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NOMENCLATURE 

cp – centipoise  

T – temperature 

u – velocity

k – permeability 

µ – viscosity 

p – pressure 

x – distance  

r – radius  

f – porosity 

ct – total compressibility 

Ñ – divergence 

r – density 

g – gravitational acceleration 

Q – heat content 

U –  internal energy 

Hf – enthalpy of fluid 
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ABSTRACT 

 This research is focused on studying reservoir “N” in the Yarega heavy oilfield 

(YHOF) for development strategies and production optimization. YHOF is a naturally 

fractured heavy oil field where only very recently SAGD technology has been 

introduced. The motivation for this research is derived from the fact that SAGD 

employed in this field has so far resulted in early steam breakthrough leading to 

producer abandonment and new drilling, thus increasing costs.  This study explores 

numerically different static and dynamic reservoir characterization models (single 

porosity versus dual porosity systems), and subsequent pressure-production history 

matched reservoir simulation for understanding heat and mass transfer mechanisms. 

Thereafter, different drilling and production scenarios are tested for candidate 

selection for the highest recovery and production optimization.  

Results from the 3 dimensional sector model suggest that while all effective 

development technologies in this reservoir should be based on thermal methods of 

oil recovery, cyclic steam injection inhibited early breakthrough and thus can 

eliminate or reduce risk for well abandonment from the same cause. Based on 

results from this research, we however recommend the testing of a fishtail well 

development plan with cyclic steam injection that includes a 10-day steam injection, 

10-day soaking period, and 10-day production period.  In comparison to continuous 

steam injection recovery (4.5% over three years), we anticipate a 7% recovery from 

this technology implementation and testing.  
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CHAPTER 1. INTRODUCTION 

Yarega Oilfield is a heavy oil field in Komi Republic of Russia, where the first 

strain of oil is said to have been discovered in 1664 in the waters from the Ukhta River 

that had oil slicks (Chertenkov et al., 2012). The first well in the region was drilled in 

1937, the first in-situ oil mined in 1939, and till 1954 oil mining was the primary 

mechanism of recovery (Chekonin et al., 2012). Although thermal stimulation of the oil 

was proposed as early as 1937 by oilfield geologist, I.N. Strizhev, it was not until 1968 

that the first steam operation was conducted. By 1972, commercial production of oil 

from thermal oil-mine recovery was established, and production from Yarega oil rose 

from 4 % from the in-situ mining techniques to 33% from thermal mining (Chekonin et 

al., 2012; Chertenkov et al., 2012). Steam-assisted gravity drainage (SAGD) was 

introduced in the region in 2006 (Chertenkov et al., 2014), and annual production 

increased to 3.5 million metric tons (25 million barrels) (Chekonin et al., 2012) by 2011. 

This research is focused on studying a reservoir (henceforth called reservoir 

“N”) in Yarega heavy oilfield (YHOF) for development strategies and production 

optimization. YHOF is a naturally fractured heavy oil field where only very recently 

SAGD technology has been introduced. This study explores numerically different 

static and dynamic reservoir characterization models (single porosity versus dual 

porosity systems), and subsequent pressure-production history matched reservoir 

simulation for understanding heat and mass transfer mechanisms. Thereafter, 

different drilling and production scenarios are tested for candidate selection for the 

highest recovery and production optimization.  

It is to be noted that the most recent methods of SAGD production from this 

region uses the drilling technology of opposing injectors and producers. In fact, the 
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world’s first opposing SAGD horizontal drilling was performed in this oilfield in 2011-

2012 (Chertenkov et al., 2014). The uniqueness of this research is that: 

a) it is the first dual porosity reservoir simulation of this area to quantify and 

understand the impact of the different SAGD methods currently employed in this area, 

and that 

b) it goes beyond current SAGD technology to propose and recommend a new 

method of drilling and production in the region (the SAGD fish tail) using results from 

a dual porosity/dual permeability reservoir model and history-matched simulation runs. 

Table 1. Historical timeline for YHOF development (from: Chertenkov et al., 2014). 

1932 YHOF pool was discovered 

1937 Construction of mine #1 was initiated 

1939 Start of oil production from mine #1 

1942 Construction of mine #3 was initiated 

1948 Construction of mine #2 was initiated 

1939 - 1954 Mining as per Ukhta system 

1954 Mining as per slant well system 

1968 First pilot tests of thermal mining technology 

1972 Commercial application of thermal mining was initiated 

1973 - 1990 Oil production as per commingled system 

1998 First pilot tests of surface/sub-surface production system 

 

(table cont’d.) 
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2003 Acceptance of a new technological system in YHOF currently being 

used in surface/sub-surface production system 

2004 First pilot tests of drilling SAGD wells in YHOF 

2006 First time in YHOF three pairs of horizontal wells were drilled from 

the same location for SAGD technology 

2011 - 2012 First in the world opposing SAGD wells from two different locations 

were drilled 

2013 Commencement of opposing SAGD wells using rack type slant rigs 
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW  

Fractures are one of the most abundant geologic features in the upper layer of 

Earth’s crust. They can be observed on outcrops and in the subsurface (seismic/well 

log data) and it is likely that the majority of reservoirs contain some natural fractures 

(Narr et al, 2006). Development of such naturally fractured reservoirs generally 

requires an approach different from the ones used in the development of conventional 

reservoirs. One of the most significant difficulties pertaining to the development of 

fractured reservoirs is the heterogeneity of properties of the rock (for examples, 

porosity and permeability) in matrix versus fractures. Thereby, such fractured 

reservoirs can be introduced as dual porosity reservoirs, where first media (matrix) 

and second media (fractures) have distinct different capacitive and conductive 

properties (Warren et al, 1963).  

In addition to this, if the fractured reservoirs host heavy oil (high viscosity and 

molecular weight of the hydrocarbons), the complexity of producing from these 

reservoirs increases multiple fold as the resistance to motion for heavy oils is much 

higher than for usual light oils and requires different development techniques (Ruzin 

et al, 2015). There is a great number of various enhanced oil recovery techniques 

being currently used in the industry, such as gas injection, thermal and chemical 

injection. However, one of the most widely used techniques for heavy oils is steam or 

hot water flooding that increases mobility of the heavy oil to flow into the producer 

(Alvarado, 2010). 

 Today, in the age of significant development of computational capabilities, 

reservoir simulation of flow in naturally fractured heavy oil reservoirs are routinely 

performed, and development plans and forecasting of determinative parameters such 

as oil production, temperature and pressure distribution regularly conducted. Despite 
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rapid development of reservoir simulation technologies, however, there still exists a 

considerable level of uncertainty in the development of naturally fractured reservoirs 

that leads to inevitable discrepancy between forecasted and actual oil production 

(Ruzin et al, 2015). The problem behind this uncertainty is ineffective development of 

matrix zones (due to their low permeability and reduced mobility of the oil) containing 

primary oil reserves and rapid depletion of fractures and their subsequent water 

encroachment that leads to oil being trapped in low permeability matrix, resulting in 

poor recovery in naturally fractured heavy oilfields (Witherspoon, 1981). The 

simulations are likely unable to capture this because of poor reservoir characterization, 

and the use of single porosity models for computational efficiency. Therefore, the 

biggest problem associated with the development of fractured heavy oilfields is 

sweeping low permeability matrix zones for increased recovery, and effectively 

capturing that physics in numerical simulation models.  

 This research focuses on developing a naturally-fractured heavy oil reservoir in 

an oilfield located in Russia using numerical simulations of coupled heat and fluid flow 

during stream-assisted gravity drainage (SAGD – described in detail in a later section).   

Data for this study was donated by Ukhta State Technical University in Russia. For 

the purpose of this thesis, the oilfield will be called oilfield “N”. 

2.1 Naturally fractured reservoirs 

It is well known that fractures in naturally fractured reservoirs may have a 

significant effect on production approach and process-dependent parameters (Khelifa 

et al, 2014). Such reservoirs have various types of fractures, from macrofractures 

predetermining main paths of fluid flow to almost not contributing to microfractures that 

may almost not contribute to flow (Saidi, 1983). Permeability of fractures is a 

complicated property to determine, and has a wide range of variation from reservoir to 
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reservoir, and within a single reservoir. For oil field development, however, it is 

essential to understand and predict the response of the reservoir to production in terms 

of fluid flow through the permeable pathways. Fractures in oil and gas reservoirs may 

appear in any direction, but generally have a dominant direction for the macrofractures 

that correlate with the regional stress directions (Saidi, 1983). The number of fractures 

in the reservoir depends on the distribution of mechanical stresses in the rock and its 

strength properties. Long, large fractures are called macrofractures. If the rock has 

high vales of porosity, fractures can have shorter lengths and smaller fracture opening 

and are called microfractures. The main difference between these two types of 

fractures is related to fracture size. Generally, macrofractures are those having large 

opening (more than 100 micrometers) and significant length, while microfractures are 

the ones having limited opening and length (Song, 1998). Sometimes microfractures 

can form a so-called fracture network which in some cases are similar to conventional 

porous media. Based on direct observations, fractures can be separated into closed 

and open fractures. Fracture closure is related to water circulation and sediment 

deposition that can plug fractures with minerals like anhydrite and others. At the same 

time, fractures closed at surface condition may be open at reservoir conditions due to 

pressure effect on fracture walls (Song, 1998).  

Naturally fractured reservoirs may often be very productive in the initial stages 

of development but have a high tendency to rapidly decline in production. One of the 

main reasons for this is water/steam breakthrough, a very undesirable occurrence that 

occurs often (Bratton et al, 2006). It is important to account for the presence of 

fractures in a reservoir because they affect reservoir performance. Also, before start 

of production at the stage of drilling, natural fractures may cause severe economic 

loses and technical difficulties, for instance caused by loss of circulation. Another, 
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though less severe problem may occur when the permeability of fractures is reduced 

due to significant mud filtrate or cement invasion (Narr, 2006).   

Study of naturally fractured reservoirs requires the study of the relationship 

between fracture formation and interlinked geological processes occurring at the same 

time. This requires the development of fracture formation theory and reasonable 

methodology for characteristics of features pertaining to fractured reservoirs. Fracture 

formation predominantly has a tectonic origin. Sometimes it can be related to various 

speed of diagenesis and lithification of precipitations in different places. It is important 

to understand that assessment of fracture related parameters is more complicated 

procedure than assessment of porosity or permeability of a typical porous reservoir 

(Pickup, 1994). Fracture detection and assessment occurs during various operations 

at the time of exploration and oilfield development. Methodology includes such 

operations as drilling, well logging, core sampling and its tests. The most qualitative 

and quantitative information regarding fractures can be obtained from cores. All the 

above listed methods, with correct application, allow to describe naturally fractured 

reservoirs, assess the system of existing fractures and also obtain individual 

dependencies that could be extrapolated throughout the entire reservoir/formation.  

According to various theories, fracture can be characterized with different 

definitions. From a geomechanical point of view, fracture is a surface where 

discontinuity or cohesion of the material (rock) occurred. Fracture classification 

(whether it is a fault, micro or macro fracture, etc.) depends on scale of the study. 

Fracture formation can occur with and without the offset of the layers (Golf-Racht, 

1986) as shown in figure 1. If there is offset, the fracture is called a fault. 
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Figure 1. Fracture formation occurring with (a) and without (b) the offset of the layers 
(Golf-Racht, 1986) 

 
Stearns and Friedman formulated two distinct categories of fractures: fractures 

“genetically” associated with folding and fractures related to formation of local 

structures, in other words regional fractures (Stearns et all, 1972). Cook, in his study 

of Sydney basin came to the conclusion that earlier developed disconnected fractures 

could remain during later geological stages, such as consolidation or burial of 

precipitations (Cook et al, 1970). Based on field observations it is possible to conclude 

that fracture-structural dependencies are closely associated with separation of 

fractures into two distinct categories:  

a) Fractures associated with geometry of the structure, - fractures having 

constant orientation and well-ordered propagation throughout the entire area of 

observation.  

b) Fractures, not associated with geometry of the structure, - fractures having 

irregular/non-symmetric or curved discontinuities without any orientation pattern. This 

type of fractures is associated with various kinds of surface phenomena (landslip, 

formation subsidence due to gravity, etc.) (McQuillan, 1973).  

Fractures crossing the entire lengths of oil-bearing formations separate certain 

volumes of low-permeability zones that are called “matrix”. Each block in such system 

in not hydro-dynamically connected to adjacent matrix blocks. Physically, matrix 

blocks may have several points of contact but hydrodynamic connection in such points 
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is limited. Matrix blocks are characterized with shape, volume and height. Fracture 

systems are characterized with dip, extension and distribution. Usually, matrix blocks 

have irregular shapes but during problem solving these shapes are reduced to 

simplest geometrical figures (cubes, elongated and flat rectangular) (Makurat, 1996).  

2.2 Heavy oil reservoirs  

In conditions of a constantly increasing deficit of unrecoverable resources, the 

problem of full-scale heavy oilfield development becomes more significant. World 

heavy oil and bitumen reserves are assessed to be 750 billion tons. Potentially 

recoverable reserves compose about 200 billion tons, which is two times higher than 

the amount of proved reserves in the countries of OPEC. Diagram below depicts the 

distribution of world oil reserves in accordance with oil density (Ruzin et al, 2015).  

Figure 2. World distribution of world oil reserves in accordance with oil density (from 
Ruzin et al., 2015) 

The largest amounts of oil reserves are located in Venezuela and Canada. 

Cumulative heavy oil reserves of Orinoco Belt basin in Venezuela and in Alberta 

province in Canada compose more than 70% of world heavy oil reserves. Other 

countries having large heavy oil and bitumen reserves are United States (28 billion 

m3), Russia (10-20 billion m3), Indonesia (2.5 billion m3), China (1.5 billion m3). Overall, 
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1680 heavy oilfields were discovered in the history of petroleum industry. Experience 

gained over multiple decades of heavy oil development indicates that application of 

conventional technologies for heavy oil extraction (having viscosity higher than 100 

mPa×sec) does not allow to increase oil recovery factor higher than 10-15%. In case 

of heavy oil development having viscosity higher than 1000 mPa×sec, application of 

conventional methods for effective oil recovery is impossible (Ruzin et al, 2015). 

Effective recovery of large heavy oil reserves and bitumen is thus one of the priorities 

of the petroleum industry. Despite the fact that heavy oil reserves significantly exceed 

the reserves of usual oil, its potential is not used sufficiently.  

Thermal methods are found to be the most effective for development of heavy 

oil reserves. Thermal methods of oilfield development include: steam flooding, fire 

flooding, hot water flooding, cyclic steaming and combination of listed methods with 

other physical and chemical techniques. About 60-70% of world oil production using 

enhanced oil recovery techniques is obtained with a help of thermal methods. 

Technologies based on thermal recovery methods have a great variety. While 

choosing an effective technology for a specific heavy oilfield, it is crucial to consider 

not only the geological characteristic of the oilfield but also certain factors involved in 

oil recovery using different methods. An effective technology should be based on the 

most important factors increasing oil recovery (Thakur, 1997).  

Crude oil can be classified according to a great number of parameters including 

its density, viscosity, hydrogen sulfide content and other. During world oil congress in 

Houston in 1987, the following classification of oil in accordance with its density and 

viscosity was suggested (SPE National Report, 1987): 

• Light oils – density less than 870 kg/m3 (31.1° API) 

• Usual oils – density between 870 – 920 kg/m3 (22.3 – 31.1° API) 
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• Heavy oils – density between 920 – 1000 kg/m3 (10 – 22.3° API) 

• Extra-heavy oils – density higher than 1000 kg/m3 (10.1° API), viscosity less 

than 10000 mPa×s (10000 cp) 

• Natural bitumen – density higher than 1000 kg/m3 (10.1° API), viscosity higher 

than 10000 mPa×s (10000 cp) 

Natural bitumen stays in a formation in stiffened state, whereas extra-heavy oil is 

movable. Figure 2 shows world distribution of oils in accordance with the above 

classification. It is interesting to note that extra-heavy oil and bitumen reserves 

contribute to more than half of world oil reserves.  

The development of oilfields containing extra-heavy oils requires the determination 

of rheological characteristics of oil. The primary difficulty that predetermines the choice 

of development in a heavy oil field is the extremely high flow resistance of the 

formation saturated with non-mobile oil. This does not permit application of 

conventional and the most effective water flooding technologies, and strategies. 

Numerous laboratory experiments, field pilot studies and commercial exploitation of 

heavy oil reserves across the world have demonstrated that extra-heavy oil flows only 

after being “warmed up”, even in highly permeable formations (Briggs, 1988).  

Thus, almost all approaches for development of high-viscosity oilfields are 

based on thermal methods. Thermal conductivity is one of the most crucial physical 

rock property responsible for heat distribution throughout the reservoir during thermal 

development of these oilfields. During injection of a heat-transfer agent (steam or hot 

water), highly permeable zones rapidly get filled with the agent (convection) and later, 

low-permeability zones warm up due to conduction (Creaux, 2005).  
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Table below provides examples of various oilfields containing heavy oil/bitumen 

that are developed using different techniques, from primary recovery to EOR 

approaches (Ruzin et al, 2015).  

Table 2. Examples of heavy oilfields and their development strategies 

# Country Oilfield Oil 
Reserves 

(millions of 
m3) 

°API T(°C) Viscosity 
(mPa*s) 

Depth 
(m) 

Development 
Technology 

1 Cuba Varadero ? 10 65 200 1500 Primary 

recovery 

2 Cuba Santa Cruz ? 15.8 50 up to 750 1500 Primary 

recovery 

3 Russia Usinskoye 740 18 23 710 1260 Steam flooding, 

CSS 

4 Kuwait Wafra >1590 15 37 250 600 Steam flooding 

5 Canada Grosmont 50500 7 11 1.6*10e6 600 CSS 

6 China Cao-20 2.9 1 59 4610 942 CSS 

7 Kongo Emerude >109 22 ? 100 350 Steam flooding 

8 France Lacq 

superieur 

19.9 22 ? 200 650 Steam and hot 

water flooding 

9 Italy Rospo Mare 159 12 70 30 1310 Hot water 

flooding 

10 Oman Quarn Alam 186 16 ? 220 215 Steam flooding 

11 Turkey Ikiztepe 20.2 11 49 936 1350 Steam flooding 

12 Brazil Campos 300 12 40 936 900 Primary 

recovery 

13 Egypt Issaran 79.5 11.5 34 4000 671 Primary 

recovery 

14 Iran Sarvak 2.7 13 60 2279 1200 Primary 

recovery 
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2.3 Development of naturally fractured heavy oilfields in different countries 

Grosmont formation in Alberta, Canada contains high-viscosity bitumen 

reserves. Bitumen recovery from Grosmont formation began in the 1970s. Of the 

various methods tested, cyclic steam stimulations were found to be the most effective. 

One of the wells, 10A-5-88-19W4 produced about 100,000 bbls of oil after 10 cycles 

with cumulative steam-oil ratio of 6. Later, a modern SAGD field implementation was 

run. A cumulative steam-oil ratio of 2.5 was observed. Recovery factor exceeded 50% 

(Edmunds et al, 2009). 

An overview of steam-injection projects in fractured carbonate reservoirs in the 

Middle East presents a description of effective currently used technologies. In Qarn 

Alam field in Oman, steam assisted oil gas gravity drainage in implemented. The pilot 

test began in 1996 with a plan to reach maximum steam injection in 2009. Mukhaizna 

field is developed using SAGD since 2007. Two pilot tests, first in 1982 and second in 

1986 were conducted in Ratqa Lower Fars field in Kuwait using Cyclic Steam 

Stimulation. Results of the tests show that the field is suitable for thermal recovery 

techniques (Al Yousef et al, 2013). 

Bamboo heavy oilfield is located in Muglad basin and has area of 144 square 

kilometers. It has depths ranging from 1000 to 1700 meters, and viscosity has a wide 

range of variation, from 70 to 3000 cp. Primary depletion allowed for recovery factor 

to reach 18%, or 506 million stock tank barrels. Due to enhanced oil recovery 

techniques oil recovery factor exceeded 75%. However, water cut is a big problem 

that makes the development process more complicated. Initially, oil rate amounted to 

nearly 20,000 STB/day, however after increase of water production rates due to water 

breakthroughs, oil rate decreased significantly and currently is about 8000 STB/day. 

Water cut value is constantly increasing and is about 80% at present (Faroq, 2016). 
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After relatively non-sufficient primary recovery, the option of thermal injection seemed 

to be attractive. However, “Huff and Puff” injection of chemicals was found to be the 

most effective. Chemical enhanced oil recovery process consisted of cyclic injection 

of chemicals into the formation that generated an oil-rich colloidal dispersion which 

decreased viscosity value significantly (Farog et al, 2016).          

 Applicability of vapor extraction processes (VAPEX) in naturally fractured heavy 

oil Iranian reservoir was studied by Azin et al. VAPEX process for EOR was originally 

developed by Butler and Morys and supposed to be an alternative to SAGD 

technology. VAPEX includes a generation of a pure hydrocarbon vapor and its 

injection into heavy oil for viscosity and density reduction. This technology can be 

applied in the reservoirs where because of any reasons SAGD cannot be 

implemented. However, there are limitations in VAPEX technology associated with 

injection pressures. Similar to SAGD, in naturally fractured reservoirs during high-

pressure injection the risk of breakthrough increases significantly leading to decreased 

oil production (Azin, 2005).  

 Analogous evaluation of steam injection applicability in Iranian fractured oil 

fields was conducted by Bahonar. A case study was conducted using data of a 

naturally fractured carbonate oilfield having 3.6 billion barrels of initial oil in place. Oil 

has very high density (7.24 °API) and very high viscosity (2700 cp). Conducted 

analysis indicates that steam injection can help to increase recovery factor up to 12%. 

It was determined that increase in steam quality caused a slight, almost insignificant 

increase in oil recovery. Also it was observed that maximum recovery could be 

achieved by keeping injection rates as low as possible (Bahonar, 2007). 

 Russkoye oilfield is located in Russia and has large heavy oil reserves: 1.3 

billion ton of oil in place. Except high oil density and viscosity, development process is 
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complicated by high heterogeneity of the formation. Pilot tests conducted in the oilfield 

included cold and hot water injection, and various completion implications. After two 

years of hot water injection, water cut increased from 20 to 45%. Four months after 

the start of cold water injection, water breakthrough occurred which resulted in water 

cut increase till 99% and well shut-in (Vologodskiy, 2013).  

2.4 Numerical simulation of naturally fractured systems 

Behavior of naturally fractured reservoirs has been extensively studied since 

the 1960s and the first time, a numerical model for simulation of naturally fractured 

reservoirs was presented was by Warren and Root in 1963. The concept of dual 

porosity media was introduced. (Warren and Root, 1963). Later, an additional 

numerical approach was developed by Kazemi (Kazemi, 1976). Difficulty associated 

with the calculation of mass transfer between matrix and fractures in numerical 

simulation of naturally fractured reservoirs was emphasized by Sonler (1988). A new 

technique was developed that allowed to estimate matrix-fracture mass exchange with 

the consideration of gravity forces for multiphase flow.  Later, it became possible to 

include the effect of capillary pressures and interfacial tension for matrix-fractures 

mass transfer calculations (Gabitto, 1998). Another study of capillary continuity 

between grids in numerical simulation of NFR was conducted by Labastie et al in 1991. 

In their study, the nature of conditions under whichcontinuity between grid blocks 

existed was determined. A conventional dual porosity dual permeability model using 

a special approach for describing fracture-matrix flow formulation was developed in 

the 1990s (Sabathier et al, 1998). This methodology showed the possibility of 

cooperative work of petroleum engineers and geophysicists in really-integrated 

fracture reservoir studies as a result of obtaining a real picture of a fracture network in 

the reservoir. Later, both “forward” geological modelling approach and “inverse” 
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techniques usually used by engineers were combined (Sabathier et al, 1998; Baker et 

al, 2000). A detailed study of the mechanisms involved in gravity drainage processes 

in scale of block to block interaction which allowed to increase the precision of 

predictions. This method includes the calculation of pseudo capillary potentials which 

give accurate flow behavior predictions (Fung, 1991). 

Multiple Interacting Continua (MINC) method was first introduced in 1998 which 

is a generalization of double porosity technique that allows to describe the inter-

porosity flow by numerical methods. Adequacy of MINC technique was proved for 

forecasting of the behavior of the fractured reservoirs. MINC approach requires only a 

slight increase in computational load whereas double porosity method requires a 

significant increase in computational load. Later, this method was extended for 

numerical simulation of unconventional low permeability reservoirs (Yu-Shu Wu et al, 

1998; Farah et al, 2016).  

The process of imbibition in fractures and on the boundary of contact between 

matrix and fracture was numerically simulated in early 2000s. Fracture were 

represented as a two-dimensional lattice of pores and matrix was represented as a 

three-dimensional network of throats. It was determined that matrix plays an important 

role in matrix-fracture mass transfer. (Hughes et al, 2001). A droplet detachment 

model to arrive at an effective water saturation in a thin boundary layer at the fracture-

matrix interface was presented in 2002. It was determined that for water wet 

reservoirs, the increase of the fluid velocity in fractures would increase the amount of 

water that matrix is exposed to resulting in increase of oil recovery rate from matrix 

(Gautam et al, 2002).  

Accurate prediction of the performance of naturally fractured reservoirs requires 

precise description of water transfer between matrix and fractures. A new time-
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dependent matrix-fracture transfer shape factor formulation and transfer functions 

were derived using dimensionless analysis of the experimental data. It was 

determined that fracture relative permeability is very sensitive to the total fluid velocity 

in fractures and the rate of uptake of water by the matrix. (Rangel-German et al, 2003; 

Rangel-German et al, 2004). Parameters required for determining matrix-fracture 

transfer functions from laboratory data were obtained by Civan (2005). Later, the 

approach was upgraded and allowed to estimate parameters that affect matrix-fracture 

mass transfer in naturally fractured oilfields (Civan, 2006). The same year, an 

upscaling procedure for construction of generalized dual porosity dual permeability 

systems from discrete fracture characterization was developed that gave results in 

close agreement with the underlying discrete fracture model (Gong al, 2006). 

Introduction of new transfer functions for simulation of dual porosity models of naturally 

fractured reservoirs helped to increase the precision of the simulation results by 

eliminating the assumption of orthogonal fracture distribution and pseudo-steady state 

flow (Sarma et al, 2006). Introduction of centrifuge tests allowed to achieve high quality 

predictions of matrix-fracture interaction in NFR based laboratory tests of core 

samples (Kyte et al, 1970). 

Mathematical model allowing to account for both convection and diffusion 

mechanisms in naturally fractured reservoirs presented later allowed to significantly 

increase the precision of a dual porosity simulation. Also, it accounts for a counter flow 

inside the rock (Jamili, 2011; Chordia, 2010; Hoteit, 2011).  

A recently developed multi-rate dual porosity numerical approach allowed to 

extend the use of conventional dual-porosity model and account for a wide range of 

mass transfer rates between matrix and fracture (Geiger, 2011). Shi Su et al. in 2013 

introduced the concept of a dynamic shape factor for matrix-fracture transmissibility 
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for improvement of the precision of dual-media simulation. It was a significant 

advancement that is nowadays introduced in a great number of numerical simulators. 

(Shi Su et al, 2013). Characterization of mass/heat transfer in naturally fractured 

reservoirs for extremely complex systems was conducted that allowed to simulate 

highly faulted systems and systems having small fracture spacing (Anna Suzuki et al, 

2015). Matrix-fracture interaction for sandstones during nitrogen, methane and carbon 

dioxide injection was studied by Bulbul (Bulbul, 2012). Recently, a new approach was 

developed for simulation of dual porosity multiphase flow in naturally fractured 

reservoirs. It included so-called poro-elasticity theory that included stress-dependent 

deformation of hydrocarbon-bearing formations due to change in pressure. The 

governing transport equations describing fluid flow and deformation of the rock use 

two interactive environments that consist of continuous fracture medium and 

discontinuous matrix medium (Eker, 2017). With assumption that both fracture and 

matrix produce directly into the wellbore, a new innovative model for dual-permeability 

simulation was developed by Lu et al. (2013) that estimated four stages of pressure 

behavior in naturally fractured reservoirs.  

2.5 SAGD in naturally fractured reservoirs and other EOR techniques to 
increase oil recovery 
 

Steam-assisted gravity drainage is an enhanced oil recovery (EOR) technique, 

widely used in naturally fractured heavy oilfields. Two main goals that are principally 

needed to be achieved are: a) to minimize matrix residual oil saturation and b) to 

accelerate oil recovery process for economic efficiency (Babadagli, 2001). Study of 

steam-assisted gravity drainage processes in naturally fractured reservoirs has shown 

that SAGD can be an attractive recovery technique in many fractured reservoirs 

allowing to reach 80% of oil recovery in several cases (Das, 2007; Penney et al, 2005), 

however the location of the fractures is an extremely important parameter affecting the 
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efficiency of the technique (Bagci, 2007). Also, in an analogous study Fatemi (2011) 

emphasized the effect of the presence of vertical fractures in SAGD processes. 

Horizontal fractures were determined to have a detrimental effect on the recovery and 

efficiency of the technique (Fatemi, 2011). Fluid in fractures acted as a “force” helping 

to displace oil from matrix. Displacement can be initiated by viscous displacement, 

mass transfer of capillary displacement (Babadagli, 2002). Natural fractures provide a 

path of high permeability for steam and oil and may increase the risk of steam 

breakthrough. Oil saturation, remaining after steam breakthrough is related to oil and 

water viscosity ratio at steam temperature (Closmann, 1983). However, high vertical 

fracture relative water permeability helps to establish communication between well 

pair in SAGD and accelerate steam chamber propagation (Akhondzadeh, 2015). If the 

majority of fractures are located in the upper part of the reservoir, an upward 

movement of steam will be initiated which can result in significant overburden heat 

loss and reduced oil recovery (Ali, 2012). Analogous conclusion was made by Yang 

et al (1992) that a faster production can be established when a higher permeability 

layer is present above a low permeability layer in the reservoir. Heat travels throughout 

the formation predominantly due to thermal conduction. Driving force contributing to 

the steam propagation into the formation in a temperature gradient established 

between steam and the formation (Shen et al, 2017). The importance of horizontal 

fractures in a SAGD process should not be underestimated: the increase of the density 

of fracture network may cause restriction against development of steam chamber. 

Although in case of a very developed network of vertical fractures, the negative effect 

of horizontal fractures can be eliminated (Fatemi, 2009). Another crucial factor 

affecting the efficiency of SAGD is the type of the reservoir. For instance, SAGD 

application in carbonates is generally less effective than in sandstones due to oil-wet 
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nature of carbonates (Tang, 2011). However, wettability is considered to be a dynamic 

parameter that can change due to increase/decrease in temperature. Some 

carbonates were observed to express water-wet nature in regions of high temperature 

during steam injection (Al-Hadhrami, 2001). It was observed that combination of water 

flooding and a subsequent thermal stimulation is more effective in certain cases than 

a separate thermal recovery process (Nabipour et al, 2007). Efficiency of SAGD 

technology also depends on presence of underlying aquifer or overlying gas cap 

layers. Thereby, the presence of overlying gas cap can potentially reduce the 

efficiency of SAGD by up to 25%. In case of aquifer and gas cap being present 

simultaneously, efficiency of SAGD technology can be decreased up to 75% (Chan, 

1997). 

After the start of SAGD implementation, various design for injection wells was 

tested. However, it was determined that horizontal wells are generally much more 

effective and allow to inject higher volumes of heat-transfer agent (Sawhney et al, 

1995; Tamer et al, 2009). 

Another technology often being used for heavy oilfield development is steam 

flooding. Steam flooding technology found to be effective in a great number of heavy 

oilfields. San Miguel field in Texas in a good example of the efficiency of the 

technology: after pilot tests residual tar saturation was found to be 8% and the 

recovery factor as higher than 50% (Britton, 1983). During this EOR process, original 

oil saturation is an important factor that affects oil recovery (Chu, 1990).  

In-situ combustion technology was also found to be effective in development of 

NFR. However, it requires a pre-heating of the injector well to initiate a combustion 

process (Schulte, 1985).  
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Experiments and numerical simulation conducted to access the efficiency of 

gas-assisted gravity drainage (GAGD) process in naturally fractured oilfields indicate, 

that presence of vertical natural fractures may increase the efficiency of immiscible 

GAGD (Mahmoud et al, 2008). Since thermal EOR may not be possible due to 

economic reasons, the implementation of GAGD in heavy oilfields is also possible, 

however in the case of YHOF, the implementation of GAGD is not feasible due to 

extremely high oil viscosity.  

From overview of a various number of technologies, it can be concluded that steam 

injection is the only commercially successful method being used for development of 

naturally fractured heavy oilfields. Although other methods can provide a good 

substitution for thermal processes, steam generation is a cheaper technology than for 

instance surfactant production and preparation (Mollaei, 2007). 
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CHAPTER 3. YAREGA HEAVY OIL FIELD  

Yarega oilfield is located within 18 kilometers from Ukhta, a city in Komi 

Republic of the Russian Federation. The oilfield is situated within the limits of large, 

low-angle and asymmetric Ukhta fold system. It is 36 kilometers in length and 4 to 6 

kilometers in width (Fridman et al, 2011).  

3.1 Geology of YHOF 

Commercially attractive reserves are situated in the III formation related to mid-

Devonian depositions of Givetian period. III formation is located at depths between 

130 and 220 meters in the sandstones of middle Devonian directly on metamorphic 

shales of Riphean age and covered with mid-Devonian argillites. Above the argillites, 

there is a tuft-diabase layer and sand-argillite stack of the upper Devonian. The 

formation is represented with weakly and medium-consolidated sandstones consisting 

of quartz feldspar grains that are cemented with ferruginous-carbonate and clay 

material. Average effective thickness of the formation is 26 meters. The Yarega and 

Lyael oil pools are very asymmetric and have flat wings (from 1 to 3°) extended along 

north-eastern direction (Kalinina et al, 2013).  

The Ukhta fold system is about 225 km (long axis) and 60 km (short axis).  

In the arch of the fold, several local flat dome-like structures are found with 

lengths from 10 to 15 km. The Yarega oilfield lies in one of these domes. Dimensions 

of this fold is 12.5 km (along the axis) and 1.5 – 4.5 km in width. The fold is asymmetric 

(its north-eastern wing is almost 3 times wider than south-western) (Kalinina et al, 

2013).   

All rock types are fractured (to variable degree) and closed with disjunctive 

faults. There is a big influence of this faults on productive deposits (oil), because this 

faults affect the porosity and permeability of the formation. Detailed study of this 
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disjunctive fault system, fractures in the formation and crossing/underlying rocks is 

conducted during the building of mine shafts and corridors and mine development 

techniques (Telnova, 2005).   

Disjunctive disruptions of the oilfield are represented with relatively large 

fractures. Some of them are closed/filled, some of them open or accompanied with the 

fracturing. These faults and fractures cross different layers of the oilfield.  

Among them, we can separate: 

1) Large, but relatively faults having lengths from 1 to 3 km with offsets of 5 – 

10 meters.  

2) Average sized faults, having lengths of hundreds of meters with offset of 2 

meters.  

3) Little disjunctive fractures and faults, having lengths of tens of meters and 

offset of 0.5 meters.  

All these fractures are easily visible inside the mine corridors and shafts. Also, 

sometimes the presence of these fractures is evident because of steam/water/oil 

breakthroughs in the neighboring wells. The network of microfractures are visible only 

in thin sections (Telnova, 2005).  

According to mine excavation data, III formation of Yarega oilfield is fractured 

with steep (from 60 to 80°) fractures that break the reservoirs into multiple blocks 

having various shapes and sizes. Diagonal system of fractures prevails (in relation to 

the overall extent of the structure), however in some places north-western and south-

eastern trending fractures appear more dominant. These fractures can vary in length 

from 10 meter to as large as 2.5 km. Fracture spacing in the upper parts of the 

formations 25 meters while fracture spacing in the lower formations is every 9 meters 

(7.6 – 12. 5 meters range) (Ruzin et al, 2015).  
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The reservoirs in the Yarega oilfield are composed of medium and fine grained 

sandstones, with some silt and clay zones/layers. The basement is massive quartzite 

of Riphean age above which lie graphitized shale formations. The Yarega reservoirs 

overlie these shale layers. The porosity and permeability distributions are shown in 

Figures 3-5. 

 

 

Figure 3. Porosity distribution in reservoir N (Ruzin et al, 2015) 
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Figure 4. Permeability distribution in reservoir N (Ruzin et al, 2015) 

 

 

Figure 5. Porosity-permeability relationship model for numerical simulation of 
reservoir N (Ruzin et al, 2015) 
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3.2 Reservoir fluid properties 

The Yarega oilfield is home to a heavy, dense, sulfurous oil with small amount 

of dissolved gas. Average density of oil under standard conditions (at 20°C) is 945 

kg/m3, average dynamic viscosity is 3600 centipoise, molecular weight is 379 (Nikitin 

et al, 2012). The properties of the heavy oil are given in Table 3. 

Table 3. Physical-Chemical Properties of Degasified Oil from YHOF (Nikitin et al, 
2012) 

Property Value 

Density, kg/m3 945 

Viscosity, cp 3600 

Molecular weight 379 

Combustion temperature, °С 115-130

Freezing temperature, °С <20 

Sulfur content, % 1.15 

Silica-gel tar content, % 20.6 

Pyro bitumen, % 1.99 

Paraffin, % 0.43 

Oil viscosity composes 60 cp at 100°С 

Gas content in the Yarega oilfields can be described as follows (Nikitin et al, 

2012): methane composition varies from 88.2 – 99.3 % (average – 92.5%), , carbon 

dioxide – from 0.3 to 9.4% (average – 2.44%), nitrogen – from 0 to 12.6% (average 

1.9%). There is some gas dissolved in formation water: in brine of formation III, there 

is 12 – 29% of methane, 8 – 20% of nitrogen and 60% of carbon dioxide. Overall, gas 
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composition corresponds to oil composition. Gas factor of formation oil from well #49p 

is equal to 1.223 m3/ton (Ruzin, 2010).  

Chemical composition of water in formation III varies greatly depending on the 

place of sampling. Some water has low mineralization the values of which compose 

from 3 to 10 g/liter, highest mineralization was found to be from 13 to 24 g/liter in some 

cases. Along with increase of the water sampling depth, its mineralization increases. 

It is determined by the influence of lower laying water in metamorphic shales that has 

mineralization up to 40 g/liter (Ruzin, 2010).  

Table 4. Physical and chemical properties of water from formation III (Ruzin, 2010) 

Water type: chlorum – calcic, water group: chloride, water subgroup: sodic. 

Table 5. Properties and composition of formation oil from well #49p (Рform = 0.8 
МPa, Тform = 8°С) (Ruzin et al, 2015) 

Property Value 
Density kg/m3 933 

Viscosity, cp 15300 

Molecular weight 372 

Gas content, m3/m3 1.168 

Gas content, m3/ton 1.223 

Coefficient of thermal expansion, % 6.3 

Hydrogen sulfide Absent 

(table cont’d.) 

Viscosity at 

reservoir 

conditions, 

centipoise 

Density at 

res. con., 

g/cc 

Content, mg/liter 
Overall 

mineralization, 

mg/liter 

рН 
Cl- SO4

2- HCO3
- Ca2+ Mg2+ Na++K+ 

1.1 1.0186 15932 2,5 292,3 1200 419,5 8309 26282 7.5 
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Property Value 

Carbon dioxide Absent 

Nitrogen + other rare gases 0.0015 

Methane 0.0777 

Ethane 0.0003 

Propane 0.0009 

Isobutane 0.0002 

Normal butane 0.0001 

Isopentane 0.0001 

Normal pentane, Heptane, Hexane Absent 

Remainder C7 + heavier 99.92 

 

Table 6. Oil densities and viscosities with temperature – heavy oils from YHOF 
(Konoplev, 2005) 

 

Temperature, 

0С 

Oil density, kg/m3 Oil viscosity, (cp) 

formation degasified formation degasified 

8 933 962 12000 14000 

20 914 955 3100 3600 

50 868 933 350 390 

100 846 898 49 60 
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3.3 History of oilfield development 

Yarega Oilfield is a heavy oil field in Komi Republic of Russia, where the first 

strain of oil is said to have been discovered in 1664 in the waters from the Ukhta River 

that had oil slicks (Chertenkov et al., 2012). The first well in the region was drilled in 

1937, the first in-situ oil mined in 1939, and till 1954 oil mining was the primary 

mechanism of recovery (Chekonin et al., 2012). Although thermal stimulation of the oil 

was proposed as early as 1937 by oilfield geologist, I.N. Strizhev, it was not until 1968 

that the first steam operation was conducted. By 1972, commercial production of oil 

from thermal oil-mine recovery was established, and production from the Yarega oil 

rose from 4 % from the in-situ mining techniques to 33% from thermal mining 

(Chekonin et al., 2012; Chertenkov et al., 2012). Steam-assisted gravity drainage 

(SAGD) was introduced in the region in 2006 (Chertenkov et al., 2014), and annual 

production increased to 3.5 million metric tons (25 million barrels) (Chekonin et al., 

2012) by 2011. 

3 development stages can be distinguished: 

1) Development with test-wells drilled from the surface

2) Development using mining-drainage techniques with the help of natural

energy of the formation 

3) Development using thermal-mining techniques with artificial thermal

influence on the formation 

Test development using surface wells began in 1935 on two sectors having 

area of 28.4 and 15 hectares. Wells were located using triangular pattern with 75-100 

meter distance between the wells. The first sector was drilled with 48 wells, the second 
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sector – with 21 wells. Cumulatively, from 1932 till 1945, 38500 tonns of oil was 

recovered. Oil recovery did not exceed 2%.  

In 1937, building of the first oil mine started and beginning from 1939, 

development using mining-drainage techniques with the help of natural energy of the 

formation began. At the age of 1950, 3 mines were built in this oilfield.  

From 1939 till 1974, the oilfield was developed using mining-drainage 

technologies. During this period, 92 thousand wells having lengths between 40 and 

280 meters were built. The majority of the drilled wells worked as artificial fractures in 

the formation. During the second period of development using mines and natural 

energy of the formation, 7.4 million tons of oil was recovered. Oil recovery of several 

sectors composed 4-6 %.  

Various scientific tests were conducted between 1968 and 1971 to determine 

the efficiency of thermal oil recovery. These tests led to establishment the world’s first 

thermo-mining techniques. Beginning from 1972, thermomining development method 

was applied in Yarega oilfield in industrial scale. This method showed high economic 

efficiency. Oil recovery on certain picked sectors reached 53.2%. SOR composed 2.7 

tonns of steam/ 1 tonn of oil. 

3.4 Geology of reservoir N 

This research is focused on studying a reservoir (henceforth called reservoir 

“N”) in Yarega heavy oilfield (YHOF) for development strategies and production 

optimization. Reservoir N is a naturally fractured heavy oil reservoir and located in 

sector 2 of YHOF (figure 6). The formation extends 130-220 meters in the sandstones 

of upper and middle Devonian period. Average pay zone thickness of the formation is 

26 meters, average porosity of the formation is 25%, and average matrix permeability 

is 2 micrometers2.  
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Figure 6. Schematic map of YHOF (scheme from YaregaRuda) 
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Table 7. Geological and physical characteristics of reservoir N (Ruzin et al, 2015) 

Reservoir properties of a middle + upper sectors of formation III of oilfield N 

Absolute upper boundary level, m 
-24

(from -62 till +16) 

Absolute depth of OWC, m -60

Type of deposition Sheet, roof 

Type of reservoir 
Terrigenous, porous fractured 

reservoir 

Payzone area, 103 m2 24370 

Average total thickness, m 44 

Average payzone thickness, m             10.9 

Average matrix permeability, 10-3 micrometers2 (D) 2200 (2.23) 

Average porosity, fraction              0.25 

Initial oil saturation, fraction              0.86 

Initial formation temperature, °C (°F)   8 (46.4) 

Initial formation pressure, MPa (psi) 1,1 - 1,4 (159.54 – 203.05) 

Bubble point pressure, MPa  0.45 (65.27) 

Gas saturation, m3/ton              1.2 

Oil density at reservoir conditions, kg/m3 (°API) 933 (20.02) 

Oil density at surface conditions, kg/m3  (°API) 945 (18.09) 

Oil viscosity at reservoir conditions, Mpa×s 

(centipoise) 
12000 (12000) 

Oil formation volume factor 1.02 

Water density at reservoir conditions, kg/m3 (lb/ft3) 1002 (62.55) 
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The reservoir is cross-crossed by fractures every 20-25 meters. Significant 

variation of the fracture sizes and permeabilities led to division of them into two types 

– macrofractures and microfractures. Both types of fractures happen to be exposed to

well-formation contact. As a result, initial oil rate of some of the wells sometimes 

composed 5-15 metric tons/day and sometimes reached 100 metric tons/day.  

Oil, occupying the porous space of the rock has abnormally high viscosity:  up 

to 18000 cp at initial pressure of 6-8°C. Initial reservoir pressure is 1-1.3 MPa, and oil 

density at reservoir conditions is 933 kg/m3 and  at surface conditions – 945 kg/m3. Oil 

has low content of sulphur (up to 1.1% of total oil mass) and paraffin (up to 0.5 of total 

oil mass). More detailed description is show in table 7. Matrix is tight, whereas the 

fractures act as high permeability pathways (dual porosity reservoir). 

Main factors that impede the effective development of the oilfield are 

abnormally high oil viscosity and dual porosity system (figure 7). 

Figure 7. Oil density and viscosity with temperature – fluids from reservoir N (Ruzin 
et al, 2015) 
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Figure 10. Modern thermomining methods currently being used in YHOF 
(Chertenkov et al, 2012) 
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CHAPTER 4. RESEARCH GOALS AND OBJECTIVES 

This research is focused on studying a reservoir “N” in Yarega heavy oilfield 

(YHOF) for development strategies and production optimization. YHOF in a naturally 

fractured heavy oil field where only very recently SAGD technology has been 

introduced. This study explores numerically different static and dynamic reservoir 

characterization models (single porosity versus dual porosity systems), and 

subsequent pressure-production history matched reservoir simulation for 

understanding heat and mass transfer mechanisms. Thereafter, different drilling and 

production scenarios are tested for candidate selection for the highest recovery and 

production optimization.  

It is to be noted that the most recent methods of SAGD production from this 

region uses the drilling technology of opposing injectors and producers. In fact, the 

world’s first opposing SAGD horizontal drilling was performed in this oilfield in 2011-

2012 (Chertenkov et al., 2014). The uniqueness of this research is that: 

a) it is the first dual porosity reservoir simulation of this area to quantify and

understand the impact of the different SAGD methods currently employed in this area, 

and that 

b) it goes beyond current SAGD technology to propose and recommend a new

method of drilling and production in the region (the SAGD fishtail) using results from a 

dual porosity/dual permeability reservoir model and history-matched simulation runs. 

The primary goal of this research is thus to determine development strategies 

for reservoir N located in a naturally fractured, heavy oilfield using single, dual porosity 

and dual permeability models (computational expenses permitting).  

The objectives of this research are thus to: 
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1) Understand heat and mass transfer in the densely fractured heavy oil

reservoir N in the YHOF. 

2) Develop numerical strategies to simulate SAGD processes in the reservoir

using single porosity, and dual porosity / dual permeability reservoir simulation 

techniques. 

3) Recommend development strategy or strategies based on simulation, and

pressure-production history-matched results and forecasting results. 
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CHAPTER 5. METHODOLOGY 

In this study coupled fluid and heat flow is simulated using a variety of porosity 

models to capture the reservoir characterization. The non-isothermal multiphase fluid 

flow that is simulated here is fundamentally governed by mass and energy balance, 

Darcy’s Law and diffusivity equation (Table 8). Heat transfer is governed by Carslaw 

and Jaeger (1959) equation and thus both conduction and convection are simulated 

(Table 8).  

The reservoir models are tested with both single porosity and dual porosity 

systems. In the single porosity model, zones having low density of fracture network 

are considered to be matrix and zones with high density of fracture network are 

considered as fractures (figure 11). However, this method has limitations associated 

with the assumption that fractures are presented only in particular layers in the 

reservoir and smaller fractures in the low-permeability matrix are neglected. 

Additionally, accuracy of this approach is questionable due to “unrealistic” rectangular 

representation of fractures. Despite the above, this approach is widely used in the 

industry. The second way for representing naturally fractured reservoirs is the use of 

dual porosity/dual permeability models. This approach is considered to be more 

accurate than single porosity approach for forecasting of parameters related to flow of 

fluid in naturally fractured reservoirs, however, they are computational expensive. Two 

different modes for simulation of dual media are possible: dual porosity simulation and 

dual permeability simulation (figure 12).  
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Table 8. Governing equations 

Darcy’s equation: 

𝑢" = −
𝑘
𝜇
𝑑𝑝
𝑑𝑥

Diffusivity equations: 

𝜕+𝑝
𝜕𝑟+

+
1
𝑟
𝜕𝑝
𝜕𝑟

=
𝜙𝜇𝑐1
𝑘

𝜕𝑝
𝜕𝑡

Continuity equation 

𝜕𝜌
𝜕𝑡
+ ∇ ∙ (𝜌𝑢) = 0

Equation for Fluid flow: 

𝜕
𝜕𝑡

𝜙∗𝜌: − ∇ ∙ 𝜌:
𝑘
𝜇
∙ ∇𝑝 − 𝜌:𝑔 − 𝑄: = 0

Equation for Heat Flow 

𝜕
𝜕𝑡

𝜙∗𝜌:𝑈: + (1 − 𝜙∗)𝜌>𝑈> − ∇ ∙ 𝜌:
𝑘
𝜇
∙ ∇𝑝 − 𝜌:𝑔 𝐻: + ∇ ∙ (𝑘∆𝑡) − 𝑄A = 0
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Figure 11. Single porosity approach for numerical simulation of naturally 
fractured reservoirs 

Figure 12. Schematic representation of flow in dual porosity and dual 
permeability media 
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The dual permeability model is an extension of the porosity model that 

additionally accounts for the flow between matrix blocks. For certain types of 

reservoirs, very small amounts of fluid are transferred between matrix block due to 

high pressure differential between matrix and fracture (thus movement along matrix 

blocks is not preferred) and therefore, dual permeability model can be neglected. On 

the other hand, certain reservoirs may have significant permeability of the matrix zone 

and therefore, numerical simulation of such reservoirs is complicated due to difficulty 

achieving convergence. Accounting for fluid transfer between matrix blocks in dual 

permeability models makes the model more complicated and more computational 

power and time are required. 

The third way for numerical simulation of naturally fractured reservoirs is the 

Multiple Interacting Continua (MINC) approach. This approach is even more 

complicated than dual porosity/dual permeability simulations. In the MINC approach, 

each matrix block in the model is further subdivided into a series of sub-continua and 

fluid flow regime/flow path is individually determined for each sub-continua according 

to its properties. This approach has not yet found a wide use in the industry due to 

enormous computational requirements. The use of this method often (if not always) 

requires the application of a supercomputer with parallel processing capabilities due 

to a high number of heat flow/mass transfer equations being computed 

simultaneously. Full scale reservoir simulation models generally have not used the 

MINC approach due to the computational requirements. 

In this research, the first set of simulations included the study of matrix/fracture 

interaction using single porosity approach for computational efficiency and ability to 

run a large number of multiple models within a certain timeframe. In the first model 

created, zone of low and high density of fracture network were represented as 
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horizontal adjacent layers connecting injector of heat-transfer agent and producer. 

Model consisted of 200 single porosity blocks and could be numerically calculated 

within a very small period of time (less than 10 minutes using high performance 

computing (HPC). This is a computationally simple 2-dimentional numerical simulation 

of dual media (figure 13). In order to study the effect of gravity, simulations were run 

for the cases when highly fractured zone is located above and below the zone having 

small number of fractures. Each set of simulations included a preliminary grid block 

size sensitivity analysis. 

However, spatial dimensions of fractures are different than of porous matrix 

zones and distance between injector and producer is typically more than 100 meters 

as in the first model run. Therefore, the initially created 2-dimentional model was 

increased up to a 20 thousand grid block single porosity model (figure 14). Besides 

the size, the model had different relative thicknesses of matrix and fracture zones. 

Similar to the previous set of simulations, the effect of gravity was considered by 

arranging highly fractured zone above and below the porous matrix zone.  

The next step included simulation of various steam injection modes (figure 15). 

The simulations included separate steam injection into one of the zones for a certain 

period of time and subsequent injection into both matrix and fracture zones.  
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Figure 13. Simple 2-layer 2-dimentional representation of dual media distribution 

Figure 14. 20-thousand 2-dimentional single porosity model 

Figure 15. Testing of various steam-injection modes 
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The next stage of the research included the study of the effect of thermogel 

application. In our case, thermogel is a fluid capable of plugging certain zones in the 

reservoir by decreasing their permeability and therefore enhancing oil recovery by 

increasing matrix sweep efficiency. This helps to decrease the possibility of water or 

steam breakthroughs (figure 16). Assuming that thermogel injection into zones with 

high density of fracture network separately is possible, the effect of preliminary 

thermogel injection plugging the fractures in the wellbore surrounding area on the 

development of matrix zone was studied (figure 17). Analogous study was conducted 

for producer well with its wellbore surrounding area with fractures being plugged. 

Certain results and conclusions were obtained. 

After single porosity simulations, a dual porosity dual permeability numerical 

simulation of an inverted 5-point model with injector in the middle and four producers 

in the corners was tested (figure 18). This simulation included the study of the effect 

of various values of fracture spacing. Fracture spacing is the distance between the 

fracture in horizontal (X or Y) or vertical direction (Z). Results regarding dependency 

between matrix-fracture mass transfer and permeability of fractures together with their 

spacing were obtained. 

The second part of the thesis included various numerical simulation tests on a 

sector of a real heavy oilfield N located in Russia (figure 19). Based on the geologic 

data provided, a sector model for oilfield N was built in CMG STARS software. The 

accuracy of the data allowed to build a model with grid blocks having extent in 

horizontal directions of 10 meters and vertical 0.5 meters.  
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Figure 16. Visual representation of initiation of early water/steam breakthrough 

Figure 17. Testing of a preliminary thermogel injection technique 



Figure 18. Inverted 5-point dual porosity dual permeability development model 

Figure 19. Initial oil saturation of sector from reservoir N 
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Figure 20. Porosity distribution of a sector from reservoir N 

Figure 21. Permeability distribution of sector from oilfield N 
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As for all other simulations, the first step of numerical simulation for the sector 

model for oilfield N included a grid block size sensitivity analysis. Four different grid 

block sizes were considered in X and Y direction: 10 x 10 m, 5 x 5 m, 2 x 2 m, 1 x 1 

m. The size of grid block in Z direction was fixed and constrained to 0.5 m.

Reservoir N is currently under SAGD production with well spacing of 5 meters. 

However, according to results of the simulations described in “Results and Discussion” 

chapter, current SAGD methods do not permit high recovery fdue to a high and near-

immediate water cut. The first volumes of produced oil have about 80% of water cut 

which soon reaches 100% due to water and steam breakthroughs. When we 

implement vertical fractures, the problem of steam breakthrough appear almost 

immediately. 

In order to assess the efficiency and importance of SAGD, a comparative 

analysis of various injection agents were conducted: cold water injection (10°C), hot 

water injection (90°C), steam injection (224°C at 2500 kPa) and primary depletion 

without any injection.  A parametric analysis for various fracture permeabilities, 

fracture spacing and injection pressures was also performed. Thermogel injection was 

also tested. The hypothesis tested was that the zone of decreased permeability next 

to injector or producer would help contain water and steam breakthroughs and, as a 

result increase recovery. 
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Figure 22. Tested development models for the sector of oilfield N 

Figure 23. Fishtail well design for cyclic steaming 
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Besides conventional SAGD, 3 different scenarios were tested (figure 22, 23) 

– conventional SAGD, cyclic steam injection and fishtail wellbore design with cyclic

steam injection (figure 23). In the fishtail arrangement, the well works as injector and 

as producer interchangeably.  

Figure 24. SuperMike-II supercomputer at LSU 

All simulations were run at Louisiana State University’s high performance 

computing (HPC) system using Mike II supercomputer (Figure 24). 



CHAPTER 6. RESULTS AND DISCUSSION 

Numerical simulations of mass and heat transfer in dual porosity, dual 

permeability systems are computationally expensive. Therefore, the very first step of 

the numerical simulation included the determination of the limitations associated with 

the size and complexity of the models. First, a 2.7 million grid block Steam-Assisted 

Gravity Drainage (SAGD) single-porosity model was built (figure 25). For SuperMike-

II it required 46 hours to calculate the results for 10 years of numerical simulation. This 

result gave a quick assessment of the performance capabilities at HPC, LSU and 

determine computational limitations associated with size and complexity of the 

models. Every model run included a grid block size sensitivity analysis, the example 

of which can be seen on figure 26. In this particular case, 1 x 1 x 1 meter grid block 

size was determined to be the most optimum with 4.8% of maximum error and 1.8% 

average error according to cumulative oil production of 0.5 x 0.5 x 0.5 meter reference 

model.  

Figure 25. Temperature distribution in a test 2.7 million SAGD model 
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6.1 Simulation results from 2-dimensional model 

Results from a single porosity 2 dimensional representation of reservoir N 

demonstrated the complex relation between fractures and matrices in terms of sweep 

efficiency and recovery factors. The single porosity system was replicated using a 

layer of low density micro fractures (matrix), followed by a layer of high permeability 

(fractures). No direct correlation was observed when a range of fracture and matrix 

permeability scenarios were tested (all within field observations/data) (figure 27). In 

addition to the absence of a straight line direct correlation, increase in fracture 

permeability was observed to contribute both to enhancing and worsening matrix oil 

recovery depending on the matrix permeability (blue and green curves, figure 27). For 

relatively high matrix permeability, the model gave higher recovery in these cases, 

heated oil from matrix, migrated downward due to gravity effects into the permeable 

fractured zone and then were produced. Therefore, it can be recommended to 

perforate matrix layers adjacent (and above) fractured zones.   Injecting steam along 

the entire thickness of the reservoir (matrix and fracture) versus the schemes of “matrix 

first”, and “fracture first” before injecting the entire thickness were tested to see if the 

recovery differed by heating up the reservoir differentially in the latter scheme (figure 

28). Results indicate (figure 28) that steam injection into both the matrix and fractured 

layers simultaneously was the most effective as the highest amount of heat could be 

transmitted when the contact between steam and the reservoir rock was the longest. 

This test was conducted for a varying range of matrix and fracture permeability values 

and in all cases tested, highest recovery occurred when the steam was injected into 

the entire length of perforation (matrix and fracture included). 
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Figure 28. Results of various steam injection modes simulation

Next, the simulation was upscaled to a 20-thousand grid block model (figure 

29). Increase in fracture permeability resulted in decrease of matrix recovery factor 

because the fractures acted as permeability super highways within the reservoir. For 

high-viscosity systems, however, conductive fractures help distribute a heat-transfer 

agent throughout the reservoir, and thus the mechanism of matrix recovery is 

complicated and “ideal” facture permeability is a subjective value, depending on 

various factors.  
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Results from thermogel injection prior to steam flooding indicate that injection 

of thermogel into highly fractured zone next to an injector constrained the propagation 

of steam (figure 30) throughout the reservoir which negatively impacted recovery from 

the matrix zone. This pertained to various permeabilities of matrix zone (0.1 mD – 0.1 

D). The steam routed through the matrix zone till above the point where the fractured 

was plugged with the thermogel, but jumped into the fracture as soon as the plug zone 

ended. Interestingly, however, thermogel injection into fractured zone next to producer 

resulted in increased matrix recovery along the producer. Magnitude of this increase 

varied with matrix permeability (figure 31). Thermogel injection into a fractured zone 

next to a producer increase sweep efficiency of the adjacent matrix zone since steam 

breakthrough directly through the fractures was restricted in this case. Thus if 

thermogel is used in layered fractured and matrix reservoirs, injecting it next to 

producers could potentially restrict steam breakthrough and help sweep matrix nearby. 

Figure 30. Visual representation of preliminary thermogel plugging a fractured zone 
next to an injector well 
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While running inverted 5 – point dual porosity dual permeability model, it was 

observed that increase of the permeability of fractures contributed to higher recovery 

(figure 32). For the case of a higher matrix permeability (upper left figure) increase of 

fracture permeability resulted in a decrease of total recovery factor. This is related to 

early steam/water breakthrough. Also it was observed that fracture spacing has 

considerable effect for systems with low matrix permeability. For biggest fracture 

spacing (50 m), recovery factor is the lowest since the number of factures is reduced 

in comparison with fracture spacing 5 m example.  

Figure 31. Results of preliminary thermogel injection in a 2-dimentional model 
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6.2 Numerical simulations for sector N of YHOF oilfield 

Once the conceptual tests were run using the simpler two dimensional model, 

a 3 dimensional sector model for reservoir N was constructed. The static model was 

populated with field data mostly from well logging, and special core analysis. Once the 

static model was built and quality checked, an initial run was made to determine the 

volume in place to compare with static estimates (volumetric). Once the initial 

hydrocarbon volume was reconciled with volumetric estimates, a dynamic simulation 

was initiated for history matching with pressure-production-injection data. After the 

iterative history matching process was completed, a grid block size sensitivity analysis 

was conducted. Initially, the size of a grid block in the model composed 10 meters in 

length and width and 0.5 meters in thickness. In order to conduct a grid block size 

sensitivity analysis, the length and width of grid blocks was decreased by 2, 5 and 10 

times and composed 5, 2 and 1 meters respectively. Thickness of grid block initially 

was small and therefore it was decided not to increase it in order to keep the precision 

of the simulation at a high level, since the SAGD system was implemented which is 

typically very sensitive to thickness of grid blocks. Analysis was conducted for single 

porosity model. The time of calculation ranged depending on the number of grid 

blocks. For smaller grid block sizes (i.e. bigger number of blocks in the system) time 

required to simulate 10 years of development was considerably longer. Thereby, 1 

hours and 13 minutes were required to simulate 10 years of development for a model 

having 10 x 10 x 0.5 m grid block size, 4 hours and 17 minutes for the model with grid 

blocks of 5 x 5 x 0.5 m, 62 hours and 57 minutes for the model with grid blocks of 2 x 

2 x Z m. Model with grid blocks of 1 x 1 x Z meters was not calculated within the 

allotted 72-hour period (only 27 days of the simulation were calculated) and therefore 

the results of the simulation with 1 x 1 x 0.5 m grid block size is not depicted.  



62
 

Fi
gu

re
 3
3.

 A
ve

ra
ge

 p
re

ss
ur

e 
an

d 
te

m
pe

ra
tu

re
 tr

en
ds

 fo
r d

iff
er

en
t g

rid
 b

lo
ck

 s
iz

es
 



63
 

Fi
gu

re
 3
4.

 C
um

ul
at

iv
e 

oi
l a

nd
 li

qu
id

 tr
en

ds
 fo

r d
iff

er
en

t g
rid

 b
lo

ck
 s

iz
es

 



64
 

Fi
gu

re
 3
5.

 W
at

er
cu

t t
re

nd
s 

fo
r d

iff
er

en
t g

rid
 b

lo
ck

 s
iz

es
 



65
 

Fi
gu

re
 3
6.

 “T
yp

ic
al

” a
nd

 “u
nt

yp
ic

al
” b

eh
av

io
r t

re
nd

s 
fo

r s
in

gl
e 

an
d 

do
ub

le
 p

or
os

ity
 s

ys
te

m
s 



66 

As already mentioned, the considered sector (reservoir N) of the oilfield is 

currently developed using SAGD technology. However, in order to understand the 

importance and necessity of applied development techniques, we observed the 

behavior of production parameters during primary depletion (no injection), cold (10°C) 

and hot (90°C) water injection. As can be clearly noticed, the importance of heat 

injection into the reservoir can be hardly overestimated (figure 37). Therefore, effective 

development technologies should be based on thermal methods of oil recovery. 

However, while comparing hot water injection with currently applied steam injection, 

the superiority of steam is clear. (figure 38). 

Sensitivity tests were run to understand the impact of fracture permeability, 

fracture spacing and pressure of steam injection on cumulative oil production. The 

optimum fracture permeability that increased recovery without resulting in early steam 

breakthrough was determined to be about 35D for the fractures in this reservoir (figure 

39). 
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Analysis of the second parameter, fracture spacing shows that recovery was 

highest when the average spacing was 20 – 30 m for the fracture spacing in reservoir 

N. Effective steam propagation due to the high number of highly permeable channels

(fractures) and a lower steam breakthrough due to lower fracture number resulted in 

optimal recovery (figure 40). 

Among tested pressures of steam injection (1500, 2000, 2500, 3000 and 3500 

kPa), it was determined that along with the highest pressures of steam injection, 

recovery factor is the highest due to higher temperature of injection (figure 41). Higher 

pressures of steam injection than 3500 kPa were not considered due to a low pressure 

required to artificially fracture the formation (around 3000 – 3500 kPa).  
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Since conventional SAGD technology is not resulting in satisfactory oil recovery 

and avoidance of steam breakthrough, the efficiency of thermogel was assessed as a 

development strategy for reservoir N. The idea behind this approach is to decrease 

the risk of early steam breakthrough and therefore, enhance the recovery of the model 

by preventing the risk of steam breakthrough (figures 42 and 43). In order to represent 

various thermogel injection configurations, decrease of the permeability due to 

presence of thermogel was assigned as a skin factor. Thereby, 3 various skin factors 

for each well was chosen: 5, 10 and 15. However, it was observed that as soon as 

steam passes the low permeability zone, it jumps into highly conductive vertical 

fracture next to it (figure 43). Thermogel plugging the zone next to producer did not 

permit higher recovery factor either. Additional difficulty that thermogel introduces, it 

that it constrains the steam propagation below the injector which also affects recovery 

factor. Therefore, thermogel application is not a recommended strategy for reservoir 

N (figure 44).  
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Figure 42. Thermogel injection into injector and producer well surrounding area 
to enhance oil recovery 

Figure 43. Steam/water movement in a fractured reservoir from thermogel injection 
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Since thermogel injection into the zone next to injector or producer does not 

allow to avoid the risk of steam breakthrough, the next test included the assessment 

of thermogel injection occupying the entire zone of between the wells in SAGD pair 

(figure 45). For this test, the permeability of the zone occupied by thermogel was set 

to be 10 times smaller (for both matrix and fractures). It was observed that thermogel 

did not allow to avoid steam breakthrough but considerable impeded steam 

propagation throughout the reservoir, which resulted in lower recovery when 

thermogel was applied. 

Figure 45. Visual representation of thermogel injection into the entire zone between 
wells in SAGD pair 
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Once the reservoir simulation was validated, different development scenarios 

were tested.  

We considered the effect of three additional producers above the injector (figure 

47). It was observed that oil flow into three upper injectors was not considerable in 

comparison with the lower SAGD well. Though with the presence of additional 

producers delayed the steam breakthrough (recovery factor curve for the tested model 

has a higher gradient), they did not contribute to enhancing of oil recovery.  

 The use of 5 vertical injectors as a different strategy led to immediate steam 

breakthrough which resulted in poor recovery (figure 48). 

Additionally, instead of 5 vertical injectors, 5 horizontal injectors were tested 

(figure 49). The result was similar to the previous test – immediate steam breakthrough 

and correspondingly low oil recovery.  
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Irrespective of the different SAGD configurations tested, we were unable to 

increase recovery because in reservoir N, the fractures generated early steam 

breakthrough in all cases. Therefore, cyclic steam injection was considered next using 

however existing paid of SAGD wells.  

The length of steam injection, soaking and production was varied from 20, 10 

and 30 days respectively. However, in comparison with usual continuous steam 

injection, results from CSS did not indicate enhanced oil recovery. After 6 cycles, oil 

recovery was only 0.95% (figure 50). 
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Interestingly however, despite low oil recovery, CSS did not contribute to early 

steam breakthroughs as in continuous steam injection where the producer needed to 

be abandoned as a result, and new wells drilled. CSS will give low recovery, but over 

longer term can add to high volumes, and the cost and expenses associated with new 

wells will not need to be considered.   

It is important to recall, that other part (sector 1) of Yarega oilfield is developed 

using thermomining techniques. From the mine corridors, the producer and injector 

wells are drilled into the formation with bottomholes being generally higher than 

wellheads in order to use the gravity to enhance oil recovery. Based on previously 

conducted numerical simulations, these techniques allowed to reach high oil recovery 

factors (up to 45% within 4 years). It is fair to assume that the same technique would 

efficiently work in reservoir N. However, building mine shafts and corridors is 

economically unattractive and can hardly be done nowadays.  

We then tested a fishtail wellbore design for cyclic steam stimulation to see if 

that would increase recovery due to intersecting steam chambers, and increased 

sweep. The building of a fishtail well has two stages: (1) drilling a horizontal well in the 

lower part of the reservoir that will work as conduit that will transmit the fluid from the 

branches to the surface, (2) drilling fishtail branches at the elevated angles from the 

horizontal well to allow the use of gravitational forces. The branches are suggested to 

be drilled interchangeably to the left and right from the horizontal well under acute 

angles to penetrate and sweep the maximum possible volume of the formation. Once 

the fishtail well is drilled, a widely-known cyclic steam stimulation should be 

implemented to use the main well.  

We ran 5 different fishtail scenarios for 3-year forecasting simulation runs with 

various lengths of injection, soaking and production periods (figure 51). The highest 
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recovery was obtained in the case of 10-day long steam injection, 10-day long soaking 

period and 10-day long production period. After 3 years of development, it resulted in 

7% recovery. In comparison we had only 4.5% from continuous steam injection using 

SAGD wells that is currently implemented in the reservoir N. The fish-tailed well 

scheme also avoided steam breakthrough as seen from simulation results (figure 51). 

After 3 years of CSS, cumulative steam/oil ratio (SOR) was 8 m3/m3, however after 3 

years, the values of cumulative SOR started to decrease (figure 52). The decrease in 

cumulative SOR started along with increase of steam chamber volume. Since the 

initial temperature of the reservoir is very low (8 °C), during the first years of injection, 

all the steam was immediately condensed which did not allow the steam chamber to 

be generated. After 3 years, the average temperature of the reservoir reached 30 °С 

which permitted generation of a large steam chamber. Once the steam chamber 

appeared and started growing, we can observe a significant increase of the trend of 

recovery factor (red line). The last simulation was conducted for 4.5 years and could 

not be run for a longer time due to computational limits.   

Based on all the different development scenarios tested, results from this 

research indicates that the use of a fishtail well design to the current development of 

reservoir N in the YHOF may improve recovery and cumulative oil production. 

However, an economic analysis will be needed to determine if this scheme can be 

implemented in a pilot study (as in sector model in reservoir N) prior to full field 

implementation. 
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CHAPTER 7: EFFICIENCY VALIDATION OF FISHTAIL WELL 
DESIGN BASED ON HISTORY MATCHED DATA 

The purpose of this chapter is to conduct an additional validation of “fishtail” 

well design efficiency based on history matched data. We used a real sector X of 

YHOF with a pair of real SAGD wells located in this sector (figures 53-55). SAGD wells 

in sector X are drilled from different locations and create so-called “opposing SAGD” 

well arrangement. Distance between the wells in vertical direction varies from 6 to 10 

meters. Also, there is a fault that crosses the sector in diagonal direction. Distance 

between up-thrown and downthrown parts vary from 5 to 15 meters. The sector 

includes additional upper and lower shale layers to account for additional heat losses 

during thermal development. Length of the sector is approximately 1200 meters and 

width is 300 meters respectively. Sector is broken into 212256 blocks having 

dimensions 20 x 20 x 0.5 meters. For each block, oil saturation, porosity and 

permeability parameters were provided. PVT parameters of oil were identical to the oil 

located in this reservoir and were obtained during drilling of the SAGD pair. This sector 

contained geologic parameters related only to the first media (matrix) whereas 

parameters for secondary media (fractures) were unknown and required determination 

during history matching. 
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          Figure 53. Oil saturation distribution of sector X of YHOF 

Figure 54. Porosity distribution of sector X of YHOF 
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Figure 55. Permeability distribution of sector X of YHOF 

7.1 History matching procedure 

To history match the data, we used well history data that included event history 

for injector and producer wells in SAGD pair. For injector well we used such 

parameters as steam quality, pressure and temperature of steam injection and 

average monthly water rate used for steam generation. For producer well we used 

cumulative oil and water monthly production history and constraints related to 

minimum bottom-hole pressure and maximum daily liquid rate. Please note that none 

of the figures showing real history technological parameters have volume specification 

and show only parameter profile due to confidentiality of the data (figures 56-59).  

Injector well history data was specified as an input parameter in the simulator, 

however necessary injectivity of the model required for providing injection volumes of 

water in the form of steam was obtained only after introducing secondary media in the 

simulator (dual porosity) with relatively high fracture permeabilities (figure 56). 
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Presence of highly permeable fractures in the considered sector was proved by tracer 

tests conducted after drilling of the SAGD pair.  

       Figure 56. Real monthly steam injection history profile for sector X of YHOF 

In order to obtain oil and water production volumes close enough to real data, 

we changed such parameters of the fractures as fracture permeability and fracture 

spacing in X, Y and Z direction and fracture porosity. During the history matching 

process it was observed that fracture permeability and fracture spacing do not have 

direct relation to oil and water production volumes. This is related to “dual” role of 

fractures in YHOF: fractures help to distribute steam throughout the reservoir and 

provide necessary conduits of high permeability for highly viscous oil but also 

contribute to drastic increase of water cut after the initiation of production and early 

steam breakthroughs. However, after numerous runs fracture permeability and 

fracture spacing was indirectly determined. The closest match to real data for 

cumulative oil and water production is displayed on figure 57. Relative error for both 
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parameters did not exceed 10% and was found to be satisfactory in the conducted 

history matching process (figures 58-59). Various minor changes of relative 

permeability curves did not contribute to decrease of the error. 

Determination of fracture parameters allowed to obtain sector of YHOF with the 

most real geological parameters for consecutive validation of fishtail well design 

hypothetically implemented in this sector. 

Figure 57. Oil and water production profile that provides the best match with real 

data 
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Figure 58. History matching errors for cumulative oil production for sector X of YHOF 

Figure 59. History matching errors for cumulative water production for sector X of 

YHOF 



94 

Fishtail well design was implemented in the history matched sector X of YHOF 

(figure 60). Fishtail configuration was chosen similar to the one described earlier in 

this thesis work with four lateral branches extended to the left and right from the well 

stem. Branches had vertical elevation and horizontal extension in order to “sweep” the 

maximum possible volume of the reservoir. Generally, branches were chosen to 

extend vertically up to 5 meters from the upper reservoir boundary. In this simulation, 

previous location of producer well in SAGD pair (from real data) was picked to be the 

stem of fishtail well as if a fishtail well was drilled from earlier constructed horizontal 

well.  

Figure 60. Fishtail well design implemented in sector X of YHOF 

Fishtail well design showed to be the most effective development strategy while 

implemented with cyclic steam stimulation according to results from chapter 6 in this 

work. Thereby, for validation of fishtail well design efficiency the same development 

scenario was chosen (CSS). Cycles consisted of injection, soaking and production 
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periods so that relative lengths of the periods were 2:1:3. Three different lengths of a 

complete cycle (one cycle of injection, one cycle of soaking and one cycle of 

production) were considered: 4, 2 and 1 month. 

 Thereby, for 4 month long complete cycle, injection period composed to be 40 

days, soaking period – 20 days and production period – 60 days. For 2 month long 

complete cycle, injection period composed to be 20 days, soaking period – 10 days 

and production period – 30 days.  For 1 month long complete cycle, injection period 

composed to be 10 days, soaking period – 5 days and production period – 15 days.  

Fishtail well design with cyclic steam stimulation was compared with SAGD with 

simultaneous continuous steam injection and oil production from two wells. Despite 

the implementation of a supercomputer for calculation of the model, presence of a 

secondary media and a large number of blocks significantly increase computational 

time. For example, simulation of 1 year of fishtail well required more than 12 hours for 

Mike 2 with implemented parallel processing. Simulation of fishtail models for longer 

periods than 1 year was impossible due to complication related to convergence errors. 

However, for the simulated period superiority of a fishtail well design with CSS 

over conventional SAGD is obvious. Thereby, oil production using fishtail well with 4-

long complete cycle regime (40/20/60) first time exceeds cumulative oil production 

from SAGD wells in 210 days after initiation of development (point C). For 2-month 

long complete cycle, cumulative oil production first time exceeds oil production from 

SAGD wells in 114 days (point B). For 1-month long complete cycle, cumulative oil 

production first time exceeds oil production from SAGD wells in 55 days (point A), 

during the second complete cycle (figure 61). 

Separate attention should be paid to parameter, related to economic 

assessment of feasibility of fishtail well design – cumulative steam oil ratio. During the 
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considered period, cumulative steam/oil ratio for 4-month long cycle fishtail well never 

exceeds 2 (figure 62). Peak at 2015/10/01 is caused by “division by zero”, since some 

volume of steam has already being injected but no oil produced, and therefore entire 

fraction goes to infinity. After one year of development using fishtail well, cumulative 

steam/oil ratio composes 0.92 which is a good indicator of fishtail well efficiency. At 

the same time, after one year of development using SAGD pair, cumulative steam/oil 

ratio reaches 3.4 and keeps growing.  

Also, behavior of water cut trend demonstrates a more effective development 

during fishtail well implementation (figure 63). Thus, during the first 3 cycles using 

fishtail well, water cut composes 50-70% (green lines indicate average water cut within 

the cycle). Water cut that can be observed during SAGD composes 84% after 1 year 

of development. 

Based on information provided earlier, we can recommend fishtail well design 

with cyclic steam stimulation as a more effective alternative for the considered sector 

of YHOF. 
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CHAPTER 8. CONCLUSIONS 

This research was focused on studying a reservoir “N” in Yarega heavy oilfield 

(YHOF) for development strategies and production optimization. The primary goal of 

this research was thus to determine development strategies for reservoir N located in 

a naturally fractured, heavy oilfield using single, dual porosity and dual permeability 

models (computational expenses permitting).  

Results from this research suggest that steam injection into both the matrix 

and fractured layers simultaneously was the most effective as the highest amount of 

heat could be transmitted when the contact between steam and the reservoir rock 

was the longest.  

Increase in fracture permeability resulted in decrease of matrix recovery factor 

because the fractures acted as permeability super highways within the reservoir. For 

high-viscosity systems, however, conductive fractures helped distribute heat from the 

steam throughout the reservoir, and thus the mechanism of matrix recovery is 

complicated and “ideal” facture permeability is a subjective value, depending on 

various factors.  

While running inverted 5 – point dual porosity dual permeability model, it was 

observed that increase of the permeability of fractures contributed to higher recovery 

but balanced by the ratio of matrix to fracture permeability, and that fracture spacing 

had considerable effect for systems with low matrix permeability.  

Results from the 3 dimensional sector model suggest that all effective 

development technologies in this reservoir should be based on thermal methods of 

oil recovery. While comparing hot water injection with currently applied steam 

injection, the superiority of steam is clear. Results from this research suggest that in 

reservoir N in the YHOF fractures facilitated steam breakthrough in all modes of 
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SAGD tested. Cyclic steam injection was thus tested, and although the recovery was 

low, steam breakthrough did not occur and thus can be recommended if the 

economics of low recovery work out against drilling new producers that are needed 

when early breakthrough occurs.   

We tested five different fishtail scenarios for 3-year forecasting simulation with 

various lengths of injection, soaking and production periods. The highest recovery was 

obtained in the case of 10-day long steam injection, 10-day long soaking period and 

10-day long production period. After 3 years of development, it resulted in 7%

recovery. In comparison we had only 4.5% from continuous steam injection using 

SAGD wells that is currently implemented in the reservoir N. The fish-tailed well 

scheme also avoided steam breakthrough. High efficiency of fishtail well design with 

CSS was additionally validated based on history matched data.  

Based on results from this research we thus recommend the use of a fishtail 

well design to the current development of reservoir N in the YHOF to improve recovery 

and cumulative oil production. However, an economic analysis will be needed to 

determine if this scheme can be implemented in a pilot study (as in sector model in 

reservoir N) prior to full field implementation. 
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