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Abstract 

 

Some heavy oils are sufficiently mobile to be produced through primary production under 

solution gas drive. In these systems, typical recovery factors are less than 5%, however 

when sand production is encouraged, production rates can improve up to ten times their 

primary production levels. Even with the enhanced production, this production technique 

known as Cold Heavy Oil Production with Sand (CHOPS), recovery factors remain low 

generally ranging from 5 to 15%. With overall heavy oil production projected to decrease 

by 50% over the next decade, follow-up processes are required to sustain and raise 

recovery factor.  To design effective follow-up processes requires reliable models which 

represent the key physics of CHOPS are needed. As yet, there are no models that have 

been developed that contain all of the key physics plus provide a dynamic means to 

represent wormhole growth within the formation as the process evolves. The research 

documented in this thesis focuses on the development of a comprehensive model for 

CHOPS.  The key outcomes of the research are 1. the development of a new fundamental 

model for CHOPS which captures the main drive mechanisms of CHOPS, 2. validation 

of the model through history matching industry supplied field data, and 3. the use of the 

model in a Cyclic Solvent Injection (CSI) follow-up process to CHOPS.   
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 Introduction Chapter One:

 

1.1 Background 

 

There are over 5.5 trillion barrels of heavy oil resource and with the decline of 

conventional oil reserves and rising oil prices; heavy oil has increasingly become a more 

attractive target for oil production (USGS, 2007).  Heavy oil deposits account for 

approximately 53 percent of the world’s oil reserves (reserves are the fraction of an oil 

deposit which can be commercially produced with existing recovery technology), with 

total reserves of about 1 trillion barrel (USGS, 2003).  With about 1.7 trillion barrels of 

heavy oil and oil sands resources, of which 10% currently technology and economically 

recoverable, Canada has a key role to play in the global petroleum fossil fuel market.  

Despite the vast amount of heavy oil located in Western Canada, one key issue 

confronted by operators is the relatively low recovery factor achieved:  for cold 

production processes, the recovery factor tends to be on average 10% whereas for thermal 

(steam) recovery processes, the recovery factor tends to be between 25% (for Cyclic 

Steam Stimulation) and 50% (for Steam-Assisted Gravity Drainage).  These recovery 

factors indicate that the majority of the oil remains in the ground, which is significant in 

the case for cold produced fields, the focus of the research documented in this thesis.  In 

typical practice, cold production of heavy oil refers to primary production of oil (no 

injection of water, hot water, or steam) from heavy oil fields, with the main drive 

mechanism being solution gas drive.   
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1.2 Unconventional Oil: Heavy Oil and Bitumen 

Oil is commonly categorized based on its API gravity, a system introduced by the 

American Petroleum Institute (API) in 1921 (Huc, 2010).  An API gravity lower than 10° 

is considered an extra heavy oil (often referred to as bitumen) whereas oils with API 

gravities between 10° and 20° are considered heavy oils (USGS, 2007).  There is an 

inverse correlation between oil’s API gravity and oil viscosity – the lower the API gravity 

of oil, typically the higher is its viscosity. There are exceptions to this rule, with in-situ 

conditions also playing an important role in oil viscosity.  Heavy oils and bitumen (<20°) 

have viscosity ranging from several thousand to several million centipoises. An overview 

of oil viscosities and familiar substance can be seen in Figure 1.1.  

 
Figure 1.1: Viscosity of different crude oil types (Modified from BP, 2009). 
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The more viscous the oil, the greater the energy required to move it within the reservoir 

to a production well. At original reservoir conditions, some heavy oils (bitumen) can act 

as solids and require stimulation for the oil to become sufficiently mobile and produce 

sufficient economic returns. For very viscous oils, the most common means to lower the 

viscosity of the oil is steam stimulation – raising the temperature of the oil beyond 180°C 

reduces the viscosity by as much as five orders of magnitude.  

 

The chemical and physical properties of heavy oils vary greatly from those of 

conventional light oils. Beyond the higher viscosity of heavy oil, the density is higher 

often near that of water at standard conditions (970-1015 kg/m3 for 8-14 °API oils 

respectively), the sulphur content is often higher (heavy oils consist of 4% and higher 

sulphur whereas light oils are typically between 1 and 4%), and the asphaltene content in 

the oils are much higher than that of light oils (NEB, 2000).  Asphaltenes that are present 

in heavy oils, although not a key factor in the decrease in mobility can pose a problem in 

processes when asphaltene precipitation occurs. Such processes as in-situ combustion and 

solvent based processes which use propane can lead to asphaltene precipitation and a 

decrease in reservoir permeability. Heavy oil generally tends to have a higher proportion 

of high molecular weights compounds and lower proportion of low molecular weight 

proportions than that of lights oils (Speight, 2009). In terms of composition this leads to a 

deficiency in hydrogen compared to lighter oils, which makes it necessary for upgrading 

the oil to synthetic crude oil for refining. The average light oil is 14% hydrogen 
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compared to 10% in heavy oils (NEB, 2000). All of these factors tend to lower the value 

of the oil and create challenges for processing and pipelining heavy oils.  

 

1.3 Heavy Oil in Canada 

Heavy oil and bitumen resources found in the western provinces of Alberta and 

Saskatchewan, as seen in Figure 1.2, are subdivided into oil sands and heavy oils. The 

resources are large in both areal extent and volume: the oil sands deposits in Western 

Canada alone cover an area equal to approximately 141,000 km2 with total resources 

estimated to be 1.7 trillion barrels (CCEI, 2011). This is roughly 25% of the heavy oil 

resource volume estimated on the planet.  In Western Canada, about 10%, i.e. 170 billion 

barrels, can be produced economically with currently available technology. The oil sands 

resource in Alberta is divided into three major deposits being the Athabasca, Cold Lake 

and Peace River fields. The oil hosted in these reservoirs typically have viscosities in the 

hundreds of thousands to millions of centipoise and are produced largely by thermal 

(steam) recovery processes. Conventional heavy oil is found near the border of Alberta 

and Saskatchewan with approximately 1.3 billion barrels of reserves (NEB, 2011). 

Although not as prolific, the heavy oil deposits are attractive due to their low capital costs 

and operating expenses and are often sufficiently mobile to be produced under primary 

(cold production).  
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Figure 1.2: Heavy oil and oil sands deposits in Canada (Peacock, 2010). 

 

Oil sands deposits account for 98% of Canada’s current oil reserves (EIA, 2012) and for 

66% of Canada’s daily oil production totalling approximately 2.1 million bbl/day (CAPP, 

2012). By 2030, oil production in Canada is projected to increase to about 6,300,000 

bbl/day, with the majority of the increase coming from the oil sands. Conventional heavy 

oil currently accounts for roughly 382,000 bbl/day of production. By 2030, conventional 

heavy oil production is projected to slowly decline to 350,000 bbl/day. For oil sands 

recovery, production is divided into two main techniques: 1. mining and 2. in-situ 

production with production equal to about 772,000 bbl/day and approximately 844,000 

bbl/day, respectively (CAPP, 2012). Conventional heavy oil may be produced by a 

variety of methods from thermal, water/polymer flooding or primary production. Primary 

production of conventional heavy oil production can be subdivided into two recovery 

categories:  1. cold heavy oil production without sand and 2. cold heavy oil production 

with sand (CHOPS).  In the first method, oil (and water and gas) is produced under 
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largely solution gas drive and the wells are completed to prevent sand production from 

the reservoir.  In the second method, not only is oil (and water and gas) produced from 

the reservoir but sand is deliberately produced from the reservoir.  Although not 

published in annual performance report statistics, it is estimated that CHOPS accounts for 

approximately 50% of the conventional heavy oil production (Sawatzky et al., 2006).  

However, estimates show heavy oil production from CHOPS is estimated to decline by 

50% over the next decade (PTRC, 2010). 

 

1.4 Geology 

The geology of heavy oil in western Canada can be traced back to the formation of the 

Western Canadian Sedimentary Basin (WCSB). During the late Cretaceous period, a 

large sea known as the Western Interior Basin stretched form the Arctic to the Gulf 

Mexico and was over 1000 miles wide (Kauffman, 2005). During this time the 

Precambrian shield was eroded and the WCSB acted as a basin for the sediment.  A 

period of mountain building known as the Laramide orogeny occurred which saw the 

formation of the Rockies and an uplift of the basin to produce the current geological 

framework (Jackson, 1984).  The WCSB is characterized as a wedge, which thins 

towards the east. Conventional oils and natural gas can be found in the western side of 

the WCSB and heavier oils to the east, as seen in Figure 1.3. 
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Figure 1.3: NE-SW cross-section of Western Canadian Sedimentary Basin (Peacock, 

2010). 
 

There remains uncertainty as to the exact source of petroleum that comprise modern 

major heavy oil deposits in Canada. In general, it is believed that the source rocks were 

from Jurassic and/or Mississippian periods, where petroleum migrated from these rocks 

to rocks from the Cretaceous period (Brooks et al., 1998). This migration occurred over 

millions of years travelling up to distances of 360 km to form the Athabasca deposits. 

The migrated oil was much less dense (>20°API) and mobile than the present oil 

accumulation in the heavy oil and bitumen deposits (NEB, 2000). The migrated oil was 

trapped in the Cretaceous period rocks with the major formations being the McMurray 

(Athabasca – contains bitumen with viscosities typically between 500,000 and several 
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million cP), Clearwater (Cold Lake – contains bitumen with viscosities generally between 

80,000 and 200,000 cP), Blue Sky (Peace River – contains bitumen with viscosities 

typically ranging from 80,000 to 300,000 cP and heavy oil with viscosities between 

10,000 and 50,000 cP), Grossmont carbonates (central Alberta – contains bitumen with 

viscosities in the millions of cP), and Sparky (Lloydminster – contains heavy oil with 

viscosities typically between 1,000 and 60,000 cP) Formations. These formations are 

typically found in the Lower Mannville group (Visgrass, 1968). As the oil migrated, 

anaerobic microbes consumed the lighter ends of the oil resulting in concentration of 

heavy ends within the formations (NEB, 2000), which led ultimately to present-day 

deposits of heavy oil and bitumen.  On consuming lower molecular weight hydrocarbons, 

the microbes converted the oil into one with higher density, viscosity and sulphur content 

than the original oil (Head et al., 2003). As a result, since the oil viscosity increased, the 

oil became trapped in the formations since its viscosity had increased to the point it was 

not readily mobile even on long time scales. For example, to drain Athabasca bitumen 

from a cup held upside down would take of order of several months to drain 90% of the 

oil from the cup at room temperature.   

 

1.5 Recovery Techniques 

Heavy oil and bitumen are recovered by several methods. For Athabasca deposits that are 

at surface or less than about 70 m below the surface as is the case in Ft. McMurray, 

Alberta, surface mining techniques are used. These deposits host only about 20% of 

known bitumen deposits in Western Canada. For the other 80%, in-situ techniques are 
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required (NEB, 2000). Due to the high viscosity of bitumen in oil sands deposits, a 

reduction in viscosity of the oil is required to enable its mobility to be sufficient for 

production to surface.  The two currently commercial technologies that are used to 

produce oil sands reservoirs are both thermal using steam injection to mobilize bitumen 

within the formation:  1. Cyclic Steam Stimulation (CSS) and  2. Steam-Assisted Gravity 

Drainage (SAGD) displayed in Figure 1.4 and 1.5, respectively.   

 

Figure 1.4: Schematic of the Cyclic Steam Stimulation (CSS) process (CCEI, 2011). 
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Figure 1.5: Schematic of the Steam Assisted Gravity Drainage (SAGD) process 
(CCEI, 2011). 

 

For heavy oil reservoirs, at reservoir conditions the oil is sufficiently mobile to be 

produced under solution-gas drive.  The key requirement for these processes is that the 

oil has low enough viscosity such that solution gas drive, often termed foamy oil flow, 

within the reservoir can establish and maintain sufficient production for the process to be 

economic. Cold production does not require injection of fluid and as described above, can 

be done with or without sand production.  Cold production is a single well recovery 

process that can be used with vertical, deviated, horizontal or multi-lateral wells. In 

Venezuela, cold production is commonly used to produce heavy oil by using multi-lateral 

wells. In Western Canada, for cold production without sand, horizontal wells are mostly 

used (Dusseault, 2001). For CHOPS, vertical or deviated wells are used in most 

instances. Whether with or without sand production, the main reservoir drive mechanism 

in cold production is solution gas drive, which occurs in the form of foamy oil flow. In 
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foamy oil flow, dissolved gas comes out of solution as the pressure drops leading to the 

formation of small bubbles within the oil phase. In conventional oil systems these 

bubbles quickly aggregate and merge into large connected bubbles, which then flow 

through the reservoir after the critical gas saturation is exceeded depleting the pressure in 

the system on relatively fast time scales. In heavy oil systems, the bubbles are prevented 

from aggregating and merging and thus the gas saturation is hindered from reaching the 

critical gas saturation. As a result, the relatively low mobility of the gas phase in the form 

of foam reduces the pressure reduction within the reservoir compared to conventional oil 

systems. Recovery factors for cold production without sand are typically to 

approximately 5%.  

 

In CHOPS, sand is co-produced along with oil (and water and gas) leading to improved 

oil rates and recovery factors over that achieved with cold production without sand. 

Improved recoveries are explained by an enhancement of the reservoir permeability, 

typically considered to be in the form of high permeability channels often referred to as 

wormholes. CHOPS wells have shown an enhanced in production rates by up to ten times 

their original production after conversion from cold production wells without sand 

(Loughead et al., 1992). The recovery factors for CHOPS wells range form 5-15%, with 

an average of approximately 10% (Maini, 2001).   

 

An example of a production profile for CHOPS well is displayed in Figure 1.6. The 

CHOPS production profile is characterized by several unique features compared to a 

typical conventional oil primary production profile. In CHOPS, the oil rate displays a 
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delayed peak of several months followed a decline in the oil rate. Another important 

characteristic is the large initial sand rates, which can reach as high as 40% sand cuts; in 

other words, the sand volume is 40% of the total produced volume from the well. Typical 

recovery factors for CHOPS wells are between 5 and 15%, which implies that substantial 

amount of oil remains in the reservoir. Therefore there is the need for the design of 

follow-up processes that are conducted beyond the economic life of CHOPS. Most 

studies have focuses on the use of solvents such as CO2/methane and propane, leading to 

viscosity reduction and foamy oil flow however it remains unclear what the best process 

and its operating strategy is for post-CHOPS reservoirs (Ivory et al., 2010).   

 

 

Figure 1.6: Example of a CHOPS production profile from the Lindbergh field. 

 

CHOPS was a field-driven technology that evolved as operators attempted different well 

designs, completion designs, pumps design and operation, and well placements. 
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Therefore, it did not go through a pilot phase or significant modeling work prior to its 

introduction in the field. The current models for CHOPS have begun to catch up to the 

field and there is a greater need due to maturing reservoirs and the design of follow-up 

processes. Current models have taken different approaches to capture the major physical 

factors of CHOPS. One type of model uses sand production to create wormhole networks 

by fractal networks (Liu and Zhao, 2005) whereas others include using pre-defined wells 

to model the wormhole network (Tremblay, 2009). Newer models include geo-

mechanical models and model the wormhole networks as an equivalent damaged zone 

with enhanced porosity and permeability (Rivero et al., 2009).   

 

Currently available models for CHOPS have several shortcomings and none have gained 

wide acceptance in the reservoir simulation and modelling community. The goal of the 

research documented in this thesis is create a fundamental model that represents the key 

physics and elements of CHOPS which bridges the gap between existing models. The 

focus of the research is to develop a model that not only is capable of growing individual 

wormholes but also honours the major drive mechanisms found in CHOPS reservoirs 

including foamy oil flow, sand failure, and sand production.   
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1.6 Outline 

This thesis is divided into six chapters as summarized below: 

 

Chapter Two: This chapter reviews current literature for Cold Heavy Oil Production 

with Sand (CHOPS).  The chapter summarizes the basic physics behind the CHOPS 

process, and different approaches to modelling the basic drive mechanisms of sand 

failure, production and foamy oil flow. Current operating strategies are discussed as well 

as the existing CHOPS models. 

 

Chapter Three: This chapter summarizes the development of a new fundamental model 

for CHOPS, and discusses the approaches used to model the main drive mechanisms of 

CHOPS in the model. The proposed model is tested against different reservoirs types, to 

test the effect of reservoir heterogeneity on wormhole network growth. 

 

Chapter Four: This chapter summarizes the results of the history match and validation 

of the well-wormhole model for CHOPS to industry-supplied field data. Several history 

match parameters were tuned for the model to capture the field data. 

 

Chapter Five: This chapter describes the use of the developed CHOPS model in the 

modelling the use of the follow-up process to CHOPS of Cyclic Solvent Injection. The 

model is used to study the effects of different solvent and solvent concentrations on 

incremental oil recovery. 
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Chapter Six: This chapter summarizes the conclusion of this research work and makes 

some recommendations for future work arising from the research documented in the 

thesis.   
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 Review of Literature Chapter Two:

 

2.1 History of CHOPS 

Heavy oil, as an economically viable resource, began to receive attention from both small 

local and multinational oil and gas operators when heavy oil prices increased in the 

1970s. As they first started to produce heavy oil fields, operators took their learnings 

from conventional oil production approaches and practices and attempted to limit sand 

production (Geilikman et al., 1994). However, operators observed a direct correlation 

between sand rates and oil rates (Loughead and Saltuklaroglu, 1992). This was contrary 

to conventional oil production practices and thus at first was a surprising result.  

Producers were initially limited by pump technology in their ability to produce the 

reservoirs at rates sufficient to mobilize not only fluids but also sand. It was not until the 

adoption of progressive cavity pumps (PCPs) that operators were no longer limited by 

pumps and were able to produce the reservoir aggressively. This allowed for a shift in 

production and completions techniques so that sand production could be maximized thus 

maximizing oil rates, a technique which came to be known as Cold Heavy Oil Production 

with Sand (CHOPS). Operators who converted cold production without sand wells to 

CHOPS saw an improvement in oil rates up to 10 times their original levels (Loughead 

and Saltuklaroglu, 1992) thus the method was adopted widely for Lloydminster heavy oil 

reservoirs where the combination of oil viscosity, solution-gas content, unconsolidated 

sand, and absence of large water zones enabled economically viable recovery of oil.  

However, one concern on the process was its recovery factor – it rarely achieved over 
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about 10% recovery factor.  Thus, up to about 90% of the oil remained in the reservoir 

after the process was rendered uneconomic.   

 

As the popularity of the CHOPS recovery technique grew, research began to understand 

the basic physics behind its enhanced production and the physical causes of it. Much of 

the research was done to understand how the process could be improved to enhance its 

recovery factor beyond about 10%.  In heavy oil reservoirs, considering their geological 

properties such as porosity, permeability, and relative permeability, the oil production 

rates observed from heavy oil reservoirs could not be predicted by conventional Darcy 

flow under a drawdown pressure different arising from a progressive cavity pump within 

the well.  Cold production is an isothermal process and without solvents and thus, there 

are no agents that lead to reduced viscosity which would mobilize oil. In most heavy oil 

reservoirs, there are limited active water zones with pressure significantly high enough to 

mobilize heavy oil and therefore water drive cannot explain the high heavy oil flow rates 

observed in the field.  Another potential drive mechanism is formation re-compaction that 

occurs during production.  However, this does not generate pressure differences to 

mobilize heavy oil at rates observed in the field.  Based on field tracer experiments, it 

was hypothesized that sand production realized a zone of enhanced permeability within 

the reservoir. This was explained by formation of high permeability channels within the 

reservoir. The hypothesis of a high permeability channel has been validated in both field 

and laboratory studies as will be described below.   
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2.2 Enhanced Permeability Zone 

 

The enhanced production seen in CHOPS is explained by the sand production creating a 

zone of enhanced permeability. There has been various different hypothesises for include 

the formation of fractures, dilation around the wellbore and formation of high 

permeability channels known as wormholes (Smith, 1988). There has been various field 

studies conducted which indicated the formation of wormholes in CHOPS (Squires, 

1993; Yeung, 1995). One experience documented by Yeung (1995) was that of Suncor 

Inc. in the Burnt Lake field. The field had been produced under CHOPS for several and 

seen the improved production associated with the formation of high permeability zones. 

Operators conducted tracer tests, where a fluorescein dye is in injected through one of the 

production wells well the neighbouring wells continue to produce. The tests in the Burnt 

Lake field indicated a direct communication with neighbouring wells, with dyes traveling 

distances up to 500 m.  The dyes were produced several hours after injection, which 

indicated that they traveled through high permeability channels due to the high speeds of 

several hundred meters per hour.  Other experiences in the Burnt Lake field indicated the 

existence of high permeability channels. In the Burnt Lake field, the oil-rich formation 

was overlain by a water-saturated formation separated by a shale layer. In some wells the 

shale layer had deteriorated and the wells watered out. However, some wells, which did 

not show any shale layer deterioration also watered out. This evidence as well as the 

fluorescein dye tests indicated to the operators that high permeability channels, known as 

wormholes existed in the reservoir and caused the direct communication between 

neighbouring wells. 



 

19 

Evidence documented by Squires (1993) in Elk Point field operated by Amoco Canada, 

also suggested the existence of high permeability channels. Similar to the Burnt Lake 

field, it had been produced for several years and shown the enhanced production hosted 

with CHOPS.  Fluorescein dye tests indicated that communication existed between 12 

wells and dyes traveled upwards of 2 km and at speeds exceeding 7 m/min (420 m/hour).  

Previous laboratory tests indicated that the fluorescein dye was strongly adsorbed in core 

tests, therefore the high concentrations of dye found in production tanks indicated that the 

sand travelled through high permeability, sand free channels. 

 

2.3 Cold Production Physical Model Experiments 

Physical models have been used in CHOPS research in order to gain an understanding of 

the basic physics behind the process. These experiments are typically conducted in sand 

packs 10 to 30 cm in diameter and 36.5 to 80 cm in length (Tremblay, 1997; Tremblay, 

2001). The studies have been conducted on reconsolidated sand packs for both live and 

dead oil systems.  To visualize the wormholes, experiments have used CT scanners to 

visualize the porosity and gas saturation as the cold production process evolved 

(Tremblay et al., 1998). From post-mortem analysis of the sand pack, wormholes have 

been observed from excavation of the sand pack after the experiments were complete. In 

these physical model experiments, the sand packs were saturated with water followed by 

oil. This leaves an irreducible water saturation within the formation. A pressure gradient 

was imposed on the sand pack by either injection through one end of the sand pack or by 

reducing the pressure at one end. Experiments found that at a specific pressure gradient, 
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the sand failed and a wormhole propagated through the sand pack. This pressure gradient 

was predicted by equations by Bratli and Risnes (1981) for critical pressure gradient; 

however the critical pressure gradients seen in experiments were typically half of the 

predicted values (Tremblay and Oldakowski, 2002). The growth of the wormhole was 

found to follow the highest porosity regions within the sand packs. The highest porosity 

regions corresponded with lowest cohesive strength; therefore the wormhole was deduced 

to grow in the area of lowest cohesive strength (Tremblay et al., 1996).  

 

The results of the experiments showed that wormhole growth could be divided into two 

distinct phases (Tremblay et al., 1997). The first phase consists of the wormhole growth 

phase where the high permeability channel grows into the sandpack. The wormholes are 

themselves mainly sand-filled during this time and the sand flows from the wormhole tip 

down the path of the wormhole to the wellbore. The second phase is the scouring phase. 

In this phase, the wormhole has stopped growing and the sand-free channel develops as 

sand is scoured from the wormhole periphery and dilation continues around the 

wormhole.  

 

Experiments conducted on larger sand packs have been able to investigate the 

interactions and size of wormholes. Experiments were conducted by Tremblay and 

Oldakowski (2002) in large sand packs with two orifices where two wormholes could 

potentially grow. In the experiments wormhole growth only occurred in one of the 

orifices, indicating in the field wormholes may not grow in all perforations and that there 
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may a dominant layer of wormhole growth. The larger sand packs would allow the size of 

the wormholes to be investigated, with the size postulated to be 17 cm in the reservoir. 

 

2.4 Foamy Oil 

Foamy oil plays an important role in the CHOPS process (Maini, 1999). The mechanisms 

are similar to solution gas drive in conventional reservoirs. As the reservoir pressure falls 

below the bubble point pressure, bubbles began to evolve from the oil phase. These 

bubbles then connect to form large connected bubbles. The process of forming a 

connected phase is slowed in heavier oils due to its viscosity relative to that in 

conventional oil. The nucleation of bubbles occurs to the decline in pressure and occurs 

on the walls of the pore (Maini, 2001). The formation of bubbles is controlled by the 

critical bubble radius. This radius occurs at the maximum bubble energy, where bubbles 

larger than this radius will grow while bubbles smaller than radius will collapse and 

dissolve back into the liquid phase due to high capillary pressure (Lillico et al., 2001).  

The coalescence of the bubbles, which survive, leads to a wide distribution of sizes of 

bubbles in the oil (Uddin, 2005). The coalescence of the smaller bubbles to form the 

connected phase is controlled by Brownian and shear forces (Lillico et al., 2001). As a 

result, gas has a much lower mobility in heavy oils compared to lighter oils (Tang and 

Firoozabadi, 2003).  

 

Research on the effect of oil composition on foamy oil flow has varied through the years. 

Work by Claridge and Prats (1995) suggested that asphaltenes in the oil coat the surface 
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of the bubbles stabilizing the bubbles preventing bubble growth and coalescence. 

Research by Maini (2001) was unable to reproduce these results. However, more recent 

work Tang et al. (2003) and Adil and Maini (2005) have shown that the oil composition 

and asphaltenes do play a role in the effect of foamy oil flow. 

 

Solution gas drive is typically represented by using an equilibrium, often K-value type, 

model in reservoir simulators. However this model is not satisfactory to model foamy oil 

flow since the system deviates from equilibrium as it evolves as seen in Figure 2.1. In 

other words, the time scale for fluid flow is faster than the time scale for equilibrium.  

 

 

Figure 2.1: Deviation of gas saturation behaviour from equilibrium behaviour 
illustrating supersaturation effects (Lillico et al., 2001) (Reproduced with 

permission from Elsevier). 
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One method of modelling the non-equilibrium dynamics of foamy oil formation is 

through the use of pseudo-kinetic reactions, where the dissolved gas, dispersed gas, and 

connected phase are modelled as different pseudo-components (Uddin, 2005). The 

dissolved and dispersed gases are considered to be non-volatile and remain in the oil 

phase and as a consequence they alter the overall viscosity of the oil phase. The reactions 

are described as follows (Uddin, 2005): 

 

𝑔! → 𝑏!           (2.1) 

𝑔! + 𝑏!   → 2 𝑏!          (2.2) 

𝑏! → 𝑏!           (2.3) 

𝑔! + 𝑏!   → 𝑔! + 𝑏!           (2.4) 

 

where, gd is the dissolved gas in the oil phase, bd is the dispersed gas in the oil phase and 

bc is the connected bubble component in the gas phase.  The four reactions to model 

foamy oil flow can be easily implemented with the kinetic reaction features in a 

commercial reservoir simulator. The kinetic reactions are defined by the following rate 

equations, giving the required relationships to model the kinetics in the simulator (Uddin, 

2005): 

 

𝑟!
(!) = 𝑁!(𝑐!" − 𝑐!"! )         (2.5) 

𝑟!
(!) = 𝑁! 𝑐!" − 𝑐!"!

!(𝑐!")        (2.6) 

𝑟!
(!) = 𝐺!(𝑐!")         (2.7) 

𝑟!
(!) = 𝐺! 𝑐!" − 𝑐!"!

!(𝑐!")        (2.8) 
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The reaction rate constants can be tuned to so that simulation results match that of 

laboratory data.  

 

Another method to model foamy oil flow is through the use of modified two-phase 

relative permeability curves that accounts for foam generated by foamy oil flow. The 

modified relative permeability curve approach was introduced by Firoozabadi and 

Aronson (1999) and used in models by Tremblay (2009). In this approach, the adjustment 

to the mobility of the oil phase due to the onset of foam in the oil phase is accomplished 

by altering rock-fluid properties. This further implies that means that the oil phase 

properties are not changing due to foam formation in the oil phase. Also, this approach 

still enforces equilibrium between gas and oil and does not distinguish between free gas 

and bubbles. As a result, this approach was not used in the research documented in this 

thesis.  

 

2.5 Sand Failure 

Sand failure plays an important part in the enhanced production seen in CHOPS through 

the formation of an enhancement in permeability in the reservoir (Smith, 1998). One 

means of considering sand failure, which occurs in CHOPS has been consider it has sand 

arching failure. The tip of wormholes and end of perforations are considered to be sand 

arches. The wormhole extends through failure of inner shells of the arch. Failure of the 

inner shell occurs when the effective stress equals the tensile strength of the sand. Also 

defined as when the pressure gradient exceeds the radial stress gradient. The model 
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proposed by Bratli and Risnes (1981) used a critical pressure gradient to define the failure 

criterion: 

 

!"
!"
= !!!

!
          (2.9) 

 

The theory described by Risnes and Bratli (1982) have been consistent with field 

observations for sand production in North Sea fields; however this theory is unable to 

match observations seen in large sand pack experiments simulating the growth of 

wormholes in physical models for CHOPS. Large sand pack experiments are conducted 

on reconsolidated sand packs and a pressure gradient is introduced across the pack and a 

wormhole propagates through the sand pack. Experiments have monitored the pressure 

gradient at the tip of the wormhole at the initiation of wormhole growth were 7.1-7.5 

MPa/m whereas the theory predicted values of 15.4 MPa/m (Tremblay and Oldakowski, 

2002). This has led to a multiplication f added to the Bratli and Risnes equation to reduce 

the predicted critical pressure gradient (Tremblay and Oldakowski, 2003). 

 

Another method for modelling sand failure proposed by Shao and Marchina (2002) does 

not model the wormhole and dilated zone but models an homogenized equivalent damage 

zone, as seen in Figure 2.2. 
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Figure 2.2: Equivalent damaged zone (Modified from Shao and Marchina, 2002). 

 

The model functions by defined damage (d) as a decrease in surface area of the material 

i.e an increase porosity defined as: 

 

𝑑 = 1− !!""
!!"!

          (2.10) 

𝑑 = 𝜙 − 𝜙!"!          (2.11) 

 

A damage parameter (λd), typically a history match parameter, relates plastic strain to the 

damage (i.e. increase in porosity) through a Drucker-Prager failure criterion for 

unconsolidated sands.  

 

2.6 Geology 

Heavy oil deposits span of a large area however the majority of CHOPS production is 

found along the Alberta-Saskatchewan border in the Lloydminster area. The area spans 

27,840 km2 and 16 billion barrels of 10-25 ° oil (Orr et al., 1977). The heavy oil in this 
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area is accumulated in the in the Manville group from the Early Cretaceous era, which 

occurred over 100 million years ago. The Manville group is overlain by a marine shale 

from the Colorado Group known as the Joli Fou formation and sits on a Paleozic surface 

(Putnam, 1982). The Manville group is further to subdivided into the Upper, Middle and 

Lower Mannville subgroups. The Lower Manville group contains nine different 

formations the Dina, Cummings, Lloydminster, Rex, General Petroleum (GP), Sparky, 

Waseca, McLaren and Colony. The stratigraphy is summarized below in Table 2.1. 

 

Table 2.1: Stratigraphic overview Lloydminster area (Putnam, 1982).   

Joli Fou Formation 

 
Colony 

Upper Mannville McLaren 

Waseca 

Sparky 

Middle Mannville 

General Petroleum (GP) 

Rex 

Lloydminster 

Cummings 

Dina Lower Mannville 

  

Paleozic 
 

Each subgroup of the Mannville group has a unique depositional environment, which can 

be classified by each subgroup. The Lower Manville rock is considered to be fluvial in 
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origin, believed to have occurred in a valley type environment. This is consistent with the 

fine graining upward in Lower Mannville deposits. Middle Mannville Rock is considered 

to have occurred in a nearshore environment based on evidence of wave ripples and 

dinoflagellates (Putnam, 1982). The Upper Mannville group was formed in a fluvial 

depositional environment. The rocks of the Lower and Middle Mannville are quartzose 

while the rocks of the Upper Mannville are quartzose and lithofeldspathic sandstones. 

The hydrocarbons in the Mannville group were trapped by structures surrounding the 

formation.  

 

The most prolific of the Mannville formations in the Lloydminster area is the Sparky 

accounting for over 50% of the proved reserves followed by the Waseca and General 

Petroleum formations (Orr et al., 1977). 

 

2.7 Field History 

The CHOPS recovery technique has been in use in the field for a considerable length of 

time; however the amount of published literature of operator’s field experience is quite 

limited. Several of the available published papers have been by Amoco Canada on their 

experience with CHOPS in the Elk Point field (McCaffrey and Bowman, 1991). Amoco 

began development of the field in 1981. The field produced from several formations 

including the Lower Cummings, Clearwater, and Sparky formations. Studies conducted 

by Amoco showed that with the given reservoir properties, the predicted rates according 

to Darcy’s law under the pressure drawdown from the initial reservoir pressure to the 
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well bottom hole pressure would be approximately equal to 0.5 m3/day. However, the 

average rate per well was equal to 15 m3/day. This was explained by sand production, 

foamy oil flow, and pressure support from a bottom aquifer. The typical well showed a 

similar production well to most CHOPS wells with high sand cuts up to 40-50% at the 

start of production followed by a decline to 0.5-1% after ten months of operation. Amoco 

also saw a loss of circulation mud during drilling operations, which was discovered by 

the production of fluids in offset production wells. In general, the offset productions 

wells that produced drilling mud were in the NE-SW direction whereas wells in other 

directions did not produce drilling mud. Some wells saw sand cuts as high as 50, in order 

to deal with these large sand cuts, Amoco pumped oil down the annulus to aid in lifting 

the oil during periods of high sand production.   

 

The experience of operators in the Luseland was detailed by Dusseault and El-Sayed 

(2000). Luseland went through various phases of development ranging from vertical and 

horizontal wells with no sand production to vertical wells with sand production.  The 

field came on production in 1982 averaging approximately 30 wells typically on 

production. Initially the vertical wells were produced under cold production without sand. 

Wells were typically produced with reciprocating pumps; however some wells used 

Progressive Cavity Pumps (PCPs).  The wells saw low sand cuts ranging from 0.25 to 

2%, due to their conventional completions with small diameter, widely spaced 

perforations.  The second phase of the development was the use of horizontal wells, some 

completed with slotted liners, others left with open-hole completions.  The horizontal 

wells showed little success with the most productive producing for 4 years and producing 
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10,940 m3 of oil. The third phase of the development was the conversion of the vertical 

wells to CHOPS. The wells were re-completed with larger, higher density perforations in 

order to promote sand production.  The reciprocating pumps were converted to PCPs with 

the pumps placed 1m below the lowest perforations.  After the conversion to CHOPS the 

field average per well rose from 4.5 m3/d to 21.6 m3/d, an increase by a factor of 4.8. The 

final phase of the field development was step-out drilling of several more vertical wells, 

with limited success as several wells began to water out quickly due to a mobile water 

zone. 

 

2.8 Completions and Workovers 

CHOPS wells are completed differently than conventional wells, as to encourage sand 

production to enhance production. The typical completions for CHOPS wells are fairly 

consistent; the wells are typically vertical or deviated with 7” casings. The casing is 

perforated at 26-59 shots/meter with entry sizes of 20-22 mm in diameter. The perforated 

intervals are generally quite thin, 4-10m and completed without any sand exclusion 

devices (Dusseault et al., 1995). 

 

Workovers may be needed when wells begin underperforming or when the perforations 

become blocked. The goal of a workover is to re-establish and/or extend the life of 

declining well. Examples of some typical workovers include (Dusseault et al., 1995): 

• Injection of fluid through the annulus 

• Removal of rotor or rods of PCP pump and fluids are pumped through stator 
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• Pump is removed and sand is bailed out of bottom of well 

• Rock propellant stimulation 

• Re-perforate the well 

• Pressure pulsing 

 

Workovers due sand production account for 25% of the operating costs associated with 

CHOPS (Wagg et al., 2009).  

 

2.9 Progressive Cavity Pumps 

 

An important part in the progression of the CHOPS recovery technique has been the 

development and adoption of the Progressive Cavity Pumps (PCPs). PCPs are able to 

handle high sand volumes and viscous fluids, which can reach up to 50% sand cut 

initially (Lea et al., 1988). PCPs are composed of two main components: a double helical 

stator and helical rotor attached to the main drive shaft, as seen in Figure 2.3. The stator 

and helical rotor create discrete cavities that displace the fluid along the stator. The stator 

is generally fabricated from an elastomer (synthetic polymer) and the rotor of steel coated 

in chrome (Saveth and Klein, 1989).   
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Figure 2.3: Schematic of a Progressive Cavity Pump (PCP) (Fraenkel, 1986) 

(Reproduced with permission from Food and Agriculture Organization of the 

United Nations) 

 

The common mechanisms of failure for PCPs are wear on the stator due to the 

abrasiveness of the produced fluids as well as rod failure due to the high torques required 

to pump the viscous fluid (Huang et al., 1998). A common means to alleviate issues due 

to the high viscosity of the produced fluid is through the injection of a fluid down the 

annulus. The injection of a fluid down the annulus can also be used to during periods of 

high sand production rates through the re-injection produced oil down the annulus to 

ensure sufficient capacity to lift the sand (Dunn et al., 1995). 
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2.10 Well Site 

The typical well site for CHOPS has a small surface disturbance compared to well sites 

of other heavy oil recovery technique such as any thermal process. The typical well site 

consists of the wellhead, one or more large storage tanks and a utility shed. For larger 

fields the multi-well pads can be used to minimize the amount of surface equipment 

required as seen in Figure 2.4.  

 

 

Figure 2.4: Photograph of CHOPS multi-well site (Modified from ERCB, 2006). 

 

These multi-well pads consist of deviated (>45°) and vertical wells (Neff and Hagemann, 

2007).  The storage tanks are generally heated and jacketed. Heated and jacketed tanks 
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are used due to the cold climates of Alberta and Saskatchewan as well as to aid in the 

separation of emulsions. The tanks also act as primary separators for the produced oil, 

water, gas and sand, through gravity segregation (Dusseault, 2002).  The well site is 

typically not connected to a pipeline network. The oil is not considered ‘pipeline’ quality 

due to its high solids content. The well sites are typically visited by tanker trucks to 

service the sites on a recurring basis to empty production tanks (Arnold et al., 2012). This 

requires road access to the well site, which may pose problems during certain times of the 

year. The PCPs are typically electrically or hydraulically driven. Due to the isolated 

nature of the well sites, produced gas, taken as an off-gas from the top of production 

tanks, is used to generate electricity. The produced gas is also combusted to heat the 

production tanks.  

 

2.11 Sand Management 

An important consideration in CHOPS production is the large amounts of produced sand. 

The handling and disposal of this produced solids along with other produced fluids is an 

important challenge in CHOPS production. Handling and disposal of the produced fluids, 

is a considerable portion of the operating costs for CHOPS, with estimates as high as 

100$/m3 ($15.9/bbl) of sand (Wagg et al., 2009). The tanks are emptied into tanker trucks 

and the produced fluids (oil, water and sand) are taken to central processing site. 

Processing sites are generally operated for the well operators servicing a large set of 

wells. The processing facility separates oil, water, and sand, as seen in Figure 2.5. The oil 

is sold and produced water and sand must be properly disposed of. Produced solids and 
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fluids are classified as Class III waste (Dusseault, 2002) and therefore cannot be sent to a 

typical landfill site for disposal. In most cases, the fluids and solids are injected into 

disposal wells that are in close proximity to the processing facility.   

 

 

Figure 2.5: Sand processing facility (ERCB, 2006). 
 

2.12 Follow-up Processes to CHOPS 

With typical recovery factors for CHOPS being between 5-15%, this leaves a 

considerable amount of oil in the reservoir making them prime candidates for enhanced 

oil recovery (EOR) processes. The wormholes generated in CHOPS pose a problem for 

the possible candidates for the follow-up processes to CHOPS. The wormholes pose 

problems to recovery processes that rely on displacement of the oil as the wormholes 

provide a conduit for the displacing fluid to bypass the reservoir. Most of the research on 

Manatokan 9-14-63-8 W4 FacilityManatokan 9-14-63-8 W4 Facility
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follow-up processes for CHOPS has been through the uses of solvents, more specifically 

the Cyclic Solvent Injection (CSI) process. The CSI process is a single well process 

where well is cycled between injection of solvent and production of oil along with 

recovered solvent. The primary mechanism of CSI is the viscosity reduction of oil 

through the dissolution of the solvent into the oil phase. 

 

The CSI injection has gained much prominence and has had pilot studies conducted with 

studies conducted by Nexen Inc., Canadian Natural Resources Limited (CNRL) and 

Husky Energy. The injected solvents have been a mixture of small chain hydrocarbons 

such as butane and propane (Kristoff et al., 2008).  Butane and propane are found to be 

the most effective at lowering oil viscosity, however high concentrations of propane can 

lead to asphaltene precipitation leading to a reduction in permeability. The can occur at 

concentrations of propane greater than 70%, (Badamchi-Zadeh et al., 2009).  To reduce 

the cost of the solvent, mixtures of propane with methane or carbon dioxide have begun 

to be used. Mixtures of Propane and CO2 have shown a similar effectiveness in reducing 

viscosity to pure propane (Badamchi-Zadeh et al., 2009). Carbon dioxide is an alternative 

solvent as it can be used for sequestration purpose. 

 

There have been several field studies conducted on the effectiveness of Cyclic Solvent as 

a follow-up process. The largest of these studies have been done through a consortium 

known as Joint Implementation of Vapour Extraction (JIVE), with operators of Nexen, 

Husky and Canadian Natural Resources Limited (CNRL). These operators have 
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significant heavy oil assets and experience with CHOPS (Kristoff et al., 2008).  The 

solvents used by the three operators are summarized in Table 2.2. 

Table 2.2: JIVE solvent by company (Kristoff et al., 2008).   

Company Field Solvent 
Nexen Inc. Luseland Butane/Methane 

Canadian Natural Resources Limited Fort Kent Propane/Methane 
Husky Energy Edam Propane/Methane 

 

The solvents were from preliminary design work, therefore the solvents may change from 

those actually implemented in the field may differ, with carbon dioxide be the most 

common alternative to methane. 

 

2.13 Existing Models for CHOPS 

CHOPS as a recovery process was primarily developed by field operations, it did not 

evolve as most recovery processes through reservoir simulation, laboratory-based 

physical model experiments, and then field pilots.  As a result, there has not been 

significant and long-term research and development of simulation models for CHOPS 

before it was introduced into the field. Research continues on the development of 

simulation models that capture as much as possible of the complex physics observed in 

CHOPS such as foamy oil flow, sand failure, sand transport, and sand production to 

surface. There are various proposed models that have been proposed in the past but 

nearly all of them make simplifications and cannot represent the dynamic growth of 

wormholes in the reservoir.   
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One proposed approach to modelling CHOPS uses fractal networks to create the 

wormhole network. Fractal networks have been used to model growing branched 

networks in a variety of different applications from liquid drainage networks to formation 

of cavities (Liu and Zhao, 2005). The fractal network model for CHOPS relies on a 

probabilistic active walker approach. The model uses two functions:  1. a potential 

function, which describes pressure distribution and 2. a probability function, which 

describes the probability of the ‘walker’ taking the highest potential path. The probability 

function leads to the different realization having different wormhole network geometries. 

This approach requires existing data such as sand production data to tune the model and 

create the networks (Yuan et al., 1999). An example of a wormhole network geometry 

created by the fractal network model is shown in Figure 2.6. 
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Figure 2.6: Wormhole network generated by fractal networks (Liu and Zhao, 2005) 

(Reproduced with permission from Society of Petroleum Engineers). 
 

The wormhole network can be digitized for input into commercial reservoir simulators. 

The digitized network geometry can then be used in the design of post-CHOPS reservoir 

recovery processes (Shokri and Babadagli, 2012). The fractal network model is a 

simplified approach to modelling CHOPS due its inability to represent mechanisms such 

as foamy flow, sand failure, sand transport, and sand production to surface as well as the 

requirement of production data to generate the model. The strength of this model is its 

ability to capture the individual wormholes as well as the complex wormhole networks 

developed. The model also demonstrates the idea of preferential growth of the networks, 
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where x, r(t), dw, and df are the distance from the perforation, the 
length range of the wormhole at time t, the diameter of the worm-
hole, and the average diameter of perforations, respectively. 

Length of Wormhole
During the cold flow process, many wormholes emitting from 

the wellbore perforation would develop. Some wormholes may 
grow so extensively that they could reach a position far away from 
the wellbore. However, some wormholes may have a short length 
due to the interference between wormholes(19) and reservoir het-
erogeneity. The length range of wormholes is a very important pa-
rameter to optimize the well spacing. 

In this paper, we assumed that the wormhole structure can be ap-
proximately described by several DLA 2D patterns. These 2D pat-
terns could compose a 3D structure by superposing them together 
in the 3D domain. There are four main branches in each DLA 2D 
pattern, which has been shown in Figure 3. Figure 3 shows the 
simulation results of the 24,403 random walkers used to probe 
the surface of the two-dimensional DLA cluster. For a perforation
interval, a random branch of wormholes radiating from each

perforation is assumed until all four branches have been selected. 
Then this process is repeated to use the branches of the same/
different wormhole pattern(s). This is to say that the total number 
of the wormhole branches is equal to the total perforation number 
for the interval, and every four perforations will use up the four 
wormhole branches in a pattern. In general, a different sequence 
generates a different pattern because random walkers are applied. 
For example, Figure 4 was generated by a different sequence with 
23,723 random walkers. Although Figure 3 and Figure 4 have dif-
ferent patterns, the simulation results are very close when these 
patterns are used to calculate the possible range of the wormhole 
structure. The wormhole 2D pattern generated by DLA on a multi-
fractal medium is shown in Figure 5. It is obvious that wormholes 
develop in the relatively weaker regions where a path of “least re-
sistance” from the well to the outer boundary is provided. This 
phenomenon is also demonstrated by the laboratory experiment 
conducted by Tremblay et al.(7).

For the numerical calculation, the DLA 2D pattern would be 
digitalized by simulator, as shown in Figure 6. Each grid may have 
one walker or have no walker at all. The wormhole branches are 
described by connecting the central points of grids where a walker 
exists. In this paper, a 350 × 350 grid system was used and then the 
length, or width, of the uniform square grids is assumed for the it-
erating calculation to match the field sand production data.

Yuan et al.(12) proposed that there are two periods during sand 
production. The first corresponds to a fast growth of wormholes 
and the second corresponds to the dominant scouring effect with 
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FIGURE 2:  Fit to experimental data using Area Version of Gauss-
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FIGURE 3: Wormhole 2D pattern generated by DLA model (1,500 
by 1,500 grids, 24,403 walkers).

FIGURE 4: Wormhole 2D pattern generated by DLA model (1,500 
BY 1,500 grids, 23,723 walkers).

FIGURE 5: Wormhole 2D pattern generated by DLA model on a 
multi-fractal medium (1,500 by 1,500 grids, 21,902 walkers).
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however, since the networks are not created during production of the field by using a 

reservoir model, the preferential growth has little physical significance.  

 

Another proposed approach used to model CHOPS has been through the use of wells to 

model the wormhole networks (Tremblay, 2009). The wells are pre-defined with 

simplified geometries and perforations are opened at pre-defined times, as seen in Figure 

2.7. The model is used to history match field data by using the number of wells, that is, 

branches, as a history match parameter.  To model foamy oil flow the model uses an 

apparent permeability approach, which modifies the oil mobility through the alteration of 

rock-fluid properties. The approach takes dilation into account around the open channel 

portion of the wormhole is modelled through of a skin factor. The model also captures 

sand transport through the wormholes assuming a slurry type flow. The model provides a 

step towards the use of wells to model the wormholes, however it does not capture the 

preferential growth of wormholes as well as sand failure.  
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Figure 2.7: Simplified wormhole network using array of straight wells (Tremblay, 
2009) (Reproduced with permission from Society of Petroleum Engineers). 

 
 

A proposed approach by Sawatzky et al. (2002) does not model individual wormholes but 

an increase in permeability in the wormholed zone. The model functions by a sand 

production module, which is coupled to the reservoir simulator. The module takes 

pressure data from the simulator and then supplies an updated permeability distribution to 

the simulator, which describes the wormhole growth. The failure criterion is a critical 

pressure gradient and foamy oil flow is modelled through the kinetic reactions similar to 

those described above. An example of a wormholed zone around a single well is seen in 
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(sand-free) channel (5 to 10 cm in diameter) would then develop 
within a significantly larger wormhole(7) (0.5 to 1 m in diameter). 
A multi-well cold production (CHOPS) model was developed at 
the Saskatchewan Research Council (SRC) which does not require 
a priori assumptions about the open channel diameter within the 
wormholes, nor their length or growth rate. These parameters are 
calculated by the model. The only adjustable parameters are the 
maximum diameter, Dw, of the sand-filled part of the wormhole 
(i.e. excluding the smaller open channel), the number of worm-
holes, Nw, and the relative permeability to gas at residual oil satu-
ration, krgi. A unique combination of these adjustable parameters 
was obtained by first history matching the produced oil and sand 
for Lindbergh/Frog Lake wells. The SRC model is based on a two-
phase hydraulic diffusivity equation in combination with the con-
tinuity equation for oil and gas to describe the two-phase flow of 
oil and gas through a porous medium(7). Using a Bingham-Mohr 
Coulomb sand transport(7, 10) equation, the sand cut within the open 
channel was calculated from the calculated pressure gradient along 
the wormhole. The diameter of the open channel within the worm-
holes was calculated from a mass balance of the sand entering the 
wormhole at the tip by fluidization and the sand exiting the worm-
hole into the wellbore(7). The K values used in the calculations for 
oil solubility were obtained from Raoult’s law in combination with 
the Antoine equation for the saturation pressure:

K kv P kv T kvvalue 1 2 3/ exp /
 .................................................. (1)

The coefficients kv1, kv2 and kv3 for methane were equal to 
5.4547 × 105 kPa, -879.84°C and -265.99°C, respectively. Once the 
critical gas saturation was reached, the gas transport was handled 
using the ‘apparent’ relative permeability approach of Firoozabadi 
amd Aronson(11). As suggested by Kumar and Pooladi-Darvish(12), 
the gas and oil relative permeabilities, krg and kro respectively, were 
assumed to follow the Corey equations:
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k k
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................................................. (2)

Typical values for the residual heavy oil saturation to gas 
flooding, Sorg (0.4), the relative permeability to oil at residual gas 
saturation during oil flooding, kroi (0.8) and the power law coeffi-
cients ng (1.5) and no (2.0) were assumed. The advancement of the 
wormhole tip was given by(7, 9):

dr dt P Kf f i grad o o/ / /1
................................................. (3)

This latter equation suggests that the rate of advancement of the 
wormholes is proportional to the oil velocity (flux) at the tip of the 
wormholes. 

In order to enhance the modelling capability of the SRC multi-
well model, a two-step procedure was used. All the simulation re-
sults presented in this study were obtained by first running the SRC 
multi-well model to generate a data file for the Computer Model-
ling Group’s STARS simulator in which the wormholes are repre-
sented as a series of multilateral wells. Each adjacent superimposed 
multilateral well in a given wormhole direction is longer by one 
grid block. The time at which the wells open and close is calcu-
lated by the SRC multi-well model, which simulates the growth of 
the wormholes using the fluidization Equation (3). These times are 
automatically written into the data file. The produced sand volume 
is calculated in the first step by the SCR multi-well model. The 
second step in the simulation is to run the STARS simulations with 
the embedded wormhole network to calculate the produced oil 
and gas volumes from the cold production wells. The SRC model 
calculates a skin factor for the multilateral wells (wormholes) 
due to the enhanced permeability of the dilated sand within the 

sand-filled part of the wormhole (i.e. around the open channel) 
using the following equation:

s r r K Kf wh o f dln / / 1
............................................................... (4)

The permeability of the dilated sand region around the open 
channel is calculated using the Carman-Kozeny equation as 
follows:

K Kd f i i f f/ /
3 2 2
1 1

................................................ (5)

The skin factor is entered automatically by the SRC cold pro-
duction model into the STARS data file. The SRC model calculates 
the diameter of the open channel within the wormholes and enters 
these values into the STARS data file. 

Cold production wells are typically perforated at 26 shots per 
meter. It would not be practical to model the growth of each worm-
hole throughout the pay zone for several wells producing simul-
taneously over a ten-year period as in a typical simulation. The 
wormholes were assumed in the model to grow in layers with eight 
wormholes. An example of the assumed wormhole distribution per 
layer is shown in Figure 2. This figure shows the pressure distribu-
tion within the 8th layer from the bottom of the pay zone, as cal-
culated during the history matching of the Lindbergh/Frog Lake 
data. The pay zone thickness, 6 m, was divided into 9 layers of 
equal thickness. The dotted lines indicate the location of the multi-
lateral wells used to represent the wormholes. The well was perfo-
rated in the 2nd to 8th layers. The wormholes grew in the highest 
perforated layer where the permeability was the greatest. Since the 
rate of growth of the wormholes is proportional to the oil velocity, 
as shown in Equation (3), the wormholes will tend to grow away 
from each other in order to seek the greatest oil velocity (pressure 
gradient). In the case where the viscosity is uniform throughout 
the pay zone, the region of higher oil velocity will be in the higher 
permeability region. A history match of the oil and sand produc-
tion data for the Lindbergh/Frog Lake cold production wells(13), 
which will be described in the next section, suggested that eight 
wormholes per layer would be required to allow enough oil pro-
duction to occur.

History Match: Lindbergh/Frog Lake
The two-step simulation approach, described in the previous 

section, was used to history match the oil and sand production 
data from the Lindbergh/Frog Lake cold production wells(13). 
These wells were producing from the Cummings Formation, the 
lower members of which are hydrocarbon bearing(13). This for-
mation contains oil of 12 to 14°API gravity with in situ (live oil) 

FIGURE 2: Pressure distribution (Layer 8). 40 acre spacing.
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Figure 2.8.  A key limitation of the model is that it does not model explicit wormholes 

but rather an enhanced permeability zone.   

 

 

Figure 2.8: Wormholed zone surrounding a well (Sawatzky, 2006). 

 

A newer proposed model by Rivero et al. (2010) takes a similar approach to Sawatzky 

(2006) and models the wormholed zone as an equivalent enhanced permeability zone 

rather than individual wormholes, as seen in Figure 2.9. The enhanced permeability zone 

is modeled as an increase in porosity and permeability resulting from sand production. 

The increase in porosity is related to the plastic strain via a damage parameter. The model 

is able to capture preferential growth of the wormholes, although it represents them as an 

enhanced permeability zone, as well as foamy oil flow, sand failure, and sand production. 

The method requires a full geomechanical model to determine the plastic strain, which is 

Wormhole Growth 
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coupled to the reservoir simulator. Given the uncertainty of the geomechanical 

parameters e.g. Poisson’s ratio, Young’s modulus, etc., which have to be known versus 

depth and rock types, this approach adds greater uncertainty to the model input 

parameters as well increased computation time.  

 

 

Figure 2.9: Enhanced permeability zone (Modified from Rivero et al., 2010). 
 

2.14 Research Objectives 

 

The goal of this research work is to develop a new fundamental model for CHOPS, which 

is able to capture the growth of the individual wormholes, their preferential growth and 

complex geometries created in the reservoir. The model must capture the major 

mechanisms of CHOPS, foamy oil, sand production and sand failure using current 

reservoir simulator technology.  The eventual goal is to be able to predict recovery from 

fields operating under CHOPS with the capability to predict and design effective follow-

up processes to raise the overall recovery factor thus adding value to post-CHOPS 

reservoirs.   
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 Well-Wormhole Model of Cold Heavy Oil Production with Sand Chapter Three:

Istchenko, C.M. and Gates, I.D.: “Well-Wormhole Model of Cold Heavy Oil Production 

with Sand,” manuscript submitted to SPE Journal, manuscript # SJ-0912-0021, February 

2012. 

 

 

3.1 Abstract 

 

Cold Heavy Oil Production with Sand (CHOPS) is a non-thermal heavy oil recovery 

technique used primarily in the heavy oil belt in eastern Alberta and western 

Saskatchewan. Under CHOPS, typical recovery factors are between 5 and 15% with the 

average being under 10%.  This leaves approximately 90% of the oil in the ground after 

the process becomes uneconomic, making CHOPS wells and fields, prime candidates for 

enhanced oil recovery follow-up process field optimization. CHOPS wells show an 

enhancement in production rates compared to conventional primary production, which is 

explained by the formation of high permeability channels known as wormholes. The 

formation of wormholes has been shown to exist in laboratory experiments as well as 

field experiments conducted with fluorescein dyes.  The major mechanisms for CHOPS 

production are foamy oil flow, sand failure (or fluidization), and sand production. Foamy 

oil flow aids in mobilizing sand and reservoir fluids leading to the formation of 

wormholes. Foamy oil behaviour cannot be effectively modeled by conventional PVT 

behaviour.  Here, a new well-wormhole model for CHOPS is proposed.  The well-
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wormhole model uses a kinetic model to deal with foamy oil behaviour and sand is 

mobilized due to sand failure determined by a minimum fluidization velocity. The 

individual wormholes are modeled in a simulator as an extension of a production well. 

The model grows the well-wormhole dynamically within the reservoir according to a 

growth criteria set by the fluidization velocity of sand along the existing well-wormhole. 

If the growth criterion is satisfied, the wormhole extends in the appropriate direction; 

otherwise production continues from the existing well-wormhole until the criterion is 

met.  The proposed model incorporates sand production and reproduces the general 

production behaviour of a typical CHOPS well.   

 

3.2 Introduction 

 

Cold Heavy Oil Production with Sand (CHOPS) is a non-thermal recovery technique 

where sand production is encouraged in heavy oil reservoirs to improve oil rates and 

recoveries. CHOPS has been used in Saskatchewan and Alberta since the 1980s, however 

it was the development and adoption of Progressive Cavity Pumps (PCPs) that enabled 

higher productivity, due to PCPs’ ability to maximize the drawdown which in turn led to 

maximum sand production rates. Prior to the adoption of PCPS, some operators used 

sand exclusion devices (gravel packs, screens and slotted liners) as it was believed at that 

time that sand production was to be avoided. (Geilikman, 1994) Before PCPs, oil 

production was limited by the pump rates of reciprocating pumps being used. Heavy oil 

wells previously produced under primary recovery, using sand exclusion techniques, saw 

oil production rates increase up to ten times after sand exclusion devices were removed 
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and the well was produced under CHOPS, as was seen in the Celtic Field operated by 

Mobil Canada (Loughead et al., 1992).  Results from the field suggest that there is a 

linear relationship between sand production rate and oil production and thus operators 

have often attempted to maximize sand production rate while maintaining wellbore 

stability to maximize oil production (Loughead et al., 1992).   

 

Reservoirs produced under CHOPS are mainly are found in the Western provinces of 

Saskatchewan and Alberta, Canada. Under CHOPS, typical recovery factors are between 

5 and 15% with an average equal to about 10%.  This implies that approximately 90% of 

the oil remains in place after the process becomes uneconomic. The large amounts of oil 

left in place makes post-CHOPS wells and fields prime candidates for Enhanced Oil 

Recovery (EOR). CHOPS was a recovery technique driven by field observations 

therefore research initially focused upon gaining a greater understanding of the major 

factors which lead to improved productivity of CHOPS wells. Researchers had postulated 

that improved production could be explained by an enhanced permeability zone in the 

near-well region resulting from sand production.  The enhanced permeability zone can 

take the form of a disturbed zone around the wellbore with one or more high permeability 

channels known as wormholes (Dusseault et al., 1999).   

 

Several field studies conducted have shown evidence of development of high 

permeability channels in fields produced under CHOPS (Squires, 1993; Yeung, 1995). 

The Burnt Lake and Elk Point fields, which had been under production for several years, 

have seen improved production associated with the creation of high permeability zones. 
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Fluorescein dye tracer tests conducted in the Burnt Lake field by the operator (Suncor 

Inc.) gave evidence of direct communication between neighbouring wells. In the tests, 

dye was produced in neighbouring wells 500 m apart several hours after injection. This 

implies that the dye moved through the reservoir with speeds of order of several hundred 

meters per hour.  In some parts of the Burnt Lake field, there was a shale layer above the 

oil-rich formation, which separated it from a water-saturated formation. After production 

started, the wells with a deteriorated shale layer watered out (expected since direct 

communication between the oil and water zones) but what was surprising was that the 

wells with the intact shale layer also showed this behaviour. These observations along 

with the dye tests indicated to operators a high permeability channel existed between 

wells, which can be explained by the formation of high permeability channels known as 

wormholes due to sand production (Yeung, 1995). In larger fields, such as the one 

operated by Amoco Canada in Elk Point, Alberta, fluorescein dye tests indicated 

communication among 12 wells with the dye traveling upwards of 2 km at velocities 

exceeding 7 m/min (420 m/hour). Laboratory tests on core samples revealed that the 

fluorescein dye was strongly adsorbed by the reservoir sand thus the high concentrations 

of dye found in the production tanks implied that the dye moved rapidly through high 

permeability channels with little exposure to reservoir sand (Squires, 1993).  Another 

explanation for the formation of communication channels has been the development of 

fractures during tracer injection (Smith, 1988), however the formation of wormhole 

hypothesis is adopted in this work. 
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Laboratory experiments reveal that in unconsolidated sand packs, high permeability 

channels can form under appropriate conditions. Tremblay (1998) conducted experiments 

illustrating the evolution of wormholes in sand packs, which grew predominantly within 

areas of higher porosity. Porosity and unconfined compressive strength are inversely 

related indicating that the wormholes grew within the areas of lowest compressive 

strength (Tremblay, 1997). Other experiments conducted by Tremblay (1998) found that 

when experiments were conducted with live oil, sand failure occurred at pressure 

gradients lower than predicted by standard sand arch stability criteria.  Although very 

helpful for explaining the physics of CHOPS, these experiments are limited in creating 

complete understanding as they do not capture important aspects seen in CHOPS 

reservoirs such as in-situ stresses, heterogeneities and cementation between sand grains. 

These experiments do aid in conceptualizing the wormholes, which are postulated to 

occur based on lab and field observations, and have aided in understanding the basic 

mechanisms behind CHOPS and identified the major mechanisms as foamy oil flow and 

sand failure, that is, the onset of sand fluidization.   

 

An example of a production profile for CHOPS wells can be seen in Figure 3.1. The well 

is located in Western Alberta and displays the general trends observed with CHOPS 

wells. There is a delayed peak in the oil rates followed by a slow decline in oil rate. In 

this well, as is common in CHOPS wells it eventually waters out after several years. A 

high sand rate is evident during the initial months of production followed by decline to a 

steady low rate.   
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Figure 3.1: An example of a typical production profile for a CHOPS well in western 
Alberta 

 

3.3 Cold Production Models 

 

Currently available models developed for CHOPS have had several shortcomings, which 

limit their ability to predict the growth characteristics of individual wormholes and 

capturing major features of the CHOPS process. Several models developed use fractal 

networks to determine wormhole network geometry based upon sand production volumes 

(Liu and Zhao, 2005). The fractal wormhole networks developed based on the field 

production data have been used to design EOR processes and field optimization on 

existing CHOPS wells and fields (Liu and Zhao, 2005). Other methods developed rely 

upon pre-defined wormhole network geometries by using simple geometrical layouts 

(Tremblay, 2005; Tremblay, 2009). Tremblay (2005) used pre-defined geometries to 

model sand transport through wormholes. Other geometrical approaches increase the 
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number of wormholes in the model until the model matches field production data 

(Tremblay, 2009).  One key limitation of these models is that the wormhole geometry is 

pre-defined – in other words, it is not controlled by the key physics of wormhole growth. 

A model proposed by Sawatzky et al. (2002) couples a sand production module onto a 

commercial reservoir simulator. The sand failure is modeled by a critical pressure 

gradient and predicts the wormhole networks growth through the use of an enhanced 

permeability distribution. The model is able to capture foamy oil flow through the use of 

kinetic reactions as well as the sand transport along the wormhole.  One recently 

proposed CHOPS model uses an equivalent damaged zone to model the effect of several 

wormholes in a reservoir (Rivero et al., 2010). This type of model captures the major 

CHOPS mechanisms of sand failure and foamy oil flow but require coupling to geo-

mechanical models to adequately model sand failure in the reservoir and fail to generate 

enhanced permeability zones that have the appearance of wormholes.  

 

The goal of this work is to develop a model, which captures the dynamic growth of 

individual wormholes while still capturing the major mechanisms of the CHOPS process. 

The drainage footprints, as seen in the field, of CHOPS wells are generally not uniform 

(Sawatzky et al., 2002), as they have been modelled in other approaches. Here, the 

proposed model attempts to capture the directionality in growth, which may play an 

important role in infill drilling programs as well as follow-up processes.  Limitations in 

the ability of commercial reservoir simulators to adequately model the major mechanisms 

of CHOPS and the relatively small size of the wormholes relative to reservoir dimensions 

make the task difficult. Although not directly confirmed, individual wormholes are 
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postulated to be on the scale of several meters within the sand free zone, where slurry 

flow occurs, being several centimeters in diameter (Tremblay, 2005).  Modelling of the 

wormholes and open channels in grid blocks, which are often of order of several meters 

size is difficult without modifying reservoir properties. The proposed approach uses 

existing wellbore features in a commercial reservoir simulator (CMG, 2011) to model the 

wormholes as a series of multi-lateral wells. The multi-lateral wells are modelling the 

open channels within the wormholes, where slurry flow occurs, with further dilation 

around the well to create the entire ‘wormhole’ is modelled by separate means. The use 

of multi-lateral wells allows for individual wormholes to be modeled without the need to 

modify intrinsic reservoir properties to model the growth of the wormholes, or create an 

equivalent zone to mimic the growth of individual wormholes.  

 

3.4 Dynamic Wellbore Module 

 

A Dynamic Wellbore Module (DWM), illustrated in Figure 3.2, was created that allows 

for wormholes to be grown dynamically as an extending production well.  
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Figure 3.2: General overview of the well-wormhole approach. 

 

The DWM functions by continously stopping and restarting the commercial reservoir 

simulator and monitoring the wormhole tip to detect whether wormhole growth criteria 

was satisfied. The module retrieves all relevant data for a complete restart of the 

simulation as well as any information needed to determine growth criteria. The grid 

blocks surrounding the well-wormhole are searched in the ±i and ±j directions to evaluate 

if the growth criteria is satisfied and if this is the case, then the well-wormhole is 

extended in the direction within which the growth criteria was met and the simulation is 

restarted. If no grid blocks meet the criterion, then the simulation is restarted with the 

same well-wormhole configuration as was the case prior to the re-start. This process is 

repeated until the growth criteria is no longer met for an extended period of time.  There 

are several restrictions imposed on wormhole growth: 
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1. the well-wormhole cannot grow backwards along its existing trajectory,  

2. the well-wormhole cannot directly connect with other wormholes, and 

3. two well-wormholes cannot grow into the same grid block.  

 

The search algorithm is displayed in Figure 3.3.  

 

Figure 3.3: Wormhole growth search locations. 
 

 

In the approach used here, the well is modelled as a sink well – that is, all fluids that enter 

the well are produced to surface.  The model is currently limited in its ability to model the 

pressure drop along the wormhole path, due to the inability for existing wellbore 

hydraulic models to handle the complex branching geometry seen in the model.  An 

important part of the Dynamic Wellbore Module is the coupling time between the 

simulator and the DWM. For theses studies a coupling time of 2-3 days are used.  
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The initial step in the wormhole growth is constrained to always occur in the ±i and ±j for 

one layer of the well. This preferntial layer in which wormhole growth occurs is selected 

by the lowest fluidization velocity of  all the perforated layers. Once the preferential layer 

of growth is selected the wormhole continues to grow via the minimum fluidization 

velocity crtierion. 

 

3.5 Foamy Oil Model 

 

A key characteristic of the production strategy for CHOPS wells is a large drawdown 

pressure which leads to rapid ex-solution of gas bubbles from the oil giving rise to the 

phenomenon known as foamy oil flow. Foamy oil flow in heavy oil reservoirs is one of 

the major factors, which enables enhanced production in CHOPS. Foamy oil behavior in 

heavy oil reservoirs is similar to solution-gas drive in lighter oil reservoirs in that bubbles 

are produced as part of the oil phase once the reservoir pressure drops below the bubble 

point The large drawdowns used in CHOPS, lead to a supersaturation pressure from 

equilibrium due to the slow nucleation of the bubbles. This slow nucleation of bubbles 

can be explained in part by slow diffusion rates, in the high viscosity oils (Geilikman et 

al., 1998). Another key in bubble nucleation is the critical radius. The critical radius is 

controlled by the amount of energy required to exceed the bubbles maximum energy. 

Once the bubble exceeds the critical radius, it can continue to grow through coalescence 

with other bubbles. This coalescence of bubbles is controlled by Brownian motion and 

shear flow, leading to a distribution of bubble sizes in the oil (Lillico et al., 2001). The 

distinct features of foamy oil and its stability cannot be only explained by the high oil 
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viscosity.  Asphaltene adsorption on bubble surface (Claridge and Prats, 1995), and oil 

composition (Tang et al., 2003) have been shown to aid in the stabilization of foamy oils.  

Due to its unusual behaviour, foamy oil behaviour cannot be model by a conventional 

phase equilibrium approach. Equilibrium is not quickly established and requires a kinetic 

model to represent formation of foamy oil and its decomposition. Uddin (2005) presented 

a model, which can be broken down into four separate reactions: 

 

𝑔! → 𝑏!           (3.1) 

𝑔! + 𝑏!   → 2 𝑏!          (3.2) 

𝑏! → 𝑏!           (3.3) 

𝑔! + 𝑏!   → 𝑔! + 𝑏!           (3.4) 

 

where, gd is the dissolved gas in the oil phase, bd is the dispersed gas in the oil phase and 

bc is the connected bubble component in the gas phase.  The four reactions to model 

foamy oil flow can be easily implemented with the kinetic reaction features in the 

commercial reservoir simulator. The kinetic reactions are defined by the following rate 

equations, giving the required relationships to model the kinetics in the simulator. 

 

𝑟!
(!) = 𝑁!(𝑐!" − 𝑐!"! )         (3.5) 

𝑟!
(!) = 𝑁! 𝑐!" − 𝑐!"!

!(𝑐!")        (3.6) 

𝑟!
(!) = 𝐺!(𝑐!")         (3.7) 

𝑟!
(!) = 𝐺! 𝑐!" − 𝑐!"!

!(𝑐!")        (3.8) 
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The concentrations of the dissolved and dispersed gas are defined as cgd and cbd, 

respectively. The 𝑐!"!  term is defined as the solubility, expressed as a concentration, of 

solution gas in the oil phase at its pressure and temperature. The reaction rate constants 

can be matched to laboratory experiments conducted on oil samples (Uddin, 2005). 

Reactions rate constants published by (Uddin, 2005) were used as a baseline for reaction 

constants and tuned for the current model. 

 

3.6 Sand Failure 

 

The failure of the unconsolidated sands and its production are also major factors that 

enable enhanced production rates seen in CHOPS wells. Sand production has been shown 

to directly influence oil production; therefore any robust model must take sand failure 

into account. The approach commonly used to model sand failure has been the use of 

sand arch stability criterion (Tremblay, 1998). Sand arching failure is set by the following 

limit (Tremblay et al,. 2003): 

 

!"
!"
> 2𝑓𝐶!/𝑅           (3.9) 

 

The sand arching failure criteria has been shown to be accurate for dead oil in laboratory 

experiments, however, when live oil is used such is the case in CHOPS reservoirs, it 

over-estimates the failure limit. To account for this, a factor, f, is often used to model the 
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effect of foamy oil on the arching criteria with live oil (Tremblay et al., 2003).  The use 

of a geomechanical criterion implies that the simulation must solve for the state of stress 

in the reservoir.  This often adds significant computational expense to the already 

intensive reservoir flow calculation.  Thus, it is desirable to model sand failure avoiding 

the need to conduct a full geomechanical solution.   

 

The approach used here uses a different approach similar to that those used in fluidized 

beds where a minimum fluidization velocity is defined. Here, the sand fails when it 

becomes fluidized. When the fluidization velocity is exceeded along the existing well-

wormhole then wormhole growth occurs. In the case of fluidized beds this velocity 

occurs when the pressure across the bed exceeds the weight of the beds. In the case of 

sand failure in wormholes, the pressure gradient across the sand must exceed the 

frictional force holding the sand grains together. Currently there is insufficient data to 

accurately model the phenomenon with a constitutive equation. For the case of the 

proposed model, the minimum velocity will be considered as a history match parameter; 

in subsequent research a relationship will be developed to fit reservoir data. The 

fluidization velocity considers sand failure to be a primarily a hydrodynamic/erosional 

failure as opposed to a classical mechanical failure. The hydrodynamic approach 

considers failure due to fluid drag, taking into account reservoir fluid properties as 

opposed to rock properties. 

 

To visualize how the Dynamic Wellbore Module functions to extend the wormhole, a 

single step is broken down and described in Figures 3.4 to 3.6. Figures 3.4 and 3.5 show 
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the fluid velocity in the X and Y directions respectively. In this case the fluidization 

velocity is set as 0.03 m/day. The color scale is set to between -0.03 and 0.03 m/day, 

therefore any velocity, which exceeds the minimum fluidization appears in white and the 

wormhole grows. In this case, the one block where the minimum fluidization velocity is 

exceeded is in the Y direction; therefore the resulting growth as seen in Figure 3.6 is in 

the Y direction. 

 

 

Figure 3.4: Grid block velocities in the X-direction. 

 

Figure 3.5: Grid block velocities in the Y-direction. 
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Figure 3.6: Resulting wormhole growth from the well-wormhole selection algorithm. 
 

 

 

3.7 Sand production 

 

The proposed model takes into account sand production by two separate means. The first 

form of sand production considered is due to dilation around the wellbore and 

wormholes.  Dilation occurs during the both the growth and scouring phases, allowing 

the model to capture sand production after the wormhole growth has ceased. This method 

of sand production will be modelled by using the kinetic reaction features in the 

commercial reservoir simulator. The prescribed reaction is the conversion of the sand in 

the solid phase to a mobilized sand in the oil phase. 

 

𝑆𝑎𝑛𝑑! → 𝑀𝑜𝑏𝑖𝑙𝑧𝑒𝑑  𝑆𝑎𝑛𝑑! 
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The reaction is dependent on a critical velocity in the oil phase for it to occur. The critical 

velocity is modelled in the reservoir as a reaction multiplier as seen in Equation 12.  

 

𝑚 =    !!!!"#$
!!"#

          (3.10) 

 

where, vcrit is the critical oil phase velocity, v is the oil phase velocity and vref is the 

reference velocity. The reference velocity is set to 100 times less than the critical velocity 

and the maximum value of the multiplier, m, is constrained to 1, allowing for the reaction 

to only be on or off depending in the critical velocity. The critical velocity is a tuned 

parameter to be obtained in history-matching field data.  Here, since we are describing 

the underlying model, it has been taken to be equal to 2.6 x 10-3 m/day.   

 

In the proposed model, wormholes are modeled as wells, whose growth is comparable to 

a well being drilled and extended into the reservoir. The wormholes are considered of a 

fixed radius, therefore each wormhole growth step can be considered as the removal of 

defined cylindrical shape containing sand and reservoir fluids from the grid block. The 

dynamic wellbore module tracks the growth of each wormhole tip and the time at which 

growth occurs. After the geometry and extent of wormhole growth is known, sand 

production rates can determined by the following equation: 

 

𝑉!"#$ = 𝜋𝑅!𝐿(1− 𝜙)        (3.11) 
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where, R is the wormhole radius, 𝐿 is the length of the wormhole and 𝜙 is the porosity, 

giving the instantaneous value of cumulative sand production  at the time a wormhole 

growth.  The sand production versus time is then determined as a post-processing step 

after the evolution of the well-wormhole is established versus time.   

 

3.8 Reservoir Model 

 

The typical reservoir properties for CHOPS wells in Canada largely have the same 

characteristics. These include weakly or unconsolidated sands, relatively high initial 

reservoir pressure, and high initial gas-to-oil ratios. These typical reservoir properties 

allow for the production enhancements seen in CHOPS wells to occur. The reservoir 

properties used here are listed in Table 3.1 and are an example of a heavy oil reservoir in 

Western Canada.  

 

The single well reservoir model was constructed to demonstrate the ability of the well-

wormhole model to model the CHOPS process. The areal extent of the model 400 m by 

400 m, typical for a 40 acre spacing CHOPS operation. The grid block dimensions 4 m 

by 4 m horizontally by 1 m vertically are comparable to those used in other studies. 

Models by Rivero et al. (2010) used 10 m by 10 m (horizontal) by 1 m (vertical) grid 

blocks and in models proposed by Tremblay (2009) although not explicitly specified 

given model size and number of perforations, grid blocks are approximately 10 m 

horizontally. For the 4 m horizontal grid block size, the DWM coupling time was 

approximately 3 days  
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Table 3.1: Typical properties of Canadian CHOPS reservoir Huang et al. 1998) and 
reservoir simulation model parameters. 

Property	   Value	  
Depth	  (m)	   480	  
Net	  Pay	   5	  

Porosity	  (%)	   33	  
Homogeneous	  Case	  Permeability	  (D)	   3	  
Heterogeneous	  Case	  Permeability	  (D)	   2-‐4	  
Porosity	  Permeability	  Transform	   ln	  k	  =	  24	  φ	  -‐	  4,	  φ	  as	  fraction	  

Oil	  Saturation	  (%)	   80	  
Initial	  Reservoir	  Pressure	  (kPa)	   2760	  
Reservoir	  Temperature	  (°C)	   20	  
Dead	  Oil	  Viscosity	  (cP)	   25,000	  

Solution	  Gas-‐to-‐Oil	  Ratio	  (m3/m3)	   15	  
Oil-‐Water	  Relative	  Permeability	  Curve	  

Endpoints	  
Krocw=1.0	  Krwiro=1.0	  
Swcrit=0.17	  Sorw=0.688	  

Foamy	  oil	  kinetic	  parameters	   N1=0.48	  1/day,	  N2=0.288	  (gmole/m3)-‐
2/day,	  G1=0	  1/day,	  G2=	  0.48	  

(gmole/m3)-‐2/day	  
K	  Values	   Kv1	  =	  5.4547x105	  kPa,	  Kv4=-‐879.84	  C,	  

Kv5=	  -‐265.99	  °C	  
Wormhole	  Radius	   0.05	  m	  

Dilation	  Critical	  Velocity	   2.6x10-‐3	  m/day	  
Number	  of	  Gridblocks	   100	  x	  100	  x	  5	  (Vertical)	  

Dimensions	  of	  Gridblocks	   4	  m	  x	  4	  m	  x	  1	  m	  (Vertical)	  
Initial	  Vertical	  Well	  Perforation	  Interval	  

(m)	  
6-‐18	  

 

The proposed model is tested in a homogenous and heterogeneous reservoir cases. The 

homogeneous case uses uniform reservoir properties in the model with the properties 

listed in Table 3.1. The heterogeneous case uses the same mean properties listed in Table 

3.1, with properties varied randomly (standard distribution, standard deviation 2.5% of 

mean). 
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3.9 Results and Discussion 

 

3.9.1 Homogeneous Cases 

An entirely homogenous reservoir is unlikely to be found in the field, however it does 

allow for model calibration and understanding of the basic characteristics behind growth 

of the dynamically evolving well-wormhole.  The results of the simulation with a single 

defined minimum fluidization velocity (equal to 0.021 m/day) can be seen in Figures 3.8 

to 3.10 after production has occurred for 30, 90, and 1,825 days, respectively. Four 

distinct wormholes extend from the wellbore, each extending in direction perpendicular 

to the neighbouring wormholes (the black lines are the well-wormholes extending from 

the bottom-hole location of the production well). The uniform reservoir properties lead to 

no branching, or variation in extent of growth in any direction, which would be expected 

for a perfectly homogeneous reservoir. The production profile for the homogenous 

wormhole growth described above is seen in Figure 3.12. The key characteristics in a 

typical CHOPS well production profile are captured in the production profile, including a 

delayed oil production peak as well as high initial sand rates in the first months of 

production, followed by a decline in production. The results demonstrate that the use of a 

minimum fluidization adequately captures the growth criteria for the wormholes, as well 

as control their extent of growth. 
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Figure 3.7: Homogeneous reservoir model. (Aspect ratio 40:1) 

 

 

Figure 3.8: Porosity distribution for homogeneous reservoir model (Layer 2) at 30 
days (minimum fluidization velocity = 0.021 m/day). 

 

 

Figure 3.9: Porosity distribution for Homogeneous Reservoir Model (Layer 2) at 90 
days (minimum fluidization velocity = 0.021 m/day). 
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Figure 3.10: Porosity distribution for Homogeneous Reservoir Model (Layer 2) at 
1825 days (minimum fluidization velocity = 0.021 m/day). 

 

Figure 3.11: Pressure distribution for Homogeneous Reservoir Model (Layer 2) at 
1825 days (minimum fluidization velocity = 0.021 m /day). 
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Figure 3.12: Production Profile for Homogenous Reservoir Model (minimum 
fluidization velocity = 0.021 m/day). 

 

The effect of the magnitude of minimum fluidization velocity can be seen in Figures 3.13 

to 3.16, where a lower fluidization velocity (equal to 0.009 m/day) was set with the 

identical reservoir properties as the first homogeneous case. The well-wormholes no 

longer grow as four distinct wormholes but quite similar to a dilated zone around the 

wellbore.  This demonstrates how the model can incorporate the different types of 

possible growth of the wormhole networks, from a single wormhole growing to a larger 

dilated zone growing around the wellbore. 

0	  

5	  

10	  

15	  

20	  

25	  

30	  

35	  

40	  

0	  

2	  

4	  

6	  

8	  

10	  

12	  

14	  

16	  

18	  

0	   200	   400	   600	   800	   1000	   1200	   1400	   1600	   1800	  

GO
R	  
(m

3 /
m

3 )
	  

Ra
te
	  (m

3 /
da
y)
	  

Time	  (days)	  

Oil	  Rate	  

Sand	  Rate	  

Water	  Rate	  

Cumulative	  GOR	  



 

67 

 

Figure 3.13: Pressure distribution for homogeneous reservoir model (Layer 2) at 30 
days (minimum fluidization velocity = 0.009 m/day). 

 

Figure 3.14: Pressure distribution for homogeneous reservoir model (Layer 2) at 90 
days (minimum fluidization velocity = 0.009 m/day). 

 

Figure 3.15: Pressure distribution for homogeneous reservoir model (Layer 2) at 
1825 days (minimum fluidization velocity = 0.009 m/day). 
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Figure 3.16: Pressure distribution for homogeneous reservoir model (Layer 2) at 
1825 days (minimum fluidization velocity = 0.009 m/day). 

 

3.9.2 Heterogeneous Cases 

The heterogeneous reservoir case was created by randomly varying the oil saturation and 

porosity throughout the reservoir, with averaged values the same as that in the 

homogeneous cases. A porosity-permeability transform was constructed from core data 

from a heavy oil field to populate the permeability distribution. The heterogeneous 

reservoir case gave the same variability in permeability as stated in literature (Huang et 

al. 1998). Figures 3.18 to 3.21 displays the results for minimum fluidization velocity 

equal to 0.014 m/day after 30, 90, and 1,825 days of production.   
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Figure 3.17: Heterogeneous reservoir model (Aspect ratio 40:1). 

 
Figure 3.18: Porosity distribution for heterogeneous reservoir model (Layer 4) at 30 

days (minimum fluidization velocity = 0.014 m/day). 

 

 
Figure 3.19: Porosity distribution for heterogeneous reservoir model (Layer 4) at 90 

days (minimum fluidization velocity = 0.014 m/day). 
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Figure 3.20: Porosity distribution for heterogeneous reservoir model (Layer 4) at 
1825 days (minimum fluidization velocity = 0.014 m/day). 

 

 

Figure 3.21: Pressure distribution for heterogeneous reservoir model (Layer 4) at 
1825 days (minimum fluidization velocity = 0.014 m/day). 
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Figure 3.22: Production profile for heterogeneous reservoir model (minimum 
fluidization velocity = 0.014 m/day) 

 

A significant difference between the homogeneous and heterogeneous cases is evident 

from the geometry and extent of growth of the individual wormholes and the entire 

network. There is a significant amount of branching and variability in extent of growth in 

different directions compared to homogeneous cases. The heterogeneous nature of the 

reservoir creates both “hotspots” and barriers to growth leading to the more complex 

geometries of the wormhole networks. The barriers consist of areas where the fluid 

velocity is insufficient to become fluidized and thus sand production does not occur. The 

main factor controlling the extent of growth and whether the sand will fail is the 

fluidization velocity. This is evident when contrasting the results seen for another 

heterogeneous case where a higher fluidization velocity is used shown in Figures 3.23 to 

3.26. These reservoirs are identical with the exact same initial reservoir properties used in 
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both cases.  The second heterogeneous case has a lower degree of branching and 

variability in extent of growth. The key difference between the two heterogeneous is the 

extent of growth of the wormholes. The higher fluidization velocity reduces the amount 

of sand failure, due to required higher fluid velocity for fluidization to occur. The 

wormhole networks appear to grow preferentially certain directions, in the first case in 

the North and West direction, this directionality in the modelled network is an artifact of 

the current realization of the geological properties of the reservoir and different 

realizations may create different directionality in the wormhole growth. The effect of the 

fluidization velocity can also be seen in the production profiles, of the two heterogeneous 

cases displayed in Figures 3.22 and 3.27. The two cases share the same general 

production profiles trends but for the higher fluidization velocity, the peak oil and sand 

production rates are lower than the case with a lower fluidization velocity.  Although 

appearing computationally intensive, a full run of the heterogeneous model took on 

average 90 minutes, for a 50,000 grid block reservoir model on a 2.4 Ghz processor 

personal computer run on 6 cores. This allows for the model to be used for higher 

resolution or multi-well studies. 
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Figure 3.23: Porosity distribution for heterogeneous reservoir model (Layer 4) at 30 

days (minimum fluidization velocity = 0.0145 m/day). 

 

Figure 3.24: Porosity distribution for heterogeneous reservoir model (Layer 4) at 90 
days (minimum fluidization velocity = 0.0145 m/day). 
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Figure 3.25: Porosity distribution for heterogeneous reservoir model (Layer 4) at 
1825 days (minimum fluidization velocity = 0.0145 m/day). 

 

 

Figure 3.26: Pressure distribution for heterogeneous reservoir model (Layer 4) at 
1825 days (minimum fluidization velocity = 0.0145 m/day). 
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Figure 3.27: Production profile for heterogeneous reservoir model (minimum 
fluidization velocity = 0.0145 m/day). 

 

 

3.9.3 Multi-Well Heterogeneous Case 

 

To demonstrate the capabilities model for multi-well and field scale simulations, a 

reservoir model was constructed with a similar properties to the other heterogeneous 

case. This model contained 200,000 grid blocks and four wells with the same average 

properties listed in Table 3.1. The model works by the same method as single well runs, 

with the grid properties taken out at the end of each time step and the simulation restarted 

with the same properties. The main difference is that the wormhole growth algorithm 

searches for the growth criterion for each well separately.  In this case the same minimum 

fluidization velocity was used for all the wells. The resulting wormhole networks can be 
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visualized in Figures 3.28 and 3.29 by using the pressure and porosity distribution, 

respectively. As the preferential layer of growth is chosen in the initial steps of the 

simulation, the wormhole networks are not all in the same layer. As evident in the extent 

of growth for each well shows a different extent of growth of the wormhole network and 

consequently in the oil rates for each well. The oil and sand production rates are plotted 

in Figures 3.30 and 3.31, respectively.   

 

Figure 3.28: Pressure distribution in multi-well heterogeneous case – 1825 days.  
Well 1 is in the bottom left corner, Well 2 is in the top right corner, Well 3 is in the 

top left corner, and Well 4 is in the bottom right corner. 
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Figure 3.29: Porosity distribution in multi-well heterogeneous case – 1825 days.  
Well 1 is in the bottom left corner, Well 2 is in the top right corner, Well 3 is in the 

top left corner, and Well 4 is in the bottom right corner. 
 

 

Figure 3.30: Oil production rates of the multi-well heterogeneous case. 
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Figure 3.31: Sand production rates of the multi-well heterogeneous case. 

 

3.10 Conclusion 

 

The proposed approach to model CHOPS uses existing wellbore features in a commercial 

reservoir simulator to model the growth of wormholes in a heavy oil reservoir. The 

ability to dynamically grow the well-wormhole is not built into the simulator so a 

Dynamic Wellbore Module was created to continuously stop and restart the simulations 

and dynamically grow the wormhole based on a minimum fluidization velocity, a history 

match parameter. The model captures the major mechanisms of CHOPS including foamy 

oil flow, sand failure/onset of fluidization, and sand production. The model was tested 

with homogeneous and heterogeneous reservoir cases to test the effect of reservoir 

heterogeneity on the growth of the wormholes. The case studies indicate that the 

0	  

2	  

4	  

6	  

8	  

10	  

12	  

14	  

16	  

18	  

20	  

0	   200	   400	   600	   800	   1000	   1200	   1400	   1600	   1800	  

Sa
nd
	  R
at
e	  
(m

3 /
da
y)
	  

Time	  (days)	  

Well	  1	  

Well	  2	  

Well	  3	  

Well	  4	  



 

79 

heterogeneity of the reservoir plays a significant role in both the extent of growth and the 

geometry of the wormhole networks. The results also reveal that the model can represent 

behaviours spanning from a dilated zone around the production well to branched 

wormholes to individual wormholes.  The model captures the basic production profile 

characteristics for a typical CHOPS wells.  The model is also capable of multi-well and 

field scale models and is able to capture varying extent of growth for different wells in 

the small field. A key limitation of the proposed approach is its inability to capture sand 

transport as a mobile solid phase through wormholes; this is currently limited by the 

commercial reservoir simulator’s inability to model the complex branching geometries 

found in this model and solid transport wellbore hydraulics. Subsequent research will 

focus on refinement of the model and history matching of the model to industrial 

provided field data. The key tuning parameters in a history match study include minimum 

fluidization velocity, sand concentration (i.e. amount of dilation), dilation kinetics critical 

velocity, wormhole diameter, and relative permeability end points. A complete and 

history matched model will allow use in the design of EOR processes, field optimization, 

and selection of infill well locations. 
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3.13 Nomenclature 

𝑅  Radius of wormhole, m 
gd Dissolved gas bubble in oil phase, dimensionless 
bd  Dispersed gas bubble in oil phase, dimensionless 

bc 
Connected gas bubble in gas phase, 
dimensionless 

cgd Dissolved gas concentration, gmole/m3 
cbd Dispersed gas concentration, gmole/m3 
𝑐!"!   Dissolved gas solubility, gmole/m3 
C0 Unconfined compressive strength, kPa 
L Length, m 
V Volume, m3 

f Multiplication factor, dimensionless 
v Velocity, m/s 
  
Greek Symbols Definition 
𝜙 Porosity, % 
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 Well-Wormhole Model of Cold Heavy Oil Production with Sand: Chapter Four:
History Match and Validation 

 

Istchenko, C.M. and Gates, I.D.: “Well-Wormhole Model of Cold Heavy Oil Production 

with Sand: History Match and Validation,” manuscript to be submitted to Journal of 

Petroleum Science and Engineering.  

 

4.1 Abstract 

 

Cold Heavy Oil Production with Sand (CHOPS) is a non-thermal heavy oil recovery 

technique used primarily in the heavy oil belt in western Alberta and eastern 

Saskatchewan. Under CHOPS, typical recovery factors are between 5 and 15% with 

average ~10%.  This leaves ~90% of the oil in the ground after the process becomes 

uneconomic. CHOPS exhibits an enhancement in production rates compared to 

conventional primary production, which is explained by formation of high permeability 

channels known as wormholes. The formation of wormholes has been demonstrated to 

occur in both laboratory experiments and field tracer studies. The ability to model growth 

of wormholes does not currently exist in commercial reservoir simulators. Here, 

wormholes are modelled as multi-lateral wells, which grow dynamically in the reservoir, 

using existing wellbore features. A module was coupled to CMG STARSTM to 

dynamically grow wormholes in the reservoir taking foamy oil flow, sand failure, and 

sand production into account. Here, we present on the results of history matches against 

field data to tune model parameters. The history-matched model reasonably predicts 
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production trends of field CHOPS operations. The results provide a methodology to 

model CHOPS and predict under uncertainty where the wormholes will tend to grow into 

the reservoir.  This provides a tool for placing new wells in the reservoir that will most 

likely not be in direct contact with existing wormholes.  Multiple realizations of the 

reservoir can be used to mark the region of the reservoir that undergoes wormhole 

formation.  The model can then be used for follow-up EOR processes such as cycle 

solvent injection as well as field scale optimization.   

 

4.2 Introduction 

 

CHOPS (Cold Heavy Oil Production with Sand) is a non-thermal heavy oil recovery 

technique pioneered in the Western Canadian Heavy Oil Belt. It is characterized by the 

production of large quantities of sand along with oil and water to improve oil recovery. 

Typical recovery factors for CHOPS reservoirs are between 5 and 15% before the process 

becomes uneconomic. Low recovery factors along with maturing fields and wells, has led 

to the need for a better understanding of the CHOPS process as well as reservoir models 

that can capture the key mechanisms of CHOPS to enable designs to yield improved 

recovery factor or development of cost-effective follow-up recovery processes that yield 

higher recovery.   

 

Interest in Canada’s heavy oil deposits began in the 1970s with the increase oil prices. 

From the start of CHOPS, heavy oil operators in Western Saskatchewan and Eastern 

Alberta found a direct correlation between sand and oil rates. Wells, which initially used 
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sand exclusion devices, saw rates improve by up to ten times their original levels from 

primary production with no sand production after sand exclusion devices were removed 

(Loughead, 1992). Initial attempts to maximize sand production, to yield improved oil 

production rate, were limited by pump technology in their ability to produce oil and sand 

at sufficient rates. The development and adoption of Progressive Cavity Pumps (PCPs) 

permitted operators to handle large volumes of sand produced during CHOPS. This 

enabled a shift in both production and completion strategy of CHOPS wells to maximize 

sand production, in turn, maximizing recoveries.  However, despite these improvements, 

the recovery factors of CHOPS wells tend to be lower than 10%.   

 

The enhanced productions rates seen in CHOPS wells have been hypothesized to occur 

due to the formation of high permeability channels known as wormholes. The formation 

of wormholes has been confirmed in laboratory experiments and in field studies. 

Laboratory studies such as the one conducted by Tremblay (1998) have demonstrated that 

wormholes can form in unconsolidated sand under appropriate conditions. There have 

also been several field studies, which have demonstrated communication between 

neighbouring wells. Fluorescein dyes injected in wells were produced in wells 

approximately 400 m away within hours suggesting traversal speeds between wells of up 

to 7 m/min which indicates the presence of sand free channels (Squires, 1993).  
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4.3 Modeling CHOPS 

 

One of the major issues in modeling CHOPS is the ability of current commercial 

reservoir simulators to represent the major mechanisms of CHOPS while honoring the 

formation of dilated zones or wormholes. Foamy oil flow, sand failure, production, 

formation of dilated zones, and wormhole growth have been difficult to capture in the 

current reservoir simulators. There have been several different approaches used to model 

CHOPS to account for the major mechanisms found, at times limiting the modeling of 

certain key features.  

 

One proposed approach used fractal networks to model wormhole networks, which rely 

on a probabilistic active walker approach to create wormhole networks (Liu and Zhao, 

2005). The probabilistic active worker approach takes the wormhole as traveling in the 

direction of lowest cohesive reservoir strength, however there is a probability function 

attached to this choice, therefore the same model can produce various different 

geometries depending on the seed for the random number generator. The generated 

wormhole network models can be digitized and used in commercial reservoir simulators 

in the design of follow-up processes such as cyclic solvent injection. A drawback to this 

approach is that it requires existing data such as sand production rates to generate the 

networks limiting the model’s use in predictive mode.  The model also does not directly 

capture the major mechanisms such as foamy oil flow and sand failure as it dynamically 

grows the wormhole network. However, these models can represent individual 

wormholes and the complexity of wormhole networks. Another proposed approach uses a 
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series of multilateral wells to model individual wormholes (Tremblay, 2009). The model 

uses simple pre-defined geometries and grows the wells at pre-determined rates to model 

the growth of individual wormholes. The model is tuned to existing field production data 

by using wormhole diameter and number of wormholes added as history-match 

parameters.  This model is able to capture the growth of individual wormholes along with 

foamy oil flow, however does not capture the complex geometries, whether a dilated 

zone, single wormhole, or wormhole network, and preferential growth of wormhole 

network within the reservoir.  

 

A model proposed by Sawatzky et al. (2002) couples a sand production module onto a 

commercial reservoir simulator. The sand failure is modeled by a critical pressure 

gradient and predicts the wormhole networks growth through the use of an enhanced 

permeability distribution. The model is able to capture foamy oil flow through the use of 

kinetic reactions as well as the sand transport along the wormhole. A recent approach 

presented by Rivero et al. (2010) does not model individual wormholes, but uses an 

equivalent damaged zone to model the extent of growth of a wormhole network. The 

equivalent damaged zone is modeled as an increase in porosity of the zone growing 

radially from the wellbore due to plastic strain. The model includes a foamy oil model, 

sand failure, and production as well as the preferential growth of the wormholes. 

However, the growth of the wormholed zone, in this case a radial damaged zone, arises 

from plastic failure which requires a full geomechanical model. This can be problematic 

in that it leads to further uncertainty in the input parameters as well as increased 
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computational time. The model also fails to represent individual wormholes or a network 

of wormholes.  

 

Modeling of the CHOPS process is quite complex and has led to various different 

approaches used to model the process each with their own advantages and specific uses. 

The goal of this work is to validate a proposed approach to modeling CHOPS proposed 

by Istchenko and Gates (2011), which attempts to model the dynamic growth of 

individual wormholes while still capturing the major mechanisms associated with 

CHOPS production together with the capability to model individual wormholes and 

wormhole networks.  

 

4.4 Model Description 

 

Istchenko and Gates’ (2011) approach models wormholes as a series of multi-lateral 

wells – coined this as the well-wormhole model.  The well-wormholes are grown 

dynamically in the reservoir to develop wormhole network geometries which grow by 

continuously monitoring the reservoir adjacent to the existing well-wormhole for growth 

criterion. To grow the well-wormholes dynamically, a dynamic wellbore module was 

created that monitors the reservoir for growth as well as stops and restarts the reservoir 

simulation. As described in Istchenko and Gates (2011), the dynamic wellbore module is 

a separate computer code from the commercial reservoir simulator; however it takes 

control of the simulator during the simulation runs. A simplified overview of the module 

is shown in Figure 4.1. A brief description of the model is given in the following.   
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Fig. 4.1: Well-Wormhole model overview. 

 

4.5 Foamy Oil Flow 

 

Foamy oil flow plays an important role in the increased recovery observed in CHOPS. In 

typical practice, the operating strategy for CHOPS wells uses large drawdown pressures 

leading to rapid ex-solution of dissolved gas. Foamy oil behavior is similar to that seen in 

conventional solution gas drive, in that when the pressure in the reservoir drops below the 

bubble point of the oil and gas begins to evolve in the form of bubbles smaller than the 

size of a pore throat. The coalescence of the bubbles into a connected mobile gas phase is 

slow in heavy oil systems compared to light oil systems, due to the high viscosity of the 

heavy oil. The difficulty in modeling this behavior is due to super-saturation conditions, 
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which occurs which cannot be modeled with conventional gas-liquid equilibrium 

methods used in most reservoir simulators. The approach used in this model is through 

the use of a set of pseudo kinetic reactions (Uddin, 2005): 

 

𝑔! → 𝑏!           (4.1) 

𝑔! + 𝑏!   → 2 𝑏!          (4.2) 

𝑏! → 𝑏!           (4.3) 

𝑔! + 𝑏!   → 𝑔! + 𝑏!           (4.4) 

 

where, gd is the dissolved gas in the oil phase, bd is the dispersed bubbles in the oil phase, 

and bc is the connected bubbles in the gas phase. The above reactions are modeled by the 

following rate equation for the pseudo kinetic reactions: 

 

𝑟!
(!) = 𝑁!(𝑐!" − 𝑐!"! )         (4.5) 

𝑟!
(!) = 𝑁! 𝑐!" − 𝑐!"!

!
(𝑐!")        (4.6) 

𝑟!
(!) = 𝐺!(𝑐!")          (4.7) 

𝑟!
(!) = 𝐺! 𝑐!" − 𝑐!"!

!
(𝑐!")        (4.8) 

 

where, cgd is the dissolved gas concentration cbd is the dispersed gas concentration, and 

c’gd is the concentration of the dissolved gas in the liquid phase at equilibrium conditions 

which can be determined from equations of state or K-values.  The values of the rate 

constants used here are listed in Table 4.1.   
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4.6 Sand Failure and Production 

 

Operators have found a direct correlation between sand production and oil rates, therefore 

maximizing sand rates are key in high recovery in CHOPS wells. For CHOPS models, 

sand failure has been classically modeled by considering failure at the wormhole tip as 

that of sand arching failure. A different approach is used in this work. Istchenko and 

Gates (2011) proposed approach uses a minimum fluidization velocity as a sand failure 

criterion. The premise behind a minimum fluidization velocity is similar to that seen in 

the modeling of fluidized beds. In the case of fluidized beds, fluidization occurs when the 

pressure across the bed is great enough to counteract gravity and bed becomes fluidized, 

defined by a minimum fluidization velocity. At the wormhole tip, sand failure occurs 

when the pressure gradient across the sand grains, exceeds the force required to remove 

the sand grains, defined by a minimum fluidization velocity. For the purposes of this 

work the fluidization velocity is considered a history match parameter given the 

uncertainty of the cohesive strength, state of stress, and geomechanical properties of the 

reservoir sand at original conditions.  

 

Sand production through the model is an important part of the CHOPS process and is 

captured in this approach in two different manners (Istchenko and Gates, 2011). The first 

means of sand production is through the growth of the wormhole with the removal of 

material from the reservoir as the well-wormhole grows laterally as the process evolves. 
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The second means is through sand erosion around the physical wellbore and well-

wormholes which is modeled by a kinetic reaction dependent on a critical velocity.   

 

4.7 Geological and Reservoir Simulation Models 

 

Although CHOPS has become a popular recovery technique in heavy oil fields around 

the world, the majority of wells are found in the Western Canadian Heavy Oil Belt. Here, 

the focus of history matching will be on a field in Western Alberta in the Cold Lake 

heavy oil deposit. In Western Canada, heavy oil reservoirs are generally found in the 

Lower Manville Group, with producing reservoirs in this field being found in the Sparky 

and General Petroleum (GP) formations. The producing wells in the area show the typical 

production profile for CHOPS; an example production profile from a well in the area 

under study is displayed in Figure 4.2.  

 
Figure 4.2: Typical production profile found in the history match area. 
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The profile is common for heavy oil reservoirs produced under CHOPS. It is 

characterized by a high oil rate with a delayed peak. The high sand rates at the beginning 

of production with quite high sand cuts need to be considered when developing CHOPS 

wells. The water rates generally following the same trend as oil rates, however in the case 

this well waters out after some time. This is usually explained by eventual connection of 

wormholes with a water zone, which is quite common in reservoirs with top, bottom, of 

adjacent water zones.  

 

For the purpose of this work, each well is considered individually and history matched 

independently. From field data as well as publicly available core data, a reservoir model 

was constructed for each well to be history matched. Given the scarcity of the data, a 

simplified geological model was used with randomly perturbed porosity (±20%) and 

permeabilities via a porosity-permeability transform, from the average values of the core 

seen in Table 4.1. An example of a single realization of the reservoir model constructed 

for this history match study is displayed in Figure 4.3. Table 4.1 lists key input data for 

the reservoir simulation model for the history-matched cases.   
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Table 4.1: Reservoir properties for history matched model. 

Property Well #1 Well #2 
Depth (m) 423.5 425 

Pay Thickness (m) 3.5 3 
Average Porosity (%) 34 38 

Porosity-PermeabilityTransform (D) ln k = 21.762𝜙  – 4.80935,  𝜙  as fraction 
Oil Saturation (%) 72 72 

Initial Reservoir Pressure (kPa) 2583 2598 
Dead Oil Viscosity (cP) 41,790 39370 

Solution Gas-to-Oil Ratio (m3/m3) 10 11 
Oil-Water Relative Permeability 

Curve Endpoints 
Krocw=1.0 Krwiro=0.8 
Swcrit=0.235 Sorw=0.2 

Krocw=1.0 Krwiro=0.8 
Swcrit=0.24 Sorw=0.2 

Foamy oil kinetic parameters 
N1=1.44 1/day,  

N2=0.288 (gmole/m3)-2/day, G1=0 1/day,  
G2= 0.2304 (gmole/m3)-2/day 

K Values 

𝐾 = (
𝐾!!
𝑃 )𝑒(

!!!
!!!!!

) 
 

Kv1 = 5.4547x105 kPa, Kv4=-879.84 C, 
Kv5= -265.99 °C 

Wormhole Radius (m) 0.05 0.05 
Dilation Critical Velocity (m/day) 2.6x10-3 2.5 x10-3 
Minimum Fluidization Velocity 

(m/day) 0.030 0.031 

Bottom-hole Pressure (kPa) 500 500 

Number of Gridblocks 100 x 100 x 7 
(Vertical) 

100 x 100 x 6 
(Vertical) 

Dimensions of Gridblocks 4 m x 4 m x 0.5 m 
(Vertical) 

4m x 4 m x 0.5 m 
(Vertical) 
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Figure 4.3: Example reservoir realization – porosity distribution. (Aspect Ratio 
25:1) 

 
 

 

4.8 Results and Discussion 

 

The goal of this work is to validate the proposed well-wormhole model of CHOPS by 

using the model to history match field data of a field CHOPS operation. The wells that 

will be matched is in the Cold Lake heavy oil field in the Lloydminster area of Alberta, 

Canada. The well will be referred to as Well #1.  The model requires tuning of several 

reservoir parameters to match the field oil, water, and sand rate data. The key parameter 

in the history match, which controls the extent of growth of the wormholes, is the 

fluidization velocity. For this work, the fluidization velocity is considered a history match 

parameter which will allow for the extent of wormhole growth to be tuned to match 

production profiles, for different sets of reservoir input parameters. For the history match, 
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wells are operated under simple bottom-hole pressure constraints due to limited data 

available on operating strategies. 

 

The history matched results for Well #1 as shown in Figure. 4.4 to 4.6, with tuned 

parameters listed in Table 4.1. The key in determining the success of the history matching 

process is whether the simulated results match the general trends of the CHOPS well 

data. The field and history matched oil rates can be seen in Figure 4.4, which displays a 

fairly good match to the field oil rates, with simulated cumulative produced oil within 

29% of the field data. This error in the history match is quite reasonable considering the 

amount of uncertainty and different processes required to properly model CHOPS. 

During the initial growth period of the wormhole network, the simulated oil rates match 

the field data quite well and is able to capture the slowing of the wormhole growth near 

the oil rate peak. The simulation matches the oil rate decline quite well for several years, 

however over predicts the oil rates for the final years, which would explain the 

discrepancy in the predicted cumulative oil produced.  This can be explained by 

considering the increasing water cuts due to the possible communication with a water 

zone. The large mobility difference between the water and oil will favor the flow of 

water, leading to a decrease in oil rates and increasing water cuts. Due the limited 

available field data, a water zone was not introduced into the system, however the 

location may be postulated once more wells in the area are history matched – this will be 

addressed in future work. The water rates show a fairly good initial fit to the data, 

however after several months once the water cut begins to continuously increase the 

water rates are under predicted due to the water zone not being modeled. Another distinct 
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feature of CHOPS is the high sand production rates, which is captured in the well-

wormhole model through the two mechanisms described above. The cumulative sand 

production can be seen in Figure 4.6, for the field and simulated data.  The model 

captures both the sand production due to wormhole growth along with production from 

dilation around the well and individual wormhole.  The simulated sand produced matches 

the field data quite well, capturing the large initial sand production as well as the 

reduction in sand production in the final years of production. The cumulative sand 

produced is still very well simulated as the simulated results are within 4% of field data.  

The results for the water match can be seen in Figure 4.5, showing poorer results then the 

oil and sand matches. The water rate is matched quite well for the first few months, 

however is unable to capture the sustain water rates seen in the field. This may be due to 

a water zone being present in the reservoir, however the model is currently is unable to 

capture the water zone. Due to the models ability to capture the individual wormholes as 

well as preferential growth, the model can provide visual of the extent of growth of the 

wormhole network seen in Figure 4.7. 
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Figure 4.4: Oil rate - history match result for Well #1. 
 

 

Figure 4.5: Water rate - history match result for Well #1. 
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Figure 4.6: Sand rate - history match result for Well #1. 
 

 

Figure 4.7: Simulated wormhole network for Well #1 – porosity distribution (Layer 
4). 
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Another well was history match, Well #1 with the results shown in Figure 4.8 to 4.10, 

with tuned parameters listed in Table 4.1. Similar to Well #1, the simulated results match 

the oil rates quite well as seen in Figure 4.8. The simulated results match the initial 

growth phase of the wormholes quite well with a similar peak oil rate. The decline in the 

oil rates is matched much better for this well leading to the simulated date within 13% of 

the cumulative oil produced. The cumulative sand for the simulated and field data can be 

seen in Figure 4.10. The results show a good match to both the initial growth phase of the 

wormholes and matches the cumulative sand produced within 3%.  The history-matched 

water rates can be seen in Figure 4.9, with similar results to the first history match wells. 

The model will require further tuning to capture the water zone found in this field. The 

wormhole network geometry for the history matched well is seen in Figure 4.11. The 

modeled wormhole network allows for the model to predict a drainage area associated 

with the CHOPS wells, in this case approximately 150 meters, although there is a degree 

of uncertainty associated to this prediction intrinsic to all history-matched reservoir 

simulation models – matches are not unique. 
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Figure 4.8:  Oil rate – prediction of Well #2 performance. 
 

 

Figure 4.9: Water rate - prediction of Well #2 performance. 
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Figure 4.10: Sand rate - prediction of Well #2 performance. 

 

 

Figure 4.11 - Simulated wormhole network obtained for prediction of Well #2 – 
porosity distribution (Layer 3). 
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4.9 Conclusions 

 

A previously introduced model, which attempts to model CHOPS using a series of multi-

lateral wells to model the growth of wormhole networks, was used in a history matching 

study of a well in the Cold Lake Heavy Oil field. The proposed model was tuned and was 

able to successfully match field CHOPS data. The matched model suggests that the wells 

communicated with a water zone as the wormholes evolved through the reservoir.  A 

water zone was not placed in the model but will be examined in future work.  However, 

the model was able to adequately match the production rate trends for oil and sand. 

Future work will include history matching and forecasting other wells in the field, as well 

as attempting to identify the location of the water source. These history-matched models 

will also be used to study EOR processes such as cyclic solvent injection as a possible 

follow-up process. 
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4.12 Nomenclature 

gd 
Dissolved gas bubble in oil phase, 
dimensionless 

bd  
Dispersed gas bubble in oil phase, 
dimensionless 

bc 
Connected gas bubble in gas phase, 
dimensionless 

cgd Dissolved gas concentration, gmole/m3 
cbd Dispersed gas concentration, gmole/m3 
𝑐!"!   Dissolved gas solubility, gmole/m3 
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 Cyclic Solvent Injection (CSI) – Follow-up Process to CHOPS Chapter Five:

 

5.1 Abstract 

 

Cold Heavy Oil Production with Sand (CHOPS) is a primary recovery technique, 

characterized by high sand production, which improves the recovery factors and 

production rates over cold production without sand. Despite increased production, 

recovery factors remain low, 5-15%, averaging approximately 10%. This leaves a 

considerable amount of oil in place, making CHOPS wells prime candidates for follow-

up EOR processes. Due to the high permeability channels created in CHOPS, the 

potential candidates are limited. The technique that has gained the most attention Cyclic 

Solvent Injection (CSI), a cyclic process where solvent is injected for a period followed 

by production period of oil and solvent. The developed well-wormhole model for 

CHOPS was used to test the effects of different solvents and solvent concentrations on 

the overall recovery and energy efficiency of CSI. For the concentrations tested there was 

an increase of between 68-98% in the recovery over CHOPS. The modelled showed that 

mixtures of propane and carbon dioxide were more effective than methane and propane 

mixtures at the same propane concentrations. The CSI process was shown to be more 

energy efficient than thermal processes in all solvent mixtures cases. 

 

 

 



 

110 

5.2 Introduction 

 

Cold Heavy Oil Production with Sand (CHOPS) is a non-thermal heavy oil recovery 

technique used prominently in Heavy Oil Belt of Western Alberta and Eastern 

Saskatchewan. The technique is characterized by deliberate production of sand along 

with oil and water to improve recovery factors. CHOPS is a popular technique due to its 

larger recovery factors over that of cold production without sand: some operators realize 

increases in production rates by a factor of ten when the wells were converted to CHOPS 

(Loughead and Saltuklaroglu, 1992). Despite improved production, recovery factors 

remain low with typical recoveries factors for CHOPS wells between 5 and 15%, 

averaging approximately 10% (Maini, 2001).  Low recovery factors and large resources 

make CHOPS wells prime candidates for follow-up Enhanced Oil Recovery (EOR) 

processes.  

 

The increased recovery seen in CHOPS is explained by an enhancement in permeability 

caused by sand production (Smith, 1988). One common explanation has been the 

formation of high permeability channels known as wormholes. The formation of 

wormholes has been confirmed in physical models of recombined unconsolidated sand 

(Tremblay and Oldakowski, 2002) as well as in field observations in the loss of drilling 

fluid circulation during infill drilling programs (Tremblay, 2009). The existence of high 

permeability channels in the reservoir poses challenges to the feasibility of follow-up 

processes and limits the number of potential candidate processes. This is because the 

effective permeability of the wormholes is several orders of magnitude greater than that 
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of the heavy oil sand.  The effect of wormholes on injection process is evident in the 

results for tracer studies conducted on reservoirs produced under CHOPS. In these 

studies fluorescein dyes are injected into production wells converted to injection, while 

neighbouring wells continue to produce. The tests as detailed by Squires (1993) indicated 

that the injected dyes traveled quickly (up to 7 m/min) through high permeability 

channels bypassing the sand-filled portion of the reservoir i.e. the oil-bearing part of the 

formation. These studies suggested EOR techniques that rely on displacing oil from 

injector to producer, such as steam, water and polymer flooding will not be successful in 

CHOPS reservoirs (Smith, 1988).  Several processes have been studied as candidates for 

follow-up techniques such as solvent injection (Kristoff et al., 2008), in-situ combustion 

(Chen et al., 2012) and CO2 flooding (Derakhshanfar et al., 2012). The technique which 

has gained the most interest has been solvent-based recovery through Cyclic Solvent 

Injection with several field studies conducted (Kristoff et al., 2008) to evaluate its 

technical and economic feasibility.  

 

5.3 Solvent-Based Recovery Processes 

Increased recovery in heavy oil and oil sand reservoirs have traditionally relied on 

thermal methods, such as SAGD, CSS and steam flooding, where heat in the form of 

steam or hot water is injected into the reservoir, leading to a viscosity reduction of up to 5 

orders of magnitude. The energy requirements and water consumption for thermal 

methods are often quite high which has led to investigation of solvent-based processes 

with lower energy requirements. Many of the solvent-based processes that have been 



 

112 

evaluated in the field are hybrid thermal-solvent processes in which solvent is co-injected 

with steam to reduce energy requirements. Several field studies (Orr, 2009) have been 

conducted with solvents with varying degrees of success.  

 

For CHOPS wells, the technique that has gained the most attention is Cyclic Solvent 

Injection (CSI) as a follow-up process; this process has also been referred to as Cyclic 

Solvent Process (CSP). CSI is intended for use on post-CHOPS reservoirs; it uses the 

same single well configuration as CHOPS. CSI functions by alternating injection and 

production through several cycles. Large-scale field trials of CSI have been conducted 

with a consortium of companies known as Joint Implementation of Vapour Extraction 

(JIVE) project (Kristoff et al., 2008).  The consortium tested the Cyclic Solvent Injection 

(CSI) process in three separate fields using different solvents as listed in Table 5.1: 

 
Table 5.1: JIVE solvent mixtures by company (Kristoff et al., 2008). 

Company Field Solvent 
Nexen Inc. Luseland Butane/Methane 

Canadian Natural Resources Limited Fort Kent Propane/Methane 
Husky Energy Edam Propane/Methane 

 

Although the results are not publically available, the results of the field trials appear to be 

favourable with companies such as Husky Energy expanding the field trials to 

commercial cyclic CO2 injection operations in post-CHOPS wells (Husky Energy, 2011). 
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5.4 Solvent Selection/Processes 

An important element of the design of a CSI process is the selection of the most 

appropriate solvent(s) for injection. Generally these solvents are low chain hydrocarbons 

(see Table 5.1). There are several key factors that must be taken into consideration when 

choosing the appropriate solvent.  First, its ability to reduce the viscosity of the oil.  

Second, the time scale over which it mixes with the oil leading a lowered oil phase 

viscosity.  Third, the ease of producing back injected solvent, i.e. solvent retention.  The 

last factor is an economic one since the cost of solvents is typically higher than that of the 

produced oil. The most effective solvents tested to date have been found to be butane and 

propane which both provide high solubility in oil leading to a sufficiently reduced oil 

viscosity. However, the use of pure butane or propane is costly and therefore it is more 

economically favourable to use mixtures of propane/butane and non-condensable gases 

such as carbon dioxide, with similar viscosity reduction (Badamchi-Zadeh et al., 2009). 

Mixtures of propane are also favourable as at high concentrations of propane, when 

solvents mixes with oil within the reservoir, asphaltene precipitation can result which 

may be favourable for in-situ upgrading but can lead to a reduction in permeability in the 

reservoir (Das, 1998). 

 

5.5 Modeling Cyclic Solvent Injection 

To effectively model Cyclic Solvent Injection (CSI) as a follow-up process to CHOPS, a 

detailed model for the post-CHOPS reservoir is required. Here, the post-CHOPS model 

for CSI was created from a history matched CHOPS model, which was created via the 
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Well-Wormhole model for CHOPS as described in Chapter 3.  A summary of the average 

properties of the reservoir is listed in Table 5.2.   

Table 5.2: Average reservoir properties post-CHOPS model 

Property Value 
Depth (m) 423.5 

Number of Gridblocks 100 x 100 x 7 (Vertical) 
Dimensions of Gridblocks 4 m x 4 m x 0.5 m (Vertical) 

Pay Thickness (m) 3.5 
 Initial Average Porosity (%) 34.4 

Initial Average Horizontal Permeability (D) 2.75 
Average Oil Saturation (%) 74.5 

Average Reservoir Pressure (kPa) 2196 
 

In the Well-Wormhole model, the wormholes are modelled as multi-lateral wells.  The 

wells are grown dynamically in the reservoir through time by using a minimum 

fluidization velocity as the sand failure criterion.  The model captures sand dilation 

around the wormholes as well as foamy oil flow through the use of kinetic reactions. A 

more detailed description of the model is given in Chapter 3. An example of a post-

CHOPS reservoir state is displayed in Figure 5.1. 
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Figure 5.1: Post-CHOPS history matched reservoir distribution of permeability, oil 

saturation, pressure and porosity (Clockwise - starting from top left). 
 

In Figure 5.1, the well-wormholes are shown in black with the dilated zone around the 

wormhole represented by the yellow and orange grid blocks. With the wormholes 

modelled as wells, the CSI process can be modeled by cycling the wells between 

injection and production.  
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5.6 Solvent/Oil Mixing 

 

To effectively model CSI an appropriate solvent oil dissolution model is required. 

Solvent dissolution into the oil phase is modelled as an equilibrium process by using K-

values, given by:  

 

𝐾 =    !!
!!

           (5.1) 

 

where yi in the mole fraction in the gas phase and xi in the mole fraction in the liquid 

phase. The K-values are modelled as a function of temperature and pressure by using 

Antoine’s correlation: 

 

𝐾 = (!!!
!
)𝑒(

!!!
!!!!!

)         (5.2) 

 

The values of KV1, KV4, and KV5 for carbon dioxide, methane, and propane used in the 

CSI model developed here are listed in Table 5.3. 

 
Table 5.3: Component K-values for CSI candidate solvents (CMG, 2011).   

 CO2 Methane Propane 
KV1 (kPa) 862,120,000 5,454,70 726,374 
KV4 (K) -3103.39 -879.84 -1872.46 
KV5 (K) -272.99 -265.99 -247.99 
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Solvent and oil mixing is also controlled through molecular diffusion and dispersion. 

Fick’s law models the diffusion of a molecule from a high region of high concentration to 

a region of low concentration (CMG, 2011): 

 

𝐽!"# = −(𝜙𝑆!𝐷!"#)𝛿𝐶!"/𝛿𝑘        (5.3) 

 

where,  𝜙 is porosity, Sj is saturation of phase j, Dmij is the molecular diffusion coefficient 

in the component i in phase j, Cij is the concentration of component i in the j phase and 

Jijk is the flux of component i in phase j in the k direction.  The molecular diffusion 

coefficient does not take into account the extended flow path for flow through porous 

media (Perkins and Johnston, 1963). To take this into account, the molecular diffusion 

coefficient is multiplied by a tortuosity (τ) factor to get the apparent molecular diffusion 

coefficient for porous media:  

 

𝐷 = 𝐷!𝜏          (5.4) 

 

Solvent-oil mixing also occurs due to mechanical dispersion arising from fluid flow in 

the porous media (Perkins and Johnston, 1963). Longitudinal dispersion is in the 

direction of fluid flow: 

 

!!
!!

= !
!"
+ 0.5 !"!!

!!
    𝑤ℎ𝑒𝑟𝑒   !"!!

!!
< 50      (5.5) 
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whereas transverse dispersion is orthogonal to the direction of fluid flow: 

 

!!
!!

= !
!"
+ 0.0157 !!"!

!!
    𝑤ℎ𝑒𝑟𝑒   !"!!

!!
< 10!      (5.6) 

 
The oil viscosity was assumed to follow a logarithmic mixing rule as follows (CMG, 

2011): 

 
ln 𝜇! = 𝑥!ln  (𝜇!")

!!
!!!         (5.7)  

 

The viscosity of each component is listed below in Table 5.4.  The liquid equivalent 

viscosities are the equivalent viscosity that would mix with the oil to give 

experimentally-measured values of the mixture of the oil and solvent gas (the gas phase 

viscosities for these gases cannot be used since they would give a physical oil phase 

viscosity that is too low).   

 

Table 5.4: Component liquid or liquid-equivalent* viscosities (Ivory et al., 2010).   

Component Viscosity (cP) at 20°C 
Oil 47,390 

Carbon Dioxide* 15.0 
Methane* 14.8 
Propane 20.0 

 
 
   
5.7 Cyclic Solvent Injection 
 

The CSI process modelled in this research consists of 6 cycles in total. Each cycle 

consists of three phases: 1. eight weeks of solvent injection, 2. a one week soak period for 
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equipment turnaround and solvent dissolution, and 3. six weeks of production.  The 

durations of the cycle phases were based on that used in the JIVE field trials.  During the 

injection phase, the injection rate was at a constant gas rate of 20,000 m3/day (expressed 

at standard condition) with a maximum injection pressure equal to 7,000 kPa. During the 

production phase, the production well was operated at a constant bottomhole pressure 

equal to 500 kPa.   

 

To evaluate the effect of the use of different solvents and solvent concentrations on oil 

recovery, eight cases were studied as listed in in Table 5.5: 

 

Table 5.5: Cyclic Solvent Injection Cases.   

Case Solvent Volume % 
Case 1 5% Propane 95% Methane 
Case 2 10% Propane 90% Methane 
Case 3 15% Propane 85% Methane 
Case 4 20% Propane 80% Methane 
Case 5 25% Propane 75% Methane 
Case 6 50% Propane 50% Methane 
Case 7 15% Propane 85% Carbon Dioxide 
Case 8 25% Propane 75% Carbon Dioxide 

 

 

5.8 Results and Discussion 

5.8.1 Methane and Propane Injection  

 

The injection and production profiles for the six methane and propane cases are shown in 

Figures 5.4 and 5.5. The trends of production profiles are quite similar between all six 
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cases. The highest production rates are seen in the first cycle with decreasing rates after 

each subsequent cycle. The large differences between the different solvent concentrations 

cases in production rates occur in the first several productions cycles. In the first several 

cycles the production are the highest in the higher propane concentration. In terms of 

overall recovery the trends remain the same, with the highest concentration of propane 

cases having the highest cumulative oil production as seen in Figure 5.7. This is expected 

as propane is a more effective solvent than methane.  As the cycle number increases, the 

depleted zone increases in size as seen in Figure 5.2 and 5.3, in the oil component mole 

fraction distribution.  As the propane concentration increases in the injected solvent, the 

oil mole fraction decreases after production, indicating that higher propane 

concentrations mobilize more oil. As the propane concentration increased, the size of the 

depleted zone also decreased. 

 

An important criterion for performance comparisons in solvent-based processes, similar 

to the steam-to-oil ratio in thermal processes, is the net stored solvent-to-oil ratio.  The 

net stored solvent is equal to the difference between the cumulative volume of injected 

solvent and cumulative volume of produced solvent. The net stored solvent-to-oil ratio 

for each cycle is listed in Tables 5.7 to 5.12. For the six cases the final cumulative net 

stored solvent-oil ratio ranged from 22-19.5 m3/m3, with the ratio decreasing in each case 

for each subsequent cycle. After the fifth cycle the solvent recovery averaged 

approximately 97% for each case.  
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The post-CHOPS recovery factor was approximately 8.9%, after CSI the total oil 

recovery ranged from 15% for Case 1 to 17.7% for Case 6, this is an improvement of 

between 68.7% and 98.4% in the overall recovery of CHOPS. A full breakdown of 

cumulative oil and recovery factors is listed in Table 5.6. 

 
Table 5.6: Cumulative oil and recovery factor for six methane and propane cases. 

Case Cumulative Oil (m3) Recovery Factor 
(including CHOPS) 

Improvement of 
Recovery Factor 

over that of CHOPS 
Case 1 8,165 15.0% 68.7% 
Case 2 8,643 15.4% 72.7% 
Case 3 9,049 15.7% 76.1% 
Case 4 9,439 16.0% 79.4% 
Case 5 9,836 16.3% 82.8% 
Case 6 11,697 17.7% 98.4% 

 

 

Figure 5.2: Oil component mole fraction for Case 1 and 2 (Cycle 1, 3 and 5) 
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Figure 5.3: Oil component mole fraction for Case 3-6 (Cycle 1, 3 and 5) 
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Figure 5.4: Cyclic Solvent Injection results – Case 1-3 (top to bottom).  The blue 
curves are the injection rates whereas the red ones are the produced oil (the oil 

component only).   
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Figure 5.5: Cyclic Solvent Injection results - Case 4-6 (Top to Bottom).  The blue 
curves are the injection rates whereas the red ones are the produced oil (the oil 

component only).   
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Table 5.7: Results by cycle for Case 1 (95% CH4, 5% C3H8) 

Cycle	  

Cumulative	  
Solvent	  
Injected	  
(m3)	  

Cumulative	  
Solvent	  
Produced	  
(m3)	  

Net	  
Stored	  
Solvent	  
(m3)	  

Cumulative	  
Oil	  

Produced	  
(m3)	  

Net	  
Stored	  
Solvent-‐
Oil	  Ratio	  
(m3/m3)	  

Cycle	  1	   1,199,939	   1,070,465	   129,474	   2,466	   52.5	  
Cycle	  2	   2,399,849	   2,243,407	   156,442	   4,272	   36.6	  
Cycle	  3	   3,599,724	   3,429,965	   169,759	   5,765	   29.4	  
Cycle	  4	   4,799,575	   4,624,060	   175,515	   7,044	   24.9	  
Cycle	  5	   5,999,441	   5,819,231	   180,210	   8,165	   22.1	  

  
Table 5.8: Results by cycle for Case 2 (90% CH4, 10% C3H8) 

Cycle	  

Cumulative	  
Solvent	  
Injected	  
(m3)	  

Cumulative	  
Solvent	  
Produced	  
(m3)	  

Net	  
Stored	  
Solvent	  
(m3)	  

Cumulative	  
Oil	  

Produced	  
(m3)	  

Net	  
Stored	  
Solvent-‐
Oil	  Ratio	  
(m3/m3)	  

Cycle	  1	   1,199,732	   1,071,201	   128,531	   2,658	   48.4	  
Cycle	  2	   2,399,836	   2,240,459	   159,377	   4,575	   34.8	  
Cycle	  3	   3,599,721	   3,428,764	   170,957	   6,142	   27.8	  
Cycle	  4	   4,799,586	   4,621,509	   178,077	   7,477	   23.8	  
Cycle	  5	   5,999,438	   5,816,475	   182,963	   8,643	   21.2	  

 
Table 5.9: Results by cycle for Case 3 (85% CH4, 15% C3H8) 

Cycle	  

Cumulative	  
Solvent	  
Injected	  
(m3)	  

Cumulative	  
Solvent	  
Produced	  
(m3)	  

Net	  
Stored	  
Solvent	  
(m3)	  

Cumulative	  
Oil	  

Produced	  
(m3)	  

Net	  
Stored	  
Solvent-‐
Oil	  Ratio	  
(m3/m3)	  

Cycle	  1	   1,199,925	   1,071,460	   128,465	   2,843	   45.2	  
Cycle	  2	   2,399,822	   2,239,821	   160,001	   4,852	   33.0	  
Cycle	  3	   3,599,680	   3,425,379	   174,301	   6,478	   26.9	  
Cycle	  4	   4,799,527	   4,618,445	   181,082	   7,853	   23.1	  
Cycle	  5	   5,999,351	   5,813,977	   185,374	   9,049	   20.5	  
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Table 5.10: Results by cycle for Case 4 (80% CH4, 20% C3H8) 

Cycle	  

Cumulative	  
Solvent	  
Injected	  
(m3)	  

Cumulative	  
Solvent	  
Produced	  
(m3)	  

Net	  
Stored	  
Solvent	  
(m3)	  

Cumulative	  
Oil	  

Produced	  
(m3)	  

Net	  
Stored	  
Solvent-‐
Oil	  Ratio	  
(m3/m3)	  

Cycle	  1	   1,199,933	   1,071,925	   128,008	   3,041	   42.1	  
Cycle	  2	   2,399,817	   2,239,324	   160,493	   5,133	   31.3	  
Cycle	  3	   3,599,610	   3,423,684	   175,926	   6,808	   25.8	  
Cycle	  4	   4,799,403	   4,615,878	   183,525	   8,217	   22.3	  
Cycle	  5	   5,999,224	   5,810,732	   188,492	   9,439	   20.0	  

  
Table 5.11: Results by cycle for Case 5 (75% CH4, 25% C3H8) 

Cycle	  

Cumulative	  
Solvent	  
Injected	  
(m3)	  

Cumulative	  
Solvent	  
Produced	  
(m3)	  

Net	  
Stored	  
Solvent	  
(m3)	  

Cumulative	  
Oil	  

Produced	  
(m3)	  

Net	  
Stored	  
Solvent-‐
Oil	  Ratio	  
(m3/m3)	  

Cycle	  1	   1,199,932	   1,072,233	   127,699	   3,250	   39.3	  
Cycle	  2	   2,399,809	   2,237,639	   162,170	   5,430	   29.9	  
Cycle	  3	   3,599,664	   3,422,893	   176,771	   7,151	   24.7	  
Cycle	  4	   4,799,503	   4,614,960	   184,543	   8,591	   21.5	  
Cycle	  5	   5,999,290	   5,805,937	   193,353	   9,836	   19.7	  

 
Table 5.12: Results by cycle for Case 6 (50% CH4, 50% C3H8) 

Cycle	  

Cumulative	  
Solvent	  
Injected	  
(m3)	  

Cumulative	  
Solvent	  
Produced	  
(m3)	  

Net	  
Stored	  
Solvent	  
(m3)	  

Cumulative	  
Oil	  

Produced	  
(m3)	  

Net	  
Stored	  
Solvent-‐
Oil	  Ratio	  
(m3/m3)	  

Cycle	  1	   1,199,986	   1074732	   125254	   4,286	   29.2	  
Cycle	  2	   2,399,977	   2223350	   176627	   6,881	   25.7	  
Cycle	  3	   3,599,969	   3399650	   200319	   8,816	   22.7	  
Cycle	  4	   4,799,923	   4587147	   212776	   10,377	   20.5	  
Cycle	  5	   5,999,903	   5779492	   220411	   11,697	   18.8	  
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5.8.2 Carbon Dioxide/Propane Injection 

An alternative to alkane solvents is carbon dioxide. Two simulations were run for 

different propane concentrations along with carbon dioxide (Cases 7 and 8).  

 

The production profiles for the two cases can be seen in Figure 5.6. The profiles show a 

similar trend as methane cases with higher rates observed with the higher propane 

concentration cases in the first two cycles, with Case 8 having the highest cumulative oil 

production of the two cases. At similar propane concentrations, Cases 3 and 7 and Cases 

5 and 8, mixtures with carbon dioxide had better cumulative oil production volume than 

the mixtures with methane as seen in Figure 5.7. The net stored solvent-oil ratios for the 

two cases are shown in Tables 5.13 and 5.14. The carbon dioxide cases showed a similar 

trend to the methane cases with the net stored solvent-to-oil ratio decreasing with each 

subsequent cycle. The carbon dioxide cases also resulted in a lower net stored solvent-to-

oil ratio compared to that obtained in cases with the same propane concentrations mixed 

with methane.  Similar to the methane cases the depleted zone increases with the cycle 

number, as seen in Figure 5.8. The depleted zone is slightly larger in the carbon dioxide 

cases than in methane cases with the same concentrations. At higher propane 

concentrations there is a lower mole fraction of the oil component after the same number 

of production cycles. 
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Table 5.13: Results by cycle for Case 7 (85% CO2, 15% C3H8) 

Cycle	  

Cumulative	  
Solvent	  
Injected	  
(m3)	  

Cumulative	  
Solvent	  
Produced	  
(m3)	  

Net	  
Stored	  
Solvent	  
(m3)	  

Cumulative	  
Oil	  

Produced	  
(m3)	  

Net	  
Stored	  
Solvent-‐
Oil	  Ratio	  
(m3/m3)	  

Cycle	  1	   1,199,946	   1,072,827	   127,119	   2,973	   42.8	  
Cycle	  2	   2,399,888	   2,239,553	   160,335	   5,041	   31.8	  
Cycle	  3	   3,599,821	   3,426,668	   173,153	   6,7067	   25.8	  
Cycle	  4	   4,799,758	   4,618,749	   181,009	   8,1078	   22.3	  
Cycle	  5	   5,999,663	   5,814,254	   185,409	   9,326	   19.9	  

 

Table 5.14: Results by cycle for Case 8 (75% CO2, 25% C3H8) 

Cycle	  

Cumulative	  
Solvent	  
Injected	  
(m3)	  

Cumulative	  
Solvent	  
Produced	  
(m3)	  

Net	  
Stored	  
Solvent	  
(m3)	  

Cumulative	  
Oil	  

Produced	  
(m3)	  

Net	  
Stored	  
Solvent-‐
Oil	  Ratio	  
(m3/m3)	  

Cycle	  1	   1,199,962	   1,073,363	   126,599	   3,362.93	   37.6	  
Cycle	  2	   2,399,912	   2,236,029	   163,883	   5,598.06	   29.3	  
Cycle	  3	   3,599,870	   3,420,541	   179,329	   7,360.42	   24.4	  
Cycle	  4	   4,799,809	   4,611,933	   187,876	   8,832.44	   21.3	  
Cycle	  5	   5,999,776	   5,805,164	   194,612	   10,098.8	   19.3	  

 

The carbon dioxide cases showed a similar solvent recovery to methane cases with 

approximately 97% recovery for the two cases. The recovery factors achieved are listed 

in Table 5.15:  the two carbon dioxide and propane cases exhibited an improved recovery 

factor between 15.9 and 16.5% which implies an improvement of the recovery factor 

beyond that of CHOPS (8.9%) ranging from 78.5 to 85%. 
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Table 5.15: Cumulative oil and recovery factor for two carbon dioxide and propane 
cases. 

Case Cumulative Oil (m3) Recovery Factor 
(including CHOPS) 

Improvement of 
Recovery Factor 

over that of CHOPS 
Case 7 9,326 15.9% 78.5% 
Case 8 10,099 16.5% 85.0% 
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Figure 5.6: Cyclic Solvent Injection results - Case 7-8 (Top to Bottom).  The blue 
curves are the injection rates whereas the red ones are the produced oil (the oil 

component only).   
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Figure 5.7: Cumulative oil production from CHOPS and eight CSI cases.
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Figure 5.8: Oil component mole fraction for Case 7 and 8 (Cycle 1, 3 and 5) 

 

5.9 Cumulative Energy-to-Oil Ratio (cEOR) 

 

To compare the different CSI processes, it is useful to evaluate the cumulative energy-to-

oil ratio.  For solvent injection processes, the net stored solvent is lost and is represented 

by its heating value, listed in Table 5.16 (the energy that could be derived from it if it was 

combusted as a fuel).  For thermal processes such as Steam-Assisted Gravity Drainage 

(SAGD) and Cyclic Steam Stimulation (CSS), the cEOR tends to range from 7.5 to 12 

GJ/m3 oil produced (the energy in thermal processes is taken to be the enthalpy of the 
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steam injected into the formation).  The lower the cEOR, the more energetically efficient 

is the recovery process.   

 
Table 5.16: Heating value of components (McCain, 1990). 

Component Heating Value (kJ/m3) 
Propane 93,750 
Methane 37,630 

Carbon Dioxide 0 
 

Another factor to consider for the calculation of the cEOR is the energy required for 

compression of the injected solvents to the injection pressure, which can be calculated as 

follows (Smith and Van Ness, 1987): 

 

𝑊𝑜𝑟𝑘 = !!
!!!

1− !!
!!

!!!
!         (5.8) 

 

where, P1 is atmospheric pressure, P2 is maximum injection pressure and γ is the 

isentropic expansion factor (constant).  Therefore the cumulative EOR is defined as: 

 

𝑐𝐸𝑂𝑅 = !"#$!!!!"!!!!!"!
!"#.    !"#

        (5.9) 

 

where Qi is net solvent i injected and HVi is the heating value of solvent i. The results of 

the calculation of EOR for each solvent case are listed in Table 5.17. 
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Table 5.17: Cumulative EOR for eight CSI cases. 

Cases 

Methane/CO2 Propane 

Cumulative 
Oil (m3) 

cEOR 
(GJ/m3) 

Net 
Solvent 
Injected 

(m3) 

Net 
Energy 
Injected 

(GJ) 

Net 
Solvent 
Injected 

(m3) 

Net 
Energy 
Injected 

(GJ) 
1 164,237 6,180 15,973 1,497 8,165 1.38 
2 154,168 5,801 28,794 2,699 8,643 1.40 
3 145,328 5,469 40,046 3,754 9,049 1.41 
4 137,488 5,174 51,004 4,782 9,439 1.43 
5 130,693 4,918 62,661 5,874 9,836 1.46 
6 86,227 3,245 134,184 12,580 11,697 1.66 
7 143,777 0 (CO2) 41,631 3,903 9,326 0.80 
8 130,256 0 (CO2) 64,356 6,033 10,099 0.95 

 

The cumulative EOR for the six methane cases shows an increase with propane 

concentration with the highest EOR being Case 6. Compared to the methane cases, the 

carbon dioxide cases are more efficient at the same propane concentrations. This can be 

explained by carbon dioxide having a zero heating value. Given typical values for cEOR 

for thermal processes such as SAGD and CSS are between 7.5 and 10 GJ/m3 (Yang and 

Gates, 2009), the results indicate that CSI is much more energy efficient than these 

thermal processes.   

 

5.10 Conclusions 

 

A post-CHOPS history-matched reservoir simulation model was used to model Cyclic 

Solvent Injection (CSI) as a follow-up process to CHOPS. The CHOPS model 

represented the growth of wormholes through the use of multi-lateral wells. To model the 
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CSI process the wells are cycled between injection and production for a total of five 

cycles. Eight different CSI cases were run with varying concentrations of propane as the 

primary solvent and carbon dioxide or methane as the carrier solvent. The results 

revealed that as the propane concentration increased, so too did the cumulative oil 

volume produced. Carbon dioxide was shown to be a more effective carrier solvent than 

that of methane with a lower net stored solvent-to-oil ratio and higher cumulative oil 

production for the same concentration of propane. To compare the use of solvents, the 

cumulative Energy-to-Oil Ratio (EOR) showed that carbon dioxide and propane had the 

lowest energy requirements compared to those of methane.  The CSI process was found 

to be more energy efficient than thermal methods, with a cEOR of 0.8 and 1.7 GJ/m3 

compared to typical values between 7.5 and 10 GJ/m3 as found in SAGD and CSS. The 

CSI process showed effectiveness of increasing the overall recovery factor by 68-98% 

over that achieved during CHOPS.   
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5.12 Nomenclature 

K yi/xi, dimensionless 
yi Mole fraction component i in gas phase, 

dimensionless 
xi Mole fraction component i in oil phase, 

dimensionless 
P Pressure, kPa 
T Temperature, Kelvin 
Sj Saturation of phase j, dimensionless 
Dmij Molecular diffusion coefficient of component 

i component, m2/s 
Cij Concentration of component i in phase j, 

gmole/m3 
Jijk Flux of component i in phase j in k direction, 

gmole/m2.s  
D Apparent diffusion coefficient, m2/s 
dp Particle diameter, m 
u Local fluid velocity, m/s 
F Formation electrical resistivity factor,  

dimensionless 
KL Total longitudinal dispersion coefficient m2/s 
d Damage Parameter, dimensionless 
Sini Surface area, m2 
Seff Surface area, m2 
  
Greek Symbol Definition 
σ Inhomogeneity factor, dimensionless 
𝜙  Porosity, dimensionless 
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 Conclusions and Recommendations Chapter Six:

 

6.1 Summary and Conclusions 

 

The research work documented in this thesis describes the development and validation of 

a new fundamental well-wormhole model for Cold Heavy Oil Production with Sand 

(CHOPS). The model captures the main mechanisms found in CHOPS production, such 

as sand failure, sand production and foamy oil flow as well as the capability to predict the 

growth of individual wormholes within the reservoir. From the documented research the 

conclusions are as follows: 

 

1. A new fundamental model for CHOPS was developed referred to as the well-

wormhole model; it relies on a coupling module, which dynamically evolves 

wells within the reservoir to model the growth of wormholes. The model 

captures foamy oil flow through pseudo-kinetics reactions, sand failure through 

a fluidization velocity, and sand dilation around the growing wormholes. The 

model is able to function in both heterogeneous and homogenous cases. The 

model revealed that heterogeneity in the reservoir leads to branched wormhole 

networks.  

2. The developed well-wormhole modeled was tuned and validated against 

industry-supplied field data. The model adequately captured the oil and sand 

production trends.  The history matched model indicated that the wormholes 

communicated with a water zone, which was not captured in the model. 
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3. The developed well-wormhole model was used to model Cyclic Solvent 

Injection (CSI) as a follow-up process to CHOPS. The model demonstrated that 

the solvent concentration play a significant role in the oil recovery. The CSI 

process showed an increase of recovery of greater than 60% in all solvent 

concentration cases. The model demonstrated that carbon dioxide could be an 

effective replacement for methane in solvent mixtures. The CSI process was also 

found to be quite energy efficient compared to thermal based processes.  

 

6.2 Recommendations for Future Work 

 

Based on research documented in the following thesis project the following 

recommendations are suggested for future work: 

 

1. The well-wormhole model can adequately model the field data for oil and sand 

production. It is recommended to continue work with matching water rates in the 

context of adjacent water zones to the heavy oil formation.  

2. The well-wormhole model currently does not take into account sand transport 

through the wormholes. It is recommended to add this functionality when the 

ability to model highly branched wells is available in the reservoir simulator. 

3. The well-wormhole model can match single-well performance reasonably well 

but as yet, it has not been applied to match a multi-well operation.  It is 

recommended that this is done to determine its utility for large CHOPS fields.   
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4. The well-wormhole model functions well for CHOPS wells with large and 

sustained sand production. It is recommended to test the model against cold 

production without sand data without any wormhole growth.   

5. The well-wormhole model currently uses a single fluidization velocity to model 

sand failure for all of the grid cells. It is recommended to study whether a 

fluidization velocity can be set on grid block by grid block basis in the model. 

6. It is recommended to validate the Cyclic Solvent Injection (CSI) model against 

industry supplied field data.  As yet, field trial data is not yet available in the 

public but after it is published, matches against field data is recommended.   
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