laplace transform method was applied to equations 3.10, 3.11, 

3.13 and 3.14 to derive the analytical solution for Sstr as: 

 

𝑆𝑠𝑡𝑟 =
𝑘𝑠𝑡𝑟𝐶0𝜃

𝜌𝑏
(

𝑑50+𝑥

𝑑50
)−𝛽𝑒𝑥𝑝 (

𝑘𝑠𝑡𝑟𝑑50−𝑘𝑠𝑡𝑟𝑑50
𝛽(𝑑50+𝑥)(1−𝛽)

𝑣𝑐(1−𝛽)
) (𝑡 −

𝑥

𝑣𝑐
) 𝐻 (𝑡 −

𝑥

𝑣𝑐
)        (3.15)                                               

 

As described for equation 3.12, 𝐻 (𝑡 −
𝑥

𝑣𝑐
)  is always equal to 1 under the experimental 

conditions employed in this study. All parameters except kstr and β were known, and kstr and β 

were used as fitting parameters. The solution domain was x = 0 cm to x = 15 cm. 

 

The results of the experiments in this study were compared to predictions made using equations 

3.12 and 3.15 to evaluate the potential role of straining on the trapped of dilbit droplets. 

 

3.4 Results and Discussion 

3.4.1 Trapped Dilbit in Gravel 

An example dilbit concentration profile is shown in Figure 3.2, which shows both the total mass 

of F2-F4 PHC per mass of dry gravel (Figure 3.2a) and the dilbit saturation (Figure 3.2b) as a 

function of distance along the gravel column for the 8-slow experiment. Errors bars in 

concentration represent one standard deviation based on the uncertainty in the GC calibration 

curves, and error bars in saturation represent uncertainty in the amount of F1 PHC remaining 

in the trapped dilbit (described in section 3.5). There are three predominant characteristics in 

this profile: 1) higher concentrations in the first 2 cm from the gravel pack inlet (total F2-F4 

concentrations are within the range of 20 mg/kg to 120 mg/kg); 2) sharply decreased 

concentrations after the first 2 cm from the gravel pack inlet; and 3) a concentration plateau 

along the remaining length of the column (total F2-F4 concentrations almost all below 20 

mg/kg). These three characteristics were observed in all replicate experiments 8-slow-A, -B 
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and –C, and they were also apparent in the 8-fast and 3-slow experiments, although the 

magnitude of the concentrations changed with both the velocity and the gravel size.  

 

Importantly, the lowest total F2-F4 concentration in one of the aluminum rings was 3.67 mg/kg.  

Using equation 3.7, the maximum total F2-F4 concentration in the absence of free-phase dilbit 

(So = 0) was calculated to be 0.13 mg/kg (i.e., the total concentration due only to dissolved F2-

F4 in the pore water). This is 1-2 orders of magnitude lower than the minimum total 

concentration in any of the experiments conducted in this study (Table 3.2), and suggests that 

that free phase dilbit was present throughout the whole column in every experiment. Further 

evidence of free phase oil transport throughout the column is provided by the observation of oil 

droplets that were seen leaving the column in the effluent tubing. Figure 3.2b presents the 

calculated trapped dilbit saturations in the gravel pore space. Similar trends as in Figure 3.2a 

are apparent because dilbit saturation is proportional to the total F2-F4 concentration (equation 

3.7). The maximum trapped oil saturation in the 8-slow experiments was 0.09%, at the inflow 

end of the column (Figure 3.2). This is approximately 150 times smaller than the maximum 

dilbit saturation (14%) obtained by drainage and imbibition experiments (Hossain, 2016), 

which represent the maximum volume of dilbit that could be trapped in the presence of flowing 

water. 

 

In addition to total F2-F4 concentrations, the total F2-F4 mass trapped in the whole column was 

calculated for each experiment. Total F2-F4 mass was calculated as a sum of the product of the 

F2-F4 concentrations and the gravel mass in each of the nine column sections. The calculated 

total F2-F4 mass values show that the majority of dilbit was trapped within the first 2 cm of the 

column in the 8-slow experiments, which contained 74%, 54% and 52% of the total F2-F4 mass 

in the A, B and C replicates, respectively. The higher concentrations and majority of the mass 

within the first 2 cm of each column (Figure 3.2) suggest that straining might be the main 

droplet removal mechanism over the first 2 cm of the gravel pack, as reported previously for  
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Table 3.2: Total dilbit mass and F2-F4 concentrations in each experiment. 

Experiments 
Total dilbit 

mass (mg) 

Max F2 

conc. 

(mg/kg) 

Max F3 

conc. 

(mg/kg) 

Max F4 

conc. 

(mg/kg) 

Min F2-

F4 conc. 

(mg/kg) 

Max F2-

F4 conc. 

(mg/kg) 

8-slow-A 12.1 11.3 72.7 27.6 3.67 111.54 

8-slow-B 8.7 6.8 42.5 16.8 7.55 66.13 

8-slow-C 7.2 5.4 26.8 9.7 6.61 41.91 

8-fast-A 83.1 115.6 455.9 182.1 26.92 753.68 

8-fast-B 225.4 429.4 1294.4 478.1 24.94 4954.29 

8-fast-C 452.4 909.2 2696.7 1395.9 30.28 5001.77 

3-slow-A 19.9 39.1 223.1 78.5 10.99 207.27 

3-slow-B 14.4 22.3 79.7 28.7 8.46 78.93 

3-slow-C 38.6 39.8 193.8 68.2 18.75 295.93 

8-slow-CW30-A 6.0 7.8 25.7 9.9 4.39 43.31 

8-slow-CW30-B 8.9 11.1 64.2 17.9 6.12 93.22 

8-slow-CW30-C 6.7 10.3 24 6 4.23 40.31 

8-slow-CW150 7.4 8.0 13.9 2.5 10.28 22.85 

 

 

 

 (a)                                   (b) 

Figure 3.2: (a) Total F2-F4 concentrations (mass of F2-F4 per mass of dry gravel) and (b) the 

dilbit saturation as a function of the distance from the gravel pack inlet for the 8-slow 

experiments. 
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colloid transport and small droplet transport studies (Bradford et al., 2002; Bradford et al., 2003; 

Zhong et al., 2015; Liu et al., 2016). Straining is expected to occur at the column inlet because 

there are plenty of available pores (smaller than the droplet size) for droplets to get trapped 

(Bradford et al., 2002; Auset and Keller, 2006). Additional analysis of the potential role of 

straining is discussed using filtration models in section 4.6. 

 

3.4.2 Comparison to Regulatory Guidelines 

The maximum mass of trapped dilbit occurred in the 8-fast experiments (Table 3.2) and, 

therefore, the concentrations of F2-F4 PHC from those experiments were compared with 

toxicity guideline values (CCME, 2008) in Figure 3.3. The 2008 PHC CWS (Canada-wide 

standard) guideline values for coarse soil and agriculture/residential standard was used because 

agriculture/residential has higher requirements for toxicity limits (Table 3.3). There are no 

CCME guidelines for PHC in water, only guidelines for individual compounds such as benzene, 

toluene, naphthalene and benzo(a)pyrene. PHC concentrations were used here to provide intial 

screening information because of the large number of constituents in dilbit. 

 

Measured concentrations of F2 and F3 near the column inlet (< 2 cm) were above the CCME 

guidelines, while F4 concentrations were below. This was not the case for the 8-slow and 3-

slow experiments, which had maximum F2, F3 and F4 concentrations of 39.8 mg/kg, 223.1 

mg/kg and 78.5 mg/kg, respectively. These maximum concentrations were all lower than their 

respective CCME guidelines of 150 mg/kg, 300 mg/kg and 2800 mg/kg. It is important to note 

that the highest flow velocity used in these experiments was 0.35 cm/s, which is within the 

range of reported values, but smaller than the maximum hyporheic flow velocity 

(approximately 4 cm/s) observed in some labotorary experiments (Fruetel, 2016). This suggests 

that if the trend of increased concentrations with increased velocity (e.g., from maximum F2 

concentrations of 11 mg/kg in the 8-slow experiments to 909 mg/kg in the 8-fast experiments) 

continues, more dilbit could be trapped and exceed guidelines at higher hyporheic velocities. 
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Table 3.3: 2008 PHC CWS guideline values for F2, F3 and F4 

 Fine Soil Coarse Soil 

 
Ag/Res 

(mg/kg) 

Com/Ind 

(mg/kg) 

Ag/Res 

(mg/kg) 

Com/Ind 

(mg/kg) 

Guideline Values for F2 150 260 150 260 

Guideline Values for F3 1300 2500 300 1700 

Guideline Values for F4 5600 6600 2800 3300 

Ag/Res = agricultural/residential 

Com/Ind = commercial/industrial 

 

 

             (a)                       (b)                       (c)       

Figure 3.3: The mass of (a) F2, (b) F3 and (c) F4 per mass of dry gravel along the distance 

from the gravel pack inlet, along with the CCME guideline values (red solid line) for the 8-fast 

experiments. 

 

3.4.3 Effect of Flow Velocity on Dilbit Droplet Retention 

The concentration of F2-F4 as a function of the distance from the gravel pack inlet for the 8-

fast and 8-slow experiments is shown in Figure 3.4a. As presented in Figure 3.2a for the 8-slow 

experiments, the profiles from the 8-fast experiments show greater oil concentration at/near the 

inlet of the aluminum column, sharply decreased concentration, and a concentration plateau 

after the first 2 cm from the column inlet. Higher oil concentrations were observed in the 8-fast 

compared to the 8-slow experiments, and indicate that faster flow causes more trapping in the 

gravel, especially at/near the inlet of the pack. The total mass of F2-F4 and the maximum F2-

F4 concentration further support this trend, with an average total dilbit mass of 253.3 mg in the 
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8-fast experiments compared to 9.3 mg in 8-slow experiments (Table 3.2). In addition to 

concentration data, Figure 3.4b presents the trapped dilbit saturation in the gravel pack pore 

space of both the 8-fast and 8-slow experiments. The maximum trapped oil saturation is about 

4.3% at the inflow end of the 8-fast experiments, which is 48 times higher than observed in the 

8-slow experiments and only 3 times smaller than the maximum dilbit saturation (14%) 

obtained by drainage and imbibition experiments (Hossain, 2016). 

 

These results of higher oil droplet retention at high flow velocities are contrary to some studies 

of colloid transport that have observed that slower flow contributed to higher colloid retention 

(Camesano and Logan, 1998; Li et al., 2004; Coulibaly et al., 2006; Braun et al., 2015). In these 

previous studies, it was presented that colloid retention is a non-equilibrium process with slower 

flow provides longer contact time between particles and the grain surface. Hence, a greater 

amount of attachment is anticipated under lower flow velocity, which is consistent with colloid 

filtration theory (Yao et al.,1971).  

 

The discrepancy between previous studies of colloid transport and the results shown in Figure 

3.4 may due to: 1) Different mass loading of dilbit droplets between the fast and slow 

experiments, 2) the coalesce of droplets that block the flow path for the incoming droplets, 

which does not occur for colloids, and/or 3) an increased role of straining mechanism in these 

droplet experiments compared to the previous colloid studies. It is proposed here that droplets 

that are larger than the pore throat size got trapped near the pack inlet mainly by straining so 

that significant oil droplets accumulated and led to increased trapping. The increased mass 

loading resulted from the use of a 30 min duration for all experiments in this study. Therefore, 

because of the higher flow velocity, 3.9 times the dilbit mass was transported to the columns in 

the 8-fast experiments compared to the 8-slow experiments.  
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 (a)                                   (b) 

Figure 3.4: (a) The mass of F2-F4 per mass of dry gravel and (b) the dilbit saturation as a 

function of the distance from the gravel pack inlet for the 8-slow and 8-fast experiments. 

 

3.4.4 Effect of Grain Size on Dilbit Droplet Retention  

The concentration of F2-F4 as a function of the distance from the gravel pack inlet for the 8-

slow and 3-slow experiments is shown in Figure 3.5a. The oil retained in the 3-slow experiment 

had a similar distribution as presented in Figure 3.2a and Figure 3.4a. The trapped dilbit 

saturation in the gravel pack pore space is shown in Figure 3.5b, and the maximum saturation 

in the 3-slow experiments is twice that in the 8-slow experiments. The smaller size gravel had 

similar effects as the higher flow velocity, with increased F2-F4 concentrations and dilbit 

saturations near the pack inlet. The size of the porous media, however, had less effect on droplet 

trapping than the flow velocity under the experimental conditions used in this study, with 

differences between the 8-slow and 3-slow experiments (Figure 3.5) less than the differences 

between the 8-slow and 8-fast experiments (Figure 3.4). The total F2-F4 mass in the 3-slow 

experiments was also greater than that in the 8-slow experiments, but not as high as in the 8-

fast experiments (Table 3.2).  

 

These results are consistent with previous studies of colloid transport (Bradford et al., 2002; 

Bradford et al., 2005; Bradford and Bettahar, 2005; Sun et al., 2015; Liu et al., 2016) that have 
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also shown that smaller grain size causes more trapping in the porous media. With decreasing 

grain size, pore size will also decrease, which makes it easier for dilbit droplets to get trapped 

in the pores. Moreover, the dominant retention mechanism is also affected by the ratio of drop 

size to pore size with enhanced straining filtration behaviour when grain size decreases 

(Bradford et al., 2002). 

 

 

 (a)                                   (b) 

Figure 3.5: (a) The mass of F2-F4 per mass of dry gravel and (b) the dilbit saturation as a 

function of the distance from the gravel pack inlet for the 8-slow and 3-slow experiments. 

 

3.4.5 Effect of Clean Water Wash on Dilbit Droplet Retention  

The concentration of F2-F4 as a function of the distance from the gravel pack inlet for the 8-

slow, 8-slow-CW30 and 8-slow-CW150 experiments is shown in Figure 3.6a and the 

corresponding trapped dilbit saturation profiles are shown in Figure 3.6b. The clean water wash 

experiments were conducted to test whether the trapping of dilbit droplets in this gravel was 

reversible or irreversible. It is evident that the oil concentration is significantly lower with clean 

water wash compared to the experiments without clean water wash in the first 2 cm of the gravel 

pack, which indicates that the retention of some droplets was reversible near the inlet (< 2 cm). 

There is no significant difference between 8-slow, 8-slow-CW30 and 8-slow-CW150 
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experiments in the remainder of the column (> 2 cm), suggesting that the retention of droplets 

at these locations is irreversible. 

 

It is hypothesized here that droplets trapped by straining near the column inlet might be 

squeezed or pushed through blocked pores during the clean water wash. With the longer 

duration (150 min) of clean water wash, the oil concentrations along the entire column length 

were not statistically different than those following the shorter duration (30 min) clean water 

wash. Compared to 8-slow-CW30, 8-slow-CW150 has lower oil concentration near the inlet 

(approximately 40 mg/kg lower for the first data point), but higher (approximately 1 to 10 

mg/kg higher) after the first 2 cm. These results suggested that the retention of droplets by 

straining in the first 2 cm of the column may be reversible, while retention of droplets by 

attachment in the remainder of the column may be irreversible. 

 

 

 (a)                                   (b) 

Figure 3.6: (a) The mass of F2-F4 per mass of dry gravel and (b) the dilbit saturation as a 

function of the distance from the gravel pack inlet for the 8-slow, 8-slow-CW30 and 8-slow-

CW150 experiments. 
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3.4.6 Simulation Using Straining and Attachment Models 

As briefly discussed in section 4.1, straining is likely to be the primary mechanism at/near the 

column inlet. In addition, the clean water wash experiments suggest that attachment becomes 

more dominant after the first 2 cm of the pack. In this section, models that consider attachment 

(equation 3.11) and straining (equation 3.13) separately were used to fit the F2-F4 

concentrations from the 8-slow experiments to further identify which filtration mechanism 

might be more significant for dilbit droplets removal in gravel. 

 

Best-fit solutions to equations 3.11 and 3.13 are shown along with the results of the 8-slow 

experiments in Figure 3.7, where Figure 3.7a presents the data on linear axes and Figure 3.7b 

presents the data on log-linear axes. Each of the three replicates were fit individually, and the 

best-fit values for each of the two models and each of the three experiments are listed in Table 

3.4. The best-fit solutions to equation 3.13 appear as three separate lines on Figure 3.7.  

However, the best-fit solutions to equation 3.11 were similar, and only a single line is shown.   

 

Table 3.4: Best-fit values of kstr, β and kstr for straining and attachment models 

Experiments kstr (min-1) β katt (min-1) 

8-slow-A 0.0020 1.45 0.00008 

8-slow-B 0.0012 1.35 0.00008 

8-slow-C 0.0008 1.10 0.00008 

8-fast-A 0.0140 1.50 0.00030 

8-fast-B 0.0230 1.60 0.00050 

8-fast-C 0.1500 2.30 0.00050 

3-slow-A 0.0030 0.90 0.00012 

3-slow-B 0.0012 0.80 0.00010 

3-slow-C 0.0050 0.80 0.00030 

 

Previous studies of colloid transport have shown that when retained concentration profiles show 

a log-linear (exponential) relationship, attachment is probably the primary mechanism (Li et al., 

2004; Molnar et al., 2015; Zhong et al., 2015). However, when the profile shows a 
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hyperexponential relationship, other factors such as straining filtration might also be affecting 

the retention of colloids. The concentration profile in Figure 3.7a does not follow a log-linear 

relationship and, as reported for colloid transport, indicates that straining and attachment 

filtration mechanisms might both be important for droplet trapping in gravel, with straining 

likely more significant at/near the pack inlet. In addition, the attachment model cannot match 

the concentration profile in the 8-slow experiments, while the straining model can be fit 

reasonably well to the data, which further indicates that straining might be the primary filtration 

for droplet retention (< 2 cm) in this study. 

 

 

(a)                                    (b) 

Figure 3.7: (a) The mass of F2-F4 per mass of dry gravel in a linear axes and (b) the mass of 

F2-F4 per mass of dry gravel in a log-linear axes as a function of the distance from the gravel 

pack inlet for the 8-slow experiments. 

 

3.5 Conclusions 

A series of laboratory experiments were performed by transporting dilbit droplets through a 

gravel-packed aluminum column under various conditions to investigate the flow and trapping 

of dilbit droplets in riverbed sediments. Results showed that: 1) trapped dilbit in the gravel 

follows a hyperexponential (not log-linear) profile distribution, with a greater mass of dilbit 
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retained at/near the gravel pack inlet (about the first 2 cm) followed by a sharp decrease in dilbit 

retention and a plateau in concentration at distances greater than about 4 cm from the inlet; 2) 

trapped droplets in the fast flow (0.35 cm/s) experiments resulted in F2 and F3 PHC 

concentrations that were above the CCME guideline values; 3) smaller gravel size (3 mm) or 

higher flow velocity (0.35 cm/s) can lead to more dilbit droplets trapped in gravel, but that some 

of the retained drops (especially near the aluminum column inlet) can be washed away by clean 

water once the source of the droplets is removed (trapping is reversible for some droplets); 4) 

based on simulation results, both attachment and straining filtration mechanisms are important, 

with straining being more important for droplet removal at the pack inlet and attachment 

playing a role in the remainder of the gravel pack. Identification of the dominant trapping 

mechanism needs further study for a variety of conditions relevant to rivers, and to investigate 

dilbit trapping in two- and three-dimensional systems. 
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Chapter 4 

Conclusions and Recommendations 
 

4.1 Summary and Conclusions 

The objective of this study was to investigate whether dilbit droplets entrained in the water 

column can get trapped in the riverbed sediment by hyporheic flow when diluted bitumen (dilbit) 

is spilled in gravel-dominated rivers. In addition, if dilbit droplets can be retained, how much 

free phase dilbit will be trapped due to droplet flow. A series of laboratory experiments were 

conducted in a one-dimensional aluminum column packed with gravel in order to examine the 

flow and trapping of dilbit droplets in riverbed sediment. For all the experiments conducted, 

dilbit droplets were generated in a mixing reactor, and transported through the gravel-packed 

aluminum column. Three sets of experiments were performed with two flow velocities (0.09 

cm/s and 0.35 cm/s) and two gravel sizes (D = 2-3.36 cm and D50 = 7.8 cm) to study the effects 

of these two parameters on the trapping of dilbit droplets. Two additional sets of experiments 

investigated the gravel washed by clean water for two different durations (30 min and 150 min, 

respectively) after dilbit droplet transport experiments were completed. Clean water wash was 

applied in order to analyze whether the previously trapped droplets could be flushed away by 

clean water under the same flow velocity. In addition to the laboratory experiments, 

mathematical models normally used in colloid transport in porous media were employed to gain 

insights about the dominant mechanism for dilbit droplet retention in this study. Two models 

that considered either attachment filtration or straining filtration were applied to describe the 

dilbit mass distribution along the gravel packed column.  

 

Conclusions of this study were: 

1) The mass of trapped dilbit droplets along the gravel packed column follows a 

hyperexponential (not log-linear) profile distribution, which displays a greater dilbit 
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mass near the column inlet followed by a sharp decrease and a plateau in the rest of the 

column.  

2) The 8-fast experiments and 3-slow experiments trapped 253.6 mg and 24.3 mg of dilbit 

on average, respectively, while the 8-slow experiments trapped only 9.3 mg of dilbit. 

This strongly suggests that faster flow or smaller gravel size can increase the retention 

of dilbit droplets, and that flow velocity plays a more important role compared to gravel 

size under the experimental conditions employed in this study. Among all the 

experiments conducted, measured concentrations of F2 and F3 fractions near the 

column inlet in the 8-fast experiments exceed the CCME toxicity guideline values, 

while all the other experiments had measured concentrations below CCME guideline 

values.  

3) Total trapped dilbit mass was 7.3 mg on average after 30 min of clean water wash, 

which is lower than the 9.3 mg trapped in the 8-slow experiments. This indicates that 

some of the droplets can be removed by clean water flow (i.e., the retention of some of 

these droplets is reversible). In addition, most of the reversible droplets were located 

near the pack inlet and not in the rest of the gravel pack. Clean water washing for 30 

min (experiment 8-slow-CW30) was not significantly different than washing for 150 

min (experiment 8-slow-CW150). 

4) Based on a comparison of model results and experimental data, straining filtration 

likely dominates over attachment filtration for the trapping of dilbit droplets under 

these conditions, especially near the pack inlet. 

 

4.2 Recommendations 

For future research, the recommendations listed below can be helpful to better understand the 

flow and trapping of dilbit droplets in gravel dominated rivers: 

1) The 8-slow, 8-fast and 3-slow experiments were all designed to have 30 min duration. 

However, 8-fast experiments resulted in 3.9 times greater dilbit droplet mass coming 
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into the aluminum column than 8-slow and 3-slow experiments. Therefore, it is 

recommended that 8-slow experiments can be conducted with longer duration so that 

new experiments will have the constant loadings of dilbit droplets as 8-fast experiments. 

2) Velocities selected in this study are smaller than hyporheic flow velocities observed in 

recent laboratory experiments, therefore velocities higher than 0.35 cm/s should be 

investigated.  

3) Measurements of oil breakthrough from the column effluent, methods to quantify the 

dilbit droplet size, more precise models as well as experiments using a transparent flow 

cell with glass beads (two dimensional visualization) are needed to better identify the 

trapping pattern and mechanism of retention for dilbit droplets in porous media. 

4) Experiments conducted in this study used a one-dimensional column. Two-

dimensional experiments with packed gravel can also be employed to more closely 

simulate hyporheic flow and dilbit droplet trapping in riverbed gravel at field sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 

 

Appendix A 

Experimental Apparatus 
 

 
Figure A.1: Visualization experimental setup 

 

 

 
Figure A.2: Visualization experimental setup – mixing jar and glass funnel 
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Figure A.3: Quantification experimental setup 

 

 

 
Figure A.4: Quantification experimental setup – aluminum column 
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Figure A.5: Peastone gravel (D50 = 7.8 mm) 

 

 

 
Figure A.6: Crushed peastone gravel (D = 2 - 3.36 mm) 
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Figure A.7: Sectioned aluminum ring with frozen contaminated gravel (D = 2 - 3.36 mm) 
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Appendix B 

Visualization Experiments 
 

Four sets of visualization experiments were carried out in a 250 ml glass cylindrical separatory 

funnel (PYREX®), which has dimensions of 18 cm in length (body) and 2.5 cm inside diameter. 

The separatory funnel was packed with different sizes of glass beads, and dilbit droplets were 

pumped with water through the funnel under different flow velocities. The different 

experimental conditions employed are listed in Table B.1. The visualization experiment 

procedure can be briefly described by Figure B.1: dilbit droplets were generated by flowing 

CLB through the Teflon tubing fixed with static in-line mixers, and a stirrer was also employed 

to enhance the droplet generation process. 5 ml of CLB was manually injected into the mixing 

jar every 10 min, and 15 ml CLB in total was used in each experiment. Clean water was 

continuously pumped into the glass jar so that the mixture of dilbit droplets and water were 

pushed out of the jar and flowed into the glass funnel. Photos of the funnel were taken at 5 min 

intervals during the experiments to visualize the change in dilbit droplet distribution along the 

glass bead pack. MATLAB code was then applied to process each set of the photos to make the 

change of trapped dilbit droplets more distinct, and the processed photos are shown in Figure 

B.2 to Figure B.5. 

 

Table B.1: Visualization experimental conditions 

Experiments Oil type 
Glass 

bead size 
Flow rate Porosity Velocity Duration 

1 CLB 2mm 54.8 ml/min 0.40 0.11 cm/s 30 min 

2 CLB 5mm 57.1 ml/min 0.39 0.12 cm/s 30 min 

3 CLB 2mm 19.0 ml/min 0.40 0.04 cm/s 30 min 

4 CLB 5mm 17.8 ml/min 0.36 0.04 cm/s 30 min 

 



78 

 

 
 Clean water    Water pump  Circulation pump    Mixing jar  Glass funnel  Effluent 

Figure B.1: Visualization experimental setup and procedure 

 

 

Figure B.2: Original and processed photos of experiment 1 
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Figure B.3: Original and processed photos of experiment 2 
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Figure B.4: Original and processed photos of experiment 3 
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Figure B.5: Original and processed photos of experiment 4 
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Appendix C 

Supporting Data for Quantification Experimental Results 
 

 

Figure C.1: Calibration curves of 8-slow-A experiment 

 

Table C.1: Supporting data for 8-slow-A experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Blank 5.0 0.0 0.0 0.0 0.0 N/A 

Spike 5.0 92.2 43.0 0.0 135.2 N/A 

Ring 1 46.6 11.3 72.7 27.6 111.5 5201.4 

Ring 2 45.3 8.0 46.1 18.9 73.0 3302.7 

Ring 3 64.3 3.0 18.4 7.8 29.3 1882.2 

Ring 4 56.1 1.3 6.6 0.8 8.7 488.2 

Ring 5 51.1 1.1 2.2 0.4 3.7 187.6 

Ring 6 51.0 1.7 7.0 1.1 9.8 500.5 

Ring 7 37.6 2.8 5.1 0.7 8.6 322.2 

Ring 8 54.0 1.3 1.9 0.5 3.7 200.0 
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Figure C.2: Calibration curves of 8-slow-B experiment 

 

Table C.2: Supporting data for 8-slow-B experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0 52.6 34.5 0.0 87.1 N/A 

Blank 5.0 0.0 0.0 0.0 0.0 N/A 

Spike 5.0 92.2 48.4 0.0 140.6 N/A 

Ring 1 56.7 6.8 42.5 16.8 66.1 3749.4 

Ring 2 43.9 2.2 12.2 4.8 19.2 841.4 

Ring 3 77.5 0.9 6.1 5.2 12.2 946.3 

Ring 4 23.2 2.6 6.5 2.1 11.2 260.2 

Ring 5 51.3 1.4 5.0 1.1 7.5 387.2 

Ring 6 45.7 2.0 5.7 1.4 9.0 413.5 

Ring 7 50.2 1.3 5.7 0.8 7.7 387.6 

Ring 8 64.3 1.2 6.1 1.1 8.4 541.5 

Ring 9 66.7 1.4 12.8 2.9 17.1 1139.5 
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Figure C.3: Calibration curves of 8-slow-C experiment 

 

Table C.3: Supporting data for 8-slow-C experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0 51.7 23.8 0.0 75.5 N/A 

Blank 5.0 0.0 0.0 0.0 0.0 N/A 

Spike 5.0 144.3 69.6 0.0 213.8 N/A 

Ring 1 55.1 5.4 26.8 9.7 41.9 2309.8 

Ring 2 54.6 2.8 17.9 9.3 29.9 1634.1 

Ring 3 43.3 2.6 9.5 3.9 16.0 692.4 

Ring 4 51.4 1.1 4.3 1.2 6.6 339.8 

Ring 5 57.1 1.5 5.3 2.0 8.9 507.8 

Ring 6 42.3 1.8 5.6 2.5 9.9 418.4 

Ring 7 59.9 1.8 3.7 1.0 6.5 389.0 

Ring 8 73.1 1.0 4.4 1.6 7.1 517.7 

Ring 9 34.2 6.7 3.0 1.9 11.6 397.0 
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Figure C.4: Calibration curves of 8-fast-A experiment 

 

Table C.4: Supporting data for 8-fast-A experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0  52.3  34.4  0.0  86.7  N/A 

Blank 5.0  0.0  0.0  0.0  0.0  N/A 

Spike 5.0  118.0  59.1  0.0  177.1  N/A 

Ring 1 52.3  115.6  455.9  182.1  753.7  39385.3 

Ring 2 44.9  87.6  343.1  136.1  566.7  25470.5 

Ring 3 47.1  15.1  82.5  36.9  134.5  6339.4 

Ring 4 51.3  9.8  51.1  20.8  81.7  4191.8 

Ring 5 48.8  5.8  22.9  11.4  40.1  1958.9 

Ring 6 38.1  6.0  18.4  8.9  33.3  1269.2 

Ring 7 68.9  3.6  18.3  8.1  29.9  2063.5 

Ring 8 48.7  3.9  15.7  7.3  26.9  1310.1 

Ring 9 40.0  5.2  15.5  6.9  27.5  1101.1 
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Figure C.5: Calibration curves of 8-fast-B experiment 

 

Table C.5: Supporting data for 8-fast-B experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0 49.3 25.3 0.0 74.6 N/A 

Blank 5.0 0.0 0.0 0.0 0.0 N/A 

Spike 5.0 97.0 43.9 0.0 140.9 N/A 

Ring 1 35.8 293.6 968.5 330.0 1592.1 56926.3 

Ring 2 62.7 429.4 1294.4 478.1 2201.9 138108.3 

Ring 3 49.3 36.3 133.6 68.0 237.8 11716.6 

Ring 4 52.3 20.8 85.9 43.0 149.7 7824.5 

Ring 5 54.8 10.2 44.0 22.7 76.8 4211.1 

Ring 6 60.6 5.2 22.0 11.2 38.4 2324.0 

Ring 7 40.5 5.9 18.3 10.3 34.5 1397.2 

Ring 8 58.9 7.1 13.0 6.8 26.9 1586.1 

Ring 9 52.9 10.8 9.7 4.4 24.9 1320.3 
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Figure C.6: Calibration curves of 8-fast-C experiment 

 

Table C.6: Supporting data for 8-fast-C experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0 49.9 24.3 0.0 74.2 N/A 

Blank 5.0 0.0 0.0 0.0 0.0 N/A 

Spike 5.0 100.0 41.0 0.0 141.0 N/A 

Ring 1 54.7 909.2 2696.7 1395.9 5001.8 273651.1 

Ring 2 37.0 610.1 1850.5 722.4 3183.1 117627.0 

Ring 3 73.2 84.3 272.9 123.4 480.6 35158.5 

Ring 4 63.9 31.2 79.5 41.0 151.7 9693.3 

Ring 5 69.7 22.8 50.4 32.2 105.4 7347.5 

Ring 6 35.4 28.6 23.1 33.4 85.1 3015.2 

Ring 7 51.2 25.7 11.6 16.5 53.7 2748.3 

Ring 8 33.8 27.0 12.2 22.9 62.1 2096.4 

Ring 9 35.0 25.8 3.4 1.1 30.3 1060.0 
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Figure C.7: Calibration curves of 8-slow-CW30-A experiment 

 

Table C.7: Supporting data for 8-slow-CW30-A experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0 61.1 28.8 0.0 89.9 N/A 

Blank 5.0 0.0 0.0 0.0 0.0 N/A 

Spike 5.0 264.0 163.1 0.0 427.1 N/A 

Ring 1 51.6 7.8 25.7 9.9 43.3 2234.2 

Ring 2 49.9 5.2 12.2 1.7 19.2 956.2 

Ring 3 45.4 4.9 9.5 1.3 15.6 709.7 

Ring 4 46.9 3.9 5.7 1.2 10.8 505.1 

Ring 5 64.3 2.6 2.4 0.4 5.5 351.0 

Ring 6 51.3 2.9 3.3 0.6 6.8 348.0 

Ring 7 27.2 4.4 5.3 0.8 10.5 285.4 

Ring 8 73.7 1.8 2.2 0.4 4.4 323.8 

Ring 9 39.7 4.1 3.3 0.6 8.0 317.9 
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Figure C.8: Calibration curves of 8-slow-CW30-B experiment 

 

Table C.8: Supporting data for 8-slow-CW30-B experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0 51.5 30.2 0.0 81.7 N/A 

Blank 5.0 0.0 0.0 4.8 4.8 N/A 

Spike 5.0 108.0 51.5 0.0 159.5 N/A 

Ring 1 42.2 11.1 64.2 17.9 93.2 3933.1 

Ring 2 60.3 2.7 20.1 7.1 29.9 1800.1 

Ring 3 31.6 2.4 15.9 1.9 20.3 640.3 

Ring 4 55.9 1.3 7.3 0.9 9.4 527.5 

Ring 5 69.3 0.9 6.3 1.7 9.0 622.6 

Ring 6 65.2 1.0 4.5 0.6 6.1 398.9 

Ring 7 27.9 1.7 7.2 1.8 10.7 296.8 

Ring 8 67.0 0.5 5.3 1.2 6.9 460.9 

Ring 9 32.5 0.9 4.4 0.9 6.2 201.8 
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Figure C.9: Calibration curves of 8-slow-CW30-C experiment 

 

Table C.9: Supporting data for 8-slow-CW30-C experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0 43.5 21.5 0.0 65.0 N/A 

Blank 5.0 0.0 0.0 0.0 0.0 N/A 

Spike 5.0 120.0 43.2 0.0 163.2 N/A 

Ring 1 53.4 10.3 24.0 6.0 40.3 2152.5 

Ring 2 51.3 8.9 12.6 3.3 24.8 1273.9 

Ring 3 69.2 5.9 7.2 1.7 14.9 1027.8 

Ring 4 58.0 4.9 6.2 0.9 11.9 691.2 

Ring 5 46.7 7.0 1.4 0.2 8.6 400.0 

Ring 6 52.4 2.1 2.5 0.2 4.8 252.7 

Ring 7 61.0 5.3 1.7 0.3 7.2 441.6 

Ring 8 42.7 2.8 1.5 0.4 4.7 202.6 

Ring 9 57.6 2.0 1.8 0.5 4.2 243.3 
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Figure C.10: Calibration curves of 3-slow-A experiment 

 

Table C.10: Supporting data for 3-slow-A experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0 68.6 28.1 0.0 96.7 N/A 

Blank 5.0 5.8 4.7 0.0 10.4 N/A 

Spike 5.0 134.3 42.6 0.0 176.9 N/A 

Ring 1 39.8 39.1 223.1 78.5 340.7 13543.9 

Ring 2 55.0 31.4 109.0 40.0 180.5 9931.8 

Ring 3 44.7 19.6 65.1 25.9 110.6 4948.0 

Ring 4 36.2 13.7 54.2 20.9 88.8 3215.9 

Ring 5 48.1 9.4 22.7 10.7 42.8 2060.3 

Ring 6 44.1 7.3 17.6 9.6 34.5 1519.8 

Ring 7 34.4 8.9 16.5 9.1 34.5 1185.5 

Ring 8 50.8 6.6 10.5 3.9 21.0 1066.9 

Ring 9 52.5 5.8 11.1 3.6 20.6 1078.8 
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Figure C.11: Calibration curves of 3-slow-B experiment 

 

Table C.11: Supporting data for 3-slow-B experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0 57.5 23.7 0.0 81.2 N/A 

Blank 5.0 0.0 0.0 0.0 0.0 N/A 

Spike 5.0 129.5 44.2 0.0 173.7 N/A 

Ring 1 32.4 22.3 79.7 28.7 130.7 4238.8 

Ring 2 55.1 10.6 30.2 11.5 52.4 2885.8 

Ring 3 47.7 9.4 17.4 2.4 29.2 1393.6 

Ring 4 31.5 13.4 26.6 5.1 45.1 1419.4 

Ring 5 62.6 6.2 6.9 1.1 14.3 894.4 

Ring 6 33.7 11.9 15.2 2.6 29.6 997.0 

Ring 7 47.7 8.6 9.6 1.5 19.7 939.4 

Ring 8 34.0 11.3 12.6 2.3 26.2 890.9 

Ring 9 59.5 6.1 5.8 0.9 12.8 761.5 
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Figure C.12: Calibration curves of 3-slow-C experiment 

 

Table C.12: Supporting data for 3-slow-C experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0 68.6 28.1 0.0 96.7 N/A 

Blank 5.0 5.8 4.7 0.0 10.4 N/A 

Spike 5.0 134.3 42.6 0.0 176.9 N/A 

Ring 1 45.8 34.0 193.8 68.2 295.9 13543.9 

Ring 2 43.5 39.8 137.9 50.7 228.4 9931.8 

Ring 3 47.8 18.3 61.0 24.3 103.6 4948.0 

Ring 4 51.5 9.6 38.1 14.7 62.4 3215.9 

Ring 5 41.6 10.9 26.3 12.4 49.6 2060.3 

Ring 6 42.6 7.6 18.2 9.9 35.7 1519.8 

Ring 7 25.6 12.0 22.1 12.2 46.3 1185.5 

Ring 8 29.0 11.6 18.4 6.9 36.8 1066.9 

Ring 9 57.5 5.3 10.1 3.3 18.8 1078.8 
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Figure C.13: Calibration curves of 8-slow-CW150 experiment 

 

Table C.13: Supporting data for 8-slow-CW150 experiment 

Sample 
Dry gravel 

weight (g) 

F2 (ug/g) F3 (ug/g) F4 (ug/g) Sum (ug/g) Total dilbit 

weight (ug) C10-C16 C16-C34 C34-C50 C10-C50 

Cal check 10.0 66.6 24.7 0.0 91.4 N/A 

Blank 5.0 10.2 4.7 0.0 14.9 N/A 

Spike 5.0 134.9 48.8 0.0 183.7 N/A 

Ring 1 74.1 5.2 10.4 1.4 17.0 1258.2 

Ring 2 50.3 6.5 13.9 2.5 22.9 1148.9 

Ring 3 60.3 5.4 9.2 1.4 16.0 968.0 

Ring 4 31.8 8.0 11.5 1.9 21.3 677.3 

Ring 5 81.1 4.0 6.8 1.3 12.0 974.1 

Ring 6 39.6 6.0 6.8 1.1 13.9 552.5 

Ring 7 58.4 4.9 4.8 0.6 10.3 600.6 

Ring 8 45.1 5.8 5.2 1.3 12.3 556.7 

Ring 9 62.1 4.0 4.8 1.5 10.4 643.8 
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(a)                                   (b) 

  

(c)                                   (d) 

  

(e)                                   (f) 

 

Figure D.1: The mass of (a) F2, (c) F3 and (e) F4 per mass of dry gravel along the distance 

from the gravel pack inlet, along with the CCME guideline values (red solid line) for the 8-

slow experiments. The mass of F2-F4 per mass of dry gravel (b) in a linear axes and (d) in a 

log-linear axes with fitted straining and attachment filtration models, and (f) the dilbit saturation 

as a function of the distance from the gravel pack inlet for the 8-slow experiments. 
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(a)                                    (b) 

  

(c)                                   (d) 

  

(e)                                   (f) 

 

Figure D.2: The mass of (a) F2, (c) F3 and (e) F4 per mass of dry gravel along the distance 

from the gravel pack inlet, along with the CCME guideline values (red solid line) for the 8-fast 

experiments. The mass of F2-F4 per mass of dry gravel (b) in a linear axes and (d) in a log-

linear axes with fitted straining and attachment filtration models, and (f) the dilbit saturation as 

a function of the distance from the gravel pack inlet for the 8-fast experiments. 
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(a)                                    (b) 
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(e)                                    (f) 

 

Figure D.3: The mass of (a) F2, (c) F3 and (e) F4 per mass of dry gravel along the distance 

from the gravel pack inlet, along with the CCME guideline values (red solid line) for the 3-

slow experiments. The mass of F2-F4 per mass of dry gravel (b) in a linear axes and (d) in a 

log-linear axes with fitted straining and attachment filtration models, and (f) the dilbit saturation 

as a function of the distance from the gravel pack inlet for the 3-slow experiments. 
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(a)                                    (b) 

   

(c)                                    (d) 

   

(e)                                    (f) 

 

Figure D.4: The mass of (a) F2, (c) F3 and (e) F4 per mass of dry gravel along the distance 

from the gravel pack inlet, along with the CCME guideline values (red solid line) for the 8-

slow-CW30 experiments. The mass of F2-F4 per mass of dry gravel (b) in a linear axes and (d) 

in a log-linear axes, and (f) the dilbit saturation as a function of the distance from the gravel 

pack inlet for the 8-slow-CW30 experiments. 
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(a)                                    (b) 
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(e)                                    (f) 

 

Figure D.5: The mass of (a) F2, (c) F3 and (e) F4 per mass of dry gravel along the distance 

from the gravel pack inlet, along with the CCME guideline values (red solid line) for the 8-

slow-CW150 experiments. The mass of F2-F4 per mass of dry gravel (b) in a linear axes and 

(d) in a log-linear axes, and (f) the dilbit saturation as a function of the distance from the gravel 

pack inlet for the 8-slow-CW150 experiments. 
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Appendix E 

Analytical Solution to Filtration Equations 
 

Analytical solution to the filtration equations used in Chapter 3 to describe attachment and 

straining filtration mechanisms were presented separately. 

 

Attachment Model: 

 

𝜕𝐶

𝜕𝑡
+

𝜌𝑏

𝜃

𝜕𝑆𝑎𝑡𝑡

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2 − 𝑣𝑐
𝜕𝐶

𝜕𝑥
                                                (E.1) 

 

𝜌𝑏

𝜃

𝜕𝑆𝑎𝑡𝑡

𝜕𝑡
= 𝑘𝑎𝑡𝑡𝐶 −

𝜌𝑏

𝜃
𝑘𝑑𝑒𝑡𝑆𝑎𝑡𝑡                                               (E.2) 

 

where C is the colloid concentration in the aqueous phase at a distance x and time t [ML-3], ρb 

is the dry bulk density of the porous media [ML-3], θ is the porosity [-], Satt is the solid-phase 

colloid concentration of attached colloids [MM-1], D is the hydrodynamic dispersion coefficient 

[L2T-1], vc is the pore water velocity [LT-1], katt is the first-order colloid attachment coefficient 

[T-1], kdet is the first-order colloid detachment coefficient [T-1]. The solution domain was x = 0 

cm to x = 15 cm. 

 

Dispersion were considered to be negligible for droplets, and kdet was also assumed to be zero 

(irreversible attachment). Hence, equations (E.1) and (E.2) can be simplified to: 

 

𝜕𝐶

𝜕𝑡
+ 𝑘𝑎𝑡𝑡𝐶 + 𝑣𝑐

𝜕𝐶

𝜕𝑥
= 0                                                     (E.3) 

 

𝜌𝑏

𝜃

𝜕𝑆𝑎𝑡𝑡

𝜕𝑡
= 𝑘𝑎𝑡𝑡𝐶                                                           (E.4) 
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Boundary condition for both models: 

 

𝐶(0, 𝑡) = 𝐶0 =
15𝑚𝑙×

0.9216𝑔

𝑐𝑚3

103𝑚𝑙
= 0.013824 (

𝑔

𝑚𝑙
)                                  (E.5) 

 

where C0 is the oil concentration at the inlet gravel pack [ML-3]. 

 

Initial condition for both models: 

 

𝐶(𝑥, 0) = 0                                                              (E.6) 

 

Forward Laplace transform was employed at both sides of Equation (E.3) and (E.5): 

 

𝐿{𝐶(0, 𝑡)} = 𝐿{𝐶0}                                                        (E.7) 

 

𝐿 {
𝜕𝐶

𝜕𝑡
} + 𝐿{𝑘𝑎𝑡𝑡𝐶} + 𝐿 {𝑣𝑐

𝜕𝐶

𝜕𝑥
 } = 0                                           (E.8) 

 

(E.7) can be written as: 

 

𝐶̅(0, 𝑝) =
𝐶0

𝑝
                                                              (E.9) 

 

And initial condition 𝐶(𝑥, 0) = 0 was applied to (E.8) to obtain: 

 

𝑝𝐶̅ + 𝑘𝑎𝑡𝑡�̅�  + 𝑣𝑐
𝜕𝐶̅

𝜕𝑥
= 0                                                  (E.10) 

 

where the new variable p is t in Laplace space. 
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Integrate equation (E.10) and apply boundary condition (E.9) to get C in Laplace space: 

 

𝐶̅ = 𝐶0𝑒𝑥𝑝 (−
𝑘𝑎𝑡𝑡𝑥

𝑣𝑐
)

1

𝑒𝑥𝑝(
𝑝𝑥

𝑣𝑐
)𝑝

                                               (E.11) 

 

Then apply inverse Laplace transform at both sides of equation (E.11) to get 𝐶̅ back to the real 

space (with time, t): 

 

𝐶 = 𝐶0𝑒𝑥𝑝 (−
𝑘𝑎𝑡𝑡𝑥

𝑣𝑐
)𝐻 (𝑡 −

𝑥

𝑣𝑐
)                                             (E.12) 

 

where 𝐻 (𝑡 −
𝑥

𝑣𝑐
) is the Heaviside step function, and 𝐻(> 0) represents the function as 1 

which is the case in this study. 

 

Solution for C is substituted into equation (E.6) to solve Satt which is written as: 

 

𝑆𝑎𝑡𝑡 =
𝑘𝑎𝑡𝑡𝐶0𝜃

𝜌𝑏
𝑒𝑥𝑝 (−

𝑘𝑎𝑡𝑡𝑥

𝑣𝑐
) (𝑡 −

𝑥

𝑣𝑐
) 𝐻 (𝑡 −

𝑥

𝑣𝑐
)                               (E.13) 

 

In equation (E.13), katt is the fitting parameter and 𝐻 (𝑡 −
𝑥

𝑣𝑐
) always equals to 1 under the 

experimental conditions employed in Chapter 3. Rest of the parameters are all knowns from the 

experimental data. Hence, the droplet retention profile can be obtained. 

 

Straining Model: 

 

𝜕𝐶

𝜕𝑡
+

𝜌𝑏

𝜃

𝜕𝑆𝑎𝑡𝑡

𝜕𝑡
+

𝜌𝑏

𝜃

𝜕𝑆𝑠𝑡𝑟

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2 − 𝑣𝑐
𝜕𝐶

𝜕𝑥
                                      (E.14) 

 

𝜌𝑏

𝜃

𝜕𝑆𝑠𝑡𝑟

𝜕𝑡
= 𝑘𝑠𝑡𝑟𝜓𝑠𝑡𝑟𝐶                                                     (E.15) 
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𝜓𝑠𝑡𝑟 = (
𝑑50+𝑥

𝑑50
)−𝛽                                                       (E.16) 

 

where Sstr is the solid-phase concentration of strained colloids [MM-1], kstr is the straining 

coefficient [T-1], ψstr is a dimensionless colloid straining function [-], and β is a fitting parameter 

that controls the shape of the colloid spatial distribution [-]. The solution domain was x = 0 cm 

to x = 15 cm. 

 

Dispersion was also assumed negligible in straining model and no attachment was considered. 

Hence, equation (E.14) to (E.16) can be simplified as: 

 

𝜕𝐶

𝜕𝑡
+ 𝑘𝑠𝑡𝑟(

𝑑50+𝑥

𝑑50
)−𝛽𝐶 + 𝑣𝑐

𝜕𝐶

𝜕𝑥
= 0                                          (E.17) 

 

𝜌𝑏

𝜃

𝜕𝑆𝑠𝑡𝑟

𝜕𝑡
= 𝑘𝑠𝑡𝑟(

𝑑50+𝑥

𝑑50
)−𝛽𝐶                                                (E.18) 

 

Forward Laplace transform was employed at both sides of equation (E.17), and with same 

procedure described in attachment model section to obtain (E.19): 

 

𝐶̅ =
𝐶0

𝑝
𝑒𝑥𝑝 (

𝑘𝑠𝑡𝑟𝑑50

𝑣𝑐(1−𝛽)
) 𝑒𝑥𝑝 (−

𝑘𝑠𝑡𝑟𝑑50
𝛽(𝑑50+𝑥)(1−𝛽)

𝑣(1−𝛽)
−

𝑝𝑥

𝑣𝑐
)                         (E.19) 

 

Then apply inverse Laplace transform to get 𝐶̅ back to real space (time, t): 

 

𝐶 = 𝐶0𝑒𝑥𝑝 (
𝑘𝑠𝑡𝑟𝑑50−𝑘𝑠𝑡𝑟𝑑50

𝛽(𝑑50+𝑥)(1−𝛽)

𝑣𝑐(1−𝛽)
) 𝐻 (𝑡 −

𝑥

𝑣𝑐
)                            (E.20) 

 

Equation (E.20) is then substituted into equation (E.18) to solve Sstr: 
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𝑆𝑠𝑡𝑟 =
𝐶0𝑘𝑠𝑡𝑟𝜃

𝜌𝑏
(

𝑑50+𝑥

𝑑50
)−𝛽𝑒𝑥𝑝 (

𝑘𝑠𝑡𝑟𝑑50−𝑘𝑠𝑡𝑟𝑑50
𝛽(𝑑50+𝑥)(1−𝛽)

𝑣𝑐(1−𝛽)
) (𝑡 −

𝑥

𝑣𝑐
) 𝐻 (𝑡 −

𝑥

𝑣𝑐
)       (E.21)                                               

 

In equation (E.21), kstr and β are used as fitting parameters, 𝐻 (𝑡 −
𝑥

𝑣𝑐
) is always 1 under the 

experimental conditions employed in Chapter 3. Rest of the parameters are all knowns from the 

experimental data. Hence, the droplet retention profile can be obtained. 

 

 

 

 

 

 


